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1. ABSTRACT

Hypermutation induced by inactivation of mismatch repair (MMR) leads to increased
neoantigen formation and immune surveillance in colorectal cancer (CRC) and in
several other malignancies. Interestingly, commonly used cytotoxic agents present a
known mutagenic potential, and exposure to chemotherapy has been associated to an
increased tolerance to DNA damage. We investigated the impact of rationally designed
combinations of chemotherapeutics on the generation of hypermutation and
immunogenicity in otherwise immune refractory MMR-proficient CRC. We found that
combinatorial treatment with cisplatin (CDDP) and temozolomide (TMZ) induces
clonal and subclonal hypermutability resulting in an increase in predicted neoantigens.
This combination specifically alters the immune fitness of the tumors and ultimately
leads to immunoediting of chemotherapy-induced neoantigens and CD8+ T cell-
mediated tumor rejections. Treatment-induced hypermutation and immune surveillance
were also confirmed in a model of immune-refractory breast cancer.

By following the fate of treatment-induced mutations in the CRC model, we discovered
that the neoantigens undergoing active immune deletion derive from mutations that are
etiologically linked to chemotherapy treatment. Importantly, mice that had successfully
rejected cells treated with CDDP-TMZ are vaccinated against their untreated
counterpart. The same effect is not observed when priming is performed using the
clinically approved combination of 5-flourouracil, oxaliplatin and irinotecan
(FOLFOXIRI). Treatment with CDDP, TMZ, and anti-PD1 induces long lasting
responses and complete rejections. Altogether, these results indicate that rational
combinations of chemotherapeutic agents can promote immune surveillance through

the induction of immunologically-relevant mutations.



2. INTRODUCTION

2.1 Immune surveillance in cancer

The interaction between cancer cells and immune system is a constant event during
carcinogenesis, and the capability of the immune system to recognize and destroy
clones of transformed cells before they grow into tumors or to kill tumors after they are
formed is defined immune surveillance'~.

The interplay with the immune system impacts in various ways with the growth of the
tumors and sculpts the antigenic features of cancers through the process of
immunoediting®. During this process, the recognition of tumor cells by the immune
system leads to the elimination of the more immunogenic cancer subclones, that can
either result in complete cancer eradication or in adaptive evolution of cancer cells to
neutralize and counteract immune-mediated killing and eventually escape from immune
surveillance®. Indeed, the evasion from the immune surveillance constitutes a well-
recognized hallmark of cancer*>.

The pivotal breakthrough in immunotherapy came from recognizing that cancer cells
are able to hijack physiological mechanisms to suppress excessive immune responses®
8. Some of these mechanisms, known as immune checkpoints, constitute a group of
inhibitory pathways hardwired into the immune system that are crucial for maintaining
self-tolerance and modulating the duration and amplitude of physiological immune
responses in peripheral tissues in order to minimize collateral tissue damage® (Figure
1).

The understanding of these key mechanisms paved the way to the development of a
new class of drugs, defined as immune checkpoint inhibitors (ICls), able to unleash the
activity of the immune cells against the tumor®. Among the checkpoints that are most
commonly targeted, the two most relevant are Cytotoxic T-lymphocyte antigen 4

(CTLA-4), Programmed Death 1 (PD-1) and its ligand (PD-L1) °.
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Figure 1: Immune checkpoints regulate different components in the evolution of an immune response. a: The
cytotoxic T-lymphocyte-associated antigen 4 (CTLA4)-mediated immune checkpoint is induced in T cells at the time
of their initial response to antigen. The level of CTLA4 induction depends on the amplitude of the initial T cell
receptor (TCR)-mediated signalling. High-affinity ligands induce higher levels of CTLA4, which dampens the
amplitude of the initial response. The key to the regulation of T cell activation levels by the CD28—CTLA4 system is
the timing of surface expression. Naive and memory T cells express high levels of cell surface CD28 but do not express
CTLA4 on their surface. Instead, CTLA4 is sequestered in intracellular vesicles. After the TCR is triggered by antigen
encounter, CTLA4 is transported to the cell surface. The stronger the stimulation through the TCR (and CD28), the
greater the amount of CTLA4 that is deposited on the T cell surface. Therefore, CTLA4 functions as a signal dampener
to maintain a consistent level of T cell activation in the face of widely varying concentrations and affinities of ligand
for the TCR. b: By contrast, the major role of the programmed cell death protein 1 (PD1) pathway is not at the initial
T cell activation stage but rather to regulate inflammatory responses in tissues by effector T cells recognizing
antigen in peripheral tissues. Activated T cells upregulate PD1 and continue to express it in tissues. Inflammatory
signals in the tissues induce the expression of PD1 ligands, which downregulate the activity of T cells and thus limit
collateral tissue damage in response to a microorganism infection in that tissue. The best characterized signal for
PD1 ligand 1 (PDL1; also known as B7-H1) induction is interferon-y (IFNy), which is predominantly produced by T
helper 1 (TH1) cells, although many of the signals have not yet been defined completely. Excessive induction of PD1
on T cells in the setting of chronic antigen exposure can induce an exhausted or anergic state in T cells. MHC, major
histocompatibility complex. Adapted from: Pardoll D.M., Nature Reviews Cancer, 2012.

In the last 15 years, immunotherapy with ICIs has revolutionized oncology, largely
extending the hopes of long-term survival -and perhaps cure- in several advanced
cancer types including melanoma, renal cell carcinoma (RCC) and non-small cell lung
cancer (NSCLC)!. Despite the clinical success of immunotherapy across different
cancers and in up to 15% of all cancer patients, we still lack universal biomarkers that
are predictive of response, despite both the tumor mutation load and the presence of
tumor infiltrating lymphocytes have been largely correlated with responses 12,

Finding new strategies to increase the number of cancers that are susceptible to
immunotherapy constitutes an active area of investigation. Such endeavor requires a

deeper understanding of the mechanisms regulating the interaction between tumor and

immune system.



2.1.1 Determinants of cancer immune recognition
In order for the immune system to activate against tumors, some specific requirements

must be fulfilled'®>!'*. These requirements include both tumor-specific and host
features'>. Among the tumor-specific determinants we have antigenicity and
adjuvanticity. The former refers to the presence of antigens that can be recognized by a
circulating naive T cell clone on cancer cells. The most relevant sources of antigenicity
include active or latent viral infections'®, somatic mutations generating cancer specific
neoantigens!’, re-expression of genes product that are normally silenced at the end of
the embryological development (so-called “oncofetal antigens”) '8, and the aberrant
expression of peptides cryptically encoded by non-coding RNAs™.

Adjuvanticity refers to the delivery of danger signals from malignant cells to antigen-
presenting cells. These signals are physiologically involved in the recognition of
exogenous microbes (microbe-associated molecular patterns, MAMPs) or endogenous
damage (damage-associated molecular patterns, DAMPs)*. DAMPs encompass
changes in the surface and microenvironment of cells responding to stress that reflect
either the secretion of danger signals, typically type I interferon (IFN), or the release of
increased intracellular components in the microenvironment upon cell death, such as
ATP?!. Both MAMPs and DAMPs signal through the so-called pattern recognition
receptors (PRRs), thus favoring the activation of antigen-presenting cells and,
ultimately, their aibility to prime adaptive immune responses against tumor-specific
antigens?2.

With regards to the host determinants of immune activation, the overall proficiency of
the immune system to react to potentially dangerous stimuli (reactogenicity) must be
considered. This feature does not correspond to a single mechanism and results from
the balance of various tissue and secreted factors, regulating the relative abundance of
reactive effector cells over immune suppressor cells>*?*, Notably, host determinants of
immune activation are not independent from tumor-specific ones, and need to be

considered in a continuum?*.

2.1.2 The effect of cytotoxic treatment on cancer immunogenicity
A vast number of conventional chemotherapeutics have been shown to boost tumor

immunogenicity through their impact on tumor-specific or host determinants of

Immune activation.



The most investigated immunogenic mechanisms elicited by chemotherapy on cancer
cells involve an increase of adjuvanticity?®. In particular, the exposure to cytotoxic
agents can activate adaptive responses in malignant cells as part of the integrated stress
response (ISR)?. For instance, the aberrant accumulation of nucleic acids in the cytosol
as a consequence of chemotherapy-induced DNA damage can stimulate innate immune
signalling via cyclic GMP-AMP synthase (cGAS), Toll-like receptor 9 (TLRY) or
TLR3, ultimately resulting in the production of type I IFN 272, Additionally,
endoplasmic reticulum stress promotes the translocation of molecular chaperones like
calreticulin and heat shock proteins to the cell surface, which serve as “eat-me” signals
for antigen-presenting cells, thus facilitating tumor cell phagocytosis and cross-priming
of T cells®. Eventually, cellular stress can precipitate in immunogenic cell death (ICD),
that characterizes a form of regulated cell death that enables the initiation of adaptive
immunity3’. During ICD, dying cancer cells secrete ATP and release an abundance of
cytoplasmic or nuclear proteins into the microenvironment, including annexin Al
(ANXAT) and high mobility group box 1 (HMGBJ1), that are considered markers of this
process?!0, Altoghether, ATP, ANXA1 and HMGBI constitute DAMPs and promote
cross-presentation of tumour antigens to CD8+ cytotoxic T lymphocytes (CTLs) by
dendritic cells (DC) in the context of an immunostimulatory milieu?!.

Several commonly used chemotherapeutics, such as oxaliplatin or doxorubicin, display
a strong induction of ICD and their anticancer activity is hampered when used in
immunodeficient mice'>. However, the ICD inducing potency of other commonly used
cytotoxics such as 5-fluorouracil or cisplatin is more debated, though several reports
have correlated their activity with immune modulation'®.

While the stimulation of adjuvanticity by chemotherapeutics has been investigated
experimentally and clinically®?, much less information is available on the ability of
conventional chemotherapies to increase the antigenicity of cancer cells. However, it
has been observed that chemotherapy can increase MHC class I molecules and antigen
presentation, as well as induce quantitative and qualitative changes in the
immunopeptidome of cancer cells**. Additionally, it is plausible that the mutagenic
effect of cytotoxic agents induces changes in DNA sequence, potentially leading to the

34,35

generation of potent neoantigens’*->, even if the clonal fraction of cells carrying the

resulting neoantigens may be too low to provide an immunogenic impact3®7,
Interestingly, another mechanism through which cytotoxic agents may increase

antigenicity is the adaptive dysregulation of DNA repair mechanisms. In particular, we



and others have shown that cancer cells acquire resistance to the alkylating agent
temozolomide by inactivating mismatch repair (MMR) genes, potentially fostering
hypermutation and neoantigen load *-°. This concept has been already tested in the
clinical setting, providing preliminary evidence of efficacy (see following sections)**4!,
Notably, other drugs, such as cisplatin, could induce a similar adaptation in malignant
cells and impair MMR function, thus increasing antigenicity****. Another way that
cytotoxic therapy could increase antigenicity is by the so-called antigen spreading, the
process whereby antigenic epitopes distinct from the immunity-initiating epitope
become major targets of an ongoing immune response®.

On the other hand, multiple reports indicate a direct effect of chemotherapeutics on the
immune compartment of the host. Importantly, while immunosuppressive effects tend
to predominate when chemotherapy is delivered at doses close to the maximum
tolerated dose (MTD) owing to cytotoxic effects on immune cells and bone marrow, the
doses mostly used in clinical practice are not likely to be immunosuppressive?®+’,
Multiple mechanisms of stimulation of the immune cell subsets against cancer cells
have been associated to chemotherapy: the depletion of immunosuppressive cells such
as FOXP3+ regulatory T (Treg), myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages***’; the activation of immune effector cells, including DCs and
CD8+ cytotoxic T lymphocytes (CTLs)*. Multiple chemotherapeutic agents, including
5-fluorouracil®!, docetaxel>? and cisplatin®® have been shown to promote anticancer
immune cell polarization independently from their effects on malignant cells, even if a
definitive involvement of such mechanisms in their clinical efficacy remains to be
clarified.

