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Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a 5-year
survival rate of <8% [1–3]. PDAC is characterized by dense desmoplastic stroma, which
can constitute up to 90% of the tumor bulk, consisting of non-cellular and cellular com-
ponents [4,5]. Pancreatic stellate cells (PSCs) and cancer-associated fibroblasts (CAFs)
are the principal cellular components responsible for extracellular matrix (ECM) depo-
sition and remodeling, and they play critical roles in cancer progression and treatment
resistance [6]. PSC cells are present in a normal pancreas in a quiescent state and are
principally involved in vitamin A storage within the cytoplasm [7]. After an injury, they
activate and convert into a myofibroblast-like phenotype defined by α-SMA (alpha smooth
muscle actin) expression, responsible for different ECM components’ secretion, in partic-
ular, fibronectins, laminins, and collagen, thus contributing to the highly fibrotic state of
PDAC tumors [8–10]. CAFs in PDAC are most often divided into three subtypes, with
different tumor-supporting capacities: myofibroblast-type CAFs (myCAFs), inflammatory
CAFs (iCAFs), and antigen-presenting CAFs (apCAFs) [11–13]. Local approaches such
as radiation therapy, hyperthermia, microwave or radiofrequency ablation, irreversible
electroporation, and high-intensity focused ultrasound are capable of modifying the tumor
microenvironment (TME) and ECM composition and structure, potentially enhancing
chemotherapy [14]. Recently, immunotherapy has become a novel and promising alterna-
tive approach to target tumors [15–17]. The objective of immunotherapy is to (re)activate the
immune system against cancer. Several innovative immunotherapies have been explored in
pancreatic ductal adenocarcinoma (PDAC), with a focus on activating T cells either by block-
ing inhibitory signals or by enhancing their antitumor activity [18,19]. Stouten et al. focused
their attention on the interactions between the immunosystem and CAFs, which can signif-
icantly influence immunotolerance and tumor growth [20]. The existing literature supports
the role of CAFs in contributing to immunotherapy resistance; yet, the underlying mecha-
nisms remain inadequately explored. Pathways associated with activated CAFs (iCAFs)
are primarily considered pro-tumorigenic, although not exclusively. CAFs participate in
desmoplasia, but the depletion of myCAFs can paradoxically lead to tumor progression.
This presents a significant challenge for current and future therapeutic endeavors. At the
moment, the combination of therapies targeting CAFs with immunotherapies has shown
promising effects in murine models and certain clinical trials of PDAC patients [21,22].
PDAC typically progresses silently and without noticeable symptoms, leading to a challeng-
ing prognosis and poor outcomes [23,24]. Consequently, there is a pressing need to enhance
early diagnosis and detect reliable biomarkers. In this context, one of the most promising
approaches is the detection of exosomes in the bloodstream [25,26]. PDAC-associated mi-
croRNAs (miRNAs) packaged within exosomes could be used as diagnostic markers for the
early detection of PDAC [27]. In this regard, Makler and colleagues identified four distinct
differentially expressed miRNAs between plasma exosomes harvested from PDAC patients
and those from control patients: miR-93-5p, miR-339-3p, miR-425-5p, and miR-425-3p, with
an area under the curve (AUC) of the receiver operator characteristic curve (ROC) of 0.885,
a sensitivity of 80%, and a specificity of 94.7%, which is comparable to the CA19-9 standard
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PDAC marker diagnostic [28]. Recently, the composition of the tumor microbiome has
emerged as a novel prognostic factor for PDAC, as it differs from one patient to another
and in response to chemotherapy [29–32]. Merali et al. demonstrated the existence of a
bile microbiome signature in patients with PDAC who experienced obstructive jaundice
caused by the disease, and the identification of specific bacteria in the bile has the potential
to facilitate the detection and stratification of PDAC [33]. Deregulation of key signaling
pathways in cancer, as well as altered genes expression, have critical functions in tumor
progression [34–38]. Stukas et al. demonstrated that the inhibition of aryl hydrocarbon
receptor (AHR) expression in PDAC sensitizes cells to gemcitabine, the gold standard
treatment for pancreatic cancer, through the ELAVL1-DCK pathway [39–43]. Zuccolini
et al. evaluated the effects of two different Ca2+-gated K+ channel KCa3.1 (commonly
known as IK) blockers, namely Clotrimazole and Senicapoc, on metastatic melanoma and
PDAC [44–47]. Although both inhibitors reduced the viability and migration of the tumor
cells, neither of them altered the intracellular Ca2+ concentration in PDAC. In conclusion,
the studies discussed in this editorial provide valuable insights into novel therapeutic
strategies and personalized approaches for the treatment of PDAC. Further research in this
field is needed to improve our knowledge regarding pancreatic cancer progression and to
develop personalized treatments, with the aim of improving patient outcomes.

Funding: D.D.C. was supported by Fondazione Umberto Veronesi (FUV) and Fondazione Italiana
per la ricerca sulle Malattie del Pancreas (FIMP).

Conflicts of Interest: The author declares that the research was conducted in the absence of any
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Abstract: Pancreatic cancer is a very aggressive disease with a dismal prognosis. The tumor mi-
croenvironment exerts immunosuppressive activities through the secretion of several cytokines,
including interleukin (IL)-1. The IL-1/IL-1 receptor (IL-1R) axis is a key regulator in tumor-promoting
T helper (Th)2- and Th17-type inflammation. Th2 cells are differentiated by dendritic cells endowed
with Th2-polarizing capability by the thymic stromal lymphopoietin (TSLP) that is secreted by IL-1-
activated cancer-associated fibroblasts (CAFs). Th17 cells are differentiated in the presence of IL-1
and other IL-1-regulated cytokines. In pancreatic cancer, the use of a recombinant IL-1R antagonist
(IL1RA, anakinra, ANK) in in vitro and in vivo models has shown efficacy in targeting the IL-1/IL-1R
pathway. In this study, we have developed sphingomyelin nanosystems (SNs) loaded with ANK
(ANK-SNs) to compare their ability to inhibit Th2- and Th17-type inflammation with that of the free
drug in vitro. We found that ANK-SNs inhibited TSLP and other pro-tumor cytokines released by
CAFs at levels similar to ANK. Importantly, inhibition of IL-17 secretion by Th17 cells, but not of
interferon-γ, was significantly higher, and at lower concentrations, with ANK-SNs compared to ANK.
Collectively, the use of ANK-SNs might be beneficial in reducing the effective dose of the drug and
its toxic effects.

Keywords: pancreatic ductal adenocarcinoma; sphingomyelin nanosystems; IL-1; IL-1RA; TSLP;
IL-17; IFN-γ

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a very aggressive disease with a dismal
prognosis (expected to become the second leading cause of cancer mortality by 2030) [1,2].
The tumor microenvironment exerts an immunosuppressive activity, which supports tumor
cell growth, invasion, and metastases, and it is sustained by a complex cross-talk between
tumor, stromal, and immune cells in the tumor microenvironment [3–9].

The cytokines of the interleukin (IL)-1 group are inflammatory mediators frequently
upregulated in a variety of cancers, and their production is often associated with poor
prognosis, with several mechanisms accounting for their pro-tumorigenic effects [10,11].
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In PDAC, the activation of Kras promotes the production of inflammatory cytokines,
including IL-1, which activates NF-κB to promote tumor cell survival and proliferation,
increased invasive and metastatic behavior, and angiogenesis [5,12–14]. In addition, IL-1
cytokines exert important immunomodulatory functions in the tumor microenvironment,
where IL-1α and IL-1β derived from tumor cells and/or tumor-associated macrophages
act on IL-1 receptor (IL-1R)-expressing cells, including cancer-associated fibroblasts (CAFs),
with the secretion of several tumor-promoting cytokines (including IL-6, IL-8, and trans-
forming growth factor (TGF)-β) [15–18] and CD4+ T helper (Th) cell effectors [19].

In the context of PDAC, we previously reported that the ratio of Th2/Th1 cells is a
predictor of poor prognosis after surgery in chemo-naïve patients [20]. Specifically, we
found that differentiation of Th2 cells was due to activation of myeloid dendritic cells (DCs)
with Th2-polarizing capability that was dependent on the thymic stromal lymphopoietin
(TSLP) secreted by tumor-derived IL-1-activated CAFs [20–23], pointing to a relevant
indirect role for IL-1 in driving Th2-type inflammation in PDAC. IL-1 is also a relevant
cytokine for human Th17 cell differentiation [24–27]. Th17 cells were increased in PDAC
compared to normal pancreatic tissue [28], and high levels of IL-17 and Th17 cells in the
tumor were associated with worse clinical correlates in PDAC patients [28–33]. These data
highlight the relevance to PDAC of an indirect and a direct role of IL-1 in the differentiation
of pro-tumor Th2 and Th17 cells, respectively.

Considering the key role of IL-1 in tumor-promoting inflammation in PDAC, IL-1
inhibition by a recombinant IL-1R antagonist (IL-1RA) (anakinra, ANK) has been tested in
in vitro and in vivo preclinical studies, demonstrating that ANK is an effective anti-tumor
agent [23,34–36]. Based on these results, clinical trials in PDAC patients with metastatic
disease as well as in the neoadjuvant setting using ANK in combination with chemotherapy
are ongoing/have been planned (NCT02021422, NCT02550327, NCT04926467). Prelimi-
nary reports showed the safety and feasibility of this therapeutic approach with toxicities
expected from the combination regimen [37,38].

As toxicity due to ANK may represent a problem in these combination regimens, the
targeting of ANK to the tumor might impact effective intratumor drug concentrations and
reduce toxicities. In this context, the use of nanoparticles for drug delivery may improve
drug uptake and/or drug tolerance [39].

Here, we prepared sphingomyelin nanosystems (SNs) loaded with ANK (ANK-SNs)
and used them in vitro to test their capacity to inhibit IL-1-induced CAF activation and
cytokine secretion and Th17 cell differentiation and function in comparison to the free drug.

2. Results

2.1. Preparation and Characterization of ANK-SNs

We prepared ANK-SNs by adapting the ethanol injection method that we previously
described [40,41]. Preparation of unloaded SNs (from now on referred to as SNs), com-
posed of vitamin E (VitE), sphingomyelin (SM), and surfactant lipids, was followed by the
dropwise addition of the recombinant protein ANK, as represented in Figure 1A. In order
to be loaded in SNs, ANK was isolated from its pharmaceutical form Kineret® by using a
desalting column (Figure 1B).

Polyethylene glycol (PEG)ylated lipids have been extensively used to link biomolecules
(such as proteins, peptides, and antibodies) to the surfaces of nanostructures [39,42,43].
Indeed, PEG presents features in drug delivery, such as prolonged blood circulation time
and reduced potential interactions with blood components (opsonization), that give stealth
properties to nanosystems, thus improving their therapeutic efficacy [39,42,43].

To display ANK on the surface of SNs, our strategy was to chemically conjugate it
to a PEGylated stearic carbon chain containing a chemically active functional group to
perform a covalent reaction (DSPE-PEG(2k)-X; X = NHS, DBCO, or Maleimide) [44,45]. In
the case of DSPE-PEG(2k)-DBCO, in order to implement SPAAC click chemistry, ANK was
modified with a linker to incorporate the highly reactive group azide (-N3) into its structure.
For that, we reacted the lysines, which have a terminal group (-NH2), with the -NHS ester
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present in the linker, and N3-ANK modification was verified by high-performance liquid
chromatography with mass spectroscopy (HPLC-MS) (Supplementary Figure S1).

Sphingomyelin

PEG-lipid

Vitamin E

ANK

Organicphase

Aqueousphase

Spontaneously

Nanosystems

A

B

Anakinra
Isolation

Kineret® 
Solution

Figure 1. Preparation of the anakinra-loaded sphingomyelin nanosystems (ANK-SNs). (A) Schematic
representation of the single-step SN preparation by the ethanol injection method, followed by
the dropwise addition of ANK solution in PBS at physiological pH. (B) ANK isolation from its
pharmaceutical form (Kineret®) by using desalting columns. (Created with BioRender.com).

We obtained three SN formulations, differing one from the other in the surfactant
lipid linker used in its preparation (i.e., VitE/SM/DBCO, VitE/SM/Maleimide, and
VitE/SM/NHS), and we performed their physicochemical characterization in terms of
size and surface charge by dynamic light scattering (DLS) and laser Doppler anemometry
(LDA). All formulations showed a small particle size, a monodisperse population, and a
negative zeta potential (Table 1 and Figure 2A). Interestingly, particles of this size (<200 nm)
are more likely to accumulate in tumors thanks to the enhanced permeation retention
effect [46]. Furthermore, nanosystems with negatively charged surfaces can reduce un-
desirable clearance by the reticuloendothelial system and improve blood compatibility,
making their delivery to tumor sites more efficient [47]. The negatively charged surface
also makes them more biocompatible in comparison to positively charged nanosystems,
which interact with cell structures by electrostatic interactions [47,48]. The percentage of
ANK loading was highest (92%) for the formulation composed of VitE/SM/DBCO/ANK,
whereas it was similar, i.e., 72% and 75%, for the formulations VitE/SM/Maleimide/ANK
and VitE/SM/NHS/ANK, respectively (Table 1).

Table 1. Physicochemical characterization of sphingomyelin nanosystems (SNs) (composed of
VitE/SM/PEG-lipid-X) and anakinra-loaded sphingomyelin nanosystems (ANK-SNs) (composed
of VitE/SM/PEG-lipid-X-ANK) measured by dynamic light scattering (DLS) and laser Doppler
anemometry (LDA) *.

Formulation Size (nm) PdI ZP (mV) % ANK

VitE/SM/DBCO 55 ± 1 <0.2 −26 ± 1 -
VitE/SM/DBCO/ANK 162 ± 2 <0.1 −28 ± 1 92 ± 2
VitE/SM/Maleimide

VitE/SM/Maleimide/ANK
61 ± 2

163 ± 7
<0.2
0.2

−28 ± 1
−22 ± 1

-
72 ± 1

VitE/SM/NHS
VitE/SM/NHS/ANK

60 ± 3
136 ± 2

0.2
0.2

−21 ± 4
−23 ± 1

-
75 ± 2

* Results are expressed as mean ± SD, n = 5. Abbreviations used: nm = nanometer, PdI = polydispersity
index, ZP = zeta potential in millivolts (mV). Percentage of ANK associated with SNs was quantified by BCA
protein assay.
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Figure 2. Physicochemical characterization of sphingomyelin nanosystems (SNs) (VitE/SM/NHS)
and anakinra-loaded sphingomyelin nanosystems (ANK-SNs) (VitE/SM/NHS/ANK) using several
analytical techniques. (A) Size (nm) (black columns) and surface charge (mV) (turquoise columns)
of SNs and ANK-SNs, measured by dynamic light scattering (DLS) and dynamic light scattering
(LDA). Data are expressed as mean ± SD (at least n = 5). (B) Complementary physicochemical char-
acterization by nanoparticle tracking analysis (NTA) of SNs and ANK-SNs (n ± 5) is represented as
size vs. light scattering intensity (arbitrary unit a.u.). (C) Matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) analysis of native ANK (calculated exact mass of 17.260 kDa) and
ANK-SNs (calculated mean mass ~20 kDa). (D) Representative field emission scanning electron
microscopy (FESEM) images of SNs (left) and ANK-SNs (right). SN scale bar: 200 nm. ANK-SN scale
bar: 1 μm.

As in the in vitro assays used to address the nanosystem biological functions (see
below), after preliminary testing with all three formulations, VitE/SM/NHS/ANK was
chosen for subsequent experiments; we performed full characterization of the nanosystems
with this formulation. In addition to DLS, nanosystems were characterized by nanopar-
ticle tracking analysis (NTA). NTA is based on the combination of laser light scattering
microscopy with a charge-coupled device camera that visualizes and analyzes individual
tracks of nanoparticles moving under Brownian motion, allowing the calculation of particle
size and concentration [49,50]. Compared to SNs, ANK-SNs presented a higher mean
particle size as well as span value due to the loading of the ANK protein and the interaction
of the nanoparticles with the phosphate-buffered saline (PBS) (Figure 2B and Table 2).
D-values D10, D50, and D90 representative of the particle size diameter at 10, 50, and 90%
cumulative distribution are reported in Table 2. Collectively, these results well correlate
with DLS data.

We also performed matrix-assisted laser desorption/ionization (MALDI) time-of-flight
(TOF) spectrometry to confirm an increase in ANK mass due to the covalent bond to DSPE-
PEG(2k)-NHS (estimated ~2.8 kDa) (Supplementary Figure S2). Indeed, for ANK-SNs, we
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observed an increment in mass (~20 KDa) compared to the one expected for the native
form of ANK (17.3 kDa) (Figure 2C). Other nanosystem components, such as VitE and SM,
were not detected by this technique, as they are not coupled to the protein.

Table 2. Physicochemical properties of sphingomyelin nanosystems (SNs) (composed of
VitE/SM/PEG-lipid-NHS) and anakinra-loaded sphingomyelin nanosystems (ANK-SNs) (composed
of VitE/SM/PEG-lipid-NHS-ANK) determined by nanoparticle tracking analysis (NTA) *.

Formulation Mean Size (nm) D10 D50 D90 Span Concentration (Particles/mL)

SNs 87 ± 2 49 ± 5 85 ± 1 129 ± 3 0.7 5.4 × 1011

ANK-SNs 133 ± 6 96 ± 2 132 ± 2 178 ± 3 0.9 6.2 × 1011

* Mean particle size (diameter), D-values (D10, D50, D90), calculated SPAN value and sample concentration in
particles per milliliter (particle/mL) (mean ± SD, n = 5).

Lastly, we used field emission scanning electron microscopy (FESEM) to check the
particle distribution and the spatial disposition. As shown in Figure 2D, representative
images clearly indicated the characteristic morphology and spherical shape of the SNs, as
we previously reported [40]. In the case of ANK-SNs, we observed a slight increment in the
particle size (Figure 2D, right panel), already reported by DLS and NTA data. The spherical
distribution did not seem to be affected by the loading of the ANK protein, pointing out
the good stability of the nanosystems.

Collectively, as verified and confirmed by DLS, NTA, MALDI-TOF, and FESEM analy-
ses, ANK protein was successful and efficiently loaded at the SN surface with an expected
increment in size of about 60–65 nm.

2.1.1. ANK-SN Stability over Time and in Biorelevant Media

We assessed the colloidal stability of nanosystems under different storage conditions
using DLS. We showed that size and polydispersity index (PdI) for both SNs and ANK-SNs
were stable for at least one month (Figure 3A). Stability was also tested in different culture
conditions. SNs and ANK-SNs were incubated in Dulbecco’s modified eagle medium
(DMEM) and RPMI culture media supplemented with 10% fetal bovine serum (FBS) at
37 ◦C, and particle size and PdI were monitored for 48 hours (h). We found that the two
parameters remained stable in culture with both media (Figure 3B,C). This stability can be
explained by the adsorption of serum proteins to the nanosystem surface due to charge
balance. ANK-SNs also seemed to be stabilized thanks to the electrostatic interaction
between ANK and serum proteins.

Collectively, we found that the nanosystems maintained their colloidal properties over
time and in different culture media, and we proceeded to study their internalization and
cytotoxicity in cell systems in vitro.

2.1.2. In Vitro Internalization and Viability Assays of the Nanosystems in Tumor Cells

Before using ANK-SNs in cell systems relevant to the study of immunomodulation
of Th2 and Th17 pro-tumor inflammation in PDAC, we challenged our nanosystems with
PDAC cells and looked at their internalization and cytotoxic potential.

We performed internalization studies by confocal microscopy using the PDAC cell line
L3.6pl. For these experiments, nanosystems were prepared as described above but using
fluorescent-labeled TopFluor® SNs. As shown in Figure 4A, we detected high fluorescent
signals at the two time points tested (i.e., 2 h and 4 h). Internalization seemed more efficient
when we used ANK-SNs compared to SNs, possibly related to the interaction of the ANK
protein with components present at the cell membrane. Interestingly, we previously found
IL1R1 mRNA expression in several PDAC cell lines and high IL1R1 expression was found in
the L3.6pl precursor cell line L3.3 (The Human Protein Atlas), suggesting specific interaction
of ANK with its receptor, namely IL-1R1.
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Figure 3. Stability in size and polydispersity index (PdI) of sphingomyelin nanosystems (SNs) and
anakinra-loaded sphingomyelin nanosystems (ANK-SNs) over time. (A) Stability up to 30 days of
SNs and ANK-SNs stored at 4 ◦C. Stability upon incubation up to 48 h in DMEM (B), and RPMI (C),
supplemented with 10% FBS at 37 ◦C and under orbital stirring (300 rpm).

Figure 4. Internalization and cytotoxicity assays of nanosystems using pancreatic ductal adenocar-
cinoma (PDAC) cells. (A) Representative confocal microscopy images after 2 h and 4 h treatment
in L3.6p cells. Fluorescent-labeled TopFluor® sphingomyelin nanosystems (SNs) and TopFluor®

anakinra-loaded sphingomyelin nanosystems (ANK-SNs) are in green. Cell nuclei stained with
Hoechst 33342 are in blue. (B) Cell viability determined by Alamar BlueTM assay after treatment with
SNs and ANK-SNs (0.1 mg/mL to 10 mg/mL) for 4 h and 24 h. Data are expressed as means ± SD.
The dotted line is set at 50% of viability.
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For cell viability assays, we treated the L3.6pl cells for 4 h and 24 h at increasing
concentrations of nanosystems (0.1 mg/mL to 10 mg/mL corresponding to 2.2 μg/mL
to 220 μg/mL of ANK), and cytotoxicity was revealed by Alamar BlueTM fluorescent
assay. As shown in Figure 4B, at lower concentrations (0.10–0.50 mg/mL), the nanosys-
tems showed little cytotoxicity. At higher concentrations, decreased viability was seen
in both nanosystems, although cytotoxicity was lower for ANK-SNs compared to SNs.
These results defined the toxic concentrations (i.e., 0.25–0.5 mg/mL) used to guide the
following experiments.

2.2. ANK and ANK-SNs Are Equivalent in Down-Modulating Cytokine Secretion by
IL-1-Activated CAFs

We then moved to compare the effect of ANK versus ANK-SNs in inhibiting the
secretion of tumor-promoting cytokines in the tumor microenvironment that depends on
IL-1/IL-1R signaling. CAFs are a relevant cell population in the PDAC stroma that express
IL-1R1 [51], and when stimulated with IL-1α and/or IL-1β, they secrete several pro-tumor
cytokines [36,52,53], including TSLP, which is responsible for pro-tumor Th2 inflammation
in PDAC [20,23]. Indeed, we previously reported that CAFs obtained from primary PDAC
samples and activated in vitro with IL-1α and IL-1β (or IL-1-containing supernatants from
PDAC microenvironment cultures) release TSLP, which in turn activates myeloid DCs
with Th2-polarizing capability [20]. Importantly, we also found that interfering in vitro
and in vivo with the IL-1/IL-1R signaling pathway with ANK inhibited TSLP secretion by
activated CAFs [23].

In this study, we tested the inhibitory activity of ANK-SNs compared to free ANK
by using the in vitro system depicted in Figure 5A. CAFs were stimulated with IL-1α +
IL-1β in the absence and in the presence of ANK, ANK-SNs, or SNs (i.e., to evaluate the
basal level of cytokine modulation by the SNs alone), and after 2 days, the supernatant
was collected for the detection of the tumor-promoting TSLP, IL-8, IL-6, and TGF-β cy-
tokines [20,23,36,52,53]. To identify the optimal concentrations of ANK to use in these
experiments, we created a dose–response curve with different ANK concentrations and
used the release of TSLP as a readout. We found that 5 μg/mL gave the maximum inhibitory
effect, whereas 0.1 μg/mL did not show inhibitory effects (Figure 5B), and we decided
to use these two concentrations in the following experiments. We then tested the three
nanosystem formulations (i.e., VitE/SM/DBCO, VitE/SM/Maleimide, and VitE/SM/NHS)
to detect the best-performing one(s) using the two selected concentrations. We found that
at 5 μg/mL, the VitE/SM/NHS/ANK and VitE/SM/DBCO/ANK formulations inhib-
ited TSLP release at levels comparable to ANK, whereas VitE/SM/Maleimide was much
less efficient (Figure 5C, left panel, and Supplementary Figure S3A). In addition, when
we considered the effect of the SNs alone and in comparison to the other formulations,
VitE/SM/NHS did not show any stimulatory effect (Figure 5C, left panel, and Supplemen-
tary Figure S3A), and it was chosen for the following experiments. In the same experimental
setting, we also measured the release of pro-tumor IL-8, IL-6, and TGF-β. In the case of
IL-8, the results were very similar to TSLP (Figure 5D, left panel), whereas in the case of
IL-6 (Figure 5E, left panel) and TGF-β (Figure 5F, left panel), the inhibition induced by
ANK-SNs at 5 μg/mL was slightly inferior to the one obtained with ANK. The results of a
larger set of experiments verified that ANK and ANK-SNs equally inhibited the release of
the different cytokines (Figure 5C–F, right panels).

We confirmed in CAFs that treatment with the nanosystems did not induce relevant
cytotoxicity at the concentrations (i.e., 0.1 and 5 μg/mL) used in experiments shown
in Figure 5B (Supplementary Figure S4A). In addition, an analysis of internalization of
the nanosystems by confocal microscopy showed that down-modulation of the IL-1R1
expression at the CAF surface after treatment was significantly higher with ANK-SNs
compared to SNs (Supplementary Figure S5A), demonstrating the specific interaction of
IL-1R1 with ANK-SNs at the CAF surface.
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Figure 5. Anakinra (ANK) and anakinra-loaded sphingomyelin nanosystems (ANK-SNs) are equiva-
lent in down-modulating cytokine secretion by IL-1-activated cancer-associated fibroblasts (CAFs).
(A) In vitro experimental model. CAFs were treated with recombinant IL-1α + IL-1β, mimicking
tumor-derived IL-1, in the absence or in the presence of ANK, ANK-SNs, or SNs. Secretion of TSLP,
IL-8, IL-6, and TGF-β was measured after culture. (Created with BioRender.com). (B) Dose–response
curve to detect the best concentrations of ANK for inhibiting TSLP secretion by CAFs (n = 3). ANK
was added at the indicated concentrations. Untreated CAFs were used as negative (nt) control; IL-1α
+ IL-1β-treated CAFs were used as positive (IL-1α + IL-1β) control. (C–F) ANK, ANK-SNs, and SNs
(VitE/SM/NHS formulation), tested for their capacity to down-modulate cytokine secretion, were
added at the indicated concentrations and based on the titration curve shown in B. Negative and
positive controls used were as in B. (C) TSLP. Left, TSLP secretion with controls (n = 2). Right, TSLP
percentage inhibition of cumulative experiments (n = 7). (D) IL-8. Left, IL-8 secretion with controls (n
= 2). Right, IL-8 percentage inhibition of cumulative experiments (n = 6). (E) IL-6. Left, IL-6 secretion
with controls (n = 2). Right, IL-6 percentage inhibition of cumulative experiments (n = 6). (F) TGF-β.
Left, TGF-β secretion with controls (n = 2). Right, TGF-β percentage inhibition of cumulative experi-
ments (n = 3). Data are mean ± SEM from the indicated number (n) of independent experiments.
Significance was calculated by one-way ANOVA test and Newman–Keuls post-test. Values were
considered significantly different for * p < 0.05, ** p < 0.01, *** p < 0.001; ns = not significant.

Collectively, we found that ANK-SNs did not have cytotoxic effects, were efficiently in-
ternalized through specific interaction at the cell surface with IL-1R1, and down-modulated
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the secretion by CAFs of TSLP, IL-8, IL-6, and TGF-β, thus dampening their tumor-
promoting functions.

2.3. ANK-SNs Are Superior to Free ANK in Down-Modulating the Secretion of IL-17, but Not of
Interferon-γ (IFN-γ), by In Vitro Differentiated Th17 Cells

Th17-type inflammation has been reported to favor tumor progression in PDAC [28,29,31–33].
Due to the role of IL-1 in the differentiation of human Th17 cells [24–27], we evaluated
the effect of ANK-SNs added in culture during in vitro Th17 differentiation from naïve
CD4+ T cells. We followed the experimental scheme described in [27] and depicted in
Figure 6A. Naïve CD4+ T cells were activated with anti-CD2, anti-CD3, and anti-CD28
antibody-coated beads and cultured in the presence of the polarizing cytokines (i.e., IL-
1β, IL-23, IL-6, and TGF-β) and in the absence or the presence of ANK, ANK-SNs, and
SNs. After 5 days of culture, Th17 cells were restimulated with the antibody-coated
beads for 24 h, and the supernatant was collected for IL-17 and IFN-γ detection. To
identify the best concentration of ANK to be used to inhibit IL-17 secretion by Th17 cells,
we created dose–response titration curves (Figure 6B). Based on these experiments, we
decided to use 10 μg/mL (with maximum inhibitory effect) and 0.5 μg/mL (without
inhibitory effect) for the initial testing with the three nanosystem formulations. Similar to
the results obtained with CAFs, the VitE/SM/NHS/ANK formulation showed the best
performance (Figure 6C and Supplementary Figure S3B). Indeed, VitE/SM/DBCO/ANK
was inferior to VitE/SM/NHS/ANK in inhibiting IL-17 secretion, and in the case of
VitE/SM/Maleimide/ANK, an inhibitory function was already present with SNs alone
(Supplementary Figure S3B, right). Importantly, VitE/SM/NHS/ANK at both 10 and
0.5 μg/mL induced inhibition of IL-17 secretion that was significantly higher compared
with the one obtained with ANK (Figure 6C, left and right). As Th17 cells, in addition to
IL-17, may secrete IFN-γ, which is a relevant anti-tumor cytokine [54], we measured the
release of this cytokine in the same experimental setting. Both ANK and ANK-SNs inhibited
IFN-γ secretion at comparable levels, although inhibition was much lower compared to
that of IL-17 (Figure 6D, left and right). Lastly, as we found that 5 μg/mL was the best
ANK-SN concentration to use in the CAF experiments, we verified the efficacy of this dose
also in the Th17 model. We also confirmed that at 5 μg/mL, ANK-SNs were superior to
ANK in inhibiting IL-17 secretion by Th17 cells (Figure 6E), and importantly at levels even
higher than the ones obtained with ANK at 10 μg/mL (median level 80% compared to
60%) (Figures 6E and 6C, right panel). As reported above, no significant difference between
ANK-SNs and ANK in inhibiting IFN-γ secretion by Th17 was observed (Figure 6F).

We confirmed in Th17 cells that nanosystems did not induce relevant cytotoxicity
in any conditions and concentrations used, when tested with both colorimetric and flow
cytometry assays (Supplementary Figure S4B–D). Confocal microscopy showed internaliza-
tion of the nanosystems with down-modulation of the IL-1R1 expression on Th17 cells that
was significantly higher after treatment with ANK-SNs compared to SNs (Supplementary
Figure S5B), demonstrating a specific interaction of ANK-SNs with IL-1R1.

Collectively, we found that nanosystems did not affect Th17 cell viability, were inter-
nalized through ANK/IL-1R1 interaction, and exerted their modulatory effects primarily
by inhibiting pro-tumor IL-17, while preserving anti-tumor IFN-γ.
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Figure 6. Anakinra-loaded sphingomyelin nanosystems (ANK-SNs) are superior to free anakinra
(ANK) in down-modulating the secretion of IL-17, but not of IFN-γ, by in vitro differentiated Th17
cells. (A) In vitro experimental model. Naïve CD4+ T cells were differentiated towards Th17 cells
by treatment with anti-CD2/CD3/CD28-coated beads and IL-1β, IL-23, IL-6, and TGF-β, and in
the absence or in the presence of ANK, ANK-SNs, or SNs. On day 5, Th17 cells were collected and
restimulated with anti-CD2/CD3/CD28-coated beads, and IL-17 and IFN-γ secretion levels were
measured by ELISA. (Created with BioRender.com). (B) Dose–response curve to determine the best
concentrations of ANK for inhibiting IL-17 secretion in Th17 cells (n = 3). ANK was added at the
indicated concentrations. Th0 (i.e., naïve CD4+ T cells activated with anti-CD2/CD3/CD28-coated
beads only) were used as a negative control. Th17 cells were used as a positive control. (C,D)
ANK, ANK-SNs, and SNs (VitE/SM/NHS formulation), tested for their capacity to down-modulate
cytokine secretion by Th17 cells, were added at the indicated concentrations and based on the titration
curve shown in (B). (C) IL-17. Left, IL-17 secretion with controls (n = 2). Right, IL-17 percentage
inhibition of cumulative experiments (n = 11) (D) IFN-γ. Left, IFN-γ secretion with controls (n = 2).
Right, IFN-γ percentage inhibition of cumulative experiments (n = 10). (E) IL-17 percentage inhibition
of cumulative experiments using 5 μg/mL of ANK/ANK-SNs (n = 6). (F) IFN-γ percentage inhibition
of cumulative experiments using 5 μg/mL of ANK/ANK-SNs (n = 4). Data are mean ± SEM from the
indicated number (n) of independent experiments. Significance was calculated by one-way ANOVA
test and Newman–Keuls post-test. Values were considered significantly different for * p < 0.05,
** p < 0.01, *** p < 0.001.
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3. Discussion

Protein-based therapeutics are an important class of medicines, accounting for more
than 130 pharmaceutics approved for clinical use in the European Union and the United
States, to treat a wide variety of human conditions, including cancer [55–57]. However,
they suffer from enzymatic degradation, short half-life, and physicochemical instability
with a loss of bioactivity, hampering their clinical efficacy [39]. To overcome these issues,
their delivery can be improved by combining therapeutic proteins with nanotechnology,
and lipidic and polymeric nanocarriers have been described for this purpose [39,58,59].

In this work, we used lipidic nanosystems that enable covalent binding of the protein
ANK to the modified hydrophobic carbon chains disposed onto the surface. Previous
extensive characterization of these nanosystems, composed of the two natural compounds,
i.e., VitE and SM, revealed suitable physicochemical properties, very high biocompatibility
in vitro and in vivo, and colloidal stability during storage and in biological media, all
relevant properties for clinical translation [40]. All these properties were confirmed for the
nanosystems loaded with ANK, described here.

ANK has been used to treat autoimmune and autoinflammatory disorders with clinical
benefit, especially for autoinflammatory diseases [60]. However, because of its short half-
life, ANK needs daily administration to maintain its efficacy, with relevant local side effects
at the subcutaneous injection site that may lead to drug discontinuation [61]. The ANK-SN
formulations described here might help in targeting the drug to the relevant site of action
(i.e., the tumor) with increased efficacy and clinical benefit, but also increased tolerability.

Due to the role of IL-1 in tumor progression [10,11], ANK has been tested in preclinical
in vitro and in vivo settings with encouraging results [23,34–36], and clinical trials have
planned the incorporation of ANK into treatment protocols [62]. ANK was used in small
pilot studies of combination regimens in advanced metastatic colorectal cancer with long-
lasting tumor stabilization [63] and in HER2-negative metastatic breast cancer with a
reduction in or stabilization of the tumor volume [64]. In PDAC, ANK was tested in
combination with the highly toxic FOLFIRINOX regimen in advanced disease [37], and in
combination with gemcitabine, nab-paclitaxel, and cisplatin in patients with non-metastatic
disease prior to resection, resulting in reduced local cancer spread compared with historical
controls receiving chemotherapy alone [38]. Collectively, these clinical trials revealed
potential clinical benefit for ANK, and loading of the drug in the nanosystems described
here might greatly increase the therapeutic efficacy while reducing side effects, not only in
PDAC but also in other tumors where the IL-1/IL-1R axis is relevant.

The aim of the present study was to evaluate the efficacy of ANK as a free drug
compared to the drug loaded in the nanosystems in two in vitro models of Th2- and
Th17-type inflammation relevant to PDAC progression.

Concerning Th2 inflammation, we showed that ANK-SNs, at both 5 and 0.1 μg/mL,
were equal to the free drug in inhibiting TSLP secretion by CAFs, suggesting that the drug
loaded in the nanosystems maintained its efficacy. In addition, other tumor-promoting
cytokines released by CAFs were also inhibited by ANK-SNs, including IL-8, IL-6, and
TGF-β (although at levels slightly inferior to ANK). Interestingly, these two last cytokines
are also relevant inducers of Th17 differentiation [27], suggesting a comprehensive effect in
the tumor microenvironment.

Concerning Th17 cell differentiation, we found that ANK-SNs were superior to the
free drug in inhibiting IL-17 secretion at both 10 and 5 μg/mL. In addition, the inhibition
of IL-17 secretion by Th17 cells with ANK-SNs at 5 μg/mL reached a mean of about 80%
that was still superior to the inhibition obtained with ANK alone at 10 μg/mL, meaning
that a relevant effect was observed at a much lower drug concentration. This is important
when considering drug toxicity.

Another important aspect is the performance of ANK-SNs when considering the
IFN-γ secreted by Th17 cells. In different cancer contexts, Th17 cells have been described
with either pro- or anti-tumor functions [65]. This paradoxical behavior of Th17 cells has
been attributed to their plasticity potential that enables their conversion into other types of
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CD4+ T cells or their acquisition of polyfunctional activity, such as Th17/T regulatory and
Th17/Th1. In these last polyfunctional Th17 cells, the release of IFN-γ might contribute
to anti-tumor activity. In our in vitro system, we found that, although the inhibition of
IL-1 signaling by both ANK and ANK-SNs reduced the secretion of both IL-17 and IFN-γ,
the inhibition of IFN-γ was not significantly different between the two drug compositions
(mean 40%) and was similar at all concentrations tested. This means that ANK-SNs
compared to ANK were more efficacious in inhibiting IL-17 secretion while maintaining an
equal much lower level of inhibition of anti-tumor IFN-γ.

In conclusion, using two in vitro model systems of primary CAFs and differentiated
Th17 cells, we have demonstrated that ANK loaded in nanosystems maintains (and impor-
tantly, ANK-SNs are more efficacious than the free drug even at lower concentrations) their
capacity to downregulate the secretion of cytokines that are indirectly or directly relevant
in PDAC for the establishment of Th2- and Th17-type inflammation, respectively.

We showed that these nanosystems do not present significant toxicity in vitro and are
stable in culture, thus guaranteeing their biocompatibility and encouraging safe application
in medical practice. Altogether, our results encourage further in vivo testing of ANK loaded
in these nanosystems, which could offer advantages for patients with PDAC and other
neoplastic diseases where treatment with ANK has already shown positive clinical effects.

Mouse models recapitulating the tumor-promoting Th2- and Th17-type inflamma-
tion, as reported in the human disease, have been described [29,66,67], and they could
offer good models for exploring the new pharmaceutical preparations, comprising any
additional/different side effects compared to the ones described for ANK, described here.

As IL-1 family cytokines have been described in mouse models to play important roles
in regulating host–microbiome dialogue at barrier sites [68], in future studies, understand-
ing whether and how therapeutic inhibition of these cytokines may impact microbiome
dysbiosis might provide further opportunities to improve patients’ outcome.

4. Materials and Methods

4.1. Materials

Vitamin E (VitE, DL-α-Tocopherol) was purchased from Sigma (Merck, Darmstadt,
Germany, EU). Sphingomyelin (SM, Lipoid E SM) was kindly provided by Lipoid GmbH
(Ludwigshafen, Germany, EU). Surfactant lipids, being DSPE-PEG(2k)-X (X = DBCO,
Maleimide, NHS), were obtained from Avanti® Polar Lipids (Alabaster, AL, USA). Fluores-
cent labeling lipid, C11 TopFluor® Sphingomyelin, was also acquired from Avanti® Polar
Lipids. Azido-dPEG®

8-NHS ester was provided by Merck (Darmstadt, Germany, EU).
HPLC-grade ethanol (EtOH) and dimethyl sulfoxide were purchased from Thermo Fisher
Scientific (Rockford, IL, USA). DMEM was obtained from Sigma, RPMI 1640 Medium, FBS
and penicillin/streptomycin from Thermo Fisher Scientific, Iscove’s modified Dulbecco’s
medium (IMDM) and X-VIVOTM 20 Medium both from Lonza (Walkersville, MD, USA).

4.2. Preparation of ANK and Azide-Modified ANK (N3-ANK) and Characterization

The recombinant protein ANK was purified from the other components present in
the pharmaceutical form Kineret®, namely salts, using a desalting column (CentriPure
10, emp Biotech GmbH, Berlin, Germany, EU), and eluted with PBS (2 mM, pH 7.4),
following the manufacturer instructions. The concentration of the obtained ANK protein
was determined by the BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA).

The ANK protein (0.058 μmol) was also modified with Azido-dPEG®
8-NHS linker

(1.16 μmol) (Sigma, Merck, Darmstadt, Germany, EU) in PBS (10 mM). The reaction was
performed at room temperature (RT) for 6 h, with storage at 4 ◦C. Linker excess was
removed by using spin filters (Amicon® Ultra Centrifugal Filters, 10 k, 0.5 mL, Merck,
Darmstadt, Germany, EU) in a refrigerated microcentrifuge (5417R; Eppendorf), as previous
reported [40]. N3-ANK modification was characterized by HPLC-MS (TimsTof Pro, Bruker,
Billerica, MA, USA; coupled to the Elute UHPLC) by dissolving 5 pmol of sample in
ultrapure water. The analysis method used was positive electrospray ionization, acquisition
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range 500–3000 m/z, chromatographic separation with column C4, and the mobile phases
employed were A, water/formic acid 0.1%, and B, acetonitrile/formic acid 0.1%; the
chromatographic separation time was 15 minutes (min). MALDI-TOF analysis was carried
out in Ultraflex III TOF/TOF (Bruker, Billerica, MA, USA); the analysis method chosen was
MALDI linear mode ionization using a sinapinic acid matrix.

4.3. Preparation of SNs, ANK-SNs, and TopFluor®-SM-Labeled ANK-SNs

SNs and ANK-SNs composed of VitE, SM, and surfactant lipids were prepared by
adapting the ethanol injection method, as previously described [40]. Briefly, 5 mg of VitE,
0.5 mg of SM, and 0.05 mg of surfactant lipids were dissolved in 100 μL of ethanol. SNs
were instantaneously formed by injecting the organic phase into 0.9 mL of ultrapure water,
at RT. ANK-SNs were then formed by dropwise adding ANK solution (14 μM) in PBS under
magnetic stirring for up to 5 min and incubated at RT for 6 h followed by an overnight
incubation at 4 ◦C.

Fluorescent-labeled SNs were prepared by admixing TopFluor®-SM (4.5 μg) with the
other compounds of the organic phase (final volume of 100 μL). The organic phase was
then injected in 0.9 mL of ultrapure water and immediately formed at RT.

4.4. Physicochemical Characterization of the Nanosystems

Particle size and PdI were determined by DLS and Z-potential values by LDA, using
a Zetasizer NanoZS® (Malvern Instruments, Worcestershire, UK). Samples were diluted
to 1:10 with ultrapure water, and the measurements were performed at 25 ◦C with a
detection angle of 173◦. SN and ANK-SN formulations were evaluated in biological media
to ensure the maintenance of their properties during in vitro assays. Formulations were
incubated at 37 ◦C with 10% FBS-supplemented DMEM and RPMI 1640 under orbital
shaking. Additionally, extended characterization was performed by NTA. For NTA, the
nanosystems were diluted at 1:1000 (v/v) in ultrapure water using a NanoSight NS3000
system (Malvern Instrument, UK) with a laser operating at λ = 488 nm and 200 mW
power. Data collection was settled with 3 repeats/60 s capture time, with both shutter
and gain manually determined for each sample. NTA 2.0 Build 127 software was used for
measurement and subsequent data analysis.

SNs and ANK-SNs were analyzed by MALDI-TOF. The analysis was conducted using
Ultraflex III TOF/TOF (Bruker) equipment; the method used was MALDI linear mode
ionization using a sinapinic acid matrix with previous sample ZipTip desalting.

SNs and ANK-SNs were evaluated for particle size and morphology distribution by
FESEM, using a ZEISS FESEM ULTRA Plus microscope (Carl Zeiss Micro Imaging, GmbH,
Germany, EU) configured with InLens and STEM mode, operating at 20 kV. First, 20 μL
(0.55 mg/mL) of a filtered nanosystem was stained with phosphotungstic acid (2% w/v) at
a ratio of 1:1. Next, 10 μL was placed on a carbon-coated grid and left for 30 s, twice. The
grid was allowed to dry and then repeatedly washed with filtered ultrapure water. Finally,
it was let dry until its visualization.

4.5. Establishment of CAF Cell Lines

Primary cultures of CAFs were obtained from PDAC surgical samples, as we previ-
ously described [20]. Briefly, tumor pieces were put in culture in IMDM medium (Lonza,
Walkersville, MD, USA) plus 10% FBS, and CAFs obtained by outgrowth. CAFs were char-
acterized for expression of the fibroblast-activation protein (FAP) marker and the absence
of expression of the EpCAM epithelial marker by flow cytometry, as described below.

CAFs at 3rd-4th culture passage were stably transfected to express the human telom-
erase reverse transcriptase gene (hTERT) by lentiviral infection using hTERT Cell Immor-
talization KIT (ALSTEM, Richmond, CA, USA), according to manufacturer’s instructions.
Seventy-two hours after infection, puromycin (Sigma) selection was applied at 1.5 μg/mL
final concentration. Puromycin-resistant colonies were checked for hTERT expression by
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real-time qPCR. CAF cell lines were periodically tested for Mycoplasma contamination
using the MycoBlue Mycoplasma Detector kit (D101, Vazyme, Nanjing, China).

4.6. Effects of Nanosystems on Cytokine Secretion by CAFs

CAFs were seeded at 3 × 104 cells/well in IMDM 10% FBS in flat-bottom 96-well
plates and starved overnight without serum. The next day, the medium was replaced
with IMDM 2% FBS alone or with 20 ng/mL of each recombinant human IL-1α + IL-1β
(R&D Systems, Minneapolis, MN, USA). In the inhibition experiments, ANK (Kineret®,
Amgen Europe, Breda, The Netherlands), ANK-SNs and SNs were added at the indicated
concentrations. After 4 h of incubation, the medium was replaced with IMDM 2% FBS for
72 h. Cell viability was tested as described below and is reported in Supplementary Figure
S4A. TSLP, IL-6, IL-8, and TGF-β secretion in CAF supernatants was measured by ELISA
(TSLP and TGF-β, R&D Systems; IL-6 and IL-8, Mabtech, Nacka Strand, Sweden, EU).

4.7. Effects of Nanosystems on Th17 Cell Differentiation and Cytokine Secretion

Peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll-Hypaque (Cy-
tiva, Malborough, MA, USA) gradient stratification from healthy donor buffy coats. Naïve
CD4+ T cells were magnetically isolated from PBMCs after two rounds of Naïve CD4+ T
cell Isolation Kit (Miltenyi Biotec, Bergish Gladbach, Germany, EU) and plated at 1 × 106

cells/well in 48-well plates containing X-VIVO 20 in the presence of anti-CD2-, anti-CD3-,
and anti-CD28-coated beads (Miltenyi Biotec, Bergish Gladbach, Germany, EU). The follow-
ing cytokines were added: IL-1β (10 ng/mL) (R&D Systems), IL-6 (20 ng/mL) (PeproTech,
Cranbury, NJ, USA), TGF-β (1 ng/mL) (PeproTech), and IL-23 (50 ng/mL) (PeproTech or
R&D Systems). Th0 cells were obtained by stimulation of purified naïve CD4+ T cells with
the antibody-coated beads in the absence of the polarizing cytokines. In inhibition experi-
ments, ANK, ANK-SNs, and SNs were added at the indicated concentrations. After 5 days,
cells were collected and washed extensively, and their viability was determined as de-
scribed below and is reported in Supplementary Figure S4B–D. CD4+ T cells (1 × 106/mL)
were restimulated for 24 h with anti-CD2-, anti-CD3-, and anti-CD28-coated beads (one
bead per cell). The secretion of IL-17 and IFN-γ in culture supernatants was detected by
ELISA (Mabtech, Nacka Strand, Sweden, EU).

4.8. Cell Viability

The L3.6pl PDAC cell line, originally described in [69], was kindly supplied by
Dr. Bruno Sainz Jr (Madrid, Spain, EU). L3.6pl cells were cultured in RPMI 1640 me-
dia (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FBS and
50 units/mL penicillin/streptomycin in a humidified incubator at 37 ◦C, and cultures were
tested for Mycoplasma contamination periodically, as above. L3.pl6 cells were seeded
at a density of 2.5 × 104 cell/well into black-wall clear-bottom 96-well plates (Sigma)
and incubated in the absence or the presence of increasing concentration of SNs or ANK-
SNs for 4 h and 24 h. Cell viability was determined using a 1:10 dilution AlamarBlueTM

assay. Fluorescence was read using a Victor NivoTM multimode plate reader (Thermo
Fisher Scientific, Waltham, MA, USA) at 530 nm excitation and 590 nm emission. Data
were normalized to negative control 100% viability, and the reagent itself was used as a
fluorescence background.

CAFs were stimulated with pro-inflammatory cytokines, and Th17 cells were differ-
entiated and cultured both in the absence and in the presence of inhibitory stimuli, as
described above. At the end of stimulation/differentiation, CAFs were washed with PBS
100 μL of IMDM 10% FBS culture medium was replaced, and Th17 cells were collected and
cultured in 100 μL X-VIVO 20. Cell viability was evaluated by the addition of 20 μL/well
of CellTiter 96 Aqueous One Solution Cell Proliferation Assay (PROMEGA, Madison,
WI, USA) for 4 h. The absorbance was recorded at 490 nm and 650 nm to subtract the
background. The viability of Th17 cells was also tested by flow cytometry; see below.
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4.9. Flow Cytometry

Th17 cells were harvested after in vitro restimulation for 24 h with antibody-coated
beads, as described above, and stained with anti-human CD4 (BD PharmingenTM FITC
mouse anti-human CD4, cat. 555346) and diluted 1:1000 with Invitrogen™ LIVE/DEAD™
Fixable Aqua Dead Cell Stain Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
Cell viability was assessed by flow cytometry; data were acquired with BD FACSCanto. A
gating strategy was adapted to avoid autofluorescence derived from antibody-coated beads
(Supplementary Figure S4C). CAFs were characterized by staining with anti-FAP antibody
(APC-conjugated mouse anti-human FAP antibody, R&D Systems, cat. FAB3715A) and
anti-EpCAM antibody (PE-conjugated mouse anti-human EpCAM/CD326 antibody, BD
Biosciences, San Jose, CA, USA, cat. 347198), following the manufacturer’s instructions,
and data were acquired as above.

4.10. Confocal Microscopy

Internalization of nanosystems in L3.6pl cells was evaluated by confocal laser mi-
croscopy (Leica Microscope SP8®, Wetzlar, Germany, EU). First, 6 × 104 cells were seeded in
an 8-well chamber slide plate and grew overnight at 37 ◦C. Fluorescent-labeled TopFluor®-
SM SNs and fluorescent-labeled TopFluor®-SM ANK-SNs (0.2 mg/mL) were added for 2 h.
The treatment was then removed, cells were fixed for 15 min with 4% paraformaldehyde
(PFA) (Thermo Fisher Scientific), and cell nuclei were stained with Hoechst 33342 (Thermo
Fisher Scientific).

For CAF experiments, 1 × 105 cells/well were plated on a glass coverslip, previously
treated with 0.01% Poly-L-lysine solution (Sigma), and starved overnight. The next day,
CAFs were stimulated with IL-1α + IL-1β, as described above, and treated with ± ANK
or fluorescent-labeled TopFluor®-SM SNs or fluorescent-labeled TopFluor®-SM ANK-SNs
for 4 h, fixed with 4% PFA (Thermo Fisher Scientific) in PBS for 10 min at RT and washed
with PBS. Treated CAFs were permeabilized with 0,1% saponin in dH2O for 15 min. The
coverslips were then blocked overnight at 4 ◦C with PBS 2% BSA (Sigma). Successively, a
first incubation with anti-IL-1R1 primary antibody (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) for 1 h at RT and a secondary incubation with Alexa Fluor 546
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at RT were applied.
Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA) was added to mark the
nuclei, and the coverslips were mounted in glycerol. Cells were imaged with an Olympus
FV3000 confocal laser scanning microscope.

For Th17 cell experiments, CD4+ naïve T cells were magnetically isolated from PBMCs
and plated at 1 × 106 cells/well on a glass coverslip, previously treated with 0,01% Poly-L-
lysine solution (Sigma), and stimulated, as described above, with IL-1β, IL-6, TGF-β, and
IL-23 in the presence of anti-CD2-, anti-CD3-, and anti-CD28-coated beads ± fluorescent-
labeled TopFluor®-SM SNs or fluorescent-labeled TopFluor®-SM ANK-SNs for 5 days. Th17
cells were then fixed with 4% PFA (Thermo Fisher Scientific) in PBS for 10 min at RT, washed
with PBS, and blocked overnight at 4 ◦C with PBS 2% BSA. Successively, a first incubation
with anti-IL-1R1 primary antibody (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) for 1 h at RT and a secondary incubation with Alexa Fluor 546 (Invitrogen) for 2 h at
RT were applied. Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA was added
to mark the nuclei, and the coverslips were mounted in glycerol. Cells are imaged with an
Olympus FV3000 confocal laser scanning microscope.

For IL-1R1 quantification, area coverage on the cellular surface was determined using
ImageJ Software 1.53k. Z-plans were initially acquired and successively stacked to obtain a
single image that was converted to 8-bit. After the threshold was applied, the area of the
image covered by the fluorochrome linked to IL-1R1 was measured.

4.11. Statistics

Differences between groups were statistically determined using a one-way ANOVA
test and Neuman–Keuls post-test. The percentage of inhibition was calculated by consider-
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ing the values of the positive controls in the case of ANK and SNs in the case of ANK-SNs
as 100% expression. All statistical analyses were performed using GraphPad Prism (Version
6.0 software) (GraphPadSoftware, San Diego, CA, USA). A p value < 0.05 was considered
to be significant.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abstract: A novel nanotechnology-based drug delivery system (DDS) targeted at pancreatic cancer
cells was developed, characterized, and tested. The system consisted of liposomes as carriers, an
anticancer drug (paclitaxel) as a chemotherapeutic agent, and a modified synthetic somatostatin
analog, 5-pentacarbonyl-octreotide, a ligand for somatostatin receptor 2 (SSTR2), as a targeting moiety
for pancreatic cancer. The cellular internalization, cytotoxicity, and antitumor activity of the DDS
were tested in vitro using human pancreatic ductal adenocarcinoma (PDAC) cells with different
expressions of the targeted SSTR2 receptors, and in vivo on immunodeficient mice bearing human
PDAC xenografts. The targeted drug delivery system containing paclitaxel exhibited significantly
enhanced cytotoxicity compared to non-targeted DDS, and this efficacy was directly related to the
levels of SSTR2 expression. It was found that octreotide-targeted DDS proved exceptionally effective
in suppressing the growth of PDAC tumors. This study underscores the potential of octreotide-
targeted liposomal delivery systems to enhance the therapeutic outcomes for PDAC compared with
non-targeted liposomal DDS and Paclitaxel-Cremophor® EL, suggesting a promising avenue for
future cancer therapy innovations.

Keywords: somatostatin receptor 2 (SSTR2); nanoparticle-based drugs; liposome; paclitaxel; targeted
delivery system

1. Introduction

Accounting for 90% of all pancreatic malignancies, pancreatic ductal adenocarcinoma
(PDAC) is the fourth leading cause of cancer-related death in the United States, with a
five-year survival rate of 8% [1]. Although surgery can be an effective way to treat PDAC,
the statistical report suggests that 80% of pancreatic cancer cases are unresectable, and, in
many cases, local recurrence can occur after tumor resection [2]. PDAC’s complexity is
underscored by its genetic diversity, elevated interstitial fluid pressure, and thick tumor
stroma, which contribute to a challenging microenvironment. These factors notably amplify
its tendency to metastasize and resist drugs, making it difficult for conventional chemother-
apy treatments to deliver therapeutic agents effectively [3–5]. Nanotechnology has risen
as a critical field in tackling the complexities of diverse cancer types through innovative
therapeutic and diagnostic approaches [6–9]. The versatility and potential of this domain
have led to its growing prominence, especially in improving treatments for conditions
such as PDAC, making substantial progress in recent years [10]. The FDA’s approval of
nanoformulations like Onivyde® (irinotecan liposome) and Abraxane® (nab-paclitaxel)
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for PDAC treatment emphasizes the impactful role of nanotechnology. These advanced
treatments have outperformed conventional gemcitabine-based therapies in clinical effec-
tiveness [11,12]. However, it is essential to note that these formulations do not specifically
target unique cell markers, which suggests an area for further innovation and development
in nanoparticle-based therapies.

Liposomes, a type of phospholipid-based vesicles that offer the ability to encap-
sulate hydrophilic drugs in their internal core and lipophilic drugs within their lipid
bilayers, leading to the enhanced solubility and encapsulation efficiency of lipophilic medi-
cations [13]. Since their discovery, they have proven to be a productive delivery system
for hydrophobic drugs with superior biological compatibility. Moreover, liposomes can
evade the reticuloendothelial system (RES) through surface modifications, such as PEG
conjugation [14–16]. Additionally, active targeting can be achieved by coupling ligands to
cell surface receptors. With their precision engineering, nanoparticles can target tumor-
supporting cancer-associated fibroblasts (CAFs) and distinct markers on PDAC cells, such
as epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor
(VEGFR), integrins, hyaluronan, transferrin, etc. This targeted approach significantly im-
proves the specificity and effectiveness of treatments [10,17–20]. This targeted approach
improves therapeutic outcomes and minimizes damage to healthy cells, reducing the severe
side effects typically caused by conventional chemotherapy and radiation. Apart from
the markers mentioned above, it has been found that somatostatin receptor 2 (SSTR2) is
abundantly expressed in PDAC cells [21–27]. Hence, it may be an attractive target for the
related ligand—somatostatin—and its analogs, such as octreotide and lanreotide (Figure 1).
Derived primarily from the bark of the Taxus brevifolia tree, Paclitaxel (Figure 1) is a potent
anti-cancer medication that the FDA has approved for the treatment of ovarian, breast,
and non-small cell lung cancer (NSCLC), as well as Kaposi’s sarcoma. Its effectiveness in
treating these types of cancer is well established. Moreover, it has also been used off-label
to address solid tumors, including advanced cervical cancer and metastatic bladder can-
cer [28,29]. However, commercially available paclitaxel is mainly in the form of Taxol®

(Paclitaxel-Cremophor® EL) and Abraxane® (nab-paclitaxel), which cannot be explicitly
delivered to the tumor site; therefore, they restrict treatment efficacy and increase the
risk of damage to healthy organs. In this study, a modified synthetic somatostatin (SST)
analog, 5-pentacarbonyl-octreotide (OCT), was used as an SSTR2-targeting agent, and
agent-conjugated liposomal paclitaxel, OCT-DSPE-PEG-Liposome -Paclitaxel (OCT-Lip-
PTX), is proposed as a potential model drug for the formulated targeting therapy.
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Figure 1. Paclitaxel’s structural formula and the amino acid compositions of human somatostatin-14
and its synthetic analogs octreotide and lanreotide. Somatostatin (SST) is presented in two forms of
cyclic peptides, 14 and 28 amino acids. The somatostatin synthetic analogs, octreotide, and lanreotide,
have 8 amino acids. The four amino acids (Phe, (D)Trp, Lys, Thr) necessary for binding to the SSTR2
receptor are shadowed. The terminal Thr-COOH group in SST analogs is reduced to an alcoholic
group, while L-Tryptophan has been replaced by the non-natural enantiomer D-Tryptophan, in order
to limit enzymatic degradation and increase the peptide’s biological activity.

2. Results

2.1. Synthesis and Characterization of Liposomal Formulations

The size, type and composition of liposomes were selected based on our previous
investigations in order to provide the most effective delivery to cancer cells and of the
maximal anticancer drug efficacy in vivo [6,9,30,31]. DSPE-PEG2000-OCT was synthesized
using the methods described below; matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) confirmed the final yield. Data were acquired
by ABI-MDS SCIEX 4800 system (SCIEX, Framingham, MA, USA) with linear mid-mass
mode from 1.5 kDa to 8 kDa (Figure 2). Figure 3 illustrates the structure of OCT-Lip-PTX,
with paclitaxel entrapped between the hydrophobic tails and octreotide linked to liposomes
through DSPE-PEG2000. Data from the dynamic light scattering (DLS) procedure show that
all liposome formulations had sizes of 80 nm to 140 nm (Figure 3), with a slight negative
charge (Table 1). It was found that OCT-Lip-PTX showed a comparable releasing profile at
various temperatures to its non-targeting counterpart (Figure 4).
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Figure 2. Schematic representation of DSPE-PEG-SSTR ligand synthesis (top panel) and represen-
tative image of the final product’s MALDI-TOF-MS (bottom panel). A copper-catalyzed azole-
alkyne click chemistry (CuAAC) reaction was performed to conjugate DSPE-PEG-azide with 5-
pentynecarbonyl-octreotide (OCT). Both substances were dissolved in tetrahydrofuran (THF) and
mixed. After that, the mixture of CuSO4 and tris (benzyltriazolylme-thyl) amine (THPTA) was added
dropwise to the reaction mixture and stirred. Next, aminoguanidine and sodium ascorbate were
added to the reaction mixture and stirred for 24 h at room temperature (RT). The final product was
lyophilized to get the DSPE-PEG2000-OCT ligand in solid powder form. Matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) confirmed the final yield of the
ligand. The predicted mass of the resulting compound calculated based on the information provided
by manufacturers (with accounting on the polydispersity of PEG), is shown at the MALDI-TOF-MS
image as red arrow.
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Figure 3. The structure, size distribution and atomic force microscopy (AFM) images of the formu-
lation. (A) The assumed structure of the targeted liposomal delivery system containing paclitaxel.
(B) The size distribution of empty liposomes (Lip), targeted liposomes without drugs (Targeted-Lip),
non-targeted liposomes containing paclitaxel (Lip-PTX), and targeted liposomes containing paclitaxel
(Targeted-Lip-PTX). The particle size of liposomes was measured by dynamic light scattering using
Malvern Zetasizer Nano (Malvern Instruments, UK) Different colors show distribution curves for
three individual measurements of the same formulation. (C) Representative AFM images of liposomal
formulations. Panoramic images were captured in phase contrast mode.
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Table 1. Characterization of empty liposomes (Lip), targeted liposomes without the drug (OCT-
Lip), non-targeted liposomes containing paclitaxel (OCT-Lip-PTX), and tumor-targeted liposomes
containing paclitaxel (OCT-Lip-PTX). Means ± SD are shown.

Formulation
Particle Size,

nm
Polydispersity

Index
Zeta Potential,

mV
Encapsulation
Efficiency, %

Lip 88.76 ± 0.09 0.210 ± 0.008 −2.22 ± 1.36 88.76

OCT-Lip 96.10 ± 0.73 0.261 ± 0.008 −1.78 ± 0.07 96.10

Lip-PTX 134.20 ± 0.93 0.248 ± 0.007 −3.20 ± 0.72 94.4

OCT-Lip-PTX 111.30 ± 0.31 0.230 ± 0.002 −3.27 ± 0.56 88.46

Figure 4. In vitro drug release profiles of liposomal formulations. Non-targeted (Lip-PTX) and cancer-
targeted (OCT-Lip-PTX) nanoparticles were introduced into release media that were maintained at
three constant temperatures, 4 ◦C, 25 ◦C, and 37 ◦C, over 7 days. Samples were collected at specific
time points of 0 h, 0.5 h, 1 h, 2 h, 3 h, 6 h, 8 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h.
After sample collection, an equal volume of 1% Tween 20/PBS solution was replaced at each time
point. Free paclitaxel released from the formulations was separated by dialysis, and the bound drug
concentration in the liposomes was analyzed using HPLC methods.

2.2. Expression of SSTR2 in Pancreatic Cancer Cells

The results of quantitative reverse transcription polymerase chain reaction (QRT-PCR)
assays demonstrated that SSTR2 mRNA is expressed in all three types of investigated
pancreatic cancer cell lines, with varying degrees of abundance. It is noteworthy that the
expression of SSTR2 was found to be considerably different among the three cells. Specifi-
cally, CFPAC-1 cells exhibited almost 4.2-fold higher mRNA expression than MiaPaca-2
cells and 2.5-fold higher mRNA expression than PANC-1 cells (Figure 5). All RNA samples
tested positive for internal controls GAPDH and β-Actin.
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Figure 5. Expression of somatostatin receptors 2 (SSTR2) in PANC-1, MiaPaca-2, and CFPAC-1
human pancreatic cancer cells. (A) Gene expression measured by QRT-PCR. (B) Representative image
of protein expression measured by Western blotting. GAPDH was used as an internal standard.
(C) Representative image of protein expression measured by immunohistochemistry (scale bars—
100 μm). Pancreatic cancer cells were incubated for 24 h with Anti-SSR2antibody (ab9550) followed
by Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488, ab150077, green fluorescence). (D) Quantitative
analysis of Western blotting image. (E) Quantitative analysis of immunohistochemistry images. The
expression of SSTR2 mRNA/protein in MiaPaca-2 cells was set to 1 unit. Means ± SD are shown.
* p < 0.05 when compared with MiaPaca-2 cells.

Immunocytochemistry assays were performed to confirm the SSTR2 protein expression
qualitatively. All three types of paraformaldehyde-fixed cells were immunostained, and
the expression of SSTR2 was observed in CFPAC-1, MiaPaca-2, and PANC-1. CFPAC-1
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showed the strongest fluorescence expression among the three cell lines (Figure 5). Then,
SSTR2 protein expression was assessed quantitatively by Western blot in cell lysate samples.
A significant amount of the expression of endogenous SSTR2 was observed in CFPAC-1
cells in the range of 75 kDa, and a moderate amount of SSTR2 protein was observed in
PANC-1 cells compared to MiaPaca-2 cells, which was at a barely visible level (Figure 5).
The immunocytochemistry and Western blot results were consistent with the RT-qPCR
results, indicating that SSTR2 is much more pronounced in CFPAC-2 cells.

2.3. Cellular Internalization of Liposomes and Intracellular Release of Paclitaxel

The results of the confocal microscope clearly indicated that fluorescence liposomes
(red fluorescence) were internalized into the pancreatic cancer cells and localized in the
cytoplasm; paclitaxel (green fluorescence) was successfully released from liposomes and
localized in the cytoplasm and nuclei (blue fluorescence). Both non-targeted (Lip-PTX) and
cancer-targeted (OCT-Lip-PTX) liposomal formulations were internalized by the pancreatic
cancer cells and released their PTX payload in the cytoplasm (Figure 6). The fluorescence
of labeled PTX tightly packed in liposomes was quenched [32]. Therefore, the appearance
of the green fluorescence signal inside the cells testified the release of the drug from
liposomes inside the cells. The accumulation of paclitaxel in the cytoplasm facilitated its
pharmacological activities, such as microtube targeting.

Figure 6. Cellular internalization of non-targeted (Lip-PTX (A)) and tumor-targeted (OCT-Lip-
PTX (B)) liposomes containing paclitaxel by a confocal microscope in Human PANC-1 and CFPAC-1
pancreatic cancer cells. The cells were incubated for 24 h with liposomes (red fluorescence) con-
taining paclitaxel (green fluorescence). Nuclei were labeled with DAPI (blue fluorescence). The
superimposition of red and green colors gives yellow or orange colors.

2.4. Cytotoxicity of Different Formulations of Paclitaxel

The IC50 values of free non-bound paclitaxel, PEGylated liposomal paclitaxel, and
octreotide-targeted PEGylated liposomal paclitaxel against PANC-1, MiaPaca-2, and CFPAC-
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1 cells showed the different cytotoxicity of different treatments for all cell lines (Figure 7).
After 72 h incubation, the octreotide-conjugated liposomal paclitaxel concentration for 50%
inhibition (IC50) of CFPAC-1 cells was approximately 0.04 nM, which was significantly
lower than that of free paclitaxel and PEGylated liposomal paclitaxel, with the mean IC50
equaling 1.24 nM and 0.38 nM, respectively. Similar results were obtained for both MiaPaca-
2 and PANC-1. The average IC50 of octreotide-conjugated PEGylated liposomal paclitaxel
and paclitaxel against PANC-1 was 98.95 nM and 188.40 nM, respectively. For MiaPaca-
2, the IC50 for octreotide-conjugated PEGylated liposomal paclitaxel and paclitaxel was
0.59 nM and 2.17 nM, respectively.

Figure 7. Cytotoxicity of free paclitaxel (PTX), non-targeted (Lip-PTX) and targeted by octreotide
(OCT-Lip-PTX) liposomal PTX formulations in different human pancreatic cancer cells. Means ± SD
are shown. * p < 0.05 when compared with free unbound paclitaxel.

