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Nowhere is the explosion in comprehensive genomic testing more evident than in
oncology. Multiple consensus guidelines now recommend molecular testing as part of the
standard of care for most metastatic tumors. To aid in the advancement of this rapidly
changing field, we intended this Special Issue of JPM to focus on technical developments
in the genomic profiling of cancer, detail promising somatic alterations that either are, or
have a high likelihood of being, relevant in the near future, and to address issues related to
the pricing and value of these tests.

The last few years have seen the cost of molecular testing decrease by orders of mag-
nitude. In 2018, we saw the first “site-agnostic” drug approvals in cancer (for microsatellite
unstable cancer (PD-1 inhibitors) and NTRK-fusions (TRK inhibitors)). This has recently
been followed by pan-tumor approvals for tumors that have a high tumor mutational
burden. Research on targetable mutations, determination of genetic “signatures” that can
use multiple individual genes/pathways, development of targeted therapy, and insight
into the value of new technology remains at the cutting edge of research in this field. In this
Special Issue of JPM we solicited papers that present new technologies to assess predictive
biomarkers in cancer, conducted original research (pre-clinical or clinical) that demonstrates
promise for particular targeted therapies in cancer, and articles that explore the clinical and
financial impacts of this paradigmatic shift in cancer diagnostics and treatment.

In this issue, four review articles and a commentary present great depth in biomarker
testing both in the clinic as well as in early science.

Two papers discuss the role of tumor biomarkers in the diagnosis and treatment of
various malignancies. Stein et al. present a comprehensive review of the molecular and
immunologic biomarkers that have led to approvals in more than one malignancy [1]. With
a focus on US-FDA approvals as well as studies leading to those approvals, the paper
serves as an overview of patient-directed therapy based upon these markers. This paper
also performs a deep dive into molecular and genomic biomarkers specifically in metastatic
non-small-cell lung cancer; a cancer for which over 50% of cases have a targetable molecular
alteration. Miron et al. [2] perform a deep dive into renal cell cancer—another malignancy
with genomic and molecular alterations that predispose to response in for both immune
therapy and targeted therapy. The authors particularly discuss the development and
discovery of these markers and how they are used in a real-world setting.

In addition to these clinical reviews, Cortesi and colleagues provide commentary on
the role of on relatively uncommon germline mutations that effect homologous recombina-
tion repair (HRR), such as PALB2, CHEK2, ATM, and others [3]. The authors propose that
the presence of homologous repair deficiency can often serve as a positive prognostic factor,
but that the prediction of whether tumors associated with these genes respond to PARP
inhibitor therapy depends on the gene and on the penetrance. The authors assert that tests
that can reveal the presence of all HRR genes should be part of a standard germline panel,
rather than just focusing on BRCA1 and 2.

In the basic-science realm, Dr. Tachiro Goto presents a review paper describing the
role of patient-derived xenografts (PDX) in precision oncology [4]. The paper describes
the preparation of PDX and the grafting of human tumor tissue into nude mice as well as
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much of the current advancement of the field using this model. Due to the preservation of
tumor heterogeneity as well as the tumor microenvironment, the paper predicts the use of
these relatively novel pre-clinical approaches to biomarker driven testing and therapeutics.

Finally, Dr. Loredana Marcu proposes a different type of biomarker useful in diag-
nosis and prediction of response or progression in lung cancer [5]. By focusing on the
development of imaging-based radiologic biomarkers, the paper paves the way for person-
alized oncology focused not only on tumor-based genomic alterations, but on the ability of
advanced imaging to discover the presence of pathological findings such as the presence of
cancer-stem cells, apoptosis, and circulating tumor cells as well as the ability to determine
proliferation kinetics.

With the context provided by these reviews and commentaries, intriguing original
research is presented in this Special Issue that explores the role of novel biomarkers in
specific cancer types, explores demographic “biomarkers” as keys to response to therapy,
and details results of operational tests and processes that serve to integrate precision
oncology into the clinic.

Two of the original research pieces look specifically at novel biomarkers in gastroin-
testinal cancers. Rios-Arrabal and colleagues present the role of heme oxygenase-1 (HO-1)
as a marker of “stemness” in colorectal cancer [6]. The authors found that HO-1 over-
expression is commonly co-expressed with endothelin converting enzyme-1, and that
resistance was unrelated to the presence or absence of p53 (a poor prognosis tumor marker).
Further exploration led to the conclusion that HO-1 based-therapies could be developed
and preferentially used in patients with expression of these markers.

Branchi et al. explored tissue samples obtained from 27 patients with biliary tract
adenocarcinomas and assessed them for the presence and density of tumor infiltrating
lymphocytes (TIL) [7]. It was found that those cancers with high TIL density exhibited
an overall survival almost twice as long as those with low density of TIL. As such, they
propose that TIL density could serve as a potential clinical biomarker for prognosis in
biliary tract cancer and suggest that this difference shows that there is a key regulator role
in the immune landscape in this cancer type.

In ovarian cancer, Ulm and colleagues explore the potential role of integrin associated
kinase as a biomarker in this malignancy [8]. Ovarian cancer tissue samples were pair-
matched to normal adjacent ovarian tissue from 24 patients and tissue microarray was
used to compare gene expression profiles which then led to the identification of molecular
pathways for further analysis. Integrin-linked kinase (ILK) emerged as a commonly
upregulated pathway in ovarian cancer, and it was shown to be a driver of malignancy. An
ILK-1 chemical inhibitor had positive results against ILK-1 expressing tumors in xenograft
models. These may serve as initial findings to justify the development of ILK-1 directed
therapies in this malignancy.

While precision medicine is usually targeting molecular alterations, it is important to
recognize that virtually any clinical, laboratory, or patient-reported factors may potentially
serve as markers predicting for various outcomes in cancer. In this issue, Kim et al.
present a retrospective study of 97 patients who received the chemotherapeutic regimen
FOLFIRINOX for pancreatic cancer [9]. The authors demonstrated better outcomes for
women than for men on this regimen, including a trend for improved progression-free-
survival and significantly better overall survival, despite a higher median age of women as
compared to men. There are of course limitations on the interpretability of this study, but
it is an important step to use real-world data to identify not only molecular markers, but
demographic markers as well to guide therapy in cancer.

Just as identification of biomarkers in the lab and in clinical trials is important in
precision oncology, the integration of these findings into clinical practice is equally, if
not more, essential. Taghizadeh and colleagues describe how their real-world precision
medicine platform MONDTI (molecular oncologic diagnostics and therapy) at the Medical
University of Vienna was able to identify patients with actionable molecular alterations [10].
The group used standard multi-gene next generation sequencing panels and immunohisto-

2



J. Pers. Med. 2021, 11, 632

chemistry and utilized a multidisciplinary team meeting held every other week that made
recommendations for off-label use based on levels of evidence. In this retrospective study
the authors evaluated what demographic or disease state characteristics were more or less
likely to result in recommendations for targeted therapy among the almost 600 patients
who went through the MONDTI system. They found that certain types of malignancies
were more likely to result in recommendations, that certain genomic alterations were
more likely to result in recommendations, and that male gender was more likely to result
in recommendations.

A similar article by me and my colleagues described the implementation of a molecular
tumor board in a community oncology setting [11]. Rather than focusing on characteristics
associated with recommendations, we focused on the types of recommendations made and
whether or not the recommendations were followed. Among 613 patients reviewed by the
bi-weekly molecular tumor board, 37% of patients had standard therapy recommended,
31% had a recommendation to go onto a clinical trial, germline testing was recommended in
17% of patients, and off-label therapy was recommended in only 10%. Follow-through with
recommendations depended on the type of recommendation. Only 13% of those for whom
a trial was recommended were able to go onto a study. Standard therapy recommendations
were followed almost 80% of the time, while germline testing recommendations were only
followed in about a third of patients.

The opportunity to dedicate an entire issue to precision oncology is important. The
articles in this issue represent the breadth of what is being done regarding discovery,
development, measurement, and integration of precision oncology in patients. While
the field has truly blossomed in the last decade, significant work remains to be done.
Each of the articles in this Special Issue captures an important piece of the genomic and
personalized oncology puzzle. Though some of the puzzle has been solved, what remains
will provide us with mysteries to solve for years to come.

Conflicts of Interest: The author has received research support from Amgen, is a consultant for
Bristol-Myers Squibb and Elsevier, and participates in advisory boards for Roche/Genentech, Mirati,
and Bristol-Myers Squibb.
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Abstract: Precision medicine is essential for the modern care of a patient with cancer. Comprehensive
molecular profiling of the tumor itself is necessary to determine the presence or absence of certain
targetable abnormalities or biomarkers. In particular, lung cancer is a disease for which targetable
genomic alterations will soon guide therapy in the majority of cases. In this comprehensive review
of solid tumor-based biomarkers, we describe the genomic alterations for which targeted agents
have been approved by the United States Food and Drug Administration (FDA). While focusing on
alterations leading to approvals in a tumor-agnostic fashion (MSI-h, TMB-h, NTRK) and on those
alterations with approvals in multiple malignancies (BRAF, ERBB2, RET, BRCA, PD-L1), we also
describe several biomarkers or indications that are likely to lead to an approved drug in the near
future (e.g., KRAS G12C, PD-L1 amplification, HER2 overexpression in colon cancer, HER2 mutations
in lung cancer). Finally, we detail the current landscape of additional actionable alterations (EGFR,
ALK, ROS1, MET) in lung cancer, a biomarker-rich malignancy that has greatly benefitted from the
precision oncology revolution.

Keywords: cancer; next-generation sequencing; targeted therapy; precision oncology; tumor-agnostic
indications; solid tumors; tumor markers; FDA-approved therapeutics

1. Introduction

Precision medicine, defined as supplying the right treatment to the right patient at
the right time, has become an essential element of cancer care, Taking advantage of novel
technologies developed following sequencing of the human genome approximately twenty
years ago, precision oncology leverages a tumor’s molecular features with available and
novel therapeutics [1–4]. Prior to the advancement of comprehensive tumor profiling,
successful implementation of a precision oncology approach included tyrosine kinase
inhibitors (TKIs) imatinib for breakpoint cluster region-Abelson (BCR-ABL)-rearranged
chronic myeloid leukemia [5] and trastuzumab for human epidermal growth factor 2
(HER2) immunohistochemistry (IHC) overexpressed or amplified breast cancer [6,7].

Currently, molecular profiling is available to comprehensively characterize a patient’s
tumor within as few as two weeks and includes interrogation of anywhere from hundreds
of genes to the whole exome for mutations, insertions, deletions or copy-number alterations
via next-generation sequencing (NGS), gene fusions with RNA sequencing and various
protein changes with IHC. The goal of such extensive testing is to unveil the genomic
makeup of a patient’s tumor, which can inform the most effective therapeutic approach.
Oftentimes, this must be coupled with the malignancy’s site-of-origin and histologic
features; however, precision treatment strategies are increasingly being employed in a
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tissue-agnostic fashion through a growing list of pan-tumor United States Food and Drug
Administration (FDA) approvals, clinical trials and off-label use when a molecular approach
can be justified (e.g., through a tumor board consensus) [8].

In this review, we will outline progress in precision medicine in oncology, with an aim
to summarize the current landscape of FDA-approved therapies based upon predictive
molecular biomarkers in solid tumors, focusing on those markers that determine thera-
peutic options in more than one malignancy type. As will be seen, several pan-tumor and
multi-tumor FDA approvals exist for both tumors with alterations expressing sensitivity to
targeted agents (including TKIs and antibody-drug conjugates (ADCs)) as well as immune
checkpoint inhibitors (ICIs). The full extent of molecular targets in cancer cannot be com-
pletely summarized in a single paper, and we will concentrate on those findings deemed
DNA-based alterations by most NGS vendors.

We will conclude by switching from biomarker to malignancy, detailing present
treatment options available for non-small cell lung cancer (NSCLC). NSCLC serves as a
model for precision oncology where patients can benefit substantially from employment of
molecular profiling.

2. Molecular Alterations with Approvals Regardless of Tumor-Site

To date, three molecular targets (microsatellite instability-high (MSI-H) or mismatch
repair deficient (MSI-H/dMMR), neurotrophic tropomyosin-related kinase (NTRK1/2/3)
fusions or high tumor mutational burden (TMB-H)), have led to four site- or tumor-agnostic
approvals by the FDA. These biomarkers and drugs with corresponding FDA approvals
are listed in the first part of Table 1.

Table 1. Molecular alterations guiding therapy with agents approved in multiple tumor types.

Alteration(s) Indication Line of Therapy Medications Drug Class FDA Approval Date

MSI-h/
dMMR

Any tumor type >2nd line
metastatic Pembrolizumab PD-1 mAb 23 May 2017 [9]

Colorectal cancer

2nd line metastatic Nivolumab PD-1 mAb 31 July 2017 [10]

2nd line metastatic Ipilimumab +
Nivolumab

CTLA-4 mAb +
PD-1 mAb 10 July 2018 [11]

1st line metastatic Pembrolizumab PD-1 mAb 29 June 2020 [12]

Endometrial
cancer

Progression after
platinum Dostarlimab PD-1 mAb 22 April 2021 [13]

TMB-h
(>10 mut/Mb) Any tumor type >2nd line

metastatic Pembrolizumab PD-1 mAb 16 June 2020 [14]

NTRK fusions Any tumor type Any line
Larotrectinib Trk inhibitor 26 November 2018 [15]

Entrectinib Trk inhibitor 15 August 2019 [16]

BRAF V600 mt Melanoma
Any metastatic line

Vemurafenib 1 BRAF inhibitor 17 August 2011 [17]

Dabrafenib 1 BRAF inhibitor 29 May 2013 [18]

Trametinib 1 MEK inhibitor 29 May 2013 [18]

Vemurafenib +
Cobimetinib BRAF + MEK 10 November 2015 [19]

Dabrafenib +
Trametinib BRAF + MEK 9 January 2014 [20]

Encorafenib +
Binimetinib BRAF + MEK 27 June 2018 [21]

Adjuvant Dabrafenib +
Trametinib BRAF + MEK 30 April 2018 [22]
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Table 1. Cont.

Alteration(s) Indication Line of Therapy Medications Drug Class FDA Approval Date

1st line
Atezolizumab,

Vemurafenib and
Cobimetinib

PD-L1 + BRAF +
MEK 30 July 2020 [23]

NSCLC 2nd line Dabrafenib +
Trametinib BRAF + MEK 22 June 2017 [24]

Anaplastic thyroid Any line Dabrafenib +
trametinib BRAF + MEK 4 May 2018 [25]

Colorectal 2nd line Encorafenib +
cetuximab

BRAF inh +
EGFR mAb 8 April 2020 [26]

HER2 (ERBB2)
overexpression

Breast 2

Neoadjuvant,
adjuvant or
metastatic

Trastuzumab Anti HER2 mAb 25 September 1998 [27]

Pertuzumab Anti HER2 mAb 8 June 2012 [28]

Adjuvant or
metastatic

Ado-trastuzumab
emtansine
(TDM-1)

Antibody drug
conjugate 22 February 2013 [29]

Neratinib Small molecule 17 July 2017 [30]

Metastatic

Fam-trastuzumab
deruxtecan

Antibody drug
conjugate 20 December 2019 [31]

Lapatinib Small molecule 13 March 2007 [32]

Tucatinib Small molecule 17 April 2020 [33]

Gastric/GEJ 1st line metastatic

Trastuzumab Anti HER2 mAb 20 October 2010 [34]

Fam-trastuzumab
deruxtecan

Antibody drug
conjugate 15 Januray 2021 [35]

RET alterations

Medullary thyroid
cancer

(RET-mutated)
Metastatic Selpercatinib

Small molecule
RET inhibitor

8 May 2020 [36]

Any thyroid cancer
(RET fusion) Metastatic Selpercatinib 8 May 2020 [36]

NSCLC (RET
fusion) Metastatic

Selpercatinib 8 May 2020 [36]

Pralsetinib 4 September 2020 [37]

DNA repair
deficiency

(Either BRCA1/2
somatic mutations,
BRCA1/2 germline

mutations,
homologous repair
deficiency (HRD)

or homologous
recombination

repair mutations
(HRR)

Ovarian cancer 1st line or late-line
maintenance

Olaparib
(BRCA germline,
somatic or HRD)

PARP inhibitor
19 December 2018

(BRCA), 8 May 2020
(HRD) [38]

Rucaparib (initially
for BRCA

mutation, now
regardless of

biomarker status)

PARP inhibitor

19 December 2016
(BRCA) [39] 6 April
2018 (regardless of

biomarker) [40]

Niraparib
(regardless of

biomarker status
for maintenance,

late line for HRD)

PARP inhibitor

27 March 2017
(regardless of

biomarker) [41]
10/23/2019 (HRD)

[42]

Breast cancer >2nd line
metastatic

Olaparib
(BRCA germline

only)
PARP inhibitor 12 January 2018 [43]

Talazoparib (BRCA
germline only) PARP inhibitor 16 October 2018 [44]
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Table 1. Cont.

Alteration(s) Indication Line of Therapy Medications Drug Class FDA Approval Date

Pancreatic cancer Metastatic
maintenance

Olaparib
(BRCA germline

only)
PARP inhibitor 30 December 2019 [45]

Prostate cancer Metastatic

Rucaparib
(BRCA germline or

somatic)
PARP inhibitor 15 May 2020 [46]

Olaparib
(HRR germline or

somatic)
PARP inhibitor 19 May 2020 [47]

1 No longer preferred as single agents in this disease. 2 Many HER2 agents may be used in combination with other HER2 agents or with
chemotherapy, depending on the indication. Approvals given for HER2 agents are for the first approval of each drug.

2.1. MSI-h/dMMR

The first of these approvals occurred on 23 May 2017 when pembrolizumab, an
ICI whose activity lies in the inhibition of programmed cell death protein 1 (PD-1), was
approved for second-line or later treatment of metastatic or unresectable solid tumors in
pediatric and adult patients found to be MSI-H/dMMR [9]. The basis of the approval was
from 149 MSI-H/dMMR patients spanning five uncontrolled, multi-cohort, multicenter,
single-arm clinical trials (KEYNOTE-012, -016, -028, -158 and -164) [9,48–51], where the
overall response rate (ORR) was 40% (95% confidence interval (CI): 31.7, 47.9) and responses
lasted for >6 months in 78% of responders. In this cohort, 90/149 (60%) of patients had
colorectal cancer, for which prior treatment with a fluoropyrimidine, oxaliplatin and
irinotecan was required; 14 other tumor types were evaluated leading up to the 2017
FDA approval.

Several other ICI agents are FDA approved for MSI-H/dMMR colorectal cancer pa-
tients. These include nivolumab following treatment with a fluoropyrimidine, oxaliplatin
and irinotecan (July 2017; CheckMate 142) [52]; nivolumab and ipilimumab after a fluoropy-
rimidine, oxaliplatin and irinotecan (July 2018; CheckMate 142) [53]; and pembrolizumab
as the first frontline approval in MSI-H/dMMR colorectal cancer (June 2020; KEYNOTE-
177) [54]. While the tumor site-agnostic approval was groundbreaking, recently published
data from KEYNOTE-158 showed a wide range of response rates to pembrolizumab in this
setting based on primary tumor site [51], with the highest responses seen in endometrial
cancer (57%) and the lowest with pancreatic (18%) and central nervous system (0%) malig-
nancies. While larger cohorts and further study is needed into the molecular mechanisms of
response [55], these findings suggest the site-agnostic model of ICI use should be evaluated
thoughtfully in these and other MSI-H/dMMR solid tumors when other treatment options
exist [56].

2.2. NTRK1/2/3 Fusions

NRTK fusions occur in <0.5% of all cancer types, but are enhanced in some rare can-
cers or those with atypical histology, including salivary carcinoma (5%), thyroid (2%),
sarcoma (including uterine, 1%) and possibly glioblastoma multiforme (<1%) [57]. The
FDA approved larotrectinib [15] on 26 November 2018 and entrectinib [16] on 15 August
2019 for adult and pediatric solid tumor patients whose metastatic or unresectable tumors
do not contain a resistance mutation to either agent at the start of treatment. Approval of
larotrectinib was based upon the efficacy observed in the first 55 patients of three multicen-
ter, open-label, single-arm clinical trials (LOXO-TRK-14001, SCOUT, NAVIGATE), where
Drilon et al. reported a response rate of 75%, which was ongoing in 71% of responders at
one year [58]. Comprising a cohort of 17 different tumor types, patients harboring a TRK
fusion and treated with larotrectinib primarily had grade 1 toxicities including increased
liver enzymes, fatigue, nausea, vomiting and anemia. In a recent pooled analysis of a
larger cohort from the same three trials, an ORR was found to be 79% for 153 evaluable
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patients, with 16% complete responses and a median duration of response of over 35
months [59]. Additionally, long-term toxicity data showed the safety of larotrectinib with
no treatment-related deaths observed and the most frequent grade 3 or 4 toxicities were
increased alanine aminotransferase levels (3%), neutropenia (2%) and anemia (2%).

The efficacy of entrectinib for patients with advanced solid tumors with NTRK fusions
was likewise recently described in a combined analysis from three ongoing phase 1 and
2 clinical trials (ALKA-372-001, STARTRK-1 and STARTRK-2). Doebele and colleagues
described a 57% response rate with a median duration of 10 months in a cohort of 54 patients
(>60 had received prior systemic therapy) comprising 19 different histologies [60]. It should
also be noted that in addition to activity against NTRK fusions, entrectinib is also FDA
approved for the treatment of ROS proto-oncogene 1 (ROS1) rearranged NSCLC.

The robust efficacy of larotrectinib and entrectinib with a tolerable safety profile makes
both agents attractive for NTRK fusion-positive metastatic cancer patients. Upon progres-
sion, molecular profiling should be repeated to assess for resistance mechanisms, as NTRK
kinase domain mutations (involving solvent front, gatekeeper residue or xDFG motif)
or off-target mutations (including Kirsten rat sarcoma viral oncogene homolog (KRAS)
mutations, mesenchymal-epithelial transition (MET) amplifications and serine-threonine
protein kinase B-RAF (BRAF) V600E mutations) can inform the next systemic approach [61].
If progression is restricted to a limited number of sites (termed oligometastatic), local
therapy with continued NTRK inhibition can be pursued. However, if extensive progres-
sion occurs and NTRK resistance mutations are identified, next-generation TKIs repotrec-
tinib [62,63] and seltrectinib [64] are currently being evaluated and show preliminary
efficacy in this setting.

2.3. Tumor Mutational Burden

On 16 June 2020, the FDA approved pembrolizumab for its second tumor site-agnostic
indication. Specifically, pembrolizumab can be considered following progression on an-
other treatment for all metastatic or unresectable adult and pediatric solid tumor pa-
tients found to have high tumor mutational burden (TMB-H), defined as ≥10 muta-
tions/megabase (mut/Mb). As a part of this approval, the FoundationOne CDx assay
(Foundation Medicine, Cambridge, MA, USA) was authorized as a companion diagnostic
for tissue TMB evaluation [14]. The approval was based upon recently published prospec-
tive data from 10 treatment-refractory cohorts in the phase 2 KEYNOTE-158 trial, which
showed an ORR of 29% of 102 TMB-H patients to pembrolizumab, compared to 6% of
those with TMB <10 mut/Mb [65].

The pan-tumor approval for TMB-H has been controversial in the oncology commu-
nity. On one hand, some point to potential flaws in the study including a perceived arbitrary
TMB cutoff of 10 mut/Mb, the lack of a control arm in KEYNOTE-158 and the composition
of tumor types included in the 102 TMB-H patients (i.e., >60% were small cell lung, en-
dometrial and cervical, which already have ICIs approved in some capacity; less commonly
enrolled tumor types need a higher sample size to determine efficacy) [66]. To this end,
McGrail and colleagues recently published retrospective data from The Cancer Genome
Atlas (TCGA) which suggests a blanket TMB cutoff of 10 mut/Mb for pembrolizumab
us may not be applicable in all solid tumor types. The authors first divided solid tumor
patients into two categories, those with a positive versus no correlation between CD8
T-cell levels and neoantigen load, a term referring to the presumption that higher amounts
of tumor mutations lead to certain antigen peptides which in turn activate the immune
system. While TMB-H predicted a response to ICI in those with a correlation between CD8
T-cells and neoadjuvant load (e.g., melanoma, bladder and lung cancer), this benefit was
not seen in those tumor types where no such correlation was seen (e.g., breast, prostate,
glioma). In fact, the ORR for TMB-H patients in this latter subgroup was <20%, and TMB-H
patients were actually found to have a lower ORR than those with low TMB (odds ratio
(OR) = 0.46, 95% CI 0.24–0.88, p = 0.02) [67].
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In contrast, advocates of utilizing TMB-H such as Subbiah and colleagues cite the
durability of responses seen in KEYNOTE-158 (approximately half were for at least two
years), the resultant expansion of genomic profiling to include rare tumors, improvement
of pembrolizumab reimbursement and access given FDA approval, access for minority
and underserved populations and overall enabling of patients and physicians to make
informed clinical decisions [68]. As the careful use of TMB-H makes its way to the clinic,
emerging co-occurring biomarkers, such as mutations in DNA polymerase epsilon (POLE)
and delta 1 (POLD1) may help predict survival with ICI use [69], though no FDA approvals
have yet been based on these alterations.

2.4. On the Horizon: PD-L1 Amplification

While requiring further study, additional biomarkers obtained from comprehensive
molecular profiling may eventually be considered for predictive pan-tumor use. One such
biomarker includes amplification of PD-L1 (or CD274), which Goodman et al. identified
in 0.7% of 118,000 profiled solid tumor patients and may predict efficacy to ICI [70]. This
is in contrast to PD-L1 expression measured using immunohistochemistry, which is both
more common and less predictive (see PD-L1 section below). With only limited published
case reports or series to date [71–73], there does appear to be a histologic-dependent
range in frequency of PD-L1 amplifications with increased incidence in uncommon tumor
types including bladder squamous cell, renal sarcomatoid, liver mixed hepatocellular and
anaplastic thyroid carcinoma (all >5%) [70].

3. Molecular Alterations with Approvals in Multiple Tumor Types

While not approved in a site-agnostic fashion, a growing compendium of molecular
biomarkers are susceptible to precision oncology therapies with FDA approval in more
than one tumor type. The latter part of Table 1 provides a summary of the agents which
are discussed below.

3.1. BRAF V600 Mutations

3.1.1. Melanoma

Mutations in the 600th amino acid position of BRAF activate the mitogen-activated
protein (MAP) kinase pathway, leading to cancer cell growth and proliferation. These
lesions, predominantly V600E or V600K, can be identified in multiple solid tumors using
NGS or other sequencing panels and are targetable. The prototype for targeting BRAF
V600 lesions is cutaneous melanoma, where BRAF mutations occur in 40–60% and the
single-agent selective BRAF-inhibitor, vemurafenib, was approved a decade ago [74].
Shortly following the FDA approval of vemurafenib, the single-agent BRAF-inhibitor
dabrafenib [75] and the single-agent mitogen-activated protein kinase (MEK)-inhibitor
trametinib [76] likewise showed activity, including activity against brain metastases in the
case of dabrafenib [77], and both received approval in 2013. Due to the superior efficacy of
alternative combination regimens and ICIs (see below), single-agent BRAF inhibition is
currently given only if other agents are contraindicated while trametinib monotherapy is
no longer recommended in BRAF mutant melanoma.

Predictable resistance to single-agent BRAF V600 inhibitors occurs through various
means of reactivation of the MAP kinase pathway including paradoxical activation of
downstream MEK [78]. Therefore, dual pathway blockade with both a BRAF and a MEK
inhibitor has since become the predominant targeted approach to BRAF-mutant melanoma.
First-line phase 3 trials comparing BRAF/MEK combinations to single-agent targeted
therapy have shown an overall survival (OS) advantage for dual therapy and have led to
the FDA approvals of dabrafenib and trametinib in 2014 (COMBI-d, COMBI-v) [79–83],
vemurafenib and cobimetinib in 2015 (CO-BRIM) [84,85] and encorafenib and binimetinib
in 2018 (COLUMBUS) [86–88]. For example, long-term follow-up of encorafenib and
binimetinib showed a 34-month median OS with this combination versus 17 months with
vemurafenib, amounting to a 39% decreased risk of death (HR 0.61; 95% CI, 0.48–0.79) [88].
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While all three combinations are FDA approved and have ORRs of approximately 60–70%
(vs. 50% for single-agent), median PFS of 11–15 months (vs. 7–10 months), the combination
of encorafenib and binimetinib may be more tolerable with reduced pyrexia, fatigue and
other symptoms [89].

It should also be noted that dabrafenib and trametinib were FDA approved in 2018 for
the adjuvant treatment of BRAF V600E or V600K mutations following resection, which was
based upon the COMBI-AD phase 3 study [90]. This represents one of the first approvals
of a targeted agent for early-stage disease following surgery (with the exception of HER2
therapy for breast cancer; see below). Recently, Dummer et al. showed 5-year follow-
up data, noting a 49% reduction for relapse or death for patients treated with planned
12 months of adjuvant dabrafenib and trametinib versus placebo [91].

Advances in targeted therapy for BRAF-mutated melanoma occurred at the same time
as the development of ICI. In light of this, several additional points should be made in
the management of BRAF-mutant melanoma. First, while BRAF V600 mutations predict
response to targeted therapy, patients are also eligible to receive ICI in either the adju-
vant [92,93] or metastatic [94–98] setting regardless of BRAF mutation status. Additionally,
the IMspire150 trial was recently published, leading to the approval of the combination
of agent atezolizumab (anti-PD-L1) and the BRAF/MEK inhibitors vemurafenib and co-
bimetinib in first-line metastatic disease [99]. The decision of whether to treat metastatic
patients with ICIs, anti-BRAF/MEK agents or a combination of the two is not standardized,
but involves shared-decision making with the patient and considerations such as toxicity
differences, disease aggressiveness and pace, metastatic distribution including brain metas-
tases, lactate dehydrogenase level and other clinical factors. Finally, it should be noted
that only appropriate BRAF mutations (namely V600, with rare exceptions) are selected for
targeted therapy, as utilization of BRAF/MEK inhibitors for certain non-V600 (e.g., K601E)
lesions can paradoxically activate the MAP kinase pathway and possibly result in poor
outcomes [100–102].

3.1.2. Lung Cancer

In June 2017, the FDA approved the combination of dabrafenib and trametinib for
metastatic NSCLC patients harboring BRAF V600E mutations based upon the international,
multicenter, three-cohort, non-randomized, open-label BRF113928 trial [103–105]. Overall,
93 metastatic NSCLC patients were treated, with 36 receiving no prior therapy. Previously
untreated patients showed an ORR of 64% with the majority partial responses; 69% had
at least one grade 3–4 adverse event, including pyrexia, hypertension, increase in alanine
aminotransferase and vomiting [105]. Subsequent molecular profiling of new tissue or
liquid samples after progression has been described to show resistance mechanisms in
MAP kinase signaling, such as MEK, KRAS and NRAS mutations [106].

3.1.3. Thyroid Cancer

BRAF V600E mutations are frequent in differentiated thyroid cancer, occurring in
almost 50% of papillary disease and associated with poor prognosis, especially when
co-occurring with TERT promoter mutations [107,108]. For metastatic differentiated thy-
roid cancer patients harboring BRAF V600E mutations who are refractory to radioactive
iodine, targeted therapy with BRAF-inhibitors dabrafenib or vemurafenib can be consid-
ered [109,110]. Anaplastic thyroid carcinoma is typically highly aggressive with a 1-year
survival of roughly 20% [111]. Harboring BRAF V600 mutations in roughly 20–50% [112],
Subbiah et al. showed a promising ORR of 69% (11 of 16) with dabrafenib and tram-
etinib [113], ultimately leading to FDA approval of this BRAF/MEK combination for
unresectable anaplastic thyroid carcinoma in 2018.

3.1.4. Colorectal Cancer

Finally, on 8 April 2020, the FDA approved the doublet encorafenib and cetuximab
for metastatic colorectal cancer containing a BRAF V600E mutation after receipt of prior
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therapy [114]. The approval was based on data from the randomized, phase 3 BEACON
CRC trial, where both the triplet (encorafenib, cetuximab and MEK inhibitor binimetinib)
and doublet (encorafenib plus cetuximab) arms similarly improved ORR, PFS and OS ver-
sus standard-of-care cetuximab plus irinotecan-based regimens. Updated analysis showed
a similar median PFS of 4.5 months for the triplet arm and 4.3 months for the doublet
arm, both superior to 1.5 months for control [115]. With similar efficacy and reduced
toxicity including gastrointestinal and hematologic compared to the triplet, preference for
FDA approval was given to doublet encorafenib and cetuximab in advanced BRAF V600E
colorectal cancer.

3.2. ERBB2/HER2

3.2.1. Breast and Gastric Cancer

Up to 20% of breast [116] and 13% of gastric cancers [117] overexpress the HER2
protein. That HER2 expression is a negative prognostic factor in breast and gastric cancer
has been long recognized [118,119]. Generally, HER2 overexpression is determined by
IHC testing (defined as 3+) and confirmed by reflex in-situ hybridization (ISH) testing for
tumors with equivocal (2+) IHC results. Historically, tumors with 0 or 1+ expression by
IHC have been denoted HER2-negative. Since 1998, trastuzumab, a monoclonal antibody
targeting the HER2 protein has been available for the treatment of metastatic disease based
on a number of studies [7,120–122]. Afterward, HER2 therapy with trastuzumab expanded
into the adjuvant and neoadjuvant settings [123–125].

Numerous other HER-2 directed agents are now available. For example, in the metastatic
setting, lapatinib was approved by the FDA in 2007 in combination with capecitabine and
also has been shown to provide a benefit when combined with trastuzumab [126,127].
Additional monoclonal antibodies (pertuzumab, based on the CLEOPATRA study) [128] as
well as ADCs (ado-trastuzumab emtansine (T-DM1) based on the EMILIA study, and fam-
trastuzumab deruxtecan (T-DXd) based on the DESTINY-Breast01 study) [129,130] have
entered practice in the metastatic setting either alone or in combination with trastuzumab.
Additional TKIs (neratinib based on the NALA trial and tucatinib based on the HER2CLIMB
study) [131,132] have also been approved. Pertuzumab can be effective when combined
with trastuzumab and chemotherapy in adjuvant and neoadjuvant settings [133,134]. As a
whole, advances in targeted agents with improved efficacy, including superior intracranial
activity [135], have greatly improved the prognosis for breast cancer expressing HER2.

In gastric cancer, trastuzumab was initially approved in the metastatic setting in
2010 based on the TOGA trial [136]. Most recently, T-DXd received FDA approval in the
metastatic setting in January 2021 based on the DESTINY-gastric01 trial [137]. In this latter
study, T-DXd was compared to chemotherapy for metastatic patients who had received two
prior systemic lines of therapy, including trastuzumab. Both an improvement in ORR (51%
vs. 14%, p < 0.001) and median OS were seen (12.5 vs. 8.4 months, HR 0.59). Approximately
10% of T-DXd treated patients developed interstitial lung disease or pneumonitis, although
the majority were grades 1 or 2.

3.2.2. On-the Horizon: Colorectal Cancer

While no FDA approvals have occurred to date, several clinical trials have evaluated
HER2-directed agents, either alone or in combination, for advances colorectal cancer
patients exhibiting HER2 overexpression. Combinatorial regimens include pertuzumab
and trastuzumab in the MyPathway and TRIUMPH trials [138,139]; trastuzumab and
lapatinib in HERACLES-A [140]; trastuzumab and tucatinib in MOUNTAINEER [141]; and
T-DM1 and pertuzumab in HERACLES-B [142]. Additionally, data for T-DXd in DESTINY-
CRC01 was recently reported [143] Taken as a whole, these studies showed variable ORRs
from 9% to 55% with seemingly better responses found for those patients whose tumors
are KRAS wild-type.
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3.2.3. On-the-Horizon: HER2 Mutations in NSCLC

In addition to HER2 overexpression discussed in breast, gastric and colorectal cancer,
activating HER2 mutations are found in multiple solid tumors and are potentially drug-
able [144], but no approvals have occurred to date. In NSCLC, driver HER2 mutations are
identified in approximately 2% of patients. In a phase II basket trial utilizing T-DM1 in
mostly pre-treated metastatic NSCLC patients, 8/18 (44%) obtain a partial response [145].
Responses were seen in patients with HER2 exon 20 insertions as well as other kinase and
non-kinase domain mutations. Additionally, Smit and colleagues reported data from the
cohort of DESTINY-Lung01 which evaluated T-DXd in NSCLC patients with activating
HER2 mutations, on which 90% were relegated to the kinase domain [146] With most
patients previously receiving both chemotherapy and ICI, an impressive ORR of 62%
(26/42) was seen, for which the median duration was not reached at the time of data cutoff
(median follow-up eight months).

3.3. RET

Medullary Thyroid, Other Thyroid and Lung Cancers

An additional predictive molecular target with multi-tumor approved agents are RET
alterations, with potentially sensitizing mutations seen in approximately 70% of medullary
thyroid cancers (MTC), fusions in <10% of other thyroid cancers and fusions in 1–2% of
NSCLC [147–149]. While ‘dirty’ multikinase inhibitors previously showed some activity in
RET-altered disease, a tradeoff of significant toxicity was seen. However, in May 2020 the
FDA approved selpercatinib, a selective small-molecule RET inhibitor for adult NSCLC
patients with metastatic RET fusions, as well as patients ≥12 years old with RET-mutated
MTC or fusion-positive thyroid cancer who require systemic therapy (and are refractory to
radioactive iodine, if indicated). Approval was based upon the results of LIBRETTO-001, a
multicenter, open-label, multi-cohort trial. Key findings reported in RET fusion-positive
NSCLC include a 64% ORR of 105 consecutively enrolled and pre-treated patients, with a
median duration of almost 18 months; for untreated NSCLC patients, an 85% ORR was
seen [150]. Importantly, only 2% discontinued selpercatinib due to drug-related toxicity,
and 91% (n = 11 of 12) with measurable central nervous system disease had an intracranial
response. In RET-altered thyroid cancer, Wirth et al. detailed an ORR of 73% and 92%
1-year PFS of 88 untreated MTC patients harboring RET mutations; of 55 other MTC
patients who received prior multi-kinase TKIs vandetinib and/or cabozantinib, impressive
response rates and durability were still seen [151].

It should also be noted that pralsetinib was subsequently approved for RET fusions in
advanced NSCLC in September 2020 and advanced, mutated or fusion-positive thyroid
cancer patients (similar to the selpercatinib indication) in December 2020 based upon
the ARROW trial. For NSCLC, a 57% ORR of 87 previously-treated patients was ob-
served; further, an additional 27 untreated fusion-positive NSCLC patients had a 70% ORR
to pralsetinib, with nearly 60% of responses extending beyond six months [37,152,153].
Clinical progression to selpercatinib (or pralsetinib) should prompt molecular testing for
resistance mechanisms, which can include RET solvent front mutations, as well as MET
and KRAS amplifications [154,155]. While some resistance mechanisms may be targetable,
development of next-generation RET inhibitors is warranted for solvent front alterations.

3.4. DNA Damage Response/PARP Inhibition

Many loss-of-function alterations occur in genes involved in DNA repair, particularly
in homologous recombination repair (HRR). BRCA1 and BRCA2 are the most common
and most well-characterized genes involved in this process, but other genes such as
ATM, CHEK2, PALB2 and RAD51 are also linked to HRR deficiency (HRD). Deleterious
mutations in HRR can be found both in the germline setting as well as somatic alterations
uncovered with tumor molecular profiling. Responses to poly(adenosine diphosphate-
ribose) polymerase (PARP) inhibition have been described in several tumor types with
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HRD, either by specific mutations identified in a candidate gene or via genomic instability
identified during molecular profiling.

3.4.1. Ovarian Cancer

Ovarian cancer is known to be associated with germline alterations in BRCA1 or
BRCA2, though somatic mutations can also occur. Olaparib was approved in 2018 for
the maintenance of patients with somatic mutations in the setting of complete or partial
response to first-line platinum therapy. This indication is based on the SOLO-1 trial
comparing olaparib versus placebo in this setting. Progression-free survival was improved
in the olaparib arm (HR 0.30; p < 0.0001) [156]. The indication was expanded to include
a combination of olaparib with bevacizumab in 2020 based on the PAOLA-1 trial [157].
The PARP inhibitor rucaparib initially had approval only in patients with BRCA germline
mutations. However, soon thereafter rucaparib was approved in the maintenance setting
for ovarian cancer regardless of BRCA status. Interestingly, the PARP inhibitor rucaparib
was later approved regardless of BRCA status based on the ARIEL3 trial. While this trial
evaluated patients for BRCA or HRD, the overall study population showed a benefit in PFS
(HR 0.36, p < 0.0001) [158]. In 2017, approval for the PARP inhibitor niraparib was obtained
for maintenance therapy in ovarian cancer, also without the need for HRD mutations
with this indication expanded to the first-line maintenance setting in 2020 based on the
PRIMA trial [159]. In 2019, however, niraparib was approved again in late-line ovarian
cancer for patients with HRD mutations [42]. As is clear from these approval timelines,
PARP inhibitor therapy in ovarian cancer remains complex, with certain agents approved
in certain settings regardless of genomic alterations, some approved only for BRCA1/2
genomic alterations and others approved for germline or somatic alterations in BRCA1/2
or HRD tumors.

3.4.2. Prostate Cancer

The approval of PARP inhibitors for somatic HRD mutations in prostate cancer was
based on the PROfound study which randomized 256 patients to the PARP inhibitor
olaparib and 131 patients to the investigator’s choice of hormone therapy. Patients were
divided into two cohorts, one with mutations in BRCA1, BRCA2 or ATM and the other with
mutations among 12 other genes in the HRR pathway. A statistically significant difference
was seen in PFS among the BRCA/ATM cohort (HR 0.34, p < 0.0001) as well as overall
across both cohorts (HR 0.49; p < 0.0001) [160]. Even more recently, the PARP inhibitor
rucaparib was also approved in castrate-resistant prostate cancer in patients specifically
with BRCA1 or two mutations, whether germline or somatic, who have failed hormone
therapy and a taxane. The approval was based on the TRITON2 trial, a single-arm trial of
115 patients showing a confirmed objective response rate of 44% among the 65 patients
who had measurable disease [161].

3.4.3. Breast Cancer

In January 2018, the FDA approved olaparib in metastatic HER-2 negative breast
cancer patients whose tumors harbored a germline BRCA mutation and received prior
chemotherapy based upon the results of the randomized phase 3 OlympiAD trial [162].
In this study, olaparib was found to have an ORR of 60% and a superior PFS compared
to physician’s choice of chemotherapy (7.0 versus 3.2 months; HR 0.58). Subsequently,
talazoparib received a similar approval for germline BRCA mutated metastatic breast
cancer, with the EMBRACA trial demonstrating a higher ORR (63% versus 27%, p < 0.001)
and improved median PFS (8.6 versus 5.6 months; HR 0.54) when compared to chemother-
apy [163].

3.4.4. Pancreatic Cancer

Germline BRCA1/2 mutations occur in approximately 5% of pancreatic cancers [164].
On 27 December 2019, olaparib was FDA approved for this subset of metastatic pancreatic
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cancer patients in the maintenance setting, where the agent was given after a minimum of
16 weeks of platinum-based chemotherapy. Golan and colleagues reported an improvement
in median PFS (7.4 versus 3.8 months for placebo; HR 0.53); however, an interim analysis
did not show a difference in OS [165].

A summary of major clinical trials leading to approvals in more than one malignancy
can be seen in Table 2.

3.5. PD-L1

The use of ICI therapy, particularly anti-programmed death-1 (PD1) antibodies or
anti-programmed death ligand-1 (PD-L1) antibodies, has become virtually ubiquitous
in cancer. Currently, there are seven anti-PD-1 or PD-L1 therapies in use in the clinic,
approved across 19 malignancies and with 77 different indications [166–172]. Being as the
mechanism of action of these therapies depends upon the interaction between PD-1 and PD-
L1, PD-L1 protein expression was early determined to be a potential predictor of response
to ICI [173]. However, the fact that some tumors with high expression of PD-L1 do not
respond to PD-(L)1 therapy, and the fact that some tumors with no or low PD-L1 expression
do respond to PD-(L)1 therapy, highlights the difficulty in using this biomarker as a true
surrogate of response [173]. Additionally, various companion diagnostics using different
detection antibodies, methods of measuring PD-L1 expression and “positive” cutoffs have
been problematic and present a barrier to the interpretation of biomarker data in clinical
trials [174]. In an evaluation of the pivotal trials leading to 45 FDA approvals of PD-(L)1
inhibitors from 2015–2019, PD-L1 expression was predictive in only 29% of the approvals,
while it was not predictive in 53% and not tested in 18% [175]. However, while PD-L1
expression is not always predictive, failure to include the biomarker into certain clinical
trials or utilization of the wrong assay or wrong cutoff may have led to a determination of
an overall lack of efficacy [176,177]. At the current time, 12 indications for PD-(L)1 therapy
in seven malignancies are dependent on PD-L1 status [166–168,171]. These indications
utilize different methods of determining PD-L1 status (tumor cell proportion score, immune
cell proportion score or combined positive score), different thresholds for positivity and
different FDA-approved companion diagnostics. Table 3 summarizes the PD-L1 based
approvals that exist in lung, head and neck, bladder, gastric, esophageal, cervical and breast
cancer together with the various measures of PD-L1 expression, companion diagnostics
and positive thresholds. In summary, PD-L1 remains a highly imperfect biomarker, and
other markers of immune responsiveness are simultaneously being tested for (e.g., MSI
status, TMB-h) and studied (tumor-infiltrating lymphocytes, tumor microenvironment,
etc.) to enable proper selection of treatment with ICIs [174].
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Table 2. Key pivotal trials leading to FDA approval in alterations with multiple tumor indications (MSI-h, TMB-h, NTRK fusion, BRAF, HER2, RET, BRCA).

Setting/Genomic
Alteration

Cancer Type,
Line of Therapy Study Trial Phase

Number of
Subjects

Line of Therapy Agent Comparator
Primary

Outcome

Primary
Outcome
Results

Key Secondary
Outcomes

Results (If
Applicable)

MSI-h, dMMR

Pan-tumor KEYNOTE-158
[51] II 233 Metastatic 2nd

line or greater Pembrolizumab None ORR (objective
response rate)

34.3% (95% CI,
28.3%, 40.8%)

Overall survival
(OS)

23.5 mo (95% CI,
13.5-not reached

(NR))

Colorectal
cancer

CheckMate 142
[53] II 119 Metastatic any

line
Nivolumab +
Ipilimumab None ORR 55% (95% CI,

45.2–63.8%)
Disease control
rate (DCR) >12

weeks
80%

KEYNOTE-177
[54] III 307 Metastatic 1st

line Pembrolizumab Chemotherapy
Progression-free

survival (PFS)
(median)

16.5 v 8.2
months, hazard
ratio (HR) 0.60

(95% CI,
0.45–0.8, p

0.0004)

ORR 44% vs. 33%

TMB-high Pan-tumor KEYNOTE-158
[65] II 102 Metastatic 2nd

line or greater Pembrolizumab
TMB-low
patients
(n = 688)

ORR
29% (95% CI,

21–39%) vs. 6%
(95% CI, 5–8%)

N/A N/A

NTRK fusion Pan-tumor

LOXO-TRK-14001,
SCOUT, NAVIGATE

(pooled analysis)
[59]

I/II 159 Any metastatic Larotrectinib None ORR 79% (95% CI,
72–85%)

Duration of
response (DOR)

(median)

35.2 mo (95% CI
22.8-NR)

ALKA-372-001,
STARTRK-1, STARTRK-2

(pooled analysis)
[60]

I/II 54 Any metastatic Entrectinib None ORR 57% (95% CI,
43–71%) DOR (median)

10 mo (95% CI,
7.1-not

estimable (NE))

BRAF V600E

Melanoma

COMBI-d
[80] III 423 Metastatic 1st

line
Trametinib

and
Dabrafenib

Dabrafenib PFS (median)
11.0 mo (95% CI,
8.0–13.9) vs. 8.8

mo (95% CI,
5.9–9.3)

OS (median)

25.1 v 18.7
months HR 0.71

(95% CI,
0.55–0.92,
p = 0.01)

CoBRIM
[85] III 495 Metastatic 1st

line
Vemurafenib

and
Cobimetinib

Vemurafenib PFS (median)

12.3 v 7.2
months HR 0.58

(95% CI,
0.46–0.72,

p = < 0.0001)

OS (median)

22.3 v 17.4
months HR 0.70

(95% CI,
0.55–0.90,
p = 0.005)

COLUMBUS
[87] III 383 Metastatic 2nd

line or greater
Encorafenib

and
Binimetinib

Vemurafenib PFS (median)

14.9 v 7.3
months HR 0.54

(95% CI,
0.41–0.71,
p <0.0001)

OS (median)

33.6 v 16.9
months HR 0.61

(95% CI,
0.48–0.79,

p < 0.0001)

COMBI-AD
[90] III 870 Stage III

adjuvant

Dabrafenib
and

Trametinib
Placebo

Relapse-free
survival (RFS)
(three-year)

58% vs. 39% HR
0.47 (95% CI,
0.39–0.58, p <

0.001)
OS (three-year)

86% vs. 77%, HR
0.57 (95% CI,

0.42–0.79,
p = 0.0006)

NSCLC BRF113928
[105] II 36 Metastatic 1st

line
Dabrafenib

and
Trametinib

None ORR 64% (95% CI,
46–79%) N/A N/A

Anaplastic
thyroid cancer

CDRB436 × 2201
[113] II 16

Any line
post-radiation or

surgery

Dabrafenib
and

Trametinib
None ORR 69% (95% CI,

41–89%) DOR (median) Not reached
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Table 2. Cont.