The array of immunostimulatory activities of chemotherapeutics is outlined in Figure

2.
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2.2 The immunogenomic landscape of colorectal cancer
Colorectal cancer (CRC) is the third most common cancer in both women and men and

the third leading cause of cancer-related death in Western countries 4. Despite the
advent of targeted therapy, 5-fluorouracil-based cytotoxic chemotherapy combined
with oxaliplatin and/or irinotecan still represents the backbone for treating most
metastatic CRC (mCRC) cases *. Notably, chemotherapy =+ targeted therapy is hardly
ever curative in this setting, and the 5-year survival rate is a dim 11-14% in stage IV
CRC (mCRC)*. More recently, immune checkpoint inhibitors such as PD-1/PD-L1 and
CTLA-4 blocking antibodies have demonstrated striking efficacy in the molecular
subgroups of CRC characterized by either deficient mismatch repair (IMMR) or
inactivating mutations in the proofreading domain of polymerase Epsilon (POLE), and
are now included in clinical practice guidelines for the treatment of advanced dAMMR
CRC 3660 Unfortunately, dIMMR CRCs are few and collectively represent only 4-5%
of mCRC 3°, Conversely, the majority of mCRCs (>95%) are characterized by MMR
proficiency (pMMR) and do not benefit from immunotherapy. This clinically relevant
distinction reflects the profound genomic and immunological differences between
colorectal cancer with a proficient or a deficient activity of the mismatch DNA repair

system.
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2.2.1 Microsatellite stable and instable colorectal cancer as distinct genomic
entities

Mismatch repair is a multicomplex protein system that is required for the detection and
replacement of single-nucleotide mismatches, in addition to large and small deletions
that escape proofreading during replication!. Genetic and epigenetic alterations in
MMR genes characterize early events in colorectal carcinogenesis, and influence
massively the subsequent genomic evolution of cancer®. For this reason, CRCs can be
classified into two distinct molecular subgroups: a) the ones with a proficient MMR
system (pMMR), in which chromosomal instability is the main driver of genomic
instability, and b) the ones with a deficient MMR system (AMMR), in which karyotypic
aberrations are not common and the impairment of the MMR machinery fuels genomic
instability ¢!. At the genomic level, IMMR tumors are characterized by microsatellite
instability (MSI), a condition in which the length of the microsatellite regions changes
frequently during cell division. Moreover, AMMR tumors tend to accumulate many
frameshifts (FSs) and single-nucleotide variants (SNVs) and are thus characterized by
a high mutational burden -3, On the other hand, pMMR tumors maintain a constant
length of microsatellites and are thus defined as microsatellite stable tumurs (MSS).
MSS tumors represent the vast majority of CRCs, whereas MSI account for
approximately 15-20% of cases in early stages (I-IIT) and only 5% in stage IV%%%4, This
differential distribution across stages suggests a more difficult progression of dAMMR
CRC:s to the advanced stage, establishing AIMMR/MSI status as a positive prognostic
factor in local disease %°-¢7. Beside this prognostic role, MSI tumors display peculiar
clinical and pathological features with respect to MSS tumors. Indeed, MSI CRCs are
more common in elderly patients, more frequently located in the right colon, are more
often poorly differentiated, and often present mucinous features and an abundant
immune infiltrate®®. The majority of dAMMR/MSI CRCs are the result of somatic
mutations in MMR genes or the epigenetic downregulation of MutL Homolog1 (MLH1)
expression °. However, as many as 3% of all CRCs (about 28% of dMMR/MSI CRCs)
occur within the context of Lynch syndrome (LS), also known as hereditary
nonpolyposis colorectal cancer (HNPCC) %70, LS is a hereditary cancer syndrome
characterized by heterozygous germline mutations in MLH1, MutS protein homologue
2 (MSH2), MutS protein homologue 6 (MSH6) or PMS1 Homologue 2 (PMS2) 7°.

On the genomic level, MSI cancers are characterized by hypermutation and by peculiar

mutational scars®®. Indeed, the enrichment of specific nucleotide changes (C > T and T
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> (), double base substitution and small insertion deletion were clearly associated with
dMMR tumors, allowing the identification of specific single base substitution (SBS)
signatures, namely SBS6, SBS15, SBS21, SBS26%. Importantly, dMMR-dependent
hypermutation is genomically distinguished from other causes of hypermutation (e.g.,
POLE or POLDI mutant tumors), as the mutational contexts affected are distinct 47!~
73, With regards to the mutational spectrum, MSI CRCs are significantly enriched in
BRAF mutations with respect to MSS CRCs (34% vs. 6% of cases), while the incidence

of APC and p53 alterations is higher in MSS than in MSI tumors’7.

2.2.2 Immunological features of colorectal cancer

The contribution of the immune compartment in the evolution of CRC is well known,
and the localization and phenotype of T-Cytotoxic, type 1 T-helper (Thl), and T-
memory infiltrating cells strongly affect survival of patients’®. In particular, both the
presence of a Th1 immune response and the enrichment of cytotoxic T cells in the tumor
microenvironment correlate with a significant reduction of tumor recurrence and an
improved overall survival’®, The independent prognostic role of the immune repertoire
in CRC was first presented by Galon and colleagues, who -elaborated the
“immunoscore” as a classification system based on the number and localization of
CD3+ and CD8+ T cell subpopulations in the tumor microenvironment, independently
from MMR status’®7”. Of note, in stage I-IIT colorectal cancer, a high immunoscore is
associated with a lower risk of relapse independently from MMR status’®” .
Nevertheless, the most striking difference between MSS and MSI cancers relies of their
immunological features, and a conspicuous lymphocyte infiltrate is frequently
associated with MSI status in CRC*, suggesting that the better prognosis of these
tumors is related to their high immune infiltration 7°. Since the 1990s, numerous reports
highlighted the presence of a robust T cell infiltration in MST CRC tumors®®#1-83, Gene
expression profiles of MSS and MSI tumors revealed an inflamed environment in MSI
CRC tumors characterized by a prominent infiltration of M1 macrophages, CD8+ T
cells, CD4+ cells, and natural killer (NK) cells, and an augmented expression of INF-y
in MSI specimens, supporting an active Thl anti-tumoral response associated with
MMR deficiency®#4. Similar biological findings derive from the transcriptomic
classification of colorectal tumors in consensus molecular sub-subtypes (CMSs), in
which the CMS| is enriched for MSI tumors and markers of immune activation®. In

particular, CMS1 includes tumors harbouring high tumor mutational burden and
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increased neoantigen load, immune cell infiltration (T cell, CD68+ macrophages), high
levels of chemokines, but also high expression of immune checkpoint inhibitors®¢-47,
Among the mechanisms that could underlie the inflamed immune environment of MSI
tumors, neoantigens’ role is thought to be central, as MSI CRCs generate 10-50 times
more tumor-specific antigens than MSS tumors 41838 The functional impairment of
MMR machinery leads to hypermutation in the form of single nucleotide variants
(SNVs) and insertions/deletions (indels) events that contribute to the mutational
landscape of AMMR tumors®. SNVs are individual nucleotide alterations that include
synonymous changes (that do not affect the aminoacidic sequence of the protein) and
non-synonymous changes (that alter the protein sequence). Non-synonymous changes
include non-sense and missense mutations that can lead to a different amino acidic
sequence compared to the wild-type protein in case the mutations take place in a coding
gene. These types of mutations are easy to identify using next-generation sequencing
(NGS) technology. Conversely, small insertions and deletions generate frameshifts
(FS), which are more challenging to detect”. These genetic alterations can generate
new antigens (neoantigens) and may activate an immune response against cancer cells.
Neoantigens are presented by both MHC class I and II, triggering the activation of
cytotoxic CD8+ T cells (class I mediated) and the helper capacity of CD4+ T cells (class
II mediated) °!. Advanced bioinformatic tools can be used to identify and predict
immune activating neoantigens derived from SNVs and indels by first detecting
mutations or frameshifts in a specific genomic sequence followed by in silico HLA-
binding predictions®* 4. The relationship between MMR activity and the onset of
immunogenic mutations has been investigated in the past by several research groups,
including ours**>¢, In particular, our group demonstrated that genetic inactivation of
MLH]I in pre-clinical models led to the dynamic accumulation of mutations able to
trigger a robust CD8+ T-cell-dependent immune response®®. Additional studies have
underlined the importance of neoantigens in triggering T cell infiltration and in
positively affecting the response to immunotherapy in several tumor types’’°. The
correlation between the number of mutations and the response to ICIs reflects the
concept of the “winning neoantigens”, deriving from early clinical observations in
melanoma patients!%19! As a matter of fact, tumor mutational burden (TMB) has been
adopted in 2020 by FDA as an agnostic biomarker for access to anti-PD1 treatment,
even if retrospective analyses show that not all sources of hypermutation induce the

same sensitivity to ICIs as dMMR 192103 Tn addition to the number of mutations that
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impact on the likelihood of having immunogenic neoantigens, another key aspect to
consider is the quality of the mutations and the derived neoantigens!'®. Specifically,
even if a single immunogenic antigen can trigger an immune response, it’s been
evidenced that the number of putative neoantigens per alterations is higher if they arise
from frameshifts!®. Moreover, the clonal distribution of neoantigens has been shown
to play an important role in immune surveillance!®®. McGranahan and colleagues have
correlated the clonality of neoantigens with the response to immunotherapy in both non-
small cell lung cancer (NSCLC) and melanoma!?’. In particular, they have found that,
even in presence of a high mutational burden, the absence of clonal neoantigens is
associated to a poor response to ICI therapy. A similar pattern was identified in samples
derived from dMMR CRCs that have been treated with anti-PD1, in which the presence
of clonal immunogenic mutations and clonally expanded T cells positively correlate
with the response to the treatment %%,

While neoantigens constitute crucial contributors to the effectiveness of immune
surveillance in dMMR cancers, recent publications have also pinpointed the
contribution of other players to the immune response in MSI tumors. For instance,
interferon responses may stimulate immune surveillance in MSI tumors by increasing
tumor adjuvanticity!®!1°. In particular, the cGAS-STING (cyclic GMP-AMP
synthase—stimulator of interferon gene) pathway connects the recognition of cytosolic
double strand DNA (dsDNA) to the activation of an inflammatory response!!!.
Particularly, cGAS expression by tumor cells triggers c-GAMP, which is translocated
and activates STING and interferon- production in myeloid and B cells!!%!13, The
activation of cGAS, STING, and interferon regulatory factor 3 (IRF3) is tumor-DNA-
dependent and contributes to dendritic cell activation!'*. The cGAS-STING pathway
has been suggested to directly participate in T-cell activation by MMR deficient
tumors!!?. Specifically, in CRC and breast cancer models with defects in MMR,
cytosolic DNA is accumulated and triggers a CD8+ T cell response!!°.

On the other hand, the immunological background behind the unresponsiveness of
pMMR CRCs to ICB is characterized by a paucity of immune cells 3. Interestingly,
seminal observations highlighted that MSS CRCs contain potentially relevant clonal
neoantigens, but these are broadly expressed at lower levels than in MMR-deficient
cancer, thus affecting productive cross-priming and ultimately driving T cell

dysfunction!’>.
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Recently, it has been shown that some CRCs are characterized by a heterogeneity of the
MMR status, which can be pharmacologically modulated in order to enrich for the more
immunogenic dMMR component and boost immune surveillance!!®.

Overall, the immunogenic features of CRC favor an effective immune control in the
small minority of dIMMR/MSI tumors, defined as immunologically “Aot” and immune
activated, as opposed to pMMR/MSS tumors that are immunologically “cold” and less

infiltrated by immune cells 3¢ (Figure 3).

dMMR CRC Figure 3. Immunological features of
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2.2.3 Treatment with ICIs in CRC

As previously shown, MSI CRCs are greatly sensitive to immunotherapy, while MSS
CRCs are largely resistant to immune checkpoint inhibitors (ICIs). Interestingly, the
correlation between dMMR and immune activation was not systematically considered
until a decade ago, despite the long-known abundance of lymphocyte infiltration in
dMMR/MSI CRC!'!'""11%_ The initial causative association between dMMR status and
immunogenicity stems from a series of observations that were rightfully connected: the
finding that somatic mutations are substantially increased by 10-100-fold in dAMMR

120,121 and the realization that somatic mutations

tumors compared with pMMR tumors
found in tumors can be recognized by the patient’s own immune system®’. These
observations were contextualized when examining the complete response in a single
patient with metastatic CRC in a molecularly unselected population during an early

phase clinical trial with an anti-PD-1 agent'??, paving the way for the first successful
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clinical trial assessing anti-PD-1 treatment for IMMR tumors 23, As matter of fact, the
presence of dMMR status constitutes a positive predictive biomarker for
immunotherapy efficacy across all histologies, making it the first tissue-agnostic
biomarker appointed by FDA 103124,

Several large clinical trials such as KEYNOTE-177, CheckMate 142 and CheckMate
8HW have established anti-PD1 +/- anti-CTLA-4 agents as the mainstay for the
treatment of advanced AIMMR/MSI CRC>¢-3%125 'and more trials are investigating these
agents in the early setting!?!27, The relationship between the genetic features and
response to immunotherapy of CRC tumors has been confirmed in multiple prospective
trials. In the metastatic setting, approximately 45% of MSI CRCs present a tumor
objective response upon first-line treatment with anti-PD1 monotherapy, with a
duration of response that exceeds 36 months in more than 75% of patients®®. These
results indicate that ICIs constitute a great therapeutic success in the small subgroup of
dMMR metastatic CRCs, although primary and acquired resistance restrict the efficacy
of the treatment’!-128:129,

However, the vast majority of metastatic CRCs (>95%), characterized by MMR
proficiency (pMMR), still do not benefit from immunotherapy!23:130:131,

One notable exception is characterized by CRCs presenting pathogenic mutations in the
exonuclease (proofreading) domain of the polymerase epsilon (POLE) or delta 1
(POLD1I), associated to a MMR-independent hypermutator phenotype that confers
strong sensitivity to ICIs through generation of novel neoantigens>®-!132 .

