1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Gastroenterology. Author manuscript; available in PMC 2020 March 01.

-, HHS Public Access
«

Published in final edited form as:
Gastroenterology. 2019 March ; 156(4): 890-903. doi:10.1053/j.gastr0.2018.11.071.

DNA Mismatch Repair Deficiency and Immune Checkpoint
Inhibitors in Gastrointestinal Cancers

Juan Ruiz-Bafiobre, MD12:3 and Ajay Goel, PhD?!

1Center for Gastrointestinal Research; Center for Translational Genomics and Oncology, Baylor
Scott & White Research Institute and Charles A Sammons Cancer Center, Baylor University
Medical Center, Dallas, Texas, USA.

°Medical Oncology Department, Arquitecto Marcide University Hospital, Ferrol, Spain.

STranslational Medical Oncology Group (Oncomet), Health Research Institute of Santiago (IDIS),
University Clinical Hospital of Santiago de Compostela, CIBERONC, Santiago de Compostela,
Spain.

Abstract

In the recent few years, significant efforts have been undertaken for the development of different
immunotherapeutic approaches against cancer. In this context, immune checkpoint inhibitors
(ICIs), a novel class of immunotherapeutic drugs with the potential to unleash the immune system,
have emerged as authentic game-changers for managing patients with various cancers, including
gastrointestinal (GI) malignancies. Although the majority of Gl cancers are generally considered
poorly immunogenic, basic research findings and data from clinical trials have proven that
subset(s) of patients with various digestive tract cancers are highly responsive to ICl-based
therapy. In this context, a better understanding on the role of various DNA repair pathway
alterations, especially the evidence supporting the significant importance of DNA mismatch repair
(MMR) deficiencies and the efficacy of the antiprogrammed cell death 1 (PD-1) drugs, have led to
FDA approval of two anti-PD-1 antibodies (pembrolizumab and nivolumab) for the treatment of
patients with microsatellite instability. This review aims to provide a comprehensive and up-to-
date summary for the role of DNA MMR deficiency in cancer, and its importance in the
development of ICI therapy. In addition, we provide insights into the spectrum of various genetic
alterations underlying ICI resistance, together with the important influence that the tumor
microenvironment plays in mediating the therapeutic response to this new class of drugs. Finally,
we provide a comprehensive yet succinct glimpse into the most exciting pre-clinical discoveries
and ongoing clinical trials in the field, highlighting bench-to-beside translational impact of this
exciting area of research.

Corresponding author: Ajay Goel, PhD; Center for Gastrointestinal Research; Center for Translational Genomics and Oncology,
Baylor Scott & White Research Institute, Baylor University Medical Center, Dallas, Texas, 3410 Worth Street, Suite 610, Dallas, TX
75246, USA. Phone: 214-820-2603; FAX 214-818-9292; Ajay.Goel@BSWHealth.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of interest: The authors have no conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruiz-Bafiobre and Goel Page 2

Keywords
Gastrointestinal Cancers; DNA MMR; anti-PD-1; anti-CTLA-4; immune checkpoint inhibitors

Introduction

The enormous efforts undertaken to understand the interplay between cancer and immune
cells in recent years has resulted in the development of one of the most exciting generation
of drugs — the immune checkpoint inhibitors (ICls). Ironically, even though most
gastrointestinal (G1) cancers have historically been considered poorly immunogenic,! the
knowledge gained from different disciplines of basic science, together with the dramatic
development of massively parallel sequencing technologies has paved the path for the
successful and quite effective application of ICI treatment in several Gl malignancies.
Furthermore, neoplasms with a defective DNA damage repair system, a hallmark feature
frequently observed in a subset of GI cancers, are positioned to be the best candidates for
these kinds of therapies.?

In this review, we introduce basic concepts of DNA damage repair pathways and
comprehensively summarize the historical evolution and up-to-date pre-clinical and clinical
evidence in the development of ICI therapy in GI cancers.