Setting/Genomic
Alteration

Cancer Type,
Line of Therapy Study Trial Phase

Number of
Subjects

Line of Therapy Agent Comparator
Primary

Outcome

Primary
Outcome
Results

Key Secondary
Outcomes

Results (If
Applicable)

Colorectal
cancer

BEACON-CRC
[114] III 665 Metastatic 2nd

line or greater

Encorafenib,
Binimetinib

and
Cetuximab

Investigator
choice OS (median)

9.0 mo vs. 5.4
mo, HR 0.52

(95% CI,
0.39–0.70, p <

0.001)

ORR
26% (95% CI

18–35%) vs. 2%
(95% CI, 0–7%)

HER2 positive

Breast cancer

Slamon et al. (2001)
[7] III 469 Metastatic 1st

line
Trastuzumab

and
chemotherapy

Placebo and
chemotherapy PFS (median)

7.4 mo vs. 4.6
mo, HR 0.51

(95% CI,
0.41–0.63,
p < 0.001)

OS (median)

25.1 mo vs. 20.3
mo, HR 0.80

(95% CI
0.64–1.00,
p = 0.046)

Geyer et al. (2006)
[126] III 399 Metastatic 2nd

line or greater
Lapatinib and
Capecitabine Capecitabine

Time to
progression

(TTP) (median)

8.4mo vs. 4.4mo,
HR 0.49 (95% CI,

0.34–0.71,
p < 0.001)

N/A N/A

EMILIA
[130] III 991 Metastatic 2nd

line or greater
Trastuzumab

emtansine
(T-DM1)

Lapatinib and
Capecitabine PFS (median)

9.6 mo vs. 6.4
mo, HR 0.65

(95% CI,
0.55–0.77,
p < 0.001)

OS (median)

30.9 mo vs. 25.1
mo, HR 0.68

(95% CI,
0.55–0.85,
p < 0.001)

DESTINY-Breast01
[129] II 184 Metastatic 3rd

line or greater
Trastuzumab
deruxtecan

(T-DXd)
None ORR 60.9% (95% CI,

53–68%) PFS 16.4 mo (95% CI,
12.7-NR)

CLEOPATRA
[128] III 808 Metastatic 1st

line
Pertuzumab,
trastuzumab

and docetaxel
Trastuzumab
and docetaxel PFS (median)

18.5 mo vs. 12.4
mo, HR 0.62

(95% CI,
0.51–0.75,
p < 0.001)

OS
HR 0.64 (95% CI,

0.47–0.88,
p = 0.005)

NALA
[131] III 621 Metastatic 2nd

line or greater
Neratinib and
capecitabine

Lapatinib and
Capecitabine PFS

HR 0.76 (95% CI
0.63–0.93,

p = 0.0059)

OS (co-primary
endpoint)

HR 0.88 (95% CI,
0.72–1.07,
p = 0.21)

HER2CLIMB
[132] II 612 Metastatic 3rd

line or greater

Tucatinib,
trastuzumab

and
capecitabine

Trastuzumab
and capecitabine PFS (median)

7.8 mo vs. 5.6
mo, HR 0.54

(95% CI,
0.42–0.71,
p < 0.001)

OS (median)

21.9 mo vs. 17.4
mo, HR 0.66

(95% CI,
0.50–0.88,
p = 0.005)

Gastric cancer

TOGA
[136] III 594 Metastatic 1st

line

Trastuzumab
and

Chemother-
apy

Chemotherapy OS (median)

13.8 mo vs. 11.1
mo, HR 0.74

(95% CI,
0.60–0.91,

p = 0.0046)

N/A N/A

DESTINY-Gastric01
[137] II 187 Metastatic 3rd

line or greater T-DXd Chemotherapy ORR 51% vs. 14%
(p < 0.001) OS (median)

12.5 mo vs. 8.4
mo, HR 0.59

(95% CI
0.39–0.88,
p = 0.01)

RET fusion NSCLC
LIBRETTO-001

[150] I/II 105
Metastatic
previously

treated
Selpercatinib None ORR 64% (95% CI,

54–73%) DOR (median) 17.5 mo (95% CI,
12.0-NE)
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Table 2. Cont.

Setting/Genomic
Alteration

Cancer Type,
Line of Therapy Study Trial Phase

Number of
Subjects

Line of Therapy Agent Comparator
Primary

Outcome

Primary
Outcome
Results

Key Secondary
Outcomes

Results (If
Applicable)

ARROW
[153] I/II 87

Metastatic
previously

treated
Pralsetinib None ORR 57% (95% CI,

46–68%) N/A N/A

RET mutation Medullary
thyroid cancer

LIBRETTO-001
[151] I/II 88 Metastatic 1st

line Selpercatinib None ORR 73% (95% CI,
62–82% N/A N/A

BRCA or HRD
alteration

Ovarian cancer SOLO-1
[156] III 391

Metastatic 1st
line

maintenance
Olaparib Placebo PFS (-three-year)

60% vs. 27%, HR
0.30 (95% CI,
0.23–0.41, p <

0.001)
N/A N/A

Castrate-
resistant

prostate cancer

PROfound
[160] III 245 Metastatic Olaparib Enzalutamide or

Abiraterone PFS (median)
7.4 vs. 3.6 mo,

HR 0.34 (95% CI,
0.25–0.47, p <

0.0001)
OS (median)

19.1 vs. 14.7 mo,
HR 0.69 (95% CI,

0.50–0.97, p =
0.018)

TRITON2
[161] II 115

Metastatic, post
androgen and
chemotherapy

Rucaparib None ORR 43.5% (95% CI,
31.0–56.7%)

Prostate-specific
antigen response

54.8% (95% CI
45.2–64.1%)

Breast cancer OlympiAD
[162] III 301

Metastatic,
germline, no

more than two
prior lines

Olaparib Chemotherapy PFS (median)
7.0 vs. 4.2 mo,

HR 0.58 (95% CI,
0.43–0.80, p =

0.0009)
OS (median)

19.3 vs. 17.1 mo,
HR 0.90 (95% CI,

0.66–1.23)

Pancreatic
cancer

POLO
[165] III 154

Metastatic,
germline, 1st

line
maintenance

Olaparib Placebo PFS (median)
7.4 vs. 3.8 mo,

HR 0.53 (95% CI
0.35–0.81, p =

0.0035)
ORR 23% vs. 12%
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Table 3. Indications for use of PD-1 or PD-L1 antibodies dependent on PD-L1 level.

Malignancy Line Agent Measurement
Positive

Threshold

FDA-Approved
Companion
Diagnostic

FDA Approval Date

Lung cancer 1st line metastatic

Pembrolizumab Tumor proportion
score (TPS) >1% 22c3 Ab, Dako 11 March 2019 [178]

Nivolumab +
Ipilimumab TPS >1% 28–8 Ab, Dako 15 May 2020 [179]

Atezolizumab

Tumor cell proportion
score (TC) >50% SP142 Ab, Ventana 18 May 2020 [180]

Immune cell
proportion score (IC) >10% SP142 Ab, Ventana

Cemiplimab TPS >50% 22c3 Ab, Dako 22 February 2021 [181]

Head and neck
cancer

1st line metastatic Pembrolizumab TC + IC (combined
positive score or CPS) >1 22c3 Ab, Dako 10 June 2019 [182]

Bladder cancer
1st line metastatic
cisplatin ineligible

Pembrolizumab CPS >10 22c3 Ab, Dako 19 June 2018 [183]

Atezolizumab IC >5% SP142 Ab, Ventana 19 June 2018 [183]

Gastric cancer >3rd line
metastatic Pembrolizumab CPS >1 22c3 Ab, Dako 22 September 2017 [184]

Esophageal
cancer

(squamous)

>3rd line
metastatic Pembrolizumab CPS >10 22c3 Ab, Dako 30 July 2019 [185]

Cervical cancer
>2nd line
metastatic Pembrolizumab CPS >1 22c3 Ab, Dako 12 June 2018 [186]

Breast cancer
(triple negative)

Metastatic
Atezolizumab IC >1% SP142 Ab, Ventana 8 March 2019 [187]

Pembrolizumab CPS >10 22c3 Ab, Dako 13 November 2020 [188]

3.6. On the Horizon—KRAS G12C

KRAS, which controls cellular signal transduction through its encoded guanosine
triphosphatase activity, is the most commonly mutated oncogene in solid tumors, frequently
portends a poor prognosis, is affiliated with resistance to multiple systemic treatments
and thus far, its targeting has remained elusive [189–192]. Occurring in approximately
13% of NSCLC and >1% of colorectal cancer and various other solid tumors, KRAS G12C
mutations were found to be targetable in pre-clinical studies through irreversible, covalent
binding of small molecule kinase inhibitors to the mutated cysteine and nearby P2 pocket
of the switch II region [193–195]. Hong et al. recently reported phase 1 data, showing
promising activity of KRAS G12C inhibitor, sotorasib, in 129 pre-treated (median number of
prior lines of therapy was 3) solid tumor patients [196]. For example, 32% of NSCLC, 7% of
colorectal cancer and 14% of other solid tumor patients (including melanoma, endometrial,
pancreatic and appendiceal) had an objective response. While the median PFS of responders
was six months with single-agent sotorasib, future evaluation of KRAS inhibitors with
tumor-informed precision combinations may lead to more effective targeting [197–199].
Furthermore, the efficacy of a second covalent inhibitor of KRAS G12C, adagrasib, was
presented at the European Lung Cancer Virtual Conference in early 2021, where the multi-
cohort phase I/II trial showed a 45% ORR in 51 advanced, typically pre-treated NSCLC
patients [200].

4. Precision Oncology in Lung Cancer

Perhaps more than any other solid tumor, patients with lung cancer can derive benefit
from therapeutic options exposed following comprehensive molecular profiling. The
leading cause of cancer-related mortality worldwide [201], advanced lung cancer treated
with a one-size-fits-all approach of platinum doublet chemotherapy historically resulted
in relatively poor outcomes, with a limited percentage of patients achieving long-term
survival [202]. However, recent evidence showed a population-level reduction in mortality
of lung cancer patients from 2013–2016, attributed not only to a reduction in incidence but
an early indication of the efficacy of novel precision oncology treatments in NSCLC [203].

19



J. Pers. Med. 2021, 11, 518

NSCLC accounts for approximately 85% of all lung cancer; its three major histologic
types include adenocarcinoma, squamous cell carcinoma and large cell carcinoma. The
vast majority of lung adenocarcinoma is driven by identifiable oncogenic aberrations, with
a growing number amenable to targeted therapies such that current guidelines recommend
complete molecular testing for patients with metastatic disease [204]. Additionally, testing
should be considered for non-adenocarcinoma NSCLC, especially those with limited smok-
ing history or mixed histology whose samples may be enriched for targetable mutations
or alterations. While testing may take several forms, up-front comprehensive molecular
profiling in NSCLC should ideally consist of a broad-panel evaluation such as NGS for
specific gene mutations, IHC, ISH, real-time PCR and RNA assessment to identify gene
rearrangements and fusions, as well as immune biomarker appraisal with IHC for PD-L1,
MSI status and TMB (see previous discussion) [205]. If available tissue is not sufficient
to complete testing, liquid biopsy with plasma cell-free or circulating tumor DNA can
be informative [206,207]. Unless an impending clinical scenario mandates, the treatment
team should ideally wait upon receipt of comprehensive molecular data to determine if the
NSCLC patient is a candidate for first-line targeted therapy. The determination of whether
to begin first-line treatment with ICI or targeted therapy is of great importance, as improper
initial ICI in NSCLC patients with specific oncogenic drivers can lead to significant toxicity
when subsequent TKIs or targeted therapy are begun [208,209]. In addition to the afore-
mentioned targetable alterations (BRAF V600E, RET fusions, as well as emerging HER2
mutations and KRAS G12C), multiple other predictive molecular targets exist in NSCLC.
Table 4 shows molecular alterations and their targeted agents that have been approved
only in lung cancer.

Table 4. Molecular alterations leading to FDA-targeted therapy approvals only in NSCLC.

Alteration(s) Line of Therapy Medications Drug Class FDA Approval Date

EGFR
(exon 19 deletions and

exon 21 point
mutations)

1st line metastatic

Erlotinib

EGFR TKI

14 May 2013 [210]

Gefitinib 13 July 2015 [211]

Afatinib 12 January 2018 [212]

Dacomitinib 27 September 2018 [213]

Osimertinib (also
against T790M

mutations)
18 April 2018 [214]

Adjuvant
Osimertinib (also

against T790M
mutations)

18 December 2020 [215]

EGFR (exon 20
insertion) 2nd line metastatic Amivantamab EGFR, MET bispecific

antibody 21 May 2021 [216]

ALK fusions Metastatic

Crizotinib

ALK TKI

26 August 2011 [217]

Ceritinib 29 April 2014 [218]

Lorlatinib 2 November 2018 [219]

Alectinib 11 December 2015 [220]

Brigatinib 28 April 2017 [221]

ROS1 fusions Metastatic
Crizotinib ALK TKI 11 March 2016 [222]

Entrectinib Selective TKI 15 August 2019 [16]

MET exon 14 skipping
mutations

Metastatic
Capmatinib

MET inhibitor
6 May 2020 [223]

Tepotinib 3 February 2021 [224]
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4.1. EGFR

Epidermal growth factor receptor (EGFR) is mutated in approximately 10% of Cau-
casian and potentially up to 50% of Asian NSCLC patients with limited or no smoking
history [225]. The majority of EGFR mutations sensitive to targeted therapy lie within
the tyrosine kinase domain, with exon 19 deletions or exon 21′s L858R comprising the
vast majority. Other rare lesions may also be sensitive to EGFR TKIs and include L861Q,
G719X and S768I [226]. Current oral TKIs with FDA approved to treat advanced NSCLC
patients whose tumors harbor sensitizing EGFR mutations include gefitinib, erlotinib (with
or without ramucirumab), afatinib, dacomitinib and osimertinib.

Initially, first-generation oral TKIs gefitinib and erlotinib showed promising activity
for inhibition of sensitizing EGFR mutations. In the randomized phase 3 trial, IPASS, first-
line gefitinib was affiliated with an improved response rate versus platinum-based doublet
chemotherapy (71% vs. 43%) in Asian patients with EGFR mutations [227]. While this
agent also showed a prolonged PFS, subsequent results did not translate into an improved
OS, likely due to ensuing TKI use of the chemotherapy arm upon progression [228]. These
findings were also confirmed in Caucasian NSCLC patients with EGFR mutations [229].
Likewise, EURTAC detailed a prolonged PFS for first-line erlotinib versus chemotherapy
in European EGFR-mutated NSCLC patients (9.7 vs. 5.2 months; HR 0.37) [230]. FDA
approval was also granted in 2020 to the combination of ramucirumab, a recombinant
monoclonal antibody targeting vascular endothelial growth factor (VEGF) receptors, plus
erlotinib for first-line use in metastatic NSCLC patients with exon 19 deletions or L858R
mutations. Approval was granted based on results of a randomized phase 3 trial, RELAY,
which showed a prolonged PFS for the combination versus erlotinib monotherapy (19.4 vs.
12.4 months; HR 0.59); a similar response rate of both arms was observed (approximately
75%) [231]. However, 72% of patients in the combination arm had grade 3–4 adverse events
including hypertension and transaminase abnormalities; one treatment-related death in
the combination arm occurred. While FDA approved and an option to be discussed
with patients, the niche of combinatorial strategies of EGFR TKIs with VEGF receptor
inhibitors (e.g., ramucirumab or bevacizumab) [232] in the frontline setting warrants
further exploration, especially when next-generation TKIs (see osimertinib below) are very
efficacious and have a favorable toxicity profile.

Second-generation TKIs include afatinib and dacomitinib, which irreversibly inhibit
multiple ErbB/HER receptors, including EGFR. Phase 3 LUX-Lung 3 showed an improve-
ment of PFS in advanced lung adenocarcinoma patients with sensitizing EGFR mutations
treated with afatinib compared to cisplatin plus pemetrexed (11.1 vs. 6.9 months). Ad-
ditionally, afatinib was FDA approved in 2018 for uncommon mutations S768I, L861Q
and/or G719X based upon combined analysis from the LUX-Lung 2, 3 and 6 trials [233,234].
Dacomitinib received FDA approval in 2018 following published results from the random-
ized phase 3 ARCHER1050 study, with updated data showing a prolongation of OS versus
gefitinib in the first-line setting (median 34.1 vs. 26.8 months; HR 0.76) [235,236].

Initially FDA approved in 2017 following progression on another TKI based on its effi-
cacy in the AURA3 trial against EGFR resistance mutation, T790M [237], third-generation
TKI osimertinib is now considered a standard-of-care for untreated, advanced NSCLC
patients with sensitizing EGFR aberrations based on the FLAURA study [238]. Most re-
cently, secondary endpoint OS analysis was published, showing a significant prolongation
of median OS in the osimertinib arm compared to TKIs gefitinib or erlotinib (38.6 vs.
31.8 months; HR 0.80) [239]. The attraction of osimertinib includes not only its activity
against T790M, but a relatively mild toxicity profile with QT prolongation (10%, reduced
cardiac ejection fraction (5%), pneumonitis (2%) and interstitial lung disease (2%) with no
treatment-related deaths. Further, osimertinib can induce durable intracranial responses,
including in patients with leptomeningeal disease [240,241].

The clinical utility of osimertinib in EGFR-mutated NSCLC is extending to other
indications. For example, the agent could be considered as a possible alternative to afatinib
for advanced NSCLC patients whose tumor harbors uncommon EGFR mutations [242,243].
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Additionally, the recently-published ADAURA trial [244] showed an impressive disease-
free survival benefit at two years with the addition of osimertinib to provider-determined
adjuvant therapy in stage II and IIIA patients (90% versus 44% for placebo; HR 0.17).
Further, only 1% of patients receiving osimertinib developed CNS recurrence versus 10%
of the placebo arm at two years. The adjuvant use of osimertinib was FDA approved on
18 December 2020 and extended to stage IB-IIIA NSCLC (non-squamous) patients whose
tumors harbored EGFR exon 19 deletions or exon 21 L858R mutations [215]. This approval
represents a paradigm shift, as increasing numbers of non-metastatic NSCLC patients
will now receive molecular profiling whereas testing was previously relegated to the
advanced setting. The additional genomic information received and potential uncovering
of targetable molecular targets in the early-stage space provides a clinical challenge and
opportunity for further study. Upon resistance to osimertinib, it is important to re-biopsy,
if possible, and obtain tissue or liquid molecular profiling both to assess for small cell
transformation, as well as potential targetable resistance mechanisms including MET
amplifications, additional EGFR mutations or rare fusion events [245].

Finally, it should be noted that exon 20 insertion mutations represent the third most
common alteration of EGFR and are generally not sensitive to TKIs. At this time, two agents
selective to exon 20 insertions have received FDA Breakthrough Therapy Designation,
amivantamab-vmjw [246] and mobocertinib [247]. On May 21, 2021, amivantamab, a
bispecific antibody to EGFR and MET, was FDA approved for advanced NSCLC patients
with EGFR exon 20 mutations after progression with chemotherapy. The approval was
based upon the phase 1 CHRYSALIS study, which showed a 40% ORR with a median
duration exceeding 11 months in 81 evaluated patients [246].

4.2. ALK, ROS1

Anaplastic lymphoma kinase (ALK; 2–5% of NSCLC) and ROS1 (1–3%) rearrangements
represent another subset of oncogenic drivers in NSCLC for which there are multiple
effective targeted agents. Three precision drugs target both ALK and ROS1 (crizotinib
(which also has activity against MET) [248–252], ceritinib [253] and lorlatinib) [254,255].
ALK can also be inhibited by alectinib (which also has activity against RET) [256–258] and
brigatinib [259–262], while ROS1 is also inhibited by entrectinib (previously discussed for
NTRK fusions) [263]. In the first-line setting for ALK-rearranged disease, current preference
should be given to alectinib, brigatinib or lorlatinib over crizotinib, as all three agents
showed improved efficacy in randomized phase 3 trials compared to the first-generation
ALK inhibitor [255–258,261,262]. For example, updated data from the ALEX trial recently
established an advantage of alectinib over crizotinib for mature PFS (median 34.8 vs. 10.9
months; HR 0.43) and median OS (not reached vs. 57.4 months; HR 0.67), which was also
seen for patients with brain metastases [258]. While ceritinib remains an FDA-approved
frontline option based on the ASCEND-4 trial [253], a direct comparison to crizotinib or
another TKI has not been published to date.

The toxicity profile should be considered before the use of any TKI in the manage-
ment of ALK-rearranged NSCLC, such as myalgia, edema, hepatotoxicity, interstitial lung
disease/pneumonitis and bradycardia with alectinib and respiratory symptoms [264,265],
vision change, amylase and lipase elevation, hypertension and similarly bradycardia with
brigatinib. Although associated with undesirable toxicities including cognitive effects,
mood changes, peripheral neuropathy and elevated triglycerides or cholesterol, lorla-
tinib is a third-generation TKI that has ample CNS penetration and has emerged as an
effective agent with not only front-line activity, but efficacy at progression for multiple
ALK resistance mutations from early-generation inhibitors [255,266–268]. As with EGFR,
the mechanism of resistance to ALK-inhibition should be sought with repeat tissue or
liquid biopsy as targetable resistance mechanisms aside from ALK mutations may be
identified [269].

Of the three available agents that target ROS1, entrectinib and crizotinib are FDA
approved in advanced ROS1-rearranged NSCLC and should be prioritized over ceritinib
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in the first-line setting. Further, in addition to pulmonary toxicity seen with almost all TKIs
utilized in NSCLC, ceritinib use includes heightened gastrointestinal toxicities such as diar-
rhea, nausea and vomiting, hepatotoxicity and pancreatitis that may make it less tolerable
than other agents [253]. Both entrectinib and crizotinib provide ORR of approximately
70–80%, a significant portion of which are durable [252,263]; further, intracranial response
of entrectinib is reported as 55%.

Upon progression, lorlatinib has likewise emerged as a preferred agent subsequent to
either crizotinib or entrectinib [270,271]. Next-generation TKIs such as repotrectinib, which
has impressive CNS penetration and activity against ROS1, ALK and NTRK, are currently
being evaluated for first-line or subsequent-line use [272].

4.3. MET

Alterations in oncogenic driver MET occur in at least 3–5% of NSCLC and classically
are affiliated with poor prognosis. While not all mutations are susceptible to targeted
therapy, tumors with MET exon 14 lesions or a significantly elevated gene copy number
may predict efficacy to TKIs [273]. In particular, MET exon 14 alterations are sensitive
to inhibition with multi-kinase inhibitors crizotinib [274], cabozantinib [275], as well as
recently FDA-approved selective inhibitors capmatinib [276,277] and tepotinib [277]. The
GEOMETRY mono-1 trial reported a 68% response rate with capmatinib for untreated
patients whose NSCLC contained MET exon 14 skipping mutations with a 12.6-month
median duration of response. The authors reported a 40% response rate first-line for those
harboring MET amplifications with a gene copy number of at least 10 [278]. Toxicity from
this next-generation TKI is relatively modest and most frequently includes peripheral
edema and nausea. Likewise, the efficacy of tepotinib was evaluated in the VISION trial,
where 152 advanced NSCLC patients with exon 14 skipping mutations showed a 43%
ORR (the same ORR was seen for treatment-naïve or those previously treated), with a
median response duration of approximately 11 months. Combined with reports of effective
CNS activity, capmatinib [278] or tepotinib [279,280] should be considered as the first-line
options utilized for MET-directed therapy.

In addition to FDA-approved agents targeting sensitive alterations in EGFR, ALK,
ROS1, BRAF, MET, RET and NTRK, the precision therapeutic arsenal in NSCLC may soon
expand to other oncogenic drivers, including previously-cited KRAS G12C (13% of all
NSCLC) [196] and HER2 exon 20 mutations [146] lending further credence to the necessity
of molecular profiling in this target-rich disease.

5. Conclusions

As we have attempted to show, advances in molecular profiling have enabled genomic
classification of a patient’s tumor, leading to the development, approval and availability of
precision therapies including TKIs, ADCs and ICIs. With this ever-expanding arsenal of
treatment options and increasing availability of next-generation sequencing, the utilization
of molecular profiling is primed to expand to most advanced solid tumors into early-
stage disease and include combinatorial precision regimens based on complex molecular
findings [281]. It is incumbent for the modern oncologist to be well-versed regarding
the range of potentially targetable aberrations available, be comfortable with a molecular
profiling platform he or she trusts and be able to effectively interpret resultant data to help
patients make informed decisions with regards to treatment.
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Abstract: Heme oxygenase-1 (HO-1) is an antioxidant protein implicated in tumor progression,
metastasis, and resistance to therapy. Elevated HO-1 expression is associated with stemness in several
types of cancer, although this aspect has not yet been studied in colorectal cancer (CRC). Using an
in vitro model, we demonstrated that HO-1 overexpression regulates stemness and resistance to
5-FU treatment, regardless of p53. In samples from CRC patients, HO-1 and endothelin converting
enzyme-1 (ECE-1) expression correlated significantly, and p53 had no influence on this result. Carbon
monoxide (CO) activated the ECE-1/endothelin-1 (ET-1) pathway, which could account for the
protumoral effects of HO-1 in p53 wild-type cells, as demonstrated after treatment with bosentan (an
antagonist of both ETRA and ETRB endothelin-1 receptors). Surprisingly, in cells with a non-active
p53 or a mutated p53 with gain-of-function, ECE-1-produced ET-1 acted as a protective molecule,
since treatment with bosentan led to increased efficiency for spheres formation and percentage of
cancer stem cells (CSCs) markers. In these cells, HO-1 could activate or inactivate certain unknown
routes that could induce these contrary responses after treatment with bosentan in our cell model.
However more research is warranted to confirm these results. Patients carrying tumors with a
high expression of both HO-1 and ECE-1 and a non-wild-type p53 should be considered for HO-1
based-therapies instead of ET-1 antagonists-based ones.

Keywords: colorectal cancer; cancer stem cells; heme oxygenase-1; endothelin-1; endothelin con-
verting enzyme-1; bosentan

1. Introduction

Worldwide, colorectal cancer (CRC) annually affects more than one million men and
women and causes more than half a million deaths [1]. Drug-resistance remains one of the
challenges for the low survival rates of patients in advanced stages of the disease [2].
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Tumor heterogeneity associated with changes in gene expression or in epigenetics
supports the existence of therapy-resistant cancer cells. These cells, usually called cancer
stem cells (CSCs) or tumor-initiating cells (TICs), represent a small fraction within the cancer
and are also responsible for initiating, maintaining, and developing cancer growth [3].
Therefore, current research has been focused on the discovery of molecular targets involved
in the appearance and maintenance of CSCs [3].

The enzyme heme oxygenase-1 (HO-1) or heat shock protein 32 (Hsp32) is the in-
ducible isoform of HO, which catalyzes the limiting step in the oxidation of the heme group
in equimolar quantities of CO, ferrous iron, and biliverdin [4]. HO-1 is a protein sensitive
to oxidative stress, growth factors, pathogen-associated molecular patterns (PAMPs), cy-
tokines, metalloporphyrins, heme, and heavy metals. It has been widely accepted that HO-1
is a cytoprotective protein in several pathological conditions, acting as an anti-inflammatory,
antioxidant, and antiapoptotic agent through several mechanisms [5–8]. On the contrary,
in some cell types and under certain circumstances, it may amplify intracellular oxidative
stress and exacerbate the disease process [9].

Overexpression of HO-1 has been observed in preneoplastic and neoplastic tissues [4].
It has been implicated in tumor progression, invasiveness, angiogenesis, metastasis, and
immune scape, acting at both microenvironment and tumor levels [10,11]. These effects
are highly dependent on the intracellular localization of HO-1 (nuclear, mitochondrial, or
cytoplasmic) [12,13] and the type of cancer studied [10]. Recent reports showed that at low
levels of expression, HO-1 induces cancer progression, while excessive activation of HO-1
leads to cell death by activating ferroptosis [14], which could explain the contradictory
effects found in several types of cancer, including CRC [10]. Specifically, in this type of
cancer, HO-1 overexpression is associated with long-term survival in patients [15], reducing
cell viability through induction of cell cycle arrest and apoptosis in tumor cells, although
a functional p53 protein is required for these effects [16]. However, and contrary to this,
other reports showed that overexpression of HO-1 mediates EGF-induced colon cancer cell
proliferation [17] and promotes tumor progression and metastasis of colorectal carcinoma
cells by inhibiting antitumor immunity [18] and increasing angiogenesis [19,20].

HO-1 has also been implicated in therapy resistance in a variety of cancers, including
CRC [21,22]. As mentioned before, this ability of cancers to escape therapy has been
attributed to the existence of subpopulations of CSCs, which activate DNA repair, increase
drug efflux, and their quiescent state [23]. Elevated HO-1 expression is associated with
stemness and cell self-renewal in glioblastoma, [24], breast cancer [25], and in leukemia [26].
However, this aspect remains to be studied in CRC.

Endothelins (ETs) are a family of three 21 amino-acid peptides (ET-1, 2 and 3). Prepro-
ET-1 peptide is the primary translation product of the ET-1 gene (EDN-1), which is finally
cleaved by an endothelin-converting enzyme (ECE-1) to form the biologically active ET-1.
This peptide mediates physiological functions such as vasoconstriction and cell prolifera-
tion in vascular and non-vascular tissues through two cell-surface receptors, ETRA and
ETRB [27,28]. In tumor cells, ET-1 promotes angiogenesis in addition to cell proliferation,
metastasis, and suppression of apoptosis [28]. It was proposed that CSCs from CRC secrete
ET-1 and that the activation of the ETRA receptor/β-arrestin1 axis induces the cross-talk
with β-catenin signaling to sustain stemness, the epithelial-to-mesenchymal transition
(EMT) phenotype, and regulates the response to chemotherapy [29].

Previous studies unrelated to cancer have reported a relationship between HO-1 and
the ECE-1/ET-1 pathway. HO-1-produced CO regulates ET-1 production by smooth muscle
cells under normal and hypoxic conditions [30] and in several models of disease [31–33]. In
addition, chemical inhibition of ECE-1 lead to HO-1 overexpression on ischemic-reperfusion
spinal cord injury in rats [34].

Taking into account all the above, in this study, we aimed to investigate the role of
HO-1 in regulating stemness in CRC and the mediating effects of the ECE-1/ET-1 system
in this process.
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2. Materials and Methods

2.1. Cell Culture and Reagents

Three CRC cell lines with different p53 statuses were used in this study: HCT-116
(p53 wild-type), HCT-116 p53 -/- (p53 null), and HT-29 (p53 mutated). HCT-116 and HCT-
116 p53 null were obtained from Horizon Discovery (Cambridge, UK). HT-29 cells were
obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). All cell
types were cultivated in RPMI-1640 medium (Gibco, Carlsbad, CA, USA) supplemented
with 2 mM L-glutamine, 10% FBS, and a 1% antibiotic-antimycotic cocktail containing
penicillin (100 U/mL), streptomycin (100 µg/mL), and amphotericin B (250 ng/mL) (Gibco,
Carlsbad, CA, USA) at 37 ◦C with 5% CO2.

CORM3, biliverdin, hemin, and CoPPIX were purchased from Sigma-Aldric Co. (St.
Luis, MO, USA). Bosentan was purchased from Selleckchem (Houston, TX, USA).

2.2. Patients

This research work was part of a larger, ongoing prospective study that aimed to
investigate CSCs regulatory pathways in CRC. Initially, 183 patients were recruited, of
which 150 were included in this study [35]. Samples were obtained from patients who
underwent surgery for primary sporadic CRC and were provided by the Andalusian Tumor
Bank Network (RBTA) (Table S1). Viable tumor tissues and adjacent normal mucosa were
dissected immediately and fresh-frozen in Tissue-Tek1 (Optimal Cutting Temperature Com-
pound, Sakura Finetek Europe B.V., Zoeterwoude, The Netherlands). The inclusion criteria
included people over 18 years, without hereditary burden, not treated with neoadjuvant
therapy, and not previously diagnosed or treated for cancer. The Ethical Committee of
Clinical Research of Granada (project code: PI-067/2013; date of approval: 24 January 2014)
approved the study. All patients gave written informed consent for the use of samples in
biomedical research.

2.3. Transient Transfection of HO-1

Cells at 60–70% of confluence were transiently transfected with lipofectamine 2000
transfection reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the man-
ufacturer’s instructions. Transfected cells were then collected 24–96 h after transfection.
Plasmid expression vector pCMV6 containing the human HMOX1 gene and the corre-
sponding empty vector were purchased from Origene Technologies (Rockville, MA, USA).

2.4. Western Blotting

After treatments, cells were washed in ice-cold DPBS and incubated in RIPA buffer
containing protease inhibitors. Then, proteins were separated by SDS-PAGE and trans-
ferred to PVDF filters. Finally, blots were probed with appropriate antibodies raised against
HO-1 (Abcam, Cambridge, UK), ECE-1 (Abcam, Cambridge, UK), NF-κB (p65; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), pNF-κB at Ser529 (phospho-p65; Becton Dickinson,
Franklin Lakes, NJ, USA), AP-1 (c-jun; Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
pAP-1 at Ser243 (phosphor-c-jun; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), and
β-actin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Proteins were visualized by
enhanced chemiluminescence using appropriate HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The intensity of the bands was estimated
using Quantity One 4.6.8 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) for Windows
analytic software.

2.5. ET-1 ELISA

ET-1 was analyzed in 100 µL of conditioned media using a colorimetric ELISA kit (R
& D Systems, Minneapolis, MN, USA) in accordance with the manufacturer’s protocol
using a microplate reader TRIAD Multimode Reader series (Dynex Technologies, Chantilly,
VA, USA) at 450 nm. Results were determined by comparison with standard curves and
normalized to the number of cells in each well.
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2.6. RNA Isolation and cDNA Synthesis

Total RNA from tissue samples was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). The amount of total RNA was determined by UV spectrophotometry,
and RNA integrity was assessed by agarose gel electrophoresis. First-strand cDNA was pre-
pared by a reverse transcription cDNA synthesis kit (qScript cDNA Synthesis, Quantabio,
Beverly, MA, USA).

2.7. Real Time PCR

Quantitative analysis of mRNA expression was performed using the PerfeCTa SYBR
Green SuperMix Kit (Quantabio, Beverly, MA, USA) on a CFX96 Dx Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) following manufacturer’s instructions.
Expression of mRNA was evaluated through standard curves generated for each target
gene by plotting Ct values versus log cDNA dilution. UBC was used to normalize mRNA
levels. PCR products were verified by a melting profile and agarose gel electrophoresis to
rule out nonspecific PCR products and primer dimers.

2.8. DNA Extraction and p53 Mutations Analysis

DNA was extracted from tissues using the QIAamp ADN mini Kit (Qiagen, Hilden,
Germany) and quantified on a NanoDrop ND-1000 spectrophotometer (Implen GmbH, Mu-
nich, Germany). Mutations were analyzed in 2–10 exons using specific primers (Table S3)
in two independent amplifications. IARC p53 database (http://www.p53.iarc.fr/) was
consulted (15 January 2021) for p53 activity of mutants. A transcriptional activity < 75%
was considered partially functional and classified as mutant [35].

2.9. ALDEFLUOR Assay

An ALDEFLUOR™ Kit (Stem Cell Technologies, Vancouver, BC, Canada) was used to
detect enzyme ALDH1 activity in cultured cells according to the manufacturer’s instruc-
tions. After treatments, cells were incubated with BODIPY-aminoacetaldehyde (BAAA), a
fluorescent non-toxic substrate for ALDH, which was converted into BODIPY-aminoacate
(BAA) and retained inside the cells. Viable ALDH1+ cells were quantified by flow cytome-
try on a FACS Aria IIIu (BD Biosciences, San Jose, CA, USA). The specific inhibitor of ALDH,
diethylaminobenzaldehyde (DEAB), was used to control for background fluorescence.

2.10. Isolation and Characterization of CSCs

Enrichment of CSCs was achieved via serial trypsin treatment, as previously de-
scribed [36,37]. Briefly, cells at 60–80% of confluence were washed with PBS and treated
with 0.05% trypsin for 2 min at 37 ◦C. Detached cells were plated and allowed to attach
for 24 h. Then, the above procedure was repeated, and the cells obtained were considered
CSCs. After the first trypsin treatment, remaining cells attached to the dishes were washed
twice with PBS and incubated with 0.05% trypsin for 4 min at 37 ◦C. Cells detached from
this trypsinization were discarded. Dishes with remaining trypsin-resistant cells were
considered non-CSCs

Once isolated, cell surface marker levels of CSCs were determined with human anti-
CD44-PE, anti-CD326-FITC, and anti-CD133-APC antibodies (Biolegend, San Diego, CA,
USA). Samples were measured and analyzed by flow cytometry on a FACS Aria IIIu (BD
Biosciences, San Jose, CA, USA).

2.11. Sphere Forming Assay

For self-renewal analysis, 24 h after transfection with either pCMV6-HMOX1 or an
empty vector, CSCs and non-CSCs cells were collected and quantified. Then, 3000 cells
were resuspended in sphere culture medium (DMEM:F12, 1% penicilin/streptomycin, B27,
10µg/mL ITS, 1µg/mL Hydrocortisone, 4 ng/mL Heparin, 10 ng/mL EGF, and 20 ng/mL
FGF) in ultra-low attachment 24-well plates (Corning). Spheres >75µM diameter were
counted after 4 days by light microscopy.
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2.12. MTT Assay

Cells were seeded in 96 well-plates at a concentration of 40,000 cells/mL, allowed to
attach overnight, and transfected with either pCMV6-HMOX1 or an empty vector. Then,
the cells were treated with the vehicle or the corresponding drug, 24 h after transfection.
After 72 h, 10 µL of 5 mg/mL MTT were added to each well. Four hours later, cells
were lysed with 100 µL buffer (20% SDS in 50% formamide at pH 4.7) at 37 ◦C overnight.
Absorbance was measured in a TRIAD Multimode Reader series, (Dynex Technologies,
Chantilly, VA, USA) at 570 nm. Means were estimated from the results of four samples in
each experimental group. All experiments were performed two times.

2.13. Statistical Analysis

For each patient, mRNA levels of genes in tumor samples were normalized to mRNA
levels in normal mucosa. Descriptive statistics were reported as medians with interquar-
tile ranges (IQR) for continuous variables and as whole numbers and percentages for
categorical variables. Low and high levels of CSCs markers were obtained through the
median of the mRNA expression levels in our cohort of patients. Associations between
clinicopathological features of CRC patients and gene expression were analyzed with the
Kruskal–Wallis and Mann–Whitney non-parametric tests. For the correlation analysis, the
Pearson test was used after transforming the variables applying natural logarithms. All
confidence intervals (CIs) were stated at the 95% level. Statistical significance was defined
as p < 0.05. All statistical calculations were performed using SPSS software version 15.0 for
Windows (IBM, Chicago, IL, USA).

3. Results

3.1. HO-1 Overexpression Induces Stemness in CRC In Vitro Regardless of p53 Status

In order to investigate whether HO-1 conferred stem cell properties on CRC cells, we
used the pCMV6-HMOX1 plasmid to transiently overexpress HO-1 in HCT-116, HCT-116
p53 null, and HT-29 cells. Overexpression of HO-1 increased aldehyde dehydrogenase 1
positive (ALDH1+) subpopulation, representing the subpopulation of CSCs, in HCT-116
and HCT-116 p53 null cells at 96 h after transfection (Figure 1a,b). In HT-29 cells, the
percentage of ALDH1+ cells was lower in pCMV6-HMOX1 versus mock transfected cells at
72 h after transfection, whereas the percentage of this subpopulation was similar in control
(mock) and HO-1 overexpressing cells at 96 h (Figure 1c).

The percentage of cells with high expression of CSCs markers in the total popula-
tion (TP) of cells increased in pCMV6-HMOX1 versus mock transfected cells at 96 h after
transfection. At this time, the percentage of CD133high/CD44high/CD326high cells signifi-
cantly increased in the TP of pCMV6-HMOX1 versus mock HCT-116 and HT29 transfected
cells at 96 h after transfection (Figure 1d). We did not find triple-labeled subpopulation
cells in the HCT-116 p53 null line; however, the percentage of CD44high/CD326high cells
significantly increased in the TP of pCMV6-HMOX1 versus mock HCT-116 p53 null trans-
fected cells at 96 h after transfection (Figure 1e). Similarly, in HT-29 cells, the percentage
of the CD44high/CD326high subpopulation significantly increased in the TP of pCMV6-
HMOX1 versus mock transfected cells at 96 h after transfection (Figure 1e). In addition, the
percentage of CD44high/CD326high cells increased in the CSCs subpopulation of pCMV6-
HMOX1 versus mock transfected cells at 96 h after transfection in the three cell lines studied
(Figure 1f). These results indicate that HO-1 overexpression increases the proportion of
cancer cells with a CSC phenotype in the different subpopulations analyzed.

Next, we studied the anchorage-independent growth of CSCs and non-CSCs sub-
populations extracted from HCT-116 and HCT-116 p53 null after transient overexpression
of HO-1 under free-serum conditions. As shown in Figure 2, CSCs and non-CSCs from
both cell lines formed spheres with similar efficiency in mock transfected cells; however,
CSCs subpopulations formed spheres more efficiently than non-CSCs when parental cells
were transfected with the pCMV6-HMOX1 plasmid, indicating that HO-1 overexpression
increases the self-renewal capacity of CSCs subpopulations, regardless of p53 status.
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Figure 1. HO-1 overexpression increases stemness in CRC regardless of p53 status. Cells were pCMV6-HMOX1 or mock
transfected, collected at 72 and 96 hours after transfection, and used to characterize the percentage of ALDH1+ cells by flow
cytometry in the total population (TP) of (a) HCT-116, (b) HCT-116 p53 null, and (c) HT-29 CRC cells. In other experiments,
cells were collected at 96 h after pCMV6-HMOX1 or empty vector (mock) transfections and used to quantify, in the TP, (d)
the percentage of CD133high/CD44high/CD326high and (e) the percentage of CD44high/CD326high cells or (f) the percentage
of CD44high/CD326high cells in CSCs subpopulations, obtained as described in the Materials and Methods section. Data
represent the mean ± SD of two experiments performed in duplicate. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3.2. HO-1 Overexpression Induces ECE-1 Expression and ET-1 Production by CRC Cells

We next investigated the mechanism by which HO-1 could induce stemness in CRC.
As mentioned before, HO-1 could modulate ET-1 production in several models of health
and disease [37–41].

It was interesting to find high mRNA and protein content of both HO-1 and ECE-1 in
the CSC versus the non-CSCs subpopulation in the three cell lines studied (Figure 3a–c).
We also analyzed the mRNA expression of HO-1, ECE-1, and the CSCs markers CD44
and CD133 by quantitative RT-PCR in 150 cases of CRC patients. Tumors showing high
expression of CSCs markers (CD133highCD44high) also exhibited higher expression of HO-
1 (Figure 3d) and ECE-1(Figure 3e) than tumors with low expression of these markers
(CD133lowCD44low). It was very interesting to find that HO-1 and ECE-1 expression
highly correlated in both CD133highCD44high and CD133highCD44high tumors, while no
correlations were found between HO-1 and END-1 (Table S3). The status of P53 did not
influence any of the results mentioned above (Figure 3 and Table S3).

Next, we studied whether HO-1 could regulate ET-1 production in CRC. As shown
in Figure 4a, HO-1 induced ECE-1 expression at 72 and 96 h after transfection with the
pCMV6-HMOX1 plasmid in HCT-116, HCT-116 p53 null, and HT-29 cells versus vector
(mock) transfected cells. In addition, HO-1 overexpression induced ET-1 synthesis in HCT-
116 and HCT-116 p53 null cells at 96 h after transfection (Figure 4b,c). In HT-29 cells, HO-1
overexpression induced inhibition of ET-1 at 72 h, whereas, at 96 h, its levels increased
until reaching the levels of control (mock) cells (Figure 4d).
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In the cohort of CRC patients, HO-1 and ECE-1 expressions positively correlated in
all cases (Rp = 0.723, p < 0.001; Figure 4e) in tumors harboring a wild-type p53 (Rp = 0.699,
p < 0.001; Figure 4f) and in tumors with mutations in this gene (Rp = 0.755, p < 0.001;
Figure 4g). END-1, the first gene implicated in the synthesis of ET-1, did not correlate
with HO-1 at any of the conditions mentioned above (Rp = 0.042, p = 0.614; Rp = 0.042,
p = 0.905; Rp = 0.093, p = 0.506, for all cases, p53 wild-type tumors, and p53 mutated
tumors, respectively). As shown in Table S2, none of these genes correlated with any of the
clinicopathological features of the patients included in the study.

We next investigated which of the subproducts of the HO-1 reaction is responsible
for ECE-1 activation after HO-1 overexpression in CRC cells. To assess this, we treated
cells with 10 µM CORM3 (a CO donor) and 10 µM biliverdin. We also used 5 µM hemin
and 1 µM CoPPIX treatments as positive controls. CORM3, hemin, and CoPPIX induced
ECE-1 protein expression at the doses used in both HCT-116 and HCT-116 p53 null cells,
whereas biliverdin was unable to induce it (Figure 5a). We also studied ET-1 production
by cells after treatments at the doses specified above (Figure 5b,c). CORM3 induced a
significant increase in ET-1 production at all times analyzed in both cell lines. Treatment
with hemin induced increased ET-1 production in HCT-116 cells, although only after 24 h,
while this effect appeared after 24, 48, and 72 h in HCT-116 p53 null cells. After showing
that CO is responsible for the activation of ECE-1, we next investigated the mechanism
by which it carries out this effect. As shown in Figure 5d, CO seemed to induce ECE-1
expression through the activation of pNF-kβ and pc-Jun in HCT-116 and HCT-116 p53 null
cells, respectively.

