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Up to 30% of colorectal, endometrial and gastric cancers have a deficiency in
mismatch repair (MMR) protein expression due to either germline or epigenetic
inactivation. Patients with Lynch Syndrome who inherit an inactive MMR allele
have an up to 80% risk for developing a mismatch repair deficient (MMRd) cancer.
Due to an inability to repair DNA, MMRd tumors present with genomic instability
in microsatellite regions (MS). Tumors with high MS instability (MSI-H) are
characterized by an increased frequency of insertion/deletions (indels) that can
encode novel neoantigens if they occur in coding regions. The high tumor
antigen burden for MMRd cancers is accompanied by an inflamed tumor
microenvironment (TME) that contributes to the clinical effectiveness of anti-
PD-1 therapy in this patient population. However, between 40 and 70% of MMRd
cancer patients do not respond to treatment with PD-1 blockade, suggesting that
tumor-intrinsic and -extrinsic resistance mechanisms may affect the success of
checkpoint blockade. Immune evasion mechanisms that occur during early
tumorigenesis and persist through cancer development may provide a window
into resistance pathways that limit the effectiveness of anti-PD-1 therapy. Here,
we review the mechanisms of immune escape in MMRd tumors during
development and checkpoint blockade treatment, including T cell
dysregulation and myeloid cell-mediated immunosuppression in the TME.
Finally, we discuss the development of new therapeutic approaches to tackle
resistance in MMRd tumors, including cancer vaccines, therapies targeting
immunosuppressive myeloid programs, and immune checkpoint
combination strategies.
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Introduction

The mismatch repair (MMR) pathway plays a key role in
repairing DNA damage. Proteins encoded by MMR genes detect
errors in replication and recruit proteins encoded by MLH1, MSH2,
MSH6 and PMS2 genes. MSH2 and MSH6 allow DNA mismatch/
damage recognition. MLH1 and PMS2 are involved in the
termination of mismatch-provoked excision. During DNA
replication, the MMR complex recruits DNA exonuclease with
PCNA to excise the mismatch. Then, Pol §, RPA and PCNA
promote DNA re-synthesis, and DNA ligase 1 promotes nick
ligation (1) (Figure 1A).

MMR deficiency (MMRd) causes genomic instability and
accumulation of DNA mutations. Patients who inherit
inactivating mutations in mismatch repair genes have a
significantly increased lifetime risk (up to 80%) for developing
cancer, typically with an earlier onset. MMRd can occur in various
cancer types, but is most frequently seen in colorectal, gastric,
endometrial, and ovarian cancers (2-14).

MMRd can be induced by sporadic or inherited alterations in
the MMR pathway proteins (15-17). The most common sporadic

10.3389/fimmu.2023.1210164

alteration is epigenetic silencing of MLHI, occurring in 80% to
95% of these cases (18). Multiple causes for epigenetic silencing of
MLH1 leading to MSI-H cancers have been investigated. For
example, protein phosphatase 2A (PP2A) inactivation induces
microsatellite instability (MSI), neoantigen production and anti-
tumor immunity. PP2A inactivation converts immunologically
cold microsatellite-stable (MSS) tumors into MSI tumors through
two different pathways: (a) by increasing retinoblastoma
protein phosphorylation that leads to E2F and DNMT3A/3B
expression with subsequent DNA methylation, resulting in MLH1
silencing, and (b) by increasing histone deacetylase (HDAC)2
phosphorylation that subsequently decreases the acetylation at the
9th lysine residue of the histone H3 protein (H3K9ac) and overall
histone acetylation levels. It results in epigenetic silencing of MLH1
(19). Inherited alterations arise from germline loss-of-function
mutations, which acquire mismatch repair deficiency following
loss of heterozygosity, as observed in Lynch Syndrome (LS). LS is
characterized by an inherited inactivating mutation at one allele of
an MMR gene, with detection rates of 39% MLHI, 30% MSH2, 31%
MSHS6 (20-26). The germline prevalence of LS is as high as 1 in 320
individuals (27).
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Mechanisms of mismatch repair deficiency leading to cancer development (A) Mismatch repair deficiency is characterized by mutations in or
epigenetic inactivation of MMR genes (MLH1, MSH2, PMS2 and MSH#6). Normally, proteins encoded by MMR genes detect errors in replication and
recruit proteins encoded by MLH and PMS genes. This complex recruits the PCNA/exonuclease complex that excises the mismatch and repairs the
DNA through insertion of correct bases. Then, Pol § is recruited for both leading and lagging strand synthesis, and the ligases catalyze the joining of
repaired DNA fragments. (B, C) Accumulation of mutations that are not repaired following MMR deficiency leads to microsatellite extension or
shortening through base-pair or three-nucleotide insertion/deletion in microsatellite repeated sequences. This leads to the production of
neoantigens if the altered transcript is a coding one. (Created with BioRender.com).
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MMRd cancers typically display a phenotype of high
microsatellite instability (MSI-H), which is characterized by
exceptionally large somatic mutation rates, particularly insertions
and deletions in microsatellite regions. Microsatellites are short,
repeated DNA segments, typically 1 to 6 base pairs, which are
scattered throughout the genome. Due to the repetitive nature of
these sequence elements, microsatellite (MS) regions are prone to
DNA replication errors. Accumulation of mutations that are not
repaired following MMR deficiency leads to microsatellite extension
or shortening (Figures 1B, C). When this occurs in coding regions
of the genome, it leads to the production of single nucleotide variant
(SNV) and frameshift peptide sequences that can potentially serve
as novel immunogenic proteins that are uniquely expressed in
cancer cells, called “neoantigens”. We and others have identified
recurrent frameshift mutations in MSI-H cancers yielding highly
immunogenic, shared frameshift-derived neoantigens that are
targets of T cells in patients with MSI-H tumors. The high
neoantigen loads in MSI-H cancers, combined with a favorable
inflammatory signature in the TME, translate to a strong response
to immune checkpoint blockade (ICB) (27, 28). However,
approximately 50% of patients fail to respond to ICB treatment,
suggesting that tumor-intrinsic and -extrinsic resistance
mechanisms are likely affecting immune surveillance and the
success of therapy (29, 30). Interestingly, phylogenetic trees of LS-
associated colorectal cancer (CRC) tumor crypts indicate that MMR
mutations contributing to MMR-deficiency are highly truncal and
occur in nearly all clones within the lesion indicating that MMRd
occurs early in tumor development (31). Despite MMRd presenting
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very early, tumor mutational burden and inflammatory
microenvironment may not be sufficient to control tumor growth.
MMRd pre-neoplastic lesions may progress to become malignant
cancer cells by subsequent acquisition of tumor driver mutations in
genes such as APC, KRAS, PI3K, PTEN, BRAF or p53 (27). Thus,
studying immune responses in early/developing tumors will inform
on resistance mechanisms in progressing tumors and in response
to therapy.