DNA Mismatch Repair Pathway

Genomic instability and hyper-mutability are central hallmarks of cancer development.2 To
maintain genomic integrity and stability, eukaryotic cells possess a plethora of genes
encoding for proteins that coordinately function to repair different types of DNA damage
during cancer progression. At least six DNA repair pathways are involved in repairing
specific types of DNA damage:34 1) the DNA mismatch repair (MMR) pathway — repairs
inappropriate nucleotide insertions/deletions (INDELS) and single nucleotide mismatches; 2)
the base excision repair (BER) pathway — corrects single-strand breaks and homologous
recombination (HR); 3) the non-homologous end joining (NHEJ) pathways — repairs
double-strand breaks; 4) the nucleotide excision repair (NER) pathway — repairs DNA
adducts; 5) the Fanconi anemia (FA) pathway — fixes interstrand crosslinks; 6) the O5-
methylguanine DNA methyltransferase (MGMT) pathway — involved in repairing O6-
methylguanine adducts. However, in the context of this article, we will specifically focus on
the MMR pathway, and its clinical implications in the management of various Gl
malignancies.

The DNA MMR is an evolutionarily conserved pathway in which multiple protein
complexes function in a coordinated manner to repair DNA damage. To date, several,
functionally important, key MMR protein heterodimers have been described: MSH2 protein
forms a heterodimer with either MSH6 (MutSa) or MSH3 (MutSpB) and MLH1 pairing with
PMS2 (MutLa), MLH2 (MutLp) or MLH3 (MutLy) — all of which are responsible for
repairing single nucleotide or INDEL mismatches.> In addition, the proofreading activity
of DNA polymerase-e (POLE) or DNA polymerase-& (POLD), has also a prominent role in
the DNA MMR process.’
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Microsatellite Instability in Gastrointestinal Malignancies

Short tandem repeat DNA sequences (1-6 or more base pairs), also known as
microsatellites, are spread throughout the human genome. Due to their highly repetitive
nature, these sequences have a higher propensity for acquiring mutations — a process tightly
governed by an intact MMR system. Deficiency in DNA MMR activity results in a
hypermutator phenotype, termed microsatellite instability (MSI), often characterized by the
presence of single nucleotide substitutions or INDELS within these microsatellite repeats.’
The MMR deficiency resulting from germline mutations or epigenetic alterations (gene
inactivation by promoter methylation) in any of the MMR genes (MLH1, MSHZ2, MSH6,
and PMS2), as well as deletions in the EPCAM gene (which leads to constitutional
repression of MSHZ gene expression through promoter methylation) is the principle cause of
Lynch syndrome (LS) and its variants (Muir— Torre or Turcot’s syndromes).8 For the
development of LS cancer, according to the Knudson’s ‘two-hit model’,® somatic loss of
function of the remaining wild-type allele of the germline altered MMR gene is mandatory.®
Homozygous germline mutations in any of the four aforementioned MMR genes can cause a
constitutional MMR deficiency syndrome, which is one of the most aggressive, highly
penetrant childhood cancer predisposition syndromes. In addition, LS also can result from
mosaic germline MLH1 epimutations. In contrast, bi-allelic MLH1 promoter methylation is
primarily the key somatic event responsible for the loss of MLH1 expression in ~75-80% of
sporadic cancers with MS|.6:8

With the recent advent of immunotherapy during the last decade, tremendous efforts have
been made to understand the biological mechanisms responsible for the observed clinical
benefit in patients treated with 1C1s.10 It was not until after the first clinical evidence
suggested that patients with MSI-high (MSI-H) colorectal cancer (CRC) were more
responsive to programmed cell death 1 (PD-1) blockade,! the focus of the scientific
community shifted towards DNA MMR-deficient (IMMR) tumors. Large-scale genomic
studies have revealed that AIMMR cancers, together with those bearing defects in the
exonuclease domain of the catalytic subunits of the POLE or POLDI genes, represent a
hypermutator phenotype.12 A classical hallmark feature of the MSI-H CRCs is a prominent
lymphocytic infiltrate, which correlates with a higher neoantigen load (resulting from the
somatic mutations that produce more immunogenic peptides),13 as well as with a higher
expression of various immune checkpoint molecules [PD-1, programmed death-ligand 1
(PD-L1), cytotoxic T-lymphocyte antigen 4 (CTLA4), LAG-3, and 1D0O].14.15