  

(a) (b) 

  

(c) (d) 

Figure 2. HO-1 overexpression increases self-renewal ability of isolated CRCssubpopulations in cultured cells, regardless
of p53 status. The number of spheres formed by subpopulations obtained from mock and pCMV6-HMOX1 (a) HCT-116
and (b) HCT-116 p53 null transiently transfected cells. Representative images of tumorospheres formed from different
subpopulations of pCMV6-HMOX1 (c) HCT-116 and (d) HCT-116 p53 null transiently transfected cells. TP: total population;
CSCs: cancer stem cells subpopulation; non-CSCs: non-cancer stem cells subpopulation. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 3. HO-1 and ECE-1 expression is higher in the CSCs vs. non-CSCs subpopulation in CRC regardless of p53 status.
The CSCs and non-CSCs subpopulations from HCT-116, HT-116 p53 null, and HT-29 cells were obtained as described in
the Materials and Methods section and used to measure mRNA expression of (a) HO-1 and (b) ECE-1. Data represent the
relative expression of HO-1 and ECE-1 to the TP of HCT-116 and express the mean ± SD of two experiments performed in
duplicate. **, p < 0.01; ***, p < 0.001. (c) Protein expression of HO-1 and ECE-1 in HCT-116, HT-116 p53 null, and HT-29 cells
in the TP, CSCs, and non-CSCs subpopulations. β-actin was used as housekeeping. TP: total population; CSCs: cancer stem
cells subpopulation; non-CSCs: non-cancer stem cells subpopulation. Box plots representing the relative mRNA expression
of (d) HO-1 and (e) ECE-1 in CRC samples from patients considering the levels of CSCs markers and the status of p53. Data
represent the median and the interquartile range of the genes analyzed. *, distant values more than 3 box lengths from 75th
percentile; ◦, distant values more than 1.5 box lengths from 75th percentile.
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Figure 4. HO-1 overexpression induces ECE-1 expression and ET-1 production in CRC cells regardless of p53 status. Cells
were transiently transfected with pCMV6-HMOX1 or an empty vector and collected 24–96 h later for (a) HO-1 and ECE-1
protein expression by western blotting or ET-1 measurements in the supernatants of (b) HCT-116, (c) HCT-116 p53 null, (d)
and HT-29 cells. Data represent the median ± SD of two experiments in duplicate. *, p < 0.05; ***, p < 0.001. Correlation of
ECE-1 and HO-1 expression in tumors from CRC patients considering (e) all cases, (f) p53 wild-type tumors, and (g) p53
mutated tumors.
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Figure 5. CO induces ECE-1 expression in CRC cells in vitro through the activation of NF-kβ and c-Jun in HCT-116 and
HCT-116 p53 null cells, respectively. HCT-116 and HCT-116 p53 null cells were treated with 10 µM CORM3, 10 µM biliverdin,
5 µM hemin, and 1 µM CoPPIX during 24, 48, and 72 h. After treatments, we collected (a) cells for the analysis of ECE-1
protein expression by western blotting and supernatants for the analysis of ET-1 in (b) HCT-116 and (c) HCT-116 p53 null
cells. Data represent the median ± SD of two experiments performed in duplicate. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
(d) The mechanism of CO-induced ECE-1 expression in CRC cells. Cells were treated with 10 µM CORM3 and collected
for the analysis of c-Jun, pc-Jun, NF-kβ, and pNF-kβ proteins expression in whole cell lysates by western blotting. The
expression of β-actin was used as housekeeping.
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3.3. HO-1 Overexpression Induces Stemness in CRC Cell Lines through ECE-1/ET-1 Only in p53
Wild-Type Cells

To study whether HO-1 overexpression induces stemness in our model of CRC in vitro
through ET-1 produced by ECE-1, we analyzed the percentage of ALDH1+ cells after HO-
1 overexpression in the presence of bosentan, an antagonist of both ETRA and ETRB
receptors. In this case, and contrary to what happened in the absence of bosentan, HO-1
overexpression was not able to induce an increase in the ALDH1+ subpopulation in HCT-
116 cells (Figure 6a), and the percentage of CD133high/CD44high/CD326high cells in the
TP was similar in pCMV6-HMOX1 versus mock transfected cells (Figure 6d). However,
the percentage of CD44high/CD326high cells increased in pCMV6-HMOX1 versus mock
transfected cells (Figure 6e). Therefore, HO-1 induces stemness in CRC cells harboring a
wild-type p53 trough ET-1.

  

(a) (b) (c) 

  

(d) (e) 

μ
Figure 6. Blockade of endothelin-1 receptors eliminates the HO-1-induced stemness only in p53 wild-type CRC cells.
Cells were pCMV6-HMOX1 or mock transfected, treated with 10 µM bosentan 24 h after, collected at 72 and 96 h after
transfection, and used to characterize the percentage of ALDH1+ cells by flow cytometry in the TP of (a) HCT-116, (b) HCT-
116 p53 null, and (c) HT-29 CRC cells. In other experiments, cells were collected at 96 h after pCMV6-HMOX1 or empty
vector (mock) transfections and used to quantify, in the TP, (d) the percentage of CD133high/CD44high/CD326high and (e)
CD44high/CD326high cells. Data represent the mean ± SD of two experiments performed in duplicate. ***, p < 0.001.

On the contrary, the addition of bosentan after HO-1 overexpression led to an increase
in the percentage of ALDH1+ cells at 72 and 96 h after transfection (Figure 6b) as well as to
the appearance of the CD133high/CD44high/CD326high subpopulation in HCT-116 p53 null
cells (Figure 6e). In HT-29 cells, the presence of bosentan after HO-1 overexpression did not
modify the percentage of ALDH1+ cells, although the CD44high/CD326high subpopulation
seemed to decrease, while the difference in the percentage of the CD133high/CD44high/
CD326high subpopulation increased in pCMV6-HMOX1 versus mock transfected cells
(Figure 6d,e), when comparing this result in the absence of bosentan (Figure 1d). Ac-
cording to these results, the blockade of ET-1 receptors induces an increase in the CSCs
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subpopulation in cells without an active p53 or with a mutated p53 with a gain of function,
and ET-1 seems to act as a protective agent in these cells after HO-1 overexpression.

The presence of bosentan in the cultured media also influenced the self-renewal
capacity of CSCs and non-CSCs subpopulations extracted from transiently transfected
HCT-116 and HCT-116 p53 null cells with empty vector (mock) and pCMV6-HMOX1
plasmid. On these working conditions, the capacity of subpopulations to form spheres
was similar in mock and pCMV6-HMOX1 transfected HCT-116 cells (Figure 7a). However,
CSCs and non-CSCs subpopulations from HCT-116 p53 null cells increased their ability
to form spheres (Figure 7b). Considering these results, ET-1 increases the self-renewal
capacity in cells with a wild-type p53 and decreases it in cells with an inactive p53 after
HO-1 overexpression, and the presence of bosentan eliminates these effects.

  

(a) (b) 

  

(c) (d) 

μ

Figure 7. Blockade of endothelin-1 receptors eliminates the HO-1-induced self-renewal ability in p53 wild-type CRC cells
and enhances it in p53 null cells. The number of spheres formed by subpopulations obtained from mock and pCMV6-
HMOX1 (a) HCT-116 and (b) HCT-116 p53 null transiently transfected cells. Representative images of tumorospheres
formed from different subpopulations of pCMV6-HMOX1 (c) HCT-116 and (d) HCT-116 p53 null transiently transfected
cells. ***, p < 0.001.

3.4. HO-1 Overexpression Induces Resistance to 5-FU Treatment in CRC In Vitro

Given the implication of CSCs on therapy resistance in cancer, we analyzed whether
HO-1 overexpression induced this effect on CRC in vitro and the mediation of the ECE-
1/ET-1 system on it. The treatment of mock and pCMV6-HMOX1 HCT-116, HCT-116 p53
null, and HT-29 transfected cells with 5-fluorouracil (5-FU) at different doses (0–4 µM)
showed that HO-1 overexpression induced resistance to this treatment in HCT-116 cells
(Figure 8a). We did not find different 5-FU sensitivity after HO-1 overexpression in HCT-
116 p53 null nor in HT-29 cells (Figure 8b,c), at least at the doses of 5-FU used. The presence
of bosentan in the culture media sensitized HCT-116 cells overexpressing HO-1 to 5-FU
(Figure 8a); however, no effect was found in HCT-116 p53 null cells (Figure 8b). On the
contrary, in HT-29 cells transfected with pCMV6-HMOX1, the presence of bosentan induced
resistance to 5-FU (Figure 8c). We could conclude that HO-1 overexpression induces 5-FU
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resistance in cells with a wild-type p53 and that ET-1 is responsible, at least in part, for this
effect. On the contrary, in cells with a non-wild-type p53, HO-1 overexpression seemed to
not affect the response to 5-FU treatment at the doses used in this study. In addition, ET-1
increases the response to this treatment in cells with a mutated p53 with a gain of function.
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Figure 8. Influence of HO-1 overexpression on therapy resistance in CRC. As described in the Materials and Methods
section, cells were seeded in 96 well-plates, transfected with vector or pCMV6-HMOX1 plasmid, and treated with increasing
doses of 5-FU (0–4 Mm) during 72 h in the presence or absence of 10 µM bosentan. The viability of cells was analyzed using
the MTT assay in (a) HCT-116, (b) HCT-116 p53 null, and (c) HT-29 cells. Data represent the mean ± SD of two experiments
performed in quadruplicate. *, p < 0.05; **, p < 0.01.

4. Discussion

In the recent years, numerous research works have tried to elucidate the role of HO-1
in colorectal cancer. This has not been an easy task, since this enzyme is found in both
cancer and stromal cells, including immune cells [38–41]. In addition, HO-1 in CRC cells
is able to regulate immune-mediated cytotoxicity against CRC cells [18]. In this complex
scenario, the results from the scientific literature have shown contradictory effects of
HO-1 in this type of cancer [15–20], which highlights the need to continue this field of
research. The metabolic status of cancer cells influences how heme-degrading enzymes
modulate tumor growth. Conversely, CO and biliverdin can modulate lipid and glucose
metabolism [42]. Specifically, CO can promote increased mitochondrial biogenesis and
induce an anti-Warburg effect [43], which has been linked to a lower rate of proliferation
and cell differentiation [44]. In addition, the presence of HO-1 in cytosol or its translocation
into the nucleus can also affect its activity and, therefore, its effects on tumors [42].

We used the CRC cell lines HCT-116, HCT-116 p53 null, and HT-29 to conduct our
in vitro model. These cells have the ability to form tumorospheres within 3–5 days after
being seeded in appropriate plates and medium [45–47], which allowed us to carry out
our study even though the transformation of the parental cells was performed by transient
transfection [48,49].

In this study, we found that HO-1 regulates the proportion and phenotype of CSCs in
CRC, a result that is not surprising considering that we also found a higher expression of
this protein in the CSCs subpopulation compared to non-CSCs in cell cultures. In tumors
from CRC patients, samples with a higher expression of CSCs markers also showed a
higher expression of HO-1. These results agree with previous works that reported a direct
implication of HO-1 in regulating CSCs in leukemia, glioma, melanoma, breast, pancreatic,
and lung cancers [24,49–51]. According to our results, HO-1 could regulate stemness in
CRC independently of p53; however, previous reports have demonstrated an important
relationship between them [16,52]. In fact, HO-1 is a p53-dependent target gene that
is responsible for p53-dependent cellular survival after oxidative treatment [52]. Other
works have suggested that HO activity is involved in the regulation of p53 expression in
normal [53] and cancer cells [54].
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In our in vitro model, CO produced after HO-1 overexpression led to increased ex-
pression of ECE-1 and ET-1 secretion by CRC cells through the activation of NF-κB and
AP-1 in cells harboring a wild-type p53 and in cells with a mutated p53, respectively. These
transcription factors are essential for ECE-1 activation in endothelial cells [55]. The CO re-
leasing molecule CORM3 has been reported to activate AP-1 in vitro [56,57]. The regulation
of NF-κB by CO has been previously described in several models of disease [58,59]. This
molecule is also able to induce ROS production in vitro [60]. Interestingly, ROS produc-
tion and NF-κB activation are critical events in CSCs appearance and CRC initiation [61].
Biliverdin was unable to activate the ECE-1/ET-1 pathway in our study. Biliverdin is
converted to bilirubin by bilirubin reductase [62]. The ROS scavenging properties of both
heme metabolites contribute to their antitumoral activities [11,63]. We did not test the
possible role of ferrous ions on ECE/ET-1 induction by HO-1 overexpression. Similarly
to bilirubin, literature to date has shown protective effects of ferrous iron against cancer,
mainly due to the induction of ferroptosis and cell death [11,41,64,65].

The endothelin system regulates stem properties of cells in CRC. The END-1 gene is
highly expressed in CSCs isolated from cultured CRC cells [66]. ET-1 regulates important
pathways for the maintenance of the stemness phenotype, such as MAPK, PI3K/Akt, and
Wnt/β-catenin [29]. However, given the short half-life of ET-1, its biological effects are
totally dependent on the maintenance of a critical concentration by ECE-1 [67]. Of the four
described isoforms of ECE-1 (a, b, c and d), ECE-1c has been implicated in CSCs generation
in CRC [67]. In our study, we did not analyze which isoform of ECE-1 increased after HO-1
overexpression. However, ETRA and ETRB receptors blockaded with bosentan led to a
decrease in the ALDH1+ population, in the percentage of CD133high/CD44high/CD326high
cells, and in the resistance to 5-FU treatment in the total population and a decrease in
the ability for self-renewal of the CSCs subpopulation of wild-type p53 cells. Previous
studies have reported that ETRA receptors are responsible for ET-1-mediated stemness in
CRC [29].

On the other hand, treatment with bosentan after HO-1 overexpression induced an
increase in the ALDH1+ and the appearance of CD133high/CD44high/CD326high subpopula-
tions in the total population, and it increased the ability to form spheres in the CSCs subpop-
ulation of cells lacking p53. Similarly, in cells harboring a mutated p53, the ETR blockade in-
duced a loss of CD44high/CD326high cells and an increase in CD133high/CD44high/CD326high
ones. These results could indicate that even though HO-1 overexpression induces increased
expression of ECE-1 and ET-1 production regardless of p53, in cells without an active p53 or
even a p53 with gain of function, like HT-29 cells, another mechanism that does not involve
the ECE-1/ET-1 system is responsible for the increase in the stem subpopulation. More
interestingly, the HO-1-induced ECE-1/ET-1 system seems to exert a protective effect in
these p53 not-active or with gain of function CRC cells. Contrary to these results, previous
reports have shown that treatment with bosentan is proapoptotic and antiproliferative
in HT-29 [68] cells and sensitizes them to Fas-L-induced cell death [69,70]. An ET-1-
independent mechanism of ECE-1 in CRC and other cancers has also been described [67],
but in these cases it acts as a protumoral protein [67]. On the contrary, clinical trials with
approved endothelin receptor antagonists, including bosentan, were not so promising,
with no statistically significant results, even though the drugs were well-tolerated [71].
Although more research is warranted to confirm our results, HO-1 overexpression probably
activates or inactivates certain unknown pathways that could induce these contrary results
after treatment with bosentan in our cell model.

5. Conclusions

HO-1 regulates stemness and resistance to 5-FU treatment in CRC in vitro. CO pro-
duced after HO-1 overexpression seemed to activate the ECE-1/ET-1 pathway, which could
be the final effectors of HO-1 protumoral events in p53 wild-type cells. Surprisingly, in cells
with a non-active p53 or a gain-of-function mutated p53, ECE-1-produced ET-1 seems to act
as a protective molecule. These results could implicate that patients carrying tumors with
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high expression of both HO-1 and ECE-1 and a non-wild-type p53 should be considered
for HO-1 based-therapies instead of ET-1 antagonists-based ones.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11060509/s1, Table S1: Characteristics of the patients included in the study; Table S2:
Relationship between HO-1 and ECE-1 expression with the clinicopathological characteristics of
the patients included in the study; Table S3: Correlations between HO-1 and genes related to ET-1
synthesis, according to p53 status and levels of CSC markers.
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Abstract: The homologous recombination repair (HRR) pathway repairs double-strand DNA breaks,
mostly by BRCA1 and BRCA2, although other proteins such as ATM, CHEK2, and PALB2 are also
involved. BRCA1/2 germline mutations are targeted by PARP inhibitors. The aim of this commentary
is to explore whether germline mutations in HRR-related genes other than BRCA1/2 have to be
considered as prognostic factors or predictive to therapies by discussing the results of two articles
published in December 2020. The TBCRC 048 trial published by Tung et al. showed an impressive
objective response rate to olaparib in metastatic breast cancer patients with germline PALB2 mutation
compared to germline ATM and CHEK2 mutation carriers. Additionally, Yadav et al. observed
a significantly longer overall survival in pancreatic adenocarcinoma patients with germline HRR
mutations compared to non-carriers. In our opinion, assuming that PALB2 is a high-penetrant
gene with a key role in the HRR system, PALB2 mutations are predictive factors for response to
treatment. Moreover, germline mutations in the ATM gene provide a better outcome in pancreatic
adenocarcinoma, being more often associated to wild-type KRAS. In conclusion, sequencing of HRR-
related genes other than BRCA1/2 should be routinely offered as part of a biological characterization
of pancreatic and breast cancers.

Keywords: BRCA1; BRCA2; PALB2; homologous recombination repair

1. Introduction

1.1. DNA Repair Mechanisms

DNA damage and deficiencies of repair are central features of cancer pathology.
Healthy cells defend themselves against DNA damage through different pathways. The
DNA damage can induce a single-strand break or a double-strand break. The single-
strand break can be repaired by different systems: base excision repair (BER), nucleotide
excision repair (NER), or mismatch repair (MMR). The poly (ADP-ribose) polymerase
(PARP) enzyme belongs to the BER system (Figure 1A), whereas ERCC excision repair 1,
endonuclease non-catalytic subunit (ERCC1) enzyme repairs bulky adducts by the NER
systems, and the MutL homolog 1 (MLH1), MutS homolog 6 (MSH6), and MutT homolog
1 (MTH1) proteins repair the single nucleotide substitutions, deletions, or insertions by the
MMR system. In eukaryotic cells, there are at least five pathways to repair DNA double-
strand breaks: non-homologous end-joining (NHEJ), alternative non-homologous end-
joining, single-strand annealing, break-induced replication, and homologous recombination
repair (HRR) [1–3].
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Figure 1. Overview of DNA double-strand break repair mechanisms and PARP inhibitor function. When DNA single-
strand break (SSB) occurs, poly (ADP-ribose) polymerase (PARP) recruitment and activation leads to SSB repair through
NAD+poly(ADP-ribosyl)ation (PARylation) of histones and chromatin remodeling enzymes and recruitment of PARP-
dependent DNA-repair proteins (A). In the presence of PARP inhibitor (PARPi), PARP recruited to DNA SSB is no longer able
to activate PARP-dependent repair systems and to dissociate from DNA-determining fork replication collapse during DNA
replication (B). The collapsed replication fork creates a DNA double-strand break (DSB) that, in homologous recombination
(HR)-proficient cells, is mainly repaired by the error-free mechanism of HR. MRN complex (Mre11, Rad50, and Nbs1)
initiates DNA end resection, leading to the formation of single-strand DNA (ssDNA) at the extremity of the DSB; ssDNA is
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protected from degradation by the loading of replication protein A (RPA). The MRN complex recruits and activates ataxia
telangiectasia mutated (ATM); ATM and RPA contribute to ataxia telangiectasia and Rad3-related (ATR) activation. Once
activated, ATM and ATR phosphorylate several proteins involved in the HR pathway, such as checkpoint kinases 1 and 2
(CHEK1/2). Besides, ATM, ATR, and CHEK1/2 regulate cell cycle arrest after the DSB. Fanconi anemia complementation
group D2 (FANCD2) contributes to breast cancer 1 (BRCA1) activation once monoubiquitinated by Fanconi anemia com-
plementation (FANC) and phosphorylated by ATM. The complex BRCA1- BRCA1-associated RING domain 1 (BARD1)
facilitates DNA end resection and interacts with the bridging protein partner and localizer of BRCA2 (PALB2) phospho-
rylated by CHEK2. PALB2 promotes the recruitment of breast cancer 2 (BRCA2). PALB2 and BRCA2 remove RPA and
facilitate the assembly of the RAD51 recombinase nucleoprotein filament. RAD51 nucleoprotein filament, Shu complex
(which consists of four proteins, Shu1, Shu2, Csm2, and Psy3), and RAD51 paralogs mediate the D-loop formation and
strand invasion of ssDNA into the intact sister chromatid, searching a homologous template for DNA synthesis by DNA
polymerase (DNA pol). The repaired DNA is resolved by synthesis-dependent strand annealing (C). In HR-deficient cells,
DSB is mainly repaired by the more error-prone template-independent mechanism of non-homologous end-joining (NHEJ).
DNA ends are recognized by the Ku70/80 heterodimer, which recruits DNA-dependent protein kinases (DNA-PKs). The
X-ray repair cross complementing 4 (XRCC4)-DNA Ligase IV-XRCC4-like factor (XLF) ligation complex seals the break.
However, DNA ends can degrade, leading to incorrect DSB repair (D).

The most accurate of all, HRR, uses the intact sister chromatid as a template for error-
free DNA double-strand break repair, mainly during the S/G2 phase of the cell cycle. DNA
damage response is fundamentally mediated by the kinases belonging to the phosphatidyli-
nositol 3-kinase-like protein kinase family, which include ataxia telangiectasia mutated
(ATM), ataxia telangiectasia and Rad3-related (ATR), and DNA-PK (DNA-dependent
protein kinase). While DNA-PK activates the more error-prone template-independent
mechanism of NHEJ [4], both ATM and ATR orchestrate the initial phase of the HRR
pathway and mediate cell cycle arrest [5]. In detail, the MRN complex (Mre11, Rad50, and
Nbs1) initiates DNA end resection from 5′ to 3′ leading to the formation of single-strand
DNA (ssDNA) at the extremity of the DNA double-strand break repair. ssDNA is protected
from degradation by the loading of replication protein A (RPA) [6]. The MRN complex
recruits and activates ATM [7], while the sensor protein RPA finally drives ATR activa-
tion [8]. Once activated, ATM and ATR phosphorylate several proteins involved in the
HRR pathway such as checkpoint kinase 2 (CHEK2) [5]. On the other hand, the tumor
suppressor complex Breast Cancer 1 (BRCA1) and (BRCA1-associated RING domain 1
(BARD1) facilitates DNA end resection and interacts with the bridging protein partner
and localizer of BRCA2 (PALB2) which in turn promotes the recruitment of breast cancer 2
(BRCA2) [9]. PALB2 and BRCA2 remove RPA and facilitate the assembly of the RAD51
recombinase nucleoprotein filament. RAD51 nucleoprotein filament mediates the invasion
of ssDNA into the intact sister chromatid, searching for a homologous template for DNA
synthesis and faithful repair of DNA [10] (Figure 1C,D).

1.2. PARP Inhibitor Treatments

We well know that tumor cells with BRCA1/2 germline mutations are targeted by PARP
inhibitor (PARPi) therapies through synthetic lethality. During DNA replication, PARPi
induces the single arm of the fork interruption, producing a collapsed fork (Figure 1B). If
PARP enzymes are inhibited in cells lacking functional BRCA1/2 proteins, DNA double-
strand breaks can only be repaired by the NHEJ pathway. However, the error-prone nature
of this template-independent repair pathway ultimately leads to tumor cell death [11].
Since 2009, when a first-in-human clinical trial of olaparib confirmed the synthetic lethal
interaction between inhibition of PARP1, a key sensor of DNA damage, and BRCA1/2
deficiency [12], PARPi therapies have been approved for the use in several cancers. Based
on Study 19 [13], Study 42 [14], and SOLO2 studies [15], olaparib has been approved for the
response maintenance treatment of germline/somatic BRCA1/2-mutated high-grade serous
ovarian cancers (including fallopian tube or primary peritoneal cancers) after first-line
platinum-based chemotherapy and for the treatment of germline BRCA1/2 (gBRCA1/2)
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mutated ovarian cancer progressing to three or more prior lines of chemotherapy. Besides,
another two PARP inhibitors, niraparib [16], and rucaparib [17] have been granted approval
in the maintenance setting of ovarian cancer, regardless of BRCA1/2 status. Furthermore,
both olaparib [18] and talazoparib [19] are approved in human epidermal growth factor
receptor 2 (HER2)-negative, gBRCA1/2-mutation-associated metastatic breast cancer [20].
Finally, several trials of olaparib in patients with gBRCA1/2 mutations identified responders
beyond ovarian or breast cancer patients, suggesting that other HRR-defective tumors
could be suitable for PARPi treatment [14].

1.3. PARPi Targeting HRR Genes other Than BRCA

Regarding breast cancer, in addition to the known high-penetrance pathogenic variants
of BRCA1/2, mutations in other high- or intermediate-penetrance genes can increase the risk
of cancer [21] and the most common non-BRCA pathogenic or likely pathogenic variants
affect PALB2, ATM, and CHEK2 genes [22]. Individuals carrying heterozygous pathogenic
variants of ATM have a 33% cumulative lifetime risk of breast cancer by 80 years of age [23].
Nevertheless, ATM heterozygous pathogenic variants have also been reported in some
cases of familial ovarian, pancreatic, and prostate cancer [21]. Certain variants in CHEK2
are associated with increased breast cancer risk, with a cumulative lifetime risk ranging
from 28% to 37%, depending on family history [24]. Within families carrying pathogenic
CHEK2 variants, there is also an increased risk of other malignancies including colon,
prostate, kidney, bladder, and thyroid cancers [25].

With the aim of testing the hypothesis that olaparib would also have efficacy in
germline mutation in an HRR-related gene other than BRCA1/2, the TBCRC-048 study was
designed in metastatic breast cancer patients. In this study, eligible patients had germline
mutations in non-BRCA1/2 HRR-related genes (cohort 1) or somatic mutations in these
genes or BRCA1/2 (cohort 2). Fifty-four patients received olaparib 300 mg orally twice a day
until progression. Exclusion criteria included platinum refractory disease or progression
on more than two chemotherapy regimens in the metastatic setting. Examining cohort
1, this phase II trial found that the olaparib provided an impressive objective response
rate (82%) in patients with germline PALB2 (gPALB2) mutation compared to germline
ATM (gATM) and germline CHEK2 (gCHEK2) mutation carriers [26]. Therefore, olaparib
could be used in gPALB2 mutation carriers beyond patients with gBRCA1/2 mutations,
significantly expanding the number of patients with metastatic breast cancer who would
benefit from PARPi. Moreover, since gPALB2 mutations also predispose to pancreatic and
ovarian cancers [27,28], these results may have significant implications for the treatment
of other gPALB2-associated cancers. Reasons why gPALB2 mutation carriers are so highly
responsive to olaparib compared to gATM and gCHEK2 have not been fully explained.
Nonetheless, similar data have been found in a phase II trial that evaluated talazoparib in
patients with advanced HER2-negative breast cancer or other solid tumors with a germline
or somatic alteration in HRR-related genes other than BRCA1/2. Patients who received
at least one prior therapy in the advanced setting and without progression on or within
8 weeks of their last platinum dose were eligible. They were treated with talazoparib 1 mg
daily until disease progression. Twenty patients were enrolled: 13 breast cancers (12 luminal
and 1 triple negative) and 7 other solid cancers (pancreas, colon, uterine, testicular, and
parotid salivary). Of 12 breast cancer patients evaluated, 6 showed a response or stable
disease (clinical benefit rate equal to 50%), of which 3 were gPALB2 mutation carriers. No
responses were observed in non-breast tumors. This proof-of-concept phase II study with
talazoparib as the single agent demonstrated activity in HER2-negative advanced breast
cancer patients with an HR pathway mutation beyond BRCA1/2 [29].

The study by Yadav et al. [30] evaluated the clinical characteristics of pancreatic
ductal adenocarcinoma in germline mutation carriers of HRR genes and the implications
of these mutations on overall survival (OS) by analyzing 37 cancer predisposition genes
in 3078 patients. One hundred seventy-five HRR mutation carriers and 2730 noncarriers
were compared, finding a younger age and more metastatic disease at diagnosis in HRR
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mutation carriers. In a multivariable model adjusting for sex, age at diagnosis, and tumor
staging, patients with germline HRR mutations had a significantly longer OS compared
with noncarriers (HR, 0.83; 95% confidence interval (CI), 0.70–0.97; p = 0.02). Further,
gene-level analysis demonstrated that germline ATM mutation carriers had longer OS
compared with patients without germline mutations in any of the 37 genes (HR, 0.72; 95%
CI, 0.55–0.94; p = 0.01).

The primary aim of our commentary was to discuss whether germline mutations in
an HRR-related gene other than BRCA1/2 have to be considered as prognostic factors or
predictive to therapies by discussing the results of the abovementioned TBCRC-048 study
by Tung et al. [25] and of the study by Yadav et al. [30].

2. The Different Role of High- and Moderate-Penetrance Genes

The role of PALB2 as a high/moderate-penetrance gene has been extensively discussed.
The risk of breast cancer development in gPALB2 mutations is lower than in gBRCA1/2
mutation carriers, reaching 53% at 80 years [31]. However, breast cancer risk appears
higher than in gATM or gCHEK2 mutation carriers, where it is 2/3-fold higher than in the
general population [23,24]. The difference between high- and moderate-risk genes is that in
the latter case, both endogenous (genomic variations) and exogenous (e.g., environmental
exposures and lifestyle) factors contribute to cancer development. It is likely that in cases
of cancer in gATM and gCHEK2 mutation carriers, olaparib needs to be supported by the
modification of environmental factors such as diet or lifestyle in order to improve its efficacy.
It might be of interest to evaluate the addition of a methionine-choline-deficient diet to
PARPi treatment. In a murine model of non-alcoholic fatty liver disease, a methionine- and
choline-deficient diet attenuated PARP activation, enhancing the benefits of olaparib [32].

As previously described, PALB2 represents a key gene in the HRR system, as the
signal mediator between BRCA1 and the BRCA2/RAD51 complex. PALB2 purification
studies [33,34] revealed that PALB2 uses two DNA-binding domains to interact directly
with D-loop and ssDNA structures, and that the recombinase RAD51 interacts with PALB2
through its amino-terminal region, which leads to the enhancement of RAD51 activity.
In its carboxyl-terminal region, PALB2 presents a WD40 domain through which PALB2
interacts with both BRCA2 and RAD51 [34,35]. Being an important player in different
steps of HRR, PALB2 is strictly regulated by ubiquitylation and histone acetylation [36], as
well as at a post-transcriptional level, being phosphorylated initially by cyclin-dependent
kinases (CDKs) [37] and later by ATM [38]. As in BRCA1/2 mutation carriers, the lack of
both PALB2 alleles causes the activation of the NHEJ with a consequent genomic instability
and cancer cell death [11].

On the other hand, ATM has multiple functions in cancer development, such as
cell cycle checkpoint modulation, DNA double-strand break repair, metabolic regulation,
migration, and chromatin remodeling [39]. Following exposure to stress, ATM acts as
a cell cycle checkpoint regulating G1/S arrest, S phase, and G2-M arrest after the DNA
double-strand break repair through different pathways. CHEK2 is also involved in the
cell cycle arrest, being activated by ATM [40]. In case of gATM or gCHEK2 mutation, their
role in cell cycle arrest can be overcome by ATR, which blocks the cell cycle, allowing
the HRR before the cell enters into replication and mitosis phases. In detail, while ATM
identifies and amplifies the signal generated by DNA double-strand break repair, ATR
is activated by ssDNA or interstrand DNA crosslinking (both of which lead to stalled
replication forks), or by resected DNA double-strand break repair. The principal substrates
of ATM and ATR are the checkpoint kinases CHEK2 and CHEK1, respectively, which block
cell cycle progression to allow repair. In particular, CHEK2 triggers the G1-S checkpoint
by phosphorylation of the tumor-suppressor protein p53 which in turn inhibits the cyclin-
dependent kinase 2 (CDK2)-CCNE1 (cyclin E1) interaction. In contrast, CHEK1 is mainly
involved in the intra-S checkpoint and the G2-M checkpoint [41]. It is therefore likely that in
both germline mutations, the PARPi needs to be added to ATR or CHEK1 inhibitors to work
more effectively than in the case of gPALB2 mutations. Besides, the ATR–CHEK1 pathway
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is often upregulated in human neoplasms, especially CHEK1, whose promoter activity is
believed to promote tumor growth. Nevertheless, some evidence indicates that ATR and
CHEK1 may also behave as haploinsufficient oncosuppressors, at least in a specific genetic
background. Interestingly, the inactivation of ATM–CHEK2 and ATR–CHEK1 pathways in
preclinical studies has been shown to efficiently sensitize malignant cells to radiotherapy
and chemotherapy [41].

On these grounds, we can conclude that gPALB2 mutations represent a predictive fac-
tor for treatment. However, can we also consider gPALB2 mutations as having a prognostic
role? The prognostic versus predictive nature of HRR defect deserves special attention.
Recent results from the study by Yadav et al. [30] showed a significantly longer OS in
patients with germline HRR (gHRR) mutations compared to non-carriers in pancreatic
ductal adenocarcinoma. This is particularly evident in gATM mutation carriers, although
patients with gHRR mutations more often present metastatic disease at the diagnosis.
Molecular studies previously showed that gHRR mutations are more frequently associated
to the wild-type KRAS gene, which is one of the best prognostic factors in pancreatic ductal
adenocarcinoma. Therefore, the pancreatic ductal adenocarcinoma with wild-type KRAS
seems to have the most favorable prognosis when accomplished by gHRR mutations,
which is probably responsible for the best response to therapy.

3. Results

3.1. How to Improve the Access to Genetic Counseling and Testing

All trials that explore the efficacy of PARPi in high-penetrance risk genes (BRCA1/2,
PALB2) have shown activity in those genes, definitely introducing in the metastatic breast
cancer therapeutic algorithm a new standard treatment for germline mutation carriers.
Unfortunately, patients with breast cancer who may be eligible for PARP inhibitor therapy
are often missed, even when using established diagnostic guidelines and techniques. In
the USA, only 2.7% of eligible women reported the uptake of genetic counseling and
testing [42,43]. Eligibility for and uptake of gHRR testing varies among countries [44,45],
and the use of international testing criteria is not feasible for all countries owing to dispari-
ties in resources and ethnicities [46].

There are potential barriers to gHRR testing and genetic counseling for eligible women
with or without a diagnosis of breast cancer: lack of understanding and knowledge about
genetic counseling and testing by physicians and patients; lack of perceived benefits
of counseling; lack of perceived risk of having a mutation; cost of testing; and fear of
insurance discrimination [47–50]. Patients’ attitudes to gHRR testing (the predisposing
factor), income (the enabling factor), and risk of carrying a mutation (the need factor)
predict uptake of testing [51]. There are multiple ways that the uptake of gHRR testing may
be increased: provision of free genetic counseling; greater dissemination of information to
at-risk individuals; genetic counseling that covers strategies for individuals to discuss their
diagnosis with family members; and awareness and implementation of population-based
testing as a preventive measure [52,53].

Future avenues to identify patients with gHRR mutations who may benefit from
treatment with PARP inhibitors are under evaluation in clinical trials, and have yet to gain
approval from licensing authorities, including the FDA and EMA. Moreover, in order to
increase the detection of actionable genetic mutations at earlier stages of disease, a wider
access to multiple-gene panel testing and the validation of predictive models to establish
probabilities of having gene mutations are needed [54,55]. The evaluation of mutations in
various HRR genes could be fundamental to identify patients suitable for PARP inhibitor
therapy. Accordingly, a suite of biomarkers correlating with PARP activity have recently
been identified in human cancer cell lines, and these could be used as patient selection
criteria for expanding the clinical development of PARP inhibitors [56,57].

Interestingly, gHRR mutations also represent a favorable factor in pancreatic ductal
adenocarcinoma, being more often associated to the wild-type KRAS gene. Hence, sequenc-
ing of gHRR genes other than BRCA1/2 should be routinely offered as part of the biological
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characterization of pancreatic ductal adenocarcinoma. For all of these reasons, there is an ur-
gent need for new techniques to aid in diagnosis, staging, and clinical-therapeutic decisions.
Finally, since gastroenterology providers interface with patients who develop pancreatic
ductal adenocarcinoma, they should have an understanding of genetic counseling and
should be able to interpret multigene panel test results.

3.2. How to Improve PARPi Response in gHRR Mutation Carriers

Many efforts need to be made in gHRR mutations other than gBRCA1/2, for example
by preventing breast cancer development with lifestyle modifications or by treating genetic
tumors adding other DNA damage repair gene inhibitors to PARPi. Several recent studies
have indicated the potential involvement of PARP activity in promoting metabolic dysfunc-
tion [58,59]. Interestingly, various metabolic disorders have been associated with elevated
oxidative stress and DNA damage, which can subsequently induce PARP activity, which is
also true in some cancers [32]. A methionine- and choline-deficient diet could increase the
PARP inhibitor activity in gHRR mutation carriers, avoiding the development of breast
cancer. A strong relationship can be observed between genetic and behavioral risk factors,
underlining the prognostic role of moderate-penetrance genes.

On the other hand, as already shown, alterations in non-BRCA1/2 HRR genes may
confer sensitivity not only to PARP inhibitors but also to the WEE1 checkpoint inhibitor
or the ataxia telangiectasia and Rad3-related protein inhibitor. The goal for the use of
HRR-targeted agents in cancer treatment should be to maximize DNA damage in G1
and S phase, and to prevent repair in G2 phase, in order to ensure the damage is taken
through into mitosis where the effects will manifest. Patients carrying HRR gene mutations,
who are unable to repair the DNA double-strand break, obtain the most efficient cure
by G1/S checkpoint abrogation and G2/M checkpoint prevention. Achieving similar
successes in the clinic should be possible using targeted HRR agents, but most likely in
combination with other targeted therapies, and will require the correct identification of
cancer-specific genetic deficiencies that will be associated with susceptibility to the specific
HRR-targeted agent. In addition, in order to target the right tumors with HRR agents,
it will also be important to maximize the therapeutic window by identifying the correct
dose and schedule for treating patients, and this in turn will require an understanding of
the drug mechanism of action, target engagement, and downstream pharmacodynamic
biomarkers that can be used in the clinic.

The combination of PARP inhibitors and WEE1 or ATM inhibitors is under investiga-
tion in different studies with the aim of exploiting the replication stress in these mutation
carriers. For instance, the Violette trial is an ongoing study with olaparib monotherapy
versus olaparib in combination with an inhibitor of ATR (ceralasertib [AZD6738]) and ola-
parib monotherapy versus olaparib in combination with an inhibitor of WEE1 (adavosertib
[AZD1775]), in the second- or third-line setting, in patients with triple-negative breast
cancer prospectively stratified by qualifying tumor mutations in genes involved in the
HRR pathway [60]. Another interesting phase I study is currently evaluating the addition
of adavosertib to olaparib in refractory solid tumors [61].

Additionally, other ongoing trials are evaluating PARP inhibitors in pancreatic ductal
adenocarcinoma patients with non-BRCA DNA damage responsive gene deficiencies,
as well as PARP inhibitors in combination with other agents (i.e., immune checkpoint
inhibitors) to expand the group of patients that might derive benefit from this treatment.

4. Conclusions

To conclude, gHRR mutations represent an interesting predictive factor for treatment
with DNA damage repair agents, particularly in tumors where current standard therapies
are insufficient, such as in the case of pancreatic ductal adenocarcinoma. Indeed, several
DNA damage repair agents are under development in order to improve the therapeutic
paraphernalia in rare cancer diseases. We believe that future research should be directed to
better clarifying the biological rationale underpinning the mechanism of action of moderate-
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and high-penetrance risk genes. A deeper knowledge of these molecular pathways is key
to better understanding and exploiting the huge potential of PARP inhibitors as therapeutic
agents for a wider but targeted population of cancer patients.
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Abstract: Biliary tract cancer (BTC) is characterized by an intense stromal reaction and a complex
landscape of infiltrating immune cells. Evidence is emerging that tumor-infiltrating neutrophils
(TINs) have an impact on carcinogenesis and tumor progression. TINs have also been associated with
outcomes in various solid malignant tumors but their possible clinical role in BTC is largely unknown.
Tissue samples from patients with sporadic BTC (“spBTC” cohort, N = 53) and BTC in association
with primary sclerosing cholangitis (“PSC-BTC” cohort, N = 7) were collected. Furthermore, tissue
samples from 27 patients with PSC who underwent liver transplantation (“PSC-LTX” cohort) were
investigated. All specimens were assessed for TIN density in invasive and precancerous lesions
(biliary intraepithelial neoplasia, BilIN). Most spBTC showed low TIN density (LD, 61%). High TIN
density (HD) was detected in 16% of the tumors, whereas 23% were classified as intermediate density
(ID); the majority of both HD and ID groups were in T1–T2 tumors (83% and 100%, p = 0.012). TIN
density in BilIN lesions did not significantly differ among the three groups. The HD group had
a mean overall survival (OS) of 53.5 months, whereas the mean OS in the LD and ID groups was
significantly shorter (LD 29.5 months vs. ID 24.6 months, log-rank p < 0.05). The results of this study
underline the possible prognostic relevance of TINs in BTC and stress the complexity of the immune
cell landscape in BTC. The prognostic relevance of TINs suggests a key regulator role in inflammation
and immune landscape in BTC.

Keywords: cholangiocarcinoma; biliary tract cancer; prognosis; neutrophils

1. Introduction

Biliary tract cancers (BTC) are a heterogeneous group of malignancies arising from the
epithelial cells of the intra- and extrahepatic biliary ductal system and gallbladder. These
tumors account for approximately 3% of all gastrointestinal cancers and represent the
second most common primary liver tumor [1,2]. Hence, BTC are rare, while in particular
the incidence of intrahepatic cholangiocarcinoma is on the rise in Western countries [3].
BTC is one of the most aggressive cancer entities and radical surgery represents the only
curative option [4]. However, only about 30% of patients with BTC are resectable at the
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time of first presentation [5]. Even after radical surgery, the median overall survival barely
reaches three years [6].

Several risk factors for the development of BTC have been identified, such as chronic
inflammation through primary sclerosing cholangitis (PSC), viral hepatitis, liver cirrho-
sis, and liver fluke [7]. In fact, BTC is histologically characterized by an intense stromal
reaction while the stroma is densely populated by cancer-associated fibroblasts (CAF) and
various infiltrating immune cells such as monocytes and tumor-associated macrophages
(TAM). These inflammatory cells likely play a predominant role in tumor development
and progression [8,9]. Thus, a biomarker function of easily obtainable systemic inflamma-
tion markers such as C-reactive protein (CRP), neutrophils to lymphocytes ratio (NLR),
and platelets to lymphocytes ratio (PLR) has been intensely investigated in BTC in the
recent years with remarkable success [10–14]. Neutrophils are the most abundant white
blood cell subtype, thereby representing a crucial component of the innate immune sys-
tem. While the main function of neutrophils is to fight infections by phagocytosis and
elimination of microorganisms, a chronic neutrophilic inflammation has been associated
with the early phase of various epithelial cancers. Interestingly, evidence is emerging that
tumor-infiltrating neutrophils (TINs) are impacting progression and spread in later phases
of the disease. Apparently, malignant tumors have the ability to induce myelopoiesis and
to attract neutrophils to the tumor microenvironment. Here, these cells gather a protu-
morigenic, immunosuppressive phenotype, whereas the exact mechanisms and possible
targeted therapies are currently under investigation [15]. Not surprisingly, TINs have been
associated with outcome in various solid tumors [16,17]. However, their presence and
possible prognostic role in BTC is still largely unknown and focus of the present study.

2. Methods

2.1. Patients and Tissues

For this monocentric retrospective study, data from three different patient cohorts
were collected and analyzed.

2.1.1. Patients with Surgically Resected Sporadic Biliary Tract Cancer (spBTC Cohort)

Tissue samples from 53 patients who underwent surgical resection for sporadic BTC
(spBTC) between 2013 and 2018 at the Department of Surgery, Bonn University Hospital,
were collected. Only patients without previous radiochemotherapy were selected. All
patients were operated on in the absence of clinical signs of an acute infection. Patient
serum was obtained shortly before surgery and analyzed for carcinoembryonic antigen
(CEA), carbohydrate antigen 19.9 (CA19.9), and C reactive protein (CRP). Therapy options
for every patient were discussed in our weekly interdisciplinary tumor board and all
patients included were offered surgical resection. Demographic and clinical data, including
age, gender, postoperative complications, hospital stay, and adjuvant chemotherapy were
retrieved from the patients’ records. Tumor samples from the resected specimens were
fixed in formalin and embedded in paraffin (FFPE) according to a standardized protocol.
Survival data were available for all patients. The usage of archived diagnostic left-over
tissues for tissue microarray (TMA) manufacturing, the analysis for research purposes, and
patient data analysis were approved by the ethics committee, Bonn University Hospital (IRB
number: 417/17). The study was carried out in compliance with the Helsinki Declaration.

2.1.2. Patients with Primary Sclerosing Cholangitis and BTC (PSC-BTC Cohort)

Tissue samples from 7 patients with primary sclerosing cholangitis and BTC (PSC-BTC)
were retrieved from archived diagnostic left-over FFPE tissue. All patients were operated
on between 2010 and 2017 at the Department of Surgery, Bonn University Hospital. All
tumor samples were obtained for diagnostic reasons during radical tumor resection or
explorative laparotomy and open biopsy. A survival analysis was not performed in this
cohort due to the small number of patients.
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2.1.3. Patients with PSC Who Underwent Liver Transplantation (PSC-LTX Cohort)

Tissue samples from 27 patients with PSC who underwent liver transplantation
between 2003 and 2017 at the Department of Surgery, Bonn University Hospital, were
collected from FFPE left-over tissue. A mean of 12 samples per patient, each from different
localizations along the biliary ductal system, were analyzed. A survival analysis was not
performed in this cohort due to the small number of patients.

2.2. Tissue Microarray Construction and Tumor-Infiltrating Neutrophil (TIN) Density Score
Analysis in Sporadic BTC

For spBTC, a tissue microarray (TMA) was constructed according to standardized
protocols. Briefly, four to six different 1 mm cores were taken from every tissue sample.
For internal controls, normal kidney and normal liver tissue cores were included in each
TMA block. A 2 µm section was stained following a standard hematoxylin and eosin
staining protocol. Neutrophils were counted in each core by an experienced pathologist,
who was blinded to tumor stage and patient characteristics. Apoptotic neutrophils, as
well as neutrophils found inside the lumen of blood vessels were excluded. Then, the
mean value was calculated for each tumor, as well as the 60 and the 85 percentile which
we used as cut-offs. The use of these cut-offs was arbitrary in order to classified samples
into “low density” if the TIN density score was lower than the 60th percentile (LD, score 0),
“intermediate density”, if the TIN density score was between the 60th and 85th percentiles
(ID, score 1), or “high density” if the TIN density score was higher than the 85th percentile
(HD, score 2).

2.3. Neutrophils Density Analysis in Biliary Intraepithelial Neoplasia (BilIN)

For spBTC and PSC-BTC cohorts, diagnostic slides were reviewed for the presence
of high-grade biliary intraepithelial neoplasia (BilIN) in the tumor proximity. For the PSC
patients with PSC who underwent liver transplantation (PSC-LTX) cohort, all diagnostic
slides were reviewed for the presence of high-grade BilIN in bile ducts. In the presence of
multiple BilIN lesions, one representative high-grade BilIN was randomly selected. The
total number of neutrophils in six 40× microscopic fields (three intraepithelial/intratumoral
fields and three in periepithelial stroma) were assessed. Neutrophils that were identified in
blood vessels were not counted. The mean value for each localization was then calculated.

2.4. BTC and BilIN Classification

All tumors were reclassified according to the UICC (Union for International Cancer
Control) TNM classification system by the International Union Against Cancer, 8th Edi-
tion [18]. BilINs were classified according to established histopathological characteristics
such as degree of cellular and structural atypia as recommended [19,20].

2.5. Statistical Analysis

Statistical analysis was performed in the R environment (RStudio Version 1.3, package
survminer version 0.4.8) and SPSS Statistics Version 22 (IBM, Armonk, New York, NY,
USA) [21,22]. Continuous variables are shown as mean or median with interquartile range
(IQR). Univariate analysis was performed, and Kaplan–Meier (KM) plots were generated
for overall survival (OS). KM curves were compared using the log-rank test. Multivariate
analyses for OS were performed using the Cox regression method. Variables which were
significant in the univariate analysis were included in the Cox regression model. Mean OS
was indicated if the median OS was not reached. Comparisons between groups were made
with Fisher’s exact test or Anova test, as appropriate. Pearson’s correlation analysis for
TIN density in BilIN was performed and displayed as scatter plot. Statistical significance
was assumed at a p-value < 0.05.
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3. Results

3.1. Patient Characteristics

A total of 53 patients (29 females and 24 males, median age 67, range 38–81) were
enrolled in the spBTC cohort. A majority of tumors was diagnosed as intrahepatic cholan-
giocarcinoma (IHC, N = 19, 36%), followed by distal cholangiocarcinoma (DC, N = 14, 26%),
and perihilar cholangiocarcinoma (PHC, N = 13, 24%). A gallbladder carcinoma (GBCA)
was diagnosed in seven patients (13%). Median preoperative CA19.9 and CEA levels were
53.6 kU/L (IQR 26.9–359 kU/L) and 2.2 ng/mL (IQR 1.2–3.0 ng/mL), respectively. Median
preoperative CRP level was 17.2 mg/L (IQR 7.2–59.5 mg/L). Most primary tumors were
classified pT2 (N = 19, 36%) or pT3 (N = 19, 36%), whereas 28% of the patients were staged
pT1 (N = 15, 28%). A positive nodal status was found in 57% of the patients (N1, N = 30).
Four patients (7%) with apparently resectable disease had to be classified M1 according to
the final pathology report due to peritoneal carcinomatosis. Most tumors were moderately
differentiated (G2, N = 31, 58%). Postoperative adjuvant chemotherapy was administered
in a majority of patients (N = 33, 62%). Characteristics of the spBTC cohort are summarized
in Table 1.