In this review, we will discuss immune evasion mechanisms in
developing MMRA/MSI-H tumors and following immune
checkpoint blockade. Finally, we will discuss multiple
immunotherapeutic strategies to overcome these evasion
mechanisms in MSI-H cancers.

Efficacy of immune checkpoint
blockade in MSI-H tumors

MSI-H cancers have exceptional response rates to ICB (around
50%). This recognition resulted in FDA approval for the tissue-
agnostic deployment of checkpoint inhibitors in MSI-H or MMRd
cancers (32). This favorable MMRd tumor response to ICB is
probably due to high immune infiltration in the tumor
microenvironment (TME), likely driven by multiple mechanisms,
including a high neoantigen load and the activation of the cGAS-
cGAMP-STING pathway (33-35) (Figure 2). We and others (27,
28) have recently identified highly immunogenic, shared
frameshift-derived neoantigens that are targets of T cells in
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MMRd triggers T cell response through neoantigen production and the cGAS-STING pathway. Cytosolic DNA is sensed by the cGAS-STING
pathways causing increased expression of IL-6, TNF, and type-| interferon which augments APC activation and T cell recruitment. These infiltrating T
cells recognize frameshift-neoantigens encoded by insertion/deletion events at microsatellite loci. (Created with BioRender.com).
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patients with MSI-H tumors and are associated with T cell
infiltration into the tumor bed (27). Moreover, the expression of
unstable DNA intermediates in MMRd tumor cells activates cGAS-
cGAMP-STING signaling inducing the production of type I
interferons, IL-6 and TNF. These in turn activate innate and
adaptive immune responses by increasing T cell and antigen
presenting cell (APC) recruitment into TME, enhanced antigen
uptake and presentation, and activation of T cells by DCs in
draining lymph nodes. Together, this inflammatory and antigen
target rich environment results in more effective anti-tumor
immune responses, thereby presenting an opportunity for
successful ICB treatment in MSI-H cancer patients (36).

In 2015, a small phase 2 study showed that MMRd status
predicted clinical benefit of ICB with pembrolizumab (anti-PD-1)
(33). The response and progression-free survival rates were 40%
and 78% respectively for MMRd CRC, and 0% and 11% for MMRp
CRC, respectively. Patients with MMRd non-CRC (small bowel,
gastric, endometrial, ampullary or cholangiocarcinoma) had
responses similar to MMRd CRC patients (response rate, 71%;
progression-free survival rate, 67%). In 2017, a larger phase 2 study
of 12 different tumor types further confirmed that tumor control by
ICB in MMRA cancers is not just limited to CRC (34). Objective
radiographic responses were observed in 53% of patients, and
complete responses were achieved in 21% of MMRd CRC and
non-CRC patients after 1 year. For subjects that received nivolumab
(anti-PD-1) plus ipilimumab (anti-CTLA4), the investigator-
assessed ORR was 55% amongst MMRd CRC patients (37). In
2020, a phase 3 study showed that pembrolizumab led to
significantly longer progression-free survival than chemotherapy
(5-fluorouracil-based therapy with or without bevacizumab or
cetuximab) when received as first-line therapy for MMRd
metastatic CRC (35). An overall response (complete or partial
response), as evaluated with Response Evaluation Criteria in Solid
Tumors (RECIST), was observed in 43.8% of the patients in the
pembrolizumab group and 33.1% in the chemotherapy group.
However, the observed increase in overall survival was not
statistically significant. The safety profile was more favorable with
pembrolizumab, with 22% of grade 3 and 4 adverse events
attributable to pembrolizumab versus 66% with chemotherapy. In
the United States, frontline pembrolizumab was approved for MSI-
H CRC in 2017, and second-line nivolumab and ipilimumab was
approved in 2018 for those who fail to respond to chemotherapy/
targeted treatment. In Europe, frontline pembrolizumab and the
combination of second-line nivolumab and ipilimumab were
approved in 2021 (38). In accordance with the hypothesis that
favorable MMRd tumor response to ICB is probably due to high
tumor mutational burden (TMB) and the consequent high immune
infiltration in the TME, ICB has also demonstrated significant
clinical benefit in other inflamed/TMB-high tumors, such as
melanoma and lung tumors (39-41).