Additionally, other exceptions are emerging regarding the sensitivity of pMMR CRCs
in the non-metastatic setting or with novel new generation ICIs. In the NICHE trial
(ClinicalTrials.gov: NCT03026140), Chalabi and colleagues reported that up to 27% of
early (stage I-1I1) pMMR colon cancers exhibited a complete pathological response to
the combination of nivolumab and ipilimumab given as neoadjuvant treatment '33, With
respect to metastatic pMMR CRC, recent evidence supports the efficacy of new ICI
agents in treating this typically immune refractory disease at the metastatic stage. In
particular, the combination of balstilimab (an anti-PD-1 antibody) with botensilimab (a
novel Fc-enhanced anti-CTLA-4 antibody) has shown an overall response rate (ORR)
of 22% in a population of pMMR CRC patients without liver metastases, who were
preferentially enrolled in the expansion phase of the trial 134,

In conclusion, even if the emergence of novel ICIs has the potential to increase the

number of CRCs amenable to immunotherapy, the identification of new strategies to
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convert cold immune refractory CRCs into more immune sensitive tumors still

represents an unmet need and an active area of investigation.

2.3 Using chemotherapy to increase the immunogenicity of CRC

Cytotoxic chemotherapy + targeted agents (anti-EGFR or anti-VEGF) remains the
mainstay of treatment for the vast majority (>95%) of metastatic CRCs characterized
by MMR proficiency 33136,

Several attempts to convert immunologically cold into hot tumors have been described,
typically by combining ICIs with other therapies'®’. Limited data on the activity of
DNA damage response inhibitors (DDRi) such as PARPi, ATRi, or ATM have been
reported in CRC, and whether DDRIi treatment can induce neoantigens, immune
surveillance and improvement in the efficacy of immune checkpoint blockade remains
unknown 38, Interestingly, cytotoxic chemotherapy has been suggested as a strategy to
increase immunogenicity, and concomitant and/or sequential chemo-immunotherapy
combinations have already been investigated in several cancer types such as breast,
gastro-esophageal, and non-small cell lung cancer (NSCLC), and are currently under
assessment for CRC!>13%, As previously discussed, chemotherapy may elicit immune
stimulatory effects by interacting with crucial determinants of immune activation
(Figure 2)'°. For this reason, it is no wonder that chemo-immunotherapy combinations
or sequences characterize the main strategy to maximize the efficacy of ICIs in

otherwise immune-resistant MSS CRCs!5.

2.3.1 Chemotherapy given in combination with immunotherapy

The concurrent treatment with chemotherapy and ICIs constitutes a successful strategy
in several tumor types!*. Of note, chemo-immunotherapy clinical investigations are
already ongoing in mCRC3®. In this setting, chemotherapy is used as a mean to boost
tumor immunogenicity mainly through the induction of adjuvant molecules and the
reshaping of tumor microenvironment'>. The AtezoTRIBE (NCT03721653) is a
multicentric, open-label, controlled, phase 2 study in which patients were randomized
to receive first-line FOLFOXIRI (5-fluorouracil/oxaliplatin/irinotecan) and the anti-
angiogenic agent bevacizumab with or without atezolizumab (an anti-PD-L1 antibody).

In this study, the median progression-free survival in the overall population was 13.1
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months (80% CI 12.5-13.8) in the atezolizumab group and 11.5 months (80% CI 10.0—
12.6) in the control group, with a significant hazard ratio (0.71, 80% CI 0.58-0.87,
p=0.015); however, no significant difference in OS was found'#*!#!, Interestingly, a
post-hoc exploratory analysis identified high TMB and immunoscore as biomarkers
associated with benefit for pMMR CRCs treated with atezolizumab!'#?, Similarly, the
results from the phase II CheckMate 9X8 trial (NCT03414983) investigating the
addition of nivolumab (anti-PD-1) to FOLFOX and bevacizumab in first-line therapy
failed to demonstrate a PFS benefit, although favourable trends in both the ORR and
PFS rate at 18 months were observed in the nivolumab arm!#. Additionally, studies
with comparable designs, such as the NIVACOR trial (NCT4072198), are currently
investigating similar hypotheses in the same patient population!*. Overall, these
studies did not show a clinically meaningful effect of combined chemo-immunotherapy
in unselected mCRC patients. However, the post-hoc exploratory analyses suggest that
there may be a significant effect of these combinations in selected patients, advocating

for more clinical investigations in biomarker-selected populations.

2.3.2 Chemotherapy priming with temozolomide followed by immunotherapy

As previously discussed, preclinical studies have shown that the onset of resistance to
some cytotoxic drugs, such as the alkylating agents temozolomide and dacarbazine, is
accompanied by the inactivation of the MMR*-°, This knowledge paved the way to a
different approach to turn cold immune refractory pMMR/MSS tumors into /ot tumors,
by hijacking mechanisms of resistance to cytotoxic agents to induce hypermutation and
foster immune surveillance!'#. In this case, the immunogenicity is sustained by both an
increase of cancer antigenicity and the release of adjuvant molecules by malignant cells
as a consequence of the MMR inactivation'®. However, this approach is only feasible
in patients whose cancers display gene silencing of O6-methylguanine-DNA
methyltransferase (MGMT), which encodes for a DNA repair enzyme with a key role
in chemoresistance to O6-alkylating agents such as temozolomide®®. The prevalence of
MGMT inactivation in MSS mCRC is around 5-20%, with variability between the
different tests used to measure its inactivation!4¢-1%8, In case of MGMT silencing,
temozolomide induces alkylation of guanine at O6-methylguanine, which mismatches
with thymine during DNA replication. In the case of functional MMR, these

mismatches are recognized, initiating a futile cycle of repair and leading to cytotoxicity
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and cell death. Conversely, upon MMR inactivation these mismatches are fixed into the
DNA, providing escape from cell death, but at the same time affecting the mutational
landscape of cancer cells, and consequently their neoantigen repertoire '4°.

This approach has been clinically investigated in two independent phase II trials,
ARETHUSA and MAYA**#! In the ARETHUSA trial, a cohort of 30 MGMT-silenced,
pMMR and RAS-mutant metastatic CRC patients received TMZ treatment as priming
therapy; at the time of disease progression, patients advanced to the ICB phase with
pembrolizumab only in the case of a TMB increase above 20 mutations per megabase®’.
In ARETHUSA, the TMB and mutational signatures analysed in tissue biopsy samples
and circulating tumor DNA revealed the induction of alterations in MMR genes and
tumor hypermutation. In 94% of the cases where TMZ mutational signature emerged,
a p.T12191 MSH6 variant was detected. Results from the initial analysis revealed that
among the first six patients treated with pembrolizumab, four experienced disease
stabilization*. In the MAYA trial, patients who achieved disease control after two
cycles (8 weeks) of TMZ treatment were enrolled to receive a combination of
ipilimumab, nivolumab and TMZ, with no mandatory biomarker assessment. Notably,
the ORR was 45% in 33 evaluable patients who accessed to the combined
chemoimmunotherapy phase, with an 8-month PFS rate (the primary endpoint of the
trial) of 36%*!. The results of these two studies support further investigations of this
strategy, though an optimization of the sequencing schedule would be desirable.

A summary of the studies (completed and ongoing) that use chemotherapy to turn a

cold tumor into hot is present in Table 1.
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Chemo-immunotherapy trials in first-line setting

treatment with Pembrolizumab in case of tumor TMB elevation

Study name and Phase Description Status/Results*
reference
AtezoTRIBE II Randomized, open-label, treatment with Atezolizumab plus Complete
NCT03721653 FOLFOXIRI/Bevacizumab vs FOLFOXIRI/Bevacizumab in the | mPFS: 13.1 vs 11.5 months
first-line treatment of patients with mCRC (p:0.015); ORR: 59 vs 64%:
mOS: 33 vs 27.2 months
(p:0.136)
CheckMate 9X8 /1 Randomized, open-label, treatment with Nivolumab plus Complete
NCT03414983 FOLFOX/Bevacizumab versus FOLFOX/Bevacizumab in the mPFS by BICR: 11.9 months
first-line treatment of patients with mCRC in both arms (p:0.3); 18-
months-PFS rate: 28% vs
9%; ORR: 60% vs 46%;
mDoR: 12.9 vs 9.3 months
HCRN GI14-186 II Single arm, treatament with Nivolumab plus FOLFOX in Complete
NCT02375672 previously untreated mCRC patients mPFS: 8.8 months; ORR:
56.7%
MEDITREME Ib/I1 Single arm, treatment with FOLFOX plus Durvalumab and Complete
NCT03202758 Tremelimumab in first-line treatment of RAS-mutated mCRC 3-month-PFS rate: 90.7%;
patients ORR: 64.5%; mPFS: 8.2
months
NIVACOR II Single arm, Nivolumab plus FOLFOXIRI/Bevacizumab in first- Ongoing
NCT04072198 line treatment of patients with RAS/BRAF mutated mCRC
POCHI I Single arm, Pembrolizumab plus Xelox/Bevacizumab as first-line | ORR: 74% (17% complete
NCT04262687 treatment in MSS mCRC patients with resected primary tumors responses). Immature
presenting a high immune infiltrate survival data.
METIMMOX II NordicFLOX vs alternate treatment with 2 cycles of Ongoing
NCT03388190 NordicFLOX followed by 2 cycles of Nivolumab in previously
untreated patients with MMRp/MSS mCRC
METIMMOX-2 II Single arm, alterate treatment with 2 cycles of NordicFLOX and Ongoing
NCT05504252 2 cycles of Nivolumab in previously untreated patients with
MMRp/MSS mCRC
CIFOXRC II Single arm, treatment with cetuximab plus anti-PD1 plus Ongoing
NCT05468177 FOLFOX in previously untreated metastatic or locally advanced
RAS/BRAF wt right-sided colon cancer
NCT05970302 II Single arm, treatment with XELOX/Bevacizumab plus Ongoing
Tislelizumab in previously untreated MSS/MMRp RAS-mutated
mCRC patients
FOBECAMS II Single arm, treatment with Camrelizumab plus Ongoing
NCT06176885 FOLFIRI/Bevacizumab in previously untreated MSS mCRC
patients
CLIMB II Single arm, neoadjuvant treatment with Atezolizumab + plus Complete
NCT03698461 FOLFOX/Bevacizumab in patients with colorectal liver No results available
metastases (CRLM)
Chemo-immunotherapy trials in chemo-refractory setting
Study name Phase Description Status/Results*
NCT03396926 I Single arm, treatment with Pembrolizumab plus Complete
Capecitabine/Bevacizumab in patients with non-resectable MSS ORR: 5%; mPFS: 4.3
mCRC who have not responded to previous fluoropyrimidine months
treatment
NCT02860546 II Single arm, treatment with Nivolumab plus TAS-102 in Complete
chemorefractory MSS mCRC patients ORR: 0%. ; irRC-mPFS: 2.2
months
MAYA II Single arm, treatment with Temozolomide in combination with Complete
NCT03832621 Nivolumab and Ipilimumab in MGMT-silenced MSS 8-month PFS rate: 36%;
chemorefractory mCRCs patients who achieved disease control ORR: 45%; mPFS: 7
with 2 cycles of Temozolomide months; mOS: 18.4 months
ARETHUSA II Single arm, priming treatment with Temozolomide in MGMT- Ongoing
NCT03519412 silenced MSS chemorefractory mCRC patients; at progression,
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BACCI II Randomized, Double-Blind, Placebo-Controlled Study of Ongoing