In view of these interesting discoveries, there is a growing interest in gaining a better
understanding of the MSI landscape in different tumor types. Not surprisingly, nowadays,
evaluation of the MSI status, either through PCR-based assays or immunohistochemically,
has become a routine clinical practice for various cancers, particularly GI malignancies.®
With the emergence of the next-generation sequencing (NGS)-based technologies, others
have developed alternate computational methods to infer MSI using targeted, whole exome
or whole genome sequencing data (e.g., MSlsensor, mSINGS, and MANTIS).16-18 Table 1
presents the prevalence of MSI across different GI malignancies. The wide range in some of
the less-classically characterized tumors is a reflection of methodologic issues as well as
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variability in tumor stages and other epidemiologic factors among the cohorts analyzed.
6,19-34

ICI Development in Gastrointestinal Malignancies — The Current Landscape

Since the discovery of the T-cell activity inhibition by the CTLA-4 and PD-1 proteins,
several antibodies have been synthesized against these two receptors. With the premise of
unleashing the ‘brakes’ of immune system, the development of ipilimumab (anti-CTLA-4),
followed by nivolumab and pembrolizumab (anti-PD-1) marked a seminal milestone in the
treatment of cancer. Following the promising efficacy of these ICls in well-recognized,
highly immunogenic tumors, such as melanoma and non-small cell lung cancer (NSCLC),
over the past few years, several clinical trials have been launched to evaluate their efficacy in
other tumor types.3> Some of the exciting data from these trials have paved the path for the
accelerated approval by the US Food and Drug Administration (FDA) of ICI therapies in
various Gl malignancies (Fig. 1).

ICI Development in Microsatellite Unstable Malignancies

In an unprecedented move, in May 2017, the FDA granted pembrolizumab accelerated
approval as the first drug for a tumor site-agnostic indication. This recommendation was
based upon data reported from 149 patients with dAMMR/MSI-H cancers enrolled across five
uncontrolled, multiple cohort, multicenter, single-arm pembrolizumab-based clinical trials.3
Distribution of patients by tumor type and clinical efficacy are summarized in
Supplementary Table S1. The relatively moderate to high frequency of dIMMR/MSI-H
prevalence in various Gl malignancies (Table 1) emphasizes the potential magnitude of this
approval in this clinical scenario.

Colorectal cancer: In spite of pembrolizumab being the first anti-PD-1 drug approved by the
FDA for treatment of d(MMR/MSI-H metastatic CRC (mCRC),3 the earliest insights into
this paradigm were based on retrospective evaluation of the solitary CRC patient who
responded to nivolumab in the first-in-human clinical trial, which turned out to be MSI-H on
subsequent tumor analysis.1! In light of this finding, just within a matter for few months,
two phase 2 clinical trials were initiated to test this promising hypothesis.37:38 Following
evaluation of the results from the CheckMate-142 trial (Table 2), in July 2017, the FDA
approved nivolumab for the treatment of AIMMR/MSI-H mCRC patients, which otherwise
demonstrated disease progression on cytotoxic chemotherapies (fluoropyrimidine,
oxaliplatin, and irinotecan).3° More recently, in July 2018, almost a year later, the FDA has
now allowed the use of nivolumab plus ipilimumab for treatment of the same subset of
mMCRC patients, based upon the promising anti-cancer activity with a manageable toxicity
profile showed by this regimen in the combination therapy cohort of patients within the
CheckMate-142 trial (Table 2).40
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ICI Development in Gl Malignancies Independent of Microsatellite Instability

Status

Independent of the MSI status, the development of ICl-based therapies is also garnering a lot
of interest in other Gl malignancies. Based on early-phase clinical trials, ICIs development
is moving forward with anti-PD-1 drugs as realistic treatment options for patients previously
treated for recurrent, locally advanced or metastatic disease.