Currently, there are several ongoing trials investigating anti-
PD1/PD-L1 therapy for MSI-H CRC in both adjuvant and
neoadjuvant settings. In the adjuvant setting, one ongoing trial
(Alliance A021502, NCT02912559), is evaluating the role of PD-L1
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blockade in patients with stage 3 MSI-H CRC, using mFOLFOX6
with or without atezolizumab. Another phase 3 trial
(NCT04008030) is evaluating the role of PD-1 blockade with or
without CTLA-4 blockade vs chemotherapy for patients with MSI-
H CRC (42). Importantly in the neoadjuvant settings, ICB has led to
remarkable results for patients with MSI-H CRC, with pathologic
complete response rates ranging from 60% to 100% (38, 43). In a
recent neoadjuvant trial, dostarlimab (anti-PD-1, already approved
in metastatic disease) showed promising results in 12 patients with
MMRd stage IT or IIT rectal adenocarcinoma (44) where treatment
response was assessed prior to initiation of chemoradiotherapy and
surgery. The patients received a dose of 500 mg every 3 weeks for 6
months. 100% of the 12 patients had a clinical complete response,
with no evidence of tumor on magnetic resonance imaging,
positron emission tomography, endoscopic evaluation, digital
rectal examination, or biopsy. No patients needed to proceed with
chemoradiotherapy or undergo surgery. Other trials evaluated
extending the use of upfront PD-1 blockers (dostarlimab,
toripalimab, sintilimab) to 6 months in MSI-H localized rectal
cancer leading to complete clinical responses in 100%, 65-88% and
75% of patients, respectively, allowing a non-surgical approach in
this subset (43-45). In summary, ICB has been shown to provide a
significant clinical benefit as frontline, beyond frontline and in
neoadjuvant settings for MMRd tumors (Table 1).

However, on average 50% or more of patients with advanced
MMRd stage IV CRC fail to respond to ICB treatment, suggesting
that tumor-intrinsic and -extrinsic resistance mechanisms are likely
affecting immune surveillance and the success of therapy (29, 30).
Therefore, it is critical to investigate the specific immune resistance
mechanisms that develop in these patients during tumor evolution
and following ICB failure. Better characterization of these resistance
mechanisms of MSI-H tumors will be essential for identifying
associated biomarkers and developing additional interventions
that complement ICB to reduce tumor burden.

Immune escape mechanisms in
developing MSI-H tumors

Genomic and transcriptomic characterization have shown that
MSI-H CRCs are immunologically heterogeneous despite having
comparable TMB (46). Most are highly infiltrated by immune cells,
but there are also MSI-H CRCs with low immune infiltration that
are associated with mucinous histology, KRAS mutations and Wnt/
Notch activation, greater tumor size, distant metastasis or early
recurrence. Comparison of immune-high and -low MSI-H CRCs
revealed differential mutational and immune gene signature
enrichments, suggesting differences in clonal evolution and
immune escape mechanisms of tumors (Figure 3A) (46). Below
we characterize the highly prevalent features of immune escape in
developing MMRd tumors, specifically focusing on Lynch
syndrome (LS) where it is possible to follow the trajectory of
immune infiltration at different stages of tumor development as
these patients regularly undergo cancer screening.
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TABLE 1 Selected ICB trials demonstrating high efficacy for MMRd CRC and other TMB-high tumors.

Drug/phase Cancer Response Ref
Pembrolizumab small phase 2 (2015) MMRd CRC Response rate: 40% (33)
Progression free survival rate: 78%
MMRp CRC Response rate: 0% (33)
Progression free survival rate: 11%
MMRd non-CRC Response rate: 40% (33)
Progression free survival rate: 78%
Pembrolizumab phase 2 (2018) MMRd CRC and non-CRC Objective radiographic responses: 53% (34)
Complete responses: 21%
Nivolumab plus Ipilimumab phase 2 (2018) MMRd CRC Overall response rate: 55% (37)
Pembrolizumab vs chemotherapy phase 3 (2020) MMRd metastatic CRC Complete or partial response: 43.8% vs 33.1% (35)
No difference in overall survival
Grade 3 and 4 adverse events: 22% vs 66%
Dostarlimab neoadjuvant (2022) MMRd stage II or III rectal Complete response: 100% (only 12 patients) (44)
adenocarcinoma
Ipilimumab plus Pembrolizumab or Nivolumab vs Ipilimumab Metastatic melanoma Objective response rate: 31% vs 13% (40)
(2021) Median overall survival: 20.4 months vs 8.8
months
Pembrolizumab vs chemotherapy (2019) NSCLC Overall response rate: 45% vs 28% (41)

Resistance mechanisms in developing MSI-H tumors and following ICB
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characterized by CD4 T cells, proinflammatory cytokines (TNF, IL-12), and CTLA-4, LAG3 and PD-L1
additional mutations and high TMB, which is characterized by T cells entering an exhaustion state. It

checkpoints. They progressively develop
may also involve an IFN-induced expression of