Table 1. Patient’s characteristics according to the extent of tumor-infiltrating neutrophils (TINs) in resected biliary tract
cancer (BTC).

TIN Density

All Patients
N = 53

Low
N = 31

Intermediate
N = 12

High
N = 8

n, mean, median
(%, SD, or IQR)

n, mean, median
(%, SD, or IQR)

n, mean, median
(%, SD, or IQR)

n, mean, median
(%, SD, or IQR) p *

Sex W
M

29 (54.7)
24 (45.3)

18 (58.1)
13 (41.9)

5 (41.7)
7 (58.3)

4 (50.0)
4 (50.0) 0.624

Age ≤67
>67

28 (52.8)
25 (47.2)

16 (51.6)
15 (48.4)

7 (58.3)
5 (41.7)

4 (50.0)
4 (50.0) 0.925

CA19-9 53.6 (26.9–359.0) 53.6 (28.3–160.4) 61.8 (20.3–360.4) 36.4 (29.7–1164.6) 0.325
CEA 2.2 (1.2–3.0) 2.4 (1.4–3.3) 2.2 (1.1–4.6) 1.2 (0.9–1.3) 0.080
CRP 17.2 (7.2–59.5) 24.7 (9.50–75.50) 11.0 (4.9–31.2) 19.4 (6.2–26.7) 0.396

Localization
IHC
PHC
DC

GBC

19 (35.8)
13 (24.5)
14 (26.4)
7 (13.2)

10 (32.3)
6 (19.4)
8 (25.8)
7 (22.6)

5 (41.7)
2 (16.7)
5 (41.7)
0 (0.0)

4 (50.0)
3 (37.5)
1 (12.5)
0 (0.0)

0.312

T
T1
T2
T3
T4

15 (28.3)
19 (35.8)
19 (35.8)

0 (0)

6 (19.4)
8 (25.8)

17 (54.8)
0 (0.0)

4 (33.3)
6 (50.0)
2 (16.7)
0 (0.0)

4 (50.0)
4 (50.0)
0 (0.0)
0 (0.0)

0.012

N N0
N1

23 (43.4)
30 (56.6)

9 (29.3)
22 (71.0)

9 (75.0)
3 (25.0)

4 (50)
4 (50) 0.025

M M0
M1

49 (92.5)
4 (7.5)

27 (87.1)
4 (12.9)

12 (100.0)
0 (0.0)

8 (100.0)
0 (0.0) 0.462

L L0
L1

39 (73.6)
14 (26.4)

22 (71.0)
9 (29.0)

9 (75.0)
3 (25.0)

7 (87.5)
1 (12.5) 0.743

V V0
V1

44 (83.0)
9 (17.0)

24 (77.4)
7 (22.6)

11 (91.7)
1 (8.3)

7 (87.5)
1 (12.5) 0.671

Pn Pn0
Pn1

24 (45.3)
29 (54.7)

13 (41.9)
18 (58.9)

6 (50.0)
6 (50.0)

3 (37.5)
5 (62.5) 0.851

G
G1
G2
G3

3 (5.7)
31 (58.5)
19 (35.8)

2 (6.5)
18 (58.1)
11 (35.5)

1 (8.3)
8 (66.7)
3 (25.0)

0 (0.0)
3 (37.5)
5 (62.5)

0.517

R R0
R+

42 (79.2)
11 (20.8)

25 (80.6)
6 (19.4)

11 (91.7)
1 (8.3)

5 (62.5)
3 (37.5) 0.285

Stage
Stage I
Stage II
Stage III
Stage IV

9 (17.0)
19 (35.8)
20 (37.7)
5 (9.4)

1 (3.2)
12 (38.7)
14 (45.2)
4 (12.9)

4 (33.3)
6 (50.0)
1 (8.3)
1 (8.3)

3 (37.5)
1 (12.5)
4 (50.0)
0 (0.0)

0.010

Postoperative
Complications

Yes
No

28 (52.8)
25 (47.2)

16 (51.6)
15 (48.4)

6 (50.0)
6 (50.0)

5 (62.5)
3 (37.5) 0.837

Chemotherapy Yes
No

33 (62.3)
20 (37.7)

22 (71.0)
9 (29.0)

6 (50.0)
6 (50.0)

4 (50.0)
4 (50.0) 0.356
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3.2. Correlation of TIN Density with Clinicopathologic Parameters

Among the tumor samples, 16% were classified as tumors with a high TIN density
(N = 8), while 23% were classified as intermediate (N = 12), and 61% were classified as low
TIN-density tumors (N = 31). Two samples had to be excluded from the analysis because
of tissue fragmentation during TMA preparation. Representative images of tumor sections
with different TIN densities are displayed in Figure 1.

Figure 1. Examples of high-resolution microscopy images of biliary tract cancer with low (A),
intermediate (B), and high (C) TIN density (hematoxylin and eosin staining).

The demographics of the three groups were similar regarding age (mean age 67 in
the LD group vs. 66 in the ID group vs. 67 in the HD group) and gender (58% females
and 42% males in the LD group vs. 42% females and 58% males in the ID group and 50%
females vs. 50% males in the HD group). Tumor stage distribution differed significantly
in the three groups, since in the LD group the most represented T stage was T3 (N = 17,
55%). In the ID group, the majority of the patients had T1–T2 tumors (N = 10, 83%) and
17% (N = 2), also in the HD group, all had a comparatively smaller T1–T2 primary tumor
(p = 0.012). The rate of N+ tumors was also significantly different in the three groups. In
the LD group, 71% (N = 22) had a positive nodal status as compared with 25% (N = 3) in
the ID group and 50% (N = 4) in the HD group (p = 0.025). No difference was observed
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regarding preoperative CA19.9, CEA, CRP, tumor location, M stage, grading, as well as
lymphovascular and perineural invasion. Most of the tumors in the LD were IHC (N = 10,
32%) followed by DC (N = 8, 26%), GBC (N = 7, 23%), and PHC (N = 6, 19%). In the ID
group, IHC and DC were the most represented tumor localizations (N = 5, 42%), followed
by PHC (N = 2, 17%). In the HD group, IHC were the most frequent tumors (N = 4, 50%),
followed by PHC (N = 3, 37%) and DC (N = 1, 12%) The LD group was the only group with
samples from GBCA patients. The abovementioned varying TIN densities according to T
stage and positive nodal status were mirrored in the respective UICC stages. In fact, in the
LD group, most patients had advanced UICC stages III or IV, in the ID group the majority
of the patients had earlier UICC stages I or II, and in the HD group 50% had a UICC stage I
or II (p = 0.010). Clinicopathological characteristics of the three groups are summarized in
Table 1.

3.3. Correlation of TIN Density with Outcome

Median follow-up time was 19.4 months (range 0.2–60 months). The HD group had a
mean OS of 53.5 months (standard error (SE) 6.0, 95% confidence interval (CI) 41.7–65.4),
whereas the mean OS in the LD and ID groups was significantly shorter (LD group,
29.5 months, SE 3.9, 95% CI 21.7–37.3, log-rank p < 0.05 and ID group, 24.6 months, SE
6.0, 95% CI 11.8–37.4, log-rank p < 0.05). The Kaplan–Meier plot in Figure 2 displays OS
probabilities stratified for neutrophil density.

Figure 2. Kaplan–Meier (KM) plot showing survival probability stratified for tumor infiltrating
neutrophiles (TIN) density. From the log-rank, only significant p-values are displayed.

In the univariate survival analysis, a correlation with poor prognosis in HD vs. ID
(hazard ratio (HR) 10.10, 95% confidence interval (CI) 1.22–83.50, p = 0.032) was found.
When comparing HD vs. LD, a similar correlation with prognosis was found (HR 7.66,
95% CI 1.02–57.53, p = 0.048). In addition, univariate analysis showed that a UICC stage III
was significantly associated with poorer prognosis as compared with UICC stage I (HR
4.48, 95% CI 1.01–19.92, p = 0.049). The results of the univariate analyses are summarized in
Table 2. The results of the multivariate analysis are summarized in Supplementary Table S1.
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Table 2. Results of the univariate analysis.

Endpoint Subgroup HR CI 95% p

Age > 67 vs. ≤67 1.17 0.55–2.47 0.678
Female vs. Male 1.02 0.48–2.14 0.963

CEA high vs. low 1.75 0.73–4.20 0.207
CA19.9 high vs. low 1.78 0.82–3.84 0.145

TIN intermediate vs. high 10.10 1.22–83.50 0.032
TIN low vs. high 7.66 1.02–57.53 0.048

Complications Yes vs. No 1.30 0.61–2.78 0.498
G2 vs. G1 1.63 0.22–12.34 0.636
G3 vs. G1 1.72 0.22–13.66 0.607
T2 vs. T1 0.83 0.31–2.23 0.706
T3 vs. T1 1.26 0.51–3.11 0.612
N1 vs. N0 1.69 0.79–3.62 0.179
M1 vs. M0 1.07 0.25–4.53 0.927

Stage 2 vs. Stage 1 3.23 0.71–14.66 0.128
Stage 3 vs. Stage 1 4.48 1.01–19.92 0.049
Stage4 vs. Stage 1 3.15 0.44–22.51 0.254

R1 vs. R0 1.30 0.52–3.25 0.579
V1 vs. V0 1.74 0.70–4.34 0.234
L1 vs. L0 0.82 0.33–2.05 0.676

Pn1 vs. Pn0 1.39 0.65–2.95 0.394
Chemotherapy Yes vs. No 0.62 0.29–1.31 0.208

3.4. Neutrophil Infiltration in BTC-Associated BilIN

In the spBTC cohort, 23% of the patients (N = 12) had at least one high-grade BilIN
lesion in the analyzed slides displaying their primary adenocarcinoma. In the PSC-BTC
cohort, 57% of the patients (N = 4) had at least one high-grade BilIN lesion near the tumor.
In the PSC-LTX cohort, at least one BilIN lesion was found in 25% of the explanted liver
samples (N = 7). The mean TINs in the BilIN lesions from the cohort of patients with
PSC who underwent LTX did not significantly differ from the mean TINs of BilIN lesions
adjacent to sporadic BTC and PSC-associated BTC (7.0, standard deviation (SD) 8.1 vs. 4.9,
SD 5.7 vs. 4.0, SD 2.5, p > 0.05) (Figure 3).

A positive correlation between intraepithelial TIN and stromal TIN was observed
(Pearson’s R = 0.51, p = 0.025). The number of TINs in spBTC and PSC-BTC lesions did
not correlate with the number of neutrophils infiltrating adjacent BilIN lesions (Pearson’s
R = 0.16, p = 0.63). Patient characteristics of the PSC-LTX and PSC-BTC cohorts are
summarized in the Supplementary Table S2.

73



J. Pers. Med. 2021, 11, 233

Figure 3. Scatter plot showing the relationship between tumor-infiltrating neutrophils (TINs) in spBTC and BTC-associated
biliary intraepithelial neoplasia (BilIN) (A) and between intraepithelial and peripheral (stromal) TINs in BilIN lesions (B).
Best-fitting lines and 95% confidence intervals as well as R coefficients and p values are displayed. Boxplots displaying mean
infiltrating neutrophils (TINs) in BilIN from patients with primary sclerosing cholangitis (PSC), in sporadic BTC-associated
BilIN and in PSC-related, BTC-associated BilIN (PSC-BTC). The lower and upper hinges correspond to the 25th and 75th
percentiles. The upper/lower whiskers represent the largest/smallest observation less/greater than or equal to upper/lower
hinge +/− 1.5 times the interquartile range (C). Exemplary section of a high-grade BilIN lesion from a patient with BTC.
(hematoxylin/eosin staining) (D).

4. Discussion

Neutrophils are a crucial component of the human innate immunity and the first
circulating cellular responders in the case of acute tissue damage and infections. In cancer,
neutrophils play a pivotal role in the tumor microenvironment and can acquire an antitumor
(N1) or a protumor (N2) phenotype [23].

Several soluble factors produced by tumor cells promote TIN recruitment. Among
others, CXCL1, CXCL2, CXCL5, CXCL6, IL17, IL 8, and CCL3 have been found to act as
potent TIN chemoattractants [23]. TIN recruitment is followed by a polarization in either
N1 or N2 phenotype due to a complex cytokine stimulation promoted directly from tumor
cells and other tumor microenvironment cells [24]. Transforming growth factor-β (TGF-β)
and interferon-β (IFN-β) have been found to be one of the most important promoters
of neutrophil polarization in mice [25,26]. Therefore, some studies have addressed the
possible use of TGF-β inhibition as a therapeutic approach in cancer [26]. However, the
N1/2 polarization as well as the role of TINs in human cancers are still controversial [27].

Inflammation and inflammatory mediators are the hallmark of several risk factors
associated with BTC [7]. In PSC, chronic inflammation of the bile ducts has been linked to
the increased risk of BTC in this population [28]. Choledocholithiasis and cholecystolithiasis
are characterized by cholestasis and chronic inflammation and are also considered risk
factors for BTC [29]. Liver fluke infections, viral infections, and cirrhosis are similarly
linked to cholangiocarcinogenesis [28].
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Neutrophil infiltration has been evidenced and comprehensively investigated in
various solid tumors revealing heterogeneous results. As such, high neutrophil infiltration
proved to be related to chemosensitivity and longer recurrence-free survival in high-grade
ovarian cancer [30]. Furthermore, high levels of intratumoral granulocytes negatively
correlates with cancer-specific survival in patients with clear cell renal cell carcinoma [31].
In hepatocellular carcinoma, neutrophil infiltration has been shown to be a negative
prognosticator after curative resection, correlating with angiogenesis progression and
tumor recurrence in this entity [32–34]. Ino et al. described similar results in patients with
resected adenocarcinomas of the pancreas [35]. The role of TINs has also been investigated
in BTC. Gu et al. found that presence of TINs was significantly associated with adverse
OS in a cohort of intrahepatic cholangiocarcinomas [36]. Another study found that a high
density of CD15 (a carbohydrate epitope expressed on neutrophils) positive neutrophils
correlated with shorter OS in cholangiocarcinoma [37]. In our cohort, we observed that
patients with tumors with higher neutrophil infiltration had a better prognosis as compared
with those with tumors of low or intermediate neutrophil infiltration. Our results regarding
OS in resected BTC revealed intriguing aspects. On the one hand, tumors with the highest
infiltration showed a longer OS as compared with the group with intermediate infiltration.
On the other hand, the group with intermediate TIN infiltration had a tendency of worse
OS as compared with the group with low TIN infiltration. However, in the group with high
TIN infiltration, there were only T1 and T2 tumors. Moreover, the group with low TINs had
a significantly higher N+ tumors as compared with the other groups. This could represent
an important confounding factor, and therefore the results of the survival analysis should be
interpreted with caution. A multivariate survival analysis of a larger cohort with matched
groups could address this topic, provide more robust results, and reduce the bias. The
different prognosis among the groups could also be explained based on the complexity of
the tumor immune microenvironment in BTC, which includes tumor-associated fibroblasts,
tumor-associated macrophages (TAM), dendritic cells, natural killer cells, and myeloid-
derived suppressor cells. All these cells contribute to both tumor immunosurveillance and
immunosuppressive functions. The tumors with high TINs in our cohort may represent a
subgroup with a high immunological antitumoral activity. In fact, previous studies have
reported that tumor-associated neutrophils could have a dual role. On the one hand, in
early tumors, neutrophils could play a role in stimulating T-cell response [38]. On the other
hand, neutrophils have an immunosuppressive activity in advanced tumors [39]. In our
cohort, the tumors with high TINs were T1 and T2 tumors, whereas in the group with
intermediate TIN, T1 to T3 stage tumors were represented. However, this could confirm
previous observations about the dual role of TINs in cancer. Interestingly, the number of
infiltrating neutrophils in BilINs did not significantly differ from those adjacent to sporadic
BTC and those found in patients with PSC with or without BTC. Therefore, it is reasonable
to think that neutrophils play a role in the development of a subset of BTC from BilIN
towards invasive carcinoma, thus, underlying their tumor-promoting activity in early stage,
possibly independent of predisposition.

Our study has some limitations. Firstly, our monocentric cohort was too small to
build a proper validation of our preliminary findings which we anticipate in the future.
In particular, due to the small BTC cohort and the small number of samples per group, a
definitive conclusion about the prognostic role of TINs cannot be reached. A multicentric
research effort could potentially address this limitation. Moreover, a multivariate survival
analysis of matched groups could help by reducing the bias deriving from unbalanced
groups. The retrospective design of this study carries intrinsic limitations, which should be
taken into account when interpreting the results. In addition, our study did not focus on
further TIN characterization. It is already known that infiltrating neutrophils have different
phenotypes and capabilities, which lead to heterogeneous inflammatory responses [40].
This topic has not yet been deeply investigated in BTC and represents an intriguing
research field with promising translational implications. Nonetheless, the phenotypical
characterization of TINs was not the aim of the present study which mainly focused
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on prognostic implication. Furthermore, we enrolled patients with BTC irrespective of
anatomical localization. This may be relevant when assessing prognostic factors for this
tumor. However, some authors have described similar outcome for patients with BTC
from different localizations but with comparable pathological characteristics [41]. BTCs are
believed to be a stem cell-based disease and there are probably several different BTC stem
cell populations involved in carcinogenesis [42,43]. In addition, there is growing evidence
of a heterogeneous genetic landscape in BTC [44]. Due to the rareness and similar clinical
behavior, we should find a prognostic factor that could be useful to the entire population
of BTC patients, despite the proven heterogeneity of BTC.

5. Conclusions

In summary, the results of this study underline the frequency and possible prognostic
relevance of TINs in BTC. Our clinically apparent, though somewhat ambivalent, results
stress the complexity of the immune cell landscape in this fatal cancer entity that deserves
further scientific dedication. The role of TINs as a prognostic factor in BTC remains unclear.
The prognostic relevance of TINs should be further investigated in order to determine if
neutrophils may act as a key regulator of inflammation and immune status in BTC. Further
studies addressing the role of TINs would hopefully provide new insights to elucidate the
associated tumor microenvironment for clinical implications in BTC.
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Abstract: Background: The combination of 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin
(FOLFIRINOX) is a very effective chemotherapeutic regimen for unresectable pancreatic cancer.
Previous studies have reported that female gender may be a predictor of a better response to
FOLFIRINOX. This study was aimed at investigating the clinical outcomes and dose modification
patterns of FOLFIRINOX by gender. Methods: Patients with metastatic pancreatic cancer (MPC)
who began FOLFIRINOX as the first-line therapy at Seoul National University Bundang Hospital
between 2013 and 2018 were enrolled. The patients received at least four chemotherapy cycles.
Local regression and a linear mixed model were used to analyze dose modification patterns by
gender. Results: Ninety-seven patients with MPC (54 men; 43 women) were enrolled. In the first
FOLFIRINOX cycle, there were significant differences in age and body surface area between the
genders (58.8 (men) and 64.9 years (women), p = 0.005; 1.7 (men) and 1.6 m2 (women), p < 0.001,
respectively). The median progression-free survival (PFS) and overall survival (OS) were 10.8 and
18.0 months, respectively. There was a trend of longer PFS (10.3 (men) and 11.9 months (women),
p = 0.153) and a significantly longer OS (17.9 (men) and 25.9 months (women), p = 0.019) in female
patients. During the first year of FOLFIRINOX treatment, there was a significant difference of the
age-corrected dose reduction pattern by gender (a mean of 95.6% dose at the initial cycle and −0.35%
of dose reduction per week in men versus a mean of 90.7% dose at the initial cycle and −0.53% of
dose reduction per week in women, p-value of the slope: <0.001). There was no difference in the
adverse event rates between the genders. Conclusions: Female patients showed longer OS despite
a more rapid dose reduction during each cycle. Gender differences should be considered during
FOLFIRINOX treatment.

Keywords: pancreatic cancer; FOLFIRINOX; chemotherapy; gender

1. Introduction

Pancreatic cancer is a lethal malignancy and the fourth leading cause of cancer-related
death in the United States, with a current 5-year survival rate of only approximately 9% [1].
In up to 85% of patients, pancreatic cancer is diagnosed at an advanced stage because of
infiltration of the surrounding vessels or distant metastasis [2]. In patients with metastatic
pancreatic cancer (MPC), the combination of 5-fluorouracil (5-FU), leucovorin, irinotecan,
and oxaliplatin (FOLFIRINOX) or gemcitabine and nab-paclitaxel resulted in significantly
longer overall survival (OS) than that associated with gemcitabine monotherapy [3,4].
Furthermore, FOLFIRINOX has shown excellent efficacy in not only palliative but also
adjuvant settings [5], and this regimen has been used as the neoadjuvant chemotherapy
in several phase III clinical trials [6]. The mechanism of FOLFIRINOX is regarded as
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synergistic activity of irinotecan when it is administered before fluorouracil and leucovorin
and synergistic activity of irinotecan and oxaliplatin [3]. However, the regimen has been
associated with a high incidence of adverse events, including grade 3 or 4 neutropenia
and fatigue.

The effects of gender in cancer treatment are not generally considered in preclinical
experiments, clinical trials, or real clinical settings. However, there are differences in the
efficacies and toxicities of chemotherapeutic agents between male and female patients [7].
For example, 5-FU, which is the backbone of the FOLFIRINOX regimen, degraded more
slowly and was associated with higher toxicity in female patients [8,9]. In addition, a
previous study reported that female gender may be a predictor of a better response to
FOLFIRINOX. In this study, female gender was associated with a significantly higher
disease control rate and showed a tendency towards a longer median progression-free
survival (PFS) [10]. However, a secondary analysis within the PRODIGE 4/ACCORD 11
trial did not conclusively show a possible effect of gender on the prognosis of patients
receiving FOLFIRINOX, because median OS and PFS results in female were superior to
those in males, without statistical significance [11]. Therefore, the association remains
controversial and elucidation is necessary for further evaluation of the effects of gender.
The current study was aimed at investigating gender differences in clinical outcomes and
dose modification patterns during FOLFIRINOX chemotherapy in patients with MPC.

2. Materials and Methods

2.1. Patients

Patients with MPC who received the first-line FOLFIRINOX treatment between Jan-
uary 2013 and December 2018 at the Seoul National University Bundang Hospital were
retrospectively included. Metastatic pancreatic cancer is defined as cancer that started
in the pancreas and spread to areas outside the pancreas, such as the liver, peritoneum,
lungs, or distant lymph nodes. The exclusion criteria were as follows: (1) less than four
cycles of FOLFIRINOX due to treatment intolerability, adverse events, or a loss to follow
up; (2) resectable, borderline resectable, or locally advanced pancreatic cancer at the time
of diagnosis; (3) use of FOLFIRINOX as the second-line or later chemotherapy; (4) a history
of radiation therapy prior to FOLFIRINOX use; and (5) an Eastern Cooperative Oncology
Group Performance Score (ECOG PS) of 2 or higher. The clinical and pathological records
of the patients were obtained from a retrospective review of electronic medical records and
pathologic reports. Treatment response was evaluated according to response evaluation
criteria in solid tumors (RECIST) and the carbohydrate antigen 19 (CA 19-9) was used as a
supplementary tool. This study was approved by the institutional review board of Seoul
National University Bundang Hospital (IRB# B-1907/550-112).

2.2. Calculation of the Modified Dose of FOLFIRINOX

The FOLFIRINOX regimen was administered in 14 day cycles according to the
PRODIGE 4/ACCORD 11 trial [3], with dose reduction or increases of the intervals be-
tween cycles decided by a physician. The response to chemotherapy was evaluated every 8
to 12 weeks by using contrast-enhanced computerized tomography and by determining the
carbohydrate antigen 19 (CA 19-9) levels. Magnetic resonance imaging or positron emission
tomography was also used for evaluation if necessary. FOLFIRINOX administration was
continued until the patients showed disease progression or treatment intolerability. The
relative dose intensity (RDI) of FOLFIRINOX was defined according to its definition in
a previous study performed by our group (Figure 1) [12], in which a modified Hryniuk
calculation method was used [13]. Single-agent RDI is the simple proportion of the actual
dose delivered compared to the standard dose of each agent (85, 180, 400, and 2400 mg/m2

for oxaliplatin, irinotecan, 5-FU as a bolus, and 5-FU via continuous intravenous injection,
respectively), and the multi-drug RDI was the mathematical average of single-agent RDIs.
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Figure 1. The modified Hryniuk model. 5-FU could be divided into sRDIfb and sRDIfc. The effect of the administration was
not considered, which means that only the dose (mg) was used for calculations. RDI, relative dose intensity; ox, oxaliplatin;
ir, irinotecan; fb, 5-FU bolus; fc, 5-FU continuous intravenous (Figure modified from reference 12).

2.3. Study Objectives

The primary outcomes were OS and progression-free survival (PFS). The secondary
outcomes were the dose modification pattern of FOLFIRINOX according to time and
adverse events. Data on adverse events were collected according to the National Cancer
Institute Common Terminology Criteria for Adverse Events version 5.0.

2.4. Statistical analysis

All statistical analyses were performed using R version 3.6.2. Chi-square or Fisher’s
exact test was used for a comparative analysis of categorical data. According to the time, the
dose modification pattern of FOLFIRINOX was evaluated with a local regression method
(locally estimated scatterplot smoothing—LOESS), namely a linear mixed model. A LOESS
plot is a non-parametric regression method that combines multiple regression models. To
identify the marginal effect of time, the linear mixed model was adjusted by the average
effect of age. Univariable analyses for OS and PFS were performed using the Kaplan–Meier
method with log-rank tests. Statistical significance was defined as p < 0.05.

3. Results

3.1. Baseline Patient and Tumor Characteristics

A total of 97 patients with MPC (54 men and 43 women) were enrolled in this study.
The baseline characteristics of the patients are summarized in Table 1. The median age
at diagnosis was 61.1 years (range, 41.0–85.5 years). The male patients were significantly
younger than the female patients (58.8 and 64.9 years, respectively; p = 0.005). Furthermore,
the male patients had a significantly larger body surface area than did the female patients
(1.7 and 1.6 m2, respectively; p < 0.001). However, there were no differences in other charac-
teristics such as the location of the primary tumor, metastatic sites, body mass index, initial
CA 19-9 level, or ECOG PS between the genders. Granulocyte colony-stimulating factor was
used more than once in 84 patients (86.6%). During chemotherapy, five patients received
surgery as following: two patients received pylorus-preserving pancreaticoduodenectomy,
two received distal pancreatectomy, and one received explorative laparotomy. After pro-
gression was noted, despite FOLFIRINOX, 50 patients (51.5%) received the second-line
chemotherapy: 40 patients (41.2%) received gemcitabine-based combination chemotherapy
and 10 (10.3%) received TS-1.
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Table 1. Baseline characteristics of the patients.

Men (N = 54) Women (N = 43) Total (N = 97) p

Age, years 0.005
Median 58.8 64.9 61.1
Range 55.0–64.2 58.7–69.9 55.9–68.7

Tumor location, no. (%) 0.211
Head 19 (35.8) 21 (48.8) 40 (41.7)
Body 7 (13.2) 6 (14) 13 (13.5)
Tail 26 (49.1) 13 (30.2) 39 (40.6)

Multiple 1 (1.9) 3 (7) 4 (4.2)
Metastatic site, no. (%) 0.704

Liver 30 (37.0) 23 (36.5) 53 (36.8)
Peritoneum 19 (23.5) 10 (15.9) 29 (20.1)

Lung 7 (8.6) 9 (14.3) 16 (11.1)
Lymph node 22 (27.2) 19 (30.2) 41 (28.5)

Bone 3 (3.7) 2 (3.2) 5 (3.5)
BMI (kg/m2) 0.248

Median 22.7 24.1 23.1
Range 20.5–24.9 20.8–26 20.7–25.7

BSA (m2) <0.001
Median 1.7 1.6 1.6
Range 1.6–1.8 1.5–1.6 1.5–1.8

CA 19-9 (U/mL) 0.413
Median 900.0 620.0 760.0
Range 192.6–3800.0 64.0–2100.0 118.0–2100.0

ECOG PS score (%) 0.326
0 21 (38.9) 21 (48.8) 42 (43.3)
1 33 (61.1) 22 (51.2) 55 (56.7)

Use of G-CSF 0.647
Yes 46 (85.2) 38 (88.4) 84 (86.6)
No 8 (14.8) 5 (11.6) 13 (13.4)

Surgery (%) 0.793
Yes 2 (3.7) 3 (7.0) 5 (5.2)
No 52 (96.3) 40 (93.0) 92 (94.8)

Second-line chemotherapy,
no. (%) 0.733 *

Gemcitabine 4 (7.4) 3 (7.0) 7 (7.2)
Gemcitabine plus erlotinib 8 (14.8) 4 (9.3) 12 (12.4)
Gemcitabine plus cisplatin 4 (7.4) 2 (4.7) 6 (6.2)

Gemcitabine plus
nab-paclitaxel 8 (14.8) 7 (16.3) 15 (15.5)

TS-1 3 (5.6) 7 (16.3) 10 (10.3)
None 27 (50.0) 20 (46.5) 47 (48.5)

Table 1. BMI, body mass index; BSA, body surface area; CA 19-9, carbohydrate antigen 19-9; ECOG PS, Eastern
Cooperative Oncology Group performance score; G-CSF, granulocyte colony-stimulating factor; *, second-line
chemotherapy vs. no additional chemotherapy.

3.2. PFS and OS

The median PFS and OS in this study were 10.8 and 18.0 months, respectively. The
median PFS values for the male and female patients were 10.3 and 11.9 months, respectively;
the intergroup difference was not significant (p = 0.153, Figure 2A). The median OS values
for the male and female patients were 17.9 and 25.9 months, respectively; the intergroup
difference was not significant (p = 0.019, Figure 2B). The 1- and 2-year survival rates in
male patients were 61.3% and 23.6%, respectively; the corresponding percentages in female
patients were 72.9% and 56.8%. Four patients (one male and three female patients) survived
for more than 3 years. Of these, three patients showed local invasion of other organs (e.g.,
the stomach or spleen) and peritoneal seeding at the time of diagnosis and one patient
showed a few tiny hepatic metastases.

82



J. Pers. Med. 2021, 11, 83

 

−
−

− −

Figure 2. Median progression-free survival (A) and overall survival (B). (A) The median PFS values for male and female
patients were 10.3 and 11.9 months, respectively (p = 0.153). (B) The median OS values for male and female patients were
17.9 and 25.9 months, respectively (p = 0.019). PFS, progression-free survival; OS, overall survival.

3.3. FOLFIRINOX Dose Modification Pattern

During a year of FOLFIRINOX chemotherapy, the dose modification pattern was
determined with regression analyses. According to the LOESS regression, there was a
difference in the dose reduction patterns of chemotherapy in a year between male and
female patients (Figure 3A). For statistical comparison of the dose reduction patterns
between male and female patients, the linear mixed model was used. Before correction
for age, male patients received a mean FOLFIRINOX dose of 95.8% as the initial cycle and
the slope of dose reduction was −0.33% per week (p-value of the slope: <0.001; Figure
3B). However, female patients received a mean dose of 89.8% and the slope was −0.52%
per week. After correction for mean age (61.2 years old), the slopes for male and female
patients were −0.35% and −0.53% per week, respectively (p-value of the slope: <0.001);
and the doses for the male and female patients in the initial cycle were 95.6% and 90.7%,
respectively (p-value of the slope: <0.001; Figure 3C).

Figure 3. FOLFIRINOX dose modification model. There was a significant difference in the slopes between plots B and C
(p < 0.001). (A) Local regression (LOESS) plot. (B) Linear mixed model without age correction. (C) Linear mixed model with
marginal effect of time (corrected by mean age).

3.4. Treatment-Related Adverse Events and the Number of Visits to the Emergency Department

During a year of chemotherapy, the most common grade 3 or 4 chemotherapy-related
adverse event was neutropenia (Table 2). Nausea, febrile neutropenia, and sensory neu-
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ropathy also occurred in more than 10% of the patients. There was no difference in grade
3 or 4 treatment-related adverse events between male and female patients. Due to the
chemotherapy-related adverse events, 36 patients had to visit the emergency department
and five patients visited the emergency department more than three times (Table 3). How-
ever, there was no difference in the number of visits to the emergency department between
male and female patients.

Table 2. Treatment-related grade 3 or 4 adverse events.

Men (N = 54) Women (N = 43) Total (N = 97) p

Hematologic
Neutropenia 17 (31.5) 20 (46.5) 37 (38.1) 0.192

Febrile neutropenia 6 (11.1) 9 (20.9) 15 (15.5) 0.296
Anemia 0 (0.0) 1 (2.3) 1 (1.0) 0.909

Thrombocytopenia 1 (1.9) 4 (9.3) 5 (5.2) 0.235
Non-hematologic

Anorexia 1 (1.9) 1 (2.3) 2 (2.1) >0.99
Nausea 12 (22.2) 8 (18.6) 20 (20.6) 0.853

Vomiting 6 (11.1) 3 (7.0) 9 (9.3) 0.730
Diarrhea 4 (7.4) 2 (4.7) 6 (6.2) 0.892
Fatigue 0 (0.0) 2 (4.7) 2 (2.1) 0.378

Sensory neuropathy 7 (13.0) 3 (7.0) 10 (10.3) 0.531

Table 3. Number of visits to the emergency department due to chemotherapy-related adverse events.

Men (N = 54) Women (N = 43) Total (N = 97) p

0.239
0 36 (66.7) 25 (58.1) 61 (62.9)

1~2 17 (31.5) 14 (32.6) 31 (32.0)
More than 3 1 (1.9) 4 (9.3) 5 (5.2)

4. Discussion

FOLFIRINOX is a 5-FU–based combination chemotherapeutic regimen and is very
effective for patients with unresectable pancreatic cancer [3]. However, the regimen is
associated with considerable grade 3 or 4 toxicities, and dose modification during the
treatment is very common. The current study aimed to assess differences in FOLFIRINOX
outcomes by gender with regard to not only efficacy but also the amount of chemothera-
peutic agents delivered.

Factors such as tumor biology, the immune system, body composition, and drug
disposition differ between genders. These differences are associated with sex chromosomes,
the levels of sex hormones, and environmental factors such as nutrition and microbiota [14].
The incidences of several cancers differ by gender, including esophageal and colorectal
cancers. Besides differences in incidence and tumor location, drug pharmacology also
differs. Fat-free body mass is approximately 80% and 65% in male and female patients,
respectively; body composition also differs between the genders [15]. However, the current
doses of chemotherapy are based on body surface area or body mass index, and gender is
not considered in the calculation of chemotherapy doses [14].

5-FU is a drug with substantial inter-individual variability in clearance; the impact of
gender on 5-FU clearance is significant, with the exposure in female patients being 26%
higher than that in male patients [16]. A previous study showed that women were at a
higher risk of grade 3 or 4 hematologic toxicities of 5-FU, and the higher clearance of 5-FU
in men likely explains the higher toxicity of 5-FU in women with colorectal cancer [9]. It
was also reported that the clearance of irinotecan in female patients is 30 to 38% less than
that in male patients [17–19]. Consequently, adverse events were more frequently observed
in women for most regimens [20].
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A recent study about the FOLFIRINOX regimen by gender within the PRODIGE
4/ACCORD 11 trial reported longer median OS (13.1 vs. 10.3 months) and PFS (7.2 vs.
5.9 months) in women, although the differences between the genders were not significant
(p = 0.101 and 0.169, respectively) [11]. Similar outcomes were also reported in another
study, which showed a longer tendency of PFS (5.0 vs. 3.0 months, p = 0.099) and a
higher disease control rate (91.7 vs. 48.0%, p = 0.001) in women [10]. Although these
studies failed to conclusively show a definite effect of gender on the FOLFIRINOX regimen,
they suggested the possibility of an effect. Compared to these studies, in this study, the
median OS in the female patients was significantly longer than that in the male patients
(25.9 months vs. 17.9 months, p = 0.019), despite the gender-related differences in PFS
being non-significant (11.9 in female patients vs. 10.3 months in male patients, p = 0.153).
Therefore, our results also suggested the possibility of better outcomes in female patients
who received the FOLFIRINOX regimen. Additional research is necessary to determine
whether these different outcomes of the FOLFIRINOX regimen are attributable to gender.

In addition to the chemotherapy response, this study focused on dose modification.
Compared to previous studies, which only presented the average or median dose of
FOLFIRINOX [12], in this study we calculated the modified dose for each cycle and
compared the pattern of dose modification by gender according to time. As a result, female
patients on average received 90% of the original dose in the first cycle and 65% of the
original dose at 1 year. The doses seemed vastly different from those administered to male
patients, who on average received 95% of the original dose in the first cycle and 83% of
the original dose at 1 year. For statistical comparison of the dose modification pattern, a
linear mixed model was adopted and the negative slopes were significantly different by
gender. Considering that there were no differences in the rates of grade 3 or 4 adverse event
or number of visits to the emergency department due to chemotherapy-related adverse
events, our study suggested that better outcomes could be expected in female patients,
even with smaller doses of FOLFIRINOX.

There were several limitations of this study. First, it was a retrospective single-center
study. Therefore, further studies are necessary for the generalization of our results. Second,
the median OS and PFS in this study seemed longer than those in previous studies because
the current study excluded patients who underwent fewer than four cycles of FOLFIRINOX
for the comparison of the dose modification pattern. Therefore, there was a possibility
of selection bias for a good response in both genders. Third, no pharmacodynamic or
pharmacokinetic data were available for the regimen. Lastly, half of the patients received
second-line chemotherapy, which was mainly a gemcitabine-based regimen. Therefore,
there is a possibility that second-line therapy might contribute to a difference in OS,
although the regimens were heterogeneous. In conclusion, female patients showed better
survival outcomes in spite of greater reductions in the doses of FOLFIRINOX in this study,
and more attention should be focused on the effect of gender on FOLFIRINOX treatment
in patients with MPC.
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Abstract: In the precision medicine era, molecular testing in advanced cancer is foundational to
patient management. Molecular tumor boards (MTBs) can be effective in processing comprehensive
genomic profiling (CGP) results and providing expert recommendations. We assessed an MTB and its
role in a community setting. This retrospective analysis included patients with MTB recommendations
at a community-based oncology practice January 2015 to December 2018; exclusions were death within
60 days of the MTB and/or no metastatic disease. Potentially actionable genomic alterations from CGP
(immunohistochemistry, in-situ hybridization, next-generation sequencing) were reviewed bi-weekly
by MTB practice experts, pathologists, genetic counselors, and other support staff, and clinical
care recommendations were provided. Subsequent chart reviews determined implementation rates
of recommendations. In 613 patients, the most common cancers were lung (23%), breast (19%),
and colorectal (17%); others included ovarian, endometrial, bladder, and melanoma. Patients received
837 actionable recommendations: standard therapy (37%), clinical trial (31%), germline testing and
genetic counseling (17%), off-label therapy (10%), subspecialty multidisciplinary tumor board review
(2%), and advice for classifying tumor of unknown origin (2%). Of these recommendations, 36% to
78% were followed by the treating physician. For clinical trial recommendations (n = 262), 13% of
patients enrolled in a clinical trial. The median time between CPG result availability and MTB
presentation was 12 days. A community oncology-based comprehensive and high-throughput MTB
provided useful clinical guidance in various treatment domains within an acceptable timeframe for
patients with cancer in a large community setting.

Keywords: MTB; precision medicine; cancer; oncology practice; community setting; CGP

1. Introduction

Tumor biology is commonly driven by genomic alterations of oncogenic pathways that regulate
processes such as cell differentiation, proliferation, apoptosis, and tumor metabolism [1]. Over the
last 20 years, the development of targeted treatments against ‘actionable’ genomic changes has led
to a paradigm shift towards precision medicine across several tumor types [1,2]. Molecular testing
therefore allows for tailoring of treatment decisions based on the genomic makeup of a patient’s tumor.

Expert consensus clinical practice guidelines have defined requirements for routine molecular
testing in many malignancies, including advanced non-small cell lung cancer (NSCLC) [3,4], breast [5],
ovarian [6,7], and colorectal cancers [8]. Given the number of different pathogenic mutations,
comprehensive genomic profiling (CGP) can identify genomic drivers that are predictive of therapeutic
response, and facilitate the timely implementation of treatment guidelines [9,10]. Furthermore, in some
cancers, such as NSCLC, guidelines recommend use of CGP over multiple single-gene tests, and the
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FDA has approved the use of next-generation sequencing (NGS) testing panels [4,11]. However,
cancer centers still have a number of clinical and operational considerations including choice of assay,
laboratory, and analysis. Furthermore, the extensive tumor-specific molecular data produced from
CGP can lead to uncertain clinical interpretation and utility.

The sheer volume of diverse and continuously evolving data generated by CGP mean effective
interpretation and application can be challenging for single-disease focused academic physicians or
community oncologists (who are often generalists) [12]. However, molecular tumor boards (MTBs)
with multidisciplinary input can provide an effective workflow and expert review process in order to
generate precision medicine recommendations for oncology patients. However, implementation of an
MTB within the community setting raises additional challenges: limited availability of genetics and
genomics expertise, a lack of institutional imperative for an MTB, logistical barriers such as limited
staff or meeting timings to ensure all specialties are attending, lack of dedicated expert physicians to
screen cases and manage the MTB, and the need for timely submission of cases [13].

This report reviews the clinical utility of CGP and the role of an MTB in a large community
oncology clinic on patient treatment decisions and outcomes. We also report the structure, organization,
and management of the MTB, including best practices and lessons learned, analysis of patient
management decisions based on CGP, and adherence to the MTB decisions.

2. Methods

2.1. Patients and Setting

A systematic program of CGP was initiated in December 2014 at the West Cancer Center, Memphis,
TN, USA, a large community-based oncology practice. West Cancer Center physicians were encouraged
to offer genomic testing to all patients with newly diagnosed metastatic melanoma, lung, colorectal,
breast, and pancreatic cancer to a preferred third-party national testing laboratory. Other types of
metastatic or recurrent malignancies were tested at the discretion of the treating provider.

2.2. CGP

Genomic profiling was largely conducted using the Caris MI® Profile test (Caris Life Sciences,
Phoenix, AZ, USA), which included multi-platform testing with chromogenic in-situ hybridization
(CISH), NGS, and immunohistochemistry (IHC), provided commercially by Caris Life Sciences as part
of standard of care testing. The NGS panel included 42 genes through 2015, after which a 592-gene panel
was adopted for all samples (Supplementary Table S1). Additional relevant IHC testing was conducted
on a tumor-lineage specific basis and could include PD-L1, estrogen receptor, progesterone receptor,
androgen receptor, HER2, and others. Fusions were routinely detected using RNA-sequencing for ALK
and ROS1, and CISH was used in breast and gastric cancer samples to measure HER2 overexpression.

Mutations were designated as pathogenic, presumed pathogenic, presumed benign, benign,
or variant of unknown significance based on the interpretation of available genomic databases.
Only pathogenic and presumed pathogenic mutations were reported unless otherwise noted.
The criteria used for clinically actionable mutations are described in the Supplementary Material.

2.3. MTB

A bi-weekly, one-hour MTB meeting to review patient cases was set up (Figure 1). The MTB was
designed to be comprehensive and high-throughput, with review of at least 50 cases bi-weekly prior
to the meeting, and then full MTB review of 10 to 20 cases. All CGP reports were pre-screened for
relevant genomic alterations by a MTB member through a testing laboratory-supported, online portal.
While the policy was to obtain testing only for patients with newly diagnosed metastatic disease,
reports were screened regardless of the timing of testing. Likewise, data from other genomic laboratories
testing tissue or liquid biopsy samples were also screened if made available to the screening provider.
Cases with genomic alterations that were potentially ‘actionable’, complicated, or associated with novel
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treatment decisions not fully incorporated into clinical practice were brought to the MTB for review.
Cases could also be referred to the MTB if the treating physician specifically requested clarification of
the case or if it was relevant to highlight new data regarding approvals and/or recommendations to the
treating physician. Any other cases were omitted from the MTB.

 

 

 

Figure 1. Molecular tumor boards (MTB) workflow and review process. * Data relevant to approvals
and/or recommendations for the targeted therapy to be administered. CGP, comprehensive genomic
profiling; MTB, molecular tumor board.

MTB meetings were multi-specialty, multi-disciplinary, and open to any interested member
of the center. Routine attendance consisted of medical and surgical oncologists with expertise in
melanoma, breast, lung, head and neck, gastrointestinal, and genitourinary cancers, gynecologic
malignancies, and surgical oncology. Other important members included anatomic and molecular
pathologists and genetic counselors. Both the molecular data report and the clinical record from the
electronic medical record (EMR) were reviewed and correlated at this live meeting, and the MTB
provided recommendations for clinical care within the following six categories: (1) clinical trial;
(2) standard therapy; (3) off-label therapy; (4) germline testing and genetic counseling; (5) subspecialty
multidisciplinary tumor board review; and (6) advice for classifying tumor of unknown origin.

Recommendations were generally by consensus; any substantial disagreement among the MTB
members was reflected in the recommendation summary. Minutes from the MTB were transcribed,
input into the patient’s EMR, and an email with a summary and recommendations sent to the
treating physician.

2.4. Analysis

MTB recommendations by category (Figure 1) and number of recommendations followed by the
treating physician were collated and analyzed for all cases presented at the MTB from January 2015
through December 2018. Patients were excluded from the analysis if molecular testing did not meet
clinical criteria or if the patient died within 60 days of the MTB, did not have metastatic disease, or was
not given recommendations by the MTB.
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3. Results

3.1. Patients and MTBs

Over the observation period, the MTB convened 92 times, of which 22, 21, 25, and 24 MTBs
occurred in 2015, 2016, 2017, and 2018, respectively. As data were unavailable for four MTBs in 2015
and one MTB in 2018, the data reported include recommendations and follow-up from 87 MTBs. Of an
estimated 4438 reported molecular test results, reports and clinical information from 837 patients were
selected as potentially benefiting from additional clinical review at the MTB. Of these, 131 patients did
not have a follow-up appointment and/or died within 60 days of the MTB, 54 patients did not have
metastatic disease, 35 patients did not receive formal recommendations at the MTB, and 4 patients
could not be found in the EMR database. As such, 613/4438 patients with recommendations were
evaluated (14% of test reports) and received a total of 837 actionable recommendations.

Of the 613 patients analyzed, 58% (n = 355) were female, African Americans comprised 30%
(n = 181), with 68% (n = 417) Caucasian, and 2% (n = 15) other ethnicities. The most common cancers
were lung (23%), breast (19%), and colorectal (17%). Other malignancies representing more than
20 cases each included ovarian, endometrial, and bladder cancers, and melanoma.

The median time between CGP results becoming available and presentation at the MTB was
12 days (interquartile range, 6 to 18 days). Median time from MTB presentation to last follow-up or
date of death was 13.3 months. Among the 508 patients for whom extensive retrospective records
were available, the median time from test ordering to result reporting (including time from order to
biopsy, biopsy to pathology, pathology shipped to central test, processing, and resulting of the test)
was 20 days.

3.2. MTB Recommendations and Adherence to Recommendations

The majority of recommendations from the MTB were for standard therapy (51% of patients),
and clinical trials (43% of patients; Table 1). Overall, recommendations followed by the treating
physician ranged from 36% to 78%, depending on the category, with the highest compliance for
following standard therapy (Figure 2).

Table 1. Recommendations by category from the MTB for all patients analyzed (n = 613).

Recommendation Category
Number of

Recommendations
Proportion of Patients Receiving

Recommendations 1 (%)

Clinical trial 262 43
Standard therapy 311 51
Off-label therapy 84 14

Germline testing and genetic counseling 143 23
Subspecialty multidisciplinary tumor

board review 18 3

Advice for classifying tumor of
unknown origin 13 2

1 Patients could have more than one recommendation. Abbreviations: MTB, molecular tumor board.

MTB recommendations for clinical trial enrollment (n = 262) were followed by the treating
physician for 150 (57%) patients, with 35 (13%) patients ultimately enrolling in a clinical trial. Of these
clinical trial recommendations, the MTB recommended 167 (64%) patients to enroll immediately,
of which 93 (56%) recommendations were followed by the treating physician and 20 (12%) patients
enrolled in a trial (Supplementary Figure S1). The remaining MTB recommendations for clinical
trial enrollment (n = 95; 36%) were for patients to enroll in future clinical trials upon progression,
after standard of care therapy. Of these, 57 (60%) recommendations were followed and 15 (16%) patients
enrolled in a clinical trial (Supplementary Figure S1). Among the 115 patients who did not follow the
recommendation, the most common reasons for not enrolling included failed screening or ineligibility
(34%), declined participation (18%), and lack of follow-up after a preliminary discussion (20%).
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MTB recommendations for standard therapy and off-label therapy were followed by the treating
physician in 78% (n = 244) and 37% (n = 31) of cases, respectively. Germline testing and genetic
counseling recommendations were followed in 36% (n = 52) of cases; of these, 9 (17%) patients declined
testing, did not follow-up, or were still deciding, 28 (54%) patients were negative, and 15 (29%) patients
were positive for a germline mutation (ATM, n = 1; BRCA1, n = 2; BRCA2, n = 6; CHEK2, n = 2;
Lynch syndrome, n = 2; homozygous MUTYH, n = 2).