Hepatocellular carcinoma: In September 2017, nivolumab was also approved for the
treatment of HCC patients previously treated with sorafenib.3? This decision was based on
the results of a subgroup of 154 patients enrolled in the CheckMate-040 - a multicenter,
open-label phase 1/2 trial conducted in patients with HCC and Child—Pugh A cirrhosis who
had either disease progression or were intolerant to sorafenib (Table 2).41 Very recently, in
July 2018, FDA granted a Breakthrough Therapy Designation for the combination regimen
of atezolizumab (anti-PD-L1) and bevacizumab for the treatment of patients with advanced
or metastatic, treatment-naive HCC. This designation was based on the encouraging
preliminary results reported in a phase 1b trial assessing the safety and activity of this
regimen®2,

Gastric cancer: Preliminary evidence for the activity of nivolumab and pembrolizumab in
recurrent, locally advanced or metastatic gastric or gastroesophageal junction (GEJ) cancer
was reported in phase 1/2 CheckMate-032 and phase 1 KEYNOTE-012 trials, respectively.
These early encouraging findings were subsequently confirmed in phase 2 (KEYNOTE-059)
and phase 3 (ATTRACTION-2) clinical trials (Table 2). In view of the significant positive
clinical outcomes of the ATTRACTION-2 trial, which enrolled Asian patients previously
treated with at least two lines of chemotherapy, the use of nivolumab in this setting was
approved by the Japanese Ministry of Health, Labor and Welfare*3. Currently, similar trials
were underway in the Caucasian population, because insufficient data is yet available to its
approval by the US FDA and the European Medicines Agency.

Based upon the results from 143 PD-L1 positive patients enrolled in the KEYNOTE-059
trial (a multicenter, non-randomized, open-label, 3-cohort, phase 2 trial), where
pembrolizumab showed reasonable antitumor activity with a well-tolerated toxicity profile
(Table 2),** this ICI was approved by the FDA in September 2017 for the treatment of
patients with recurrent, locally advanced or metastatic gastric or GEJ (Siewert type 11/111),
PD-L1- positive adenocarcinomas with disease progression after at least two prior lines of
therapy.38 In spite of the negative results of the phase 3 KEYNOTE-061 trial, in which
pembrolizumab did not further improve survival as second-line therapy in the same tumor
subset of patients, this approval has not been revoked and multiple clinical trials continue to
interrogate its clinical application as a first-line treatment option or its use in neoadjuvant/
adjuvant settings.*°

Esophageal cancer: Encouraging activity of nivolumab and pembrolizumab in previously
treated, advanced or metastatic esophageal carcinoma or GEJ adenocarcinoma (Siewert type
I) has been demonstrated in independent phase 2 clinical trials (ONO-4538-07 and
KEYNOTE180; Table 2).4647 To confirm these findings in a randomized scenario, phase 3
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trials in patients who are either refractory or intolerant to standard chemotherapy are
currently underway.

Anal cancer: Likewise, following disease progression in patients treated with a 5-FU plus
platinum-based first-line therapeutic regimen, NCCN guidelines recommended the use of
antiPD-1 drugs (pembrolizumab and nivolumab) as a treatment option for metastatic disease.
48 This recommendation was based on the results of two clinical trials; a multi-cohort,
multicenter, single-arm, open-label, phase 1b trial for pembrolizumab (KEYNOTE-028) and
a single-arm, multicenter, phase 2 trial for nivolumab (NC19673; Table 2).

The results from various clinical trials described above clearly demonstrate that the clinical
use of ICI-based therapy is moving forward in full swing in various GI malignancies. While
several of these drugs have received an accelerated approval from the FDA for various tumor
types are solely based upon objective response rate or other surrogate endpoints in early-
phase trials, it is imperative that these early data are confirmed in randomized clinical trials
to truly authenticate these favorable findings.4°

ICI Predictive Biomarkers and Mechanisms of Resistance

ICI Predictive Biomarkers

Although quite encouraging, the results presented in the previous section highlight the need
for an improved patient selection for using ICl-based therapies. The bulk of clinical evidence
favoring the use of ICIs in MSI-H malignancies comes from mCRC patients where MSI-H
tumors have shown a significant response to anti-PD-1 drugs.37-38:40 |n other tumor types,
the evidence is primarily anecdotal and stems from retrospective analysis of a small number
of patients enrolled in nonrandomized clinical trials (Supplementary Table S1).36