HLA-E that inhibits CD8+ T cells and NK cells via the NKG2A/CD94 receptor. (C, D) MSI-H tumors can develop strong anti-tumor immune
responses as well as developing immune suppressive inflammatory hubs that compromise anti-tumor immunity (47). In human MSI-H tumors, an
inflammatory hub populated by inflammatory Tregs (C), MMP-expressing CAFs (D), monocytes, and neutrophils may further increase immune
escape during MSI-H tumor development, promoting tumor angiogenesis and tissue remodeling (47). (Created with BioRender.com).
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Immune escape due to T cell dysregulation
and multiple checkpoint expression

LS-associated polyps and normal epithelium generally have low
neoantigen burden but display an immune activation profile that is
characterized by infiltrating CD4 T cells, proinflammatory
cytokines (TNF, IL-12), and LAG3 and PD-L1 checkpoints
suggesting early immune activation (48) (Figure 3B).
Interestingly, a smaller subset of MMRd LS polyps have been
characterized by high mutation and neoantigen rates, comparable
to hypermutant tumors. This subset of cells also expresses CTLA4
(48). These findings suggest that neoantigen presentation, immune
activation, and subsequent immune surveillance/escape may occur
early in tumorigenesis. Further supporting the early immune
activation in LS, normal colonic mucosa specimens from cancer-
free patients were shown to be highly infiltrated by immune cells,
including CD45+, CD8+, natural killer (NK), dendritic, mast, and
B-cell populations, at even greater levels than tumor-distant normal
colonic mucosa of LS patients with CRC (49). Notably, the density
of CD3+ T cells in cancer-free LS patients correlated with increased
time to cancer onset, implicating T cells as potentially mediating
cancer risk in normal mucosa. This indicates that productive T cell
infiltration and surveillance in normal colonic epithelium may be
critical for eliminating early MMRJ lesions and that lower
infiltration/dysfunctional T cell states may compromise this early
anti-tumor immunity. Indeed, an enrichment of FOXP3-positive
regulatory T cells (Tregs), an immunosuppressive population found
in LS carcinomas, was observed in the normal mucosa of LS
patients, both with and without CRC, compared to non-LS
control specimens. In addition, CD8+ T cells within the normal
mucosa of LS patients displayed an exhausted phenotype, together
suggesting the early occurrence of immune regulatory mechanisms
as possible factors in cancer progression (49) (Figure 3C).

Current ongoing work by our team is seeking to determine
whether T cells in early LS recognize frameshift neoantigens in
MMRA colonic crypts (50) and whether this neoantigen expression
can precede the immune dysregulation observed in LS CRC
patients. We hypothesize that chronic activation accompanying
neoantigen recognition leads to T cell exhaustion (51) and
concomitant infiltration of T regulatory cells (52) promoting the
development of an immunosuppressive TME that compromises this
early immune surveillance causing MMRd tumors to develop.

Immune escape mediated by myeloid and
pro-inflammatory stromal
immunosuppressive programs

The TME is composed of various cell populations, including
malignant cells, stromal fibroblasts, and adaptive and innate
immune cells, generating a complex and heterogeneous
ecosystem. It is likely that pro- and anti-tumorigenic processes in
the TME are governed by multicellular interaction networks
involving frequencies and spatial organization of cell subsets and
inter- and intra-cellular feedback loops. To understand the cellular
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programs underlying immune response in CRC tumors, a recent
study analyzed primary untreated tumors and adjacent normal
tissue from MMRd and MMRp CRC patients (47). MMRd and
MMRp tumors displayed shared inflammatory profiles
characterized by reduced infiltration of specific anti-tumor
effector cell populations and elevated immunosuppressive
transcriptional programs within the TME compared to normal
tissue. Examples of a deficiency of major effector populations
involved in orchestrating and mediating tumor cell clearance
included plasma cells, B cells, IL7R+ T cells and yd-like T cells
(47). MMRd and MMRp tumors were also enriched in Tregs,
monocytes, and macrophages compared to normal colon (47).
These monocytes and macrophages in luminal tumor hubs
upregulate inflammation (MMPI2 and MMP9), myeloid cell
recruitment (CCL2 and CCL7), and tumor growth-promoting
genes (VEGF and EREG) (47) (Figure 3D). Notably, compared
to MMRp, MMRd tumors were marked by a greater expression
of chemokines attracting monocytes and neutrophils, as
well as SI00A8 and SI00A9 alarmins which may mediate
immunosuppression by enhancing accumulation of myeloid-
derived suppressor cells (MDSCs) with T cell inhibitory functions
(53) and secretion of suppressive cytokines IL-10 and TGF-f3 (54).
These data demonstrate that myeloid programs are altered in
MMRd tumors, which likely contribute to immune escape during
tumor progression.

Comparison of MMRd and MMRp CRC revealed that the main
difference in the immune composition of tumors was in the T cell
compartment (47). Consistent with the greater immunogenicity of
MMRd tumors, MMRd T cells were enriched in programs involving
cytotoxicity (granulysin, granzyme B, perforin) and exhaustion
(PD-1, TOX, LAG3), suggesting chronic stimulation of tumor-
reactive T cells. In some MMRd hubs, T cells producing IFN
gamma formed foci with interferon-stimulated genes (ISG) and
CXCR3L expressing myeloid cells providing an environment
conducive to lymphocyte recruitment, leading to infiltration of
MMRd tumors by CXCLI13+ T cells (a marker suggestive of
tumor antigen reactive T cells (49-52)) and PDCDI (PD-1)+ vo-
like T cells, which may increase the anti-tumor response. The
presence of these inflammatory immunogenic hubs is therefore
likely critical in the regulation of the T cell response and overall
anti-tumor immunity in MMRd tumors.

