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Preface

The Topic “Recent Advances in Anticancer Strategies” aims to provide a comprehensive overview

of the latest advancements in the field of cancer treatment. Cancer remains one of the leading causes

of death worldwide, and researchers have been working to develop more effective and targeted

treatments to improve outcomes for patients. Existing cancer therapies sometimes suffer from

severe side effects and drug resistance, contributing to the rising incidence and mortality of cancer

globally. Hence, there is an unmet need to develop and discover novel therapeutic strategies that offer

more effective and less toxic treatment options for cancer patients. Novel anticancer approaches are

emerging, including—but not limited to—ligand-/receptor-based targeting, controlled drug delivery,

gene therapy, gene delivery, immunotherapy, targeted anticancer prodrugs and conjugates (such as

photoactivatable caged prodrugs and antibody–drug conjugates), magnetic and ultrasound-mediated

drug targeting, cancer stem cell therapy, and strategies aimed at targeting cancer signaling cascades

and the tumor microenvironment. These approaches have the potential to selectively identify and

eliminate cancerous cells while minimizing harm to healthy tissues.

To tackle this issue, the Topic features thirty high-quality original research and review articles,

as well as one editorial, all focused on the emerging challenges and advances in experimental and

translational cancer research. The contributions cover a wide range of key areas, such as the tumor

microenvironment, mechanisms of drug resistance, identification of novel molecular targets, and

strategies for enhancing treatment efficacy—including immunotherapy and targeted approaches.

Drawn from four MDPI journals—Biomedicines, Cancers, Current Oncology, and Pharmaceutics—this

collection offers a cross-disciplinary perspective that bridges preclinical discoveries and clinical

applications. This first edition serves as an insightful resource for a general audience, researchers,

and physicians interested in recent advances in cancer treatment and/or the translation of biological

findings into innovative therapies. We would like to thank all the authors, reviewers, and the editorial

team for their hard work in supporting the ongoing effort to find better treatments or a cure for cancer.

The success of this first edition has led to the launch of a second edition of the Topic, which is currently

ongoing and welcomes further research on recent advances in anticancer strategies, highlighting the

potential impact of these innovative approaches on cancer treatment and patient outcomes.

Hassan Bousbaa and Zhiwei Hu

Topic Editors
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Editorial

Recent Advances in Anticancer Strategies

Zhiwei Hu 1,* and Hassan Bousbaa 2,*

1 Pelotonia Institute for Immuno-Oncology, The Arthur G. James Comprehensive Cancer Center, The Ohio
State University College of Medicine, Columbus, OH 43210, USA

2 UNIPRO—Oral Pathology and Rehabilitation Research Unit, University Institute of Health Sciences (IUCS),
Cooperativa de Ensino Superior Politécnico e Universitário (CESPU), Rua Central de Gandra, 1317,
4585-116 Gandra, Portugal

* Correspondence: zhiwei.hu@osumc.edu (Z.H.); hassan.bousbaa@iucs.cespu.pt (H.B.)

Due to the intricate nature of cancer development and progression, various types of
cancer are increasingly prevalent worldwide. Despite radiotherapy and chemotherapy
remaining the primary treatment options, their conventional approaches are plagued by
significant toxicity and resistance issues, resulting in incomplete tumor eradication [1].
This presents a distinct challenge for researchers and clinicians alike. Therefore, there
is an urgent need for new anticancer drugs and innovative drug delivery strategies to
address these shortcomings and potentially offer more effective and safer therapeutic
alternatives. This first edition of the topic “Recent Advances in Anticancer Strategies”
(https://www.mdpi.com/topics/A8U6WXLXT6; accessed on 16 December 2024), focuses
on pioneering research into the development and validation of novel anticancer approaches
that could have a significant clinical impact in the near future.

Thirty papers were published, comprising thirteen articles and seventeen reviews,
showcasing the latest advancements in novel anticancer approaches. This Editorial provides
a concise summary of the findings and key highlights from these publications.

Antibody–drug conjugates (ADCs) represent a transformative approach in cancer ther-
apy, utilizing antibodies to deliver cytotoxic drugs directly to cancer cells [2]. Research has
highlighted advancements in ADCs for the treatment of gynecological cancers, dual inhibi-
tion strategies for oral cancer, and innovative drug delivery systems using functionalized
calcium carbonate-based microparticles. These developments aim to enhance therapeutic
outcomes by reducing off-target effects and improving the specificity and efficiency of drug
delivery (Contributions 1–3).

The field of targeted therapies continues to advance with the development of kinase
inhibitors for cancer bioimaging and therapy, as well as strategies targeting EGFR and
glucose metabolism [3]. These approaches demonstrate potential in overcoming drug resis-
tance and improving treatment outcomes. The synergistic targeting of EGFR and spindle
assembly checkpoint pathways in oral cancer, alongside the utilization of fluorescent kinase
inhibitors, are key examples of how precision medicine can be integrated into cancer care
(Contributions 4–7).

Genetic and epigenetic research is uncovering biomarkers that could significantly
impact cancer treatment [4]. Studies have identified key genes associated with prostate
cancer progression, HER2-negative breast cancer responses, and cytarabine resistance in
acute myeloid leukemia. These findings pave the way for more personalized therapies
based on individual genetic profiles, optimizing treatment regimens and enhancing survival
rates (Contributions 8–10). Slika et al. provide a comprehensive overview of the molecular
and genetic underpinnings of medulloblastoma, detailing the distinct neurodevelopmental
pathways and genetic mutations associated with different subgroups of the disease. They

Cancers 2025, 17, 173 https://doi.org/10.3390/cancers17020173
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highlight how these molecular features can be leveraged to identify new therapeutic
targets and inform treatment strategies (Contribution 11). Suba examines the role of DNA
damage responses in tumors, emphasizing their impact on cellular processes beyond mere
proliferation and highlighting the necessity for supportive medical care (Contribution 12).

Cancer immunotherapy is increasingly focusing on the development of bispecific
antibodies, immune cell engagers, chimeric antigen receptor (CAR)-modified T and NK cells
(CAR-T and CAR-NK), overcoming resistance mechanisms and harnessing the immune
system’s full potential [5,6]. Strategies include the use of immune checkpoint inhibitors,
microbial contributions to neoantigen immunity, and restoring apoptosis in cancers such
as colorectal cancer. These approaches represent a shift towards leveraging the body’s
immune defenses to fight cancer, offering new hope for patients with otherwise resistant
forms of the disease (Contributions 13, 14).

Innovations in pharmacology and drug delivery are crucial for improving cancer
treatment outcomes [7]. The research highlights the potential of gold nanoparticles for
targeted pancreatic cancer therapy, as well as the benefits of laparoscopic versus robotic-
assisted surgery for colon cancer. New formulations for LED-based photo-chemotherapy
are also showing promise, providing more effective drug delivery and treatment options
for skin cancer (Contributions 15–17). Su et al. explore the synergistic therapeutic potential
of curcumin and baicalin co-loaded nanoliposomes for the treatment of non-small cell lung
cancer, emphasizing the importance of formulation strategies for enhancing drug efficacy
and overcoming resistance (Contribution 18).

Understanding the underlying mechanisms of cancer cell biology is essential for
the development of new therapeutic strategies [8]. Recent studies have explored the
cytotoxic effects of doxorubicin on cancer cells and the role of mitochondrial dynamics
in non-apoptotic cell death, and targeted cancer stem cells in colorectal cancer. These
insights are crucial for developing therapies that address the complexity of cancer cell
biology (Contributions 19–21). FLASH radiotherapy involves the high-dose-rate delivery
of radiation in very short pulses, which minimizes damage to surrounding healthy tissues
while potentially increasing the radiosensitivity of cancer cells. The review article by
Siddique et al. discusses the use of advanced radiation dosimeters to measure these
high-dose rates accurately, which is critical for optimizing therapy and understanding the
biological effects of FLASH radiotherapy (Contribution 22).

Optimizing treatment outcomes through clinical trials and novel therapies remains a
priority [9]. The research includes the validation of predictive biomarkers used in cancer
clinical trials, the management of neuroendocrine neoplasms of unknown primary origin,
and the use of combination therapies involving local ablative techniques with radiother-
apy. These studies aim to refine therapeutic strategies, enhance efficacy, and improve
patient quality of life (Contributions 23–25). Koning et al. reviewed various intraoperative
techniques used to accurately define the mucosal margins of oral cancer, thereby assist-
ing surgeons in achieving complete resection (Contribution 26). Morin et al. present a
single-institution retrospective study comparing weekly paclitaxel regimens in recurrent
platinum-resistant ovarian cancer. Their analysis offers valuable insights into the efficacy
and outcomes of different treatment schedules, which are crucial for optimizing therapeutic
strategies and improving patient prognosis in gynecological cancers (Contribution 27).
Volpe et al. discuss the latest advances in managing radioactive iodine-refractory differ-
entiated thyroid cancer, focusing on new therapeutic strategies and their implications for
patient outcomes. This research is crucial for optimizing treatment protocols and improving
prognosis for patients with this challenging cancer type (Contribution 28).

Clinical trials and real-world evidence are vital for validating new cancer therapies
and improving patient care [10]. Advances in radioligand therapy for metastatic castration-
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resistant prostate cancer, comparisons of laparoscopic versus robotic-assisted surgery
for colon cancer, and an understanding of the prognostic factors in metastatic urothelial
carcinoma are all critical areas of focus. These studies contribute valuable data, informing
clinical practice and guiding treatment decisions (Contributions 16, 29, and 30).

This inaugural edition of the topic “Recent Advances in Anticancer Strategies” high-
lights groundbreaking research and diverse perspectives within the field of cancer treat-
ment. The integration of novel therapies, targeted interventions, and innovative approaches
discussed in these papers reflects the dynamic landscape of oncology. The success of
this first edition not only demonstrates the depth of the scientific inquiry and collab-
oration in this area but also motivates us to continue advancing this discourse. We
are pleased to announce that the call for submissions for the second edition is already
open (https://www.mdpi.com/topics/1MJ7OBGQ2R; accessed on 18 December 2024);
researchers are invited to contribute their latest findings and ideas, including but not
limited to the discovery of novel tumor targets and cancer cell pathways, new bi/multi-
specific antibodies, immune cell engagers, ADCs, tumor-specific CAR or T cell receptor
(TCR)-modified immune cells, tumor-targeting photodynamic and radiation diagnoses and
therapies, new approaches to eliminating immune suppressor cells (such as regulatory T
cells, Treg; tumor-associated macrophages, TAM; myeloid-derived suppressor cells, MDSC;
cancer-associated fibroblast, and CAF), cancer stem cells, and tumor neovasculature, to
further shape the future of cancer research and clinical practice.

Funding: H.B. received funding from CESPU—Cooperativa de Ensino Superior Politécnico e Uni-
versitário under the projects “BeatCancer_GI2-CESPU-2023”, and “FlavScreen_GI2-CESPU-2023”.
Z.H. received two Pelotonia Idea Awards “IRP00915” and “IRP01207” from The Ohio State University
Comprehensive Cancer Center Intramural Research Program, and a Pilot Award from The Ohio State
University Breast Cancer Translational Research Program.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Nano- and microparticles are increasingly widely used in biomedical research and applica-
tions, particularly as specific labels and targeted delivery vehicles. Silica has long been considered
the best material for such vehicles, but it has some disadvantages limiting its potential, such as
the proneness of silica-based carriers to spontaneous drug release. Calcium carbonate (CaCO3) is
an emerging alternative, being an easily available, cost-effective, and biocompatible material with
high porosity and surface reactivity, which makes it an attractive choice for targeted drug delivery.
CaCO3 particles are used in this field in the form of either bare CaCO3 microbeads or core/shell
microparticles representing polymer-coated CaCO3 cores. In addition, they serve as removable
templates for obtaining hollow polymer microcapsules. Each of these types of particles has its
specific advantages in terms of biomedical applications. CaCO3 microbeads are primarily used due
to their capacity for carrying pharmaceutics, whereas core/shell systems ensure better protection
of the drug-loaded core from the environment. Hollow polymer capsules are particularly attractive
because they can encapsulate large amounts of pharmaceutical agents and can be so designed as to
release their contents in the target site in response to specific stimuli. This review focuses first on the
chemistry of the CaCO3 cores, core/shell microbeads, and polymer microcapsules. Then, systems
using these structures for the delivery of therapeutic agents, including drugs, proteins, and DNA, are
outlined. The results of the systematic analysis of available data are presented. They show that the
encapsulation of various therapeutic agents in CaCO3-based microbeads or polymer microcapsules is
a promising technique of drug delivery, especially in cancer therapy, enhancing drug bioavailability
and specific targeting of cancer cells while reducing side effects. To date, research in CaCO3-based
microparticles and polymer microcapsules assembled on CaCO3 templates has mainly dealt with
their properties in vitro, whereas their in vivo behavior still remains poorly studied. However, the
enormous potential of these highly biocompatible carriers for in vivo applications is undoubted. This
last issue is addressed in depth in the Conclusions and Outlook sections of the review.

Keywords: calcium carbonate; microparticles; microcapsules; core/shell structures; targeted delivery;
anticancer treatment

1. Introduction

Microparticles are widely used in various fields of research and drug delivery appli-
cations [1,2]. Among the various materials used for microparticle fabrication, silica has
long been considered the best candidate, but it has several disadvantages that limit its
clinical potential, especially in preventing spontaneous drug release [3]. Calcium carbonate
(CaCO3) is an abundant, inexpensive, biocompatible material with suitable chemical and
physical properties, such as a small size of particles with a large surface area [4]. These
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properties make it an attractive material for numerous biomedical applications and an
ideal choice for targeted cancer immunotherapy [5]. There are three polymorphs of CaCO3
particles: calcite, aragonite, and vaterite crystals. Though less thermodynamically stable
than the others, vaterite crystals are spherical, composed of nanodomains, and highly
porous, which makes them a good candidate for use in drug delivery systems [6,7].

The most common methods of synthesis of CaCO3 microparticles are solid–liquid–gas
carbonation [8] and chemical precipitation through the reaction of CaCl2 with Na2CO3 in
an aqueous medium [9]. There are also other methods of synthesis of CaCO3 microparti-
cles [10], such as supercritical fluid technology [11] and emulsion techniques [12,13]. In the
course of synthesis, the temperature, pH, reagent concentrations, and other parameters
can be controlled to optimize the size, morphology, and composition of the microparticles.
It has been shown that the gradual addition of a calcium nitrate solution to the sodium
carbonate solution allows controlling the saturation of the reaction medium and obtaining
smaller CaCO3 particles after prolonged agitation. Overall, temperature influences particle
morphology and polymorphism, whereas the calcium and carbonate ion concentrations
determine their size [14]. These different techniques of synthesis offer flexible approaches
for obtaining CaCO3 particles suitable for various therapeutic applications. CaCO3-based
microparticles have a wide range of potential applications, particularly in targeted drug
delivery. Their use can offer significant advantages in terms of efficiency, cost-effectiveness,
and sustainability compared to existing materials.

Three main types of CaCO3-based microparticles with sizes ranging from about 0.2 to
6 μm have been extensively studied: core-only microparticles, polymer-coated cores (or
core/shell microparticles), and hollow (shell) polymer capsules, for which CaCO3 particles
are used as sacrificial templates [2,15,16] (Figure 1). Each of these types possesses unique
characteristics suitable for specific applications in cancer treatment.

 

Figure 1. Spherical CaCO3-based microparticles for targeted cancer therapy: (a) a CaCO3 core-only
microparticle; (b) a CaCO3 core/shell microparticle; (c) a polyelectrolyte shell-only microcapsule
without a core.

Core-only microparticles are primarily used due to their capacity for absorbing and
carrying therapeutic agents. Their simple, porous structure also ensures drug release. How-
ever, their use is limited by their lack of targeting specificity and insufficient resistance to
the potentially aggressive factors of the biological microenvironment. Additional strategies
may be necessary to prevent their degradation or aggregation during the delivery [17].

Core/shell structures are considerably more advantageous because their polyelec-
trolyte shell provides enhanced protection of the encapsulated compound compared to
core-only systems and can be functionalized to ensure specific targeting. Current research
focuses on developing new strategies to enhance stability, targeting, and release control
by coating microparticles with polymers [18] or lipids [19]. These microparticles can be
designed to respond to specific stimuli, such as changes in pH [20,21] or temperature [22],
by releasing their contents. They are commonly fabricated by means of layer-by-layer (LbL)
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deposition of alternating anionic and cationic polyelectrolytes, depending on the charge of
the template microparticle [23,24].

Polymer microcapsules [16,25] are particularly interesting because of their capacity for
encapsulating therapeutic agents while avoiding the adverse effect of CaCO3 on the cellular
calcium balance. They also can be designed to respond to specific stimuli, allowing for tar-
geted drug release within tumors [26,27]. Polymeric microcapsules are synthesized on the
basis of CaCO3 templates, which are usually dissolved by ethylenediaminetetraacetic acid
(EDTA) after LbL assembly of polyelectrolytes [28]. The EDTA concentration determines
the dissolution rate and the final properties of the microparticles, including size, porosity,
and stability.

Various therapeutic agents, including low-molecular-weight drugs, proteins, and
nucleic acids, can be encapsulated by loading into CaCO3 cores through absorption or
chemical co-precipitation during the formation of the cores [29]. The loading capacity of
these systems depends on several factors, such as the porosity and specific surface area of
the CaCO3 particles and the chemical properties of the drug. Studies have shown signifi-
cant effectiveness of low-molecular-weight drug encapsulation [30] and their controlled
release from CaCO3 cores [31], sometimes with a reduced cytotoxicity [32]. The efficiency
of encapsulation and stability of encapsulated molecules have been also demonstrated for
proteins [33] and nucleic acids [34]. Drug release from delivery systems based on CaCO3
microparticles can be activated by external stimuli, such as a change in pH [35] (slightly
acidic in tumors) or temperature [22]. For targeted drug delivery, CaCO3 microparticles can
be functionalized with recognition molecules, usually antibodies, interacting with specific
receptors on target cells [36]. Moreover, in vivo studies of a nasal drug delivery system
based on CaCO3 microparticles has shown improved bioavailability of the active sub-
stance [37]. Recently, in vivo applications of CaCO3 particles using various administration
routes have been intensely studied and proven to be promising [38].

In conclusion, the loading of drugs into calcium carbonate cores, core/shell micropar-
ticles based on them, or microcapsules is a promising technique in the field of drug delivery,
especially for cancer therapy. CaCO3-based microparticles efficiently encapsulate various
therapeutic agents, improving their bioavailability and specifically targeting cancer cells
while reducing side effects. In this review, we will first discuss the methods of synthesis
of calcium carbonate cores and the fabrication of CaCO3-based microparticles and micro-
capsules. Then, we explore the systems for the delivery of small-molecule drugs, proteins,
and DNAs based on each of these structures, and finally address the potential uses and key
challenges of these microstructures in cancer treatment.

2. Core-Only CaCO3 Microparticles

Calcium carbonate cores have been used as containers over the past two decades [39]
and offer numerous advantages for the delivery of pharmacological compounds, such
as biocompatibility, a high loading capacity, and maintenance of the properties of the
loaded molecules [40]. Their size and shape vary depending on synthesis conditions,
including temperature, reactant concentrations, viscosity of the medium, and reaction
time, which allows obtaining cores with desired properties [1,6,7]. The internal porous
structure of functionalized calcium carbonate cores is also an important factor influencing
drug loading, which has recently been elucidated by mercury intrusion porosimetry and
scanning electron microscopy with a focused ion beam [41]. A reduced pore size has been
found to be associated with an increased maximum payload, i.e., a higher capacity for
retaining compounds within the particles.

2.1. Loading Methods

Calcium carbonate cores are used for the loading of small molecules [21,42], pro-
teins [43,44], nucleic acids [34], and radionuclides [45,46]. The substances are loaded into
the CaCO3 cores either by co-synthesis, when the proteins are captured by the CaCO3 cores
during their growth, or by the adsorption of loading molecules onto the matrix surface of
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preformed CaCO3 cores [47]. An alternative drug loading method by solvent evaporation
is suitable for small molecules with different solubilities [42]. The adsorption of poorly solu-
ble drugs onto the CaCO3 particles may help overcome the low bioavailability of drugs [48],
whereas loading during co-synthesis leads to the aggregation of proteins [43]. The co-
precipitation method has proven to have a high loading efficiency for both small-molecule
drugs and proteins [18,49]. The loading efficiency depends on the drug diffusion through
the pores at the pH and ionic strength suited to each particular compound, while ensuring
the preservation of its bioactivity. For example, the loading of superoxide dismutase into
vaterite CaCO3 crystals at pH 8.5 was highly efficient, with its activity retained, whereas at
pH 9.5, only a 30% retention was achieved [43].

The enhancement of protein encapsulation into 6.9 μm CaCO3 microparticles us-
ing protein–polysaccharide interactions has been shown [50]. The chitin-binding do-
main (ChBD) was inserted into a β-lactamase protein (BlaP) to obtain a chimeric protein,
BlaPChBD, exhibiting an affinity for hyaluronic acid (HA). In the presence of HA, the
particle size was decreased to 4.5 μm, which indicated a templating effect of HA on CaCO3.
The chitin-binding domain (ChBD) ensured a more stable interaction between the protein
and HA, reducing aggregation and decreasing the particle size. The use of supercritical CO2
(ScCO2) technology in the presence of HA ensured successful encapsulation of BlaPChBD
in vaterite CaCO3 microparticles, increasing protein encapsulation sixfold compared to
BlaP alone. In addition, thrombin cleavage sites were introduced to facilitate protein release
by protease cleavage, the release rate being increased from less than 20% to 87% within
36 h. The β-lactamase encapsulation rate was below 1%, apparently due to unfavorable
electrostatic interactions at pH 6.5, and was slightly increased (to 1.2%) after the insertion
of the chitin-binding domain. The use of HA significantly increased the encapsulation of
BlaPChBD (to 6.27%) due to protein–polysaccharide interactions. The results demonstrate
the efficacy of using HA for enhancing the encapsulation and controlled release of proteins
in CaCO3-based delivery systems, offering a promising approach to the development of
biodegradable and targeted drug delivery systems.

2.2. Demonstration and Limitations

The loading of three therapeutic proteins (insulin, catalase, and aprotinin) into vaterite
CaCO3 cores has shown that the protein loading capacity is independent of their molecular
weight and depends only on inter-protein interactions [44]. The tested proteins differ
from one another in adsorption kinetics, which indicates differences in the adsorption
mechanisms.

The efficiencies of loading catalase into CaCO3 vaterite crystals by means of absorption
into preformed crystals (ADS) and co-synthesis (COS) [51] have been compared. COS has
been shown to be more efficient, as in the case of the loading of small molecules [18], with a
protein content of 20.3% versus 3.5% loaded by the ADS method. The high loading capacity
of COS, with a local protein concentration of about 550 mg/mL, was due to CaCl2-induced
inter-protein interactions resulting in aggregation. The adsorption isotherms better fitted
the Langmuir and Brunauer–Emmett–Teller (BET) models than the Freundlich model,
which indicated aggregation in solution followed by absorption of aggregates into the
crystals. Furthermore, catalase was found to retain about 79% of its specific activity after
ADS loading. The stability of the aggregates in the crystals was confirmed by the fact that
catalase loaded by the COS method could not be effectively removed by a single washing,
unlike catalase loaded by the ADS method. This study highlights the high potential of the
COS method for loading large amounts of active proteins into CaCO3 crystals, offering a
new approach to the encapsulation of therapeutic proteins [51]. One of the main problems
with vaterite CaCO3 particles is their aggregation [25]. However, stabilizers, such as SDS,
successfully overcome this problem [21].

The CaCO3-based delivery systems are often designed to be pH-dependent. Calcium
carbonate/hyaluronate/glutamate submicron hollow spheres loaded with doxorubicin
(DOX) [52] released 59.97% of DOX within 14 days at pH 7.4, 87.89% at pH 6.0, and 99.15%
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at pH 5.0, with a loading efficiency of 85%. Specific binding of these particles to cancer
cells was provided by the ligand–receptor interaction between HA and CD44 receptors,
overexpressed on cancer cells. The IC50 of DOX-loaded microspheres was much lower than
that of free DOX when tested on HeLa cancer cells (Figure 2).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 

3 2 

Figure 2. (1) Preparation of CaCO3/HA/Glu MHSs, efficient loading of DOX, targeted delivery,
specific internalization, and significant inhibition of cancer cells. (2) In vitro release profiles of
CaCO3/HA/Glu/DOX under different pH. Data represent the mean ± S.D.; n = 3. (3) Cytotoxic
effects of free DOX, CaCO3/HA/Glu, and CaCO3/HA/Glu/DOX on HeLa cells after 3 d treatment.
Data represent the mean ± S.D.; n = 3. Abbreviations: HA, hyaluronate; Glu, glutamate; MHSs,
mesoporous hollow spheres; DOX, doxorubicin. Adapted with permission from Guo, Y. et al., J. Coll.
Interf. Sci.; published by Elsevier, 2017 [52].

Pneumolysin (PLY)-loaded CaCO3 particles (0.95 μm) containing ovalbumin as a
model antigen have been developed as a multimodal antigen delivery system for an-
titumor vaccines. OVA/CaCO3/PLY nanoparticles obtained by physical adsorption of
OVA and PLY on CaCO3 promoted lysosomal degradation, cytoplasmic release, and cross-
presentation of antigens, enhancing cellular immunity. The OVA/CaCO3/PLY system
induced efficient lysosomal leakage and cytoplasmic delivery of OVA in vitro [53].

The kinetics of drug release from the systems based on CaCO3 cores is often bimodal,
with initially rapid release due to the dissolution of aggregates followed by sustained
release [54]. As the vaterite crystals destabilize, their morphology changes into the calcite
one, making the release irreversible. The presence of aggregates within the matrix and
the high loading rate by the co-synthesis method, especially for proteins, indicate the
limitations of the application of the loading method by adsorption [51]. Nevertheless,
other CaCO3-based particle systems are being developed and exhibit a high efficiency in
substance delivery. Table 1 summarizes the characteristics of the systems based on CaCO3
cores as vehicles for the delivery of small molecules, proteins, DNAs, and radionuclides.
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0.

43
μ

m
Fl

uo
re

sc
en

t
dy

e
R

ho
da

m
in

e
6G

Su
bm

ic
ro

n
va

te
ri

te
co

nt
ai

ne
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en
ab

le
co

nt
ro

lle
d

lo
ad

in
g

an
d

re
le
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e

of
ac

ti
ve

su
bs

ta
nc

es
vi

a
ca

lc
it

e
re

cr
ys

ta
lli

za
ti

on
in

w
at

er
.

-
[4

0]

C
or

e
0.

52
μ

m
-

-
Th

e
op

ti
m

al
sa

lt
co

nc
en

tr
at

io
ns

,r
ea

ct
io

n
ti

m
e,

an
d

or
ga

ni
c

ad
di

ti
ve

s
fo

r
en

su
ri

ng
co

nt
ro

lla
bl

e
an

d
re

lia
bl

e
C

aC
O

3
pa

rt
ic

le
de

si
gn

ha
ve

be
en

es
ti

m
at

ed
.

-
[1

]

C
or

e
0.

4–
2.

7
μ

m
-

-
Su

bm
ic

ro
n

va
te

ri
te

pa
rt

ic
le

s
ha

ve
be

en
sy

nt
he

si
ze

d
by

th
e

dr
op

pr
ec

ip
ita

tio
n

m
et

ho
d

fr
om

sa
tu

ra
te

d
so

lu
tio

ns
of

N
aC

O
3

an
d

C
aC

l 2
in

th
e

pr
es

en
ce

of
et

hy
le

ne
gl

yc
ol

w
it

h
an

EG
-t

o-
H

20
ra

ti
o

of
4:

1.
-

[7
]

C
or

e
n/

a
Pr

ot
ei

n
BS

A
Im

ag
in

g
th

e
in

te
rn

al
st

ru
ct

ur
e

of
fu

nc
ti

on
al

iz
ed

C
aC

O
3

us
in

g
FI

B-
SE

M
co

m
bi

ne
d

w
it

h
M

IP
ha

s
di

st
in

gu
is

he
d

be
tw

ee
n

op
en

,
bl

oc
ke

d,
an

d
dr

ug
-l

ad
en

po
re

s.
-

[4
1]

C
or

e
17

.9
μ

m
Sm

al
l

m
ol

ec
ul

e

Ib
up

ro
fe

n,
ni

fe
di

pi
ne

,l
os

ar
ta

n
po

ta
ss

iu
m

,a
nd

m
et

ro
ni

da
zo

le
be

nz
oa

te

D
ru

g
lo

ad
in

g
by

so
lv

en
te

va
po

ra
ti

on
is

si
m

pl
e,

fa
st

,a
nd

ef
fic

ie
nt

.
-

[4
8]

C
or

e
3.

1–
23

.5
μ

m
Sm

al
l

m
ol

ec
ul

e
A

sp
ir

in
,v

an
ill

in

Th
e

m
ec

ha
ni

sm
of

ad
so

rp
ti

on
of

ac
ti

ve
in

gr
ed

ie
nt

s
on

to
fu

nc
ti

on
al

iz
ed

C
aC

O
3

pa
rt

ic
le

s
ha

s
be

en
di

sc
ov

er
ed

,w
hi

ch
co

ul
d

en
ab

le
ta

ilo
re

d
lo

ad
in

g
w

ith
ou

ta
lte

ri
ng

th
e

ef
fic

ac
y

of
th

e
in

gr
ed

ie
nt

s
w

he
n

re
le

as
ed

.

-
[4

2]

C
or

e
17

.9
μ

m
Pr

ot
ei

n
Ly

so
zy

m
e,

BS
A

Fu
nc

ti
on

al
iz

ed
C

aC
O

3
pa

rt
ic

le
s

ar
e

a
su

it
ab

le
ph

ar
m

ac
eu

ti
ca

l
ex

ci
pi

en
tf

or
th

e
de

liv
er

y
of

pr
ot

ei
ns

,s
uc

h
as

ly
so

zy
m

e,
w

it
h

a
lo

ad
in

g
ef

fic
ie

nc
y

of
ov

er
90

%
.

-
[4

9]

C
or

e
3.

4
μ

m
Pr

ot
ei

n
Su

pe
ro

xi
de

di
sm

ut
as

e

Su
pe

ro
xi

de
di

sm
ut

as
e

(S
O

D
)c

an
be

ef
fic

ie
nt

ly
lo

ad
ed

in
to

va
te

ri
te

C
aC

O
3

cr
ys

ta
ls

,w
it

h
a

co
nt

en
ti

n
th

e
cr

ys
ta

ls
as

hi
gh

as
38

0
m

g/
m

L
(1

0–2
M

).
SO

D
co

-s
yn

th
es

is
at

pH
8.

5
fu

lly
pr

es
er

ve
s

SO
D

bi
oa

ct
iv

it
y.

-
[4

3]
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b
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C
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P
a
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T

y
p

e
S
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e

C
a
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o

T
y

p
e

E
n

ca
p
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la

te
d

M
o
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le
R

e
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C
o

n
cl

u
si

o
n

s
o

f
th

e
C

it
e

d
S

tu
d

y
S

h
e

ll
C

o
m

p
o

si
ti

o
n

R
e

f.

C
or

e
10

μ
m

Pr
ot

ei
n

C
at

al
as

e,
in

su
lin

,
ap

ro
ti

ni
n

Th
e

lo
ad

in
g

of
th

re
e

th
er

ap
eu

ti
c

pr
ot

ei
ns

(2
50

kD
a

ca
ta

la
se

,5
.8

kD
a

in
su

lin
,a

nd
6.

5
kD

a
ap

ro
ti

ni
n)

in
to

cr
ys

ta
ls

of
di

ff
er

en
tp

or
os

it
ie

s
ha

ve
sh

ow
n

th
at

pr
ot

ei
n

lo
ad

in
g

ca
pa

ci
ty

de
pe

nd
s

so
le

ly
on

in
te

r-
pr

ot
ei

n
in

te
ra

ct
io

ns
in

th
e

bu
lk

so
lu

ti
on

in
th

e
pr

es
en

ce
of

cr
ys

ta
ls

an
d

w
it

hi
n

th
e

cr
ys

ta
ls

.

-
[4

4]

C
or

e
0.

8–
1.

6
μ

m
Sm

al
l

m
ol

ec
ul

e
D

ox
or

ub
ic

in
V

at
er

it
e

C
aC

O
3

cr
ys

ta
ls

re
le

as
e

dr
ug

s,
th

e
in

it
ia

lr
el

ea
se

as
lo

w
as

<1
0%

w
it

hi
n

24
h

at
pH

6.
Th

es
e

va
te

ri
te

s
ex

hi
bi

tp
ro

lo
ng

ed
dr

ug
re

le
as

e:
~4

0%
ov

er
8

da
ys

at
pH

6.
-

[2
1]

C
or

e
4–

5
μ

m
Pr

ot
ei

n
C

at
al

as
e

Ex
tr

em
el

y
la

rg
e

ca
pa

ci
ty

of
lo

ad
in

g
by

co
-s

yn
th

es
is

(~
55

0
m

g/
m

L)
is

ex
pl

ai
ne

d
by

in
te

rm
ol

ec
ul

ar
pr

ot
ei

n
in

te
ra

ct
io

ns
,i

.e
.,

fo
rm

at
io

n
of

pr
ot

ei
n

ag
gr

eg
at

es
in

du
ce

d
by

C
aC

l 2
du

ri
ng

co
-s

yn
th

es
is

.
-

[5
1]

C
or

e
1
μ

m
Pr

ot
ei

n
O

va
lb

um
in

,
pn

eu
m

ol
ys

in

M
ul

ti
m

od
al

de
liv

er
y

sy
st

em
s

fo
r

C
aC

O
3/

PL
Y

an
ti

ge
ns

ha
ve

be
en

de
ve

lo
pe

d.
O

VA
/C

aC
O

3/
PL

Y
va

cc
in

e
fo

rm
ul

at
io

ns
pr

om
ot

e
an

ti
ge

n
cr

os
s-

pr
es

en
ta

ti
on

,b
oo

st
ce

llu
la

r
an

d
hu

m
or

al
im

m
un

e
re

sp
on

se
s,

an
d

of
fe

r
pr

om
is

in
g

pr
ev

en
ti

ve
an

d
th

er
ap

eu
ti

c
an

ti
tu

m
or

ef
fic

ac
y.

-
[5

3]

C
or

e
5.

45
μ

m
Pr

ot
ei

n
β

-l
ac

ta
m

as
e

β
-L

ac
ta

m
as

e
ca

n
as

so
ci

at
e

w
it

h
hy

al
ur

on
ic

ac
id

an
d

be
su

cc
es

sf
ul

ly
lo

ad
ed

in
to
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te

ri
te

C
aC

O
3

m
ic

ro
pa

rt
ic

le
s

us
in

g
th

e
su

pe
rc

ri
tic

al
C

O
2

te
ch

no
lo

gy
ai

de
d

by
th

e
te

m
pl

at
in

g
ef

fe
ct

of
hy

al
ur

on
ic

ac
id

on
C

aC
O

3.

-
[5

0]

C
or

e
1.

3
μ

m
-

-
In

tr
av

en
ou

s
in

je
ct

io
n

of
C

aC
O

3
pa

rt
ic

le
s

at
a

do
se

of
50

m
g/

kg
si

gn
ifi

ca
nt

ly
di

sr
up

te
d

re
d

bl
oo

d
ce

lls
bu

td
id

no
ti

nd
uc

e
vi

si
bl

e
ab

no
rm

al
it

ie
s

in
th

e
ti

ss
ue

st
ru

ct
ur

es
of

ke
y

or
ga

ns
.

-
[5

5]

C
or

e
4–

7
μ

m
R

ad
io

nu
cl

id
e

22
4 R

a

22
4 R

a-
la

be
le

d
C

aC
O

3
m

ic
ro

pa
rt

ic
le

s
ar

e
a

pr
om

is
in

g
ag

en
tf

or
th

er
ap

y
ag

ai
ns

tc
an

ce
r

di
ss

em
in

at
io

n
in

bo
dy

ca
vi

ti
es

.
A

si
gn

ifi
ca

nt
th

er
ap

eu
ti

c
ef

fe
ct

ha
s

be
en

ob
ta

in
ed

at
sp

ec
ifi

c
ac

ti
vi

ti
es

fr
om

0.
4

to
4.

6
kB

q/
m

g.

-
[4

5]

C
or

e
1–

3,
3–

15
μ

m
R

ad
io

nu
cl

id
e

22
4 R

a

22
4 R

a-
la

be
le

d
C

aC
O

3
m

ic
ro

pa
rt

ic
le

s
re

m
ai

n
in

th
e

pe
ri

to
ne

al
ca

vi
ty

,
w

it
h

a
m

od
es

td
is

tr
ib

ut
io

n
of

22
4 R

a
sy

st
em
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al

ly
,w

he
n
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m

in
is

te
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d
at

a
re

le
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nt
m

ic
ro

pa
rt

ic
le

do
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.
-

[4
6]
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b
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e
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o
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p
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R
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f
th

e
C
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e

d
S

tu
d

y
S

h
e

ll
C

o
m

p
o

si
ti

o
n

R
e

f.

C
or

e
0.

2–
1.

1
μ

m
N

uc
le

ic
ac

id
D

N
A

C
aC

O
3/

ca
lc

iu
m

ph
os

ph
at

e
(C

aP
)/

D
N

A
na

no
pa

rt
ic

le
s

ha
ve

a
re

du
ce

d
si

ze
,b

et
te

r
st

ab
ili

ty
,a

nd
si

gn
ifi

ca
nt

ly
hi

gh
er

ge
ne

tr
an

sf
ec

ti
on

ef
fic

ie
nc

y
co

m
pa

re
d

to
C

aC
O

3/
D

N
A

an
d

C
aP

/D
N

A
on

es
.

-
[3

4]

C
or

e/
sh

el
l

2
μ

m
Sm

al
l

m
ol

ec
ul

e
D

ox
or

ub
ic

in

D
ox

or
ub

ic
in

ha
s

be
en

lo
ad

ed
in

to
C

aC
O

3
m

ic
ro

pa
rt

ic
le

s
co

at
ed

w
it

h
po
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-L
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ne
/f

uc
oi

da
n

w
it

h
a

lo
ad

in
g

ef
fic

ie
nc

y
as

hi
gh

as
69

.7
%

.
C

on
tr

ol
le

d
re

le
as

e
of

do
xo

ru
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ci
n

si
gn
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ca

nt
ly

in
hi

bi
ts

th
e

pr
ol

if
er

at
io

n
of

br
ea

st
ca

nc
er

ce
lls

.

Po
ly

-L
-

or
ni

th
in

e/
fu

co
id

an
[5

6]

C
or

e/
sh

el
l

0.
2
μ

m
Sm

al
l

m
ol

ec
ul

e
D

ox
or

ub
ic

in

PE
G

/o
le

ic
ac

id
–a

m
or

ph
ou

s
ca

lc
iu

m
ca

rb
on

at
e

im
pr

ov
es

th
e

st
ab

ili
ty

of
C

aC
O

3-
co

re
m

ic
ro

pa
rt

ic
le

s
in

aq
ue

ou
s

m
ed

ia
an

d
co

nt
ro

ls
dr

ug
re

le
as

e
in

ca
nc

er
ce

lls
,t

he
re

by
ac

hi
ev

in
g

an
an

ti
ca

nc
er

ef
fic

ac
y

co
m

pa
ra

bl
e

to
th

at
of

fr
ee

dr
ug

s.

O
le

ic
ac

id
/P

EG
[5

7]

C
or

e/
sh

el
l

3
μ

m
Sm

al
l

m
ol

ec
ul

e
D

ox
or

ub
ic

in
C

aC
O

3
m

ic
ro

pa
rt

ic
le

s
lo

ad
ed

w
it

h
he

rb
al

m
ed

ic
in

al
pr

od
uc

ts
ex

hi
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t
ex

ce
lle

nt
bi

oc
om

pa
ti

bi
lit

y
an

d
pH

se
ns

it
iv

it
y,

w
hi

ch
de

m
on

st
ra

te
s

th
ei

r
po

te
nt

ia
la

s
ef

fe
ct

iv
e

dr
ug

ca
rr

ie
rs

.
PD

D
A

/P
SS

[5
8]

C
or

e/
sh

el
l

∼1
0
μ

m
Pr

ot
ei

n
O

va
lb

um
in

,c
an

ce
r

ce
ll

ly
sa

te

C
aC

O
3

m
ic

ro
pa

rt
ic

le
s

ar
e

ca
pa

bl
e

of
de
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er

in
g

va
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to
ca
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er
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ly
sa
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s

an
d
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er
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an
d
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y

en
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ed
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llu
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r
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ta
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le
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in

g
to

im
pr

ov
ed

cr
os

s-
pr

es
en

ta
ti

on
ef

fic
ie

nc
y.

Po
ly

(H
PM

A
-A

PM
A

)
w

it
h

TL
R

7/
8

ag
on

is
ts

[5
9]

C
or

e/
sh

el
l

0.
65

,3
.2

μ
m

R
ad

io
nu

cl
id

e
22

5 A
c

C
aC

O
3

co
re

-s
he

ll
pa

rt
ic

le
s

ef
fe

ct
iv

el
y

re
ta

in
la

rg
e
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ou

nt
s

of
22

5 A
c

an
d
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s
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ug

ht
er

is
ot

op
es

(22
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an
d
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3 Bi

).
Th

e
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ey
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m
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at
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n
of

21
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te

r
ad

m
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at
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n
of

22
5 A

c
en
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ps
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at

ed
in

C
aC

O
3
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re

/s
he

ll
pa

rt
ic

le
s

w
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lo
w

,u
nl

ik
e

w
it

h
no

n-
en

ca
ps

ul
at

ed
22

5 A
c.

H
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/T
A

[6
0]

C
or

e/
sh

el
l

∼2
μ

m
Pr

ot
ei

n
BS

A

A
C

aC
O

3-
to

-p
ne

um
ol

ys
in

(P
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)m
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s
ra
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o
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0.

8
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ti

m
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a
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e
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n
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d
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r
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.
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os
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m
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n
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s
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A
-c
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te

d
C

aC
O

3
m

ic
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pa
rt
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le

s.
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A

[6
1]

C
or

e/
sh

el
l

2–
4
μ

m
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re

sc
en

t
dy

e
N

ile
R

ed
,
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od

am
in

e
11

0

O
il-

in
-w
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er
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si
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d
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r
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w
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C
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O
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m
m
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g
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c

an
d
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C
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O
3
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2]
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3. CaCO3-Based Core/Shell Systems

3.1. Methods of Fabrication

The CaCO3 particles coated with a polyelectrolyte shell are better suited for the
delivery of drugs and proteins. Polyelectrolytes are deposited onto the cores by the LbL
method [63,84] or by electrospray [85]. Variation of the number of cationic/anionic bilayers
deposited on the particle surface allows better control of the kinetics of substance delivery
to the target. Application of these polymers is driven by electrostatic interaction, through
covalent or hydrogen bonds, which explains how the release of loaded molecules can be
induced by different stimuli, such as pH, ionic strength, temperature change, or ultrasound.

For the encapsulation of therapeutic agents, adsorption or co-synthesis can be used,
and the choice of method determines their location: on the surface, between the layers, or
within the matrix. Figure 3 summarizes the data on the fabrication of CaCO3 core-only and
core/shell microparticles.

 

Figure 3. Summary of data on fabrication of porous CaCO3 core-only and CaCO3 core/shell mi-
croparticles. On the left: the pore size diameters for differently fabricated CaCO3 cores are shown
to be in the range of 2–50 nm [21], 5–30 nm [43], 10–60 nm [44] or 20–500 nm [49]. On the right:

the shells on the CaCO3 cores may be fabricated by the deposition of different polymers such as
poly-L-ornithine/fucoidan [56]; poly(ethylene glycol)/oleic acid [57]; hyaluronic acid/glutamate [52];
hyaluronic acid/tannic acid [60]; ovalbumin/platelet lysate [53]; poly(diallyldimethylammonium
chloride)/poly(sodium 4-styrenesulfonate) [58]; hyaluronic acid [50]; polylactic acid [61]; poly(acrylic
acid) [62].

3.2. Delivery of Small Molecules

In the development of systems for small-molecule delivery based on microparticles,
DOX is often used as a model anticancer drug. Efficient loading of DOX has been shown for
core/shell microparticles composed of ∼2 μm CaCO3 cores coated with poly-L-ornithine
and fucoidan. The release of DOX from these particles was confirmed by a significant
antiproliferative effect on MCF-7 breast cancer cells [56]. DOX-loaded CaCO3 microparti-
cles modified with oleic acid (OA) and polyethylene glycol (PEG) exhibited a 70% drug
release within 2 h in cancer cells in response to their specific environment, whereas their
stability and drug retention in various other aqueous media were enhanced. Hybrid CaCO3
microspheres have also been obtained using yeast cells as the organic matrix and the poly-
electrolytes poly(diallyldimethylammonium chloride) (PDDA) and sodium poly(styrene
sulfonate) (PSS) as shell components, with subsequent calcination and DOX loading [58].
Drug release tests showed an accelerated release of DOX in an acidic environment (pH
4.8) typical of cancer tissues compared with a neutral medium (pH 7). Cytotoxicity tests
have shown a good biocompatibility of CaCO3 microparticles 3 μm in diameter loaded
with herbal medicinal products (HMPs) (Figure 4). Gradual decomposition of the coated
particles in the acidic microenvironment of tumors ensures the targeted release of the
drug directly into the cancer cells, thereby improving the efficacy of the treatment and
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minimizing the side effects on the surrounding healthy tissue. Thus, the feasibility of the
delivery of small molecules using the core/shell system has been demonstrated.
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Figure 4. (1) Assembly schematic: the preparation of CaCO3-HMPs through self-assembly of two
oppositely charged polyelectrolytes, PDDA and PSS, on the surface of yeast cells, as dual templates
for drug loading and release. (2) Cytotoxicity tests of CaCO3-HMPs, DOX, and the CaCO3-HMPs-
DOX drug-delivery system (* p < 0.05, *** p < 0.001); (3) Cumulative release curve of DOX in different
environments: (a) pH = 4.8 and (b) pH = 7. Abbreviations: HMPs, herbal medicinal products; PDDA,
poly(diallyldimethylammonium chloride); PSS, poly(sodium 4-styrenesulfonate); DOX, doxorubicin.
Reproduced with permission from Wei, Y., et al. Coll. Surf. B Biointerf.; published by Elsevier,
2021 [58].

3.3. Delivery of Proteins

Calcium carbonate microparticles containing cancer cell lysate and coated with poly-
mer substituted with the low-molecular-weight TLR7/8 agonist have been developed,
which could serve as novel personalized anticancer vaccines [62].

The solid-in-oil-in-water emulsion method for the manufacture of CaCO3/polylactic
acid core/shell microparticles about 1.11 μm in size has been designed as a tool for the
controlled transport and release of water-soluble bioactive molecules. This technology
could be used for developing more effective drug delivery systems [61].

The biomimetic approach has been used to obtain core/shell microparticles with a
liquid core consisting of charged emulsion droplets or liposomes and a CaCO3 shell, which
can also be used as delivery vehicles [62].

Overall, these techniques improve the encapsulation and release of proteins, offering
promising advances for drug delivery systems.

3.4. Delivery of Nucleic Acids

Although encapsulation of nucleic acids in core/shell systems has not yet been re-
ported, some studies envisage it. For example, Bewernitz et al. [62] explore the manufacture
of liquid-core/solid-shell microcapsules representing CaCO3-coated emulsions and lipo-
somes. These microcapsules, ranging in size from 2 to 10 μm, have been designed for
potential applications in the controlled release of substances, including DNA molecules.

18



Pharmaceutics 2024, 16, 653

The method relies on the precipitation of CaCO3 to form a shell around emulsion droplets
or liposomes. This approach could be used to engineer a promising system for the pro-
tection and targeted delivery and release of DNA in biomedical applications due to the
possibility of controlling the permeability and degradation of the CaCO3 shell.

Applications of CaCO3 core-based core/shell microparticles are summarized in Table 1.

4. CaCO3-Based Hollow Microcapsules

4.1. Methods of Fabrication

Calcium carbonate-based hollow (or shell) microcapsules represent a fascinating area
of research in medical nanotechnology, providing unique opportunities for targeted cancer
treatment [29]. These microcapsules with encapsulated therapeutic agents are often de-
signed to interact directly with tumors by functionalization of their surface with antibodies,
peptides, proteins, hyaluronic acid, or nucleic acids to ensure controlled, targeted drug
delivery [86].

The fabrication of these microcarriers is based on the LbL assembly of polyelectrolytes,
a technique first tested on metformin particles [24], which allows the construction of
multilayer films with nanometric precision by alternating the immersion of a substrate
in solutions of polyelectrolytes of opposite charges. CaCO3 cores, whose synthesis was
considered above, are used as templates for the fabrication of microcapsules. Then, the
cores are dissolved with a chelating agent, e.g., EDTA, and washed, and hollow spherical
polyelectrolyte capsules are thus formed. Polyelectrolytes in different combinations, such
as poly(allylamine hydrochloride) (PAH) and PSS [18,87], PAH and poly(vinyl sulfate)
(PVS) [20], chitosan (Chi) and alginate (Alg) [82], HA and PAH/poly-L-lysine (PLL) [64],
and poly-L-arginine (pArg) and dextran sulfate (DS) [65], are particularly effective in
forming these multilayers on vaterite CaCO3 cores. Detailed comparison of the stabilities,
shrinkabilities, and internal structures of capsules made of different biopolymers have been
performed [15]. These polymers, selected for their capability for self-assembling, ensure
high stability and functionality of the microcapsules, making it possible to modulate their
properties, such as solubility, reactivity, and biological compatibility, for the purposes of
biomedical engineering and formation of protective coatings and sensors [88]. Figure 5
summarizes the methods for obtaining shell microcapsules.

Figure 5. Summary of data on fabrication of microcapsules initially based on the CaCO3 microparti-
cles [18,20,22,29,32,36,57,64,65,67–70,72,73,75–79,81,89].
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4.2. Delivery of Small Molecules

The capability of multilayered polyelectrolyte capsules to host low-molecular-weight
drugs for cancer targeting has been recently demonstrated [30]. These smart polymer cap-
sules exhibit considerable versatility, paving the way for future developments in medical
nanotechnology and personalized medicine [66]. In recent years, uniformly sized micro-
capsules obtained on the basis of CaCO3 cores as removable templates, have been loaded
with gemcitabine and clodronate [70], DOX [18], apigenin and ascorbic acid [69], curcumin
and ciprofloxacin [22], and Gratiola officinalis extract [68] as model drugs for cancer and
other diseases.

Different encapsulation approaches are used with small-molecule drugs. Microcap-
sules fabricated using the PAH and PSS polyelectrolytes on CaCO3 cores have exhibited
efficiencies of DOX loading by co-precipitation and spontaneous loading of about 73 and
65%, respectively, due to optimized pH and salt concentration [18]. PAH/dextran sul-
fate (DS) polymer microcapsules designed for the delivery of apigenin and ascorbic acid
exhibited a loading efficiency of about 20% for each substance after incubation of the
microcapsules in the presence of the drugs [69]. The gemcitabine loading efficiency of
submicron pArg/DS microcapsules was about 47% [70].

The microcapsules are designed so as to release the loaded drugs in response to
specific stimuli. In the case of PAH/DS capsules containing apigenin and ascorbic acid,
in vitro release was 45% and 40%, respectively, after 2 h at the physiological pH [69]. This
study has also shown that the chemical composition of the capsules strongly affects the
drug solubility and rate of its release. The release of DOX by diffusion from PAH/PSS
microcapsules was prolonged at pH 6.0 and 7.4, corresponding to the pH values in tumor
and normal tissues, respectively. The cumulative release of DOX within 48 h did not exceed
70% [18].

In in vitro experiments, pArg/DS microcapsules loaded with gemcitabine were inter-
nalized at a rate higher than 75% by macrophages and lung and liver epithelial cells [70].
Experiments in mouse models showed the specificity of microcapsule delivery: they were
better retained by lung tumor than by healthy lung tissue. The efficiency of encapsulated
gemcitabine estimated by the MTT assay was lower than that of the free drug after 24 and
48 h of incubation and equal to it after 72 h of incubation, which confirmed the prolonged,
gradual release of the drug (Figure 6).

Microcapsules are commonly developed to reduce the side effects of drugs and to
allow a more prolonged and targeted action of, e.g., DOX, thereby improving the efficacy of
the treatment. It can be co-administered, thus compensating for the rapidity of elimination
from the body [32]. Also, the microcapsules containing Gratiola officinalis extract were
shown to effectively release the drug, causing the death of 100% of cultured cancer cells
through overcoming protective autophagy [68].

Hollow polymeric microcapsules are also used for the encapsulation of live E. coli
cells. CaCO3 cores containing E. coli cells were obtained by co-precipitation and coated
with different polyelectrolytes. Then, CaCO3 cores were dissolved in EDTA to obtain
capsules with a size of about 5 μm. Encapsulation reduced cell viability, the effect being
mainly accounted for PAH, with only minor contributions from the other components. The
encapsulated cells exhibited a prolonged lag phase of growth while retaining the ability to
produce green fluorescent protein. About 40% of cells were alive after the encapsulation.
This method has potential applications in the high-throughput screening of biocatalyst
libraries, requiring optimization to improve cell survival [73].

Composite microcapsules based on CaCO3 have been developed that contain vari-
ous types of pectin with different degrees of methylation and amide content, as well as
mixtures of polyelectrolyte complexes, including poly(allylamine) hydrochloride. These
CaCO3/pectin capsules were used as matrices for the loading of tetracycline hydrochloride
(TCH), with analysis of drug release kinetics using the Higuchi and Korsmeyer–Peppas
models. In vitro assays demonstrated the influence of CaCO3 polymorphs on the drug
release process, with 22–27% of TCH released within 10 h at pH 7.4 [72].
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The potential of using CaCO3-templated PAH/PSS polymer capsules for the targeted
delivery of vitamin B12 has also been demonstrated [75]. The successful encapsulation
of vitamin B12 was confirmed by optical absorption spectroscopy, transmission electron
microscopy, and atomic force microscopy data. Experimental data on the specific encapsu-
lation capacity of these polymer capsules for vitamin B12 show their potential as targeted
vectors for nutrient delivery, highlighting the effectiveness of the PAH/PSS system in
developing biocompatible and stable drug-delivery vectors.
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Figure 6. (1) Scheme of the stepwise capsule assembly, compaction, and loading. (2) Lung cancer
cell viability in the presence of 20 μM free or encapsulated gemcitabine; MTT assay at the indicated
time points. (3) Number of cells in the lungs, liver, kidney, and spleen with internalized Cy5-labeled
capsules relative to the total amount of cells in the respective organs 24 and 72 h after intravenous
injection of PMC. Abbreviation: PMC, polymeric multilayer capsules. Adapted with permission from
Novoselova, M. V., et al. ACS Appl. Mater. Interfaces; published by American Chemical Society,
2020 [70].

4.3. Delivery of Proteins

Proteins can also be transported and released by polyelectrolyte capsule systems assem-
bled on CaCO3 cores [90]. The chemical methods for the fabrication and post-modification
of hollow polymer capsules for protein delivery, including covalent bonding, electrostatic
attachment, and hydrogen bonding, have been described [91]. Proteins can be encapsu-
lated by physical adsorption on preformed CaCO3 cores or by co-precipitation during the
CaCO3 particle synthesis. The latter approach has been shown to be five times more effi-
cient [71]. Horseradish peroxidase (HRP) and ovalbumin serving as model antigens have
been encapsulated in CaCO3-based pArg/DS polymer capsules by co-precipitation. After
lyophilization in the presence of polyols, HRP retained up to 70% of its enzymatic activity.
Ovalbumin-loaded microcapsules were used as a model vaccine formulation. Ovalbumin
encapsulated in polyelectrolyte microcapsules caused enhanced antigen presentation and
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amplification of T-cell proliferation compared to soluble ovalbumin. The immunological
activity of lyophilized microcapsules was preserved according to the results of in vitro
T-cell proliferation assay [77].

The effect of pH on the degradation of polyelectrolyte microcapsules formed on CaCO3
particles with proteins encapsulated by adsorption was also studied [76]. An increase in
pH led to an increase in protein yield and PAH detachment, apparently because the acidity
of the medium (pH 7) was close to the charge exchange point of the PAH amino group.
A high concentration of NaCl (2 M) caused considerable PAH dissociation and release of
the protein.

4.4. Delivery of Nucleic Acids

Studies using polymeric capsules for delivering genetic material into cells are also car-
ried out. CaCO3-based microcapsules made from biodegradable biopolymers were used for
the delivery of all CRISPR-Cas9 components to cells [79]. The efficiency of transfection indi-
cated by a loss of red fluorescence in dTomato-expressing HEK293T reached 70%. Submicro-
and microcapsules with pArg/DS shells were successfully used as carriers for messenger
RNA (mRNA) and small interfering RNA (siRNA) [78]. This study demonstrated that
the package efficiency of RNA molecules, delivery efficiency, and biodistribution strongly
depended on the size of the capsules. Both studies highlight the importance of developing
safe and effective delivery systems for gene therapy and genome editing. The use of micro-
carriers offers a promising alternative to viral vectors, reducing the associated risks and
potentially enhancing the clinical acceptance of these technologies. The delivery systems
based on microcapsules are summarized in Table 1.

Finally, the use of CaCO3-based microcapsules in various medical applications, espe-
cially in immunotherapy and targeted cancer treatment, appears a promising approach.
Ongoing research and innovations in this field could transform cancer treatment, offering
more effective and less invasive solutions, notably through the release of small molecules,
proteins, and nucleic acids encapsulated in these polyelectrolyte capsules by physical ab-
sorption or co-precipitation, thus marking a significant evolution in therapeutic strategies.

5. Conclusions

CaCO3 microparticles are promising tools for anticancer therapy for several reasons:
they are capable of incorporating a wide spectrum of active substances, both low-molecular-
weight ones and biological macromolecules, and their size and pH sensitivity can be
varied, which is advantageous for the controlled delivery of drugs, including gene therapy
agents. Of special importance for targeted cancer therapy is the enhanced permeability and
retention (EPR) effect of CaCO3 microparticles ensuring their ready penetration into tumors
and subsequent degradation and release of the loaded agent in the acidic microenvironment
characteristic of malignant tumors [92,93]. CaCO3 particles have been shown to cause the
reprogramming of cancer cells and inhibition of tumor growth [5].

CaCO3 submicro- and microparticles have considerable potential as vectors for tar-
geted drug delivery, particularly in cancer treatment. Their controlled dissolution depend-
ing on pH ensures targeted drug release in the acidic areas of tumors while maintaining
stability in the more neutral circulatory system. Different configurations of the delivery
system, core-only and core/shell microparticles and microcapsules, offer solutions for
the transport and controlled release of various therapeutic substances, including small
molecules, proteins, and nucleic acids. Other materials have been studied in this respect,
including metformin, manganese carbonate (MnCO3), and cadmium carbonate (CdCO3).
However, metformin is insufficiently biocompatible, and both MnCO3 and CdCO3 mi-
croparticles are considerably smoother than CaCO3 ones and may be toxic. In contrast,
CaCO3 microparticles are highly biocompatible, the roughness and porosity of their surface
enabling adhesion of polymer layers to form a thick shell. For example, a (PAH/PSS)4 is
about two times thicker than the shells that can be deposited onto MnCO3 and CdCO3
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cores, with polymer layers formed not only over the particle, but also on the inner surface
of the pores [63].

Vaterite CaCO3 cores are effective for loading small molecules through techniques
such as co-precipitation, allowing for their subsequent controlled release. However, their
rapid degradation in vivo can lead to premature release and disrupt the cellular calcium
balance. To address this issue, core/shell particles have been developed, where the CaCO3
core is coated with a shell of polyelectrolytes, which regulates its degradation, thus allowing
sustained and controlled drug release while minimizing cell damage. This system can
also be modified to specifically target cells or tissues, improving therapeutic efficacy and
reducing side effects.

Finally, CaCO3-based polyelectrolyte capsules overcome the issues entailed with
CaCO3 particles. Removal of the core through calcium chelation limits the destabilization of
the tumor microenvironment by the increase in intracellular Ca2+ and ultimately controlling
the pH. The capsules are particularly promising for the encapsulation and controlled release
of small molecules, nucleic acids, and proteins, due to their ability to degrade under specific
intracellular conditions. Although the delivery of biomacromolecular therapeutic agents
presents a huge challenge compared to the delivery of small molecules due to both their
high molecular weight and fragile structure, these problems can be solved by using polymer
delivery systems [94]. In summary, CaCO3-based particles offer a versatile platform for
more effective therapeutic treatments, particularly for complex diseases, such as cancer, due
to their adaptability and capability for targeted and controlled drug delivery and release.

6. Outlook: In Vivo Studies

6.1. Modulation of the pH of Tumor Environment

Submicron CaCO3 particles offer a promising tool to counteract the characteristic
acidity of tumors, a known factor in promoting their aggressiveness and metastatic poten-
tial. The targeting of tumors with 20 to 300 nm calcium carbonate particles allows for the
gradual increase of the tumor pH to neutrality. This pH modulation is crucial, because a less
acidic environment can inhibit the growth and spread of cancer cells, thereby reducing their
virulence. Particularly, 100 nm particles stand out for their ability to sustain a prolonged
pH elevation. This highlights the importance of particle size optimization in maximizing
the treatment efficacy. Tests on animal models have shown a significant reduction of tumor
growth, attesting to the therapeutic potential of this method. However, further research is
required to optimize the dosage, evaluate the synergy with other treatments, and predict
side effects. This advancement shows a way for improving cancer treatment strategies by
targeting a fundamental aspect of tumor biology [95].

6.2. Biodistribution and Biocompatibility

The in vivo biodistribution of capsules is a major issue for the development of safe and
effective drug carriers. Fluorescent CaCO3-based pArg/DS capsules have been developed
for kidney targeting via the renal artery [81]. The high efficiency of delivery to the area of
interest was provided by the optimization of the administration protocol and dosage.

6.3. Retention, Stability, and Toxicity

CaCO3 particles labeled with 224Ra were proposed for the local therapy of dissem-
inated tumors using intraperitoneal administration [46]. The results showed a targeted
localization of microparticles, with moderate systemic payload release. Biodistribution
studies showed that radioactivity was primarily localized in the peritoneal area after ad-
ministration, with the highest activity associated with intraperitoneal adipose tissue and
the parietal peritoneum. The release of 224Ra from the particles was relatively limited,
as evidenced by reduced absorption in the skeleton compared to the administration of
free 224Ra. Non-abdominal organs, such as the heart, muscles, and brain, displayed ra-
dioactivity levels below 100 Bq/g, which indicated a limited radiation exposure outside
the abdominal area. These results indicate that radiolabeled CaCO3 particles possess a
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high retention capacity and targeted bioavailability, making them potentially useful for
targeted medical applications, minimizing non-target tissue exposure to radiation. The
antitumor effect of CaCO3 microparticles labeled with the alpha-emitting 224Ra was shown
in mice [45]. This study highlights the advantage of using CaCO3 as a carrier of therapeutic
agents and shows a particularly promising therapeutic strategy for tumors located in the
abdominal cavity.

CaCO3 core/shell particles 0.8 μm in size were used for the encapsulation of the
alpha-emitting 225Ac in order to enhance its retention and reduce systemic toxicity during
alpha therapy [60]. The study showed a 93–94% retention of 225Ac after 20 days, with the
majority of 225Ac microparticles localized in the lungs, which indicated a reduced renal
toxicity potential. In vivo tests on Wistar rats confirmed the high retention efficiency of
the particles, underscoring the effectiveness of 225Ac-doped core/shell particles in safely
retaining alpha emitters used for cancer treatment.

The wide potential applications of CaCO3 nanoparticles in various sectors, including
medicine, calls for a thorough evaluation of their toxicity. In vitro experiments on NIH 3T3
and MCF7 cells treated with CaCO3 nanoparticles at different concentrations (1–50 μg/mL)
for 12 to 72 h showed no cytotoxicity, oxidative stress, or DNA damage, indicating excellent
biocompatibility. In vivo studies with zebrafish treated with CaCO3 nanoparticles at
doses as high as 200 μg/mL showed an absence of significant toxic effects on embryonic
development. These results underscore the safety of CaCO3 nanoparticles, suggesting their
applicability in medicine and other fields, without cytotoxic or genotoxic risks to biological
systems [96].

Various administration routes have been used for submicrometer- and micrometer-
sized CaCO3 microparticles, including intranasal [97,98], inhalatory [99], and transder-
mal [100] ones. The efficiency of drug delivery to the brain by CaCO3 carriers administered
intranasally has been demonstrated by in vivo functional tests [97]. Submicron (0.65 μm)
CaCO3-based particles administered by inhalation exhibited the highest efficiency of deliv-
ery to the blood and the respiratory part of the lung [99]. The transdermal administration
of CaCO3-based particles has also been tested. Prolonged drug release and the possibility
of both targeted and systemic delivery have been demonstrated [100].

6.4. Vaccinal Applications

CaCO3 microparticles are better than currently used vaccine delivery vehicles, includ-
ing liposomes, synthetic copolymer systems, and metal nanoparticles, in several respects.
Applications of liposomes for vaccine delivery are being developed, some of them being
already available. However, their use is seriously limited because liposomes are prone to
aggregation, premature vaccine release, and collapse under the conditions encountered
in vivo. They sometimes poorly penetrate through biological membranes, and liposomes
consisting of positively charged lipids may be toxic [101,102].

In addition, the production of liposome drug delivery systems is much more expensive
than the production of conventional drugs: the production cost of 1 g of CaCO3 is estimated
to be as small as $0.2–0.4, whereas the production of 1 g of liposomes costs over $100 [103].
Therefore, alternative vaccine delivery tools are needed. Mineral microparticles, in particu-
lar, calcium carbonate beads, are more stable, biocompatible, and/or biodegradable and
are less expensive to produce [103].

Recent studies illustrate the innovative use of vaccines in anticancer immunotherapy,
highlighting the in vivo efficacy of formulations based on submicron- and micron-sized
CaCO3 particles. The physical adsorption of an antigen (ovalbumin) into CaCO3 par-
ticles with adsorbed pneumolysin, the key virulence factor of Streptococcus pneumoniae,
significantly amplified cellular and humoral immunity, demonstrating preventive and
therapeutic antitumor efficacy [53]. The 0.95 μm CaCO3 particles degraded into Ca2+

and CO2 in the acidic lysosomal environment, promoting cross-presentation of antigens.
This biodegradability of the particles was confirmed by the detection of intracellular Ca2+,
with the highest levels observed for the ovalbumin/CaCO3/pneumolysin group. This
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study illustrates the induction of a robust immune response, offering an effective platform
based on submicron- and micron-sized CaCO3 particles for the development of anticancer
immunotherapy through vaccination.

The last but not the least, it is well known that the translation from experiments to
clinical trials is hindered not only by high production costs and the problems with scale-
up, but also by safety issues and complicated procedures of obtaining approval by drug
administration authorities. However, this problem does not exist in the case of calcium
carbonate microparticles because their safety is guaranteed by the fact that they are already
marketed as an FDA-approved antacid medication, as well as a digestive, antidiarrheal,
and weight control drug [104].
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6. Ševčík, R.; Šašek, P.; Viani, A. Physical and nanomechanical properties of the synthetic anhydrous crystalline CaCO3 polymorphs:
Vaterite, aragonite and calcite. J. Mater. Sci. 2018, 53, 4022–4033. [CrossRef]

7. Svenskaya, Y.I.; Fattah, H.; Inozemtseva, O.A.; Ivanova, A.G.; Shtykov, S.N.; Gorin, D.A.; Parakhonskiy, B.V. Key parameters for
size- and shape-controlled synthesis of vaterite particles. Cryst. Growth Des. 2018, 18, 331–337. [CrossRef]

8. Han, C.; Hu, Y.; Wang, K.; Luo, G. Preparation and in-situ surface modification of CaCO3 nanoparticles with calcium stearate in a
microreaction system. Powder Technol. 2019, 356, 414–422. [CrossRef]

9. Niu, Y.Q.; Liu, J.H.; Aymonier, C.; Fermani, S.; Kralj, D.; Falini, G.; Zhou, C.H. Calcium carbonate: Controlled synthesis, surface
functionalization, and nanostructured materials. Chem. Soc. Rev. 2022, 51, 7883–7943. [CrossRef]

10. Fadia, P.; Tyagi, S.; Bhagat, S.; Nair, A.; Panchal, P.; Dave, H.; Dang, S.; Singh, S. Calcium carbonate nano- and microparticles:
Synthesis methods and biological applications. 3 Biotech 2021, 11, 457. [CrossRef]

25



Pharmaceutics 2024, 16, 653

11. Byrappa, K.; Ohara, S.; Adschiri, T. Nanoparticles synthesis using supercritical fluid technology—Towards biomedical applica-
tions. Adv. Drug Deliv. Rev. 2008, 60, 299–327. [CrossRef]

12. Pai, R.K.; Pillai, S. Nanoparticles of amorphous calcium carbonate by miniemulsion: Synthesis and mechanism. CrystEngComm
2008, 10, 865–872. [CrossRef]

13. Anton, N.; Benoit, J.P.; Saulnier, P. Design and production of nanoparticles formulated from nano-emulsion templates—A review.
J. Control. Release 2008, 128, 185–199. [CrossRef] [PubMed]

14. Babou-Kammoe, R.; Hamoudi, S.; Larachi, F.; Belkacemi, K. Synthesis of CaCO3 nanoparticles by controlled precipitation of
saturated carbonate and calcium nitrate aqueous solutions. Can. J. Chem. Eng. 2012, 90, 26–33. [CrossRef]

15. Campbell, J.; Abnett, J.; Kastania, G.; Volodkin, D.; Vikulina, A.S. Which biopolymers are better for the fabrication of multilayer
capsules? A comparative study using vaterite CaCO3 as templates. ACS Appl. Mater. 2021, 13, 3259–3269. [CrossRef] [PubMed]

16. Chesneau, C.; Larue, L.; Belbekhouche, S. Design of tailor-made biopolymer-based capsules for biological application by
combining porous particles and polysaccharide assembly. Pharmaceutics 2023, 15, 1718. [CrossRef] [PubMed]

17. Tan, C.; Dima, C.; Huang, M.; Assadpour, E.; Wang, J.; Sun, B.; Kharazmi, M.S.; Jafari, S.M. Advanced CaCO3-derived delivery
systems for bioactive compounds. Adv. Colloid Interface Sci. 2022, 309, 102791. [CrossRef] [PubMed]

18. Kalenichenko, D.; Nifontova, G.; Karaulov, A.; Sukhanova, A.; Nabiev, I. Designing functionalized polyelectrolyte microcapsules
for cancer treatment. Nanomaterials 2021, 11, 3055. [CrossRef] [PubMed]

19. Li, G.; Zhao, Y.; Zhang, J.; Hao, J.; Xu, D.; Cao, Y. CaCO3 Loaded lipid microspheres prepared by the solid-in-oil-in-water
emulsions technique with propylene glycol alginate and xanthan gum. Front. Nutr. 2022, 9, 961326. [CrossRef]

20. Yoshida, K.; Ono, T.; Kashiwagi, Y.; Takahashi, S.; Sato, K.; Anzai, J.I. pH-dependent release of insulin from layer-by-layer-
deposited polyelectrolyte microcapsules. Polymers 2015, 7, 1269–1278. [CrossRef]

21. Dou, J.; Zhao, F.; Fan, W.; Chen, Z.; Guo, X. Preparation of non-spherical vaterite CaCO3 particles by flash nano precipitation
technique for targeted and extended drug delivery. J. Drug Deliv. Sci. 2020, 57, 101768. [CrossRef]

22. Gundogdu, D.; Alemdar, C.; Turan, C.; Husnugil, H.H.; Banerjee, S.; Erel-Goktepe, I. Tuning stimuli-responsive properties of
alginate hydrogels through layer-by-layer functionalization for dual-responsive dual drug release. Colloids Surf. A Physicochem.
Eng. Asp. 2023, 676, 132213. [CrossRef]

23. Decher, G.; Hong, J.D.; Schmitt, J. Buildup of ultrathin multilayer films by a self-assembly process: III. Consecutively alternating
adsorption of anionic and cationic polyelectrolytes on charged surfaces. Thin Solid Films 1992, 210–211, 831–835. [CrossRef]

24. Decher, G.; Hong, J.-D. Buildup of ultrathin multilayer films by a self-assembly process: I. Consecutive adsorption of anionic and
cationic bipolar amphiphiles on charged surfaces. Makromol. Chem. Macromol. Symp. 1991, 46, 321–327. [CrossRef]

25. Vikulina, A.S.; Campbell, J. Biopolymer-based multilayer capsules and beads made via templating: Advantages, hurdles and
perspectives. Nanomaterials 2021, 11, 2502. [CrossRef] [PubMed]

26. Volodkin, D.V.; Madaboosi, N.; Blacklock, J.; Skirtach, A.G.; Möhwald, H. Surface-supported multilayers decorated with bio-active
material aimed at light-triggered drug delivery. Langmuir 2009, 25, 14037–14043. [CrossRef] [PubMed]

27. De Geest, B.G.; Skirtach, A.G.; Mamedov, A.A.; Antipov, A.A.; Kotov, N.A.; De Smedt, S.C.; Sukhorukov, G.B. Ultrasound-
triggered release from multilayered capsules. Small 2007, 3, 804–808. [CrossRef] [PubMed]

28. Déjugnat, C.; Sukhorukov, G.B. pH-responsive properties of hollow polyelectrolyte microcapsules templated on various cores.
Langmuir 2004, 20, 7265–7269. [CrossRef] [PubMed]

29. Alford, A.; Tucker, B.; Kozlovskaya, V.; Chen, J.; Gupta, N.; Caviedes, R.; Gearhart, J.; Graves, D.; Kharlampieva, E. Encapsulation
and ultrasound-triggered release of G-quadruplex DNA in multilayer hydrogel microcapsules. Polymers 2018, 10, 1342. [CrossRef]

30. Campbell, J.; Kastania, G.; Volodkin, D. Encapsulation of low-molecular-weight drugs into polymer multilayer capsules templated
on vaterite CaCO3 crystals. Micromachines 2020, 11, 717. [CrossRef]

31. Li, S.; Lian, B. Application of calcium carbonate as a controlled release carrier for therapeutic drugs. Minerals 2023, 13, 1136.
[CrossRef]

32. Gileva, A.; Trushina, D.; Yagolovich, A.; Gasparian, M.; Kurbanova, L.; Smirnov, I.; Burov, S.; Markvicheva, E. Doxorubicin-loaded
polyelectrolyte multilayer capsules modified with antitumor DR5-specific TRAIL variant for targeted drug delivery to tumor
cells. Nanomaterials 2023, 13, 902. [CrossRef] [PubMed]

33. Fujiwara, M.; Shiokawa, K.; Araki, M.; Ashitaka, N.; Morigaki, K.; Kubota, T.; Nakahara, Y. Encapsulation of proteins into CaCO3
by phase transition from vaterite to calcite. Cryst. Growth Design 2010, 10, 4030–4037. [CrossRef]

34. Zhao, D.; Wang, C.Q.; Zhuo, R.X.; Cheng, S.X. Modification of nanostructured calcium carbonate for efficient gene delivery.
Colloids Surf. B Biointerfaces 2014, 118, 111–116. [CrossRef]

35. Popova, V.; Poletaeva, Y.; Chubarov, A.; Dmitrienko, E. pH-responsible doxorubicin-loaded Fe3O4@CaCO3 nanocomposites for
cancer treatment. Pharmaceutics 2023, 15, 771. [CrossRef] [PubMed]

36. Nifontova, G.; Ramos-Gomes, F.; Baryshnikova, M.; Alves, F.; Nabiev, I.; Sukhanova, A. Cancer cell targeting with functionalized
quantum dot-encoded polyelectrolyte microcapsules. Front. Chem. 2019, 7, 34. [CrossRef] [PubMed]

37. Trushina, D.B.; Borodina, T.N.; Belyakov, S.; Antipina, M.N. Calcium carbonate vaterite particles for drug delivery: Advances and
challenges. Mater. Today Adv. 2022, 14, 100214. [CrossRef]

38. Ishikawa, F.; Murano, M.; Hiraishi, M.; Yamaguchi, T.; Tamai, I.; Tsuji, A. Insoluble powder formulation as an effective nasal drug
delivery system. Pharm. Res. 2002, 19, 1097–1104. [CrossRef]

26



Pharmaceutics 2024, 16, 653

39. Volodkin, D.V.; Larionova, N.I.; Sukhorukov, G.B. Protein encapsulation via porous CaCO3 microparticles templating. Biomacro-
molecules 2004, 5, 1962–1972. [CrossRef]

40. Parakhonskiy, B.V.; Haase, A.; Antolini, R. Sub-micrometer vaterite containers: Synthesis, substance loading, and release. Angew.
Chem. Intl. Ed. 2012, 51, 1195–1197. [CrossRef]

41. Farzan, M.; Roth, R.; Québatte, G.; Schoelkopf, J.; Huwyler, J.; Puchkov, M. Loading of porous functionalized calcium carbonate
microparticles: Distribution analysis with focused ion beam electron microscopy and mercury porosimetry. Pharmaceutics 2019,
11, 32. [CrossRef] [PubMed]

42. Levy, C.L.; Matthews, G.P.; Laudone, G.M.; Beckett, S.; Turner, A.; Schoelkopf, J.; Gane, P.A.C. Mechanism of adsorption of actives
onto microporous functionalized calcium carbonate (FCC). Adsorption 2017, 23, 603–612. [CrossRef]

43. Binevski, P.V.; Balabushevich, N.G.; Uvarova, V.I.; Vikulina, A.S.; Volodkin, D. Bio-Friendly Encapsulation of superoxide
dismutase into vaterite CaCO3 crystals. Enzyme activity, release mechanism, and perspectives for ophthalmology. Colloids Surf. B
Biointerfaces 2019, 181, 437–449. [CrossRef] [PubMed]

44. Feoktistova, N.A.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D.; Vikulina, A.S. Inter-protein interactions govern protein
loading into porous vaterite CaCO3 crystals. Phys. Chem. Chem. Phys. 2020, 22, 9713–9722. [CrossRef]

45. Li, R.G.; Napoli, E.; Jorstad, I.S.; Bønsdorff, T.B.; Juzeniene, A.; Bruland, Ø.S.; Larsen, R.H.; Westrøm, S. Calcium carbonate
microparticles as carriers of 224 Ra: Impact of specific activity in mice with intraperitoneal ovarian cancer. Curr. Radiopharm. 2020,
14, 145–153. [CrossRef] [PubMed]

46. Westrøm, S.; Malenge, M.; Jorstad, I.S.; Napoli, E.; Bruland, Ø.S.; Bønsdorff, T.B.; Larsen, R.H. Ra-224 labeling of calcium
carbonate microparticles for internal α-therapy: Preparation, stability, and biodistribution in mice. J. Label. Compd. Radiopharm.
2018, 61, 472–486. [CrossRef] [PubMed]

47. Feoktistova, N.A.; Vikulina, A.S.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D. Bioactivity of catalase loaded into vaterite
CaCO3 crystals via adsorption and co-synthesis. Mater. Des. 2020, 185, 108223. [CrossRef]

48. Preisig, D.; Haid, D.; Varum, F.J.O.; Bravo, R.; Alles, R.; Huwyler, J.; Puchkov, M. Drug loading into porous calcium carbonate
microparticles by solvent evaporation. Eur. J. Pharm. Biopharm. 2014, 87, 548–558. [CrossRef] [PubMed]

49. Roth, R.; Schoelkopf, J.; Huwyler, J.; Puchkov, M. Functionalized calcium carbonate microparticles for the delivery of proteins.
Eur. J. Pharm. Biopharm. 2018, 122, 96–103. [CrossRef]

50. Ramalapa, B.; Crasson, O.; Vandevenne, M.; Gibaud, A.; Garcion, E.; Cordonnier, T.; Galleni, M.; Boury, F. Protein-polysaccharide
complexes for enhanced protein delivery in hyaluronic acid templated calcium carbonate microparticles. J. Mater. Chem. B 2017,
5, 7360–7368. [CrossRef]

51. Vikulina, A.S.; Feoktistova, N.A.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D. The mechanism of catalase loading into
porous vaterite CaCO3 crystals by co-synthesis. Phys. Chem. Chem. Phys. 2018, 20, 8822–8831. [CrossRef]

52. Guo, Y.; Li, H.; Shi, W.; Zhang, J.; Feng, J.; Yang, X.; Wang, K.; Zhang, H.; Yang, L. Targeted delivery and pH-responsive release of
doxorubicin to cancer cells using calcium carbonate/hyaluronate/glutamate mesoporous hollow spheres. J. Colloid Interface Sci.
2017, 502, 59–66. [CrossRef]

53. Lu, J.; Jiao, Y.; Cao, G.; Liu, Z. Multimode CaCO3/pneumolysin antigen delivery systems for inducing efficient cellular immunity
for anti-tumor immunotherapy. Chem. Eng. J. 2021, 420, 129746. [CrossRef]

54. Balabushevich, N.G.; Kovalenko, E.A.; Le-Deygen, I.M.; Filatova, L.Y.; Volodkin, D.; Vikulina, A.S. Hybrid CaCO3-mucin crystals:
Effective approach for loading and controlled release of cationic drugs. Mater. Des. 2019, 182, 108020. [CrossRef]

55. Lin, J.; Huang, L.; Xiang, R.; Ou, H.; Li, X.; Chen, A.; Liu, Z. Blood compatibility evaluations of CaCO3 particles. Biomed. Mater.
Res. 2021, 16, 055010. [CrossRef]

56. Wang, P.; Kankala, R.K.; Fan, J.; Long, R.; Liu, Y.; Wang, S. Poly-L-ornithine/fucoidan-coated calcium carbonate microparticles by
layer-by-layer self-assembly technique for cancer theranostics. J. Mater. Sci. Mater. Med. 2018, 29, 68. [CrossRef] [PubMed]

57. Wang, C.; Chen, S.; Yu, Q.; Hu, F.; Yuan, H. Taking advantage of the disadvantage: Employing the high aqueous instability of
amorphous calcium carbonate to realize burst drug release within cancer cells. J. Mater. Chem. B 2017, 5, 2068–2073. [CrossRef]
[PubMed]

58. Wei, Y.; Sun, R.; Su, H.; Xu, H.; Zhang, L.; Huang, D.; Liang, Z.; Hu, Y.; Zhao, L.; Lian, X. Synthesis and characterization of porous
CaCO3 microspheres templated by yeast cells and the application as pH value-sensitive anticancer drug carrier. Colloids Surf. B
Biointerfaces 2021, 199, 111545. [CrossRef] [PubMed]

59. Lybaert, L.; Ryu, K.A.; Nuhn, L.; De Rycke, R.; De Wever, O.; Chon, A.C.; Esser-Kahn, A.P.; De Geest, B.G. Cancer cell lysate
entrapment in CaCO3 engineered with polymeric TLR-agonists: Immune-modulating microparticles in view of personalized
antitumor vaccination. Chem. Mater. 2017, 29, 4209–4217. [CrossRef]

60. Muslimov, A.R.; Antuganov, D.; Tarakanchikova, Y.V.; Karpov, T.E.; Zhukov, M.V.; Zyuzin, M.V.; Timin, A.S. An investigation of
calcium carbonate core-shell particles for incorporation of 225Ac and sequester of daughter radionuclides: In vitro and in vivo
studies. J. Control. Release 2021, 330, 726–737. [CrossRef]

61. Kudryavtseva, V.L.; Zhao, L.; Tverdokhlebov, S.I.; Sukhorukov, G.B. Fabrication of PLA/CaCO3 hybrid micro-particles as carriers
for water-soluble bioactive molecules. Colloids Surf. B Biointerfaces 2017, 157, 481–489. [CrossRef] [PubMed]

62. Bewernitz, M.A.; Lovett, A.C.; Gower, L.B. Liquid–solid core-shell microcapsules of calcium carbonate coated emulsions and
liposomes. Appl. Sci. 2020, 10, 8551. [CrossRef]

27



Pharmaceutics 2024, 16, 653

63. Antipov, A.A.; Shchukin, D.; Fedutik, Y.; Petrov, A.I.; Sukhorukov, G.B.; Möhwald, H. Carbonate microparticles for hollow
polyelectrolyte capsules fabrication. Colloids Surf. A Physicochem. Eng. Asp. 2003, 224, 175–183. [CrossRef]

64. Szarpak, A.; Cui, D.; Dubreuil, F.; De Geest, B.G.; De Cock, L.J.; Picart, C.; Auzély-Velty, R. Designing hyaluronic acid-based
layer-by-layer capsules as a carrier for intracellular drug delivery. Biomacromolecules 2010, 11, 713–720. [CrossRef] [PubMed]

65. De Geest, B.G.; Vandenbroucke, R.E.; Guenther, A.M.; Sukhorukov, G.B.; Hennink, W.E.; Sanders, N.N.; Demeester, J.; De Smedt,
S.C. Intracellularly degradable polyelectrolyte microcapsules. Adv. Mater. 2006, 18, 1005–1009. [CrossRef]

66. Belbekhouche, S.; Charaabi, S.; Carbonnier, B. Glucose-sensitive capsules based on hydrogen-bonded (poly-vinylpyrrolidone/
phenylboronic–modified alginate) system. Colloids Surf. B Biointerfaces 2019, 177, 416–424. [CrossRef] [PubMed]

67. Trushina, D.B.; Bukreeva, T.V.; Borodina, T.N.; Belova, D.D.; Belyakov, S.; Antipina, M.N. Heat-driven size reduction of
biodegradable polyelectrolyte multilayer hollow capsules assembled on CaCO3 template. Colloids Surf. B Biointerfaces 2018, 170,
312–321. [CrossRef] [PubMed]

68. Navolokin, N.; Lomova, M.; Bucharskaya, A.; Godage, O.; Polukonova, N.; Shirokov, A.; Grinev, V.; Maslyakova, G. Antitumor
effects of microencapsulated gratiola officinalis extract on breast carcinoma and hu-man cervical cancer cells in vitro. Materials
2023, 16, 1470. [CrossRef] [PubMed]

69. Nehru, S.; Guru, A.; Pachaiappan, R.; Hatamleh, A.A.; Al-Dosary, M.A.; Arokiyaraj, S.; Sundaramurthy, A.; Arockiaraj, J.
Co-encapsulation and release of apigenin and ascorbic acid in polyelectrolyte multilayer capsules for targeted polycystic ovary
syndrome. Int. J. Pharm. 2023, 651, 123749. [CrossRef]

70. Novoselova, M.V.; Loh, H.M.; Trushina, D.B.; Ketkar, A.; Abakumova, T.O.; Zatsepin, T.S.; Kakran, M.; Brzozowska, A.M.; Lau,
H.H.; Gorin, D.A.; et al. Biodegradable polymeric multilayer capsules for therapy of lung cancer. ACS Appl. Mater. Interfaces 2020,
12, 5610–5623. [CrossRef]

71. Petrov, A.I.; Volodkin, D.V.; Sukhorukov, G.B. Protein-calcium carbonate coprecipitation: A tool for protein encapsulation.
Biotechnol. Prog. 2005, 21, 918–925. [CrossRef] [PubMed]

72. Mihai, M.; Racovita, S.; Vasiliu, A.-L.; Doroftei, F.; Barbu-Mic, C.; Schwarz, S.; Steinbach, C.; Simon, F. Auto-template microcapsules
of CaCO3/pectin and nonstoichiometric complexes as sustained tetracycline hydrochloride delivery carriers. ACS Appl. Mater.
Interfaces 2017, 9, 37264–37278. [CrossRef]

73. Flemke, J.; Maywald, M.; Sieber, V. Encapsulation of living E. coli cells in hollow polymer microspheres of highly defined size.
Biomacromolecules 2013, 14, 207–214. [CrossRef]

74. Sharma, V.; Vijay, J.; Ganesh, M.R.; Sundaramurthy, A. Multilayer capsules encapsulating nimbin and doxorubicin for cancer
chemo-photothermal therapy. Int. J. Pharm. 2020, 582, 119350. [CrossRef]

75. Maiorova, L.A.; Erokhina, S.I.; Pisani, M.; Barucca, G.; Marcaccio, M.; Koifman, O.I.; Salnikov, D.S.; Gromova, O.A.; Astolfi, P.;
Ricci, V.; et al. Encapsulation of vitamin B12 into nanoengineered capsules and soft matter nanosystems for targeted delivery.
Colloids Surf. B Biointerfaces 2019, 182, 110366. [CrossRef] [PubMed]

76. Musin, E.V.; Kim, A.L.; Tikhonenko, S.A. Destruction of polyelectrolyte microcapsules formed on CaCO3 microparticles and the
release of a protein included by the adsorption method. Polymers 2020, 12, 520. [CrossRef]

77. De Temmerman, M.-L.; Rejman, J.; Grooten, J.; De Beer, T.; Vervaet, C.; Demeester, J.; De Smedt, S.C. Lyophilization of protein-
loaded polyelectrolyte microcapsules. Pharm. Res. 2011, 28, 1765–1773. [CrossRef]

78. Tarakanchikova, Y.V.; Muslimov, A.R.; Zyuzin, M.V.; Nazarenko, I.; Timin, A.S.; Sukhorukov, G.B.; Lepik, K.V. Layer-by-layer-
assembled capsule size affects the efficiency of packaging and delivery of different genetic cargo. Part. Part. Syst. Charact. 2021,
38, 2000228. [CrossRef]

79. Timin, A.S.; Muslimov, A.R.; Lepik, K.V.; Epifanovskaya, O.S.; Shakirova, A.I.; Mock, U.; Riecken, K.; Okilova, M.V.; Sergeev,
V.S.; Afanasyev, B.V.; et al. Efficient gene editing via non-viral delivery of CRISPR–Cas9 system using polymeric and hybrid
microcarriers. Nanomed. NBM 2018, 14, 97–108. [CrossRef]

80. Lin, Y.-H.; Singuru, M.M.R.; Marpaung, D.S.S.; Liao, W.-C.; Chuang, M.-C. Ethylene glycol-manipulated syntheses of calcium
carbonate particles and DNA capsules toward efficient ATP-responsive cargo release. ACS Appl. Bio Mater. 2023, 6, 3351–3360.
[CrossRef]

81. Prikhozhdenko, E.S.; Gusliakova, O.I.; Kulikov, O.A.; Mayorova, O.A.; Shushunova, N.A.; Abdurashitov, A.S.; Bratashov, D.N.;
Pyataev, N.A.; Tuchin, V.V.; Gorin, D.A.; et al. Target delivery of drug carriers in mice kidney glomeruli via renal artery. J. Control.
Release 2021, 329, 175–190. [CrossRef] [PubMed]

82. Zhao, Q.; Han, B.; Wang, Z.; Gao, C.; Peng, C.; Shen, J. Hollow chitosan-alginate multilayer microcapsules as drug delivery
vehicle: Doxorubicin loading and in vitro and in vivo studies. Nanomed. NBM 2007, 3, 63–74. [CrossRef] [PubMed]

83. Zhao, Q.; Li, B. pH-controlled drug loading and release from biodegradable microcapsules. Nanomed. NBM 2008, 4, 302–310.
[CrossRef] [PubMed]

84. Lvov, Y.; Antipov, A.A.; Mamedov, A.; Möhwald, H.; Sukhorukov, G.B. Urease encapsulation in nanoorganized microshells. Nano
Lett. 2001, 1, 125–128. [CrossRef]

85. Finnegan, M.; Mallon, G.; Leach, A.; Themistou, E. Electrosprayed cysteine-functionalized degradable amphiphilic block
copolymer microparticles for low pH-triggered drug delivery. Polym. Chem. 2019, 10, 5814–5820. [CrossRef]

86. Nifontova, G.; Tsoi, T.; Karaulov, A.; Nabiev, I.; Sukhanova, A. Structure-function relationships in polymeric multilayer capsules
designed for cancer drug delivery. Biomater. Sci. 2022, 10, 5092–5115. [CrossRef] [PubMed]

28



Pharmaceutics 2024, 16, 653

87. Nifontova, G.; Zvaigzne, M.; Baryshnikova, M.; Korostylev, E.; Ramos-Gomes, F.; Alves, F.; Nabiev, I.; Sukhanova, A. Next-
generation theranostic agents based on polyelectrolyte microcapsules encoded with semiconductor nanocrystals: Development
and functional characterization. Nanoscale Res. 2018, 13, 30. [CrossRef] [PubMed]

88. Ariga, K.; Lvov, Y.M.; Kawakami, K.; Ji, Q.; Hill, J.P. Layer-by-layer self-assembled shells for drug delivery. Adv. Drug Deliv. Rev.
2011, 63, 762–771. [CrossRef] [PubMed]

89. Zheng, P.; Ding, B.; Shi, R.; Jiang, Z.; Xu, W.; Li, G.; Ding, J.; Chen, X. A multichannel Ca2+ nanomodulator for multilevel
mitochondrial destruction-mediated cancer therapy. Adv. Mater. 2021, 33, 2007426. [CrossRef]

90. Svenskaya, Y.; Garello, F.; Lengert, E.; Kozlova, A.; Verkhovskii, R.; Bitonto, V.; Ruggiero, M.R.; German, S.; Gorin, D.; Terreno, E.
Biodegradable polyelectrolyte/magnetite capsules for MR imaging and magnetic targeting of tumors. Nanotheranostics 2021, 5,
362–377. [CrossRef]

91. Borbora, A.; Manna, U. Impact of chemistry on the preparation and post-modification of multilayered hollow microcapsules.
Chem. Commun. 2021, 57, 2110–2123. [CrossRef] [PubMed]

92. Maleki Dizaj, S.; Sharifi, S.; Ahmadian, E.; Eftekhari, A.; Adibkia, K.; Lotfipour, F. An update on calcium carbonate nanoparticles
as cancer drug/gene delivery system. Exp. Opin. Drug Deliv. 2019, 16, 331–345. [CrossRef] [PubMed]

93. Zhao, Y.; Luo, Z.; Li, M.; Qu, Q.; Ma, X.; Yu, S.-H.; Zhao, Y. A preloaded amorphous calcium carbonate/doxorubicin@silica
nanoreactor for pH-responsive delivery of an anticancer drug. Angew. Chem. Intl. Ed. 2015, 54, 919–922. [CrossRef] [PubMed]

94. Machtakova, M.; Thérien-Aubin, H.; Landfester, K. Polymer nano-systems for the encapsulation and delivery of active biomacro-
molecular therapeutic agents. Chem. Soc. Rev. 2022, 51, 128–152. [CrossRef]

95. Som, A.; Raliya, R.; Tian, L.; Akers, W.; Ippolito, J.E.; Singamaneni, S.; Biswas, P.; Achilefu, S. Monodispersed calcium carbonate
nanoparticles modulate local pH and inhibit tumor growth in vivo. Nanoscale 2016, 8, 12639–12647. [CrossRef] [PubMed]

96. D’Amora, M.; Liendo, F.; Deorsola, F.A.; Bensaid, S.; Giordani, S. Toxicological profile of calcium carbonate nanoparticles for
industrial applications. Colloids Surf. B Biointerfaces 2020, 190, 110947. [CrossRef]

97. Borodina, T.; Marchenko, I.; Trushina, D.; Volkova, Y.; Shirinian, V.; Zavarzin, I.; Kondrakhin, E.; Kovalev, G.; Kovalchuk,
M.; Bukreeva, T. A Novel formulation of zolpidem for direct nose-to-brain delivery: Synthesis, encapsulation and intranasal
administration to mice. J. Pharm. Pharmacol. 2018, 70, 1164–1173. [CrossRef]

98. Marchenko, I.; Borodina, T.; Trushina, D.; Rassokhina, I.; Volkova, Y.; Shirinian, V.; Zavarzin, I.; Gogin, A.; Bukreeva, T.
Mesoporous particle-based microcontainers for intranasal delivery of imidazopyridine drugs. J. Microencapsul. 2018, 35, 657–666.
[CrossRef] [PubMed]

99. Gusliakova, O.; Atochina-Vasserman, E.N.; Sindeeva, O.; Sindeev, S.; Pinyaev, S.; Pyataev, N.; Revin, V.; Sukhorukov, G.B.; Gorin,
D.; Gow, A.J. Use of submicron vaterite particles serves as an effective delivery vehicle to the respiratory portion of the lung.
Front. Pharmacol. 2018, 9, 559. [CrossRef]

100. Svenskaya, Y.I.; Genina, E.A.; Parakhonskiy, B.V.; Lengert, E.V.; Talnikova, E.E.; Terentyuk, G.S.; Utz, S.R.; Gorin, D.A.; Tuchin,
V.V.; Sukhorukov, G.B. A simple non-invasive approach toward efficient transdermal drug delivery based on biodegradable
particulate system. ACS Appl. Mater. Interfaces 2019, 11, 17270–17282. [CrossRef]

101. Wang, E.Y.; Sarmadi, M.; Ying, B.; Jaklenec, A.; Langer, R. Recent advances in nano- and micro-scale carrier systems for controlled
delivery of vaccines. Biomaterials 2023, 303, 122345. [CrossRef]

102. He, H.; Lu, Y.; Qi, J.; Zhu, Q.; Chen, Z.; Wu, W. Adapting liposomes for oral drug delivery. Acta Pharm. Sin. B. 2019, 9, 36–48.
[CrossRef]

103. Vikulina, A.; Voronin, D.; Fakhrullin, R.; Vinokurov, V.; Volodkin, D. Naturally derived nano- and micro-drug delivery vehicles:
Halloysite, vaterite and nanocellulose. New J. Chem. 2020, 44, 5638–5655. [CrossRef]

104. Garg, V.; Narang, P.; Taneja, R. Antacids Revisited: Review on contemporary facts and relevance for self-management. J. Int. Med.
Res. 2022, 50, 3000605221086457. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

29



cancers

Article

Coupling Kinesin Spindle Protein and Aurora B Inhibition
with Apoptosis Induction Enhances Oral Cancer Cell Killing

João P. N. Silva 1, Bárbara Pinto 1, Luís Monteiro 1, Patrícia M. A. Silva 1,2,3,* and Hassan Bousbaa 1,*

1 UNIPRO—Oral Pathology and Rehabilitation Research Unit, University Institute of Health Sciences (IUCS),
Cooperativa de Ensino Superior Politécnico e Universitário (CESPU), Rua Central de Gandra, 1317,
4585-116 Gandra, Portugal; joaosilva_06@hotmail.com (J.P.N.S.);
barbara_fernandes_pinto@hotmail.com (B.P.); luis.monteiro@iucs.cespu.pt (L.M.)

2 Associate Laboratory i4HB, Institute for Health and Bioeconomy, University Institute of Health
Sciences-CESPU, 4585-116 Gandra, Portugal

3 UCIBIO—Applied Molecular Biosciences Unit, Translational Toxicology Research Laboratory, University
Institute of Health Sciences (1H-TOXRUN, IUCS-CESPU), 4585-116 Gandra, Portugal

* Correspondence: patricia.silva@cespu.pt (P.M.A.S.); hassan.bousbaa@iucs.cespu.pt (H.B.);
Tel.: +351-224157189 (P.M.A.S.); +351-224157186 (H.B.)

Simple Summary: Scientists are studying proteins like kinesin spindle protein and Aurora B, crucial
for cell division and potential targets in cancer treatment. Drugs aimed at these proteins show
promise in lab tests for killing cancer cells, but in clinical trials alone, they are not always effective,
possibly due to varied cancer cell responses. To enhance their efficacy, researchers are exploring
combinations with other cell-killing drugs. Our study focused on Navitoclax, an inducer of cancer
cell death, tested alongside Ispinesib and Barasertib, targeting kinesin spindle protein and Aurora B,
respectively. Together, these drugs induced significant cancer cell death, mainly through apoptosis.
Moreover, imaging techniques revealing their combined effects suggest that combining these drugs
could be a potent cancer treatment strategy, warranting further investigation in clinical trials.

Abstract: Many proteins regulating mitosis have emerged as targets for cancer therapy, including
the kinesin spindle protein (KSP) and Aurora kinase B (AurB). KSP is crucial for proper spindle
pole separation during mitosis, while AurB plays roles in chromosome segregation and cytokinesis.
Agents targeting KSP and AurB selectively affect dividing cells and have shown significant activity
in vitro. However, these drugs, despite advancing to clinical trials, often yield unsatisfactory out-
comes as monotherapy, likely due to variable responses driven by cyclin B degradation and apoptosis
signal accumulation networks. Accumulated data suggest that combining emerging antimitotics
with various cytostatic drugs can enhance tumor-killing effects compared to monotherapy. Here,
we investigated the impact of inhibiting anti-apoptotic signals with the BH3-mimetic Navitoclax
in oral cancer cells treated with the selective KSP inhibitor, Ispinesib, or AurB inhibitor, Barasertib,
aiming to potentiate cell death. The combination of BH3-mimetics with both KSP and AurB inhibitors
synergistically induced substantial cell death, primarily through apoptosis. A mechanistic analysis
underlying this synergistic activity, undertaken by live-cell imaging, is presented. Our data under-
score the importance of combining BH3-mimetics with antimitotics in clinical trials to maximize
their effectiveness.

Keywords: KSP inhibitor; Aurora B inhibitor; Navitoclax; oral cancer; antimitotics; combination
treatment

1. Introduction

Cancer of the oral cavity and lip is the most common type of head and neck cancer
with 377,713 new cases and 177,757 deaths reported in 2020 according to GLOBOCAN [1].
Approximately 90% of all oral cancers are oral squamous cell carcinomas (OSCCs) [2].
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The most common origin sites for OSCC are the tongue and the floor of the mouth [2,3].
The emergence of this type of malignancy is mainly associated with tobacco and alcohol
consumption. Nonetheless, other factors such as human papillomavirus infection can
also lead to OSCC development [4,5]. Despite the different therapeutic strategies, small
improvements in the treatment of oral cancer have been reported and high mortality rates
for advanced disease are still observed [6]. Thus, new treatment options are needed.

Combinatorial approaches have risen as a hallmark in the treatment of cancer since
they can lead to prolonged responses with lower toxicity and potential synergistic effects [7].
Microtubule-targeting agents (MTAs) have been extensively explored and some, such as pa-
clitaxel and docetaxel, have been approved and are used for the treatment of head and neck
squamous cell carcinoma (HNSCC) mostly in combination with platinum, 5-fluorouracil,
and cetuximab [8]. Nonetheless, MTAs are associated with some disadvantages, including
high toxicity due to low specificity and therapeutic resistance [9]. To overcome these
issues, drugs that target specific proteins involved in mitosis, known as antimitotic agents,
such as kinesins, like kinesin spindle protein (KSP), and kinases, like Aurora B, have been
investigated [10].

KSP, also known as Eg5 and Kif11, is a kinesin-5 family member essential for bipolar
mitotic spindle formation, microtubule cross-linking, and chromosome alignment [11–13].
The overexpression of KSP is associated with poor outcomes in breast and laryngeal cancers
and its inhibition leads to the formation of monopolar spindles, activation of the spindle
assembly checkpoint (SAC), and consequently, mitotic arrest followed by cell death [11,14].

Aurora B is a part of the Aurora kinase family that includes Aurora A and Aurora C
and it plays a role in chromosome segregation and cytokinesis [15]. The overexpression
of Aurora B was reported for metastatic and poorly differentiated OSCC suggesting this
kinase is involved in OSCC progression [16]. In addition, Aurora B inhibition can lead to
polyploidy, and consequently cell death [15,17].

Even though the inhibition of these proteins in preclinical trials showed promising
results, their inhibitors have shown disappointing results as monotherapy in clinical trials,
due mainly to the lack of efficacy [18–22]. Different possibilities have been suggested for
this lack of efficacy. For instance, the fact that antimitotics act only during mitosis leads to
low efficacy due to the administration schedules since only a low fraction of tumor cells
will be undergoing mitosis at any given point in time. Additionally, mitotic slippage, a
phenomenon wherein cells exit mitosis without division, culminating in aneuploidy and
fostering cancer cell survival, has also been pointed as one of the major causes of antimitotic
treatment resistance [23]. According to a recently proposed model, cell fate during mitotic
arrest is defined by the duration of SAC activity, level of BCL-xL, and cyclin B1 degrada-
tion [24]. In this model, the increased duration of SAC activity enhances the probability of
cell death. The level of BCL-xL also plays an important role. For instance, when cells are
arrested in mitosis, the apoptotic signaling threshold is reached when cells present the low
activity or inhibition of BCL-xL, leading to death in mitosis. On the contrary, high levels
of BCL-xL allow the cyclin B1 degradation threshold to be reached, and mitotic slippage
occurs. Post-slippage death occurs when the level of BCL-xL is high enough to allow
mitotic exit but not enough to block the apoptotic threshold to be reached. BCL-xL is a
prosurvival protein involved in the suppression of the intrinsic apoptotic pathway through
the inhibition of cytochrome-c release from mitochondria, and its overexpression in OSCC
is associated with poor prognosis [25]. Apoptosis is an important mechanism to prevent
cancer development since it reduces the risk of genomic instability occurrence [26,27]. How-
ever, cancer cells acquire resistance to cell death by overexpressing prosurvival proteins,
including BCL-2, BCL-xL, and BCL-w, while downregulating pro-apoptotic ones [28]. Thus,
the addition of an inhibitor of BCL-xL to antimitotics should increase the apoptotic signal-
ing and lead to increased cell death in mitosis preventing mitotic slippage or increasing
post-slippage death. Accordingly, in several types of cancer cells, it was shown that the
combination of the inhibitors of the prosurvival BCL-2 family members with antimitotics
enhanced their efficacy by promoting apoptosis [29–32].
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Therefore, in this work, we analyzed the effects of the addition of Navitoclax, an BCL-2
and BCL-xL inhibitor, with Ispinesib, a KSP inhibitor, or Barasertib, an Aurora B inhibitor,
on oral cancer cells and showed that it enhanced the therapeutic potential of KSP and
Aurora B targeting by increasing cell death during mitosis or post-slippage, respectively.

2. Materials and Methods

2.1. Small Molecule Inhibitors

The inhibitors of KSP (Ispinesib and Filanesib), Aurora B (Barasertib and SP-96), and BCL-
2/BCL-xL (Navitoclax and ABT-737) were obtained from MedChem Express (Shanghai, China).
Stock concentrations of 5 or 10 mM were prepared by resuspending the inhibitors in sterile
dimethyl sulfoxide (DMSO, Sigma-Aldrich Co., Ltd., St. Louis, MO, USA). Multiple aliquots
were made and stored at −20 ◦C to avoid the necessity of repeated freezing and thawing
cycles. To mitigate potential DMSO toxicity, the working solutions were prepared in a fresh
medium and used to make solutions with the desired concentrations.

2.2. Cell Culture

SCC25 (tongue squamous cell carcinoma; The Global Bioresource Center-ATCC®

CRL-1628) and SCC09 (tongue squamous cell carcinoma; The Global Bioresource Center-
ATCC® CRL-1629) tumor cell lines were grown in DMEM/F12 culture medium (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12, PAN-Biotech, Aidenbach, Germany),
supplemented with 10% of the heat-inactivated fetal bovine serum (FBS, Biochrom, Berlin,
Germany) and 1% of Pen/Strep (Biochrom). The non-tumor cell line HOK (human oral
keratinocyte, ScienCell Research Laboratories, Carlsbad, CA, USA) was grown in OKM
culture medium (oral keratinocyte medium, Innoprot, Bizkaia, Spain). The cell lines were
kept at 37 ◦C with 5% CO2 in an incubator (Hera Cell, Heraeus, Hanau, Germany) while
ensuring humidity was maintained.

2.3. RNA Extraction, cDNA Synthesis, and Real-Time PCR

Total RNA was extracted from the cell lines HOK, SCC09, and SCC25, and cDNA
was synthetized as previously described [33]. iQ™ SYBR Green Supermix Kit (Bio-Rad,
Laboratories, Inc., Hercules, CA, USA) was used for DNA amplification on an iQ Thermal
Cycler (Bio-Rad) using the following program: initial denaturing step at 95.0 ◦C for 3 min;
38 cycles at 94.0 ◦C for 20 s; 60.0 ◦C for 30 s and 72.0 ◦C for 30 s. The melting curve
encompassed temperatures ranging from 65.0 to 95.0 ◦C, with 0.5 ◦C increments for 5 s
each. The primers used, at a concentration of 10 μM, were as follows: KSP: forward 5′-
GAACAATCATTAGCAGCAGAA-3′ and reverse 5′-TCAGTATAGACACCACAGTTG-3′;
Aurora B: forward 5′-AGAAGGAGAACTCCTACCCCT-3′ and reverse 5′-CGCGTTAAGAT
GTCGGGTG-3′; 18S: forward 5′-CAACATCGATGGGCGGCGGA-3′ and reverse 5′-CCCGC
CCTCTTGGTGAGGTC-3′; GAPDH: forward 5′-ACAGTCAGCCGCATCTTC-3′ and re-
verse 5′-GCCCAATACGACCAAATCC-3′; Actin: forward 5′-AATCTGGCACCACACCTTC
TA-3′ and reverse 5′-ATAGCACAGCCTGGATAGCAA-3′. The data were analyzed using
the CFX ManagerTM Software (version 1.0, BioRad), and the relative quantification was
calculated using the ΔΔCT method. The data were normalized against the housekeeping
genes Actin and 18S for KSP and Actin and GAPDH for Aurora B.

2.4. Protein Extraction and Western Blotting

The HOK, SCC09, and SCC25 cell line total protein extraction was performed by first
centrifuging the cells and then resuspending them in a lysis buffer containing 50 mM Tris
pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton-100, supplemented with a protease
inhibitor cocktail (Sigma–Aldrich (St. Louis, MO, USA)). The proteins were then quan-
tified by using the BCATM Protein Assay Kit (Pierce Biotechnology (Rockford, IL, USA))
according to the manufacturer’s instructions. Subsequently, 15 μg of protein lysate was
resuspended with SDS-sample buffer consisting of 375 mM Tris pH 6.8, 12% SDS, 60% Glyc-
erol, 0.12% Bromophenol Blue, and 600 nM DTT, and denatured for 3 min at 95 ◦C. The
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proteins were then separated using the SDS–PAGE gels of 7.5% to resolve high molecular
weight proteins such as KSP (120–130 kDa), and 10% to resolve low molecular weight
proteins such as Aurora B (39–45 kDa). Protein transfer from the gels onto nitrocellulose
membranes (Amersham (Staffordshire, UK)) was carried out using the Trans-Blot Turbo
Transfer System from Bio-Rad. Afterwards, 5% non-fat dried milk in TBST (50 mM Tris
pH 7.5, 150 mM NaCl, 0.05% Tween-20) was used to block the membranes. Then, the
membranes were incubated overnight at 4 ◦C with the following primary antibodies di-
luted in TBST: mouse anti-α-tubulin (1:5000, T568 Clone B-5-1-2, Sigma–Aldrich), rabbit
anti-KSP (1:1000, abcam), and rabbit anti-Aurora B (1:1000, Sigma-Aldrich). After washing
the membranes with TBST containing 1% skim milk three times for 5 min each, they were
incubated with suitable horseradish peroxidase-conjugated secondary antibodies (1:1500,
Vector) for 1 h at room temperature. Protein detection was carried out using the Enhanced
Chemiluminescence (ECL) method with a ChemiDOc system (Bio-Rad). Protein signal
intensity was quantified using the Image Lab 6.1v software. The normalization of protein
values was performed using the expression levels of α-tubulin.

2.5. Indirect Immunofluorescence

The SCC25 cells were seeded at a density of 0.1 × 106 cells/mL on poly-L-lysine-
coated coverslips in a complete culture medium for 24 h. Following this, the cells were
treated with 1.875 nM Ispinesib, 1000 nM Barasertib, as well as 3000 nM Navitoclax. After
24 h, the cells were fixed with methanol (Sigma-Aldrich, Co., Ltd., Gillingham, UK) at
−20 ◦C for 10 min and then washed three times with PBS for 5 min each. Subsequently,
the cells were blocked with 10% FBS in PBST (0.05% Tween-20 in PBS) for 30 min at room
temperature, followed by a 1 h incubation with primary antibodies (mouse anti-α-tubulin,
1:2500, Sigma-Aldrich Co., Ltd., Gillingham, UK; human anti-CREST [34], 1:4000, gift from
E. Bronze-da-Rocha, University of Porto, Portugal) diluted in PBST with 5% FBS. After
three washes with PBST, the cells were incubated with Alexa Fluor 488- and 568-conjugated
secondary antibodies (1:1500, Molecular Probes, Eugene, OR, USA). The staining of DNA
was accomplished using 2 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich)
diluted in Vectashield mounting medium (Vector, H-1000, Burlingame, CA, USA).

2.6. MTT Assay

To evaluate cell viability, a cytotoxicity assay using the tetrazolium salt 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was performed. For seeding, 0.05 × 106 SCC25
cells/mL and 0.1 × 106 SCC09 cells/mL were plated in 96-well plates. The cells were
allowed to adhere to the wells for 24 h with only medium. Subsequently, the culture
medium was replaced with fresh medium containing the 2-fold serial dilutions of the
inhibitors: 1.875 nM to 30 nM for Ispinesib, 1000 nM to 16,000 nM for Barasertib, 1500 nM
to 24,000 nM for Navitoclax, 0.9375 nM to 15 nM for Filanesib, 1000 nM to 16,000 nM for
SP-96, and 1500 nM to 24,000 nM for ABT-737 for SCC25 cells, and 3.75 nM to 60 nM for
Ispinesib, 4000 nM to 64,000 nM for Barasertib, and 1000 nM to 16,000 nM for Navitoclax
for SCC09 cells. After 48 h of exposure, 200 μL of non-supplemented medium and 20 μL of
MTT tetrazolium salt solution (5 mg/mL PBS) were added to each well, followed by incuba-
tion for 2–4 h at 37 ◦C. Subsequently, the medium was aspirated, and 100 μL of DMSO was
added to dissolve the resulting formazan crystals. Optical density was measured at 570 nm
using a microplate reader (Biotek Synergy 2, Winooski, VT, USA) equipped with the Gen5
software (version 1.07.5, Biotek, Winooski, VT, USA). The IC50 values were calculated using
GraphPad Prism version 8 (GraphPad Software Inc., San Diego, CA, USA) using the non-
linear regression analysis. The effects of combinations were evaluated using the Combenefit
Software (version 2.021, Cancer Research UK Cambridge Institute, Cambridge, UK) with a
dual-drug crosswise concentration analysis.
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2.7. Apoptosis Detection Using Annexin V/PI Staining

To evaluate apoptotic cell death, the Annexin V-FITC Apoptosis Detection Kit (eBio-
science, Vienna, Austria) was employed according to the manufacturer’s guidelines. Briefly,
the SCC25 cells at a concentration of 0.1 × 106 cells/mL were seeded into 6-well plates and,
after 24 h, treated with Ispinesib and Barasertib alone or in combination with Navitoclax or
Filanesib and SP-96 alone or in combination with ABT-737 at synergistic concentrations.
Following a 48 h incubation period, the cells were harvested, centrifuged at 1000 rpm for
5 min, and suspended in 1× binding buffer. Annexin V-FITC was then added and incubated
at room temperature for 10 min in the dark. After washing, the cells were suspended in 1x
binding buffer, and Propidium Iodide (PI) at a concentration of 20 μg/mL was added. A BD
Accuri™ C6 Plus Flow cytometer (BD Biosciences, Qume Drive, San Jose, CA, USA) was
used to measure the fluorescence. The data were then analyzed using the BD Accuri TM C6
Plus software, version 1.0.27.1. The sample processing followed the manufacturer’s instruc-
tions for the “Annexin V-FITC Apoptosis Detection Kit”, with a minimum of 20,000 events
collected per sample.

2.8. Mitotic Index Determination

In total, 0.1 × 106 SCC25 cells were seeded in six-well dishes. After 24 h, Ispinesib
alone or combined with Navitoclax or Filanesib alone or in combination with ABT-737 at
the synergistic point concentrations were added. Positive controls for antimitotic activity
were established by treating the cells with 1 μM of the microtubule depolymerizing agent
nocodazole. The control groups included untreated cells and cells treated with DMSO,
serving to evaluate solvent-induced cytotoxicity. The mitotic index, calculated as the
percentage of mitotic cells within the overall cell population, was determined through the
observation of cell rounding under phase-contrast microscopy after the 24 h treatment from
ten random microscope fields.

2.9. Time-Lapse Microscopy

In total, 0.08 × 106 SCC25 cells were seeded onto LabTek II chambered cover glass
(Nunc, Penfield, NY, USA). The remaining wells were filled with sterile water to main-
tain a humidified atmosphere. Following overnight incubation at 37 ◦C under 5% CO2,
the medium was replaced with fresh medium containing Ispinesib/Barasertib alone or
in combination with Navitoclax at synergistic concentrations. To capture time-lapse im-
ages at 5 min intervals over 48 h, an Axio Observer Z.1 SD inverted microscope (Carl
Zeiss (Oberkochen, Germany)) equipped with an incubation chamber set to 37 ◦C and
5% CO2 using differential interference contrast (DIC) optics and a 63× objective was
used. Time-lapse image sequences were compiled into movies using the ImageJ software
(version 1.47, Rasband (New York, NY, USA), W.S., ImageJ, U. S. National Institutes of
Health, Bethesda, MD, USA).

2.10. Phase-Contrast and Fluorescence Microscopy Images

Phase-contrast microscopy images were obtained using a Nikon TE 2000-U microscope
(Nikon, Amsterdam, The Netherlands) with a 10× objective, connected to a DXM1200F
digital camera controlled by Nikon ACT-1 software version 2.63 (Melville, NY, USA).
An Axio Observer Z.1 SD microscope (Carl Zeiss, Jena, Germany) with an AxioCam MR3
equipped with a Plan Apochromatic 63×/NA 1.4 objective was used to capture fluorescence
images. ImageJ version 1.47 was used to process fluorescence images.

2.11. Colony Formation Assay

A total of 850 SCC25 cells were seeded in six-well plates. After 24 h of incubation,
Ispinesib or Barasertib alone or in combination with Navitoclax, at the respective synergistic
point concentrations, were added. The control groups included untreated cells and cells
treated with DMSO. After 48 h, the medium was removed and DMEM F12 medium without
drugs was added. The cells were then incubated for a duration of 6 days. Next, colony
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fixation was performed by the addition of 100% methanol at −20 ◦C for 20 min. The
staining was performed by the addition of violet crystal (Merck) 0.05% (w/v) in distilled
water for 30 min. At least three independent experiments were used to obtain the number
of colonies for each condition. Plating efficiency (PE) was determined by calculating the
percentage of grown colonies over the number of cells seeded in the control. The survival
fraction for each condition was then calculated as the ratio of the number of colonies to the
number of cells seeded, multiplied by 1/PE.

2.12. Statistical Analysis

All experiments were conducted in triplicate, and a minimum of three independent
experiments were performed. The data are expressed as mean ± standard deviation (SD).
Statistical analyses were conducted using GraphPad Prism Software Inc. (La Jolla, CA, USA) v8,
employing one-way or two-way ANOVA with Tukey’s multiple comparison test. The values of
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 were deemed statistically significant.

3. Results

3.1. KSP and Aurora B Proteins Are Overexpressed in Oral Squamous Carcinoma Cells

KSP is a plus-end directed kinesin essential for bipolar spindle formation, and it
was suggested that its overexpression in mice can lead to genomic instability and tumor
development [12,14]. Its inhibition leads to the formation of monopolar spindles, activation
of SAC, and consequently, mitotic arrest typically followed by cell death [11,14]. While
Aurora B is a serine-threonine protein kinase member of the Aurora kinases family in-
volved in correct chromosomal segregation and was shown to be overexpressed in poorly
differentiated and metastasized OSCC [16,35]. Aurora B inhibition can lead to polyploidy,
and consequently cell death [15,36].

Thus, we analyzed the mRNA and protein expression levels of these targets in two
squamous cell carcinoma (SCC) cell lines, SCC25 and SCC09, through qRT-PCR and Western
blot, respectively. The results show that the mRNA levels of both proteins are overexpressed
in SCC25 and SCC09 when compared to the non-tumoral cell HOK (Figure 1a,c). The
KSP and Aurora B protein expression levels also demonstrated an increase in both cell
lines (Figure 1b,d).

These results show that these proteins can be potential targets for the treatment of
oral cancer.

Next, we proceeded to target KSP and Aurora B and searched for possible synergism
in oral cancer killing when combined with apoptosis targeting.
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Figure 1. KSP and Aurora B show increased expression in oral squamous carcinoma cell lines. The
mRNA expression levels of KSP (a) and Aurora B (c) were assessed through qRT-PCR in the oral
cancer cell lines SCC09 and SCC25 and compared to the non-tumor human oral keratinocyte (HOK)
cells. The quantification of the protein levels of KSP (b, left) and Aurora B (d, left) was performed by
the Western blotting assay, with the protein α-tubulin as control. The representative Western blot
images for KSP (b, right) and Aurora B (d, right) are presented. The data presented indicate the mean
value along with the standard deviation (mean ± SD) obtained from three independent experiments.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons
test. The significance levels were as follows: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. Original
western blots are presented in File S1.

3.2. The Combinatorial Approaches with Ispinesib and Navitoclax and Barasertib with Navitoclax
Show Synergistic Effects in Oral Cancer Cells

Firstly, to confirm the specificity of the inhibitors under study, the phenotype of the
cells treated with Ispinesib, Barasertib, and Navitoclax was assessed by immunofluores-
cence microscopy. All the drugs showed the expected phenotype with Ispinesib leading
to a monopolar spindle phenotype in the cells arrested in mitosis, while the addition of
Barasertib led to misalignment of chromosomes during metaphase and to a multinucleated
phenotype after cell division (Figure 2a,b). The cells treated with Navitoclax maintained a
bipolar spindle configuration.
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Figure 2. Mitotic defects induced by KSP and Aurora B inhibition. Illustrative immunofluorescence
images showing SCC25 cells phenotype after 24 h treatment with 1.875 nM of Ispinesib or 1000 nM
of Barasertib (a,b). DAPI was used to stain DNA (blue), while α-tubulin was stained to allow the
visualization of microtubules (green), and CREST (red) for kinetochores localization. Bar, 5 μm.

To determine the IC50 of Ispinesib, Barasertib, and Navitoclax along with their cytotox-
icity both alone and in combination, the MTT assay was performed in the oral cancer cell
lines SCC09 and SCC25 (Table 1) and the dose–response curves were obtained (Figure 3).
We observed that the SCC25 cells were more sensitive to Ispinesib and Barasertib compared
to the SCC09 cells, whereas both showed comparable sensitivity to Navitoclax.

Table 1. IC50 values of Navitoclax, Ispinesib, and Barasertib in SCC25 and SCC09 cell lines after
48 h incubation.

IC50 (nM)

Drugs|Cell Line SCC25 SCC09

Navitoclax 5197.0 ± 364.0 3754.0 ± 237.0

Ispinesib 3.4 ± 0.5 58.9 ± 3.2

Barasertib 5580.0 ± 664.0 >64,000.0

The viability assay data are presented as two dual-drug concentration crosswise
matrices for each combination. Each matrix cell presents the percentage of viable cells
for the drugs alone or in combination (Figure 4a,c,e,g) or the combinatorial interaction
effect score (Figure 4,b,d,f,h). The results demonstrated that both combinations exhibited
synergistic effects in both cell lines. To perform the subsequent experiments, we selected
the SCC25 cell line since it displays the most favorable phenotypic characteristics for
conducting microscopy assays. Furthermore, the concentrations used in the experiments for
both combinations were the lower concentrations that showed synergistic effects (1.875 nM
Ispinesib + 1500 nM of Navitoclax and 1000 nM Barasertib + 3000 nM of Navitoclax).
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Figure 3. Dose−response curves of Ispinesib, Barasertib, and Navitoclax in SCC25 (a) and SCC09
(b) cell lines. The percentage of cell viability vs. the concentration of the different inhibitors (loga-
rithmic scale) is shown. The R2 values are shown for each curve indicating the fit of the model to
the data.

Moreover, to further assess if the synergistic effects observed were exclusive to these
inhibitors or if they were due to the combinatorial approaches, we also used Filanesib,
(another KSP inhibitor), SP-96 (another Aurora B inhibitor), and ABT-737 (another BCL-2
and BCL-xL inhibitor) for some of the experiments performed in this study. Filanesib and
SP-96 synergized with ABT-737 and behaved similarly to the combinations of Ispinesib
with Navitoclax and Barasertib with Navitoclax, respectively (Figure S1 and Table S1).

To analyze the long-term effects of these combinations in the proliferation of oral can-
cer cells, a colony formation assay was performed and the addition of Ispinesib alone led
to nearly a 40% reduction in colony formation capacity (61.42 ± 3.83 %), while Barasertib
showed no difference in the untreated cells (101.41 ± 2.13%). However, the addition of Nav-
itoclax to both Ispinesib and Barasertib led to significant decreases in the survival fraction
compared to the drugs administered alone (13.85 ± 3.40% and 81.18 ± 2.44%, respectively)
(Figure 4i,j,k). These results suggest that the combinatorial approaches exhibit an ability to
maintain long-term cellular cytotoxicity, preventing the proliferation of cancer cells.

Our data showed that BH3-mimetics synergize with both KSP and Aurora B inhibitors.
Thus, we proceeded with further analyses of these combinations in order to gather a deeper
comprehension of the mechanisms underlying these synergistic effects. We first began by
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analyzing the mechanisms underlying the synergistic cytotoxicity of the KSP inhibition
plus Navitoclax combination in the next subsection; then we analyzed that of the Aurora B
inhibition plus Navitoclax combination in the subsequent subsection.

 

Figure 4. The combinatorial approaches Ispinesib + Navitoclax and Barasertib + Navitoclax enhance
cytotoxicity in the SCC25 and SCC09 cell lines. Cell viability (%) following 48 h of drug exposure
both alone or in combination (a,c,e,g), assessed by MTT assay with at least three independent
experiments. The synergy scores were calculated using the Bliss model of the Combenefit software
2.021. Asterisks denote synergistic effects with statistical significance of * p < 0.05 and ** p < 0.01.
(b,d,f,h). The representative images of colony formation assays following 6 days with SCC25 cells
(i) are presented. The quantification of survival fraction (%) following treatment with drugs both
alone and in combination is illustrated (j,k). The data presented are the average ± standard deviation
of three separate experiments. Statistical analysis was performed using one-way ANOVA followed by
Tukey’s post hoc test for multiple comparisons. The significance levels were as follows: ** for p < 0.01;
*** for p < 0.001; and **** for p < 0.0001.

3.3. The Combined Treatment with Ispinesib and Navitoclax Enhances Death in Mitosis in Oral
Cancer Cells

When cells are arrested in mitosis, the two following outcomes can occur: death in
mitosis or premature mitotic exit without undergoing cytokinesis, also known as mitotic
slippage. Cell fate is decided according to the “competing networks-threshold model”
where when cyclin B1 levels reach below the mitotic exit threshold first than apoptotic
signaling reaches the apoptotic threshold, cells undergo mitotic slippage. On the other
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hand, if apoptotic signaling reaches the threshold first cell, death occurs [23]. Vorobjev et al.
propose that when cells have a high concentration or high activity of BCL-xL, cyclin B1
degradation will reach the threshold for mitotic exit first before the apoptotic threshold is
reached. However, post-slippage death (PSD) can occur if the level of BCL-xL is not high
enough for cells to survive after mitotic exit. So, the level of the expression of BCL-xL at
the time of slippage is the decisive factor between cell survival or PSD [24]. Therefore, with
the purpose of promoting the apoptosis pathway, we analyzed the addition of Navitoclax
to Ispinesib in oral cancer cells. To analyze the effect of this combination regarding mitotic
index (MI) we used double the concentration of Ispinesib (3.75 nM) to ensure we would
observe a clear outcome. Both the untreated cells (5.75 ± 0.46%) and the DMSO-treated
(5.65 ± 0.42%) cells showed similar MIs showing no effect of the solvent at the concentration
of 0.1%.

In addition, the MI of the cells treated with Navitoclax (5.67 ± 0.21%) showed no
significant difference from the untreated ones. Nonetheless, the addition of Ispinesib both
alone (28.31 ± 4.57%) and in combination with Navitoclax (28.82 ± 5.18%) led to a similar
increase in MI, compared to the untreated SCC25 cells (Figure 5a,b).

To further assess the effects of Ispinesib alone and in combination with Navitoclax
regarding cell fate and mitotic duration, time-lapse microscopy was conducted.

The untreated cells underwent mitosis on average for 46.11 ± 13.77 min and the addi-
tion of Navitoclax (58.33 ± 37.51 min), similarly to MI, did not significantly affect this dura-
tion. On the other hand, the cells treated with Ispinesib showed a significant increase in the
mitotic duration (147.18 ± 127.50 min) when compared with the untreated cells (Figure 5c).
Furthermore, a similar duration to Ispinesib alone was observed for the combination
with Navitoclax (179.44 ± 150.21 min). Regarding the cell fate, our results showed that
the Navitoclax-treated cells underwent mostly normal cell cycling (75.09 ± 29.99%) with
24.91% of the cells dying mostly by postmitotic death (PMD) (22.83 ± 26.17%) (Video S1).
Ispinesib alone showed a similar percentage of cells undergoing normal cell division
(90.63 ± 5.20%) to the untreated cells (97.06 ± 5.88%), which suggests that the cells delayed
in mitosis under Ispinesib at 1.875 nM manage to form functional spindles and undergo
normal cell division (Video S2). When we looked at the effects of the combination of Ispine-
sib and Navitoclax, a significant reduction in postmitotic survival was observed, with only
25.48 ± 25.98% undergoing normal cell cycling, when compared to the untreated cells and
cells treated with the inhibitors alone (Figure 5d,e; Video S3). In addition, the combination
showed a significant increase in cell death (68.90%) of which 87.3% corresponds to death in
mitosis (DM). These results showcase that the addition of Navitoclax to Ispinesib enhances
cell death mostly during mitosis.

Since the combination showed increased cell death, our next step was to assess if it
was attributable to the promotion of apoptosis by the addition of Navitoclax using flow
cytometry. Our results show that the addition of Navitoclax slightly increases the percent-
age of apoptotic cells (4.99 ± 0.60%) while Ispinesib (2.68 ± 0.48%) showed no difference
when compared to the control (2.3 ± 0.79%). Nonetheless, the combination of Ispinesib
and Navitoclax significantly enhanced the apoptotic signaling (7.4 ± 0.59%) (Figure 5f,g).

These results demonstrate that the addition of Navitoclax to Ispinesib increases the
apoptotic signaling of the cells arrested in mitosis leading to increased cell death, making
this combination a promising approach that needs to be further explored.
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Figure 5. Addition of Navitoclax to Ispinesib increases cell death during mitosis in oral cancer cells. The
representative images acquired by phase-contrast microscopy after drug exposure for 24 h for SCC25 (a).
Mitotic index quantification for the SCC25 cell line (b); 0.2% of DMSO (drug solvent) was used as the
negative control, while 1 μM of Nocodazole (mitotic blocker drug) was used as the positive control. The
data presented are the average ± standard deviation of three separate experiments. Statistical analysis
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was performed using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.
**** p < 0.0001. The measurement of the duration of mitosis following the indicated drug treatments
by time-lapse microscopy (c). The assessment of cell fate (%) over 48 h using indicated treatments (f).
The representative time-lapse image sequences acquired during 48 h of exposure to drugs both alone
and in combination (d). The assess-ment of cell fate (%) over 48 h using indicated treatments (e).
The data presented are the average ± standard deviation of three separate experiments. Statistical
analysis was performed using two-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons. #### (p < 0.0001) statistically significant difference in the cells that underwent death in
mitosis (%) between 1500 nM Navitoclax or 1.875 nM Ispinesib and 1.875 nM Ispinesib + 1500 nM
Navitoclax. *** (p < 0.001) postmitotic survival cell (%) difference between 1500 nM Navitoclax and
1.875 nM Ispinesib + 1500 nM Navitoclax. **** (p < 0.0001) postmitotic survival cell (%) difference
between 1.875 nM Ispinesib and 1.875 nM Ispinesib + 1500 nM Navitoclax. The combination of
Ispinesib and Navitoclax enhances cell death in the SCC25 oral cancer cell line. The quantification of
Annexin-V-positive cells (f). Cytograms demonstrative of the oral cancer cells double stained with
Annexin V-FITC and propidium iodide (PI) (g). The quadrants Q are defined as Q1 = living cells
(Annexin V- and PI-negative), Q2 = early-stage apoptosis (Annexin V-positive/PI-negative), and Q3
= late-stage apoptosis/secondary necrosis (Annexin V- and PI-positive). The data presented are the
average ± standard deviation of three separate experiments. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. The significance levels
were as follows: **** for p < 0.0001.

3.4. Combining Barasertib-Mediated Aurora B Inhibition with Navitoclax Shifts the Cancer Cell
Fate from Post-Slippage Cell Survival to Post-Slippage Cell Death

Aurora B plays a role in SAC activation by promoting mitotic checkpoint complex
formation through the phosphorylation of Bub1 [17]. Consequently, inhibiting Aurora B
suppresses sustained SAC activation [37]. In fact, the inhibition of Aurora B with Barasertib
results in premature mitotic exit/mitotic slippage, ultimately leading to polyploidy [15,36].
According to Vorobjev et al.’s proposed model, the inhibition of BCL-xL and consequently
increased apoptotic signaling should be enough to overcome mitotic slippage or lead to
PSD. Thus, we proceeded to analyze the effects of the addition of Navitoclax to Barasertib.

Firstly, we analyzed the cell fate and mitotic duration of the cells that underwent
mitosis by time-lapse microscopy, and, as referred above, the untreated cells had on
average a mitotic duration of 46.11 ± 13.77 min, and the treatment with Navitoclax did
not significantly affect this duration (53.60 ± 29.25 min). In the oral cancer cell line SCC25,
Barasertib alone nearly doubled the mitotic duration when compared with the untreated
cells (82.88 ± 33.21 min) (Figure 6a). This was expected since Aurora B inhibition leads to a
transient arrest before the cells prematurely exit mitosis by satisfying the SAC [38,39]. The
addition of Navitoclax to Barasertib led to a significant decrease in the mitotic duration
when compared to Barasertib alone (59.40 ± 22.04 min).

When assessing the cell fate, the addition of Navitoclax led to 74.26 ± 1.04% of
the cells completing normal cycling while Barasertib alone showed a 95.55% cell surviv-
ability. However, of those cells, 79.51% underwent post-slippage survival (PSS) while
only 20.49% experienced normal cell division. Nonetheless, the addition of Navitoclax
to Barasertib led to a decrease in cell survival (44.17%) with most cells undergoing PSS
(25.83 ± 17.02%) (Figure 6b,c). In addition, the combination led to increased cell death
(55.83%) when compared with the untreated (2.94 ± 5.88%) and both drugs alone (4.44%
and 25.74% for Barasertib and Navitoclax, respectively) groups. The enhanced cell death
observed for the combination was mostly due to the promotion of PSD (30.83 ± 13.77%).
In this sense, the addition of Navitoclax to Barasertib does not seem to greatly reduce the
mitotic slippage of cells (75.97 vs. 56.66%, for Barasertib alone and in combination with
Navitoclax, respectively) but increases substantially cell death mainly post-slippage.
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Figure 6. Addition of Navitoclax to Barasertib increases post-slippage death in oral cancer cells. The
measurement of the duration of mitosis following the indicated drug treatments by time-lapse mi-
croscopy (a). The assessment of cell fate (%) over 48 h using indicated treatments (b). The representative
time-lapse image sequences acquired during 48 h of exposure to drugs both alone and in combination
(c). The data presented are the average ± standard deviation of three separate experiments. Statistical
analysis was performed using two-way ANOVA followed by Tukey’s post hoc test for multiple com-
parisons. # (p < 0.05) statistically significant difference in the cells that underwent post-slippage death
(%) between 3000 nM Navitoclax or 1000 nM Barasertib and 1000 nM Barasertib + 3000 nM Navitoclax.
**** (p < 0.0001) postmitotic survival cell (%) difference between 3000 nM Navitoclax and 1000 nM
Barasertib + 3000 nM Navitoclax. $$$$ (p < 0.0001) post-slippage survival cell (%) difference between
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1000 nM Barasertib and 1000 nM Barasertib + 3000 nM Navitoclax. The addition of Barasertib to Navi-
toclax enhances cell death in the oral cancer cell line SCC25. The quantification of Annexin-V-positive
cells (d). Cytograms demonstrative of the oral cancer cells double stained with Annexin V-FITC
and propidium iodide (PI) (e). The quadrants Q are defined as Q1 = living cells (Annexin V- and PI-
negative), Q2 = early-stage apoptosis (Annexin V-positive/PI-negative), and Q3 = late-stage apopto-
sis/secondary necrosis (Annexin V- and PI-positive). The data presented are the average ± standard
deviation of three separate experiments. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons. The significance levels were as follows:
* for p < 0.05; ** for p < 0.01; and **** for p < 0.0001.

To assess if increased cell death was attributable to increased apoptosis, the annexin
V/propidium iodide analysis by flow cytometry was performed after 24 h exposure for the
combination of Barasertib with Navitoclax. The cells were only exposed for 24 h to guaran-
tee no cell undergoing apoptosis would be lost in the analysis since it led to the killing of a
high number of cells plated for cytometry analysis at this time point. Our results showed
no significant increase in apoptotic cells with the addition of Navitoclax (3.68 ± 1.17%)
when compared to the control (2.03 ± 0.41%). Barasertib alone (13.98 ± 2.05%) led to an
increased percentage of cells undergoing apoptosis while the combination with Navitoclax
(21.13 ± 5.32%) exacerbated even further this increase (Figure 6d,e; Videos S4 and S5).

The findings indicate that inhibiting Aurora B leads to cell slippage following a brief
delay in mitosis. These slipped cells managed to survive, at least for the duration of the
experiment. However, when combined with Navitoclax, the slipped cells underwent cell
death, mainly through apoptosis, indicating a suppression of anti-apoptotic signals that
would otherwise support the survival of these cells. This further emphasizes the clinical
importance of combining antimitotics with BH3-mimetics to enhance cancer cell death.

4. Discussion

Cancers of the oral cavity are the most common types of HNSCC, and their treatment
consists mostly of surgery with or without radiotherapy and/or chemotherapy [40]. Even
though an improvement in overall survival has been observed in recent years with a 5-year
survival rate between 60% and 65%, patients with regional and distant metastases show
lower rates (between 40% and 50% and less than 10%, respectively) [6]. Therefore, new
therapeutic strategies are urgently needed. MTAs are widely used for the treatment of oral
cancer but show several disadvantages such as high toxicity and lack of specificity [8,9].
Thus, drugs targeting specific proteins involved in mitosis, known as the second generation
of antimitotics (SGAs), were developed. However, in clinical trials such as monotherapy,
SGAs showed disappointing results [18,20]. In this sense, combinatorial approaches with
SGAs should be explored to give these drugs a second chance. Thus, targeting two
distinct pathways crucial for cancer cell viability through the combination of SGA drugs
with apoptotic inducers could be a great alternative for anticancer strategy. The possible
synergistic effects, the ability to target multiple pathways, the potential to overcome drug
resistance, and the broad applicability make this type of combination an attractive approach
for improving treatment outcomes in cancer patients.

The aim of this study was to assess the effects of combining a KSP inhibitor or an
Aurora B inhibitor with an inhibitor of BCL-2 family prosurvival members in OSCC cell
lines. In our work, we showed that KSP and Aurora B are overexpressed in both SCC09 and
SCC25 cell lines which is in accordance with prior studies that showed that both proteins
are overexpressed in oral cancer cell lines, making them potential targets for the treatment
of oral cancer [16,41,42].

Interestingly, the addition of Ispinesib and Barasertib led to a higher IC50 in the
SCC09 cell line regardless of protein expression. This may have been due to the fact that
SCC25 has a higher proliferation rate than SCC09 with a doubling time of 2–3 days vs.
5–7 days, respectively, and consequently, antimitotics have more opportunities to promote
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cell death in SCC25 [43,44]. Furthermore, the SCC09 cell line seems to be resistant to
Barasertib treatment since the IC50 could not be reached, making this cell line potentially
useful to understand and explore the mechanisms of resistance to this drug.

We then showed that the addition of Navitoclax to both Ispinesib and Barasertib led
to synergistic effects in both cell lines used in this study at concentration levels lower
than the IC50. Since KSP inhibition leads to prolonged mitotic arrest, we expected the
addition of Navitoclax to increase cell death during mitosis. In accordance, we showed
here that, in fact, the addition of Navitoclax to Ispinesib exacerbated apoptotic signaling
leading to cell death mainly during mitosis. Similarly, since Aurora B inhibition was shown
to promote mitotic slippage, we were expecting that the addition of Navitoclax could
increase cell death signaling enough to lead to cell death preventing premature mitotic exit.
However, the addition of Navitoclax to Barasertib did not significantly affect the number
of cells undergoing mitotic slippage but instead increased post-slippage death. Thus, and
according to Vorobjev et al.’s model, SCC25 BCL-xL activity, at least after the addition
of Navitoclax at the concentration of 3000 nM, should be high enough to still let mitotic
slippage occur but not high enough to prevent PSD [24].

Additionally, we showed that the synergistic effects were not exclusive to these drugs
but that the inhibition of the same targets with different drugs led to similar results
(Figure S1). Furthermore, since one of the most common adverse reactions in clinical
trials to the administration of Barasertib is neutropenia, SP-96 could be used as an alterna-
tive since it has been suggested that it is able to avoid these types of adverse events [45].
Nonetheless, no clinical trials have been conducted with this inhibitor, and thus, there is a
need to further investigate these claims.

Several studies have shown that the inhibition of BCL-2 family members combined
with antimitotics leads to increased cell death in several types of cancer [29–32]. Nonethe-
less, most have used antimicrotubules, such as Paclitaxel, that as previously stated, have
low specificity to cancer cells. Furthermore, as far as we know, our study is the first to test
these combinations and approaches in oral cancer cell lines. Moreover, the results presented
here are in accordance with those our group has previously reported in non-small cell
lung cancer lines with different antimitotics than the ones used in this study, which also
showed synergistic effects [32,46]. This study thus contributes to increasing the scientific
knowledge regarding this type of approach and further supports its potential for cancer
treatment.

In summary, our results showcase the potential therapeutic benefits of concurrently
inhibiting BCL-2 prosurvival family members with KSP or Aurora B proteins. Despite the
encouraging outcomes observed in the investigated combinations, a constraint within the
current study lies in the fact that the in vitro assays were conducted with only two cell lines
and that no tests were conducted with these combinations in non-tumoral cell lines to assess
if the combinations can improve the selective killing of oral cancer cells while minimizing
harm to normal cells, as well as in models that can better mimic the tumor microenviron-
ment such as heterotypic spheroids, and also in animal models. Nonetheless, we intend to
perform these experiments in the foreseeable future since further investigations are impera-
tive to gain a deeper comprehension of the underlying mechanisms driving the proposed
combinations and to ascertain the in vivo pharmacodynamics and pharmacokinetics.

5. Conclusions

In conclusion, the addition of Navitoclax to both Ispinesib and Barasertib demon-
strated synergistic effects in oral cancer cells, significantly increasing cell death primarily
through enhanced apoptotic activity. Therefore, targeting apoptosis in combination with
the inhibitors of KSP and Aurora B could be a more promising strategy to enhance can-
cer cell killing than using these inhibitors as monotherapy. The data point to a potential
anticancer strategy that warrants further exploration.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16112014/s1, Table S1: IC50 values of ABT-737, Filanesib,
and SP-96 in the SCC25 cell line, after 48 h incubation; Figure S1: The combinations of ABT-737
with Filanesib or SP-96 in SCC25 showed similar results to those of Navitoclax combined with
Ispinesib or Barasertib enhancing cytotoxicity in SCC25. Video S1: Monitoring of an SCC25 cell
treated with 1500 nM of Navitoclax that underwent normal cell cycling using timelapse microscopy
(DIC). Time in the video is displayed in minutes; available online at https://youtu.be/WCpeu2xA0-0
(accessed on 14 April 2024). Video S2: Monitoring of an SCC25 cell treated with 1.875 nM of Ispinesib
undergoing normal cell cycling using timelapse microscopy (DIC). Time in the video is displayed in
minutes; available online at https://youtu.be/FTRhFMG3o8g (accessed on 14 April 2024). Video S3:
Monitoring of an SCC25 cell treated with 1.875 nM of Ispinesib + 1500 nM of Navitoclax that died
during mitosis using timelapse microscopy (DIC). Time in the video is displayed in minutes; available
online at https://youtu.be/bJo7rPwBYrU (accessed on 14 April 2024). Video S4: Monitoring of
an SCC25 cell treated with 1000 nM of Barasertib undergoing mitotic slippage using timelapse
microscopy (DIC). Time in the video is displayed in minutes; available online at https://youtu.be/
PjEc6NVpXNk (accessed on 14 April 2024). Video S5: Monitoring of an SCC25 cell treated with
1000 nM of Barasertib + 3000 nM of Navitoclax that died post-slippage using timelapse microscopy
(DIC). Time in the video is displayed in minutes; available online at https://youtu.be/8Py7VXCONic
(accessed on 14 April 2024). File S1: Original western blots.
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Abstract: Antibody–drug conjugates (ADCs) are a new class of therapeutic agents designed to
target specific antigens on tumor cells, combining the specificity of monoclonal antibodies with
the cytotoxicity of chemotherapy agents. ADCs have been available for over a decade, but in
gynecological cancers, these agents are relatively new with great promise ahead. More than 80%
of ongoing trials in gynecological cancers are evaluating ADCs’ safety and efficacy, of which 40%
are early-phase trials. Around twenty ADCs are currently under investigation, either alone or in
combination with chemotherapies or immune checkpoint inhibitors. Among them, mirvetuximab
soravtansine has been recently approved by the Food and Drug Administration (FDA) in platinum-
resistant ovarian cancer with high folate-α receptor expression, as a single agent or in combination.
Tisotumab vedotin and trastuzumab deruxtecan are also now approved by the FDA in patients with
pre-treated cervical and uterine cancers and further investigation is ongoing. Overall, the toxicity
profiles of ADCs are acceptable. Ocular toxicity is one of the specific side effects of some ADCs,
but most of the cases are manageable with the use of prophylactic steroids and dose adjustments.
This review aims to provide an overview of the fundamental and operational features of ADCs and
examine the latest and most promising data, with a particular focus on the Canadian viewpoint.

Keywords: antibody drug conjugates; gynecological cancers; ovarian cancer; cervical cancer

1. Introduction

Gynecological cancers are a group of neoplasms of female reproductive organs and
genitals, including carcinomas of the vagina, vulva, cervix, uterus, ovaries, and fallopian
tubes. Based on the statistics latest data available until the year 2022, cancer is the most
common cause of death in Canada [1]. The most common gynecological cancer is uterine
cancer (7.4%), followed by ovarian (2.7%) and cervical (1.4%), respectively [2]. The treatment
of gynecological tumors depends on the cancer type and disease stage. Patients with distant
metastasis or recurrences have a poor outcome with uterine and cervical cancer, having a
5-year survival rate of around 18% [3]. In ovarian cancer, the majority of patients present
with advanced disease at initial diagnosis [4]. Despite excellent responses to surgery and
chemotherapy, more than 80% [5] will relapse and eventually become platinum resistant.
Recently, many immunotherapeutic treatments, including immune checkpoint inhibitors and
monoclonal antibodies, have been used for treatment in gynecological malignancies, especially
for uterine and cervical carcinomas, improving the therapeutic options of these diseases [6–8].
Antibody–drug conjugates (ADCs) have been in use for more than a decade in other cancers
but in gynecological cancers they have recently come up, with a great promise for the future.

The first antibody–drug conjugate (ADC) utilized in clinical settings was gemtuzumab
ozogamicin for acute myeloid leukemia, approved by the Food and Drug Administration
(FDA) in 2001 [9]. Following that, brentuximab vedotin received approval for Hodgkin
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lymphoma [10]. Trastuzumab emtansine (T-DM1) was the first ADC approved by the FDA for
solid tumors, used in the treatment of metastatic as well as early-stage breast cancer [11,12].
These ADCs feature a unique structure and design, employing monoclonal antibodies to
selectively deliver potent cytotoxic agents directly to the tumor site. Theoretically, this design
aims to target only the cancer cells while preserving healthy tissues. In the early 20th century,
Paul Ehrlich coined the concept of “magic bullets”, suggesting that certain compounds could
reach specific cellular targets to treat diseases [13]. Since then, the field has advanced rapidly,
with more than 100 different types of ADCs currently being investigated for use in both solid
and hematological malignancies. To date, sixteen ADCs have been approved by the FDA, the
European Medicines Agency (EMA), and other regulatory bodies, and have been launched in
the market for the treatment of hematologic malignancies and solid tumors [14].

In this article, we discuss the use of new antibody drug conjugates for treating patients
with various gynecologic cancers.

2. ADCs: Mechanism of Action

2.1. Structure

ADCs consist of three structural components that play a crucial role in determining
the effectiveness and safety of the drug. The ADCs consist of a targeted antibody which is
attached to a potent cytotoxic agent called the ‘payload’ via a chemical ‘linker’ [11]. The
three structural components with their characteristics are shown in Figure 1 [12].

Figure 1. Scheme of the general structure of an ADC [12].

2.1.1. Antibody

The first component is a highly selective monoclonal antibody that specifically targets
a tumor-associated antigen, with minimal expression on other tissues [13]. The latest ADCs
are developed from fully humanized antibodies, typically of the IgG type. The utilization of
fully humanized antibodies has been instrumental in reducing the immunogenicity of earlier
ADCs, which were created using murine and chimeric components [14]. IgG1 antibodies are
now more commonly used because of their overall stability in systemic circulation, with a
long half-life of 2 to 3 weeks and a strong influence on innate immune cells, such as natural
killer (NK) cells and macrophages, through interactions with Fcγ receptors [15].

2.1.2. Payload

The second component is the drug conjugate, also known as the payload, which typi-
cally consists of a conventional chemotherapy agent. Payloads refer to cytotoxic molecules
that are very small and typically measure in the nanomolar or picomolar range. These
molecules are attached to the structure of an antibody through a linker. Throughout
the years, various classes of payloads have been created, with auristatins and maytansi-
noids being the most commonly used [16]. Auristatins are man-made compounds that
mimic dolostatin, a natural substance that inhibits the assembly of tubulin [17]. The
most commonly used auristatin is monomethyl auristatine E (MMAE), also known as
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vedotin. Another group of frequently used compounds are maytansinoids, which are
synthetic versions of maytansine and function similarly to vinca alkaloids by inhibiting
microtubule assembly. Maytansinoids, such as mertansine (DM1), emtansine, soravtan-
sine, and ravtansine (DM4), are commonly used [18]. Calicheamicin, duocarmicins, and
pyrrolobenzodiazepines are examples of additional payloads that have been developed
for use in clinical practice. These payloads possess potent inhibitory properties against
nucleic acid synthesis due to their unique capability to identify and attach to specific se-
quences within the minor groove of DNA. More recently, Topoisomerase I (TOP1) inhibitors
constitute an emerging payload class to engineer antibody drug conjugates labelled as
next-generation ADCs. These Exatecan-based linker–payload complexes are more potent
and stable and can carry a higher concentration of drug to antibody ratio (DAR). One
other factor is that hydrophobicity can determine the efficacy and toxicity of an ADC.
Hydrophobic payloads can diffuse from the target expressing cells to adjacent normal cells,
a phenomenon called the “bystander effect”. This occurrence is very important, especially
in regards to the heterogeneity of tumors, as the therapeutic effects are enhanced due to
the bystander effect [19,20]. At the same time, the level of hydrophobicity can affect the
penetration of the payload into the liver, causing liver toxicity if it is less hydrophobic, or
the payload can be taken up by tissues, causing hematological and ocular toxicities [21–23].
The fine-tuning of payloads is necessary to maintain the bystander effect yet also maintain
the efficacy by controlling the drug to antibody ratio (DAR) [24]. Other than the conven-
tional payloads, immunomodulators [25] and protein-degrader-recruiting molecules [26]
have recently emerged as novel payloads.

2.1.3. Linker

The final component is the linker, which joins the monoclonal antibody to the drug
conjugate. It maintains the stability of the drug conjugate in the bloodstream while ef-
fectively releasing the payload inside the target cell [27]. Linkers are categorized into
two types: cleavable and non-cleavable [27]. Cleavable linkers can be broken down by
reactions involving proteases, acidic pH, endosomes, or lysosomes. This allows some of
the cytotoxic payload to be released into the tumor microenvironment, impacting both
antigen-expressing target cells and nearby non-antigen-expressing cells through the by-
stander effect [28]. Conversely, non-cleavable linkers rely on the lysosomal proteolytic
activity of the antibody to release the payload. When non-cleavable linkers are cleaved, the
payload remains attached to the linker, which can affect its electrical charge, hydrophobicity,
or hydrophilicity. This may influence the payload’s ability to cross the cell membrane.
Moreover, the linker itself can be expelled from the cell by efflux pumps, leading to the
removal of the linker–payload complex. This can decrease the intracellular concentration
of the payload and potentially contribute to drug resistance [27].

2.1.4. Conjugation

Other than the structural details, conjugation is a crucial component for making an
ADC more therapeutically effective. Most ADCs have traditionally been constructed using
cysteine–maleimide alkylation or, less commonly, lysine–amide coupling. To lessen the
chances of heterogeneity, different conjugation techniques are being used to improve payload
delivery. The prime objective is to make homogenous conjugations which produce ADCs
which are predictive in terms of their DAR. A few of the novel techniques of conjugation
used are full alkylation of interchain disulfides used in T-DXd and sacituzumab govitecan,
THIOMAB [28], incorporation of non-naturally occurring reactive amino acids [29,30], cysteine
re-bridging [31,32], Fc-affinity tags [33], and site-specific conjugation using various enzymes
(such as engineered glycosidases [34,35], transglutaminases [36,37], formyl glycine-generating
enzymes [38,39], Fc-affinity peptides [40] (AJICAP-M) and sortases [41,42].
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2.2. Mechanism of Action

When the antibody–drug conjugate (ADC) binds to its target using the fragment
antigen binding (Fab) region, the entire ADC–antigen complex is internalized into the
cell through receptor-mediated endocytosis [43]. The payload is then released within an
endosome or lysosome, contingent on the linker type. Eventually, the drug conjugate
makes its way to the nucleus, where it implements its cytotoxic action on DNA, RNA, or
microtubules, resulting in cell death, as demonstrated in Figure 2 [44].

 

Figure 2. Mechanism of action of ADCs: Binding to the target, followed by internalization and release
of cytotoxic payload, leading to cell death [44].

3. ADCs in Gynecological Malignancies

The objective of ADCs is to enhance effectiveness while reducing the overall toxicity
by delivering targeted cytotoxic therapy specifically to cancer cells. However, there is a
possibility of on-target, off-tumor toxicities occurring when ADCs bind to non-cancer cells
that also express the target antigen [45]. In the field of gynecological tumors, there are
currently three ADCs that have been approved by the FDA, namely tisotumab vedotin,
mirvetuximab soravtansine, and Trastuzumab Deruxtecan (T-DXd) [46,47].

3.1. ADCs in Ovarian Cancer

In the first-line treatment of advanced stage III/IV ovarian cancer, the current rec-
ommended approach is to combine optimal cytoreductive surgery with platinum-based
chemotherapy. Additionally, the use of maintenance therapy after front-line therapy involv-
ing the antiangiogenic medication bevacizumab, as seen in the ICON7 [48] and GOG218 [49]
trials, and/or poly (ADP-ribose) polymerase (PARP) inhibitors, as observed in trial SOLO
1, particularly in patients with BRCA mutations, has shown notable improvements in
patient outcomes (HR 0.66; 95% CI 0.50 to 0.87) based on a network meta-analysis [50].
Although patients initially exhibit a high response rate, eventually 80% of them will en-
counter disease recurrence and a gradual development of resistance to chemotherapy [51].
In particular, when platinum resistance is present, there are few treatment options available,
and the outlook is not favorable. Conventional treatments currently in use have low rates
of response (15–20%) and a limited progression-free survival (PFS) of 3–4 months, with an
overall survival (OS) of only 12 months [52]. In the context of recurrent disease, treatment
options are often restricted due to the residual toxicity from previous therapies. The use of
ADCs presents a valuable opportunity to enhance the effectiveness of chemotherapy while
reducing systemic toxicities.

3.1.1. Folate Receptor ADCs

Mirvetuximab soravtansine (MIRV) is an antibody–drug conjugate (ADC) that consists
of a monoclonal antibody targeting the antifolate receptor α (FRα), a cleavable linker, and
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a potent antimitotic agent, DM4, which specifically targets tubulin [53]. The FRα recep-
tor is a cell membrane protein responsible for binding and transporting folate into cells
and is found in higher concentrations in epithelial tumors, especially high-grade serous
ovarian and serous endometrial cancers, compared to its limited presence in normal adult
tissues [54,55]. DM4 is electrically neutral and lipophilic, allowing it to penetrate cell mem-
branes and generate the “bystander effect [56]”. In a phase I trial, the recommended dose
of MIRV for solid tumors, including previously treated epithelial ovarian cancer (EOC),
was established at 6 mg/kg every 3 weeks, with initial signs of activity observed [57]. Dose-
limiting toxicities included grade 3 hypophosphatemia and grade 3 ocular toxicity, such
as punctate keratitis [57]. A follow-up study on an expansion cohort of 46 patients with
platinum-resistant EOC and FRα positivity, assessed through immunohistochemistry, re-
vealed an overall response rate of 26%, with one complete response and 11 partial responses.
The median progression-free survival (mPFS) was 4.8 months, and the median duration of
response (DOR) was 19.1 weeks [58]. A phase Ib study confirmed the correlation between
FRα expression levels and MIRV efficacy, with no objective response in patients with low
FRα expression and an mPFS of 2.8 months [59]. However, the phase III FORWARD I
trial, which compared MIRV with standard chemotherapy in platinum-resistant ovarian
cancer, did not achieve its primary endpoint of progression-free survival (HR 0.98; 95% CI
0.73 to 1.31) [60]. In a subset of patients with high FRα expression, MIRV demonstrated
anti-tumor activity, but the results were not statistically significant. Despite this, the study
suggested a favorable benefit/risk safety profile compared to standard chemotherapy [60].
Based on these findings, two subsequent studies, MIRASOL and SORAYA, were initiated
to evaluate the efficacy of MIRV in patients with high FRα expression. The main objective
of the SORAYA study was to determine the confirmed objective response rate, as assessed
by the investigator [61]. One hundred and six patients were included in the study, with one
hundred and five being evaluated for effectiveness. All patients had previously received
bevacizumab, with 51% having undergone three previous lines of therapy and 48% having
received a prior poly ADP-ribose polymerase inhibitor. The median follow-up period was
13.4 months. The overall response rate was determined to be 32.4% (95% CI 23.6 to 42.2),
with five complete responses and 29 partial responses. The median duration of response
was 6.9 months (95% CI 5.6 to 9.7). Among patients with one to two prior treatments, the
determined by the investigator was 35.3% (95% CI 22.4 to 49.9), while in patients with
three prior treatments, it was lower, at 30.2% (95% CI 18.3 to 44.3). The overall response
rate determined by the investigator was 38.0% (95% CI 24.7 to 52.8) in patients with prior
exposure to a poly ADP-ribose polymerase inhibitor and 27.5% (95% CI 15.9 to 41.7) in
those without such exposure. The most common treatment-related adverse events, both
overall and of grade 3–4 severity, were blurred vision (41% and 6%), keratopathy (29% and
9%), and nausea (29% and 0%). These adverse events led to dose delays, reductions, and
discontinuations in 33%, 20%, and 9% of patients, respectively. Ocular toxicity with MIRV
was off target, as there are no folate receptor alpha receptors on the cornea.

The MIRASOL investigators conducted a phase III clinical trial to assess the efficacy
and safety of mirvetuximab soravtansine compared to chemotherapy in patients with
platinum-resistant, high-grade serous ovarian cancer [62]. Participants in this study had
previously received 1 to 3 lines of treatment and exhibited high FRα tumor expression. A
total of 453 participants were randomly assigned to receive either mirvetuximab soravtan-
sine or chemotherapy, with 227 in the MIRV group and 226 in the chemotherapy group.
For those on mirvetuximab soravtansine, the median progression-free survival (PFS) was
5.62 months (95% CI 4.34 to 5.95), compared to 3.98 months (95% CI 2.86 to 4.47) for those
on chemotherapy, showing an improvement with MIRV. The overall response rate was
42.3% for the mirvetuximab soravtansine group versus 15.9% for the chemotherapy group.
Overall survival (OS) was significantly longer with MIRV, with a median of 16.46 months
compared to 12.75 months for chemotherapy (HR 0.67; 95% CI 0.50 to 0.89). Grade 3 or
higher adverse events occurred less frequently with mirvetuximab soravtansine at 41.7%,
compared to 54.1% for chemotherapy. The most common adverse effects were mild gas-
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trointestinal, neurosensory, and reversible ocular events. Serious adverse events of any
grade (23.9% vs. 32.9%) and discontinuation events (9.2% vs. 15.9%) were also lower with
mirvetuximab soravtansine.

The ocular side effects of MIRV are not related to folate receptor targeting, as there are
no folate receptor alpha receptors on the cornea. Damage to the cornea starts at the outer
edges after mirvetuximab soravtansine travels to the cornea through the limbal region,
where stem cells that accumulate DM4 are located [55]. These damaged stem cells move
inward and cause the formation of small cysts in the cornea. The use of ocular steroids
can slow down the growth of these damaged stem cells at the outer edges, reducing their
sensitivity to the harmful effects of DM4. The cornea can regenerate new cells within seven
to 10 days, so ocular side effects usually resolve within a week.

Other studies with mirvetuximab, such as the PICCOLO study, are currently exploring
the use of mirvetuximab soravtansine as a stand-alone treatment for patients with ovarian
cancer that is sensitive to platinum [56]. In the GLORIOSA study, mirvetuximab soravtan-
sine is being compared to bevacizumab alone, as well as a combination of mirvetuximab
soravtansine and bevacizumab, for maintenance therapy after a positive response to plat-
inum in ovarian cancer that is sensitive to platinum [57]. Additionally, the combination of
mirvetuximab soravtansine and carboplatin is being investigated as a second-line treatment
option for patients with epithelial ovarian cancer that are sensitive to platinum [58,59]. In
one ongoing trial, MIRV is being studied as part of a front-line neoadjuvant therapy in
combination with carboplatin in advanced ovarian cancer [61].

Luveltamab tazevibulin (STRO-002) is an ADC that also specifically targets the folate
receptor alpha (FRα) in tumor cells. It is composed of the FRα-binding antibody SP8166,
a cleavable protease linker, and a hemiasterlin-derivative payload called SC209 [63]. The
ADC has a cathepsin-sensitive linker that, when cleaved in the tumor microenvironment or
upon internalization into tumor cells, allows for a targeted delivery and cytotoxic effect
in tumor cells. We expect that this antibody–drug conjugate will be more stable and have
less toxicity, as it is more stable in blood, and SC209 demonstrates rapid clearance. In
addition, SC209 is less likely to be pumped out of cells by the efflux pump P-glycoprotein,
making STRO-002 a more potent treatment option for ovarian cancers that are resistant
to other therapies like platinum or PARP inhibitors [63]. Another feature in favor of
STRO-002 is its ability to produce bystander killing of neighboring tumor cells that do not
express FRα, further enhancing its effectiveness in tumors with heterogeneous or low FRα
expression. The hemiasterlin-derivative payload of STRO-002 not only inhibits tubulin, but
also stimulates an immunogenic response upon cell death [63].

Preliminary data from a phase I dose escalation study in advanced ovarian cancer
patients showed that a higher dose of STRO-002 resulted in a higher overall response
rate (43.8%) compared to a lower dose with an overall response rate of 31.3%. The safety
profile was also acceptable with most treatment-related adverse events being grades 1 or 2
and no ocular toxicity reported [64]. Most of the studies are ongoing and results are ex-
pected to be published in coming years. A phase I STRO-002-GM2 study (NCT05200364)
is aimed at evaluating the combination of STRO-002 and bevacizumab in patients with
advanced platinum-resistant ovarian cancer. The main goal of the STRO-002-GM2 study is
to determine the recommended phase 2 dose (RP2D) of the STRO-002/bevacizumab com-
bination and assess its safety. Secondary and exploratory objectives include investigating
the pharmacokinetics (PK) and preliminary anti-tumor activity of the combination [65].
REFRaME-O1 (NCT05870748) is a two-part phase II trial evaluating the efficacy and safety
of luveltamab tazevibulin in patients with relapsed platinum-resistant epithelial ovarian
cancer expressing folate receptor alpha. In Part 1, it involves two dosing cohorts (Cohort A
and Cohort B) with a 1:1 randomization, which aims to optimize the dosing in Part 1, and
then Part 2 will further evaluate the efficacy and safety of the selected dosing regimen [66].

Another ADC targeting FRα is MORAb-202 (farletuzumab ecteribulin), which consists
of a farletuzumab antibody aimed at FRα, combined with the cytotoxic agent eribulin me-
sylate through a cleavable linker. In a phase I dose-escalation study involving FRα-positive
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solid tumors, MORAb-202 achieved a disease control rate of 75%, with one complete re-
sponse and two partial responses among nine ovarian cancer patients [67]. Additionally, a
phase I/II trial is investigating MORAb-202 in various tumor types, including endometrial
and platinum-resistant ovarian cancer. Eligible endometrial cancer patients must have
experienced relapse or failure following at least one prior platinum-based chemotherapy or
one immunotherapy regimen [67] (NCT04300556). Currently, MORAb-202 is undergoing
a phase II trial to compare its efficacy with the investigator’s choice of chemotherapy in
patients with platinum-resistant high-grade serous ovarian, peritoneal, or fallopian tube
cancer [68] (NCT05613088).

Another upcoming folate receptor alpha (FRα) ADC is AZD5335; its preliminary
data were recently presented [69,70]. AZD5335 is a new ADC with an antibody portion
targeting folate receptor alpha (FRα) and a conjugated topoisomerase 1 inhibitor (TOP1i)
as a payload. It was reported that a single dose of AZD5335 at 2.5 mg/kg was sufficient to
provide a solid and consistent anti-tumor response in FRα-expressing ovarian cancer cell
line xenografts (CDX) with a tumor growth inhibition (TGI) of 75–94% and median best
tumor volume reduction of >30% in 14/17 (82%) ovarian cancer patient-derived xenografts
(PDX). An ongoing phase I/IIa study for AZD5335 as monotherapy and in combination
with anti-cancer agents in participants with solid tumors (FONTANA) is recruiting patients.
It will assess safety and tolerability along with response rate, duration of response, disease
control rate, and progression-free and overall survival [71] (NCT05797168).

3.1.2. Other ADCs
MUC 16

Another drug, DMUC4064A, is a monoclonal antibody that targets MUC16, a pro-
tein overexpressed in most epithelial ovarian cancers. The antibody is conjugated to
monomethyl auristatin E, a microtubule-disrupting agent. A phase I/II study was con-
ducted to evaluate the safety, tolerability, pharmacokinetics, and preliminary activity of
DMUC4064A in patients with platinum-resistant ovarian cancer (OC). A total of 65 pa-
tients with platinum-resistant OC were enrolled in the study. They received DMUC4064A
once every 3 weeks in dose escalation cohorts. The patients received a median of 5 cycles
of DMUC4064A. The maximum tolerated dose was not reached, and the recommended
phase II dose (RP2D) was determined on the overall tolerability profile. The most common
adverse events reported by patients included fatigue, nausea, abdominal pain, constipation,
blurred vision, diarrhea, and anemia. The study did not report on the preliminary activity
or efficacy of DMUC4064A in treating platinum-resistant OC. In conclusion, the study
found that DMUC4064A was generally well-tolerated in patients with platinum-resistant
OC, with the RP2D determined. Further studies are needed to evaluate the efficacy of
DMUC4064A in treating platinum-resistant OC [72].

Mesothelin

Mesothelin is a cell membrane glycoprotein primarily present in the mesothelial cells lining
the pleura, pericardium, and peritoneum. While its expression in normal tissues is limited,
it is significantly overexpressed in various cancers, including up to 70% of ovarian cancer
cases [73]. Its involvement in cell adhesion and metastasis makes mesothelin an appealing target
for cancer-specific therapies [74]. Several anti-mesothelin antibody–drug conjugates (ADCs)
are being explored, with anetumab ravtansine (BAY 94-9343) being a notable example. This
ADC is composed of a fully humanized monoclonal antibody directed at mesothelin, a disulfide
linker, and the cytotoxic agent DM4, a tubulin inhibitor [74]. In a study involving 65 patients
with platinum-resistant epithelial ovarian cancer, anetumab ravtansine was administered with
pegylated liposomal doxorubicin intravenously every three weeks. During the dose escalation
phase, nine patients received two different doses of anetumab ravtansine without experiencing
any dose-limiting toxicities. In the dose expansion phase, 56 patients were treated at the
maximum tolerated dose. The most frequent side effects included nausea (47.7%), decreased
appetite (43.1%), fatigue (38.5%), diarrhea (32.3%), and corneal disorder (29.2%). The overall
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objective response rate was 27.7%, with one complete response and 17 partial responses. The
median duration of response was 7.6 months and the median progression-free survival was 5.0
months. Among patients with high mesothelin expression and three or fewer previous systemic
therapies, the objective response rate was 42.1%, with a median response duration of 8.3 months
and median progression-free survival of 8.5 months [75].

CDH6

Cadherin-6 (CDH6) is a transmembrane protein expressed in many cancers, including
epithelial ovarian cancers [76]. A novel ADC, raludotatug deruxtecan (R-DXd) is a CDH6
protein-targeting antibody–drug conjugate [77]. A first-in-human phase I study recruited
42 patients with ovarian cancer; all were platinum resistant, 29 (69%) had received prior
bevacizumab, and 26 (62%) had received prior PARP inhibitors. As per the latest update,
half of the patients were still receiving the treatment. Treatment-emergent adverse events
(TEAEs) were experienced by 37 patients (88%), and grade ≥ 3 TEAEs were observed in
21 (50%). The most common all-grade TEAEs were nausea (55%), fatigue (40%), vomiting
(38%), and diarrhea (33%). Adverse effects led to R-DXd discontinuation in 14% of patients.
In regards to efficacy, the overall response rate was 38%, with 1 CR, and 11 out of 21 patients
were showing down-trending Ca-125 [78] (NCT04707248).

3.2. ADCs in Cervical Cancer

Cervical cancer has a 5-year survival rate of 67% [2,79]. Currently, the recommended
initial treatment for patients with recurrent or metastatic cervical cancer is a combination
therapy consisting of pembrolizumab, bevacizumab, and a chemotherapy doublet of paclitaxel
and platinum, based on the PDL1 status [80]. In the second-line setting, there are limited
options available. Available cytotoxic agents such gemcitabine, irinotecan, and pemetrexed
have low levels of efficacy. Patients who are naïve to immune checkpoint inhibitor could be
considered for pembrolizumab or cemiplimab in second-line treatment [80].

Tisotumab Vedotin

Many solid tumors, including cervical cancers, express high levels of Tissue Factor
(TF), which can promote tumor growth, metastasis, and angiogenesis [46]. Tisotumab
vedotin (TV) is an ADC targeting TF. GOG-3023/ENGOT-cx6/innovaTV204 evaluated the
effectiveness and safety of TV in patients with previously treated recurrent or metastatic
cervical cancer [46]. The phase 2 trial which led to its FDA approval enrolled 102 patients
who had experienced disease progression after receiving doublet chemotherapy with or
without bevacizumab. Eligible patients had received a maximum of two prior systemic
treatment regimens for recurrent or metastatic cancer. During the trial, patients received TV
intravenously at a dose of 2 mg/kg every 3 weeks until disease progression or unacceptable
toxicity. The primary endpoint of the trial was the objective response rate based on the
RECIST criteria. Secondary endpoints included safety analysis. The confirmed objective
response rate was 24%, with 7% of patients achieving a complete response (CR) and 17%
experiencing a partial response (PR). The median duration of response was 8.3 months.
An exploratory analysis showed that patients responded to TV, regardless of the level of
membrane tissue factor expression [46].

In InnovaTV 205/ENGOT-cx8/GOG-3024, tisotumab vedotin (TV) was found to be
safe without any drug-related toxicities when combined with carboplatin, bevacizumab,
and pembrolizumab. For TV given as first-line treatment, the objective response rate
was 54.5% with carboplatin, 40.6% with pembrolizumab, and 35.3% with 2nd-line/3rd-
line TV + pembrolizumab (arm F). The median duration of response was 8.6 months, not
reached, and 14.1 months in arms D, E, and F, respectively. The grade ≥ 3 adverse events
(≥15%) observed were anemia, diarrhea, nausea, and thrombocytopenia in arm D and
anemia in arm F (none ≥ 15% in arm E).

Further, a recently published phase III randomized trial, innovaTV 301/ENGOT-
cx12/GOG-3057, reported that when used as a second- or third-line treatment for patients
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with recurrent or metastatic cervical cancer that has progressed on doublet chemotherapy,
there was a 30% decrease in the risk of death compared to the investigators’ choice of
chemotherapy [81]. The findings revealed that after one year of follow up, the overall
survival (OS) was 48.7% when using TV, compared to 35.3% with chemotherapy (HR,
0.70; 95% CI 0.54 to 0.89). In terms of progression-free survival (PFS), it was 30.4% with
TV versus 18.9% with chemotherapy (HR, 0.67; 95% CI, 0.54 to 0.82). The disease control
rate was 75.9 with TV compared to 58.2% with chemotherapy. The median duration of
response (DOR) was 5.3 months for TV and 5.7 months for chemotherapy. The most
common adverse events observed with TV included conjunctivitis, peripheral sensory
neuropathy, alopecia, epistaxis, decreased appetite, diarrhea, and keratitis. Overall, the
rates of these adverse events were significantly higher with TV compared to chemotherapy.
Grade 1 to 3 adverse events were observed with TV, but no grade 4 adverse events were
reported. Ocular events, peripheral neuropathy, and bleeding were the most common
adverse events associated with TV. One patient with another tumor type treated with
tisotumab vedotin at the recommended dose developed Guillain–Barre syndrome [82].

3.3. ADCs in Endometrial Cancer

In Canada, endometrial cancer is the second most prevalent and second most fatal
gynecologic cancer [2]. The Cancer Genome Atlas has identified four molecular subtypes
that have an impact on prognosis, leading to the recommendation of subtype-specific treat-
ment considerations [83]. For previously treated cases with deficient mismatch repair/high
microsatellite instability, pembrolizumab and dostarlimab have been approved by the FDA,
while pembrolizumab/lenvatinib are approved for previously treated cases as a second-line
treatment in cases with proficient mismatch repair/microsatellite stability [84]. However
recently published data from RUBY and NRG-GY018 trials immunochemotherapy have
shown promising results in dMMR, as well as pMMR subgroups, respectively [85,86].
Within this focused molecular landscape, there is ongoing research on ADCs.

Currently, there is a growing body of positive data on three sets of ADCs. Firstly,
there are promising data on ADCs targeting HER2, particularly trastuzumab deruxtecan
(T-DXd), which has shown positive results in terms of response rates, particularly in cases
of serous subtype of endometrial cancer with HER2 expression. The activity of T-DXd will
be discussed further in Section 3.4 below. Secondly, there are encouraging data on ADCs
targeting Trop-2, specifically sacituzumab govitecan, which has shown positive results in
terms of response and survival in endometrioid and serous subtypes of endometrial cancer
where Trop2 is more commonly expressed [87].

Trop-2 is a tumor-associated calcium signal transducer found to be highly expressed in
various types of endometrial cancer (EC), including grade 3 endometrioid adenocarcinoma (96%)
and uterine serous carcinoma (65%). Its overexpression is associated with a poorer prognosis
and increased likelihood of disease recurrence. Sacituzumab govitecan (IMMU-132) is an ADC
that consists of a humanized anti-Trop-2 antibody linked to the active form of irinotecan, a
topoisomerase-I inhibitor. In a phase 2 study in endometrial cancer, 21 patients were enrolled,
including 48% with uterine serous carcinoma, 33% with endometrioid adenocarcinoma, 14%
with carcinosarcoma, and one patient with mixed serous and clear cell histology. All patients
had received at least one prior line of chemotherapy, with a median of three lines and a range of
one to six. Among the 20 patients evaluated for response, 35% achieved an objective response.
Eighteen patients were evaluated for durable disease control, with 39% achieving it. The median
follow-up duration was 15.6 months. The median overall survival was 22.5 months and the
median progression-free survival was 5.7 months. The treatment was well-tolerated, with no
new or unexpected safety concerns reported [87].

Other Trop-2-targeting ADCs are under investigation. Datopotamab deruxtecan is an
ADC made up of a highly effective topoisomerase I inhibitor payload chemically attached to a
humanized anti-Trop-2 IgG1 monoclonal antibody using a tetra peptide-based cleavable linker
that is stable and tumor-selective [88]. Dato-DXd is undergoing evaluation in a pan-tumor phase
2 trial which includes an endometrial cancer cohort (TROPION-PanTumor03, NCT05489211).
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Another novel ADC targeting Trop-2 is SKB264. It utilizes the same monoclonal
antibody as IMMU-132 and contains 7–8 molecules of a new toxic payload linked through
disulfide bonds. The toxic payload, KL610023 (T030), is a belotecan derivative that inhibits
topoisomerase I [73]. SKB264 has a longer half-life compared to IMMU-132 and exhibits
stronger targeting and bystander toxicity [73]. Currently, there are ongoing phase I/II
studies, such as (NCT04152499) and (NCT05642780), that are investigating dose escalation
and combination approaches with immunotherapy [75,89].

Endometrial tumors also commonly exhibit an overexpression of FRα receptors, simi-
lar to ovarian cancer, with approximately 64% of endometrial tumors testing positive for
FRα [74]. However, the clinical effectiveness of the anti-FRα ADC mirvetuximab soravtan-
sine has not been as clear, despite promising preclinical data [90]. In a study examining
multiple solid tumors, a positive response was observed in 2 out of 11 (18.2%) endometrial
tumors when administered at a dose of 5 mg/kg once every 3 weeks [91]. Currently, a
phase II trial is underway to assess the combination of mirvetuximab soravtansine and
Pembrolizumab in microsatellite-stable endometrial cancer [92] (NCT03835819).

3.4. HER2 ADCs in Gynecologic Cancers
3.4.1. Trastuzumab Deruxtecan (T-DXd)

Trastuzumab deruxtecan is a HER2-specific antibody drug conjugate currently approved
for the treatment of HER2-low metastatic breast cancer. The active payload, deruxtecan, is
a potent DNA topoisomerase I inhibitor which is more potent than the irinotecan derivative
SN-38. The interim findings from the DESTINY-PanTumor-02 study demonstrated activity
of the ADC trastuzumab deruxtecan (T-DXd) in various tumor cohorts, including ovarian,
endometrial, and cervical cancers. The study included 267 patients across six specific tumor
cohorts, with an overall response rate of 37.1%. The median duration of response (DOR) was
11.3 months, median progression-free survival (PFS) was 6.9 months (95% CI, 5.6 to 8.0), and
median overall survival (OS) was 13.4 months (95% CI, 11.9 to 15.5). In patients with central
HER2 immunohistochemistry (IHC) 3+ expression, the objective response rate was 61.3%, with
a median duration of response of 22.1 months, median PFS of 11.9 months, and median OS
of 21.1 months. Grade ≥ 3 drug-related adverse events occurred in 40.8% of patients, with
10.5% experiencing drug-related interstitial lung disease (ILD) and three deaths related to ILD.
The response rates were particularly high in patients with cervical, endometrial, and ovarian
cancer, at 50.0%, 57.5%, and 45.0% respectively. In all cohorts, higher response rates were
demonstrated in patients with HER2 3+ expression compared to those with HER2 2+ expression.
This trial suggested T-DXd as a reasonable treatment option for all cancer types with HER2
overexpression. However, caution should be exercised due to the occurrence of ILD-related
adverse events [93]. Recently, FDA granted accelerated approval to fam-trastuzumab deruxtecan
for unresectable or metastatic HER2-positive solid tumors, agnostic to tumor type [94].

The results of the STATICE, a phase 2 trial, showed promising outcomes for T-DXd
in the treatment of uterine carcinosarcoma with HER2 positivity. A total of 33 patients
received T-DXd out of 84 screened patients. The objective response rate, as evaluated by
central review, was 54.5% in the HER2-high group and 70.0% in the HER2-low group. The
median progression-free survival (PFS) and overall survival (OS) in the HER2-high group
were 6.2 and 13.3 months, respectively, while in the HER2-low group, the median PFS
was 6.7 months and the OS was not reached. Grade ≥ 3 adverse events were observed in
20 patients (61%). Pneumonitis/interstitial lung disease of grades 1–2 and grade 3 occurred
in eight (24%) and one (3%) patient(s), respectively [95].

3.4.2. Trastuzumab Duocarmazine

Trastuzumab duocarmazine (SYD985) is a combination of the monoclonal antibody
trastuzumab, which targets HER2, and a duocarmycin derivative. The duocarmycin
payload is attached to the antibody through a cleavable linker and includes a prodrug
called seco-duocarmycin-hydroxybenzamide-azaindole (seco-DUBA) [96]. This payload
acts by alkylating DNA, causing DNA damage and ultimately leading to cell death [96].
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During a phase I clinical trial that aimed to expand the dose of trastuzumab duocarmazine
in patients with HER2-positive breast, gastric, urothelial, or endometrial cancer, a total
of 146 patients were included. Among these patients, 14 had endometrial cancer and
received a dosage of 1.2 mg/kg of trastuzumab duocarmazine every 3 weeks. Out of the
14 patients with endometrial cancer, five (39%, 95% CI 13.9 to 68.4) showed partial disease
responses [97]. The results of another study [98] (NCT04205630), which is a phase II trial,
are currently being awaited. This study is an open-label, single-arm trial that includes
patients with recurrent, advanced, or metastatic endometrial carcinoma expressing HER2.
HER2 expression is determined by a score of 1+, 2+, or 3+ on immunohistochemistry
or positive results on in situ hybridization. Patients eligible for this study must have
experienced progression after first-line platinum-based chemotherapy, while those who
have undergone two or more lines of chemotherapy for advanced or metastatic disease
are not eligible. Eligible patients will be administered SYD985 until disease progression
or unacceptable toxicity occurs. The results of this study are currently pending. Another
phase 1 study involving 32 patients has been completed and is currently awaiting results.
This study is a two-part phase 1 trial that aims to assess the safety, pharmacokinetics,
and efficacy of the ADC SYD985 when combined with Niraparib in patients with locally
advanced or metastatic solid tumors expressing HER2 [99].

3.5. Miscellaneous ADCs

Other than folate receptor alpha (FRα), NaPi2B, a protein involved in sodium-dependent
phosphate transport, is found in approximately two thirds of high-grade serous ovarian
cancer patients. Upifitamab rilsodotin (UpRi) is an ADC that specifically targets NaPi2B.
However, the phase 1b/2 UPLIFT trial (NCT03319628) did not meet its primary endpoint
of achieving a satisfactory objective response rate as assessed by investigators. Out of
141 NaPi2B-positive patients receiving UpRi, only 22 showed a response, resulting in
an investigator-assessed objective response rate of 15.6% (95% CI, 10.0 to 22.7) [100–102].
Further investigations of UpRi are being conducted in combination with carboplatin in
high-grade serous ovarian cancer patients in the phase 1 UPGRADE trial (NCT04907968), as
well as in a phase 3 randomized UP-NEXT trial (NCT05329545) where it is being evaluated
as a maintenance therapy compared to a placebo in patients with platinum-sensitive
recurrent ovarian cancer. However, the FDA has placed a hold on patient enrollment
for both the UP-NEXT and UPGRADE-A trials that are assessing UpRi [103], due to the
higher-than-expected rates of bleeding observed.

3.6. Next Generation ADCs

Recently, newer techniques have been incorporated and next-generation ADCs have
been created. Keeping tumor heterogeneity in consideration, bispecific antibodies have
emerged as a way to enable simultaneous binding to two distinct target molecules or
cells [104]. A few examples of biparatropic ADCs which target different epitopes of Her2
are under investigation, a notable example being MEDI4276, containing 4 antigen binding
sites and targeting 2 epitopes [105,106]. Another anti-Her2 targeting biparatropic ADC
is Zanidatamab Zovodotin [107]. ADCs often target known receptors which are not only
expressed in tumor cells but also normal tissues. To overcome this cross-reactivity, probody–
drug conjugates (PDCs) are under development. Praluzatamab Ravtansine (CX-2009) is a
conditionally activated PDC, a CD166-targeting ADC that has recently been explored in
epithelial ovarian epithelial cancer [108]. A few more examples of immune-stimulating
ADCs, which carry immune stimulators as payloads, are under development. Degrader–
Antibody Conjugates (DACs) are composed of an antibody that targets a specific protein on
the surface of cancer cells and a small molecule degrader that binds to the targeted protein
and induces its degradation; these have also been around and hold promise. Another
example is ADCs which can deliver dual chemotherapeutic agents. We have summarized
the completed as well as ongoing trials of selected ADCs in Table 1.
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4. Beyond ADCs in Gynecological Cancers

At the moment there is no clear consensus how to treat recurrent/refractory gyne-
cological cancers. Chemotherapy at this stage is usually not effective and can lead to
unnecessary toxicities. Depending upon the molecular profile, certain targeted agents can
be used. For example, Larotrectinib or Entrectinib can be used in NTRK fusion-positive
tumors, and Selpercatinib is also an option for RET gene fusion-positive tumors.

5. Conclusions

ADCs, a novel and innovative approach, are being incorporated in the management of
gynecologic cancers. Ongoing trials aim to identify effective agents for treating gynecologic
cancers, particularly in cases where the cancer has spread or recurred and treatment
options are limited. In general, ADCs have been shown to be more effective than traditional
chemotherapy regimens, with less toxicity, especially in resistant cases. However, it is
important to be cautious of the fact that ADCs can still cause specific side effects, such as
ocular toxicity and neuropathy. Therefore, it is crucial to take preventive measures, closely
monitor patients, and promptly address any issues that arise during treatment. While most
agents have been studied as standalone treatments, researchers are considering combining
them with other therapies to potentially achieve longer-lasting responses, although this
may increase the risk of cumulative toxicity. ADCs have emerged as promising therapeutic
options for gynecologic cancers, and ongoing and future research may help improve patient
outcomes while minimizing treatment-related side effects.
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Abstract: Antimitotic compounds, targeting key spindle assembly checkpoint (SAC) components
(e.g., MPS1, Aurora kinase B, PLK1, KLP1, CENPE), are potential alternatives to microtubule-targeting
antimitotic agents (e.g., paclitaxel) to circumvent resistance and side effects associated with their use.
They can be classified into mitotic blockers, causing SAC-induced mitotic arrest, or mitotic drivers,
pushing cells through aberrant mitosis by overriding SAC. These drugs, although advancing to clinical
trials, exhibit unsatisfactory cancer treatment outcomes as monotherapy, probably due to variable
cell fate responses driven by cyclin B degradation and apoptosis signal accumulation networks.
We investigated the impact of inhibiting anti-apoptotic signals with the BH3-mimetic navitoclax
in lung cancer cells treated with the selective CENPE inhibitor GSK923295 (mitotic blocker) or the
MPS1 inhibitor BAY1217389 (mitotic driver). Our aim was to steer treated cancer cells towards cell
death. BH3-mimetics, in combination with both mitotic blockers and drivers, induced substantial cell
death, mainly through apoptosis, in 2D and 3D cultures. Crucially, these synergistic concentrations
were less toxic to non-tumor cells. This highlights the significance of combining BH3-mimetics with
antimitotics, either blockers or drivers, which have reached the clinical trial phase, to enhance their
effectiveness.