However, as anticipated, the clinical strategy for the development of ICIs in GI malignancies
is not solely hinging upon the MSI status. For instance, in gastric cancer, in spite of FDA'’s
approval for its use based on PD-L1 positivity, the KEYNOTE-059 trial patient selection did
not rely on a specific biomarker. Intriguingly, the recent results from this clinical trial
demonstrated no significant differences in progression-free survival (PFS) according to PD-
L1 score, but showed a higher objective response rate (ORR) and duration of response
(DOR) in patients with a positive PD-L1 score.36:44 This debate about PD-L1 status as a
predictive biomarker for the use of ICI-based therapy has been ongoing for the past few
years, and has yielded inconsistent results depending on tumor histology, anti-PD-1/PD-L1
drug, and even the line of therapy. Its temporospatial heterogeneity, together with lack of
consensus on the technical issues and scoring systems, are potentially some of the factors
underlying this inconsistency.>0

With regards to gene expression-based predictive signatures for ICI, in the KEYNOTEO059
trial, a high 18-gene T-cell-inflamed gene expression profiling score was significantly
associated with a higher response rate and PFS.#4 The response predictive value of another
transcriptomic signature, the interferon-y (IFN-y)-related mRNA profile, has also been
validated in gastric cancer.%! Likewise, the innate anti-PD-1 resistance (IPRES) signature in
melanoma (with potential application in other cancers, such as CRC or pancreatic cancer)>2
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and the APOBEC3B expression in lung cancer,>3 together with the other consensus

molecular signatures developed in several Gl malignancies, could be useful tools for patient
selection.20.22,25,33,54-57

Several types of viral infections are associated with various Gl malignancies: Epstein— Barr
virus (EBV) with approximately 9% of gastric cancers, HPV with >90% of squamous cell
carcinomas of the anal canal, and hepatitis C or B virus with HCC.2258:59 Despite the fact
that exploratory analysis obtained from Gl cancers with viral-associations did not observe
any clear correlation between infection status and therapeutic benefit from anti-PD-1
therapy,4144.58.60-62 gne can speculate that epitopes derived from viral open reading frames
could potentially act as immunogenic neoantigens promoting T-cell tumor infiltration.13 In
line with these results, Kim et al®3 reported the response of all EBV positive metastatic
gastric cancer patients (6 out of 61) involved in a pembrolizumab phase 2 trial. Interestingly
and in the same cohort, they also evaluated the utility of ctDNA monitoring for therapy
efficacy prediction and reported promising positive results.

The immunogenicity of mutation-associated antigens is precisely the concept behind tumor
mutation load (TML) and neoantigen load as ICI-predictive biomarkers. By the years 2014
and 2015, the first evidence suggested the role of TML and neoantigen load as anti-CTLA4
and anti-PD-1 clinical benefit predictors in melanoma and NSCLC, respectively.4-%6 The
very same year, in addition to documenting for the very first time a higher sensitivity of
MSI-H tumors (mainly mCRC), in an exploratory analysis, Le et al.3’ revealed a significant
correlation between TML and tumor neoantigen load with PFS, and intratumoral CD8+ T
cell density with response. Several years later, a high TML also was evaluated as a predictive
biomarker for the nivolumab plus ipilimumab regimen in NSCLC.57:68 |n the GI
malignancies field, it is known that almost every different tumor type includes subtypes that,
because of their high TML and inflamed tumor microenvironment (TME), are good
candidates to try this kind of drugs.20:22:25.33,54-57 The |argest study published to date,
involving 14 types of Gl cancers, describes the highest average TML and the larger
prevalence of high TML cancers between right-sided CRC and small-bowel
adenocarcinomas (SBAS). As expected, high TML strongly correlated with MSI-H, which in
turn, associated with a higher PD-L1 expression. Between MSS tumors, squamous cell anal
and esophageal cancers presented the highest rate of high TML.2! Focusing specifically on
CRC, neoantigen load also is positively correlated with TILs, Crohn’s-1# like reaction, and
CD45R0O+ T cells (but not with other T-cell subtypes). Besides, there is an approximately
1.3% rate of CRC harboring POLE exonuclease domain mutations and even a small
percentage of POLE-mutated MSI-H tumors with high and extremely high TML,
respectively.%9 In 2015, Schumacher et al.13 postulated that neoantigen production is a
probabilistic and individual process, and despite the fact that higher TML increases the
likelihood of creating a pertinent neoantigen, it does not always happen. The opposite, by
chance, can occur between any of the low TML tumors. Besides, and regarding tumor
neoantigen load, it is important to note the higher influence of clonal neoantigens in
producing an effective antitumor immunity compared with subclonal neoantigens.’?