NCT02873195 Capecitabine Bevacizumab Plus Atezolizumab or Placebo in
patients with chemo-refractory mCRC
KEYNOTE-651 Ib Open-label, multi-cohort, treatment with Pembrolizumab plus Ongoing
NCT03374254 Binimetinib (MEKi) or Pembrolizumab plus chemotherapy with

or without Binimetinib in previously treated mCRC patients

NCT04457284 II Single arm combination of Temozolomide, Cisplatin, and Ongoing

Nivolumab in chemorefractory MMRp mCRC patients
NCT03626922 Ib Single arm, treatment with Pembrolizumab plus Pemetrexed and Ongoing
Oxaliplatin in MSS chemorefractory mCRC patients

Table 1: Summary of clinical trials investigating chemotherapy combination or sequence with ICIs in unselected or mismatch repair
proficient (pMMR) metastatic colorectal cancer (mnCRC) patients. MSS. microsatellite instability; mPFS: median Progression-free
survival; ORR: overall response rate; OS: overall survival; BICR: Blinded Independent Central Review; mDoR: median duration of
response; irRC: immune-related Response Criteria. References to published results of the listed trials are present in the text.
*In case a control arm is present, results are expressed as experimental arm (containing ICB) vs control arm. Adapted from: Amodio V-
Vitiello PP et al, Br J Cancer 2024.
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3 AIM OF THE STUDY

The vast majority of CRCs are not eligible to immunotherapy and are thus lacking the
long lasting anticancer effects of ICIs'>’. In a previous work we have demonstrated that
priming treatment with temozolomide increases mutational load and boosts
immunogenicity by adaptive inactivation of MMR in MGMT-deficient MSS CRCs*.
This raises the possibility to exploit the mutagenic effect of chemotherapy with the aim
to increase the neoantigen load and foster immune surveillance. However, the
mutagenic potential of temozolomide is hampered by MGMT enzymatic activity, which
is preserved in the majority of MSS CRCs**!>!, Therefore, the identification of more
widely applicable chemotherapeutic regimens capable of impacting on tumor
immunogenicity is necessary. Among the cytotoxic agents, cisplatin stands out as a
good candidate to combine with temozolomide. We hypothesized that the concurrent
treatment with TMZ and CDDP may result in MMR impairment as a convergent
adaptation to the repeated exposure to these two alkylating agents, potentially resulting
in drug-related hypermutation while providing tolerance to the treatment, similarly to
what we observe with TMZ treatment in MGMT-deficient tumors!®. In particular, it
has been shown that the activation of base excision repair (BER) by the cytosines
flanking CDDP-induced DNA interstrand cross-links leads to futile cycles of mismatch
repair*>!152, that in part mediate CDDP cytotoxic effects. As matter of fact, MMR
deregulation has been directly associated to decreased sensitivity to CDDP4%133-155,
Interestingly, MSH2 promoter hypermethylation has been correlated with the efficacy
of platinum-based chemotherapy in ovarian cancer, supporting the concept that MMR
downregulation modulates platinum sensitivity in clinical settings!>%-158:160,

The main goal of this study was to test whether the combination of two different
alkylating agents, temozolomide and cisplatin, is truly able to generate hypermutation
and increase neoantigen burden in a translationally relevant model of pMMR CRC with
intact MGMT function. Moreover, we aimed to dissect the causative role of the
chemotherapy-induced mutations by following the immunoediting process in vivo and
analyzing changes in the immune fitness of cancer cells expressing treatment-induced
neoantigens. Of note, in order to detect the peculiar immunogenic features of the
temozolomide and cisplatin combination, the experimental treatment was compared
with the standard-of-care chemotherapeutic agents used in CRC treatment, 5-
fluorouracil, oxaliplatin, and irinotecan. Finally, with the aim to also identify non-

antigen dependent mechanisms of immune sensitization elicited by the combination,
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we also performed simultaneous chemo-immunotherapy with cisplatin, temozolomide
and an anti-PD1 agents in mice models bearing chemotherapy-naive established
tumors.

Overall, the final purpose of this proof-of-concept study was to investigate, from a
preclinical point of view, whether a rationally designed combination of cytotoxic agents
might increase immunogenicity and extend the fraction of CRC patients eligible for

immunotherapy.
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4 RESULTS

Workflow to validate the immunogenic potential of chemotherapy priming
To study how chemotherapy-induced mutations impact immunogenicity, we designed

a workflow involving both in vitro and in vivo experiments of mouse pMMR CRC cells.
In parallel, we also tested a breast cancer murine cell line, with the aim to exclude
histology or model-specific effects. We tested cisplatin (CDDP) and temozolomide
(TMZ) as single agents or in combination. In parallel, for the CRC model we also
examined the impact of 5-fluorouracil (5FU), oxaliplatin (Oxa), or irinotecan (more
specifically SN38, its most active metabolite), which represent the backbone of medical
treatments for advanced CRC, individually or in combination (FOLFOXIRI triplet), the
most intense treatment regimen used in CRC '3, To mimic the intermittent exposure of
cancer cells to chemotherapy agents in the clinical setting, cells were treated in a
pulsatile fashion by alternating 2 days of treatment and 3-5 days of recovery without
treatment for a total of 12 cycles, using clinically relevant concentrations of the

cytotoxic agents (Figure 4) 17,
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Figure 4: In vitro sensitivity and selected concentrations of CRC and breast murine cell lines to the cytotoxic
agents used in the study. Sensitivity of CT26 and TS/A cell lines to the cytotoxic drugs used in this study was assayed
after a short-term treatment (96 hrs). The clinically-relevant concentrations (PK dose) used for the long-term
pulsatile treatment correspond to an inhibitory concentration (IC) between 20% and 50% for all the drugs, with the
exception of TMZ to which CT26 and TS/A are resistant at the clinically relevant concentration used. See methods
for details.

Whole exome sequencing (WES) at different time points and concurrent subcutaneous
injection in immunodeficient and immunocompetent mice were exploited to monitor
mutations and test the immunogenicity of cancer cells after treatment with cytotoxic
agents, respectively (Figure 5). In particular, we used the exome data to identify the
mutations acquired upon treatment with cytotoxic agents or vehicle control (T1-TO).
We later followed the fate of these treatment-induced mutations in tumors derived in
vivo in either immune deficient or competent mice (T2-NODSCID and T2-BALB/c,
respectively). Additionally, we evaluated the predicted the acquired neoantigens based

on whole exome and RNA sequencing data, as previously reported®®,
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Figure 5: Schematic representation of the experimental workflow. Syngeneic murine CRC and breast cancer cells
were treated with TMZ and/or CDDP at clinically relevant concentrations in a pulsatile schedule (2 days treatment
followed by drug washout and cell passaging) for a total of 12 in vitro treatment cycles (priming phase). Drug
concentrations were: 25 uM for TMZ; 1.5 uM for CDDP. Additionally, CRC cells were also treated with the
standard-of-care cytotoxic agents: 2 uM for SFU; 5 uM for Oxa; 35 nM for SN38. Primed cells were kept in drug-
free medium for two passages and then injected subcutaneously into immunodeficient and immunocompetent mice
to study the extent of immunological control induced by treatment with chemotherapeutic agents (editing phase).
Whole exome sequencing (WES) was performed at baseline (T0), at the end of the in vitro priming phase (T1) and
on established tumors at the end of the in vivo challenge phase (T2).

Combinatorial treatment with CDDP and TMZ increases clonal and subclonal
mutational and neoantigen burden

WES analysis on samples collected at the end of the in vifro priming unveiled that
treatments with chemotherapeutic agents at clinically relevant doses were generally
associated with an increase in TMB with respect to baseline (Figure 6A-B).
Interestingly, in both CRC (CT26) and breast cancer (TS/A) models, the CDDP-TMZ
combination was the most effective treatment in inducing clonal and subclonal
mutations (Figure A-B) (cut-off for clonality set at 10% allele frequency, see Methods).
The increase in TMB was driven mainly by the acquisition of single nucleotide variants
(SNVs) (Figure 6C-D), while modulation of indels was negligible (Figure 6E-F). Of
note, the mutagenic potential of the FOLFOXIRI triplet in the CRC model was in line

with that of each single drug administered alone (Figure 6A).
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Figure 6: Combinatorial treatment with CDDP and TMZ causes clonal and subclonal hypermutability, with
preferential accumulation of SNVs in both CT26 and TS/A. (1) TMB increase (intended as the sum of SNVs and
InDels) upon in vitro chemotherapy priming in CT26. (B-C) SNV (B) and InDels (C) levels of CT26 cells after 12
cycles of treatment with the indicated drugs used as single agents or combinations. (D) TMB increase (intended as
the sum of SNVs and InDels) upon in vitro chemotherapy priming in TS/A. (E-F) Specific levels of SNVs (E) and
InDels (F) according to the priming treatment in TS/A. Results represent only the acquired mutations compared to
baseline (T0).

Next, employing a computational workflow that we previously developed to predict
neoantigens from sequencing data %, we found that CDDP-TMZ was also the most

effective combination in increasing predicted neoantigen levels, driven mainly by the
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acquisition of SNVs (Figure 7).
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Figure 7: Prediction of acquired neoantigens derived from chemotherapy treatment. (1) Neoantigens derived from
SNVs and InDels in CT26; (B) Neoantigens derived from SNVs and InDels in TS/A (see methods for details).

In addition, we assessed the impact of CDDP-TMZ treatment on mutational processes
by mutational signature analyses (Figure 8A). This revealed the co-occurrence of the
mutational signature SBS11 (associated to treatment with TMZ) and SBS31/35
(associated to treatment with platinum agents) % in both CT26 and TS/A cells primed
with CDDP-TMZ, consistently with the treatment performed. Interestingly, SBS11 did
not emerge in cells treated with TMZ as a single agent (Figure 8B), suggesting that
only CDDP-TMZ treatment triggers the functional impairment of the MMR system that

is needed to generate SBS113349,
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Figure 8: Mutational signatures of the acquired mutations upon chemotherapy. (4) Heatmap of mutational
signatures upon priming with CDDP-TMZ combination in CT26 and TS/A. (B) Heatmap of mutational signatures
upon priming with TMZ in CT26. Only COSMIC v 3.3 SBSs with relative value > (0 are represented.

In line with this result, while MGMT protein levels were stable across all conditions,
the expression of the key MMR effectors MSH2 and MSH6 decreased significantly in
cells primed with CDDP-TMZ but not with either agent alone or upon in vitro priming
with SFU, Oxa, SN38, or their combination (FOLFOXIRI) (Figure 9A-D). The
abundance of MSH2 and MSH6 were only transiently affected after one single
treatment cycle with CDDP-TMZ in CT26 (Figure 9E), suggesting that
downregulation of MMR proteins occurs over several cycles of treatment. On the other
hand, decrease of MSH2 and MSH6 levels persisted twelve weeks after termination of
CDDP-TMZ treatment (Figure 9F) indicating that, after acquisition, this molecular
phenotype is maintained even after the release from drug pressure. Interestingly, protein
downregulation of MSH2 and MSH6 was not caused by inactivating mutations of the
corresponding genes, since both Msh2 or Msh6 coding regions were confirmed to be

free from deleterious mutations in all experimental conditions (data not shown).
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Figure 9: Adaptive downregulation of MSH6 and MSH?2 upon priming with CDDP-TMZ combination in CT26
and TS/A. () MGMT and MMR protein expression after 12 cycles of in vitro priming with TMZ, CDDP, CDDP-
TMZ, 5FU, Oxa, SN38, and FOLFOXIRI followed by a subsequent washout (T1) in CT26. (B) Quantification of
MSH?2 and MSHG expression after priming treatment in CT26. Results represent band intensity average + SD, actin
was used as a loading control for normalization. Statistical significance was evaluated by multiple t-test with FDR
approach. ns: not significant; ***p<0.001. (C) MMR protein expression after 12 cycles of in vitro priming with
TMZ, CDDP, CDDP-TMZ, followed by a subsequent washout (T1) in TS/A. (D) Quantification of MSH2 and MSH6
expression after priming treatment in TS/A. Results represent band intensity average + SD, actin was used as a
loading control for normalization. Statistical significance was evaluated by multiple t-test with FDR approach. ns:
not significant; ***p<0.001. (E) Expression of MSH6 and MSH?2 upon short-term treatment with CDDP + TMZ.
Naive CT26 cells were treated in vitro with the same concentrations of TMZ (25 uM) and CDDP (1.5 uM) for 48 hrs
and then kept in drug-free complete medium for additional 48 hrs. (F) CT26 cells primed for 12 cycles with TMZ +
CDDP were kept in culture without additional exposure to treatment for a total of 12 wks.