However, persistent inflammatory signaling in MMRd tumors
may also drive immunosuppression, such as IFN-mediated
upregulation of immune checkpoints and recruitment of
immunosuppressive stromal and myeloid cells (cancer-associated
fibroblasts (CAFs), neutrophils, macrophages) through multiple
cytokine gradients (CCL2, CCL7, VEGF, IL-10, TGFB, IL-17, G-
CSF, GM-CSF, IL1B, CCL20) (47, 55-59). Notably, in MMRd
tumors, ISG signatures were spatially correlated with expression
of inhibitory molecules, IDOI1, PD-1, PD-LI, Tim3. MMRd tumors
were also enriched in inflammatory CAFs. These CAFs express
matrix metalloproteinases (MMPs), known to contribute to tumor
angiogenesis and tissue remodeling (60). Activated CAFs may
secrete IL-17, which can further promote tumor expansion (61).
Thus, myeloid and stromal cells may be implicated in suppression
of anti-tumor responses and promotion of MMRd tumor growth.
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Altogether, these findings suggest that subsets of MMRd tumors
can develop strong anti-tumor immune responses, but they can also
develop immunosuppressive inflammatory hubs that compromise
anti-tumor immunity (47). However, the precise timing of when
these immune evasion mechanisms occur remains to be
understood. These studies also indicate novel target pathways that
may be amenable to immune modulation, such as myeloid
recruiting chemokines, immunosuppressive myeloid cell
programs, and signaling by stromal cells. Further studies using
animal models and patient specimens may help to better
characterize the functionality of these pathways and the potential
of myeloid and stromal targeting to overcome resistance.

Immune escape mechanisms in MSI-H
tumors following ICB

Resistance to ICB mediated by
insertion-deletion load and NK,
CD8+ and ¥ T cell infiltration

The accumulation of mutations in MMRd tumors increases the
neoantigen load and can render tumors immunogenic and sensitive
to programmed cell death-1 (PD-1) blockade (33-35). Yet, response
to PD-1 blockade among MSI-H patients varies, and as many as half
are refractory to treatment. Recently, it was shown that the degree of
microsatellite instability (MSI intensity) (62) and resultant
neoantigen load, in part, predict the variable responses to anti-
PD-1 therapy in MMRd human and mouse tumors (28, 63-65). The
extent of response is particularly associated with the accumulation
of insertion-deletion (indel) mutations in MSI-H patients. Thus,
MMRd tumor immune resistance may be explained by the selection
of clones with low indel mutations.

Mechanisms underlying MSI-H phenotype may impact
mutational loads and multicellular interaction networks in the
TME, altering response to ICB treatment. A recent phase II
clinical study compared response rates to pembrolizumab (anti-
PD1) therapy in recurrent endometrial cancer (EC) patients with
sporadic MMRd due to either mutational or epigenetic alterations
(66, 67). MMRd cancers without hypermethylated MLH1 that have
no detectable pathogenic germline MMR mutations are described to
have Lynch-like Syndrome (LLS) (66). In this study the ORR to
pembrolizumab was 100% in LLS patients but only 44% in
epigenetic MMRd patients (66). The 3-year PFS and OS
proportions were 100% versus 30% and 100% versus 43%,
respectively, in LLS vs epigenetic MMRd. These striking
differences in ICB response based on the molecular mechanism of
MMRd could be due to the significantly higher TMB in mutational
MMRd (LLS) than epigenetic MMRd. Thus, some neoantigens that
were targeted by CD8+ T cells may be absent in a subset of MMRd
tumors with epigenetic silencing of the MLH1 (Figure 3A). This
may also be due to the transient epigenetic silencing of the MLH1
gene where a subset of tumor cells can retain MMR protein
expression. Alternatively, inflammatory networks within the TME
of LLS and epigenetic MMRd may differ, impacting ICB response. A
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follow-up study delineating the underlying mechanisms of ICB
response in the same phase II trial revealed that effector CD8+ T
cells were correlated with regression of mutational MMRd tumors
(LLS), while it was activated CD16+ NK cells that were correlated in
epigenetic MMRd (67). Therefore, the molecular mechanisms of
MMRd may impact disease pathophysiology, altering tumor
immune contexture, which could provide a mechanistic
explanation for the variable therapeutic benefit of ICB across
MSI-H cancers.

Resistance to ICB mediated by defects in
antigen presentation

A common mechanism of tumor immune escape is
downregulation or loss of MHC class I molecules, which impairs
CD8+ T cell-mediated control. MHC-I expression in tumor cells
has been defined as a correlate of response to ICB (68). In MMRd
cancers, expression of MHC-I alleles, as well as other components
of antigen presentation machinery, such as beta 2 microglobulin
(B2M) and TAP2, are commonly disrupted (69) (Figure 3A).
However, despite an expected deficiency in antigen presentation,
the majority of B2M-deficient MMRd CRC achieve clinical benefit
from ICB therapy (70). One explanation is that B2M may be
accessed from other cells by cell-to-cell contacts, rendering
tumors class I-proficient. It can also be explained by the
involvement of immune effector cells other than CD8+ T cells
controlling these tumors. It was recently demonstrated that y§ T
cells are key effectors of immunotherapy in MMRd cancers with
MHC class I defects (71). ICB substantially increased the frequency
of ¥8 T cells in B2M-deficient MMRd cancers, expressing high levels
of PD-1, cytotoxic molecules, and killer-cell immunoglobulin-like
receptors. Furthermore, NK and CD4+ T cells may also play
important roles in targeting class-I deficient MMRd tumors.
Human MMRAd tumors expressing low levels of B2M display
increased intratumoral CD4+ T cells (72). In murine models of
B2M-/- MMRd tumors, T cell subset depletion experiments
demonstrated that CD4+, but not CD8+, T cells were required for
the efficacy of checkpoint blockade (anti-PD-1 + anti-CTLA-4)
(72). However, the mechanisms of CD4+ T cell driven anti-tumor
immunity in response to ICB in MHC-I-deficient MMRd cancers
remain to be fully investigated.