2.5. Comparison of the Antitumor Effect of Free Paclitaxel, Non-Targeted and Pancreatic Cells
Targeted Liposomal Formulations of Paclitaxel

The successful uptake of liposomal paclitaxel by PDAC cells and promising in vitro
results do not necessarily guarantee exceptional tumor growth suppression in vivo. There-
fore, the next step of the present study was focused on investigating the advantages of
DDS targeted to somatostatin receptors 2 overexpressed in pancreatic cancer cells when
compared with a non-targeted delivery system and clinically used Taxol® (Figure 8). The
mice inoculated with MiaPaca-2 and CFPAC-1 cells were treated with the commercially
available paclitaxel (PTX), non-targeted liposomal paclitaxel—Lip-PTX—and targeted to
SSTR2 OCT-Lip-PTX. All the investigated drug formulations were used in the previously
detected maximum-tolerated dose of paclitaxel (MTD, 2.5 mg/kg). The data obtained in
the series of mice inoculated with cancer cells demonstrated that the administration of free
paclitaxel and untargeted Lip-PTX limited tumor growth. In contrast, the mice with the
same type of tumor that were treated with a targeted drug delivery system (OCT-Lip-PTX)
demonstrated significantly better outcomes, resulting in the prevention or almost complete
elimination of tumors. Similar results were obtained for both MiaPaca-2 and CFPAC-1
types of human pancreatic tumor. OCT-Lip-PTX demonstrated superior efficacy in eliminat-
ing PDAC cells, suppressing pancreatic tumor growth, and even reducing tumor volume,
compared to the non-targeted liposome formulations currently used in clinic Taxol®. It also
should be stressed that CFPAC-1 cells were more resistant to paclitaxel than CFPAC-1 and
MiaPaca-2 cells. However, the positive effects of paclitaxel delivery by non-targeted and
especially OCT-targeted liposomes were more pronounced in these cells.
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Figure 8. Antitumor activity in mice bearing xenografts of MiaPaca-2 and CFPAC-1 human pancreatic
cancer cells. After tumors reached a size of about 0.2 cm3 (approximately eight days after the
subcutaneous injection of cancer cells), mice were treated twice per week within four weeks with
the following formulations: Control (mice treated with saline), PTX (Paclitaxel-Cremophor® EL),
Lip-PTX (DSPE-PEG-Liposome-Paclitaxel), and OCT-Lip-PTX (5-pentacarbonyl-octreotide)-DSPE-
PEG-Liposome-Paclitaxel). Mice were euthanized when the tumor size exceeded 2 cm3 or at the end
of the treatment. Means ± SD are shown.

3. Discussion

The ligand–target SSTR2, chosen for this study, has the potential to enhance potency
and minimize undesirable side effects. The studies have shown that the SSTR2 is highly
expressed in PDAC cells and tissues, although there may be variations in findings across
different studies [21–27,33–35]. This variability could be due to differences in measurement
techniques, experimental conditions, or treatment methods with corresponding ligands.
SSTRs have been identified in a range of neuroendocrine tumors, such as pituitary adeno-
mas, pancreatic endocrine tumors, small cell lung cancers, medullary thyroid carcinomas,
paragangliomas, and carcinoids. Most studies concluded that the level of SSTR2 expression
in the tissues affected by pancreatic cancer is considerably higher than that of the adjacent
healthy tissues. In particular, it was found that more than 80% of studied patients (88 out
of 108) were SSTR2-positive [23]. This expression in SSTR2-positive cancer tissues was 8 to
10 times higher than in non-cancerous pancreatic tissue. Although the clinical relevance of
such overexpression is unclear, the difference in the expression in cancerous and normal
tissue creates the preconditions for the use of SSTR2 ligands as an effective targeting moiety
to provide a cancer-specific delivery of therapeutics and the possible limitation of adverse
side effects upon healthy tissues.

Notably, tumors that exhibit neuroendocrine traits and significant SSTR2 expression
could be potential candidates for peptide receptor radionuclide therapy (PRRT), either as
a standalone treatment or in combination with other therapies like targeted chemother-
apy [36–38]. This finding presents exciting treatment possibilities for a specific subset of
pancreatic tumors, potentially transforming the management of this condition. Octreotide,
a frequently used octapeptide analog of SST, demonstrates a higher binding affinity to-
wards SSTR2 and SSTR5 and an extended half-life of 2 h, in contrast to the short half-life
of the native SST, which ranges from 1–3 min. SST activates SHP-1, triggers intracellu-
lar pro-apoptotic signals, and promotes apoptosis [39]. This makes octreotide—the first
somatostatin analog approved for treating hormone-producing pituitary, pancreatic, and
intestinal neuroendocrine tumors—a potential candidate for the tumor-targeted delivery of
drugs, highlighting the practical implications of the research [40].
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However, previous clinical evaluations demonstrated that the impact of SST analogs
on symptom management and decelerating tumor growth in neuroendocrine tumors (NETs)
is still limited [41,42]. Despite this, SST analogs have shown substantial potential to be
combined with other therapeutic or imaging agents via bioconjugation for the targeted
delivery of its payloads to SSTR-positive cancer cells. Sun et al. proposed a targeted
delivery system by conjugated cytotoxic camptothecin (CPT) with an SST analog (JF-07-69)
via an activated carbamate linker, which demonstrated a 92% inhibition rate in CFPAC-1
tumor models after 4-week treatment and a 56% inhibition rate at low treatment doses
(1 mg/pellet) [25]. Further studies involved PTX-OCT conjugates with additional modifi-
cations, such as PTX-Lys-OCT, PTX-Phe-OCT, and PTX-Phe-OCT-Lys-PTX, incorporating
a succinyl linker [42]. The paclitaxel–octreotide demonstrated significant tumor growth
inhibition and reduced microvessel density in A549 NSCLC xenograft models, indicating
potent anti-angiogenic effects alongside direct antitumor activity. Conjugating PTX with
OCT via a hydrophilic PEG linker significantly enhanced the solubility and SSTR-binding
affinity of the conjugate, thereby increasing cytotoxicity against SSTR-overexpressing NCI-
H446 cells and demonstrating superior in vivo efficacy and reduced systemic toxicity in
xenograft models compared to commercial PTX formulations [43]. However, the targeted
delivery of paclitaxel via nanoparticle integration remains limited, but recent research has
demonstrated superior antitumor effects in tumor xenograft models. This study proposed
a targeting liposome drug delivery system by connecting octreotide to paclitaxel-loaded
liposomes via DSPE-PEG linkers for treating SSTR2-positive PDAC tumors.

Our research centered on a novel drug delivery system designed to target tumor
cells, explicitly using the abovementioned targeting system. This system employs a dual-
targeting strategy that combines the enhanced permeability and retention (EPR) effect
for passive targeting with ligand–receptor interactions for active targeting, specifically
using octreotide to target SSTR2. The delivery vehicle we developed is an octreotide-DSPE-
PEG-liposomal formulation loaded with paclitaxel, engineered to maximize drug delivery
efficiency to tumor cells overexpressing SSTR2. In our study, we investigated the role
of receptor expression levels in receptor-mediated endocytosis, focusing on PDAC cell
lines PANC-1, MiaPaca-2, and CFPAC-1. Among the PDAC cell lines, CFPAC-1 exhibited
the highest SSTR2 expression, while MiaPaca-2 showed the lowest. As predicted, our
innovative delivery system, octreotide-DSPE-PEG-liposomal paclitaxel, has demonstrated
impressive efficiency in administering loaded drugs to targeted tumor cells. The cytotoxicity
studies revealed a significant finding; namely, the targeted delivery system most effectively
inhibited tumor growth in CFPAC-1 cells, aligning with the cell line’s high SSTR2 expression
levels. This finding indicates that the targeted system can deliver the drug more effectively
to cells with higher receptor expression, leveraging receptor-mediated endocytosis for
enhanced drug uptake. The effectiveness of our targeted drug delivery system was further
validated through tumor inhibition studies conducted in animal models. The OCT-Lip-
PTX-treated tumors showed remarkable control over tumor growth across both cell line
groups. Notably, in the group derived from CFPAC-1 cells, which exhibited the highest
SSTR2 expression levels, we observed a halt in tumor growth and actual tumor shrinkage.
The results underscore the potential of our targeted delivery system to improve drug
accumulation within SSTR2-positive tumor cells, thereby enhancing the therapeutic efficacy
against cancer while reducing the likelihood of the adverse effects typically associated
with nonspecific drug distribution, and not only inhibiting tumor progression but also
inducing tumor regression in cases where receptor expression is maximally aligned with
the targeting mechanism of the therapy. This targeted approach promises to direct more of
the active drug to the tumor site, minimizing unintended interactions with healthy tissue
and organs and offering a more efficient and safer cancer treatment strategy.

It should be stressed that different composition of targeted and non-targeted formu-
lations theoretically could affect their pharmacokinetics. However, the primary influence
on the pharmacokinetics and distribution of the delivery system is provided by active
targeting specifically to cancer cells. Previously, we revealed that targeting nanocarriers
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to tumor-specific receptors minimizes the influence of the architecture, composition, size,
and molecular mass of nanocarriers on the efficacy of cancer treatment [30]. By comparing
three types of carriers containing PTX (linear PEG polymer, polyamidoamine (PAMAM)
dendrimers, and PEGylated liposomes similar to the present study), we showed that the
pharmacokinetics and distribution of all cancer-targeted delivery systems were similar de-
spite the different chemical compositions and architecture of nanoparticles. Consequently,
the relatively small differences in the composition of non-targeted and targeted liposomes
should have minimal influence on these parameters compared to the targeting itself.

The crucial question that demands further exploration is how to reconcile the limited
effect observed in vitro with the significant differences observed in vivo regarding tumor
growth delay. This is a typical situation when non-targeted and cancer-targeted systems
are investigated both in vitro and in vivo [44]. The improvement of cellular internalization
(observed in vitro) is only one, and not the primary, advantage of active tumor targeting
by using ligands for the receptors expressed in cancer cells. The main mechanism of
enhancing the anticancer activity of tumor-targeted formulations is a dramatic change in
the organ distribution of targeted formulations. In addition to the tumor, non-targeted
nanotechnology-based formulations accumulate in the liver, kidney, and spleen [30,44].
Their accumulation in tumors is attributed to the so-called enhanced permeability and
retention (EPR) effect (passive targeting), leading to the retention of high-molecular-weight
substances in extremely vascularized tumors with limited and impaired lymphatic drainage.
In contrast, tumor-targeted formulations predominately accumulate in the tumor, leaving
healthy organs intact. Therefore, in most cases, tumor-targeted systems demonstrate much
more pronounced augmentation of their antitumor efficacy compared to their non-targeted
counterpart in vivo than in vitro.

4. Materials and Methods

4.1. Chemical and Reagents

Paclitaxel (TAX) and Tween-80 were purchased from Sigma (St. Louis, MO, USA). Egg
phosphatidylcholine (Egg PC), Cholesterol, and DSPE-PEG2000-azide (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[azido (polyethylene glycol)-2000]) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). To create a somatostatin analog, octreotide
(H-D-Phe-Cys*-Phe-D-Trp-Lys-Thr-Cys*-Thr-ol) 5-pentynecarboxylic acid was used to
replace the N-terminus of the D-Phenylalanine group with an alkyne group. The resulting
5-pentynecarbonyl-octreotide was synthesized by Peptides International, Inc. (Louisville,
KY, USA). Fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) reagents and dimethyl sulfoxide (DMSO) were purchased from Sigma (St.
Louis, MO, USA). Horse serum was obtained from Thermo Fisher Scientific (Waltham,
MA, USA). SSTR2 primers were purchased from Invitrogen (Waltham, MA, USA). Anti-
SSTR2 primary antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Horseradish peroxidase (HRP)-conjugated secondary antibody was purchased from Cell
Signaling Technology (Danvers, MA, USA).

4.2. Cell Lines and Culture Conditions

Human pancreatic cancer cell lines PANC-1, MiaPaca-2, and CFPAC-1 were chosen
based on the literature reports about their expression of SSTR2, and all cell lines were pur-
chased from the American Type Culture Collection (ATCC, Manassas, VA, USA). PANC-1
cells were cultured in T25 flasks using Dulbecco’s modified Eagle medium (DMEM), supple-
mented with 10% FBS and 1% penicillin-streptomycin solution (10,000 I.U./mL penicillin,
10,000 (μg/mL) streptomycin). MiaPaca-2 cells were also cultured in T25 flasks using Dul-
becco’s Modified Eagle Medium (DMEM), supplemented with 10% FBS, 2.5% horse serum,
and 1% penicillin–streptomycin solution. CFPAC-1 cells were grown in Iscove’s modified
Dulbecco’s medium (IMDM), supplemented with 10% FBS and 1% penicillin–streptomycin
solution. All the cells were cultured at 37 ◦C with humidity control in a CO2 incubator.

35



Int. J. Mol. Sci. 2024, 25, 5545

4.3. Expression of SSTR2 mRNA

To measure the gene expression of SSTR2, all three cell lines were incubated in cell
medium in T-75 flasks and harvested until they reached 70% confluence. Then, total RNA
was extracted from three cell lines using RNeasy® Mini Kits (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. The extracted mRNA was reverse-transcribed
into cDNA using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems,
Carlsbad, CA, USA) with a Veriti™ 96-well thermal cycler (Applied Biosystems, Carlsbad,
CA, USA). Finally, the cDNA levels for SSTR2 in PANC-1, MiaPaca-2, and CFPAC-1 cells
were measured using QRT-PCR with the Step One Plus System (Applied Biosystems,
Carlsbad, CA, USA).

4.4. Expression of SSTR2 Protein

Immunocytochemistry (ICC) images were used to visualize the SSTR2 protein expres-
sion. Cells were seeded in 0.01% poly-L-lysine treated 4-well chamber slides. After 24 h of
incubation, the media was removed, and the cells were washed with phosphate-buffered
saline (PBS). Then, the cells were fixed with 4% paraformaldehyde and permeabilized
with methanol. Next, after washing with phosphate-buffered saline with Tween 20 (PBS-T)
buffer, the cells were blocked with 1% bovine serum albumin prepared in PBS and incu-
bated in anti-SSTR2 primary antibodies. Then, the cells were incubated with Alexa Fluor
488-conjugated secondary antibodies. Finally, the cells were stained with 4,6-diamidino-
2-phenylindole (DAPI) (Sigma Chemical Co., St. Louis, MO, USA) and mounted with
ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). Images
were recorded using a 10× objective of a fluorescence microscope.

The SSTR2 protein expression levels were measured by Western blotting. Briefly, cells
were seeded into 6-well plates. Then, all culture media were cleared, and each well was
washed twice with PBS. Next, cells were treated with ice-cold radioimmunoprecipitation
assay (RIPA) buffer, supplemented with Triton X-100, a protease and phosphatase inhibitor
cocktail, for 25 min and sonicated in ice water for 1 min before being transferred into
microcentrifuge tubes. Cell lysates were then centrifuged at 10,000× g for 10 min at 4 ◦C,
and the supernatant was transferred into new microcentrifuge tubes. The protein was
quantified with a Pierce bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL,
USA). Then, 40 μg of proteins were added into each well of 4 to 12% NuPage Bis-Tris
gel (Invitrogen, Waltham, MA, USA) for electrophoresis for 50 min at 200 V. Proteins
were transferred from the gel to PVDF membranes with an iBlot 2 dry blotting system
(Thermo Fisher Scientific, Waltham, MA, USA). Next, the membranes were submerged
in 5% non-fat milk with PBS-T (0.05% Tween 20 in PBS buffer) on a rotating shaker for
1 h at room temperature to block non-specific binding, followed by washing with PBS-T.
Then, the membranes were incubated overnight at 4 ◦C in anti-SSTR2 primary antibodies
(1:100 dilution, Santa Cruz Biotechnology, Dallas, TX, USA). GAPDH was used as a loading
control. After that, membranes were washed three times with PBS-T and incubated in
horseradish peroxidase (HRP)-conjugated secondary antibody for 2 h at room temperature.
Finally, to develop protein bands, membranes were soaked in SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (Thermo Scientific, Waltham, MA, USA) for 10 min and
visualized using the BIO-RAD ChemiDoc Imaging System (Bio-Rad Laboratories, Hercules,
CA, USA).

A quantitative analysis of Western blotting and ICC images was performed using
ImageJ software Version 1.53m (https://imagej.net/ij/, accessed on 19 May 2024).

4.5. Preparation and Characterization of OCT-DSPE-PEG2000

A copper-catalyzed azide–alkyne click chemistry (CuAAC) reaction [45] was per-
formed to conjugate DSPE-PEG-Azide with 5-pentynecarbonyl-octreotide (Figure 2). In
total, 50.0 mg of DSPE-PEG-Azide (MW 2816.48, 0.017 mmol) was dissolved in 3 mL
tetrahydrofuran (THF) in a 10 mL RB flask. Next, 18.0 mg of 5-pentynecarbonyl-octreotide
(MW 1098.47, 0.016 mmol) was dissolved in 2 mL of 1:1 THF and methanol and added
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to the RB flask while stirring. After that, 100 μL of 20 mM CuSO4 was added to 100 μL
of 50 mM tris (benzyltriazolylmethyl) amine (THPTA), and 200 μL of this mixture was
added dropwise to the reaction mixture and stirred for one minute. Next, 25 μL of 100 mM
aminoguanidine was added to the reaction mixture and stirred for one minute for homo-
geneous mixing. Finally, 25 μL of 100 mM sodium ascorbate was added to this reaction
mixture, and the reaction mixture was stirred at 500 rpm for 24 h at room temperature.
After that, the reaction mixture was evaporated to dryness at room temperature to get the
crude mixture of the product.

The crude reaction mixture obtained was dissolved in 1 mL of water and transferred
to a 3.5 kDa molecular weight cut-off (MWCO) dialysis tube (Repligen, Waltham, MA,
USA), which was run against 1.5 L of 0.04 (M) EDTA buffer (pH 8.2). The dialysis was run
for 36 h, and the buffer was changed after 3, 6, 12, and 24 h. Then, the purified product
was transferred into a 5 mL beaker and left at room temperature for 1 h to evaporate
the remaining solvent. The final product was lyophilized to get the ‘DSPE-PEG2000-OCT
Ligand’ in solid powder form.

The MALDI-TOF-MS analysis of the DSPE-PEG2000-OCT purified ligand was redis-
solved in MeOH to reach a 10 mg/mL concentration. The measurement was carried out
using a matrix of 10 mg/mL sinapinic acid (SA) in 2.5 mg/mL of cyano-4-hydroxycinnamic
acid (CHCA), 50% acetonitrile, and 0.1% trifluoroacetic acid (TFA), and 5 pM of insulin was
used as the external calibration standard.

4.6. Preparation of PEGylated Liposomal Paclitaxel, OCT-PEGylated Liposomal Paclitaxel, and
Fluorescent Liposomal Paclitaxel

Paclitaxel-loaded PEGylated liposomes were prepared using the previously developed
procedure [31]. Briefly, in untargeted formulation, the liposomes were prepared with lipids
in a molar ratio of 51:44:5 mole% of egg yolk phosphatidylcholine (EPC)/Cholesterol/1,2,-
distearoyl-sn-glycero-3-phosphoethanolamine-N-aminopolyethelenglycol- 2000 ammo-
nium salt (DSPE-PEG2000) and 0.878 mM paclitaxel. For the targeted formulation OCT-
PEGylated Liposome Paclitaxel, the lipids were mixed in a molar ratio of 47:41:2:10 of
EPC/Cholesterol/DSPE-PEG2000/DSPE-PEG-OCT with 0.878 mM of paclitaxel and dis-
solved in the same solvent. The fluorescent liposomal paclitaxel was formulated with
100 μg of Oregon Green R 488 Paclitaxel (green fluorescence) and 1 mg of Egg Liss Rhod
PE (red MAL fluorescence), along with other lipids using the aforementioned method.

The lipids and paclitaxel mixture were dissolved in 4.0 mL of 3:1 chloroform/methanol.
Once fully dissolved, the clear liquid was transferred into a 250 mL round-bottom flask and
evaporated under reduced pressure at 37 ◦C on a rotary evaporator (Rotavapor® R-210/R-
215, BUCHI Corp., New Castle, DE, USA). The resulting thin layer was rehydrated with
4 mL of a 0.9% saline solution. To create unilamellar liposomes, the mixture was sonicated
continuously for 15 min. The resulting liposome product was then transferred into 8 kD
MWCO dialysis bags and dialyzed in 0.9% saline while stirring (100 rpm) for 12 h at 4 ◦C
to remove any unentrapped, free paclitaxel. All purified products were stored at 4 ◦C for
further studies.

4.7. Zeta Potential, Particle Size, and Polydispersity Index (PDI)

The particle size, zeta potential, and polydispersity index (PDI) of liposome samples
were measured by Malvern Zetasizer Nano (Malvern Instruments, Malvern, UK) at 25 ◦C.
An aliquot of 25 μL of each formulation sample was diluted with 1.5 mL of 0.9% saline in
Malvern disposable cuvettes. All measurements were completed in triplicate, and average
values were calculated.

4.8. Atomic Force Microscopy (AFM)

The shape of all types of liposomal formulations were studied by atomic force mi-
croscopy imaging using the previously described procedure [46]. Briefly, 50 μL of a lipo-
some suspension in water was deposited on pre-cut (∼25 × 25 mm2) and pre-cleaned Plain
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Premium microscope slides (Fisher Scientific Co., Pittsburgh, PA, USA), kept for 10 min at
100% humidity to achieve particles precipitation. Water was removed by dry nitrogen flow
and dried samples were subjected to imaging with an atomic force microscope (Nano-R
AFM Pacific Nanotechnology Instrument, PNI, Santa Clara, CA, USA) in close contact (tap-
ping) mode using tapping-mode-etched OMCLAC160TS silicon probes (Olympus Optical
Co., Tokyo, Japan). The captioning was performed in height mode.

4.9. High-Performance Liquid Chromatography (HPLC) Analysis of Paclitaxel

A Waters HPLC system was utilized to determine the concentration of paclitaxel in
the samples. The system was equipped with dual pumps (Waters 1525), a Waters 2487 Dual
Absorbance UV detector, and a Waters 717 autosampler. Each sample was injected with
20 μL and run at a 0.5 mL/min flow rate. The samples were examined using a reverse-
phase LiChrospher®100 RP-18 column (250 × 4 mm, 5 μm, Merck, Darmstadt, Germany)
at room temperature. The detecting wavelength employed was 227 nm. The mobile phase
comprised acetonitrile and water (60:40, v/v).

4.10. Entrapment Efficiency and HPLC Measurement

Dialysis was employed as a method to separate free paclitaxel from entrapped drugs.
In total, 1 mL crude liposomal suspension, either Lip-PTX or OCT-Lip-PTX, was introduced
into dialysis bags with a MWCO of 15 kDa. These bags were then dialyzed in 0.9% saline
solution at a temperature of 4 ◦C for 12 h, with continuous stirring at 100 rpm to ensure
consistent diffusion. An aliquot of 25 μL of the crude, or recovered liposome product
after dialysis, was dissolved and diluted in 975 μL of the dissolving solvent composed of
water, isopropanol, ether, and ethanol (5:2:1:2, v/v/v/v). The concentration of the paclitaxel
added initially and the concentration of the paclitaxel entrapped were measured by HPLC,
and the actual weight of the total paclitaxel before (Wtotal) and after (Wentrapped) purification
can be calculated by multiplying proper dilution factors [47]. Drug entrapment efficiency
was calculated by the equation below:

EE% =
Wentrapped

Wtotal
× 100%

4.11. Paclitaxel Release Profile

An aliquot of 0.8 mL of liposome paclitaxel samples Lip-PTX or OCT-Lip-PTX was
added to 15 kDa MWCO dialysis bags individually. The dialysis bags were then submerged
in beakers containing 80 mL of 1% Tween 20/PBS solution, with magnetic stirring set to
100 rpm. The study was carried out at three different temperatures, 4 ◦C, 25 ◦C, and 37 ◦C,
over 7 days. In total, 1 mL of samples were collected at specific time points of 0 h, 0.5 h,
1 h, 2 h, 3 h, 6 h, 8 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h. After sample
collection, an equal volume of 1% Tween 20/PBS solution was replaced at each time point.
As explained in the previous section, the samples were analyzed using HPLC methods.

4.12. Cellular Internalization Study

In order to visualize liposomes, they were labeled with near-infrared cyanine dye
Cy5.5 (Amersham Biosciences, Piscataway, NJ, USA) with red fluorescence, as previously
described [48]. Paclitaxel, Oregon Green™ 488 Conjugate (Fluotax) with green fluorescence
(Thermo Fisher Scientific, Waltham, MA, USA) was used instead of regular PTX in the
part of synthesized formulations to visualize drug release from the system inside cancer
cells. The fluorescence of Fluotax tightly packed in liposomes was quenched. Therefore,
the appearance of the green fluorescence signal inside the cells testified the release of the
drug from liposomes inside the cells.

All three cell lines were individually plated in 4 well-chambered Coverglass (Thermo
Scientific Nunc, Naperville, IL, USA) and allowed to incubate for 24 h at 37 ◦C. The culture
medium for each formulation was the same (DMEM and IMDM for PANC-1 and CFPAC-1
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cells, respectively). Following this, they were treated with fluorescent liposomal paclitaxel,
which had been previously prepared with the same volume and concentration of PTX for
non-targeted and targeted systems. After 24 h of treatment, the cells were rinsed with
Dulbecco’s phosphate-buffered saline (DPBS) containing 0.05% Tween 20 and fixed with
a 4% formaldehyde solution. Next, 0.5 mL of DPBS was added to each chamber. The cell
nuclei were stained by a blue-fluorescent DNA stain 4′,6-diamidino-2-phenylindole (DAPI).
The slides were observed using a Confocal Microscope (Leica TCS SP8, CarlZeiss, Jena,
Germany), and pictures were captured and analyzed using LAS AF Lite Leica Version 2.6.3
software.

4.13. Cytotoxicity Study

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assays were
used to measure the cell viability of PANC-1, MiaPaca-2, and CFPAC-1 cells after treatment.
Cells were seeded in 96-well plates with 0.1 mL culture media in each well and incubated at
37 ◦C for 24 h. Then, culture media were removed, and the cells were, respectively, treated
with paclitaxel (free paclitaxel), PEGylated liposomal paclitaxel, OCT-DSPE-PEGylated
liposomal paclitaxel, or empty liposomes in 0.2 mL of various concentrations. Each treat-
ment mentioned above was prepared in 100 μM, and 12 working solutions in decreasing
concentrations were prepared by serial dilutions (1:10). Cells incubated in fresh culture me-
dia were used as a control. After 72 h of incubation, treatment solutions were removed, and
cells were incubated in 0.12 mL of a 1 mg/mL MTT solution at 37 ◦C for 3 h. The Formazan
crystals were dissolved with a precise reagent (10.5 g SDS in 25 mL dimethylformamide
(DMF) + 25 mL deionized (DI) water). The absorbance was measured using Tecan Infinite
M200 PRO (Morrisville, NC, USA) at a wavelength of 570 nm. The IC50, a commonly used
parameter in assessing cytotoxicity, denotes the concentration of a given treatment that
leads to a 50% inhibition of cell proliferation. Based on the results, CFPAC-1 and MiaPaca-2
cells were selected for the following in vivo studies and analysis.

4.14. In Vivo Animal Studies

Animal studies were performed according to the protocols and animal use procedures
approved by the Institutional (Rutgers, the State University of New Jersey) Animal Care
and Use Committee (IACUC). Male and Female NCr (nu/nu strain), 6–8-week-old mice,
weighing about 20 g, were purchased from Taconic Farms, Inc. (Germantown, NY, USA)
and were housed in cages under controlled laboratory conditions (temperature 22–24 ◦C,
relative humidity 50 ± 10% and 12 h/12 h light/dark cycle) and allowed free access to a
sterilized rodent pellet diet and acidified drinking water. The animals were acclimatized
for at least 72 h before any experiments, and “pre-numbered” ear tags were used to identify
each mouse.

4.14.1. Maximum Tolerated Doses (MTDs) of Paclitaxel

For the Paclitaxel MTD study, healthy mice received one injection of the clinically used
Taxol ® formulation at 5 different concentrations. For each concentration tested, 5 mice
were used. The animals were observed for signs of acute toxicity, such as weight loss and
abnormal behavior.

For MTD studies, the concentrations (doses) of PTX in CrEL-D tested were 1, 2, 2.5,
3.0, and 3.5 mg PTX/kg in 0.2 mL injection per animal n = 5 per dose). Healthy mice
were weighed and then began receiving IV tail injections (~0.2 mL per mouse) of different
concentrations of CrEL-D using a q5dx4 schedule. Mice were monitored and weighed on
the day of the treatment, the day after, and every other day during the trial. Toxicity was
assessed as a percentage of weight loss. The MTD was defined as the highest dose with
<15% body weight loss and not causing significant lethality or any prominent observable
changes during the trial. The difference in mean body weight was calculated concerning
the beginning of treatment (day 1) as follows:
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(mean body weight on day x − mean body weight on day 1)/(mean body weight on day 1) × 100

The dose of paclitaxel was determined to be the maximum tolerated dose and was
used in all studied drug formulations.

4.14.2. Animal Model of Pancreatic Cancer and Antitumor Activity

An animal model of human pancreatic cancer xenografts was created by injecting
5 × 106 CFPAC-1 and Mia PaCa-2 cells subcutaneously into the athymic nu/nu mice flanks.
When the tumors reached a size of about 0.3–0.4 cm3, mice were randomly divided into
groups (6 animals per group) and treated intraperitoneally with five different formulations:
saline (control), empty liposomes, Raxol®, PEGylated liposomal paclitaxel, OCT-DSPE-
PEGylated liposomal paclitaxel. The animals were treated twice per week for 4 weeks.
The tumor growth was measured by a caliper on the day of the treatment, the day after,
and every other day during the trial. Tumor volume was calculated as d2 × D/2, where d
and D are the smallest and widest diameter of the tumor in mm, respectively. According
to the approved institutional animal use protocol, the mice were sacrificed when the
tumor reached around 1.2–1.3 cm3. All other measurements were performed 24 h after the
treatment. Changes in tumor size were used as an overall marker for antitumor activity.

5. Conclusions

A chemically modified somatostatin analog-conjugated to paclitaxel-loaded liposomes
was formulated for the chemotherapy of pancreatic cancer. Based on our studies, this
novel formulation displayed high selectivity to SSTR2-expressing tumor cells, significantly
inhibited cell proliferation, and increased drug cytotoxicity, demonstrating superior tumor
suppression effects compared to the non-targeting formulations, with the possibility of
maintaining limited toxicity on healthy organs. Therefore, the novel 5-pentynecarbonyl-
octreotide-conjugated liposomal paclitaxel presents a promising delivery system specific to
pancreatic cancer cells and tissues with high expression of SSTR2.

While paclitaxel serves as a model drug in this study, various cytotoxic agents such as
doxorubicin, methotrexate, camptothecin, carboplatin, cisplatin can also be incorporated
into the proposed delivery system for co-encapsulation, given the amphiphilic structure of
the liposomal membrane (for lipophilic drugs) and their liquid inner space (for hydrophilic
drugs). The use of hydrophilic drugs can potentially improve the drug-loading capacity
and stability of liposomes. However, even for the hydrophobic PTX, we registered close to
90% loading capacity and decent stability of the formulations under short-term storage in
the refrigerator, overall. In general, the stability of lyophilized lipid-based formulations is
excellent, and changes in nanoparticle characteristics, including the drug-loading capacity,
are minimal after one freezing/thaw cycle. In contrast, at body temperature, after entering
cancer cells, liposomes should release the encapsulated drug in order to induce the death
of cancer cells. Consequently, the further enhancement of the stability of carriers under
body temperature would decrease their ability to kill cancer cells.

An additional optimization can benefit liposomal formulations concerning their com-
position, PEGylated lipids and OCT fractions, and paclitaxel loading, among other fac-
tors. The main objective of the present research was to demonstrate that targeting a
nanotechnology-based drug formulation to pancreatic cancer cells using a somatostatin
analog could increase its effectiveness against tumors while drawing attention to this
approach. In our laboratory, we are exploring further optimization of the tumor-targeted
delivery of anticancer drugs to pancreatic cancer.

The present experimental data show that the cancer-targeted liposomal formulations
of anticancer drugs are more toxic when compared with non-targeted formulations and
free-non-bound drugs in the same concentration. Our previous detailed investigations of
various delivery systems clearly showed that tumor targeting almost eliminates adverse
toxic side effects on healthy organs and tissues in vivo [9,30,44]. Based on these results, we
do not expect that the proposed approach in the current investigation to pancreatic tumor-
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targeting can increase the adverse side effects compared to similar liposomal formulations
targeted to tumors by the LHRH peptide. However, further toxicologic evaluation of the
proposed system is required and is being conducted in our lab.

Due to the complex and heterogeneous nature of PDAC’s tumor microenvironment,
employing multifunctional nanoparticles that combine tumor-penetrating peptides such
as TAT, antennapedia, and iRGD could possibly improve the precision and efficiency of
targeting, leading to enhanced intracellular delivery of therapeutic agents. Combining the
targeting nano-based carriers with gene-silencing approaches, such as RNAi tailored to the
specific genetic makeup of patients, holds considerable promise for advancing personalized
medicine [6]. This approach could markedly improve therapeutic outcomes and benefit
patients with various genetic profiles. Nonetheless, translating these promising preclinical
findings into clinical practice requires further investigation, including the optimization of
conjugate design, comprehensive in vivo efficacy and toxicity evaluations, and, ultimately,
clinical trials to ascertain their safety and effectiveness in humans.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) represents a highly aggressive malignancy with
a lack of reliable diagnostic biomarkers. Protein induced by vitamin K absence (PIVKA-II) is a protein
increased in various cancers (particularly in hepatocellular carcinoma), and it has recently exhibited
superior diagnostic performance in PDAC detection compared to other biomarkers. The aim of our
research was to identify an in vitro model to study PIVKA-II production, distribution, and release in
PDAC. We examined the presence of PIVKA-II protein in a panel of stabilized pancreatic cancer cell
lines by Western blot analysis and indirect immunofluorescence (IFA). After quantitative evaluation
of PIVKA-II in PaCa 44, H-Paf II, Capan-1, and PANC-1, we adopted the latter as a reference model.
Subsequently, we analyzed the effect of glucose addiction on PIVKA-II production in a PANC-1 cell
line in vitro; PIVKA-II production seems to be directly related to an increase in glucose concentration
in the culture medium. Finally, we evaluated if PIVKA-II released in the presence of increasing doses
of glucose is concomitant with the expression of two well-acknowledged epithelial–mesenchymal
transition (EMT) markers (Vimentin and Snail). According to our experimental model, we can
speculate that PIVKA-II release by PANC-1 cells is glucose-dependent and occurs jointly with
EMT activation.

Keywords: PDAC; PIVKA-II; glucose; epithelial to mesenchymal transition

1. Introduction

Ninety percent of pancreatic cancer cases are attributed to pancreatic ductal adeno-
carcinoma (PDAC), characterized by its aggressive and lethal nature [1]. With a 5-year
survival rate of approximately 8%, PDAC stands as the sole cancer exhibiting an escalating
mortality rate for both men and women. Nowadays, surgery remains the most radical
treatment option for PDAC, but only 15–20% of cases are deemed surgically resectable
at the time of diagnosis [2]. PDAC is in fact commonly referred to as the “silent killer”
owing to its characteristic late diagnosis, with only 7% of cases identified at an early stage
due to the absence of specific early symptoms; unfortunately, the tumor becomes apparent
only after infiltrating surrounding tissues or metastasizing [3]. Given the tight correla-
tion between survival rates of PDAC patients and disease stage, an early detection of
the neoplasm becomes a pressing necessity to significantly enhance treatment effective-
ness [4]. To date, there are no screening or surveillance programs for the early diagnosis of
PDAC. The primary tool for determining the localization, extent, and clinical staging of
the mass relies on imaging techniques. In the last few decades, there has been a significant
increase in emphasis on circulating biomarkers as early warning systems for assessing
disease risk. They have become a potent and cost-effective tool in cancer management [5].
However, in the case of PDAC, compared to other solid neoplasms, the clinical utilization
and subsequent benefits of biomarkers remain considerably limited. Current guidelines
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regarding PDAC suggest Carbohydrate Antigen 19.9 (CA19.9) as the gold-standard circu-
lating biomarker. However, CA19.9 has several limitations, since altered levels have been
observed in patients with non-cancerous conditions such as biliary obstructions, chronic
pancreatitis, and non-malignant jaundice. Additionally, not all PDAC patients exhibit
elevated CA19.9 levels, particularly in Lewis-negative individuals, meaning its diagnostic
accuracy is significantly reduced [6]. The suboptimal diagnostic performance of CA19.9 and
the absence of other molecules indicating the presence of PDAC underscore the compelling
need to explore new biomarkers with enhanced sensitivity and specificity. In recent years,
there has been growing interest in the protein induced by vitamin K absence (PIVKA-II), an
immature form of prothrombin also known as DCP (Des-gamma-Carboxy Prothrombin).
Prothrombin, a vitamin K-dependent coagulation factor, is naturally synthesized by the
liver under physiological conditions. In instances of vitamin K deficiency or when its action
is hindered, such as with the administration of antivitamin-K drugs, PIVKA-II is released
into the bloodstream [7].

Several lines of evidence underscore the connection between the absence of vitamin
K and cancer. Vitamin K, an essential nutrient, has recently been explored as a potential
anticancer agent, as demonstrated by its ability to inhibit the survival of certain pancreatic
cancer cell lines through apoptotic mechanisms [8,9]. The deficiency of vitamin K can be
detected using molecules such as PIVKA-II. This aspect has garnered significant interest
within the scientific community [6].

Although PIVKA-II has proven to be a recognized tool in the diagnosis and prognosis
of hepatocellular carcinoma (HCC) [10–12], it has also been observed that serum PIVKA-
II alone could be a reliable biomarker for the detection of pancreatic cancer, showing
superior diagnostic performance compared to other biomarkers [7,13]. In a recent report,
we found overexpression of PIVKA-II in PDAC tissue and reduced circulating PIVKA-II
levels after surgery in PDAC patients. The decrease in circulating PIVKA-II levels post-
surgery suggests a reduction in tumor load. It can be speculated that baseline high PIVKA-II
levels are a result of direct production by PDAC cells [14].

Considering these observations and the limited information available on the potential
mechanisms underlying PIVKA-II’s diagnostic efficiency as a biomarker for PDAC, we
transitioned from clinical observations to laboratory investigations to functionally charac-
terize the role of this protein in this specific cancer type. Thus, in this study, our primary
aim was to identify an in vitro model using stabilized PDAC cell lines to comprehensively
characterize PIVKA-II expression, distribution, and the molecular mechanisms leading
to its release. Within our experimental model, we also explored the relationship between
PIVKA-II and glucose. Recent findings highlighted that 80% of PDAC patients exhibit
glucose intolerance or frank diabetes, and the variability of glucose levels in PDAC cell
lines has been associated with both tumor proliferation and metastasis [15–17]. Finally, con-
sidering the frequently attributed association between hyperglycemia and poor prognosis
in PDAC due to glucose-dependent alterations in the epithelial–mesenchymal transition
process (EMT) [18], we aimed to analyze the kinetics of PIVKA-II expression and release in
correlation with EMT.

2. Results

2.1. PIVKA-II Expression in PDAC Cell Lines

In order to study the potential role of PIVKA-II as an early biomarker of pancreatic
cancer in vitro, we examined the expression of PIVKA-II protein in a panel of PDAC cell
lines whose main features are summarized in Table 1.
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Table 1. General characteristics of cell lines selected for this experimental study.

Cell Line Age Gender Origin Cell Type Mutations

PANC-1 [19,20] 56 F Primary
tumor Epithelial KRAS, TP53,

CDKN2A/p16

PaCa44 [21] 65 M Primary
tumor Epithelial KRAS, TP53,

CDKN2A/p16

H-PAF-II [22] 44 M Ascites Epithelial KRAS, TP53,
CDKN2A/p16

Capan-1 [22] 40 M Liver metastasis Epithelial
KRAS, TP53,
CDKN2A/p16
SMAD4/DPC4

HaCaT [23] nd nd Keratynocyte Epithelial

Cultured cells were lysed, separated on SDS-PAGE, and finally analyzed by Western
blotting using Moab-anti PIVKA-II and anti b-actin. Considering that there are no cell
lines known in the literature to be used as a PIVKA-II positive control, we separated a
high-PIVKA-II titer serum from a PDAC patient previously determined by immunometry
(CLEIA) using SDS-PAGE. Nontumorigenic HaCaT cells were used as a negative control
because they do not express PIVKA-II. As shown in Figure 1A, pancreatic cell line PaCa 44,
PANC-1, H-Paf II, and Capan-1 express PIVKA-II, although production levels are different
for each cell type, as reported by the quantitative analysis of PIVKA-II protein calculated in
relation to the b-actin detected (Figure 1B). Based on this result, we elected PANC-1 cells as
a reference model to study PIVKA-II protein.

Figure 1. PIVKA-II protein expression in different cell lines. One representative experiment out of
three is shown. (A) Western blot analysis of PIVKA-II protein in different pancreatic adenocarcinoma
cell lines. (B) Densitometric evaluation of PIVKA-II protein in PDAC cell lines. Histograms represent
the mean of the densitometric analysis of the ratio of PIVKA-II/β-actin. Densitometric analysis was
performed with ImageJ software (1.47 version, NIH, Bethesda, MD, USA), which was downloaded
from the NIH website (http://imagej.nih.gov, accessed on 1 August 2022) and plotted with GraphPad
Prism 5.0 software.

2.2. PIVKA-II Localization in PANC-1 Cells

In order to better characterize the cellular distribution of this novel biomarker, we
analyzed PIVKA II localization in PANC-1 cells by using indirect immunofluorescence
(IFA) [24]. Figure 2A shows an IFA performed on PANC-1 cells (left panels) and on HaCaT
cells (negative control, right panels) labeled with the monoclonal antibody (mo-ab) directed
against the PIVKA-II protein (red); nuclei were counterstained with DAPI (blue).

As shown in Figure 2, PIVKA-II expression seemed to be exclusive to PANC-1 cells
and undetectable in HaCaT cells, thus confirming the immunoblotting results. PIVKA-II
is mainly distributed in the cell cytoplasm, with an enrichment in the perinuclear zone of
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certain cells, and the distribution is granular and appears to be associated with the fibrous
structures of the cells. This distribution is comparable to that observed in vivo [14].

To evaluate the organization of the actin cytoskeleton in PANC-1 cells, a morpho-
logical analysis was performed by double immunofluorescence microscopy. To this end,
human PANC-1 cells and HaCaT cells were stained with PIVKA II (red) and phalloidin
(green), which specifically recognize the filamentous actin cytoskeleton (Figure 2B). The
morphological analysis shows no co-localization between actin and PIVKA II protein.

Figure 2. PIVKA-II localization in PANC-1 cells. (A) IFA performed on PANC-1 (left panel) and
HaCaT (right panel) cell lines, showing PIVKA-II (red) and nuclei (blue). Representative images out
of three are shown. (B) Double IFA performed on PANC-1 (upper panel) and HaCaT (lower panel)
cell lines, showing PIVKA-II (red) and nuclei (blue) and actin (green). Representative images out of
three are shown.

2.3. PIVKA-II Release in PANC-1 Cell Lines Is Glucose-Dependent

PIVKA-II is a free-circulating biomarker in vivo; however, nothing is yet known re-
garding the release mechanism of this protein. Several lines of evidence suggest that a large
number (up to 80%) of pancreatic cancer patients suffer from hyperglycemia or diabetes,
both characterized by elevated blood glucose levels [25]. Based on these observations,
we wanted to investigate whether glucose could play a role in inducing the release of
the PIVKA-II protein in vitro. To this end, we incubated PANC-1 cells in presence of in-
creasing glucose doses (0 mM, 5 mM, 25 mM and 50 mM) for 24 h and 48 h. Following
treatment, cells (Pell) and supernatants (Sup) were collected, separated by SDS-PAGE,
and immunoblotted with different antibodies. As shown by the Western blotting analysis
(Figure 3, left panel), we observed that PIVKA-II protein is released in the presence of
25 mM glucose following 48 h treatment, with an increase in the presence of 50 mM glucose;
otherwise, this protein is retained in the absence of glucose or in the presence of very low
concentrations of this sugar (5 mM) [16]. No increments in PIVKA-II production and release
were observed following 24 h treatment. Ponceau staining of the immunoblot (red, lower
left panel) was used as a supernatant loading control. In the same set of experiments, we
also examined PANC-1 intracellular production of PIVKA-II protein in the presence of in-
creasing glucose doses. Western blotting analysis of Figure 3B shows that the production of
PIVKA-II seems to be directly related to the increase in glucose concentration in the culture
medium, as also reported in the densitometric analysis presented in Figure 3C; b-actin was
used as a loading control and human serum S191 was considered the positive control in
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the experiment. Taken together, these observations suggest that biomarker production and
release in PANC-1 cells is promoted by glucose in a dose-dependent manner.

Figure 3. Expression and release of PIVKA-II in the presence of increasing doses of glucose in
PANC-1 cells. One representative experiment out of three is shown. (A,B) Western blotting analysis
performed on PANC-1 cells treated in the presence of increasing doses of glucose (5 mM, 25 mM,
50 mM) for 48 h. Following the treatment, Super (A) and Pellet (B) were recovered, separated on
12% SDS-PAGE, and analyzed by Western blotting with the indicated antibodies. Asterisks (*) in
Figure 3A indicates released PIVKA-II protein. Correct loading of the supernatants was checked by
Ponceau staining of the membrane (pink panel). b-actin was used as the lysates’ loading control.
(C) Densitometric evaluation of PIVKA-II protein in different cell lines. Histograms represent the
mean of the densitometric analysis (performed with ImageJ) of the ratio of PIVKA-II–Vimentin–Snail
vs. β-actin.

2.4. PIVKA-II Release in PANC-1 Cells Is Simultaneous with Epithelial–Mesenchymal
Transition Activation

In order to study PIVKA-II release as a function of EMT onset, we evaluated the
expression of two well-acknowledged EMT markers, Vimentin and Snail, in PANC-1 cells
and in the presence of increasing doses of glucose [26]. As shown in Figure 3B, we observed
the appearance of both Vimentin and Snail proteins in presence of 25 mM and 50 mM
glucose. It is noteworthy that in this experiment, at the same glucose concentrations (i.e.,
25 mM and 50 mM), PIVKA-II protein was released into the supernatant, thus suggesting
that the biomarker in this in vitro model was released as EMT began; notably, PIVKA-II
production in the PANC-1 cell line occurred before the complete activation of EMT.

3. Discussion

In developed nations, PDAC is presently ranked the fourth among the leading causes
of cancer deaths; its mortality rate relative to its incidence has been a constant over the last
two decades. Thus, improvements in timely PDAC diagnosis are mainly dictated by the
necessity of setting up the decision-making process within a short space of time [27,28].
PDAC is characterized by an early and aggressive local invasion which, associated with a
delayed clinical presentation and high metastatic potential, makes it a tumor with a poor
prognosis [29]. In this scenario, circulating biomarkers, due to their availability, represent a
powerful tool for early-stage diagnosis, prognosis, and follow up. Although many serum
markers for the diagnosis of PDAC have been evaluated, to date, no reliable biomolecules
(such as CEA, CA19.9, CA242) [30] have been identified for optimal clinical management.
A notable push in this direction has been provided by recent studies focused on new
biomolecules showing more reliable diagnostic performance [6,31,32]. Among these, the
most promising is PIVKA-II protein, a modified prothrombin whose expression is related
to vitamin K deficiency.

Recently, increasing attention has been paid to the relationship between vitamin K
and malignancy [33]; several in vivo observational studies have established a relationship
between vitamin K intake and cancer mortality [33,34]. An in vitro study also reported
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that vitamin K retains a peculiar cytotoxicity towards cancer cells through different mecha-
nisms implicated in cell growth arrest and suppression of proliferation [33]. Taking these
observations into account, all the products developed following vitamin K absence, such
as PIVKA-II, acquire a new role in the management of cancer. This biomarker is com-
monly used for HCC diagnosis and prognosis, and recently altered values of PIVKA-II
have been detected in various gastroenteric neoplasms such as gastric cancer, colon cancer,
and PDAC, providing a new perspective on the diagnosis of these neoplasms [7,35]. The
presence of this protein in PDAC is perhaps due to the fact that pancreas and liver tissues
share a common embryological origin from the mesoderm, retaining a latent ability to
trans-differentiate one into the other; it therefore seems reasonable to hypothesize that the
characteristic expression in HCC could also be present in PDAC [36,37].

As a consequence of previous in vivo studies demonstrating that circulating levels
of PIVKA-II were altered in patients with PDAC, here, we aimed to study the molecular
aspect of PIVKA-II protein in vitro [14]. The in vitro study provided valuable information
on the biological aspects of PIVKA-II; for the first time, in fact, we demonstrated that
this protein is expressed in several cell lines originating from PDACs. Given the high
basal level of protein expression, we chose PANC-1 cells as an in vitro model to study
the properties of PIVKA-II in relation to PDAC. The peculiar cytoplasmic and granular
distribution of PIVKA-II observed in vivo can be also confirmed in a PANC-1 model, thus
strengthening previous reports’ findings and further supporting the choice of this cellular
model. However, morphological analysis of PIVKA-II distribution has currently only
provided us with a preliminary dataset, and further studies will be needed to clarify how
the cellular structure is altered in response to an appropriate stimulus to facilitate the
intracellular transport and release of the protein [24,38].

Currently, one of the hallmarks of PDAC is the cellular metabolism reprogramming
promoted by mutations in the KRAS oncogene [39,40]. It is well documented that cancer
cells use a large amount of glucose, which is processed to produce lactate even in the
presence of oxygen, a process described as the Warburg effect [41]. Cancer cells are known
to have markedly increased glycolytic flux even in the presence of oxygen and normal
mitochondrial function. The main role of glycolytic flux in carbon metabolism is not limited
to the adenosine triphosphate (ATP) production but is also pivotal for providing biomass
for the anabolic processes that support cell proliferation. In 2011, Han et al. reported that
proliferation of pancreatic cell lines was affected by different concentrations of glucose in a
concentration-dependent manner [42]. Thus, in light of these observations, we investigated
the effect of glucose on the PIVKA-II protein in our model. In our study, we applied the
same experimental conditions of Han et al. [42] and we observed that increasing doses
of glucose promote PIVKA-II cellular production in a dose-dependent manner. Similar
experiments have also been conducted on PaCa44 cell lines but unfortunately, we did
not observe any effects on PIVKA-II production or release. We can speculate that one
possible explanation is related to the fact that while PANC-1 cells are responsive to glucose
treatment [42], the other cell lines could activate PIVKA-II production and release through
different stimuli.

Since there is no information in the literature on whether PIVKA-II could be consid-
ered an early or late disease marker, we studied its expression in relation to two established
EMT-related molecules in order to evaluate if PIVKA-II release could be associated with
EMT-dictated tumor progression. It has been demonstrated that high glucose levels could
promote pancreatic cancer proliferation and invasion as well as EMT and metastasis [18].
EMT, the hallmark of cancer metastasis, is a complex developmental program in which
epithelial cells lose many of their characteristics and acquire a mesenchymal phenotype that
permits the invasion of surrounding tissues, distant metastasis, metabolic reprogramming,
resistance to chemotherapy, and immune system suppression [26,43,44]. EMT is generally
associated with a poor prognosis since the activation of this mechanism confers characteris-
tic aggressiveness to the tumor [45,46], and in pancreatic cancer progression, it has been
demonstrated that tumor seeding of distant organs occurs before and concomitantly with

49



Int. J. Mol. Sci. 2024, 25, 3498

tumor formation at the primary site [47]. Biomarkers are widely used in EMT studies to
characterize the state in which cells are found, and some of them are already associated
with this process, such as growth factors (TFG-β and Wnts), transcription factors (SNAIL
and TWIST), adhesion molecules (cadherins), and molecules present in the cytoskeleton
(Vimentin) [48,49]. In our study, using the EMT biomarkers Snail and Vimentin, we ob-
served that while PIVKA-II production take place independently of EMT onset, the release
of this protein occurs concomitantly with the beginning of glucose-induced EMT. Taken
together, these experimental data suggest that PIVKA-II may represent an early signal of
cancer progression and can be considered a novel valuable tool for timely PDAC diagnosis.
The overall information deriving from our study underlines the importance, in the field of
biomedical research, of identifying preclinical experimental models that are useful both for
characterizing specific cellular mechanisms involved in the progression of PDAC and for
evaluating the effects of possible targeted therapeutic strategies. It must also be considered
that in recent years, tumor markers have not only been used as disease indicators but are
often molecules that actively participate in tumor progression [50].

This study does have some limitations. The primary limitation of this study is the
use of a single cell line and the omission of investigating other models of carcinogenesis
activation, such as a cytokine cocktail and hypoxia. Moreover, it will be important to make
a comparison with results from other studies in this particular field. Notwithstanding, the
results obtained in this research are to be considered preliminary; they offer promising new
perspectives for establishing a new effective PDAC biomarker for early diagnosis.

Appropriate biomarkers are crucial for the screening, early diagnosis, treatment, and
prognosis of PDAC. We believe that PIVKA-II could be a useful tool for PDAC screening
in selected populations; particularly, it could be a valid aid for people at increased risk of
developing PDAC, i.e., patients with diabetes or glucose intolerance.

The overall information derived from our study emphasizes the importance, in the
field of biomedical research, of identifying preclinical experimental models that are useful
both for characterizing specific cellular mechanisms involved in the progression of PDAC
and for evaluating the effects of possible targeted therapeutic strategies.

4. Materials and Methods

4.1. Cell Culture and Treatments

The human PDAC-derived cell lines PANC-1 [19], PaCa44 [20], HPAF II [22] and
Capan-1 [21] were cultured in RPMI 1640, 10% fetal calf serum (FCS) (Aurogene, Rome,
Italy), Lglutamine (2 mM), streptomycin (100 mg/mL), and penicillin (100 U/mL) in 5%
CO2 at 37 ◦C. Human keratinocytes (HaCaTs) are a spontaneously immortalized non-
tumorigenic human keratinocyte line [23] and were maintained in D-Mem, 10% heat-
inactivated fetal bovine serum (Aurogene), 2 mg of L-glutammin (Aurogene), and peni-
cillin/streptomycin (100 unit of penicillin, 100 mg/mL streptomycin) before being incu-
bated at 37 ◦C in and 5% CO2. To study the effect of glucose concentration, cells were
grown at 70% confluence on six wells washed with PBS and starved for 5 h at 37 ◦C in and
5% CO2. Following the starvation, complete medium (RPMI) was replaced in the presence
of glucose concentrations varying from 5.0 to 50 mM for 12 h, 24 h, or 48 h.

4.2. Indirect Immunofluorescence (IFA)

Untreated or treated cells were seeded on sterilized coverslips and grown at 70%
confluence than washed (PBS 1x), air-dried, fixed, and permeabilized as described else-
where [24]. The following primary antibodies were used: mouse monoclonal anti-PIVKA-II
(Biorbyt-Durham, NC, USA, 1:1000) and FITC-phalloidin (Sigma-Aldrich, St. Louis, MO,
USA) (1:50). Sheep anti-mouse IgG-Cy3 (SAM-Cy3, Jackson-Ely, UK; 1:2000) antibodies
were used as secondary antibodies. Nuclei were stained with DAPI (1:5000 in PBS, Sigma)
1 min RT. Immunofluorescence was analyzed by using an Axio Observer Z1 inverted
microscope equipped with an ApoTome.2 System (Carl Zeiss Inc., Ober Kochen, Germany).
Digital images were acquired with an AxioCam MRm high-resolution digital camera (Zeiss)
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and processed with the AxioVision 4.8.2 software (Zeiss). ApoTome optical sectioning
images of fluorescent cells were recorded under 40/0.75 objective (Zeiss).

4.3. Western-Blot Analysis

Treated or untreated cells were washed in PBS 1X and lysed in a RIPA buffer 1x
(150 mM NaCl, 1% NP-40, 50 mM TrisHCl, pH 8, 0.5% deoxycholic acid, 0.1% SDS, protease
and phosphatase inhibitors) on ice for 30 min, as described elsewhere [24]. Protein con-
centration was measured by using a BCA protein assay kit (Sigma 71285-M) and 15 μg of
protein was subjected to electrophoresis on 10% TGX FastCast (TGX FastCast Acrylamide
Kits-Bio Rad, San Francicsco, CA, USA), according to the manufacturer’s instruction. The
gels were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) for 45 min
in Tris-glycine buffer, and the membranes were incubated in blocking solution (1 × PBS,
0.1% Tween20 and 3% of BSA (SERVA Electrophoresis GmbH, Heidelberg, Germany) con-
taining the specific antibodies and developed using ECL Blotting Substrate (Advansta, San
Jose, CA, USA). Concerning supernatants’ analysis, 2 mL out of 20 mL cell culture medium
was loaded and separated by SDS-PAGE 10% (TGX FastCast-Kits-Bio Rad, San Francicsco,
CA, USA) then immunoblotted on nitrocellulose membranes, as described elsewhere [24].
Membranes were then probed with anti PIVKA-II (Biorbyt 1:1000), anti-β-actin (Santa
Cruz 1:1000, Santa Cruz, CA, USA), anti-Snail (Cell Signaling 1:100, Beverly, MA, USA),
anti-Vimentin (Santa Cruz 1:200), polyclonal anti-mouse IgG-HRP (Bethyl, 1:10,000, Mont-
gomery, TX, USA), and anti-rabbit IgG-HRP (Bethyl, 1:20,000). Detection was performed
using Western Bright (Advansta, Menio Park, CA, USA).

4.4. Densitometric Analysis

Quantification of protein bands was performed by densitometric analysis using Image
J software (1.47 version, NIH, Bethesda, MD, USA), which was downloaded from the NIH
website (http://imagej.nih.gov, accessed on 1 August 2022). The densitometric analysis
was performed using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla,
CA, USA).
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Abstract: Alternatively spliced tissue factor (asTF) promotes the progression of pancreatic ductal
adenocarcinoma (PDAC) by activating β1-integrins on PDAC cell surfaces. hRabMab1, a first-in-
class humanized inhibitory anti-asTF antibody we recently developed, can suppress PDAC primary
tumor growth as a single agent. Whether hRabMab1 has the potential to suppress metastases
in PDAC is unknown. Following in vivo screening of three asTF-proficient human PDAC cell
lines, we chose to make use of KRAS G12V-mutant human PDAC cell line PaCa-44, which yields
aggressive primary orthotopic tumors with spontaneous spread to PDAC-relevant anatomical sites,
along with concomitant severe leukocytosis. The experimental design featured orthotopic tumors
formed by luciferase labeled PaCa-44 cells; administration of hRabMab1 alone or in combination
with gemcitabine/paclitaxel (gem/PTX); and the assessment of the treatment outcomes on the
primary tumor tissue as well as systemic spread. When administered alone, hRabMab1 exhibited
poor penetration of tumor tissue; however, hRabMab1 was abundant in tumor tissue when co-
administered with gem/PTX, which resulted in a significant decrease in tumor cell proliferation;
leukocyte infiltration; and neovascularization. Gem/PTX alone reduced primary tumor volume,
but not metastatic spread; only the combination of hRabMab1 and gem/PTX significantly reduced
metastatic spread. RNA-seq analysis of primary tumors showed that the addition of hRabMab1 to
gem/PTX enhanced the downregulation of tubulin binding and microtubule motor activity. In the
liver, hRabMab1 reduced liver metastasis as a single agent. Only the combination of hRabMab1 and
gem/PTX eliminated tumor cell-induced leukocytosis. We here demonstrate for the first time that
hRabMab1 may help suppress metastasis in PDAC. hRabMab1’s ability to improve the efficacy of
chemotherapy is significant and warrants further investigation.

Keywords: pancreatic ductal adenocarcinoma (PDAC); alternatively spliced tissue factor (asTF);
humanized monoclonal antibody

Int. J. Mol. Sci. 2024, 25, 2580. https://doi.org/10.3390/ijms25052580 https://www.mdpi.com/journal/ijms54



Int. J. Mol. Sci. 2024, 25, 2580

1. Introduction

PDAC is associated with high rates of venous thromboembolism (VTE); one of the key
contributors to this morbidity is tissue factor (TF, also known as CD142, thromboplastin,
coagulation factor III) [1]. The much-studied, plasma membrane-bound form of TF protein
termed full-length (fl)TF, is the obligatory cofactor of the plasma serine protease fVIIa and
triggers blood clotting either upon tissue damage, or aberrant expression in cells that come
in contact with circulating blood; in PDAC, cancer cell-associated and extracellular vesicle-
bound flTF both contribute to VTE [2]. Hypoxia synergizes with such oncogenic drivers
as KRAS to induce TF (F3) gene expression via the amplification of PI3K-Akt and p38-
NFkB signaling pathways, both of which are prominent in KRAS-mutant cancers including
PDAC [3]; HIF-1α can also induce TF in cancer cells indirectly, via the upregulation of VEGF
expression [4]. In addition to cancer cells, stromal cells such as monocytes/macrophages,
fibroblasts, and microvascular endothelial cells express TF in cancer lesions [5]. Aside
from causing thrombosis in PDAC, high TF expression was long known to correlate with
PDAC’s histological grade [6]; in 1999, it was reported that TF can promote PDAC growth
and tumor cell invasion in vivo [7]. Nitori and colleagues suggested that TF may have
prognostic significance in PDAC: “high TF” patients presented with larger tumors and
more advanced metastatic disease with TF prominently expressed at the invasive front
of the primary tumor [8]. More recently, the Flick laboratory reported that the flTF/fVIIa
complex can contribute to metastatic seeding and immune evasion by cleaving protease-
activated receptors on PDAC cell surfaces [9], and this year, Zhang et al. reported that TF
overexpression can promote resistance to the newest class of KRAS-G12C inhibitors [10].

Another layer of complexity to TF function involves activity that is not protease
dependent, but rather integrin mediated; it is largely executed by TF’s minimally coagulant
alternatively spliced form, asTF. Unlike flTF, asTF lacks a transmembrane domain and
can, thus, be secreted as a free protein; a splicing-dependent shift in asTF’s open reading
frame creates a unique 40 amino acid C-terminal epitope in asTF, which makes it possible
to develop asTF-specific antibodies [11]. asTF binds a subset of β1 integrins in close
proximity to the “knee” region, causing a conformational change that amplifies integrin-
linked outside-in signaling. When bound to integrins on benign cells, e.g., endothelium,
asTF promotes cell migration and the expression of leukocyte adhesion molecules, yet not
cell proliferation [12]; however, when bound to integrins on malignant cells, asTF fuels
both proliferation as well as systemic spread [13,14]. Given asTF’s cell-agonist properties,
along with its dispensability for normal hemostasis, asTF is an attractive therapeutic target.

In 2021, we reported the results of the first study that evaluated the in vivo efficacy
of an asTF-specific, inhibitory, humanized antibody termed hRabMab1 [15]. We found
that hRabMab1 was able to suppress the growth of pre-formed, orthotopically grown
PDAC tumors (KRAS G12D-mutant cell line Pt45.P1) when administered intravenously
as a single agent. hRabMab1 exhibited a favorable pharmacokinetic (PK) profile in mice
with no toxicity detected at the dose of 18 mg/kg; examination of PDAC tumor tissue post-
hRabMab1 treatment showed the reduction of cancer cell proliferation and decreased mono-
cyte/macrophage infiltration of the lesions. In this study, we assessed hRabMab1’s ability
to suppress the progression of experimental PDAC in a model featuring a more aggressive
asTF-proficient human PDAC cell line—KRAS G12V-mutant PaCa-44 cells [16]—alone and
in combination with a standard-of-care regimen, gemcitabine/paclitaxel (gem/PTX).

2. Results

2.1. Orthotopic Implantation of PaCa44 Cells Yields Stroma-Rich Primary Tumors with
Spontaneous Metastases

Recent studies have demonstrated that circulating tumor cells (CTCs) arising en-
dogenously from solid primary tumors undergo a multi-step metastatic process that is
not recapitulated by cell lines grown in vitro limiting the value of tumor cell-seeding
approaches such as tail vein injections and hemi-splenic injections for studying PDAC
metastatic seeding in the lung and the liver, respectively [17,18]. Given our desire to deter-
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mine the anti-metastatic potential of hRabMab1, we first sought to ascertain the metastatic
potential of three asTF-proficient human PDAC cell lines grown orthotopically in SCID
mice. The expression profile of asTF-target integrins and the ability of each cell line to yield
spontaneous metastases in an orthotopic setting are shown in Figure 1.

Figure 1. (A) Expression of TF protein variants and α6β1 integrins in Pt45.P1, PaCa-44, and Hs766.T
cells. (B) In vivo properties of Pt45.P1, PaCa-44, and Hs766.T cells were evaluated (2 in vivo studies
per cell line); ∨: positive outcome; X: negative outcome.

asTF-proficient, KRAS G12V-mutant cell line PaCa-44 yields reproducible-size, aggres-
sive primary orthotopic tumors that spread spontaneously to PDAC-relevant anatomical
sites (Figure 2); other useful features of the PaCa-44 model comprise its 100% penetrance of
metastases to the site of surgical incision (wound closure area in the abdominal wall), and
severe leukocytosis.

 

Figure 2. Representative images of PaCa-44 primary tumor leading edge (demarked by yellow aster-
isks, (A–C)), liver metastases (arrows, (D–F)), and lung metastases (arrows, (G–I)) from 3 different
mice; animal-specific tissues arranged in vertical columns. Hematoxylin and eosin stain; original
magnification: 20×; 100 μm scale bar shown in bottom right of each micrograph.
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2.2. Effects of hRabMab1 in the Primary Tumor Tissue

We determined that sequential administration of gem/PTX (50 mg/kg/3 mg/kg,
respectively) in line with Wolfe et al. [19] resulted in a significant reduction in primary
volume (~80%, p = 0.002, vehicle vs. gem/PTX). To study the effect of hRabMab1 in
this model, 5 × 105 luciferase-labeled PaCa-44 cells were implanted into the pancreata of
NOD.scid mice (n = 40); 10 days post-implantation, mice were randomized into 4 cohorts:
vehicle; hRabMab1 (IV at 18 mg/kg); gem/PTX (50 mg/kg and 3 mg/kg, respectively); and
the combination of hRabMab1 with gem/PTX. Post-mortem analysis of primary tumors
revealed that hRabMab1 did not significantly impact the primary tumor volume when
used alone or in combination with gem/PTX (Figure 3).

Figure 3. Tumor volume in four experimental cohorts as indicated; 1-way ANOVA with Tukey’s
multiple comparison test was used to assess significance.

Immunohistochemical (IHC) analysis revealed that, unlike in thin-capsule forming
Pt45.P1 tumors, which are penetrable by hRabMab1 as a single agent [15], intratumoral hIgG
was not detectable in well-encapsulated PaCa-44 tumors in mice that received hRabMab1
as a single agent. However, when hRabMab1 was combined with gem/PTX, intratumoral
hIgG was found to be abundant throughout the tumor tissue (Figure 4A). Ki67+ signal was
significantly suppressed by the addition of hRabMab1 to gem/PTX; there were also signif-
icantly fewer neutrophils, monocytes, and microvessels in hRabMab1+gem/PTX tumors
compared to gem/PTX tumors (Figure 4B–E and Supplementary Materials Figure S1).

RNA-seq analysis of the tumor tissue followed by gene-set enrichment of differentially
expressed genes (three tumors per cohort: control; gem/PTX; and hRabMab1+gem/PTX,
Figure 5) revealed that the addition of hRabMab1 to gem/PTX downregulated tubulin
binding and microtubule motor activity. Genes involved in neovascularization were upreg-
ulated in response to gem/PTX and the addition of hRabMab1 to gem/PTX weakened this
compensatory effect, which is consistent with our IHC data (Figure 4E).
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Figure 4. (A) IHC of PaCa-44 primary tumor tissue (3 representative specimens per cohort as in-
dicated) stained for human IgG; original magnification: 20×; 100 μm scale bar shown in bottom
right of each micrograph. (B–E) Quantification of Ki67 positivity; neutrophil infiltration; mono-
cyte/macrophage infiltration; and neovascularization, respectively; please see Section 4 for details.

2.3. Systemic Effects of hRabMab1

As assessed by quantitative luciferase imaging, cumulative metastatic spread (liver,
lung, abdominal cavity) was not significantly reduced by gem/PTX alone; however, the
addition of hRabMab1 to gem/PTX significantly reduced whole-body metastatic spread
(p = 0.0415, vehicle vs. hRabMab1+gem/PTX, Figure 6).

In the liver, hRabMab1 significantly reduced metastatic burden as a single agent to
a comparable degree to that achieved by gem/PTX (hRabMab1: p = 0.0089 vs. vehicle;
gem/PTX: p = 0.0008 vs. vehicle; Supplementary Materials Figure S2). At the surgical
incision site, where PaCa-44 metastases routinely engraft, the following results were ob-
tained: vehicle, 100% penetrance (10/10); hRabMab1, 100% penetrance (8/8); gem/PTX,
44% penetrance (4/9); hRabMab1+gem/PTX, 0% penetrance (0/8; p = 0.0378 for gem/PTX
vs. hRabMab1+gem/PTX, Chi-square test with 0.1 replacing 0). Only the combination
of hRabMab1 with gem/PTX was able to eliminate neutrophil-driven leukocytosis in our
model (Figure 7 and Supplementary Materials Figure S3); the levels of circulating neu-
trophils, as well as monocytes, were significantly lower in the hRabMab1+gem/PTX cohort
when compared to the gem/PTX cohort (p = 0.035 and p = 0.051, respectively).
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Figure 5. Heatmap of z-score normalized, variance stabilizing transformed differentially expressed
gene counts. Up/Down trackbar indicates whether the gene is upregulated in gem/PTX samples, or
downregulated in hRabMab1+gem/PTX samples. The trackbars for Gene Ontology terms indicate
the presence (1) or absence (0) of the gene in the set. GO:0003777: microtubule motor activity;
GO:0015631: tubulin binding; GO:0072359: —circulatory system development; MODULE_47: ECM
and collagens.
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Figure 6. Cumulative metastatic spread assessed by quantitative luciferase imaging in experimental
cohorts as indicated; 1-way ANOVA with Tukey’s multiple comparison test was used to assess significance.

