
Citation: Ros, J.; Baraibar, I.; Saoudi,

N.; Rodriguez, M.; Salvà, F.;

Tabernero, J.; Élez, E.

Immunotherapy for Colorectal

Cancer with High Microsatellite

Instability: The Ongoing Search for

Biomarkers. Cancers 2023, 15, 4245.

https://doi.org/10.3390/

cancers15174245

Academic Editor: Antonio

V. Sterpetti

Received: 28 July 2023

Revised: 22 August 2023

Accepted: 23 August 2023

Published: 24 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Immunotherapy for Colorectal Cancer with High Microsatellite
Instability: The Ongoing Search for Biomarkers
Javier Ros 1,2 , Iosune Baraibar 1,2 , Nadia Saoudi 1,2, Marta Rodriguez 1,2 , Francesc Salvà 1,2,
Josep Tabernero 1,2 and Elena Élez 1,2,*

1 Medical Oncology Department, Vall d’Hebron University Hospital, 08035 Barcelona, Spain;
fjros@vhio.net (J.R.); ibaraibar@vhio.net (I.B.); nsaoudi@vhio.net (N.S.); martarodriguez@vhio.net (M.R.);
fsalva@vhio.net (F.S.); jtabernero@vhio.net (J.T.)

2 Vall d’Hebron Institute of Oncology, 08035 Barcelona, Spain
* Correspondence: meelez@vhio.net

Simple Summary: Immunotherapy has reshaped the prognosis of several tumor types. In metastatic
colorectal cancer, only tumors with microsatellite instability or mismatch repair deficiency achieve
profound benefits under immune checkpoint inhibitors. As a result, immunotherapy has moved
to the early stage, showing promising results in neoadjuvant settings. However, not all patients
respond, and some responses are shortlived, thus highlighting the need for accurate and reliable
biomarkers to identify patients who are more likely to achieve clinical benefit, as well as those patients
with refractory tumors who will require a different therapeutic approach. Surprisingly, classical
biomarkers such as PD-L1 expression or TMB seem to be poorly informative in MSI colorectal cancer.
Therefore, the development of novel biomarkers in this population remains an unmet medical need.

Abstract: Microsatellite instability (MSI) is a biological condition associated with inflamed tumors,
high tumor mutational burden (TMB), and responses to immune checkpoint inhibitors. In colorectal
cancer (CRC), MSI tumors are found in 5% of patients in the metastatic setting and 15% in early-stage
disease. Following the impressive clinical activity of immune checkpoint inhibitors in the metastatic
setting, associated with deep and long-lasting responses, the development of immune checkpoint
inhibitors has expanded to early-stage disease. Several phase II trials have demonstrated a high rate
of pathological complete responses, with some patients even spared from surgery. However, in both
settings, not all patients respond and some responses are short, emphasizing the importance of the
ongoing search for accurate biomarkers. While various biomarkers of response have been evaluated
in the context of MSI CRC, including B2M and JAK1/2 mutations, TMB, WNT pathway mutations,
and Lynch syndrome, with mixed results, liver metastases have been associated with a lack of activity
in such strategies. To improve patient selection and treatment outcomes, further research is required
to identify additional biomarkers and refine existing ones. This will allow for the development of
personalized treatment approaches and the integration of novel therapeutic strategies for MSI CRC
patients with liver metastases.

Keywords: MSI colorectal cancer; immunotherapy; biomarkers; liver metastases; adjuvant; neoadjuvant

1. Introduction

Colorectal cancer (CRC) is a prevalent cancer type, ranking third worldwide in fre-
quency of diagnosis and second in cancer-related deaths, as reported by Globocan esti-
mates [1]. Despite advances in early detection and novel treatments, the five-year survival
rate for CRC patients in the USA remains low, at 12.5% [2]. However, it is widely acknowl-
edged that the specific molecular profile of a given tumor may substantially change the
prognosis. Indeed, in the metastatic setting, mutational status and genomic characteristics
have deep prognostic and predictive repercussions. While RAS/BRAF wild-type tumors
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are associated with longer overall survival (OS), BRAF-V600E-mutant tumors have a very
poor prognosis [3,4]. The development of targeted agents has improved the prognosis of
several CRC molecular subgroups; however, not all patients respond, and some responses
are relatively shortlived. In-depth knowledge of the underlying biology of metastatic
CRC (mCRC) has allowed for better stratification when selecting therapies. In this context,
microsatellite instability (MSI) status plays a distinct role, as this genomic condition has
proven not only to be a prognostic factor but also to be predictive of response to therapeutic
strategies using immunomodulation.

In recent years, immune checkpoint inhibitors have transformed the prognosis of
certain tumor types, including melanoma, as well as renal, bladder, and lung cancers,
achieving deep, durable, and even complete responses. However, identifying biomarkers
of response is critical to identifying patients who can benefit from immunotherapy. In
the case of mCRC, immune checkpoint inhibitors have shown impressive and durable re-
sponses in tumors with high MSI (MSI-h) or mismatch repair deficiency (dMMR); however,
these account for only 5% of all mCRC cases [5], with the vast majority of mCRC being
microsatellite stable (MSS). Unfortunately, among MSS tumors, immune-based strategies
have demonstrated poor clinical activity [6]. Nonetheless, it is noteworthy that the preva-
lence of MSI in early-stage CRC is higher, at approximately 15% of cases [7]. The role of
immune checkpoint inhibitors in stage II–III disease is under investigation.

Microsatellites are repetitive DNA sequences that do not encode for proteins, with a
length ranging from one to ten nucleotide base pairs. Due to their high susceptibility to
mutation during DNA replication, they serve as common locations for DNA errors. The
mismatch repair system encompasses four proteins (MLH1, PMS2, MSH2, and MSH6)
responsible for detecting and correcting these errors, by acting as functional heterodimers
(MLH1/PMS2 and MSH2/MSH6).

Sporadic cases of MSI are caused by the inactivation of MMR genes through somatic
mutations or epigenetic silencing (e.g., MLH1 promoter somatic hypermethylation), fre-
quently associated with BRAF mutations. MSI-high is a hallmark of Lynch syndrome,
also known as hereditary nonpolyposis CRC (HNPCC), an autosomal dominant genetic
syndrome characterized by an increased risk of developing certain types of cancers, partic-
ularly CRC and endometrial cancers. The ESMO guidelines for CRC recommend testing
for MMR status at an early stage—stage II—at which time the presence of MSI is associated
with a good prognosis, therefore avoiding adjuvant chemotherapy in some cases. MSI
status should be systematically determined upfront in the metastatic setting wherever
possible, in light of the therapeutic implications [8–11]. There are three different techniques
to determine MSI status: immunohistochemical staining, polymerase chain reaction (PCR),
and next-generation sequencing [8]. While immunohistochemistry is a cost-effective and
widely accessible tool, it does not capture rare protein-function-altering mutations. PCR-
based MSI detection necessitates a tumor sample with an adequate number of tumor cells
for DNA extraction. Although neither method is 100% sensitive, both exhibit a high level of
concordance in CRC (90–97%). PCR-based MSI testing, while more demanding in terms of
tissue quality and quantity, and more costly, offers a reliable and well-established approach
in CRC. It employs an MSI-PCR panel of markers—typically a set of five mononucleotides
known as the pentaplex panel in Europe (including NR-27, NR-21, NR-24, BAT-25, and
BAT-26), as recommended by the National Cancer Institute. Rather than targeting specific
harmful mutations in MMR genes, this method identifies the genomic effects caused by
the loss of MMR protein function. The MSI phenotype is determined by the presence of at
least three unstable markers out of the five analyzed (or two when compared to healthy
tissue) [12,13].

MSI-H/dMMR tumors have a high accumulation rate of mutations, leading to the
formation of frameshift proteins, or neoantigens, which can be recognized by the im-
mune system, along with high levels of tumor-infiltrating lymphocytes (TILs). These
tumors commonly occur in the proximal colon, have poor differentiation, display mu-
cinous histology, and are enriched in tumors harboring BRAF-V600E mutations [14–17].



Cancers 2023, 15, 4245 3 of 20

A number of well-defined tumoral biological features have been identified that may ex-
plain the clinical behavior of both MSI and MSS tumors. Immunosuppressive cells are
diminished and immunoinhibitory molecules are elevated in hypermutated tumors. Con-
versely, non-hypermutated tumors have an abundance of immunosuppressive cells, with
downregulation of the expression of immune inhibitors and MHC molecules [18]. Indeed,
MSI-H/dMMR tumors are often infiltrated by immune cells (such as CD4+, CD8+, Th1,
and macrophages), display upregulated expression of immune checkpoint proteins (such
as PD-1, PD-L1, and CTLA4), and often have low frequency of myeloid-derived suppressor
cells (MDSCs) and regulatory T cells (Tregs). These features suggest that MSI-H/dMMR
CRCs might have a favorable response to immune checkpoint inhibitors [19–21]. Con-
versely, immune checkpoint inhibitors, alone or in combination with other drugs (such as
tyrosine kinase or MEK inhibitors, anti-EGFR, or chemotherapy), have demonstrated poor
activity in the majority of tumors that are mismatch-repair-proficient or MSS [6].

Several clinical trials have demonstrated deep and durable responses, including
complete responses, in both metastatic and neoadjuvant settings when immune checkpoint
inhibitors are used in MSI tumors. However, with some MSI patients not responding
to immunotherapy strategies, while in certain responders the responses are not long-
lasting, this highlights a critical need to better identify the mechanisms of resistance and
gain a deeper understanding of the interaction between immune checkpoint inhibitors
and the tumor environment. Here, we review all published clinical trials with immune
checkpoint inhibitors in MSI tumors and other emerging immune strategies, and we explore
the outcomes in different disease settings. We also summarize current research into the
identification of biomarkers for potential mechanisms of resistance, and we assess how this
may be exploited to optimize the treatment of patients with MSI CRC. Table 1 summarizes
the outcomes of all completed clinical trials reported to date evaluating various immune
checkpoint inhibitors in MSI mCRC.
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Table 1. Summary of completed clinical trials evaluating immune checkpoint inhibitors in MSI metastatic colorectal cancer.

Study Drug Sample
Size Phase Setting Lynch

Syndrome
Right-
Sided

Liver
Mets

MSI
Technique ORR (%) CR (%) PR (%) SD (%) PD (%) Median

PFS (mo)
Median
OS (mo)

Follow-
Up

(mo)
Reference

Keynote-164
NCT02460198 Pembrolizumab

61 II
Cohort A:
≥2 prior

lines
NA NA NA PCR/IHC 32,8 4.9 27.9 18 45.9 2.3 31.4 62.2 [22]

63 II
Cohort B:
≥1 prior

line
NA NA NA PCR/IHC 34.9 14.3 20.6 20.6 39.7 4.1 47 54.4 [22]

Keynote-177
NCT02563002 Pembrolizumab 153 III 1st line NA 67% NA PCR/IHC 43.8 11.1 32.7 20.9 29.4 16.5 NR 32.4 [23]

Keynote-016
NCT01876511 Pembrolizumab 11 II ≥2 prior

lines 82% NA 55% PCR 40 0 40 50 10 NR NR 9 [24]

CheckMate-142
NCT02060188

Nivolumab 74 II ≥1 prior
line 38% NA NA PCR/IHC 34 9 24 31 30 6.6 NR 21 [25]

Nivolumab–
ipilimumab 119 II ≥1 prior

line 30% 55% NA PCR/IHC 65 13 52 21 12 NR NR 50.9 [26]

Nivolumab–
ipilimumab 45 II 1st line 18% 58% NA PCR/IHC 69 13 56 16 13 NR NR 29 [27]

NIPICOL
NCT03350126

Nivolumab–
ipilimumab 57 II ≥2 prior

lines 67% 54% NA NR NA NA NA NA NA 3-y 70% 3-y 73% 34.5 [28]

GARNET
NCT02715284 Dostarlimab 69 I ≥1 prior

line NR NR NA NR 36.2 2.9 33.3 24.6 30.4 NA NA NA [29]

NCT0315-0706 Avelumab 33 II ≥1 prior
line NA 66.7% 45.5% PCR/IHC/NGS 24.2 12.1 12.1 54.5 18.2 3.9 13.2 16.3 [30]

SAMCO-
PRODIGE 54
NCT03186326

Avelumab 132 II 2nd line NA 87% NA NA 29.5 6.5 23 41 28 3.9 NA 33.3 [31]

NCT02227667 Durvalumab 36 I/II ≥1 prior
line NA NA NA PCR/IHC 22.2 0 8 17 22.2 5.5

NR, 12
mo OS
63.3%

29.16 [32]

ORR, objective response rate; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; IHC, immunohistochemistry; Mo, months; Mts, metastases; NA,
not available; NR, not reached; y, year.
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2. Development of Immune Therapeutics in MSI mCRC
2.1. Immune Checkpoint Inhibitors in the Advanced/Refractory Setting

The development of immune checkpoint inhibitor therapies in MSI CRC has revolu-
tionized the treatment landscape, offering a promising avenue to harness the patient’s own
immune system against the tumor. Several trials have evaluated the clinical activity and
safety of immunotherapy in MSI colorectal cancer, and the benefit in terms of survival has
been confirmed in a meta-analysis [33]. A range of anti-PD-1, anti-PD-L1, and anti-CTLA-4
agents have been evaluated as single agents or in combination in the second- and later-line
settings, and more recently in the first-line setting. Outcomes and biomarker analyses are
discussed. Figure 1 summarizes the mechanism of action of immune checkpoint inhibitors.
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Figure 1. Mechanism of action of immune checkpoint inhibitors.