Collectively, these results suggest that combined treatment with CDDP and TMZ, but
not with standard of care cytotoxic agents used in CRC, leads to adaptive
downregulation of MSH2/MSH6 levels and agent-specific clonal and subclonal

mutations that are predicted to generate novel neoantigens. The same adaptive
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downregulation upon CDDP+TMZ treatment is also observed in a model of breast

cancer.

Immune surveillance of cancer cells primed with chemotherapy
To assess whether and to what extent priming with CDDP-TMZ affected immune

surveillance, CRC CT26 cells were injected subcutaneously into the flank of
immunodeficient (NODSCID) and immunocompetent syngeneic (BALB/c) mice after
in vitro chemo-priming, together with cells treated for an equivalent amount of time (12
weeks) with vehicle alone that served as negative control (unprimed cells) (Figure 5).
Cells treated with FOLFOXIRI were also included in the experiment. Priming with both
combinatorial chemotherapy regimens induced a modest tumor growth delay in
immunodeficient mice (Figure 10A). When injected in syngeneic immunocompetent
mice, CRC cells primed with CDDP-TMZ were completely rejected by 31 out of 40
mice, while CRC cells treated with FOLFOXIRI grew slower as compared to unprimed
cells but we did not observe any rejection (Figure 10B). Moreover, while the growth
delay resulted in a measurable but minimal survival benefit in both immunodeficient
and immunocompetent mice injected with FOLFOXIRI primed cells (Figure 10C-D),
the survival outcome was striking among immunocompetent mice injected with CDDP-
TMZ primed cells. Interestingly, the rejecting group remained tumor-free and alive for
more than 100 days, until the end of the experiment (Figure 10D). Intrigued by these
results, we repeated the injection of CDDP-TMZ-primed cells in a larger number of
immunocompetent syngeneic mice, and confirmed the pattern of rejection and the

overall high rejection rate (>75%) observed in the first experiment (Figure 10E-F).
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Figure 10: Cancer cells primed with CDDP-TMZ are immunogenic in syngeneic mice models of colorectal
cancer. (4) Average (up) and individual (down) volumes of tumors derived from unprimed, CDDP-TMZ-primed and
FOLFOXIRI-primed CT26 cells grown in immunodeficient (NODSCID) mice. (B) Average of tumor volumes from
unprimed, CDDP-TMZ-primed and FOLFOXIRI-primed CT26 injected in immunocompetent (BALB/c) mice. (C)
Survival curves for unprimed and primed tumors in immunodeficient and (D) immunocompetent mice. (E) Detailed
view of CDDP-TMZ-primed tumor volumes from single mice in immunocompetent BALB/c model from panel B. (F)
Biological replicate of subcutaneous injection of 5 x 10° CDDP-TMZ-primed CT26 cells/mouse in a new batch of
60 BALB/c mice. A total of 5 x 10° cells were injected in the flank of each mouse. Tumor growth was monitored three
times per week and reported in the graph as average of mice tumor volumes (mm?) = SEM. Each experimental group
included at least 8 animals. Statistical significance evaluated by Mann-Whitney test and log-rank test: ns: non-
significant; **p<0.01; ***p<0.001; ****p<0.0001.

Of note, neither TMZ or CDDP used as single priming agents led to growth control or

rejection in immunocompetent and immunodeficient mice (Figure 11), thus confirming
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that the immunogenic features are specifically induced by the combined CDDP-TMZ

treatment.
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Figure 11: In vivo growth of CT26 cells primed with TMZ or CDDP used as single agents. (1) Average tumor
volumes for subcutaneous tumors derived from unprimed, TMZ-primed and CDDP-primed CT26 grown in
immunodeficient (NODSCID), (B) Average tumor volumes for subcutaneous tumors derived from unprimed, TMZ-
primed and CDDP-primed CT26 grown in immunocompetent (BALB/c) mice. Statistical significance evaluated by
Mann-Whitney test: ns: non-significant.

In order to expand the significance of the findings, we also performed the in vivo
experiments with the breast cancer model (TS/A). Both primed and unprimed TS/A
were tumorigenic when injected orthotopically in the mammary fat pad of
immunodeficient and syngeneic immunocompetent mice, with no spontaneous
rejections evidenced, likely reflecting a lower acquisition of immunogenic mutations
compared to CT26 (Figure 12A-B). However, treatment with anti-PD1 induced a
significant immune surveillance only towards CDDP-TMZ-primed tumors, which
translated to a 25% complete tumor regression rate (Figure 12C-F). As already shown
for CT26, also in TS/A the priming with TMZ or CDDP used as single agents was not

immunogenic and did not sensitize tumors to anti-PD1 treatment.
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Figure 12: Breast cancer cells primed with CDDP, TMZ, or their combination are tumorigenic in mice and only
CDDP-TMZ primed cells respond to anti PD-1. | x 10° unprimed or primed TS/A cells were injected 1:1 in
PBS:Matrigel in the mammary fat pad of the lower right mammary gland of immunodeficient (A) or
immunocompetent (B) mice. (C-F): Response of unprimed and primed TS/A to ICB treatment using anti-PD1. 1 x
10° unprimed or primed TS/A cells were injected 1:1 in PBS:Matrigel in the mammary fat pad of the lower right
mammary gland of immunocompetent mice. At day 5, when all tumors were palpable, mice were randomized to
receive either anti-PD1 or control. ICB treatment was effective only in tumors primed with CDDP-TMZ combination,
in which 25% (2/8) mice exhibited complete regression. Tumor growth was monitored three times per week and
reported in the graph as average of tumor volumes (mm’) = SEM. Each experimental group included at least 7
animals. Statistical significance evaluated by Mann-Whitney test at the last available day for the control arm. ns:
non-significant; **p<0.01.

As with regards to the survival of mice injected orthotopically with TS/A breast cancer
after priming, the only group experiencing a significant benefit was the CDDP-TMZ-
priming condition, in which we observed long-term survival for mice with responding
tumors (Figure 13). Altogether, these findings confirm the immunogenic potential of

combined CDDP-TMZ priming in both CRC and breast cancer models.
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Figure 13: Survival analysis of the mice bearing orthotopic tumors derived from unprimed or primed TS/A. (A-C)
Treatment with anti-PD1 (aPD1) has no effect on survival for mice bearing unprimed or single agent primed TS/A; (D)
Treatment with aPD1 significantly extends survival of CDDP-TMZ-primed tumors, with the 2 mice bearing tumors in
complete response still alive at the end of the experiment. Statistical significance evaluated by log-rank test: ns: non-
significant; ***p<0.001.

Rejection of CDDP-TMZ-primed tumors is mediated by CD8+ T cells and
confers protective anti-tumor memory
After having ascertained the efficacy of CDDP-TMZ priming in inducing

hypermutation and immunogenic features in both colorectal and breast cancer models,
we decided to investigate the mechanisms underlying this phenotype. In order to
identify the main immunological mediators triggered by CDDP-TMZ priming, we
performed subcutaneous injection of CDDP-TMZ-primed CT26 cells in mice in which
CD8+ and/or CD4+ T cells were selectively depleted with blocking antibodies (Figure
14A). Briefly, mice were randomized into 4 arms: vehicle (CTRL), anti-CDS8 blocking
antibody (aCDS), anti-CD4 blocking antibody (aCD4), and a combination of the two
(aCD8 + aCD4). Overall, at the end of the experiment, the proportion of tumor-free
mice in the different arms was 10 out of 14 in the CTRL arm, 8 out of 8 in the aCD4
arm, and 0 out of 8 both in the aCD8 and aCD8+aCD4 arms (Figure 14B-C).
Specifically, the depletion of CD8+ T cells promptly induced rapid tumor outgrowth by
day 23 in both single aCD8 and combined aCD8+aCD4 treatment arms. In the control

arm only 4/14 (29%) mice displayed tumor growth scattered over time, while the
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remaining 10/14 (71%) mice remained tumor free until the end of the experiment
(Figure 14C), consistently with the rejection rate previously shown (Figure 10E-F). No
tumor growth occurred in the presence of anti-CD4 antibodies, likely reflecting an
enhancement of CD8+ T cell-mediated immune response induced by the depletion of

CD4+ T regulatory cells, as previously described!**-16!,
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Figure 14: Rejection of CDDP-TMZ-primed tumors is mediated by CD8+ T cells. (1) Graphical summary for
CD8+ and/or CD4+ T cells depletion experiment. A total of 5 x 10° CDDP-TMZ-primed CT26 cells were injected
in the flank of each immunocompetent (BALB/c) mouse. Mice were randomized into 4 treatment groups: control
(CTRL) receiving only the vehicle; CDS8 depletion (aCDS8) receiving murine anti-CD8a antibody, CD4 depletion
(aCD4) receiving murine anti-CD4 antibody; CDS8 and CD4 depletion receiving both murine aCD8 and aCD4
antibodies. (B-C) Tumor growth of CDDP-TMZ-primed CT26 tumors upon T cell depletion. (B) Average of mice
tumor volumes (mm?) = SEM ; (C) tumor volumes from individual mice. Each experimental group included at least
8 animals.

Furthermore, we evaluated the immunological memory elicited by the rejection of
chemotherapy primed cells. To achieve this, we rechallenged mice which had
previously rejected CDDP-TMZ-primed tumors with cells primed with either TMZ or
CDDP as single agents, as well as unprimed cells. We found that a previous rejection
of CDDP-TMZ-primed cells induced significant protection against tumor formation
across all experimental conditions (Figure 15A). This result implies an activation of
the immune system also against pre-existing shared (i.e., non-chemotherapy-induced)
cancer neoantigens, leading to immune recognition and elimination of unprimed cells.

To further investigate whether a pre-existing immunological memory against primed
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cells is necessary to achieve immune surveillance towards unprimed cells, we designed
an additional experiment in immunocompetent tumor-naive mice in which the injection
of CDDP-TMZ-primed cells was paralleled by a concomitant contralateral injection of
unprimed cells. With this purpose, we tested three sets of conditions: (i) bilateral
injection of unprimed cells, (ii) bilateral injection of CDDP-TMZ-primed cells, and (iii)
injection of CDDP-TMZ-primed and unprimed cells on opposite flanks of the same
mice (Figure 15B). Interestingly, the growth of unprimed CRC cells was unaffected by
the contralateral presence of CDDP-TMZ-primed or unprimed cells (Figure 15C).
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Figure 15: Immunological memory elicited by rejection of chemotherapy-primed tumors. (4) Effect of rechallenge
in immunocompetent mice that previously rejected CDDP-TMZ-primed tumors. Subsequent inoculation of CT26
unprimed or primed with single agent TMZ or CDDP (red arrow) in previously challenged (vaccinated) BALB/c
mice, compared with naive BALB/c mice. N = 10 in vaccinated BALB/c group, N = 5 in naive BALB/c group. (B-C)
Simultaneous injection of unprimed and CDDP-TMZ-primed cells does not lead to immune surveillance towards
unprimed cells (B) Graphical summary: simultaneous injection of unprimed and CDDP-TMZ-primed CT26 in the
two flanks of the same animal, in three different sets of conditions. bilateral unprimed cells, bilateral primed cells,
contralateral unprimed and primed cells. A total of 2.5 x 10° cells were injected in each flank to parallel the total
number of cells used in the other experiments; (C) Growth of CDDP-TMZ-primed and unprimed cells after bilateral
injection. Tumor growth was monitored two times per week and reported in the graph as single mice or average of

36



mice tumor volumes (mm3) + SEM. Each experimental group was composed of 10 animals. Statistical significance
evaluated by Mann-Whitney test: ns: non-significant; ***p<0.001.

These results indicate that the establishment of a specific immune response against
antigens induced by CDDP-TMZ is driving tumor control by CD8+ effector T cells.
Furthermore, immune rejection elicited by CDDP-TMZ leads to immunological
memory against both unprimed and chemotherapy-primed cancer cells. This protective
effect was abolished in case of a simultaneous injection of primed and unprimed cells

in the same mice.

Chemotherapy-induced mutations are actively immunoedited and shape
the immune fitness of CDDP-TMZ primed tumors
Next, to study how genomic alterations induced by CDDP-TMZ priming affected tumor

immune surveillance, we monitored the fate of individual mutations induced by
chemotherapy in cells transplanted in parallel in immunodeficient and
immunocompetent mice (Figure 5). Our rationale was that chemotherapy-driven
mutations retained in tumors that grew in both immunodeficient and immunocompetent
mice could be considered immunologically neutral (immune neutral mutations).
Conversely, mutations that underwent negative selection exclusively in
immunocompetent mice were likely immunologically eliminated (immunoedited
mutations, Figure 16A).