Figure 7. White blood cell (WBC) counts in NOD.scid mice: historical NOD.scid reference data and
the experimental cohorts as indicated; 1-way ANOVA with Tukey’s multiple comparison test was
used to assess significance.

Neutrophils and monocytes recruited from the circulation promote tumor progres-
sion in PDAC [20,21]. To address the potential physiological significance of neutrophil
count normalization by hRabMab1+gem/PTX in the PaCa-44 model, we performed cor-
relation analysis between circulating neutrophil counts and tumor volumes across all
4 cohorts; a highly significant positive correlation between neutrophil counts and tumor
volumes was identified (R = 0.628, p = 0.00002), mirroring findings reported in human
patients [22]. No differences in body weight of mice were observed between gem/PTX and
hRabMab1+gem/PTX (not shown).

3. Discussion

In this study, we evaluated the effects of hRabMab1, administered intravenously as a
single agent and in combination with gem/PTX, on primary tumor growth and systemic
spread of orthotopically implanted human PDAC cells. Our main findings are as follows:
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(i) hRabMab1 was able to suppress liver metastases as a single agent while improving the
efficacy of gem/PTX in suppressing metastases to other anatomical sites; (ii) hRabMab1
was able to penetrate primary tumor tissue when co-administered with gem/PTX, which
led to the suppression of cancer cell proliferative potential, as well as leukocyte infiltration
of primary tumors; (iii) the combination of hRabMab1+gem/PTX normalized WBC counts
in tumor-bearing mice. These results agree with and expand on our published findings
pointing to hRabMab1’s potential to stem the growth of human PDAC cells in vivo [15,23];
hRabMab1’s potential to increase the anti-metastatic efficacy of gem/PTX with no addi-
tional toxicity is particularly significant from a clinical perspective. The observations we
describe here pose a number of new questions about the biologic function(s) of hRabMab1,
e.g., what are the mechanisms underlying its ability to penetrate primary tumor tissue
when co-administered with gem/PTX? Are anti-metastatic effects of hRabMab1 largely
due to its ability to suppress the growth of PDAC cells already homed to distal sites,
or is there also an effect on CTC intravasation, extravasation, and/or homing capacity?
What causes the normalization of WBC counts in the hRabMab1+gem/PTX cohort? With
regard to the tumor-tissue penetrance of hRabMab1, the most likely explanation is that
the gem/PTX-elicited disruption of the fibrous capsule facilitated hRabMab1’s diffusion
throughout the tumor ECM. With regard to the anti-metastatic properties of hRabMab1,
these effects are most likely exerted on PDAC cells at various steps of metastatic dissemina-
tion. Integrins largely mediate a CTC’s capacity for motility and metastatic colonization, as
well as their anchorage-independent survival, and ECM-β1 integrin interactions contribute
to chemotherapy resistance of orthotopically grown PDAC tumors [24–26]. Thus, when
considering hRabMab1′s perceived mode of action, i.e., the diminution of asTF-induced inte-
grin activation, our data indicate hRabMab1 likely disrupts these integrin-driven metastatic
processes. We note that the suppression of liver metastases by hRabMab1 alone may be due
to the highly vascularized nature of the liver, which may have facilitated hRabMab1’s access
to liver metastases. Further studies using additional primary tumor-driven endogenous
metastatic models, as well as tail vein injections and hemi-splenic injections, will address
whether hRabMab1′s suppresses PDAC cell seeding in the lung and the liver, respectively.
Likewise, future studies are planned to feature tumor harvesting at regular intervals so that
we can better assess the longitudinal dynamics of hRabMab1’s effects on primary tumor
growth. Lastly, the normalization of WBC counts in the hRabMab1+gem/PTX cohort likely
reflects a lowered systemic response due to a decreased cancer cell burden in these mice. It
cannot be fully excluded, however, that the combination of hRabMab1+gem/PTX was more
toxic than gem/PTX alone; that being said, such a scenario is unlikely given that there were
no significant differences in BW between gem/PTX and hRabMab1+gem/PTX cohorts.

asTF is a soluble TF variant that has no role in normal blood clotting. flTF and asTF
both play a role in cancer progression and interact with β1 integrins, yet with different
consequences. In non-malignant cells, flTF keeps β1 integrins in an inactive state whereas
in cancer, flTF activates αβ subsets and triggers protease-activated receptor 1 activation and
thrombin generation that, collectively, promote cancer progression [23]. Earlier findings
from other groups that the depletion of flTF can reduce tumor growth and thrombosis in
murine models led to the exploration of targeting “total TF” in human clinical trials. The
most well-characterized TF-targeting therapy, an antibody-drug conjugate (ADC) tisotumab
vedotin (TF epitope unspecified), has shown promise with a phase II objective response rate
of 15.6%; however, nearly 50% of patients had a treatment-emergent serious adverse event
and nearly 70% experienced epistaxis [27–29]. While (fl)TF is still being actively pursued
clinically, we posit that asTF is the preferred TF form to target in PDAC and other solid
tumors due to both a low risk of bleeding complications, as well as superior selectivity
for cancer cells and tissues; further, hRabMab1 is not an ADC and is, thus, not likely to
cause tissue toxicity. As mentioned in the Introduction, “total TF” was recently implicated
in the development of resistance to KRAS-G12C inhibitors [10]; as such, asTF-targeting
via hRabMab1 may hold future promise in tackling this phenomenon in PDAC and other
cancers driven by mutant KRAS.
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Targeting asTF also comprises a novel way to impede integrin-linked, cancer-promoting
signaling. By disrupting asTF-integrin interactions, hRabMab1 inhibits outside-in integrin
signaling without the limitations associated with direct pharmacological inhibition of
integrins: the key adverse issue of direct integrin inhibitors being their paradoxical ability
to induce a conformational change in the integrin dimer, leading to a high-affinity ligand-
binding state [30]. Indirectly inhibiting integrin-linked outside-in signaling cascades,
however, has been one of the few methodologies that have provided additional benefit
to mainline gemcitabine chemotherapy in the treatment of PDAC. When combined with
gemcitabine and pembrolizumab, defactinib, a small molecule inhibitor of focal adhesion
kinase (FAK), one of the kinases downstream of asTF/integrins in PDAC cells [14], showed
preliminary efficacy without added toxicity [31]. We note that the use of antibody inhibitors
of checkpoint proteins in combination with gemcitabine, with or without PTX, has largely
yielded no additional benefit in the clinic in the treatment of PDAC, highlighting the
importance of defactinib in this therapeutic regimen. Indeed, most monoclonal antibodies
(mAbs) have failed in the clinic for the treatment of PDAC, largely due to the robust nature
of PDAC tumor capsules, poor tumor vascularity, and the choice of therapeutic targets.
Excitingly, we have recently seen that mAbs do have a place in the clinic for the treatment
of PDAC, as the combination of pamrevlumab, a mAb targeting connective tissue growth
factor (CTGF), with gem/PTX for the neoadjuvant treatment of locally advanced PDAC
enabled study participants to advance to successful surgical resection in 8 of 24 cases
(33%) compared to 1 of 13 (8%) patients who received gem/PTX alone [32]. Interestingly,
CTGF elicits cellular mitogenic responses through an αvβ3-dependent mechanism in
microvascular endothelial cells in vitro [33]. Thus, targeting integrin-linked signaling
appears to hold promise as a new way to treat PDAC; we note that inhibiting entities
upstream of integrin-linked signaling, such as asTF, is conceptually more robust compared
to downstream targeting. We show here that when combined with gem/PTX, hRabMab1
both effectively penetrate tumor tissue and suppresses metastases.

In conclusion, we here show for the first time that asTF-inhibitory humanized antibody
hRabMab1 holds promise to enhance the anti-metastatic effects of chemotherapy in PDAC.
The main limitation of our study comprises the use of a single PDAC cell line PaCa-44; we
note, however, that this cell line yields primary tumors that spontaneously metastasize to
relevant anatomical sites, which augments the likely biological significance of the obtained
results. Moreover, we previously showed the cancer cell-suppressing effect of inhibiting
asTF in models that used other asTF-proficient PDAC cell lines. Future studies will explore
hRabMab1’s ability to suppress primary tumor growth and experimental metastases in
models featuring additional asTF-proficient PDAC cell lines and patient-derived xenografts.

4. Materials and Methods

4.1. PDAC Cell Lines and Culture Conditions; Western Blotting

Human PDAC cell lines Pt45.P1 (a kind gift of Prof. Holger Kalthoff), PaCa-44 (a kind
gift of Prof. Stephan Haas), and HS766.T (ATCC) were cultured in DMEM supplemented
with 10% fetal calf serum and antibiotics. Lysates were prepared with RIPA buffer (50 mM
Tris HCl, pH 8.0; 150 mM NaCl, 0.5% w/v sodium deoxycholate; 0.1% SDS; 1% NP-
40) containing 5mM EDTA along with Halt protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA, USA, ref. 1861281) and loaded into 10% TGX gels
(BioRad Hercules, CA, USA). Protein was transferred onto PVDF membranes and probed
with antibodies specific for human α6 integrin (Cell Signaling Technology, Danvers, MA,
USA, #3750, 1:1000), β1 integrin (Cell Signaling Technology, Danvers, MA, USA, #34971,
1:1000), flTF (clone TF9-10H10, Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA,
1:500), asTF (custom rabbit polyclonal, ref. 14, 2 μg/mL), and beta-actin (Cell Signaling
Technology, Danvers, MA, USA, #3700, 1:1000).
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4.2. In Vivo Studies

Orthotopic tumor implantation: On the day of surgery, PaCa-44 cells were detached
from tissue culture plates with 0.25% trypsin. Trypsin was neutralized with DMEM con-
taining 10% FBS. Cells were washed 2× with DMEM before preparing a final suspension
of 2.5 × 107 cells/mL. Then, 20 μL of PaCa-44 cell suspension (containing 5 × 105 cells)
was injected into the pancreata proximal to the duodenum of NOD.scid mice (The Jackson
Laboratory, Bar Harbor, ME, USA, 001303). Ten days post-implantation, mice were ran-
domized into four cohorts: vehicle; hRabMab1 (IV at 18 mg/kg); gem/PTX (50 mg/kg IP
and 3 mg/kg IV, respectively); and hRabMab1+gem/PTX. In the vehicle and hRabMab1
cohorts, mice were sacrificed when tumor volume reached 1500 mm3; in the gem/PTX and
hRabMab1+gem/PTX cohorts, mice were sacrificed on day 40 post-implantation. In vivo
imaging was carried out weekly using the IVIS Spectrum System (Xenogen Corporation,
Alameda, CA, USA). Blood counts were determined at sacrifice using a HEMAVET auto-
mated hematology analyzer (Drew Scientific, Miami Lakes, FL, USA); historical reference
values for white blood cell count data for healthy NOD.scid mice were retrieved from
Charles River hematology records [34]. Tumor volumes were derived using the formula
V = (W(2) × L)/2 for caliper measurements. A portion of each tumor material was flash
frozen, as well as fixed in 10% formalin and embedded in paraffin for RNA-seq and IHC
analyses, respectively.

4.3. Immunohistochemistry

Formalin-fixed tissues were embedded in paraffin and sectioned into 5 μm sections.
Sections were deparaffinized and rehydrated into PBS. Antigen retrieval was carried
out whenever indicated by the antibody manufacturer; native peroxidase activity was
squelched using 0.4% hydrogen peroxide. Blocking was carried out using 5% bovine
serum albumin in PBS and sections were incubated with the following antibodies at
the manufacturer-indicated dilutions: CD31 (Novus Biologicals, Centennial, CO, USA,
AF3628, 10 μg/mL), CD206 (Cell Signaling Technology, Danvers, MA, USA, #24595, 1:200),
Ki67 (Novus Biologicals, Centennial, CO, USA, NB110-89717, 1:250), Myeloperoxidase
(Abcam Waltham, MA, USA, AB 300650, 1:1000), and goat anti-human IgG biotinylated
antibody (Vector Laboratories, Newark, CA, USA, BA-3000-1.5, 1:500). Species-specific,
HRP-conjugated anti-antibody polymers and DAB+ reagent (both—Cell Signaling) were
used to visualize unlabeled primary antibody binding and HRP-streptavidin reagent (SA-
5704, Vector Laboratories) was used to visualize anti-human IgG antibody; all sections were
counterstained with hematoxylin. Representative images (n = 6 per tissue specimen) were
captured using an Olympus BX51 (Center Valley, PA, USA) equipped with Olympus DP72
digital camera and used for statistical analyses. Staining intensity and/or positive staining
events were analyzed using ImageJ.

4.4. RNA-seq

Using an RNeasy kit (Qiagen, Germantown, MD, USA), total RNA was isolated from
frozen tissue specimens representing median tumor volumes from each experimental
cohort. Directional polyA RNA-seq was performed by the Genomics, Epigenomics and
Sequencing Core at the University of Cincinnati, using established protocols. The quality
of total RNA was QC analyzed by Bioanalyzer (Agilent, Santa Clara, CA, USA). To enrich
polyA RNA for library preparation, NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England BioLabs, Ipswich, MA, USA) was used with 1 μg good quality total RNA as
input. Next, NEBNext Ultra II Directional RNA Library Prep kit (New England BioLabs)
was used for library preparation under PCR (cycle number: 8). After library QC and
Qubit quantification (ThermoFisher, Waltham, MA, USA), the normalized libraries were
sequenced using NextSeq 2000 Sequencer (Illumina, San Diego, CA, USA) under the setting
of PE 2x61 bp to generate an average of 42.3 M reads. Once the sequencing was completed,
FASTQ files for downstream data analysis were generated and transferred/shared via
BaseSpace Sequence Hub (Illumina). A quality control check on the FASTQ files was
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performed using FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/,
accessed 21 December 2023) and MultiQC [35] to verify data quality. The FASTQ files
were processed with STAR (v. 2.7.7a) [36] with the Gencode GRCh38 as an index to
determine alignment. Salmon [37] quant (version 1.9.0), with default parameters and the
RefSeq CRCm39 index, was used to obtain counts. Differential gene expression analysis
was performed with unnormalized counts and default parameters using the DESeq2
package (Ver 1.34.0) between the following groups of samples: vehicle vs. hRabMab1,
vehicle vs. gem/PTX, vehicle vs. hRabMab1+gem/PTX [38,39]. Wald test was used
to test the null hypothesis of no differential expression across the two sample groups
along with Benjamini–Hochberg correction to adjust for multiple testing. Functional
gene set enrichment was performed with lists of genes that had significant differential
expression (adjusted p-value < 0.05) using the ToppFun application in the ToppGene suite
(https://toppgene.cchmc.org/) [40].

4.5. Statistics

Continuous variables were summarized as means ± SD or median and inter-quartile
ranges (IQR). Two-tailed t test and 1-way ANOVA with Tukey’s multiple comparison test
were used to test the difference between two or more cohorts, respectively (GraphPad Prism
v.6.0); p values ≤ 0.05 were deemed significant. Categorical variables were summarized as
counts and percentages. The Chi-square test was used to test the association.
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Abstract: Among diverse cancers, pancreatic cancer is one of the most aggressive types due to inade-
quate diagnostic options and treatments available. Therefore, there is a necessity to use combination
chemotherapy options to overcome the chemoresistance of pancreatic cancer cells. Plumbagin and
xanthohumol, natural compounds isolated from the Plumbaginaceae family and Humulus lupulus,
respectively, have been used to treat various cancers. In this study, we investigated the anticancer
effects of a combination of plumbagin and xanthohumol on pancreatic cancer models, as well as the
underlying mechanism. We have screened in vitro numerous plant-derived extracts and compounds
and tested in vivo the most effective combination, plumbagin and xanthohumol, using a transgenic
model of pancreatic cancer KPC (KrasLSL.G12D/+; p53R172H/+; PdxCretg/+). A significant syner-
gistic anticancer activity of plumbagin and xanthohumol combinations on different pancreatic cancer
cell lines was found. The combination treatment of plumbagin and xanthohumol influences the levels
of B-cell lymphoma (BCL2), which are known to be associated with apoptosis in both cell lysates and
tissues. More importantly, the survival of a transgenic mouse model of pancreatic cancer KPC treated
with a combination of plumbagin and xanthohumol was significantly increased, and the effect on
BCL2 levels has been confirmed. These results provide a foundation for a potential new treatment for
pancreatic cancer based on plumbagin and xanthohumol combinations.

Keywords: pancreatic cancer; plumbagin; xanthohumol; drug combinations; phytochemicals

1. Introduction

Pancreatic cancer (PC) is one of the most hostile and intractable types of cancer in
the world with an incidence-to-mortality ratio of close to one. It has an extremely poor
prognosis resulting in a five-year survival rate of approximately 12% [1,2]. Pancreatic
cancer is estimated to become the second most common cause of cancer-related death in
2040 [3]. Surgery is the only possible treatment for primary-stage or resectable pancreatic
tumours [4] and, even in this case, cancer relapses and metastasis development are a major
concern [5]. Presently, chemotherapy is the only feasible option available to inoperable
patients, and gemcitabine combined with albumin-bound paclitaxel is the standard first-
line treatment [6]. For cancer metastatic patients who can tolerate it, FOLFIRINOX, a
combination agent, is the treatment of preference [7]. However, the lack of effectiveness
due to the high chemoresistance of PC, high toxicity, and the wide variety of side effects
of chemotherapy demand a search for new lines of treatment [4,8]. The benefits of a diet
rich in fruit and vegetables and its role in preventing numerous types of cancer have
become common knowledge in the last few decades [9]. Consequently, many researchers
are currently focusing on natural plant extracts and their isolated compounds as a treatment
for pancreatic and other cancer types [10]. Dietary-derived anti-cancer agents are divided
into blocking agents and suppressing agents, depending on their effect as chemopreventive
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agents throughout the various stages of the carcinogenic process [11,12]. Examples of
phytochemicals contained in food and vegetables that battle cancer include cancer-blocking
agents such as sulforaphane, the natural compound found in broccoli, and suppressing
agents such as 6–gingerol, found in ginger, and capsaicin, found in the chilli pepper [13,14].
Some natural plant extracts have been identified as effective anticancer agents and have
reached the clinical trial stage [15,16]. Polyphenols, and in particular flavonoids, are
biologically active molecules present in many food plants. As well as having antioxidant
activity, they are known to down-regulate the production of antiapoptotic proteins in
the apoptotic cascade of the caspases [17]. The flavonoid xanthohumol (XH) has been
found to inhibit cell proliferation and to sensitise cells to chemotherapy in in vitro studies
on colorectal cancer cells [18,19]. Interestingly, XH has been found to have antitumour
activity in different cancer cell lines including pancreatic cancer cell lines [20–22]. Similarly,
plumbagin (PL), a plant-derived naphthoquinone, has been shown to have anticancer
activity in vitro and in vivo [22,23].

The objectives of this study were to test the potential anticancer activity of different
plant extracts and plant-derived bioactive compounds in pancreatic cancer. The most
promising compounds were selected and tested in combination on a panel of different pan-
creatic human cell lines. Studies on the possible mechanisms of action of these compounds
were also undertaken. As protein signalling is a mechanism in the progression of cancer,
various protein signalling pathways were examined to determine which protein pathways
were affected by the extracts or compounds. Two plant-based agents, PL and XH, were
selected after the initial screening thanks to their enhanced action on cancer cell growth
and proliferation. In the present study, we present data showing the anticancer activity
of PL and XH combinations used as a treatment in vitro and substantiated in a transgenic
mouse model of pancreatic cancer.

2. Results

2.1. In Vitro Screening

A variety of plant extracts and compounds were tested on a panel of human pancre-
atic (HPAF-II, AsPC-1) and mouse pancreatic (mT4-2D and KPC) cancer cell lines. The
IC50 of each different agent was calculated after dose-response experiments were per-
formed (Table 1). The most interesting compound studied was PL, which showed IC50
values on human pancreatic cancer cell lines HPAF-II and AsPC-1 of 1.33 and 0.98 μg/mL,
respectively (Table 1). PL was even more effective when tested on human AsPC-1 tumour-
spheres, showing increased activity with a lower IC50 compared to parental AsPC-1 cancer
cells of 0.53 μg/mL. When tested on two transgenic pancreatic mouse-derived cancer cell
lines, mT4-2D and KPC, cell lines derived from KPC organoid cultures and KPC mice,
respectively, IC50 values of 0.4 and 0.58 μg/mL, respectively, were observed (Table 1). Sub-
sequently, PL was tested on the human ovarian cancer cell line A2780, the human prostate
cancer cell line PC3, and the breast adenocarcinoma syngeneic cell line 4T1, obtaining IC50
values of 0.56, 0.93, and 0.74 μg/mL, respectively (Table 1). In addition, IC50 of XH on
HPAF-II and AsPC-1 were recorded as 3.89 μg/mL and 6.8 μg/mL, respectively. An IC50
of 9.15 μg/mL was recorded treating mT4-2D cells with XH.

Other cancer cell lines, A2780, PC3, and 4T1, expressed IC50 values of 0.3478 μg/mL,
4.968 μg/mL, and 1.26 μg/mL, respectively, after treatments with XH. As observed with PL,
when XH was tested on Human AsPC-1 tumour spheres, it showed an increased activity
with a lower IC50 compared to parental AsPC-1 cancer cells of 1.3 μg/mL. Amongst the
extracts, ginger and hops were demonstrated to be the most active. Sulforaphane, 6-
shogaol, and 6-gingerol showed an interesting effect, with sulforaphane being by far the
most effective agent. On the contrary, broccoli seed and broccoli seed combined with chilli
extracts did show very little activity on all cell lines tested, with the IC50 values of these
extracts being quite high. Peppermint and marjoram demonstrated to have modest activity
with an IC50 above 40, and pepper performed slightly better (IC50 above 20 μg/mL). The
active compound of ginger, zingerone, has only mild cytotoxicity on ASPC-1 cells (IC50
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37.4 μg/mL); piperine and capsaicin were fairly active on those cells (IC50 13.2 μg/mL and
15.3 μg/mL, respectively), but capsaicin was more active on HPAFII cells (IC50 6.1 μg/mL).

Table 1. IC50 values for each extract/compound determined with the cell viability assay after 72 h
incubation in different cancer cell line (tumour source in brackets). IC50 was determined by a dose-
response curve generated from at least five different inhibitor concentrations after three repeats using
the GraphPad Prism software.

Extract/
Compound

(Values in μg/mL)

Pancreas
HPAF-II (H)

Pancreas
ASPC-1 (H)

Tumour Type
Ovary

A2780 (H)

Prostate
PC3 (H)

Pancreas
mt4-2D (M)

Breast
4T1 (M)

Broccoli seed 184.2 237.1 228.5

Broccoli seed and
Chilli

207.3 245.7 250 592

Ginger 6.9 14.3 14.73 11.66 5.14

Pepper 22.42 28.33

Peppermint 45.92

Marjoram 41.22

Hop extract 9.193 6.3 2.68 9.783 14.26

6-shogaol 4.22 4.94

Zingerone 37.4

Piperine 13.2

Capsaicin 6.1 15.3

Sulforaphane 1.46 1.32

Xanthohumol 3.89 6.8 0.3478 4.968 9.15 1.26

6-gingerol 8.5 10.5

Plumbagin 1.33 0.98 0.56 0.93 0.4 0.74

μg/mL = microgram per millilitre; Tumour source: H—human, M—mouse.

2.2. In Vitro Combination Studies

After having screened the extracts and compounds as single agents, the most effective
ones were selected and tested again in various combinations to assess their anticancer
potential and possible synergistic effects. The MTT assay was used to examine the potential
synergistic effect of extract and compound combinations which were tested on HPAF-II,
Mt4-2D, and KPC pancreatic cancer cell lines. The combination of PL/XH was found to
be the most active. According to the Chou–Talalay method [24], a Combination Index (CI)
value of less than 1 can be considered as synergism, while CI = 1 represents an additive
effect and CI > 1 is antagonistic. Interestingly, we observed synergistic effects (CI < 1) in
every concentration of XH combined with a concentration close to IC50 of PL on Mt4-2D
cells. Effective synergism was observed when XH concentrations were combined with
a concentration close to IC25 of PL on HPAF-II, Mt4-2D, and KPC cells (Figure 1). All
of these results were consistent with the MTT assay reading obtained after combination
treatments (Figure 1). The CompuSyn analysis gave a Combination Index (CI) consistent
with MTT assay readings, showing a synergistic effect at low concentrations on HPAF-II
(PL 2.5 and 5 μM, XH 0.25, 0.5, and 1 μg/mL) (Figure 1). Additionally, a synergistic effect
was observed when the Mt4-2D cell line was treated with low concentrations of both PL
and XH (PL 1 and 2.5 μM, XH 0.25, 0.5, 1, 2.5, and 5 μg/mL) (Figure 1). On the KPC cell
line, the synergistic effect was observed using concentrations of 1 and 1.5 μM for PL and a
higher concentration of 5, 10, and 20 μg/mL for XH (Figure 1). Hence, it can be clearly seen
that PL and XH combination treatments are more effective than individual treatments in
our in vitro studies.
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Figure 1. Synergistic effects of XH and PL on PDAC cell lines. (A,C,E) The viability of the cells
treated with XH combined with PL was detected with dose-response MTT assays. KPC, Mt4-2D,
and HPAF-II cells were grown and treated with XH or PL alone, or XH combined with PL, at two
different concentrations for 72 h. Each experiment was repeated three times independently. Data are
shown as means ± S.E and were analysed with one-way ANOVA. * p 0.05, ** p < 0.01 vs. 0 μg/mL.
(B,D,F) Combination Index (CI)-effect plot. The CI values were calculated using the CompuSyn
program to determine the combined effects of XH and PL in PDAC cell lines. The combinations
were synergistic when CI values were < 1. The data are the mean values from three independent
experiments. XH—Xanthohumol; PL—Plumbagin.

2.3. Plumbagin and Xanthohumol Target BCL2 on HPAF-II and mT4-2D Pancreatic Cancer
Cell Lines

To gain an insight into the mechanism of action of the PL/XH combination, west-
ern blot analysis was performed to investigate signalling pathways involved in cancer
development. HPAF-II and mT4-2D pancreatic cells were treated for 24 h with PL and
XH alone and in two different combination concentrations of PL and XH (PL 1, 2.5, and
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5 μM, XH at 2.5 μg/mL), as shown in Figure 2. Western blot analysis shows that combined
concentrations of PL and XH in both cell lines decreased the level of the BCL2 (B-cell lym-
phoma 2, BCL2) protein compared to both the DMSO control and individual concentrations
(Figure 2A–D), with the combination PL at 5 μM plus XH at 2.5 μg/mL being the most
effective in HPAF-II cells (Figure 2B), while the combination treatments PL 1 and 2.5 μM
plus XH at 2.5 μg/mL on mT4-2D cells reduced the level of BCL2 in a statistically significant
way (Figure 2D). CXCR4 (C-X-C Motif Chemokine Receptor 4, CXCR4) and phospho-Akt
473 (AKT serine/threonine kinase 1, AKT1) levels were also tested in HPAF and mT4-2D
cells upon 24 h treatment with a combination of PL and XH, but the treatments did not give
consistent results (Supplementary Figure S1).

Figure 2. (A) Western blot image showing HPAF-II pancreatic cancer cell line after treatment with
DMSO, PL (2.5 and 5 μM), XH (2.5 μg/mL), and combinations of XH 2.5 μg/mL with PL 2.5 and
5 μM concentrations. (B) Quantification of protein bands (BCL2) in HPAF-II cells analysed using the
Image Lab 5.1 software. (C) Western blot image showing mT4-2D pancreatic cancer cell line after
treatment with DMSO, PL (1 and 2.5 μM), XH (2.5 μg/mL), and combinations of XH 2.5 μg/mL with
PL 1 and 2.5 μM concentrations. (D) Quantification of protein bands (BCL2) in mT4-2D cells analysed
using the Image Lab 5.1 software. All experiments are presented as mean ± SEM of 3 independent
experiments. Unpaired two-tailed student’s t-test and GraphPad Prism version 9.4.1 were used for
statistical analysis, * p < 0.01, ** p < 0.001, **** p < 0.0001.

2.4. In Vivo Studies

To assess the anticancer activity of PL in vivo, a KPC transgenic mouse model of pancre-
atic cancer was employed. This model is characterised by KrasLSL.G12D/+, p53R172H/+,
and PdxCretg/+ mutations, and it is designed to spontaneously develop PDAC in a way
that strongly mimics the human disease, both histologically and pathologically [25]. PL
was combined with XH to evaluate the effects of this combination treatment in the KPC
mice model. Once tumour development was established by palpation, mice were randomly
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divided into a control group and three treatment groups, composed of 10–14 mice. The
four groups were then treated daily by intraperitoneal injection with vehicle only, 2 mg/kg
of PL, 40 mg/kg of XH, and a combination of 2 mg/kg of PL and 40 mg/kg of XH. The
treatment with PL resulted in increased survival of the mice belonging to the PL group
(p = 0.0628) (Figure 3). No difference in survival was observed in mice treated with XH
alone. Interestingly, a statistically significant increase (p = 0.0300) in the survival of mice
treated with the PL/XH combination was observed (Figure 3). The weight of the pancreas
extracted from all the mice also showed a significant reduction in the XH/PL combination
compared to the control (Supplementary Figure S2).

Figure 3. Kaplan–Meier survival curve of KPC mice treated with vehicle (n = 14), xanthohumol
(n = 11), plumbagin (n = 10), and xanthohumol plus plumbagin (n = 14). Logrank (Mantel–Cox)
test p = 0.0845, Logrank test for trend p = 0.0228, Gehan–Breslow–Wilcoxon test p = 0.0484. The
xanthohumol plus plumbagin was the only treatment group to show a significant difference in the
survival of KPC mice when compared to the control. Logrank test (Mantel–Cox) p = 0.0300, Gehan–
Breslow–Wilcoxon test p = 0.0086; * p < 0.05. Curves indicate days after the start of each treatment.

Having established the existence of an anticancer activity (prolonged median survival)
of the PL/XH combination in KPC mice, we proceeded to compare it to the standard
chemotherapy treatment for PDAC, a gemcitabine plus albumin-bound paclitaxel (nab-
paclitaxel) combination. A group of nine mice was administered intravenously with
50 mg/kg of gemcitabine plus 6.25 mg/kg of nab-paclitaxel (on days 1, 8, and 15 of each
28-day treatment cycle), while the nine mice in the control group received only vehicle.
The ratio and schedule of the two drugs used are the same used in the treatment of
pancreatic cancer patients. Interestingly, only three mice out of nine (33%) responded to
the gemcitabine plus nab-paclitaxel combination, and the overall chemotherapy treatment
was not statistically significant (Figure 4). In addition, the PL/XH combination had better
median survival than the chemotherapy treatment and a twofold increase compared to
the control group (Supplementary Figure S3). To test the effect of different treatments on
their weight, the KPC mice were weighed every day and at the end of the experiment. The
recorded data are presented in Supplementary Figure S4, which shows that all treatments
did not lead to any significant weight loss. Weight loss was noted in the KPC mice when
the administration of PL or the XH/PL combination was started, but the weight loss on
average was around 5% among the mice in those treatment groups. The weights plateaued
out around 2 weeks into treatment and the combination group gained some weight along
the period compared to the plumbagin group.
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Figure 4. Kaplan–Meier survival curve showing KPC mice survival of xanthohumol plus plumbagin
treatment compared against gemcitabine and nab-paclitaxel combination with their respective con-
trols. Curves indicate days after the start of each treatment. Logrank (Mantel–Cox) test p = 0.0626,
Logrank test for trend p = 0.0639, Gehan–Breslow–Wilcoxon test p = 0.0535; * p < 0.05. The curves
control (XH/PL) and xanthohumol plus plumbagin are the same as presented in Figure 3.

2.5. Plumbagin and Xanthohumol Target BCL2 and pSTAT3 on Mice Tissue

Frozen pancreatic tissues of mice treated with XH alone, PL alone, and a PL/XH
combination were analysed by western blot to further corroborate the anticancer effect
of this combination on proteins involved in the development of PDAC. A statistically
significant reduction of the expression of the BCL2 protein in the mice group treated
with PL/XH was found, compared to the expression of the vehicle-treated mice group
(Figure 5 and Supplementary Figure S5). Similarly, pSTAT3 Y705 (Signal Transducer and
Activator of Transcription 3, STAT3) levels in mice tissues were significantly reduced by
both the treatment with single agents and the combination, while no significant decrease
was observed for total STAT3 (Figure 5). The levels of CXCR4 could not be detected in
mice tissues.

Figure 5. Cont.
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Figure 5. (A) Representative western blot of KPC mice tissues treated with vehicle (Control), xan-
thohumol (XH), plumbagin (PL), and a xanthohumol and plumbagin combination (XH/PL) [six
mice were used per each treatment group] and probed for Anti-BCL-XL (BCL-2) and pStat3 Y705.
β-actin was used as the loading control for BCL-2 and Total Stat3 for pStat3 (Y705). (B) Averaged
quantification of Anti-BCL-XL and pStat3 (Y705) western blot signals normalised to their loading
controls of the corresponding treatment groups. Data are means ± S.E. and an unpaired two-tailed
student’s t-test was used for statistical analysis, * p < 0.01.

3. Discussion

The potential benefits of using natural plant extracts and plant-isolated compounds
and their role in diminishing the risk of cancer have been widely reported [26–28]. In this
study, after screening in vitro different plant extracts and isolated active compounds, we
have focused on the most promising agents, PL, the active molecule from Plumbago indica,
and XH, found in the inflorescences of Humulus lupulus (Figure 6).

Figure 6. Chemical structures of plumbagin and xanthohumol.

When we tested PL and XH on pancreatic cancer models to examine the anticancer
activity, the combination showed convincing results on different human pancreatic cancer
cell lines. (Table 1). Interestingly, PL indicated a higher activity and the second lowest
IC50 0.53 μg/mL in AsPC-1 tumourspheres compared to the other cancer cell lines tested
(Table 1). Pancreatic tumourspheres are cancer stem-like cells that are identified as a popu-
lation of slow-cycling cells inside the tumour with self-renewal abilities [29]. Furthermore,
these cells’ distinctive features are an increased level of tumourigenicity and a higher
chemo-resistance [29]. Therefore, the above activity of PL on AsPC-1 tumourspheres is
a promising discovery in this study. We subsequently tested the PL/XH combination on
transgenic mouse pancreatic cancer cell lines (KPC and mT4-2D) and observed an increased
anticancer activity on mT4-2D cells, with the lowest IC50 value (0.4 μg/mL) obtained
from PL-treated cancer cell lines in the study (Table 1). Given the good results shown
by PL in pancreatic cancer cell lines, we decided to test PL in cancer cell lines from the
following other tumour types: human ovarian (A2780), human prostate (PC3), and breast
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adenocarcinoma (4T1) cell lines. In these cell lines, treatment with PL also produced low
IC50 values, demonstrating good anticancer effects (Table 1). In addition, the anticancer
activities of PL on prostate, pancreatic, breast, and lung cancer cell lines are also reported
in the literature [30–32]. The IC50 values of XH on the human pancreatic cell lines HPAF-II
and AsPC-1 were found to be 3.89 μg/mL and 6.8 μg/mL, respectively, showing XH to be
relatively less effective compared with the IC50 values of PL. Furthermore, XH was found
to have a stronger anticancer effect against the A2780 ovarian cancer cell lines, with an IC50
value of 0.3478 μg/mL (Table 1).

Chemo-resistance is becoming one of the main difficulties in cancer treatment [8,33].
Therefore, effective combination therapies are more reliable for the treatment of cancer. In
this study, our focus was to perform combination treatments on pancreatic cancer cell lines
to find a good and effective synergistic combination to progress to a transgenic model of
pancreatic cancer. We observed a good synergistic effect after combining PL concentrations
close to IC25 and IC50 with different concentrations of XH on both pancreatic cancer cell
lines HPAF-II and mT4-2D that were tested. There is no data available in the literature for
the synergism activity of PL with XH on any type of cancer.

More importantly, we showed that the PL and XH combination strikingly reduces
tumour progression in an established and clinically relevant model of PDAC. To determine
the mechanism of action of PL and XH treatments individually and in combination on
pancreatic cancer cell lines, western blot analysis was performed on pancreatic cancer
cell lines HPAF-II and mT4-2D. Results indicate that PL and XH both individually and
in combination treatments target BCL2 protein on both cell lines. Moreover, based on
the western blot images and quantification graphs, it is clearly demonstrated that both
PL and XH combination treatments tested decreased the level of BCL2 protein compared
to the control and compared to PL and XH treatments as single agents in both cell lines
(Figure 2). BCL2 is known to be associated with apoptosis [34]. A clinical study showed
that PL was able to regulate the intrinsic mitochondrial apoptotic pathway to induce
cell apoptosis [35]. Furthermore, it was identified that the degradation of IκBα could
be inhibited by PL and then suppressed the NF-κB activation and its translocation to
the nucleus for function, which caused the downregulation of the anti-apoptosis protein
BCL2 expression on various cancer cells [32,36,37]. The higher effect on BCL2 of the
combination of PL and XH could also be attributed to a similar mechanism. Overexpression
of CXCR4 in cancer cells is known to lead to tumour growth, invasion, angiogenesis,
metastasis, relapse, and therapeutic resistance to cancer [38]. Therefore, CXCR4 becomes an
important therapeutic target in the treatment of cancer [39]. Some studies identified PL as a
major key player in downregulating the expression of the CXCR4 chemokine receptor in
various types of cancers [40]. Consequently, identifying that PL and XH combinations could
be able to downregulate CXCR4 more than PL alone can be considered a promising finding.
Interestingly, a recent study that investigated the immunological consequences of inhibiting
CXCR4 in PDAC patients who have historically resisted immunotherapy found that using
continuous administration for one week of a small-molecule inhibitor of CXCR4 promotes
an integrated immune response in metastatic lesions from these patients [41]. In addition,
recent data also found that PL exerts a potent antitumour activity through the induction of
anticancer immune response in non-small cell lung cancer models [23]. Therefore, it would
be interesting to investigate in future studies the potential of the PL and XH combination
in immunotherapy.

Our main data are obtained using a transgenic mouse model of pancreatic cancer
(KPC) that is based upon the pancreatic-specific expression of endogenous mutant Kras and
Trp53 alleles. This model develops primary pancreatic tumours that precisely recapitulate
the clinical, histopathologic, pharmacokinetic, and molecular features of human disease. In
our study, we investigated the antitumour efficacy and the molecular mechanism of action
of PL and XH in KPC mice survival. In addition, we have compared the activity of the com-
bination to the gemcitabine and nab-paclitaxel combination, a treatment option for people
with advanced pancreatic cancer. Our data show that the combination of gemcitabine and
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nab-paclitaxel gives a good response only in a portion of animals (as reported in clinical use)
wherein it is not effective in most of them, whereas the PL/XH combination shows a good
response in all animals. In addition, both PL and XH are used in clinical trials and therefore
there is an immediate translational potential. Indeed, our search of available databases
(ClinicalTrails.gov, accessed on 11 February 2024) found different ongoing clinical studies
related to XH (NCT06225258, NCT05711212, NCT04590508, NCT03735420) and a synthetic
form of PL (PCUR-101: NCT04677855, NCT03137758).

4. Materials and Methods

4.1. Extracts and Compounds Preparation

Plant extracts (ginger, chilli, pepper, peppermint, marjoram) were obtained from
Flavex, Germany. The broccoli seed extract was obtained from CS Health (Louisville,
KY, USA). The XH fraction of the hop extract was obtained from Hopsteiner (Au in der
Hallertau, Germany). The active compounds (plumbagin, 6-gingerol, sulforaphane, 6-
shogoal, capsaicin, zingerone, and piperine) were purchased from Sigma Aldrich (St. Louis,
MO, USA). The pre-prepared powdered extracts were weighed and dissolved in dimethyl
sulfoxide (DMSO) at the desired concentration (50 mg of solute per ml of DMSO for broccoli,
broccoli and chilli, pepper, 10 mg/mL for ginger, peppermint, marjoram, hop extract, and
XH). The mixture was filtered to obtain a clear solution that contained the components
of interest. The active compound extracts, 6-gingerol, sulforaphane, 6-shogoal, capsaicin,
zingerone, piperine, and PL, were dissolved in DMSO at a concentration of 10 mM; small
10 μL aliquots of the extracts and active compounds were prepared and frozen until
needed. Each extract and compound was prepared specifically for the treatment, and after
optimising concentrations, each treatment was undertaken 3 times on each cell line to
achieve accurate results. Depending on the results obtained, the initial concentrations were
modified, and combinations of compounds were tested on the cell lines. Subsequently,
cells were treated with the most active extracts and compounds and protein analysis was
undertaken by the western blotting technique.

4.2. Cell Culture

The mT4-2D cell line was a kind gift from Professor David Tuveson (CSHL) and was
maintained in complete Dulbecco′s Modified Eagle′s Medium (DMEM) (Sigma, St. Louis,
MO, USA) containing 10% foetal bovine serum (FBS) (Gibco, Waltham, MA, USA), 100 U/mL
penicillin, 100 mg/mL streptomycin sulphate, and 2 mM L-glutamine [42]. The KPC
(KrasLSL.G12D/+; p53R172H/+; PdxCretg/+) primary cell line, which we established
as previously described [29], was cultured in standard cell culture vessels with DMEM
supplemented with 10% FBS and added 1% Penicillin/Streptomycin. All other cancer cell
lines were acquired from ATCC. HPAF-II was cultured in MEM medium (Sigma); AsPC-1,
A2780, PC3, and 4T1 were cultured in RPMI 1640 medium (Sigma).

All the culture media, except for the cancer stem-like cell medium, were supplemented
with 1% penicillin-streptomycin-glutamine (PSG) and 10% of FBS. Cancer stem-like cells
were cultured in DMEM/F-12 medium (Sigma) supplemented as previously described
and treated according to the protocol [29]. Cells were maintained in a humidified chamber
(Nuaire DH auto flow CO2 air-jacketed incubator) at 37 ◦C with 5% CO2.

4.3. Cell Viability Assay

Cell viability assays were performed using a haemocytometer as described previ-
ously [43]. After seeding the cells for 24 h in 12 well plates, cells were treated with different
plant extracts and pure compounds in a dose-response manner. After three independent
repeats, results were examined and the IC50 for each extract and compound was calculated
using the GraphPad Prism software 9.4.1.
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4.4. MTT Assay

MTT assays were conducted using combination treatments of plant extracts and their
compounds to examine the synergistic or antagonistic effect of the combinations. Thiazoyl
Blue Tetrazolium Bromide (MTT) (Sigma) was prepared at 5 mg/mL in 1X PBS and was
used for this assay. Approximately 5000 cells per well were seeded in 96 well tissue culture
plates and treated with the combination treatments on the following day. After 72 h from
the treatment, MTT (5 mg /mL, 10 μL per well) combined with 90 μL of media was added
after the treatment was removed. Then, the plates were incubated at 37 ◦C for 2–4 h. After
that, MTT was removed, and plates were allowed to dry for another 2 h. When fully dried,
70 μL of DMSO were added into each well and mixed gently using a shaker. At last, plates
were read on a multimode plate reader (PerkinElmer, Waltham, MA, USA) at 570 nm.
All data obtained were analysed using the CompuSyn software 1.0 by the Chou–Talalay
method [24].

4.5. Determination of Combination Index and Dose Reduction Index

To study the effects of a combination treatment using PL and XH, cell viability was
determined using the MTT assay after incubating cells with various concentrations of PL
and XH in combination for 72 h. The Combination Index (CI) was calculated using the
CompuSyn software 1.0 and following the classic isobologram equation: CI = D1/Dx1 +
D2/Dx2, where Dx1 and Dx2 are the individual doses of PL and XH required to inhibit a
given level of viability (x), and D1 and D2 are the doses of PL and XH required to inhibit the
same level of viability (x) in combination. The CI values are then used to plot the CI versus
Fraction Affected (FA) using GraphPad Prism software 9.4.1. The CI values help determine
if the combination has an antagonistic effect (CI > 1) or a synergistic effect (CI < 1).

4.6. Western Blot Analysis

Western blot analysis was conducted to examine the expression patterns of cell apop-
tosis and cancer metastasis-regulating proteins (BCL2 and CXCR4) on pancreatic cancer
cell lines treated with plant extracts and compounds. Tissues of mice treated with XH, PL,
and combinations of the two were homogenised in RIPA buffer using pestle and mortar,
sonicated and probed for BLC2, pERK, total ERK, pAkt 473, P-Akt 308, pStat3, and total
Stat3 with western blot analysis, which was conducted according to the standard proce-
dures as described previously [43]. All primary antibodies were used at 1:1000 dilution
and incubated overnight at 4 ◦C with primary antibodies from Abcam: Anti-Bcl-XL (BCL2)
(ab32370), Novus Biologicals CXCR4 (NB100-74396), Cell Signaling Technology®, Phospho-
ERK (#4370), total ERK (#4695), Phospho-Akt 473 (#4060), Phospho-Akt (T308) (#4056),
Phospho-Stat3 (Y705) (#9138), total Stat3 (#9139), and Actinin (#6487), the latter used as
a loading control. The following day, membranes were incubated with HRP-conjugated
secondary antibodies (Cell Signaling Technologies, Danvers, MA, USA) at a 1:40,000 dilu-
tion in 0.75% BSA in TBS/0.05% Tween-20 buffer for 1 h at room temperature. The signal
was detected using the chemiluminescent detection reagent Amersham ECL PrimeWest-
ern Blotting Detection Reagent (GE Healthcare Life Sciences, Chicago, IL, USA) imaged
using ChemiDoc XRS+ (BioRad, Hercules, CA, USA), and quantified using Image Lab
5.1 software.

4.7. Animal Studies

All animal experiments were carried out in accordance with the National Health
and Medical Research Council guidelines for the care and use of Laboratory animals
(NHMRC, the Australian Code of Practice for the Care and Use of Animals for scientific
purposes). All animal studies comply with the ARRIVE guidelines. The Curtin University
Animal Ethics Committee approved procedures on KPC mice (AEC_2019_22). All animals
were kept at 21 ◦C in ventilated cages cleaned weekly, with a 12 h light/12 h dark cycle
and provided with water and food ad libitum. The sample size was estimated based
on the power calculations performed previously in our group [44,45]. KRASWT/G12D,
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P53WT/R172H, PDX-1CRE+/+ (KPC) transgenic mice (both male and female), and control
mice were maintained and genotyped (C57BL/6 genetic background) by the Animal
Resources Centre (Murdoch, Western Australia) according to the original protocol [25].
Following the anticipated 80-day period, which was previously determined as the expected
initiation of tumour development [44,45], KPC mice underwent daily palpation for the
evaluation of tumour growth. After the tumours reached palpable size, animals were
treated with PL (2 mg/kg), XH (40 mg/kg), and with the combination of two treatments or
vehicle daily by intraperitoneal injections. Mice were assigned to the four arms (Vehicle,
XH, PL, XH/PL) by simple randomisation by writing treatments on a piece of paper,
folding, mixing, and then picking one by one. The animals underwent daily monitoring,
and euthanasia was performed upon the detection of apparent signs of pain and distress,
including substantial weight loss (exceeding 20% of the initial body weight), dehydration,
ascites formation, breathing difficulties attributable to lymphoma progression, or signs of
pain. Euthanasia was carried out by snipping the main cardiac vein, followed by organ
perfusion through the heart. Mouse survival was depicted using a Kaplan–Meier curve
and assessed using a log-rank test.

4.8. Statistics

The results are all presented as mean ± SEM and are representative of at least three
independent experiments. Statistical analyses were carried out using GraphPad Prism
V9.4.1 software. Statistical significances were determined by performing two-tailed t-tests
and one-way analysis of variance (ANOVA). p-value less than 0.05 is considered statistically
significant. Kaplan–Meier curve was used to describe survival rates and its significance is
quantified by log rank (Mantel–Cox) test.

5. Conclusions

In conclusion, we provide evidence of the pharmacological potential of the PL and XH
combination that can block PDAC progression in vivo without discernible toxicity. Indeed,
PL and XH individually displayed good anticancer activity in in vitro and in vivo studies
and, interestingly, when used in combination, they demonstrated a much stronger effect
compared to individual treatments, showing synergistic activity. Even more striking, a
pancreatic cancer animal model treated with a combination of PL and XH resulted in a sta-
tistically significant increase in the survival of mice receiving this treatment compared to the
controls. Western blot analysis of pancreatic cancer cell lines proved that the combination
treatment affected the levels of BCL2, known to be associated with apoptosis and cancer
metastasis, and in tissues from treated mice, a decrease in BCL2 and phospho-STAT3 (Y705)
was found. Therefore, the combination of PL and XH demonstrated to be a promising
candidate to be further validated as a potential anti-cancer treatment in clinical studies in
the future.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) has a very poor survival. The intra-tumoural
microbiome can influence pancreatic tumourigenesis and chemoresistance and, therefore, patient
survival. The role played by bile microbiota in PDAC is unknown. We aimed to define bile mi-
crobiome signatures that can effectively distinguish malignant from benign tumours in patients
presenting with obstructive jaundice caused by benign and malignant pancreaticobiliary disease.
Prospective bile samples were obtained from 31 patients who underwent either Endoscopic Ret-
rograde Cholangiopancreatography (ERCP) or Percutaneous Transhepatic Cholangiogram (PTC).
Variable regions (V3–V4) of the 16S rRNA genes of microorganisms present in the samples were
amplified by Polymerase Chain Reaction (PCR) and sequenced. The cohort consisted of 12 PDAC,
10 choledocholithiasis, seven gallstone pancreatitis and two primary sclerosing cholangitis patients.
Using the 16S rRNA method, we identified a total of 135 genera from 29 individuals (12 PDAC and
17 benign). The bile microbial beta diversity significantly differed between patients with PDAC vs.
benign disease (Permanova p = 0.0173). The separation of PDAC from benign samples is clearly seen
through unsupervised clustering of Aitchison distance. We found three genera to be of significantly
lower abundance among PDAC samples vs. benign, adjusting for false discovery rate (FDR). These
were Escherichia (FDR = 0.002) and two unclassified genera, one from Proteobacteria (FDR = 0.002) and
one from Enterobacteriaceae (FDR = 0.011). In the same samples, the genus Streptococcus (FDR = 0.033)
was found to be of increased abundance in the PDAC group. We show that patients with obstructive
jaundice caused by PDAC have an altered microbiome composition in the bile compared to those
with benign disease. These bile-based microbes could be developed into potential diagnostic and
prognostic biomarkers for PDAC and warrant further investigation.
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1. Introduction

Pancreatic cancer (pancreatic ductal adenocarcinoma, PDAC) is a devastating disease.
It is projected that by 2030, PDAC will become the 2nd leading cause of cancer-related
death [1]. The incidence and mortality rates of PDAC are increasing. Poor outcomes
are partly due to late diagnosis and these patients have either inoperable local disease
or incurable metastatic disease. As a result, most patients are ineligible for surgery, and
systemic treatments are not sufficient. Even after potentially curative surgical resection, the
recurrence rates are very high. Optimal surgery and adjuvant chemotherapy results in a
median disease-free survival (mDFS) of 13.9 months (range 12.1–16.6) with gemcitabine
and capecitabine [2]; and 21.6 months (range 17.7–27.6) with FOLFIRINOX (FOLFIRI-
NOX = Folic acid, Fluorouracil, Irinotecan and Oxaliplatin) [3]. Indeed, despite advances
in surgical and oncological treatments, 5-year overall-survival (OS) is only 6% [4].

The tumour microbiome is gaining more interest recently in terms of prognosis and
response to therapy. We now know the pancreas is not necessarily a sterile organ and
can be infected by the gut microbiome refluxing into the pancreatic duct by the upper
gastrointestinal tract [5,6]. Studies have shown that the pancreatic intra-tumoural micro-
biome can influence tumourigenesis, chemoresistance and the patients’ immune response
to the cancer [5,7–12]. Furthermore, specific microbes, such as Gammaproteobacteria, can in-
activate gemcitabine chemotherapy leading to worse survival in PDAC mouse models [8].
Riquelme et al. disclosed the intra-tumoral microbiome composition of PDAC patients and
identified a specific intra-tumoral microbiome signature (Pseudoxanthomonas-Streptomyces-
Saccharopolyspora-Bacillus clausii) predicting the long-term survivorship of PDAC [9].

Assessing the influence of the microbiota in human physiology has revolutionised our
understanding of medicine. Nejman et al. found that intra-tumoral microbiome composition is
diverse and cancer type-specific [13]. The presence of bacteria in the pancreas can stimulate
resident leukocytes to produce Interleukin-1β (IL-1β), which produces proangiogenic factors
in the tumour microenvironment (TME) (e.g., Vascular Endothelial Growth Factor (VEGF),
Tissue Necrosis Factor (TNF)) [14]. Das et al. demonstrate that tumour-derived IL-1β is
required for the establishment of the immunosuppressive pancreatic TME [15]. This weakens
the host immune defence system by the activation of inflammatory pathway mediators; Toll-
like receptors (TLRs) and microorganism-associated molecular patterns (MAMPs) that leads
to bacterial trans-location and chronic inflammation. IL-6 is an important proinflammatory
cytokine that leads to tumour progression. A recent study identified Helicobacter pylori (H. pylori),
can alter the expression of IL-6 by microRNA regulation [16] and can induce contact between
leukocytes and other microorganisms [17]. Pushalkar et al. showed the depletion of the
gut microbiome led to a reduction of Myeloid-derived suppressor cells (MDSC) infiltration
and reprogramming of Tumour-associated macrophages (TAMs) toward a tumour-protective
M1-like phenotype. Therefore, ablation of the gut microbiome highlighted T Helper 1 Cells 1
(Th1) polarization of Cluster of Differentiation 4 (CD4+) T cells and enhanced the cytotoxic
phenotype of CD8+ T cells [5]. Certain microbes can cause genotoxic effects (i.e., colibactin)
that damage the host DNA and activates IL-23-producing myeloid cells that promote tumour
growth [18]. The microbiome can also modulate innate and adaptive immune responses to
further contribute to the formation of the immunosuppressive TME found in PDAC [19].

The bile is potentially a rich source of novel biomarkers for PDAC and Biliary tract cancers
(BTC) due to its intimate proximity to the malignant lesion. The bile duct was once considered
a sterile environment. However, it is now well-regarded that microbiota exists within the bile
duct in both benign and malignant diseases of the hepato-pancreato-biliary system, as well as
other diseases of the alimentary canal [20–27]. Over the last two decades, several studies have
explored the bile microbiota in the context of benign biliary tract disease [21,28,29]. Yet there is
a paucity of studies investigating the bile microbiome in the context of PDAC [22,23,26,30].
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A recent study has shown that the bile does have a distinct microbial fingerprint in
PDAC, as compared to other pancreatic biliary diseases [31]. Furthermore, alteration of
the bile microbiome can have a direct effect on the pancreatic cell survival [28]. Therefore,
investigating the intra-tumoral microbiome through the role played by the bile microbiota
in biliary cancers is the next frontier in clinical cancer treatment. Given the high fatality
rate and the silent progression of early disease, identifying risk factors for the prevention
and early detection of biliary tract cancers is critical. Therefore, the aim of this work was
to define differentiating bile microbial signatures in patients presenting with obstructive
jaundice caused by PDAC and benign pancreaticobiliary disease.

2. Results

Patient Characteristics

A total of 31 patients were enrolled in the study, corresponding to PDAC (n = 12) and
benign cases (n = 19). Unfortunately, two benign samples were excluded due to low read
counts for analysis as we did not have enough bile volume and insufficient DNA quality.
Therefore, reliable data was available and analysed from only 12 PDAC and 17 benign cases
(10 cases of common bile duct stones, six cases of gallstone pancreatitis, and one patient
with primary sclerosing cholangitis). Table S1 shows a summary of the patient cohort.

All the PDAC cases had tumours in the head of the pancreas and were stented. The
common aetiology found at Endoscopic Retrograde Cholangiopancreatography (ERCP) in
the benign cases were for Common Bile Duct (CBD) stones and benign inflammatory stric-
tures. There were an equal number of cholangitic patients in each group with similar median
C-Reactive Protein (CRP) values at the time of ERCP, with no significance between the groups.
The PDAC group presented with worsening jaundice, identified with statistically significant
bilirubin and Carbohydrate Antigen 19-9 (CA19-9) tumour markers. Only two benign cases
had a course of antibiotics within the previous month for the management of a bile leak.

Using 16S rRNA gene analysis, we identified a total of 135 genera from 29 individuals
(12 PDAC and 17 benign) and their relative abundances are shown in Figure 1.

Figure 1. Bar plot showing the relative abundance of different bacteria within each sample and cohort at
the genus level. A total of 135 genera from 29 individuals (12 PDAC and 17 benign) were identified, and
a relative abundance of 10% and above was included in the figure. Forty-one different taxa that were not
mapped to any bacteria at the genus level were clustered under “others” for the simplicity of this figure.
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We only used the taxa identified at the genera level for our research. As seen in the bar
plot, this occurred for a few samples that had all taxa identified as “known” at the genus level.
Whereas 41 different taxa were not mapped to any bacteria at the genus level and clustered under
“others”. These taxa were included as separate entities in the differential abundance analysis.

We compared the alpha and beta diversity of the bacterial communities per group
(PDAC vs. Benign). Alpha diversity did not significantly differ between sample groups
(Figure 2). In regard to beta diversity, we used Aitchison distances as the measure of inter-
sample differences in the compositions of gut metagenomes, which revealed a significant
difference in average microbiome composition between bile from individuals with PDAC
compared to individuals with benign samples by PERMANOVA (p = 0.0173) (Figure 3).

We then performed unsupervised clustering of the PDAC and benign groups’
metagenomes based on Canberra distances of CLR-transformed abundance counts, as
shown in Figure 4. The first cluster identified consists of 16 samples, 12 of which are PDAC,
whereas no PDAC samples were assigned to the second cluster of 13 samples.

We next tested the differences in the relative abundance of microbial communities
between PDAC and benign samples, using Maaslin2 default parameters. We found three
genera to be of significantly lower abundance among PDAC samples compared to be-
nign after adjusting for false discovery rate (FDR). These were Escherichia (FDR = 0.002),
an unclassified genus from Proteobacteria (FDR = 0.002) and an unclassified genus from
Enterobacteriaceae (FDR = 0.011). In the same samples, the genus Streptococcus (FDR = 0.033)
had increased abundance in the PDAC group. This has been summarised in Table S2. Our
data is compatible with Minimum information about a marker gene sequence
(MIMARKS) and minimum information about any (x) sequence (MIxS) specifications [32]
and is summarised as a checklist in Table S3.

Figure 2. No difference was observed in Alpha diversity using the Shannon and Simpson index.
Mean alpha diversity is higher among the benign samples, with p-values of 0.31 for Shannon and 0.3
for Simpson indices.
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Figure 3. Microbial beta diversity significantly differs between bile from individuals with PDAC vs.
bile from individuals with benign samples (p = 0.0173). The clusters were visualised by plotting the
first two components that explain up to 35.3% of the variation in the sample space. The large blue
triangle and the large red dot represent the centroids of the PDAC and benign sample groups.

Figure 4. Unsupervised clustering of selected genera abundances separates PDAC from benign samples.
The phylogenic tree clustering learned from 135 genera is shown in the x-axis. The y-axis shows the
individual samples, which are separated into two major clusters, as shown by the dendrogram on the
left. The colour key code is a graphic representation of centre-log ratio (CLR) abundance that uses all
taxon read counts within a sample divided by this geometric mean, and the log fold changes in this ratio
between samples are compared. If the abundance of a bacteria is lower than the mean CLR value, then it
will be negative (blue), and if it is higher, then it will be positive (red).
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3. Discussion

PDAC is an aggressive cancer with a high risk of invasion and metastasis. Further-
more, they are resistant to most cytotoxic agents and are often diagnosed at advanced
stages. In the absence of an obvious mass lesion on cross-sectional imaging, determining
the benign or malignant nature of a biliary stricture is important and can be even more
challenging [33]. Evaluation of indeterminate strictures typically involves cytological and
histological assessment. Biliary brush cytology and intraductal biopsies that are routinely
performed during ERCP to assess malignant-appearing biliary strictures are limited by
relatively low sensitivity [34]. It is critical to establish new diagnostic, prognostic, and
therapeutic biomarkers which can complement the cytological and histological assessment
of such strictures as well as any therapeutic strategies. One potential avenue of study is
bile biomarkers. Bile is a potentially rich source of novel biomarkers for PDAC due to its
intimate proximity to pancreatic parenchyma, which can be readily acquired via ERCP.
This may prove valuable in the assessment of the underlying aetiology of biliary strictures.
Emerging studies have revealed the role of the microbiome as a causative, prognostic,
and predictive factor in various cancers and their treatment, including but not limited to
PDAC [35]. Therefore, investigating the bile microbiota in PDAC may be the next frontier
in diagnostics, prognostication, and management strategies.

Using a targeted amplicon sequencing approach for 16S rRNA gene to investigate the
bile microbiome in PDAC, we have demonstrated that patients with obstructive jaundice
secondary to PDAC, have an altered microbiome in the bile, compared to those with benign
disease. We have identified four statistically significant microbes that are associated with
PDAC. This study confirms the growing body of evidence that high microbial diversity is
present within the biliary milieu of patients with benign and malignant pancreaticobiliary
conditions [22–24,26,36–38].

For example, previous studies have evaluated the oral, gut, bile and/or intra-tumoural
microbiota in relation to PDAC, and have found links between Escherichia, Proteobacteria,
Enterobacteriaceae and Streptococcus [22,25,30,39,40]. Nagata et al. found an enrichment of Strep-
tococcus spp. in the gut microbiome of PDAC patients [39]. A further study by Chen et al. also
found Streptococcus as one of the gut pathogenic genera that exhibited a significant increase in
abundance in patients with pancreatic cancer [25]. Previous in vitro and in vivo work has show-
cased Streptococcus can modify the biological effects of bile on PDAC cancer cell survival [28].
Our results also suggest an increased relative abundance of the genus Streptococcus in the bile
of PDAC patients. The work described above may support the hypothesis that retrograde
translocation of certain gut microbiome constituents into the CBD may have implications on
cancer cell survival in PDAC. A larger study correlating the relationship between gut and bile
microbiome analysis and clinical outcomes should be considered.

It should be noted that other work has drawn some conflicting results. For example,
Li et al. recently investigated the microbiome differences among 53 patients with benign
and malignant hepato-pancreato-biliary tract diseases. They found specific microbial bile
markers for various malignant and benign disease states. Streptococcus was actually iden-
tified as a marker for distal cholangiocarcinoma (dCCA) and not PDAC. In vitro work
has also shown Streptococcus has a pathognomic role in disease progression in Primary
Sclerosing cholangitis to biliary dysplasia [27]. Interestingly, in PDAC, they found 24 mi-
crobial biomarkers at a genus level, none of which are in keeping with the 4 markers found
in our study. The 3 most abundant markers for pancreatic cancer included Pseudomonas,
Chloroplast and Acinetobacter, compared to other etiologies [26].

Our work demonstrates a low relative abundance of Escherichia and Enterobacteriaceae
at a genus level. In a similar vein, work has shown that patients diagnosed with PDAC were
associated with more bactibilia and Escherichia spp. was a negative predictor of PDAC [40].
Yet other work has found somewhat contradictory findings. For example, Escherichia coli [41]
and Escherichia-Shigella [41] were found to be abundant in the biliary microbes of PDAC
patients versus their benign counterparts [28]. Maekawa et al. investigated the presence of
bacteria in pancreatic juice samples (taken post-operatively from drainage tubes) and found
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that Enterobacter and Enterococcus spp. were the major microbes in patients with PDAC [30].
Poudel et al. explored ERCP-derived bile microbial signatures in 46 patients with either
PDAC, Cholangiocarcinoma (CCA), gallbladder cancer or benign biliary tract pathology. They
demonstrated a distinct bile microbiome signature capable of differentiating all malignant
pancreatic-biliary disease from benign disease samples. In fact, they identified a predominance
of genera Dickeya, Eubacterium hallii group, Bacteroides, Faecalibacterium, Escherichia-Shigella and
Ruminococcus 1, in bile samples from pancreato-biliary malignancies as compared to benign
disease [22]. This study also highlighted a distinct dysbiosis not only between pancreaticobiliary
cancers and benign disease but between different malignancies of the pancreaticobiliary system.
Unfortunately, they have not compared subgroup bile microbiome profiling of PDAC versus
benign disease. The studies described above have drawn some similar conclusions to our work
yet other contradictory findings.

The conflicting findings of such studies [26] may be due to several reasons. We must
consider that there are nuances to the bile microbiome we do not yet understand relating
to environmental, host and tumour factors. Studies have previously shown certain clinical
variables may be associated with significant changes in specific microbiota abundance found
in bile, whilst other factors are of no significance [24]. Unfortunately, there is heterogeneity in
terms of available clinical information and exclusion criteria in the studies described above.
For example, Li et al. excluded patients with other systemic diseases, previous neoplastic
disease or those receiving proton-pump inhibitors/antibiotics/prebiotics within one month [26].
Kirishima et al. did not specify if patients received antimicrobials whilst some patients had
received chemotherapy [23]. These factors logically have implications on the microbiome
and results observed. Patients in our study were treatment naïve. The fact patients received
anti-neoplastic therapies in some of the above studies suggests their cohorts were at different
stages in the patient journey once the diagnosis had already been confirmed [42]. Thus, our
study may be more applicable to the initial diagnostic role of bile microbiome analysis in
jaundiced patients. Furthermore, it is not entirely clear how the stage of disease or use of
systemic therapies implicates the bile microbiome. Thus, making it challenging to draw any
robust comparisons between our study and others. However, it is likely that heterogeneity
in cohorts can explain the conflicting findings. This extends to our study as well, we have
included patients with Stage I-IIA and III disease (Supplementary Materials, Table S1).

It should also be noted that previous work investigating ERCP-derived bile samples in
PDAC has not clarified if patients were undergoing their first ERCP or had prior instrumenta-
tion of the CBD [22,26]. Such information is of particular importance when we consider the
growing body of evidence suggesting the CBD and PDAC TME become colonized through
a retrograde fashion from the duodenum [5,12,43] or after prior instrumentation. If indeed
patients underwent a prior ERCP, it may in part explain some contradictory findings noted
between our work and others. Furthermore, other work has used bile samples from surgically
removed gallbladders [23]. It is not clear if the gallbladder-specific microbiome compartment
correlates with the CBD-specific compartment. Other work has used pancreatic juice fluid
sampled from surgical drains in the post operative period [30]. Again, such factors in part
explain discrepancies noted between studies and between our study and others.

Nonetheless, all studies begin to fill the knowledge gap associated with the PDAC-
associated bile microbiome and add value as a resource for future studies to build on. Our
study has demonstrated a significant inter-sample difference in the average microbiome
composition of bile in PDAC versus benign disease. However, fundamental questions
remain on how we can generalise the findings of our study and contextualise it with other
studies in this field. It is clear a degree of standardisation in terms of both study design and
available demographic information on host, tumour and environmental factors is required
in future studies to contextualise any findings observed. Emphasising the need for a further
larger, comprehensive study into the four significant bacteria that we have identified in
relation to PDAC as well as others identified in other studies.

Other work has alluded to the role of bile microbiome analysis in prognostication.
For example, in PDAC or CCA, the relative abundance of certain microbiota correlated
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with prognosis after adjusting for clinicopathological variables [23]. Their results showed
no common microbe correlated with a poor prognosis between tumour types. This may
suggest different microbiome shifts at play within the disease-specific microenvironment,
with implications on prognosis. This may have implications for clinical decision-making
in the future if validated in larger studies. Follow-up with the collection of relevant
clinicopathological variables in our study cohort may provide valuable insights into the
correlation between bile microbiome and outcomes.

Whilst other work has demonstrated systemic therapies can alter the biliary microbiome
with subsequent clinical implications. For example, S. Nadeem et al. assessed the impact
of neoadjuvant chemotherapy (NAC) on the biliary microbiome in 168 patients with PDAC.
Concluding that patients who received NAC exhibited significantly increased growth of Gram-
negative anaerobic bacteria (p = 0.043), stating that perioperative antibiotic prophylaxis should
be tailored to cover Gram-negative organisms and enterococci [42]. A direct pathological role
for the bile microbiome has yet to be established. However, a previous study attributed the
reduced abundance of oral Streptococcus mitis in PDAC to the protective role it plays against
cariogenic bacterial adhesion [44]. This may result in a loss of colonisation by Streptococcus
spp., which is thought to contribute to aggressive periodontitis [45], a risk factor for PDAC.
Other work has proposed a bacterial-induced carcinogenesis model for the PDAC [46]. Whilst
pre-clinical work suggests an alteration in the bile microbiome from biliary stenting has direct
implications on pancreatic cell survival [28]. Further work is required to understand the effects
other microbes in the bile (or PDAC TME) may have on these 4 genera (and vice versa) as this
may help create a comprehensive picture of how the microbiome impacts PDAC carcinogenesis.
Metagenomic assessment of the bile microbiome may shed further light on our functional
understanding of the bile microbiome in PDAC carcinogenesis.