Resistance to ICB and immune
cytolytic activity

A strong correlate of ICB response is intratumoral cytolytic
activity, where reduced expression of cytolytic programs has been
associated with resistance to anti-PD-1 therapy in multiple cancer
types, including CRC (73-78). In immunotherapy naive patients,
RNAseq profiling has demonstrated an enrichment in cytolytic T
cell-associated programs in MMRd endometrial tumors compared
to MMRp tumors, such as an increase in tumor-reactive T cell
populations highly expressing PD-1 and CD39 molecules (79) and
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T cells with high perforin (PRF1) expression (80). A single cell
RNAseq study showed that in MMRd CRC tumors, subsets of T and
NK cells acquire cytolytic properties (Granulysin (GNLY),
Granzyme B (GZMB), and PRF1) at a greater degree than their
MMRp counterparts (47). This has been further validated at the
protein level by immunohistochemistry, where it was observed that
MMRd CRC has significantly higher intratumoral GZMB
expression than MMRp CRC (81). Supporting a role of cytolytic
activity in ICB response, it was demonstrated that in MMRd tumors
treated with anti-PD-1 immunotherapy, expression of cytolytic
markers, e.g,, GZMA and PRFI, were enriched in responders
(82). Although CD8 T cells have been proven to be major
contributors of tumor clearance following ICB treatment, GZMA
and PRF1 expression in MSI-H tumors was also associated with
high levels of activated memory CD4+ T cells, ¥d T cells and
macrophages (78). This indicates that, as would be expected, a
coordinated cytolytic immune response from multiple cellular
compartments is needed for the optimal tumor control and
prolonged survival observed in these patients.

Resistance to ICB mediated by Tregs and
myeloid cell subsets

MSI-H tumors accumulate monocyte, granulocyte and
neutrophil populations as noted earlier (47, 55) (Figures 3C, D).
These populations may contain subsets with immunosuppressive
features and may affect the ICB response by compromising the anti-
tumor immunity and promoting cancer cell proliferation. Targeted
deletion of PD-1 in granulocyte/macrophage progenitors (GMPs)
induces or promotes anti-tumor immunity in multiple mouse
tumor models (55). Those progenitors accumulate during tumor
development and give rise to myeloid-derived suppressor cells
(MDSCs), which mediate T cell dysfunction. Following PD-1
deletion, accumulation of GMP and MDSC was reduced leading
to an increase of T effector memory cells. In PD-1-deficient GMPs,
growth factors (G-CSF and GM-CSF) induced increased glycolysis,
activity in the pentose phosphate pathway and TCA cycle and
elevated cholesterol. Because cholesterol is required for
differentiation of inflammatory macrophages and DC and
promotes antigen-presenting function, it suggests that metabolic
reprogramming and differentiation of effector myeloid cells might
be a key mechanism of anti-tumor immunity mediated by ICB.

MSI-H tumors also accumulate Tregs (47). Resistance to ICB
may involve Treg-mediated immunosuppression in conjunction
with mast cells, as recently shown in a melanoma model (83).
Reduced MHC-I expression and poor infiltration by CD8+,
Granzyme B+ T cells were observed in tumor regions where
Tregs and mast cells co-localize each other, with such features
associated with resistance to anti-PD-1 treatment. Studies in 2D and
3D coculture models showed that human mast cells promote CRC
growth via increases in cytokine production (CCL15 or SCF) and
TLR2 stimulation (84). Indeed, TLR2 ligands, such as laminin-f1,
HMGBI and S100A9, are upregulated in CRC, and human mast
cells express CCR1 and CCR3- surface receptors for CCL15. More
studies are needed to characterize this mechanism driven by TLR2
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and whether this pathway is upregulated in human MSI-H cancers
resistant to anti-PD-1 therapy.

Resistance to ICB mediated by
IFN-signaling and inflammation

In humans, an IFNYy-induced signature, including CXCL9/
CXCLI13 expression, was associated with a favorable response to
ICB in multiple tumor types (85-87). However, persistent ISG hubs
in tumors, as shown in a recent MMRd CRC tumor atlas (47), may
ultimately drive immunosuppression because of the negative
feedback that upregulates immune checkpoints and co-inhibitory
factors such as PD1/PDLI, Lag3/MHC-II, Tim3/LGALS9, and
IDO1 through IEN overstimulation (47) (Figure 3D). Further
supporting a negative regulatory role for IFN signaling, a recent
study reported that epigenetically pre-encoded responsiveness to
type I interferon in the peripheral immune system, assessed prior to
therapy, defines the outcome of PD-1 blockade such that high
responsiveness to IFN-I was associated with therapy failure (88).
Since accumulation of DNA damage in MMRd cells may
chronically stimulate IFN signaling via ¢cGAS-STING pathway, it
is important to fully decipher the role of IFN signaling to ICB
response in MMRd patients.