With the advent of these two closely related concepts (TML and tumor neoantigen load),
which has been possible thanks to the enormous development of NGS platforms and
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computational analytical methods, reaching a consensus to validate the different platforms
and algorithms (including cutoff to categorize both variables) in every single clinical context
is becoming a necessity.

ICI Resistance Mechanisms

The question whether MSI status is a robust predictor for the use of ICI therapy in Gl
malignancies begs further clarity. For instance, in the monotherapy (nivolumab) and
combination regimen (nivolumab plus ipilimumab) cohorts of the mCRC phase 2
CheckMate142, results showed a lack of disease control in 30% and 20% of patients
respectively, even though they were selected based upon a positive predictive biomarker
(dMMR/MSI-H).0 The mechanisms underlying this lack of efficacy remain unclear;
however, several potential explanations might be viable. Recently, Grasso et al.59 reported
the results of a large-scale genomic analysis (TCGA, NHS, and HPFS cohorts) comprising
of 1,211 primary CRC tumor specimens. Mutations in genes involved in relevant immune
modulatory pathways, but also in the neoantigen-presentation machinery (mainly B2M and
HLA genes), showed a significant correlation with MSI-H. Along with JAK1/2 and IFN-y-
receptor 1 mutations, similar alterations have been observed in melanoma, NSCLC, and
CRC and deemed to be as genetic drivers of primary or acquired resistance to ICI therapy,
reflecting their role as a mechanism of adaptive resistance against T-cell tumor infiltration.
14,69.71-73 On the other hand, in both MSS and MSI-H tumors, an active WNT/B-catenin
signaling was inversely associated with tumor T-cell infiltration, providing evidence of the
existence of an anti-immune response mechanism beyond the MSI profile.89 Lastly, and also
with potential applicability to different GI cancers, there is evidence from the metastatic
melanoma setting regarding the association between PTEN loss and PI3K-AKT pathway
activation and the resistance to anti-PD-1 therapy.’4

Gut Microbiome, Host Factors, and Clinical Benefit

The latest evidence suggests that in addition to molecular alterations and TME, host factors
exert their own significant influence on the clinical success of the immune checkpoint
blockade. During the past few years, the gut microbiome, with a recognized role in driving
inflammation and modulating the intestinal immune system during CRC pathogenesis,’® has
emerged as an important mediator associated with responsiveness to ICI therapy. Following
the initial evidence in preclinical animal models for the key role in mediating anti-CTLA-4
and anti-PD-L1 tumor responses,’®77 the importance of certain intestinal commensals has
been subsequently substantiated in humans. In metastatic melanoma, a high diversity of the
gut microbiome and abundance of Faecalibacterium were associated with an increased
likelihood of response and prolonged PFS with anti-PD-1 therapy.’8 A similar association
was described with the abundance of Akkermansia muciniphilain NSCLC and renal cell
carcinoma.”® This positive effect seems to manifest through a systemic and tumoral
modulation of the immune system driven by a favorable gut microbiome. Besides, fecal
microbiota transplantation has shown promising data in mice, opening up a new horizon to
obviate primary resistance to ICls through manipulation of the intestinal microbiome.”8.79
Highlighting the relevance of host germline genetics, the HLA class | diversity has been
associated with a better overall survival in melanoma and NSCLC patients treated with anti-
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PD-1/PD-L1 and/or anti-CTLA-4.80 Finally, a strong association was found between a
higher pre-anti-PD-1 therapy percentage of classical monocytes and improved survival in
melanoma patients, establishing a promising minimally invasive biomarker to treatment
selection.81

In view of the complexity of interplay between the immune system and cancer, considering
only a single biomarker for selecting an immunotherapeutic strategy seems insufficient82.
Following the ‘cancer immunogram’ approach, and considering the huge amount of data
described previously, the integration of all factors involved in the success of immune
checkpoint blockade using artificial intelligence algorithms will be a needed in near future

(Fig. 2).