Precautions were taken to avoid intestinal milieu contamination during ERCP collection,
we cannot rule that bacteria originating from the duodenum were included in the bile, since
separated milieus were not screened. Likewise, direct contamination from the endoscope route
leading to the introduction of bacteria from patients’ oral and oesophago-gastric route cannot
be ruled out. Furthermore, we only obtained one bile sample per patient, additional sampling
in future study may further minimise the impact of contamination on findings.

Secondly, this is a single-centre research study with a small sample size, which should
be expanded in the future. First, because of the non-randomized nature of the study, our
study provides room for the traditional confounders of selection bias. In our study, bile
was sampled at a diagnostic stage, where bile signatures correlating with diagnosis may be
reflective of their potential future clinical role in diagnostics whilst also providing insights
into bile microbial changes and carcinogenesis, prior to any systemic therapy or disease
progression which may alter microbiome compositions. Of course, an understanding of the
linear changes of the bile microbiome with duration of disease, antimicrobial/antineoplastic
therapies received as well as the stage/extent of the disease is required to further contextu-
alise this. Unfortunately, we remain at a primitive stage in our understanding of the bile
microbiome in both pancreatic and biliary tract malignancy with a scarcity of studies explor-
ing this topic. Unfortunately, a rate-limiting step in our understanding of the above, is the
knowledge gap in understanding what a healthy bile microbiome entail. This is ethically
challenging to ascertain and will likely prove to be a major hurdle in our understanding of
the bile microbiome moving forward. Molinero et al. have tried to circumvent this hurdle
by evaluating bile from liver donors without a history of biliary or hepatic disorders. They
found an abundance of sequences belonging to the family Propionibacteriaceae in healthy
controls compared to patients with cholelithiasis who had an abundance of sequences
belonging to the families Bacteroids, Prevotellaceae and Veillonellaceae [21].

4. Materials and Methods

4.1. Patient Enrolment

A prospective, non-randomised study in which 31 patients undergoing their first endo-
scopic retrograde cholangio-pancreatography (ERCP) at the time of obstructive jaundice for
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benign and malignant pancreatico-biliary disease/strictures were recruited and assessed
for their microbial signatures in biliary fluid (Figure 5).

Figure 5. Study Flowchart outlining aspiration of bile at the time of obstructive jaundice at ERCP and
subsequent sequencing of the bile microbiome. Prospective bile samples were obtained from 31 pa-
tients who underwent either ERCP or PTC. The cohort consisted of 12 PDAC, 10 choledocholithiasis,
seven gallstone pancreatitis and two primary sclerosing cholangitis patients. Using the 16S rRNA
method, we identified a total of 135 genera from 29 individuals (12 PDAC and 17 benign).

Patient biospecimens and clinical information were obtained from participants enrolled in
microRNAs as BILE-based biomarkers in the Pancreaticobiliary Cancers (MIRABILE) research
project. The pathological diagnoses were performed by NHS pathologists. Clear notice and
signed written informed consent was obtained from all participants of this research (ICHTB
HTA ethics license 12275/REC Wales approval: 17/WA/0161).

The patients were included according to the following inclusion criteria: (1) Age ≥
18 years; (2) WHO performance status 0, 1 or 2; (3) willing and mentally able to provide
written informed consent; (4) presented with obstructive jaundice and an indeterminate
biliary stricture; (5) known benign or malignant pancreaticobiliary disease and undergoing
their first ERCP or percutaneous transhepatic biliary drainage (PTBD). The exclusion
criteria were as follows: (1) No clinical or image data suggestive of pancreaticobiliary
disease and no need for endoscopic intervention or investigation; (2) pregnant women;
(3) patients undergoing ERCP post-bariatric surgery, hepatico-jejunostomy or Bilroth II
surgery; (4) any infectious disease such as hepatitis or HIV (human immunodeficiency
virus). Side-viewing endoscopes, which were strictly sterile before the operation, were used
to keep their working channel sterile. New plugs for the working channel were applied to
every patient. To avoid contact and contamination with the duodenal mucosa upon ERCP,
once the endoscope canal exit was positioned to the biliary duct entry, a biliary catheter
was used for bile duct canalization and 5 mL of bile was aspirated in the lower third of
CBD through the sphincterotome and into a sterile syringe. We obtained the bile before
contrast injection, brushing and stenting in all subjects enrolled in our study. If the ERCP
procedure was abandoned or technically not possible and the patient underwent PTBD,
then bile will be aspirated from the drain bag after the procedure. After aspiration, bile
was then frozen in our tissue bank at −80 ◦C until DNA extraction.
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4.2. DNA Extraction, Amplification, and Sequencing

The Invitrogen™ TRIzol® LS Reagent, method [47] was employed for the extraction
of total genomic DNA. The bile was vortexed and centrifuged at 300× g for 10 min at
4 ◦C to remove cells and debris. The supernatant was then transferred to a sterile tube
and centrifuged at 16,000× g for 10 min at 4 ◦C to remove further debris. An amount of
1 mL of filtered bile was transferred into a sterile 5 mL container, and 3 mL Invitrogen™
TRIzol® LS reagent was added (3:1), followed by a brief vortex. The mixture was pipetted
up and down to homogenise the content. An amount of 800 μL of chloroform was added
into the mixture (4 mL) and shaken vigorously, incubated for 10 min at room temperature,
followed by a centrifuge at 12,000× g for 15 min at 4 ◦C. The organic and interphase layers
were transferred into a 15 mL sterile falcon tube, and 1.2 mL of 100% ethanol (0.3 mL per
0.75 mL of Invitrogen™ TRIzol™ LS reagent) was added to the mixture. The tube was
capped and was centrifuged several times until the DNA pellet was resuspended in 2 mL
of 0.1 M sodium citrate in 10% ethanol, pH 8.5 (1 mL, per 0.75 mL of Invitrogen™ TRIzol™
LS Reagent) and transferred to a 2 mL eppendorf tube. The DNA pellet was resuspended
in 2 mL of 75% ethanol (1.5–2 mL per 0.75 mL of Invitrogen™ TRIzol™ LS reagent used)
and incubated for 20 min at room temperature. Finally, air-drying the DNA pellet for 5 min
and washing the DNA was performed by resuspending the pellet in 20 μL Invitrogen™ TE
Buffer (10 mM Tris-HCl (pH 8.0) and 0.1 mM EDTA).

DNA concentration and purity were checked on 1% agarose gels, and sterile water was
used to dilute the DNA samples. DNA concentrations were determined using a Thermo
Scientific™ NanoDrop™ 2000/2000c Spectrophotometer, Dover, DE, USA.

4.3. Library Preparation & Sequencing (V3–V4)

The variable regions, i.e., the V3–V4 area of the bacterial 16S ribosomal RNA (rRNA)
gene, was amplified by polymerase chain reaction (PCR) using 515 forward (GGTGCCAGC
MGCCGCGGTAA) and 806 reverse (GACTACHVG GGTWTCTAAT) primers Samples were
prepared following the protocol in [48], using KAPA HiFi Polymerase to amplify variable
region 3-4 of the 16S rRNA gene. Samples underwent 30 cycles of PCR. The libraries were
sequenced at Diversigen (New Brighton, MN, USA) on an Illumina MiSeq using paired-end
2 × 250 reads with the MiSeq Reagent Kit V3 (Illumina, 600 cycle kit, San Diego, CA, USA).
PCR controls included one negative and three positives (mock community, E. coli isolate and
manufactured control for GC bias). All controls passed in the project.

4.4. Amplicon Sequence Variant (ASV) Picking (V4/V3V4)

Cutadapt was used to remove adaptors and primers from sequencing reads. The reads
were quality checked by DADA2 (v1.25.2) R package [27214047], using default parameters
of filterAndTrim function on forward and reverse reads; these specifically allowed for no
ambiguous nucleotides (“maxN = 0”), truncated reads at the first instance of quality score < 2
(“truncQ = 2”) and allowed for maximum expected errors of less than 2 (“maxEE = c(2,2)”)
where expected errors are calculated from the nominal definition of the quality score:
EE = sum(10ˆ(−Q/10)) by DADA2.

The error rates were calculated by the built-in machine learning function “learnErros”
in DADA2. Then, forward and reverse reads were merged using the “mergePairs” function.
Finally, chimeric reads were removed by “removeBimeraDenovo” function. As a result, two
samples (samples no. 33 and 36) which had less than 1000 non-chimeric reads were removed.
Next, by using the “assignTaxonomy” function of DADA2, the reads were mapped to the
DADA2 formatted GTDB database (“GTDB_bac120_arc122_ssu_r202_fullTaxo.fa.gz”). The
resulting taxa table, sequence table and associated meta-data were merged into the phyloseq
object of 767 ASVs identified in a set of 29 individuals by phyloseq (1.42.0) package [23630581].
Eventually, 135 genera with minimum abundance greater than 0 were identified (Table S2—
abundance counts) and 31 of them were observed >10% of the samples. Alpha diversity
measures were calculated using the “diversity” function from the vegan R package [2.6–4].
Shannon and Simpson diversity per group were plotted using the “plot richness” function
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from Phyloseq. The diversity indices were compared by linear regression between benign
and PDAC by adjusting for the number of non-chimeric reads for each sample. The principal
components were extracted from central log-ratio-transformed (CLR) read counts (n + 1) using
the “prcomp” function in R. PERMANOVA tests were calculated by adonis2 from vegan
R package, while PERMADISP was calculated using betadisper (vegan), both adjusted by
number nonchimeric reads per sample and 9999 using permutations. Linear regression analyses
to test the association between PDAC and genera abundance were performed by Maaslin2 for
common genera with abundance > 10 and by adjusting for non-chimeric reads per sample,
as shown in Table S5. The Benjamini–Hochberg correction was used to correct for multiple
testing. Patient characteristics were analysed on GraphPad Prism version 9.5.1. Independent
t-test, Mann–Whitney U test and Chi-squared test were used to calculate the p-values. The full
code scripts used in the analysis are made available in the Supplementary Materials.

5. Conclusions

Given the close relationship between microbiota and cancer, microbiome-targeted ther-
apies are believed to be the next frontier in clinical cancer treatment. It also has a role in
diagnostics and prognostication. Thus, with a greater understanding and definition of the
bacterial microbiome in PDAC, there lies promise to develop novel biomarkers and therapeutic
strategies. This study has demonstrated that patients with obstructive jaundice caused by
PDAC have an altered microbiome in the bile compared to those with benign disease. We
have identified four microbes that are associated with PDAC, and the genus Streptococcus
(FDR = 0.033) was found to be of increased abundance in the PDAC group. Identification of
specific bacteria in the bile may potentially enable the detection and stratification of PDAC.
Patients undergoing biliary drainage could have bile analysed and “their microbial signature”
targeted prior to surgery or neoadjuvant chemotherapy in order to optimise survival out-
comes. Therefore, our study provides new insights into the link between the bile microbiome
and PDAC. The results are promising and warrant a future larger study with metagenomic
sequencing to investigate the function of these bacteria.
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Abstract: Many studies highlighted the importance of the IK channel for the proliferation and the
migration of different types of cancer cells, showing how IK blockers could slow down cancer
growth. Based on these data, we wanted to characterize the effects of IK blockers on melanoma
metastatic cells and to understand if such effects were exclusively IK-dependent. For this purpose, we
employed two different blockers, namely clotrimazole and senicapoc, and two cell lines: metastatic
melanoma WM266-4 and pancreatic cancer Panc-1, which is reported to have little or no IK expression.
Clotrimazole and senicapoc induced a decrease in viability and the migration of both WM266-4 and
Panc-1 cells irrespective of IK expression levels. Patch-clamp experiments on WM266-4 cells revealed
Ca2+-dependent, IK-like, clotrimazole- and senicapoc-sensitive currents, which could not be detected
in Panc-1 cells. Neither clotrimazole nor senicapoc altered the intracellular Ca2+ concentration. These
results suggest that the effects of IK blockers on cancer cells are not strictly dependent on a robust
presence of the channel in the plasma membrane, but they might be due to off-target effects on other
cellular targets or to the blockade of IK channels localized in intracellular organelles.

Keywords: IK; KCa3.1; KCNN4; cancer; melanoma; pancreatic duct adenocarcinoma (PDAC); blockers;
clotrimazole; senicapoc

1. Introduction

In recent years, ion channels have emerged as potential targets for cancer treatment [1–4].
This should not surprise, considering the multitude of physiological cellular processes in
which they take part [5]. To present a few examples: changes in the membrane potential are
important for the regulation of the cell cycle [6,7]; Cl−, K+ and Ca2+ channels are involved
in apoptosis [8]; and the regulation of cell volume requires a class of specialized volume-
sensitive channels [9,10]. Among the different ion channels that populate the membranes of
cancer cells, many studies have focused on the Ca2+-gated K+ channel KCa3.1 (commonly
known as IK), which is encoded by the gene KCNN4 [11]. IK was first discovered in the
1950s by Gárdos, who observed that intracellular Ca2+ can enhance the K+ permeability
of human erythrocytes [12]. The channel was later cloned and heterologously expressed
in different cell types, allowing a detailed characterization of its biophysical properties
and pharmacology [13–15]. IK opens in response to an increase in [Ca2+]i. The gating
mechanism became clear with the cryo-EM structure solved by Lee and MacKinnon [16].
Briefly, IK is a homo-tetrameric protein displaying an architecture resembling that of non-
swapped 6-TM K+ channels [16] with three characteristic cytosolic helices at the C-terminal
end of S6 [16]. Pore opening is regulated by intracellular Ca2+ binding to calmodulin
(CaM) [17], which is constitutively associated with the C-terminal cytosolic helices of
the channel [16]. Most of the known IK blockers, including the antimycotic-derived ones,
inhibit IK by directly binding the channel pore module just below the selectivity filter [16,18]
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(see Table 1). Such molecules have been proposed as potential cures for medical conditions
in which the IK channel is directly involved.

It has been known since the late 1990s that the IK channel is blocked by the scorpion
toxin charybdotoxin and by clotrimazole, which is a member of the imidazole antimycotics
family [13,15,18–20]. Clotrimazole blocks the channel very efficiently but is also an inhibitor
of cytochrome P450 (CYP) enzymes from different species (see for example [21–25]). In
order to obtain a more selective molecule, Wulff and colleagues used a rational design
strategy to develop a clotrimazole analog lacking the imidazole ring, which is strictly
required for cytochrome P450 inhibition, obtaining the molecule known as TRAM-34
(IC50 = 20 nM) [26]. However, TRAM-34 displays a few shortcomings, which include a
low oral bioavailability, even after enteric coating, and a short half-life [27,28]. Moreover,
it has been reported that TRAM-34 can inhibit human and rat CYP isoforms although at
relatively high concentrations [29]. Three years later, senicapoc, another IK inhibitor, was
developed [30]. Senicapoc, when compared to TRAM-34, has a longer half-life, is more
orally bioavailable in humans, has a lower IC50 (11 nM), displays an increased metabolic
stability and no effects on CYP enzymes have been reported [18,27,30–32].

Table 1. Names, 2D structures and references of the compounds mentioned in the introduction.

Clotrimazole Reference [20]

Tram-34 Reference [26]

Senicapoc Reference [30]

As previously mentioned, IK expression has been reported to be altered in different
types of cancer cells. Epigenetic dysregulation of the KCNN4 gene, leading to a high-level
expression of IK, has been correlated with the aggressiveness of lung cancer [33], and
channel upregulation has been observed also in glioblastoma cells [34]. Moreover, channel
expression and activity turned out to be important for the progression of the cell cycle, as
observed for example in breast cancer and endometrial cancer cells [35,36]. It is indeed
well known that potassium channels are involved in the regulation of the cell cycle of
healthy and tumor cells [6]. In this scenario, different groups have employed IK blockers
in the attempt to arrest the cell cycle of cancer cells and to reduce their migration. It was
reported that 20 to 30 μM TRAM-34 can slow down the proliferation and the migration
speed of lung cancer cells and that senicapoc, when administered in vivo, reduced the
tumor mass in mice [33]. Experiments on intrahepatic cholangiocarcinoma cells showed
that 40 μM TRAM-34 induced a reduction of ~50% on cell proliferation after 72 h and
decreased invasiveness and migration; also in this case, senicapoc was able to reduce the
tumor mass in vivo [37]. TRAM-34, at concentrations up to 40 μM, can arrest the cell cycle
and therefore the growth of endometrial cancer cells; the same effect could be observed,
at lower concentrations, with the less IK-specific clotrimazole [35]. The latter has been
reported to block (at a concentration of 20 μM) breast cancer cells in the G1 phase [36] and

95



Int. J. Mol. Sci. 2023, 24, 16285

to decrease the proliferation of pancreatic cancer cells [38,39]. Also in non-small cell lung
cancer cells [40], cervical cancer cells [41], and triple-negative breast cancer cells [42], IK
block reduced proliferation. It should be noted that the concentrations of the various IK
blockers used in these cellular and in vivo studies are in the tens of μM range, which is
much higher than the reported EC50 concentrations required to achieve channel block in
patch-clamp experiments. The reason is that clotrimazole, TRAM-34 and senicapoc bind to
serum proteins [31,40,43,44], such that their effective concentration is much lower in the
presence of serum, which is commonly not present in the patch-clamp experiments.

In recent years, our lab has been studying ion channels expressed in different types
of cancers [45–47]. In particular, we are interested in understanding the importance of
these proteins in the viability, proliferation and migration of melanoma and pancreatic duct
cancer cells.

In the present work, we characterized the impact of IK channel blockers on the
proliferation and the migration of the metastatic melanoma cells WM266-4 [48]. A deeper
knowledge of melanoma metastasis is indeed crucial for the battle against this type of
cancer, as its outcome becomes worse when the tumor starts to invade other tissues [49].
The 5-year survival rate drops from 93% for stage IIIA to 32% for stage IIID [50], and for
patients with stage IV metastatic melanoma, the median survival is less than one year [51].

Thus, understanding whether IK channel blockers act on cancer cells also through
IK-independent mechanisms and whether a clear correlation between their effects and
IK expression levels exists could help elucidate the molecular mechanisms underlying
melanoma development. Channel modulators can affect cells in multiple ways. For
example, we recently found that activators of the BK channel can change the intracellular
Ca2+ concentration of melanoma cells and that the VRAC blocker DCPIB directly activates
the BK channel as an off-target effect [46,52]. For this reason, in the present work, we
also tried to address general questions regarding IK blockers action on cancer cells: are
the obtained results solely due to channel blockade? Is there a correlation between the
presence in the membrane of functional channels and the observed effects of IK blockers?
To this purpose, we employed two different blockers and two different cell lines. We chose
clotrimazole, known for having side effects, and senicapoc, one of the most IK-selective
blockers available. The two compounds were tested in parallel on two cell lines: WM266-4
and the pancreatic duct adenocarcinoma (PDAC) line Panc-1, which is reported to express
little or no IK protein and to lack IK-like currents [38,39,53] and therefore is regarded as
a reference cell line. To our surprise, migration and proliferation were decreased in both
cell lines regardless of IK expression levels. To obtain more insights into this unexpected
phenomenon, we performed electrophysiology and calcium imaging experiments. The
results suggest that indeed, the effect of IK blockers on cancer cells might not strictly
depend on a robust presence of functional channels in the membrane.

2. Results

2.1. IK Blockers Reduce Viability of Both WM266-4 and Panc-1 Regardless of Expression Levels

In order to confirm the data reported in the literature regarding the low expression
of IK in Panc-1 cells, we performed RT-qPCR experiments (Figure 1A). Such an analysis
showed that the channel relative expression is much higher in WM266-4 cells compared to
Panc-1, validating our idea of using these two cell lines to test for a correlation between
IK blockers effects and channel expression. We therefore proceeded to test the impact
of clotrimazole and senicapoc on cell viability using the MTT assays. Based on previous
studies, cells were seeded in a multi-well plate and treated with 30 μM clotrimazole or
30 μM senicapoc or the corresponding volume of the solvent DMSO for 72 h. In the
literature, it is reported that the concentration of serum in the medium can affect the impact
of IK blockers on cancer cell proliferation. Indeed, it was shown that a decrease in the
proliferation of PDAC cells could be obtained also at lower concentrations of IK inhibitors
as long as the serum concentration was 1% [38]. We preferred to use higher concentrations
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of the compounds rather than modify such a critical factor for cell growth as the serum in
the medium.

Figure 1. IK blockers affect WM266−4 and Panc−1 viability regardless of IK channel expression.
(A) Relative KCNN4 expression from RT-qPCR showing the difference in KCNN4 mRNA levels
between WM266-4 and Panc-1 (N = 3). (B) Results from MTT viability assays after 72 h of exposure to
30 μM clotrimazole, 30 μM senicapoc or the corresponding amount of DMSO (N = 4 for all). Data are
reported as absorbance (570 nm) ratio drug-/DMSO-treated cells (color code reported in the legend).
(C) Exemplary pictures from experiments in (B): WM266-4 and Panc-1 cells treated for 72 h with
30 μM clotrimazole, 30 μM senicapoc or the corresponding amount of DMSO. Significance level is
indicated by two asterisks (p < 0.01).

In agreement with its lack of specificity for IK, clotrimazole caused a reduction in
viable cells with respect to the DMSO-treated controls in both WM266-4 and Panc-1 cells
(Figure 1B,C; −27.4 ± 4.6% for WM266-4 and −36 ± 10% for Panc-1). To our big surprise,
also the presumably IK-selective senicapoc induced a decrease in cell viability in both
cell lines to a similar extent (Figure 1B,C; −20.2 ± 5.1% for WM266-4 and −19 ± 3.1%
for Panc-1 with respect to DMSO-treated cells), in contrast with the results of channel
expression analysis, which showed that the KCNN4 mRNA levels are higher in WM266-4
compared to Panc-1.

2.2. Clotrimazole and Senicapoc Affect the Migration of WM266-4 and Panc-1

The MTT assay results suggested that IK channel expression is not proportional to the
impact of clotrimazole and senicapoc on cell growth, so we went further by testing if such
a correlation could be present regarding cell migration. To evaluate cell migration, we per-
formed trans-well migration assays and wound (scratch)-healing assays on both WM266-4
and Panc-1, which is our reference for poor IK expression. To perform trans-well migration,
cells were seeded on the upper side of the cell-permeable membranes (8 μm pores, see
methods) in serum-free medium containing 30 μM clotrimazole or 30 μM senicapoc or
the corresponding concentration of DMSO, while on the other side of the membrane, a
complete medium served as a chemo-attractor to stimulate migration. Migrated cells were
counted after 24 h (see Supplementary Figure S1A). In Figure 2A, we report the obtained
data as the migration rate: the number of drug-exposed migrated cells compared to those
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which migrated after treatment with DMSO. The reduction in the migration induced by
clotrimazole was similar between the two cell lines. For WM266-4, migrated cells were
73.9 ± 16% of those migrated in DMSO, while for Panc-1, they were 73 ± 8%. However,
the IK-selective senicapoc impacted the migration of both cell lines as well: WM266-4
migrated cells were 59.4 ± 7.3% of those migrated in DMSO, while the ratio for Panc-1 was
74.2 ± 5%.

Figure 2. Clotrimazole and senicapoc decrease the migration of WM266-4 and Panc-1. (A) Migration
rate from trans-well migration assays of cells exposed to 30 μM clotrimazole or 30 μM senicapoc with
respect to DMSO-treated cells (N = 4 for all). Different cell lines and treatments are color coded as
reported in the legend. (B) Relative increases of cell-covered areas at t = 24 h with respect to t = 0
from the same petri dish for WM266-4 (DMSO N = 9, clotrimazole N = 9, senicapoc N = 8) and
Panc-1 (DMSO N = 6, clotrimazole N = 6, senicapoc N = 5). Data are significantly different from
control for WM266-4, clotrimazole (p = 0.0128), WM266-4, senicapoc (p = 0.001), and Panc-1, senicapoc
(p = 0.0246). Significance level is indicated by an asterisk (p < 0.05).

To further evaluate the impact of the employed compounds on WM266-4 and Panc-1
migration ability, we performed also scratch-healing assays. Cell migration from the scratch
edges was monitored with a holographic microscope (see Supplementary Figure S1B).
Figure 2B shows the movement of scratch edges as increases of cell-covered areas after
24 h long treatment with 30 μM clotrimazole or 30 μM senicapoc with respect to control
DMSO-treated cells. In both cell lines, we observed a high variability in wound edges after
24 h long exposure to 30 μM clotrimazole. From experiments with senicapoc, we obtained
more uniform datasets which showed that wound healing was significantly lower than that
of DMSO-treated cells for both WM266-4 and Panc-1. Similarly to trans-well migration,
WM226-4 cells were more affected by senicapoc than Panc-1 cells, which were nevertheless
sensitive to the molecule. This indicated that the reduction in WM266-4 cell migration is
possibly caused by a combination of IK blockage and an IK-independent effect, the latter
being responsible for the Panc-1 migration decrease.

2.3. Characterization of WM266-4 and Panc-1 Whole-Cell Currents in High Intracellular Ca2+

Our results indicated that the IK-selective compound senicapoc can impact the growth
and the migration of WM266-4 cells, but also of Panc-1, in which IK is poorly expressed.
Since the presence of mRNA coding for a given channel does not always correlate with the
presence of the correspondent conductance in the membrane, we performed whole-cell
patch-clamp experiments to assess the presence of Ca2+-activated currents with properties
of IK channels in WM266-4 and Panc-1 cells. In WM266-4, we observed that 1 μM Ca2+

in the recording pipette triggered a voltage-independent current, which could not be
detected when an intracellular solution with nominally 0 mM free Ca2+ was employed
(Figure 3A–D). Currents reverted from negative to positive values at negative potentials as
can be seen from the traces reported in Figure 3C,D, where pre- and post-pulse voltages
correspond to the cell resting potential (around −50 mV). We observed a high variability
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in current amplitude among different cells, and some cells did not even display any Ca2+-
activated current (out of 33 patched WM266-4 cells, 12 had currents at 100 mV smaller than
0.5 nA, 13 had currents between 0.5 and 1.5 nA, and 8 had currents larger than 1.5 nA; see
Figure 3B). The Ca2+-elicited currents were strongly reduced by senicapoc (Figure 3C,E)
and clotrimazole (Figure 3D,F) already at a concentration of 1 μM. Figure 3G,H report
the degree of block by the two compounds of the Ca2+-evoked currents at the voltages
corresponding to their maximal amplitude.

Figure 3. Cont.
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Figure 3. Ca2+−evoked whole-cell currents of WM266−4 cells. (A) Exemplary current traces of
WM266-4 whole-cell currents when the patch pipette was filled with the Ca2+-free intracellular
solution. (B) Distribution of current amplitudes in WM266-4 cells measured at 100 mV with 1 μM
Ca2+ in the pipette solution. (C) Exemplary WM266-4 current traces from recordings with 1 μM
Ca2+ in the intracellular solution; cells were perfused with standard bath solution (top) or with the
same solution + 1 μM senicapoc (bottom). (D) Exemplary Panc-1 current traces from recordings
with 1 μM Ca2+ in the intracellular solution; cells were perfused with standard bath solution (top) or
with the same solution + 1μM clotrimazole (bottom). (E) Average normalized IVs of WM266-4 cells
before (blue circles) and after (green circles) application of 1 μM senicapoc (N = 4 cells). Currents
are normalized to the value at 100 mV. (F) Average normalized IVs of WM266-4 cells before (blue
circles) and after (red circles) application of 1 μM clotrimazole (N = 4). Currents are normalized
to the value at 100 mV. (G) Background-subtracted currents (background was calculated from the
mean of 4 cells measured in Ca2+-free conditions) in the presence/absence of senicapoc normalized
to the currents measured in standard bath solution at the same voltage in the same cells (mean ± SE,
N = 4). (H) Background-subtracted currents in the presence/absence of clotrimazole normalized for
the currents measured in standard bath solution at the same voltage in the same cells (mean ± SE,
N = 4). Significance level is indicated by two asterisks (p < 0.01).

As previously mentioned, we observed a relatively large variability in the amplitude of
the Ca2+-dependent currents, while the currents recorded in the absence of intracellular Ca2+

were small and more comparable among different cells. For this reason, the apparent degree
of block is also variable between different cells, as background conductances influence
the results more strongly in cells that express less IK current. To obtain a more accurate
quantification of the inhibitory effect, we subtracted background currents from the currents
recorded in the presence/absence of the blockers. Both senicapoc and clotrimazole strongly
reduced the currents induced by 1 μM Ca2+. The features and the pharmacology of the
above-described currents strongly suggested that they were carried by IK channels.

Since IK blockers had a significant impact also on viability and migration properties
of Panc-1 cells, we needed to verify if these cells showed IK-like currents in the membrane
as elsewhere reported [53]. We therefore applied 1 μM senicapoc (Figure 4A) or 1 μM
clotrimazole (Figure 4B) to Panc-1 cells measured in the whole cell configuration with 1 μM
intracellular Ca2+. Before drug application, large BK currents were seen in all patched
cells [45,52], and none of the drugs had an appreciable effect (Figure 4A–C). Conversely,
the subsequent application of 1 μM paxilline blocked most of the currents as expected
(Figure 4A–C). Overall, these experiments exclude a significant presence of functional IK
channels in Panc-1 cells.
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Figure 4. Panc−1 cells lack functional IK channels. (A) Current traces measured from a typical
Panc-1 cell with 1 μM Ca2+ in the patch pipette in standard extracellular solution (top left), during
perfusion with 1 μM senicapoc (top right), with 1 μM clotrimazole (bottom left) or 1 μM paxilline
(bottom right). (B) Average normalized current voltage relationship in control conditions (turquoise
symbols), in 1 μM senicapoc (green symbols, N = 7), 1 μM clotrimazole (red symbols, N = 7) and 1 μM
paxilline (black symbols, N = 7) (currents are normalized to those measured in control conditions at
100 mV; error bars indicate SEM). (C) Average current density normalized to that measured in control
conditions at 100 mV in the indicated conditions.

2.4. IK Blockers Do Not Affect the Intracellular Ca2+ Concentration

We have previously reported that K+ channel modulators can alter the intracellular
calcium concentration ([Ca2+]i) of cancer cells [46]. It was also observed by other authors
that the IK channel can regulate calcium entry: in prostate cancer cells, its activation induces
calcium uptake through TRP channels by increasing the driving force for calcium [54]. To
check if our results could be explained by [Ca2+]i alterations, we performed Ca2+-imaging
experiments on Panc-1 and WM266-4 cells testing whether clotrimazole or senicapoc can
have some effects on [Ca2+]i. [Ca2+]i was monitored over time with the fura-2 fluorescent
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probe before and after the application of 30 μM clotrimazole or 30 μM senicapoc. In
Figure 5A,C the mean [Ca2+]i values from these experiments are reported. Neither WM266-
4 cells nor Panc-1 showed a significant variation of [Ca2+]i after the application of the
two molecules; rather, there were only small fluctuations that were never larger than
15 nM. The average Δ[Ca2+]i values (with respect to the standard bath solution) after the
perfusion of clotrimazole and senicapoc on WM266-4 cells were only 4 ± 1.3 nM and
5 ± 2.5 nM, respectively (Figure 5B, N = 32 cells). Such small variations in [Ca2+]i were
observed also for Panc-1: Δ[Ca2+]i values were 12 ± 5 nM for clotrimazole and 5 ± 2 nM for
senicapoc (Figure 5D, N = 32 cells). The lack of significant variations in [Ca2+]i caused by
the two compounds indicated that they induced neither the activation of a Ca2+ membrane
conductance nor the release of Ca2+ from intracellular stores.

 

Figure 5. Senicapoc and clotrimazole do not alter the intracellular Ca2+ concentration. (A) [Ca2+]i

over time from 32 WM266-4 cells (color code in the legend). (B) Mean Δ[Ca2+]i from (A) with respect
to bath solution (color-coded as in (A), N = 32). (C) Mean [Ca2+]i over time from 32 Panc-1 cells
(color-coded as in (A)). (D) mean Δ[Ca2+]i from (C) with respect to bath solution (color-coded as in
(C), N = 32).

2.5. Clotrimazole and Senicapoc Do Not Alter the F-Actin Organization

Another hypothesis we formulated to explain our unexpected results was that IK
blocker treatments could affect cellular cytoskeleton organization. This idea emerged
since the invasive migration of WM266-4 and Panc-1 was altered by the exposure to the
tested molecules. Thus, in order to evaluate the effect of clotrimazole and senicapoc on
Panc-1 and WM266-4 actin organization, we utilized phalloidin staining, which was able
to bind the filamentous actin (F-actin). Phalloidin staining did not appear to modify both
WM266-4 and Panc-1 cells after 24 h of treatment (Figure 6). However, changes in the
F-actin organization could be detected after 72 h of treatment with 30 μM of clotrimazole
or senicapoc (Supplementary Figure S2). These observations suggested that exposure to
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clotrimazole or senicapoc did not significantly alter the F-actin organization of Panc-1 and
WM266-4 cells after 24 h.

 

Figure 6. Effect of IK blockers on F-actin organization. WM266-4 (A) and Panc-1 (B) cells incubated
for 24 h in vehicle alone or with 30 μM clotrimazole, 30 μM senicapoc or the corresponding volume of
DMSO, which have subsequently been labeled with phalloidin (red) and DAPI (blue) and processed
for fluorescence microscopy (see Section 4).

2.6. Effect on Cell Viability of BA6b9, an Allosteric IK Blocker

Our data indicate that the clotrimazole-derived compound senicapoc exerts IK-independent
effects on PDAC cells. Since clotrimazole and senicapoc share the same inhibition mech-
anism (they act on the channel pore), we decided to test if IK inhibitors with a different
block mechanism were able to induce a decrease in Panc-1 viability similar to what we
observed with clotrimazole and senicapoc. To this purpose, we employed an allosteric
blocker called BA6b9, which acts on the CaM-PIP2-binding domain at the interface of the
proximal carboxyl terminus and the linker S4–S5 [55]. We first tested whether the com-
pound was able to inhibit IK currents in WM266-4 cells. As shown in Figure 7A,B, 20 μM
BA6b9 inhibited around 60% of currents induced by 1 μM intracellular Ca2+, while 60 μM
BA6b9 inhibited around 80%, with the residual currents being at least partially unspecific
leak. The degree of inhibition is line what has been reported by Burg et al. [55]. We next
repeated the viability assays using 30 μM, 60 μM and 100 μM BA6b9 employing the same
experimental conditions as in Figure 1B. Interestingly, the compound did not induce any
significant alteration in Panc-1 viability (Figure 7C), while we could only observe a slight
but significant decrease in WM266-4 viable cells (Figure 7C).
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Figure 7. Effect of BA6b9 on IK−currents in WM266−4 cells and on viability in WM266−4 and
Panc−1 cells. (A) Example currents measured from WM266-4 cells with 1 μM Ca2+ in the patch
pipette in standard extracellular solution (top) and during perfusion with 20 μM (left) or 60 μM (right)
BA69B. (B) Average normalized current voltage relationship in control conditions (blue symbols), in
20 μM BA6b9 (magenta circles), and 60 μM BA6b9 (magenta triangles) (currents are normalized to
those measured in control conditions at 100 mV; N = 4 each, error bars indicate SEM). (C) Results from
MTT viability assays after 72 h of exposure to DMSO (control) and the indicated concentrations of
BA6b9 (N ≥ 4). Data are reported as absorbance (570 nm) ratio drug-/DMSO-treated cells (color-code
reported in the legend. Significance level is indicated by an asterisk (p < 0.05).

3. Discussion

Like other K+ channels, IK was reported to have important roles in the proliferation
and the migration of cancer cells; accordingly, clotrimazole, TRAM-34 and senicapoc were
able to reduce cancer cells’ growth and migration ability as well as induce a decrease in
tumor mass when administered in vivo [33–39]. It was also observed that the expression of
IK varies throughout the cell cycle and seems to be important for its correct progression [36].
In these studies, the importance of IK for cancer cell tumorigenic processes has usually been
highlighted by comparing aggressive IK-overexpressing cancer cells with blocker-exposed
cells of the same line, siRNA IK-knocked-down cells or healthy cells from the same tissue
of the tumor of interest.
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Here, we chose a different but complementary approach to study the impact of IK
blockers on the growth/migration of cancer cells, in particular on metastatic melanoma
cells WM266-4. We selected clotrimazole and senicapoc as the two inhibitors: the former
is already known to have side effects besides blocking the IK channel, while the latter is
reported to be IK-selective. The idea of comparing the effects of these two compounds
was to test if we could distinguish an IK-dependent from an IK-independent component
in case the two added up. Moreover, we decided to employ Panc-1 cells from primary
pancreatic cancer as a term of comparison, since they poorly express the IK channel. The
latter idea turned out to be quite fruitful, as the most insightful results were obtained from
the comparison of the two cell lines.

To estimate cell growth, we seeded the same number of Panc-1 and WM266-4 cells and
performed MTT viability assays after a 72 h long treatment with clotrimazole, senicapoc
or the corresponding amount of their solvent DMSO. The unspecific clotrimazole caused
a decrease in viability in both WM266-4 and Panc-1 cells. This result is compatible with
previous observations that clotrimazole inhibits the activity of cytochrome P450, a large
family of heme-containing oxidases, which play essential roles in endogenous signaling and
metabolic pathways. However, intriguingly, also senicapoc was able to induce a reduction
in cell viability for both cell lines. This decrease was similar for WM266-4 and Panc-1, so it
did not reflect the difference in IK expression assessed by RT-qPCR.

The ability to migrate through the 8 μM wide pores is a good way to estimate the
ability of cancer cells to migrate and invade other tissues; therefore, we performed trans-
well migration assays. We found that clotrimazole affected the migration ability of both
cell lines, which was probably as a result of its lack of target specificity. Surprisingly, as
observed for cell viability, also the IK-specific compound senicapoc affected both cell lines:
the molecule induced a decrease in cell migration in both Panc-1 and WM266-4. Similar
results were obtained with wound-healing assays. The latter were performed to observe
the combination of the molecules’ actions on proliferation and migration at the same time,
and for this reason, we did not employ proliferation inhibitors.

The data collected suggested that growth and migration might be hampered in WM266-
4 cells via channel blockade by senicapoc but, in addition, also by an IK-independent
effect visible in the control Panc-1. Therefore, our data seemed to diverge from the most
accepted hypothesis about the action mechanism of IK blockers on cancer cells: that is, via
inhibiting IK-mediated K+ conductances. We therefore performed patch-clamp experiments
to evaluate the presence/absence of IK conductances in WM266-4/Panc-1 cells plasma
membranes. In WM266-4 cells, we could measure Ca2+-triggered, voltage-independent
currents whose features and pharmacology suggested that they were mediated by IK
channels. The current density varied between different cells, which is compatible with the
fact that IK over-expression in cancer cells is not constitutive but occurs only in certain
phases of the cell cycle [35,36]. Upon exposure to senicapoc, the Ca2+-triggered currents
dramatically dropped toward the level of the background, Ca2+-independent, ones. This
suggested that IK was indeed the main mediator of the recorded currents. It excludes also
the significant presence of other calcium-activated K channels, like for example BK, which
is in accordance with what has been published earlier [53]. Currents like those recorded
in WM266-4 could not be observed in Panc-1 cells when measured in the whole-cell
configuration with Ca2+-enriched pipette solution. This confirms our hypothesis that the
reduction in migration and proliferation observed in drug-exposed Panc-1 is not the direct
result of IK blockade. It should, however, be kept in mind that the electrophysiological
recordings only reveal IK channels localized in the plasma membrane. Thus, we cannot
exclude putative effects on IK channels localized to intracellular membranes.

As outlined in the Introduction, the activation of IK can be expected to lead to an
increase in [Ca2+]i due to an increase in the electrochemical driving force. Conversely,
the inhibition of IK might lead to a decrease in [Ca2+]i. However, in addition to these
driving-force mediated effects, we know from our previous experience that K+ channel
modulators can alter the intracellular calcium concentration of cancer cells in more unspe-
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cific ways [37,46,52]. For example, it could be that the two molecules could induce calcium
uptake from the extracellular environment directly by opening Ca2+ channels. Another
hypothesis was that the employed inhibitors were able to induce the release of Ca2+ from
intracellular stores. In both cases, we would expect to see a large raise in [Ca2+]i after acute
exposure to clotrimazole and senicapoc. Calcium imaging experiments on WM266-4 and
Panc-1 cells did not show any significant increase in [Ca2+]I after the perfusion of the two
compounds, excluding that they can have secondary effects similar to those observed, for
example, for BK modulators [46].

Regarding the decrease in the trans-well motility of both WM266-4 and Panc-1, we
reasoned that the compounds might affect the cytoskeleton organization of these cells.
To test this hypothesis, cells were fixed and stained with phalloidin after exposure to
clotrimazole or senicapoc. No changes in F-actin organization could be detected after 24 h
treatment with senicapoc or clotrimazole, suggesting that blocker effects on migration
are not correlated with large alterations of the F-actin organization. Thus, it is difficult
to distinguish whether the rather marked effects on actin organization and cell size and
shape seen after 72 h treatment are caused by a direct action on F-actin organization, are
indirect consequences of other cellular alterations, or are simply linked with the loss of cell
viability. Similar changes in F-actin organization have been reported for other ion channel
modulators [56]; however, also in this case, it was difficult to distinguish between direct
and indirect effects.

Taken together, the results we collected from all the experiments supported our hy-
pothesis that clotrimazole and senicapoc can affect the carcinogenic behavior of PDAC cells
independently of the presence of IK conductances in the plasma membrane. To test whether
this is a specific shortcoming of clotrimazole-derived compounds, we tested the viability of
WM266-4 and Panc-1 cells after 72 h of treatment with another molecule, namely BA6b9,
which is an allosteric blocker of the IK channel. BA6b9, instead of binding the pore module
of IK like antimycotic-derived compounds, hampers crucial interactions between S4–S5
linker, CaM and PIP2 [55]. We confirmed that BA6b9 inhibited IK currents in WM266-4
cells, necessitating however larger concentrations compared to clotrimazole and senicapoc,
which is in agreement with the literature [55]. When we repeated MTT assays with BA6b9,
we observed that Panc-1 cells were not affected by the exposure to this drug even at concen-
trations up to 100 μM. These experiments suggest that the reduction in viability observed
in Panc-1 cells after treatment with senicapoc was due only to interactions of the molecule
with secondary targets. Such secondary targets do not seem to be shared with BA6b9.
Regarding WM266-4, we observed a slight viability decrease in BA6b9-exposed cells, but
we believe that further studies will be required to determine if this drug can be used as a
tool to reduce cancer cells viability and migration by targeting the IK channel. We used
BA6b9 to test our hypothesis about the promiscuous behavior of senicapoc, but a deeper
and systematic characterization of the impact of this compound on neoplastic cells can be
an interesting topic for a whole new project.

The importance of IK channel expression for cancer progression has been suggested in
a number of studies: knocking down the KCNN4 gene can reduce carcinogenic behavior,
and treatment with IK blockers had been reported to have an outcome comparable to that
of knocking down the IK gene [37,38]. Therefore, we believe that IK blockade might reduce
cancer cell growth. Nevertheless, in the present work, we discovered that relatively high
concentrations of IK blockers can affect the proliferation and the migration also of cancer
cells that do not display IK conductance in the plasma membrane. This suggests that IK
blockade of plasma membrane-localized IK channels might not be the only mechanism by
which senicapoc and other compounds exert their action on cancer cells. Another possible
mechanism could be related to the presence of IK channels on the membrane of intracellular
organelles like mitochondria [53], although this pathway is strongly dependent on the
chemical nature of the drug. This hypothesis could be further analyzed in future studies.
We believe that our findings should be taken into consideration when considering IK
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blockers (existing or to be developed in the future) as tools to slow down cancer growth
and metastasis formation.

4. Materials and Methods

4.1. Cell Culture

Melanoma cell line WM266-4 (RRID:CVCL_2765) was cultured in MEM medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS, 2 mM L-
glutamine, 100 U/mL penicillin, 100μg/mL streptomycin, and 1% non-essential amino
acids (Sigma-Aldrich, St. Louis, MO, USA). The PDAC line Panc-1 (RRID:CVCL_0480) was
grown in high-glucose DMEM (Thermo Fisher Scientific) enriched with 10% FBS, 100 U/mL
penicillin, 100μg/mL streptomycin, and 4 mM L-glutamine (Sigma-Aldrich). Cells were
grown at 37 ◦C in a 5% CO2/95% air atmosphere (ESCO Lifesciences Group, Singapore).
To split the cells into new flasks or to seed them in petri dishes and multi-well plates, they
were washed with PBS (Euroclone, Pero, Italy) and then detached from the flask with 1 mL
of trypsin–EDTA solution (Sigma-Aldrich).

4.2. RT-qPCR

Total RNA was extracted from WM266-4 or Panc-1 cells grown until sub-confluency
in 25 cm2 flasks, using the PureLink RNA mini kit (Ambion Inc.-Austin, TX, USA), and
1 μg was reverse transcribed using the Super ScriptIV VILO cDNA synthesis kit (Thermo-
Fisher Scientific, Milan, Italy). The obtained cDNAs were used as a template for RT-qPCR
performed in the thermal cycler CFX Connect from Bio-Rad (Hercules, CA, USA). Gene
expression was assessed by SYBR Green quantitative real time PCR using the SsoAdvanced
Universal SYBR Green Supermix. The thermal protocol consisted of a denaturation step at
95 ◦C for 3 min, which was followed by 39 two-step cycles composed of a denaturation
step at 95 ◦C for 10 sec and of annealing/extension at 55 ◦C for 30 sec. No template control
(NTC) and no reverse-transcription control (NAC) were included to avoid false positives.
Expression levels of the KCNN4 target gene (encoding KCa3.1) were assessed in triplicate
and then normalized to the expression of the housekeeping gene Actin. The following
KCNN4 primers were used: forward gctgcgtctctacctggtg; reverse cgatgctgcggtaggaag.
Results were visualized with BIO-RAD software Bio-Rad CFX Manager-RRID:SCR_017251;
Bio-Rad). We refer to the PCR cycle at which amplification fluorescence exceeds the
background signal as the quantification cycle (Cq). Data are reported in the figures as
relative expression with respect to the housekeeping gene GAPDH. This value is 2−ΔCq,
where ΔCq is the difference between the Cq of the housekeeping gene and that of the
target gene.

4.3. Materials

Clotrimazole, senicapoc and paxilline were purchased from Merck (Milan, Italy)and
dissolved in DMSO to prepare stock solutions according to the information provided from
the manufacturer. BA6b9 was kindly provided by Bernard Attali (Tel Aviv University).
The compounds were added to solutions or mediums at the desired concentration prior to
experiments. The final concentration of DMSO never exceeded 0.1%. MTT was purchased
from Promega (Milan, Italy).

4.4. Cell Viability Assay (MTT)

WM266-4 and Panc-1 cells were seeded into 96-well plates (5 × 103 cells per well).
The following day, the wells medium was replaced with fresh medium containing the
indicated amount of clotrimazole and senicapoc or the corresponding volume of DMSO.
Incubation with IK blockers lasted 72 h, after which 20 μL of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide solution (MTT, Promega) was added to each well. Cells
were incubated with MTT for 2 h at 37 ◦C. Relative cell viability was derived from the
absorbance ratio (at 570 nm) between drug- and DMSO-exposed cells (plate reader from
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Molecular Devices, San Jose, CA, USA). For each experiment, each condition was tested in
triplicate. Data are reported as cell viability normalized to the control condition (DMSO).

4.5. Trans-Well Migration Assay

WM266-4 and Panc-1 cells were suspended in serum-free medium containing the
indicated final concentration of IK blockers or the corresponding volume of DMSO and
then seeded into the upper side of cell culture inserts (8 × 103 cells/insert) with cell-
permeable membranes (8 μm pores, Sarstedt, Nümbrecht, Germany). The inserts were
placed in a 24-well plate, in which the wells contained 600 μL of complete medium. In this
way, the presence of serum in the medium below the membrane acts as a chemo-attractant.
After 24 h, the cells were fixed with cold methanol and stained with crystal violet (Sigma-
Aldrich). Unmigrated cells were scraped away from the upper layer of the membrane
with a cotton swab. Pictures of the membrane bottom layers were taken with the help of a
microscope (Nikon, Tokyo, Japan). Migrated cells were counted with the software FIJI [57]
(version 1.53c, https://imagej.net/ij/, accessed on 15 August 2023). For each experiment,
each condition was tested in duplicate. Data are reported as migrated cells with respect to
the control condition (DMSO).

4.6. Scratch-Healing Assays

Panc-1 and WM266-4 cells were seeded in 35 mm petri dishes (2.5 × 105 cells/petri).
Then, 24 h after seeding, cells reached 100% confluency, and a wound in the cells layer was
created with a 200 μL pipette tip. The cells’ medium was then removed and substituted with
new medium enriched with 30 μM clotrimazole, 30 μM senicapoc, or the corresponding
volume of DMSO. Cell migration was monitored in time under a holographic microscope
Holomonitor M4 live cell imaging system (Phase Holographic Imaging, PHI AB, Lund,
Sweden). Data analysis was performed using HStudio (PHI AB, Lund, Sweden). Pictures
were taken after 24 h. Data are reported as increase in cell-covered areas after 24 h with
respect to the control condition (DMSO).

4.7. Patch-Clamp Experiments

Cells were seeded in 35 mm dishes 24 h before the experiments. The standard intracel-
lular pipette solution contained the following (in mM): 140 K-Asp, 4.3 CaCl2, 2.06 MgCl2,
5 EGTA, and 10 HEPES, and a pH of 7.2 was reached with KOH. The free calcium in this
solution was calculated to be 1 μM using the Maxchelator program (Stanford University).
Alternatively, a Ca2+-free pipette solution was used, in which CaCl2 was omitted and
EGTA was increased to 10 mM. The extracellular solution contained the following (in mM):
150 Na-Asp, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Glucose, and 10 HEPES, and a pH of 7.4 was
reached with NaOH. The standard voltage-clamp protocol consisted of 500 ms long voltage
steps, ranging from −100 to 120 mV in steps of 20 mV. The holding potential was set to the
observed cell’s resting potential. To monitor the response of cells to different stimuli over
time, we used a ‘time course protocol’, which administers to the cells a pulse of +100 mV last-
ing 50 ms. All currents were measured at 20 ◦C, using an Axon amplifier (Molecular Devices-
San Jose, CA, USA) and filtered with a low-pass filter at 10 kHz. We used the acquisition
software GePulse (freely available at http://users.ge.ibf.cnr.it/pusch/programs-mik.htm,
accessed on 25 February 2022). Currents were digitized with a National Instruments DAQ
interface (Austin, TX, USA). Current traces were further analyzed with the freely available
Ana analysis program (http://users.ge.ibf.cnr.it/pusch/programs-mik.htm, accessed on
13 August 2021).

4.8. Calcium Imaging Experiments

Measurements of cytosolic calcium ([Ca2+]i) were performed using the fluorescent
indicator fura-2 AM. Before the experiments, cells were incubated for 45 min at 37 ◦C with
5 μM fura-2 AM (Sigma-Aldrich) dissolved in the same extracellular solutions of patch-
clamp experiments, adding 0.1% pluronic acid in order to improve dye uptake. Coverslips
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were then transferred on the stage of an inverted Nikon TE200 fluorescence microscope.
Cells were excited at 340 and 380 nm at 0.5 Hz with a dual excitation fluorometric Ca2+

imaging system (Hamamatsu, Sunayama-Cho, Japan). Fluorescence emission was mea-
sured at 510 nm and was acquired with a digital CCD camera (Hamamatsu C4742-95-12ER).
To monitor [Ca2+]i, the fluorescence ratio F340/F380 was used. Monochromator settings,
chopper frequency, and data acquisition were controlled by a dedicated software (Aqua
Cosmos/Ratio, version U7501-01, Hamamatsu, Japan). [Ca2+]i was calculated according to
Grynkiewicz et al. [58]. We used a dissociation constant value for the Ca2+/fura-2 complex
of 140 nM.

4.9. Phalloidin Staining

Cells were treated with IK blockers for 72 h, washed with PBS and fixed in 4% formalde-
hyde for 15 min at RT. After permeabilization with 0.1% Triton X-100 in PBS for 5 min and
washing, they were incubated in rhodamine–phalloidin solution (1:100 in PBS) and DAPI
for 1 h and washed with PBS three times. Then, each sample was examined by confocal
microscopy using a Leica STELLARIS 8 Falcon τSTED (Leica Microsystems, Mannheim, Ger-
many) inverted confocal/STED microscope. The fluorescence image (1024 × 1024 × 16 bit)
acquisition was performed using an HC PL APO CS oil immersion objective 100× (1.40 NA).

4.10. Data Analysis

Data are reported as mean ± SE. When bar charts are depicted, also individual data
points are superimposed. When data are normalized, it is stated in the text or figure
legends. Differences between data groups reported in the same graph were checked for
statistical significance by means of a paired-sample t-test or ANOVA followed by Tukey
tests for mean comparison (>2 groups, normal distribution). For statistical analysis, we
used OriginLab (Northampton, MA, USA). Figures were prepared using Sigmaplot (Spss
Inc.-Chicago, IL, USA). The chosen significance thresholds of 0.05 and 0.01 are indicated by
an asterisk (*) and double asterisk (**), respectively. Cells to be patched, imaged or used for
any purpose were chosen randomly.

5. Study Limitations

In the present study, no genetic knock-out or knock-down of the KCNN4 gene has
been performed, which would provide more direct evidence of KCNN4 independent effects
of KCa3.1 inhibitors on cancer cell viability and migration.
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Abstract: The aryl hydrocarbon receptor (AHR) is a transcription factor that is commonly upregu-
lated in pancreatic ductal adenocarcinoma (PDAC). AHR hinders the shuttling of human antigen
R (ELAVL1) from the nucleus to the cytoplasm, where it stabilises its target messenger RNAs
(mRNAs) and enhances protein expression. Among these target mRNAs are those induced by gemc-
itabine. Increased AHR expression leads to the sequestration of ELAVL1 in the nucleus, resulting
in chemoresistance. This study aimed to investigate the interaction between AHR and ELAVL1 in
the pathogenesis of PDAC in vitro. AHR and ELAVL1 genes were silenced by siRNA transfection.
The RNA and protein were extracted for quantitative real-time polymerase chain reaction (qRT-PCR)
and Western blot (WB) analysis. Direct binding between the ELAVL1 protein and AHR mRNA was
examined through immunoprecipitation (IP) assay. Cell viability, clonogenicity, and migration assays
were performed. Our study revealed that both AHR and ELAVL1 inter-regulate each other, while
also having a role in cell proliferation, migration, and chemoresistance in PDAC cell lines. Notably,
both proteins function through distinct mechanisms. The silencing of ELAVL1 disrupts the stability
of its target mRNAs, resulting in the decreased expression of numerous cytoprotective proteins. In
contrast, the silencing of AHR diminishes cell migration and proliferation and enhances cell sensitiv-
ity to gemcitabine through the AHR-ELAVL1-deoxycytidine kinase (DCK) molecular pathway. In
conclusion, AHR and ELAVL1 interaction can form a negative feedback loop. By inhibiting AHR
expression, PDAC cells become more susceptible to gemcitabine through the ELAVL1-DCK pathway.
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1. Introduction

Pancreatic cancer (PC) is a devastating disease that has a less than 10% five-year
survival rate [1,2], with pancreatic cancer ductal adenocarcinoma (PDAC) being the most
common in pancreatic malignancies. Future projections show that the death rate from
PC will increase by 1.76% annually [3] and could be one of the leading forms of cancer
by mortality by 2030 [4,5]. Curative surgery followed by chemotherapy remains the
recommended treatment for resectable pancreatic tumours; however, due to PC being
diagnosed mainly in advanced stages, curative surgery is only available in 15–20% of
cases [6]. In cases with advanced or metastatic PC, gemcitabine (GEM) remains one of
the first-line drugs for chemotherapy, although other multidrug regimens are also widely
used (e.g., FOLFIRINOX or FOLFOXIRI) [7]. Due to poor future projections, low diagnostic
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statistics, low survival, and limited treatment options, it is imperative to search for new or
improve existing treatment of PC.

One of the biggest problems in PC treatment is its heterogeneity and resistance to
first-line drugs. Resistance to chemotherapy can be innate (germinal genetic makeup)
or acquired (mutational) [8], with the latter being common in PC. A common difficulty
of PC treatment is that it becomes chemoresistant weeks after starting treatment, which
could also be attributed to alterations in post-transcriptional gene regulation. The human
antigen R (ELAVL1) protein is an RNA-binding protein that binds mRNAs and increases
their stability. There are numerous targets of ELAVL1 which are involved in protective
mechanisms (Heme oxygenase 1 [9] or Cyclooxygenase-2 [10]), proliferation, differentiation,
apoptosis, and senescence of the cell [11,12]. One of the enzymes regulated by ELAVL1
is deoxycytidine kinase (DCK)—an enzyme responsible for initiating the process of GEM
phosphorylation, which leads to its incorporation into the DNA and subsequently arrested
cell cycle. The overexpression of ELAVL1 upregulates and silencing downregulates the
expression of DCK in PC [13,14]. However, to successfully regulate the expression of DCK
and the subsequent response to gemcitabine, the ELAVL1 protein has to be located in the
cytoplasm of the cell. The concentration of cytoplasmic ELAVL1 is positively associated
with a response to gemcitabine and survival of the patients [10]. DNA damage, such as
the effect of gemcitabine, works as a stimulus for ELAVL1 to translocate from the nucleus
to the cytoplasm [15]; however, even after such stimuli, ELAVL1 can be sequestered into
the nucleus. One of the reasons for this sequestering of ELAVL1 could be the aryl hydro-
carbon receptor (AHR) [16]. Normally, AHR is responsible for cell defence and immune
system regulation [17,18]. Increases in AHR expression are seen in autoimmune diseases
and various forms of cancer [19], and AHR is frequently overexpressed in pancreatic
cancer [20–22]. In cases with AHR overexpression, ELAVL1 could be sequestered in the
nucleus, which would increase the chemoresistance of the cells.

Therefore, we hypothesise that the modulation of AHR and ELAVL1 expression can
decrease the chemoresistance of PDAC cells in vitro.

2. Results

2.1. Modulation and Relationship of AHR and ELAVL1 in PDAC Cell Lines

Human PDAC cell lines (BxPC-3, Su.86.86) were transfected with small interfering
RNAs (siRNAs): siAHR or siELAVL1 for 24 h. Western blot analysis revealed that the AHR
and ELAVL1 genes were silenced almost completely after 24 h in both lines. In BxPC-3,
siAHR decreased AHR mRNA to 20% and the protein was not detected; in Su.86.86, AHR
mRNA decreased to 29% and the protein decreased to 2% compared with nontreated
control cells.

When silencing ELAVL1 in BxPC-3 cells, the ELAVL1 mRNA levels decreased to
31%, and the ELAVL1 protein levels decreased to 38% compared with nontreated control
cells. Similarly, in Su.86.86 cells, the ELAVL1 mRNA levels decreased to 9%, and the
ELAVL1 protein levels decreased to 15% compared with nontreated control cells. These
results indicate successful silencing of both the target mRNA and the subsequent protein
expression for ELAVL1 (see Figure 1).

Moreover, AHR silencing increased ELAVL1 mRNA in both cell lines (BxPC3—1.4-
fold; Su.86.86—1.2-fold) (Figure 1). The same increase was seen in protein levels (BxPC-3
ELAVL1 protein increased 1.83-fold and Su.86.86 1.2-fold).

ELAVL1 silencing caused a decrease in AHR mRNA (in BxPC-3 AHR mRNA decreased
significantly to 76% and in Su.86.86 to 77%) as well as in protein (in BxPC-3 AHR protein
was absent and in Su.86.86 decreased to 73%).

These findings suggest a mutual influence and potential regulatory relationship be-
tween AHR and ELAVL1. As ELAVL1 primarily exerts its activity in the cytoplasm, it was
important to investigate the mRNA and protein expression levels of its downstream targets,
specifically DCK and HMOX1.
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The silencing of AHR increased Heme oxygenase 1 (HMOX1) mRNA (4.45-fold) and
protein (1.4-fold) in BxPC-3 cells; however, Su.86.86 showed no changes in either mRNA or
protein of HMOX1 (Figure 2). SiAHR also increased DCK mRNA (1.6-fold) and protein
slightly (1.1-fold) in the BxPC-3 cell line; however, it did not change DCK mRNA and even
decreased protein levels (to 56%) in the Su.86.86 cell line.

Figure 1. AHR and ELAVL1 qRT-PCR and WB analysis. mRNA and protein expression of AHR
and ELAVL1 genes and proteins, after AHR or ELAVL1 silencing by transfection. qRT-PCR N = 3,
MEAN ± SD. * p < 0.05. WB N = 3; however, only 1 is shown as a representative experiment:
(a) BxPC-3 qRT-PCR analysis, (b) BxPC-3 WB analysis, (c) membrane of BxPC-3 WB, (d) Su.86.86
qRT-PCR analysis, (e) Su.86.86 WB analysis, and (f) membrane of Su.86.86 WB.

The silencing of ELAVL1 decreased HMOX1 mRNA (BxPC-3—79%; Su.86.86—81%)
and protein (BxPC-3—88%; Su.86.86—57%) in both cell lines. DCK mRNA did not change in
either cell line; however, the DCK protein decreased in both (BxPC-3—65%; Su.86.86—57%).

These results show that ELAVL1 pathway genes and proteins somewhat correspond to
changes in AHR and ELAVL1 expression levels; however, it is more noticeable for protein
level and differs between cell lines.

2.2. ELAVL1-Mediated Post-Transcriptional Regulation of AHR as Demonstrated by
Immunoprecipitation

Since a relationship between AHR and ELAVL1 can be seen in mRNA and protein
expression levels, the IP assay was used to determine a direct link between AHR mRNA
and the ELAVL1 protein. ELAVL1 is known to bind to various mRNAs, including DCK [13]
and HMOX1 [9]. The AHR gene has nine adenylate uridylate (AU)-rich elements (AREs)
(ATTTA), which is used as a binding motif for ELAVL1 protein [23]. The qRT-PCR results
of IP showed that the ELAVL1 protein binds AHR mRNA (Figure 3a). As a control for the
assay, GAPDH mRNA was tested as a negative control, which the ELAVL1 protein did not
bind to, and HMOX1 mRNA as a known target for a positive control (Figure 3b). AHR
mRNA sequence analysis, together with our experimental data, indicate that the ELAVL1
protein binds AHR mRNA and thereby potentially modulates AHR translation. Western
blot assay was used as a control of the IP assay (Figure 3c).
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Figure 2. HMOX1 and DCK qRT-PCR and WB analysis. mRNA and protein expression of HMOX1
and DCK genes and proteins, after AHR or ELAVL1 silencing. qRT-PCR N = 3, MEAN ± SD.
* p < 0.05. WB N = 3; however, only 1 is shown as a representative experiment: (a) BxPC-3 qRT-PCR
analysis, (b) BxPC-3 WB analysis, (c) membrane of BxPC-3 WB, (d) Su.86.86 qRT-PCR analysis,
(e) Su.86.86 WB analysis, and (f) membrane of Su.86.86 WB.

Figure 3. Immunoprecipitation of ELAVL1 protein. IP of ELAVL1 protein showing the ability of
the ELAVL1 protein to bind AHR mRNA: N = 1 (a) qRT-PCR assay showing fold change in AHR
mRNA when compared with the negative control (GAPDH), (b) qRT-PCR assay showing GAPDH as
a negative target mRNA and AHR and HMOX1 as positive mRNA targets for ELAVL1 protein, and
(c) WB assay showing absence and presence of the ELAVL1 protein after the IP assay.
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2.3. Gemcitabine IC50 Dose Determination

The metabolic activity of PDAC cells was determined by MTT assay. IC50 doses
of GEM were determined separately for both cell lines: Su.86.86—36.91 ± 1.40 nM,
BxPC-3—26.67 ± 1.69 nM (Figure 4a,b).

Figure 4. MTT assay and IC50 dose calculation of gemcitabine. IC50 doses in nM ± SD of gemcitabine
after 48-h treatment: N ≥ 4 (a) viability graph in nM GEM concentration (dotted line–control (100%)),
(b) viability graph in log concentrations for IC50 calculation (purple dotted line showing 50% viability
– IC50), and (c) table of numerical value of IC50 doses in nM ± SD.
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2.4. Cellular Localisation Changes in ELAVL1 in Response to AHR Silencing and/or
Gemcitabine Treatment

Cellular localisation shifts in ELAVL1 and AHR protein after the silencing of ELAVL1
or AHR genes was elucidated by immunocytochemistry (ICC).

AHR mainly resides in the cytoplasm of both PDAC cell lines. The shift of AHR
protein was not noticeable in either cell line when silencing ELAVL1 and/or treating with
GEM (photos not included).

The ELAVL1 protein mainly resides in the nucleus of both PDAC cell lines (Figure 5a,e).
When treating cells with GEM, the concentration of cytoplasmic ELAVL1 increases (Fig-
ure 5b,f), showing that GEM acts as a signal for ELAVL1 to shift its localisation. When
silencing AHR, the concentration of cytoplasmic ELAVL1 increases (Figure 5c,g), showing
that AHR can be involved in sequestering ELAVL1 in the nucleus. The joint effect of
AHR silencing and GEM treatment increased cytoplasmic ELAVL1 concentrations even
more than separately, indicating that the silencing of AHR could be beneficial to ELAVL1
translocation in response to GEM treatment (Figure 5d,h).

2.5. AHR and ELAVL1 Modulation Influences the Chemoresistance of PDAC Cells

GEM treatment significantly increased AHR mRNA (BxPC-3—4.3-fold;
Su.86.86—2.4-fold) but decreased protein levels in both cell lines (BxPC-3 to 27%; Su.86.86 to
38%) (Figure 6). Treatment also increased ELAVL1 mRNA (BxPC-3—1.34-fold;
Su.86.86—1.22-fold) and protein (BxPC-3—2.1-fold; Su.86.86—1.1-fold).

When silencing AHR prior to GEM treatment, it increased BxPC-3 ELAVL1 mRNA
(1.46-fold) and protein (2.6-fold); however, Su.86.86 ELAVL1 mRNA did not change, and
protein decreased to 74%. Silencing ELAVL1 prior to GEM treatment increased AHR mRNA
in both cell lines (BxPC-3—2.2-fold; Su.86.86—1.4-fold) but greatly decreased AHR protein
(BxPC-3 to 12%; Su.86.86 to 38%).

These findings highlight the differences observed between mRNA levels and protein
expression levels, as well as variations across different cell lines. These differences suggest
the involvement of post-transcriptional regulatory mechanisms in the cellular response
to gemcitabine. To gain a deeper understanding of these distinctions, we conducted an
analysis of ELAVL1 pathway genes, specifically HMOX1 and DCK.

GEM greatly increased HMOX1 mRNA (BxPC-3—7.2-fold; Su.86.86—2.7-fold); how-
ever, an increase in protein was much less noticeable (BxPC-3—1.2-fold, Su.86.86—1.1-fold),
as well as DCK mRNA (BxPC-3—2-fold, Su.86.86—2.3-fold) and protein (BxPC-3—2.5-fold;
Su.86.86—1.3-fold) (Figure 7).

When silencing AHR prior to GEM treatment, HMOX1 mRNA increased
(BxPC-3—13.6-fold; Su.86.86—1.5-fold); however, the HMOX1 protein increased in BxPC-3
(1.5-fold) and decreased in Su.86.86 (to 75%). A similar pattern was also seen with DCK
mRNA and protein levels. DCK mRNA increased in both cell lines (BxPC-3—2.1-fold;
Su.86.86—1.3-fold); however, protein levels only increased in BxPC-3 (2.5-fold) and did not
change in Su.86.86.

The silencing of ELAVL1 prior to GEM treatment increased HMOX1 mRNA (BxPC-
3—3.1-fold; Su.86.86—1.7-fold) and protein (BxPC-3—1.1-fold; Su.86.86—1.4-fold). DCK
mRNA was also increased (BxPC-3—2.1-fold; Su.86.86—1.4-fold), as well as protein levels
(BxPC-3—2.6-fold; Su.86.86—2.1-fold).