The Keynote-016 phase II trial investigated the efficacy and safety of pembrolizumab,
an anti-PD-1 antibody, in patients with refractory colorectal tumors classified as either MSI
(n: 11) or MSS (n: 21). This trial not only revealed the limited effectiveness of immune
checkpoint inhibitors in MSS mCRC but also demonstrated remarkable and enduring
responses in the MSI subpopulation, with an overall response rate (ORR) of 40% [24].
Additionally, correlative analysis indicated that MSI tumors exhibited higher levels of TILs
and higher expression of PD-L1 [24], although this was not associated with better outcomes.

Pembrolizumab was assessed in the refractory setting through the Keynote-164 phase
II trial [22]. This trial comprised two cohorts: cohort A, which enrolled 61 patients with
two or more previous lines of treatment, and cohort B, which included 63 patients with
one or more previous lines of treatment. After a median follow-up of 62 and 54 months,
respectively, cohort A demonstrated an ORR of 32.8%, while cohort B exhibited an ORR
of 34.9%. The median PFS was reported as 2.3 months for cohort A and 4.1 months for
cohort B, whereas the median OS was 31 months for cohort A and 47 months for cohort B.
Notably, complete responses were observed in 4.9% of patients in cohort A and 14.3% of
patients in cohort B. These findings align with the observations from the CheckMate-142
trial, suggesting that immune checkpoint inhibitors may exhibit greater efficacy in earlier
lines of treatment compared to the refractory setting.

Subsequently, several phase I or I/II studies assessed the clinical efficacy and safety
of the anti-PD-1 or anti-PD-L1 agents durvalumab, avelumab, and dostarlimab in MSI
mCRC, also in the refractory setting, and also showing encouraging efficacy outcomes.
ORRs ranged from 22% to 36%, while median progression-free survival (PFS) durations
ranged between 3.9 and 5.5 months. The proportion of non-responders, characterized by
progressive disease as the best overall response, ranged from 18% to 30% [29,30,32,34].
Avelumab was also evaluated in the second-line setting in the single-arm, phase II SAMCO-
PRODIGE 54 trial, which included 132 patients. The ORR was 29.5%, with a median PFS of
3.9 months and median OS not reached after 33 months of follow-up [31].
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Combination therapy with nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) was
evaluated in the refractory setting in the NIPICOL and CheckMate-142 trials. The NIPICOL
trial enrolled 57 patients with MSI mCRC and investigated the efficacy of nivolumab plus
ipilimumab. The three-year PFS and OS rates were found to be 70% and 73%, respectively,
highlighting the impressive clinical activity achieved with this dual-blockade approach.

CheckMate-142 was a large phase II trial with three cohorts: nivolumab plus ipili-
mumab in the first-line setting, nivolumab plus ipilimumab in the refractory setting, and
nivolumab monotherapy in the refractory setting. It is important to note that this was not a
randomized trial, and its design did not therefore allow for direct comparisons between the
three arms. The nivolumab monotherapy arm included 74 patients and demonstrated an
ORR of 34%, with 9% achieving complete responses and 30% classified as non-responders.
After a median follow-up of 21 months, the median PFS was 6.6 months, while the median
OS had not been reached. The nivolumab–ipilimumab refractory cohort, which enrolled
119 patients, demonstrated an ORR of 65%, with 13% of the patients achieving complete
responses and 12% classified as non-responders. Interestingly, earlier reports with shorter
follow-up described lower ORRs (55% and 58% after 13.4 and 25.4 months of follow-up, re-
spectively), suggesting that the longer the follow-up, the higher the response rate. Likewise,
complete response rates increased with longer follow-up, rising from 3% after 13.4 months
to 13% after 50 months of follow-up, suggesting an increase in both the rate and depth
of responses over time. The median PFS and OS had not been reached after a median
follow-up of 50 months [26].

The CheckMate-142 cohort evaluating nivolumab plus ipilimumab in the first-line
setting included 45 patients and demonstrated an ORR of 69%, with 13% achieving complete
responses and 13% classified as non-responders. Similar to the previous cohorts, the
median PFS and OS had not been reached after 29 months of follow-up [27]. While it is
important to note that this trial was not randomized, making formal comparisons difficult,
the results of CheckMate-142 showcase the superiority of the double combination over
nivolumab monotherapy and suggest that earlier administration of immune checkpoint
inhibitors may yield better outcomes. Moreover, unlike other therapeutic strategies such
as chemotherapy, the responses appeared to increase with longer follow-up. Subgroup
analysis also demonstrated the superiority of nivolumab–ipilimumab across all subgroups,
regardless of age, sex, ECOG performance status, or mutational status. However, the
evaluation of other biomarkers, such as PD-L1 expression, yielded inconclusive results. In
the nivolumab cohort, patients with high PD-L1 (>1%) expression exhibited similar ORRs
but poorer 12-week disease control rates compared to patients with low PD-L1 expression
(28% vs. 27% and 52% vs. 74%, respectively). In the nivolumab–ipilimumab refractory
cohort, high PD-L1 expression was associated with a higher ORR (70% vs. 61%).

Finally, the Keynote-177 trial stands as the only randomized, phase III clinical trial
investigating immune checkpoint inhibitors in mCRC [23]. This study compared pem-
brolizumab with chemotherapy in the first-line treatment setting. The primary objec-
tives of the trial were based on two co-criteria: PFS and OS. With a median follow-up
of 32.4 months, pembrolizumab demonstrated a significant improvement in median PFS
compared to chemotherapy (16.5 vs. 8.2 months), effectively doubling the PFS. Although
pembrolizumab showed a superior OS, statistical significance was not achieved, poten-
tially due to a crossover rate of 60% in the trial. Nonetheless, 30% of patients treated
with pembrolizumab were non-responders, in contrast to 12% of patients treated with
chemotherapy. Several factors may have contributed to this high rate of non-responders,
including intrinsic resistance to treatment, misdiagnosis of MSI status (possibly resulting
from errors in immunohistochemistry techniques), and pseudoprogression events.

2.2. Other Immune Strategies in the Advanced/Refractory Setting

Adoptive cell transfer (ACT) is an immunotherapeutic approach that targets tumor-
specific antigens presented by MHC proteins and recognized by T cells, triggering an
antitumor T-cell immune response. Neoantigens, which are unique to the tumor and arise
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from somatic mutations, are identified using NGS technologies. ACT can involve the
manipulation of TILs or the host’s T cells that have been genetically altered to express a T-
cell receptor or a chimeric antigen receptor (CAR) [35–37]. However, neoantigens are rarely
shared between patients, highlighting that cancer vaccination requires an individualized
strategy [18].

ACT therapy has shown clinical responses in cholangiocarcinoma, breast cancer,
metastatic melanoma, and CRC [38–40]. In a phase II clinical trial assessing the efficacy of
adoptive transfer of autologous TILs, one patient with mCRC showed objective regression;
following one infusion with TILs reactive to a KRAS G12D mutation identified in the
patient’s tumor, the patient presented with regression of all seven lung metastases [41].

CAR T-cell therapy has also been explored in the setting of CRC. CAR T cells can be
manipulated to target tumor-associated antigens that are highly expressed by CRC tumors,
such as CEA. A phase I clinical trial indicated that CEA CAR T-cell therapy showed some
efficacy in mCRC patients with CEA-positive tumors (7 out of 10 patients achieved stable
disease), with an acceptable toxicity profile [42]. Another phase I trial addressed the efficacy
of CAR T cells targeting CEA as a local (intra-arterial) treatment for liver metastases in
CRC [43], and signs of efficacy were reported. Neoantigen-targeting strategies have the
potential to overcome the toxicities and have narrowed the response rates of non-antigen-
specific treatments, making ACT a promising approach to improve the immune response
in CRC patients [44].

Several tumor vaccines have been studied in mCRC, including peptide vaccines,
autologous vaccines, dendritic cell transplants, and oncolytic viral vector vaccines [45,46].
The use of viral antigen vaccines is based on their ability to generate a strong immune
response. Additionally, peptide-vaccine-based immunotherapy targets tumor-associated
antigens that are overexpressed on the surface of tumor cells, such as CEA, melanoma-
associated antigen, and MUC1. A phase II trial showed improved survival in mCRC
patients who received autologous dendritic cells modified with a pox vector encoding
MUC1 and CEA [47]. However, evidence for reliable survival benefits from cancer vaccines
is still limited.

3. Immune Checkpoint Inhibitors for MSI CRC in Early-Stage Disease
3.1. Immune Checkpoint Inhibitors in the Adjuvant Setting

Currently, there are three clinical trials with immune checkpoint inhibitors in the
adjuvant setting for MSI CRC, all of which are ongoing. ATOMIC (NCT02912555) is a phase
III trial evaluating the combination of adjuvant FOLFOX chemotherapy with atezolizumab
versus FOLFOX alone, with the primary endpoint of disease-free progression. The trial
design specifically excludes an atezolizumab monotherapy arm. The results of this trial
are yet to be published. The POLEM trial (NCT03827044) is comparing adjuvant 5FU-
based chemotherapy followed by avelumab to adjuvant 5FU-based chemotherapy alone in
patients with MSI or POLE mutations and stage III colon cancer. The primary endpoint
is 3-year disease-free survival. As with the ATOMIC trial, the results of the POLEM trial
have not yet been published. Finally, the anti-PD-1 tislelizumab is being investigated in a
single-arm phase II trial, as adjuvant monotherapy for patients with high-risk stage II and
III dMMR colon cancer (NCT05231850).

3.2. Neoadjuvant Setting

Evidence from several tumor types suggests that neoadjuvant immune checkpoint
inhibitors may lead to a deep pathological response [48–51]. The outcomes of immune-
enhancing strategies in early-stage cancer are thought to be associated with lower tumor
burden, higher TILs, and a lower degree of systemic immunosuppression. Based on these
observations, neoadjuvant immune checkpoint inhibitors are now being tested in early-
stage CRC. Table 2 summarizes the clinical trials evaluating immune checkpoint inhibitors
as neoadjuvant therapy in MSI CRC.
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Table 2. Summary of clinical trials evaluating immune checkpoint inhibitors as neoadjuvant therapy in MSI colorectal cancer.