Keywords: CENPE inhibitor; MPS1 inhibitor; BCL-2 family inhibitor; antimitotics; antitumoral
activity; combination therapy; cancer treatment

1. Introduction

Microtubule-targeting agents (MTAs) such as paclitaxel are widely adopted first-
line chemotherapeutic agents in cancer clinical treatments, including for lung cancer.
In fact, non-small cell lung cancer (NSCLC), the most prevalent form of lung cancer,
is the leading cause of cancer death worldwide, resulting in one of the greatest public
health challenges [1–3]. Approximately 350 people die each day from lung cancer and,
in 2020, more than 2 million new lung cancer cases were reported [4,5]. By disrupting
proper microtubule dynamics, MTAs lead to abnormal mitotic spindle assembly and
compromise proper attachments of chromosomes to spindle microtubules, resulting in
a chronic activation of the spindle assembly checkpoint (SAC), which eventually leads
to cell death [6]. However, MTAs are associated with toxicity, as well as intrinsic and
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acquired resistance [7,8]. A plethora of second-generation antimitotic agents have thus
been developed, including drugs targeting mitotic kinesins such as kinesin-like protein
1 (KLP1) and centromere protein E (CENPE), and mitotic kinases such as monopolar
spindle 1 (MPS1), Aurora kinase B, and polo-like kinase 1 (PLK1), primarily involved in
SAC signaling [9]. Unlike microtubules, which function in both mitosis and interphase,
the role of these targets is primarily confined to mitosis. This limitation in function is
expected to lead to lower toxicity compared to MTAs. Unfortunately, despite several
of these antimitotic drugs advancing to clinical trials, they have shown unsatisfactory
outcomes in cancer treatment, as monotherapy [9–11].

The effectiveness of antimitotic agents is hampered by the unpredictable outcomes
of cancer cells during extended mitotic arrests [12,13]. Cancer cells arrested in mitosis
may either die within this phase, or undergo slippage, wherein they exit mitosis without
undergoing division. Slippage is primarily driven by the gradual degradation of cyclin
B, even in the presence of an active SAC, which ultimately leads to mitotic exit. The
determining factor between cell death in mitosis or slippage is the relative rates of cyclin B
degradation and apoptotic signal accumulation [14–16]. According to these two competitive
network models, in cases where cyclin B levels decline below the mitotic exit threshold
before the accumulation of death signals reaches the necessary level for initiating apoptosis,
slippage takes place. Conversely, if the death signals exceed the threshold required to
trigger cell death before cyclin B levels diminish enough to prompt mitotic exit, the cells
undergo cell death during mitosis [13,17]. Cells that have slipped into mitosis can proceed
along one of three distinct routes: they might undergo post-slippage death, enter a state of
senescence, or continue dividing, consequently contributing to tumor growth [12,13,18].
Therefore, slippage is recognized as a major resistance mechanism against antimitotic
agents [14].

Cell death induced by antimitotic agents occurs through the activation of the intrinsic
mitochondrial apoptotic pathway. This pathway is controlled by the anti-apoptotic proteins
(BCL-2, BCL-W, BCL-XL, and MCL-1), pro-apoptotic proteins (BAX and BAK), and BH3-
only proteins (e.g., BAD, BIK, BIM, BID, and NOXA) [19]. BH3-mimetics are a new
class of pro-apoptotic anti-cancer drugs that target the intrinsic mitochondria-dependent
apoptotic signaling pathway, showing promising clinical results, especially in patients with
hematologic malignancies [20,21].

Hence, it becomes possible to exert deliberate control over the interplay between the
two competitive pathways, namely, cyclin B degradation and apoptosis signal accumulation.
For instance, combining BH3-mimetics with antimitotics should shift the balance from
slippage to cell death in mitosis or post-mitosis, thereby enhancing the effectiveness of
the antimitotic agents. This approach has recently undergone testing, yielding promising
preclinical results [22–24].

In this study, we evaluated the effectiveness of this strategy by combining the BH3-
mimetic navitoclax, known for its high affinity towards BCL-2 anti-apoptotic proteins
such as BCL-2, BCL-W, and BCL-XL, along with two second-generation antimitotic agents:
BAY1217389, a selective MPS1 inhibitor representing mitotic drivers, and GSK923295, a
selective CENPE inhibitor representing mitotic blockers [25,26]. The approach was assessed
using lung cancer cells cultured in both traditional 2D settings and a three-dimensional
(3D) cancer model, serving as a preclinical system to mimic physiological drug responses.
Additionally, we undertook a mechanistic study to understand how navitoclax promotes
cancer cell death when combined with the antimitotic agents BAY1217389 or GSK923295.
We found that the combination of the BH3-mimetic with both GSK923295 and BAY1217389
induced significant cell death, primarily through apoptosis, in both 2D and 3D cultures.
Importantly, synergistic concentrations exhibited lower toxicity towards non-tumor cells.
This underscores the relevance of combining BH3-mimetics with antimitotics, specifically
CENPE and MPS-1 inhibitors, which have advanced to the clinical trial phase, to amplify
their efficacy.
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2. Materials and Methods

2.1. Small Molecule Inhibitors

Inhibitors of CENPE (GSK923295), BCL-2/BCL-XL (navitoclax), and MPS-1
(BAY1217389) were obtained from MedChem Express (Shanghai, China) and were re-
constituted in sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich Co., Ltd., St. Louis, MO,
USA) to a stock concentration of 5 or 10 mM. Several aliquots were prepared and stored
at −20 ◦C to avoid repeated cycles of freezing and thawing and, consequently, the loss of
compounds’ activity. For each independent experiment, a work solution was prepared in
fresh culture medium to prepare the desired concentrations.

2.2. Cell Culture

A549 (Human Lung Adenocarcinoma; American Type Culture Collection) and NCI-
H460 (Human large cell lung cancer; European Collection of Cell Culture) cancer cell lines
were grown in RPMI-1640 (Roswell Park Memorial Institute, Biochrom, Buffalo, NY, USA)
and DMEM (Dulbecco’s Modified Eagle’s, Biochrom) culture medium, respectively, and
supplemented with 10% of heat-inactivated fetal bovine serum (FBS, Biochrom, Berlin,
Germany) and 1% of Pen/Strep (Biochrom). In addition, DMEM was supplemented
with 1% of non-essential amino acids (Sigma-Aldrich Co., Ltd.). The non-cancer cell line
HPAEpiC (Human Pulmonary Alveolar Epithelial Cells; ScienCell Research Laboratories,
San Diego, CA, USA) was grown in the same conditions as A549. All cell lines were
maintained in a cell incubator at 37 ◦C with 5% CO2 (Hera Cell, Heraeus, Hanau, Germany)
with a humidified atmosphere.

2.3. RNA Extraction, cDNA Synthesis and Quantitative Real-Time PCR

Total RNA extraction and cDNA synthesis were performed as previously reported [18].
DNA was amplified using iQ™ SYBR Green Supermix Kit (Bio-Rad, Laboratories, Inc.,
Hercules, CA, USA) on an iQ Thermal Cycler (Bio-Rad), according to the following program:
initial denaturing step at 95.0 ◦C for 3 min; 40 cycles at 94.0 ◦C for 20 s; 62.0 ◦C for 30 s
and 72.0 ◦C for 30 s. The melt curve included temperatures from 65.0 to 95.0 ◦C, with
increments of 0.5 ◦C for 5 s. The primers, at 10 μM, were as follows: MPS-1: forward 50-
TCAAGGAACCTCTGGTGTCA-30 and reverse 50-GGTTACTCTCTGGAACCTCTGGT-30;
CENPE: forward 50-GTCGGACCAGTTCAGCCTGATA-30 and reverse 50-CCAAGTGATT
CTTCTCTGCTGTTC-30; GAPDH: forward 50-ACAGTCAGCCGCATCTTC-30 and reverse
50-GCCCAATACGACCAAATCC-30; Actin: forward 50-AATCTGGCACCACACCTTCTA-
30 and reverse 50-ATAGCACAGCCTGGATAGCAA-30. The data were acquired using
CFX ManagerTM Software (version 1.0, BioRad) and the results were analyzed according
to CT and normalized against Actin and GAPDH expression levels, which were used as
housekeeping genes.

2.4. Protein Extracts and Western Blotting

Protein extracts’ pelleted cells were resuspended in lysis buffer (50 mM Tris pH 7.5;
150 mM NaCl; 1 mM EDTA; 1% Triton-100) containing a protease inhibitor cocktail (Sigma-
Aldrich). A BCATM Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA) was used
for protein quantification according to the manufacturer’s instructions. For MPS1 detection,
a total of 20 μg of protein lysate was resuspended in SDS-sample buffer (375 mM Tris pH
6.8; 12% SDS; 60% Glycerol; 0.12% Bromophenol Blue; 600 nM DTT) and boiled for 3 min,
and proteins were separated on a 7.5% SDS–PAGE gel. Following SDS-PAGE, proteins
were transferred onto nitrocellulose membranes (Amersham) using the Trans-Blot Turbo
Transfer System (Bio-Rad). For Cyclin B1 detection, the same procedure was followed, but
using 10 μg of total protein lysate and a 10% SDS–PAGE gel. For CENPE detection, a total
of 60 μg of protein lysate was also resuspended in SDS-sample buffer and boiled for 3 min,
and was resolved on a 4–20% gradient gel (Bio-Rad). Then, proteins were transferred
onto nitrocellulose membranes (Amersham) using wet-tank transfer via a Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad). Then, membranes were blocked in 5% of non-fat
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dried milk (w/v) dissolved in TBST (50 mM Tris pH 7.5; 150 mM NaCl, 0.05% Tween-20),
and were incubated overnight at 4 ◦C with the following primary antibodies diluted in
TBST: mouse anti-α-tubulin (1:5000, T568 Clone B-5-1-2, Sigma-Aldrich), rabbit anti-cyclin
B1 (1:500, C8831, Sigma-Aldrich), mouse anti-CENPE (1:250, (C-5): sc-376685, Santa Cruz
Biotechnology, Heidelberg, Germany), and mouse anti-MPS-1 (1000, (N1): sc-56968, Santa
Cruz Biotechnology, Heidelberg, Germany). The membranes were washed three times
in TBST, and then incubated for 1 h with appropriate horseradish-peroxidase-conjugated
secondary antibodies (1:1500 (anti-mouse) or 1:1000 (anti-rabbit), Vector). Proteins were
detected using the Enhanced Chemiluminescence (ECL) method in a ChemiDOc (Bio-Rad).
The protein signal intensity quantification was performed using Image Lab 6.1v software
and normalized against α-tubulin expression levels.

2.5. Indirect Immunofluorescence

A total of 0.09 × 106 cells/mL were grown on poly-L-lysine-coated coverslips in
complete culture medium for 24 h. Subsequently, cells underwent treatment with MPS-1
and CENPE inhibitors. After 24 h, they were fixed in methanol (Sigma-Aldrich, Co., Ltd.,
Gillingham, UK) at −20 ◦C for 10 min, followed by three washes with PBS for 5 min
each. The cells were then blocked using 10% FBS in PBST (0.05% Tween-20 in PBS) for
30 min at room temperature. Then, cells were subjected to a 1 h incubation with primary
antibodies (mouse anti-α-tubulin, 1:2500, Sigma-Aldrich Co., Ltd., Gillingham, UK; human
anti-CREST, 1:3000, gifted by E. Bronze-da-Rocha, IBMC, Porto, Portugal) diluted in 5%
FBS in PBST. After three washes in PBST, cells were exposed to Alexa Fluor 488-conjugated
secondary antibody (1:1500, Molecular Probes, Eugene, OR, USA). To visualize the DNA,
cells were stained with 2 μg/mL 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich)
diluted in Vectashield mounting medium (Vector, H-1000, Burlingame, CA, USA).

2.6. MTT Viability Assay

To measure cell viability, a tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was used. A total of 0.05 × 106 cells/mL
of A549 or NCI-H460 cells and 0.065 × 106 cells/mL of HPAEpiC cells were seeded into a
96-well plate in complete media, allowing them to adhere overnight prior to drug exposure.
After 24 h, the culture medium was replaced with fresh medium containing 2-fold serial
dilutions of the inhibitors ranging from 62.5 nM to 1000 nM for GSK923295, 500 nM to
8000 nM for BAY1217389, and 1000 nM to 16,000 nM for Navitoclax. Forty-eight hours
later, 20 μL of tetrazolium salt MTT (5 mg/mL PBS) was added to 200 μL of fresh medium
for 4 h. The formazan crystals were dissolved in 100 μL of DMSO, and the optical den-
sity was retrieved at 570 nm using a microplate reader (Biotek Synergy 2, Winooski, VT,
USA) coupled to Gen5 software (version 1.07.5, Biotek, Winooski, VT, USA). GraphPad
Prism version 8 (GraphPad software Inc., San Diego, CA, USA) was used to calculate the
mean 50% inhibition concentration (IC50) values. Additionally, the combined treatment
effects were evaluated using a dual-drug crosswise concentration via Combenefit Software
(version 2.021, Cancer Research UK Cambridge Institute, Cambridge, UK).

2.7. Apoptosis Detection
2.7.1. TUNEL Assay

To detect apoptosis, the DeadEnd Fluorometric TUNEL System (Promega, Madison,
WI, USA) was used following the manufacturer’s guidelines. For DNA staining, 2 mg/mL
of DAPI in Vectashield mounting medium was used. The extent of cell death was evaluated
by counting TUNEL-positive cells among a total of 500 cells, from at least 10 random
microscopic fields, for each experimental condition under a fluorescence microscope.

2.7.2. Annexin V/PI Staining

Apoptotic cell death was assessed using the Annexin V-FITC Apoptosis Detection
Kit (eBioscience, Vienna, Austria) according to the manufacturer’s instructions. Briefly,
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0.09 × 106 cells/mL were seeded into 6-well plates, and 24 h later cells were treated with
MPS1/CENPE inhibitors alone or in combination with navitoclax at the concentration of
the respective synergistic points. After 48 h, both floating and adherent cells were gathered
and pelleted by centrifugation at 1000 rpm for 5 min, then suspended in binding buffer 1×.
Subsequently, Annexin V-FITC was added and allowed to incubate for 10 min, shielded
from light. After washing, cells were once again resuspended in binding buffer 1×, and
20 μg/mL of Propidium iodide (PI) was added. Fluorescence analysis was performed
using the BD Accuri™ C6 Plus Flow cytometer (BD Biosciences, Qume Drive, San Jose, CA,
USA), and the data were processed using BD Accuri TM C6 Plus software, version 1.0.27.1.
At least 20,000 events per sample were collected.

To evaluate apoptotic cell death in 3D cultures, after 48 h of treatment with MPS1/
CENPE inhibitors alone or in combination with navitoclax at the concentration of the
respective synergistic points, approximately 32 spheroids were collected from a 96-well
ultra-low attachment plate and transferred to a 15 mL centrifuge tube. Once the spheroids
precipitated, the supernatant was removed, and PBS was added to wash the spheroids.
After, PBS was removed and 200 μL of trypsin (GIBCO, Invitrogen, Waltham, MA, USA)
was added. The spheroids were then incubated at 37 ◦C for 25 min to guarantee their total
dissociation into single cells. After addition of 500 μL of culture medium, the cells were
centrifuged at 1000 rpm for 4 min and washed with PBS. The samples were treated with an
“Annexin V-FITC Apoptosis Detection Kit” according to the manufacturer’s instructions.
At least 20,000 events per sample were collected.

2.8. Mitotic Index Determination

A total of 0.09 × 106 cells/mL were grown in six-well dishes and treated for 24 h
with CENPE inhibitor alone or in combination with navitoclax at the concentration of the
respective synergistic point. Cells treated with 1 μM of microtubule depolymerizing agent
Nocodazole were used as the positive control for antimitotic activity. Untreated cells and
cells treated with DMSO, to assess compound solvent-mediated cytotoxicity, were also
included as controls. The mitotic index, the percentage of mitotic cells over a total cell
population, was determined by cell rounding under phase-contrast microscopy. At least
3000 cells were counted from random microscope fields.

2.9. Time-Lapse Microscopy

For live-cell imaging, a total of 0.09 × 106 A549 cells were seeded into a LabTek II
chambered cover glass (Nunc, Penfield, NY, USA) in complete RPMI culture medium.
Sterile water was added to the remaining wells to guarantee a humidified atmosphere. The
cells were incubated overnight at 37 ◦C under 5% CO2. Then, the medium was replaced
by fresh medium in the presence of MPS-1/CENPE inhibitors alone or in combination
with navitoclax at the concentration of the respective synergistic points. Time-lapse images
were taken every 5 min over a 48 h period using differential interference contrast (DIC)
optics, and a 63× objective on an Axio Observer Z.1 SD inverted microscope (Carl Zeiss,
Oberkochen, Germany). The microscope is equipped with an incubation chamber set to
37 ◦C and 5% CO2. ImageJ software (version 1.47, Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, MD, USA) was used to create movies from the time-lapse
images.

2.10. Phase-Contrast and Fluorescence Microscopy Images

Phase-contrast microscopy images were obtained using a Nikon TE 2000-U microscope
(Nikon, Amsterdam, The Netherlands) equipped with a 10× objective and connected to a
DXM1200F digital camera running Nikon ACT-1 software version 2.63 (Melville, NY, USA).
Fluorescence imaging was acquired using an Axio Observer Z.1 SD microscope, coupled
with an AxioCam MR3 and the Plan Apochromatic 100×/NA 1.4 objective, and the images
were processed using ImageJ.
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2.11. Colony Formation Assay

A total of 500 A549 cells were seeded in six-well plates, allowed to attach for 24 h,
and treated with drugs in monotherapy or in combination. Untreated and DMSO-treated
cells were also included. Forty-eight hours later, cells were washed twice with PBS and
incubated in a drug-free DMEM medium for 7 days. After this period, the colonies were
fixed for 25 min using 100% methanol at −20 ◦C and then stained for 20 min with 0.05%
(w/v) violet crystal (Merck, Rahway, NJ, USA) in distilled water. The count of colonies
for each condition was derived from three independent experiments. Plating efficiency
(PE) was calculated as the percentage of the number of colonies that grew compared to the
number of cells seeded in the control. Additionally, the survival fraction for each condition
was calculated as the number of colonies over the number of cells seeded × 1/PE.

2.12. Caspase Activity Assay

To evaluate caspase-9 activity, cells were seeded as described for immunofluores-
cence assay. Following a 24 h incubation with mitotic inhibitor, navitoclax, alone or in
combination, the medium was aspirated, and cells were washed with PBS. Subsequently,
150 μL of Glo Lysis Buffer (Promega, Madison, WI, USA) was added to each well, and the
cells were incubated for 5 min at room temperature. Caspase-9 activity was determined
as previously described [27]. For caspase-9 detection, lysates (10 mL) were mixed with
200 mL of assay buffer (100 nM HEPES (pH 7.5), 20% (v/v) glycerol, 5 mM DTT, 0.5 mM
EDTA) followed by incubation at 30 ◦C for 30 min. After incubation, the reaction was
started by adding 10 mL of caspase-9 fluorogenic substrate N-acetyl-Leu-Glu-His-Asp
7-amido-4-trifluoromethylcoumarin (Sigma-Aldrich) at a final concentration of 180 mM.
Fluorescence was determined using a microplate reader (Biotek Synergy 2) to 400 nm
excitation and 500 nm emission, in a kinetic reaction for 5 min. The obtained results were
normalized against the protein content. For each assay, normalization was also carried out
against the value obtained in the untreated group, with a reference value set at 1.

2.13. Spheroid Formation, Drug Treatment and Viability Assay

The generation of A549 spheroids, drug treatment, and the assessment of spheroids
viability were performed as previously reported [22]. Briefly, 4000 cells/well were seeded
into 96-well ultra-low attachment plates and 4 days later treated with MPS1/CENPE
inhibitors alone or in combination with navitoclax at the concentrations of 4000–16,000 nM.
After 48 h, the spheroid viability was determined via CellTiter-Glo 3D cell viability assay
(Promega) according to the manufacturer’s instructions.

2.14. Statistical Analysis

All assays were performed in triplicate from at least three independent experiments.
Data are expressed as mean ± standard deviation (SD), and statistical analysis was carried
out in GraphPad Prism Software Inc. v8 using the unpaired t-test or two-way ANOVA
with Tukey’s multiple comparison test; values of * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001 were considered statistically significant.

3. Results

3.1. CENPE and MPS1 Are Overexpressed in Lung Cancer Cells

CENPE is a microtubule-dependent plus-end-directed motor belonging to the kinesin-
7 subfamily and is crucial for the congression of initially misaligned chromosomes [27].
Inhibitors of CENPE lead to chromosome misalignment, resulting in an extended mitotic
arrest, acting as mitotic blockers, and ultimately leading to cell death in mitosis [28]. MPS-1
is a protein kinase and a crucial activator of the SAC [29]. Inhibitors of MPS1 override the
SAC and induce premature mitotic exit, leading to massive chromosome missegregation
and eventual cell death, acting as mitotic drivers [30,31]. Both MPS1 and CENPE have
been reported to be overexpressed in cancer cells, making them potential targets for cancer
therapy [32–35].

73



Pharmaceutics 2024, 16, 56

Thus, we first examined the expression of CENPE and MPS-1 in A549 and NCI-H460
non-small cell lung cancer (NSCLC) cell lines. The results demonstrated that CENPE
and MPS1 mRNA levels, determined by qRT-PCR, were upregulated in both lung cancer
cell lines when compared to the non-tumor cell line HPAEpiC (Figure 1a,c). Western
blot analysis also evidenced an increase in protein levels for both targets (Figure 1b,d).
The findings align with prior studies that have documented the increased expression
of CENPE and MPS1 in lung cancer, underscoring the significance of targeting these
proteins [33,36].

Figure 1. CENPE and MPS1 are overexpressed in NSCLC lung cancer cell lines. mRNA expression of
CENPE (a) and MPS1 (c) was determined by qRT-PCR in A549 and NCI-H460 cancer cell lines, and
was compared to that in non-tumor HPAEpiC cells. Protein levels of CENPE (b) and MPS1 (d) were
quantified by Western blotting assay, using α-tubulin as control. Data represent the mean ± SD of
three independent experiments, one-way ANOVA followed by Tukey’s multiple comparisons test.
* p < 0.05; ** p < 0.01; *** p < 0.001.

Due to the fact that A549 cells represent a model of NSCLC, the most common lung
cancer type, and exhibit elevated protein expression of CENPE and MPS1 compared to
the large cell lung cancer model NCI-H460 cells, we selected A549 cells for the subsequent
experiments in this study [37].

3.2. Navitoclax Synergizes with the Mitotic Blocker GSK923295 and the Mitotic Driver
BAY1217389 in Killing Lung Cancer Cells

To assess whether the BH3-mimetic navitoclax potentiates the antiproliferative ac-
tivity of the CENPE inhibitor GSK923295 or the MPS1 inhibitor BAY1217389, we initially
examined cellular cytotoxicity using the MTT assay, after exposure of A549 cells to these
compounds, individually and in combination for 48 h. A dual-drug concentration crosswise
matrix was performed for each combination, covering a concentration range from 0 to
16,000 nM for navitoclax, 0 to 1000 nM for GSK923295, and 0 to 8000 nM for BAY1217389.
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Using the Combenefit Software, we assessed the percentage of viable cells (Figure 2a,b) and
calculated the combinatorial interaction effect score (Figure 2c,d). This analysis allowed us
to determine the IC50 of each compound (Tables 1 and 2).

Table 1. GSK923295 and navitoclax IC50 in 2D A549 cells.

Drugs IC50 (nM)

GSK923295 150 ± 30
Navitoclax 13,050 ± 690

Table 2. BAY1217389 and Navitoclax IC50 in 2D A549 cells.

Drugs IC50 (nM)

BAY1217389 4340 ± 60
Navitoclax 13,310 ± 910

The IC50 values of GSK923295 and BAY1217389 were 150.0 ± 30 nM and
4340.0 ± 60 nM, respectively, while that of navitoclax exceeded 13,000 nM, indicating
its lower cytotoxicity. Interestingly, a synergistic effect was observed with both GSK923295
+ navitoclax and BAY1217389 + navitoclax combinations (Figure 2c,d). The synergistic com-
bination with the lowest concentrations (1000 nM of navitoclax with 125 nM of GSK923295,
and 1000 nM of navitoclax with 500 nM of BAY1217389) were selected for subsequent
experiments. It is noteworthy that the combination of 1000 nM of navitoclax with 125 nM of
GSK923295 corresponds to 13- and 1.2-fold less than their respective IC50 values, while the
combination of 1000 nM of navitoclax with 500 nM of BAY1217389 is approximately 13- and
8-fold less than their respective IC50 values. This is particularly relevant for minimizing
toxicity and side effects reported in clinical trials for these drugs [9,38]. Interestingly, the
selected concentrations of both GSK923295 + navitoclax and BAY1217389 + navitoclax did
not significantly affect the viability of the non-cancer HPAEpiC cells (Figure S1). This
suggests that cancer cells are more responsive to these treatments than non-cancer cells.

We also performed a colony formation assay in A549 cancer cells treated with the
GSK923295 + navitoclax or BAY1217389 + navitoclax combinations. For this, after 48 h
of drug exposure, the medium was replaced with fresh medium and A549 cells were
maintained for 7 days in a cell culture incubator at 37 ◦C with 5% CO2. On the 7th day,
the colonies were counted. Our results showed that both combinations of GSK923295
+ navitoclax and BAY1217389 + navitoclax were able to reduce colony formation when
compared to single treatments (Figure 2e–g). Indeed, a reduction to 8.3 ± 4.2% of colony
survival fraction after GSK923295 + navitoclax combination exposure was observed when
compared to GSK923295 (30.0 ± 5.9%) and navitoclax (88.0 ± 7.1%) monotherapy, and a
reduction to 4.4 ± 3.0% after BAY1217389 + navitoclax treatment compared to BAY1217389
(12.2 ± 3.6%) and navitoclax (86.7 ± 5.7%) drugs alone. These results suggest that the
combinatorial approaches exhibit an ability to maintain long-term cellular cytotoxicity,
preventing the proliferation of cancer cells.

Therefore, the BH3-mimetic synergizes with both the antimitotic agent that induces
a SAC-mediated mitotic block and the antimitotic agent that drives cells through an
aberrant mitosis by overriding the SAC. We next proceeded further with the selected
combinations to obtain a deeper understanding of the cellular mechanism behind their
synergistic cytotoxicity.
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Figure 2. GSK923295 + navitoclax and BAY1217389 + navitoclax combinations potentiate cytotoxicity
in 2D A549 lung cancer cell cultures. Cell viability (%) of single or combination therapies after
48 h of drug exposure (a,b), from three independent experiments as determined by MTT assay.
Synergy scores calculated by the Bliss model of Combenefit software 2.021 with statistical relevance
of * p < 0.05, ** p < 0.01, and *** p < 0.001. Asterisk indicates synergism effects (c,d). Colony formation
assays were performed using A549 cells following 7 days (e). Quantification of survival fraction
(%) after single or combination treatments as indicated (f,g). Data represent the mean ± SD of
three independent experiments, one-way ANOVA followed by Tukey’s multiple comparisons test.
* p < 0.05; ** p < 0.01; **** p < 0.0001.
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3.3. Navitoclax Prevents Mitotic Slippage Caused by GSK923295 Treatment by Accelerating Cell
Death during Mitosis

To gain insights into the cellular mechanisms underlying the synergistic cytotoxicity
of the GSK923295 + navitoclax combination, A549 cells were exposed to these combina-
tions, single agents, or medium/DMSO (controls) for 48 h, and subsequently examined
using phase-contrast microscopy. Upon treatment with GSK923295 alone, as expected, we
observed an accumulation of mitotic cells, similar to the effect induced by Nocodazole, a
well-known antimitotic agent used here as a positive control (Figure 3a,b). This observation
was further confirmed by calculating the mitotic index, which was significantly higher
in GSK923295-treated cell cultures (66.4 ± 6.6%) compared to untreated (8.7 + 0.5%) and
DMSO-treated cells (6.6 + 1.8%) (Figure 3b). Treatment with navitoclax alone did not
significantly impact normal cell cycling, except for a few instances of cell death. Interest-
ingly, when GSK923295 was combined with navitoclax, the mitotic index decreased to
47.0 ± 2.4%, but it still remained higher compared to the controls. The complex formed by
cyclin B1 and cyclin-dependent kinase 1 (CDK1) acts in the regulation of mitotic entry and
progression. Cyclin B1 degradation is essential for mitotic exit [39]. Thus, high levels of
cyclin B are indicative of a mitotic arrest. The results show an increase in cyclin B1 protein
levels after GSK923295 exposure (Figure 3c), as expected, and are complementary to the
mitotic index determination. Conversely, both the combinations of GSK923295 + navitoclax
and BAY + navitoclax, as well as BAY and navitoclax alone, had no significant effect on
cyclin B1 protein levels.

We then carried out time-lapse microscopy to track live cells treated with the GSK923295
+ navitoclax combination, allowing us to monitor their spatiotemporal dynamics. Our
objective was to unveil the fate of the cells arrested in mitosis due to GSK923295 or
GSK923295 + navitoclax treatment. A549 tumor cells were treated with GSK923295 and
navitoclax, alone or in combination, and each cell was followed over 48 h via live cell
time-lapse microscopy.

Control cells completed mitosis within 28.2 ± 5.9 min, and the presence of navitoclax
did not significantly affect this timing (26.8 ± 5.1 min) (Figure 3d). However, treatment
with GSK923295 led to a substantial extension of mitosis duration, lasting an average of
952.1 ± 4165.0 min. Interestingly, when navitoclax was added to GSK923295, it significantly
reduced the duration of mitotic arrest by more than 2.5-fold, suggesting that navitoclax
accelerates cell death (Figure 3d). Regarding the cell fates, we observed that most of the
navitoclax-treated cells underwent normal cell division, except for a few cells (2.9 + 4.0%)
that experienced post-mitotic death (PMD). This suggests that navitoclax alone does not
exhibit toxicity to tumor cells, at least at the given concentration (Figure 3e,f, and Video S1).
For cells treated with GSK923295 alone, the majority (92.8%) of cells that arrested in mitosis
managed to survive throughout the experiment, with only a small fraction (7.2 ± 8.8%)
undergoing cell death in mitosis (DiM). Among the surviving cells, 54.0 ± 17.6% continued
to survive after cell division (post-mitotic survival, PMS), and 38.8 ± 18.5% persisted after
mitotic slippage (post-slippage survival, PSS) (Figure 3e,d, and Video S2). In contrast,
in cells subjected to the GSK923295 + navitoclax combination treatment, a substantial
portion (95%) of the cells arrested in mitosis died, with the majority (88.1 ± 17.2%) of these
deaths occurring during mitosis (DiM), and the remainder (6.9 ± 13.6%) occurring after cell
division (Figure 3e,d, and Video S3). Only a small fraction (5.0 ± 5.9%) managed to survive
after completing mitosis (PMS). Notably, no cells underwent mitotic slippage. Therefore,
when combined with GSK923295, navitoclax shifts cell fate from mitotic slippage to cell
death in mitosis, thereby eliminating the possibility of cellular survival by slippage.

Apoptosis was the predominant mechanism of cell death in the GSK923295 + navito-
clax combination, as evidenced by both flow cytometry analysis of Annexin V/PI-stained
cells and immunostaining using the TUNEL assay (Figure 4a–d). In this context, to evaluate
the possible apoptotic pathway associated with drug treatments, the activity of caspase-9
was assessed. Caspase-9, a critical initiator caspase essential for the intrinsic pathway
of apoptosis, upon activation, cleaves and activates downstream effector caspases-3 and
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-7. These effectors, in turn, target key regulatory and structural proteins for proteoly-
sis, leading to cell death [40,41]. The results showed an increase in caspase-9 activity
after GSK923295 + navitoclax combination treatment (4.6 ± 0.2), compared to GSK923295
(1.9 ± 0.2) and navitoclax (1.1 ± 0.3) drugs alone (Figure 4e), indicating that compounds
target the intrinsic apoptosis pathway.

Figure 3. Combination of GSK923295 + navitoclax reduces mitotic arrest duration and prevents
slippage by accelerating cell death in mitosis in lung cancer cells. Representative phase-contrate
microscopy images after 24 h of drugs alone or in combination (a). Quantification of mitotic in-
dex; 0.25% DMSO (compound solvent) and 1 μM Nocodazole (mitotic blocker agent) were used as
negative and positive controls, respectively (b). Quantification of mitosis duration after respective
drug treatments via time-lapse microscopy (c). Cyclin B1 levels as determined by Western blot-
ting assay. (d) Quantification of cell fate (%) for 48 h using different treatments as indicated (e).
Representative time-lapse image sequences of A549 cells immediately after drug treatments (f). Data
represent the mean ± SD of at least three independent experiments, one-way ANOVA followed
by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01; *** p < 0.001; **** p < 0.0001. $$$
difference (p < 0.001) of post-slippage survival cells (%) between untreated and 125 nM GSK923295.
$$$$ difference (p < 0.0001) of post-slippage survival cells (%) between 125 nM GSK923295 and
125 nM GSK923295 + 1000 nM navitoclax. * difference in death in mitosis cells (%) between 125 nM
GSK923295 and 125 nM GSK923295 + 1000 nM navitoclax. #### difference (p < 0.0001) in post-mitotic
survival cells (%) between 125 nM GSK923295 and 125 nM GSK923295 + 1000 nM navitoclax.
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Figure 4. GSK923295 + navitoclax combination enhance A549 lung cancer cell death. Representative
cytograms of A549 cell line double stained with Annexin V-FITC and propidium iodide (PI) (a). The
quadrants Q are defined as Q1 = live (Annexin V- and PI-negative), Q2 = early stage of apoptosis
(Annexin V-positive/PI-negative), Q3 = late stage of apoptosis (Annexin V- and PI-positive) and
Q4 = necrosis (Annexin V-negative/PI-positive). Quantification of Annexin-V-positive cells (b).
Representative images of A549 apoptotic cells after 48 h treatment, via TUNEL assay to detect
DNA fragmentation (green). DNA (blue) was stained with DAPI. Bar, 5 μm (c). Quantification
of A549 TUNEL-positive cells (d). Quantification of caspase-9 activity was normalized against
the protein content of the extract. Additionally, normalization was performed against the value
obtained in the untreated group, setting it as 1 for each assay (e). Data represent the mean ± SD of
three independent experiments, one-way ANOVA followed by Tukey’s multiple comparisons test.
*** p < 0.001, **** p < 0.0001.

3.4. Navitoclax Prevents Post-Mitotic Survival Induced by BAY1217389 by Enhancing
Post-Mitotic Death, but Only Partially

We also conducted time-lapse microscopy to monitor live cells treated with the combi-
nation of BAY1217389 and navitoclax, aiming to gain mechanistic insights into the cytotoxi-
city of this combination. Two-dimensional cultures of A549 cancer cells were subjected to
treatment with BAY1217389 and navitoclax, either individually or in combination. Each cell
was observed over 48 h using live cell time-lapse microscopy. The duration of mitosis in
untreated cells was 28.2 ± 5.9 min, and navitoclax treatment did not significantly alter this
duration (26.8 ± 5.1 min) (Figure 5a). In contrast, BAY1217389 treatment notably reduced
mitosis duration to 17.7 ± 4.3 min, accelerating mitotic exit, as expected for a mitotic driver.
Cotreatment with BAY1217389 and navitoclax did not significantly impact this phenotype,
resulting in a mitosis duration of 15.5 ± 4.2 min. In terms of cell fate, we observed that
the majority of navitoclax-treated cells underwent normal cell division, with only a few
cells (2.9 ± 4.0%) experiencing PMD, again suggesting that, at least during the 48 h time
course, navitoclax alone does not exhibit toxicity to cancer cells (Figure 5b,c). Treatment
with BAY1217389 primarily induced PMS (75.1 ± 20.5%) and only a small percentage of
PMD (6.0 ± 7.9%). Interestingly, cotreatment with BAY1217389 and navitoclax led to a
significant increase in PMD (49.2 ± 11.3%, p < 0.0001), along with an almost 2-fold and
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significant decrease in PMS (39.1 ± 5.3%, p < 0.0001). However, the percentage of PMS
cells is still significant and raises concerns about the efficient eradication of cancer cells.
Therefore, navitoclax only partially sensitizes cancer cells to BAY1217389, as a significant
fraction of cancer cells still escape cell death.

Figure 5. Combination of BAY1217389 + navitoclax induces post-mitotic death in 2D lung cancer
cell cultures. Quantification of mitosis duration after respective drug treatments via time-lapse
microscopy (a). Quantification of cell fate (%) for 48 h using different treatments as indicated (b).
Representative time-lapse image sequences of A549 cells immediately after drug treatments (c). Data
represent the mean ± SD of at least three independent experiments, one-way ANOVA followed by
Tukey’s multiple comparisons test. **** p < 0.0001. ns: not significant difference in mitosis duration
between 500 nM BAY1217389 and 500 nM BAY1217389 + 1000 nM navitoclax, and in post-slippage
survival cells (%) between untreated and 500 nM BAY1217389 and between 500 nM BAY1217389 and
500 nM BAY1217389 + 1000 nM navitoclax. **** difference in post-mitotic death cells (%) between
500 nM BAY1217389 and 500 nM BAY1217389 + 1000 nM navitoclax. #### difference (p < 0.0001) in
post-mitotic survival cells (%) between 500 nM BAY1217389 and 500 nM BAY1217389 + 1000 nM
navitoclax.

Cell death in the BAY1217389 + navitoclax combination was primarily attributed to
apoptosis, as demonstrated by both flow cytometry analysis of Annexin V/PI-stained
cells and immunostaining using the TUNEL assay (Figure 6a–d). The caspase-9 activity
also was increased after BAY1217389 + navitoclax treatment (3.2 ± 0.4) when compared to
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BAY1217389 (1.9 ± 0.5) and navitoclax (1.2 ± 0.1) drugs alone (Figure 6e), indicating an
intrinsic apoptotic pathway participation.

Figure 6. BAY1217389 + navitoclax combination enhances A549 lung cancer cell death by apoptosis.
Representative cytograms of A549 cells double stained with Annexin V-FITC and propidium iodide
(PI) (a). The quadrants Q are defined as Q1 = live (Annexin V- and PI-negative), Q2 = early stage of
apoptosis (Annexin V-positive/PI-negative), Q3 = late stage of apoptosis (Annexin V- and PI-positive),
and Q4 = necrosis (Annexin V-negative/PI-positive). Quantification of Annexin-V-positive cells (b).
Representative images of A549 apoptotic cells after 48 h treatment, via TUNEL assay to detect DNA
fragmentation (green). DNA (blue) was stained with DAPI. Bar, 5 μm (c). Quantification of A549
TUNEL-positive cells (d). Quantification of caspase-9 activity was normalized against the protein
content of the extract. Additionally, normalization was performed against the value obtained in the
untreated group, setting it as 1 for each assay (e). Data represent the mean ± SD of three independent
experiments, one-way ANOVA followed by Tukey’s multiple comparisons test. * p < 0.05; ** p < 0.01;
**** p < 0.0001.

3.5. Navitoclax Sensitizes 3D Lung Cancer Spheroids to GSK923295 and BAY1217389 Treatment

Considering the substantial synergistic effect observed in a 2D system, we evaluated
the effectiveness of the GSK923295 + navitoclax and BAY1217389 + navitoclax combinations
in a 3D spheroid model. This model mimics tumor architecture and the microenvironment,
making it a relevant in vitro preclinical model for cancer [42].

A dual-drug concentration crosswise matrix was made encompassing various different
compound concentrations ranging from 0 to 16,000 nM. After 48 h of mono- or combination
treatments, the spheroids’ viability was determined by CellTiter-Glo assay and the IC50
values for the tested compounds were determined (Tables 3 and 4).

Table 3. GSK923295 and navitoclax IC50 in 3D A549 cells.

Drugs IC50 (nM)

GSK923295 >16,000
navitoclax 6480 ± 1070
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Table 4. BAY1217389 and navitoclax IC50 in 3D A549 cells.

Drugs IC50 (nM)

BAY1217389 >16,000
navitoclax 6340 ± 930

The IC50 for both GSK923295 and BAY1217389 was >16,000 nM. In contrast, the IC50
for navitoclax was approximately 6400 nM in the spheroids, suggesting that lung cancer
cells exhibit lower sensitivity to GSK923295 and BAY1217389 but higher sensitivity to
navitoclax in a 3D cell culture system compared to a 2D system (Figure 7a,c,d,f). The
combination of GSK923295 and BAY1217384 with navitoclax led to significantly greater
cell death in A549 lung cancer cells compared to individual treatments, emphasizing the
synergistic effect of the combinations (Figure 7b,e).

Figure 7. GSK923295 + navitoclax and BAY1217389 + navitoclax combinations enhance cytotoxicity
in A549 3D spheroids. Cell viability (%) of single or combination therapies after 48 h of drug exposure
(a,d) from three independent experiments as determined by MTT assay. Synergy scores calculated
by the Bliss model of Combenefit software with statistical relevance of * p < 0.05. Asterisk indicates
synergism effects (b,e). Three-dimensional spheroid viability (%) after 4000 nM, 8000 nM, and 16,000
nM drug concentration treatments (c,f). Data represent the mean ± SD of three independent exper-
iments, one-way ANOVA followed by Tukey’s multiple comparisons test. ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

Macroscopic examination of the spheroids treated with the lowest synergistic con-
centration of the GSK923295 + navitoclax and BAY1217389 + navitoclax combinations
(4000 nM of navitoclax with 4000 nM of GSK923295 or BAY1217389) revealed a loosely
compacted and partially fragmented structure (Figure 8a,d). Many cells had lost adhesion
to the spheroid surface, indicating cytotoxic effects compared to the intact control spheroids.
Additionally, cell death in both combinations was primarily attributed to apoptosis, as
demonstrated by flow cytometry analysis of Annexin V/PI-stained cells (Figure 8b,c,e,f).
Indeed, the combination of GSK923295 + navitoclax enhanced cell death by apoptosis
(61.2 ± 11.7%) when compared to GSK923295 (40.7 ± 0.4%) and navitoclax (48.4 ± 1.2%)
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alone treatments (Figure 8b,c). Similarly, BAY1217389 + navitoclax significantly increased
the Annexin-V positive cells (62.5 ± 5.1%) compared to BAY1217389 (24.8 ± 6.7%) or
navitoclax (42.8 ± 7.1%) (Figure 8e,f).

Figure 8. Combination of GSK923295 + navitoclax and BAY1217389 + navitoclax potentiates 3D
lung cancer spheroid toxicity. Representative images of A549 3D spheroids at days 0 and 2 post-
treatment with mono- or combination drugs (100 μm) (a,d). Representative cytograms (b,e) and
quantification (c,f) of Annexin V−positive cells after 48 h of drug exposure. The quadrants Q
are defined as Q1 = live (Annexin V− and PI−negative), Q2 = early stage of apoptosis (An-
nexin V−positive/PI−negative), Q3 = late stage of apoptosis (Annexin V− and PI−positive), and
Q4 = necrosis (Annexin V−negative/PI−positive). Data represent the mean ± SD of three inde-
pendent experiments, one-way ANOVA followed by Tukey’s multiple comparisons test. * p < 0.05;
** p < 0.01; *** p < 0.001 **** p < 0.0001.
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Overall, similar to the effect on 2D cancer cultures, the combination of the antimitotics
GSK923295 and BAY1217389 with the anti-apoptotic inhibitor navitoclax enhances cancer
cell death in a model that mimics a solid in vivo tumor. In contrast to the 2D results,
where BAY1217389 + navitoclax combinations had only partial cytotoxic activity, we found
that both GSK923295 + navitoclax and BAY1217389 + navitoclax combinations exhibited
similar cytotoxic activity on spheroids derived from A549 lung cancer cells in the 3D model,
although GSK923295 alone was more efficient in spheroid cell killing than BAY1217389.

4. Discussion

This study aimed to investigate the potential of combining the BH3-mimetic navitoclax
with the mitotic blocker CENPE inhibitor GSK923295 or the mitotic driver MPS1 inhibitor
BAY1217389 in 2D and 3D in vitro models of NSCLC. Our results demonstrate a synergistic
cytotoxic activity against 2D cancer cell culture with both combinations, with significant
degrees of cell death induced, mainly by apoptosis, which was more pronounced after
GSK923295 + navitoclax than the BAY1217389 + navitoclax combinatorial treatment. Inter-
estingly, the discrepancy between the two combinations was dissipated in the context of the
3D spheroid model, suggesting that the inhibition of CENPE or MPS1 in combination with
BH3-mimetics is worth further investigation in the clinic as a potent therapeutic option.

The combination yielded increased cancer cell killing in both 2D and 3D culture
systems, although establishing the IC50 of GSK923295 and BAY1217384 in 3D cultures
proved challenging. This limitation may stem from the intricacies inherent in working
with 3D spheroids. However, it also provides insight into why these drugs did not achieve
success in clinical trials when used as monotherapy.

In the realm of drug testing, the divergence between 2D and 3D cellular models has
yielded intriguing insights. It is commonly observed that the IC50 values of chemother-
apeutic drugs are higher in 3D spheroids compared to their 2D counterparts. This phe-
nomenon is expected due to the structural complexity of spheroids, mimicking the real
tumor. Nonuniform growth and oxygen gradients with hypoxic cores and diffusion gra-
dients similar to those in vivo can hinder the effective penetration of drugs into the cells,
necessitating higher drug concentrations to elicit cell death [43–45]. Supporting the litera-
ture, our findings revealed that 3D spheroids require higher concentrations of GSK923295
and BAY1217389 to effectively inhibit cancer cells compared to the 2D system. On the
contrary, we observed greater sensitivity to navitoclax in the 3D cell culture system when
compared to the 2D system. This less common phenomenon could be attributed to distinct
features of the drug, the cells, or the experimental design. Notably, in the presence of
navitoclax, 3D spheroids exhibited a heightened synergistic response to both GSK923295
and BAY1217389, reaffirming the synergy observed in the 2D cell culture system. This
underscores the potential for the 3D culture system’s characteristics to facilitate synergistic
interactions among the tested drugs.

Despite the observed differences between 2D and 3D systems, the study contributes
to understanding the complexities of drug responses, and lays the groundwork for future
investigations into the combination of navitoclax with GSK923295 and BAY1217389 in 3D
and in vivo settings.

The BH3-mimetic navitoclax demonstrates synergistic effects with both GSK923295
and BAY1217389 in cancer cell killing. Our live-cell imaging analysis reveals distinct
mechanisms for this synergy. Specifically, navitoclax seems to prevent mitotic slippage
induced by GSK923295 by expediting cell death during mitosis. In contrast, it hinders
post-mitotic survival prompted by BAY1217389 by intensifying post-mitotic cell death. In
both scenarios, navitoclax tips the balance from cell survival towards cell death, effectively
eliminating the opportunity for cellular escape, a phenomenon often observed when mitotic
blockers and drivers are used as monotherapy [6,9,22].

These results align with our previously published work targeting polo-like kinase
1 (PLK1) [22]. The cytotoxic activity of PLK1 inhibitors, acting as mitotic blockers, was
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enhanced when combined with the BH3-mimetic navitoclax or ABT-737. This further
reinforces the successful strategy of combining antimitotics with prosurvival inhibitors.

In conclusion, the results of the present study demonstrate the potential therapeutic
advantages of co-inhibiting BCL-2 family proteins alongside CENPE or MPS1. These
results warrant additional investigation, including long-term cellular assays and in vivo
murine experiments, to assess the feasibility of translating these treatment approaches to
clinical trials. Furthermore, the observed effects of these drug combinations, which include
reduced viability and colony-forming capacity in cancer cells, as well as a significantly
higher rate of cell death when compared to non-cancer cells, provide a robust basis for
further clinical exploration.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pharmaceutics16010056/s1, Figure S1: Non-cancer lung
cells are less sensitive to GSK923295 + navitoclax and BAY1217389 + navitoclax combinations treat-
ments than lung cancer cells. IC50 of all compounds in HPAEpiC cells (a,b). Cell viability (%) of
single or combination treatments after 48 h of drug exposure in HPAEpiC cells (c,d), from three
independent experiments determined by MTT assay. Synergy scores calculated by the Bliss model
of Combenefit software with statistical relevance of * p < 0.05, and ** p < 0.01. Asterisk indicates
synergism effects (e,f). Cell viability (%) of GSK923295 + navitoclax (g) and BAY1217389 + navito-
clax (h) at the concentration of the respective synergistic points on A549 and HPAEpiC cells, with
statistical relevance of ** p < 0.01 by unpaired t test. Figure S2: Inhibition of CENPE or MPS1 leads to
mitosis abnormalities. Representative immunofluorescence images of A549 cells after 24 h treatment
with 125 nM of GSK923295 or 500 nM of BAY1217389. Cells were immunostained for α-tubulin, to
visualize microtubules (green), for CREST (red) to visualize centromeres, and the DNA (blue) was
stained with DAPI. Bar, 5 μm. White arrows indicate the presence of multipolar spindles. Blue arrows
indicate the presence of chromosome misalignment. Red arrows indicate the presence of monopolar
spindles. Figure S3: GSK923295 + navitoclax and BAY1217389 + navitoclax combinations potentiate
cytotoxicity in NCI-H460 lung cancer cells. IC50 of all compounds in NCI-H460 cells (a,b). Cell viabil-
ity (%) of single or combination treatments after 48 h of drug exposure in NCI-H460 cells (c,d), from
more than three independent experiments as determined by MTT assay. Synergy scores calculated by
the Bliss model of Combenefit software 2.021 with statistical relevance of * p < 0.05, and ** p < 0.01 in
NCI-H460 cells. Asterisk indicates synergism effects (e,f). Figure S4: GSK923295 + navitoclax and
BAY1217389 + navitoclax combinations enhance NCI-H460 lung cancer cell death. Representative
cytograms of NCI-H460 cell line double stained with Annexin V-FITC and propidium iodide (PI) (a,c).
The quadrants Q are defined as Q1 = live (Annexin V- and PI-negative), Q2 = early stage of apoptosis
(Annexin V-positive/PI-negative), Q3 = late stage of apoptosis (Annexin V- and PI-positive), and
Q4 = necrosis (Annexin V-negative/PI-positive). Quantification of Annexin-V-positive cells (b,d).
Data represent the mean ± SD of three independent experiments, one-way ANOVA followed by
Tukey’s multiple comparisons test. * p < 0.05; *** p < 0.001; **** p < 0.0001. Video S1: Time-lapse
imaging (DIC microscopy) of a A549 cell treated with 1000 nM of navitoclax undergoing a normal
mitosis; time is shown in minutes; available online at https://youtu.be/JsgMBkAczFc (accessed on 3
November 2023). Video S2: Time-lapse imaging (DIC microscopy) of a A549 cell treated with 125 nM
of GSK923295 undergoing slippage and remaining alive; time is shown in minutes; available online
at https://youtu.be/g4_5Okc5OYw (accessed on 3 November 2023). Video S3: Time-lapse imaging
(DIC microscopy) of a A549 cell treated with 1000 nM of navitoclax + 125 nM of GSK923295 undergo-
ing death in mitosis; time is shown in minutes; available online at https://youtu.be/xi9csADTsDI
(accessed on 3 November 2023).
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Abstract: The “Warburg effect” consists of a metabolic shift in energy production from oxidative
phosphorylation to glycolysis. The continuous activation of glycolysis in cancer cells causes rapid
energy production and an increase in lactate, leading to the acidification of the tumour microenviron-
ment, chemo- and radioresistance, as well as poor patient survival. Nevertheless, the mitochondrial
metabolism can be also involved in aggressive cancer characteristics. The metabolic differences
between cancer and normal tissues can be considered the Achilles heel of cancer, offering a strat-
egy for new therapies. One of the main causes of treatment resistance consists of the increased
expression of efflux pumps, and multidrug resistance (MDR) proteins, which are able to export
chemotherapeutics out of the cell. Cells expressing MDR proteins require ATP to mediate the efflux
of their drug substrates. Thus, inhibition of the main energy-producing pathways in cancer cells,
not only induces cancer cell death per se, but also overcomes multidrug resistance. Given that most
anticancer drugs do not have the ability to distinguish normal cells from cancer cells, a number of
drug delivery systems have been developed. These nanodrug delivery systems provide flexible and
effective methods to overcome MDR by facilitating cellular uptake, increasing drug accumulation,
reducing drug efflux, improving targeted drug delivery, co-administering synergistic agents, and
increasing the half-life of drugs in circulation.

Keywords: tumor microenvironment; tumor metabolism; glycolysis; Warburg effect; resistance; nanoparticles

1. Introduction

The conversion of normal cells or benign tissue into neoplastic precursors usually
corresponds to malignant transformation. Additional alterations bestow these cells with
unlimited proliferative potential, dissemination and metastasis, resulting in tumor progres-
sion [1]. In order to sustain the acquired features, metabolic reprogramming is essential.
Changes in cellular metabolism promote the fast production of adenosine triphosphate
(ATP) and an increase in the synthesis of biomolecules, including nucleotides, lipids and
amino acids. Several mechanisms are known to modulate cancer metabolism, which affect
essential pathways for both energy production and carbon metabolism, such as glycolysis
and the tricarboxylic acid (TCA) cycle. As a consequence of these alterations, there is an
increased consumption of glucose and also of glutamine in tumor cells in order to main-
tain their metabolic requirements [2]. Metabolic reprogramming is one of the emerging
characteristics of tumor progression and is crucial to support the energy needs of cells
during their continuous growth and proliferation. This metabolic reprogramming is also
a key factor in the development of cancer resistance to treatment [2,3]. Often, during
these treatments, cancer cells adapt, altering their metabolic pathways and becoming
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less susceptible to therapies. Targeting and exploiting such metabolic changes can be a
promising approach to improve the chance of curing cancer. For this, the development of
metabolism-targeting nanoparticles, carrying multiple therapeutic agents, are increasingly
being exploited, aiming to overcome drug resistance and thus constituting an appellative
tool in future cancer therapies.

2. Glucose Metabolism

Most mammalian cells have glucose as their preferred metabolic substrate, which is
used in the cytoplasm and/or mitochondria to provide energy for cell maintenance and
proliferation [4] (Figure 1). Glycolysis, a metabolic pathway that does not require oxygen,
partially oxidizes into two pyruvate molecules, producing two moles of ATP and two moles
of nicotinamide adenine dinucleotide (NADH) per mole of consumed glucose [2,4]. In the
presence of oxygen and active mitochondrial systems, healthy cells oxidize most of the
pyruvate in the mitochondria, producing most of their ATP in this way (32 molecules of ATP
from 1 single glucose molecule) [4,5]. When the anaerobic pathway is used, the pyruvate
from glycolysis is reduced to lactate by the cytoplasmic enzyme lactate dehydrogenase
(LDH), to regenerate the oxidized form NAD+ for glycolysis, producing 16 times less ATP
per consumed glucose. The monocarboxylate transporters (MCTs) will then transport the
excess lactate produced out of the cell through a proton-symport mechanism [4,5].

Figure 1. Glucose metabolism in mammalian cells. Illustrative scheme of glycolysis, TCA cycle,
and the electron transport chain (red). Glucose from the blood stream is uptaken by the cells,
converted into G6P by HK and posteriorly in pyruvate. In the absence of oxygen, pyruvate is
converted into lactate, whereas in the presence of oxygen, the pyruvate is completely oxidized
into Acetyl-CoA, which enters the mitochondrial TCA cycle. The generated NADH are then fed
the OXPHOS-producing ATP (blue). The PPP (green) synthetizes the ribose-5-phosphate, which is
needed for nucleic acid synthesis, and NADPH. The excess glucose is used to synthetize glycogen,
via glycogenesis (purple). Created by the Authors with BioRender.com. ATP: adenosine triphos-
phate; G6P: glucose-6-phosphate; HK: hexokinase; NADH: nicotinamide adenine dinucleotide;
NADPH: nicotinamide adenine dinucleotide phosphate; OXPHOS: oxidative phosphorylation;
PPP: pentose phosphate pathway; TCA cycle: tricarboxylic acid cycle.

The first step in the glucose metabolism consists of its entrance into the cell. Glucose
transporters (GLUTs) belong to the solute transporter (SLC2A) family of proteins and
are present in many tissues/cells of the body, e.g., brain, erythrocytes, adipocytes, and
liver, where they mediate glucose uptake [6]. The fourteen different isoforms of GLUTs
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are subdivided into three distinct protein classes, according to their sequence homology.
Each GLUT isoform has a unique tissue distribution, substrate specificity, and a specific
physiological function [7]. All GLUT proteins were originally assumed to catalyze the
transport of hexoses into and out of cells. This is clearly the case for the class 1 GLUT
proteins (GLUTs 1–4 and 14). However, class 2 (GLUTs 5, 7, 9 and 11) and class 3 (GLUTs
6, 8, 10, 12 and 13) GLUT proteins do not necessarily have a primary role in catalyzing
glucose transport [8]. GLUT-1 is expressed in tissues with a high glycolytic rate, such as
erythrocytes, which are responsible for glucose uptake in high-need cells [6,8]. However,
this transporter also plays a central role in tumorigenesis, delivering glucose into hypoxic
environments. In fact, GLUT-1, a target gene of hypoxia-inducible factor-1 (HIF-1), is highly
expressed in hypoxic cancer cells, allowing for the maintenance of a high metabolic rate in
these cells [6].

Although there are hundreds of types of cancer, they share some specific characteristics,
namely the reprogramming of the energy metabolism. Many cancer cells predominantly
rely on glycolysis, instead of oxidative phosphorylation (OXPHOS), to produce energy
from glucose, even in the presence of O2, with this metabolic shift being known as the
“Warburg effect” or “aerobic glycolysis” [9]. Although OXPHOS is downregulated, cancer
cells can still obtain the required ATP for cell survival and proliferation, increasing the
glycolytic flux and metabolizing glucose at high rates, with lactate production [10]. This
alteration in metabolism provides a selective advantage during tumor initiation and pro-
gression, sustaining the high proliferative rate of tumor cells and promoting resistance to
cells. Nevertheless, in opposition to previous beliefs, this phenotype is not due to mito-
chondrial dysfunction and the whole ATP factory in cancer cells is important. In fact, not
all tumor cell types completely restart glycolysis for the ATP supply, and some of them
may equally or even predominantly use OXPHOS [11,12]. As TCA cycle intermediates
are also required for amino acids, lipid and nucleotide biosynthesis, their functioning
become as important as glycolysis for tumor cell metabolism. The TCA cycle is equally
important for deoxyribonucleic acid (DNA) synthesis, since the synthesis of aspartate from
oxaloacetate and glutamate is critical for nucleotide synthesis [2,13]. Malate, in turn, can
be used separately to produce nicotinamide adenine dinucleotide phosphate (NADPH)
through a distinct pathway [2,14].

Many TCA cycle intermediates are used in biosynthetic processes; thus, a new carbon
supply is required to maintain the activity of the TCA cycle. Glutaminolysis, where glu-
tamine is used to fuel the TCA cycle, is one of the most important anaplerotic pathways
in cancer [2]. In fact, glutamine deserves special attention, as it is the second most con-
sumed metabolite by proliferating cells [2,4]. Glutamine has been shown to be essential
for the synthesis of proteins, fatty acids, and nucleotides. Once inside the cell, glutami-
nase (GLS) converts glutamine into glutamate. Glutamate, in turn, can be converted into
α-ketoglutarate, which is an intermediate of the TCA cycle. As tumor cells proliferate at
higher rates, they are more glutamine-dependent than their non-tumoral counterparts [2,15].
However, a number of other metabolites have also been described to activate the TCA cycle
in tumor cells [2]. For instance, in addition to being important components of membranes,
fatty acids are also important energy fuels that, when degraded, provide ATP through
β-oxidation [2,15]. In addition, lactate, acetate, and branched-chain amino acids (BCAAs)
can also supply carbons to the TCA cycle [16–18]. Of these, lactate deserves particular
attention. In fact, lactate produced by glycolysis (and also by glutaminolysis) in cancer cells
can be taken up by neighboring cells and converted into pyruvate, entering the mitochon-
dria and producing ATP by OXPHOS. Both efflux and uptake of lactate mainly occur via
the MCT1 and MCT4, and this transport mechanism is important in tumor growth and in
the inhibition of cell death mechanisms. Furthermore, it was also reported that a symbiosis
between glycolytic and oxidative cells can occur, mediated by these transporters [5,19].
In fact, under anaerobic conditions, even in healthy cells, pyruvate is reduced to lactate
and secreted into the extracellular space, mainly via MCT4. On the other side, lactate
can be taken up by the aerobic cancer cells or by the stromal cells, mainly by MCT1 (and
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sometimes by MCT2), and further converted into pyruvate that can be used in oxidative
conditions by these cells, sparing glucose for the more hypoxic and glycolytic cancer cells.
The heterogeneity of tumors may be a possible explanation for this symbiotic model [5].
Tumors are not metabolically homogeneous and different cancer cells preferentially use
particular catabolites [20]. Cancer cells are continuously adapting their metabolism, de-
pending on the metabolism of the specific type of cancer and also on its stage, being
influenced both by genetics and by the microenvironment [21]. In this way, although
sometimes some cancers rely more on aerobic glycolysis and others on OXPHOS, the
type of metabolism is not always cancer-specific and it is very often possible to see both
types of metabolism in a heterogeneous tumor. According to this, in certain cancer types,
e.g., lung cancer, both glycolytic and oxidative metabolic phenotypes were observed in
different regions within the same tumor [5]. Indeed, depending on their microenvironment,
tumor cells from the same tumor can be divided into subgroups: highly glycolytic with
a lower OXPHOS in hypoxic conditions with defective vasculature, where nutrients and
oxygen are greatly reduced, and vice versa in normoxic regions, near functional blood
vessels [5]. Also, in experimental models of breast, ovarian and prostate carcinomas and
sarcomas, stromal cells have been shown to produce catabolites that can be oxidatively
metabolized by cancer cells, thus revealing a metabolic coupling between stromal and
cancer cells [20]. In this way, and although aerobic glycolysis is a phenotype associated
with cancer, OXPHOS is not only often functional, but is also important to cancer prolifer-
ation and growth, depending on the cancer type and stage. Supporting this, recent data
have demonstrated that certain cancers, such as breast cancer, pancreatic ductal adeno-
carcinoma, melanoma, and lymphomas, rely mostly on OXPHOS [22]. Furthermore, a
Gepia analysis of a five gene signatures associated with OXPHOS (ATP6V0B, ATP6V1C1,
ATP6V1E1, TIMM9, and UQCRH) also showed a higher expression of these genes in
these cancer types, in addition endometrium, cervical, ovarium, thymus and liver cancers
(http://gepia.cancer-pku.cn/index.html (accessed on 27 October 2023)). On the other hand,
and also based on Gepia, the analysis of genes associated with a glycolytic phenotype
(e.g., Glut1, LDHA, HK2, MCT4) mainly showed higher expression in the lung, esophagus,
head and neck, glioblastoma, kidney or colon and rectum. This has been also shown in
several reports using cancer cell lines. Such differences in the energetic profile can impact
the way cancer cells respond to treatment. Table 1 summarizes the energy profile of differ-
ent cancer cell lines, as well as the effect of antimetabolic agents, based on this. The basal
levels of monocarboxylate transporters MCT1 and MCT4 in these cell lines, and the effect of
these agents on their expression, when described, is also shown. In fact, MCT1 and MCT4
are main players in the metabolic pathway preferentially used by cancer cells. WMCT4
is mainly involved in the efflux of lactic acid, and is thus more expressed in glycolytic
cancer cells and often downregulated when cancer cells shift their metabolism to OXPHOS;
however, many cancer cells rely on MCT1 for the uptake of lactic acid that can be used in
oxidative processes [23]. For instance, the leukemic cell line NB4 presents a more glycolytic
phenotype and shows a good response to the anti-glycolytic agent 2-Deoxyglucose (2DG),
a nonmetabolizable glucose analogue that inhibits glycolysis, whereas the more oxidative
leukemic cell line, THP1, is resistant to this agent, and sensitive to oligomycin, which
targets mitochondrial respiration [24]. In these cell lines, it a higher expression of MCT1
than MCT4 was observed in the oxidative cell line THP1, while in the glycolytic cell line
NB4, the expression of both transporters was found, due to the dual role that MCT1 plays in
both the influx and efflux of lactic acid, in contrast to MCT4, which is mainly involved only
in its efflux. A little surprisingly, in THP1 cells, an upregulation of MCT4, but not of MCT1,
was observed by the oxidative substrate lactate and by VEGF [25]. Breast cancer is other
kind of cancer that can present different mechanisms of energy production, depending on
the cancer type. The triple-negative breast cancers usually rely on OXPHOS as the energetic
metabolic pathway. According to this, it has been shown that the OXPHOS inhibitor IACS-
010759 induced cell death and inhibited oxygen consumption rate in the triple-negative
breast cancer cell line MDA-MB-468 [26]. In another breast cancer cell line, MCF-7, which is
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estrogen and progesterone receptors (ER and PR)-positive, both kinds of metabolism were
found, showing the plasticity of cancer cells to adapt to their microenvironment. MCF-7
cells are sensitive to the antiglycolytic agents 2DG, 3-bromopyruvate (3BP), dichloroacetate
(DCA), Iodoacetate (IAA) and lonidamine, but also to the OXPHOS uncoupler Carbonyl
Cyanide m-chlorophenyl Hydrazone (CCCP). All these agents induced cell death and
potentiated MCF-7 cells for treatment with the conventional anticancer drugs paclitaxel
(PTX) or doxorubicin (DOX). Again, in these cell lines, in the oxidative cells, only MCT1 is
observed at the plasma membrane, while in MCF-7, both transporters were found [27–29].
In another example of oxidative cells versus glycolytic ones, it was found that the glioma
glycolytic cells U251 are sensitive to the glycolytic inhibitors DCA, 2DG, resveratrol and
2-Cyano-3-(4-hydroxyphenyl)-2-propenoic acid (CHC) (an MCT1 and MCT4 inhibitor),
while the more oxidative SW1088 cells are sensitive to phenformin, in addition to DCA
and 2DG [23,30–34]. Again, a higher expression of plasma membrane MCT4 was found
in the more glycolytic cells [35,36]. Thus, in general, it was observed that more glycolytic
cancer cell lines are strongly affected by glycolytic inhibitors like 3BP, 2DG, DCA, IAA
and lonidamine, as well as resveratrol, which was found to inhibit this metabolic pathway,
and to the MCT1/4 inhibitor CHC [23,30–36]. These cell lines commonly presented a
higher expression of MCT4, involved in lactic acid export. The more oxidative cells are
more sensitive to OXPHOS inhibitors and more resistant to antiglycolytic agents. In these
cells, a lower expression of MCT4 at the plasma membrane is usually found. Concerning
MCT1, the expression of this transporter was found in both glycolytic and oxidative cells,
demonstrating its dual role in the uptake and efflux of lactic acid. Although some of
the glycolytic inhibitors, like 3BP and DCA, are monocarboxylate analogues, and thus
presumably transported by MCTs, there are few works in the literature showing their
influence on MCTs’ expression and, in these cases, most of the time, no association between
the treatment and the expression of the transporters was observed [27,37]. Thus, it can
be assumed that their effect is usually independent of MCTs, although more studies in
this area are needed. Furthermore, while some cell lines are identified as predominantly
glycolytic and others as predominantly oxidative, different studies were found to attribute
both of these characteristics to cell lines. These could be due to the previously mentioned
fact that cancer cells present with high plasticity and can adapt their metabolism to the mi-
croenvironment characteristics, shifting from glycolysis to OXPHOS and vice-versa, what
can lead to different results in the literature concerning MCTs’ expression and antimetabolic
drugs’ effect. Nevertheless, some examples of cancer cell lines presenting a different effect
regarding glycolytic or OXPHS inhibitors were found and are compiled in Table 1, as well
as MCT1/4 expression and regulation (when the information was available), according to
their energetic profile.

Table 1. Energy profile of different cancer cell lines, as well as the effect of antimetabolic agents and
expression and regulation of MCTs based on this. Glycolytic Inhibitors—2-Cyano-3-(4-hydroxyphenyl)-2-
propenoic acid (CHC), 2 Deoxyglucose (2DG), 3-bromopyruvate (3BP), Dichloroacetate (DCA) Iodoacetate
(IAA), Lonidamine, Quercetin, Resveratrol, OXPHOS Inhibitors—Atovaquone, Uncoupler Carbonyl
Cyanide m-chlorophenyl Hydrazone (CCCP), IACS-010759, Metformin, Olygomycin, Phenphormin.

Energetic Profile
Type of Cancer/

Cancer Cell Line
Antimetabolic Drug Effect

Expression and Regulation
of MCTs

References

Mainly OXPHOS

Breast (MDA-MB-468)
IACS-010759 induced cell

death and inhibited oxygen
consumption rate

MCT1 expression at the
plasma membrane.

MCT4 is expressed on cytoplasm
[26,28]

Cervical (HeLa) Metformin and Rotenone
promoted anoikis

MCT1 expression > MCT4 expression
Hypoxia induced the expression

of MCT4
[31,38,39]

Cervical (siHa) Rotenone decreased
cell migration

2DG and rotenone increased the
expression of MCT1 and CD147 [40,41]
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Table 1. Cont.

Energetic Profile
Type of Cancer/

Cancer Cell Line
Antimetabolic Drug Effect

Expression and Regulation
of MCTs

References

Mainly OXPHOS

Leukemia (THP-1) Resistant to 2DG and
sensitive to oligomycin

MCT4 expression
Lactate and VEGF increased the

expression of MCT4,
but not of MCT1

[24,25]

Lung (A549) Resistant to 3BP, DCA
and 2DG

No changes were observed in MCT1
and MCT4 upon treatment with 3BP,

DCA and 2DG
[37]

Melanoma (B16F10) Metformin and Rotenone
promoted anoikis No data [31]

Ovarian (OVCAR-3) Atovaquone slowed ovarian
cancer growth No data [42]

Mainly Glycolytic

Bladder (5637)

Sensitive to 2DG. 2DG
depleted cellular ATP and
potentiated the toxicity of

conventional drugs

High expression of MCT1, MCT4
and CD147

Knockdown of MCT4 inhibited 5637
cancer cell line proliferation and

clonogenic activity

[43]

Colon (SW480) Sensitive to 3BP, 2DG
and DCA

High expression of MCT1, MCT2
and MCT4

3BP decreased the expression of
MCT1and MCT4, but not of MCT2

[35,44–47]

Glioma (U251) Sensitive to DCA, 2DG,
resveratrol and CHC

High plasma-membrane expression
of GLUT1, MCT1, CD147

Silencing of MCT1 decreased the
glycolytic phenotype

[23,30,32–34,48]

Leukemia (NB4) Sensitive to 2DG and 3BP High expression of MCT1 and MCT4 [24,49,50]

Lung (NCI-H460) Sensitive to 3BP, 2DG
and DCA

No association was observed
between MCT1 and MCT4

expression and treatment effect with
3BP, DCA and 2DG

[37]

Melanoma (A375) Sensitive to 3BP High expression of MCT1 [51]

Both glycolytic
and OXPHOS

Breast (MCF-7)

2DG, IAA, DCA and CCP
and 3BP induced cell death

Pre-treatment with 2DG,
IAA, DCA and CCCP

enhanced PTX
and DOX toxicity

Lonidamine potentiated the
effect of PTX

High plasma-membrane expression
of MCT1 and MCT4.

3BP did not alter the expression
[27,29,31,52,53]

Glioma (SW1088)

Metformin and Rotenone
promoted anoikis

DCA, 2DG and phenformin
led to a decrease
in ATP content

Resistent to CHC

Low plasma-membrane expression
of MCT1, MCT4 and CD147 [23,32,36]

Liver (HepG2)

2DG, 3BP and DCA induced
cell death and potentiated

the effect of DOX
Phenphormin

inhibited proliferation

High expression of MCT1 and MCT4
and lower expression of MCT2 [54–56]

3. The Warburg Effect

In 1920, Otto Warburg postulated that cancer cells are characterized by an increased
glycolytic rate, with pyruvate mostly being converted to lactate, contrary to normal cells.
This phenomenon became known as aerobic glycolysis or the “Warburg effect” [2,9,57].
This observation underlies the [18F]-fluorodeoxyglucose positron emission tomography
(FDG-PET) of tumors, which is used in the diagnosis of cancer and in the detection of
metastasis, due to the high consumption of the glucose analogue FDG by cancer cells [58].
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Originally, Warburg postulated that the increased glycolytic activity observed in can-
cer cells should be due to impaired mitochondrial function. In fact, mutations in TCA cycle
enzymes are present in several types of cancer, such as fumarate hydratase, succinate de-
hydrogenase, and isocitrate dehydrogenase [9,59,60]. However, even when mitochondrial
function is normal, many cancer cells still prefer glycolysis, suggesting that glycolysis is
associated with advantages to these cells [9]. As several glycolytic intermediates can be
used in biosynthetic pathways, it is likely that the increase in the glycolytic rate supplies
the biosynthetic needs of cancer cells [61]. In fact, the high consumption of glucose allows
for the energy necessary for cell growth to be obtained and, under these conditions, the
PPP pathway is also favored, generating NADPH and ribose-5-phosphate, which serve as
a source for the formation of new nucleotides, lipids and proteins [10,11,62]. Furthermore,
the use of glycolysis may prevent the production of ROS that occurs during OXPHOS and,
in this way, protects the genome of cancer cells and inhibits anoikis, allowing for the cells
to survive [6,63].

The overexpression of GLUTs is essential for cancer cells to meet their high demand
for glucose, which is needed for their high glycolytic rates. In addition, cancer cells often
present higher levels of MCTs, since they allow for the maintenance of intracellular pH and,
consequently, the glycolytic way, as they are responsible for the export of lactate. Lactate
secretion may help to create an acidic extracellular tumor microenvironment (TME) that
favors tumor growth, promoting migration and invasion [2,5]. The low pH found in TME
activates metalloproteinases released from the cancer cells, promoting the digestion of
the surrounding matrix and leading to cells’ detachment from the solid substrate [64,65].
Interestingly, cancer cells appear to be more dependent on specific isoforms of glycolytic
enzymes. In fact, cancer cells may be more dependent on isoforms of hexokinase (HK2),
pyruvate dehydrogenase kinase 1 (PDK1), phosphofructokinase 2 (PFK2), LDHA or pyru-
vate kinase isoform M2 (PKM2) [66–68]. In addition to these specific isoforms, to promote
the glycolytic pathway, the overexpression of PDK1 inactivates the pyruvate dehydroge-
nase enzyme, preventing the mitochondrial conversion of pyruvate to acetyl-CoA. As a
result, pyruvate remains in the cytosol and is converted to lactate [59]. The overexpression
of these enzymes allows for cancer cells to easily adapt the glycolytic flux to sustain gly-
colytic rates and for the diversion of glycolytic intermediates to biosynthetic pathways [2].
At the same time, the excess of NADPH that is produced is closely linked to apoptosis
escaping [69].

Thus, although ATP production through OXPHOS is more efficient, most cancer cells
produce most of their ATP through glycolysis, even in the presence of oxygen [2,6,57]
(Figure 2). In fact, 70–80% of human cancers present the Warburg phenotype, a metabolic
alteration that results from the interaction between normoxic/hypoxic activation of the
transcription factor HIF-1, oncogenes’ activation, loss of tumor suppressors, altered signal-
ing pathways and interactions with components of the TME, as well as being associated
with epigenetic mechanisms [59].

As glycolysis less efficient in energetic terms than OXPHOS, cancer cells increase their
glycolytic flux by about 15 times, leading to a drastic increase in the rate of ATP production,
in order to compensate the energy yield [5]. In addition, and as previously discussed,
the “Warburg effect” contributes to counteracting apoptosis and promotes macromolecule
biosynthesis. However, high rates of OXPHOS are displayed by some cancer cells. In fact,
some cancer cells, even in a glycolytic cancer, switch their metabolism to OXPHOS, as this
metabolic pathway is the predominant supplier of ATP in these cases [21,69,70]. There is a
significant emphasis on enzymes like isocitrate dehydrogenase (IDH) 1 and IDH2, which
catalyze the first oxidative reaction of the TCA cycle, resulting in the generation of NADH,
and thus have particular importance in mitochondrial respiration [71]. For example, in
some models of breast cancer, mitochondrial respiration significantly increases [72]. Thus,
a “two compartment” model, also called the “reverse Warburg effect”, was proposed
to reconsider a tumor metabolism where cancer cells and cells found in the TME, like
cancer-associated fibroblasts (CAFs), become metabolically coupled [69,73]. In this model,

95



Pharmaceutics 2023, 15, 2610

cancer cells mainly use the oxidative pathway resulting from lactate obtained from aerobic
glycolysis that occurs in tumor stromal fibroblasts [74]. As a result of this interaction, cancer
cells induce oxidative stress by generating ROS in the form of H2O2 in CAFs, resulting in
the increased production of energy-rich fuels (such as pyruvate, ketone bodies, fatty acids,
and lactate) [69,75,76]. In turn, these molecules support OXPHOS in cancer cells, resulting
in ATP production [69]. Even in a single tumor, OXPHOS and glycolysis contribute to
different populations in different ways, since there is intratumoral heterogeneity, directing
the metabolism of tumor tissue to different pathways depending on the conditions, as pre-
viously discussed [69,77]. In addition, substrates from different cancer cell populations can
be shared and used, since these two different tumor cell populations may be metabolically
linked [78]. For rapidly proliferating tumors, glycolysis may be more advantageous as, in
addition to an abundant supply of energy, cancer cells need lipids, nucleic acids, and other
glycolytic-derived intermediates for biosynthesis [69]. In fact, these types of cells need a
high amount of metabolic intermediates for growth and division [79]. In differentiated
tumors, which are more similar to normal tissues, with a slower growth and progression,
OXPHOS may be more efficient in terms of their ATP production [69]. In addition to all
the alterations inherent to glycolytic enzymes, the aberrant expression of transcription
factors such as HIF-1, c-MYC and p53 also promotes metabolic reprogramming [59]. Such
metabolic alterations are not only involved in cancer cells’ adaptation to hostile environ-
ments, but are also mediators of mechanisms of resistance to several conventionally used
chemotherapeutic drugs, a major problem in cancer treatment effectiveness [2].

Figure 2. Schematic representation of the main differences between aerobic glycolysis (“Warburg
effect”) in proliferative tissue and OXPHOS and anaerobic glycolysis in differentiated tissues. In the
presence of O2, differentiated tissues (no proliferating) metabolize glucose to pyruvate via glycolysis
and subsequently completely oxidize pyruvate to CO2 in the mitochondria (OXPHOS). At low levels
of O2, pyruvate is partially oxidized by glycolysis, generating lactate (anaerobic glycolysis). The
generation of lactate results in minimal ATP production when compared with OXPHOS. In contrast,
cancer/proliferative cells predominantly produce energy through an increased rate of glycolysis,
followed by a reduction of pyruvate into lactate in the cytosol, resulting in a high production of
lactic acid. Created by the Authors with BioRender.com. ATP: adenosine triphosphate; OXPHOS:
oxidative phosphorylation.

4. Mechanisms of Cancers’ Drug Resistance

In the last few decades, cancer treatment has made great, promising advances. Nev-
ertheless, despite these advances, tumors seem to always find a way to resist practically
all types of anticancer therapy, hindering their treatment potential [2,80]. Cancer patients
who are resistant to therapy often develop more metastases, which are the main cause of
cancer-related deaths in these cases [81,82]. Thus, it is important to develop new thera-
peutic approaches to overcome resistance to therapy [80,81]. The growing knowledge of
the molecular mechanisms of cancer has allowed for the discovery and improvement of
new therapeutic compounds with a better progression-free survival. Unfortunately, this
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does not always translate into overall survival benefits, as resistance is one of the main
problems to overcome. This resistance may be due to intrinsic mechanisms or to acquired
mechanisms, which arise after the exposure of cancer cells to chemotherapeutic drugs [80]
(Figure 3).

Figure 3. Mechanisms of chemotherapeutic drug resistance in cancer cells. This resistance may be
due to intrinsic mechanisms or due to acquired mechanisms, such as the ones listed in the figure.

This acquired resistance may result from several factors, namely the acquisition of
mutations that cause a decrease in drug binding, an increase in drug target activity, or an
upregulation of multidrug resistance (MDR) transporters [83]. For example, mutations
of the TP53 gene, a tumor suppressor responsible for genome stability, are frequently
observed in cancer cells and involved in cancer resistance to therapy [84]. A genomic study
carried out in patients with acute myeloid leukemia demonstrated that the presence of new
genetic mutations in the genes WAC, SMC3, DIS3, DDX41, and DAXX was involved in
tumor resistance [85]. Another example in ovarian cancer demonstrated that the presence
of secondary somatic BRCA mutations induced high resistance, especially to platinum
drugs [86–88]. Many more examples of genetic mutations associated with cancer resistance
can be found in the literature, demonstrating the complexity of the phenomenon. Other
factors, such as decreased influx, intracellular signaling leading to epithelial–mesenchymal
transition (EMT), alterations in cell cycle checkpoints and apoptosis inhibition are also
associated with drug resistance [89]. Adaptive resistance can either be achieved through
attempts to improve drug efficacy or result from the heterogeneity and adaptability of
cancer cells [90]. Therefore, an important contribution to improving cancer therapy is a
more complete knowledge of the resistance mechanisms, and the metabolic reprogramming
can be also a major player [2,3]. This metabolic reprogramming provides a mechanism
through which cancer cells can adapt and evolve to counteract the effects of therapeutic
interventions. Therefore, unravelling and targeting reprogramming mechanisms is a crucial
aspect of developing effective cancer treatments and overcoming resistance.

EMT plays an important role in tumor progression, metastasis and therapy resistance
and is often associated with metabolic alterations in cancer [81,91]. EMT is a highly con-
served biological process that involves the transition of polarized, immobile epithelial
cells into motile mesenchymal cells due to the loss of apicobasal polarity, loss of cell–cell
contacts, reorganization of the actin cytoskeleton, and ability to invade the extracellular
matrix as an individual cell [81]. Different studies using cancer cell lines demonstrated
the responsibility of EMT in radio- or chemotherapy-driven resistance [81,92,93]. In fact,
conventional anticancer drugs are mainly directed toward rapidly dividing cells, with
EMT being associated with stem cell properties in cancer cells [94]. Furthermore, EMT can
be involved in microenvironment modifications, causing the loss of cell–cell adherence
and extracellular matrix remodeling, as well as in the interaction with the immune sys-
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tem, contributing to chemotherapy resistance [95–97]. A study demonstrated that highly
proliferative non-EMT lung cells were sensitive to chemotherapy, and the emergence of
EMT-derived metastases was observed after treatment [98]. Another study found that
increased cellular metastasis in drug-resistant Non-Small Cell Lung Cancer (NSCLC) and,
consequently, malignant progression is directly associated with the EMT phenotype [97].
EMT also promotes the heterogeneity of the tumor, and is intricately regulated by several
factors, such as extracellular matrix components, diverse signal pathways, soluble growth
factors or cytokines, and microRNAs [99–102]. Metabolic reprogramming is often associ-
ated with the resistance and is promoted by EMT. In fact, EMT can lead to a switch in the
metabolism from OXPHOS to glycolysis, which is often associated with drug resistance [91].
Furthermore, EMT can give rise to metabolic heterogenous cancer cell populations, making
treatment strategies more challenging [103].

A large number of studies on metabolism-mediated drug resistance have focused
on glycolysis and the TCA cycle, including the roles of glucose and glutamine in such
phenotypes [2,104–106]. Nevertheless, fatty acids and BCAAs may also be associated with
both energy production and tumorigenesis. Concerning amino acids, their metabolism may
also constitute a target for treating drug-resistant tumors. Cancer cells may be dependent
on specific amino acids, like serine, glycine, proline, aspartate, and arginine. In fact, amino
acid metabolism has been extensively studied and recognized as an important factor in
both drug resistance and energy production. For example, Jones et al. demonstrated that
increases in the level of amino acid metabolism are not related to the metabolic needs for
protein synthesis, but rather to the TCA cycle, to allow for energy production. It has also
been described that the overexpression of fatty acid (FA) synthase, or even the altered
expression of anti-apoptotic proteins [81], induce resistance to antitumor drugs such as
DOX and mitoxantrone in breast cancer cells [107].

Unfortunately, resistance to therapy not only includes resistance to conventional
treatments, such as chemotherapy or radiation, but also immunological and targeted ther-
apies [81], affecting the long-term therapeutic outcome of tumor patients [108]. Many
scientific reports have shown that the MDR phenotype, which is characterized by a broad
tumor’s resistance to multiple drugs and can differ either in its structure or in its mechanism
of action, often correlates with the expression of active transport mechanisms responsible
for the efflux of a wide variety of drugs, leading to a reduction in the effect of the drug, as
there is a reduction in its intracellular levels [82,108,109]. These transporters, which are
frequently highly expressed in resistant cancer cells, belong to the ATP-binding cassette
(ABC) family, with P-glycoprotein (Pgp) being the first-identified and best-studied ABC
transporter [108,109]. In some normal human tissues, these proteins are responsible for
endogenous and exogenous substrate transport across their membranes, avoiding toxic
accumulation in the organism, but in cancer they are often associated with the MDR pheno-
type [110]. Furthermore, several findings showed the contribution of ABC transporters to
some of the remaining hallmarks of cancer [82].

4.1. ABC Transporters

The ABC transporter family is composed of seven subfamilies (ABCA to ABCG),
according to their genomic sequences and the core structure of transmembrane domains,
but only a few of them transport drugs; therefore, they play an important role in their
bioavailability [111–113]. In humans, the proteins of this ABC transporter superfamily
comprise at least 48 genes with diverse functions [82,114]. Given their ability to extrude
several conventional antitumor drugs, recent studies in cancer research focused on the
members of this superfamily to understand the reasons for the failure of chemotherapy
treatment (Figure 4) [82].

Three major subfamilies of ABC transporters have been associated with the MDR
phenotype and extensively studied: ABCB, comprising ABCB1 (Pgp/MDR1), ABCC, com-
prising ABCC1 (Multidrug-Resistance Protein 1 (MRP1)) and ABCG, comprising ABCG2
(Breast Cancer-Resistance Protein (BCRP)) in their respective members. These three pro-
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teins are major players in both primary and acquired resistance to chemotherapeutic
drugs [82,115,116]. A key factor in the clarification of the mechanisms behind MDR was
the discovery of the MDR1 and MRP1 transporters, which allowed for the identification
of a variety of proteins with similar structures and transport capabilities. In addition to
their role in transport of drugs, several members of the ABCB subfamily are also involved
in intracellular peptides’ transport, including a key role in the presentation of major his-
tocompatibility complex class I antigens [82]. MDR1, MRP1 and BCRP transporters can
export an extensive range of chemotherapeutic compounds used in the treatment of cancer
patients, making them attractive therapeutic targets [82]. In addition, cancer progression
has been associated with the overexpression of some other ABC transporters, as in the case
of melanoma, where a clinical correlation with ABCB5 expression was found [80,117]. To
make the situation worse, several cancers overexpress more than one ABC transporter; this
co-expression contributes to multiple-drug resistance [82,111]. Thus, to achieve a better clin-
ical outcome, multi-carrier inhibitors are required [111]. For instance, the co-expression of
MDR1, ABCB5 and ABCC2 was observed in a subpopulation of melanoma cells [80,117]. It
has also been described that BCRP/MDR1 transporters are highly expressed in hematopoi-
etic stem cells [80,118]. Furthermore, some studies demonstrated a possible relationship
between ABC transporters and the in vivo formation of metastasis, although there is still
no direct evidence of such an association [82,119].

Figure 4. A simplified schematic diagram of ABC transporter overexpression leading to drug
resistance in cancer cells. The ABC proteins (green) reduce intracellular drug concentration by
actively transporting ABC substrate drugs (blue circles) out of the cancer cell, which leads to
the MDR phenotype. Created by the Authors with BioRender.com. ABC: ATP-binding cassette;
MDR: multidrug resistance.

4.1.1. MDR1 Transporter

The MDR1 transporter, or Pgp, was the first drug transporter to be identified and
the most pharmacologically active and clinically important efflux pump; it is widely
expressed and transports a large variety of chemical substrates [113,120,121]. Variations
in the efficiency of its transport may result from single-nucleotide polymorphisms in its
encoding gene [111,122]. It has been reported that MDR1 expression triggers a delay in
apoptosis as the response to apoptotic stimuli, both in cancer and non-cancer cells. This
process was reverted when Pgp inhibitors were used [82,123,124]. Pgp is believed to be
responsible for the MDR phenotype in most cancers [109,111], as it is a protein capable
of actively pumping various drugs (e.g., DOX, vinblastine and PTX) out of the cell, thus
reducing their cytotoxic efficacy [108]. Yin et al. found that resistance to chemotherapy in
liver cancer stem cells is due to the overexpression of MDR1 (but also BRCP), leading to
DOX efflux [125]. Another example of DOX resistance occurs in osteosarcoma cell lines,
where the increased MDR1 expression is associated with the degree of DOX resistance [126].
In MCF-7 cells, the overexpression of MDR1 causes resistance to tamoxifen [127]. PTX,
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also known as taxol, is another important clinical drug for the treatment of malignant
breast, prostate and NSCLC tumors [128]. The mechanism by which PTX affects malignant
cell division is believed to include microtubule hyperstabilization and the inhibition of
cytoskeletal restructuring. These processes are considered crucial to cell division [129].
Nevertheless, PTX is also a Pgp substrate, and resistance to this drug is often associated with
treatment failure [128,129]. Despite its physiological importance in protecting cells from
xenobiotics, Pgp overexpression in clinical specimens in breast, kidney and lung cancer
patients led to a poor response to chemotherapy, resulting in low survival rates [111].

4.1.2. MRP1 Transporter

MRP1 is a lipophilic anionic pump, which may increase resistance to antitumor
drugs [130]. MRP1 has a wide variety of substrates, triggering it to confer resistance to
anthracyclines, epipodophyllotoxins, vinca alkaloids and camptothecins [114]. Like other
efflux pumps, MRP1 expression is associated with other processes, namely redox homeosta-
sis, steroid, and lipid metabolism, and in the pathophysiology of different disorders [110].
It is also described that MRP1 is able to transport bioactive lipids and steroids, suggesting
that the protein has additional functions during cancer growth and progression, besides the
described resistance to chemotherapy drugs [131]. Although MRP1 and Pgp both belong
to the ABC family of transporters, they present different levels of resistance to different
families of drugs [114,132].

MRP1 overexpression is related to drug resistance in acute myeloblastic, glioma, lym-
phoblastic leukemia, head and neck cancer, NSCLC, neuroblastoma, melanoma, prostate,
breast, kidney, and thyroid cancer [111]. In neuroblastoma, for example, MRP1 knockdown
was found to reduce the mitotic index in a neuroblastoma cell line xenograft [82], and high
levels of MRP1 have been used as predictors of a worse response to chemotherapy [133].
Indeed, it was discovered that the reduction in the tumor expression of MRP1 was enough
to augment the antitumor effect of epirubicin in a xenograft model of NSCLC [134]. It
is also important to identify specific factors that regulate ABC transporter expression
in cancer contexts, specifically those of MRP1. For instance, some studies showed that
p53 mutations promoted increased MRP1 expression and tumor immune-cell infiltra-
tion [135]. This correlation was verified by Zhou et al., in a study which MRP1 was
correlated with the immunological infiltration of several cells of the immune system,
namely B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and dendritic
cells. The presence of these immune system cells contributes to heightened resistance
to immunotherapies [136].

4.1.3. BCRP Transporter

BCRP is involved in the efflux of exogenous and endogenous substrates and drugs,
being related to several types of multidrug-resistant cancers, such as acute lymphoblastic
leukemia, liver metastases, gastric carcinoma, fibrosarcoma, NSCLC, glioblastoma and
myeloma [111]. A mouse model of BRCA1-associated breast cancer demonstrated that, in
the group of genetically modified animals (Brca1−/−p53−/− mice), BCRP overexpression
resulted in acquired resistance to topotecan treatment, whereas its knockdown improved
the survival rate of these animals [137]. It was also reported that BCRP and CD133 co-
expression can identify tumor-initiating cells in melanomas [80,117]. However, while the
BCRP mechanisms involved in MDR are clear, clinical trials for BCRP inhibitors have
provided few satisfactory results [116]. The reasons for clinical failure are diverse. One
of the primary factors is associated with the restrictions on the use of BCRP function
inhibitors due to their potential to elevate the plasma concentration of drugs that are
substrates of BCRP. This elevation in substrate concentration, particularly for drugs with
a narrow therapeutic index, can result in severe side effects. [138]. Another reason is the
fact that many drugs are transported not only by BCRP but also by Pgp and other ABC
transporters [139]. In addition to these limitations, it has been noted that BCRP inhibitors
may exhibit toxicity. An example of this is the fungal toxin fumitremorgin C (FTC), the
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first BCRP inhibitor to be described, which, because of its neurotoxicity, was not suitable
for use [140–142]. Although, to date, the most promising candidate is Ko143, this inhibitor
does not have a specific effect since, at high concentrations, it also inhibits Pgp [142–144].

Since ABC transporters are overexpressed in several types of cancer and they are
related to chemotherapy treatment’s ineffectiveness and a worse prognosis, their inhibition
may be a way to prevent MDR and improve the prognosis [110]. Most inhibitors are
designed to target MDR1, although there are also many cancer-related cell substrates that
are exported by the ABCC subfamily [114]. However, the clinical use of ABC inhibitors was
not very successful, making the discovery of a more effective strategy urgent. Moreover,
when drugs are administered, they can also non-specifically target the ABC transporters
of nontumor tissues, leading to side effects [111]. Furthermore, the high doses that are
necessary to achieve this inhibition cause high toxicity in the brain and kidneys due to
their possible accumulation [145]. The co-administration of inhibitors of these pumps and
chemotherapeutic drugs can be one of the main strategies to improve the effectiveness of
treatment, but more specific and precise delivery systems are still needed to avoid adverse
side effects [114]. Another approach, which will be further detailed, could be the use of
metabolic inhibitors, as these proteins, which are strongly associated with cancer therapy
resistance, are ATP-dependent.

4.2. Metabolic Alterations Involved in Drug Resistance in Cancer

Recently, it has been shown that the response to first-line chemotherapy treatment
largely depends on the metabolism of cancer cells, which can be reprogrammed during the
treatment [5]. The development of tumor-cell-associated resistance due to drug-induced
selective pressures demonstrates specific resistant metabolic characteristics [105]. Several
conventional chemotherapeutics activate apoptosis, killing cancer cells. However, if cancer
cells find mechanisms to avoid chemotherapy’s cytotoxic effect, they will escape this pro-
grammed cell death and, as a consequence, the cancer will grow [106]. Several mechanisms
are involved in the development of drug resistance in cancers, such as increased drug expor-
tation, metabolic reprogramming and TME hypoxia [108,110]. The activation of different
signaling pathways with the expression of signaling molecules is also involved in different
mechanisms of drug resistance [108]. It is established that cells that express MDR proteins,
such as Pgp or MRP, rely on ATP as their energy source to pump out drug substrates
from within the cells. Consequently, the heightened expression of these proteins results in
increased drug efflux due to the surplus production of cellular ATP, thereby inducing drug
resistance [146]. Furthermore, as previously mentioned, TME plays an important role in the
progression of cancers. Cancer cells have a greater need for nutrients to produce the neces-
sary energy and sustain their anabolic needs. Thus, the availability of nutrients influences
the proliferation rate of cancer cells. Despite this need, cancer cells have metabolic plasticity,
which allows for them to adapt to conditions of reduced nutrient availability, and may, in
turn, remodel the TME [147]. With changes in metabolism, the tumor microenvironment
undergoes changes to ensure its survival, namely hypoxia, acidosis, and the formation
of stroma cells. These changes, besides being particularly adverse to normal cells, are
involved in the development of chemoresistance. Hypoxia can be caused by increased
oxygen consumption, the rapid growth and proliferation of the tumor and also by the lack
of a vascular system in certain tumor zones [10,147]. On the other hand, and as previously
mentioned, hypoxia can lead to the greater use of glycolysis for the production of ATP in
cancer cells, and this mechanism of obtaining energy leads to an accumulation of lactate
in cells, facilitating the evasion of the immune system [148,149]. Lactate is transported to
the outside of cells through the increased activity of pH regulators like ATPases, carbonic
anhydrases and MCTs in order to maintain the intracellular acid-base balance. A study
by Tavares-Valente shows that the inhibition of the pH regulator with concanamycin-A,
cariporide, acetazolamide and cyano-4-hydroxycinnamate decreased the aggressiveness
of the MDA-MB-231 cell line, a breast cancer line. A synergistic inhibitory effect was also
verified in this study when these pH inhibitors were combined with DOX regarding the
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viability of the breast cancer cell line. These results support the interruption of proton
dynamics as an antitumor strategy for breast cancer and the use of regular pH inhibitors to
increase the activity of conventional therapy [149].

Several studies have shown that the specific therapeutic pressure induced by drugs
and the adverse conditions found in the tumor environment, namely acidity and hypoxia,
lead to treatment resistance, and such resistance is also promoted by a metabolic reprogram-
ming [110,150]. Glycolysis upregulation is one of the major metabolic modifications and is
associated with ABC transporter activity, reducing the sensitivity of cells to chemotherapeu-
tic agents [110]. Pgp activity also depends on TME characteristics and it has been shown
that its activity was doubly increased in prostate cancer cells exposed to acidic media
(pH 6.6) [112]. This augmentation of activity leads to an increase in the efflux of Pgp
substrates, such as PTX, and thus a decrease in drug cellular sensitivity. Furthermore, the
acidification of the extracellular medium reduces the uptake of several therapeutic agents,
such as DOX or PTX, thus contributing to drug inaction [110] (Figure 5).

Figure 5. Metabolic alterations underlying the development of cancer cell drug resistance. Glycolysis
upregulation is associated with ATP production and ABC transporter activity, leading to the reduced
sensitivity of cells to chemotherapeutic agents. In addition, the low pH of TME, promoted by lactate
accumulation and transported out of the cell by MCTs, reduces the therapeutic agent. Created
by the Authors with BioRender.com. ABC: ATP-binding cassette; ATP: adenosine triphosphate;
MCTs: monocarboxylate transporters; TME: tumor microenvironment.

At the mitochondrial level, mitochondrial DNA (mtDNA) depletion is related to tumor
progression and metastasis, and may further act as a “progression signal” for chemoresis-
tance [106,114]. Li et al. showed that mtDNA-depleted androgen-independent prostate
carcinoma cells, despite growing slowly, are highly carcinogenic, revealing an overexpres-
sion of BCRP and extremely aggressive and radio- and chemoresistant characteristics [151].
In addition, the fact that these cancer cells present a slow growth may be an advantage in
their resistance to chemotherapy treatments, since the cytotoxic agents used in conventional
chemotherapy have a more direct impact on rapidly proliferative cells [106,116]. mtDNA
depletion in hepatocarcinoma cells resulted in cisplatin, DOX, and SN-38 chemoresistance
linked with the upregulation of the MDR1 gene and MRP1 and MRP2, which are particu-
larly involved in MDR. In colon cancer cells that are mtDNA-depleted, the upregulation of
MDR1 has also been observed [117,118].
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4.3. Metabolic Modulation as an Approach to Overcome Drug Resistance

The metabolic reprogramming of cancer cells, besides its role in cancer proliferation
and invasion, is also implicated in the acquisition of resistance to therapy in cancer pa-
tients. In this way, the recent increase in the knowledge of tumor cell metabolism and the
subsequent exploration of metabolic alterations in these cells may offer an opportunity to
discover new potential targets for therapeutic intervention and to overcome such resistance.
This is particularly important in the different types of cancers that show resistance to drugs,
to improve treatments and avoid adverse side effects. Disruption of the Warburg effect
is the most often used means of sensitizing the cells to conventional antitumor drugs,
exploiting cancer metabolic reprogramming [152]. Thus, glycolytic inhibitors can be used
as a therapeutic strategy as they drastically decrease cellular ATP levels, which is necessary
to maintain the activity of the drug efflux pumps [111] (Figure 6). This could be an effective
strategy, as one of the best-described mechanisms of drug resistance is due to the increased
level and/or activity of the efflux pumps that remove drugs from cells [110]. As previously
described, the Warburg effect plays a significant role in therapy resistance mechanisms
by contributing to metabolic reprogramming. Therefore, the use of glycolytic inhibitors
alongside conventional chemotherapy may enhance the effectiveness of standard drugs
by modulating metabolism. Some trials were carried out with the aim of targeting drugs
in order to modulate the Warburg effect. AR-C155858, which targets MCTs 1 and 2, and
AZD3965, an MCT1-specific inhibitor that partially inhibits MCT2, developed by the phar-
maceutical company AstraZeneca, can have anti-cancer effects [153,154]. In a breast cancer
cell xenograft model, AR-C155858 showed no significant effects on tumor growth [155].
AZD3965 has been demonstrated to inhibit the growth of several tumor cell lines, notably
lymphoma [156,157]. A clinical trial in Phase I (NCT01791595) demonstrated that AZD3965
is tolerated at doses that allow for interaction with the target in advanced cancer [158]. A
study demonstrated that phenformin and IAA induced a diminution in cancer cell pro-
liferation and, when combined with conventional antitumor drugs, an increase in drug
cytotoxicity was found [32]. Other drugs, such as 2DG, 3BP, DCA, lonidamine, resveratrol
and apigenin, are known as inhibitors of glycolytic enzyme [159,160]. However, on the
Clinical Trial website (https://clinicaltrials.gov (accessed on 20 October 2023)), most of
them are under consideration in the preclinical phase.

Amino acid metabolism can be also related to MDR phenotype, as it provides cancer
cells with specific adaptive characteristics to neutralize the mechanism of action of the
antitumor drugs to which they are exposed [161]. In fact, amino acids play an important
role both in most biosynthetic pathways, which are upregulated in cancer cells, and in
maintaining the redox homeostasis balance [113]. Among these, glutamine plays a crucial
role in cancer metabolism and in drug resistance in cancer cells, since glutaminolysis
supports the biosynthesis of many essential molecules [105,162] (Figure 6). The importance
of glutamine is also due to the fact that it is the amino acid with the largest carbon source
for the TCA cycle. In the context of tumor cells, glutamine metabolism can provide
essential building blocks for the excessive demands of both glycolysis and OXPHOS [163].
In addition to its role as an essential intermediary metabolite, glutamine regulates cell
survival and proliferation via signal transduction pathways, specifically the mammalian
target of the rapamycin (mTOR) pathway [164], as well as the extracellular signal-regulated
protein kinase (ERK) signaling pathway [165]. Additionally, this metabolic pathway may
induce resistance in tumor cells against chemotherapy drugs by perturbing the delicate
balance of sugar, lipid, and protein metabolism [163]. Thus, the specific inhibition of
enzymes involved in the cancer amino acid metabolism may emerge as a successful therapy
strategy [161]. Figure 6 shows the use of metabolic modulation with different compounds
as an approach to overcome drug resistance.
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Figure 6. Metabolic modulation as an approach to overcome drug resistance. Glucose and glutamine
metabolism, in tumor cells, supply vital components for the high requirements of both glycolysis
and OXPHOS. The different compounds (IAA and 2DG) are glycolytic inhibitors. DCA inhibits
PDK, reactivating PDH, and switching the metabolism from glycolysis towards OXPHOS. CCP
is an uncoupler that inhibits ATP synthesis. The depletion of cancer cell energy probably leads
to the inactivation of the pumps’ ABC transporters. Created by the Authors with BioRender.com.
2DG: 2-deoxyglucose; ABC: ATP-binding transporter; ATP: adenosine triphosphate; CCP: Carbonyl
Cyanide m-chlorophenyl Hydrazone; DCA: dichloroacetate; IAA: iodoacetate; OXPHOS: oxidative
phosphorylation; PDH: pyruvate dehydrogenase.

For example, melanoma cells lacking argininosuccinate synthetase activity, and thus
presenting with auxotrophy to arginine, were not able to proliferate under arginine defi-
ciency in in vitro models [166]. In another example, the glutamine transporter SLC1A5 and
the enzyme GLS were considerably upregulated in aromatase inhibitor (AI)-resistant breast
cancer cells, and the inhibition of these proteins decreased cell proliferation [167]. PKM2 is
another essential enzyme of the glycolysis pathway, an isoform that is a potential target in
the search for anti-cancer drugs [153]. PKM2 is significantly upregulated in hepatocellular
carcinoma, where it is associated with poor prognosis [66,168]. PKM2 inhibitors have
been explored in cancer research because they have the potential to disrupt the abnormal
metabolic processes in cancer cells, potentially slowing down their growth or even causing
cell death. In other study, PKM2 knockdown inhibited hepatocellular carcinoma cell prolif-
eration, migration, and invasion in vitro, as well as tumor growth in vivo. Also, in human
melanoma cells, it was demonstrated that benserazide, an inhibitor of PKM2, in addition to
being an aromatic L-amino acid used for the treatment of Parkinson’s disease, inhibited cell
proliferation [169]. Benserazide binds directly to the PKM2, blocking its activity, and thus
leading to the inhibition of aerobic glycolysis and restoration of OXPHOS [170]. Hence,
blocking the primary energy production pathways in cancer cells could lead to reduced
drug efflux by depleting cellular ATP, potentially reducing drug resistance [37]. Various
types of cancer, when treated with a variety of drugs, present a correlation between ABC
transporters and resistance phenomena, since cells expressing MDR proteins such as Pgp
require ATP to be used as an energy source to pump drug substrates. Thus, drug sensitivity
in cancer cells can be re-established through glycolysis and/or OXPHOS inhibition, as
this inhibition will lead to ATP depletion, with a negative and specific impact on ABC
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transporter activity. Nakano et al. demonstrated that the suppression of glycolysis by the
glycolytic inhibitor 3BP preferentially occurs in cancer cells, causing an inhibition of ATP
synthesis and, consequently, of the activity of the ABC transporter. In contrast to specific
inhibitors targeting a single efflux pump, this ATP depletion simultaneously inactivates all
ABC transporters expressed in cancer cells, preventing the efflux of antitumor drugs and
potentiating their cytotoxic effect on the cell [171]. Resistant cell lines are often chosen to
study the role of the glycolysis inhibition effect in drug resistance due to the aberrant ABC
transporters’ expression that expels drugs [159]. Ma et al. proposed that 2DG reversed the
resistance of MCF-7 cells with an MDR phenotype and increased DOX-induced apoptosis
by interfering with glucose metabolism. The process was related to the intracellular ATP
depletion and, consequently, to drug efflux pump inactivation [172]. In cancer cell lines
of multiple myeloma, and in leukemic cells, when treated with mitoxantrone and 3BP, a
greater uptake of the chemotherapeutic agent mitoxantrone was verified. This suggested
that the inhibition of glycolysis with 3BP simultaneously led to the inactivation of all
types of ABC transporters in these cells, as these transporters were dependent on the ATP
formed during increased glycolysis [37,159]. Other studies suggested that metformin and
phenformin, antidiabetic drugs that also interfere with energetic metabolism in cancer cells,
show promise in decreasing resistance through the inhibition of ABC transporters in breast
cancer [32,80,173].

Metabolic adaptations in chemoresistant cells have a complex pattern involving fur-
ther alterations in the reprogrammed metabolism, characteristic of cancer cells. Such
modifications are mainly associated with the Warburg effect, but other players are also in-
volved, such as amino acid and lipid metabolism, the redox state of the cell, mitochondrial
reprogramming, or polyamine synthesis [3]. A profound knowledge of chemoresistant
cells metabolomics is thus essential to identify metabolic targets that can be manipulated to
circumvent such resistance.

4.4. Self-Delivery of Nanomedicine to Overcome Drug Resistance

Chemotherapy, radiation therapy and resection surgery remain the three “gold stan-
dard” anticancer therapies [174]. Whether radiotherapy and surgery can be indicated for
localized cancers, chemotherapy is considered the most appropriate treatment for most
patients with metastasis and advanced cancer, as chemotherapy drugs can be widely dis-
tributed in the organism through the bloodstream [175]. Nevertheless, the development of
drug resistance and the low hydrosolubility of drugs are significant problems that restrict
the clinical use of currently available chemotherapy drugs [175]. Major chemotherapeutic
agents include compounds like platinum complexes, DOX, vinca alkaloids, and taxanes,
and primarily affect nucleic acids and protein synthesis, interfering with cell cycle and
triggering apoptosis [176,177]. However, most of the standard agents approved for clinical
use do not have the capacity to differentiate normal cells from cancer cells. This leads to
serious side effects, especially in rapidly growing cells, as these drugs generally compro-
mise mitosis. These cells include hair follicles, bone marrow cells and the gastrointestinal
system, leading to hair loss, immune system failure, and infections, respectively [178].
Thus, the decrease in the toxicity and side effects of the main chemotherapeutic agents is
an urgent problem that needs to be overcome [176]. To overcome this problem, various
compounds, such as 3BP, DCA and 2DG, that interfere with metabolism, have been tested
and demonstrated their ability to decrease tumor cell metabolism [37]. However, there
are disadvantages to a metabolism-based approach in cancer therapy, since the metabolic
pathways required for cell survival are also present in normal cells. Thus, metabolism-
based treatment can face the major hurdle of non-specific toxicity [5]. To decrease their
toxic side effects and increase antitumor efficacy, a number of drug delivery systems have
been developed, such as albumin-bound PTX (Abraxane®) or liposome-entrapped PTX and
DOX, which have received clinical approval, as these formulations presented enhanced
security but maintained their effectiveness [175,176,179]. Several countries, namely the EU,
US and Japan, approved the use of Abraxane® combined with carboplatin as a first-line
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treatment in advanced NSCLC patients for whom curative surgery and/or radiation ther-
apy was not an option [180]. Further investigations into the treatment of other solid tumors
based on Abraxane® are ongoing. The use of Doxil® (liposomal DOX), with an improved
safety profile in comparison to free DOX, has also been approved for clinical use in pa-
tients with multiple myeloma (NCT00103506) [179]. In other example, the combination of
radiotherapy and Caelyx®, a pegylated liposomal DOX, led to a significant increase in the
intratumoral concentration of DOX in the brain tissue of patients with glioblastoma [181].
These nanodrug delivery systems facilitate the drugs’ entry into cancer cells and reduce
their export, thus promoting intracellular drug accumulation and improving targeted drug
delivery. In addition to this, they allow for the co-administration of synergistic agents,
and increase the half-life of drug in circulation [181,182]. In fact, in a therapeutic context,
the correct combination of drugs with different mechanisms of action is needed. As the
doses and efficiency of these drugs are often limited due to their toxicity, is important
to develop cancer-specific delivery systems, namely drug encapsulation in nanoparticles.
These systems are able to transport both hydrophobic and hydrophilic drugs, ensuring the
sustained release of the drug and increasing the half-life of the drug in the bloodstream.
The half-life of temozolomide, for example, was increased to 13.4 h, compared to 1.8 h for
the free drug, through encapsulation in chitosan-based nanoparticles (NPs) [181] (Figure 7).
The hypoxic, hypoglycemic, and acidic conditions, characteristic of the TME, are important
to trigger drug release, allowing for researchers to create a TME-responsive delivery system.
Furthermore, the overexpression of surface receptors by cancer cells can be used to target
these delivery systems toward cancer cells through antibodies with the aim of reducing
side effects in normal tissues [183].

Figure 7. Schematic representation of nanoparticles as a drug delivery vehicle into cancer cells. The
drug can be dissolved, entrapped, encapsulated, or attached to a nanoparticle matrix in order to
promote therapeutic absorption, particularly in oncology. Once inside the cell, the nanoparticle is
degraded through intracellular signals in order to release the drug. Created by the Authors with
BioRender.com.

Nanotechnology-based cancer therapies aim to find new therapeutic methodologies
correlated with disease mechanisms. The use of nanoparticles to encapsulate the drugs may
increase the specificity of delivery to cancer cells and decrease the interaction with other
non-cancer cells involved in tumor growth and spreading [174]. Poly(lactic-co-glycolic acid)
(PLGA), a synthetic thermoplastic aliphatic biodegradable and biocompatible polyester, is
widely studied and is one of the most characterized polymers [184]. PLGA is degraded in
non-toxic products (H2O and CO2) that are easily excreted [176,184]. Its polymeric NPs are
degraded in vivo into lactate and glycolate. D-lactate is not metabolized prior to excretion
and L-lactate is transformed into CO2, which is eliminated by pulmonary excretion, or
converted to pyruvate, which fuels the TCA cycle. Glycolate can be directly excreted by the
kidneys or can be oxidized to glyoxylate, which is, in turn, further metabolized producing
glycine, serine, and pyruvate. Subsequently, pyruvate can re-enter the TCA cycle and
follow the OXPHOS pathway [184]. The lactic acid (LA)/glycolic acid (GA) proportion
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is a good indicator not only when adjusting the degradation time, but also of the drug
release rate [184,185]. Due to the absence of lateral methyl groups in GA, it has a higher
hydrophilia, and thus, when higher amounts of GA are present, a higher degradation rate
is observed [184,186]. Wu et al. showed that higher degradation rates of PLGA-based
scaffolding were achieved when an LA:GA ratio of 75:25 was used, relative to a ratio of
85:15 [187]. Therefore, these polymeric features, as well as their size, prove to be important
in adjusting the hydrophobicity, drug loading effectiveness, and pharmacokinetic profile of
PLGA formulations [184,185]. The shape of the PLGA NPS appears to be another important
feature, as it affects the outcome of cancer treatment. Needle-shaped PLGA NPs appear to
cross endothelial cell membranes more efficiently compared to spherical forms [184]. In
fact, needle-shaped PLGA NPs have been reported to significantly increase cytotoxicity.
After being endocyted, these particles enter lysosomes, where they can activate apoptosis
and induce cell death [184,188].

Some PLGA polymers are FDA-approved materials and various PLGA NPs formula-
tions have been clinically introduced, such as a formulation targeting advanced prostate
cancer, ELIGARD® [178]. PLGA NPs were also shown to be effective in increasing the
accumulation of docetaxel in gastric tumors, thus causing an increase in anticancer activ-
ity [189]. Importantly, PLGA NPs are versatile systems as they can deliver hydrophobic or
hydrophilic drugs [178]. Surface adjustment with, for example, PEGylation (PEG) increases
the formulation’s hydrophilicity, producing a particle with an improved blood circulation
time and pharmacokinetics, preventing opsonization and absorption by the mononuclear
phagocytic system [184].

Ongoing research underscores the significance of the TME in driving tumor prolif-
eration, invasion, metastasis, and resistance to therapeutic interventions. As mentioned,
the TME provides protection for cancer cells, enabling them to evade conventional treat-
ments like surgery, radiotherapy, and chemotherapy. Furthermore, the constituents of the
TME play a pivotal role in fostering therapy resistance in solid tumors. Consequently,
directing interventions toward the TME presents a promising avenue for advancing the
field of cancer nanomedicine. The combination of antitumor drugs with drugs that in-
terfere with resistance mechanisms has largely been made possible by advancements in
nanotechnology [190]. Hence, directing efforts toward the TME presents an innovative
approach to advancing the field of cancer nanomedicine [37,191]. Nanoparticles developed
in response to TME cues, such as a low pH, redox conditions, and hypoxia, enhance the
pharmacokinetics and therapeutic effectiveness of nanomedicine, but also have glycolytic
inhibitors [37,192–194]. Although not directly associated with this, and as has been shown
for DCA in a lung cancer cell model, the use of nanoparticles improves the delivery of the
compound, which can be important in cases of resistance. In fact, Cunha et al., with the
aim of enhancing the cellular internalization of DCA, a glycolytic inhibitor, through lung
cancer cells, and thereby increasing its anticancer activity, successfully achieved nanoen-
capsulation in PLGA [37]. In other study, the authors successfully encapsulated a glycolytic
inhibitor, 2DG, in PLGA nanoparticles, and administered it to liver tumors in mice [193]. In
addition to PLGA particles, 2DG was also encapsulated in liposome particles with the aim
of achieving a synergistic effect with DOX. In vivo results show that this nanosystem has
effective therapeutic characteristics, as well as reduced side effects [194]. Since cancer cells
do not exclusively rely on ATP production through glycolysis, nanosystems loaded with
mitochondrial inhibitors have also been developed. A nanoparticle designed to deplete
copper specifically within the mitochondria (known as a mitochondria-targeted copper-
depleting nanoparticle or CDN) was evaluated for its effectiveness against triple-negative
breast cancer. The study revealed that CDNs effectively reduce oxygen consumption and
OXPHOS, inducing a metabolic shift toward glycolysis and diminishing ATP production
in these cells. This energy deficiency, coupled with compromised mitochondrial mem-
brane potential and increased oxidative stress, ultimately leads to apoptosis [195]. On
the other hand, some studies obtain a single nanoparticle, supplied with a glycolytic in-
hibitor and a mitochondrial inhibitor, with the aim of synergistically blocking both forms
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of energy production, such as the nanolipossoma [196,197]. In order to increase its ef-
fectiveness, NPs can be also coated with specific ligands directly targeted to cells in the
TME, which promote tumor progression and aggressiveness [198,199]. Table 2 summarizes
the metabolic-reprogramming-targeted, nanotechnology-based interference strategies for
overcoming chemotherapy resistance.

Table 2. The metabolic-reprogramming-targeted, nanotechnology-based strategies.

Metabolism
Pathway

Nanoparticle Advantages Disadvantages Future Perspectives References

Mitochondrial
respiration

DCA NP PLGA
Control drug delivery

system of small
drug molecules

Increased DCA in normal
cells could lead to serious

side effects

Functionalize NPs to
specific tissue receptors [37]

CDN polymersome NPs

Induce a metabolic shift
toward glycolysis

Low toxicity of CDNs in
healthy mice

Not applicable to
glycolytic cells

Apply to other types
of cancer [195]

Aerobic glycolysis
2DG-NPs-PLGA

Control drug-delivery
system of small
drug molecules

Extremely low loading
rate of 2DG into the

2DG-PLGA-NPs

Combination therapy
with 2DG-PLGA-NPs

and other
therapeutic agents

[193]

Nanoenabled Energy
Interrupter

Sensitive to an
acidic TME

Preferential inhibition of
NPs on melanoma cells

Increase specificity for
other tumor types [200]

Aerobic glycolysis
and Mitochondrial

respiration
Liposome NPs Acidic TME favorable for

the decomposition of NPs No data
Combination therapy

with nanolipossoma and
antitumor agents

[196]

Using NPs to direct therapy to energy metabolism and the TME could be a promising
approach to sensitizing cells to conventional chemotherapy. Although the use of nan-
otechnology is still a recent field in cancer therapy, there is already enough evidence of its
potential for successful treatment, allowing for a more accurate and specific delivery of
antitumor drugs into cancer cells and avoiding many adverse side effects. Many barriers
still need to be overcome regarding the success of NPs in clinical trials. Some of these
barriers include the size and timing of certain NP therapies. The majority of experimental
tests of NPs are cell-based and use animal models, which may not lead to convincing results
in human testing. Furthermore, as the presence of metastases is a significant property of
cancer, more studies should be carried out with models of cancer metastasis [201].

5. Conclusions

Although conventional chemotherapy is particularly toxic to tumor cells, it is often non-
specific, and is responsible for the significant side effects associated with cancer treatment.
However, there are differences between cancer cells and healthy cells that can be explored
to increase treatment specificity against cancer. One of these differences consists of the
“Warburg effect”, currently considered an emergent cancer hallmark, whereby the upregula-
tion of the glycolytic rate in tumor cells is a key player in acid-resistant phenotypes through
their adaptation to hypoxia and acidosis, as well as in tumor aggressiveness [2,9,159].
High glycolytic rates are widely reported to promote the chemoresistance of tumor cells to
conventional therapy [2]. In fact, increased acidification of the extracellular space leads to
lower drug stability and, consequently, lower drug efficacy. In parallel, the increased pro-
duction of glycolytic intermediates promotes cell proliferation, since these are biosynthetic
precursors, whereas ATP production sustains the activity of proteins involved in both drug
efflux and cell division. Together, these effects underly multidrug resistance. Nevertheless,
many cancer cells adapt to changes in TME, exhibiting metabolic plasticity and switching
their metabolism from glycolysis to OXPHOS, and vice-versa. For example, OXPHOS could
be the predominant metabolic pathway used by cancer stem cells, and is often involved in
cancer resistance, metastasis, and tumor relapse [202]. Exploring specific characteristics
of cancer cells, such as this change in metabolism, could be a promising strategy for the
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use of more effective and more specific drugs that primarily target cancer cells. In fact,
metabolic changes in cancer cells can reveal specific vulnerabilities that could be targeted
with precision therapies. However, the metabolic plasticity and interchange of glycolytic
and oxidative cells, although occurring many times in the same cancer and being respon-
sible for tumor heterogeneity, is not taken into account in cancer therapies. Thus, more
integrated research is needed, investigating the main metabolic pathways used in different
conditions and stages of each cancer type, and the influence of the TME characteristics
(e.g., oxygen, pH, nutrients availability, immune components) on such metabolic adapta-
tion and heterogeneity. An understanding of these metabolic switches, the identification of
metabolic targets, and the use of combined therapies in a more targeted way through the
use of nanoparticles could have a huge impact not only on the development of new drugs,
but also on the ability to overcome drug resistance, one of the major problems that occurs
during cancer treatment.

This review focuses on this integrated knowledge, with a triangle of three vertices,
corresponding to metabolic reprogramming and plasticity, drug-resistance mechanisms,
and drug-delivery systems, serving as a promising and hopeful strategy to effectively
combat cancer.
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Simple Summary: Head and neck cancer (HNC), especially oral squamous cell carcinoma (OSCC),
is a common and increasingly prevalent cancer worldwide. OSCC is challenging to treat due to its
aggressive nature and resistance to standard therapies like surgery, radiation, and chemotherapy,
particularly in advanced stages. Cetuximab, a drug targeting EGFR (a protein that supports cancer
cell growth), is often used but has limitations in effectiveness. This study explores a new approach by
combining Cetuximab with drugs that target proteins involved in cell division, specifically MPS-1,
Aurora-B, and KSP. These proteins help cancer cells progress through the cell cycle and are crucial for
tumor survival. By blocking both EGFR and these cell division proteins, the study aimed to increase
the effectiveness of Cetuximab in killing OSCC cells. Results showed that targeting MPS-1, Aurora-B,
or KSP alongside EGFR led to more cancer cell death, suggesting that this combined approach could
reduce treatment resistance. Analysis of patient samples confirmed that these proteins are significant
in OSCC. This combined therapy strategy shows promise for improving outcomes in OSCC and
potentially other head and neck cancers.

Abstract: Background/Objectives: Head and neck cancer (HNC) is among the most common can-
cer types globally, with its incidence expected to increase significantly in the coming years. Oral
squamous cell carcinoma (OSCC), the predominant subtype, exhibits significant heterogeneity and
resistance to treatment. Current therapies, including surgery, radiation, and chemotherapy, often
result in poor outcomes for advanced stages. Cetuximab, an EGFR inhibitor, is widely used but faces
limitations. This study explores the combined inhibition of EGFR and mitotic proteins to enhance
treatment efficacy. Methods: We analyzed the effects of co-treating OSCC cells with small molecules
targeting MPS-1 (BAY1217389), Aurora-B (Barasertib), or KSP (Ispinesib), alongside Cetuximab.
The rationale is based on targeting EGFR-mediated survival pathways and the mitotic checkpoint,
addressing multiple cell cycle phases and reducing resistance. Results: Our findings indicate that
inhibiting MPS-1, Aurora-B, or KSP enhances Cetuximab’s therapeutic potential, promoting increased
cancer cell death. Additionally, we examined EGFR, MPS-1, Aurora-B, and KSP expression in OSCC
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patient samples, revealing their clinicopathologic significance. Conclusions: This combinatorial
approach suggests a promising strategy to improve treatment outcomes in OSCC.

Keywords: MPS-1 inhibitor; aurora-B inhibitor; KSP inhibitor; cetuximab; oral cancer; antimitotics;
combination treatment; antitumor activity

1. Introduction

Head and neck cancer squamous cell carcinoma (HNSCC) ranks as the sixth most
common cancer subtype globally, with over 870,000 new cases and 325,000 deaths reported
annually [1]. The incidence of HNSCC is increasing, with projections suggesting a 30%
rise in cases by 2030. HNSCCs can be classified into two groups according to human
papillomavirus (HPV) status: HPV-negative and HPV-positive. HPV-positive HNSCCs are
more commonly associated with the oropharynx, hypopharynx, and larynx and have a
better prognosis [2]. Oral squamous cell carcinoma (OSCC), the predominant histological
subtype of HNSCC, accounts for approximately 90% of all cases. OSCC originates from
the epithelial cells lining the mucosal surfaces of the oral cavity, oropharynx, larynx, or
hypopharynx [3]. OSCC is characterized by significant heterogeneity, exhibiting a variety of
genetic and epigenetic alterations associated with distinct risk factors [4]. These alterations
confer several advantages to cancer cells, including the ability to proliferate independently
of growth factors, resist apoptosis, and effectively breach extracellular matrix barriers,
facilitating invasion into adjacent or distant tissues. These characteristics contribute to the
aggressive nature of OSCC and its frequent resistance to treatment [5].

The treatment strategy for OSCC typically involves a multimodal approach, and
surgery is the primary treatment for both early and advanced OSCC. It is often supple-
mented with radiotherapy (RT) and/or chemotherapy (CT) for patients with pathological
adverse features [6]. The overall survival rate for patients with advanced stages of OSCC
cell carcinoma remains low, and thus, new treatment options need to be explored [7]. One of
the most widely used drugs for OSCC treatment is Cetuximab, a monoclonal antibody that
targets the epidermal growth factor receptor (EGFR). The EGFR, a receptor tyrosine kinase
(RTK) within the HER/ErbB family (which also includes HER2-4), is overexpressed in 80–90%
of HNC cases and is associated with poor prognosis and treatment outcomes [8]. The EGFR
signaling network is complex, involving numerous components and intersecting with
multiple other pathways [9]. In human cancers, the activation of RTK signaling pathways
is driven by various mechanisms, including ligand or receptor overexpression, aberrant
ligand binding, and gene rearrangements. These processes enhance tumor cell migration,
survival, and proliferation, contributing to the malignancy’s aggressive nature [10].

To counteract the development of aberrant cells, a network of quality control mech-
anisms, including checkpoints, operates throughout multiple phases of the cell cycle.
Monopolar spindle 1 (MPS-1), alternatively known as threonine tyrosine kinase (TTK),
serves as a vital component of the spindle assembly checkpoint (SAC). The SAC upholds
the cell cycle at mitosis until all chromosomes have established stable bipolar attachments
to the mitotic spindle and are aligned at the metaphase plate [11]. Deficient SAC activ-
ity leads to premature exit from mitosis, resulting in the generation of aneuploid cells
due to chromosome mis-segregation. MPS-1 exhibits heightened expression levels across
various cancer types, including breast cancer [12], hepatocellular carcinoma [13], pancre-
atic cancer [14], and gastric cancer [15], and its overexpression is mostly correlated with
unfavorable patient prognosis. Notably, in breast cancer cell lines, downregulation of
MPS-1 expression has been observed to diminish cell viability, highlighting its potential as
a promising therapeutic target [16]. Importantly, Aurora-B, a member of the Aurora kinase
family, including Aurora-A and Aurora-C, also plays a pivotal role in chromosome attach-
ment and alignment, segregation, and cytokinesis. The inhibition of Aurora-B can induce
polyploidy and subsequent cell death [17]. Overexpression of Aurora-B has been observed
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in metastatic and poorly differentiated OSCC, indicating its involvement in OSCC progres-
sion [18,19]. Kinesin spindle protein (KSP), also known as Eg5 or Kif11, is a member of the
kinesin-5 family essential for the formation of bipolar mitotic spindles, the cross-linking
of microtubules, and the proper chromosome alignment [20,21]. Its inhibition results in
the formation of monopolar spindles, activation of the SAC, mitotic arrest, and subsequent
cell death [22]. Overexpression of KSP is linked to poor prognoses in hepatocellular [23],
breast [24] and laryngeal cancers [25].

Due to the critical role these proteins play in cell proliferation and their high expression
levels in various types of cancer, which are linked with poor patient prognosis, several
inhibitors have been developed. However, despite the promising results from preclinical
trials, inhibitors of these proteins have shown disappointing outcomes as a monotherapy
in clinical trials [26–30]. Several explanations were proposed for this lack of efficacy. One
significant factor is that antimitotic agents act exclusively during mitosis, leading to low
efficacy since only a small fraction of tumor cells undergo mitosis at any given time.
Additionally, mitotic slippage, a phenomenon where cells exit mitosis without division,
leading to aneuploidy and promoting cancer cell survival, has been identified as a major
cause of resistance to antimitotic treatments [31].

The limitations of antimitotic agents as monotherapies highlight their reduced efficacy,
which leads to cancer cell survival. Thus, alternative therapeutic strategies are needed.
In this sense, we propose combining Cetuximab with antimitotic agents. The rationale
for combining antimitotic inhibition with Cetuximab, an EGFR inhibitor, to enhance the
death of oral cancer cells is based on the complementary roles these proteins play in cell
proliferation and survival. By targeting both EGFR-mediated survival pathways and the
mitotic checkpoint, this combination therapy aims to enhance the overall anti-cancer effect,
leading to increased cancer cell death and improved treatment outcomes in oral cancer.
Cetuximab primarily targets the G1 phase of the cell cycle, preventing cells from entering
the S phase due to insufficient growth signals. In contrast, antimitotics target cells in the
M phase. This combination ensures that cancer cells are targeted at multiple points in the
cell cycle, reducing the likelihood of escape and resistance development and potentially
leading to more effective and durable responses. Moreover, tumors often develop resistance
to single-agent therapies through various mechanisms, such as compensatory signaling
pathways or mutations.

The primary objective of this study was to comprehensively analyze the effects of
co-treating oral cancer cells with small molecules targeting mitotic proteins, specifically
an MPS-1 inhibitor (BAY1217389), an Aurora-B inhibitor (Barasertib), and a KSP inhibitor
(Ispinesib), in combination with an EGFR inhibitor (Cetuximab). The EGFR, MPS-1, Aurora-
B, and KSP expression patterns and the clinicopathologic significance in samples from
OSCC patients were also meticulously analyzed.

2. Materials and Methods

2.1. Inhibitors

Inhibitors targeting EGFR (Cetuximab), MPS-1 (BAY1217389), Aurora-B (Barasertib),
and KSP (Ispinesib) were obtained from MedChem Express (Shanghai, China) and recon-
stituted in sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich Co., Ltd., St. Louis, MO, USA)
to 10 mM or 5 mM stock concentrations. After reconstitution, aliquots were prepared from
each inhibitor and promptly stored at −20 ◦C to mitigate the risk of compound degradation
from repeated freeze–thaw cycles. Fresh working solutions were prepared in a culture
medium on the day of the experiment to achieve the desired inhibitor concentrations.

2.2. Cell Lines and Culture Conditions

Two human oral cancer cell lines were used in this study: SCC-09 (Tongue Squa-
mous Cell Carcinoma; The Global Bioresource Center-ATCC® CRL-1628) and SCC-25
(Tongue Squamous Cell Carcinoma; The Global Bioresource Center-ATCC® CRL-1629).
The cells were maintained in a DMEM-F12 culture medium (Roswell Park Memorial In-
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stitute, Biochrom, Buffalo, NY, USA), supplemented with 10% fetal bovine serum (FBS,
Biochrom, Berlin, Germany) and 40 ng/mL of hydrocortisone (Sigma-Aldrich). According
to the manufacturer’s instructions, human oral keratinocytes (HOK, ScienCell Research
Laboratories, Carlsbad, CA, USA) were maintained in a specific HOK medium (Innoprot,
Biscaia, Spain). All cell lines were cultured at 37 ◦C in a humidified atmosphere containing
5% CO2 (Hera Cell, Heraeus, Hanau, Germany).

2.3. RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

Extraction of total RNA extraction and the subsequent synthesis of cDNA were carried
out as previously described [31]. After, the iQTM SYBR Green Supermix Kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) was used for DNA amplification on an iQ Thermal
Cycler (Bio-Rad), with the following protocol: initial denaturation step at 95.0 ◦C for 3 min,
followed by 40 cycles of denaturation at 94.0 ◦C for 20 s, annealing at 62.0 ◦C for 30 s, and
extension at 72.0 ◦C for 30 s. The melt curve analysis encompassed temperatures ranging
from 65.0 to 95.0 ◦C, incremented by 0.5 ◦C for 5 s. The sequences of the primers for the
amplification of MPS-1 were as follows: forward 5′-CCGAGATTTGGTTGTGCCTGGA-3′
and reverse 5′-CATCTGACACCAGAGGTTCCTTG-3′. For the amplification of EGFR,
they were as follows: forward 5′-AGGCACGAGTAACAAGCTCAC-3′ and reverse 5′-
ATGAGGACATAACCAGCCACC-3′. For the amplification of actin, they were as follows:
forward 5′-AATCTGGCACCACACCTTCTA-3′ and reverse 5′-ATAGCACAGCCTGGATA
GCAA-3′. For the amplification of GAPDH, they were as follows: forward 5′-GTCTCCTCT
GACTTCAACAGCG-3′ and reserve 5′-ACCACCCTGTTGCTGTAGCCAA-3′. Actin and
GAPDH were used as a reference control to normalize the data. Each independent ex-
periment (n = 3) was performed in triplicate, and the data was acquired using the CFX
ManagerTM Software (version 1.0, Bio-Rad). The relative quantification was calculated
using the ΔΔCT method.

2.4. Protein Extracts and Western Blotting

The protein extracts retrieved from SCC-09, SCC-25, and HOK-cell pellets were sus-
pended in lysis buffer composed of 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1%
Triton-100, and a protease inhibitor cocktail (Sigma-Aldrich). Following the manufacturer’s
guidelines, protein quantification was performed using the BCATM Protein Assay Kit
(Pierce Biotechnology, Rockford, IL, USA). For MPS-1 and EGFR detection, 15 and 20 μg of
protein lysate, respectively, were reconstituted in SDS-sample buffer (consisting of 375 mM
Tris pH 6.8, 12% SDS, 60% Glycerol, 0.12% Bromophenol Blue, and 600 nM DTT) and boiled
for 3 min.

Then, a 7.5% gradient gel (Bio-Rad) was used for protein separation. After SDS-PAGE,
proteins were transferred onto nitrocellulose membranes (Amersham, UK) using the Trans-
Blot Turbo Transfer System (Bio-Rad). Following the transfer, the membranes were blocked
in a 5% non-fat dried milk (w/v) dissolved in TBST buffer (comprising 50 mM Tris pH
7.5, 150 mM NaCl, and 0.05% Tween-20) and incubated overnight at 4 ◦C with primary
antibodies diluted in TBST. The primary antibodies used included mouse anti-α-tubulin
(1:5000, 1:5000, T568 Clone B-5-1-2, Sigma-Aldrich), mouse anti-EGFR (1:250, HPA044700,
Sigma-Aldrich), and mouse anti-MPS-1 (1:1000, (N1): sc-56968, Santa Cruz Biotechnology,
Heidelberg, Germany). After three washes with TBST, the membranes were incubated with
horseradish-peroxidase-conjugated secondary antibodies (1:1500 for anti-mouse and 1:1000
for anti-rabbit) for 1 h at room temperature.

A ChemiDOc system (Bio-Rad) was then used to visualize protein bands after exposure
to the Enhanced Chemiluminescence (ECL) method. Image Lab 6.1v software or Image
J (version 1.47, Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD,
USA)was used to quantify protein signal intensity with normalization against α-tubulin
expression levels.
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2.5. MTT Viability Assay

The cell viability was determined by tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay. In summary, SCC-09 and SCC-25 cells were
seeded in 96-well plates at a density of 0.1 × 106 and 0.05 × 106 cells/mL, respectively.
After 24 h, the culture medium was replaced with fresh medium containing 2-fold serial
dilutions of Cetuximab ranging from 0 to 120 nM in combination with Barasertib (SCC-09
and SCC-25) and from 0 to 240 nM in combination with BAY1217389 and Ispinesib (SCC-09
and SCC-25), with BAY1217389 ranging from 0 to 6400 nM, Barasertib ranging from 0 to
16,000 nM (SCC-25) and from 0 to 64,000 nM (SCC-09), or Ispinesib ranging from 0 to 30 nM
(SCC-25) and from 0 to 60 nM (SCC-09). After a 48 h incubation at 37 ◦C and 5% CO2,
the medium was removed and replaced with a combination of 200 μL of DMEM F12 only
and 20 μL of tetrazolium salt MTT (5 mg/mL PBS). Afterward, the plates were placed in
an incubator at 37 ◦C for 2–4 h, allowing formazan crystals to form. Then, the medium
was extracted, and the formazan crystals were resuspended in 100 μL of DMSO. Next, the
plates were placed in a microplate reader (Biotek Synergy 2, Winooski, VT, USA) coupled
with Gen5 software (version 1.07.5, Biotek, Winooski, VT, USA) to measure the absorbance
using a wavelength of 570 nm.

Cell viability was assessed as a percentage relative to the control group and presented
as the mean ± standard deviation from three independent experiments, each performed
in triplicate. IC50 values, representing the mean 50% inhibitory concentration, were deter-
mined using GraphPad Prism version 8 (GraphPad software Inc., San Diego, CA, USA). The
combination treatment effects were analyzed using a dual-drug crosswise concentration
matrix for each combination, applying the specified concentration ranges. The results were
then analyzed using Combenefit Software (version 2.021, Cancer Research UK Cambridge
Institute, Cambridge, UK).

2.6. Apoptosis Detection by Flow Cytometry

The assessment of apoptotic cell death was performed using the Annexin V-FITC
Apoptosis Detection Kit (eBioscience, Vienna, Austria) in accordance with the manufac-
turer’s protocol. Initially, cells were seeded at a 0.1 × 106 cells/mL density in 6-well plates.
After 24 h of incubation, the cells were treated with EGFR, MPS-1, Aurora-B, and KSP
inhibitors either individually or in combination, using concentrations corresponding to
their respective synergistic points (30 nM of Cetuximab with 40 nM of BAY1217389, 15 nM
of Cetuximab with 1000 nM of Barasertib, and 240 nM of Cetuximab with 1.875 nM of
Ispinesib). Following a 24 h treatment with Ispinesib and Cetuximab and a 48 h incuba-
tion period for the other combinations, adherent and floating cells were harvested and
pelleted by centrifugation at 1000 rpm for 5 min. The pelleted cells were then suspended in
binding buffer 1×, followed by the addition of Annexin V-FITC, and incubated for 10 min
in darkness. After washing, the cells were resuspended once again in binding buffer 1×,
followed by the addition of Propidium iodide (PI) at a concentration of 20 μg/mL. A BD
Accuri™ C6 Plus Flow cytometer (BD Biosciences, San Jose, CA, USA) was used for the
fluorescence analysis. The acquired data was then processed using BD Accuri™ C6 Plus
software, version 1.0.27.1.

For data analysis, 20,000 events were recorded per sample.

2.7. Colony Formation Assay

A total of 1000 SCC-25 cells were seeded into six-well plates and allowed to adhere
for 24 h. Subsequently, the cells were exposed to drug treatments, administered either
as monotherapies or in combination. Control groups consisted of untreated cells and
DMSO-treated ones. The cells were incubated for 48 h with the respective treatments and
then were rinsed twice with PBS. After the drug-free DMEM medium was added, the
cells were maintained for 7 days in these conditions. Colonies fixation was performed by
the addition of 100% methanol at −20 ◦C for 25 min, and then they were stained with a
0.05% (w/v) solution of crystal violet (Merck, Rahway, NJ, USA) in distilled water for 20
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min. Three independent experiments were used to obtain the colony counts. The ratio
of the number of colonies to the number of cells seeded in the control group was used to
calculate the plating efficiency (PE), expressed as a percentage. The survival fraction for
each condition was calculated by dividing the number of colonies by the number of cells
seeded and then multiplying by the reciprocal of the PE.

2.8. Immunohistochemistry
2.8.1. Patients and Tissue Specimens

This study was approved by the institutional ethical board of the Hospital de Santo
António (HSA), Centro Hospitalar do Porto, Portugal (Investigation, Formation, and Teach-
ing Department—DEFI; 024/CES/03). Written informed consent was obtained from all
participants. The research was conducted following the Declaration of Helsinki. Tissue
samples from primary Oral Squamous Cell Carcinoma (OSCC) (ICD 10: C00-06) were
retrospectively collected from 2000 to 2006 at the abovementioned hospital. Clinical charac-
teristics of the OSCC patients are summarized in Supporting Information Table S1.

2.8.2. Processing and Evaluation

Immunohistochemistry on tissue microarray (TMA) sections was performed using
the Novolink Polymer Detection System (Novocastra, Leica Biosystems Newcastle Ltd.,
Newcastle Upon Tyne, UK), following the protocol outlined by Monteiro et al. [32]. For
TMA construction, two representative regions of OSCC from the invasive fronts of the
tumors were chosen from hematoxylin and eosin-stained sections, deliberately excluding
areas of keratin and necrosis. From each selected specimen, two tissue cores, each 2 mm
in diameter, were extracted and embedded into a paraffin TMA block using the TMA
Builder (Histopathology Ltd., Pécs, Hungary). Technical controls were represented by non-
neoplastic tissue cores [33]. The primary antibodies utilized were mouse anti-human EGFR
(1:500, HPA044700, Sigma-Aldrich), mouse anti-human MPS-1 (1:100, clone EPR5319(2),
ab133699, Abcam, Cambridge, UK), rabbit anti-KSP (1:300, Abcam), and rabbit anti-Aurora-
B (1:50, Sigma-Aldrich). Normal colon tissue was used as a positive control, while negative
control sections were incubated without the primary antibody. Staining was measured
semi-quantitatively independently by two authors blinded to clinicopathological data.
For EGFR, we consider negative cases with a labeling index of <10% of tumor cells. We
categorize cases with ≥10% of tumor cells and weak intensity as a score of 1+, moderate
intensity score of 2+, and strong intensity as 3+. For MPS-1, Aurora-B and KSP intensity
scores were evaluated using a scale of 0 (negative), 1 (weak), 2 (moderate), and 3 (strong)
intensity. Discordant cases were reviewed under a multihead microscope to reach consen-
sus; unresolved discordant cases were excluded. For each patient, the highest score from
the three cores was used in analyses if scores differed. Cutoffs were determined according
to ROC curves. For EGFR, Aurora-B, and KSP, staining intensity was classified as low for
scores ≤ 2 and high for scores 3. For MPS-1, staining intensity was classified as low for
scores ≤ 1 and high for scores 2 and 3 [34].

2.9. Image Acquisition and Processing

Phase-contrast microscopy images were acquired using a Nikon TE 2000-U microscope
(Nikon, Amsterdam, The Netherlands) with a 20× objective lens. The microscope was
interfaced with a DXM1200F digital camera operated through Nikon ACT-1 software
version 2.63 (Melville, NY, USA). Post-imaging processing and analysis were performed
utilizing ImageJ software.

2.10. Bioinformatic Analysis

The UALCAN database (http://ualcan.path.uab.edu/ (accessed on 11 September
2024)) was used to analyze the expression of EGFR1, MPS-1, Aurora-B, and KSP in HNSCC
and examine their association with the clinicopathologic characteristics of HNSCC patients.
The screening parameters were set as follows: “Gene: EGFR, TTK (MPS-1), AURKB (Aurora-
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B), or Kif11 (KSP)” and “Cancer Type: Head and Neck Squamous Cell Carcinoma”. The
analysis type was defined based on the target variable, such as “HNSCC vs. Normal
Analysis”. Transcriptomic data were sourced from The Cancer Genome Atlas (TCGA) via
UALCAN, while proteomic data were retrieved from the Clinical Proteomic Tumor Analysis
Consortium (CPTAC). Transcriptomic results were expressed as transcripts per million
(TPM), and proteomic results were provided as Z-values, representing standard deviations
from the median across HNSCC samples. Pearson correlation analysis was performed
within UALCAN to calculate the Pearson correlation coefficient. For overall survival (OS)
and disease-free survival (DFS) analysis, the GEPIA web tool (http://gepia.cancer-pku.cn/
(accessed on 11 September 2024)) was used, with the median as the group cutoff and a
95% confidence interval for statistical reliability. Data are presented as means ± standard
deviation (SD), with statistical significance (p-values) provided by UALCAN or GEPIA.

2.11. Statistical Analysis

All experiments were performed in triplicate and repeated in at least three independent
trials. Data are presented as mean values with standard deviation (SD). Statistical analyses
were conducted using GraphPad Prism Software Inc. version 8, applying either an unpaired
t-test or two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons
test. Statistical significance was denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
Univariate survival analysis was carried out using Kaplan–Meier curves and the log-rank
test, while the Cox regression model was employed to assess the independent significance
variables identified in univariate analysis.

3. Results

3.1. EGFR, MPS-1, Aurora-B, and KSP Are Overexpressed in HNSCC and Are Correlated with
Clinical Features

To investigate the expression and assess the potential as biomarkers and treatment
targets of EGFR, MPS-1, Aurora-B, and KSP in HNSCC patients, we explored both the
UALCAN and GEPIA databases. The analysis revealed that all four proteins are over-
expressed at both the mRNA and protein levels compared to normal tissue samples
(Figure 1a,b,d,e,g,h,j,k). Furthermore, when examining HPV status, we observed elevated
mRNA levels of EGFR, MPS-1, Aurora-B, and KSP in both HPV-negative and HPV-positive
samples (Figure 1c,f,i,l). Notably, HPV-positive samples exhibited higher mRNA expres-
sion levels for MPS-1, Aurora-B, and KSP, with EGFR showing a less pronounced but still
significant increase.

After we explored the correlation of EGFR, MPS-1, Aurora-B, and KSP expression and
clinicopathological features of patients with HNSCC, we observed that EGFR was overex-
pressed exclusively in male patients (Figure 2a), whereas MPS-1, Aurora-B, and KSP were
overexpressed in both male and female patients compared to normal samples (Figure 2d,g,j).
Additionally, even though not statistically significant, male patients demonstrated higher
levels of protein expression than female patients.

Moreover, overexpression of MPS-1, Aurora-B, and KSP was observed across all tumor
stages and grades, except for patients with stage 1 tumors, compared to normal samples
(Figure 2e,f,h,i,k,l). In relation to tumor stages, EGFR showed overexpression in stages 3
and 4 compared to normal samples, with statistically significant differences noted between
stage 1 and stages 3–4, as well as between stage 2 and stage 4 (Figure 2b). Regarding tumor
grades, EGFR was overexpressed in grades 1 and 2, with a statistically significant difference
observed between grade 2 and grade 3 (Figure 2c).

We subsequently explored the impact of overexpression of EGFR, MPS-1, Aurora-B,
and KSP on the survivability of patients with HNSCC. Our analysis indicated that high
expression levels of EGFR were associated with a trend toward worse overall survival (OS),
while the opposite was observed for disease-free survival (DFS) (Figure 3a,b). Furthermore,
MPS-1 overexpression appeared to correlate with poorer outcomes for both OS and DFS
(Figure 3c,d). Although there was a trend suggesting that patients with high Aurora-B
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expression had lower DFS, this finding was not statistically significant. Additionally, the
OS for patients with low and high Aurora-B expression was similar (Figure 3e,f). Notably,
while not statistically significant, patients exhibiting high KSP expression demonstrated a
tendency toward worse OS and DFS outcomes (Figure 3g,h).

Figure 1. Cont.
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Figure 1. mRNA and protein expression of EGFR (a,b), MPS-1 (d,e), Aurora-B (g,h) and KSP (j,k)
in HNSCC patients. mRNA expression of EGFR (c), MPS-1 (f), Aurora-B (i) and KSP (l) is increased
in both HPV positive and negative patients. The significance levels were as follows: ** p < 0.01,
**** p < 0.0001. Data were retrieved from UALCAN (http://ualcan.path.uab.edu/) on 11 September 2024.
Abbreviations: CPTAC—Clinical Proteomic Tumor Analysis Consortium; TCGA—The Cancer Genome
Atlas; HNSCC—Head and Neck Squamous Cell Carcinoma; EGFR—Epidermal Growth Factor
Receptor; mRNA—messenger ribonucleic acid; UALCAN—University of Alabama at Birmingham
Cancer data analysis Portal.
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Figure 2. Cont.
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Figure 2. Association of HNSCC patients clinicopathological features with expression levels of EGFR,
MPS-1, Aurora-B, and KSP. Correlation of EGFR, MPS-1, Aurora-B, and KSP expression with gender
(a,d,g,j) tumor stage (b,e,h,k) and grade (c,f,i,l). The significance levels were as follows: * p < 0.05,
** p < 0.01, *** p < 0.001 and **** p < 0.0001. Data were retrieved from UALCAN (http://ualcan.path.
uab.edu/) on 11 September 2024. Abbreviations: HNSCC—Head and Neck Squamous Cell Carcinoma;
EGFR—Epidermal Growth Factor Receptor; KSP—Kinesin Spindle Protein; UALCAN—University of
Alabama at Birmingham Cancer data analysis Portal.
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Figure 3. Effect of EGFR, MPS-1, Aurora-B, and expression on HNSCC patients’ overall survival (OS)
(a,c,e,g) and disease-free survival (DFS) (b,d,f,h). Data were retrieved from the GEPIA (http://gepia.
cancer-pku.cn/) database on 11 September 2024. Abbreviations: AURKB—Aurora-B; EGFR—GEPIA—
Gene Expression Profiling Interactive Analysis; KSP—Kinesin Spindle Protein; MPS-1—Monopolar
spindle 1.
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These results seem to suggest that the proteins explored in this study could have
potential therapeutic targets in HNSCC, even though no clear association between their
overexpression and survivability was observed. Nonetheless, their overexpression showed
a tendency towards a worse OS; however, further research is warranted to establish statisti-
cal significance and to elucidate the precise nature of these associations.

3.2. EGFR, MPS-1, Aurora-B, and KSP Are Overexpressed in OSCC Patient Tissues

After the detailed UALCAN and GEPIA analysis, we proceeded to analyze samples
from 30 patients with oral cancer to investigate their immunohistochemistry features and
possible correlations with survivability. Firstly, EGFR, MPS-1, Aurora-B, and KSP staining
intensity and the extent of Aurora-B and KSP were assessed for potential associations
with the clinicopathological characteristics of OSCC patients. These features included
gender, age, tumor location, stage, treatment modality, grade, margin status, vascular
invasion, perineural permeation, lymphatic invasion, and muscular invasion. While no
significant correlation was identified between protein expression and clinicopathological
characteristics, a trend emerged that may become clinically significant with an increased
sample size (N). As previously mentioned, only staining intensity was analyzed for EGFR
and MPS-1 due to uniformly high-extent values across all cases (Table 1). In contrast, both
staining intensity and extent were evaluated for Aurora-B and KSP (Tables 2 and 3).

Table 1. Clinicopathological characteristics of the OSCC patients and their association with EGFR
and MPS-1 staining intensity.

EGFR (N = 29) MPS-1 (N = 25)

Staining Intensity Staining Intensity
Low High Low High

Characteristic N (%) N (%) N (%) p a N (%) N (%) p a

All cases 30

Gender
Female 7 (23.3) 3 (16.7) 4 (36.4) 0.229 2 (40) 4 (20) 0.349
Male 23 (76.7) 15 (83.3) 7 (63.6) 3 (60) 16 (80)

Age
<62 years 12 (40) 5 (27.8) 7 (63.6) 0.057 2 (40) 8 (40) 1.000
≥62 years 18 (60) 13 (72.2) 4 (36.4) 3 (60) 12 (60)

Tumor location
Lip 6 (20) 6 (33.3) 0 (0) 0.177 1 (20) 2 (10) 0.619
Floor of the mouth 4 (13.3) 2 (11.1) 2 (11.1) 1 (20) 3 (15)
Tongue 10 (33.3) 5 (27.8) 4 (36.4) 3 (60) 5 (25)
Buccal mucosa 2 (6.7) 1 (5.6) 1 (9.1) 0 (0) 2 (10)
Retromolar trigone 2 (6.7) 2 (11.1) 0 (0) 0 (0) 2 (10)
Hard palate 4 (13.3) 2 (11.1) 2 (11.1) 0 (0) 4 (20)
Alveolar ridge 2 (6.7) 0 (0) 2 (11.1) 0 (0) 2 (10)

Stage
I + II 18 (60) 12 (66.7) 5 (45.5) 0.260 3 (60) 11 (55) 0.840
III + IV 12 (40) 6 (33.3) 6 (54.4) 2 (40) 9 (45)

Treatment modality
SG 17 (56.7) 11 (61.1) 5 (45.5) 0.411 3 (60) 11 (55) 0.840
SG + RT 13 (43.3) 7 (38.9) 6 (54.5) 2 (40) 9 (45)

Tumor Grade
G1 18 (60) 11 (61.1) 6 (54.5) 0.728 3 (60) 11 (55) 0.840
G2 + G3 12 (40) 7 (38.9) 5 (45.5) 2 (40) 9 (45)

Margin status
Free of tumor 19 (63.3) 12 (75) 6 (60) 0.420 3 (60) 13 (68.4) 0.722
Tumor proximity and with tumor 8 (26.7) 4 (25) 4 (40) 2 (40) 6 (31.6)

Vascular invasion
Absent 29 (96.7) 17 (94.4) 11 (100) 0.426 5 (100) 19 (95) 0.610
Present 1 (3.3) 1 (5.6) 0 (0) 0 (0) 1 (5)
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Table 1. Cont.

EGFR (N = 29) MPS-1 (N = 25)

Staining Intensity Staining Intensity
Low High Low High

Perineural permeation
Absent 26 (86.7) 16 (88.9) 9 (81.8) 0.592 4 (80) 17 (85) 0.785
Present 4 (13.3) 2 (11.1) 2 (18.2) 1 (20) 3 (15)

Lymphatic invasion
Absent 24 (80) 16 (88.9) 7 (63.6) 0.103 4 (80) 15 (75) 0.815
Present 6 (20) 2 (11.1) 4 (36.4) 1 (20) 5 (25)

Muscular invasion
Absent 25 (83.8) 14 (77.8) 10 (90.9) 0.364 4 (80) 16 (80) 1.000
Present 5 (16.7) 4 (22.2) 1 (9.1) 1 (20) 4 (20)

a Chi-square test. p values with statistically significant differences highlighted in bold (p < 0.05).

Table 2. Clinicopathological characteristics of the OSCC patients and their association with Aurora-B
extent and staining intensity.

AurB (N = 20)

Extent Staining Intensity
≤9% ≥10% Low High

Characteristic N (%) N (%) p a N (%) N (%) p a

All cases

Gender
Female 4 (36.4) 2 (22.2) 0.492 4 (36.4) 2 (22.2) 0.492
Male 7 (63.6) 7 (77.8) 7 (63.6) 7 (77.8)

Age
<62 years 4 (36.4) 5 (55.6) 0.391 4 (36.4) 5 (55.6) 0.391
≥62 years 7 (63.6) 4 (44.4) 7 (63.6) 4 (44.4)

Tumor location
Lip 1 (9.1) 1 (11.1) 0.311 1 (9.1) 1 (11.1) 0.311
Floor of the mouth 1 (9.1) 2 (22.2) 1 (9.1) 2 (22.2)
Tongue 6 (54.5) 1 (11.1) 6 (54.5) 1 (11.1)
Buccal mucosa 1 (9.1) 1 (11.1) 1 (9.1) 1 (11.1)
Retromolar trigone 0 (0) 1 (11.1) 0 (0) 1 (11.1)
Hard palate 2 (18.2) 1 (11.1) 2 (18.2) 1 (11.1)
Alveolar ridge 0 (0) 2 (22.2) 0 (0) 2 (22.2)

Stage
I + II 7 (63.6) 4 (44.4) 0.391 7 (63.6) 4 (44.4) 0.391
III + IV 4 (36.4) 5 (55.6) 4 (36.4) 5 (55.6)

Treatment modality
SG 6 (54.5) 5 (55.6) 0.964 6 (54.5) 5 (55.6) 0.964
SG + RT 5 (45.5) 4 (44.4) 5 (45.5) 4 (44.4)

Tumor Grade
G1 7 (63.6) 6 (66.7) 0.888 7 (63.6) 6 (66.7) 0.888
G2 + G3 4 (36.4) 3 (33.3) 4 (36.4) 3 (33.3)

Margin status
Free of tumor 6 (54.5) 7 (77.8) 0.279 6 (54.5) 7 (77.8) 0.279
Tumor proximity and with tumor 5 (45.5) 2 (22.2) 5 (45.5) 2 (22.2)

Vascular invasion
Absent 11 (100) 9 (100) - 11 (100) 9 (100) -
Present 0 (0) 0 (0) 0 (0) 0 (0)

Perineural permeation
Absent 9 (81.8) 8 (88.9) 0.660 9 (81.8) 8 (88.9) 0.660
Present 2 (18.2) 1 (11.1) 2 (18.2) 1 (11.1)

Lymphatic invasion
Absent 9 (81.8) 6 (66.7) 0.436 9 (81.8) 6 (66.7) 0.436
Present 2 (18.2) 3 (33.3) 2 (18.2) 3 (33.3)
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Table 2. Cont.

AurB (N = 20)

Extent Staining Intensity
≤9% ≥10% Low High

Muscular invasion
Absent 9 (81.8) 8 (88.9) 0.660 9 (81.8) 8 (88.9) 0.660
Present 2 (18.2) 1 (11.1) 2 (18.2) 1 (11.1)

a Chi-square test. p values with statistically significant differences highlighted in bold (p < 0.05).

Table 3. Clinicopathological characteristics of the OSCC patients and their association with KSP
extent and staining intensity.

KSP (N = 20)

Extent Staining Intensity
≤9% ≥10% Low High

Characteristic N (%) N (%) p a N (%) N (%) p a

All cases

Gender
Female 1 (25) 5 (31.2) 0.807 4 (25) 2 (50) 0.329
Male 3 (75) 11 (68.8) 12 (75) 2 (50)

Age
<62 years 3 (75) 6 (37.5) 0.178 7 (43.8) 2 (50) 0.822
≥62 years 1 (25) 10 (62.5) 9 (56.2) 2 (50)

Tumor location
Lip 1 (25) 4 (25) 0.868 3 (18.8) 2 (50) 0.517
Floor of the mouth 1 (25) 1 (6.3) 1 (6.2) 1 (25)
Tongue 1 (25) 5 (31.1) 6 (37.5) 0 (0)
Buccal mucosa 0 (0) 2 (12.5) 2 (12.5) 0 (0)
Retromolar trigone 0 (0) 1 (6.3) 1 (6.2) 0 (0)
Hard palate 1 (25) 2 (12.5) 2 (12.5) 1 (25)
Alveolar ridge 0 (0) 1 (6.3) 1 (6.2) 0 (0)

Stage
I + II 3 (75) 7 (43.8) 0.264 7 (43.8) 3 (75) 0.264
III + IV 1 (25) 9 (56.2) 9 (56.2) 1 (25)

Treatment modality
SG 2 (50) 8 (50) 1.000 8 (50) 2 (50) 1.000
SG + RT 2 (50) 8 (50) 8 (50) 2 (50)

Tumor Grade
G1 1 (25) 9 (56.2) 0.264 7 (43.8) 3 (75) 0.264
G2 + G3 3 (75) 7 (43.8) 9 (56.2) 1 (25)

Margin status
Free of tumor 2 (50) 9 (69.2) 0.482 9 (64.3) 2 (66.7) 0.938
Tumor proximity and with tumor 2 (50) 4 (30.8) 5 (35.7) 1 (33.3)

Vascular invasion
Absent 4 (100) 16 (100) - 16 (100) 4 (100) -
Present 0 (0) 0 (0) 0 (0) 0 (0)

Perineural permeation
Absent 3 (75) 15 (93.8) 0.264 14 (87.5) 4 (100) 0.456
Present 1 (25) 1 (6.2) 2 (12.5) 0 (0)

Lymphatic invasion
Absent 3 (75) 13 (81.2) 0.780 12 (75) 4 (100) 0.264
Present 1 (25) 3 (18.8) 4 (25) 0 (0)

Muscular invasion
Absent 4 (100) 16 (100) - 16 (100) 4 (100) -
Present 0 (0) 0 (0) 0 (0) 0 (0)

a Chi-square test. p values with statistically significant differences highlighted in bold (p < 0.05).

Immunohistochemical analysis was performed to assess the localization and expres-
sion of EGFR, MPS-1, Aurora-B, and KSP in paraffin-embedded OSCC samples (Figure 4).
EGFR expression was observed in all 30 (100%) OSCC tissue microarrays, primarily lo-

132



Cancers 2024, 16, 3732

calized on the membrane of the tumor cells. The expression ranged from 50 to 74% in
3 cases (10%) and 75 to 100% in 27 cases (90%). For data analysis, EGFR staining intensity
was categorized into two groups: low intensity in 18 cases (62%) and high intensity in
11 cases (38%). MPS-1 expression was found in 25 cases, predominantly localized in the
cytoplasm of the tumor cells, with expression levels classified as 50–74% in 1 case (4%)
and 75–100% in 24 cases (96%). For data analysis, MPS-1 staining intensity was divided
into two groups: negative to medium intensity (0, 1+) in 5 cases (20%) and moderate to
high intensity (2+, 3+) in 20 cases (80%). Due to the high expression levels in all cases,
only intensity values were considered for those two biomarkers. Aurora-B expression was
found in 20 cases, localized to the nucleus of tumor cells, and classified as 0–9% in 11 cases
(55%), 10–24% in 5 cases (25%), 25–49% in 2 cases (10%), and 50–74% in 2 cases (10%). For
data analysis, Aurora-B expression was grouped into ≤9% expression in 11 cases (55%) and
≥10% expression in 9 cases (45%). Intensity staining followed the same categorization. KSP
was found in 20 cases, and it was also localized to the nucleus of tumor cells. Expression
was categorized as 0-9% in 4 cases (20%), 10–24% in 2 cases (10%), 50–74% in 4 cases (20%),
and 75–100% in 10 cases (50%). For data analysis, KSP expression was grouped into ≤9%
expression in 4 cases (20%) and ≥10% expression in 16 cases (80%). Staining intensity was
recorded into two groups: negative to moderate intensity (0, 1+, 2+) with 16 cases (80%)
and strong intensity (3+) with 4 cases (20%). A statistically significant correlation was
observed between MPS-1 and KSP expression (p = 0.753 **), with staining intensity being
directly proportional.

 

Figure 4. Immunohistochemical analysis of EGFR, MPS-1, Aurora-B, and KSP expression and local-
ization in oral squamous cell carcinoma. Comparison between squamous cell carcinoma samples
showing representative images in upper line correspondent to EGFR (75–100% and moderate inten-
sity), MPS-1 (75–100% and weak intensity), Aurora-B (0–9% and weak intensity), and KSP (0–9% and
weak intensity) low expression score. While the images in the lower line correspondent to EGFR
(75–100% and strong intensity), MPS-1 (75–100% and strong intensity), Aurora-B (10–24% and strong
intensity), and KSP (75–100% and strong intensity) high expression score. Cutoffs for the expres-
sion score were determined by ROC curves analysis. For EGFR, Aurora-B, and KSP, the staining
intensity was classified as low for scores ≤ 2 and high for scores ≥ 3. While for MPS1, low intensity
was considered for scores ≤ 1 and strong intensity for scores ≥ 2. Images at 200× magnification.
Scale bar = 50 μm.

EGFR, MPS-1, Aurora-B, and KSP were also assessed for association with patient
prognosis. The follow-up time for the 30 patients was 36 months. EGFR staining intensity is
significantly associated with cancer-specific survival. Kaplan–Meier curves with univariate
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analyses showed that patients with the highest intensity of EGFR had reduced survival
times compared to those with lower expression levels (p = 0.023). The stage of the tumor is
also significantly associated with cancer-specific survival (p = 0.020), as is the treatment
modality (p = 0.027) (Table 4 and Figure 5). No other variables were related to overall
survival. These data highlight the significant prognostic value of tumor stage, treatment
modality, and EGFR staining intensity in OSCC patients.

Table 4. Univariate analysis of cancer-specific survival (CSS) according to the clinicopathological
characteristics and expression of EGFR, MPS-1, Aurora-B, and KSP.

Characteristic N (%) Dead CSS a p b

All cases 30

Stage
I 7 (23.3) 0 0 0.020
II 11 (36.7) 4 72.7
III 5 (16.7) 1 80
IV 7 (23.3) 5 28.6

Treatment modality
SG 17 (56.7) 3 87.5 0.027
SG + RT 13 (43.3) 7 44.9

Tumor grade
G1 18 (60) 5 75.5 0.346
G2 + G3 12 (40) 5 58.3

Vascular invasion
Absent 29 (96.7) 10 67.3 0.534
Present 1 (3.3) 0 0

Perineural permeation
Absent 26 (86.7) 8 71.4 0.231
Present 4 (13.3) 2 50

Lymphatic invasion
Absent 24 (80) 8 69.1 0.729
Present 6 (20) 2 66.7

Muscular invasion
Absent 25 (83.3) 9 65.9 0.482
Present 5 (16.7) 1 80

EGFR staining intensity
Low 19 (63.3) 4 76.4 0.023
High 11 (36.7) 7 43.6

MPS-1 staining intensity
Low 5 (20) 3 30 0.102
High 20 (80) 5 80

AurB staining intensity
Low 11 (55) 4 63.6 0.683
High 9 (45) 4 62.2

KSP staining intensity
Low 16 (80) 5 67 0.335
High 4 (20) 3 50

a Percentage of cases without event at 3 years of follow-up. b Log-rank test. Information not available for every
patient. p values with statistically significant differences are highlighted in bold (p < 0.05).
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Figure 5. Kaplan–Meier curves illustrating overall patient survival based on expression levels of
EGFR (a), MPS-1 (b), Aurora-B (c), and KSP (d). Blue lines correspond to cases with low expression,
while red lines represent cases with high expression. Notably, higher EGFR staining intensity is
significantly associated with reduced cancer-specific survival. Univariate analysis showed that
patients with the highest EGFR expression had shorter survival times compared to those with lower
expression levels (p = 0.023).

The variables evaluated with Kaplan–Meier curves, which demonstrated significant
results in the Log-rank test, were subsequently incorporated into a multivariate analysis.
This analysis showed that strong EGFR staining intensity is an independent prognos-
tic factor associated with a significantly increased risk of reduced survival (HR = 4.745,
p = 0.029) compared to individuals with low or moderate EGFR intensity. This finding sug-
gests that high EGFR expression serves as a strong prognostic indicator in OSCC, consistent
with previous studies linking EGFR overexpression to poor prognosis in various cancers,
including OSCC. Furthermore, the type of treatment and tumor stage did not show signifi-
cant associations with survival in this analysis. The lack of significant results for treatment
modality could reflect the heterogeneity of grouped treatments or an insufficient sample
size to detect a difference. Similarly, while advanced-stage disease typically correlates with
poorer prognosis, the current sample may lack sufficient statistical power to confirm this
relationship (Table 5).

In summary, we did not observe any correlation between the high expression levels of
the proteins examined and the clinicopathological characteristics of OSCC patient samples,
likely due to the limited sample size (low N). Notably, only high expression of EGFR
exhibited statistical significance in relation to worse overall survival. Neither patient
stage nor treatment modality demonstrated a significant correlation with patient survival.
Furthermore, the multivariate analysis for the variables that showed significant results
indicated that only EGFR intensity retained independent significance, highlighting an
increased risk for a worse prognosis.
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Table 5. Multivariate analysis of cancer-specific survival (CSS).

Variables Exp (B) p

Type of treatment
Surgery 1

Surgery + other treatments 2.066 (0.236–18.040) 0.512

EGFR intensity score
0/low/moderate 1

strong 4.745 (1.170–19.241) 0.029

Stage
I + II 1

III + IV 1.599 (0.602–4.244) 0.346
p values with statistically significant differences highare lighted in bold (p < 0.05).

3.3. EGFR, MPS-1, Aurora-B, and KSP Are Overexpressed in Oral Cancer Cells

EGFR is a transmembrane glycoprotein that belongs to the RTK family, and its primary
function is to regulate cellular processes such as growth, proliferation, differentiation,
and survival in various cell types, including epithelial, glial, and neuronal cells [35]. In
HNC, EGFR is overexpressed in 80–90% of cases and is associated with poor prognosis
and unfavorable treatment outcomes [4]. MPS-1 is a critical regulator of chromosome
alignment during metaphase, ensuring proper kinetochore-microtubule attachments to
prevent aneuploidy [36]. Inhibitors of MPS-1 circumvent the SAC, inducing premature
mitotic exit that results in extensive chromosome mis-segregation and, ultimately, cell death,
thereby acting as potent mitotic drivers [37]. Aurora-B, a member of the Aurora kinase
family, is responsible for monitoring and correcting improper attachments of microtubules
to kinetochores, as well as regulating the dissociation of cohesin, a protein essential for
maintaining cohesion between sister chromatids during mitosis [38]. KSP plays a crucial
role in establishing spindle bipolarity and ensuring the proper separation of spindle poles;
inhibition of KSP leads to the collapse of mitotic spindles and the formation of mono-
aster [39].

To explore the therapeutic potential of targeting these proteins, we first assessed their
expression at both the mRNA and protein levels in two oral cancer cell lines (SCC-09 and
SCC-25) using qRT-PCR and Western blot analysis, respectively (Figure 6). Our results
indicated that both EGFR and MPS-1 mRNA levels were significantly overexpressed in the
SCC-25 cell line compared to the non-tumor cell line HOK (25-fold increase and 1.5-fold
increase for EGFR and MPS-1, respectively) (Figure 6a,b). Regarding protein expression, we
observed elevated levels of EGFR in the SCC-25 cell line, while MPS-1 was overexpressed
in both cell lines (Figure 6c,d).

Our group previously analyzed and reported the expression of Aurora-B and KSP
using the same cell lines, demonstrating that both proteins were overexpressed at the
mRNA and protein levels [40].

Globally, the overexpression of EGFR, MPS-1, Aurora-B, and KSP in oral cancer cell
lines highlights the relevance of their targeting to potentiate current oral cancer treatments.

3.4. Co-Treatment of Cetuximab with MPS-1, Aurora-B, or KSP Inhibitors Showed Synergistic
Effects in Oral Cancer Cells

We then evaluated the cytotoxic effects of MPS-1, Aurora-B, and KSP inhibitors in
combination with the EGFR inhibitor Cetuximab on oral cancer cells.

Using the MTT assay, we determined the IC50 of BAY1217389 and Cetuximab in both
SCC-09 and SCC-25 cell lines and evaluated the cytotoxic effects of BAY1217389, Barasertib,
Ispinesib, and Cetuximab, both individually and in combination (Table 6). The IC50 of
Cetuximab could not be established, even at a concentration of 800 nM; therefore, we
employed lower concentrations in the MTT assay to identify potential synergistic points
with reduced drug concentrations. Nonetheless, BAY1217389 exhibited comparable IC50 for
both cell lines (402.95 ± 4.31 nM vs. 540.6 ± 2.12 nM for SCC-25 and SCC-09, respectively).
The IC50 values of Barasertib and Ispinesib were previously determined, and as indicated
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in Table 1, the SCC-25 cell line demonstrated greater sensibility to these drugs compared to
the SCC-09 cell line.

 

Figure 6. EGFR and MPS-1 are overexpressed in oral cancer cell lines. Relative expression of
EGFR (a) and MPS-1 (c) mRNA as determined by qRT-PCR in SCC-09 and SCC-25 tumor cell lines,
comparatively to non-tumor HOK. Representative Western Blots showing differential expression at
protein levels of EGFR (b) and MPS-1 (d). α-tubulin was used as a loading control. The significance
levels were as follows: * p < 0.05, ** p < 0.01 and **** p < 0.0001. Original western blots are presented
in File S1.

Table 6. IC50 values of Cetuximab, BAY1217389, Barasertib, and Ispinesib in SCC-25 and SCC-09 cell
lines after 48 h incubation.

IC50 (nM)

Drugs/Cell Line SCC-25 SCC-09

Cetuximab >800 >800

BAY1217389 402.95 ± 4.31 540.6 ± 2.12

Barasertib 5580.0 ± 664.0 [40] >64,000.0 [40]

Ispinesib 3.4 ± 0.5 [40] 58.9 ± 3.2 [40]

Given that the SCC-25 cell line serves as a model of oral cancer and exhibits elevated
protein expression levels of EGFR, MPS-1, Aurora-B, and KSP compared to SCC-09 cells,
we selected SCC-25 cells for the subsequent experiments in this study. The results of the
MTT assay for the SCC-09 cell lines can be found in the Supplementary Material (Figure S1).
The effects of each drug combination were assessed, and the data are presented as two dual-
drug concentration crosswise matrices: one depicting the percentage of cell viability and the
other illustrating the effect score of the combinations (Figure 7). Notably, all combinations
exhibited synergistic effects, and the synergistic combination with the lowest concentrations
was selected for further experimentation (30 nM of Cetuximab with 40 nM of BAY1217389,

137



Cancers 2024, 16, 3732

15 nM of Cetuximab with 1000 nM of Barasertib, and 240 nM of Cetuximab with 1.875 nM
of Ispinesib).

 

Figure 7. BAY1217389 + Cetuximab (a,b), Barasertib + Cetuximab (c,d), and Ispinesib + Cetuximab (e,f)
combinations potentiate cytotoxicity in SCC-25 cell lines. Cell viability (%) after 48 h of exposure to
single or combination therapies was determined by MTT assay (a,c,e) based on three independent
experiments. Synergy scores (b,d,f) were calculated using the Bliss model in Combenefit software
version 2.021, with asterisks denoting synergistic (cyan to blue) or antagonistic (yellow-green to red)
effects. The statistical significance levels were the following: * p < 0.05.
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Notably, the concentrations of BAY1217389, Barasertib, and Ispinesib used correspond
to 10-, 5.6-, and 3-fold reductions, respectively, from their respective IC50 values. In contrast,
the reduction in concentration for Cetuximab was even more pronounced, as the IC50 could
not be achieved.

To evaluate whether drug combinations resulted in prolonged anticancer effects,
we performed colony formation assays in SCC-25 cancer cells. The cells were exposed
to the different combinations for 48 h, after which the medium was replaced with fresh
medium. Colonies were counted after 7 days. Our results indicated that the combinations of
Barasertib + Cetuximab and Ispinesib + Cetuximab significantly reduced colony formation
compared to single treatments. In contrast, the combination of BAY1217389 + Cetuximab re-
sulted in a reduction similar to that of BAY1217389 alone (Figure 8a–d). Specifically, a colony
survival fraction of 53.69% ± 2.64 was observed following treatment with Barasertib + Ce-
tuximab, compared to Barasertib (103.24% ± 3.02) and Cetuximab (84.22% ± 3.68) alone.
Similarly, the Ispinesib + Cetuximab combination results in a colony survival fraction of 43%
± 1.18, compared to Ispinesib (57.82% ± 3.32) and Cetuximab (79.37% ± 2.12) drugs alone.
In contrast, the combinatorial exposure to BAY1217389 + Cetuximab led to a colony survival
fraction of 51.37% ± 3.16 compared to 52.64% ± 6.36 for BAY1217389 monotherapy and
78.25% ± 10.63 for Cetuximab monotherapy. These results suggest that the combinatorial
approaches, at least for Barasertib + Cetuximab and Ispinesib + Cetuximab combinations,
exhibit the ability to maintain long-term cellular cytotoxicity, preventing the proliferation of
cancer cells, supporting the therapeutic promise of combining EGFR inhibition with Aurora-
B or KSP inhibition, and to a lesser extent with MPS-1 inhibition, in oral cancer treatment.
Thus, these combinations appear to be viable strategies to enhance therapeutic outcomes.

3.5. The Combined Treatment of Cetuximab with BAY1217389, Barasertib, or Ispinesib Enhances
Mitotic Cell Death in Oral Cancer Cells

After observing increased cytotoxicity with the combination treatments, we further
investigated whether this effect was mediated by Cetuximab promoting apoptosis, using
flow cytometry for analysis. Cetuximab alone significantly increased the percentage of
apoptotic cells compared to the control. BAY1217389 alone demonstrated a slight increase
in apoptotic cells compared to the control (7.48 ± 1.60% vs. 2.3 ± 0.72%, respectively),
while Barasertib alone resulted in a similar increase as Cetuximab alone (12.2 ± 2.47% vs.
11.63 ± 3.76%, respectively). For the combination of Cetuximab and Ispinesib, cells were
exposed for 24 h to ensure the analysis captured all cells undergoing apoptosis, as this
combination resulted in a high number of dead cells at this time, thereby minimizing the
risk of loss. However, Ispinesib alone did not exhibit a statistically significant difference
compared to the control (5.04 ± 1.77% vs. 2.3 ± 1%).

A significant increase in cell apoptosis was observed when Cetuximab was combined
with BAY1217389 (21.62 ± 4.70%), Barasertib (42.37 ± 4.61%), or Ispinesib (22 ± 5.75%),
compared to the effects of the individual drugs and the control (Figure 9). Additionally,
the combinations of Cetuximab with Barasertib or Ispinesib were tested using SCC-09
cells. The combination of Cetuximab and Ispinesib demonstrated similar results, while
Cetuximab and Barasertib showed a slight increase, although not statistically significant, in
the percentage of apoptotic cells (Figure S2).
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Figure 8. Colony formation assays were conducted using SCC-25 cells over a period of 7 days (a). The
survival fraction (%) was quantified following single or combination treatments as specified (b–d). Data
represent the mean ± SD of three independent experiments, analyzed using one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Statistical significance is denoted as follows: ** p < 0.01;
**** p < 0.0001.
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Figure 9. Cont.
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Figure 9. The combinations of BAY1217389 + Cetuximab, Barasertib + Cetuximab, and Ispinesib + Ce-
tuximab promote increased cell death in SCC-25 oral cancer cells. Representative cytograms of
SCC-25 cells double-stained with Annexin V-FITC and propidium iodide (PI) are displayed in pan-
els (a,c,e). The quadrants are defined as follows: Q1 = live cells (Annexin V-negative, PI-negative),
Q2 = early apoptosis (Annexin V-positive, PI-negative), and Q3 = late apoptosis (Annexin V-positive,
PI-positive). Bar graphics (b,d,f) showing the percentage of Annexin V-positive cells. Data represent
the mean ± SD from three independent experiments and were analyzed using one-way ANOVA
with Tukey’s multiple comparison test. Statistical significance is indicated as * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

4. Discussion

EGFR, MPS-1, Aurora-B, and KSP are highly expressed in oral cancer cells and tissues
from OSCC patients, which is in accordance with the data available in bioinformatic
databases, such as UALCAN. Furthermore, EGFR, MPS-1, Aurora-B, and KSP expression
levels have significant implications for the clinical outcomes of OSCC patients. High
EGFR expression is associated with poorer prognosis and reduced survival, as indicated
by the significant correlation with cancer-specific survival. This makes EGFR a valuable
prognostic marker and a target for therapeutic intervention.

While the direct correlation of MPS-1, Aurora-B, and KSP with clinical outcomes, such
as survival, was not statistically significant in the provided data, there is a notable trend.

Except for MPS-1, high expression levels of these proteins may correlate with more
aggressive disease and poorer prognosis. However, a limitation of our study is the relatively
small number of patient samples; a larger sample size might yield statistically significant
results, thereby strengthening the validity of our results regarding the overexpression of
MPS-1, Aurora-B, and KSP in clinical contexts.

To our knowledge, no studies have specifically assessed the correlation between MPS-1
expression and overall survival in OSCC patients. However, some studies conducted with
triple-negative breast cancer (TNBC) patient samples have shown similar results to those
observed in our study, wherein high expression of MPS-1 was correlated with better overall
survival and disease-free survival [11,12]. One of these studies suggests that low expression
of MPS-1 may be associated with reduced responsiveness to conventional chemotherapy,
as these cells exhibit lower proliferative rates [11]. Conversely, other studies indicate that
higher expression of MPS-1 in TNBC patients is linked to poor prognosis [41,42]. Thus,
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additional involving OSCC patients is required to fully elucidate the correlation between
this protein and patient prognosis.

The trend observed for KSP appears to align with previously reported findings, which
indicated that high expression of KSP is associated with worse prognosis in oral cancer
patients [39]. Similar results have been reported for Aurora-B, although the correlation with
poorer prognosis in OSCC patients was noted in relation to disease-free survival rather
than overall survival, as indicated in our study [17].

Co-treatment with Cetuximab and inhibitors targeting MPS-1, Aurora-B, or KSP
demonstrated synergistic effects in oral cancer cells. This synergy suggests that these
proteins may be part of interconnected pathways that promote cancer cell survival and pro-
liferation. By simultaneously targeting multiple nodes within these pathways, combination
treatment may more effectively induce mitotic cell death.

Combining Cetuximab with BAY1217389 enhances mitotic cell death, indicating that
inhibiting EGFR and MPS-1 disrupts critical signaling required for cell division and survival
in oral cancer cells. Nonetheless, the results regarding the apoptosis evaluation had a more
pronounced effect on the combination when compared to the long-term proliferation
assay. This can be explained by the inherent differences between the methods used for the
experiments, such as the duration of the assay (48 h vs. 7 days). Combining Cetuximab with
Barasertib also amplifies mitotic cell death, suggesting that Aurora-B is a crucial mediator
of cell cycle progression in these cells, and its inhibition, alongside EGFR blockade, leads
to heightened cell death. Similarly to the other combinations, Cetuximab with Ispinesib
increases mitotic cell death, indicating the essential role of KSP in mitotic spindle formation
and function, which is critical for cell division. In addition to the body of work regarding the
clinical relevance of these proteins, the results from our combinatorial treatment approaches
suggest their potential as therapeutic targets.

Furthermore, the cell lines employed in this study were both HPV-negative SCCs from
the tongue. HPV-negative oral cancers are generally associated with a poorer prognosis
compared to their HPV-positive counterparts. Additionally, these two types exhibit distinct
characteristics that must be considered when selecting treatment options. Therefore, our
findings may not be extrapolated to HPV-positive cell lines, even though previous research
has demonstrated similar responses to Cetuximab treatment regardless of HPV status [43].
Moreover, it is important to note that the incidence of HPV-positive oral cancers is on the
rise, particularly in developed countries. This trend highlights the necessity for further
research that includes HPV-positive cell lines to enhance our understanding of the effects
of our combinatorial treatment approaches.

Our findings indicate that MPS-1, Aurora-B, or KSP are commonly expressed in OSCC,
and inhibiting these proteins enhances the therapeutic potential of Cetuximab.

5. Conclusions

The overexpression of EGFR, MPS-1, Aurora-B, and KSP in OSCC underscores their
critical roles in tumor progression. The synergistic effects of combined Cetuximab, and
specific inhibitors highlight the potential for multi-targeted therapies. EGFR, with its
significant association with poor prognosis, stands out as a key prognostic marker and
therapeutic target. Future studies should aim to validate these findings in larger patient
cohorts and further explore the interplay mechanism underlying the observed synergistic
effects. This could pave the way for more effective, personalized treatment strategies for
OSCC patients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16223732/s1, Table S1: Clinicopathological characteristics
of the OSCC patients; Figure S1: BAY1217389 + Cetuximab (a,b), Barasertib + Cetuximab (c,d)
and Ispinesib + Cetuximab (e,f) combinations potentiate cytotoxicity in SCC-09 cell lines. Cell
viability (%) of single or combination therapies after 48 h of drug exposure, from three independent
experiments as determined by MTT assay (a,c,d). Synergy scores (b,d,f) calculated by the Bliss model
of Combenefit software 2.021 with statistical relevance of * p < 0.05; Figure S2: The combination
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of Barasertib + Cetuximab (a,b) showed no cell death increase while Ispinesib + Cetuximab (c,d)
enhanced cell death in SCC-09 oral cancer cells. Representative cytograms of the SCC-09 cell line,
double-stained with Annexin V-FITC and propidium iodide (PI), are shown (a,c). The quadrants
are defined as follows: Q1 = live cells (Annexin V-negative and PI-negative), Q2 = early stage of
apoptosis (Annexin V-positive and PI-negative), and Q3 = late stage of apoptosis (Annexin V-positive
and PI-positive). Quantification of Annexin V-positive cells is provided (b,d). Data represent the
mean ± SD of three independent experiments and were analyzed using one-way ANOVA followed by
Tukey’s multiple comparisons test. Statistical significance is indicated as ** p < 0.01, and *** p < 0.001.
File S1: Original western blots.
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Simple Summary: This review highlights the recent advances in the development and application of
dual function kinase inhibitors that also bear fluorescent properties (fluorescent kinase inhibitors),
thus can be used as theranostics in the field of cancer. This is a rapidly growing field with significant
potential for cancer therapy and diagnosis. This work mainly focuses on the key design principles that
guide the development of these multifunctional compounds, emphasizing the integration of essential
components such as the kinase cytotoxic warhead, the fluorophore, the linkers, and additional
modular elements to enhance the efficacy of the final assembled compound. We anticipate this review
to propel the advancement of this field by improving the understanding of the design principles
and ultimately leading to the development of more effective tools for the concurrent diagnosis and
treatment of cancer.

Abstract: Kinase inhibitors are potent therapeutic agents in cancer treatment, but their effectiveness is
frequently restricted by the inability to image the tumor microenvironment. To address this constraint,
kinase inhibitor–fluorophore conjugates have emerged as promising theranostic agents, allowing
for simultaneous cancer diagnosis and treatment. These conjugates are gaining attention for their
ability to visualize malignant tissues and concurrently enhance therapeutic interventions. This review
explores the design principles governing the development of multimodal inhibitors, highlighting
their potential as platforms for kinase tracking and inhibition via bioimaging. The structural aspects
of constructing such theranostic agents are critically analyzed. This work could shed light on this
intriguing field and provide adequate impetus for developing novel theranostic compounds based
on small molecule inhibitors and fluorophores.