Interestingly, we found that only CDDP-TMZ-induced mutations were significantly
and recurrently immunoedited in immunocompetent mice whereas the proportion of
negatively selected mutations in the single agent TMZ or CDDP, as well as in the
FOLFOXIRI combination arms was negligible (Figure 16B).

To study the mutational processes that are more likely to be associated to the onset of
mutations undergoing active immune selection, we compared the distribution of
mutational signatures in the subgroups of immune edited or neutral mutations. Among
those undergoing immunological editing we found an enrichment of mutations located
in defined genomic contexts (Figure 16C-D). In particular, we noticed that SBS31
(associated to platinum treatment) showed a noticeable enrichment in the group of
immune edited mutations, accounting for about 26% of all the mutations in this
subgroup, while being virtually absent in the subgroup of immunologically neutral

mutations (Figure 16C). Conversely, SBS11, which is etiologically linked to TMZ
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exposure and is strongly induced by CDDP-TMZ combination, was equally represented

in immunologically neutral and edited mutations (Figure 16D).
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Figure 16: Immunoediting of chemotherapy-induced mutations preferentially involves CDDP-TMZ primed
tumors. (4) Graphical summary: mutations emerging after in vitro priming phase were monitored in tumors grown
in immunodeficient and immunocompetent syngeneic mice. Mutations retained in both in vivo models are listed as
immune neutral, whereas mutations maintained in tumors grown in immunodeficient mice and negatively selected
in immunocompetent mice are indicated as immunoedited. See methods for details. (B) Distribution of immunoedited
and immune neutral chemotherapy-induced mutations from single tumors grown in immunocompetent mice across
the tested priming treatments (unprimed, TMZ single agent, CDDP single agent, CDDP-TMZ combination,
FOLFOXIRI combination). (C) Relative distribution of SBS31 and SBS11 in immune neutral and immunoedited
groups of mutations. (D) Heatmap of the relative abundance of SBS mutational signatures (COSMIC v3.3) in the
subgroup of immune neutral and immunoedited mutations. Only SBSs with relative value >0 in one of the conditions

are represented.
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Additionally, with the aim of dissecting the role of neoantigens in immune surveillance,
we focused on the neoantigens deriving from chemotherapy-induced mutations whose
transcripts are consistently expressed in cancer cells after the priming treatment, by
selecting a threshold of > 10 Fragments Per Kilobase Million (FPKM) (Figure 17A).
By deploying the same workflow used to define immunoediting of mutations, we
discovered that more than 60% of the expressed predicted neoantigens arising upon
chemotherapy-induced mutations (CDDP-TMZ priming) were recurrently and
selectively lost in tumors grown in immunocompetent animals (Figure 17B). Intrigued
by these results, we next assessed the allelic distribution of the mutations from which
the predicted neoantigens are derived, and found a statistically significant enrichment
for a higher allelic frequence in the group of immunoedited compared to the immune
neutral neoantigens (Figure 17C), underlining the impact of the clonality of
neoantigens in their immunogenicity. The same holds true when the distribution of the
allelic frequency of mutations that were recurrently immunoedited was considered
(median VAF: 11.49% vs 4.76% for immunoedited and immune neutral mutations,
respectively) (Figure 17D). Immunoescaped CDDP-TMZ-primed tumors did not
display genetic alterations known to be implicated in evasion from immune surveillance
such as loss of HLA, alterations in the antigen presenting machinery, and/or in
interferon gamma signaling pathway (see Methods for the list of genes). All these
findings suggest a perturbation of cancer evolution and immune modulation of the

clonal architecture of primed cells, as previously shown!¢2,
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Figure 17: Impact of clonality on the immunoediting of chemotherapy-induced mutations and neoantigens. (4)
Prediction of acquired neoantigens originating from SNVs and InDels in CT26 after the priming treatment (T1),
filtered for expression levels > 10 FPKM. (B) Relative distribution of expressed acquired neoantigens undergoing
immune selection, filtered for expression levels > 10 FPKM. Results represent the median values of
mutations/neoantigens derived from at least 3 different tumors grown in immunocompetent and immunodeficient
mice for each condition. (C) Distribution of the allelic frequency of the mutations associated to expressed
(FPKM>10) predicted neoantigens. D) Distribution of the allelic frequency for all the immune neutral and the
immunoedited chemotherapy-induced mutations.  Statistical significance evaluated by Mann-Whitney test:
*¥p<0.001, ****p<0.0001. FPKM: Fragments Per Kilobase Million.

Finally, with the aim to intercept antigen-independent mechanisms of immune
sensitization associated with chemotherapy, we monitored the transcriptional
phenotype of CT26 cells after the priming phase at the moment of in vivo injection (T1)

(Figure 18). Although several immune-related gene sets were transcriptionally
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enriched in chemotherapy-primed cells -including tumor necrosis factor (TNF) alpha
and interferon (IFN) gamma and alpha response pathways- the analyses did not identify
transcriptional changes specific for CDDP-TMZ-primed cells, the only ones
undergoing immune-mediated rejection. The fact that these pathways were equally
represented in cells primed with different single agents and combinations, while
immune surveillance is only evident for CDDP-TMZ-primed cells, suggests that
transcriptional rewiring is unlikely the sole responsible for the immunological
phenotype. While this finding does not rule out the impact of antigen-independent
mechanisms in the immune surveillance of CDDP-TMZ-primed cells, it indicates that
these are not sufficient to drive the phenotype. Altogether, these results support the
immunological relevance of chemotherapy-induced mutations in driving the immune

response.
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Figure 18: Enrichment of immune-related gene sets is a common feature for cytotoxic priming treatments. Gene
set enrichment analysis (GSEA) with MSigDB hallmarks gene sets of CT26 cells was performed after the priming
period and prior to inoculation into mice. Only significant differences in normalized enriched score (NES) computed
versus the unprimed condition were evidenced (scales of red), while non-significant differences are shown in grey.
Three different replicates for conditions were sequenced and used for the analyses.

CDDP-TMZ combination treatment is immunogenic in vivo and synergizes
with ICB
We next studied the impact of the CDDP-TMZ combination therapy on immune

surveillance in vivo by performing treatments of chemo-naive syngeneic CRC tumors
in immunocompetent mice. Mice with established tumors were randomized into 4
treatment groups: vehicle control, aPD1 treatment alone, CDDP + TMZ combination,
aPD1 + CDDP + TMZ combination (Figure 19A). Anti-PD1 treatment alone had no
effect on tumor growth compared to the control, whereas CDDP-TMZ treatment was
associated to a statistically significant growth delay under treatment, despite no clear

volumetric decrease compared to baseline (Figure 19B). Of note, all tumors treated
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with CDDP+TMZ+ ICB underwent volumetric shrinkage and half of them were
completely rejected, with mice remaining tumor-free until the end of the experiment
(Figure 19C).

To investigate the effects of chemotherapy on T cell infiltration, we performed an
immunohistochemistry (IHC) analysis for T cell markers on tumor samples collected at
the end of chemotherapy treatment with CDDP-TMZ, while samples obtained from the
control arm served as controls. The same analyses were conducted on immunoescaped
tumors excised at the time of relapse after the end of the chemo-immunotherapy (Figure
19D). The number of T regulatory cells (T-regs, Foxp3+) was significantly decreased
by the CDDP-TMZ combination, whereas a significant enrichment of T-regs was
present at the time of relapse after the end of chemo-immunotherapy (Figure 19E). We
observed CD8+ T cytotoxic cell infiltration increase upon chemotherapy treatment
which was however not statistically significant with respect to control, while a
significant decrease was observed for tumors that relapsed after concomitant chemo-
immunotherapy, confirming their effective immune escape (Figure 19F). Levels of

CD4+ T helper cells were not affected across the different conditions (Figure 19G).
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Figure 19: In vivo concomitant treatment with CDDP and TMZ is immunogenic and induces complete regressions
in combination with anti-PD1. (4) Graphical summary: a total of 5 x 105 chemotherapy-naive CT26 cells were
injected in the flank of immunocompetent mice until measurable tumors were established (average of tumor volumes
> 50 mm3). After that, mice were randomized in 4 groups: vehicle control, anti-PD1 (aPD1), CDDP+TMZ and
CDDP+TMZ+aPDI. (B) Tumor growth of naive CT26-derived tumors treated in vivo with aPD1, CDDP+TMZ, or
their combination (aPD1+CDDP+TMZ). The combined chemo-immunotherapy (aPDI1+CDDP+TMZ) induces
deep shrinkage in all tumors. CDDP was administered ip at 6 mg/kg once a week (black arrowhead), TMZ was
administered ip for 5 consecutive days a week at 20 mg/kg, for a total of 2 weeks (red arrowhead). Anti-PD1 was
administered ip every 2 other days at 250 ug/mouse for a total of 4 doses (dashed line). Results represent average
tumor volumes (mm3) + SEM. Statistical significance evaluated by Mann-Whitney test at the last available day for
the control arm. ns: non-significant; *p<0.05; **p<0.01. (C) Single mice tumor volumes of naive CT26-derived
tumors treated in vivo with aPD1, chemotherapy (CDDP+TMZ), or their combination (aPD1+CDDP+TMZ). The
combined chemo-immunotherapy induces complete tumor regressions in half of the mice. (D-F) Quantification of T
cell subpopulations (Foxp3+/T-regs, CD8+, CD4+) in tumors obtained at end of the treatment (Control and
CDDP+TMZ arm) or at the moment of tumor relapse after initial tumor control (aPD1+CDDP+TMZ arm). Each
dot represents the average number of positive cells/ 40X field in at least 4 different fields for each slide. Results
represent average number + SEM. Statistical significance evaluated with Welch's t test. *p<0.05; **p<0.01.
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Collectively, these results indicate that in vivo treatment with CDDP-TMZ for two
weeks has immunogenic potential, and that combining such chemotherapy with PD1

blockade achieves long-lasting complete tumor rejections.
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S  DISCUSSION

Immunotherapy has revolutionized the treatment and survival expectations of cancer
patients. However, only 5% of metastatic CRC patients are currently eligible to
treatment with immune checkpoint inhibitors!*¢. The identification of strategies capable
of converting cold non-immunogenic into hof immunogenic tumors sensitive to
immunotherapy is an area of active investigation. This work was conceived to assess
the potential of a rationally designed combination of commonly used chemotherapeutic
agents to enhance immunogenicity of CRC cells, leading to immune-mediated tumor
growth control. We employed an intermittent in vitro treatment with clinically relevant
drug concentrations to mimic the pulsatile exposure of cancer cells to cytotoxic agents
which is performed during clinical treatment.

While combinations of immune checkpoint inhibitors with current standard-of-care

chemotherapy regimens have shown limited clinical benefit in CRC!40-163.164

, we found
that concomitant treatment with CDDP and TMZ induces a remarkable increase in TMB
in a murine CRC model, coupled with an increase in the predicted neoantigen load. Of
note, the combination leads to immune recognition of primed cells and to a high rate of
complete rejections (75% in the CT26 model). Mechanistically, the mutational increase
may be favored by the adaptive downregulation of the MSH6/MSH2 heterodimer
(MutS-alpha complex), thus confirming our initial hypothesis regarding the potential
induction of MMR downregulation as a convergent DNA repair adaptation upon
combination with CDDP and TMZ 4345, Interestingly, we found that inactivation of
MMR did not involve genetic alterations in the coding sequence of Msh2 and/or Msh6
genes at least in the models employed in our study. This is suggestive of an inheritable
epigenetic mechanism leading to protein downregulation of MSH2/MSH6. Notably, in
this system MMR downregulation does not lead to the emergence of mutational
signatures associated with MMR deficiency. However, it has been shown that a partial
impairment of the MMR system is needed for the establishment of the alkylating
mutational signature (SBS11)*»%3, Furthermore, the prevalent increase of SNVs over
InDels differs from what would have been expected if complete MMR deficiency had
occurred . Importantly, since we set a relatively high threshold of allele frequency for
mutational calling (see Methods), it remains possible that we failed to detect the IMMR
mutational signatures due to their sublconal level or the prevalence of other mutational

events. It should also be noted that, as we and others previously reported, a long
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timeframe is needed for the accumulation of MSI prototypic mutational signatures even
when the MMR system is genetically inactivated 38165,

Among the different chemotherapeutic agents we tested, effective immune surveillance
was observed only upon CDDP-TMZ priming, and this was also replicated in the poorly
immunogenic breast cancer model. Interestingly, in both colorectal and breast cancer
models the induction of clonal mutations following the CDDP-TMZ priming was
similar (about 15-18 mutations/Mb) and both models showed the same mutational
scars. This result compares favorably with other attempts to increase immune
responsiveness using alkylating agents, in which rejection was much less consistent
across models!®. Of note, while we only investigated the combination of cisplatin with
TMZ, given the overlapping role of MMR in mediating both cisplatin and carboplatin
cytotoxicity and treatment resistance!>%!79, the elicited phenotype may be similar using
carboplatin as the combination partner.