Study Drug Phase Sample Size Median FU
(Months) Sidedness Lynch

Syndrome T4/N+ pCR $ MPR $$ Relapse Reference

NICHE
NCT03026140

Nivolumab–
ipilimumab II 21 9 (5.3–15.7) Left 24% 33 38%/81% 65% 95% No [52]

NICHE-2
EudraCT

016-002940-17

Nivolumab–
ipilimumab then

nivolumab
II 112 13.1

(1.4–57.4) Left 17% 31% 53%/88% 67% 95% No [53]

PICC
NCT03926338

Toripalimab II 17

14.9 (8.8–17)

Left 37% 24% * 74%/84% 88% 94% No [54]

Toripalimab–
celecoxib 17 Left 30% 6% * 94%/95% 65% 100% No [54]

MSKCC
NCT04165772 Dostarlimab II 12 12 (6–25) Rectum

100% 57% 19%/94% 100% (cCR) No [55]

MDACC
NCT04082572 Pembrolizumab II 27 9.5 (0–26) NA 37% 61%/79% 79% ** NA 14% *** [56]

FU: Follow-up, pCR: pathological complete response, MPR: major pathological response, cCR: clinical complete response. $ Pathological complete response: tumors without any viable
tumor cells in the resected primary tumor sample and all sampled regional lymph nodes. $$ Major pathological response: presence of 10% or fewer viable tumor cells in the primary
tumor. * Patients were considered to have suspected Lynch syndrome if they met the Amsterdam II criteria. ** Pathological response was available in 14 patients. *** Progression events
included clinical, radiological, and ctDNA progression.
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The NICHE trial evaluated two doses of nivolumab and a single dose of ipilimumab,
with or without the COX-1 inhibitor celecoxib, as a neoadjuvant therapy for early-stage
MSI and MSS CRC [52]. Celecoxib was added (only in patients with MSS tumors) based on
preclinical data suggesting that prostaglandin E2 may lead to subversion of myeloid cells
and increase tumor-promoting inflammation [57]. Among MSI tumors, 65% of patients
achieved a complete pathological response and 95% achieved a major pathological response.
Following the paramount results of the NICHE trial, the NICHE-2 phase II study included
112 patients with MSI tumors. Patients were treated with one dose of ipilimumab and two
doses of nivolumab and underwent surgery within 6 weeks [53]. A major pathological
response rate of 95%, including 67% pathological complete responses, was reported.

The PICC trial was a phase II randomized Chinese trial in which 34 patients with
localized CRC were randomized to the anti-PD-1 drug toripalimab, with or without cele-
coxib [54]. Pathological complete responses were reported in 65% and 88% of patients for
toripalimab alone and toripalimab with celecoxib, respectively, and major pathological
responses were reported in 94% and 100%, respectively; no relapses were reported after a
median follow-up of 14 months.

Similarly, a phase II trial (NCT04165772) evaluated the potential role of the anti-PD-
1 drug dostarlimab in patients with rectal cancer [55]. Only 12 patients were included;
however, all of them achieved a complete pathological response, and after a median follow-
up of 12 months there was no evidence of their tumors on magnetic resonance imaging, PET-
CT, endoscopic evaluation, digital rectal examination, or biopsy. All patients were spared
chemoradiotherapy and surgery, which highlights the outstanding effect of immunotherapy
in the early stage, preserving patients’ quality of life. Regarding biomarkers, serial biopsies
showed an initial expansion of PD-L1 and CD8 T cells, followed by a decrease at the
time when the complete response was achieved. Taken together, dostarlimab alone has
achieved significantly greater clinical benefit than that achieved with a conventional total
neoadjuvant approach for patients with MSS rectal cancer [58,59].

Finally, the MDACC phase II trial evaluated the activity of neoadjuvant pembrolizumab
in a cohort of patients with gastrointestinal malignancies, including 27 patients with
CRC [56]. Among 14 evaluable CRC patients, the pathological complete response was
79%. It should be noted that four patients demonstrated clinical, radiological, or ctDNA
progression; among them, three had N2 stage, two had the V600E BRAF mutation, and all
four had a positive ctDNA baseline. Only one of them achieved a partial response. Patho-
logical response analysis was only available for two patients, neither of whom achieved a
pathological response. Unlike the dostarlimab trial, complete radiological responses were
infrequent (i.e., 2/11 patients with pathological complete response at resection). Biomarker
analysis suggested that a higher abundance of CD15 granulocytic cell types was associated
with loss of treatment response. Overall, all of these trials support the value of the activity of
neoadjuvant immune checkpoint inhibitors in both colon and rectal early-stage carcinomas,
and they confirm that strategies with immune checkpoint inhibitors are safe, feasible, and
result in a high rate of complete pathological response, highlighting the importance of early
identification of MSI cancers. Furthermore, a meta-analysis including 410 cases of non-
metastatic colorectal cancer (113 MSI tumors, 167 MSS tumors) treated with neoadjuvant
immunotherapy confirmed that among those patients with MSI tumors, neoadjuvant treat-
ment with immune checkpoint inhibitors achieved a greater rate of pathological complete
response and major pathological responses [60].

4. Mechanisms of Resistance and Associated Biomarkers

Most patients with MSI mCRC treated with immune checkpoint inhibitors achieve
meaningful clinical benefit, including approximately 10% of patients who achieve a com-
plete response [22,23,26]. However, progression is observed in 10–45% of these patients,
representing an important need to identify biomarkers of response that may help to tai-
lor treatment, assess prognosis, and improve the clinical efficacy of immune checkpoint
inhibitors. Figure 2 summarizes potential predictive biomarkers evaluated in MSI CRC.
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While several mechanisms of resistance have been well characterized in other tumor
types, in the case of MSI mCRC there is a lack of well-established biomarkers [61,62].
Indeed, acquired resistance to immunotherapy in patients with solid tumors has been
associated with defects in the pathways involved in interferon-receptor signaling and
antigen presentation. However, in CRC, these biomarkers seem to be poorly predictive.

4.1. Antigen Presentation Defects: B2M and JAK1/2

The B2M gene encodes the protein β2-microglobulin, an extracellular component of
major histocompatibility complex (MHC) class I molecules that is present on all nucleated
cells. MHC class I molecules have immune system self-recognition functions. Acquired
B2M mutations and loss of B2M expression have been implicated as causes of acquired
resistance to immunotherapy in melanoma [61,63]. B2M mutations occur in 13–24% of MSI-
H CRCs and are usually associated with loss of B2M expression [64]. The exact predictive
role of B2M in CRC remains controversial. Unlike other tumor types in which B2M
mutations have been associated with a lack of response to immune checkpoint inhibitors,
among immunotherapy-naïve CRC patients, up to 85% of tumors with B2M mutations
achieve clinical benefit with immunotherapy, most notably in MSI-H tumors [65].

In addition, Janus kinase 1 and 2 (JAK1/2) mutations have also been proposed as
genetic mechanisms of immune evasion for anti-PD1 therapy. In a small cohort including
35 patients with MSI mCRC treated with an anti-PD-1 drug, 29% had a B2M loss-of-
function mutation, and 23% had a JAK1/2 loss-of-function mutation. Compared with B2M
wild-type CRC, B2M-mutated CRC achieved better ORRs (70% vs. 64%) with anti-PD-1
therapy. Furthermore, there was better response to anti-PD-1 therapy in patients with
JAK1/2 mutations than in those without them (ORR 100% vs. 55%). Similarly, among
110 MSI mCRC patients from the cBioPortal MSKCC cohort, taking B2M and JAK1/2 status
together, patients with a B2M or JAK1/2 mutation had better OS compared with wild-type
cases [66,67]. Overall, these results suggest that, unlike other tumor types, MSI CRCs
with B2M and JAK1/2 mutations are responsive to PD-1 inhibitors, indicating that the
mechanism of resistance to anti-PD-1 therapy in CRC may be different from that in other
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solid tumors [68]. Finally, because dMMR cancers that have genetic inactivation of β2M
continue to show positive responses to immune checkpoint blockade, it is thought that
there may be other immune effector cells involved in these responses other than CD8 T
cells. A correlation between the inactivation of B2M and heightened infiltration of γδ T
cells in MSI CRC has recently been reported. Using paired tissue samples from patients
who received immune checkpoint inhibitors, an increase in the presence of γδ T cells in
B2M-deficient cancers was observed, suggesting that γδ T cells play a role in the response to
immune checkpoint blockade in patients with dMMR colon cancers; this could be exploited
in future therapeutic strategies [69].

4.2. Impact of RAS/BRAF and WNT/β-Catenin Mutations in Colorectal Cancer

MAPK mutations have been associated with worse prognosis compared to patients
with RAS/BRAF wild-type CRC [4,70,71]. However, data from phase II trials showed
similar ORRs among MSI-H/dMMR patients with RAS/BRAF-mutated tumors compared
to wild-type tumors treated with immune checkpoint inhibitors, and these same studies,
along with independent cohorts, have demonstrated that RAS/BRAF mutations have no
impact in terms of PFS in patients treated with immune checkpoint inhibitors [26,72–74].
Independent cohorts have also suggested that RAS/BRAF mutations do not decrease OS
in patients with MSI mCRC treated with immunotherapy [65]. Nevertheless, the post hoc
subgroup analysis of the Keynote-177 trial showed that mCRC patients with RAS-mutant
tumors have worse PFS, albeit approximately 30% of these patients did not have data
on mutational status available [75]. Truncating mutations in WNT/β-catenin have been
associated with immunosuppression and, therefore, with lower clinical efficacy of immune
checkpoint inhibitors. In CRC, higher levels of activation of the WNT pathway have been
associated with lower TMB, leading to immune-cold tumors [76]. However, these findings
have not been prospectively validated in clinical cohorts.

4.3. Lynch Syndrome

Lynch-associated CRCs exhibit a unique tumorigenesis pathway and distinct clinico-
pathological features compared to sporadic tumors [77–79]. Indeed, Lynch-associated CRC
and endometrial cancers typically display more prominent local T-cell infiltration and have
a higher mutational burden in comparison to sporadic MSI-H CRC, suggesting that there
might be distinct responses to immune checkpoint inhibitors between these groups [80,81].
Moreover, in two prospective cohorts where the presence of Lynch syndrome was prospec-
tively evaluated, patients with Lynch syndrome CRC treated with immune checkpoint
inhibitors exhibited significantly better PFS and a trend towards better OS compared to
sporadic cases [74]. This finding has also been reported in the neoadjuvant setting, in the
NICHE-2 trial, in which patients with Lynch-syndrome-localized colon cancer treated with
neoadjuvant ipilimumab plus nivolumab achieved a higher pathological complete response
rate compared to sporadic tumors (78% vs. 58%) [52].

4.4. Tumor Mutational Load as a Predictive and Prognostic Biomarker

In several tumor types, pembrolizumab has been approved by the FDA for patients
who have treatment-refractory cancers with a TMB of at least 10 mutations per megabase
(Mut/Mb), based on their having higher response rates compared to patients with a
lower TMB [82,83]. However, in CRC, TMB should be considered based on the mismatch
repair status. Indeed, only MSI tumors achieve benefit with immune checkpoint inhibitor
strategies, regardless of TMB, in contrast to what is observed in MSS tumors, where
TMB seems to be non-informative [84]. However, the exact TMB cutoff has not been
established [85]. In a cohort of 22 patients treated with PD-1/L1 inhibitors, TMB showed
the strongest association with objective response and PFS. The optimal predictive cutoff
point for TMB was estimated between 37 and 41 Mut/Mb. All patients with high TMB
responded, while 65% of patients with low TMB had progressive disease. The median PFS
for high TMB was not reached after a median follow-up of 18 months, while the median



Cancers 2023, 15, 4245 12 of 20

PFS for low TMB was 2 months [86]. Recently, the role of TMB in MSI mCRC treated with
immunotherapy was addressed in a cohort of 110 patients treated with immune checkpoint
inhibitors. The optimal prognostic cutoff for PFS in this cohort was 23 Mut/Mb. Patients
with TMB ≤ 23 Mut/Mb had significantly worse PFS and OS. Patients with dMMR/MSI-H
mCRC and relatively lower TMB values displayed early disease progression when receiving
immune checkpoint inhibitors, whereas patients with the highest TMB values obtained the
maximal benefit from intensified anti-CTLA-4/PD-1 combination therapy [87]. Based on
these (albeit minimal) data, TMB may be insufficient to predict response in CRC [76], and
further data from prospective, larger cohorts are needed to better elucidate the predictive
value of TMB in MSI mCRC.

4.5. PD-L1 Expression

The results of the nivolumab-plus-ipilimumab cohort in the CheckMate-142 study
gave an ORR of 54% both in tumors with PD-L1 expression ≥ 1% and < 1%. Disease control
for more than 4 months was reported in 77% and 78% of patients, respectively, suggesting
that PD-L1 expression based on this cutoff is not a reliable biomarker in CRC [20]. Similarly,
in the phase II trial of pembrolizumab, PD-L1 expression (>5% vs. <5%) showed no
differences in terms of ORR, PFS, or OS [24]. Currently, the EudraCT 2021-001309-60 trial
is evaluating immunotherapy vs. the standard of care in previously treated metastatic
PD-L1-positive CRC (CPS ≥ 1).