IFN signaling can upregulate classical and non-classical MHC
molecules. A recent study investigating immune evasion
mechanisms by genome-scale in vivo CRISPR screens across
cancer models treated with ICB (89) identified immune evasion
genes and immunosuppressive checkpoints conserved across
cancers, including the non-classical MHC class I molecule Qa-1b/
HLA-E. Notably, loss of tumor IFNY signaling sensitized many
tumor models to ICB. Immunosuppression by tumor IFN sensing is
mediated through two mechanisms. First, tumor upregulation of
classical MHC class I inhibits natural killer cells. Second, IFN-
induced expression of Qa-1b (functional homolog of HLA-E in
mice) inhibits CD8+ T cells via the NKG2A/CD9%4 receptor, and
NKG2A may be induced by ICB. Strong IFN signatures are
associated with poor response to ICB in individuals with renal
cell carcinoma or melanoma (89). As MSI-H tumors contain
persistent inflammatory hubs, IFN-mediated upregulation of
classical and non-classical MHC class I inhibitory checkpoints in
these tumors may facilitate immune escape (47).

Resistance to ICB was also associated with inflammation due to
obstructions, perforations, peritonitis, or other radiologically
diagnosed inflammation in abdominal viscera or metastatic sites
in patients with MMRd CRC (90). This may be due to the
involvement of neutrophils via CD80/CD86-CTLA4 signaling
which was demonstrated using MSI-H CRC patient-derived
organoids (90). Immune resistance to ICB mediated by
inflammation also involves multiple metabolic and canonical
tumorigenic pathways. Specifically, gene set enrichment analysis
demonstrated that MSI-H non-responders to ICB had upregulation
of epithelial mesenchymal transition, angiogenesis, hypoxia,
mTORCI1, TNF-0, KRAS, Wnt/B-catenin and TGF-f signaling
pathways (91). VEGF-A-associated pathways were enriched in
non-responders, and accompanied by shorter progression-free
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survival and overall survival. Profiling of CRC clinical samples and
preclinical studies also suggested that alterations in the Wnt and the
JAK-STAT signaling pathways may be associated with ICB
resistance (92, 93).

In summary, the mechanisms that mediate immune escape and
resistance to immunotherapy in MMRd tumors are multifactorial. A
complete understanding of these mechanisms in the ecological context
of their TME as they occur throughout tumor development and
progression is essential to develop novel targeted treatments that will
improve the outcome of clinical interventions in MMRd cancers.

Novel strategies to overcome immune
resistance of MSI-H tumors

MSI-H tumors escape immune surveillance during their
development and can become resistant to immunotherapy. Thus,
it is crucial to develop strategies to overcome this resistance.

Targeting T cell dysfunction and myeloid
cell-mediated immunosuppression

ICB combinations may serve as an alternative strategy to overcome
immune resistance to checkpoint inhibitor monotherapies. LS-

10.3389/fimmu.2023.1210164

associated polyps and normal epithelium are infiltrated by T cells
expressing LAG3, PD-L1 and CTLA-4 (48). Thus, targeting these
checkpoints may restore anti-tumor immunity (Figure 4). It may also
be of interest to target checkpoints described in other cancers, such
as TIGIT (94-103). The HLA-E and HLA-G checkpoints, known to
have immunosuppressive properties in epithelial tissue, can also be
combined with PD-L1 (104-106). Indeed CRC tumors showing
absence of MHC-I, HLA-E and HLA-G expression were related to a
better overall survival, and it may be of interest to develop more
blocking antibodies (such as monalizumab) and CAR T cells targeting
these non-classical HLA, even if this might also affect non-tumor
cells (107-110). Combination therapies may also enable clinicians
to reduce the dosage of each monoclonal antibody, thereby
minimizing the toxicity while maximizing the efficacy compared to
ICB monotherapies.

Recently, it was shown that CD62L+ TPEX cells (precursors of
exhausted T cells) are a stem-like population that is central to the
responsiveness to anti-PD-1 therapy (111). In mice, TPEX cells co-
express PD-1, the transcriptional regulators TCF1 and ID3 and the
surface molecules CXCR5 and Ly108. These cells can continuously
self-renew and give rise to functionally restrained effector T cells.
On the contrary, exhausted effector T (TEX) cells co-express PD-1,
TOX and TIM-3 but not TCF1, ID3, CXCR5 and Lyl08. T cell
exhaustion is an adaptation to continuous antigen stimulation in
chronic infection and cancer. Although it protects against excessive
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immune-mediated tissue damage, it also contributes to viral or
tumor persistence. The proliferative burst in response to PD-1
inhibition originates from CD62L+ TPEX cells and depends on
MYB (111). MYB regulates two fundamental aspects of exhausted T
cell responses: the downregulation of effector function and the long-
term preservation of self-renewal capacity. Human MMRd cancer
studies should investigate more the role of these cells following ICB.
Future ICB therapies should better target this specific T cell subset
in MSI-H tumors. New therapies might also target the CXCL13+ T
cell subset that infiltrates MSI-H CRC (47). Indeed, a meta-analysis
across 7 tumor types indicated that CXCLI3 expression was a
strong predictor of ICB response (86).