Keywords: bioimaging; conjugates; design principles; kinase inhibitors; theranostic agents

1. Introduction

Cancer is persistently one of the leading causes of death worldwide, responsible for
nearly 20 million new cases in 2022 and almost 10 million deaths [1]. Unfortunately, these
numbers are projected to rise to 30 million cases and more than 15 million deaths by 2040.
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For the past 10 decades, chemotherapy, surgery, radiation, or a combination of these have
been the major contenders in cancer therapy [2–5]. Although these methodologies have
aided in reducing the tumor burden, they generally do not provide a comprehensive thera-
peutic approach with high predictability for achieving long-term remission. Furthermore,
the combinatorial utilization of anticancer agents is often invoked during chemotherapy,
but it leads mostly to poor cancer suppression and severe side effects, mainly due to
nonspecific drug targeting. The type of drugs used, along with the dosage and treatment
frequency, can influence how radiation therapy and chemotherapy impact the innate and
acquired immunity of cancer patients—both of which are crucial for defending against
pathogenic threats [6]. The major disadvantage of the current cancer treatments is their
tendency to affect normal cells, thereby crippling the host’s immune system. Thus, there is
an unmet need for targeted therapeutic approaches, where the selective localization of the
toxic warheads in malignant tumor sites can be boosted. Kinase inhibitors [7], small molec-
ular weight compounds that target multiple receptors [8–12], are considered indispensable
members of the targeted therapy approach [13].

Receptor tyrosine kinases (RTKs) are key targets for tyrosine kinase inhibitors due
to their involvement in signal transduction and other cellular processes that drive cell
proliferation and tumor growth. RTKs have been categorized into different families, in-
cluding Type III RTKs (PDGFR, FLT3, and C-Kit), which are highly expressed in several
cancer types, like breast or lung cancer [14,15]. All RTKs comprise three major parts: an
intracellular tyrosine kinase domain, a transmembrane region, and an extracellular ligand
binding domain [16]. RTKs’ abnormal activation in cancer has been closely correlated to
the upregulation of the signaling of the phosphoinositide 3-kinase (PI3K) pathway [17].
When an appropriate stimulus, including vascular endothelial growth factor (VEGF) or
epidermal growth factor (EGF), binds to the extracellular domain of RTKs, dimerization
and phosphorylation of the intracellular tyrosine kinase domain occurs, leading to the
engagement of PI3K to the plasma membrane [18]. Following this event, the PI3K/Akt
cascade is activated, starting with the phosphorylation of PIP2 to PIP3, resulting in the
recruitment of protein kinase B (also known as Akt) and phosphoinositide-dependent
protein kinase 1 (PDK1) to the plasma membrane. Phosphorylation of the Akt by another
protein kinase, known as a mammalian target of rapamycin complex 2 (mTORC2), leads to
its activation and consequently to the activation of important target proteins that control
cell proliferation, survival, and resistance to therapy [16,19]. Since the PI3K/Akt pathway
is one of the most frequently dysregulated pathways in cancer, and because hyperactivation
of its major components has been at least partly attributed to RTKs’ abnormal activation,
research has nowadays shifted its focus to identifying novel tyrosine kinase inhibitors as
potent medicines.

Tyrosine kinase inhibitors can inhibit protein phosphorylation, which is responsible
for transferring the signals intracellularly to regulate cell proliferation, survival, migra-
tion metabolism, and growth response to stimuli, and therefore, it plays a crucial role
in anticancer activity [20]. Kinase inhibitor-based targeted therapy selectively identifies
and damages specific types of cancer cells or tissues, sparing normal cells. This type of
cancer treatment has greatly improved the quality of tumor manipulation, lessened the
unwanted side effects, and is generally well tolerated in patients with advanced cancer
progression and/or poor prognosis [21]. Notably, 62 kinase inhibitors had been approved
by the U.S. Food and Drug Administration by February 2024 [5] including dasatinib [22,23],
dabrafenib [24,25], sorafenib [26,27], sunitinib [28,29], and many more [5].

Besides the traditional targeted anticancer therapies, including chemotherapeutic
drugs and kinase inhibitors, multiple innovative therapeutic approaches have emerged over
the past decades. Along these lines, targeted therapy using theranostic agents that promote
the selective and concurrent diagnosis and therapy of malignant tumors is of high relevance.
Targeted theranostic agents usually consist of a fluorophore, an anticancer drug, and a
tumor-homing element, tethered via various linkages [30]. The classic fluorophores that
were used heavily in the past years included coumarin, anilinonaphthalene-sulfonic acid
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derivatives, dansyl amine, 4-N,N-dimethylamino-1,8-naphthalimide, prodan derivatives,
Nile red, BODIPY, fluorescein, and rhodamine. The new era of theranostic agents consists
of NIR (near-infrared) dyes that can be categorized based on their emission wavelength as
NIR-I (700–1000 nm) and NIR-II (1000–1700 nm). These include polymethine cyanine dyes,
dicyanomethylene-based dyes, squaraines, etc. NIR dyes offer several advantages over
traditional fluorophores, including higher spatiotemporal resolution, improved signal-to-
background ratio for imaging, and greater tissue penetration depth.

Combining kinase inhibitors with diagnostic modalities into a single entity could
offer a dual-functional approach, enabling simultaneous cancer treatment and diagnosis.
This strategy relies on the covalent conjugation of small molecular weight inhibitors to
fluorophores via various linkers, to produce fluorescent kinase inhibitors, able to selectively
visualize and eliminate cancer cells in a concurrent manner (Figure 1). This review focuses
on the principles governing the design of fluorescent kinase inhibitors which can be utilized
against the menace of cancer. An extensive analysis of their constituents (fluorophore,
inhibitor, linker, and additional elements) is presented, followed by several breakthroughs
in this field, according to the current literature. Special focus is placed on the design
principles that guide the development of fluorescent kinase inhibitors. The basic structural
elements required to formulate the architecture of fluorescent kinase inhibitors that include
the kinase inhibitor, the fluorophore and the linkers that will connect these elements are also
elaborated., A thorough analysis is provided on the selection criteria for the linkers that will
tether the kinase inhibitor warhead to the fluorophore as well as additional components
that could enhance the pharmacokinetics (e.g., solubility-enhancing moieties).

Figure 1. Example of fluorescence-guided diagnosis and therapy using fluorescent kinase inhibitors.

2. Design Principles and Analysis of Each Constituent

Fluorescent kinase inhibitors generally consist of a kinase inhibitor, a linker, and a
fluorophore. However, some variants may also include additional components, such as
moieties that enhance water solubility. The kinase inhibitor is used as the toxic warhead to
eliminate the malignant tumor cells, the fluorophore (often a NIR dye) is used to enable the
visualization of the tumor site, and the linker is used to tether the different elements and
regulate the pharmacokinetic properties of the final conjugate.

However, additional elements can be introduced to address specific weaknesses, such
as off-target toxicity and low aqueous solubility. The following section will emphasize each
constituent and rationalize the criteria for selecting them, with a particular focus on their
design principles.

149



Cancers 2024, 16, 3667

2.1. The Chemical Space of the Kinase Inhibitors

Protein kinases are defined by their ability to catalyze the transfer of the terminal
phosphate group of ATP to certain substrates, which usually contain a serine, threonine,
or tyrosine residue. Kinases have different structures, but they all consist of an activation
loop, which is important in monitoring the kinase activity. The activation loop has different
conformations with catalytically competent sites, usually phosphorylated, and an ‘inactive’
conformer site where the activation loop blocks the substrate binding site. Kinase inhibitors
are mostly ATP competitive and bind to the activation site of ATP, inhibiting the protein
phosphorylation and thus preventing cell proliferation. Certain representative kinase
inhibitors are listed in Table 1, categorized according to their target protein.

Table 1. Categorization of representative kinase inhibitors based on their targets.

FDA-Approved KINASE Inhibitors Drug Target

Crizotinib, Ceritinib,
Alectinib, Brigatinib, Lorlatinib ALK

Bosutinib, Dasatinib, Imatinib, Nilotinib, Ponatinib BCR–ABL

Vemurafenib, Dabrafenib, Encorafenib B-Raf

Ibrutinib, Acalabrutinib, Zanubrutinib BTK

Palbociclib, Sorafenib, Ribociclib
Abemaciclib CDK family

Crizotinib, Cabozantinib, Capmatinib c-Met

Gefitinib, Erlotinib, Lapatinib, Vandetanib, Afatinib, Osimertinib,
Dacomitinib EGFR family

Neratinib, Tucatinib ErbB2/HER2

Erdafitinib. Nintedanib, Pemigatinib FGFR

Gilteritinib, Midostaurin Flt3

Ruxolitinib, Tofacitinib, Baricitinib,
Tofacitinib, Upadacitinib JAK family

Trametinib, Binimetinib, Cobimetinib, Selumetinib MEK1/2

Everolimus, Fedratinib, Sirolimus, Temsirolimus Mtor

Axitinib, Gefitinib, Imatinib, Lenvatinib, Nintedanib, Pazopanib,
Regorafenib, Sorafenib, Sunitinib, Avapritinib, Ripretinib PDGFR α/β

Vandetanib, Cabozantinib, Pralsetinib, Selpercatinib RET

Netarsudil ROCK1/2

Entrectinib, Crizotinib ROS1

Bosutinib, Dasatinib, Ponatinib, Vandetanib Src family

Fostamatinib, R406 Syk

Larotrectinib TRKA/B/C

Regorafenib, Pazopanib, Sorafenib, Axitinib, Lenvatinib, Nintedanib,
Sunitinib, Cabozantinib, Vandetanib VEGRF Family

In addition to other core moieties found in kinase inhibitors, special attention should
be given to the quinazoline group. This group has been extensively utilized in several
FDA-approved EGFR kinase inhibitors (Figure 2) [31,32].

150



Cancers 2024, 16, 3667

NH

N

N

O

O

O
O

Cl NH

N

N

O

N
H

F

O

O
N

Cl NH

N

N

O

O N

F GefitinibErlotinib

Cl NH

N

N

O
F

O
NH

S
CH3

O
O

Lapatinib

O

NH

N

N

Br
Vandetanib

F

O

O

N

Afatinib

NH

N

N
NH

F

O

Dacomitinib

N

O

Cl

Figure 2. Quinazoline-based kinase inhibitors approved by the FDA for the treatment of different
types of cancers. The quinazoline group is highlighted with a dotted blue line.

When designing a kinase inhibitor-based theranostic agent, the selection of the ap-
propriate inhibitor should be guided by specific requirements. For instance, the inhibitor
should bear the appropriate conjugation site (e.g., -COOH, -OH, -NH2) that could be uti-
lized for its conjugation with a fluorescent dye or a linker. If the inhibitor does not possess
the desired conjugatable site, a relevant analog can be sculpted in certain cases, but it must
undergo full validation in both in vitro and in vivo settings to ensure its efficacy. Such an
example was described by Mubarak et al. [33], where a conjugatable site (-COOH) was
incorporated within the structure of sunitinib after the replacement of the N,N-diethyl-
moiety. The free -COOH could be potentially utilized to conjugate a hydroxyl- or amine-
containing fluorescent dye. Along these lines, similar procedures could be employed to
produce various kinase inhibitors bearing the preferred conjugatable groups, provided that
they do not disturb the interactions of the kinase inhibitor with its target protein. Usually,
scientists prefer to exploit an already known kinase inhibitor in order to avoid the laborious
synthesis of new analogs and the consequent in vitro and in vivo validation experiments.
For this purpose, the crystal structures of numerous kinase inhibitors and their related
target domain exist in data banks, and they should be employed to predict the appropriate
conjugation site prior to the syntheses. For example, the crystal structure of dasatinib
(kinase inhibitor) bound to its target (ABL kinase domain) suggests that the hydroxyl group
of dasatinib points out of the binding site of the target and, hence, it could be modified
without mitigating its inhibition potency [34].

In addition, another aspect that should be taken into consideration when selecting
the appropriate kinase inhibitor is the type of cancer to be targeted. Each kinase inhibitor
exhibits optimal efficacy against certain cancer types, and thus, these data should guide the
kinase inhibitor selection. For instance, osimertinib has shown significant activity against
mutated non-small cell lung carcinomas (NSCLCs) and could be one of the leading focuses
for such types of cancers [35]. However, osimertinib should not be overlooked for other
types of cancers, as it may have significant potency that may have not been unveiled yet.

2.2. Selecting the Fluorophore

Selecting a fluorophore with excellent photophysical properties is essential when
designing a fluorescent kinase inhibitor, and cyanine dyes represent a promising option due
to their favorable characteristics [36–38]. The following section is meant to describe some
current breakthroughs in cyanine dyes [39], as the majority of previously reported kinase
conjugates bear a cyanine dye core. The cyanine molecule features a conjugated π-electronic
system and a push–pull structural element, which both contribute to its strong fluorescence
and tunable photophysical properties. Heteroatoms, such as oxygen or nitrogen, act as
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electron donors (push component), while electron-withdrawing groups, such as -NO2,
function as electron acceptors (pull component). This push–pull configuration enhances
the molecule’s electronic properties and fluorescence. It should be noted that nitrogen
constitutes a better donor than oxygen because of its smaller electronegativity. If nitrogen
has used its lone pair, it then behaves like an electron-withdrawing group [40]. In 2021,
Syed Muhammad Usama and co-workers [41,42] summarized fluorescent heptamethine
cyanine-7 (Cy-7) dyes, which have exceptional accumulation and persistence properties
because of their in vivo covalent binding to albumin. The structures of such fluorescent
cyanine dyes with their maximum emitted wavelengths are presented in Figure 3a. It was
found that the meso-Cl group [41–43] is crucial for the dye to accumulate and reside longer
in tumors, which is not the case with indocyanine green (ICG) because of the unavailability
of the -Cl group. To confirm the importance of meso-Cl, dyes with different functionalities
to a Cl group were tested, and it was evident that they did not produce a covalent adduct
with albumin. The QuatCy dye derivative (Figure 3a), bearing a meso-Cl, formed covalent
adducts with thiol-containing proteins other than albumin much faster than IR-808, because
of the presence of a more electrophilic meso-carbon. However, dyes like IRDye 800CW
and ZW800-1 (Figure 3b) are used in clinical trials as NIR contrast agents, although they
do not contain a meso-Cl. Certain cyanine dyes can be used as treatment options in
photothermal therapy (PTT) and photodynamic therapy (PDT) [44]. Along these lines, the
Chunmeng Shi group [45] found a derivative of ICG (IR-DBI) with multimodal therapeutic
activities including PDT and PTT (Figure 3c). The structural modification in IR-DBI seems to
facilitate the binding to albumin, to form a dye–albumin complex that exerts a preferential
accumulation and persistence at tumor sites via the enhanced permeability and retention
effect. The released IR-DBI was taken up by the cancer cells via organic-anion-transporting
polypeptide transporters and was selectively accumulated in the mitochondria, due to its
lipophilic cationic nature. Apart from cyanines, other fluorescent chemotypes can also be
used for conjugation with kinase inhibitors, including BODIPY, phthalocyanines, Alexa-532,
and many more, depending on the specific requirements.

Figure 3. (a) Cyanine-based fluorescent dyes bearing either a meso-Cl (highlighted in blue) or a
-Ph group. (b) Two cyanine derivatives used in clinical trials for fluorescence-guided surgery. (c) A
multimodal therapeutic NIR dye containing a meso-Cl functionality [41].
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In addition to the photophysical properties, the choice of a fluorophore can also
depend on its available conjugation sites, as is similarly considered for kinase inhibitors.
The literature provides a pool of fluorophores with a wide variety of conjugation sites that
can be selected based on specific requirements. Furthermore, existing fluorophores can be
modified to incorporate the desired functional groups, a process that is generally simpler
than the modifications required for kinase inhibitors.

Additionally, the selection of a fluorophore can be guided by the intended application
of the final kinase inhibitor–fluorophore conjugate [43]. For instance, if the final conjugate is
expected to be used solely for in vitro assays, the selected fluorophore is usually relatively
small in size, so as not to perturb the binding affinity/selectivity of the inhibitor. If the final
conjugate is expected to be utilized within in vivo applications, specific aspects must be
considered: A higher molecular weight dye can be utilized (e.g., a NIR-II emitting dye),
which is usually associated with deeper tissue penetration, lower signal-to-noise ratio and
lower toxicity [46].

2.3. Types and Selection Criteria for Linkers in Kinase Inhibitor–Fluorophores

Despite its relatively small size compared to the rest of the theranostic agent, the linker
is crucial in determining the bioactivity profile of the final kinase inhibitor–fluorophore
conjugate. The linker must be carefully selected to optimize the pharmacokinetics and
augment the delivery capacity of the kinase inhibitor to the target site while preventing a
premature release. Additionally, the linker should not interfere with the binding affinity
and selectivity of the kinase inhibitor towards its protein target. An inappropriate linker
choice can lead to reduced efficacy or complete abolishment of the binding.

Additionally, the linker should be chemically/enzymatically resilient within the blood
circulation to allow the conjugate to reach its kinase target intact and afford a spatiotem-
poral drug release within the tumor site. An example is discussed in the succeeding
section whereby the conjugate C8a can selectively release the drug in the tumor site via a
glutathione-mediated disulfide bond cleavage, increasing the efficacy of the utilized parent
anticancer drug. The linker also plays a key role in keeping the dye out of the primary
kinase domain site, which otherwise may interfere and result in diminished potency of the
drug [47].

The most common linkers used in kinase inhibitor–fluorophore conjugates include
amides and esters. These linkers are specifically designed to be cleaved in the cancer
microenvironment, where high levels of amidases and esterases are present [48]. Addition-
ally, ethylene glycol linkers are frequently employed among classic linkers to enhance the
pharmacokinetic properties of the inhibitor. Another class of linkers that is continuously
gaining attention involves linkers that are rationally designed to become cleaved under
specific stimuli overexpressed in the tumor environment. For instance, certain bonds can
be hydrolyzed selectively in the presence of the slightly acidic pH of the tumor microenvi-
ronment to release the active drug, while they are stable in the blood circulation [49]. These
include imine, oxime, hydrazone, orthoester, acetal, and vinyl ether. A prior rational design
could result in a theranostic agent that shows enhanced fluorescence intensity (derived
from the utilized dye) when the kinase inhibitor is released into the tumor microenviron-
ment. Along these lines, self-immolative linkers are occasionally utilized, as they offer a
controlled drug release, triggered by various tumor microenvironment stimuli [50]. The
trigger group that is used to detonate the on-demand drug release can be attached to the
donor moiety of the dye, resulting in the quenching of its fluorescence until the conjugate
reaches the tumor site.

2.4. Additional Structural Elements: Refining the Architecture of Kinase Inhibitor–Fluorophores

Additional elements can be incorporated into the final conjugate to address various
limitations, such as low water solubility, off-target toxicity, and insufficient chemical or
enzymatic stability. Water solubility is a crucial parameter required to achieve the effective
concentration of the drug in the target tumor area. The main issue of the majority of the

153



Cancers 2024, 16, 3667

drugs is their low aqueous solubility, which is closely associated with a low bioavailability.
Various techniques are exploited to improve the water solubility of poorly soluble drugs, in-
cluding physical and chemical modifications of the drugs. Specifically, this can be achieved
through modification of their chemical structures with certain functionalities like -SO3

−,
-COOH, glycols, and morpholines. In addition, other techniques like particle size reduction,
salt formation, solid dispersion, use of surfactant, encapsulation, nanoformulation, and
complexation might also be employed. Along these lines, Juan Ouyang and co-workers
developed an approach for the synthesis of various heptamethine cyanine-based NIR-II
fluorophores with enhanced aqueous solubility and stability (Figure 4a) [51]. These were
developed by introducing a pyridinium ring (on the top of the central cyclohexenyl group)
and two PEG chains for solubility enhancement, and a tert-butyl group (on the central
cyclohexenyl group) for stabilization. Recently, Usama and co-workers [52] reported a
fluorogenic probe based on the heptamethine cyanine scaffold (Figure 4b). This probe
bears two SO3

− moieties aiming to enhance its water solubility. The protonation of the
nitrogen in an acidic medium triggers the enhancement of the fluorescence intensity and,
hence, this agent represents a turn-on probe for acidic organelles like lysosomes. This
compound could be utilized via its conjugation with a kinase inhibitor to develop a kinase
inhibitor–fluorophore.

Figure 4. Water solubility enhancement by inserting different functional groups: (a) PEG and
(b) SO3

−.

In addition to water-soluble moieties, tumor-homing elements can also be incorpo-
rated to improve the selectivity of the final kinase inhibitor–fluorophore conjugate. These
elements enhance targeted delivery while reducing off-target effects and increasing thera-
peutic efficacy and can also function as stability/solubility enhancers (Figure 5a). Certain
receptors are overexpressed or uniquely expressed on the surface of malignant tumor cells,
representing appealing candidates for tumor targeting [49,53–55]. Targeting these receptors
with specific biomolecules could shape a methodology to target the cancer microenvi-
ronment and has been extensively exploited for several years. Recently, Song et al. took
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advantage of the polyamine uptake system (PUS) by developing a polyamine-targeting
agent of gefitinib [56]. This agent consists of gefitinib (drug), disulfide bond (linker), BOD-
IPY (fluorophore), and polyamine (tumor-targeting element) and is used to treat non-small
cell lung carcinoma. The conjugate binds to the PUS by the polyamine ligand, thus leading
to its accumulation within the solid tumor (Figure 5b).

Figure 5. Incorporation of the tumor-homing polyamine to offer a selective accumulation of a
theranostic BODIPY-gefitinib agent to the tumor site. (a) The general architecture of the fluorescent–
drug conjugates with tumor-homing elements; (b) chemical structure of the BODIPY-gefitinib agent.
The targeting element (polyamine) is colored purple, the fluorophore (BODIPY) black, the linker
(disulfide bond) blue, and the cytotoxic and kinase targeting drug (gefitinib) red [56].

3. Representative Examples of the Architecture of Kinase Inhibitor–Fluorophores

The aforementioned structural components can be freely combined to create a single
chemical entity consisting of a kinase inhibitor (toxic warhead), a fluorophore (visualization
modality), necessary linkers (e.g., self-immolative linkers), and additional elements such as
triggers or moieties that enhance solubility and stability. Representative examples of the
current literature are presented in the following section and the design principles governing
the selection of each constituent are extensively analyzed for each case.

3.1. Dasatinib-Based Conjugates

Dasatinib is a kinase inhibitor approved for the treatment of certain types of leukemia.
In addition to its efficacy in leukemia, it has shown potent activity against other cancers,
including glioblastoma, the most aggressive form of brain tumor. Based on computational
studies, dasatinib is known to bind to multiple conformations of the ABL kinase [34],
where the hydroxyl group projects towards solvent and could probably represent a site
to tether an NIR dye (Figure 6a,b). Based on its binding mode and ongoing clinical trials
against glioblastoma, Kevin Burgess’s group [57] designed a cyanine-based dasatinib
conjugate against glioblastoma and evaluated it in in vitro and in vivo settings. Based on
the computational studies, the authors decided to conduct a direct conjugation with the
cyanine dye A on the hydroxyl group of dasatinib, to develop the final conjugate named C1.
The meso-Cl was not used due to its tumor-homing properties, as its binding to albumin
could enhance its population within the tumor site. This was confirmed after comparing
C1 with ICG (Figure 6b) which does not bear the meso-Cl. Notably, the conjugation
mode did not perturb the absorption and emission properties of the parent dye, as the
conjugate C1 absorbed (796 nm) and emitted (815 nm) within the same spectral region.
The IC50 values of C1 against Src and Lyn kinases were determined, and it was recorded
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that C1 displayed higher IC50 values relative to the parent drug dasatinib (Figure 6b).
Although the conjugate C1 perturbed the affinity of the kinase inhibitor towards the
studied kinases, significant binding was retained. After evaluating the in vitro cell viability
of the synthesized conjugate, the authors aimed to determine its cellular uptake mechanism.
Glioblastoma cells (U87) were treated with C1, and the results indicated that C1 localized
predominately in mitochondria due to its lipophilic and positively charged moieties. Finally,
in vivo imaging in nude mice revealed the localization of C1 in tumor sites for extended
periods (~72 h). In a similar work, Kevin Burgess’s group [58], used the same conjugate C1

against liver cancer cells (HepG2). Similarly, it was observed that C1 displayed higher IC50
values in comparison with the parent drug. C1 efficiently suppressed the viability of the
HepG2 cells in a more efficient manner than plain dasatinib at the same concentration and
also prevented their regrowth. C1 further proved to be cell permeable and also to localize
in mitochondria.

Figure 6. Dasatinib-based conjugates after rational design. (a) Crystal structure of dasatinib complex
with ABL kinase, with the hydroxyl group pointing out of the kinase cavity [34]. (b) The structure of
the fluorescent dasatinib-based analog C1 utilized against glioblastoma and liver cancer [57,58].

It is known that gastrointestinal endoscopy is not able to effectively differentiate
gastrointestinal stromal tumors (GISTs) from other subepithelial lesions. Therefore, the
need for the development of pronounced treatments that could target a specific tumor
tissue is critical. In the late 2020s, Fujimoto et al. [59] described a NIR-based conjugate of
dasatinib, designated C2a, targeting GISTs. It was found that C2a visualizes both GIST-
T1 and GIST-882M cells with moderate to good antitumor activity (Figure 7). Notably,
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the conjugate C2a displayed in vivo fluorescence signals in tumors with a high signal-
to-noise ratio (SNR) ratio. Such a pattern of in vivo fluorescence imaging of GIST-T1
xenografted mice treated with C2a is shown in Figure 7b, in which C2a (10 mg/kg) was
given intravenously and fluorescence images were acquired before and 12 h post-injection.
The fluorescence images of various organs were acquired, as indicated in Figure 7c,d. In
this study, fluorescence imaging was conducted in both subcutaneously xenografted mice
and orthotopically xenografted rats to detect the accumulation of the conjugate in tumors.
Therefore, this conjugate could operate as a useful architectural template when designing
theranostic probes for GISTs.

Figure 7. Dasatinib-based conjugates. (a) Fluorescent dasatinib-based conjugate C2a utilized against
GIST cancer; (b) In vivo fluorescence imaging pattern of GIST-T1 xenografted mice treated with
conjugate C2a (10 mg/kg injected intravenously) and fluorescence images acquired before and 12 h
post-injection. The yellow dashed circles correspond to the tumors; (c) The ex vivo fluorescence
images of the heart, lung, liver, gallbladder, spleen, kidneys, stomach, small intestine, cecum, and
tumor acquired 48 h after injection of C2a (10 mg/kg); (d) The ex vivo imaging pattern of the tumors
and intestines after washing with saline. The tissues were collected from mice 48 h after injection
with C2a (10 mg/kg) and images were acquired after washing [59]. The dye is colored black, the
linker blue, and the inhibitor (dasatinib) red.

In another study, the radioactive conjugate of dasatinib C2b (Figure 8a) was syn-
thesized and delivered to murine orthotopic glioma by convection-enhanced delivery
(CED) [60]. The 18F positron emission tomography (PET) and fluorescence imaging were
used to track the entire drug delivery process. The localization of the fluorescence in the
glioma cells was observed from the fluorescence imaging of mBSG co-incubated with C2b

(15 min incubation) (Figure 8b). Apart from this, a similar distribution of C2b fluorescence
(red) and DAPI (blue) nuclei was observed (Figure 8c). It was observed that the conjugate
exhibited in vivo nanomolar potency in cell viability assays, albeit slightly less effectively
than the parent drug dasatinib (Figure 8) [59]. Figure 8e presents two mice that were
infused with [18F]-1 by CED at time intervals of 15, 25, 40, 70, and 160 min. Glioma is
indicated with blue arrows. Regarding the first mouse (symbolized by ‘ii’), CED delivery
to glioma was successful, unlike the second mouse (symbolized by ‘iii’), where the delivery
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was unsuccessful. Importantly, PET imaging of [18F]-1 allows for real-time monitoring of
the drug delivery to the tumor area. Figure 8f visualizes an ex vivo fluorescence analysis of
[18F]-1 delivered by CED to the mouse (ii), followed by a PET scan.
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Figure 8. (a) The structure of the fluorescent dasatinib-based conjugate C2b utilized for PET imaging;
(b) Fluorescence imaging of mBSG co-incubated with C2b shows fluorescence localization to glioma
cells (15 min incubation); (c) similar distribution of staining in C2b fluorescence (red) and DAPI
(blue) nuclei; (d) Cell mask plasma membrane stain (green)/DAPI(blue); (e) [18F]-1 delivery by CED
to glioma at 15, 25, 40, 70, and 160 min. Blue arrows indicate glioma location. Mouse (ii) indicates
successful CED delivery. Mouse (iii) indicates unsuccessful CED delivery. The correspondence
of the imaging technique with the colors is as follows: PET(red)/CT(blue)/MR(grey); (f) ex vivo
fluorescence analysis of [18F]-1 delivered by CED to the same mouse (ii). Fluorescence is represented
in pink [60]. The dye is colored blue, the linker black, and the inhibitor (dasatinib) red.

3.2. Erlotinib-Based Conjugates

Erlotinib is an FDA-approved kinase inhibitor sold under the brand name Tarceva
and is mainly used against NSCLC with mutations. It was observed that although the
glycol part of erlotinib points out of the binding pocket, the modifications to the alkyne also
retained the EGFR activity (Figure 9a). So, it is suggested that both parts of the erlotinib
(glycol and alkyne) can be modified to achieve the desired results. Along these lines, in the
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year 2020, Xiaoguang Yang et al. [61] designed and synthesized several erlotinib derivatives
conjugated with cyanine dyes (Figure 9b). The conjugation was achieved via the glycol
moiety of erlotinib on the basis of computational studies. Molecular docking studies were
also performed to confirm this hypothesis and revealed that the drug in the conjugate
occupied the active site of the enzyme EGFR-TK (PDB: 1M17), whereas the NIR dye was
found outside the protein cavity. The authors also performed structure–activity relationship
(SAR) studies, and the key findings are illustrated in Figure 9b. Moreover, the cytotoxicity
results revealed that most of the synthesized conjugates displayed better inhibition against
A549, H460, H1299, and MDA-MB-231 cell lines in comparison with the parent drug
erlotinib. It was observed that the conjugate C3a displayed higher EGFR-TK inhibition than
erlotinib in the A549 cell line (Table 2) and also weaker cytotoxicity (38.6 μM) on human
normal mammary epithelial MCF-10A cells. Therefore, the incorporation of a heptamethine
cyanine dye into the glycol moiety of erlotinib could result in novel theranostic agents
against NSCLC.

Table 2. The inhibition effect of C3a and C3b on EGFR activity in A549 cells.

Compounds IC50 (μM)

C3a 0.124
C3b 0.205

Erlotinib 5.182

The current literature features numerous erlotinib conjugates formed through its
alkyne moiety, which can be readily exploited in azide–alkyne click chemistry reactions.
Using this type of click chemistry, Feng-Ling Zhang and co-workers [62] reported the
design and synthesis of two erlotinib-based fluorescent conjugates (C4a and C4b) for
simultaneous diagnosis and treatment via PTT (Figure 9c). The authors validated the
selectivity of the conjugate for cancer cells overexpressing EGFR using confocal fluores-
cence microscopy. Both conjugates were evaluated for their subcellular localization and
tested in vitro against HepG2 cancer cells, with IC50 values determined (Table 3). In vivo
fluorescence imaging was performed in A431-bearing nude mice and revealed that the
conjugate C4a accumulated in tumor tissues within 2.5 h.

Table 3. IC50 values for the erlotinib conjugates C4a, C4b, and phthalocyanine against HepG2 cancer
cells with the light dose of 1.5 J/cm2.

Compounds IC50 (mM)

C4a 0.01
C4b 0.04

Phthalocyanine 0.03
Erlotinib N a

a Non-cytotoxic up to 0.5 μM.

In another study, Ravindra K. Pandey’s [63] group evaluated the iodinated erlotinib-
dye conjugates as dual bioimaging and therapeutic agents (Figure 9d). The developed
conjugates were utilized as multifunctional photosensitizers for bladder cancer imaging
and photodynamic therapy (PDT). The conjugates that were synthesized were evaluated
for their anticancer activity (in vitro and in vivo) and were compared with the relevant con-
jugates without erlotinib. The stable iodinated erlotinib conjugates C5a and C5c displayed
high EGFR targeting specificity. The PDT efficacies of C5a and C5c were significantly
influenced by the topology of the conjugation between erlotinib and the remaining part
of the conjugate, as evidenced by the higher efficacy of C5a compared to C5c. It was also
found that C5c produced significantly fewer singlet oxygen species as compared with C5a

in a biological environment and could be a possible reason for the difference in efficacies.
Interestingly, it was found that the radioactive isotope C5b of C5a demonstrated admirable
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PET imaging ability. Therefore, this can be used uniquely in combination with C5a for the
potential treatment of bladder cancers.

Another set of similar molecules was reported by Ravindra K. Pandey’s group [47],
consisting of erlotinib conjugated to tetrapyrroles. Various analogs of the conjugates were
evaluated, including the effect of chirality, the length of the linker, and the point of tethering
between erlotinib and the dye. They found that these alterations affected the in-tumor
cell specificity and in vitro PDT efficacy (Figure 9e). Furthermore, it was observed that the
uptake and accumulation were higher for the conjugate C6b than for C6a, suggesting an
important role of the chiral center in the accumulation. In this research, C6b was found to
be the most potent analog for accomplishing tumor cell-specific accumulation.

Figure 9. Erlotinib-based fluorescent inhibitors. (a) Erlotinib’s binding to active EGFR-TKD in the
crystal structure and model [64]; (b) SAR study of NIR-based erlotinib conjugates C3a and C3b [61];
(c) Phthalocyanine–erlotinib conjugates C4a and C4b [62]; (d) Erlotinib conjugate C5a to C5d [63];
(e) Erlotinib conjugates C6a and C6b [47]. Erlotinib is colored red in all cases.

160



Cancers 2024, 16, 3667

3.3. Gefitinib-Based Conjugates

Gefitinib, sold under the brand name Iressa, is a medication used to treat various
cancers, especially breast and lung cancers. It is an EGFR inhibitor that interrupts cellular
signaling through the EGFR in target cells. The fluoro group of gefitinib is important for
binding, so the reported molecules retain this group, and modifications are conducted in
other parts of the core, like the -NH and -OCH3 functional groups of the drug. Along
these lines, Song et al. [56,65] reported various fluorescent or non-fluorescent conjugates of
gefitinib that consisted of the kinase inhibitor (gefitinib), a fluorescent dye (BODIPY) in
the case of the fluorescent conjugates, a cleavable linker (disulfide), and different targeting
ligands. The conjugates were evaluated against NSCLC (Figure 10a(i)). The conjugate
C8a efficiently delivered the drug to cancer tissues after a glutathione-mediated disulfide
bond cleavage without resulting in off-target toxicity, therefore increasing the efficacy of
the anticancer drug [56]. Glutathione (GSH) is a thiol that plays an important role in
cellular processes, and its expression levels in cancer cells are higher compared to normal
ones [66–70]. The disulfide linker was chosen during the design so as to enable its selective
cleavage in the tumor environment, with the consequent drug release, where the levels
of GSH are enhanced. Furthermore, it was observed that the synergistic effect between
the drug and ligand played a vital role in the observed enhanced efficacy of the conjugate,
suggesting apoptosis via ligand-mediated Akt inhibition. The advantage of C8a over
gefitinib is that it was selectively localized in the tumor cells (both sensitive and resistant to
gefitinib) and the strong fluorescence derived from the dye lasted around 24 h post-injection.
This suggests that the activity of the conjugate is based both on BODIPY and the tumor-
targeting ligand. Specifically, experiments were performed on gefitinib-sensitive cells (PC9
cells) and gefitinib-resistant cells (H1650 cells) and the results indicated that this compound
was able to inhibit H1650 cell growth. In vivo experiments (Figure 10b–d) pinpointed that
the conjugate leads to the detection of lung cancer tumors within 4 h. Therefore, the authors
describe a prodrug that significantly improves the pharmacokinetic properties of gefitinib,
through the attachment of the polyamine-targeting agent, minimizing potential side effects.
The resulting agent also absorbs radiation in the NIR region leading to the detection of
tumors and on-demand drug release in real-time. The conjugate C8b consists of a biotin
moiety, a disulfide linker, a NIR fluorophore, and gefitinib [65]. As in the previous example,
the anticancer drug gefitinib is modified with a biotin-recognizable binder resulting in
the prodrug termed PBG. PBG possesses improved pharmacokinetic properties, while it
can also acquire imaging properties when combined with the near-infrared azo-BODIPY,
leading to the fluorophore-TBG conjugate. The fluorescence of the conjugate was attained
in the presence of high concentrations of GSH and could not be achieved in the presence of
other stimuli including various amino acids, peptides, anions, metal ions, reactive oxygen
species, and reactive nitrogen species, thus confirming the high specificity of the conjugate
towards GSH. The experiments were performed on the human lung adenocarcinoma PC9
cell line and corresponding cancer-bearing nude mice. Saline, gefitinib, PBG, and TBG were
injected via the tail vein every second day, and the measurements were obtained every two
days for 28 days. Compared with saline, reduced cell proliferation was observed in both
PBG and TBG, as shown in Figure 10e. The targeting ability of TBG was also examined
in vivo, giving satisfactory results in accumulation in the tumor area after the first 8 h after
injection (Figure 10f,g). It was also observed that the drug release depends on both GSH
concentration and the Sodium-Dependent Multivitamin Transporter (SDMT) expression
level. It can be concluded that the critical challenges faced with the present cancer therapies
could be surpassed by the newly emerging theranostics, which can deliver diagnostics and
therapeutics with high accuracy.
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Figure 10. Gefitinib-based fluorescent inhibitors. (a) Structures of gefitinib-derived fluorescent
conjugates C8a and C8b; (b) Tumor masses and fluorescence images of nude mice with PC9 cells
and H1650 cells after treated with saline, Gefitinib, TPG-conjugate with the fluorophore, or PPG-
conjugate without the fluorophore (0.5 mM in 0.2 mL, DMSO/saline, 1:1/v/v, qod. iv.) (n = 7 per
group), ** p < 0.01 vs. control group. ## p < 0.01 vs. Gefitinib group; (c) Imaging of the subcutaneously
implanted H1650 tumor xenografts of nude mice at 2, 5, 8, 16, and 24 h after tail vein injection of a
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single dose of 0.2 mL of TPG (DMSO/saline 1:1/v/v) (n = 3 independent experiments), (d) Images
of the excised organs (lung, heart, liver, kidney, spleen) and tumors of the mice (n = 3 independent
experiments) [56]; (e) Tumor masses and fluorescent images of nude mice bearing PC9 cells subcuta-
neous cancer xenografts were established and treated with saline, gefitinib, TBG, PBG (0.5 mmol/L
in 0.2 mL saline, DMSO/saline (1/1, v/v), qod. i.v.) (n = 5 per group) * p < 0.05, ** p < 0.01; (f) and
their xenografts for 2, 5, 8, 16, and 24 h after tail vein injection of a single dose of 0.2 mL of TBG
(DMSO/saline (1/1, v/v)) (n = 5); (g) Images of the excised organs (lung, heart, liver, kidney, spleen)
and tumors of the mice (n = 5 independent experiments); (h) Structure of gefitinib-derived fluorescent
conjugates C9 [65].

Hongda Wang’s group recently reported a small molecular inhibitor (SMI) probe
(C9) for visualizing EGFR by utilizing gefitinib, a flexible linker, and a fluorescent dye
(Figure 10h) [65]. The probe generated the highest labeling density and the smallest and
most compact clusters, indicating its superiority toward accurate labeling of aggregated
targets as compared to antibody and ligand probes. The conjugate demonstrated high
specificity towards EGFR, suggesting that small molecule inhibitors (SMIs) can achieve
significant target specificity. A key advantage of SMIs over antibodies is their ability to
penetrate the cell membrane, allowing them to target intracellular compartments. This
makes SMIs a straightforward method for fluorescence labeling of intracellular organelles
without the need to disrupt the cell membrane. Additionally, dSTORM imaging revealed
that SMIs provide a clearer spatial visualization of EGFR on the cell membrane compared
to traditional total internal reflection fluorescence (TIRF) imaging. Additionally, multiple
SMIs and especially kinase inhibitors possess high pharmacological activity [71]. The
successful synthesis of such probes could be used to track the intracellular position of an
SMI and unveil possible interactions between the SMI and related biomolecules. Thus,
these findings might assist in revealing the exact mechanism of the interaction of drugs
with their targets. With these advantages, SMI probes could serve as potential labeling
agents in super-resolution fluorescence imaging.

3.4. Afatinib-Based Conjugates

Qingzhi Gao’s group [72] reported small molecule fluorescent probes C10a and C10b

consisting of a cyanine dye and a kinase inhibitor (afatinib) as efficient inhibitors for the
detection of HER1/HER2 expression levels in cancer cells and in vivo tumor diagnostic
imaging modality (Figure 11). Flow cytometry confirmed the reversible binding of the
conjugate to kinases, as this was evident from the decreased signal intensity. The probes
were unable to undergo receptor-mediated Michael additions, unlike the parent KI, because
of the unavailability of the strategically positioned alkene. The synthesized conjugates
C10a and C10b were evaluated through fluorescence imaging, flow cytometry, binding
inhibitions, molecular docking, and in vivo tumor detection and demonstrated a high
accumulation and cytotoxicity in xenografted tumors with a single dose. It was evident
from ex vivo imaging that the fluorescence can be retained between 12-48 h post-injection
in living mice, suggesting an efficient probe that could be further explored and tailored to
achieve superior theranostic agents for HER1/HER2.

Evgueni Nesterov’s group reported the development of the conjugate C11 for sens-
ing EGFR tyrosine kinase, an essential target in cancer treatment (Figure 11c) [73]. The
conjugate C11 was used as an example of a small molecule anchor and was supposed to
target EGFR, which was later justified. The probe’s turn-on mechanism was based on the
aggregation/de-aggregation of phthalocyanine chromophores, which in turn depends on
the selective binding of small molecules to their target biopolymer. Therefore, a turn-on
fluorescence takes place with a high S/B ratio upon de-aggregation in a dark background
of H-aggregated molecules without the need to remove unbound species. Thus, this ap-
proach makes it possible to design reliable turn-on NIR fluorescent sensors to detect specific
protein targets present in the nanomolar concentration ranges (Figure 11d,e).
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Figure 11. Afatinib-based fluorescent inhibitors. (a) Structures of afatinib-derived fluorescent con-
jugates C10a and C10b; (b) Fluorescence imaging obtained for C10a-treated xenografted mice for
up to 48 h (λex 540 ± 10 nm and λem 560 ± 20 nm) [72]; (c) Structure of the fluorescent conjugate
C11; (d) Addition of increasing amounts of EGFR results in a turn-on fluorescent response of C11 in
aqueous conditions [73]. The inhibitor (afatinib) is colored red in both cases.

3.5. Additional Examples of Fluorescent Drug Conjugates

There is an array of different fluorescent conjugates based on other KIs, including
palbociclib [74], crizotinib [75], vemurafenib [76], ibrutinib [77], 5-bromobenzofuran-2-
carboxylic acid [78], and nilotinib [79], some of which are described in the following section.
In 2021, Euphemia Leung et al. [74] synthesized a conjugate, designated as C12 (Figure 12a),
after the conjugation of palbociclib with MHI-148 (NIR dye). The conjugation occurred
in the piperazine group of palbociclib since it is solvent-exposed, pointing out of the
kinase cavity. C12 showed enhanced potency in inhibiting cell growth and viability as
compared to plain palbociclib in breast cancer cell lines, and also in non-cancerous cells
(Table 4). Palbociclib-treated cells illustrated a significant difference in G1 cell cycle arrest
compared to treatments with the conjugate C12, confirming a different mode of action
for the conjugate C12. C12 also showed increased cytotoxic effects and strong inhibitory
effects on proliferation, growth, and viability compared to MH-148, which did not show
any inhibitory effects.

Table 4. EC50 values of breast cancer cell lines and non-cancerous HEK293, 51D1, and 51D1.3 cell
lines using WST-1 assay.

EC50 (nM)
MCF-7 MDA-MB-231 HEK293 51D1 51D1.3

C12 718.8 ± 74.1 871.6 ± 98.9 543.8 ± 5.9 265.0 ± 20.3 471.3 ± 61.2
MH-148 >2500 >2500 >2500 >2500 >2500
Palbociclib >2500 >2500 >2500 >2500 >2500

In 2019, Peter J. Choi and co-workers [75] described the synthesis and cytotoxic effects
of a NIR-emitting crizotinib-based heptamethine cyanine dye conjugate C13 (Figure 12b).
The conjugate was evaluated in three different patient-derived glioblastoma cell lines and
showed cytotoxicity in a nanomolar range of 50.9 nM (EC50) and antiproliferative activity
of 4.7 nM (IC50) (Table 5). It was also found that the conjugate maintained the same mode of
cellular uptake via organic-anion-transporting polypeptides (OATPs) as that of the parent
heptamethine cyanine dye. The conjugate C13 serves as an example of synthesizing a
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library of tyrosine kinase inhibitor-based NIR dye conjugates to afford potent fluorescent
compounds to treat highly aggressive brain tumors.

Figure 12. (a) The structure of MH-148-palbociclib conjugate C12 [74]; (b) The structure of HMDA-
based crizotinib conjugate C13 [75]; (c) The structures of vemurafenib-based fluorescent conjugates
C14a and C14b [76]; (d) High-resolution microscopy of C14a in A375 and SK-MEL-28 cells (inset);
(e) In vitro imaging of C14a exhibiting prolonged cytoplasmic retention with minimal background
fluorescence, in contrast to C14b, in SK-MEL-28 cells [blue: HOECHST 33342, green: BODIPY]. The
fluorophores are colored black and the drugs in red all the examples [76].
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Table 5. EC50 of the viability of the GBM cells and IC50 of the proliferation of the GBM cells.

EC50 (nM) IC50(nM)

Crizotinib 5600 ± 460 540 ± 160
IR-786 iodide 1680 ± 110 280 ± 70

C13 50 ± 20 4.7 ± 3.3

In 2023, Zhu and colleagues developed a glutathione (GSH)-activatable theranostic
agent based on crizotinib, a cancer treatment drug, designed for dual imaging and thera-
peutic purposes in tumor cells. The conjugate demonstrated high specificity, selectively
activating in environments with elevated GSH levels, a hallmark of tumor cells. The study
confirmed its effectiveness in both cellular models and zebrafish, highlighting its capa-
bility for precise tumor cell imaging [80]. Again in 2023, Chen and his group developed
albumin-decorated nanoparticles, containing a cyanine–crizotinib conjugate, which can
concurrently visualize and treat c-Met-positive colorectal tumor cells [81]. The developed
nanoparticles were able to selectively visualize tumor cells and upon laser irradiation, the
conjugate exhibited phototherapeutic properties.

The vemurafenib (BRAFV600E inhibitor) conjugate C14a, consisting of a NIR dye, was
found in the cytoplasm of A375 and A375R tumor cells, indicating a potent cytosol localiza-
tion and retention of the conjugate [76] (Figure 12c). The BODIPY-derived conjugate (C14a)
possessed the most intriguing properties as compared to the MayaFluor and carboxylated
silicon rhodamine analogs. The conjugate C14a showed efficient penetration into the cy-
toplasm of melanoma cells with extended retention as compared to the conjugate C14b,
which comparatively showed poor penetration and retention. This could be attributed
to the more hydrophilic nature of the MayaFluor-derived conjugate as compared to the
BODIPY-derived one, which has a hydrophobic cleft. The high-resolution microscopy
of C14a in A375 and SK-MEL-28 cells is illustrated in Figure 12d along with its in vitro
imaging which displayed prolonged cytoplasmic retention with minimal background flu-
orescence (Figure 12e). Properties such as subcellular localization, target specificity, and
slow dissociation kinetics make it crucial for effectively visualizing the targets of vemu-
rafenib. Furthermore, in vivo imaging confirmed that conjugate C14a accumulated with
preferential localization in tumors that responded to vemurafenib, and its fluorescence was
retained even after 24 h post-injection. In 2023, Sabrina Taliani and colleagues developed
a cy5-based NIR fluorescent vemurafenib analog to study BRAFV600E in cancer cells [82].
The scientists demonstrated that the specific conjugate could enter BRAFV600E mutant
cells, bind to its target with high affinity, and then inhibit MEK phosphorylation and cell
proliferation.

The conjugate C15 was obtained by combining BODIPY with the Bruton tyrosine
kinase inhibitor (ibrutinib) to generate a single-cell diagnostic imaging agent while preserv-
ing its irreversible target binding [77]. The conjugate demonstrated significantly reduced
inhibition (approximately 100-fold) against the purified BTK enzyme compared to the
parent kinase inhibitor, ibrutinib. However, it showed excellent in vivo target localization,
with the capability to measure drug distribution and target inhibition. In vivo tumor imag-
ing of a representative mouse with a BTK-positive HT1080 tumor provided key imaging
insights before, and at 2, 5, and 24 h post-intravenous administration of C15. Extensive
drug accumulation was noted in all cells, persisting even at the 24 h time The conjugate was
also detectable for a longer period (>24 h) inside cancer cells, indicating that an efficient
irreversible binding of the drug persisted. These longer hours of retention and persistence
will help in examining the BTK-related cell environment, thus opening a new window for
BTK inhibitors with the fluorescent tag.

Nilotinib, sold under the brand name Tasigna, is used to treat chronic myelogenous
leukemia (CML). This medication suffers from some resistance, which is the main disad-
vantage of some kinase therapies. Along these lines, Suresh V. Ambudkar’s group reported
a nilotinib-based BODIPY conjugate as evidence for the transport of nilotinib and its fluo-
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rescent derivative C16 by ATP-binding cassette (ABC) drug transporters (Figure 13b) [79].
ABC transporters are proteins that have been related to the detoxification of insecticides [83],
multiple functions in reproductive tissues [84], transportation of photodynamic therapeutic
agents by ABCG2 [85], and many more functions.
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Figure 13. (a) The structure of ibrutinib-derived fluorescent conjugate C15 [77]; (b) The structure of
nilotinib-derived fluorescent conjugate C16 [79]; (c) The structure of UNC2025-derived fluorescent
conjugate C17 [86]. The fluorophores are colored black and the drugs red in all the examples.

The development of drug resistance in CML has been associated with the efflux of
tyrosine kinase inhibitors by ABC drug transporters, which actively pump the drugs out
of the cells using ATP as an energy source. This study aimed to unveil the TKI-ABC
drug transporter interactions with Pgp and ABCG2 using the fluorescent conjugate C16

to confirm the possible route of drug uptake and related drug resistance. It was observed
that the total intracellular levels of C16 in Pgp- and ABCG2-expressing cells were lower as
compared to the cells that do not express such transporters, signifying that it is actively
pumped out of these cells. This efflux of the conjugate was inhibited by specific inhibitors
of Pgp and ABCG2 in both in vitro and ex vivo assays. These observations collectively
suggest that the conjugate is pumped out of the cell via Pgp or ABCG2. Furthermore, both
nilotinib and the conjugate C16 inhibit Pgp and ABCG2 and also bind at the substrate
binding site, but not at the ATP-binding site, of these transporter proteins.

UNC2025 is an ATP-competitive and highly orally active Mer/Flt3 inhibitor with IC50
values of 0.74 nM and 0.8 nM, respectively. UNC2025 is >45-fold selective for MERTK
relative to Axl (IC50 = 122 nM; Ki = 13.3 nM). UNC2025 exhibits an excellent PK prop-
erty and can be used for the investigation of acute leukemia. With this knowledge, an
imidazopyrimidine-based conjugate C17 (MERi-SiR) was designed, synthesized, and stud-
ied for imaging of tyrosine kinase Mer (MERTK) [86]. The conjugate consists of UNC2025,
a preclinical inhibitor of tyrosine kinase Mer, and silicon rhodamine carboxylate, an NIR-
emitting fluorescent agent. Crystallographic studies suggest that methyl piperazine serves
as an efficient site for attaching an NIR dye without significantly affecting the overall com-
plexation (Figure 13c). It also suggests that the fluorochrome gets exposed to the solvent,
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thus preserving the compound’s interactions with the binding pocket of the Mer active
site. Furthermore, the imaging results revealed that the conjugate C17 accumulated in the
cytoplasm on cells overexpressing Mer (SK-MEL-3 melanoma). The cytotoxicity results
suggested that the conjugate showed reduced inhibition compared with the parent kinase
inhibitor but co-localized with Mer in vivo. The conjugate demonstrated higher uptake
and accumulation in Mer-expressing tumor-associated macrophages than in the tumor cells
themselves, as revealed by the confocal microscopy of metastases in mice.

Pyrazolopyrimidine and quinazoline scaffolds are important in drug discovery and
their analogs have been explored as various kinase inhibitors [87,88]. Recently, Joakim
Andréasson’s group reported pyrazolopyrimidine-derived prodan analogs (C18a–C18e)
(Figure 14a) as fluorescent kinase inhibitors [89]. Polarity-based fluorescence probes such
as prodan analogs have demonstrated excellent spectroscopic properties, including high
fluorescence quantum yield and molar absorption coefficient, and excellent photostabil-
ity [90]. It was observed that C18a and C18c displayed favorable fluorescent properties in
aqueous solution and thus, they were evaluated for their ability to inhibit protein kinases.
The two conjugates were initially tested against a panel of 65 kinases at 1 μM to screen
their efficacy and selectivity. The conjugated analog C18a demonstrated strong inhibition
against Aurora-A, Blk, and LCK, as compared to the non-conjugated C18c, where there
was no apparent inhibition. Based on these encouraging results, C18a was further evalu-
ated for cell-free IC50 assays against Aurora-A, Blk, and LCK and revealed moderate to
good activity (IC50: Aurora-A: 222 nM, Blk: 554 nM and LCK: 124 nM). Finally, C18a was
subjected to multiphoton imaging experiments in live cells and demonstrated a favorable
cross-section for two-photon microscopy (TPM) experiments. Thus, it is believed that C18a

could operate as an interesting molecular tool for real-time intracellular studies of LCK
signaling.

In 2021, Xinzeyu Yi and co-authors [91] developed a NIR-based drug conjugate C19

(Figure 14b) to target osteosarcoma, the most common malignancy of the skeletal system,
associated with the overexpression of PIM1 kinases. It was observed that C19 displayed
targeted imaging and anticancer activities (greater than the parent inhibitor) without
much toxicity. NIRF images of the entire body, major organs, and tumors were acquired
(Figure 14c–e). The NIR fluorescence imaging results of the organs and tumors were
acquired at 48 h post-injection. There was a reduction in the fluorescence intensity within a
few hours after injection, potentially indicating that OATPs may contribute to early cell
entry of the compound. In addition, cyanine dyes without a meso-Cl group, as used in C19,
do not remain in tumor tissues for a long period because they are unable to form covalent
adducts with free thiol-containing biomolecules, like albumin. Furthermore, the conjugate
C19 accumulated in mitochondria, and thus, this approach may suggest a way to design
conjugates for simultaneous NIR-guided surgery and chemotherapy.

Rashid Ilmi and co-workers [92] reported a quinazoline-based fluorescent conjugate,
designated C20, consisting of a Ru(II)-Bipyridine complex, an ethylene glycol linker, and a
kinase inhibitor (Figure 15a). The theranostic agent C20 combines EGFR inhibition with
fluorescence imaging properties, and it was found to localize in mitochondria, suggesting
that it acts as an EGFR optical probe. Therefore, these organometallic conjugates hold
potential for further exploration to develop more potent theranostic agents for EGFR-
overexpressing cancers.
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Figure 14. (a) The structures of prodan-derived fluorescent conjugates C18a and C18e [89]; (b) The
structure of NIR dye-based PIM1 conjugate C19 [91]. NIR fluorescence imaging and biodistribution
of C19 in vivo; (c) NIR imaging results of whole body at 48 h after the injection of the five different
preparations (red arrow indicates tumors); (d) NIR fluorescence imaging results of organs and tumors
at 48 h post-injection; (e) Graph presenting the fluorescence intensity of organs and tumors treated
with different preparations (exposure time: 2 s). The drug is colored red, the linkers blue, and the
fluorophores black.

Aranhikkal Shamsiya and Damodaran Bahulayan [93] reported several fluorescent
derivatives of oxazolone–coumarin-based triazoles as anticancer agents (Figure 15b).
Among the synthesized analogs, C21 displayed the maximum calculated binding affinity
with a binding score of 10.7 kcal/mol, suggesting that the nitro group enhances the binding
affinity towards cyclin-dependent kinase-2 (CDK2). The experimental validation of the
docking results was carried out using Western blot analysis using b-actin as an internal
standard. The results indicated that the conjugate has a high potential to downregulate
CDK2. This was supported by the fact that the active site of CDK2 comprises several
amino acid residues that contain hydrophobic groups favorable to the formation of a tight
‘hydrophobic pocket’ in CDK2. The obtained binding energies suggest that the conjugate
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C21 exhibits a strong hydrophobic interaction with the target CDK2. Consequently, down-
regulation of CDK2 was observed using Western blot analysis. Furthermore, the conjugate
C21 was subjected to anticancer evaluation against human cervical cancer cells (HeLa).
The results indicate that the conjugate exhibits promising cytotoxicity against HeLa cells
with an IC50 value of 25 mg/mL. This highlights the need for further studies to investigate
its optical properties and efficacy against CDK2. In 2020, research exploring the kinase
polypharmacology landscape of clinical PARP inhibitors revealed that niraparib and ruca-
parib inhibit DYRK1s, CDK16, and PIM3 kinases at clinically achievable, submicromolar
concentrations [94]. Peter J. Choi and co-workers [95] designed, synthesized, and evaluated
in vitro the activity of the rucaparib-based NIR-emitting conjugate C22 (Figure 15c). It
was found that the conjugate C22 had a strong cytotoxic activity (EC50: 128 nM) against
three different patient-derived glioblastoma cell lines. The synergistic effect of C22 with
the standard drug temozolomide (TMZ) for glioblastoma was observed, as evidenced
by a two-fold reduction in the EC50 value, even in cell lines resistant to TMZ treatment
(Table 6). Furthermore, the results suggest that C22 has a high dependence on OATPs for
their uptake into the tumor cells, similar to cyanine dye IR-786. The treatments based on
cyanine conjugates of small molecules have a high effect on three different patient-derived
glioblastoma cell lines and thus could be further explored to achieve the desired potent
compound for various brain cancers. To further validate the conjugate against kinases,
evaluations could be conducted with conjugates of rucaparib against various kinases such
as DYRK1s, CDK16, and PIM3 kinases.

Figure 15. (a) The structure of the quinazoline-based Ru(II)-Bipyridine theranostic conjugate C20 [92];
(b) The structure of the oxazolone–coumarin derived conjugate C21 as a solid-state emitter [93];
(c) The structure of conjugate C22 targeting three different patient-derived glioblastoma cell lines [95].
The drugs are colored red, the linkers blue, and the fluorophores black.
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Table 6. IC50 and EC50 (GBM cells) values of dye, drug and conjugate C22. Data represent mean ± SEM.
* = p < 0.05, *** = p > 0.005 relative to rucaparib.

Compound Compound with TMZ
EC50 (nM) IC50 (nM) EC50 (nM) IC50 (nM)

IR-786 1735 ± 249 357 ± 39 *** 390 ± 45 120 ± 30 *
C22 128 ± 30 21 ± 4 *** 56 ± 6 20 ± 7 *
Rucaparib >100,000 53,443 ± 473 >100,000 2262 ± 488

Besides the aforementioned examples, certain fluorescent inhibitors are not classified
as conjugates because the fluorophore moiety is inherently part of their structure and not
added post-conjugation. Notably, there are cases where the kinase inhibitor becomes fluo-
rescent only upon binding to its respective target. James N. Wilson’s group [96–98] devel-
oped certain quinazoline-based fluorescent kinase probes as theranostic agents. Molecule
fluorescence tuning [98] was performed by changing the extent of π-conjugation and by
modifying auxochrome substitution (Figure 16a). It was found that the quinazoline moiety
exhibited a dual character, acting as both an electron-donating and electron-withdrawing
component, depending on the substitution pattern and the potential movement of the
π-electron current (C23 and C24). Moreover, the strongest electron-donating (push) and
withdrawing groups (e.g., -dimethylamino, -cyano, and -nitro) produced high on/off ratios,
indicating that they are desirable candidates for designing future fluorescent probes. The
presence of a fluorophore arm at the 6-position of quinazoline hardly affects the ability
of the fluorescent probes to operate as ERBB inhibitors. The resulting probes possessed
low aqueous solubility, and this could be resolved by attaching hydrophilic groups to the
fluorophore, based on the design principles described in the introduction part.

Figure 16. (a) The structure of fluorescent quinazoline-based analogs C23–C25 [98]; (b) The structure
of quinazoline-based fluorescent molecules C26 and C27 [97].
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Similar types of molecules like C26 were reported [97] and were found to ‘turn on’
when bound to kinases, suggesting a planner structure after binding the active site of
the enzyme (Figure 16b). It was found that probe C26 has a high affinity to identify
ERBB2-overexpressing cells through a binding-induced emission response. The higher
level of ERBB2 expression in BT474 cells permits improved binding of C26, which can be
attributed to the higher emission intensity from BT474 cells compared to MCF7. These
observations thus demonstrate that C26 can stratify individual live cells by its dynamic
response to activation.

In a continuation of earlier research, a 3-cyanoquinoline [96] core was investigated for
its optical and biochemical properties (Figure 17a). It was found that the incorporation of
this core improved the optical properties as compared to the previously reported molecules,
suggesting the significance of the nitrile group in stabilizing the charge transfer excited
state and red shift emission. Furthermore, C28 demonstrated a moderate affinity for ERBB2
and was found to target the intracellular pool, permitting this fluorescent probe to operate
as a reporter of the rapid dynamics of kinase internalization.

Figure 17. (a) The structure of cyanoquinazoline-derived fluorescent inhibitor C28 [96]; (b) The
structure of quinazoline-derived fluorescent inhibitor C30 [99]; (c) The structure of quinazoline-
derived fluorescent inhibitors C31, C32 and C33 [100].

Renaud Sicard et al. [99] reported C30 as a fluorescent reporter to investigate ERBB
populations and their state of activation (Figure 17b). It was found that the synthesized
fluorescent ‘turn-on’ probe targeted the ATP binding pocket of ERBB and enhanced emis-
sion was observed while bound, which could be due to the restricted geometry of the
ERBB2 kinase domain. In 2022, Weimin Li’s group reported 4-anilinoquinazoline-derived
molecules as clickable probes for the visualization of EGFR activity [100]. Three probes
(C31, C32, and C33) were designed, synthesized, and evaluated against EGFR inhibition
(Figure 17c). Probe C31 was found to be the most potent analog, with the highest reac-
tivity towards EGFR kinase with primary mutations: the IC50 values towards HCC827
and H1975 were 0.2 and 3.1 μM, respectively. Activity-based protein profiling (ABPP)
was employed to visualize the protein activity and revealed that fluorescence labeling is
specifically dependent on the clickable probes. Thus, probe C31 may serve as a useful
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diagnostic tool and could improve the diagnosis of EGFR mutations and help in the EGFR-
TKI therapeutic strategies. Jun Sheng’s group reported a few gefitinib-derived molecular
probes as turn-on fluorescent ligands to make the visualization of EGFR protein possible
(C34, Figure 18a) [101]. The crystal structure of the EGFR kinase domain complexed with
tyrosine kinase inhibitors (gefitinib) is illustrated in Figure 18b,c. The fluorescence imaging
and in vivo xenograft tumor imaging suggest that probe C34 particularly responded to
tumor cells overexpressing EGFR. The EGFR inhibition of the probe was evaluated in A431
cells, demonstrating that it retains its function as an EGFR inhibitor. These results suggest
that probe C34 could be used for fluorescence imaging of cells overexpressing EGFR and
thus adds a fluorescent tag to the present therapy, which may help to understand the tumor
and its environment accurately.

Figure 18. (a) The structure of quinazoline-derived fluorescent molecule; (b) Crystal structure of
the kinase domain of EGFR with ATP binding site highlighted (PDB ID: 2GS6). TKIs of EGFR bind
to EGFR in the ATP binding pocket, forming 1 to 3 hydrogen bonds to the hinge region; (c) EGFR
kinase domain with gefitinib bound in the ATP binding pocket (PDB ID: 3UG2) [102]. The drug is
colored red.

Other Examples of Kinase-Based Theranostic Targeting Gliomas

Miao Huang et. al. developed C35, aiming to discover if it can be used as an imaging
agent for μPET/CT and NIR imaging to treat orthotopic glioblastoma brain tumors [103].
C35 consists of the EphB4-binding peptide TNYL-RAW, the radiometal chelator DOTA
(1,4,7,10-tetraazadodecane-N,N′,N′′,N′′′-tetraacetic acid), which was utilized to chelate
64Cu, and the NIR dye Cy5.5. The authors initially utilized optical imaging (Figure 19a) and
then μPET/CT (Figure 19b) to identify that U87-Luc and U251-Luc tumors can be efficiently
visualized in mice. Therefore, it was supported that C35 is capable of selectively binding to
EphB4-expressing angiogenic blood vessels and EphB4-expressing tumor cells, rendering it
an appealing bioimaging agent for both PET/CT and optical imaging of glioblastoma.

Chiara Vagaggini et. al. developed the theranostic prodrug C36 (Figure 19c) to se-
lectively target and eliminate glioblastoma tumors [104]. C36 consists of SI306, a potent
inhibitor of Src (non-receptor tyrosine kinase), a linker, and DOTA chelated with radioactive
68Ga. First, the authors evaluated the ADME properties and the biological profile of the
theranostic prodrug before the chelation of 68Ga, showing appealing properties and effec-
tive reduction in the cell viability of GL261 and U87MG glioblastoma cell lines. Then, the
authors validated the effective time-dependent cellular uptake of the radioactive prodrug
C36 (Figure 19d), unveiling the preliminary hints of a potentially important glioblastoma
inhibitor that should be investigated further.
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Figure 19. (a) Cy5.5 NIR optical imaging of U87-Luc and U251-Luc tumors 24 h after a tail vein
injection of C35. (b) μPET/CT images of U87-Luc tumors (left) and U251-Luc tumors with C35

and C35 plus an excess of unlabeled C35 (right) 1 h and 24 h post-injection [103]; (c) Structure of
C36; (d) Cellular uptake of C36 in U87MG glioblastoma cancer cells (experiments done in triplicate,
* p < 0.05) [104].

4. Conclusions and Future Perspectives

In summary, this review highlights the key design principles behind the development
of fluorescent kinase inhibitors and their use as anticancer theranostic agents. By conju-
gating various small molecule kinase inhibitors with different fluorophores, researchers
have generated several fluorescent kinase inhibitors with promising therapeutic as also
diagnostic applications (Figure 20).

Optimal efficacy requires careful consideration of all the components involved in
the architecture of these compounds—drug, fluorophore, linker, and additional elements.
Representative examples from the current literature have been discussed, paving the way
for the development of new fluorescent inhibitors targeting the cancer microenvironment.
Although this research area has grown in popularity in recent years, there is still a vast
space to be explored. The limited number of reported conjugates emphasizes the need for
further research to improve cancer theranostics. However, we anticipate that the continued
advancements in NIR dyes and novel kinase inhibitors will provide the necessary tools to
propel the field of fluorescent kinase inhibitors forward.
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Figure 20. A schematic illustration highlighting the key components of a fluorescent drug conjugate:
drug, linker, and fluorophore.
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Abstract: Altered glycolytic metabolism has been associated with chemoresistance in acute myeloid
leukemia (AML). However, there are still aspects that need clarification, as well as how to explore
these metabolic alterations in therapy. In the present study, we aimed to elucidate the role of
glucose metabolism in the acquired resistance of AML cells to cytarabine (Ara-C) and to explore it
as a therapeutic target. Resistance was induced by stepwise exposure of AML cells to increasing
concentrations of Ara-C. Ara-C-resistant cells were characterized for their growth capacity, genetic
alterations, metabolic profile, and sensitivity to different metabolic inhibitors. Ara-C-resistant AML
cell lines, KG-1 Ara-R, and MOLM13 Ara-R presented different metabolic profiles. KG-1 Ara-R
cells exhibited a more pronounced glycolytic phenotype than parental cells, with a weaker acute
response to 3-bromopyruvate (3-BP) but higher sensitivity after 48 h. KG-1 Ara-R cells also display
increased respiration rates and are more sensitive to phenformin than parental cells. On the other
hand, MOLM13 Ara-R cells display a glucose metabolism profile similar to parental cells, as well as
sensitivity to glycolytic inhibitors. These results indicate that acquired resistance to Ara-C in AML
may involve metabolic adaptations, which can be explored therapeutically in the AML patient setting
who developed resistance to therapy.

Keywords: chemoresistance; cytarabine; acute myeloid leukemia; metabolic inhibitors; seahorse;
glucose metabolism; 3-bromopyruvate; phenformin

1. Introduction

Acute Myeloid Leukemia (AML) is an aggressive blood cancer that affects the myeloid
cell lineage in the bone marrow, characterized by the rapid growth of immature white blood
cells, myeloblasts, which compromise the production of normal blood cells [1,2]. The overall
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survival rates of AML patients are low, especially in patients above 60 years, who are at
highest risk [3]. The standard treatment for AML is based on a 7 + 3 chemotherapy regimen,
combining anthracyclines and antimetabolite drugs [4,5]. The efficacy of treatment depends
on several factors, such as the overall patient health condition, patient age, and the presence
of genetic mutations [5]. Targeted therapy has shown promising results in some AML
subtypes that present specific gene mutations. AML patients with mutated fms-like tyrosine
kinase 3 (FLT3) may be considered to receive intensive chemotherapy in combination with
the FLT3 inhibitor midostaurin [6]. Patients harboring isocitrate dehydrogenase (IDH)-1 or
IDH-2 mutations may be treated with ivosidenib and enasidenib [7], respectively. More
recently, venetoclax, an inhibitor of the antiapoptotic BCL-2 protein, became available for
AML patients above 75 years or for patients with other medical conditions that prohibit
the use of intensive chemotherapy [8]. Even though targeted therapy is frequently used,
conventional chemotherapy is still used in most AML patients.

Despite advances in AML treatment, relapse occurs in about 50% of patients who
achieved remission after initial treatment and can occur from a few months to several
years after treatment. Also, the survival of AML patients’ post-relapse is dismal [9]. The
5-year overall survival (OS) of relapsed patients is around 10%, and factors such as age,
cytogenetics at diagnosis, duration of first complete remission, and undergoing allogeneic
transplantation are associated with OS from relapse [3]. Several mechanisms have been
described as potential causes of relapse, including the existence of subclones that are present
at diagnosis and survive treatment and clonal evolution from leukemic hematopoietic stem
cells, as well as the pre-existence or acquisition of genetic mutations that result in drug
insensitivity and, consequently, refractory response to treatment [10,11].

Metabolic reprogramming is a recognized hallmark of cancer [12]. Altered metabolism
may induce resistance to chemotherapy in cancer cells by increasing energy production
and drug efflux, decreasing drug-induced apoptosis, and/or activating proliferative sig-
naling pathways [13]. IDH-1 and IDH-2 enzyme mutations lead to overproduction of the
oncometabolite 2-hydroxyglutarate (2-HG), which interferes with cell metabolism and
epigenetic regulation [14,15]. Additionally, AML cells present a strong dependency on
glucose to maintain the increased activity of the pentose phosphate pathway (PPP) and
nucleotide biosynthesis [16]. It has also been reported that enhanced glycolysis in AML
cells contributes to reduced sensitivity to chemotherapy [17]. Moreover, a prognostic
biomarker signature consisting of six glucose metabolism-associated metabolites, namely
glycerol-3-phosphate, pyruvate, lactate, 2-oxoglutarate, citrate, and 2-HG, was identified in
AML patients [17].

Otto Warburg’s statement that tumor cells preferably use glycolysis even in the pres-
ence of oxygen due to mitochondrial dysfunction is outdated [18]. Current evidence
suggests that oxidative phosphorylation (OXPHOS) co-exists with elevated glycolysis in
cancer cells and is essential for cell bioenergetics, biosynthesis, signaling, and drug resis-
tance [19–22]. There has been intensive research in the field of cancer metabolism, including
AML, but there are still aspects related to metabolic flexibility, mitochondrial metabolism
vs. glycolytic metabolism that need further investigation in the context of chemoresistance.
Therefore, our aim was to understand the link between glucose metabolism and Ara-C
resistance in AML and whether it could be translated into potential therapeutic strategies.

2. Materials and Methods

2.1. Cell Lines and Culture Conditions

Acute Myeloid Leukemia (AML) cell lines HL-60, NB-4, MOLM13, and KG-1 were
acquired from the DSMZ-German Collection of Microorganisms and Cell Cultures GmbH.
Cells were maintained and routinely subcultured in culture flasks at a cell density between
1 × 105 and 1 × 106 cells/mL. Cells were grown in a complete medium consisting of
RPMI (PanBiotech, Aidenbach, Germany) supplemented with 10% Fetal Bovine Serum
(FBS, PanBiotech) and 1% penicillin/streptomycin (PenStrep, PanBiotech). Cell cultures
were maintained in a humidified incubator at 37 ◦C and a 5% CO2 atmosphere. To induce

181



Pharmaceutics 2024, 16, 442

resistance, cells were exposed to increasing concentrations of Cytarabine (Ara-C, C3350000,
Sigma, Strasbourg, France) and Daunorubicin (DNR, D0125000, Sigma) for 3–6 months. To
obtain enough biomass to perform the assays, cells were grown to high densities, but not
exceeding 1 × 106 viable cells/mL and with cell viability up to 90%. Viable cell estimation
was performed by adding 1:1 cell suspension to 0.2% trypan blue (sc-216028, Santa Cruz
Biotechnology, Dallas, TX, USA), and cells were counted in a Neubauer chamber.

2.2. Mutational Profile Analysis

DNA was isolated from parental and resistant AML cell lines using the AllPrep® DNA/
RNA/Protein Mini kit (Qiagen, Hilden, Germany), following the manufacturer’s instruc-
tions. Next sequencing generation (NGS)-based mutation analysis was performed using
the Archer Variant Plex® Core Myeloid gene panel (SK0121), which contains SNV/Indel,
CNV and Internal tandem duplication (ITD) of 37 key genes with the customization of
the genes Sterile Alpha Motif Domain Containing 9 (SAMD9) and Sterile Alpha Motif
Domain Containing 9 Like (SAMD9L), at the Molecular Oncology Research Center, Barretos
Cancer Hospital, Brazil. Sequencing data produced by this method was converted to
de-multiplexed FASTQs and then processed using Archer Analysis (v6.0). For somatic
variant interpretation, the AMP/ASCO/CAP consensus guidelines were used, along with
other somatic mutations, to correctly classify these variants [23,24].

2.3. Cell Growth Rate Estimation

Growth rate (μ) and doubling time (Td) were determined as previously described [25].
AML-resistant and parental cell lines (2.5 × 104 cells/well) were seeded into 24-well plates
in complete RPMI medium (11 mM glucose), as well as in RPMI medium without glucose,
supplemented with different glucose concentrations (0, 2.5, 5, and 10 mM). Growth curves
were generated using manual cell counting in the Neubauer chamber every 24 h for 4 days.
The μ and Td were determined according to the growth curve and line equation determination.

2.4. Cell Viability Assay

1 × 105 cells/well were seeded in 24-well plates and exposed to a range of increasing
Ara-C concentrations (0.05 to 200 μM), 3-Bromopyruvate (3-BP, 1 to 50 μM), 2-Deoxyglucose
(2-DG, 1 to 200 mM) and phenformin (0.25 to 5 mM) for 48 h. Drug vehicles, 0.1% DMSO,
and PBS were used as controls. Cells were counted using the Trypan blue assay, and cell
viability and IC50 values for Ara-C, 3-BP, 2-DG, and phenformin were determined and
normalized for control. Each treatment was performed in duplicate in at least three inde-
pendent experiments.

2.5. Extracellular Lactate and Glucose Quantification

Cells were plated in 24-well plates at a density of 5 × 105 cells/well and incubated
for 24 h. Cell culture supernatants were collected at 0, 4, 6, 12, and 24 h, and extracellular
lactate and glucose were quantified as previously described [26], using the Lactate and
Glucose-LQ Colorimetric Assays (Spinreact, Girona, Spain), according to the manufac-
turer’s instructions. The obtained values were normalized for the total number of cells
(determined by the Trypan blue assay) in three independent experiments. Glucose con-
sumption was determined by the difference between glucose levels at timepoint 0 and the
other timepoints. Data are expressed as mM/106 cells.

2.6. Bioenergetic Measurements (Seahorse Assays)

On the day of the assay, KG-1 and MOLM13 parental and Ara-R cells, respectively,
were seeded in poly-L-lysine (0.1 mg/mL; Gibco™ A3890401) coated Seahorse XF96 plates
at a density of 5 × 104 viable cells per well in 50 μL XF Assay Medium (Seahorse XF
RPMI medium supplemented with 10 mM glucose, 1 mM sodium pyruvate and 2 mM
L-glutamine, Seahorse Bioscience, Santa Clara, CA, USA). Cells were centrifuged for
1 min at 200× g without brake for cell fixation and incubated at 37 ◦C in a CO2-free in-
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cubator for 30 min. Once the cells were attached to the plate, an additional 130 μL XF
Assay Medium was added, and cells were again incubated for 30 min at 37 ◦C without
CO2. To evaluate mitochondrial function by measuring oxygen consumption rate (OCR) in
response to mitochondrial stressors and the glycolytic inhibitor 3-BP in parental as well as
resistant cells, the Seahorse XF Cell Mito Stress Test was performed. Therefore, port A was
loaded with either medium or 33 μM of 3-BP. Port B was loaded with 2.5 μM oligomycin to
inhibit ATP-synthase in order to calculate ATP-linked oxygen consumption, port C with
0.5 μM fluoro-carbonyl cyanide phenylhydrazone (FCCP, uncoupler) to measure maxi-
mal respiration when cells are stressed, and port D with 0.5 μM rotenone combined with
0.5 μM antimycin A to completely inhibit mitochondrial respiration. To assess the gly-
colytic capacity of parental and resistant cells, the Glycolytic Rate Assay was performed;
since this assay quantifies the glycolytic proton efflux rate (glycoPER), the rate of extra-
cellular acidification due to glycolysis only. Therefore, port A was loaded with either
medium or 33 μM of 3-BP, port B with 0.5 μM rotenone combined with 0.5 μM antimycin
A to inhibit mitochondrial respiration and, in turn, to assess compensatory maximal
glycolysis, followed by the injection of 50 mM 2-deoxy-glucose (2-DG) through port C
to inhibit glycolysis. Each measurement was normalized for the number of cells
(pmol/min/104 cells).

2.7. Western Blotting

Western analysis was performed in protein lysates as previously described [26]. Briefly,
protein lysates were prepared from cultured cells using a lysis buffer (1% (v/v) Triton X-100
and 1% (v/v) NP-40 (Sigma) in ultrapure water; 1:7 protease inhibitors cocktail (Roche®,
Basel, Switzerland) and 1:100 phosphatase inhibitor (Sigma). Cells were collected and
washed with PBS and were allowed to lyse in 100μL of lysis buffer for 15 min at 4 ◦C.
Lysates were then homogenized (vortex), centrifuged at high speed, and supernatants
were collected. Protein concentration was determined using the Bradford assay (B6916,
Sigma). Samples were then separated by 10% SDS/PAGE. Proteins were transferred on
nitrocellulose membranes (Amersham Biosciences®, Amersham, UK) at 100 V for 90 min.
For immunostaining, membranes were blocked with 5% (w/v) BSA in TBS containing
0.1% (v/v) Tween-20 (TBS-T). Membranes were incubated with GLUT1 (1:500, ab15309),
HKII (1:2000, ab104836), MCT1 (1:500, sc-365501); MCT4 (1:500, sc-376465), LDHA (1:2000,
sc-137243) and tubulin (1:20,000, ab6046 or 1:1000, sc-5286) primary antibodies, followed
by two washing steps (15 min each) in TBS-Tween-20 and incubation with horseradish
peroxidase-conjugated secondary antibodies (1:5000, sc-516102 and sc-2357). Proteins were
detected using the ECL Chemiluminescence detection kit (ECL, Western Bright TM Sirius,
Advansta, San Jose, CA, USA). Each immunoblot was performed at least three times,
and the ones selected for figures are from representative experiments (Azure Biosystems,
Dublin, CA, USA).

2.8. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 8.4.2 software. Data are
presented as the mean ± standard deviation (SD) from 2 or 3 independent experiments.
Differences between groups were considered statistically significant at p ≤ 0.05, and a trend
was considered at 0.05 < p ≤ 0.10.

3. Results

3.1. Development and Characterization of Cytarabine-Resistant KG-1 and MOLM13 Variants

Ara-C and DNR are the standard chemotherapeutic agents given to patients with
AML. Thus, we tested the sensitivity of a panel of four AML cell lines (HL-60, NB-4,
KG-1, and MOLM13) to Ara-C and DNR (Figure 1). Compared to HL-60 and NB-4, KG-1
and MOLM13 cell lines revealed lower sensitivity to Ara-C, presenting the highest IC50
values (>300 nM) (Figure 1A). This difference was not as evident for DNR. HL-60, NB-4,
and MOLM13 cells showed IC50 values for DNR around 23 nM, while KG-1 displayed a
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higher IC50 value of 71 nM (Figure 1B). Both HL-60 and NB-4 are representative of the
acute promyelocytic leukemia subtype, which presents a good prognosis and effective
targeted therapy (e.g., all-trans retinoic acid-ATRA). Thus, we selected KG-1 and MOLM13,
a myeloid and monocytic cell line, respectively, to induce resistance to Ara-C.
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Figure 1. Viability of AML cell lines in response to chemotherapy. Dose-response curves and IC50

values for HL-60, NB-4, MOLM13, and KG-1 cell lines treated with (A) cytarabine (Ara-C) and
(B) daunorubicin (DNR). Values are expressed as cell viability relative to vehicle-treated cells nor-
malized to 100%. Values are given as mean ± SD. Two-way ANOVA followed by Sidak’s Multiple
Comparison Test: *, p ≤ 0.05; ## p ≤ 0.01; ***, ### p ≤ 0.001. Comparing all cell lines with the
KG-1 (*) or the MOLM13 (#) cell line. Results are from at least three independent experiments with
two replicates each.

KG-1 and MOLM13 Ara-C-resistant variants were generated by stepwise exposure to
Ara-C for 3–6 months (Figure S1). The two established AML-resistant cells were named
KG-1 Ara-R and MOLM13 Ara-R. After the establishment of resistance, IC50 values were
determined for the parental and resistant cell lines (Figure 2). The range of Ara-C concen-
trations used for KG-1 cells was not sufficient to determine the IC50 value for KG-1 Ara-R
cells (for 200 μM Ara-C, about 75% of cells were still viable) (Figure 2A). On the other hand,
the IC50 value for MOLM13 Ara-R cells was possible to determine, being about 10-fold
higher than for MOLM13 parental cells (Figure 2B).
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Figure 2. Dose–response curves and determination of the IC50 values of cytarabine (Ara-C) in
(A) KG-1 and (B) MOLM13 parental and resistant cell lines. Values are expressed as cell viability
relative to vehicle-treated cells normalized to 100%. Values are given as mean ± SD. Two-way
ANOVA followed by Sidak’s Multiple Comparison Test: *** p ≤ 0.001. Results are from at least three
independent experiments with two replicates each.
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In addition to cell viability, growth rates and doubling times were determined for
parental and Ara-C-resistant cells (Figure 3A–C and Figure S2). Comparing parental and
Ara-C-resistant cells, no differences in growth rates were observed between KG-1 and KG-1
Ara-R cells (Figure 3A,C), while MOLM13 Ara-R cells grew at a slower rate than MOLM13
parental cells, with doubling times of about 24 h and 18 h, respectively (Figure 3B,C). We
also evaluated the effect of the absence and the presence of different glucose concentrations
(0, 2.5, 5, and 10 mM) on growth rate and doubling time. In general, the growth rates of
both cell line pairs increased as glucose concentrations rose. No significant differences
were observed in growth rates between parental and KG-1 Ara-R cells, but MOLM13 Ara-R
grew faster than parental cells in the absence of glucose (Figure S3). To assess the capacity
to maintain the resistance phenotype, we cultured Ara-C-resistant cells without Ara-C for
3 weeks, which did not result in the loss of Ara-C resistance (Figure S4). This indicates
that Ara-C resistance was not reversible over time in these cell lines. Additionally, we
assessed if Ara-C-resistant cells were also resistant to the DNR (Figure S5). KG-1 Ara-R cells
were significantly less sensitive to DNR (higher IC50 values) when compared to parental
cells. However, no differences were observed for MOLM13 cells, which suggests different
mechanisms of resistance in the two cell lines.
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Figure 3. Cell growth rates and doubling times of AML Ara-R resistant and parental cell lines. Cell
growth curves of (A) KG-1 and KG-1 Ara-R and (B) MOLM13 and MOLM13 Ara-R were analyzed
over multiple population doublings. 2.5 × 104 cells were plated, and cells were counted every 24 h
using Trypan blue dye. (C) Values of growth rates (μ) and doubling times (Td) were calculated from
the respective line equations (Figure S2). Statistical significance was determined by two-way ANOVA
followed by Sidak’s Multiple Comparison Test. * p ≤ 0.05; *** p ≤ 0.001. At least three independent
experiments with three replicates were performed.
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NGS-based mutation analysis of Ara-C resistant and parental cells identified a total of
fourteen variants in ten genes frequently mutated in AML patients (Table 1) [27]. Five of
the fourteen mutations found are described in the catalog of somatic mutations in cancer
(COSMICs). According to the AMP/ASCO/CAP consensus guidelines [23,24], it was
possible to classify one as Variants of Strong Clinical Significance (Tier I), one as Variants of
Potential Clinical Significance (Tier II), four as Variants of Unknown Clinical Significance
(Tier III) and eight as Benign or Likely Benign Variants (Tier IV). Comparing parental and
Ara-C resistant cells, the differences found were loss of the NRAS mutation in KG-1 Ara-R
cells, whereas MOLM13 Ara-R acquired an additional CEBPA variant mutation.

Table 1. Myeloid gene mutation panel in parental and Ara-R AML cell lines revealed by NGS analysis.

KG-1 KG-1 Ara-R COSMIC ID Clinical Significance @ Consequence

Mutated
genes

BCOR
(c.4886G>A; p.(Trp1663*))

BCOR
(c.4886G>A; p.(Trp1663*)) Tier III Nonsense

DDX41 (c.27+2_27+5dup) DDX41 (c.27+2_27+5dup) Tier IV Frameshift

FLT3
(c.1669G>A; p.(Val557Ile))

FLT3
(c.1669G>A; p.(Val557Ile)) COSM28043 Tier IV Missense

NRAS
(c.360G>T; p.(Leu120Phe)) - Tier III Missense

SAMD9
(c.223C>T; p.(Arg75Trp))

SAMD9
(c.223C>T; p.(Arg75Trp)) Tier IV Missense

SAMD9L
(c.1217G>A; p.(Arg406Gln))

SAMD9L
(c.1217G>A; p.(Arg406Gln)) Tier IV Missense

TP53
(c.672+1G>A)

TP53
(c.672+1G>A) COSM2744696 Tier II Splice donor

MOLM13 MOLM13 Ara-R COSMIC ID Clinical Significance @ Consequence

Mutated
genes

ASXL1
(c.1954G>A; p.(Gly652Ser))

ASXL1
(c.1954G>A; p.(Gly652Ser)) COSM1716555 Tier IV Missense

CBL (c.1227_1227+13del) CBL (c.1227_1227+13del) Tier IV Frameshift

CEBPA
(c.584_589dup;

p.(His195_Pro196dup))

CEBPA
(c.584_589dup;

p.(His195_Pro196dup))
Tier IV Frameshift

CEBPA
(c.568T>C; p.(Ser190Pro))

CEBPA
(c.568T>C; p.(Ser190Pro)) Tier III Missense

- CEBPA
(c.566C>A; p.(Pro189His)) Tier III Missense

FLT3
(c.1775_1795dup;

p.(Glu598_Tyr599insPheAspPhe
ArgGluTyrGlu)

(FLT3-ITD, 21bp)

FLT3
(c.1775_1795dup;

p.(Glu598_Tyr599insPheAsp
PheArgGluTyrGlu)
(FLT3-ITD, 21bp)

COSM849 Tier I Inframe insertion

SAMD9L
(c.866T>C; p.(Phe289Ser))

SAMD9L
(c.866T>C; p.(Phe289Ser))) COSM3982291 Tier IV Missense

@ AMP/ASCO/CAP consensos [23,24].

3.2. Characterization of the Glycolytic and Respiratory Profile of Parental and Ara-R AML
Cell Lines

The FLT3, RAS, and TP53 genes are involved in cell metabolic regulation of glycolysis.
As a first approach to identify metabolic alterations in glucose metabolism associated
with Ara-C resistance, we assessed glucose consumption and lactate secretion to the
medium of parental and resistant cells at different time points (Figure S6). However, no
significant differences were observed between Ara-C resistant and parental cells for both
cell lines. Nevertheless, at 4 h, KG-1 Ara-R cells showed a trend to increase in lactate
secretion compared to KG-1 parental cells (Figure 4A), but no difference was observed
in extracellular glucose levels (Figure 4B). When calculating glucose consumption, KG-1
Ara-R cells tended to consume glucose slower than KG-1 parental cells (Figure 4C). For
MOLM13 cells, no significant differences were observed between parental and resistant
cells either for lactate secretion (Figure 4A) or glucose consumption (Figure 4C).
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Figure 4. Lactate secretion and glucose consumption in parental and Ara-R cell lines. (A) Lev-
els of lactate secretion and (B) extracellular glucose were evaluated at 4 h for KG-1, KG-1 Ara-R,
MOLM13, and MOLM13 Ara-R cells. (C) Glucose consumption corresponds to the difference in
glucose concentration between 0 h and 4 h of incubation (Figure S6). Results are presented as
mean ± SD of at least three independent experiments. Statistical significance estimated by two-way
ANOVA followed by Sidak’s Multiple Comparison Test.

Next, we measured the glycolytic proton efflux rate (glycoPER) and oxygen consump-
tion rate (OCR), indicators of glycolytic activity and mitochondrial function, respectively,
to compare the glycolytic and respiratory profile between KG-1 and MOLM13 cells as well
as between parental and Ara-C resistant cell lines (Figure 5).

Resistance to Ara-C increased basal glycolysis in KG-1 but not in MOLM13 cells.
This result is in accordance with the observed increase in lactate secretion at 4 h in
KG-1 Ara-R but not MOLM13 Ara-R cells compared to the respective parental cells. The
comparison of both parental AML cell lines showed a trend to lower basal glycolysis in
MOLM13 compared to KG-1 cells (Figure 5A,B). The ability of cells to compensate for
energy production through glycolysis after inhibiting mitochondrial respiration (maximal
glycolysis) was also increased by Ara-C resistance in the KG-1 but not in the MOLM13 cell
line (Figure 5C). The glycolytic reserve (i.e., maximal/basal glycolysis), which indicates
how close the glycolytic function is to the cell’s theoretical maximum, did not differ between
KG-1 parental and resistant cells but tended to be lower in MOLM13 Ara-R compared to
MOLM13 cells. Moreover, MOLM13 cells showed a higher glycolytic reserve compared to
KG-1 cells (Figure 5D).

In terms of respiration, Ara-C resistance increased basal as well as proton-leak-linked
respiration and tended to increase ATP-linked respiration in KG-1 cells but not in MOLM13
cells (Figure 5E,F,J,K). However, resistance to Ara-C did not affect maximal respiration,
spare respiratory capacity (i.e., maximal/basal respiration), and coupling efficiency (i.e.,
ATP-linked/basal respiration) (Figure 5G,H,L). Basal and maximal respiration, as well as
ATP-linked respiration and coupling efficiency, were higher, whereas spare respiratory
capacity tended to be higher in MOLM13 compared to KG-1 cells (Figure 5E–H,J,L).
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Figure 5. Characterization of the glycolytic and respiratory profile in parental and Ara-R cell lines.
Results of the Glycolytic rate (A) and Mito Stress (E) test in KG-1, KG-1 Ara-R, MOLM13, and
MOLM13 Ara-R cells are presented as real-time measurements of glycolytic proton efflux rate
(glycoPER) and oxygen consumption rate (OCR) normalized to cell number, respectively. (B) Basal
glycolysis, (C) maximal glycolysis, (D) glycolytic reverse in %, (F) basal respiration, (G) maximal
respiration, (H) spare respiratory capacity in %, (I) ratio of respiration to glycolysis, (J) ATP-linked
respiration, (K) proton leak-linked respiration, (L) coupling efficiency in %. Values are given as
mean ± SD. One-way ANOVA followed by Sidak’s Multiple Comparison Test. At least three
independent measurements with 2 to 8 replicates were performed for each cell line. Treatments:
2.5 μM Oligomycin (Oligo.); 0.5 μM fluoro-carbonyl cyanide phenylhydrazone (FCCP); 0.5 μM
Rotenone and Antimycin A (Rot/AA); 50 mM 2-Deoxy-d-glucose (2DG).

Since MOLM13 cells presented lower glycolysis and higher respiration rates compared
to KG-1 cells, the ratio of respiration to glycolysis (mitoOCR/glycoPER) was also higher in
MOLM13 compared to KG-1 cells (Figure 5I). However, the ratio of respiration to glycolysis
remained unaffected by Ara-C resistance (Figure 5I) because glycolysis and respiration
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were both (a) increased by Ara-C resistance in KG-1 cells and (b) not affected by Ara-C
resistance in MOLM13 cells.

To check if these metabolic alterations were translated into changes in protein ex-
pression, we evaluated the expression of metabolism-related key proteins by Western
blot, namely glucose transporter 1 (GLUT1), monocarboxylate transporters 1 and 4
(MCT1/MCT4), as well as the hexokinase II (HKII) and lactate dehydrogenase A (LDHA)
enzymes at different timepoints (6 and 24 h). The only difference observed was a significant
decrease in LDHA at 24 h in KG-1 Ara-R compared to KG-1 parental cells (Figure S7). This
could be explained by the fact that the levels of extracellular glucose were very low at 24 h
(Figure S6), and the levels of secreted lactate did not increase after 12 h. Thus, the need for
converting pyruvate into lactate might be lower.

3.3. Effect of Metabolic Inhibitors on Cytarabine-Resistant Cells

Aiming to target the increased glycolytic rate induced by Ara-C resistance in KG-1
cells, the effect of 3-BP, a glycolytic inhibitor, was evaluated in Ara-C-resistant and parental
cells using the Seahorse XF Cell Mito Stress and Glycolytic Rate tests (Figure 6).

The acute treatment with 33 μM of 3-BP strongly reduced glycolysis in both KG-1 and
KG-1 Ara-R cell lines. Although KG-1 Ara-R cells showed increased glycolysis compared to
KG-1 cells, the acute response to 33 μM of 3-BP was relatively stronger in KG-1 compared
to KG-1 Ara-R cells (Figure 6A,B). Moreover, 3-BP-treated cells were not able to increase
glycolysis after Rot/AA treatment (Figure 6C), representing that 3-BP diminished the
glycolytic reserve. As a response to reduced glycolysis induced by 33 μM 3-BP, both KG-1
and KG-1 Ara cells increased respiration (Figure 6E,F). Spare respiratory capacity was
increased by 3-BP in KG-1 Ara-R cells compared to medium control treatment as well as
between KG-1 Ara-R compared to KG-1 cells both treated with 3-BP (Figure 6G). Relative
to the medium control, 3-BP induced a stronger increase in ATP-linked respiration in KG-1
compared to KG-1 Ara cells (Figure 6H). These results are also reflected in the stronger
increase in the ratio of respiration to glycolysis in KG-1 cells compared to KG-1 Ara-R cells
relative to the respective untreated control (Figure 6D).

3-BP also acutely inhibited glycolysis as well as the glycolytic reserve in MOLM13 and
MOLM13 Ara-R cells (Figure 6I–K). However, MOLM13 parental as well as resistant cells
were not able to compensate for the reduction in glycolysis by increased respiration, spare
respiratory capacity, or ATP-linked respiration (Figure 6M–P). Also, the ratio of respiration
to glycolysis remained unaffected by 3-BP treatment in MOLM13 parental and resistant
cells (Figure 6L).

Next, we evaluated the effect of 3-BP on cell viability of both KG-1 and MOLM13
parental and Ara-R cells after 48 h, respectively (Figure 7). KG-1 Ara-R cells were more
sensitive to 3-BP, with a significant decrease in cell viability compared to the KG-1 cells
(Figure 7A), which is in line with the observed increased glycolytic activity induced by
Ara-C resistance in KG-1 cells. For MOLM13 Ara-R and parental MOLM13 cells, no
difference was observed in cell viability after 3-BP exposure (Figure 7B). Additionally, we
tested another glycolytic inhibitor, 2-DG, and the respiration inhibitor, phenformin. 2-DG
induced a similar effect to 3-BP in both KG-1 cell lines (higher sensitivity for Ara-C-resistant
cells) and MOLM13 cell lines (no difference) (Figure S8). For phenformin treatment, KG-1
Ara-R cells exhibited higher sensitivity than parental KG-1 cells, while MOLM13 Ara-R
were less sensitive to phenformin than MOLM13 cells (Figure 7C,D). Overall, KG-1 Ara-R
cells displayed increased respiration levels (Figure 5), which might explain the increased
sensitivity to phenformin in this cell line.

189



Pharmaceutics 2024, 16, 442

0 20 40 60 80
0

50

100

150

200

250

Time (minutes)

G
ly

co
ly

si
s 

(g
ly

co
PE

R
)

(p
m

ol
/m

in
/1

04  c
el

ls
)

Medium/3-BP Rot/AA 2-DG

KG-1 - CTRL
KG-1 - 33 μM 3-BP

KG-1 Ara-R - CTRL
KG-1 Ara-R - 33 μM 3-BP

Med
ium C

TRL

33
 μM

 3-
BP

Med
ium C

TRL

33
 μM

 3-
BP

0

50

100

150

200

G
ly

co
ly

tic
 R

es
er

ve
 in

 %

0.0050 0.0307

0.1231

KG-1 KG-1 Ara-R

0 20 40 60 80
0

20

40

60

80

100

Time (minutes)

G
ly

co
ly

si
s 

(g
ly

co
PE

R
)

(p
m

ol
/m

in
/1

04  c
el

ls
)

Rot/AA 2-DG

MOLM13 - CTRL
MOLM13 - 33 μM 3-BP

MOLM13 Ara-R - CTRL
MOLM13 Ara-R - 33 μM 3-BP

Medium/3-BP

Med
ium C

TRL

33
 μM

 3-
BP

Med
ium C

TRL

33
 μM

 3-
BP

0

50

100

150

200

G
ly

co
ly

tic
 R

es
er

ve
 in

 % 0.0010 0.0041

0.8293

MOLM13 MOLM13 Ara-R

Med
ium C

TRL

33
 μM

 3-
BP

Med
ium C

TRL

33
 μM

 3-
BP

-100

-80

-60

-40

-20

0

20

40

A
cu

te
 R

es
po

ns
e

of
 g

ly
co

ly
si

s 
to

 tr
ea

tm
en

t  
in

 %

KG-1 KG-1 Ara-R

0.0005 0.0024

0.0377

Med
ium C

TRL

33
 μM

 3-
BP

Med
ium C

TRL

33
 μM

 3-
BP

-100

-80

-60

-40

-20

0

20

40

A
cu

te
 R

es
po

ns
e

of
 g

ly
co

ly
si

s 
to

 tr
ea

tm
en

t  
in

 %

0.0003 0.0005

0.2554

MOLM13 MOLM13 Ara-R

0 20 40 60 80 100
0

5

10

15

20

25

30

35

Time (minutes)

R
es

pi
ra

tio
n 

(O
C

R
)

(p
m

ol
/m

in
/1

04  c
el

ls
)

Medium/3-BP Oligo FCCP Rot/AA

M
ed

ium C
TRL

33
 μM

 3-
BP

M
ed

ium C
TRL

33
 μM

 3-
BP

-50

0

50

100

150

200

A
cu

te
 R

es
po

ns
e

of
 re

sp
ir

at
io

n 
to

 tr
ea

tm
en

t  
in

 %
0.15290.0395

0.2282

KG-1 KG-1 Ara-R

Med
ium C

TRL

33
 μM

 3-
BP

Med
ium C

TRL

33
 μM

 3-
BP

0

50

100

150

200

250

300

Sp
ar

e 
R

es
pi

ra
to

ry
 C

ap
ac

ity
 in

 %

0.9987 0.0062

0.0053

KG-1 KG-1 Ara-R

0 20 40 60 80 100
0

5

10

15

20

25

30

35

Time (minutes)

R
es

pi
ra

tio
n 

(O
C

R
)

(p
m

ol
/m

in
/1

04  c
el

ls
)

Medium/3-BP Oligo FCCP Rot/AA

M
ed

ium C
TRL

33
 μM

 3-
BP

M
ed

ium C
TRL

33
 μM

 3-
BP

-50

0

50

100

150

200

A
cu

te
 R

es
po

ns
e

of
 re

sp
ir

at
io

n 
to

 tr
ea

tm
en

t  
in

 %

0.0332 0.9987

0.0818

MOLM13 MOLM13 Ara-R

M
ed

ium C
TRL

33
 μM

 3-
BP

M
ed

ium C
TRL

33
 μM

 3-
BP

0

500

1000

1500

2000

2500

m
ito

O
C

R
/g

ly
co

PE
R

(%
 o

f  
C

TR
L)

0.0006 0.1647

0.0016

KG-1 KG-1 Ara-R

M
ed

ium C
TRL

33
 μM

 3-
BP

M
ed

ium C
TRL

33
 μM

 3-
BP

0

500

1000

1500

2000

2500
m

ito
O

C
R

/g
ly

co
PE

R
(%

 o
f  

C
TR

L)

0.1208 0.1573

0.9918

MOLM13 MOLM13 Ara-R

M
ed

ium C
TRL

33
 μM

 3-
BP

M
ed

ium C
TRL

33
 μM

 3-
BP

0

100

200

300

400

500

600

A
TP

-li
nk

ed
 R

es
pi

ra
tio

n
(%

 o
f C

TR
L)

0.0017 0.0623

0.0094

KG-1 KG-1 Ara-R

M
ed

ium C
TRL

33
 μM

 3-
BP

Med
ium C

TRL

33
 μM

 3-
BP

100

200

300

400

500

600

A
TP

-li
nk

ed
 R

es
pi

ra
tio

n
(%

 o
f C

TR
L)

0.9997 0.6735

0.6291

MOLM13 MOLM13 Ara-R

M
ed

ium C
TRL

33
 μM

 3-
BP

M
ed

ium C
TRL

33
 μM

 3-
BP

0

50

100

150

200

250

300

Sp
ar

e 
R

es
pi

ra
to

ry
 C

ap
ac

ity
 in

 %

0.2089

0.3251

0.7609
MOLM13 MOLM13 Ara-R

(A)

(E) (F) (G) (H)

(B) (C) (D)

(I)

(M) (N) (O) (P)

(J) (K) (L)

Figure 6. Effect of 3-bromopyruvate (3-BP) on glycolysis and respiration in parental and Ara-R cell
lines. Results of the Glycolytic rate (A,I) and Mito Stress (E,M) test in (A–H)) KG-1, KG-1 Ara-R,
(I–P) MOLM13, and MOLM13 Ara-R cells are presented as real-time measurements of glycolytic pro-
ton efflux rate (glycoPER) and oxygen consumption rate (OCR) normalized to cell number. (B,J) acute
response of glycolysis to 3-BP, (C,K) glycolytic reserve in %, (D,L) ratio of respiration to glycolysis.
(F,N) acute response of respiration to 3-BP, (G,O) spare respiratory capacity in %, (H,P) ATP-linked
respiration. Values were given as mean ± SD. One-way ANOVA followed by Sidak’s Multiple
Comparison Test. Two independent measurements with 2 to 6 replicates were performed for each
cell line. Treatments: 2.5 μM Oligomycin (Oligo.); 0.5 μM fluorocarbonyl cyanide phenylhydrazone
(FCCP); 0.5 μM Rotenone and Antimycin A (Rot/AA); 50 mM 2-Deoxy-d-glucose (2DG).
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Figure 7. Effect of 3-bromopyruvate (3-BP) and phenformin on Ara-C-resistant and parental cell
viability. Dose-response curve to generate IC50 values of (A,C) KG-1 and KG-1 Ara-R cell lines and
(B,D) MOLM13 and MOLM13 Ara-R cell lines in response to (A,B) 3-BP, and (C,D) phenformin.
Values are expressed as cell viability relative to vehicle-treated cells normalized to 100%. Values are
given as mean ± SD. Two-way ANOVA followed by Sidak’s Multiple Comparison Test. *** p < 0.001.
At least three independent experiments with two replicates were performed.

4. Discussion

Different recurrent gene mutations have been identified in AML [28]. The established
Ara-C-resistant cell lines showed similar mutation profiles as the parental cell lines, includ-
ing mutations in DDX41, CEBPA, ASXL1, SAMD9, SAMD9L, FLT3, NRAS, and TP53. The
diagnostic and prognostic value of those mutations was already reported in AML patients,
as well as their involvement in cellular processes such as differentiation, proliferation, and
cell death in AML [2,28,29]. CEBPA mutations are one the most frequent genetic alterations
in AML patients. CEBPA is a transcription factor, controlling gene expressions responsible
for cell proliferation and differentiation. Double-mutated CEBPA is associated with a
favorable prognosis, while single-mutated CEBPA does not seem to improve prognosis [30].
Recent studies have shown that the biallelic CEBPA mutations in AML do not appear to
modify prognostic, but the coexistence with other chromosomal abnormalities and gene
mutations may influence prognostic [31]. Although the number of somatic mutations
present at diagnosis appears to be present at relapse [32,33], our data show that KG-1 Ara-R
cells lost NRAS mutation. According to the study of Farra et al. [34], most pediatric AML
patients with mutated NRAS at first diagnosis lose this mutation at relapse [34]. Maybe this
loss of NRAS mutation is a drug resistance-related alteration, which allows AML cells to
survive after induction chemotherapy and make it a dominant clone and cause recurrence.
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Moreover, FLT3, TP53, and NRAS mutations are classified as driver oncogenes in AML, and
co-occurring mutations in those genes have been associated not only with resistance but
also with metabolic adaptations [28,35–37]. Here, we observed that KG-1 Ara-R cells lost
the NRAS mutation despite presenting higher levels of glycolysis and respiration compared
to KG-1 cells. This issue deserves further investigation.

Our aim was to characterize glucose metabolism in Ara-C-resistant AML cell lines
as a means of identifying potential metabolic targets for therapy. Otto Warburg described
that even in the presence of oxygen, cancer cells prefer to ferment glucose to lactate rather
than to oxidize glucose in the TCA cycle [18]. In AML, beyond the glycolytic phenotype,
glucose metabolism has also been linked to pathways, including the pentose-phosphate,
amino acid, glutamine, and fatty acid pathways [14,35,38]. Hence, glycolysis does not only
generate energy but also serves the purpose of generating molecular building blocks to
sustain cancer survival and proliferation [38].

The results of our established AML cells resistant to Ara-C suggest that different gly-
colytic and respiration profiles could influence the response to different stresses. MOLM13
cells are more dependent on respiration, whereas the corresponding resistant ones have less
capacity to resort to glycolysis when exposed to respiratory inhibition (glycolytic reserve).
On the other hand, KG-1 Ara-R cells are more glycolytic but also present higher levels
of basal and ATP-linked respiration compared to KG-1 parental cells, indicating a higher
ATP demand due to Ara-C resistance. The plasticity of cancer cells is frequently observed
in terms of metabolic adaptations. For example, cancer cells are able to switch between
glycolysis and respiration as well as to fuel these metabolic pathways with other substrates
beyond glucose [39]. In AML, a highly diverse and flexible metabolism contributes to
the aggressiveness of the disease, as well as drug resistance [40–42]. By using different
sources of nutrients for energy and biomass supply, AML cells gain metabolic plasticity
and outcompete normal hematopoietic cells [39].

Lastly, we explored glucose metabolism as a potential target in AML Ara-R cells.
We tested a 3-BP, a derivative of pyruvate, which is an alkylating agent with anti-cancer
effects in different in vitro and in vivo cancer models [42]. 3-BP is a substrate of the
monocarboxylate transporters (MCTs), and once inside the cell, it blocks glycolysis by
targeting HKII and thereby depleting cell energy. HKII inhibition leads to its dissociation
from mitochondria and consequently promotes the release of the apoptosis-inducing
factor (AIF) and cytochrome c, thus triggering apoptosis [43]. In this study, the acute
treatment of cells with 3-BP inhibited glycolysis in KG-1 and MOLM13 parental and Ara-R
cells. However, only KG-1 parental and Ara-C-resistant cells were able to compensate
for this effect by switching from glycolysis to respiration. Treatment of cells with 3-BP
for 48 h, however, reduced cell viability by 100%. The acute treatment with 3-BP may
demonstrate that the first target is glycolysis, but given the alkylating nature of 3-BP,
other intermediates involved in glucose metabolism may be targeted by 3-BP [42–45].
Additionally, we tested the effect of the mitochondrial inhibitor phenformin, which inhibits
the complex I of the mitochondrial respiratory chain [46,47], and Ara-C resistance induced
an increase in respiration in KG-1 Ara-R cells. On the other hand, KG-1 Ara-R cells
also presented an increase in proton leakage that could indicate increased damage of
mitochondrial membranes or complexes of the electron transport chain, supporting the
observed higher sensitivity of KG-1 Ara-R cells to phenformin compared to KG-1 parental
cells. In contrast, MOLM13 Ara-R cells were less sensitive to phenformin compared to
MOLM13 parental cells. Still, the IC50 value for phenformin was about three times lower in
MOLM13 compared to KG-1 cells, which corresponds to higher respiration levels observed
in MOLM13 cells. In general, AML cells were more sensitive to treatment with 3-BP than
phenformin (higher IC50 values), which could be explained by the fact that 3-BP may be
acting by two mechanisms of action, being more potent than phenformin.

Hence, it is important to consider the remarkable metabolic adaptability of AML cells,
which allows them to survive and thrive in toxic environments, such as when exposed to
chemotherapy. This highlights the significance of incorporating a metabolic characterization
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of the malignant cells to guide the selection of therapeutic strategies. In our two Ara-C-
resistant cell models, it became evident that the model that presented an enhanced glucose
metabolism with a higher glycolytic profile (KG-1 Ara-R cells) was the one that responded
better to the metabolic inhibitors. Thus, glycolytic inhibitors should be explored as a
strategy to treat Ara-C-resistant AML with enhanced glucose metabolism.

5. Conclusions

In the present study, we report, by different methodologies, that MOLM13 and KG-1
parental cell lines have distinct metabolic profiles: MOLM13 cells are more oxidative,
and KG-1 cells are more glycolytic. When inducing resistance to Ara-C, MOLM13 Ara-
R cells did not change their metabolic profile, and their growth rate was lower than
parental cells. This result suggests an arrest in the cell cycle that may be involved in the
mechanism of resistance in MOLM13 Ara-R cells. On the other hand, Ara-R resistance in
KG-1 cells induced a more pronounced glycolytic profile. KG-1 Ara-R cells display higher
extracellular levels of lactate, glycoPER, and OCR. The response of KG-1 Ara-R cells to
acute inhibition of glycolysis led to a shift towards respiration, but the treatment with 3-BP
for 48 h significantly decreased cell viability, suggesting that the cells could not handle the
induced stress at this time point. In summary, we established two AML cell line models of
resistance to Ara-C, which involve metabolic adaptations and have different sensitivities
to metabolic inhibitors. Thus, modulation of glucose metabolism has the potential to be
explored in AML resistance.
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Simple Summary: Insulin and insulin-like growth factor 1 (IGF1) are metabolic hormones, which are
often upregulated to stimulate proliferation in breast cancer. A fasting mimicking diet (FMD) targets
insulin signaling pathway downregulation to hamper tumor growth. Genes encoding for the insulin
receptors on the cell’s surface contain genetic variation between patients, which can affect insulin
receptor function and cellular response. Therefore, a group of 113 patients with HER2-negative
breast cancer receiving neoadjuvant chemotherapy with or without a fasting mimicking diet were
investigated. We found that two IGF1 receptor variants were associated with worse pathological
response compared to the reference alleles, out of the 17 interrogated common variants. Additionally,
two IGF1 receptor variants could interact negatively within the FMD group regarding radiological
response. These results emphasize that genetic variation harbors predictive clinical relevance to
optimize and personalize cancer therapy.

Abstract: Aim: We aimed to investigate associations between IGF1R and INSR single nucleotide vari-
ants (SNVs) and clinical response in patients with breast cancer treated with neoadjuvant chemother-
apy with or without a fasting mimicking diet (FMD) from the DIRECT trial (NCT02126449), since
insulin-like growth factor 1 (IGF1) and the insulin pathway are heavily involved in tumor growth and
progression. Methods: Germline DNA from 113 patients was tested for 17 systematically selected can-
didate SNVs in IGF1R and INSR with pathological and radiological response. Results: IGF1R variants
A > G (rs3743259) and G > A (rs3743258) are associated with worse pathological response compared
to reference alleles p = 0.002, OR = 0.42 (95%CI: 0.24; 0.73); p = 0.0016; OR = 0.40 (95%CI: 0.23; 0.70).
INSR T > C (rs1051690) may be associated with worse radiological response p = 0.02, OR = 2.92
(95%CI: 1.16; 7.36), although not significant after Bonferroni correction. Exploratory interaction
analysis suggests that IGF1R SNVs rs2684787 and rs2654980 interact negatively with the FMD group
regarding radiological response p = 0.036, OR = 5.13 (95%CI: 1.12; 23.63); p = 0.024, OR = 5.71 (95%CI:
1.26; 25.85). Conclusions: The IGF1R variants rs3743259 and rs3743258 are negatively associated
with pathological response in this cohort, suggesting potential relevance as a predictive biomarker.
Further research is needed to validate these findings and elucidate the underlying mechanisms and
interaction with FMD.

Cancers 2023, 15, 5872. https://doi.org/10.3390/cancers15245872 https://www.mdpi.com/journal/cancers197
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1. Introduction

The insulin-like growth factor 1 (IGF1) and insulin pathway are both involved in tumor
proliferation and progression [1,2]. Elevated IGF1 levels are specifically associated with
increased risk of breast cancer [3], and high IGF1 levels are associated with increased breast
cancer mortality, with a hazard ratio of 3.1. Increased IGF1 receptor (IGF1R) expression is
found in 50% of breast cancers. Therefore, it is hypothesized that genetic variation affecting
the IGF1/insulin axis may also influence cancer risk, progression and therapy response [4].

De Groot et al. previously showed that the IGF1R SNV G > T rs2016347 is associated
with pathological response after neoadjuvant chemotherapy in patients with human epi-
dermal growth factor receptor 2 (HER2)-negative breast cancer, emphasizing that genetic
variation could impact treatment response in these patients [5]. The insulin receptor (INSR)
gene has been studied less extensively in cancer, even though its protein can bind the same
ligands as the IGF1R.

Moreover, IGF1R and INSR SNVs may influence the effects of short-term fasting or
a fasting mimicking diet (FMD), since the FMD is suggested to operate at least partially
through the IGF1 and insulin pathways [6]. Fasting has repeatedly been shown to have
anti-cancer effects in preclinical research by sensitizing tumor cells for chemotherapy [7–9].
The underlying mechanism of FMD on the anti-cancer effect is that a decrease in the blood
concentration of glucose, insulin and IGF1 causes IGF1R- protein kinase B(Akt)-mammalian
target of rapamycin (mTOR) pathway downregulation [10,11], which leads to gene expres-
sion profile alterations that ultimately promote autophagy and cell death in cancer cells [12].
Subsequently, our phase 2 DIRECT study (NCT02126449) suggested a positive effect of the
FMD compared to regular diet in addition to neoadjuvant chemotherapy on pathological
and radiological response, in patients with early-stage HER2-negative breast cancer [13].

Therefore, we hypothesize that genetic variation affecting the IGF1/insulin axis may
influence chemotherapy response and interact with FMD therapy, such as reported in
the DIRECT study (NCT02126449). Here, we investigated IGF1R and INSR SNVs and,
subsequently, IGF1R expression for association with pathological and radiological response.

2. Materials and Methods

The 131 patients who participated from February 2014 to January 2018 in the phase II
randomized DIRECT trial (NCT02126449) were randomized to receive standard neoadju-
vant chemotherapy with or without FMD [13]. Patient characteristics are shown in Table 1,
and the study inclusion and exclusion criteria were described previously [13]. Further,
2 patients were excluded from analysis due to informed consent withdrawal and metastasis
at inclusion.

Pathological response was evaluated by the Miller–Payne (MP) score on a 1 to
5 scale [14]. Radiological response was assessed after chemotherapy and scored according
to the RECIST1.1 criteria [15]. MP score was also grouped, with responders defined as score
4–5, less than 10% tumor cells, and the non-responders as score 1–3, as shown in Table 1.
Radiological response is grouped as responders comprising complete response (CR) and
partial response (PR) and the non-responders of stable disease (SD) and progressive disease
(PD). The response data are primarily analyzed as intention-to-treat (ITT) and secondary
in per protocol (PP) analysis with FMD-compliant versus control group, since 22 (33.8%)
out of 65 FMD patients were able to comply with at least half of the planned FMD cycles.
All patients provided written informed consent at the start of the study participation. The
study was conducted in accordance with the Declaration of Helsinki (2008) and approved
by the Medical Ethics Committee of the Leiden University Medical Center in agreement
with the Dutch law for medical research involving humans.
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Table 1. Patient characteristics.

Characteristics Label
n Cases

(Median)
% Missing Cases Total Cases

Median Age (range) years 50 (27–71) 0 129

Median BMI (range) kg/m2 25.8 (19.7–41.2) 0 129

Randomization
chemo + FMD 65 50.4%

0 129chemo 64 49.6%

Per-protocol *
chemo + FMD compliant 22 17.1%

0 124chemo + FMD non-compliant 43 34.7%
chemo 59 47.6%

HR status
ER−/Progesterone− 21 16.3%

1 (0.8%) 128ER+/Progesterone− 18 14.0%
ER+/Progesterone+ 89 69.8%

Tumor Type
Other 5 3.5%

0 129Lobular 22 20.2%
Ductal/Carcinoma 102 76.3%

Tumor status **

cT1 11 8.4%

0 129
cT2 83 64.9%
cT3 32 24.4%
cT4 3 2.3%

Lymph node status **

cN0 63 48.1% 0 129
cN1 55 42.0%
cN2 11 8.4%
cN3 2 1.5%

Miller&Payne score

grade 1 no reduction 35 27.1% 1 (0.8%) 128
grade 2 < 30% tumor reduction 26 20.9%

grade 3 30–90% tumor reduction 33 25.6%
grade 4 > 90% tumor reduction 20 15.5%

grade 5 no tumor 14 10.9%

Miller&Payne pooled grade 1–3 non-responders 94 73.3% 2 (1.5%) 128
grade 4–5 responders 34 26.4%

Radiological response

CR 16 14.8% 23 (17.6%) 108
PR 69 63.9%
SD 22 20.4%
PD 1 0.9%

Radiological response
pooled

CR or PR responders 85 78.7%
23 (17.6%) 108

SD or PD non-responders 23 21.3%

* Per protocol groups consisted of chemo + FMD compliant (≥half of the planned FMD cycles), chemo + FMD
non-compliant (≤half of the planned FMD cycles) and the control group chemo. ** Tumor and lymph node status
according to TNM classification. BMI body mass index (kg/m2). HR-status hormone receptor status. ER estrogen
receptor. Progesterone progesterone receptor. CR complete response. PR partial response. SD stable disease. PD
progression of disease.

The 1000 Genomes database [16,17], version GRCh37p13, provided all SNVs for
IGF1R (n = 1364) and INSR (n = 1244) genes. Selection criteria for SNV selection included
(1) localization in exon positions, (2) minor allele frequency ≥0.2 in the sub-population with
Northern and Western European ancestry (CEU) and (3) non-duplicates. These selection
criteria resulted in a total of 24 SNVs, 15 for IGF1R and 9 for INSR. Due to technical
limitations in primer design of the custom Open Array chip, 6 SNVs had to be replaced
with proxy SNVs. Haploview software (version 4.1) identified 4 SNVs in high linkage
disequilibrium r2 > 0.9, namely IGF1R rs1815009 for rs66745311, rs2684788 for rs3051367,
rs2654980 for rs9282714 and INSR rs2252673 for rs2352955 (Table S1). INSR rs34045095
and rs2352954 had to be excluded due to lack of proxy SNV and internal quality control.
Ultimately, 17 candidate SNVs were selected, 11 in IGF1R and 6 in INSR (Table S2).
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DNA was isolated from baseline blood samples (n = 113) collected in Ethylene diamine
tetra acetic acid tubes stored at from −80 ◦C. Isolated DNA samples were stored at −20 ◦C
until genotyping for the 17 candidate IGF1R and INSR SNVs. Genotyping was performed
using a PCR-based fixed-format OpenArray™ Panel (Thermo Fisher Scientific, Waltham,
MA, USA) to detect SNVs using specific probes for the genes IGF1R and INSR. Reactions
were run on the QuantStudio™ 12 K Flex OpenArray Genotyping system (Thermo Fisher
Scientific, Waltham, MA, USA) and analyzed with the TaqMan Genotyper Software®

(version 1.3). The predefined minimum call rate was >85%.
Formalin-fixed paraffin-embedded blocks of the diagnostic biopsies and resection

material were sectioned (4 μm) and immunohistochemically stained for membranous
IGF-1R expression, as described elsewhere more extensively [5]. For positive controls,
placenta tissue with previously confirmed IGF1R expression was used, while negative
control sections underwent the same IHC procedure without the primary antibody. Scoring
the membranous IGF1R expression was performed by two assessors (SdG, NdG) simulta-
neously and, if necessary, sections were checked by a pathologist to reach consensus. The
scoring method, as described elsewhere in more detail [5], was, in short, carried out on a
scale from 0 to 3+. A score 0 was given if <10% of the tumor cells were incompletely stained,
1 if >10% of tumor cells showed incomplete staining, 2 if weak to moderate staining in
>10% of the tumor cells was observed and 3+ if strong complete staining was observed
in >10% of tumor cells. A score of 0 and 1+ was considered negative and 2+ and 3+ as
positive [5]. Statistical analysis was performed in Statistical Package for Social Sciences
(IBM SPSS, version 24.0 and 25.0, Armonk, NY, USA: IBM Corp). Genotype distribution
in 1000 Genomes and the DIRECT cohort were compared and tested for deviation from
Hardy–Weinberg equilibrium (HWE) using a goodness-of-fit test with p-value of <0.05
as significance threshold. Ordinal and binary logistic regression using univariate and
multivariate models was used for pathological and radiological response and IGF1R ex-
pression. The proportional odds assumption was not violated for the significant SNVs, as
assessed by comparing regression coefficients to a separate multinomial regression analysis
(Table S3). For the primary analysis, the ITT population was used. First, model selection
was performed with univariate regressions performed on potential confounders and in-
fluential variables. Variables with p-values < 0.1 were carried forward into the primary
multivariate analysis. In the genetic association models, genotypes were used with additive
coding. Coding of genotypes was performed according to the variant allele, i.e., the geno-
type represents how often the variant allele is present, and associations are interpreted in
terms of the variant allele. In secondary analyses, the PP population was considered. Further
analyses were conducted in an explorative way to investigate possible interactions between
SNV and treatment group. For the primary analysis, Bonferroni correction was applied to
account for multiple testing of 17 SNVs, with a significance threshold of 0.05/17 = 0.003.

3. Results

3.1. IGF1R and INSR SNV Distribution

Baseline blood samples from 113 out of 131 patients were available for analysis.
The SNV distribution among the study cohort shown in Table 2 is comparable to the
frequencies observed in the publicly available databases of PubMed and 1000 Genomes
GRCh37p13 (Table S4). Furthermore, all the SNVs followed HWE at the 0.05 threshold.
The predetermined minimum call rate of >85% was achieved with a minimum of 92%
(Table S4).

3.2. IGF1 Receptor SNVs Are Associated with Worsened Pathological Response and INSR SNV Is
Potentially Associated with Worse Radiological Response

In the model selection step, tumor and lymph node status, age, randomization and
hormone receptor (HR) status were selected as covariates for the primary analysis (Table S5).
Tumor type and HR status are biologically similar factors; therefore, only HR status was
entered into the final ordinal regression model to optimize the noise-to-signal ratio.
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Table 2. SNV distribution.

SNV
Reference
Genotype

Heterozygous
Genotype

Homozygous
Genotype

MAF Ref
Allele

N HWE p-Value *

IGF1R rs2016347 32 56 25 53% 113 0.003 0.957
IGF1R rs2229765 35 60 17 58% 112 1.116 0.291
IGF1R rs1815009 5 49 59 26% 113 1.735 0.188

INSR rs1051651 78 28 6 82% 112 2.447 0.118
INSR rs3745551 12 50 50 33% 112 0.009 0.924

IGF1R rs3743259 58 41 12 71% 111 1.297 0.255
IGF1R rs2684787 60 42 10 72% 112 0.449 0.503

IGF1R rs2654981 25 55 33 46% 113 0.053 0.818
IGF1R rs2654980 61 42 10 73% 113 0.499 0.480

IGF1R rs2684788 27 55 31 48% 113 0.072 0.788
IGF1R rs3743249 59 47 7 73% 113 0.346 0.556

IGF1R rs45484096 51 46 16 65% 113 1.118 0.290
INSR rs3833238 77 30 6 81% 113 1.700 0.192

INSR rs1051690 2 29 82 15% 113 0.095 0.757
INSR rs1799817 85 24 4 86% 113 1.802 0.179

INSR rs2252673 3 23 82 13% 108 0.760 0.383
IGF1R rs3743258 57 35 12 72% 104 3.072 0.080

SNV single nucleotide variant, INSR insulin receptor gene, IGF1R insulin like growth factor 1 receptor gene, MAF
mean allele frequency, HWE Hardy–Weinberg equation. * if <0.05—not consistent with HWE. Call rate minimum
is 92%.

IGF1R rs3743259 and rs3743258 SNVs were associated with worse pathological re-
sponse compared to the reference genotype in the ITT analysis with an additive model,
p = 0.002, OR = 0.42 (95%CI: 0.24; 0.73); p = 0.0016; OR = 0.40 (95%CI: 0.23; 0.70), respectively,
as shown in Table 3.

Table 3. Primary multivariate ordinal regression model intention to treat.

Miller & Payne Radiological Response

SNVs N OR 95%CI Lower-Upper p-Value N OR 95%CI Lower-Upper p-Value

IGF1R rs2016347 112 1.52 0.94 - 2.46 0.09 92 0.89 0.48 - 1.67 0.72
IGF1R rs2229765 111 1.03 0.61 - 1.73 0.91 91 1.14 0.58 - 2.25 0.70
IGF1R rs1815009 112 0.83 0.46 - 1.50 0.53 92 0.92 0.43 - 1.98 0.84
INSR rs1051651 111 1.46 0.82 - 2.62 0.20 91 1.69 0.80 - 3.59 0.17
INSR rs3745551 111 0.99 0.60 - 1.66 0.98 91 1.88 0.93 - 3.77 0.08
IGF1R rs3743259 110 0.42 0.24 - 0.73 0.002 91 1.10 0.56 - 2.16 0.79
IGF1R rs2684787 111 1.23 0.73 - 2.07 0.44 91 0.92 0.47 - 1.80 0.80
IGF1R rs2654981 112 1.23 0.77 - 1.98 0.39 92 0.98 0.54 - 1.78 0.96
IGF1R rs2654980 112 1.25 0.75 - 2.11 0.39 92 0.88 0.45 - 1.72 0.71
IGF1R rs2684788 112 1.54 0.96 - 2.49 0.08 92 1.00 0.54 - 1.83 0.99
IGF1R rs3743249 112 1.39 0.79 - 2.45 0.25 92 0.95 0.47 - 1.94 0.89

IGF1R rs45484096 112 1.03 0.64 - 1.65 0.91 92 1.04 0.56 - 1.94 0.89
INSR rs3833238 112 1.32 0.75 - 2.35 0.34 92 1.75 0.83 - 3.67 0.14
INSR rs1051690 112 0.53 0.27 - 1.06 0.07 92 2.92 1.16 - 7.36 0.02
INSR rs1799817 112 0.78 0.40 - 1.49 0.45 92 1.89 0.74 - 4.81 0.18
INSR rs2252673 107 0.87 0.42 - 1.78 0.70 88 2.37 0.89 - 6.34 0.09
IGF1R rs3743258 103 0.40 0.23 - 0.70 0.002 86 1.12 0.57 - 2.20 0.75

Cut off value Bonferroni correction for multiple testing is 0.05/17 = 0.0029. OR odds ratio, CI confidence
interval, SNV single nucleotide variant, INSR insulin receptor, IGF1R insulin like growth factor 1 receptor. Bold:
statistically significant.
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Multivariate analysis in a PP fashion yielded associations with the same SNVs and
similar effect sizes, though these were not statistically significant after Bonferroni correction
for multiple testing (See Table 4).

Table 4. Primary multivariate ordinal regression model per protocol.

SNVs
Miller & Payne Radiological Response

N OR 95%CI p-Value N OR 95%CI p-Value

IGF1R rs2016347 72 1.40 0.74 - 2.63 0.30 61 0.76 0.34 - 1.74 0.52
IGF1R rs2229765 72 1.21 0.63 - 2.33 0.57 61 0.93 0.41 - 2.13 0.87
IGF1R rs1815009 72 1.07 0.52 - 2.19 0.86 61 0.56 0.22 - 1.41 0.22
INSR rs1051651 72 1.11 0.56 - 2.21 0.77 61 1.67 0.71 - 3.94 0.24
INSR rs3745551 72 1.49 0.79 - 2.80 0.22 61 1.72 0.77 - 3.87 0.19
IGF1R rs3743259 72 0.49 0.25 - 0.94 0.03 61 1.24 0.56 - 2.72 0.59
IGF1R rs2684787 71 1.29 0.66 - 2.52 0.46 60 0.45 0.18 - 1.12 0.09
IGF1R rs2654981 72 0.98 0.51 - 1.88 0.94 61 0.91 0.42 - 2.00 0.82
IGF1R rs2654980 72 1.36 0.70 - 2.64 0.37 61 0.43 0.17 - 1.05 0.06
IGF1R rs2684788 72 1.33 0.71 - 2.50 0.37 61 0.85 0.38 - 1.87 0.68
IGF1R rs3743249 72 1.10 0.54 - 2.21 0.80 61 1.37 0.57 - 3.30 0.49

IGF1R rs45484096 72 1.07 0.59 - 1.94 0.83 61 0.68 0.31 - 1.49 0.33
INSR rs3833238 72 1.01 0.51 - 2.02 0.97 61 1.58 0.67 - 3.73 0.29
INSR rs1051690 72 0.41 0.16 - 1.04 0.061 61 3.41 1.09 - 10.63 0.035
INSR rs1799817 72 0.51 0.21 - 1.28 0.15 61 1.55 0.46 - 5.31 0.48
INSR rs2252673 69 1.30 0.56 - 3.04 0.54 59 1.68 0.56 - 5.02 0.35
IGF1R rs3743258 68 0.46 0.24 - 0.91 0.03 59 1.23 0.56 - 2.70 0.61

Cut off value Bonferroni correction for multiple testing is 0.05/17 = 0.0029. OR odds ratio, CI confidence interval,
SNV single nucleotide variant, INSR insulin receptor, IGF1R insulin-like growth factor 1 receptor.

Furthermore, INSR rs1051690 presence suggested association with worse radiological
response compared to patients with the reference genotype (Table 3: OR = 2.92 (95%CI: 1.16;
7.36); p = 0.02), although this association was not significant after Bonferroni correction.
The logistic regression model with responders vs. non-responders for radiological and
pathological response showed no significant correlation after correction for multiple testing
for ITT, which suggests that the ordinal regression analysis best retains information on the
association (Table S6).

3.3. IGF1R SNVs and FMD Interaction

Further ordinal regression analyses were conducted to analyze potential interaction be-
tween SNVs and FMD. This analysis suggested that the presence of IGF1R SNVs rs2684787
and rs2654980 might interact with the ITT FMD group differently compared to the control
group, affecting radiological response negatively, p = 0.036, OR = 5.13 (95%CI: 1.12–23.63);
p = 0.024, OR = 5.71 (95%CI: 1.26–25.85), respectively (Table S7), but not in PP. For patho-
logical response, there was no indication of interaction in the ITT or PP.

Secondary models included responders vs. non-responders, which revealed that
there were no indications for interaction between SNVs and treatment group affecting
radiological response and pathological responders vs. non-responders after correction for
multiple comparison (Table S8).

3.4. IGF1R Expression Score Is Not Associated with Clinical Response

We found that 58 of the total 104 biopsies (55.8%) were IGF1R-positive at baseline;
28 positive IGF1R biopsies at baseline became negative (48.3% of positive biopsies; 26.9%
of total), while 30 remained IGF1R positive (51.7% of positive biopsies; 28.8% of total) at
resection, as seen in Figure 1. Further, 44 of 46 (42.3% of total) biopsies remained IGF1R
negative at resection (95.7% negative biopsies; 42.3% of total), while 2 became positive
(4.3% of negative biopsies; 1.9% of total) (see Figure 1). Multivariate regression analysis
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uncovered no association between IGF1R biopsy or resection score and pathological or
radiological response in both the ITT and PP multivariate model.

Figure 1. IGF1R expression in baseline tumor biopsy and tumor resection specimen.

4. Discussion

This study shows that the presence of IGF1R SNVs rs3743259 and rs3743258 is associ-
ated with worse pathological response compared to the reference genotype in this cohort
of patients with breast cancer treated with neoadjuvant chemotherapy (see Table 3). Addi-
tionally, our results suggest that INSR rs1051690 may be associated with worse radiological
response compared to patients with the reference genotype in this study, although this
association was not significant after Bonferroni correction. These findings indicate that
patients with rs3743259 and rs3743258 may respond less to chemotherapy, which could
imply treatment consequences, for example, to consider an alternative systemic therapy
regimen. The association between rs3743259 and rs3743258 was not significant in the
PP analysis, most likely due to the smaller sample size of 72 compared to 112 in the ITT
analysis. Furthermore, there might be an interaction between FMD and the presence of
SNVs, as shown by the exploratory analysis, and IGF1R SNVs rs2684787 and rs2654980
might interact with the FMD group differently compared to the control group regarding
radiological response (Table S7).

To assess whether the observed associations could be attributed to other genes as
indicated by SNVs exhibiting high linkage disequilibrium (LD), online tools LDlink and
Haploreg (version 4.1) were used [18,19]. Firstly, IGF1R rs3743259 shows high LD with
six other SNVs (r2 > 0.8), including IGF1R rs3743258 (r2 = 0.9). All six SNVs have not been
associated with disease or pathologic processes according to PubMed. Furthermore, LDlink
reports that IGF1R rs3743258 is in LD with five SNVs with an r2 > 0.8, whereas HaploReg
only reports rs3743259. Nevertheless, all associated SNVs hail from the IGF1R gene, and it
is, therefore, unlikely that the observed effect is originating from another gene or SNV.

Biong et al. found that rs3743259 was associated with increased mammographic
density [20], which is a known risk factor for breast cancer development [21]. Together
with our findings on rs3743259, this study supports the hypothesis that there could be a
biological mechanism to drive breast cancer. Nevertheless, the structural and functional
consequences of these SNVs on IGF1 receptor signaling have yet to be investigated.

The limitations of this study are the relatively small sample size for a genetic asso-
ciation study. In order to decrease the risk of reporting false-positive results, we applied
a strict Bonferroni correction. The statistical limitation of this study is illustrated by the
exploratory generalized linear models used to investigate the interaction between SNVs
and FMD versus SNVs and control group. These results should be interpreted carefully,
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since analyzing the cohort in smaller groups or more complex models decreases statistical
power. Therefore, the interaction between the IGF1R/INSR SNVs and FMD is important
to investigate in future studies. Furthermore, radiological response data were missing
for 21/129 patients (16.3%), although separate regression analysis confirmed that these
missing data did not arise due to other variables.

Lastly, future research could focus on the structural effect of these IGF1R SNVs on the
protein in silico, for example. Subsequently, the functional consequences, in terms of recep-
tor affinity for ligands, should be investigated as well. In parallel, the findings of this study
need validation in another, preferably larger, breast cancer cohort or a genetic databank
cohort. Moreover, future studies, such as the ongoing phase III DIRECT2 (NCT05503108)
study, are necessary to validate the currently reported associations. In conclusion, more
translational research is needed to reveal the underlying mechanisms between the genetic
variation in IGF1R and INSR in the context of fasting and clinical response in cancer.

5. Conclusions

This study identified IGF1R SNVs rs3743259 and rs3743258 as potential predictive
markers for worse pathological response on neoadjuvant chemotherapy in patients with
HER2-negative breast cancer. Validation and further research are essential before any
clinical recommendations can be made.
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Abstract: Background: Androgen deprivation therapy (ADT) is the mainstay of treatment for
prostate cancer, yet dynamic molecular changes from hormone-sensitive to castration-resistant states
in patients treated with ADT remain unclear. Methods: In this study, we combined the dynamic
network biomarker (DNB) method and the weighted gene co-expression network analysis (WGCNA)
to identify key genes associated with the progression to a castration-resistant state in prostate cancer
via the integration of single-cell and bulk RNA sequencing data. Based on the gene expression
profiles of CRPC in the GEO dataset, the DNB method was used to clarify the condition of epithelial
cells and find out the most significant transition signal DNB modules and genes included. Then,
we calculated gene modules associated with the clinical phenotype stage based on the WGCNA.
IHC was conducted to validate the expression of the key genes in CRPC and primary PCa patients
Results:Nomograms, calibration plots, and ROC curves were applied to evaluate the good prognostic
accuracy of the risk prediction model. Results: By combining single-cell RNA sequence data and
bulk RNA sequence data, we identified a set of DNBs, whose roles involved in androgen-associated
activities indicated the signals of a prostate cancer cell transition from an androgen-dependent state
to a castration-resistant state. In addition, a risk prediction model including the risk score of four
key genes (SCD, NARS2, ALDH1A1, and NFXL1) and other clinical–pathological characteristics was
constructed and verified to be able to reasonably predict the prognosis of patients receiving ADT.
Conclusions: In summary, four key genes from DNBs were identified as potential diagnostic markers
for patients treated with ADT and a risk score-based nomogram will facilitate precise prognosis
prediction and individualized therapeutic interventions of CRPC.

Keywords: castrate-resistant prostate cancer; dynamic network biomarker; risk prediction model;
bulk RNA sequence; single-cell RNA sequence

1. Introduction

Prostate cancer (PCa) is the most prevalent cancer for men in the USA and a leading
cause of oncological death in men worldwide, with an estimated 35,000 deaths and more
than 299,000 new cases in the US in 2024 [1]. For most PCa patients, castration-resistant
prostate cancer (CRPC), whether metastatic (mCRPC) or nonmetastatic (nmCRPC), gener-
ally occurs in response to therapeutic pressure, specifically the use of androgen deprivation
therapy (ADT) [2]. Worse still, almost all patients treated with ADT eventually develop
castration-resistant prostate cancer (CRPC), as evidenced by imaging progression or an
increased prostate-specific antigen (PSA) despite castration levels of testosterone [3]. CRPC
has a poor prognosis with an average survival time of only 16–18 months from progres-
sion [4], while the overall survival of patients with metastatic CRPC is only 9–13 months [5].
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Currently, the prognosis and treatment of CRPC remain major challenges and the exact
mechanism of the transition from a hormone-sensitive to a castration-resistant state is
still not fully understood [6,7], Thus, there is a critical need to explore the molecular
markers between hormone-naive prostate cancer and CRPC to better understand the mech-
anism by which primary prostate cancer transforms to CRPC and provide new targets for
treating CRPC.

There have been a range of studies concerning progression indicators and drug resis-
tance biomarkers of CRPC. For instance, glutamate decarboxylase 1 (GAD1) was found
to promote prostate cancer progression and decrease the therapeutic effect of docetaxel or
enzalutamide [8]. B7-H3 (also known as CD276), a B7 family immune checkpoint, can be a
promising target for PCa immunotherapy, particularly in the early weeks post-ADT before
PCa enters dormancy [9]. Recently, active Stat5 signaling, a known promoter of prostate
cancer growth and clinical progression, was unexpectedly found to be a potent inducer of
AR gene transcription in PCa, which indicates that pharmacological Stat5 inhibitors may
represent a new strategy for suppressing ARs and CRPC growth [10].

With the development of DNA microarrays and high-throughput sequencing, it is
both efficient and effective to explore key gene modules related to tumor progression via
the use of bioinformatics techniques and big data integration. The weighted correlation
network analysis (WGCNA) is an efficient and accurate bioinformatics method for analyz-
ing microarray data that can be used to systematically investigate highly synergistically
altered gene modules [11]. The WGCNA divides genes into several modules based on the
similarity of gene expression profiles and can be used to identify the relationship between
gene sets and clinical characteristics. WGCNA methods have been successfully applied
to identify key gene modules in many cancers, including bladder cancer [12], ovarian
cancer [13], and breast cancer [14]. However, the primary objective of WGCNA aims to tell
the difference between the “disease state” and “normal state” and may fail to accurately
predict the early onset of disease before its development. To overcome this bottleneck, the
dynamic network biomarker (DNB) theory, based on the dynamic features of molecules
within the biological system, was proposed [15]. The DNB theory is a kind of nonlinear
dynamics theory which aims to find a group with high correlation and strong collective
fluctuations that affect the dramatic changes in diseases. DNBs reveal early warning signals
of critical transitions before the deterioration of complex diseases. The DNB method has
been applied to real disease datasets and has been used to identify the pre-disease states of
several cancers, such as hepatocellular carcinoma [16], colon and rectal cancer [17], and
liver cancer [18]. These studies provide us with a reliable and robust technical basis for
identifying critical signals, as well as prognostic indicators, in CRPC.

In this study, we combined the methods of DNBs and the WGCNA to explore novel
biomarkers in androgen deprivation therapy resistance and the prognosis of prostate cancer.
The flowchart of this study is shown in Figure 1. By analyzing the dynamic changes in
key modules involved in androgen-associated activities in CRPC and identifying stage-
related gene modules combined in the weighted gene co-expression network, we identified
four genes, including SCD, NARS2, ALDH1A1, and NFXL1, as core members of DNBs,
which can serve as biomarkers involved in the transition of prostate cancer cells from
an androgen-dependent state to a castration-resistant state. This study is expected to
provide novel diagnostic and therapeutic targets for prostate cancer patients treated with
androgen deprivation therapy and offer new insights into the molecular pathology of
CRPC progression from dynamic network perspectives.
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Figure 1. Flowchart of this study.

2. Materials and Methods

2.1. Data Acquisition and Preprocessing

The RNA sequencing data and corresponding clinical data of prostate cancer sam-
ples were acquired from The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/
accessed on 15 February 2024). The single-cell RNA sequencing (scRNA-seq) informa-
tion of GSE137829 was obtained via the Gene Expression Omnibus (GEO) database (https:
//www.ncbi.nlm.nih.gov/ accessed on 9 December 2023). CRPC bulk RNA-seq data were ob-
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tained from 3 GEO datasets (GSE700770, GSE80609, and GSE111177). TCGA-PRAD data were
downloaded from the UCSC Xena database (https://xenabrowser.net/datapages/ accessed
on 12 March 2024).

Based on the description in the article, a total of 14 CRPC patients were selected from
the CRPC cohort according to their clinical information, and the corresponding single-cell
RNA matrix data of 13 CRPC patients were found and downloaded from the GSE70770
dataset. In GSE80609, 12 CRPC patients were identified from the NGS cohort based on
their clinical characteristics and the corresponding raw matrix data were downloaded. In
GSE111177, we screened and selected 20 CRPC patients who underwent ADT based on
their clinical information provided by the original article.

On the basis of the 2021 Canadian Urological Association (CUA)–Canadian Uro-
Oncology Group (CUOG) guideline, for the management of castration-resistant prostate
cancer (CRPC), we defined the “disease progression” of CRPC as “Deterioration occurred in
the patient after receiving treatment, including disease worsening despite castrate levels of
testosterone, the occurrence of new lesions, the progression of pre-existing disease, and/or
the appearance of new metastases” in this study.

We applied the R package “Seurat (V4.0)” to process scRNA-seq data and conduct
cell type annotation. We excluded cells with fewer than 200 or more than 6000 detected
expressed genes (where each gene had to have at least one unique molecular identifier
aligned in at least three cells). Cells with more than 10% expression of mitochondrial genes
were excluded to remove low-activity cells.

We performed logarithmic normalization separately on the data from 6 samples.
The “FindVariableFeatures” function was used to identify highly variable genes (based on
variance stabilizing transformation, “vst”), followed by the removal of batch effects from the
samples using the “FindIntegrationAnchors” function of the canonical correlation analysis
(CCA) method. Additionally, we integrated the data using the IntegrateData function
and scaled all genes using the ScaleData function. Principal component analysis (PCA)
was employed to conduct dimensionality reduction and identify anchors. We selected
dim = 30 and clustered cells using the “FindNeighbors” and “FindClusters” functions
(resolution = 0.5), resulting in 21 clusters. Furthermore, we downloaded marker genes
and related data for human cells from CellMarker (http://bio-bigdata.hrbmu.edu.cn/
CellMarker1.0/, 17 September 2024) and manually annotated the cells [19].

2.2. Bulk RNA-Seq Data Processing

We downloaded the series matrix files and their platform annotation information and
eliminated more than half of the sample values or probes that detected multiple genes for
analysis. Due to the differences in gene symbols across different microarray platforms, the
probes were assigned to their Entrez identifiers according to each platform’s annotation file.
The R package “limma” was employed to identify differentially expressed genes (DEGs).
We used the arithmetic mean and integrated groups to interpret the gene expression level
if multiple probe groups corresponded to the same Entrez ID. Then, the differentially
expressed genes (DEGs) were normalized by the number of reads per sample, and the
ensemble IDs were converted to gene IDs by the R package “biomartr” [20]. We selected
13 CRPC patient samples from the GSE70770 dataset, 12 from the GSE80609 dataset, and
20 from the GSE111177 dataset from patients who received androgen deprivation therapy
(ADT). For the TCGA dataset, genes with an expression level of 0 (not detected) in more
than 10% of patients were excluded from further analysis. We combined clinical information
from the TCGA database to identify patient samples that underwent ADT.

2.3. Pseudotime Trajectory Analysis

The “Monocle2” R package (version 2.20.0) was employed to elucidate the epithe-
lial cell developmental trajectory and characterize the functional change processes and
identify potential lineage differentiation between clusters. Based on the machine learning
method of “reversed graph embedding”, it can automatically infer the trajectory from high-
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dimensional RNA-seq data. In this study, we constructed the developmental trajectory
based on the following steps. First, the core genes in each cluster were identified by the
“Differential Gene Test” function. Then, the expression spectrum was simplified by the “re-
duceDimension” function and the “DDRTree” method (max_components = 2) to construct
a minimum spanning tree (MST), which represents the potential path of cell differentiation.
Then, the “orderCells” function was used to sort cells and assign pseudotime values. After
this, branch expression analysis modeling (BEAM) was employed to detect and analyze
specific branch points and identify genes with branch-dependent expression based on the
pseudotime value.

2.4. Dynamic Network Biomarker (DNB)

The transition process of disease can be roughly divided into three states, the before-
transition state, critical state, and after-transition state. The genes that only appear in
the critical state and play key roles in the critical state can be identified as DNBs. In this
work, we applied the R package “BioTIP” to identify dynamic network biomolecules and
predict the differentiation trajectory of the prostate epithelium [21]. Dynamic network
biomarkers (DNBs) are used for biological tipping-point characterization and focus on the
detection and assessment of different stages of disease. It is a time-dependent method [22]
which studies the location changes in the markers over time and the relationships among
network markers over time. The DNB method follows three major criteria: (1) the standard
deviation of the DNB molecule group increases dramatically in the critical state; (2) the
correlation between any two molecules in the DNB molecule group increases significantly
in the critical state; (3) the correlation between the DNB molecule group and the other
group decreases steeply in the critical state.

In this study, we performed a DNB analysis according to the following steps: (1) data
preparation and preprocessing: we extracted the expression data of different develop-
ment trajectory states and removed genes with mean cell expression values less than 0.01;
(2) estimating the random IC scores by permuting the expression values of genes: we
applied the “Simulation_Ic” function to calculate a random index of critical transition and
randomly filtered 300 genes and ran it 1000 times to calculate IC scores for each state of
every cell subset; (3) filtering a multi-state dataset based on a cutoff value for standard
deviation per state and optimization: we used the “optimize.sd_selection” function to
select the top 1% transcripts and randomly selected 80% of samples and calculated it
100 times to select the filtered expression dataset matrix with the highest standard devia-
tion; and (4) building node networks: We applied the “getNetwork” function to construct
a correlation network for each trajectory state. Pearson’s coefficient analysis was used to
identify significantly correlated genes (p < 0.1) in the co-expression network. Then, we
used the “getCluster_methods” function to extract genes from each subnetwork (module).
(5) We identified critical transition signals (CTSs) used in the DNB module. We calculated
the module key index (MCI) for each trajectory state in the dataset using the “getMCI”
function and used the “getMaxMCImember” function to filter out the top 3 modules in each
trajectory state. (6) Finding the tipping point and evaluating the CTS: We first recorded
the maximum MCI of candidate modules at different trajectory states, and then extracted
the top 2 modules according to the MCI scores. After this, we estimated the correlation
matrix using the “cor.shrink” function, followed by a recalculation of the critical transition
random index (IC) using the “simulation_Ic” function for each module gene; (7) verifying
using the IC score: We estimated the random IC scores by permutating the expression
values of genes and returned to the observed IC (red) and simulated IC scores (gray) for a
given state. Then, we estimated the random IC scores by randomly shuffling the cell labels.
We evaluated the random score from the shuffling sample labels and excluded natural
sample correlations within phenotypic states (cell subsets) and returned the score to the IC
of observed (red) and simulated IC scores (gray) for a given state.
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2.5. Gene Set Variation Analysis (GSVA)

Gene set variation analysis (GSVA) is a nonparametric and unsupervised method for
estimating the enrichment of gene sets in transcriptomic data [23]. By performing comprehen-
sive scoring on the gene sets of interest, GSVA converts changes at the gene level to those at
the pathway level, subsequently determining the biological functions of the sample. In this
study, we employed the GSVA algorithm to score the identified DNB module gene sets and to
evaluate the potential biological function changes across different modules.

2.6. CellChat Analysis

We employed the “CellChat” R package (v1.6.1) for the cell interaction analysis [24].
We analyzed the possible interactions among epithelial subgroups based on the data of
ligand–receptor pair data in the CellChatDB.

2.7. Weighted Correlation Network Analysis (WGCNA)

We applied the “WGCNA” R package to perform WGCNA according to the following
steps [25]. (1) Define the similarity matrix. (2) Select the weight coefficient β = 12 and
convert the similarity matrix into an adjacency matrix. (3) Convert the adjacency matrix into
a topological overlap matrix (TOM). (4) Perform hierarchical clustering of data based on
the TOM to obtain a hierarchical clustering tree. (5) Use the dynamic tree-cutting method to
identify modules from the hierarchical clustering tree. (6) Calculate the module eigengenes
(MEs) for each module, where MEs represent the overall expression level of the module.
We calculated the Pearson correlation coefficient between the MEs of each module, and the
Pearson correlation coefficient was defined as the average distance between MEs of each
module. We applied the average linkage hierarchical clustering method to cluster all MEs
of the modules, with a minimum value (genome) set to 100 and combined modules with
high similarity to obtain a co-expression network.

2.8. Gene Enrichment Analysis

We downloaded a dataset related to the cancer hallmark and gene oncology (GO)
pathway from the MisgDB website (https://www.gsea-msigdb.org/gsea/msigdb, access
on 23 February 2024) [26]. The “clusterProfiler” R package [27] was used to perform the
gene pathway enrichment analysis.

2.9. PPI and Fuzzy Clustering

To assess the strength of the correlations between genes in the DNB module, we down-
loaded protein–protein interaction pairs from Homo sapiens from the STRING database
and filtered them for those with combined scores greater than 400, constructing a DNB
module-based interaction network. We then selected all the interacting genes from the
network. Considering the difficulty in separating gene expression trends, we used a noise-
robust soft clustering method [28]. We applied a fuzzy c-means clustering method (FCM)
based on the time trend to classify genes with similar expression patterns into clusters.
The R package “Mfuzz” was employed to conduct analysis. The clustering parameter was
set to 6.

2.10. Construction of the Risk Prediction Model and Nomogram

We used the following formula to calculate the risk score for each patient. “RiskScore =
gene Exp1 × β1 + gene Exp2 × β2 + gene Exp3 × β3 + . . . + gene Expi × βi”.

In the formula, “gene Expi” refers to the gene expression level, while β refers to
the correlation coefficient of ligand–receptor pairs in the multivariable Cox regression
analysis. We applied the “surv_cutpoint” function to evaluate thresholds and divided
patients into “high-risk” and “low-risk” groups and used the Kaplan–Meier method to plot
survival curves for prognostic analysis. The log-rank test was performed to determine the
significance of the differences. Patient survival curves and risk maps were visualized by
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the R packages “survminer” and “ggrisk” [29,30]. The ROC curves were plotted using the
“survROC” R package.

To further evaluate the robustness of the risk prediction model, we combined patient
information with detailed clinical and pathological outcomes including age, Gleason score,
and pathological tumor stage from the TCGA dataset to construct a nomogram evaluation
model [31]. The serum PSA level was excluded, as there were few patients whose preoperative
PSA level was high (PSA > 10 ng/mL). All clinical and pathological characteristics were
considered as categorical variables for evaluation via the nomogram analysis.

2.11. Immunohistochemistry (IHC)

IHC staining was performed on the samples from 20 hormone-sensitive PC patients
and 10 CRPC patients. The study was approved by the Institutional Review Board of the
School of Life Sciences, Central South University (approval number: IRB 2024-1-43), and
compliant with recommendations from the Declaration of Helsinki for biomedical research
involving human subjects. The samples were fixed in 4% neutral buffered paraformalde-
hyde, embedded in paraffin, and cut into 5 μm slices. After deparaffinization, hydration,
and antigen retrieval, these sections were incubated with a corresponding primary anti-
body, followed by incubation with a biotinylated secondary antibody. Sample tissues were
probed with antibodies against SCD, ALDH1A1, NARS2, and NFXL1 at a 1:100 dilution
following standard IHC protocol. The primary antibodies were anti-SCD (, dilution 1:100,
Abcam, Cambridge, MA, USA), anti-ALDH1A1 (dilution 1:100, Proteintech, Wuhan China),
anti-NARS2 (dilution 1:100, Abcam, Cambridge, MA, USA), and anti-NFXL1 (dilution
1:100, Abcam, Cambridge, MA, USA). For cell visualization and imaging, the KF-PRO-400-
HI high-throughput digital pathology slide scanner (KFBio Inc., Ningbo, Zhejiang, China)
was used. For the immunoreactive score of each gene, a staining index (values, 0–12) was
determined by multiplying the score for staining intensity with the score for positive area.
The intensity of staining was scored as follows: 0, negative; 1, weak; 2, moderate; and
3, strong. The frequency of positive cells was defined as follows: 0, less than 5%; 1, 5%
to 25%; 2, 26% to 50%; 3, 51% to 75%; and 4, greater than 75%. When the staining was
heterogeneous, each component was scored independently and summed for the results.
For example, a specimen containing 80% tumor cells with moderate intensity (4 × 2 = 8)
and another 20% tumor cells with weak intensity (1 × 1 = 1) received a final score of
8 + 1 = 9. For statistical analysis, scores of 0 to 7 were considered low expression and scores
of 8 to 12 were considered high expression. The protein expression was scored by two
independent pathologists who lacked prior knowledge of the patients’ clinicopathological
characteristics (double-blinded). In cases of discrepant results, the values were discussed
until an agreement was reached.

2.12. Statistical Analysis

All data analyses were conducted on the R platform (version 4.3.0). Student’s t-test or the
Wilcoxon rank-sum test were used to compare continuous variables between two subgroups.
One-way ANOVA or the Kruskal–Wallis test was used to compare differences among the three
groups. Pearson correlation was used to assess the correlation between normally distributed
variables, while Spearman correlation was used to analyze nonnormally distributed variables.
The Benjamini and Hochberg (BH) method was applied to estimate the false discovery rate of
multiple tests. The “survminer” R package [32] was used to perform Kaplan–Meier analysis
and log-rank tests to evaluate survival differences among groups.

3. Results

3.1. Segmentation and Trajectory Inference of CRPC Epithelial Cells

Epithelial cells play vital roles in cancer tissues, and changes in epithelial cells in tumor
tissues often suggest the occurrence and progression of cancer. To study the features of the
epithelial cell group of patients with castration-resistant prostate cancer (CRPC), scRNA-
seq profiles of 23,987 cells were collected. The samples of six CRPC patients from the
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GSE137829 dataset were merged. The R package “Seurat(V4.0)” was employed to process
scRNA-seq data and annotate the cell type. Furthermore, we applied the “FindCluster”
function to select an optimal cell resolution of 0.5 for clustering, and obtained a total of
21 clusters (Figure 2A,B). Then, 21 clusters were manually annotated into 10 types of cells
by different cell markers (CD4 T cells, CD8T cells, B cells, plasma cells, myeloid cells,
mast cells, epithelial cells, endothelial cells, fibroblasts, and pericytes) (Figure 2D). The
expression of cell marker genes is shown in Figure 2C. We found that the percentage of
each type of cell subtype among the sample of each patient was roughly the same in the
dataset, and the most prominent subtype is epithelial cells. Endothelial cells and fibroblasts
accounted for a greater proportion of cells in some patients (Figure 2E).

Figure 2. Ten cell clusters with different annotations based on CRPC scRNA-seq data, revealing
cellular heterogeneity in CRPC. (A,B) Dimensionality reduction based on t-SNE algorithm and the
distribution of 6 CRPC samples from GSE137829 dataset and 21 clusters were acquired; (C) expression
level of marker genes in each cell cluster; (D) cell cluster annotation based on the composition of
marker genes; and (E) proportion of different cell types in each sample.
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To analyze the cytodifferentiation characteristics of epithelial cells in patients with
CRPC, the “subset” function was applied to select 11,143 epithelial cells and reclusters.
The “Findcluster” function with resolution set to 1.2 was used for clustering, resulting
in 15 clusters (Figure S1A). The epithelial cells were reannotated into four cell types by
epithelial cell subgroup markers (Figure 3A) (basal cells, luminal cells, neuroendocrine
cells, and other cells), in which clusters 0, 1, 2, 3, 5, 7, 9, 10, 11, 12, 13, and 14 were
labeled as luminal cells, while cluster 4 was labeled as other cells. Cluster 6 was labeled
as neuroendocrine cells and cluster 8 was labeled as basal cells. The cell marker gene
expression levels are shown in Figure 3C. The proportions of epithelial cell subgroups were
similar across different samples, with the most significant proportion being the luminal
subgroup (Figure 3B). Luminal cells have been identified as the primary cell type associated
with prostate carcinogenesis and development [33].

Figure 3. Cell annotation and construction of differentiation trajectories in epithelial cells based on
single cell sequence data. (A) Annotating epithelial cells according to marker genes; (B) proportion
of epithelial cell subgroups in different samples; (C) marker gene expression level of each epithelial
cell subgroup; (D) pseudotime differentiation trajectories of epithelial cells; and (E) differentiation
trajectory states of different subgroups.
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To better understand the molecular mechanism underlying the occurrence of cas-
tration resistance, we applied the R package “Monocle2” to construct a developmental
trajectory of CRPC epithelial cells. The trajectory demonstrates a continuous transition
process of cellular differentiation states in epithelial cells, revealing the dynamic process
of epithelial cell development. The results showed the state of cellular pseudotime de-
velopment, differentiation states, and the sample distribution among different epithelial
subtypes (Figures 3D,E and S1B). The trajectory was divided into four parts (S1, S2, S3,
and S4) based on the trajectory nodes. According to a previous study [33], three important
gene markers (TACSTD2, KRT4, and PSCA) originating from luminal cells were expressed
in deteriorating trajectories (Figure S1C) and can be recognized as the beginning of pseu-
dotime development. The level of androgen receptors (ARs), an important marker of
castration-resistant prostate cancer, gradually increases with the continuous differentiation
of epithelial cells (Figure S1D), suggesting that the differentiated cells of tumor epithelial
cells gradually develop into castration-resistant cells [34].

3.2. Prediction of Key Transition Subgroups and Gene Modules in Epithelial Cells

The function of epithelial cells at different stages may change with the cellular differen-
tiation of epithelial cells. We applied dynamic network biomarker (DNB) methods to clarify
the status of epithelial cells in prostate cancer patients who develop castration resistance
after androgen deprivation therapy (ADT). The “BioTIP” package was used to perform the
DNB analysis. First, we identified critical tipping points of cellular differentiation states
in different epithelial cells, calculated the corresponding critical transition random index
(IC scores), and filtered the expression spectral matrix. Through the correlation analysis,
we constructed a gene co-expression network module across various differentiated cellular
states and identified the hypothesized critical transition signals (CTSs) in CRPC epithelial
cells (Figure 4A). Next, we estimated the gene correlation matrix for each module and
recalculated the critical transition random index by randomly perturbing the gene tags
(Figure 4B,C) and sample tags (Figure 4D,E). Finally, the significance of different modules
was calculated. The most significant transition signal conversion DNB module was iden-
tified in the cellular differentiation state S2. The DNB module consists of 32 genes, and
through gene expression analysis, it was discovered that all genes in the module have a
greater expression level than genes in other epithelial cell subgroups (Figure 4F).

To clarify the functional differences in the DNB module across different epithelial
cell differentiation states, we applied the GSVA (gene set variation analysis) method to
calculate the enrichment matrix for the GO terms and the cancer hallmark pathways. The
results showed that the DNB module gene sets were mainly enriched in androgen-related
GO pathways, including the androgen metabolic signaling pathway, the androgen receptor
signaling pathway, and the androgen biosynthetic process (Figure 4G). Similarly, the DNB
module showed significantly greater gene expression in the androgen response, protein
secretion, and mTORC1 signaling pathways of the cancer hallmark (Figure 4H,I), which
revealed that the DNB module may play a crucial role in transition signals during the
development and occurrence of CRPC in patients. Therefore, it is likely that this epithelial
cell subgroup possesses a dynamic gene expression module with key transitional state
functions and unique expression patterns.

3.3. Cellular Communication in Key Subgroups of Epithelial Cells

We explored differences in the functions of epithelial cells in critical transition states based
on CRPC scRNA-seq data. First, based on the results of epithelial cell differentiation, the
“CellChat” R package was applied to conduct a cellular communication analysis in epithelial
cells in both the S2 and S1 stages. The total number and strength of epithelial cells in S2 were
slightly greater than those in S1 (Figures 5A and S2A). Further analysis was conducted to
clarify the communication patterns between epithelial cells and other cell subsets. The results
revealed that the number and strength of pericyte cells and epithelial and fibroblast cells that
communicated with epithelial cells were increased in the S2 subgroup (Figures 5B and S2B).
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Figure 4. Key transformed cell subgroups and gene modules of epithelial cells. (A) Assumed key
transforming signal in different cellular differentiation states in epithelial cells. (B,C) Random score of
key transforming signals after shuffling gene labels; (D,E) random score of key transforming signals
after shuffling sample labels; (F) expression of key transforming module genes in different epithelial
cell states; (G) GO BP enrichment state of key transforming module genes in different epithelial cell
states; and (H,I) cancer hallmark enrichment and significance of key transforming module genes in
different subgroups of epithelial cells.
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Figure 5. Heterogeneity in cell communication of S1 and S2 epithelial cells in CRPC. (A) Cell
communication network of S1 and S2 epithelial cells with other cell types (the S2 group is at the top
and the S1 group is at the bottom. The size of the spot indicates the number of cells). (B) Comparison
of the communication strength in different signaling pathways in S1 and S2 epithelial cells. The color
“red” on the vertical axis indicates that cell communication was more active in S2 and the color “blue”
indicates cell communication was more active in S1. The color “black” indicates that there was no
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significance between the two groups. (C) Cell communication number and strength among different cell
types. The color indicates the difference. The color “red” indicates cell communication was more active
in S2 and the color “blue” indicates that cell communication was more active in S1. The bar chart on
the right indicates that the outgoing signal and the bar chart on the top indicates the incoming signal.
(D) Heatmap of signaling pathway strength in epithelial cells in the S1 and S2 groups.

Subsequently, we examined the cellular communication pathways of S2 and S1 ep-
ithelial cells. After performing dimensionality reduction based on functional similarity
among different signaling pathways, we discovered that pathways such as EPHA1, SEMA6,
and others exhibited the most significant functional differences between the two groups
(Figure S2C,D). SEMA6 can promote angiogenesis [35]. The EPHA pathway contributes to
the stimulation of ARs through inducing expression of proto-oncogenes [36], and could
increase the invasion of CRPC [37,38].

Moreover, we compared the differences in cell communication between the S2 ep-
ithelial cell subgroups and other cell types and found that the increased signal intensity
occurred mainly in signaling pathways such as BMP, DESMOSOME, GDF, and PGDF
(Figure 5C). To further explore differences in these signaling pathways, we investigated
pathway alterations between the two groups. The BMP signaling pathway mainly involved
the transduction of signals from fibroblasts in the S2 subgroup to epithelial cells, whereas
the DESMOSOME signaling pathway mainly changed in the internal signaling within the
epithelial cells in the S2 subgroup. Changes in the GDF signaling pathway were mainly re-
lated to intercellular signaling between S2 epithelial cells, fibroblasts, and endothelial cells.
Changes in the PGDF signaling pathway primarily occurred in the signal transmission from
epithelial cells to fibroblasts and pericytes within the S2 subgroup (Figures 5D and S2E,F).
The BMP signaling pathway can be involved in various developmental processes, includ-
ing cell proliferation, cellular differentiation, apoptosis, and angiogenesis [39], and the
DESMOSOME signaling pathway can stimulate and enhance cell adhesion [40]. Finally,
we observed specific differential ligand–receptor interactions between the two groups,
where 75-fold greater numbers of ligand–receptor interactions were found in ligands be-
tween epithelial cells from group 1 (S1) and group 2 (S2), which act on other cells. The
expression of MDK- and APP-related ligand–receptors in the S2 subgroups significantly
increased in epithelial cells and most of the other cells, whereas the expression of MIF and
other ligand–receptors significantly decreased in epithelial cells and most of the other cells
(Figure 6A,B). The MDK signaling pathway plays a role in driving castration resistance and
has been previously identified in CTCs [41]. The APP signaling pathway participates in
the regulation of androgen and is related to the binding of the AR gene [42]. However, the
MIF signaling pathway can inhibit prostate cell growth, invasion, and the inflammatory
response [43]. Cell communication of COL1A1 and other ligand-receptors discovered in
other cell subgroups significantly increasd in ligand–receptors in the lower score group,
while MDK ligand–receptors significantly decreased (Figure 6C,D).

To further explore the significance of S2 epithelial cells in cellular communication, we
applied “CellChat” analysis to the subgroups of epithelial cells from S1 to S4. We found
that the subset of S2 epithelial cells had relatively stronger interactions with pericytes
and fibroblasts in the PGDF signaling pathway than with the other subsets of epithelial
cells (Figure S2F), whereas the FGF signaling pathway was mediated by fibroblasts on
S2 epithelial cells (Figure S2G). The PGDF signaling pathway is primarily composed of
platelet-derived growth factor-related genes and is a crucial regulatory factor for mes-
enchymal cells. These genes are often expressed in relation to aggressiveness, tumor size,
chemotherapy resistance, and the clinical recurrence of prostate cancer [44,45]. The fibrob-
last growth factor signaling pathway is mainly composed of genes related to fibroblast
growth factors, which can influence the progression of prostate cancer through the in-
teractions between epithelial and stromal components [46]. By identifying the unique
communication within the subgroup of S2 epithelial cells, our results suggested changes in
related signaling pathways and their potential impact on tumor progression and recurrence.
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Figure 6. Ligand–receptor differences between S1 and S2 epithelial cells in CRPC. (A,B) Differences in
functional ligand–receptor interactions in epithelial cells in S1 and S2 groups to other cell subgroups.
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The color “red” on the horizontal axis indicates communication of epithelial cells in the S2 group and
the color “cyan” indicates communication of epithelial cells in the S1 group. The color of the spot
indicates the cellular communication probability and the size of the spot indicates the significance
of the p value. (C,D) Differences in functional ligand–receptors of other cell subgroups to epithelial
cells in the S1 and S2 groups. The color “red” on the horizontal axis indicates communication of
epithelial cells in the S2 group and color “cyan” indicates communication of epithelial cells in the S1
group. The color of the spot indicates the cellular communication probability and the size of the spot
indicates the significance of the p value.

3.4. Construction of the Co-Expressed Gene Module Associated with Androgen Regulation via Bulk
RNA-Seq of CRPC Cells

The interactions between genes resemble cellular interactions. To explore the potential
associations between gene expression patterns in CRPC patients, we applied the WGCNA
method to further analyze the gene co-expression profiles in CRPC patients. First, we
obtained two gene expression datasets of prostate cancer patients, GSE70770 and GSE80609,
from the GEO database. After performing data preprocessing based on clinical information
labels, the gene expression profiles of CRPC patients were extracted from two datasets.
Next, we performed the weighted gene co-expression network analysis (WGCNA) on the
two datasets. In this study, the co-expression network was classified as an unstructured
network, and we calculated the optimal soft threshold for near neighbors. The expres-
sion matrix was converted into a neighbor matrix, and then the neighbor matrix was
transformed into a topological matrix. Based on this topological matrix, the averaging
linkage clustering method was used to cluster genes. Following the standard of the hybrid
dynamic shear tree, the number of genes in the module was set to 100 as the minimum
number in each module. We performed a clustering analysis on the modules and merged
modules with close distances into new modules. Finally, 15 module clusters were identified
in GSE70770 (Figures 7A and S3A) and 13 module clusters were identified in GSE80609
(Figures 7B and S3D–F). Each module consisted of genes with similar expression patterns.

After performing a cancer hallmark pathway enrichment analysis on the two datasets,
we discovered that the “midnightblue” module in the GSE70770 dataset and the “blue”
module in the GSE80609 dataset were significantly enriched in the androgen response hall-
mark signaling pathway and protein secretion hallmark signaling pathway (Figure 7C,D). It
will stimulate the secretion of androgen and proteins in cancer tissues in the corresponding
cancerous tissue at the same time. This may increase the probability of immune evasion of
the epithelial cells, which suggests that these two modules may be potentially associated
with tumorigenesis and tumor development in CRPC [47].

3.5. Identification of Key Biomarkers for Castration Resistance in PCa

To explore the interactions among DNB module genes and their effects on various bio-
logical processes, we combined protein interaction information in STRING and constructed
a PPI network of the DNB module, where 30 genes in the DNB module have interacted with
other genes. Then, we extracted genes from the protein interaction network and applied
the soft clustering algorithm to classify the gene sets according to the expression trend in
the DNB module and its neighboring gene classification (Figure 8A). The results showed
that cluster 2 and cluster 4 gene sets had greater expression changes in the S2 epithelial cell
subgroup. Subsequently, we combined the enrichment analysis outcomes of the two cluster
gene sets; the cluster 2 gene set was more likely to be enriched in cancer-related pathways
such as DNA repairment and oxidative phosphorylation (Figure S4A). The cluster 4 gene
set was more likely to be enriched in cancer-related pathways such as androgen response
pathways (Figure 8B). Moreover, the GO enrichment analysis showed that the cluster 4
gene set was significantly correlated with numerous metabolic and biosynthetic processes
(Figure S4B). The results revealed that the cluster 4 gene set plays an important role in the
process of castration resistance in prostate cancer (Figure 8C).
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Combining our findings from the WGCNA of bulk RNA-seq datasets, we identified a
set of gene modules associated with androgen-responsive pathways. In parallel, we applied
the DNB method to clarify the condition of epithelial cell subgroups in scRNA-seq datasets
and found the cellular differentiation state S2 as the most significant transition signal
conversion DNB module, which consists of 32 genes. We then explored the co-expression
modules of the key transformations in the DNB module and the WGCNA module using
the soft clustering analysis (R package “Mfuzz”), and finally identified four genes (SCD,
NARS2, ALDH1A1, and NFXL1) that may be related to castration resistance development
in PCa patients. On the one hand, studies have shown that the expression of SCD (stearoyl-
CoA desaturase) has significantly increased, indicating SCD can be considered as a potential
treatment target [48,49]. On the other hand, SCD can promote the proliferation of androgen
receptor-positive LNCaP cells, enhance the transcriptional activity of ARs induced by
dihydrotestosterone (DHT), and result in the increased expression of prostate-specific
antigens (PSAs) and kallikrein-related peptidase 2 (KLK2) [50]. Aldehyde dehydrogenase
1 family member A1 (ALDH1A1) is not only a marker for malignant prostate stem cells
but can also serve as a predictor of prognosis in PCa patients [51]. Its high expression is
associated with the development of prostate cancer [52], suggesting that this gene may play
a role in the progression of prostate cancer.

Figure 7. Identification of co-expression modules of androgen-related key genes based on CRPC
bulk seq. data. (A,B) Cluster dendrogram of co-expression network modules in GSE70770 and
GSE80609 (1-TOM). (C) GO analysis of “midnightblue” co-expressed gene modules in GSE70770.
(D) GO analysis of “blue” co-expressed gene modules in GSE80609.
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Figure 8. Fuzzy clustering and evaluation of key biomarkers in the key transformation subgroups
of epithelial cells. (A) Using Mfuzz to clarify the dynamic change in neighboring genes in the
key transforming signaling modules in different states of cytodifferentiation in epithelial cells.
(B) Hallmark enrichment analysis of the cluster 4 gene set. (C) Intersection Venn plot of genes
in the WGCNA, DNB, and soft clustering analysis.

3.6. Construction and Evaluation of the Prognostic Risk Model

To verify the progression-free interval (PFI) evaluation of gene status in the context of
androgen deprivation therapy (ADT) for PCa patients, we performed a multivariable Cox
regression analysis to fit the four genes (SCD, NARS2, ALDH1A1, and NFXL1) into an initial
model. For each patient, the risk score (Figure 9A) was calculated by multiplying the gene
expression level by the corresponding regression coefficients derived from the multivariable
Cox regression model. The risk score in this case is = (0.3111 × ALDH1A1 expression
level) + (0.0087 × SCD expression level) and (−0.10137 × NARS2 expression level) +
(−0.4833 × NFXL1 expression level). In the TCGA training cohort, a best-fitting threshold
was applied to group patients into low- and high-risk groups. The Kaplan–Meier analysis
results showed that patients in the low-risk group had significantly longer progression-free
intervals (PFIs) than those in the high-risk group (Figure 9B). In the GSE111177 validation
cohort, we used the same risk score model to grade 20 patients on progression risk with the
best cutoff value. By grouping patients into low- and high-risk groups, the Kaplan–Meier
analysis indicated that the high-risk group had shorter recurrence times (Figure 9C).
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Figure 9. Key transformed cell subgroups and gene modules of epithelial cells. (A) Risk score of the
4 key biomarkers. (B) Kaplan–Meier curve of the TCGA training cohort. (C) Kaplan–Meier curve of the
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GSE111177 validation cohort. (D) A nomogram combining the risk score, age, Gleason grade, and
tumor stage was developed to predict the 1-, 2-, and 3-year PFIs of patients who underwent ADT in
the TCGA cohort. (E) A 1-year calibration analysis of the TCGA cohort nomogram. (F) ROC curves
of multiple time points (1 year, 2 years, 3 years) of the PFI in the TCGA cohort.

To develop a quantitative method for predicting the progression-free interval (PFI),
we combined the progression risk score with other clinicopathological characteristics,
including the age at diagnosis, Gleason score, and tumor stage at biopsy, in the TCGA
training cohort. For each factor, we calculated a point and then obtained the total points for
all factors to create the nomogram of the TCGA training cohort to evaluate the overall PFI
rate. Additionally, we created receiver operating characteristic (ROC) curves and calibration
curves to evaluate the reliability of the nomogram, which showed the relationship between
clinical sensitivity and specificity across different cutoff points. We performed a Cox
multivariate regression analysis on the clinical data and the risk score. The results showed
that the risk score was an independent prognostic factor for the PFI in the TCGA dataset
(hazard ratio (HR) = 2.71, 95% CI = 1.39 to 5.28, * p < 0.05). Based on the results of
univariate and multivariate analyses, we constructed a nomogram model combining
clinical characteristics and the risk score (Figure 9D). In the model, the risk score-based
features had the greatest impact on survival prediction. As depicted in Figures 9E and
S4C,D, the 1-, 2-, and 3-year survival nomogram calibration curves were in good agreement
with the standard curve. Furthermore, the areas under the ROC curves (AUCs) for the 1-
year, 2-year, and 3-year PFI predictions were 0.694, 0.748, and 0.717, respectively (Figure 9F).
In summary, this risk model can reasonably predict the prognosis of prostate cancer patients
treated with androgen deprivation therapy (ADT).

3.7. IHC Analysis

The IHC analysis showed that compared to HSPC samples, ALDH1A1 and SCD
protein expression levels were significantly higher in CRPC patients, but the protein
expression level of NARS2 was relatively lower Figure 10A,B. These data further validated
the risk score of the genes in the nomogram and suggested that both ALDH1A1 and SCD
can be risk factors, while NARS2 may be a protective factor in CRPC progression.

Figure 10. Representative photo images and histograms of ALDH1A1, SCD, NARS2, or NFXL1
protein expression levels in CRPC or HSPC sample tissues. (A) Representative IHC images showing
high ALDH1A1 and SCD expression in CRPC tissue and high NARS2 expression in HSPC tissue.
(B) Histograms of ALDH1A1, SCD, NARS2, and NFXL1 expression levels. Scale bars, 625 μm and
100 μm. * p < 0.05, ** p < 0.01; ns, not significant.
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4. Discussion

This study comprehensively analyzed key gene modules in CRPC cells through the
integration of single-cell and bulk RNA sequencing data combined with the methods of
DNBs, a WGCNA, and noise-robust soft clustering. By combining our findings from the
DNB method in the scRNA-seq dataset and the WGCNA in bulk RNA-seq datasets, we
identified a set of key biomarkers associated with androgen-related pathways, including
four key genes (SCD, NARS2, ALDH1A1, and NFXL1). Finally, we developed a risk predic-
tion model combining the risk scores of the four key genes and other clinicopathological
characteristics to assess the prognosis of patients treated with androgen deprivation ther-
apy (ADT). The TCGA training cohort demonstrated that this risk score model reliably
evaluated the PFI of prostate cancer patients treated with androgen deprivation therapy
(ADT). The external GEO cohort (GSE111177) also validated the high performance of this
risk prediction model. An IHC analysis was conducted to compare the protein expression
level of the genes in CRPC and HSPC patient tissues. Overall, our findings show that
SCD, NARS2, ALDH1A1, and NFXL1 are key biomarkers associated with androgen-related
signaling pathways in CRPC.

Nomograms have been widely used by oncologists to generate prognostic information
for individual patients due to their numerical probability and user-friendly interface [53–
55]. In this study, a novel nomogram was established by integrating the risk score of four
genes (SCD, ALDH1A1, NARS2, and NFXL1), age, Gleason score, and tumor stage, each of
which was an independent prognostic factor according to the multivariate Cox regression
analysis. This risk score model showed the ability to predict the prognosis of prostate
cancer patients treated with androgen deprivation therapy (ADT). This risk score model
is superior to traditional clinical factors for prognosis evaluation. First, it can quantify
the risk score of PCa patients treated with ADT; a higher risk score represents a higher
chance of tumor progression. Second, the predictive ability of the risk score was also
better than that of other clinical variables, as exemplified by the highest AUC of 0.748
in the ROC curves. Third, the genes in the risk score model were identified by DNBs
and the WGCNA and further filtered by univariate Cox and multivariate Cox regression
analyses. This prognostic model relied on fewer genes but retained good performance for
predicting patient prognosis. Fourth, the reliability of the risk score model was validated in
the GSE111177 validation cohort. Overall, the proposed risk score model may be useful for
the prognostic evaluation of prostate cancer patients treated with ADT.

With respect to the genes in the risk score model, we found that SCD and ALDH1A1
may be potential risk genes, while NARS2 and NFXL1 can be favorable prognostic genes.
Stearoyl-CoA desaturase (SCD) is an enzyme that controls the synthesis of unsaturated
fatty acids and is essential in breast and prostate cancer cells. SCD has been shown to
promote proliferation and disease progression in prostate cancer by affecting cellular sig-
naling cascades and modulating androgen receptor transactivation [56]. A functional
genomics analysis showed that SCD inhibition altered the cellular lipid composition and
impeded cell viability in the absence of exogenous lipids in prostate cancer cells. SCD
inhibition also altered the cardiolipin composition, leading to the release of cytochrome C
and the induction of apoptosis [57,58]. This is in line with our findings from the CellChat
analysis that signaling pathways which are associated with apoptosis were more active in
the subpopulation of S2 epithelial cells than in other cells. The aldehyde dehydrogenase
1A1 (ALDH1A1) isoform, which can positively regulate tumor cell survival in circula-
tion, extravasation, and metastatic dissemination, is correlated with Aldefluor activity in
PCa patients’ tissue specimens [52]. PCa cells with high ALDH activity were previously
characterized as a population with high metastasis-initiating properties [59]. ALDH1A
isoform members have generated considerable interest, as ALDH1A1 has frequently been
shown to be expressed in prostate cancer stem cell populations and may contribute to
malignancy [60]. Recently, in vivo models confirmed that ALDH1A1 plays as a positive
regulator of metastatic dissemination in the regulation of PCa metastases [52]. Higher
ALDH1A1 and SCD expression was found in CRPC patients compared with HSPC groups
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in our IHC analysis, which was consistent with previous studies implying that higher SCD
and ALDH1A1 expression levels were closely associated with CRPC progression [60,61].

NARS2 (asparaginyl-tRNA synthetase 2, also known as asnRS) is a nuclear gene
encoding AsnRS that functions in mitochondria [62]. Biallelic mutations in NARS2 have
been recently identified in patients with hearing impairment, intellectual disability, seizures,
hypotonia, delayed neurodevelopment, renal dysfunction, and/or liver involvement [63].
NARS2 variants can disrupt the integrity of the mitochondrial protein synthesis, which
is essential and fundamental for the mitochondrial oxidative phosphorylation complex,
thus influencing cellular energy production [64]. Recently, research has shown that NARS2
has an important impact on immune resistance and drug resistance in melanoma [65]. Yet,
few studies have demonstrated the role of NARS2 in prostate cancer. The IHC analysis
in our study suggested that the protein expression level of NARS2 might decrease with
the progression of CRPC. This may be one of the few studies to provide some evidence
about the role of NARS2 in prostate cancer progression and yet, more in vivo analysis is
needed to clarify the role of such a gene. The NFXL1 gene encodes an NFX-1-type nuclear
zinc finger transcriptional repressor that is expressed in the cytoplasm [66]. NFXL1 is
socalled because it is a paralog of the NF-X1 transcription factor which binds the X-box
sequence of class II MHC genes [67]. This feature may be relevant according to a study
that revealed an association between human leukocyte antigen (HLA) loci and specific
language impairments [68]. However, until now, little is known about the function of the
NFXL1 protein, nor have disorders been identified that arise from the mutation of this gene;
additionally, no animal knockouts have been described.

At present, the prognostic value of these genes in the risk core model has been
evaluated in PCa patients treated with ADT, which will hopefully provide novel biomarkers
for future studies on molecular insights into PCa. Based on the risk score and clinical
factors, including age, Gleason grade, and tumor stage, we constructed a nomogram for
precisely evaluating the patients’ 1-, 2-, and 3-year PFIs. A higher score calculated from
this nomogram represents a greater chance of deterioration. Integrating the risk score with
clinicopathological factors will improve the accuracy of PFI prediction. This may provide
crucial information for the individual management of PCa patients treated with ADT. In
general, this risk score model and nomogram will be helpful for evaluating the prognosis
of PCa patients treated with ADT.

While general biomarkers usually treat patients on the basis that the disease has
already occurred, DNBs are a group of biomolecules with strong dynamic correlation,
and their molecular concentrations undergo dynamic changes rather than maintaining
a constant value for the critical state [15]. DNBs reveal early warning signals of critical
transitions before the disease deteriorates. Taking advantage of this technique, pathophysi-
ological changes at different stages and periods can be dynamically displayed in a time
series through DNBs, and stage-specific and severity-specific biomarkers of prostate cancer
patients can be identified [69]. Thus, patients can be treated by adjusting the role of DNBs
in disease through gene targeting therapy and other methods before the cancer progresses
further. The key modules in DNBs may play an important role in the diagnosis and treat-
ment of the disease. However, the specific application of DNBs still needs to be repeatedly
validated by a series of both in vitro and in vivo experiments, and the development of such
scientific tools and clinical practices still needs time to be explored and clarified. Our study
found that DNBs and four genes (SCD, NARS2, ALDH1A1, and NFXL1), as relevant factors
associated with androgen-related signaling pathways in prostate cancer cells, can be further
used as indicators of PCa progression after androgen deprivation therapy. Although the
prediction of related gene expression is not currently feasible, we anticipate that with the
advancement of artificial intelligence and technological convergence, expression prediction
can be achieved at an early stage with a combination of microarray chip technology.
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5. Conclusions

In summary, we applied the DNB method to identify a set of biomarkers that change
dramatically in the early stages of CRPC and can serve as indicators of the transition
of prostate cancer cells from an androgen-dependent state to a castration-resistant state.
In addition, the WGCNA method was used to identify core genes, and when combined
with DNBs, four genes including SCD, NARS2, ALDH1A1, and NFXL1 were found to be
associated with androgen-related signaling pathways in prostate cancer cells. A nomogram
model was established by integrating the risk score of the four genes and other clinical
characteristics and was verified to reasonably predict the progression-free interval (PFI) of
prostate cancer patients treated with androgen deprivation therapy (ADT). High ALDH1A1
and SCD expression were significantly correlated with prostate cancer’s transition from the
hormone-sensitive to castration-resistant state. However, since the relevant analyses are
based on public data sources (TCGA and GEO), limitations still exist. The expression level
of each gene needs to be further validated in different prostate cancer cells. Animal models
and more in vivo experiments will be designed to further explore the mechanisms of the
biomarkers’ mediation role in CRPC in our future research.
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Simple Summary: Medulloblastoma is the most common malignant brain tumor in the pediatric pop-
ulation. Despite the utilization of aggressive treatment modalities, including surgery, chemotherapy,
and radiation therapy, patients with medulloblastoma still have a poor prognosis. Moreover, these
modalities are associated with dramatic life-long complications. Hence, this calls for the development
of novel therapeutic agents that can more effectively and safely target this tumor and improve the
survival and quality of life for patients. The molecular-based classification of medulloblastoma into
WNT activated, SHH activated, group 3, and group 4 opened the door for research endeavors that
aim to study the specific cellular, molecular, and neurodevelopmental characteristics of each subtype.
This review aims to summarize the literature on the different profiles of these subtypes, elaborate
on the pharmacologic therapies that have been investigated to target each, and suggest potential
combination therapies that can offer superior outcomes.