Importantly, CDDP-TMZ mediated immune surveillance is dependent upon CD8+ T
cell, suggesting a central role for MHC class I - associated neoantigens in driving the
anticancer response. Additionally, successful rejection of CDDP-TMZ-primed cells is
protective towards subsequent injection of both primed and unprimed tumor cells,
pointing at cross-activation against pre-existing non-chemotherapy-induced cancer
neoantigens. Interestingly, while mice that have previously rejected CDDP-TMZ-
primed tumors are able to reject unprimed tumors, a simultaneous injection of primed
and unprimed cells on the two flanks of the same immunocompetent mice leads to the
unrestricted growth of the unprimed tumors. Although not experimentally investigated,
we could speculate that the difference in the immune surveillance in these two contexts
depends on the intercurrent time between the immunological priming and the challenge
with the unprimed CT26. In particular, it has been already shown that vaccination with
mutagenized cancer cells expressing novel neoantigens provides protection towards the
growth of parental cancer cells devoid of the acquired neoantigens!’. This effect is,
however, only reported when mice are vaccinated 10 days before the injection of the
parental non-immunogenic cells!’?. A potential mechanism leading to such cross
reactivity is the so-called antigen spreading'’*. Another potential clue derives from a
recent work from the Spranger’s group!’®. This paper shows how strongly immunogenic
neoantigens (in our case the ones induced by chemotherapy treatment) may stimulate
the cross-priming of weaker pre-existing clonal neoantigens, thus increasing their

immunogenicity and potentiating immune surveillance. However, since primary
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antigen-specific T cell responses typically peak at 9-11 days!’®, as also shown in our
data, it is likely that a concurrent bilateral injection of unprimed and primed CT26 cells
does not provide enough time for the cross-presentation to take place, resulting in
immune control of the more immunogenic (primed) tumor and the immune escape of
the less immunogenic (unprimed) countepart.

The absence of rejections upon FOLFOXIRI (the most intense regimen used in the
clinic for mCRC '3¢), may provide a biological explanation to the limited clinical benefit
observed by the combinations of immune checkpoint inhibitors with 5FU-based
chemotherapy regimens in mCRC '40:163:164 Tp this regard, however, the relevance of
other immunoregulatory activities elicited by the treatment should not be excluded.

To establish a functional link between chemotherapy-induced mutations and immune
surveillance, we investigated the immune fitness of the cancer subclones by monitoring
them in the presence or absence of a functional immune system. Our findings revealed
that the CDDP-TMZ combination triggers a mutational spectrum that is subjected to
immune depletion, while CDDP and TMZ monotherapy or the FOLFOXIRI regimen
do not. The robust immunoediting of CDDP-TMZ-induced mutations in tumors that
evade immune surveillance, together with the absence of other known genetic events
responsible for immune escape, suggests the selection of less immunogenic cancer cell
subclones as a mechanism of immune evasion in accordance with previous studies 2.
Moreover, our data points to a direct relationship between the clonality of CDDP-TMZ-
induced variants and their immunogenicity. This is in accordance with previous
observations linking neoantigen clonality to antitumor immune response!?7-108.167,

An accepted model of clonal evolution under the selective pressure of cytotoxic agents
(including platinum agents) involves an initial clonal restriction due to the elimination
of chemotherapy-sensitive subclones, followed by clonal expansion of resistant or

tolerant subclones**108

. Accordingly, we postulate that the most immunogenic
mutations induced by the CDDP-TMZ arose early in drug tolerant/resistant subclones,
which would account for their higher clonal level at the end of the priming phase. We
also found that the immunoedited mutations are associated to the SBS 31 mutational
signature. In particular, SBS 31 alone encompasses more than one quarter of all the
immunoedited mutations, while this signature is virtually absent in the group of
immunologically neutral mutations. This observation is relevant in light of the etiology

of SBS 31, which has been experimentally correlated to platinum treatment 6316,

Importantly, the immunogenic potential of mutations associated with SBS 31 and its
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enrichment in immunoedited mutations could be linked to an early mutational event,
explaining the observed clonal abundance and, consequently, its immunogenic
relevance.

The in vivo combination of anti-PD1 with CDDP-TMZ on chemotherapy-naive tumors
led to a significant shrinkage in all mice, and complete cure in half of them, a
remarkable finding with potential clinical relevance.

We acknowledge that the present study has some limitations. The in vitro models that
we used artificially separate the priming from the editing phase. While this limits how
the approach parallels potential treatments schedules, it also provides a critical
advantage. Specifically, the in vitro priming experiment was designed to effectively
explore the impact of the quantity and the quality of chemotherapy-induced mutations
on the immunogenicity of CRC cells in terms of antigenicity. The fact that
combinatorial treatment with CDDP-TMZ induces active immunosurveillance also
when priming is performed in vivo confirms the potential clinical relevance of our
findings. As matter of fact, while chemotherapy-induced hypermutation likely plays a
relevant role in rejection of in vitro primed tumors, additional antigen-independent
immunoregulatory mechanisms, such as the reduction of immune suppressive T-regs,
may be in place when treatment is administered in vivo, potentially enhancing the
anticancer activity of the chemo-immunotherapy regimen.

Another important consideration is that the negative impact of chemotherapeutic
treatment on the functionality of the immune system is not negligible in cancer patients.
However, we and others recently provided evidence that at least TMZ treatment alone
does not hamper the efficacy of subsequent immunotherapy cycles %4l Relatedly,
before the advent of immunotherapy, several phase II trials have shown the feasibility
and tolerability of CDDP and TMZ combinations in metastatic melanoma and
glioblastoma multiforme 71173175177 Accordingly, an ongoing phase II trial is
investigating the triplet combination of CDDP, TMZ, and nivolumab (anti-PD1) in
previously treated pMMR mCRC (NCT04457284) with the aim to explore the
relationship between induced tumor hypermutation and tumor response.

The broad concept of enhancing the immunogenicity of cancer cells through treatment
with alkylating agents is not novel and precedes the development of immune checkpoint
inhibitors!”-18!, However, its clinical application has been hindered by the view that
the resulting hypermutation is largely subclonal and therefore not immunologically

relevant, and possibly even counterproductive for initiating a functional immune
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response’’1%7. Nevertheless, chemo-immunotherapy combinations, particularly those
containing platinum compounds, are currently standard-of-care in the treatment of

NSCLC, esophagogastric and biliary tract cancers!®?-

184 Here we provide preclinical
evidence showing how the administration of CDDP-TMZ in a translationally-relevant
schedule can lead to drug-induced immune surveillance. Our evidences indicate that
active immunoediting of chemotherapy-induced mutations is ultimately associated with
tumor control, resulting in immune-mediated rejection, along with the establishment of
immunological memory.

Overall, these findings provide the rationale for the clinical testing of new combinations
of commonly used cytotoxic drugs in immunologically cold pMMR CRCs, which

currently lack effective immunotherapy approaches, with the aim to boost immune

surveillance through the induction of hypermutation.
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6 MATERIALS AND METHODS

Mouse cell lines
CT26 is a murine undifferentiated colon carcinoma cell line obtained from a BALB/c

background. CT26 was purchased from ATCC and was cultured in RPMI 1640 10%
FBS, 2 mM glutamine and penicillin/ streptomycin (100 units/mL penicillin, 0.1 mg/mL
streptomycin). The TS/A breast cancer cell line was established from a moderately
differentiated mammary adenocarcinoma that arose spontaneously in a BALB/c
mouse'® and provided by F. Cavallo (Molecular Biotechnology Center, University of
Torino). TS/A was cultured in DMEM 10% FBS supplemented with 2 mM glutamine
and penicillin/ streptomycin (100 units/mL penicillin, 0.1 mg/mL streptomycin). Before
performing the experiments reported in this manuscript, the CT26 and TS/A parental
cell lines were injected in the syngeneic background and the resulting tumor was
exploited to re-establish in vitro a new cell culture. This procedure ensures that the
model used is tumorigenic and will not initiate immune surveillance when injected in

syngeneic animals. Cells were routinely tested for mycoplasma contamination.

Drug screen of syngeneic cell lines for cytotoxic agents
The sensitivity of CT26 to cytotoxic agents was assayed in short-term (96 hours)

proliferation assays. Cells were seeded at 0,5x10° cells/well in 200ul of complete
medium in 96-multiwell plates at day 0. 12 hours after seeding, serial dilutions of the
indicated drugs were added to the cells (ratio 1:2) in technical triplicates, while DMSO-
only treated cells were included as controls. Cell viability was assessed after 96 hours
by measuring ATP content through Cell Titer-Glo® Luminescent Cell Viability assay
(Promega) according to the manufacturer’s protocol. Luminescence was measured by
the Tecan SPARK MI10 plate reader. Cell viability measured for each treatment
condition was normalized to viability of DMSO-treated controls. Data represent

average + SD of at least three independent biological replicates.

Long-term in vitro treatments
All cytotoxic agents for in vitro studies were purchased from Selleckchem: 5-

fluorouracil (5FU, Cat. # S1209), oxaliplatin (Oxa, Cat. # S1224), SN38 (Cat. # S4908),
temozolomide (TMZ, Cat. # S1237), cisplatin (CDDP, Cat. # S1166).
In vitro priming treatments using TMZ, CDDP, 5FU, Oxa, and SN38 were performed

157

within clinically relevant concentrations '°’. The selected concentrations were in the
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range between ICys and ICso in short-term proliferation assays (Figure 4), with the
exception of TMZ to which both CT26 and TS/A are largely resistant at clinically
relevant concentrations ', All the treatments were administered in a pulsatile schedule
using treatment ‘cycles’ (2 days on treatment, followed by a 3 to 5-day treatment
washout until reaching about 80% confluence) at each culturing passage, for a total of
12 cycles spanning about 12 weeks. Each passage was performed at 1:10 ratio. The
intermittent drug exposure was used to allow for the gradual elimination of sensitive
cells with the selection of more tolerant cells at each passage, while avoiding a too
stringent selective pressure towards pre-existing cancer subclones completely resistant
to cytotoxic drugs. After the last treatment cycle, cells were cultured for at least 2
passages in drug-free complete medium before in vivo experiments and genomic or

protein analyses.

Western Blot analyses
For western blot assays, cells were cultured in media containing 10% FBS. Proteins

were extracted by lysing cell pellets in SDS buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl, and 1% SDS). Samples were boiled at 95°C for 10 minutes and sonicated for 15-
30 seconds depending on the dimension of the pellet. Eventual residual debris were
pelleted by centrifugation and 5 pl of supernatant was used to quantify the protein
content. Quantification phase was performed using BCA Protein Assay Reagent Kit
(Thermo Scientific). Detection phase was conducted with the enhanced
chemiluminescence system (GE Healthcare) and peroxidase-conjugated secondary
antibodies (Amersham). Acquisition of the chemiluminescent signal was performed
with ChemiDoc Imaging System (Bio-Rad). The primary antibodies used for this assay
were: anti-MLH1 (epr3894 from Abcam), anti-PMS2 (163C1251 from Thermo Fisher),
anti MSH6 (EPR3945 from Abcam), anti-MSH?2 (ab70270 from Abcam), anti-MGMT
(MT3.1 from Thermo Fisher), anti-beta Actin (I-19 from Santa Cruz Biotechnology).

Band quantification was performed using Image Lab software (Bio-Rad) version 6.1

from images acquired in triplicate.

Animal studies
All animal procedures were approved by the Ethical Commission of the AIRC Institute

of Molecular Oncology (IFOM) and by the Italian Ministry of Health. All in vivo

experiments were executed according to institutional guidelines and international law
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and policies and following methods previously described '%°. We used five- to eight-
weeks old female BALB/c and NODSCID mice purchased from Charles River (Calco,
Como, Italy). Each experiment was performed using at least six mice per group. For
subcutaneous injection (CT26), mice were shaved, and 500000 cells resuspended in 100
ul of PBS were injected on the right flank.