Targeting myeloid programs in combination with ICB may also
help to overcome MSI-H tumor resistance. Patients with recurrent
EC treated with immunotherapy with a pre-treatment neutrophil-
to-lymphocyte ratio < 6 had a better overall survival (112). Studies
in a MSI-H mouse model also showed that tumor-induced
neutrophils countered anti-PD-1 efficacy (100). Since anti-CTLA-
4 could restrict tumor-induced neutrophil accumulation, an anti-
PD-1 + anti-CTLA-4 combination overcomes anti-PD-1 resistance
in hosts with MSI-H tumors displaying abnormal neutrophil
infiltration. Despite toxicity, Nivolumab (anti-PD-1) +
ipilimumab (anti-CTLA-4) is a promising new treatment option
for patients with MMRA/MSI-H CRC, with high response rates,
encouraging progression-free survival and overall survival at 12
months (37).

In addition to neutrophils, new strategies may also target myeloid
immunosuppressive pathways in MSI-H tumors. In murine models
of sarcoma and CRC, TREM2 deficiency or TREM2 blockade in
combination with PD-LI blockade contributed to increased CD8 T
cell activation and further limited tumor growth (113-115). Trem2 is
expressed on macrophages and DCs (116). TREM2 forms a receptor-
signaling complex with TYROBP, which mediates signaling and cell
activation following ligand binding. Thus, it may be suitable to target
TREM2 or neutrophils receptor (e.g. Ly-6G, CD16) on myeloid cells
infiltrating MSI-H tumors following ICB resistance. Overall, ICB
combination (CTLA4, PD-L1 and others) efficiency may act together
with the inhibition of myeloid immunosuppressive programs.

Vaccination

We and others have characterized MMRA associated recurrent
frameshift mutations that generate shared immunogenic
neoantigens (28). These frameshifts might serve as targets for
cancer vaccine designs (27). A frameshift neoantigen vaccine
elicited protective immunity with reduced TMB and improved
overall survival in a Lynch Syndrome mouse model (117). This
study identified 4 shared immunogenic frameshift peptide
neoantigens (Nacad [FSP-1], Maz [FSP-1], Senp6 [FSP-1], Xirpl
[ESP-1]) that induced CD4 and CD8 T cell responses in mice. Using
the VCMsh2 mice, conditionally deleted for the DNA repair Msh2
gene in the intestinal tract and developing intestinal cancer, they
showed that vaccination with these 4 neoantigens increased
adaptive immunity, reduced the intestinal tumor burden,
resulting in prolonged overall survival. Better results were
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obtained using a combination with naproxen treatment, a
propionic acid NSAID derivative that has shown pronounced
cancer-preventive activity in LS mouse models and increased
immune surveillance in LS patients (118, 119). Human trials with
frameshift peptides in MSI-H cancers are ongoing (NCT05078866)
(120) and other approaches using viral vector platforms are under
investigation (121). A nanoparticle vaccine combining neoantigen
peptides and a Toll-like receptor 7/8 agonist induced effective anti-
tumor activity in combination with ICB in a CRC murine model
(122). This suggests that we may use the neoantigen vaccines to
prevent MSI-H cancer progression in humans using a
similar approach.

In MMRd tumors, aberrant DNA fragments are recognized by
cGAS-STING as “non-self” inducing Type I interferon and
inflammatory NFkB responses (27). It was shown that cGAS-
STING driven type I interferon signaling is required for CXCL10/
CCL5-dependent T cell recruitment to MMRd tumor (123, 124).
Thus, the use of STING agonists with antigen-specific vaccination
strategies may be useful to help to reduce resistance following ICB.
However, persistent IFN signaling leads to T cell exhaustion and
unfavorable ICB responses (47, 88-90), and more studies would be
needed to investigate which patient subsets (early or advanced
tumor, with or without combination with ICB) may benefit from
this strategy. The use of first-generation intratumoral cyclic
dinucleotides was safe but demonstrated only modest systemic
activity (125) (111), therefore additional approaches to target this
pathway will need to be considered. Finally, in addition to simple
antigen-based vaccinations, vaccination strategies that aim to
increase the efficiency of antigen-specific immune induction, APC
activation and reduce adverse reactions are also being developed in
combination with ICB (126). Vaccination approaches should
involve strategies that activate DCs (127-130). A phase II trial
(NCT02129075) showed that poly-ICLC and fms-like tyrosine
kinase 3 (FIt3) ligand pre-treatment enhanced responses to
dendritic cell (DC)-targeting vaccines in melanoma patients
(131). An mRNA vaccine was shown to induce neoantigen-
specific T cell immunity in patients with gastrointestinal cancer
(132). As mRNA vaccines are showing efficacy with ICB in tumors
with high TMB, these approaches should also be investigated in
MSI-H cancers that express high levels of shared neoantigens,
potentially leading to the generation of oft-the-shelf vaccines
(27, 28).

Conclusion and perspectives

Based on observations from both preclinical MMRd models and
clinical cohorts, we hypothesize that the immune resistance
observed in MSI-H tumors following ICB may involve the
outgrowth of clones with reduced neoantigen presentation, the
expression of multiple tumor-associated checkpoint molecules/T
cell exhaustion, and coordinated inflammatory hubs of myeloid and
stromal immunosuppressive populations in the TME. In vivo
studies using clinical data and mouse models are key to elucidate
these resistance mechanisms, together with new MSI-H CRC
patient-derived xenograft models (133), spheroids (134) and ex
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vivo tumor fragment platforms (135). It is crucial to better elucidate
these resistance mechanisms of MSI-H tumors during their
evolution and following ICB to improve current therapies and
immunoprevention strategies.
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