Abstract: Medulloblastoma is the most common malignant pediatric brain tumor and is associated
with significant morbidity and mortality in the pediatric population. Despite the use of multiple
therapeutic approaches consisting of surgical resection, craniospinal irradiation, and multiagent
chemotherapy, the prognosis of many patients with medulloblastoma remains dismal. Additionally,
the high doses of radiation and the chemotherapeutic agents used are associated with significant
short- and long-term complications and adverse effects, most notably neurocognitive delay. Hence,
there is an urgent need for the development and clinical integration of targeted treatment regi-
mens with greater efficacy and superior safety profiles. Since the adoption of the molecular-based
classification of medulloblastoma into wingless (WNT) activated, sonic hedgehog (SHH) activated,
group 3, and group 4, research efforts have been directed towards unraveling the genetic, epigenetic,
transcriptomic, and proteomic profiles of each subtype. This review aims to delineate the progress
that has been made in characterizing the neurodevelopmental and molecular features of each medul-
loblastoma subtype. It further delves into the implications that these characteristics have on the
development of subgroup-specific targeted therapeutic agents. Furthermore, it highlights potential
future avenues for combining multiple agents or strategies in order to obtain augmented effects and
evade the development of treatment resistance in tumors.

Keywords: medulloblastoma subgroups; molecular pathways; targeted therapy; combination therapy;
neurodevelopmental origin; pediatric brain tumors
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1. Introduction

Medulloblastoma is defined as a WHO grade IV embryonal tumor that arises in the
cerebellum or brain stem. It accounts for approximately 63.3% of intracranial embryonal
tumors and approximately 20% of all pediatric brain tumors. It has a peak incidence
between ages 0 and 9 years and exhibits a male predominance with a 1.7:1 male to female
ratio [1]. The current mainstay of therapy for medulloblastoma is maximal safe surgi-
cal resection followed by risk-adapted craniospinal irradiation, a radiation boost to the
primary tumor bed, and adjuvant multi-agent chemotherapy [2]. However, treatment
with radiation therapy may be deferred in infants and toddlers less than 3 years of age
due to the debilitating long-term neurocognitive effects of early exposure to radiation [3].
Unfortunately, despite this aggressive combination of treatment modalities, the 10-year
survival rate of medulloblastoma remains less than 65% [1]. Nevertheless, these statistics
and prognostic information differ among the different subgroups of medulloblastoma.
In fact, a radical paradigm shift has been observed in medulloblastoma research since
the 2016 WHO Classification of Tumors of the Central Nervous System, which divided
medulloblastomas into four molecularly stratified subgroups: wingless (WNT) activated,
sonic hedgehog (SHH) activated, group 3, and group 4 [4] (Table 1). This stratification
was reiterated in the 2021 classification with further molecular-based subclassifications [5].
The unveiling of the vast differences in the genomes, epigenomes, transcriptomes, and
proteomes of these subgroups ignited the search for subgroup-specific targeted therapies
that can offer superior clinical outcomes with less devastating systemic side effects.

Table 1. Clinical characteristics and the neurodevelopmental, genetic, and epigenetic profiles of the
four molecular subgroups of medulloblastoma.

WNT-Activated SHH-Activated Group 3 Group 4

Prevalence 10% 30% 25% 35%
5-year survival >90% 70% 50% 75%

Neurodevelopmental
origin

Pontine mossy fibers of
the lower rhombic lip

Granule neuron
precursor cells of the

upper rhombic lip

Unipolar brush cells and glutamatergic
cerebellar nuclei of the upper rhombic lip

Commonly mutated genes CTNNB1, DDX3X,
CREBBP, SMARC4

TP53, TERT, PTCH1,
GLI2, SMO, SUFU

MYC, SOX11, PVT1,
OTX2, GFI1/GFI1B

MYCN, SNCAIP,
GFI1/GFI1B

Important epigenetic
players

ARID1, ARID2,
SMARC4, promoter

methylation of CDH1

MLL2/KMT2D,
MLL3/KMT2C,
NCOR2, LDB1

LSD1, PRC2,
EZH2, BRD KDM6A/UTX, LSD1

BRD, bromodomain; CREBBP, CREB binding protein; GFI, growth factor independent protein; GLI, glioma-
associated oncogene; EZH, enhancer of zeste homolog; PRC, polycomb repressor complex; PTCH, patched; SHH,
sonic hedgehog; SMO, smoothened; WNT, wingless. References for table [6–8].

This paper aims to provide a summary of the neurodevelopmental and molecular
profiles of medulloblastoma subtypes. Moreover, it builds on this characterization to
further elaborate on the targeted therapeutic options that have been investigated in each
subgroup, and it explores the promising potential of combination therapies as the future of
medulloblastoma research and clinical practice.

2. Neurodevelopmental and Molecular Underpinnings of Medulloblastoma Subgroups

Several efforts of transcriptional profiling of medulloblastomas have demonstrated
how these tumors closely recapitulate their physiological cellular counterparts in the
developing cerebellum [9–12]. Even more importantly, the putative cells of origin of each
medulloblastoma type seem to arise in specific spatiotemporal niches of the developing
cerebellum, each giving rise to different cerebellar cellular lineages [9–12]. Therefore, the
combination of timing, location of the initiating mutations, and the cell type affected by
these mutations dictates the resulting medulloblastoma subgroup (Figure 1).
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Figure 1. The neurodevelopmental origin of the four subgroups of medulloblastoma. WNT-activated
tumors derive from the pontine mossy fiber precursor cell of the LRL and are characterized by
mutations that involve the CTNNB1, DDX3X, SMARCA4, and APC genes. SHH-activated tumors
derive from the granule neuron precursor cells of the URL, with the adult subtype commonly having
mutations in the genes of the SHH pathway and TERT promoter and the pediatric subtype commonly
possessing mutations in the TP53 gene. Finally, the unipolar brush cells and glutamatergic cerebellar
nuclei give rise to the group 3/group 4 continuum of medulloblastoma tumors with a differential of
transcriptional and DNA methylation profiles. LRL, lower rhombic lip; MB, medulloblastoma; RL,
rhombic lip; SHH, sonic hedgehog; URL, upper rhombic lip; WNT, wingless.

2.1. Cerebellar Embryonal Development

Given the strong developmental footprint of medulloblastomas, understanding the
basic processes of cerebellar development is essential to uncover the embryonal origins
of the different medulloblastoma subgroups. In the developing cerebellum, two main
germinal epithelia can be identified: the ventricular zone (VZ), which is marked by the
PTF1A marker and will generate the whole GABAergic cell lineage (including Purkinje
cells) [13], and the rhombic lip (RL), the dorsal-most portion of the hindbrain proliferative
neuroepithelium [14]. The RL is identified by the MATH1 marker and can be divided
craniocaudally into the upper rhombic lip (URL) and the lower rhombic lip (LRL) [15].

On a purely morphological basis, this anatomical division relates to the segmentation
of the hindbrain into rhombomeres (r1–r7) along the craniocaudal axis, with the URL
developing from the dorsal pole or r1 and the LRL deriving from r2 to r7 segments [16].
On the other hand, from a gene expression standpoint, the URL is defined by the MATH1
marker gene as well as NEUROD1 [16]. In comparison, the LRL expresses PTF1a, WNT1
in its dorsoventral portion, and MATH1 in its dorsal portion [17], and it will partake in
generating mostly extracerebellar neurons [18] including those forming the cochlear and
pre-cerebellar nuclei [17]. The MATH1-expressing URL and dorsal LRL generate the cells
of the glutamatergic lineage, including cerebellar nuclei neurons, granule cell progenitors
(GCPs), and unipolar brush cells (UBCs) [13,17,19]. Overall, all cerebellar neurons are
generated by both the PTF1a+ VZ and the MATH1+ portions of the RL [20].

Starting from post-conception week 10, the RL splits in two substructures: the RL
ventricular zone (RLvz) and the RL subventricular zone (RLsvz). They are divided by a
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vascularized bed which is evident by post conception week 11 in humans [21]. The RLvz is
characterized by Ki67-rich Sox2+ cells, while the RLsvz has Ki67-rich Sox2-sparse cells [21].
Additional markers include Wntless (WLS), CRYAB, SOX2, and PAX6 for the RLvz and
TBR2 and EOMES for the RLsvz, while a common marker for all RL cells is LMX1A [21].

2.2. WNT-Activated Medulloblastoma

The WNT-activated subgroup constitutes approximately 10% of all medulloblastoma
cases [2]. The median age at diagnosis is 11 years, with an almost equal male-to-female
ratio [22]. This tumor group is believed to arise from the pontine mossy fiber precursor
cells [9,23] of the extracerebellar LRL [9,10,12] that harbor somatic mutations in β-catenin
(encoded by the gene CTNNB1), DDX3X, and SMARCA4 or germline APC mutations
responsible for constitutive WNT signaling [22,24,25] (Figure 1). Using a Similarity Network
Fusion approach on 763 primary medulloblastoma samples, Cavalli et al. identified two
subtypes of WNT-activated medulloblastoma: WNT-α, typical of younger patients and
characterized by monosomy at chromosome 6, and WNT-β, characteristic of adult patients
and devoid of monosomy 6 [26]. The latter group featured a worse prognosis compared to
the pediatric group.

Hovestadt et al. [9] conducted a single-cell transcriptomics analysis of medulloblas-
toma to highlight the peculiar cellular states of malignant cells in each subgroup. They
found that WNT-amplified medulloblastoma cells exist in a differentiated neuronal-like
state and display four transcriptional metaprograms with distinctive cellular signatures:
WNT-A, associated with cell cycle activity; WNT-B, related to protein biosynthesis and
metabolism; WNT-C, mirroring neuronal differentiation; and WNT-D, featuring the ex-
pression of early response and WNT pathway genes. Further scoring of transcriptional
metaprograms outlined a developmental hierarchy within the WNT subgroup of medul-
loblastoma, in which tumor cells with high WNT-B and low WNT-C/WNT-D signatures
possess proliferative capacity and drive tumor growth.

From the epigenetic perspective, the WNT subgroup of medulloblastoma features
mutations in the epigenetic regulators of a sparse set of genes. Most of these mutations are
shared with other subgroups, including those in ARID1A, ARID2, CREBBP, MLL2/KMT2D,
and SMARCA4, a gene belonging to the SWI/SNF family of ATP-dependent chromatin
remodeling complexes [8,27,28]. Promoter methylation of the tumor suppressor CDH1 is
instead restricted to this MB type, a finding supported by studies showing the importance
of CDH1 in regulating the WNT signaling in the LRL [8,27,29].

2.3. SHH-Activated Medulloblastoma

This subgroup is the most common group of medulloblastoma in kids less than
three years of age and in adults (>18 years of age), with an approximately 2:1 male-
to-female ratio [14,15]. It is thought to arise from GCPs and granule cells in the URL,
presumably from the portion giving rise to the external granular layer [10,12,22]. The
clinical outcome in this type is heterogeneous and strongly dictated by the underlying
transcriptional and cellular activity [30]. Cavalli et al. [26] identified four main subtypes of
SHH-activated medulloblastoma, along with their main mutations and age groups: SHH-α,
typical of 3–16-year-old patients, has the worst prognosis among this group and harbors
TP53 mutations in one-third of the cases; SHH-β and SHH-γ groups are more prevalent in
infants (1.3 and 1.9 years of age, respectively), with SHH-β displaying a poorer prognosis
compared to SHH-γ due to increased rate of metastatic dissemination. Finally, SHH-δ
group occurs mainly in adults, features TERT promoter mutations, and has an overall
good prognosis.

Hovestadt et al. [9] demonstrated three transcriptional metaprograms in SHH-amplified
medulloblastoma cells. These metaprograms are related to cell cycle activity, undifferenti-
ated progenitors, and neuronal differentiation (SHH-A, SHH-B, and SHH-C, respectively).
In accordance with epidemiologic findings, this work also showed that the cellular origin
of SHH medulloblastoma is dichotomic according to age: pediatric tumors feature cells
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in granule neuron-like states expressing high levels of NEUROD1, while adult tumors
express higher levels of MATH1 and feature cells in either granule neuron progenitor-like
state or in a mixed state between UBCs and granule neurons (Figure 1). These genes are
prototypical markers of the URL during cerebellar development [16].

Adult SHH-activated medulloblastomas display a higher mutation burden compared
to their pediatric counterparts, particularly with mutations associated with the SHH path-
way, mainly Patched1 (PTCH1) and Smoothened (SMO), as well as mutations in CREB
binding protein (CREBBP), BRPF1, and TERT promoter [22]. Additionally, adult tumors
display higher proportions of cells in the undifferentiated granule neuron progenitor-like
state compared to pediatric tumors [31]. Overall, these findings may help explain the differ-
ences in therapeutic outcomes in SHH-activated medulloblastomas and their susceptibility
to targeted therapies. Moreover, Hovestadt et al. [9] noted that the SHH-B metaprogram
was the only proliferating compartment associated with the expression of SHH pathway
genes, but they did not explore which age groups had the highest score for SHH-B and how
this expression affects response to therapy. Future studies should aim to characterize the
effects of targeted therapy on the different transcriptional metaprograms of SHH-activated
medulloblastoma and stratify those results according to age.

Recurrent epigenetic alterations in SHH-activated medulloblastoma have been de-
scribed in MLL2/KMT2D and MLL3/KMT2C, two lysine methyltransferases associated
with an active chromatin state and the H3K4me2/3 status [8,32,33]. These mutations have
also been reported for group 3 and group 4 tumors. Alternatively, subtype-specific muta-
tions have been reported in NCOR2 and LDB1, two chromatin remodelers belonging to the
nuclear co-repressor (N-CoR) complex [33]. Importantly, N-CoR dysregulation has been
described as a crucial driver for SHH medulloblastoma onset [33].

2.4. Group 3 Medulloblastoma

Group 3 medulloblastomas bear the worst prognosis among all subtypes. Approxi-
mately 50% of group 3 tumors feature dissemination along the neuroaxis at diagnosis [34].
Cavalli et al. [26] classified group 3 tumors into three discrete subcategories: Group 3α,
present in infants with metastatic dissemination but associated with better outcomes; Group
3β, occurring in an older age group and having a reduced metastatic rate; and Group 3γ,
which has the worst prognosis among all subgroups. This last subgroup has been identified
as originating from the earlier RLvz [10].

Luo et al. demonstrated that group 3 medulloblastoma cells resemble transitional
cerebellar progenitor (TCP) cells, a transient-amplifying proliferating compartment phys-
iologically more present in the RLvz, RL transitional zone (RLtz), and to a lesser extent
in the RLsvz [11] during neurodevelopment. TCPs may be the cells of origin of group 3
medulloblastoma and can be identified by two signature markers, HNRNPH1 and SOX11.
At the molecular level, the juxtaposition of HNRNPH1 and SOX11 super-enhancers to
MYC cis-regulatory elements, through a mechanism of distance looping, appears to be
responsible for MYC overexpression and the abnormal proliferation of group 3 tumor
cells [11]. The proportion of TCP-like tumor cells in group tumors correlated with the
rate of dissemination to the spinal cord and leptomeninges [11]. Therefore, sampling
HNRNPH1 and SOX11 in tumor specimens and correlating their expression with the risk
of metastasis may represent a future prognostic strategy in this group of medulloblastoma.

The study by Northcott et al. [25] employed the Cis Expression Structural Alteration
Mapping (CESAM) technique to demonstrate that enhancer hijacking of growth factor
independent 1 (GFI1) or GFI1B proto-oncogenes potentiate the effects of MYC amplification
and further promotes tumor proliferation in group 3 medulloblastomas. The action of GFI1
is also mediated by LSD1, a histone lysine demethylase that is a potential treatment target
for both group 3 and group 4 tumors [22].

Hovestadt et al. [9] demonstrated that prototypic group 3 tumors displayed cells in
an undifferentiated progenitor-like metaprogram, characterized by ribosomal and transla-
tional initiation/elongation and MYC target gene expression. They also showed that group
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3 tumor cells appear stalled in an undifferentiated neural progenitor cell state, hinting to
mutations inducing a block of neural differentiation. In support of this evidence, another
study [35] showed that OTX2 amplification reduces the expression of downstream regu-
lators of neuronal differentiation including PAX3 and PAX6, serving as a differentiation
blocker for group 3 medulloblastoma cells and inducing downstream mammalian target of
rapamycin 1 (mTOR1) activation for protein synthesis and translation/elongation factor
genes, consistent with the findings by Hovestadt et al. [9].

It appears that multiple structural variants confer selective growth advantages to
group 3 medulloblastoma cells. Amplification of OTX2 halts the process of differentiation
in the undifferentiated progenitor cell compartment present in the early RL [35]. MYC
oncogene amplification and upregulation of pathways involved in protein synthesis further
promote cellular proliferation [11]. Finally, GFI1/GFI1B activation by enhancer hijacking
increases the action of MYC [25]. Driver mutations have been shown to differ according
to the DNA methylation subtype of each group 3 tumor [22,26] and may help explain the
intratumoral heterogeneity of this group of medulloblastomas.

Finally, group 3 medulloblastomas are characterized by an array of epigenetic dys-
regulations, some of which include distance looping and enhancer hijacking to block
differentiation and boost tumor cell proliferation. At the histone level instead, group 3
tumors harbor mutations in genes belonging to the lysine demethylase family (KDM), shar-
ing several of these mutations with group 4 medulloblastomas [8]. Bromodomain (BRD)
and extra C-terminal (BET)-containing proteins bind acetylated histones and recruit the
transcriptional machinery to control MYC levels, which is crucial in group 3 onset [36–38].

Peculiar alterations in histone regulators can help explain the biology of group 3 tumor
cells. In fact, group 3 medulloblastomas display mutations in the polycomb repressor
complex 2 (PRC2) gene set, which is a crucial regulator of differentiation, proliferation,
and cell identity [8]. Among the components of PRC2 lies the enhancer of zeste homolog
2 (EZH2), the catalytic partner of PRC2 that causes the addition of methyl groups to
histone 3 to promote the H3K27me3 status, with consequent chromatin compaction and
transcriptional repression [39]. EZH2 overexpression in group 3 medulloblastoma increases
H3K27me3 and impairs H3K4 methylation, thereby keeping cells in a stem-like/progenitor
state [40]. This finding may promote the maintenance of group 3 cells in an undifferentiated
state and further boost their malignant potential.

2.5. Group 4 Medulloblastoma

Group 4 medulloblastomas are the overall most common type [2], spanning across
all age groups and having a 2:1 male-to-female ratio [22]. They are believed to originate
from cells of the glutamatergic lineage, particularly from UBCs and glutamatergic cerebel-
lar nuclei (Glu-CN) neurons arising in the URL [9,41,42]. In the developing cerebellum,
these cells are marked by glutamatergic and RLsvz-specific transcription factors including
EOMES, LMX1A, and TBR2 [9,10,21]. Cavalli et al. [26] identified three main subgroups
of group 4 medulloblastoma: group 4α, featuring MYCN amplification; group 4β, char-
acterized by SNCAIP duplication; and group 4γ, displaying cyclin-dependent kinase 6
(CDK6) amplification.

In the analysis by Hovestadt et al., prototypic group 4 tumors expressed a differ-
entiated neuronal-like metaprogram (Group 3/4-C), including genes associated with the
neuronal lineage [9]. Hendrikse et al. [10] showed that mutations in the CBFA gene complex
(most notably alterations in KDM6A and enhancer hijacking of PRDM6 and GFI1/GFI1B)
in UBCs, the last cells to develop from the RLsvz, are responsible for group 4 medulloblas-
toma development. Herein, GFI1 and GFI1B oncogenes are abnormally expressed in both
group 3 and group 4 tumors in a mutually exclusive fashion [25]. In fact, local enhancer
hijacking of GFI1 and distal enhancer hijacking of GFI1B drive medulloblastoma growth,
either by cooperating with MYC to drive group 3 tumors or with other drivers to promote
group 4 medulloblastoma development [43].
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The PRDM6 gene encodes for a transcriptional repressor that uses histone 4 lysine 20
(H4K20) methyltransferase to induce gene silencing [22]. It is the most frequent somatically
altered gene in group 4, being present in 17% of patients with this subtype of medul-
loblastoma [22] and featuring a more than 20-fold upregulation in group 4 tumors [25].
Moreover, it is located 600 kb downstream of the SNCAIP locus, a hotspot for tandem
duplications that are unique to group 4 medulloblastoma [44]. By utilizing the CESAM
technique, Northcott et al. [25] revealed the presence of structural variants bringing the
SNCAIP super-enhancers closer to PRDM6, inducing its activation and overexpression.

Like group 3 tumors, group 4 medulloblastomas also display epigenetic alterations
at multiple levels. In fact, both enhancer hijacking and histone alteration mechanisms are
found in this subtype. From the histone mutation standpoint, group 4 tumors feature a pro-
totypical inactivation of KDM6A/UTX, a member of the lysine demethylase family [27,36].
The interesting point lies in the fact that KDM6A/UTX mutations, which are more common
in this group, have the opposite effect of EZH2 amplifications typical of group 3 tumors. In
particular, while the former promotes transcription by removing methyl groups and acety-
lating histones, the latter causes histone demethylation and chromatin compaction. Further,
these two mutations are mutually exclusive in group 3 and group 4 medulloblastomas [40].
This finding may help shed light on the differences between these subtypes.

2.6. Intermediate Group 3/Group 4 Medulloblastoma

There is an ongoing debate about the cellular and transcriptional nature of intermedi-
ate group 3/group 4 tumors. Luo et al. [11] have reported the presence of distinct group 3
and group 4 subpopulations in intermediate tumors by single-cell clustering. This finding
is in direct contrast with those of Williamson et al. [45], showing that group 3 and group 4
tumor cells exist along a common transcriptional continuum that reflects the glutamatergic
lineage of cerebellar development. In this last model, group 3 cells resemble more primitive
cells in the rhombic lip while group 4 cells are closer to the more differentiated excitatory
UBC cohort. Moreover, the DNA methylation subtypes of group 3/4 tumor cells also lie
along this same continuum. The distribution of single-medulloblastoma tumors along this
spectrum is influenced by both transcriptional status and methylation subtype and appears
to have prognostic significance, particularly in the first five years post-diagnosis.

In the analysis by Hovestadt et al., intermediate group 3/group 4 tumors consisted
of an admixture of both DNA methylation subtypes and metaprograms from the two
extremes. The authors interpreted these findings as reflecting a cell state continuum
rather than a combination of distinct cellular populations [9]. Similarly, a recent work
by Smith et al. [41] identified a common developmental origin for both group 3 and
group 4 medulloblastomas in the RLsvz. The whole spectrum of group 3, group 4, and
intermediate group 3/group 4 tumors lies along the differentiation axis of cells arising
from the RLsvz, with early cells that bear a photoreceptor gene signature developing
into group 3 medulloblastomas and late cells with a UBC signature giving rise to group
4 medulloblastomas. In this context, intermediate group 3/4 tumors featured a mixed
photoreceptor-like and UBC-like expression profile, and a specific gene signature still lining
along the RL-UBC developmental axis (DDX31-GFI1B, OTX2, and MYCN) (Figure 1).

In this emerging perspective, group 3 and group 4 medulloblastomas may share a de-
velopmental origin in the RL, supporting the idea of a transcriptional and DNA methylation
gradient encompassing group 3, group 4, and intermediate group 3/4 tumors. The propor-
tion of differentiated cell states may reveal the precise biology of each individual tumor and
determine its position along this axis. In fact, while group 3 tumors are comprised only up
to 10% differentiated neuronal-like cells, group 4 tumors may almost entirely be composed
of differentiated UBC-like and Glu-CN-like cells [31]. On the other hand, intermediate
group 3/4 medulloblastomas feature a mixture of undifferentiated and mature neuron-like
cells [9,31]. Finally, differences in epigenetic alterations, which were discussed previously,
may provide another way to distinguish group 3 and group 4 tumors along the group 3/4
tumor spectrum.
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3. Subgroup-Specific Targeted Therapies in Medulloblastoma

3.1. WNT-Activated Medulloblastoma

This subgroup of medulloblastomas is known for its excellent prognosis and high sur-
vival rates. Indeed, it has been reported by multiple studies that the 5-year survival rate of
patients less than 16 years of age with WNT-activated medulloblastomas is greater than 90%
following standard treatment with surgery, chemotherapy, and radiation therapy [34,46,47].
The favorable prognosis of this subtype is attributed to the greater penetration of chemother-
apeutic agents due to the aberrant vasculature and disrupted blood–brain barrier function
in the vicinity of these tumors [48]. In this context, when compared to other subtypes, WNT
medulloblastomas were found to have more dense and tortuous vessels with fenestrated
endothelial lining and disrupted tight junctions. This leaky phenotype is due to the sup-
pression of the WNT pathway, which is crucial for proper angiogenesis, in the endothelial
cells by paracrine signaling from neighboring WNT-activated tumors. In specific, these
tumors secrete WNT inhibitors, such as WNT Inhibitor Factor 1 (WIF1) and Dickkopf 1
(DKK1), potentially as part of a negative feedback loop. These WNT inhibitors diffuse and
execute their angiogenesis-disrupting effects on the nearby vasculature, thus producing
the leaky phenotype [48].

Despite the excellent prognosis achieved with the current treatment regimen, the used
modalities are not without risks and complications. One of the major concerns for using
the high doses of craniospinal irradiation that are used in cases of medulloblastoma in
the pediatric population is the association with long-term neurocognitive impairment [49].
Therefore, research on WNT-activated medulloblastomas has shifted towards de-escalation
trails that aim at reducing the unnecessarily high doses of radiation and chemotherapy
in this well-responding group. The importance of these dose de-escalation efforts is
supported by evidence on the reduced intellectual burden in WNT medulloblastoma
survivors who received lower radiation doses [50]. Investigating the possibility of de-
escalated therapies in WNT-activated medulloblastoma gained great traction after the
results of the Children’s Oncology Group (COG) trial, ACNS0331 (NCT00085735), were
published. This trial showed that reducing the dose of craniospinal irradiation resulted in
lower survival rates for patients with medulloblastoma; however, a subgroup analysis of
patients with WNT-activated medulloblastomas showed favorable outcomes for dose de-
escalation in this subgroup only [51]. Based on that, another trial by COG (NCT02724579)
was initiated and is currently ongoing to assess the outcomes of reduced dose radiotherapy
(18 Gy craniospinal irradiation and 36 Gy to the tumor bed) and reduced chemotherapy
(eliminating vincristine during radiotherapy and using a reduced maintenance dose) in
WNT-activated medulloblastoma (clinicaltrials.gov (accessed on 24 July 2023)). Similarly,
the FOR-WNT2 clinical trial (NCT04474964) is also currently recruiting and investigates the
impact of the same reduced dose of radiation therapy on clinical outcomes in this subgroup
of medulloblastoma. However, it is worth mentioning that previous attempts to avoid
radiation therapy altogether or use focal radiation therapy only instead of craniospinal
irradiation were aborted due to the high relapse rates [52].

Although the de-escalation trials provide a promising route for attenuating the dele-
terious side effects of radiation and chemotherapy, new targeted agents are still needed
to replace these traditional therapies or at least help in further reducing the needed doses.
In this context, targeting the WNT pathway might present itself as a rational option in
this subgroup (Figure 2); however, there are several challenges that arise when attempting
to target this pathway. First, the WNT pathway plays a pivotal role in bone formation,
hematopoiesis, tissue repair and regeneration, and homeostatic balance in several organs,
and thus multiple deleterious effects and interruption of developmental processes can
be anticipated if this pathway is disrupted [53]. Second, there is valid concern that tar-
geting the WNT pathway might jeopardize the favorable features seen in WNT-activated
medulloblastomas, such as their leaky vasculature and excellent response to chemotherapy.
Finally, the complexity of this signaling pathway makes it difficult to determine which
players in the cascade are the ideal targets for pharmacotherapeutic approaches [53].
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Figure 2. The activated canonical WNT pathway and potential pharmacotherapeutic options to target
it. Canonical WNT signaling begins with the binding of the WNT ligand to the dimeric cell surface
receptor composed of the Frizzled transmembrane protein and LRP. This causes the activation of
the downstream Disheveled protein, which in its turn leads to the dissociation of β-catenin from the
complex (Axin, APC, GSK3β, and CK1α) that tags it for degradation. The freed β-catenin can now
translocate into the nucleus to cooperate with TCF/LEF in inducing the expression of the effector
WNT pathway genes. Pharmacotherapeutic interventions that can target this pathway include PRI-
724, which disrupts the CREBBP-mediated expression of the CTNNB1 gene, which encodes β-catenin.
Another drug is the TNKS inhibitor XAV-939, which can prevent the TNKS-mediated destruction
of Axin, hence, leaving more Axin available to hinder the actions of β-catenin. APC, adenomatous
polyposis coli; CK1α, Casein kinase 1 alpha; CREBBP, CREB binding protein; GSK3β, glycogen
synthase kinase 3 beta; LRP, lipoprotein receptor-related protein; TCF/LEF, T-cell factor/lymphoid
enhancer factor; TNKS, tankyrase; WNT, wingless.

Despite these challenges, there are several molecular targets that are worth being
explored in this subtype. Mutant DDX3, an RNA helicase, has been shown to augment the
activity mutant β-catenin, and the two molecules synergistically increased the proliferation
of medulloblastoma cell lines [54]. Interestingly, using RK-33, a small-molecule inhibitor of
DDX3, resulted in inhibition of the WNT pathway and G1 arrest in the medulloblastoma
cells in vitro [55]. Not only that, but RK-33 was also associated with increased radiosen-
sitivity of in vitro DAOY and UW228 cell cultures and of DAOY flank tumors in nude
mice [55]. Another molecule that has been investigated as a potential target for interfering
with the WNT pathway is tankyrase (TNKS), which is implicated in the regulation of this
pathway. TNKS inhibitors induce the accumulation of Axin, thus further stabilizing the
complex (Axin, APC, GSK3β, and CKIα) that tags β-catenin for destruction [56] (Figure 2).
Herein, XAV-939, one of the earliest TKNS inhibitors, was shown to inhibit WNT signaling
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in DAOY and ONS-76 cell lines. Furthermore, XAV-939 treatment disrupts the DNA repair
abilities of these cell lines and increases their sensitivity to ionizing radiation [57]. However,
it is important to mention that XAV-939 can also inhibit the poly-ADP-ribose polymerase 1
(PARP1). So, it is not clear whether the XAV-939-induced radiosensitivity is mainly due
to its TNKS or PARP1 inhibitory effects. Nevertheless, TNKS inhibitors are worth being
considered as promising agents in WNT-activated medulloblastomas especially with the
advent of newer and more effective agents in this class [58]. Additionally, fenretinide, which
is a synthetic analogue of all-trans retinoic acid, has shown that it possesses anti-WNT
properties. In specific, the expression of WNT3A and its downstream effectors was reduced
in DAOY and ONS-76 cells after treatment with fenretinide [59]. Moreover, fenretinide was
able to inhibit the proliferation of these cell lines in vitro [59]. However, further studies are
warranted to confirm whether fenretinide’s anti-cancer effects are reproducible in animal
models and whether they are solely due to WNT inhibition or to its other effects on cellular
oxidative balance [60].

On top of the aforementioned approaches, there are multiple tractable targets that
can be exploited to hinder WNT signaling and that have shown promising results in other
types of cancer with WNT upregulation. However, these targets have not been well-studied
in the context of medulloblastoma yet. For instance, the interaction between CREBBP
and CTNNB1 is crucial for the transcriptional activation of this gene, and thus for WNT
signaling (Figure 2). Here, it is worth mentioning that PRI-724, which inhibits the CREBBP:
CTNNB1 interaction, has shown promising results as a combination therapy in a phase
1 trial against advanced pancreatic adenocarcinoma (NCT01764477) [61]. In addition to
inhibiting the WNT pathway itself, other pathways that are commonly overactivated in the
WNT subgroup of medulloblastomas can serve as potential targets. In specific, the ALK
pathway has been proven to be a commonly overexpressed pathway in WNT-activated
medulloblastomas and was even suggested as a novel biomarker for the diagnosis of this
subgroup [62,63]. Therefore, ALK inhibitors might be appealing pharmacologic agents that
deserve to be investigated in these tumors.

Furthermore, the emergence of epigenetic profiling and targeting techniques created
novel routes for molecular-based therapeutics in medulloblastoma. Herein, the role of
histone deacetylation was explored in these tumors, and it was found to contribute to the
downregulation of the WNT inhibitor DKK1 in medulloblastoma. In fact, the use of the
histone deacetylase inhibitor trichostatin A resulted in rescuing the expression of DKK1
and a subsequent increase in the apoptotic cell death of medulloblastoma cells [64]. Such
epigenetic interventions are worth being further studied to confirm their applicability
and efficacy.

3.2. SHH-Activated Medulloblastoma

The SHH-activated subgroup has the most adequately characterized molecular and
genetic profile offering a wide array of appealing targets. Subsequently, a myriad of
therapeutic agents has been investigated to modulate the SHH pathway or other oncogenic
pathways that interact with it (Figure 3). In a nutshell, the SHH signaling cascade is initiated
with the binding of the SHH ligand to the PTCH transmembrane receptor, thus removing
the blockade of the latter on SMO, which is a G protein-coupled receptor. In its turn, SMO
translocates to the primary cilium where it causes the activation of proteins belonging to
the glioma-associated oncogene (GLI) family by triggering their dissociation from their
repressor SUFU. Upon that, GLI proteins translocate to the nucleus and orchestrate the
transcription of effector genes involved in the actions of the SHH pathway. In addition to
this canonical pathway, multiple alternative non-canonical pathways have been shown to
activate SHH signaling downstream of SMO [65].
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Figure 3. The activated SHH pathway and potential pharmacotherapeutic options to target it. SHH
pathway signaling commences with the binding of the SHH ligand to the PTCH1 receptor. This
binding lifts the PTCH1-mediated inhibition SMO. SMO is now able to translocate to the primary
cilium where it can activate downstream signaling, mainly causing the dissociation of GLI from it
repressor SUFU. The freed GLI protein translocates to the nucleus to induce the expression of effector
SHH pathway genes. The expression of GLI itself is under the control of certain mediators, with
BRD4, CK2, and CDK7 positively regulating the gene’s transcription and CKα1 negatively regulating
it. Several pharmacotherapeutic agents can target the SHH pathway at different levels. Vismodegib,
sonidegib, MK-4101, and L-4 can all inhibit SMO by binding to its transmembrane domain, while
ALLO1 and ALLO2 can inhibit this receptor by binding to its CRD. On the other hand, itraconazole
can block the actions of SMO by hindering its translocation to the primary cilium. Inhibiting the GLI
protein can be achieved by directly targeting it via antagonists such as ATO and GANT61 or through
targeting its expression. The latter process can be achieved by either inhibiting the GLI gene’s positive
transcriptional regulators (BRD4, CK2, and CDK7) or activating its negative transcriptional regulator
CK α1. ATO, arsenic trioxide; BRD4, bromodomain 4; CDK7, cyclin-dependent kinase 7; CKα1,
casein kinase alpha 1; CK2, casein kinase 2; CRD, cysteine-rich domain; GANT61, GLI antagonist 61;
GLI, glioma-associated oncogene; PTCH1, patched 1; SHH, sonic hedgehog; SMO, smoothened.

The road towards developing targeted therapies that can disrupt SHH signaling started
with SMO inhibitors. In specific, SMO is composed of two extracellular domains called the
cysteine-rich domain and the linker domain, a transmembrane domain consisting of seven
membrane-spanning subunits, and an intracellular domain responsible for downstream
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signaling. Herein, cyclopamine is the earliest SMO inhibitor investigated in the context
of SHH-activated medulloblastoma, and it acts by binding to the transmembrane portion
of the receptor (Figure 3). However, several concerns regarding the safety of this drug
have arisen and led to the abortion of further clinical investigations regarding its utility
in medulloblastoma [66]. Nevertheless, cyclopamine ignited the search for other small
molecules that can suppress the activity of SMO with comparable efficacy and more
acceptable safety profiles. The most popular among these are vismodegib (GDC-0449) and
sonidegib (LDE-225), which have shown promising effects in preclinical models [67,68]
and made it to clinical trials. Interestingly, both drugs have already been FDA-approved
for use in locally advanced basal cell carcinoma [69]. In the context of medulloblastoma,
the Pediatric Brain Tumor Consortium (PBTC) conducted a phase I clinical trial (PBTC-
025, NCT00822458) that confirmed the tolerability of vismodegib [70], and then followed
this trial with two phase II trials involving adult patients (PBTC-025B, NCT00939484) and
pediatric patients (PBTC-032, NCT01239316) with recurrent or refractory medulloblastomas.
The results of these phase II trials showed an increased progression-free survival in adult
patients with SHH medulloblastoma compared to those with non-SHH medulloblastoma,
suggesting an effective role for vismodegib in the former subgroup [71]. Currently, an
ongoing phase II clinical trial (NCT01878617) by St. Jude’s Children’s Research Hospital
that assigns different interventions based on molecular subgroup and risk stratification
investigates the efficacy of vismodegib in skeletally mature patients belonging to both
standard-risk and high-risk SHH subgroups. In a similar fashion, sonidegib has shown
good safety and efficacy in pediatric and adult patients with progressive or refractory
SHH-activated medulloblastomas during a phase I/II trial (NCT01125800) [72]. In addition,
an actively recruiting randomized controlled phase II trial (PersoMed-I, NCT04402073)
by the European Organisation for Research and Treatment of Cancer aims to assess the
efficacy of sonidegib with reduced-dose radiotherapy in post-pubertal patients with SHH-
activated medulloblastomas. Although vismodegib and sonidegib are the most popular
agents that target the transmembrane domain of SMO, there are several other drugs that
have a similar mechanism and that have also shown promising results in animal models
of medulloblastoma, such as MK-4101, L-4, and nilotinib; however, these agents have not
entered clinical trials yet [66]. Additionally, the agents ALLO1 and ALLO2 have been found
to inhibit SMO through a different mechanism involving the cysteine-rich domain and
have shown anti-proliferative effects in medulloblastoma cells [66] (Figure 3).

Although the results of the mentioned trials involving vismodegib and sonidegib
were encouraging in the SHH-activated subgroups, the development of resistance to these
agents was reported clinically. One identified mutation that causes this resistance is the
D473H mutation of the SMO protein. Herein, a relatively newer agent, taladegib (ENV-101,
LY2940680), has been shown to overcome this resistance method and suppress SMO in its
wild-type and mutated forms [73]. Taladegib is currently being investigated in a phase
II clinical trial (NCT05199584) involving patients with solid tumors and PTCH1 loss of
function mutations, which is a common mutation in SHH-activated medulloblastomas.
Recently, Ji et al. synthesized a taladegib-based compound that elicits a more potent
inhibition of SMO and a more significant attenuation of DAOY cells proliferation [74]. On
the other hand, the antifungal itraconazole inhibits the activity of SMO through halting its
translocation to the cilium (Figure 3), and it appears to be effective against D477G-mutant
medulloblastoma mouse models that are resistant to other SMO antagonists [75,76]. In a
similar fashion, the repurposing of the antiparasitic drug mebendazole has gained wide
attention for its promising potential as an anti-cancer drug [77]. In specific, mebendazole
was also found to inhibit SHH signaling by hindering the formation of the primary cilium,
and thus resulted in decreased proliferation of DAOY cells in vitro and extended the
survival of SHH medulloblastoma orthotopic models [78,79]. Importantly, the inhibitory
effect of mebendazole was also present when used on vismodegib-resistant models. A
phase 1 clinical trial of mebendazole in progressive/refractory pediatric brain tumors,
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including medulloblastoma, was conducted at the Sidney Kimmel Comprehensive Cancer
Center at Johns Hopkins (NCT02644291), but the results are yet to be published.

In addition to resistance at the level of SMO itself, other genetic alterations were com-
monly found in non-responders to vismodegib and sonidegib. As expected, these genetic
alterations consist of mutations involving members of the SHH pathway downstream of
SMO, such as SUFU and GLI1 [71,80,81]. Not only that, but also the crosstalk between
SHH and other oncogenic pathways that are commonly overactivated in medulloblastoma,
such as PI3K/mTOR and RAS/REF/MEK, can play a significant role in evading SMO
inhibition [6].

The aforementioned challenges have geared the research efforts towards targeting the
SHH pathway at points that are further downstream of SMO. In specific, disrupting the
production and action of GLI proteins at different levels has gained significant attention
(Figure 3). For instance, BET proteins have been recognized as tractable epigenetic targets
in several cancer types, including medulloblastoma. In specific, BRD4 interacts with the
promoter regions of GLI1 and GLI2 and enhances their transcription. Notably, JQ1, a BRD4
inhibitor, was shown to inhibit the SHH-mediated proliferation of several tumors, including
medulloblastomas, and to overcome their resistance to SMO antagonists [82]. A phase I
clinical trial (NCT03936465) is currently recruiting pediatric patients with solid tumors
or lymphoma, with a separate arm for refractory or metastatic CNS tumors, to assess the
safety of the BRD inhibitors BMS-986378 and BMS-986158. Another avenue for modulating
the transcription of GLI proteins is targeting the casein kinases alpha 1 and 2 (CKα1 and
CK2). CKα1 is a negative regulator of GLI transcription factors, while CK2 is a positive one.
Expectedly, both CKα1 agonists (pyrvinium and SSTC3) and CK2 antagonists (CX-4945)
have shown significant efficacy in SHH-activated medulloblastoma mouse models, even
in the presence of the TP53 mutation which, as previously mentioned, imparts a worse
prognosis [66]. In fact, an actively recruiting clinical trial (NCT03904862) investigates the
safety and tolerability of CX-4945 in skeletally immature patients with refractory/recurrent
SHH-activated medulloblastoma (phase I) and its efficacy in skeletally mature patients with
refractory/recurrent SHH-activated medulloblastoma (phase II). Moreover, the CDK7 is
implicated in the transcriptional regulation of GLI and has been investigated as a potential
target to disrupt SHH signaling. The CDK7 inhibitor, TZH1, has shown significant po-
tency in suppressing the SHH-mediated proliferation of medulloblastoma cells, including
those that are resistant to SMO inhibitors [83]. In addition to targeting GLI proteins at the
transcriptional level, direct inhibitors of the protein have been discovered and evaluated
(Figure 3). In this context, the GLI antagonist 61 (GANT61) and arsenic trioxide (ATO)
have both shown promising results as direct inhibitors of GLI proteins in medulloblastoma.
Specifically, GANT61 was able to attenuate the proliferation and migration of DAOY cells,
induce their apoptosis, augment their response to cisplatin, and sensitize them to particle ra-
diation (protons and carbon ions) [84,85]. ATO inhibited the proliferation of SHH-activated
medulloblastoma cell lines both in vitro and in vivo [86,87]. Moreover, it increased the
sensitivity of TP53-mutated SHH-activated medulloblastoma cells to radiation [87]. It is
worth mentioning that ATO has already entered phase I and phase II clinical trials for other
pediatric brain tumors and has shown encouraging results [88,89].

Apart from targeting the SHH pathway itself at different levels, several groups have
investigated the utility of targeting other pathways or effectors that are commonly overacti-
vated in this subgroup of medulloblastomas. For instance, the Mesenchymal–Epithelial
Transition factor (cMET) was found to be upregulated in SHH-activated medulloblastoma
and to correlate with worse prognosis [90]. Hence, the cMET inhibitor foretinib was inves-
tigated for the treatment of this subgroup of medulloblastoma, and it showed acceptable
penetration of the blood–brain barrier and significant suppression of the proliferation and
migration of SHH-activated medulloblastomas in xenograft mouse models [90]. Another
molecule that has been found to possess interesting interactions with the SHH pathway
is the AMP-activated protein kinase (AMPK). In this context, AMPK is a cellular sensor
of a low energy state that regulates energy-demanding function and shuts them down
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when needed, and among these functions is the activation of the SHH pathway. Indeed,
activated AMPK has been proven to negatively regulate GLI1 in a direct manner by triple
phosphorylating it, undermining its stability, and promoting its degradation [91]. In ad-
dition, AMPK has been suggested to regulate GLI1 in an indirect manner also, mainly
through its suppression of the activity of the mTOR/S6K pathway, which upregulates GLI1
expression [91]. Hence, these inhibitory effects that AMPK exerts on the SHH pathway
downstream of SMO are worth being explored for their potential therapeutic benefits. In
fact, the antidiabetic drug metformin has been investigated as an anti-cancer agent due to
its ability to promote the activity of AMPK, suppress the action of mTOR, and subsequently
attenuate SHH/GLI signaling. Promising effects of the drug have been documented in the
context of prostate cancer, gastric cancer, and hepatocellular carcinoma [92–94], and it is,
therefore, worth being further investigated in the setting of SHH-activated medulloblas-
toma. On another note, with the increased interest in epigenetics and their utility in cancer
therapeutics, epigenetic profiling of SHH-driven medulloblastomas exhibited an increased
expression of the miR17~92 polycitron in this subgroup and a synergistic effect between this
overexpression and the SHH pathway to augment the growth of cancer cells [95]. Herein,
the use of locked nucleic acid (LNA) antisense oligonucleotides (anti-miRs) to inhibit miR-
NAs has been explored. Specifically, anti-miR17 and anti-miR19, which inhibit miRNAs
17 and 19-a that belong to the miR17~92 complex, were able to suppress the proliferation
of SHH-activated medulloblastoma cells in vitro and hinder the progression of tumors
belonging to this subgroup in vivo [96]. Not only that, but differences in the immune
profiles of medulloblastoma subgroups have been exploited to derive subgroup-specific
immunomodulators. In this context, Tumor-associated macrophages (TAMs) were noticed
to play a cancer-promoting role in medulloblastomas belonging to the SHH subgroup with
SMO mutations [97]. Hence, the treatment of mice harboring SMO-mutated SHH-activated
medulloblastomas with PLX5622, an inhibitor of the colony-stimulating factor 1 recep-
tor (CSF1R), resulted in a reduced proportion of TAMs in the tumor microenvironment,
shrinkage in tumor sizes, and prolonged survival of the mice [97].

A field that is attracting significant interest is the identification and targeting of cancer
stem cells in brain tumors. This is because these cells are suggested to be major contributors
to recurrence and resistance to conventional therapies [98]. Therefore, the identification of
biomarkers that are characteristic of cancer stem cells in medulloblastoma has been crucial
for deriving modalities to target these cells more effectively. For instance, CD15-positive
cells were identified as tumor progenitor cells in an SHH medulloblastoma mouse model,
and a large proportion of these cells was found to be in the G2/M phase of the cell cycle.
Hence, targeting players that are specific to this phase was hypothesized as an effective
method to abolish the proliferative potential of these cells. Indeed, inhibiting polo-like
kinase (PLK) and Aurora kinase (AURK), which are pivotal for the G2/M transition of
the cell cycle, using BI-2536 and VX-680 (tozasertib), respectively, resulted in increased
apoptosis of SHH-driven medulloblastoma cells in vitro and in vivo [99]. Additionally,
single-cell transcriptomics revealed that the OLIG2/SOX2 axis is especially overactivated
in actively cycling progenitor cells in SHH-driven medulloblastomas and is a significant
contributor to their self-renewal capacity. In fact, OLIG2 expression was also observed
to be prominent in recurrent tumors, suggesting a role for this molecule in resistance to
treatment [100]. Since OLIG2 is a nuclear transcriptional factor that is difficult to target
directly, Zhang et al. identified other targetable effectors that mediate the actions of OLIG2
in these progenitor cells. Herein, the HIPPO-YAP/TAZ and the AURK/MYCN pathways
are major mediators of OLIG2 actions. Notably, the combination of CD532, which disrupts
the interaction between AURK and MYCN, and verteporfin, a YAP inhibitor, was associated
with a dramatic suppression of tumor growth both in vitro and in vivo and an increased
survival of SHH-activated medulloblastoma-bearing mice [100].

At any rate, with the discovery of novel agents that can disrupt the SHH pathway at
multiple layers or target other oncogenic pathways that synergize with it, the potential for
combination therapies that can achieve more efficacious results and reduce resistance to
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treatment is reinforced. For instance, in order to avoid the non-canonical activation of the
SHH pathway by the oncogenic PI3k pathway, the concomitant use of PI3K inhibitors with
sonidegib was attempted. Indeed, this combination impeded the development of resistance
in SHH-driven medulloblastoma cells [101]. Similarly, the combination of an SMO inhibitor
with the PLK inhibitor BI-2536 exhibited superior responses as compared to the use of the
former agent alone [99]. Not only that, but evidence suggests that combination therapies
can also be utilized against populations of tumor progenitor cells in medulloblastoma. In
specific, the chemokine receptor CXCR4 was found to be frequently expressed with CD15,
indicating a role for the former in progenitor cells [102]. Intriguingly, the co-inhibition of
CXCR4 and SMO using AMD3100 and vismodegib, respectively, attenuated the prolifera-
tion of SHH-driven medulloblastoma flank and intracerebellar xenografts [102]. Finally,
it is worth noting that an active phase I trial by the St. Jude Children’s research hospital
(NCT03434262, SJDAWN) compares multiple combinations of molecularly driven therapies
in pediatric patients with medulloblastoma, and it includes an arm that evaluates the
combination of sonidegib with ribociclib, a CDK4/6 inhibitor, in refractory/recurrent cases
of SHH-activated medulloblastoma.

3.3. Group 3 Medulloblastoma

This subtype of medulloblastomas has the greatest potential for invasion and metasta-
sis and carries the most dismal prognosis. Consequently, it shows minimal response to con-
ventional therapies. Hence, novel targeted therapies that are effective against this subgroup
are greatly needed and have been a topic of interest for several laboratories worldwide.
One of the factors that have been associated with a worse prognosis in this subgroup is the
presence of MYC amplification. In this context, a relationship was discovered between BRD
inhibitors and MYC activity. Specifically, the BRD4 inhibitor, JQ1, was shown to reduce the
proliferation of group 3 medulloblastoma cells with MYC amplification and to prolong the
survival of mouse models with tumors having these characteristics [103,104] (Figure 4). In a
similar fashion, a novel in silico drug screening method, named DiSCoVER, predicted a po-
tential role for CDK inhibitors in MYC-activated group 3 medulloblastomas [105]. Indeed,
the CDK4/6 inhibitor, palbociclib, was proven to elicit anti-proliferative and pro-apoptotic
effects against in vivo and in vitro models of this subgroup [105,106]. Likewise, the CDK1/5
inhibitor, alsterpaullone, has also shown significant inhibition of the MYC-dependent pro-
liferation of against group 3 medulloblastoma cells [107]. Notably, the safety of palbociclib
in pediatric patients has been confirmed in a phase I clinical trial (NCT02255461) involving
pediatric patients with progressive or refractory brain tumors [108]. Further, a phase II trial
(SJDAWN, NCT03434262) is currently active and evaluates the efficacy of ribociclib, another
CDK4/6 inhibitor, combined with gemcitabine in recurrent/refractory group 3/4 medul-
loblastoma. In a surveillance of the phosphor-proteomic footprint of medulloblastoma, the
DNA-dependent protein kinase PRKDC was predicted to play an important role in group
3 medulloblastomas [109]. Indeed, it was found that the levels of this kinase were elevated
in this subgroup, and other experiments have uncovered its contribution to MYC stability.
Additionally, PRKDC is known to play a role in non-homologous end joining during repair
of DNA damage. Consequently, PRKDC inhibitors were investigated for their potential role
in therapy, and they were found to elicit radiosensitizing effects in the D458 cell line, which
resembles group 3 medulloblastoma with MYC amplification. However, PRKDC inhibitors
did not show cytotoxic effects on their own [109]. In a parallel fashion, a large genomic
analysis of MYC-driven group 3 medulloblastoma revealed an elevated expression of the
inhibitory GABA-A receptor subunit alpha 5 (α5-GABAA). Therefore, an increased suscep-
tibility of these cells to GABA agonists was hypothesized. Indeed, the α5-GABAA-specific
agonist, QHii066, was able to induce apoptosis and cell cycle arrest of MYC-amplified
medulloblastoma cells and to sensitize mice harboring D425 tumors, which mimic group 3
medulloblastoma with MYC amplification, to radiation therapy and cisplatin [110]. The
anti-proliferative effects of this agonism were dependent on the activation of HOX5 and
its related genes, which has already been implicated as an anti-cancer player in several
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cancers [110]. Based on these encouraging results, Jonas et al. tested the efficacy of several
GABA agonists delivered to a model of intracranial group 3 medulloblastoma with MYC
amplification, and they concluded that the benzodiazepine derivative KRM-II-08 is more
potent that other agonists, including QHii066, and can offer a greater pro-apoptotic effect
in these tumors [111]. Furthermore, targeting PLK1, SETD8, and facilitator of chromatin
transcription (FACT) with their respective inhibitors onvasertib, UNC0379, and CBL0137
has also shown preclinical activity against MYC-amplified medulloblastoma [112–114].
It is also worth mentioning that the FDA-approved antiviral ribavirin, whose repurpos-
ing is currently being investigated in clinical trials for several cancer types [115], elicited
anti-proliferative effects in D425 cells and showed a survival advantage in mice with in-
tracranially implanted D425 tumors [116]. These effects of ribavirin were attributed to its
ability to inhibit eukaryotic initiation factor 4E (eIF4E) and EZH2, both of which have been
associated with MYC overexpression and group 3 medulloblastoma tumorigenesis [116].
Another FDA-approved drug that has shown good potential for repurposing is disulfiram,
known as Antabuse. This drug, when combined with copper gluconate, induced apoptosis
of group 3 and SHH-activated cell lines in vivo and prolonged the survival of mice with
implanted cells from these lines [117]. Specifically, the effects of this combination were
found to be mediated by the accumulation of nuclear protein localization protein-4 (NPL4)
and the subsequent induction of cell death. Moreover, disulfiram plus copper treatment
was shown to suppress DNA repair mechanisms, thus contributing to its lethal effect and
suggesting a potential role as a sensitizer to radiotherapy or certain chemotherapies [117].

Based on the aforementioned therapeutic approaches, one can safely say that targeting
MYC-amplified group 3 medulloblastoma has attracted a great majority of the research in
this subtype. This overrepresentation of MYC-amplified group 3 medulloblastomas in the
literature is, in fact, a reflection of the overabundance of cell lines that mimic this specific
molecular profile [26]. Although MYC-activation is one of the hallmarks of this subgroup
and inflicts a worse prognosis, it is only present in approximately 17% of group 3 tumors.
Hence, several groups explored the utility of targeting other overactivated pathways that
this subgroup might be dependent on. In particular, GFI1/GFI1B overexpression was
found to be a present in 15–20% of group 3 medulloblastoma and to play a significant
role at the different stages of tumorigenesis [118]. A downstream effector that was impli-
cated in the GIF1/GIF1B-driven growth is LSD1. As expected, the use of LSD1 inhibitors,
GSK-LSD1 and ORY-1001, attenuated the proliferation GIF1/GIF1B-driven medulloblas-
toma cells both in vitro and in mouse models with flank-implanted tumors, however, not
those with intracranially implanted tumors (Figure 4). This indicates that these agents
have inadequate brain–blood barrier penetration, which calls for evaluating other agents
with better pharmacologic properties or alternative drug delivery methods [118]. Ad-
ditionally, gene set enrichment analysis revealed an especially elevated activity of the
folate metabolism pathway in group 3 medulloblastomas. Subsequently, the utility of
the combination of the folate pathway inhibitor pemetrexed and the chemotherapeutic
agent gemcitabine was investigated, and it showed significant inhibition of the growth
of both in vitro and in vivo models of group 3 medulloblastoma. This combination is
currently being investigated as part of a phase II clinical trial (NCT01878617) in the arms
involving intermediate- and high-risk patients with non-WNT non-SHH medulloblastoma.
Another pattern that was identified in group 3 medulloblastoma cells is the abundance
of CD47 on their surface. CD47 is a cell membrane protein that helps cells evade being
phagocytosed by cells of the innate immunity, and it achieves this effect by downstream
activation of the signal regulatory protein alpha (SIRPα). In this framework, systemic
treatment with Hu5F9-G4, which disrupts the interaction between CD47 and SIRPα, re-
sulted in shrinkage of primary tumors and leptomeningeal metastasis in mouse models
with implanted patient-derived group 3 medulloblastoma xenografts and mouse cell lines
of this subgroup. On the other hand, intraventricular delivery of Hu5F9-G4 provided
a more effective route in combating leptomeningeal and spinal metastases; however, it
did not show significant impact at the primary tumor site [119]. This suggests that if this
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therapeutic agent reaches clinical application, the preferred mode of delivery might be
dependent on the stage of the disease and the extent of resection of the primary tumor
during surgery. Importantly, Hu5F9-G4 was determined to have minimal cytotoxic side
effects on normal central nervous system cells, implying a favorable safety profile and a
greater potential for clinical use [119]. In addition to targeting metastatic sites themselves,
other experiments focused on hindering the initiation of metastasis altogether. Herein, the
NOTCH1 pathway was implicated as an important contributor to the invasion and migra-
tion abilities of group 3 medulloblastoma cells. As a result, the intrathecal administration
of anti-NOTCH1 Negative Regulatory Region antibody (anti-NRR1) in mice bearing group
3 medulloblastomas resulted in an attenuation of the metastatic potential of these tumors
and a survival advantage for the treated mice [120]. Due to the lower response of group 3
medulloblastomas to conventional chemotherapeutic regimens, research has also focused
on underscoring the mechanisms that mediate its chemoresistance and exploring druggable
targets. In particular, the interleukin-6 (IL6)/gp130/Janus kinase (JAK)/signal transducer
and activator of transcription 3 (STAT3) signaling pathway has been implicated in the
development of chemoresistance to vincristine in group 3 medulloblastomas [121,122]. As
a result, gp130 inhibitors (SC144 or bazedoxifene) and a JAK inhibitor (ruxolitinib) were
individually investigated at non-cytotoxic doses and resulted in overcoming the acquired
IL6-mediated resistance to vincristine in group 3 medulloblastomas [122].

The use of non-coding RNAs in the treatment of this subgroup has been widely stud-
ied with the hopes of finding alternative more effective therapies. Contextually, RNA-seq
and miRNA profiling showed that medulloblastoma cells, especially those belonging to
group 3, are enriched in miR-217 expression, which is known to promote proliferation and
survival. As expected, interfering with miR-217 using anti-miR significantly reduced the
proliferative, invasive, and migratory capacity of the group 3 medulloblastoma cell line
HDMB03 [123]. Another miRNA that comprises a potential target is the pro-tumorigenic
and pro-metastatic miR-183~96~182 complex, which was found to be upregulated in MYC-
amplified medulloblastomas and to be an upstream inducer of PI3k/mTOR signaling [124].
On the other hand, several miRNAs were found to be downregulated in this subgroup,
and their introduction can serve as a promising therapeutic avenue. In fact, the good
prognostic role of two miRNAs, miR-148a and miR-193a, was discovered when group 3
medulloblastoma were compared to WNT medulloblastomas, which are known to carry
the most favorable prognosis. In particular, restoration of miR-193a expression in group 3
medulloblastoma cells through treatment with 5-aza-deoxycytidine, a DNA methylation
inhibitor, resulted in reduced proliferation and increased apoptosis and radiosensitivity
of these cells [125]. In a similar fashion, miR-148a was found to be overexpressed in
WNT medulloblastomas compared to the other subgroups, and rescuing its expression
in D425 cells hindered their proliferative and invasive potential through downregulation
of neuropillin1 (NRP1) [126]. In addition, two other miRNAs, miR-211 and miR-212-3p,
were proven to elicit anti-oncogenic effects in in vitro models of group 3 medulloblas-
toma [127,128]. In addition to miRNAs, long non-coding RNAs (lncRNAs) also attracted
the interest of researchers, and their expression profiles and implications in oncogenesis
were investigated [129]. Herein, lnc-HLX-2-7 exhibited a differential overexpression in
group 3 medulloblastomas, and its depletion resulted in attenuated proliferation and sur-
vival of cells belonging to this subgroup [130]. In fact, regulation of this lnRNA might be
a major mechanism that mediates the previously discussed actions of the BRD4 inhibitor,
JQ1, in this subgroup [130].

It important to note that the use of combination therapies has also emerged as an
appealing route in the fight against group 3 medulloblastoma due to the aggressiveness
and resistance of this subgroup. For instance, it has been shown that the combination
of JQ1 with a CDK2 inhibitor (Milciclib), an mTOR inhibitor (BEZ235), or a pan-HDAC
inhibitor (Panobinostat) resulted in synergistic anti-cancer effects in MYC-driven group 3
medulloblastoma and amplified the potential of each of the combined agents [131–133].
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Figure 4. Molecular pathways implicated in tumoregenesis of non-WNT non-SHH medulloblastomas
and potential pharmacotherapeutic options to target them. The NOTCH1 pathway is overactivated
in group 3 and group 4 meduloblastoma. The activity of the pathway is dependent on the Gamma
secretase cleavage of the NOTCH receptor, which results in the dissociation of NICD. Subsequently,
NICD translocates to the nucleus and promotes the expression of downstream genes. In addition, the
epigenetic modifiers HDACs 1/2, BRD4, and GFI1/GFI1B/LSD1 have been shown to play major
roles in promoting the expression of pro-oncogenic genes (such as MYC in group 3 medulloblastoma).
These epigenetic modifiers can be targeted using vorinostat and panobinostat for HDACs 1/2, JQ1
for BRD4, and GSK-LSD1 and ORY-1001 for LSD1. BRD4, Bromodomain 4; GFI, growth factor
independent protein; HDAC, histone deacytylase; NICD, NOTCH intracellular domain.

3.4. Group 4 Medulloblastoma

Despite its prevalence, this subtype has the poorest characterization when it comes to
genetic and molecular profiles. It also lacks representative preclinical models that allow
for better profiling of this group and the development of targeted therapies. In specific,
the only currently available cell lines that are used for group 4 research are CHLA-01-
MED and CHLA-01R-MED, which were derived from the same patient [134]. This lack
of representative cell lines and the ambiguity of this group’s biology is reflected in the
scarcity of selective therapies that target it. In fact, group 4 is frequently lumped with
group 3 when it comes to the development of targeted therapies, even in emerging clinical
trials. For instance, in the SJDAWN phase 1 clinical trial (NCT03434262) both group 3 and
group 4 tumors belong to the same arm receiving ribociclib combined with gemcitabine
although the efficacy of CDK4/6 inhibitors has only been proven in preclinical models of
group 3 medulloblastoma. Nevertheless, tumors that belong to group 4 are also expected to
respond to these inhibitors due to the high activity of CDK6 in this subgroup. In addition,
it was suggested that LSD1 inhibitors have promising anti-proliferative effects against
GFI1/GFI1B-driven group 3/4 medulloblastomas [118].

In light of the aforementioned findings, it is obvious that the development of adequate
preclinical models for group 4 and the testing of novel agents that target it are crucial steps.
Notably, some groups attempted to identify molecular targets that are overexpressed in this
subtype using the two available cell lines. In particular, it was shown that the RNA-binding
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protein Musashi1 (MSI1) is specifically overexpressed in group 4 medulloblastoma, and
it correlates with worse prognosis. Consequently, the use of an Msi1 inhibitor, luteolin,
showed significant reduction in the proliferation of CHLA-01-MED and CHLA-01R-MED
cells in vitro and augmented the effect of vincristine treatment [135]. Another effector that
has been proven to be overexpressed in group 4 tumors and to be associated with more
aggressive phenotypes is EZH2 [136]. In fact, using DZNep, an inhibitor of EZH2, was able
to attenuate the proliferation of medulloblastoma cells in vitro [136]. This suggests that
EZH2 inhibition can be of great potential in this subgroup; however, this needs to be further
investigated using in vitro and in vivo models that specifically mimic group 4 medulloblas-
tomas. Finally, a genome-wide gene enrichment analysis revealed several pathways that
can provide tractable therapeutic targets in this subgroup. Herein, the NOTCH pathway
was found to be overexpressed and to be closely related to prognosis [137]. In addition, the
expression of NOTCH was also found to be associated with that of several immune-related
effectors [137], hence suggesting a central role for this pathway in the survival of these
tumors and their interaction with the immune system. In fact, several previous studies
have highlighted the role of NOTCH signaling in regulating TAMs and mediating the
immune resistance of other cancer types [138–141]. Interestingly, the gamma-secretase
inhibitors (MK-0751, RO4929097), which hinder the cleavage of NOTCH intracellular do-
main (NICD) and its translocation to the nucleus to promote downstream effects, have
entered clinical trials as potential therapeutic agents for refractory pediatric central nervous
system tumors [142] (Figure 4). However, there are no dedicated studies that investigate
the efficacy of NOTCH inhibition in preclinical models of group 4 medulloblastoma yet.
In addition, other pharmacologic interventions that were predicted to be effective in this
subgroup of medulloblastoma based on gene enrichment analyses are those that inhibit
the estrogen-related receptor gamma (ESRRG), the JAK-STAT pathway, and members of
the nucleotide biosynthesis pathway, such as dihydrofolate reductase [137]. At any rate,
the efficacy of these modalities is also yet to be backed up by evidence from in vitro and
in vivo experiments.

Despite the relatively low research interest in this subgroup, some attempts were made
at characterizing the expression and roles of non-coding RNAs. In this context, the lnRNA
SPRIGHTLY was found to be overexpressed in this subgroup. Additionally, the knockdown
of SPRIGHTLY attenuated the proliferation of group 4 medulloblastoma cell lines and
patient-derived xenografts both in vitro and in vivo [143]. This suggests that targeting this
lnRNA might provide a compelling treatment avenue in group 4 medulloblastoma. More-
over, miR-592 was shown to play an oncogenic role in this subgroup through promoting
mTOR and MAPK signaling [144]. However, it remains unclear if targeting this miRNA
will produce favorable effects and whether it might offer a novel therapeutic approach.

4. Other Non-Specific Combination Therapies in Medulloblastoma

The concomitant deployment of therapeutic strategies could potentially offer a ground-
breaking approach to treating medulloblastoma more effectively and aggressively, espe-
cially in the pediatric population. Indeed, combination therapy has yielded sustained
and effective therapeutic solutions for other challenging cancer types. Here, we de-
tail possible empiric combination regimens that may yield novel therapeutic strategies
for medulloblastoma.

4.1. Targeting the PI3K/mTOR Pathway

Medulloblastomas and other malignant brain tumors are often associated with genetic
mutations and epigenetic modifications that activate the PI3K/AKT/mTOR signaling
pathway [145]. Activation of this pathway induces cell proliferation, migration, survival,
metabolism, growth, and angiogenesis, thus making it a potential target for novel medul-
loblastoma combination therapeutics [146,147]. Several papers in the literature have in-
vestigated combination therapy involving this pathway as a pharmacologic target. The
aberrant activation of the Hedgehog (HH) pathway along with the PI3K/mTOR pathway is
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frequently implicated in high-risk medulloblastoma. The roles of both HH and PI3K-mTOR
signaling pathways have been linked to cancer “stem” cells, which can contribute to drug
resistance in medulloblastoma. In this context it has been shown that vismodegib syner-
gized well with BEZ235, a PI3K/mTOR dual inhibitor, to delay tumor growth both in vivo
and in vitro [147]. Furthermore, this combination therapy sensitized cells to cisplatin, the
current standard of care for patients diagnosed with medulloblastoma.

Moreover, some researchers investigated the combination of ribociclib with PI3K/mTOR
inhibitors to investigate in vivo and in vitro efficacy [148]. However, their findings indi-
cated that while molecular analysis displayed increased activity in vitro, this therapeutic
strategy struggled to show in vivo enhanced survival or delay in tumor growth. Further in-
vestigations could show promising results on how CDK 4/6 inhibitors can be coupled with
PI3K inhibitors to significantly improve the survival of medulloblastoma-bearing mice.

HDAC inhibitors are another potential therapeutic option for medulloblastomas and
are particularly effective against established MYC-driven medulloblastoma cell lines and
patient-derived xenografts [4]. HDAC inhibitors have been shown to upregulate expression
of the FOXO1 tumor suppressor and they also work synergistically with PI3K/mTOR
inhibitors to reduce tumor growth [149]. Activation of the PI3K/AKT/mTOR pathway
results in phosphorylation of FOXO1 and prevents it from entering the nucleus [150],
providing a mechanistic explanation for the enhanced anti-tumor effect of HDAC inhibitor
and PI3K/mTOR inhibitor combination therapy [149,151].

4.2. Targeting Tyrosine Kinases

The receptor tyrosine kinase (RTK) family plays a crucial role in the development of
medulloblastoma. Inappropriate activation of proteins such as EGFR, PDGFR, and cMET
have been linked to the development and growth of medulloblastoma. Targeting RTK
pathways has emerged as a promising approach for developing novel therapeutics against
this type of tumor.

One unique therapeutic strategy aimed to leverage the role of epigenetics in medul-
loblastoma to develop a combination approach involving RTK inhibitors and HDAC/DNA
methyltransferase (DNMT) inhibitors [152]. Specifically, epigenetic modifiers may enhance
the expression of genes involved in tumor suppression and may synergistically work with
RTK inhibitors that promote tumor growth. HDAC inhibitors such as 4-phenylbutyrate
(4PB), suberoylanilide hydroxamic acid (SAHA), trichostatin A (TSA), and valproic acid
(VPA) and DNMT inhibitors such as 5-azacytidine (5-AZA) and 5-aza-2′-deoxycytidine
(5-AZA-CdR) were investigated [152]. These were combined with imatinib, a multi-kinase
inhibitor. The study found that combining certain RTK inhibitors with certain epigenetic
modifiers, such as SAHA and 5-AZA-CdR, resulted in a significant reduction in medul-
loblastoma cell growth compared to treatment with either agent alone. The combination
of small-molecule inhibitors of RTKs and epigenetic modifiers may be a promising ther-
apeutic approach for medulloblastoma. The potential of this therapeutic strategy was
corroborated by the combination of 4PB with gefitinib/vandetanib and showed similar
in vitro efficacy [153]. The researchers also observed changes in the expression of genes
involved in cell proliferation and DNA damage response, suggesting that the combination
of 4-PB and RTK inhibitors may have multiple targets in brain tumor cells [153]. Further
research is needed to determine the optimal combination of agents and to assess the safety
and efficacy of this approach in vivo [152,153].

The previously mentioned cMET is an RTK that is overexpressed in many human
cancers, including medulloblastoma, while focal adhesion kinase (FAK) family members
are involved in the regulation of cell adhesion, migration, and invasion. Previous litera-
ture has identified that cMET and FAK potentially cooperate in medulloblastoma. When
co-overexpressed in medulloblastoma cells, the two proteins formed a complex and coop-
erated to promote cell proliferation, migration, and invasion [148,154]. RNA interference
knockdown of cMET or FAK family members individually resulted in a partial reduction in
medulloblastoma cell growth, while knockdown of both cMET and FAK family members re-
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sulted in a significant reduction in cell growth. A combination of cMET and FAK inhibitors
resulted in a synergistic reduction in cell growth compared to treatment with either agent
alone in vitro. However, since an oral FAK inhibitor was not pharmaceutically available,
in vivo work utilizing this combination approach remains to be completed [148]. A recent
study investigating glioblastoma showed that temozolomide and radiation treatment re-
sulted in the cleavage of FAK, which was found to be mediated by caspase 3 [155]. Cleavage
of FAK disrupted its activity and prevented its ability to promote cell invasion. Future
work combining temozolomide/radiation with cMET inhibitors could be an interesting
therapeutic strategy that could translate these in vitro findings to in vivo models.

4.3. Targeting Vascular Endothelial Growth Factor

Tumor cells commonly overexpress vascular endothelial growth factor (VEGF), which
promotes angiogenesis and is associated with enhanced tumor invasiveness, metasta-
sis, and growth [156]. Gao et al. reported that miRNA-210, which has previously been
shown to regulate VEGF expression in other tumor environments [157], is also elevated in
medulloblastomas and may influence metastasis via regulation of VEGF expression [158].

The SHH pathway plays a critical role in the development of the cerebellum and is
frequently dysregulated in medulloblastoma [159]. A recent study published by Krushanov
et al. conducted an integrated molecular analysis of adult SHH-activated medulloblastomas
and identified two clinically relevant tumor subsets with distinct molecular features and
prognoses. The authors found that VEGFA expression was significantly upregulated in
one of the subsets and that high VEGFA expression was associated with poor clinical
outcomes. These findings suggest that VEGFA may serve as a potent prognostic indicator
and a potential therapeutic target for SHH-activated medulloblastomas [97]. In addition to
VEGFA, emerging evidence suggests that hypoxia-inducible factor 1 alpha (HIF-1α) may
also play a critical role in medulloblastoma pathogenesis. HIF-1α is a transcription factor
that regulates various cellular processes in response to hypoxic conditions and is frequently
overexpressed in solid tumors [160].

Since HIF-1α activates the expression of genes that promote angiogenesis (formation
of new blood vessels), metabolic adaptation, and cell survival under hypoxic conditions.
Inhibition of HIF-1α can disrupt these adaptive responses and can potentially induce
cell death or sensitize cancer cells to other treatments. Combination of VEGFA and HIF-
1α inhibitors could provide a synergistic combination therapy against medulloblastoma.
While both targets have been individually investigated, very little research has explored
the combination of these therapeutic strategies in medulloblastoma. Further research
is necessary to evaluate the efficacy of this combination therapy in clinical trials and to
identify biomarkers that can predict response to treatment.

4.4. Immunotherapy

Immunotherapy has been shown to be a promising approach for treating medul-
loblastoma, as it can induce long-lasting anti-tumor immune responses. Adoptive im-
munotherapy using chimeric antigen receptor (CAR) T-cells has shown encouraging results
in treating medulloblastoma and other brain tumors.

Recent studies have explored the potential of combining chemotherapy with im-
munotherapy to enhance the anti-tumor effects of both modalities [161]. Gemcitabine has
been shown to decrease the proliferation and viability of DAOY cells and also decreased the
expression of stem-cell-related genes in these cells. Next, this therapy was combined with
generated anti-tumor T-cells that had been exposed to DAOY medulloblastoma cell lines.
The combination treatment resulted in a significant reduction in tumor growth compared
to either treatment alone in a subcutaneous xenograft model.

Another strategy developed CAR T-cells that were pre-targeted to the EPHA2, HER2,
and IL 13-α2 receptors that are uniquely expressed in medulloblastoma. This strategy
was coupled with the methylation inhibitor azacytidine to understand the potential for
chemo-immunotherapy in targeting medulloblastoma [162]. These therapies were delivered
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intrathecally into mouse models of group 3 medulloblastoma. This study not only showed
evidence for the repeat local delivery of CAR-T cells into CSF spaces but also showed
that the combination of chemo-immunotherapy with trivalent CAR T-cells exhibited the
highest clinical efficacy in this murine model. Future work demonstrating how azacytidine
synergizes with CAR T-cells to promote an anti-tumor effect could help optimize therapy
and improve future combination regimens.

In addition to CAR T-cell therapy, the use of immunomodulating agents has attracted
wide interest in oncology research. This interest has been ignited by the discovery that
cancer cells induce the overexpression of immune checkpoint proteins, which attenuate
the immune response, on tumor infiltrating lymphocytes. Hence, immune checkpoint
inhibitors were investigated as anti-cancer agents, and they have shown considerable
efficacy against various solid tumors. This inspired testing their efficacy in the context of
CNS tumors, including medulloblastoma [163]. Specifically, preclinical experiments on
immune checkpoint blockade in SHH and group 3 medulloblastoma mouse models showed
a differential response between the two subgroups. Indeed, mice with group 3 medulloblas-
toma showed a significant survival benefit after treatment with anti-programmed death
1 (anti-PD1) antibodies compared to untreated mice, whereas mice with SHH-activated
medulloblastoma did not show a significant response to the same therapy. This differ-
ential response to immune-modulatory agents can be attributed to the distinct baseline
characteristics of the tumor microenvironment and immune infiltration profile of the two
subtypes [164]. In particular, the high expression of PD-1 on the lymphocytes of group 3
tumor suggests a greater reliance on the immunosuppressive function of immune check-
point proteins, and thus a greater susceptibility to agents blocking the actions of these
proteins [164]. Nevertheless, when it comes to clinical outcomes, conflicting results have
been reported by observational studies regarding the response of pediatric medulloblas-
toma to immune checkpoint blockade [165,166]. Hence, the results of the currently ongoing
phase II clinical trials (NCT03585465, NCT03173950) evaluating the efficacy of nivolumab in
recurrent CNS tumors should help resolve this debate and provide valuable insights regard-
ing the translational reproducibility of preclinical findings. Moreover, the new generation
of immune-modulating agents involves antibodies that are agonists to the costimulatory
pathways of immune cells [163]. For instance, APX005M, which is a monoclonal antibody
that activates the costimulatory surface protein CD40, is also being investigated as part
of a phase I clinical trial including pediatric patients with recurrent or refractory CNS
malignancies (NCT03389802).

5. Conclusions and Future Directions

This review highlighted how the development of medulloblastoma subtypes can be
tracked back to neuronal progenitors in the developing cerebellum. It also elaborated on
the unique genetic, epigenetic, transcriptional, and translational profiles of each group,
which have been excessively investigated and utilized for the design of efficacious targeted
therapies. Indeed, the development of such therapies has shown great promise for the
future of medulloblastoma treatment, and several agents have already entered clinical
trials and are in advanced stages of testing. Table 2 offers a summary of all registered
clinical trials that investigate molecular-targeted therapies in medulloblastoma. However,
despite the intriguing preclinical results that the studied agents have shown, treatment
resistance is not uncommon. Therefore, with the rapid emergence of such resistance to the
currently available targeted therapies and due to the long periods required for developing
and testing novel agents, the future of medulloblastoma therapeutics should focus more on
the upfront use of combination therapies. As shown in this review, combination therapies
can hinder the development and progression of medulloblastoma at different stages, thus
eliciting synergistic effects in tumor control and regression. At any rate, the current status
quo in studying and testing combination therapies in medulloblastoma is still suboptimal,
and further future efforts should be channeled into this avenue.

252



Cancers 2023, 15, 3889

T
a

b
le

2
.

Su
m

m
ar

y
of

co
nc

lu
de

d
an

d
on

go
in

g
cl

in
ic

al
tr

ia
ls

in
ve

st
ig

at
in

g
m

ol
ec

ul
ar

-t
ar

ge
te

d
ag

en
ts

in
m

ed
ul

lo
bl

as
to

m
a.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

S
M

O
in

h
ib

it
o

rs
So

ni
de

gi
b

(L
D

E-
22

5)

Bi
nd

s
to

th
e

tr
an

sm
em

br
an

e
po

rt
io

n
of

th
e

SM
O

pr
ot

ei
n

an
d

in
hi

bi
ts

do
w

ns
tr

ea
m

si
gn

al
in

g

N
C

T0
44

02
07

3
(P

er
so

M
ed

-I
)

Ph
as

e
II

C
om

pa
ra

ti
ve

R
an

do
m

iz
ed

A
du

lt
an

d
po

st
-p

ub
er

ta
l

pa
ti

en
ts

w
it

h
SH

H
-a

ct
iv

at
ed

m
ed

ul
lo

bl
as

to
m

a

So
ni

de
gi

b
an

d
re

du
ce

d
do

se
ra

di
ot

he
ra

py
R

ec
ru

it
in

g

N
C

T0
17

08
17

4
Ph

as
e

II
Si

ng
le

ar
m

Pe
di

at
ri

c
an

d
ad

ul
t

pa
ti

en
ts

w
it

h
re

la
ps

ed
SH

H
-a

ct
iv

at
ed

m
ed

ul
lo

bl
as

to
m

a

So
ni

de
gi

b

C
om

pl
et

ed
.R

es
ul

ts
av

ai
la

bl
e

on
C

lin
ic

al
Tr

ia
ls

.g
ov

(a
cc

es
se

d
on

24
Ju

ly
20

23
)

N
C

T0
12

08
83

1
Ph

as
e

I
D

os
e

es
ca

la
ti

on

A
du

lt
pa

ti
en

ts
w

it
h

ad
va

nc
ed

so
lid

tu
m

or
s

(i
nc

lu
di

ng
m

ed
ul

lo
bl

as
to

m
a)

So
ni

de
gi

b
C

om
pl

et
ed

.R
es

ul
ts

av
ai

la
bl

e
on

N
ov

ar
ti

s
w

eb
si

te

N
C

T0
11

25
80

0
Ph

as
e

I/
II

D
os

e
es

ca
la

ti
on

Pe
di

at
ri

c
an

d
ad

ul
t

pa
ti

en
ts

w
it

h
re

cu
rr

en
to

r
re

fr
ac

to
ry

SH
H

-a
ct

iv
at

ed
m

ed
ul

lo
bl

as
to

m
a

So
ni

de
gi

b
C

om
pl

et
ed

.R
es

ul
ts

pu
bl

is
he

d
[7

2]

N
C

T0
08

80
30

8
Ph

as
e

I
D

os
e

es
ca

la
ti

on

A
du

lt
pa

ti
en

ts
w

it
h

ad
va

nc
ed

so
lid

tu
m

or
s

(i
nc

lu
di

ng
m

ed
ul

lo
bl

as
to

m
a)

So
ni

de
gi

b
C

om
pl

et
ed

.R
es

ul
ts

pu
bl

is
he

d
[1

67
]

253



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

S
M

O
in

h
ib

it
o

rs
V

is
m

od
eg

ib
(G

D
C

-0
44

9)

Bi
nd

s
to

th
e

tr
an

sm
em

br
an

e
po

rt
io

n
of

th
e

SM
O

pr
ot

ei
n

an
d

in
hi

bi
ts

do
w

ns
tr

ea
m

si
gn

al
in

g

N
C

T0
18

78
61

7

Ph
as

e
II

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

Sk
el

et
al

ly
m

at
ur

e
pa

ti
en

ts
w

it
h

ne
w

ly
di

ag
no

se
d

st
an

da
rd

an
d

hi
gh

-r
is

k
SH

H
-a

ct
iv

at
ed

m
ed

ul
lo

bl
as

to
m

a

St
an

da
rd

ch
em

or
a-

di
ot

he
ra

py
w

it
h

ve
sm

od
eg

ib
ad

de
d

to
m

ai
nt

en
an

ce
th

er
ap

y

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

N
C

T0
16

01
18

4

Ph
as

e
I/

II
Pa

ra
lle

l
as

si
gn

m
en

t
R

an
do

m
iz

ed

A
du

lt
pa

ti
en

ts
w

it
h

re
cu

rr
en

to
r

re
fr

ac
to

ry
SH

H
-a

ct
iv

at
ed

m
ed

ul
lo

bl
as

to
m

as

V
is

m
od

eg
ib

pl
us

te
m

oz
ol

om
id

e
ve

rs
us

te
m

oz
ol

om
id

e
al

on
e

Te
rm

in
at

ed
(n

um
be

r
of

su
cc

es
se

s
no

tr
ea

ch
ed

)

N
C

T0
12

08
83

1
PB

TC
-0

32
Ph

as
e

II
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
cu

rr
en

to
r

re
fr

ac
to

ry
m

ed
ul

lo
bl

as
to

m
a

w
it

ho
ut

(s
tr

at
um

A
)

or
w

it
h

(S
tr

at
um

B)
SH

H
ac

ti
va

ti
on

V
is

m
od

eg
ib

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[7

1]

N
C

T0
09

39
48

4
PB

TC
-0

25
B

Ph
as

e
II

Si
ng

le
gr

ou
p

A
du

lt
pa

ti
en

ts
w

it
h

re
cu

rr
en

to
r

re
fr

ac
to

ry
m

ed
ul

lo
bl

as
to

m
a

w
it

ho
ut

(s
tr

at
um

A
)

or
w

it
h

(S
tr

at
um

B)
SH

H
ac

ti
va

ti
on

V
is

m
od

eg
ib

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[7

1]

N
C

T0
08

22
45

8
PB

TC
-0

25
Ph

as
e

I
D

os
e

fin
di

ng

Yo
un

g
pa

ti
en

ts
w

it
h

re
cu

rr
en

to
r

re
fr

ac
to

ry
m

ed
ul

lo
bl

as
to

m
a

V
is

m
od

eg
ib

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[7

0]

254



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

S
M

O
in

h
ib

it
o

rs

Ta
la

de
gi

b
(E

N
V

-1
01

)

Bi
nd

s
to

th
e

tr
an

sm
em

br
an

e
po

rt
io

n
of

th
e

SM
O

pr
ot

ei
n

an
d

in
hi

bi
ts

do
w

ns
tr

ea
m

si
gn

al
in

g

N
C

T
05

19
95

84

Ph
as

e
II

Pa
ra

lle
l

as
si

gn
m

en
t

R
an

do
m

iz
ed

A
du

lt
pa

ti
en

ts
w

it
h

re
fr

ac
to

ry
ad

va
nc

ed
so

lid
tu

m
or

s
(i

nc
lu

di
ng

m
ed

ul
lo

bl
as

to
m

a)
w

it
h

lo
ss

of
fu

nc
ti

on
m

ut
at

io
ns

in
th

e
PT

C
H

1
ge

ne

Ta
la

de
gi

b
R

ec
ru

it
in

g

N
C

T0
16

97
51

4
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
re

fr
ac

to
ry

m
ed

ul
lo

bl
as

to
m

a
or

rh
ab

do
m

yo
sa

rc
om

a

Ta
la

de
gi

b
W

it
hd

ra
w

n
(p

oo
r

re
cr

ui
tm

en
t)

Z
SP

16
02

SM
O

an
ta

go
ni

st
(s

pe
ci

fic
m

ec
ha

ni
sm

no
t

kn
ow

n)

N
C

T0
37

34
91

3

Ph
as

e
I

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

A
du

lt
pa

ti
en

ts
w

it
h

ad
va

nc
ed

so
lid

tu
m

or
s

Z
SP

16
02

U
nk

no
w

n
(l

as
t

up
da

te
in

Ju
ly

20
20

w
as

re
cr

ui
ti

ng
)

LE
Q

50
6

Se
co

nd
ge

ne
ra

ti
on

SM
O

an
ta

go
ni

st
(s

pe
ci

fic
m

ec
ha

ni
sm

no
t

kn
ow

n)
[1

68
]

N
C

T0
11

06
50

8
Ph

as
e

I
D

os
e

fin
di

ng

A
du

lt
pa

ti
en

ts
w

it
h

ad
va

nc
ed

so
lid

tu
m

or
s

LE
Q

50
6

C
om

pl
et

ed
.R

es
ul

ts
av

ai
la

bl
e

on
N

ov
ar

ti
s

w
eb

si
te

G
L

I
in

h
ib

it
o

rs

A
TO

D
ir

ec
ti

nh
ib

it
or

of
G

LI
N

C
T0

00
24

25
8

Ph
as

e
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
an

d
ad

ul
t

pa
ti

en
ts

w
it

h
ne

ur
ob

la
st

om
a

an
d

ot
he

r
pe

di
at

ri
c

so
lid

tu
m

or
s

(n
on

m
ye

lo
id

an
d

no
nl

ym
ph

oi
d)

A
TO

C
om

pl
et

ed
.R

es
ul

ts
av

ai
la

bl
e

on
C

lin
ic

al
Tr

ai
al

.g
ov

(a
cc

es
se

d
on

24
Ju

ly
20

23
)

Si
lm

it
as

er
ti

b
(C

X
-4

94
5)

C
K

2
an

ta
go

ni
st

th
at

re
du

ce
s

th
e

tr
an

sc
ri

pt
io

n
of

G
LI

ge
ne

s

N
C

T0
39

04
86

2

Ph
as

e
I/

II
Pa

ra
lle

l
as

si
gn

m
en

t
N

on
-r

an
do

m
iz

ed

Sk
el

et
al

ly
im

m
at

ur
e

(p
ha

se
I)

an
d

sk
el

et
al

ly
m

at
ur

e
(p

ha
se

II
)p

at
ie

nt
s

w
it

h
re

cu
rr

en
t

SH
H

-a
ct

iv
at

ed
m

ed
ul

lo
bl

as
to

m
as

Si
lm

it
as

er
ti

b
w

it
h

or
w

it
ho

ut
su

rg
ic

al
re

se
ct

io
n

R
ec

ru
it

in
g

255



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

H
D

A
C

in
h

ib
it

o
rs

Vo
ri

no
st

at
In

hi
bi

to
r

of
cl

as
s

I
an

d
II

H
D

A
C

s

N
C

T0
10

76
53

0
Ph

as
e

I
Si

ng
le

gr
ou

p

Yo
un

g
pa

ti
en

ts
w

it
h

re
la

ps
ed

or
re

fr
ac

to
ry

pr
im

ar
y

C
N

S
tu

m
or

s

Vo
ri

no
st

at
pl

us
te

m
oz

ol
om

id
e

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[1

69
]

N
C

T0
09

94
50

0
Ph

as
e

I
Si

ng
le

gr
ou

p

Yo
un

g
pa

ti
en

ts
w

it
h

re
fr

ac
to

ry
or

re
cu

rr
en

ts
ol

id
tu

m
or

s
(i

nc
lu

di
ng

m
ed

ul
lo

bl
as

to
m

a)

Vo
ri

no
st

at
an

d
Bo

rt
ez

om
ib

(u
bi

qu
it

in
-

pr
ot

eo
so

m
e

pa
th

w
ay

in
hi

bi
to

r)

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[1

70
]

N
C

T0
08

67
17

8
Ph

as
e

I
Si

ng
le

gr
ou

p

Yo
un

ge
r

pa
ti

en
ts

w
it

h
ne

w
ly

di
ag

no
se

d
C

N
S

em
br

yo
na

lt
um

or
s

A
dd

in
g

vo
ri

no
st

at
an

d
is

ot
re

ti
no

in
to

in
du

ct
io

n
ch

em
ot

he
ra

py
(c

is
pl

at
in

,
et

op
os

id
e,

vi
nc

ri
st

in
e,

cy
-

cl
op

ho
sp

ha
m

id
e)

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[1

71
]

N
C

T0
02

17
41

2

Ph
as

e
I

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

Yo
un

g
pa

ti
en

ts
w

it
h

re
cu

rr
en

to
r

re
fr

ac
to

ry
so

lid
tu

m
or

s
(i

nc
lu

di
ng

m
ed

ul
lo

bl
as

to
m

a)
,

ly
m

ph
om

a,
or

le
uk

em
ia

Vo
ri

no
st

at
pl

us
is

ot
re

ti
no

in

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[1

72
]

Pa
no

bi
no

st
at

(M
TX

11
0)

Pa
n-

H
D

A
C

in
hi

bi
to

r
N

C
T0

43
15

06
4

Ph
as

e
I

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
an

d
ad

ul
t

pa
ti

en
ts

w
it

h
re

cu
rr

en
t

m
ed

ul
lo

bl
as

to
m

a

In
fu

si
on

s
of

Pa
no

bi
no

st
at

in
to

th
e

fo
ur

th
ve

nt
ri

cl
e

of
th

e
br

ai
n

or
tu

m
or

re
se

ct
io

n
ca

vi
ty

R
ec

ru
it

in
g

256



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

H
D

A
C

in
h

ib
it

o
rs

Fi
m

ep
in

os
ta

t
Pa

n-
H

D
A

C
an

d
PI

3K
in

hi
bi

to
r

N
C

T0
38

93
48

7
PN

O
C

01
6

Ph
as

e
I

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
an

d
ad

ul
t

pa
ti

en
ts

w
it

h
ne

w
ly

di
ag

no
se

d
D

IP
G

,
re

cu
rr

en
t

m
ed

ul
lo

bl
as

to
m

a
(a

ny
su

bt
yp

e)
,o

r
re

cu
rr

en
th

ig
h-

gr
ad

e
gl

io
m

a

Fi
m

ep
in

os
ta

t2
da

ys
pr

eo
pe

ra
ti

ve
ly

fo
llo

w
ed

by
su

rg
ic

al
re

se
ct

io
n,

th
en

m
ai

nt
en

an
ce

w
it

h
fim

ep
in

os
ta

t

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

R
om

id
ep

si
n

(F
R

90
12

28
)

H
D

A
C

in
hi

bi
to

r
N

C
T0

00
53

96
3

Ph
as

e
I

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
fr

ac
to

ry
or

re
cu

rr
en

ts
ol

id
tu

m
or

s

R
om

id
ep

si
n

C
om

pl
et

ed
.R

es
ul

ts
no

ta
va

ila
bl

e

C
e

ll
cy

cl
e

-d
is

ru
p

ti
n

g
a

g
e

n
ts

Pr
ex

as
er

ti
b

(L
Y

26
06

36
8)

C
he

ck
po

in
t

ki
na

se
s

1
an

d
2

(C
H

K
1/

2)
in

hi
bi

to
r

N
C

T0
40

23
66

9
(S

t.
Ju

de
EL

IO
T)

Ph
as

e
I

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

Pe
di

at
ri

c
an

d
ad

ul
t

(u
p

to
24

ye
ar

s
ol

d)
pa

ti
en

ts
w

it
h

re
fr

ac
to

ry
or

re
cu

rr
en

t
SH

H
-a

ct
iv

at
ed

,
gr

ou
p

3,
or

gr
ou

p
4

m
ed

ul
lo

bl
as

to
m

a

Pr
ex

as
er

ti
b

in
co

m
bi

na
ti

on
w

it
h

cy
cl

op
ho

s-
ph

am
id

e
(a

ll
th

re
e

su
bt

yp
es

)o
r

ge
m

ci
ta

bi
ne

(o
nl

y
gr

ou
ps

3
an

d
4)

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

Pa
lb

oc
ic

lib
C

D
K

4/
6

in
hi

bi
to

r
N

C
T0

37
09

68
0

Ph
as

e
I-

D
os

e
es

ca
la

ti
on

Ph
as

e
II

-R
an

do
m

iz
ed

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
fr

ac
to

ry
or

re
cu

rr
en

ts
ol

id
tu

m
or

s
(i

nc
lu

di
ng

m
ed

ul
lo

bl
as

to
m

a)

Pa
lb

oo
ci

cl
ib

co
m

bi
ne

d
w

it
h

ch
em

ot
he

ra
py

(t
em

oz
ol

om
id

e
pl

us
ir

in
ot

ec
an

or
to

po
te

ca
n

pl
us

cy
-

cl
op

ho
sp

ha
m

id
e)

R
ec

ru
it

in
g

257



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

C
e

ll
cy

cl
e

-d
is

ru
p

ti
n

g
a

g
e

n
ts

Pa
lb

oc
ic

lib
C

D
K

4/
6

in
hi

bi
to

r

N
C

T0
35

26
25

0
(S

ub
pr

ot
oc

ol
of

th
e

N
C

I-
C

O
G

Pe
di

at
ri

c
M

A
TC

H
tr

ia
l)

Ph
as

e
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
la

ps
ed

or
re

fr
ac

to
ry

R
b-

po
si

ti
ve

so
lid

tu
m

or
s

no
n-

H
od

gk
in

ly
m

ph
om

a,
or

hi
st

io
cy

ti
c

di
so

rd
er

s
w

it
h

ac
ti

va
ti

ng
al

te
ra

ti
on

s
in

ce
ll

cy
cl

e
ge

ne
s

Pa
lb

oc
ic

lib
A

ct
iv

e,
no

t
re

cr
ui

ti
ng

N
C

T0
22

55
46

1
(P

BT
C

-0
42

)
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

R
b-

po
si

ti
ve

re
cu

rr
en

t,
pr

og
re

ss
iv

e,
or

re
fr

ac
to

ry
pr

im
ar

y
C

N
S

tu
m

or
s.

Pa
lb

oc
ic

lib
C

om
pl

et
ed

.
Pu

bl
is

he
d

re
su

lt
s

[1
08

]

R
ib

oc
ic

lib
(L

EE
01

1)
C

D
K

4/
6

in
hi

bi
to

r
N

C
T0

54
29

50
2

Ph
as

e
I/

II
Pa

ra
lle

l
as

si
gn

m
en

t
R

an
do

m
iz

ed

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
la

ps
ed

or
re

fr
ac

to
ry

so
lid

tu
m

or
s

R
ib

oc
ic

lib
co

m
bi

ne
d

w
it

h
to

po
te

ca
n

an
d

te
m

oz
ol

om
id

e

R
ec

ru
it

in
g

258



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

C
e

ll
cy

cl
e

-d
is

ru
p

ti
n

g
a

g
e

n
ts

R
ib

oc
ic

lib
(L

EE
01

1)
C

D
K

4/
6

in
hi

bi
to

r

N
C

T0
34

34
26

2
(S

JD
A

W
N

)

Ph
as

e
I

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

Pe
di

at
ri

c
an

d
ad

ul
t

pa
ti

en
ts

w
it

h
re

fr
ac

to
ry

or
re

cu
rr

en
tb

ra
in

tu
m

or
s

St
ra

tu
m

A
:

ri
bo

ci
cl

ib
an

d
ge

m
ci

ta
bi

ne
fo

r
pa

ti
en

ts
w

it
h

re
-

cu
rr

en
t/

re
fr

ac
to

ry
gr

ou
p

3/
4

m
ed

ul
lo

bl
as

to
m

a
or

ep
en

dy
m

om
a

St
ra

tu
m

B:
ri

bo
ci

cl
ib

an
d

tr
am

et
in

ib
fo

r
re

-
cu

rr
en

t/
re

fr
ac

to
ry

W
N

T-
ac

ti
va

te
d

or
SH

H
-a

ct
iv

at
ed

m
ed

ul
lo

bl
as

to
m

a
an

d
ot

he
r

C
N

S
tu

m
or

s
St

ra
tu

m
C

:
ri

bo
ci

cl
ib

an
d

so
ni

de
gi

b
fo

r
sk

el
et

al
ly

m
at

ur
e

pa
ti

en
ts

w
it

h
re

-
cu

rr
en

t/
re

fr
ac

to
ry

SH
H

-a
ct

iv
at

ed
m

ed
ul

lo
bl

as
to

m
a

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

N
C

T0
33

87
02

0
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
cu

rr
en

t,
pr

og
re

ss
iv

e,
or

re
fr

ac
to

ry
C

N
S

tu
m

or
s

R
ib

oc
ic

lib
an

d
ev

er
ol

im
us

(m
TO

R
in

hi
bi

to
r)

C
om

pl
et

ed
.

Pu
bl

is
he

d
re

su
lt

s
[1

73
]

A
be

m
ac

ic
lib

C
D

K
4/

6
in

hi
bi

to
r

N
C

T
04

23
88

19
Ph

as
e

I
D

os
e

es
ca

la
ti

on

Pe
di

at
ri

c
pa

ti
en

ts
w

it
h

re
cu

rr
en

to
r

re
fr

ac
to

ry
so

lid
tu

m
or

s

A
be

m
ac

ic
lib

co
m

bi
ne

d
w

it
h

te
m

oz
ol

om
id

e
al

on
e

or
w

it
h

ir
in

ot
ec

an
an

d
te

m
oz

ol
om

id
e

R
ec

ru
it

in
g

259



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

T
y

ro
si

n
e

k
in

a
se

in
h

ib
it

o
rs

(T
K

Is
)

A
pa

ti
ni

b

TK
It

ha
tb

lo
ck

s
th

e
ac

tiv
ity

of
va

sc
ul

ar
en

do
th

el
ia

l
gr

ow
th

fa
ct

or
re

ce
pt

or
2

(V
EG

FR
2)

N
C

T0
45

01
71

8
Ph

as
e

II
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
t

m
ed

ul
lo

bl
as

to
m

a

A
pa

ti
ni

b
co

m
bi

ne
d

w
it

h
te

m
oz

ol
om

id
e

an
d

et
op

os
id

e

R
ec

ru
it

in
g

Vo
lit

in
ib

TK
It

ha
tb

lo
ck

s
cM

ET
si

gn
al

in
g

N
C

T0
35

98
24

4
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

fr
ac

to
ry

,p
ro

gr
es

si
ve

,
or

re
cu

rr
en

tp
ri

m
ar

y
C

N
S

tu
m

or
s

Vo
lit

in
ib

R
ec

ru
it

in
g

Er
da

fit
in

ib
TK

It
ha

tb
lo

ck
s

fib
ro

bl
as

tg
ro

w
th

fa
ct

or
re

ce
pt

or

N
C

T0
32

10
71

4
(S

ub
pr

ot
oc

ol
of

th
e

N
C

I-
C

O
G

Pe
di

at
ri

c
M

A
TC

H
tr

ia
l)

Ph
as

e
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
tu

m
or

s
no

n-
H

od
gk

in
ly

m
ph

om
a,

or
hi

st
io

cy
ti

c
di

so
rd

er
s

w
it

h
FG

FR
m

ut
at

io
ns

Er
da

fit
in

ib
A

ct
iv

e,
no

t
re

cr
ui

ti
ng

En
tr

ec
ti

ni
b

(R
xd

x-
10

1)

TK
It

ha
tb

lo
ck

s
th

e
ac

ti
vi

ty
of

tr
op

om
yo

si
n

re
ce

pt
or

ki
na

se
s,

R
O

S1
,a

nd
A

LK

N
C

T0
26

50
40

1
Ph

as
e

I/
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
lo

ca
lly

ad
va

nc
ed

,
m

et
as

ta
ti

c,
or

re
fr

ac
to

ry
so

lid
or

pr
im

ar
y

C
N

S
tu

m
or

s

En
tr

ec
ti

ni
b

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

A
da

vo
se

rt
ib

(M
K

-1
77

5)
TK

It
ha

tb
lo

ck
th

e
ac

ti
vi

ty
of

W
EE

1
N

C
T0

20
95

13
2

Ph
as

e
I/

II
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
tu

m
or

s

A
da

vo
se

rt
ib

co
m

bi
ne

d
w

it
h

ir
in

ot
ec

an

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

C
ed

ir
an

ib
(A

Z
D

-2
17

1)
TK

It
ha

tb
lo

ck
s

th
e

ac
ti

vi
ty

of
V

EG
F

N
C

T0
03

26
66

4
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
t,

pr
og

re
ss

iv
e,

or
re

fr
ac

to
ry

pr
im

ar
y

C
N

S
tu

m
or

s

C
ed

ir
an

ib
C

om
pl

et
ed

.
Pu

bl
is

he
d

re
su

lt
s

[1
74

]

260



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

T
y

ro
si

n
e

k
in

a
se

in
h

ib
it

o
rs

(T
K

Is
)

La
pa

ti
ni

b

D
ua

lT
K

It
ha

t
bl

oc
ks

ep
id

er
m

al
gr

ow
th

fa
ct

or
re

ce
pt

or
an

d
H

ER
2

si
gn

al
in

g

N
C

T0
00

95
94

0
Ph

as
e

I/
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
re

fr
ac

to
ry

C
N

S
tu

m
or

s
La

pa
ti

ni
b

C
om

pl
et

ed
.

R
es

ul
ts

av
ai

la
bl

e
on C

lin
ic

al
Tr

ia
ls

.g
ov

(a
cc

es
se

d
on

24
Ju

ly
20

23
)

A
n

ti
a

n
g

io
g

e
n

ic
fa

ct
o

rs

Po
m

al
id

om
id

e

D
ec

re
as

es
th

e
co

nc
en

tr
at

io
ns

of
V

EG
F

an
d

H
IF

1α
.

In
cr

ea
se

s
th

e
pr

od
uc

ti
on

of
im

m
un

e-
st

im
ul

at
or

y
cy

to
ki

ne
s

N
C

T0
32

57
63

1
Ph

as
e

II
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
pr

og
re

ss
iv

e
pr

im
ar

y
br

ai
n

tu
m

or
s

Po
m

al
id

om
id

e
C

om
pl

et
ed

.
Pu

bl
is

he
d

re
su

lt
s

[1
75

]

Be
va

ci
zu

m
ab

an
d

ot
he

r
dr

ug
s

(m
ul

ti
dr

ug
)

Be
va

ci
zu

m
ab

is
a

m
on

oc
lo

na
l

an
ti

bo
dy

th
at

bi
nd

s
V

EG
F.

Th
al

id
om

id
e,

ce
le

co
xi

b,
an

d
fe

no
fib

ra
te

al
so

ha
ve

an
ti

an
gi

og
en

ic
ef

fe
ct

s
[1

76
]

N
C

T0
13

56
29

0
Ph

as
e

II
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
pr

og
re

ss
iv

e
m

ed
ul

lo
bl

as
to

m
a,

ep
en

dy
m

om
a,

or
A

TR
T.

Be
va

ci
zu

m
ab

in
co

m
bi

na
ti

on
w

it
h

5
or

al
dr

ug
s

(t
ha

lid
om

id
e,

ce
le

co
xi

b,
fe

no
fib

ra
te

,
et

op
os

id
e,

an
d

cy
-

cl
op

ho
sp

ha
m

id
e)

R
ec

ru
it

in
g

PT
C

-2
99

Ta
rg

et
s

V
EG

F
m

R
N

A
an

d
in

hi
bi

ts
th

ei
r

tr
an

sl
at

io
n

N
C

T0
11

58
30

0
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
re

fr
ac

to
ry

pr
im

ar
y

C
N

S
tu

m
or

s
PT

C
-2

99
C

om
pl

et
ed

.
Pu

bl
is

he
d

re
su

lt
s

[1
77

]

C
ile

ng
it

id
e

In
te

gr
in

an
ta

go
ni

st
th

at
di

sr
up

ts
en

do
th

el
ia

l
in

te
ra

ct
io

ns

N
C

T0
00

63
97

3
PB

TC
-0

12
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

fr
ac

to
ry

pr
im

ar
y

br
ai

n
tu

m
or

s
C

ile
ng

it
id

e
C

om
pl

et
ed

.
Pu

bl
is

he
d

re
su

lt
s

[1
78

]

261



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

Im
m

u
n

o
m

o
d

u
la

to
ry

a
g

e
n

ts

N
iv

ol
um

ab

M
on

oc
lo

na
l

an
ti

bo
dy

ag
ai

ns
t

th
e

im
m

un
e

ch
ec

kp
oi

nt
pr

ot
ei

n
pr

og
ra

m
m

ed
de

at
h

1
(P

D
1)

N
C

T
03

58
54

65

Ph
as

e
I/

II
Pa

ra
lle

l
as

si
gn

m
en

t
R

an
do

m
iz

ed

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
tu

m
or

s

N
iv

ol
um

ab
co

m
bi

ne
d

w
it

h
cy

-
cl

op
ho

sp
ha

m
id

e
an

d
vi

nb
la

st
in

e
(A

rm
A

),
ca

pe
ci

ta
bi

ne
(A

rm
B)

,o
r

m
et

ro
no

m
ic

ch
em

ot
he

ra
py

(M
et

ro
no

m
ic

+
N

iv
ol

um
ab

ar
m

)

R
ec

ru
it

in
g

N
C

T0
31

73
95

0

Ph
as

e
II

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

A
du

lt
pa

ti
en

ts
w

it
h

re
cu

rr
en

ts
el

ec
tr

ar
e

C
N

S
ca

nc
er

s
(i

nc
lu

di
ng

m
ed

ul
lo

bl
as

to
m

a)

N
iv

ol
um

ab
R

ec
ru

it
in

g

Pe
m

br
ol

iz
am

ab

M
on

oc
lo

na
l

an
ti

bo
dy

ag
ai

ns
t

th
e

im
m

un
e

ch
ec

kp
oi

nt
pr

ot
ei

n
PD

1

N
C

T0
23

59
56

5
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
t,

pr
og

re
ss

iv
e,

or
re

fr
ac

to
ry

hi
gh

-g
ra

de
gl

io
m

as
,

D
IP

G
s,

hy
pe

rm
ut

at
ed

br
ai

n
tu

m
or

s,
ep

en
dy

m
om

a,
or

m
ed

ul
lo

bl
as

to
m

a

Pe
m

br
ol

iz
um

ab
R

ec
ru

it
in

g

C
em

ip
lim

ab
(R

EG
N

28
10

)

M
on

oc
lo

na
l

an
ti

bo
dy

ag
ai

ns
t

th
e

im
m

un
e

ch
ec

kp
oi

nt
pr

ot
ei

n
PD

1

N
C

T0
36

90
86

9
Ph

as
e

I
Pe

di
at

ri
c

pa
tie

nt
s

w
ith

re
la

ps
ed

or
re

fr
ac

to
ry

so
lid

or
C

N
S

tu
m

or
s

C
em

ip
lim

ab
R

ec
ru

it
in

g

262



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

Im
m

u
n

o
m

o
d

u
la

to
ry

a
g

e
n

ts

In
do

xi
m

od

In
hi

bi
to

r
of

th
e

im
m

un
e-

su
pp

re
ss

iv
e

en
zy

m
e

In
do

le
am

in
e-

2,
3-

di
ox

yg
en

as
e

(I
D

O
)

N
C

T0
51

06
29

6
Ph

as
e

I
Si

ng
le

gr
ou

p

Pa
ti

en
ts

ag
ed

12
–2

5
ye

ar
s

w
it

h
pe

di
at

ri
c

br
ai

n
tu

m
or

s

In
do

xi
m

od
co

m
bi

ne
d

w
it

h
ib

ru
ti

ni
b

(B
ru

to
n’

s
ty

ro
si

ne
ki

sa
se

in
hi

bi
to

r,
an

d
ch

em
or

ad
io

th
er

-
ap

y

R
ec

ru
it

in
g

N
C

T0
40

49
66

9
Ph

as
e

II
C

ro
ss

ov
er

N
on

-r
an

do
m

iz
ed

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
br

ai
n

tu
m

or
s

or
ne

w
ly

di
ag

no
se

d
D

IP
G

In
do

xi
m

od
ad

m
in

is
te

re
d

du
ri

ng
ch

em
ot

he
ra

py
an

d/
or

ra
di

at
io

n
th

er
ap

y

R
ec

ru
it

in
g

N
C

T0
25

02
70

8

Ph
as

e
I

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
pr

og
re

ss
iv

e
pr

im
ar

y
br

ai
n

tu
m

or
s

In
do

xi
m

od
in

co
m

bi
na

ti
on

w
it

h
te

m
oz

ol
om

id
e-

ba
se

d
ch

em
ot

he
ra

py

C
om

pl
et

ed
.N

o
re

su
lt

s
av

ai
la

bl
e

So
ti

ga
lim

ab
(A

PX
00

5M
)

C
D

40
ag

on
is

tt
ha

t
ac

ti
va

te
s

an
ti

ge
n-

pr
es

en
ti

ng
ce

lls

N
C

T0
33

89
80

2
Ph

as
e

I
Se

qu
en

ti
al

N
on

-r
an

do
m

iz
ed

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
t,

pr
og

re
ss

iv
e,

or
re

fr
ac

to
ry

pr
im

ar
y

m
al

ig
na

nt
C

N
S

tu
m

or

So
ti

ga
lim

ab
A

ct
iv

e,
no

t
re

cr
ui

ti
ng

E
Z

H
2

in
h

ib
it

o
rs

Ta
ze

m
os

ta
t

EZ
H

2
in

hi
bi

to
r

N
C

T0
32

13
66

5
(S

ub
pr

ot
oc

ol
of

th
e

N
C

I-
C

O
G

Pe
di

at
ri

c
M

A
TC

H
tr

ia
l)

Ph
as

e
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
tu

m
or

s,
no

n-
H

od
gk

in
ly

m
ph

om
a,

or
hi

st
io

cy
ti

c
di

so
rd

er
s

w
it

h
ga

in
of

fu
nc

ti
on

m
ut

at
io

ns
in

EZ
H

2
or

lo
ss

of
fu

nc
ti

on
m

ut
at

io
ns

in
SM

A
R

C
B1

or
SM

A
R

C
A

4

Ta
ze

m
os

ta
t

A
ct

iv
e,

no
t

re
cr

ui
ti

ng

263



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

P
I3

K
/m

T
O

R
in

h
ib

it
o

rs

Sa
m

ot
ol

is
ib

(L
Y

30
23

41
4)

D
ua

lP
I3

K
an

d
m

TO
R

in
hi

bi
to

r

N
C

T0
32

13
67

8
(S

ub
pr

ot
oc

ol
of

th
e

N
C

I-
C

O
G

Pe
di

at
ri

c
M

A
TC

H
tr

ia
l)

Ph
as

e
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
tu

m
or

s,
no

n-
H

od
gk

in
ly

m
ph

om
a,

or
hi

st
io

cy
ti

c
di

so
rd

er
s

w
it

h
TS

C
lo

ss
of

fu
nc

ti
on

m
ut

at
io

ns
,

an
d/

or
ot

he
r

PI
3K

/m
TO

R
ac

ti
va

ti
ng

m
ut

at
io

ns

Sa
m

ot
ol

is
ib

R
ec

ru
it

in
g

Si
ro

lim
us

m
TO

R
in

hi
bi

to
r

N
C

T0
25

74
72

8
Ph

as
e

II
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
or

C
N

S
tu

m
or

s

Si
ro

lim
us

in
co

m
bi

na
ti

on
w

it
h

m
et

ro
no

m
ic

ch
em

ot
he

ra
py

R
ec

ru
it

in
g

B
R

D
in

h
ib

it
o

rs
BM

S-
98

61
58

an
d

BM
S-

98
63

78

BR
D

in
hi

bi
to

rs
th

at
pr

ev
en

tt
he

in
te

ra
ct

io
n

be
tw

ee
n

BE
T

pr
ot

ei
ns

an
d

hi
st

on
es

N
C

T0
39

36
46

5

Ph
as

e
I

Pa
ra

lle
l

as
si

gn
m

en
t

N
on

-r
an

do
m

iz
ed

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

pr
og

re
ss

iv
e

so
lid

or
C

N
S

tu
m

or
s

BM
S-

98
61

58
or

BM
S-

98
63

78
as

m
on

ot
he

ra
pi

es
R

ec
ru

it
in

g

G
a

m
m

a
se

cr
e

ta
se

in
h

ib
it

o
rs

R
O

49
29

09
7

Bl
oc

ks
th

e
cl

ea
va

ge
of

N
ot

ch
in

tr
ac

el
lu

la
r

do
m

ai
n

(N
IC

D
)

an
d

it
s

tr
an

sl
oc

at
io

n
to

th
e

nu
cl

eu
s

to
in

du
ce

th
e

ex
pr

es
si

on
of

N
ot

ch
pa

th
w

ay
ef

fe
ct

or
ge

ne
s

N
C

T0
10

88
76

3
Ph

as
e

I/
II

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
so

lid
tu

m
or

s,
C

N
S

tu
m

or
s,

ly
m

ph
om

a,
or

T-
ce

ll
le

uk
em

ia

R
O

49
29

09
7

Te
rm

in
at

ed

264



Cancers 2023, 15, 3889

T
a

b
le

2
.

C
on

t.

G
ro

u
p

A
g

e
n

t
M

e
ch

a
n

is
m

o
f

A
ct

io
n

T
ri

a
ls

T
y

p
e

/D
e

si
g

n
P

o
p

u
la

ti
o

n
In

te
rv

e
n

ti
o

n
S

ta
tu

s

G
a

m
m

a
se

cr
e

ta
se

in
h

ib
it

o
rs

M
K

07
52

Bl
oc

ks
th

e
cl

ea
va

ge
of

N
ot

ch
in

tr
ac

el
lu

la
r

do
m

ai
n

(N
IC

D
)a

nd
it

s
tr

an
sl

oc
at

io
n

to
th

e
nu

cl
eu

s
to

in
du

ce
th

e
ex

pr
es

si
on

of
N

ot
ch

pa
th

w
ay

ef
fe

ct
or

ge
ne

s

N
C

T0
05

72
18

2
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
re

fr
ac

to
ry

C
N

S
tu

m
or

s
M

K
07

52
Te

rm
in

at
ed

du
e

to
di

sc
on

ti
nu

ed
fin

an
ci

al
su

pp
or

t

JA
K

/S
T

A
T

in
h

ib
it

o
rs

W
P1

06
6

JA
K

2/
ST

A
T3

pa
th

w
ay

in
hi

bi
to

r
N

C
T0

43
34

86
3

Ph
as

e
I

Si
ng

le
gr

ou
p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
pr

og
re

ss
iv

e
m

al
ig

na
nt

br
ai

n
tu

m
or

s

W
P1

06
6

C
om

pl
et

ed
.N

o
re

su
lt

s
av

ai
la

bl
e

O
th

e
rs

TB
-4

03

M
on

oc
lo

na
l

an
ti

bo
dy

ag
ai

ns
t

pl
ac

en
ta

lg
ro

w
th

fa
ct

or
(P

IG
F)

N
C

T0
27

48
13

5
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

la
ps

ed
or

re
fr

ac
to

ry
m

ed
ul

lo
bl

as
to

m
a,

ne
ur

ob
la

st
om

a,
Ew

in
g

sa
rc

om
a,

an
d

al
ve

ol
ar

rh
ab

do
m

yo
sa

rc
om

a

TB
-4

03
C

om
pl

et
ed

.
Pu

bl
is

he
d

re
su

lt
s

[1
79

]

M
eb

en
da

zo
le

A
nt

ip
ar

as
it

ic
dr

ug
th

at
ha

s
be

en
sh

ow
n

to
ha

ve
an

ti
-p

ro
lif

er
at

iv
e

an
d

pr
oa

po
pt

ot
ic

ro
le

s
in

se
ve

ra
l

ca
nc

er
ty

pe
s

vi
a

it
s

ab
ili

ty
to

m
od

ul
at

e
se

ve
ra

lo
nc

og
en

ic
pa

th
w

ay
s

(i
nc

lu
di

ng
SH

H
,M

EK
/E

R
K

,
an

d
ST

A
T1

/2
)

N
C

T0
26

44
29

1
Ph

as
e

I
Si

ng
le

gr
ou

p

Pe
di

at
ri

c
pa

tie
nt

s
w

ith
re

cu
rr

en
to

r
pr

og
re

ss
iv

e
br

ai
n

tu
m

or
s

M
eb

en
da

zo
le

C
om

pl
et

ed
.N

o
re

su
lt

s
av

ai
la

bl
e

265



Cancers 2023, 15, 3889

Author Contributions: Conceptualization, B.T.; methodology, H.S., P.A., D.R. and S.A.; software,
H.S.; investigation, H.S., P.A., D.R. and C.C.; resources, B.T.; data curation, H.S., P.A., D.R. and C.C.;
writing—original draft preparation, H.S., P.A., D.R. and C.C.; writing—review and editing, S.A.,
E.M.J. and B.T.; visualization, H.S.; supervision, B.T.; project administration, B.T. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Figures 1–4 were created with BioRender.com, accessed on 24 July 2023.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ostrom, Q.T.; Gittleman, H.; Truitt, G.; Boscia, A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain
and Other Central Nervous System Tumors Diagnosed in the United States in 2011–2015. Neuro. Oncol. 2018, 20, iv1–iv86.
[CrossRef] [PubMed]

2. Cohen, A.R. Brain Tumors in Children. N. Engl. J. Med. 2022, 386, 1922–1931. [CrossRef] [PubMed]
3. Northcott, P.A.; Robinson, G.W.; Kratz, C.P.; Mabbott, D.J.; Pomeroy, S.L.; Clifford, S.C.; Rutkowski, S.; Ellison, D.W.; Malkin, D.;

Taylor, M.D.; et al. Medulloblastoma. Nat. Rev. Dis. Primers 2019, 5, 11. [CrossRef]
4. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;

Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]

5. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef] [PubMed]

6. Wang, J.; Garancher, A.; Ramaswamy, V.; Wechsler-Reya, R.J. Medulloblastoma: From Molecular Subgroups to Molecular Targeted
Therapies. Annu. Rev. Neurosci. 2018, 41, 207–232. [CrossRef] [PubMed]

7. Luzzi, S.; Giotta Lucifero, A.; Brambilla, I.; Semeria Mantelli, S.; Mosconi, M.; Foiadelli, T.; Savasta, S. Targeting the medulloblas-
toma: A molecular-based approach. Acta Biomed. 2020, 91, 79–100. [CrossRef] [PubMed]

8. Roussel, M.F.; Stripay, J.L. Epigenetic Drivers in Pediatric Medulloblastoma. Cerebellum 2018, 17, 28–36. [CrossRef]
9. Hovestadt, V.; Smith, K.S.; Bihannic, L.; Filbin, M.G.; Shaw, M.L.; Baumgartner, A.; De Witt, J.C.; Groves, A.; Mayr, L.; Weisman,

H.R.; et al. Resolving medulloblastoma cellular architecture by single-cell genomics. Nature 2019, 572, 74–79. [CrossRef]
10. Hendrikse, L.D.; Haldipur, P.; Saulnier, O.; Millman, J.; Sjoboen, A.H.; Erickson, A.W.; Ong, W.; Gordon, V.; Coudiere-Morrison,

L.; Mercier, A.L.; et al. Failure of human rhombic lip differentiation underlies medulloblastoma formation. Nature 2022, 609,
1021–1028. [CrossRef]

11. Luo, Z.; Xia, M.; Shi, W.; Zhao, C.; Wang, J.; Xin, D.; Dong, X.; Xiong, Y.; Zhang, F.; Berry, K.; et al. Human fetal cerebellar cell atlas
informs medulloblastoma origin and oncogenesis. Nature 2022, 612, 787–794. [CrossRef] [PubMed]

12. Vladoiu, M.C.; El-Hamamy, I.; Donovan, L.K.; Farooq, H.; Holgado, B.L.; Sundaravadanam, Y.; Ramaswamy, V.; Hendrikse, L.D.;
Kumar, S.; Mack, S.C.; et al. Childhood cerebellar tumours mirror conserved fetal transcriptional programs. Nature 2019, 572,
67–73. [CrossRef] [PubMed]

13. Leto, K.; Arancillo, M.; Becker, E.B.; Buffo, A.; Chiang, C.; Ding, B.; Dobyns, W.B.; Dusart, I.; Haldipur, P.; Hatten, M.E.; et al.
Consensus Paper: Cerebellar Development. Cerebellum 2016, 15, 789–828. [CrossRef] [PubMed]

14. Wingate, R.J. The rhombic lip and early cerebellar development. Curr. Opin. Neurobiol. 2001, 11, 82–88. [CrossRef]
15. Wang, V.Y.; Rose, M.F.; Zoghbi, H.Y. Math1 expression redefines the rhombic lip derivatives and reveals novel lineages within the

brainstem and cerebellum. Neuron 2005, 48, 31–43. [CrossRef]
16. Belzunce, I.; Belmonte-Mateos, C.; Pujades, C. The interplay of atoh1 genes in the lower rhombic lip during hindbrain morpho-

genesis. PLoS ONE 2020, 15, e0228225. [CrossRef]
17. Wullimann, M.F.; Mueller, T.; Distel, M.; Babaryka, A.; Grothe, B.; Koster, R.W. The long adventurous journey of rhombic lip cells

in jawed vertebrates: A comparative developmental analysis. Front. Neuroanat. 2011, 5, 27. [CrossRef]
18. Gibson, P.; Tong, Y.; Robinson, G.; Thompson, M.C.; Currle, D.S.; Eden, C.; Kranenburg, T.A.; Hogg, T.; Poppleton, H.; Martin, J.;

et al. Subtypes of medulloblastoma have distinct developmental origins. Nature 2010, 468, 1095–1099. [CrossRef] [PubMed]
19. Yeung, J.; Ha, T.J.; Swanson, D.J.; Choi, K.; Tong, Y.; Goldowitz, D. Wls provides a new compartmental view of the rhombic lip in

mouse cerebellar development. J. Neurosci. 2014, 34, 12527–12537. [CrossRef]
20. Consalez, G.G.; Goldowitz, D.; Casoni, F.; Hawkes, R. Origins, Development, and Compartmentation of the Granule Cells of the

Cerebellum. Front. Neural Circuits 2020, 14, 611841. [CrossRef]
21. Haldipur, P.; Aldinger, K.A.; Bernardo, S.; Deng, M.; Timms, A.E.; Overman, L.M.; Winter, C.; Lisgo, S.N.; Razavi, F.;

Silvestri, E.; et al. Spatiotemporal expansion of primary progenitor zones in the developing human cerebellum. Science 2019, 366,
454–460. [CrossRef] [PubMed]

22. Hovestadt, V.; Ayrault, O.; Swartling, F.J.; Robinson, G.W.; Pfister, S.M.; Northcott, P.A. Medulloblastomics revisited: Biological
and clinical insights from thousands of patients. Nat. Rev. Cancer 2020, 20, 42–56. [CrossRef] [PubMed]

266



Cancers 2023, 15, 3889

23. Jessa, S.; Blanchet-Cohen, A.; Krug, B.; Vladoiu, M.; Coutelier, M.; Faury, D.; Poreau, B.; De Jay, N.; Hebert, S.; Monlong, J.; et al.
Stalled developmental programs at the root of pediatric brain tumors. Nat. Genet. 2019, 51, 1702–1713. [CrossRef]

24. Waszak, S.M.; Northcott, P.A.; Buchhalter, I.; Robinson, G.W.; Sutter, C.; Groebner, S.; Grund, K.B.; Brugieres, L.; Jones, D.T.W.;
Pajtler, K.W.; et al. Spectrum and prevalence of genetic predisposition in medulloblastoma: A retrospective genetic study and
prospective validation in a clinical trial cohort. Lancet Oncol. 2018, 19, 785–798. [CrossRef]

25. Northcott, P.A.; Buchhalter, I.; Morrissy, A.S.; Hovestadt, V.; Weischenfeldt, J.; Ehrenberger, T.; Grobner, S.; Segura-Wang,
M.; Zichner, T.; Rudneva, V.A.; et al. The whole-genome landscape of medulloblastoma subtypes. Nature 2017, 547, 311–317.
[CrossRef]

26. Cavalli, F.M.G.; Remke, M.; Rampasek, L.; Peacock, J.; Shih, D.J.H.; Luu, B.; Garzia, L.; Torchia, J.; Nor, C.; Morrissy, A.S.; et al.
Intertumoral Heterogeneity within Medulloblastoma Subgroups. Cancer Cell 2017, 31, 737–754.e736. [CrossRef]

27. Robinson, G.; Parker, M.; Kranenburg, T.A.; Lu, C.; Chen, X.; Ding, L.; Phoenix, T.N.; Hedlund, E.; Wei, L.; Zhu, X.; et al. Novel
mutations target distinct subgroups of medulloblastoma. Nature 2012, 488, 43–48. [CrossRef]

28. Parsons, D.W.; Li, M.; Zhang, X.; Jones, S.; Leary, R.J.; Lin, J.C.; Boca, S.M.; Carter, H.; Samayoa, J.; Bettegowda, C.; et al. The
genetic landscape of the childhood cancer medulloblastoma. Science 2011, 331, 435–439. [CrossRef]

29. Sexton-Oates, A.; MacGregor, D.; Dodgshun, A.; Saffery, R. The potential for epigenetic analysis of paediatric CNS tumours to
improve diagnosis, treatment and prognosis. Ann. Oncol. 2015, 26, 1314–1324. [CrossRef]

30. Shih, D.J.; Northcott, P.A.; Remke, M.; Korshunov, A.; Ramaswamy, V.; Kool, M.; Luu, B.; Yao, Y.; Wang, X.; Dubuc, A.M.; et al.
Cytogenetic prognostication within medulloblastoma subgroups. J. Clin. Oncol. 2014, 32, 886–896. [CrossRef]

31. Gonzalez Castro, L.N.; Liu, I.; Filbin, M. Characterizing the biology of primary brain tumors and their microenvironment via
single-cell profiling methods. Neuro. Oncol. 2023, 25, 234–247. [CrossRef]

32. Kaderali, Z.; Lamberti-Pasculli, M.; Rutka, J.T. The changing epidemiology of paediatric brain tumours: A review from the
Hospital for Sick Children. Childs Nerv. Syst. 2009, 25, 787–793. [CrossRef]

33. Paugh, B.S.; Qu, C.; Jones, C.; Liu, Z.; Adamowicz-Brice, M.; Zhang, J.; Bax, D.A.; Coyle, B.; Barrow, J.; Hargrave, D.; et al.
Integrated molecular genetic profiling of pediatric high-grade gliomas reveals key differences with the adult disease. J. Clin.
Oncol. 2010, 28, 3061–3068. [CrossRef]

34. Ramaswamy, V.; Remke, M.; Bouffet, E.; Bailey, S.; Clifford, S.C.; Doz, F.; Kool, M.; Dufour, C.; Vassal, G.; Milde, T.; et al. Risk
stratification of childhood medulloblastoma in the molecular era: The current consensus. Acta Neuropathol. 2016, 131, 821–831.
[CrossRef]

35. Zagozewski, J.; Shahriary, G.M.; Morrison, L.C.; Saulnier, O.; Stromecki, M.; Fresnoza, A.; Palidwor, G.; Porter, C.J.; Forget, A.;
Ayrault, O.; et al. An OTX2-PAX3 signaling axis regulates Group 3 medulloblastoma cell fate. Nat. Commun. 2020, 11, 3627.
[CrossRef]

36. Lund, L.W.; Schmiegelow, K.; Rechnitzer, C.; Johansen, C. A systematic review of studies on psychosocial late effects of childhood
cancer: StructuRes. of society and methodological pitfalls may challenge the conclusions. Pediatr. Blood Cancer 2011, 56, 532–543.
[CrossRef]

37. Rousseau, A.; Idbaih, A.; Ducray, F.; Criniere, E.; Fevre-Montange, M.; Jouvet, A.; Delattre, J.Y. Specific chromosomal imbalances
as detected by array CGH in ependymomas in association with tumor location, histological subtype and grade. J. Neurooncol.
2010, 97, 353–364. [CrossRef] [PubMed]

38. Korshunov, A.; Witt, H.; Hielscher, T.; Benner, A.; Remke, M.; Ryzhova, M.; Milde, T.; Bender, S.; Wittmann, A.; Schottler, A.; et al.
Molecular staging of intracranial ependymoma in children and adults. J. Clin. Oncol. 2010, 28, 3182–3190. [CrossRef] [PubMed]

39. Rickert, C.H.; Strater, R.; Kaatsch, P.; Wassmann, H.; Jurgens, H.; Dockhorn-Dworniczak, B.; Paulus, W. Pediatric high-grade
astrocytomas show chromosomal imbalances distinct from adult cases. Am. J. Pathol. 2001, 158, 1525–1532. [CrossRef]

40. Dubuc, A.M.; Remke, M.; Korshunov, A.; Northcott, P.A.; Zhan, S.H.; Mendez-Lago, M.; Kool, M.; Jones, D.T.; Unterberger, A.;
Morrissy, A.S.; et al. Aberrant patterns of H3K4 and H3K27 histone lysine methylation occur across subgroups in medulloblastoma.
Acta Neuropathol. 2013, 125, 373–384. [CrossRef]

41. Smith, K.S.; Bihannic, L.; Gudenas, B.L.; Haldipur, P.; Tao, R.; Gao, Q.; Li, Y.; Aldinger, K.A.; Iskusnykh, I.Y.; Chizhikov, V.V.; et al.
Unified rhombic lip origins of group 3 and group 4 medulloblastoma. Nature 2022, 609, 1012–1020. [CrossRef] [PubMed]

42. Lin, C.Y.; Erkek, S.; Tong, Y.; Yin, L.; Federation, A.J.; Zapatka, M.; Haldipur, P.; Kawauchi, D.; Risch, T.; Warnatz, H.J.; et al.
Active medulloblastoma enhancers reveal subgroup-specific cellular origins. Nature 2016, 530, 57–62. [CrossRef] [PubMed]

43. Northcott, P.A.; Lee, C.; Zichner, T.; Stutz, A.M.; Erkek, S.; Kawauchi, D.; Shih, D.J.; Hovestadt, V.; Zapatka, M.; Sturm, D.; et al.
Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma. Nature 2014, 511, 428–434. [CrossRef] [PubMed]

44. Northcott, P.A.; Shih, D.J.; Peacock, J.; Garzia, L.; Morrissy, A.S.; Zichner, T.; Stutz, A.M.; Korshunov, A.; Reimand, J.; Schumacher,
S.E.; et al. Subgroup-specific structural variation across 1000 medulloblastoma genomes. Nature 2012, 488, 49–56. [CrossRef]
[PubMed]

45. Williamson, D.; Schwalbe, E.C.; Hicks, D.; Aldinger, K.A.; Lindsey, J.C.; Crosier, S.; Richardson, S.; Goddard, J.; Hill, R.M.; Castle,
J.; et al. Medulloblastoma group 3 and 4 tumors comprise a clinically and biologically significant expression continuum reflecting
human cerebellar development. Cell Rep. 2022, 40, 111162. [CrossRef]

267



Cancers 2023, 15, 3889

46. Ellison, D.W.; Onilude, O.E.; Lindsey, J.C.; Lusher, M.E.; Weston, C.L.; Taylor, R.E.; Pearson, A.D.; Clifford, S.C.; United Kingdom
Children’s Cancer Study Group Brain Tumour Committee. beta-Catenin status predicts a favorable outcome in childhood
medulloblastoma: The United Kingdom Children’s Cancer Study Group Brain Tumour Committee. J. Clin. Oncol. 2005, 23,
7951–7957. [CrossRef]

47. Clifford, S.C.; Lannering, B.; Schwalbe, E.C.; Hicks, D.; O’Toole, K.; Nicholson, S.L.; Goschzik, T.; Zur Muhlen, A.; Figarella-
Branger, D.; Doz, F.; et al. Biomarker-driven stratification of disease-risk in non-metastatic medulloblastoma: Results from the
multi-center HIT-SIOP-PNET4 clinical trial. Oncotarget 2015, 6, 38827–38839. [CrossRef]

48. Phoenix, T.N.; Patmore, D.M.; Boop, S.; Boulos, N.; Jacus, M.O.; Patel, Y.T.; Roussel, M.F.; Finkelstein, D.; Goumnerova, L.;
Perreault, S.; et al. Medulloblastoma Genotype Dictates Blood Brain Barrier Phenotype. Cancer Cell 2016, 29, 508–522. [CrossRef]

49. Ris, M.D.; Packer, R.; Goldwein, J.; Jones-Wallace, D.; Boyett, J.M. Intellectual outcome after reduced-dose radiation therapy plus
adjuvant chemotherapy for medulloblastoma: A Children’s Cancer Group study. J. Clin. Oncol. 2001, 19, 3470–3476. [CrossRef]

50. Moxon-Emre, I.; Taylor, M.D.; Bouffet, E.; Hardy, K.; Campen, C.J.; Malkin, D.; Hawkins, C.; Laperriere, N.; Ramaswamy, V.;
Bartels, U.; et al. Intellectual Outcome in Molecular Subgroups of Medulloblastoma. J. Clin. Oncol. 2016, 34, 4161–4170. [CrossRef]

51. Michalski, J.M.; Janss, A.J.; Vezina, L.G.; Smith, K.S.; Billups, C.A.; Burger, P.C.; Embry, L.M.; Cullen, P.L.; Hardy, K.K.; Pomeroy,
S.L.; et al. Children’s Oncology Group Phase III Trial of Reduced-Dose and Reduced-Volume Radiotherapy with Chemotherapy
for Newly Diagnosed Average-Risk Medulloblastoma. J. Clin. Oncol. 2021, 39, 2685–2697. [CrossRef] [PubMed]

52. Cooney, T.; Lindsay, H.; Leary, S.; Wechsler-Reya, R. Current studies and future directions for medulloblastoma: A review from
the pacific pediatric neuro-oncology consortium (PNOC) disease working group. Neoplasia 2023, 35, 100861. [CrossRef] [PubMed]

53. Kahn, M. Can we safely target the WNT pathway? Nat. Rev. Drug Discov. 2014, 13, 513–532. [CrossRef] [PubMed]
54. Pugh, T.J.; Weeraratne, S.D.; Archer, T.C.; Pomeranz Krummel, D.A.; Auclair, D.; Bochicchio, J.; Carneiro, M.O.; Carter, S.L.;

Cibulskis, K.; Erlich, R.L.; et al. Medulloblastoma exome sequencing uncovers subtype-specific somatic mutations. Nature 2012,
488, 106–110. [CrossRef] [PubMed]

55. Tantravedi, S.; Vesuna, F.; Winnard, P.T., Jr.; Martin, A.; Lim, M.; Eberhart, C.G.; Berlinicke, C.; Raabe, E.; van Diest, P.J.; Raman, V.
Targeting DDX3 in Medulloblastoma Using the Small Molecule Inhibitor RK-33. Transl. Oncol. 2019, 12, 96–105. [CrossRef]

56. Huang, S.M.; Mishina, Y.M.; Liu, S.; Cheung, A.; Stegmeier, F.; Michaud, G.A.; Charlat, O.; Wiellette, E.; Zhang, Y.;
Wiessner, S.; et al. Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling. Nature 2009, 461, 614–620. [CrossRef]

57. Renna, C.; Salaroli, R.; Cocchi, C.; Cenacchi, G. XAV939-mediated ARTD activity inhibition in human MB cell lines. PLoS ONE
2015, 10, e0124149. [CrossRef]

58. Ferri, M.; Liscio, P.; Carotti, A.; Asciutti, S.; Sardella, R.; Macchiarulo, A.; Camaioni, E. Targeting Wnt-driven cancers: Discovery
of novel tankyrase inhibitors. Eur. J. Med. Chem. 2017, 142, 506–522. [CrossRef]

59. Bassani, B.; Bartolini, D.; Pagani, A.; Principi, E.; Zollo, M.; Noonan, D.M.; Albini, A.; Bruno, A. Fenretinide (4-HPR) Targets
Caspase-9, ERK 1/2 and the Wnt3a/beta-Catenin Pathway in Medulloblastoma Cells and Medulloblastoma Cell Spheroids. PLoS
ONE 2016, 11, e0154111. [CrossRef]

60. Wen, J.; Hadden, M.K. Medulloblastoma drugs in development: Current leads, trials and drawbacks. Eur. J. Med. Chem. 2021,
215, 113268. [CrossRef]

61. Ko, A.H.; Chiorean, E.G.; Kwak, E.L.; Lenz, H.-J.; Nadler, P.I.; Wood, D.L.; Fujimori, M.; Inada, T.; Kouji, H.; McWilliams, R.R.
Final results of a phase Ib dose-escalation study of PRI-724, a CBP/beta-catenin modulator, plus gemcitabine (GEM) in patients
with advanced pancreatic adenocarcinoma (APC) as second-line therapy after FOLFIRINOX or FOLFOX. J. Clin. Oncol. 2016,
34, e15721. [CrossRef]

62. Lastowska, M.; Trubicka, J.; Niemira, M.; Paczkowska-Abdulsalam, M.; Karkucinska-Wieckowska, A.; Kaleta, M.; Drogosiewicz,
M.; Tarasinska, M.; Perek-Polnik, M.; Kretowski, A.; et al. ALK Expression Is a Novel Marker for the WNT-activated Type of
Pediatric Medulloblastoma and an Indicator of Good Prognosis for Patients. Am. J. Surg. Pathol. 2017, 41, 781–787. [CrossRef]
[PubMed]

63. Lastowska, M.; Trubicka, J.; Karkucinska-Wieckowska, A.; Kaleta, M.; Tarasinska, M.; Perek-Polnik, M.; Sobocinska, A.A.;
Dembowska-Baginska, B.; Grajkowska, W.; Matyja, E. Immunohistochemical detection of ALK protein identifies APC mutated
medulloblastoma and differentiates the WNT-activated medulloblastoma from other types of posterior fossa childhood tumors.
Brain Tumor Pathol. 2019, 36, 1–6. [CrossRef]

64. Vibhakar, R.; Foltz, G.; Yoon, J.G.; Field, L.; Lee, H.; Ryu, G.Y.; Pierson, J.; Davidson, B.; Madan, A. Dickkopf-1 is an epigenetically
silenced candidate tumor suppressor gene in medulloblastoma. Neuro. Oncol. 2007, 9, 135–144. [CrossRef]

65. Skoda, A.M.; Simovic, D.; Karin, V.; Kardum, V.; Vranic, S.; Serman, L. The role of the Hedgehog signaling pathway in cancer: A
comprehensive review. Bosn J. Basic Med. Sci. 2018, 18, 8–20. [CrossRef]

66. Lospinoso Severini, L.; Ghirga, F.; Bufalieri, F.; Quaglio, D.; Infante, P.; Di Marcotullio, L. The SHH/GLI signaling pathway: A
therapeutic target for medulloblastoma. Expert Opin. Ther. Targets 2020, 24, 1159–1181. [CrossRef]

67. Robarge, K.D.; Brunton, S.A.; Castanedo, G.M.; Cui, Y.; Dina, M.S.; Goldsmith, R.; Gould, S.E.; Guichert, O.; Gunzner, J.L.;
Halladay, J.; et al. GDC-0449-a potent inhibitor of the hedgehog pathway. Bioorg. Med. Chem. Lett. 2009, 19, 5576–5581. [CrossRef]
[PubMed]

68. Pan, S.; Wu, X.; Jiang, J.; Gao, W.; Wan, Y.; Cheng, D.; Han, D.; Liu, J.; Englund, N.P.; Wang, Y.; et al. Discovery of NVP-LDE225, a
Potent and Selective Smoothened Antagonist. ACS Med. Chem. Lett. 2010, 1, 130–134. [CrossRef]

268



Cancers 2023, 15, 3889

69. Sekulic, A.; Migden, M.R.; Oro, A.E.; Dirix, L.; Lewis, K.D.; Hainsworth, J.D.; Solomon, J.A.; Yoo, S.; Arron, S.T.;
Friedlander, P.A.; et al. Efficacy and safety of vismodegib in advanced basal-cell carcinoma. N. Engl. J. Med. 2012, 366,
2171–2179. [CrossRef]

70. Gajjar, A.; Stewart, C.F.; Ellison, D.W.; Kaste, S.; Kun, L.E.; Packer, R.J.; Goldman, S.; Chintagumpala, M.; Wallace, D.;
Takebe, N.; et al. Phase I study of vismodegib in children with recurrent or refractory medulloblastoma: A pediatric brain
tumor consortium study. Clin. Cancer Res. 2013, 19, 6305–6312. [CrossRef]

71. Robinson, G.W.; Orr, B.A.; Wu, G.; Gururangan, S.; Lin, T.; Qaddoumi, I.; Packer, R.J.; Goldman, S.; Prados, M.D.;
Desjardins, A.; et al. Vismodegib Exerts Targeted Efficacy Against Recurrent Sonic Hedgehog-Subgroup Medulloblastoma:
Results From Phase II Pediatric Brain Tumor Consortium Studies PBTC-025B and PBTC-032. J. Clin. Oncol. 2015, 33, 2646–2654.
[CrossRef] [PubMed]

72. Kieran, M.W.; Chisholm, J.; Casanova, M.; Brandes, A.A.; Aerts, I.; Bouffet, E.; Bailey, S.; Leary, S.; MacDonald, T.J.;
Mechinaud, F.; et al. Phase I study of oral sonidegib (LDE225) in pediatric brain and solid tumors and a phase II study in children
and adults with relapsed medulloblastoma. Neuro. Oncol. 2017, 19, 1542–1552. [CrossRef] [PubMed]

73. Xin, M.; Ji, X.; De La Cruz, L.K.; Thareja, S.; Wang, B. Strategies to target the Hedgehog signaling pathway for cancer therapy.
Med. Res. Rev. 2018, 38, 870–913. [CrossRef] [PubMed]

74. Ji, D.; Zhang, W.; Xu, Y.; Zhang, J.J. Design, synthesis and biological evaluation of anthranilamide derivatives as potent SMO
inhibitors. Bioorg. Med. Chem. 2020, 28, 115354. [CrossRef] [PubMed]

75. Kim, J.; Tang, J.Y.; Gong, R.; Kim, J.; Lee, J.J.; Clemons, K.V.; Chong, C.R.; Chang, K.S.; Fereshteh, M.; Gardner, D.; et al.
Itraconazole, a commonly used antifungal that inhibits Hedgehog pathway activity and cancer growth. Cancer Cell 2010, 17,
388–399. [CrossRef]

76. Kim, J.; Aftab, B.T.; Tang, J.Y.; Kim, D.; Lee, A.H.; Rezaee, M.; Kim, J.; Chen, B.; King, E.M.; Borodovsky, A.; et al. Itraconazole and
arsenic trioxide inhibit Hedgehog pathway activation and tumor growth associated with acquired resistance to smoothened
antagonists. Cancer Cell 2013, 23, 23–34. [CrossRef]

77. Meco, D.; Attina, G.; Mastrangelo, S.; Navarra, P.; Ruggiero, A. Emerging Perspectives on the Antiparasitic Mebendazole as a
Repurposed Drug for the Treatment of Brain Cancers. Int. J. Mol. Sci. 2023, 24, 1334. [CrossRef]

78. Larsen, A.R.; Bai, R.Y.; Chung, J.H.; Borodovsky, A.; Rudin, C.M.; Riggins, G.J.; Bunz, F. Repurposing the antihelmintic
mebendazole as a hedgehog inhibitor. Mol. Cancer Ther. 2015, 14, 3–13. [CrossRef]

79. Bodhinayake, I.; Symons, M.; Boockvar, J.A. Repurposing mebendazole for the treatment of medulloblastoma. Neurosurgery 2015,
76, N15–N16. [CrossRef]

80. Lou, E.; Nelson, A.C.; Kool, M. Differential response of SHH-expressing adult medulloblastomas to the sonic hedgehog inhibitor
vismodegib: Whole-genome analysis. Cancer Biol. Ther. 2019, 20, 1398–1402. [CrossRef]

81. Kool, M.; Jones, D.T.; Jager, N.; Northcott, P.A.; Pugh, T.J.; Hovestadt, V.; Piro, R.M.; Esparza, L.A.; Markant, S.L.; Remke, M.; et al.
Genome sequencing of SHH medulloblastoma predicts genotype-related response to smoothened inhibition. Cancer Cell 2014, 25,
393–405. [CrossRef]

82. Tang, Y.; Gholamin, S.; Schubert, S.; Willardson, M.I.; Lee, A.; Bandopadhayay, P.; Bergthold, G.; Masoud, S.; Nguyen, B.; Vue, N.;
et al. Epigenetic targeting of Hedgehog pathway transcriptional output through BET bromodomain inhibition. Nat. Med. 2014,
20, 732–740. [CrossRef] [PubMed]

83. Liu, F.; Jiang, W.; Sui, Y.; Meng, W.; Hou, L.; Li, T.; Li, M.; Zhang, L.; Mo, J.; Wang, J.; et al. CDK7 inhibition suppresses aberrant
hedgehog pathway and overcomes resistance to smoothened antagonists. Proc. Natl. Acad. Sci. USA 2019, 116, 12986–12995.
[CrossRef] [PubMed]

84. Lin, Z.; Li, S.; Sheng, H.; Cai, M.; Ma, L.Y.; Hu, L.; Xu, S.; Yu, L.S.; Zhang, N. Suppression of GLI sensitizes medulloblastoma cells
to mitochondria-mediated apoptosis. J. Cancer Res. Clin. Oncol. 2016, 142, 2469–2478. [CrossRef] [PubMed]

85. Konings, K.; Vandevoorde, C.; Belmans, N.; Vermeesen, R.; Baselet, B.; Walleghem, M.V.; Janssen, A.; Isebaert, S.; Baatout, S.;
Haustermans, K.; et al. The Combination of Particle Irradiation With the Hedgehog Inhibitor GANT61 Differently Modulates the
Radiosensitivity and Migration of Cancer Cells Compared to X-ray Irradiation. Front. Oncol. 2019, 9, 391. [CrossRef]

86. Kim, J.; Lee, J.J.; Kim, J.; Gardner, D.; Beachy, P.A. Arsenic antagonizes the Hedgehog pathway by preventing ciliary accumulation
and reducing stability of the Gli2 transcriptional effector. Proc. Natl. Acad. Sci. USA 2010, 107, 13432–13437. [CrossRef]

87. Dos Santos Klinger, P.H.; Delsin, L.E.A.; Cruzeiro, G.A.V.; Andrade, A.F.; Lira, R.C.P.; de Andrade, P.V.; das Chagas, P.F.; de Paula
Queiroz, R.G.; Trevisan, F.A.; de Oliveira, R.S.; et al. Arsenic Trioxide exerts cytotoxic and radiosensitizing effects in pediatric
Medulloblastoma cell lines of SHH Subgroup. Sci. Rep. 2020, 10, 6836. [CrossRef]

88. Cohen, K.J.; Gibbs, I.C.; Fisher, P.G.; Hayashi, R.J.; Macy, M.E.; Gore, L. A phase I trial of arsenic trioxide chemoradiotherapy for
infiltrating astrocytomas of childhood. Neuro. Oncol. 2013, 15, 783–787. [CrossRef]

89. Li, C.; Peng, X.; Feng, C.; Xiong, X.; Li, J.; Liao, N.; Yang, Z.; Liu, A.; Wu, P.; Liang, X.; et al. Excellent Early Outcomes of Combined
Chemotherapy with Arsenic Trioxide for Stage 4/M Neuroblastoma in Children: A Multicenter Nonrandomized Controlled Trial.
Oncol. Res. 2021, 28, 791–800. [CrossRef]

90. Faria, C.C.; Golbourn, B.J.; Dubuc, A.M.; Remke, M.; Diaz, R.J.; Agnihotri, S.; Luck, A.; Sabha, N.; Olsen, S.; Wu, X.; et al. Foretinib
is effective therapy for metastatic sonic hedgehog medulloblastoma. Cancer Res. 2015, 75, 134–146. [CrossRef]

269



Cancers 2023, 15, 3889

91. Li, Y.H.; Luo, J.; Mosley, Y.Y.; Hedrick, V.E.; Paul, L.N.; Chang, J.; Zhang, G.; Wang, Y.K.; Banko, M.R.; Brunet, A.; et al.
AMP-Activated Protein Kinase Directly Phosphorylates and Destabilizes Hedgehog Pathway Transcription Factor GLI1 in
Medulloblastoma. Cell Rep. 2015, 12, 599–609. [CrossRef] [PubMed]

92. Gonnissen, A.; Isebaert, S.; McKee, C.M.; Muschel, R.J.; Haustermans, K. The Effect of Metformin and GANT61 Combinations on
the Radiosensitivity of Prostate Cancer Cells. Int. J. Mol. Sci. 2017, 18, 399. [CrossRef] [PubMed]

93. Song, Z.; Wei, B.; Lu, C.; Huang, X.; Li, P.; Chen, L. Metformin suppresses the expression of Sonic hedgehog in gastric cancer cells.
Mol. Med. Rep. 2017, 15, 1909–1915. [CrossRef]

94. Hu, A.; Hu, Z.; Ye, J.; Liu, Y.; Lai, Z.; Zhang, M.; Ji, W.; Huang, L.; Zou, H.; Chen, B.; et al. Metformin exerts anti-tumor effects via
Sonic hedgehog signaling pathway by targeting AMPK in HepG2 cells. Biochem. Cell Biol. 2022, 100, 142–151. [CrossRef]

95. Northcott, P.A.; Fernandez, L.A.; Hagan, J.P.; Ellison, D.W.; Grajkowska, W.; Gillespie, Y.; Grundy, R.; Van Meter, T.; Rutka, J.T.;
Croce, C.M.; et al. The miR-17/92 polycistron is up-regulated in sonic hedgehog-driven medulloblastomas and induced by
N-myc in sonic hedgehog-treated cerebellar neural precursors. Cancer Res. 2009, 69, 3249–3255. [CrossRef]

96. Murphy, B.L.; Obad, S.; Bihannic, L.; Ayrault, O.; Zindy, F.; Kauppinen, S.; Roussel, M.F. Silencing of the miR-17~92 cluster family
inhibits medulloblastoma progression. Cancer Res. 2013, 73, 7068–7078. [CrossRef]

97. Tan, I.L.; Arifa, R.D.N.; Rallapalli, H.; Kana, V.; Lao, Z.; Sanghrajka, R.M.; Sumru Bayin, N.; Tanne, A.; Wojcinski, A.; Korshunov,
A.; et al. CSF1R inhibition depletes tumor-associated macrophages and attenuates tumor progression in a mouse sonic Hedgehog-
Medulloblastoma model. Oncogene 2021, 40, 396–407. [CrossRef]

98. Read, T.A.; Fogarty, M.P.; Markant, S.L.; McLendon, R.E.; Wei, Z.; Ellison, D.W.; Febbo, P.G.; Wechsler-Reya, R.J. Identification of
CD15 as a marker for tumor-propagating cells in a mouse model of medulloblastoma. Cancer Cell 2009, 15, 135–147. [CrossRef]
[PubMed]

99. Markant, S.L.; Esparza, L.A.; Sun, J.; Barton, K.L.; McCoig, L.M.; Grant, G.A.; Crawford, J.R.; Levy, M.L.; Northcott, P.A.;
Shih, D.; et al. Targeting sonic hedgehog-associated medulloblastoma through inhibition of Aurora and Polo-like kinases. Cancer
Res. 2013, 73, 6310–6322. [CrossRef] [PubMed]

100. Zhang, L.; He, X.; Liu, X.; Zhang, F.; Huang, L.F.; Potter, A.S.; Xu, L.; Zhou, W.; Zheng, T.; Luo, Z.; et al. Single-Cell Transcriptomics
in Medulloblastoma Reveals Tumor-Initiating Progenitors and Oncogenic Cascades during Tumorigenesis and Relapse. Cancer
Cell 2019, 36, 302–318.e307. [CrossRef]

101. Buonamici, S.; Williams, J.; Morrissey, M.; Wang, A.; Guo, R.; Vattay, A.; Hsiao, K.; Yuan, J.; Green, J.; Ospina, B.; et al. Interfering
with resistance to smoothened antagonists by inhibition of the PI3K pathway in medulloblastoma. Sci. Transl. Med. 2010,
2, 51ra70. [CrossRef] [PubMed]

102. Ward, S.A.; Warrington, N.M.; Taylor, S.; Kfoury, N.; Luo, J.; Rubin, J.B. Reprogramming Medulloblastoma-Propagating Cells by a
Combined Antagonism of Sonic Hedgehog and CXCR4. Cancer Res. 2017, 77, 1416–1426. [CrossRef] [PubMed]

103. Bandopadhayay, P.; Bergthold, G.; Nguyen, B.; Schubert, S.; Gholamin, S.; Tang, Y.; Bolin, S.; Schumacher, S.E.; Zeid, R.; Masoud,
S.; et al. BET bromodomain inhibition of MYC-amplified medulloblastoma. Clin. Cancer Res. 2014, 20, 912–925. [CrossRef]
[PubMed]

104. Venkataraman, S.; Alimova, I.; Balakrishnan, I.; Harris, P.; Birks, D.K.; Griesinger, A.; Amani, V.; Cristiano, B.; Remke, M.;
Taylor, M.D.; et al. Inhibition of BRD4 attenuates tumor cell self-renewal and suppresses stem cell signaling in MYC driven
medulloblastoma. Oncotarget 2014, 5, 2355–2371. [CrossRef]

105. Hanaford, A.R.; Archer, T.C.; Price, A.; Kahlert, U.D.; Maciaczyk, J.; Nikkhah, G.; Kim, J.W.; Ehrenberger, T.; Clemons, P.A.;
Dancik, V.; et al. DiSCoVERing Innovative Therapies for Rare Tumors: Combining Genetically Accurate Disease Models with In
Silico Analysis to Identify Novel Therapeutic Targets. Clin. Cancer Res. 2016, 22, 3903–3914. [CrossRef]

106. Cook Sangar, M.L.; Genovesi, L.A.; Nakamoto, M.W.; Davis, M.J.; Knobluagh, S.E.; Ji, P.; Millar, A.; Wainwright, B.J.; Olson,
J.M. Inhibition of CDK4/6 by Palbociclib Significantly Extends Survival in Medulloblastoma Patient-Derived Xenograft Mouse
Models. Clin. Cancer Res. 2017, 23, 5802–5813. [CrossRef]

107. Faria, C.C.; Agnihotri, S.; Mack, S.C.; Golbourn, B.J.; Diaz, R.J.; Olsen, S.; Bryant, M.; Bebenek, M.; Wang, X.; Bertrand, K.C.; et al.
Identification of alsterpaullone as a novel small molecule inhibitor to target group 3 medulloblastoma. Oncotarget 2015, 6,
21718–21729. [CrossRef]

108. Van Mater, D.; Gururangan, S.; Becher, O.; Campagne, O.; Leary, S.; Phillips, J.J.; Huang, J.; Lin, T.; Poussaint, T.Y.;
Goldman, S.; et al. A phase I trial of the CDK 4/6 inhibitor palbociclib in pediatric patients with progressive brain tumors: A
Pediatric Brain Tumor Consortium study (PBTC-042). Pediatr. Blood Cancer 2021, 68, e28879. [CrossRef]

109. Archer, T.C.; Ehrenberger, T.; Mundt, F.; Gold, M.P.; Krug, K.; Mah, C.K.; Mahoney, E.L.; Daniel, C.J.; LeNail, A.; Ramamoorthy,
D.; et al. Proteomics, Post-translational Modifications, and Integrative Analyses Reveal Molecular Heterogeneity within
Medulloblastoma Subgroups. Cancer Cell 2018, 34, 396–410.e398. [CrossRef]

110. Sengupta, S.; Weeraratne, S.D.; Sun, H.; Phallen, J.; Rallapalli, S.K.; Teider, N.; Kosaras, B.; Amani, V.; Pierre-Francois, J.; Tang,
Y.; et al. alpha5-GABAA receptors negatively regulate MYC-amplified medulloblastoma growth. Acta Neuropathol. 2014, 127,
593–603. [CrossRef]

111. Jonas, O.; Calligaris, D.; Methuku, K.R.; Poe, M.M.; Francois, J.P.; Tranghese, F.; Changelian, A.; Sieghart, W.; Ernst, M.; Krummel,
D.A.; et al. First In Vivo Testing of Compounds Targeting Group 3 Medulloblastomas Using an Implantable Microdevice as a
New Paradigm for Drug Development. J. Biomed. Nanotechnol. 2016, 12, 1297–1302. [CrossRef] [PubMed]

270



Cancers 2023, 15, 3889

112. Wang, D.; Veo, B.; Pierce, A.; Fosmire, S.; Madhavan, K.; Balakrishnan, I.; Donson, A.; Alimova, I.; Sullivan, K.D.; Joshi, M.; et al.
A novel PLK1 inhibitor onvansertib effectively sensitizes MYC-driven medulloblastoma to radiotherapy. Neuro. Oncol. 2022, 24,
414–426. [CrossRef] [PubMed]

113. Veo, B.; Danis, E.; Pierce, A.; Sola, I.; Wang, D.; Foreman, N.K.; Jin, J.; Ma, A.; Serkova, N.; Venkataraman, S.; et al. Combined
functional genomic and chemical screens identify SETD8 as a therapeutic target in MYC-driven medulloblastoma. JCI Insight
2019, 4, e122933. [CrossRef] [PubMed]

114. Wang, J.; Sui, Y.; Li, Q.; Zhao, Y.; Dong, X.; Yang, J.; Liang, Z.; Han, Y.; Tang, Y.; Ma, J. Effective inhibition of MYC-amplified group
3 medulloblastoma by FACT-targeted curaxin drug CBL0137. Cell Death Dis. 2020, 11, 1029. [CrossRef] [PubMed]

115. Casaos, J.; Gorelick, N.L.; Huq, S.; Choi, J.; Xia, Y.; Serra, R.; Felder, R.; Lott, T.; Kast, R.E.; Suk, I.; et al. The Use of Ribavirin as an
Anticancer Therapeutic: Will It Go Viral? Mol. Cancer Ther. 2019, 18, 1185–1194. [CrossRef]

116. Huq, S.; Kannapadi, N.V.; Casaos, J.; Lott, T.; Felder, R.; Serra, R.; Gorelick, N.L.; Ruiz-Cardozo, M.A.; Ding, A.S.; Cecia, A.; et al.
Preclinical efficacy of ribavirin in SHH and group 3 medulloblastoma. J. Neurosurg. Pediatr. 2021, 27, 482–488. [CrossRef]

117. Serra, R.; Zhao, T.; Huq, S.; Gorelick, N.L.; Casaos, J.; Cecia, A.; Mangraviti, A.; Eberhart, C.; Bai, R.; Olivi, A.; et al. DisulfirAm.
and copper combination therapy targets NPL4, cancer stem cells and extends survival in a medulloblastoma model. PLoS ONE
2021, 16, e0251957. [CrossRef]

118. Lee, C.; Rudneva, V.A.; Erkek, S.; Zapatka, M.; Chau, L.Q.; Tacheva-Grigorova, S.K.; Garancher, A.; Rusert, J.M.; Aksoy, O.; Lea,
R.; et al. Lsd1 as a therapeutic target in Gfi1-activated medulloblastoma. Nat. Commun. 2019, 10, 332. [CrossRef]

119. Gholamin, S.; Mitra, S.S.; Feroze, A.H.; Liu, J.; Kahn, S.A.; Zhang, M.; Esparza, R.; Richard, C.; Ramaswamy, V.; Remke, M.; et al.
Disrupting the CD47-SIRPalpha anti-phagocytic axis by a humanized anti-CD47 antibody is an efficacious treatment for malignant
pediatric brain tumors. Sci. Transl. Med. 2017, 9, eaaf2968. [CrossRef]

120. Kahn, S.A.; Wang, X.; Nitta, R.T.; Gholamin, S.; Theruvath, J.; Hutter, G.; Azad, T.D.; Wadi, L.; Bolin, S.; Ramaswamy, V.; et al.
Notch1 regulates the initiation of metastasis and self-renewal of Group 3 medulloblastoma. Nat. Commun. 2018, 9, 4121.
[CrossRef]

121. Sreenivasan, L.; Wang, H.; Yap, S.Q.; Leclair, P.; Tam, A.; Lim, C.J. Autocrine IL-6/STAT3 signaling aids development of acquired
drug resistance in Group 3 medulloblastoma. Cell Death Dis. 2020, 11, 1035. [CrossRef] [PubMed]

122. Sreenivasan, L.; Li, L.V.; Leclair, P.; Lim, C.J. Targeting the gp130/STAT3 Axis Attenuates Tumor Microenvironment Mediated
Chemoresistance in Group 3 Medulloblastoma Cells. Cells 2022, 11, 381. [CrossRef] [PubMed]

123. Kumar, V.; Kumar, V.; Chaudhary, A.K.; Coulter, D.W.; McGuire, T.; Mahato, R.I. Impact of miRNA-mRNA Profiling and Their
Correlation on Medulloblastoma Tumorigenesis. Mol. Ther. Nucleic Acids 2018, 12, 490–503. [CrossRef] [PubMed]

124. Weeraratne, S.D.; Amani, V.; Teider, N.; Pierre-Francois, J.; Winter, D.; Kye, M.J.; Sengupta, S.; Archer, T.; Remke, M.;
Bai, A.H.; et al. Pleiotropic effects of miR-183~96~182 converge to regulate cell survival, proliferation and migration in medul-
loblastoma. Acta Neuropathol. 2012, 123, 539–552. [CrossRef]

125. Bharambe, H.S.; Joshi, A.; Yogi, K.; Kazi, S.; Shirsat, N.V. Restoration of miR-193a expression is tumor-suppressive in MYC
amplified Group 3 medulloblastoma. Acta Neuropathol. Commun. 2020, 8, 70. [CrossRef]

126. Yogi, K.; Sridhar, E.; Goel, N.; Jalali, R.; Goel, A.; Moiyadi, A.; Thorat, R.; Panwalkar, P.; Khire, A.; Dasgupta, A.; et al. MiR-148a, a
microRNA upregulated in the WNT subgroup tumors, inhibits invasion and tumorigenic potential of medulloblastoma cells by
targeting Neuropilin 1. Oncoscience 2015, 2, 334–348. [CrossRef]

127. Katsushima, K.; Lee, B.; Yuan, M.; Kunhiraman, H.; Stapleton, S.; Jallo, G.; Raabe, E.; Eberhart, C.; Perera, R. CSIG-32. microRNA
211, A POTENTIAL THERAPEUTIC AGENT FOR GROUP 3 MEDULLOBLASTOMA IN CHILDREN. Neuro-Oncology 2021,
23, vi40. [CrossRef]

128. Perumal, N.; Kanchan, R.K.; Doss, D.; Bastola, N.; Atri, P.; Chirravuri-Venkata, R.; Thapa, I.; Vengoji, R.; Maurya, S.K.; Klinkebiel,
D.; et al. MiR-212-3p functions as a tumor suppressor gene in group 3 medulloblastoma via targeting nuclear factor I/B (NFIB).
Acta Neuropathol. Commun. 2021, 9, 195. [CrossRef]

129. Rea, J.; Carissimo, A.; Trisciuoglio, D.; Illi, B.; Picard, D.; Remke, M.; Laneve, P.; Caffarelli, E. Identification and Functional
Characterization of Novel MYC-Regulated Long Noncoding RNAs in Group 3 Medulloblastoma. Cancers 2021, 13, 3853.
[CrossRef]

130. Katsushima, K.; Lee, B.; Kunhiraman, H.; Zhong, C.; Murad, R.; Yin, J.; Liu, B.; Garancher, A.; Gonzalez-Gomez, I.; Monforte,
H.L.; et al. The long noncoding RNA lnc-HLX-2-7 is oncogenic in Group 3 medulloblastomas. Neuro. Oncol. 2021, 23, 572–585.
[CrossRef]

131. Bolin, S.; Borgenvik, A.; Persson, C.U.; Sundstrom, A.; Qi, J.; Bradner, J.E.; Weiss, W.A.; Cho, Y.J.; Weishaupt, H.; Swartling, F.J.
Combined BET bromodomain and CDK2 inhibition in MYC-driven medulloblastoma. Oncogene 2018, 37, 2850–2862. [CrossRef]
[PubMed]

132. Chaturvedi, N.K.; Kling, M.J.; Griggs, C.N.; Kesherwani, V.; Shukla, M.; McIntyre, E.M.; Ray, S.; Liu, Y.; McGuire, T.R.; Sharp,
J.G.; et al. A Novel Combination Approach Targeting an Enhanced Protein Synthesis Pathway in MYC-driven (Group 3)
Medulloblastoma. Mol. Cancer Ther. 2020, 19, 1351–1362. [CrossRef] [PubMed]

133. Kling, M.J.; Kesherwani, V.; Mishra, N.K.; Alexander, G.; McIntyre, E.M.; Ray, S.; Challagundla, K.B.; Joshi, S.S.; Coulter,
D.W.; Chaturvedi, N.K. A novel dual epigenetic approach targeting BET proteins and HDACs in Group 3 (MYC-driven)
Medulloblastoma. J. Exp. Clin. Cancer Res. 2022, 41, 321. [CrossRef] [PubMed]

271



Cancers 2023, 15, 3889

134. Menyhart, O.; Giangaspero, F.; Gyorffy, B. Molecular markers and potential therapeutic targets in non-WNT/non-SHH (group 3
and group 4) medulloblastomas. J. Hematol. Oncol. 2019, 12, 29. [CrossRef] [PubMed]

135. Baroni, M.; Guardia, G.D.A.; Lei, X.; Kosti, A.; Qiao, M.; Landry, T.; Mau, K.; Galante, P.A.F.; Penalva, L.O.F. The RNA-Binding
Protein Musashi1 Regulates a Network of Cell Cycle Genes in Group 4 Medulloblastoma. Cells 2021, 11, 56. [CrossRef]

136. Alimova, I.; Venkataraman, S.; Harris, P.; Marquez, V.E.; Northcott, P.A.; Dubuc, A.; Taylor, M.D.; Foreman, N.K.; Vibhakar, R.
Targeting the enhancer of zeste homologue 2 in medulloblastoma. Int. J. Cancer 2012, 131, 1800–1809. [CrossRef]

137. Park, A.K.; Lee, J.Y.; Cheong, H.; Ramaswamy, V.; Park, S.H.; Kool, M.; Phi, J.H.; Choi, S.A.; Cavalli, F.; Taylor, M.D.; et al.
Subgroup-specific prognostic signaling and metabolic pathways in pediatric medulloblastoma. BMC Cancer 2019, 19, 571.
[CrossRef]

138. Liu, H.; Wang, J.; Zhang, M.; Xuan, Q.; Wang, Z.; Lian, X.; Zhang, Q. Jagged1 promotes aromatase inhibitor resistance by
modulating tumor-associated macrophage differentiation in breast cancer patients. Breast Cancer Res. Treat 2017, 166, 95–107.
[CrossRef]

139. Shen, Q.; Cohen, B.; Zheng, W.; Rahbar, R.; Martin, B.; Murakami, K.; Lamorte, S.; Thompson, P.; Berman, H.; Zuniga-Pflucker,
J.C.; et al. Notch Shapes the Innate Immunophenotype in Breast Cancer. Cancer Discov. 2017, 7, 1320–1335. [CrossRef]

140. Sierra, R.A.; Trillo-Tinoco, J.; Mohamed, E.; Yu, L.; Achyut, B.R.; Arbab, A.; Bradford, J.W.; Osborne, B.A.; Miele, L.; Rodriguez,
P.C. Anti-Jagged Immunotherapy Inhibits MDSCs and Overcomes Tumor-Induced Tolerance. Cancer Res. 2017, 77, 5628–5638.
[CrossRef]

141. Meurette, O.; Mehlen, P. Notch Signaling in the Tumor Microenvironment. Cancer Cell 2018, 34, 536–548. [CrossRef] [PubMed]
142. Hoffman, L.M.; Fouladi, M.; Olson, J.; Daryani, V.M.; Stewart, C.F.; Wetmore, C.; Kocak, M.; Onar-Thomas, A.; Wagner, L.;

Gururangan, S.; et al. Phase I trial of weekly MK-0752 in children with refractory central nervous system malignancies: A
pediatric brain tumor consortium study. Childs Nerv. Syst. 2015, 31, 1283–1289. [CrossRef]

143. Lee, B.; Katsushima, K.; Pokhrel, R.; Yuan, M.; Stapleton, S.; Jallo, G.; Wechsler-Reya, R.J.; Eberhart, C.G.; Ray, A.; Perera, R.J. The
long non-coding RNA SPRIGHTLY and its binding partner PTBP1 regulate exon 5 skipping of SMYD3 transcripts in group 4
medulloblastomas. Neurooncol. Adv. 2022, 4, vdac120. [CrossRef]

144. Paul, R.; Bapat, P.; Deogharkar, A.; Kazi, S.; Singh, S.K.V.; Gupta, T.; Jalali, R.; Sridhar, E.; Moiyadi, A.; Shetty, P.; et al. MiR-592
activates the mTOR kinase, ERK1/ERK2 kinase signaling and imparts neuronal differentiation signature characteristic of Group 4
medulloblastoma. Hum. Mol. Genet. 2021, 30, 2416–2428. [CrossRef]

145. Dimitrova, V.; Arcaro, A. Targeting the PI3K/AKT/mTOR signaling pathway in medulloblastoma. Curr. Mol. Med. 2015, 15,
82–93. [CrossRef] [PubMed]

146. Ersahin, T.; Tuncbag, N.; Cetin-Atalay, R. The PI3K/AKT/mTOR interactive pathway. Mol. Biosyst. 2015, 11, 1946–1954.
[CrossRef] [PubMed]

147. Chaturvedi, N.K.; Kling, M.J.; Coulter, D.W.; McGuire, T.R.; Ray, S.; Kesherwani, V.; Joshi, S.S.; Sharp, J.G. Improved therapy for
medulloblastoma: Targeting hedgehog and PI3K-mTOR signaling pathways in combination with chemotherapy. Oncotarget 2018,
9, 16619–16633. [CrossRef]

148. Jonchere, B.; Williams, J.; Zindy, F.; Liu, J.; Robinson, S.; Farmer, D.M.; Min, J.; Yang, L.; Stripay, J.L.; Wang, Y.; et al. Combination
of Ribociclib with BET-Bromodomain and PI3K/mTOR Inhibitors for Medulloblastoma Treatment In Vitro and In Vivo. Mol.
Cancer Ther. 2023, 22, 37–51. [CrossRef]

149. Pei, Y.; Liu, K.W.; Wang, J.; Garancher, A.; Tao, R.; Esparza, L.A.; Maier, D.L.; Udaka, Y.T.; Murad, N.; Morrissy, S.; et al. HDAC
and PI3K Antagonists Cooperate to Inhibit Growth of MYC-Driven Medulloblastoma. Cancer Cell 2016, 29, 311–323. [CrossRef]

150. Calnan, D.R.; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276–2288. [CrossRef]
151. Pei, Y.; Moore, C.E.; Wang, J.; Tewari, A.K.; Eroshkin, A.; Cho, Y.J.; Witt, H.; Korshunov, A.; Read, T.A.; Sun, J.L.; et al. An animal

model of MYC-driven medulloblastoma. Cancer Cell 2012, 21, 155–167. [CrossRef]
152. Marino, A.M.; Frijhoff, J.; Calero, R.; Baryawno, N.; Ostman, A.; Johnsen, J.I. Effects of epigenetic modificators in combination

with small molecule inhibitors of receptor tyrosine kinases on medulloblastoma growth. Biochem. Biophys. Res. Commun. 2014,
450, 1600–1605. [CrossRef]

153. Marino, A.M.; Sofiadis, A.; Baryawno, N.; Johnsen, J.I.; Larsson, C.; Vukojevic, V.; Ekstrom, T.J. Enhanced effects by 4-
phenylbutyrate in combination with RTK inhibitors on proliferation in brain tumor cell models. Biochem. Biophys. Res. Commun.
2011, 411, 208–212. [CrossRef]

154. Guessous, F.; Yang, Y.; Johnson, E.; Marcinkiewicz, L.; Smith, M.; Zhang, Y.; Kofman, A.; Schiff, D.; Christensen, J.; Abounader, R.
Cooperation between c-Met and focal adhesion kinase family members in medulloblastoma and implications for therapy. Mol.
Cancer Ther. 2012, 11, 288–297. [CrossRef] [PubMed]

155. Wick, W.; Wick, A.; Schulz, J.B.; Dichgans, J.; Rodemann, H.P.; Weller, M. Prevention of irradiation-induced glioma cell invasion
by temozolomide involves caspase 3 activity and cleavage of focal adhesion kinase. Cancer Res. 2002, 62, 1915–1919.

156. Roberts, E.; Cossigny, D.A.; Quan, G.M. The role of vascular endothelial growth factor in metastatic prostate cancer to the skeleton.
Prostate Cancer 2013, 2013, 418340. [CrossRef] [PubMed]

157. Quero, L.; Dubois, L.; Lieuwes, N.G.; Hennequin, C.; Lambin, P. miR-210 as a marker of chronic hypoxia, but not a therapeutic
target in prostate cancer. Radiother Oncol. 2011, 101, 203–208. [CrossRef]

272



Cancers 2023, 15, 3889

158. Zhang, L.; Cheng, X.; Gao, Y.; Zheng, J.; Xu, Q.; Sun, Y.; Guan, H.; Yu, H.; Sun, Z. Apigenin induces autophagic cell death in
human papillary thyroid carcinoma BCPAP cells. Food Funct. 2015, 6, 3464–3472. [CrossRef] [PubMed]

159. Insel, P.A.; Murray, F.; Yokoyama, U.; Romano, S.; Yun, H.; Brown, L.; Snead, A.; Lu, D.; Aroonsakool, N. cAMP and Epac in the
regulation of tissue fibrosis. Br. J. Pharmacol. 2012, 166, 447–456. [CrossRef]

160. Valencia-Cervantes, J.; Huerta-Yepez, S.; Aquino-Jarquin, G.; Rodriguez-Enriquez, S.; Martinez-Fong, D.; Arias-Montano, J.A.;
Davila-Borja, V.M. Hypoxia increases chemoresistance in human medulloblastoma DAOY cells via hypoxia-inducible factor
1alpha-mediated downregulation of the CYP2B6, CYP3A4 and CYP3A5 enzymes and inhibition of cell proliferation. Oncol. Rep.
2019, 41, 178–190. [CrossRef]

161. Lasky, J.L., 3rd; Bradford, K.L.; Wang, Y.; Pak, Y.; Panosyan, E.H. Chemotherapy Can Synergize With Adoptive Immunotherapy
to Inhibit Medulloblastoma Growth. Anticancer Res. 2022, 42, 1697–1706. [CrossRef]

162. Donovan, L.K.; Delaidelli, A.; Joseph, S.K.; Bielamowicz, K.; Fousek, K.; Holgado, B.L.; Manno, A.; Srikanthan, D.; Gad, A.Z.; Van
Ommeren, R.; et al. Locoregional delivery of CAR T cells to the cerebrospinal fluid for treatment of metastatic medulloblastoma
and ependymoma. Nat. Med. 2020, 26, 720–731. [CrossRef] [PubMed]

163. Menyhart, O.; Gyorffy, B. Molecular stratifications, biomarker candidates and new therapeutic options in current medulloblastoma
treatment approaches. Cancer Metastasis Rev. 2020, 39, 211–233. [CrossRef] [PubMed]

164. Pham, C.D.; Flores, C.; Yang, C.; Pinheiro, E.M.; Yearley, J.H.; Sayour, E.J.; Pei, Y.; Moore, C.; McLendon, R.E.; Huang, J.; et al.
Differential Immune Microenvironments and Response to Immune Checkpoint Blockade among Molecular Subtypes of Murine
Medulloblastoma. Clin. Cancer Res. 2016, 22, 582–595. [CrossRef] [PubMed]

165. Blumenthal, D.T.; Yalon, M.; Vainer, G.W.; Lossos, A.; Yust, S.; Tzach, L.; Cagnano, E.; Limon, D.; Bokstein, F. Pembrolizumab:
First experience with recurrent primary central nervous system (CNS) tumors. J. Neurooncol. 2016, 129, 453–460. [CrossRef]

166. Gorsi, H.S.; Malicki, D.M.; Barsan, V.; Tumblin, M.; Yeh-Nayre, L.; Milburn, M.; Elster, J.D.; Crawford, J.R. Nivolumab in the
Treatment of Recurrent or Refractory Pediatric Brain Tumors: A Single Institutional Experience. J. Pediatr. Hematol. Oncol. 2019,
41, e235–e241. [CrossRef]

167. Rodon, J.; Tawbi, H.A.; Thomas, A.L.; Stoller, R.G.; Turtschi, C.P.; Baselga, J.; Sarantopoulos, J.; Mahalingam, D.; Shou, Y.; Moles,
M.A.; et al. A phase I, multicenter, open-label, first-in-human, dose-escalation study of the oral smoothened inhibitor Sonidegib
(LDE225) in patients with advanced solid tumors. Clin. Cancer Res. 2014, 20, 1900–1909. [CrossRef]

168. Peukert, S.; He, F.; Dai, M.; Zhang, R.; Sun, Y.; Miller-Moslin, K.; McEwan, M.; Lagu, B.; Wang, K.; Yusuff, N.; et al. Discovery of
NVP-LEQ506, a second-generation inhibitor of smoothened. ChemMedChem 2013, 8, 1261–1265. [CrossRef]

169. Hummel, T.R.; Wagner, L.; Ahern, C.; Fouladi, M.; Reid, J.M.; McGovern, R.M.; Ames, M.M.; Gilbertson, R.J.; Horton, T.; Ingle,
A.M.; et al. A pediatric phase 1 trial of vorinostat and temozolomide in relapsed or refractory primary brain or spinal cord
tumors: A Children’s Oncology Group phase 1 consortium study. Pediatr. Blood Cancer 2013, 60, 1452–1457. [CrossRef]

170. Muscal, J.A.; Thompson, P.A.; Horton, T.M.; Ingle, A.M.; Ahern, C.H.; McGovern, R.M.; Reid, J.M.; Ames, M.M.; Espinoza-
Delgado, I.; Weigel, B.J.; et al. A phase I trial of vorinostat and bortezomib in children with refractory or recurrent solid tumors: A
Children’s Oncology Group phase I consortium study (ADVL0916). Pediatr. Blood Cancer 2013, 60, 390–395. [CrossRef]

171. Leary, S.E.S.; Kilburn, L.; Geyer, J.R.; Kocak, M.; Huang, J.; Smith, K.S.; Hadley, J.; Ermoian, R.; MacDonald, T.J.; Goldman, S.; et al.
Vorinostat and isotretinoin with chemotherapy in young children with embryonal brain tumors: A report from the Pediatric
Brain Tumor Consortium (PBTC-026). Neuro. Oncol. 2022, 24, 1178–1190. [CrossRef] [PubMed]

172. Fouladi, M.; Park, J.R.; Stewart, C.F.; Gilbertson, R.J.; Schaiquevich, P.; Sun, J.; Reid, J.M.; Ames, M.M.; Speights, R.;
Ingle, A.M.; et al. Pediatric phase I trial and pharmacokinetic study of vorinostat: A Children’s Oncology Group phase I
consortium report. J. Clin. Oncol. 2010, 28, 3623–3629. [CrossRef] [PubMed]

173. DeWire, M.D.; Fuller, C.; Campagne, O.; Lin, T.; Pan, H.; Young Poussaint, T.; Baxter, P.A.; Hwang, E.I.; Bukowinski, A.; Dorris,
K.; et al. A Phase I and Surgical Study of Ribociclib and Everolimus in Children with Recurrent or Refractory Malignant Brain
Tumors: A Pediatric Brain Tumor Consortium Study. Clin. Cancer Res. 2021, 27, 2442–2451. [CrossRef]

174. Kieran, M.W.; Chi, S.; Goldman, S.; Onar-Thomas, A.; Poussaint, T.Y.; Vajapeyam, S.; Fahey, F.; Wu, S.; Turner, D.C.;
Stewart, C.F.; et al. A phase I trial and PK study of cediranib (AZD2171), an orally bioavailable pan-VEGFR inhibitor, in children
with recurrent or refractory primary CNS tumors. Childs Nerv. Syst. 2015, 31, 1433–1445. [CrossRef] [PubMed]

175. Fangusaro, J.; Cefalo, M.G.; Garre, M.L.; Marshall, L.V.; Massimino, M.; Benettaib, B.; Biserna, N.; Poon, J.; Quan, J.; Conlin, E.; et al.
Phase 2 Study of Pomalidomide (CC-4047) Monotherapy for Children and Young Adults With Recurrent or Progressive Primary
Brain Tumors. Front. Oncol. 2021, 11, 660892. [CrossRef]

176. Slavc, I.; Mayr, L.; Stepien, N.; Gojo, J.; Aliotti Lippolis, M.; Azizi, A.A.; Chocholous, M.; Baumgartner, A.; Hedrich, C.S.;
Holm, S.; et al. Improved Long-Term Survival of Patients with Recurrent Medulloblastoma Treated with a “MEMMAT-like”
Metronomic Antiangiogenic Approach. Cancers 2022, 14, 5128. [CrossRef] [PubMed]

177. Packer, R.J.; Rood, B.R.; Turner, D.C.; Stewart, C.F.; Fisher, M.; Smith, C.; Young-Pouissant, T.; Goldman, S.; Lulla, R.; Banerjee,
A.; et al. Phase I and pharmacokinetic trial of PTC299 in pediatric patients with refractory or recurrent central nervous system
tumors: A PBTC study. J. Neurooncol. 2015, 121, 217–224. [CrossRef]

273



Cancers 2023, 15, 3889

178. MacDonald, T.J.; Stewart, C.F.; Kocak, M.; Goldman, S.; Ellenbogen, R.G.; Phillips, P.; Lafond, D.; Poussaint, T.Y.; Kieran, M.W.;
Boyett, J.M.; et al. Phase I clinical trial of cilengitide in children with refractory brain tumors: Pediatric Brain Tumor Consortium
Study PBTC-012. J. Clin. Oncol. 2008, 26, 919–924. [CrossRef]

179. Saulnier-Sholler, G.; Duda, D.G.; Bergendahl, G.; Ebb, D.; Snuderl, M.; Laetsch, T.W.; Michlitsch, J.; Hanson, D.; Isakoff, M.S.;
Bielamowicz, K.; et al. A Phase I Trial of TB-403 in Relapsed Medulloblastoma, Neuroblastoma, Ewing Sarcoma, and Alveolar
Rhabdomyosarcoma. Clin. Cancer Res. 2022, 28, 3950–3957. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

274



cancers

Review

DNA Damage Responses in Tumors Are Not Proliferative
Stimuli, but Rather They Are DNA Repair Actions Requiring
Supportive Medical Care

Zsuzsanna Suba

Department of Molecular Pathology, National Institute of Oncology, Ráth György Str. 7-9, H-1122 Budapest,
Hungary; subazdr@gmail.com; Tel.: +36-00-36-1-224-86-00; Fax: +36-00-36-1-224-86-20

Simple Summary: This work challenges the traditional principles of cancer therapy: simply targeting
and blocking the regulatory pathways of rapidly proliferating tumors is a serious mistake. Since tumor
initiation and growth may be attributed to a patient’s genomic instability and damage, genotoxic
medications are inappropriate as they cause additional genomic damage in both patients and their
cancers. Tumor cells are not enemies to be killed, but rather they are ill human cells which have the
remnants of same genome stabilizer pathways like healthy cells. Within tumors, there is a combat for
the improvement of their genomic defects. Moreover, tumors ask for help in their kamikaze action by
recruiting immune competent cells into their environment. We should learn by watching the genome
repairing activities within tumors, in the peritumoral region and in the whole body, and may follow
them with supportive care. Successful cancer therapy does not remain a dream to be realized in the
far future, but we should set about a cancer cure without delay.

Abstract: Background: In tumors, somatic mutagenesis presumably drives the DNA damage response
(DDR) via altered regulatory pathways, increasing genomic instability and proliferative activity.
These considerations led to the standard therapeutic strategy against cancer: the disruption of
mutation-activated DNA repair pathways of tumors.Purpose: Justifying that cancer cells are not
enemies to be killed, but rather that they are ill human cells which have the remnants of physiologic
regulatory pathways. Results: 1. Genomic instability and cancer development may be originated
from a flaw in estrogen signaling rather than excessive estrogen signaling; 2. Healthy cells with
genomic instability exhibit somatic mutations, helping DNA restitution; 3. Somatic mutations in
tumor cells aim for the restoration of DNA damage, rather than further genomic derangement; 4. In
tumors, estrogen signaling drives the pathways of DNA stabilization, leading to apoptotic death; 5.
In peritumoral cellular infiltration, the genomic damage of the tumor induces inflammatory cytokine
secretion and increased estrogen synthesis. In the inflammatory cells, an increased growth factor
receptor (GFR) signaling confers the unliganded activation of estrogen receptors (ERs); 6. In breast
cancer cells responsive to genotoxic therapy, constitutive mutations help the upregulation of estrogen
signaling and consequential apoptosis. In breast tumors non-responsive to genotoxic therapy, the
possibilities for ER activation via either liganded or unliganded pathways are exhausted, leading
to farther genomic instability and unrestrained proliferation. Conclusions: Understanding the real
character and behavior of human tumors at the molecular level suggests that we should learn the
genome repairing methods of tumors and follow them by supportive therapy, rather than provoking
additional genomic damages.

Keywords: anti-estrogen; cancer therapy; estrogen; DNA damage; DNA damage response; DNA
repair; endocrine disruptor; estrogen receptor; growth factor receptor; mutation

1. Introduction

Cancer is a complex disease, presumably originating from mutations in genes, pro-
moting genomic instability, and initiating cancer development [1]. In cancers, mutagenesis
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drives the DNA damage response (DDR) via altered regulatory pathways, increasing ge-
nomic instability and helping proliferative activity [2]. Altered DNA damage responses in
tumors serve the maintenance of survival and unrestrained proliferative activity of cells.
These considerations led to the standard therapeutic strategy against cancer: the disruption
of mutation-activated DNA repair pathways of tumors, which should lead to the clinical
recovery of cancer patients [3]. However, the derangement of the mutation-driven DNA
repair techniques of tumors could not bridge the gap between basic research and clinical
practice.