 

 

 

Figure 2. Proportion of MTB recommendations followed by the treating physician for all patients.
MTB, molecular tumor board.

The type of recommendation given did not vary by race, with 31% of African American patients
and 32% of Caucasian patients receiving the clinical trial recommendation; 40% and 36% were
recommended standard therapy, 12% and 10% were recommended off-label therapy, and 15% and 18%
were recommended germline testing, respectively. However, there appeared to be minor differences
in the following of the recommendations, particularly in germline testing. Recommended germline
testing was performed in 27% of African American patients compared with 38% of Caucasian patients.
Similar numbers of African American and Caucasian patients followed recommendations for standard
therapy (75% vs. 80%), off-label recommendations (32% vs. 39%) and clinical trials (52% vs. 60%);
however, these did indicate slightly higher utilization of recommendations by Caucasian patients.

3.3. The Value of MTBs beyond Standard Reporting

The following two cases illustrate how the MTB added value to therapeutic decisions,
using combined knowledge of the tumor biology and clinical aspects of cases to guide treatment
decisions; treatment suggestions based on molecular alterations would not be adequate in these cases.

In the first case, a 67-year-old woman with a BRCA2 germline mutation (exon 10 I605fs) had
surgery for serous carcinoma of the fallopian tube and received adjuvant chemotherapy. She developed
liver metastases and subsequently progressed on multiple therapies including endocrine therapy,
poly ADP-ribose polymerase (PARP) inhibitors, immunotherapy, and chemotherapy. Following this,
molecular analysis revealed new mutations. While circulating free DNA (cfDNA) testing revealed
the known germline BRCA2 mutation, it also revealed BRCA2 G602fs (0.2%), BRCA2 c.794-16_797del
(0.5%), and BRCA2 c.794-10_794-1del (0.8%). The latter two were described as splice-site indels and
felt to represent ‘reversal’ mutations. Tumor molecular testing revealed the known exon 10 germline
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mutation but also an additional exon 10 mutation at p.G602E (16% variant frequency), which was
described as a variant of uncertain significance and had not been previously present two years prior.
Based on the combined data, the patient was referred to a clinical trial with a novel cell cycle regulating
agent, to which she began responding.

In the second case, a 49-year-old woman never-smoker was diagnosed with epidermal growth
factor receptor (EGFR)-mutated (exon 19 p.E746_A750del) metastatic lung cancer four years prior to
MTB presentation. After two years of treatment with EGFR-tyrosine kinase inhibitor (TKI), her tumor
developed an EGFR T790M (exon 20) mutation, and she initiated osimertinib treatment. She responded
for two years, but ultimately progressed. Repeat tissue molecular profiling showed the presence of a
tertiary EGFR mutation (C797S, exon 20) which was notably not seen on liquid biopsy at the time and is
associated with acquired resistance to osimertinib. MTB review indicated that similar combinations of
mutations also conferred resistance to putative exon 20 inhibitors, but that combining osimertinib with
a first-generation EGFR-TKI could possibly be an effective treatment option. However, the patient’s
health declined as a result of disease progression, and she was unable to receive the recommended
combination therapy.

4. Discussion

West Cancer Center was an early adopter of recommending routine CGP for advanced cancers and
integrating an MTB to review the results in a timely fashion in a large clinical practice. Here we present
four years of data in a pre-planned MTB in a large community setting, reflecting both a large sample
size and a broad time-frame (>4400 reviewed reports and >800 patients reviewed in full MTBs). These
results show that routine CGP with universal pre-screen review, selection of cases, and presentation
at our high-throughput, bi-weekly MTB is feasible as a means of providing clinical guidance to a
substantial proportion of cancer patients.

Between 2015 and 2018, MTB recommendations followed by the treating physician ranged
from 36% to 78% depending on the recommendation category, with the lowest rate of adherence to
recommendations for genetic counseling and germline testing, and highest for standard therapy, similar
to acceptance rates reported by other MTBs (27% to 70%) [14,15]. The low rate of germline testing is
consistent with that seen in other centers and was likely multifactorial in etiology (patient refusal,
provider non-prioritization, poor communication, etc.), although reasons for non-acceptance were not
measured in our cohort [16].

The MTB was implemented to provide recommendations on clinical care, increase clinical trial
participation, and improve awareness of standard or potential targeted therapies. We found MTB
recommendations to be particularly useful in identifying clinical trial eligibility (recommended in 262
cases; 35 patients (13%) ultimately enrolled). This was slightly higher than the 7% rate reported in
a community setting in Michigan [17], and similar to that reported by the Institut Curie Molecular
Tumor Board, an academic medical center in a more centralized health care system where, among the
442 patients who underwent CGP, 10% were ultimately enrolled in a clinical trial [18]. Clinical trial
enrollment in the present study was restricted by failed clinical trial screening, lack of follow-up after
initial discussion regarding clinical trial enrollment, and patients declining participation.

Our experience showed that turnaround times for molecular analysis and the delivery of
recommendations were favorable in this community-based MTB compared with that reported in
academic models. The median time from molecular diagnostic results being received and MTB patient
presentation was 12 days. Moreover, overall turnaround time from time of request of molecular
tests through to the provision of MTB recommendations was comparable with previous studies
(median, 33 days) [19,20].

Rather than performing a ‘gate-keeper’ role [20], West Cancer Center MTB reviewed each case
for appropriateness and the availability of tumor tissue prior to testing to avoid unnecessary testing
and associated costs. In our institution, a clinic-wide policy dictated which cases should be sent
for tissue-based CGP, namely common malignancies at first diagnosis of metastatic disease. Due to
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the timing of this approach, recommendations could be made for virtually all lines of therapy with
the highest chance of identifying clinical trial opportunities while minimizing disruption to patients,
as biopsies are performed at this time point for other clinical purposes. However, this approach can be
problematic as molecular results may need to be recalled by the treating physician if the patient qualifies
for a clinical trial as they progress through therapy. An additional challenge is that ‘upfront’ testing
underestimates the future development of heterogeneous disease or acquired resistance mutations.

West Cancer Center MTB was innovative by adding a pre-screening step following the CGP report,
allowing the MTB to focus only on those cases for which recommendations were of ultimate benefit to
the patient. This is in contrast to other MTBs where physicians choose when and whether to present
the case. Our methodology, therefore, created a high-throughput model where cases were not missed
and maximum utility was maintained. Additionally, it led to cases being presented early in the clinical
course, so that recommendations could take into account standard therapies for each disease and
targeted actions after standard therapies failed.

There are several noteworthy limitations to our study. The number of ‘actionable’ molecular
alterations reported may be conservative due to changes in actionability and the development of
new targeted therapies over the period of the study (2015 to 2018), in addition to the evolution in
genomic sequencing. Pre-screening of cases prior to presentation in the MTB was completed by a
single physician and relied on their assessment of current clinic practices and baseline knowledge of
individual physician practices, therefore the choice of which cases were ‘actionable’ was somewhat
subjective and changed over time with the integration of new molecular-guided therapies into practice.
This could have led to changes in what the screening physician decided could be considered of benefit
to the treating physicians. We also acknowledge the financial implications involved in broad testing of
patients; however, our study was designed to assess the role and feasibility of implementing an MTB
in a community setting, and cost was not a key focus.

As personalized/precision medicine becomes integrated into standard clinical practice, MTBs are
playing an increasingly important role in supporting decision making by the treating physician.
Robust, reproducible, and comprehensive bioinformatics analyses and close interactions between
physicians and bioinformaticians are critical to the success of targeted therapy [21,22]. Our MTB was
designed to be multi-omic, multi-specialty, and multi-disciplinary; we found that implementation
of this comprehensive, collaborative approach led to increased clinical trial participation and more
focused use of off-label targeted therapy within our institution. Moreover, the MTB meetings provided
an educational opportunity and facilitated increased awareness among physicians of targeted therapies
to match genomic alterations.

In conclusion, our comprehensive and high-throughput bi-weekly MTB was feasible as a means
to providing clinical guidance within an acceptable timeframe for patients with cancer in a large
community setting. It may therefore be useful to adopt similar models in other cancer centers.
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Abstract: Objective: The objective of this study is to identify and validate novel therapeutic target(s)
in ovarian cancer. Background: Development of targeted therapeutics in ovarian cancer has been
limited by molecular heterogeneity. Although gene expression datasets are available, most of them
lack appropriate pair-matched controls to define the alterations that result in the transformation of
normal ovarian cells to cancerous cells. Methods: We used microarray to compare the gene expression
of treatment-naïve ovarian cancer tissue samples to pair-matched normal adjacent ovarian tissue
from 24 patients. Ingenuity Pathway Analysis (IPA) was used to identify target pathways for further
analysis. Integrin-linked kinase (ILK) expression in SKOV3 and OV90 cells was determined using
Western blot. ILK was knocked down using CRISPR/Cas9 constructs. Subcutaneous xenograft study
to determine the effect of ILK knockdown on tumor growth was performed in NOD SCID gamma mice.
Results: Significant upregulation of the ILK pathway was identified in 22 of the 24 cancer specimens,
identifying it as a potential player that could contribute to the transformation of normal ovarian
cells to cancerous cells. Knockdown of ILK in SKOV3 cells resulted in decreased cell proliferation
and tumor growth, and inhibition of downstream kinase, AKT (protein kinase B). These results
were further validated using an ILK-1 chemical inhibitor, compound 22. Conclusion: Our initial
findings validate ILK as a potential therapeutic target for molecular inhibition in ovarian cancer,
which warrants further investigation.

Keywords: integrin-linked kinase (ILK); ovarian cancer; sgRNA; gene expression; microarray; xenograft

Highlights:

• Integrin-linked kinase (ILK) is upregulated in ovarian cancer specimens relative to normal adjacent
tissue specimens.

• ILK siRNA and small-molecule ILK-selective inhibitor (compound 22) inhibited the proliferation
of ovarian cancer cells.

• ILK sgRNA lentiviral knockdown in SKOV3 cells resulted in slower tumor growth in NSG mice.
• ILK warrants further investigation as a potential therapeutic target for the treatment of

ovarian cancer.
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1. Introduction

A hallmark of ovarian cancer is the aggressive and silent nature of metastasis, predominantly
through direct extension, into the peritoneal cavity [1]. Metastases are most commonly found
within the omentum, the peritoneum, the diaphragm, and bowel surfaces [1,2]. This intraperitoneal
dissemination requires detachment, or exfoliation, from the primary tumor on the ovary or fallopian
tube [1]. This disruption of integrin–extracellular matrix interactions in normal epithelial cells induces
apoptosis [3]. Thus, reduced sensitivity appears to be a hallmark of oncogenic transformation.

It is important to understand epithelial ovarian cancer at the molecular level to determine the
underlying causes for its aggressiveness and heterogeneity. Several genome-wide expression studies
have been conducted in epithelial ovarian cancer to determine the mechanism for the aggressive
phenotype and to identify therapeutic targets [4–6].

Integrin-linked kinase (ILK), a serine-threonine kinase, has multiple functions in cells, such as
cell–extracellular matrix interactions, cell cycle, apoptosis, cell proliferation, and cell motility [7–9].
Upregulation of ILK is frequently observed in cancer tissues compared to corresponding normal
tissues [10]. Inhibition of ILK has been demonstrated to suppress activation of protein kinase Akt,
inducing cell cycle arrest and apoptosis in prostate cancer [11] and colon cancer [12]. ILK is coexpressed
with and activates the pro-metastatic enzyme membrane type 1 matrix metalloproteinase (MT1-MMP) in
epithelial ovarian cancer cell lines. Downregulation of ILK using siRNA knockdown results in reduced
adhesion to and invasion of collagen gels and organotypic meso-mimetic cultures, suggesting that ILK
is integral to the development of metastatic disease in ovarian cancer [13].

In this study, we compared differential gene expression of high-grade, treatment-naïve ovarian
cancer tissue samples to pair-matched adjacent benign ovarian tissue specimens to identify pathway(s)
that are enriched in ovarian cancer tissues compared to adjoining normal ovarian cells. The ILK
pathway was identified as the primary pathway that was enriched in cancer tissues compared to
adjacent normal tissues. Downregulation of ILK using sgRNA resulted in reduced cell proliferation
and tumor growth, confirming ILK as a valid therapeutic target.

2. Materials and Methods

Reagents. TaqMan PCR primers and fluorescent probes, master mixes, and Cells-to-Ct reagents
were obtained from Life Technologies (Carlsbad, CA, USA). Cell culture medium and fetal bovine
serum were purchased from Fisher Scientific (Waltham, MA, USA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody was purchased from Sigma (St. Louis, MO, USA). All other
reagents used were of analytical grade. siRNA (Dharmacon Accell on-target plus pool) was ordered
from Fisher Scientific. ILK sgRNA CRISPR/Cas9 all-in-one lentiviral vector set (cat. No. K2822105) was
procured from Applied Biological Materials Inc. (Richmond, BC, Canada). ILK and pAKT antibodies
were procured from Cell Signaling (Danvers, MA, USA). Compound 22 was procured from Millipore
(Burlington, MA, USA).

Patient specimen collection. Patient specimens were collected under a University of Tennessee
Health Science Center (UTHSC) Institutional Review Board (IRB) approved protocol (14-03113-XP).
The Cooperative Human Tissue Network (CHTN) database was searched for ovarian cancer specimens
that satisfied the following criteria.

a Histological grade 2 or 3.
b Tumors with adjoining normal ovarian tissue available.
c Treatment naïve.
d Snap frozen to facilitate isolation of high-quality RNA appropriate for microarray.

Out of the more than 10,000 ovarian tumors available in the CHTN database only 24 matched
all of these criteria. Three out of the 24 tumors had histological grade less than 3, while the rest are
of grade 3. In addition, five specimens were of non-serous epithelial carcinoma type. Histological
analysis determined that the tumors contain between 70 and 100% cancer cells.
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Microarray. RNA from tumors and benign ovarian specimens was extracted using the Qiagen
RNA isolation kit (Qiagen, Hilden, Germany). Quantity was verified using nanodrop and the quality
of RNA was verified using the Agilent bioanalyzer. Total RNA (200 ng/sample) from each sample
was amplified and labeled using WT Plus Kit from Affymetrix and processed according to Affymetrix
protocol. The arrays (Human ST2.0, Affymetrix, Santa Clara, CA, USA) were washed and stained on
Affymetrix Fluidics station 450 and scanned on an Affymetrix GCS 3000 scanner. Data from microarrays
were normalized using Affymetrix Expression Console. Mean, standard deviation, and variance were
calculated across the groups. Fold change from vehicle-treated samples was calculated, and a fold
change of 1.5 was used as the cutoff. Pair-wise Student’s t-tests were used to determine significance
using the cutoff of a p value < 0.05. The false discovery rate (FDR) was calculated using the Benjamini
and Hochberg method, and a cutoff for FDR of <0.05 was used to create a significant differential
expression list. The gene candidate list was loaded to Ingenuity Pathway Analysis and gene set
enrichment analysis (GSEA) was performed for further discovery. Microarray experiments were
performed at the UTHSC Molecular Resources Center (MRC), and data analysis was performed
by the UTHSC Molecular Bioinformatics core facility. Pathway analysis was also performed using
pathway analysis software (Advaita bioinformatics, Ann Arbor, MI). Km plotter was used to obtain
Kaplan–Meier plot for ovarian cancer from the Cancer Genome Atlas (TCGA) database [14,15].

Real-time polymerase chain reaction (PCR). Real-time PCR was performed as described
previously [16,17]. For RNA isolation and real-time PCR in cells, cells were plated in 96 well
plates. RNA was isolated using cells to ct kit and real-time PCR was performed using TaqMan primers
and probes on an ABI 7900 real-time PCR machine. RNA from tissues were isolated using RNA
isolation kit from Qiagen as described above under the microarray analysis. Total RNA was reverse
transcribed into cDNA using reverse transcription kit and real-time PCR was performed for the
specified genes using TaqMan real-time PCR primers and probes.

Cell culture. COS7, OV90 and SKOV3 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were cultured in accordance with the ATCC recommendations.
Respective medium was supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were
passaged every third day.

Growth assay. Cells were harvested by trypsinization, counted using a hemocytometer, and plated
at 1000 cells per well on 96 well tissue culture plates in quadruplicates. Photomicrographs were taken
every four hours using an INCUCYTE live cell imager (Essen Biosciences, AnnArbor, MI, USA) and
confluence of the cultures was measured using INCUCYTE software (Essen Biosciences, Ann Arbor,
MI, USA) over 72 and 144 h in culture. Simultaneously, cells were plated in 96 well plates. After the
indicated period, sulforhodamine blue (SRB) assay was performed to measure the viable cells.

Protein extraction and Western blot. Cells for protein extraction were plated in 60 mm dishes in growth
medium. Protein was extracted from tumors and cells as indicated before [16,17]. Protein samples
were fractionated on a SDS-PAGE and Western blot was performed with the respective antibodies.

siRNA transfection. A titration starting from 50 nM of accell on-target plus pool siRNA was
transfected into the cells using Dharmafect transfection reagent (Dharmacon, Lafayette, CO, USA).
Twenty-four hours after transfection, medium was replaced, and the cells were allowed to recover.
Efficiency of knockdown was evaluated three and six days after knockdown. GAPDH and scrambled
siRNA were used as transfection controls.

CRISPR/Cas9 Lentiviral ILK sgRNA knockdown. Lentivirus carrying ILK sgRNAs (three different
CRISPR/Cas9 clones) was produced by packaging in 293FT cells as published previously [18].
SKOV3 cells were plated in 6 well plates at 60% confluence 24 h before viral infection. Twenty-four
hours after plating, wells were infected with 1 mL of virus suspension diluted in complete medium
with Polybrene to a final concentration of 5–8 µg/mL. Cells were incubated for 48 h and then fed with
fresh complete medium without Polybrene. Stable pools of ILK–KO cells were selected with 5 µg/mL
puromycin treatment every 3–4 days until drug-resistant colonies were available.
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Tumor xenograft experiments. All animal protocols were approved by the UTHSC Institutional
Animal Care and Use (IACUC) research committee. Cells (5 million) were implanted subcutaneously
in NOD SCID Gamma (NSG) mice. Tumor volume (length * width * width * 0.532) was measured three
times weekly. Tumors were collected at sacrifice and stored for further processing. Microarray with
Clariom D arrays was performed in the tumor specimens as indicated above. Tumor specimens
collected in 10% neutral buffered formalin were sectioned and the sections were stained for hematoxylin
and eosin (H&E) and the proliferation marker ki67.

Statistics. Statistical analysis was performed using GraphPad prism software (La Jolla, CA, USA).
Experiments containing two groups were analyzed by simple t-test, while those containing more than
two groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test. All in vitro experiments were performed at least in triplicate. Data are represented as the mean
± S.E. Significance is expressed as * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results

ILK is overexpressed in ovarian cancer relative to normal ovarian tissue: To identify reliable
therapeutic targets for advanced ovarian cancer, high-grade treatment-naïve ovarian cancer specimens,
and pair-matched adjacent normal ovarian tissues were obtained from the CHTN (Figure 1). The patient
characteristics are provided in Table 1. Pair-matched normal ovarian specimens were allowed for the
determination of alterations that took place in the ovarian cells that led to their transformation into
cancerous cells. Out of almost 10,000 ovarian cancer specimens available in the CHTN, only 24 specimens
met the criteria described above. Human Transcriptome Array (HT2.0) array was used to determine
the genes, small non-coding RNAs, and pathways that were altered in cancer specimens compared to
respective normal ovarian tissues. Using 1.5-fold up- or downregulation as a cutoff and an FDR of
0.05, we found that 994 genes and non-coding RNAs were differentially expressed in ovarian cancer
specimens compared to pair-matched controls. The most upregulated genes included osteopontin
(SPP1), ceruloplasmin (CP), desmoplasmin (DSP), epithelial splicing regulatory proteins (ESRP1),
and cadherin (CDH1). The heatmap and unsupervised hierarchical clustering of statistically significant
genes shows clustering of normal specimens (except for one normal specimen) to one side and the
tumors to the other side (Figure 2).

 

Table 1. 

Figure 1. Experiment design. Ovarian cancer specimens (mostly histological grade 3) and adjacent
normal tissue specimens (n = 24) were used in gene expression microarray experiments and
pathway analyses.
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Table 1. Patient characteristics.

S. No. Age Histology Hist. Grade O.S. (Months after Diagnosis)

1 34 Endometrioid
adenocarcinoma 1 8

2 41 Endometrioid
adenocarcinoma 3 >72

3 57 Serous 3 0.3

4 65 Serous 3 >72

5 74 Serous 3 >72

6 75 Endometrioid
adenocarcinoma 3 2

7 77 Serous 3 >72

8 51 Serous 3 48

9 64 Serous 3 24

10 49 Serous 3 7

11 80 Serous 3 8

S. No.—sample number; O.S.—overall survival.

 

Figure 2. Pathway analysis. Heatmap of differentially regulated genes between tumor specimens and
their respective pair-matched control specimens.

The top 100 statistically significant genes were loaded into the Ingenuity Pathway Analysis
(IPA) software for the identification of pathways and regulators that were enriched in this dataset
(Table 2). The most enriched pathways identified by IPA are the integrin-linked pathway, tryptophan
degradation X, putrescine degradation, insulin-like growth factor-1 signaling, and 14-3-3 sigma
signaling. A significant enrichment of the ILK pathway was identified in 22 of the 24 cancer specimens,
identifying this pathway as a potential player in the transformation of normal ovarian cells to cancerous
cells (Table 2). The genes that represent the ILK pathway in the microarray included FOS, DSP,
myosin 11 (MYH11), CDH1, mucin 1 (MUC1), and keratin (KRT18). While FOS and MYH11 were lower
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in the tumor specimens compared to their normal controls, the other genes were more prevalent in the
tumor specimens. Interestingly, although c-FOS is a proto-oncogene, counterintuitively its expression
was reduced in the cancer specimens. Evidences for c-FOS overexpression as promoting apoptosis and
delaying ovarian cancer progression in preclinical models may be supported by the findings in these
clinical specimens [19]. MYH11 expression has been shown to be downregulated in cancers, and its
downregulation corresponds to poor prognosis and survival [20].

Table 2. Ingenuity Pathway Analysis.

Top Canonical Pathways Top Upstream Regulators
Ingenuity Canonical Pathways −log (p-Value) Ingenuity Canonical Pathways −log (p-Value)

Integrin-linked kinase signaling 2.38 × 10−4 WISP2 1.32 × 10−8

Tryptophan degradation X 2.63 × 10−3 PDGF BB 5.45 × 10−8

Putrescine degradation III 2.63 × 10−3 LIMA 1 1.30 × 10−7

Dopamine degradation 4.11 × 10−3 Estrogen Receptor 2.01 × 10−7

Noradrenaline & adrenaline degradation 1.03 × 10−2 NTRK-1 3.77 × 10−7

The top enriched upstream regulator pathway identified by IPA was the Wnt-1 inducible-signaling
pathway (WISP1). The genes that encode the WISP1 pathway identified in the microarray dataset
include cluster of differentiation (CD24), CDH1, DSP, KRT18, keratin 8 (KRT8), and MUC1. All of
these genes were upregulated in cancer specimens compared to their respective normal controls.
The WISP1 pathway is involved in cancer cell proliferation, invasion, and metastasis, and has been
shown to be responsible for shorter patient survival [21]. Collectively, the genes enriched in the top
canonical pathways and the upstream regulators indicate that the pathways responsible for tumor cell
proliferation, metastasis, and invasion are altered to favor cancer growth and metastasis.

Genes and pathways responsible for shorter survival: One of the interesting observations made
in the specimens was that some patients survived longer, as much as six years since their first
diagnosis, while several others had shorter survival from diagnosis (Table 1). To determine whether
the genome-wide expression data provided any indication of the pathways that were contributing
to shorter survival, we analyzed the genes based on survival. Unsupervised hierarchical clustering
resulted in three subsets with regard to survival. They are patients who survived less than 30 months,
those who survived greater than 30 months, and those who were alive at the time of the last data
collection. Interestingly, 581 genes were statistically significant in patients who died less than 30 months
after diagnosis. The biological pathways that were enriched in the early-death patients were cell
adhesion, response to wound healing, and metabolic processes (Figure 3B). The most upregulated
gene in the cell adhesion pathway was SPP1, a gene that encodes for osteopontin. Osteopontin that
activates interleukin 17 (IL-17) has been shown to be upregulated in ovarian cancer and important for
its metastasis [22].

The canonical pathway that was enriched in the patients who were alive at the time of sample
collection (greater than six years) was the apelin pathway. Most of the genes in this pathway were
downregulated. Considering that the apelin and its ligand apela are oncogenic [23], it is consistent that
this pathway was downregulated in patients who survived the longest.

ILK is associated with shorter progression-free survival (PFS): The microarray findings were
validated by real-time PCR. All genes that were validated showed reproducible results (Figure 4A).
ILK pathway genes DSP and MUC1 were included in the validation. We then determined the effect of
ILK-1 high expression on stage III and IV ovarian cancer patients’ PFS in the TCGA database using Km
plotter (Figure 4B). The probe range was between 32 and 3950 and a cutoff of 1335 was used to define
high- vs. low-expression specimens. Ovarian cancer patients with high ILK expression had shorter
PFS compared to patients with cancer that expressed lower ILK. The hazard ratio (HR) was 1.36 and
the log-rank p was 0.000043. This validated the findings made in our study.
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Figure 3. Pathway analysis of the differentially expressed genes with samples segregated based on
survival. The numbers in the figures represent the number of genes (A) and the enriched pathways
(B–D). The different pathways are represented in each Venn circle. Survival was defined as those
patients who survived less than 30 months post-diagnosis (early), more than 30 months (late), and were
alive at the time of data collection (alive).

 

Figure 4. Validation of microarray data by real-time PCR. (A) Real-time PCR validation of a subset of
genes identified by microarray (n = 5/gene). (B) Kaplan–Meier plot of the integrin-linked pathway
(ILK-1) in the cancer genome atlas (TCGA).
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ILK is expressed in ovarian cancer cell lines: To determine whether ILK is expressed in ovarian
cancer cell lines, Western blots in SKOV3 and OV90 ovarian cancer cell lines were performed and
compared to non-cancerous COS7 cells. SKOV3 cells were chosen as they represented an established,
well published serous or epithelial ovarian cancer cell line. OV90 cells were chosen as they are
high-grade serous ovarian carcinoma and have an established track record in translational research.
Figure 5A shows high expression of ILK in both ovarian cancer cell lines, while COS7 failed to express
ILK-1 at detectable levels.

Compound 22 reduces the proliferation of SKOV3 and OV90 cell proliferation: Compound 22
(CP22), is a selective ILK inhibitor that was shown to be antiproliferative in prostate cancer [24].
To characterize the efficacy of CP22, we conducted proliferation studies in SKOV3 and OV90 cell lines
in INCUCYTE. A prior dose response study was conducted to narrow down the doses of CP22 to 3
and 10 µM to be used in these experiments. Cells were incubated with DMSO or CP22 at 3 µM or 10
µM and imaged using INCUCYTE. CP22 effectively reduced the proliferation in a dose-dependent
manner relative to vehicle control (Figure 5B).

Compound 22 facilitates dephosphorylation of Akt: In order to determine the efficacy of CP22 in
ovarian cancer cell lines, Western blot for phosphorylated AKT was performed in SKOV3 and OV90
cells. AKT is a downstream target of ILK [11]. SKOV3 cells were incubated with DMSO or CP22 at
10 µM for 4 h and Western blot for AKT phosphorylation was performed. CP22 effectively inhibited
the phosphorylation of AKT (Figure 5C).

siRNA knockdown of ILK reduced SKOV3 cell proliferation: To determine whether knockdown
of ILK expression affects ovarian cancer cell proliferation, we transfected SKOV3 cells with ILK siRNA
and measured the number of viable cells by SRB assay. Following transfection with siRNA directed
against ILK, SKOV3 cells were incubated for 6 days. RT-PCR following siRNA directed knockdown
of ILK showed a reduction in ILK expression in transfected cells compared to cells transfected with
GAPDH (Figure 5D). A cell proliferation assay was performed following siRNA tranfection that
showed a reduced cellular proliferation of SKOV3 cells following ILK siRNA transfection (Figure 5D).
The results were comparable when scrambled, instead of GAPDH, siRNA was used as a control.

ILK knockdown in SKOV3 cells results in tumor growth inhibition: To validate the findings
obtained using a transient knockdown of ILK-1 using siRNAs, ILK was knocked down stably in
SKOV3 cells using CRISPR/Cas9 sgRNA lentiviral constructs. Three sgRNAs to different regions of
ILK were used to knockdown ILK. Lentivirus particles containing the CRISPR/Cas9 vectors were
prepared and the cells were infected. Western blot showed that all three sgRNAs comparably knocked
down ILK (Figure 6A). Control and ILK knockdown SKOV3 cells (clone 1 or virus 1) were implanted
subcutaneously in NSG mice and tumor growth was monitored. Since the cells were not labeled
with luciferase, subcutaneous, but not orthotopic, model was used to conduct the xenograft studies.
ILK knockdown resulted in slower tumor uptake and growth (Figure 6B), confirming the observation
made in vitro. Western blot with proteins extracted from tumor tissues confirmed the ILK knockdown
and the inhibition of the downstream AKT phosphorylation (Figure 6C).
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Figure 5. In vitro validation of the ILK pathway. (A) Protein expression of ILK-1 in two ovarian
cancer cell lines, SKOV3 and OV90 and non-cancerous COS7 cells. Protein was extracted from
the cells, fractionated on an SDS-PAGE, and Western blot for ILK-1 and GAPDH was performed.
(B) INCUCYTE proliferation assay of SKOV3 and OV90 cell lines in the presence of vehicle (DMSO) or
3 or 10 µM ILK inhibitor compound 22. Images were obtained periodically for the indicated time-points.
(C) Phosphorylation of AKT was inhibited by ILK-1 inhibitor compound 22. SKOV3 and OV90 cells
were treated with compound 22 for 4 h. Cells were harvested, protein extracted, and Western blot
with phospho-AKT and total AKT antibodies was performed. (D) ILK-1 siRNA inhibits SKOV3 cell
proliferation. SKOV3 cells were transfected with ILK-1 or GAPDH siRNA. Six days after transfection
(re-transfected after day 3) mRNA expression of ILK-1 and 18S (left) and cell proliferation (right) by
sulforhodamine B (SRB) assay were measured (n = 3). ** p < 0.01; *** p < 0.001.
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Figure 6. ILK-1 is important for SKOV3 tumor growth. (A) ILK-1 was knocked out using three
CRISPR/Cas9 sgRNA. Western blot shows the knockout in SKOV3 cells. Control sgRNA was used in
the vector-infected group. (B) Control and ILK-1 sgRNA knockdown cells (virus 1) were implanted
in NSG mice (n = 15/group). Tumor uptake and growth were measured over the course of this study.
Animals were sacrificed at the end of this study, tumors were isolated, and stored for further analysis.
(C) Western blot in the tumors from animals described in panel B is provided. V1 corresponds to
virus 1 (clone 1) of the three clones that were screened. (D) RNA was isolated from the tumors and
the expression of genes in the vector or ILK-1 knockdown tumors (n = 3/group) was measured by
microarray. (E) Representative H&E and ki67 staining of tumor sections. Statistically different genes
between the two groups are represented as heatmap. ** p < 0.01.

RNA was isolated from control and ILK knockdown tumors and microarray was performed to
determine the effect of ILK knockdown on global gene expression. Knockdown of ILK resulted in
alteration of 1301 genes with the hierarchical clustering demonstrating that ILK knockdown tissues
clustered together (Figure 6D). The most significant pathway that was altered in ILK knockdown
specimens was the ribosomal family of proteins (RPS) genes. Most of the RPS genes were downregulated
in ILK knockdown specimens compared to control sgRNA specimens. In addition to the RPS pathway,
metabolic pathways were also significantly downregulated in the ILK knockdown tumors.

The FFPE tumors were stained for H&E and ki67. As shown in Figure 6E, the tumor cell
proliferation was lower in ILK sgRNA infected cells, matching the results observed with the tumor
volume measurement. Representative images are included.

4. Discussion

Epithelial ovarian cancer is a heterologous disease in which the molecular and clinical phenotype
can vary significantly between patients [25]. While platinum/taxane chemotherapy remains the
standard basis for treatment of this difficult disease, the development of poly-ADP ribose inhibitors
(PARPi) has ushered in a new era of molecular therapeutics for the treatment of ovarian cancer,
taking advantage of deficiencies in the homologous recombination pathway. PARPi increased survival
outcomes for patients with both somatic and germline mutations in BRCA and genes encoding the
proteins involved in DNA repair by homologous recombination. For patients without somatic or
germline homologous recombination mutations and for those whose cancer have become resistant
to PARPi therapy, advances in targeted therapeutics are needed to improve survival of patients with
advanced ovarian cancer [26]. Ongoing clinical trials in ovarian cancer are evaluating inhibitors
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of multiple molecular pathways such as PI3K/AKT, the mTOR pathway, angiogenesis, the MAPK
pathway, and the HER/EGFR pathway [27,28]. Our preliminary results showing ILK inhibition in
epithelial ovarian cancer highlight a novel pathway for the development of small-molecule inhibitors
of this pathway for ovarian cancer treatment.

We discovered a significant upregulation of the ILK pathway through Ingenuity Pathway Analysis,
identifying a novel target for molecular inhibition and validating work performed by Ahmed et al.
in 2003 [29]. Similarly, upregulation of the ILK pathway is found in colorectal, breast, gastric and
pancreatic carcinoma. The association between worse survival in patients with ovarian cancer who
exhibit ILK upregulation is also true for these different cancers types as well [9]. In SKOV3 cells,
inhibition of ILK using ILK-sgRNA results in upregulation of pro-apoptotic bax gene expression and
downregulation of antiapoptotic genes in addition to reduced cell viability, similar to our results [8].
The downstream pathways that are significantly altered when ILK was knocked down include ribosome
and metabolic pathways. Previous publications have demonstrated the importance of ribosomal
proteins in ovarian cancer. Knockdown of RPS6 resulted in an inhibition of ovarian cancer cell
proliferation and invasion [30]. Similarly, the metabolic pathways have been shown to be pivotal for
the development of ovarian and other cancers [31]. Several of the ILK pathway genes such as DSP1,
FOS, BMP2, and AKT3 that were altered between ovarian cancer and adjacent normal specimens in
Figure 2 were altered in the knockdown dataset in Figure 6. These results collectively suggest that ILK
is an important mediator of proliferation in ovarian cancer and attempts to deregulate this pathway
will provide a bona fide therapeutic approach.

Furthermore, antisense oligonucleotide silencing of ILK expression has been shown to suppress
tumor growth in nude mice xenografts [8]. ILK silencing has also been shown to reduce the expression of
wnt ligands (wnt3a, wnt4, and wnt5a) and β-catenin in epithelial ovarian cancer cells [32]. Prior studies
evaluating Compound 54 (CP54), a non-selective ILK inhibitor, failed to demonstrate activity in vivo
due to its lack of specificity [33,34]. CP22 was developed as a highly selective inhibitor of ILK and was
shown to have antiproliferative effects in both in vitro and in vivo experiments in prostate cancer [24].
Reyes-Gonzalez et al. showed that both ILK-siRNA and CP22 reduced cell growth, invasion ability
and increased apoptosis in both cisplatin-sensitive and cisplatin-resistant ovarian cancer cell lines [35].
They also showed that high ILK expression in tumors from patients with ovarian cancer was associated
with worse survival compared to patients with low ILK expression. Li et al. also showed that after
transfection with ILK-antisense oligonucleotides, HO-8910 cells spent more time in in the G0/G1 phase,
delayed tumor formation and decreased tumor growth compared to controls in xenograft models [36].
The HO-9810 cell line was originally thought to be derived from a 51 year old patient with serous
ovarian cancer but was later found to be a derivation of the HeLa cell line, and is not an ovarian
cancer model for validation of potential molecular targets for the treatment of ovarian cancer [37].
Our findings expanded on the findings of Reyes-Gonzalez et al. by validating that ILK silencing results
in reduced in vivo tumor growth in a validate ovarian cancer cell line. The efficacy of CP22 in epithelial
ovarian cancer cell lines and in vivo patient-derived xenografts validates the ability of small-molecule
inhibitors to successfully target the ILK pathway in ovarian cancer and warrants further study. At the
time of tissue collection, our goal was to obtain tissue from high-grade serous ovarian cancer specimens.
The hypothesis regarding fallopian tube origin of high-grade serous ovarian carcinoma had not
widely been accepted and thus fallopian tube was not considered normal matched paired tissue [38].
Although two specimens were ultimately found to be clear cell and transitional carcinoma in the
analysis and recognize that these likely have different molecular signatures, they represented 2 out
of the 24 specimens and we do not feel that their inclusion compromised our analysis. The normal
adjacent tissue specimens contained epithelial, stroma and ovarian stem cells as well, not just epithelial
tissue. ILK inhibition in ovarian cancer, however, has been shown to affect apoptotic, proliferative,
and metastatic pathways.

The introduction of poly ADP-ribose (PARP) inhibition represented a paradigm shift in the
traditional approach to ovarian cancer management by ushering in a new era where patient survival
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can be improved by delivering individualized therapeutics based upon germline and/or somatic
testing [39]. Developing a similar understanding of response to ILK inhibition requires better
understanding of the genetic alterations that predispose an individual’s tumor to respond. Murine
models of patient-derived ovarian cancer tissue that have undergone next-generation sequencing
are currently under development and will provide insight into the molecular profiles of tumors
that respond to ILK inhibition. As more targeted therapeutics become available for patients with
homologous recombination deficiency and mismatch repair deficiency, there is an increasing need for a
large subset of patients who are not candidates for these targeted, life-saving therapies. ILK represents
a potential pathway that may provide a promising alternative to PARPi or immunotherapy in patients
who are homologous repair proficient and mismatch repair proficient.
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Abstract: The treatment of metastatic renal cell carcinoma has evolved quickly over the last few years
from a disease managed primarily with sequential oral tyrosine kinase inhibitors (TKIs) targeting
the vascular endothelial growth factor (VEGF) pathway, to now with a combination of therapies
incorporating immune checkpoint blockade (ICB). Patient outcomes have improved with these
innovations, however, controversy persists regarding optimal sequence and patient selection amongst
the available combinations. Ideally, predictive biomarkers would aid in guiding treatment decisions
and personalizing care. However, clinically-actionable biomarkers have remained elusive. We aim to
review the available evidence regarding biomarkers for both TKIs and ICB and will present where
the field may be headed in the years to come.

Keywords: biomarkers; renal cell carcinoma; clear cell; VEGF; immunotherapy; PD-L1; immune
checkpoint inhibitors; immune checkpoint blockade; tyrosine-kinase inhibitors

1. Introduction

Renal cell carcinoma (RCC) is traditionally classified according to its histology. Clear cell (ccRCC)
is the most common subtype, accounting for 75–85% of all RCCs. Current first-line standard of care
therapies for metastatic ccRCC involve the use of vascular endothelial growth factor (VEGF) inhibitors,
checkpoint inhibitors, anti-CTLA4 agents, or a combination of these drugs. Choice of therapy is guided
by whether the patient’s disease falls under favorite or intermediate/poor risk based on validated
prognostic models. Within each risk category, there are several acceptable alternatives, including VEGF
inhibitor monotherapy, combination immunotherapy (e.g., ipilimumab/nivolumab), or a combination
of a VEGF inhibitor and a checkpoint inhibitor (e.g., axitinib/pembrolizumab). Given the increasing
number of available treatment options for mRCC there is also a growing need for predictive biomarkers
to help guide clinicians (Figure 1). We aim to review the literature regarding the evidence for selecting
one type of regimen over another and determining who would benefit more from either angiogenesis
antagonism or immune checkpoint blockade (ICB).
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Figure 1. Treatment landscape for metastatic clear cell renal carcinoma.

2. Biomarkers for Angiogenesis Inhibitors

2.1. International Metastatic Renal Cell Carcinoma Database Consortium Score

Past attempts to create clinical prognostication tools to risk stratify patients treated with
molecularly-targeted agents include the International Metastatic Renal Cell Carcinoma Database
Consortium (IMDC) score. This was a model based on a multicenter study of 645 patients with
metastatic RCC (mRCC) who were treated with VEGF pathway-targeted therapies, such as sunitinib,
sorafenib, or bevacizumab (plus interferon-alfa) for mRCC [1]. Six factors were noted to be associated
with worse survival: Karnofsky Performance Status (KPS) score < 80, time from diagnosis to initiation
of targeted therapy < 1 year, hemoglobin less than lower limit of normal, corrected calcium greater than
the upper limit of normal, absolute neutrophil count greater than upper limit of normal, and platelet
count greater than the upper limit of normal. Scoring was binary with each factor assigned a score of
0 or 1, and a total sum was taken. A total score of 0 corresponded to a favorable risk group with a
median overall survival (mOS) of 43.2 months; a score of 1–2 indicated intermediate risk with a mOS
of 22.5 months; and a score ≥ 3 represented a poor risk group with a mOS of 7.8 months. This clinical
prediction tool was subsequently externally validated in a study of 849 patients with mRCC who
were treated with first-line anti-VEGF therapies [2]. Another study found that the IMDC score can
be applied to patients who progressed after first-line anti-VEGF therapy [3]. Although there have
been other risk models that have been developed, including the MSKCC model, Cleveland Clinic
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Foundation model, French model, and International Kidney Cancer Working Group, the IMDC model
has become the one most widely utilized in contemporary clinical trials.

While clinical tools such as the IMDC score were originally developed to estimate patients’
prognoses regardless of the treatment early in the era of VEGF-targeted therapy, there has been a
gradual evolution toward assuming a role in predicting response to therapy. The IMDC criteria
has been used to retrospectively risk stratify patients who underwent ICB combination therapies
(e.g., ipilimumab/nivolumab vs. axitinib + pembrolizumab/avelumab) or anti-VEGF agents in first-line
or second-line settings [4]. There is growing evidence that using the risk score may be useful in
guiding the selection of a particular therapy. For example, in KEYNOTE-426, there was a benefit for
pembrolizumab/axitinib over sunitinib in the first-line treatment of advanced ccRCC in an updated
analysis [5]. However, this effect was less pronounced for patients who fell into the IMDC favorable
risk category. Similarly, a prospective trial comparing ipilimumab/nivolumab (ipi/nivo) combination
vs. sunitinib in untreated advanced ccRCC showed that patients who were at intermediate or poor risk
and treated with ipi/nivo had superior 18-month OS, progression free survival (PFS), overall response
rate (ORR), and complete response (CR) rates as compared to patients treated with sunitinib alone [6].
However, an exploratory analysis of favorable risk patients, who were found to have a lower baseline
PD-L1 expression level when compared to higher risk groups, failed to demonstrate the same benefits
of ipi/nivo over sunitinib. In fact, the 18-month OS trended higher for sunitinib, and the ORR was
lower and mPFS shorter for the ipi/nivo group in a statistically significant manner, although there was
no OS advantage for sunitinib. Given such a disparate therapeutic response to ICB vs. sunitinib based
on the risk profile, it is conceivable that IMDC scoring can be used to predict treatment response in
addition to estimating the prognosis. That higher risk group patients with advanced ccRCC responded
better to ICB-based therapies suggests that there may be differences in the underlying tumor and/or
microenvironment biology that influence response to the current available treatments.

2.2. Genomic Alterations

Earlier studies on biomarkers focused on driver mutations, epigenetic modifications, or
chromosomal aberrations associated with ccRCC to evaluate their potential in clinical prognostication.
An obvious candidate was the von Hippel-Lindau (VHL) gene, which is inactivated in RCC via a
point mutation or through epigenetic silencing. This mutation is present in about 60–90% of cases of
ccRCC. Inactivation of the protein product of VHL leads to abnormal stabilization of hypoxia-inducible
factor (HIF), which drives oncogene transcription. However, no clear relationship between VHL

abnormalities and patient outcome exists [7]. A meta-analysis from 2017 revealed that VHL was not a
predictive marker in patients treated with anti-VEGF-targeted agents, as abnormal VHL failed to show
a relationship with ORR, PFS, or OS [8]. Polybromo 1, (PBRM1), also known as BAF180, is encoded
in a gene locus near VHL and is a component of the PBAF complex, a mammalian SWItch/Sucrose
Non-Fermentable (SWI/SNF) complex, which is a tumor suppressor protein that is thought to become
mutated early in RCC pathogenesis [9]. Older studies evaluating its role as a prognostic marker did
not include targeted agents and failed to predict cancer-specific survival [9,10]. However, a study
published in 2016 showed that among 31 metastatic ccRCC patients, the vast majority of whom
received anti-VEGF therapy, those who were maintained for longer durations of therapy were more
likely to harbor a PBRM1 mutation [11]. A separate study found that a group of so-called “extreme
responders,” defined as partial response (PR) or complete response (CR) for ≥3 years in mRCC on either
first-line sunitinib or pazopanib, was enriched for PBRM1 mutations [12]. A third biomarker that has
been studied is SETD2, which is sometimes co-mutated with PBRM1. It encodes for a histone-lysine
N-methyltransferase and acts as a chromatin regulator. It does not appear to have a definite correlation
with survival but is associated with higher risk of disease recurrence after surgery for localized disease.
Its mutation status did not seem to correlate with PFS in mRCC patients treated with sunitinib [13].
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2.3. Targets of Tumor-Driven Angiogenesis

With growing evidence that tumor and microenvironmental biology could impact clinical factors
and lead to differential outcomes depending on the type of systemic therapy, identifying predictive
biomarkers became an increasing focus. Earlier studies acknowledged the hyperangiogenic state
of ccRCC and the mechanism of action of VEGF-targeted tyrosine kinase inhibitors (TKIs) as a
rationale for studying the components of the VEGF signaling cascade. One study looked at whether
VEGF expression in tumor and endothelial cells was predictive and/or prognostic in 41 patients with
metastatic RCC (mRCC) treated with radical nephrectomy and sunitinib [14]. In this study, higher
VEGF expression within the tumor cells correlated with the MSKCC group and was associated with
higher tumor stage and inferior OS. There was no correlation between intratumoral VEGF expression
and PFS or OS on first-line sunitinib, suggesting that the VEGF level may be prognostic but not
predictive. A different study evaluated the role of serum VEGF levels in predicting treatment response
to sunitinib in 85 patients with advanced RCC (mostly clear cell) who overwhelmingly fell into the
favorable or intermediate categories based on the MSKCC model; these patients were undergoing
systemic treatment in the second line and beyond [15]. The patients who had serum VEGF levels
higher than reference value of 707 pg/mL had a longer PFS by about six months. A third small,
single-institution study of 23 mRCC patients attempted to associate tumor expression of 16 selected
biomarkers with treatment response to second-line sunitinib after the failure of first-line interferon-α.
They quantified biomarker expression using qRT-PCR and categorized tumor response using the
RECIST criteria. The authors noted that specific soluble VEGF isoforms, VEGF121 and VEGF165 in
particular, were associated with partial response, and they proposed that a ratio of VEGF121/VEGF165

of <1.25 predicted superior OS [16]. Despite these studies, neither peritumoral nor serum VEGF is
routinely measured in clinical practice.