4.6. Liver and Adrenal Metastases

The presence of liver metastases has been associated with a lack of activity of immune
checkpoint inhibitors, regardless of MMR status. Indeed, in the phase I trial evaluating rego-
rafenib in combination with nivolumab and ipilimumab in MSS refractory mCRC, patients
without liver metastases achieved an ORR of 40%, with a median PFS of 5 months, whereas
among patients with liver metastases the ORR was 0% and the PFS was 2 months [88].
Similarly, in the phase I C-800 trial that evaluated the combination of botensilimab—a novel
anti-CTLA4 agent—with the anti-PD-1 agent balstilimab, a higher response rate was seen
in patients without liver metastases (42% vs. 24%) [89]. In MSI tumors, the same tendency
has been observed. In a cohort of patients with MSI CRC treated with pembrolizumab
in the first line, patients without liver metastases had a 63% ORR and 34-month median
PFS, compared to 21% and 6 months, respectively, in patients with liver metastases [90].
These results suggest that liver metastases may induce antitumor immunity inhibition and
immune tolerance, leading to T-cell exclusion. Liver metastases are enriched in TGF-β,
where CD4 and CD8 T cells exhibit decreased expression, resulting in the disruption of
immune tolerance. This is facilitated by the activation of liver type 1 macrophages and an
increased presence of regulatory T cells and myeloid-derived suppressor cells [6,91–93].
Finally, a small cohort of patients suggested that adrenal gland metastases may also act as
sanctuary sites due to the tumor microenvironment, which is enriched in glucocorticoids
and, therefore, impairs antigen presentation and enhances immunosuppression [94].

In conclusion, the mechanisms of resistance to immune checkpoint inhibitors in MSI-
H CRC are complex and multifactorial. A better understanding of these mechanisms is
essential to develop effective therapeutic strategies to overcome resistance and improve the
outcomes of patients with MSI-H CRC.

5. Conclusions and Future Directions

Immune checkpoint inhibitors have fundamentally reshaped the prognosis of MSI
CRC patients. Despite the low prevalence of MSI in the metastatic setting, representing
approximately 5% of these patients, the antitumor effect of such strategies is undeniable.
Indeed, around 10% of patients with mCRC will achieve a complete response, almost
50% of whom will have long-lasting responses, highlighting the impressive clinical ac-
tivity of immune checkpoint inhibitors in this specific patient subgroup. Data from the
Keynote-164, CheckMate-142, and Keynote-177 trials suggest that the sooner a patient
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receives immunotherapy, the better the outcomes. In this regard, the phase III Keynote-177
trial has demonstrated outstanding activity in the first-line setting with anti-PD1 therapy
compared to standard chemotherapy, with pembrolizumab doubling the PFS compared to
chemotherapy, resulting in it currently being the standard of care. Furthermore, some trials
suggest that response rates may improve with longer follow-up periods, as many cases of
stabilization eventually transition to response.

Unlike what has been observed in other tumor types, in which there are defined predic-
tive biomarkers of response and well-characterized mechanisms of resistance, biomarkers
in the CRC context require further elucidation. Evidence from clinical trials and retrospec-
tive cohorts suggests that RAS and BRAF mutations do not hamper the clinical activity of
immunotherapy [95]. Moreover, although the FDA has approved pembrolizumab based on
a cutoff > 10 Mut/Mb, CRC non-MSI tumors with high TMB do not achieve clinical benefit,
and among MSI patients a well-defined cutoff has not yet been established. Similarly, B2M
and JAK1/2 genomic alterations, which have been identified as mechanisms of resistance
in other tumors, are not associated with the clinical outcomes in CRC. Moreover, preclinical
evidence suggests that WNT/β-catenin alterations may lead to an immunosuppressive
tumor environment, which can enhance immunoregulation. However, there is a lack of
clinical evidence in this setting, and it should be also taken into consideration that the
WNT pathway is often mutated in CRC. Further clinical validation is needed to confirm
these findings. However, one of the most promising biomarkers is the presence of liver
metastases. Indeed, the immunosuppressive environment of liver metastases, mostly due
to myeloid-derived suppressor cells, macrophages, and an upregulation of TGF-β, leads to
a decrease in the number and activity of T cells. Even in real-world cohorts, liver metastases
have been correlated with poor response and poor clinical outcomes among MSI tumors
treated with immunotherapy [88,89].

In light of these findings, the potential benefit of immunotherapy for MSI mCRC
patients is undeniable; however, it remains complicated to identify well-established con-
traindications to treatment with immune checkpoint inhibitors. For patients with autoim-
mune disease or solid-organ transplantation, immune checkpoint inhibitors should be
considered and discussed with the patient [96,97], as clinical activity has been widely
reported. Indeed, despite the fact that approximately 20–30% of patients will develop grade
3 or higher autoimmune-related adverse events, and that there is a risk of organ rejection
or a flare of preexisting autoimmune disease, the overall toxicity profile has been proven to
be safe and manageable [23,26,98].

Furthermore, even patients with potentially negative biomarkers such as WNT muta-
tions or liver metastases can achieve benefit with immunotherapy strategies.

What is clear is that further research is needed to better understand acquired resis-
tance, in order to develop new strategies to overcome such resistance and improve patient
outcomes. However, several questions remain unanswered—for example, whether the
combination of nivolumab plus ipilimumab will be superior to nivolumab monotherapy
as upfront therapy. The CheckMate-8HW study (NCT04008030) is currently comparing
nivolumab–ipilimumab vs. nivolumab vs. chemotherapy in the first-line setting. Fur-
thermore, the characteristics of non-responsive patients, representing around 20% of the
patients, need to be better elucidated. Indeed, data from CheckMate-142 demonstrated
that among non-responders there were several patients with an incorrect MSI diagno-
sis [26]. The 3–5% disagreement between immunohistochemistry and PCR should be
taken into account. Similarly, hyperprogression and pseudoprogression have also been
described, particularly under anti-PD1 monotherapy, suggesting that using iRECIST in-
stead of conventional RECIST may help to better identify responders [28,99]. Finally,
patients who not respond to immunotherapy may need a different treatment, such as
chemotherapy. The phase III COMMIT trial (NCT02997228) is evaluating the anti-PD-L1
agent atezolizumab, alone or in combination with FOLFOX plus bevacizumab, versus
standard FOLFOX plus bevacizumab.
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Based on the outstanding clinical activity seen with immunotherapy in MSI mCRC,
and considering the higher prevalence of MSI in early-stage disease compared to the
metastatic scenario, the evaluation of immune checkpoint inhibitors was expanded to
earlier disease stages. While trials evaluating immunotherapy in the adjuvant setting are
currently recruiting, things have moved fast in the neoadjuvant scenario. Several phase
II studies have demonstrated the deep biological impact of using immune checkpoint
inhibitors as a neoadjuvant strategy. Based on published data, after immune-based neoad-
juvant treatments, complete pathological response was seen in more than 60% of patients
and—equally as important—relapses were uncommon. Nevertheless, there are several
considerations in this regard. First, the current data are based on phase II, single-arm,
small trials with short follow-up periods. Rectal tumor follow-up is easily accessible using
rectal examination, MRI, CT scan, or even PET-CT. However, a well-established protocol
is needed for the follow-up of distal colon cancer. In this scenario, liquid biopsy may be
of help to identify patients at high risk of relapse or with molecular residual disease after
the surgery, as this has been proven to be a reliable tool to forecast prognosis and identify
minimal residual disease [100–102]. Despite the impressive results, the long-term benefit of
this strategy and the final impact on OS remain unclear. Another unanswered question is
the need for large, randomized, phase III trials to validate these findings.

In conclusion, immune checkpoint inhibitors are highly effective therapeutics for
patients with all-stage dMMR/MSI-H CRC, and recent evidence suggests that they are
highly promising for neoadjuvant and adjuvant therapies for this patient population. More
studies are needed to better define the duration of therapy and whether monotherapy or
doublet approaches are needed to achieve or consolidate definitive therapies. Future studies
may also reveal the exact role of neoadjuvant versus adjuvant approaches with immune
checkpoint inhibitors in patients with dMMR/MSI-H colon cancer, while recognizing that
the neoadjuvant strategy should be the preferred strategy in rectal cancer because of the
importance of organ preservation.

Author Contributions: J.R., I.B., N.S., M.R., F.S., J.T. and E.É. made substantial contributions to
the conception or design of the work, drafted or substantively revised the work, approved the
submitted version, and agree to be personally accountable for the author’s own contributions and for
ensuring that questions related to the accuracy or integrity of any part of the work are appropriately
investigated, resolved, and documented in the literature. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: J. Ros declares personal financial interests for speaking/travel grants or accom-
modation from Amgen, Merck, Pierre-Fabre, Servier, and Sanofi. E. Élez declares personal financial
interests for consulting/advisory roles and/or honoraria, travel grants, and research grants from
Amgen, Bayer, Hoffman-La Roche, Merck Serono, Sanofi, Pierre Fabre, MSD, Organon, Novartis, and
Servier. E. Élez declares institutional financial interests in the form of financial support for clinical
trials or contracted research for Amgen Inc., Array Biopharma Inc., AstraZeneca Pharmaceuticals
LP, BeiGene, Boehringer Ingelheim, Bristol Myers Squibb, Celgene, Debiopharm International SA,
F. Hoffmann-La Roche Ltd., Genentech Inc., HalioDX SAS, Hutchison MediPharma International,
Janssen-Cilag SA, MedImmune, Menarini, Merck Health KGAA, Merck Sharp & Dohme, Merus NV,
Mirati, Novartis Farmacéutica SA, Pfizer, Pharma Mar, Sanofi Aventis Recherche & Développement,
Servier, and Taiho Pharma USA Inc. M. Rodríguez declares personal speaker honoraria from ROVI
and accommodation expenses from BMS, Amgen, and Merck. N. Saoudi declares accommodation
and travel expenses from Amgen and Merck, and personal speaker honoraria from Amgen. I. Baraibar
has received accommodation and travel expenses from Amgen, Merck, Sanofi, and Servier. F. Salvà
reports personal financial interests, honoraria for advisory roles, travel grants, and research grants
(past 5 years): Hoffman La-Roche, Sanofi Aventis, Amgen, Merck Serono, Servier, Bristol-Myers
Squibb. J. Tabernero reports personal financial interests in the form of scientific consultancy roles for
Array Biopharma, AstraZeneca, Bayer, Boehringer Ingelheim, Chugai, Daiichi Sankyo, F. Hoffmann-
La Roche Ltd., Genentech Inc., HalioDX SAS, Hutchison MediPharma International, Ikena Oncology,
Inspirna Inc., IQVIA, Lilly, Menarini, Merck Serono, Merus, MSD, Mirati, Neophore, Novartis, Ona



Cancers 2023, 15, 4245 15 of 20

Therapeutics, Orion Biotechnology, Peptomyc, Pfizer, Pierre Fabre, Samsung Bioepis, Sanofi, Scandion
Oncology, Scorpion Therapeutics, Seattle Genetics, Servier, Sotio Biotech, Taiho, Tessa Therapeutics,
TheraMyc, and Tolremo Therapeutics. Stocks: Oniria Therapeutics, and also educational collaboration
with Imedex/HMP, Medscape Education, MJH Life Sciences, the PeerView Institute for Medical
Education, and the Physicians’ Education Resource (PER).

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Siegel, R.; Desantis, C.; Jemal, A. Colorectal Cancer Statistics, 2014. CA Cancer J. Clin. 2014, 64, 104–117. [CrossRef] [PubMed]
3. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al.