In tumors, the accumulation of somatic mutations yields so-called cancer driver
genes, and their altered regulatory protein products may manage aggressive expansion [4].
Catalogues of genes known to be involved in cancer development were prepared by whole-
exome and later, whole-genome sequencing of numerous tumor samples. Analyses of
thousands of cancer genomes return a remarkably similar catalogue of around 300 genes
that are mutated in at least one cancer type. Yet, many features of these mutated genes
and their exact role in cancer development remain unclear. The accumulation of certain
mutated genes in tumors is not enough to justify their pro-oncogenic nature.

There is a close collaboration between the activity of the immune system and cancer
driver mutations. The immune system has a strong impact on determining the expression
of certain cancer driver genes [5]. At the same time, the appearance of certain cancer driver
mutations shows correlations with the density and composition of immune competent
cells in the tumor microenvironment [6]. The connection of the immune system with the
appearance of cancer driver mutations is probably mediated by the fact that all somatic
mutations can create neoantigens. These unknown peptides may trigger an immune
response, eliminating the cell that carries them; this process is known as immune-editing [5].

Cancer driver mutations influence the quantity and composition of immune cell
infiltration in the tumor microenvironment [6]. Somatic mutations in cancer driver genes
with well-known roles in immune signaling, such as CASP8 or HLA, generally recruit
higher concentrations of immune cells into the tumor microenvironment. These pro-
oncogenic mutations most likely result in immune-evading mechanisms. In contrast,
colorectal tumors, with accumulated KRAS mutation, show weaker immune cell infiltration
than those without this mutation, and the tumors are resistant to the immune-checkpoint
blockade [7].

Surprisingly, cancer driver genes are exposed, even in various healthy cells exhibiting
the same somatic mutations as tumors. Two studies examined somatic mutations in the
entire human body [8,9]. In some individuals, cancer driver somatic mutations were found
in virtually all tissues, although none of them had been diagnosed with cancer. The most
interesting recent finding is the presence of somatic PTEN, KMT2D, and ARID1A mutations
in healthy liver cells [10]. Hepatocytes showing these well-known cancer driver mutations
exhibited conspicuously increased fitness, faster expansion, and regeneration under stress
or other injury as compared to their counterparts without mutation.

The study on liver cells showing high fitness and regenerative capacity despite their
cancer driving mutation justifies the positive impact of somatic mutations on genomic
stability rather than tumor promotion. There is a plausible explanation; the concentration
of genome driver somatic mutations in tumors may not be pro-oncogenic stimuli, but may
rather be DNA stabilizer actions via genomic plasticity. Somatic mutations in clinically
cancer-free patients may derive from the earlier occurrence of accidental genomic insta-
bility or subclinical cancer in an organ, which were repaired or eliminated via activated
mutations.

Molecular cancer therapies targeting the altered DNA damage response pathways lead
to continuous failures. This problem evokes the idea that some modern cancer therapies
might cause more harm than benefit, as we do not exactly understand the molecular events
in the background of diseases [11]. The analysis of therapeutic failures urges a complete
turn in our anti-cancer strategy rather than farther developing and improving the families
of moderately effective or even genotoxic drugs.
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The aim of this study is to justify that tumor cells are not enemies to be killed, butrather
that they are ill human cells which have the remnants of the same regulatory pathways
like patients’ healthy cells [12]. Understanding the real character and behavior of human
tumors at the molecular level suggests that we should learn by watching the genome
repairing methods of tumors instead of provoking additional genomic damages.

2. Endocrine Disruptor Synthetic Estrogens Increase the Risk for Certain Cancers and
Cardiovascular Complications

In the early 1940s, synthetic estrogens were developed for medical purposes; for
the treatment of miscarriage and menopausal complaints and later, for oral contracep-
tion. Diethylstilbestrol (DES) was a non-steroidal hormone; ethinylestradiol (EE) was a
steroidal product; while conjugated equine estrogens (CEEs) were extracted from biological
samples [13].

Increased breast cancer risk in DES-treated patients mistakenly suggested that syn-
thetic estrogens activate the same subcellular pathways that a high endogenous estra-
diol level does, leading to alterations in all cellular functions including interactions with
DNA [14]. In reality, malformations and increased breast cancer risk induced by prenatal
exposure to DES may be attributed to the deregulation of estrogen signaling pathways. In
animal experiments, DES and EE treatment provoked histone modification and further
genomic damages via ER deregulation, justifying their endocrine disruptor character [15].

The development of synthetic estrogens, including both DES and EE, may be regarded
as a pharmaceutical mistake as they are endocrine disruptors. Endocrine disruptors
exhibit a special toxicological mechanism; higher doses induce more genomic damages as
compared to lower doses; however, there are no safety low levels of these chemicals [16].
Low doses of synthetic estrogens exert an inhibitory effect on the ligand independent,
ancient AF1 domain of ERs, while inducing compensatory estrogen-like activation on the
ligand-dependent AF2 domain. Conversely, high doses of synthetic estrogens provoke a
serious imbalance between the liganded and unliganded activation of ERs, resulting in
uncompensated damages in the whole genomic machinery [17].

2.1. Controversial Correlations between Menopausal Hormone Therapy (MHT) and
Women’s Health

For menopausal hormone therapy (MHT), both synthetic EE and CEE extracted from
biological samples were prescribed [13]. From the 1940s, MHT became widely used
among postmenopausal women for the treatment of menopausal symptoms and for the
prevention of chronic illnesses, such as cardiovascular and thromboembolic complications
and osteoporosis. In menopausal women, both natural and synthetic estrogens were
applied alone or in combination with synthetic progestins as exogenous hormone therapies.
Among HRT-using women, ambiguous clinical results were experienced; either increased
or decreased risks for arterial and venous thromboembolism and for breast cancer was
experienced. The guidance from the Food and Drug Administration (FDA) established that
the benefits of MHT use surpass their risks [18]. Nevertheless, no comparative information
was available on the efficacy and toxicity of synthetic versus natural hormone products.

In the early 2000s, two great Women’s Health Initiative (WHI) studies reported quite
controversial results in women who underwent MHT. In 2002, increased risks for breast
cancer, thromboembolism, and cardiovascular diseases were reported in menopausal
women treated with conjugated equine estrogen (CEE) plus medroxyprogesterone acetate
(MPA) [19]. Conversely, in 2004, another great WHI study reported on a striking reduction
of breast cancer risk in women treated with CEE (Premarin, Pfizer) alone [20]. In the latter
study, the protective effect of Premarin, with its natural origin, may be explained by the
omission of the highly toxic progestin, MPA [21].

In 2019, a great meta-analysis study reported worldwide epidemiological evidence of
the breast cancer-inducing capacity of MHT independent of the used hormone formuli and
the timing of treatment [22]. All MHT studies reporting the breast cancer preventive effect of
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Premarin alone were omitted from this analysis. The concept of “estrogen-induced cancer”
was both the starting point and the goal of investigation, creating a circular reasoning.

In 2020, the earlier WHI study was repeated on the surviving women eighteen years
following the MHT, and the results reflected the long-lasting breast cancer preventive
effect of Premarin. Both morbidity and breast cancer-associated mortality were significantly
decreased among estrogen treated women [23]. These results justified the long term genome
stabilizer power of natural estrogen treatment without synthetic progestin use [17].

In 2021, Premarin treatment of women with ER positive, PR negative breast cancers
(N = 10,739) resulted in a significant reduction in tumors and breast cancer-related deaths.
The authors established that here is the time for change in their breast cancer risk reduction
strategies in clinical practice [24].

An analysis of the results of MHT studies using different hormone schedules justified
that horse urine-derived Premarin without synthetic progestin is a highly beneficial for-
mula against breast cancer, coronary heart disease, thromboembolism, and bone loss [21].
Although only synthetic hormones may be blamed for increased breast cancer risk and
further complications in MHT-using women, the “estrogen-induced cancer” remained
evidence-based fact.

2.2. Oral Contraceptives Are Endocrine Disruptors Inducing either Increased or Decreased Cancer
Risk in Different Organs

Oral contraceptives (OCs) comprising synthetic EE were developed in the 1960s.
OCs may induce serious toxic side effects, such as venous thromboembolism, stroke, and
cardiovascular diseases [13]. OC use induced the deregulation of ER signaling and led to
an increased risk for insulin resistance and metabolic diseases [25].

Wide spread use of OC use among premenopausal women caused highly ambiguous
correlations with cancer risk at different sites. Among OC user women, a slightly increased
risk for overall breast cancer was observed [26], while strongly increased risks for ER/PR
negative and triple-negative breast cancer (TNBC) were registered [27,28]. Conversely, OC
use significantly reduced the risk of endometrial [29], ovarian [30], and colon cancer [31].
The controversial correlations between OC use and reduced or enhanced cancer risk at
different sites strongly justified that ethinylestradiol is an endocrine disruptor compound
rather than a bioidentical estrogen [17].

In BRCA gene mutation carriers, long term OC use significantly increases the risk
for overall breast cancer as compared to non-carriers [32]. Long term OC use in BRCA
mutation carriers may exert an additional inhibition on the non-liganded ER activation
aggravating mutation associated weakness of ERs. Conversely, in women, with BRCA1/2
gene mutations, the risk for ovarian cancer is strongly reduced by OC use [33] via exerting
an advantageous estrogen-like effect by the indirect activation of the AF2 domain [17].

Despite the known metabolic, thrombotic, and carcinogenic complications of OCs,
they are widely used in medical practice. Clinicians do not believe, or do not want to
believe, in the endocrine-disrupting nature of OCs. In addition, OC use strengthened the
misbelief that endogenous estrogens in higher concentrations may induce increased breast
cancer risk.

3. In BRCA Gene Mutation Carriers, the Defect of Liganded ER Activation Is the
Initiator of DNA Damage and Cancer Development

Patients with the germline BRCA gene mutation are pathological models for genomic
instability and have an increased predisposition for breast and ovarian cancer development.
The first breast cancer gene (BRCA1) was identified in 1994, showing close correlation with
breast cancer development when becoming mutated [34], while the second breast cancer
gene (BRCA2) was announced in 1995 [35]. BRCA1 and BRCA2 genes may be regarded
as safeguards of the genome. Their BRCA protein products control DNA replication,
transcriptional processes, DNA recombination, and the repair of DNA damages [36].
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Although functional BRCA proteins have crucial role in the health of all cell types in
both men and women, germline BRCA gene mutations are preferentially associated with
tumor development in female breasts and ovaries [37,38].

The tissue specificity of BRCA1 mutation-associated tumors suggested a potential
relationship between BRCA1-loss and excessive estrogen signaling in breast cancer de-
velopment. However, BRCA1 mutation-linked tumors are typically ER-alpha negative,
poorly differentiated, and show rapid growth and poor prognosis [39]. Receptor expres-
sion profiling of BRCA1 mutant tumors showed that their vast majority proved to be
ER-alpha negative and ER/PR/HER2 negative, nominated as triple negative breast cancer
(TNBC) [40]. In addition, the development of ER-alpha negative breast cancer has been
reported to be a predictor of BRCA1 mutation status in patients [41]. In sporadic ER-alpha
negative breast cancers, reduced BRCA1 protein expression and a decreased level of ER-
alpha mRNA were parallel observed, while estrogen treatment increased BRCA1/2 mRNA
levels [42]. These results suggest that BRCA gene mutation deteriorates the regulatory inter-
play with ERs, leading to decreased ER expression and consequential decreased estrogen
signaling [43].

Since the regulation of healthy female breast requires a strict balance between liganded
and unliganded ER activation, the weakness in ER expression and estrogen activation
results in a preferential susceptibility to genomic damage in the breasts of BRCA mutation
carrier women [43]. In diabetes and obesity, weak estrogen signaling-associated defects
in the hormonal and metabolic equilibrium are directly associated with an increased
TNBC risk.

Molecular studies on the interactions between BRCA1 protein and ER alpha yielded
highly controversial results supporting either the upregulating or downregulating effect of
BRCA1 on ER alpha transactivation.

Wild type BRCA1 gene was demonstrated to inhibit ER alpha transcriptional activity
under the control of its estrogen responsive elements [44]. BRCA1 could suppress the
expression of near all estrogen-regulated genes [45]. In addition, BRCA1 was able to inhibit
p300 mediated ER acetylation, which is essential for the transactivation of ERs [46]. In
contrast, it was reported that BRCA1 may induce an increased transcriptional activity of
ER alpha by the upregulation of p300 expression, a co-activator of ER alpha [47]. Sim-
ilarly, BRCA1 ensured co-activator Cyclin D binding to ER alpha so as to facilitate the
transcriptional activity [48].

These controversial findings reflect the complexity of regulatory processes, including
both the activation and repression of ERs. In conclusion, estrogen-liganded ER alpha may
choose momentarily appropriate cofactors, promoter regions, and transcriptional pathways
in harmony with optimal BRCA1 expression and activation [49].

In genome stabilization, BRCA and ER proteins are in mutual interaction by direct
binding regulating each other’s activation [50]. The amino-terminus of BRCA1 increases
the activation of ER alpha, while the carboxyl-terminus of BRCA1 may function as a tran-
scriptional repressor on the ER alpha protein. ER alpha and BRCA1 are crucial components
of the regulatory circuit of DNA stabilization as well [49]. Defective expression or activation
of either BRCA1 or ER alpha protein disturbs their interaction, endangering both estrogen
signaling and genomic stability.

In women with the BRCA gene mutation, anovulatory infertility frequently occurs [51],
reflecting the defects of the liganded estrogen signal. In addition, early menopause associ-
ated with ovarian failure is also a characteristic finding in BRCA mutation carriers [52]. In
85% of BRCA1 mutation carriers, loss of functional BRCA1 protein correlated with elevated
aromatase levels and increased estrogen synthesis [53] suggesting compensatory actions
against decreased ER expression.

In BRCA mutation carrier breast cells, decreased BRCA1 protein synthesis is associated
with the down-regulation of ER alpha mRNA expression and low ER alpha expression [54].
In BRCA gene mutation carrier tumor cells, a consequently decreased liganded activation
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of ERs was observed [44]. In BRCA gene mutation carrier breast cancer cells, a decreased
expression of ER alpha was experienced [55].

The defect of liganded ER activation in BRCA mutation carriers is a crucial finding, as
it explains the increased inclination for cancers, the ER negativity of developing tumors,
and the ovulatory disorders of female patients.

Both Healthy Cells and Tumor Cells with BRCA Mutation Show Compensatory Molecular
Changes, Improving Genomic Stability

In BRCA mutation carriers, the defect in estrogen signaling endangers the genome
stability in healthy cells, and means a risk for further genomic deregulation in tumor cells.
In healthy cells with BRCA mutation, a compensatory upregulation of estrogen signaling
may preserve genomic stability, while in BRCA mutation carrier tumor cells, increased
estrogen signaling may protect from further genomic damage and increasing proliferative
activity. Tumor cells possess the remnants of the same genome stabilizer pathways like
healthy cells have. In the emergency situation of a weakening estrogen signal, tumor cells
may show various activating mutations, increasing both liganded and unliganded ER
activation [56].

Healthy cells: In mammary epithelial cells, the loss of the BRCA1 gene leads to
increased epidermal growth factor receptor expression [57], which means an unliganded
activation of ERs instead of a pro-oncogenic impact. In BRCA1 mutation carrier women,
BRCA1 protein activity confers the selection of an appropriate CYP19 aromatase promoter
region for the compensatory intensifying of estrogen synthesis [58]. In mammary fibrous
adipose cells, the downregulation of the BRCA1 gene increased the specific activation of
the PII promoter on Cyp19 aromatase gene, leading to increased estrogen synthesis. The
mutation of the BRCA1 gene may be counteracted by the unliganded activation of ERs
via the upregulation of growth factor receptors and P13K/Akt pathways interacting with
BRCA1 protein [59].

Tumor cells: In BRCA1-deficient human ovarian cancer cells, ER alpha exhibited
increased ligand independent transcriptional activity that was not observed in BRCA1
proficient cells [60]. Authors suggested that the loss of BRCA1 increased unliganded ER
activation increasing cancer risk; however, it was a compensatory activation attributed to
the defective liganded activation.

In the tumor cell line with BRCA mutation, increased estrogen signaling was observed
via enhanced activation of p300, a transcriptional coactivator of ERs [47]. In familiar breast
cancers with BRCA mutation, a further transcriptional activator of ERs—Cyclin D1—was
highly accumulated [61]. Nuclear factor kappaB (NF-κB), an important ER coactivator,
was persistently activated in a subset of BRCA1-deficient mammary luminal progenitor
cells [62].

In BRCA1/2 gene mutation carriers, the most frequently co-mutated gene was TP53
(38.1%). Patients with both BRCA1/2 and TP53 gene mutations were more likely to have
hormone receptor negative cancers, high Ki-67 values, and increased genetic mutations,
especially of hormone receptor-related genes. Survival benefits were observed in the
BRCA2 mutation carrier patients with TP53 co-mutation, compared to those with TP53
wild types [63]. This valuable observation supports the increased genome stabilizer impact
of mutated TP53, providing compensatory genome stabilization in tumors with BRCA2
gene mutation.

In sporadic breast cancer cells, the wild BRCA gene is capable of increasing the
expression of the coding gene of ER alpha—ESR1—mediated by the activator Oct-1 [55].
Moreover, BRCA could transcriptionally increase the expression of ER alpha mRNA.

Studies on BRCA mutation carriers teach us crucial new aspects for cancer research:
1. Genomic instability is linked to the weakness of liganded ER activation rather than
excessive estrogen signaling; 2. BRCA gene mutation carrier healthy cells are working
on the improvement of endangered DNA, via the upregulation of both liganded and
unliganded ER activation; 3. In BRCA mutant tumor cells, the upregulation of estrogen
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synthesis and unliganded ER activation are efforts to protect DNA from further damage;
4. Both healthy and tumor cells with BRCA gene mutation exhibit gene amplification and
activate gene mutations so as to increase estrogen synthesis and improve ER activation;
5. In BRCA mutation carriers, the whole body works on genome stabilization via increased
ovarian and peripheral estrogen synthesis.

4. Estrogens Are the Principal Regulators of Genomic Machinery in Mammalian Cells

At the cellular level, estrogen-activated ERs (ER alpha and ER beta) are the hubs of
genomic machinery, orchestrating all cellular functions affecting both somatic and repro-
ductive health [64]. Molecular factors of all cellular processes are working in regulatory
circuits. They receive the regulatory commands from estrogen-activated ERs directly or
indirectly and, at the same time, send their signals back to the ERs closing the circuit.

ER-alpha-regulated DNA stabilizer circuit. ER-alphas activated by the estrogen hor-
mone are the initiators and drivers of the regulatory circuit of DNA stabilization. ERs,
genome safeguarding proteins, such as BRCA1, and estrogen synthesizing aromatase en-
zyme (A450) create a triangular partnership. The appropriate expression of ER-alpha,
BRCA1 protein, and aromatase enzyme is harmonized by firm interplay among ESR1,
BRCA1, and CYP19 genes and their transcriptional activity in the promoter regions [49]. The
upregulation of estrogen signaling ensures DNA stability in all phases of cell proliferation.

Liganded ER-alpha as a transcriptional factor induces ESR1 gene expression, driving
protein coding ER-alpha-mRNA and ER-alpha protein expression. Liganded ER-alphas are
capable of occupying the BRCA1 gene promoter region as well, facilitating the expression
of BRCA1 mRNA transcripts and increased BRCA1 protein synthesis [37].

The BRCA1 protein, as a transcriptional factor, drives the expression of the BRCA1
gene and amplifies BRCA1 protein expression. The BRCA1 protein activates ESR1 gene
expression and increases ER-alpha protein synthesis [55]. Moreover, the BRCA1 protein is
capable of occupying the promoter region of the CYP19A gene, conferring the augmented
expression of the aromatase enzyme. The BRCA1 protein ensures safety equilibrium be-
tween the ER-alpha protein and aromatase enzyme expression [56]. Abundant BRCA1
proteins may induce epigenetic modification and activate mutations on ESR1, BRCA1, and
CYP19 aromatase genes via increasing the appropriate lncRNA expression and resulting in
increased production of the three regulatory proteins: ER, BRCA1, and aromatase [56]. In
addition, abundant BRCA1 proteins are capable of increasing the transcriptional activity
of ER-alpha mediated by either Cyclin D1 [48] or p300 coactivator protein [47]. Increased
BRCA1 activity confers a decreased unliganded activation of ERs [60], while increasing
liganded ER activation and strengthening DNA stability [17]. Some lncRNA transcripts of
BRCA1 may induce transcription on the CYP19 aromatase promoter, facilitating A450 aro-
matase enzyme expression and estrogen concentration [58]. A high estrogen concentration
helps in the binding and activation of abundant ER-alphas, further stimulating the DNA
stabilizer circuit [49].

The process of estrogen-induced genome stabilization through the ER-BRCA-aromatase
circuit may take many hours as protein synthesis is a time consuming procedure. In emer-
gency situations, 17beta-estradiol can rapidly enhance aromatase enzyme activity and
estrogen synthesis in both healthy and tumor cells. The non-receptor tyrosine kinase
c-Src shows direct involvement in E2 stimulated quick aromatase activation via a short
nongenomic autocrine loop [65].

ER-alpha and BRCA1 proteins can directly bind with each other as transcriptional
factors. Certain binding sites facilitate upregulative processes, while others may quench
each other’s transcriptional activity [50]. Mutagenic defects or the decreased expression of
ER-alpha may dangerously repress the expression of BRCA1 mRNA transcripts and BRCA1-
protein synthesis; endangering DNA-safeguarding [42]. Similarly, decreased synthesis or
mutagenic alteration of BRCA1-protein results in the downregulation of the expression of
the ER-alpha mRNA and ER-alpha protein [54]. If either the ER-alpha or BRCA1 protein
function suffers damage, the result will be genomic instability and increased cancer risk [49].
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ER-alpha-regulated circuit of cell proliferation. The principal regulator of cell pro-
liferation is the ligand-activated ER-alpha in strong interactions with membrane-bound
tyrosine kinase growth factor receptors; insulin-like growth factor receptor 1 (IGF-1R) and
epidermal growth factor receptor (EGFR) [12]. The equilibrium between liganded and
unliganded ER-alpha activation provides an accurate control over DNA replication in both
high and low phases of cell proliferation. The interplay between ER and GFR receptor
families is the prerequisite of the regulation of cell growth and proliferation and it may be
more or less preserved even in malignant tumors [17].

IGF-1R shows a bidirectional signaling pathway with ligand-activated ERs [66]. IGF-I
expression is influenced by both insulin and growth hormone (GH) stimulating the IGF-I
synthesis in the liver [67]. IGF-1 binding to its receptor, IGF-1R may upregulate two chief
signaling pathways: the phosphatidyloinositol 3-kinase (PI3K-AKT) and the Ras-mitogen-
activated protein kinase (MAPK) pathways. These kinase cascades drive the unliganded
transcriptional activity of ER-alpha by the phosphorylation of serine residues [68].

ERs are driving many protein components in the insulin-IGF-1 system, such as the
IGF-1R and insulin receptor substrate 1 (IRS-1) [69]. ER-alpha is capable of binding and
phosphorylating IGF-1R and taking care of its signaling pathways. In IGF-1 KO mice,
estradiol-activated uterine growth is missing [70]. Conversely, in vivo IGF-1 activation of
uterine cell proliferation is strongly dependent on ER-alpha activation [71].

Estrogen stimulates the EGF synthesis in uterine epithelial cells through ER activation,
resulting in a proliferative effect [72]. In estrogen-free milieu, EGFR signaling may be
activated through unliganded ER activation [73]. In turn, in the uterus of ER-alpha KO mice,
EGF could not induce DNA synthesis and transcriptional activity [74]. In ovariectomized
mice, estradiol treatment resulted in a rapid increase in uterine EGFR mRNA and protein
expression and increased the binding sites on EGF through ER activation [75].

In the nucleus, the EGFR signal induces phosphorylation and activation on ER-alpha at
serine 118 location conferred by the growth factor receptor-activated MAPK pathway [76,77].
Phosphorylation at serine 118 increases the ER-associated transactivation of several genes
that are activated by EGFR. The growth factor receptor signal is capable of increasing the
transcriptional activity of nuclear ERs through the phosphorylation of their coactivator
proteins, such as steroid receptor coactivator 1, p300 protein, and cyclin D1 [78,79].

In the cytoplasm, estrogen-activated ERs induce EGFR activation and EGFR conferred
upregulation of the PI3K signaling pathway [80]. In endothelial cells, estrogen treatment
induced PI3K activation resulted in the rapid upregulation of 250 estrogen-regulated genes
within 40 min [81]. The ER/EGFR interplay at the membrane promotes the activation
of numerous signaling pathways that further increases the wide-ranging transcriptional
activity of ERs [66].

In human breast cancer, an inverse correlation may be observed between ER and
EGFR expression [82,83]. In breast cancer cell lines responsive to tamoxifen, a counteractive
increased expression of ERs may be experienced, improving estrogen signaling. In tumors
non-responsive to tamoxifen, an additional increased expression of growth factor receptors
may be experienced [84], conferring the unliganded activation of ERs. Abundant GFRs
highly increase ER activation via unliganded pathway; however, they cannot compensate
the tamoxifen blockade of AF2 domain [17].

ER-alpha-regulated fuel supply circuit. Liganded ER-alpha drives a regulatory circuit
to maintain glucose homeostasis and to stimulate all the phases of cellular glucose uptake
providing fuel for all cellular functions [49]. Defects in the estrogen signal results in serious
alterations in cellular glucose uptake designated as insulin resistance and leads to serious
chronic diseases including cancer [85]. In conclusion, insulin resistance is the linkage
between a weak estrogen signal and increased cancer risk.

Estrogen-regulated genes activate insulin synthesis and secretion, as well as the expres-
sion and activation of insulin receptor [86]. When insulin binds to its receptor, autophos-
phorylations of multiple tyrosines induce the activation of insulin signal transduction [87].
Liganded ERs upregulate the expression and functional activity of intracellular glucose
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transporter-4 (GLUT4), promoting insulin-assisted glucose uptake [88]. Liganded ER-alpha
drives the insulin receptor substrate 1 (IRS1) conferred activation of PI3K/mTOR signaling
pathway which ensures the hormone free activation of nuclear ERs [89].

Estrogen signal activates glucose uptake even in cancer cells supplying energy for the
self-directed improvement of DNA stability. In the MCF-7 breast cancer cell line, estradiol
enhances the expression of the insulin receptor substrate-1 (IRS-1), activating insulin
signaling [90]. In ZR-75-1 breast cancer cells, estrogen/progesterone treatment increased
glucose transporter 1 (GLUT1) expression [91]. In MCF-7 cell lines, estradiol treatment
activated ERs via the PI3K/Akt signaling pathway and, at the same time, increased the
translocation of glucose transporter 4 (GLUT4) vesicles to the plasma membrane [92]. A
defective or blocked estrogen signal results in the failure of glucose uptake even in cancer
cells, declining the activity of genome stabilizer pathways.

5. Estrogens Are Master Regulators of Metabolism and Energy Homeostasis via
Orchestrating Adipose Tissue Functions

Adipose tissue, deposited all over the body, provides energy and epigenetic regulatory
commands for all tissues and organs via its estrogen-activated ER network. In healthy
adipose tissue, estrogen signaling regulates the glucose homeostasis and the balance of
lipolysis/lipogenesis [93,94]. In adipose tissue, damaged estrogen signaling leads to defects
in all regulatory functions, and serious diseases may develop in the fat-regulated visceral
organs, cardiovascular structures, and hemopoietic bone marrow [95].

The subcutaneously located adipose tissue provides energy and estrogen regulation
for the skin and the skeletal muscles. Centrally positioned fatty tissue within the trunk
and abdomen closely surrounds the visceral organs and cardiovascular structures [96].
Visceral fat is largely located in the omental and mesenteric adipose tissue in the vicinity
of stomach, intestines, liver and pancreas. Kidneys, and the attached adrenal glands, are
embedded into abundant fatty tissue capsule. Adipose tissue deposition within the visceral
pericardium surrounds the myocardium and coronary arteries providing estrogen signaling
and energy for the moving heart. Perivascular adipose tissue nurses most blood vessels,
with the exception of the pulmonary and cerebral arteries [97]. A further depot of adipose
tissue is gonadal fat (GAT) surrounding the ovaries and testes having specific regulatory
functions [98].

Female breasts enjoy an exceptional nursing level as mammary lobules are intimately
intermingled with the estrogen and ER rich fatty tissue pad [99]. This close connection
between the adipocytes and mammary cells is associated with the extreme demand of
breasts for strict regulatory control and abundant energy supply. The high claim of breasts
for regulatory commands may explain their unique vulnerability to estrogen loss or defects
in ER activation.

The third largest fat depot is the bone marrow fat, following subcutaneous and visceral
fatty tissue. Adipocytes are active components of the bone marrow microenvironment,
regulating hemopoietic and immune cell proliferation and function via their estrogen signal
and secretome [100].

Interestingly, the central nervous system does not enjoy the estrogen driven adipose
tissue safeguard, while the brain shows an extreme claim for estrogen regulation. Recently,
microbial sequences were found in healthy human brain samples [101] suggesting that they
may provide important support for cerebral functions. Microbiom in the gut has great role
in increasing unbound, free estrogen levels via their β-glucuronidase activity [102,103]. It
is a plausible possibility that gut microbiom colonized in the brain increases the level of
accessible free estrogen.

Adipose tissue is an essential source of estrogen production in extragonadal sites
in both women and men [104]. The functional activity of adipose tissue is regulated by
circulating and locally synthesized estrogens. In the fatty tissue, estrogens are acting in an
autocrine manner, while in the adjacent organs; they increase ER activation in a paracrine
manner [105]. Estrogens are the chief regulators of the health of adipose tissue through
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metabolic and epigenetic pathways [106]. Estrogen exerts its special effects on estrogen
responsive adipocytes by estrogen receptors (E-alpha, ER-beta and GPR30) [107].

In the gonads, the essential precursors of estrogen synthesis are C19 steroids, while
extragonadal sites are unable to synthesize estrogens directly from these factors. With
ageing, increasing estrogen synthesis in peripheral tissues requires a precursor supply from
external sources, for example, dehydroepiandrosterone (DHEA) intake is important [108].

The remarkable volume of ubiquitous fatty tissue and its noteworthy estrogen syn-
thesis justify that fat cells have crucial roles in safeguarding and regulating the signaling
network of neighboring tissues, organs, and the whole body.

Secretory Activities of Visceral Adipose Tissue in Healthy Lean and Obese Cases

Abdominal fatty tissue has crucial secretory functions [109]. Estrogen-regulated genes
orchestrate adipokine, cytokine, and growth factor secretion, which are important signaling
molecules and their estrogen-regulated activation controls the health of the whole body.

Sexual steroids: In adipose tissue, estrogens are the crucial sexual steroids. Appro-
priate estrogen signaling controls the expression of numerous genes and the coordinated
synthesis of signaling molecules [106].

Adipokines: Leptin controls the equilibrium of energy in the hypothalamus, conferring
anorexinogenic and lipolytic signals. Estrogen treatment results in the increased expression
of leptin receptors in various cells, sensitizing them to leptin [110]. In aromatase knock
out (ARKO) mice with estrogen loss, visceral fat deposition develops and leptin levels
are highly elevated [111]. Adiponectin signaling protects against insulin resistance by
quenching various inflammatory reactions and improving endothelial functions. In adult
mice, oophorectomy increases adiponectin levels, while it may be reduced by estradiol
substitution [112]. Obesity increases the level of resistin, which may be a compensatory
response. In subcutaneous fat cells, an estradiol benzoate treatment decreases resistin
levels [113].

Proinflammatory cytokines and low-grade inflammation: Proinflammatory cytokines
are regulatory proteins which have a great role in the maintenance of genomic and metabolic
stability. In obese fatty tissue, low-grade inflammatory reactions and abundantly expressed
cytokines are counteractions to genomic deregulation via increasing estrogen synthe-
sis [114]. The insulin resistance of obese estrogen deficient adipose tissue leads to further
regulatory disorders in the adjacent organs, resulting in serious co-morbidities, such as
fatty degeneration and malignancies [115,116].

In the low-grade inflammation of obese adipose tissue, increased levels of inflamma-
tory cytokines and immune cell infiltration comprising macrophages and T cells may be
found [117]. Proinflammatory cytokines, including tumor necrosis factor alpha (TNF-α)
and interleukin-6 (IL-6) generate an increased expression and activation of the aromatase
enzyme, resulting in increased estrogen synthesis [118]. Proinflammatory cytokines have
beneficial effects against obesity and obesity-related metabolic disorders via increasing the
aromatase activity and estrogen synthesis. Estrogen treatment of obese ovariectomized
mice decreased the expression of inflammatory cytokines, including TNFα and upregu-
lated estrogen signaling, which improved the insulin sensitivity in both adipose tissue and
liver [119].

Insulin-IGF system. The insulin-like growth factor (IGF) system has a great role in
the regulation and control of growth and differentiation. The receptors of insulin and
insulin-like growth factors work as ligand-specific modulators, regulating various genes
on similar pathway [120]. In the early stage of insulin resistance, an increased IGF-1 level
confers increased insulin synthesis, leading to compensatory hyperinsulinemia.

Harmonized crosstalk and interaction among signaling pathways of ERs and growth
factor receptors (IGF-1R, EGFR, VGFR) are identified in both health and disease [121,122].
In health, growth factor-activated ERs may either facilitate or silence cell growth and
proliferation. In tumors with regulatory defects, abundant growth factor receptors activate
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ERs via unliganded pathway so as to initiate DNA stabilization and apoptotic death rather
than providing excessive proliferative stimulus.

In adipocytes, estrogens control the synthesis of insulin-like growth factor 1 (IGF-1)
and the expression of its receptor (IGF-1R). In turn, the upregulation of IGF-1 synthesis
and its receptor expression increases the unliganded activation of ERs via the AKT and
MAPK regulatory pathways [123]. In an estrogen deficient milieu, increased IGF-1 receptor
signaling stimulates the unliganded activation of ERs, which may momentarily ensure
the genome wide expression of estrogen-regulated genes [64]. In conclusion, in insulin
resistance and obesity, the increased activation and expression of IGF-1 receptors do not
exert pro-oncogenic effects, but rather facilitate unliganded ER activation.

Interaction between adipocytes and immune cells. Adipocytes are in signaling
crosstalk with immune cells in both healthy and obese adipose tissue. In lean adipose
tissue, IL-4 secreted by eosinophil granulocytes and regulatory T (Treg) cells activate M2
type macrophages, which express arginase and anti-inflammatory cytokines such as IL-10.
In contrast, in obese adipose tissue, a high number of M1 type macrophages and increased
secretion of pro-inflammatory cytokines, such as TNFα and IL-6, are coupled with a de-
crease in anti-inflammatory immune cells [117]. In animal experiments, estrogen is capable
of improving metabolic disorders and, at the same time, exerts anti-inflammatory effects. In
female mice, estrogen protects from adipocyte hypertrophy, obesity, and prevents adipose
tissue oxidative stress and inflammation [124].

In obesity, the upregulation of estrogen signaling restores insulin sensitivity, reduces
lipid deposition, decreases pro-inflammatory cytokine synthesis and quenches inflamma-
tory infiltration. Estrogen treatment provides quite new ways for the prevention and cure
of obesity and obesity-related complications.

6. The Tumor Cell Itself Is the Frontline of Anticancer Combat

According to global medical concepts, tumor cells are enemies to be killed as they pre-
sumably fight for their survival, similar to how pathogenic bacteria fight against antibiotics.
Seemingly, tumor cells express cancer driver genes via somatic mutation, and their altered
protein products defeat both the immune defense of body and the therapeutic effect of
pharmaceutical agents.

In reality, the recognition of DNA damage means an emergency state even for tumor
cells. The upregulation of estrogen signaling via the liganded and/or unliganded pathway
is the appropriate means for the restoration of DNA stability. However, in tumors, the
possibility for DNA repair is questionable, attributed to the genomic damage. The more
differentiated a tumor, the stronger its capacity for the compensatory upregulation of
estrogen signaling, coupled with DNA restorative efforts [125].

The spontaneous healing of early breast tumors is a well-known finding justifying the
capacity of initial cancers for self-directed remission. A systematic review and meta-analysis
study evaluated a high prevalence of incidental breast cancer and precursor lesions in
autopsy studies on clinically tumor-free cases. The estimated mean prevalence of incidental
cancer and precursor lesions were surprisingly high: 19.5% and 0.85% [126].

Breast cancer is regarded as a multifactorial and very heterogeneous disease that refers
to the abnormal proliferation of the lobular and ductal epithelium of the breast, resulting in
tumor formation [127]. The classifications of breast cancers follow the recommendations of
the World Health Organization (WHO), which are regularly revised in accordance with the
scientific progress [128].

The most important parameter for the classification of breast cancers is their molecular
profile as it was described in 2000 [129]. The heterogeneity of breast cancers at a molecular
level was revealed through the various expression of a panel of genes. Breast cancers
were divided into four main groups: 1. Luminal A (60% of cases); 2. Luminal B (10% of
cases); 3. The overexpression of human epidermal growth factor receptor2 (HER2) (20%
of cases); and 4. Basal-like triple-negative breast cancers (TNBCs) (about 10% of breast
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cancers). Another subgroup has also been described as a normal breast-like subcategory
which resembles the luminal A group but shows a worse prognosis.

In clinical practice, these tumor groups are identified by immunohistochemical mark-
ers, such as ER-alpha, progesterone (PR), and human epidermal growth factor receptor
(HER2) expression [127]. In breast cancers, the overexpression of certain receptor families
is mistakenly regarded as an aggressive survival technique and their targeted inhibition is
the principle of current therapeutic measures. In reality, missing or decreased expression of
certain receptors in tumor cells highlights the points of genomic defects requiring repair.
Conversely, the overexpression of certain receptors and regulators, as well as the activating
mutation of their genes indicate the efforts for self-directed genomic repair of tumors
rather than developing survival techniques [12,56]. In reality, the loss of certain receptors
indicates the genomic damage, while the overexpression of others represents the genome
repairing effort.

Immunohistochemical markers of breast cancers show the alterations in their gene
and receptor protein expression as compared to healthy breast epithelium. Molecular
alterations reflecting the grade of DNA damage and the concomitant DNA repairing
actions in different breast cancer subtypes are shown in Table 1.

Table 1. Receptor pattern in breast cancer subtypes reflecting the grade of DNA damage and the
concomitant actions for DNA repair.

Subtype of
Breast Cancer

Receptor
Status

Signs of
DNA Damage

Sigs of
DNA Repair

Proliferative
Activity

Endocrine

Response to
Therapy

Luminal A type ER overexpression no ER overexpression low good in 50%
(50–60%) PR positive

Luminal B type ER positive PR negative ER positive increased moderate/inverse
(10%) PR pos/neg PR positive

HER2 pos/neg HER2 positive

HER2 enriched ER negative ER negative HER2 rich high no
(20%) PR negative PR negative

HER2 rich

Triple negative ER negative ER negative no high no
(10%) PR negative PR negative

HER2 negative HER2 negative

Luminal type A cancers are the least aggressive tumors with the expression of ER
alpha, and PR. Increased ER expression in breast tumors is traditionally regarded as a
crucial inducer and promoter of tumor growth [127]. This concept derives from confusing
the constellation with causation. Increased ER expression is not a causal factor for tumor
growth, but rather it is an effort for improving estrogen signaling and DNA stabilization in
an estrogen deficient milieu [43].

Estrogen receptor expression was shown to be parallel with DNA repair capacity
in breast cancer cells [130]. This correlation justifies that the high ER expression of un-
treated tumors is the key to self-directed DNA repair, rather than a fuel for tumor growth.
The strong belief in estrogen induced cancer does not allow consideration of opposite
alternatives.

Luminal A breast cancer may exhibit a transiently good response in 50% of tumors to
adjuvant endocrine therapy; however, near all patients previously showing good tumor
responses later become non-responders [131]. Patients with early luminal ER-positive
breast cancer are at a continuous risk of relapse even after more than 10 years of tamoxifen
treatment [132]. These experiences underline that endocrine disruptor therapy is not
appropriate method even for early ER-positive breast cancer care.
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Luminal B tumors are more aggressive than luminal A types. They express lower
ER alpha and lower PR expression or may be PR-negative, in correlation with the weak-
ening estrogen signal [133]. Luminal B tumors are associated with an increased rate of
p53 mutations and in certain B type tumors, HER2 may also be expressed [134]. Activating
p53 mutations are not oncogenic changes, but rather they mean stronger DNA protection
in tumors with weakening genome stability. In luminal B type tumors, the appearance of
HER2 expression works on the compensatory unliganded activation of ERs [17].

After tamoxifen therapy, patients with ER-positive, PR-negative, and HER2-positive
tumors exhibited higher rates of tumor recurrence and mortality as compared to those
who did not receive the agent [135]. This observation suggests that in type B tumors, the
weakening ER signal is further worsened by endocrine disruptor treatment. In contrast,
Premarin treatment of ER-positive, PR-negative breast cancer cases resulted in a significant
reduction in tumor size and improved patients’ survival [24].

HER2-enriched breast cancer is ER- and PR-negative and HER2-positive. HER-2-
enriched cancers tend to grow faster than luminal cancers and can have a worse prognosis.
ER- and PR-negativity in HER-2 enriched breast cancers reflects a loss of estrogen signaling
and strong defects in all genomic processes. HER2 overexpression in hormone receptor
negative tumors is mistakenly regarded as a trigger for tumor proliferation, similarly to all
other growth factors [127]. In contrast, in the emergency situation of DNA damage, HER-2
overexpression is a compensatory effort for the unliganded activation of ERs occurring
scarcely in this tumor type [17]. HER-2 protein-targeted therapies against HER-2-enriched
tumors show similarly ambiguous results, like ER-inhibitor anti-estrogens against ER-
positive tumors [12].

Triple-negative or basal-like breast cancer is ER-negative, progesterone receptor-
negative, and HER-2-negative. Triple-negative breast cancer is more common in people
with BRCA1 gene mutation, younger women, and black women. Triple-negative breast
cancers are more aggressive than either luminal A or luminal B breast cancers and they are
not responsive to endocrine therapy [127].

In triple negative breast cancers (TNBCs), the lack of ER, PR, and HER-2 receptors
indicate the serious deregulation of the whole genomic machinery. These tumors are
poorly differentiated and clinically show rapid growth and spread. In TNBC type tumors,
there is no possibility for self-directed DNA repair as ERs seem to be absent or hidden
and the regulatory pathways for both liganded and non-liganded ER activations are
unnoticeable [43]. The increased risk for TNBC-type tumors in African American women
may be attributed to their excessive pigmentation in a relatively light-deficient geographical
region. Poor light exposure leads to metabolic and hormonal alterations, conferring an
increased cancer risk [136].

The molecular classification of breast cancer types reflects the fact that in women,
stronger estrogen signaling may suppress, while a defective estrogen signal liberates breast
cancer initiation and growth [43]. In tumor cells, the higher the ER expression, the stronger
is the apoptotic effect of therapeutic estrogen exposure. In contrast, endocrine disruptor
therapies may achieve only transient tumor responses in appropriately ER-positive breast
cancers. Poorly differentiated ER/PR-negative and TNBC-type tumors are refractory to
anti-estrogen therapy, attributed to their serious genomic deregulation.

In conclusion, breast cancers are not multifaceted tumors with quite different etiology
and pathogenesis. Consequently, they do not need quite different therapies depending on
their receptor status. The levels of regulatory defects create a line of variously differentiated
tumors between strongly ER-positive, highly differentiated, and poorly differentiated
TNBC-type ones. In breast cancer therapy, natural estrogen is a risk-free available option
for ER-positive tumors [24]. Against ER-negative and TNBC-type poorly differentiated
tumors, Maloney’s mRNA technology would be a promising therapy to be introduced in
the near future [125].

287



Cancers 2024, 16, 1573

7. Peritumoral Microenvironment: The Second Line of the Antitumor Battle

In the early 2000s, the role of the tumor microenvironment emerged as being an
important player in cancer development, tumor invasion, and metastatic spread [137].
Today, cancer is regarded as a complex disease built up from the neoplastic lump and
its altered cellular and stromal microenvironment [138,139]. There is a strengthening
belief that tumors insidiously influence all players in their microenvironment via dynamic
intercellular communication. Tumors presumably ensure their invasive growth via escape
from defensive immune reactions and anti-cancer treatment.

The supposed conspiration between tumors and their microenvironment is based on
the belief that all signaling molecules and regulatory proteins are taken for pro-oncogenic
factors when their expression is highly elevated in tumors and in the adjacent cellular
infiltration [139–141]. In addition, when important regulatory genes, such as ESR1, are
accumulated or mutated in tumors, they are regarded as pro-oncogenic alterations, rather
than self-regulated efforts in the repair of genomic damages [142–146]. According to the
reigning preconception, in tumor cells, the upregulation of estrogen signaling and its
activator pathways are regarded as the keys to tumor growth.

In reality, in tumors, the upregulation of certain signaling pathways and activating mu-
tations are not pro-oncogenic factors, but rather they are efforts for metabolic improvement
and genomic stabilization [56]. Unfortunately, advanced tumors have weakened capacities
for self-directed genomic repair and they ask for help via sending messages to their mi-
croenvironment. In turn, peritumoral-activated cells send signals and regulatory molecules,
helping the tumor to achieve DNA repair and to commit apoptosis as a kamikaze action.

The re-evaluation of studies on the biochemical and genomic communication between
tumors and activated microenvironmental cells revealed that all signal messages and
transported exosomes aim for the upregulation of each other’s estrogen signaling and the
improvement of all genomic functions. These activating processes serve the elimination of
the tumor rather than helping its proliferation and invasion. In conclusion, the dynamic
communication between the tumor and its microenvironment is a marvelous collaboration
among molecular players fighting for the genomic repair and apoptosis of tumor by means
of their genomic plasticity.

Cancer-associated fibroblasts (CAFs) are major components emerging in the tumor mi-
croenvironment. Their assembly and activation may be attributed to signals deriving from
cancer cells [138]. CAFs are in continuous signal communication with cancer cells and all
other cell types in the tumor microenvironment [139]. Distant intercellular communication
occurs by spherical extracellular vesicles (EVs) comprising exosomes carrying different
molecules, such as proteins, DNAs, non-coding RNAs, miRNAs, and mRNAs. Biochemical
and genetic cross-talk between cancer cells and CAFs are important observations; however,
the presumed cooperation for tumor invasion and metastatic spread is not justified, it is a
biased labeling.

Activation of growth factor signaling cascades. In CAFs, the expression of growth
factors, such as the insulin-like growth factor (IGF-1), fibroblast growth factor FGF-7, FGF-
10, HGF, and TGF-beta 2 are regarded as pro-tumorigenic factors [147]. In reality, estrogen
receptors and growth factor receptors are common regulators of crucial cellular functions
including cell growth and apoptosis, as well as metabolic processes even in tumors [66].

Transforming the growth factor beta (TGF-beta) superfamily is the main inducer
of CAF activation and in turn, CAFs secrete large amount of TGF-beta isoforms for im-
proving tumor cell regulation [148]. Tumor cell-derived extracellular vesicles (EVs) may
frequently contain growth factor TGF-beta, which is regarded as a typical mitogen factor
of tumors [149]. Considering the ER-activating role of growth factors, tumors send them
to CAFs for the activation of their estrogen signal. Tumor-derived EVs, containing certain
miRNAs, contribute to the enhanced TGF-beta expression in CAFs through the phospho-
inositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR)
signaling pathway [150]. PI3K and AKT/mTOR pathways upregulate ER activation and
improve glucose uptake, which are not pro-tumorigenic processes, but rather increase
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anti-tumor activity. Cancer cell-derived EVs, containing mRNA coding for CXCR-4 and
IGF-1R, provoke CAFs for growth factor secretion in acute myeloid leukemia [151].

Cytokines secreted by CAFs, macrophages and immune cells are important regulators
of inflammatory processes and immune reactions in the tumor microenvironment [152]. Es-
trogen signaling orchestrates the secretion of both pro-inflammatory and anti-inflammatory
cytokines according to the momentary requirements. Pro-inflammatory cytokines stimu-
late aromatase activity, estrogen synthesis and ER expression in the estrogen responsive
peritumoral cellular infiltration. When estrogen concentration reaches an appropriately
high concentration, the accumulation of anti-inflammatory cytokines will quench the
inflammatory reaction parallel with the decreasing estrogen level [114].

IL-1β accumulation in hyperplastic lesions activates CAF formation from fibroblasts
via the NF-κB pathway [153], which is a coactivator of ERs, promoting genome stabilization.
Proinflammatory cytokines, IL-6 and TNF-α, are capable of aromatase activation, leading to
increased estrogen concentration and the upregulation of estrogen signaling [154]. In gastric
cancer, tumors send miRNA containing vesicles to CAFs so as to induce inflammatory
cytokine/chemokine secretion through the Janus kinase (JAK)/STAT and NF-κB signaling
pathways [155]. In colorectal cancers, the constitutive mutation of KRAS increases the
activation of EGFR kinase cascades PI3K-Akt and RAS-RAF-MAPK, whereas increases RAS-
GEF signaling pathway, which is related to abundant cytokine production [156]. In Hodgkin
lymphoma, CAFs exposed to tumor cell-derived EVs show increased proinflammatory
cytokine secretion [157]. CAFs activated by tumor EVs, may in turn shed additional EVs
that will transfer signaling and regulatory molecules to tumor cells.

Various tumors promote aromatase activity and estradiol synthesis in the peritu-
moral stroma via the promotion of proinflammatory cytokine secretion [158]. In breast
cancers, aromatase is abundantly expressed in tumor cells, intratumoral fibrous cells, and
neighboring adipocytes, justifying their collaboration in promotion of excessive estrogen
synthesis [159]. These observations mistakenly support the role of increased estrogen
concentration in tumor growth and invasion.

In contrast, a combined genetic and clinical investigation justified the anti-cancer
capacity of increased local estrogen synthesis in tumors and their stroma. In a large
prospective study, the examination of the surgical breast tumor samples revealed a signifi-
cant correlation between a low aromatase level and an increased loco-regional recurrence
rate of tumors [160]. This study suggests that missing estrogen synthesis in tumors is
associated with worse prognosis in breast cancer cases.

Circulating estradiol may be systemic modulator of CAF secretome as CAFs express
steroid receptors [161]. Estradiol regulates the expression of several microRNAs in CAFs
deriving from breast cancer [162]. In gastric cancer, estrogens stimulate IL-6 secretion
of CAFs, promoting the signal transducer and activator of transcription (STAT-3) expres-
sion [163]. The increased expression of STAT3 in CAFs secretome confers an effort for
genome stabilization, as STAT3 is a transcription factor which has an important role in
DNA replication.

Few studies evaluated growth factors and cytokines as positive regulators of the
genome rather than pro-tumorigenic factors. TGF-beta was considered as a tumor suppres-
sor factor due to its cytostatic effect on cancer cells [164]. IL-11 was known for its capacity
to stimulate platelet production in cancer patients with thrombocytopenia [165].

Immune cells in the tumor microenvironment show intense interactions with tumor
cells. The interaction between immune cells and other cell types are regulated by cell surface
immune checkpoints [138].Mast cells are recruited near tumors during tumorgenesis and
release a variety of cytokines and chemokines [166]. Cytokines and chemokines are crucial
regulators of both genomic and immunologic processes and their accumulation is an anti-
cancer effort. Natural killer cells (NK) are cytotoxic and secrete tumor necrosis factor so as
to kill tumor cells [167].

Tumor-associated macrophages (TAMs) infiltrate the microenvironment of tumors
and are mainly divided into two categories: classically activated macrophages (M1 type)
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and alternatively activated macrophages (M2 type). The activated M2 type macrophages
are blamed for managing the immune escape of tumors. The abundance of TAM infiltration
in tumors is mechanically linked with poor disease prognosis [168]. TAM activation and
accumulation in tumors is not a pro-oncogenic feature, but rather their intensive cytokine
secretion is helping aromatase activity and increasing estrogen concentration.

Myeloid-derived suppressor cells (MDSC) have apparently immunosuppressive ef-
fects; they may block immunotherapy and may play a role in tumor maintenance and
progression [169]. MDSCs also accumulate in response to the chronic inflammation and
lipid deposition in obesity and contribute to the more rapid progression of cancers in
obese individuals. In reality, the accumulation of MDSCs is not a causal factor of rapid
tumor progression and obesity associated inflammation, but rather it seems to be an intense
immune defense against metabolic disorder associated tumors.

Tumor-infiltrating lymphocytes (TILs) are important participants of the tumor microen-
vironment [152]. Immune cell infiltrates may exhibit ambiguous properties, either promoting
or inhibiting tumor progression depending on the features of the primary tumor [170]. CD4+

T cell polarization has been identified as a mediator of tumor immune surveillance. T helper
1 (Th1) cell functions are associated with tumor suppression and the upregulation of IFNγ

and IL-12. T helper 2 (Th2) responses are reliant on IL-4 production and presumably exhibit
tumor-promoting activity [171,172]. Murine and human studies reported that increased E2
concentration induces increased Th2 responses and upregulates IL-4 secretion [173,174].

A remarkable fact is that constellation of strong estrogen signal and increasing tumor
growth does not justify causal correlation. A recent study reported increased immune
cell infiltrate comprising Th1 T cells, B cells, and cytotoxic T lymphocytes (CTLs) in ER-
negative breast tumors as compared to ER-positive cancers [175]. The correlation between
ER-negative breast tumors and more intensive immune cell infiltration strongly suggests
that poorly differentiated tumors with a loss of estrogen signaling need stronger immune
support for their DNA repair than highly differentiated ER-positive ones.

Gene expression analysis in ER-positive breast cancer patients showed that blocking
the liganded ER activation with aromatase inhibitor (letrozole) continuously increased
the tumor infiltration with B cell and T helper lymphocyte subsets following treatment
initiation [158]. This result justified that letrozole inhibition of estrogen signal in ER-positive
tumors induced an emergency state, promptly recruiting strong immune cell infiltration.

In conclusion, tumors and their microenvironment are allies in the fight against wors-
ening genomic defects and consequential tumor invasion. The more serious the genomic
damage of a tumor, the denser is the peritumoral immune cell infiltration attributed to
the emergency state. Invasive tumor spread, coupled with intensive peritumoral cellular
infiltration, may be regarded as a common failure of tumor and peritumoral cells rather
than the victory of presumably conspirator partners.

8. Molecular Changes in Tumors Responsive and Non-Responsive to
Endocrine Therapy

The traditional belief of estrogen-induced breast cancer required the introduction of in-
hibitors of estrogen signaling for breast cancer care. The pharmaceutical industry developed
two kinds of anti-estrogens for therapeutic purposes: a selective estrogen receptor modulator—
tamoxifen—and an aromatase inhibitor (AI)—letrozole [176]. Since the early 1970s, anti-
estrogens are commonly used compounds for breast cancer care as adjuvant therapy.

In breast cancer cases, anti-estrogen therapy caused many difficulties from the on-
set because of the development of so-called endocrine resistance in tumors. Results of
anti-estrogen use could not surpass the “magic” 30% of tumor response rate, showing
similar weaknesses to other endocrine therapies like oophorectomy or high dose synthetic
estrogen [177]. About 70% of overall breast cancers could not respond to anti-estrogen
therapy, showing stagnation or an even faster growth. Moreover, about half of the targeted
ER-positive breast cancers exhibited primary resistance to anti-estrogen treatment [131].
Moreover, near all patients showing earlier good tumor responses to endocrine treat-
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ment later experienced secondary resistance, leading to metastatic disease and a fatal
outcome [178].

In the past decades, great efforts were exerted for revealing the mechanism of pre-
sumed endocrine resistance of ER-positive breast cancers so as to predict responses to
adjuvant endocrine therapy in patients. Researchers mistakenly supposed that both respon-
sive and non-responsive tumor cells are aggressive enemies, developing various techniques
in fighting for their survival [12].

8.1. Successful Fight of Anti-estrogen Responsive Tumors against the Endocrine
Disruptor Treatment

In tumors responsive to anti-estrogen, the chief action against AF2 blockade is the
restoration and amplification of the estrogen activation of ERs [56]:

1. Tamoxifen treatment provokes compensatory unliganded ER activation without
delay by ER-alpha translocation from the nucleus to the membrane-bound EGFRs [179]
(Figure 1); 2. The long term “therapeutic” ER blockade amplifies the expression of the
ER-alpha coactivator; AIB1 (amplified in breast cancer 1) [180]. Under tamoxifen treatment,
another coactivator of ERs, cyclin D1 amplifies the activation of both STAT3 and ERs [181];
3. Tamoxifen treatment highly activates the transcription factor NFκB and its upregulative
interaction with ER-alpha [182,183]; 4. Tamoxifen induces the increasing expression of
certain microRNAs that bind to ER mRNAs, activating the translational processes [184];
5. Tamoxifen provokes the amplification of the ESR1 gene associated with the increased
expression and activation of ERs [185,186] (Figure 2); 6. Aromatase inhibitor treatment
provokes an acquired amplification of the CYP19A1 gene, increasing both aromatase
expression and estrogen synthesis [187]; 7. In tumor cells treated with tamoxifen, abundant
lncRNA transcripts of ERs mediate the activating mutations for crucial genes of the genome
stabilizer circuit; such as ESR1, BRCA1, and CYP19A [56].

 

Figure 1. Rapid response to Tamoxifen (T) induced ER blockade in cancer cells.The rapid translocation
of unbound estrogen receptors (ERs) out of the nucleus helps their interactions with membrane-
associated growth factor receptors; GFRs (IGF1-R, EGFR). Cytoplasmic ERs activated by growth
factor receptors initiate rapid transcriptional processes in the nucleus via transcriptional factors (TFs).
Growth factor (GF)-activated GFRs may also induce unliganded activation on nuclear unbound ERs,
driving their transcriptional activity. E: estrogen, P: phosphorylation, N: nucleus, Dotted arrow:
activation, black solid arrow: inhibition, red arrow: schematic DNA segment.
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Figure 2. Molecular mechanism of tumor response in Tamoxifen (T) treated cancer cells. Increased
estradiol (E2) concentration activates newly expressed abundant estrogen receptors (ERs) increasing
the expression of estrogen-regulated genes. In the meantime, growth factors (GFs) activate growth
factor receptors (GFRs) conferring unliganded activation for free nuclear ERs. The predominance of
estradiol (E2) bound ERs over T bound ones leads to DNA repair, apoptotic death and clinical tumor
response. P: phosphorylation, N: nucleus, Dotted arrow: activation, black solid arrow: inhibition, red
arrow: schematic DNA segment.

8.2. Unsuccessful Fight of Tumors Non Responsive to Endocrine Disruptor Treatment

In anti-estrogen responsive breast cancers, the increased regulatory processes pro-
mote the compensatory improvement of estrogen activation of ERs and may achieve a
successful tumor response [188]. Earlier anti-estrogen responsive breast cancers become
non-responsive as the possibilities for liganded ER activation are exhausted. In non-
responsive tumors, increased growth factor receptor signaling remains an ultimate refuge
for unliganded ER activation and DNA stabilization [17]. However, when the liganded ER
activation is completely blocked, the increased unliganded activation of ERs is incapable of
restoring ER signaling (Figure 3).

In anti-estrogen resistant breast cancers, physiological regulatory pathways are work-
ing so as to increase unliganded ER activation. In tamoxifen-resistant cancers, the ER
coactivator HOXB7 exhibits an increased expression and may activate kinase phosphory-
lation of both EGFR [189] and HER2 [190], promoting unliganded ER activation. Further
ER coactivators—AIB1 and HER2/neu—stimulate hormone-free ER activation [191]. In
tumor xenografts, both ER and HER2 activations were coupled with the compensatory
activation of MUCIN4 [192]. In anti-estrogen resistant tumors, the increased expressions of
plasma membrane-bound EGFRs [193] and IGF-1Rs [194,195] amplify unliganded ER acti-
vation. In endocrine-resistant cancers, acquired somatic mutations may strongly increase
the compensatory hormone-free ER activation.
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Figure 3. Molecular mechanism of tumor resistance in Tamoxifen (T)-treated cancer cells. The
liganded activation of abundant nuclear estrogen receptors (ERs) is completely blocked by T-binding.
The compensatory abundant expression of membrane-associated growth factor receptors (GFRs)
struggles for the unliganded activation of T-bound ERs. However, the T blockade inhibits the
restoration of ER signaling resulting in unrestrained proliferation. GF: growth factor, N: nucleus,
black solid arrow: inhibition, spiral: unsuccessful activation, red arrow: schematic DNA segment.

In tumors resistant to endocrine therapy, acquired somatic mutations may strongly
increase the compensatory hormone-free activation of ERs:

1. Estrogen conferred somatic mutation of ERBB2 gene amplifies the expression and
activity of growth factor receptors, conferring estrogen-free ER activation [191]; 2. In
endocrine refractory ER-positive breast tumors, the PIK3CA gene is frequently mutated,
upregulating the components of the PI3K-AKT-mTOR pathway and increasing hormone
free ER activation [196]; 3. In AI-resistant breast cancers, acquired point mutations in the
ligand binding domain (LBD) of ESR1 gene confer hormone-independent activation of
ERs [142]; 4. In anti-estrogen resistant tumors, chromosomal rearrangement on the ESR1
gene leads to somatic mutations driving an increased unliganded activation of ERs [144];
5. In tamoxifen-resistant tumor cells, the activation of the PI3K/AKT pathway led to
a significant increase in BARD1 and BRCA1 protein expressions via increased estrogen
independent activation of ERs [197].

9. Estrogen Induced Apoptosis Is Promising in Both the Prevention and Therapy
of Cancer

Estrogen treatment of breast cancers resistant to either long term estrogen deprivation
(LTED-R) or tamoxifen (TAM-R) triggers an apoptotic death in tumors [198].

In clinical practice, estrogen dramatically decreased the mortality of advanced breast
cancer cases after stopping the long term tamoxifen therapy [199]. Following long term
estrogen deprivation, estrogen reduced metastatic tumors and prolonged the survival of
patients [200]. The biology of estrogen-induced apoptosis in breast and prostatic cancers
seem to be promising in both the prevention and therapy of tumors [201].

Breast cancers unresponsive to anti-estrogen treatment exhibit extreme upregula-
tion of both ER and GFR expressions. Estrogen may exert intensive anti-cancer capacity
via balanced liganded and unliganded activation of abundant ERs. In reality, estrogen
treatment does not return non-responsive tumors to anti-estrogen sensitivity. Conversely,
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estrogen helps tumor cells to defeat the genotoxic drug as they are highly sensitized to
estrogen signal.

Important lessons may be drawn from the 50 years of breast cancer therapy with
anti-estrogens: 1. In tumors, there is no endocrine therapy resistance, but rather the
possibilities for compensatory ER activation are exhausted; 2. In tumors responsive to
anti-estrogen therapy, increased ER expression and activation is not a survival technique,
but rather it is an effort for increasing estrogen signaling; 3. In tumors non-responsive to
anti-estrogen therapy, increased growth factor receptor expression and activation is not a
survival technique, but rather it is an effort for compensatory unliganded ER activation; 4.
Tumors exhaustively treated by aromatase inhibitors, show genomic plasticity, exhibiting
acquired mutations on the ligand binding domain of ESR1 gene conferring new, hormone-
independent activation of modified ERs in the absence of estrogen.

10. Conclusions

Compared to various organs, female breasts exhibit unique sensitivity to genomic
instability caused by either germline or acquired gene mutations. This fact may partially
explain why breast cancer has become the flagship of cancer research. Although the precon-
ception of “estrogen-induced” breast cancer has led breast cancer care to a quite erroneous
pathway, a thorough examination of the controversies between estrogen signaling and
cancer development yielded valuable progress in overall cancer research.

The correlation between genomic instability and conspicuously increased breast cancer
risk in germline BRCA gene mutation carriers revealed that the defect in the genome
stabilizer circuit is the origin of cancer initiation, rather than excessive estrogen signaling.
Defects in ER, BRCA, or the aromatase enzyme upsets the triangular partnership of these
regulatory proteins, leading to weaknesses in estrogen signaling and genomic instability.
BRCA mutation carrier healthy and tumor cells similarly show efforts for increasing the
liganded and unliganded ER activation and for compensatory upregulation of another
genome safeguarding protein, p53.

Understanding the fight of cancer cells for the activation of estrogen signaling, together
with genome stabilization, reveals the secret of various receptor landscapes of breast cancer
subtypes. In tumors, the increased expression of hormone receptors reflects efforts for
increasing liganded ER activation, while the overexpression of HER2 represents trying
to increase unliganded ER activation. The blockade of either ERs or HER2s seems to be
an erroneous therapeutic concept. Breast cancers are not resistant to genotoxic therapies,
but rather they exhausted all possibilities for defending the remnants of genomic stability.
Progressive genomic instability leads to unrestrained proliferative activity.

The cellular infiltration of the tumor microenvironment is not an organic part of tumors.
Inflammatory cells are recruited by the tumor itself and the intercellular communication by
messages and extracellular vesicles confer in asking for help. The stronger the genomic
deregulation in the tumor, the denser is the adjacent infiltration of activated mesenchymal
and immune competent cells. Immune competent cells do not need therapeutic genomic
machination as they know exactly their task in the anti-cancer fight. When tumor invasion
is coupled with dense peritumoral infiltration, supportive genome repairing therapy is
necessary, rather than the disruption of mutation-activated DNA repair pathways of
tumors.

In conclusion, the improvement of genomic stability may be the new strategy in cancer
therapy. The upregulation of estrogen signaling leads to strengthened immune response,
whilst inducing the apoptotic death of tumors in a Janus-faced manner.
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Abstract: Tumor neoantigens are widely used in cancer immunotherapy, and a growing body of
research suggests that microbes play an important role in these neoantigen-based immunotherapeutic
processes. The human body and its surrounding environment are filled with a large number of mi-
crobes that are in long-term interaction with the organism. The microbiota can modulate our immune
system, help activate neoantigen-reactive T cells, and play a great role in the process of targeting tu-
mor neoantigens for therapy. Recent studies have revealed the interconnection between microbes and
neoantigens, which can cross-react with each other through molecular mimicry, providing theoretical
guidance for more relevant studies. The current applications of microbes in immunotherapy against
tumor neoantigens are mainly focused on cancer vaccine development and immunotherapy with
immune checkpoint inhibitors. This article summarizes the related fields and suggests the importance
of microbes in immunotherapy against neoantigens.

Keywords: tumor neoantigen; cancer immunotherapy; microbes; cancer vaccines; immune checkpoint
inhibitors

1. Introduction

Tumor neoantigens can be summarized as substances with immunogenic properties
that are specifically expressed by tumor cells. Due to their specific presence on tumor cells
and the fact that the T-cells recognizing these antigens are not affected by central T-cell
tolerance [1], neoantigens are considered ideal targets for cancer therapy [2,3]. The content
about tumor neoantigens has been evolving, and with continuous research, many types of
neoantigens have been identified. Tumor neoantigens can be divided into two categories:
classical neoantigens and noncanonical neoepitopes [4]. Among these, classical neoantigens
are derived from cancer-specific genetically hardwired alterations, including oncogenic
missense mutations, frameshift mutations, splice sites, gene fusions, and long noncoding
RNA-derived neoantigens. Noncanonical neoepitopes are not derived from genetic alter-
ations, encompassing neoepitopes originating from alternative splicing, post-translational
modifications, RNA editing, and aberrant mRNA translation [4,5]. Cancer immunother-
apies developed against neoantigens have developed rapidly in recent decades [6]. The
main therapeutic strategies are neoantigen vaccines [7,8], adoptive cell transfer (ACT)
therapy [9,10], and immune checkpoint blockade therapy [11].

Microbes have been found to play an important role in cancer immunotherapies.
Immunotherapy aims to trigger a specific anti-tumor response in cancer patients. The
availability of specific neoepitopes in tumor cells, as well as the ability of these neoepitopes
to effectively activate immune cells targeting such epitopes, are necessary for successful
immunotherapy [2,12]. Numerous studies have shown that microbes play a regulatory
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role in the host immune system. They can modulate the host immune system by virtue
of their immunogenic peptides or metabolites, activate the relevant immune cells, and
enhance the effect of immunotherapy [13–15]. In addition, because microbes are small in
size and simple in structure, researchers can achieve the modification of microbes more
easily via genetic engineering and use them as tools in the development of neoantigen
immunotherapy [16,17]. Using these modified microbes or their components, it is possible
to design suitable delivery vehicles for neoantigen vaccines or drugs targeting neoanti-
gens [18]. The judicious use of microbes has great potential in immunotherapy against
tumor neoantigens.

Here, we reviewed the current research on tumor neoantigens and microbes and
summarized the development of neoantigen identification. We discussed how microbes
influence the mechanisms of neoantigen immunotherapy and hope to provide a better
guideline for the application of microbes in neoantigen immunotherapy. We also summa-
rized the importance and application results of microbes in cancer neoantigen vaccines
and immune checkpoint blockade therapy in recent years. We hope this review can draw
attention to the importance of microbes in neoantigen immunotherapy, advancing the
development of therapeutic approaches.

2. The Development History of Neoantigen Identification

Since the discovery and isolation of the first tumor neoantigen, P91A, in a mouse
tumor model by De Plaen’s team in 1988 [19], there has been continuous development
regarding the identification of neoantigens. Due to technical limitations at the time, early
neoantigen identification [20–22] was usually low-throughput and labor-intensive. For
nearly twenty years, most neoantigens were identified by constructing cDNA libraries,
overexpressing the selected neoantigen cDNAs and major histocompatibility complex
(MHC) molecules in cell lines, co-culturing them with T cells, and finally determining the
immunogenicity of the screened neoantigens by measuring the differentiation status of the
T cells. At the same time, mass spectrometry is also being applied to the identification of
neoantigens [23]. Human leukocyte antigen (HLA) molecules on the surface of tumor cells
are first isolated, and then these peptides are analyzed by mass spectrometry to identify
tumor neoantigens.

The period of rapid development of tumor neoantigen identification technology came
with the birth of next-generation sequencing (NGS). In 2012, Hirokazu Matsushita et al.
identified neoantigens in mouse sarcoma cells for the first time with the help of NGS
approaches [24]. This technique identified mutant proteins expressed in patients’ tumor
cells by whole exome sequencing analysis and then predicted candidate mutant T-cell
epitopes [25]. Theoretically, by continuously optimizing the MHC prediction model, a large
number of mutant neoantigens can be rapidly identified. On the basis of this theory, many
prediction pipelines were subsequently developed. Examples include p-VAC-seq [26],
which integrates tumor mutation and expression data and automates multiple antigen
screening steps; PSSMHCpan [27], which can effectively predict the affinity of peptide
binding to HLA class I alleles; DBTpred [28], which focuses on single amino acid residue
mutations resulting in altered peptide-MHC binding affinity; and RBM-MHC [29], which
improved predictions for rare alleles. In addition to these algorithms based on peptide
affinity, there are also prediction methods that assess the prediction of immunogenicity
based on the stability of the peptide-MHC complex [30,31].

Most of these algorithms predict neoantigens arising from genetic mutations while
ignoring neoantigens produced by other possibilities. Recently, identification methods for
neoantigens arising from these non-mutational alterations have been gradually developed.
For instance, identification of neoantigens arising from alterations in extracellular regions
of membrane proteins [32], gene fusions [33], single nucleotide variations (SNVs), Indels,
and gene fusions by analysis of original sequencing data [34,35]. The computer prediction
of MHC class-II binding epitopes is more complex compared to the prediction of MHC
class-I binding epitopes because the binding properties of the peptide-binding groove of
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these molecules are less stringent [36]. In recent years, a series of prediction pipelines for
predicting MHC-II binding epitopes have been developed—for example, MAPTAC [37]
and FIONA [38]. With the continuous maturation of tumor neoantigen identification
technology, a large number of neoantigens have been identified. Researchers have also built
more complete neoantigen databases on this basis [39–41], and these abundant neoantigen
resources have, in turn, contributed to the accuracy of neoantigen prediction [42].

In addition to computerized prediction models, mass spectrometry (MS) to identify
neoantigens has been widely used with the advent of NGS technology [43]. With high
mass resolving power, MS can identify typical and non-typical antigens from the MHC-
binding peptides, reducing the false–positive rate [44]. For example, with the help of gene
sequencing and MS analysis, researchers identified new epitopes of tumor antigens in
the mouse tumor model [45,46]. Specific neoantigens have also been identified in human
tumor tissue samples by MS technology [47]. The coupling of liquid chromatography
(LC) with MS, such as LC–tandem MS (LC–MS/MS) [48] and nano-ultra-performance
LC coupled to high-resolution MS (nUPLC–MS/MS) [49], has expanded the coverage of
the MHC peptidome and improved the sensitivity of MS, which has more advantages in
neoantigen identification. In recent years, there has been continuous research combining
mass spectrometry techniques with computerized prediction models to develop efficient
and accurate prediction channels. For example, NetMHCpan-4.0 [50], which is commonly
used in neoantigen identification, can integrate the MHC-peptide binding affinity (BA)
datasets and MS-eluting ligand (EL) datasets into a single framework to train machine
learning models and obtain superior prediction performance. Training prediction mod-
els using MS data greatly improves the specificity of HLA-peptide binding prediction
algorithms [51,52].

Based on the evolving neoantigen prediction methods described above, many neoanti-
gens have been identified. However, not all predicted neoantigens are immunogenic [53].
Only a small fraction of the mutated peptides identified by bioinformatics are immuno-
genic [54]. Some studies show that the quality rather than the quantity of neoantigens
expressed by tumor cells could better predict clinical outcomes [55,56]. Neoantigens with
homology to infectious disease-derived epitopes would be more immunogenic [55], which
provides inspiration for subsequent identification of neoantigens.

With the in-depth study of neoantigens, many previously unnoticed neoantigens have
been discovered [4], such as neoantigens arising from post-translational modifications
and RNA editing. These neoantigens do not result from alterations at the gene level
and cannot be identified by relying on sequencing technology or MS-based analysis. It
is important to develop new identification methods with the help of new technologies.
Recently, Naoki Hosen’s team identified a specific antigen for multiple myeloma through
extensive screening of primary human tumor specimens and found that the specificity of
this antigen is due to altered protein glycosylation [57]. This provides a new dimension for
neoantigen identification. In recent years, with the maturation of glycoproteomics [58,59],
some researchers have pointed out that glycoproteomics has great potential for future
applications in the identification of cancer-specific antigenic epitopes formed by post-
translational modifications of proteins [60–62]. Many studies have revealed that tumor
cells exhibit unique glycoproteins on their surfaces [63,64]. Therefore, the integration of
glycomics and glycoproteomics into neoantigen discovery platforms is of great significance
for neoantigen identification [60]. To better identify immunogenic neoantigens, researchers
have recently introduced tumor organoids into neoantigen identification. Organoids can
better mimic the structure and function of in situ tumor cells in vitro [65,66]. Using this
method, researchers characterized the HLA-class-I neoantigen landscape in hepatobiliary
tumors, providing a practical strategy with a tumor organoid model for neoantigen peptide
identification in personalized immunotherapy [67]. In conclusion, during the three decades
of the development of tumor neoantigen identification, many prediction methods for
neoantigens have been developed based on the continuous development of two major
technologies—NGS and MS (Figure 1). Nowadays, the superficial neoantigen-based library
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has been basically tapped, so we need to use new means and methods to tap the potential
neoantigen library.

Figure 1. The history of the development of neoantigen identification [19–21,23,24,26,27,29,37,38,45,47–51,57,67–71].

3. Microbial and Tumor Neoantigens

3.1. Homology of Microbes and Tumor Neoantigens

Individuals are exposed to an environment full of various microbes, and tumors are
not independent of the environment. Tumorigenesis is closely related to the contribu-
tion of pathogens in the environment—for instance, the common human papillomavirus
(HPV) [72], the hepatitis B/C virus (HBV, HCV) [73], the Epstein–Barr virus (EBV) [74], and
some cancer-inducing pathogenic bacteria such as Helicobacter pylori [75]. Meanwhile, some
microbes have also been closely associated with cancer therapies [76]. In recent years, mi-
crobial relevance has been increasingly found in the study of tumor neoantigens [56,77–79].
Here, we describe the significance of microbes in tumor neoantigens. After nearly three
decades of research, many neoantigens have been identified. However, not all of them
are highly immunogenic. Searching for tumor neoantigens that are immunogenic and
can activate T-cell responses is the key to targeted tumor therapy. Several reports have
indicated that many neoantigens have been found to be homologous to microbial-derived
peptides [56,77,78,80] (see Table 1). And such derived peptides usually have the same
epitope core as the tumor neoantigen [81]. Furthermore, some studies have shown that
neoantigens homologous to pathogenic antigens are more likely to be immunogenic than
non-homologous neoantigens [82,83], which makes microbes very attractive in the field of
tumor neoantigen research.
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Table 1. Tumor neoantigens that share homologs with microbial peptides.

Neoantigen Peptide Microbial Peptide
Tumor
Type/Species

Microbial
Species

Reference

NLLGRNSFK LLGRNSFEV Pancreatic ductal
adenocarcinoma/Human Homo sapiens [56]

QEFENIKSY QRFHNIRGR Pancreatic ductal
adenocarcinoma/Human Human papillomavirus [56]

GIICLDYKL TMGVLCLAIL Pancreatic ductal
adenocarcinoma/Human Dengue virus [56]

LLLMSTLGI LLMGTLGIV Pancreatic ductal
adenocarcinoma/Human Human papillomavirus [56]

QTYQHMWNY AFWAKHMWNF Pancreatic ductal
adenocarcinoma/Human Hepatitis C virus [56]

LPRQYWEAL KLLPEGYWV Pancreatic ductal
adenocarcinoma/Human Francisella tularensis [56]

RPQGQRPAL SPRGSRPSW Pancreatic ductal
adenocarcinoma/Human Hepatitis C virus [56]

RVWDIVPTL KPWDVVPTV Pancreatic ductal
adenocarcinoma/Human Dengue virus [56]

SIYRYYGL SVYRYYGL Melanomas/Mouse Bifidobacterium breve [77]

GSLARFRNI TSLARFANI MCA205 sarcomas and TC1 lung
cancers)/Mouse Siphoviridae phages [78]

TLAGFWARL RLAGFFPRL CT26 M12/Mouse Ruminococcaceae [80]

PGPWRSGRLL LGPWRSGGVL CT26 M19/Mouse Bacteroidales/Prevotella/
Muribaculacee [80]

SMPGPWRSG SLPGSWRSL CT26 M19/Mouse Bacteria [80]

YIALVDKNI YIALFDGFI CT26 M39/Mouse Duncaniella/Bacteroides/
Bacteroidales [80]

A major source of tumor neoantigens is the peptides encoded by viral genes [4].
These oncogenic viral-encoded molecules can be used to distinguish tumor cells from
normal cells, exhibiting unique characteristics of tumor cells and being a major target
for early neoantigen identification [84]. Viruses enter cells and use host cells to encode
their own proteins. These peptides are presented on the surface of tumor cells and can
be judged as non-self peptides by the host immune system, triggering an immune effect
that specifically kills tumor cells. With the continuous enrichment of the Antigen Peptide
Library, Ragone C. et al. recently screened all tumor-associated antigens (TAAs) in the
literature and compared them with proteins from viral sequences in a homology search.
They found 82 viral sequences homologous to TAAs, showing a high homology of sequence
and structure between TAAs and viral sequences [85]. In some cases, this homology is
striking, and this high-homology epitope does not resemble a random event. Researchers
previously performed neoantigen prediction in patients with HCV-induced hepatocellular
carcinoma (HCC) and found that mutated neoantigens showed >50% sequence similarity
to pathogen-associated antigens (PaAs) [55]. Bioinformatics tools have also been developed
to identify tumor peptides with high similarity to viral epitopes. This could help us better
recognize tumor neoantigens that are homologous to pathogens [86].

In addition to the presence of neoantigen homologous sequences in pathogenic viruses,
the bacterial community, especially the gut microbiota, is also considered a potential source
for neoantigens. Most of the immune system’s exposure to the external environment occurs
in the gastrointestinal tissue. The gut microbiome encodes more than 3 million genes in
total, while the individual human genome has about 23,000 genes [87], so there is a high
probability of homology between the two. The resident gut microbiota induces multiple
reactions within the human body and is a great source of variant antigens [88]. A research
team recently compared the homology of TAAs with the peptides from species of the
Firmicutes and Bacteroidetes phyla, which together account for 90% of gut microbiota. They
found a high degree of homology [89], which demonstrates the interactions between the

307



Pharmaceutics 2023, 15, 2138

microbiota colonizing the organism and tumor tissue. For instance, an epitope SVYRYYGL
(SVY) was identified in the genome of the commensal bacterium Bifidobacterium breve (B.
breve), which is homologous to the neoepitope antigen SIYRYYGL (SIY) expressed in B16
tumor models [77].

These studies suggest that homology between microbes and tumor neoantigens does
not exist by chance (see Table 1). Additionally, the studies revealed that these highly similar
sequences may harbor great potential for cancer therapy.

3.2. Immune Response Induced by Microbial Neoantigen Mimicry

These microbial-derived peptides that resemble tumor neoantigens are molecular
mimicry, which is a concept that is widely used in the field of autoimmunity [90,91]. Molec-
ular mimicry is the sharing of sequence or structural similarity between foreign antigens
and self-antigens; thus, T cell receptors (TCRs) that recognize pathogenic antigens can also
recognize self-antigens. In recent years, with the continued discovery of microbial-derived
peptides, this molecular mimicry theory has been extended to the field of cancer [92–94].
This theory holds that neoantigens that share structural features with microbial antigens
are more likely to be immunogenic and recognized by TCR libraries. Some researchers
have further indicated how this molecular mimicry affects the immune response. Exposure
of the body to microbes produces memory T cells, which further recognize tumor surface
antigens homologous to microbial antigens. This recognition results in cross-reactivity,
ultimately killing tumor cells (Figure 2) [82]. This theory was confirmed in several stud-
ies. For instance, one study found that the phage-encoded TMP peptide expressed in
Enterococcus hirae (E. hirae) has the MHC1-binding epitope TSLARFANI and carries this
prophage-containing E. hirae-induced T-cell anticancer responses in mice and humans.
In patients with kidney cancer and lung adenocarcinoma, another E. hirae TMP-derived
peptide, KLAKFASVV, was found to potentially elicit an anticancer immune response to
the non-mutated tumor antigen KLQKFASTV contained in the GPD1-L protein [78]. This
finding demonstrates cross-reactivity between commensal microbial antigens and tumor
antigens. It has also been found that SVYRYYGL (SVY), which is expressed in B. breve in the
intestinal commensal bacteria, is homologous to the neoantigen SIYRYYGL (SIY) expressed
in the B16 tumor model. Moreover, mice lacking B. breve were found to have reduced
SVY-reactive T cells and faster tumor growth compared to mice colonized with B. breve.
This shows that the neoantigen mimicry of commensal bacteria can stimulate anti-tumor
immune responses through T-cell cross-reactivity [77]. Furthermore, the possible role of
“molecular mimicry” in anticancer immunity is supported by the identification of sequences
highly homologous to immunogenic neoepitopes of CT26 cells in the proteome of specific
intestinal flora (the abundance of which directly correlates with tumor regression) of a
BALB/c-CT26 cancer mouse model treated with oral Bifidobacterium [80]. To evaluate the
molecular mimicry theory, a research team engineered Escherichia coli Nissle to take on
the SIINFEKL epitope (OVA-E. coli Nissle). They then orally administered this engineered
E. coli to C57BL/6 mice. Compared to controls, OVA-E. coli Nissle induced OVA-specific
CD8+ T cells and inhibited the growth of OVA-expressing B16F10 melanoma cells. Next,
researchers took a shotgun sequencing of the microbiome. They sequenced the TCR of
T cells and demonstrated that the main reason for tumor suppression was mediated by
cross-reactive T cells triggered at the intestinal site [95]. These findings confirmed that the
microbes can trigger T cell cross-reactivity through their own expression of peptides that
are highly similar to tumor antigens and thus affect tumor development.

308



Pharmaceutics 2023, 15, 2138

Figure 2. Microbes induce T-cell cross-reactivity by mimicking tumor neoantigens.

Although these studies have confirmed that microbial molecular mimicry can inhibit
tumor growth through T-cell cross-reactivity, there is still a lack of evidence and studies
on whether their presence is universal and whether they have an effective stimulation
effect on T cells. It has been shown that tumors are flooded with anti-microbial T cells,
such as tumor-infiltrating cytotoxic T lymphocytes (TIL). Moreover, CD8+ TILs present
in human lung and colorectal cancer are not only specific for tumor antigens but also
recognize viral epitopes [96]. Researchers used bioinformatics techniques to compare
tumor antigen libraries with intestinal bacteria and viral sequences and found substantial
sequence homology between them [85,89]. Furthermore, some investigators have identified
peptides from intracellular bacteria in melanoma tumors with the help of HLA peptidomics
and 16S rRNA sequencing. They demonstrate that the bacteria that colonize melanoma
tumors can enter melanoma cells and that their peptides can be presented on the surface of
tumor cells [97]. In a recent study, researchers injected persistently infected cytomegalovirus
mouse (MCMV)-derived T cell epitopes into tumors. They found that CMV-specific T-cell
responses could be redirected into tumors to stimulate anti-tumor immune responses [98].
It is suggested that viral-derived peptide epitopes can effectively activate anti-tumor T-
cell responses.

Individuals are exposed to an environment full of various microbes. These microbes
enter the body through a barrier and are recognized by patrolling immune cells, such
as antigen-presenting cells. Subsequently, they are presented on MHC. These presented
microbial antigens are recognized by T cells and cause T cells to activate and show killing
effects. As the picture on the right shows, neoantigens presented on the surface of tumor
cells are sometimes highly similar to these microbial antigens. Thus, T cells that recognize
microbial antigens can also recognize similar tumor neoantigens, causing T cell cross-
reactivity and eventually killing tumor cells.
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4. Applications of Microbes in the Treatment of Tumor Neoantigens

4.1. Application of Microbes in Tumor Neoantigen Vaccines

Tumor neoantigens, with their highly specific expression, have long been considered
ideal targets for tumor therapy [99]. In 2017, two articles published in the journal Nature
simultaneously reported on the therapeutic role of individualized tumor neoantigen
vaccines in human melanoma. One was a 15–30 amino acid peptide mixture vaccine
using poly-ICLC (a TLR3 stimulator) as an adjuvant [100], and the other was an mRNA
vaccine encoding multiple tumor neoantigen epitopes [101]. Vaccination of melanoma
patients had a good therapeutic effect on patients, demonstrating the great potential of
personalized neoantigen vaccines in tumor therapy. However, less than 1% of mutant
neoantigens in cancer cells can be spontaneously presented to the immune system to
elicit an immune response [102]. Therefore, neoantigen vaccines need to be developed
with the help of suitable vectors. Efficient tumor vaccines usually require the assistance
of immune adjuvants and delivery vectors [103]. Microbes and their components, as
natural foreign substances that can enter the host immune system and synergistically
promote the immune response, have been widely used as vaccine-delivery vehicles and
adjuvants [104]. They have also been explored in the delivery of tumor antigens [16,17].
Several recent studies have found that these microbial components also achieve good
outcomes in the delivery of neoantigen vaccines. There is a study in which a tumor
neoantigen was incorporated into the vaccine vector of attenuated Listeria monocytogenes
(Lm). It was found that the vaccine effectively induced activation of specific CD8+ T cells
and prevented tumor growth [105]. These vaccine delivery vectors derived from microbial
components are diverse [106,107]. Here, we focus on neoantigen delivery platforms based
on bacterial outer membrane vesicles (OMV) and phages. They have recently achieved
good therapeutic outcomes in the application of neoantigen vaccines and are considered
to be efficient vaccine vectors [18].

4.1.1. Bacterial Outer Membrane Vesicles and Delivery of Neoantigen Vaccines

OMVs are spherical particles derived from Gram-negative bacteria [108]. These
vesicles contain many immunogenic substances from parental bacteria and have the ability
to activate the innate immune system. Furthermore, they can be genetically engineered
to express selected antigens, thus having great potential for vaccine production [109].
Recently, researchers have used a “plug-and-display” strategy to fuse foreign tumor
neoantigens with Cly-A, a protein commonly found on the surface of OMVs, using
recombinant gene technology to present exogenous antigens on the surface of OMVs. It
was demonstrated that this tumor antigen displayed on the surface of OMVs could induce
T cell-mediated specific anti-tumor immunity. They also developed a bioengineered tumor
antigen display system for OMVs capable of displaying multiple antigens simultaneously,
which provides great value for the development of individualized tumor vaccines [110].
There is also an mRNA vaccine platform based on the same “plug-and-display” strategy.
By genetic engineering, the archaeal RNA-binding protein L7Ae was fused to the C-
terminus of the OMV surface protein ClyA. Then, the mRNA was modified in vitro,
ultimately designing an OMV that can effectively display mRNA antigens. Moreover,
pathogen-associated molecular patterns (PAMPs) in OMVs also enhance the activation
effect of antigen-specific T cells and suppress tumor development [111]. Meanwhile, an
in situ vaccine study of OMVs has shown an alternative treatment option. Photothermal
therapy (PTT) can activate tumor-specific T cells by releasing tumor antigens. Here,
researchers constructed an OMV in situ vaccine, OMV-Mal, that captured these tumor
antigens. They demonstrated that this vaccine could effectively deliver tumor antigens
to dendritic cells and ultimately activate anti-tumor immune responses with the help
of OMVs [17]. OMVs can integrate vectors and adjuvants in tumor vaccines to activate
multiple immune signaling pathways to their own advantage [112], providing a significant
role in tumor neoantigen vaccine therapy value.
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4.1.2. Phage and Neoantigen Vaccine Delivery

In addition to these bacterial-derived components, phages are also considered an
ideal vehicle for neoantigen vaccines due to their characteristics [113]. The phage display
technique was first introduced by Smith et al. in 1985 [114], which allows the expres-
sion of a variety of exogenous peptides on the surface of phages, targeting a variety of
molecules [115,116]. Phage particles can also act as a foreign substance recognized by the
body’s immune system and presented by antigen-presenting cells to MHC I or MHC II
molecules, inducing specific humoral or cellular immunity. This makes phages attractive
vaccine carriers [117]. In recent years, the display of antigen peptides on the surface of
phages with the help of this technique has become increasingly considered an effective
cancer vaccine delivery strategy [118]. Many researchers have successfully constructed
vaccines expressing tumor antigens with the help of phages. For example, a recombi-
nant T7 phage vaccine expressing a new epitope of the B16-F10 melanoma cell mutant
protein was constructed. And it was found that vaccination with these vaccines induced
B-lymphocyte responses in mice and the effective production of specific antibodies [119].
Another study constructed a λ-phage vaccine displaying the HER2/neu-derived peptide
GP2, which was vaccinated in a BALB/c mouse transplantation tumor model, showing
that this fusion peptide-expressing phage nanoparticles induced a robust cytotoxic T
lymphocyte (CTL) response [120]. These achievements demonstrate the great progress
of phage display technology in the development of neoantigen vaccines, yet the develop-
ment of efficient vaccine platforms remains a great challenge. Recently, some researchers
have developed several efficient neoantigenic vaccine presentation platforms using
phage display technology. Li W. et al. designed an antigen peptide vaccine delivery
system based on P22 virus-like particles (VLPs). They prepared two types of vaccine
particles (VLP-OVAB and VLP-OVAT) by presenting the B-epitope and the T-epitope of
ovalbumin (OVA) in VLPs that were selected from the P22 phage. In their experiments,
VLP-OVAB induced high titer antibody levels (5.0 × 105) and effectively activated CTL
responses by cross-presentation, while VLP-OVAT induced strong immune activation
and immune memory and remarkably inhibited tumor growth [121]. Another study de-
veloped a vaccine delivery platform (HMP@Ag) that can deliver personal tumor antigens
by M13 phage using a chemical approach to adsorb various antigen substances onto M13
phages by electrostatic. When the mice were vaccinated subcutaneously, such a hybrid
M13 phage carrier could effectively promote antigen delivery and cross-presentation
and activate cytotoxic CD8+ T cells. Furthermore, combining the HMP@Ag vaccine
with immune checkpoint blockade (ICB) treatment can trigger a robust and specific
anti-tumor immune response in several tumor models [122].

This microbial-derived biological nanoparticle material has demonstrated great appli-
cation in the development and delivery of neoantigen vaccines due to its ability to carry
naturally occurring PAMPs and the ease of genetic engineering modifications.

4.2. Microbes Improve Treatment of Immune Checkpoint Inhibitors (ICIs) by
Influencing Neoantigens
4.2.1. Gut Microbes Play a Role in the Treatment of ICIs

With the rise of tumor immunotherapy, ICB therapy has become a major weapon
in the fight against cancer over the past decades [123]. ICIs activate T cells and promote
their anti-tumor function by targeting and blocking PD-1, PD-L1, CTLA-4, LAG3, and
other immunosuppressive targets [124,125]. Immunotherapy with the help of ICIs has led
to breakthroughs in the treatment of a variety of malignancies [123,126–128]. Addition-
ally, a number of ICIs have been approved for clinical cancer treatment [129]. However,
ICB therapies still have limitations, as they show low response rates (10–30%) in most
cancer treatments (10–30%) [123] and present drug resistance [130,131], and only a small
proportion of patients benefit from ICB. Therefore, it is necessary to further investigate
the mechanism of ICB and find ways to improve the effectiveness of immune checkpoint
blockade therapy.
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Studies in recent years have found that the gut microbiota that interacts with the
organism plays an important role in the treatment of ICIs. This influence has been
confirmed in many cancer models. Two studies in 2015 in mouse models of melanoma
first showed that gut microbiome composition can modulate the host immune system
and influence the efficacy of anti-PD-L1 and anti-CTLA-4 treatments [132,133]. Influenc-
ing the host microbiota by administering antibiotics demonstrated that the intestinal
microbiome significantly influenced the outcome of PD-1 blockade in mice and patients
with non-small cell lung cancer (NSCLC) and kidney cell carcinoma (RCC) [134]. An-
alyzing the fecal microbiome of patients with hepatocellular carcinoma (HCC) during
anti-PD-1 immunotherapy by macrogenomic sequencing revealed microbiome-specific
changes and suggested an association between the gut microbiome and anti-PD-1 im-
munotherapy [135]. Immunotherapy with anti-PD-1 in an antibiotic-treated colorectal
cancer (CRC) mouse model revealed that antibiotic injection counteracted the efficacy
of the PD-1 antibody. Additionally, it was demonstrated that gut microbiome changes
affected the tumor’s immune microenvironment [136]. All these studies illustrate the
critical role of microbes in ICB therapy. Most of these microbes are gut microbes because
the gastrointestinal tract involves the entire digestive system and has an abundance of
microbes [137]. Moreover, the gastrointestinal tract is relatively easy to study, allowing
interventions by simple means [138,139]. Gut microbes not only inhibit tumor growth
but also promote tumorigenesis and progression. Currently known oncogenic gut bac-
teria include Salmonella typhi [140] and Helicobacter spp. [141]. It has been found that
certain microbes can also block the body’s anti-tumor immune function and form a pro-
inflammatory microenvironment that contributes to cancer progression. It is commonly
believed that dysregulation of gut microbiota homeostasis is associated with cancer
development and progression [142]. This dual role of gut microbes is due to the com-
plexity of gut microbial species, with different species causing different consequences.
For example, the antigenic peptide produced by the microbes described earlier causes
T-cell cross-reactivity, and whether the immune response provoked by this antigenic
peptide is pro- or anticancer depends on the specific peptide. Suppose it so happens that
this antigenic peptide has similarities to tumor antigens. In that case, it may kill tumor
cells, while other microbial peptides may cause host immune suppression or disruption
of the immune system, with the disease progressing in a worsening direction [143]. Here,
we focus on those microbes that may have a positive effect on cancer therapy.

Comprehensive analysis of 16S rRNA and shotgun metagenome sequencing of the gut
microbiome revealed a significantly higher (2.5-fold) ratio of Prevotella/Bacteroides in the
gut microbiome of gastrointestinal cancer patients who showed a better response to ICIs
treatment [144]. In addition to these, a correlation between the abundance of Akkermansia
muciniphila and the response to treatment with ICIs was found in the intestinal bacteria of
patients with NSCLC and RCC [134]. In the analysis of the bacteria in melanoma patients,
symbiotic bifidobacteria were found to play an important role in the anti-tumor process [133].
In patients with metastatic melanoma treated with anti-CTLA-4 checkpoint inhibitors,
it was observed that patients enriched with Faecalibacterium and other Firmicutes had a
better therapeutic effect [145]. In addition to the gut microbiome, microbiota at other sites,
such as the skin and liver, showed a correlation with ICB therapy [146]. In conclusion,
tumor-related microbes play an encouraging role in ICB therapy.

4.2.2. Microbes Enhance the Therapeutic Effect of ICIs by Molecular Mimicry

How exactly do these microbes affect ICB therapy? Why are they performing well
in the treatment of ICIs? There is no conclusive answer yet. We know that a successful
anti-tumor response in ICB therapy relies on the activation and proliferation of specific
T cells. It is crucial to effectively activate tumor-specific T cells that target tumors during
the whole treatment process [147]. The reasons for the poor therapeutic effect of ICIs can
be briefly summarized into three categories: insufficient anti-tumor T cell production,
insufficient tumor-specific T cell function, and memory T cell formation [148]. Microbial
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modulation of ICB therapy is ultimately achieved by affecting these immune cells and
thus affecting tumor therapy. In 2016, Laurence et al. synthesized the findings at that time
and proposed two microbial mechanism hypotheses for tumor immune surveillance that
helped us better understand the role of microbes in ICB therapy. One mechanism is the
antigen pathway, in which microbial antigens that are highly similar to tumor antigens
activate specific anti-tumor T cells by affecting the immune system and generating T
cell cross-reactivity. Another mechanism is the non-antigen pathway, in which these
microbes regulate immune tonus through their own PAMPs, producing a series of
metabolites such as interferons and cytokines to modulate T cell anti-tumor activity [92,
149]. In the treatment of ICIs, microbes can influence tumor therapeutic effects through
both of these pathways.

In recent years, an increasing number of studies have provided evidence for the
first antigen mimicry mechanism. Here, we focus on how microbes can influence im-
mune checkpoint blockade therapy through tumor antigen mimicry. Tumor neoantigens,
recognized by the immune system as external peptides, possess distinct specificity and
immunogenicity. These neoantigens can be selectively engaged by T cells, which holds
significance in the context of ICI treatment. The absence of these neoantigens can lead to
therapy resistance [131]. ICB therapy can effectively activate tumor neoantigen-specific T
cells for better anti-tumor effects [11,150]. At the same time, microbes can help activate
specific T cells through antigen mimicry, enhancing the therapeutic effect of ICIs. In 2020,
researchers found that the commensal bacterium Bifidobacterium breve (B. breve) contains a
peptide (SVY) that is highly similar to a melanoma-specific epitope. They also found that
mice lacking B. breve had fewer SVY-reactive T cells and faster tumor growth. They further
demonstrated that B. breve can specifically kill tumor cells by causing T-cell cross-reactivity
through antigen mimicry [77]. In addition, previous studies found that B. breve from gut
microbes plays an important role in the anti-tumor process in melanoma patients and can
combine with PD-L1 antibodies to produce a good therapeutic effect in mice [133]. These
two studies provide us with a thought that perhaps B. breve enhances the anti-PD-L1 ther-
apeutic effect of melanoma by T-cell activation through molecular mimicry. In addition,
another study identified a tail length tape measure protein (TMP) of prophage in the bac-
teriophage Enterococcus hirae genome that could bind MHC I epitopes and induce memory
CD8+ T-cell responses, which in turn cross-react with cancer antigens. Immunotherapy
with anti-PD-1 induced TMP-specific CD8+ T cell responses and showed that the presence
of the bacteriophage Enterococcus hirae and expression of TMP cross-reactive antigens
correlated with the long-term efficacy of PD-1 blockade therapy in patients with kidney
and lung cancer [78]. These examples suggest that microbial-associated peptides can
activate anti-tumor T cells through cross-reactivity to target tumor cells with neoepitopes
in ICB therapy.

4.2.3. Use of Microbes to Enhance the Treatment of ICIs

The hypothesis about the effect of microbes through antigen mimicry has gradually
become convincing in recent years [149,151]. High tumor mutation burden (TMB) signif-
icantly improves the ICI’s therapeutic effect, as demonstrated in many studies [152,153].
Although tumor-specific antigens are mechanistically thought to promote ICB therapy, they
lack further therapeutic potential. In contrast, the microbiome can be more dynamically
regulated to influence T-cell responses against tumor-specific epitopes and thus improve
the efficacy of ICIs [81]. And interventions such as probiotic supplementation and in-
creased microbial diversity could be considered rational therapeutic approaches for clinical
investigation [13].

Fecal microbiota transplantation (FMT) therapy has shown promising effects in recent
studies. FMT therapy allows the transfer of the entire gut microbiota from one host to
another, usually transferring the gut microbiota from patients who have responded to ICI
therapy to immune-tolerant patients [154]. Recently, researchers have achieved positive
outcomes in phase I clinical trials by using FMT treatment. It was shown that after treatment
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with FMT and anti-PD-1 re-induction, three out of ten patients with melanoma lacking
responsiveness to anti-PD-1 therapy had a decrease in tumor volume. Notably, two of these
had complete remission and one had partial remission [155]. Another clinical trial evaluated
the safety and efficacy of FMT in combination with anti-PD-1 therapy in patients with PD-1
refractory melanoma. In this trial, six of fifteen patients demonstrated a beneficial response,
with three patients achieving remission and three patients having stable disease [156].
In both trials, a good safety profile was demonstrated, showing great value in clinical
treatment. In addition to this, there are also many clinical trials of combined treatment with
FMT and ICIs currently underway [157].

Furthermore, modifying microbes via genetic engineering or using their own char-
acteristics and then delivering them back into the body to work is also a convenient and
feasible treatment modality [158]. Through genetic engineering, these microbes can carry
various target genes to improve the therapeutic effect of ICIs. Among them, the combina-
tion therapy of oncolytic viruses (OVs) and ICIs has shown good promise. OVs have good
properties that cause the lysis of tumor cells to release tumor neoantigens and activate
specific T cells, and they are widely used in immunotherapy [159]. In parallel, clinical trials
using OVs in cancer therapy have highlighted the importance of combining them with
checkpoint inhibitors [160,161]. For example, local infection with OVs in tumor models with
resistance to ICIs therapy revealed that OV infection triggered activation of T cells targeting
tumor neoepitopes, significantly eliminating systemic resistance to PD-1 immunotherapy
and improving the elimination of disseminated lung tumors [162]. In addition to those, OV
can be designed to express various immunomodulatory genes [163]. Many combination
therapies have been developed, such as when researchers engineered a new oncolytic
herpes simplex virus (oHSV) expressing a single-chain antibody against PD-1 (scFvPD-
1) and evaluated its efficacy against glioblastoma (GBM). This confirms that it induced
durable anti-tumor responses in a preclinical mouse model of GBM [164]. Also, researchers
generated an engineered OV co-expressing PD-L1 inhibitor and a genetically modified
granulocyte-macrophage colony-stimulating factor (GM-CSF). When these engineered OVs
were injected into tumors, they overcame PD-L1-mediated immunosuppression during
both the priming and effector phases, activated a systemic T-cell response, and led to an
effective rejection of both virus-injected and distant tumors [165].

5. Conclusions and Perspectives

Immunotherapy targeting tumor neoantigens has attracted many researchers in
recent years and is considered to have great promise in cancer immunotherapy [166].
However, neoantigen-driven immunotherapies still face great challenges in clinical ap-
plication [167], such as an insufficient number of neoantigens with immunogenicity
and inadequate activation of specific T cells targeting neoepitopes. In the early days
of neoantigen identification, researchers mainly targeted single nucleotide-producing
mutations due to technical limitations. After decades of development, the content of
neoantigens has been continuously expanded, and more and more previously unnoticed
neoepitope types have been classified as tumor neoantigens [4]. The exploitation of po-
tential neoantigen pools, especially those with high immunogenicity, has been a constant
research direction in related fields. Abnormalities can occur during gene expression,
transcription, translation, and post-translational modifications, which can lead to the
formation of neoepitopes. Although some studies have shown that some classes of
neoantigens are more protective, there are no comprehensive studies to determine which
are the most effective neoantigens [8]. In recent years, neoepitopes that are highly similar
to microbial-derived peptides have been found to exhibit good immunogenicity in stud-
ies [56,77]. Some researchers have introduced the concept of homology with pathogenic
peptides in the comprehensive assessment models constructed for the immunogenicity
of neoantigens [168]. Homology comparison with foreign microbial peptides may be a
feasible approach for the identification of neoantigens.
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We are exposed to an environment populated by microbes. These microbes not
only regulate the health of the body but also influence the onset and development of
disease. Recent advances in oncology have listed the polymorphic microbiome among the
fourteen features of malignancy [169]. Several studies have shown that the flora in the
body plays an important role in immunity [13]. For example, in the microbiome-enriched
gastrointestinal tract, it has been found that the efficacy of ICB therapy for malignant
tumors is closely linked to intestinal flora. And some specific microbial species are highly
correlated with the effectiveness of therapies such as anti-PD-1/PD-L1 [132,133]. In addi-
tion, probiotic supplementation or the use of FMT therapy during cancer immunotherapy
can also help treatment [154–156]. Although the exact mechanism of microbial influence
on immunotherapy remains unclear, recent studies have found that microbes, through
their own peptides that are highly similar to tumor antigens, may be able to influence
the immune system. This generates a T-cell cross-reaction, activating specific anti-tumor
T cells. Meanwhile, some studies have found that these microbial antigenic peptides,
which are similar to tumor neoantigens, play an important role in immune checkpoint
therapy [77,78]. These examples remind us that perhaps the combination of immune
checkpoint inhibitors with HLA that mimic tumor antigen-like peptides will improve
therapeutic and prognostic outcomes.

Currently, many researchers are working on the development of new antigenic vac-
cines for cancer. Additionally, many vaccines are being evaluated in early clinical trials,
such as synthetic long peptide (SLP) vaccines, dendritic cell (DC) vaccines, and nucleic acid
vaccines [7]. The success of cancer vaccines is influenced by many factors, among which
the superiority of the vaccine platform is an important reason [170], and the development
of a simple and efficient cancer vaccine platform is necessary. As described above, microbes
such as bacteria and phages are structurally simple. They can be modified by genetic
engineering and have exogenous immunogenicity, which plays a significant role in cancer
vaccine development and is a good delivery vehicle [18,106,111,120]. They have great
potential for neoantigen vaccine development.

Regardless of which therapeutic technique is used, the fundamental aim of cancer
immunotherapy is to regulate the patient’s own immune system, causing immune cells
to attack the tumor [2,12]. In practical research and applications, neoantigens with high
immunogenicity and efficient and convenient therapeutic approaches are worth contin-
uously exploring. The microbes that fill our lives are closely linked to the development
of cancer. As mentioned above, microbes play an important role in the therapeutic pro-
cess against tumor neoantigens [16,17,104]. There is evidence that tumor neoantigens
homologous to peptides from microbes could better activate anti-tumor immune responses
during therapy [77,78]. However, the evidence is currently scarce, and more studies are
needed to reveal confirmation in the future. It is also important to consider how to use
this property to treat tumors. The good results triggered by FMT in the treatment of ICIs
may be related to this effect. Some specific microbial species have been identified to play a
role in this process [133,145,154,155], and whether these microbes can be better used in the
treatment of ICIs still needs to be explored. In addition, developing more microbial tools,
such as vaccine delivery vectors, adjuvants, etc., will also facilitate immunotherapy against
neoantigens in tumors.
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Simple Summary: Cancer treatments have made remarkable advances with the introduction of
immunotherapy, which recruits the body’s immune system to fight cancer. Despite these advance-
ments, cancer can sometimes develop resistance to such treatments, diminishing their effectiveness.
Our research is focused on the early detection of signs that indicate a cancer’s resistance to im-
munotherapy, enabling physicians to swiftly alter treatment approaches and improve the chances of
patient recovery. We are particularly keen on identifying distinct markers in tumors that indicate this
resistance. To achieve a deeper understanding, we utilized scaled-down models of patient tumors,
including organoids and xenografts, in laboratory studies. Our goal was to discover innovative
methods to combat treatment resistance, potentially enhancing patient care and providing valuable
insights for ongoing cancer research.

Abstract: Cancer immunotherapy has ushered in a transformative era in oncology, offering unprece-
dented promise and opportunities. Despite its remarkable breakthroughs, the field continues to
grapple with the persistent challenge of treatment resistance. This resistance not only undermines
the widespread efficacy of these pioneering treatments, but also underscores the pressing need for
further research. Our exploration into the intricate realm of cancer immunotherapy resistance reveals
various mechanisms at play, from primary and secondary resistance to the significant impact of
genetic and epigenetic factors, as well as the crucial role of the tumor microenvironment (TME).
Furthermore, we stress the importance of devising innovative strategies to counteract this resistance,
such as employing combination therapies, tailoring immune checkpoints, and implementing real-time
monitoring. By championing these state-of-the-art methods, we anticipate a paradigm that blends
personalized healthcare with improved treatment options and is firmly committed to patient welfare.
Through a comprehensive and multifaceted approach, we strive to tackle the challenges of resistance,
aspiring to elevate cancer immunotherapy as a beacon of hope for patients around the world.

Keywords: cancer immunotherapy; resistance; tumor microenvironment; combination therapies;
immune checkpoint targets; adoptive cell therapies; cancer vaccines; personalized medicine

1. Introduction

Cancer immunotherapy heralds a promising revolution in the realm of oncological
treatments. This groundbreaking approach, rooted in historical milestones like “Coley’s tox-
ins” [1] and, later, the identification of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-
4), has consistently showcased the potential to redefine cancer treatment paradigms [2–4].
As we deepened our understanding of tumor antigens and immune–tumor interactions in
the latter half of the 20th century, the emergence of agents targeting CTLA-4, programmed
cell death protein 1 (PD-1), and programmed death-ligand 1 (PD-L1) pathways marked
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significant successes in treating a range of malignancies [5–7]. Additionally, personalized
strategies, such as chimeric antigen receptor (CAR) T-cell therapies, offer compelling effi-
cacy, particularly in hematological malignancies [8–10]. The scope of cancer immunother-
apy has since broadened, delving into influencing factors like the tumor microenvironment
(TME) and even the gut microbiome to amplify therapeutic impact [11,12].

Despite these advances, resistance to immunotherapy presents a formidable barrier,
emerging from innate tumor characteristics and adaptive changes in the genetic and pro-
teomic landscape [13]. At the heart of this challenge lies the TME, which harbors elements
like regulatory T cells (Tregs) and certain cytokines that shield tumor cells, allowing them
to cleverly sidestep immune detection [14–16].

Our objectives are to dissect the complexity of immunotherapy resistance, evaluate
both primary and secondary mechanisms, and consider the profound influence of genetic,
epigenetic, and environmental factors [17]. We spotlight emerging strategies to overcome
resistance and highlight the necessity of an integrated approach involving real-time moni-
toring, precision analytics, and patient-centered care [18]. By addressing these challenges
head-on, we aim to advance the efficacy of cancer immunotherapy, reinforcing its position
as a cornerstone of modern cancer care.

Through navigating the intricate landscape of resistance, we present insights into both
established and novel strategies to outmaneuver the adaptive nature of tumors [19]. This
review encapsulates the critical need for adaptability in treatment approaches, the ongoing
quest for data-driven precision in patient-focused care, and the overarching potential of
immunotherapy to redefine the future of cancer treatment [20–22].

2. The Immune Maze: Understanding the Complex Landscape

At the heart of the challenges presented by immunotherapy lies a deep-rooted, intricate
interplay between the immune system and cancerous tumors. Grasping this landscape is
pivotal to addressing the ever-evolving complexities of immunotherapy resistance [23,24].
To embark on this journey, it is crucial to recognize the distinctions between primary and
secondary resistance and the multifarious mechanisms that underlie them [25].

Primary resistance: Innate to certain tumors, primary resistance emerges due to
various factors that hinder the immune system’s capability to detect and counteract tumor
cells. Some tumors are devoid of the critical antigens essential for immune recognition,
rendering them less amenable to immunotherapeutic strategies [26,27]. Another dominant
culprit is the immunosuppressive TME, characterized by a plethora of inhibitory factors
and cells that dampen immune responses [28,29].

Consequently, secondary resistance develops as a backlash to therapeutic interventions.
This form of resistance revitalizes tumor growth even after an initial successful response
to immunotherapy including nivolumab (a PD-1 inhibitor) and ipilimumab (a CTLA-
4 inhibitor) [30]. The driving forces behind this resistance span a spectrum from the
genetic evolution of the tumor, which can lead to the modification or loss of previously
identifiable antigens, to dynamic modifications to the TME, such as the amplification of
immunosuppressive molecules or the influx of inhibitory cells [26,31,32].

Building on this, recent discoveries in the field have shed light on crucial aspects of
immunotherapy resistance. Cutting-edge research has delved into the genetic and epige-
netic blueprints of tumors. It has been shown that genetic modifications can recalibrate a
tumor’s antigenic composition, impeding its visibility to immune cells [27,33–35]. More-
over, epigenetic shifts can mute genes vital for immune detection without altering the
DNA structure or can modify how the tumor communicates with the surrounding immune
framework [36–38].

Simultaneously, within the TME are distinct cellular entities that have gained promi-
nence. These include Tregs, myeloid-derived suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs), which play cardinal roles in dampening immune activity
and forming a protective bulwark around tumors [39–41]. Current research endeavors
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are evaluating their potential as resistance biomarkers, offering a glimpse into therapeutic
trajectories [42,43].

Another pivotal aspect is the TME hypoxia [44,45]. Rapid tumor growth often sur-
passes its vascular supply, instigating hypoxia, which in turn sparks resistance path-
ways [44,46,47]. This oxygen deficiency is correlated with elevated PD-L1 expression,
which mutes T-cell responses, facilitating tumor evasion [48,49].

Furthermore, the interplay between tumors and major histocompatibility complex
(MHC) molecules is gaining traction [9,50]. MHCs are paramount in displaying tumor-
specific peptides on the tumor surface for the T-cell detection [27,51,52]. Tumors have been
found to employ evasion techniques, such as downregulating MHC expression or tweaking
antigen-processing systems [27,53].

On a related note, immune checkpoints continue to be a focal point in the resistance
discourse [54,55]. Often regulators in the immune system, these checkpoints are manip-
ulated by tumors to serve as barriers against immune onslaughts [56,57]. Contemporary
treatments, especially checkpoint disruptors, aspire to dismantle these barriers, amplifying
immune responses against malignancies [7,58,59]. The latest clinical trials are unraveling
the effectiveness of and obstacles to bypassing checkpoint-triggered resistance [60–63].

In summary, a profound understanding of the intricacies of immunotherapy resistance,
its genesis, current revelations, and the TME’s role is fundamental in forging ahead with
innovative strategies to subvert these hurdles. Subsequent sections provide a deeper
exploration of these tactics.

3. Frontline Foes: Decoding the Architects of Immunotherapy Resistance

The TME serves as a dynamic milieu, evolving continuously and influencing the
efficacy of cancer immunotherapies [64]. Key cytokines, notably transforming growth
factor beta (TGF-β) and IL-10, are pivotal in modulating the TME, orchestrating immuno-
suppressive signals that underpin tumor resilience against therapeutic strategies.

Tregs are essential players within the TME, possessing the capability to subdue robust
immune responses, particularly from formidable cells like cytotoxic T cells (CTLs) [65–67].
This suppression presents formidable challenges for immunotherapies, with Tregs secreting
TGF-β and IL-10 to augment their inhibitory functions [68,69].

MDSCs further complicate the TME dynamics. These immune cells exacerbate the
suppressive atmosphere, inhibiting CTLs and natural killer (NK) cells, thus limiting their
tumor-fighting abilities [43,70]. They excel in restraining CTLs and NK cells, thus curtailing
the NK cells’ tumor-eradicating capabilities [43,71,72]. Additionally, the MDSCs foster Treg
proliferation, intensifying the suppressive milieu [73,74].

TAMs, with their versatile roles, are noteworthy contributors to the TME. Their abil-
ity to transition between M1-like (TAM1) and M2-like (TAM2) states plays a significant
role in the balance between tumor defense and progression [75,76]. While TAM1 cells
act aggressively against cancer cells, TAM2 cells encourage a suppressive environment,
promoting tissue repair and angiogenesis, as well as safeguarding tumors from immune
attacks [77–79].

Tumor-associated neutrophils (TAN) also differentiate into two major phenotypes
within the TME. While TAN1 cells inhibit cancer progression, TAN2 cells support tumor
growth, underscoring the multifaceted interactions within the TME [80,81].

Other factors, like rapid tumor growth leading to hypoxic conditions, activate various
resistance mechanisms [82,83]. This includes the upregulation of immune checkpoint
molecules such as PD-L1 on tumor surfaces, hindering T-cell functionality [84,85]. Hypoxia-
triggered signaling pathways further deepen the TME’s suppressive nature [45,86].

Cancer cells also deploy evasion strategies, manipulating MHC molecules to reduce
their visibility to the immune system [87,88]. Despite the promise of immune checkpoint
inhibitors (ICIs), challenges remain in terms of assuring sustained outcomes and managing
emergent resistance [7,89,90].
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In closing, a profound grasp of these pivotal agents within the TME is paramount for
charting successful strategies against the immunotherapy resistance [91]. As the research
community continues its quest, the hope is to modulate these elements, enhancing the potency
of the cancer immunotherapy [91–93]. By appreciating the TME’s intricacies, we inch closer to
reshaping therapeutic outcomes and offering renewed hope to countless patients.

Figure 1 below provides a schematic representation of the intricate cellular interac-
tions within the hypoxic TME, highlighting the key players involved in immunotherapy
resistance.

 

Figure 1. The keys to overcoming immunotherapy resistance. Schematic representation of cellular
interactions within the hypoxic TME. Cancer cells are surrounded by various cells, including Treg,
CTLs, NK cells, TAM, TAN, MDSCs, etc. CTLs and NK cells exhibit PD-1 receptors that interact with
PD-L1 expressed by TAM2, MDSCs, and DCs in the hypoxic TME. TAMs can undergo polarization
and differentiation influenced via the hypoxic TME. TAM1 exhibits antitumor, while TAM2 promotes
tumors. MDSCs release a series of cytokines (b-FGF, IGF-1, IL-10, IL-4, IL-1β, SDF-1, and MCP-1)
affecting cancer cell behavior. TGF-β and IL-10 act as regulatory molecules inhibiting CTLs and NK
cells, respectively. While the MHC I molecule and tumor antigen facilitate the interaction between
cancer cells and CTLs, TAN1, and TAN2, differentiated from TAN, play the roles of inhibiting
and promoting cancer cells, respectively. This figure illustrates the complex network of cellular
interactions within the hypoxic TME.

4. Pioneering Strategies to Overcome Resistance

Cancer immunotherapy, while promising, is often hindered by the development of
resistance. Several innovative strategies have been developed to address this, each designed
to improve patient outcomes and enhance treatment efficacy.

4.1. Combination Therapies

Combination therapies represent a multi-pronged attack against cancer, target-
ing different aspects of tumor biology. These therapies may combine agents that halt
tumor growth with those that boost the immune response. Despite the potential for
increased toxicity, the benefits often outweigh the risks, necessitating careful patient
management [94–96].
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4.2. Tumor Microenvironment (TME)

Strategies that modify the TME aim to disrupt the supportive network of the tumor,
including alterations in blood flow and stromal cell inhibition. Such interventions highlight
the TME’s critical role in cancer therapy [97–102].

4.3. Emerging Immune Checkpoints

New research is focused on uncovering and targeting novel immune checkpoints that
tumors exploit to evade immune detection. Agents targeting the ITIM domain (TIGIT), T
cell immunoglobulin and mucin-domain-containing-3 (TIM-3), and lymphocyte activation
gene-3 (LAG-3) are under investigation for their therapeutic potential [103,104].

4.4. Enhancing Immunotherapy with Oncolytic Viruses

Oncolytic viruses are emerging as a novel countermeasure to immunotherapy resis-
tance. These viruses are engineered to selectively infect and destroy cancer cells while also
modulating the immune environment to reverse resistance mechanisms. For example, the
oncolytic virus VSV-GP, when combined with PD-1 inhibitors, has been found to effectively
kill tumor cells. It also encourages the maturation of DCs and the influx of T-cells into
the tumor milieu, which are crucial steps in reigniting the immune system’s attack on the
cancer [105].

Furthermore, clinical trials, such as one led by Chesney et al., have revealed that
T-VEC, an oncolytic virus derived from the herpes simplex virus, can significantly enhance
treatment outcomes for melanoma patients, especially when administered in conjunction
with ICIs [106]. This dual approach not only targets the tumor directly, but also reactivates
the patient’s immune response against the tumor, providing a two-pronged attack against
cancer resistance.

These developments signify a stride forward in integrating oncolytic virotherapy into
the arsenal of immunotherapeutic strategies. By continuing to leverage these biological
agents, researchers aim to unlock new pathways to overcome resistance and maximize the
therapeutic potential of cancer immunotherapy.

4.5. Cell Therapy (ACT)

ACT personalizes treatment by using the patient’s immune cells, like TILs or chimeric
antigen receptor (CAR)-T cells, to combat cancer. While effective in blood cancers, its
application in solid tumors is an active area of research [107–110].

4.6. Cancer Vaccines

Cancer vaccines aim to prime the immune system to recognize and attack tumors,
with DC and viral vector vaccines leading the way. This strategy is part of a broader effort
to induce durable immune responses against cancer [111–114].

4.7. Navigating Medication-Induced Resistance in Immunotherapy

The interplay between certain medications and cancer immunotherapy is complex and
can inadvertently contribute to treatment resistance. Corticosteroids, which are commonly
prescribed to alleviate the side effects of immunotherapy, may inadvertently suppress the
immune response, reducing the efficacy of treatments like ICIs [115,116]. Additionally,
chemotherapeutic agents, while targeting cancer cells, may also inadvertently modify the
immune environment in a way that fosters resistance [117,118]. This alteration in the
immune landscape can hinder the immune system’s ability to effectively recognize and
attack tumor cells.

Moreover, the use of antibiotics has been linked to disruptions in the gut microbiome,
an emerging factor in the modulation of immunotherapy responses [119]. The gut micro-
biome plays a crucial role in maintaining a balanced immune system, and its disturbance
may impact the success of immunotherapeutic strategies.
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Furthermore, kinase inhibitors, used in targeted therapies, might alter critical signaling
pathways that are essential for the activation and function of immune cells, contributing
to a resistance scenario [120,121]. Such unintended effects underscore the necessity for
clinicians to carefully consider the full spectrum of a patient’s medication regimen when
administering immunotherapy.

By comprehensively understanding these drug interactions and their implications,
medical professionals can devise strategies to avoid or counteract the resistance-inducing
effects of these drugs. This may involve adjusting dosages, sequencing treatments, or select-
ing alternative therapeutic agents to maintain the robustness of the immune response [122].

Integrating advanced strategies that account for drug-induced resistance with conven-
tional cancer therapies represents a significant step toward a new era in cancer treatment.
This multifaceted approach emphasizes the need for continuous research and adaptation
to refine immunotherapy regimens, ensuring they remain potent against cancer while
respecting the patient’s overall well-being and minimizing unintended resistance [17,123].

Figure 2 below provides a visual representation of the different immunotherapeutic
agents and their specific targets within the tumor microenvironment, illustrating the
mechanisms by which they exert their effects.

Figure 2. Targets of immunotherapeutic agents in cancer therapy. (A) Illustration of the TME featuring
cancer cells surrounded by various immune cells and extracellular matrix components. (B) Depiction
of immune checkpoint inhibitors (ICIs) such as CTLA-4 and PD-1 (e.g., ipilimumab, pembrolizumab,
nivolumab, cemiplimab) binding to their respective receptors on T cells, preventing immune evasion
by cancer cells. (C) Representation of CAR T-cells targeting tumor-associated antigens (TAAs) on
cancer cells, triggering cytotoxic responses. (D) Macrophage checkpoint inhibition: anti-CD47 mAb
blocks the “don’t eat me” signal on cancer cells, promoting their phagocytosis by macrophages.
(E) Depiction of dendritic cells (DCs) presenting tumor antigens to naïve T cells, leading to their
activation and the initiation of an adaptive immune response against cancer cells. (F) Illustration
of activated NK cells targeting cancer cells, mediated by cytokine signaling (e.g., IFNγ production),
which enhances the innate immune response against tumors.

4.8. Integrated Strategies for Overcoming Resistance

To surmount the challenges presented by resistance to immunotherapy, an integrated
approach is necessary. This involves not only the combination of therapeutic modalities
but also the development of new agents that can tackle the evolved defense mechanisms of
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tumors. Precision medicine plays a crucial role in this, with targeted therapies designed
to counteract specific pathways of resistance identified in a patient’s tumor profile [17].
Adopting personalized treatment regimens based on molecular diagnostics and patient-
derived models, such as organoids and xenografts, is showing promise in enhancing
treatment efficacy and reducing toxicity [123]. Furthermore, the implementation of real-
time monitoring systems and predictive biomarkers facilitates a more responsive approach
to immunotherapy adjustments [124,125]. The future of overcoming immunotherapy
resistance lies in the synergy of these innovative strategies, each contributing a piece to the
complex puzzle of cancer treatment [126].

In the following section, we provide an overview of pioneering strategies in cancer
immunotherapy. Table 1 summarizes these strategies, including their approaches, key
components, benefits, drug examples, and supporting references.

Table 1. Overview of pioneering strategies in cancer immunotherapy.

Strategies Description
Key Components and
Benefits

Representative
Drugs/Cells/Vaccines

References

Combination
Therapies

Integration of several
therapeutic modalities
to optimize oncological
outcomes.

Synergistic modalities
enhance response.
Versatility against varying
tumor behaviors. Potential
for prolonged patient
benefits.

Anti-NKG2A: Monalizumab,
Anti-PD-1: Nivolumab,
Pembrolizumab
Anti-PD-L1: Atezolizumab,
Avelumab, Anti-CTLA-4:
Ipilimumab, Durvalumab

[94–96,110]

TME

Considers the
composite of stromal
and immune cells
intertwined with
signaling pathways.
Affects tumor
progression and
anti-tumor immunity.

Stroma including ECM and
fibroblasts; mesenchymal
stromal cells; and immune
cells such as TAMs, TANs,
and Tregs, signaling
pathways that influence
tumor progression.

Anti-LOXL2: Simtuzumab,
anti-hyaluronic acid:
PEGPH20, anti-CTGF:
Pamrevlumab, anti-Integrin:
Cilengitide, ATN-161,
MEDI-522, anti-TGF-β:
Fresolimumab, etc.

[97,98,127]

Immune
Checkpoints (ICIs)

Novel checkpoints
open up promising
therapeutic
possibilities. They
modulate immune
functions.

Potential checkpoints like
TIGIT, TIM-3, and LAG-3
receptors, expanding
therapeutic avenues.

Anti-LAG-3 mAbs: Relatlimab,
Favezelimab, REGN3767,
GSK2831781, LAG525,
TSR-033, Relatlimab +
Nivolumab, etc. Anti-TIM3:
Sabatolimab, spartalizumab.

[127,128]

Adoptive Cell
Therapy (ACT)

Capitalizes on an
individual’s immune
cells. Offers a tailored
therapeutic approach.

Precision with techniques
like TIL extraction;
potential of CAR-T cells
provide a tailored
therapeutic approach.
Enhanced therapeutic
results when combined
with other modalities.

Tumor-infiltrating
lymphocytes (TILs), T
cell-receptor-engineered T
(TCR-T) cells, natural killer T
(NKT) cells

[107–109]

Cancer Vaccines

Utilization of
neoantigens to boost
immune responses
targeting tumors.

Innovation with DC
vaccines and viral vector
vaccines; enhances
immune response.

Peptide vaccines: Gardasil®,
gp96, OSE2101, DSP-7888, etc.;
DNA vaccines: HER2,
VGX-3100, WT1, P, MA, hTERT,
etc. mRNA vaccines: BNT112,
BNT113, MAGE-A3, KRAS,
etc.; virus-based vaccines:
PROSTVAC-V/F, TG4010,
BT-001; cell-based vaccines:
DC vaccines; GVAX, etc.

[111–114]
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To wrap up this exploration, the integration of these advanced strategies with tradi-
tional therapies offers a multifaceted approach to overcoming immunotherapy resistance,
signaling a new era of hope for cancer treatment [129,130].

5. Recent Insights and Developments in Overcoming Immunotherapy Resistance

The endeavor to unravel and overcome resistance in cancer immunotherapy has uncov-
ered significant genetic and epigenetic influences that affect patient outcomes [91,131–133].

5.1. Genetic Alterations and Immunotherapy Resistance

The emergence of resistance to immunotherapy due to genetic alterations within
cancer cells is a major concern that complicates treatment outcomes. These mutations can
significantly alter the immune system’s ability to recognize and destroy cancer cells. One
of the key genetic changes involves mutations in the beta-2-microglobulin (B2M) gene,
a critical component of the major histocompatibility complex (MHC) class I molecules.
The MHC class I molecule presents tumor antigens to T cells, and any disruption in this
pathway, as caused by B2M mutations, can lead to ineffective T cell-mediated tumor cell
lysis [134,135].

Moreover, the Janus kinase (JAK) pathway, which includes the genes JAK1 and JAK2,
plays a pivotal role in immune response signaling [136]. Mutations in these genes can
have profound effects on the efficacy of immunotherapies. Shen et al.’s investigation
into JAK1/JAK2 alterations revealed that such mutations can result in resistance to PD-1
blockade therapies by impairing the interferon signaling pathway, which is vital for the
activation of the immune response against tumor cells [137].

Additionally, research indicates that alterations in the neoantigen landscape of cancer
cells, due to genetic mutations, can influence the responsiveness to immunotherapy. The
mutational burden and the quality of the neoantigens presented can either enhance or
diminish the therapeutic efficacy, as the immune system may or may not recognize these
neoantigens as targets [138,139].

These genetic alterations underscore the need for comprehensive genomic profiling of
tumors to anticipate and overcome resistance mechanisms. By understanding and mapping
these genetic changes, clinicians can personalize immunotherapy approaches, potentially
restoring the sensitivity of cancer cells to treatment and improving patient prognosis.

5.2. Epigenetic Dynamics and Their Role in Resistance

The regulatory landscape of epigenetic modifications is significant in immunotherapy
resistance, profoundly affecting gene expression and the immune detection of tumors. DNA
methylation, which adds a methyl group to DNA and often leads to gene silencing, has been
implicated in immune evasion. Mehdi et al. [140] have identified that hypermethylation of
the promoter regions of Th1-type cytokine genes can result in the suppression of crucial
immune signaling pathways. This hypermethylation effectively reduces the expression of
cytokines necessary for a robust anti-tumor immune response, thus facilitating tumor cells’
escape from immune surveillance [141].

Histone modifications, another crucial aspect of epigenetics, involve changes to the
proteins around which DNA is wound. Histone acetylation and deacetylation, controlled
by histone acetyltransferases (HATs) and histone deacetylases (HDACs), can alter the
accessibility of DNA to transcription machinery. Aberrations in HDAC activity have been
linked to the repression of tumor suppressor genes. For example, overactivity of HDACs
can lead to the tight winding of DNA around histones, effectively “hiding” tumor antigens
from immune cells and contributing to resistance to immunotherapies such as checkpoint
inhibitors [141,142].

Specific treatments, like the DNA methyltransferase inhibitors azacitidine and decitabine,
have been shown to induce these epigenetic changes. They can enhance the effectiveness of
immunotherapy by altering the expression of cancer/testis antigens and MHC molecules,
heightening tumor immunogenicity [34,143]. However, they can also trigger immune
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evasion, necessitating a nuanced approach to their use in conjunction with immunothera-
pies [144].

Histone deacetylase inhibitors, such as vorinostat and romidepsin, have dual roles.
While they can increase antigen presentation, they have also been implicated in promoting
regulatory T-cell functions, which could dampen the immune response [145,146]. This
highlights the delicate balance required when integrating epigenetic therapies with im-
munotherapy and underscores the need for further research to optimize these combinations.

5.3. The Microbiome’s Influence on Immunotherapy Efficacy

The interplay between the gut microbiome and the efficacy of cancer immunotherapy
is a an intensively researched topic. The diverse community of microbes residing in the
gastrointestinal tract exerts a substantial influence on the body’s immune responses, with
significant implications for the effectiveness of immunotherapeutic agents.

In a landmark study by Derosa et al., researchers identified that the presence of specific
gut bacteria, such as Akkermansia muciniphila, significantly improved the efficacy of PD-
1 inhibitors. This microbe appeared to bolster the host immune system’s capacity for
tumor surveillance, potentially by maintaining mucosal integrity or enhancing immune
cell activation, thus increasing the effectiveness of immunotherapies [147]. Such findings
have led to the proposal that the gut microbiome could serve as a predictive biomarker for
immunotherapy responses, and through interventions such as diet or probiotics, could be
adjusted to improve clinical outcomes.

Conversely, antibiotic use can disrupt the delicate balance of the gut microbiome,
with studies like those conducted by Patel et al. demonstrating negative impacts on the
efficacy of immunotherapies. Antibiotics may diminish beneficial bacteria, impair immune
function, and lessen the host’s response to PD-1 inhibitors, highlighting the need for careful
consideration of antibiotic use during immunotherapy [148].

This emerging research area has spurred interest in probiotics and fecal microbiota
transplantation (FMT) as methods to modulate the gut microbiome favorably. Ongoing clin-
ical trials are exploring the potential of these interventions to modulate the gut microbiome
in order to improve the patient response rate to cancer immunotherapy [149,150].

Overall, a growing body of evidence supports the notion that therapeutic modulation
of the microbiome could serve as an adjunct to enhance the efficacy of immunotherapy and
reduce resistance. Ongoing research into microbiome-based adjuvants holds promise for
refining the management of cancer through these novel interventions.

6. Clinical Implications and Translational Approaches

The recognition and early identification of biomarkers indicative of resistance is pivotal
in optimizing cancer treatment protocols. Biomarkers, such as high PD-L1 expression or
a significant tumor mutational burden (TMB), as well as genetic alterations like JAK1/2
mutations, are at the forefront of predicting and countering immunotherapy resistance [151].
These biomarkers not only facilitate diagnosis, but are also vital for the creation of targeted
strategies that preemptively confront specific resistance pathways [152].

Translational research tools like patient-derived organoids (PDOs) and xenograft mod-
els (PDX) are instrumental in applying preclinical findings to clinical treatment design. For
instance, PDOs derived from colorectal cancer patients have been utilized to evaluate the
efficacy of novel drugs, replicating the complex cellular environment of the originating
tumor [153,154]. These studies have led directly to clinical trials and adjustments to treat-
ment regimens, exemplifying how PDOs can significantly influence therapeutic planning
and patient management.

In the vanguard of translational research, PDX models stand out for their direct impact
on clinical decision-making. By engrafting human tumor tissues into immunodeficient
mice, PDX models maintain the tumor’s intrinsic heterogeneity, providing insights into
the tumor’s response to new treatments. These models have significantly advanced our
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understanding of resistance mechanisms, guiding the design of clinical trials aimed at
targeted resistance pathways.

For instance, PDX research has led to the discovery of alternative immune checkpoints
and changes in antigen presentation, shaping the development of combination therapies
and influencing clinical treatment modifications. Such studies have also identified biomark-
ers predictive of treatment response, allowing for the adaptation of clinical protocols [155].

A key example of the impact of PDX models is their use in pinpointing specific genetic
mutations that confer resistance to standard therapies. Insights gained from PDX studies
have informed the enrollment of patients in trials for new targeted agents, leading to
improved outcomes. These translational models are thus integral to the evolution of
personalized medicine, enhancing the specificity and adaptability of cancer therapies [155].

PDX models, together with PDOs, enhance therapeutic planning by replicating the
complex tumor environment, thereby offering a dynamic platform for drug evaluation and
the development of personalized treatment regimens [153,154].

The synergy between clinical acumen and advanced translational models is reshaping
cancer therapy, increasing the precision of the current treatments, and paving the way
for innovative strategies to navigate the complexities of immunotherapy resistance. This
integrated approach is set to refine patient care, promising a future where cancer treatment
is as personalized as it is effective.

7. Future Perspectives in Immunotherapy

The future of immunotherapy is illuminated by advancements across varied disci-
plines, seamlessly integrating cutting-edge technologies poised to redefine oncological
breakthroughs.

At the vanguard of these advancements, the integration of artificial intelligence
(AI) and machine learning offers the capability to decipher vast genetic and proteomic
datasets [156–158]. While this technological leap revolutionizes personalized immunother-
apy by predicting tumor behavior and resistance mechanisms, as well as enabling real-time
patient monitoring, it also brings forth challenges. For instance, ensuring the privacy and
security of patient data processed by AI becomes paramount. Moreover, the algorithms’
decision-making processes require transparency, especially when used to make clinical
recommendations. Ethical considerations arise, questioning the extent of reliance on AI for
treatment decisions and potential biases embedded within the algorithms.

Nanotechnology, emphasizing nanoparticles, holds significant potential to enhance
the immunotherapy [8,50,52,159–161]. Its ability to deliver drugs precisely to tumor sites
and fine-tune immune responses charts the path for groundbreaking strategies. These
include modifying the TME to impede tumor growth, optimizing nutrient dynamics within
the TME, and propelling the development of neoantigen vaccines. However, the use of
nanoparticles raises concerns regarding long-term safety, potential off-target effects, and
their interactions with the body’s natural systems. Ethical discussions also surround the
equitable distribution of such advanced treatments and the potential high costs associated
with them.

Tumor epigenetics is a rising domain, with research directed toward harnessing
epigenetic modulators to manipulate gene expression patterns. This tactic could potentially
combat immunotherapeutic resistance, thus diversifying treatment avenues.

Simultaneously, telemedicine platforms are bridging geographical chasms, ensuring
that specialized care becomes universally accessible [162]. Such platforms empower in-
dividuals in regions with constrained specialty resources to receive optimal treatment
recommendations. The prevailing transformative phase in immunotherapy flourishes with
interdisciplinary collaboration. Disciplines like genetics, immunology, bioengineering, and
sociology coalesce, exemplified by the amalgamation of genomic sequencing, microfluidic
technologies, and 3D tumor modeling to sharpen therapeutic strategies.

In summation, the dynamic realm of immunotherapy intertwines an array of disci-
plines, pioneering technologies, and global partnerships. The forthcoming epoch promises
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unmatched precision and flexibility, as well as a rejuvenated wave of oncological innova-
tions, albeit not without its challenges and ethical dilemmas.

8. Conclusions

Throughout our journey into the complex landscape of immunotherapy, we confronted
a myriad of challenges and opportunities. The foremost among these was the issue of
immunotherapy resistance. While such challenges might seem daunting, they also serve as
gateways to novel innovations. Our increasingly profound comprehension, bolstered by
advancements in AI, nanotechnology, and epigenetics, is propelling us toward solutions
that were once considered beyond reach.

Immunotherapy heralds a paradigm shift in oncological treatments, emphasizing the
body’s intrinsic defenses against malignancies. Yet, the ever-present shadow of resistance
reminds us of the continuous need for exploration, adaptation, and innovation. It is
the collective endeavors of researchers, clinicians, and pioneers across disciplines that
underpin the remarkable breakthroughs we witness today. These efforts inch us closer to
the overarching goal: to overcome cancer resistance and elevate patient outcomes.

However, like all scientific pursuits, our research has its confines. Future studies
might focus on deeper dives into molecular mechanisms, patient-specific factors, or even
socio-economic considerations that could influence resistance. Expanding on these areas
would undeniably enrich our understanding.

In summary, our journey through the complexities of immunotherapy resistance is
continuous, but the advancements made signal a hopeful future. Here, cancer treatments
are envisioned to be not only more personalized and powerful, but also characterized by
fewer adverse effects. The crux of this progress lies in persistent research, international
cooperation, and a steadfast commitment to revolutionizing the story of cancer treatment.
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Abbreviations

ACT adoptive cell therapy
AI artificial intelligence
CAR chimeric antigen receptor
CTLs cytotoxic T cells
CTLA-4 cytotoxic T-lymphocyte-associated antigen 4
cfDNA cell-free DNA
CTCs circulating tumor cells
EGFR epidermal growth factor receptor
LAG-3 lymphocyte activation gene-3
MDSCs myeloid-derived suppressor cells
MHC major histocompatibility complex
NK natural killer
NSCLC non-small-cell lung cancer
PBMC peripheral blood mononuclear cells
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PD-1 programmed cell death protein 1
PD-L1 programmed death-ligand 1
PDO patient-derived organoids
PDX patient-derived xenograft
TAMs tumor-associated macrophages
TAM1 type-1 TAM
TAM2 type-2 TAM
TAN1 type-1 TAN
TAN2 type-2 TAN
TANs tumor-associated neutrophils
TIGIT T cell immunoreceptor with immunoglobulin and ITIM domain
TIM-3 T cell immunoglobulin and mucin-domain-containing-3
TGF transforming growth factor
Tregs regulatory T cells
TMB tumor mutational burden
TME tumor microenvironment
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Abstract: Non-melanoma skin cancer (NMSC) is one of the most common types of cancer worldwide.
Despite the low mortality rate, rising incidence and recurrence rates are a burden on healthcare
systems. Standard treatments such as chemotherapy, radiotherapy, and surgery are either inva-
sive or toxic to healthy tissues; therefore, new, alternative, selective treatments are needed. In this
work, a combined photothermal and chemotherapeutic approach is proposed. MoS2 was used as
photothermal agent. It was prepared by a liquid-phase exfoliation and intercalation method using
polyvinylpyrrolidone (PVP), followed by recirculation through a custom-built high-power ultrason-
ication probe. After 6 h of ultrasonication treatment, the average particle size was 165 ± 170 nm.
Near-infrared (NIR) irradiation assays (810 nm, 0.1 W/cm2, 30 min, 180 J/cm2) confirmed that MoS2

nanosheets can efficiently convert NIR light into heat and reach 52 ◦C. The therapeutic doses of MoS2

(125 μg/mL) and Tegafur (50 μg/mL) were optimized and both were simultaneously incorporated
into a Carbopol hydrogel. The cells were brought into contact with the hydrogel and irradiated with
a custom-built NIR LED system. In HFF-1 cells (normal human fibroblasts), the metabolic activity
was 78% (above the 70% toxicity limit—ISO 10993-5:2009(E)), while in A-431 skin cancer cells, it
was 28%. In addition, the MoS2 + Tegafur hydrogels led to a 1.9-fold decrease in A-431 cancer cell
metabolic activity, 72 h after irradiation, in comparison to MoS2 hydrogels, indicating a combined
effect of photothermal and chemotherapy.

Keywords: photothermal therapy; 2D nanomaterials; transition metal dichalcogenides (TMDs; TMDCs);
biocompatibility; targeted selective therapy; anticancer drugs

1. Introduction

Skin cancer is one of the most common types of cancer worldwide [1,2]. Non-
melanoma skin cancer (NMSC) is the most common form of skin cancer and is increasingly
common in patients under the age of 40, with basal cell carcinoma accounting for 80%
of all NMSC cases [3,4]. The treatments used to cure NMSC are based on the risk that
each case poses to the patient’s health [5,6]. The most important therapies include surgery,
chemotherapy, and radiotherapy [7]. Despite their frequent use, all of these therapies also
have disadvantages [8]. Surgery consists of removing the tumor tissue, although some-
times, complete removal is not achieved, leading to recurrence; also, surgical trauma causes
high inflammation and reduces the anticancer immune response [9,10]. Often, the aesthetic
results are not ideal, considering that NMSC is more common on the face and neck [11,12].
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Chemotherapy can lead to cancer cell resistance to the drugs and local and systemic toxicity
to normal cells and tissues [8,13,14]. Radiotherapy can lead to systemic symptoms such
as malaise, hair loss, loss of fertility, and indiscriminate cell destruction [8]. Photothermal
therapy (PTT) has been investigated as a new therapeutic approach for cancer treatment
as it is a non-invasive, cost-effective, and specific therapeutic approach. PTT is based
on the irradiation of nanomaterials with light, usually in the NIR range [15,16]. During
treatment, the radiation that hits the surface of the photothermal agents is converted into
heat, leading to an increase in temperature to a point that can initiate cellular apoptosis or
lead to tumor cell necrosis [17–19]. Necrosis is considered the most probable primary cause
of cell death through PTT. Especially when extremely high temperatures are achieved, this
pathway corresponds to an early cell death caused exclusively by external factors [20,21].
The downside of necrosis lies in the fact that, as cell functions and structures abruptly
break down, the cellular contents leak into the extracellular space, inducing inflammation.
Also, in the later stages of necrosis, the remaining cells release pro-inflammatory factors,
exacerbating the inflammatory response [20]. The following inflammation may lead to
tumor recurrence and increased resistance to further therapies [22,23].

To perform PTT more effectively and adjust doses to avoid necrosis, photother-
mal agents with strong NIR absorption are necessary. Transition metal dichalcogenides
(TMDCs) and other 2D nanomaterials have a high surface-to-volume ratio and great optical
properties, namely strong NIR absorption and high photothermal conversion efficiency [24–
26]. The optical and electronic properties of TMDCs are related to a band gap that increases
as the lateral size and the number of layers decrease [27]. In addition, the absence of
dangling surface bonds is responsible for their high stability in liquids [24]. The structure
of TMDCs consists of a layer of transition metal atoms sandwiched between two layers
of chalcogen atoms [28,29]. Usually, TMDCs for biomedical applications are prepared
by top-down methods, which are also used for photoelectric devices and catalysis [30].
Molybdenum disulfide (MoS2)-based nanomaterials have great potential to be utilized
as a platform for numerous biomedical applications and therapeutic approaches, such
as photothermal and photodynamic therapy, imaging, drug delivery, and biosensing [31–
34]. The crystal structure of MoS2 takes the form of a hexagonal plane of S atoms on
both sides of a plane of Mo atoms [31]. These triple planes stack on top of each other,
with strong covalent bonds between the Mo and S atoms but weak van der Waals forces
holding the layers together [31,35]. As a result, they can be easily exfoliated using top-
down methods based on mechanical and chemical approaches [31,36,37]. Single-layered
or few-layered MoS2 nanosheets exhibit high absorption of near-infrared radiation (NIR)
and high photothermal conversion efficiency [38]. In addition, this nanomaterial exhibits
crystal-dependent fluorescence or fluorescence-quenching properties [31]. MoS2 nanos-
tructures, especially MoS2 nanosheets, have also shown high stability, biocompatibility,
high binding affinity to biomolecules, a large surface area, and remarkable magnetic and
electronic properties [39,40]. Nanomaterials with a smaller lateral size than 100–200 nm and
low-to-single-layer thickness are the gold standard for numerous biomedical applications,
as the mentioned size and thickness promote biological interactions, the penetration of
tissue and cell membranes, an improved permeability and retention effect (EPR), and
rapid biodegradation and elimination [41,42]. Compared with other commonly studied
photothermal therapy agents, such as metals, MoS2 presents relevant advantages, since
metals are toxic in high concentrations and lack water stability. Furthermore, MoS2’s lateral
size and layer number can be reduced to maximize its photothermal conversion to values
above those achieved by metals [24,43].

Two-dimensional nanomaterial (2DnMat) conjugates provide excellent nanoplatforms
for various synergistic therapeutic approaches, including the combination of PTT and
chemotherapy. The best results in terms of treatment efficacy have been achieved with
combined therapies [24]. Numerous papers have been published that confirm that the
conjugation of 2DnMats with anticancer drugs significantly increase the efficiency of the
treatments [44–61]. An example of a drug never tested for combined therapy, but that has
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great potential, is Tegafur (C8H9FN2O3), an FDA- and EMA-approved anticancer drug
used to treat gastric and colorectal cancer [62–64]. Other tumors treated with this drug
include skin, breast, and pancreatic cancer [65]. Tegafur is an inactive oral prodrug that
is metabolized to 5-FU [66,67]. Its mechanism of action is the inhibition of the enzyme
thymidylate synthetase, which leads to a definitive alteration of the DNA replication
pathway [68]. A practical way to combine 2DnMats and drugs such as Tegafur is by
incorporating them into pharmaceutical formulations. Hydrogel delivery systems can
provide a controlled release of various therapeutic agents without significant toxicity [69,70].
Carbopol hydrogels are made of an acrylic polymer approved by the FDA, being an
ingredient in various pharmaceutical formulations, used for topical administration through
the skin. They enable controlled release, improve skin permeability, and exhibit high
biocompatibility and thermal stability [71,72].

Here, a new pharmaceutical formulation of a Carbopol hydrogel containing MoS2
nanosheets and Tegafur was developed for combined phototherapy and chemotherapy of
skin cancer. All conditions that are important for an effective and selective treatment are
optimized, starting with the reduction in the MoS2 particle size to below 200 nm, through
the ideal MoS2 and Tegafur concentration and irradiation time, which we determined using
our custom-built NIR LED systems.

2. Materials and Methods

2.1. MoS2 Nanosheet Production

Molybdenum disulfide (MoS2) nanosheets were prepared by MoS2 90 nm nanopowder
(Merk, Darmstadt Germany) liquid-phase exfoliation and intercalation using polyvinylpyrroli-
done (PVP) [73]. First, 2.5 g of PVP was dispersed in 1000 mL of deionized water; then, the
dispersion was magnetically stirred for 1 h and mechanically stirred for 20 h (ATM40-3LCD,
Ovan, Barcelona, Spain). The resulting dispersion was processed for 6 h in a custom-built re-
circulation system using a peristaltic pump (Watson Marlow 323 Peristaltic Pump, Falmouth,
UK) and an industrial ultrasonic probe (Hielscher Ultrasonics GmbH, Teltow, Germany).
The temperature was kept below 40 ◦C by a cooling bath (Julabo F12, Julabo GmbH, Seel-
bach, Germany). Finally, the washing process was completed by centrifuging three times at
8000 rpm [74].

2.2. MoS2 Nanosheets Characterization
2.2.1. Transmission Electron Microscopy

The morphology and lateral dimensions of the aqueous MoS2 dispersions were ana-
lyzed by transmission electron microscopy (TEM, JEOL JEM 1400 TEM, Tokyo, Japan) at a
concentration of 30 μg/mL. Samples were sonicated and a volume of 10 μL was applied to
a carbon-coated TEM grid, where it was allowed to settle for 30 min. The lateral dimensions
of MoS2 were measured using the ImageJ 1.53a software, with 80–588 counts per sample.

2.2.2. Zeta Potential Measurements

MoS2 particles at a concentration of 10 μg/mL were analyzed using a Zetasizer
Nano-NS (Malvern Instruments, Malvern, UK) in a disposable Zetasizer cuvette. Four
measurements were performed at neutral pH and room temperature.

2.2.3. Thermogravimetric Analysis

A thermogravimetric analysis (TGA) of the dehydrated MoS2 samples was performed
using a Netzsch STA 449 F3 Jupiter instrument (Selb, Germany). The sample mass was
between 6 and 8 mg. The thermograms were recorded between 30 and 1000 ◦C at a heating
rate of 10 ◦C min−1 under nitrogen flow.

2.2.4. Energy-Dispersive X-ray Spectrometry

MoS2 dispersions (30 μg/mL) were sonicated for 30 min, and a volume of 10 μL was
applied to the surface of an aluminum-coated sample holder and allowed to dry overnight.
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EDS data were obtained using the EDAX Genesis X4M software (Oxford Instruments,
Oxford, UK) after acquisition using a QUANTA 400 FEG-SEM (FEI, Hillsboro, OR, USA)
with an accelerating voltage of 3 kV.

2.2.5. UV–Visible Spectroscopy

Absorbance spectra of aqueous MoS2 dispersions with a concentration of 12.5 μg/mL
were recorded with a Lambda 35 UV/vis spectrometer (Perkin-Elmer, Waltham, USA). The
samples were placed in a 50 μL quartz cuvette (Hellma Analytics, Müllheim, Germany)
with a light path length of 10 mm, and their spectra were recorded between 200 and 850 nm.
Measurements were performed in triplicate at room temperature with a baseline correction
based on water as a blank control.

2.2.6. Photothermal Properties

To evaluate the light-to-heat conversion ability of MoS2 water dispersions and hy-
drogels, a volume of 600 μL was added to 48-well plates in both cases. All wells were
irradiated with a custom-built LED-based system with NIR emission (810 nm) and an
irradiance of 0.1 W/cm2 [75], measured using a Delta Ohm HD 2102.2 radiometer. In
total, 24 LEDs (Model: WL-5P5050EP120IR-810 Lumixtar, Shenzhen, Guangdong, China)
were used in a matrix configuration of 6 × 4, and each LED only directly illuminated one
well. All of them were soldered to an individual aluminum star base of 16 mm and were
dispersed in the top of an aluminum heatsink with 100 mm × 120 mm × 2 mm. Each
LED had an epoxy resin lens creating a beam angle (2θ1/2) of 120◦. An additional PMMA
Lens was used on top of the LED lens to reduce the effective beam angle to 9◦. The LEDs
and LED parts were obtained directly from the mentioned manufacturer according to the
author’s specifications.

The light-induced temperature rise of the samples was recorded for 30 min by placing
a K-type thermocouple in the center and halfway up the suspension and connecting it to a
TC-08 thermocouple data logger (Pico Technology, Eaton Socon, UK). Nine replicates per
condition were performed, and the results are reported as the mean and standard deviation.
Prior to irradiation, samples were pre-warmed to 37 ◦C in an incubator to replicate the
conditions of the biological tests.

2.3. Hydrogel Production

Hydrogels (HGs) were prepared by dispersing Carbopol 974 NF (0.5% w/v) at a
concentration of 5 mg/mL in water, MoS2, Tegafur, or MoS2 + Tegafur dispersions. The
selected concentration of MoS2 was 125 μg/mL and that of Tegafur was 50 μg/mL. The
dispersions were sonicated for 10 min, 1 h after preparation. Gelification was carried out by
adding NaOH dropwise at an initial concentration of 0.5 M. Concentrations of 12.5 mM of
NaOH were used for the dispersions of Carbopol and Tegafur, MoS2, and MoS2 + Tegafur.

2.4. In Vitro Studies
2.4.1. Cell Culture

Biological studies were performed with A-431 human epidermoid carcinoma cells (ATCC,
CRL-1555, Manassas, VA, USA) and HFF-1 human foreskin fibroblasts (ATCC, SCRC-1041,
Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum
(Alfagene, Carcavelos, Portugal) and 1% (v/v) penicillin/streptomycin (Biowest, Pays De La Loire,
France). Cells were maintained in a humidified atmosphere with 5% CO2 and 95% air at 37 ◦C.
The medium was replaced every 2–3 days and the cells were detached when 80% confluency was
reached. In biological experiments, the effect of Tegafur, MoS2 alone, and MoS2/Tegafur-loaded
hydrogels was investigated with both healthy and cancer cells in the presence or absence of NIR
irradiation, as described in detail below.
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2.4.2. Cytotoxicity Assays of Tegafur and MoS2 Nanosheets

A-431 or HFF-1 cells were seeded in 48-well plates at a density of 10,000 cells/well
and 40,000 cells/well, respectively. After 24 h, the culture medium was replaced with
MoS2 (125–500 μg/mL) or Tegafur dispersions (0.1–500 μg/mL) in complete DMEM and
incubated for additional 24, 48, or 72 h. In brief, material dispersions were removed and
cells were incubated in a 10% (v/v) resazurin reagent (Sigma-Aldrich, St. Louis, MO, USA)
in complete DMEM at 37 ◦C and 5% CO2 for 2 h. The fluorescence of the supernatant
(λex/em = 530/590 nm) was measured using a microplate reader spectrophotometer (Syn-
ergy Mx, Bio-Tek Instruments, Winooski, VT, USA). Negative and positive controls for cell
viability decreases were performed by incubating the cells in complete DMEM or with
10% (v/v) dimethyl sulfoxide (DMSO) in complete DMEM, respectively. Data for each
sample were normalized to the negative control for cell viability decrease and the results are
expressed as the mean percentage of the control and standard deviation. All assays were
performed in triplicate with six replicates for each condition tested. These tests yielded
the appropriate concentrations of Tegafur and MoS2 to be added to the HG for the next
biological assays.

2.4.3. Cytocompatibility of MoS2/Tegafur Hydrogels and Photothermal Therapy

A-431 or HFF-1 cells were incubated with HGs at a final concentration of 125 μg/mL
of MoS2 and 50 μg/mL of Tegafur in DMEM for 24–72 h. Resazurin assays were then
performed as described above. Live/dead staining was performed after 72 h, as described
below. After incubating the cells with HG for 30 min, irradiation was performed using our
custom-made NIR LED systems as described above (Section 2.2.6). After 24, 48, and 72 h,
the medium was removed and the resazurin assay was performed, as described above.

Live/Dead Assays

The live/dead assay with fluorescent labeling was performed to assess the viability
of cells after treatment with irradiated or non-irradiated Carbopol/MoS2/Tegafur. Live
cells were identified with Calcein AM (Invitrogen, ThermoFisher Scientific, Waltham, MA,
USA), which penetrates the cell membrane and labels both the nucleus and the cytoplasm.
Dead cells were stained with propidium iodide (PI; ThermoFisher Scientific, Waltham, MA,
USA), which penetrates only the damaged cell membranes and stains the nucleus. Cells
were seeded in 48-well plates. After the different treatments (24, 48, and 72 h), cells were
washed with PBS and incubated for 20 min at 37 ◦C in the dark with a solution of PI and
of Calcein AM in PBS at 2.0 μg/mL. Then, a PI solution of 1.0 μg/mL in PBS was added
to each well. Images were acquired using the Operetta CLS High-Content Imager (Perkin
Elmer, Waltham, MA, USA) and data were processed using the Harmony software 5.2.

2.4.4. Statistical Analysis

A statistical analysis was performed using the GraphPad Prism software (version 8.4.2,
San Diego, CA, USA). For parametric data, a one-way analysis of variance (ANOVA)
with Tukey’s tests for multiple comparisons was performed. Differences between the
experimental groups are considered significant if p < 0.05.

3. Results and Discussion

3.1. MoS2 Dispersions’ Physico-Chemical Characterization

Transmission electron microscopy (TEM) was used to investigate the particle size and
morphology of the MoS2 nanosheets after fabrication and after ultrasonic treatment for
different lengths of time in a custom-built recirculating system. The average size of the MoS2
nanosheets decreased from 901 ± 633 nm, before sonication, to 450 ± 372 nm, 405 ± 362 nm,
and 165 ± 170 nm after 2, 4, and 6 h of sonication, respectively. The effectiveness of the
ultrasonication method is shown by the fact that the lateral size of MoS2 decreases with the
duration of sonication, while the degree of exfoliation increases. After 6 h of ultrasonication
treatment, well-dispersed MoS2 layers were obtained without visible agglomeration, with
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good exfoliation and an average lateral size of 165 ± 170 nm (Figure 1). There is a substantial
size heterogeneity in the samples, with the standard deviation decreasing as ultrasonication
time increases (Figure 1B). After 6 h, we reach a size distribution ideal for the desired
bioapplications in topical skin cancer phototherapy, since most particles present sizes in
the range of 10–200 nm. Note that the particles present a few layers of thickness in the
nanometric range at around 1–10 nm. This favors potential biological interactions, the
penetration of tissue and cell membranes, improved permeability and retention effects
(EPRs), and rapid biodegradation and elimination [41,42]. The zeta potential of the MoS2
nanosheets was determined by electrophoretic light scattering (ELS) using a Zetasizer
device (1.C). The values were −39.7 ± 1.3 mV, −40.8 ± 1.3 mV, −41.8 ± 0.5 mV, and
−32.7 ± 1.0 mV after 0, 2, 4, and 6 h of ultrasonication treatment, respectively. Particles
with a surface charge below −30 mV are considered very stable and well dispersible in
water [76]. This is consistent with the good stability and dispersibility of MoS2 nanosheets.

 
Figure 1. MoS2 particle size and morphology and surface charge at 0, 2, 4, and 6 h after ultrasonication.
(A) Transmission electron microscopy (TEM) images of MoS2 aqueous dispersions at 0 and 6 h of
ultrasonication (30 μg/mL). (B) MoS2 particle size after different ultrasonication periods, determined
by TEM image analysis. (C) Surface charge of MoS2 particles (0, 2, 4, and 6 h of ultrasonication)
determined by electrophoretic light scattering (ELS). (A) Scale bars represent 0.5 μm (top images)
and 0.1 μm (bottom images).

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the
MoS2 nanosheets after 0–6 h of ultrasonication. Figure 2A shows a gradual weight loss of
about 7% in the tested temperature range. Other authors have observed similar behavior
in thermogravimetric experiments with MoS2 under inert conditions, but no clear thermal
degradation mechanism is suggested, aside from loss of chemisorbed water [77–79]. It was
not possible to establish a correlation between the duration of ultrasonication treatment
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and the loss of thermal stability, as all samples showed only small weight losses, preserving
more than 90% of the initial mass, indicating that the nanosheets produced have high
thermal stability, even when the particle size decreases.

Figure 2. (A) Thermogravimetric analysis of MoS2 ultrasonicated for 0, 2, 4, and 6 h, performed under
nitrogen atmosphere. (B) Energy-dispersive X-ray spectroscopy (EDS) analysis of MoS2 samples
ultrasonicated for 6 h.

Energy-dispersive X-ray spectroscopy (EDS) was performed to determine the compo-
sition of MoS2 samples ultrasonicated for 6 h. Figure 2B and Table 1 reveal the presence
of Mo, S, C, and Al and a vestigial presence of Mg. The presence of aluminum can be
attributed to the sample holder in which the MoS2 samples were placed for analysis. The
carbon comes from the PVP used in MoS2 production. Table 1 shows that the atomic
ratio between S and Mo is about 1.8, which corresponds approximately to the expected
theoretical ratio of two, as there must be two sulfur atoms to one Mo atom in each MoS2
molecule. Similar ratios have also been found in the literature [80].

Table 1. Energy-dispersive X-ray spectroscopy analysis of MoS2 nanosheets after 6 h of ultrasonication.

Element
Number

Element
Symbol

Element
Name

Atomic
%

Weight
%

6 C Carbon 24.7 8.5
12 Mg Magnesium 1.3 0.9
13 Al Aluminum 32.1 24.8
16 S Sulfur 27.0 24.8
42 Mo Molybdenum 14.9 41.0

The optical properties of MoS2 treated with ultrasound by ultrasonication for 0, 2, 4,
and 6 h were investigated by UV-VIS spectroscopy (Figure 3A). The maximum absorption
peaks for all samples are at 200 nm, which can be associated with the presence of PVP
on the nanosheets, resultant from the production process [81]. Other peaks appear at
620 and 680 nm for all samples; according to the literature, these peaks can be accredited
to the excitonic transitions from the K point to the Brillouin zone [82]. MoS2 sonicated
for 6 h shows a 1.2-fold increase in NIR absorbance (810 nm) compared to the sample
without ultrasonication. An increase in optical absorption with decreasing particle size and
exfoliation is frequently observed in the literature for 2D nanomaterials [83,84]. Due to its
smaller particle size and water stability, MoS2 ultrasonicated for 6 h was selected for the
following assays.

To determine the potential of the six-hour-ultrasonicated MoS2 nanosheets as photother-
mal agents, aqueous dispersions of MoS2 (100 to 500 μg/mL) were irradiated with a custom-
made LED-NIR device (810 nm, 0.1 W/cm2) for 30 min. The temperatures were registered at
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various time points, as illustrated in Figure 3B. After 30 min, 49, 51, and 54 ◦C were reached
for MoS2 dispersions with the following concentrations: 125, 175, and 500 μg/mL.

 
Figure 3. (A) UV–visible absorption spectra (200–850 nm) of MoS2 ultrasonicated for 0 h, 2 h,
4 h, and 6 h. (B) NIR light-to-heat conversion assays. Photothermal heating curves of MoS2 (6 h
sonication) water dispersions (100–500 μg/mL) irradiated with a custom-built NIR LED system
(810 nm, 0.1 W/cm2) for 30 min. Water was used as a control. (C) Absolute temperature increases of
MoS2 (6 h sonication) water dispersions (100–500 μg/mL) irradiated with a custom-built NIR LED
system (810 nm, 0.1 W/cm2) for 30 min.

3.2. MoS2 Cytocompatibility Optimization

Since MoS2 nanosheets have the potential to be used in various biomedical applica-
tions, including photothermal therapy, it is important to confirm that these nanoparticles
are not toxic to healthy tissues [31,44,85]. For this reason, HFF-1 human fibroblasts were
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incubated with MoS2 (125–500 μg/mL) for 24, 48, and 72 h, as shown in Figure 4. At each
time point, the cells’ metabolic activity was determined using the resazurin assay. Controls
were performed with DMEM (cell-death-negative control, referred as “control”) and 10%
DMSO (cell-death-positive control) only.

Figure 4. Metabolic activity of HFF-1 and A-431 cells incubated with MoS2 (125–500 μg/mL),
determined using the resazurin assay after 24, 48, and 72 h. Results are normalized to values obtained
for the control (complete DMEM). Results are presented as average and standard deviation (n = 6).
Statistically significant differences against the control (complete DMEM) are represented as * p < 0.05.
DMSO; dimethyl sulfoxide 10% (was used as positive control of cell death). The dashed line marks
the toxicity limit (ISO 10993-5:2009 [86]).

Cells incubated with the two highest concentrations (250 and 500 μg/mL) showed
a metabolic activity, already at the first time point (24 h), below the toxicity limit of 70%
defined by ISO 10993-5:2009. Concentrations of 150 and 175 μg/mL led to a slight but
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significant decrease in metabolic activity of approximately 12% after 72 h. In contrast, no
significant changes in metabolic activity were observed in cells incubated with 125 μg/mL
after 72 h, as their metabolic activity was 90%. In view of the results described, concentra-
tions below 175 μg/mL were considered safe for normal cells and, thus, this range was
selected for further studies.

Next, to investigate the cytotoxic effect of the nanomaterial, MoS2 nanosheets were
tested in A-431, a skin cancer cell line. Even without NIR irradiation, MoS2 was demon-
strated to be cytotoxic. After 24 h, the cancer cell metabolic activity decreased to below
70%, but no cumulative cytotoxic effect was observed, as this activity remained at a similar
level after 48 h and 72 h of incubation.

3.3. MoS2 Cytotoxicity under NIR Irradiation

To investigate the phototherapeutic effect of MoS2 nanoparticles under NIR irradiation,
and to confirm that this effect is sufficient to kill A-431 skin carcinoma cells, they were
incubated with different nanoparticle concentrations (125–175 μg/mL) and then irradiated
for 30 min with a custom-built NIR LED system (810 nm, 0.1 W/cm2, 180 J/cm2). After
72 h, the metabolic activity of A-431 was approximately 20% at 125 μg/mL, 20% at a
concentration of 150 μg/mL, and 30% at 175 μg/mL, proving that all tested concentrations
had a significant photothermal effect on cancer cells after 30 min of irradiation (Figure 5).
However, no significant differences in metabolic activity were observed between the
groups of cells incubated at 125, 150, or 175 μg/mL, indicating that higher concentrations
were not directly associated with a greater decrease in metabolic activity or a higher
photothermal effect.

Figure 5. Metabolic activity of A-431 cells incubated with MoS2 and irradiated with NIR for 30 min
(810 nm, 0.1 W/cm2, 180 J/cm2), determined using the resazurin assay after 24, 48, and 72 h. Results
are normalized to values obtained for the control (complete DMEM). Results are presented as average
and standard deviation (n = 6). Statistically significant differences against the control (complete
DMEM) are represented as * p < 0.05. DMSO; dimethyl sulfoxide 10% (control of cell death). The
dashed line marks the toxicity limit (ISO 10993-5:2009(E)).

A concentration of 125 μg/mL was selected as the optimal concentration to be in-
corporated in the pharmaceutical formulations (Carbopol hydrogels) for further tests, as
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it reduced the metabolic activity of A-431 skin carcinoma cells, without affecting HFF-1
normal skin fibroblasts.

3.4. Tegafur Cytotoxicity/Cytocompatibility Optimization

The cytotoxicity of Tegafur on human skin fibroblasts (HFF-1) and human skin carci-
noma cells (A-431) was investigated to determine the minimum concentration that leads
to cancer cell death without damaging healthy tissue. Both cell lines were incubated for
24, 48, and 72 h with different concentrations of Tegafur between 0.1 and 500 μg/mL. At
each time point, the viability of the cells was tested using the resazurin assay (Figure 6).
Controls were performed using cell culture media (DMEM, negative control) and DMSO
10% (cell-death-positive control) only.

Figure 6. Metabolic activity of HFF-1 and A-431 cells incubated with Tegafur, determined using the
resazurin assay after 24, 48, and 72 h. Results are normalized to the control (complete DMEM). Results
are presented as average and standard deviation (n = 6). Statistically significant differences against the
control (complete DMEM, negative control) are represented as * p < 0.05. DMSO; dimethyl sulfoxide
10% (positive control of cell death). The dashed line marks the toxicity limit (ISO 10993-5:2009(E)).
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At all tested concentrations and time points (24, 48, 72 h), HFF-1 showed a cell
metabolic activity of more than 70% and was therefore considered as not cytotoxic, accord-
ing to the ISO 10993-5:2009(E) norm. However, at concentrations of more than 50 μg/mL,
the metabolic activity significantly decreased after 72 h of incubation.

In A-431 human skin carcinoma cells, metabolic activities below 70% were observed
after 72 h at concentrations of Tegafur above 50 μg/mL. The metabolic activity values were
63.8, 58.1, 55.8, and 63.5% for 50, 100, 250, and 500 μg/mL, respectively. These results
can be explained by the mechanism of action of Tegafur, which is metabolized into 5-FU,
an anticancer drug that directly interferes with DNA replication. Since the mechanism
depends on the metabolic activity of the cancer cells, it is expected that it takes some
time for a sufficient concentration to accumulate in the cells, which eventually leads to a
decrease in cell viability [66,68]. Since 50 μg/mL of Tegafur was biocompatible with HFF-1
human skin fibroblasts and toxic to A-431 human skin cancer cells, this concentration
was chosen as the optimal amount for the pharmaceutical formulation with Carbopol, as
described below.

4. Hydrogels’ Characterization

Carbopol hydrogels (HGs) were prepared by dispersing Carbopol 974 NF (0.5% w/v) at
a concentration of 5 mg/mL in water, MoS2, Tegafur, or MoS2 + Tegafur water dispersions.
The final concentration of MoS2 was 125 μg/mL and the final concentration of Tegafur was
50 μg/mL (based on previously described biological tests). Sodium hydroxide (NaOH)
was then added to the solutions to allow gelification. The HGs containing MoS2 were black
in color, while the HGs without MoS2 were completely transparent (Figure 7A).

Figure 7B shows the UV–visible absorbance spectra of MoS2 nanosheets in water
dispersion, the MoS2 HG, the Teg HG, and the MoS2 + Teg HG. The maximum ab-
sorption peaks at 200 nm in all samples are due to the presence of PVP on the surface
of the nanosheets [81]. Samples containing Tegafur show a typical absorption peak at
270 nm [87,88]. The NIR absorbance of the MoS2 + Teg HG and MoS2 HG (810 nm) in-
creased 1.6-fold compared to the MoS2 6 h ultrasonication water dispersions. To investigate
the photothermal effect of the MoS2 nanosheets in the HG, NIR irradiation tests were
performed. After 30 min of irradiation with a custom-made LED NIR device (810 nm, 0.1
W/cm2, 180 J/cm2), the HG containing MoS2 (125 μg/mL) reached approximately 49 ◦C.
This temperature is within the range required for effective photothermal therapy of cancer
(Figure 7C). Since Tegafur does not exhibit significant NIR absorption, the Carbopol/Teg
HG was not tested.

4.1. MoS2/Tegafur Hydrogels’ Cytocompatibility

HFF-1 skin fibroblasts were incubated for 24 and 48 h with the Carbopol HG dispersed
in DMEM, the Carbopol/MoS2 HG (125 μg/mL), and with the HG containing both MoS2
(125 μg/mL) and Tegafur (50 μg/mL)—Carbopol/MoS2 + Teg. Controls were performed
with cell culture media (DMEM) and DMSO 10% (cell death control) only. At each time
point, the metabolic activity of the cells was determined using resazurin assays (Figure 8).
At both time points, the metabolic activity was always above the toxicity limit of 70%
specified in ISO 10993-5:2009(E). Therefore, neither MoS2 nor Tegafur caused toxicity to
normal skin cells.

Live/dead staining of HFF-1 cells was performed to investigate the cytocompatibility
of the HGs after 72 h of incubation. The number of cells/area was 22,039, 22,563, 24,995, and
20,166 for HFF-1 cells incubated with DMEM, Carbopol HGs, Carbopol/MoS2 HGs and
Carbopol/MoS2/Teg HGs, respectively (Figure 8). Interestingly, no statistically significant
differences in the number of cells were observed. Figure 9 also shows that the HFF-1
cells exhibited a normal spindle-shaped fibroblast morphology, metabolized calcein, and
excluded propidium iodide under all conditions tested, confirming the cytocompatibility
of the pharmaceutical formulation components.
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Figure 7. Hydrogels’ morphological and photothermal potential characterization. (A) Images of
hydrogels right after being prepared in inverted Eppendorfs: (a) Carbopol hydrogel (0.5% w/v);
(b) Carbopol/Teg hydrogel (0.050 μg/mL Tegafur); (c) Carbopol/MoS2 hydrogel (125 μg/mL MoS2);
(d) Carbopol/MoS2/Teg hydrogel (125 μg/mL MoS2 + 50 μg/mL Tegafur). (B) UV-VIS absorption
spectra (200–850 nm) of MoS2 + Tegafur HG, MoS2 HG, Tegafur HG, and a MoS2 dispersion ultrason-
icated for 6 h. (C) Photothermal heating curves for Carbopol/MoS2 hydrogels. Water and Carbopol
hydrogel were used as non-heating controls.

4.2. MoS2/Tegafur Hydrogels’ Selective PTT Effect Optimization

Different irradiation times (15, 20, 25, and 30 min) were tested to determine the optimal
condition to maximize the efficiency of the phototherapeutic effect. Tegafur is an inactive
oral prodrug which is metabolized to 5-FU [66]. This inhibits the enzyme thymidylate
synthetase, which will lead to a definitive change in the DNA replication mechanisms [68].
Tegafur should possess high targetability, since its activation requires a complex metabolic
pathway that is more common in cancer cells [89].

Mild PTT strategies include a temperature increase to 39–45 ◦C, as cancer cells are less
tolerant to heat stress; this therapeutic approach should present selectivity. The increase
in temperature drastically reduces DNA and RNA synthesis, as well as DNA repair, and
increases the permeability of tumor cells, leading to an increase in drug and nanomaterial
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intake [90,91]. The optimization of this effect should destroy the A-431 skin carcinoma cells
without killing the normal HFF-1 skin fibroblasts. Therefore, both cell lines were incubated
with the Carbopol HG containing MoS2 (125 μg/mL) and Tegafur (50 μg/mL). The cells
were then irradiated with custom-made NIR LED systems (810 nm, 0.1 W/cm2) for 15, 20, 25,
and 30 min. These irradiation conditions correspond to doses of 90, 120, 150, and 180 J/cm2.

 

Figure 8. Metabolic activity of HFF-1 cells incubated with HG, HG containing MoS2, or
MoS2 + Tegafur (Teg), determined using the resazurin assay after 24 h, 48 h, and 72 h. Results
are normalized to values obtained for the control (complete DMEM). Results are presented as average
and standard deviation (n = 6). Statistically significant differences against the control (complete
DMEM, negative control) are presented as * p < 0.05. DMSO; dimethyl sulfoxide 10% (positive
cell death control). The dashed line marks the toxicity limit (ISO 10993-5:2009(E)). Number of cells
counted on the live/dead staining of HFF-1 cells incubated with HG or HG with MoS2 with and
without Tegafur for 72 h. For all conditions tested, MoS2 was at a concentration of 125 μg/mL and
Tegafur was at a concentration of 50 μg/mL. No statistically significant differences in the number of
cells were found between all conditions tested.

 

Figure 9. Live/dead staining of HFF-1 cells incubated with HG, MoS2 HG, and MoS2 + Tegafur HG
for 72 h. MoS2 was at a concentration of 125 μg/mL and Tegafur was at a concentration of 50 μg/mL.
The control corresponds to cells incubated with cell culture media (DMEM, negative control) only.
Live cells metabolize calcein (green), and dead/dying cells are stained by propidium iodide (PI) (red),
which penetrates their membrane. The scale bar represents 500 μm.
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Resazurin assays were performed to determine the effects of the treatment on the
metabolic activity of the two cell lines after 24, 48, and 72 h.

First, both cell lines were incubated with the MoS2 + Teg HG and irradiated for 30 min
(Figure 10). The resazurin tests show that the above conditions were highly cytotoxic for
both cell lines at both tested time points (24 and 72 h). This is undesirable, as the treatment
should be specific for skin cancer cells. Shorter irradiation times were therefore tested.

Figure 10. Metabolic activity of HFF-1 and A-431 cells incubated with MoS2 + Tegafur HG and
irradiated for 30 min with NIR LED devices (810 nm, 0.1 W/cm2, 180 J/cm2), determined using the
resazurin assay after 24 and 72 h. Results are normalized to values obtained for the negative control
(complete DMEM). Results are presented as average and standard deviations (n = 6). Statistically
significant differences against the control (complete DMEM) are presented as * p < 0.05. The dashed
line marks the toxicity limit (ISO 10993-5:2009(E)). MoS2 was at a concentration of 125 μg/mL and
Tegafur was at a concentration of 50 μg/mL.
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HFF-1 cells irradiated with NIR for 15 and 20 min evidenced no cytotoxicity after
24 h and a metabolic activity of about 92%. After 25 min, the NIR irradiation decreased
to 84%, which is still within the toxicity limit of 70% (ISO 10993-5:2009(E)) (Figure 11). In
contrast, toxicity was observed in the A-431 skin carcinoma cells at all irradiation times
tested, with metabolic activity values below 52% in all cases. No significant metabolic
activity differences were found between the distinct irradiation times. For this reason,
15 min was chosen, as shorter irradiation times are most likely ensure cytocompatibility
with the normal HFF-1 skin cells.

Figure 11. Metabolic activity of HFF-1 and A-431 cells incubated with MoS2 + Tegafur HG and irradiated
for 15, 20, or 25 min with NIR LED devices (810 nm, 0.1 W/cm2), corresponding to doses of 90, 120,
or 150 J/cm2, respectively, determined using the resazurin assay after 24 h. Results are normalized
to values obtained for the negative control (complete DMEM). Results are presented as average and
standard deviation (n = 6). Statistically significant differences against the negative control (complete
DMEM) are presented as * p < 0.05. The dashed line marks the toxicity limit (ISO 10993-5:2009(E)). MoS2

was at a concentration of 125 μg/mL and Tegafur was at a concentration of 50 μg/mL.
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Finally, both cell lines were treated with the pharmaceutical formulations and subjected
to 15 min of NIR irradiation. Their metabolic activity was examined after 24 and 72 h
(Figure 12). After the last time point (72 h), no cytotoxicity was observed for MoS2 or the
MoS2 + Teg HG against normal HFF-1 skin cells, as the metabolic activity was about 78% in
both cases. This value is above the cytotoxicity limit of 70% specified in ISO 10993-5:2009(E).
In contrast, in the A-431 cells, the MoS2 + Teg HG clearly led to significant cytotoxicity after
72 h, as the metabolic activity was reduced to 28%. Moreover, this effect increased with
time and was more pronounced in the presence of Tegafur than with the MoS2 HG alone,
clearly indicating a combined effect between the anticancer drug and the nanomaterial.

Figure 12. Metabolic activity of HFF-1 and A-431 cells incubated with MoS2 + Tegafur HG and
irradiated for 15 min with NIR LED devices (810 nm, 0.1 W/cm2, 90 J/cm2), determined using the
resazurin assay after 24 and 72 h. Results are normalized to values obtained for the negative control
(complete DMEM). Results are presented as average and standard deviation (n = 6). Statistically
significant differences against the negative control (complete DMEM) are presented as * p < 0.05. The
dashed line marks the toxicity limit (ISO 10993-5:2009(E)). MoS2 was at a concentration of 125 μg/mL
and Tegafur was at a concentration of 50 μg/mL.

Liu et al. demonstrated the selective photothermal effect of MnO2 functionalized with
Au by incubating a human epithelial cell line (BEAS-2B) and a human lung adenocarcinoma
cell line (A549) with the nanomaterial. After 24 h of incubation, both cell lines were
irradiated with an 808 nm laser (1.5 W/cm2) for 10 min. A concentration of 50 μg/mL
was able to reduce the viability of the A549 cancer cells to 13%, while the viability of the
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BEAS-2B normal cells was 75% [92]. Sahu et al. produced nano graphene oxide (nanoGO)
non-covalently functionalized with Pluronic complexed with methylene blue (MB). HeLa
cells and NIH/3T3 fibroblasts were incubated with the nanocomplex at a concentration of
10 μg/mL for 24 h. Subsequently, cells were irradiated with an 808 nm laser (2 W/cm2) for
3 min. The cell viabilities were approximately 70% and 40% for the NIH/3T3 fibroblasts and
Hela cancer cells. The results revealed that the treatments achieved a selective effect [93].
Tegafur is an inactive oral prodrug which is metabolized to 5-FU [66]. 5-FU is also used
for topical treatments of skin cancer and its mechanism is based on the inhibition of the
enzyme thymidylate synthetase; the successful inhibition of this enzyme will lead to a
definitive change in the DNA replication mechanisms [68]. Tegafur presents high selectivity
since its activation requires a complex metabolic pathway, which includes steps that are
10 times more efficient in cancer cells than in normal cells [89]. Engel et al. studied the
selectivity of Tegafur on normal astrocyte cells and human glioblastoma cells (U251). The
cells were incubated with the anticancer drug for 72 h. The final half-maximal inhibitory
concentrations (IC50) were 4295 and 384 μM for normal astrocytes and human glioblastoma
cells, respectively. The results proved the high selectivity of this anticancer drug, as reported
in our study (Figure 6) [94].

Mild PTT strategies involve increasing the temperature to between 39 and 45 ◦C,
affecting mainly tumor cells, because they are less tolerant to heat stress. It inhibits DNA
and RNA synthesis, as well as DNA repair, while tumor cell membranes become more
permeable, improving drug and nanomaterial intake [90,91]. This strategy has been used
to enhance chemotherapy effects. Above 60 ◦C, cell necrosis occurs through thermal
ablation [90,91,95].

So far, authors have mostly used lasers that kill both normal and cancer cells. The
use of LEDs presents several significant benefits when compared to laser sources, espe-
cially in applications requiring light irradiation. One of the foremost advantages is the
cost-effectiveness of LEDs. On average, a high-powered NIR LED can be purchased for
approximately EUR 20, a stark contrast to the cost of a similarly powered laser, which can
range from several hundred to even thousands of euros. This makes LEDs an economically
viable option for a wide range of applications. Moreover, the coherence of the light emitted
by these two sources are fundamentally different and have practical implications. Laser
light is highly coherent, meaning that it maintains a consistent phase across the beam,
leading to a uniform wavefront. While this property is beneficial for certain applications,
it poses challenges when irradiating heterogeneous semi-transparent materials, such as
biological tissues. The high spatial coherence of laser light can result in the formation of
interference patterns, leading to uneven energy distribution across the irradiated area. This
unevenness can create high-intensity spots, which, in turn, can induce second-order effects
(such as nonlinear optical phenomena) and localized thermal effects. These effects have
the potential to cause localized damage to the material or sample being studied, which
is particularly concerning in sensitive applications like medical treatments or biological
research. In contrast, the light emitted by LEDs is inherently incoherent. This means
that the phase of the light varies randomly across the beam, resulting in a more uniform
irradiation pattern when the light interacts with these heterogeneous materials. The lack of
coherence in LED light effectively mitigates the risk of forming high-intensity spots and the
subsequent undesirable effects. Therefore, LEDs offer a safer and more controllable option
for applications requiring gentle and uniform illumination, such as phototherapy [96,97].

To date, MoS2 selective LED-based phototherapy, together with combined chemother-
apy, has never been shown in the literature. Zhang et al. irradiated MoS2 nanosheets
functionalized with doxorubicin (DOX) with an NIR laser (808 nm, 1 W/cm2) for 15 min.
After treatment, the viability of MDA-MB-231 breast cancer cells decreased to less than
20%, while the viability of L929, as normal mouse fibroblasts, decreased to less than 40%
under the same conditions [48]. Yang et al. functionalized a MoS2 nanoparticle with
melanin, hyaluronic acid, and DOX to perform combined chemo- and photothermal thera-
pies. L929 cells and MCF-9 cancer cells were treated with 24 μg/mL of the nanocomplex
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and irradiated with an NIR laser (808 nm, 1 W/cm2) for 10 min. After treatment, the
viability of MCF-7 breast cancer cells was reduced to about 20%. However, the viability
of the L929 cells decreased to less than 40%, indicating high toxicity to healthy cells [47].
Therefore, the selectivity achieved in our study using MoS2 + Tegafur + LED NIR irradiation
constitutes a novelty.

5. Conclusions

In this study, a new pharmaceutical formulation composed of a Carbopol hydrogel
containing MoS2 nanosheets was proposed as an alternative innovative treatment to over-
come the limitation of currently available therapies for skin cancer, such as invasiveness or
a lack of selectivity.

After concentration versus cytotoxicity optimization, Carbopol pharmaceutical for-
mulations were prepared containing 125 μg/mL of MoS2 and 50 μg/mL of Tegafur. An
LED-based system emitting at 810 nm with an irradiance of 0.1 W/cm2 was shown to
reduce skin cancer A-431 cells’ viability to 28%, after a treatment time of 15 min, corre-
sponding to a dose of 90 J/cm2. Furthermore, a combined anticancer effect was identified
when using MoS2 together with Tegafur. Also, no toxicity was found towards HFF-1 human
skin fibroblasts.

In conclusion, this study demonstrated that MoS2 can be incorporated, together
with Tegafur, in pharmaceutical hydrogel formulations, which, upon safe, LED-based
NIR irradiation, leads to a combined destruction of skin cancer cells. This represents
an innovative treatment strategy that enables safe and selective combined phototherapy
and chemotherapy for skin cancer, constituting a possible alternative to currently offered
therapeutic options.
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Simple Summary: In this research, we explored the latest advancements in minimally invasive
surgery for colon cancer, by comparing laparoscopic surgery to the robotic approach. Our goal was
to determine which method has better outcomes in terms of length of surgery, hospital stay, the
likelihood of conversion, rate of complications, anastomotic leaks, and the effectiveness of tumor
removal by evaluating the number of lymphatic nodes harvested. The findings could help surgeons
and patients make more informed decisions related to the surgical options, considering the benefits
of each technique. This summary aims to give a straightforward overview of the importance of this
research and how it could impact the surgical approach.