The observed changes indicate that both AHR and ELAVL1 genes and proteins, as well
as the ELAVL1 pathway genes HMOX1 and DCK, respond to gemcitabine (GEM) treatment.
However, notable differences exist between mRNA and protein expression levels of AHR,
suggesting the involvement of post-transcriptional regulation mechanisms that affect the
translation of AHR mRNA into protein. Furthermore, significant differences were observed
between the cell lines, indicating the presence of additional mechanisms that contribute to
the observed variations.
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Figure 5. Example photos of PDAC lines ICC with ELAVL1 antibody. Example photos showing the
ELAVL1 shift from the nucleus to the cytoplasm after the effect of SiAHR and/or GEM. ICC N = 3;
however, only one is being shown as a representative experiment (40× magnification): (a) BxPC-3
control, (b) BxPC-3 GEM, (c) BxPC-3 siAHR, (d) BxPC-3 siAHR+GEM, (e) Su.86.86 control, (f) Su.86.86
GEM, (g) Su.86.86 siAHR, and (h) Su.86.86 siAHR+GEM. Blue arrows depict ELAVL1 protein being
localised predominantly in the nucleus. Orange arrows depict ELAVL1 protein somewhat shifting
from the nucleus to the cytoplasm. Grey arrows depict ELAVL1 being localised predominantly in
the cytoplasm.
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Figure 6. AHR and ELAVL1 qRT-PCR and WB analysis after GEM treatment. mRNA and protein
expression of AHR and ELAVL1 genes and proteins, after AHR and/or ELAVL1 silencing by transfec-
tion and treatment with IC50 GEM. qRT-PCR N = 3, MEAN ± SD. * p < 0.05. WB N = 3; however, only
1 is shown as a representative experiment: (a) BxPC-3 qRT-PCR analysis, (b) BxPC-3 WB analysis,
(c) membrane of BxPC-3 WB, (d) Su.86.86 qRT-PCR analysis, (e) Su.86.86 WB analysis, and (f) mem-
brane of Su.86.86 WB.

Figure 7. HMOX1 and DCK qRT-PCR and WB analysis after GEM treatment. mRNA and protein
expression of HMOX1 and DCK genes and proteins, after AHR or ELAVL1 silencing and treatment
with GEM. qRT-PCR N = 3, MEAN ± SD. * p < 0.05. WB N = 3; however, only 1 is shown as a repre-
sentative experiment: (a) BxPC-3 qRT-PCR analysis, (b) BxPC-3 WB analysis, (c) membrane of BxPC-3
WB, (d) Su.86.86 qRT-PCR analysis, (e) Su.86.86 WB analysis, and (f) membrane of Su.86.86 WB.

To determine the effect of AHR or ELAVL1 gene silencing on cell chemoresistance,
AHR or ELAVL1 genes were silenced for 24 h by transfection with siAHR or siELAVL1.
After silencing, the cells were treated with an IC50 dose of GEM for 48 h. The metabolic
activity of all groups was compared with the control group (100%) of nontreated cells for
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GEM alone or siControl for transfected cells. GEM alone significantly reduced cell viability
to 57% for the BxPC-3 cell line and 48.4% for the Su.86.86 cell line. There was no significant
effect on BxPC-3 or Su.86.86 cell viability after the silencing of AHR or ELAVL1. However,
the silencing of AHR together with GEM significantly decreased the viability of both cell
lines when compared with GEM alone (BxPC-3 to 25.8% and Su.86.86 to 23.1% cell viability).
In BxPC-3, the silencing of ELAVL1 together with GEM did not have a significant effect on
cell viability when compared with GEM alone; however, in Su.86.86, the combined effect of
siELAVL1 and GEM when compared with GEM alone significantly decreased cell viability
to 23.1% (Figure 8a,b).

Figure 8. Cell viability analysis by MTT assay. PDAC cell viability after silencing of AHR or ELAVL1
for 24 h and treatment with or without IC50 GEM for 48 h (MTT N = 4): (a) BxPC-3 cells and
(b) Su.86.86 cells. N ≥ 4, MEAN ± SD * p < 0.05 when compared with respective control. ** p < 0.05
when compared with GEM alone.

The ability of cell lines to form colonies was measured by clonogenicity assay (Figure 9).
The effect of gemcitabine was more detrimental to long-term than short-term (MTT) cell
survival. IC50 doses (MTT) of GEM significantly decreased cell colony formation to 18.3%
compared with the nontreated control in the BxPC-3 cell line and to 30.3% in the Su.86.86
cell line. The silencing of AHR also had a more detrimental effect on long-term than
short-term survival. Both cell lines had a significant decrease in colony formation (19.3%
formation in the BxPC-3 cell line and 27.7% formation in the Su.86.86 cell line compared
with the nontreated control). The silencing of ELAVL1 had a significant effect on BxPC-3
colony formation (colony formation decreased to 74.7%) but had no effect on Su.86.86 cell
line colony formation. The silencing of AHR significantly increased the effect of GEM
(BxPC-3 to 3.7% and Su.86.86 to 11.3%); however, due to severe effects on both GEM and
siAHR, it is unclear whether the effect is due to increased sensitivity to GEM or the additive
effect of siAHR and GEM. The silencing of ELAVL1 did not significantly change the effects
of GEM on either cell line.

Migratory ability was measured by the wound healing (scratch) assay (Figure 10).
After 24 h, the BxPC-3 cell line (Figure 10a,c) showed significantly lower migratory abilities
in response to GEM (41.2% wound closure compared with control cells who had 98.29%
wound closure). The silencing of AHR significantly reduced BxPC-3 cell line migratory
abilities, and 36.2% of the wound was closed after 24 h. On the other hand, the silencing of
ELAVL1 had no significant effect on the migration of BxPC-3 cells. The silencing of AHR or
ELAVL1 and treatment with GEM had a significant effect when compared with controls
(siAHR+GEM—16.5% and siELAVL1+GEM—19.7% of the wound closed); however, neither
siAHR nor siELAVL1 increased GEM effect on migratory abilities. Su.86.86 (Figure 10b,d)
had a lower migratory ability overall and no significant decrease in migratory ability
after any of the effects compared with the control. The silencing of AHR seems to have
a significant effect on cell migratory abilities; however, it was noticeable only in highly
migratory cells (BxPC-3), and it did not increase the effects of GEM on cell migration.
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Figure 9. PDAC cell colony formation. Colony formation after silencing AHR or ELAVL1 genes by
transfection and/or exposure to GEM. Cells for clonogenic assay were seeded after 24 h transfection
and grown for 168 h after seeding: (a) BxPC-3 colony formation graph, (b) BxPC-3 colony formation
example photos, (c) Su.86.86 colony formation graph, and (d) Su.86.86 colony formation example
photos. N ≥ 4, MEAN ± SD * p < 0.05 when compared with respective control. ** p < 0.05 when
compared with GEM alone.

Figure 10. Cell migration by wound healing assay. Two PDAC cell lines showing migratory abilities
after the silencing of AHR or ELAVL1 genes and/or effect of gemcitabine: (a) BxPC-3 cell line
migration graph, (b) Su.86.86 cell line migration graph, (c) BxPC-3 representative experiment photos
(red lines show gap/wound width of photo taken at 0 h), and (d) Su.86.86 representative experiment
photos (red lines show gap/wound width of photo taken at 0 h). N ≥ 3, MEAN ± SD. * p < 0.05
when compared with control.
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3. Discussion

Chemoresistance of pancreatic cancer is a major problem limiting the success of
chemotherapeutic treatments in patients. There are plenty of suggested mechanisms that
cause PC resistance to chemotherapy, including common genetic mutations such as those in
the KRAS [24,25], MUC4 [26], and TP53 [27] genes. MicroRNAs such as miR-106b [28], miR-
181b [29], miR-21 [30], and miR-29a [31] have also been implicated in the chemoresistance
of PC. Even the overexpression of ribonucleotide reductase subunit M1 [32] or heat shock
protein 27 [33] and many others are thought to be involved in one way or another. One
of the most common proteins implicated in PC resistance to gemcitabine is the RNA-
binding protein ELAVL1. Its cytoplasmic concentration is directly associated with the
longer survival of PC patients [10]. AHR, which is often overexpressed in PC [20–22], is
thought to be involved in blocking ELAVL1 from leaving the nucleus [17] and in turn
stabilising its target mRNAs. One of the targets of ELAVL1 which is also implicated in
gemcitabine resistance is DCK [34–36]. This is an enzyme that starts the activation of
gemcitabine by phosphorylation; however, it is usually inactive in gemcitabine-resistant
cells [37]. Therefore, in cells with upregulated AHR, ELAVL1 would be sequestered in the
nucleus, which would decrease DCK protein concentrations and, in turn, contribute to
gemcitabine resistance.

Our results show that AHR mRNA is a direct target for the ELAVL1 protein, and this
interaction stabilises AHR mRNA, thus possibly increasing protein synthesis. AHR has
been shown to sequester ELAVL1 in the nucleus [16], which in turn would block it from
stabilising the mRNAs of various proteins, including AHR. By silencing AHR mRNA and in
turn protein synthesis, we were able to show an increase in ELAVL1 expression as well as
its localisation shift towards cytoplasm, which agrees with previous studies. However, the
results of the expression of ELAVL1 pathway genes and proteins are conflicting, and both
cell lines had different changes in some cases, showing that the effect of this modulation
is hard to predict and can be different depending on the cell characteristics. By silencing
ELAVL1, we showed that AHR mRNA and protein levels decrease, proving again that AHR
can be a post-transcriptional target of ELAVL1. This complex interaction between AHR
and ELAVL1 shows that they can alter the expression of each other by forming a negative
feedback loop, which has never been shown before.

Due to the fact that AHR is a transcription factor and ELAVL1 is a post-transcriptional
gene expression regulator, this interaction and its changes involve many different cell
mechanisms involved in cytoprotection, migration, overall viability of the cell, and most
importantly to PC treatment chemoresistance. Our results show that by lowering AHR
or ELAVL1 expression, the cells become more susceptible to gemcitabine; however, the
mechanisms most likely differ. The silencing of AHR greatly reduces cell migration and
colony formation and might ease ELAVL1 translocation from the nucleus to the cytoplasm.
However, different responses of ELAVL1 pathway genes and differences between cell
lines show that there are more mechanisms involved in this regulation, warranting further
investigation into the relationship between AHR and ELAVL1. Increased AHR expression
can be seen in many different malignancies, for example, lymphoma [38] and leukaemia [39],
as well as breast [40], kidney [41], gastrointestinal [42], and pancreatic cancers [20,21]. Since
AHR is often overexpressed in cancer, it is frequently targeted in the hope of increasing
the effectiveness of cancer treatment in various malignancies [20,40,43], and in this case, it
could be targeted in the hopes of increasing gemcitabine efficiency in PC treatment.

The silencing of ELAVL1 has a much lesser effect on cell migration or colony formation
than AHR; however, our results show that it decreases HMOX1 mRNA levels and DCK
and HMOX1 protein levels. This lowers the protective mechanisms of the cell but can also
increase the chemoresistance of the cell. Lowering ELAVL1 was also shown to decrease the
synthesis of other protective proteins, such as COX-2 [44] or IFN-β [45], making the cell
more susceptible to stress. ELAVL1 was shown to be both a positive and negative marker
for various malignancies. Its interaction with various microRNAs has been shown to be
a negative factor of ovarian cancer [46], prostate cancer [47], and other malignancies. It
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was shown to activate the MAPK and JNK signalling pathways and cause breast cancer
resistance to tamoxifen [48]; its cytoplasmic concentration was shown to be a negative sign
for the treatment of invasive breast cancer [49]. In pancreatic cancer, ELAVL1 was shown to
regulate apoptosis through the IAP1 and IAP2 proteins [50]. It can also stop the cell cycle at
the G2/M phase, allowing the cell to repair DNA damage, thus avoiding apoptosis [15]. The
silencing of ELAVL1 was also shown to increase the response to chemotherapy, although
it was attributed to a decrease in cytoprotective proteins rather than a direct influence
on gemcitabine activation [44]. However, in PC, more often than not, increased ELAVL1
concentrations in the cell cytoplasm are considered a positive sign, not only in terms of
response to gemcitabine but also in overall patient survival [10,13,14,51].

Since ELAVL1 can be both a good and bad marker for chemotherapy resistance, it is
imperative to understand how it works and find ways to utilise it in a way that would not
cause any harm. Our findings suggest a mechanism (Figure 11) by which PDAC cells might
be able to have increased resistance to gemcitabine through the ELAVL1-DKC pathway
and highlights AHR as a target molecule to negate that resistance. Following the cellular
uptake of gemcitabine, DCK starts its phosphorylation, which leads to cell cycle arrest and
ideally cancer cell death (Figure 11(1–3)). ELAVL1 is a regulator of DCK and translocates
to the cytoplasm following DNA damage, where it stabilises target mRNAs and increases
their protein synthesis. In turn, increased DCK synthesis further strengthens the cytotoxic
effect of gemcitabine (Figure 11(5,6)). However, at the same time, ELAVL1 stabilises the
mRNAs of cytoprotective proteins and AHR, which in turn sequesters ELAVL1 in the
nucleus, subsequently causing a negative feedback loop (Figure 11(5,7,8)). In cases of AHR
overexpression in PC, ELAVL1 would be further sequestered in the nucleus, blocking it
from stabilising the DCK protein and causing resistance to gemcitabine.

Overall, targeting AHR and decreasing its expression would ease the shuttling of
ELAVL1 to the cytoplasm, which in turn would decrease cell resistance to gemcitabine and,
at the same time, decrease cell colony formation and migration capabilities. Notably, the
increase in ELAVL1 activity can increase cell cytoprotective mechanisms through the stabil-
isation of proteins such as HMOX1, although this effect depends on the cell characteristics
according to our results, warranting further studies into the mechanisms involved.

Both AHR and ELAVL1 are involved in various molecular mechanisms. ELAVL1 is
known to be involved in various cell signalling pathways, such as MAPK and JNK [48],
as well as ferroptosis activation [52]. It is also involved in various systems, such as innate
immune barriers in infants [53] and the overall immune system [45,53]. Similarly, AHR is
also involved in various cell signalling pathways, such as epidermal growth factor family
pathways [54] and xenobiotic metabolism [55]. It is also highly involved in the immune
response systems [56,57]. The wide range of pathways AHR and ELAVL1 are involved
with includes numerous interaction partners that could be regulated by modulating the
AHR-ELAVL1 pathway, thus not limiting it to cytoprotection or gemcitabine metabolism.

Both AHR and ELAVL1 are involved in the immune system of the body. This poses a
limitation to in vitro experiments due to absence of immune cells. Nonetheless, this novel
mechanism provides a stepping stone for combating gemcitabine resistance in PC and
should be investigated in in vivo setting. This would further elucidate the relationship
of AHR and ELAVL1 in a setting with various other systems with which both AHR and
ELAVL1 might interact.

There are some limitations to our study. Only lipofectamine-mediated siRNA trans-
fection was used, which would prove to be difficult to use for patients, and so further
studies with protein inhibitors would broaden the knowledge of the AHR-ELAVL1-DCK
pathway. Also, only two cell lines were used, which had some different responses to
AHR and ELAVL1 modulation; so, further investigation into the mechanisms causing
such differences and the stratification of cancer subtypes that would benefit most from
such modifications are required. Lastly, only in vitro experiments with cell cultures were
performed; so, further experiments in vivo would be necessary to prove this relationship.
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Figure 11. Suggested mechanism of ELAVL1 and AHR influence on gemcitabine effectiveness.
In normal conditions, gemcitabine enters the cell through nucleoside transporters (1) where it is
phosphorylated to its active state. DCK is the first enzyme to start the phosphorylation mechanism
(2). Once GEM is metabolised into its active form, it integrates into the nucleus and stops further
cell replication (3). This stress stimulates ELAVL1 (4) to shuttle from the nucleus to the cytoplasm
(5). There, ELAVL1 stabilises its target mRNAs, thus promoting the translation of various proteins,
including cytoprotective ones such as HMOX1, enzymes such as DCK (6), and the transcription factor
AHR (7). Increased DCK synthesis by feedback loop subsequently promotes GEM phosphorylation.
However, increased AHR synthesis blocks ELAVL1 from shuttling from the nucleus to the cytoplasm
(8). This prevents the proteins of ELAVL1-targeted mRNAs from being overexpressed. (Created in
Biorender.com).

4. Materials and Methods

4.1. PDAC Cell Lines and Growing Conditions

Two human pancreatic ductal adenocarcinoma cell lines, BxPc-3 and Su.86.86, were
used for analysis. The BxPC-3 and Su.86.86 cell lines were a gift from the European Pancreas
Centre (Heidelberg, Germany). Both cell lines were grown in RPMI medium (Gibco, Life
Technologies Limited, Paisley, UK) with 10% FBS (Gibco Life Technologies Limited, Paisley,
UK) and 1% penicillin/streptomycin solution (Gibco). Cells were grown in monolayers in
sterile flasks/plates in an incubator, which maintains a moist temperature of 37 ◦C with a
5% CO2-enriched environment.

4.2. Gemcitabine Treatment of Cells and IC50 Measurement

Cells were seeded in 96-well cell culture plates (BxPC-3—2.5 × 103 cells/well; Su.86.86
1.2 × 103 cells/well) and treated with varying concentrations of gemcitabine (GEM) (Flu-
orochem, Glossop, UK) ranging from 1–10,000 nM by logarithmic dilution to test the
half-maximal inhibitory concentration (IC50) of GEM. Treated cells were maintained at
37 ◦C in a 5% CO2 incubator for 48 h. To measure the proportion of metabolic activity, the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) metabolism method
was used (see ‘MTT metabolic activity assay’). No less than 4 replicates of the experiment
were carried out.
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4.3. MTT Metabolic Activity Assay

Cell viability was assessed by MTT (Invitrogen, Carlsbad, CA, USA) assay. After
treatment, MTT was added to a concentration of 0.5 mg/mL, and the cells were incubated
for 4 h at 37 ◦C. After 4 h of incubation, the medium with MTT was removed and the
remaining formazan product was dissolved with DMSO (dimethyl sulfoxide) (Carl Roth
GmbH, Karlsruhe, Germany) by agitation in the spectrophotometer for 60 s. The absorbance
was measured with the spectrophotometer (TheSunrise (Software v7.1.), Tecan, Grodig,
Austria) at a wavelength of 570 nm and reference of 620 nm.

4.4. Transfection

siELAVL1, siAHR, and negative control siRNA were purchased from Ambion (Waltham,
MA, USA). Transfection was performed in 96, 6-well plates or 25 cm2 flasks. Lipofectamine
2000 (Gibco, Life Technologies Limited, Paisley, UK) was used according to the manu-
facturer’s instructions for all transfections with RPMI medium. All MTT experiments
included two groups of control cells: untreated control and a control treated with an siRNA
negative control. Four replicates of the experiment were carried out. Silencing efficiency
after 24–72 h was evaluated by Western blot (WB) analysis.

4.5. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA extraction was performed from cultured cells using the RNA extraction kit
(Abbexa, Cambridge, UK) according to the manufacturer’s protocol. Purified RNA was
quantified and assessed for purity by UV spectrophotometry (NanoDrop 2000 (Software
v.1.4.2), ThermoFisher Scientific, Waltham, MA, USA). cDNA was generated from 2 μg of
RNA with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA). The amplification of specific RNA was performed in a 20 μL reaction mixture
containing 2 μL of cDNA template, 1X PCR master mix, and the primers. The PCR
primers used for detection of ELAVL1 (Hs00171039_m1), AHR (Hs00169233), HMOX1
(Hs01110250_m1), and housekeeping gene GAPDH (Hs02758991_g1) were from Applied
Biosystems. Three replicates of the experiment were carried out.

4.6. Western Blot Analysis

Whole cells were lysed using RIPA lysis buffer with protease inhibitors (Roche, Basel,
Switzerland) and centrifuged at 10,000× g for 10 min at 4 ◦C. The supernatants were
assayed for protein concentration with BCA protein assay kit (Thermo Scientific, Waltham,
MA, USA). Protein samples were heated at 97 ◦C for 5 min before loading, and 25–50 μg
of the samples was subjected to 4–12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), then transferred to poly-vinylidene fluoride (PVDF) membranes
40 min 30 V. Next, membranes were blocked with a 5% skimmed milk blocking buffer
for 60 min at room temperature. Membranes were then incubated for 1.5 h at room tem-
perature or overnight at 4◦C with primary antibodies. The following primary antibodies
were used: 1:100 mouse monoclonal anti-ELAVL1 (LsBio, Lynnwood, WA, USA; Ls-C7451);
1:1000 mouse monoclonal anti-AHR (ThermoFisher Scientific, Waltham, MA, USA; MA1-
514); 1:2000 rabbit monoclonal anti-HO-1 (Abcam; ab68477); 1:3000 mouse monoclonal
anti-GAPDH (ThermoFisher Scientific; AM4300); and 1:2000 mouse monoclonal anti-DCK
(ThermoFisher Scientific; MA5-25502). The membranes were washed with 1X Tris-Buffered
Saline, 0.1% Tween 20 Detergent (TBST) antibody washing buffer or antibody wash buffer
(Invitrogen, Carlsbad, CA, USA) and incubated in the appropriate peroxidase-conjugated
secondary antibody solution (Invitrogen, Carlsbad, CA, USA) for 30 min or in horseradish-
peroxidase-conjugated secondary antibody solution (LSbio) for 1 h. After that, membranes
were washed again with TBST antibody washing buffer or antibody wash buffer (Invitro-
gen, Carlsbad, CA, USA) and incubated with chemiluminescence substrate (Invitrogen,
Carlsbad, CA, USA) or West Pico Stable peroxidase buffer + luminol enhancer (Thermo
Scientific) for 5 min. Results were analysed with a documenting system (Biorad, Hercules,
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CA, USA). Three replicates of the experiment were carried out; however, only one is being
shown as a representative replicate.

4.7. Immunocytochemistry

Cells were cultivated on chamber slides for 96 h either with or without treatment. A
mixture of 96% ethanol with 5% glacial acetic acid was used for fixation and 0.5% Triton
X-100 in PBS- for permeabilisation. Cells were subsequently incubated with 1:250 primary
mouse monoclonal ELAVL1 antibody (LSBio) or 1:500 primary mouse monoclonal AHR
antibody (Thermo Scientific, Waltham, MA, USA) and 1:2000 secondary antibody-Alexa
Fluor 488 Goat Antimouse IgG (H+L) (Invitrogen, Carlsbad, CA, USA) and washed with
PBS followed by washing with nuclease-free water. Slides were then mounted with ProLong
Diamond Antifade Mountant with DAPI (Invitrogen, Carlsbad, CA, USA) for cell nuclei
staining and analysed with Olympus IX71 fluorescent microscope (Olympus Corporation,
Tokyo, Japan). Three replicates of the experiment were carried out; however, only one is
being shown as a representative replicate.

4.8. Clonogenic Assay

The colony formation of pancreatic cancer cells was evaluated using a crystal violet
stain. The cells were cultivated for 96 h with or without treatment with siAHR/siELAVL1/
GEM. After treatment, the cells were detached by trypsin/EDTA, counted, and seeded into
6-well culture plates at concentration of 600 cells/well. After 7 days of growth, formed
colonies were fixed with 96% ethanol and stained with crystal violet stain. After staining,
crystal violet was removed, and the wells were rinsed with water. Plates were dried at
room temperature, the morphology of cells was observed, and colonies were counted under
an Olympus IX71 phase-contrast microscope (Olympus Corporation, Tokyo, Japan). No
less than 4 replicates of the experiment were carried out.

4.9. Migration Assay

The cells were cultivated for 96 h with or without treatment with siAHR/siELAVL1/
GEM. After treatment, the cells were detached by trypsin/EDTA, counted, and seeded
into 24-well culture plates at concentration of 2 × 105 cells/well. After 24 h, a scratch
was made with a 200 μL pipette tip, and the medium was changed into a fresh medium
without FBS. The scratch was observed and photographed under an Olympus IX71 phase-
contrast microscope at 0 and 24 h after making the scratch. No less than 3 replicates of the
experiment were carried out.

4.10. Immunoprecipitation (IP) Assay

Cells were cultivated in 150 cm2 flasks until they reached a confluence of 80–90%. The
cells were then lysed using Magna RIP (Millipore, Burlington, MA, USA) kit and the IP
assay was carried out using ELAVL1 antibody (Ls-C7451, LsBio, Lynnwood, WA, USA)
and GAPDH antibody (AM4300, Invitrogen, Carlsbad, CA, USA) as a negative control. The
samples for WB and qRT-PCR analysis were collected before and after immunoprecipitation.
WB and qRT-PCR assays were performed as described above.

4.11. Statistical Analysis

Statistical analysis was performed using GraphPad (version 6.01; GraphPad Software
Inc., La Jolla, CA, USA) software. The data are presented as mean ± SD of three or more
independent experiments. A nonparametric Mann–Whitney test was used for comparison
between groups. Statistical significance was defined as p < 0.05.

5. Conclusions

Our study revealed that both AHR and ELAVL1 inter-regulate each other, as well
as having a role in cell proliferation, migration, and chemoresistance in PDAC cell lines.
Notably, the effect of AHR silencing appears to be more pronounced than that of ELAVL1,
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and both proteins act through distinct mechanisms. The silencing of ELAVL1 disrupts
the stability of its target mRNAs, resulting in the decreased expression of numerous
cytoprotective proteins. In contrast, the silencing of AHR diminishes cell migration and
proliferation and enhances cell sensitivity to gemcitabine through the AHR-ELAVL1-DCK
molecular pathway.

These findings underscore the complex interplay between AHR, ELAVL1, and impor-
tant cellular processes in PDAC. The differential effects and distinct molecular pathways
associated with AHR and ELAVL1 modulation highlight their potential as therapeutic
targets for PDAC treatment, particularly in overcoming chemoresistance and inhibiting
tumour progression. Further investigations are necessary to fully elucidate the under-
lying mechanisms and explore the clinical implications of targeting these pathways in
PDAC management.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is rapidly becoming one of the leading causes
of cancer-related deaths in the United States, and with its high mortality rate, there is a pressing
need to develop sensitive and robust methods for detection. Exosomal biomarker panels provide a
promising avenue for PDAC screening since exosomes are highly stable and easily harvested from
body fluids. PDAC-associated miRNAs packaged within these exosomes could be used as diagnostic
markers. We analyzed a series of 18 candidate miRNAs via RT-qPCR to identify the differentially
expressed miRNAs (p < 0.05, t-test) between plasma exosomes harvested from PDAC patients and
control patients. From this analysis, we propose a four-marker panel consisting of miR-93-5p, miR-
339-3p, miR-425-5p, and miR-425-3p with an area under the curve (AUC) of the receiver operator
characteristic curve (ROC) of 0.885 with a sensitivity of 80% and a specificity of 94.7%, which is
comparable to the CA19-9 standard PDAC marker diagnostic.

Keywords: biomarker panel; diagnostics; exosomes; microRNA; pancreatic ducal adenocarcinoma;
plasma

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer-related
deaths in the United States of America with an estimated 62,000 new diagnoses and an esti-
mated 50,000 deaths expected in the USA this year [1]. Currently, the only FDA-approved
diagnostic for PDAC is serum antigen CA19-9. Patients with cancer of the pancreas, stom-
ach, lung, liver, or colon typically show levels of CA19-9 exceeding 37 U/mL [2]. For
PDAC detection, the CA19-9 serum antigen diagnostic test has a sensitivity ranging be-
tween 79% and 95% and a specificity ranging between 82% and 91% [3]. However, since
non-cancerous conditions such as pancreatitis, gallbladder infection, liver disease, and
gallstones may also show increased CA19-9 levels [4,5], there is a need to develop new
modalities with increased sensitivity and specificity of detection for PDAC compared to
non-cancerous conditions.

Exosomes, and their contents, may offer a more reliable diagnostic alternative to
CA19-9. Exosomes are released by all cells in the body, and it is well established that
tumor cells release even greater quantities of exosomes [6]. Exosomes are 30–150 nm sized
extracellular vesicles that contain proteins, DNA, RNA, and other cellular constituents [7,8].
They are stable in body fluids, allowing for easy collection from patient blood, plasma,
serum, saliva, or urine. Recent research has examined both exosomes and their contents for
diagnostic feasibility for many diseases [7–11].

The microRNA transcriptome potentially contains diagnostic biomarkers for PDAC
that could exceed the sensitivity and specificity of CA19-9 serum markers. MicroRNAs
are 19–25-nucleotide-long sequences that have been shown to regulate about a third of
human genes, with half being involved in tumor regulation [12]. In non-cancerous cells,
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miRNAs play roles in a variety of metabolic processes including embryogenesis, growth,
repair, cell cycle, proliferation, stress tolerance, and immune response [13,14]. In cancerous
tumors, they can play roles in drug resistance, immune evasion, growth, and metastasis.
MicroRNAs (miRNAs) can exhibit tumor suppressor or oncogenic roles, with some miRNAs
exhibiting both, depending on tissue and tumor type. Functional analyses have examined
the roles of miRNA in PDAC progression. For example, miR-196b was implicated in driving
PDAC progression by interacting with known PDAC-associated miR-21 and miR-31 [15].
Inhibition of miR-196b resulted in decreased levels of miR-21 and miR-31 as well as a
decrease in cell proliferation. Because of these tissue-specific roles, miRNAs associated
with abnormalities in cellular metabolic processes characteristic of specific tumors could be
used as a more sensitive and specific diagnostic method.

Circulating miRNAs and miRNAs in various body fluids have been extensively re-
searched with promising results. In lung cancer, multiple panels of microRNAs isolated
from peripheral blood were used to diagnose early lung cancer compared to the control [16].
Several studies have reported utilizing urinary, plasma, and serum miRNAs to detect blad-
der cancer [17]. Similarly, there have been several studies that examine circulating miRNAs
and miRNAs in body fluids for diagnosis, prognosis, and monitoring response to therapy.
Liu et al. reported a serum marker comprised of seven miRNAs that could distinguish
PDAC from chronic pancreatitis with 83.6% accuracy [18]. Another study analyzed plasma
from PDAC patients and control patients and found miR-21 and miR-483-3p to be signifi-
cantly increased in PDAC compared to the control [19]. Additional miRs and their roles in
PDAC diagnosis have been reported and summarized previously [7,20,21].

Dysregulation of miRNAs and exosomes in cancer have been shown to offer highly sen-
sitive and specific methods for diagnosing respective tumor types, including PDAC [7,8,22].
In our previous study, we developed a workflow strategy to identify a panel of miRNAs
for potential pancreatic ductal adenocarcinoma (PDAC) detection [23]. Multiple knowl-
edgebases were accessed to generate a database of 383 PDAC-associated non-coding RNAs
(ncRNAs), with the majority belonging to the miRNA subtype. The cBioPortal [24] tool was
used to identify 72 miRNAs that exhibited alteration in at least 10% of the University of
Texas Southwestern (UTSW) PDAC dataset (N = 109). These 72 miRNAs were enriched for
their presence in exosomes, resulting in 50 exosomal miRNA. The cBioPortal batch analysis
function was used to test combinations of these exosomal miRNA and identified a final
panel of 18 mature miRNAs that exhibited alteration in 90% of the UTSW PDAC dataset.
These MIRs provided the basis for the design of a diagnostic panel with the potential for
early detection and monitoring of PDAC. These 18 were then analyzed in vitro to provide
the basis for testing in plasma derived from PDAC and control patients. In the present
study, we used quantitative RT-PCR to measure the levels of these 18 mature miRNA
from exosomes harvested from PDAC patient plasma compared to control patient plasma.
Four of these 18 candidate exosomal miRNAs exhibited significant expression differences
between control and PDAC patient plasma samples. The diagnostic potential of these four
miRs was explored and found to be comparable to CA19-9 in sensitivity and specificity, but
they exhibited greater potential for detecting early stage PDAC compared to CA19-9.

2. Results

2.1. Patient Information

In our previous study, we analyzed the expression levels of 18 candidate mature
miRNAs extracted from exosomes released from in vitro cultured PDAC cell lines versus
an immortalized pancreatic cell line [23]. Seven of the 18 candidate mature miRNAs
were found to be differentially expressed between the experimental and control groups,
suggesting these exosomal miRNAs could potentially be used as a diagnostic panel for
PDAC. We sought to design a diagnostic panel for PDAC based on the expression of these
same 18 candidate exosomal miRNAs and their differential expression in plasma collected
from PDAC patients (N = 15) and control patients (N = 19). Sex, age, ethnicity, CA19-9
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levels, and tumor staging are reported in Table 1. Seven of the 15 PDAC patients exhibited
CA19-9 levels within normal ranges (<37 U/mL).

Table 1. Patient information obtained from 19 control donors and 15 pancreatic cancer donors.

Control (N = 19) Pancreatic Cancer (N = 15)

Sex N (%)
Male 13 (68.4%) 13 (86.7%)

Female 6 (26.3%) 2 (13.3%)
Mean Age (Range) in years

Male 42.62 (23–67) 66.54 (40–81)
Female 44.17 (21–67) 70 (62–78)

Ethnicity N (%)
Caucasian 1 (5%) 3 (20%)

African American 7 (40%) 1 (6.7%)
Hispanic 9 (45%) 11 (66.7%)

Non-white Hispanic 2 (10%)

CA19-9 Normal: 7 (47%)
Elevated: 8 (53%)

Tumor Stage
I 3 (20%)
II 2 (13.3%)
III 3 (20%)
IV 7 (46.7%)

2.2. RT-qPCR Analysis of Exosomal miRNAs from PDAC Patient Plasma

Exosomal miRNAs were isolated from plasma collected from PDAC and control
patients. Expression levels of 18 candidate miRNAs were measured using RT-qPCR. After
40 cycles of PCR, 7 of the 18 candidate miRNAs were not detectable in over 80% of the
samples (N = 34) and, thus, were excluded from further analysis as recommended by a
previous study [23]. The remaining 11 mature miRNAs (miR-93-5p, miR-93-3p, miR-133a-
3p, miR-210-3p, miR-330-5p, miR-330-3p, miR-339-5p, miR-339-3p, miR-425-5p, miR-425-3p,
and miR-3620-3p) were further analyzed for differential expression between PDAC and
control patients using ΔCq values.

RT-qPCR analysis of exosomal miRNA identified four mature miRNAs that exhibited
statistically significant expression differences between the control and PDAC patient plasma
samples: miR-93-5p (p < 0.05, 99% confidence interval (CI) control ΔCq range: 7.99–9.60
and 99% CI PDAC ΔCq range: 8.92–10.96), miR-339-3p (p < 0.01, 99% CI control ΔCq range:
12.75–14.82 and 99% CI PDAC ΔCq: 14.27–16.84), miR-425-5p (p < 0.001, 99% CI control
ΔCq: 7.67–9.16, 99% CI PDAC ΔCq: 9.59–11.51), and miR-425-3p (p < 0.01, 99% CI control
ΔCq: 10.93–13.77, 99% CI PDAC ΔCq: 13.15–15.64) (Figure 1). All four miRNAs exhibited
significantly increased ΔCq values in PDAC samples compared to the control. These four
miRNAs constituted the best candidate miRNAs for an exosomal miRNA PDAC diagnostic
and were further analyzed for associated biological functions and pathways.

2.3. Gene Ontology and KEGG Pathway Analysis of Differentially Expressed Plasma
Exosome miRNAs

We utilized the DIANA-miRPATH v3 tool [25] to identify biological pathways and
functions of the four miRNAs (miR-93-5p, miR-339-3p, miR-425-3p, miR-425-5p) using
the DIANA-TarBase 7.0 option. Kyoto Encyclopedia of Genes and Genomes (KEGG) [26]
analysis revealed that miR-93-5p was involved in several cancer-specific pathways (glioma,
bladder cancer, chronic myeloid leukemia, renal cell carcinoma, colorectal cancer, and path-
ways in cancer), while miR-93-5p and miR-425-5p were both involved in cancer-regulatory
pathways including p53 signaling and HIPPO signaling pathways [27] (Supplementary
Figure S1A). Gene ontology analysis revealed that shared functions of three of the four miRs
(miR-93-5p, miR-339-3p, and miR-425-5p) included cellular nitrogen compound metabolic
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processes, gene expression, RNA binding, and protein metabolic processes (Supplementary
Figure S1B).

 
Figure 1. Exosomal miRNA expression levels in PDAC patient plasma compared to control. The
scatterplot shows the average ΔCq values for 11 mature miRNAs in PDAC samples (N = 15) and
control samples (N = 19). Student’s t-test was used to establish significance, where *, **, and *** denote
p < 0.05, p < 0.01, and p < 0.001, respectively.

2.4. PDAC Stage-Specific Differences in Plasma Exosome miRNA Expression Levels

The RT-qPCR analysis identified four miRNAs (miR-93-5p, miR-339-3p, miR-425-5p,
and miR-425-3p) with significantly higher ΔCq in plasma exosomes from PDAC patients
compared to the control. PDAC samples were further divided into “Early stage” (stage I
and II, N = 5), “Mid stage” (stage III, N= 3), and “Late stage” (stage IV, N = 7) to identify
miRNAs with stage-specific differences in expression levels compared to control samples
(Figure 2). Analysis of early-stage PDAC samples revealed that miR-425-5p and miR-
425-3p had significantly higher ΔCq values compared to control samples (p < 0.001, and
p < 0.05, respectively). Analysis of mid-stage PDAC samples revealed that miR-93-3p had
a significantly lower ΔCq value compared to control samples (p < 0.01), suggesting greater
expression, and miR-425-5p exhibited a significantly higher ΔCq value compared to the
control (p < 0.05). An analysis of late-stage PDAC samples revealed that miR-93-5p, miR-
339-5p, miR-339-3p, miR-425-5p, and miR-425-3p all had significantly higher ΔCq values
compared to the control samples (p < 0.05, p < 0.05, p < 0.01, and p < 0.05, respectively).

2.5. Diagnostic Value of Plasma Exosomal miRNAs

Receiver operative characteristic (ROC) curve analysis was performed on the four
mature miRNAs to assess their combined diagnostic efficacy. Since all four miRNAs (miR-
93-5p, miR-339-3p, miR-425-5p, and miR-425-3p) exhibited significantly greater ΔCq values
in PDAC samples compared to the control, two threshold values were used to establish a
positive “hit” for diagnosing PDAC. If a sample exhibited an miRNA with a ΔCq value
that was (1) greater than the upper limit of the 99% confidence interval (CI) of the average
control sample and (2) greater than the lower limit of the 99% CI of the average PDAC
sample ΔCq value, it was recorded as a positive hit for PDAC. Additionally, if a sample
exhibited an miRNA with a ΔCq value greater than both thresholds, it was recorded as two
positive hits for PDAC. The upper limit, or the highest average ΔCq value for the control,
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was determined for each miRNA and used as a threshold for establishing a potential
diagnostic. These values (99% CI) were >9.60 for miR-93-5p, >14.82 for miR-339-3p, >9.16
for miR-425-5p, and >13.77 for miR-425-3p. Using these thresholds, a panel consisting of
these four miRNAs was assessed via ROC analysis. The AUC was 0.865 (p < 1 × 10−8,
Figure 3a) with a sensitivity of 66.7% and a specificity of 94.7%. Similarly, the lower limit
of the average PDAC ΔCq value (99% CI) for each miRNA as the threshold was >8.92 for
miR-93-5p, >14.27 for miR-339-3p, >9.59 for miR-425-5p, and >13.15 for miR-425-3p. If the
values exceeded the minimum average ΔCq for PDAC, it was considered a positive hit for
PDAC detection. Using this threshold, the four-miRNA panel yielded an AUC of 0.878
(p < 1 × 10−9, Figure 3b), a sensitivity of 80%, and a specificity of 89.5%. Finally, combining
both the upper limits of the control thresholds (99% CI) and the lower limits of the PDAC
thresholds (99% CI), (the ROC analysis resulted in an AUC of 0.877 (p < 1 × 10−9), and
an overall sensitivity of 80% and specificity of 94.7% (Figure 4). Therefore, this marker
allows us to detect PDAC in 12 of the 15 samples, including four out of five early-stage
PDAC patients. By comparison, CA19-9 could only detect PDAC in 8 out of the 15 samples
and was only able to detect one out of the five early-stage PDAC patients (Figure 5).
Interestingly, control sample 8 exhibited the maximum possible of 8 positive hits for PDAC
(2 hits for each of the four miRNA), which marks it as a clear outlier sample compared to
the other control samples (Figure 5). The provided patient history for the control samples
was limited, and, therefore, it could not be verified whether or not control patient 8 may
have had a known pancreatic cancer diagnosis.

Figure 2. PDAC stage-specific expression levels of plasma exosomal miRNAs. The scatterplot shows
the average ΔCq values for 11 mature miRNAs in PDAC samples separated by staging, early stage
(stage I and II, N = 5), mid stage (stage III, N = 3) and late stage (stage IV, N = 7), and compared to
control samples (N = 19). Student’s t-test was used to establish significance, where *, **, and *** denote
p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure 3. Receiver operator characteristic (ROC) area under the curve (AUC) analyses. The four-
miRNA panel (miR-93-5p, miR-339-3p, miR-425-5p, and miR-425-3p) underwent ROC analysis using
the upper limits of the average control ΔCq thresholds (a) and using the lower limit of the average
PDAC ΔCq thresholds (b). The values are based off the average ΔCqs for each miRNA in either
control or PDAC plasma samples with 99% CI for all such values.
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Figure 4. Receiver operator characteristic (ROC) area under the curve (AUC) analysis of the combined
four-miRNA panel using two thresholds. Sensitivity = 80%, specificity = 94.7%; AUC = 0.885, CI 99%
0.74–1.00, p < 1 × 10−10.

Figure 5. Analyzing PDAC and control samples using the combined four-miRNA biomarker panel.
The heatmap shows which samples surpassed the two thresholds (ΔCq is greater than the upper limit
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of the control for each miRNA AND ΔCq is greater than the lower limit of PDAC for each miRNA,
99% CI), indicating a positive hit for PDAC. Red indicates a positive hit and blue indicates a negative
hit. Columns labeled as “Cont” represent control plasma samples while columns labeled as “PDAC”
represent plasma from patients with pancreatic cancer. PDAC 1, 2, 3, 4, and 5 represent early-stage (I
and II) pancreatic cancer; PDAC 6, 7, and 12 represent mid-stage (stage III) pancreatic cancer; and
PDAC 8, 9, 10, 11, 13, 14, and 15 represent late-stage (stage IV) pancreatic cancer. CA19-9 values are
added for comparison where the threshold is the medically established value of >37 U/mL.

3. Discussion

Pancreatic cancer continues to be a difficult disease to diagnose and treat. Mortality
rates for PDAC are high, though each year has brought marginal improvements in survival
rate, with 2022 reporting a survival rate of 11% [1]. The need to develop more reliable
methods of detecting pancreatic cancer at earlier stages remains a top priority. Some
avenues of research have turned to freely circulating miRNAs or exosomal miRNAs for an
array of diseases, including various cancers [28]. Recently, a study by Zou et al. proposed
a panel for the early detection of PDAC comprising six circulating miRNAs (let-7b-5p,
miR-192-5p, miR-19a-3p, miR-19b-3p, miR-223-3p, and miR-25-3p) that were identified
by machine learning and validated in patient samples [29]. Another study by Wang et al.
discovered a single serum exosomal marker, miR-1226-3p, that could diagnose and predict
pancreatic cancer invasion and metastases [30]. Despite these important contributions,
there remain alternative diagnostic biomarkers to be discovered with the potential for
earlier and more reliable detection of pancreatic cancer.

Our previous study identified 18 candidate miRNAs from a bioinformatics analysis
of publicly available cBioPortal data collected from pancreatic cancer patients [23]. Seven
miRNAs were verified to be differentially expressed in exosomes collected from PDAC cell
lines compared to an immortalized pancreatic cell line in vitro. Therefore, we sought to
validate the expression levels of these candidate miRNAs in plasma exosomes collected
from known PDAC patients. The present study identified four miRNAs, miR-93-5p, miR-
339-3p, miR-425-5p, and miR-425-3p, with significantly greater ΔCq values in PDAC
plasma samples compared to control plasma samples. A biomarker panel consisting of
these four miRNAs and a dual threshold cutoff consisting of the upper limit of the ΔCq
values (99% CI) of the miRNAs from control samples and the lower limit of the ΔCq values
of the miRNAs (99% CI) from PDAC samples resulted in a diagnostic with an AUC of
0.887, a sensitivity of 80%, and specificity of 94.7%. This is comparable to the current
FDA-approved CA19-9 diagnostic, which exhibits both a variable sensitivity (70–90%) and
specificity (68–91%) [31]. Interestingly, CA19-9 levels were reported as elevated in only
8 of the 15 (53.33%) PDAC patient samples collected for this study. For comparison, by
using the optimal cutoff of the four-miRNA two-threshold biomarker panel proposed in
this study, our panel positively identified 12 of the 15 (80.00%) PDAC patient samples. This
could indicate a potential improvement in PDAC diagnostic sensitivity using the proposed
biomarker panel compared to the established CA19-9 serum diagnostic. However, further
studies on a larger sample size are needed to fully evaluate this novel finding.

Our study also identified that both mature forms of miR-425 (miR-425-5p and miR-
425-3p) had significantly greater ΔCq values in stage I and II PDAC compared to controls.
Consistently, when we applied the two-threshold diagnostic cutoff solely to miR-425-5p,
we were able to positively identify five out of five (100% sensitivity) early-stage pancreatic
cancer samples. By comparison, CA19-9 was only able to detect one out of five (20%)
early-stage pancreatic cancer samples. Therefore, miR-425-5p may offer a more sensitive
diagnostic for early-stage PDAC compared to the FDA-approved CA19-9.

Four miRNAs had significantly lower levels of expression in plasma exosomes ex-
tracted from PDAC patients compared to control patients. Some of these miRNAs have
been previously associated with a variety of cancers and have been implicated in tumor
development. For example, miR-93-5p appears to play a role in tumor suppression in
ovarian [32] and breast cancers [33,34] by targeting the PD-L1/CCND1 pathway, which
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is involved in regulating the cell cycle. This is in contrast to the MIR-93 pre-transcript
and miR-93-3p, which exhibit oncogenicity. MIR-93 is associated with poor prognosis in
PDAC [35], while miR-93-3p predicts poorer outcomes in patients with triple-negative
breast cancer [36]. Similarly, overexpression of miR-93-5p appears to promote chemoresis-
tance in PDAC by targeting the PTEN/PI3K/Akt signaling pathway, which is typically
involved in tumor suppression [37]. Additional studies confirm the pro-tumorigenic ac-
tivities of miR-93-5p in endometrial and PDAC tumors [37–40]. Interestingly, our data
are consistent with the previous studies for miR-93-3p, which show a decrease in ΔCq
values, suggesting an increased expression as PDAC transitions from early to late stages.
MicroRNA-425-3p is known to be upregulated in response to cisplatin treatment in non-
small cell lung carcinoma (NSCLC) tissue and exosomes [41]. MicroRNA-425-5p has been
shown to be expressed at higher levels in PDAC tissue compared to adjacent healthy tis-
sue [42] as well as in NSCLC [43] and in the serum of gastric cancer patients [44]. Exosomal
miR-425-5p from MDA-MB-23 breast cancer cells was shown to convert normal fibroblasts
to cancer-associated fibroblasts upon uptake by suppressing the expression of TGFβRII, a
TGFβ receptor [45]. Additional research has reported that miR-425-5p promotes tumori-
genesis in colorectal cancer by inhibiting the PTEN-p53/TGFβ axis [46] and by activating
the CTNND1-mediated β-catenin pathway [47]. MicroRNA-339-5p has been shown to
suppress colorectal cancer progression by targeting PRL-1 [48], and while miR-339-3p was
observed to interfere with CRC progression, its mechanism is unknown [49]. MiR-339-5p
has also been implicated in suppressing melanoma by targeting MCL1, which promotes
chemoresistance [50]. Little is known about the role miR-339-3p plays in PDAC, though
one paper reports that it is downregulated in the PDAC cell line MIA PaCa-2 [51]. Another
work implicates miR-339-3p in inhibiting caerulin-induced acute pancreatitis by targeting
TRAF3, which promotes inflammation in pancreatitis cells [52]. Although these previous
studies indicate potential roles for miR-93-5p, miR-339-3p, miR-425-5p, and miR-425-3p in
cancers, to our knowledge, the present study is the first to propose a diagnostic panel for
PDAC using all four biomarkers in plasma exosomes.

Although the present findings indicate a potentially promising novel diagnostic panel
to detect pancreatic cancer from plasma exosomes, we cannot rule out the risk of a type
I error and the chance that the results are a false positive due to a small sample size.
Additionally, a history of cancer treatment regimens for each of the PDAC patients was not
available. It is possible that some of the observed miRNA expression changes are due to
responses to cancer treatment therapies rather than due to cancer progression. Nevertheless,
the proposed four-miRNA two-threshold diagnostic biomarker panel was found to perform
comparably to the established CA19-9 diagnostic marker. Further studies on a larger sample
size would need to be conducted to conclusively evaluate the diagnostic performance of the
proposed panel. To rule out the possibility of sex-, age-, and ethnicity-specific differences,
chi-squared tests were performed between the control and PDAC patient information.
Chi-squared analyses revealed no significant differences for sex (p > 0.05) and ethnicity
(p > 0.05); however, there was a significant difference in the age (p < 0.05) of the PDAC
group compared to the control group, when all ages are factored in. Our control group
comprised 9 age-matched individuals and 11 individuals who were under the age of 40.
There is no significant difference in age variation (p > 0.05), however, between the nine age-
matched control samples (Cont 2 and Cont 9–16, Figure 4) and their PDAC counterparts. In
fact, our data show a clear difference in the expression patterns of the miRNAs (miR-93-5p,
miR-339-3p, miR-425-5p, and miR-425-3p) between our age-matched control and PDAC
samples. However, the sample set remains small, and further studies will require a larger
sample size with more closely matched sample demographics.

In summary, the proposed four-miRNA biomarker panel is able to accurately diagnose
PDAC (sensitivity = 80%) compared to control (specificity = 94.7%) samples, performs
comparably, and is potentially superior to the established CA19-9 diagnostic method.
Additionally, miR-425-5p was identified as a potential marker for the early detection of
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pancreatic cancer at stages I and II. Further investigation is required to fully evaluate this
panel for PDAC diagnosis and monitoring.

4. Materials and Methods

4.1. Sample Collection

Plasma samples from 15 patients (male: 13, mean age: 66.54; female: 2, mean age:
70) diagnosed with pancreatic cancer were provided by Baptist Health South Florida. The
pancreatic cancer samples comprised 10 previously banked plasma specimens collected
between 2018 and 2020 and 5 plasma specimens collected in December 2021 by Baptist
Health South Florida Hospital. Sex, age, race, staging, and CA19-9 levels are reported in
Table 1. Whole blood samples from 19 control patients (male: 13, mean age: 42.62; female:
6, mean age: 44.17) were provided by Continental Blood Bank, Ft. Lauderdale, FL, between
2020 and 2021. The control samples were tested to ensure they were clean of standard
blood-borne pathogens prior to release by the blood bank. Patient age, sex, and race are
reported in Table 1. In-depth medical history was not recorded by the provider. Plasma
was separated from whole blood by centrifugation for 10 min at 2000 g. All samples were
deidentified prior to acquisition and stored at −80 ◦C until exosome isolation steps.

4.2. Exosomal miRNA Isolation

Exosomes were isolated from plasma samples using the PEG-based Total Exosome Iso-
lation Kit (from plasma) (Invitrogen, Waltham, MA, USA) as per manufacturer instructions.
The Total RNA and Protein Isolation kit (Invitrogen, Waltham, MA, USA) was utilized for
the extraction of miRNA from the exosomes isolated from plasma samples. MicroRNA
was extracted as per manufacturer instructions, with the addition of an exogenous spike-in
control of 1.5 pg of miR-cel-2-3p (Applied Biosystems, Foster City, CA, USA) to monitor
RNA extraction efficiency.

4.3. RT-qPCR Analysis

The TaqMan™ Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Foster
City, CA, USA) and TaqMan™ Fast Advanced Master Mix Kit (Applied Biosystems, Fos-
ter City, CA, USA) was used to prepare the miRNA for qPCR. The following TaqMan™
Advanced miRNA Assays (Applied Biosystems, Foster City, CA, USA) were used: cel-
miR-2-3p (Assay ID: 478291_mir), miR-16-5p (Assay ID: 477860_mir), miR-31-3p (Assay ID:
478012_mir), miR-31-5p (Assay ID: 478015_mir), miR-93-3p (Assay ID: 478209_mir), miR-
93-5p (Assay ID: 478210_mir), miR-133a-3p (Assay ID: 478511_mir), miR-133a-5p (Assay ID:
478706_mir), miR-210-3p (Assay ID: 477970_mir), miR-210-5p (Assay ID: 478765_mir), miR-
330-3p (Assay ID: 478030_mir), miR-330-5p (Assay ID: 478830_mir), miR-339-3p (Assay ID:
478325_mir), miR-339-5p (Assay ID: 478040_mir), miR-425-3p (Assay ID: 478093_mir)
miR-425-5p (Assay ID: 478094_mir), miR-429 (Assay ID: 477849_mir), miR-1208 (As-
say ID: 478637_mir), miR-3620-3p (Assay ID: 479690_mir), and miR-3620-5p (Assay ID:
480850_mir).

RT-qPCR was performed using the AriaMX Thermocycler (Agilent, Santa Clara, CA,
USA). The PCR settings are described in TaqMan™ Fast Advanced miRNA cDNA Synthesis
Kitprotocols. To normalize sample Cq values, the exogenous spiked-in cel-miR-2-3p control
and endogenous hsa-miR-16-5p control Cq values were averaged for each sample. All
samples were run in duplicate. MicroRNA levels were calculated and expressed as ΔCq
between the control miRNA Cq value (average of cel-miR-2-3p and hsa-miR-16-5p) and
each of the 11 candidate miRNA Cq values. Due to variability in the initial volume of the
plasma samples provided, a Cq adjustment was performed to normalize all samples to
750 uL by using the following formula:

Cqnorm = Cqraw − log2

(
750 uL

X

)

where X = Initial sample volume in uL.
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To minimize PCR background effects, miRNA with Cq values over 35 or not detected
after 40 cycles was adjusted to a Cq value of 36 to test for differential expression between
PDAC samples versus control samples. The full protocol has been described elsewhere [53].

4.4. Statistical Validation

Student’s two-tailed t-test was used to test for statistically significant differences in
exosomal miRNA expression levels between control and PDAC samples. The chi-squared
test was used to predict the associations between age, sex, or ethnicity in the control vs.
PDAC groups.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignant disease with a low 5-year
overall survival rate. It is the third-leading cause of cancer-related deaths in the United States. The
lack of robust therapeutics, absence of effective biomarkers for early detection, and aggressive na-
ture of the tumor contribute to the high mortality rate of PDAC. Notably, the outcomes of recent
immunotherapy and targeted therapy against PDAC remain unsatisfactory, indicating the need for
novel therapeutic strategies. One of the newly described molecular features of PDAC is the altered
expression of protein arginine methyltransferases (PRMTs). PRMTs are a group of enzymes known
to methylate arginine residues in both histone and non-histone proteins, thereby mediating cellular
homeostasis in biological systems. Some of the PRMT enzymes are known to be overexpressed
in PDAC that promotes tumor progression and chemo-resistance via regulating gene transcrip-
tion, cellular metabolic processes, RNA metabolism, and epithelial mesenchymal transition (EMT).
Small-molecule inhibitors of PRMTs are currently under clinical trials and can potentially become
a new generation of anti-cancer drugs. This review aims to provide an overview of the current
understanding of PRMTs in PDAC, focusing on their pathological roles and their potential as new
therapeutic targets.

Keywords: pancreatic ductal adenocarcinoma (PDAC); arginine methylation; protein arginine methyl-
transferases (PRMTs); molecular targets

1. Introduction: Pancreatic Ductal Adenocarcinoma and the Need for New
Therapeutics

Pancreatic ductal adenocarcinoma (PDAC) is a major type of pancreatic neoplasm
that originates from ductal or acinar cells, comprising more than 90% of pancreatic cancer
cases [1]. It is the third-leading cause of cancer-related death in the United States and
is predicted to surpass colorectal cancer by 2040, to become the second-leading cause of
cancer-related death [2]. The current 5-year overall survival rate for this disease is 13%,
which is lower than that for most solid tumor types [3]. Approximately 80–85% of patients
are diagnosed with PDAC when the disease has already metastasized or became locally
advanced, making them ineligible for surgical resection [4–7]. For the remaining 15–20%
of PDAC patients that are diagnosed early and are eligible for surgical resection, 3 out
of 4 patients will develop a relapse within 2 years post-operation [7,8]. In both cases,
whether considering patients as surgical candidates or patients with metastatic disease,
they usually all undergo intensive chemotherapy. The first line of treatment includes the
use of two different regimens: FOLFIRINOX, which is the combination of folinic acid
(leucovorin), 5-fluorouracil (5-FU), irinotecan, and oxaliplatin, or gemcitabine combined
with nab-paclitaxel [8,9]. The second line of treatment includes liposomal formulation of
Irinotecan with 5-Fluorouracil. Patients are eligible to switch to the second line of treatment
if their disease progresses during the first line of treatment and they have not received
these second-line drugs previously [8].
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The major challenge with current PDAC chemotherapy is the development of drug
resistance, which has mostly been observed in gemcitabine-treated patients [10]. In addition,
the combination of several drugs in FOLFIRINOX is extremely toxic and has a severe impact
on the patient’s quality of life [11]. Unfortunately, current molecular targeted therapy and
immunotherapy, which have shown unprecedented therapeutic benefits for other cancer
types, are rarely effective for patients with PDAC [12–15]. The only FDA-approved targeted
therapeutic for PDAC is the epidermal growth factor receptor inhibitor erlotinib, which
slightly prolongs patient survival [13]. Currently available immunotherapies have shown
limited efficacy in improving PDAC patient survival [12]. New strategies in developing
effective therapeutics against PDAC are desperately needed.

It should be noted that decades of research in the biology of PDAC have led to the
discovery of many promising molecular targets for this disease, such as the KRAS mutation
that leads to activation of oncogenic signaling, the desmoplastic tumor microenvironment
(TME) that facilitates immune evasion, and the altered tumor metabolism that contributes
to chemo-resistance [8]. The potential therapeutic benefit of targeting the mutated KRAS
protein in PDAC has been extensively explored, as more than 90% of patients with PDAC
harbor this mutation [4,8,16]. However, while the mutated KRAS protein is a “druggable”
target when using KRAS specific small-molecule inhibitors (there are no FDA-approved
KRAS inhibitors for PDAC as of yet), PDAC cells often find a way to adapt by follow-
ing an “RAS independent” pathway, compromising the efficacy of the small-molecule
inhibitors [17–20].

The altered tumor metabolism for PDAC provides a wide window of opportunities to
develop new therapeutic interventions. Targeting autophagy, glutamine metabolism, and
glycolysis through lactate dehydrogenase inhibition, in combination with other chemother-
apeutics, has been experimentally explored [8,21,22], but clinically applicable therapeutics
that target tumor metabolism have not been available for PDAC. Targeting the extracellular
matrix (ECM) barrier (the desmoplastic TME) has been expected to improve drug access to
the tumor tissues but has not been successful in clinical trials [23,24]. Immunotherapies
based on the development of cancer vaccines, checkpoint inhibitors, CAR T-cells, and
stroma and myeloid targeting remain ongoing in clinical trials for PDAC [25]; however,
it is known that most previous clinical trials on PDAC therapeutics have fallen short
of expectations [8]. New molecular targets and therapeutic strategies for PDAC merit
further exploration.

Recent advances in our understanding of the biology of PDAC has demonstrated one
group of the promising candidate therapeutic targets in PDAC cells: a family of enzymes
named protein arginine methyltransferases (PRMTs). PRMTs are enzymes that are respon-
sible for methylating arginine residues in histone as well as non-histone proteins [26]. They
play a multitudinous role in the biology of cells and are associated with the progression
of diseases, such as cancer. Expression of several PRMTs is upregulated in PDAC cells
and tissues, thereby promoting progression of the disease [27]. Drugs targeting PRMTs are
known to be efficacious in killing cancer cells in vitro as well as in vivo, either alone or in
combination with chemotherapeutic agents. Some of the inhibitors of PRMTs are currently
in clinical trials [28]. This review introduces the family of PRMTs in mammalian cells,
their involvement in the pathogenesis of PDAC, and the potential of PRMTs as therapeutic
targets for PDAC.

2. Arginine Methylation and PRMTs

Protein methylation is the fifth-most abundant post-translational modification (PTM)
and is observed in histone as well as non-histone proteins [29]. While several amino
acids are known to undergo this modification, the major amino acids that are known to
be methylated are lysine and arginine [30]. The lysine methylation in histone and non-
histone proteins has been extensively reviewed elsewhere [31–33]. Therefore, this review
focuses on arginine methylation of these proteins. PRMTs are the enzymes that catalyze
arginine methylation, which is ubiquitously present in both the nuclear as well as cytosolic
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compartments of the cells [34]. These enzymes can be broadly classified into three different
categories: Type I, Type II, and Type III, based on their ability to catalyze different modes of
arginine methylation in the proteins. While Type I PRMTs can form mono-methyl arginine
(MMA) and asymmetric di-methyl arginine (ADMA), Type II PRMTs produce mono-methyl
arginine (MMA) and symmetric di-methyl arginine (SDMA), and Type III PRMTs can
only produce mono-methyl arginine (MMA) (Figure 1) [26]. PRMT1, PRMT2, PRMT3,
PRMT4/CRAM1, PRMT6, and PRMT8 are Type I PRMTs; PRMT5 and PRMT9 are Type
II; and PRMT7 is a solo Type III PRMT. The method by which PRMTs methylate arginine
residues has been well described. PRMTs utilize cofactor S-adenosylmethionine (SAM, also
known as AdoMet) to catalyze the transfer of methyl groups to the guanidino nitrogen
moieties in arginine residues of the substrate protein. This reaction yields the formation
of methylarginine, with S-adenosylhomocysteine (SAH) as the side product [35]. All the
PRMTs are expressed in the pancreas, with the exception of PRMT8, whose expression is
known to be limited to the brain [36]. The expression and localization of different types
of PRMTs vary between the endocrine and exocrine regions of the pancreas. Detected
by enzyme-specific antibodies, PRMTs are ubiquitously expressed in either the islets of
Langerhans or pancreatic acini, with differential expression across cellular compartments,
as shown in Table 1.

Figure 1. Different types of protein arginine methylation by PRMTs.

Table 1. Expression of PRMTs in the endocrine and exocrine compartments of the pancreas.

PRMTs Endocrine Region Exocrine Region

PRMT1 Medium Low

PRMT2 Low Medium

PRMT3 Medium High to medium

PRMT4 Low Medium to low

PRMT5 Low Low to medium

PRMT6 Medium High

PRMT7 Medium Medium

PRMT9 Negative Low
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2.1. Structural Basis, Localization, and Motif Preference of PRMTs

The canonical structure of PRMTs contains three structural domains: an N-terminal
catalytic core (Rossman fold), the α-helical dimerization arm, and the C-terminal ß-barrel
domain (Figure 2) [37]. The catalytic core in PRMTs consists of approximately 300 amino
acids, containing the SAM-binding site. The ß-barrel domain facilitates the binding of
substrates to PRMTs. The dimerization arm is essential in most PRMTs, as PRMTs function
as dimers, with the exception of PRMT7 and PRMT9 [38,39]. The structural features of
individual PRMTs are explained in detail in Table 2. PRMTs are localized between different
cellular compartments and have their own motif of preference for arginine methylation
(Table 3). While there is no unanimous recognition motif for different types of PRMTs,
scientific findings suggest that the glycine-rich motifs, such as RGG, RxR, and GAR, have a
high likelihood of being methylated by PRMTs [34,40]. One recent finding indicates that
PRMT5 recognizes a GRG motif to methylate its substrate [41]. Most of the current studies
utilize the arginine methylation prediction tools PRmePRed (https://bioinfo.icgeb.res.
in/PRmePRed/, accessed on 20 February 2024) [42] or GPS-MSP (http://msp.biocuckoo.
org/online.php, accessed on 20 February 2024) [43] to gain a tentative idea of arginine
methylation sites in the protein of interest, and then validate these sites using in vitro
arginine methylation assays combined with site-directed mutagenesis and proteomics.
Interestingly, all of the PRMTs are also highly regulated by different PTMs that may or may
not affect their catalytic activity [44–52].

Figure 2. Structure of PRMT proteins (see Table 2 for structure features). Created with Biorender.com.
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Table 2. Structural features of PRMTs.

Enzyme Structural Features

PRMT1

Contain three canonical domains:
N-terminal methyltransferase domain (Rossman fold), containing AdoMet
binding pocket
C-terminal ß-barrel domain, forming cylindrical structure corresponding to
the arginine-substrate binding sites
α-helical dimerization arm, an N-terminal part of the ß-barrel domain [53]

PRMT2 Three canonical domains, along with a unique Src homology 3 domain
(SH3 domain) towards N-terminal extremity [54]

PRMT3 Three canonical domains, along with a unique C2H2Zn finger domain at
the N-terminus for substrate binding [55,56]

PRMT4/CARM1 Three canonical domains, along with a C-terminal TAD domain and
PH-like homology at the N-terminus for substrate recognition [57]

Table 2. Cont.

Enzyme Structural Features

PRMT5 Three canonical domains, with N-terminal TIM barrel, which is essential
for formation of complex with MEP50 [58]

PRMT6 Three canonical domains; no unique feature [59]

PRMT7 Three canonical domains, with two tandem methyltransferase domains
due to gene duplication [38]

PRMT8 Three canonical domains, with a myristoylation site at the N-terminus that
mediates its anchorage to the plasma membrane [36]

PRMT9 Three canonical domains, with two tandem methyltransferase domains
and N-terminal TPR repeats [39]

Table 3. Subcellular localization and motif preferences in PRMTs.

PRMT
Cellular
Localization *

Enzyme Type
Methylation
Product

Motif
Preference

PRMT1 Cytoplasm,
Nucleus I MMA/ADMA RGG or RxR

PRMT2 Nucleus,
Cytoplasm I MMA/ADMA RGG/RG

PRMT3 Cytoplasm,
Nucleus I MMA/ADMA RGG/RG

PRMT4/CARM1 Nucleus,
Cytoplasm I MMA/ADMA PGM

PRMT5 Cytoplasm,
Nucleus II MMA/SDMA GRG, PGM

PRMT6 Nucleus,
Cytoplasm I MMA/ADMA RxR

PRMT7 Cytoplasm,
Nucleus III MMA RxR

PRMT8 Plasma
membrane

I MMA/ADMA RGG or RxR

PRMT9 Cytoplasm,
Nucleus II MMA/SDMA GAR

* Bold font indicates the dominant localization.
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The mechanism of arginine methylation by PRMTs has been extensively studied with
SAM as a methyl donor to methylate their substrates [35]. The substrates of PRMTs are
present in both the nucleus as well as the cytoplasm. While there has been a debate
about the kinetics of these enzymes, most findings suggest a multi-step methylation of the
substrate, also called a distributive process, wherein the substrate is first mono-methylated,
followed by its dissociation from the SAM–PRMT–substrate complex and a di-methylation
of the substrate by re-formation of the donor–enzyme–substrate complex [35,60–62].

2.2. Physiological Role of PRMTs

The arginine methylation of proteins, like any other types of PTMs, increases the
diversity of cellular proteome and, therefore, plays a significant role in maintaining cellular
homeostasis. The addition of a methyl group in the arginine residues does not seem to alter
the charge of the protein; rather, it can facilitate or disrupt the interaction among proteins
and nucleic acids, resulting in diverse physiological responses [37]. Given the abundance of
protein arginine methylation in eukaryotic cells, there is no doubt that PRMTs are involved
in many aspects of cellular function. Studies have revealed that the PRMT substrates are
mostly associated with RNAs [63]. Not surprisingly, PRMTs have been shown to mediate
gene transcription [64], mRNA splicing [65,66], DNA damage repair (DDR) [67,68], cell
stemness [35], etc.

PRMT1 and CARM1 are known to act as transcription coactivators via histone arginine
methylation, which facilitates the binding of transcription factors, such as ERα [63,69], p53,
YY1 [70], and PPARγ [71], to the promoter of genes. Furthermore, PRMT1 is shown to be
able to methylate arginine residues in non-histone proteins to co-activate gene transcrip-
tion [72]. PRMT1-mediated transcription activation enhances EGFR signaling and promotes
colorectal cancer progression [73]. On the other hand, PRMT5 and PRMT6 are shown to
have transcription co-repressor activity that suppresses gene transcription via arginine
methylation of histone proteins [34]. PRMT5 is considered a general transcription repres-
sor via arginine methylation that interacts with different transcription factors or repressor
complexes, such as Snail [74] and BRG1 [75], to repress gene transcription. PRMT5-mediated
arginine methylation of histone proteins can repress expression of epithelial junctional genes,
thereby promoting cancer cell invasion [76]. However, PRMT5 is also reported to potenti-
ate gene transcription through arginine methylation of histone proteins that enhances the
binding of a transcriptional co-activator [77]. Other PRMTs, including PRMT2 and PRMT7,
are also reported to mediate gene transcription through arginine methylation of histone
proteins [34]. These findings indicate that PRMTs play a critical role in regulating gene
transcription through arginine methylation in a context-dependent manner.