Mutations of the BRAF Gene in Human Cancer. Nature 2002, 417, 949–954. [CrossRef]
4. De Roock, W.; Claes, B.; Bernasconi, D.; De Schutter, J.; Biesmans, B.; Fountzilas, G.; Kalogeras, K.T.; Kotoula, V.; Papamichael, D.;

Laurent-Puig, P.; et al. Effects of KRAS, BRAF, NRAS, and PIK3CA Mutations on the Efficacy of Cetuximab plus Chemotherapy
in Chemotherapy-Refractory Metastatic Colorectal Cancer: A Retrospective Consortium Analysis. Lancet Oncol. 2010, 11, 753–762.
[CrossRef]

5. Kim, J.E.; Chun, S.-M.; Hong, Y.S.; Kim, K.; Kim, S.Y.; Kim, J.; Sung, C.O.; Cho, E.J.; Kim, T.W.; Jang, S.J. Mutation Burden and I
Index for Detection of Microsatellite Instability in Colorectal Cancer by Targeted Next-Generation Sequencing. J. Mol. Diagn.
2019, 21, 241–250. [CrossRef] [PubMed]

6. Ros, J.; Balconi, F.; Baraibar, I.; Saoudi Gonzalez, N.; Salva, F.; Tabernero, J.; Elez, E. Advances in Immune Checkpoint Inhibitor
Combination Strategies for Microsatellite Stable Colorectal Cancer. Front. Oncol. 2023, 13, 1112276. [CrossRef] [PubMed]

7. Popat, S.; Hubner, R.; Houlston, R.S. Systematic Review of Microsatellite Instability and Colorectal Cancer Prognosis. J. Clin.
Oncol. 2005, 23, 609–618. [CrossRef] [PubMed]

8. Cervantes, A.; Adam, R.; Roselló, S.; Arnold, D.; Normanno, N.; Taïeb, J.; Seligmann, J.; De Baere, T.; Osterlund, P.; Yoshino, T.;
et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2023,
34, 10–32. [CrossRef]

9. Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, J.;
et al. Localised Colon Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. Off. J. Eur.
Soc. Med. Oncol. 2020, 31, 1291–1305. [CrossRef] [PubMed]

10. Sinicrope, F.A.; Mahoney, M.R.; Smyrk, T.C.; Thibodeau, S.N.; Warren, R.S.; Bertagnolli, M.M.; Nelson, G.D.; Goldberg, R.M.;
Sargent, D.J.; Alberts, S.R. Prognostic Impact of Deficient DNA Mismatch Repair in Patients with Stage III Colon Cancer from a
Randomized Trial of FOLFOX-Based Adjuvant Chemotherapy. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2013, 31, 3664–3672.
[CrossRef]

11. Kennedy, R.D.; Bylesjo, M.; Kerr, P.; Davison, T.; Black, J.M.; Kay, E.W.; Holt, R.J.; Proutski, V.; Ahdesmaki, M.; Farztdinov,
V.; et al. Development and Independent Validation of a Prognostic Assay for Stage II Colon Cancer Using Formalin-Fixed
Paraffin-Embedded Tissue. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2011, 29, 4620–4626. [CrossRef] [PubMed]

12. Svrcek, M.; Lascols, O.; Cohen, R.; Collura, A.; Jonchère, V.; Fléjou, J.-F.; Buhard, O.; Duval, A. MSI/MMR-Deficient Tumor
Diagnosis: Which Standard for Screening and for Diagnosis? Diagnostic Modalities for the Colon and Other Sites: Differences
between Tumors. Bull. Cancer 2019, 106, 119–128. [CrossRef] [PubMed]

13. Guyot D’Asnières De Salins, A.; Tachon, G.; Cohen, R.; Karayan-Tapon, L.; Junca, A.; Frouin, E.; Godet, J.; Evrard, C.; Randrian,
V.; Duval, A.; et al. Discordance between Immunochemistry of Mismatch Repair Proteins and Molecular Testing of Microsatellite
Instability in Colorectal Cancer. ESMO Open 2021, 6, 100120. [CrossRef] [PubMed]

14. Lochhead, P.; Kuchiba, A.; Imamura, Y.; Liao, X.; Yamauchi, M.; Nishihara, R.; Qian, Z.R.; Morikawa, T.; Shen, J.; Meyerhardt, J.A.;
et al. Microsatellite Instability and BRAF Mutation Testing in Colorectal Cancer Prognostication. JNCI J. Natl. Cancer Inst. 2013,
105, 1151–1156. [CrossRef]

15. Llosa, N.J.; Cruise, M.; Tam, A.; Wicks, E.C.; Hechenbleikner, E.M.; Taube, J.M.; Blosser, R.L.; Fan, H.; Wang, H.; Luber, B.S.; et al.
The Vigorous Immune Microenvironment of Microsatellite Instable Colon Cancer Is Balanced by Multiple Counter-Inhibitory
Checkpoints. Cancer Discov. 2015, 5, 43–51. [CrossRef]

16. Cortes-Ciriano, I.; Lee, S.; Park, W.Y.; Kim, T.M.; Park, P.J. A Molecular Portrait of Microsatellite Instability across Multiple
Cancers. Nat. Commun. 2017, 8, 15180. [CrossRef]

17. Smyrk, T.C.; Watson, P.; Kaul, K.; Lynch, H.T. Tumor-Infiltrating Lymphocytes Are a Marker for Microsatellite Instability in
Colorectal Carcinoma. Cancer 2001, 91, 2417–2422. [CrossRef]

18. Angelova, M.; Charoentong, P.; Hackl, H.; Fischer, M.L.; Snajder, R.; Krogsdam, A.M.; Waldner, M.J.; Bindea, G.; Mlecnik, B.;
Galon, J.; et al. Characterization of the Immunophenotypes and Antigenomes of Colorectal Cancers Reveals Distinct Tumor
Escape Mechanisms and Novel Targets for Immunotherapy. Genome Biol. 2015, 16, 64. [CrossRef]

19. Gong, J.; Wang, C.; Lee, P.P.; Chu, P.; Fakih, M. Response to PD-1 Blockade in Microsatellite Stable Metastatic Colorectal Cancer
Harboring a POLE Mutation. J. Natl. Compr. Canc. Netw. 2017, 15, 142–147. [CrossRef]

https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21220
https://www.ncbi.nlm.nih.gov/pubmed/24639052
https://doi.org/10.1038/nature00766
https://doi.org/10.1016/S1470-2045(10)70130-3
https://doi.org/10.1016/j.jmoldx.2018.09.005
https://www.ncbi.nlm.nih.gov/pubmed/30389464
https://doi.org/10.3389/fonc.2023.1112276
https://www.ncbi.nlm.nih.gov/pubmed/36816981
https://doi.org/10.1200/JCO.2005.01.086
https://www.ncbi.nlm.nih.gov/pubmed/15659508
https://doi.org/10.1016/j.annonc.2022.10.003
https://doi.org/10.1016/j.annonc.2020.06.022
https://www.ncbi.nlm.nih.gov/pubmed/32702383
https://doi.org/10.1200/JCO.2013.48.9591
https://doi.org/10.1200/JCO.2011.35.4498
https://www.ncbi.nlm.nih.gov/pubmed/22067406
https://doi.org/10.1016/j.bulcan.2018.12.008
https://www.ncbi.nlm.nih.gov/pubmed/30713006
https://doi.org/10.1016/j.esmoop.2021.100120
https://www.ncbi.nlm.nih.gov/pubmed/33930657
https://doi.org/10.1093/jnci/djt173
https://doi.org/10.1158/2159-8290.CD-14-0863
https://doi.org/10.1038/ncomms15180
https://doi.org/10.1002/1097-0142(20010615)91:12&lt;2417::AID-CNCR1276&gt;3.0.CO;2-U
https://doi.org/10.1186/s13059-015-0620-6
https://doi.org/10.6004/jnccn.2017.0016


Cancers 2023, 15, 4245 16 of 20

20. Overman, M.J.; Lonardi, S.; Wong, K.Y.M.; Lenz, H.-J.; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van Cutsem, E.; McDermott, R.;
Hill, A.; et al. Durable Clinical Benefit With Nivolumab Plus Ipilimumab in DNA Mismatch Repair–Deficient/Microsatellite
Instability–High Metastatic Colorectal Cancer. J. Clin. Oncol. 2018, 36, 773–779. [CrossRef]

21. Grasso, C.S.; Giannakis, M.; Wells, D.K.; Hamada, T.; Mu, X.J.; Quist, M.; Nowak, J.A.; Nishihara, R.; Qian, Z.R.; Inamura, K.; et al.
Genetic Mechanisms of Immune Evasion in Colorectal Cancer. Cancer Discov. 2018, 8, 730–749. [CrossRef]

22. Le, D.T.; Diaz, L.A.; Kim, T.W.; Van Cutsem, E.; Geva, R.; Jäger, D.; Hara, H.; Burge, M.; O’Neil, B.; Kavan, P.; et al. Pembrolizumab
for Previously Treated, Microsatellite Instability–High/Mismatch Repair–Deficient Advanced Colorectal Cancer: Final Analysis
of KEYNOTE-164. Eur. J. Cancer 2023, 186, 185–195. [CrossRef]

23. André, T.; Shiu, K.-K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs,
P.; et al. Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. N. Engl. J. Med. 2020, 383, 2207–2218.
[CrossRef]

24. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

25. Overman, M.J.; Bergamo, F.; McDermott, R.S.; Aglietta, M.; Chen, F.; Gelsomino, F.; Wong, M.; Morse, M.; Van Cutsem, E.;
Hendlisz, A.; et al. Nivolumab in Patients with DNA Mismatch Repair-Deficient/Microsatellite Instability-High (DMMR/MSI-H)
Metastatic Colorectal Cancer (MCRC): Long-Term Survival According to Prior Line of Treatment from CheckMate-142. J. Clin.
Oncol. 2018, 36, 554. [CrossRef]

26. André, T.; Lonardi, S.; Wong, K.Y.M.; Lenz, H.-J.; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van Cutsem, E.; McDermott, R.; Hill,
A.; et al. Nivolumab plus Low-Dose Ipilimumab in Previously Treated Patients with Microsatellite Instability-High/Mismatch
Repair-Deficient Metastatic Colorectal Cancer: 4-Year Follow-up from CheckMate 142. Ann. Oncol. 2022, 33, 1052–1060. [CrossRef]

27. Lenz, H.-J.; Van Cutsem, E.; Luisa Limon, M.; Wong, K.Y.M.; Hendlisz, A.; Aglietta, M.; García-Alfonso, P.; Neyns, B.; Luppi,
G.; Cardin, D.B.; et al. First-Line Nivolumab Plus Low-Dose Ipilimumab for Microsatellite Instability-High/Mismatch Repair-
Deficient Metastatic Colorectal Cancer: The Phase II CheckMate 142 Study. J. Clin. Oncol. 2022, 40, 161–170. [CrossRef]
[PubMed]

28. Cohen, R.; Bennouna, J.; Meurisse, A.; Tournigand, C.; De La Fouchardière, C.; Tougeron, D.; Borg, C.; Mazard, T.; Chibaudel, B.;
Garcia-Larnicol, M.-L.; et al. RECIST and IRECIST Criteria for the Evaluation of Nivolumab plus Ipilimumab in Patients with
Microsatellite Instability-High/Mismatch Repair-Deficient Metastatic Colorectal Cancer: The GERCOR NIPICOL Phase II Study.
J. Immunother. Cancer 2020, 8, e001499. [CrossRef] [PubMed]

29. Andre, T.; Berton, D.; Curigliano, G.; Ellard, S.; Trigo Pérez, J.M.; Arkenau, H.-T.; Abdeddaim, C.; Moreno, V.; Guo, W.; Im, E.;
et al. Safety and Efficacy of Anti–PD-1 Antibody Dostarlimab in Patients (Pts) with Mismatch Repair-Deficient (DMMR) Solid
Cancers: Results from GARNET Study. J. Clin. Oncol. 2021, 39, 9. [CrossRef]

30. Kim, J.H.; Kim, S.Y.; Baek, J.Y.; Cha, Y.J.; Ahn, J.B.; Kim, H.S.; Lee, K.-W.; Kim, J.-W.; Kim, T.-Y.; Chang, W.J.; et al. A Phase II
Study of Avelumab Monotherapy in Patients with Mismatch Repair-Deficient/Microsatellite Instability-High or POLE-Mutated
Metastatic or Unresectable Colorectal Cancer. Cancer Res. Treat. 2020, 52, 1135–1144. [CrossRef] [PubMed]

31. Taïeb, J.; André, T.; El Hajbi, F.; Barbier, E.; Toullec, C.; Kim, S.; Bouche, O.; Di Fiore, F.; Chauvenet, M.; Perrier, H.; et al. Avelumab
versus Standard Second Line Treatment Chemotherapy in Metastatic Colorectal Cancer Patients with Microsatellite Instability:
The SAMCO-PRODIGE 54 Randomised Phase II Trial. Dig. Liver Dis. 2021, 53, 318–323. [CrossRef]