Abstract: Background: Minimally invasive surgery in the treatment of colon cancer has significantly
advanced over the years. This systematic review and meta-analysis aimed to compare the operative
outcomes of robotic and laparoscopic surgery in the treatment of colon cancer, focusing on operative
time, hospital stay, conversion rates, anastomotic leak rates, and total number lymph node harvested.
Methods: Following PRISMA guidelines, we conducted a systematic search across four databases
up to January 2024, registering our protocol with PROSPERO (CRD42024513326). We included
studies comparing robotic and laparoscopic surgeries for colon cancer, assessing operative time,
hospital length of stay, and other perioperative outcomes. Risk of bias was evaluated using the JBI
Critical Appraisal Checklist. Statistical analysis utilized a mix of fixed and random-effects models
based on heterogeneity. Results: A total of 21 studies met the inclusion criteria, encompassing
50,771 patients, with 21.75% undergoing robotic surgery and 78.25% laparoscopic surgery. Robotic
surgery was associated with longer operative times (SMD = −1.27, p < 0.00001) but shorter hospital
stays (MD = 0.42, p = 0.003) compared to laparoscopic surgery. Conversion rates were significantly
higher in laparoscopic procedures (OR = 2.02, p < 0.00001). No significant differences were found
in anastomotic leak rates. A higher number of lymph nodes was harvested by robotic approach
(MD = −0.65, p = 0.04). Publication bias was addressed through funnel plot analysis and Egger’s test,
indicating the presence of asymmetry (p = 0.006). Conclusions: The choice of surgical method should
be individualized, considering factors such as surgeon expertise, medical facilities, and patient-
specific considerations. Future research should aim to elucidate long-term outcomes to further guide
the clinical decision-making.

Keywords: colon cancer; surgery; laparoscopic surgery; robotic surgery; outcomes
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1. Introduction

Colon cancer is a well-known pathology in the medical field, being one of the most
prevalent malignancies and a leading cause of cancer-related mortality globally. Surgical
intervention remains a cornerstone of colon cancer treatment, with minimally invasive
techniques such as laparoscopic and robotic surgery becoming increasingly adopted due to
the reduced postoperative pain, shorter hospital stays, and faster recovery. Continuous
research and advancements in the surgical and oncological treatments are necessary to
improve patient outcomes [1]. Minimally invasive surgery, including laparoscopic and
robotic approaches, has played a significant role in the treatment of colon cancer, offering
benefits such as reduced postoperative pain, shorter hospital stays, and fast recovery. While
laparoscopic surgery has been widely used, robotic surgery has emerged as a promising
alternative, claiming to enhance the accuracy of minimally invasive procedures with
advanced maneuverability and other patient benefits, such as reduced complications [2–4].

Initial reports of laparoscopic colon resection appeared in early 1990s, and over three
decades, the use of laparoscopy has increased to 40–50% of all colorectal resections for
both benign and malignant conditions [5–10]. Robotic surgery received Food and Drug
Administration (FDA) approval in July 2020 for various specialties, including general
surgery. The first series of robotic colorectal surgery was documented in 2002 focusing on
benign conditions, and it was followed by numerous studies comparing the laparoscopic
and robotic approaches [11–13].

This study sought to answer the following question: What are the comparative effects
of laparoscopic and robotic surgery on the outcomes of colon cancer treatment in terms
of operative time, hospital stay, conversion rates, anastomotic leak rated, and oncological
outcomes? To address this research question, we aimed to determine the outcomes by
evaluating the objectives for each surgical approach and evaluate which method was
more efficient.

In this study, we aimed to compare the operative outcomes of laparoscopic and robotic
surgery for colon cancer, with a focus on operative time, hospital stay, conversion rates,
anastomotic leak rates, and the total number of lymph nodes harvested. By evaluating and
analyzing the latest studies published between 2020–2024, we aimed to provide insights
into the benefits and drawbacks of each surgical approach, aiding surgeons and patients
in making informed decisions regarding the most suitable surgical technique for colon
cancer treatment.

2. Materials and Methods

A systematic review was conducted in accordance with the PRISMA (Preferred Re-
porting Items for Systematic Reviews and Meta-Analysis) guidelines [14]. The protocol
was registered in PROSPERO database CRD42024513326, ensuring a structured and trans-
parent review process. The study was designed to provide a comprehensive comparison of
laparoscopic versus robotic surgery for colon cancer.

Inclusion criteria:

1. Study types: peer-reviewed randomized controlled trials and cohort studies;
2. Population: adult patients (aged 18 and older) diagnosed with colon cancer at

any stage;
3. Interventions: studies comparing laparoscopic and robotic surgical techniques used

specifically for colon cancer resections;
4. Outcomes: Studies must report at least one of the following outcomes: operative time,

hospital stay, conversion rates, anastomotic leak rates, or harvested lymph nodes.

Exclusion criteria:

1. Non-comparative studies;
2. Cadaveric or animal studies;
3. Irrelevant conditions (other types of cancer or non-oncological surgeries);
4. Language restrictions;
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5. Incomplete data (missing outcome data relevant to the primary endpoints of this review).

2.1. Search Strategy

The literature search was performed in January 2024, using four databases: Web of
Science, SCOPUS, Science Direct, and PubMed. The search was made using the MeSH-term
for greater precision [15]. The following terms were used: colonic neoplasm, colorectal
neoplasms, colorectal tumor, colorectal tumors, minimal invasive surgical procedures,
laparoscopic surgery, minimally invasive surgery, robotics, robotic surgery. The search
included Boolean operators (AND, OR), using round and square brackets for the grouping
of the search terms. The timeframe was filtered for articles published from January 2020
until the present (January 2024) to provide a contemporary analysis, considering the newest
research and developments in the surgical field for colon cancer. Only the publication type
“articles” was selected using the website filters, excluding any other type of publication
(review article, proceeding papers, editorial material, early access, correction, letter, book
chapters, etc.). The detailed search strategy can be found in Supplementary File S1.

2.2. Study Selection

The records were introduced on the Rayyan platform (Qatar Computing Research
Institute) [16] for duplicate removal and a blind screening process by the two authors (N.R.,
C.A.). First evaluation of the records included a blind selection based on the title, keywords,
and abstract. Any disagreement of the records screened was solved by discussion and
by consulting the third reviewer (M.A.). The second screening included in-depth record
evaluation. Any concerns of difference of opinion were solved by a group debate including
the third reviewer.

The studies were included for assessment if they evaluated robotic and laparoscopic
surgical approaches for colon cancer, including any stage 0/I/II/III/IV, and any location
(caecum, ascending, transverse, descending, and sigmoid). If the paper reviewed in the
same group colon and rectal cancer, it was excluded. If an article presented colon and rectal
cancer, it was included only if the two groups were analyzed individually and data related
to colon cancer could be extracted.

The studies were omitted following specific exclusion criteria:

1. Wrong publication type (review, meta-analysis);
2. Focusing on other diseases (rectal cancer, hepatic pathology, urologic-gynecologic

pathology, gastric cancer, NOSES—natural orifice specimen extraction site, endometrio-
sis, etc.);

3. Restricted access;
4. Animal or cadaveric study;
5. Foreign language;
6. No relevant data;
7. Missing data.

2.3. Data Extraction

Data extraction was performed by the researchers for the following study details:
author names, publication year, research design, country where the study was conducted,
and the timeframe for each study. Primary outcomes were operative time, length of
hospital stay, conversion rate, anastomotic leak, and number of harvested lymph nodes.
The secondary outcomes included overall complications, Clavien-Dindo classification I–IV,
specimen size, distance from tumor to distal margin and proximal margin, margin rate
positivity, 30-day mortality and 30-day readmission, and overall survival. Demographic
data included age, number of male cases, BMI, ASA score, UICC (Union for International
Cancer Control) stage, tumor location, and type of surgical procedure. Discrepancies in
data extraction were resolved through discussion.
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2.4. Assessment

Each of the studies included was independently assessed for the risk of bias and
relevance by three authors (N.R., C.A., M.A.) using the Joanna Briggs Institute (JBI) Critical
Appraisal Checklist [17]. The checklist consists in 11 questions that evaluate different study
areas that might identify possible bias risk. Discrepancies among reviewers were solved
by discussion and through agreement. The bias risk in individual studies was categorized
based on specific thresholds: low risk of bias if there were 70% or more answers with
“yes”, moderate risk for those with 50–69%, and high risk for studies with less than 50%
affirmative responses [17].

2.5. Statistical Analysis

The statistical analysis was made in RevMan 5.4 provided by the Cochrane Collabora-
tion [18]. For continuous variables, we calculated the mean difference (MD) or standardized
mean difference (SMD) with 95% confidence intervals (CI), based on the scales used for
measurements across the studies. For dichotomous variables, we calculated odds ratios
(OR) or 95%CI to estimate effect size. Both fixed-effects and random-effects models were
employed, depending on the detected heterogeneity among studies results. The hetero-
geneity across studies was calculated using I square statistics, chi-square tests, and Z tests
for the overall effect. Tests were also performed to determine the presence of heterogeneity.
As the Cochrane Handbook for Systematic Reviews and Interventions describes, the I square test
was interpreted as follows: 0–40% might not be important, 30–60% may represent moderate
heterogeneity, 50–90% may represent substantial heterogeneity, and 75–100% considerable
heterogeneity [19].

Continuous variables that were initially reported as medians and ranges have been
transformed into means and standard deviations, following the methodology proposed by
Hozo et al. [20] and transformation methods by Wan et al. [21]. This conversion facilitates
the application of parametric statistical analysis, which requires data to be presented as
mean and standard deviation.

A fixed-effects model was used in studies with heterogeneity under 50%, while a
random-effects model was used for studies with high heterogeneity.

Regarding the p-value, this was considered statistically significant if p was under 0.05.
To mitigate the risk of publication bias, funnel plots were employed.

For the publication bias assessment, we used funnel plots for asymmetry and applied
Egger’s regression rest.

All statistical analyses were conducted using RevMan 5.4 [18] and JASP Team (2024,
version 0.18.3) software for additional analyses such as the Egger’s regression rest and
Bayesian analysis.

3. Results

3.1. Study Selection

The process of selected studies is synthetized in Figure 1, accordingly to PRISMA
guidelines. At the beginning, after the systematic literature search, 4104 records were
retrieved. After duplicate removal, 1949 studies were screened for title, keywords, and
abstract. After the first screening, 61 studies were assessed for eligibility for the second
screening process that meant complete text analysis. After that, the articles were assessed
for data extraction. Following this, 21 articles were selected for inclusion in the quantitative
analysis [22–42]. The identification of studies via databases and the inclusion and exclusion
of the studies is presented in Figure 1.
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Figure 1. PRISMA flow diagram of studies selection.

3.2. Risk of Bias

Six studies were assessed as having moderate risk of bias, while the others were
classified as having a low risk of bias according to the JBI Critical Appraisal Checklist
(Table 1). The checklist can be found in Supplementary File S2.

3.3. Studies Characteristics

The characteristics of each study are shown in Table 2. A total of 50,771 patients were
included from all studies; 11,059 of them were treated by robot-assisted surgery, and 39,712
were treated by the laparoscopic approach. Of the studies, six were from China, four from
Italy, two from the United Kingdom, two from the United States, two from Korea, one from
Slovenia, one from Denmark, one from Netherland, one from Spain, and one from Turkey.

368



Cancers 2024, 16, 1552

Table 1. Risk of bias.

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 % YES RISK RISK

Jan Grosek et al.,
Slovenia, 2021 [22] Y Y Y Y Y Y Y U U U Y 73% � LOW

Niclas Dohrn et al.
Denmark 2021 [23] Y Y Y Y Y Y Y U U U Y 73% � LOW

Yaqi Zhang et al.,
China 2022 [24] Y Y Y Y Y Y Y Y U U Y 82% � LOW

J. S. Khan et al.,
UK 2021 [25] Y Y Y Y Y Y Y Y U U Y 82% � LOW

Yue Tian et al.,
China 2023 [26] Y U U Y Y Y Y Y Y U Y 73% � LOW

Nadia Sorgato et al.,
Italy 2022 [27] Y U U Y Y Y Y Y Y U Y 73% � LOW

Alessandra Di Lascia
et al.,

Italy 2020 [28]
Y Y Y U U Y Y U U U Y 55% � MODERATE

Zhixiang Huang et al.,
China 2022 [29] Y Y Y Y Y Y Y Y U U Y 82% � LOW

Valentina Ferri et al.,
Spain 2020 [30] Y U U Y Y Y Y Y Y U Y 73% � LOW

Fulvio Tagliabue et al.,
Italy 2020 [31] Y U U Y Y Y Y Y U U Y 64% � MODERATE

V. Ozben et al.,
Turkey 2020 [32] Y U U Y Y Y Y Y Y U Y 73% � LOW

Filipe Pacheco et al.,
USA 2023 [33] Y U U Y Y Y Y Y U U Y 64% � MODERATE

Huichao Zeng et al.,
China 2023 [34] Y Y Y Y Y Y Y Y Y Y Y 100% � LOW

Maolin Xu et al.,
China 2020 [35] Y Y Y Y Y Y Y Y U U Y 82% � LOW

Tung-Cheng Chang et al.,
China 2021 [36] Y Y Y Y Y Y Y U U U Y 73% � LOW

Ho Segun Kim et al.,
Korea 2021 [37] Y Y Y Y Y Y Y U U U Y 73% � LOW

V. Maertens et al.,
UK 2022 [38] Y Y Y U Y Y Y Y U U Y 73% � LOW

Marlou F. M. Sterk et al.,
Netherland 2023 [39] Y Y Y U Y Y Y U U U Y 64% � MODERATE

Emile Farah et al.,
USA 2023 [40] Y Y Y Y Y Y Y Y U U Y 82% � LOW

Sung Uk Bae et al.,
Korea 2022 [41] Y U U Y Y Y Y Y U U Y 64% � MODERATE

Graziano Ceccarelli et al.,
Italy 2020 [42] Y Y Y Y Y Y Y U U U Y 55% � MODERATE

Green color for yes answers. Q1–Q11 refer to the JBI questions numerated from 1 to 11. Y means yes, U means
uncertain.
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3.4. Meta-Analysis

In the meta-analysis, we included 21 studies [22–42] out of 33 from the systematic
literature search (see Figure 1). Of the total of 50.771 cases, 11.059 (21.75%) of them were
treated by robot-assisted surgery, and 39.712 (78.25%) by the laparoscopic approach. For
the meta-analysis, article 18 [38] had three subgroups, the first for right colectomy, the
second for left colectomy, and the third for sigmoid resection, while article 19 [39] had
two subgroups, the first for right colectomy, and the second for left colectomy, due to data
distribution in the original research.

Analysis of the data related to patient demographics is presented in Table 3.

Table 3. Patient demographics.

Outcome Nr. of Studies Lap Rob OR/MD (95%CI Interval) I2 (%) p-Value

Age mean(SD) 18 69.065 ± 10.577 67.96 ± 12.697 0.98 [0.01–1.95] 80% 0.05

Sex male 20 19,085 (48.16%) 5366 (48.81%) 0.96 [0.85, 1.08] 70% 0.48

ASA score > 3 18 12,863 (42.64%) 4033 (51.75%) 1.04 [0.98, 1.10] 33% 0.18

UICC stage III–IV 17 4737 (33.11%) 1443 (32.44%) 1.01 [0.94–1.09] 0% 0.80

OR—odds ratio, MD—mean difference, CI—confidence interval, I2—heterogeneity, Lap—laparoscopic surgery,
Rob—robotic surgery, UICC Stage—Union for International Cancer Control Staging.

The statistical analysis is shown in Supplementary File S3.
Primary outcomes:
For surgery duration, 18 studies were analyzed. The standardized mean difference

(SMD) was −1.27 [−1.79, −0.75], indicating that laparoscopic surgery took significantly
less time than robotic surgery. This difference was statistically significant, with a p < 0.00001
(Figure 2).

Figure 2. Forest plot for surgery time. Green dots represent point estimates of the mean difference
between laparoscopic and robotic groups.

Length of hospital stay (days) was reported in 20 studies, shown in Figure 3. The
pooled data indicated a total mean difference of 0.42, meaning shorter hospitalization for
robotic surgery, with a p value of 0.003 (Figure 3).
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Figure 3. Forest plot for hospital stay. Green dots represent point estimates of the mean difference
between laparoscopic and robotic groups.

The analysis for conversion rates (Figure 4) when comparing laparoscopic to robotic
surgery showed a total odds ratio of 2.02 (95%CI, [1.79, 2.28], which suggests the likelihood
of surgery conversion was significantly higher for laparoscopic methods. The heterogeneity
was low (I2 = 26%) and the overall effect was highly significant (Z = 11.41, p < 0.00001).

Figure 4. Forest plot for surgery conversion. Blue squares represent point estimate of odds ratio.

The pooled results for anastomotic leak between laparoscopic and robotic surgery
showed no significant difference between the two methods, with a risk difference of −0.00
(95% CI [−0.00, 0.00]). The heterogeneity was non-existent, meaning no variation between
studies, with an overall effect of −0.34 and a p value of 0.73, suggesting no statistically
significant difference between the two surgical techniques. The results are shown in
Figure 5.
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Figure 5. Risk difference for anastomotic leak between laparoscopic and robotic surgery. Blue squares
represent point estimates of Risk Difference.

Analyzing the mean number of harvested lymph nodes, the total mean difference was
−0.65, indicating that on average, laparoscopic surgery resulted in 0.65 fewer lymph nodes
harvested compared to robotic surgery. The heterogeneity was high (72%), suggesting
substantial variation in outcomes across studies, a significant overall effect with a Z score
of −2.03 and a p-value of 0.04. This indicates that robotic surgery was associated with a
higher number of harvested lymphatic nodes. Results are shown in Figure 6.

Figure 6. Lymphatic nodes harvested by laparoscopic and robotic-assisted approach. Green dots
represent point estimates of the mean difference between laparoscopic and robotic groups.

Secondary outcomes:
Table 4 summarizes secondary outcomes from the meta-analysis, showing that none

of the reported outcomes (specimen size, positive resection margins, distance from tumor
to distal or proximal margin, complications, and major complications, 30-day mortality)
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showed a statistically significant difference between the two surgical techniques, as indi-
cated by the p-values that were above the conventional threshold for significance of 0.05.

Table 4. Secondary outcomes meta-analysis results for laparoscopic vs. robotic surgery.

Laparoscopic vs. Robotic Surgery Number of Studies p-Value I2 OR/MD (95%CI) Chi2 Z

Specimen size 4 0.43 69% −1.64 [−5.69, 2.42] 12.72 0.79

Positive resection margins 12 0.81 0% −0.00 [−0.02, 0.01] 2.14 0.24

Distance from tumor to distal margin 4 0.79 0% 0.15 [−0.96, 1.26] 2.04 0.27

Distance from tumor to proximal margin 6 0.30 92% 1.52 [−1.35, 4.38] 66.61 1.04

Complications 18 0.44 0% 1.03 [0.95, 1.12] 17.01 0.78

Major complications Clavien-Dindo III–IV 17 0.98 0% 1.00 [0.89, 1.13] 7.18 0.03

30-day mortality 14 0.21 31% 0.00 [−0.00, 0.01] 20.38 1.26

Publication Bias

We used a funnel plot of surgery conversion to estimate the presence of publication
bias. The funnel plot displays a degree of asymmetry, with more studies being on the right
side of the mean effect size line, suggesting potential publication bias (Figure 7).

Figure 7. Funnel plot for conversion rates, used to ases publication bias.

Therefore, due to the asymmetry of the funnel plot, further analyses were conducted.
For assessment of publication bias, JASP software [43] was used. Egger’s test was applied,
showing a p-value of 0.006, which was below the 0.05 threshold, indicating significant fun-
nel plot asymmetry, as shown in Table 5. The results for the precision-effect test—precision
effect estimate are shown in Table 6. The results suggest that after adjusting for publication
bias, there was no statistically significant effect detected by the PET-PEESE analysis.

Table 5. Egger’s test.

Regression Test for Funnel Plot Asymmetry (“Egger’s Test”)

Z p

sei 2.733 0.006
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Table 6. PET-PEESE analysis.

Mean Estimates (μ)

95% Confidence Interval

Estimate Standard Error t df p Lower Upper

PET −0.076 0.061 −1.242 19 0.229 −0.196 0.044
PEESE 0.038 0.069 0.555 19 0.585 −0.097 0.173

A robust Bayesian analysis was conducted, and its results are shown in Table 7. The
Bayesian approach revealed evidence of both heterogeneity and publication bias, with
effect sizes uncertain and wide credibility intervals, suggesting there may have been an
effect, but not one estimated with precision.

Table 7. Robust Bayesian meta-analysis.

Summary

Models P(M) P(M|Data) Inclusion BF

Effect 18/36 0.500 0.533 1.140
Heterogeneity 18/36 0.500 1.000 1.503 × 10+125

Publication bias 32/36 0.500 0.977 41.566

Publication bias represents a notable concern in the research field arising when studies
with positive or statistically significant results are preferentially published over those with
non-significant findings. This is also compounded by the small studies that report large
effect sizes, which can distort the perceived efficacy of interventions. While comprehensive
literature searches and statistical adjustments are employed to minimize this bias, it is
challenging to fully correct due to various factors. Therefore, publication bias is a limitation
that is acknowledged in interpreting the results of the meta-analysis.

4. Discussion

The findings of this systematic review and meta-analysis shed light on the comparative
outcomes of robotic and laparoscopic surgery for colon cancer. Our analysis revealed that
robotic surgery was associated with longer operative times compared to laparoscopic
surgery, indicating a distinct operative time disadvantage. However, it is important to
note that robotic surgery offered benefits in terms of reduced hospital stay and higher
lymph node harvest. These findings suggest that while laparoscopic surgery may require
more time in the operating room, it can contribute to shorter hospital stays and potentially
improved oncological outcomes through a higher number of lymph nodes harvested.

The analysis of conversion rates indicated that laparoscopic surgery had a higher
likelihood of conversion to open surgery compared to robotic methods, with an odds ratio
of 2.02 (95%CT, [1.79, 2.28]). This suggests a statistically significant difference, supported by
low heterogeneity (Z = 11.41, p < 0.00001). However, it is crucial to consider this information
within a broader spectrum of surgical practice. Conversion from laparoscopic to an open
approach should not be viewed as a shortfall of the laparoscopic method. Instead, it is often
a reflection of prudent surgical judgment in which the primary concern is patient safety
and optimal outcomes. Conversions are typically associated with intraoperative challenges
such as unexpected anatomical complexities, technical difficulties or other patient factors
that may not and cannot be fully appreciated preoperatively. By choosing to convert to an
open procedure, when necessary, surgeons demonstrate adaptability and commitment to
the best outcomes for the patient. Even though our study highlights a numerical difference
in conversion rates, this should not be interpreted as a failure of the laparoscopic approach.

The operative time for laparoscopic surgery was significantly shorter than that for
robotic surgery, due to subjective factors that might implicate the learning curve, the
experience of the surgeon, but also the complexity of the case and because of the time
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needed for each instrument change [44,45]. This finding corroborates the work of previous
meta-analyses that suggested efficiency in operative time as a key advantage of laparoscopic
surgery [46]. It is pertinent to consider that extended operative times associated with robotic
surgery may not reflect inefficiency but also encompass the learning curve for surgeons less
experienced with robotic techniques. In this context, the robotic reduced-port approach has
been recognized for its feasibility and safety across a spectrum of surgeons’ expertise, even
among those with limited case volumes in single or reduced port surgeries [47].

In terms of anastomotic integrity, our meta-analysis focused on the critical comparison
of anastomotic leak rates between the two surgical approaches. The results from pooled
studies revealed a risk difference of −0.00 (95%CI [−0.00, 0.00]), indicating no significant
discrepancy in the incidence of anastomotic leak. This finding underscores a consistent
similarity in outcomes between the two minimal invasive surgical approaches, having a
non-existent heterogeneity. While the incidence of anastomotic leaks did not differ between
the two approaches, it remains mandatory for surgeons to continue to refine their techniques
and decision-making to minimize this complication. Anastomotic healing is influenced
by numerous factors, including tissue perfusion, surgical technique, and patient-related
factors; the equivalent rates of anastomotic leaks suggest that both laparoscopic and robotic
techniques are capable of achieving the standards of care necessary for optimal outcomes.

The lymphatic nodes harvest is a critical metric in oncologic surgery, serving as a
marker for the thoroughness of the oncologic resection and impacting the staging accuracy.
Our meta-analysis observed a total mean difference of −0.65, with laparoscopic surgery
having on average 0.65 fewer lymph nodes retrieved, suggesting a slight advantage of
robotic surgery. The heterogeneity of this result is high, indicating a considerable variability
in the number of nodes harvested across different studies. This high heterogeneity could be
due to multiple factors such as differences in surgical technique, the extent of the mesocolic
excision, patient characteristics, tumor location, and even the interpretation of the examiner
from the department of pathological anatomy. However, the difference of less than one
lymph node on average may not translate into a clinically significant advantage.

Our review did not reveal any statistically significant oncological differences between
laparoscopic and robotic surgery in terms of specimen size, positive resection margins,
or distance from tumor to distal or proximal margin. These results suggest a parity
between the two surgical approaches. The lack of statistically significant difference, with p
values exceeding the conventional threshold of 0.05, indicates that both methods perform
comparably across this metrics.

Similarly, the comparable rates of postoperative complications, major complications,
and the 30-day mortality reflect the safety of both approaches. While the meta-analysis did
not detect a difference in mortality between the two surgical techniques, it is important to
mention and acknowledge that mortality is a multifaceted endpoint, that is influenced by
many factors beyond surgical procedure itself.

The absence of significant differences further underscores the necessity for decision-
making to be guided by surgeon expertise, resource availability, and patient factors. Future
research with larger, more homogeneous study populations and long-term follow-up data
is mandatory to validate this findings.

While this systematic review and meta-analysis was extensive, it has several limitations
that must be considered when interpreting the findings:

1. Study design variability.

When both randomized control trials and cohort studies are included, heterogeneity is
induced. Observational studies, in particular, may provide higher levels of bias compared
to randomized trials.

2. Confounding factors

Unmeasured confounding factors such as surgeon expertise, patient selection, and
hospital resources could influence the outcomes.

3. Geographical representation.
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The studies included in the analysis do not cover all geographical regions.

4. Outcomes measured.

This review focused on short-term surgical outcomes.

5. Publication bias.

One limitation of our study is the presence of publication bias, as indicated by the
funnel plot and Egger’s test. This suggests that there may be an overrepresentation
of studies with positive results, which could potentially influence the overall findings
and conclusions. Future research should aim to address this bias and include a more
comprehensive range of studies to ensure a balanced and unbiased analysis.

The limitations of this review must be acknowledged. The inclusion of studies with
various designs and quality, the conversion of medians to means for continuous variables,
and the presence of publication bias may impact the validity of the conclusions. It empha-
sizes the necessity for more high-quality, randomized controlled trials with transparent
reporting to better understand the comparative effectiveness of these surgical approaches.

Furthermore, it is important to acknowledge that the choice of surgical method should
be individualized, considering factors such as surgeon expertise and patient-specific con-
siderations. The decision-making process should weigh the advantages of reduced hospital
stay and potentially improved oncological outcomes with the disadvantage of longer
operative times.

The practical implications of this study extend beyond the data to inform clinical
decision-making in the treatment of colon cancer. Our analysis suggests that robotic surgery,
despite longer operative times, may confer the benefit of shorter hospital stays, which
are critical considerations in surgical planning and resource allocation. The findings also
highlight the importance of surgical expertise in both laparoscopic and robotic techniques.
Training programs should continue to expand skill development in both modalities. Our
study supports a tailored approach where surgical method selection is based on surgeon
comfort and experience, as well as patient-specific factors. Patient selection for each surgical
approach should be individualized, considering factors such as the patient’s overall health,
tumor characteristics, and the potential for faster postoperative mobilization with robotic
surgery, which could be particularly beneficial for patients with comorbidities that may be
exacerbated by prolonged hospitalization.

Future research should be conducted, including more randomized trials and prospec-
tive cohort studies with standardized outcome measures to provide a clearer comparison
between these surgical modalities. Additionally, further investigation into the long-term
outcomes and cost-effectiveness of robotic versus laparoscopic surgery is warranted to
inform practice guidelines. Further research could also benefit from including detailed
subgroup analyses based on patient demographics, tumor characteristics, and surgeon ex-
perience. By expanding the research to include more diverse geographical areas, surgeons
could gain insights into how regional differences in healthcare practices and infrastructure
impact the surgical outcomes.

5. Conclusions

This systematic review and meta-analysis add to the existing literature by providing
a contemporary analysis that includes recent advances in surgical techniques. While
both robotic and laparoscopic surgeries are viable options for the treatment of colon
cancer, the decision on which to choose should be guided by a multidisciplinary team to
optimize patient outcomes. With the surgical field being in continuous development with
technological advancements, ongoing evaluation and comparison of operative approaches
remain essential.

The findings highlight that robotic surgery is associated with longer operative times
but tends to result in shorter hospital stays.

The nuanced outcome of conversion rates further explains the complexity of surgical
decision-making, reinforcing that conversion should not be deemed a failure of the laparo-
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scopic technique but rather a strategic move towards ensuring patient safety and optimal
surgical outcomes.

The equivalence observed in the outcomes such as specimen size, margin positivity,
and the insignificant difference in the number of lymph nodes harvested, emphasizes that
both laparoscopic and robotic surgeries meet the high standards required for oncological
resection in colon cancer treatment.

The presence of publication bias, as indicated by the funnel plot asymmetry and
Egger’s regression test, is a limitation of this study and the field at large, which can
influence the generalizability of our findings.

This analysis calls for a more individualized approach to surgical method selection
and underscores the imperative for ongoing, high-quality research to refine the compar-
ative understanding of these surgical modalities. Future research should include more
randomized trials and prospective cohort studies with standardized outcome measures
and long follow-up periods to better compare long-term outcomes.

In summary, both surgical approaches are competent, showing no substantial differ-
ences in outcomes that would distinctly favor one technique over the other.

As we advance, it is crucial that we continue to critically assess and integrate new
evidence to refine our surgical choices and enhance patient care.
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Abstract: Pancreatic cancer (PC) is characterized by its notably poor prognosis and high mortality
rate, underscoring the critical need for advancements in its diagnosis and therapy. Gold nanoparticles
(AuNPs), with their distinctive physicochemical characteristics, demonstrate significant application
potential in cancer therapy. For example, upon exposure to lasers of certain wavelengths, they
facilitate localized heating, rendering them extremely effective in photothermal therapy. Additionally,
their extensive surface area enables the conjugation of therapeutic agents or targeting molecules,
increasing the accuracy of drug delivery systems. Moreover, AuNPs can serve as radiosensitizers,
enhancing the efficacy of radiotherapy by boosting the radiation absorption in tumor cells. Here,
we systematically reviewed the application and future directions of AuNPs in the diagnosis and
treatment of PC. Although AuNPs have advantages in improving diagnostic and therapeutic efficacy,
as well as minimizing damage to normal tissues, concerns about their potential toxicity and safety
need to be comprehensively evaluated.

Keywords: gold nanoparticles; pancreatic cancer; diagnosis; therapy; safety

1. Introduction

Pancreatic cancer (PC) represents a malignancy characterized by poor prognosis and
high mortality. In 2020, it was responsible for an estimated 460,000 deaths globally, mak-
ing it the seventh most deadly malignant tumor [1]. The absence of effective screening
approaches for PC and its presentation with mild and nonspecific symptoms, such as
abdominal pain, weight loss, jaundice, and digestive problems, leads to the majority of
patients being diagnosed in the advanced stages. The delay in discovery complicates
treatment and markedly impacts the prognosis [2]. According to 2023 cancer statistics, the
5-year survival rate for PC patients in the United States is less than 12% [3]. Post-operative
outcomes indicate that the 5-year survival rate for PC is only 20% [4]. Currently, research
on PC is experiencing a critical impasse. On the one hand, PC is challenging to diagnose
early due to the lack of early-stage biomarkers and distinct clinical symptoms. Computed
tomography (CT) and magnetic resonance imaging (MRI) are frequently used in clinical
imaging diagnosis of PC. Research indicates endoscopic ultrasound (EUS) to be more
sensitive than CT, particularly for tumors under 3 cm in diameter, and has seen increased
application in PC diagnosis in recent years [5]. Nevertheless, the majority of PC cases
have metastasized by the time of initial diagnosis, with only 9.7% in a localized stage [2,6].
Therefore, identifying improved diagnostic methods is vital to enhance the prognosis of
PC. On the other hand, PC theory depends on the stage of the tumor. Standard treatment
for resectable tumors involves adjuvant chemotherapy post-surgery. FOLFIRINOX and
nab-paclitaxel-gemcitabine are recommended for patients with metastatic PC [7]. For
patients with locally advanced tumors at the borderline of surgical treatment, neoadju-
vant chemotherapy or chemoradiotherapy followed by surgical resection is applicable [8].
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Targeted therapy and immunotherapy are viewed as promising methods in the ongoing
development and trials for PC [4]. In conclusion, the effectiveness of current diagnosis
and treatment protocols of PC still require enhancement, necessitating the development of
novel diagnostic and therapeutic approaches.

The application of gold nanoparticles (AuNPs) in medicine has attracted significant
attention due to their distinctive physicochemical characteristics. AuNPs have made signifi-
cant strides in fields including photothermal therapy, drug delivery, radiation sensitization,
and assisting in the diagnosis of malignant tumors, especially in diagnosing and treat-
ing breast and gastrointestinal cancers [9–12]. Furthermore, AuNPs provide advantages
including cost-effectiveness, eco-friendliness, and high biocompatibility. Recently, the
exploration of using AuNPs for diagnosing and treating PC has seen a surge in interest.
This article aims to deliver a comprehensive review of the advances in AuNPs for the
diagnosis and treatment of PC, along with its clinical challenges. In comparison to prior
reviews [13,14], this article additionally covers the characteristics, preparation techniques,
diagnostic applications in PC, and the safety aspects of AuNPs. Moreover, it amalgamates
recent research findings, providing a systematic review of the use of AuNPs in diagnosing,
drug delivery, and phototherapy in PC, as depicted in Figure 1.

Figure 1. Schematic illustration of the application of AuNPs in the diagnosis and treatment of PC.
NIR: near infrared; ROS: reactive oxygen species; “↑” signifies that AuNPs can improve the specificity
and efficiency of radiofrequency therapy and radiotherapy in PC. By figdraw.

2. Characteristics of AuNPs

AuNPs display a variety of remarkable characteristics, making them highly promising
for applications in cancer therapy. Localized Surface Plasmon Resonance (LSPR) constitutes
a key feature of AuNPs, characterized by the interaction of conduction electrons with
incident radiation, leading to light scattering and absorption [15]. Utilizing the LSPR effect
enables AuNPs to efficiently absorb light energy and convert it into thermal energy. This
capability is extensively utilized in cancer photothermal therapy for inducing localized
hyperthermia and tumor ablation [16,17], while simultaneously enhancing the tumor’s
immune response [18]. Adjusting the size of AuNPs enables researchers to optimize
their absorption of near infrared (NIR), which is safe and penetrates deep tissues, thereby
enhancing therapeutic effectiveness [16].

The enhanced permeability and retention (EPR) effect, proposed by Maeda et al. in
1986, is recognized as a fundamental aspect of nanoparticle-tumor interactions [19]. The
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EPR effect elucidates why nanoparticles of a certain size tend to accumulate in tumor
vessels, attributable to the rapid growth of tumor cells compared to normal tissues, gaps
between tumor vascular endothelial cells, and deficiencies in the lymphatic system [20].
Subsequent research into the passive targeting of tumors by nanoparticles has thoroughly
incorporated the EPR effect, yielding numerous positive findings. The widely adopted
PEGylation process for nanoparticles prolongs their systemic circulation, further enhanc-
ing their ability to passively target tumor tissues through the EPR effect [21]. The first
commercialized nanodrug, Doxil® (PEGylated liposomal doxorubicin), capitalizes on the
EPR effect for passive tumor targeting [22]. Despite its validation in preclinical trials, most
clinical treatments that utilize the EPR effect have not met expectations [23]. Many clinical
studies have found that nanoparticles only reduce toxicity and have limited improvement
in therapeutic efficacy. The EPR effect exhibits significant heterogeneity across different
patients, tumor types, tumor sizes, and tumor locations, termed as the heterogeneity of
EPR. For example, the EPR effect varies between different solid tumors and even different
regions within the same tumor. The EPR effect performs poorly in PC due to the dense
extracellular matrix (ECM) and abnormal vascular structures within the tumor microen-
vironment (TME). This variability in the EPR effect is further exemplified by significant
differences between a patient’s primary and metastatic tumors [24]. Typically, the EPR
effect is predominantly observed in larger and mature tumors, while it is less effective in
newly formed, smaller tumors [25]. Moreover, events such as thrombosis, which decrease
blood perfusion, can further modify the EPR effect [26]. In addition to this heterogeneity,
design deficiencies in nanoparticles can lead to ineffective EPR outcomes. According to Dr.
Maeda, unlike passive targeting, the EPR effect’s tumor targeting is distinct, as evidenced
by differing accumulation times within tumor tissues [27]. The half-life of nanoparticles
also plays a crucial role. A short half-life means that after conversion to free low molecular
weight drugs, they are unable to target and accumulate in tumors for prolonged periods
using the EPR effect. Conversely, a long half-life can result in slow drug release, which
may consequently lead to poor therapeutic outcomes. Moreover, factors such as the size,
shape, surface charge, and surface modifications of nanoparticles significantly influence
the efficacy of the EPR effect.

In light of these findings, many studies have devised strategies to augment the EPR
effect. These strategies encompass nanoparticle modification and both physical and phar-
macological treatments to modify the TME [24,28]. Appropriate design regarding size,
shape, half-life, charge, surface characteristics, and biocompatibility of nanoparticles can
enhance their EPR effect [29]. Generally, nanoparticles ranging from a few to approxi-
mately 100 nanometers in size are seen as more effective at utilizing the EPR effect to
target tumors, with effectiveness varying by the tumor type and nanoparticle variety [28].
This size range is crucial for optimizing the EPR effect in targeting tumors, although the
ideal size may differ based on the type of tumor and nanoparticle [28]. For the design of
nanoparticle half-lives, it is critical that they release drugs at the optimal moment since
releasing too early or too late can compromise therapeutic efficacy. Furthermore, designs
that leverage hydrophobicity, pH, and hypoxic conditions of the TME ensure nanoparticles
release drugs at the proper time [30]. Enhancement of the EPR effect in nanoparticles
through physical therapies, such as hyperthermia (HT), photodynamic therapy (PDT),
boron neutron capture therapy (BNCT), sonodynamic therapy (SDT), and radiation therapy
(RT) is also recognized [27,28,30]. Specifically, PDT leads to the disassembly of endothelial
cell microtubules and induces the formation of actin stress fibers, thus increasing gaps
within the tumor vascular endothelium and enhancing vascular permeability [30,31]. To
combat abnormal tumor blood flow, enhancing the EPR effect can be achieved by increasing
vascular permeability, improving blood flow within the tumor, or vascular normalization,
such as using vasodilators and vascular active cytokines [27,32]. Moreover, apart from
altering nanoparticles and the TME, direct infusion of nanoparticles into tumor arteries
allows for enhanced drug targeting and reduces the dosage and side effects of systemic
medications, showing promising clinical effectiveness [27].
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For nearly forty years, the EPR effect has been considered the mechanism by which
nanoparticles penetrate solid tumors. Recently, another mechanism for the accumulation
of nanoparticles in tumors has been suggested. Sindhwani and colleagues have concluded
from extensive experimental analysis that more nanoparticles likely penetrate tumor tis-
sues through transendothelial routes, with fewer nanoparticles extravasating through
inter-endothelial gaps [33,34]. Although this finding presents a different perspective on
how nanoparticles enter solid tumors, further experimental validation is needed due to
the diverse characteristics of different nanoparticles, which may yield different observa-
tions [35]. In conclusion, whether optimizing the EPR effect or exploring new mechanisms,
the pathways and mechanisms by which nanoparticles enter solid tumors remain worthy
of research and discussion.

3. Synthesis of AuNPs

The prevalent fabrication methods for AuNPs are classified into ‘top-down’ and
‘bottom-up’ categories, representing the synthesis from bulk materials and the atomic level,
respectively [36]. While top-down synthesis is suitable for mass production, it requires
significant investment. In contrast, bottom-up synthesis is distinguished by its low cost,
operational simplicity, and excellent scalability [37]. Predominantly, bottom-up synthesis
involves techniques such as chemical reduction and biosynthesis. The Turkevich method
for synthesizing AuNPs holds a milestone significance in the chemical synthesis of AuNPs.
Briefly, the method entails dissolving chloroauric acid (HAuCl4) in deionized water, heating
it to boiling, and then adding sodium citrate as the reducing agent. By varying temper-
ature, pressure, pH, and sodium citrate concentration, AuNPs with different diameters,
parameters, and features can be produced [38]. Later studies have modified the Turkevich
method to attain lower variability, enhanced uniformity, and repeatability [39–44]. The use
of certain reducing agents or stabilizers in the chemical synthesis process, such as sodium
borohydride, could potentially be toxic to both individuals and the environment [37,45].
Compared to other methods, the biosynthesis of AuNPs offers environmentally friendly,
cost-effective, non-toxic, and highly biocompatible solutions. Several green biosynthesis
approaches for synthesizing AuNPs in PC diagnosis and treatment employ plants such
as Borassus flabellifer L., Scutellaria barbata, Panax notoginseng leaves, Acai berry, and Elder-
berry [46–49]. Extracts from these plants are added to HAuCl4 or NaAuCl4 solutions and
thoroughly mixed. A visible color change occurs during this process, and after adjusting
temperature and other parameters, an initial aqueous solution of AuNPs is produced.
The AuNPs synthesized via this green method using plants are not only non-toxic and
cost-effective but also demonstrate remarkable results in the diagnosis and treatment of PC.

4. Applications of AuNPs in the Diagnosis of PC

Accurate staging of PC at the time of diagnosis is crucial for guiding patients toward
the most effective treatment strategies [50]. CT angiography, as well as chest and pelvic
CT, are utilized for evaluating vascular anatomy and staging the disease. MRI and cholan-
giography aid in ascertaining if uncertain liver lesions might indicate metastasis and in
identifying cancers that CT imaging may not adequately characterize [2]. However, these
diagnostic techniques are reliant on the physician’s image-reading skills and experience,
potentially resulting in missed diagnoses. Currently, numerous studies are employing
nanoparticle-assisted imaging to increase diagnostic sensitivity. Conjugates of AuNPs
with F19 monoclonal antibodies significantly aid in the MRI detection of human PC tis-
sues [51]. Darkfield microscopic imaging of PC tissues treated with AuNPs near their
maximum resonance scattering (approximately 560 nm) shows distinct positive images in
the tumor interstitium, whereas healthy tissues display only sparse isolated nanoparticles.
This research offers a promising direction for enhancing the sensitivity of laparoscopic
examinations in identifying tumor metastatic sites. In comparison to conventional contrast
agents, Gd(III) contrast agents derived from AuNPs enhance the low contrast typically seen
in pancreatic imaging. The experiments showed a marked enhancement in pancreatic con-
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trast, enabling clear delineation of the pancreas with a contrast-to-noise ratio over 35:1 [52].
HAuCl4 is combined with the MRI contrast agent dotarem and then formed into a contrast
agent–AuNPs conjugate using a lactose-modified chitosan polymer. In vivo experiments
demonstrate that the conjugate possesses an effective T1 high signal and features a reduced
clearance time [53]. 5B1 is a fully humanized monoclonal antibody that targets the CA19-9
antigen, commonly overexpressed in PDAC [54]. Researchers utilized AuNPs integrated
with the 5B1 antibody, clodronate liposomes, and 89Zr for innovative PET/CT imaging
in in vivo PDAC models. AuNPs labeled with 5B1 demonstrated an accumulation in
subcutaneous and orthotopic PDAC that was 4–7 times greater than that in the IgG control
group [55]. AuNPs notably increase the sensitivity of radiographic diagnosis, surpassing
the constraints of conventional CT and MRI, thus providing a promising approach for more
precise diagnosis and staging of PC.

Fluid-based research biomarkers, such as free DNA, exosomes, and circulating tumor
cells, are also applicable in tumor auxiliary diagnosis, treatment response monitoring, and
assessing resistance to treatments [56–59]. Many researchers utilize PC-specific antibodies
in conjunction with AuNPs to create antibody–AuNPs conjugates (Ab-AuNPs), thereby
increasing detection sensitivity. Microfluidic technology, frequently used in detecting cir-
culating tumor cells, is known for its high sensitivity and specificity. A novel lateral filter
array, equipped with AuNPs carrying anti-EpCAM antibodies, is capable of capturing
circulating tumor cells. In both in vitro PC cell line and clinical sample experiments, this
array notably enhances the capture efficiency of CTCs [60]. The new tyrosine kinase PEAK1
is found to be overexpressed in PDAC and pancreatic intraepithelial neoplasia [61]. A
paper-based immunosensor exploits the catalytic properties of AuNPs in dye degradation
to colorimetrically detect the PC biomarker PEAK1 [62]. The sensitivity of this detection
approach is ten times higher than that of non-signal amplified AuNPs immunochromatog-
raphy. AuNPs, when conjugated with anti-CA19-9 antibodies, are capable of detecting the
PC biomarker CA19-9 in plasma efficiently [63]. This technique is not just highly sensitive,
but it is also anticipated to quantitatively assess CA19-9 levels for future treatment monitor-
ing. Lin et al. developed an amplified time-resolved lock nucleic acid sensor with AuNPs
for the selective electrochemical detection of K-ras mutations in PC. The sensor shows
high specificity and sensitivity, distinguishing between wild-type and mutation-type K-ras
DNA, with an estimated detection limit of 0.5 fM, providing a novel diagnostic perspective
for K-ras point mutations in PC [64]. Research indicates that the lncRNA HOXA distal
transcript antisense RNA (HOTTIP) is aberrantly elevated in PC [65], making it an effective
circulating biomarker for PDAC diagnosis. Lou et al. devised a colorimetric technique
that combines reverse transcription coupled with loop-mediated isothermal amplification
and the aggregation of positively charged AuNPs for detecting HOTTIP [66]. Leveraging
the characteristics of AuNPs, the researchers developed a sensitive, stable, and portable
platform for mRNA detection. Using catalytic hairpin assembly and an Au enhancer buffer
(HAuCl4/NH2OH·HCl) to boost gold deposition, they doubled the amplification of the
PC mRNA GPC1 signal, effectively identifying the PC cell line AsPC-1 [67]. AuNPs, when
conjugated with specific antibodies, substantially enhance the detection efficiency of circu-
lating tumor cells, PEAK1, CA19-9, and HOTTIP, paving the way for new opportunities in
early detection and treatment monitoring of PC.

5. Applications of AuNPs in the Treatment of PC

5.1. Drug Delivery

Systemic chemotherapy regimens such as FOLFIRINOX (5-fluorouracil, folinic acid,
irinotecan, and oxaliplatin) and gemcitabine plus nab-paclitaxel continue to be the main
treatments for patients with advanced PC [4]. Numerous studies have confirmed the clinical
effectiveness of chemotherapy in treating PC [68]. The dense connective tissue proliferation
and immunosuppressive traits within the TME in PC contribute to the less-than-optimal
outcomes of chemotherapy [69–71]. Furthermore, standard chemotherapy regimens for
PC are known to have substantial side effects. In an effort to bypass the drawbacks of
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traditional chemotherapy, the synthesis of chemotherapy drugs with nanoparticles into
polymers for targeted delivery to PC is gaining traction as a novel area of interest.

The pathways for drug delivery to PC by AuNPs can be divided into passive and
active targeting. The EPR effect is the key mechanism behind AuNPs’ passive targeting.
Many experiments have successfully improved the EPR effect of AuNPs by modifying
their diameter, shape, and surface chemical properties, thus achieving substantial passive
targeting outcomes [72]. A common method involves the PEGylation of AuNPs to prolong
their systemic circulation time [21]. AuNPs with smaller diameters are found to exhibit
greater accumulation in tumors [72]. However, the dense extracellular matrix (ECM) and
complex TME of PC can significantly reduce the EPR effect [73,74]. In response to this
challenge, many researchers use phototherapy to modify the TME of PC, facilitating easier
passage of AuNPs through the ECM and enhancing drug accumulation.

Furthermore, distinct from passive targeting, AuNPs can actively target tumor cells
through conjugation with antibodies, proteins, peptides, nucleic acid aptamers, carbohy-
drates, and small molecules, and be selectively uptaken by tumors via receptor-mediated
endocytosis [75,76]. Chitta and colleagues pioneered the use of cetuximab to actively target
GEM-loaded AuNPs to PC, marking the first study of antibody-mediated active targeting
of AuNPs [76,77]. Zoë et al.’s review thoroughly summarizes studies related to the active
targeting of AuNPs [76]. In active targeting therapy for PC, nanoparticles are directed
towards targets such as EGFR, urokinase plasminogen activator receptor (uPAR), transfer-
rin, ERBB2, CA125, and stem cell markers like epithelial cell adhesion molecule (EpCAM),
CD44, and CD133 [78]. After reaching the tumor tissue through either passive or active
targeting, drug-loaded AuNPs release their drugs via pH alterations, enzyme-triggered
reactions, or by utilizing the LSPR effect in photothermal and ultrasound applications [79].
Figure 2 shows the mechanism of action of AuNPs in the drug delivery for PC.

 

Figure 2. Schematic illustration of the mechanism of drug delivery by AuNPs in PC. AuNPs target
tumor tissues through active and passive targeting mechanisms. Drugs are released from AuNPs via
alterations in pH, enzymatic reactions, laser irradiation, or ultrasound. Post-drug release, AuNPs are
excreted or may accumulate in organs such as the kidneys, liver, and spleen. By figdraw.

GEM serves as a primary chemotherapy agent in treating advanced PC and is deemed
the gold standard for single-agent therapy in this cancer [80]. However, the therapeu-
tic efficacy of GEM in the treatment of PC falls short of expectations [81]. To improve
its therapeutic efficacy, numerous nanodelivery systems such as liposomes, polymeric
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nanoparticles (albumin and chitosan), etc., have been explored for GEM-based treatment of
PC [82]. Lizhou et al. developed a scheme for ultrasound-targeted microbubble destruction
(UTMD)-assisted targeted delivery of GEM using AuNPs for treating PC. UTMD enhances
the permeability of cancer cells, facilitating the uptake of drugs [83]. During in vitro exper-
iments, under UTMD assistance, AuNPs release GEM slowly, yet cytotoxicity increases
over time, leading to a higher rate of cell apoptosis. In vivo experiments revealed that the
conjugate group also attained more notable tumor suppression outcomes [84]. A drug
delivery system that includes polyethylene glycol (PEG), cetuximab, and AuNPs carrying
GEM yielded favorable outcomes in in vitro experiments. With a 10 μM concentration
of AuNPs conjugates, the cell survival rate for PC cells Panc-1 and AsPC-1, and stellate
cells CAF-19, was 30%, showing lesser toxicity to healthy human pancreatic cells [85]. The
targeted delivery of GEM via AuNPs, along with glutathione, notably reduces the viability
of PC cells. After treatment of Panc-1 cells with the conjugate, their viability dropped to
approximately 25% [86]. By combining GEM with AuNPs, researchers have enhanced
the drug’s cellular uptake and the apoptosis rate of tumor cells in the nanodelivery sys-
tem. The experiments demonstrate that AuNPs hold substantial potential in boosting the
chemotherapeutic impact of GEM on PC.

The use of AuNPs in conjunction with targeted drugs also yields affirmative outcomes
in PC treatment. Afatinib irreversibly binds to the intracellular tyrosine kinase domains
of the ErbB receptor family [87]. Research has shown that the combination of afatinib
and GEM possesses significant potential in the treatment of PC [88]. In the PC cell line
S2-013, combining PEGAuNPs with afatinib was five times more efficacious in suppres-
sion than afatinib alone (with half maximal inhibitory concentration [IC50] values being
0.103 ± 0.001 vs. 0.50 ± 0.02, respectively) [89]. Varlitinib, a reversible small-molecule pan-
HER inhibitor, targets EGFR, HER2, and HER4 [90]. Experiments involving targeted drug
delivery to the PC cell line MIA PaCa-2 using AuNPs conjugated with varlitinib yielded
significant outcomes. The IC50 was 2.5 times lower with AuNPs conjugates compared
to using varlitinib alone. With equivalent concentrations of varlitinib, AuNPs conjugates
demonstrated increased cytotoxicity towards MIA PaCa-2 cells [91]. In vitro, the release of
doxorubicin and varlitinib linked with PEGAuNPs was more prolonged in 48 h than free
drugs, augmenting the inhibition of PC cell lines S2-013 and MIA PaCa-2 by 2–4 times. The
conjugates also diminished the drug’s toxicity towards bystander cells hTERT-HPNE [92].

AuNPs are also capable of delivering various drugs for PC treatment. Bortezomib (BTZ), a
boronic acid-based proteasome inhibitor, is typically used to treat multiple myeloma [93]. Re-
search indicates that BTZ causes apoptosis in PC cells, potentially linked to ceramide production
in primary and transformed PC cells [94]. The combination of BTZ and PEGAuNPs in treating
PC cells leads to increased mass transfer across cell membranes, facilitated by augmented cellu-
lar uptake and endosome formation, thereby enhancing the cytotoxic effect of BTZ at extremely
low concentrations (0.1–1.0 nM) [95]. The free BTZ requires a 63-fold higher concentration than
PEGAuNPs-BTZ conjugate to attain comparable cytotoxicity [96]. Epigallocatechin-3-Gallate
(EGCG), a major polyphenolic component of green tea, suppresses PC cell growth, invasion,
and migration by inhibiting the Akt pathway and the epithelial-mesenchymal transition [97].
Conjugates of AuNPs with EGCG not only inhibit the growth of BxPC3 cells, but also preserve
the antioxidant properties of EGCG [98].

In addition to drug delivery, AuNPs also increase drug sensitivity in PC cells through
mechanisms such as inhibiting epithelial–mesenchymal transition, stemness, and mitogen-
activated protein kinase signaling, and reducing tumor fibroblast proliferation, thus boost-
ing chemotherapy effectiveness [99,100]. Targeting the dense stroma surrounding PC,
nanoparticles equipped with collagenase are capable of degrading the collagen compo-
nents of the PC matrix, thus enhancing the efficacy of tumor-targeted therapies [101].
In vitro studies show that AuNPs reduce the tumorigenic potential of Panc-2 and MIA
PaCa-2 cells. In combination therapy with GEM, AuNPs suppress epithelial–mesenchymal
transition, stemness, and mitogen-activated protein kinase signaling in PC cells, resulting
in a marked decrease in cell colony formation [100].
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5.2. Phototherapy

Phototherapy comprises both photothermal therapy (PTT) and PDT. PDT relies on
the interaction between photosensitizers, light, and oxygen to generate cytotoxic reactive
oxygen species (ROS), which lead to the death of cancer cells. Conversely, PTT employs
NIR to elevate tissue temperature, thus directly annihilating cancer cells via thermal
effects [102]. Within the realm of nanomedicine, phototherapy presents a vast potential, as it
has shown notable antitumor activity when combined with chemotherapy, immunotherapy,
and radiotherapy. The characteristic of LSPR is an optical phenomenon, specifically, the
interaction between surface electrons in the conduction band and incident light [103].
AuNPs exploit their LSPR effect to absorb specific wavelengths of light and convert this
energy into heat. This process selectively increases the temperature of certain tissues,
leading to protein denaturation and swift cell death [102,104]. Irreversible cell damage
occurs when tissues are subjected to thermotherapy temperatures (above 42 ◦C) [105].
Table 1 presents the research parameters and results of AuNPs in phototherapy.

In the initial research on the phototherapy of AuNPs, Guo et al. treated Panc-1 cells
with nanoparticles that had an iron oxide core and a gold shell, subsequently exposing them
to laser irradiation at 7.9 W/cm2. The application of cellular MRI techniques revealed a
notable decrease in tumor cell proliferation, which varied in a dose-dependent manner with
nanoparticle concentration [106]. Kim and colleagues then developed branched AuNPs,
synthesized from deoxycholic bile acids, enabling these nanoparticles to absorb higher
energy NIR for effective photothermal treatment [107]. Subsequent in vitro experiments
employing NIR irradiation on BxPC3 human PC cells resulted in temperatures swiftly
rising to 50 ◦C, achieving a cell mortality rate as high as 90% within three minutes. Further
in vivo research showed that photothermal therapy using branched AuNPs was able to
elevate the temperature of tumor tissues to 60 ◦C in 6 min, leading to the dissolution
of nuclei in PC cells without evidence of tumor recurrence. Subsequently, Hui and his
team developed AuNPs carrying the U11 peptide for actively targeting pancreatic tumors
and the PDT agent CRQAGFSL-5-ALA, facilitating combined PTT/PDT treatment of
PC under confocal laser endomicroscopy [108]. This active targeting strategy enhanced
the concentration of AuNPs in PC, minimizing harm to healthy tissues. Moreover, the
combination of PTT/PDT treatments was found to demonstrate significant synergistic
effects, with the treated mice exhibiting higher survival rates, lower cell viability, and
increased reactive oxygen species (ROS) production compared to controls. Additionally,
the NFL-TBS.40-63 peptide (BIOT-NFL) has been shown to be capable of destroying the
microtubule network in targeted glioma cancer cells. By leveraging the properties of BIOT-
NFL, Spadavecchia’s group utilized AuNPs equipped with BIOT-NFL for the treatment of
PC. In this context, MIA PaCa-2 cells treated with BIOT-NFL-PEG-AuNPs demonstrated
a higher internal concentration of AuNPs and a more significant decrease in cell vitality
post-phototherapy than those treated with PEG-AuNPs [109]. Furthermore, BIOT-NFL-
PEG-AuNPs significantly raised the levels of serum IL-6, IFN-γ, and TNF-α, thereby
bolstering the immune system’s capacity to suppress PC [109].

The limited depth penetration of NIR in PTT has led to the emergence of interven-
tional photothermal therapy (IPTT) as a novel strategy for the treatment of deep-seated
tumors. Hu et al. developed AuNPs that specifically target PC with anti-urokinase plas-
minogen activator receptor (uPAR) antibodies, thus employing IPTT to treat deeper layers
of PC. IPTT offers a more precise eradication of deep-seated PC compared to Iodine-
125 (125I) interstitial brachytherapy, resulting in reduced damage to healthy tissues and
lower overall toxicity [110]. Honeycomb-like AuNPs (HGNs)-mediated interventional
photothermal-near-field radiation therapy (IPT-BT) demonstrates superior synergistic anti-
tumor properties. The in vitro studies on SW1990 and Panc-1 cell lines have shown that
HGNs-treated cells exhibited fewer active cell colonies post X-ray exposure compared to
untreated ones; cells in the HGNs + PT-RT group exhibited significantly higher late apopto-
sis rates than controls [111]. Furthermore, in vivo research has indicated that synergistic
treatment with HGNs-based IPT-BT aids in eradicating deep-seated tumors and alleviating
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hypoxia-associated BT resistance, with hemoglobin levels rising in the HGNs + IPTT group
upon laser exposure.

The wavelength of NIR plays a critical role in determining penetration and therapeutic
efficacy. The NIR wavelengths most frequently studied and applied are NIR-I (750–900 nm)
and NIR-II (1000–1700 nm). NIR wavelengths at the longer end of the spectrum possess
deeper tissue penetration capabilities, higher radiation thresholds, and increased tissue
tolerance [112]. One study compared the impact of two distinct wavelengths on the pho-
tothermal treatment of pancreatic tissues. This research revealed that, under identical
conditions, the temperature generated by AuNPs at 808 nm was 200% higher than at
1064 nm, resulting in less damage to adjacent normal tissues [113]. Zhang et al. utilized
perfluorocarbon (PFC) as an oxygen carrier, aiming to replenish oxygen in the hypoxic
environment of PC for PDT [114]. Gold nanorods carrying PFC and DOX were directed
towards PC, initially irradiated with the deeper penetrating NIR-II (980 nm) to emit oxygen,
leading to engorgement, followed by the release of silicon phthalocyanine (SiPc) with an ex-
tinction peak at 680 nm and DOX into PC tissues, and culminating in a PDT treatment using
680 nm NIR. This sequential application of the two NIR types nearly entirely eradicated the
mouse tumors, contrasting with less effective outcomes when the sequence was reversed or
when only one type of NIR was used. This demonstrates the crucial importance of the NIR
wavelength, with the stronger penetration of NIR-II suggesting a new research direction.

Table 1. Studies and results of AuNPs in phototherapy for PC.

Nanoparticles
Radiate
Time (Min)

Laser Power
Density
(W/cm2)

The Wavelength
of Laser (nm)

Outcome Cell Lines Ref

Iron-oxide
core/gold-shell
nanoparticles

5 7.9 808 Photothermal ablation of Panc-1 cells demonstrated an
effective treatment response Panc-1 [99]

cRGD-branched GNPs 5 1.4 808 Tumors were effectively ablated, without any
observation of tumor recurrence BxPC3 [100]

AuS-U11 5 2 750 Provided better synergistic therapeutic effects against
pancreatic tumors Panc-1 [101]

BIOT-NFL-PEG-AuNPs 15 0.5 808 The vitality of tumor cells significantly decreased MIA PaCa-2 [102]

gold nanoshells 6 2 808 IPTT offers a more precise eradication of deep-seated
PC compared to 125I interstitial brachytherapy SW1990 [104]

honeycomb-like GNPs 5 2 808 Helpful for eliminating the deep tumors and
improving hypoxia-associated BT resistance Panc-1 [105]

gold nanorods 1 2–5 808/1064 Under 808 nm laser irradiation, tissue heats up slowly,
demonstrating selective tissue heating capability _ [107]

PSPP-Au980-D 5/5 0.1/0.05 980/680 The sequential application of the two NIR types nearly
entirely eradicated the mouse tu-mors MIA PaCa-2 [108]

GEM–polymer
conjugate NPs 1 1.4 640 The polymer-bound GEM and the GNPs exhibit a

synergistic effect MIA PaCa-2 [109]

GNPs-pD-PTX-PLGA-MS 3 2 808 Enhanced apoptosis and downregulation of
antioxidant enzymes Panc-1 [111]

gold nanoshells 3 4 808 Demonstrated the synergistic effect of photothermal
therapy and chemotherapy

MIA PaCa-2/
Panc-1 [112]

Tf-GNRs 3 0.5 808 Laser irradiation obviously induced the blood
perfusion and extravasation in tumor areas MIA PaCa-2 [113]

gold nanocages 5 1 808 NO improves the effectiveness of GEM chemotherapy
through vasodilation in tumor tissues SW1990 [114]

Combining phototherapy with chemotherapy significantly enhances cytotoxic ef-
fects against PC cells [115]. A contributing factor to the dense extracellular matrix of
PC, which impedes chemotherapeutic drug delivery to tumor tissues, is identified as a
key factor in the poor response to chemotherapy. Utilizing NIR, AuNPs are able to accu-
rately release drugs and modify the cancer cell membrane’s permeability, thus enhancing
chemotherapeutic drug absorption, improving treatment efficiency, reducing dosage, and
lessening chemotherapy’s side effects [17,116]. This combined approach of AuNPs-based
phototherapy with chemotherapy for PC demonstrates their synergistic impact. Specif-
ically, for MiaPaCa-2 PC cell lines, the IC50 was almost two times lower when treated
with GEM-loaded AuNPs following NIR irradiation, compared to direct drug delivery via
AuNPs [115]. Moreover, PTX-carrying AuNPs, post-NIR irradiation, exhibited triple the
cytotoxicity against a control group without NIR, along with increased ROS generation
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and reduced expression of antioxidant enzymes [117]. Innovatively, Poudel et al. created
gold nanoshells combining BTZ and GEM chemotherapy with photothermal therapy, using
low-power NIR for accurate drug release and high-power lasers for direct tumor cell de-
struction via photothermal effects. In comparison, compared to control groups treated with
either photothermal therapy alone or drug delivery alone, the combination therapy led to a
significantly higher rate of cell apoptosis [118]. Exploiting PTT, Zhao et al. leveraged its
capacity to boost blood flow and microvascular permeability in tumor cells, thereby enhanc-
ing the chemotherapeutic effectiveness of GEM when combined. The Transferrin-coated
rod-like mesoporous silica gold nanoshell NPs (Tf-GNRS) actively target PC. Following
NIR exposure, increased tumor blood perfusion significantly enhances chemotherapeutic
drug accumulation in PC, effectively suppressing the tumor [119]. Furthermore, Zhang et al.
utilized nitrogen oxide (NO) for its ability to induce tumor vasodilation and normalize
tumor vessels, in synergy with PTT, to boost the efficacy of GEM treatment for PC. The Au
nanocages carrying L-arginine (L-Arg) generate NO due to increased ROS levels within the
TME. After NIR irradiation, there’s a notable increase in tumor permeability and deep-layer
drug accumulation, leading to significant tumor suppression [120].

To conclude, AuNPs have extensive applications in the PTT treatment of PC. By
utilizing passive/active targeting by AuNPs, the precise heating of tumor tissues effectively
leads to the destruction of tumor cells. Specifically designed for deep-seated tumors beyond
the reach of NIR, IPTT has proven to yield favorable therapeutic results. By leveraging
PTT’s capacity to enhance tumor blood perfusion and improve the TME, along with AuNPs
that are loaded with chemotherapeutic drugs aiming at targeting tumor cells to increase
drug concentration in tumor tissues, the combination of PTT and chemotherapy has been
shown to achieve notable effectiveness. Photothermal-immunotherapy is gaining increasing
attention recently. After undergoing PTT, thermal injury to tumors significantly alters the
TME and releases tumor antigens, thereby boosting tumor immunogenicity. The synergy
between this approach and immunotherapy yields optimal treatment outcomes [121,122].
Looking ahead, the future of PTT research is expected to focus on the integration of active
targeting, chemotherapy, and immunotherapy.

5.3. Radiofrequency Therapy

The use of radiofrequency ablation for treating inoperable PC is on the rise [123].
Nonetheless, the non-selective and invasive characteristics of current radiofrequency ther-
apy may lead to patient discomfort. Nanoparticles can serve as a substitute for radiofre-
quency probes, selectively targeting tumor sites and reducing patient discomfort. Radio
waves, unlike NIR-mediated PTT, can travel through objects with minimal absorption,
hence they have enhanced biosafety [124]. The combination of AuNPs with radiofrequency
fields in cancer treatment creates intense heat within the cells, leading to necrosis or cell
death, with little to no harm to surrounding cells or tissues [125].

Treating Panc-1 cells with cetuximab-conjugated AuNPs and subjecting them to a
200 W, 13.56 MHz radiofrequency field for 5 min resulted in Panc-1 cell viability dropping
to 39.4 ± 8.3%, with no harm to neighboring Cama-1 cells [126]. Christopher’s team applied
a 13.56 MHz external radiofrequency field on Hep3B and Panc-1 cell lines treated with
AuNPs at a concentration of 67 μM/L. The death rate in these cells was significantly higher
at all points compared to the control, unlike cells that only received the same frequency
of external radiofrequency irradiation, which showed no notable cytotoxicity [127]. In
another research, in vivo tests were performed to ascertain the anti-PC efficacy of AuNPs.
Researchers treated mice implanted subcutaneously with Panc-1 and Capan-1 using AuNPs
conjugated with cetuximab and PAM4 antibodies. Post-radiofrequency irradiation, the
xenografted pancreatic tumors were notably damaged. Even though AuNPs concentrations
rose in the mice’s liver and spleen, no apparent signs of treatment toxicity were observed
throughout the study [128]. Table 2 shows the study parameters and outcomes of AuNPs
in radiofrequency therapy for PC.
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Table 2. Studies and results of AuNPs in radiofrequency therapy for PC.

Nanoparticles
Operating
Frequency
(MHz)

Operating
Power (W)

Particle
Diameter
(nm)

Outcome Cell Lines Ref

AuNP-C225-AF647 13.56 200 20 Radiofrequency fields show selective cytotoxic effects on
Panc-1 without damaging bystander Cama-1 Panc-1/Cama-1 [126]

AuNP 13.56 200–1000 5 AuNP inflict fatal harm on panc-1 in radiofrequency field Panc-1 [127]

C225-AuNP 13.56 600 32.6 ± 0.7 Heterologous PC grafts were notably disrupted without
evident treatment toxicity Panc-1/Capan-1 [126]

5.4. Radiotherapy

In cases of inoperable PC, chemotherapy is often used in conjunction with traditional
fractionated external beam radiotherapy [129]. Traditional radiation therapy tends to
heavily damage normal tissues around the tumor. Radiation therapy guided by AuNPs
as radiosensitizers focuses the treatment on tumor tissues and enhances the efficacy of
radiation therapy. During radiation therapy, AuNPs exhibit characteristics like producing
ROS and locally heating the tumor tissues [130]. A study demonstrated that AuNP-
molecularly imprinted polymer microgels (Au-MIP microgels), used as radiosensitizers for
PC, significantly inhibited tumor growth in mice injected with these microgels compared
to control mice injected with phosphate-buffered saline during X-ray irradiation [131].
Abdulaziz et al. employed AuNPs to enhance radiation therapy in a 3D in vitro tumor
model comprising tumor-associated fibroblasts and MIA PaCa-3 PC cells. The combined
use of AuNPs and radiation therapy resulted in a significant reduction in tumor size
and cell proliferation, with increased DNA double-strand breaks in both co-culture and
single-culture groups, showing AuNPs’ effective radiosensitizing capability [132].

Using docetaxel (DTX) and a lipid nanoparticle-encapsulated DTX prodrug (LNPDTX-P),
the authors found that the treated tumor samples exhibited twice the AuNP uptake as
control samples in both in vivo and in vitro settings [133]. The combination of ultrasmall
AuNPs (USNPs) with a cisplatin precursor enhances the efficacy of radiation therapy. When
exposed to ionizing radiation, the combined application of USNPs and a cisplatin precursor
delays the DNA damage response induced by ionizing radiation, leading to apoptosis in PC
cells [134]. There is growing interest in targeted alpha particle radiation therapy for cancer,
with research demonstrating its significant impact on both the diagnosis and treatment
of PC [135,136]. An experiment using AuNPs for targeted delivery of 211At in adjunct
radiation therapy showed prolonged retention of 211At in PC tissues, indicating substantial
anti-PC activity [137]. Table 3 shows the study outcomes of AuNPs in radiotherapy for PC.

Table 3. Studies and results of AuNPs in radiotherapy for PC.

Nanoparticles Outcome Cell Lines Ref

Au-MIP microgels Tumor growth in mice was effectively inhibited MIAPaCa-2 [131]

AuNP The size of tumors and cellular proliferation
significantly decreased MIAPaCa-2 [132]

LNPDTX-P The intake of AuNPs significantly increased MIAPaCa-2 [133]

gold ultra-small nanoparticles Enhanced DNA damage and cell apoptosis led to
delayed tumor growth MIAPaCa-2/SUIT2-028 [134]

211At-AuNPs@mPEG The prolonged retention of 211At in PC tissues results
in notable antitumor activity Panc-1 [137]

6. Safety of AuNPs in the Treatment of PC

While AuNPs show substantial potential in medicine, their potential toxicity and safety
concerns deserve careful consideration. The article previously referenced experiments
assessing AuNPs toxicity, including the addition of bystander cells in vitro and monitoring
AuNPs accumulation or reactions in other organs in vivo. Across these studies, no marked
toxic effects of AuNPs were detected. Other research has identified potential safety concerns
with AuNPs in normal tissues or cells in both in vitro and in vivo settings. Lopez-Chaves’
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experiments revealed that AuNPs damage DNA, lipids, and proteins, with smaller-sized
AuNPs causing more severe damage [138]. For example, 13 nm diameter PEG-AuNPs have
been shown to induce acute inflammation and apoptosis in mouse livers. Post-injection,
AuNPs remain for an extended period in the liver, spleen, and bloodstream [139]. In
contrast to those measuring 20 nm and 50 nm, 5 nm AuNPs inflict dose-dependent DNA
damage and generate ROS. In vivo, 5 nm AuNPs demonstrated considerable embryotoxic
damage [140]. The female ovulation cycle must be considered when utilizing nanoparticles.
The application of nanoparticles during mice ovulation results in nanoparticle accumulation
in the ovaries and uterus being double that of non-ovulatory periods [141]. The excessive
buildup of nanoparticles in the ovaries and uterus could potentially impact the reproductive
system. Nanoparticles could selectively stimulate tumor cell growth. Nanoparticles with
a small diameter are capable of activating the protein kinase B (AKT) and extracellular
signal-regulated kinase (ERK) pathways, enhancing cell growth through coupling with
EGFR [142]. The research indicates that despite AuNPs’ optimistic application prospects, a
comprehensive evaluation of their toxicity and safety is crucial prior to further clinical use.
As Khlebtsov and colleagues noted in their paper, AuNPs may present potential risks to
humans, yet this does not imply all AuNPs are hazardous, and each new variety should
undergo stringent safety testing [143].

7. Conclusions and Perspectives

This review emphasizes the diverse applications of gold nanoparticles (AuNPs) in
overcoming the challenges of diagnosing and treating pancreatic cancer (PC). PC remains a
significant obstacle in oncology, attributed to its delayed diagnosis and limited treatment
outcomes. Nanotechnology has shown great promise in enhancing the diagnosis of PC,
delivering chemotherapy drugs, and utilizing phototherapy, among other applications.
The increasing focus on AuNPs in the treatment of PC is attributed to their advantages
such as high biocompatibility, the potential for green synthesis, stability, and low toxicity.
By utilizing passive or active targeting methods combined with specific receptors, AuNPs
enable the precise delivery of chemotherapy drugs while also mitigating their side effects.
Moreover, the combination of drug delivery and phototherapy can significantly improve
blood flow and drug permeability in PC, thus boosting the efficacy of chemotherapy. The
LSPR characteristics of AuNPs play a critical role in their application in phototherapy for
PC. Recent studies have explored the issue of phototherapy’s limited impact on deep-seated
tumors through interventional techniques or by adjusting NIR wavelengths. Furthermore,
AuNPs have a marked impact on radiosensitization and radiotherapy in PC, reducing the
discomfort, harm to adjacent healthy tissues, and systemic adverse effects associated with
invasive therapies.

Despite this, the potential toxicity and safety issues related to AuNPs warrant further
investigation. The long-term consequences of AuNPs excessively accumulating in organs like
the liver and kidneys are still not fully understood. Across different studies, the size and surface
modifications of AuNPs vary, which may lead to side effects of differing severities. Addressing
this issue requires comprehensive preclinical and clinical studies to establish the safety profiles
of various kinds of AuNPs. In using AuNPs for the treatment of PC with diverse modifications
and structures, it is essential to conduct a thorough examination of side effects and to perform a
careful assessment of the overall benefits relative to these side effects.

Integrating different AuNPs therapeutic methods could represent a promising future
research pathway. For example, synergies have been observed in the conjoint use of
AuNPs for chemotherapy drug delivery and phototherapy. Phototherapy has been shown
to modify the dense ECM of PC, thereby improving its blood flow. AuNPs not only
enable precise delivery of chemotherapy drugs but also enhance the drug’s permeation
into the tumor. Additionally, to address the challenge of PC’s depth beneath the skin,
the exploration of NIR-II, known for its superior tissue penetration, is steadily growing.
Presently, research into utilizing AuNPs for supplementary immunotherapy in PC is still
emerging. However, PTT/PDT not only modifies the TME of PC but also increases tumor
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immunogenicity and enhances immune cell infiltration. Combining this approach with
immunotherapy could lead to significant therapeutic outcomes. In conclusion, despite
the challenges ahead, AuNPs have significant potential to revolutionize the diagnosis and
treatment of PC. Building on the existing foundation and addressing future challenges with
innovative approaches, the prospects for diagnosing and treating PC appear promising,
offering hope for improved patient outcomes and quality of life.
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Abstract: Currently, the treatment of patients with advanced non-small cell lung cancer (NSCLC)
mainly relies on traditional chemotherapeutic drugs; however, most of them have limited therapeutic
effects and high toxicity. Some natural products with good therapeutic efficacy and low toxicity
and side effects are limited in clinical application due to their low solubility and bioavailability. In
this study, a nanoliposome drug-carrying system (Lip-Cur/Ba) was developed for the co-delivery
of curcumin (Cur) and baicalin (Ba) using the thin-film hydration method. In vitro experiments
demonstrated that Lip-Cur/Ba had a strong killing effect on A549 cells, and the inhibitory effect of
Lip-Cur/Ba on A549 cells was enhanced by 67.8% and 51.9% relative to that of the single-carrier
system, which could reduce the use of a single-drug dose (Lip-Cur and Lip-Ba), delay the release rate
of the drug and improve the bioavailability. In vivo experiments demonstrated the antitumor activity
of Lip-Cur/Ba by intravitreal injection in BALB/c mice, and there were no obvious toxic side effects.
This study provides a new idea for curcumin and baicalin to be used in the co-treatment of NSCLC
by constructing a new vector.

Keywords: nanoliposomes; curcumin; baicalin; non-small cell lung cancer; nano-delivery system

1. Introduction

Lung cancer is a common type of cancer that has become the number one contributor
to malignancy deaths worldwide [1]. Non-small cell lung cancer (NSCLC) is a common
classification of lung cancer, accounting for approximately 80% of cases [2]. In addition,
about 35% of patients suffering from NSCLC are already in intermediate to advanced
stages at the initial diagnosis, while the 5-year survival rate of patients with stage IV is only
5.8% [3]. The current standard of care for early-stage NSCLC patients is surgical resection,
which can achieve some therapeutic effect [4]. However, most of the patients in the middle
and late stages of NSCLC are unable to reach the standard of surgical resection due to
poor health and other factors, and they can only improve their condition and maintain
their survival through chemotherapy and radiation therapy [5]. Nevertheless, due to the
high toxicity and side effects of traditional treatments, such as nausea and vomiting, liver
function damage, decreased immunity and other symptoms [6], as well as the limited
therapeutic effect, it is necessary to research and develop more new therapeutic methods to
deal with NSCLC.

Curcumin (Cur) and baicalin (Ba) are both extracted from natural sources, and sev-
eral studies have confirmed the beneficial effects of these two substances on the human
body [7]. Cur is a polyphenol compound mainly extracted from the Curcuma root, which
is widely used for its anticancer, antibacterial and antioxidant properties. In recent years,
the anticancer activity of curcumin has been focused on lung cancer, liver cancer, cervical
cancer and so on [8–10]. For example, it has been proved that the Cur anticancer effect
on NSCLC is to inhibit the miR-21 signaling pathway to promote the elevation of the
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PTEN gene, thus inhibiting cell proliferation and promoting cancer cell apoptosis [11].
In addition, Cur inhibits the proliferation of lung cancer cell lines and induces apoptosis
in A549 cells by affecting the Wnt/β protein signaling pathway [12]. Ba is a flavonoid
extracted from the root of Scutellaria baicalensis, which has significant biological activities
such as antibacterial, anti-inflammatory and anticancer effects [13–15]. Ba has been shown
to inhibit liver cancer, breast cancer and lung cancer [16–18]. For example, Ba inhibits the
growth of NSCLC cells by inhibiting PBK/TOPK and downstream signaling molecules
histone H3 and ERK2 in vitro [19]. In addition, it has been demonstrated that Cur and Ba
can be co-administered for the treatment of hepatitis in rats, and that their joint inhibition
of the TSC1/eIF-2α/ATF4 pathway synergizes in lung diseases [20]. There have also
been studies on the co-encapsulation of Cur and Ba by nano-micelles as carriers for the
treatment of NSCLC [21]. Therefore, the potential synergistic effect of Cur and Ba and their
combination therapy has become an interesting research direction, but there are no studies
on the co-encapsulation of Cur and Ba using nano-liposomes as a carrier, which may be
due to the immature technology of the preparation of the liposomes, and the low solubility,
bioavailability and poor stability of the drug.

Liposomes are lipid delivery systems made by encapsulating or embedding active
ingredients in lipid-like nuclei as a closed vesicular substance similar to the structure of
biological membranes, formed by encapsulating and using phospholipids and cholesterol
as membrane materials [22]. Nanoliposome is a new type of lipid nanocarrier developed
on the basis of liposomes, with particle sizes between 10 and 1000 nm. Nanoliposomes
can improve the solubility and bioavailability of difficult-to-solve drugs and enhance the
efficacy of drugs to enhance their absorption by the human body [23]. To date, an increasing
number of FDA-approved liposome-based biologics and clinical therapeutics have been
developed in a wide range of fields, including anticancer, antimicrobial, etc. [24].

In this study, we developed a nanoliposome delivery system (Lip-Cur/Ba) co-encapsulating
curcumin and baicalin; characterized the morphology, size and structure of Lip-Cur/Ba;
demonstrated the successful encapsulation of the drugs in liposomes; evaluated their
in vitro release and in vivo antitumor activity; and proved the synergistic inhibitory ef-
fect of Lip-Cur/Ba on A549 cells by in vitro experiments and the antitumor activity by
intravitreal injection in BALB/c mice with no obvious toxic side effects.

2. Materials and Methods

2.1. Materials

Curcumin and baicalin were purchased from Baoji Chenguang Biological Co., Ltd.
(Baoji, China); egg yolk lecithin (EYL) was purchased from Shanghai Yuanye Biotechnology
Co., Ltd. (Shanghai, China); cholesterol (Chol) was purchased from Solebaum Biotechnol-
ogy Co., Ltd. (Beijing, China); methanol and chloroform were purchased from McLean
Biochemical Co., Ltd. (Shanghai, China); Dulbecco’s minimum essential medium (DMEM)
was obtained from Pricella Biotechnology Co., Ltd. (Shanghai, China); fetal bovine serum
(FBS) was obtained from Thermo Fisher Scientific Co., Ltd. (Shanghai, China); the A549 cell
line was purchased from Punosai Life Science and Technology Co., Ltd. (Wuhan, China);
the ROS assay kit was purchased from Beyotime Biological Co., Ltd. (Shanghai, China); and
the BALB/c mice (male, 5 weeks old) were purchased from Guosheng Zhongyuan Science
and Technology Company (Tianjin, China) under the license no. SCXK(Beijing)2019-0008.
All the animal experiments complied with the guidelines of the Tianjin Medical Experimen-
tal Animal Care, and animal protocols were approved by the Institutional Animal Care
and Use Committee of Yi Shengyuan Gene Technology (Tianjin) Co., Ltd. (protocol number
YSY-DWLL-2023251).

2.2. Methods
2.2.1. Preparation of Lip-Cur/Ba, Lip-Cur, Lip-Ba and Blank Liposomes (B-Lip)

Lip-Cur/Ba was prepared using a thin-film hydration-ultrasonic method [25–27]. EYL
(140 mg), Chol (20 mg), Cur (5 mg) and Ba (6 mg) were dissolved in a mixture of methanol

401



Pharmaceutics 2024, 16, 973

(6 mL) and chloroform (6 mL) and stirred until complete dissolution. The mixture was
then added to a round-bottomed flask and all the solvent was evaporated at 42 ◦C using a
rotary evaporator to form a homogeneous film inside the flask wall. Then, 10 mL of PBS
solution preheated to 40 ◦C was added so that the film was completely dissolved in the PBS
solution and hydrated to obtain the liposome suspension. Next, the liposome suspension
was magnetically stirred at 40 ◦C for 1 h. This was to make the liposome suspension
more homogeneous and completely dissolved. Finally, the liposome suspension was
sonicated using a cell crusher for 10 min to obtain an aqueous solution of Lip-Cur/Ba.
Blank-Lip(B-Lip) without drugs and single-drug loaded Lip-Cur and Lip-Ba were prepared
according to the same method.

2.2.2. Encapsulation Efficiency and Loading Capacity Determination of Lip-Cur/Ba

The encapsulation efficiency and loading capacity were determined using UV spec-
trophotometry. The Lip-Cur/Ba was centrifuged at 10,000 r/min for 5 min at a high speed.
At this time, the drugs not encapsulated into the liposome were free in the water to form
crystals precipitation, the high-speed centrifugation aggregated these drugs into the pre-
cipitate [28], the supernatant was taken and methanol was added to completely dissolve
the liposomes and the encapsulated drug, the contents of Cur and Ba were determined
using an ultraviolet spectrophotometer (Shimadzu, UV2600) at 425 nm and 278 nm [29,30]
and Lip-Cur and Lip-Ba were determined using the same method. In addition, the encap-
sulation efficiency (EE) and the loading capacity (LC) were calculated according to the
following equation:

EE(%) =
W1 + W2

Wd
× 100%

LC(%) =
W1 + W2

Wm
× 100%

where W1 and W2 are the mass of Cur and Ba embedded in the liposome, Wd is the
total amount of both drugs added to the liposome and Wm is the total mass of the entire
drug-loaded liposome.

2.2.3. Characterization of Lip-Cur/Ba

The morphology of Lip-Cur/Ba was observed using transmission electron microscopy.
The Lip-Cur/Ba solution was diluted 5 times, held in a test tube using an ultrasonic cleaner
to treat the sample at a low power for 15 min and then dripped onto a copper mesh, allowed
to dry and then mounted on a machine and observed by imaging at 80 kV.

2.2.4. Size and Zeta Potential

The particle size, PDI and zeta potential of Lip-Cur/Ba were determined using a laser
particle sizer. The appropriate amount of the Lip-Cur/Ba solution was diluted and added
into the cuvette then placed into the instrument, the temperature was set at 25 ◦C and the
determination was repeated three times to take the average value.

2.2.5. Fourier-Transform Infrared (FT-IR) Spectroscopy

Infrared spectral analysis of B-Lip, Cur, Ba and Lip-Cur/Ba was performed using
a Fourier-transform infrared (FT-IR) spectrometer. The liposome samples of B-Lip and
Lip-Cur/Ba were lyophilized to a powder form. The samples were taken separately and
mixed with an appropriate amount of KBr and pressed into tablets using a tablet press. The
tablets were then examined on the machine and scanned in the range of 400–4000 cm−1.

2.2.6. Thermogravimetric Analysis

The weight losses of B-Lip, Cur, Ba and Lip-Cur/Ba were determined using a ther-
mogravimetric analyzer. The samples of B-Lip and Lip-Cur/Ba were lyophilized to a dry
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powder form. The samples were heated from room temperature to 800 ◦C in nitrogen at a
rate of 20 ◦C/min to test the heating curves.

2.2.7. Differential Scanning Calorimetry (DSC) Analysis

Thermal analyses of B-Lip, Cur, Ba and Lip-Cur/Ba were carried out using a differ-
ential scanning calorimeter. Samples (5 mg) were separately packed in pure aluminum
crucibles and analyzed by heating from room temperature to 200 ◦C at 10 ◦C/min in
nitrogen gas and later cooling down to 20 ◦C [27].

2.2.8. In Vitro Releasing Assay of Lip-Cur/Ba

In vitro release kinetic studies were carried out using dialysis. The release medium
was PBS solution containing 20% ethanol. A solution of 1 mL of Lip-Cur/Ba was placed
into a dialysis bag (10 KDa), tied at both ends with string, placed into 80 mL of the release
solution and placed in a shaker at a temperature of 37 ◦C at 130 rpm. The control was the
same concentration of solution of Cur and Ba dissolved using methanol. At the 2 h, 4 h,
6 h, 8 h, 12 h, 24 h and 48 h of dialysis, 1 mL was taken from the release solution and then
supplemented with 1 mL of fresh release solution [31]. The content of Cur and Ba in the
removed release solution was determined using a UV spectrophotometer and the release
rate was calculated.

2.2.9. Cell Cytotoxicity Assays

MTT assay (3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide) was
used to evaluate the toxicity of Lip-Cur/Ba to A549 cells in vitro. B-Lip, Lip-Cur, Lip-
Ba and Lip-Cur/Ba solutions were prepared separately, free Cur, Ba and Cur/Ba were
dissolved in DMSO as controls and gradient dilutions were performed using DMEM
culture medium. A549 cells in a logarithmic growth phase were selected and then digested
with 1 mL of EDTA-containing trypsin. Then, the concentration of cell suspension was
diluted to 1 × 105 cells/mL, added to 96-well plates at 100 μL per well and 100 μL PBS
was added in the peripheral-most wells to prevent evaporation and cultured until the cells
were completely adherent to the wall. After wall attachment, the culture medium in the
96-well plate was discarded, the prepared culture medium containing the drug at different
concentration gradients was added and each group was repeated for 6 wells, while the
blank control group was added with culture medium without drugs. After a certain time
of co-culture between the drug and the cells, the original culture medium in the wells was
discarded and washed with PBS solution 2–3 times, 100 μL DMEM culture medium was
reintroduced and then 10 μL MMTT solution was added to each well and continued to be
incubated at 37 ◦C for 3 h. At the end of the incubation, the supernatant was aspirated out,
100 μL DMSO was added to each well and then the wells were shaken in the shaking table
at 37 ◦C for 10 min, so as to completely dissolve the purple crystals. Finally, the absorbance
was detected at 490 nm using an enzyme marker [32]. The cell viability was calculated
according to the following formula:

Cell viability(%) =
OD-test

OD-control
× 100%

where OD-test is the absorbance of the drug addition experimental group and OD-control
is the absorbance of the control group. The IC50 of Lip-Cur/Ba was calculated based on
the cell viability and the CI of the combination of the two drugs was calculated according
to the following equation:

CI =
(D)1
(Dx)1

+
(D)2
(Dx)2

where (Dx)1 and (Dx)2 are the doses of Lip-Cur or Lip-Ba, respectively, required to achieve
a given survival rate, and D1 and D2 are the doses of Cur and Ba, respectively, required to
achieve the same survival rate when combined (Lip-Cur/Ba).
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2.2.10. Cell Scratch Assays

A cell scratch assay was used to evaluate the lateral antimigration ability of Lip-
Cur/Ba for A549 cells. A549 cells were inoculated in six-well plates, and after all the cells
had grown all over the whole plate bottom, the old culture medium was discarded and a
serum-free culture medium was added to starve the cells for 24 h. A 20 μL lance tip was
used to draw a line along the ruler on the bottom of the six-well plate, three lines were
drawn in each well and then some PBS was added to clean the cells that had fallen out of
the wells. Lip-Cur, Lip-Ba and Lip-Cur/Ba solutions were prepared separately and diluted
to a concentration of 80 μg/mL using serum-free culture medium, and then added into
the six-well plate to co-culture with the cells [33]. At 0 h and 48 h of culture, three fields
of view were selected at the same position using an inverted microscope to photograph
the scratches, and the area of the scratches was counted using Image J to calculate the
migration rate. The migration rate was calculated according to the following formula:

Scratch healing rate(%) =
0 h scratch areas − 48 h scratch areas

0 h scratch areas
× 100%

2.2.11. Cellular Transwell Assays

A cellular Transwell assay was used to evaluate the longitudinal antimigration ability
of Lip-Cur/Ba for A549 cells. A549 cells grown to a logarithmic phase were starved with
serum-free culture medium for 24 h, digested with EDTA-free trypsin and then the cells
were resuspended to a concentration of 5 × 104 cells/mL using serum-free culture medium
by adding 100 μL of cell suspension to the upper chamber of the Transwell and 1 mL of
culture medium with a serum concentration of 20% to the lower chamber. At the same time,
Lip-Cur, Lip-Ba and Lip-Cur/Ba solutions were prepared and added to the upper chamber
so that the drug concentration in the upper chamber was finally 80 μg/mL, and then placed
in the incubator for 48 h. At the end of the incubation, the culture solution in the upper
and lower chambers of the Transwell were discarded, the upper chamber was washed with
PBS three times and the migrated cells on the upper surface of the upper chamber were
gently wiped away with a clean cotton swab. Then, an appropriate amount of methanol
was added into the upper and lower chambers of the Transwell, respectively, and the cells
were fixed for 20 min and washed with PBS three times after fixation. Finally, the Transwell
upper chamber was dipped in 0.1% crystal violet dye solution for 20 min and washed with
water to remove the excess dye [34]. After drying, the cell migration on the outer membrane
of the upper chamber of the Transwell was observed and photographed under an inverted
microscope to record the cell migration, and the number of cells migrated was counted by
Image J. The cell migration rate was calculated according to the following formula:

migration rate(%) =
Number of cells migrating in the Lip-Cur/Ba

Number of cells migrating in the Control
× 100%

2.2.12. Detection of the Intracellular Reactive Oxygen Species (ROS) Level

The effect of Lip-Cur/Ba on the accumulation of reactive oxygen species in A549
cells was detected using an ROS assay kit. A549 cells grown in a logarithmic phase were
inoculated in glass-bottomed culture dishes, and the number of cells was controlled at
5 × 105 cells/mL. Lip-Cur, Lip-Ba and Lip-Cur/Ba solutions were prepared separately and
diluted with cell culture medium to a drug concentration of 80 μg/mL, and incubated for
24 h. Then, the culture medium containing the drug was discarded and DCFH-DA was
diluted with a serum-free culture medium at a ratio of 1:1000. Then, the culture medium
containing the drug was discarded, DCFH-DA was diluted with the serum-free culture
medium at a ratio of 1:1000 and 1 mL of DCFH-DA solution was added to each dish and
incubated for 30 min [35], protected from the light. The solution was then discarded and
washed with serum-free culture medium three times to remove the residual probes. Then,
the probes were observed and photographed with a laser confocal microscope and recorded
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and the fluorescence intensity was measured using Image J. The fluorescence intensity of
the probes was measured with a laser confocal microscope.

2.2.13. In Vivo Antitumor Activity and Histological Analysis

Five-week-old male BALB/c mice were selected as animal models for the test and
were housed in an SPF environmental system with a temperature of 20–26 ◦C, a humidity of
40–70%, circulating ventilation and light. Mice were acclimatized for 7 days prior to testing.
A549 cells in a logarithmic growth phase were collected and digested using trypsin, the cell
suspension was adjusted to 5 × 107/mL and each mouse was injected subcutaneously with
0.1 mL of cell suspension. When the subcutaneous tumor grew to an obvious mass, the
length (L) and width (W) of the tumor were measured daily and the volume was calculated
(V = L × W2/2), and when the volume grew to 100 mm3 and the mouse’s weight was not
significantly reduced, the administration of the drug was started.

All mice were randomly divided into the following two groups (n = 3): one group
was injected with PBS solution and one group was injected with Lip-Cur/Ba (at a dose of
20 mg/kg). The administration method was intravenous and the frequency of administra-
tion was once every 2 days, for a total of seven times. The mice were terminated at the
end of drug administration and the tumors were stripped off and weighed. The tumors
were then soaked in formalin and sectioned by paraffin embedding. The sectioned tumor
tissues were used for hematoxylin and eosin staining (H&E), terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) and Ki67 staining, which were
used to observe the structural and physiological changes of the cells within the tumor
tissues, cell proliferation and apoptosis.

2.2.14. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) and Duncan’s multiple
range test. Statistical analysis was performed with the software package SPSS® 26.0 and
p < 0.05 was deemed statistically significant.

3. Results

3.1. Morphology and Size of Lip-Cur/Ba

As shown in Figure 1A,B, which shows the images of Lip-Cur/Ba under a transmission
electron microscope, it can be seen that Lip-Cur/Ba is mostly a regular round shape, and
the magnified observation reveals that there are multiple vesicle structures within the
Lip-Cur/Ba [36–38] and this structure can encapsulate more drugs to achieve a good
encapsulation efficiency and loading capacity [39]. The samples of Lip-Cur/Ba were yellow,
translucent and opalescent (Figure 1D). The average particle size measured by the particle
sizer was 268 nm (Figure 1C), the zeta potential was −15.23 (mv) and the PDI was 0.104.
Usually, the smaller the PDI is, the more homogeneous the molecular distribution in the
system [40], which also proves that the prepared Lip-Cur/Ba has a certain stability [41].

3.2. Encapsulation Efficiency and Loading Capacity of Lip-Cur/Ba

In order to verify whether the B-Lip could successfully load two drugs, the concen-
trations of Cur and Ba were detected using UV spectrophotometry. According to the
experimental results, the encapsulation efficiency of Cur in Lip-Cur/Ba was 97.23% and
that of Ba was 94.06%, and the loading capacity of the whole system was 6.87%. This indi-
cates that the B-Lip can be used as a drug-carrying system for Cur and Ba and can achieve
good encapsulation efficiency and loading capacity of the drug, which can be continued
for subsequent exploratory experiments. The encapsulation efficiency and loading capacity
of Lip-Cur and Lip-Ba were also detected. The encapsulation efficiency of Lip-Cur was
86.45% and the loading capacity of Lip-Cur was 3.22%. The encapsulation efficiency of
Lip-Ba was 68.52% and the loading capacity of Lip-Ba was 2.64%.
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Figure 1. (A,B) TEM image of Lip-Cur/Ba at different magnifications; (C) the size of Lip-Cur/Ba;
(D) appearance of Lip-Cur/Ba.

3.3. FT-IR Analysis

FT-IR spectroscopy is commonly used to analyze functional groups and structures
in unknown substances. As shown in Figure 2, for the FT-IR spectroscopy of B-Lip, the
absorption peaks at 2924 cm−1 and 2853 cm−1 are attributed to the stretching vibration
of C-H in the low-end hydroxyl group of YL, the absorption peaks at 1242 cm−1 and
1090 cm−1 are attributed to the stretching vibration of the head group of Chol, PO2− and
the absorption peak at 970 cm−1 is attributed to the stretching vibration of N+-CH3 [42]. For
the FT-IR spectroscopy of Cur, the absorption peak at 1628 cm−1 is attributed to the mixed
vibration of C=O and C=C, the absorption peak at 1509 cm−1 is attributed to the telescopic
vibration of C-O and C-C, the absorption peak at 1427 cm−1 is attributed to the bending
vibration of the olefinic structure C-H and the absorption peak at 1375 cm−1 is attributed to
the telescopic vibration of the C-O-C of the aromatic ring [43]. For the FT-IR spectroscopy
of Ba, the absorption peak at 3500 cm−1 is attributed to the stretching vibration of the
intermolecular hydroxyl group of baicalein, the absorption peaks at 1600–1700 cm−1 are
attributed to the C=C and benzene ring C-H stretching vibration, the absorption peak
at 1247 cm−1 is attributed to the stretching vibration of the benzene ring C=C and the
absorption peak at 1072 cm−1 is attributed to the stretching vibration of the C-O-C [44].
Compared with the profiles of the above three substances, the FT-IR spectroscopy of Lip-
Cur/Ba retained the characteristic peaks at 1375 cm−1 belonging to Cur and 1247 cm−1 to
Ba, which indicated that Cur and Ba were successfully encapsulated into liposomes.
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Figure 2. FT-IR spectra of B-Lip, Cur, Ba and Lip-Cur/Ba.

3.4. Thermogravimetric Analysis

As shown in Figure 3A,B, the thermal decomposition of B-Lip is concentrated between
220 ◦C and 420 ◦C, and the mass loss within this temperature is due to the loss of choline
groups within the EYL [45]. The thermal decomposition of Cur occurs mainly at 398 ◦C.
There are two loss platforms for Ba, and its thermal decomposition occurs mainly at 230 ◦C
and 348 ◦C. Lip-Cur/Ba occurs mainly at 351 ◦C due to the weight loss peaks that occur as
a result of the combined action of Cur and Ba, and the combined effect of EYL [46]. This
indicates that Cur and Ba were successfully encapsulated into liposomes.

Figure 3. (A) TGA curves of Cur, Ba, Lip-Cur/Ba and B-Lip. (B) DTG curves of Cur, Ba, Lip-Cur/Ba
and B-Lip. (C) DSC curves of B-Lip and Cur. (D) DSC curves of Lip-Cur/Ba and Ba.
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3.5. DSC Analysis

As shown in Figure 3C,D, the characteristic absorption peaks of B-Lip, Cur and Ba
were 196 ◦C, 184 ◦C and 101 ◦C, and those of LIP-Cur/Ba were 94.19 ◦C and 143.83 ◦C.
The characteristic peaks of Cur and Ba were not shown, which proved that the two drugs
existed in liposomes in an amorphous form [47]. The lower enthalpy of absorption of
6.11 J/g for Lip-Cur/Ba compared to that of 8.52 J/g for B-LIP indicated that the drug was
embedded in the hydrophobic inner layer of the phospholipid bilayer [48], which further
demonstrated the successful encapsulation of the drug in liposomes.

3.6. In Vitro Releasing Assay Analysis

As shown in Figure 4, the in vitro drug release profile of Lip-Cur/Ba shows the release
behavior of Cur and Ba over a fixed period of time. For Cur and Ba, the control group had
a fast release rate in the first 6 h phase, and the release had reached 78.52% and 81.94%
in the first 8 h phase. The subsequent release rate gradually slowed down in the 12–48 h
phase. Moreover, the drug was almost fully released in the first 48 h phase with a final
release degree of 95.23% and 98.22%. For Cur and Ba in Lip-Cur/Ba, the release was only
33.54% and 40.28% at the first 8 h phase, and the release rate continued to increase steadily
from 12 to 48 h. The final release was 68.76% and 67% at the first 48 h phase. This suggests
that Lip-Cur/Ba has a slow release effect on the drug, thus prolonging the drug’s holding
period, which is conducive to the utilization and efficacy of the drug in the treatment.

Figure 4. (A) Release behaviors of Lip-Cur and Cur (**: p < 0.01). (B) Release behaviors of Lip-Ba and
Ba (***: p < 0.001).

3.7. Cell Cytotoxicity of Lip-Cur/Ba

MTT can be reduced to formazan by succinate dehydrogenase in the mitochondria of
living cells and DMSO can dissolve this water-insoluble blue-violet crystal and measure its
absorbance at 490 nm with an enzyme marker. The number of living cells within a certain
range is directly proportional to the magnitude of absorbance, which is able to respond to
the proportion of living cells [49], thus inferring the cell-killing effect of Lip-Cur/Ba.

3.7.1. Time-Dependence of Lip-Cur/Ba Action on A549

In order to investigate the inhibitory effect of Lip-Cur/Ba on A549 cells at different
times and concentrations, different concentrations of Lip-Cur/Ba were co-cultured with
A549 cells for 6, 12, 24 and 48 h, and the cell survival rate was determined by the MTT
assay. As shown in Figure 5, the survival rate of the A549 cells showed concentration-time
dependence. At the same time (6 h, 24 h, 48 h), the higher the concentration of Lip-Cur/Ba,
the lower the survival rate of the A549 cells. At the same concentration, the cell viability
gradually decreased with the increase in time. In all groups, the cell viability was still high
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at 6 h of co-culture, which was above 70%, and the inhibitory effect on the A549 cells was
weak. When the co-culture time was delayed to 48 h, the survival rate of the Lip-Cur/Ba
cells at a concentration of 160 μg/mL was only 7.74%, and the inhibitory effect on the
A549 cells reached the maximum at this time, so that Lip-Cur/Ba was able to effectively
eliminate hepatocellular carcinoma cells and exert the maximum efficacy of the drug. This
result is consistent with the results of the previous in vitro release experiments, because
the drug encapsulated in liposomes has the property of slow release, which results in less
drug release in a short period of time, and the release of the drug has already reached
more than 60% after 48 h, and thus can achieve the best drug effect. Based on the above
results, 48 h of co-culture between the drug and the cells was chosen as the time point for
the subsequent experiments.

Figure 5. Time-dependence of Lip-Cur/Ba action on A549.

3.7.2. Cell Cytotoxicity of Lip-Cur/Ba on A549

To investigate whether Cur and Ba co-embedded in liposomes were more effective in
promoting apoptosis of A549, the cytotoxicity of B-Lip, Cur, Ba, Cur/Ba, Lip-Cur, Lip-Ba,
Lip-Cur/Ba against A549 was evaluated using the MTT method. The IC50 values of each
group and the combination index (CI) of the two drugs were also calculated. As shown in
Figure 6A, the blank liposome B-Lip without drug loading had little toxic effect on cells
at different concentrations, and the cell survival rates were all greater than 90%, which
proved that the liposome carriers were safe and nontoxic for subsequent experiments.
The cell survival rates of Cur and Ba dissolved with DMSO at the same concentration
were significantly greater (p < 0.001) than those of Lip-Cur and Lip-Ba. Similarly, the
cell survival rates of Cur/Ba dissolved and physically mixed with DMSO at the same
concentration were greater than those of Lip-Cur/Ba, which suggests that the prepared
B-Lip is effective for the encapsulation of drugs. In order to further determine whether Cur
and Ba have a synergistic effect, this experiment also compared the cytotoxicity magnitude
of dual-loaded and single-loaded liposomes, and it can be seen from Figure 6A that the cell
survival rate of Lip-Cur/Ba was only 4.3%, which was significantly smaller (p < 0.001) than
that of the Lip-Cur and Lip-Ba groups. In order to compare the effects of each group of
drugs on cell survival more intuitively, the IC50 values of each group of experiments were
calculated (Figure 6B), and it can be seen that the IC50 of free Cur, Ba and mixtures were
greater than that of the liposome-loaded group, and that the IC50 value of Lip-Cur/Ba
was 16.5 (μg/mL) and was significantly smaller than that of (p < 0.001) Lip-Cur and Lip-Ba
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IC50 values. According to the formula proposed by Chou and Talaay [50], the CI of the
association index of Cur and Ba was calculated to be 0.5, when CI > 1 is antagonistic, CI = 1
is additive and CI < 1 is synergistic, and at this time, CI < 1 proves the synergistic effect
of Cur and Ba. These results showed that the co-encapsulation of curcumin and baicalin
into liposomes (Lip-Cur/Ba) were more effective in killing A549 than an individual agent
(Lip-Cur and Lip-Ba), and verified the synergistic effect of the Cur/Ba combination.

Figure 6. (A) Cell cytotoxicity of B-Lip, Cur, Ba, Cur/Ba, Lip-Cur, Lip-Ba and Lip-Cur/Ba. (B) IC50
of Cur, Ba, Cur/Ba, Lip-Cur, Lip-Ba and Lip-Cur/Ba (**: p < 0.01, ***: p < 0.001).

3.8. Antimigration Capacity of Lip-Cur/Ba

Tumor cells can proliferate indefinitely in the body and have the ability to migrate,
which leads to the proliferation and metastasis of cancer foci and is one of the most
important reasons for the aggravation of cancer [51]. Therefore, analyzing the characteristics
of cell migration has great significance to cancer research. Evaluation of antimigratory
ability is also an important point in the evaluation of drug efficacy. We used the cell
scratch assay and Transwell assay to evaluate the antilateral migration and antilongitudinal
migration abilities of Lip-Cur/Ba.

3.8.1. Results of Cell Scratching Experiments

In this experiment, a scratch was artificially created on the monolayer cells, and the
cells at the edge of the scratch had a tendency to migrate to the blank area, thus simulating
the environment of cell migration, and the area of the scratch was photographed and
recorded at regular intervals so as to calculate the Lip-Cur/Ba anticell migration rate. As
shown in Figure 7A, in the control group, the cells were not treated with any drugs, and
after 48 h of incubation, the area of the cell scratches decreased and the borders appeared
irregularly extending inward with new cells, which had an obvious tendency to migrate.
The scratched area of cells treated with Lip-Cur, Lip-Ba and Lip-Cur/Ba in the experimental
group was larger than that of the control group. And by quantifying the scratch area and
cell migration rate, it can be found that the cell migration rate of Lip-Cur/Ba was only
4.43%, which was significantly smaller (p < 0.001) than that of the Lip-Cur and Lip-Ba
groups. In addition, the healing rate of Lip-Cur/Ba was reduced by 91.3%, 82.6% and
89.5% compared with the control group, Lip-Cur group and Lip-Ba group (Figure 7B). This
indicates that Lip-Cur/Ba can effectively inhibit the lateral migration of A549 and is more
effective than single-carrier liposomes.
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Figure 7. (A) Micrograph of the scratch experiments on A549 cells of Lip-Cur, Lip-Ba and Lip-Cur/Ba.
(B) Scratch healing rate of Lip-Cur, Lip-Ba and Lip-Cur/Ba (***: p < 0.001).

3.8.2. Results of the Cell Transwell Assay

The Transwell chamber is divided into an upper chamber and a lower chamber with a
polycarbonate membrane with small holes at the bottom of the upper chamber. Different
culture solutions were added to the upper and lower chambers so that the effect of the
components in the culture solution on cell movement and migration could be investigated.
As shown in Figure 8A, the experimental group migrated significantly fewer cells into
the lower chamber than the control group. The number of migrated cells was quantified
using ImageJ. It can be found that the longitudinal migration rate of Lip-Cur/Ba was only
18.04%, which was significantly less (p < 0.001) than that of the Lip-Cur and Lip-Ba groups.
Moreover, the migration rate of Lip-Cur/Ba was reduced by 82.06%, 79.53% and 76.62%
compared with that of the control group, Lip-Cur group and Lip-Ba group (Figure 8B).
This indicates that Lip-Cur/Ba can effectively inhibit the longitudinal migration of A549
and is more effective than single-carrier liposomes. Based on the above results, we can
preliminarily deduce that Lip-Cur/Ba has a certain inhibitory effect on the migratory
movement of A549 cells, and Lip-Cur/Ba has the best antimigration ability.

Figure 8. (A) Micrograph of the Transwell assay of Lip-Cur, Lip-Ba and Lip-Cur/Ba. (B) Relative
migration rate of Lip-Cur, Lip-Ba and Lip-Cur/B (***: p < 0.001).

3.9. Results of ROS Level Detection

Elevation of intracellular ROS can affect the viability status of cells and even lead to
damage or apoptosis [52]. The DCFH-DA in the ROS assay kit used is nonfluorescent and
can cross the cell membrane into the cell and be hydrolyzed by esterase to DCFH, whereas
intracellular ROS can oxidize nonfluorescent DCFH to fluorescent DCF, and the stronger
the fluorescent signal, the higher the intracellular ROS level. As shown in Figure 9A, in
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the control group without any drug treatment, the green fluorescence signal was almost
invisible, which indicated that the cells in the control group were in a good state, the ROS
level was very low and there was no apoptotic tendency. However, after the treatment of
the liposome administration group, the green fluorescence signal could be observed to be
enhanced, and the green fluorescence signal was the strongest in the Lip-Cur/Ba group.
Therefore, we speculated that the liposome administration group might cause apoptosis by
affecting the elevated intracellular ROS level, and the effect of the Lip-Cur/Ba group was
significantly stronger (p < 0.001) than that of the Lip-Cur and Lip-Ba groups (Figure 9B).

Figure 9. (A) Intracellular ROS levels photographed by an inverted-type laser scanning confocal
microscope. (B) Quantitative analysis of intracellular ROS levels (***: p < 0.001).

3.10. In Vivo Antitumor Activity

The antitumor activity of Lip-Cur/Ba was assessed by subcutaneous injection of A549
cells in BALB/c mice to form tumors to mimic the in vivo experimental setting. The results
of in vitro experiments have demonstrated that Lip-Cur/Ba is significantly more potent
than Lip-Cur and Lip-Ba in killing A549 cells, so the in vivo experiments mainly explored
the antitumor activity of Lip-Cur/Ba. As shown in Figure 10A, which shows the change in
tumor volume of each mouse, the tumors of control mice injected with PBS increased in
volume over time, from only 169 mm3 on the first day at the start of the injections until the
tumors had grown to 1905 mm3 on the 14th day at the end of the treatment, which is a more
than 10-fold increase in volume. The tumor volume of Lip-Cur/Ba mice was 148 mm3 on
the first day of the injections, and the subsequent growth rate was significantly inhibited,
with a tumor volume of 745 mm3 at the end of 14 days, which was significantly smaller
than that of the control group. After 14 days of treatment, the mice were terminated and the
tumor tissues were stripped and weighed. The average mass of the tumors in the control
group was 1629 g and that of the injected group was 485 g (Figure 10B), which proved that
Lip-Cur/Ba had a certain inhibitory effect on the tumors. Moreover, the weight of the mice
increased within 14 days of treatment, and there was no weight loss and other side effects,
which proves the safety of Lip-Cur/Ba.

To further confirm the therapeutic effect of Lip-Cur/Ba, tumor tissue was sectioned
and examined. Hematoxylin and eosin (H&E) staining can reflect the structural and
physiological changes of the cells in the tumor tissues, as shown in Figure 11A. In the
sections of the control group, it can be seen that the tumor cells are arranged neatly and
closely, the nuclei of the cells are in blue color and the majority of the cells are structurally
intact, with regular shapes and no rupture phenomenon, from which it can be inferred that
the tumor cells in the control group have a good growth status. In the sections injected
with Lip-Cur/Ba, it can be seen that the tumor cells in the field of view are arranged in
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a crowded and disordered way, with inconsistent morphology and size, and there are
obvious vacuoles in the cells and the nuclei of some cells are ruptured with no cytoplasm
visible. This proved that under the action of Lip-Cur/Ba, the proliferation of tumor cells
was obviously inhibited, and there was some necrosis.

Figure 10. (A) Tumor volumes (mm3) and (B) body weights (g) of the A549 tumor-bearing mice in
the different treatment groups (**: p < 0.01).

Figure 11. (A) Hematoxylin and eosin (H&E), Ki67 staining and terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) of Lip-Cur/Ba tumor tissues on day 14.
(B) Percentage of Ki67-positive and TUNEL-positive cells in tumor sections (***: p < 0.001).

The expression of Ki67 marks the level of tumor cell proliferation, as shown in
Figure 11A. The expression of green signals was stronger in the control group and weaker
and less in Lip-Cur/Ba, which proved that the proliferation of tumor cells was inhibited
after the injection of Lip-Cur/Ba in mice. This was further confirmed in the TUNEL as-
say, where there was little green signal in the control group, indicating less apoptosis,
whereas a large area of green fluorescence expression could be observed in Lip-Cur/Ba,
proving that apoptosis was greatly increased. By analyzing the percentage of positive cells
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(Figure 11B), it can be seen that the percentage of Ki67-positive cells in Lip-Cur/Ba (28.54%)
was significantly smaller than that in the control group (59.68%), and the percentage of
TUNEL-positive cells in Lip-Cur/Ba (66.21%) was about twice as high as that in the control
group (33.09%). These above results consistently demonstrated the inhibitory effect of
Lip-Cur/Ba on tumor cells in vivo.

4. Discussion

Natural medical components show great potential in cancer treatment, whereas their
poor solubility and low bioavailability limit their clinical application. In particular, some
insoluble drugs such as curcumin and baicalin are difficult to absorb after direct oral
administration or injection, and quickly degrade due to their instability [12,53]. Curcumin
and baicalin have been found to suppress cancer progression and metastasis by blocking
metalloprotease [54,55], and Cur/Bai-based combination therapy showed better anticancer
effects than individual Cur application [20,21]. Hence, in the present study, the double-
loaded nanoliposomes (Lip-Cur/Ba) have been developed for co-delivering curcumin and
baicalin, aiming to overcome the application shortcomings. After preparation, optimization
and characterization, the encapsulation efficiency of Cur in nanoliposomes was 97.23% and
that of Ba was 94.06%, and the loading capacity of the whole system was 6.87%. In addition,
Lip-Cur/Ba exhibited good physicochemical stabilities and sustained release property, as
well as improved A549 cell inhibitory and antitumor activities. Moreover, in vitro and
in vivo experiments verified the synergistic effect of the combination of curcumin and
baicalin. In the following study, more in-depth research should be continued to explore
the mechanism of the synergistic effect. Further chemical modification on the surface
of liposome, such as functional groups and targeting substances, could be improved to
achieve targeted delivery and to strengthen therapeutic effects. Additionally, the mass
production method should be optimized for the wider application in clinical research.

5. Conclusions

In this study, we prepared a new drug-carrying system with a certain stability and
slow-release function, Lip-Cur/Ba, which can effectively solve the drawbacks of curcumin
and baicalin’s poor solubility and low bioavailability. The mean size, PDI and zeta po-
tential of Lip-Cur/Ba were 268 nm, 0.104 and −15.23 mV. Meanwhile, the cytotoxicity
test showed that Lip-Cur/Ba had good biosafety at the recommended dose. In addition,
in vitro experiments showed that the co-encapsulated liposome of the two drugs has higher
cytotoxicity and inhibition of cell migration against A549 cells, compared with the free-
drug and single-drug carrier. Furthermore, in vivo experiments demonstrate the good
antitumor activity of Lip-Cur/Ba in mice, which confirmed the strong inhibitory effect of
Lip-Cur/Ba on non-small cell carcinoma. Moreover, these results verified the synergistic
effect of the combination of curcumin and baicalin. In conclusion, Lip-Cur/Ba showed
good therapeutic effects and potential research value on NSCLC, and this co-encapsulated
liposome system should be applied in extended exploring.
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Abstract: Since their discovery, cancer stem cells have become a hot topic in cancer therapy research.
These cells possess stem cell-like self-renewal and differentiation capacities and are important factors
that dominate cancer metastasis, therapy-resistance and recurrence. Worse, their inherent character-
istics make them difficult to eliminate. Colorectal cancer is the third-most common cancer and the
second leading cause of cancer death worldwide. Targeting colorectal cancer stem cells (CR-CSCs)
can inhibit colorectal cancer metastasis, enhance therapeutic efficacy and reduce recurrence. Here,
we introduced the origin, biomarker proteins, identification, cultivation and research techniques of
CR-CSCs, and we summarized the signaling pathways that regulate the stemness of CR-CSCs, such
as Wnt, JAK/STAT3, Notch and Hh signaling pathway. In addition to these, we also reviewed recent
anti-CR-CSC drugs targeting signaling pathways, biomarkers and other regulators. These will help
researchers gain insight into the current agents targeting to CR-CSCs, explore new cancer drugs and
propose potential therapies.

Keywords: colorectal cancer stem cells; Lgr5; Wnt signaling pathway; single-cell omics technology

1. Introduction

In 1994, John and Bonnet isolated and identified cancer cells with stemness from
leukemia cells and proposed the concept of “leukemia stem cells (LSCs)” [1]. This was the
first confirmation of the existence of stem cells in cancer, a major breakthrough in the field
of cancer stem cell (CSC) research. In 2003, Dontu and colleagues isolated CSCs from breast
cancer cells [2], providing the first proof of the existence of CSCs in solid tumors. In the
following years, CSCs were found in brain tumors, prostate cancer, lung cancer, colorectal
cancer and other tumors [3–6]. Nowadays, the theory of CSCs has gained consensus and has
attracted much attention in cancer treatment research. CSCs are a small population of cancer
cells with stemness like stem cells. They can achieve self-renewal through symmetrical
division and asymmetric division to produce daughter cells with stemness or normal cancer
cells [7]. Moreover, CSCs are capable of forming cancer cells with different degrees of
differentiation and reassembling the complete cancer cell repertoire of the original cancer.
In addition, normal cancer cells without CSC properties can dedifferentiate back into
CSCs through a bidirectional interconversion process [8,9]. Normal cancer cells without
CSC properties can dedifferentiate back into CSCs through a bidirectional interconversion
process [10]. This is a major reason for cancer cell heterogeneity [11]. Cancer cells with or
without CSC characteristics must be eradicated to achieve good therapeutic effects. During
cancer development, CSCs are important factors that lead to metastasis, therapy-resistance
and recurrence [12–14]. CSCs are often accompanied by an epithelial to mesenchymal
transition phenotype, and they interact with stromal cells, endothelial cells and others
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to promote angiogenesis, promote stem-like cancer cell differentiation and accelerate
metastasis [15]. The cell cycle of CSCs arrests in the G0 phase, so they are resistant to cycle
specific chemotherapy drugs [16]. Due to their DNA synthesis asynchrony and enhanced
DNA repair, CSCs are resistant to DNA damaging drugs [16]. Moreover, CSCs highly
express drug transporters and anti-apoptotic proteins such as Bcl-2, which endows them
with the ability to pump chemotherapy drugs out of the cell and resist programmed cell
death [16]. Recent research has suggested that resting cancer stem cells can evade immune
surveillance and lay the seeds for cancer recurrence [17,18]. This makes CSCs more difficult
to eliminate than other cancer cells.

Colorectal cancer (CRC) is the third most common malignant tumor type. In recent
years, with the popularization of early screening for colorectal cancer and the advancement
of treatment methods, the mortality rate associated with colorectal cancer has decreased [19].
However, metastasis and recurrence are still the leading causes of death in most end-stage
CRC patients. Reducing metastasis and recurrence remains an urgent problem in CRC
therapy. Colorectal cancer stem cells (CR-CSCs) may be the initial cells of colon cancer [20],
promoting colon cancer metastasis [21,22] and also one of the main culprits of therapy-
resistance and recurrence [23] (Figure 1). Eliminating CR-CSCs can promote therapeutic
effects against colon cancer [24–26]. Here, we reviewed the origin and identification of
colorectal stem cells, and we summarized the potential therapeutic targets of CR-CSCs
and the current research status of agents targeting CR-CSCs. This will help researchers to
gain insight into the current agents targeting CR-CSCs, explore new drugs and propose
potential therapies.

Figure 1. Illustration of metastasis, therapy resistance and recurrence promoted by CR-CSCs.

CR-CSCs not only divide into CR-CSCs, but can also produce ordinary cancer cells
through proliferation or differentiation. Due to their quiescent state, high differentiation
activity, secreting cytokines to make normal cells malignant and other properties, CR-CSCs
can promote metastasis, therapeutic resistance and recurrence.
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2. Colorectal Cancer Stem Cells

2.1. Origin of CR-CSCs

Researchers generally consider CSCs to have two main origins, derivation from nor-
mal cells that acquire mesenchymal properties [27] or transformation from normal adult
stem cells [28]. The same holds true for the origin of CR-CSCs. In intestine, leucine-rich
repeat-containing G-protein coupled receptor 5 (Lgr5) is expressed selectively in the crypt-
base columnar cells [29] and was the first proven biomarker of CR-CSCs. In mouse models,
genetic inactivation of the key colorectal cancer (CRC) driver gene Adenomatous Polyposis
Coli (Apc) in Lgr5+ cells precipitated rapid tumor induction [30]. By downregulating
β-Catenin and YAP signaling pathways, Protein kinase C ζ (PKC ζ) can inhibit intesti-
nal stem cell function. PKC ζ deficiency can lead to an increase in stem cell activity in
organoid cultures. Furthermore, tumorigenic activity increased in Lgr5+PKC ζ deficient
mice [31]. This evidence suggests that CR-CSCs seem to originate from intestinal stem
cells. However, selective and effective killing of Lgr5+ cells had no impact on primary
tumor growth [24], and cells that disseminate and colonize distant organs were frequently
Lgr5− [32]. Recent research using single cell sequencing technology has shown that the
rDNA transcription and protein synthesis of Lgr5+ and Lgr5− cancer cell subsets were
increased, which showed the characteristics of functional stem cells [33] and that lineage
conversion between cell types can be driven by a combination of key CRC driver genes and
microenvironmental extracellular signaling [34].Vazquez and colleagues also confirmed
that the intestine contains two types of stem cells, Lgr5+ crypt-base columnar stem cells
(CBCs) and Lgr5 regenerative stem cells (RSCs) using single cell sequencing technology.
The two stem cell populations can coexist during tumorigenesis, exhibit dynamic plasticity,
and complement each other to achieve homeostasis. The relative abundance of CBC-RSC
is related to epithelial mutation and microenvironment signal destruction [35]. With the
advancement of research technology, it is certain to uncover the origin of CR-CSCs.

2.2. Identification of CR-CSCs

The sorting of cancer stem cells mainly relies on flow cytometry and magnetic acti-
vation sorting. The most commonly used basis is for sorting cancer stem cell biomarker
proteins. Previous studies have found that CSCs have specific biomarkers, including
CD133, ALDH1, CD44 and EpCAM [36]. CSC biomarkers vary with the tumor type. There
are also some biomarkers for CR-CSCs. The marker proteins located on the cell membrane
include Lgr5 [37], CD133 [38,39], CD44 [40], CD26 [41], CD24 [42], CD29 [43], CD166 [44]
and EpCAM [45]. Aldehyde dehydrogenase1 (ALDH1) is an intracellular enzyme that
oxidizes aldehydes and mediates the control of differentiation pathways. It is currently
widely used as a marker for identifying and isolating various types of normal stem cells
and CSCs [44,46]. Oct4 [47], Sox2 [48] and Nanog [49] are transcription factors used as
biomarker located in the nucleus (Figure 2). The biological functions of most biomarkers
are related to cell stemness.

Biomarker proteins and regulators in the pathway are the most prominent targets in
CR-CSC therapy.

By combining fluorescent labeled antibodies with cancer stem cell biomarkers, flow
cytometry can be used to select CSCs expressing the related biomarkers from cancer cells.
The side population (SP) cells with strong drug resistance are also considered to have the
stemness of tumor stem cells. The characteristic of these cells is that they can expel the
fluorescent dye hoechst33342 out of the cell, and it is shown as a non-fluorescent cell when
detected via flow cytometry. CSCs with strong drug resistance in SP cells can be obtained
by flow sorting [50]. Magnetic activated cell sorting utilizes antibodies attached to magnetic
beads to bind to CSC biomarkers, adsorbing the corresponding cancer stem cells onto a
separation column, while unbound cells pass through the separation column. Cancer stem
cells with positive surface labeling can be obtained by mean of elution from the separation
column [51,52] Single-cell omics technology is a powerful tool for exploring CSCs [53,54].
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Single-cell omics technology can characterize and type CSCs in tumors, and establishing a
stemness model has prospective clinical implications for prognostic evaluation [35,55].

Figure 2. Biomarker proteins and regulators in pathways in CR-CSCs.

2.3. Cultivation of CR-CSCs

It is worth emphasizing that although the research results on cancer stem cells have
broad prospects for practical clinical applications, they are still in the initial stage. In order
to successfully unleash the enormous potential of cancer stem cell research achievements,
there are still many urgent issues to address. To understand the physiological activity of
CSCs, the first step is to obtain them. For solid tumors, the most commonly used method
to enrich cancer stem cells is non-adhesive culture with serum-free culture [56,57]. CSCs
with self-renewal capacity are able to survive under non-adherent conditions and maintain
clonogenic activity, whereas non-CSCs undergo anoikis by loss of anchorage.

Three-dimensional (3D) culture has emerged as a cell culture method in vitro in recent
years. By using hydrogel to mimic the extracellular matrix and applying different culture
conditions, 3D culture can mimic in vivo microenvironment [58]. Different gel materials
have different porosity, permeability, surface chemical and mechanical properties, which
will have different effects on cell growth and differentiation [59]. Three-dimensional culture
can be used to enrich stem cells or study cell differentiation [60]. Organoid is an advanced
version of 3D culture, which is a 3D micro cell cluster formed by directional differentiation
of stem cells [61]. Organoids have the abilities to self-renew and self-organize, and can
highly mimic the structure and function of organs in vivo. They have been widely used in
the study of organ diseases, drug toxicity and cancer therapy [62,63].

3. Agents Targeting CR-CSCs

3.1. Targeting CR-CSC Biomarkers

Biomarker proteins are targets for the rapid screening of CRCs. In order to enhance
the specificity of therapeutic strategies, researchers often choose ligands or antibodies
against CSC surface makers (Table 1). MCLA-158 is an EGFR and Lgr5 targeting bispecific
antibody with strong growth inhibitory effects on CRC organoids. Simultaneously, it
exhibits strong anti-tumor activity in xenograft models derived from patients with high
expression of Lgr5 and EGFR [64]. In mouse orthotopic xenograft models derived from
CRC patients, MCLA-158 treatment not only reduced the size of the primary tumor but
also effectively suppressed metastasis, including that of KRAS mutant tumors resistant to
Cetuximab. Currently, researchers are conducting clinical trials of MCLA-158 in various
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solid tumors (NCT03526835) [64]. Catumaxomab was the first T cell binding bispecific
antibody approved by the European Medicines Agency (EMA) in 2009 for the treatment of
malignant ascites [65]. Catumaxomab is a trifunctional bispecific antibody that binds to
EpCAM on cancer cells and CD3 on T cells. It also binds to FcγR to recruit immune helper
cells [65]. Catumaxomab can effectively eliminate CD133+/EpCAM+CSCs in malignant
ascites in patients with advanced ovarian cancer, gastric cancer and pancreatic cancer, which
indicates that it has potential therapeutic applications in eradicating CSCs of epithelial
cancers [66,67]. Similar to catumaxomab, solidomab is also a bispecific antibody targeting
EpCAM and CD3. Solidomab treatment was found to effectively eradicated EpCAM+CSCs,
originating from colon or pancreatic cancer patients that were inoculated into NOD/SCID
mice [68,69].

Table 1. Agents targeting to CR-CSC biomarkers and Wnt pathway.

Agents Targets of CR-CSCs Efficacy References

MCLA-158 EFGR and Lgr5 Effective in preclinical
models [64]

Catumaxomab EpCAM

Approved in the
European Union for the
treatment of malignant

ascites

[65–67]

Solidomab EpCAM Effective in vitro [68,69]

CD133-directed CAR
T cells CD133 Effective in a phase I trial [70]

Cetuximab EFGR Effective in
combination therapies [71–73]

CD133-targeted
oncolyticvirus CD133 Effective in mice [74]

NCB0846 Wnt pathway Effective in mice [75]

Epigallocatechin gallate Wnt pathway Effective in mice [76,77]

XAV939 Wnt pathway Effective in vitro [78]

Phenethyl isothiocyanate
and sulforaphane Wnt pathway Not proven

effective in trials [79–81]

Salinomycin Wnt pathway Effective in mice [82]

JIB04 Wnt pathway Effective in mice [83]

CBB1003 Wnt pathway Effective in vitro [84]

YW2065 Wnt pathway Effective in mice [85]

LF3 Wnt pathway Effective in mice [86]

Dickkopf-2 Wnt pathway Effective in vitro [87]

ICG-001 Wnt pathway Effective in vitro [88]

4-Acetyl-antroquinonol B Wnt pathway and
JAK-STAT pathway Effective in mice [89,90]

Diallyl trisulfide Wnt pathway Effective in vitro [91]

36-077 Wnt pathway Effective in vitro [92]

Evodiamine Wnt and Notch
pathway Effective in vitro [93]

Farnesyl dimethyl
chromanol Wnt pathway Effective in mice [94]

FH535 Wnt pathway Effective in vitro [95]
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In addition to antibodies, there are oncolytic virotherapies and CSC vaccines for
targeted biomarker therapies. Oncolytic viruses are a class of viruses with tumor-killing
functions. Oncolytic virotherapy is an emerging new tumor treatment that utilizes oncolytic
viruses to selectively destroy tumor cells while leaving normal cells intact. Using the
properties of oncolytic viruses combined with receptors on tumor cells, researchers have
screened or engineered oncolytic viruses that target cancer stem cells [96]. Due to the
characteristics of virus vectors, oncolytic virotherapy can trigger immunogenic cell death,
release tumor-related antigens and elicit anti-tumor immune response, which can exert
stronger anti-cancer effect [96]. Oncolytic viruses with a CD133-targeting motif effectively
infected and killed CD133+CR-CSCs, and inhibited the growth of CRC xenotransplantation
models [74]. Oncolytic virotherapy is one potential therapy strategy, but it still needs
further research. CSCs vaccines are also a type of immunotherapy under research. For
example, B16F10 CD133+/CD44+CSCs vaccine can effectively inhibit melanoma growth
in mice and reduce the CSC population within tumors [97]. Although no cancer stem
cell vaccine has entered clinical trials at this time, the demonstrated efficacy of a vaccine
targeting metastatic CRC is reassuring and raises hope [98].

3.2. Targeting Signaling Pathway

Multiple signaling pathways are involved in the self-renewal, proliferation, apoptosis
and angiogenesis processes of CR-CSCs. Currently, it is believed that specifically targeting
cell signaling pathways to inhibit the effects of CR-CSCs is a major development direction
for CRC therapy.

3.2.1. Wnt Signaling Pathway

The Wnt pathway plays a critical role in controlling epithelial stem cell self-renewal,
and its dysregulation causes colorectal carcinogenesis [99,100]. The canonical Wnt pathway
downstream signaling is regulated by the level of β-catenin (Figure 2). TRAF2- and
NCK-interacting kinase (TNIK) is an essential activator of Wnt target genes [99]. The
inhibitory activity of TNIK inhibitors such as NCB0846 on CR-CSCs has been confirmed [75].
Epigallocatechin gallate (EGCG) is a kind of the catechins found in green tea. It has been
proven to effectively inhibit stem cells from various cancers [101,102]. EGCG can inhibit
the stemness of CRC cells by downregulating the expression of biomarkers such as CD133,
CD44, NANOG, OCT4, ALDH1 and Wnt/β-catenin signaling pathway [76,77]. The small
molecule inhibitor XAV939 was shown to significantly downregulate CSC biomarkers in
colon cancer cells and increased apoptosis induced by chemotherapy drugs [78]. Phenethyl
isothiocyanate (PEITC) and sulforaphane are natural products extracted from cruciferae
plants with anti-cancer activities [79,103]. PEITC suppressed the characteristics of CR-
CSCs by reducing the activity of the Wnt/β-catenin pathway, leading to a decline in
the proportion of CD133+ cells [79,80]. Salinomycin, an anti-bacterial polyether isolated
from Streptomyces albus, was found to selectively eliminate CD133+ cells in CRC [104].
Salinomycin induced apoptosis of human CR-CSCs by activating caspase, increasing DNA
damage and disrupting of the Wnt/β-catenin/TCF complex. Tumor growth and expression
of CSC-related Wnt genes, including Lgr5 were decreased [82,105]. In addition to these,
there are many drugs that reduce CSC stemness by targeting the Wnt signaling pathway,
such as pan-inhibitor of histone demethylases JIB04 [83] and lysine-specific demethylase 1
inhibitor CBB1003 [84] (Table 1).

3.2.2. Hedgehog Signaling Pathway

The Hedgehog (Hh) signaling pathway plays an essential role in the growth and
differentiation of gastrointestinal tissue [106]. The canonical Hh signal involves Hh ligands
(sonic Hh, Indian Hh or desert Hh) binding to the patched (PTCH) receptor, releasing
smoothened (SMO) and causing the receptor to activate. In this process, GLI protein will
be activated and become transcriptional activators of the downstream targets of the Hh
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signaling pathway. The Hh-GLI pathway is involved in maintaining the self-renewal ability
of CR-CSCs [107,108] (Figure 2).

Vismodegib (also named Ericdge, GDC-0449) is a Hedgehog signaling pathway in-
hibitor used in clinical practice and approved by the US Food and Drug Administration
for the treatment of basal cell carcinoma. Vismodegib targets a subpopulation of CSCs in
basal cell carcinoma [109]. Studies have shown that vismodegib can inhibit the stemness
of CR-CSC and the expression of biomarkers CD44 and ALDH1 [110]. Cyclopamine is a
natural alkaloid that can inhibit the Hh-GLI signaling pathway by inhibiting SMO. After
cyclopamine treatment, the mRNA levels of CSC biomarkers and genes related to Hh
signaling, including PTCH1, SMO and GLI1 were found to decreased in stem cells derived
from HCT116 [111]. Given the regulation of CR-CSCs by Hh signaling pathway, more new
inhibitors are being developed (Table 2).

Table 2. Agents targeting to signaling pathway.

Agents Targets of CR-CSCs Efficacy Reference

Vismodegib SMO of Hedgehog pathway
Approved by FDA for the

treatment of basal cell
carcinoma

[110,112]

Cyclopamine SMO of Hedgehog pathway Effective in vitro [111]

RO4929097 γ-secretase of Notch
pathway

Not proven effective in a
phase II trial [113]

Anti-DLL4 DLL4 of Notch pathway Effective in a phase I trial [114]

Honokiol γ-secretase of Notch
pathway Effective in mice [115]

Quercetin γ-secretase of Notch
pathway Effective in mice [116]

α-Mangostine Notch pathway Effective in vitro [117]

BEZ235 PI3K/Akt/mTOR pathway Not proven effective in a
phase Ib trial [118,119]

LY294002 PI3K/Akt/mTOR pathway Effective in vitro [120]

Piplartine PI3K/Akt/mTOR pathway Not proven effective
in trials [121,122]

Rapamycin mTOR of PI3K/Akt/mTOR
pathway

Not proven effective
in trials [123,124]

Metformin mTOR of PI3K/Akt/mTOR
pathway

Effective in
combination therapies [125]

Atractylenolide I PI3K/Akt/mTOR pathway Effective in mice [126]

Torin-1 PI3K/Akt/mTOR pathway Effective in vitro [127]

Buparlisib Akt of PI3K/Akt/mTOR
pathway

Effective in a phase
Ib trial [128,129]

MK-2206 Akt of PI3K/Akt/mTOR
pathway

Not proven effective in a
phase II trial [130,131]

Curcumin and
GO-Y030

STAT3 of JAK/STAT3
signaling pathway Effective in mice [132]

Napabucasin STAT3 of JAK/STAT3
signaling pathway

Not proven effective in a
phase III trial [133]

3.2.3. Notch Signaling Pathway

Notch signaling is involved in the regulation of cell differentiation, proliferation
and tumorigenesis [134]. The pathway consists of four receptors (Notch1-4) and five
ligands (Jagged-1, Jagged-2, Delta-1, Delta-3, Delta-4) and DNA-binding proteins. The
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interaction between receptors and ligands initiates protein cleavage cascade reactions,
leading to the activation of Notch target genes [135]. Gamma secretase inhibitors (GSIs)
can inhibit Notch signaling by preventing the proteolytic cleavage of Notch receptors [136]
(Figure 2). However, RO4929097, one of the GSIs, failed to achieve excellent results in
clinical trials [113]. More GSIs are under investigation. DLL4 is an activator protein of
the non-canonical Notch signaling pathway.DLL4 antibody was confirmed to be effective
against both KRAS wild-type and mutant CRC cells, effectively eradicating CR-CSCs and
enhancing the antitumor effect of irinotecan [114,137]. In addition, Honokiol, Quercetin
and others have also been shown to have the ability to inhibit CR-CSC stemness [115,116]
(Table 2).

3.2.4. PI3K/Akt/mTOR Signaling Pathway

The PI3K/Akt/mTOR signaling pathway plays a crucial role in cell metabolism
and proliferation, and it is closely related to the CR-CSC phenotype [138]. Studies have
demonstrated that components of the PI3K/Akt signaling pathway are overexpressed
in CRC in vitro and in vivo [130,139]. PI3K and MEK inhibitors used in combination
can induce CR-CSC death and the regression of tumor xenografts [140]. BEZ235, a dual
pathway inhibitor of mTOR and PI3K, could inhibit the proliferation of CR-CSCs and
the expression of its biomarkers CD133 and Lgr5, thus suppressing the stemness of CR-
CSCs [118]. LY294002 is a PI3K inhibitor based on the flavonoid quercetin. LY294002
blocked Akt phosphorylation through the PI3K/Akt signaling pathway and inhibited liver
CSC proliferation and tumorigenicity in vitro and in vivo [120]. LY294002 treatment led
to a decrease in proliferation, spheroid formation and self-renewal properties, as well as
a decrease in Akt phosphorylation and cyclin D1 expression in CR-CSCs in vitro [120].
Piplartine is an alkaloid amide isolated from peppers. It was reported to inhibit stemness
properties in leukemia and oral cancer [121,140]. In combination with auranofin, piplartine
reduced the expression levels of surface biomarker CD44v9, eliminated CR-CSCs and
inhibited CRC growth [121]. Rapamycin is an mTOR inhibitor and is used clinically as an
immunosuppressive drug. In CRC cell lines, it has the potential to decrease the spheroid-
forming ability and ALDH1 activity [123]. In cotreatment with 5-FU and oxaliplatin,
rapamycin reduced the CR-CSCs subpopulation. Metformin is also reported to reduce
the CSC population in different types of cancers [141]. Metformin not only reduced the
proliferation of CSC population in mouse xenografts [125], but also effectively reduced
CSC population in colorectal and other gastrointestinal cancers in a pilot clinical trial [142].
There are also many drugs that target the PI3K/Akt/mTOR signaling pathway to inhibit
CR-CSCs, such as Atractylenolide I and Torin-1 [126,127].

3.2.5. JAK/STAT3 Signaling Pathway

JAK/STAT signaling is closely related to cancer growth and metastasis. In cancer cells,
JAK/STAT signaling can be activated by multiple mechanisms, most notably by STAT3
activation [143]. High STAT3 activity was found in CRC-SCs, but not in normal colon
epithelial cells [144]. Another study revealed that the JAK2/STAT3 signaling pathway
promoted the persistence and radio-resistance of CR-CSCs [145]. Curcumin is a polyphenol
from Curcuma longa, and GO-Y030 is a novel curcumin analog. Curcumin and its analog
GO-Y030 were proposed drug candidates to eliminate CR-CSCs by suppressing STAT3
activity [132]. Napabucasin, also named BBI608, is an orally administered STAT3 inhibitor
with anti-CSC activity against various types of cancer [146,147]. However, unfortunately,
napabucasin failed to achieve satisfactory results in phase 3 clinical trials for the treatment
of colorectal cancer [133]. ls. Napabucasin may be the first anti-CRC drug approved for
clinical use targeting CSCs

There are other signaling pathways such as TGF-β and Hippo, regulating CSCs
stemness. These various signaling pathways do not operate independently and often act
via crosstalk to influence cancer progression [22,106,148–150] (Table 2).
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3.3. Other Agents Targeting CR-CSCs

FBXL5 E3 ligase plays an important role in maintaining the stemness of CR-CSCs.
The anandamide uptake inhibitor AM404 can suppress FBXL5 expression and inhibit
CR-CSC dedifferentiation, migration and drug resistance [151]. Prexasertib, also named
LY2606368, is an investigational checkpoint kinase inhibitor. By inhibiting checkpoint
kinase (CHK) 1, LY2606368 affected DNA replication in most CR-CSCs [152]. ASR352
and NSC30049 are both CHK1 inhibitor [153,154]. RAB5/7, which is associated with
the endo lysosomal pathway, plays an important role in the survival and maintenance
of CSCs through the mitophagic pathway. Mefloquine, an anti-malaria drug, has been
identified as a new inhibitor of RAB. In the PDX model of colorectal cancer, mefloquine
can target RAB5/7 to inhibit the mitophagic pathway and induce mitochondrial-induced
apoptosis, thereby exerting anti-tumor effects without significant side effects [155]. At
present, there are many other types of CR-CSC antagonists, such as pitavastatin [156],
histone deacetylase inhibitor trichostatin A [157] and inhibitors of the post-translational
sumoylation modification pathway [158]. They may play an important role in targeting
CR-CSCs in future (Table 3).

Table 3. Agents targeting CR-CSCs.

Agents Targets of CR-CSCs Efficacy Reference

AM404 FBXL5 Effective in mice [151]

LY2606368 Checkpoint kinase 1 Effective in a phase II
trial of ovarian cancer [152,159]

ASR352 Checkpoint kinase 1 Effective in vitro [153]
NCS30049 Checkpoint kinase 1 Effective in vitro [154]

Mefloquine RAB5/7 Effective in vitro [155]
Pitavastatin —— Effective in vitro [156]

Trichostatin A histone deacetylase Effective in vitro [157]

Dabrafenib BRAF
Approved by FDA for

the treatment of
elanoma

[160]

Mithramycin A SP1 Effective in vitro [161]
Parthenolide USP47 Effective in vitro [162]

Gambogic acid ZFP36 Effective in a phase
IIa trial [163,164]

4. Future Prospects

Despite significant progress in research on therapeutic drugs for CR-CSCs, cancer
treatment still faces many challenges. Tumor microenvironment (TME) plays a major role
in determining cell fate and behavioral choices [165,166]. Under the complex interaction
of the TME, reversible transformation can be achieved between tumorigenic and non-
tumorigenic cells. This is the reason why it is difficult to completely remove CSCs [167].
Cancer-associated fibroblasts (CAFs) play a significant positive role in the development and
transfer of CR-CSCs [168]. A tumor is an entity composed of multiple heterogeneous cells.
Different subtypes of CSCs may have different resistance mechanisms, and therefore, each
cancer subtype may require unique therapies [169]. The plethora of contributing factors in
cancer and the complex regulatory network make it difficult to eradicate cancer via a single
therapeutic intervention.

Fortunately, researchers never give up. In order to achieve effective treatment, more
extensive and in-depth research has been conducted to examine molecular and cellular
aspects, including the synergistic targeting of CR-CSCs and TME in cancer treatment.
Fibroblast activation protein (FAP) is a type II membrane-bound glycoprotein that is
overexpressed in CAFs and activated fibroblasts at wound healing/inflammatory sites.
FAP inhibitor has been developed to target CAFs to improve TME [170]. In response to the
problem of tumor stem cell heterogeneity, anti CSC drugs with diverse targets have been
or are currently being developed. Many of them have been incorporated into clinical or
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preclinical trials. In the face of the differing responses of different patients to therapeutic
approaches, prognosis prediction and personalized treatment are the best solutions. Single
cell omics and organoid technology can assist in achieving this goal. Using large-scale
omics technologies, we can subtype cancers and build predictive models for treatment
response [35,55]. In vitro culture of patient derived tumor organoids can enable prediction
of drug sensitivity and resistance, and achieve precision treatment [171]. In summary, in
the face of differing treatment responses in patients, the heterogeneity of cancer stem cells
and the complex regulatory mechanisms of cancer, researchers have been struggling to
decipher them.

5. Conclusions

CR-CSCs are a small group of stem cells in colon cancer that have unlimited prolifera-
tion, self-renewal and differentiation ability, playing an important role in drug resistance,
metastasis and recurrence. CSCs are like cancer seeds, which cannot be ignored in can-
cer treatment. The advancement of modern medical technology has given us a certain
level of understanding of colon cancer stem cells, but we have not yet fully understood
them. Regarding the current situation of CR-CSCs targeted inhibitors, it is important to
strengthen the synergistic effect between drugs. By combining drugs targeting CR-CSCs
with other treatment methods, we can prevent cancer metastasis and recurrence while
reducing the occurrence of drug resistance, which will improve the effectiveness of current
CRC treatment. Cancer and the tissue involved are integrated, and treatment should adopt
a systematic approach, striving to completely eliminate the seeds to prevent metastasis and
recurrence. Targeted inhibitors of CRCSCs are an emerging treatment method for CRC.
Although there are still many unclear mechanisms to be discovered, it can be expected that
in the future, these drugs will play an undeniable role in preventing colon cancer metastasis
and recurrence. Certainly, a complete cancer treatment requires not only targeted treatment
for CR-CSCs, but also targeted combination therapy for non-CR-CSCs and TME, as well
as the entire tumor. In order to benefit all patients, personalized therapy is the ultimate
goal. Single-cell omics technology and organoid technology have contributed to a deeper
understanding of the different aspects of cancer stem cells and to the development of more
effective treatments for cancer. Achieving this goal still requires considerable efforts and
collaboration from researchers.
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Simple Summary: Triple-negative breast cancer (TNBC) is characterized by the absence of estrogen
receptors, progesterone receptors, and human epidermal receptors. This lack of receptors renders
TNBC unsuitable for targeted-based treatment, making it the most fatal and aggressive subtype
of breast cancer. TNBC has a greater relapse rate, worse prognosis, and increased metastasis rate
compared to non-TNBC because of its tendency to resist apoptosis, a programmed cell death triggered
by most chemotherapeutic drugs, producing anticancer efficacy. This work describes two new drugs,
TPH104c, and TPH104m, that induce a non-apoptotic form of cell death in TNBC. The incubation of
TNBC cells with TPH104c or TPH104m causes cellular expansion and rupture without producing
apoptotic characteristics, such as nuclear fragmentation, apoptotic blebbing, or caspase activation.
TPH104c and TPH104m decreased the mitochondrial protein, division regulator, and dynamin-related
protein 1 (DRP1). The level of DRP1 in TNBC cells affects the magnitude of cytotoxicity produced by
TPH104c and TPH104m.

Abstract: Apoptosis induction with taxanes or anthracyclines is the primary therapy for TNBC.
Cancer cells can develop resistance to anticancer drugs, causing them to recur and metastasize.
Therefore, non-apoptotic cell death inducers could be a potential treatment to circumvent apoptotic
drug resistance. In this study, we discovered two novel compounds, TPH104c and TPH104m, which
induced non-apoptotic cell death in TNBC cells. These lead compounds were 15- to 30-fold more
selective in TNBC cell lines and significantly decreased the proliferation of TNBC cells compared
to that of normal mammary epithelial cell lines. TPH104c and TPH104m induced a unique type
of non-apoptotic cell death, characterized by the absence of cellular shrinkage and the absence of
nuclear fragmentation and apoptotic blebs. Although TPH104c and TPH104m induced the loss of the
mitochondrial membrane potential, TPH104c- and TPH104m-induced cell death did not increase the
levels of cytochrome c and intracellular reactive oxygen species (ROS) and caspase activation, and
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cell death was not rescued by incubating cells with the pan-caspase inhibitor, carbobenzoxy-valyl-
alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK). Furthermore, TPH104c and TPH104m
significantly downregulated the expression of the mitochondrial fission protein, DRP1, and their
levels determined their cytotoxic efficacy. Overall, TPH104c and TPH104m induced non-apoptotic
cell death, and further determination of their cell death mechanisms will aid in the development of
new potent and efficacious anticancer drugs to treat TNBC.

Keywords: triple-negative breast cancer; multidrug resistance; non-apoptotic cell death; thienopyrim-
idines; mitochondrial membrane potential; dynamin-related protein 1 (DRP1)

1. Introduction

Triple-negative breast cancer (TNBC) is a subtype of breast cancer that does not ex-
press estrogen, progesterone, and HER2 receptors and accounts for 15–20% of breast cancer
cases [1]. TNBC exhibits a wide range of morphological, genetic, and clinical variations,
and has significant aggressive characteristics [2,3]. TNBC patients have a worse survival
rate than non-TNBC patients due to a poorer prognosis and a greater recurrence rate [4,5].
Furthermore, TNBC cannot be treated with hormonal therapy, such as selective estrogen re-
ceptor modulators (SERMS), HER2 antagonists, or aromatase inhibitors, which limits treat-
ment options [6]. Currently, there are only limited combinations of immunotherapy and
chemotherapy for the treatment of metastatic TNBC (mTNBC). These include atezolizumab
(Tecentriq) in combination with nab-paclitaxel and pembrozulizumab (Keytruda) and in
combination with paclitaxel-carboplatin, doxorubicin-cyclophosphamide, or epirubicin-
cyclophosphamide [7–10]. Similarly, sacituzumab govitecan (Trodelvy) has been approved
for patients previously treated for mTNBC with two targeted therapies, and talazoparib
(Talzenna) and olaparib (Lynparza) have been approved for mTNBC that contain germline
BRCA mutations [11]. Nevertheless, over the past three decades, neoadjuvant anthracy-
clines, such as doxorubicin and epirubicin, and taxane-based chemotherapeutic regimens,
such as paclitaxel and docetaxel, are still the main therapeutic options for patients with
early stage TNBC and higher mortality risk [12–14]. Although TNBC patients initially have
a therapeutic response to chemotherapy, treatment eventually becomes ineffective after
the tumor metastasizes or becomes resistant to chemotherapy [13]. Therefore, treatment
will not be therapeutically optimal due to an increase in chemoresistance as well as the
occurrence of severe toxicity [15–17].

Resistance to anticancer drugs can be produced by various mechanisms, such as (1) in-
creased expression of certain ATP-binding cassette (ABC) and other efflux transporters [18],
(2) resistance to or evasion of apoptosis [19], (3) impairment or decrease in anticancer drug
uptake into cells [20], (4) increased DNA damage response and repair [21], (5) increased
tolerance of cancer cells to a stressful or non-homeostatic tumor microenvironment [22],
(6) mutations in drug targets that significantly decrease or abrogate the interaction of drugs
with their cellular targets [23], (7) sequestration of drugs by certain cellular organelles,
which decreases the amount of drug that can interact with their cellular target(s) [24–26],
and (8) increased systemic or intracellular metabolism of drugs to less efficacious or inactive
metabolites [27]. Currently, there is an urgent demand for novel anticancer therapies that
can circumvent resistance in cancer cells.

Recently, there has been an increase in the discovery and development of anticancer
treatments that induce cancer cell death by mechanisms independent of apoptosis, also
known as non-apoptotic cell death, which can surmount resistance to drugs that produce
their efficacy by inducing apoptosis [28–30]. Mitochondrial dynamics have garnered at-
tention as a potential target for the treatment of cancer [31–34]. Mitochondrial fission and
fusion events, the main processes in mitochondrial dynamics, are involved in maintain-
ing cellular homeostasis [35]. Through this process, cells regulate the number, location,
and shape of their mitochondria to meet their energy demands [36]. Dynamin—related
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protein 1 (DRP1) belongs to the dynamin family of GTPases and regulates mitochondrial
dynamics. Upregulation of DRP1, a key protein in mitochondrial fission and a fragmented
mitochondrial pattern, occurs in a number of different types of cancer [37–40]. DRP1 has
been implicated in increasing the proliferation, migration, and invasiveness of cancers of
different origins [31], including breast cancer [38]. In addition, enhanced mitochondrial
fission caused by the upregulation of DRP1 has been correlated with poor prognosis in
TNBC [40]. Therefore, the development of a potential pharmacophore to target DRP1 and
induce non-apoptotic death could be a milestone in addressing drug resistance related to
apoptotic cell death.

Heterocyclic compounds containing fused thiophene and pyrimidine rings, such as
thieno [2,3-d]pyrimidine, possess structural similarities to purine bases and have been
reported to be effective as antibiotics [41], antiviral [42], anti-inflammatory [43], antimicro-
bial [44], anti-tuberculosis [45], antioxidant [46], and anticancer drugs [38–44]. Furthermore,
these compounds can inhibit certain kinases and efflux transporters [47]. Currently, three
thieno-pyrimidine-based lead compounds, apitolisib (phosphoinositide-3-kinase (PI3K)
and mammalian target of rapamycin (mTOR) kinase inhibitor), SNA-314 Ph1 and pictilisib
(inhibitor of PI3Kα and PI3Kδ), are being evaluated for their anticancer efficacy in clinical
trials [48–52]. These compounds highlight the importance of thieno-pyrimidine pharma-
cophores in the development of novel chemotherapeutic molecules. Therefore, in this study,
our group has synthesized TPH104c and TPH104m, derived from the parent compound, (E)-
4-methoxy-2-((2-(5-(p-tolyl)thieno [2,3-d]pyrimidin-4-yl)hydrazineylidene)methyl)phenol
(TPH104) [53,54] and evaluated whether they induce non-apoptotic cell death in TNBC and
whether these compounds we found that these compounds dysregulated mitochondrial
dynamics by downregulating the protein, DRP1.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

All triple-negative breast cancer (TNBC) cell lines (MDA-MB-231, MDA-MB-468, and
BT-20), non-TNBC cell lines (ZR-75-1 and MCF-7), and mouse embryonic fibroblast line
(MEF) were generously provided by the late Dr. Gary Kruh (University of Illinois at
Chicago, Chicago, IL, USA). The normal human mammary epithelial cell line (HMEC)
(Cat: PCS-600- 010), MCF-10A (Cat: CRL10317), and MCF-12A (Cat: CRL10782) were pur-
chased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Likewise,
Paclitaxel-resistant SUM159 (PAC200) was developed in collaboration with Dr. Dayanidhi
Raman (University of Toledo, Toledo, OH, USA) [55]. TNBC cells were cultured as adherent
monolayers in Dulbecco’s modified Eagle medium (DMEM) (Corning, Tewksbury, MA,
USA). HMEC and MCF-12A were cultured in Mammary Epithelial Cell Basal Medium
(ATCC) and Mammary Epithelial Cell Growth Basal Medium (Lonza, Basel, Switzerland),
whereas MCF-10A was cultured in DMEM:F12 medium along with supplements as de-
scribed in this study [56]. These culture media were supplemented with 10% fetal bovine
serum (FBS) (Biotechne, Minneapolis, MN, USA), 1% penicillin and streptomycin (Cy-
tiva, Marlborough, MA, USA), and 0.1% plasmocin (Invivogen, San Diego, CA, USA) in
a humidified incubator with 5% CO2 at 37 ◦C. All cells tested negative for fungus and
mycoplasma.

2.2. Cell Cytotoxicity Assay

The cytotoxic efficacy of thienopyrimidine derivatives was determined as previously
described, using 3 different assays: (1) (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) (Avantor, Radnor, PA, USA), (2) CellTiter-Blue (CTB) (Promega, Madison,
WI, USA), and (3) sulforhodamine B (SRB) (TargetMol, Boston, MA, USA) assay. For these
assays, cells were harvested using 0.05% trypsin-ethylenediamine-tetraacetic acid (EDTA)
(Corning, Corning, NY, USA), seeded at a density of 3000–5000 cells/well in a 96-well plate,
and incubated at 37 ◦C overnight. The next day, the cells were incubated with different
concentrations of the test compounds (0.1, 0.3, 1, 3, 10, 30, or 100 μM) and incubated for 72 h.
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TPH104c and TPH104m were prepared in dimethylsulfoxide (DMSO) (Avantor, Radnor, PA,
USA) and then diluted in media to achieve the desired concentration. In contrast, vehicle
control (cells incubated in drug-free medium) contained less than 0.1% of DMSO.

For the MTT assay, 4 mg/mL MTT was added to the cells and incubated for 3 h to
allow for the conversion of MTT (yellow) to formazan crystals (dark blue). Following
incubation, the media was aspirated and DMSO was added to solubilize the formazan
crystals. The Cytation 7 Cell Imaging Multi-Mode Reader (Agilent Technologies, Winooski,
VT, USA) was used to measure the absorbance at 570 nm.

For the SRB assay, the cells were fixed with 50% (w/v) tri-chloroacetic acid (TCA)
(Avantor, Radnor, PA, USA) and incubated at 4 ◦C for 1 h. The cells were washed 4 times
with deionized, distilled water, and air-dried at room temperature. The next day, the cells
were stained with 0.04% (w/v) SRB solution for 1 h at room temperature and washed 4 times
with 1% (v/v) acetic acid (Avantor, Radnor, PA, USA). After airdrying the plates overnight,
10 mM Tris base solution (pH 10.5) was added to each well and pipetted thoroughly to
dissolve the dye, and absorbance was read at 510 nm.

For the CTB assay, the CTB reagent was added to cells and incubated for 3 h to allow
the reduction of resazurin (emits a blue color and low fluorescence) by metabolically active
cells to resorufin (emits a pink color and high fluorescence). Finally, the plates were shaken
for 10 s in a plate shaker, and fluorescence was measured at 560/590 nm.

2.3. Real-Time Cytotoxicity Assays

2.3.1. IncuCyteTM Live-Cell Morphology Study

Real-time morphological assessment of the cells was performed using the IncuCyte®

S3 Live-Cell Analysis System (Essen BioScience, Ann Arbor, MI, USA), as previously
described [53]. Briefly, BT-20 TNBC cells were plated at a cell density of 3000/well and
incubated overnight. The next day, cells were incubated in media with or without different
concentrations of TPH104c and TPH104m. The plate was incubated in the IncuCyte® S3
Live-Cell Analysis System to capture images every 6 h for 72 h. The integrated IncuCyte S3
software version 2020B was used to analyze the images.

2.3.2. IncuCyteTM Cytotox Green Assay

The real-time assessment of dead BT-20 cells was conducted using the IncuCyte cytotox
green reagent (Essence BioScience, Ann Arbor, MI, USA), as described previously [57]. This
reagent enters dead or non-viable cells, due to structurally compromised cell membranes
and binds to nuclear DNA, resulting in green fluorescence [58]. BT-20 cells were cultured
at a density of 3000 cells/well and incubated overnight. The cells were incubated with
different concentrations of the test compounds or vehicle, prepared at a 3X concentration
in cytotox dye—containing media. The plate was placed in an IncuCyte® S3 Live-Cell
Analysis System, which was programmed to obtain images of BT-20 cells, every 6 h for
72 h. Finally, the integrated IncuCyte S3 software version 2020B was used to analyze the
mean fluorescence intensity of the cytotox dye in the BT-20 cells.

2.4. β-Galactosidase Staining

BT-20 cells were plated at 4000/well into a 96-well plate and incubated overnight.
The next day, the cells were incubated with 2 or 5 μM of TPH104c and TPH104m.
Four thousand cells/well of senescent MEFs were also seeded. The plate was incubated
for 24 h. Once 80–100% confluency was obtained, mouse embryonic fibroblast (MEF) cells
were incubated with 250 nM of doxorubicin for 24 h to induce senescence (positive control),
followed by a change in media. The cells were incubated for another week and the media
was changed every 3–4 days.

The next day, the cells were washed with PBS and fixed with 3% formaldehyde for
5 min. The cells were washed with PBS twice, followed by an addition of β-galactosidase
(Research Products International, Racine, WI, USA) stain. The cells were placed in a 37 ◦C
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incubator with no CO2 overnight and imaged to detect β-galactosidase staining the next
day using the Color Brightfield channel on the Cytation 7 Imaging Multi-Mode Reader.

2.5. Colony Formation Assay

BT-20 cells were cultured at a density of 500 cells/well into a 6-well plate overnight.
The following day, the cells were incubated with 0.1, 0.3, or 1 μM of TPH104c or TPH104m,
as well as media containing no test compounds (vehicle control). The vehicle or test
compounds were added every 72 h over a 10-day period. The media was carefully aspirated
on the tenth day, and the colonies formed in each plate were fixed using 100% methanol.
The colonies were stained with crystal violet dye prepared at 0.1% concentration for 15 min
in the dark. Finally, the colonies were visualized, using an EVOS microscope at 4 and
20× (Thermo Fisher Scientific, Wayne, MI, USA), and the area covered by colonies was
calculated using ImageJ software Version 1.53k (National Institutes of Health, Bethesda,
MD, USA).

2.6. Cell Cycle Analysis

Briefly, 250,000 cells/well of BT-20 cells were plated in a 6-well plate and allowed
to grow overnight. The next day, the cells were incubated with vehicle, 0.5, 1, or 2 μM
of TPH104c or TPH104m. Twenty-four hours later, the cells were washed with DPBS,
trypsinized using 0.05% trypsin and 2.21mM EDTA, re-washed one time, and suspended
in 1ml of ice-cold PBS. Subsequently, 200 μL of propidium iodide (PI), prepared at a stock
concentration of 50 μg/mL, was added to each sample, and each sample was incubated
for at least 15 min to stain the cellular DNA. The distribution of BT-20 cells incubated with
media, TPH104c or TPH104m, was determined in the Go, S, G1, and G2 phases of the cell
cycle using a BD Accuri™ flow cytometer (BD Biosciences, Becton-Dickinson, San Jose,
CA, USA). One hundred thousand cellular events were collected, with a maximum rate of
1000 events per second, and the results were generated by analyzing the raw instrument
files, using FCS express 7 plus De Novo software (Glendale, CA, USA).

2.7. Nuclear Staining

To determine whether our lead compounds induced nuclear fragmentation, nuclear
staining was conducted according to a previous study [59], using the dye Hoechst 33342
(2′-(4-Ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bi-1H-benzimidazole trihydrochlo-
ride) (Immunochemistry Technologies, Davis, CA, USA). Briefly, 100,000 cells/well of BT-20
cells were plated in a 6-well plate containing clear sterile coverslips. Cells were incubated
with vehicle or TPH104c (2 or 5 μM), TPH104m (2 or 5 μM), or paclitaxel (1 μM; an an-
ticancer drug that induces fragmentation of cancer cells) [60,61], for 24 h. Next, the cells
were stained with 0.5% v/v of the Hoechst 33342 dye for 15 min. 4% paraformaldehyde
at a concentration of 4%, was used to fix cells at room temperature for another 15 min.
After 1 wash with PBS, the cells were mounted on a clear slide, using Fluoromount-G
(SouthernBiotech, Birmingham, AL, USA). The slides were visualized to detect nuclear
fragmentation using the Cytation 7 Cell Imaging Multi-Mode Reader (Agilent Technologies,
Winooski, VT, USA), which provided data related to nuclear fragmentation.

2.8. Apoptosis and Mitochondrial Membrane Potential

Alexa Flour 488-conjugated Annexin V (Molecular Probes Inc., Invitrogen, Eugene,
OR, USA) staining was used to quantitatively assess apoptosis by flow cytometry, according
to a previous study [62]. Briefly, 250,000 cells/well of BT-20 cells were plated in a 6-well
plate and incubated with vehicle or lead compounds, TPH104c or TPH104m, at several
concentrations (0.5, 2.5, or 5 μM), for 24 h, on the following day. Subsequently, the cells
were collected, subjected to a cold PBS wash and resuspended in 1X Annexin-binding
buffer. Following a 15 min incubation with 5% Annexin V, 400 μL of 1X Annexin-binding
buffer was added. The cells were mixed gently and analyzed for Annexin V staining, using
a BD FACSCalibur Flow Cytometer. One hundred thousand cellular events were collected,
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with a maximum rate of 1000 events per second and the raw data were analyzed using FCS
express 7 plus De Novo software.

The mitochondrial membrane potential (MMP) was determined using fluorescence mi-
croscopy by staining cellular mitochondria with tetramethylrhodamine ethyl ester (TMRE)
dye (Invitrogen, Waltham, MA, USA). Briefly, 3000 cells/well of BT-20 cells were seeded
in a 96-well plate and incubated with 2 or 5 μM TPH104c or TPH104m, for 24 h. As a
positive control, cells were incubated with carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) (TargetMol, Boston, MA, USA), a compound that uncouples mitochondrial oxida-
tive phosphorylation [63], at a concentration of 200 μM, for 4 h. After incubation with
the test compounds, the media was carefully removed from each well and incubated for
20 min with 0.4 μM of TMRE in PBS. Finally, the dye was carefully removed and replaced
with fresh PBS. The cells were then imaged to detect MMP using a Cytation 7 Cell Imaging
Multi-Mode Reader.

2.9. Cell Lysis and Western Blot Analysis

Western blot assays were conducted to determine the effect of TPH104c and TPH104m
on the levels of cleaved and full-length caspases (-3, -7, -8, -9), B-cell lymphoma-2
(BCL-2)—associated X (BAX), BCL-2 homologous antagonist/killer (BAK), BCL-2, cleaved
and full-length Poly (ADP-ribose) polymerase (PARP), which are increased during apopto-
sis [64]. Briefly, cells were seeded and incubated with vehicle, TPH104c, or TPH104m (0.5, 1,
2, or 5 μM) for 12 h. Subsequently, the cells were washed with ice-cold PBS. The subcellular
fraction was obtained by scraping the cells using a cell scrapper in ice-cold cytosolic lysis
buffer [65]. Next, the lysates were left on ice for 15 min. Nonyl phenoxypolyethoxylethanol
(NP-40) (10% v/v) was introduced in the lysates and subjected to 2–3 min incubation. The
lysates were then centrifuged for 10 min at 4 ◦C and 14,000 rpm. The resultant protein
concentration in the lysates was determined using bicinchoninic acid (BCA) assay. Thirty
micrograms of the proteins were loaded and separated on a 10% acrylamide SDS-PAGE gel,
transferred to a PVDF membrane, and incubated overnight at 4 ◦C, with primary antibod-
ies against cleaved caspase-3, caspase-3, cleaved caspase-7, caspase-7, cleaved caspase-9,
caspase-9, cleaved caspase-8, caspase-8, BAX, BAK, BCL-2, cleaved PARP, PARP, p-DRP1,
DRP1, p-MFF, MFF, FIS1, MFN1, MFN2, OPA1, and β-actin. Apart from β-actin, which
was prepared at a dilution of 1:2000, all antibodies were prepared at a dilution of 1:1000
in 5% Bovine serum albumin (BSA). Horseradish peroxidase (HRP)-labeled anti-rabbit
or anti-mouse secondary antibodies (1:4000) were added the next day for 1.5 h. G:BOX
Chemi XX6/XX9, obtained from Syngene (Frederick, MD, USA), was used for protein band
detection in the blots. ImageJ software (National Institutes of Health, Bethesda, MD, USA)
was used to quantify the protein. Cellular proteins were quantified as a ratio to β-actin and
were normalized to the vehicle control. The densitometry readings/intensity ratio of each
band, andthe original whole western blot (uncropped blots) showing all the bands with the
molecular weight markers, is shown in the Supplemental Materials.

2.10. Caspase-3/7 Activity Assay

Caspase-Glo® 3/7 Assay (Promega, Madison, WI, USA) was used to study the caspase
3/7 activity in BT-20 cells incubated with lead compounds. Briefly, 3000 BT-20 TNBC
cells/well were plated in an opaque 96-well plate. The cells were incubated the following
day with the vehicle, TPH104c (0.3, 1, or 3 μM), or TPH104m (0.3, 1, or 3 μM) for 24 h.
Next, a mixture of Caspase-Glo® 3/7 buffer and lyophilized Caspase-Glo® 3/7 substrate
was equilibrated to room temperature. The plates were removed from the incubator and
allowed to adjust to room temperature for 30 min. Next, 100 μL of the Caspase-Glo®

3/7 reagent was added to each well, and the samples were placed in a shaker for 30 s. After
3 h of incubation at room temperature, luminescence, which indicates cleavage of initiator
caspases (caspase-3 and -7), was measured using a microplate reader (Agilent Technologies,
Winooski, VT, USA).
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2.11. Immunofluorescence Staining and Analysis

Immunofluorescence assays were conducted as previously described [66]. In total,
100,000 BT-20 cells per well were plated on coverslips in a 6-well plate. On the following
day, cells were incubated with either vehicle, TPH104c (2 or 5 μM), or TPH104m (2 or
5 μM) for 24 h. After the incubation period, the media was carefully removed, and the
cells were fixed using 1 mL of 4% paraformaldehyde for 15 min at room temperature.
The cells were rinsed three times with PBS for 5 min. Five hundred microliters of 0.2%
Trition-X100 was added to each well for 10 min to permeabilize the cells. The cells were
washed three times with PBS for 5 min each. The cells were then blocked with 3% bovine
serum albumin (BSA) in PBS, containing 0.1% Tween, for 2 h at room temperature before
incubation with either cytochrome c (1:250), DRP1 (1:50), or phosphorylated-DRP1(1:450)
monoclonal antibodies (Cell Signaling Technology, Danvers, MA, USA) overnight at 4 ◦C.
The cells were incubated with either anti-mouse Alexa Fluor™ 594 (Invitrogen, Waltham,
MA, USA) or anti-rabbit Alexa Fluor™ 488 at room temperature for 1 h. Nuclei were finally
stained with Hoechst 33342 (ImmunoChemistry Technologies, Davis, CA, USA) for 10 min.
Images were captured using a Cytation 7 Cell Imaging Multi-Mode Reader.

2.12. Molecular Docking Studies

The interaction between the Drp1 protein and ligands (TPH104c and TPH104m) was
examined through a docking simulation conducted using the AceDock program accessed
through the Playmolecule platform (https://www.playmolecule.com/AceDock/). Ace-
Dock is a set of protein-ligand docking protocols that run rDock [67] in the backend.
Docking software was used to predict the binding mode of a given ligand to a defined
binding site in a protein. The protein data bank (http://www.rcsb.org) was used to retrieve
the X-ray crystal structure of DRP1 (PDB-ID: 4H1V) [68]. Subsequently, the protein un-
derwent various optimizations, including dehydration, hydrogenation, refinement of loop
regions and selection of the binding site based on the natural ligand in 4H1V. Subsequently,
TPH104c and TPH104m were docked into the active binding site of the DRP1 protein
using the same parameters. Both compounds were observed to occupy the same pocket
(Figure S4a). The starting point for our simulations was determined by extracting coordi-
nates from previously docked structures. We conducted Molecular Dynamics (MD) simula-
tions using GROMACS software (version 2023.1) [69,70] and applied the CHARMM36m
force field [71]. To prepare the systems, we utilized the CHARMM-GUI web server [72–74].
We used a cubic box with dimensions of 10.10 nm3, which was subsequently filled with
TIP3P water molecules [75], and the system’s charge was neutralized with potassium
chloride counter ions, at 0.15 mol/liter. The system underwent optimization, using the
steepest descent algorithm [76], to reach its lowest energy state. To maintain the positions
of both the ligand and protein atoms, we imposed a position restraint of 1000 kJ/mol·nm2.
The entire system was equilibrated under the NVT ensemble for 1 nanosecond, during
which the V-rescale thermostat was used to regulate the temperature at approximately
310 K. After the NVT step, we proceeded to equilibrate the system under the NPT ensemble
for an additional 1 nanosecond, ensuring that the system’s pressure stabilized at 1 atm.
Subsequently, we conducted two sets of production MD runs for each ligand, utilizing
a 3 fs timestep with hydrogen mass repartitioning [77] and the leap-frog integrator. The
only difference between these runs was the assignment of the initial velocity seeds, both
starting from the well-equilibrated system at 310 ◦K and a pressure of 1 atm. For calculating
long-range electrostatic effects, we used the Particle-mesh Ewald (PME) algorithm [78], and
the length of covalent bonds was constrained using the LINCS algorithm [79], known for
its computational efficiency, compared to the SHAKE algorithm [80]. We also used the ana-
lytical SETTLE algorithm [81] to reset the positions and velocities to satisfy the holonomic
constraints on the rigid water model. Finally, 100 nanoseconds of unbiased simulations
were run to examine the ligand dynamics and corresponding protein conformations. Upon
completion of the simulations, the protein was repositioned at the center of the simulation
box, and the periodic boundary conditions were removed from the trajectory.
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2.13. Surface Plasmon Resonance (SPR) Binding Assay

The binding of TPH compounds to DRP1 protein was validated, using surface plasmon
resonance (SPR) (Nicoya Lifesciences, Kitchener, ON, Canada). His-tagged recombinant
Drp1 protein was generously gifted by Dr. Blake Hill (Medical College of Wisconsin).
The protein was diluted in a solution of immobilization buffer (pH 7.2) that consisted of
HEPES (10 mM), NaCl (0.15 M), Tween 20 (0.05%), and then tethered to a high-sensitivity
nitrilotriacetic acid (NTA) sensor chip (Nicoya Lifesciences, Kitchener, ON, Canada) at a
final surface concentration of 10,000 RU. The TPH analogs were prepared in a two-fold
concentration series from 100–6.25 μM in an immobilization buffer, and 150 μL was injected
across the chip at a rate of 50 μL/min for 1 min. Finally, the binding constant KD value
was calculated, using Tracedrawer software Version 1.9.2 (Tracedrawer, Uppsala, Sweden).

2.14. Generation of Partial and Complete DRP1-KO Gene Models

Partial and complete DRP1 knockout models of PAC200 (paclitaxel-resistant variant
of SUM159) were generated using the CRISPR/Cas9 system (Santa Cruz Biotechnology,
Dallas, TX, USA). Briefly, 200,000 cells/well of PAC200 cells were plated in a 6-well plate
in 3 mL of DMEM media. After 24 h incubation, the mixture of plasmid transfection
medium containing plasmid DNA (CRISPR control (sc-418922) and DRP1 (sc-400459)) and
plasmid transfection medium containing transfection reagent was introduced into each
well and allowed to incubate for 48 h. The cells were sorted based on the detection of green
fluorescent protein (GFP) with a BD FACSAria™ III High-Speed Cell Sorter manufactured
by BD Biosciences (Franklin Lakes, NJ, USA). Dulbecco’s phosphate-buffered saline (DPBS),
modified without Ca2+ and Mg2+ ions, was utilized as a sheath fluid, as recommended by
BD Biosciences.

The sorted cells were grown in a small Petri dish. After reaching confluency, the
cells were placed in a 96-well plate to allow the development of single-cell colonies. West-
ern blotting was performed to confirm the complete and partial knockout of DRP1 in
PAC200 cells.

2.15. Statistical Analysis

All experiments were performed at least in triplicate. Results are presented as the
mean ± standard error of the mean (SEM). GraphPad Prism (San Diego, CA, USA) was
used to analyze the data. The data from colony assay, cell cycle assay, ROS assay, Annexin
V staining, caspase-3/7 activity assay, western blotting analysis, and comparison of IC50
values of control wild-type, partial, and complete DRP KO PAC200 cells were analyzed
using a two-way ANOVA, and post hoc comparisons were performed using Dunnett’s
test. The analysis of the IC50 data for BT-20 cells preincubated with or without z-VAD-FMK
was performed using an unpaired, 2-tailed t-test. The mitochondrial membrane potential
analysis data were analyzed using one-way ANOVA with Dunnett’s post hoc test. The a
priori significance level was p < 0.05.

3. Results

3.1. TPH104c and TPH104m Selectively Decreased the Proliferation of Cancer Cell Lines

Using the MTT assay, we determined the antiproliferative efficacy of the two lead
compounds, TPH104c and TPH104m, in the (1) TNBC cell lines, BT-20, MDA-MB-231, and
MDA-MB-468 and (2) normal human mammary epithelial cell line, HMEC, MCF-10A, and
MCF12A (Table 1). The IC50 values of TPH104c for BT-20, MDA-MB-231, and MDA-MB-468
TNBC cells were 0.22 ± 0.06 μM, 0.48 ± 0.16 μM, and 0.45 ± 0.17 μM, respectively. The
IC50 values of TPH104m were: (1) 0.18 ± 0.03 μM, 0.47 ± 0.15 μM, and 0.27 ± 0.14 μM for
BT-20, MDA-MB-231, and MDA-MB-468 cells, respectively.

Neither TPH104c nor TPH104m resulted in a significant decrease in the proliferation
of non-cancerous HMEC cells (IC50 values for TPH104c and TPH104m were >5 μM).
(Figure 1a,b). The TPH compounds were 15-to 30-fold more selective in decreasing in vitro
tumor growth, compared to the normal cells, HMEC, MCF-10A, and MCF-12A. We also
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determined cellular viability using the CellTiter-Blue® (CTB) and Sulforhodamine B (SRB)
assays. The IC50 values of TPH104c and TPH104m in the CTB assays for the BT-20 cell
line were 0.23 ± 0.06 μM and 0.19 ± 0.08 μM, respectively (Table 2). In the SRB assay, the
IC50 values of TPH104c and TPH104m for the BT-20 cell line were 0.30 ± 0.07 μM and
0.32 ± 0.16 μM, respectively (Table 2).

Table 1. The efficacy of the thieno-pyrimidin-4-yl-hydrazylidene (TPH) derivatives, TPH104c and
TPH104m, in the TNBC cell line, BT-20, MDA-MB-231, and MDA-MB-468, and the normal human
mammary epithelial cell lines HMEC, MCF-10A and MCF-12A.

Compounds

IC50 ± SD (μM)

TNBC Normal

BT-20 MDA-MB-231 MDA-MB-468 HMEC MCF-10A MCF-12A

TPH104c 0.22 ± 0.06 0.48 ± 0.16 0.45 ± 0.17 6.74 ± 0.97 5.84 ± 1.81 6.04 ± 1.56

TPH104m 0.18 ± 0.03 0.47 ± 0.15 0.27 ± 0.14 5.67 ± 0.23 5.24 ± 2.47 6.13 ± 1.30

Cell survival assay was performed using the MTT assay. IC50 values represent the concentration required to inhibit
cell proliferation by 50%. These values are presented as the average ± SD of three separate experiments conducted
in triplicate. The efficacy of TPH104c and TPH104m was determined in TNBC cell lines: BT-20, MDA-MB-231,
MDA-MB-468, and normal mammary epithelial cell lines: primary HMEC, MCF-10A, and MCF-12A.

BT-20 cancer cells reached their maximum confluence (~95%) after 72 h of incubation
with the vehicle (Figure 1c). The incubation of BT-20 cells with 0.1 μM of TPH104c and
TPH104m did not produce a marked cytotoxic effect in BT-20 cells. After incubation with
TPH104c at a concentration lower than the IC50, the number of BT-20 cells increased from
20% to 50% to 95% at 24 h, 48 h, and 72 h, respectively. Similarly, following the incubation
of BT-20 cells with TPH104m at a concentration lower than IC50, the number of BT-20
cells increased from 20% to 60% to 90% at 24 h, 48 h, and 72 h, respectively. However, at
concentrations greater than the IC50 value, i.e., 0.3 μM, the level of BT-20 cell confluence was
only increased by a smaller percentage, i.e., from 18% to 25% to 40% at 24 h, 48 h, and 72 h,
respectively, for TPH104c and from 20% to 30% to 35% at 24 h, 48 h, and 72 h, respectively,
for TPH104m. At 1 μM of either TPH104c or TPH104m, the proliferation of BT-20 cells was
approximately 20% at 24, 48, and 72 h) (Figure 1c). These results suggest that BT-20 cell
proliferation was significantly decreased over time by incubation with either TPH104c or
TPH104m at 0.3 and 1 μM (p < 0.0001) for 48 and 72 h, compared to the vehicle control.

We also used the IncucyteTM Cytotox Green assay to further validate the effects of
TPH104c and TPH104m on TNBC cell viability. In this assay, the highly sensitive cyanine
nucleic acid dye, Cytotox green, penetrates and stains dead or non-viable cells due to a
compromised cellular membrane, and upon binding to deoxyribose nucleic acid (DNA), it
emits green fluorescence [57]. The incubation of BT-20 cells for 72 h with 0.1 μM of either
TPH104c or TPH104m did not significantly alter the level of green fluorescence, compared
to the vehicle control (Figure 1d). In contrast, after the incubation of BT-20 cells with 1 μM
of TPH104c and TPH104m, for 72 h, there was a significant increase in the fluorescence
intensity (p < 0.0001), compared to the vehicle control (Figure 1c,d). These in vitro results
indicated that TPH104c and TPH104m significantly decreased the growth of BT-20 cells
and increased the percentage of dead cells, after 72 h of incubation. This was in contrast
to the cells incubated with the vehicle control, which continued to grow, multiply, and
remained healthy over time, as shown by the low fluorescence intensity of cytotox green
dye in the cells.

Similar to the cytotoxicity findings, TPH104c and TPH104m produced a concentration-
dependent decrease in BT-20 colony formation (Figure 1e,f). The incubation of BT-20 cells
with 0.3 or 1 μM of TPH104c for 10 days, significantly decreased the colony formation area
(p < 0.05 for 0.3 and 1 μM), compared to the vehicle control. TPH104m also significantly
decreased the area of the BT-20 colonies, compared to vehicle control (p < 0.05 for 0.3 μM
and p < 0.1 for 1 μM). TPH104c and TPH104m significantly decreased BT-20 cell division,
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resulting in smaller, less dense colonies, compared to the control cells, where the cells
proliferated rapidly and formed larger colonies (Figure 1e,f).

b 

d 

c a 
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e 

Figure 1. The cytotoxicity (i.e., anticancer efficacy) of TPH104c and TPH104m in different breast
cancer cell lines. (a) The selectivity of TPH104c and TPH104m for TNBC, compared to normal,
non-TNBC cell lines and TNBC, compared to normal breast cell line. (b) The cell viability curves of
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BT-20 cells after incubation for 72 h, with varying concentrations of TPH104c or TPH104m, using
the MTT, CTB, or SRB assays, respectively. (c) Quantitative graphs of percent (%) cell viability data
obtained using IncuCyte S3 software based on phase-contrast images of BT-20 cells incubated for
72 h with vehicle or varying concentrations of TPH104c, TPH104m and media. (d) Real-time live-cell
imaging pictures of BT-20 cells after incubation with TPH104c and TPH104m for 72 hrs, in an Incucyte
Cytotox green reagent—containing media. The images show the green fluorescence intensity of
cytotox green dye, which stains dead or non-viable cells. (e) Colony formation assay for BT-20 cells
that were incubated with vehicle (0 μM), 0.1, 0.3, or 1 μM of TPH104c or TPH104m. The images show
the effect of TPH104c and TPH104m on colony density and size. (f) Bar graph summarizing the effect
of different concentrations of TPH104c or TPH104m on the size of the colonies formed by BT-20 cells.
The results represent the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01.

Table 2. The efficacy of TPH104c and TPH104m in inhibiting the proliferation of BT-20 cells, as
determined using the MTT, CTB and SRB assays.

Compounds
IC50 ± SD (μM)

MTT Assay CTB Assay SRB Assay

TPH104c 0.22 ± 0.06 0.23 ± 0.06 0.30 ± 0.07

TPH104m 0.18 ± 0.03 0.19 ± 0.08 0.32 ± 0.16

PTX 0.05 ± 0.00 0.07 ± 0.03 0.05 ± 0.00
BT-20 cell survival was further confirmed with CTB and SRB assays and compared with the MTT assay. Paclitaxel
was used as the positive control. IC50 values represent the average concentration ± SD required to suppress cell
proliferation by 50% and are the average of three separate experiments performed in triplicate.

3.2. TPH104c and TPH104m Arrest the Cell Cycle of BT-20 Cells in the S/G2 Phase

It is well known that anticancer drugs can significantly disrupt the cell cycle of cancer
cells [82,83]. Therefore, we stained cells with PI to study the effects of TPH104c and
TPH104m on the cell cycle. PI stains the DNA and this allows for the determination of
the cell distribution in different phases of the cell cycle: G1, S, and G2 phases, using
flow cytometry [84]. The vehicle control had a normal cell cycle distribution, where 6.3%,
81.4%, 5.8%, and 5.1% of the cells were in the subG1, G1, S, and G2 phases, respectively
(Figure 2a–d).

However, there was a significant decrease in the % of cells in the G1 phase, following
incubation with 2 μM of TPH104c, compared to vehicle control (81.4% and 69.15% at
0 and 2 μM, respectively, p < 0.001 at 2 μM, Figure 2a,b). BT-20 cells incubated with
TPH104c significantly shifted the cell cycle toward the S (15.4% and 21.4% for 1 and 2 μM,
respectively, with p < 0.01 and p < 0.0001 for 1 and 2 μM, respectively) and G2 phases
(14.1% and 12.9% for 1 and 2 μM, respectively, with p < 0.01 and p < 0.05 for 1 and 2 μM,
respectively, Figure 2a,b). Similarly, the percentage of cells in the G1 phase, following
incubation with 1 and 2 μM of TPH104m, was significantly decreased, compared to the
vehicle control (81.4%, 68.4%, and 61.3% at 0, 1, and 2 μM, respectively, p < 0.05 at 1 μM and
p < 0.0001 at 2 μM, Figure 2c,d). BT-20 cells incubated with TPH104m significantly shifted
the cell cycle toward the S (18.4% and 22.1% for 1 and 2 μM, respectively, with p < 0.05 and
p < 0.001 for 1 and 2 μM, respectively, Figure 2c,d) and G2 phases (19.7% and 19.5% for 1
and 2 μM, respectively, with p < 0.05 for 1 and 2 μM, Figure 2c,d). Overall, these results
indicate that BT-20 cells are arrested in the S and G2 stages of the cell cycle after incubation
with TPH104c and TPH104m.
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Figure 2. The effect of TPH104c or TPH104m on the cell cycle in BT-20 cells. Representative figures
showing the distribution of BT-20 cells in different phases of the cell cycle after incubation with
vehicle (0 μM), (a) TPH104c, or (c) TPH104m (0.5, 1, and 2 μM). BT-20 cells were stained with PI and
subjected to flow cytometry. Count (y-axis) represents the cell population used in the flow cytometric
analysis, and PE-A (x-axis) represents the cells stained with PI. Quantitative histograms depicting the
percent change in BT-20 cells in the SubG1, G1, S, and G2 phases of the cell cycle upon treatment with
(b) TPH104c or (d) TPH104m. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. The data represent
the average ± SD of three separate experiments performed in triplicate.