For orthotopic injection (TS/A), 100000 cells were injected in 50 pl PBS:Matrigel
solution in mammary fat pad of the lower right mammary gland for each mouse. Before
injection, cells previously treated in vitro were grown for at least 2 passages in absence
of treatment to allow for full replicative recovery and elimination of apoptotic cells.
Randomization was used for the experiments in which therapeutic effects had to be
evaluated. Tumor size was measured twice a week and volume was calculated using the
formula: V = (d> x D)/2 (d = minor tumor axis; D = major tumor axis) and reported as
tumor volume (mm?, mean + SEM of individual tumor volume). Depletion of CD4 and
CDS8 T cells was performed as previously described 9. Mouse CD4 depleting antibody
(anti-CD4, BioXcell) and mouse CD8a depleting antibody (anti-CD8, BioXcell) were
injected intraperitoneally on the same day of tumor inoculation at the dose of
200 pg/mouse, followed by a dose every other 2 days at 100 pg/mouse until the end of
the experiment. /n vivo chemotherapy treatment was started after randomization at an
average tumor volume of 50 mm? and was administered as follows: cisplatin 6 mg/kg
intraperitoneal (i.p.) injection once a week, temozolomide 20 mg/kg i.p. 5 days a week,
for a total of two weeks of treatment. ICB was performed as follows: anti-mouse PD1
(aPD1, BioXcell) 12.5 mg/kg i.p. every other 2 days for a total of 4 doses. Mice were
maintained in individually ventilated cages containing refinement instruments. Animal
welfare was checked by veterinary personnel during all the experiments. Mice were
daily monitored for social behaviors, compromised motility and sign of distress. As
soon as mice fitness was impaired or displayed sign of pain, animals were sacrificed in
accordance with humane endpoint. For the experiments reported in this work, sample

size was not predetermined using statistical methods. The investigators were not

blinded.

Bilateral injection of primed and unprimed cells in mice
We used five- to eight-weeks old female BALB/c mice purchased from Charles River

(Calco, Como, Italy). Each group consisted of 10 BALB/c mice. Mice were shaved
bilaterally, and 250000 cells resuspended in 100 pl of PBS were injected in both flanks.
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Mice were maintained in individually ventilated cages containing refinement
instruments. Animal welfare was checked by veterinary personnel during all the
experiments. Mice were daily monitored for social behaviors, compromised motility
and sign of distress. As soon as mice fitness was impaired or displayed sign of pain,
animals were sacrificed in accordance with humane endpoint. The investigators were

not blinded.

Genomic DNA extraction
Genomic DNA was extracted from snap frozen preserved cell pellets and snap frozen

tumor fragments using Relia Prep gDNA tissue miniprep system (Promega). In case of
snap frozen tumor fragments, we extracted gDNA from fragments deriving from the 4
quadrants of the mass, dividing each tumor in several small pieces and then pooling

together the extracted material.

Analysis of drug-induced genomic alterations
Library preparation, exome capture and sequencing were performed by IntegraGen SA

(Evry, France). Genomic DNA was captured using Twist Mouse Exome Panel, Twist
Bioscience. For detailed explanations of the process, see Gnirke et al 86, Sequence
capture, enrichment and elution were performed according to manufacturer’s
instruction and protocols (Twist Bioscience) without modification except for library
preparation performed with NEBNext® Ultra II kit (New England Biolabs®). For
library preparation 150 ng of each genomic DNA were fragmented by sonication and
purified to yield fragments of 150-200 bp. Paired-end adaptor oligonucleotides from
the NEB kit were ligated on repaired, a-tailed fragments then purified and enriched by
7 PCR cycles. 500 ng of these purified Libraries were then hybridized to the Twist oligo
probe capture library for 16 hours in a singleplex reaction. After hybridization, washing,
and elution, the eluted fraction was PCR-amplified with 8 cycles, purified and
quantified by QPCR to obtain sufficient DNA template for downstream applications.
Each eluted-enriched DNA sample was sequenced on an Illumina NovaSeq as Paired
End 100 reads. The quality control of data was evaluated through different parameters:
total number of raw reads, number of reads correctly mapping to the reference genome,
coverage, target enrichment, percentage of reads classified as PCR duplicates, and the
median depth. All samples overcame quality control step. Fastq files were aligned to

the mouse mml0 reference genome using BWA-mem algorithm with standard
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parameters. PCR duplicates were annotated using Picard tool and alignment files were
filtered to delete known sequencing artifacts altering analysis results: reads containing
more than three mismatches and nucleotides with Phred Score < 30 were filtered out as
previous reported ' . All mutations that were supported by reads having a strand bias
or by mismatch in first or last nucleotide of the read were discarded. Alignments of
different timepoints were compared to identify mutations and indels acquired post
treatment, while common mutations and indels were classified as germline %8, Since
cell lines grown in mice could acquire many alterations not related to the treatment, we
decided to perform a supervised analysis for the rest of the study considering only
molecular alterations which were previously identified in the T1 timepoint (Figure 5).
Indel calling was performed using Pindel, stratifying genomic alteration in acquired and
germinal as previous reported %8,

For the calculation of clonal (fractional abundance > 10%) and subclonal analysis, we
considered only mutations with a fractional abundance of over 3.4% and 3.7% for CT26
and TS/A, respectively, based on the sequencing parameters of their overall cohorts as
previously described®. These cut-offs are based on the variant analysis tool that can
call mutations with a minimum of 4 mutant reads and on the minimum depth (116X for
CT26 and 108X for TS/A) reached in all NGS data. The choice of 10% as the clonal
threshold was made for two distinct reasons. Firstly, previous studies have classified
CRC and other tumor types into hypermutated and not-hypermutated categories using
a 10% threshold'?!. Secondly, we confirmed this threshold experimentally in a previous
study. In brief, to assess the effect of different clonal/sublclonal cutoffs, we evaluated
the impact of population heterogeneity on TMB increase and TMZ-signature detection
in a TMZ-sensitive cell model and its resistant derivatives. Based on these findings, we
anticipated that a fraction of 25-30% cells would display the TMZ scar when a clonal

effect was detected using 10% as fractional abundance cutoff 4°.

RNA extraction and sequencing
Total RNA was extracted from snap frozen preserved cell pellets or tumor fragments

using Maxwell RSC simplyRNA tissue system (Promega). In case of snap frozen tumor
fragments, we extracted RNA from fragments deriving from the 4 quadrants of the
mass, dividing each tumor in several small pieces and then pooling together the
extracted material. The quantification of RNA was performed by Thermo Scientific

Nanodrop 1000 (Agilent). Control of RNA integrity, library preparation, and
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sequencing were performed by Macrogen Europe BV (Amsterdam, Netherlands). RNA
integrity was evaluated with the Agilent 2100 Bioanalyzer using the Agilent RNA 6000
Nano Kit. Total RNA was used as input to the [llumina TruSeq RNA Sample Prep Kit,
according to the manufacturer’s protocol. After library preparation, sequencing was
performed on NovaSeqX to get paired-end 2x100 bp reads. Three biologically

independent RNA samples were extracted and sequenced for each condition.

Neoantigen prediction analysis
Predicted neoantigens were computed starting from the file of coding variations. First,

for each variation we translated the corresponding cDNA into the amino acid sequence
modifying it according to the type of alteration. In the case of SNVs, we replaced the
normal amino acid with the mutated one in the selected position of the candidate
peptide; for frameshifts we take into account every possible peptide generated by the
altered frame. Next, mutated peptide sequences were trimmed and then NetMHC 4.0

software 187

was deployed to predict binding affinity to Major histocompatibility
(MHC) class I molecules using kmers from 8 to 11 length. MHC Class I haplotype
antigens were set to H2-Kd, H2-Dd and H2-Ld for BALB/c background and H2-Kd
and H2-Db for NODSCID background. For further analysis only predicted neoantigens

with a strong binding affinity (Rank <0.5) were considered.

Mutational Signature Analysis
Mutational matrices of somatic mutations were created using the tool

‘SigProfilerMatrixGenerator’ (version 1.2.8) '%°, Then, ‘fit to_signatures’ function
from MutationalPatterns (version 3.4.0) ! R package was used to perform mutational
signature fitting analysis. Mutational signatures reference v3.3 from COSMIC was used
as reference in the analysis '°2. Cosine similarity between the sample mutational profile
and the fitted mutational signatures was assessed using ‘cos_sim_matrix’ function.
Samples showing cosine similarity < 0.9 were excluded from the analysis as previously

reported 40,193,194'

Identification of immunoedited mutations and genetic events responsible
for immune evasion
To elucidate which mutations were immunoedited by the immune system, we first

identified common mutations between cells at the end of the priming phase (T1) and

tumors grown in immunodeficient mice: (T1-T0) N (T2NODSCID-T0). These mutations
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correspond to the ones introduced by the treatment and not subject to fitness selection
in vivo. This set of mutations was used to identify mutations that were still present in
the immunocompetent mice (neutral, not immunoedited), and mutations lost in the
immunocompetent mice (immunoedited), that are defined hereby:

Neutral mutations: [(T1-T0) N (T2NODSCID-T0)] N (T2BALBc-T0)

Immunoedited mutations: [(T1-T0) N (T2NODSCID-TO0)] - (T2BALBc-T0)

Samples from immunoescaped tumors (i.e., outgrown in immunocompetent mice) were
sequenced and we performed an in-depth analysis of the most prevalent genetic
mechanisms of cancer immune evasion, as recently summarized by Martinez-Jimenez
and colleagues '*°. These included the loss of MHC molecules, loss of antigen
presentation or MHC scaffolding (inactivation of b2m, calr, tapl, tap, tapbp), loss of
MHC transcription activation (mutations in nlrc5, ciita, rfx5), inactivation of IFN-
gamma pathway (mutations in jakl, jak, irf2, ifngrl, ifngr2, aplnr, statl), loss of cd58

immune receptor, amplification of pd-11, loss of setd].

Differential gene expression and gene set enrichment analysis (GSEA)
RNA-seq reads were aligned against mm10 using STAR aligner °® and subsequently

RSEM 7 was used for transcript and gene quantification and GENCODE v M23 as
gene annotation. Starting from RSEM gene results, differential gene expression analysis
was performed between CT26 cells treated with CDDP, CDDP-TMZ, FOLFOXIRI,
and TMZ, and untreated CT26 cells using the DESeq2 R bioconductor package!®®.
Independent filtering was performed as implemented by the results function and
adjusted p-values were calculated using the Benjamini-Hochberg (BH) method.
Additionally, log2 fold changes were shrunk using the 1fcShrink function. Genes with
an adjusted p-value of less than 0.05 were considered differentially expressed. GSEA
was performed with the fgsea function from the fGSEA R package '*°. The enrichment
analysis was performed considering the Hallmark gene sets derived from Molecular

Signatures Database (MSigDB) 2%,

Histological examination and immunohistochemistry
For histopathological analyses mouse tumors were fixed in 4% paraformaldehyde

(PFA) and processed by a Diapath automatic processor as follows. Tissues were

dehydrated through 70% (60 minutes), 2 change of 95% (90 minutes each), and 3
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change of 99% (60 minutes each) ethanol, cleared through 3 changes of xylene
(90 minutes each), and finally immersed in 3 changes of paraffin, 1 hour each. Samples
were embedded in a paraffin block and stored at room temperature (RT) until ready to
section. According to standard protocol, Hematoxylin/Eosin (Diapath) was performed
on serial sections to assess histological features.

For immunohistochemistry analyses, paraffin was removed with xylene and the
sections were rehydrated in graded alcohol. Antigen retrieval was carried out using
preheated target retrieval solution for 30 minutes and endogenous peroxidase activity
was quenched with 3% hydrogen peroxide in distilled water for 10 minutes at RT. Tissue
sections were blocked with 5% FBS in PBS for 60 minutes and incubated 3 hours with
primary antibodies for MSH6 (Biocare, CM265AK) MSH2 (Biocare, CM219AK),
CD8 (Abcam, AB217394), CD4 (Abcam, AB183685), Foxp3 (Cell Signalling
Technologies, CST85061). The antibody binding was detected using a polymer
detection kit (GAM-HRP, Microtech) followed by a diaminobenzidine chromogen
reaction (Peroxidase substrate kit, DAB, SK-4100; Vector Lab). Quantification of
immune markers was performed by manual counting of at least 4 different 40X fields
for each slide, and using at least 3 different tumor samples for each condition treatment
condition. Operators were blinded with respect to the treatment arm of the samples.
Results for each condition were plotted as average number of marked cells/field + SD.
All sections were counterstained with Mayer’s hematoxylin and visualized using a

bright-field microscope.

Quantification and statistical analysis
Statistical details for each experiment are specified in the corresponding figure legends.

Statistical significance was determined by Mann-Whitney test, Welch’s t test, and log-
rank test (GraphPad Prism) as specified for each experiment and p < 0.05 was

considered statistically significant.
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