32. Segal, N.H.; Wainberg, Z.A.; Overman, M.J.; Ascierto, P.A.; Arkenau, H.-T.; Butler, M.O.; Eder, J.P.; Keilholz, U.; Kim, D.-W.;
Cunningham, D.; et al. Safety and Clinical Activity of Durvalumab Monotherapy in Patients with Microsatellite Instability–High
(MSI-H) Tumors. J. Clin. Oncol. 2019, 37, 670. [CrossRef]

33. Li, Y.; Du, Y.; Xue, C.; Wu, P.; Du, N.; Zhu, G.; Xu, H.; Zhu, Z. Efficacy and Safety of Anti-PD-1/PD-L1 Therapy in the Treatment
of Advanced Colorectal Cancer: A Meta-Analysis. BMC Gastroenterol. 2022, 22, 431. [CrossRef]

34. Chen, E.X.; Jonker, D.J.; Loree, J.M.; Kennecke, H.F.; Berry, S.R.; Couture, F.; Ahmad, C.E.; Goffin, J.R.; Kavan, P.; Harb, M.; et al.
Effect of Combined Immune Checkpoint Inhibition vs Best Supportive Care Alone in Patients With Advanced Colorectal Cancer.
JAMA Oncol. 2020, 6, 831. [CrossRef] [PubMed]

35. Wang, R.-F.; Wang, H.Y. Immune Targets and Neoantigens for Cancer Immunotherapy and Precision Medicine. Cell Res. 2017,
27, 11–37. [CrossRef]

36. Smith, C.C.; Selitsky, S.R.; Chai, S.; Armistead, P.M.; Vincent, B.G.; Serody, J.S. Alternative Tumour-Specific Antigens. Nat. Rev.
Cancer 2019, 19, 465–478. [CrossRef]

37. Richters, M.M.; Xia, H.; Campbell, K.M.; Gillanders, W.E.; Griffith, O.L.; Griffith, M. Best Practices for Bioinformatic Characteriza-
tion of Neoantigens for Clinical Utility. Genome Med. 2019, 11, 56. [CrossRef]

38. Tran, E.; Turcotte, S.; Gros, A.; Robbins, P.F.; Lu, Y.-C.; Dudley, M.E.; Wunderlich, J.R.; Somerville, R.P.; Hogan, K.; Hinrichs,
C.S.; et al. Cancer Immunotherapy Based on Mutation-Specific CD4+ T Cells in a Patient with Epithelial Cancer. Science 2014,
344, 641–645. [CrossRef]

39. Zacharakis, N.; Chinnasamy, H.; Black, M.; Xu, H.; Lu, Y.-C.; Zheng, Z.; Pasetto, A.; Langhan, M.; Shelton, T.; Prickett, T.; et al.
Immune Recognition of Somatic Mutations Leading to Complete Durable Regression in Metastatic Breast Cancer. Nat. Med. 2018,
24, 724–730. [CrossRef]

https://doi.org/10.1200/JCO.2017.76.9901
https://doi.org/10.1158/2159-8290.CD-17-1327
https://doi.org/10.1016/j.ejca.2023.02.016
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1200/JCO.2018.36.4_suppl.554
https://doi.org/10.1016/j.annonc.2022.06.008
https://doi.org/10.1200/JCO.21.01015
https://www.ncbi.nlm.nih.gov/pubmed/34637336
https://doi.org/10.1136/jitc-2020-001499
https://www.ncbi.nlm.nih.gov/pubmed/33148693
https://doi.org/10.1200/JCO.2021.39.3_suppl.9
https://doi.org/10.4143/crt.2020.218
https://www.ncbi.nlm.nih.gov/pubmed/32340084
https://doi.org/10.1016/j.dld.2020.11.031
https://doi.org/10.1200/JCO.2019.37.4_suppl.670
https://doi.org/10.1186/s12876-022-02511-7
https://doi.org/10.1001/jamaoncol.2020.0910
https://www.ncbi.nlm.nih.gov/pubmed/32379280
https://doi.org/10.1038/cr.2016.155
https://doi.org/10.1038/s41568-019-0162-4
https://doi.org/10.1186/s13073-019-0666-2
https://doi.org/10.1126/science.1251102
https://doi.org/10.1038/s41591-018-0040-8


Cancers 2023, 15, 4245 17 of 20

40. Dudley, M.E.; Yang, J.C.; Sherry, R.; Hughes, M.S.; Royal, R.; Kammula, U.; Robbins, P.F.; Huang, J.; Citrin, D.E.; Leitman, S.F.;
et al. Adoptive Cell Therapy for Patients with Metastatic Melanoma: Evaluation of Intensive Myeloablative Chemoradiation
Preparative Regimens. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2008, 26, 5233–5239. [CrossRef] [PubMed]

41. Tran, E.; Robbins, P.F.; Lu, Y.-C.; Prickett, T.D.; Gartner, J.J.; Jia, L.; Pasetto, A.; Zheng, Z.; Ray, S.; Groh, E.M.; et al. T-Cell Transfer
Therapy Targeting Mutant KRAS in Cancer. N. Engl. J. Med. 2016, 375, 2255–2262. [CrossRef]

42. Zhang, C.; Wang, Z.; Yang, Z.; Wang, M.; Li, S.; Li, Y.; Zhang, R.; Xiong, Z.; Wei, Z.; Shen, J.; et al. Phase I Escalating-Dose Trial of
CAR-T Therapy Targeting CEA(+) Metastatic Colorectal Cancers. Mol. Ther. 2017, 25, 1248–1258. [CrossRef] [PubMed]

43. Katz, S.C.; Burga, R.A.; McCormack, E.; Wang, L.J.; Mooring, W.; Point, G.R.; Khare, P.D.; Thorn, M.; Ma, Q.; Stainken, B.F.; et al.
Phase I Hepatic Immunotherapy for Metastases Study of Intra-Arterial Chimeric Antigen Receptor-Modified T-Cell Therapy for
CEA+ Liver Metastases. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 3149–3159. [CrossRef]

44. Gorzo, A.; Galos, D.; Volovat, S.R.; Lungulescu, C.V.; Burz, C.; Sur, D. Landscape of Immunotherapy Options for Colorectal
Cancer: Current Knowledge and Future Perspectives beyond Immune Checkpoint Blockade. Life 2022, 12, 229. [CrossRef]

45. Thomas, S.; Prendergast, G.C. Cancer Vaccines: A Brief Overview. Methods Mol. Biol. 2016, 1403, 755–761. [CrossRef]
46. Geevarghese, S.K.; Geller, D.A.; de Haan, H.A.; Hörer, M.; Knoll, A.E.; Mescheder, A.; Nemunaitis, J.; Reid, T.R.; Sze, D.Y.; Tanabe,

K.K.; et al. Phase I/II Study of Oncolytic Herpes Simplex Virus NV1020 in Patients with Extensively Pretreated Refractory
Colorectal Cancer Metastatic to the Liver. Hum. Gene Ther. 2010, 21, 1119–1128. [CrossRef]

47. Morse, M.A.; Niedzwiecki, D.; Marshall, J.L.; Garrett, C.; Chang, D.Z.; Aklilu, M.; Crocenzi, T.S.; Cole, D.J.; Dessureault, S.;
Hobeika, A.C.; et al. A Randomized Phase II Study of Immunization with Dendritic Cells Modified with Poxvectors Encoding
CEA and MUC1 Compared with the Same Poxvectors plus GM-CSF for Resected Metastatic Colorectal Cancer. Ann. Surg. 2013,
258, 879–886. [CrossRef] [PubMed]

48. Forde, P.M.; Spicer, J.; Lu, S.; Provencio, M.; Mitsudomi, T.; Awad, M.M.; Felip, E.; Broderick, S.R.; Brahmer, J.R.; Swanson, S.J.;
et al. Neoadjuvant Nivolumab plus Chemotherapy in Resectable Lung Cancer. N. Engl. J. Med. 2022, 386, 1973–1985. [CrossRef]

49. Garbe, C.; Dummer, R.; Amaral, T.; Amaria, R.N.; Ascierto, P.A.; Burton, E.M.; Dreno, B.; Eggermont, A.M.M.; Hauschild, A.;
Hoeller, C.; et al. Neoadjuvant Immunotherapy for Melanoma Is Now Ready for Clinical Practice. Nat. Med. 2023, 29, 1310–1312.
[CrossRef]

50. Menzies, A.M.; Amaria, R.N.; Rozeman, E.A.; Huang, A.C.; Tetzlaff, M.T.; van de Wiel, B.A.; Lo, S.; Tarhini, A.A.; Burton, E.M.;
Pennington, T.E.; et al. Pathological Response and Survival with Neoadjuvant Therapy in Melanoma: A Pooled Analysis from
the International Neoadjuvant Melanoma Consortium (INMC). Nat. Med. 2021, 27, 301–309. [CrossRef]

51. Xiao, B.-Y.; Zhang, X.; Cao, T.-Y.; Li, D.-D.; Jiang, W.; Kong, L.-H.; Tang, J.-H.; Han, K.; Zhang, C.-Z.; Mei, W.-J.; et al. Neoadjuvant
Immunotherapy Leads to Major Response and Low Recurrence in Localized Mismatch Repair-Deficient Colorectal Cancer. J. Natl.
Compr. Canc. Netw. 2023, 21, 60–66.e5. [CrossRef] [PubMed]

52. Chalabi, M.; Fanchi, L.F.; Dijkstra, K.K.; Van den Berg, J.G.; Aalbers, A.G.; Sikorska, K.; Lopez-Yurda, M.; Grootscholten, C.;
Beets, G.L.; Snaebjornsson, P.; et al. Neoadjuvant Immunotherapy Leads to Pathological Responses in MMR-Proficient and
MMR-Deficient Early-Stage Colon Cancers. Nat. Med. 2020, 26, 566–576. [CrossRef]

53. Chalabi, M.; Verschoor, Y.; Berg, J.v.D.; Sikorska, K.; Beets, G.; Lent, A.; Grootscholten, M.; Aalbers, A.; Buller, N.; Marsman, H.;
et al. Neoadjuvant Immune Checkpoint Inhibition in Locally Advanced MMR-Deficient Colon Cancer: The NICHE-2 Study. Ann.
Oncol. 2022, 33 (Suppl. S7), S1389. [CrossRef]

54. Hu, H.; Kang, L.; Zhang, J.; Wu, Z.; Wang, H.; Huang, M.; Lan, P.; Wu, X.; Wang, C.; Cao, W.; et al. Neoadjuvant PD-1 Blockade
with Toripalimab, with or without Celecoxib, in Mismatch Repair-Deficient or Microsatellite Instability-High, Locally Advanced,
Colorectal Cancer (PICC): A Single-Centre, Parallel-Group, Non-Comparative, Randomised, Phase 2 Trial. Lancet Gastroenterol.
Hepatol. 2022, 7, 38–48. [CrossRef]

55. Cercek, A.; Lumish, M.; Sinopoli, J.; Weiss, J.; Shia, J.; Lamendola-Essel, M.; El Dika, I.H.; Segal, N.; Shcherba, M.; Sugarman,
R.; et al. PD-1 Blockade in Mismatch Repair-Deficient, Locally Advanced Rectal Cancer. N. Engl. J. Med. 2022, 386, 2363–2376.
[CrossRef]

56. Ludford, K.; Ho, W.J.; Thomas, J.V.; Raghav, K.P.S.; Murphy, M.B.; Fleming, N.D.; Lee, M.S.; Smaglo, B.G.; You, Y.N.; Tillman,
M.M.; et al. Neoadjuvant Pembrolizumab in Localized Microsatellite Instability High/Deficient Mismatch Repair Solid Tumors. J.
Clin. Oncol. 2023, 41, 2181–2190. [CrossRef] [PubMed]

57. Zelenay, S.; van der Veen, A.G.; Böttcher, J.P.; Snelgrove, K.J.; Rogers, N.; Acton, S.E.; Chakravarty, P.; Girotti, M.R.; Marais,
R.; Quezada, S.A.; et al. Cyclooxygenase-Dependent Tumor Growth through Evasion of Immunity. Cell 2015, 162, 1257–1270.
[CrossRef]

58. Garcia-Aguilar, J.; Patil, S.; Gollub, M.J.; Kim, J.K.; Yuval, J.B.; Thompson, H.M.; Verheij, F.S.; Omer, D.M.; Lee, M.; Dunne, R.F.;
et al. Organ Preservation in Patients With Rectal Adenocarcinoma Treated With Total Neoadjuvant Therapy. J. Clin. Oncol. Off. J.
Am. Soc. Clin. Oncol. 2022, 40, 2546–2556. [CrossRef] [PubMed]