The regulation of mRNA splicing is a well-known function of PRMTs, especially
CARM1 and PRMT5 [78]. One of the well-explored examples is the arginine methylation
of Sm proteins in the GAR motif towards its C-terminal domain by PRMT5, facilitating
its interactions with the Tudor domain of the survival of motor neuron (SMN), which
plays a key role in maintaining the fidelity of constitutive nuclear splicing events and
RNA metabolism. The deletion or inhibition of PRMT5 reduces spliceosome assembly
and causes aberrant splicing, such as intron retention [79]. PRMT5 has also been reported
to regulate mRNA splicing of the p53 inhibitor MDM4 [66]. Upon deletion of PRMT5,
there is a formation of shorter and less stable MDM4 isoform protein due to alternative
splicing of the transcript, which is incapable of inhibiting p53. CARM1 has been involved
in the regulation of mRNA splicing via methylating RBPs [80]. Direct methylation of
splicing factors by CARM1, thereby affecting the RNA spicing process, has been well
described [81], and, similar to PRMT5, CARM1 also causes Sm protein methylation in
a model system [81]. In contrast to CARM1 and PRMT5, the involvement of PRMT1 in
mRNA splicing has been elusive. Specific substrates by which PRMT1 may regulate RNA
splicing have not been identified. However, PRMT1 is known to regulate RBP cellular
localization [82], and depletion of PRMT1 is associated with aberrant RNA splicing in
mouse cardiomyocytes [83].
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With regard to DNA damage response (DDR), PRMT5 and PRMT1 have been shown
to be critical for the repair of the damaged DNA. PRMT1-null mouse embryonic fibroblasts
exhibit genome instability, spontaneous DNA damage, and checkpoint defects [84]. These
are mediated by MRE11, an integral component of the MRN complex known to activate the
DDR pathways. PRMT1-mediated arginine methylation of MRE11 helps it anchor to the
DNA double-strand breaks (DSBs), stimulating nuclease activity, while its demethylated
version MRE11RK is defective in DNA end-resection and ATR activation [85]. In the case of
PRMT5, it is known that PRMT5 deficiency causes spontaneous DNA damage and defects
in homologue recombination-mediated DSB repair [86,87]. PRMT5 stabilizes RPA2, which
is one of the three subunits of the RPA complex. The RPA complex binds and protects
ssDNA formed during DNA repair. Knockout of PRMT5 results in the depletion of RPA2,
causing RPA exhaustion. This leads to impaired homology-directed repair (HDR) of the
cells treated with gemcitabine, thereby enhancing the efficacy of gemcitabine treatment in
pancreatic cancer cells [68]. PRMT5-mediated arginine methylation has also been shown to
regulate several other proteins that are involved in the DDR process, including p53-binding
protein 1 [88], RAD9 [89], RUVBL1 [86], and TDP1 [90]. Other PRMTs, such as CARM1
and PRMT6, are also directly or indirectly involved in regulating the DDR process through
protein arginine methylation [91,92].

Other biological functions of PRMTs include serving as mediators to promote apopto-
sis [54], participating in regulating tumor immunity [93,94], and governing stem cell fate
and survival during embryogenesis as well as adult homeostasis [35].

3. PRMTs Are Involved in the Pathogenesis and Progression of PDAC

Given the broad implication of PRMTs in the biology of eukaryotic cells, the in-
volvement of PRMTs in the pathogenesis and progression of PDAC is not a surprise. It
has been found that some of the PRMTs, especially PRMT1, PRMT3, and PRMT5, are
intimately associated with PDAC tumorigenesis, metastasis, and chemo-resistance, as
discussed below.

3.1. PRMT1

PRMT1 accounts for about 85% of the total Type I PRMT activities and is responsible
for the MMA or ADMA of both histone and non-histone proteins [95]. The consequence of
arginine methylation by PRMT1 is observed in the processes of transcription regulation,
signal transduction, or DNA damage repair [26]. PRMT1 is known to be involved in the
tumorigenesis of different cancer types. For example, it affects several signaling cascades
associated with the hormonal receptors for estrogen and progesterone in breast cancer
cells [96,97]. Its involvement in other cancer types, such as lung cancer [98] and colorectal
cancer [99], is also reported. Notably, expression of PRMT1 is upregulated in PDAC tissues.
Tissue microarray by immunohistochemistry involving tissue samples of 90 patients has
shown an overexpression of PRMT1 in PDAC tissues compared to the adjacent normal
pancreatic tissues. PRMT1 expression level in PDAC is found to be positively correlated
with the tumor size and post-operative patient prognosis [100]. In an experimental setting,
PRMT1 promotes growth of pancreatic cancer cells in vitro and in vivo via enhancing
the ß-catenin level [100]. Individual substrates for PRMT1 that are involved in PDAC
progression or chemo-resistance have been described. For example, Gli1, an oncogenic
transcription factor, essential for Hedgehog signaling, is a substrate of PRMT1. Gli1 is
methylated at the R597 residue, which is critical for its transcriptional activity, and its
demethylation sensitizes PDAC cells to gemcitabine [101]. The expression of methylated
Gli1 positively correlates with PRMT1 expression, suggesting that PRMT1 methylates
Gli1, thereby enhancing its oncogenic activity and promoting PDAC progression [101].
It is also observed that overexpression of PRMT1 in PDAC cells facilitates the arginine
methylation of HSP70, which aids in the stabilization of BCL2 mRNA, augmenting the
expression of BCL2 protein, which prevents cellular apoptosis and renders PDAC cells
chemo-resistant [102]. A recent study demonstrates that PDAC disease maintenance
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depends on PRMT1-mediated RNA metabolism and cellular processes, further indicating
that PRMT1 is a therapeutic target for PDAC [103]. In this study, an RNAi-based screening
using patient-derived PDAC cells identifies PRMT1 as a top epigenetic lethality factor. Both
knockdown and pharmacological inhibition of PRMT1 in PATC53 cells (PDAC patient-
derived cells) results in the reduction of cell proliferation and colony formation in vitro as
well as reduced tumor volume in vivo, with a significant decrease in cellular and tissue
ADMA levels and an increase in the MMA levels. Knockdown of other Type I PRMTs,
including PRMT4 and PRMT6 in the same PDAC model system, has no such effects,
indicating the critical dependency of PDAC on PRMT1. Proteomics and transcriptomic
analysis upon pharmacological inhibition of PRMT1 reveal that this dependency is most
likely due to PRMT1-mediated RNA metabolism, cell cycling, DNA replication, and DNA
repair in patient-derived PDAC cells [103]. Specifically, pharmacological inhibition of
PRMT1 downregulates expression of genes associated with cell cycle, DNA replication
and DNA repair. The binding and methylation of RBPs by PRMT1 regulates RNA splicing,
3′-end RNA processing and RNA stability, and protein translation efficiency [103].

As stated earlier, immunotherapies are less effective in patients with PDAC [12].
However, the poor therapeutic response of immune checkpoint inhibitors that target
programmed death ligand-1 (PD-L1) in PDAC is somewhat rescued by co-administration
with the PRMT1 inhibitor PT1001B. PT1001B, in conjunction with an anti-PD-L1 antibody,
enhances the inhibition of PD-L1 expression in tumor cells and the infiltration of CD8+
lymphocytes, and reduces PD-1+ leukocytes in vivo, thereby augmenting the efficacy of
the immune checkpoint inhibitor in a PDAC model system. These observations support
the notion that PRMT1 is a molecular target through which the efficacy of the anti-PD-L1
therapy can be enhanced in PDAC [104].

PRMT1 is also known to regulate the EMT-signaling pathway in cancer cells, sugges-
tive of its involvement in tumor metastasis. The expression of one of the key components
of the EMT pathway, ZEB1, is highly associated with the expression of PRMT1 in PDAC
cells [105]. Downregulation of PRMT1 in PANC-1 and SW1990 cells reduces cell prolif-
eration and invasion, yet overexpression of PRMT1 did not affect these events, which is
explained by the high level of endogenous PRMT1, leading to saturation of the PRMT1
protein in pancreatic cancer cells. The anti-tumor effect of PRMT1 downregulation is re-
versed by overexpression of ZEB-1, indicating the role of PRMT1–ZEB1-signaling cascade in
pancreatic cancer progression [105]. The role of PRMT1 in promoting invasion or metastasis
of other type of cancers is also well recognized [106–108].

3.2. PRMT3

PRMT3 is a Type I PRMT. Expression level of PRMT3 is correlated with patient progno-
sis for PDAC, liver cancer, colorectal cancer, and prostate cancer (https://www.proteinatlas.
org accessed on 19 February 2024). Overexpression of PRMT3 is evident in PDAC tissues
and is associated with poor survival in PDAC patients [109]. While studies of PRMT3
focus more on the control of apoptosis and tumor progression in breast cancer [110,111], its
involvement in PDAC has been mainly associated with chemo-resistance [112], likely due
to PRMT3-mediated metabolic reprograming of PDAC cells [109]. Studies have shown that
PRMT3 upregulates expression of the multidrug-resistant gene ABCG2 in PDAC cells by
enhancing the methylation of hnRNPA1 at the R31 residue that, in turn, increases the bind-
ing of hnRNPA1 to ABCG2 mRNA. The binding of hnRNA1 to ABCG2 mRNA facilitates
its export to the cytoplasm and enhances its expression level, thereby causing chemo-
resistance in PDAC cells [112]. PRMT3 overexpression is also associated with an increased
cell proliferation and anchorage-independent cell growth. These observations indicate that
inhibition of PRMT3 is a new therapeutic strategy for chemo-resistant PDAC [112]. PRMT3
has been particularly explored for its role in regulating metabolic processes in PDAC cells.
This shows that PRMT3 reprograms the metabolic process in PDAC cells via arginine
methylation of GAPDH at the R248 residue [109]. This arginine methylation of GAPDH by
PRMT3 enhances its catalytic activity, likely due to an enhanced formation of the active
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tetramer of GAPDH. Thus, overexpression of PRMT3 triggers metabolic reprogramming
and enhances glycolysis and mitochondrial respiration in a GAPDH-dependent manner.
Consequentially, PRMT3 overexpression sensitizes PDAC cells to the GAPDH inhibitor
heptelidic acid [109].

3.3. PRMT5

PRMT5 belongs to the Type II PRMTs and is a major producer of SDMA in histone as
well as non-histone proteins. It interacts with methylosome protein 50 (MEP50) to form a
heterooctametric complex, eliciting its methyltransferase activity [58]. The expression level
of both PRMT5 and MEP50 is often elevated in human cancer [113]. Overexpression of
PRMT5 is observed at both mRNA and protein levels in PDAC tissues, which is associated
with poor prognosis of PDAC patients [114–116].

The interaction of PRMT5 with cMYC oncogenic signaling in PDAC cells has been
well documented. PRMT5 is found to play a critical role in glycolysis and tumorigenesis of
PDAC cells via interacting with the F-box/WD repeat-containing protein 7 (FBW7)/cMyc
axis [116]. Knockdown of PRMT5 in the pancreatic cancer cell lines MIA-PaCa 2 and
SW1990 reduces the viability and colony formation capacity of the cells in vitro and the
tumor volume in xenograft nude mouse models. Knockdown of PRMT5 in PDAC cells
also inhibits glucose uptake and reduces lactate production. The uptake of 18F-FDG,
an indicator of glucose uptake, is higher in subcutaneous tumors, while knockdown of
PRMT5 reduces 18F-FDG uptake in these tumors. It turns out that PRMT5 regulates the
expression of cMyc at the post-transcriptional level by inhibiting the E3 protein ligase
FBW7 [117]. Knockdown of PRMT5 in PDAC cells reduces the protein level of cMYC
without affecting its mRNA levels, causing an increased degradation of cMyc via the
proteasomal degradation pathway facilitated by FBW7. The expression of FBW7, a tumor
suppressor [117], is often reduced in human cancer cells [118]; however, knockdown of
PRMT5 in PDAC cells elevated its expression, indicating that PRMT5 regulates FBW7
expression. The suppression of FBW7 expression by PRMT5 is primarily mediated via
epigenetic modifications [116]. Thus, PRMT5 stabilizes cMYC protein by suppressing FBW7
expression, thereby promoting PDAC tumorigenesis.

A recent study also shows the connection of cMYC with PRMT5 in PDAC model sys-
tems. This study utilized an unbiased pharmacological screening approach in PDAC cells
to identify the cMYC-associated epigenetic dependency [119]. PRMT5 inhibitors (PRMT5i)
are identified as significant screening hits, where the sensitivity/efficacy of PRMT5i treat-
ment in PDAC cells is directly associated with cMYC overexpression. There is a positive
correlation between mRNA expression of PRMT5 and cMYC, and the overexpression of
cMYC in patient-derived PDAC tumors is associated with high sensitivity towards PRMT5
inhibition. Evidently, PRMT5i treatment results in lower survival rate for PDAC cells
with high cMYC expression (HUPT3, PaTu8988T, PSN1, and DanG) than those with lower
cMYC expression (Panc1, PaTu8988S, HPAC, and Panc0504). Apoptosis seemed to be the
primary mechanism by which the PRMT5i elicits therapeutic response in cMYC-expressing
cells [119].

PRMT5 has been shown to facilitate EMT in PDAC cells via the EGFR/AKT/β-catenin
pathway [120], indicative of its involvement in tumor metastasis. In the SW1990 and
PaTu8988 cell lines, knockdown of PRMT5 reduces cell proliferation and colony formation,
which is rescued upon ectopic re-expression of PRMT5. This is also evident in the xenograft
mouse models, in which PRMT5 knockdown reduces the volume of the xenograft tumors.
Consistently, the inhibition of the migration and invasion of PDAC cells is observed upon
PRMT5 knockdown using the transwell migration and transwell invasion assays, which are
rescued by ectopic re-expression of PRMT5. In addition, knockdown of PRMT5 results in an
increased expression of the epithelial marker E-cadherin (at both mRNA and protein levels)
and decreased expression of the mesenchymal markers Vimentin, Collagen I, and β-catenin,
indicating that PRMT5 is involved in tumor metastasis. Mechanistically, knockdown of
PRMT5 decreases the phosphorylation level of EGFR at Y1068 and Y1172, indicating that
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the arginine methylation of EGFR is essential for its phosphorylation in the Y1068 and Y1172
residues, without which the downstream signaling involving phosphorylation and activa-
tion of AKT/GSK3β and β-catenin is impaired. Note that arginine methylation of EGFR at
the R1175 residue by PRMT5 has been shown to impact downstream signaling [121]. Thus,
overexpression of PRMT5 in PDAC cells facilitates tumor EMT, thereby promoting tumor
invasion and metastasis.

It is interesting to observe that PRMT5 inhibition affects cell proliferation which is
synergized with the loss of Type I PRMTs, particularly PRMT1 [122]. The loss of PRMT1 in
MIA PaCa-2 cells makes it highly sensitive towards the treatment with the PRMT5 inhibitor
EPZ015666. The synergistic effect is also observed with the use of PRMT1 inhibitor MS023
in combination with the PRMT5 inhibitor EPZ015666. This suggests an overlapped spec-
trum of substrates of PRMT1 and PRMT5 in the cell proliferation pathway. Furthermore,
inhibition of CARM1 or PRMT6 in combination with PRMT5 inhibition also shows similar
consequences in these cells, but the effect is less significant compared with the inhibition of
PRMT1, suggesting that PRMT1 is a primary Type I PRMT to compensate for the loss of
PRMT5 in PDAC cells.

The use of PRMT5 inhibitors along with the chemotherapeutic agent gemcitabine has
been shown to have a synergistic effect in tumor growth inhibition in PDAC cells through
enhanced DNA damage [68]. Using an in vivo CRISPR gene knockout screening approach
to search for the combinatorial targets of gemcitabine in PDAC, PRMT5 is identified as a
druggable candidate that may act in synergy with gemcitabine to kill PDAC cells. In both
in vitro and in vivo model systems, knockdown of PRMT5 or the use of PRMT5 inhibitors
causes excessive DNA damage in PDAC cells when combined with gemcitabine treatment,
a synergistic effect likely mediated by RPA exhaustion [68].

However, not all PDAC cells are equally sensitive to PRMT5 inhibition. PRMT5
inhibition appears to be more lethal in PDAC cells with the deletion of the tumor suppressor
CDK2NA in the chromosome 9p21 locus. This is because the CDK2NA gene deletion is
often associated with co-deletion of its adjacent genes in the genome, and one of the
genes is the methylthioadenosine phosphorylase gene (MTAP) [123]. MTAP is essential
for the metabolism of its substrate 5′-methylthioadenosine (MTA) to generate methionine
and adenosine [124]. In MTAP-deleted cancer cells, the level of MTA is elevated which
inhibits the methyltransferase activity of PRMT5 towards all of its substrates, increasing the
sensitivity of cancer cells to further PRMT5 inhibition [125]. Therefore, in the MTAP deleted
tumors, PRMT5 is a preferred molecular target for therapeutic development, because its
inhibition appears to be more lethal than in tumor cells harboring the wild type MTAP gene.
This is confirmed using a PDAC patient-derived organoids (PDOs) model with tumors
derived from the pancreas that harbored the MTAP gene deletion. Treatment with the
PRMT5-specific inhibitor EPZ015556 inhibits growth of the PDOs with the MTAP gene
deletion, and this inhibition is significantly reduced in PDOs without the MTAP gene
deletion [51].

4. Inhibitors of PRMTs

Since there is no protein arginine demethylase that has been consensually established
to this date, arginine methylation is considered a relatively stable PTM that affects sev-
eral downstream signaling cascades in cancer cells [126]. Given the role of PRMTs in the
tumorigenesis and progression of human cancers [96–99,113], including PDAC [114–116],
extensive effort has been directed towards the identification, synthesis, and application
of PRMT inhibitors as potential cancer therapeutics. Indeed, PRMT inhibitors, especially
inhibitors for PRMT1 and PRMT5 due to their established involvement in cancer progres-
sion, are currently being explored as therapeutics for hematological malignancies and solid
tumors and have entered clinical trials (www.clinicaltrails.gov, accessed on 16 February
2024). The anticancer action of the major inhibitors against PRMT1, PRMT3, and PRMT5 is
shown in Figure 3. Note that the cytotoxicity of PRMT inhibitors, especially inhibitors for
PRMT5, are shown to be more specific towards cancer cells because of PRMT overexpres-
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sion in cancer tissues and the reliance of tumor cells on PRMT activity [127]. Some of the
recent clinical trials are listed in Table 4.

With the availability of assays to analyze PRMT activity, several groups of small
molecules that target PRMTs have been developed, and these inhibitors elicit either specific
or non-specific inhibition of different types of PRMTs. Typically, radiometric assays and
antibody-based assays are utilized to study PRMT activity upon treatment with prospective
small-molecular inhibitors in cellular model systems [128]. The mechanism of action for
these small-molecule inhibitors are based on their ability to inhibit the methyltransferase
activity of one or multiple PRMTs, mainly by inhibiting the binding of the PRMTs to their
substrates or by occupying the SAM binding pockets in the PRMT enzymes, thereby dimin-
ishing methyltransferase activity [128]. While the mechanisms of action of most of these
inhibitors are clearly described, the downstream effect they exert upon methyltransferase
activity inhibition is a challenging task to elucidate because of the broad range of cellular
activities mediated by PRMTs [128].

Figure 3. Anticancer action of PRMT inhibitors. Created with Biorender.com.
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Table 4. Inhibitors of PRMTs currently in clinical trials.

Inhibitor Target Clinical Trial ID Phase Tumor

GSK3368715 Type I PRMT NCT03666988 Phase I Solid Tumors and Diffuse
Large B-cell Lymphoma

AMG 193 PRMT5 NCT05094336 Phase I/II MTAP-null solid tumors

JNJ-64619178 PRMT5 NCT03573310 Phase I
Advanced solid tumors, B
cell non-Hodgkin
lymphoma (NHL)

PF-06939999 PRMT5 NCT03854227 Phase I Advanced solid tumors

PRT543 PRMT5 NCT03886831 Phase I
Relapsed or refractory solid
tumors, lymphoma, and
leukemia

PRT811 PRMT5 NCT04089449 Phase I
High grade gliomas,
anaplastic astrocytoma, and
advanced solid tumors

GSK3326595/EPZ015666 PRMT5
NCT04676516
NCT02783300
NCT03614728

Phase I/II
Phase I
Phase I/II

Early-stage breast cancer
Advanced solid tumors,
NHL
Chronic myelomonocytic
leukemia, Adult acute
myeloid leukemia

The AMI series of compounds are the first class of PRMT small-molecule inhibitors
identified via ELISA-based high-throughput screening that shows selectivity towards
Type I PRMTs and specificity in inhibiting arginine, but not lysine methyltransferase activ-
ity [129]. Following the identification of AMI compounds, effort in virtual and experimental
screening has continued to uncover more PRMT1 inhibitors with high specificity [130]. A
series of 1-substituted 1H-tetrazole derivative compounds have been screened for their
PRMT1 inhibiting activity and a compound 9a has been deemed most potent, which selec-
tively inhibits the methyltransferase activity of PRMT1 via interfering with the substrate
binding site, demonstrated by molecular dynamics simulation. The inhibition of PRMT1
by compound 9a significantly reduces the cellular ADMA level and downregulates the
Wnt/b-catenin signaling pathway in MDA-MB-231 cells [131]. MS023, also a Type I PRMT
inhibitor, has been identified, displaying high potency to inhibit the activity of PRMT1, -3,
-4, -6, and -8, while being completely inactive on the activity of Type II and III PRMTs [132].
A new Type I PRMT inhibitor, GSK3368715, is described as a potent and reversible inhibitor
that inhibits all Type I PRMTs except PRMT3 [133]. GSK3368715 has been shown to have an-
ticancer activity and has entered into a Phase I Clinical trial for the treatment of diffuse large
B-cell lymphoma and selected solid tumors with MTAP deficiency (NCT03666988). How-
ever, this clinical trial has been terminated due to the lack of clinical efficacy [134]. Other
inhibitors for Type I PRMTs, such as MS049, a dual inhibitor of CARM1 and PRMT6 [135],
and SGC6870, a highly selective inhibitor of PRMT6 [136], have also been developed.

The development of inhibitors for Type II PRMTs, especially for PRMT5, has been
quite successful. CMP5 is the first PRMT5-specific inhibitor developed by screening the
ChemBridge CNS-Set library of 10,000 small-molecule compounds [137]. Treatment with
CMP5 selectively reduces the viability of tumor cells, suggesting that PRMT5 is an ideal
therapeutic target against cancer [137]. Another PRMT5 inhibitor EPZ015666 has been
identified by using a homogeneous time-resolved fluorescence assay to screen a diverse
library containing 370,000 small molecules [138]. This PRMT5 inhibitor acts by disrupting
the MEP50:PRMT5 complex that is absolutely crucial for the methyltransferase activity
of the enzyme. EPZ015666 is the first orally bioavailable and highly selective inhibitor
of PRMT5 with antiproliferative effects in both in vitro and in vivo model systems [138].
Several PRMT5 inhibitors have been further developed, which have shown anticancer ac-
tivity and have entered into clinical trials. These include GSK3326595 (EPZ015938) for solid
tumors and non-Hodgkin’s lymphoma (NHL) (NCT02783300), as well as Myelodysplastic
Syndrome (MDS) and Acute Myeloid Leukemia (AML) (NCT03614728); JNJ-64619178 for
advanced solid tumors, NHL, and low-risk MDS (NCT03573310); PRT543 for advanced
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solid tumors and hematologic malignancies (NCT03886831); and PRT811 for advanced
solid tumors, CNS lymphoma and Gliomas (NCT04089449).

Other PRMT inhibitors, such as EPZ020411 to inhibit PRMT6 by occupying its arginine
binding site [139]; Compound II757, a pan-inhibitor for PRMTs [140]; and SGC3027, a potent
PRMT7 inhibitor [141], have recently been described. A detailed patent review on PRMT
inhibitors, especially inhibitors for PRMT1 and PRMT5, has been recently published [142].

The use of PRMT inhibitors in combination with the existing chemotherapeutics has
proven to be beneficial in different cancer types. Combination of the PRMT5 inhibitor
EPZ015666 with gemcitabine potentiates the DNA-damaging effect of gemcitabine in PDAC
cells and helps to overcome therapeutic resistance via the HDR [68]. Treatment of breast
cancer cells (MCF7, T-47D, MDA-MB-231, BT-549, and MDA-MB-468) with the combina-
tion of the PRMT5 inhibitor EPZ015666 and chemotherapeutic agents Etoposide/cisplatin
demonstrates synergistic effect on the viability of these cells [143]. Notably, the immunother-
apeutic efficacy of the anti-PD-L1 mAb in PDAC is enhanced when combined with the
PRMT1 inhibitor PT1001B in a mouse model [104]. Some of the PRMT small-molecular
inhibitors are orally bioavailable compounds, which do not exert extreme systemic toxicity.
They have been reported to work well in combination with standard chemotherapeu-
tics and are implemented in several clinical trials as a monotherapy or in combination
(Table 4). Thus, these PRMT inhibitors are attractive therapeutic drug candidates for PDAC,
where the major challenges are therapeutic resistance and severe toxicity due to multiple
chemotherapeutics utilized during different stages of the treatment course.

5. Perspectives

The arginine methylation of histone and non-histone proteins has not been explored
in depth. However, arginine methylation is a vital PTM in eukaryotic cells, where a large
number of substrates rely on this PTM to elicit physiological activity. Protein arginine
methylation plays critical roles in the initiation and progression of malignant diseases,
including PDAC; therefore, targeting PRMTs is a logical strategy for cancer therapeutic
development. While PRMT inhibitors have been tested in preclinical models for treatment
of PDAC [68,104], clinical trials testing these inhibitors against PDAC have not been
initiated. Based on the current status of PRMT inhibitors and the ongoing clinical trials, it
is envisioned that new therapeutics targeting PRMTs, used along or in combination with
other therapies, are likely to enter into clinical trials and become available in the clinical
management of PDAC or other cancer patients in the future. Efforts on developing more
enzyme-specific and potent PRMT inhibitors are expected to continue.

While studies using in vitro and in vivo model systems have shown the potential of
PRMTs as therapeutic targets, elucidating the mechanism of action for these inhibitors has
been a major challenge due to the substrate diversity and the cellular pathways involved.
Furthermore, one could imagine that the arginine methylation site in any protein could
vary in different cell types, depending on the expression and activity of individual PRMTs
in the cell systems. For example, AKT has been recently identified to be methylated by
PRMT5 at the R391 residue in MCF7 cells (SDMA formation) [143]. However, in the case
of neuroblastoma cells, AKT is observed to be methylated at the R15 residue [144]. These
cell type-dependent arginine methylation patterns indicate the intricacy in elucidating
the cellular mechanisms related to arginine methylation across different types of cells and
tumors. This intricacy has to be considered in our pursuit to better understand PRMT-
mediated cellular processes.

Several studies have shown the existence of PRMT5 protein and mRNA in PDAC cell-
derived exosomes, a group of small extracellular vesicles (EV) that mediate the transfer and
function of biomolecules, including proteins, lipids, and nucleotides [145,146]. Given the
involvement of exosomes in intercellular communication and cancer metastasis [147,148],
the impact of PRMT5 on cell-to-cell communication via transfer of exosomes needs to be
explored. In fact, one of the recent studies has indicated the impact of PRMT5 knockdown
on the EV-associated pathways [149]. Expression of the proteins associated with EV bio-
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genesis is upregulated upon PRMT5 knockdown in AML cells. This shows a biological
relevance of PRMT5 in EV biogenesis that merits further investigation. In addition, one
of the well-known biochemical functions of arginine methylation is in mediating protein
phase separation [150–152]. A recent study has demonstrated the role of phase separation
in the selective miRNA enrichment in exosomes [153]. This particular area needs to be
further explored to establish the link between PRMTs and the biology of EVs. Furthermore,
expression of PRMTs is often upregulated in cancer cells and tissues, resulting in different
arginine methylation patterns of cellular proteins in normal versus cancerous cells or tissues.
The different arginine methylation patterns may serve as biomarkers for early detection or
disease monitoring for various malignancies, including PDAC. In particular, since tumor
exosomes have been shown to be released into the circulation [154,155], arginine methyla-
tion patterns in plasma exosomes are likely indicators of PDAC [156], a lethal malignancy
that desperately needs non-invasive biomarkers for early detection.

6. Conclusions

Protein arginine methylation is an important PTM in eukaryotic cells. Expression of
PRMTs is often upregulated in PDAC cells and tissues, which facilitates changes in the
transcriptional landscape, metabolic processes, EMT, and DNA damage responses, thereby
promoting chemo-resistance and tumor progression (Figure 4). Due to the complications of
current chemotherapeutics, such as severe systemic toxicity and therapeutic resistance, and
the unsatisfactory outcome of immunotherapy and targeted therapy against PDAC, new
therapeutic strategies are urgently needed in the clinical management of PDAC to improve
patient survival outcomes. Targeting PRMT enzymes using small-molecule inhibitors
provides a promising new line of therapy for PDAC. Studies have shown promising
anticancer effects when combining PRMT inhibitors with existing chemotherapeutics to
reduce tumor burden. Several PRMT inhibitors are now in clinical trials for both solid and
hematological malignancies, either as a monotherapy or in combination. These clinical
trials may help generate a new generation of therapeutics that can be clinically utilized for
PDAC as well as other malignancies.

 
Figure 4. Role of PRMTs in pancreatic ductal adenocarcinoma (PDAC). Created with Biorender.com.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer,
characterized by high tumor heterogeneity and a poor prognosis. Inter- and intra-tumoral hetero-
geneity in PDAC is a major obstacle to effective PDAC treatment; therefore, it is highly desirable to
explore the tumor heterogeneity and underlying mechanisms for the improvement of PDAC progno-
sis. Gene copy number variations (CNVs) are increasingly recognized as a common and heritable
source of inter-individual variation in genomic sequence. In this review, we outline the origin, main
characteristics, and pathological aspects of CNVs. We then describe the occurrence of CNVs in PDAC,
including those that have been clearly shown to have a pathogenic role, and further highlight some
key examples of their involvement in tumor development and progression. The ability to efficiently
identify and analyze CNVs in tumor samples is important to support translational research and
foster precision oncology, as copy number variants can be utilized to guide clinical decisions. We
provide insights into understanding the CNV landscapes and the role of both somatic and germline
CNVs in PDAC, which could lead to significant advances in diagnosis, prognosis, and treatment.
Although there has been significant progress in this field, understanding the full contribution of
CNVs to the genetic basis of PDAC will require further research, with more accurate CNV assays
such as single-cell techniques and larger cohorts than have been performed to date.

Keywords: pancreatic ductal adenocarcinoma (PDAC); copy number variations (CNVs); non-allelic
homologous recombination (NAHR); patient stratification

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent type of pancreatic
cancer. Due to the absence of early symptoms and the lack of effective and reliable meth-ods
for early diagnosis and screening, the majority of the patients (80–85%) present distant
metastatic or locally advanced disease that is not resectable [1], with an overall 5-year
survival rate of 12% [2]. PDAC thus remains one of the most challenging and aggressive
malignancies facing oncologists today and has been projected to become the second leading
cause of cancer death by 2030 [3]. A comprehensive understanding of the biology of the
disease is therefore urgently needed as part of an effort to develop more effective therapy
and improve survival.

Genetic variations have been appreciated since the emergence of molecular genetics. In
the human genome, they are present in various forms, such as mutations, variable number
of tandem repeats (VNTRs), transposable elements, structural alterations, insertion and
deletion variations (indels), and single nucleotide polymorphisms/variations (SNPs/SNVs).
SNPs were previously believed to be the predominant type of genomic variation responsible
for most of the phenotypic variability. However, the Human Genome Project identified
DNA sequence variations other than SNPs and collectively named them copy number
variations (CNVs). They include translocations of various segments of a chromosome and
deletions and insertions of nucleotides [4].
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Among the cancer-associated genetic variations, mutations have been the best char-
acterized. More recently, however, thanks to new sequencing techniques, the roles of
ge-nomic recombinations, such as CNVs, in tumor onset, heterogeneity, and prognosis
have also emerged [5]. For this reason, we report the involvement of CNVs in PDAC
develop-ment and progression.

1.1. Classification of CNVs

Copy number variations refer to a phenomenon in which segments of the genome are
repeated or deleted, with varying numbers of these repeats among different individuals’
genomes. Observations made in 2006, when the first comprehensive human haplotype map
(HapMap) project Phase II of the human genome was constructed by Redon et al. [6], re-
vealed that CNVs cover 12% of the human genome (about 360 Mb pairs), most of which are
small-size rearrangements (<20 kb). The CNVs lay in both coding and non-coding regions,
encompassing hundreds of genes and other functional elements. When the frequency of a
CNV is less than 1%, it is a rare CNV, as opposed to common or polymorphic CNVs, which
have a frequency >1% [7].

Researchers generally distinguish CNVs into two categories, depending on the length
of the sequence affected [8]. The first category consists of copy number polymorphisms
(CNPs), which are prevalent in the general population, with the majority being less than
10 kb in length and frequently enriched for genes encoding proteins that are important in
immunity and drug detoxification. Therefore, these CNVs have well-documented roles in
evolutionary adaptation to new environmental niches [4,9].

The second category consists of relatively rare variants that are longer than CNPs,
having up to over a million base pairs. These variants, also referred to as microduplications
(smaller than 5 Mb) and microdeletions [8], can arise within a family during the develop-
ment of the oocyte or spermatozoa that give rise to a specific individual and be passed
down to offspring.

Copy number variants have also been divided into three groups depending on their
origin: (i) de novo CNVs, newly acquired but not present in a parent; (ii) germline CNVs,
inherited and present in a parent; and (iii) somatic CNVs, meaning that they occurred
after the single-cell stage of an embryo [10]. For example, although monozygotic (MZ)
twins are expected to be genetically identical, one study on 19 pairs of MZ twins revealed
many different CNVs among them and suggested that these variations may have occurred
during somatic development [11]. Somatic mutations were also observed in 10–20% of
the nucleated blood cells of the MZ twins [11]. CNVs have also been observed between
different tissues of the same individual, further supporting the idea that CNVs can occur
in either somatic or meiotic tissues [12]. Further studies on age-stratified MZ twins and
single-born subjects [13] as well as on DNA samples (mainly from peripheral blood) of
more than 50,000 individuals genotyped for the Gene-Environment Association Studies
(GENEVA) consortium [14,15] have revealed the accumulation of CNVs with age in the
nuclear genome of blood cells [13,15]. Data from population genetics analysis of CNVs
and SNPs, collected in the HapMap project, showed that over 99% of the observed copy
number variations of individuals are due to inheritance rather than new mutations, and
nearly 80% of the former are due to common CNVs [10].

1.2. Mechanisms of CNV Formation

To date, several different mechanisms have been shown to be involved in the develop-
ment of CNVs, including germline genomic rearrangements that result in losses or gains of
DNA segments [16].

1.2.1. Genomic Factors and Molecular Mechanisms of CNV Formation

CNVs are produced through a variety of mutational mechanisms, including those
connected to DNA replication, repair, and recombination. Although the mechanisms
underlying the formation of CNVs are not completely understood, the fact that they
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preferentially occur within or near duplicated sequences such as long interspersed nuclear
elements (LINEs) and short interspersed nuclear elements (SINEs) has provided some clues
to their origin [8]. During meiosis, the presence of different repetitive DNA sequences (low
copy repeats, LCRs) in male and female homologous chromosomes at non-corresponding
positions (i.e., that are not alleles but share significant sequence homology) can “mislead”
the recombination machinery and result in an unequal crossing-over event. This aberrant
recombination, known as non-allelic homologous recombination (NAHR) [17], leads to the
loss or gain of copies of genomic segments [18] (Figure 1).

Figure 1. Non-allelic homologous recombination (NAHR). (A) Normal alignment of homologous
chromosomes. (B) Misalignment of homologous chromosomes before crossing over, for example, due
to abnormal pairing between repetitive sequences with high sequence identity. (C) Duplication and
deletion that result from the unequal crossing over.

Other molecular mechanisms proposed to be responsible for the formation of CNVs
include the (i) replication Fork Stalling and Template Switching (FoSTeS) model [19,20],
which suggests that the stalling of a replication fork can cause the lagging strand to
disengage from its original template and, owing to microhomology, invade and switch to
another active replication fork’s template, where it restarts DNA synthesis. The occurrence
of a deletion or duplication is determined by the location of the ectopic association, and
the nascent lagging strand has the potential for further disengagement and invasion of
other replication forks. FoSTeS happens during DNA replication and can therefore occur
either in mitosis or meiosis. (ii) Microhomology-mediated end joining (MMEJ) and non-
homologous end joining (NHEJ) mechanisms [19,21], which can lead to some chromosomal
rearrangements by joining nonhomologous sequences during the repair of DNA double-
strand breaks (DSBs). In particular, these damages prompt NHEJ- and MMEJ-associated
proteins to repair and ligate DNA sequences together. Sequence deletions, or duplications,
can occur when fragments from different chromosomes are joined together. NHEJ and
MMEJ occur throughout the cell cycle. Not all DSBs result in chromosomal rearrangements
since they can be repaired through homologous recombination (HR) [22,23].

1.2.2. Environmental Factors in CNV Formation

It is unclear how environmental factors contribute to the emergence of CNVs. How-
ever, various studies have demonstrated that chemical and physical mutagens can induce
the formation of CNVs and that chemical mutagens generate copy number losses more
frequently than gains, while ionizing radiation induces deletions and duplications equally
across the human genome [16].
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Replication stress caused by chemical mutagens, such as hydroxyurea (HU), which is a
ribonucleotide-reductase inhibitor as well as an important drug for the treatment of various
diseases, including sickle-cell disease, has been demonstrated to induce the formation of
de novo CNVs in the human genome [24].

Physical mutagens such as ionizing radiation (including X-ray, gamma ray, and ultra-
violet light) can also induce de novo CNVs through a replication-dependent mechanism
because the DNA strand breaks due to radiation, which may cause the replication fork to
collapse [16,25,26]. A study by Costa et al. [27] demonstrated that the offspring of parents
who had exposure to low doses of ionizing radiation had a 1.5-fold higher germline CNV
mutation load. In a retrospective analysis of human populations exposed to low doses
of ionizing radiation, the load of de novo CNVs has been demonstrated to be a helpful
biomarker of parental exposure. Another study on CNVs in papillary thyroid carcinoma
(PTC) among victims of the Chernobyl accident [28] reported that following their exposure
to radiation from this disaster, PTC significantly increased in the irradiated individuals.
Further studies of these radiation-induced PTCs revealed more multiple aberrations of the
chromosome structure than in spontaneous thyroid tumors [29,30].

1.3. Distribution of CNVs

Research has revealed that CNVs are more common in genes that play a role in brain
development and activity and in the immune system [6], functions that have evolved
rapidly in humans. In contrast, CNVs tend to be rare in genes involved in early devel-
opment and basic cellular activities since the alteration of essential cellular functions can
have adverse effects, suggesting that their genes could have been subjected to powerful
purification selection associated with copy number variation [31].

Some scientists propose that CNVs are not random in the human genome but rather
tend to cluster in areas of complex genomic architecture. These proposed hotspot regions
where CNVs are enriched [20] comprise complex patterns of inverted and direct low-
copy repeats (LCRs) as well as high-copy repeats (e.g., SINEs, LINEs). LCRs provide the
homology required for recombination that causes NAHR-mediated modifications. LINEs
and SINEs are retrotransposons that contribute to the CNVs by NAHR either because
of persistent single-strandedness (e.g., due to replication pausing, secondary structures,
or extensive transcription) or frequent DNA breaks in these regions (e.g., due to live
transposon activity), which make them potential sites for annealing by single-stranded
DNA ends [11,20].

The question of whether the localization of CNVs in the human genome is random or
not is still a highly debated topic [20,32–35], but more recent studies highlight a random
distribution [9,36,37].

1.4. Identification and Detection of CNVs

Over the years, “targeted” approaches (single gene or single panel testing) or “whole”
approaches (whole genome or whole exome) have been used to detect CNVs.

1.4.1. “Whole” Approaches

The process of microarray technology involves the immobilization of specific probes
on a solid support, which then hybridize with target DNA segments. The two most widely
used microarray technologies are array-CGH and SNP-array. In aCGH, a test sample
and a reference sample are compared by labeling their genomic DNA (gDNA) with two
different fluorescent dyes and applying them to an array of probes to detect differences
in fluorescence intensity. On the contrary, SNP arrays consist of oligonucleotide DNA
probes that correspond to regions in the genome exhibiting SNPs among individuals
and do not require the use of reference sample DNA. CNV location and organization of
structural variants (SVs) are not determined by microarray methods, making it necessary
to subsequently perform FISH [38,39].
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Next Generation Sequencing (NGS) technology involves the sequencing of highly
fragmented DNA molecules to produce “reads”, which are then mapped to a human
reference genome using bioinformatics software. After alignment, any differences between
the newly sequenced reads and the reference genome can be identified, and the “dosage” of
that specific DNA fragment and the presence of CNVs may be calculated using the number
of reads generated [40]. Currently, there are four distinct methods used for the detection of
CNVs from NGS data [41,42]. These methods include read-depth-based detection (RD),
paired-end mapping-based detection (PE), de novo assembly-based detection (DA), and
split read-based detection (SR), of which RD is the most used. Details regarding the
operation of these methods have been described in other studies [43–45].

1.4.2. “Targeted” Approaches

These involve the analysis of only one single gene or a group of genes, whether they
are scattered across the genome or adjacent, and identifying a long chromosomal trait.
Targeted approaches include Southern blot, fluorescent in situ hybridization, quantitative
polymerase chain reaction, and multiplex ligation-dependent probe amplification.

Born in the seventies, Southern blot is still useful in the detection of some CNVs
with high or extremely high numbers of repeats, particularly in the diagnosis of repeat
expansion diseases. Restrictions endonucleases are used to fragment the target DNA,
followed by electrophoresis to separate the resulting fragments [46]. These fragments are
then incubated with DNA probes labeled either by incorporating radioactivity or by tagging
the molecules with a chromogenic or fluorescent dye. CNVs are detected by comparing the
hybridization intensities between a normal control and unknown samples [46] and/or by
observing changes in fragment sizes (differentiated by length) and mobility following the
hybridization and electrophoresis steps [39].

The fluorescent in situ hybridization (FISH) technique utilizes fluorochrome-labeled
probes to match with chromosomes on a plate in order to detect any CNVs or translocations
affecting a specific chromosomal region. FISH has high levels of sensitivity and specificity
and is capable of detecting deletions, duplications, and translocations. However, FISH
is limited in its ability to detect small imbalances and cannot be used to scan the entire
karyotype without prior knowledge of the target region and appropriate probe selection.
FISH can determine the location of CNVs identified by microarrays, NGS, and WGS [38,39].

Quantitative polymerase chain reaction (qPCR), also known as real-time PCR (rt-PCR),
measures the accumulation of PCR amplicons in real time [39] by use of fluorescent probes.
For the quantification of CNVs, a test locus with an unknown copy number and a reference
locus with a known copy number are amplified in qPCR. Fluorescence intensity increases
in direct proportion to the quantity of amplicon generated in each PCR cycle, and by
determining the number of cycles needed to reach a specific threshold level of fluorescence,
the quantity of the initial template can be determined [47].

The multiplex ligation-dependent probe amplification (MLPA) technique is based
on the hybridization and ligation of specific DNA regions with two adjacently located
complementary probes, followed by multiple PCR using a single pair of fluorescent primers.
In particular, primer pairs containing identical 5′ sequences are used to amplify the target
DNA sequences, followed by pooling into a probe mix [48] since all probes possess the
same 5′ sequences. The PCR products are then separated by a capillary sequencer based on
their size, and the resulting fluorescence intensities are exported for further analysis [48].
This method’s capability to analyze sequences of high identity is greatly attributed to the
sensitivity of the ligation step, which allows for the design of probes containing mismatches
at the ligation site. MLPA can detect CNVs at multiple loci (>40) from relatively low
amounts of genomic DNA [49] and is gaining popularity due to its simplicity, fast execution,
cost efficiency, and robustness.
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1.5. Implications of CNVs

Significant human inter-population variations in gene copy number, as reported by
Redon et al. [6] and Jakobsson et al. [50], suggest that CNVs may be involved in adaptation
to various environments, evolution, and susceptibility to common diseases.

In several organisms, a large number of CNVs have been reported in genes with
tissue-specific expression rather than in genes that are widely expressed and may have
housekeeping activities. The evolution of myoglobin, hemoglobin, trichromatic vision, and
olfactory genes are a few of the most often mentioned instances of evolutionarily significant
CNVs in humans that conform to this concept. The amylase (AMY) gene family, an enzyme
that digests starch, can be used as a multifaceted example in understanding evolutionary
processes mediated by CNVs. The number of copies of the AMY genes in modern humans
differs from those in other primates and even other species of early humans. The current
human population has up to 20 copies of the alpha-amylase 1 gene (AMY1) [51], unlike
Neanderthals, who had only two copies. Given that gene expression is affected by the
number of its copies and that the copy number variation of the AMY1 gene has been linked
to diet, it is an example of recent human evolutionary adaptation. This suggests that our
lineage evolved specific adaptations to digest foods rich in starch, foods of increasing
importance in our diet [52].

CNVs and other variations of the human genome play an important role in human
health and disease. Considering that CNVs occur throughout the genome and can cover a
large number of genes and regulatory regions, pathogenic CNVs have been associated with
genomic disorders and syndromes as well as complex multifactorial diseases including
neurodevelopmental, neurodegenerative, autoimmune, and cardiovascular diseases [16].

There is a common basis and high similarity in the mechanisms through which CNVs
can cause disease and yet contribute to evolution. Given that copies of redundant genes can
acquire new roles, duplications (or multiplications in any number) are the most commonly
mentioned mechanisms considered as key sources of evolutionary variation. If fitness is not
compromised because the duplicated gene is not dosage-sensitive, one copy of a gene may
retain its original function while the other copy escapes selective pressure, continuously
undergoes mutation, and can even develop a new and different function [16].

CNVs also act on evolution and disease through other processes [35], including:

(i) direct influence on the expression of a gene product, giving rise to changing levels of
a protein. For example, Miller et al. [53] demonstrated an almost perfect correlation
between the α-synuclein (SNCA) gene dosage and its mRNA and protein levels in
Parkinson disease. SNCA triplication resulted in a doubling in the effective load of
the normal gene and increased deposition of aggregated forms of the protein level in
the brain into insoluble fractions.

(ii) alteration of regulatory regions due to CNVs on non-coding sequences. This directly
influences the levels and timing of expression and the cellular localization of the
related protein. For example, the regulation of SOX9 gene expression in the testis is
governed by a set of regulatory elements (RevSex and XYSR) located upstream of its
promoter [54,55]. Loss of one or both of these regions in an XY individual results in
a loss of SOX9 expression and male-to-female sex reversal [55], while duplication of
the RevSex region in an XX individual could increase SOX9 expression and lead to
female-to-male sex reversal [56–59].

(iii) recombination of functional domains of different genes, leading to the formation of
modified or new products with newly acquired functions, as seen in the example of
glucocorticoid-remediable aldosteronism (GRA). Some researchers have shown that it
is caused by a chimeric 11 β-hydroxylase (CYP11B1)/aldosterone synthase (CYP11B2)
gene formed when a gene duplication resulting from unequal crossing over fuses
the 5′ regulatory region of 11/β-hydroxylase to the coding sequences of aldosterone
synthase [60]. The ectopic expression of CYP11B2 in the adrenal zona fasciculata may
be responsible for these abnormalities because the gene is normally only expressed in
the adrenal zona glomerulosa [35,60].
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1.6. CNVs and Cancer

Cancer refers to a group of diseases characterized by the uncontrolled proliferation of
certain cells in the body with the possibility of invasion or spreading to other parts of the
body. The uncontrolled proliferation is due to dysregulation in the activity and expression
of genes that control this function [61]. Somatic or germline mutations in tumor suppressor
genes and oncogenes are the most well-known causes of cancer. With the increasing use
of whole-genome techniques, somatic and germline CNVs have also been recognized as
genomic alterations that lead to cancer development [5].

Germline CNVs are present in egg or sperm cells and can be passed down from parent
to offspring. If they involve particular genes, an individual can be significantly predisposed
to inherited cancers [35] as a result of alterations in DNA repair processes [20,62] or
variations in the gene dosage of oncogenes and tumor suppressor genes [63]. Using a
hereditary cancer panel to detect cancer susceptibility, Genekor’s Medical S.A. laboratory
evaluated a total of 2163 patients [62]. Of these, 1785 had breast cancer, 267 had ovarian
cancer, and 111 had colon cancer. NGS and MLPA techniques revealed 464 samples (21.5%)
to have pathogenic/likely pathogenic variants (P/LP), referring to alterations in DNA
that are predicted to result in a known genetic condition, of which 10.8% (50/464) were
attributed to CNVs. Notably, CNVs accounted for 10.2% (37/362) and 6.8% (5/74) of
pathogenic variants in breast and ovarian cancer patients, respectively. Meanwhile, in
colorectal cancer patients, CNVs were responsible for 28.6% (8/28) of P/LP variants. Out of
the 50 CNVs found, 8% were in a low-risk cancer gene (8% FANCA), 20% in moderate-risk
genes (4% ATM, 16% CHEK2), and 72% in high-risk genes (2% BRCA2, 8% MSH2, 8%
PMS2, and 54% BRCA1) [62].

Somatic CNVs are those present only in particular cells and are primarily non-
hereditary. They are acquired during an individual’s lifespan, mostly as a result of environ-
mental factors or errors in cell division. Somatic CNVs are classified as either large-scale
variants or focal variants based on their size. Both types are important in the context of
disease, but focal variants are considered more suitable for identifying candidate driver
genes due to their relatively small size and low gene content [16]. Genome-wide analysis
using high-resolution SNP arrays is currently being used to define the extent of somatic
CNVs in cancer genomes. This has enabled the observation of a more immediate and direct
role of these CNVs in the cancer cells themselves, whereby the cancer cells often display
differential gene expression, especially of oncogenes and tumor suppressor genes [64].

Common cancer CNVs. In addition to phenotypic influence, CNVs that are common
in the healthy population are also likely to play a role in carcinogenesis. In one correlation
study between common CNVs and malignancy [5], all known CNVs in the normal human
genome whose loci coincide with those of cancer-related genes such as ERBB2 and TP53
(as cataloged by [65]) were mapped and named common cancer CNVs. Although all
gene regions are usually thought to be little affected by CNVs [6], it was surprising that
49 cancer-related genes were found to be directly overlapped or encompassed by a CNV in
many individuals from the large reference population of 770 healthy genomes [5]. Each of
the common cancer CNVs only slightly increases the risk of disease, but collectively, they
can induce a significantly elevated risk [5].

Rare cancers are CNVs. These are the rare CNVs (with a population frequency of
<1%) observed in cancer-related genes. Most are associated with hereditary cancer syn-
dromes and involve genes such as FANCA in Fanconi anemia A, CHEK2 in familial breast
cancer, RB1 in familial retinoblastoma, and MSH6 in hereditary non-polyposis colorectal
cancer [5,66]. There are more than 200 cancer syndromes, most of which arise infrequently,
and they account for approximately 5–10% of all cancers [67]. Rare cancer CNVs are often
highly penetrant on their own, exhibit autosomal dominant inheritance, and will most often
show co-segregation with the disease in families in contrast to low-penetrance alleles [67].
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2. CNVs and Pancreatic Ductal Adenocarcinoma

Although mutations are recognized as the most commonly known genetic altera-tions
able to cause cancer, genomic alterations such as CNVs are also playing an emergent role.
Here we focus on the implications of CNVs in PDAC.

2.1. Mechanisms of Pancreatic Cancer Pathogenesis

Whole-genome sequencing has revealed that somatic mutations in oncogenic genes
such as KRAS and loss-of-function mutations in tumor suppressor genes such as TP53,
CDNK2A, and SMAD4 are the main drivers of PDAC [68]. Other causes of PDAC include
(i) epigenetic modifications, which in turn lead to altered transcriptional reprogramming;
and (ii) chromosomal alterations [69].

While most PDACs arise sporadically, up to 10% occur in patients with familial and
hereditary predispositions. For instance, patients are more likely to develop PDAC if they
have germline mutations in the BRCA1, BRCA2, PRSS1, or mismatch repair genes [70].
Even though initial correlation studies showed no significant association between CNVs
and PDAC tumorigenesis and progression [71], current research has revealed associations
between sporadic and familial pancreatic cancer (FPC) with CNVs [72,73] (Figure 2).

Figure 2. Associations in the development of pancreatic cancer, including the relationship between
PDAC and copy number variations (CNVs).

CNVs in sporadic pancreatic cancer. CNV analysis in PDAC has revealed common cancer
CNVs, including amplifications of KRAS (12p12.1), GATA6 (18q11.2), MYC (8q24.2), ERBB2
(17q12), PAK4 (19q13), NCOA3/AIB1 (20q13.12), SKAP2/SCAP2 (7p15.2), and AKT2
(19q13), as well as deletions of SMAD4 (18q21.2), CDKN2A (9p21.3), CDKN2B (9p21.3),
PTEN (10q23.31), MAP2K4 (17p12), RUNX3 (1p36.11), TP53 (17p13.1), DCC (18q21.1), and
ARID1A (1p36.11) [74–76]. Other CNVs are reported in Supplementary Table S1. However,
it has not been established whether these CNVs are the cause or effect of cancer.

CNVs in familial pancreatic cancer. Hereditary CNVs in the genome may also contribute
to a genetic susceptibility to PDAC. One study used representational oligonucleotide
microarray analysis (ROMA) to characterize germline CNVs in 60 cancer patients from
57 FPC families, i.e., those in which at least two first-degree relatives have been diagnosed
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with pancreatic cancer. A total of 56 distinct genomic areas, including 25 deletions and
31 amplifications, were found to have CNVs that were not present in the healthy con-
trols [77]. Among these CNVs, functionally interesting candidate genes were selected
whose germline amplification (e.g., JunD, MAFK, RND1, WNT10B, WNT1, MAP2K2,
and BIRC6) or deletion (e.g., ANKRD3, PDZRN3, and FHIT) may contribute to tumor
development. These CNVs may define potential candidate loci for familial PDAC.

2.2. Identification and Analysis of CNVs in PDAC

Overexpressed proteins in PDAC due to CNVs could be therapeutic targets as well as
diagnostic and prognostic markers. For example, in a genome-wide analysis of
27 microdissected PDAC samples using high-density microarrays representing ∼116,000
single nucleotide polymorphism (SNP) loci, frequent gains of 1q, 2, 3, 5, 7p, 8q, 11, 14q,
and 17q (≥78% of cases) and losses of 1p, 3p, 6, 9p, 13q, 14q, 17p, and 18q (≥44%) were
detected [76]. Quantitative real-time PCR revealed that the SKAP2 gene (7p15.2), a mem-
ber of the src family kinases, was the most frequently amplified (≥3 copies found in
59–63% of cases), and reverse transcription PCR was used to confirm its recurrent over-
expression in eight out of 12 PDAC cases (67%). Moreover, in situ RNA hybridization
(ISH) and FISH analyses revealed a significant correlation between SKAP2 DNA copy
number and its mRNA expression level, suggesting that SKAP2 upregulation is due to
CNVs [76,78]. The overexpression of SKAP2 was observed consistently from early-stage
(I–II) to late-stage (III–IVb) tumors, suggesting a potential involvement of this gene in the
development of PDAC, including control of the growth and differentiation of PDAC cells
via α-Synuclein [79], as well as modulation of their motility and spread by interacting with
the focal adhesion kinase RAFTK [80]. Based on these findings, scientists proposed that the
SKAP2 gene could be used as a potential target for therapeutic intervention as well as a
potential marker gene for early diagnosis in PDAC [76].

GATA binding protein 6 (GATA6), a zinc-finger transcription factor that plays an im-
portant role in the normal development of endodermal and mesodermal tissues, including
the pancreas, is amplified in PDAC due to CNVs [81]. Since the progression of normal
pancreatic ductal epithelium to infiltrating cancer is believed to occur through a series of
morphologically defined precursors known as pancreatic intraepithelial neoplasia (PanIN-1,
2, and 3) [82], the GATA6 copy number was assessed in microdissected samples of normal
duct epithelium, PanIN, and human PDAC to investigate its role in PDAC. Quantitative
PCR revealed no gain of GATA6 in normal duct epithelium (0 of 4), PanIN-1 (0 of 13), or
PanIN-2 (0 of 10) lesions when compared to the haploid genome [83]. However, an in-
creased GATA6 copy number (≥2.3 copies) was identified in 6/17 samples (35%) of PanIN-3
and in 18/55 samples (33%) of PDAC, and confirmed through FISH in paraffin-embedded
sections of 10 PDAC samples and one PanIN-3. This GATA6 amplification and consequent
transcriptional upregulation observed late in PDAC carcinogenesis suggest that detectable
GATA6 copy number gain may have value as a diagnostic marker [83]. Early findings
from Comprehensive Molecular Characterization of Advanced Pancreatic Ductal Adeno-
carcinoma for Better Treatment Selection (COMPASS; a prospective study: NCT02750657)
further demonstrated that molecular profiling can predict how different patients with lo-
cally advanced or metastatic PDAC and with different genomic and transcriptome subtypes
will respond to chemotherapy. Patients with the transcriptomic “basal-like subtype”, a
highly chemoresistant phenotype, have a shorter median overall survival than those with
the “classical” subtype. The latter are easily identified by positive GATA6 staining by an
RNAscope in situ hybridization (ISH) assay and high GATA6 expression. GATA6 could
therefore be a useful marker for the classical subtype [84,85].

Another target of gene amplification in PDAC is MYC, a member of a family of
transcription factors that work together to control cell proliferation, metabolism, and the
expression of genes necessary for these processes [86]. Pre-clinical experimental evidence
has shown that MYC is an essential and non-redundant node of oncogenic signaling
and therefore should be a therapeutic target [87–90]. It is usually upregulated by gene
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amplifications, and consequently, it can enhance the progression of cancer by promoting
cell competition, survival signals in hypoxic settings, and altered metabolic pathways.
This amplification is inversely correlated to that of GATA6, and a high MYC expression
level is typical in the basal-like PDAC subtype [91]. MYC also has an emerging role in
remodeling the tumor microenvironment (TME). TME is a distinctive feature of PDAC that
makes up about 90% of the tumor mass and is characterized by a prominent desmoplastic
reaction [92]. MYC amplification in PDAC induces the depletion of CD3 T cells while
increasing the recruitment of immune cells such as neutrophils, macrophages, B cells, and
granulocytic myeloid suppressor cells [93], collectively enhancing an immunosuppressive
phenotype [93,94]. Genomic and transcriptomic analyses have further linked MYC to a
high number of metastases in patients (>10 metastases in a patient) in PDAC [95]. In terms
of drug resistance, MYC overexpression has been linked to the resistance to inhibitors of
the serine/threonine protein kinase mammalian target of rapamycin (mTOR) [96–101].

Alteration of regulatory regions due to CNVs on non-coding sequences can also influ-
ence the level and timing of expression of the related protein [102]. In a case–control cohort
consisting of 1031 controls and 1027 pancreatic cancer cases, researchers demonstrated that
CNVR2966.1, a CNV located in a gene desert region on 6q13, is significantly associated
with the risk of developing disease and functions as a potential trans-acting regulator of
the CDKN2B (p15 or INK4B) gene located on 9p21.3. CNVR2966.1 is an insertion/deletion
and chromosome conformation capture-on-chip (4C), and other functional experiments
have shown that it may contain a transcriptional activation element and regulate CDKN2B
transcription through interchromosomal long-range interaction. CDKN2B is a tumor sup-
pressor that encodes a cyclin-dependent kinase inhibitor that regulates cell growth and the
cell cycle G1 progression by preventing the activation of cyclin-D-dependent kinases [103].
It has been found to be frequently co-deleted with the neighboring tumor suppressor
gene CDKN2A (which codes p16-INK4a and p14ARF) in various tumors, and its deletion
has been reported in a significantly high proportion in pancreatic cancer [76,104]. There-
fore, CNVR2966.1 may be important for risk assessment, early detection, and a better
understanding of PDAC [72].

In another study aimed at exploring potential biomarkers of PDAC, analysis of tran-
scriptomic and clinical data from The Cancer Genome Atlas Program (TCGA) revealed
high expressions of the COL17A1 and ECT2 genes and associated this expression with
CNVs [105]. The highly expressed genes of these patients were also related to the cell
cycle and proteasome pathways. COL17A1 is a transmembrane protein that can affect the
proliferation and differentiation of epithelial cells and therefore acts as an important factor
in the formation and maintenance of multilayered epithelial structures in PDAC [106],
while ECT2 is an oncogene that plays an important role in cell proliferation and metastasis.
Clinical correlations further showed that the expression of these two genes was signifi-
cantly associated with tumor grade and that the overall survival (OS) rate decreased with
an increase in their expressions. Since several research studies have demonstrated the
success of combining anti-PD-1 antibody immunotherapy with chemotherapy in treating
PDAC [107,108], this study further demonstrated that the high-ECT2 group exhibited
greater sensitivity towards anti-PD-1 therapy and 20 chemotherapeutic agents (e.g., borte-
zomib and rapamycin). These discoveries suggest that ECT2 and COL17A1 are potential
diagnostic and prognostic markers for PDAC that can also facilitate innovative approaches
for personalized treatment [105].

2.3. CNV-Based Classifications of PDAC

Researchers proposed that reclassifying PDAC into subtypes based on genetic and
molecular characteristics may guide novel treatment choices with prognostic and biological
significance [109]. According to this hypothesis, PDAC has further been classified into struc-
tural [75] and molecular [110] subtypes, for example, based on CNVs as highlighted below.
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2.3.1. Structural Variation Profiles

Some researchers performed a deep WGS and CNV analysis using SNP arrays in
100 normal and tumor-derived samples obtained from patients with PDAC. After retrieval,
validation of the presence of carcinoma in the samples to be sequenced, and estimation of
the ratio of malignant epithelial nuclei to stromal nuclei, the samples were removed, fol-
lowed by processing in formalin or full-face sectioning using optical coherence tomography
(OCT). Macrodissection was carried out, when necessary, to excise non-malignant tissue
areas, followed by the extraction of nucleic acids. CNVs analyses led to a classification
of the disease into four subtypes based on the number, frequency, and distribution of
structural rearrangement events across the genome in each patient [75]. The majority of
these structural rearrangements were due to a copy number change (events classified as
deletion, duplication, tandem duplication, amplified inversion, and foldback inversion).

Stable (subtype 1). Tumors contain a few structural rearrangements (<50) located
randomly throughout the genome. They exhibit aneuploidy, suggesting cell cycle/mitosis
defects, given that although aneuploidy was classically defined as whole chromosome
numerical aberrations, this definition has recently been expanded in the cancer genome
literature to include losses or gains of chromosome arms [111–113].

Locally rearranged (Subtype 2). Tumors exhibit non-random intra-chromosomal rear-
rangements on one or a few chromosomes. These are further classified as either: (i) focal
amplifications where most of the events are gains in known oncogenes including GATA6,
SOX9, and KRAS, as well as therapeutic targets like CDK6, MET, ERBB2, PIK3R3, and
PIK3CA; or (ii) complex rearrangements involving complex genomic events like breakage–
fusion–bridge (BFB) or chromothripsis (i.e., the simultaneous occurrence of multiple struc-
tural alterations in a single mitotic event) [114].

Although in this subtype the most known oncogene copy-number increases in tumors
were observed in a few patients, most of these oncogenes are well-recognized therapeutic
targets (MET, FGFR1, ERBB2) with readily available inhibitors. The other oncogene amplifi-
cations identified include GATA6, which is known to be amplified in PDAC and correlates
with a poor prognosis [75].

Scattered (Subtype 3). Tumors contain 50–200 structural rearrangements scattered
throughout the genome.

Unstable (Subtype 4). Tumors contain many structural rearrangements (>200) scattered
throughout the genome. Such a large scale of genomic instability suggests defects in DNA
maintenance, in addition to potentially highlighting sensitivity to DNA-damaging agents.

Notably, these authors did not perform clinical correlation analyses.

2.3.2. Molecular Subtypes

Some researchers profiled genomic alterations in a Chinese cohort of 608 PDAC
patients from a database containing somatic mutations, CNVs, and pathogenic germline
variants [110]. Targeted-region capture and sequencing were performed using two gene
panels specifically designed for cancer gene detection, comprising 566 and 764 genes,
respectively. Germline and somatic CNVs were identified, and this information was used
to perform unsupervised consensus clustering of the patients as well as differential CNV
analysis. Functional/pathway enrichment analysis was then conducted for genes with
significantly higher CNV values in each cluster or group. More specifically, consensus
clustering revealed two groups, namely CNV-G1 and CNV-G2. Based on the CNV of genes
involved in DNA repair and receptor tyrosine kinase (RTK)-related signaling, patients
from CNV-G1 were further subdivided into two subtypes: the proliferation-active subtype
and the repair-deficient subtype. Patients from CNV-G2 were also subdivided into two
subtypes: the repair-enhanced and the repair-proficient subtypes [110].

CNV-G1 is characterized by deletions predominantly in DNA repair genes, higher
copy number instability (CNI), and defects in DNA-DSB (double-strand break) repair by
homologous recombination (HR). It consists of the (i) proliferation-active group with a high
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CNV score and amplification of genes in the RTK-related signaling pathway, and the (ii)
repair-deficiency group with a low CNV score.

CNV-G2 is characterized by amplifications predominantly in DNA repair genes, a
higher tumor mutational burden (TMB), and defects in polymerase POLE. It consists of the
(i) repair-enhanced group with a low CNV score and amplification of genes in the HRR
pathway, and the (ii) repair-proficient group with a high CNV score.

The prognosis of the repair-deficient subtype was better (median survival time of
410 days) than that of the other three subtypes, suggesting that deletion of genes in the
DNA repair pathway (specifically the HRR pathway) causes greater genomic instability and
is detrimental to the survival of cancer cells. On the contrary, patients in the proliferation-
active and repair-enhanced subtypes showed worse prognoses, with median survival times
of 197 and 239 days, respectively. Furthermore, the prognosis of the proliferation-active
subgroup was worse than that of the repair-deficient subgroup, suggesting that genetic
amplification in RTK-related signaling would promote cancer cell proliferation and thereby
confer a worse prognosis [110].

Together with the evidence from genomic footprint analysis, the study proposes that
repair-proficient and repair-enhanced subtypes are better suited for immunotherapy, while
DNA-damage therapies (such as platinum-based chemotherapy and PARPi) are highly
recommended for repair-deficient and proliferation-active subtypes [110].

3. CNV Studies in PDAC

3.1. Literature Review

We carried out a literature search for several published papers on copy number varia-
tions and pancreatic cancer and highlighted the CNV landscape in the disease
(Supplementary Table S1). We analyzed a total of 41 published articles from PubMed
and SCOPUS in which researchers examined the expression levels of the genes that were
discovered to have amplifications or deletions (in pooled public datasets or samples) in
normal pancreatic tissues in comparison to malignant tissues (Figure 3). We further ana-
lyzed the biological and clinical importance of these studies, particularly whether these
genes displayed dysregulated expression linked to survival outcomes.

Figure 3. A flow chart of the identification process of the included articles: 258 papers were initially
identified by title, of which 41 fulfilled the inclusion criteria after full-text evaluation. A total of
41 papers were included.
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Samples were obtained from diverse sources, with most studies being carried out on
samples from primary tumors only (21/41). Other studies, however, included both primary
and metastatic samples (5/41). Other sample sources included were from public databases
such as TCGA and NCBI GEO (13/41), tissue microarrays (TMAs) samples (1/41) and
peripheral leukocytes from patients and controls (1/41). Some studies included cell lines
(8/41) in the verification of identified CNVs, while others (33/41) did not.

Most of the studies were performed using “whole” (whole genome or whole exome)
approaches (63.5%), including SNP-arrays (10/41), aCGH (8/41), tissue microarrays (TMA)
(2/41), NGS (4/41) and both SNP/aCGH (2/41) techniques. Targeted approaches were
used in the rest of the studies we considered (36.5%). Use of the “whole” approach resulted
in the identification of numerous CNVs in the whole PDAC genome in comparison to
normal controls; however, subsequent studies such as the roles of the identified CNVs in
the development and progression of disease as well as their effects on currently available
therapy were focused only on a few selected genes.

We noted that the use of diverse techniques for analyzing CNVs in different PDAC
samples, as well as confirming their effect on levels of mRNA expression, did not signifi-
cantly affect the consistency of the results. Moreover, most of the CNVs detected could be
verified in various publicly available datasets, such as NCBI GEO and The Cancer Genome
Atlas Program (TCGA). Recurrent gains on chromosomes 1q, 2p, 3q, 5p, 6p, 7q, 8q, 11q, 12p,
15q, 17q, 18q, 19q, and 20q included several known or suspected oncogenes, and recurrent
losses on chromosomes 1p, 3p, 6, 8p, 9p, 10q, 12q, 13q, 15q, 17, 18, 19p, 20p, 21 and 22, which
included several known or suspected tumor suppressor genes. In general, tumors with
more copy number alterations (an indicator of chromosomal instability) trended toward a
poor prognosis.