3.3. TPH104c and TPH104m-Mediated Cell Death Occurs Independent of Intrinsic and
Extrinsic Apoptosis

Our morphological experiments indicated that the incubation of BT-20 cells with 0.1,
0.3, or 1 μM of TPH104c and 0.1, 0.3, or 1 μM of TPH104m did not produce cellular features
indicative of apoptosis, such as a decrease in cell size, blebbing of the cytoplasmic mem-
brane, nuclear fragmentation, and apoptotic body formation (Figures 3a and 4a) [62,63].
However, TPH104c and TPH104m produced an increase in the surface area of BT-20 cells
(Figures 3a and 4a) that resembled swelling, which ultimately led to cell death by bursting
(Videos S1–S3). Alternatively, senescence, defined as a state of permanent cell growth arrest,
produces a flattened, enlarged cellular morphology [85,86]. Therefore, to confirm whether
TPH104c and TPH104m induced senescence, we performed β-galactosidase staining. Senes-
cent cells had β-galactosidase activity, known as SA-G-gal, a biomarker of senescence [87].
Our positive control, MEF cells incubated with doxorubicin, appeared flatter and much
larger than the BT-20 cells and stained blue, which indicated SA-G-gal staining and the
presence of senescence. However, there was no β-galactosidase staining in BT-20 cells
incubated with TPH compounds. This finding confirmed that TPH104c and TPH104m do
not induce senescence in BT-20 cells (Figure S1).
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Figure 3. The effect of TPH104c on the levels of apoptotic and anti-apoptotic proteins in BT-20 cells.
(a) Representative images featuring morphological changes in BT-20 cells (under 20× magnification)
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after incubation with vehicle (0 μM, media without drug), 0.1, 0.3, or 1 μM of TPH104c for 0, 24,
48 or 72 h. (b) Representative images of BT-20 cells with vehicle (0 μM), 2, or 5 μM of TPH104c for
24 h or paclitaxel (PTX, 1 μM, a positive control) and stained with Hoechst 33342 dye. TPH104c
did not produce condensed or fragmented nuclei compared to cells incubated with paclitaxel (PTX).
Scale bar = 25 μM. (c) Western blot images representing the levels of the apoptotic molecules, cleaved
caspase-3, caspase-3, cleaved caspase-7, caspase-7, cleaved caspase-9, caspase-9, cleaved caspase-8,
caspase-8, BAX, BAK, BCL-2, cleaved PARP and PARP, following incubation with vehicle (0 μM), 0.5,
1, 2 or 5 μM of TPH104c. The proteins are expressed as a ratio to β-actin, followed by normalization
to the vehicle control. (d) The level of each protein is shown by histograms. Clvd = cleaved;
Csp = caspase. The data represent the average ± SEM of four separate studies. (e) Caspase-Glo
3/7 assay results are represented as a bar graph and curve, showing a decrease in the levels of
caspase-3 and caspase-7 by TPH104c, in a concentration-dependent manner in BT-20 cells, after
24 h of incubation. In contrast, 1 μMof PTX induced caspase- 3 and 7 activity (n = 2). (f) The IC50

values, using the MTT assay, for TPH104c in BT-20 cells that were preincubated with zVAD-FMK
(a pan-caspase inhibitor) and then incubated with varying concentrations of TPH104c for 72 h. The
data were obtained from three independent experiments conducted in triplicate and represent the
average ± SD. ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns means non-significant. Original Western
Blot images can be found in Supplementary Materials.

Therefore, to further validate our hypothesis that TPH104c and TPH104m do not
induce apoptosis, we incubated BT-20 cells with a fluorophore-labeled Annexin V dye,
which binds to phosphatidylserine that is translocated from the inner plasma membrane to
the outer membrane during the early stage of apoptosis [88]. BT-20 cells incubated with
0.5, 2.5, or 5 μM of TPH104c or TPH104m did not significantly increase in the percentage
of Annexin V positive cells, compared to the vehicle control (Figure S2). Approximately
90% of the vehicle control cells were viable, whereas only 11% of cells that had Annexin V
incorporated into their membranes, i.e., they were undergoing apoptosis. Similar to the
vehicle group, BT-20 cells incubated with 0.5, 2.5, or 5 μM of TPH104c and TPH104m did
not have significant changes in the percentage of PS exposure. BT-20 cells incubated with
0.5, 2.5, or 5 μM of TPH104c, resulted in 12.1%, 13.9%, and 14.8% Annexin V positive cells,
whereas BT-20 cells incubated with 0.5, 2.5, or 5 μM of TPH104m resulted in only 14.0%,
15.6% and 15.6% Annexin V positive cells. These results indicate that neither TPH104c
nor TPH104m produced a level of apoptosis that was significantly greater than that of the
vehicle, i.e., these compounds did not cause cancer cell death by inducing apoptosis.

We also studied the effect of TPH104c and TPH104m on nuclear fragmentation, an-
other hallmark of apoptosis, where nuclear chromatin condensation begins at the peripheral
surface of the nuclear membrane and ultimately produces fragmentation of the nucleus,
known as karyorrhexis [89]. BT-20 cells were incubated with Hoechst 33342 dye, which can
penetrate into live or viable cells, where it binds to DNA in adenine-thymine regions and
produces a measurable blue fluorescence when exposed to light at 460–490 nm [90]. The
incubation of BT-20 cells with 2 or 5 μM of either TPH104c or TPH104m for 24 h did not
significantly alter the level of blue fluorescence or the shape of the nucleus, compared to
the vehicle control (Figures 3b and 4b). However, BT-20 cells incubated with the positive
control, 1 μM of paclitaxel, which has been previously reported to produce nuclear fragmen-
tation [91], significantly increased the level of nuclear fragmentation (Figures 3b and 4b).
Thus, these results suggest that at the concentrations and incubation times used in this
study, TPH104c and TPH104m did not induce nuclear fragmentation, a process that occurs
in the later stage of apoptosis.
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Figure 4. The effect of TPH104c on apoptotic and anti-apoptotic proteins in BT-20 cells. (a) Represen-
tative images featuring morphological changes in BT-20 cells (20× magnification) after incubation
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with vehicle (media without the TPH compounds or paclitaxel (PTX)), 0.1, 0.3, or 1 μM of TPH104m,
at 0, 24, 48 or 72 h post-incubation. (b) Representative images of BT-20 cells incubated with 2 or
5 μM of TPH104m or PTX (1 μM,) a positive control) or vehicle control and stained with Hoechst
33342 dye. TPH104c did not produce condensed or fragmented nuclei, compared to cells incubated
with PTX. Scale bar = 25 μM. (c) Western blot images for the apoptotic molecules, cleaved caspase-3,
caspase-3, cleaved caspase-7, caspase-7, cleaved caspase-9, caspase-9, cleaved caspase-8, caspase-8,
BAX, BAK, BCL-2, cleaved PARP, and PARP, following incubation with vehicle (0 μM), 0.5, 1, 2, or
5 μM of TPH104m. The data are expressed as the ratio to β-actin, followed by normalization to the
vehicle control. (d) The level of each protein is shown by histograms. Clvd = cleaved; Csp = caspase.
The data represent the average ± SEM of four separate studies. (e) Caspase-Glo 3/7 assay results
are presented as a bar graph and as a curve, showing that incubation of BT-20 cells with TPH104m
for 24 h decreased the levels of caspase 3/7 in a concentration-dependent manner. In contrast, PTX
(1 μM) increased the levels of caspase 3 and 7 (n = 2). (f) IC50 values, using the MTT assay, for
TPH104c in BT-20 cells that were preincubated with z-VADfmk and then incubated with varying
concentrations of TPH104c for 72 h. The data is obtained from three independent experiments
conducted in triplicates and represents the average ± SD. * p < 0.05, *** p < 0.001, **** p < 0.0001 and
ns means non-significant. Original Western Blot images can be found in Supplementary Materials.

We also determined the effect of the TPH compounds on the levels of key regulators of
apoptosis, including initiator and executioner caspases, caspase-8, caspase-9, caspase-3, and
caspase-7, pro-apoptotic proteins, BAK and BAX, anti-apoptotic protein, Bcl-2, and PARP,
using western blot assay. BT-20 cells were also incubated with 1 μM of paclitaxel, which
alters the levels of certain apoptotic proteins [85]. BT-20 cells incubated with paclitaxel,
significantly upregulated the levels of cleaved caspase-3 (p < 0.001), caspase-7 (p <0.01),
caspase-8 (p < 0.0001), caspase-9 (p < 0.01),) and total caspase-8 (***, p <0.001), compared to
the vehicle control (Figures 3c,d and 4c,d). In contrast, the incubation of BT-20 cells with 0.5,
1, 2, or 5 μM of TPH104c or TPH104m did not significantly alter the level of cleaved and
total caspases (both initiator and executioner caspases), compared to the vehicle control
(Figures 3c,d and 4c,d). Since TPH104c and TPH104m did not induce the cleavage of
caspase-3 and caspase-7, it is unlikely that they activated the intrinsic or mitochondrial
pathway of apoptosis. Furthermore, there was no caspase-8 cleavage in cells incubated
with TPH104c and TPH104m, indicating that TPH104c- and TPH104m-induced cell death
is not mediated through the extrinsic apoptotic pathway, as activation of initiator caspase-8
is required to cleave and activate caspase-3 and caspase-7 to induce extrinsic apoptosis [92].
Also, the incubation of BT-20 cells with TPH104c or TPH104m did not significantly alter the
levels of (1) BAK; (2) BAX, (3) cleaved PARP, and (4) total PARP, compared to the vehicle
control. There was no significant change in the levels of Bcl-2 in BT-20 cells incubated with
TPH104c and TPH104m (0.5, 1, 2, or 5 μM), compared to the vehicle control. In contrast,
there was a significant decrease in Bcl-2 levels in BT-20 cells incubated with paclitaxel,
compared to vehicle control cells.

We used the Caspase-Glo® 3/7 assay, which involves incubating cells with the caspase-
3/7 substrate, Z-DEVD-aminoluciferin, a substrate for luciferase that is cleaved by active
caspase-3 and caspase-7 [93], to further validate the above results, indicating that the
TPH compounds do not induce apoptosis. The cleavage of Z-DEVD-aminoluciferin by
caspase-3 or caspase-7, releases aminoluciferin, a substrate for luciferase, which produces
luminescence [94]. The incubation of BT-20 cells with 0.3, 1, or 3 μM of TPH104c or
TPH104m for 24 h did not significantly induce the activation of caspase 3/7, compared
to the vehicle control (Figures 3e and 4e). However, BT-20 cells treated with 0.1 μM of
paclitaxel, a compound that activates the intrinsic apoptotic pathway [95,96], significantly
increased the level of bioluminescence, indicating activation of caspase-3 and caspase-
7 (Figures 3e and 4e). We conducted an additional experiment to show that TPH104c
and TPH104m do not induce BT-20 cell death by apoptosis. The pre-incubation of BT-20
cells with 100 μM of benzyloxycarbonyl-valine-alanine-aspartate-FMK (Z-VAD-FMK), an
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irreversible pan-caspase inhibitor [68], did not prevent cell death after incubation with 0.1,
0.3, or 1 μM of TPH104c or TPH104m, compared to vehicle control (Figure S3). There was
no significant difference between the IC50 values of BT-20 cells treated with Z-VAD-FMK
and BT-20 cells treated with either TPH104c or TPH104m (Figures 3f and 4f). These results
suggested that neither TPH104c nor TPH104m induced cell death by activating caspase-3
and caspase-7, i.e., they did not induce apoptosis by the intrinsic pathway. It is important
to note that although the incubation of BT-20 cells with TPH104c and TPH104m resulted
in a significant loss of the mitochondrial membrane potential, it is possible that the level
of cytochrome c release in the cytoplasm was not sufficient to activate caspases and cause
apoptotic cell death.

3.4. TPH104c and TPH104m-Mediated Cell Death Induced the Loss of the Mitochondrial
Membrane Potential, Independent of Cytochrome c Release and Reactive Oxygen Species
(ROS) Production

As previously discussed, the majority of clinically used anticancer drugs induce the apop-
tosis of cancer cells [97]. Apoptosis can be activated through the intrinsic/mitochondrial or
extrinsic/death receptor pathways [64,98]. Intrinsic apoptosis is mediated by the apoptotic
regulator family known as the B-cell lymphoma-2 (BCL-2) family. This family includes
pro-apoptotic proteins such as BAX, BAK, and BCL-2 related ovarian killer (BOK), as well
as BH3-only proteins like BCL-2 associated agonist of cell death (BAD), BH3 interacting
domain death agonist (BID), BCL-2 interacting killer (BIK), BCL-2 modifying factor (BMF),
BCL-2-like 11 (BIM), activator of apoptosis hara-kiri (HRK), NOVA, p53 upregulated mod-
ulator of apoptosis (PUMA), and SOUL. Additionally, there are anti-apoptotic survival
proteins in this family, such as BCL-2, BCL-extra-large (BCL-XL), BCL-2-like protein (BCL2-
L-2) or BCL-W, B-cell lymphoma 2 (BCL-B), BCL-2-related protein A1 (BCL-2-A1), and
myeloid cell leukemia-1 (MCL-1) [99]. Numerous studies indicate that intrinsic stimuli,
such as cellular stress, DNA damage, excessive levels of reactive oxygen species (ROS),
and pro-apoptotic proteins, such as BAK and BAX, are activated either transcriptionally
or post-transcriptionally and are translocated to the outer mitochondrial membrane [64].
Due to pore formation on the outer surface of the mitochondria, apoptogenic factors
such as cytochrome c and diablo IAP-binding mitochondrial protein (DIABLO/Smac)
are released into the cytosol, leading to mitochondrial outer membrane permeabilization
(MOMP) [100,101]. Subsequently, cytochrome c binds to the apoptotic peptidase activating
factor 1 (APAF1) and pro-caspase 9, to form an apoptosome complex [102]. Caspase-9, an
initiator caspase, is activated by the apoptosome via heterodimerization with APAF1 and a
self-homodimerization process [103,104]. This complex activates caspase-3 and caspase-7,
which produce DNA fragmentation, phosphatidylserine (PS) externalization and apoptotic
blebs [105–108]. In contrast, extrinsic apoptosis is mediated by transmembrane death
receptors, TNF receptor superfamily members 1A (TNFR1), 10a (TRAILR1 or DR4), and
10b (TRAILR2 or DR5), and the Fas cell surface death receptor (Fas/CD95/APO1) [64].
The binding of the endogenous ligands, FAS l to the Fas receptor and TRAIL to the TRAIL
receptor, recruits the adaptor proteins Fas-associated via death domain (FADD) and TNFR1
associated via death domain (TRADD), respectively, and forms an intracellular multipro-
tein complex known as the death-inducing signaling complex (DISC) [109]. This process
enables the recruitment and activation of caspase-8 or caspase -10 through homodimeriza-
tion, leading to the corresponding activation of the executioner caspase cascade, ultimately
resulting in cell death [110].

Using the dye, TMRE, we determined the effect of TPH compounds on the mito-
chondrial membrane potential in BT-20 cells. This positively the charged dye is taken
up by negatively charged viable mitochondria with an intact mitochondrial membrane
potential, resulting in the emission of red fluorescence when exposed to the TPH com-
pounds [111]. The vehicle control cells emitted high levels of red fluorescence (Figure 5a).
However, BT-20 cells incubated with 2 and 5 μM of TPH104c or TPH104m, for 24 h, had
significantly lower levels of red fluorescence, compared to the vehicle control (**, p < 0.01,
for both concentrations of TPH104c and **, p < 0.01 and ***, p < 0.001 for 2 and 5 μM
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of TPH104m, respectively) (Figure 5a,b). Carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), an inhibitor of oxidative phosphorylation [112], was used as the positive control
for this assay. BT-20 cells incubated with 200 μM of CCCP had a significantly lower level
of fluorescence, compared to the vehicle control and 2 or 5 μM of TPH104c and TPH104m
(Figure 5a,b; p < 0.0001) [113]. These results indicated that TPH104c and TPH104 caused a
loss of mitochondrial membrane potential. The loss of mitochondrial membrane potential
results in the release of apoptogenic factors, such as cytochrome c, from the mitochon-
dria, which is crucial for the activation of specific caspases to initiate apoptosis [114–116].
Therefore, to determine whether TPH compounds release cytochrome c, which mediates
apoptosis, we determined the effect of TPH104c and TPH104m (2 and 5 μM) on the level of
cytochrome c using immunofluorescence. Interestingly, TPH104c and TPH104m, at 2 or
5 μM, significantly decreased the fluorescence of cytochrome c (p < 0.0001 and p < 0.001 for
2 and 5 μM of TPH104c, respectively; p < 0.0001 and p < 0.0001 for 2 and 5 μM of TPH104m,
respectively (Figure 5c,d), indicating that the levels of cytochrome c were lower in BT-20
cells incubated with TPH104c and TPH104m, for 24 h, compared to the vehicle control.
In contrast, BT-20 cells incubated with 1 μM of paclitaxel, known to induce apoptotic cell
death, significantly enhanced cytochrome c release (**** p < 0.0001), compared to the vehicle
control, TPH104c, or TPH104m. These results suggest that TPH104c and TPH104m did not
induce cell death by increasing the levels of cytochrome c in the cytosol of BT-20 cells.
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Figure 5. Cont.
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Figure 5. TPH104c and TPH104m induced the loss of the mitochondrial membrane potential but
did not induce oxidative stress in BT-20 cells. (a) Fluorescent microscopic images of BT-20 cells
stained with TMRE dye after incubation with the vehicle for 24 h (0 μM), 2 or 5 μM of TPH104c or
TPH104m, and CCCP as a positive control. The TMRE dye is retained in cells with normal structural
and functioning mitochondria, producing a high level of red fluorescence, whereas weak or no fluo-
rescence occurred in cells without MMP. Scale bar = 200 μm. (b) Quantitative bar graph illustrating
the change in the percentage of red fluorescence in BT-20 cells incubated with 2, or 5 μM of TPH104c
and TPH104m or CCCP, compared to cells incubated with media. The results are shown as mean
± SD in triplicate. CCCP = Carbonyl cyanide 3-chlorophenylhydrazone. (c) Immunofluorescence
analysis of cytochrome c levels in BT-20 cells incubated with 2 or 5 μM of TPH104c or TPH104m
or PTX or vehicle control (0 μM), for 24 h. PTX = Paclitaxel. Scale bar = 50 μm. (d) Bar graphs
illustrating the fluorescence intensity of cytochrome c in BT-20 cells incubated with 2 and 5 μM
TPH104c and TPH104m or vehicle control (0 μM) for 24 h. (e) Representative images and (f) bar
graphs depicting the level of dichlorofluorescein (DCF) fluorescence in BT-20 cells incubated with
TPH104c and TPH104m (0 μM (vehicle), 2, or 5 μM) for 24 h, or paclitaxel (2 μM) for 2 h. Images
were captured at 20× magnification. Scale bar = 200 μm. Relative fluorescence units of H2DCFA in
BT-20 cells. The data are expressed as the average fluorescence ± SEM of three separate experiments.
** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to the vehicle control cells.

It has been reported that ROS can cause the death of cancer cells by inducing apop-
tosis [29,117–119]. Indeed, high levels of ROS activate the p53 enzyme system, which
promotes late-stage apoptosis by upregulating the levels of pro-apoptotic proteins such
as BAK and BAX and downregulating the levels of anti-apoptotic proteins such as BCL-
2, BCL-xL, and MCL-1 [120]. In addition, ROS induce permeabilization of the outer
mitochondrial membrane by opening the mitochondrial permeability transition pore
(mPTP) [121,122]. This alters the electrochemical proton gradient across the mitochon-
dria, causing the release of pro-apoptotic molecules into the cytoplasm, which are involved
in apoptotic cell death [100,123]. To determine if an increase in ROS levels is the primary
cause of the loss of mitochondrial membrane permeability, we determined the effect of
TPH104c and TPH104m on the intracellular levels of ROS in BT-20 cells, using the dye
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA). Cellular esterases hydrolyze the
acetyl groups after the dye is taken up by cells, resulting in the formation of H2DCF [124].
Subsequently, intracellular ROS oxidize H2DCF to produce 2′,7′-dichlorofluorescein, which
emits green fluorescence (excitation and emission wavelengths of 485 nm and 522 nm,
respectively) [125]. The incubation of BT-20 cells with 2 and 5 μM of TPH104c or 2 and
5 μM of TPH104m for 24 h did not significantly alter ROS levels compared to the vehicle
control (Figure 5e,f). However, as previously reported [126], BT-20 cells incubated with
2 μM of paclitaxel significantly elevated the ROS levels (**** p < 0.0001), compared to
the vehicle control, TPH104c, or TPH104m (Figure 5). These findings suggest that at the
concentrations and incubation times used in this study, TPH104c and TPH104m did not
produce their anticancer efficacy by increasing ROS levels.
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3.5. TPH104c and TPH104m-Mediated Cell Death Is Regulated by the Protein, DRP1,
a Mitochondrial Marker

The loss of mitochondrial membrane potential and decrease in cytochrome c release
prompted us to determine whether TPH104c and TPH104m altered the levels of mitochon-
drial dynamic proteins. Mitochondria undergo continuous cycles of fission and fusion to
maintain mitochondrial homeostasis and quality, and balance their population and cellular
function [127]. In mitochondrial fission, DRP1 is recruited from the cytoplasm to the mi-
tochondrial outer membrane (MOM) receptor, Fis1, in a complex with the mitochondrial
fission factor (MFF) [128]. This produces an incision in the mitochondrial membrane in
a GTP-dependent manner, resulting in mitochondrial fission [129]. Mitochondrial fusion
is mediated by the proteins mitofusin 1 (MFN1) and mitofusin 2 (MFN2), located on the
MOM, and Optic atrophy 1 (OPA1) proteins, located in the inner mitochondrial mem-
brane [130]. BT-20 cells incubated with 2 and 5 μM of TPH104c and TPH104m significantly
decreased the phospho-DRP1 to DRP1 ratio (p < 0.0001 for 2 and 5 μM of TPH104c, re-
spectively, and p < 0.0001 for 2 and 5 μM of TPH104m, respectively), compared to the
vehicle-incubated cells (Figure 6a,b). Interestingly, when compared to the vehicle control,
the levels of phospho-MFF to MFF were increased in BT-20 cells incubated with 2 and 5 μM
of TPH104c and TPH104m, compared to the controls but were not significant. The levels of
Fis1 in BT-20 cells were not significantly altered after incubation with 2 or 5 μM of TPH104c
and TPH104m, compared to the vehicle-incubated cells (Figure 6a). Furthermore, BT-20
cells incubated with 2 and 5 μM of TPH104c and TPH104m, did not significantly alter
the level of the mitochondrial fusion proteins, MFN1, MFN2, and OPA1, compared to the
vehicle control (Figures 6a and S4a). We also conducted immunofluorescence experiments
to determine the effect of TPH compounds on the levels of DRP1 and phospho-DRP1 in
BT-20 cells. The incubation of BT-20 cells with 2 and 5 μM of TPH104c and TPH104m for
24 h significantly decreased the levels of DRP1 (p < 0.01 and p < 0.05 for 2 and 5 μM of
TPH104c, respectively; Figure 6c,d). Similarly, the levels of phosphorylated DRP1 were
significantly decreased in BT-20 cells after incubation with 2 (p < 0.01) and 5 μM (p < 0.05) of
TPH104c and 2 (p < 0.05) and 5 μM (p < 0.001) of TPH104m, compared to vehicle-incubated
cells (Figure 6e,f).

Molecular docking studies suggested that the TPH104c and TPH104m (i.e., the ligands)
adopt a highly stable configuration within the binding pocket, facilitated by numerous inter-
molecular interactions, including hydrogen bonding with neighboring residues. Molecular
dynamics simulations revealed that the aryl moiety of both molecules reside near a deeply
concealed hydrophobic subpocket, enveloped by LEU51, PRO52, ILE57, ILE111, THR59
and ILE63, and this moiety progressively penetrates deeper into this subpocket over time
(Figure S4b,c). Furthermore, these compounds interact with the nearby residues, GLY37,
GLY149, LYS38, SER39 and SER35, forming hydrogen bonds. Analysis conducted with
the VMD program indicated that LYS38 and ASP146 have the highest hydrogen bond
occupancy, underscoring their crucial role in stabilizing the ligands within the binding
pocket (Table S1). Due to the presence of a hydroxyl group, TPH104c forms a strong
hydrogen bond with the carbonyl group in the main chain, specifically between residues
ARG61 and PRO62, ensuring stability. In addition to hydrogen bonds and hydrophobic
interactions, both TPH104c and TPH104m consistently exhibit carbon-π and donor-π in-
teractions [131] with PRO148 and GLN34 residues throughout the simulation trajectories.
These interactions are visually represented in (Figure 6g–j). Similarly, the dose-response
binding kinetics of the DRP1 recombinant protein and TPH compounds were studied using
Nicoya OpenSPR. These results confirmed that DRP1 binds with the TPH compounds.
TPH104c and TPH104m have a direct binding interaction with the recombinant DRP1
protein, as indicated by a binding constant (KD) of 3. 57 ± 0.7 μM, 3.89 ± 1.64 μM, and
25.2 ± 3.6 μM, respectively (Figure 6k,l)
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k l 

Figure 6. The effect of TPH104c and TPH104m on the levels of mitochondrial proteins, DRP1 and
phosphorylated DRP1 (p-DRP1). (a) Western blot images for the mitochondrial fission proteins,
p-DRP1, DRP1, p-MFF, MFF, and Fis1, and the mitochondrial fusion proteins, MFN1, MFN2, or OPA1,
following incubation with vehicle (0 μM), 2, or 5 μM of TPH104c and TPH104m. All proteins were
expressed as a ratio to β-actin, followed by normalization to the vehicle control. (b) Histograms
showing the ratio of phosphorylated proteins to total proteins and individual proteins. All data are
presented as the mean ± SEM of 4-5 independent studies. Immunofluorescence analysis of DRP1
(c) and p-DRP1 (e) at Serine 616C in BT-20 cells incubated for 24 h with vehicle (0 μM), 2, or 5 μM
of TPH104c or TPH104m. Bar graphs showing the quantification of the fluorescence intensity of
DRP1 (d) and p-DRP1 (f). Scale bar = 50 μm. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Predicted non-covalent interactions of ligands TPH104c and TPH104m. (g) Hydrogen bonds (yellow)
shared between TPH104c and DRP-1; (h) Carbon-π and donor-π interactions between TPH104c and
DRP-1 (i) Hydrogen bonds (yellow) shared between TPH104m and DRP-1; (j) Carbon-π and donor-π
interactions between TPH104m and DRP1. Representative graphs obtained from a Nicoya SPR assay,
where a direct drug-protein binding interaction occurred between the Drp1 recombinant protein
and varying concentrations of (k) TPH104c (l) TPH104m. Results are shown as the mean ± SD of
triplicate experiments. Original Western Blot images can be found in Supplementary Materials.

To further determine the role of DRP1 protein in the non-apoptotic cell death induced
by TPH104c and TPH104m, we generated complete and partial DRP1 knockout models,
using the TNBC cell line PAC200 (a paclitaxel-resistant variant of SUM159 cells) (Figure 7a).
Because TPH104c and TPH104m decreased DRP1 levels and induced non-apoptotic cell
death in TNBC cell lines, we hypothesized that knocking out the DRP1 gene in TNBC
cell lines would increase TNBC cell viability. The results of this experiment supported
our hypothesis, as the IC50 values of TPH104c and TPH104m were increased in the DRP1
knockout (partial KO and complete KO) PAC200 cell lines. We conducted four different
cell viability assays, MTT, CTB, CTG, and SRB, to confirm the above results (Figure S4d).
MTT assays indicated that the cytotoxic efficacy of TPH104c increased by 1.9- (p < 0.01) and
2.9-fold (p < 0.001) in partial and complete DRP1 KO PAC200 cells, respectively (Figure 7b).
Similarly, the TPH104m IC50 value was increased by 2.0 (p < 0.01) and 2.7-fold (p < 0.001) in
the partial KO and DRP1 KO PAC200 cells, respectively. In the CTB assay (Figure 7c), the
IC50 values of TPH104c in partial DRP1 KO cells were increased by 1.3-fold in partial DRP1
KO cells and 2.1-fold (p < 0.05) in complete DRP1 KO cells. There was a 0.9-fold increase in
the TPH104m IC50 value in the -partial DRP1 KO cells, compared to 3.3-fold (p < 0.05) in the
partial DRP1 KO cells treated with TPH104m. Similarly, in the CTG assay, the IC50 values
for the TPH compounds were significantly increased in the complete DRP1 KO PAC200
cells after incubation with TPH104c (2.7-fold, p < 0.01) and TPH104m (4.7-fold, p < 0.05),
compared to the partial DRP1 KO PAC200 cells (1.9-fold increase for TPH104c and 3.2-fold
increase for TPH104m) (Figure 7d). Finally, the SRB assay (Figure 7e) results indicated
that the IC50 values for TPH104c (3.0-fold, p < 0.001) and TPH104m (6.7-fold, p < 0.01)
were significantly increased compared to the partial DRP1 KO cells (0.6-fold increase for
TPH104c and 0.8-fold increase for TPH104m) and control PAC200 cells. Thus, the increase
in the viability of TNBC cells after partial and complete DRP1 knockout suggests that
TPH104c and TPH104m induce cell death by affecting the levels of the DRP1 protein.
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Figure 7. The cytotoxic efficacy of TPH104c and TPH104m on CRISPR (wild-type control) and partial
and complete DRP1 knockout (KO) PAC200 cells. (a) Western blot images of DRP1 levels in CRISPR
wild-type (control) PAC200 cells PAC200 and complete and partial DRP1 KO cells. Bar graphs
depicting the IC50 values of TPH104c and TPH104m in CRISPR wild-type, partial DRP1 KO, and
complete DRP1 KO PAC200 cells after 72 h of incubation, calculated using (b) MTT assay, (c) CTB
assay, (d) CTG assay, and (e) SRB assay. (f) Morphological images of CRISPR wild-type and complete
DRP1 KO PAC200 cells incubated with 10 μM of TPH104c and TPH104m, for 72 h. Yellow arrows
represent a bubble-like formation that indicates bursting. Scale bar, 100 μm. * p < 0.05, ** p < 0.01,
*** p < 0.001. Original Western Blot images can be found in Supplementary Materials.

Furthermore, we conducted additional experiments to determine the mechanism by
which TPH104c- and TPH104m-induced cell death in control wild-type and complete
DRP1 KO PAC200 cells, by performing a morphological experiment, using the Incucyte
live-cell analysis system (Figure 7f). Both cell lines were incubated with 10 μM TPH104c
and TPH104m for 72 h, and images were captured using an Incucyte instrument. The
control (wild-type) PAC200 cells underwent death in a process similar to that of BT-20 cells:
the size of the cells incubated with 10 μM TPH104c or TPH104m gradually increased, and
this ultimately caused bursting (indicated by yellow arrows in Figure 7f) and detachment
from the growth surface, followed by death. Interestingly, the death of the DRP1 knockout
PAC200 cells was different from that of the control PAC200 cells, as the DRP1 KO PAC200
cells were larger in size but died without bursting, as there were no bubble-like formations
in these cells. Overall, these data indicated that the decrease in DRP1 levels by TPH104c
and TPH104m played a significant part in triggering a unique non-apoptotic-like cell death.

4. Discussion

In this study, we investigated the mechanism by which the thienopyrimidine derivates,
TPH104c and TPH104m, induced the in vitro death of TNBC cells. Our data suggested
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that TPH104c and TPH104m induced non-apoptotic cell death in TNBC cell lines that was
characterized by the absence of apoptotic morphology (i.e., no nuclear fragmentation, no
cell shrinkage or apoptotic cell bodies, and the absence of rounded cells). TPH104c and
TPH104m produced cell cycle arrest at the S/G2 phases and did not significantly alter
the levels of ROS. TPH104c and TPH104m did not activate either initiator or executioner
caspases, and cell death was not rescued by the pan-caspase inhibitor, Z-VAD-FMK. In-
terestingly, TPH104c and TPH104m increased mitochondrial membrane permeabilization
but significantly decreased the release of total cytochrome c. Cytochrome c is an essential
component of the electron transport chain, which is involved in the transfer of electrons
between complexes III and IV that generates a proton gradient across the inner mem-
brane [132,133]. Thus, the generated proton gradient is involved in ATP synthesis through
the action of ATP synthase [132,133]. Therefore, a decrease in cytochrome c levels can
decrease ATP production and impair mitochondrial function. Furthermore, TPH104c and
TPH104m significantly decreased the levels of the mitochondrial fission protein, DRP1,
and its phosphorylated form, p-DRP1. Studies have reported that inhibiting DRP1 induces
apoptosis in cancer cells and may also prevent cytochrome c release, although it induces
apoptosis. [134,135]. However, here, we report the non-apoptotic cell death induced by our
lead compounds that bind to DRP1, result in its downregulation, as well as cytochrome c,
in TNBC. Interestingly, the anticancer efficacy of our compounds was dependent on the
amount of DRP1 present in TNBC cells, compared to the wild-PAC200. Indeed, the reversal
of cytotoxicity was non-significant in partial DRP1 KO PAC200 cells and significant in
complete DRP1 KO PAC200 cells. To our knowledge, the results of our study describe
a novel mechanism of thienopyrimidine compound-induced non-apoptotic cell death in
TNBC via decreasing Drp1 levels.

Although an increase in mitochondrial membrane potential and loss of mitochondrial
membrane potential are two major events in apoptotic cell death [136], the release of the
apoptogenic factor cytochrome c is required to activate the initiator caspases, followed
by activation of the executioner caspases [64,98]. In this study, TPH014c and TPH104m
significantly decreased cytochrome c levels, which is an apoptogenic factor released by
mitochondria when cells undergo apoptotic cell death. Clearly, TPH104c and TPH104m
did not induce apoptotic cell death by increasing the levels of cytochrome c. It has been
reported that the loss of the mitochondrial membrane potential and subsequent mito-
chondrial damage are characteristics of the Fas-associated protein with death domain
(FADD)-mediated necrotic death pathway; however, cytochrome c is not released [137,138].
Further investigations must be conducted to determine if Fas contributes to cell death
triggered by TPH104c and TPH104m.

In addition, our findings revealed that the incubation of TNBC cells with TPH104c and
TPH104m decreased DRP1 expression, whereas there was a trend (non-significant) in the
increase in MFF expression, after cells were incubated with TPH104c and TPH104m. The
upregulation of MFF has been shown to facilitate the recruitment of DRP1 to the mitochon-
dria and initiate mitochondrial fission, independent of Fis1 [128]. Our results indicate that
TPH104c and TPH104m have a minimal impact on MFF-mediated DRP1 recruitment to the
mitochondria. However, DRP1 is inhibited once it is recruited to the mitochondria. It is also
possible that MFF is upregulated to compensate for the decrease in DRP1 levels. Studies
report that DRP1 inhibition, via DRP1 knockout, can produce in vivo tumor suppression in
pancreatic cells [139] and decrease metastasis after DRP1 silencing [38]. Qian et al. reported
that loss of DRP1 in the TNBC cell line MDA-MB-231 arrested the G2/M phase of the
cell cycle, produced replication stress mediated by mitochondrial hyperfusion, and led to
aneuploidy [140]. Similarly, DRP1 knockdown and mdivi-1-induced inhibition of DRP1
suppressed mitochondrial fission and decreased TNBC cell migration [141]. The depletion
of DRP1 has been reported to facilitate apoptosis in human cancer cells [135,142]. However,
other studies suggest that DRP1 is necessary to trigger apoptosis, and its downregulation
prevents cytochrome c release and the occurrence of apoptosis [134,143,144]. Interestingly,
DRP1 mediates another form of non-apoptotic cell death, necroptosis, either by activating
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mitochondrial phosphatase, PGAM5 [145] or through interaction with retinoblastoma [146].
TPH104c- and TPH104m-induced cell death in BT-20 cells was not rescued upon incubation
with Necrostatin-1 (RIPK1 inhibitor) [147] and necrosulfonamide (MLKL inhibitor) [148]
(Figure S5a,b), which inhibit proteins required for necroptosis. Additionally, activation of
DRP1 is crucial for initiating ferroptosis, another form of programmed non-apoptotic cell
death, as either mitochondrial inactivation or DRP1 ablation decreases ferroptosis [149].
In accordance with this, our data indicated that the incubation of cells with Ferrostatin-1
(an inhibitor of ferroptosis [150]) did not rescue TPH104c- and TPH104m-induced cell
death (Figure S5c). Further studies need to be performed to rule out the possibility of
other forms of non-apoptotic cell death induced by TPH104c and TPH104m. However,
considering the significant impact of TPH104c and TPH104m on the levels of DRP1 and
MFF, additional studies will be required to determine whether these compounds also
affect the structure of TNBC mitochondria, disrupt energy-producing processes, such as
mitochondrial respiration and glycolysis or cause damage to the mitochondria.

5. Conclusions

In conclusion, our study results suggest that TPH104c- and TPH104m-mediated TNBC
cell death is independent of apoptosis and regulated by DRP1, and thus, it is possible that
these compounds could be used to treat cancer cells that are resistant to apoptosis, although
this remains to be determined. TNBC tumors are characterized by increased mitochondrial
fission and levels of DRP1 compared to peritumor tissues, and this is positively correlated
with a poorer prognosis in TNBC patients [40]. Thus, it is possible that targeting DRP1
may be beneficial in the treatment of TNBC [151,152]. Therefore, the thienopyrimidine
derivatives TPH104c and TPH104m could be potential candidates for treating TNBC by
inducing non-apoptotic, DRP1-mediated TNBC cell death. Additional experiments must
be conducted to elucidate how TPH104c and TPH104m induce non-apoptotic cell death
in TNBC tumors, as this will assist us in obtaining optimal lead molecules for future
preclinical development.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/cancers16152621/s1, Original Western Blot images; Densitometry readings
of Western Blot; Figure S1: TPH104c and TPH104m do not induce senescence in BT-20 cells, as shown
by the morphological images of MEF cells treated with 250 nM of Doxorubicin for 24 h and BT-20 cells
treated with 0.1, 0.3 or 1 μM of TPH104c and TPH104m for 24 h and stained with β-galactosidase.
Scale bar = 200 μm; Figure S2: Bar graph illustrating the percentage of Annexin V positive BT-20
cells treated with TPH104c and TPH104m or vehicle that correlates to phosphatidyl serine exposure
on the surface of apoptotic cells; Figure S3: The impact of pan-caspase inhibitor, Z-VAD-FMK and
TPH104c and TPH104m on caspase activity. (a) Morphological images of BT-20 cells pre-treated
with 100 μM Z-VAD-FMK and incubated with 0.1, 0.3, or 1 μM TPH104c and TPH104m captured
at 0, 24, 48, and 72 h. Scale bar = 100 μm. (b) Cell viability curves of BT-20 cells pre-treated with
Z-VAD-FMK and then incubated with varying concentrations of TPH104c or TPH104m over 72 h
obtained using IncuCyte S3 software based on phase-contrast images of BT-20 cells; Figure S4: Effect
of mitochondrial fusion proteins on TPH104c- and TPH104m-induced cell death. (a) Histograms
summarizing the ratio of fusion proteins (MFN1, MFN2, and OPA1) to β-actin normalized to the
vehicle control. The data are presented as the mean ± SEM of three separate studies. Predicted non-
covalent interactions of ligands TPH104c and TPH104m. (b) TPH104c-magenta; TPH104m-cyan (c)
TPH104m migration to a deeper hydrophobic pocket; ligand initial pose-gray; ligand final pose-cyan;
the aryl moiety was observed to delve deeper into the hydrophobic subpocket guarded by LEU51,
PRO52, ILE57, ILE111, THR59, and ILE63) (d) IC50 values of TPH104c and TPH104m in control
wild-type, partial DRP1 KO, and complete DRP1 KO PAC200 cells by means of MTT, Cell Titer Blue
assay, Cell Titer Blue assay, and SRB assay after 72 h post-incubation. Data are mean ± SEM of
four independent experiments, each performed in triplicate; Figure S5: The impact of Necrostatin-1
(RIPK1 inhibitor), Necrosulfonamide (MLKL inhibitor), and Ferrostatin-1 (ferroptosis inhibitor) on
TPH104c and TPH104m-induced cell death. Morphological images of BT-20 cells pre-incubated with
(a) 50 μM of Necrostatin-1, (b) 1 μM of necrosulfonamide (NSA), and (c) 2 μM of Ferrostatin-1 and
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incubated with 1 μM TPH104c and TPH104m, captured at 72 h post-incubation. Scale bar = 100 μm.
The respective cell viability curves were obtained using IncuCyte S3 software based on phase-contrast
images of BT-20 cells. The data represent the mean ± SD of three independent experiments performed
in triplicate; Table S1: The hydrogen bond occupancy table; Video S1: Time-lapse bright field movie
shows the morphology of BT-20 cells during 48 h of incubation with control; Video S2: Time-lapse
bright field movie shows the morphology of BT-20 cells during 48 h of incubation with TPH104c
(5 μM); Video S3: Time-lapse bright field movie shows the morphology of BT-20 cells during 48 h of
incubation with TPH104m (5 μM).

Author Contributions: Conceptualization, A.K.T. and R.J.B.; methodology, S.M., A.N., R.N., D.L.,
A.K.T. and S.K.; software, S.M., S.S. and A.K.T.; validation, S.K., A.R., R.J.B., R.P. and Y.T.; formal
analysis, A.K.T., A.R. and Y.T.; investigation, S.M. and A.K.T.; resources, A.R., S.K. and Y.T.; data
curation, S.M., D.L., A.N., M.A.-D. and R.J.B.; writing—original draft preparation, S.M. and A.K.T.;
writing—review and editing, R.P., M.Q.Y., R.J.B., R.N. and C.R.A.J.; visualization, S.M. and A.K.T.;
supervision, A.K.T. and R.J.B.; project administration and funding acquisition, A.K.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Susan G. Komen Breast Cancer Foundation, grant number
CCR18548498, and the Department of Defense, grant number W81XWH-21-1-0053. The views
expressed in this article are those of the authors and may not reflect the official policy or position of
the Susan G. Komen Breast Cancer Foundation or of the Department of the Army, Department of
Defense, or the US Government.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and
Supplementary Materials.

Acknowledgments: We would like to acknowledge trainees in Tiwari’s Lab, including Diwakar
Tukaram, David Terrero, Noor Hussein, and Karthikeyan Chandrabose, for their contribution to
maintaining cell lines and conducting chemical synthesis work. The graphical abstract was created
with Biorender.com.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Font-Clos, F.; Zapperi, S.; La Porta, C.A. Classification of triple negative breast cancer by epithelial mesenchymal transition and
the tumor immune microenvironment. Sci. Rep. 2022, 12, 9651.

2. Geyer, F.C.; Pareja, F.; Weigelt, B.; Rakha, E.; Ellis, I.O.; Schnitt, S.J.; Reis-Filho, J.S. The spectrum of triple-negative breast disease:
High-and low-grade lesions. Am. J. Pathol. 2017, 187, 2139–2151. [CrossRef]

3. Ensenyat-Mendez, M.; Llinàs-Arias, P.; Orozco, J.I.; Íñiguez-Muñoz, S.; Salomon, M.P.; Sesé, B.; DiNome, M.L.; Marzese, D.M.
Current Triple-Negative Breast Cancer Subtypes: Dissecting the Most Aggressive Form of Breast Cancer. Front. Oncol. 2021,
2311, 681476. [CrossRef] [PubMed]

4. Dent, R.; Trudeau, M.; Pritchard, K.I.; Hanna, W.M.; Kahn, H.K.; Sawka, C.A.; Lickley, L.A.; Rawlinson, E.; Sun, P.; Narod, S.A.
Triple-negative breast cancer: Clinical features and patterns of recurrence. Clin. Cancer Res. 2007, 13, 4429–4434. [CrossRef]
[PubMed]

5. Aysola, K.; Desai, A.; Welch, C.; Xu, J.; Qin, Y.; Reddy, V.; Matthews, R.; Owens, C.; Okoli, J.; Beech, D.J. Triple negative breast
cancer—An overview. Hered. Genet. Curr. Res. 2013, 2013, 1.

6. Joensuu, H.; Gligorov, J. Adjuvant treatments for triple-negative breast cancers. Ann. Oncol. 2012, 23, vi40–vi45. [CrossRef]
[PubMed]

7. Mavratzas, A.; Seitz, J.; Smetanay, K.; Schneeweiss, A.; Jäger, D.; Fremd, C. Atezolizumab for use in PD-L1-positive unresectable,
locally advanced or metastatic triple-negative breast cancer. Future Oncol. 2020, 16, 4439–4453. [CrossRef] [PubMed]

8. Bagegni, N.A.; Davis, A.A.; Clifton, K.K.; Ademuyiwa, F.O. Targeted Treatment for High-Risk Early-Stage Triple-Negative Breast
Cancer: Spotlight on Pembrolizumab. Breast Cancer Targets Ther. 2022, 14, 113–123. [CrossRef] [PubMed]

9. Schmid, P.; Cortes, J.; Dent, R.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R. Event-free survival
with pembrolizumab in early triple-negative breast cancer. N. Engl. J. Med. 2022, 386, 556–567. [CrossRef] [PubMed]

10. Schmid, P.; Cortes, J.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R.; Harbeck, N. Pembrolizumab
for early triple-negative breast cancer. N. Engl. J. Med. 2020, 382, 810–821. [CrossRef]

11. Nagayama, A.; Vidula, N.; Bardia, A. Novel Therapies for Metastatic Triple-Negative Breast Cancer: Spotlight on Immunotherapy
and Antibody-Drug Conjugates. Oncology 2021, 35, 249–254. [CrossRef] [PubMed]

460



Cancers 2024, 16, 2621

12. Costa, R.L.; Gradishar, W.J. Triple-negative breast cancer: Current practice and future directions. J. Oncol. Pract. 2017, 13, 301–303.
[CrossRef] [PubMed]

13. Lebert, J.; Lester, R.; Powell, E.; Seal, M.; McCarthy, J. Advances in the systemic treatment of triple-negative breast cancer. Curr.
Oncol. 2018, 25, S142. [CrossRef]
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Abstract: Microparticles are versatile carriers for controlled drug delivery in personalized, targeted
therapy of various diseases, including cancer. The tumor microenvironment contains different
infiltrating cells, including immune cells, which can affect the efficacy of antitumor drugs. Here,
prototype microparticle-based systems for the delivery of the antitumor drug doxorubicin (DOX)
were developed, and their cytotoxic effects on human epidermoid carcinoma cells and macrophages
derived from human leukemia monocytic cells were compared in vitro. DOX-containing calcium
carbonate microparticles with or without a protective polyelectrolyte shell and polyelectrolyte micro-
capsules of about 2.4–2.5 μm in size were obtained through coprecipitation and spontaneous loading.
All the microstructures exhibited a prolonged release of DOX. An estimation of the cytotoxicity of
the DOX-containing microstructures showed that the encapsulation of DOX decreased its toxicity to
macrophages and delayed the cytotoxic effect against tumor cells. The DOX-containing calcium car-
bonate microparticles with a protective polyelectrolyte shell were more toxic to the cancer cells than
DOX-containing polyelectrolyte microcapsules, whereas, for the macrophages, the microcapsules
were most toxic. It is concluded that DOX-containing core/shell microparticles with an eight-layer
polyelectrolyte shell are optimal drug microcarriers due to their low toxicity to immune cells, even
upon prolonged incubation, and strong delayed cytotoxicity against tumor cells.

Keywords: microparticles; microcapsules; doxorubicin; cancer cells; macrophages

1. Introduction

Cancer is the leading cause of death worldwide, accounting for almost 10 million
deaths in 2020, or about one in six deaths [1]. A malignant tumor is a complex “ecosys-
tem” consisting of cancer cells, as well as infiltrating immune, endothelial, and stromal
cells. There is increasing evidence that the tumor microenvironment is involved in many
oncogenic processes, including tumor cell proliferation and survival, immune evasion,
metastatic process, angiogenesis, and resistance to therapy. Thus, the tumor microenvi-
ronment plays a key role in tumor development and drug resistance [2–5]. Therefore,
chemotherapy, one of the most effective treatments, has a number of inherent drawbacks
and limitations, with low selectivity of the drugs toward cancer cells being the most critical
of them [6,7]. The development of controlled and targeted antitumor-drug delivery systems
is one of the challenges of personalized cancer therapy. Controlled delivery and release
could reduce the side effects of antitumor drugs and their toxicity to normal cells while
ensuring selectivity for cancer cells [8–10].
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Multilayer polymer microstructures have been shown to be promising candidate
carriers for targeted delivery and the modified release of drugs, as well as contrast and
fluorescent detection probes for the in vitro and in vivo imaging of the delivery system [11–15].
Currently, this is one of the most promising approaches in the field of personalized tumor
diagnosis and therapy.

Doxorubicin (DOX) is a common antitumor antibiotic of the anthracycline group,
widely used in the chemotherapy of various primary and metastatic cancers [16]. Specifi-
cally, DOX can be used for chemotherapy of most types of invasive breast cancer, including
triple-negative breast cancer. It can also be used together with targeted drugs, such as
trastuzumab (Herceptin®), in the treatment of HER2-positive breast cancer. Despite its
proven high efficacy in the treatment of cancer, DOX has a wide range of undesirable
side effects, including strong cardiotoxicity [17,18]. Due to its high amphiphilicity and its
fluorescent properties, DOX may be a useful model anticancer drug for incorporation into
microcarriers in order to obtain an effective delivery system. Encapsulation of DOX in
microcarriers, together with targeted delivery to the tumor site, can ensure a controlled
release of the drug, thereby reducing its side effects on normal cells [19,20]. We have
previously discussed the difficulty of DOX encapsulation using traditional methods (the
emulsion method and the addition of organic solvents) [21,22]. The novelty of our approach
to the preparation of DOX-containing microstructures is the efficient encapsulation of DOX
in the aqueous phase without the use of additional components or equipment.

Optimal selection of the physicochemical properties of microstructures, such as their
shape, size, and structure (the number of polymer layers in the shell, the presence or
absence of a core, integration of other functional components, etc.) [23], can contribute to a
prolonged release of the antitumor agent [19,24,25], an increased time of its circulation in
the body, and decreased side effects on healthy tissues and organs [26], as well as ensure its
targeted delivery to the tumor site without loss of its pharmacological properties [27].

The mechanical properties of the particles, including their stiffness and surface charac-
teristics, may also influence their behavior and interaction with cells [28,29]. The rigidity
of the microstructures significantly affects their internalization by cancer cells: rigid or
strengthened particles are uptaken more rapidly than soft ones [28]. It has been found
that the cellular uptake and subsequent endosomal transport of biodegradable and non-
biodegradable microstructures strongly depend on the particle stiffness rather than the
shell composition. At the same time, the rate of release of encapsulated components from
microstructures may be influenced by the composition of the polymer shell. The shell of the
microstructures containing non-degradable polymers, such as poly(sodium 4-styrene sul-
fonate) (PSS) and poly(allylamine hydrochloride) (PAH), exhibited a pH sensitivity in a pH
range from 3.0 to 7.5. The experiments have shown that the shell of these microstructures
is highly permeable in the slightly acidic tumor microenvironment (6.5–6.8) [15,30].

Therefore, in this study, we prepared different types of microstructures—calcium
carbonate microbeads (MBs) (rigid microstructures), MBs coated with layers of oppositely
charged polyelectrolytes (PAH and PSS) (rigid microstructures with a polymer shell), and
polyelectrolyte microcapsules (MCs) (soft microstructures) containing DOX—in order to
determine how the structure of the microcarriers affect their cytotoxicity against human
tumor cells and immune cells (macrophages) when in vitro.

2. Materials and Methods

2.1. Materials

Sodium chloride (NaCl), sodium carbonate (Na2CO3), calcium chloride (CaCl2), glycerol,
poly(allylamine hydrochloride) (PAH, Mw ≈ 17,500 Da), poly(sodium-4-styrenesulfonate)
(PSS, Mw ≈ 70,000 Da), phorbol 12-myristate 13-acetate (PMA), dimethylsulfoxide (DMSO),
and DOX (suitable for fluorescence, 98.0–102.0%) were purchased from Sigma-Aldrich
Chimie S.a.r.l. (Merck), Saint-Quentin-Fallavier, France. UltraPure™ 0.5 M EDTA (pH 8.0)
was purchased from Thermo Fischer Scientific, Illkirch, France.
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All polymer and buffer solutions were prepared using Milli-Q water (18.2 mΩ·cm)
and additionally filtered through the sterile Millex-GV filters (0.22 μm) obtained from
Sigma-Aldrich Chimie S.a.r.l. (Merck), Saint-Quentin-Fallavier, France.

Roswell Park Memorial Institute (RPMI) 1640 medium with phenol red and without L-
glutamine, heat-inactivated fetal bovine serum (FBS), 10,000 U/mL of solution of penicillin–
streptomycin, 100 mM solution of sodium pyruvate, 200 mM solution of L-glutamine,
Dulbecco’s phosphate-buffered saline (DPBS), sterile PBS (pH 7.4), (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (MTT), and 0.05% solution of Trypsin-EDTA were
purchased from Thermo Fischer Scientific, Illkirch, France.

The A-431 human epidermoid carcinoma cell line was obtained from ATCC. The THP-
1 human leukemia monocytic cell line was kindly provided by Prof. Halima Kerdjoudj
(EA-4691 BIOS, Université de Reims Champagne-Ardenne, Reims, France).

2.2. Methods
2.2.1. Fabrication of Microstructures of Different Types
Synthesis of Calcium Carbonate Microbeads

Calcium carbonate MBs were further used as cores for the assembly of core/shell
microstructures, and the microcapsules were obtained by mixing 7.5 mL of 0.33 M Na2CO3
and 7.5 mL of 0.33 M CaCl2 with an equivalent volume of 44 wt% aqueous solution of
glycerol (Sigma-Aldrich Chimie S.a.r.l. (Merck), Saint-Quentin-Fallavier, France) serving
as a thickening agent, as described earlier [22]. The reaction mixture was placed onto a
magnetic stirrer at 500 rpm for 60 min. The obtained MBs were washed to remove excess
glycerol four times with ultrapure water by sequential centrifugation at 3000× g for 15 min.
After the final centrifugation, the resultant MB precipitate was dried at 90 ◦C overnight.

Preparation of Core/Shell Microparticles and Microcapsules

Core/shell microparticles consisting of the MBs coated with eight-layer polymer shells
(MB(+8L)) and MC consisting of the polymer shell alone (MC(8L)) were obtained by means
of layer-by-layer adsorption of oppositely charged polyelectrolytes (the polycation PAH
and the polyanion PSS) onto the MB surface [22,23,31].

About 108 MBs, dried after the synthesis, were resuspended in 0.5 mL of ultrapure
water. The suspension was sonicated on an ultrasonic bath to separate the aggregated
particles. Then, 0.5 mL of a PAH solution (2 mg/mL) in 0.5 M NaCl was added to
0.5 mL of the suspension. The resulting mixture was stirred on a vortex and sonicated
on an ultrasonic bath for 60 s. The suspension was incubated on a rotary shaker for
20 min at room temperature and then centrifuged at 1377× g for 3 min. The supernatant
was withdrawn, and the pellet was resuspended in 0.5 mL of water. To apply the next layer,
0.5 mL of a PSS solution (2 mg/mL) in 0.5 M NaCl was added to 0.5 mL of the mixture.
The suspension was sonicated and incubated under the conditions described above. The
microstructures were washed to remove excess polyelectrolyte three times with ultrapure
water by centrifugation at 1377× g for 3 min. The polyelectrolytes were applied onto the
MB surface in the following order: PAH/PSS/PAH/PSS/PAH/PSS/PAH/PSS.

After the last layer was applied and the last washing step was performed, the obtained
MBs(+8L) were resuspended in 0.5 mL of ultrapure water and stored at +4 ◦C until use.

The hollow MC(8L) was obtained by incubating 107 MB(+8L) in 0.5 M EDTA
(pH 8.0) (Thermo Fischer Scientific, Illkirch, France) for 4 h to remove the calcium carbonate
core. The resulting MC(8L) was sedimented by centrifugation for 5 min at 8609× g and
resuspended in ultrapure water. The washing with ultrapure water was repeated three
more times; after the last washing, the MC(8L) was resuspended in 0.5 mL of water.

The size distributions of the prepared microstructures were analyzed by means of
dynamic light scattering using a Zetasizer NanoZS (Malvern Panalytical, Palaiseau, France).
The deposition of polyelectrolytes was controlled by means of laser Doppler electrophoresis
using a Zetasizer NanoZS. Each measurement was made at least five times, and the results
were estimated using standard statistical methods.
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Loading of Doxorubicin into the Microstructures

The DOX-containing MBs were obtained by coprecipitation at the step of MB synthesis.
First, 1 mL of a 10 mg/mL DOX solution was added to 14.5 mL of a mixture of 0.33 M CaCl2
and 44 wt% glycerol. The resulting mixture was stirred on a magnetic stirrer, and then
14.5 mL of a mixture of 0.33 M Na2CO3 and 44 wt% glycerol was added. The reaction
mixture was stirred for 60 min at 500 rpm. The synthesized MB-DOX were washed from
the residual reaction mixture two times with ultrapure water. The obtained MB-DOX
precipitate was dried at 90 ◦C overnight.

The MB-DOX were subsequently used as substrates to obtain core/shell micropar-
ticles containing DOX (MB(+8L)-DOX). They were also obtained through layer-by-layer
adsorption of polyelectrolytes, as described above. The polyelectrolytes were applied in
the order PAH/PSS/PAH/PSS/PAH/PSS/PAH/PSS.

The DOX-containing microcapsules (MC(8L)-DOX) were obtained via spontaneous
loading of the anticancer drug into the MC(8L). For this purpose, 0.5 mL of a mixture
of 0.05 M phosphate buffer solution (pH 8.0) containing 0.5 M NaCl and 0.032 mg/mL
DOX was added to a precipitate containing ~6 × 106 previously obtained MC(8L). The
suspension was incubated for 16 h at 25 ◦C on a rotary shaker in test tubes wrapped in foil.
After incubation, the sample was centrifuged at 8609× g for 5 min, the supernatant was
withdrawn, and the resulting MC(8L)-DOX was resuspended in 0.5 mL of ultrapure water.

The amount of DOX loaded into MB, MB(+8L), and MC(8L) was determined spec-
trophotometrically at the wavelength of the maximum absorption of DOX (485 nm) using a
SparkTM 10M model of multimode microplate reader Tecan (Männedorf, Switzerland) as
described earlier [22].

The release of DOX from the obtained microstructures was analyzed under the fol-
lowing physiological conditions: a temperature of 37 ◦C and a pH of 7.4. For this purpose,
samples containing 6 × 106 microstructures in the release medium (0.05 M phosphate buffer
solution, pH 7.4) were incubated at 37 ◦C under constant stirring on a shaker at 500 rpm,
the supernatants were collected at fixed time intervals (45 min, 1.5 h, 3 h, 6 h, 12 h, 24 h,
48 h, and 72 h) by centrifugation at 1900× g for 10 min, and the DOX content of the samples
was determined by spectrophotometry at the wavelength of the maximum absorbance of
DOX (485 nm).

The size distributions of the DOX-containing microstructures were analyzed by dy-
namic light scattering using a Zetasizer NanoZS (Malvern Panalytical, Palaiseau, France).
The deposition of polyelectrolytes was monitored by laser Doppler electrophoresis using a
Zetasizer NanoZS. Each measurement was made at least five times, and the results were
estimated using standard statistical methods.

2.2.2. Scanning Electron Microscopy

A scanning electron microscope with an SU8030 field emission gun (Hitachi, Tokyo,
Japan) at the NANO’MAT platform (University of Technology of Troyes, Troyes, France)
was used. The powder of dried microstructures was applied onto a conductive carbon
adhesive tape and scanned at an accelerating voltage of 3.0 kV, a working distance of
8.5–8.6 mm, and an emission current of 9000 nA.

2.2.3. Cell Culture

Human epidermoid carcinoma A-431 cells were cultured in a complete RPMI-1640
medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 1% penicillin–
streptomycin solution, and 0.1% sodium pyruvate at 37 ◦C (Thermo Fischer Scientific,
Illkirch, France) in a 5% CO2 atmosphere under sterile conditions. THP-1 macrophages
were obtained by incubating THP-1 human monocytic leukemia cells in a complete RPMI-
1640 medium supplemented with 150 ng/mL of PMA for 48 h at 37 ◦C in a 5% CO2
atmosphere. After PMA stimulation, the THP-1 cells were cultured in a complete RPMI-
1640 medium. When the cells had formed a monolayer, they were detached from culture
flasks with a 0.05% Trypsin–EDTA solution (Thermo Fischer Scientific, Illkirch, France).
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The cell suspension was centrifuged at 302× g for 5 min, the cell pellet was resuspended
in complete growth medium, and the cells were counted in a KOVA™Glasstic™ slide
(Thermo Fisher Scientific, Illkirch, France) and placed into a fresh culture flask. Both cell
lines were cultured for no more than 20 passages.

2.2.4. MTT Assay

Cell viability was estimated using the MTT assay according to the manufacturer’s
instructions (Thermo Fischer Scientific, Illkirch, France). The cells were seeded into a
96-well microplate, ~3.2 × 104 cells per well (in 0.18 mL of complete working medium) in
the case of A-431 cells and ~5.3 × 104 cells per well in the case of differentiated THP-1m
cells. These amounts were so selected that confluence would be achieved within 24 h of
incubation. The cells were incubated under sterile conditions at 37 ◦C in an atmosphere of
5% CO2.

After 80% confluence was reached, 0.2 mL of the sample suspension in the complete
medium was added to the microplate wells. The samples tested are listed below.

- Microstructures containing DOX in the final concentration range from 0 to 9 μM:
MB-DOX; MB(+8L)-DOX; MC(8L)-DOX.

- Microstructures not containing DOX (control samples) at a ratio from 0 to 50 mi-
crostructures per cell: MB; MB(+8L); MC(8L).

- A DOX solution in the concentration range from 0 to 9 μM in the complete medium.

Wells containing only 0.2 mL of the complete working medium and empty (blank) wells
were also used as controls. Each experiment was repeated three times in three replicates.

After incubation for 24 h, 48 h, 72 h, or 96 h, 0.02 mL of a 12 mM MTT solution
was added to the microplate wells, and the microplates were incubated for 4 h in an
incubator under sterile conditions at 37 ◦C in an atmosphere of 5% CO2. After incubation,
the microplates were centrifuged at 1500× g for 10 min at room temperature. Then, the
supernatant was carefully withdrawn, with the pipette tip not touching the bottom of the
well, 0.15 mL of DMSO was added to each well, and the microplates were incubated for
10 min at 37 ◦C in an atmosphere of 5% CO2. The microplates were then incubated on
a microplate shaker for 20 min with stirring at 200 rpm until the formazan crystals were
completely dissolved. The optical density was estimated in each well at the formazan
absorbance peak wavelength of 540 nm using a SparkTM 10M multimode microplate reader
(Tecan, Männedorf, Switzerland) according to the manufacturer’s protocol.

The cell survival rate was calculated by following the equation:

Cell viability =
Ai
A0

× 100% (1)

where Ai is the average optical density in the wells containing cells and the sample suspen-
sion; A0 is the average optical density in the control wells containing only cells, with the
optical densities in the control wells containing the complete medium and the blank ones
taken into account.

2.2.5. Inhibitory Dose Estimation and Statistical Analysis of Data

The Origin Pro version 8.5.0 SR1, Data Analysis, and Graphing software (OriginLab
Corporation, Northampton, MA, USA, 2010) were used for the estimation of the inhibitory
concentration and statistical analyses of the data (Student’s t-test). The results are presented
as the mean and standard deviation for three independent experiments if not indicated
otherwise.

3. Results and Discussion

3.1. Preparation and Characterization of Microstructures of Different Types

In order to use the microstructures for targeted drug delivery, their size should be no
more than several micrometers, and they should have well-defined shape and surface prop-
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erties, ensuring optimal distribution, release kinetics, degradation rate, and elimination
time [32,33]. In addition, the microstructure material should allow their loading with drug
substances. Here, we engineered DOX-containing core microbeads with a regular spheri-
cal shape (MB-DOX), core/polymer-shell structures (MB(+8L)-DOX), and soft shell-type
hollow microcapsules (MC(8L)-DOX). In addition, similar microstructures not containing
DOX were synthesized and used as controls (Figure 1).

Figure 1. Synthesized microstructures. Designations: MB, core microbeads; MB-DOX, doxorubicin-
containing core MBs with a regular spherical shape; MB(+8L), core/shell MBs with a shell of eight
polyelectrolyte layers; MB(+8L)-DOX, doxorubicin-containing MB(+8L); MC(8L), soft hollow mi-
crocapsules with a shell of eight polyelectrolyte layers; and MC(8L)-DOX, MC(8L) loaded with
doxorubicin.

The size of the obtained microstructures was determined by the size of the synthesized
calcium carbonate matrix core, which had good biocompatibility, biodegradability, and
pyrogenicity.

The core MBs represented calcium carbonate microparticles obtained by crystallization
from mixed sodium carbonate and calcium chloride solutions. Glycerol was added to the
reaction mixture as a thickener [21,22,34]. This approach yielded spherical microparticles
(of the vaterite type) that were smaller than those synthesized without a thickener. The MBs
obtained in this study had a porous structure, a narrow size distribution (~2.4 ± 0.5 μm),
and a negative surface charge (−16.3 ± 0.8 mV); they were used as a matrix for obtaining
highly homogeneous MB(+8L).

The subsequent layer-by-layer adsorption of oppositely charged polyelectrolytes onto
the core yielded microparticles with several protective layers of polymers on the surface,
as well as, after an additional procedure of core removal, hollow MC. The core/shell
microstructures MB(+8L) were formed via layer-by-layer adsorption of oppositely charged
polyelectrolytes, PAH and PSS, onto calcium carbonate MBs. This technique allowed for
obtaining microstructures of uniform size, which is important in terms of their passive
transport because carriers of the same size are transported and accumulated in the body
uniformly. The size of the synthesized MB(+8L) was 2.5 ± 0.3 μm, and the surface charge
was more negative (−32.1 ± 2.2 mV). Soft hollow microstructures (MC(8L)) were obtained
by treating MB(+8L) with 0.5 M EDTA to dissolve the calcium carbonate core while pre-
serving the polymer shell; the size and surface properties remained unchanged. However,
the obtained MC(8L) lost the regular spherical structure, although they remained rounded.
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The main advantage of the obtained microstructures is the possibility of controlled
modification of the release of the loaded compounds, as well as the protection of these
compounds from external factors that can cause their degradation.

The amphiphilicity of the anticancer drug DOX and the hydrophilicity of its salt
form, DOX hydrochloride, preclude using standard approaches for its loading into the
microcarriers. Currently, the most common approaches are the spontaneous loading of
DOX [35] and its encapsulation at the stage of synthesis of these microcarriers, e.g., by the
coprecipitation method [36]. It should be noted that DOX-loading methods that use only
the aqueous phase are of particular interest because they do not require organic solvents,
an oil phase, or special equipment for dispersion and emulsification.

We used different microstructures, for which the optimal methods of DOX loading
were also different. Specifically, the coprecipitation method was optimal for loading DOX
into MB and MB(+8L), whereas the spontaneous loading ensured the highest loading
efficiency in the case of MC(8L). Loading the same quantities of DOX into all microcarriers
was also important for our subsequent experiments on cell viability using the same number
of microstructures per cell with a normalized DOX concentration.

The synthesized MB-DOX had a porous structure (Figure 2a,d), a narrow size distribu-
tion (2.7 ± 0.5 μm), and a negative ζ-potential (−11.3 ± 1.8 mV). The efficiency of DOX
loading by this method was 76.4 ± 2.9% (Table 1).

 
Figure 2. Scanning electron microscopy images of the microstructures loaded with doxorubicin.
(a,d) Core microbeads (MB-DOX); (b,e) microbeads coated with eight polyelectrolyte layers (MB(+8L)-
DOX); (c,f) microcapsules with a shell of eight polyelectrolyte layers (MC(8L)-DOX).

Table 1. Efficiency of doxorubicin loading into the engineered microcarriers.

Sample 1 Loading Efficiency, %
Amount of DOX per

Microcarrier, μg

MB-DOX 76.4 ± 2.9 2 × 10−6 ± 5.8 × 10−7

MB(+8L)-DOX 74.3 ± 4.8 1.96 × 10−6 ± 1.3 × 10−7

MC(8L)-DOX 73.9 ± 3.9 1.9 × 10−6 ± 1 × 10−7

1 Microstructures loaded with doxorubicin (DOX): MB-DOX, microbeads; MB(+8L)-DOX, microbeads coated with
eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with eight polyelectrolyte layers shell.

The MB-DOX was used as a matrix for the engineering of MB(+8L)-DOX. The re-
sultant MB(+8L)-DOX (Figure 2b,e) were within the same size range as the original MBs
(p > 0.05, Student’s t-test), 2.7 ± 0.3 μm. In order to obtain MB(+8L)-DOX with a standard-
ized amount of DOX per microcarrier, it was necessary to take into account the loss of DOX
during the application of the polyelectrolyte shell. However, an experimental estimation
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showed that the loss of DOX was negligible (2–6%). The efficiency of DOX loading by this
method was 74.3 ± 4.8 (Table 1).

The preliminarily fabricated control MC(8L) (2.7 ± 0.4 μm) was used for obtaining
MC(8L)-DOX by spontaneous loading. The mean size of the MC(8L)-DOX (Figure 2c,f) did
not differ significantly from that of the original MCs (2.7 ± 0.4 μm) (p > 0.05, Student’s
t-test). The efficiency of DOX encapsulation by this method was 73.9 ± 3.9% (Table 1).

Thus, the coprecipitation and spontaneous loading methods used in this study for
preparing DOX-containing microstructures provided a higher efficiency of DOX loading
into microstructures in the aqueous phase compared to the previously reported ones
(~29–44% [36,37] and ~50% [20], respectively).

3.2. Release of Doxorubicin from the Microcarriers

To further analyze the synergistic effect of the microcarrier structure and released
DOX on cell viability, the rate of DOX release from the prepared microcarriers under the
conditions used for the cell culture at 37 ◦C and a pH of 7.4 was preliminarily evaluated
(Figure 3). As seen in Figure 3, a prolonged release of DOX from all microcarriers was
demonstrated. In the case of MBs, an explosive release was observed, but the cumulative
release of DOX did not exceed 75% within 72 h, as we have already shown earlier [22]. The
plots shown in Figure 3 demonstrate that the polyelectrolyte shell inhibited the explosive
release of the drug from MB(+8L) and MC(8L) at the initial stages. The cumulative release
of DOX from MB(+8L) and MC(8L) did not exceed 40% within 72 h. Slow release of the
anticancer compound at the physiologic pH may facilitate the preservation of the functional
properties of the compound, as well as reduce toxicity to healthy cells of the human body.
Apparently, the core/shell microstructures and MCs are the most promising drug carriers
because they exhibited a longer release of DOX compared to the MBs.

Figure 3. Profiles of doxorubicin release from microcarriers at pH 7.4 during 72 h. Designations:
MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads containing
doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with a shell
of eight polyelectrolyte layers containing doxorubicin.

3.3. Cell Viability in the Presence of the Microstructures

The main objective in the preparation of microcarriers for antitumor therapy is to re-
duce the toxic effect on healthy cells while preserving or enhancing the toxic effect on tumor
cells. Thus, cell viability analysis is essential to assess the applicability of microcarriers for
in vitro drug delivery, as well as to evaluate the functional activity of the compound loaded
into the microcarriers. We analyzed the cytotoxicity of DOX-containing microstructures
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in comparison with the cytotoxicity of DOX-free microstructures by the MTT method
using tumor cells (epidermoid carcinoma A-431 cells) and immune cells (THP-1 human
peripheral blood monocytes differentiated into macrophages).

The viability of cells in the presence of different microcarriers was assessed under
the same conditions by varying the microcarrier-to-cell ratio from 1:1 to 50:1. The loading
conditions for different types of microcarriers were preliminarily determined in order to
load the same amounts of DOX into different types of microcarriers (Table 2).

Table 2. Doxorubicin concentrations corresponding to different numbers of microcarriers.

Number of
Particles per Cell

1 2 5 10 20 30 50

Average
Concentration

of DOX 1,
μM

0.175 ± 0.004 0.371 ± 0.008 0.878 ± 0.019 1.79 ± 0.039 3.55 ± 0.075 5.06 ± 0.111 8.78 ± 0.192

1 Doxorubicin (DOX).

The results showed that the control DOX-free microstructures insignificantly affected
the proliferation rate of both the tumor and immune cells. A slight decrease in cell viability
after prolonged incubation to 70–80%, depending on the type of microcarriers, was ob-
served. It is also of interest that spherical microparticles with a regular structure (MBs) had
the highest cytotoxic effect on tumor cells (p < 0.05, Student’s t-test), while the maximum
cytotoxic effect on immune cells was exerted by soft hollow MCs (p < 0.05, Student’s
t-test), whose wall consisted of eight polyelectrolyte layers. At the same time, spherical
microparticles with a regular structure of the core that was coated with eight polyelectrolyte
layers (MB(+8L)) were practically nontoxic for immune cells (p < 0.05, Student’s t-test)
(Figures 4 and 5; Tables 3 and 4).

Table 3. Inhibitory concentrations of microcarriers for A-431 cells.

Sample 1 IC Values, Particles per Cell

Agent Type 24 h 48 h 72 h 96 h

MB IC20 = 5.5 ± 0.03 IC20 = 3.5 ± 0.06 IC20 = 3.25 ± 0.05 IC20 = 0.5 ± 0.2
MB(+8L) IC20 – IC20 = 33.3 ± 0.04 IC20 = 10.8 ± 0.08 IC20 = 11.01 ± 0.03
MC(8L) IC20 – IC20 – IC20 – IC20 = 22.2 ± 0.05

1 MB, core microbeads; MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), microcapsules
with a shell of eight polyelectrolyte layers.

Table 4. Inhibitory concentrations of microcarriers for THP-1 cells.

Sample 1 IC Values, Particles per Cell

Agent Type 24 h 48 h 72 h 96 h

MB IC20 – IC20 = 42.4 ± 0.08 IC20 = 22.5 ± 0.06 IC20 = 7.2 ± 0.02
MB(+8L) IC20 – IC20 – IC20 – IC20 –
MC(8L) IC20 = 32.3 ± 0.03 IC20 = 31.2 ± 0.05 IC20 = 6.2 ± 0.09 IC20 = 0.6 ± 0.03

1 MB, core microbeads; MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), microcapsules
with a shell of eight polyelectrolyte layers.
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Figure 4. Viability of A-431 cells as estimated by the MTT assay. Designations: MB, core microbeads;
MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), microcapsules with a
shell of eight polyelectrolyte layers.

Figure 5. Viability of THP-1 cells as estimated by the MTT assay. Designations: MB, core microbeads;
MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), microcapsules with a
shell of eight polyelectrolyte layers.

Unencapsulated DOX was highly toxic for both A-431 and THP-1 cells, with the
survival rate of the macrophages in the presence of free DOX being lower than that of the
tumor cells (Figures 6 and 7, Tables 5 and 6).
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Figure 6. Viability of A-431 cells as estimated by the MTT assay. Designations: DOX, doxorubicin;
MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads containing
doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with a shell
of eight polyelectrolyte layers containing doxorubicin.

Figure 7. Viability of THP-1 cells as estimated by the MTT assay. Designations: DOX, doxorubicin;
MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads containing
doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with a shell
of eight polyelectrolyte layers containing doxorubicin.
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Table 5. Inhibitory concentrations of doxorubicin for A-431 cells.

Sample 1 IC Values

Agent Type 24 h 48 h 72 h 96 h

DOX IC20 = 0.06 ± 0.017
IC50 –

IC20 = 0.03 ± 0.02
IC50 = 1.09 ± 0.07

IC20 = 0.018 ± 0.04
IC50 = 0.17 ± 0.03

IC20 = 0.01 ± 0.05
IC50 = 0.085 ± 0.04

MB-DOX IC20 = 0.08 ± 0.03
IC50 –

IC20 = 0.04 ± 0.02
IC50 –

IC20 = 0.02 ± 0.04
IC50 = 3.22 ± 0.03

IC20 = 0.005 ± 0.002
IC50 = 0.15 ± 0.015

MB(+8L)-DOX IC20 = 0.36 ± 0.06
IC50 –

IC20 = 0.08 ± 0.05
IC50 = 7.56 ± 0.43

IC20 = 0.04 ± 0.025
IC50 = 1.71 ± 0.02

IC20 = 0.02 ± 0.003
IC50 = 0.12 ± 0.07

MC(8L)-DOX IC20 = 5.14 ± 0.04
IC50 –

IC20 = 0.75 ± 0.35
IC50 –

IC20 = 0.47 ± 0.08
IC50 = 6.24 ± 0.52

IC20 = 0.08 ± 0.04
IC50 = 5.33 ± 0.07

1 DOX, doxorubicin; MB-DOX, microbeads containing doxorubicin; MB(+8L)-DOX, microbeads containing
doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with a shell of eight
polyelectrolyte layers containing doxorubicin.

Table 6. Inhibitory concentrations of doxorubicin for THP-1 cells.

Sample 1 IC Values

Agent Type 24 h 48 h 72 h 96 h

DOX IC20 = 0.54 ± 0.05
IC50 = 2.83 ± 0.06

IC20 = 0.38 ± 0.08
IC50 = 0.91 ± 0.04

IC20 = 0.19 ± 0.06
IC50 = 0.35 ± 0.05

IC20 –
IC50 = 0.17 ± 0.04

MB-DOX IC20 = 4.89 ± 0.03
IC50 –

IC20 = 4.81 ± 0.03
IC50 –

IC20 = 1.78 ± 0.1
IC50 –

IC20 = 0.81 ± 0.06
IC50 –

MB(+8L)-DOX IC20 –
IC50 –

IC20 –
IC50 –

IC20 = 3.45 ± 0.04
IC50 –

IC20 = 3.44 ± 0.34
IC50 –

MC(8L)-DOX IC20 = 1.54 ± 0.2
IC50 –

IC20 = 1.61 ± 0.03
IC50 –

IC20 = 1.25 ± 0.04
IC50 = 4.05 ± 0.01

IC20 = 0.94 ± 0.02
IC50 = 2.55 ± 0.6

1 DOX, doxorubicin, MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads contain-
ing doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with a shell of eight
polyelectrolyte layers containing doxorubicin.

It was found that the encapsulation of DOX in microcarriers considerably increased
the survival rate of both the tumor and immune cells. At the same time, the toxic effect
of encapsulated DOX on the cancer cells was delayed, but it was stronger than that on
immune cells. This can be explained by its more rapid transport into cancer cells and
the lack of attenuation of the toxic effect of the transported DOX by the drug resistance
mechanisms of cancer cells. The differences between the cancer cell cytotoxicities of free
DOX and DOX encapsulated in different microcarriers increased with time, which was due
to the difference between the rates of DOX release from different types of microcarriers
(Figures 6 and 7, Tables 5 and 6). On the other hand, the delayed toxic effect of encapsu-
lated DOX on tumor cells was comparable to the effect of unencapsulated DOX (p > 0.05,
Student’s t-test) (Figure 6, Table 5).

An interesting finding was that the microcarriers themselves influenced the cytotoxic
effect of DOX. MC(8L)-DOX were less toxic for tumor cells compared to MB-DOX and
MB(+8L)-DOX (p < 0.05, Student’s t-test) (Figure 6, Table 5). The cytotoxic effect of MB(+8L)-
DOX during the first 24 h was slightly weaker than that of MC(8L)-DOX. However, the
cytotoxicity of MB(+8L)-DOX was similar to that of MB-DOX after 48 h of incubation
(p > 0.05, Student’s t-test) and became stronger than the cytotoxicities of all other mi-
crostructures after 96 h of incubation (p < 0.05, Student’s t-test). This was probably because
their core/polymer-shell structure favored the biphasic release of encapsulated DOX and
was more rigid compared to MC(8L)-DOX [28].

In contrast, MB-DOX and MB(+8L)-DOX exhibited lower cytotoxicity towards the
macrophages than MC(8L)-DOX did (p < 0.05, Student’s t-test) (Figure 7, Table 6), even
upon prolonged incubation. This can be explained by the soft structure of MC(8L)-DOX,
which determined their more rapid uptake by macrophages compared to cancer cells [35],
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probably because they more readily change shape when uptaken by the cells [28]. It is
also possible that macrophages and cancer cells use different mechanisms for uptaking
different types of microstructures: micropinocytosis or clathrin- or caveolin-mediated
phagocytosis [38].

Thus, the study of the viability of A-431 tumor cells and differentiated THP-1 human
macrophages in the presence of the microstructures loaded with DOX has shown that
encapsulation of this antitumor drug decreases its cytotoxicity against normal cells and
delays its toxic effect against tumor cells. The DOX-containing microstructures can provide
a longer action of DOX on tumor cells, comparable in strength to that of unencapsulated
DOX, thus reducing its nonselective side effects on the body while preserving its pharma-
cological activity. The rigid microstructures with a polymer shell (MB(+8L)-DOX) are the
most attractive among the microstructures studied because they exhibit lower cytotoxic-
ity against normal human cells, even upon prolonged incubation, and a strong delayed
cytotoxic effect against tumor cells.

The results of this study could serve as a basis for the development of new drug
delivery systems because the approach used here allows for obtaining microstructures
with different physical and chemical properties. The optimal size of the microstructures
for intravenous/intramuscular administration is known to be about several micrometers,
their optimal shape being spherical [39,40]. The size can also determine the biodistribution
of microstructures in different organs (spleen, liver, or lungs) after their injection [39,41].
Furthermore, the presence of a polyelectrolyte shell is expected to be important because it
can significantly increase the circulation time of the microstructures in the bloodstream and
provide a controlled prolonged release of the loaded drug from the microstructures in the
vicinity of cancer cells. All these properties together could play a key role in future in vivo
applications. Therefore, the next stage of our study will be aimed at evaluating the in vivo
behavior of the microstructures and determining the parameters that affect the efficacy of
the microstructures as drug delivery agents for the treatment of cancer.

4. Conclusions

The results of this study show that the microcarrier structural characteristics, such as
the stiffness and regularity of the microcarrier structure, should be taken into account in
the development of delivery systems for antitumor drugs. It has been demonstrated that
regular rigid spherical microcarriers containing an additional protective shell of oppositely
charged polyelectrolyte layers on the surface are promising drug delivery tools that can be
adapted for use as antitumor therapeutic agents. Conversely, softer hollow microcapsules
of the same size are highly cytotoxic for human macrophages and may induce undesirable
effects on the immune system. The core/shell microstructures with an eight-layer polyelec-
trolyte shell designed in this study represent a promising platform for further development
of theranostic agents for the diagnosis and treatment of tumors.
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Simple Summary: FLASH radiotherapy (RT) delivering ultra-high dose rate radiation can reduce
normal tissue toxicity while effectively treating tumors. However, implementing FLASH RT in
clinical settings faces challenges like limited depth penetration and complex treatment planning.
Monte Carlo simulation is a valuable tool to optimize FLASH RT. Radiation detectors, including
diamond detectors like microDiamond and ionization chambers, play a crucial role in accurately
measuring dose delivery. Moreover, optically stimulated luminescence dosimeters and radiochromic
films are used for validation. Advancements are being made to improve detector accuracy in FLASH
RT. Further research is needed to refine treatment planning and detector performance for widespread
FLASH RT implementation, which can potentially revolutionize cancer treatment.

Abstract: Radiotherapy (RT) using ultra-high dose rate (UHDR) radiation, known as FLASH RT,
has shown promising results in reducing normal tissue toxicity while maintaining tumor control.
However, implementing FLASH RT in clinical settings presents technical challenges, including limited
depth penetration and complex treatment planning. Monte Carlo (MC) simulation is a valuable
tool for dose calculation in RT and has been investigated for optimizing FLASH RT. Various MC
codes, such as EGSnrc, DOSXYZnrc, and Geant4, have been used to simulate dose distributions and
optimize treatment plans. Accurate dosimetry is essential for FLASH RT, and radiation detectors play
a crucial role in measuring dose delivery. Solid-state detectors, including diamond detectors such as
microDiamond, have demonstrated linear responses and good agreement with reference detectors in
UHDR and ultra-high dose per pulse (UHDPP) ranges. Ionization chambers are commonly used for
dose measurement, and advancements have been made to address their response nonlinearities at
UHDPP. Studies have proposed new calculation methods and empirical models for ion recombination
in ionization chambers to improve their accuracy in FLASH RT. Additionally, strip-segmented
ionization chamber arrays have shown potential for the experimental measurement of dose rate
distribution in proton pencil beam scanning. Radiochromic films, such as GafchromicTM EBT3,
have been used for absolute dose measurement and to validate MC simulation results in high-
energy X-rays, triggering the FLASH effect. These films have been utilized to characterize ionization
chambers and measure off-axis and depth dose distributions in FLASH RT. In conclusion, MC
simulation provides accurate dose calculation and optimization for FLASH RT, while radiation
detectors, including diamond detectors, ionization chambers, and radiochromic films, offer valuable
tools for dosimetry in UHDR environments. Further research is needed to refine treatment planning
techniques and improve detector performance to facilitate the widespread implementation of FLASH
RT, potentially revolutionizing cancer treatment.

Keywords: FLASH radiotherapy; ultra-high dose rate radiotherapy; detectors; dosimetry
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1. Introduction

While radiotherapy (RT) utilizes ionizing radiation to damage and eliminate cancer
cells, radiation-induced toxicity restricts the maximum deliverable dose [1,2]. Ultra-high
dose rate (UHDR) RT, known as FLASH RT, can solve this problem, as it delivers radiation
at a rate several orders of magnitude higher than conventional clinical RT [3]. The FLASH
effect, referred to as UHDR (≥40 Gy/s) RT, reduces damage to healthy tissues while
maintaining antitumor effectiveness [4]. The flash effect, now termed FLASH RT, was
initially reported by Dewey and Boag in 1959, but gained prominence after 2014 with
in vivo studies demonstrating reduced normal tissue toxicity while achieving similar
tumor control compared to conventional RT [5].

The first patient treated with FLASH RT was a 75-year-old individual with multiresis-
tant CD30+ T-cell cutaneous lymphoma that had disseminated throughout the skin surface.
FLASH treatment was delivered using a specialized 5.6 MeV LINAC, designed specifically
for FLASH RT. The prescribed dose to the planning target volume was 15 Gy delivered in
90 milliseconds (ms). Dosimetric measurements using GafChromic films and alanine were
performed to ensure dose consistency [6].

Numerous in vivo studies have investigated the FLASH effect and its potential benefits.
For instance, a study evaluated lung fibrogenesis in mice subjected to UHDR irradiation
and conventional dose rate irradiation, demonstrating improved outcomes and spared
normal smooth muscles and epithelial cells from acute radiation-induced apoptosis with
UHDR irradiation [7]. FLASH RT shows promise as a treatment option with significant
potential for improving outcomes, particularly for pancreatic cancer, which currently faces
limitations due to gastrointestinal toxicity [8].

However, the clinical implementation of FLASH RT presents technical challenges.
Conventional linear accelerators are unable to generate therapeutic doses beyond a 15 cm
depth, limiting FLASH RT to skin cancers or tumors located close to the body surface [9].
Treatment planning for FLASH RT is complex and currently under investigation to deter-
mine the best methods and optimization techniques. Several studies have explored the
application of Monte Carlo (MC) codes for dose calculation in FLASH RT [10]. Moreover,
dosimetry in FLASH RT is challenging due to the delivery of high instantaneous doses,
necessitating a comprehensive understanding of factors influencing detector response [11].

Although FLASH RT has primarily been studied using X-rays, the FLASH effect has
been validated in preclinical experiments using electrons and protons, with both particle
types operated at mean dose rates above 40 Gy/s [12]. Notably, the immunological memory
response in mice was found to be similar between electron and proton beams, independent
of dose rate [13]. Fractional delivery in FLASH RT typically involves a sequence of pulses
with a frequency of approximately 100 Hz (interval between pulses ≈ 10 ms) and a dose
per pulse greater than 1 Gy, enabling fraction delivery within a few tenths of a second [14].

The sparing effect of FLASH RT on normal cells is influenced by oxygen depletion,
with varying oxygen levels in tumors and normal tissues affecting the efficacy of the
FLASH effect [15]. Determining the precise dose required to induce the effect is crucial
and requires further investigation [16]. Studies using carbon ion irradiation explored the
response of CHO-K1 cells to irradiation at different dose rates under various levels of
oxygenation. FLASH irradiation with a dose rate of 70 Gy/s demonstrated a significant
FLASH effect and oxygenation dependence [17]. Furthermore, FLASH RT has been found
to spare normal tissue temporarily due to hypoxia resulting from oxygen depletion induced
by UHDR irradiation [18]. Depleting cellular oxygen at the FLASH dose rate was shown
to be achievable with an oxygen concentration of 0.4% and a dose rate of 5–10 Gy [19].
Dosimetry performance and optimization of FLASH dose rates have been systematically
evaluated in hypofractionated lung cancer patients, enabling the optimization of Bragg
Peak and transmission plans to achieve acceptable plan quality [19].

Moreover, FLASH irradiation induces different cell death mechanisms, including
pyroptosis, apoptosis, and necrosis, with varying ratios in cancer stem cells and normal
cancer cells. Cancer stem cells exhibit greater resistance to radiation under FLASH irradia-
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tion, potentially due to increased lysosome-mediated autophagy and decreased necrosis,
apoptosis, and pyroptosis. Further investigations are warranted to better understand the
radioresistance of cancer stem cells [20].

2. Monte Carlo Simulation

MC simulation is recognized as one of the most accurate methods for dose calculation
in RT [21]. Bazalova-Carter et al. investigated the application of MC methods in percent-
age depth dose calculation using electron beams of different sizes (50 and 70 MeV). The
EGSnrc/BEAMnrc and DOSXYZnrc MC codes were employed to calculate the dose in
a polystyrene phantom. The simulation results exhibited good agreement (within 5%)
with the measured data for depth–dose curves and beam profiles. However, there was a
discrepancy of 42% between the calculated and measured doses [21].

Palma et al. utilized the same MC codes (EGSnrc/BEAMnrc and DOSXYZnrc [22,23])
to perform dose distribution calculations for very high-energy electron beams in five
clinical cases. Additionally, MC simulation was employed for dose calculation using two
160 kV X-ray tubes, where the difference between experimental results and simulations
was within 3.6% [24]. Geant4 is another widely used software for simulating particle
transport in matter and has been employed for dose calculation and new hardware design
in FLASH research [24]. In another study, BEAMnrc MC codes were used to model a
LINAC. The resulting phase-space file from the simulation was fed into DOSXYZnrc to
calculate the 3D dose distribution in a voxel-based phantom. Comparison between the
simulated and experimentally measured results showed good agreement for different
maximum dose ranges (Rmax, R90, R80, and R50). The deviation between the MC-calculated
percent depth dose (PDD) curves and the measurements was 5.2% [25]. EGSnrc (release
v2023) MC software modules, namely BEAMnrc and DOSXYZnrc, were employed to
create a treatment plan for whole-brain RT. The simulation demonstrated that two lateral
opposing 40 MeV electron beams could be used to deliver a FLASH dose rate of >115 Gy/s
for whole-brain RT, highlighting its potential for clinical application [26].

The UHDR of FLASH therapy presents new challenges, such as the need for a new
shielding system. MC simulation can provide a solution for simulating such a shielding
system, as explored in a study [27]. Another investigation focused on ionizing radiation
acoustic imaging through simulation and its potential as a dosimetric tool for FLASH
RT. Ionizing radiation acoustic imaging is an imaging technique that creates dose-related
images by utilizing acoustic waves generated through the thermoacoustic effect in response
to ionizing radiation. A full 3D dose distribution was simulated using the EGSnrc (BEAM-
nrc/DOSXYZnrc [22,23]) MC simulation code in a phantom with a 1 × 1 cm2 field. The
simulation results were verified using Gafchromic films. The experimental measurements
and dose simulation agreed within an approximately 5% relative error for the central beam
region at up to 80% dose, both for the central profile region and the percentage depth dose.
This study demonstrates the feasibility of utilizing ionizing radiation acoustic imaging
as a dosimeter for depth–dose measurement and beam localization in FLASH RT [28].
These studies highlight the use of MC simulation in dose calculation, treatment planning,
hardware design, shielding system simulation, and dosimetry for various aspects of RT,
including both conventional and FLASH techniques.

3. Radiation Dose Detectors

Radiation detectors play a vital role in various fields, including medical physics, radi-
ation protection, and high-energy sensitive imaging [29]. Recent advancements in detector
technology have introduced exciting developments, such as the photon counting detector
that utilizes semiconductor materials to generate electronic signals in response to incident
X-ray photons [30]. Another noteworthy innovation is the pressurized ionization chamber
detector, which enables the characterization of alpha and beta radioactive sources and
can measure radioactive sources in internal 2π or 4π geometry [31]. Furthermore, the
availability of 2D and 3D ionization chamber arrays allows for real-time dose verifica-
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tion [32]. The application of these novel dosimetric technologies in UHDR dose delivery
holds significant promise.

In the context of FLASH RT, UHDR per pulse is necessary to achieve the FLASH
effect. However, real-time dosimetry poses a significant challenge. Conventional vented
ionization chambers used for dosimetry exhibit substantial deviation from linearity as the
dose rate per pulse increases, primarily due to recombination losses in the sensitive air
volume. Solid-state detectors offer good response stability with respect to accumulated
dose and present a promising alternative. Diamond detectors, among other solid-state
detectors, have been extensively utilized in RT applications [33].

These advancements in radiation detector technology enhance the accuracy and relia-
bility of dose measurements, allowing for improved outcomes in various fields, including
FLASH RT and conventional RT.

3.1. Diamond Detector

Diamond detectors possess high radiosensitivity and offer excellent spatial resolu-
tion, making them well suited for applications involving large dose gradients and small
fields [34]. The viability of diamond detectors, such as microDiamond, is being investigated
for their potential use in FLASH RT. The microDiamond detector functions as a Schottky
diode, where the sensitive volume of a diamond is positioned between a metallic contact
and a p-type diamond structure that serves as the back contact. This arrangement generates
a depletion region in the contact area, which possesses an inherent potential and serves as
the sensitive volume. As a result, there is no need for an external bias voltage to operate
the detector. Figure 1 illustrates the equivalent circuit of this diode [35].

Figure 1. Circuit diagram for a diode representation of a diamond detector. Reproduced
from reference [35] under the Creative Commons Attribution 4.0 International License (https:
//creativecommons.org/licenses/by/4.0/ (accessed on 1 July 2023)).

In the context of FLASH RT, a specific diamond detector designed for dosimetry
purposes was introduced. The study focused on its application in both ultra-high dose per
pulse (UHDPP) and UHDR beams utilized in FLASH RT. The detector was successfully
implemented in an electron FLASH LINAC, and it exhibited linearity within the dose per
pulse range. The study demonstrated strong agreement between dose per pulse, output
factor (ratio of the dose in air for a given field to that for a reference field), and beam profile
measurements when compared to a reference detector [36].

To address the inherent response nonlinearities observed in conventional detectors, a
novel diamond-based Schottky diode detector was developed. The prototype’s response
linearity was influenced by the size of its active volume and series resistance. However,
through proper tuning and adjustment, the detector layout was able to achieve linearity up
to at least 20 Gy/pulse [37].
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The unique properties of diamond detectors, along with their improved linearity and
dose measurement capabilities, make them promising candidates for enhancing dosimetry
accuracy in both FLASH RT and conventional RT settings.

3.2. Ionization Chamber

In clinical practice, ionization chambers are commonly used for both absolute and
relative dose measurements in radiation therapy. These chambers are particularly useful in
regions with high dose gradients [38]. For FLASH RT, specific ionization chambers such
as the 2D strip segmented ionization chamber array were developed for the experimental
measurement of 2D dose rate distributions [39]. However, the standard ionization chamber
can be significantly affected by UHDR per pulse due to the electric field generated by the
large density of charges from the dose pulse [40].

To address the dosimetric challenges associated with UHDR per-pulse irradiation,
researchers have explored modifications and calculation methods for ionization chambers.
A study introduced a new calculation method for the free electron fraction in an ionization
chamber. By modeling the capture process of electrons and evaluating the free electron frac-
tion, they were able to estimate the response of the ionization chamber after irradiation [41].
Another study proposed an empirical model of ion recombination in an ionization chamber
for UHDR per pulse electron beams. The study compared the observed ion recombina-
tion output with various theoretical models and found that taking ion recombination into
account enables the ionization chamber to function for dose measurements at UHDR per
pulse [42].

In the context of proton therapy and FLASH irradiation, different models of ionization
chambers have been evaluated. One study investigated the response of four ionization
chamber models for spread-out Bragg peak proton FLASH irradiation. The study found
that plane-parallel chambers with smaller gaps between electrodes are more favorable
for FLASH RT dose measurements [43]. Furthermore, efforts have been made to improve
the ion collection efficiency of ionization chambers to make them suitable for FLASH
RT. For example, the ion collection efficiency of vented ionization chambers was studied
for the UHDR electron beam, and the dependences of the sensitive air volume on the
design of chamber and electric field were evaluated. The results indicated a decrease in ion
collection efficiency within the UHDR range. The extent of the decrease varied depending
on factors such as electrode distribution, electric field strength, and chamber voltage
in the sensitive air volume [44]. Another study developed and characterized an ultra-
thin parallel plate ionization chamber that showed potential for extending the dose rate
operating range to the ultra-high dose per pulse range used in FLASH RT. To accommodate
the ultra-thin ionization chamber (UTIC) and a specifically modified diamond detector
(referred to as flash-diamond) for UHDR, a polymethyl methacrylate (PMMA) phantom
was constructed. The flash-diamond served as a reference dosimeter for the experiment, as
shown in Figure 2 [45].
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Figure 2. The experimental setup at SIT (Italy). On the left side, there is the ElectronFlash, a linear
accelerator (1), which is utilized with a 100 mm diameter applicator (2). On the right side is the PMMA
phantom (1) accompanied by the flash-diamond (2) and the ultra-thin ionization chamber (3) that
are prepared for irradiation with the 35 mm diameter applicator (4). Reproduced from reference [45]
under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/ (accessed on 1 July 2023)).

Additionally, novel ionization chamber technologies have been explored for online
dosimetry in FLASH RT. The RazorTM Nano Chamber, with its small sensitive volume,
has demonstrated higher ion collection efficiency compared to larger chambers, making it
a potential tool for online dosimetry in FLASH RT [46].

The development and refinement of specialized ionization chambers, calculation meth-
ods, and online dosimetry tools are essential for advancing the field of radiation dosimetry
in FLASH RT. These advancements aim to ensure accurate and reliable dose measurements
in the context of UHDR delivery, facilitating the safe and effective implementation of
FLASH RT in clinical practice.

3.3. Radiochromic Film

Radiochromic film is a dosimeter that possesses desirable characteristics for radiation
responses, such as independence from radiation energy and dose rate, as well as a negligible
volume effect [47]. The effectiveness of the different types of radiochromic film depends on
their dose sensitivity, accuracy, and response to environmental conditions [48].

In the context of FLASH RT a study utilized GafchromicTM EBT3 radiochromic film
to measure the dose in high-energy X-rays capable of triggering the FLASH effect in mice.
The film was placed between the mice and the PMMA holder to measure the dose, and it
was also used to validate MC simulation results [49]. Another investigation performed a
dosimetric characterization of a plane-parallel ionization chamber under UHDR conditions
using radiochromic films. Radiochromic films were used to verify the beamline setup,
measure depth–dose distribution and dose profile, and serve as a reference for ionization
chamber characterization. The study revealed significant recombination losses and polarity
effects in the ionization chamber [50].

An electron-scattering device was created for the practical use of UHDR electron
beams in FLASH preclinical research at the Dongnam Institute of Radiological and Med-
ical Sciences [51]. The scattering device’s geometry for a 6-MeV linear accelerator was
determined using Monte Carlo N-particle transport simulations. Radiochromic films were
used to measure the off-axis and depth dose distributions with the scattering device. The
measured dose per pulse varied from 4.0 to 0.2 Gy/pulse at different source-to-surface
distances (SSD) ranging from 20 cm to 90 cm. At an SSD of 30 cm and a repetition rate of
100 Hz, the dose rate reached 180 Gy/s, providing a sufficient dose rate for conducting
small-animal FLASH studies.
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Furthermore, radiochromic film has been employed in various applications within the
establishment of FLASH RT. In a study involving canine cancer patients, radiochromic film
(GafChromic EBT-XD) was utilized for dose measurements on a phantom and to measure
dose per pulse. The film was also used for in vivo dose measurements at the skin’s surface
to verify the delivered dose. The experimental configuration depicted in Figure 3 illustrates
the setup utilized for conducting measurements using radiochromic film to determine both
the total dose and dose per pulse [52]. These measurements were correlated with the signal
obtained from a Farmer-type ionization chamber (NE 2505/3-3A), which was positioned
within a specially designed holder placed in the applicator.

 
Figure 3. Experimental arrangement employed in the preparation of each patient’s treatment. Ra-
diochromic film was utilized to conduct measurements on phantoms that simulated the treatment
geometry. These measurements encompassed the total dose, number of pulses, and dose per pulse
intended for delivery to the patients. A Farmer-type ionization chamber was employed as the output
monitor. Reproduced from reference [52] under the Creative Commons Attribution 4.0 International
Li-cense (https://creativecommons.org/licenses/by/4.0/ (accessed on 1 July 2023)).

In addition, radiochromic film was used in conjunction with the MC FLUKA code to
measure dose in FLASH irradiation and investigate the enhancement of radio-resistance in
normal fibroblast cells under conditions of hypoxia and mitochondrial dysfunction [53].

In proton FLASH dosimetry, different radiochromic films have been compared for their
dose rate dependency. A study conducted at the ARRONAX cyclotron facility evaluated
GAFchromic™ EBT-XD, GAFchromic™ EBT3, and OrthoChromic OC-1 films after proton
irradiation. The study found that OC-1 films exhibited dose rate independence in proton
beams up to 7500 Gy/s, while caution should be exercised when using EBT-XD and EBT3
films at dose rates exceeding 10 Gy [54]. Another study focused on dosimetry in proton
pencil beam scanning FLASH RT, employing MC codes for simulations and Gafchromic®

EBT3 films for dose measurements. The investigation aimed to determine the absolute
dose for FLASH proton beam radiotherapy using a primary standard proton calorimeter,
achieving an uncertainty of 0.9% through the application of correction factors [55].

By leveraging the capabilities of radiochromic film and its compatibility with various
dosimetric techniques and simulations, researchers continue to advance the field of dosime-
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try in FLASH RT, enabling accurate and precise dose measurements necessary for the safe
and effective implementation of this promising treatment modality.

3.4. Alanine

Alanine dosimetry is a widely used method in high-dose dosimetry, relying on irra-
diated crystalline alanine that is measured using electron paramagnetic resonance (EPR)
spectrometry. It is renowned for its exceptional stability in post-irradiation response [56].
Alanine dosimeters are commonly employed for calibration services and are suitable for a
wide range of industrial applications due to their energy independence (above 100 keV)
and minimal dose rate effects [57].

While alanine dosimetry is accurate, its application in FLASH RT for biological ex-
periments and clinical use requires a reduction in reading time. One study focused on
optimizing an alanine dosimeter by improving the acquisition of EPR spectra using a
Bruker spectrometer. Parameters such as the number of scans, time constraints, conversion
time, microwave power, and modulation amplitude of the magnetic field were investigated
for optimization purposes [58].

In the context of specific radiation sources, another study compared an alanine de-
tector with a PTW PinPoint ionization chamber (used as a reference) for an orthovoltage
X-ray source with an average dose rate of 11.6 kGy/s. The study concluded that the ala-
nine dosimeter is suitable for the UHDR calibration of orthovoltage X-ray sources [59].
Elsewhere, a study examined the use of an alanine-based dosimetry system to precisely
evaluate absorbed dose to water in UHDR per pulse electron beams. The electron beam
used in the study had a range of 0.15–6.2 Gy/pulse, and MC simulation was employed
to calculate the conversion factor required for alanine dosimetry and determine the beam
quality [60]. The absolute dosimetry of the Oriatron eRT6 linear accelerator was examined
using alanine, thermo-luminescent dosimeters (TLD), radiochromic films, and an ionization
chamber for relative stability [61]. A comparison of results between alanine, films, and
TLD demonstrated a dose agreement within 3% for dose rates ranging from 0.078 Gy/s
to 1050 Gy/s. This indicates that such dosimeters are suitable for absolute dosimetry in
FLASH RT. A comparison was made between the reference dosimetry using the PinPoint
ionization chamber and alanine dosimetry for synchrotron X-ray sources [59]. The results
revealed a relative response of 0.932 ± 0.027 (1σ) for the alanine pellets irradiated at the
European Synchrotron Radiation Facility (ESRF) compared to the 60Co facility at National
Centre for Radiation Research and Technology. These findings took into account corrections
for the ESRF polychromatic spectrum and the different field sizes used. Therefore, it can be
confirmed that alanine is a suitable dosimeter for calibrating orthovoltage X-ray sources
operating at UHDR.

Furthermore, research has demonstrated the applicability of alanine dosimeters and
TLDs for dosimetry in FLASH RT. By imposing specific requirements on the procedure, such
as optimizing conversion time, time constant, microwave power, modulation amplitude
of the magnetic field, and the number of scans, a maximum dose deviation of 1.8% was
achieved for the dose range of 10 Gy–100 Gy, while keeping the deviation to the reference
within ±2% [58]. Moreover, studies have shown that alanine dosimeters exhibit good
agreement with TLDs, and alanine dosimetry provides the closest match between the
expected and measured doses. Figure 4 presents the bias of various detectors, including
alanine, film, and TLD, in relation to the expected doses in both conventional RT and
UHDR RT [62].
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Figure 4. The (left) plot shows the relative bias to target value in phantom for alanine, film and
TLD in conventional RT and UHDR RT. The (right) plot shows the biases for each dose detector
and dose rate mode. Reproduced from reference [62] under the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/ (accessed on 1 July 2023)).

For the irradiation of biological models with pulsed electron beams at UHDR, dosime-
try procedures involving alanine dosimeters, films, and TLDs have been investigated. These
methods demonstrated dose agreements within 3% for dose rates ranging from 0.078 Gy/s
to 1050 Gy/s, making them suitable for FLASH RT. The studies also emphasized the impor-
tance of appropriate setup and correction factors, as active dosimetry without them can
lead to dose deviations of up to 15% of the prescribed dose. However, by following the
proposed study setup and procedure, the deviations can be reduced to less than 3% [61].

The ongoing research and optimization efforts in alanine dosimetry highlight its
potential for accurate and reliable dose measurements in the context of FLASH RT, paving
the way for its integration into clinical practice and biological studies.

3.5. Radioluminescence, Cherenkov Radiation Dosimetry, and Others

Recently, there have been significant advancements in utilizing Cherenkov energy
as a monitoring tool for biological changes, such as oxygen levels, during radiotherapy.
Cherenkov emission occurs naturally as a byproduct of RT when high-energy charged
particles surpass the local phase velocity of light within a dielectric medium, resulting in
the emission of optical photons [63].

Studies have explored spatial-temporal beam profiling for electrons in UHDR condi-
tions using Cherenkov emission, radioluminescence imaging, and complementary metal
oxide semiconductor (CMOS) cameras. Surface dosimetry was investigated by imaging
scintillation or Cherenkov emission from a solid water phantom (Gd2O2S:Tb) and compar-
ing the optical imaging results with the response measured by Gafchromic film at various
depths. The pulse-per-beam output from Cherenkov imaging agreed within 3% with
photomultiplier tube Cherenkov output. Scintillation and Cherenkov emission showed
linearity with dose (R2 = 0.995 and 0.987, respectively) and were independent of dose rate
in the range of approximately 50 Gy/s to 300 Gy/s (0.18–0.91 Gy/pulse) [64].

In another study, a nitrogen-doped, silica-based multimodal optical fiber was exam-
ined for monitoring very UHDR conditions through radiation-induced emission. The
findings indicated that the emission of radiation from this fiber exhibited a linear de-
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pendence on the dose rate over a broad range of dose rates (10–2 Gy(SiO2)/s to a few
109 Gy(SiO2)/s) and photon energies (40 keV to 19 MeV). This is depicted in Figure 5,
highlighting its significant potential for beam monitoring in UHDR scenarios [65].

Figure 5. The dose rate dependence of radiation-induced luminescence (RIL) in nitrogen-doped opti-
cal fiber was investigated in response to X-ray radiation. Reproduced from reference [65] under the
Creative Commons Attribution 4.0 International Li-cense (https://creativecommons.org/licenses/
by/4.0/ (accessed on 1 July 2023)).

Fricke or ferrous ammonium sulphate detectors, which are chemical-based dosimeters,
rely on the oxidation of ferrous and ferric ions, followed by their interaction with ionizing
radiation. These dosimeters possess properties similar to water since they consist of
96% water by weight. They can serve as absorbed doses to water primary standards in
high-energy electron beams [66].

A novel plastic scintillator capable of resolving individual pulses with a temporal
resolution as short as 2.5 ms was investigated in a study. The plastic scintillator’s response
measurement exhibited linearity with ionization chamber measurement (within ≤1%) over
a dose range of 4–20 Gy and pulse frequencies of 18–180 Hz. Under reference conditions,
the plastic scintillator maintained its dose–response even under ultra-high pulsed dose rate
conditions and agreed with EBT-XD film dose measurements within >4%. It demonstrated
a linear and reproducible response, accurately measuring the absorbed dose from a 16 MeV
electron beam with an ultrahigh pulsed dose rate [67].

One study focused on the first characterization of six real-time point scintillation
dosimeters using five phosphors (Al2O3:C, Mg; Y2O3:Eu; Al2O3:C; (C38H34P2)MnBr4 and
(C38H34P2)MnCl4) in an ultra-high pulsed dose rate electron beam. The linearity of response
with dose was tested by varying the number of pulses, and a linearity with R2 > 0.9989 was
observed up to at least 200 Gy [68].

The response of three detectors, Gafchromic EBT-XD film, optically stimulated lumi-
nescence (OSL), and the CC13 ionization chamber was investigated in UHDR conditions.
Experimental results showed that EBT-XD film can be used in FLASH experiments without
requiring any dose rate correction up to at least 2 × 104 Gy/s. The agreement between
the doses measured with film at different distances from the scattering foil and the doses
computed using the effective inverse square law confirmed this. OSL measurements also ex-
hibited agreement with the inverse square law, maintaining independence up to 280 Gy/s.
The ionization chamber achieved reasonable agreement between the modeled and mea-
sured chamber efficiency; however, the discrepancies exceeded the clinically used tolerance
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of 2% [69]. Over the years, OSL has emerged as a strong competitor for thermolumines-
cence dosimetry and other dosimetry systems [70]. In spite of the promise that OSL offers
in terms of UHDR conditions, it is limited by available materials, many of which (e.g.,
Al2O3:C) were first introduced in the 1960′s. The key will be to identify new materials
specifically designed for FLASH—that is, with tuned bandgap, radiation hardness, high
radiative recombination efficiency of trapped carriers, linearity in deep state creation as a
function of dose up to high doses, and excellent minority carrier lifetime and transport. It is
likely that such materials will rely on nanostructured materials where size quantization of
electronic states can allow for tailored spectral output, enhanced exciton binding energies,
and polarization anisotropy to provide for higher performance and more versatile materials
and likely the next generation of OSL for FLASH.

The potential of lead-doped scintillator dosimeters for use in FLASH-capable UHDR
X-ray beams was investigated. The study demonstrated that the lead-doped scintillators
were independent of dose rate for UHDR X-rays in the range of 1.1 Gy/s to 40.1 Gy/s.
When compared with MC simulations, the dose to water measured with the lead-doped
(5%) scintillator detector agreed within 0.6% [71].

In the first positron emission tomography imaging and dosimetry study of a FLASH
proton beam, the radiation environment was characterized using cadmium-zinc-telluride
and a plastic scintillator counter [72].

A fiber optic radiation sensor created with a plastic scintillator, an optical filter, and
a plastic optical fiber was explored for use in FLASH RT. The sensor detected radiation-
induced emissions such as fluorescence and Cherenkov radiation generated within the
transmitting optical fiber. The sensor’s output was measured at different distances from
an electron scattering device and compared with the output of an ionization chamber and
radiochromic films [73].

The EDGE detector, based on diodes, was also studied to characterize FLASH beams
and its response compared to other detectors. The EDGE detector showed agreement with
film measurements within 2% on average over the measured range of varying doses (up
to 70 Gy), dose per pulse (up to 0.63 Gy/pulse), and dose rate (nearly 200 Gy/s). It also
agreed with the W1 scintillation detector for dose per pulse (up to 0.78 Gy/pulse) within
2% on average. The EDGE detector demonstrated the ability to quantify the beam spatially
and temporally with sub-millisecond resolution, making it suitable for in vivo studies [74].

These studies contribute to the advancement of dosimetry methods for FLASH RT
and provide valuable insights into the performance and potential applications of various
detectors in ultra-high dose rate scenarios.

4. Future Prospective

The future prospects of radiation dosimetry in FLASH RT hold significant promise for
advancing this emerging treatment modality. Dosimetry plays a crucial role in accurately
measuring and monitoring the dose delivered during RT, and its importance is further
magnified in the context of FLASH RT, which involves ultra-high dose rates and unique
delivery techniques.

One of the key areas of focus for future dosimetry in FLASH RT is the development
of specialized detectors capable of accurately measuring the high dose rates associated
with this treatment. Conventional dosimeters may exhibit limitations in their response
time and saturation effects at such extreme dose rates. Research efforts are underway
to explore novel dosimetry technologies that can provide real-time measurements and
maintain accuracy in the presence of rapid dose delivery.

Additionally, there is a need to investigate the dosimetric properties of various radia-
tion modalities used in FLASH RT, including electron beams, proton beams, and X-rays.
Each modality may have distinct dosimetric characteristics, and understanding their behav-
ior in the context of FLASH RT is crucial for optimizing treatment planning and ensuring
accurate dose delivery. Comparative studies and advancements in MC simulation tech-
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niques can contribute to a deeper understanding of the dosimetric aspects specific to
FLASH RT.

The development and validation of comprehensive dosimetry systems specifically
designed for FLASH RT are also anticipated in the future. These systems would encompass
not only dose measurement devices, but also data acquisition, analysis, and quality assur-
ance tools tailored to the unique requirements of FLASH RT. Such systems would facilitate
precise and reliable dose calculations, treatment verification, and patient safety in clinical
implementations of FLASH RT.

Moreover, the exploration of advanced imaging techniques integrated with dosimetry
in FLASH RT holds great potential. Real-time imaging modalities, such as in vivo dosimetry
using electronic portal imaging devices or onboard imaging systems, can provide valuable
information on dose distribution during treatment delivery. Combining imaging data with
dosimetric measurements can enable continuous monitoring and adaptive strategies to
further enhance the accuracy and safety of FLASH RT.

The future prospects of radiation dosimetry in FLASH RT are centered around the
development of specialized detectors, comprehensive dosimetry systems, and integration
with advanced imaging technologies. Continued research and collaboration between
radiation oncologists, medical physicists, and engineers is vital to address the dosimetric
challenges and unlock the full potential of FLASH RT as an innovative and effective cancer
treatment option.

5. Conclusions

FLASH RT demonstrates tremendous potential as a cancer treatment option; however,
further investigation is needed before it can be widely adopted. Future FLASH devices
may require the ability to perform multiple-field conformal radiation to reduce toxicity in
healthy tissues compared to single-field approaches [2]. While most of the current FLASH
studies have focused on electron beams, proton beams, and X-ray beams, they have shown
beneficial effects [75]. In addition to the dosimetry challenges associated with FLASH RT,
further research is required for its successful clinical implementation [76]. Caution should
be exercised during the clinical application of FLASH RT until a comprehensive understand-
ing of the biological effects and a thoroughly tested dosimetry system are established [77].
Ongoing research endeavors to unravel the fundamental mechanisms responsible for the
distinctive tissue-sparing benefits of FLASH radiation. By comprehending how FLASH RT
influences biological responses in both healthy tissues and cancer cells, researchers hope to
develop enhanced treatment protocols to enhance patient outcomes.

In particular, the FLASH effect is influenced by various factors such as total dose, dose
rate, pulse rate, radiation modality, and fractionation. Hence, accurate dose monitoring is
vital in delivering the desired effect. Continued research and investigation into suitable
dosimeters for FLASH RT will facilitate its further development and implementation in
diverse types of cancer treatments [78,79].
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Simple Summary: The aim of this review was to evaluate the feasibility and the effectiveness of
radiation therapy combined with local tumor ablation therapy in the treatment of primary and
recurrent lung cancer in terms of toxicity profile and local control rate. Six studies featuring a
total of 115 patients and 119 lesions were selected, showing encouraging outcomes that appear to
be promising in terms of toxicity profile. Further prospective studies are need to better delineate
combining LTA-RT treatment benefits in this setting.

Abstract: In patients with early-stage or recurrent NSCLC who are unable to tolerate surgery, a
benefit could derive only from a systemic therapy or another few forms of local therapy. A systematic
review was performed to evaluate the feasibility and the effectiveness of radiotherapy combined
with local ablative therapies in the treatment of primary and recurrent lung cancer in terms of
toxicity profile and local control rate. Six studies featuring a total of 115 patients who met eligibility
criteria and 119 lesions were included. Three studies evaluated lung cancer patients with a medically
inoperable condition treated with image-guided local ablative therapies followed by radiotherapy:
their local control rate (LC) ranged from 75% to 91.7% with only 15 patients (19.4%) reporting local
recurrence after combined modality treatment. The other three studies provided a salvage option
for patients with locally recurrent NSCLC after RT: the median follow-up period varied from 8.3
to 69.3 months with an LC rate ranging from 50% to 100%. The most common complications were
radiation pneumonitis (9.5%) and pneumothorax (29.8%). The proposed intervention appears to be
promising in terms of toxicity profile and local control rate. Further prospective studies are need to
better delineate combining LTA-RT treatment benefits in this setting.

Keywords: lung cancer; SBRT; RT; percutaneous image-guided local tumor ablation (LTA); combining
LTA-RT
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1. Introduction

Lung cancer is one of the most frequent cancers in the world and the main cause
of cancer mortality [1]. Traditional treatment for early stage non-small cell lung cancer
(NSCLC) is surgical excision with or without thorough lymph node assessment. However,
due to severe medical comorbidities, 20% of early-stage NSCLCs have been estimated to
be unable to tolerate surgery [2,3]. Only systemic therapy or a few other forms of local
therapy could aid these people. As a result, novel local ablative method modalities have
emerged to strengthen our therapeutic arsenal [4].

Percutaneous image-guided local tumor ablation (LTA), which includes radiofre-
quency (RFA), microwave ablation (MWA), and cryoablation (CA), is one of them. LTA,
which was first described in clinical trials in 2000 [5], is a minimally invasive approach for
the local therapy of lung cancer with encouraging results [6,7]. Another option, as indicated
by the National Comprehensive Cancer Network (NCCN) guidelines [8], is stereotactic
body radiation (SBRT): a conventional treatment for medically inoperable patients whose
efficacy, minimal toxicity, and satisfying local disease control are supported by multiple
studies [9–11].

Indeed, radiotherapy (RT) and LTA use completely different mechanisms: the former is
most effective against well-oxygenated cells in the periphery of the tumor and less effective
at eradicating more hypoxic cells in the core, whereas LAT targets the core but is less
effective in the periphery due to increasing heat sink effects [12–14]. In particular, because
of the complimentary activities of these two techniques, some authors hypothesized that
combining them in different settings, including pulmonary diseases, could result in a
probable synergic result [15–17].

Despite these initial intriguing findings, the role and process of integration between RT
and LAT are not completely characterized in the existing research, and the available data are
inadequate, as they are characterized by a small sample size and heterogenous procedures.

In light of this, we conducted a systematic analysis to assess the feasibility and effec-
tiveness of RT combined with LAT in the treatment of primary and recurrent lung cancer
in terms of toxicity profile and local control rate.

2. Materials and Methods

2.1. Eligibility Criteria

Prospective and retrospective studies were included in this analysis. We used the
following inclusion criteria: English language, full-text articles, patients treated with
combined LTA-RT, presence of detailed toxicity and local control data. In addition, we
used the following exclusion criteria: only abstracts, letters, proceedings from scientific
meetings, editorials, expert opinions, reviews without original data, studies lacking toxicity
and/or safety outcomes, repetitive data, animal studies, studies with fewer than 5 patients,
and studies that included combination different than LAT and SBRT, such as chemotherapy,
immunotherapy, or surgery.

2.2. Information Sources

This systematic review was performed following recommendations from the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). A comprehensive
search was conducted in PUBMED, MEDLINE, SCOPUS and Google Scholar to identify
relevant published studies that confirmed the feasibility of integration between January
1999 and December 2022.

2.3. Search Strategy

Keywords used were: (NSCLC or lung cancer or lung neoplasm) AND (integration or
combination or followed) AND (early stage or primary) AND (recurrent or relapse) AND
(radiotherapy or radiation therapy or SBRT or IMRT) AND (LTA or radiofrequency ablation
or microwave ablation or cryoablation). The computer search was supplemented manually
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using reference lists for all available review articles, primary studies, meeting abstracts,
and bibliographies of books to identify studies not encountered in the computer search.

2.4. Selection Process

Retrieved records underwent title-and-abstract review and then full-text review. Two
independent researchers (PB and AS) screened all the studies in duplicate using the eligibil-
ity criteria reported above. A third reviewer (DP) rechecked the articles when confronted
with discrepancies. Three independent reviewers performed data extraction (PB, AS, DP).
Reasons for exclusion at full-text review were recorded. Disagreements among reviewers
were infrequent (<20%) and were resolved by discussion.

2.5. Data Items

The following data were included: author, year, study design, LTA techniques data
(RFA or MWA or Cryoablation), radiation treatment data (i.e., type, fractionation, total
dose), clinical/radiological treatment responses, follow-up time, toxicities, local control
(LC), defined as response to the treatment until last follow-up or patient’s exitus and overall
survival (OS), calculated from the time of treatment until the last follow-up or patient’s
exitus survival time at the moment of the treatment.

2.6. Quality Assessment

The quality assessment score of included studies was assessed according to a check-
list for the quality appraisal of case series studies produced by The Institute of Health
Economics (IHE) [18].

2.7. Statistical Analysis

Statistical analysis was performed using Review Manager (RevMan) (computer pro-
gram) Version 5.

Heterogeneity across studies was examined by I2 statistic. Studies with I2 statistic
values of 0–50%, 50–75%, and >75% were considered to have low, moderate, and high
heterogeneity, respectively [19]. A forest plot for a post hoc meta-analysis to display the
association between lesions size and LC after the combined therapy was generated. We
used random-effects models because there was great subjectivity given the lack of related
control groups in the non-comparative studies and a tendency toward high heterogeneity.

2.8. Review Registration

The review was registered on the Open Science Framework (OSF), obtaining the follow-
ing registration DOI: https://doi.org/10.17605/OSF.IO/VXGK9 (accessed on 3 November 2023).

3. Results

A total of 634 citations were retrieved; 600 of these were removed because they were
limited to LTA or RT and focused on integration between the two techniques. The remaining
34 studies were evaluated using their entire texts. Following the rejection of studies with
an inappropriate population, therapy, or providing insufficient data (N = 28), six papers
were finally selected based on the inclusion criteria outlined above; more information is
shown in Figure 1.

Except for Steber et al. [15], a prospective phase 2 study that closed early due to delayed
enrollment, all of the studies chosen [16,17,20–22] were retrospective. The investigations
included 115 patients and 119 lesions in total. The sample size for the majority of these
experiences ranged from six patients [22] to 41 patients [16]. Except for Brooks et al. [22],
all of the studies included age and gender information. The median age ranged from 55 to
93 years with a 62/47 male/female ratio.
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Figure 1. PRISMA literature search.

Three studies [15–17] evaluated lung cancer patients with a medically inoperable
condition treated with LAT followed by radiotherapy, while another three studies [20–22]
experienced LTA as a salvage option for patients with locally recurrent NSCLC after RT.
More details on the patients’ characteristics are reported in Table 1.

3.1. First Group: Image-Guided LAT Followed by Radiotherapy

In the first group of studies, 77 patients with early-stage NSCLC were assessed with a
male/female ratio of 42/35 and a median age ranging from 55 to 93 years. The patients
were staged as follows: stage IA (43 points), stage I B (28 points), stage II B (3 points), and
staging data were unavailable for three patients. All patients received image-guided LAT
(73 RFA and 4 MWA) before radiotherapy.

RFA was employed by Dupuy et al. [17]: the mean impedance was 72 ohms (range 42 to
11), the mean current was 1.6 amps (range 1.2 to 2.0 amps), and the post-RFA temperatures
were greater than 60 ◦C (range 76.4 ◦C/62 to 85 ◦C) with a treatment time of 6.8 min (range
2 to 12). Grieco et al. [16] used RFA with a baseline impedance of 72.7 ohms (range 40–69),
power 128.8 W (range 10–196) achieving temperature >70 ◦C (range 38–94 ◦C) with a mean
treatment time of 6.3 min (range 1–12), whereas MWA had a power (W) of 47.5 (range
45–60) and treatment time of 8.4 min (range 2–10).
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Information on the RT technique was available in all three analyzed studies. In the
majority of cases (63/77, 81.8%), external beam radiotherapy (EBRT) was performed as
three-dimensional conformal radiotherapy (3DCRT) in 51 patients [16,17], hypofractionated
radiotherapy (HFRT) without any indication on the type of radiotherapy technique in
9 [15], and stereotactic body radiotherapy (SBRT) in three [15]. In addition, 14 out of
77 patients (18.1%) underwent interventional radiotherapy (IRT, also called brachytherapy).
Thirteen patients received high-dose rate IRT with an Iridium 192Ir source through an
interstitial catheter, and one patient received low-dose rate IRT with 12 permanent iodine
125I seeds placed through an interstitial applicator [16]. In all papers, data on total dose
and fractionation were described. The most commonly used RT regimen was 66 Gy in
33 fractions (fx) (79.3%) [16,17], which was followed by nine patients receiving 70.2 Gy in
26 fx (14.2%) [15] and one patient receiving 50 Gy in 25 fx [16]. An approach with SBRT
was used in three cases with a total dose of 54 Gy in three fractions [15].

Data on tumor size, radiological response evaluation, and median follow-up time are
shown in Table 1.

The local control rate (LC) ranged from 75% to 91.7% [15–17], with only 15 patients
(19.4%) reporting local recurrence after combined modality treatment [15–17]. In the study
of Grieco et al. [16], local recurrence occurred in 11.8% of lesions smaller than 3 cm after
an average of 45.6 ± 4.1 months and in 33.3% of the larger lesions after an average of
34 ± 7.8 months.

Steber et al. [15] reported a median OS value of 53.6 months, while Dupuy et al. [17]
reported a mean OS of 26.7 months and rates of cancer-specific survival (CSS) at 12, 24, and
60 months of 83%, 50%, and 39%, respectively. Grieco et al. showed an average OS rate of
34.7 ± 5.4 months if LAT was combined with IRT and of 42 ± 6 months if it was associated
with RT [16].

The adverse events and the associated grade of toxicity were evaluated using CTCAE
v3.0. No ≥ grade 4 toxicity was recorded. The most frequent complication after LTA+RT
was pneumothorax (G1/G2) in 26/77 (33%) patients [15–17], with 16 patients (20.7%) re-
quiring intervention with chest tube placement [16,17]. The second most frequent toxicity
was acute respiratory distress (grade not specified) in two patients (2.5%), requiring admis-
sion to a respiratory intensive care unit [16]. No ≥ grade 2 acute radiation pneumonitis
was recorded. Other complications are reported in Table 1.

3.2. Second Group: Radiotherapy Followed by Image-Guided LAT

Thirty-eight patients were evaluated with a male/female ratio of 20/12 (we do not
have data on gender in the works of Brooks et al.) [20–22]. Median age was described only
in two papers and ranged from 64 to 78 years (median 70 years) [20,21]. Initial clinical stage
data were reported only in one experience [20], reporting stage I in 5 patients, stage II in
6 patients, and stage III in 1 patient. More details are described in Table 1.

The three papers analyzed a total of 43 LTA sessions after previous radiotherapy in
38 patients. Thirty-one patients underwent EBRT (without any indication on the type
of radiotherapy technique) [20,21] and seven SBRT [20,22], but the precise time interval
between RT and LAT was not specified except for Brooks et al. [22], where the described
median time was 14.9 months.

Only two studies described the type of LAT procedure [19,20]. Twenty-one treatments
were RFA procedures [20,21], ten were MWA procedures [20,21], and two were CA proce-
dures [20,21]. Technical parameters were reported only by Leung et al. [21]. The power (W)
was 145.5 (range 90–198), the baseline impedance was 59 ohms (range 36–117), the time per
lesion was 5 min (range 1–20), and the maximum temperature was 78 ◦C (range 63–98) for
the RFA procedure. Power (W): 52.5 (range 45–60) and time per lesion: 10 min (range 5–10)
for the MWA procedure, while the minimum temperature is 128 ◦C (range −117 to −132)
and time per lesion: 8.5 min (range 7–10) for the cryoablation procedure.
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Only two papers reported data on RT [20,21]. Variable radiation fractionations were
used with a delivered median dose ranging from 50 to 63 Gy. Further data on lesion size
and radiological response evaluation are shown in Table 1.

The median follow-up period varied from 8.3 to 69.3 months with an LC rate ranging
from 50% to 100% [20–22]. Fourteen patients (36.8%) reported local failure after salvage
LTA, and in 10 patients (26.3%), a second LTA was required. Among these 10 patients, one
recurrence was registered [20,21]. Leung et al. reported a tumor time local progression
(TTLP) of 3.3 months (range 1.1–12.2 months), and they showed that a size inferior to
30 mm had a longer TTLP compared to ones with bigger dimensions (23 months vs.
14 months) [20].

In terms of OS, the median OS ranges from 35 to 51.6 months. Cheng et al. [20]
reported that a slightly higher mean survival in smaller tumors (<30 mm) could be observed
(38 months vs. 35 months). Leung et al. showed rates of CSS at 12, 24, and 60 months of
100%, 56%, and 28%, respectively [21].

The most frequent adverse event after the procedure of LTA was pneumothorax (G1/G2),
which was experienced in 8/38 (21%) patients [20,21]. Of these patients, three (20.7%) devel-
oped a pneumothorax requiring intervention with chest tube placement [19,20]. Moreover,
one patient (2.6%) developed a pseudoaneurysm of a segmental pulmonary artery re-
quiring an embolization intervention (grade 3) [21], and one patient (2.6%) developed a
grade 2 pleural effusion that required a thoracentesis [21]. Regarding the RT toxicity profile,
there was no acute radiation pneumonitis ≥ grade 2. Other complications are reported in
Table 1.

3.3. Local Control and Tumor Dimensions

Data on tumor size and LC were both available only in three papers [16,20,21].
Figure 2 depicts the association between lesions size and LC after the combined

therapy, using a random-effects model. Lesions up to 30 mm in diameter seem to have
a higher possibility to reach local control after the combined therapy, but this was not
statistically significant (OR 0.33, CI: 0.06–1.85, p: 0.21).

Figure 2. Forest plot investigating the relationship between lesions size and LC after the combined
therapy [16,20,21].

4. Discussion

In the last few years, the possibility of a combination strategy between RT and other
loco-regional approaches gained more and more attention. In particular, some authors
theorized that a possible synergic result combining RT and LAT could be obtained using
their different action mechanisms [15–17,20–22].

Encouraging data were provided by the experiences reported on hepatocellular car-
cinoma (HCC) or renal cancer. A recent meta-analysis [23] about HCC reported that the
combination of SBRT and transcatheter arterial chemoembolization (TACE) might be an
excellent choice for HCC with portal vein tumor thrombus (PVTT) rather than SBRT or
TACE alone (monotherapy) with significant results in terms of OS and time to progression
(TTP). In another setting, Blitzer et al. [24] performed the combination between SBRT and
MWA in the treatment of renal cell carcinoma (RCC). The results were promising, indicat-
ing that SBRT combined with MW ablation appears to be a safe and feasible therapeutic
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modality for patients with large volume or vascular invasive RCC with an excellent rate of
LC (100%).

These combinations could also be applied for pulmonary lesions due to their charac-
teristics. RT depends on oxygen for cytotoxicity induction and is most effective against
well-oxygenated cells, but it is less effective at destroying the hypoxic cells that make up
the irregularly vascularized core of a solid neoplasm. Moreover, it is thought that hypoxic
cells in the center of many tumors become progressively radiation resistant, contributing to
tumor repopulation during RT of extended duration [12–14,25–27].

In contrast, LTA is most effective at the tumor central zone where the active zone of
heating is focused, but it is less effective at damaging the tumor periphery, which tends to
have impaired conduction due to the heat sink effect of large, high flow vessels and the
insulation effect of aerated lung parenchyma [12–14,25–27]. Moreover, according to the
works of Singh et al. [28,29], the heterogenous temperature distribution in the peripheral
regions could also depend on the slight variations in the thermal-diffusion-mediated heat
transfer, the blood-perfusion-mediated heat loss across the tumor tissue for the heat sink,
and the irregular shape of the lesion.

To our knowledge, this is the first systematic review focused on combined treatment
between RT and LTA in lung cancer lesions.

4.1. LAT Technique

The three most image-guided lung ablation techniques widely used are RFA, MWA
and CA.

The lung is highly susceptible to the RFA technique because the air acts as an insulator,
like a low electrical conductivity area. Therefore, it obtains a greater tissue volume ablation
for the same energy than any other tissue [30]. The first published retrospective study
reported that the 1-, 2-, and 3-year overall survival (OS) rates after the RFA of early NSCLC
were 78%, 57% and 36%, respectively, and the local recurrence rates were 12%, 18%, and
21%, respectively [31,32]. According to the prospective multicenter clinical trial (RAPTUR
study), NSCLC patients treated with RFA had a 1-year OS of 70% and a 2-year OS of 48%
with stage I NSCLC patients having a 2-year OS and cancer-specific survival rate of 75% and
92%, respectively [33]. The main advantage of RFA is the extensive literature, as numerous
studies have been conducted to evaluate the safety and efficacy of this treatment [34]. RFA
provides an ablation volume with only one probe that can be activated at a time. The RFA
is not generally recommended for central or near large vessel tumors or hilar lesions for
the heat dissipation effects of neighboring blood vessels. Another disadvantage is that
RFA may interfere with the heart’s conduction system and is classically related to cardiac
pacemakers’ interference [35]. RFA treatment could be useful in an ideal patient with a
peripherical lesion smaller than 3 cm.

Although not as extensively researched as RFA, MWA is becoming increasingly popu-
lar for image-guided percutaneous lung ablation. According to the literature, Yang et al.
reported a median OS of 33.8 months after MWA among 47 patients with stage I NSCLC.
The OS rates at 1, 3, and 5 years were 89%, 43%, and 16%, respectively, and the local control
rates at 1, 3, and 5 years were 96%, 64%, and 48%, respectively [36].

Yao et al. found that MVA has similar outcomes to lobectomy for stage I NSCLC, with
1-, 3-, and 5-year OS rates of 100%, 92.6, and 50% for MWA and 100%, 90.7%, and 46.3%
for lobectomy, respectively [37]. However, there is evidence that MWA is a promising
therapeutic option for advanced lung cancer [38].

MWA may allow the treatment of larger tumors than RFA since tissue impedance does
not limit the action of MWA [39]. In particular, MWA may be more effective for central or
near large vessel tumors or hilar lesions, as the heat dissipation effect does not interfere
with its therapeutic effect. However, it is difficult to control the ablation zone, and there is
an increased risk of bronchial fistula when used near the pulmonary hilum. Microwave
ablation could be useful in an ideal patient with a peripheral or central lesion larger than
3 cm without limitation regarding pacemaker disposal.
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The CA is effective without damaging structures containing a collagenous matrix,
such as blood vessels and bronchial tubes, with an advantage for the treatment of tumors
near the pulmonary hilum or major vessels treatments [40].

The CA often requires the placement of two or more probes within the lesion, which
increases the procedure’s difficulty but allows the customization of the treated area’s
morphology. Both MWA and cryoablation (CA) allow for the simultaneous delivery of
energy through several probes activated at the same time with a synergistic effect versus
subsequent activation of the same probe [35].

However, unlike RFA and MWA, experience with CA is limited. Yamauchi et al.
reported the first results of CA for inoperable stage I NSCLC patients with a total of
25 treatments in 22 patients. They found a local control rate of 97%, a median OS of
68 months, and a 3-year OS of 88% [41]. McDevitt et al. reported 1- and 3-year OS rates
of 100% and 63%, respectively, in 25 patients with stage I NSCLC treated with CA [42].
One limitation of CA is that the procedure is longer than RFA and MWA with available
protocols describing the need for up to three freeze–thaw cycles to achieve a correct
ablative treatment [43]. Another disadvantage is that it is not recommended in a patient
with coagulopathy due to the increased frequency and severity of pulmonary bleeding
and hemoptysis. Cryoablation is an effective alternative in tumors near the great vessels,
airways, pericardium, and subpleural lesions, as it tends to cause less pain than RFA and
MWA. Another advantage is evaluating the ablation site during the procedure, optimizing
the treatment in real time.

According to the literature, these ablative techniques have similar therapeutical results.
Therefore, the choice is based on the tumor features and the patient’s characteristics.

Another interesting possible approach is represented by the use of magnetic nanoparticle-
based hyperthermia: a new cancer treatment technology that destroys tumors under an
external alternating magnetic field [44]. Magnetic nanoparticle-based hyperthermia is
a promising therapeutic strategy for non-invasive local tumor treatment, but the clin-
ical use of this remains rare [44,45]. Only one paper [46] resulted from the review of
Farzanegan et al. [44] on applying MNPs-based hyperthermia for lung cancer treatment.
This study reported that hyperthermia using targeted superparamagnetic iron oxide (SPIO)
nanoparticles significantly inhibited in vivo tumor growth. It highlights the potential
for developing magnetic hyperthermia as an effective anticancer treatment modality for
non-small cell lung cancer treatments [46]. But further studies are needed to evaluate the ef-
fectiveness, challenges, and probable defects of magnetic nanoparticle-based hyperthermia
for cancer treatment in clinical practice.

4.2. RT Techniques

Historically, radiotherapy was delivered with conventional fractionation 1.8–2 Gy
for a total dose of 90 Gy. Local recurrence rates were 40%, and 3-year overall and cancer-
specific survival rates were 34% and 39%, respectively, which were significantly worse than
surgical outcomes [47]. Over the years, SBRT has become the standard treatment in this
patient setting, allowing notable improvements to be achieved compared to conventional
radiotherapy. SBRT is a non-invasive radiotherapy technique that allows a high biological
dose to be administered in a few sessions with extreme precision to a target of limited size
thanks to the control of organ movement and an accurate definition of the target volumes.
Specifically, SBRT is characterized by the delivery of high doses, greater than 5 Gy per
fraction, in a limited number of fractions, and by the rapid drop in dose around the target,
resulting in a maximum sparing of surrounding healthy tissues at risk of toxicity. SBRT is a
local ablative treatment like a surgical intervention associated with a minimal incidence
of local toxicity potentially capable of improving long-term survival without negatively
impacting the patient’s quality of life [48,49].

With outstanding outcomes in terms of local control and survival, SBRT is the ra-
diation treatment now used for inoperable primary lung malignancies. Its efficacy has
clearly exceeded that of conventional radiotherapy. In the randomized phase III CHISEL
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study, the risk of disease progression was found to be lower with SBRT (54 Gy in 3 frac-
tions of 18 Gy, or 48 Gy in 4 fractions of 12 Gy) compared to conventional radiotherapy
(66 Gy in 33 fractions of 2 Gy) with a favorable toxicity profile (14% vs. 31% HR 0.32
[95% CI 0.13–0.77], p = 0.008). There were no treatment-related deaths with only one case
of G4 toxicity (dyspnea) in the SBRT arm; grade 3 toxicity was recorded in seven patients
(10%) in the experimental arm and in two patients (6%) in the conventional RT arm. Local
control at 2 years was 89% in the group of patients undergoing SBRT versus 65% in the
patients enrolled in conventional RT [50].

Multiple studies investigated the feasibility and the effectiveness of SBRT for the
treatment of lung cancer using a variety of dosing and fractionation schedules.

In the first phase I lung SBRT conducted by Timmerman and colleagues, we reported
that doses of 20 Gy per fraction were tolerable and feasible, showing impressive rates of
local control [51]. Two and three-year local control rates of 95% and 88%, respectively, were
observed in a phase 2 study in which 70 patients were treated with 60–66 Gy [52].

Successively, Timmerman [53] reported in the first multi-institutional phase II trial 3
and 5-year local control rates of 97.6% and 92.7%, respectively, in a cohort of 55 patients
treated at a dose of 54 Gy in three fractions with one local failure observed. In another
prospective study, Ricardi et al. [10] analyzed 62 patients observing 3.2% of local relapse
(2 pts) with a local control rate of 87.8%. In the same papers, the authors showed a
significant correlation between tumor diameter and the probability of achieving a complete
response, confirming that smaller lesions have a higher chance of being fully controlled
and potentially cured.

Furthermore, in a recent review, a direct correlation was demonstrated between the
administered dose and local disease control when 100 Gy in BED 10 (Biological Equivalent
Dose) was exceeded. From this analysis, it can be seen that the percentage of local relapses
is 8% for doses higher than 100 Gy and rises to 27% for lower doses with an impact also on
survival (88% vs. 70%) [54].

The prescription dose of SBRT in thoracic tumors is conditioned not only by the tumor
volume but also by the site of the disease, as it can influence the response and toxicity of
the treatment itself.

4.3. Combined Approach

We reported interesting data on LC: the overall LC rate was 74.7% (range: 50–100%)
with only 26 pts (24.7%) that reported local failure. These results can be compared with the
ones regarding SBRT and LTA alone in the same setting in the current literature (30–55).

In our analysis, the combined treatment shows a limited risk of severe complications.
Regarding toxicity profile, we registered pneumothorax (29.8%, with 18 patients requiring
interventional therapy), pneumonitis (9.5%), pleural effusion (0.8%), and hemorrhage (0.8%).

Regarding the pneumothorax, the results are in line with the ones described in the
literature on LAT alone, ranging from 29% to 34.3%, and about 11% to 12.3% of patients
require interventional therapy (chest tube placement) [55]. Pleural effusion generally occurs
in 5.2% to 9.6% of patients, and only 0.3% to 0.6% of patients had several pleural effusion
requiring intervention in previous studies [56,57].

RT alone can lead to pulmonary toxicity, and the most common side effect of radiation
alone is pneumonitis, which has been reported to occur in 5% to 15% of patients. In particu-
lar, SBRT presents negligible toxicity: the ratio of patients with grade 3 acute or late adverse
event is less than 10%; in our series, no grade 3 or late toxicity was recorded [31,57–59].

Tumor size may be still considered a significant factor in the treatment response to
combined treatment: we observed that tumors <30 mm had a longer tumor time local
progression (TTLP) compared to tumors >30 mm having a shorter TTLP, but it was not
statistically significative, which remains a key factor of technical success and clinical
efficacy [16,19,20]. In Figure 2, forest plots visually demonstrate the overall relationship
between lesions size and LC after the combined therapy. The trend association of tumor
size with LC and TTLP obtained in our analysis was concordant with data literature. We
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have observed for primary NSCLC an average local recurrence of 45.6 ± 4.1 months for
lesions <30 mm versus 34 ± 7.8 months for lesions >30 mm [16]. For recurrent NSCLC,
we reported a TTLP of 23 months for tumor size ≤30 mm, whereas for tumors >30 mm,
it was 14 months [20]. Simon et al. [31] reported a median TTLP for tumors ≤30 mm
of 45 months versus 12 months for tumors >30 mm. In another study, Lanuti et al. [60]
reported a recurrence rate of 50% for lesions >30 mm compared to 44% for lesions 20–30 mm.
Schoellnast et al. [61] observed a median TTLP of 14 months for tumors with a mean size
of 28 mm.

It should be noted that we examined case studies including patients who were not
deemed the best candidates for surgery, which was most likely due to substantial morbidi-
ties, and with a median age ranging from 55 to 93 years.

As describe in Supplementary Table S1, the quality of the selected works ranged
from the medium to low level. Moreover, we have to acknowledge that concerning the
used RT techniques, not all the experiences used SBRT, with many using conventional
radiotherapy instead.

Another aspect of these studies that needs further investigation is the sequence in
which LAT and RT should be combined. In all the reported experiences, LAT was followed
by RT; however, the hypoxia provided by LAT could make the cancerous tissue more
radioresistant. Thus, RT, and in particular SBRT, should be performed before the LAT for
radiobiological reasons.

Another point we have to consider in evaluating these results is the effect that blood
perfusion can have on the efficacy of thermal ablation cancer treatments due to the heat-sink
effect. This is due to heterogeneously perfused tumor regions that cause such a variability
in thermal response to heating and thermal ablation, playing a crucial role in heat transfer
within tissues. In fact, a heterogeneous blood perfusion can lead to significant variations
in temperature distribution within tumors, and regions with lower blood perfusion may
exhibit different sensitivity to therapies compared to areas with higher perfusion [62].

Even though the present systemic review had some limitations (small sample sizes,
retrospective nature of the considered studies, their heterogeneity in terms of radiation
treatment schedules and LTA and the short follow-up period), the data showed interesting
results in terms of LC and toxicity. Our review could be considered a starting point
for a further randomized controlled clinical study regarding the combination between
RT and LAT in the treatment of primary or secondary lung cancer. However, we must
remember that the key element in this treatment strategy should always be a harmonized
multidisciplinary approach.

5. Conclusions

The proposed intervention demonstrated encouraging local control rates as well as
low toxicity profiles. Despite these promising outcomes, it should be noted that these
data come from retrospective studies with a significant level of heterogeneity, making
it impossible to recommend an a priori strategy involving RT + LTA for patients in this
context. While we await further randomized trials to verify this method, we propose a
case-by-case evaluation based on tumor and patient characteristics.
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Simple Summary: Sufferers of neuroendocrine neoplasms (NENs) of unknown primary origin are
a poor prognostic group with largely unmet clinical needs. In the absence of standard therapeutic
algorithms, treatment should be based on tumor clinical-pathological characteristics, disease burden,
and patient conditions. The aim of this review is to explore the evidence relating to available
treatment options for NENs of unknown primary and to offer insights into future perspectives.
Particular attention is given to molecular characterization and genomic profiling of NENs with
potential therapeutic implications, mainly through the identification of druggable targets for agnostic
treatments. Moreover, a treatment algorithm for both well-differentiated and poorly differentiated
NENs of unknown primary is proposed.

Abstract: Among neuroendocrine neoplasms (NENs), a non-negligible proportion (9–22%) is repre-
sented by sufferers of NENs of unknown primary origin (UPO), a poor prognostic group with largely
unmet clinical needs. In the absence of standard therapeutic algorithms, current guidelines suggest
that the treatment of UPO-NENs should be based on tumor clinical-pathological characteristics,
disease burden, and patient conditions. Chemotherapy represents the backbone for the treatment of
high-grade poorly differentiated UPO-NENs, usually providing deep but short-lasting responses.
Conversely, the spectrum of available systemic therapy options for well-differentiated UPO-NENs
may range from somatostatin analogs in indolent low-grade tumors, to peptide receptor radioligand
therapy, tyrosine kinase inhibitors (TKIs), or chemotherapy for more aggressive tumors or in case
of high disease burden. In recent years, molecular profiling has provided deep insights into the
molecular landscape of UPO-NENs, with both diagnostic and therapeutic implications. Although
preliminary, interesting activity data have been provided about upfront chemoimmunotherapy, the
use of immune checkpoint inhibitors (ICIs), and the combination of ICIs plus TKIs in this setting.
Here, we review the literature from the last 30 years to examine the available evidence about the
treatment of UPO-NENs, with a particular focus on future perspectives, including the expanding
scenario of targeted agents in this setting.

Keywords: neuroendocrine neoplasms; unknown primary origin; treatment; molecular biology;
targeted therapy
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1. Introduction

Neuroendocrine neoplasms (NENs) are a heterogeneous group of rare malignant
neoplasms that arise from diffuse neuroendocrine cells. According to the 2022 World
Health Organization (WHO) classification, NENs are classified into well-differentiated neu-
roendocrine tumors (NETs) and poorly differentiated neuroendocrine carcinomas (NECs)
based on morphological features and the proliferation rate. Gastroenteropancreatic (GEP)
NENs account for 62–67% of cases and include well-differentiated grade (G) 1–2 NETs
(Ki-67 ≤ 20%), G3 NETs (Ki-67 index > 20% and well-differentiated morphology), and G3
NECs (Ki-67 index > 20% and poorly differentiated morphology). Thoracic NENs account
for 22–27% of cases, including well-differentiated typical carcinoids of the lung and thymus
(<2 mitoses/2 mm2 and absence of necrosis), atypical carcinoids (2–10 mitoses/2 mm2

and/or presence of necrosis), and poorly differentiated small cell (SC) and large cell neu-
roendocrine carcinomas (LCNECs) (>10 mitoses/2 mm2 and presence of necrosis). In
the absence of a clinically or radiologically identifiable primary site despite the use of
gold standard diagnostic techniques so far, a non-negligible proportion of histologically
documented NENs (9–22%) are of unknown primary origin (UPO) [1–6].

Compared to other NENs, UPO-NENs represent a significant diagnostic and therapeu-
tic challenge due to their rarity, their complex clinical presentation, and the lack of definite
therapeutic algorithms.

According to the Surveillance, Epidemiology, and End Results (SEER) program, the
incidence of UPO NETs was 0.84/100,000 persons per year between 2000 and 2012, with a
relatively scant prognosis (median overall survival of 33–48 months) compared to other
NET groups [7,8].

UPO-NENs present, by definition, with advanced or metastatic disease, the most
frequently involved sites being the liver, followed by the peritoneum, the lymph nodes,
the bones, and the lung [9]. Although the gastrointestinal and thoracic origin are the most
likely sites of origin of UPO-NENs, unusual locations such as the genitourinary tract or the
head and neck district have to be considered [10–20].

If the primary tumor site remains unknown despite extensive workup, the initial
treatment strategy should be based on the presumptive site of origin and on tumor clinical-
pathological characteristics as suggested by the main international guidelines [21,22]. How-
ever, in the absence of definite treatment algorithms based on high-quality evidence from
randomized phase III trials, an optimal therapeutic approach to UPO-NENs still represents
an unmet clinical need.

This review aims to address current evidence about the treatment landscape of UPO-
NENs, and to provide an insight into future perspectives, with a particular focus on the
potential therapeutic implications of molecular characterization and genomic profiling of
these neoplasms.

2. Materials and Methods

We conducted a comprehensive search on PubMed and the ClinicalTrials.gov website
using the following search keywords: “neuroendocrine”, with “tumor-” or “neoplasm-”,
combined with “unknown primary”, “unknown origin” and “treatment” or “therapy” or
“clinical trial” or “molecular biology”. The reference list of the most important papers
and abstract communications from relevant conferences were also examined in order to
further check the existing data in the literature. We limited the search to English language
publications in the last 30 years. Searches were last updated on December 2023. A total
of 379 articles were found. A manual selection of relevant articles based on title and/or
abstract content was performed. The full versions of all relevant reports were analyzed,
with a total of 103 works included in this review. Figure 1 reports the flow diagram for the
identification of relevant manuscripts included in the review.
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Figure 1. Flow diagram of review manuscript.

3. Diagnostic Approach to UPO-NEN

At the first evidence of UPO-NEN, every effort should be made to identify the primary
site of origin, as it could lead to surgical treatment with curative intent and/or to the access
to systemic treatment strategies for which primary site identification is required by specific
registration boundaries [22]. According to available evidence, the resection of midgut and
pancreatic primary tumors is independently associated with improved survival outcomes
in NET patients with liver metastases. Moreover, primary tumor surgery may reduce the
risk of local complications such as occlusion, bleeding, or perforation, especially in the case
of small-bowel NETs [23–26].

A comprehensive assessment for primary site identification should include an exten-
sive clinical evaluation (e.g., pattern of metastatic spread, presence of clinical syndromes),
morphological and metabolic imaging, endoscopic procedures, and a thorough immunohis-
tochemical (IHC) evaluation with the possible integration of molecular pathology. Clinical
presentation, including the pattern of metastatic organ involvement and the presence
of a functional syndrome, might be fundamental as a hint for primary site identifica-
tion. For example, carcinoid syndrome is usually related to small-bowel NEN, whereas
Zollinger–Ellison syndrome and insulinoma and glucagonoma syndromes, should prompt
the investigation of the duodenal-pancreatic area, and ectopic ACTH production may
suggest lung or thymus primaries [27].

An accurate pathological evaluation is pivotal both to orient primary site identification
and to provide tumor grading to guide therapeutic choices. NENs are classified into well
differentiated NETs and poorly differentiated NECs based on morphological features and
proliferation rate. This classification accounts for critical differences in terms of genomic
and biological characteristics, as well as clinical behavior. NETs display a morphologi-
cal organoid and nesting pattern, with very rare cytological atypia, whereas NECs are
characterized by a solid growth pattern with marked atypia and diffuse necrosis. The
neuroendocrine phenotype is identified through the assessment of definite immunohis-
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tochemical features. NETs usually display Chromogranin A (CgA) and synaptophysin
staining, as well as strongly positive somatostatin receptor (SSTR) staining, while NECs
retain synaptophysin staining, but may display only focal or absent CgA and SSTR staining.
Insulinoma-associated protein-1 (INSM1) is highly specific for NEN independently of
primary site and differentiation grade.

The classification of NENs was recently updated in the 2022 WHO classification
system. NECs (every site of origin) are poorly differentiated with a high proliferation
rate (Ki-67 > 20%, usually >55%) and further distinguished into the small cell and large
cell subtypes. The NET nomenclature has been standardized as a three-tiered grading
system according to morphological differentiation, grading, and proliferation rate. GEP
NETs are distinguished as well-differentiated low-grade G1 NETs (Ki-67 ≤ 2% and mitotic
index < 2 mitoses/2 mm2), well-differentiated intermediate-grade G2 NETs (Ki-67 between
3–20% and/or mitotic index between 2 and 20/2 mm2), and well-differentiated G3 NETs
(Ki67 > 20% and/or mitotic index > 20/2 mm2). Similarly, thoracic NETs have been
categorized into well-differentiated G1 NETs/typical carcinoids (mitotic index < 2/2 mm2

and no necrosis), well-differentiated G2 NETs/atypical carcinoids (mitotic index between
2 and 10/2 mm2 and/or necrosis), and well-differentiated NETs with elevated mitotic
counts (atypical carcinoid morphology and >10 mitoses/2 mm2 and/or Ki67 > 30%).
The WHO classification is specifically intended for surgical specimens. Therefore, the
limitations of diagnoses obtained from core biopsies or cytological specimens should be
taken into account. Whereas the diagnosis of NEC on biopsies may be more reproducible,
the diagnosis of NET has inherent limitations in terms of accuracy for the evaluation of the
Ki-67 labeling index and mitotic index, potentially affecting tumor grading [1].

Comprehensive IHC evaluation encompassing multiple markers may orient primary
site identification. For example, CDX2 is a transcription factor associated with gastroin-
testinal differentiation, and a possible marker for intestinal or pancreatic origin. CDX2
yields a 90% sensitivity for midgut origin, although it is also expressed in 15% of pancreatic
primaries. Paired Box (PAX)-8, PAX6 and Islet-1 are markers for both pancreatic and rectal
NENs. Even though Islet-1 is a 70%-sensitive pancreatic (p)NEN marker, it is also expressed
in rectal NENs and in up to 10% of lung primaries. Pancreatic and duodenal homeobox
(PDX)-1, progesteron receptor (Pr), and neuroendocrine secretory protein (NESP)-55 stain-
ing are suggestive of pancreatic primary. Conversely, special AT-rich sequence-binding
protein (SATB)2 positivity is typical of rectal (96%) and appendiceal (79%) NETs. Thyroid
Transcription Factor (TTF)-1 positivity may suggest a thoracic primary, even though its
sensitivity is low, whereas CK7 yields high sensitivity but less specificity for pulmonary
NENs. Orthopedia Homeobox Protein (OTP), in contrast, represents a highly specific
marker for pulmonary carcinoids, with a 60–80% sensitivity [6,28]. Several IHC algorithms
have been built for the presumptive primary site identification in case of UPO-NEN [28,29].
Indeed, sequential IHC staining algorithms may help to identify the presumptive primary
site with a stepwise approach. Performing baseline CDX2, Pr, PAX8, TTF-1 and SATB2
staining may lead to the identification of a midgut pattern (CDX2 positive, other markers
negative), pancreatic pattern (Pr/PAX8 positive, SATB2 negative, CDX2 positive/negative),
rectum/appendix pattern (SATB2 positive, TTF1-negative), or lung pattern (TTF-1 positive)
which can be further investigated with the addition of other markers (such as Islet-1, PAX6,
OTP, PDX-1, NESP-55) [6,28,29].

Although conventional radiology (computed tomography [CT] or magnetic resonance
imaging [MRI]) is of utmost importance for patients’ staging, it might fail to detect the
primary tumor if the lesions are small, especially in the case of a GEP primary. Therefore,
metabolic imaging represents an essential tool in patient’s staging and primary site detec-
tion. Less recent reports evaluated the diagnostic impact of In-pentetreotide somatostatin
receptor scintigraphy (SRS) in the detection of GEP occult primaries. In a small series of
36 patients by Savelli and Colleagues, SRS was suggestive of the possible site of the primary
lesion in 39% of patients and prompted surgical management in 17% of cases [30]. Due to its
higher sensitivity, 68-Gallium [68Ga]-labeled somatostatin analogs positron emission tomog-
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raphy (PET) is the gold standard for the detection of low-grade well-differentiated NETs,
whereas fluorodeoxyglucose (FDG)-PET is recommended in high-grade poorly differenti-
ated forms and for prognostication. In the case where pheochromocytoma/paraganglioma
is suspected, other imaging modalities such as DOPA PET or metaiodobenzylguanidine
(MIBG) scanning may also be considered [31–33]. According to the available literature, the
true positive detection rates for an occult primary with 68Ga-DOTA-D Phe1-Tyr3-Octreotide
(DOTATOC) PET imaging ranges from 38% to 61%, with overall sensitivity and specificity
of 82–92% and 55–82%, respectively. 68Ga-DOTATOC PET imaging produces an alteration
in patient management in 20–50% of cases [34–39]. Moreover, the use of radiolabeled
somatostatin analogs has been exploited for intra-operative localization of UPO-NETs sus-
pected to be of GEP primary, to improve intra-operative detection rates of small primaries
and/or metastatic sites [40].

In cases where morphological or functional imaging has failed to detect the primary
site, other investigations should be considered. If a gastrointestinal primary is suspected
based on clinical-pathological assessments, endoscopic workout should be performed
(including esophagogastroduodenoscopy, colonoscopy, and endoscopic ultrasonography).
Since most UPO-NETs are of jejunoileal origin, an accurate study of the small intestine
should be performed. Even though data concerning the use of capsule endoscopy (CE) or
double balloon enteroscopy (DBE) for UPO-NEN assessment in clinical practice are scant,
these assessments may allow the visualization of small intestinal lesions undetectable with
conventional radiological imaging. DBE is more invasive when compared with capsule
endoscopy; however, it may allow biopsies to be performed to obtain a pathological
sample [27]. Moreover, surgical exploration of the abdomen may lead to the identification
of the tumor primary in a non-negligible percentage of cases when GEP-NETs are suspected,
potentially leading to surgery with radical intent [41].

If other more unusual areas are suspected, a thorough examination of the otolaryn-
gologic and urogenital tracts, as well as full skin, eye, and breast assessments, should be
performed [10–18,20]. For example, a very aggressive disease with limited therapeutic
options is represented by neuroendocrine prostate cancer, which can emerge under the
pressure of androgen deprivation treatment or arise de novo in a small percentage of
cases [14].

In conclusion, the localization of the primary tumor is of paramount importance for the
patient’s management and prognosis. Not only may primary tumor resection have a radical
and curative intent, but it has also been associated with improved survival outcomes in
midgut and p-NET patients with liver metastases [23–26]. Moreover, after primary tumor
identification and resection, excision or ablation with curative intent of metastatic sites
may be pursued as part of a curative strategy (especially in liver-limited disease). Surgery
can also decrease the risk of complications related to the primary lesion (such as bleeding,
occlusion, or compression of adjacent structures). Finally, identification of the site of origin
may allow access to registered systemic treatments which require the primary tumor to be
identified [27].

Figure 2 depicts a possible diagnostic algorithm for UPO-NEN.
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Figure 2. Diagnostic algorithm for UPO-NEN. CE: capsule endoscopy; CS: Carcinoid syndrome;
CT: computed tomography; DBE: double-balloon enteroscopy; EGD: Esophagogastroduodenoscopy;
EUS: endoscopic ultrasonography; FDG: fluorodeoxyglucose; GEP: gastroenteropancreatic; MIBG:
metaiodobenzylguanidine; MRI: magnetic resonance imaging; NESP-55: neuroendocrine secretory
protein-55; NGS: next generation sequencing; NPL: naso-pharyngeal-laryngoscopy; OTP: Orthopedia
Homeobox Protein; PAX: paired Box; PDX-1: Pancreatic and duodenal homeobox-1; PET: positron
emission tomography; Pr: progesterone receptor; SATB2: special AT-rich sequence-binding protein
2; TTF-1: thyroid transcription factor; UPO-NEN: neuroendocrine neoplasm of unknown primary
origin; US: ultrasonography; ZES: Zollinger-Ellison syndrome; 68-Ga DOTATOC: 68Gallium- DOTA-
D Phe1-Tyr3-Octreotide.

4. Therapeutic Approach to UPO-NEN

No definite therapeutic algorithms are currently defined for UPO-NENs, mainly due
to the lack of high-quality evidence from randomized phase III trials.

Therapeutic decision making for UPO-NENs is essentially based on tumor histology
and grading, presumptive site of origin (based on histopathological and immunohisto-
chemical characteristics), SSTR status, functionality, tumor burden, and progression rate, as
well as the patient’s general condition and comorbidities [21].

4.1. Treatment of Poorly Differentiated NEC of Unknown Origin
4.1.1. First-Line Setting

The frontline therapeutic approach to poorly differentiated UPO-NECs is primarily
based on the use of platinum-based chemotherapy regimens. In the first-line setting, cis-
platin plus etoposide represents the preferred regimen, providing response rates up to
~40–70%, progression-free survival (PFS) rates up to 9 months, and overall survival (OS)
rates up to 19 months in historical series [42–45]. In an analogy with the treatment of SCLC,
the combination of platinum agents and irinotecan may be evaluated as a possible alter-
native to cisplatin and etoposide with some differences in clinical outcomes by ethnicity
(Asiatic versus non-Asiatic populations) [46]. A recent study by Zhang and colleagues
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assessed the non-inferiority of cisplatin plus etoposide vs. cisplatin plus irinotecan in
terms of safety and efficacy as a first-line treatment in advanced NEC patients, includ-
ing UPO-NEC (eight patients), with different toxicity profiles. The overall response rate
(ORR) was 42.4% in both arms, with median PFS of 6.4 months and 5.8 months (p = 0.81),
and median OS of 11.3 months and 10.2 months (p = 0.37) for platinum–etoposide and
platinum-irinotecan, respectively [47]. The NORDIC-NEC trial retrospectively evaluated
the prognostic and predictive factors for survival and treatment outcomes in 305 patients
with G3 NEN (32% of whom had UPO-NEN) receiving palliative chemotherapy (includ-
ing cisplatin-etoposide and carboplatin–etoposide with or without vincristine). ORR to
first-line chemotherapy was 31%, with a disease stabilization rate of 33%. The response
rates did not differ among different platinum-based regimens. Patients with Ki-67 < 55%
had a lower response rate to chemotherapy (15% vs. 42%, p < 0.001), but displayed bet-
ter OS compared to patients with Ki-67 ≥ 55% (14 vs. 10 months, p < 0.001) [48]. On
the basis of these results, platinum–etoposide containing regimens may not be the most
appropriate chemotherapeutic approach for NEN G3 with Ki-67 <55% and alternative regi-
mens (e.g., fluoropyrimidines, temozolomide, and oxaliplatin-containing regimens) should
be considered. Recently, the randomized phase II EA2142 trial was designed to assess
the efficacy and activity of a regimen with capecitabine and temozolomide (CAPTEM)
compared to cisplatin plus etoposide in patients with previously untreated unresectable
or metastatic G3 NEN with a Ki-67 labeling index 20–100%. A total of 67 patients with
tumors of suspected GEP origin were enrolled. The study was prematurely closed due
to futility at 57.7% information time, showing median PFS of 2.43 vs. 5.36 months, OS
of 12.6 vs. 13.6 months, and response rate of 9% vs. 10% with CAPTEM and platinum–
etoposide, respectively. CAPTEM did not appear to be superior to platinum–etoposide
chemotherapy, but was associated with a more favorable toxicity profile [49]. Overall,
prospective data assessing G3 NETs independently of G3 NECs are needed to establish the
optimal front-line treatment strategy.

Due to the poor prognosis of these tumors, treatment intensification with three-drug
therapeutic regimens has been attempted. The combination of carboplatin, etoposide, and
paclitaxel was evaluated in two trials including patients with UPO-NECs, yielding ORR of
47–53% and median OS of 13.4–14.5 months, at the cost of moderate toxicity [50,51]. The
FOLFIRINEC randomized phase II trial, with the aim of assessing the efficacy and activity
of the FOLFIRINOX (5-fluorouracil, irinotecan, oxaliplatin) regimen compared to platinum
plus etoposide in a population of patients with metastatic GEP or UPO NEC, is currently
ongoing (NCT04325425) [52].

The combination of frontline chemotherapy with immunotherapy has been recently
explored with the aim of improving outcomes in this poor-prognosis population. The
non-randomized open-label phase II NICE-NEC trial (EudraCT: 2019-001546-18) evaluated
the combination of carboplatin–etoposide with nivolumab as a first-line treatment for
patients with advanced or metastatic G3 GEP and UPO NEN. Overall, 38 patients were
enrolled. With a median follow-up of 18.6 months (range: 2.2–24.6), ORR was 54.1%, the
disease control rate (DCR) was 83.8%, median PFS was 5.7 months (95% confidence interval
[CI]: 5.1–9), and median OS was 13.9 months (with 32.4% of patients surviving more than
18 months) [53].

4.1.2. Second-Line Setting

For cases of UPO-NEC progressing on platinum–etoposide, regimens containing
irinotecan, fluoropyrimidines, temozolomide, or oxaliplatin (e.g., CAPTEM; FOLFIRI [5-
fluorouracil-irinotecan]; FOLFOX [5-fluorouracil-oxaliplatin]) may be considered, mostly
based on retrospective data showing ORR rates of ~30% [54–57].

The randomized, multicenter, non-comparative, open-label, phase 2 BEVANEC trial
evaluated the efficacy of FOLFIRI plus bevacizumab, or FOLFIRI alone in patients with
advanced NEC (including UPO-NEC) progressing on first-line platinum–etoposide-based
chemotherapy. Of the 126 patients included in the intent-to-treat population, 18% had UPO-
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NEC. After a median follow-up of 25.7 months, no clinically significant survival benefit was
evidenced with the addition of bevacizumab to the FOLFIRI backbone, with a 6-month OS
rate of 53% in the FOLFIRI plus bevacizumab group and 60% in the FOLFIRI group. More-
over, one fatal toxicity (ischemic stroke) occurred in the FOLFIRI-bevacizumab cohort [58].
The NET-02 randomized, non-comparative, phase II trial evaluated the efficacy of liposo-
mal irinotecan (nal-IRI) plus 5-fluorouracil (arm A) or docetaxel (arm B) in patients with
poorly differentiated extrapulmonary NECs progressing on first-line platinum–etoposide
chemotherapy. Of the 58 enrolled patients, 10% had UPO-NECs. The trial met its primary
endpoint in arm A, with a 6-month PFS rate of 29.6% (95% lower confidence limit: 15.7%)
that exceeded the prespecified threshold for efficacy, but not in arm B (6 months PFS
rate of 13.8%). ORR was 11.1% in arm A and 10.3% in arm B, with similar median PFS
(3 months and 2 months) and OS (6 months and 6 months) in patients receiving nal-IRI
plus 5-fluorouracil and docetaxel, respectively. According to the authors, 5-fluorouracil
plus nal-IRI may represent a viable therapeutic option in this setting, whereas the poor
performance of docetaxel, with the poor associated tolerability profile, should discourage
further investigation of this regimen in this setting [59]. Another recent phase II trial aimed
at evaluating the activity of temozolomide monotherapy in patients with extrapulmonary
NECs progressing on first-line platinum–etoposide treatment. The trial enrolled 13 patients,
1 of whom had UPO-NEC. ORR was 15.4%, with median PFS of 1.8 months (95% CI, 1.0–2.7)
and median OS of 7.8 months (95% CI, 6.0–9.5). O6-methylguanine-DNA methyltransferase
(MGMT) deficiency was observed in one patient, who displayed partial response as the
best response [57]. Of note, in the absence of other viable therapeutic options, some authors
recently evaluated the opportunity of etoposide rechallenge in patients with a relapse-free
interval of ≥3 months after first-line platinum–etoposide treatment. The retrospective
RBNEC trial including 121 NEC patients (12% of whom with UPO-NEC) reported DCR of
62%, and median PFS and OS of 3.2 and 11.7 months, respectively, among the 31 patients
receiving this treatment strategy [60].

Besides standard chemotherapy regimens, other treatment strategies employing im-
munotherapeutic agents and small molecules have been recently evaluated in order to
expand the therapeutic armamentarium in high-grade NENs including UPO-NENs.

As immunotherapy has produced a paradigm shift in the treatment landscape of
specific NENs such as Merkel cell carcinoma, immune checkpoint inhibitors (ICIs) have
been recently tested in this setting [61,62]. Anti-programmed death (PD)- (ligand [L])1
monotherapy has shown limited activity in molecularly unselected G3 NENs including
UPO-NECs, with ORR of 0–7%, median PFS range of 1.8–2.0 months, and median OS range
of 4.2–7.8 months [63–67]. The combination of pembrolizumab plus mono-chemotherapy
(weekly paclitaxel or weekly irinotecan) in high-grade pretreated extrapulmonary NECs (in-
cluding 23% of UPO-NECs) also showed unsatisfactory activity (ORR 9%) and poor survival
outcomes (median PFS: 2 months, median OS: 4 months) in unselected patients [63,68].

Conversely, dual anti-Cytotoxic T-Lymphocyte Antigen (CTLA)-4/anti-PD-1 blockade
yielded more clinically significant results in high-grade NEN patients. The high-grade NEN
cohort of the phase II DART-SWOG S1609 trial assessed the activity of the combination
of the anti-CTLA-4 agent ipilimumab at the dose of 1 mg/kg every 6 weeks plus anti-
PD-1 nivolumab in microsatellite-stable advanced G3 NEN patients (mostly with poorly
differentiated tumors). A total of 19 patients were included, 4 (21%) of whom had UPO-
NEC. Most of the included patients were pretreated for metastatic disease with a median
of 1 (0–3) prior line. ORR was 26% (95% CI, 11–45%), with median PFS of 2.0 months
and median OS of 8.7 months. Among the four patients with UPO-NEC, two achieved
stable disease as the best response [69]. Another study, the NEN subgroup analysis of
the CA209-538 trial of ipilimumab (at the dose of 1 mg/kg every 3 weeks for a total of
four doses) and nivolumab in rare cancers, evaluated the outcome of 29 patients with
advanced NEN (90% pretreated patients, 45% high grade NEN, 7% UPO-NEN). ORR was
24%, with DCR of 72% in the entire cohort. ORR was 31% and 23% in patients with G3
and G2 NEN, respectively. No responses were observed in the two enrolled patients with
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UPO-NEC. Median PFS was 4.82 (95% CI 2.71–10.53) months and median OS was 14.78
(95% CI: 4.07–21.25) months [70]. No unexpected toxicities have been documented in both
trials combining ipilimumab and nivolumab.

Another ICI combination, durvalumab plus tremelimumab, was evaluated in ad-
vanced pretreated NENs in the multicohort phase II DUNE trial, showing only limited
activity in advanced G3 GEP and UPO-NENs progressing to platinum-based first-line
chemotherapy (cohort 4). In this cohort, ORR was 9.1%, 9-month OS rate was 36.1%, and
median OS was 5.9 (95% CI: 2–9.7) months. Even though the prespecified futility threshold
for OS was surpassed, response rates and survival outcomes were poor. PD-L1 expression
by combined positive score (CPS) did not correlate with treatment activity. In analyzed
patients, no microsatellite instability (MSI)-high status was reported [71].

Targeted agents with well-known activity in well-differentiated NENs have also been
evaluated in the setting of high-grade progressive NENs. The EVINEC phase II trial
evaluated the safety and efficacy of second-line everolimus in NEN G3 patients progressing
on platinum chemotherapy. Of the 36 enrolled patients, 13 (36%) had NET G3, 14 (39%) had
NEC, and 9 (25%) had mixed-neuroendocrine/non-neuroendocrine neoplasm (MiNEN)
with a NEC G3 component. Six patients (16%) had UPO-NEN. No unexpected safety events
occurred. Efficacy was promising (ORR 7.7%, median PFS and OS of 5.2 and 23.9 months,
respectively) in the NET G3 group. However, results were poor in NECs (ORR 0%, median
PFS and OS of 1.8 and 5.6 months, respectively), and in MiNENs (ORR 0%, median PFS
and OS of 2.2 and 7.0 months, respectively) [72].

An alternative treatment strategy that is currently being explored in ongoing trials
is the combination of small molecules (tyrosine kinase inhibitors-TKIs) and ICIs. Weber
and colleagues recently reported the activity and safety of cabozantinib (a c-MET, vascular
endothelial growth factor receptor [VEGFR]2, RET, KIT, AXL, and Fms Related Tyrosine
Kinase 3 inhibitor) in combination with avelumab in patients with G3 NEN, reporting ORR
of 21% and median PFS of 48.1 weeks, with a manageable toxicity profile [73]. Conversely,
results of the CABATEN/GETNE-T1914 trial, evaluating the activity of cabozantinib plus
the anti-PD-L1 agent atezolizumab, showed limited activity and poor survival outcomes in
progressive NENs including high grade NECs [74].

Surufatinib (a VEGFR 1, 2, 3, fibroblast growth factor receptor [FGFR]-1, and colony-
stimulating-factor-1 receptor inhibitor), combined with the anti PD-1 sintilimab and the
anti-CTLA-4 IBI310, is currently being evaluated for the treatment of high-grade NENs
(NCT05165407) [75].

Of note, most of the aforementioned trials included patients with high-grade (G3) NEN,
without specifically addressing tumor differentiation. In the future, subgroup analyses
assessing NECs independently of G3 NETs are warranted to establish the activity of novel
treatment options in these different populations.

4.2. Treatment of Well-Differentiated NETs of Unknown Origin

Therapeutic options for well-differentiated UPO-NETs potentially encompass the
available agents registered for site-specific disease, ranging from somatostatin analogs
(SSAs) to targeted agents (such as everolimus or TKIs), peptide-receptor radio-ligand
therapy (PRRT) and chemotherapy. In this setting, therapeutic choices should be tailored
according to tumor grading and functionality, SSTR status, tumor burden, and progression
rate, as well as the patient’s general condition and comorbidities.

SSA monotherapy may be considered for patients with well-differentiated, low-grade
NETs expressing SSTRs, with low tumor burden and/or indolent disease behavior. More-
over, its use must always be considered in functioning tumors for symptomatic control.

UPO-NETs (13%) were included in the pivotal phase III randomized double-blind,
placebo-controlled CLARINET trial, evaluating the efficacy of lanreotide in patients with
well-differentiated advanced or metastatic, nonfunctioning, SSTR–positive NETs with
Ki-67 < 10%. Progression-free survival was significantly improved in the lanreotide group
compared to the placebo arm (median PFS not reached [NR] vs. 18.0 months, respectively;
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hazard ratio [HR] 0.47; 95% CI, 0.30–0.73; p < 0.001). Overall survival did not significantly
differ between the two arms, although the results’ interpretation may have been impacted
by crossover from the placebo to the lanreotide group that occurred in the extension study
(CLARINET OLE) and by the long life expectancy of patients with indolent disease [76,77].

Faiss and Colleagues conducted a prospective randomized trial assessing the efficacy
of subcutaneous lanreotide (at the dose of 1 mg three times a day), interferon alpha, or their
combination in 80 patients with advanced progressive treatment-naïve NETs, including 11
(14%) UPO-NETs, showing a 32% DCR in the lanreotide group [78].

More recently, a phase II study in Japanese patients investigated lanreotide autogel
in 28 patients with well-differentiated G1–2 NETs including 5 patients (18%) with UPO-
NETs, reporting DCR of 64.3%, ORR of 3.6%, and median PFS of 36.3 weeks (95% CI:
24.1–53.1) [79].

PRRT is a valuable therapeutic option for NETs expressing SSTRs, with a good safety
profile and limited acute and medium-term toxicities. PRRT employs radiolabeled, beta-
emitting SSAs (90Yttrium[Y]-DOTATOC and 177Lutetium-[DOTA◦, Tyr3] octreotate [177Lu-
Dotatate]) that bind to SSTRs on the surface of tumor cells, with consequent radiopeptide
internalization and cell death [80]. The landmark NETTER-1 phase III trial demonstrated
the superiority of PRRT with 177Lu-Dotatate (in association with octreotide long-acting
release [LAR] 30 mg every 28 days) versus high-dose octreotide LAR (60 mg every 28 days)
in SSTR-positive midgut NET patients progressing on octreotide treatment, with a signif-
icant improvement in terms of PFS and ORR, and a clinically meaningful (~11 months)
trend to improved OS in the PRRT arm [81,82]. Even though the phase III NETTER-1
trial only enrolled patients with well-differentiated midgut NETs, the activity of PRRT in
other GEP NETs and UPO-NETs has been explored in several retrospective studies. In a
meta-analysis of 18 studies considering 1920 patients with unresectable metastatic NETs
treated with 177Lu-Dotatate, PRRT exhibited a pooled disease response rate of ~30% and
a combined DCR of 74–81% [83]. Another systematic review, including one publication
addressing eight patients with UPO-NEN, reported ORR of 38% and DCR of 88%, with
median PFS of 17.5 months (95% CI 7–34) and median OS of 43 months (95% CI 15 months–
NR) [84]. Moreover, data from non-randomized trials of PRRT have consistently shown
high response rates and long-term PFS outcomes in heterogeneous patient populations,
including UPO-NETs [85–87]. PRRT may be the treatment of choice for patients with high
STTR expression and/or high tumor burden, in whom tumor shrinkage and symptomatic
response, rather than tumor stabilization, represent the therapeutic goal. Moreover, PRRT
may also be considered in selected cases in the setting of NEN G3. Data deriving from
retrospective studies of PRRT in patients with G3 NEN (including UPO-NEN) highlight
disease control rates of 30–80%, median PFS ranging from 9 to 23 months, and median OS
ranging from 19 to 53 months. However, reported outcomes were unsatisfactory in patients
with Ki-67 > 55% [88–91].

Targeted therapies with demonstrated efficacy in NEN treatment encompass the
mammalian target of rapamycin (mTOR) inhibitor everolimus and TKIs. Few data are
currently available about the use of targeted therapies in UPO-NENs.

Yao and Colleagues evaluated the activity of everolimus (at the dose of either 5 mg/day
or 10 mg/day) in combination with octreotide LAR in 60 patients with well-differentiated
NETs, including 5 patients with UPO-NETs (8%). In the intent to-treat population, ORR was
20% (13% in the 5 mg cohort and 30% in the 10 mg cohort). Median PFS was 60 weeks (95%
CI, 54–66 weeks), with a 3-year OS rate of 78% [92]. The Italian Trials in Medical Oncology
(ITMO) trial enrolled 50 patients with treatment-naïve NETs (including 14 patients with
UPO-NETs) to receive octreotide LAR plus everolimus. ORR was 18%, with a complete
response rate of 2%, a partial response rate of 16% (including three patients with UPO-
NETs), and a disease stabilization rate of 74%. In all patients experiencing a clinical benefit,
disease control lasted more than 6 months. In the 5-year updated analysis of this study,
17 (34%) of patients had received treatment for more than 2 years, with a median time to
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progression of 33.6 months (95% CI 18.7–41.2) and a median OS of 61.0 months (95% CI
49.8-NR) [93].

A subgroup analysis of the RADIANT-4 trial of everolimus vs. placebo in G1–G2
advanced non-functional NETs, specifically focusing on patients with gastrointestinal
carcinoids (175 patients) and UPO-NETs (36 patients), showed a clinically meaningful PFS
advantage (13.6 months versus 7.5 months) for everolimus vs. placebo (HR 0.60; 95% CI,
0.24–1.51) in the UPO-NET setting [94].

The SANET-ep trial evaluated the efficacy and safety of surufatinib in patients with
well-differentiated advanced extra-pancreatic NETs, including 27 (14%) UPO-NETs, evi-
dencing a PFS advantage of surufatinib over placebo (9.2 vs. 3.8 months, HR 0.33; 95% CI,
0.22–0.49, p < 0.0001). A specific subgroup analysis of patients with UPO-NETs or NETs
of uncommon tumor origin showed median PFS of 13.9 vs. 7.4 months (HR 0.5, 95% CI
0.24–1.06, p: 0.069) in the surufatinib and placebo groups, respectively [95].

More recently, the double-blinded phase III Alliance A021602-CABINET trial evaluated
the efficacy of cabozantinib versus placebo in patients with advanced NETs progressing
on prior therapy. In the extra-pancreatic NET cohort including patients with UPO-NETs,
despite modest ORR rates (4% vs. 1% for cabozantinib versus placebo), a statistically
significant improvement in PFS (8.2 vs. 3.2 months, HR 0.41, 95% CI 0.27–0.62, p < 0.0001)
was evidenced in the cabozantinib group over the placebo arm [96].

Cytotoxic chemotherapy also remains an option for patients with well-differentiated
UPO-NETs and may be the preferred treatment strategy in patients with high disease
burden, higher Ki-67, poor 68GaPET, and/or significant FDG-PET uptake, or in patients
for whom rapid tumor shrinkage is a desirable goal. In fit patients, polychemotherapy
is a preferred option over mono-chemotherapy in terms of activity. Regimens contain-
ing alkylating agents (streptozotocin, temozolomide), fluoropyrimidines (5-fluorouracil,
capecitabine), oxaliplatin, and irinotecan proved active in NETs.

Chan and colleagues evaluated the activity of temozolomide in association with
bevacizumab in 34 patients with carcinoids, including 7 UPO-NETs (21%), and pNETs. ORR
was 15% in the whole study population, even though all responses occurred in the pNET
cohort and none in the carcinoid group. However, 12 patients in the carcinoid cohort (63%)
experienced some degree of tumor shrinkage. Median PFS was 7.3 months (95% CI, 3.9-NR)
and median OS was 18.8 months (95% CI, 8.5–36.1) for carcinoid tumors [97]. Chauhan
and colleagues reported median PFS of 10.8 and 7 months, respectively, on CAPTEM
in G2 and G3 UPO-NETs [98]. A retrospective real-world experience on 170 patients
with GEP, lung, and UPO NETs treated with the CAPTEM combination or temozolomide
monotherapy showed clinically meaningful ORR (15.4%) and median PFS (16.9 months,
95% CI 6.0–30.4) and OS (35.7 months, 95% CI 16.2–63.0) results among the 16 (9%) patients
with UPO-NETs (4 of whom were diagnosed with NET G3) [99]. Although higher response
rates have been reported in patients with MGMT deficiency or promoter methylation
treated with temozolomide, the use of MGMT status for preselection of patients remains
controversial [99–101]. Recently, Walter and colleagues showed increased ORR, PFS, and OS
outcomes in patients with methylated compared to unmethylated MGMT NETs (including
UPO-NETs) treated with alkylating agents, but not oxaliplatin-based chemotherapy [102].

The NET-01 study randomized 86 patients with advanced GEP and UPO NETs to
receive capecitabine and streptozotocin with or without cisplatin. ORR was similar be-
tween the two arms (12% vs. 16%), as well as median PFS (10.2 vs. 9.7 months) and
OS (26.7 vs. 27.5 months) for the doublet vs. triplet arm, respectively. However, patients
enrolled in the triplet group experienced a non-negligible proportion of G ≥ 3 adverse
events (68%), compared to the lower rate of high-grade toxicities of patients receiving
capecitabine and streptozotocin (44%) [103].

Another valuable treatment option in the setting of well-differentiated NETs is repre-
sented by platinum derivates (oxaliplatin) in combination with fluoropyrimidines, with
reported ORRs of ~13–30% and median PFS outcomes of 8–20 months [104–106].
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Immunotherapy has yielded poor results in well-differentiated NENs, with only
modest signals of activity in thoracic NENs. Translational studies are needed in order
to identify subgroup of patients who are more likely to respond to this treatment strat-
egy [66,70,107,108]. Only the anti-PD-1 agent toripalimab yielded promising response
rates (ORR 20%) in Asian patients with G2–3 pretreated NEN. The subgroups of PD-L1-
positive, tumor mutational burden (TMB)-high, or ARID1A-mutated tumors were enriched
in responders [109].

Figure 3 depicts the clinical and pathological determinants of therapeutic choices in
UPO-NEN.

Figure 3. Clinical and pathological determinants of therapeutic choices in UPO-NEN. CT: chemother-
apy: FDG: fluorodeoxyglucose; PET: positron emission tomography; PRRT: peptide receptor radioli-
gand therapy; SSA: somatostatin analog; TKI: tyrosine kinase inhibitor.

Whenever possible, due to the exiguity of the therapeutic armamentarium and country-
specific restrictions in the use of approved treatment options, patients should be considered
for enrollment in clinical trials. Table 1 reports ongoing clinical trials including patients
with UPO-NEN.

Table 1. Ongoing clinical trials including UPO-NEN.

Trial Identifier Phase Treatments Setting Primary Endpoint Status
Estimated

Completion Date

NCT04325425
(FOLFIRINEC) II mFOLFIRINOX vs.

Platinum–Etoposide
1st line

GEP or UPO NEC PFS Recruiting September 2024

NCT03980925
(NICE-NEC) II Nivolumab/Carboplatin–

Etoposide

1st line
G3 GEP or UPO

NEN
12 months-OS Active, not

recruiting December 2023

NCT02820857
(BEVANEC) II FOLFIRI/Bevacizumab vs.

FOLFIRI
Pretreated GEP or

UPO NEC
Proportion of pts

alive after 6 months
Active, not
recruiting September 2024
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Table 1. Cont.