2.4. Gene Expression Signatures

More recent studies have investigated gene expression signatures as potential guides for the
tailoring of therapy. A study published in 2013 found that tumor upregulation of the so-called
VEGF-dependent vascular gene profile appeared to predict improved PFS when bevacizumab was
added to standard oxaliplatin-based systemic therapy for treatment-naïve metastatic colorectal
cancer [17]. To see if such a phenomenon was also applicable to mRCC, an exploratory analysis
of the IMmotion150 study looked at tumor mutation burden as well as angiogenesis and immune
gene expression signatures in previously untreated mRCC patients who were treated with sunitinib
vs. atezolizumab with or without bevacizumab [18]. The Angio gene signature consisted of the
following genes: VEGFA, KDR, ESM1, PECAM1, ANGPTL4, and CD34. In the IMmotion150 study,
increased the expression of the Angio signature correlated with a higher ORR and longer PFS among
the group of patients treated with sunitinib, including a 7% CR rate as compared to 0% in the low
Angio expression group. If the Angio expression level was low, the combination arm had better PFS as
compared to that of sunitinib monotherapy. Although the angiogenesis gene signature tended to have
upregulation of VHL and PBRM1 mutants, VHL status itself was not associated with differences in
PFS [18]. Although these results were intriguing, they remain hypothesis-generating.

2.5. Association of Angiogenesis Signatures with Traditional Biomarkers

One group analyzed data from the phase III COMPARZ trial to associate tumor gene expression
profiling with clinical endpoints in untreated metastatic ccRCC [19]. This trial randomized untreated
mRCC patients to receive either pazopanib or sunitinib to assess for differences in efficacy, toxicity, and
quality of life. In patients treated with an anti-VEGF TKI, such as sunitinib or pazopanib, increased
expression of angiogenesis genes significantly correlated with better ORR, PFS, and OS as compared to
those with lower expression. However, this benefit appeared to be abrogated in the group of patients
that was enriched for TP53 and BAP1 mutations. The group of patients with higher frequency of TP53
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and BAP1 mutations tended to have high immune infiltration and higher PD-L1 expression. Ultimately,
there was no significant difference in the angiogenesis gene profile among the three different IMDC risk
groups, suggesting that the prediction of enhanced response to TKIs was independent of previously
established clinical prognostic markers. As was the case in IMmotion150 study, in the COMPARZ trial,
mRCC tumors with PBRM1 mutations were noted to have upregulated angiogenesis gene expression
in contrast to tumors harboring BAP1 mutations, which were associated with decreased expression
of angiogenesis-related genes. There was no association between the angiogenesis gene signature
expression level and SETD2 mutation.

2.6. Pure VEGF Antagonism vs. Combination Anti-VEGF/ICB Therapy

Combination therapy with anti-angiogenic agents and ICB has become the standard of care
for the majority of patients with mRCC. It would be clinically actionable to understand whether
angiogenic or immune biomarkers could help predict the therapeutic response in order to better
stratify patients to combination therapy versus a single agent strategy to minimize toxicity while
optimizing efficacy. A study evaluated association between angiogenesis signatures and outcomes in
the phase 3 JAVELIN Renal trial that enrolled patients with untreated mRCC and randomized them to
avelumab/axitinib or sunitinib. High levels of expression of angiogenesis-related genes were associated
with better PFS in patients treated with sunitinib. In patients whose tumors had low expression of
an angiogenesis signature, there was improved PFS in patients treated with avelumab/axitinib in
comparison to sunitinib [20]. All in all, several studies have shown evidence that upregulation of
a set of angiogenesis-related genes seemed to help predict a better response to anti-VEGF therapy,
which would be important information in guiding selection of therapy. Those who registered low in
angiogenesis gene expression predictably did not benefit as much, and there is a suggestion that mRCC
patients harboring low tumor angiogenesis gene expression signatures represent an immune-enriched
subtype that is less likely to respond to anti-VEGF therapy alone and may benefit more from strategies
involving ICB.

2.7. Predictive Value of Trends in Angiogenesis-Related Biomarkers during Treatment

A retrospective analysis of tumor samples or blood samples obtained from 52 mRCC patients
treated with first-line axitinib/pembrolizumab in a phase Ib trial was assessed for angiogenesis-related
biomarkers [21]. Angiopoietin-1 and 2 (Ang-1; Ang-2), VEGF, VEGFR-1, VEGFR-2, and VEGFR-3 were
chosen for evaluation as serum biomarkers given their known roles in angiogenesis [22]. The study
authors found that serum concentrations of Ang-1, Ang-2, VEGF, VEGFR2, and VEGFR3 at baseline
had no correlation with PFS as a continuous variable. However, when patients were divided into
two categories of PFS (<9 months vs. >20 months), the median Ang-2 protein level on treatment was
lower in the PFS > 20 month group as compared to PFS < 9 months. The Ang-1 protein level was
lower in patients with PFS > 20 months at the end of the treatment. The ratio of VEGF at the end of
treatment to VEGF at baseline was also lower for patients who experienced PFS > 20 months [21].
This study suggested the potential that these biomarkers may have in assessing whether a patient
on treatment is a responder, enabling earlier escalation of therapy for those with a lower chance of
response. These results require prospective validation, however (Table 1).
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Table 1. Summary of biomarkers for angiogenesis inhibitors.

Biomarker Key Findings as a Predictive or Prognostic Biomarker

von Hippel-Lindau (VHL) [7]
• No correlation with patient outcome in general
• No correlation with ORR, PFS, or OS in patients treated

with anti-VEGF therapy

Polybromo-1 (PBRM1) [11,12]
• Associated with a longer duration of response to

anti-VEGF therapy

SET domain containing 2, histone lysine
methyltransferase (SETD2) [13]

• No definite association with overall survival
• Does not predict response to sunitinib

BRCA1 Associated Protein 1 (BAP1) [19]
• Associated with lower expression of

angiogenesis-related genes
• Possibly blunts response to anti-VEGF therapy

Vascular Endothelial Growth Factor
(VEGF) [14–16,21]

• Intratumoral overexpression associated with worse OS
but does not predict response to first-line sunitinib

• Lower ratio of soluble isoforms 121–165 (<1.25) may
help to predict response to second-line sunitinib after
progression on interferon-α

• Lower ratio of serum levels at the end of treatment to
baseline level associated with longer PFS with first-line
axitinib/pembrolizumab

Angiopoietins (Ang-1, Ang-2) [21]

• Associated with longer PFS when treated with first-line
axitinib/pembrolizumab when either of the following
were observed:

# Decrease in Ang-1 protein level at the end
of treatment

# Decrease in Ang-2 protein level mid-treatment

Angio gene signature
(VEGFA, KDR, ESM1, PECAM1, ANGPTL4,

and CD34) [18–20]

• More often upregulated in VHL and PBRM1 mutants
• Increased expression correlated with higher ORR, PFS,

and/or OS in patients treated with first-line sunitinib or
pazopanib except when TP53 or BAP1 mutations
were present

• Improved PFS with first-line avelumab/axitinib as
compared to sunitinib monotherapy if the Angio
expression level was low

3. Biomarkers for Immunotherapy

Renal cell carcinoma is often considered an immunogenic tumor. This has been evidenced from
pathologic examination of RCC tumor tissue showing significant infiltration by both T-cells and
natural killer cells [23]. In addition, efficacy of early immunotherapy agents, like interleukin-2 (IL-2)
and Interferon alpha (IFN-α), and more recently ICB in the treatment of RCC support this notion
pragmatically [24–26]. ICB targeting the programmed death 1 (PD-1) and cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) pathways have demonstrated favorable outcomes, with ORRs of 25%
for anti-PD-1 targeted single-agent therapy and up to 39% and 59% when combined with CTLA-4 or
vascular endothelial growth factor (VEGF) inhibitors, respectively [5,6,27]. Consequently, combination
strategies with ICB have become the standard of care for most eligible mRCC patients.

However, since both combination ICB/ICB and ICB/TKI regimens are approved as first-line
therapy for mRCC, it would be beneficial to have clinical biomarkers to understand which tumors are
more likely to benefit from an immunotherapy based regimen versus a combination regimen with
VEGF inhibition.
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3.1. PD-L1 Expression

The programmed death-ligand 1 (PD-L1), also known as B7 homolog 1 (B7-H1), is found on tumor
and immune cells in the TME, and its receptor PD-1 on T-cells are the primary targets for this form of
ICB. In the era of ICB, expression of PD-L1 by immunohistochemistry (IHC) has been a focus of much
of biomarker research across tumor types but in the case of mRCC it has not borne out to be a very
useful predictive biomarker.

When focusing specifically on registration studies for ICB in mRCC, patients without any
measurable PD-L1 expression have benefited from these drugs. In a meta-analysis of six randomized
controlled trials of ICB in mRCC an association was observed between PD-L1 expression and PFS,
but the analysis failed to show significant correlation with OS [28]. The authors concluded from
this data that the role of PD-L1 expression in selecting treatment for RCC was not well established,
in line with FDA drug approvals and the NCCN guidelines which do not include or require PD-L1
expression [29,30]. This difference is likely multifactorial and could be due to the unique biology of
RCC, related to the non-standardized testing utilized in for PD-L1 expression as a biomarker in earlier
trials, including the use of different antibodies for various IHC assays and inconsistent cutoffs for
positivity, tumor heterogeneity and the dynamic nature of PD-L1 expression on tumor cells [31].

Furthermore, prior to the era of immunotherapy, PD-L1 expression by IHC was studied in mRCC
and was shown to be associated with poor prognosis [32]. The observation that PD-L1 positivity is
linked to poor prognosis was again reported more recently in a post-hoc analysis of the COMPARZ
trial (pazopinib vs. sunitinib) which showed that patients who were PD-L1 positive had significantly
worse OS and PFS compared to the PD-L1 negative population. This is also supported by an analysis
of CHECKMATE-214 study (nivolumab+ipilumimab vs. sunitinib) which demonstrated that PD-L1
positivity was more common in patients with intermediate and poor risk disease as defined by IMDC
criteria compared to those with favorable risk disease [6]. It is possible that the prognostic implications
of PD-L1 positivity in mRCC also have a negative impact on its usefulness as a predictive biomarker.

3.2. Genomic Markers

3.2.1. PBRM1 Mutations

Differences in the genomic landscape of RCC have also been the subject of much study in the
search for clinical biomarkers for ICB treatment PBRM1 and PBAF complex mutations have drawn
much attention in this regard and, as discussed above, have also been investigated as both a prognostic
and predictive markers for VEGF TKIs. In relation to ICB, PBRM1 was first identified by Miao et al.
in a set of 35 patients with mRCC who participated in a prospective clinical study of nivolumab.
Whole-exome sequencing was performed on tissue samples and identified PBRM1 as being strongly
enriched in the group who derived clinical benefit. This finding was then validated in a separate
63 patient cohort treated with PD-1 or PD-L1 inhibitions alone or in combination with anti-CTLA-4
therapies and replicated findings of association with clinical benefit [33].

However, after this initial publication, PBRM1 mutations were subsequently studied in several
additional patient cohorts. An analysis by McDermott et al. of a first-line clinical trial of atezolizumab
alone or in combination with bevacizumab vs. sunitinib failed to demonstrate an association with
clinical benefit in patients with PBRM1 mutations in the atezolizumab monotherapy arm but instead
favored benefit in the sunitinib arm [18]. A subsequent analysis from the Checkmate-025 study of
patients with mRCC treated in the second-line or beyond and randomized to nivolumab or everolimus
showed that there was enrichment of clinical benefit in the PBRM1 mutant group in nivolumab-treated
patients, though this trial did not include a VEGF-targeted therapy. The effect of PBRM1 mutations on
response and survival in this study was modest, with median PFS 5.6 vs. 2.9 months (HR, 0.67; 95% CI,
0.47–0.96; p= 0.03) and median OS 27.9 vs. 20.9 months (HR, 0.65; 95% CI, 0.44–0.96; p= 0.03) [34].

Finally, a large retrospective analysis (n= 2936) explored the interaction between PBRM1 mutations
and immunotherapy across cancer types and failed to show a statistically significant association with
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OS (HR 0.9, p = 0.7). Interestingly, this trial included 189 patients with mRCC treated with ICB and this
subgroup did demonstrate an association with OS (HR 1.24, p = 0.47). It was previously hypothesized
in the initial discovery study by Miao et al. that PBRM1 mutations increased interferon-gamma (IFNγ)
gene expression and thereby modulated the immune response. However, this analysis explored the
impact of IFNγ signaling in both the cohort studied by McDermott et al. and a cohort from the
previously mentioned COMPARZ trial and showed unchanged or decreased IFNγ signaling in PBRM1
mutants compared to the wild-type, which conflicted with the hypothesized mechanism of action [35].
Due to the conflicting nature of these results, doubt has been cast on the potential use of PBRM1 as a
biomarker for ICB [36].

3.2.2. TERT Promoter Mutations

Although much focus is in finding mutations associated with response, it is also useful to examine
the opposite phenomenon and identify mutations that are associated with resistance to immunotherapy.
This would help route patients to therapies more likely to be beneficial and avoid unnecessary toxicity.
For example, in non-small cell lung cancer mutations in STK11 have been identified as predictors of poor
responses to ICBs [37]. STK11 is not a useful biomarker for RCC since it is very rarely found in RCC on
the order of 0.2% of patients based on data from cBioPortal [38]. A retrospective study of patients with
mRCC (n = 75), the majority with clear cell histology (~80%), who received comprehensive genomic
profiling (whole exome and RNA sequencing) as part of routine care, including both immunotherapy
and targeted therapy, attempted to identify genomic and transcriptomic correlates of clinical benefit.
The authors found that mutations in the TERT promoter were specifically associated with a lack
of benefit from ICB. In this subgroup of TERT promoter mutated tumors the authors also found
enrichment of transcription factor targets of MYC and KATA2, and kinase targets of CDK4, ATM,
and MAPK14 [39].

3.2.3. Multi-gene Expression Signatures

Similar to approaches in VEGF TKI treated patients, researchers have investigated potential tumor
genomic signatures that might serve as predictive biomarkers for ICB. In an exploratory analysis
of the IMmotion150 study, the authors used gene signatures previously defined and representing
angiogenesis, immune response (T-effector/IFNγ), and myeloid inflammatory gene expression to
perform a subgroup analysis and investigate associations with response. They found that tumors
with high expression of a T-effector gene signature (Teff

High) was positively associated with expression
of PD-L1 and CD8 T-cell infiltration. They also showed that within this group there was increased
expression of the myeloid inflammation genes. The Teff

High gene signature was also associated with
improved ORR and PFS when compared to the Teff

Low group within the atezolizumab/bevacizumab
arm. They also showed that Teff

High was associated with improved PFS when compared across groups
to the sunitinib arm. High myeloid inflammation gene signature expression (MyeloidHigh), which had
previously been shown to be associated with suppressed T-cell responses, was shown to be associated
with worse PFS in both the atezolizumab monotherapy and atezolizumab/bevacizumab arms [18].

A separate group utilized machine learning techniques to build upon the prior IMmotion150
gene signatures to define a specific 66-gene signature created for mRCC using RNA sequencing data
from The Cancer Genome Atlas (TCGA) dataset in cBioPortal. They identified that the genes in the
IMmotion150 gene signature were selected by analysis of the literature and citations which defined the
three biological axes explored in the study and not based on an empirical analysis of the data, which
they considered to be a limitation of the previous approach. To develop their signature, they first
leveraged the gene signatures defined by the IMmotion150 study to perform unsupervised clustering
to categorize patients into three groups and confirmed they separated into the same three categories;
angiogenesis, T-effector and myeloid inflammation. They then utilized a separate featured selection
machine learning technique to analyze the global gene expression profile of the sub-classified patients
and selected the top 500 ranked and subsequently refined them using several different techniques
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to investigate the underlying biology and came up with their 66-gene signature. Using training
and validation cohorts, they were able to show that this signature performed better with regards to
association with OS and DFS than the original IMmotion150 signature. However, interpretation of this
signature thus far is limited since annotation of treatments record and outcome are not available in
the TCGA data and survival data was calculated prior to the approval of ICBs. The signature does,
however, hold promise to be tested in cohorts who did receive ICB to test what they hypothesize as an
improvement in the clustering of patients into unique groups defined by tumor biology [40].

In an analysis of the results of KEYNOTE-427 (pembrolizumab monotherapy) 11 separate gene
signatures were analyzed for associations with response. They identified one signature, a T-cell
inflamed gene expression profile (GEP), which stood out demonstrating a strong association with ORR
to pembrolizumab. The same T-cell inflamed GEP signature, however, was not associated with longer
PFS or OS in the same study and thus remains hypothesis generating [41] (Table 2).

3.2.4. DNA Damage Repair Mutations, Microsatellite Instability, and Tumor Mutational Burden

Although less common in some other tumor types, RCC can harbor alterations in DNA damage
repair (DDR) pathways, including defects in DNA mismatch repair (dMMR). Loss of function of certain
genes related to dMMR defects can lead to lead to high levels of microsatellite instability (MSI), which
has been established as a biomarker for response to immunotherapy irrespective of tumor type [42].
MSI-Hi tumors are not a common finding in RCC and are estimated to be present in only 1–2% of
cases [43]. As a result, MSI is not a practical biomarker in a broad sense for ICB in RCC since many
non-MSI RCC tumors respond to immunotherapy.

Looking more broadly, mutations in genes involved in the various DDR pathways, which do not
necessarily result in MSI, are relatively prevalent in RCC. In one cohort published by Ged et al., about
19% of patients (43/229) with mRCC harbor DDR mutations, with CHEK2 and ATM being the most
frequently mutated. In this cohort, they were able to demonstrate a correlation between DDR mutation
status and superior OS (HR 0.41; 95% CI: 0.14–1.14; p = 0.09) in patients treated with ICB [44]. This
finding was also reported in a smaller cohort (n = 34) by Labriola et al. who showed that patients with
DDR mutant tumors had improved disease control (defined as CR, PR, or SD) with ICB [45].

Table 2. Summary of gene expression signatures.

Gene Signature Dataset Genes Key Findings

IMmotion150 Signature [18]

Sample size:
263 patients
Study Type: Randomized
phase 2 study of atezolizumab
alone or combined with
bevacizumab
(anti-VEGF) versus sunitinib

Angiogenesis (Angio) • Teff
High associated with PD-L1

expression and CD8
T-cell infiltration

• Teff
High vs. Teff

Low in atezolizumab
+ bevacizumab associated with
improved ORR (49% vs. 16%) and
improved PFS (HR 0.50; CI
0.30–0.86)

• Teff
High atezolizumab +

bevacizumab vs. sunitinib improved
PFS (HR 0.55; CI 0.32–0.95)

• MyeloidHigh associated with worse
PFS in immunotherapy arms

• Distinct population of MyeloidHigh

tumors within the Teff
High group

• Teff
HighMyeloidHigh vs.

Teff
HighMyeloidlow associated with

worse activity of atezolizumab (HR
3.82; CI 1.70–8.60)

• VEGFA
• PECAM1
• ANGPLT4
• ESM1

• FLT1
• CD34
• KDR

Myeloid Inflammation

• CXCL1
• CXCL2
• CXCL3

• CXCL8
• IL6
• PTGS2

T-effector (Teff)

• CD8A
• CD27
• IFNG
• GZMA
• GZMB
• PRF1
• EOMES
• CXCL9
• CXCL10
• CXCL11

• CD274
• CTLA4
• FOXP3
• TIGIT
• IDO1
• PSMB8
• PSMB9
• TAP1
• TAP2
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Table 2. Cont.

Gene Signature Dataset Genes Key Findings

66 Gene Signature [40]

Sample Size:
Training cohort
469 patients
Validation cohort
64 patients
Study Type: Retrospective
analysis of ccRCC patients
from The Cancer Genome
Atlas (TCGA)

Angiogenesis • T-effector genes clustered with
Ca2+-flux

• Subclasified patients into 3
categories: Angio, Teff, and Mixed

• Mixed cohort expressed genes from
all four pathways

• Angio cohort had improved survival
compared to Teff and Mixed (median
OS 90.4 vs. 62.8 vs. 62.8 months)

• Angio cohort had better DFS as
compared to Teff (HR = 2.2091,
p = 0.0201) and Mixed

• (HR = 1.7433, p = 0.0386)
• Not yet tested or validated in a

cohort who was
homogenously treated

• Developed on data prior to ICB

• VEGFA
• KDR
• EDNRB
• PECAM1
• ANGPLT4
• NOTCH1

• EDN1
• FLT1
• CD34
• STIM2
• ESM1

T-effector

• PSMB9
• PSMB8
• LTA
• SLA2
• PYHIN1
• PDCD1
• EOMES

• CTLA4
• CD8A
• GZMB
• GZMA
• TIGIT
• PREF1

Ca2+-flux

• CD2
• CCL5
• CCL4
• GK2
• LCK
• LAT

• LCP1
• CD38
• LAX1
• CD7
• CD3E
• ITK

Invasion

• XCL2
• FOXP3
• FERMT3
• SLC9A3R2
• FASLG
• NFATC1
• CD72
• WAS
• PTK2B
• CXCR3
• CORO1A
• CCR5
• PDE2A
• TBCA2R

• FYB1
• NES
• S1PR1
• TCF4
• HEY1
• ETS1
• PTPRB
• PPM1F
• MCF2L
• GJA1
• VWF
• MYCT1
• NOS3
• IL16

T-cell Inflamed GEP [41]
Sample Size:
78 patients
Study Type:
Open-label, single-arm phase
2 study of first-line
pembrolizumab

T-cell Inflamed • T-cell-inflamed GEP associated with
higher ORR

• No association with PFS or OS
• CXCR6
• TIGIT
• CD27
• LAG3
• NKG7
• STAT1
• CD8A
• IDO1
• CCL5

• PSMB10
• CMKLR1
• CD274 (PD-L1)
• PDCD1LG2
• (PD-L2)
• CXCL9
• HLA.DQA1
• CD276
• HLA.DRB1
• HLA.E

Another measure of disruption of genomic integrity is tumor mutational burden (TMB).
TMB is defined by the total number of non-synonymous alterations (single-nucleotide variants
or insertions/deletions) and is typically calculated from next-generation sequencing (NGS) data of
either the whole exome or large targeted panels. A high TMB is thought to be integral in promoting
increases in the expression of tumor neoantigens which promote T-cell mediated immune responses
against tumors [46,47]. TMB, similarly to MSI, has been investigated independent of tumor histology
and has been shown to enrich response to ICB [48,49]. This also led to an FDA approval on 16 June
2020 of pembrolizumab for all TMB-high tumors (defined as >10 mutations per megabase) regardless
of histology.

However, this approval has been met with controversy because of concerns that cutoffs for TMB
and its performance as a biomarker may differ between tumor types. This skepticism is supported in
RCC based on some of the available data. For example, in the study discussed above by Labriola et al.,
which focused solely on RCC, there was no observed association between TMB and disease control
in patients treated with ICB [45]. This was also seen in a separate and larger cohort of 592 patients

122



J. Pers. Med. 2020, 10, 225

treated with nivolumab (pooled analysis of checkmate 009, 010, and 025) showed no association with
response to PD-1 blockade. Paradoxically, it also has been shown that high-TMB is actually associated
with inhibition of immune cell infiltrates in RCC tumors, which supports and possibly explains these
unexpected clinical observations on a cellular level [50].

Another interesting observation that may help explain why RCC is such an immunogenic tumor
but has a characteristically low TMB is the distribution of mutations that comprise its TMB [51,52].
TMB high tumors traditionally have a predominance of many single nucleotide variants (SNVs) making
up the majority of mutations, while RCC on the other hand has a uniquely high proportion of insertions
and deletions (indels) relative to other tumors. This phenomenon was identified as part of an analysis
of the Cancer Genome Atlas study of 5777 solid tumors which identified RCC tumors as having more
than double the median proportion of indels to SNVs. The authors then hypothesized that indels are
more efficient in the formation of immunogenic peptides serving as neoantigens and using in silico
prediction models they were able to show an enrichment of high-affinity neoantigens from indels that
was three times that of SNV [53]. This suggests that RCC may be a case of quality over quantity in
regards to immunogenic mutations.

Another approach to improving performance of TMB as a biomarker is incorporating HLA
correction. HLA correction is a computational method by which incorporation of loss of heterozygosity
of HLA alleles is thought to improve upon TMB by predicting the proportion of functional neoantigens
present. This has been studied in non-small cell lung cancer and shown to identify and reclassify
tumors previously characterized as TMB-high and, in doing so, improve the association with the
response to ICB, but has yet to be studied in RCC [54].

3.3. Analysis of Immune Cells

In the search for biomarkers predicting a response to ICB, the investigation has necessarily
expanded beyond clinical- and tumor-dependent factors, such as performance status or genomics,
and additionally focused on host-dependent components of the immune system. In order to
study the cellular components of the immune system, including T-cells, neutrophils, NK cells,
and antigen-presenting cells, a variety of techniques have been approached, ranging from simple
analytes (like a complete blood count with differential) to more complex methods like flow cytometry
and advanced staining techniques, like multiplex IHC.

3.3.1. Neutrophil Lymphocyte Ratio

One of the first biomarkers developed to attempt to quantify the immunologic milieu in patients
with cancer is the neutrophil lymphocyte ratio (NLR). The biologic rationale for this biomarker is that it is
a representation of cancer-related inflammation indicating more aggressive disease. Calculated simply
by dividing the absolute neutrophil count by the absolute lymphocyte count on a complete blood
count, this biomarker is essentially free and readily available for all patients. The NLR has been studied
specifically in mRCC and a high pre-treatment NLR has been shown to have both prognostic and
predictive implications. However, data in the specific context of treatment with ICB is limited [55–59].
One retrospective study of NLR in 42 patients with mRCC treated with ICB demonstrated that a
pre-therapy NLR < 3 was associated with longer PFS (HR, 2.937; 95% CI, 1.44 to 5.97; p = 0.003) and
OS (pre-therapy: HR, 3.977; 95% CI, 1.23 to 12.89; p = 0.014) [60]. A subsequent and larger study of
142 patients with mRCC treated with ICB showed that lower baseline NLR was only associated with a
trend toward lower ORR, shorter PFS, and shorter OS. In this study they also looked at NLR at six
weeks and showed that it was a significantly stronger predictor of all three outcomes than baseline
NLR. They also, interestingly, showed that a > 25% decrease in NLR from baseline to six weeks was
associated with significantly improved outcomes in mRCC patients treated with ICB [61]. Both of
these were relatively small studies and larger prospective trials are needed to validate these findings
before they could be incorporated more commonly into clinical practice.
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3.3.2. Tumor Infiltrating Lymphocytes and Immune Microenvironment

Tumor infiltrating lymphocytes (TILs) and their role in the immune response against cancer has
been investigated for decades and it is now understood that cytotoxic CD8+ T-cells, otherwise known
as “T-killer cells,” are essential components of a robust anti-tumor immune response. TILs are activated
when presented an antigen via the class I major histocompatibility complex and release cytotoxins to
kill the targeted cells [62]. RCC has long been understood to be one of the most immune-infiltrated
tumors, as suggested as long as 30 years ago in a study characterizing samples from 120 different
tumor histologies [63]. However, mere infiltration of a tumor with TILs does not prove that these
immune cells have been properly activated to mount an anti-tumor response. The presence of PD-1
positive immune cells has been associated with worse outcomes as these tumors with large populations
of PD-1-positive immune cells have evolved to promote quiescence of the immune system, which
allows tumors to avoid detection and explains their more aggressive prognosis [64]. It has also been
shown that changes in PD-1-positive immune cells were observed in response to surgical resection in
a study of peripheral blood mononuclear cells (PBMC) from 90 patients with RCC before and after
nephrectomy. This study showed that increased PD-1 expression on CD14 bright myelomonocytic
cells, effector T cells, and natural killer (NK) cells correlated to disease stage, and expression was
significantly reduced on all cell types soon after surgical resection of the primary tumor. This further
suggests the association between PD-1 positivity of immune cells and the pathophysiology of this
disease [65].

This phenomenon was further investigated with the incorporation of various known immune cell
surface markers to better characterize the specific phenotype of ineffective TILs and the associated
immune microenvironment. Giraldo et al. classified tumors into three basic categories defined
by the phenotypic characteristics of their immune cells: immune-regulated, immune-activated,
and immune silent. They showed in their study of 40 patients with mRCC that the immune-regulated
tumors displayed aggressive histologic features and a high risk of disease progression in the year
following nephrectomy for localized disease. The immune-regulated phenotype in this study
was defined by CD8+PD-1+TIM-3+Lag-3+ TILs and CD4+ICOS+ helper T-cells in the presence
of CD25+CD127-Foxp3+/Helios+GITR+ Tregs [66].

Understanding the importance of the immune infiltrate and microenvironment, new research has
focused on the relationship between immune cell surface markers and response to immunotherapy.
In an analysis of Checkmate-025 by Braun et al., they confirmed that RCC tumors tend to be heavily
infiltrated with CD8+ TILs, but did not show an association between highly infiltrated tumors and
ICB response. Interestingly, they noted that highly infiltrated tumors were less likely to carry PBRM1
mutations, which may help explain the association between PBRM1 mutations and favorable prognosis
in RCC [67]. In a subsequent analysis of Checkmate-025 by the same group, subsets of the immune
infiltrate were classified with methods similar to those used by Giraldo et al. They were able to
show that having high levels of CD8+PD1+TIM3-LAG3- TILs was associated with benefit from
nivolumab. They also showed that there was a linear association with the increased density of these
cells and improvement in ORR, PFS, and OS. Furthermore, these observations were not seen in
everolimus-treated patients suggesting a specific relationship to ICB response [68]. This data suggests
specifically that TIM3 and LAG3 are important additional checkpoints, since their presence on TILs is
associated with reduced benefit from ICB targeting the PD-1 pathway only. There are several inhibitors
in development for both LAG3 and TIM3, including a bispecific antibody which targets both PD-L1
and LAG-3 and may be able to improve responses in these patients who express resistant immune
phenotypes [69,70].

Lastly, there has been new research exploring the role of cancer-associated fibroblasts (CAFs)
and their role in modulating the microenvironment in several tumor types, including mRCC.
In mRCC models, CAFs have been shown to recruit macrophages leading to remodeling of the
tumor microenvironment and, via signaling through fibroblast activation protein-a (FAP), may promote
more aggressive tumor behavior [71]. FAP expression has also been shown to be associated with
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sarcomatoid features in mRCC, which have been shown, in a subgroup analysis of IMmotion151,
to benefit from ICB in the first-line setting with atezolizumab and bevacizumab as compared to the
VEGF TKI, sunitinib [18,72]. Finally, in lung cancer models CAFs have been shown to induce PD-L1
expression which further implies a specific role in modulating the immune response [73]. While they
are not implicated directly as potential biomarkers for immunotherapy, the importance of CAFs in the
immune milieu suggests they may have importance in biomarker development or become a potential
target for future immunotherapy strategies.

4. Conclusions

Much progress has been made in the treatment of metastatic RCC since the early 2000s, first with
the development of targeted therapies, and even more so with the addition of immunotherapy. Now,
for the first time, clinicians are fortunate to have a dilemma of choice between equally efficacious
first-line treatment for patients with this disease. Despite these advances, there is still ample room for
improvement both in overcoming primary resistance and also in selecting the optimal treatment for
each individual patient. Our review summarizes years of work and progress in both of these avenues
but still few are validated for treatment selection with proven clinical utility. As a result, and in contrast
to many other tumor types, there are still no biomarker-driven approvals for mRCC. However, we
anticipate that as our understanding of the biology of mRCC and the molecular mechanisms that
drive its evolution expands from studies like TRACERx Renal and large datasets, such as the TCGA,
we will identify new biomarker-driven approaches to treatment [74]. Furthermore, as the treatment
landscape of mRCC continues to evolve and more treatment options become available, the importance
and need for clinically useful biomarkers will only increase. Given this growing need, we envision
that a paradigm will be needed to guide clinicians to the best choice available to personalize treatment.
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Abstract: Personalised treatment in oncology has seen great developments over the last decade, due to
both technological advances and more in-depth knowledge of radiobiological processes occurring
in tumours. Lung cancer therapy is no exception, as new molecular targets have been identified
to further increase treatment specificity and sensitivity. Yet, tumour resistance to treatment is still
one of the main reasons for treatment failure. This is due to a number of factors, among which
tumour proliferation, the presence of cancer stem cells and the metastatic potential of the primary
tumour are key features that require better controlling to further improve cancer management
in general, and lung cancer treatment in particular. Imaging biomarkers play a key role in the
identification of biological particularities within tumours and therefore are an important component
of treatment personalisation in radiotherapy. Imaging techniques such as PET, SPECT, MRI that
employ tumour-specific biomarkers already play a critical role in patient stratification towards
individualized treatment. The aim of the current paper is to describe the radiobiological challenges of
lung cancer treatment in relation to the latest imaging biomarkers that can aid in the identification of
hostile cellular features for further treatment adaptation and tailoring to the individual patient’s needs.

Keywords: biomarkers; molecular imaging; non-small cell lung cancer; proliferation; cancer stem
cells; circulating tumour cells; personalised treatment

1. Introduction

According to the latest Global Cancer Statistics, lung cancer is the most commonly diagnosed
cancer worldwide, in both males and females (11.6% of the total cases) and the leading cause of cancer
death (18.4%) [1]. Non-small cell lung cancers (as opposed to small cell lung cancers) account for
about 85% of lung cancer cases and encompass adenocarcinomas, squamous cell carcinomas and
large-cell undifferentiated carcinomas. Conventional therapies (surgery, chemo-radiotherapy) are
being improved with new drugs and targeted agents.

While the latest technological and pharmaceutical developments have increased the therapeutic
index in lung cancer, research over the last decade reveals an imperative need to include radiobiological
characteristics of cellular and subcellular structures as well as the tumour microenvironment into the
big picture of personalised medicine [2]. Hypoxia, proliferation, intrinsic radioresistance, and the
presence of cancer stem cells are only a few, but probably the most critical features that require better
management to further improve cancer treatment outcomes in general, and lung cancer treatment
in particular. However, the primary tumour is not the only entity to confront. Cancer invasion and
metastasis poses a therapeutic challenge by broadening the curative needs from local to systemic
disease management. In this context, the identification and quantification of circulating tumour cells
represent an important undertaking.

Although most of aforementioned tumour characteristics and their impact on tumour control
are well known, there is still no clear-cut solution to manage treatment resistance due to high
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proliferative potential, the presence of cancer stem cells or circulating tumour cells that are indicative
of tumour aggressiveness.

In order to tackle the above challenges, one should first identify the hostile features and then
target them with the best currently available techniques. In this respect, biomarkers play a key role,
as their specific design allows the identification of tumour areas that are prone to treatment resistance,
thus leading the way towards personalised, targeted therapies.

The current paper focuses on the (radio) biological challenges described above applied to non-small
cell lung cancer (NSCLC) and the latest imaging biomarkers that can aid in their identification, targeting
and treatment outcome prediction. The main features discussed in the paper are related to tumour
kinetics, via tumour proliferation and the presence of cancer stem cells, and tumour dynamics,
via progression, invasion and distant metastasis through circulating tumour cells.

2. Tumour Proliferation and Imaging Biomarkers

2.1. Tumour Proliferation

Cellular proliferation is a prerequisite for tissue growth and development. Uncontrolled proliferation
is characteristic of cancer cells and represents one of the hallmarks of neoplastic growth. The rate of
tumour proliferation differentiates slowly proliferating from rapidly proliferating tumours, a feature
that dictates the type of treatment required for tumour control. The evaluation of a tumour’s
proliferative ability and of its growth kinetics are therefore critical aspects of cancer management.

Cell proliferation rate is commonly assessed through the presence in the cell nucleus of the
Ki-67 monoclonal antibody, during the active phases of the cell cycle. The Ki-67 antibody labels
nuclei of proliferating cells, enabling the quantification of the proliferating cell fraction within
a tumour [3]. Clinical research over the years has proved Ki-67 proliferation index (or labeling index)
to be a biomarker with important prognostic and predictive value in a number of cancers, including
lung. The retrospective analysis of three NSCLC cohorts involving about 1500 patients showed
that Ki-67 proliferation index is a highly significant and independent predictor of survival in these
cancers [4]. An important aspect of the study was the individual assessment of Ki-67 correlation with
each histological type of NSCLC. In this respect, the high proliferation index (PI) in adenocarcinomas
was significantly associated with a worse prognosis for disease-free survival, whereas in squamous cell
carcinomas the high PI was associated with better overall survival rates (cut-off value for PI of 50%).
Treatment outcome among adenocarcinoma patients was further influenced by the administration of
adjuvant chemo-radiotherapy, showing that patients with high PI may benefit to a higher extent from
adjuvant treatment than those with low PI (cut-off value for PI of 25%).

This study showed the importance of data analysis based on histological characteristics (rather
than NSCLC as a group) and the definition/validation of a Ki-67 cut-off value for each histological
type of NSCLC. Furthermore, it was suggested that the predictive power of Ki-67 labeling could be
enhanced by the concurrent employment of other clinical/pathological parameters as well as imaging
biomarkers, which would eventually lead to better patient stratification and treatment optimisation.

Another important factor that controls cellular proliferation in lung cancers (and not only) is
the epidermal growth factor receptor (EGFR). The EGFR is a transmembrane glycoprotein receptor
of the ErbB family of cell surface tyrosine kinases with a role in regulating cell proliferation and
apoptosis through signal transduction pathways [5]. Mutations and truncations of its extracellular
matrix leads to upregulation of EGFR in several cancers, including NSCLC. Malignant as well as
premalignant lesions can overexpress EGFR, with 40–80% of NSCLC patients being identified with
abnormal expressions of EGFR (increased gene copy number per cell), with the highest rates seen
in squamous cell carcinomas [6,7]. EGFR expression was found to be a poor prognostic factor in
NSCLC, requiring efficient anti-EGFR therapies [6]. To date, EGFR-targeted therapies based on tyrosine
kinase inhibitors (gefitinib, erlotinib) and monoclonal antibodies (cetuximab) have been developed
with limited success, due to acquired or inherent resistance to EGFR inhibition [8]. Next to EGFR,
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ALK (anaplastic lymphoma kinase) translocations are known to be oncogenic drivers in NSCLC [9].
ALK translocation is associated with high sensitivity to ALK inhibitors such as crizotinib, ceritinib and
alectinib [10]. Moreover, the set of mutations in these cancers is much wider. Regarding targeting
avenues, ROS1 translocation is associated with a positive response to crizotinib therapy, while for
BRAF mutations the combined administration of dabrafenib and trametinib, as well as the low
molecular weight tyrosine kinase inhibitors vemurafenib and dabrafenib, were shown to be effective.
MET mutations in lung cancer are considered to be predictors of susceptibility to the MET inhibitor
crizotinib, whereas RET translocations are correlated with a positive response to targeted therapy with
RET inhibitors such as cabozatinib, vandetinib, and alectinib [10]. All these mutations are important
therapeutic targets, which can be identified not only in biopsy samples (given that 30% of tumour
biopsies yield inadequate tissue for molecular subtyping) but also in cell-free circulating tumour
DNA [11].

More recently, research into tumour proliferation has been linked to microRNAs, owing to their
role in multiple biological processes, including gene regulation [12]. MicroRNAs (miRNA) are short
noncoding RNAs consisting of 21–25 nucleotides that can inhibit translation of messenger RNA
(mRNA) and promote mRNA degradation, thus functioning as endogenous negative gene regulators.
Through posttranscriptional regulation of gene expression, miRNAs have a great impact on a number
of oncogenic pathways. Recent studies demonstrated a relationship between the EGFR signaling
pathway and miRNAs, showing a direct regulatory effect on EGFR [13]. Studies in NSCLC revealed
the potential of miRNAs to serve in patient stratification (by risk and histology) while also predicting
prognosis in early-stage NSCLC [14].

2.2. Imaging Biomarkers for Proliferation

Cellular kinetic parameters are important indicators of tumour proliferation before, during and
after therapy, thus their quantification warrants special consideration. As shown above, the most
studied proliferation markers and, consequently, the most targeted molecules related to cellular
proliferation in lung cancer imaging are EGFR and Ki-67. In this regard, numerous tracers have been
developed and trialed with various results [15].

2.2.1. Positron Emission Tomography (PET) Imaging Biomarkers

Fluorodeoxyglucose-F18 (18F-FDG) is the most commonly used PET imaging radiotracer, being
an indicator of tumour activity via glucose metabolism, and has an established role in tumour staging
and treatment response monitoring. Its role in the assessment of tumour proliferation was also
researched, with a considerable number of studies examining the potential of 18F-FDG in predicting
EGFR mutation status in NSCLC patients. In a retrospective clinical study involving 109 NSCLC
patients, Chen et al. showed that EGFR mutation decreases cellular accumulation of FDG via the
NOX4/ROS/GLUT1 axis [16]. The SUVmax values in the cohort with EGFR mutations were significantly
lower (6.52 mean value) than in the wild-type EGFR cohort (9.37 mean value, p < 0.001). Similarly,
in a study of 102 NSCLC patients with EGFR mutation (22%), KRAS mutation (27%) and wild-type
profiles (51%), it was observed that 18F-FDG uptake was significantly higher in those harbouring
KRAS mutations as compared to EGFR+ or wild-type (SUVmean 9.5 vs. 5.7 vs. 6.6, p < 0.001) [17].
These findings are corroborated by a much larger study, encompassing 849 NSCLC patients with
45.9% identified with EGFR mutation, that also showed low SUVmax association with EGFR mutation
status [18]. This result could be combined with other clinical factors to improve patient stratification,
particularly when EGFR testing is not available [18,19].

A recent study reported on the development of a new PET tracer with high specificity to activating
EGFR mutant kinase showing significant correlation between tracer uptake and the EGFR mutation
status in both preclinical animal models and in patients with NSCLC [20]. The study aimed to identify,
via a new imaging tracer—18F-MPG (N-(3-chloro-4-fluorophenyl)-7-(2-(2-(2-(2-18F-fluoroethoxy)
ethoxy) ethoxy) ethoxy)-6-methoxyquinazolin-4-amine)—, those patients that are sensitive to
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EGFR-TKIs and to monitor the efficiency of EGFR-TKI therapy. The cut-off value for SUVmax
was set at 2.23, showing a greater response to EGFR-TKI in those presenting with SUVmax ≥2.23 as
compared to patients with values <2.23 (81.58% vs. 6.06%). Furthermore, 18F-MPG uptake positively
correlated with median progression-free survival [20].

While 18F-FDG has its own merits in the functional imaging of lung cancer, it is not the optimal
indicator of proliferation, showing poorer correlation with cellular proliferation markers than other
PET tracers. Fluoro-3′-deoxythymidine-F18 (18F-FLT), a successfully used imaging marker of cellular
proliferation, is a radiolabeled structural analog of a DNA nucleoside—thymidine—and its uptake
relates to the activity of thymidine kinase 1 (TK1) that is expressed during DNA synthesis in the S-phase
of the cell cycle [21]. The uptake of 18F-FLT in tumour cells is lower as compared to 18F-FDG, as it only
accumulates in cells during the S-phase [15]. Yet, several studies demonstrated the superior correlation
of 18F-FLT with cellular proliferation markers when compared to the traditional 18F-FDG [22,23]. In one
of the first comparative studies that involved a cohort of 26 lung cancer patients, Buck et al. showed
high correlation between 18F-FLT uptake and Ki-67 index (p < 0.0001; r = 0.92), and concluded that
18F-FLT may be a better imaging marker than FDG for response assessment and outcome prediction [22].
These observations are supported by a recent meta-analysis that assessed 1213 patients from 22 imaging
studies that correlated the Ki-67 labeling index with FDG and FLT uptake, respectively, showing that
the latter is a more robust marker of tumour proliferation in lung cancer [23].

In a recent pilot study, Kairemo et al. demonstrated the feasibility of 18F-FLT PET in monitoring
treatment response by early signal activity in NSCLC patients receiving targeted therapies (c-MET
inhibitors) [24]. Several others have confirmed the potential of 18F-FLT PET imaging to monitor and
guide molecular targeted therapies in NSCLC [25–27].

Next to the most common Fluor-based radiotracers employed in PET for tumour proliferation
imaging, copper is another successful candidate. Functional imaging with PET employing 64Cu-ATSM
(Cu-labeled diacetyl-bis(N(4)-methylthiosemicarbazone) and 18F-FDG was undertaken for the
intratumoral distribution assessment of the two radionuclides in Lewis lung carcinoma tumour
cells implanted in mice [28]. Both proliferation markers (Ki-67 and BrdU-bromodeoxyuridine) and the
hypoxic marker, pimonidazole, were used to compare radionuclide uptake with immunohistochemical
staining patterns. The association of staining with radionuclide accumulation revealed an increase in
Ki-67 positive areas with 18F-FDG uptake increase and, at the same time, a decrease with 64Cu-ATSM
accumulation. Conversely, the other proliferation marker, BrdU, showed an opposite behaviour,
with the number of BrdU-positive cells being positively correlated with 64Cu-ATSM uptake and
negatively related to 18F-FDG accumulation. Given that BrdU is a marker for proliferation by way of
DNA synthesis, the fact that cells with high 64Cu-ATSM uptake positively correlated with the number
of BrdU cells indicates that they are able to undergo DNA synthesis, though not during the proliferation
process (denoted by the low Ki-67 levels which are specific to G1 and early S phase). This result suggests
that cells in regions with high 64Cu-ATSM uptake were quiescent, yet sustained DNA synthesis and
were sensitive to progression factors, just like quiescent cancer stem cells. Clonogenic assays within
the same study have proven the stem-like properties of cells originating from high 64Cu-ATSM
uptake tumour areas [28]. Furthermore, pimonidazole-positive areas were specific to regions with
low 64Cu-ATSM accumulation, suggestive of mild hypoxic conditions, still optimal for the thriving of
clonogenic tumour cells.

This study is a clear illustration of the complexity of the tumour microenvironment and of the
many factors that influence tumour development and response to therapy (hypoxia, proliferation,
cancer stem cells). Based on the above results, 64Cu-ATSM could potentially serve as a complex
imaging biomarker to supply prognostic information for treatment adaptation and optimisation.

2.2.2. Single Photon Emission Computed Tomography (SPECT) Imaging Biomarkers

Beside PET tracers, a number of researchers attempted to develop SPECT radioisotopes for
novel insights into EGFR targeting. The capacity of 99mTc-HYNIC-MPG ((2-(2-(2-(2-(4-(3-chloro-4-
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fluorophenylamino)-6-methoxyquinazolin-7-yloxy)ethoxy)ethoxy)ethoxy)ethyl-6-hydrazinylnicotinate
hydrochloride) was evaluated in detecting EGFR-activating mutations both in vitro and in vivo,
using human NSCLC cell lines [29]. The study showed that of the four cell lines (EGFR+, EGFR− and
wild-type), 99mTc-HYNIC-MPG uptake was the highest in the cell line with exon 19 deletion (PC9),
probably due to the activating mutations in EGFR tyrosine kinase domain. The results could serve to
further stratify NSCLC patients by identifying the subgroup that would benefit the most from targeted
therapies with EGFR-TKIs [29].

Table 1 is a compilation of different functional imaging agents tested as markers for tumour
proliferation in NSCLC.

Table 1. Functional imaging biomarkers for tumour proliferation in non-small cell lung cancer (NSCLC).

Study Aim
[Ref]

Study Type
Proliferation Marker/

Targeting Agent
Comments

Positron Emission Tomography

Proliferation imaging with
18F-FLT vs. 18F-FDG

[Buck et al. (2003)] [22]

Prospective study (26
patients with pulmonary

nodules)

Proliferation marker:
Ki-67

Targeting agent:
18F-FLT

18F-FDG

A highly significant correlation
(p < 0.0001) and a high correlation
coefficient (r = 0.92) was observed
between 18F-FLT uptake and Ki-67

index, while the correlation
coefficient between Ki-67 and
18F-FDG was weak (r = 0.59).

No FLT uptake was detected in
non-proliferating tumours.

PET imaging for EGFR
mutation evaluation and

response to treatment
[Sun et al. (2018)] [20]

Preclinical rodent model;
Clinical NSCLC study

Proliferation marker:
EGFR

Targeting agent:
18F-MPG

A greater response to EGFR-TKI
was found in patients with SUVmax
≥ 2.23 (81.58% vs. 6.06%). Median
progression-free survival was also

longer (348 days) in the cohort with
SUVmax ≥ 2.23 than in

SUVmax < 2.23 (183 days). 18F-MPG
PET for quantification of

EGFR-activating mutation status
could identify patients sensitive to

EGFR-TKIs.

Evaluation of the role of
64Cu-ATSM in PET

imaging
[Oh et al. (2009)] [28]

In vivo mice study
(Lewis lung carcinoma
tumour cells implanted

in mice)

Proliferation markers:
Ki-67
BrdU

Targeting agent:
64Cu-ATSM

18F-FDG

Tumour regions with high 18F-FDG
but low 64Cu-ATSM uptake

correlated with increase in Ki-67.
On the other hand, the number of

BrdU-positive cells were positively
correlated with 64Cu-ATSM uptake
and negatively related to 18F-FDG
accumulation. This suggests that

cells in regions with high
64Cu-ATSM uptake were quiescent,

yet were sensitive to progression
factors, like quiescent CSCs.