As expected, CNVs were almost always observed in the classical mutation genes
in PDAC, including amplification of the oncogene KRAS (12p12.1) and deletions of the
tumor suppressor genes TP53 (17p13.1), CDNK2A (9p21.3), and SMAD4 (18q21.2) to
further confirm their role in the disease [75,76,115–129]. Interestingly, the frequencies of
CNVs are consistent throughout various ethnicities, even though disparities have been
observed in the frequency of driver mutations in PDAC, such as a lower frequency of
KRAS mutations in Korea [130,131] and Japan [125]. For instance, one study performed
microarray and CNV analyses of 93 pancreatic cancer data derived from the Japanese
version of the Cancer Genome Atlas (JCGA) and revealed frequent CNVs as gains in 3q, 7q,
and 2q and losses in 7q, 12q, 19q, and 19p [125], which are consistent with CNVs in other
ethnicities [75,76,115–129].

The most frequent CNVs reported were amplifications of MYC (8q24) (15/41) and
GATA6 (18q11.2) (7/41), and deletions of CDKN2A (9p21.3) (16/41), CDKN2B (9p21.3)
(7/41), and SMAD4 (18q21.2) (14/41). MYC overexpression is typical in the basal-like PDAC
subtype, which exhibits poor prognosis and chemoresistance. GATA6 overexpression
is typical of the classical PDAC subtype, and its expression is observed late in PDAC
carcinogenesis, suggesting that detectable GATA6 copy number gain may have value as
a diagnostic marker. GATA6 overexpression has been associated with poor prognosis,
but interestingly, it has been shown to correlate to a better prognosis after resection and
adjuvant therapy, where it was believed to act as a suppressor of mutant KRASG12V-driven
PDAC [75,117,121,123,126,132,133].

In chromosome 1, the amplifications of 1p12 (NOTCH2) [115,118,123] and 1p13.1-
p12 (REG4) [75,116,117] and the deletion of 1p36.11 (ARID1A) [75,117,126] were the more
recurrent CNVs. REG4 overexpression was associated with poor prognosis and resistance
to gemcitabine treatment in one study, suggesting that adjuvant therapies that target reg4
could enhance the usual gemcitabine-based treatment of pancreatic cancer [75,116,117].

ASAP2 (2p25.1) amplification has been associated with lower overall survival (OS)
as well as lower relapse-free survival (RFS) [134,135]. FHIT (3p14.2) and ATR (3q23)
deletions were mostly reported in both sporadic familial cases, indicating their possible
role in PDAC susceptibility as well as progression [77,110,118,133,136]. FHIT (3p14.2)
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deletions and ECT (3q26.31) amplifications have also been correlated with poor prognosis
in PDAC [73,77,105,118,133,136].

The most recurrent amplification on chromosome 8 was 8p11.21 (FGFR1, IDO1,
ZNF703) [110,123,126,129], observed in both sporadic and familial PDAC. One study
demonstrated that the loss of 8p was exclusively observed in patients with shorter survival
and associated this with specific CNV acquisitions due to potential positive selection and
genetic drift. The genes that have been associated with this location are 8p, 8p23.2 (CSMD1)
in sporadic PDAC, 8p23.1 (MCPH1 and ANGPT2), and 8p22 (NAT1) in FPC [116,117,136].

Some researchers examined a patient’s complicated evolutionary history and very
long postsurgical survival period (43 months) and proposed that this could be due to the
amplification of a segment 9p.22 covering the FREM1 gene, which has recently been linked
to increased immune cell (IC) infiltration. They suggested that an active immune response
could improve the outcome. FREM1 in this particular context could be further explored
both as a molecular target and/or immune checkpoint-blocking therapeutic strategy and
as a biomarker of an active local immunological response [116].

No deletions were reported on chromosome 11, but there were amplifications on
11q13.3 (CCND1, TMEM16H), 11q13.5 (EMSY), and 11p14.1 (LGR4), of which the CCND1
gene was the most recurrent amplification [118,120,132,134,137]. One study showed that
the presence of elevated EMSY copy numbers in relatively large, clustered cells surrounded
by tumor cells expressing normal copy numbers suggests that the mutation occurred later
in the carcinogenesis process rather than at an early stage. This could clarify a previous
investigation that discovered a negative correlation between this mutation and the course
of the disease [137].

In one study, TMEM132E (17q12) amplification was prevalent in a relapse (within
1 year after resection) subgroup (n = 15) compared with a non-relapse subgroup (n = 15) of
47% vs. 7% [138].

Some researchers demonstrated that the loss of a specific cytoband, 18q22.3, which
encompasses only five genes, including the carboxypeptidase of glutamate-like (CPGL)
gene, is linked to a poorer prognosis in both a testing cohort and an independent validation
cohort of surgically resected pancreatic cancers. Further experiments involving reintro-
ducing the CPGL gene, or its splicing variant CPGL-B, into CPGL-deficient pancreatic
cancer cells showed a reduction in anchorage-independent cell growth and migration while
promoting G1 accumulation. These findings imply that CPGL is a novel growth suppressor
for pancreatic cancer cells and that risk classification in pancreatic cancer patients who
have had their tumors removed could be based on the CPGL gene [132].

In one study, the perineural invasion in PDAC was linked to gains of 4q13.3, 4q35.2,
7p12.2, 10q26.3, 11q13.3, 17q23.1, 22q13.32, and loss of 6p21.32, whereas the amplification
of 8q24.13 was strongly correlated with the T, N, and M stages simultaneously [134].

Some CNVs have also been associated with the increased glycolysis observed in PDAC.
One study compared the SNP microarray data of glycolysis-high samples to glycolysis-low
samples and found substantial amplifications of MYC (8q24.2), GATA6 (18q11.2), FGFR1
(8p11.21), and IDO1 (8p11.21), as well as deletions of SMAD4 (18q21.2) that were associated
with the aerobic glycolysis phenotype characteristic of PDAC [123].

Another study demonstrated that the assessment of overall CNV burden through
genome-wide methylation profiling could be a valuable prognostic tool in patients with
surgically treated PDAC [129]. By analyzing DNA extracted from 108 chemotherapy-
naïve, surgical PDAC specimens, the researchers were able to gather data on the DNA
methylation status of more than 850,000 CpG sites located in various regions such as the
promoter, enhancer, and gene body. Morphological subtyping, as per Kalimuthu et al. [139],
classified PDAC into Group A tumors, which showed a dominant conventional and/or
tubulopapillary growth pattern, and Group B tumors, which showed a dominant composite
and/or squamous growth pattern. CNV profiles were then generated from the accumulated
CpG methylation signal distributed throughout the genome (except for 13p, 14p, 15p, 21p,
and 22p, X, and Y), and all the PDACs were classified into three distinct groups based on the
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number of chromosomal arm-level alterations: high (≥17), moderate (5–16), or low (0–4).
The most prevalent chromosomal arm-level aberrations included gains of 1q (19%) and 8q
(29%), as well as losses of 8p (25%), 19p (26%), 6p (26%), 9p (36%), 6q (37%), 18q (43%),
and 17p (55%). In particular, the CNVs involved deletions of CDKN2A/B, KDM6A, and
SMAD4 and focal amplifications of MYC, FGFR1, or CDK6. Overall, low CNV burden was
observed in Group A tumors, while high CNV burden was observed in Group B tumors,
and this higher CNV burden in Group B was further associated with a poor prognosis and
shorter overall survival [129]. Notably, this study was performed on PDAC-enriched FFPE
tissues, and further studies are necessary to establish the possibility of performing CNV
burden analysis on endoscopic ultrasound-guided fine-needle biopsies from non-resectable
PDAC patients, as well as whether this has any prognostic value [140,141].

In another study, by analyzing 21 FFPE tumor tissues of PDAC patients, the authors
analyzed the mutational spectrum of the disease and assessed the therapeutic relevance of
OncoPan, a previously developed and validated NGS panel of 37 genes [142]. This panel
includes the evaluation of indels, SNVs, and CNVs of various actionable genes for the
identification of therapeutic targets as well as inherited cancer syndromes. Oncopan led
to the discovery of biomarkers for personalized therapy in five PDAC patients. Among
these patients, two exhibited HER2 amplification, making them potentially eligible for
immunotherapy [142]. Numerous ongoing clinical studies are utilizing trastuzumab for
pancreatic cancer treatment, and in a recent study, Hirokawa et al. reported that patients
with HER2-positive heterotopic pancreatic cancer responded well to trastuzumab treat-
ment [143]. These kinds of studies are a practical example of the clinical relevance of CNVs,
and therefore it is expected that further/new panels will be developed to evaluate CNVs of
a greater number of genes.

In the future, these assessments will also be less invasive thanks to the possibility
of carrying out liquid biopsies. In fact, the use of circulating tumor DNA (ctDNA) is
gaining significant popularity in molecular diagnosis, observation of clonal evolution,
evaluation of treatment response, identification of cancer recurrence, and evaluation of
drug resistance [144–146]. One study in 48 late-stage non-small cell lung cancer (NSCLC)
patients analyzed matched tumor tissues and blood samples and determined gene-level
CNVs from ctDNA [147]. Although the identification of somatic CNVs from ctDNA
samples using targeted sequencing is challenging, amplifications of the EGFR, ERBB2, and
MET genes were observed. Further comparison of these amplifications between tissue WES
and ctDNA showed significantly high concordance and sensitivity, with 100% specificity
observed for all three genes. Although the study was performed on NSCLC, the pipeline
can be extended to other cancers, including PDAC [147], where liquid biopsies sequencing
provides an alternative to obtaining the patient’s genomic information in cases where tissue
biopsies are not available [146].

3.2. CNVs in PDAC Stages and Grades

Research is being carried out to identify CNVs that may be useful clinical markers,
and a recent study on ovarian cancer has provided results that encourage continued
in-vestigation of these relationships. In particular, CNV-profiling analyses have been suc-
cessfully used to distinguish between malignant and nonmalignant, as well as early and
late stages in ovarian tumors [148]. The possible roles of CNVs in the early or late stages of
pancreatic cancer have also been studied to assess their usefulness as potential markers of
the various stages as well as the grades of the disease. For example, a gain in copy number
at the 7p15.2 locus that causes the overexpression of the SKAP2 gene characterizes both
PanIN lesions and early- (I–II) and late-stage (III–IVb) PDAC tumors. Therefore, it could
be a potential marker gene for early diagnosis as well as a possible target for therapeutic
intervention [76].

Some researchers also studied the relationships between 19q13 amplification and
clinicopathological characteristics in PDAC and observed that the frequency of 19q13 gains
increased from G1-G2 (low/moderate) to G3 (high grade) tumors and from pT1-pT2 (early)
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to pT3-pT4 (late) stage tumors. Moreover, none of the G1 tumors exhibited 19q13 copy
number changes, while 11% of G2 tumors and 16.8% of G3 tumors displayed an in-crease
in 19q13 copy number [149].

Among the CNVs in PDAC, amplification and overexpression of the PSCA and
HMGA2 genes have further been associated with lymph node metastasis (N0) and in-
vasive depth of the disease, respectively [124].

In another study, SNP arrays on 20 PDAC tumors identified two different CNV groups
with different genetic profiles: group 1 (n = 9) showed losses at Xp22.33, 17p13.3, 9p24.3,
9p22.1, 6q25.2, and 1p36.11 chromosomal regions and gains at 1q21.1, while group 2
(n = 11) showed gains at 22q13.32, 22q13.31, 22q13.1, 16q24.3, 16q24.1, 11q13.4, 11q13.3,
11q13.1, 10q26.3, 10q26.13, 5q32, 3q22.1, and 2q14.2 chromosomal regions. From a clinical
and histological perspective, grade I/II PDAC tumors that were smaller and well- or
moderately-differentiated were linked to group 1 cases, while grade III carcinomas that
were primarily poorly-differentiated made up group 2 PDAC cases, which were bigger in
size [150]. Further analyses of these CNV regions showed that they harbor various cancer-
associated genes, including those that have been specifically associated with PDAC, such
as the TNFRSF6B gene, whose amplification has been observed in many tumors [151–154]
and whose overexpression is known to block growth inhibition signals in PDAC [155], and
the MAPRE2 gene, whose deletion has been observed in leukemic cells [156] as well as
pancreatic cancer [157]. In this study, deletions of other genes, such as MYOCD [158] and
PTAFR [159], were found to be recurrent in PDAC, although the association of these genes
with PDAC pathogenesis should be further investigated [150].

3.3. CNVs in PDAC Chemoresistance

Using aCGH and qPCR in 14 PDAC samples, some researchers detected and confirmed
gains in the copy number of the REG4 gene (1p13.1-p12) in all the analyzed samples [160].
CNV analysis in six pancreatic precancerous lesions (PanINs) also revealed an increase in
REG4 copy number (in 6/7, 1/7, and 0/6 of PanIN3, PanIN2, and PanIN1 lesions, respec-
tively), suggesting that this amplification is an early event in PDAC development [160].
REG4, a member of the multigenic family named reg, plays a role in the resistance of
cells to anticancer drugs like 5-fluorouracil and methotrexate [161,162], and it promotes
over-expression of the antiapoptotic proteins Bcl-xL, Bcl-2, and survivin, as well as the
phosphorylation of AKT [162,163]. Its overexpression is observed in cancerous tissues of the
stomach [164], colon [161,165], and pancreas [166]. In this study, PDAC-derived cells with
REG4 protein overexpression grew more rapidly and were more resistant to gemcitabine
treatment, and this enhanced growth was also confirmed in PDAC cell lines. Circulating
REG4 protein is therefore a potential target to make PDAC sensitive to gemcitabine [160].

4. Challenges and Limitations in Clinical Application

Interpretation of any detected CNVs is important because they could have clinical im-
plications [167,168], but this is faced with various challenges. Determining the pathogenicity
of CNVs is difficult, and accurate interpretation often depends on the amount of infor-
mation available in databases [7]. However, there are several important considerations
when utilizing public databases. Firstly, there may be variations in the reported sizes of
identical CNVs due to the usage of various array platforms [169]. For example, a large
number of the previously reported benign CNVs may be overestimated in size because
they are based on the bacterial artificial chromosome (BAC) microarray technique [170].
Secondly, it is not always possible to obtain sex information about the individuals included
in these databases. This is particularly significant when studying X-linked CNVs in males,
as many of the reported benign variants found in the databases are observed in females.
However, the same alteration may already be pathogenic in males who possess only one X
chromosome. Thirdly, the majority of CNVs reported in large population studies have not
undergone validation. Lastly, factors such as incomplete penetrance, variable expressivity,
age of onset, and parent of origin imprinting effects were not recorded [7,171].
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It is also important to note that the interpretation of CNVs is heavily reliant on the
specific clinical indications, and therefore clinicians must provide detailed clinical pheno-
types to enable accurate interpretation of the results [172]. To facilitate this process, several
groups have devised graphical workflows for CNV interpretation, which prove invaluable
in routine diagnostic work. However, interlaboratory comparisons and external quality
control schemes (such as the European Molecular Genetics Quality Network (EMQN) and
the USA quality assessment scheme CAP (College of American Pathologists)) on the use of
some technologies, such as arrays, in diagnostic laboratories show that there are differences
in the interpretation, quality, and reporting among laboratories [172]. Therefore, the mini-
mum detection resolution, reporting, and interpretation of CNVs should be standardized
among laboratories.

The different types of CNV analysis software used are also unique, frequently employ-
ing varying default settings and/or statistical methodologies [173–178]. Additionally, each
laboratory implements its own experimental and analysis protocols. These variations in
protocols and software directly affect the sensitivity and resolution of a test, giving results
that are very different from each other or only partially in agreement [172].

5. Conclusions

Copy Number Variations (CNVs) are the most frequent genetic structural alterations,
making up approximately 12% of the human genome [6].

Currently, many lines of evidence have also shown that CNVs play important pathogenic
roles in a variety of human disorders, from causative high-penetrance CNVs in rare genomic
disorders to intermediate or low-penetrance CNVs in complex multifactorial diseases such
as cancer [16–18]. The identification of these amplification and deletion events is therefore
one of the main goals of medical genetics research.

Indeed, CNVs have been observed in patients with pancreatic ductal adenocarcinoma
(PDAC) [74–77,179–187]. However, the detection of CNVs and their subsequent association
with functional and clinical phenotypes remains very challenging. With the increasing use
of whole-genome technologies to detect CNVs, germline and somatic CNVs are now recog-
nized as frequent contributors to the spectrum of mutations leading to PDAC development,
progression, and drug resistance.

Recent advances in technology have provided powerful tools for the detection and
analysis of CNVs at the level of the genome as well as for targeted loci. For example,
single-cell RNA-seq (scRNA-seq) studies in human tumors have revealed new insights into
tumor heterogeneity and distinct subpopulations, which are pivotal for comprehensively
dissecting tumor-related mechanisms [188]. In PDAC, scRNA-seq has been used to acquire
the transcriptomic atlas of individual pancreatic cells from primary and metastatic tumors,
as well as control pancreases and identify diverse stromal and malignant cell types. This
has facilitated the comprehensive delineation of PDAC intratumoral heterogeneity and the
underlying mechanisms for PDAC progression [188].

The correlation between CNV and gene expression suggests that the analysis of cancer
genome CNVs may be useful in informing therapeutic decisions on the management of
individual patients with particular patterns of mutations [109].

Although it is evident that CNVs have a significant impact on inter-individual vari-
ation in gene expression, the full extent to which they contribute to the molecular basis
of PDAC remains to be established. This is due to persistent technical challenges in the
accurate measurement of CNVs [189]. Further studies, using accurate genotyping assays in
large population cohorts, will help to define the overall role of CNVs in PDAC pathogenesis
more precisely [63].
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Abstract: Despite the advances made in treatment, the prognosis of pancreatic ductal adenocarcinoma
(PDAC) remains dismal, even in the locoregional and locally advanced stages, with high relapse rates
after surgery. PDAC exhibits a chemoresistant and immunosuppressive phenotype, and the tumor
microenvironment (TME) surrounding cancer cells actively participates in creating a stromal barrier
to chemotherapy and an immunosuppressive environment. Recently, there has been an increasing
use of interventional radiology techniques for the treatment of PDAC, although they do not represent
a standard of care and are not included in clinical guidelines. Local approaches such as radiation
therapy, hyperthermia, microwave or radiofrequency ablation, irreversible electroporation and
high-intensity focused ultrasound exert their action on the tumor tissue, altering the composition and
structure of TME and potentially enhancing the action of chemotherapy. Moreover, their action can
increase antigen release and presentation with T-cell activation and reduction tumor-induced immune
suppression. This review summarizes the current evidence on locoregional therapies in PDAC and
their effect on remodeling TME to make it more susceptible to the action of antitumor agents.

Keywords: pancreatic cancer; locoregional treatments; tumor microenvironment; ablation therapies;
radiotherapy

1. Introduction

According to the Global Cancer Observatory, in 2020, pancreatic cancer ranked as
the 12th most common cancer for incidence and the 7th in terms of annual number of
deaths worldwide [1]. Incidence and mortality have shown an increasing trend in recent
years [2], and pancreatic cancer will become the second cause of cancer-related death by
2030 in the United States [3]. At diagnosis, no more than 15–20% of patients are eligible for
upfront surgery, while approximately 30–40% present with borderline resectable or locally
advanced disease, and the rest of the patients are diagnosed with metastases [4].

The treatment of resectable pancreatic ductal adenocarcinoma (PDAC) involves surgery
followed by adjuvant chemotherapy. Preferred regimens include Gemcitabine-Capecitabine
and mFOLFIRINOX for patients with good performance status [5,6]. For patients with
borderline resectable PDAC, various treatment regimens have been tested, but currently,
there is still no consensus on the optimal therapeutic approach [7–10]. For advanced disease,
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first-line chemotherapy options for patients in good overall condition include gemcitabine
plus nab-paclitaxel or FOLFIRINOX, as an alternative to gemcitabine alone [5,11,12].

Despite the advances made in treatment, the prognosis of PDAC remains poor, with
a median overall survival (OS) of approximately 12 months for metastatic disease at
diagnosis [5,12]. PDAC is an aggressive tumor, and the fact that it is often diagnosed at
advanced stages limits the prospects for treatment. Additionally, tumor cells frequently
exhibit mechanisms of resistance to available treatments, reducing the effectiveness of
drugs [13]. Therefore, the development of novel therapeutic strategies is a major challenge.
The efficacy and feasibility of locoregional treatments are currently under investigation.
Local approaches such as radiation therapy, hyperthermia, microwave or radiofrequency
ablation, irreversible electroporation, and high-intensity focused ultrasound exert their
action on the tumor tissue, limiting toxicity to healthy tissues and altering the composition
and structure of the tumor microenvironment (TME), potentially enhancing the action of
other anticancer agents.

This review aims to summarize the current evidence on locoregional therapies in
PDAC and their effect on remodeling the tumor environment to make it more susceptible
to the action of antitumor agents.

2. Tumor Microenvironment in PDAC

The biological behavior of PDAC is strongly dependent on its interaction with the
adjacent tissues. TME refers to all the normal cells, molecules and blood vessels that
surround cancer cells. TME may be considered as a dynamic network of cells and stroma
constituents; thus, its composition and functions are extremely various and it shows both
an intratumor and intertumor heterogeneity [14,15] (Figure 1).

Figure 1. Schematic cellular composition of tumor microenvironment (TME) in PDAC. Tumor fibrosis
is sustained by the action of pancreatic stellate cells (PSCs), which are activated from quiescent PSCs,
as well as myofibroblast cancer-associated fibroblasts (CAFs). CAFs also play immunomodulatory
roles (inflammatory and antigen-presenting CAFs). The immune-cell infiltrate is heterogeneous and
includes B, T cells and tumor-associated macrophages. ECM: extracellular matrix.

The cross talk between cancer cells and TME is responsible for tumor growth, metastatic
potential and therapeutic resistance [16–19]. PDAC TME is made of various cell types: pan-
creatic stellate cells (PSCs), cancer-associated fibroblasts (CAFs), myeloid cells, regulatory
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T cells and B cells, endothelial cells and neuronal cells, which contribute to the formation of
a tumor microenvironment characterized, among other things, by fibrosis, hypoxia and
immunosuppression. Therefore, resistance to antitumor agents is sustained not only by
intracellular mechanisms of the tumor cell (such as the lack of intracellular transporters)
but also by the presence of a physical barrier that limits drug delivery [20]. Both PSCs and
myofibroblast CAF contribute to the abundant production of extracellular matrix (ECM)
molecules such as collagen, fibronectin, proteoglycan, that lead to fibrosis and high-grade
tissue stiffness [21,22] (Figure 1).

PSCs are star-like-shaped cells that normally exist in a quiescent state but can be
activated by various stimuli such as reactive oxygen species (ROS), cytokines, hypoxia
and growth factors. When activated, PSCs can release components of extracellular matrix
(ECM), metalloproteinases and maintain their activation through a loop sustained by the
secretion of autocrine cytokines [23,24].

The Sonic Hedgehog (Shh) signaling pathway is often hyperactivated in many solid tu-
mors, including PDAC, and appears to promote the activation of PSCs and desmoplasia [25,26].
In a murine model of PDAC, Shh inhibition through cyclopamine has been associated
with improved survival [27]. Some trials have, therefore, assessed the role of Shh in-
hibitors in combination with chemotherapy in patients with advanced PDAC, yielding
unsatisfactory results [28,29].

Furthermore, TGF-β, a pleiotropic cytokine that performs various functions, both
tumor-promoting and antitumoral, is also involved in the deposition of ECM compo-
nents, including fibronectin and collagens. TGF-β promotes the activation and prolif-
eration of PSCs, which, in turn, release additional TGF-β through a positive feedback
mechanism [30,31]. The use of TGF-β inhibitors has been evaluated in preclinical models
and in some clinical studies, including a phase II study that compared gemcitabine plus
galunisertib (an inhibitor of type I TGF-β receptor) versus gemcitabine plus placebo. The
addition of galunisertib has been shown to increase survival, with a favorable tolerabil-
ity profile [32]. CAFs are derived from activated PSCs, quiescent resident fibroblast and
mesenchymal stem cells. They display distinct functions according to which we can distin-
guish myofibroblast CAFs that produce stroma, inflammatory CAFs that release cytokines
involved in immune response, and antigen-presenting CAFs that are able to process and
present antigens through the MHC-II complex [33,34].

Dense desmoplasia is a hallmark of the PDAC microenvironment and, together with
the increased fluid pressure partly due to proteoglycan and hyaluronan, alters the organ ar-
chitecture and represents an important obstacle to the delivery of therapeutic agents [35–38].
Moreover, the stroma of PDAC shows paucity of vascularity which similarly limits the
diffusion of drugs [39,40]. Hypoxia and desmoplastic reaction support each other. In
hypoxic conditions, hypoxia-inducible factor 1 alfa subunit (HIF-1α), unstable in nor-
mal oxygenation conditions, translocates in the nucleus, promoting the transcription of
a variety of genes (including proangiogenic factors such as VEGF), thus creating a pro-
inflammatory microenvironment. In response to such environment, PSCs are activated
into myofibroblast-like cells. PSC under hypoxia increase the secretion of type I collagen,
periostin and fibronectin [41,42], and hypoxia helps the release of Sonic Hedgehog ligand
whose pathway promotes the secretion of type I collagen and fibronectin as well [43].
Furthermore, prolonged hypoxia is demonstrated to promote autophagy by HIF-1α and
AMPK pathways in PSCs, thus decreasing production of inhibiting factors such as lumican
(an extracellular matrix protein both secreted and present in PSCs cytoplasm), known for
slowing PDAC cells proliferation [44–46]. Considering the role of hyaluronic acid in caus-
ing an increase in interstitial pressure, leading to vascular collapse and reduced perfusion,
some trials have evaluated the addition of recombinant human hyaluronidase (PEGPH20)
to chemotherapy in patients with metastatic PDAC. However, these trials did not show a
better outcome despite increased toxicity [47,48].

PDAC exhibits an immunosuppressive phenotype, and the TME actively participates
in creating an immunosuppressive environment by triggering mechanisms that promote
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immune evasion and restrict the activation of an effective antitumor immune response.
CAFs may inhibit cytotoxic T lymphocyte (CTL) function with the release of immunosup-
pressive cytokines such as IL-10 and TGFB [49,50]. CAFs also restrict the movement of
CTLs to the peri-tumoral stromal compartments through the activation of focal adhesion
kinase (FAK) and the overproduction of C-X-C Motif Chemokine Ligand 12 (CXCL12),
which binds the C-X-C Motif Chemokine Receptor 4 (CXCR4) [51]. Additionally, it has been
demonstrated that, in the early stages of carcinogenesis, an infiltration of cells that facilitate
mechanisms of immune evasion can be observed, such as tumor-associated macrophages
(TAMs), myeloid-derived suppressor (MDSCs), and regulatory T cells (Tregs) [52,53]. Inhi-
bition of the Hedgehog pathway leads to a reduction in the proportion of myCAF and an
increase in inflammatory CAFs, resulting in a modification of the inflammatory infiltrate
(reduction of CD8 T cells and an increase in regulatory T cells) [54] (Figure 2).

Figure 2. Schematization of key molecular interactions in PDAC microenvironment. Pancreatic stel-
late cells (PSCs) and cancer-associated fibroblasts (CAFs) secrete immunosuppressive cytokines (IL-10,
TGFβ), furthering their proliferation through positive feedback, polarizing tumor-associated neu-
trophiles (TANs) towards their pro-tumorigenic N2 phenotype and inhibiting cytotoxic T lymphocytes
(CTLs) function. Additionally, the deposition of extracellular matrix (ECM) and the overproduction
of adhesion molecules ligands (CXCL12, CXCL13) impede normal lymphocytes motility, promoting
immune evasion. Abundancy of ECM, moreover, facilitates hypoxia, which activates the HIF-1α
pathway. This, on one hand, induces autophagy in cancer-inhibiting cell populations, but, on the
other hand, promotes neoangiogenesis and CTLs infiltration.

3. Role of Locoregional Therapies in PC and Effects on TME

Given the clinical need to improve treatment efficacy in PDAC, the development of
new therapeutic strategies should take into consideration the important role of TME in
supporting tumor growth and promoting treatment resistance. In this regard, locoregional
treatments could reshape the TME, sensitizing tumor cells to systemic treatments by enhanc-
ing the delivery of cytotoxic agents or altering the composition of the immune infiltrate.

Microwave ablation (MWA), radiofrequency ablation (RFA), radiation therapy (RT),
irreversible electroporation (IRE), high-intensity focused ultrasound (HIFU), and intra-
arterial infusion chemotherapy are becoming increasingly popular due to their possibility
to specifically target the tumor while limiting adverse events [55].

3.1. Ablation Therapies

Nonmetastatic locally advanced pancreatic cancer (LAPC) includes 30% of all newly di-
agnosed PDAC [56]. Standard-of-care treatment for LAPC is chemotherapy with or without
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radiation therapy. Neoadjuvant chemotherapy can downstage 20% of LAPC, leading to po-
tential resectability with a significantly improved survival (35.3 months (mo)) compared to
patients who do not become surgical candidates after treatment (16.2 mo) [57]. Patients with
LAPC who do not become surgical candidates may benefit from local ablation therapies.

Locoregional ablative therapies are minimally invasive techniques that use a generator
and a needle-like electrode to transmit energy directly to the target location, with the aim
of producing tissue necrosis. These interventions are often performed percutaneously
with the insertion of an electrode under imaging guidance; however, they can also be
performed during laparoscopic/open surgery or endoscopy. The variety of minimally
invasive ablative treatments may be classified according to their use of thermal energy, such
as radiofrequency (RF), microwave (MO), and cryoablation (CA), or non-thermal energy,
such as irreversible electroporation (IRE) [58]. High-Intensity Focused Ultrasound (HIFU)
technology is another minimally invasive ablative method that, unlike the others described
above, does not entail needle-like electrodes at the target tissue [59].

3.1.1. Radiofrequency Ablation

In RFA, one or more electrodes create alternating currents at high frequencies, which
cause very high local temperatures, resulting in thermal coagulation, protein denaturation
and, consequently, thermo-coagulative necrosis of the target tissue. An ablated spherical
area, generally 2 to 5 cm in diameter, is generated in about 10 to 30 min [60]. With RFA, the
tissue heating zone is limited to a few millimeters surrounding the active electrode due to
the high flow of electrical current, while the rest of the ablation zone is heated by thermal
conduction [61]. Therefore, when the size of the target area increases, treatment efficacy is
reduced, with a maximum result for volumes less than 3.5 cm [62]. This method of heat
generation is dependent on conductivity with a close correlation to the water content of
the tissue [63,64].

So far, there have been no randomized controlled trials (RCT) regarding RFA effec-
tiveness. However, there is one ongoing RCT (PELICAN RCT) that aims to evaluate if the
combination of chemotherapy and RFA prolongs OS compared to chemotherapy alone
in patients with LAPC with absence of progression following two months of systemic
treatment [65]. In a nonrandomized study, Giardino et al. enrolled 107 patients and divided
them equally into two groups: group 1 underwent RFA as a first treatment, while group
2 received neoadjuvant therapy followed by laparotomic RFA. Twenty-nine patients also
received intra-arterial chemotherapy (epirubicin and cisplatin into the celiac trunk). The
median OS was 14.7 mo in group 1 and 25.6 mo in group 2. Patients treated with a com-
bination of RFA, neoadjuvant therapy and intra-arterial chemotherapy had a prolonged
median OS of 34 mo. Adverse events were reported in 25% of the cases [66,67]. In a
recent systematic review on RFAs performed with endoscopic ultrasound (EUS) guidance,
Spadaccini et al. evaluated a total of 120 patients from 14 studies with primary endpoints
of adverse events and mortality. The pooled analysis showed a success rate of 99%, with an
adverse events rate of 8% without mortality related to the procedure [68]. D’onofrio et al.
reported their experience on percutaneous RFA of LAPC. They evaluated 30 patients with
nonresectable PDAC nonresponsive to first-line chemotherapy treated with RFA percuta-
neously. At 30-days follow-up, no adverse events were reported. The mean survival was
310 days (65–718) [69].

Studies on PDAC treated with RFA are mostly focused on treatment via laparotomy
or endoscopy, with only a small proportion of treatments performed percutaneously. When
percutaneous RFA is feasible, it may avoid laparotomy, thus reducing the risk of infection,
bleeding and other surgical complications [70]. In addition, while surgery involves im-
paired immune response, it is known that, in patients treated percutaneously, there is an
enhanced immune system activation [71,72].

RFA can cause stroma denaturation and tissue permeability modifications in order to
implement drug delivery. Ware et al. showed that RF affects molecular transport in a 3D
model of PDAC with higher diffusion of DAPI fluorescence in spheroids in comparison to
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no RF. This could influence the response to medications that are passively diffusing in the
TME, since the drug molecules would be able to extravasate in large quantities from the
vasculature and disseminate deeper and more uniformly throughout the tissue [73].

RFA has been shown to induce a modification in the composition of the inflammatory
infiltrate both in the treated tumor areas and in nontarget lesions distant from the locally
treated zone, known as the “abscopal effect”. The “abscopal effect” refers to the response
in a nontarget lesion distant from the treated site, which occurs due to immune activation
and increased immune-responsiveness [74].

Faraoni et al. [75] used murine models with PDAC tumors, distinguishing between
lesions treated with RFA and those without RFA treatment. Their results showed that
RFA reduced PDAC tumor progression in vivo and favored a strong remodeling of the
tumor microenvironment (TME), with an associated abscopal effect observed in 87.5% of
non-RFA-treated tumors. A key role in the immune response in non-treated sites seems
to be played by tumor-associated neutrophils (TANs), whose intralesional infiltration
increases, and they are polarized into an antitumor phenotype. RFA also increases the
expression of chemokines such as CXCL12, CXCL12 and CXCL13, recruiting B and T cells.
Furthermore, they found an increase in PD-L1 levels compared to the control, with higher
levels in RFA-treated tumors compared to non-RFA-treated ones, where the trend was
increasing, although not significant. Similarly, Fei et al. evaluated immunological changes
in RFA-treated and non-RFA-treated tumors using murine models. In tumors subjected to
RFA, an increase in activated CD4 and CD8 cells, macrophages expressing NOS2 (associated
with antitumor properties), and dendritic cells promoting proliferation and differentiation
of T cells was observed. On the non-RFA side, the infiltration of CD8+ T cells, measured at
3, 5 and 8 days after the procedure, initially showed an increase compared to the control,
but then reduced from the 3rd day onwards, suggesting that an immune response occurs,
but it is likely transient and not effective [76]. Lawrence et al. conducted serial biopsies
of LAPC in human patients before and after treatment with RFA on three occasions. They
observed an upregulation of the CD1E gene, which is involved in antigen presentation, in
both patients compared to the baseline. In one patient, an increase in genes related to T
cells and their cytolytic function was detected. In both patients, there were alterations in
the expression of genes related to the activity of CAFs [77]. It is not clear whether these
changes can be effectively exploited to enhance the antitumor action of treatments, but they
serve as evidence that RFA induces diverse modifications not only at the treatment site
but also involving various aspects of tumor immune regulation and its interaction with
the microenvironment.

3.1.2. Microwave Ablation

Similar to RFA, microwave ablation (MWA) causes target tissue necrosis with a
thermo-coagulative process. The majority of the heat produced by MWA is caused by
the excitation of polar water molecules, while ionic polarization has a significantly lower
impact. MWA produces a greater zone of active heating in a shorter time in compar-
ison to RFA, allowing a more uniform necrosis in the target lesion. The two primary
frequency bands utilized are 915 and 2450 MHz, with the latter being the more frequently
employed [78]. The theoretical advantages of MWA over RFA are various: first of all, the
ability to treat a larger lesion because the area of necrosis created is larger; moreover, the
procedure has a shorter procedural time, less influence of vaporization and carbonization
mechanisms and reduced heat dissipation in the presence of surrounding blood vessels
(reduced heat sink effect) [67]. Although microwave ablation is a well-established interven-
tion in liver, kidney, lung and bone malignancies [79–84], studies regarding this technology
in PDAC are very limited. Carrafiello et al. evaluated the effectiveness of MWA (45 W
power, 915 MHz frequency) in 10 unresectable PDAC (5 with percutaneous and 5 with
laparotomic approach). The follow-up was on average 9.2 months (3 to 16). One late major
complication was observed in one patient (gastroduodenal artery pseudoaneurysm, suc-
cessfully treated with endovascular embolization); two patients had pancreatitis resolved
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during the hospital stay. The one-year survival rate was 80% with improvements in quality
of life (QoL) for all patients in the first 6 weeks after treatment [85]. Vogl et al. treated with
percutaneous MWA (5–100 W power, 2450 MHz frequency) 22 unresectable PDAC. Tumors
were in the pancreatic head in 17 (77.3%) patients and in the pancreatic tail in 5 (22.7%).
MWA’s technical success rate was 100%. There were no significant adverse events reported.
Only patients who did not receive further neoadjuvant treatments 10/22 were evaluated
for local tumor progression (LTP). Out of the patients evaluable, LTP was detected in one
case (10%) at 3-months follow-up [86]. Ierardi et al. examined the viability and safety
of percutaneous MWA (100 W power, 2450 MHz frequency) in 5 LAPC situated in the
pancreatic head. At follow-up CT performed at 1, 3 and 12 months, no major adverse events
were reported. An improvement in QoL was observed in all patients despite a tendency
to come back to preoperative conditions in the months following the procedure [87]. In
the context of MWA, percutaneous approach was the most frequently employed for the
treatment of PDAC, which likely contributed to the decreased complication rates. However,
there were some differences in the rates of MWA complications across the evaluated studies.
This result, in addition to the difference in patient selection, can also be partly explained by
the different technology used in the aforementioned studies.

3.1.3. High-Intensity Focused Ultrasound

High-Intensity Focused Ultrasound (HIFU) technology is a noninvasive technique that
uses high-energy ultrasound waves to ablate a limited target volume with US or MRI guide.
Focused ultrasound devices are made of a generator that produces ultrasound energy and
a transducer that focuses the waves into a beam aimed at a well-defined target region.
HIFU has a dual effect on tissues, inducing both thermal and mechanical damage. The
thermal effect generated by the absorption of sound waves is different whether the dose of
deposited energy is low or high. At low energies (<55 ◦C), the hyperthermia induced does
not generate cell death but increases cell membrane permeability. At high temperatures
(>55 ◦C), cell death is induced by coagulation necrosis [88]. The mechanical damage, on
the other hand, includes radiation force, increased pressure and acoustic cavitation [89].
In contrast to other heat-based ablation technologies, HIFU does not require the usage of
needle-like electrodes and does not require routine employment of anesthesia even if the
use of antispasmodic and anxiolytic drugs can be used to minimize involuntary movements
of the patient [90,91]. Due to its heating effects, the most commonly explored use of HIFU
is thermal ablation.

Numerous large-volume studies have shown that HIFU has a considerable positive
impact on patients’ QoL, with improved tumor responsiveness and low rate of adverse
events. A recent meta-analysis conducted by Fergadi et al. evaluated 939 patients with
PDAC. They assessed that HIFU combined with neoadjuvant chemotherapy is a safe
strategy that increases OS and causes less discomfort when compared to chemotherapy
alone [92]. Another study by Ning et al. evaluated 523 unresectable PDAC treated with
gemcitabine + HIFU or gemcitabine only. The median OS of patients receiving HIFU
combined with gemcitbine vs. gemcitabine alone was 7.4 vs. 6.0 mo (p = 0.002), without
any severe complication related to HIFU reported [93].

Besides thermal ablation, another application of HIFU that is recently gaining attention
is its use as a means to provide targeted drug delivery. This is possible since ultrasound
administered at high intensity promotes the creation of transient openings in the cellular
membrane, increasing cellular permeability. This process is known as sonoporation [94].
There are two main motivations for using nanoparticles in combination with ultrasound.
Firstly, the mechanical effects of HIFU are amplified by nanoparticles, reducing the cavita-
tion threshold during the generation of microbubbles, leading to more effective therapeutic
applications [95]. Secondly, carrier particles themselves can be loaded with drug molecules
in order to be ablated (i.e., “activated”) at the proper delivery location by administering
selective HIFU to that area [96]. In vitro experiments using PDAC spheroids composed of
DT66066 cancer cells and normal fibroblasts showed that the same dose of gemcitabine is

195



Int. J. Mol. Sci. 2023, 24, 12681

less cytotoxic in the presence of fibroblasts, supporting the hypothesis that the microenvi-
ronment can negatively influence the action of chemotherapeutic drugs. Moreover, they
reported that cavitation generated by HIFU increased gemcitabine delivery and its thera-
peutic efficiency attributable to an increased cell membrane permeability, the damage of
the cell membrane, an enhanced drug intake through sonoporation or ultrasound thermal
effects and the synthesis of reactive hydroxyl species (ROS) [97]. In a mouse model of
PDAC, Li et al. employed pulsed HIFU (pHIFU) to increase doxorubicin penetration via
ultrasound-induced cavitation. They discovered that, in comparison to controls, the con-
centration of doxorubicin increased up to 4.5-fold. Additionally, normalized doxorubicin
concentration was linked to the cavitation metrics (P 0.01), demonstrating that persistent
high cavitation increases the penetration of treatment [98]. In a phase I clinical trial by
Dimcevski et al., 10 patients with LAPC were treated with pHIFU at low intensity in
conjunction with exogenously administered microbubbles to facilitate cavitation. This
treatment, in combination with gemcitabine, doubled the median OS of gemcitabine single
agent (17.6 months versus 8.9 months) [99].

Regarding temperature-dependent drug delivery, in vitro and in vivo animal mod-
els showed that doxorubicin was released more quickly and concentratedly after HIFU
treatment in conjunction with injection of temperature-sensitive liposomes. Another work
by Liang et al. showed that temperature-sensitive cerasomes released drug molecules in
their target area when the temperature has increased by 5 ◦C [89,100]. The use of HIFU
for facilitating drug delivery has certain limitations that should be considered, such as its
short duration of action and variable drug uptake associated with treatment. Moreover, the
efficacy of successful delivery of nanoparticles using HIFU can vary significantly within
heterogeneous tumors and from patient to patient, leading to dramatic differences in the
penetration and uptake of drugs [101]. In addition to the aforementioned properties of
HIFU, an immunomodulating role for this therapy has recently been proposed. Wang
et al. evaluated blood samples of 15 patients before and after HIFU therapy revealing
larger percentages of circulating CD3+ and CD4 T cells (in 66% of patients), an increased
CD4+/CD8+ T-cell ratio, and increased NK cell activity [102]. These results were supported
by a recent meta-analysis of 3022 clinical cases of PDAC that had been thermally ablated
using HIFU. Furthermore, hyperthermia induces the upregulation of heat shock proteins
(HSP), which, in turn, stimulate the host’s immune system, and pancreatic necrosis in
areas subjected to HIFU ablation results in the accumulation of IL-1 and IL-2, which are
implicated in immune regulation [103].

3.1.4. Cryoablation

Cryoablation (CA) is a thermoablative technology that is based on multiple cycles
of freezing and thawing that results in the development of intra- and extracellular ice
crystals, osmotic pressure fluctuations, disruption of cells membrane, and eventually
cellular death [56]. One of the advantages of cryoablation over different thermal ablation
techniques is the possibility to monitor the ablation zone during the procedure. In fact,
during freezing, water in the tissue undergoes transition from liquid to solid, forming an
“ice-ball” that is visible on ultrasound, computed tomography and magnetic resonance
imaging [67]. In addition, because the cooling of tissue and nerves provides an anesthetic
effect, CA tends to be less painful than heat-based thermal ablation technologies and,
therefore, could theoretically be performed safely with moderate sedation only [104].
Experiments in vitro have shown that the temperature in which irreversible cell death is
present in PANC-1 cell line after a single exposure is −25 ◦C; if repeated freezing cycles are
performed, cellular death is present even at higher temperatures [105,106]. Interestingly,
a complete cell death was found even after a single freeze at −15 ◦C if performed in
combination with chemotherapy (100 nM of gemcitabine or 8.8 μM of oxaliplatin) before the
ablation [106]. As for MWA, the available data on PDAC are very poor in literature. Xu et al.
explored the possibility of treatment with CA (36 percutaneous and 13 intraoperative) in
conjunction with 125I seed implantation in 49 patients with LAPC (12 of whom had liver

196



Int. J. Mol. Sci. 2023, 24, 12681

metastases). Simultaneous CA was carried out for liver metastases positioning additional
cryoprobes with an intercostal approach. During a median follow-up of 18 mo (range of
5–40 mo), the median OS was 16.2 mo. Complete response was recorded in 20.4% of patients,
partial response in 38.8% of patients, stable disease in 30.6%, and progressive disease in
10.2% (5/49) of patients [107]. Niu et al. evaluated 67 patients with stage IV (metastatic)
PDAC divided into four treatment groups: 22 of them had chemotherapy, 36 underwent
CA alone, 17 had immunotherapy alone, and 31 received both CA and immunotherapy.
Compared to the cryotherapy (7 mo), immunotherapy (5 mo), and chemotherapy (3.5 mo)
groups, the CA-immunotherapy group’s median OS was considerably longer (13 mo).
They performed tests for the immunologic index before treatment, both in patients treated
with cryoimmunotherapy and in the immunotherapy group. There were no differences
in any immunologic index between the groups, and they found that patients with normal
immune function had a higher survival rate compared to patients with reduced immune
activity. Unfortunately, the evaluation of the immunologic index was not repeated after
the treatment, so it is not possible to assess any alterations of the tumor microenvironment
induced by cryoimmunotherapy [108].

3.1.5. Irreversible Electroporation

Irreversible electroporation (IRE) is an innovative ablative method employed in the
clinical treatment of LAPC that provides intratumorally high-voltage electric pulses, caus-
ing the death of tumor cells by destroying the cell membrane integrity, creating nanopores.
Compared to conventional ablative modalities, cell death in IRE is based on electrical energy
rather than thermal energy and has different advantages: it is not influenced by the “heat
sink effect”, avoiding incomplete ablation due to the energy reduction caused by blood
flow; it preserves the extracellular matrix of vasculature and shows better safety profiles
next to vital structures, especially for vital nerves, vessels, and cavity structures [109]. The
preservation of vessels, which aids in the passage of immune molecules or cells, may result
in a higher immune response [110].

The procedure can be performed percutaneously under guidance (typically CT-guided),
laparoscopically, or through an open approach following a midline laparotomy [111] (Figure 3).
The percutaneous approach can be performed also with a transgastric approach [77,112].

Following the treatment, a contrast-enhanced CT scan should be done to confirm the
correct ablation zone and to check for any early complications [77]. The mechanism of action
is based on repeated cycles of brief, extremely high-voltage electrical pulses that change the
transmembrane potential of tumor cells, causing the lipid bilayer of the cell membrane to
develop nanoscale holes that increase membrane permeability. The membrane permeability
becomes permanent under the right electrical conditions (90 pulses of 70 μs; electric field
strength of 1500 V cm−1; delivered current of 20–50 A), and the cell dies due to loss of
homeostasis [113]. The pulsatile application of electrical pulses at very high voltages poses
particular difficulties for anesthesiologists, including the potential for inducing cardiac
arrhythmias due to the tissue’s enhanced cell membrane permeability, which creates a
pathway for ion transportation. Additionally, the activation of muscular or neurological
tissue may result in strong muscle contractions and epileptic seizures. As a result, all IRE
operations require general anesthesia and the use of neuromuscular blocking medications
since total muscle paralysis is required to stop muscle contractions [113]. For these reasons,
it is crucial to consider that several cardiac-related illnesses are absolute contraindications
to this procedure [114]. The intensity of the electric pulses, which is inversely proportional
to the distance between the electrodes and the tumor cells, determines the cytotoxicity
of IRE. Additionally, the intratumoral heterogeneity may create low-pulse-strength areas
where tumor cells can persist. In fact, insufficient ablation is frequently a cause responsible
for local tumor recurrence after IRE [109].
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Figure 3. IRE for LAPC treatment timeline and complication management in a 76-year-old female
patient. (A) CECT in arterial phase demonstrates the presence of the LAPC in the head of the pancreas
(white arrows) and biliary stent (asterisk) prior to IRE treatment. (B) Axial view of noncontrast scan
shows two needle electrodes in situ. (C) Coronal view in arterial phase shows the two electrodes in
situ. (D–F) CECT scan immediately post procedure shows the presence of intraabdominal hematic
fluid and extravasation of contrast media without any visible source of bleeding. (G–J) Angiography
of celiac trunk, SMA, GDA, right renal artery and phlebography of the inferior vena cava and right
renal vein did not demonstrate any source of bleeding. A preventive endovascular embolization of
GDA and PDA were made using 3, 4 and 5 mm micro coils. Abbreviations: contrast-enhanced CT
(CECT), irreversible electroporation (IRE), gastroduodenal artery (GDA), locally advanced pancreatic
cancer (LAPC), pancreatic duodenal artery (PDA), superior mesenteric artery (SMA).

It has been demonstrated that IRE not only destroys the tumor itself directly, but
also has been shown to boost antitumor immunity and temporarily lessen the stroma-
induced immunosuppression [109]. PDAC is known to have a microenvironment that
is extremely immunosuppressive and has a low mutational burden, which results in
a small number of neoantigens and permits the tumor to spread unhindered [115].
Compared to other ablation modalities, IRE might exhibit larger immune enhancing
abilities in terms of protein release and T-cell activation compared to cryo- or heat
ablation with enhanced antigen presentation, cause inflammation, and reduce tumor-
induced immune suppression [115,116]. IRE induces a systemic immune response that
results in the release of antigens and damage-associated molecular pattern molecules
(DAMPs). These DAMPs are absorbed by dendritic cells (DCs) residing in tumor
tissues; after that, the DCs go to draining lymph nodes where they become mature
by the binding of toll-like receptor 9 on the plasmocytoid DCs. The DC maturation
leads to the release of IFN-g and to the activation of cytotoxic and helper T cells that
are specific for the tumor antigen, helping the development of a systemic immune
response and therefore an active in vivo antitumor vaccination [115,117]. This systemic
T-cell response could then lead to regression in distant metastases [74,114]. However,
PDAC are well known for having a microenvironment that is extremely immunosup-
pressive, which makes it challenging for the proinflammatory T cells that have been
activated to contribute to tumor elimination. A combination with immunotherapy in
the form of checkpoint inhibitors or other active immune-enhancing therapies may
have a synergistic impact to leverage the patients’ own activated immune system
through the IRE technique [114]. O’Neill et al. tested the hypothesis that that IFN-g
would cause expression of PD-L1 PDAC, and they performed an in vitro study where
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human pancreatic cell lines were cultured with interferon-g, and murine models of
PDAC were treated with IRE, and PD-L1 expression was measured. They revealed that
IRE induces expression of PD-L1 in vitro, and the combination therapy with concurrent
nivolumab was well tolerated [118]. Zhao et al. [119], using murine models of PDAC
treated with anti-PD1 or IRE or IRE + anti-PD1, demonstrated increased survival in
those treated with the combination treatment. The authors highlighted an increase in
CD8+ T cells in the group treated with IRE + anti-PD1 compared to the others, while no
significant differences were observed in the frequency of CD4+ T cells, NK cells, B cells,
DCs, or MDSCs among the groups. The same authors investigated the mechanisms of
IRE-induced damage in an in vitro model and found that, at high voltages, there was
an increase in the concentration of adenosine triphosphate (ATP) and high-mobility
group protein B1 (HMGB1), known as damage-associated molecular patterns (DAMPs).
Furthermore, IRE modulates the stroma by inducing necrosis in the tumor center,
with an increase in microvascular density and reduced expression of HIF-1α, at the
fourth day after the procedure, leading to increased blood vessel permeability, likely
promoting the infiltration of cytotoxic lymphocytes. Additionally, several components
of the tumor microenvironment were found to be downregulated, including FAPα,
hyaluronic acid and LOX. FAPα+ CAFs produce CXCL12, which limits the intratumoral
entry of lymphocytes. Hyaluronic acid, as previously discussed, increases interstitial
fluid pressure, restricting the extravasation of immune cells, and LOX is implicated
in the formation of a fibrotic network that restricts the infiltration of T cells. He et al.
evaluated the role of IRE plus anti-PD-1 antibody versus IRE alone for patients with
LAPC and demonstrated that IRE plus toripalimab had acceptable toxic effects and
might improve survival in LAPC compared with IRE alone [110]. The tumor-associated
neutrophils (TANs) can be divided into two phenotype groups: antitumor phenotype
N and pro-tumor phenotype N2. Immunosuppressive molecules in the tumor mi-
croenvironment can polarize TANs into N2 phenotype, inducing the tumor activity.
Recently, a tunable glutathione (GSH)-responsive mesoporous silica nanoformulation
(dMSN-SB) was developed. It was shown to inhibit intratumoral TGF-β signaling,
promoting TAN polarization toward the antitumor N1 phenotypes [109]. Peng et al.
conducted a study demonstrating that dMSN-SB inhibits the TGFB signaling pathway
and prevents the polarization of neutrophils into the pro-tumoral N2 phenotype in cell
cultures. Subsequently, they investigated the use of dMSN-SB in combination with IRE
and anti-PD1 in murine models and found that, after treatment, the infiltrate of CD8+
T cells was much more abundant compared to models treated with IRE + anti-PD1
agents or with IRE + dMSN-SB or the control. The group treated with the triple therapy
showed lower expression of CXCL12, IL-1β, C5A, IL-1α, compared to the group treated
with IRE + anti-PD1 [109].

3.2. Radiotherapy

Radiation therapy (RT) has been utilized in managing patients with PDAC both in the
resectable and in the unresectable PDAC. Theoretically, preoperative radiation therapy has
advantages over postoperative therapy, including better tissue oxygenation (which could
increase RT effectiveness), sterilization of the operating field (which could reduce iatrogenic
tumor seeding), and improved patient tolerance and compliance with treatment setting of
resectable disease and unresectable disease [120]. The role of radiotherapy in unresectable
LAPC is still debatable. RT has the potential to reduce the evolution of disease and po-
tentially alleviate or avoid symptoms such as pain, biliary blockage, hemorrhage, and
bowel obstruction. Nevertheless, the possibility of micrometastatic disease is significant,
treatment is unlikely to be curative, and radiation can be toxic [121]. Recent advance-
ments in RT techniques have resulted in an increased use of specific techniques including
stereotactic body RT (SBRT), intensity-modulated RT (IMRT), and intraoperative RT (IORT).
SBRT delivers 1 to 5 high-dose radiation fractions, while conventional RT delivers 25 to
28 fractions of 1.8/2 Gy each. The rationale behind SBRT is that tissues within the radiation
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field receive extremely high doses and are expected to suffer significant radiation-related
damage. Some studies showed that SBRT in PDAC treatment is related to good local control
rate but high rates of gastrointestinal toxicities [122–124]. In a recent series of 13 LAPC,
a COMBO strategy was used, with a final SBRT boost given after initial chemotherapy
first and subsequent concomitant chemoradiotherapy. The treatment strategy was well
tolerated with good survival outcomes (median OS 21.5 mo, median PFS 17.5 mo) [125].
Intensity-modulated RT is delivered with conventional fractionation, but unlike conven-
tional RT, the intensity of the radiation is nonuniform. Dose distribution is designed to
minimize the radiation dose to normal tissues. Up to now, IMRT has not been proven
superior to conventional three-dimensional RT, but IMRT techniques showed a reduction in
dose to normal adjacent tissue during treatment of pancreas tumor [126,127]. Intraoperative
RT (IORT) has been reached with the aim to increase radiation dose in the target tumor
and, at the same time, to limit the radiation dose to adjacent normal structures such as
bowel [121]. Although IORT is expected to improve local control, it has not been shown to
increase survival. Consequently, despite the fact that IORT shows promise, the technique
has not been widely used [128].

Different studies have investigated the role of RT in the immunomodulation in the
human PDAC TME following therapy. Mills et al. evaluated the role of stereotactic
body radiotherapy (SBRT) as a treatment modality for PDAC to prime cytotoxic T cells
by inducing immunogenic tumor cell death in preclinical models [129]. They revealed
that SBRT reduced PDAC cell density and induced immunogenic cell death (ICD) without
damaging vasculature. However, the barrier to SBRT-induced antitumor immune responses
in PDAC is an abundance of immunosuppressive myeloid populations. In conclusion,
although SBRT may induce anticancer immune responses against human PDAC, the
survival benefits are likely to be neutralized by long-term immune suppression mechanisms
in the tumor microenvironment and future immunotherapy strategies are likely to be crucial
to improve the treatment strategy.

3.3. Pancreatic Intra-Arterial Infusion Chemotherapy

Advanced PDAC has a very poor prognosis due to its chemoresistant nature. Chemore-
sistance of the tumor depends on the presence of a very dense and poorly vascularized
fibrotic tumor stroma that involves tumor environment, the poor vascularization of PDAC
and the high expression of the membrane-bound P-170 glycoprotein, part of an ATP-
dependent drug efflux enzyme system [130].

Small case series have examined locoregional chemotherapy as an option for PDAC,
demonstrating dose-dependent tumor sensitivity. In fact, when compared to systemic
chemotherapy, pancreatic artery infusion (PAI) chemotherapy, using different chemothera-
peutic agents such as gemcitabine and 5-fluorouracil, gives higher local concentrations of
chemotherapeutic drugs while preserving healthy tissues and having a lower rate of side
effects. Wang et al. evaluated the efficacy and safety of PAI with nab-paclitaxel in patients
with advanced PDAC and demonstrated that PAI is safe, well tolerated, and effective for
the relief of clinical symptoms [131]. Qiu et al. evaluated the efficacy and safety of PAI for
the treatment of PDAC in patients unfit for chemotherapy or refractory, demonstrating
that PAI is an effective and safe choice for this population, and, in addition, patients with
a better performance status had better treatment outcomes [132]. Table 1 summarizes the
available ablative treatments in PDAC.
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Table 1. Characteristics of ablative therapies in pancreatic cancer.

Technology Mechanism of Action
Modalities of
Intervention

Advantages Disadvantages

RFA
Heat-based technology that produces

coagulative necrosis through the creation
of high-frequency alternating current

Laparotomy–
Percutaneous–

EUS

Economic
Several long-term studies

in literature

The use of ground pads
is required.

The ablation zone is
limited to the immediate
vicinity of the antenna.

MWA
Heat-based technology that generates
coagulative necrosis through dielectric

hysteresis of polar water molecules

Laparotomy–
Percutaneous

It reaches remarkable
ablation zones in

a short time.
A single antenna is
usually sufficient.

There is little literature in
the pancreatic field.
Risk of damaging

vascular structures

HIFU

High-frequency ultrasound-based
technology that generates cellular

damage either by temperature increase
or through a mechanical damage

No needle placement
is needed.

US- or MRI-guided
procedure

Ablation performed with
very high degree

of precision
No placement of

antennas required

Still not very widespread
Limited treatment volume

CA
Cold-based technology that uses

repeated freezing and thawing cycles to
cause cell death

Laparotomy–
Percutaneous

Real-time monitoring of the
volume of the “ice ball”

during treatment
Less painful than

heat-dependent treatment
due to tissue and

nerve cooling

Simultaneous use of
multiple antennas

often necessary
Treatment is quite
time-consuming.

IRE

Technology based on the use of
high-voltage electrical pulses that allow

the creation of nanopores in the cell
membrane and subsequent cell death

Laparotomy–
Percutaneous

Preserves surrounding
structures like great vessels,

bile ducts, and
intestinal loops

Systemic immune response
against target tumor tissue

potentially greater than
other techniques

Expensive
Need at least two needles
parallel to each other to

generate the circuit

Abbreviations: RFA: Radiofrequency Ablation; MWA: Microwave Ablation; HIFU: High-Intensity Focused
Ultrasound; CA: Cryoablation; IRE: Irreversible Electroporation; EUS: Endoscopy Ultrasound.

4. Discussion and Future Perspectives

Apart from RT, locoregional treatments are not included in guidelines for the treatment
of localized and advanced PDAC. Indeed, NCCN guidelines consider RT only in the case of
PDAC amenable to receive preoperative treatment together with induction chemotherapy
or alone (stereotactic body RT) before surgery. Moreover, in the case of LAPC, RT may
be an option as a single treatment or together with chemotherapy [133]. However, in
recent years, there has been an increasing use of interventional radiology techniques for
the treatment of PDAC. In LAPC, interventional therapies must not be considered as an
alternative to surgery. However, they may be used in patients unfit for or unwilling to
undergo surgery or in the case of inadequate disease shrinkage after neoadjuvant treatment
with subsequent impossibility to perform a radical resection. As far as advanced disease is
concerned, locoregional treatments may be used as palliative strategies in patients with
obstructive jaundice, liver metastases, in case of severe lower back pain and those who
cannot tolerate systemic chemotherapy [134].

There is increasing evidence that locoregional treatments may remodel tumor TME and
contribute to different mechanisms, as demonstrated through high-quality samples [135–137].
TME creates a stromal barrier to chemotherapy and actively participates in creating an
immunosuppressive environment.

Locoregional treatments can modulate the composition of TME in multiple ways:
on one hand, they promote structural alterations that facilitate the delivery of a higher
amount of drug and, consequently, potentially enhance therapeutic efficacy. In this regard,
several studies are evaluating the role of postlocoregional treatment chemotherapy for
patients with nonmetastatic PDAC. In a phase II study, all patients undergoing IRE for
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the treatment of LAPC will receive either FOLFIRINOX or gemcitabine as peri-ablation
treatment (NCT03484299). Another phase II study is determining the feasibility, tolerability,
and treatment effect of EUS-RFA plus standard-of-care neoadjuvant chemotherapy with
FOLFIRINOX or gemcitabine/nab-paclitaxel in LAPC (NCT04990609). A phase II/III
trial has been completed, and patients were randomized to receive either IRE and syn-
chronous chemotherapy with gemcitabine or IRE and subsequent gemcitabine starting on
day 7 following ablative procedure in LAPC (NCT03673137). Differently, a phase I study is
testing the tolerability of chemotherapy and EUS-RFA using the RF Electrode in patients
receiving palliative second- or third-line therapy for unresectable nonmetastatic PDAC
(NCT05723107). In addition, a phase II study has been completed and evaluated the safety
and feasibility of the NanoKnife Low-Energy Direct Current (LEDC) System when used to
treat unresectable PDAC (NCT01369420). On the other hand, locoregional therapies often
modify the composition of immune response effectors, not only in the treated area, but
sometimes also at a distance, as described in the abscopal effect promoted by ablative ther-
apies. This leads to a polarization towards an antitumoral immune response with several
observed modifications, including an increase in tumor-associated neutrophils (TANs) and
the activation of B and T cells. Furthermore, some studies have documented an increase in
PD-L1 expression following local treatments. These findings provide the rationale for the
use of immune checkpoint inhibitors (ICI) in combination with locoregional therapies. In
this direction, a phase II study is enrolling patients who will receive IRE for LAPC and will
be treated with nivolumab postoperatively (NCT03080974). However, it should be noted
that the duration and the actual antitumoral effectiveness of immune microenvironment
modifications have not yet been established, and it remains to be seen whether they can be
exploited therapeutically.

5. Conclusions

PDAC is a chemo- and immune-resistant disease with poor prognosis. Locoregional
treatments, even if not considered standard of care, may have a role in interfering with
TME with subsequent improvement of chemotherapy outcomes and increased immune
sensitivity. Early phase and phase III studies are warranted in order to understand the
impact of ablative therapies alone or in combination with chemotherapy/immunotherapy
on disease response and survival outcomes.
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Abstract: The lack of response to therapy in pancreatic ductal adenocarcinoma (PDAC) patients
has contributed to PDAC having one of the lowest survival rates of all cancer types. The poor
survival of PDAC patients urges the exploration of novel treatment strategies. Immunotherapy has
shown promising results in several other cancer types, but it is still ineffective in PDAC. What sets
PDAC apart from other cancer types is its tumour microenvironment (TME) with desmoplasia and
low immune infiltration and activity. The most abundant cell type in the TME, cancer-associated
fibroblasts (CAFs), could be instrumental in why low immunotherapy responses are observed. CAF
heterogeneity and interactions with components of the TME is an emerging field of research, where
many paths are to be explored. Understanding CAF–immune cell interactions in the TME might pave
the way to optimize immunotherapy efficacy for PDAC and related cancers with stromal abundance.
In this review, we discuss recent discoveries on the functions and interactions of CAFs and how
targeting CAFs might improve immunotherapy.

Keywords: tumour microenvironment; desmoplasia; cancer-associated fibroblasts; immune cells; T
cells; pancreatic ductal adenocarcinoma; immunotherapy; checkpoint inhibitor

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic
cancer, accounting for more than 90% of pancreatic cancer cases [1]. Of all cancer types,
pancreatic cancer has the lowest 5-year survival of only 8% [2]. Treatment for pancreatic
cancer consists of a combination of surgery and systemic therapies. Chemotherapy is the
most common therapy for PDAC since 80–90% of the patients are precluded from surgical
resection due to the advanced state of their disease [3,4]. Nonetheless, chemoresistance is a
recurrent problem [5]. Recently, immunotherapy as an alternative approach to target the
tumour has become of interest. The goal of immunotherapy is (re-)activating the immune
system directed against cancer. Multiple novel immunotherapies have been studied in
PDAC, which often aim to activate T cells either by blocking their inhibitory signals or
by enhancing their anti-tumour activity. Among these therapies are immune checkpoint
inhibitors, cancer vaccines, CD40 agonists, chimeric antigen receptor (CAR) T cells and
oncolytic viruses [6,7].

Immunotherapies have yet to reach a clinical effect in PDAC. The low mutational
burden in PDAC is one of the potential explanations underlying the low response rates [8].
In addition, the nature of the tumour microenvironment (TME) of PDAC is believed to play
a decisive role in response to various therapies. This TME is characterized by desmoplasia
(enhanced extracellular matrix deposition), poor vascularization, low oxygen levels and
low immune cell infiltration [9]. The TME is composed of a variety of cells, including
cancer-associated fibroblasts (CAFs), endothelial cells and immune cells, accompanied by a
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few other cell types with lower abundance [10]. The most abundant cell type, CAFs, can be
subdivided into different subsets [11]. However, the classification of different CAF subtypes
in PDAC is still in its infancy. An increasing number of studies suggest that CAFs could
play a part in why immunotherapies have not reached their full potential [12]. The presence
of CAFs could for example contribute to exclusion of T cells from the tumour, often referred
to as an excluded or cold tumour. Since immunotherapy relies on the presence of its effector
cells, the T cells, T cell exclusion in the TME impairs efficacy [13]. Hence, studying CAF
heterogeneity, their functions and how to therapeutically target them could provide insight
into immunotherapy resistance and provide directions to improve immunotherapy efficacy.
In this review, we summarize the current knowledge of how the interactions of CAFs in the
TME affect immunotherapy responses in PDAC.

2. CAFs

A consensus statement defined CAFs as cells with an elongated morphology that
lack cancer-specific mutations and are negative for epithelial, leukocyte or endothelial
markers [14]. CAFs are thought to predominantly originate from local resident fibrob-
lasts with a contribution from several other cell types [15]. In a cancerous environment,
fibroblasts can become stimulated by high local concentrations of cytokines and adopt a
different, activated phenotype [16]. Solid tumours can consist, for a large part, of CAFs,
representing up to 80% of the PDAC and breast cancer tumour mass [17]. Studies have
shown that CAFs in different cancer types can have different molecular and functional
characteristics. For instance, CAFs in PDAC have been found to express different markers
and secrete other factors than CAFs in breast cancer, colorectal cancer and lung cancer [18].
The pro-tumourigenic properties of CAFs can be exerted through extracellular matrix
(ECM) remodelling, direct cell–cell interactions, as well as secretion of soluble factors [19].
In PDAC, effects of CAFs on tumour cells include increased proliferation, migration and
invasion, for instance via indirect interleukin (IL)-6 signalling [20,21]. These interactions
between CAFs and tumour cells contribute to the formation of distant metastasis. Besides
tumour cells, CAFs interact with endothelial cells through the upregulation of vascular
endothelial growth factor (VEGF) [22]. Hypoxia stimulates CAFs to induce the proliferation
and migration of endothelial cells, resulting in angiogenesis in vitro and in vivo [23]. CAFs
importantly could impact the immune status of the tumour as well [13,24]. Thus far, the
role of CAFs in immune deserted (cold) tumours is quite unknown. As for inflamed (hot)
tumours, the secretory profile of CAFs could influence immune activity via inhibition
of cytotoxic functions or recruitment of immunosuppressive cells [13]. CAFs have been
correlated with T cell exclusion in solid tumours, which suggests CAFs being linked to
an immune excluded phenotype [24]. Activation of CAFs by transforming growth factor
β (TGF-β) promotes mediation of T cell exclusion and has been correlated to checkpoint
inhibitor resistance [13,24]. Furthermore, CAFs increase levels of fibronectin and collagen
that alter the composition of the ECM, which promotes the migratory properties of tumour
cells [25]. Conceivably, the relationship between CAFs and other cells in the TME plays a
key role in tumour progression.