59. Bahadoer, R.R.; Dijkstra, E.A.; van Etten, B.; Marijnen, C.A.M.; Putter, H.; Kranenbarg, E.M.-K.; Roodvoets, A.G.H.; Nagtegaal,
I.D.; Beets-Tan, R.G.H.; Blomqvist, L.K.; et al. Short-Course Radiotherapy Followed by Chemotherapy before Total Mesorectal
Excision (TME) versus Preoperative Chemoradiotherapy, TME, and Optional Adjuvant Chemotherapy in Locally Advanced
Rectal Cancer (RAPIDO): A Randomised, Open-Label, Phase 3 Trial. Lancet Oncol. 2021, 22, 29–42. [CrossRef]

60. Zhou, L.; Yang, X.-Q.; Zhao, G.-Y.; Wang, F.-J.; Liu, X. Meta-Analysis of Neoadjuvant Immunotherapy for Non-Metastatic
Colorectal Cancer. Front. Immunol. 2023, 14, 1044353. [CrossRef]

https://doi.org/10.1200/JCO.2008.16.5449
https://www.ncbi.nlm.nih.gov/pubmed/18809613
https://doi.org/10.1056/NEJMoa1609279
https://doi.org/10.1016/j.ymthe.2017.03.010
https://www.ncbi.nlm.nih.gov/pubmed/28366766
https://doi.org/10.1158/1078-0432.CCR-14-1421
https://doi.org/10.3390/life12020229
https://doi.org/10.1007/978-1-4939-3387-7_43
https://doi.org/10.1089/hum.2010.020
https://doi.org/10.1097/SLA.0b013e318292919e
https://www.ncbi.nlm.nih.gov/pubmed/23657083
https://doi.org/10.1056/NEJMoa2202170
https://doi.org/10.1038/s41591-023-02336-1
https://doi.org/10.1038/s41591-020-01188-3
https://doi.org/10.6004/jnccn.2022.7060
https://www.ncbi.nlm.nih.gov/pubmed/36630898
https://doi.org/10.1038/s41591-020-0805-8
https://doi.org/10.1016/j.annonc.2022.08.016
https://doi.org/10.1016/S2468-1253(21)00348-4
https://doi.org/10.1056/NEJMoa2201445
https://doi.org/10.1200/JCO.22.01351
https://www.ncbi.nlm.nih.gov/pubmed/36623241
https://doi.org/10.1016/j.cell.2015.08.015
https://doi.org/10.1200/JCO.22.00032
https://www.ncbi.nlm.nih.gov/pubmed/35483010
https://doi.org/10.1016/S1470-2045(20)30555-6
https://doi.org/10.3389/fimmu.2023.1044353


Cancers 2023, 15, 4245 18 of 20

61. Zaretsky, J.M.; Chmielowski, B.; Berent-Maoz, B.; Shin, D.S.; Cherry, G.; Lo, R.S.; Schumacher, T.N.M.; Kong, X.; Pang, J.; Tumeh,
P.C.; et al. Mutations Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N. Engl. J. Med. 2016, 375, 819–829.
[CrossRef]

62. Skoulidis, F.; Goldberg, M.E.; Greenawalt, D.M.; Hellmann, M.D.; Awad, M.M.; Gainor, J.F.; Schrock, A.B.; Hartmaier, R.J.;
Trabucco, S.E.; Gay, L.; et al. STK11/LKB1 Mutations and PD-1 Inhibitor Resistance in KRAS-Mutant Lung Adenocarcinoma.
Cancer Discov. 2018, 8, 822–835. [CrossRef] [PubMed]

63. Janikovits, J.; Müller, M.; Krzykalla, J.; Körner, S.; Echterdiek, F.; Lahrmann, B.; Grabe, N.; Schneider, M.; Benner, A.; Doeberitz, M.
von K.; et al. High Numbers of PDCD1 (PD-1)-Positive T Cells and B2M Mutations in Microsatellite-Unstable Colorectal Cancer.
Oncoimmunology 2018, 7, e1390640. [CrossRef]

64. Snahnicanova, Z.; Kasubova, I.; Kalman, M.; Grendar, M.; Mikolajcik, P.; Gabonova, E.; Laca, L.; Caprnda, M.; Rodrigo, L.;
Ciccocioppo, R.; et al. Genetic and Epigenetic Analysis of the Beta-2-Microglobulin Gene in Microsatellite Instable Colorectal
Cancer. Clin. Exp. Med. 2020, 20, 87–95. [CrossRef]

65. Middha, S.; Yaeger, R.; Shia, J.; Stadler, Z.K.; King, S.; Guercio, S.; Paroder, V.; Bates, D.D.B.; Rana, S.; Diaz, L.A.; et al. Majority of
B2M -Mutant and -Deficient Colorectal Carcinomas Achieve Clinical Benefit From Immune Checkpoint Inhibitor Therapy and
Are Microsatellite Instability-High. JCO Precis. Oncol. 2019, 3, 1–14. [CrossRef] [PubMed]

66. Sveen, A.; Johannessen, B.; Tengs, T.; Danielsen, S.A.; Eilertsen, I.A.; Lind, G.E.; Berg, K.C.G.; Leithe, E.; Meza-Zepeda, L.A.;
Domingo, E.; et al. Multilevel Genomics of Colorectal Cancers with Microsatellite Instability-Clinical Impact of JAK1 Mutations
and Consensus Molecular Subtype 1. Genome Med. 2017, 9, 46. [CrossRef]

67. Albacker, L.A.; Wu, J.; Smith, P.; Warmuth, M.; Stephens, P.J.; Zhu, P.; Yu, L.; Chmielecki, J. Loss of Function JAK1 Mutations
Occur at High Frequency in Cancers with Microsatellite Instability and Are Suggestive of Immune Evasion. PLoS ONE 2017, 12,
e0176181. [CrossRef]

68. Zhang, C.; Li, D.; Xiao, B.; Zhou, C.; Jiang, W.; Tang, J.; Li, Y.; Zhang, R.; Han, K.; Hou, Z.; et al. B2M and JAK1/2–Mutated MSI-H
Colorectal Carcinomas Can Benefit From Anti-PD-1 Therapy. J. Immunother. 2022, 45, 187–193. [CrossRef] [PubMed]

69. De Vries, N.L.; van de Haar, J.; Veninga, V.; Chalabi, M.; Ijsselsteijn, M.E.; van der Ploeg, M.; van den Bulk, J.; Ruano, D.; van
den Berg, J.G.; Haanen, J.B.; et al. Γδ T Cells Are Effectors of Immunotherapy in Cancers with HLA Class I Defects. Nature 2023,
613, 743–750. [CrossRef] [PubMed]

70. Innocenti, F.; Ou, F.-S.; Qu, X.; Zemla, T.J.; Niedzwiecki, D.; Tam, R.; Mahajan, S.; Goldberg, R.M.; Bertagnolli, M.M.; Blanke, C.D.;
et al. Mutational Analysis of Patients With Colorectal Cancer in CALGB/SWOG 80405 Identifies New Roles of Microsatellite
Instability and Tumor Mutational Burden for Patient Outcome. J. Clin. Oncol. 2019, 37, 1217–1227. [CrossRef]

71. Van de Haar, J.; Ma, X.; Ooft, S.N.; van der Helm, P.W.; Hoes, L.R.; Mainardi, S.; Pinato, D.J.; Sun, K.; Salvatore, L.; Tortora, G.;
et al. Codon-Specific KRAS Mutations Predict Survival Benefit of Trifluridine/Tipiracil in Metastatic Colorectal Cancer. Nat. Med.
2023, 29, 605–614. [CrossRef] [PubMed]

72. Overman, M.J.; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.-J.; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.A.; et al.
Nivolumab in Patients with Metastatic DNA Mismatch Repair-Deficient or Microsatellite Instability-High Colorectal Cancer
(CheckMate 142): An Open-Label, Multicentre, Phase 2 Study. Lancet Oncol. 2017, 18, 1182–1191. [CrossRef] [PubMed]

73. Le, D.T.; Kim, T.W.; Van Cutsem, E.; Geva, R.; Jäger, D.; Hara, H.; Burge, M.; O’Neil, B.; Kavan, P.; Yoshino, T.; et al. Phase
II Open-Label Study of Pembrolizumab in Treatment-Refractory, Microsatellite Instability-High/Mismatch Repair-Deficient
Metastatic Colorectal Cancer: KEYNOTE-164. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2020, 38, 11–19. [CrossRef] [PubMed]

74. Colle, R.; Lonardi, S.; Cachanado, M.; Overman, M.J.; Elez, E.; Fakih, M.; Corti, F.; Jayachandran, P.; Svrcek, M.; Dardenne, A.;
et al. BRAF V600E/RAS Mutations and Lynch Syndrome in Patients With MSI-H/DMMR Metastatic Colorectal Cancer Treated
With Immune Checkpoint Inhibitors. Oncologist 2023, oyad082. [CrossRef]

75. Diaz, L.A.; Shiu, K.-K.; Kim, T.-W.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs,
P.; et al. Pembrolizumab versus Chemotherapy for Microsatellite Instability-High or Mismatch Repair-Deficient Metastatic
Colorectal Cancer (KEYNOTE-177): Final Analysis of a Randomised, Open-Label, Phase 3 Study. Lancet Oncol. 2022, 23, 659–670.
[CrossRef]

76. Bortolomeazzi, M.; Keddar, M.R.; Montorsi, L.; Acha-Sagredo, A.; Benedetti, L.; Temelkovski, D.; Choi, S.; Petrov, N.; Todd, K.;
Wai, P.; et al. Immunogenomics of Colorectal Cancer Response to Checkpoint Blockade: Analysis of the KEYNOTE 177 Trial and
Validation Cohorts. Gastroenterology 2021, 161, 1179–1193. [CrossRef] [PubMed]

77. Young, J.; Simms, L.A.; Biden, K.G.; Wynter, C.; Whitehall, V.; Karamatic, R.; George, J.; Goldblatt, J.; Walpole, I.; Robin, S.-A.;
et al. Features of Colorectal Cancers with High-Level Microsatellite Instability Occurring in Familial and Sporadic Settings. Am. J.
Pathol. 2001, 159, 2107–2116. [CrossRef] [PubMed]

78. Cohen, R.; Buhard, O.; Cervera, P.; Hain, E.; Dumont, S.; Bardier, A.; Bachet, J.-B.; Gornet, J.-M.; Lopez-Trabada, D.; Dumont, S.;
et al. Clinical and Molecular Characterisation of Hereditary and Sporadic Metastatic Colorectal Cancers Harbouring Microsatellite
Instability/DNA Mismatch Repair Deficiency. Eur. J. Cancer 2017, 86, 266–274. [CrossRef]

79. Jass, J.R.; Walsh, M.D.; Barker, M.; Simms, L.A.; Young, J.; Leggett, B.A. Distinction between Familial and Sporadic Forms of
Colorectal Cancer Showing DNA Microsatellite Instability. Eur. J. Cancer 2002, 38, 858–866. [CrossRef]

80. Liu, G.-C.; Liu, R.-Y.; Yan, J.-P.; An, X.; Jiang, W.; Ling, Y.-H.; Chen, J.-W.; Bei, J.-X.; Zuo, X.-Y.; Cai, M.-Y.; et al. The Heterogeneity
Between Lynch-Associated and Sporadic MMR Deficiency in Colorectal Cancers. JNCI J. Natl. Cancer Inst. 2018, 110, 975–984.
[CrossRef]

https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1158/2159-8290.CD-18-0099
https://www.ncbi.nlm.nih.gov/pubmed/29773717
https://doi.org/10.1080/2162402X.2017.1390640
https://doi.org/10.1007/s10238-019-00601-7
https://doi.org/10.1200/PO.18.00321
https://www.ncbi.nlm.nih.gov/pubmed/31008436
https://doi.org/10.1186/s13073-017-0434-0
https://doi.org/10.1371/journal.pone.0176181
https://doi.org/10.1097/CJI.0000000000000417
https://www.ncbi.nlm.nih.gov/pubmed/35343934
https://doi.org/10.1038/s41586-022-05593-1
https://www.ncbi.nlm.nih.gov/pubmed/36631610
https://doi.org/10.1200/JCO.18.01798
https://doi.org/10.1038/s41591-023-02240-8
https://www.ncbi.nlm.nih.gov/pubmed/36864254
https://doi.org/10.1016/S1470-2045(17)30422-9
https://www.ncbi.nlm.nih.gov/pubmed/28734759
https://doi.org/10.1200/JCO.19.02107
https://www.ncbi.nlm.nih.gov/pubmed/31725351
https://doi.org/10.1093/oncolo/oyad082
https://doi.org/10.1016/S1470-2045(22)00197-8
https://doi.org/10.1053/j.gastro.2021.06.064
https://www.ncbi.nlm.nih.gov/pubmed/34197832
https://doi.org/10.1016/S0002-9440(10)63062-3
https://www.ncbi.nlm.nih.gov/pubmed/11733361
https://doi.org/10.1016/j.ejca.2017.09.022
https://doi.org/10.1016/S0959-8049(02)00041-2
https://doi.org/10.1093/jnci/djy004


Cancers 2023, 15, 4245 19 of 20

81. Ramchander, N.C.; Ryan, N.A.J.; Walker, T.D.J.; Harries, L.; Bolton, J.; Bosse, T.; Evans, D.G.; Crosbie, E.J. Distinct Immunological
Landscapes Characterize Inherited and Sporadic Mismatch Repair Deficient Endometrial Cancer. Front. Immunol. 2020, 10, 3023.
[CrossRef]

82. Food and Drug Administration. FDA Approves Pembrolizumab for Adults and Children with TMB-H Solid Tumors. Available
online: https://www.Fda.Gov/Drugs/Drug-Approvals-And-Databases/Fda-Approves-Pembrolizumab-Adults-And-Children-
Tmb-H-Solid-Tumors (accessed on 17 June 2020).