Single Photon Emission Computed Tomography

Evaluation of
99mTc-HYNIC-MPG for

detection of
EGFR-activating mutations

[Xiao et al. (2017)] [29]

In vitro cell line study
(human NSCLC cell lines
EGFR+/- and wild-type);
In vivo animal xenograft

model

Proliferation marker:
EGFR

Targeting agent:
99mTc-HYNIC-MPG

99mTc-HYNIC-MPG uptake was the
highest in the cell line with exon 19
deletion (PC9), probably due to the

activating mutations in EGFR
tyrosine kinase domain.

SPECT imaging with
99mTc-HYNIC-MPG could

potentially identify NSCLC patients
that would benefit the most from

targeted therapies with EGFR-TKIs.
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Table 1. Cont.

Study Aim
[Ref]

Study Type
Proliferation Marker/

Targeting Agent
Comments

Magnetic Resonance Imaging

EGFR targeting with active
iron oxide NP for MRI

[Wang et al. (2017)] [30]

H460 lung cancer cells
(in vitro) and

tumour-bearing rats
(H460 lung xenografts)

in vivo.

Proliferation marker:
EGFR

Targeting agent:
Anti-EGFR-polyethylene
glycol-superparamagnetic

iron oxide
(anti-EGFR-PEG-SPIO)

Both in vitro and in vivo MRI
studies showed the potential of
anti-EGFR-labeled iron oxide

nanoparticles to identify and target
lung cells that overexpress EGFR.
The study had both imaging and

therapeutic (theranostic) goals
achieved with anti-EGFR targeting
based on magnetic nanoparticles

using MRI and focused
ultrasound ablation.

Abbreviations: EGFR = epidermal growth factor receptor; PET = positron emission tomography; CSCs = cancer
stem cells; MRI =magnetic resonance imaging; NPs = nanoparticles.

2.2.3. Magnetic Resonance Imaging (MRI) Biomarkers

The latest advances in biomaterials, specifically in nanomedicine, have greatly increased the
sensitivity of imaging techniques using magnetic resonance to perform accurate and non-invasive
functional imaging. In this regard, one of the recent developments is in the field of superparamagnetic
iron oxide (SPIO) nanoparticles (40–50 nm), whereby polyethylene glycol-coated SPIO nanoparticles
(PEG-SPIO) were synthesized and further labeled with high affinity anti-EGFR monoclonal antibody
(cetuximab) for targeted delivery to lung cancer that overexpresses EGFR [30]. The targeting efficiency,
MRI contrast enhancement and cytotoxicity of this nanocomposite was evaluated in both H460
lung cancer cells (in vitro) and tumour-bearing rats (H460 lung xenografts) in vivo. The uptake
of the nanocomposite in the cell lines was evaluated by Prussian blue staining which showed an
increased cellular uptake of anti-EGFR targeted NPs compared to non-targeting NPs at the same iron
concentration, suggesting that the high cellular accumulation of anti-EFGR NPs is due to the EGFR
receptor-mediated endocytosis pathway. This was also illustrated by TEM (transmission electron
microscopy) imaging, where cells incubated with anti-EGFR targeting NPs showed the presence of
electron-dense particles in the cell endosome, in contrast with those incubated with non-targeting
NPs, which showed no such uptake. To further confirm these results, MRI-based investigation was
undertaken by measuring the T2 weighted signal intensity of lung cells after incubation with NPs
having various iron concentrations. It was observed that the T2 signal decreased with the increasing iron
concentrations in the EGFR targeting NPs group. Furthermore, the signal intensity of lung cancer cells
that overexpressed EGFR and were targeted with anti-EGFR-PEG-SPIO decreased more significantly
than in the PEG-SPIO (non-targeting NPs) group. The study concluded that efficient identification
and targeting of lung cells overexpressing EGFR can be achieved by means of anti-EGFR-PEG-SPIO
nanocomposite, under MRI monitoring [30].

2.3. Summary of Current Status for Proliferation Biomarkers

While Ki-67 is a marker of proliferation that is well studied in lung cancer, EGFR has a less clear
impact and its prognostic role is obscured by new therapies currently employed in clinical practice
(such as EGFR-TKIs). To justify further developments in the field of new tracers for EGFR positive
NSCLC, also considering the rapid pace of treatment evolution in this subset of patients, a cost–benefit
analysis would help clinicians in their decision making. While there are some promising reports, neither
the treatment response prediction nor the prognosis of EGFR tumours offered by these biomarkers are
convincing enough to support wide clinical implementation.
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3. Cancer Stem Cells and Imaging Biomarkers

3.1. Cancer Stem Cells

Statistics show that recurrence rates among NSCLC remain as high as 30–50%, with low overall
5-year survival rates [31]. One reason for this relatively poor response is the ability of lung cancer cells
within the residual disease to regenerate and repopulate the tumour. The power of regeneration is
owed to the small fraction of cells with stem-like properties which are phenotypically different from
their non-stem counterparts and exhibit vital features for cell survival [32].

Cancer stem cells (CSCs) are a subpopulation of cancer cells that coexist within a tumour with other,
non-stem like cells. CSCs have several well-established properties that confer upon them immortality
and resistance to both chemo and radiotherapy. Resistance to treatment is multifactorial and is due to
the ability of CSCs to efficiently repair DNA damage, to recreate themselves via symmetrical division
thus contributing to tumour repopulation, to preferentially reside in specific microenvironmental
niches in order to conserve their status, to be recruited into the cell cycle from the quiescent phase,
and to exhibit cellular plasticity that enables transformation from CSC to non-CSC state and vice
versa [33–35].

While the first indicators about the presence of CSCs in lung cancer originate from the early 80s [29],
today there are several putative markers for CSCs, from cell surface markers such as CD (cluster of
differentiation) molecules, which are surface proteins that enable the analysis of cell differentiation,
to aldehyde dehydrogenase (ALDH), an intracellular enzyme and a subset of the CD44+ cells that
exhibits high selectivity for CSCs [36]. Overexpression of the hyaluronic acid receptor CD44 was found
in neoplasms of epithelial origin, including lung [37,38].

Other putative lung CSCs markers that present multipotent characteristics of stem cells are
CD166+/CD44+ and CD166+/EpCAM+ (epithelial cell adhesion molecule). Using the above markers,
Zakaria et al. showed that isolated lung CSCs exhibit molecular signatures of both normal and cancer
stem cells, with biological functions related to angiogenesis, mesenchymal cell differentiation, and cell
migration [39].

Another trialed CSC marker in solid tumours is CD133, with several studies demonstrating a link
between CD133 expression and stem cell characteristics, including tumour aggressiveness [40,41].
A meta-analysis looking into the prognostic value of the expression of CSC marker CD133 revealed
a strong correlation between this marker and prognostic factors among 1004 NSCLC patients [41].
The analysis showed a close correlation of CD133 expression with tumour stage, grade and poor
prognosis. On the other hand, Salnikov et al. could not demonstrate any association between CD133
expression and survival of NSCLC patients, despite the indication of CD133 towards a resistant
phenotype [42]. Due to such discrepant reports, the prognostic role of CD133 in lung cancer is not fully
established, showing the need for the identification of more robust markers.

3.2. Imaging Biomarkers for Cancer Stem Cells

Owing to their unique tumour-promoting properties, cancer stem cells must be identified in order
to be targeted and eradicated. The identification and targeting of CSCs are greatly dependent on
specific markers and/or a combination of markers that are expressed on the surface of cancer stem
cells. As CSCs are relatively newly studied descriptors of tumour development and response to
therapy, in vivo imaging of CSCs is still in its infancy. Functional imaging studies using CSC-specific
radiolabeled markers have been reported for a number of solid cancers, although the majority are
reported in tumour-bearing mice [28,43–45].

Lewis lung carcinoma tumour cells implanted in mice were evaluated via PET imaging using
64Cu-ATSM and 18F-FDG for the assessment of intratumoral distributions of the radionuclides [28].
Radionuclide uptake was compared with immunohistochemical staining patterns using both
proliferation markers (Ki-67 and BrdU) as well as the hypoxic marker, pimonidazole. Furthermore,
the clonogenic potential was evaluated via clonogenic assay and compared with 64Cu-ATSM
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distribution. The study found a direct correlation between tumour regions with high 64Cu-ATSM
accumulation and colony forming ability, as cells originating from high 64Cu-ATSM areas had
greater colony-forming capacities than those from regions with low and intermediate radionuclide
uptake. This shows that 64Cu-ATSM has the potential to serve as a CSC-affinic imaging biomarker,
identifying radioresistant tumour areas that could preferentially be targeted with more aggressive
agents/techniques.

Another imaging approach tested for CSC identification in NSCLC is MRI, via magnetic
nanoparticles. Zhou et al. synthesized a multifunctional peptide–fluorescent–magnetic nanocomposite
to be used for in vivo live fluorescence imaging and magnetic resonance imaging in lung tumour
xenografts [45]. Owing to their great versatility and applicability, magnetic iron oxide (Fe3O4)
nanoparticles (NPs) are widely studied and used from MRI to cancer therapy. One of the greatest
advantages of these magnetic NPs is their flexibility to be designed and synthesized as multifunctional
NPs, by adapting the surface ligands according to the intended application [45]. Specific binding
peptides for lung cancer stem cells, named as HCBP-1, have been previously identified and validated
by the same group, via flow cytometry and fluorescence microscopy [46], being now modified on the
surface of fluorescent magnetic nanoparticles to be used for MR imaging of CSCs. The effectiveness of the
NPs was tested on cultured human lung cancer cell line (H460) injected in nude mice. Flow cytometry
results indicated the potential of NPs to isolate HCBP-1 positive cells in vitro, while in vivo live
fluorescent imaging and MRI showed that the multifunctional nanocomposite could serve as an
imaging marker for CSC identification [45].

While the number of imaging studies undertaken in lung tumours using biomarkers for CSCs is
limited, they open new avenues towards personalised treatment and identify gaps that could promote
further research in this field. Among imaging techniques, perhaps the most relevant for further human
trials are functional imaging methods employing PET/CT, SPECT and MRI.

The field of functional imaging is continuously growing with new radionuclides (PET) and
magnetic nanoparticles (MRI) that have affinity towards CSCs, which could assist in the quantitative
assessment of these cancer stem cells within a tumour.

3.3. Summary of Current Status for CSC Biomarkers

Most of the current evidence on the value of CSC biomarkers is based on proof-of-concept studies.
Since clinically applicable techniques for noninvasive CSC imaging in NSCLC are lacking, taking the
existing pre-clinical research of CSC biomarkers to the next level is greatly desirable. To be clinically
implementable, there is need for CSC markers with high sensitivity and specificity, which also allow for
high-resolution monitoring. With well-designed biocompatible markers, identification and targeting
of cancer stem cells using functional imaging techniques could be the next step towards personalised
therapy in oncology.

4. Circulating Tumour Cells and Imaging Biomarkers

4.1. Circulating Tumour Cells and Distant Metastasis

Circulating tumour cells (CTC) are epithelial malignant cells detached from the primary tumour
that underwent the epithelial–mesenchymal transition (EMT) and gained the ability to intravasate into
the blood stream, migrate to distant anatomic regions and extravasate to favourable metastatic sites.
The CTC population is heterogenous and consists of various cellular sub-populations with different
phenotypes and functional features, including the capacity of clustering with other blood cells such as
leukocytes and platelets. Owing to their ability to convert from one state to the other via EMT, the CTC
population includes a subset of multipotent cells with stem-like properties, that were described above
as cancer stem cells, and in this context of circulating tumour cells they are the ones responsible for
cancer dissemination and formation of micrometastases [47]. Furthermore, CTC clusters, also known
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as circulating tumour microemboli, were shown to increase the metastatic potential in lung cancer
patients [48].

While distant metastasis is known as a final-stage event during cancer progression, experimental
studies have shown that cancer cells can actually spread to distant anatomic sites even at early stages
of cancer development [49]. Furthermore, there are ways of detecting CTCs from the peripheral blood
of patients (so called liquid biopsy) with early stage neoplasms, which might be indicative of tumour
aggressiveness and treatment outcome [50]. Given that a number of studies showed a direct correlation
between the quantity and types of CTCs detected in blood and patient survival, CTCs could offer an
important insight into disease progression and treatment prediction [51].

More research into the role of CTCs reveals important insights into various correlations between
factors influencing tumour development and treatment outcome prediction in NSCLC. As discussed
above, the identification of EGFR mutations in advanced NSCLC patients is a critical aspect of patient
stratification for optimal targeted therapies. While tumour tissue is the commonly preferred standard
sample for the evaluation of EGFR mutations, for many patients such samples are not available,
which is the reason why a study has been undertaken to search for a surrogate marker for EGFR status
through a more accessible way [52]. Circulating-free tumour DNA from plasma/serum samples of
NSCLC patients was found to correlate with EGFR mutation with high concordance rate (94.3%) and
specificity (99.8%).

Isolation and detection of CTCs is not without challenges as the capturing technique of these cells
from blood must be highly sensitive and specific, which is the reason why different methods of CTC
isolation often provided conflicting results. Traditionally, the definition of circulating tumour cells
encompasses three components; accordingly, a CTC is a cell that is (1) negative for the hematopoietic
cell marker CD45; (2) positive for cytokeratin, a structural protein expressed by epithelial cells;
and (3) positive for the epithelial cell adhesion molecule EpCAM, an epithelial cell surface marker [53].
Having these properties as a starting point, a number of techniques have been developed to isolate
and quantify the CTC population from blood samples.

CTCs are currently detected in the peripheral blood at a single cell level, with the most commonly
employed techniques in lung cancer being the CellSearch® system, the CTC chips or the Isolation
by Size of Epithelial Tumour Cells (ISET) filter device. Both the CellSearch® system and the CTC
chips employ the EpCAM (epithelial cell specific adhesion molecule) to capture CTCs. The detection
rate varies as a function of lung cancer type (NSCLC or SCLC) and stage, with NSCLC patients
presenting with lower counts of CTCs than those diagnosed with SCLC, even in late stages of the
disease [54]. This observation was explained by the possibly higher fraction of CTCs in NSCLC
patients that undergone the EMT, which in turn, led to downregulation of EpCAM expression. In these
situations, a CTC detection technique that is independent of EpCAM—such as ISET or the CTChip®,
which exploits size-based differences between CTCs and hematopoietic cells—could offer more reliable
results [55,56].

Studies to date show the potential of circulating tumour markers (such as CTCs and circulating
tumour DNA) to serve as surrogates or markers on their own to provide treatment response monitoring,
prognosis prediction, detection of early recurrence, etc., which warrants further research in evaluating
their role in NSCLC.

4.2. Circulating Tumour Cells as Biomarkers in NSCLC

Due to their highly heterogeneous nature, imaging of circulating tumour cells at a single time
point might not be relevant for outcome prediction or treatment monitoring, which is the reason
why established functional imaging techniques are not adequate for this task. Instead, to evaluate
all steps involved in tumour metastasis, continuous monitoring of the primary tumour and of CTCs
is recommended [57]. In support of this idea, Wyckoff et al. have transfected both metastatic and
non-metastatic rat-derived mammary adenocarcinoma cell lines with green fluorescent protein to
quantify tumour cell density in the blood, individual cells in the lung as well as lung metastases.
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Cells were viewed minute-by-minute using time-laps confocal imaging and revealed the fact that both
metastatic and non-metastatic cells display protrusive behaviour; however, metastatic cells showed
greater intravasation potential and larger numbers originating from the primary tumour [57]. Over the
years, in vivo flow cytometry was developed to increase the time resolution and to create a more
dynamic picture of the metastatic process [58].

One of the latest technologies for real-time in vivo imaging of CTCs and CSCs employs multiphoton
microscopy and antibody conjugated quantum dots [59]. The study has showed promising results
in identifying CTCs with high metastatic potential in mice and concurrently measuring the number,
velocity and trajectories of CTCs in the bloodstream. Due to the unique fluorescence signal exhibited
by CTCs, this experiment allowed the study of a CTC subpopulation via antibody conjugated quantum
dots using various wavelength emissions [59]. To enable direct imaging, tumours (human pancreatic
cell line) were grown on the earlobes of mice, thus allowing visualization of blood vessels, of tumour
growth over time and CTC detection in the blood vessels near the solid tumour 1 week after inoculation.
Metastatic sites were detected in the stomach and intestines. Cancer stem cells in the blood, as a
subpopulation of CTCs, were identified through labeling with monoclonal CD24 antibodies conjugated
on quantum dots. CSCs were found both in the peripheral tumour tissue as well as on the solid tumour,
accumulating specifically on one side of the solid tumour. This observation, whereby CSCs cluster in
certain parts of the tumour, suggests the potential of better targeting.

High definition imaging of CTCs in NSCLC was undertaken by means of automated digital
microscopy using fluorescent labeling, with the aim of quantifying the CTCs and evaluating their
prognostic value in lung cancer patients [60]. For CTC detection, cells were incubated with
anti-Cytokeratin antibodies and pre-conjugated anti-CD45 antibody. The detection method offered
cytomorphologic evaluation of the cells, looking for Cytokeratin positive and at the same time CD45
negative cells, with a high nuclear cytoplasmic ratio and a large size (compared to other cells in the
blood sample). The clinical study encompassed 28 NSCLC patients with evidence of distant metastasis,
with all patients receiving chemotherapy or EGFR kinase inhibitor. For CTC evaluation, blood
specimens were collected periodically (overall, 66 specimens at various time periods), over 12 months.
CTCs were detected in 68% of samples and no differences in prevalence or quantity was found between
adenocarcinomas and squamous cell carcinomas. During the time course of the study, an increase
in CTC prevalence was observed, from 56% of specimens presenting CTCs in the first month of
enrollment, to 63% after 3 months and a further increase to 94% at 6 months and afterwards. A cut-off
value of 5 CTCs/mL was chosen to correlate the CTC count with outcome (survival). As such, patients
with ≥ 5 CTCs/mL had a median survival of 244 days, while in those patients with < 5 CTCs/mL the
median survival was not reached at a median follow-up of 304 days. Patients with high CTC counts
had a hazard ratio for death of 4.0, relative to those with low counts (p = 0.0084) [60]. CTCs could,
therefore, serve as potential biomarkers for patient stratification and risk assessment, contingent on the
availability of high precision CTC detection and quantification assays.

Based on the premise that both CTC counts and metabolic parameters defined by 18F-FDG can be
correlated with patient prognosis, a number of studies combined the two techniques (PET imaging and
CTCs quantification) to find possible relationships between them. A multi-center study that included
71 NSCLC patients (all stages, predominantly early-stage) who underwent 18F-FDG PET imaging was
designed to evaluate CTCs from samples within 90 days and prior to surgery or radio-chemotherapy [61].
CTCs were quantified by a non-EpCAM based method, using immunofluorescence (cytokeratins, CD45,
DAPI-staining for nuclear quantitation). The results revealed that while FDG uptake via SUVmax was
strongly dependent on tumour stage and histology, no such association was found for CTCs, suggesting
that the two biomarkers may act in a complementary manner. Furthermore, the identification of many
individual and clustered CTCs in early-stage disease (characterized by weak FDG uptake) may not be
indicative of distant metastasis formation. The association between tumour glucose metabolism and
CTCs could be influenced by the heterogeneity of CTCs and might depend on the CTC subpopulation
type [61].
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A prospective biomarker trial that enrolled 53 patients with advanced NSCLC found no correlation
between circulating tumour DNA (cell-free DNA) and metabolic tumour volume or total lesion
glycolysis based on FDG PET imaging, hypothesizing that cell-free DNA may be representative of
more complex biological mechanisms [62]. In a similar study, Morbelli et al. evaluated the correlation
between circulating tumour DNA counts and PET parameters, both locoregionally and at distant
sites, showing a positive correlation between cell-free DNA base line levels and tumour metabolic
activity [63]. As only SUVmax was associated with circulating DNA, the authors concluded that this
biomarker may be more reflective of tumour metabolism and biologic behaviour than tumour burden
in advanced NSCLC.

The association of CTCs with early relapse in resected NSCLC was analysed using PET images
from 102 patients both before and 1 month after radical resection [64]. CTCs were detected in 39.2% of
patients before surgery and in 27.5% after the resection, which was strongly correlated with SUVmax
and pathological stage. The presence of CSCs post-surgery was also associated with a shorter recurrence
free survival, irrespective of staging.

A recent study reported preliminary data on a cohort of 17 metastatic NSCLC patients that
underwent 18F-FDG PET imaging with the aim of finding a correlation between CTC numbers
(determined with the ISET method) and clinical/metabolic parameters. The results indicated a strong
association of CTCs present in blood with tumour uptake characterized by SUVmean [65]. CTCs were
detected in 59% of patients with a mean of 3 CTCs/mL (1–7 range), with a lower number of CTCs
found in patients that underwent chemotherapy.

Based on the study findings, which are corroborated by data from previous reports, it was
suggested that the combination between CTC quantification and FDG PET parameters could offer an
improved prognostic stratification of NSCLC patients [65].

While to date the number of studies is limited, identification and quantification of CTCs in
NSCLC could have an important impact on the evaluation of treatment response and overall prognosis.
Studies have indicated that treatment of NSCLC can influence the CTC population both negatively
and positively [66]. Mobilization of CTCs after radiotherapy, surgery or systemic treatment might
either lead to cell eradication and improved tumour control, or may promote metastasis, in which
case CTCs should be targeted and eliminated. Martin et al. showed that in patients with advanced
NSCLC treated with palliative intent using large doses of radiation, CTC numbers increased after
treatment. Many of these cells presented with high levels of DNA damage, as identified by γH2AX
assay, suggesting that the damaged CTCs originated from the irradiated tumour [67]. CTCs isolated
from post-irradiation blood samples showed viability through in vitro proliferation. This observation
justifies the need for further studies into therapy-triggered CTC mobilization and the development of
efficient systemic therapies to specifically target CTCs to overcome the formation of micrometastases.

4.3. Summary of Current Status for CTC Biomarkers

The role of CTCs as prognostic biomarkers is already well understood. Future developments
in CTC detection in clinical practice will occur together with liquid biopsy studies of circulating
tumour DNA (ctDNA). While CTCs correlation with PET parameters often show conflicting results
(or weak correlations) among existing studies, further investigations are required in order to understand
patient heterogeneity among NSCLC sufferers. Moreover, identification and biological characterization
of CTCs could offer real-time monitoring of personalised targeted therapies in combination with
functional imaging modalities.

5. Imaging Biomarkers for Apoptosis

Apoptosis, or programmed cell death, is a key physiological feature that ensures tissue homeostasis
in normal conditions. Evasion of apoptosis is one of the hallmarks of cancer. It is acknowledged
that numerous effects of radio- and chemotherapy are mediated by apoptosis, including resistance to
treatment through altered apoptosis, upregulation of anti-apoptotic signals and downregulation of
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pro-apoptotic ones [68]. For instance, decrease in p53 signalling is an indicator of apoptosis evasion.
As a tumour suppressor protein, p53 regulates cell cycle and has the potential to induce apoptosis as
a response to various cellular signalling. Mutations in p53 signalling pathways lead to uncontrolled
proliferation and inhibition of apoptosis. Similarly, proteins of the Bcl-2 family are important regulators
of programmed cell death. Borner et al. examined the expression of the p53 and Bcl-2 family proteins
in 49 specimens of patients with NSCLC via immunostaining, showing a negative influence of Bcl-2
expression on relapse-free survival (p = 0.02), while the expression of p53 and Bcl-2 was significantly
associated with metastasis-free survival (p < 0.01) [69]. The authors concluded that Bcl-2 family
proteins have no clear or direct impact on clinical outcome owing to their complex interaction with the
apoptotic pathway.

The insulin-like growth factor 1 receptor (IGF-1R) is a transmembrane receptor tyrosine kinase
overexpressed in neoplasms, having an anti-apoptotic effect through enhancement of survival and
proliferation [70]. Furthermore, IGF-1R expression was shown to be activated in cancers that are
resistant to EGFR inhibitors, including lung cancer [71]. High expressions of IGF-1R were associated
with poor disease-free survival in NSCLC [72]. Being identified as a potential diagnostic and therapeutic
biomarker, IGF-1R is currently assessed from a non-invasive imaging perspective. When labelled with
111In for SPECT imaging, IGF-1 showed good selectivity for tumour cells and strong correlation with
IGF-1R expression in human breast cancer cells, suggesting potential application in the molecular
imaging of other carcinomas [73].

Imaging of apoptotic pathway can serve for treatment response monitoring after radio/chemotherapy
through the evaluation of apoptotic death rate. Imaging biomarkers developed for programmed cell death
include annexin V labelled with common PET radionuclides such as 11C, 18F, 64Cu and 68Ga [74,75].
Most of these radio-compounds are in pre-clinical evaluation. Owing to activation of caspase-3 during
apoptotic death, radiolabelled caspase-3 was tested as a substitute for annexin V. The first human
study designed for apoptotic imaging involved eight subjects and employed an 18F-labelled PET tracer
(18F-ML-10), demonstrating efficient binding to apoptotic sites, and favourable biodistribution as well
as safety profile [76].

Summary of Current Status for Apoptosis Biomarkers

The role of apoptosis in cancer development and response to therapy is well established.
Although apoptosis is acknowledged as a promising target for anticancer therapy, imaging biomarkers
of apoptosis are still in their early days of development, as most radiolabelled markers have not seen
clinical applications. As far as lung cancer is concerned, even pre-clinical studies on apoptotic cell death
imaging are scarce, requiring translation from other anatomical sites that showed promising results.

6. Conclusions

There is no doubt that, nowadays, the field of oncology is strongly oriented towards personalised
treatment, irrespective of the type of cancer. The latest insights into the biological and radiobiological
properties of tumours and their cellular sub-populations have offered the possibility to develop and
clinically implement specific tracers and markers, allowing for more accurate diagnosis, treatment
planning and delivery [77]. NSCLC patients are also gaining from these advances, starting from the
discovery of EGFR mutations which confer sensitivity to tyrosine kinase inhibitors. The refinement of
lung cancer subtypes and their corresponding therapies have further improved patient outcome.

The world of new radiobiological tracers is greatly stimulating, owing to the possibility of studying
the heterogeneity of lung cancers, of stratifying tumours by their prognostic characteristics and of
overcoming the limit of biopsy that often does not allow a complete and exhaustive description
of the biology of such tumours. The clinical management of tumour heterogeneity is a significant
challenge as tumour response is dictated by the particular behaviour of each sub-group of cancer
cells. Cellular heterogeneity given by proliferation kinetics, stemness, hypoxia or other factors calls for
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specific markers and targeting; therefore, the near future of biomarkers will rely on complementarity
rather than a common solution valid for all (radio)biological particularities of a tumour [78].

This paper focused on three main factors influencing tumour kinetics (development and
proliferation of primary tumour) and tumour dynamics (infiltration and distant metastases) in
the context of NSCLC: tumour proliferation, cancer stem cells and circulating tumour cells. While
advances in knowledge cover all these aspects, there is potential for improvement on the clinical side to
better understand tumour resistance to chemotherapy, to augment the efficiency of immunotherapy for
primary as well as metastatic cancers, and to design clinical trials that employ specific biomarkers to
identify and tackle resistant tumour sub-populations. The near future will likely bring further
developments in the emerging areas, such as cancer stem cell biomarkers, where research is
still in pre-clinical stages, whereas in the more established fields—of proliferation and tumour
progression—research has advanced into clinical phases, with the expectation of more refined utilization
and wider implementation.
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Abstract: Advanced therapy-refractory solid tumors bear a dismal prognosis and constitute a
major challenge in offering effective treatment strategies. In this real-world retrospective analysis
of our precision medicine platform MONDTI, we describe the molecular profile of 554 patients
diagnosed with 17 different types of advanced solid tumors after failure of all standard treatment
options. In 304 cases (54.9% of all patients), a molecular-driven targeted therapy approach could
be recommended, with a recommendation rate above 50% in 12 tumor entities. The three highest
rates for therapy recommendation per tumor classification were observed in urologic malignancies
(90.0%), mesothelioma (78.6%), and male reproductive cancers (71.4%). Tumor type (p = 0.46),
expression of p-mTOR (p = 0.011), expression of EGFR (p = 0.046), and expression of PD-L1 (p = 0.023)
had a significant impact on the targeted therapy recommendation rate. Therapy recommendations
were significantly more often issued for men (p = 0.015) due to gender-specific differences in the
molecular profiles of patients with head and neck cancer and malignant mesothelioma. This analysis
demonstrates that precision medicine was feasible and provided the basis for molecular-driven
therapy recommendations in patients with advanced therapy refractory solid tumors.

Keywords: molecular profiling; immunohistochemistry; next-generation sequencing; precision
medicine; targeted therapy; molecular oncology

149



J. Pers. Med. 2020, 10, 188

1. Introduction

Many efforts were undertaken for a thorough and more profound understanding of cancer diseases
to develop potent strategies in prevention, diagnosis, and therapy. Despite great scientific advances
and major breakthroughs in cancer research, it still poses an enormous challenge to medicine.

Cancer-related mortality is the second leading cause of death worldwide after cardiovascular
diseases, being responsible for around 1 in 6 deaths. In 2018, over 18 million people were diagnosed
with cancer and over 9 million patients died of it. Thus, cancer globally constitutes a major health and
socioeconomic challenge, accounting for roughly over 213 million disability-adjusted life years and
with resulting annual costs of over USD 1 trillion to the global economy [1,2].

Currently, chemotherapeutic agents are still the mainstay in the therapy management of cancer.
In contrast to conventional systemic cytotoxic chemotherapy that inhibits DNA synthesis and

mitosis and causes a broad range of significant treatment-adverse related events, targeted antitumoral
agents—consisting mainly of antibodies and small molecular agents—interfere with and alter the
signaling pathways of malignant cells to induce damage to the cancer cells.

In recent years, there has been an effort to develop targeted agents and thus to individualize and
personalize therapy concepts in many cancer entities. This approach is known as precision medicine.
The main rationale of precision medicine is to match a therapeutic agent to its corresponding molecular
target, to allow a precise treatment tailored to a specific patient. It aims to achieve a better and more
sustained response than more generic treatments, without damaging healthy cells and tissues.

Currently, in several cancer entities, tailored therapy attempts with immunotherapeutics or
tyrosine kinase inhibitors are used, e.g., trastuzumab in HER2 positive breast cancer or gastric
cancer [3,4]. Another important example is the combination of BRAF and MEK inhibition with
dabrafenib and trametinib or vemurafenib and cobimetinib for the treatment of melanoma harboring a
BRAF V600E mutation [5–7]. For the treatment of non-small cell lung cancer (NSCLC), molecularly
targeted agents are already an integral part of therapeutic algorithms, including the inhibitors of the
epidermal growth factor receptor (EGFR), including erlotinib, gefitinib, and osimertinib [8–10].

Recently, the FDA has also approved tissue-agnostic targeted drugs, including pembrolizumab
for the treatment of microsatellite instability-high (MSI-H) tumors and larotrectinib and entrectinib for
the therapeutic management of NTRK gene fusion-positive tumors.

Precision medicine is a rapidly evolving and highly dynamic field. Since 2010, several important
large-scale prospective clinical trials have been conducted that herald the era of personalized medicine
in the 21st century. These trials attempted to realize precision medicine in routine clinical practice and
to eventually overcome the old habit to treat cancer entities with a “one size fits all” approach.

Several trials already demonstrated the clinical benefit of precision medicine by translating the
concept of targeted therapies based on the molecular information of the cancer patients into longer
overall survival (OS), higher overall response rate (ORR), and lower treatment-related adverse effects
(TRAE) [11–13].

We conducted a single center retrospective cohort analysis of patients with 17 different types
of advanced therapy refractory solid tumor that had been enrolled and profiled in our precision
medicine platform MONDTI (molecular oncologic diagnostics and therapy) of the Medical University
of Vienna. We sought to describe the potential, the likelihood, and the gender aspects of targeted
therapy recommendations in patients with different types of advanced solid tumors without further
standard treatment option.

2. Materials and Methods

2.1. Patients and Design of the Precision Medicine Platform

Patients with pretreated, advanced solid tumors who had progressed to all standard treatment
options confirmed by response evaluation criteria in solid tumors 1.1 (RECIST 1.1) criteria were eligible
for inclusion in our precision medicine platform, provided that tissue samples for molecular profiling
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were available. The specimens were either obtained by fresh tumor biopsy performed by physicians at
the Department of Interventional Radiology or were provided by the archives of the Department of
Pathology when tumor biopsy was not feasible. Patients had to have an Eastern Cooperative Oncology
Group (ECOG) performance status of 0 or 1. Our precision medicine platform is not a clinical trial but
intends to provide targeted therapy recommendations to patients where no standard anti-tumoral
treatment is available. All patients in this analysis had to be at least 18 years old at the time of molecular
analysis and had to provide informed consent before inclusion in our platform. This analysis was
approved by the Institutional Ethics Committee of the Medical University of Vienna (Nr. 1039/2017).

In this single center, real-world, retrospective analysis of our precision cancer medicine platform
MONDTI, we describe the molecular profile and the likelihood of targeted therapy recommendations
for 554 patients diagnosed with 17 different types of advanced solid tumor, with at least 10 patients per
tumor type. Tumor samples of the patients were examined using next-generation sequencing panels,
immunohistochemistry, and fluorescence in situ hybridization, as described in detail below.

All profiles were reviewed by a multidisciplinary team for the evaluation of a targeted treatment
recommendation in a molecular tumor board.

2.2. Tissue Samples

Formalin-fixed, paraffin-embedded tissue samples from patients with advanced solid tumors who
had progressed to all standard therapy regimens were obtained from the archive of the Department of
Pathology, Medical University of Vienna, Austria.

2.3. Cancer Gene Panel Sequencing

DNA was extracted from paraffin-embedded tissue blocks with a QIAamp Tissue KitTM (Qiagen,
Hilden, Germany). In total, 10 ng DNA per tissue sample was provided for sequencing. The DNA
library was created by multiplex polymerase chain reaction with the Ion AmpliSeq Cancer Hotspot
Panel v2 (Thermo Fisher Scientific, Waltham, MA, USA) that covers mutation hotspots of 50 genes.
The panel includes driver mutations, oncogenes, and tumor suppressor genes. By the middle of 2018,
the gene panel was expanded using the 161-gene next-generation sequencing panel of Oncomine
Comprehensive Assay v3 (Thermo Fisher Scientific, Waltham, MA, USA) that covers genetic alterations
and gene fusions. All of the genes detected by the 50-gene panel and 87 genes detected by the 161-gene
panel were hotspot alterations. See Supplementary Materials (Table S1) for a complete list of the gene
panels. The Ampliseq cancer hotspot panel was sequenced with an Ion PGM (Thermo Fisher) and
the Oncomine Comprehensive Assay v3 on an Ion S5 sequencer (Thermo Fisher Scientific, Waltham,
MA, USA). The generated sequencing data were afterwards analyzed with the help of the Ion Reporter
Software (Thermo Scientific Fisher). We referred to BRCA Exchange, ClinVar, COSMIC, dbSNP, OMIM,
and 1000 genomes for variant calling and classification. The variants were classified according to
a five-tier system comprising the modifiers pathogenic, likely pathogenic, uncertain significance,
likely benign, or benign. This classification was based on the standards and guidelines for the
interpretation of sequence variants of the American College of Medical Genetics and Genomics [14].
The variants pathogenic and likely pathogenic were taken into consideration for the recommendation
of targeted therapy.

2.4. Immunohistochemistry

Immunohistochemistry (IHC) was performed using 2-µm-thin tissue sections read by a Ventana
Benchmark Ultra stainer (Ventana Medical Systems, Tucson, AZ, USA). The following antibodies were
applied: anaplastic lymphoma kinase (ALK) (clone 1A4; Zytomed, Berlin, Germany), CD20 (clone
L26; Dako), CD30 (clone BerH2; Agilent Technologies, Vienna, Austria), DNA mismatch repair (MMR)
proteins including MLH1 (clone M1, Ventana Medical Systems), PMS2 (clone EPR3947, Cell Marque,
Rocklin, CA, USA), MSH2 (clone G219-1129, Cell Marque), and MSH6 (clone 44, Cell Marque),
epidermal growth factor receptor (EGFR) (clone 3C6; Ventana), estrogen receptor (clone SP1; Ventana

151



J. Pers. Med. 2020, 10, 188

Medical Systems), human epidermal growth factor receptor 2 (HER2) (clone 4B5; Ventana Medical
Systems), HER3 (clone SP71; Abcam, Cambridge, UK), C-kit receptor (KIT) (clone 9.7; Ventana
Medical Systems), MET (clone SP44; Ventana), NTRK (clone EPR17341, Abcam), phosphorylated
mammalian target of rapamycin (p-mTOR) (clone 49F9; Cell Signaling Technology, Danvers, MA, USA),
platelet-derived growth factor alpha (PDGFRA) (rabbit polyclonal; Thermo Fisher Scientific), PDGFRB
(clone 28E1, Cell Signaling Technology), programmed death-ligand 1 (PD-L1) (clone E1L3N; Cell
Signaling Technology till mid-2018; as of mid-2018, the clone BSR90 from Nordic Biosite, Stockholm,
Sweden is used), progesteron receptor (clone 1E2; Ventana), phosphatase and tensin homolog (PTEN)
(clone Y184; Abcam), and ROS1 (clone D4D6; Cell Signaling Technology).

To assess the immunostaining intensity for the antigens EGFR, p-mTOR, PDGFRA,
PDGFRB, and PTEN, a combinative semiquantitative score for immunohistochemistry was used.
The immunostaining intensity was graded from 0 to 3 (0 = negative, 1 =weak, 2 =moderate, 3 = strong).
To calculate the score, the intensity grade was multiplied by the percentage of corresponding positive
cells: (maximum 300) = (% negative × 0) + (% weak × 1) + (% moderate × 2) + (% strong × 3).

The immunohistochemical staining intensity for HER2 was scored from 0 to 3+ (0 = negative,
1+ = negative, 2+= positive, 3+ = positive) pursuant to the scoring guidelines of the Dako HercepTestR
from the company Agilent Technologies (Agilent Technologies, Vienna, Austria). In the case of HER2
2+, a further test with HER2 in situ hybridization was performed to verify the HER2 gene amplification.

Estrogen receptor and progesterone receptor stainings were graded according to the Allred scoring
system from 0 to 8. MET staining was scored from 0 to 3 (0 = negative, 1 = weak, 2 = moderate,
3 = strong) based on a paper by Koeppen et al. [15]. For PD-L1 protein expression, the tumor proportion
score was calculated, which is the percentage of viable malignant cells showing membrane staining.
In addition, as of 2019, the expression is also determined by the combined positive score.

The intensity of immunostaining intensity of a specific biomarker, including p-mTOR, HER2,
PDGFR, PD-L1, is associated with the efficacy of the respective targeted therapy [16–21].

ALK, CD30, CD20, and ROS1 staining were classified as positive or negative based on the
percentage of reactive tumor cells, however without graduation of the staining intensity. In ALK or
ROS1 positive cases, the presence of a possible gene translocation was evaluated by fluorescence in
situ hybridization (FISH).

All antibodies used in this study were validated and approved at the Clinical Institute of
Pathology of the Medical University of Vienna and are used in routine IHC staining for clinical
purposes. The antibodies have been validated—by proper positive and negative tissue controls and by
non-IHC methods such as immunoblotting and flow cytometry—to detect the respective epitope of the
antigens. For the control, the use of the antibodies was optimized in terms of intensity, concentration,
signal/noise ratio, incubation time, and blocking. The negative control was conducted by omitting
the primary antibody and by substitution of isotype-specific antibody and serum at the exact same
dilution and laboratory conditions as the primary antibody to preclude unspecific binding.

For the positive control, the antibodies were shown not to cross-react with closely related molecules
of the target epitope.

The status of MSI was analyzed by the MSI Analysis System, Version 1.1 (Promega Corporation,
Madison, WI, USA).

2.5. Fluorescence In Situ Hybridization (FISH)

FISH was applied only in selected cases to verify PTEN loss. FISH was performed with 4-µm-thick
formalin-fixed, paraffin-embedded tissue sections. The following FISH probe was utilized: PTEN
(10q23.31)/Centromere 10 (ZytoVision, Bremerhaven, Germany). Two hundred cell nuclei per tumor
were evaluated. The PTEN FISH was considered positive for PTEN gene loss with ≥30% of cells with
only one or no PTEN signals. A chromosome 10 centromere FISH probe served as a control for ploidy
of chromosome 10.
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2.6. Multidisciplinary Team for Precision Medicine

After thorough examination of the molecular profile of each tumor sample by a qualified and
competent molecular pathologist, the results and findings were reviewed in a multidisciplinary team
(MDT) meeting that was held every other week.

Members of the MDT included molecular pathologists, radiologists, clinical oncologists, surgical
oncologists, and basic scientists. The MDT recommended the targeted therapy based on the specific
molecular profile of each patient. The targeted therapies included tyrosine kinase inhibitors, checkpoint
inhibitors (e.g., anti- PD-L1 monoclonal antibodies), and growth factor receptor antibodies with or
without endocrine therapy. The treatment recommendations by the MDT were prioritized dependent
on the level of evidence from high to low according to phase III to phase I trials. Recommendations
based on phase III, phase II, and phase I were designated as high, intermediate, and low, respectively.

In cases where more than one druggable molecular aberration was identified, the MDT
recommended a therapy regimen to target as many molecular aberrations as possible, with special
consideration of the toxicity profile of each antitumoral agent and their potential interactions. Since all
patients were given all available standard treatment options for their cancer disease prior to their
inclusion in our precision medicine platform, nearly all targeted agents were suggested as off-label use.
If the tumor profile and the clinical characteristics of a patient met the requirements of a clinical trial
for targeted therapies that was open for inclusion in our cancer center, patients were preferentially
asked if they wanted to participate in the respective trial.

2.7. Study Design and Statistics

This study is a retrospective single center cohort analysis of 17 different types of advanced
solid tumors, with at least 10 patients per tumor type. The objective was to describe the molecular
portrait and to evaluate the likelihood and the molecular and gender aspects of a targeted therapy
recommendation for common tumor types. Rare tumor types with less than 10 patients per tumor
type discussed in our MONDTI platform over this seven-year period were excluded. We also used the
method of frequency distribution to delineate the characteristics of the cancer patients. We used the
method of frequency distribution to delineate the characteristics of the cancer patients.

Since our study had an exploratory and hypothesis-generating design, no adjustment for multiple
testing was used [22]. Binary logistic regression analysis was employed to assess the influence of various
factors on the therapy recommendation rate. To evaluate whether our dataset has a normal distribution,
Shapiro–Wilk test and Kolmogorov–Smirnov test were utilized. To examine gender-specific differences,
Chi-squared test χ2 and Mann–Whitney U test were applied.

For statistical analysis, the software package IBM SPSS Statistics Version 26 was used.

3. Results

From June 2013 to January 2020, 554 patients diagnosed with 17 different types of advanced
therapy refractory solid tumors, with at least 10 patients per tumor entity, were included in this
retrospective cohort analysis. This analysis is from the total cohort of our platform MONDTI, which has
so far profiled 580 patients with various advanced cancer types. In this analysis, all patients were
Caucasians. The median age at initial diagnosis was 54.3 years, ranging from 18 to 81 years, and the
median age at the time when the molecular profiling was performed was 57.4 years, ranging from 18
to 84 years (Table 1). The tumor tissue was obtained from biopsy or during surgical intervention.

The five most frequent tumor types were gynecologic malignancy (n = 90; 16.1%), colorectal
cancer (n = 56; 10.0%), tumor of the central nervous system (n = 55; 9.9%), squamous cell carcinoma of
the head and neck (n = 44; 8.4%), and neuroendocrine carcinoma (n = 41; 7.4%), with details provided
in Table 2.

153



J. Pers. Med. 2020, 10, 188

Table 1. Patient characteristics (N = 554).

Patient Characteristics Number

Men 279

Women 275

Median age at initial diagnosis 54.3 (18–87)

Median age at molecular profiling 57.4 (18–89)

Caucasian 554

Types of advanced solid tumors 17

Prior lines of antitumoral therapy 1–5

Table 2. Number of patients and recommendation rate.

Type of Solid
Tumor

Number
of Patients

Number of Recommendations and
Recommendation Rate; Evidence

Level for Recommendation

Outcome of Patients Who
Received the Targeted Therapy

Urologic
malignancy 10

N = 9; 90.0%;
intermediate: n = 7,

low: n = 2
PD: n = 3

Mesothelioma 14
N = 11, 78.6%;

intermediate: n = 5,
low: n = 6

SD: n = 1; PD: n = 3; died prior to
assessment: n = 1

Male reproductive
cancer 14 N = 10; 71.4%;

intermediate: n = 5, low: n = 5
PR: n = 2; PD: n = 1; died prior to

assessment: n = 2

Tumor of the central
nervous system 55 N = 37; 67.8%; low: n = 37 PR: n = 2; SD: n = 4; PD: n = 3; died

prior to assessment: n = 2

Squamous cell
carcinoma of the
head and neck

44 N = 29; 65.9%; high: n = 9,
intermediate: 8, low: n = 12

SD: n = 3; PD: n = 4; died prior to
assessment: n = 3

Sarcoma 17 N = 11; 64.7%;
intermediate: n = 2, low: n = 9 CR: n = 1

Gynecologic
malignancy 90 N = 58; 64.4%; high: n = 4;

intermediate: n = 39, low: 13
SD: n = 4; PD = 2; died prior to
assessment: n = 5; trials: n = 2

Hepatocellular
carcinoma 16 N = 9; 56.3%; high: n = 1,

intermediate: n = 1, low: 7
SD: n = 4; PD: n = 1; died prior to

assessment: n = 2

Colorectal cancer 56 N = 30; 53.6%; high: n = 10,
intermediate: n = 11, low: 6

PR: n = 2; trials: n = 3; PD: n = 1;
died prior to assessment: n = 2

Lung cancer
(without small cell

lung cancer)
15 N = 9; 52.9%; high: n = 1,

intermediate: n = 3, low: n = 5 PD: n = 3

Biliary Tract cancer 37 N = 19; 51.4%;
intermediate: n = 6, low: n = 10

PR: n = 2; PD: n = 2; trials: n = 3;
died prior to assessment: n = 2

Cancer of unknown
primary 35 N = 18; 51.4%; low: n = 18 SD: n = 3; PR: n = 1; CR: n = 1; PD: n

= 2; died prior to assessment: n = 1

Esophagogastric
cancer 21 N = 9; 42.9%; low: n = 8 SD: n = 1; trial: n = 1; died prior to

assessment: n = 1

Neuroendocrine
carcinoma 41 N = 16; 39.0%;

intermediate: n = 5; low: 11 SD: n = 1, PD = 3

Breast cancer 21 N = 8; 38.1%;
intermediate: n = 5, low: n = 3 PD: n = 1

Pancreatic cancer 38 N = 12; 31.6%; low: n = 12 SD: n = 1; died prior to assessment:
n = 2
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Table 2. Cont.

Type of Solid
Tumor

Number
of Patients

Number of Recommendations and
Recommendation Rate; Evidence

Level for Recommendation

Outcome of Patients Who
Received the Targeted Therapy

Diffuse large B-cell
lymphoma 30 N = 9; 30.0%;

intermediate: n = 2, low: n = 7
SD: n = 1; PD: n = 1; died prior to

assessment: n = 1

Total 554 N = 304, 54.9%

At the time of molecular profiling, all patients had an advanced solid tumor which was refractory
to therapy, all lines of standard treatment having been exhausted. Patients received between 1 and
5 lines of prior systemic chemotherapy; 287 patients had undergone a surgical intervention (51.8%).

In total, 397 tumor samples (71.7%) were tested with the 50-gene panel and 166 specimens (28.3%)
were analyzed with the 161-gene panel.

In total, we identified 1143 genomic aberrations in 441 (79.6%) patients: the 10 most frequent were
TP53 (n = 228; 19.9%), KRAS (n = 103; 9.0%), PIK3CA (n = 54; 4.7%), PTEN (n = 35; 3.2%), APC (n = 28;
2.4%), CDKN2A (n = 28; 2.4%), NOTCH1 (n = 26; 2.3%), ATM (n = 25; 2.2%), SMAD4 (n = 19; 1.7%),
IDH1 (n = 17, 1.5%). In 113 (20.4%) patients, no genetic alterations were detected. The inter- and
intratumoral genomic profile was heterogeneous and mutations were seen in 123 different genes tested
with the 161-gene panel (see Figure 1 and Table 3). The median number of mutations was two in the
whole cohort. The median numbers of mutations were one and two when tested with the 50-gene
panel and 161-gene panel, respectively.