2.1. The Good or the Bad Guys?

In PDAC, as in many other cancer types, data on the role of CAFs in tumour progres-
sion pointed towards the pro-tumourigenic effects of CAFs [26–28]. In vitro, pancreatic can-
cer cells displayed enhanced cell proliferation and migration in the presence of CAFs [26,28].
Moreover, in vivo depletion of fibroblast activation protein (FAP)+ stromal cells, a marker
abundantly expressed by CAFs, resulted in the inhibition of tumour growth [27]. Recently,
the presence of a CAF-based gene expression signature created with PDAC expression
data from the Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO) and Ar-
rayExpress was related to worse patient survival rates [29]. Even though the vast majority
of published studies exclusively reported pro-tumourigenic properties of CAFs in PDAC,
more recent work showed opposite findings. Transgenic mice with α-smooth muscle actin
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(α-SMA)+ driven CAF depletion developed undifferentiated, aggressive tumours. The
overall survival (OS) of the mice was decreased, and the number of regulatory T cells in
the tumour was significantly enhanced [30]. In another study, inhibition of sonic hedgehog
(shh) signalling in mice with PDAC resulted in a decrease in α-SMA+ CAFs in the TME,
accompanied by the presence of aggressive and undifferentiated tumours [31]. These
data suggest that α-SMA+ CAFs might pose anti-tumourigenic effects in PDAC and other
cancer models.

The discovery that the presence/depletion of different CAF subsets can lead to op-
posite outcomes reveals the heterogeneity of the cell population. CAFs in PDAC are most
often divided into three subtypes: myofibroblast-type CAFs (myCAFs), inflammatory
CAFs (iCAFs) and antigen-presenting CAFs (apCAFs) [32,33]. Defining these subsets could
improve our understanding of their specific effects on the TME and their role in affecting
immunotherapy resistance.

2.2. MyCAFs, iCAFs and apCAFs

iCAFs and myCAFs were the first subsets of CAFs recognized as two distinct types in
PDAC. ECM-producing α-SMA+ CAFs located close to epithelial tumour cells in human
PDAC tissue and mouse models for pancreatic cancer were defined as myCAFs [32].
The most used model for PDAC is the KPC mouse. These mice spontaneously develop
pancreatic cancer lesions due to pancreas-specific point mutations in protein 53 (P53) and an
activating mutation in Kirsten rat sarcoma virus (KRAS) to recapitulate human pancreatic
cancer [34]. The research was continued with a co-culture of pancreatic stellate cells, a
possible precursor of CAFs, and PDAC organoids [32]. Pancreatic stellate cells adjacent to
the organoid became myCAFs, and a noticeable increase in inflammatory cytokines such
as interleukin 6 (IL-6) by another CAF subset was observed. The cytokine-secreting CAFs
did not express α-SMA. This led to the revelation of two distinct subtypes: myCAFs with
high α-SMA expression and iCAFs with low α-SMA expression and elevated cytokine
expression. By RNA sequencing, the division of the iCAFs and myCAFs was confirmed
since the two subclasses had unique clusters of upregulated genes [32]. Later on, the
signalling pathways of the two different phenotypes were studied. Induction of iCAFs
is promoted by IL-1 and involves JAK/STAT signalling, whereas TGF-β counteracts this
cascade by downregulating IL-1 receptor expression, which leads to differentiation into
myCAFs. The two subclasses exhibit a degree of plasticity since it has been shown that
iCAFs switch to a myCAF phenotype once IL-1 signalling is inhibited. Along with these
results, a small CAF population with both α-SMA and activated STAT signalling was
identified, which also supports the plasticity between the two subcategories [35]. More
recently, a third subset has been added. A subpopulation of CAFs that express major
histocompatibility complex class II (MHC II) was able to activate CD4 T cells, which gave
rise to their name, antigen-presenting CAFs (apCAFs) [33]. To conclude, to date, three
well-described subtypes of CAFs can be distinguished that are associated with different
functions in the TME (Figure 1). However, these phenotypes are plastic, and their functions
intertwine with each other.

2.3. The Different Colours beyond Black and White

As research evolved, it became more apparent that the division into three subtypes
of CAFs is probably somewhat too simplistic. In other cancer types, such as melanoma,
lung cancer and breast cancer, more CAF subsets have been reported [36,37]. In PDAC,
recent work, for example, identified CAF heterogeneity by the presence or absence of
endoglin (CD105), a glycoprotein that is part of the TGF-β receptor complex [30]. Notably,
CD105− CAFs included myCAFs, iCAFs and apCAFs, while CD105+ CAFs included
only myCAFs and iCAFs. CD105+ CAFs are the largest in number and exhibit tumour-
permissive properties in a pancreatic cancer mouse model. CD105− CAFs appear more
tumour suppressive through activation of helper T cells and cytotoxic T cells. In contrast,
evidence from multiple studies supports that apCAFs, which are observed in the CD105−
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group, cause immunosuppression by inhibiting T cells and are therefore considered pro-
tumourigenic [33,38–40]. However, the functional role of CD105+ and CD105− subsets
is still not firmly established, as data from our group show that therapeutic inhibition
or fibroblast-specific genetic deletion of CD105 did not affect mouse pancreatic tumour
growth [41,42].

 

Figure 1. The most common subclassification of CAFs in PDAC consists of myCAFs (α-SMA+),
iCAFs (IL-6 secretion, α-SMA−) and apCAFs (MHC-II). PDAC: pancreatic ductal adenocarcinoma;
CAF: cancer-associated fibroblast; myCAF: myofibroblast-type CAF; iCAF: inflammatory CAF; ap-
CAF: antigen-presenting CAF; α-SMA: α-smooth muscle actin; IL-6: interleukin 6; MHC-II: major
histocompatibility complex class II. Histology picture: human PDAC sample stained for vimentin.
Created with BioRender.com (www.biorender.com, accessed on 3 April 2023).

Another study has endeavoured on subcategorizing CAFs based on their metabolic
state. In PDAC patients with low desmoplasia, CAFs with a highly active metabolic state
(meCAFs) were increased in comparison to patients with highly desmoplastic tumours [43].
The risk of metastasis in patients with an abundant presence of meCAFs was increased, yet
their response to immunotherapy was profoundly better. Recently, a follow-up study from
the same group identified phospholipase A2 group 2A (PLA2G2A) as a prominent marker
for meCAFs [44]. Besides research on CAFs in the primary tumour, CAFs in metastases have
been studied and are referred to as a separate subclass, metastases-associated fibroblasts
(MAFs), due to observed differences in function. The interactions between MAFs and
tumour cells mainly support angiogenesis and tumour progression [45]. Overall, the
deviations from the status quo of CAF subclassifications show that the definition of existing
subclasses is not definite. These subclasses are probably intertwined, and specific subsets
could be more causally involved in the low response to immunotherapies than others.
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3. CAF-Immune Cell Interactions

Immunotherapy is aimed at inducing or exploiting immune cell reactivity towards
malignant cells. In PDAC, the immunosuppressive TME limits the efficacy of immunother-
apeutic approaches. Both immune cells of the myeloid and lymphoid lineage take part in
creating this immunosuppressive environment, and accumulating evidence suggests that
interactions with CAFs can play a determining role [46,47]. Myeloid cells are a component
of the innate immune system that rapidly infiltrate local tissue sites upon their recruitment.
Myeloid cells that are associated with PDAC progression are myeloid-derived suppressor
cells (MDSCs), tumour-associated macrophages (TAMs) and tumour-associated neutrophils
(TANs) [46]. Within the lymphoid lineage, T cells have been studied extensively in PDAC.
Cytotoxic T cells are direct anti-cancer effector cells, whereas helper T cells act indirectly by
activating other immune cells, including cytotoxic T cells. Regulatory T cells, in contrast,
suppress T cell activity. The balance between these T cell subsets plays a crucial role in anti-
tumour immunity and therefore tumour progression, and their activity heavily depends on
the other cells present in the stroma [48,49]. Reported mechanisms on how CAF–immune
cell interactions can shape the immunosuppressive TME are depicted in Figure 2 and are
described below.

 
Figure 2. Schematic representation of the observed CAF–immune cell interactions in PDAC. CAFs
alter the function, differentiation and infiltration of various myeloid cells, such as TANs, TAMs
and MDSCs, as well as T cells. CAF: cancer-associated fibroblast; PDAC: pancreatic ductal ade-
nocarcinoma; TAN: tumour-associated neutrophil; TAM: tumour-associated macrophage; MDSC:
myeloid-derived suppressor cell; TME: tumour microenvironment; TGF-β: transforming growth
factor β; IL-17: interleukin 17; M-CSF: macrophage colony-stimulating factor; VEGF: vascular en-
dothelial growth factor; CXCL12: C-X-C motif chemokine ligand 12. Created with BioRender.com
(www.biorender.com, accessed on 3 April 2023).
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3.1. CAF-MDSC Interactions

In PDAC patients, the number of MDSCs in the peripheral blood is related to disease
progression [50]. In several studies, the involvement of CAFs in regulating MDSC infiltra-
tion and activation has been investigated. iCAF secretion of C-X-C motif chemokine ligand
12 (CXCL12) increases MDSC infiltration, while signalling activation and differentiation
are promoted via additional soluble factors IL-6, VEGF, C-C chemokine (CC-motif) ligand 2
(CCL2) and macrophage colony-stimulating factor (M-CSF) [51,52]. Subsequently, MDSCs
can inhibit T cells via the depletion of the amino acid L-arginine in the TME [53,54]. The
immunosuppression by MDSCs in PDAC patients is dependent on the activation of STAT3,
which can be activated through CAF-derived IL-6 [55]. Taken together, CAFs induce MDSC
activity and in doing so suppress immune activity in the TME.

3.2. CAF-Macrophage Interactions

Circulating monocytes in addition to tissue-resident macrophages give rise to TAMs [56].
TAMs are commonly subclassified into M1 and M2 macrophages due to their opposite
polarization states. In cancer, M1 macrophages have been identified as pro-inflammatory
with anti-neoplastic effects and M2 macrophages as anti-inflammatory with pro-neoplastic
effects [57]. In PDAC specifically, a high-density infiltration of M2 macrophages has been
associated with a shorter OS [58]. The presence of CAFs in the TME increases signalling
molecules such as IL-17, which can mediate monocyte recruitment [59,60]. In addition, con-
vincing evidence reported in multiple studies suggests that CAFs can polarize macrophages
to an M2 state. For instance, monocytes added to a 3D co-culture of pancreatic cancer cells
and fibroblasts differentiated into TAMs with an M2 phenotype [61]. These TAMs could
inhibit helper T cell and cytotoxic T cell activity and their proliferative capability in vitro.
In line with these results, a co-culture of monocytes and CAFs showed induction of M2
polarization of macrophages by CAFs through M-CSF secretion. Similarly, CAF-dependent
M2 macrophage polarization has been observed in a PDAC mouse model, in which CAFs
induced M2 macrophage differentiation in an IL-33-dependent manner [62]. Finally, in vivo
deletion of hypoxia-inducible factor 2 (HIF2) in CAFs reduced M2 macrophage differen-
tiation and regulatory T cell recruitment. These findings evidence the ability of CAFs to
suppress the immune system via regulating TAM polarization.

3.3. CAF-Neutrophil Interactions

Neutrophils are the most common systemic immune cells and play a key role in
the innate immune response. In PDAC, neutrophil infiltration is increased compared to
the non-cancerous pancreas and during pancreatic inflammation (pancreatitis) [63]. As
for macrophages, subclasses N1 and N2 TANs have been reported. TGF-β, which also
activates CAFs, is proposed to induce N2 TAN recruitment and activation. N2 TANs display
immunosuppressive and pro-tumourigenic effects. As for N1 TANs, they are related to
increased T cell cytotoxicity and pro-inflammatory cytokine expression [64]. In PDAC, TAN
infiltration has been negatively associated with patient prognosis [63,65]. The effect of CAFs
on neutrophils has been studied to a significantly lesser extent. One study proffers that
CAFs can drive NETosis in neutrophils via amyloid-β expression in PDAC [66]. NETosis is
the formation of neutrophil extracellular traps composed of histone-bound nuclear DNA
and cytotoxic granules. Tumour-induced NETosis was linked to cancer progression, and
high amyloid-β expression was associated with poor prognosis in human cancer. Inhibition
of NETosis in vivo by inhibiting amyloid-β release restricted PDAC tumour growth in
mice. Despite the limited number of reports thus far, CAF–neutrophil interactions seem
to enhance the pro-tumourigenic effects of TANs and represent an interesting venue for
further studies.

3.4. CAF-T Cells

T cell infiltration and T cell subset ratio differ across pancreatic tumours [67,68]. These
differences in T cell infiltration have been correlated with PDAC patient outcomes. Specifi-
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cally, high cytotoxic T cell or helper T cell infiltration is associated with improved survival,
whereas high and regulatory T cell infiltration is associated with lower survival [48,63].
When spatial information was included in the evaluation, the proximity of cytotoxic T cells
to cancer cells was associated with improved survival, suggesting that these cells play a
crucial role in anti-tumour efficacy [48]. Nevertheless, many PDACs are characterized by
the exclusion of cytotoxic T cells from the tumour, and low T cell density is believed to be
one of the main barriers to the efficacy of immunotherapy.

Several reports have shown that CAFs can actively contribute to T cell exclusion.
One study pointed towards a role for CXCL12 produced by FAP+ CAFs in T cell exclu-
sion [48,49]. Chemical inhibition of CXCR4, the receptor of CXCL12, resulted in a rapid
influx of T cells in the tumour beds. It remained unclear how CXCL12 contributes to
T cell exclusion. In another study, it was demonstrated that CAFs that express FAK1
generated increased deposition of collagen and reduced cytotoxic T cell infiltration [69].
Hence, CAFs may hinder T cell infiltration via the release of CXCL12 and ECM remodelling
through collagen deposition. In contrast, a relation between high cytotoxic T cell infiltration
and a high stromal density was reported [70]. Possibly, parts of the ECM remodelling
by CAFs that arise are beneficial, while other parts such as collagen are detrimental to
anti-tumour immunity.

However, the general role of CAFs in mediating T cell suppression has now been
challenged by several more recent studies, suggesting that T cell paucity cannot simply
be explained by CAF-induced desmoplasia. A study investigating spatial relationships
between cancer cells, cytotoxic T cells, CAFs and collagen showed that α-SMA+ CAFs or
collagen-I were not enriched in areas with low cytotoxic T cells [48]. Furthermore, the
shaping of the intra-tumoural T cell response may vary among the CAF subsets, resulting
in immunosuppressive or immunostimulatory signals. myCAFs are mostly involved in
inducing desmoplasia (1), iCAFs secrete cytokines (2) and apCAFs are involved in antigen
presentation (3). As previously mentioned, decreased overall immune infiltration, yet
increased regulatory T cell infiltration, was found when α-SMA+ myCAFs were selectively
depleted in a transgenic mouse model of PDAC [30]. In another study to investigate
regulatory T cells in PDAC in vivo, conditional cell depletion of regulatory T cells caused a
loss of TGF-β expression and reduced α-SMA expression, the marker linked to the myCAF
subset [71]. Hence, myCAFs and regulatory T cells seem to mutually influence each other.
The studies mentioned above together suggest that myCAFs are less decisive in T cell
exclusion and immunosuppression than previously assumed. As for iCAFs, the expression
of IL-6 by the subset is associated with an increase in regulatory T cells [32]. CXCL12,
the molecule earlier discussed that mediates T cell exclusion, is primarily associated with
iCAFs [51]. In addition, an in vivo study on the signalling of CAFs and the effects on
immune cells in KPC mice revealed that a knockout of IL-17A, a cytokine secreted by CAFs,
reduced regulatory T cells and increased cytotoxic T cells [60]. The apCAF subset can
influence the immune system via the presentation of antigens via MHC II, yet they do not
have the co-stimulatory molecules necessary for immune cell activation. This causes T cell
anergy and an increase in regulatory T cells [33,39]. Similarly, in colorectal cancer, it was
shown that apCAFs reduced cytotoxic T cell activation, overall cytotoxicity and enhanced
exhaustion [41]. Moreover, another study provided evidence that apCAFs can kill cytotoxic
T cells directly in an antigen-dependent manner via the expression of PD-L2 and FASL [40].

In summary, CAF can influence T cells in various ways, impacting their differentiation,
function or infiltration. Since T cells are the main effector cell of most immunotherapies,
the effect CAFs have on T cells could impact their efficacy.

4. The Road to Immunotherapy for PDAC with CAFs as a Potential Hurdle

Immunotherapy has proven to be an effective therapeutic agent, especially in melanoma,
non-small cell lung cancer and tumours with microsatellite instability [72,73]. The most
abundantly studied immunotherapies are currently immune checkpoint inhibitors, which
block checkpoint proteins from binding to their receptor. Other immunotherapeutic ap-
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proaches investigated for PDAC include cancer vaccines, CD40 agonists, chimeric antigen
receptor (CAR), T cell therapy and oncolytic viruses. The main mechanisms of these im-
munotherapies enhance overall immune activity or direct cytotoxic T cells to target tumour
cells. As described above, interactions between CAFs and immune cells likely cause an
immunosuppressive phenotype in PDAC, which could play a key part in the setbacks in
immunotherapy. Below, we will discuss commonly used immunotherapeutic approaches
and the current data on how CAFs might affect their efficiency.

4.1. Checkpoint Inhibitors

The most applied immunotherapy is immune checkpoint inhibition, which releases
the ‘brakes’ put on the host T cell response against the tumour. Two of the most studied
immune checkpoint molecules are cytotoxic T lymphocyte-associated protein 4 (CTLA-4)
and programmed cell death protein 1 (PD-1), the latter binding to its ligand PD-L1 on
cancer cells and immune cells. [74]. Checkpoint inhibitors are approved as first- or second-
line therapies for an increasing number of cancer types, such as melanoma and MSI-
high tumours [75]. Unfortunately, clinical trials with checkpoint inhibitors did not show
clinical benefit in patients with PDAC [76–78]. Given the fact that the mutational burden
is positively correlated with the response rates to immune checkpoint inhibitors, the
low mutational burden of PDAC could explain the low efficacy [8]. Furthermore, the
desmoplastic and immunosuppressive TME, and especially CAFs, could contribute to
immunotherapy resistance [79].

As previously mentioned, CAFs can reduce cytotoxic T cell infiltration, and since
checkpoint inhibitors target T cells, their presence is instrumental [33,80]. In PDAC patients
with a low degree of desmoplasia, the response to checkpoint inhibitors was profoundly
better [43], probably due to T cells being more able to infiltrate the TME. Likewise, the
diphtheria toxin-mediated depletion of FAP+ CAFs that contributed to T cell exclusion
in a KPC mouse model resulted in improved response to immune checkpoint inhibitors
in otherwise non-responsive mice [49]. To understand ECM remodelling, a pan-cancer
analysis has been executed that compares genomic and cellular alterations across cancer
types between malignant and normal tissue [81]. The created ECM dysregulation signature
was related to TGF-β signalling in CAFs and was linked to the failure of anti-PD-1 treat-
ment. Accordingly, the data obtained in this study suggest that CAFs dysregulate ECM
organisation via TGF-β dependent effects, thereby inhibiting T cell infiltration and thus the
effects of checkpoint inhibitor therapy. In another study, a correlation between a subset of
myCAFs and checkpoint inhibitor efficacy was reported in PDAC patients [82]. An elevated
level of leucine-rich repeat containing 15 (LLRC15)+ myCAFs was associated with a poor
response to anti-PD-L1 treatment. In murine breast cancer, a high abundance of CAFs was
associated with insensitivity to anti-CTLA-4 and anti-PD-L1 therapy [83]. Furthermore,
genetic depletion of a subset of myCAFs exhibiting the CAF receptor Endo180 (MRC2) led
to increased cytotoxic T cell infiltration and improved checkpoint inhibitor sensitivity. In
conclusion, CAFs conceivably seem to suppress the efficacy of checkpoint inhibitors via the
inhibition of T cell infiltration.

4.2. Activating Immune Checkpoint Agonists

In addition to targeting inhibitory molecules, the activation of immunostimulatory
molecules has been investigated, such as the CD40 agonists. CD40 is part of the tumour
necrosis factor (TNF) receptor family and promotes T cell activation and M1 TAM po-
larization [84]. The first clinical trials with a CD40 agonist showed promising results in
patients with non-operable PDAC [85]. Nevertheless, a phase II trial on the combination of
chemotherapy, a CD40 agonist and a PD-1 inhibitor did not show increased therapeutic
efficacy in the groups that received the combination with the CD40 agonist [86]. In a mouse
model for colorectal cancer, the combination of a CD40 agonist with an M-CSF-1 receptor
antibody increased survival compared to monotherapy [87]. This indicates that inhibit-
ing CAF-mediated immunosuppressive M-CSF signalling might improve CD40 therapies.
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Nevertheless, the presence of tumour-specific T cells is still a requisite for the efficacy of
immune checkpoint inhibitors or agonists.

4.3. Cancer Vaccines

Cancer vaccines are established anti-cancer strategies when it comes to inducing novel
cancer-specific T cell responses directed against tumour-specific antigens [88]. Typical
vaccines contain an immunostimulatory adjuvant and antigens conveyed in the form
of mRNA, DNA, peptides or whole cells. Cancer vaccine-induced immunization starts
with the uptake of the antigens by dendritic cells (DC), which sets the proliferation and
differentiation of T cells in motion. In pancreatic cancer, initial results with a whole-
cell vaccine seemed promising. However, the addition of the vaccine to standard care
chemotherapy in a phase III trial did not improve PDAC patient survival [89]. Another
approach was taken with a DC vaccine loaded with whole tumour lysate. Promising results
were obtained in a mouse model for PDAC, in particular when the vaccine was combined
with a CD40 agonist [90]. Data from a phase I trial on this combination in PDAC patients
revealed that no adverse events occurred, and T cell activity increased [91] Although
research on the effects of CAFs on cancer vaccination is limited, there are indications that
CAFs can inhibit DC and T cell function, thereby hampering effective immune priming.
In solid tumours, the release of TGF-β and IL-6 likely suppresses the proliferation and
migratory properties of DCs, resulting in interference with tumour-directed priming of
cytotoxic T cells [24]. In hepatocellular carcinomas, it was shown that activation of the
IL-6-mediated STAT pathway in CAFs causes them to recruit DCs and inhibit antigen
presentation [92]. In addition to directly influencing DCs, CAFs also inhibit, as described
before the ultimate effector cells of immunization, cytotoxic T cells [93]. In summary, both
agonistic CD40 therapies and cancer vaccines are in the early stages of clinical development
and show promise, in particular in combination with other immunotherapies to overcome
immunosuppression.

4.4. CAR T Cells

Cytotoxic T cells of patients can be genetically engineered to express receptors that
specifically recognize tumour cells, thereby creating CAR T cells. CAR T cells targeting
antigen CD19 were the first approved second-line treatment for lymphoma and leukaemia
patients [94]. In solid tumours, CAR T cell therapy is less efficient, which could be due
to the difficulty of CAR T cells to enter desmoplastic, stroma-rich PDAC tumours. The
impact of CAFs on CAR T cell therapy is still speculatory. As previously described, CAFs
are linked to T cell exclusion [69]. CAR T cell therapy could be considered to target CAFs.
An interesting opportunity could arise from a novel CAR T cell product directed to FAP. At
present, one clinical trial has been conducted in mesothelioma patients to assess the safety
and feasibility of local CAR T cell therapy targeting FAP on the mesothelioma cells [95].
No treatment-related toxicities were observed, and two out of three patients were still alive
after a median follow-up of 18 months. These encouraging data may open up opportunities
for using FAP-targeting CAR T cells to target FAP+ CAFs in the future.

4.5. Oncolytic Virus Therapy

Oncolytic viruses can be used to induce oncolysis of tumour cells directly or indirectly
via activation of anti-tumour immunity. Adenoviruses, herpesviruses, reoviruses and
parvoviruses have been tested as oncolytic viruses in clinical trials in PDAC, but until now,
oncolytic viruses as monotherapy have not shown sufficient efficiency [7]. The desmoplastic
nature of the TME could play a role in reduced penetration of the virus into the tumour. The
ability of oncolytic viruses to infect and kill CAFs and other stromal cells besides tumour
cells could be a way to decrease the pro-tumourigenic effects of CAFs [96]. Recently,
tropism by the reovirus towards human and mouse pancreatic CAFs was observed, while
the same work reported that the crosstalk between CAFs and tumour cells can impact
the viral infection [97]. Even though oncolytic viruses are not successful as monotherapy
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yet, their capacity to transform an immunosuppressive TME of solid tumours into an
immune active TME with enhanced T cell influx can be used to boost the efficacy of other
immunotherapeutic strategies. Proof-of-concept has been demonstrated with a combination
of oncolytic reovirus and CD3-bispecific T cell engagers in a mouse model of PDAC [98].

In conclusion, it has become evident that immunotherapies in PDAC have potential
but do not show desired efficiency, possibly in part due to CAFs and the immunosuppressed
environment they generate.

5. Targeting CAFs and Their Products to Advance Immunotherapy Responses

Given the potentially important role that CAFs play in modulating responses to
immunotherapy, a solution to low efficiency could be to modulate the CAF population
or the CAF-mediated downstream effects in PDAC. Given the distinct subsets and their
specific role in regulating immune cell trafficking and activity, this has to be considered
carefully. As indicated before, the depletion of all CAFs from PDAC tumour models in
mice, contrary to the expectations, generated an immunosuppressed environment [30].
These data indicate that a more selective approach is warranted. Table 1 summarizes the
effects of targeting CAFs to improve the immunological effects of immunotherapies.

Table 1. Overview of studied CAF targets in the PDAC TME with the aim to improve immunotherapy.
Results from preclinical models as well as clinical trials are summarized. Effects on CAFs, immunity,
tumour growth and survival are separately indicated. ↓: a decrease; ↑: an increase; -: no observed
difference; n.d.: no data; CAF: cancer-associated fibroblast; PIN1: peptidyl-prolyl isomerase NIMA-
interacting 1; PD-1: programmed cell death protein 1; KPC: KrasLSL-G12D, Trp53LSL-R172H, Pdx1-cre;
hsp90: heat shock protein 90; IL-6: interleukin 6; PD-L1: programmed cell death protein ligand 1
(PD-L1); KPC-brca2: KrasLSL-G12D, Trp53LSL-R270H, Pdx1-cre, Brca2F/F; CXCR2: chemokine receptor 2;
FAP: fibroblast activation protein; TGF-β: transforming growth factor β; CAR: chimeric antigen
receptor; NSG: NOD/scid/IL2rg−/−; ADC: antibody drug conjugate.

Immunotherapy Target Design CAFs Immunity
Tumour
Growth

Survival Reference

Preclinical
studies

Checkpoint
inhibitor PIN1 + PD-1 KPC ↓ ↑ ↓ ↑ [99]

hsp90 + PD-1 KPC ↓ ↑ ↓ n.d. [100]
IL-6 + PD-L1 KPC-Brca2 n.d. ↑ ↓ ↑ [101]
IL-1 + PD-1 KPC n.d. ↑ ↓ ↑ [102]

CXCR2 + PD-1 KPC n.d. ↑ ↓ ↑ [103,104]
Vitamin D analogue +

PD-L1 2D + 3D culture ↓ ↓ - - [105,106]

FAP + PD-L1 KPC ↓ ↑ ↓ n.d. [49]
Vaccine TGF-β C57BL/6 ↓ ↑ ↓ n.d. [107]

Hyaluronan + GVAX C57BL/6 ↓ ↑ ↓ ↑ [108]
FAP + survivin C57BL/6 ↓ ↑ ↓ ↑ [109]

CD40 agonist IL-6 + CD40 agonist C57BL/6 n.d. ↑ ↓ ↑ [110]
FAP + CD40 agonist KPC-huCEA ↓ ↑ ↓ n.d. [111]

CAR T cell FAP C57BL/6 n.d. ↑ n.d. n.d. [112]
FAP KPC ↓ ↑ ↓ ↑ [113]

Oncolytic virus FAP NSG ↓ ↑ ↓ ↑ [114]
CAF + tumour cells BALB/c-nu/nu n.d. ↑ ↓ ↑ [115]

TGF-β KPC n.d. - - - [116]
TGF-β + CD3 +

tumour cells KPC ↓ - - - [98]

ADC FAP + tumour cells Foxn1 nu/nu ↓ ↑ ↓ ↑ [117]
Clinical trials
Checkpoint

inhibitor CXCR4 + PD-1 Phase II n.d. ↑ ↓ ↑ [118]

TGF-β + PD-L1 Phase I n.d. n.d. n.d. n.d. [119]

Oncolytic virus Hyaluronan +
tumour cells Phase I n.d. ↑ ↓ ↑ [120]
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5.1. The Fight against Immunosuppression

Taking into consideration markers of the currently known CAF subsets can help
identify the right targets for therapy. A decrease in iCAF differentiation or abundance and
thereby iCAF-induced immunosuppression could improve immunotherapy. An inhibitor
of IL-1, a promotor of iCAF differentiation, was administered together with the checkpoint
inhibitor PD-1 to PDAC-bearing mice [92]. The combination therapy improved anti-PD-1
blockade sensitivity by enabling cytotoxic T cell infiltration and by attenuating tumour
growth [102]. Another approach is to inhibit inflammatory cytokines secreted by iCAFs,
such as IL-6. A combination of an IL-6 inhibitor and anti-PD-L1 resulted in increased
cytotoxic T cell infiltration and impaired tumour progression in the PDAC KPC-Brca2
mouse model [101]. Next to directly targeting IL-6, an indirect approach has been tested by
inhibition of heat shock protein 90 (hsp90) with small molecule XL-888, which decreased
IL-6 secretion by CAFs [100]. Consequently, the combination of XL-888 and anti-PD-1
increased T cell infiltration and enhanced therapeutic efficacy in KPC mice [100].

IL-6 inhibition has also been applied in combination with a CD40 agonist. The treat-
ment increased the anti-tumour effects by reduction of TGF-β, collagen, PD-L1 and PD-1
expression indicative of targeting the CAFs in the TME [110]. In addition to IL-6, iCAFs
have also been targeted by inhibition of CXCL12 and its receptor C-X-C motif receptor
4 (CXCR4) [33]. In a phase II trial, the combination of a CXCR4 antagonist, anti-PD-1
and chemotherapy [118] improved cytotoxic T cell infiltration, reduced MDSCs and de-
creased circulating regulatory T cells [100]. These observations highlight the possibilities of
inhibiting cytokines or chemokines secreted by iCAFs to reduce immunosuppression.

Recently, it was shown that iCAF-derived cytokines can activate CXCR2 on CAFs,
which causes conversion into myCAFs. This phenomenon is associated with increased
PDAC metastasis [121]. CXCR2 inhibition in combination with anti-PD-1 led to increased
helper and cytotoxic T cell infiltration, while also reducing neutrophil and regulatory T
cells [103,104]. Therefore, CAF subtype conversion might be a novel and challenging but
interesting approach to improve immunotherapy.

5.2. Targeting CAFs Directly

Another approach would be to reduce the number of CAFs in the TME by therapeuti-
cally targeting these cells. The most abundantly studied molecule on CAFs that has been
used as a target is FAP. In PDAC mouse models, CAR T cell therapy targeting FAP+ CAFs
led to toxicity, while in another study, it was effective without inducing toxicity [112,113].
The fact that FAP+ is also expressed scarcely in other cells, such as bone marrow cells,
must be taken into consideration. A second approach to target FAP used an adenovirus
that expressed a bispecific T cell engager (biTe) that binds to FAP. Adenoviral therapy
stimulated T cell activation and T cell infiltration and decreased tumour growth in PDAC-
bearing mice [114]. A third approach to target FAP+ CAFs that has been evaluated is a
vaccine. A vaccine against the tumour antigens survivin and FAP decreased the proportion
of immunosuppressive cells and increased lymphocyte infiltration in a pancreatic cancer
murine model [109]. An alternative way to target FAP+ CAFs is via antibody drug conju-
gates (ADCs) containing a cytotoxic payload. OMTX705, an ADC including a humanized
anti-FAP antibody and the cytolytic compound TAM470, demonstrated potent tumour
growth inhibition in PDX mouse models with various solid tumours, including PDAC [117].
Mechanistically, OMTX705 resulted in stromal cell depletion in PDAC models, as indi-
cated by reduced α-SMA and Col11a1 staining and increased cytotoxic T cell infiltration.
Lastly, a FAP-CD40 antibody that exclusively initiated anti-tumour immune activity in
the presence of FAP reduced tumour growth in PDAC-bearing mice [111]. Besides FAP, a
marker of interest expressed by CAFs could be peptidyl-prolyl isomerase NIMA-interacting
1 (PIN1). Upregulated PIN1 in CAFs leads to desmoplasia and thereby poor cytotoxic T
cell infiltration. Inhibitors of PIN1 improved anti-PD-1 response in KPC mice and increases
survival [99].
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In conclusion, there are attractive targets in PDAC that can be used to relatively, specif-
ically inhibit CAFs or as a docking site for therapeutic antibodies directed towards the TME.
Further studies in PDAC patients remain warranted to elucidate potential mechanisms
and efficiency.

5.3. Targeting CAFs from Multiple Angles

Besides immunosuppressive influences in the TME, CAFs are known for remodelling
the ECM and inducing desmoplasia. Consequently, approaches have been evaluated
to target both the immunosuppressive and desmoplastic effects of CAFs. Hyaluronan
is a component of the ECM and is associated with α-SMA+ CAFs [122]. Hyaluronan
inhibition could pave the way for immunotherapy by reducing desmoplasia and allowing
for anti-tumour immunity. Administration of a hyaluronan inhibitor and whole cell PDAC
vaccine, GVAX, in vivo inhibited immunosuppression via the reduction of CXCL12/CXR4
signalling, decreased desmoplasia and conferred a survival advantage in comparison with
single-agent therapies [108]. Along similar lines, oncolytic adenovirus VCN-01, which
includes hyaluronidase to improve virus intra-tumoural spread and anti-tumour immunity,
was administered in combination with chemotherapy to PDAC patients in a phase I
trial [120]. No dose-limiting toxicity was observed, and an overall response rate of 50%
was detected. These results support the premise that reducing desmoplasia improves
anti-tumour immunity.

TGF-β is involved in myCAF promotion and promoting desmoplasia while also
having immunosuppressive effects. Therefore, TGF-β inhibition is an attractive approach
to improve the TME of PDAC on multiple levels, including the reduction of desmoplasia
and immunosuppression. A number of studies have used TGF-β inhibition in PDAC mouse
models. In KPC mice, the combination of PD-L1 and a TGF-β receptor small molecule
inhibitor delayed tumour growth relative to untreated mice but did not increase anti-tumour
immune response [116]. In contrast, the combination therapy elicited an immune response
in colorectal cancer-bearing mice in this study. As an alternative tactic, TGF-β-derived
peptide vaccination was tested, which enhanced cytotoxic T cell infiltration, M1 TAM
polarization and reduced myCAF abundance in PDAC-bearing mice [107]. Another study
intended to enhance the efficacy of immunotherapy via the addition of a TGF-β-blocking
antibody to a reovirus and via CD3-bispecific antibody combination therapy [123]. The
TGF-β-blocking antibody antagonized the therapeutic efficacy of the two other treatments.
The TGF-β blockade has been investigated in metastatic PDAC patients in a phase I study as
well. Treatment with a TGF-β inhibitor and anti-PD-L1 did not give rise to serious adverse
events, but the OS remained low, which might be related to the advanced tumour stage [119].
Accordingly, different responses are encountered after TGF-β inhibition, possibly due to
the pleiotropic role of TGF-β in the TME.

Besides TGF-β, vitamin D could be targeted to reprogram the TME. Three-dimensional
in vitro models showed that vitamin D decreases CAF proliferation and migration yet
upregulates PD-L1 [105]. In a PDAC mouse model, activation of the vitamin D receptor
decreased desmoplasia in vivo [124]. Although, vitamin D can initiate Th2 and inhibit Th1
immune responses, which further enables the immunosuppressive state of the TME [125].
Thus, vitamin D therapy could reduce desmoplasia promoted by CAFs but restrict the
activity of anti-tumourigenic T cells via promoting immune suppression.

This evidence emphasizes the challenging interconnections that signalling cascades
have. One pathway could both increase pro-tumourigenic immunosuppression and de-
crease pro-tumourigenic desmoplasia. Consequently, the network of CAFs must first be
understood to know its entire effect on immunotherapy.

6. Concluding Remarks

To improve PDAC treatment options and survival, it is essential to understand the
intricacies of the TME, including immune cell and CAF interactions. The current liter-
ature provides a solid foundation for the notion that CAFs are instrumental in evoking
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immunotherapy resistance, but the underlying mechanisms are insufficiently explored. The
major question remains: are CAFs the good or the bad guys in PDAC? Pathways associated
with iCAFs are predominantly, but not exclusively, deemed as pro-tumourigenic. CAFs are
involved in desmoplasia, but depletion of myCAFs can lead to tumour progression. This
poses a major hurdle for current and future efforts. Mapping CAF subsets and exploring
their function and plasticity are key before exploring or excluding therapeutic opportuni-
ties. Thus far, the combination of CAF-targeting therapies with immunotherapies shows
promising effects in murine models and some clinical trials. These studies pave the way for
the future of PDAC treatment.
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Abstract: Pancreatic cancer represents a formidable challenge in oncology, primarily due to its
aggressive nature and limited therapeutic options. The prognosis of patients with pancreatic ductal
adenocarcinoma (PDAC), the main form of pancreatic cancer, remains disappointingly poor with a
5-year overall survival of only 5%. Almost 95% of PDAC patients harbor Kirsten rat sarcoma virus
(KRAS) oncogenic mutations. KRAS activates downstream intracellular pathways, most notably the
rapidly accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase kinase (MEK)/extracellular
signal-regulated kinase (ERK) signaling axis. Dysregulation of the RAF/MEK/ERK pathway is a
crucial feature of pancreatic cancer and therefore its main components, RAF, MEK and ERK kinases,
have been targeted pharmacologically, largely by small-molecule inhibitors. The recent advances
in the development of inhibitors not only directly targeting the RAF/MEK/ERK pathway but also
indirectly through inhibition of its regulators, such as Src homology-containing protein tyrosine
phosphatase 2 (SHP2) and Son of sevenless homolog 1 (SOS1), provide new therapeutic opportunities.
Moreover, the discovery of allele-specific small-molecule inhibitors against mutant KRAS variants
has brought excitement for successful innovations in the battle against pancreatic cancer. Herein,
we review the recent advances in targeted therapy and combinatorial strategies with focus on the
current preclinical and clinical approaches, providing critical insight, underscoring the potential of
these efforts and supporting their promise to improve the lives of patients with PDAC.

Keywords: pancreatic cancer; RAF/MEK/ERK pathway; small-molecule inhibitors; KRAS; targeted
therapy

1. Introduction

Pancreatic cancer is one of the deadliest tumors and is expected to become the second
leading cause of cancer-related mortality in the US. The 5-year overall survival (OS) of
patients with pancreatic ductal adenocarcinoma (PDAC), the most common form of pancre-
atic cancer, has only minimally improved to only 11%, presenting a modest improvement
compared to other malignancies [1,2]. The role of the rapidly accelerated fibrosarcoma
(RAF)/mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated ki-
nase (ERK) pathway as the main RAS effector pathway in initiation and progression of
pancreatic cancer is well established [3]. Targeted therapy using small-molecule inhibitors
against components of the RAF/MEK/ERK pathway has shown significant potential for
PDAC. The Kirsten rat sarcoma virus (KRAS) mutation is a hallmark of PDAC, and only
recently has there been progress in drug development, with compounds that directly target
the once considered “undruggable” RAS. These compounds include KRAS-mutant-specific
inhibitors, that are foreseen to change the landscape in PDAC management [4] (Figure 1).
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Figure 1. RAF/MEK/ERK pathway inhibitors and combination therapies under clinical evaluation
for pancreatic cancer. EGFR, epidermal growth factor receptor; SHP2, Src homology 2 domain-
containing phosphatase 2; SOS1, Son of sevenless homolog 1; KRAS, Kirsten rat sarcoma viral
oncogene homolog; GDP, guanosine diphosphate; GTP, guanosine triphosphate; RAF, rapidly acceler-
ated fibrosarcoma; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated
kinase; CDK4/6, cyclin-dependent kinase 4/6; HDAC, histone deacetylase; PARP, poly-adenosine
diphosphate (ADP) ribose polymerase; eIF4A, eukaryotic translation initiation factor 4A; ULK1/2,
unc-51-like autophagy-activating kinases 1 and 2; NLRP3, Nod-like receptor protein 3; FAK, focal
adhesion kinase; JAK1/2, Janus kinase 1/2; PD-1, programmed cell death protein 1; PD-L1, pro-
grammed death ligand 1; VEGF-A, vascular endothelial growth factor A; PI3Kα, phosphoinositide
3-kinase α; IL6R, interleukin 6 receptor; Asp, asparagine. This figure was created using the tools
provided by BioRender.com (accessed on 21 January 2024).

Here, we discuss rational treatment approaches with the currently available therapeu-
tic options for PDAC patients, including novel targeting strategies using current and new
compounds. We focus on the combinatorial strategies and the current clinical attempts for
evaluation of the RAF/MEK/ERK pathway inhibitors that are currently in clinical develop-
ment. This is significant because there is an urgent need to establish new frameworks and
improve future treatments. Our aim is to contribute to understanding the complexity of
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the RAF/MEK/ERK pathway inhibition, which holds substantial promise for developing
effective treatment modalities against this aggressive malignancy.

2. RAF/MEK/ERK Signaling Pathway in Pancreatic Cancer

The RAF/MEK/ERK pathway which controls cell growth, differentiation and sur-
vival is often upregulated in pancreatic cancer. The orchestrator of this upregulation
is the small GTPase KRAS, which is mutated in 95% of patients with pancreatic can-
cer [2]. The most common KRAS mutations in PDAC are substitutions in position G12,
with KRASG12D (41%), KRASG12V (34%) and KRASG12R (16%) being the most fre-
quent and G12C (1–2%) the least [5]. KRAS in its active GTP-bound form promotes
RAF kinase activation through dimerization and phosphorylation, resulting in phos-
phorylation of its substrate MEK kinase. MEK phosphorylates and activates the ter-
minal kinase ERK. Activated ERK regulates growth-promoting transcription [2]. The
RAF/MEK/ERK pathway is the key effector pathway for initiation and progression of
KRAS-driven PDAC [3]. Therefore, apart from targeted efforts against the key mem-
bers of the RAF/MEK/ERK pathway, several drugs, targeting different components of
this pathway, including the upstream epidermal growth factor receptor (EGFR) family
members and the RAF/MEK/ERK pathway regulators Src homology-containing pro-
tein tyrosine phosphatase 2 (SHP2) and Son of sevenless homolog 1 (SOS1), have been
explored extensively for therapeutic intervention in PDAC [2–5] (Figure 1).

3. Targeting Strategies

3.1. EGFR Family Inhibition

Initial efforts were directed against the upstream frequently dysregulated EGFR/human
epidermal growth factor receptor 2 (HER2 or ERBB2) signaling. Erlotinib, an EGFR inhibitor,
combined with gemcitabine, a first-line chemotherapy, in patients with advanced PDAC,
showed modest survival benefits [6]. When erlotinib was combined with gemcitabine
together with nab-paclitaxel, a tubulin-polymerization stabilizer, it exhibited some clinical
activity despite the observed toxicities [7]. However, combining cetuximab, a monoclonal
antibody against EGFR, with gemcitabine did not show improved outcome [8]. Similarly,
the combination of lapatinib, a dual tyrosine kinase inhibitor against both HER2 and EGFR,
with gemcitabine or capecitabine did not demonstrate any efficacy [9,10]. To improve these
results, a second-generation ERBB family inhibitor, afatinib, was used in combination with
gemcitabine. Afatinib binds covalently to cysteine 797 of the EGFR and the corresponding
cysteines 805 and 803 in HER2 and human epidermal growth factor receptor 4 (ErB4/HER4),
respectively, inhibiting downstream signaling from all homo- and heterodimers formed by
ERBB family members. However, again, this combination did not show any efficacy [11].
Subsequent clinical studies, based on preclinical synergistic evidence, assessed the EGFR
inhibition in combination with components of the RAF/MEK/ERK pathway such as BRAF
and MEK. These studies combined erlotinib with either sorafenib [12], a multikinase RAF
inhibitor, or selumetinib [13], a MEK inhibitor, but showed modest activity. More recently,
the addition of panitumumab, an EGFR monoclonal antibody, to erlotinib and gemcitabine
demonstrated a small but significantly prolonged overall survival, despite the observed
toxicities [14]. Overall, these studies did not show sufficient evidence of effectiveness.
This agrees with the conclusions from a retrospective analysis showing that EGFR and
KRAS alterations were not predictive for patient benefit from anti-EGFR therapy [15].
However, in a preclinical study, the highly selective irreversible EGFR/HER2 inhibitor
neratinib suppressed KRAS mutant levels in PDAC cells [16]. The efficacy of neratinib in
combination with valproate, a histone deacetylase (HDAC) inhibitor, is being evaluated in
a clinical trial in patients with advanced RAS-mutated solid tumors (Table 1).
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Table 1. RAF/MEK/ERK pathway inhibitors currently in clinical evaluation for pancreatic cancer.
EGFR, epidermal growth factor receptor; ERBB2/HER2, receptor tyrosine-protein kinase erbB 2; RAF,
rapidly accelerated fibrosarcoma; SHP2, Src homology 2 domain-containing phosphatase 2; SOS1,
Son of sevenless homolog 1; KRAS, Kirsten rat sarcoma viral oncogene homolog; RAS, rat sarcoma
viral oncogene homolog; RAF, rapidly accelerated fibrosarcoma; MEK, mitogen-activated protein
kinase kinase; ERK, extracellular signal-regulated kinase; CDK4/6, cyclin-dependent kinase 4/6;
HDAC, histone deacetylase; PARP, poly-adenosine diphosphate (ADP) ribose polymerase; eIF4A,
eukaryotic translation initiation factor 4A; ULK1/2, unc-51-like autophagy-activating kinases 1 and 2;
NLRP3, Nod-like receptor protein 3; PD-1, programmed cell death protein 1; PD-L1, programmed
death ligand 1; VEGF-A, vascular endothelial growth factor A; PI3Kα, phosphoinositide 3-kinase α;
FAK, focal adhesion kinase; JAK1/2, Janus kinase 1/2.

Drug(s) Target(s)
Second
Drug(s)

Second
Target(s)

Phase
Clinical Study

Code

Neratinib EGFR,
ERBB2/HER2

Divalproex sodium
(Valproate) HDAC I/II NCT03919292

Vemurafenib BRAFV600E/K Sorafenib RAF II NCT05068752

Lilirafenib BRAF Mirdametinib MEK I NCT03905148

Tovorafenib RAF Pimasertib MEK I/II NCT04985604

Avutometinib MEK, RAF Defactinib FAK I/II NCT05669482

ABM-168 MEK I NCT05831995

Binimetinib MEK Hydroxychloroquine Autophagy I NCT04132505

Binimetinib MEK Encorafenib RAFV600E/K II NCT04390243

Binimetinib MEK Palbociclib CDK4/6 II NCT05554367

Trametinib MEK Hydroxychloroquine Autophagy I NCT03825289

Trametinib MEK Ruxolitinib JAK1/JAK2 I NCT04303403

Cobimetinib MEK
Calaspargase
pegol-mnkl
(Asparlas)

Asparagine I NCT05034627

IMM-1-104 MEK I/II NCT05585320

Temuterkib ERK RMC-4630 SHP2 I NCT04916236

Temuterkib ERK Hydroxychloroquine
sulfate Autophagy II NCT04386057

Ulixertinib ERK Palbociclib CDK4/6 I NCT03454035

ERAS-007 ERK
Encorafenib
Palbociclib

Cetuximab *

BRAFV600E/K
CDK4/6

EGFR
I/II NCT05039177

BI-1701963 SOS1 Adagrasib KRASG12C I NCT04975256

BI-1701963 SOS1 Trametinib MEK I NCT04111458

HBI-2376 SHP2 I NCT05163028

JAB-3068 SHP2 I/II NCT03565003

JAB-3312 SHP2 I NCT04045496

JAB-3312 SHP2

Binimetinib
Pembrolizumab *

Sotorasib
Osimertinib

MEK
PD-1

KRASG12C
EGFR

I/II NCT04720976

BBP-398 SHP2 Sotorasib KRASG12C I NCT05480865

RMC-6291 KRASG12C I NCT05462717
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Table 1. Cont.

Drug(s) Target(s)
Second
Drug(s)

Second
Target(s)

Phase
Clinical Study

Code

RMC-6291 KRASG12C RMC-6236
RAS

(pan-mutant and
wild-type)

I NCT06128551

HBI-2438 KRASG12C I NCT05485974

LY3537982 KRASG12C I NCT04956640

JAB-21822 KRASG12C II NCT06008288

JAB-21822 KRASG12C Cetuximab * EGFR I/II NCT05002270

JAB-21822 KRASG12C JAB-3312 SHP2 I/II NCT05288205

Adagrasib KRASG12C I NCT05634525

Adagrasib KRASG12C TNO155 SHP2 I/II NCT04330664

Adagrasib KRASG12C
Afatinib

Cetuximab *
Pembrolizumab *

EGFR/HER2
EGFR
PD-1

I NCT03785249

Adagrasib KRASG12C Olaparib PARP I NCT06130254

Adagrasib KRASG12C BMS-986466 †

−/+ cetuximab *
NLRP3
EGFR I/II NCT06024174

Adagrasib KRASG12C MRTX0902 SOS1 I/II NCT05578092

BPI-421286 KRASG12C I NCT05315180

BI-1823911 KRASG12C BI-1701963 SOS1 I NCT04973163

Divarasib KRASG12C

Atezolizumab *
Cetuximab *

Bevacizumab *
Erlotinib

GDC-1971
Inavolisib

PD-L1
EGFR

VEGFA
EGFR
SHP2
PI3Kα

I NCT04449874

Garsorasib KRASG12C I NCT04585035

JNJ-74699157 KRASG12C I NCT04006301

JDQ443 KRASG12C TNO155
Tislelizumab *

SHP2
PD-1 I/II NCT04699188

MK-1084 KRASG12C Pembrolizumab * PD-1 I NCT05067283

Sotorasib KRASG12C I/II NCT03600883

Sotorasib § KRASG12C II NCT04185883

Sotorasib KRASG12C I NCT04380753

Sotorasib KRASG12C Panitumumab * EGFR II NCT05638295

Sotorasib KRASG12C Panitumumab* EGFR II NCT05993455

Sotorasib KRASG12C DCC-3116 † ULK1/2 I/II NCT04892017

Sotorasib KRASG12C Zotatifin † eIF4A I/II NCT04092673

MRTX1133 KRASG12D I/II NCT05737706

RMC-9805 KRASG12D I NCT06040541

HRS-4642 KRASG12D I NCT05533463
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Table 1. Cont.

Drug(s) Target(s)
Second
Drug(s)

Second
Target(s)

Phase
Clinical Study

Code

RMC-6236
RAS

(pan-mutant and
wild-type)

I NCT05379985

RSC-1255
RAS

(pan-mutant and
wild-type)

I NCT04678648

* Monoclonal antibody; § as monotherapy or in combination with various anti-cancer agents; † main test drug of
the trial.

3.2. RAF/MEK/ERK Pathway Component Inhibition
3.2.1. RAF Inhibition

Early attempts to target BRAF in unselected patients with advanced PDAC, using the
BRAF inhibitor sorafenib in combination with gemcitabine did not show any benefit [17].
This is possibly explained by the fact that sorafenib is a multikinase inhibitor and its clinical
activity is generally attributed to off-target inhibition. The use of the current clinically
available BRAF inhibitors (vemurafenib, dabrafenib and encorafenib) is FDA approved for
BRAFV600E-mutant metastatic melanoma but not for RAS-mutant tumors. BRAFV600E
oncoprotein signals as a monomer and current BRAF inhibitors target and inhibit BRAF
monomers. However, this selectivity limits their effectiveness in RAS-driven tumors, where
RAFs (BRAF and CRAF) signal as dimers [18]. Additionally, in RAS-mutant tumors these
RAF inhibitors promote paradoxical activation of the mitogen-activated protein kinase
(MAPK) signaling by inducing wild-type RAF dimerization [19]. Next-generation RAF
inhibitors that inhibit both dimers and monomers are currently in clinical development.
These RAF inhibitors induce minimal paradoxical activation and show preclinical activity
in RAS-mutant tumors [18,20–22]. A clinical trial testing the efficacy of the next-generation
RAF inhibitor lilirafenib, including KRAS-mutant PDAC patients, reported stable disease as
best response [23]. Additionally, a second current clinical trial is assessing the combination
of lilirafenib with the MEK inhibitor mirdametinib in patients with advanced or refractory
solid tumors (Table 1). Another clinical trial is evaluating combined vemurafenib and
sorafenib treatment in individuals with KRAS-mutant PDAC who have progressed on
standard chemotherapy (Table 1).

Activating BRAF alterations make up approximately 30% of KRAS wild-type PDAC
and 2% of all PDAC cases [24]. These most commonly include substitutions in position
V600, most commonly BRAFV600E. BRAF mutations are mutually exclusive with KRAS
mutations and are typically associated with poor prognosis [25]. Multiple preclinical
BRAF-mutated models suggest that these alterations can be targeted with combination of
BRAF and MEK inhibitors [20,26,27]. Furthermore, BRAFV600E expression in a genetically
engineered mouse model of PDAC was sufficient to induce the formation of pancreatic
intraepithelial neoplasia lesions, revealing the central role of the RAF/MEK/ERK pathway
in PDAC tumorigenesis [3]. Additionally, in a patient-derived orthotopic mouse model
of PDAC, treatment with the MEK inhibitors trametinib or cobimetinib resulted in tumor
suppression [28]. Molecular targeting of BRAFV600E in KRAS wild-type PDAC, using
BRAF and MEK inhibitor, has been reported in several case reports in which patients
progressed after first lines of chemotherapy. A case report with a patient with BRAF-
mutant advanced PDAC reported objective tumor response to combined vemurafenib
plus trametinib treatment [29]. Li et al. reported a case of a patient with metastatic
BRAFV600E-mutant PDAC who achieved almost a complete response to dabrafenib plus
trametinib treatment. Notably, the patient was rechallenged successfully with the regimen
after relapse [30]. Two BRAF-mutant PDAC patients showed a significant reduction in
carbohydrate antigen 19-9 levels, a PDAC-associated tumor antigen, following co-treatment
with dabrafenib plus trametinib [31]. Wang et al. reported a partial response in the case

233



Int. J. Mol. Sci. 2024, 25, 1631

of advanced metastatic PDAC, after vemurafenib plus trametinib administration [32]. In
a recent case report, two patients with BRAFV600E-mutant PDAC exhibited a favorable
response to dabrafenib and trametinib co-treatment [33]. Ardalan et al. reported that the
addition of the MEK inhibitor cobimetinib to gemcitabine and nab-paclitaxel in BRAF-
mutant patients was followed by a complete response to therapy for 16 months [34].
Furthermore, a clinical trial is underway evaluating the combination of encorafenib with
the MEK inhibitor binimetinib in BRAFV600E-mutant PDAC patients (Table 1).

3.2.2. MEK Inhibition

Despite the promising preclinical evidence suggesting potent MAPK pathway inhi-
bition, using MEK inhibitors in PDAC, early clinical trials showed limited efficacy. MEK
inhibitors, trametinib or pimasertib, in combination with gemcitabine did not show any
benefit when compared with gemcitabine alone [35,36]. Of note, the combination of the
MEK inhibitor refametinib with gemcitabine was well tolerated and resulted in an objec-
tive response rate of 23%, with improved outcomes for KRAS wild-type patients [37]. In
contrast, the assessment of selumetinib versus chemotherapy with capecitabine or the dual
MEK and protein kinase B (AKT) kinase inhibition with selumetinib and the AKT inhibitor
MK-2206 versus oxaliplatin-5-flourouracil-based chemotherapy in patients with advanced
PDAC did not show any efficacy [38,39]. Another study on the combination of trametinib
with the mammalian target of rapamycin (mTOR) inhibitor everolimus showed modest
clinical efficacy, although it was unable to define optimal doses for the two compounds [40].
Moreover, when trametinib was combined with the CDK4/6 inhibitor ribociclib there was
no benefit, and the study was terminated [41]. Likewise, in a combination of binimetinib
with either the poly-adenosine diphosphate (ADP) ribose polymerase (PARP) inhibitor
talazoparib or the programmed death 1 (PD-1) ligand 1 (PD-L1) inhibitor avelumab in
patients with metastatic PDAC, no objective responses were observed [42]. Interestingly,
preclinical evidence suggests that pancreatic tumors with KRASG12R, the third most com-
mon KRAS mutation in PDAC (16%), are more sensitive to MEK or ERK inhibition [43].
This is supported by the documented clinical benefit for patients with KRASG12R-mutant
PDAC treated with MEK inhibitors [44,45]. More recently, a phase I clinical trial evaluated
ABM-168, a novel small-molecule, allosteric, highly selective MEK inhibitor in adults with
advanced solid tumors, including pancreatic carcinoma, who had confirmed RAS, RAF
or neurofibromatosis type 1 (NF-1) mutations (Table 1). Another ongoing clinical study is
testing the MEK inhibitor cobimetinib in combination with the enzyme calaspargase pegol-
mnkl (asparlas) that blocks the biosynthesis of the non-essential amino acid asparagine,
leading to starvation of cancer cells (Table 1) [46].

3.2.3. ERK Inhibition

The clinical development of ERK inhibitors raised the hope that direct ERK inhibition
could block the MAPK pathway oncogenic transcriptional output. However, early clinical
trials using ERK inhibitors against RAS-mutant tumors, including PDAC, were unsuccess-
ful [47,48]. In a recent study, ERK inhibition induced autophagy in KRAS-mutant PDAC
and the dual ERK and autophagy inhibition, using SCH772984 and hydrochloroquine,
respectively, resulted in enhanced anti-tumor activity in PDAC preclinical models [43,49].
Several clinical studies are testing the synergistic effect of combining hydroxychloroquine
with binimetinb, trametinib or the ERK inhibitor temuterkib (Table 1). Cyclin-dependent
kinase 4/6 (CDK4/6) is a downstream target of activated/phosphorylated ERK and there is
evidence for anti-tumor activity of the dual ERK and CDK4/6 inhibition, using ulixertinib
and palbociclib, respectively (Table 1) [50,51] (Figure 1).

3.3. RAF/MEK/ERK Pathway Regulator Inhibition
3.3.1. SHP2 Inhibition

The discovery of SHP2 inhibitors revealed the dependency of KRAS-mutant tumors
in SHP2 [52]. In addition, several studies demonstrated that SHP2 inhibition prevents the
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receptor tyrosine kinase (RTK)-mediated development of adaptive resistance caused by
MEK or BRAF inhibitors [53,54]. Accordingly, co-targeting SHP2 and MEK or ERK using
small-molecule inhibitors has been investigated preclinically, showing promising results
in various KRAS-mutant tumors, including PDAC [52–56]. In another strategy, SHP2
inhibitors are combined with the recently developed allele-specific KRASG12C inhibitors
to overcome the development of adaptive resistance mediated by wild-type RAS [57].
This approach has been evaluated by two clinical trials testing the combination of a SHP2
inhibitor with a KRASG12C inhibitor, TNO155 with MRTX849 and JAB-3312 with JAB-
21822, respectively, in KRASG12C-mutant patients with advanced solid tumors (Table 1).
Another aspect of SHP2 inhibition is its reported immunomodulatory function [58]. Based
on this evidence, the combination of SHP2 and KRASG12C inhibitors can promote anti-
tumor immunity by disrupting MAPK-activating signals from the tumor microenvironment
to cancer cells [59].

3.3.2. SOS1 Inhibition

In preclinical PDAC models, it has been shown that SOS1 is essential for the survival of
RAS-mutated cancer cells [60]. Small-molecule SOS1 inhibitors that disrupt the SOS1–RAS
interaction have been under development for the treatment of KRAS-mutated cancers.
Recently, a selective SOS1 inhibitor, BI-3406, has been reported to reduce GTP-bound RAS
levels and tumor growth across KRAS-driven cancer models [61,62]. Moreover, the com-
bined treatment of BI-3406 with trametinib resulted in sustained RAF/MEK/ERK pathway
inhibition and suppression of tumors in KRAS-mutated xenograft models, overcoming
pathway feedback reactivation [62]. The corresponding clinical compound BI-1701963 was
tested in a clinical trial for KRAS-mutated solid tumors, including PDAC, with preliminary
data demonstrating good tolerability and modest activity [63]. The current second phase of
the study is evaluating the effectiveness of the combination of BI-1701963 with trametinib
(Table 1).

3.4. KRAS Inhibition

Sotorasib is a first-in-class small-molecule inhibitor developed to selectively target
KRASG12C, providing evidence for in vivo activity [64]. Adagrasib, another KRASG12C
inhibitor, has shown clinical activity in KRASG12C-mutated tumors, including PDAC [65].
Both inhibitors, FDA-approved for KRASG12C-mutant non-small cell lung cancer (NSCLC),
trap KRASG12C in its inactive GDP-bound state and are now listed in the national compre-
hensive cancer network (NCCN) clinical practice guidelines as for additional KRASG12C-
mutant histologies, including pancreatic and colorectal cancers [66]. Another more potent
GDP-bound KRASG12C inhibitor, divarasib, in combination with various anti-cancer ther-
apies (Table 1), has shown promising clinical benefit in a small cohort of patients with
pancreatic adenocarcinoma harboring the KRASG12C mutation [67]. However, the low
prevalence of KRASG12C mutation in PDAC (1–2%) limits the applicability of this ap-
proach. Luckily, MRTX1133, a “game-changer” compound, has been developed selectively
targeting KRASG12D [68]. MRTX1133 is currently under clinical evaluation, while other
novel compounds targeting KRASG12D as well (HRS-4642, RMC-9805) are being assessed
in phase I clinical trials (Table 1). A novel non-covalent pan-KRAS inhibitor prevents the ac-
tivation of wild-type KRAS and a range of KRAS mutants, excluding G12R and Q61L/K/R
while sparing NRAS and HRAS isoforms (Kim). This pan-KRAS inhibitor showed preclin-
ical anti-tumor activity in various models, indicating broad therapeutic implications in
patients with KRAS-driven cancers, including pancreatic cancer [69]. ADT-007, another
pan-KRAS inhibitor, that inhibits GTP binding to both mutated and wild-type KRAS, blocks
oncogenic KRAS signaling and modulates T cell activation in preclinical PDAC in vitro
and in vivo models [70]. Recently, tricomplex inhibitors that target the active GTP-bound
state RAS(ON) for both mutant and wild-type RAS have shown promising results for
KRASG12V-mutant cancers [71]. The first in class of these inhibitors, RMC-6232, forms a
tricomplex with RAS(ON) and an abundant intracellular chaperon protein cyclophilin A,
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sterically inhibiting RAS binding to its effectors [72,73]. RMC-6232 is being assessed in a
phase I clinical trial for KRASG12-mutant tumors (Table 1) and appears effective against
KRAS position 12 (G12X) mutants, including G12D, G12V and G12R, inducing durable sup-
pression of the RAS pathway activation in preclinical cellular in vitro and in vivo xenograft
PDAC models [66,73].

3.5. Toxicity Challenges

As researchers explore the dynamic space of targeted therapy combinations in pan-
creatic cancer, the optimism of the recent advancements is tempered by the potential
for overlapping toxicities in regimens incorporating two inhibitors targeting within the
RAF/MEK/ERK pathway or combined with other targets, like in the case of dual inhibition
with afatinib and trametinib [74]. Targeting the upstream regulators of the RAF/MEK/ERK
pathway, SHP2 and SOS1, holds promise but at the same time raises concerns about unan-
ticipated on-target toxicities, as evidenced by clear dose-associated cytopenias [75,76]. The
clinical trial combining the KRASG12C inhibitor, sotorasib, with the anti-PD1 and anti-
PD-L1 monoclonal antibodies pembrolizumab and atezolizumab, respectively, revealed
increased liver toxicities [77]. The mechanisms driving these toxicities remain elusive,
prompting hypotheses ranging from enhanced immune-mediated effects triggered by
targeted therapies to potential off-target covalent protein–drug conjugates causing liver
damage, exacerbated by systemic immune activation. Interestingly, Genentech’s GDC-6036,
a KRASG12C inhibitor administered at lower doses, has shown reduced liver toxicities in
phase I testing, suggesting that dosage adjustments may play a crucial role in mitigating
adverse effects [78]. Preclinical studies of the RMC-6236 tricomplex have shown success in
inhibiting active RAS(ON), including cases of acquired resistance by KRASG12C inhibitors,
but the ubiquitous nature of cyclophilin A introduces uncertainties about the therapeutic
window and potential off-target activity [76,79]. Amidst the hope for breakthroughs in
treating pancreatic cancer, the toxicity challenges underscore the critical need for metic-
ulous exploration of treatment schedules, adjustments and a deep understanding of the
intricate interplay within the complex signaling pathways [76].

4. Discussion—Future Perspectives

The presence of KRAS mutations in pancreatic cancer has significant prognostic im-
plications, influencing both overall survival (OS) and treatment response. Patients with
KRAS-mutated PDAC generally exhibit a poorer prognosis [80]. Furthermore, recent find-
ings indicate distinct survival outcomes related to specific KRAS mutations. For instance,
patients with KRASG12D-mutated PDAC demonstrated a significantly shorter median
overall survival compared to those with KRASG12R mutations, indicating a prognostic
value for KRASG12D mutation [81,82]. Notably, the type of KRAS mutation may also
impact the response to first-line chemotherapy. Thus, FOLFIRINOX showed improved
survival in patients with KRASG12D and KRASG12V mutations, while the patients with
KRASG12C-mutated tumors exhibited longer overall survival when treated with gemc-
itabine plus nab-paclitaxel [83]. Additionally, the variant allele frequency (VAF) and allelic
imbalance of KRAS further contribute to prognosis. Higher KRAS VAF is associated with
shorter survival, and allelic imbalance, leading to increased mutant KRAS dosage, corre-
lates with a more aggressive clinical behavior [84,85]. Beyond KRAS, BRAF mutational
status seems to have prognostic value. In a case report, two PDAC patients who had not
responded to initial systemic chemotherapy, after identification of BRAFV600E mutation
through next generation sequencing, were treated with combined dabrafenib and trame-
tinib and sustained a favorable response [33]. These findings underscore the importance of
molecular profiling, specifically KRAS mutation characterization, in guiding prognosis and
tailoring therapeutic strategies for pancreatic cancer patients.

The omnipresent KRAS mutation in PDAC and the progress in drug development of
small-molecule inhibitors led the early therapeutic efforts targeting the main components
downstream of the RAF/MEK/ERK pathway. Although preclinical studies demonstrated
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promising findings, the clinical attempts were unsuccessful due to low efficacy and dose-
limiting toxicities [86]. However, when a precision medicine approach was followed the
paradigm was shifted. Case reports indicate benefits when the BRAF mutational sta-
tus was confirmed, in a wild-type KRAS context, before therapeutic intervention [29–34].
Pharmacological targeting of the canonical components of RAF/MEK/ERK signaling in
RAS-dependent tumors is often limited by the development of adaptive resistance, which
is usually mediated by feedback activation of RTK signaling, resulting in reactivation
of the RAF/MEK/ERK pathway activity [53]. Thus, the strategy of targeting additional
effectors downstream of RTKs and upstream of RAS, such as SHP2 and SOS1, is attractive.
Therapies that directly target the mutated components of the pathway such as KRAS or
BRAF could be combined with inhibitors against upstream regulators such as SHP2 and
SOS1 and downstream pathway components such as MEK or ERK for a sustained inhi-
bition (Table 1). The concept of dual pathway inhibition has been successfully tested in
the case of BRAFV600E-mutated melanoma, where vertical double BRAF/MEK inhibition
has gained FDA approval. Furthermore, in the context of BRAFV600E-mutant tumors
there is evidence for effectiveness of a triple inhibitory strategy within the RAF/MEK/ERK
pathway [87]. A recent clinical trial, based on promising preclinical data, tested the com-
bination of avutometinib, a first-in-class RAF/MEK clamp and a compound designed
to inhibit MEK and block RAF-mediated phosphorylation of MEK in combination with
the focal adhesion kinase (FAK) inhibitor defactinib (Table 1, Figure 1). The recent ap-
proval of the KRASG12C inhibitor sotorasib for KRASG12C-mutated non-small cell lung
cancer (NSCLC) allowed the enrolment of low-frequency KRASG12C-PDAC cases in clin-
ical trials for evaluation (Table 1). Currently, direct inhibition of mutant RAS through
allele-specific inhibitors provides a therapeutic opportunity. Interestingly, inhibition of
KRASG12D, using MRTX1133, in immunocompetent PDAC models resulted in tumor
suppression by increasing tumor-associated macrophages (TAMs) and tumor-infiltrating
cytotoxic T cells [88]. This argues that KRASG12D inhibition has a potential immunomodu-
latory function, which may be beneficial especially for patients with pancreatic cancer, an
immunologically “cold” malignancy.

5. Conclusions

Despite the progress in drug discovery, there is an additional need to develop
novel, more potent and broader RAF/MEK/ERK pathway inhibitors, including KRAS-
mutant inhibitors, for improved tailored targeted therapy [89]. Developing effective
and mechanism-based combination therapy regimens is essential to maximizing the ef-
ficacy of RAF/MEK/ERK pathway inhibition, which holds great promise for pancreatic
cancer control.
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