From Bench to Bedside and Back Again

Understanding the mechanism(s) of immune evasion and resistance to ICls are of paramount
significance as we move forward with the development of immunotherapeutic approaches.
Currently, ongoing trials are exploring a variety of treatment regimens by combining ICls
with chemotherapeutic agents, targeted therapies, epigenetic modulators, and even other
immunomodulatory drugs (Supplementary Table S2). Furthermore, coordinated efforts are
underway for evaluating bench-based discoveries into various clinical settings. A fascinating
example in this regard would be the recognition that increased levels of the transforming
growth factor-g (TGF-B) within the TME of MSS CRCs represent a primary mechanism of
immune evasion, which can be circumvented by blocking TGF-B signaling. This hypothesis
is supported by the findings that combined therapy with galunisertib (a potent TGF-$
receptor I inhibitor) and an anti-PD-L1 drug resulted in significant tumor regression in mice,
through activation of tumor immune response.83 On similar lines, another group reported in
a large cohort of metastatic urothelial cancer patients treated with atezolizumab, a lack of
response in those patients with an immune excluded TME with a high pan-fibroblast TGF-$
response signature (F-TBRS).84 Furthermore, it was recently demonstrated that inactivation
of the MMR system in CRC cells, either by genomic editing or through pharmacological
manipulations, resulted in improved immune surveillance and enabled tumor regression.8°
Such effects were even more pronounced when restricted to a clonal population, providing
an opportunity to evaluate this strategy individually, or in combination with IClIs in the
adjuvant setting.

Similarly, in mouse pancreatic cancer models, the blockade of FAK, as well as dual
inhibition with an anti-PD-1 antibody, led to tumor size reduction and prolonged survival in
mice through modulation of the TME.86 In a similar tumor model, dual blockade of 1L-6 and
PDL1 elicited a significantly superior tumor regression compared to inhibition with each of
the molecules separately.8 Lastly, mouse ovarian cancer models demonstrated that the
ARID1A deficiency compromises MMR, promoting additional mutation burden, and hence
potentiating the antitumor immunity, which subsequently can be unleashed by an anti-PD-
L1 drug.88 These findings could have a potential application to several GI malignancies with
known inactivating mutations in ARID1A (HCC, CRC, esophageal and pancreatic
adenocarcinomas, SBA, ampullary carcinoma, and cholangiocarcinoma).14:20.25.33,57,89-91
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Using development of ICI therapy in dMMR tumors as a role model, and following the
bench-to-bedside-and-back again philosophy, the preclinical and translational results
described above, represent important first steps for the exploration of promising and
innovative approaches in the near future.

Conclusions

The significant advances made with the use of ICls in a relatively short duration are
unquestionably unprecedented. Nonetheless, the benefit derived from these regimens is only
to a small proportion of patients with GI malignancies. Despite the fact that MMR-
deficiency is clearly associated with clinical benefit in a bunch of cases, the molecular
mechanisms underlying therapeutic response and resistance to ICIs remain unclear in the
majority of cases. Although analysis of well-annotated tumor specimens is key to gaining
insights into the clinical efficacy of ICls, an effective translation of preclinical discoveries to
early clinical phases, appropriate biomarker development and standardization processes are
essential in appropriate selection of candidates for ICI therapies. However, the future seems
bright- and the combination of the latest ICIs along with classical and emerging therapeutic
strategies, in conjunction with the adoptive T-cell therapies, augurs frenetic and encouraging
discoveries on the horizon in this chess game against cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(ATTRACTION-2, phase 3)

Timeline of MSI-related discoveries and immune checkpoint inhibitors clinical development
and regulatory approvals in different gastrointestinal cancers. 3FDA accelerated approval.
bjapanese Ministry of Health, Labor and Welfare approval. Abbreviations: MSl,
microsatellite instability; MSI-H, MSI-high; CR, complete response; mSCCA, metastatic or
locally advanced unresectable squamous cell carcinoma of the anal canal; mEC, metastatic
or locally advanced unresectable esophageal carcinoma; dMMR, DNA mismatch repair
deficient; mMCRC, metastatic or locally advanced unresectable colorectal cancer; aHCC,
advanced hepatocellular carcinoma; mGC, metastatic or locally advanced unresectable
gastric cancer; mGEJc, metastatic or locally advanced unresectable gastro-esophageal

junction cancer.