 

 

(a) Distribution of number of mutations among 397 patients tested with the 50-gene panel. 
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Figure 1. Cont.
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(b) Distribution of number of mutations among 166 patients tested with the 161-gene panel. 
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Figure 1. Distribution of number of mutations among the patients.

Table 3. Detected molecular alterations.

Genomic
Alteration

Absolute
Numbers

Frequency
in %

TP53 228 19.9% MET 9 0.8% VA65:C90HL 4 0.3% RHOA 2 0.2%

KRAS 103 9.0% PTCH1 9 0.8% CCND1 3 0.3% ROS1 2 0.2%

PIK3CA 54 4.7% RAD50 9 0.8% CDH1 3 0.3% SF3B1 2 0.2%

PTEN 37 3.2% AKT1 8 0.7% DDR2 3 0.3% SRC 2 0.2%

APC 28 2.4% FGFR3 8 0.7% ESR1 3 0.3% TERT 2 0.2%

CDKN2A 28 2.4% SMARCB1 8 0.7% FGFR4 3 0.3% RHOA 2 0.2%

NOTCH1 26 2.3% BRCA1 7 0.6% HRAS 3 0.3% ROS1 2 0.2%

ATM 25 2.2% IDH2 7 0.6% MAP2K1 3 0.3% SF3B1 2 0.2%

SMAD4 19 1.7% MSH6 7 0.6% MYCL 3 0.3% AKT2 1 0.1%

IDH1 17 1.5% PALB2 7 0.6% NTRK1 3 0.3% AR 1 0.1%

PIK3R1 17 1.5% SMARCA4 7 0.6% PDGFRA 3 0.3% AXL 1 0.1%

CTNNB1 16 1.4% TSC1 7 0.6% RAD51B 3 0.3% CBL 1 0.1%

BRCA2 15 1.3% ALK 6 0.5% RNF43 3 0.3% CD274 1 0.1%

RB1 15 1.3% BAP1 6 0.5% CDK4 2 0.2% CDK4 1 0.1%

EGFR 14 1.2% FGFR2 6 0.5% CCND2 2 0.2% CHEK2 1 0.1%

FANCA 14 1.2% NBN 6 0.5% CDK2 2 0.2% FANCI 1 0.1%

POLE 14 1.2% NF2 6 0.5% CHEK1 2 0.2% IGF1R 1 0.1%

TSC2 14 1.2% SMO 6 0.5% ERBB3 2 0.2% JAK1 1 0.1%

ATR 13 1.1% CDK12 5 0.4% EZH2 2 0.2% JAK2 1 0.1%

BRAF 13 1.1% ERBB4 5 0.4% FANCD2 2 0.2% MAPK1 1 0.1%

NF1 13 1.1% FGFR1 5 0.4% FLT3 2 0.2% MCL1 1 0.1%

ARID1A 12 1.0% MLH1 5 0.4% GNAQ 2 0.2% MDM2 1 0.1%

CREBBP 12 1.0% PMS2 5 0.4% JAK3 2 0.2% MDM4 1 0.1%

KIT 12 1.0% PTPN11 5 0.4% MAF 2 0.2% MSH 1 0.1%
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Table 3. Cont.

Genomic
Alteration

Absolute
Numbers

Frequency
in %

FBXW7 11 1.0% ABL1 4 0.3% MAX 2 0.2% NFE2L2 1 0.1%

RET 11 1.0% ATRX 4 0.3% MSH2 2 0.2% NTRK3 1 0.1%

SLX4 11 1.0% CCND3 4 0.3% mTOR 2 0.2% PPP2R1A 1 0.1%

STK11 11 1.0% ERBB2 4 0.3% MYCN 2 0.2% RICTOR 1 0.1%

NOTCH2 10 0.9% KDR 4 0.3% NTRK2 2 0.2% TET2 1 0.1%

NOTCH3 10 0.9% MRE11A 4 0.3% PDGFRB 2 0.2% UTR3 1 0.1%

SETD2 10 0.9% NRAS 4 0.3% PIK3CB 2 0.2% AKT2 1 0.1%

GNAS 9 0.8% RAD51D 4 0.3% RAD51C 2 0.2%

The next generation sequencing (NGS) analysis rate was high at 98.0%. Only in 11/554 (1.9%)
patients, the NGS run failed. In 31/554 (5.6%) cases, IHC could not be performed (see Figure 2,
which shows the flow of patients).

 

 

Figure 2. Flow of patients.
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The studied population included 279 men and 275 women. The mutation rate was almost equal
between the two genders: 48.9% in men versus 51.0% in women. The targeted recommendation rate,
however, was slightly higher for men (53.6%, n = 163) when compared with women (46.4%, n = 141).

IHC revealed expression of p-mTOR (n = 419; 75.1%), EGFR (n = 386; 69.1%), PDGFRA (n = 183;
32.8%), PDGFRB (n = 45; 8.1%) MET (n = 178; 31.9 %), KIT (n = 35; 6.3%), HER2 (n = 36; 6.5%),
HER3 (n = 58; 10.4%), PD-L1 (n = 92; 16.5%). In 57 cases (10.3%), loss of PTEN signal was reported.
Seven patients (1.3%) had an MSI high status.

In total, we identified 33 gene fusions in our cohort (see Table 4).

Table 4. Detected gene fusions.

Tumor Entity Number of Gene Fusions Type of Gene Fusions

Colorectal cancer 7

FGFR3-TACC3 (n = 2)
WHSC1L1-FGFR1

PTPRK-RSPO3
FNDC3B-PIK3CA

SND1-BRAF
EIF3E-RSPO2

Tumors of the central nervous system 6

EIF3E-RSPO2
ESR1-CCDC170
TPM3-NTRK1
FGFR3-TACC3
BRAF-MRPS33
ESR1-CCDC170

Squamous cell carcinoma of the head
and neck

6

TBL1XR1-PIK3CA
MYB-NFIB

EIF3E-RSPO2
FNDC3B-PIK3CA

EIF3E-RSPO2
FNDC3B-PIK3CA

Hepatocellular carcinoma 5
EIF3E-RSPO2 (n = 2)

DNAJB1-PRKACA (n = 3)

Gynecologic malignancies 3
TBL1XR1-PIK3CA (n = 2)

EIF3E-RSPO2 (n = 2)
ESR1-CCDC170

Lung cancer 3
PCNX-RAD51B
EIF3E-RSPO2

PTPRK-RSPO3

Pancreatic ductal adenocarcinoma 1 TBL1XR1-PIK3CA

Biliary tract cancer 1 FGFR2-OFD1

Sarcoma 1 EIF3E-RSPO2

In over half (n = 304, 54.9%) of the 554 patients, a targeted therapy was suggested, based on
the identified molecular aberrations. The recommendation rate was over 50% in 12 different solid
tumors. The five highest rates for therapy suggestion were observed in urologic malignancies (90.0%),
mesothelioma (78.6%), male reproductive cancers (71.4%), tumors of the central nervous system (67.8%),
and squamous cell carcinoma of the head and neck (SCCHN) (65.9%). In contrast, the three lowest
rates were seen in breast cancer (38.1%), pancreatic ductal adenocarcinoma (31.6%), and diffuse large
B-cell lymphoma (30.0%). We refer here to Table 2.

Of the 304 targeted treatment suggestions, 262 (86.2%) were mainly derived from the molecular
information provided by IHC, while only in 39 cases (12.8%), the recommendation was mainly based
on the genomic variations. In three cases (1%), the targeted therapy strategy was tailored based on the
detection of FGFR fusion genes.
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In total, 42 different antitumoral agents were recommended, either in combination or as a
monotherapy. The three most frequently applied therapy regimens included the PD-1 inhibitors
pembrolizumab and nivolumab (n = 62; 20.4%), the anti EGFR antibodies cetuximab and panitumumab
(n = 29; 9.5%), and everolimus monotherapy (n = 26; 8.6%) (see Table 5).

The level of evidence was high, intermediate, and low in 25 (8.2%), 99 (32.6%), and 171 (56.3%)
cases, respectively. Nine patients were enrolled in a clinical trial.

Eventually, 97 patients (17.5%) received the molecular guided treatment and thus experienced a
change in clinical management because of the generated molecular information. Six out of 97 patients
(6.2%) received on-label treatment. Nine of the 97 patients (9.3%) were treated in a clinical trial;
24 of 97 patients (24.7%) died before a radiological assessment could be performed; 30 patients (30.9%)
did not respond and experienced a progressive disease. Stable disease was achieved in 23 patients
(23.7%). Partial response and complete response were observed in nine (9.3%) and two (2.1%) patients,
respectively. Thus, the disease control rate (DCR) was 35.1% and the overall response rate (ORR) was
11.3% in those patients who received the targeted therapy. Related to the whole cohort, the DCR was
6.1% (34/554) and the ORR was 2.0% (11/554).

The application of the Shapiro–Wilk test suggested that the distribution of age and genetic
mutations was not normally distributed.

To detect possible gender-specific differences regarding the recommendation rate, we excluded
gender-specific cancer diseases (breast cancers, gynecologic, and male reproductive malignancies) and
used the Chi-squared test χ2. The test revealed a significant difference regarding the recommendation
rate in the total cohort in favor of the male patients (p = 0.015). On the level of tumor subtypes,
the Chi-squared test χ2 demonstrated a significant gender-specific difference in patients with
SCCHN (p = 0.0027) and malignant mesothelioma (p = 0.008). Male patients with SCCHN had
significantly more often PD-L1 expression than female patients (10/28 men versus 1/16 women;
p = 0.030). Similarly, male patients with malignant mesothelioma had significantly more often
PDGFRα expression than women (6/9 men versus 0/6 women; p = 0.017). After exclusion of these two
tumor types, the gender-specific differences were not significant anymore (p = 0.24). These gender
differences in the molecular profile of these two tumor entities are reflected by the type of targeted
therapy recommendation.

In the next step, we investigated the effects of age, tumor type, and molecular profile on therapy
recommendation using a binary logistic regression analysis, which showed that several of these factors
had a significant impact on the recommendation rate: tumor type (p = 0.46), expression of p-mTOR
(p = 0.011), expression of EGFR (p = 0.046), and expression of PD-L1 (p = 0.023).

Other parameters including age (p = 0.855), number of mutations (p = 0.850), expression of
PDGFRα (p = 0.097), and expression of PDGFRβ (p = 0.420) were not significantly associated with
therapy recommendation. The omnibus tests of model coefficients for the binary logistic regression
were highly significant (p < 0.0001).

By using the Mann–Whitney U test, we could not find any gender-specific differences regarding
age (p = 0.250) or number of mutations (p = 0.390). However, the Chi-squared test χ2 revealed,
after exclusion of gender-specific cancer diseases, five different genetic mutations that are significantly
more common in men than in women: CDKN2A (p = 0.04), CTNNB1 (p = 0.002), KIT (p = 0.0005),
SLX4 (p = 0.034), and VHL (p = 0.046).

The median time interval between the failure of the last standard treatment line and the start of
the molecularly targeted therapy was 63 days.
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Table 5. Recommended agents in monotherapy and in combination therapies.

Type of Targeted Agent
Number of

Recommendations in
Monotherapy

Biomarkers for Targeted
Therapy Recommendation

Type of Targeted Agents
Number of

Recommendations in
Combination Therapies

Biomarkers for Targeted
Therapy Recommendation

PD-1 Inhibitor 62 PD-L1 expression,
MSI-H status Everolimus + Exemestane 21

p-mTOR expression and
PTEN loss;

estrogen receptor

EGFR inhibitor
(Cetuximab/Panitumuab) 29 EGFR expression and

RAS wildtype Everolimus + Cetuximab 6

p-mTOR expression and
PTEN loss;

EGFR expression and
RAS wildtype

Everolimus 26 p-mTOR expression and
PTEN loss Everolimus + Sorafenib 1

p-mTOR expression and
PTEN loss;

estrogen receptor

Imatinib 19 ABL, KIT, PDGFR Everolimus + Carboplatin 1
p-mTOR expression and
PTEN loss; ATM, BRCA1,

BRCA2, PALB2

Crizotinib 14 ALK, ROS1 Trastuzumab + Pertuzumab 5 HER2

Sunitinib 14 FLT3, KIT, PDGFR Trametinib + Dabrafenib 5 BRAF V600E

Afatinib 12 EGFR, HER2, HER3 Cetuximab + Irinotecan 5 EGFR expression and
RAS wildtype

Regorafenib 9 ABL, FGFR, PDGFR, KIT, Cetuximab + Vemurafenib 3 EGFR expression and
RAS wildtype; BRAF V600E

Palbociclib 8 CDK4, CDK6 Cetuximab + Temsirolimus 2

EGFR expression and
RAS wildtype;

p-mTOR expression and
PTEN loss

Cabozantinib 5 KIT, FLT-3, AXL, RET, MET Lapatinib + Trastuzumab 2 EGFR and HER2

Ponatinib 4 ABL, FLT3, KIT, PDGFR,
RET Sunitinib + Anastrozol 1 FLT3, KIT, PDGFR;

estrogen receptor

Olaparib 4 BRCA1, BRCA2 Idelalisib + Rituximab 1 PIK3CA; CD20

Pazopanib 3 PDGFR, FGFR3 Alpelisib + Fulvestrant 1 PIK3CA;
estrogen receptor

Erlotinib 3 EGFR Olaparib + platinum-based
chemotherapy 1

BRCA1, BRCA2;
ATM, BRCA1, BRCA2,

PALB2

160



J. Pers. Med. 2020, 10, 188

Table 5. Cont.

Type of Targeted Agent
Number of

Recommendations in
Monotherapy

Biomarkers for Targeted
Therapy Recommendation

Type of Targeted Agents
Number of

Recommendations in
Combination Therapies

Biomarkers for Targeted
Therapy Recommendation

Pemigatinib 3 FGFR2 Pembrolizumab +
Bevacizumab 1 PD-L1 expression; VEGFA

Platinum based
chemotherapy 2 ATM, BRCA1, BRCA2,

PALB2 Imatinib + Everolimus 1
ABL, KIT, PDGFR;

p-mTOR expression and
PTEN loss

Enasidenib 2 IDH2 Imatinib + Letrozole 1 ABL, KIT, PDGFR;
estrogen receptor

Fulvestrant 2 Estrogen receptor Bevacizumab + Paclitaxel 1 VEGFA

Androgen receptor
antagonists 2 Androgen receptor Bevacizumab + Everolimus 1

VEGFA;
p-mTOR expression and

PTEN loss

Temsirolimus 2 p-mTOR expression and
PTEN loss Total 304

Nintedanib 2 FLT3, FGFR, PDGFR

Tamoxifen 2 Estrogen receptor

Lapatinib 2 EGFR, HER2

Idelalisib 1 PIK3CA, PIK3R1

T-DM1 1 HER2

Trametinib 1 BRAF V600E

AKT inhibitor 1 AKT

Foretinib 1 MET

Capmatinib 1 MET exon 14 skipping

Dasatinib 1 ABL KIT, PDGFR

Alemtuzumab 1 CD52

Brentuximab Vedotin 1 CD30

Vismodegib 1 SMO

Vemurafenib 1 BRAF V600E

Exemestane 1 Estrogen receptor

Bevacizumab 1 VEGFA
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4. Discussion

This comprehensive analysis presents data from a real-world precision medicine platform.
The MONDTI platform for precision medicine is an open, tissue-agnostic and molecular-driven

platform that seeks to provide targeted therapy strategies to patients based on the respective molecular
profile. In our platform, we could offer tailored therapy concepts in over 50% of our patients,
with 19 different advanced solid tumors with recommendation rates well above 70% in selected entities.
Our study demonstrates that precision medicine is implementable into clinical routine. Considering the
clinical outcome of targeted therapies in this retrospective analysis, the outcome was relatively poor.

Related to the whole cohort, the DCR was 6.1% (34/554) and the ORR was 2.0% (11/554). There are
several reasons that might explain this poor outcome.

Firstly, we observed a median turnaround time of more than two months between the failure of the
last standard treatment line and the start of the targeted therapy. In this time interval, over 100 patients
experienced clinical deterioration or died before the start of the targeted therapy. Nearly a quarter
of the patients who eventually received the targeted therapy died prior to radiological assessment.
One reason for the poor outcome of molecular-driven treatment approaches in this study is the
relatively long turnaround time, during which patients do not receive effective therapy. Even if the
targeted therapy is applied, it may not have enough time for the targeted therapy to unfold its full
antitumorigenic potential.

Thus, time is a highly critical factor in the therapeutic management of therapy refractory solid
tumors. Moreover, we detected a broad variety of mutations highlighting the well-known tumoral
heterogeneity in cancer diseases [23,24].

Based on our data, the likelihood for rational identification of molecular-based treatment concepts
was above 50% for 12 different solid tumors. However, the majority of these recommendations (88.8%)
were not based on a high level of evidence.

Hence, the poor clinical outcome may be partly related to the long turnaround time, the extreme
tumor heterogeneity, and the low level of evidence for therapy recommendations.

Thus, it is clinically relevant to consider these factors, particularly in patients for whom no
guideline-based treatment is available anymore.

Interestingly, we observed in our cohort gender-specific differences in the molecular profile and
therapy recommendations of SCCHN and mesothelioma patients.

The binary logistic regression analysis revealed that the expression of p-mTOR, EGFR, and PD-L1
significantly influenced therapy recommendations. This finding is reflected in the most common
types of recommended targeted therapy: pembrolizumab and nivolumab, the anti EGFR antibodies
cetuximab and panitumumab, as well as everolimus in monotherapy and in combination therapies.

Genomic profiling was performed in 98.0% patients, which is higher than or comparable to the
rate reported by NEXT-1 (95%), MOSCATO 01 (89%), IMPACT/COMPACT (87%), SAFIR01 (70%),
and SHIVA (67%) [13,25–28]. We detected 1143 genetic alterations and observed gender-specific
differences regarding the distribution of the aberrations.

This study has several limitations. First, we acknowledge that our analysis was retrospective.
Although all patients with advanced solid tumors with no further standard treatment options were
included in this platform, this study is biased to a certain degree, since we included only patients with
available tumor specimens for molecular profiling and a good ECOG status between 0 and 1.

Additionally, we did not consider the generally known dynamic of spatial and temporal
intratumoral heterogeneity. We recommended the targeted therapy based on a molecular profile
from one biopsy and from one timepoint, which was not necessarily close to molecular profiling.
To overcome these limitations in future, liquid biopsy might be an additional practicable tool to monitor
the dynamic molecular landscape of patients to revise and adapt the targeted therapy accordingly at
any given timepoint. Particularly, early signs of treatment resistance may help to direct our therapy
decisions using serial liquid biopsies. By reducing the turnaround time via liquid biopsy and by
accelerating the creation of a molecular profile, the potential targeted agent could more likely be
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applied before the performance status of the patients deteriorates or before the molecular landscape
changes and makes the therapy ineffective. Liquid biopsy would also be an interesting option for
patients unfit to undergo a biopsy [29].

Another limitation of this study is that the found distribution of the mutations may be confounded
by the employment of two different gene panels (50-gene panel versus 161-gene panel).

There are several burning issues to be addressed in future clinical trials and translational research.
The first is to harmonize procedures and introduce international standards regarding the applied
methods and treatment decision-making strategies, e.g., a standardized method for PD-L1 staining
and scoring. International cut-offs in immunohistochemistry should be introduced and adhered to in
order to achieve comparable results in clinical trials.

Several clinical trials have demonstrated the clinical benefit of tissue-agnostic molecular-guided
treatment concepts and strategies in advanced stages of solid tumors. It would be important and
interesting to introduce precision medicine at earlier stages of cancer disease to evaluate the efficacy of
this treatment strategy. For instance, I-SPY 2 platform trial tests personalized treatment concepts for
the neoadjuvant treatment of locally advanced breast cancer [30].

This analysis demonstrates that precision medicine was feasible and provided the basis for
molecular-driven therapy recommendations in patients with advanced therapy refractory solid tumors.
Studies are ongoing to define the clinical benefit of this approach in the real-life setting. Although
the concept of molecular-guided therapy strategies is a relatively new concept, it has the potential to
inform, shape, and enrich the antitumoral therapeutic armamentarium.
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Abstract: Patient-derived xenografts (PDXs) describe models involving the implantation of
patient-derived tumor tissue into immunodeficient mice. Compared with conventional preclinical
models involving the implantation of cancer cell lines into mice, PDXs can be characterized by the
preservation of tumor heterogeneity, and the tumor microenvironment (including stroma/vasculature)
more closely resembles that in patients. Consequently, the use of PDX models has improved the
predictability of clinical therapeutic responses to 80% or greater, compared with approximately 5% for
existing models. In the future, molecular biological analyses, omics analyses, and other experiments
will be conducted using recently prepared PDX models under the strong expectation that the analysis
of cancer pathophysiology, stem cells, and novel treatment targets and biomarkers will be improved,
thereby promoting drug development. This review outlines the methods for preparing PDX models,
advances in cancer research using PDX mice, and perspectives for the establishment of precision
cancer medicine within the framework of personalized cancer medicine.

Keywords: patient-derived tumor xenograft (PDX); anti-cancer drug development; immunodeficient
mice; precision medicine

1. Introduction

Tumor cells have high proliferative activity, and they actively undergo DNA synthesis. DNA
damage is more likely to occur in tumor cells than in normal cells, and this damage can lead to the
loss of cell viability [1]. By closely examining these features of tumor cells, compounds with the
following mechanisms of action have been developed as anti-cancer drugs: (1) direct damage of DNA
through adduct formation; (2) suppression of DNA synthesis through the inhibition of nucleic acid
metabolism or DNA–protein complex formation; (3) suppression of cell division through the inhibition
of the function of proteins involved in cell division (e.g., tubulin). Numerous standard methods of
tumor treatment, each of which is designed to suppress tumor cell proliferation and induce the loss of
tumor cell viability, have been established by combining two or more of these compounds [2–5]. These
treatment methods are based on the concept “one size fits all,” which aims to use the same treatment
method for many patients [6]. Although these methods have displayed some level of therapeutic
efficacy, their effects are sometimes insufficient because of adverse reactions or drug resistance. For
this reason, treatment methods matching individual patients, i.e., “personalized treatment”, have been
explored [1,6].

Following advances in methods for studying molecular biology, thorough gene analysis of tumor
cells has been conducted in recent years, leading to the detection of driver mutations involved in
the acquisition of traits promoting tumor cell survival (e.g., enhanced cell proliferation, resistance to
apoptosis) [7–9]. Furthermore, molecular targeted drugs, which aim to specifically eradicate tumor cells,
have been newly developed by targeting these gene mutations [8–11]. These drugs are transforming
cancer therapy, as observed for the HER2 inhibitor trastuzumab in breast cancer, c-Kit inhibitor imatinib
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in chronic myelogenous leukemia and gastrointestinal stromal tumor, and epidermal growth factor
receptor inhibitor cetuximab in colorectal cancer [8,12]. Furthermore, “immune checkpoint blockade”
therapy designed to eradicate tumor cells through the reactivation of tumor-suppressed immune
function has proven effective in select patients. Drugs in this class, such as ipilimumab (anti-CTLA-4
antibody) and pembrolizumab (anti-PD-1 antibody), have already been introduced clinically [12–16].

Following such remarkable advances in the field of tumor treatment, active research has been
conducted at a global scale to facilitate the development of additional molecular targeted drugs.
However, in the research and development of molecular targeted drugs, the results of non-clinical
studies rarely predict clinical efficacy. This paradox is largely attributable to the lack of appropriate
non-clinical models reflecting the diversity and complexity of tumors [17,18]. In other words, the
existing DNA-damaging anti-cancer drugs are based on a relatively common and simple mechanism,
namely the high proliferative activity of tumor cells. These drugs have been analyzed using models
involving the constant proliferation of tumor cells [14]. However, the development of molecular
targeted drugs, which target specific molecules in diverse and complex tumors, requires a model that
permits the appropriate expression and function of the target molecule in tumor cells [19,20]. In this
context, the xenograft model, which involves the implantation of cultured tumor cell lines established
from tumor tissue into immunodeficient mice, has been often used as an in vivo model for cancer
research [19,20]. As is the case for in vitro models, constant tumor cell proliferation is maintained in
xenograft models, and the validity of anti-cancer drugs based on the results of non-clinical studies
has been assured to some extent [21]. Furthermore, the correlation of the outcomes of preclinical
studies using xenograft models of cell lines possessing certain driver mutations with clinical efficacy is
known [19,22]. However, because cultured cell lines consist only of specific tumor cells adapted to
culture conditions that differ markedly from the in vivo environment, xenograft models of cultured
cells are not considered, at present, to reflect the diversity and complexity of tumors [19,22]. One
model type expected to resolve this open issue is the patient-derived xenograft (PDX) model, which
involves the direct implantation of tumor tissue into immunodeficient mice without in vitro incubation
(Figure 1) [18]. In the PDX model, the molecular, genetic, and histological characteristics of tumors
are preserved, and it is also possible to compare PDX models among multiple cases [23–27]. Thus,
this model is expected to be immediately applicable to research because it reflects the diversity and
complexity of tumors [23,25,28]. Furthermore, it is possible to confirm the findings of PDX models
using the patient tumor tissue from which the PDX model originated. This model type is thus expected
to represent a tool used for translational research, serving as a bridge between non-clinical and clinical
studies [18,28,29].

The development of novel anti-cancer drugs is an important task for prolonging the survival of
patients with cancer and curing cancer itself. In recent years, active efforts have been made toward the
development of new types of anti-cancer drugs (e.g., molecular targeted drugs, immune checkpoint
inhibitors) in addition to the existing cytotoxic anti-cancer drugs. However, the probability that a
novel anti-cancer drug will reach clinical use after the successful completion of clinical trials (Phases
I through III) is as low as 5%. It is particularly common that the investigational new drugs cannot
enter Phase III development after Phase II trials. This issue slows the pace of new drug development,
thereby markedly increasing the expense of drug development [30]. In other words, many drugs that
exhibit efficacy in preclinical studies fail to demonstrate sufficient efficacy in patients.

Compared with cell line-derived xenograft models, PDX models are expected to feature high
predictability of therapeutic efficacy while preserving the inhomogeneity of the patient’s tumor [31].
Large-scale PDX libraries are currently being established in Europe and the USA. In 2016, the US
National Cancer Institute announced plans to switch its anti-cancer drug screening system from
the “NCI-60 Human Tumor Cell Lines Screen” to PDX-based models [32]. The precise prediction of
responses to treatment cannot be achieved by simply measuring the expression of proteins or mutation
of genes. Furthermore, when treatment in individual patients is decided on the basis of genomic
information, beneficial effects are achieved in only a limited number of patients. In addition, the
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identification of biomarkers based on information about the molecular background is time-consuming
and insufficient for the speed of anti-cancer drug development. Under such circumstances, the PDX
model is anticipated as a means for supplementing or replacing molecular biomarkers.

 

– . This was initially termed the “SCID hu system”. However, sufficient 

–

F0

F1 F2-F3

Drug treatment

No treatment

Sample freezing/ PDX bank

Figure 1. The grafting of patient-derived tumor cells into intensely immunodeficient mice leads to
tumor growth in the mice within several months. The expanded tumor is excised. Part of the tumor is
frozen, and the other part is grafted into intensely immunodeficient mice. These tumors are grafted
again into intensely immunodeficient mice to conduct pathophysiological studies and evaluate drug
efficacy. If the frozen patient-derived xenograft (PDX) tumor is registered with the PDX bank and a
database of genetic analysis data and drug sensitivity data is created, it is expected to facilitate precision
cancer medicine corresponding to the characteristics of the tumor in a given case.

2. Development and Modification of Immunodeficient Animal Models

To create a PDX model, immunodeficient mice are indispensable. Human tumors will initiate
a graft versus host reaction, leading to rejection in immune-competent mice. In practice, the idea
of the PDX model was triggered by the discovery of immunodeficient mice. The first generation of
immunodeficient mice consisted of nude mice lacking T cells [33]. These mice were discovered early in
the 1960s. Dr. Rygaard (Denmark) reported a nude mouse lacking the thymus and T lymphocytes, and
it displayed a defect in T-cell-mediated immune responses and antibody formation that requires helper
T cells [34]. The use of this mouse stimulated remarkable progress in basic research on immunity and
cancer [35]. In addition, they remain an important resource for PDX establishment because nude mice
have benefits including a relatively high engraftment ratios of gastrointestinal tumors, easy observation
of subcutaneous tumors due to lack of hair, and relatively low price [31,36,37]. Later, a wide variety
of immunodeficient mice were developed and modified [38]. Table 1 summarizes the lineage and
characteristics of immunodeficient mice used specifically for PDX models.

Via repeated efforts to improve the efficacy of grafting, severe combined immune deficiency
(SCID) mice lacking T and B cells were developed, making it possible for the first time to successfully
graft human blood cells [39–41]. This was initially termed the “SCID-hu system”. However, sufficient
grafting required fetal tissue, and the manifestation of acquired immunity (leakiness) occurred over
time in theoretically immunodeficient mice [42]. Thus, the graft survival rate was not sufficient in
this model. In the 1990s, SCID mice were crossbred with non-obese diabetic (NOD) mice, yielding
NOD/SCID mice with composite immunodeficiency (e.g., T/B cell defect +NK cell malfunction) [43–46].
NOD/SCID mice have a markedly improved human hematopoietic cell graft survival rate, and they
remain in extensive use. However, NOD/SCID mice have several shortcomings, including the lack of T
cell graft survival, the absence of long-term observation (because of the high incidence of thymoma and
a short lifespan), and the lack of graft survival for stem cell systems other than the hematopoietic system.
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Table 1. Development and characteristics of immunodeficient mice used in animal models.

Characteristic Nude SCID NOD/SCID NOG

Reporting year 1966 1983 1995 2002
Mutated gene Foxn1 Prkdc Prkdc Prkdc, Il-2rg

T cell × × × ×

B cell # × × ×

NK cell # # △ ×

Engraftment of human cells

Normal HSC − + ++ +++

Tumor cell + ++ +++ ++++

Success rate of PDX Low Low Moderate High

#: intact, △: deficit, ×: none. HSC: human hematopoietic cells. The Success rate of engraftment is represented by −
(negative) or + (positive), with more + indicating higher possibility.

To further improve the graft survival rate, in the 2000s, a new trait (common gamma chain
knockout) was introduced into NOD/SCID mice, yielding NOG mice [47,48]. NOG mice were
created by crossbreeding NOD-scid (NOD/Shi-scid) mice with IL-2Rγcnull mice, and they exhibit
composite immunodeficiency (T, B, and NK cell defects and dendrocyte/macrophage malfunction;
Table 1) [38,49,50]. Because of these characteristics, NOG mice are considered the best immunodeficient
animals for human tissue graft transplantation [18,50]. In essence, engraftment ratios are higher in
more immunocompromised mice (Nude < SCID < NOD/ SCID < NOG) (Table 1) [36].

3. Creation of PDX Models

A PDX model is created by grafting a patient-derived tumor sample into immunodeficient mice
(Figure 1) [37,51]. Usually, tumor growth begins within several months after grafting (F0). At that
time, part of the graft is used for genetic analysis, such as whole-exome sequencing, RNA sequencing,
and copy number alteration, to analyze the genetic characteristics of the tumor, and another part of
the graft is stored in the PDX tissue bank. Part of the tissue is grafted into immunodeficient mice
(F1), and the tumor after proliferation is frozen in a large quantity. If these tumor samples are grafted
simultaneously into numerous mice and candidate drugs are administered to the mice, it is possible to
screen and identify drugs that are effective against the patient’s tumor. If the results of gene analysis are
compared with the clinical data, it is possible to cultivate the path for personalized treatment. With the
PDX model, tumor growth in vivo in mice accelerates as passaging is repeated. In the F3 generation,
the patient-derived sample is approximately identical to the genetic expression profile. Thereafter, the
genetic profile changes with further passaging [18]. For this reason, it has been recommended to use
tumor of F3 or earlier generations in PDX model-based evaluation.

PDX tumors possess the genetic characteristics and tumor heterogeneity that are more similar
to the patient’s derived tumor than to the tumor cell line. These tumors contain patient-derived
cells such as stromal cells/cancer-associated fibroblast and tumor-associated macrophages before they
are gradually replaced by mouse cells as the passage increases. PDX models, especially in the early
passages, are therefore expected to be applicable to clinical and pathophysiological analyses of tumor
and anti-tumor drug development because the models most closely resemble the clinical environment.
PDX models have already been created for many cancer types. Reports are available concerning
their creation for solid cancers (e.g., breast cancer, lung cancer, pancreatic cancer, colorectal cancer,
melanoma, head and neck cancer, prostate cancer, renal cell carcinoma, glioblastoma, ovarian cancer)
and blood tumors (e.g., leukemia, lymphoma) [18].

Following the recent development of intensely immunodeficient mice presenting with various
types of immunodeficiency, the grafting efficiency of PDX models has been remarkably improved
(Table 1). However, the long-term rearing of intensely immunodeficient mice requires an SPF (specific
pathogen free) setting, and the breeding of such mice is difficult. It is therefore desirable to use
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mouse strains that are suitable for the target type of tumor by precisely assessing the advantages
and shortcomings of individual mice. It must be considered that 3–6 months are usually required to
establish a PDX model.

The graft survival rate of PDX models varies depending on the type of tumor involved (Table 2).
Colorectal and pancreatic cancers have high graft survival rates, and a favorable outcome to some
extent may be expected even when nude mice are used. Conversely, ultra-intensely immunodeficient
mice such as NOG, NSG (NOD/Scid/IL2Rγ-null), and NOJ (NOD/Scid/Jak3-null) mice are required
to establish PDX models of hematopoietic tumors [52]. The grafting efficiency usually tends to be
higher in mice with more intense immunodeficiency, but mice with intense immunodeficiency are more
difficult to rear. Furthermore, the probability of the successful establishment of PDX lesions is higher for
metastatic foci than for the primary lesion, and this tendency is more marked for tumors with greater
malignant potential [53]. Regarding the shape of the tumor used for this model, a square tissue section
of several millimeters in size, excised from the patient’s tumor via biopsy or surgery, is usually used.
In recent years, reports have described the creation of PDXs using circulating tumor cells or bodily
fluids (e.g., cancerous hydrothorax, cancerous ascites) [54]. Regarding the recipient site, subcutaneous
tissue is generally used because subcutaneous grafting is simpler and it permits the easy evaluation of
tumor growth after grafting. However, the efficiency of subcutaneous grafting is low for breast and
prostate cancers. For this reason, breast cancer is grafted into the mammary glands of female mice to
enable the efficient creation of PDXs, and prostate cancer is grafted into the prostate glands of male
mice (orthotopic implantation) [55]. It is also known that the grafting efficiency of hormone-dependent
tumors (e.g., breast cancer, prostate cancer) increases if human hormones are replenished [18,53]. Thus,
four essential elements for the establishment of PDX models are as follows: (1) properties of the tumor
(primary lesion/metastatic foci or surgical specimen/biopsy specimen/humoral cells); (2) selection of
recipient mice; (3) recipient site; (4) replenishment based on tumor characteristics (hormone treatment).

In practice, the graft survival rate varies greatly depending on the tumor type. High graft survival
rates (80% or higher) have been reported for malignant melanoma and colorectal cancer, whereas the
rate is as low as approximately 30% for breast cancer (the mean graft survival rate for 18 tumor types
was approximately 50%; Table 2) [56,57]. Furthermore, in the case of triple-negative breast cancer,
the graft survival rate following orthotopic implantation is 60–86% (more than twice the rate after
subcutaneous implantation). This also suggests the importance of recipient site selection.

Table 2. Comparison of patient-derived xenograft graft survival rates based on the primary lesion site.

Tumor Type Engraftment Rate

Melanoma 88% (n = 8)
Colorectal 85% (n = 112)
Head and neck 68% (n = 53)
Pancreatic 65% (n = 62)
Sarcoma 63% (n = 161)
Gastroesophageal 62% (n = 42)
Liver and biliary duct 54% (n = 35)
Lung 50% (n = 129)
Bladder 43% (n = 30)
Brain and neurological 40% (n = 15)
Ovarian 37% (n = 138)
Mesothelioma 36% (n = 11)
Breast 30% (n = 155)
Renal cell carcinoma 25% (n = 114)

Quoted from Ref Izumchenko et al. [57].

In recent years, active efforts have begun to be made toward the development of new methods of
cancer treatment focusing on human immunity (e.g., immune checkpoint inhibitors). The PDX model
uses immunodeficient mice, i.e., mice with markedly compromised immune function. Therefore, the

171



J. Pers. Med. 2020, 10, 64

balance of hematopoietic and immune cells remains different from that in humans and theoretically, the
immune cell–tumor cell interaction may be totally missing in this model. If these drugs are administered
to immunodeficient mice, then reactions of immunocompetent cells differing from those observed
in humans are anticipated. These issues require attention for the development of a patient-similar
immune response PDX model. For this reason, humanized mice (intensely immunodeficient mice
implanted with human immunocompetent cells or umbilical cord-derived hematopoietic stem cells)
are sometimes used to create PDX models. In some studies, humanized mice were created using
immunocompetent cells derived from patients with cancer, and these mice were implanted with the
patient’s tumor to create PDXs and evaluate drug efficacy [58,59]. However, this approach is not yet
extensively applicable because of problems as follows: (1) there is no model completely reflecting
the human immune system; (2) intense host rejection occurs frequently, making long-term evaluation
difficult; and (3) the costs are high [38].

4. Prediction of Cancer Response to Treatment Using the PDX Model

Large-scale PDX libraries are being established in Europe and the USA and utilized for drug
development and biomarker screening. In 2013, “EurOPDX” was organized by 16 universities and
public institutions in Europe. To date, more than 1500 PDX types, including rare cancers, have been
established [56]. Furthermore, the Jackson Institute (USA) has begun to publicize the genetic and
histopathological information of more than 450 types of PDXs established on its website. At the same
time, the institute has initiated the industrial utilization of PDXs by commercializing various PDX mice.

The greatest advantage of PDX use is the high predictability of treatment response. When the
efficacy of 129 drugs was evaluated using 92 PDX types, the response rate evaluated using PDX models
had 87% agreement with the clinical response rate (112/129), and the variance depending on the site of
the primary lesion was also small (81–100%) [57]. In another study designed to compare the efficacy
of treatment using approximately 1000 types of PDXs with the clinical efficacy, the rate of agreement
was as high as 66% [60]. This agreement rate was excellent compared with that of conventional tumor
cell grafting models (approximately 5%). If drugs targeted for clinical development and the subjects
anticipated to respond to them can be selected efficiently using PDX models in preclinical studies,
the mental/physical stress on clinical trial participants and the cost of clinical development will be
reduced. Furthermore, because PDX models enable tumor collection over time (e.g., before and after
drug efficacy evaluation), PDXs may contribute to clarifying the pharmacokinetics, response, and
resistance development mechanisms of tumors.

PDX models are also expected to play important roles in the development of treatments for
rare cancers. As the definition suggests, the number of patients with rare cancers is extremely small.
This feature is usually considered disadvantageous from the viewpoints of diagnosis and treatment.
Furthermore, because the collection of clinical specimens and implementation of large-scale clinical
trials are difficult for rare cancers, the development of treatments generally does not proceed smoothly.
Therefore, the creation of PDX models using specimens from patients with rare cancers may permit the
collection of samples needed for drug efficacy evaluation and pathophysiological analysis. In addition,
this strategy will enable the confirmation of proof of concept during preclinical or early clinical
studies, thus promoting remarkable advances in the development of treatments and clarification of the
mechanisms of carcinogenesis (e.g., genetic factors).

5. Cancer Stem Cells and PDXs

Previously, cancer was considered to be a group of single cells that deviated from the normal
mechanism for preserving the living body, resulting in permanent proliferation. However, it has been
increasingly recognized that a group containing a small number of cells called “cancer stem cells” is
present in both blood tumors and solid cancers [61]. According to this cancer stem cell hypothesis,
stem cells similar to normal tissue are also present in tumor tissue, and they have the potential for
self-renewal, accompanied by the ability to form a tumor similar to the original tumor tissue despite
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being small in number [62]. Cancer stem cells are considered to maintain stemness for a long period,
similarly to tissue stem cells. They divide more slowly than daughter cells, and thus, they are resistant
to conventional anti-cancer drugs or radiotherapy (Figure 2) [63]. Furthermore, it has been suggested
that these cells exhibit relatively strong resistance to molecular targeted drugs [64]. Therefore, the risk
for recurrence or metastasis is considered high if cancer stem cells are not eradicated, even in cases in
which the tumor is not clinically detectable after treatment. Furthermore, recurrent or metastatic cancer
usually has high resistance to drugs, and therefore, it has been highlighted as a major factor for poor
prognosis. Under such circumstances, treatment methods targeting cancer stem cells are anticipated as
a promising therapeutic strategy.

increasingly recognized that a group containing a small number of cells called “cancer stem cells” is 

 
Recurrence/MetastasisOnly cancer stem cell remains

Chemotherapy 
and/or radiotherapy

Figure 2. Schematic diagram of cancer stem cells responsible for recurrence/metastasis. Cancer stem
cells are likely to remain after treatment because they are resistant to anti-cancer drugs or radiotherapy.
They are considered to serve as a cause for recurrence/metastasis.

It has been reported that a specific subpopulation within a tumor is more likely to form a tumor
than the other subpopulations when grafted into mice [61]. Following this finding, the concept of cancer
stem cells became widely accepted. To reveal that specific cells have the nature of stem cells in a study
of cancer stem cells, it is necessary to demonstrate in vivo that a tumor composed of heterogeneous cell
groups can be formed. When such an analysis is conducted, PDX are more informative than cell lines,
which have been maintained for a long periods in two dimensions, on a non-natural surface, which
may have led to genetic drift and selection [31]. Because cancer stem cells are present in tumors in
extremely small quantities, there may be cases in which the tumor is too small to secure the quantity of
stem cells needed for analysis via flow cytometric sorting. In such cases, new PDXs having undergone
a few rounds of passaging are sometimes used [65]. If the nature of cancer stem cells is further clarified
using PDX models, then the development of effective treatments, either selectively targeting cancer
stem cells or simultaneously targeting both cancer stem cells and other cancer cells, will be facilitated.

6. Open Issues Related to PDX Models

PDX models are considered promising tools for tumor research, but several open issues have
been identified. PDX models cannot be established from all patient-derived tumors. It has been stated
that the models are difficult to establish from some tumor tissues [18,20]. Furthermore, substantial
resources (e.g., money, time, labor) are needed to create PDX models [18,20]. To extensively use PDX
models in tumor research, it is indispensable to improve the efficiency of model creation by using
greater amounts of tumor tissue [18–20].

If genetic analysis and drug sensitivity testing are conducted and the tumor characteristics and
clinical information are analyzed simultaneously, established PDX models, as well as the databases
constructed from the collected data and information, are expected to be useful in the personalization
of treatment corresponding to the characteristics of tumors in individual patients. The EurOPDX
and Jackson Institute databases contain large numbers of samples, and they have started to make
samples publicly available [52,56]. Some pharmaceutical companies are also creating their own PDX
libraries. Novartis reported the results of drug screening using more than 1000 PDX types [60]. The
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tumor characteristics differ by ethnicity and region. For this reason, it is desirable that such large-scale
libraries are established globally.

As mentioned previously, a considerably large number of PDXs have already been established
and utilized in various studies (e.g., drug efficacy evaluation) and the promotion of personalized
treatment. However, the methods and evaluation of PDX creation and studies using PDX have not
yet been sufficiently standardized. For example, the appropriate frequency of PDX passaging differs
among investigators. “EurOPDX” recommends the use of PDXs after five or fewer passages for studies
such as drug efficacy evaluation because the tumor stroma derived from the patient is increasingly
replaced with mouse stroma with increasing passaging, possibly causing discrepancy of the clinical
interactions between tumor cells and the stroma [56]. A study by the Broad Institute demonstrated
that genomic mutations present in patients’ tumors are lost with increasing passaging, resulting in the
loss of the genetic characteristics of the tumor [66]. Furthermore, it is plausible that dynamic changes
of genes occur during the course of growth and infiltration of patients’ tumors, occasionally leading to
the appearance of mutations not present in PDXs. For this reason, it is difficult to set certain conditions
for each PDX unilaterally. It appears essential to store patients’ specimens and the tissue/specimens
obtained during passaging in close linkage with data including treatment history, genomic information,
and other data collected from various studies (e.g., omics analysis). In addition, it is critical to use the
PDX for each study after sufficient assessment concerning whether the model satisfies the requirements
for a given setting of use.

The maintenance of PDX libraries results in the accumulation of large amounts of data from clinical
practice and studies, and these data should be maintained with high levels of privacy. According to
the current main practice in Europe and the USA, the collected data are made public on websites and
other media, after anonymization, to permit the free use by researchers and clinicians. However, the
control and disposal of such data requires significant labor and financial expenditure. It is therefore
difficult for an individual or single institution to establish and maintain a PDX library. It is desirable to
form a consortium of multiple institutions, clearly defining to whom the PDX, as well as the patent
and financial rights related to its research, should belong at the stage of planning.

Furthermore, crossreactivity between human and mouse proteins (e.g., humoral factors) can occur
in PDX models. Regarding the genetic homology between frequently used experimental animals and
humans, the homology between mice and humans has been reported at approximately 92% (versus
99.9% between humans). Thus, even proteins with the same function can differ slightly in terms of
amino acid structure between humans and mice, leading to the lack of binding between a ligand and
its receptor and the absence of signal transduction [67]. To resolve this problem, attempts have been
made to achieve a more faithful reproduction of diseases by introducing human cytokine and HLA
genes into various immunodeficient mice and creating next-generation immunodeficient mice capable
of producing human proteins (e.g., cytokines) [68–70].

7. Application to Personalized Treatment

In the case of cancer, heterogeneous cell groups are present within a single tumor, and furthermore,
tumors located at the same site exhibit many differences between patients [71,72]. For this reason, the
need for personalized treatment is being emphasized. Identification of the gene mutation serving as
a driver via target or exome sequencing provides a useful tool for predicting an effective treatment
method in silico, and this strategy is expected to be adopted actively in the age of personalized
treatment [73–75]. If the prediction of treatment methods using bioinformatics is combined with the
evaluation of responses to drugs in vivo using PDX models, integrated personalized treatment will
be enabled. The PDX model created using tumor tissue derived from individual patients can supply
information regarding the response of tumors to various drugs, thus enabling evaluation of the efficacy
of treatments prior to clinical use (Figure 3). Thus, PDXs are expected to contribute to advancing the
personalization of treatment.
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Figure 3. Grafting of patient-derived tumor cells into intensely immunodeficient mice leads to tumor
growth within several months. The expanded tumor is excised. Part of the tumor is frozen, and the
other part is again grafted into intensely immunodeficient mice. Multiple candidate drugs are selected
corresponding to the genetic profile of a given tumor, and each drug is administered to the PDX mice
to evaluate its efficacy. If drug sensitivity data collected using these are utilized for patients, then
precision cancer medicine may become possible.

Meanwhile, PDX models can also take significant time to create, which may pose a challenge to
patients with advanced stages of cancer. For example, growth rates of prostate cancer PDX are slow,
needing many months to generate models [76]. The time to initial growth is reported to be from four
up to over 12 months, and time from implantation to initial growth of secondary passage ranges from
6 to 36 weeks, partly due to the differences in androgen levels between human and mouse [26,77]. This
time-consuming process is clearly beyond the period that would be useful to define the best treatment
modality. If problems such as the low graft survival rate and the time required for tumor formation
can be resolved, PDX models will be extremely helpful in tailoring treatment to individual patients.

8. Conclusions

Following the recent development of intensely immunodeficient mice that permit the grafting,
proliferation, and differentiation of human cells, it is currently possible to create PDXs of various
tumors. PDX models faithfully reproduce human tumors. If drug screening is extensively conducted,
then the number of new drug candidates that fail to proceed beyond phase II development may be
reduced, thereby improving the efficiency of anti-cancer drug development. This will undoubtedly
serve as an extremely valuable tool for translational research. In the near future, further modification of
intensely immunodeficient mice and the enrichment of PDX libraries are expected to stimulate further
advances in the application of PDX models to precision cancer medicine.
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