Trial Identifier Phase Treatments Setting Primary Endpoint Status
Estimated

Completion Date

NCT03736720 II Liposomal Irinote-
can/Fluorouracil/Leucovorin

Pretreated GEP or
UPO NEC ORR Active, not

recruiting June 2026

NCT04412629 II Cabozantinib
Pretreated High

Grade NENs
including UPO

ORR Recruiting November 2024

NCT04525638 II Nivolumab plus
177Lu-Dotatate

Pretreated
SSTR positive
NET/NEC G3
including UPO

ORR Recruiting September 2024

NCT02628067
(Keynote 158) II Pembrolizumab

TMB-high
/MSI-H solid

tumors including
NEN

ORR Recruiting October 2026

NCT05882058
(DAREON™-5) II BI 764532 NECs ORR, TEAEs Recruiting July 2025

NCT02925234
(DRUP) II Targeted therapies

Basket trial
Solid tumors

including NEN

% pts treated based
on molecular profile;

ORR;
G ≥ 3/serious TRAEs

Recruiting December
2027

NCT04589845
(TAPISTRY) II

Targeted therapies or
immunotherapies

Basket trial

Solid tumors
including NEN ORR Recruiting September 2032

NCT02568267
(STARTRK-2) II Entrectinib

NTRK 1/2/3,
ROS1, or ALK

rearranged solid
tumors including

NEN

ORR Active, not
recruiting April 2025

NCT03157128
(LIBRETTO-001) I/II Selpercatinib

RET
Fusion-Positive

solid tumors
including NEN

MTD,
RP2D, ORR Recruiting February 2026

NCT03037385
(ARROW) I/II Pralsetinib

RET altered solid
tumors including

NEN
MTD, safety, ORR Active, not

recruiting December 2023

NCT04427787
(LOLA) II Lanreotide/

Cabozantinib

Pretreated/not
pretreated GEP,

thoracic or
UPO-NET

Safety, ORR Recruiting November 2023

NCT04544098 Early I
intraarterial/
intravenous

177Lu-DOTATATE

GEP, Bronchial or
UPO NET

nr of pts who
completed 2 IA
injections; ORR

Recruiting September 2024

NCT05249114 I Cabozantinib plus
177Lu-Dotatate

SSTR2 positive
NET including

UPO NET
MTD Recruiting December 2027

NCT05554003
(MeTe) II Metronomic

Temozolomide

NETs including
UPO NETs in
unfit patients

PFS Recruiting December 2024

177Lu-DOTATATE: 177Lutetium-[DOTA◦,Tyr3]octreotate; ALK: Anaplastic lymphoma kinase; G: grade; GEP: gas-
troenteropancreatic; IA: intraarterial; mFOLFIRINOX: modified folinic acid/5-fluorouracil/irinotecan/oxaliplatin;
MSI-H: microsatellite instability high; MTD: maximum tolerated dose; NEC: neuroendocrine carcinoma; NEN:
neuroendocrine neoplasm; NET: neuroendocrine tumor; nr: number; NTRK: neurotrophic tyrosine receptor
kinase; ORR: overall response rate; OS: overall survival; PFS: progression-free survival; pts: patients; RET:
Rearranged during Transfection; RP2D: recommended Phase 2 dose; SSTR: somatostatin receptor; TMB: tumor
mutational burden; TEAE: treatment emergent adverse event; TRAE: treatment related adverse event; UPO:
unknown primary origin; vs.: versus.

4.3. Special Situations: Liver-Limited Disease

Even in the case of UPO-NETs, locoregional treatments may be employed as part of
the therapeutic strategy. In particular, liver-directed locoregional therapies, alone or in
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combination with systemic treatments, may be considered in selected cases to improve local
disease control, reduce hepatic tumor burden, and possibly improve patient prognosis [110].
Kim and colleagues conducted a phase 1b dose-finding study of pasireotide, everolimus,
and selective internal radioembolization therapy (SIRT) in 13 patients with NET and
secondary liver involvement (including 2 patients with UPO-NETs). No dose-limiting
toxicities were reported; median PFS was 18.6 months and OS was 46.3 months [111].
Another study of systemic 5-fluorouracil combined with 90Y-SIRT in 34 NEN patients
with liver metastases showed radiologic ORR of 50% and mean survival of 27.6 months.
Among enrolled patients with UPO-NEN, 3 out of 8 (37.5%) experienced a radiologic
response [112].

In patients with liver-limited disease, several potentially curative treatment options
may be considered, including liver resections or liver transplant. Few cases of liver trans-
plant in patients with UPO-NET have been reported, with alternate outcomes. More data
are needed in order to possibly extend the transplant strategy in the setting of UPO-NEN,
provided an accurate selection based on patient features, disease behavior, and characteris-
tics [113,114].

5. Unraveling Molecular Characterization of UPO-NENs: Time for an
Agnostic Approach?

Molecular biology and gene expression profiling represent an area of increasing inter-
est for the characterization of UPO-NENs, with both diagnostic and potential therapeutic
implications. In recent years, a deeper insight has been achieved in subtype-specific NEN
molecular landscape characterization. These findings, if appropriately integrated with
clinical and pathological data, may help to determine tumor origin in UPO-NENs and/or
identify druggable molecular targets.

With regard to GEP-NENs, a recent comprehensive genomic profiling analysis con-
firmed the differences in terms of genomic background of high grade versus low grade
GEP-NENs. Among low-grade tumors, the most frequently mutated genes are ATRX (13%),
ARID1A (10%), and MEN1 (10%), whereas high-grade tumors exhibit TP53 (51%), KRAS
(30%), APC (27%), and ARID1A (23%) mutations and a higher prevalence of BRAF (5.4–70%)
alterations. Moreover, immune-related biomarkers such as the MSI-high status (4–12% vs.
0–3%), PD-L1 overexpression (6% vs. 1%), and high TMB (7% vs. 1%) are prevalent in high-
grade compared to low-grade tumors [115,116]. Among NENs of pancreatic primary, loss
of DAXX or ATRX protein expression defines well-differentiated NETs, whereas abnormal
p53, Rb, and SMAD4 define poorly differentiated NECs [117].

Similarly to GEP-NENs, genomic profiling provides further insight into thoracic NENs
biology. Carcinoids generally display low TMB (<1 mutations/megabase [Mb]) and few
recurrently mutated genes, including alterations in chromatin remodeling genes and genes
in the phosphoinositide 3-kinase (PI3K)/Akt/mTOR pathway. Indeed, mutations in genes
involved in chromatin remodeling are detected with a high frequency (~40%) in carcinoids,
the most frequent being MEN1 (11–22%), genes of the SWI/SNF complex mostly affecting
ARID1A (6–7% of cases) and KMT2C/MLL3 (8%). Other frequently mutated genes in
carcinoids include TP53 (10%), NOTCH2 (5%), and PIK3CA. Of note, atypical carcinoids
usually carry more alterations in the MEN1 (22% vs. 6%) and PIK3CA genes (39% vs.
13%) compared to typical carcinoids. Furthermore, amplification of MYCL, BCL2, and
SRC is almost exclusively described in atypical carcinoids [118]. Small cell NECs and
LCNECs have higher TMB rates (8.5–10.5 mutations/Mb) compared to carcinoids. The
most frequently described LCNEC alterations lie in tumor suppression genes such as
TP53, RB1, and STK11, and genes of the RAS pathway. Indeed, two mutually exclusive
genomic subtypes have been identified in LCNECs: the first, which is similar to SCLC,
shows concurrent mutation of TP53 and RB1, whereas the other subtype, more similar
to non-small cell lung cancer, is predominantly RB1 wild-type, harboring STK11/KEAP1
alteration [119]. Preliminary data indicate that RB1 wild-type tumors may have better
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outcomes when receiving NSCLC-type chemotherapy (platinum–gemcitabine or paclitaxel)
than platinum–etoposide SCLC-like chemotherapy [118].

Thus, genomic profiling may provide insights into tumor biological characteristics
that segregate with the anatomic primary site and guide therapeutic choices. For example,
pulmonary and pancreatic NENs are frequently mutated in chromatin-remodeling genes,
whereas midgut NETs exhibit cell cycle and Wnt pathway mutations, such as CTNNB1,
MEN1, or APC alterations [29]. Recently, commercially available gene-expression profiling
platforms have been implemented with the aim to assist clinicians in the prediction of tumor
origin in cases of diagnostic uncertainty [120]. A validated real-time polymerase chain
reaction 92-gene cancer ID analysis, able to categorize NENs according to putative primary
site and differentiation, was recently shown to yield accuracy in primary site identification
of metastatic UPO-NENs, with a likely impact on patient treatment and outcome [120,121].
As previously pointed out, NETs have a lower number of somatic mutations compared to
epithelial tumors, while epigenetic modifications due to the mutation or loss of expression
of chromatin modifiers are more common. Methylation array data have recently been used
in order to create an algorithm for predicting the tissue of origin in UPO-NENs, based on a
training set of 97 pNENs and small intestinal NENs [6].

Extensive molecular characterization through commercially available next generation
sequencing (NGS) platforms may also lead to the identification of druggable targets for
approved “agnostic” treatments. Potentially targetable rare molecular alterations in NENs,
including UPO-NENs, encompass BRAF and KRAS mutations, RET, Anaplastic Lymphoma
Kinase (ALK) and Neurotrophic tyrosine receptor kinase (NTRK) rearrangements, Delta-like
ligand 3 (DLL-3) expression, and MSI-high or TMB-high status.

BRAF V600E mutations, although rare overall in NENs, are usually enriched in high-
grade NENs of GEP origin (being reported in up to 70% of right-colon NECs) and have
been associated with promising activity of combined BRAF-MEK inhibition [116]. The
Food and Drug Administration (FDA) recently approved combined BRAF/MEK inhibition
with dabrafenib and trametinib for the treatment of patients with advanced solid tumors
harboring BRAF V600E mutations, based on the outcomes of basket trials enrolling patients
with 24 tumor types (including 2 patients with MiNEN and 2 patients with colon NEC) [116].
Different case series have reported clinically significant responses in pretreated NEC
patients harboring BRAF V600E mutations with BRAF/MEK targeted agents, even though
no specific information about UPO-NENs has been reported so far to our knowledge [122–
124]. Moreover, in a recent report, a LCNEC patient harboring a non-V600E BRAF activating
mutation (G469R) showed durable disease control (>15 months) with the combination of
dabrafenib and trametinib [125].

Since the development of the KRAS G12C inhibitors sotorasib and adagrasib, few case
reports have addressed the potential use of these molecules in the setting of NENs harboring
KRAS G12C mutations. One case, showing some clinical benefit of sotorasib in a patient
with KRAS G12C mutant atypical lung carcinoid, has been recently reported [126,127].
More data are required to address the impact of KRAS inhibitors in the setting of NENs,
and patients whose tumors harbor KRAS-actionable mutations should be referred for
enrollment in clinical trials.

ALK fusions seem characteristic of thoracic NENs, with a reported incidence of
~0.9–3%, and correlate with high-grade and advanced stages. Few case series have re-
ported significant disease responses of crizotinib and alectinib in lung NECs harboring
ALK fusion, with a manageable toxicity profile [128–131].

In a large dataset of 2417 NEN patients, the incidence of NTRK rearrangements was
0.3% (including 2 patients with UPO-NEN) in the absence of site-specific prevalence [132].
Recently, entrectinib and larotrectinib received agnostic FDA approval for advanced adult
or pediatric tumors bearing NTRK fusions based on results of the ALKA-372-001, STARTRK-
1, and STARTRK-2 trials. ORR for the five patients with NENs enrolled in these trials was
40% [116,133]. Updated results of entrectinib in 121 patients with NTRK-rearranged solid
tumors showed ORR of 61.2%, median PFS of 13.8 months (95% CI 10.1–19.9), median OS
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of 33.8 months (95% CI, 23.4–46.4), and intracranial ORR of 63.6% in the whole population.
Among the five patients with NEN, ORR was 40%, median PFS was 15.6 months (95% CI
0.9-not estimable), and median OS was 40.5 months (95% CI 28.6–40.5) [134]. In a phase
I trial of taletrectinib, a ROS1/NTRK inhibitor, 1 partial response (8.3%) and 7/12 (58%)
disease stabilizations were observed among 12 molecularly unselected NEN patients, with
median PFS of 10.2 months [135].

RET alterations include mutations (typical of medullary thyroid cancer and MEN2-
related tumors) and rearrangements. The NCT03157128 and NCT03037385 studies of solid
tumors (including NENs) harboring RET alterations are currently evaluating the safety and
activity of the selective inhibitors selpercatinib and pralsetinib, respectively. Pralsetinib is a
RET kinase inhibitor, including RET fusion proteins. The phase I/II ARROW trial reported
the activity of pralsetinib in patients with RET-fusion-positive solid tumors, evidencing
67% ORR among the three enrolled patients with NEN [136]. Other case reports described
the clinical activity of selpercatinib and cabozantinib in patients with NECs harboring
RET alterations, underlying the possibility of an agnostic approach with anti-RET drugs in
patients with RET-positive NEN [137,138].

DLL3, a negative regulator of Notch signaling, is frequently overexpressed in poorly
differentiated NECs, but not in well-differentiated NETs [139]. A DLL3-targeted antibody-
drug conjugate linked to a pyrrolobenzodiazepine dimer toxin, Rovalpituzumab tesirine,
achieved a 17% ORR in 35 DLL3-overexpressing NEN (NEC and NET) patients (including
UPO-NEN) in a phase I/II trial. Median PFS was 4.3 (2.7–6.1) months and median OS
was 7.4 (5.6–13.1) months. [140] Further data are, however, required to fully elucidate
the effectiveness of Rovalpituzumab tesirine in this setting, as this drug failed to demon-
strate an OS benefit over placebo in SCLC patients as maintenance after platinum-based
therapy [141] and over topotecan in second-line setting in phase III trials, at the cost of
significant toxicity [142]. The DLL3-targeting T Cell engager BI 764532 is currently being
evaluated in the DAREON™-5 open-label, multicenter phase II dose-selection trial, in
patients with relapsed/refractory neuroendocrine carcinomas (NCT05882058).

With regard to immunotherapeutic agents, few data are currently available about
prognostic and/or predictive immune-response biomarkers. In recent years, the anti-PD-1
agent pembrolizumab received agnostic FDA approval for pretreated solid tumors bearing
the MSI-H phenotype or a high TMB status (≥10 mutations/Mb). The prevalence of the
MSI-H phenotype has been reported in up to 12% of NEN cases, being enriched in cases in
gastrointestinal NECs and MiNEN [143].

The updated results of cohort K of the phase II Keynote 158 trial considering 351 pa-
tients with MSI-high/deficient mismatch repair (dMMR) non-colorectal cancers, including
12 (3.4%) patients with NEN, showed 30.8% ORR, with a median duration of response
of 47.5 months, median PFS of 3.5 (95% CI 2.3–4.2) months, and median OS of 20.1 (95%
CI 14.1–27.1) months in the entire cohort, with a manageable safety profile. No separate
data on the 12 NEN patients have been specifically reported [144]. These results were
recently confirmed in the tumor-agnostic cohort of the DRUP trial (NCT02925234), evaluat-
ing the activity of the anti-PD-L1 agent durvalumab in heavily pretreated patients with
dMMR/MSI-H solid tumors, including one patient with NEN. ORR was 29%, median PFS
was 5 months (95% CI 2-NR), and median OS was 26 months (95% CI 9-NR) in the entire
cohort [145]. The Keynote-158 (NCT02628067) phase II study and the NCT04272034 phase I
study are currently evaluating the activity and safety of the anti-PD-1 agent pembrolizumab
and the anti-PDL-1 inhibitor INCB099318, respectively, in patients with MSI-H solid tumors
(potentially including NENs).

High TMB has been detected in up to 45.6% of LCNEC, 11.8% of colon NEN, and 5.9%
of patients with small intestinal NEN [146]. Agnostic approval of pembrolizumab in this
molecular subset was based on the results of a pre-planned retrospective analysis of the
Keynote-158 trial in patients with TMB ≥ 10 mutations/Mb, showing ORR of 29% among
the 102 patients included in the efficacy analysis. Notably, among the five patients with
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NEN (primary site not specified), ORR was 40% [116,147]. Table 2 summarized potential
agnostic targets for the treatment of UPO-NEN.

Table 2. Novel biomarkers in UPO-NENs and the relative potential therapeutic strategies.

Molecular Target Targeted Therapies Level of Evidence References

BRAF V600E BRAF-MEK inhibitors Phase I/II trials
Case reports [122–125]

KRAS KRAS G12C inhibitors Case-reports [126,127]

ALK ALK inhibitors Case-series [128–131]

NTRK NTRK inhibitors,
NTRK/ROS1 inhibitors Phase II trials [132–135]

RET RET kinase inhibitors Phase I/II trials [136–138]

DLL3 DLL3-targeted antibody-drug conjugate,
DLL3-targeting T-cell engager

Phase I/II trials
Phase III trials [140–142]

H-MSI ICIs Phase II trials [144,145]

TMB ICIs Phase II trials [147]

ALK: Anaplastic Lymphoma Kinase; DLL3, Delta-like protein 3; H-MSI, high microsatellite instability; KRAS:
Kirsten rat sarcoma; ICI: immune checkpoint inhibitor; NTRK, Neurotrophic receptor tyrosine kinase; RET,
Rearranged during Transfection; TMB, tumor mutational burden.

6. Discussion

In recent decades, the incidence and prevalence of NENs has dramatically risen
across all primary sites, stages, and grades, mainly as a result of increased detection rates
and advances in systemic therapies. In this scenario, a non-negligible proportion (up to
22% of cases) is represented by sufferers of UPO-NENs, a poor prognostic group with
largely unmet clinical needs [7]. UPO NENs present, by definition, with advanced or
metastatic disease. No standard therapeutic algorithms are defined, as this population is
usually poorly represented in registration randomized phase III trials. Current guidelines
suggest that treatment of UPO-NENs should be based on the presumptive site of origin,
tumor clinical-pathological characteristics, disease burden, and the patient’s conditions
and comorbidities, thus requiring a case-by-case therapeutic individualization [21,22].

The differentiation between well- and poorly differentiated UPO-NEN represents
one of the main criteria to orient therapeutic choices. This dichotomous morphological
classification reflects underlying differences in terms of genomic characteristics and clinical
and biological behavior. Chemotherapy still represents the backbone for the treatment
of high-grade, poorly differentiated UPO-NECs, an approach that usually provides deep
but short-lasting responses with poor survival outcomes. Attempts to improve survival
in this particularly poor prognostic group include treatment intensification with three-
drug chemotherapeutic regimens [50–52], chemo-immunotherapy combinations [53,63,68],
ICIs, or a combination of ICIs and TKIs [63–71,73–75]. ICI monotherapy has provided
unsatisfactory results in unselected patients’ populations in recent clinical trials [63–67].
Although preliminary, interesting activity data have been recently provided about upfront
chemoimmunotherapy [53], the use of anti-CTLA-4 plus anti-PD-L1 agents [69,70], and
ICI plus TKI combinations [73]. However, such treatment strategies have not been directly
compared with standard platinum-based chemotherapy and their development should
entail more accurate patient selection based on predictive molecular biomarkers. Indeed,
the differences observed in ICI activity between low- and high-grade NENs may rely on the
higher TMB and neoantigen burden, and the higher PD-L1 expression in the latter group.
To date, conflicting data are available about the role of PD-L1 expression in predicting
response to ICIs in UPO-NEN [64,66,109], and the DART-SWOG and CA209–538 trials
did not provide activity data of the ipilimumab/nivolumab combination stratified by
PD-L1 expression [69,70]. Conversely, MSI-high and TMB-high status in addition to POLε
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alterations are more reproducible biomarkers of ICI-related benefits across different tumor
types [139,146,147].

In recent years, molecular profiling has provided deep insights into the molecular
landscape of UPO-NENs, with both diagnostic and therapeutic implications. Overall,
about 20% of high-grade NECs may harbor one druggable molecular alteration (including
BRAF and KRAS mutations, RET, ALK, and NTRK 1/2/3 rearrangements, and MSI-high
or TMB-high status), so that comprehensive NGS analysis should be advocated in this
poor-prognosis subset to orient agnostic target therapies [116].

Although well differentiated UPO-NETs harbor few somatic druggable alterations,
molecular profiling platforms providing primary-site specific genomic profiles have been
recently developed, with potential clinical applications in the near future [6,120,121]. The
integration of molecular biology with standard pathology and imaging approaches may
significantly contribute to primary site identification, potentially leading to surgical ap-
proaches with radical intent.

The spectrum of available systemic therapy options for well-differentiated UPO-
NETs may range from SSA monotherapy in indolent low-grade NETs, to TKIs, PRRT, or
chemotherapy for more aggressive tumors or in the case of a symptomatic disease burden.

Novel TKIs have shown promising activity and efficacy in the setting of well-differentiated
UPO-NETs. Cabozantinib and surufatinib are multitargeted small molecules with high-
spectrum biological activity against multiple and non-redundant oncogenic pathways
responsible for tumor growth and neoangiogenesis, which yielded improved PFS out-
comes compared to placebo in phase III trials including UPO-NETs. In the CABINET and
SANET-ep trials, the PFS advantage was evidenced despite poor objective response rates,
suggesting that TKI monotherapy may represent a valuable therapeutic option whenever
tumor stabilization rather than tumor shrinkage is the therapeutic goal [95,96]. In the
case of high tumor burden or symptomatic disease, PRRT or chemotherapy represent the
treatments of choice, depending on tumor grade and SSTR expression. Chemotherapy,
for example, is a valuable choice for G3 NETs or for NETs with low SSTR on functional
imaging [85–91,97–106].

Even though immunotherapy showed limited efficacy in well-differentiated NETs,
the anti-CTLA-4/anti PD-1 combination or the anti PD-L1 plus TKI combination showed
signs of activity in G3 NETs, a subset of tumors with a higher biological aggressiveness
and in which multidrug immune modulation may represent a promising therapeutic
approach [69,70,73].

Figure 4 depicts a possible future therapeutic algorithm for UPO-NENs, integrating
molecular biology profiling, agnostic, and multimodal treatment strategies.
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Figure 4. Possible therapeutic algorithm for UPO-NEN. CT: chemotherapy; CTLA-4: anti-Cytotoxic
T-Lymphocyte Antigen 4; ICI: immune checkpoint inhibitor; FDG PET: fluorodeoxyglucose positron
emission tomography; NEC: neuroendocrine carcinoma; NEN: neuroendocrine neoplasm; NET:
neuroendocrine tumor; PD-(L)-1: programmed death (Ligand)-1; PRRT: peptide receptor radioligand
therapy; SSA: somatostatin analog; SSTR: somatostatin receptor; TKI: Tyrosine kinase inhibitor; UPO:
unknown primary origin. *: under investigation.

7. Conclusions and Future Directions

In conclusion, UPO-NENs represent a rare and heterogeneous disease with limited
treatment options. Due to their rarity, we claim the possibility of a change in UPO-NEN
management, moving from morphologically driven therapeutic choices, or those presum-
ing the site of origin, to the integration of molecular biology. This opportunity, coupled
with agnostic treatments, may pave the way to the definition of personalized therapeutic
strategies, particularly when lacking clinical trials specifically drawn for this rare entity.
In-development treatment approaches include multidrug combinations (e.g., combinations
of ICIs, TKIs, and PRRT) and the implementation of genomic profiling in order to identify
druggable molecular alterations, especially in high-grade disease. Improvement in diag-
nostic and surgical techniques may lead to enhanced locoregional treatments with radical
intent. Multidisciplinarity and referral in high-volume centers is of utmost importance to
optimize patients’ management.
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Abstract: Objectives: The design of cancer clinical trials incorporating biomarkers depends on various
factors, including the trial phase, the type of biomarker and whether its role has been validated.
This article aims to present a method for designing and analyzing phase II cancer clinical trials that
validate predictive biomarkers. Methods: We propose a randomized trial design where patients
are allocated between a targeted therapy and a non-targeted therapy stratified by biomarker status.
Tumor response is used as the primary endpoint to validate the biomarker through interaction testing
between treatment and biomarker positivity. Additionally we propose a sample size calculation
method for this design, considering two types of interaction: one based on logit-transformed response
rates and the other on raw response rates. Results: The proposed sample size method is applied to
the design of a real randomized phase II trial. Extensive simulations are conducted to evaluate the
performance of the test statistic and the sample size method under different scenarios. Conclusions:
Our method provides a practical approach to validating predictive biomarkers in phase II cancer trials.
The simulations demonstrate robust performance for both interaction models, offering guidance for
the sample size selection and analysis strategy in biomarker-stratified trials.

Keywords: interaction; logistic regression; sample size calculation; stratified randomization trial

1. Introduction

Cancer clinical trials often integrate a range of biomarkers that are derived from var-
ious sources including tumor tissues, blood, or urine samples. Depending on the sources,
biomarkers are assessed using different methods, such as molecular, biochemical, physiologi-
cal, anatomical, and imaging techniques, either at the onset of a trial or during its course. The
utility of these biomarkers is multifaceted in the context of cancer diagnosis and treatment.
Diagnostic biomarkers are used to diagnose cancers. For instance, carcinoembryonic antigen
(CEA) is considered a diagnostic biomarker of colon cancer and rectal cancer [1]. Prognostic
biomarkers are used to measure the aggressiveness of disease for patients with no or non-
targeted treatment. BRAF mutation is known to be a diagnostic and prognostic biomarker
for melanoma [2,3]. A predictive biomarker forecasts how well a patient might respond to a
particular treatment. While BRAF mutation is a diagnostic and prognostic biomarker, it may
be a predictive biomarker concerning tyrosine kinase inhibitors (TKIs), such as vemurafenib
and dabrafenib, for lung cancer and melanoma patients [4].

In this paper, we focus on predictive biomarkers. Since a predictive biomarker plays
a critical role in guiding therapeutic decisions for patients, it is crucial to ensure that the
biomarker undergoes comprehensive validation before being employed as a treatment
choice in clinical trials since an unvalidated predictive biomarker can lead to a wrong
treatment for patients. In cases in which a biomarker has not yet undergone validation, it
can be utilized as a stratification factor in randomized clinical trials since, by this design,
the biomarker does not play any role in the selection of a treatment for patients. In such
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scenarios, the primary objective is to validate the biomarker rather than to use it as a basis
for selecting a treatment approach. This approach ensures a more rigorous and scientifically
sound application of biomarkers in clinical trial settings.

The approach to designing and analyzing clinical trials involving biomarkers can vary
depending on the clinical role of the biomarker employed, its stage of development, the
objectives of the study, etc. The intricate design considerations for randomized clinical trials
that incorporate biomarkers were extensively explored by a group of biostatisticians [5].
Building upon this, they introduced a comprehensive set of statistical methodologies
tailored for phase II randomized trials [6]. These methodologies are particularly relevant
for trials involving predictive biomarkers that have yet to undergo stringent validation.

Phase II trials are pivotal and act as gatekeepers that filter out ineffective treatments before
advancing to more extensive phase III studies. To be completed as quickly as possible, these
trials typically select small sample sizes and a surrogate endpoint (an indicator or sign used in
place of a definitive endpoint to tell if a treatment works), like tumor response or progression-
free survival (PFS), rather than definitive endpoints requiring longer follow-up times, like
overall survival. This approach facilitates more efficient progression through the critical phases
of clinical research. In our paper, the primary endpoint is tumor response: a binary outcome.

To validate a predictive biomarker, we investigate a design method for phase II cancer
clinical trials by randomizing patients between a targeted therapy and a non-targeted
therapy stratified based on biomarker status (negative vs. positive). For such a trial,
validation of a candidate predictive biomarker requires statistical testing of the interaction
between the treatment allocation (a targeted therapy vs. a non-targeted therapy) and the
biomarker status (positive vs. negative). Some investigators proposed sample size methods
for case-controlled studies to test an interaction term in a logistic regression model when
an exposure variable, like a biomarker, is categorical [7] and binary [8]. Their methods
require inversion of a 4 × 4 information matrix to derive the variance of the interaction
term. Using a binary predictive biomarker, we simply derive the variance using the delta
method, which gives the same variance formula as the latter [8] without any matrix algebra.

In Section 2.1, we propose a sample size formula for testing the interaction between a
treatment allocation and the positivity of the predictive biomarker to be validated using a
logistic regression model. A logistic regression model defines an interaction in terms of
the differences in logit-transformed response rates (RRs). In Section 2.2, we also present
statistical testing and its sample size methods for an interaction defined by the difference
between raw RRs. We demonstrate our sample size methods with the design of a real
biomarker-guided trial in Section 3.1. Comprehensive numerical analyses are conducted to
investigate the performance of the proposed methods in Section 3.2.

2. Material and Methods

Predictive biomarkers are vital for assessing the potential effectiveness of specific
chemotherapy treatments. A preclinical study demonstrated that elevated levels of thymidy-
late synthase (TS) in tumors could indicate resistance to pemetrexed [9]. However, this hy-
pothesis remained to be confirmed by prospective clinical research before using TS to select or
deselect pemetrexed to treat patients with non-small-cell lung cancer (NSCLC). To explore this
further, a phase II clinical trial was proposed to evaluate TS positivity as a predictive marker
for pemetrexed/cisplatin (PC) treatment in NSCLC [10]. The trial aimed to compare the PC
regimen against the standard non-targeted gemcitabine/cisplatin (GC) regimen. Participants
were randomly assigned to one of the two treatment arms and were stratified based on TS
status (positive vs. negative). This approach was intended to yield clearer insights into the
role of TS status in predicting the efficacy of PC. The primary study endpoint was the overall
response, i.e., partial response or complete response measured by RECIST [11].

2.1. Interaction Based on Logit-Transformed RRs

Let y = 0 for non-response and 0 for response, z1 = 0 for GC (non-targeted regimen)
and 1 for PC (targeted regimen), and z2 = 0 for TS positivity and 1 for TS negativity
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(the favorable biomarker status for the targeted regimen). To validate TS as a predictive
biomarker for PC, we have to prove that the RR of PC depends on TS positivity, while that
of GC does not. In order to test this hypothesis, we consider a logistic regression model:

logit Pr(y = 1|z1, z2) = β0 + β1z1 + β2z2 + β3z1z2 (1)

By model (1), the RR is logit(p) = β0 + β2z2 for GC (z1 = 0) and logit(p) = β0 + (β2 +
β3)z2 for PC (z1 = 1). Since GC is not a targeted treatment, we expect its RR not to depend
on the TS status (z2), so that β2 = 0. With β2 = 0, β3 should take a positive value if TS
negativity is favorable for PC. Hence, validation of TS as a predictive biomarker of PC
requires testing of H0 : β3 = 0 against H0 : β3 > 0.

Let pkl denote the RR of the patient group, with (z1, z2) = (k, l) for k, l = 0 or 1. For
the four combinations of (z1, z2), model (1) results in

logit(p00) = β0, logit(p10) = β0 + β1, logit(p01) = β0 + β2, logit(p11) = β0 + β1 + β2 + β3

Solving these equations for (β0, β1, β2, β3) yields

β0 = logit(p00), β1 = logit(p10)− logit(p00), β2 = logit(p01)− logit(p00),

β3 = {logit(p11)− logit(p10)} − {logit(p01)− logit(p00)}
(2)

From Formula (2), β3 is the interaction expressed in terms of logit-transformed RRs.
Note that exp(β3) = OR1/OR0, where ORk = pk1(1 − pk0) is the odds ratio of regimen
k(= 0, 1) between TS positivity and TS negativity. Also, by Formula (2), we can specify
regression coefficients (β0, β1, β2, β3) in terms of RRs (p00, p01, p10, p11).

We derive a test statistic for H0 : β3 = 0. Let ykl denote the number of responders
among nkl patients with (z1, z2) = (k, l), p̂kl = ykl/nkl , and n = n00 + n01 + n10 + n11 being
the total number of patients.

From Formula (2), the maximum likelihood estimator (MLE) of β3 is given as

β̂3 = logit( p̂11)− logit( p̂10)− logit( p̂01) + logit( p̂00)

because p̂kl is the MLE of pkl .
Since

√
nkl( p̂kl − pkl) is approximately normal with mean 0 and variance pkl(1 − pkl),

we can show that
√

nkl{logit( p̂kl)− logit(pkl)} is asymptotically normal with mean 0 and
variance 1/{pkl(1 − pkl)} using the delta method. Hence,

√
n(β̂3 − β3) is asymptotically

normal with mean 0 and variance

n
{ 1

n11 p11(1 − p11)
+

1
n10 p10(1 − p10)

+
1

n01 p01(1 − p01)
+

1
n00 p00(1 − p00)

}

which converges to

σ2
3 =

{ 1
r11 p11(1 − p11)

+
1

r10 p10(1 − p10)
+

1
r01 p01(1 − p01)

+
1

r00 p00(1 − p00)

}
(3)

and is consistently estimated by

σ̂2
3 = n

{ 1
n11 p̂11(1 − p̂11)

+
1

n10 p̂10(1 − p̂10)
+

1
n01 p̂01(1 − p̂01)

+
1

n00 p̂00(1 − p̂00)

}
(4)

This variance formula is identical to the (4,4)-component of the inverse of the informa-
tion matrix for model (1) after complicated matrix computations by Demidenko [8]. Note
that σ2

3 decreases as the RRs, pkl , are closer to 0.5.
Based on this result, we reject H0 : β3 = 0 in favor of H1 : β3 > 0 if

√
nβ̂3/σ̂3 > z1−α,

where z1−α is the 100(1 − α) percentile of the standard normal distribution.
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We want to derive a sample size formula under H1 : β̄3(> 0). From Formula (2),
β3 is expressed in terms of RRs, p00, p01, p10, p11, so that β̄3 = logit(p11) − logit(p10) −
logit(p01) + logit(p00) is determined once the RRs are specified. Let ak denote the allocation
proportion to arm k in randomization (a0 + a1 = 1) and bl denote the prevalence of
biomarker status l (b0 + b1 = 1). Then, with stratified randomization, we have rkl = P(z1 =
k, z2 = l) = P(z1 = k)P(z2 = l) = akbl .

For a sample size calculation, we need to specify the following input parameters.

• Type I error rate and power: (α, 1 − β);
• Expected RRs: (p00, p01, p10, p11);
• Allocation proportion for arm k(= 0, 1): ak;
• Prevalence of biomarker status l(= 0, 1): bl .

Assume that n, the power for H1 : β3 = β̄3(> 0), is given by

1 − β = P

{√
nβ̂3

σ̂3
> z1−α

∣∣H1

}

= P

{√
n(β̂3 − β̄3)

σ3
> z1−α −

√
nβ̄3

σ3

∣∣H1

} (5)

Here, the second equality holds because σ̂2
3 is a consistent estimator of σ2

3 .
Since

√
n(β̂3 − β̄3)/σ3 is asymptotically N(0, 1) under H1, from Formula (5), we have

z1−α − β̄3
√

n
σ3

= −z1−β. (6)

By solving this equation with respect to n, we obtain the required sample size

n =
σ2

3
(
z1−α + z1−β

)2

β̄2
3

(7)

Recall that by Formula (3), σ2
3 is expressed in terms of (p00, p01, p10, p11), a0, and b0.

2.2. Interaction Based on Raw RRs

We considered an interaction in terms of logit-transformed RRs in Section 2.1. In this
section, we consider an interaction in terms of raw RRs, θ = (p11 − p10)− (p01 − p00). We
have θ = 0 if the biomarker is not a predictive biomarker for regimen z1 = 1. So we derive
a test statistic and its sample size formula for testing H0 : θ = 0.

The interaction θ is estimated by

θ̂ = p̂11 − p̂10 − p̂01 + p̂00

By the binomial theory,
√

nkl( p̂kl − pkl) is approximately normal with mean 0 and
variance pkl(1 − pkl) for large values of n; so for H0 : θ = 0,

√
nθ̂ is asymptotically normal

with mean 0 and variance

σ2
n = n

{ p11(1 − p11)

n11
+

p10(1 − p10)

n10
+

p01(1 − p01)

n01
+

p00(1 − p00)

n00

}

which is consistently estimated by

σ̂2 = n
{ p̂11(1 − p̂11)

n11
+

p̂10(1 − p̂10)

n10
+

p̂01(1 − p̂01)

n01
+

p̂00(1 − p̂00)

n00

}
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Note that θ > 0 if the biomarker is predictive for regimen z1 = 1. So we reject
H0 : θ = 0 in favor of H1 : θ > 0 if

√
nθ̂/σ̂ > z1−α. Similarly to Section 2.1, we can derive

the required sample size for H1 : θ = θ̄(> 0)

n =
σ2(z1−α + z1−β

)2

θ̄2 (8)

where

σ2 =
p11(1 − p11)

r11
+

p10(1 − p10)

r10
+

p01(1 − p01)

r01
+

p00(1 − p00)

r00

is the limit of σ2
n . Unlike the variance of β̂3, σ2 increases as the RRs, pkl , are closer to 0.5.

3. Numerical Analysis

3.1. Real Study Example

We apply our sample size calculation methods to the design of the randomized phase
II trial between GC and PC stratified by TS status (positive vs. negative) [10]. Patients are
randomized between the two treatment arms in a one-to-one ratio, i.e., a0 = a1 = 1/2, and
are stratified by TS status to make sure that the two treatment arms are balanced within
both the TS positive and TS negative cohorts. The cutoff value for TS positivity is selected
as the median value from a previous study by Sun et al. [12], so we expect b0 = b1 = 1/2
and rkl = akbl = 1/4 for k, l = 0, 1. From this previous study, the investigators observed
p̂00 = 0.37, p̂10 = 0.24, p̂01 = 0.32, and p̂11 = 0.48. The fact that p̂00 ≈ p̂01 implies that
GC (z1 = 0) is a non-targeted treatment, whereas p̂11 > p̂10 implies that TS negativity
(z2 = 1) is favorable for PC (z1 = 1). We use these estimates as the true RRs specified for
our sample size calculation to test if TS is a predictive biomarker for PC or not.

Using the interaction defined in terms of logit-transformed RRs, we calculate the
sample size for H1 : β3 = β̄3(> 0). Based on the specified RRs, we have β̄3 = 1.294
from Formula (2). Additionally, by incorporating rkl = 1/4, we obtain σ2

3 = 73.50 from
Formula (3). Hence, for (α, 1 − β) = (0.1, 0.9), the required sample size is

n =
73.50 × (1.282 + 1.282)2

1.2942 = 289

from Formula (7).
Now, we calculate the sample size for testing H0 : θ = 0 using the interaction based

on the differences among raw RRs. For the specified RRs and rkl = 1/4, we have θ̄ = 0.290
and σ2 = 3.531. Hence, for (α, 1 − β) = (0.1, 0.9), the required sample size is

n =
3.531 × (1.282 + 1.282)2

0.2902 = 276

3.2. Simulations

In this subsection, we conduct extensive simulations to show that the statistical test of
the interaction term accurately controls the type I error rate and that a calculated sample
size is appropriately powered.

At first, the sample size n is calculated for a given design setting under H1 and for
10,000 simulation samples of size n under the design setting. Statistical testing is applied to
each sample to calculate the empirical power 1 − β̂ by the proportion of samples rejecting
H0 among the 10,000 simulation samples. We will conclude that our sample size formula
is accurate if the empirical power is close to the nominal one. We also generate 10,000
samples of size n under H0 and calculate the empirical type I error rate α̂ similarly. If the
empirical type I error rate α̂ is close to the nominal α, we will conclude that the test statistic
controls the type I error rate accurately for the calculated sample size.

We set (α, 1 − β) = (0.1, 0.9) and a00 = a01 = a10 = a11 = 1/4. In addition, we
consider three different scenarios (A, B, and C) for H0 and H1. In Table 1, four sets of
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(p00, p01, p10, p11) values are given for H0 and H1 for each scenario. Figure 1 displays
a typical set of RRs for each scenario. Since the line of GC (connecting p00 and p01) is
horizontal under both H0 and H1, it is a non-targeted treatment. The line of PC (connecting
p10 and p11) is also horizontal under H0 but not under H1, so we want to test if PC is a
targeted treatment or not. In scenarios A and B under H0, we assume that the relative risk
(RR) values for GC and PC are equal, and in scenario C, we assume both lines are horizontal
but have different values. Under H1, in scenarios A and C, we assume the RR value of PC
is lower than that of GC for TS+ patients but higher for TS− patients. In scenario B under
H1, we assume that PC and GC have the same RR value for TS+ patients but that PC has a
higher RR value than GC for TS− patients. More details about the parameter settings for
the simulations can be found in Table 1.

Table 2 summarizes the odds ratios under H1, the sample sizes, and the simulation
results under these design settings. Note that sample size decreases based on the size of
the interaction for both types of interaction. If the interaction under H1 is identical, the
sample size decreases (increases) if the RRs are closer to 0.5 for θ (for θ) because of the
relationship between the variance of the interaction estimator and the RRs. We observe
that for each design scenario, the sample size for testing H0 : θ = 0 is smaller than that for
testing H0 : θ = 0, probably because the RRs under each H1 exactly satisfy the interaction
based on the raw RRs. For all of the H1 scenarios, the empirical power 1 − β̂ is close to
the nominal 1 − β = 0.9, so we conclude that our sample size formulas are accurate. The
empirical type I error rates α̂ are close to the nominal α = 0.1, so we conclude that the
test statistics control the type I error rate accurately for the wide range of sample sizes we
have considered.
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Figure 1. Three scenarios (A–C) of RRs for GC and PC depending on TS status under H0 and H1.
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Table 1. Hypothesis settings under different scenarios.

H0 H1

Scenario p00 p01 p10 p11 p00 p01 p10 p11

A1 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.4
A2 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.5
A3 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.6
A4 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.7
B1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.55
B2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.65
B3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.75
B4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.85
C1 0.2 0.2 0.3 0.3 0.2 0.2 0.1 0.5
C2 0.3 0.3 0.4 0.4 0.3 0.3 0.2 0.6
C3 0.4 0.4 0.5 0.5 0.4 0.4 0.3 0.7
C4 0.5 0.5 0.6 0.6 0.5 0.5 0.4 0.8

Table 2. Interactions under H1, sample size, empirical type I error rate α̂, and power 1 − β̂ under
different design settings.

H0 : β3 = 0 H0 : θ = 0

Scenario β̄3 n α̂ 1 − β̂ θ̄ n α̂ 1 − β̂

A1 1.792 228 0.1005 0.9180 0.30 188 0.1048 0.9033
A2 1.386 272 0.1013 0.9028 0.30 244 0.1038 0.8932
A3 1.253 288 0.1043 0.9086 0.30 272 0.0984 0.8983
A4 1.253 284 0.1077 0.9074 0.30 276 0.1030 0.8958
B1 1.587 236 0.1023 0.9004 0.35 156 0.1091 0.8949
B2 1.466 228 0.1004 0.9095 0.35 184 0.1025 0.8986
B3 1.504 208 0.0974 0.9094 0.35 196 0.1092 0.9001
B4 1.735 172 0.0979 0.9142 0.35 188 0.1003 0.8974
C1 1.792 152 0.1011 0.8962 0.30 108 0.1085 0.8912
C2 2.197 164 0.0997 0.9057 0.40 136 0.1088 0.902
C3 1.792 164 0.096 0.9056 0.40 148 0.1083 0.8972
C4 1.792 152 0.108 0.9143 0.40 148 0.1019 0.8969

4. Discussion

A biomarker cannot be used to select a treatment until it is validated because it is very
risky to select a patient’s treatment based on a wrong biomarker. However, a biomarker
can be used as a stratification factor for a randomization trial even before validated. We
investigated design and analysis methods for a randomized trial stratifying for biomarker
positivity. This trial tests whether or not the biomarker is a predictive biomarker for a
treatment by using a non-targeted treatment as a control. The analysis of the trial requires
statistical testing on the interaction between treatment allocation and biomarker positivity.

We derived statistical tests and their sample size methods for two different forms of
interactions: one based on the logit-transformed RRs and the other based on the raw RRs
of subgroups defined by (z1, z2). Although we presented our methods for phase II trials,
they can be used for phase III trials, too.

Extensive simulations were conducted under scenarios of alternative hypotheses for
which the required sample sizes were reasonable for a real phase II trial to validate a
potential predictive biomarker. The sample sizes calculated using our formulas were found
to be appropriately powered. Also, from simulations under H0, our test statistic controlled
the type I error rate accurately for the range of sample sizes calculated.

In our paper, we wanted to test if a treatment is a targeted therapy for a biomarker
or not. A simple design for this objective might be a single-arm design using a treatment
group and a test group if the RR of the treatment is different between the biomarker
positive group and the biomarker negative group. Instead, we selected a randomized
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trial design between a candidate targeted therapy arm and a non-targeted therapy arm
(control) stratified by the status of the biomarker. By this design, the required sample
size will increase, but as a secondary objective, we tested if the selected control treatment
was really a non-targeted therapy with respect to the biomarker or not. This can be done
by testing β2 in model (1). Furthermore, by the stratification based on the biomarker
status, the biomarker outcome was not used for the selection of the treatment for each
patient. If the biomarker is shown to be a predictive biomarker for a treatment, then we can
consider proceeding to a randomized phase III trial between a biomarker-guided treatment
selection arm as an experimental therapy and a control arm using a treatment selected at
the discretion of the treating physician and blinded in terms of biomarker status. If the
biomarker is proven to be predictive for the targeted therapy through these trials, patients
with a biomarker status that is beneficial in terms of the therapy will be treated with this
therapy, resulting in personalized medicine for the target population.

Our computer programs for sample size calculation and simulations were developed
in R and are available upon request.
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Simple Summary: This systematic review evaluates techniques defining adequate mucosal margins
during the resection of oral squamous cell carcinoma (SCC). Residual SCC and dysplasia demand
distinct adjuvant treatment, such as re-resection and radiation for SCC or CO2-laser evaporation for
severe dysplasia, necessitating accurate differentiation between SCC and dysplasia during surgery.
The study includes eight investigations into margin visualization techniques—autofluorescence,
iodine staining, and narrow-band imaging—concluding that, except for autofluorescence, there
is considerable variability in negative predictive values. Autofluorescence does not significantly
enhance margin outcomes compared to conventional white light-guided surgery, while iodine does.
Studies on narrow-band imaging did not report a comparison with a white light-guided surgery
cohort. The review advocates for more comprehensive studies comparing the diagnostic accuracy
of iodine staining or narrow-band imaging, with a specific focus on diagnostic accuracy and the
discrimination between SCC and dysplasia.

Abstract: Background: This systematic review investigates techniques for determining adequate
mucosal margins during the resection of oral squamous cell carcinoma (SCC). The primary treatment
involves surgical removal with ≥5 mm margins, highlighting the importance of accurate differentia-
tion between SCC and dysplasia during surgery. Methods: A comprehensive Embase and PubMed
literature search was performed. Studies underwent quality assessment using QUADAS-2. Results:
After the full-text screening and exclusion of studies exhibiting high bias, eight studies were included,
focusing on three margin visualization techniques: autofluorescence, iodine staining, and narrow-
band imaging (NBI). Negative predictive value (NPV) was calculable across the studies, though
reference standards varied. Results indicated NPVs for autofluorescence, iodine, and NBI ranging
from 61% to 100%, 92% to 99%, and 86% to 100%, respectively. Autofluorescence did not significantly
enhance margins compared to white light-guided surgery, while iodine staining demonstrated im-
provement for mild or moderate dysplasia. NBI lacked comparison with a white light-guided surgery
cohort. Conclusions: We recommend studying and comparing the diagnostic accuracy of iodine
staining and NBI in larger cohorts of patients with oral SCC, focusing on discriminating between
SCC and (severe) dysplasia. Furthermore, we advise reporting the diagnostic accuracy alongside the
treatment effects to improve the assessment of these techniques.

Keywords: oral squamous cell carcinoma; systematic review; mucosal margin; diagnostic accuracy
autofluorescence; iodine; narrow band imaging

1. Introduction

Approximately one-third of all head and neck cancers are oral squamous cell carcinoma
(SCC) [1]. The preferred choice of treatment is complete surgical removal with histopathological
adequate resection margins of the primary tumor to establish local control [2,3].
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Cancers 2024, 16, 1148

There is still a discussion about the definition of an adequate margin. Several studies
investigated the ideal histopathological cutoff margin [3–8]. Most guidelines define a free
margin as ≥5 mm between the SCC and the resection plane [9,10]. There is a general consensus
that margins between 0 and 1 mm from the resection plane adversely affect locoregional sur-
vival [7,11,12] and are an indication for adjuvant treatment. This could either be radiotherapy
or a re-resection, both having their drawbacks. Radiotherapy has several side effects [13], while
a re-resection requires extra operating time and sometimes general anesthesia during a second
procedure. Furthermore, problems in localizing the inadequate margin in an already closed
wound bed introduce uncertainty about the definitive margin status [14].

The existence of (severe) dysplasia in the resection margin adds a different aspect
to the discussion of adequate margins. In many patients, the oral SCC develops in an
area of (severe) dysplasia, also known as “field cancerization” [15]. There is evidence
that when there is residual severe dysplasia after SCC resection, there is a high chance of
local recurrence or new primaries [16,17]. There is little consensus about the appropriate
treatment in case of severe dysplasia in the resection margin. This could either be CO2-
laser evaporation or an additional surgical resection [18]. However, surgical resection of
all mucosal dysplasia in the case of extensive field cancerization may be an unnecessary
overtreatment, potentially leading to increased morbidity. Nevertheless, it is important
to differentiate between SCC and (severe) dysplasia in the resection margins, given the
varied consequences of residual dysplasia in the resection margins. These consequences
encompass differences in locoregional recurrence and the severity of adjuvant treatment.

In the past decade, an increasing amount of research into intraoperative margin
assessment has been conducted that could improve the final margin status. For example,
frozen section analysis (FSA) can be used to identify SCC and distinguish it from (severe)
dysplasia. This technique uses tissue samples of the wound bed or specimen, which are
rapidly assessed for SCC or dysplastic cells through histopathological examination. This
allows for the immediate revision of surgical margins, if necessary. However, only 0.1–1%
of the specimen and/or wound bed is sampled; therefore, a frozen section may lead to
sampling errors, resulting in a low sensitivity for inadequate margins [12,19,20]. Bulbul
et al. concluded in a meta-analysis that margin revision indicated by FSA does not lead to
better local control [21].

In our center, the application of an intraoperative ultrasound has been investigated for
SCC of the buccal mucosa and oral tongue [22,23]. Although it contributed to an enhanced
assessment of deep and submucosal margins, it proved difficult to differentiate the tumor
and (severe) dysplasia from normal mucosa. Also, intra-operative ex-vivo MRI, which
is able to image deep and submucosal margins, has limitations in imaging the mucosal
resection plane [24]. However, a margin visualization technique that ensures adequate
mucosal margins is equally crucial as achieving adequate submucosal and deep margins.
This is preferably a technique that determines the mucosal margin with a high sensitivity
for both SCC and dysplasia.

There are several systematic reviews evaluating margin visualization techniques that
may contribute to a higher number of adequate resection margins [25–28]. However,
these reviews discuss only deep margins [28,29] or a combination of deep and superficial
margins [26]. Some also include pre-clinical research, research that includes technologies
that require sampling of the resection specimen and/or wound bed, or ex-vivo examination
of the resection specimen [26,27,29].

This systematic review aims to provide an overview of publications evaluating the
diagnostic accuracy of recently investigated mucosal margin visualization techniques that
aim for adequate mucosal margins, both in the context of SCC and dysplasia. These
techniques should be combined with deep margin visualization techniques. We specifically
focus on in vivo technologies that are already applied in clinical practice and are suitable
for defining the mucosal margin before incisions are made.
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2. Materials and Methods

This systematic review was conducted following the guidelines outlined in the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [30] and has
not been registered in PROSPERO.

2.1. Eligibility Criteria

The criteria for inclusion were: (1) the study population consisted of patients with a
SCC of the head and neck area with a sub-group of oral SCC; (2) an in vivo intraoperatively
technique (i.e., directly before the incision, during the resection or directly after the resec-
tion) was studied that was able to visualize the entire extent of the mucosal margin during
surgery; (3) it aimed to assess or improve resection margin status; and (4) the sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), number of
free margins, or number of positive margins (in terms of SCC or dysplasia) were mentioned
or could be extracted from the publication.

The criteria for exclusion were: (1) non-clinical studies; (2) publications before 2010; (3)
publications that described techniques that only used white light (WL) for tumor/margin
visualization, e.g., trans-oral robotic surgery without visual enhancement; (4) publications
that described head and neck cancers with <50% oral cancers or without a subgroup analysis
of oral cancer in the intervention group; (5) publications that described margin visualization
techniques that only work with samples of the resection specimen; (6) publications that
described techniques that only identified the presence of SCC or severe (dysplasia) rather
than defining a positive or free margin; (7) reviews, case reports, book chapters, editorials,
oral presentations, technical notes, and scientific posters; and (8) publications in a language
other than English, Dutch, or German.

2.2. Search Strategy

A systematic search for relevant publications was performed on PubMed and Embase
on 31 August 2023 ( K.J.d.K.). The main focus was to find margin visualization techniques
that helped the surgeon identify adequate SCC-free and/or dysplasia-fee margins during
surgery. Therefore, search terms focused on the title, abstract, and MeSH terms and
included “carcinoma,” all subsites of the oral cavity, and “margins of excision”. The same
search terms were used in Embase, but instead of the Mesh terms, the “explode function”
was used. Records predating 2010 were excluded from the search based on the assumption
that techniques emerging before 2010 lack clinical relevance in the absence of subsequent
publications after 2010. The search syntax is shown in Supplementary Materials.

De-duplication was conducted using the method described by Bramer et al. in End-
Note (Version 19.3.3, Clarivate Analytics, Philadelphia, PA, USA) [31]. Afterwards, data
were exported to Rayyan QCRI (Hamad Bin Khalifa University, Al Rayyan University,
Qatar). Two of the three screening authors (C.M.A, K.J.d.K, R.N.) independently assessed
the relevance of all titles and abstracts based on the predetermined inclusion and exclu-
sion criteria. Consensus was reached through discussion. Two screening authors (C.M.A,
K.J.d.K) reviewed the full texts to determine inclusion or exclusion. Additionally, a reference
and citation check was conducted on the selected publications to ensure comprehensive
coverage of the entire field of interest.

2.3. Data Extraction

The information extracted from the included publications included the following: year
of publication, study methodology (i.e., intervention vs. control or diagnostic accuracy
test), sort of index tests (i.e., margin visualization technique), sort of reference-standard
(i.e., frozen section analysis or final histopathology), consistency of the cohort (i.e., types of
SCC), number of included tumors and/or margins, safety margin distance around the SCC
and/or (severe) dysplasia visible under white light safety margin around the area showing
positive for the index test, immediate revision based on imaging modality, use of FSA (and
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whether it was guided by the technique), definition of histopathological positive margin
and number of histopathological free margins.

Areas that were indicated by the index test as positive and showed a SCC and/or (se-
vere) dysplasia in that area during the histopathological examination were considered “true
positive”(TP), and in the case that no SCC and/or dysplasia was found, “false positive”(FP).
Areas beyond the positive index test were considered negative (Figure 1). Depending on
whether or not this index-negative area showed SCC and/or (severe) dysplasia, it was
deemed false negative (FN) or true negative (TN), respectively. We registered when these
variables were determined per resected specimen (specimen-based) or with multiple FSA
samples per specimen (sample-based).

Figure 1. Prisma chart for inclusion and exclusion of publications. From: Page, 2021 [30].

If possible, sensitivity (TP cases divided by positive cases according to histopathology),
specificity (TN cases divided by negative cases according to histopathology), positive predictive
value (PPV) (TP divided by positive cases according to the index test), and negative predictive
value (NPV) (TN divided by negative cases according to the index test) were calculated. This
was performed, if possible, for the detection of (1) SCC only, (2) SCC in combination with
severe dysplasia, and (3) SCC in combination with all types of dysplasia.

2.4. Critical Appraisal

Two screening authors (CA, KK) separately critically appraised the included publica-
tions using the Quality Assessment of Diagnostics Accuracy Studies (QUADAS-2) tool [32].
Elements making part of the following categories were assessed to score the risk of bias:
(1) ‘patient selection’: a consecutive cohort of patients had been used, the optional control
cohort was relevant, and inappropriate exclusions had been avoided; (2) ‘index-test’: the
index test was interpreted without knowledge of the reference-standard; (3) ‘reference-
standard’: the reference-standard was the final histopathology and the pathologist was
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blinded for the index test; (4) ‘flow and timing’: the reference-standard and index test were
executed equally in each patient and all included patients were analyzed. Applicability was
evaluated on the following categories by their elements: (1) ‘patient selection’: oral SCC of
both small (T1-T2) and large (T3-T4) tumors were included; (2) ‘index-test’: there was a
definition of a positive index, i.e., it used an observer-independent cutoff value and the
needed devices and or doses had been described; (3) ‘reference-standard’: a clear definition
of a positive margin was given and the reference-standard (i.e. final histopathology) was
not affected by additional frozen sections that were not indicated by the margin visual-
ization technique. All items were scored as sufficient: 2 points, unclear: 1 point, or bad:
0 points. The score for each category was determined by summing the points and then
dividing the total by the number of items. Overall scores were categorized as ‘insufficient’
within the range of 0–0.5, ‘intermediate’ within the range of 0.6–1.4, and ‘sufficient’ within
the range of 1.5–2.0.

3. Results

3.1. Search Strategy and Article Selection

The search revealed 19,656 citations (Figure 1). After removing duplicates and records
that were marked ineligible because of language (e.g., non-English, non-Dutch, or non-
German) or not being an original journal paper (e.g., conference abstract, review, book chap-
ter), 9284 records remained and were screened on title and abstract, leading to 164 records
that were screened full text. Eventually, ten records were included and used for the refer-
ence standards and citation checks. This led to one additional inclusion, resulting in eleven
articles considered eligible for this review.

3.2. Critical Appraisal

An overview of the critical appraisal can be found in Table 1. Considering the risk of
bias, none of the studies had a risk of bias for the category ‘index-test’. For ‘patient selection’
and ‘flow and timing’, an intermediate risk of bias was found. Regarding the category
‘reference-standard,’ Baj et al. [33] and Sun et al. [34] scored insufficiently since only FSA or
small samples were used to determine diagnostic accuracy, and no final histopathology
was used.

Considering applicability, only two studies scored sufficiently in the category ‘patient
selection’; Baj et al. [33] and Sun et al. [34] included both early and advanced-stage oral
SCC. Durham scored insufficiently for this category, as they did only include small (T1 and
T2) tumors or “high grade lesions” defined as dysplasia or in situ carcinoma.

Table 1. Critical appraisal of included studies after text screening.

Risk of Bias Applicability

Patient
Selection

Index Test Reference
Flow and
Timing

Patient
Selection

Index Test Reference

Morikawa, 2019 [35]

Durham, 2020 [36]

Sun, 2021 [34]

Morikawa, 2023 [37]

McMahon, 2010 [38]

Umeda, 2011 [39]

Tirelli, 2015 [40]
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Table 1. Cont.

Risk of Bias Applicability

Patient
Selection

Index Test Reference
Flow and
Timing

Patient
Selection

Index Test Reference

Tirelli, 2017 [41]

Tirelli, 2018 [42]

Tirelli, 2019 [43]

Baj, 2019 [33]

Green check marks: ‘sufficient.’ Yellow exclamation marks: ‘intermediate.’ Red cross marks: ‘insufficient.’

Tirelli et al.’s 2019 study [43] scored insufficiently for the category ‘index-test.’ They
did not clearly define a positive index test while using narrow-band imaging (NBI), pos-
sibly because the validation of the NBI technique was not the primary goal of this study.
Other studies thoroughly described the definition of a positive index test. However, their
description was still observer-dependent and subjective, leading to an ‘intermediate’ score.

Both studies of Morikawa et al. [35,37] scored insufficiently for the category ‘reference-
standard’, considering applicability. Both studies did not give a clear definition of a
“positive” margin. Moreover, they applied frozen sections in addition to their margin
visualization technique but did not discriminate the contribution of the FSA-indicated
revisions from the margin visualization technique to the frequency of free margins. The
latter issue was also the case for the 2019 study of Tirelli et al. [43]. However, they gave a
clear definition of a positive margin. Therefore, they scored ‘intermediate’ for this category.

The fact that the studies of Morikawa et al. [35,37] and Tirelli et al. from 2019 [43] did
not discriminate the contribution of the FSA-indicated revisions from the margin visual-
ization technique made it impossible to determine the diagnostic accuracy of the margin
visualization technique. Therefore, these studies were excluded from further analysis
(Figure 1). Despite other studies scoring ‘insufficient’ on other categories as well [33,34,36],
we decided to evaluate their margin visualization technique in this systematic review since
it was possible to determine their diagnostic accuracy. This left eight studies for final
evaluation. An overview of all studies and their methods of conducting their research can
be found in Table 2.

3.3. Margin Visualization Techniques

Two included studies investigated autofluorescence [34,36]. Two studies assessed
iodine staining [38,39]. Four included studies analyzed NBI [33,40–42].

In general, the methodology of all studies could be categorized as follows (Figure 2):

• Method A: Interventional studies (with or without a WL-safety margin control group).
Surgical margins were enlarged when the index-positive area exceeded the WL-safety
margin. SCC and/or dysplasia determined the TN or FN in the index-negative areas
surrounding the index-positive areas. Index-positive areas were not analyzed; hence,
only the NPV could be calculated. Three studies used this methodology [36,38,39].

• Method B: Interventional studies with diagnostic accuracy. In these studies, the index
test was either smaller or larger than the WL-safety margin, and a specimen was
either considered index test negative (index ≤ WL) or positive (index > WL). Tumors
were excised according to the largest area. Histopathology determined the diagnostic
accuracy in these areas. In contrast to Method A, the TP and FP could also be evaluated.
In case the index-positive area was as large as the WL-safety margin, the case was
considered negative. Two studies used this methodology [41,42].

• Method C: Diagnostic accuracy studies. In these studies, all tumors were excised ac-
cording to the WL-safety margin. Index-positive areas extending beyond the WL-safety
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margin were sampled and assessed on the TP or FP. Areas not extending further than
the WL-safety margin were also sampled, indicating either the TN or FN. The overlap
between the WL-safety margin and positive index test was considered a plausible
situation, in contrast to ‘Method C’. Three studies used this methodology [33,34,40].

3.3.1. Autofluorescence

Autofluorescence is one of the multiple imaging techniques that use the fluorescent
properties of certain biomaterials. These materials can be excited by absorbing light of
a particular wavelength and subsequently emitting this light by a different wavelength.
These wavelengths are visible using fluorescence cameras. Instead of external contrast
agents with fluorescent properties, autofluorescence margin visualization techniques use
the fluorescent properties of biomaterials found within the body, especially those of collagen
crosslinks and flavin adenine dinucleotide. When blue light (wavelength 400–460 nm) is
absorbed by normal tissue, it subsequently re-emits light that appears green when observed
through a filter. Abnormal tissue, such as neoplastic, dysplastic, and inflammatory tissue,
cannot be excited and does not emit green light but appears brown through the filter [44].
These so-called fluorescence visualization loss (FVL) areas can be delineated with a certain
margin to obtain the free margin status.

One interventional study by Durham et al. (‘Method A’) performed a randomized
controlled trial with a minimal 10 mm WL-safety margin and minimal 10 mm FVL-safety
margin [36]. They included OSCCs (n = 261) and high-grade lesions (i.e., severe dysplasia,
n = 182). This study only reported the “first-pass margin”; margins found “positive for
severe dysplasia or greater histopathologic change” and thus seemed not to make a differ-
ence between SCC and (severe) dysplasia. Additional revisions were possibly conducted
but not described, resulting in an unknown number of free margins in final histopathology.
The NPV of their test cohort (70%) was similar to that of their conventional cohort (70%).

One study by Sun et al. performed a ‘Method C’ study on autofluorescence by applying
a demarcation on the boundary of the FVL-positive area [34]. They included only SCC
patients. Then, they resected the specimen with a 15–20 mm WL-safety margin. In all cases,
the FVL-positive area fell within this WL-safety margin. Samples (n = 126) collected from
random locations between the FVL-based demarcation and resection plane were assessed
on the frequency of SCC and/or (severe) dysplasia beyond the FVL-positive area. For SCC
in the samples, this frequency was 0% (NPV 100%). For severe dysplasia, the frequency was
18% (NPV 82%). For mild dysplasia, the frequency was 21%. As no moderate dysplasia
was found, for all types of dysplasia, the frequency was 39% (NPV was 61%).

An overview of autofluorescence’s diagnostic accuracy can be found in Table 3.

3.3.2. Iodine Staining

Iodine staining has been widely used for the detection of intraepithelial neoplasia of
the esophagus but can also be used to detect oral SCC and dysplasia [38]. Iodine stains
healthy tissue and creates an iodine unstained (IU) area on the SCC or dysplastic tissue.
Similar to autofluorescence, an IU-safety margin around the IU boundary can be applied
to achieve free margin status. Only two interventional studies using ‘Method A’ were
included that assessed this method [38,39].

One study by McMahon et al. used a 10 mm WL-safety margin and a 0 mm IU-safety
margin [38]. They compared their prospective iodine-guided surgery cohort, consisting
of 40/50 (80%) patients with oral SCC, with a retrospective WL-guided surgery cohort,
consisting of 42/50 (84%) patients with oral SCC. They found no SCC-positive margins in
the iodine-guided cohort (NPV of 100%) and 2/50 (4%) SCC-positive margins (NPV of 96%)
in the WL-guided surgery cohort. They found 1/50 (2%) severe dysplasia and 1/50 (2%)
other types of dysplasia in the iodine-guided cohort and 1/50 (2%) severe dysplasia and
13/50 (26%) other types of dysplasia in the WL-guided cohort. The NPV for dysplasia (all
types) was 96% in the iodine cohort and 68% in the WL-guided cohort.
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Table 3. Results from studies about autofluorescence.

Author Evaluation
Reference

Results
Based on

Test Posi-
tive/Negative

Ref
Positive/Negative

NPV SCC
(Test/WL
Control
Group)

NPV SCC +
Severe

Dysplasia
(Test/WL

Control Group)

NPV SCC +
Dysplasia
(Test/WL
Control
Group)

Bias or Concern

Durham,
2020 [36]

Interventional
(with

WL-guided
control
group)

Full
specimen
(OSCC or

HGL)

NA/10 mm from
the WL-positive
area and 10 mm

from the
FVL-positive

area (whichever
was wider)

“Severe dysplasia
or greater

histologic change”
in the resection

plane on the final
histopathol-

ogy/normal tissue
in the resection

plane on the final
histopathology

Not given

Test: 70%
(151/216)

Control: 70%
(159/227)

Not given

Unknown reason
for certain
exclusions;

patients with
small tumors

and “High-grade
lesions” were

included as well.

Sun,
2021 [34]

Diagnostic
accuracy

Samples
from

margin

Sample within
the FVL-positive
area exceeding

the WL-positive
area/sample

within the
FVL-positive

area inside the
WL-positive area

SCC or dysplasia
(all types) in the

sample of the
FVL-positive

area/normal tissue
in the sample of the
FVL-positive area

100%
(126/126) 82% (103/126) 61% (77/126)

126 samples
were taken and
analyzed from

random
locations

between the
boundary of the

FVL-positive
area and the

surgical margin
of 30 tumors

WL: white light surgery, FVL: fluorescence visualization loss, FSA: frozen section analysis, NPV: negative
predictive value, SCC: squamous cell carcinoma, NA: not applicable.

One single-arm study by Umeda et al. used a 10 mm WL-safety margin and a 5 mm
IU-safety margin in a cohort consisting of 93 SCCs of the tongue [39]. They found in their
retrospective cohort that only 1/93 (1%) of the patients had SCC-positive mucosal margins,
leading to an NPV of 99% for SCC. They found that 6/93 (6%) of the patients had mucosal
margins positive for mild dysplasia, leading to an NPV of 94%. The NPV for dysplasia and
SCC combined was 86/93 (92%).

Both studies suggest that using iodine is excellent for determining mucosal safety
margins and results in most margins free of SCC and dysplasia. The NPV for SCC and
dysplasia (all types) of McMahon et al.’s iodine-guided surgery cohort [38] suggest that
iodine has the potential to rule out moderate and mild dysplasia in the resection margin
when compared to the results of the WL-guided surgery cohort. However, these results
assessed the impact of iodine staining in conjunction with the IU-safety margin, lacking
specific information on the sensitivity and specificity of the IU area alone.

An overview of iodine’s diagnostic accuracy can be found in Table 4.

Table 4. Results from studies about iodine.

Author Evaluation
Reference

Results
Based on

Test
Positive/Negative

Ref
Positive/Negative

NPV SCC
(Test

Group/WL
Control
Group)

NPV SCC +
Severe

Dysplasia or
(Test/WL

Control Group)

NPV SCC +
Dysplasia
(Test/WL

Control Group)

Bias of
Concern

McMahon,
2020 [38]

Interventional
(with

WL-guided
control group)

Full
specimen

NA/10 mm from
the boundary of
the WL-positive
area, 0 mm from

the IU-positive area

Dysplasia (all
types)or SCC in the

resection plane

Test: 100%
(50/50)

Control: 96%
(48/50)

Test: 98% (49/50)
Control: 96%

(47/50)

Test: 96%
(48/50)

Control: 68%
(34/50)

None.

Umeda,
2011 [39]

Interventional
(no WL-guided
surgery control

group)

Full
specimen

NA/ 10 mm from
the boundary of the

WL-positive area
and 5 mm from the

IU-positive area

Dysplasia or SCC
in the resection

plane
99% (92/93)

Not given, only
mild dysplasia in

the resection
plane

92% (86/93) None.

WL: white light, FSA: frozen section analysis, NPV: negative predictive value, CIS: carcinoma in situ, IU: iodine
unstained, SCC: squamous cell carcinoma, NA: not applicable.
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3.3.3. Narrow Band Imaging

NBI is a technique where the surgical field is illuminated by WL, but the reflection is
filtered to only two specific wavelengths (415 and 540 nm) that enhance the visualization
of the capillary bed and the intrapapillary loop pattern in the superficial mucosa [41].
Changes in the architecture of the capillaries may indicate SCC or dysplasia in the oral
cavity. NBI can be applied to an endoscope and is therefore applicable in surgeries of both
the oral and oropharyngeal mucosa. Two ‘Method B’ [41,42] studies and two ‘Method
C’ [33,40] assessing NBI were included.

The two ‘Method B’ studies were conducted by Tirelli et al.: one from 2017 [41] and
one from 2018 [42]. In their 2017 study, Tirelli et al. [41] evaluated a cohort that consisted
of 20/31 (65%) oral SCC patients. In 28/31 (90%) of the patients, the safety margin was
expanded, as the NBI-positive area was larger than the 15 mm WL-safety margin, which
was considered to be a positive index test. Of these 28 cases, 20 were TPs (i.e., SCC and/or
dysplasia of all types found in the extended margin), and 8 were FPs (i.e., no SCC and/or
dysplasia of all types found in the extended margin). In 2/31 cases (7%), the NBI-positive
area was similar to the 15 mm WL-safety margin, and in only 1/31 (3%) cases, the NBI-
positive area was smaller than the 15 mm WL-safety margin. For these three cases, an
extension of the safety margin was not needed. Hence, there were three negative index
tests, although the authors only reported the presence of SCC and/or dysplasia (all types)
in the case with the smaller NBI margin, resulting in one TN case and no FN case. These
results yielded a sensitivity of 100% (CI: 83–100%), specificity of 11% (CI: 0–29%), PPV of
71% (CI: 66–76%), and NPV of 100% (CI: 3–100%), for SCC and dysplasia (all types).

Tirelli et al.’s 2018 study [42], used exactly the same method as their 2017 study [41]
in a cohort of 39/61 (64%) oral SCC patients. Of 43/61 (70%) cases, an extension of the
safety margin was needed, as the NBI-positive area was larger than the 15 mm WL-safety
margin (i.e., positive index test). Of these 43 cases, 34 were TPs (i.e., SCC and/or dysplasia
of all types in the extended margin), and 9 were FPs (i.e., no SCC and/or dysplasia of all
types in the extended margin). In 18/61 (30%) cases, no extension of the safety margin was
indicated by NBI, i.e., a negative index test. Sixteen of these 18 cases were TNs, and 2 were
FNs. These results yielded a sensitivity of 94% (CI: 81–99%), specificity of 64% (CI: 42–82%),
PPV of 79% (CI: 69–87%), and NPV of 89% (CI: 67–97%) for SCC and dysplasia (all types).

Two ‘Method C’ studies analyzed the diagnostic accuracy of NBI, one by Baj et al. [33]
and one by Tirelli et al. from 2015 [40]. Baj et al. [33] assessed a cohort that consisted
entirely of oral SCC patients (n = 16). They varied the distance of the WL-safety margin
between 15 and 20 mm and took three to eight biopsies per specimen, situated at the
border of the NBI-positive areas and of those of the WL-safety margin. After the FSA
examination, biopsies were classified as positive or negative for “SCC or dysplasia (all
types)”. The authors did not discriminate SCC from dysplasia. Three TPs, 5 FNs, 14 FPs,
and 32 TNs were found to yield a sensitivity, specificity, PPV, and NPV of 38% (CI: 9–76%),
70% (CI: 54–82%), 18% (CI: 7–37%), and 86% (CI: 78–92%), respectively. Contours of the
NBI-positive areas were within the WL-safety margin in 50% of the cases.

Tirelli et al. [40] found in their ‘Method C’ study from 2015 that the 15 mm WL-safety
margin was surrounded by a NBI-positive area in every case. This contrasts with the results
from Baj et al. [33], who reported this situation in only 50% of the cases. They performed
an FSA in the NBI-positive area and extended the surgical margin according to the NBI in
case dysplasia or a SCC was found. In every case, SCC and/or dysplasia were found beyond
the 15 mm WL safety margin. For SCC only, it resulted in 12 TPs, 0 FNs, 4 FPs, and 0 TNs
cases, yielding a PPV of 75%, a sensitivity of 100%, and a specificity of 0%, but no calculable
NPV. For SCC and dysplasia (all types), it resulted in 16 TPs, 0 FNs, 0 FPs, and 0 TNs cases,
yielding a PPV of 100%, a sensitivity of 100%, but no calculable specificity or NPV. Although
the safety margins were enlarged when FSA confirmed TP, there was still one specimen with
SCC-positive margins (6%) and one specimen with margins positive for dysplasia.
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NBI is the only assessed technique in this review, of which three out of four studies
report both a calculable PPV, NPV sensitivity, and specificity. However, a wide variety of
methods are employed to obtain these outcome measurements across the studies.

An overview can be found in Table 5.
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4. Discussion

This systematic review highlights techniques that try to define the optimal mucosal
surgical resection margins in the treatment of oral SCC. The demarcation of the mucosal
surgical margin is an essential part of oral cancer surgery because it serves as a critical
reference point for the surgeon to achieve tumor-free (i.e., ≥5 mm) histopathological
margins in all dimensions. In the past years, more attention has been given to margin
visualization techniques that aid the surgeon in estimating the deep extension of the tumor.
Although several systematic reviews assess these techniques, to our knowledge, no reviews
specifically illuminate the currently evaluated techniques that enhance the demarcation of
the mucosal surgical margin in oral cancer surgery. This systematic review tries to fill in
this gap in the literature.

During the setup of this review’s methodology, we attempted to assess the visualiza-
tion techniques by their diagnostic value in identifying positive margins and free margins
as defined by the Royal College of Pathologists [10], i.e., <1 mm and ≥5 mm SCC free
margins, respectively. However, no studies were found assessing the diagnostic accuracy
for close margins with respect to SCC (1–5 mm). Instead, all studies seemed to focus on the
presence of SCC or (severe) dysplasia in the resection plane, some of them not making a
difference between the SCC or (severe) dysplasia. Indeed, several studies suggest that resid-
ual dysplasia has similar effects on disease-free survival as close margins [16,17]. Hence,
dysplasia is preferably resected during SCC surgery. However, when compared to residual
dysplasia, residual SCC has a far greater impact on patient survival. Moreover, residual
SCC requires adjuvant treatments (radiotherapy or re-resections) with higher risks and
complication rates compared to CO2-laser evaporation for residual dysplasia [12,13,18,45].
Unfortunately, none of the included studies discussed the incidence of close mucosal re-
section margins (1–5 mm free of SCC), and some did not differentiate between SCC and
(severe) dysplasia in the resection plane.

This systematic review included studies to examine the benefits of margin visualization
techniques in a surgical context. Consequently, studies that specifically reported negative or
clear margins were included, while those that solely assessed the presence of tumors were
not included. As a result, three of the selected studies primarily consisted of interventional
research (‘Type A’ studies) [36,38,39]. These studies do not generate a positive index
test, as the surgical goal is to achieve a negative index test. Therefore, calculating a
meaningful sensitivity, specificity, or PPV is impossible. For these studies, we cannot
determine whether the implementation of these margin visualization techniques will
result in potential over-treatment, i.e., unnecessary wide resection margins. Nevertheless,
although strongly dependent on the incidence of histologically positive margins, the NPV
indicates the effectiveness of the margin visualization technique for the resection of SCC
and/or dysplasia.

In one ‘Method C’ study that investigated autofluorescence, conducted by Sun et al.,
NPV was the only measurement for diagnostic accuracy that could be reported, as the
authors found that all FVL-areas were smaller than the 15–20 mm WL-safety margin (i.e.
negative-index-test) [34]. This means that also, for this study, no valuable comparison
between the diagnostic accuracy for identification of SCC-positive margins and dysplastic-
positive margins was possible. While the authors used the WL-safety margin during
the resection, their NPV of 100% for SCC in the resection plane showed that if an FVL-
safety margin had been used, no SCC would have been found in the resection plane.
However, for severe dysplasia and all types of dysplasia, the NPV would have been
28% and 39%, respectively. The presented numbers are comparable with the multicenter
randomized controlled trial of Durham et al. [36], who found severe dysplasia in the
resection plane in 30% when autofluorescence guidance was used. The frequency of positive
margins and 5-year local recurrence were not lower in the autofluorescence-guided cohort
when compared to the WL-guided cohort. According to the authors, these unexpected
results were most likely caused by the relative inexperience in using autofluorescence
of the participating centers outside the coordinating center. In the studies by Morikawa

561



Cancers 2024, 16, 1148

et al., larger FVL-safety margins were used (in combination with iodine), yet there was a
considerable amount of FSA-positive rate for SCC and/or dysplasia (all types), namely
19% and 18%.

Two interventional (‘Method A’) studies using iodine-guided surgery reported a
positive margin rate per specimen. McMahon et al. [38] compared an iodine-guided cohort
with a WL-guided control cohort. They only found a significant difference between both
cohorts when all types of dysplasia were considered positive (96% in the iodine-guided
cohort vs. 68% in the WL-guided control cohort), which suggests that iodine-guided surgery
makes the most difference in the detection of moderate or mild dysplasia. Umeda et al.
found comparable results and reported no local recurrence in their single-arm study [39].

All studies examined NBI guidance assessed dysplasia (all types) in the resection
plane, but only several studies did this specifically for SCC and/or severe dysplasia [40–42].
Baj et al. [33] reported a lower sensitivity for SCC and dysplasia (combined) in the resection
plane (38%) compared to Tirelli et al.’s studies, which ranged from 94% to 100%. The
reduced TP rate in Baj et al. may be subject to their sampling strategy—taking samples
from the borders of NBI-positive areas, unlike Tirelli et al., who sampled within NBI-
positive areas. In the diagnostic accuracy study (‘Type B’) of Tirelli from 2017, only one
negative index test was found [41]. Interestingly, their subsequent study showed a much
higher number of negative index tests [42]. This figure might have been the result of a
learning curve.

Based on the included studies, it is impossible to determine whether autofluorescence,
iodine guidance, or NBI is more accurate than WL-guided surgery to determine a safe
surgical mucosal margin and also in terms of distinguishing (severe) dysplasia from SCC.
There are several reasons.

Firstly, there is a high variety in the definition of a positive reference-standard dyspla-
sia: i.e., SCC, SCC in combination with severe dysplasia, or SCC in combination with all
types of dysplasia in the resection plane. Several studies do not differentiate between SCC
and (severe) dysplasia.

Secondly, the index tests of all studies were not designed to distinguish (severe)
dysplasia from SCC but rather tissue that was divergent from normal mucosa. For aut-
ofluorescence, neoplastic, dysplastic, and inflammatory tissue all show FVL [44]. Staining
with Lugol’s iodine is based on the fact that iodine is glycophilic and does not bind to
cells that lack glycogen, leading to iodine unstained areas. However, SCC and dysplasia
both lack glycogen; therefore, Lugol’s iodine cannot differentiate between tissue types [38].
Finally, NBI is based on detecting alternations in the interpapillary capillary loops, which
can underlie histopathologic changes, but this accounts for both SCC and all types of
dysplasia [40].

Thirdly, all studies are possibly subject to high inter and intra-observer variability,
requiring expertise and experience to achieve a sufficient diagnostic value. None of the
studies presented a clear cutoff value to define a positive or negative index test. In the
studies of Tirelli et al., NBI experts needed to be consulted to determine the NBI-safety
margin, suggesting that finding alterations in the intrapapillary capillary loop patterns is
difficult. Hence, they have found a variety of diagnostic accuracies [40–42].

Fourthly, the included studies have a relatively small number of included patients or
conducted retrospective studies. Only Durham et al. [36] conducted a randomized clinical
trial and may pose the highest level of evidence that autofluorescence guidance does
not influence obtaining more adequate margins or more local control than WL guidance.
However, the inexperience of certain observers and the surgeons’ awareness of obtaining
adequate margins in the WL-guided control cohort might have influenced the results.

Lastly, in most studies, only the NPV could be calculated. The sensitivity, specificity
and PPV remain unknown for autofluorescence and iodine guidance. The lack of this
information complicates the assessment of their potential impact on a “tailored-made”
approach. Without these data, it remains unclear how the adjustment of the safety margin
around a positive index test could affect surgical margins, either by expanding or reducing
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them. Only two studies suggested that NBI guidance could lead to more tailored-made
resections. Tirelli et al. have shown a specificity of 64%, meaning that 64% of the margins
positive for SCC or dysplasia were rightfully made smaller if only a resection plane free of
SCC or dysplasia is considered acceptable [42]. For Baj et al., this number was 70% [33].

There are several other margin visualization techniques that could lead to new insights
when investigated in a surgical setting. Optical coherence tomography (OCT), for instance,
works essentially in the same manner as an ultrasound but uses light instead of sound
waves. Because of the short wavelength of light, its penetration depth is not more than
0.5 mm for mucosa, but it can provide highly detailed images [46]. At the moment, the setup
of OCT devices mostly does not allow intraoral assessment [47]. In one study by Sunny
et al. [48], a hand-held OCT device was introduced for intraoral use. The authors captured
images of multiple zones around the tumor and compared them with the histopathological
report. The observers of the OCT data were blinded for the surgical procedure. They found
that OCT was able to detect SCC inside the tumor and the area around the visible tumor
with a sensitivity and specificity of 100%. For dysplasia, the sensitivity and specificity
were 93% and 69%, respectively. The study was not included in this review because of the
limited field of view of the device [48]. Further development is needed to eventually assess
the whole mucosal part of a tumor with OCT.

Other fluorescence-guided techniques exist besides autofluorescence. Contrast-agent-
based fluorescence uses a near-infrared fluorescent label for SCC-specific antigens, such as
cetuximab [49] or panitumumab [50]. This technique can be used intra-orally but mostly to
check the wound bed on any residual fluorescent signal [49]. The scope of most studies
researching this technique is an ex vivo assessment of the resection specimen. FSA biopsies
can be taken from the spot with the highest fluorescent signal and analyzed to determine
whether this margin is close or positive. If not, it may suggest that the other fluorescent
spots on the specimen are free margins as well [50]. One major advantage of this technique
is that it can produce objective values for the index test, i.e., the signal-to-background
ratio of the fluorescence signal, which eliminates inter-observer dependence, as presented
by de Wit et al [49]. As autofluorescence does not yield significant improvements in
obtaining mucosal margins when compared to WL-guided surgery, it would be interesting
to investigate the impact of contrast-agent-based fluorescence on mucosal margins in
randomized control trials, following a similar setup as Durham et al. [36].

Apart from iodine staining, staining with toluidine blue has also been researched.
However, the studies of concern [51,52] stained the resection specimen, but only after the
resection was completed. These studies concluded that this stain is highly sensitive to
SCC in the resection margins but has a low PPV. Kerawala et al. [53] performed a study
on the intra-oral use of toluidine blue as a margin visualization technique, but this study
was also not included since it was published before 2010. They concluded that Toluidine
blue is a suitable adjunct in identifying invasive tumors but has no benefit in identifying
dysplastic tissue at the surgical margins. Unfortunately, their findings did not result in
further research on the intraoperative application of Toluidine blue in the past decade.

Several limitations should be acknowledged in this review. Firstly, the inclusion of
various methodologies (such as ’Method A’) and diverse outcome measures (including
diagnostic accuracy for both ’SCC and dysplasia’ or ’SCC alone’) poses a challenge in
assessing potential publication bias. This complexity makes it difficult to employ standard
methods like funnel plots or Egger’s test for a comprehensive evaluation. Secondly, as
some included articles have the same author (i.e., Tirelli et al.) and were published within
four years while assessing the same technique, it cannot be ruled out that there may be
some overlap between the described cohorts. However, evidence is lacking to confirm or
refute this possibility.

We suggest that future studies on margin visualization techniques should focus more
on the differentiation between (severe) dysplasia and SCC. Moreover, the evaluation of
diagnostic accuracy should go beyond the goal to achieve only a negative index test. Ideally,
a setup presented by Sunny et al. [48] would give a broader insight into the diagnostic
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accuracy for SCC and severe dysplasia. Independent observers designated the images
obtained from the OCT device as “normal,” “potentially malignant,” and “malignant”.
This was conducted at different zones from the tumor border, which makes it feasible to
determine the diagnostic accuracy for SCC and/or dysplasia in the resection plane but also
for close margins (SCC at 1–5 mm from the resection plane). If technically possible, the
margin visualization technique should also be as inter-observer-independent as possible.
An example is the signal-to-background ratio-based fluorescence of de Wit et al. [49], where
the author used an objective value to determine tumor presence.

5. Conclusions

Three margin visualization techniques for oral SCC have been reviewed in a pre-
incision surgical setting to determine a safe mucosal margin demarcation: autofluorescence,
iodine staining, and NBI. Most of these studies did not assess the frequency of free margins
(≥5 mm) but only the presence of dysplasia and SCC in the resection plane. Apart from flu-
orescence, the margin visualization techniques found a wide variety in diagnostic accuracy,
possibly due to learning curves and inter- or intra-observer variability. Autofluorescence
guidance seems to make no difference in obtaining better margins than WL guidance.
However, contrast-agent-based autofluorescence might be more effective, and testing this
technique in large randomized controlled trials is advisable. We also recommend continu-
ing to investigate iodine and NBI-guided surgery in more extensive cohorts, with a larger
focus on differentiation between (severe) dysplasia and SCC, as the consequences of the
treatment of residual dysplasia and SCC are highly different. Apart from reporting the
treatment effect of the technique in terms of margins ‘free from SCC and (severe) dysplasia’,
the presence of close (1–5 mm) or free (≥5 mm) margins should be reported as well, accord-
ing to the standard guidelines. Finally, we recommend a larger focus on actual diagnostic
accuracy rather than treatment effect only. This strategy would allow for determining a
meaningful sensitivity, specificity, and PPV, in addition to negative predictive value (NPV).
Such an approach will lead to a better understanding of the value of these techniques.
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Abstract: Weekly paclitaxel (WP) is a chemotherapeutic cornerstone in the management of patients
with platinum-resistant ovarian carcinoma. Multiple WP dosing regimens have been used clinically
and studied individually. However, no formal comparison of these regimens is available to provide
objective guidance in clinical decision making. The primary objective of this study was to compare
the cumulative dose of paclitaxel delivered using 80 mg/m2/week, administered using either a
3 weeks out of 4 (WP3) or a 4 weeks out of 4 (WP4) regimen. The secondary objective was to evaluate
the clinical outcomes associated with both regimens, including efficacy and toxicity parameters. Our
retrospective cohort comprised 149 patients harboring platinum-resistant ovarian cancer treated at
the CHU de Québec from January 2012 to January 2023. WP3 and WP4 reached a similar cumulative
dose (1353.7 vs. 1404.2 mg/m2; p = 0.29). No significant differences in the clinical outcomes were
observed. The frequency of dose reduction was significantly higher for WP4 than WP3 (44.7% vs.
4.9%; p < 0.01), mainly due to treatment intolerance from toxicity (34.0% vs. 3.9%; p < 0.01). Our
data suggest that a WP3 regimen delivers a similar cumulative dose to WP4, hence offering a better
tolerability profile without compromising efficacy.

Keywords: paclitaxel; ovarian carcinoma; platinum-resistant

1. Introduction

In 2023, approximately 3100 Canadian women received a diagnosis of ovarian can-
cer [1]. Notwithstanding its low incidence, ovarian cancer represents the fifth leading
cause of cancer-related death in this population and is the most lethal of all gynecological
malignancies [1]. Survival rates are highly variable and are mainly related to the stage at
diagnosis. While the 5-year pooled survival rate is 51%, at stage IV, the rate falls to 32% [2].
Moreover, owing in great part to the asymptomatic nature of the disease, approximately
50% of all ovarian cancer cases will be diagnosed at an advanced stage [2]. In almost all
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cases, the first line of treatment involves cytoreductive surgery combined with adjuvant
chemotherapy, most frequently through the combination of platinum and taxane agents [3].
However, while primarily effective, most patients will relapse following initial treatment.
Their disease will then demonstrate progressive resistance to further chemotherapeutic
interventions, partly due to various molecular alterations, intratumoral heterogeneity and
the emergence of resistant subpopulations [4,5]. More specifically, platinum-resistant ovar-
ian carcinoma, which lies within a spectrum of resistance profiles, is broadly defined by the
recurrence or progression within 6 months of exposure to platinum salts [6]. In patients
exhibiting disease with such resistance, treatment options are limited.

There is currently no consensus on the optimal therapeutic strategy once platinum-
resistance has emerged [3,7,8]. Weekly paclitaxel remains central to the available arsenal
in this context, with the reported response rate oscillating between 20% and 62% [8–15].
However, chronic exposure to chemotherapeutic compounds is also thought to possess
potent anti-angiogenic effects, underlining the potential benefit of metronomic dosing
regimens [16]. In order to establish if the reduced frequency of treatments would translate
into comparable effectiveness coupled with reduced toxicities, alternative schedules have
been investigated. The 3 weeks out of 4 regimen (WP3) has been used in platinum-
resistant ovarian carcinoma with good results [10,13,17]. Nonetheless, no prospective nor
retrospective studies have directly compared the continuous weekly regimen (4 weeks out
of 4; WP4) to WP3.

In this paper, we present retrospective data comparing the efficacy and safety of
paclitaxel 80 mg/m2 administered as WP3 and WP4 regimens in 149 patients with platinum-
resistant ovarian carcinoma treated at our center over the last ten years. Our results add to
the paucity of data available to guide clinical decision making in this challenging population.

The primary endpoint is the cumulative dose of paclitaxel received for WP3 and WP4.
Secondary endpoints are related to the occurrence of paclitaxel dose reduction, the mean
paclitaxel dose received per week and the dose intensity administered (% of the maxi-
mum expected dose infused). Additional secondary endpoints are time to next treatment
(TTNT), overall survival (OS), mean duration of treatment, CA-125 response, occurrence of
treatment delays, hospitalizations, neurotoxicity and the need for blood transfusions.

Our hypothesis was that WP4 would not lead to a higher cumulative dose since it
would require more dose reductions and lead to more toxicities than WP3. We transposed
this hypothesis from a similar study with Bortezomib, where a weekly administration
schedule demonstrated equivalent progression free survival (PFS) and OS with a better
tolerability profile than bi-weekly administration [18].

No formal statistical hypothesis was made and all the available patients were included.
Our results demonstrate a similar cumulative dose for WP3 and WP4 with a compara-

ble efficacy profile and better tolerability of WP3.

2. Materials and Methods

We have retrospectively studied a cohort of 149 patients treated at CHU de Quebec-
Université Laval who received WP for platinum-resistant ovarian carcinoma between
January 2012 and January 2023. The paclitaxel regimen choice (WP3 or WP4) was based on
the clinicians’ personal preferences, patients’ comorbidities and clinical trends. Inclusion
criteria included a diagnosis of ovarian, tubal or primary peritoneal metastatic or locally
advanced carcinoma. The platinum resistance was defined as progressing within 6 months
after platinum-compound exposure.

Exclusion criteria included patients receiving WP before 2012 or after January 2023,
treatment with WP for another type of cancer or administration of less than one full cycle
of treatment. Finally, if WP was administered and withheld for several weeks/months then
reintroduced for progression as a new line, only the first treatment was used for analyses.

Patients were identified retrospectively through the chemotherapy prescription and
administration database of the CHU de Quebec-Université Laval. All patients receiving WP
were screened with the inclusion and exclusion criteria mentioned above. Retrospective
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data were then analyzed comparing the two groups head-to-head (WP3 vs. WP4). Patients
were allocated to WP3 and WP4 in an intention-to-treat manner.

Main characteristics of the study population were compiled for each group (WP3
and WP4), such as age, ECOG Performance Status [19], tumor origin, histology, surgical
cytoreduction, BRCA status, number of previous lines of treatment, taxane-free inter-
val, Bevacizumab and PARP inhibitors (PARPi) exposition. The cumulative and mean
dose administered, dose reduction, treatment delay and dose intensity were the collected
dosing parameters. The toxicity parameters were hospitalizations, neurotoxicity, blood
transfusions and treatment intolerance. The efficacy parameters were median OS, TTNT,
duration of treatment and CA-125 response based on the Gynecologic Cancer Intergroup
(GCIG) criteria.

The study was approved by the local ethical research committee of the CHU de
Québec-Université Laval (2023–6722) and was conducted conforming to the Declaration of
Helsinki. Data were double-anonymized.

Descriptive statistics (mean with standard deviation or median with interquartile
range, or proportions) were used as appropriate. Wilcoxon Mann–Whitney, Pearson’s
Chi Square and Student T-tests were used to compare groups. All tests were two-sided
and the threshold of <0.05 for p values was considered to be statistically significant. The
Kaplan–Meier method was used to estimate OS and TTNT. The analysis was conducted
using the SAS® 9.4 software.

3. Results

Of the 149 patients corresponding to the aforementioned inclusion and exclusion
criteria, 102 formed the WP3 and 47 the WP4 group. When dividing the studied period
in half, 42/102 patients received WP3 between 2012 and 2017, and 60/102 between 2018
and 2023. In parallel, 36/47 patients received WP4 between 2012 and 2017 and 11/47
between 2018 and 2023. The median follow-up time was 13.0 months. As presented in
Table 1, the WP3 and WP4 patient populations were essentially comparable. The majority
of patients were BRCA-negative, diagnosed with high-grade serous carcinoma and had
good performance status (ECOG = 1) at initiation of WP. The median number of previous
treatment lines was 3 in both groups. The taxane and platinum-free intervals were similar.
The descriptive demographics of the studied cohorts are detailed in Table 1.

Table 1. Main characteristics of the study population.

Variables WP3 (n = 102) WP4 (n = 47) p

Treatment period <0.01
2012–2017 42 36
2018–2023 60 11

Age (years) 69.0 64.0 0.06
ECOG (%) 0.47

0–1 87 (85.3) 44 (93.6)
2–3 15 (14.7) 3 (6.4)

Tumor origin (%) 0.18
Ovary 85 (83.3) 33 (70.2)

Peritoneum 5 (4.9) 7 (14.9)
Tubal 12 (11.8) 7 (14.9)

Histology (%) 0.05
High-grade serous 91 (89.2) 36 (76.6)

Others 11 (10.8) 11 (33.4)
Surgical cytoreduction (%) 0.02

None 19 (18.6) 2 (4.3)
Suboptimal 20 (19.6) 16 (34.0)

Optimal 62 (60.8) 27 (57.4)
Non-specified 1 (1.0) 2 (4.3)
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Table 1. Cont.

Variables WP3 (n = 102) WP4 (n = 47) p

Germinal BRCA status (%) 0.42
Negative 75 (73.5) 29 (61.7)
BRCA1 3 (2.9) 1 (2.1)
BRCA2 2 (2.0) 2 (4.3)

Unknown 22 (21.6) 15 (31.9)
#previous lines of treatments (%) 0.40

1 7 (6.9) 1 (2.1)
2 25 (24.5) 11 (23.4)
3 40 (39.2) 14 (29.8)
4 17 (16.7) 15 (31.9)
5 8 (7.8) 4 (8.5)
6 1 (1.0) 1 (2.1)
7 4 (3.9) 1 (2.1)

Taxane-free interval (months) 17.0 18.5 0.96
Platinum-free interval (months)
Bevacizumab (%)

8.0
10 (9.8)

8.0
5 (10.6)

0.94
1.0

PARPi (%) 17 (16.7) 6 (12.8) 0.75
Regimens were administered using weekly paclitaxel either 3 weeks out of 4 (WP3) or 4 weeks out of 4 (WP4).
Maximal dosage regimens were WP3 = 60 mg/m2/week (80 mg/m2/week 3 weeks out of 4, thus 60 mg/m2

when distributed on a 4-week schedule) and WP4 = 80 mg/m2/week. The percentage represents proportion of
patients presenting the specified characteristics within their respective groups. Age, taxane-free and platinum-free
intervals are presented as medians. Bevacizumab and PARPi represent the percentage of patients with a prior
exposure to these drugs.

There was no difference in the delivered cumulative dose between the two treat-
ment regimens (1353.7 vs. 1404.2 mg/m2; p = 0.29). An expected statistically signif-
icant difference in the mean weekly dose received between the two groups was ob-
served (59.1 vs. 70.2 mg/m2/week; p < 0.01), since the 80 mg/m2/week in WP3 reduces
to 60 mg/m2/week when reported on a 4-week schedule. There was also a significant
difference in the dose intensity received (98.5 vs. 87.8% of planned dose respectively;
p < 0.01). Still, there was no difference in the treatment delays (27.5 vs. 23.4%; p = 0.69) was
noted (Table 2).

Table 2. Comparison of WP3 and WP4 dosing parameters.

Variables WP3 WP4 p

Cumulative dose (mg/m2) 1353.7 1404.2 0.29
At least one dose reduction (%) 4.9 44.7 <0.01
At least one treatment delay (%) 27.5 23.4 0.69

Mean dose (mg/m2/week) 59.1 70.2 <0.01
Dose intensity (%) 98.5 87.8 <0.01

Maximal dosage regimens were WP3 = 60 mg/m2/week and WP4 = 80 mg/m2/week. Cumulative dose is
expressed as a mean. Percentage for dose reduction and treatment delay represents proportion of patients who
required these interventions. Dose intensity is expressed as percentage of maximal dose received.

However, there was a significant difference in the dose reductions, with 4.9% of
patients receiving WP3 requiring a dose reduction compared to 44.7% of patients receiving
WP4 (p < 0.01) (Table 2). These dose reductions were mainly due to a difficulty in tolerating
the treatment as per the clinician assessment (3.9 vs. 34.0%; p < 0.01) (Table 3). Nevertheless,
when analyzed individually, there was no significant difference in hospitalizations (22.5 vs.
31.9%; p = 0.33), the occurrence of neurotoxicity (66.6 vs. 60%; p = 0.93) or the percentage of
patients receiving packed red blood cells transfusion (4.9 vs. 10.6%; p = 0.29) (Table 3).
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Table 3. Comparison of WP3 and WP4 toxicity parameters.

Variables WP3 WP4 p

Hospitalizations (%) 22.5 31.9 0.33
Neurotoxicity (%) 66.6 66.0 0.93

Blood transfusions (%) 4.9 10.6 0.29
Toxicity-related dose reductions (%) 3.9 34.0 <0.01

The percentage represents the proportion of patients experiencing the adverse effect. Toxicity-related dose
reduction is defined as any treatment intolerance causing a reduction in the administered dose.

As demonstrated in Table 4, the median TTNT was not statistically different between
both groups (6.3 vs. 6.2 months; p = 0.28) (Figure 1a). The median OS was also not
statistically different between WP3 and WP4 (14.6 vs. 13.6 months; p = 0.43) (Figure 1b).
The median duration of treatment was comparable in both groups with 20.4 weeks for WP3
versus 17.0 weeks for WP4 (p = 0.52), respectively. A 50% or more CA-125 reduction was
observed in 61.5% of WP3 vs. 64.1% of WP4 (p = 0.79).

Table 4. Comparison of WP3 and WP4 efficacy parameters.

Variables WP3 WP4 p

Overall survival (months) 14.6 13.6 0.43
Time to next treatment (months) 6.3 6.2 0.28
Duration of treatment (weeks) 20.4 17.0 0.52

CA-125 > 50% response (%) 61.5 64.1 0.79
Overall survival, time to next treatment and duration of treatment are presented as medians. CA-125 response is
based on the Gynecologic Cancer Intergroup (GCIG) criteria.

 

 

(a) (b) 

Figure 1. (a) Time to next treatment according to the paclitaxel regimen used; (b) overall survival
according to the paclitaxel regimen used.

4. Discussion

The results of this retrospective analysis suggest that the administration of WP3
delivers a similar cumulative dose with a comparable efficacy to WP4, which confirms
our hypothesis. The collected results did not identify a specific toxicity pattern. However,
the proportion of patients requiring dose reduction with WP4 was significantly higher
than with WP3, mainly due to treatment intolerance. Given the inherent limitations of
the retrospective collection of the toxicity data, we hypothesize that the greater number
of dose reductions is a surrogate of the increased toxicity of the WP4 regimen, even if our
results do not show this explicitly in the various individually collected adverse events.
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As toxicity data were not collected prospectively, the retrospective assessment from the
clinical notes of subjective symptoms such as fatigue, neuropathy, dyspnea, inappetence
or nausea was of limited value. Nevertheless, we believe that increased toxicity is the
more plausible explanation for the most frequent dose reductions with the WP4 regimen.
This difference in tolerance between the two groups is also reflected in the planned dose
intensity administered. Furthermore, the larger proportion of patients receiving WP4 in the
first half of the time period seems to demonstrate a change in clinical practices, probably
based on the observed toxicities in the WP4 group.

When compared to pre-existing data, two European studies published in 2002 used
WP4 [12,20]. The first one included 57 patients treated with WP4 for platinum-resistant dis-
ease, with a response rate of 49–56%, an OS of 13.7 months and a PFS of 4 to 5 months [12].
The second study, comparing WP4 and paclitaxel every 3 weeks in 208 patients, demon-
strated a 41% response rate for WP4 with a median complete response of 4.5 months. The
median response duration was 9.4 months in the WP4 group, with a time to progression of
6.1 months and a median OS of 13.6 months. It should be noted that half of the patients in
this study did not have platinum-resistant tumors [20]. Lastly, a study of 37 patients from
2004 administering WP3 to platinum-refractory patients demonstrated a total response rate
of 45.9% with an initial improvement of the CA-125 of 56%, using Gynecological Cancer
Intergroup (GCIG) response criteria [13]. The results also showed that as the number of
previous lines of treatment increases, the response to treatment decreases [13]. It should
be reminded that in our study, the median number of previous lines of treatment was 3,
hence our patients were more likely to be multidrug-resistant. That being said, despite
the differences in the populations and outcome definitions, the performance of our WP4
and WP3 regimens seems globally similar to the literature, suggesting that the comparable
results between our two groups are unlikely to be attributable to an underperformance of
the WP4 cohort [12,13,20].

The strength of our study is that it is, to our knowledge, the first retrospective trial
to directly address the question of the optimal WP administration regimen in platinum-
resistant ovarian carcinoma. Although an indirect analysis of phase II studies or a control
arm of phase III studies [8–15] may inform us of the efficacy and toxicity of these two
regimens, population and study design differences make inter-study comparisons biased
and thus potentially less useful than the data presented in our study.

There are limitations to our study that need to be recognized, including mainly the
retrospective nature of data collection. As discussed above, we believed that it specifically
impacted the exhaustivity of the collected toxicity details. In addition, there may have been
biases in the clinicians’ selection of the chemotherapy regimen. However, it is probable that
the frailest patients would have been assigned to the lowest dose-dense regimen (WP3),
which is reassuring for the validity of the results observed. Also, the choice of a weekly,
more tolerated regimen may result from frailty but also depends on the degree of toxicity
of the previous treatment. Lastly, the use of growth factor was not collected, which is also a
limitation that could influence the results in both groups.

Since the WP4 regimen did not lead to a greater cumulative dose administered com-
pared to WP3, the addition of a therapeutic break without compromising the effectiveness
of treatment in terms of TTNT, OS, CA-125 response and the total duration of treatment is
clinically appealing. This monthly week off can potentially free up chemotherapy chair
time, which is a major issue in the context of human resource shortages in North America.
This could inform institutional decisions to provide wiser resource utilization. In addition,
this pause offered with WP3 may be attractive for patients with a chronic and incurable
disease who often seek ways to optimize their quality of life by alleviating treatment burden
and toxicity. In addition, it was estimated that the cost of one week of WP at the CHU de
Québec was about CAD 252, including the nursing staff, pharmacist and medication fees.
Even if not transposable to other centers due to local variations, this could potentially lead
to a substantial financial advantage for the healthcare system.
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5. Conclusions

In summary, our data support a comparable cumulative dose administered for a
similar efficacy between WP3 and WP4 regimens as well as a possible advantage with
regard to the toxicity profile of WP3, as implicitly reflected by a lower proportion of dose
reductions in this group.
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Abstract: Background: Differentiated thyroid cancer (DTC) patients have an outstanding overall
long-term survival rate, and certain subsets of DTC patients have a very high likelihood of disease
recurrence. Radioactive iodine (RAI) therapy is a cornerstone in DTC management, but cancer
cells can eventually develop resistance to RAI. Radioactive iodine-refractory DTC (RAIR-DTC) is
a condition defined by ATA 2015 guidelines when DTC cannot concentrate RAI ab initio or loses
RAI uptake ability after the initial therapy. The RAIR condition implies that RAI cannot reveal new
met-astatic foci, so RAIR-DTC metabolic imaging needs new tracers. 18F-FDG PET/CT has been
widely used and has demonstrated prognostic value, but 18F-FDG DTC avidity may remain low.
Fibroblast activation protein inhibitors (FA-Pi)s, prostatic-specific membrane antigen (PSMA), and
somatostatin receptor (SSTR) tracers have been proposed as theragnostic agents in experimental
settings and Arg-Gly-Asp (RGD) peptides in the diagnostic trial field. Multi-targeted tyrosine kinase
inhibitors are relatively new drugs approved in RAIR-DTC therapy. Despite the promising targeted
setting, they relate to frequent adverse-event onset. Sorafenib and trametinib have been included
in re-differentiation protocols aimed at re-inducing RAI accumulation in DTC cells. Results appear
promising, but not excellent. Conclusions: RAIR-DTC remains a challenging nosological entity. There
are still controversies on RAIR-DTC definition and post-RAI therapy evaluation, with post-therapy
whole-body scan (PT-WBS) the only validated criterion of response. The recent introduction of
multiple diagnostic and therapeutic agents obliges physicians to pursue a multidisciplinary approach
aiming to correct drug introduction and timing choice.

Keywords: radioactive iodine; therapy; theragnostics; differentiated thyroid cancer; refractory DTC

1. Introduction

While differentiated thyroid cancer (DTC) patients have an outstanding overall long-
term survival rate, certain subsets of DTC patients have a very high likelihood of disease
recurrence [1–3]. To evaluate the likelihood of recurrent or chronic illness in DTC patients,
the American Thyroid Association (ATA) initial risk classification system has been proposed.
Three risk categories (low, middle, and high) are assigned to patients. Furthermore, the ATA
has suggested a dynamic risk categorization approach that considers imaging, biochemical,
and clinical data gathered during follow-up. Radioiodine (RAI) diagnostic whole-body
scanning (WBS) has been utilized in the past for DTC disease status assessment, but it has
been replaced by a combination of neck ultrasonography (US) and serum thyroglobulin
(Tg) measurement [1].

The current data demonstrate that patients with undetectable serum Tg levels have a
high chance of achieving complete remission, and that a diagnostic workup may not be
necessary in these cases [4,5]. Moreover, serum Tg, after some months of detectable levels,
can tend to zero with no further actions.
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An adequate uptake of RAI in the target tissue, defined as RAI avidity (RAI-A),
is mandatory to obtain a successful RAI therapy. Low-risk disease and a post-surgical
thyroid remnant are usually highly iodine-avid targets as they usually retain sodium–iodine
symporter (NIS) expression.

Recently, the clinical application of RAI therapy has experienced a gradual decrease [6,7].
In particular, low-risk DTC should not be treated with post-surgery RAI ablation according
to ATA guidelines [1]. Nevertheless, intermediate- and high-risk DTC may take advantage
of RAI therapy administered for ablation purposes, or in cases of advanced disease, for
metastasis therapy or palliation purposes [1].

The primary tumor size and the eventual lymph node metastases determine the
administered radioiodine activity, but RAI-A is not guaranteed, especially in high-risk DTC
or in the presence of known metastases [8–10].

Several factors have been associated with lower RAI-A of metastatic tissue, such as
patient age, large tumor, histological type and high [18F]fluorodeoxyglucose uptake [11,12].
Furthermore, tumors exhibiting BRAF V600E or TERT promoter mutations are less likely
to spawn iodine-avid metastases and are associated with poorer patient outcomes. The
co-occurrence of these two mutational events in papillary thyroid cancer (PTC) has been
found to be especially indicative of aggressive tumor features [8,13,14].

2. Defining Radioactive Iodine-Refractory Differentiated Thyroid Cancer

Despite the possibility of iodine uptake being altered ab initio in DTC [15], RAI therapy
is still a cornerstone for the success of medium- and high-risk DTC treatment [1,2,16]. Iodine
uptake may decrease with disease progression until further RAI administration becomes
ineffective from a clinical point of view. In this condition, DTC can be considered refractory
to RAI. RAIR-DTC is a relatively uncommon condition (four to five cases/million/year).
RAIR-DTC is associated with a bad prognosis, and less than 10% of patients survive at
10 years (mean 3–5 years) [17].

Radioactive iodine-refractory DTC (RAIR-DTC) is defined by the ATA 2015 guidelines
as a condition where DTC cannot concentrate radioactive iodine (RAI) at the time of
initial treatment or loses its ability to concentrate RAI after initial therapy. RAIR-DTC also
includes cases where only the local lesion concentrates RAI or there is disease progression
and metastatic spread after high-dose treatment despite the ability to concentrate RAI [1].

While the refractory condition of DTC patients who lose the capability to concentrate
RAI into the target lesion is well understood, more controversy surrounds cases where
RAIR is associated with disease progression despite good RAI uptake. For these patients,
evaluating the risk-to-reward ratio is crucial. After a cumulative dose of 600 mCi, the risk
of side effects increases, while the likelihood of achieving a cure decreases. Therefore, the
decision to continue RAI treatment should be made on a case-by-case basis, considering
the patient’s previous response to RAI administration [18–20]. Table 1 summarizes all the
conditions where the ATA 2015 guidelines define a DTC as RAIR.

Table 1. ATA 2015 RAIR categories.

I. Malignant/metastatic tissue cannot concentrate RAI on a diagnostic radioiodine scan.

II. Malignant tissue cannot concentrate RAI on a post-131I therapy scan.

III. The tumor loses the ability to concentrate RAI after previous evidence of RAI-avid disease.

IV. RAI is concentrated in some lesions only.

V. Metastasis progression even with significant RAI uptake.

VI. >600 mCi of cumulated 131I therapy.

Radioactive iodine-refractory (RAIR); radioactive iodine (RAI).

577



Curr. Oncol. 2024, 31

Nevertheless, RAIR categories defined by ATA 2015 may appear over-restrictive in the
view of a personalized medicine approach and should not be considered definitive. Mar-
tinique principles were proposed in 2019 when some experts proposed that the feasibility
of RAI therapy in DTC patients should be discussed case by case, not excluding it a priori
when a DTC patient falls in an ATA 2015 RAIR category. Indeed, RAIR definition criteria
will be subject to evolution due to recent introduction of re-differentiation therapies [21].

The risk of RAIR-DTC can rise in elderly patients with an aggressive histological DTC
subtype and with metastatic disease at the time of diagnosis. In these patients, cancer
heterogeneity increases with RAI uptake inhomogeneity into target lesions, so RAI therapy
can be less effective [3,22]. The prevalence of RAIR-DTC amounts to approximately 15%
of DTC patients, particularly those with distant metastases at diagnosis and older age.
BRAF and RAS kinase mutations are the more frequent alterations in follicular thyroid
cancer (FTC) [8,14,23]. Extracellular signal-regulated kinase (ERK) or mammalian target of
rapamycin (mTOR) activation pathways are the main mechanisms involved in RAIR with
under-expression of sodium–iodine symporter (NIS) and the overexpression of glucose
transporter 1 (GLUT1) [2,10,24,25]. From a functional point of view, DTC cells progressively
lose the capability of accumulating iodine, but gain extra energetic substrates that can
sustain the increased metabolic requirement of cancer cells.

3. Identifying RAIR
131I gamma emission can be used for diagnostic purposes with a whole-body scan

(WBS) performed by a gamma camera. According to the 131I dose administered, WBS
can be defined as diagnostic WBS (D-WBS) or post-therapy WBS (PT-WBS) according to
low or high activity used. While PT-WBS can be considered a good negative detector
of RAIR, the same consideration cannot be reserved to diagnostic 131I-whole-body scan
(D-WBS). RAI activity, acquisition time, γ-camera model and TSH stimulation play a role
in D-WBS accuracy and sensibility. In particular, low-administered-RAI activity for D-WBS
acquisition would not allow the detection of all the RAI-avid foci [26–28].

Nevertheless, the added value of performing 131I-single-photon emission computed
tomography (SPECT)–computed tomography (CT) has been debated since the introduction
of this hybrid method. Some authors put the light on the better detection ability derived
from the attenuation correction algorithms and from the morphological imaging acquired
simultaneously [29–31]. In cases of equivocal findings on planar WBS images, PT-131I-
SPECT/CT can differentiate remnant thyroid from lymph-nodal accumulation. Indeed,
focal uptake of uncertain source may be defined as para-physiological or metastatic with
fine body district localization [31–33]. Thus, the initial staging of DTC, as with patient risk
assessment, can be corrected by additional imaging findings.

Patients who present negative imaging of 131I-WBS (despite D-WBS or PT-WBS) and
abnormally elevated serum Tg levels should receive adequate attention, because this always
indicates the presence of RAI-refractory disease.

RAIR often occurs in advanced DTC patients, when cancer heterogeneity increases along
with aggressiveness. Additionally, RAI accumulation can vary lesion by lesion [34,35].

Molecular imaging reflects these changes accordingly. RAI accumulation decreases while
18F-fluorodeoxyglucose (FDG) uptake increases. This is called the “flip-flop” phenomenon and
it is directly correlated with DTC dedifferentiation and aggressiveness [11,12,36,37].

18F-FDG positron emission tomography (PET)/computed tomography (TC) can be
evaluated qualitatively by visual uptake detection and quantitatively by SUV estimation.

In RAIR-DTC, usually 18F-FDG uptake and SUV are increased compared to DTC. Never-
theless, SUV may be considered a good predictor of cancer growth speed in DTC [38,39].

18F-FDG DTC-positive findings are also correlated with poorer prognosis, as demon-
strated by various scientific papers [2,12,36,39–41]. Some authors also suggest a good
correlation between 18F-FDG uptake and the presence of BRAF v600e mutation in DTC
cells [42,43].
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4. Current Molecular Imaging and Care Options

Routine RAI imaging in clinical settings involves both regional and planar WBS and
SPECT methods. However, there are no standardized quantitative methods for assessing re-
sponse. Instead, response criteria often rely on visually assessed decreases in tumor uptake
during post-treatment follow-up. It is important to consider the potential for functional
tumor de-differentiation over the course of the disease when interpreting decreased RAI
uptake in follow-up scans. To assess this possibility, 18F-FDG PET/CT scans, which reflect
tumor glycolytic activity, should be used.

It is now possible to target aberrant cellular pathways and to provide additional
treatment options for patients with otherwise poor prognoses due to the identification of
multiple molecular alterations in advanced thyroid cancer.

For RAIR-DTC, the current standard of care involves treatment with tyrosine kinase
inhibitors (TKIs).

The first-line setting includes both sorafenib and lenvatinib, as established by the Na-
tional Comprehensive Cancer Network (NCCN) guidelines [44]. However, some patients
manifest RET or NTRK fusions, and the standard of care has to be changed accordingly.
More than half of patients show BRAF mutation, but the efficacy of BRAF inhibitors is not
better than lenvatinib, and they are reserved to later therapy options [45].

Before initiating lenvatinib, blood pressure must be under control, but in cases of
difficulty, sorafenib should be adopted. Selective RET inhibitors such as selpercatinib or
larotrectinib should be preferred in patients with fusion detection. However, in cases of
BRAF positivity, lenvatinib remains preferable, with BRAF inhibitors reserved for later
lines of therapy. In the second-line setting, cabozantinib is also authorized and considered
standard therapy.

The main challenges in managing RAI-refractory differentiated thyroid cancer (RAIR-
DTC) include the onset of resistance and adverse events. To extend the efficacy of systemic
therapy, local treatments such as surgery or external radiation should be considered for
single progressing lesions. Although sorafenib and lenvatinib therapies are associated
with adverse events, patients may achieve optimal outcomes and should be encouraged to
adhere to treatment to avoid unnecessary dose reductions or treatment withdrawal.

5. Future Diagnostic and Therapeutic Perspectives

RAIR-DTC biochemical characteristics imply the need to research alternative targeted
imaging tracers to iodine. Advanced cancer cells show some molecular pathway activation
and mechanism similarities, so some tracers used in other cancer imaging could be adopted.

Integrin αvβ3 is involved in tumor angiogenesis and can be a potential imaging
target for cancer growth using radiolabeled arginylglycylaspartic acid (RGD) peptides in
DTC patients who had negative 131I-WBS, but elevated Tg levels [46–49]. Additionally, it
has been suggested that 99mTc-3PRGD2 uptake can predict the disease progression after
initial RAI therapy in high-risk DTC patients [50]. RGD peptides can also be labeled with
positron-emitting radionuclides for PET/TC application [51]. Chernaya et al. reported that
BRAF mutation is linked with different expression levels of integrin receptors in DTC. In
this scenario RGD imaging can be proposed under individualized conditions [52].

Prostate-specific membrane antigen (PSMA) ligands are a recent introduction in
prostate cancer theragnostics [53–55]. PSMA overexpression has also been found in tumor
neovasculature in various other tumors [56,57]. The expression of PSMA in thyroid tissue
has been examined by some authors. Bychkov et al. enrolled 267 patients and found that
PSMA was expressed in DTC neovasculature, but not in healthy tissue [58]. Similar results
were found by Heitkotter and coworkers when comparing PSMA expression in thyroid
cancer and benign thyroid diseases [59]. Hence, PSMA imaging in RAIR-DTC should be
feasible. One study investigated PSMA uptake prospectively in 10 patients with 32 DTC
metastatic lesions: 68Ga-PSMA PET/TC uptake was consistent (30/32 detected metasta-
sis) and performance was superior to 18F-FDG PET/CT (23/32 detected metastasis) [60].
Verburg et al. in 2015 [61] and Lütje et al. in 2017 [62] demonstrated a possible role of
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68Ga-HBED-CC-PSMA PET/CT for staging patients with RAIR-DTC metastases and for
select patients eligible for PSMA radioactive labeled therapy. More recently, de Vries and
coworkers explored the possible use of 177Lu-PSMA-617 therapy in five RAIR-DTC patients
that showed 68Ga-PSMA PET/CT uptake in distant metastasis foci. Only two of them were
considered eligible for 177Lu-PSMA-617 administration and only one of them established a
temporary response [63]. These results need to be used to better define the possible role of
PSMA ligands as a basis for future studies.

Somatostatin receptor (SSTR) types 2, 3, and 5 have been demonstrated in various
studies in DTC cells and also in normal thyroid tissue and benign thyroid diseases [64–68].
Radiolabeled somatostatin analogues, such as octreotide and lanreotide marked with 68Ga-
DOTA, have seen reasonably large use in PET/CT SSTR imaging in recent years, especially
in neuroendocrine tumor (NET) imaging [69–73]. However, the role of SSTR tracers in
RAIR-DTC remains unclear. In 2020, Donohoe and colleagues published a document on the
appropriate use of the available nuclear medicine methods, including 68Ga-DOTATATE
PET/CT and 177Lu-labeled SSTR tracers in RAIR-DTC. The committee stated that there
was insufficient evidence to correlate Tg increase with 68Ga-DOTATATE PET/CT imaging
positivity. Therefore 177Lu-labeled SSTR tracers should be considered in the therapeutic
choices of RAIR-DTC patients that have demonstrated SSTR tracer imaging positivity [74].

Similarly to PSMA, radiolabeled choline PET/CT has found consistency in the diag-
nosis of prostate cancer. Thyroid uptake has been recorded in some 18F-choline PET/CT
for prostate cancer diagnosis and staging [75,76]. 18F-choline PET/CT has also been in-
vestigated for detection of DTC metastases negative on 18F-FDG PET/CT. Piccardo et al.
evaluated 25 patients with high-risk RAIR-DTC with both 18F-FDG and 18F-choline PET/CT.
They found a good correlation with Tg doubling time and 18F-choline uptake. Thus, 18F-
choline outperformed 18F-FDG in terms of sensitivity, specificity, and negative predictive
value [77]. 18F-choline PET/CT should be considered in addition to 18F-FDG PET/CT
DTC lesions.

More recently, attention has also moved to the tumor microenvironment (TME), a
complex system composed of extracellular matrix, immune cells, fibroblast, endothelial
cells, and signaling compounds. It has been demonstrated that the TME plays an important
role in tumorigenesis and progression [78]. Of note, fibroblast function is shifted and
promotes tumor growth, so these can be defined as cancer-associated fibroblasts (CAFs)
and express the fibroblast activation protein (FAP) [78,79]. FAP can be targeted by FAP
inhibitors (FAPis) and used in nuclear medicine theragnostic applications [80].

A possible RAIR-DTC application for FAPi has been explored by Chen and coworkers,
who studied a population of 24 patients [81]. All of them underwent 68Ga-DOTA-FAPi-04
PET/CT and the detection rate was fairly good (87.5%). Ballal and co-workers compared
68Ga-DOTA-FAPi-04 PET/CT versus 18F-FDG PET/CT in 117 patients with RAIR-DTC
and demonstrated superior performance in metastasis detection of radiolabeled FAPi over
18F-FDG [82]. After these results, Ballal et al. performed a pilot study aimed at evaluating a
possible therapeutic use of 177Lu-DOTAGA.(SA.FAPi)2 in 15 RAIR-DTC patients that had
failed on all of the standard options of systemic drugs [83]. At the end of the therapy cycles,
the response rate was 92% and a complete response was achieved in 23% of patients.

177Lu-EB-FAPI was studied by Fu and coworkers in 12 patients with RAIR-DTC in a
dose-escalation trial. The results, evaluated with RECIST 1.1 criteria [84], were a partial
response in 25% of patients, stable disease in 58% of patients, and progression in 17% of
patients [85].

Retinoic acids have been studied in thyroid function, and their impairment is often
associated with iodine deficit and thyroid autoimmune disorders. Some authors suggested
that retinoids are involved in gene regulation and NIS expression and potentially could
be used in DTC treatment when RAI avidity decreases [86,87]. Pak and coworkers [88]
and Groener et al. [89] explored the retinoic acid administration in RAIR-DTC patients for
re-differentiation purposes and RAI administration eligibility. Both studies reported that a
minority of patients responded to retinoid administration.

580



Curr. Oncol. 2024, 31

Selumetinib is an MAPK kinase (MEK) 1 and MEK2 inhibitor that has been proposed
to reverse refractoriness to RAI. A cluster of RAIR-DTC patients were included in experi-
mental selumetinib administration by Ho et al. [90]. Patient RAI uptake was studied by
a 124I-PET/TC scan, performed before and after 4 weeks of selumetinib treatment, for
dosimetry purposes. Eight (four with BRAF mutation and five with NRAS mutation) of the
twenty patients received RAI due to the optimal RAI dose to lesions (≥2000 cGy). Five of
eight obtained a partial response, while three achieved stability of disease [90].

Larson and coworkers also found an increase in RAI uptake after selumetinib admin-
istration in 20 RAIR-DTC patients studied with 124I-PET/TC scan [91].

The ASTRA phase III trial investigated selumetinib and RAI synergic administration
in 233 high-risk DTC patients with high likelihood of RAIR. In sum, 78 patients received
placebo and 155 patients received selumetinib and RAI adjuvant therapy. The tandem drug
administration failed to improve the complete response rate in this patient cluster [92].

Sorafenib and lenvatinib are multi-targeted tyrosine kinase inhibitors (mTKIs) recently
approved for use in RAIR-DTC [93–96]. Progression-free survival (PFS) achieved using
these drugs is good, but neither overall survival (OS) nor quality of life (QOL) would match
the patient’s needs. Numerous adverse events have been reported and the treatment is usually
prolonged until progression, so the development of resistance has to be expected [94,95]. There
is expanding evidence that mTKIs can induce a sort of re-differentiation in RAIR-DTC cells,
promoting NIS exposition on cell membranes and re-inducing a possible RAI sensibility.
Iravani et al. studied a re-differentiation protocol in six RAIR-DTC patients harboring
the BRAF v600e mutation. The therapy was targeted to MEK with trametinib and the
v600e mutation of BRAF with dabrafenib and trametinib. RAI uptake was demonstrated
in four of six patients, and one of them achieved a complete response after therapeutic
RAI administration [97]. Leboulleux and coworkers developed a phase II prospective
trial based on re-differentiation therapy with dabrafenib and trametinib, followed by
a fixed RAI administration of 5550 MBq. The RAIR-DTC status was demonstrated by
a D-WBS prior to mTKI administration [98]. Eleven patients were enrolled and ten of
them received RAI therapy. After 6 months, RECIST criteria defined a partial response
in 20% of patients and stable disease in 70% of patients. Unfortunately, 10% of patients
showed a progression of the disease. Metabolic assessment was performed with 18F-FDG
PET/CT and results were similar to RECIST evaluation (partial response in 25%, stable
disease in 63%, and progression in 13% of patients) [98]. Balakirouchenane et coworkers
studied 22 patients undergoing re-differentiation therapy followed by RAI administration.
They found a linkage between lower mTKi plasma concentration and RAI uptake [99].
Leboulleux et al. studied 24 patients with RAIR-DTC (confirmed by D-WBS) with small
metastases that underwent a re-differentiation protocol with dabrafenib–trametinib tandem
administration for 42 days [95]. A 5550 MBq RAI therapy was administered at day 28 after
rh-TSH stimulation and a first evaluation of response was assessed by RECIST criteria
after 6 months. If a partial response was reached, a second RAI could be administered
after 6 or 12 months. Progression was diagnosed in 10% of patients, while partial or stable
disease was achieved in 38% and 52% of patients, respectively. Ten patients received a
second RAI administration: one of them obtained a complete response and six obtained a
partial response at 6-month evaluation. One patient died because of progressive disease
within 24 months. Despite the evidence of adverse events being common (96% of patients),
the re-differentiation protocol was considered a good option for RAIR-DTC patients with
small metastases.

6. A Case of Re-Differentiation

A 59-year-old man underwent total thyroidectomy in 2016 and a subsequent left
cervical lymphadenectomy based on evidence of papillary thyroid carcinoma with lymph
node metastases (pT1b N1b Mx). 5550 MBq of RAI were administered within 6 months from
surgery. Nevertheless, Tg levels returned, detectable after some years from the first RAI
therapy, so a second dose of 5550 MBq if 131I was administered. The PT-WBS did not show
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abnormal uptake foci (Figure 1), while Tg blood level was 378 pg/dL after FT4 withdrawal
TSH stimulation and there was evidence of pulmonary nodules on CT examination.

 
(A) (B) 

Figure 1. No evidence of pathological RAI uptake foci. (A) PT-WBS anterior view; (B) PT-WBS
posterior view.

The patient was defined as RAIR and the presence of BRAF v600e mutation was
identified by molecular investigation. A re-differentiation protocol was attempted with
the administration of dabrafenib and trametinib for 42 days. A third dose of 5550 MBq
RAI was administered at the 28th day of dabrafenib and trametinib administration, under
rhTSH stimulation.

A PT-WBS scan demonstrated high RAI uptake in the pulmonary area and left cer-
vical region (Figure 2). PT-SPECT/TC demonstrated RAI diffuse uptake in pulmonary
parenchyma and left posterior mandibular lymph node (Figure 3). Tg blood levels also
increased to 3183 pg/dL after rhTSH stimulation, suggesting that the re-differentiation
protocol must have worked at different molecular levels.

582



Curr. Oncol. 2024, 31

 
(A) (B) 

Figure 2. Focal RAI accumulation in upper-left cervical region: diffuse and intense RAI uptake in
pulmonary field. (A) PT-WBS anterior view; (B) PT-WBS posterior view.

 

A 

B 

Figure 3. (A) High RAI accumulation in posterior mandibular lymph node. (B) Diffuse, intense, and
bilateral RAI uptake in pulmonary tissue.
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7. Advanced RAIR-DTC Treatment

When cancer progresses, it accumulates mutations and acquires multiple drug resis-
tance. In this setting, different molecular targets have to be explored to obtain a clinical
benefit. In RAIR-DTC, MAPK pathway alterations are involved in cancer de-differentiation
and proliferation, so several drugs have been tested in this condition [100].

Lenvatinib is a broad-spectrum TKI directed at vascular endothelial growth factor
receptors (VEGFRs), fibroblast growth factor receptor (FGFR) 1–4, C-KIT, RET protoonco-
gene, and platelet-derived growth factor receptor α (PDGFR-α). It was first approved
for advanced hepatocellular carcinoma, but recently it has been introduced in RAIR-DTC
therapy options. While overall response rate and disease control are acceptable, the main
lenvatinib shortcoming is the onset of important adverse events that can interfere with
therapy continuation [101].

Similarly to lenvatinib, sorafenib is an oral antiangiogenetic agent. In the DECISION
trial, sorafenib resulted in a significant improvement in progression-free survival over
placebo in a setting of RAIR-DTC patients who showed progression after RAI therapy [102].
Cabozantinib is a relatively new entrant to broad-spectrum TKIs. In the COSMIC-311 trial,
it was compared to placebo in previously TKI-treated RAIR-DTC patients, demonstrating
superior efficacy with acceptable side effect onset [103].

Vandetanib was tested in RAIR-DTC patients versus placebo in the VERIFY study.
Researchers found that this compound failed to obtain an improvement over placebo and
in addition introduced an increase in adverse events and deaths [104].

The need for new molecular targets has led to the introduction of sarco/endoplasmic
reticulum calcium ATPase (SERCA) inhibitors when RAIR-DTC develops resistance to TKIs.
In some studies, SERCAi reached in vitro tumor control after TKI therapy failed [105,106].

In this scenario, the role of single-stranded mature microRNAs (miRNAs) has been
investigated. MiRNAs are small sequences of nucleotides that lack coding capability, but are
involved in post-transcriptional gene expression. Some miRNAs have been linked to DTC
tumorigenesis [107], others have been proposed as biomarker for relapse detection [107,108], and
others, such as miR-139-5p, have been suggested as an RAIR pathogenesis explanation [109].
When DTC cells take the way of de-differentiation, this leads to increased aggressivity,
metastasis onset, and worse prognosis [2,40,110].

8. Conclusions

Understanding DTC functional differentiation requires understanding of its complex-
ity, and it is necessary to build clear criteria for response evaluation. Tumor genomics
insights are progressing rapidly, and the chimera of individualized therapy becomes more
perceivable real time progresses. Despite that, RAIR-DTC still represents a challenging
nosological entity. There are still controversies on RAIR-DTC definition, and post-RAI
therapy evaluation with PT-WBS is the only validated criterion of response. Avoiding
unnecessary RAI radiation exposure and sub-optimal interventions for patients are current
concerns. There is a current need to predict RAIR-DTC before RAI therapy and indi-
vidualizing therapeutic choices. Thus, molecular imaging is advancing with molecular
biochemistry research and should aim for RAIR-DTC prediction, targeted therapy, and
optimal onset timing to select second-line treatment strategies in advance.
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Abstract: Prostate-specific membrane antigen (PSMA) is highly expressed in prostate cancer and a
therapeutic target. Lutetium-177 (177Lu)-PSMA-617 is the first radioligand therapy to be approved
in Canada for use in patients with metastatic castration-resistant prostate cancer (mCRPC). As this
treatment represents a new therapeutic class, guidance regarding how to integrate it into clinical
practice is needed. This article aims to review the evidence from prospective phase 2 and 3 clinical
trials and meta-analyses of observational studies on the use of 177Lu-PSMA-617 in prostate cancer
and discuss how Canadian clinicians might best apply these data in practice. The selection of ap-
propriate patients, the practicalities of treatment administration, including necessary facilities for
treatment procedures, the assessment of treatment response, and the management of adverse events
are considered. Survival benefits were observed in clinical trials of 177Lu-PSMA-617 in patients
with progressive, PSMA-positive mCRPC who were pretreated with androgen receptor pathway
inhibitors and taxanes, as well as in taxane-naïve patients. However, the results of ongoing trials are
awaited to clarify questions regarding the optimal sequencing of 177Lu-PSMA-617 with other thera-
pies, as well as the implications of predictive biomarkers, personalized dosimetry, and combinations
with other therapies.
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1. Introduction

Prostate cancer accounts for approximately 10% of cancer mortality among males in
Canada [1]. Historically, nearly all of these deaths were due to metastatic disease, which in
2011–2019 had a five-year relative survival rate of 34%, as compared to almost 100% for
localized or regional disease [2]. The results of recent clinical trials suggest that median
overall survival (OS) for patients with previously untreated metastatic castration-resistant
prostate cancer (mCRPC) ranges from 31 to 41 months [3–6], with real-world data revealing
a slightly shorter median OS of 21 months [7]. Research into therapeutics leveraging novel
targets such as prostate-specific membrane antigen (PSMA) has aimed to improve survival
in patients with metastatic prostate cancer [8–10]. PSMA is a transmembrane enzyme
that has low levels of expression in normal prostate, kidney, and small intestine tissue, as
well as salivary and lachrymal glands, but is overexpressed by 100- to 1000-fold in over
90% of metastatic prostate cancers, with particularly elevated levels in mCRPC [8–10].
Various strategies targeting PSMA in prostate cancer have been investigated, including
monoclonal antibodies and small-molecule radioligand therapy (RLT) [9,10]. Of these, the only
PSMA-directed therapeutic currently approved in Canada is lutetium-177 (177Lu)-PSMA-617,
also known as 177Lu vipivotide tetraxetan, although alternative RLTs utilizing different
PSMA-binding molecules and/or radionuclides are being evaluated in clinical trials [11,12].

177Lu-PSMA-617 is a small-molecule RLT consisting of the radionuclide 177Lu linked
to a PSMA-binding ligand [12]. The radionuclide 177Lu has a half-life of 6.6 days and
emits primarily beta rays, which have an average range of 0.23 mm in soft tissue [13].
The PSMA-binding ligand, PSMA-617, is a chemically modified PSMA inhibitor demon-
strated to have high inhibition potency and efficient internalization into PSMA-positive
cells [14]. Binding of 177Lu-PSMA-617 to PSMA-expressing cells delivers radiation in a
target-specific manner, leading to cell death of PSMA-positive cells, as well as of surround-
ing cells due to the cross-fire effect [12,15]. Following promising preclinical results with
radiolabeled PSMA-617 developed at the German Cancer Research Center in Heidelberg,
Germany [14], 177Lu-PSMA-617 was successfully used on a compassionate basis in patients
with metastatic prostate cancer treated at German centres [16–21]. This paved the way for
formal phase 1 dose-escalation trials in mCRPC to determine the recommended phase 2
dose [22,23], and subsequently for the phase 3 VISION trial [24], which allowed regulatory
approval across numerous jurisdictions [12,25,26]. More recently, the results of the phase 3
PSMAfore trial evaluating 177Lu-PSMA-617 earlier in the mCRPC treatment course have
been reported [27].

In Canada, 177Lu-PSMA-617 administered for up to six cycles was approved by
Health Canada in 2022 for the treatment of adult patients with PSMA-positive mCRPC
who have received at least one androgen receptor pathway inhibitor (ARPI) and at least
one taxane-based chemotherapy regimen [12]. The treatment subsequently received a
recommendation in the 2022 Canadian Urological Association–Canadian Uro-Oncology
Group guideline [28]. The Canadian Agency for Drugs and Technologies in Health also
recommended it be reimbursed by public drug plans, though with the caveat that the
suggested pricing be reduced as list pricing would result in additional costs of $122,489 per
patient [29]. However, as the first RLT to be approved for use in metastatic prostate cancer,
there are practical challenges relating to integrating 177Lu-PSMA-617 into clinical practice.
This article aims to review the existing evidence and to discuss how Canadian clinicians
might best apply these data for their patients.

2. Materials and Methods

Prospective phase 2 and 3 clinical trials and meta-analyses of observational studies
on the use of 177Lu-PSMA-617 in prostate cancer were identified through a search of
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the English language literature and recent major congress abstracts. Databases searched
included PubMed and Google Scholar, which were used to identify publications from
January 2013 to August 2023, as well as the repositories of abstracts presented at the
American Society of Clinical Oncology (ASCO), ASCO Genitourinary Cancers (ASCO-GU),
European Society for Medical Oncology (ESMO), and Society of Nuclear Medicine and
Molecular Imaging (SNMMI) congresses from 2020 to 2023 (Appendix A). Abstracts were
evaluated to identify potentially relevant data sources for full review.

3. Results

3.1. Results of Literature Review

The searches of the Google Scholar and PubMed databases identified 357 and
65 articles, respectively, while 8, 7, and 410 abstracts were identified from searches of
the ASCO/ASCO-GU, ESMO, and SNMMI congress abstracts, respectively. After removal
of duplicates, a total of 668 records were reviewed, 649 of which were removed after ab-
stract review. A total of 17 publications and 9 congress abstracts/posters were reviewed
(Figure 1). Five additional sources not meeting the original search criteria were also pro-
posed by the authors.

 
Figure 1. PRISMA flow diagram of literature review. ASCO, American Society of Clinical Oncol-
ogy; ASCO-GU, American Society of Clinical Oncology Genitourinary Cancers; ESMO, European
Society for Medical Oncology; PRISMA, Preferred Reporting Items for Systematic Reviews and
Meta-Analyses; SNMMI, Society of Nuclear Medicine and Molecular Imaging.

3.2. Patients Treated with 177Lu-PSMA-617

More than 850 patients with progressive mCRPC have been treated with 177Lu-PSMA-617
in the context of three randomized phase 2 and 3 clinical trials [23,24,27]. While the majority
of patients in these trials had an Eastern Cooperative Oncology Group (ECOG) performance
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status (PS) of 0 or 1 and the median age ranged from 70 to 72 years, there was considerable
variation between the trials in other disease characteristics (Table 1). These differences
were partly due to differing inclusion criteria. For instance, median prostate-specific
antigen (PSA) levels in the ARPI-treated, taxane-naïve patients in the PSMAfore study were
<20 μg/L [27], in contrast to median PSA levels of 75–110 μg/L in the TheraP and VISION
trials’ taxane-exposed patients [23,24]. The definition of PSMA-positivity criteria also varied
across trials, with the TheraP trial mandating both PSMA-based and fluorodeoxyglucose
(FDG)-based positron emission tomography (PET) scans [23], as compared to the VISION
and PSMAfore trials, which used PSMA PET and contrast computed tomography (CT)
scan correlation to determine study eligibility [24,27].

Table 1. Baseline patient characteristics in selected randomized phase 2 and 3 studies of 177Lu-PSMA-617
in progressive PSMA-positive mCRPC.

TheraP [23] VISION [24] PSMAfore [27]

Study type Phase 2 Phase 3 Phase 3

PSMA PET eligibility
criteria

68Ga-PSMA-11, SUVmax ≥ 20 at ≥1
disease site and >10 at all other

metastatic disease sites

68Ga-PSMA-11 uptake greater than
liver parenchyma at ≥1 disease site

and no PSMA-negative
metastatic lesions

68Ga-PSMA-11 uptake greater than
liver parenchyma at ≥1 disease site

and no PSMA-negative
metastatic lesions

FDG PET eligibility criteria
No sites with discordant

FDG-positive/
PSMA-negative lesions

N/A N/A

Study arms LuPSMA Cabazitaxel LuPSMA SOC LuPSMA ARPI change
Patients, n 99 101 551 280 234 234
Median age, years 72.1 71.8 70.0 71.5 71 72
ECOG PS 0 or 1, % 96 96 92.6 92.1 99.1 97.9
Median PSA level, μg/L 93.5 110 77.5 74.6 18.4 14.9
Median ALP level, IU/L 111 130 105.0 94.5 100.0 103.5
Disease sites, %

Bone 90.9 89.1 91.5 91.4 87.6 86.8
Liver 7.11 1 12.91 1 11.4 13.6 5.6 3.0
Lymph node 52.5 46.5 49.7 50.4 32.5 31.6

Previous treatments, %
ARPI 92 90 100 100 100 100
Cabazitaxel 0 0 37.9 38.2 0 0
Docetaxel 100 100 96.9 97.5 0 0

1 Includes all visceral disease sites (lung, liver, and other), not just liver. 68Ga, gallium-68; 177Lu, lutetium-177;
ALP, alkaline phosphatase; ARPI, androgen receptor pathway inhibitor; ECOG, Eastern Cooperative
Oncology Group; FDG, fluorodeoxyglucose; LuPSMA, 177Lu-PSMA-617; mCRPC; metastatic castration-
resistant prostate cancer; N/A, not applicable; PET, positron emission tomography; PS, performance status;
PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; SOC, standard of care; SUVmax,
maximum standard uptake value.

Outside of clinical trials, the use of 177Lu-PSMA-617 has been reported in more than
2500 patients with progressive mCRPC in real-world settings [30]. The reported median age
of patients in one systematic review of observational studies ranged from 65 to 72 years [31].
In contrast to clinical trials, these patients had higher median PSA levels ranging from 59 to
1000 μg/L, along with a greater proportion of liver metastases (18%) [32]. Approximately
70% of the patients included in such observational studies had previously been treated
with a taxane [32].

3.3. Survival Outcomes with 177Lu-PSMA-617

In the VISION trial, which enrolled patients with mCRPC who had received at least
one line of ARPI treatment and one line of chemotherapy, 177Lu-PSMA-617 improved
imaging-based progression-free survival (PFS) by 60% (hazard ratio [HR] = 0.40; 95%
confidence interval [CI] 0.29–0.57; p < 0.001) and OS by 38% (HR = 0.62; 95% CI 0.52–0.74;
p < 0.001) vs. trial-permitted best standard of care (SOC) (Table 2) [24]. The median
imaging-based PFS was 8.7 months and median OS was 15.3 months for the 177Lu-PSMA-
617 arm, vs. 3.4 months and 11.3 months, respectively, for the SOC arm. In the TheraP trial,
which enrolled patients with mCRPC who had received prior docetaxel chemotherapy,
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treatment with 177Lu-PSMA-617 also significantly increased PFS (defined as the interval
from randomization to first evidence of PSA progression) vs. cabazitaxel (HR = 0.63; 95%
CI 0.46–0.86; p = 0.0028) [23]. In PSMAfore, which enrolled patients who were chemotherapy-
naïve, at the time of the second interim analysis median imaging-based PFS was 6.4 months
longer in the 177Lu-PSMA-617 arm vs. the ARPI change arm (HR = 0.43; 95% CI 0.33–0.54;
p < 0.0001), while there was no significant difference in median OS, which was 19.25 vs.
19.71 months in the 177Lu-PSMA-617 and ARPI change arms, respectively (HR = 1.18; 95%
CI 0.83–1.64) [27]. It is important to note that a high crossover rate occurred, with 84.2% of
patients who progressed in the ARPI change arm subsequently receiving 177Lu-PSMA-617,
thus likely diminishing the between-arm differences [27].

Table 2. Survival and quality of life outcomes in selected randomized phase 2 and 3 studies of
177Lu-PSMA-617 in progressive PSMA-positive mCRPC.

TheraP [23] VISION [24,33] PSMAfore [27]

Study arms LuPSMA Cabazitaxel LuPSMA SOC LuPSMA ARPI Change
Patients, n 99 101 551 280 234 234
Median imaging-based PFS, months NR NR 8.7 3.4 12.0 5.6

HR (95% CI)

p value 0.63 (10.46–0.86)
0.0028

0.40 (0.29–0.57)
<0.001

0.41 (0.33–0.54)
<0.0001

Median OS, months NR NR 15.3 11.3 19.2 19.7
HR (95% CI)

p value NR 0.62 (0.52–0.75)
<0.001

1.16 (0.83–1.64)
NR

Median time to HRQOL
worsening, months 1 NR NR 14.3 2.9 7.5 4.3

HR (95% CI)

p value NR 0.45 (0.33–0.60)
<0.001

0.59 (0.47–0.72)
NR

Median time to pain
worsening, months 2 NR NR 1.0 0.5 5.0 3.7

HR (95% CI)

p value NR 0.65 (0.54–0.78)
<0.001

0.69 (0.56–0.85)
NR

1 As measured by FACT-P score; 2 As measured on BPI-SF scale. 177Lu, lutetium-177; LuPSMA, 177Lu-PSMA-617;
ARPI, androgen receptor pathway inhibitor; BPI-SF, Brief Pain Inventory-Short Form; CI, confidence interval;
FACT-P, Functional Assessment of Cancer Therapy-Prostate; HR, hazard ratio; HRQOL, health-related quality
of life; mCRPC; metastatic castration-resistant prostate cancer; NR, not reported; OS, overall survival; PFS,
progression-free survival; PSMA, prostate-specific membrane antigen; SOC, standard of care.

A meta-analysis of observational studies of 177Lu-PSMA RLT found that median OS in
the real-world setting was 16 months [31]. This meta-analysis concluded that survival was
longer in chemotherapy-naïve vs. chemotherapy-resistant patients, those with an ECOG
PS of 0 vs. 1–2, those with only lymph node metastases vs. those with bone, lung, or
liver metastases, those with normal vs. elevated serum alkaline phosphatase (ALP), those
with higher vs. lower average standard uptake values (SUVaverage) and minimal SUV
(SUVmin), those who received an intensified vs. conventional schedule of RLT, and those
who had a PSA decline of at least 50% [31]. Other meta-analyses confirmed the negative
impact of visceral metastases and prior taxane-based chemotherapy on OS following
177Lu-PSMA RLT [32,34].

Similar results were seen in phase 2 and 3 clinical trials. For instance, while no OS
benefit has yet been shown in taxane-naïve patients treated with 177Lu-PSMA-617 vs.
ARPI change, possibly due to high levels of crossover in the phase 3 PSMAfore trial [27],
subgroup analyses from the VISION trial suggested that both imaging-based PFS and OS
benefits were potentially greater in patients who had previously been treated with one vs.
two or more taxanes [35]. The same analyses also suggested greater survival benefits in
patients who had been treated with at least two vs. only one ARPI, as well as those not
on concurrent ARPI vs. on concurrent ARPI [35]. Additionally, the results of both TheraP
and VISION suggested patients with higher whole-body tumour mean SUV on PSMA PET
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(SUVmean ≥ 10) were more likely to derive imaging-based PFS benefit from treatment with
177Lu-PSMA-617 than those with lower SUVmean, although all subgroups benefitted [36,37].

A multicentre retrospective study analyzed data from 176 patients treated with
177Lu-PSMA RLT in order to incorporate these predictive markers into nomograms, which
were then validated in another cohort of 74 patients [38]. Factors in the OS nomogram
included time since diagnosis, use of previous chemotherapy, tumour SUV, and presence
of pelvic nodal, bone, and liver metastases [38].

3.4. Quality of Life with 177Lu-PSMA-617

Quality of life analyses of the VISION trial found that treatment with 177Lu-PSMA-617
in addition to SOC delayed time to worsening vs. SOC alone in terms of measures of
health-related quality of life (HRQOL) and pain, such as the Functional Assessment of
Cancer Therapy-Prostate (FACT-P) score and Brief Pain Inventory-Short Form (BPI-SF)
pain intensity score (p < 0.001 for all comparisons, Table 2) [33]. Quality of life analyses of
the PSMAfore study found similar benefits in delaying time to worsening HRQOL and
pain in the 177Lu-PSMA-617 vs. ARPI change arms [27].

3.5. Adverse Events Associated with 177Lu-PSMA-617

The adverse events of any grade that were most commonly increased in the
177Lu-PSMA-617 + SOC arm vs. the SOC alone arm in the VISION trial included dry
mouth, fatigue, nausea, anemia, and diarrhea, while the most commonly increased grade
≥3 adverse events were anemia, thrombocytopenia, and lymphopenia, which were gener-
ally infrequent (Figure 2) [24]. In this study, treatment-emergent adverse events occurred
with similar frequency during cycles 1–5, which had median durations of 6 weeks each,
with more adverse events being observed during cycle 6, which had a median duration of
26 weeks since the period of observation continued beyond week 6, reflecting an ascertain-
ment bias due to the longer observation period [39]. Increases of ≥10% in the incidence of
dry mouth with 177Lu-PSMA-617 vs. control were also observed in the other randomized
clinical trials, TheraP and PSMAfore, which employed cabazitaxel and ARPI change as
controls, respectively [23,27]. Increases of ≥10% in the incidence of thrombocytopenia was
also noted in TheraP [23], while in PSMAfore, nausea and anemia were increased ≥10%
with 177Lu-PSMA-617 vs. ARPI change (Figure 3) [27].

Figure 2. Adverse events most commonly increased in patients treated with 177Lu-PSMA-617 + SOC
vs. SOC alone in the phase 3 VISION trial (Δ ≥ 10%) [24]. LuPSMA, 177Lu-PSMA-617; SOC, standard
of care.
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Figure 3. Adverse events most commonly increased in patients treated with 177Lu-PSMA-617 vs.
ARPI change in the phase 3 PSMAfore trial (Δ ≥ 5%) [27]. ARPI, androgen receptor pathway inhibitor;
LuPSMA, 177Lu-PSMA-617.

4. Discussion

Clinical trials have demonstrated that 177Lu-PSMA-617 improves imaging-based PFS
and OS in patients with progressive, PSMA PET-positive mCRPC who have been pretreated
with ARPIs and taxanes [23,24]. Improved imaging-based PFS vs. ARPI change was also
demonstrated earlier in the disease course in taxane-naïve patients [27]. With health
regulatory approval of 177Lu-PSMA-617, the challenge is now to incorporate these clinical
trial data into clinical practice.

4.1. Treatment Sequencing and Patient Selection Criteria

Selection of appropriate patients is key to fully realizing the potential benefits of
RLT. While the Health Canada indication for 177Lu-PSMA-617 requires that patients
have been previously treated with at least one ARPI and one taxane [12], the optimal
place of this therapy in the treatment sequence for mCRPC has yet to be determined.
The current regulatory requirement for prior taxane exposure is based on the VISION
clinical trial, which demonstrated the benefits of 177Lu-PSMA-617 over SOC in taxane-
exposed patients, including those who had received docetaxel as well as those who had
received both docetaxel and cabazitaxel [24]. The TheraP trial demonstrated the superior-
ity of 177Lu-PSMA-617 for PFS as well as tolerability, although these patients were more
highly selected for PSMA positivity by more stringent PSMA-PET criteria than the criteria
used in the VISION study [23]. In addition, the current regulatory requirement for prior
chemotherapy treatment is problematic as it has been demonstrated in population-based
studies that the majority of patients with mCRPC within Canada never receive taxane
chemotherapy during their disease course due to comorbidities that are common in this
patient population, which is generally of advanced age [40]. Moreover, while patients who
had been treated with radium-223 within six months were excluded from the VISION trial,
real-world data suggest that treatment with radium-223 is feasible both before and after
177Lu-PSMA-617 [41,42]. Other sequencing issues that have yet to be clarified include the
benefits of RLT vs. docetaxel and its place in chemotherapy-naïve patients. Ongoing stud-
ies, such as Canadian Clinical Trials Group (CCTG) PR.21, PSMAddition, and PSMAfore,
should help to address the optimal sequencing of 177Lu-PSMA-617 in the current treatment
paradigms for advanced prostate cancer [11].

While the results of these trials are awaited, no single criterion should preclude a
patient who has already received ARPI and taxane treatment from consideration for treat-
ment with 177Lu-PSMA-617. Nonetheless, the European Association of Nuclear Medicine
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(EANM)/SNMMI guideline for the use of 177Lu-PSMA RLT suggests several factors that
should be considered relative contraindications to treatment, such as life expectancy of less
than six months, ECOG PS of more than two, severe myelosuppression, acute infections,
acute bone complications (e.g., fracture, spinal cord compression), risk of multiorgan failure,
untreated acute urinary tract obstruction, unmanageable urinary incontinence, unmanage-
able psychiatric comorbidities, and other severe comorbidities [43]. These factors should
be considered in conjunction with the patient’s overall health and cancer history, including
time since diagnosis and the extent and location of metastases. An online risk calculator
developed based on real-world nomograms (https://uclahealth.org/nuc/nomograms,
accessed on 1 March 2024) [38] may assist oncologists with the selection of patients who
should be considered with nuclear medicine for 177Lu-PSMA-617, following prior ARPI
and taxane treatment.

The results of PET imaging are also critical for determining patient suitability for
therapy with 177Lu-PSMA-617. While studies such as TheraP used dual PSMA and FDG
PET imaging to determine PSMA-positivity [23], the VISION trial used PSMA PET/CT
imaging for the inclusion of patients with at least one PSMA-positive metastatic lesion
and no PSMA-negative lesions (Figure 4) [24,44]. This may be a reasonable alternative
given that when a single-centre study examined 89 patients referred for 177Lu-PSMA-617
with FDG and PSMA PET within two weeks, only three patients had an FDG/PSMA
mismatch not detected by the PSMA PET-only (VISION-like) analysis [45], although the
prevalence of ≥1 FDG-positive/PSMA-negative lesion in the TheraP trial was 28% [23].
The EANM/SNMMI guideline suggests that while simultaneous FDG PET may be useful
in certain cases, it is not mandatory for all patients [43]. From a Canadian perspective, dual
PET imaging in all patients is not practical for many hospital centres given the limited
availability of PET scanners and associated infrastructure [29]. However, while dual PET
imaging is not necessary, a separate diagnostic contrast CT scan remains important as liver
disease maybe not be evident on non-contrast CT acquired as part of PET/CT scans.

Regardless of the imaging methods used, higher SUVs (SUVmean ≥ 10) may be a
prognostic or predictive biomarker that helps identify patients with more favourable prog-
nosis [36,37]. Conversely, caution should be used and alternative therapies considered if
available and applicable in patients with rapidly progressing disease or progressive visceral
disease. In addition to appropriate imaging to determine RLT eligibility, multidisciplinary
evaluation and discussion are important to determining whether to proceed with RLT for a
specific patient given the existing and emerging spectrum of systemic therapy options [28].

4.2. Necessary Facilities for Treatment Procedures

The administration of 177Lu-PSMA-617 requires dedicated treatment facilities for the
administration of unsealed radiation sources. In particular, dedicated radiopharmacy
facilities and treatment rooms are necessary, as well as standard operating procedures
for patient isolation immediately after infusion and the management of contaminated
materials after treatment until any residual radioactivity has decayed to safe levels for
disposal through usual hospital waste streams. Drug administration should be performed
by qualified technical personnel in appropriately licensed facilities supervised by physi-
cians with appropriate training in the administration of radiopharmaceuticals. In most
cases, treatments will be administered within nuclear medicine departments under the
supervision of nuclear medicine physicians. In some jurisdictions, radiopharmaceutical
administration may fall under the purview of radiation oncologists as this speciality is also
well positioned to oversee these treatments given their training in therapeutic radiotherapy
and dosimetry with external beam radiation as well as sealed and unsealed brachytherapy
materials. Guidance documents for the administration of RLT have been issued by pro-
fessional organizations such as the EANM, SNMMI, and American Society for Radiation
Oncology (ASTRO), among others [43,46].
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Figure 4. PSMA PET/CT selection criteria for the VISION trial [44]. A version of this figure was
originally published in JNM. Kuo PH, Benson T, Messmann R, Groaning M. Why we did what
we did: PSMA PET/CT selection criteria for the VISION trial. J Nucl Med 2022, 63, 816–818.
© SNMMI [44]. CT, computed tomography; MIP, maximum intensity projection; MR, magnetic
resonance; PET, positron emission tomography; PSMA, prostate-specific membrane antigen.

4.3. Counselling Patients on the Practicalities of Administration

Given the novelty of this therapeutic class in prostate cancer, patients who have
been referred for 177Lu-PSMA-617 may have numerous questions regarding the real-
world experience of RLT treatment. 177Lu-PSMA-617 is administered intravenously, often
as an intravenous push given within one minute, with up to six doses being given at
six-week intervals [12]. Typically, patients can expect to remain in the nuclear medicine
department for 30–60 min. Although the radioactive nature of the therapy means certain
precautions need to be taken in order to minimize radiation exposure to others, no hospital-
ization or prolonged isolation of patients is required due to radiation safety concerns and
radioprotection may be managed by the patients at home, as outlined in sample patient
instructions (Appendix A).

4.4. Assessment of Treatment Response

PSA should be monitored at each cycle in patients treated with 177Lu-PSMA-617
as PSA response becomes a reliable proxy for response 2–3 weeks after the second cy-
cle [43]. In addition, the EANM/SNMMI guideline recommends that imaging-based
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restaging be conducted every 12 weeks during treatment and at the end of each series of
177Lu-PSMA RLT, with additional restaging conducted in cases of PSA rise (i.e., PSA in-
crease of >25%) [43]. As in all mCRPC patients, the backbone of imaging restaging remains
contrast CT scans of the chest, abdomen, and pelvis, and whole-body radionuclide bone
scanning. Additionally, while restaging patients with PSMA PET or FDG PET was not
carried out in the VISION trial and evidence supporting the post-therapeutic use of this
strategy is limited, it may be useful in select patients where response or resistance would
need to be determined in order to guide treatment decisions. Whole-body single photon
emission computed tomography (SPECT) planar imaging, conducted 1–4 days post-therapy,
may be another alternative to PSMA PET reimaging and response schemes based on SPECT
imaging have been proposed [47,48]. In addition, the use of serial SPECT imaging for
personalized 177Lu-PSMA-617 dosimetry has been proposed to optimize treatment re-
sponse [49]. However, at this time, such personalized dosimetry is not the standard of care
as approvals for 177Lu-PSMA-617 are for fixed dose administration, it is not yet possible
to order and deliver patient-specific 177Lu-PSMA-617 doses, and the benefits vs. fixed per
patient dosing have yet to be established.

Therapy with 177Lu-PSMA-617 may be continued until disease progression, unaccept-
able toxicity, or six cycles have been given [12]. However, there is no widely accepted
definition as to what constitutes disease progression on PSMA imaging; for example, it is
unclear whether the presence of one or two new lesions or, alternatively, increases in SUV
in the absence of new lesions, would be considered progression. Additionally, it should be
noted that if the imaging modality changes between staging and restaging, it can be difficult
to differentiate true progression from pseudo-progression. In fact, in general, assessment
of progression can be challenging in patients with mCRPC and discordant changes may
be seen between PSA, imaging, and symptoms. Careful assessment and multidisciplinary
review of cases is thus required to integrate all available information and make treatment
decisions so as to not discontinue therapy too quickly in patients who may be benefiting.

4.5. Management of Adverse Events

As compared to SOC, the most common symptomatic adverse events seen with
177Lu-PSMA-617 included dry mouth, fatigue, nausea, diarrhea, and cytopenias. Pro-
phylactic antiemetic medication, such as ondansetron and/or corticosteroids, may help
minimize nausea, and diarrhea may be managed through dietary changes and the use
of medications such as loperamide or diphenoxylate/atropine [43]. Unfortunately, no
effective strategies to manage treatment-related dry mouth or non-hematologic fatigue
have yet been identified.

The treatment-modifying grade ≥ 3 adverse events most commonly observed with
177Lu-PSMA-617 are hematologic in nature. Monitoring of hematologic parameters is thus
advised before and during treatment with 177Lu-PSMA-617 [12]. Treatment should be
postponed or withheld in cases of grade ≥ 2 myelosuppression until recovery to baseline
or grade 1 is observed [12,43]. Transfusion and/or erythropoietin may be used to manage
anemia, while the use of growth factors may be appropriate for neutropenia [12,43].

It is important that RLT therapy be integrated into the multidisciplinary care of the
patient with clear lines of communication and well-described roles and responsibilities
regarding patient monitoring and treatment modification. For example, patients receiving
RLT will be transitioning from prior ARPI and docetaxel chemotherapy and subsequently
monitored by oncologists and nuclear medicine specialists. As patients move into a phase
of treatment with RLT, it must be clear who is responsible for the monitoring and manage-
ment of RLT toxicity; in most cases this will be the provider supervising RLT prescription
and delivery. At the same time, co-management with the other specialties is required
in order to ensure other oncologic issues, such as the administration of bone-modifying
agents and intervention in cases of acute oncologic complications, are appropriately man-
aged. Most patients will eventually experience treatment-limiting disease progression or
toxicity and appropriate transition back to other oncologic specialties for alternate sys-
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temic therapies and to palliative care specialists for supportive care treatments must occur
efficiently and seamlessly.

4.6. Ongoing Questions

Despite the clear benefits seen in clinical trials of 177Lu-PSMA-617, a number of
questions remain, including the identification of additional biomarkers to predict response,
the implications of personalized dosimetry, the potential benefits of combination with
other treatments, and the optimal sequencing with other therapies, including use earlier in
the metastatic disease setting. Ongoing studies, such as CCTG PR.21, PSMAddition, and
PSMAfore, among others, may help answer some of these questions [11]. Ongoing trials
are also investigating the use of novel RLTs in progressive mCRPC, including treatments
using 177Lu linked to different PSMA-binding or other prostate cancer-specific ligands as
well as treatments using different radionuclides, such as actinium-225, iodine-131, and
lead-212 [11]. The announcement of statistically significant topline results from the phase 3
SPLASH study of the PSMA-targeted RLT 177Lu-PNT2002 in patients with chemotherapy-
naïve mCRPC who had progressed on an ARPI presages the advent of additional RLTs for
patients with mCRPC [50].

5. Conclusions
177Lu-PSMA-617 represents not just a new therapy but a new therapeutic class for the

treatment of prostate cancer. As such, clinical pathways need to be developed and clinicians
involved in the treatment of mCRPC must become familiar with these new processes in
order to realize the benefits of RLT for their patients. While not all the suggestions included
in this discussion are strictly evidence-based, it is the hope of the authors that this review
of the evidence and associated expert opinions help practitioners translate these data into
the current Canadian practice setting. Finally, as the therapeutic landscape for mCRPC
continues to evolve, new treatments and emerging data will need to be considered when
making treatment decisions.
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Appendix A. Literature Search Strategy

• Objective: to identify clinical trials and observational studies on the use of
177Lu-PSMA-617 in patients with prostate cancer that were published in the liter-
ature within the last 10 years or presented at a major congress within the last 3 years.

• Searches conducted:

� Google Scholar

� Search string: allintitle: (177Lu OR “lutetium-177” OR Lu OR lutetium)
AND (PSMA OR “PSMA-617” OR “prostate specific membrane antigen”
OR “vipivotide tetraxetan”)

� Limits: 2013 or more recent; terms in title

� PubMed

� Search string: (“prostate cancer” or “Prostatic Neoplasms” [Mesh])
AND (177Lu OR lutetium-177 OR Lu OR lutetium OR “Lutetium”
[Mesh]) AND (PSMA OR PSMA-617 OR “prostate-specific membrane
antigen” OR “vipivotide tetraxetan”)

� Limits: English language; article types: case reports, clinical study,
clinical trial, comparative study, meta-analysis, observational study,
randomized controlled trial; 2013 or more recent

� ASCO database:

� Search strings:

i. 177Lu
ii. Lutetium

� Limits: ASCO and ASCO-GU conferences; years 2020, 2021, 2022, and
2023; topic: prostate cancer

� ESMO database:
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� Search strings:

i. 177Lu
ii. Lutetium

� Limits: meeting resources; tumour site: prostate cancer; years 2020,
2021, 2022, and 2023

� SNMMI congress abstract supplements:

� Search string: 177Lu OR lutetium
� Years searched: 2020, 2021, 2022, and 2023.

Appendix A. 1777Lu-PSMA Therapy Instructions for Patients

Your doctors have determined that 177Lu-PSMA therapy is the best way to treat your
prostate cancer. Although safe, we need your help to minimize radiation exposure to the
general population and members of your family following your therapy.

Instructions

1. Preferably, drive home alone after your treatment. If this is not possible, keep as much
distance as possible between yourself and the driver.

2. To minimize radiation exposure to other people, keep a maximum distance and a
minimum exposure time between yourself and anyone else. Spend the least amount
of time necessary in close contact (stay more than 2 m away) with other people for the
next 3 days. For example, sleep alone for the first 3 nights.

3. Avoid all contact with children less than 10 years of age for 7 days and with pregnant
women for 15 days.

4. You can return to daily activities or work as early as 3 days after treatment, while
avoiding contact with pregnant women and children less than 10 years of age.

5. Drink lots of water after the treatment and for the next 24 h (eight 8-ounce glasses).
6. Always follow good hygiene practices. Take at least one shower per day. You must

use toilet paper each time you urinate. Wash your hands thoroughly after using the
toilet. You should sit while urinating to avoid splashing. Flush the toilet twice after
each use for the first 24 h. Caregivers must wear disposable gloves for 3 days after
treatment if there is a risk of contact with bodily fluids.

7. If you have any nausea or vomiting, take the medication prescribed to you.
8. If you are planning to travel outside of the country by any means or to go to an airport

in the next 3 months, please inform the Nuclear Medicine Department and you will
be provided with a document explaining the therapy you just received.

9. Keep this document on you for the next week, and show it to your health care
provider(s) should you require any urgent care in the next 7 days. Outside of
working hours, health care providers can contact a nuclear medicine physician at
TELEPHONE NUMBER.

10. Should you have questions regarding your treatment, you can contact someone during
working hours at the Department of Nuclear Medicine at TELEPHONE NUMBER.
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Abstract: Subtype of urothelial carcinoma (SUC), defined here as urothelial carcinoma with any
histologic subtype or divergent differentiation, is a clinically aggressive disease. However, the
efficacy of enfortumab vedotin (EV) against SUC remains unclear. Hence, this study aimed to
assess the oncological outcomes of patients with SUC treated with EV for metastatic disease. We
retrospectively evaluated consecutive patients with advanced lower and upper urinary tract cancer
who received EV after platinum-based chemotherapy and immune checkpoint blockade therapy
at six institutions. The objective response rate (ORR), progression-free survival (PFS), and overall
survival (OS) were compared between patients with pure urothelial carcinoma (PUC) and those with
SUC. We identified 44 and 18 patients with PUC and SUC, respectively. Squamous differentiation was
the most common subtype element, followed by glandular differentiation and sarcomatoid subtype.
Although patients with SUC had a comparable ORR to those with PUC, the duration of response
for SUC was short. Patients with SUC had poorer PFS than those with PUC; however, no significant
difference was observed in OS. Multivariate analysis revealed that SUC was significantly associated
with shorter PFS. Although the response of metastatic SUC to EV was similar to that of PUC, SUC
showed faster progression than PUC.

Keywords: enfortumab vedotin; antibody–drug conjugate; histologic subtype; metastatic urothelial
carcinoma; prognosis; survival; divergent differentiation; variant histology

1. Introduction

Urothelial carcinoma (UC) is a common malignancy of the genitourinary system, typi-
cally affecting the bladder, renal pelvis, and the ureter. However, bladder cancer accounts
for the majority of the UC cases. In 2020, 573,200 new cases of bladder cancer and 212,500
related deaths were recorded worldwide according to the GLOBOCAN estimates [1]. In
recent years, immune checkpoint inhibitors (ICIs) have become the standard treatment for
advanced UC as an adjuvant, maintenance, or second-line therapy after platinum-based
chemotherapy [2–4]. However, most cases of advanced UC tend to progress. In the EV-301
phase 3 clinical trial, enfortumab vedotin (EV), which is an antibody–drug conjugate (ADC)
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directed against nectin-4, improved the survival of patients after platinum-based chemother-
apy and ICI therapy failure [5]. Thus, in November 2021 in Japan, EV monotherapy was
approved as a third-line regimen for patients with advanced UC. In 2023, we reported
our early experience with the high effectiveness and tolerability of EV monotherapy for
metastatic UC in a single-center cohort [6].

Pure conventional UC (PUC) is a predominant histology of upper or lower urinary tract
malignancies, and it also has different morphologic categories within a tumor type. Owing
to improved pathologic recognition [7], a subtype of UC (SUC), defined here as UC with
any histologic subtype or divergent differentiation, has been frequently observed [8]. Thus,
we previously reported that SUC accounted for approximately 31% of muscle-invasive
bladder cancers, 12% of upper tract urinary cancers, and 34% of metastatic diseases [9]. SUC
generally presents with an already advanced stage at diagnosis, indicating an aggressive
biological behavior [10]. Recent studies have focused on the morphologic category in UC
as a prognosticator in patients with locally advanced bladder cancer [11] and upper urinary
tract cancer [12]. Ultimately, the results regarding prognosis in the surgical setting for
patients with SUC are conflicting. Additionally, evidence of survival from systemic therapy
for patients with metastatic SUC is insufficient [13,14] as the efficacy of EV on SUC has
rarely been reported, thereby remaining unclear. Therefore, the therapeutic effect of EV in
patients with SUC must be investigated further.

This study aimed to assess the oncological outcomes of patients with metastatic SUC
who received EV monotherapy in real-world clinical practice from the Uro-Oncology Group
in Kyushu (UROKYU) study population.

2. Materials and Methods

2.1. Patient Population

We retrospectively reviewed 63 consecutive patients with histologically confirmed
metastatic PUC or SUC in the upper or lower urinary tract who had received EV after
chemotherapy and immunotherapy at six institutions between December 2021 and August
2023, using the UROKYU study population. In this study, SUC was defined as the mixed
presence of UC and a histologic subtype or divergent differentiation based on the World
Health Organization Classification of Tumors [8]. The histomorphological subgroup was
determined based on reports provided by dedicated pathologists at each institution without
a central review. Prior radical surgeries included cystectomy and nephroureterectomy. In
our cohort, no patient underwent metastasectomy or cytoreductive surgery. Some patients
were diagnosed with PUC or SUC solely based on a small biopsy specimen for primary or
metastatic tumor sites, including transurethral resection of bladder tumors and uretero-
scopic biopsy of the renal pelvis or the ureter. All patients showed radiologically confirmed
disease progression after undergoing platinum-based chemotherapy and subsequent ICI
therapy for metastatic disease. After excluding one patient for whom the therapeutic effect
of EV could not be evaluated, we included 62 patients for the analysis. Our study protocol
was approved by the University of Occupational and Environmental Health Institutional
Review Board (approval no. CRG23-017) and the ethics committee of each institution.

2.2. Patient Management

EV was administered intravenously at a dose of 1.25 mg/kg on days 1, 8, and 15,
and the cycle was repeated every 28 days until disease progression, unacceptable adverse
events, or consent withdrawal occurred. No upper limit was put on the number of cycles
in the case of no progression. Moreover, EV treatment was stopped immediately in the case
of unacceptable adverse events or consent withdrawal. Follow-up evaluation included
physical examination, laboratory tests, and chest–abdominal–pelvic computed tomography,
which was performed at baseline and after every two to three cycles of EV. If symptoms
appeared, appropriate additional examinations were conducted.
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2.3. Evaluation

Tumor response was assessed as the best response according to the Response Evalua-
tion Criteria in Solid Tumors, version 1.1. [15]. We defined objective response rate (ORR) as
the proportion of patients with a complete response (CR) or a partial response (PR), and
the disease control rate as the proportion of patients with CR, PR, or stable disease (SD)
without progressive disease (PD). The duration of response was the time from PR or CR
onset until progression or death from any cause, whichever was earlier.

Moreover, progression-free survival (PFS) was calculated from the date of EV introduc-
tion to the date of disease progression or death, whichever occurred earlier, or to the last
follow-up in patients without disease progression. Overall survival (OS) was calculated
from the date of administration to the date of death from any cause or to the last follow-up
in patients who survived.

2.4. Statistical Analysis

All statistical data were analyzed using EZR ver. 1.40 (Easy R; Saitama Medical Center,
Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R
Foundation for Statistical Computing, Vienna, Austria) [16]. Between-group differences
were assessed using Fisher’s exact test for categorical variables and Mann–Whitney U
test for continuous variables. Response duration, PFS, and OS were estimated using
the Kaplan–Meier method and compared using the log-rank test. For the univariate
and multivariate analyses of clinicopathological factors, we used the Cox proportional
hazard models. The significant factors influencing the cause of progression or death as the
dependent outcome were recruited in multivariate analyses. A p value less than 0.05 was
considered statistically significant.

3. Results

3.1. Patient Characteristics

Of the 62 patients enrolled, 44 (71%) and 18 (29%) had PUC and SUC, respectively.
The most common subtype element was squamous differentiation (16.1%), followed by
glandular differentiation (6.5%) and sarcomatoid subtype (3.2%) (Table 1).

Table 1. Histologic type of patients treated with enfortumab vedotin.

Histologic Type Number of Patients (%)
Primary Tumor Site

Lower/Upper Urinary Tract

PUC 44 (71) 20/24

SUC 18 (29) 12/6

SUC subgroup
Squamous differentiation 10 (16.1) 6/4
Glandular differentiation 4 (6.5) 4/0
Sarcomatoid subtype 2 (3.2) 0/2
Plasmacytoid subtype 1 (1.6) 1/0
Neuroendocrine

differentiation 1 (1.6) 1/0

Abbreviations: PUC, pure urothelial carcinoma; SUC, subtype of urothelial carcinoma.

Table 2 compares the baseline characteristics of patients with PUC and SUC. Age, sex,
Eastern Cooperative Oncology Group performance status (ECOG-PS), primary tumor site,
anemia occurrence, proportion of liver metastasis, and prior treatment pattern did not
significantly differ between the two patient groups. Furthermore, the dosing cycles of EV
administered were comparable between the groups. Withdrawal of EV resulting in adverse
events and consent withdrawal occurred in five patients and one patient, respectively.
Regardless of their severity, we did not note any deaths caused by adverse events during
the EV treatment.
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Table 2. Patient characteristics.

PUC (n = 44) SUC (n = 18) p Value

Age, median (IQR) 73 (68–76) 73 (71–79) 0.415

Sex, n (%) 0.355
Male 31 (70.5) 15 (83.3)
Female 13 (29.5) 3 (16.7)

ECOG-PS score, n (%) 0.667
0 19 (43.2) 7 (38.9)
1 18 (40.9) 8 (44.4)
2 4 (9.1) 3 (16.7)
3 3 (6.8) 0 (0)

Primary tumor site, n (%) 0.166
Lower urinary tract 20 (45.5) 12 (66.7)
Upper urinary tract 24 (54.5) 6 (33.3)

Histologic diagnosis, n (%) 0.412
Prior radical surgery 24 (54.5) 12 (66.7)
Biopsy 20 (45.5) 6 (33.3)

Anemia (Hb < 10 g/dL), n (%) 14 (31.8) 7 (38.9) 0.768

Liver metastasis, n (%) 9 (20.5) 4 (22.2) 1.00

Number of prior lines of therapy, n (%) 0.842
2 32 (72.7) 13 (72.2)
≥3 12 (27.3) 5 (27.8)

Prior immune checkpoint blockade, n (%) 1.00
Anti-PD-1 28 (63.6) 11 (61.1)
Anti-PD-L1 16 (36.4) 7 (38.9)

EV cycles, median (IQR) 4 (3–7) 4 (2–7) 0.365
Abbreviations: IQR, interquartile range; ECOG-PS, Eastern Cooperative Oncology Group performance status;
Hb, hemoglobin; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; EV, enfortumab
vedotin; PUC, pure urothelial carcinoma; SUC, subtype of urothelial carcinoma.

3.2. Response

Table 3 shows the best overall response in the PUC and SUC groups. The ORR and
disease control rate were similar between the two groups. The detailed response in patients
with SUC was as follows: squamous differentiation (PR in eight and PD in two patients);
glandular differentiation (SD in two and PD in two patients); sarcomatoid subtype (PD in
two patients); plasmacytoid subtype (PD in one patient); and neuroendocrine differentiation
(SD in one patient). Among the 33 patients evaluated as PR or CR, the response duration for
patients with SUC was significantly shorter than for patients with PUC (median, 3.7 months
vs. 7.3 months, p = 0.003) (Figure 1).

Table 3. Observed efficacy of enfortumab vedotin stratified by histologic type.

PUC
(n = 44)

SUC
(n = 18)

p Value

Response, n (%) 0.475
CR 3 (6.8) 0 (0)
PR 22 (50.0) 8 (44.4)
SD 10 (22.7) 3 (16.7)
PD 9 (20.5) 7 (38.9)

Objective response rate (CR + PR), n (%) 25 (56.8) 8 (44.4) 0.413

Disease control rate (CR + PR + SD), n (%) 35 (79.5) 11 (61.1) 0.20
Abbreviations: CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; PUC,
pure urothelial carcinoma; SUC, subtype of urothelial carcinoma.

610



Curr. Oncol. 2024, 31

Figure 1. Kaplan–Meier curves for the duration of response (complete or partial responders) to
enfortumab vedotin in patients with PUC and SUC. Abbreviations: PUC, pure urothelial carcinoma;
SUC, subtype of urothelial carcinoma.

3.3. Survival

The median follow-up time was 7.1 months (interquartile range, 4.0–11.8), during
which 47 (75.8%) patients experienced progression and 30 (48.4%) patients died. PFS was
poorer in patients with SUC than in those with PUC (median, 4.2 months vs. 5.9 months;
p = 0.045) (Figure 2a), whereas OS showed no significant difference between such groups
(median, 7.3 months vs. 16.1 months; p = 0.065) (Figure 2b).

Figure 2. Kaplan–Meier curves for (a) progression-free survival and (b) overall survival after en-
fortumab vedotin initiation in patients with PUC and SUC. Abbreviations: PUC, pure urothelial
carcinoma; SUC, subtype of urothelial carcinoma.

In the univariate and multivariate Cox proportional hazards regression analyses
predicting PFS after adjusting for clinicopathological characteristics (Table 4), the presence
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of histologic subtype or divergent differentiation was identified as a significant independent
predictor of PFS. Additionally, poor ECOG-PS was significantly associated with PFS.

Table 4. Results of univariate and multivariate analyses for progression-free survival.

Variable
Univariate Multivariate

HR (95% CI) p Value HR (95% CI) p Value

Age, years
<73 1
≥73 1.21 (0.67–2.16) 0.529

Sex
Male 1
Female 0.97 (0.49–1.91) 0.932

ECOG-PS score
0 1 1
1 1.35 (0.71–2.59) 0.361 1.27 (0.66–2.45) 0.467
2 2.01 (0.83–4.86) 0.123 1.73 (0.70–4.25) 0.233
3 3.77 (1.08–13.2) 0.038 4.54 (1.27–16.2) 0.019

Primary tumor site
Lower urinary tract 1
Upper urinary tract 0.83 (0.47–1.48) 0.527

Prior radical surgery
No 1
Yes 0.69 (0.38–1.22) 0.201

Anemia
No 1
Yes 1.54 (0.83–2.84) 0.169

Liver metastasis
No 1
Yes 1.50 (0.75–2.99) 0.252

Prior immune checkpoint
blockade

Anti-PD-1 1
Anti-PD-L1 0.67 (0.36–1.23) 0.193

Histologic type
PUC 1 1
SUC 1.86 (1.01–3.45) 0.049 1.90 (1.01–3.61) 0.048

Abbreviations: ECOG-PS, Eastern Cooperative Oncology Group performance status; PD-1, programmed cell
death protein 1; PD-L1, programmed death-ligand 1; PUC, pure urothelial carcinoma; SUC, subtype of urothelial
carcinoma; HR, hazard ratio; CI, confidence interval.

4. Discussion

To assess the efficacy of EV—an ADC directed against nectin-4—on clinical outcomes
according to the histologic types, this study evaluated the therapeutic response to EV
monotherapy and its survival outcome in patients with PUC and SUC after platinum-based
chemotherapy and ICI therapy. In our cohort, squamous differentiation was the most
common subtype element. Although patients with SUC had similar ORR and disease
control rate to those with PUC, the duration of response for SUC was short. Patients with
SUC had poorer PFS than those with PUC, but no significant difference was observed
in OS. Multivariate analysis showed that the presence of histologic subtype or divergent
differentiation was an independent predictor of progression after EV initiation. SUC
might harbor more aggressive biological features in metastatic disease than in locally
advanced disease.

Currently, the efficacy of EV monotherapy as a third-line treatment for patients with
advanced UC remains insufficiently investigated in a real-world setting. In the United
States, only approximately 3–7% of patients with newly diagnosed metastatic disease
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receive third-line therapy [17]. Moreover, the role of EV against SUC has been less explored.
Although the EV-301 trial included 15% (n = 45) of patients with SUC who received EV,
clinical data regarding the response and survival in patients with SUC are still unavail-
able [5]. The Urothelial Cancer Network to Investigate Therapeutic Experience (UNITE)
study has the largest retrospective cohort of patients treated with EV in the United States
(n = 260), of which 66 patients have SUC [18]. The ORR to EV in patients with PUC and
SUC was 58% and 42%, which is consistent with our results. The responses in patients
with squamous differentiation (n = 28) were CR and PR in one (3.6%) and thirteen (46.4%)
patients, respectively. However, compared with our cohort, the UNITE study population
included both platinum-pretreated and platinum-naïve patients. In particular, 86 patients
(33%) received EV monotherapy as the second or earlier line of treatment [18]. Additionally,
response duration and PFS for patients with SUC were not analyzed in the EV-301 trial.
Conversely, the duration of response in our PUC cohort is consistent with that in the EV-201
phase 2 trial (median, 7.6 months) [19]. Recently, Zschabitz et al. [20] reported the clinical
experience of EV treatment in the largest European study population (n = 125); however,
only two patients were included in the SUC group.

In our study, the number of other histologic subtypes or divergent differentiation was
insufficient. Consequently, we did not include histologic subtypes, such as micropapillary
and nested. The heterogeneity in SUC populations may affect the EV therapeutic effect
and patient survival. When evaluating the efficacy of platinum-based chemotherapy as the
first-line treatment, the duration of PFS or OS in patients with squamous differentiation
was comparable to that in patients with other histologic subgroups [9].

Nectin-4 expression is consistently very high in PUC, but prior studies showed lower
nectin-4 expression in SUC than in PUC [21]. Although current clinical trials exploring EV
in UC do not require nectin-4 expression as a stratifying factor [5], preclinical data have
suggested that its expression is necessary for a response to EV [22]. Klümper et al. [23]
recently revealed that nectin-4 expression decreased during metastatic spread in 59% of
their cases. Interestingly, low nectin-4 expression was associated with reduced PFS duration
on EV treatment. In Fan et al.’s immunohistochemical analysis of 161 surgical specimens
stained for nectin-4 [24], membranous positive expression was observed in 79.2%, 100%,
65.2%, 21.1%, 78.9%, and 88.9% of conventional UC, squamous, glandular, neuroendocrine
differentiation, micropapillary, and nested subtypes, respectively. Moreover, a single-center
retrospective analysis on radical cystectomy for SUC showed that sarcomatoid subtypes
had low nectin-4 expression [25]. In 2023, Ghali et al. reported the prominent cytoplasmic
staining of nectin-4 by a rapid autopsy study [26]. Interestingly, nectin-4 accumulates in
the cytoplasm within squamous differentiation or plasmacytoid subtype in bladder cancer,
especially within metastatic specimens, but not neuroendocrine differentiation. Currently,
changes in nectin-4 expression according to the histologic types during EV treatment
remain unevaluated; this evaluation is a major challenge for future studies, including ours.
Additionally, in daily practice, the expression of nectin-4 for SUC is difficult to identify in
metastatic lesions.

Given that there is still no effective treatment strategy for metastatic SUC because of
the exclusion of its analysis from clinical studies, its pharmaceutical therapy is performed
according to PUC. Our previous study showed a similar ORR of gemcitabine plus cisplatin
(or carboplatin) therapy between the PUC (n = 86) and SUC (n = 45) groups. However,
the SUC group had significantly worse PFS (median, 4.9 months vs. 7.9 months) and OS
(median, 10.9 months vs. 18.2 months) than the PUC group [9]. In 2022, we conducted a
multicenter retrospective study showing the survival outcomes of pembrolizumab therapy
in patients with chemotherapy-resistant SUC [14]. Interestingly, the PFS or OS from the
start of pembrolizumab did not significantly differ between the PUC and SUC groups.
Therefore, early sequential therapy from platinum-based chemotherapy to ICI therapy
may be beneficial for patients with SUC. Evaluating the efficacy of avelumab maintenance
therapy or nivolumab adjuvant therapy in patients with SUC is suggested. Moreover,
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we expect the EV plus pembrolizumab as a regimen in the ongoing clinical EV 302 trial
(NCT04223856) to yield a positive effect for SUC.

ECOG-PS is a well-known prognostic factor concerning chemotherapy response. Pa-
tients with poor ECOG-PS (>1) have been excluded from the current clinical trial [27]. In
our previous study, the response to EV was observed irrespective of ECOG-PS (proportion
of patients with PS score of ≥2 was 26.9%), and the health-related quality of life in patients
remained stable from baseline to post-EV introduction [6]. However, the present study
suggests that patients with an ECOG-PS score of 3 are poor candidates for EV treatment.

Although surgery was not associated with a better prognosis in this study, previous
studies have demonstrated that the treatment of the primary tumor can provide some
survival benefit to patients with metastatic UC [28,29]. In the context of improved systemic
therapies, aggressive local treatment in well-selected patients could improve the typically
poor prognosis of these patients.

This study has certain limitations, such as its retrospective nonrandomized design,
small sample size, and short observation period. Histologic assessment of small biopsies
potentially has a false-negative risk in the detection of subtype histology, except for prior
radical surgery. Given the limited number of patients in our cohort, we could not compare
the patients according to the SUC subgroup or primary organ stratified by bladder or
upper urinary tract. Moreover, the timing of EV monotherapy was not uniform, with most
patients receiving two regimens and the rest receiving three or more before EV introduction.
However, EV treatment outcomes depending on histomorphologic groups have not been
described in larger populations to date.

Nevertheless, our data suggest that these clinically aggressive histologic types are
promising prognosticators for EV treatment regardless of the response. Although multivari-
ate analysis for OS was not estimated, prognostic factors such as late-line treatment should
be further explored in the ADC era. The results of response or OS rates for SUC may be
attributed to the lack of statistical power. More studies with larger cohorts are needed to
further validate our results. Particularly, the difference in the oncological outcomes among
subgroups within the SUC group should be evaluated.

5. Conclusions

The duration of response and survival after treatment with EV in patients with SUC
tended to be shorter than in those with PUC with metastatic disease. However, patients
with SUC were few, thus necessitating further investigation.
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