Color-coded boxes: Yellow: basic and translational milestones. Red: clinical milestones

achieved with nivolumab. Blue: clinical milestones achieved with nivolumab plus

ipilimumab. Green: clinical milestones achieved with pembrolizumab.
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This illustration provides a schematic and general overview of the different and most
relevant mechanisms correlated with the efficacy of immune checkpoint inhibitors (ICls). (a)
There are three possible types of tumor microenvironment (TME) based on the presence of
immune cells and their interplay with tumor cells: immune desert TME (characterized by the
immunologic ignorance of tumor cells), immune excluded TME (characterized by the
presence of immune cells in the tumor margin, due to the effect, among others, of TGF-p
secreted by cancer-associated fibroblasts) and inflamed TME (characterized by the T-cell
exhaustion in the context of immunosuppressive conditions). Expression of programmed
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death-ligand 1 (PD-L1) on the surface of tumor cells can be either constitutive by oncogenic
activation (innate immune resistance) or induced by surrounding immune cells (adaptive
immune resistance). Blockade of the programmed cell death 1 (PD-1)/PD-L1 interaction
reverses T cell exhaustion and enables tumor cell killing. (b) Lymph nodes are where
antigen-presenting cells, such as dendritic cells, participate in the priming and activation of
naive or resting T cells. Cytotoxic Tlymphocyte antigen 4 (CTLA-4) expression is induced
in the T cell surface at the time of the initial response to the tumor antigen (presented by the
MHC I1) to downregulate the response amplitude. CTLA-4 blockade interrupts its
interaction with CD80 or CD86, avoiding attenuation of T cell stimulation. (¢) The influence
of different commensal bacteria of the intestinal microbiome (Faecalibacterium spp., A.
muciniphilia, E. hirae, Bacteroides spp., and Bifidobacteria spp.) together with (d) several
host factors, such as the percentage of classical monocytes or diversity in the HLA class |
molecules, have been recently associated with ICI therapy outcomes. (e) Besides the multi-
omic tumor profiling, which permits static evaluation of different molecular features
associated with the efficacy of ICI, liquid biopsies can be considered a complement that
offers spatial and temporal dynamic information. Integration of all these aspects using
artificial intelligence algorithms, together with meticulous evaluation by a tumor board, and
always considering patient’s desires, will help in the therapeutic decisionmaking process.
Abbreviations: CMS, consensus molecular subtype; CRC, colorectal cancer; TML, tumor
mutation load; TNL, tumor neoantigen load; MSI, microsatellite instability; IPRES, innate
anti-PD-1 resistance; F-TBRS, pan-fibroblast TGF-f response signature.
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Table 1.

Prevalence of MSI in various gastrointestinal cancers

Tumor type dMMR/MSI-H (%)
Esophageal carcinomal®-2! | 0-7
GEJ adenocarcinoma?! ~4
Gastric cancer?-23 7-22
SBA2L.2425 5-35
CRC623 157
Anal cancer?! 0
HCC21.23.26 1.5-16
Pancreatic cancer?3:27-29 0-17
Biliary tract cancers?! ~2
Cholangiocarcinoma3® ~12.5
Gallbladder carcinoma®-%2 | o_go?
Ampullary carcinoma?33 | 6-10

a~2.5% by germline mutations and ~12.5% by somatic DNA alterations (~75% by MLH1 promoter methylation).ﬁv23

b Lo A .
In anomalous pancreaticobiliary ductal junction patients: up to 80%.34

Page 19

Abbreviations: GEJ, gastroesophageal junction; SBA, small-bowel adenocarcinoma; CRC, colorectal cancer; HCC, hepatocellular carcinoma.
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