83. Marabelle, A.; Fakih, M.; Lopez, J.; Shah, M.; Shapira-Frommer, R.; Nakagawa, K.; Chung, H.C.; Kindler, H.L.; Lopez-Martin, J.A.;
Miller, W.H.; et al. Association of Tumour Mutational Burden with Outcomes in Patients with Advanced Solid Tumours Treated
with Pembrolizumab: Prospective Biomarker Analysis of the Multicohort, Open-Label, Phase 2 KEYNOTE-158 Study. Lancet
Oncol. 2020, 21, 1353–1365. [CrossRef]

84. Rousseau, B.; Foote, M.B.; Maron, S.B.; Diplas, B.H.; Lu, S.; Argilés, G.; Cercek, A.; Diaz, L.A. The Spectrum of Benefit from
Checkpoint Blockade in Hypermutated Tumors. N. Engl. J. Med. 2021, 384, 1168–1170. [CrossRef] [PubMed]

85. Mandal, R.; Samstein, R.M.; Lee, K.-W.; Havel, J.J.; Wang, H.; Krishna, C.; Sabio, E.Y.; Makarov, V.; Kuo, F.; Blecua, P.; et al. Genetic
Diversity of Tumors with Mismatch Repair Deficiency Influences Anti-PD-1 Immunotherapy Response. Science 2019, 364, 485–491.
[CrossRef] [PubMed]

86. Schrock, A.B.; Ouyang, C.; Sandhu, J.; Sokol, E.; Jin, D.; Ross, J.S.; Miller, V.A.; Lim, D.; Amanam, I.; Chao, J.; et al. Tumor
Mutational Burden Is Predictive of Response to Immune Checkpoint Inhibitors in MSI-High Metastatic Colorectal Cancer. Ann.
Oncol. 2019, 30, 1096–1103. [CrossRef]

87. Manca, P.; Corti, F.; Intini, R.; Mazzoli, G.; Miceli, R.; Germani, M.M.; Bergamo, F.; Ambrosini, M.; Cristarella, E.; Cerantola, R.;
et al. Tumour Mutational Burden as a Biomarker in Patients with Mismatch Repair Deficient/Microsatellite Instability-High
Metastatic Colorectal Cancer Treated with Immune Checkpoint Inhibitors. Eur. J. Cancer 2023, 187, 15–24. [CrossRef] [PubMed]

88. Fakih, M.G.; Sandhu, J.; Lim, D.; Li, S.M.; Wang, C. 320MO A Phase I Clinical Trial of Regorafenib, Ipilimumab, and Nivolumab
(RIN) in Chemotherapy Resistant MSS Metastatic Colorectal Cancer (MCRC). Ann. Oncol. 2022, 33, S684. [CrossRef]

89. Bullock, A.; Grossman, J.; Fakih, M.; Lenz, H.; Gordon, M.; Margolin, K.; Wilky, B.; Mahadevan, D.; Trent, J.; Bockorny, B.;
et al. Botensilimab, a Novel Innate/Adaptive Immune Activator, plus Balstilimab (Anti-PD-1) for Metastatic Heavily Pretreated
Microsatellite Stable Colorectal Cancer. In Proceedings of the 2022 ESMO World Congress on Gastrointestinal Cancer, Barcelona,
Spain, 29 June–2 July 2022. Abstr. LBA-09.

90. Saberzadeh-Ardestani, B.; Jones, J.C.; Hubbard, J.M.; McWilliams, R.R.; Halfdanarson, T.R.; Shi, Q.; Sonbol, M.B.; Ticku, J.; Jin, Z.;
Sinicrope, F.A. Association Between Survival and Metastatic Site in Mismatch Repair–Deficient Metastatic Colorectal Cancer
Treated With First-Line Pembrolizumab. JAMA Netw. Open 2023, 6, e230400. [CrossRef] [PubMed]

91. Sahin, I.H.; Ciombor, K.K.; Diaz, L.A.; Yu, J.; Kim, R. Immunotherapy for Microsatellite Stable Colorectal Cancers: Challenges and
Novel Therapeutic Avenues. Am. Soc. Clin. Oncol. Educ. Book 2022, 42, 242–253. [CrossRef]

92. Tumeh, P.C.; Hellmann, M.D.; Hamid, O.; Tsai, K.K.; Loo, K.L.; Gubens, M.A.; Rosenblum, M.; Harview, C.L.; Taube, J.M.;
Handley, N.; et al. Liver Metastasis and Treatment Outcome with Anti-PD-1 Monoclonal Antibody in Patients with Melanoma
and NSCLC. Cancer Immunol. Res. 2017, 5, 417–424. [CrossRef]

93. Yu, J.; Green, M.D.; Li, S.; Sun, Y.; Journey, S.N.; Choi, J.E.; Rizvi, S.M.; Qin, A.; Waninger, J.J.; Lang, X.; et al. Liver Metastasis
Restrains Immunotherapy Efficacy via Macrophage-Mediated T Cell Elimination. Nat. Med. 2021, 27, 152–164. [CrossRef]
[PubMed]

94. Cohen, R.; Jonchère, V.; De La Fouchardière, C.; Ratovomanana, T.; Letourneur, Q.; Ayadi, M.; Armenoult, L.; Buisson, A.; Sarabi,
M.; Pellat, A.; et al. Adrenal Gland as a Sanctuary Site for Immunotherapy in Patients with Microsatellite Instability-High
Metastatic Colorectal Cancer. J. Immunother. Cancer 2021, 9, e001903. [CrossRef] [PubMed]

95. Ros, J.; Rodríguez-Castells, M.; Saoudi, N.; Baraibar, I.; Salva, F.; Tabernero, J.; Élez, E. Treatment of BRAF -V600E Mutant
Metastatic Colorectal Cancer: New Insights and Biomarkers. Expert Rev. Anticancer Ther. 2023, 23, 797–806. [CrossRef] [PubMed]

96. Haanen, J.; Ernstoff, M.S.; Wang, Y.; Menzies, A.M.; Puzanov, I.; Grivas, P.; Larkin, J.; Peters, S.; Thompson, J.A.; Obeid, M.
Autoimmune Diseases and Immune-Checkpoint Inhibitors for Cancer Therapy: Review of the Literature and Personalized
Risk-Based Prevention Strategy. Ann. Oncol. 2020, 31, 724–744. [CrossRef]

97. Ros, J.; Matos, I.; Martin-Liberal, J. Immunotherapy in Organ-Transplanted Cancer Patients: Efficacy and Risk of Organ Rejection.
Ann. Oncol. 2019, 30, 1173–1177. [CrossRef]

98. Meserve, J.; Facciorusso, A.; Holmer, A.K.; Annese, V.; Sandborn, W.J.; Singh, S. Systematic Review with Meta-Analysis: Safety
and Tolerability of Immune Checkpoint Inhibitors in Patients with Pre-Existing Inflammatory Bowel Diseases. Aliment. Pharmacol.
Ther. 2021, 53, 374–382. [CrossRef]

99. Colle, R.; Radzik, A.; Cohen, R.; Pellat, A.; Lopez-Tabada, D.; Cachanado, M.; Duval, A.; Svrcek, M.; Menu, Y.; André, T.
Pseudoprogression in Patients Treated with Immune Checkpoint Inhibitors for Microsatellite Instability-High/Mismatch Repair-
Deficient Metastatic Colorectal Cancer. Eur. J. Cancer 2021, 144, 9–16. [CrossRef]

100. Ros, J.; Matito, J.; Villacampa, G.; Comas, R.; Garcia, A.; Martini, G.; Baraibar, I.; Saoudi, N.; Salvà, F.; Martin, Á.; et al. Plasmatic
BRAF-V600E Allele Fraction as a Prognostic Factor in Metastatic Colorectal Cancer Treated with BRAF Combinatorial Treatments.
Ann. Oncol. 2023, 4, 543–552. [CrossRef]

https://doi.org/10.3389/fimmu.2019.03023
https://www.Fda.Gov/Drugs/Drug-Approvals-And-Databases/Fda-Approves-Pembrolizumab-Adults-And-Children-Tmb-H-Solid-Tumors
https://www.Fda.Gov/Drugs/Drug-Approvals-And-Databases/Fda-Approves-Pembrolizumab-Adults-And-Children-Tmb-H-Solid-Tumors
https://doi.org/10.1016/S1470-2045(20)30445-9
https://doi.org/10.1056/NEJMc2031965
https://www.ncbi.nlm.nih.gov/pubmed/33761214
https://doi.org/10.1126/science.aau0447
https://www.ncbi.nlm.nih.gov/pubmed/31048490
https://doi.org/10.1093/annonc/mdz134
https://doi.org/10.1016/j.ejca.2023.03.029
https://www.ncbi.nlm.nih.gov/pubmed/37099945
https://doi.org/10.1016/j.annonc.2022.07.458
https://doi.org/10.1001/jamanetworkopen.2023.0400
https://www.ncbi.nlm.nih.gov/pubmed/36811859
https://doi.org/10.1200/EDBK_349811
https://doi.org/10.1158/2326-6066.CIR-16-0325
https://doi.org/10.1038/s41591-020-1131-x
https://www.ncbi.nlm.nih.gov/pubmed/33398162
https://doi.org/10.1136/jitc-2020-001903
https://www.ncbi.nlm.nih.gov/pubmed/33579738
https://doi.org/10.1080/14737140.2023.2236794
https://www.ncbi.nlm.nih.gov/pubmed/37482749
https://doi.org/10.1016/j.annonc.2020.03.285
https://doi.org/10.1093/annonc/mdz129
https://doi.org/10.1111/apt.16217
https://doi.org/10.1016/j.ejca.2020.11.009
https://doi.org/10.1016/j.annonc.2023.02.016


Cancers 2023, 15, 4245 20 of 20

101. Reinert, T.; Henriksen, T.V.; Christensen, E.; Sharma, S.; Salari, R.; Sethi, H.; Knudsen, M.; Nordentoft, I.; Wu, H.-T.; Tin, A.S.; et al.
Analysis of Plasma Cell-Free DNA by Ultradeep Sequencing in Patients With Stages I to III Colorectal Cancer. JAMA Oncol. 2019,
5, 1124–1131. [CrossRef]

102. Tie, J.; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I.; Silliman, N.; Tacey, M.; Wong, H.-L.; Christie, M.; et al. Circulating
Tumor DNA Analysis Detects Minimal Residual Disease and Predicts Recurrence in Patients with Stage II Colon Cancer. Sci.
Transl. Med. 2016, 8, 346ra92. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1001/jamaoncol.2019.0528
https://doi.org/10.1126/scitranslmed.aaf6219

	Introduction 
	Development of Immune Therapeutics in MSI mCRC 
	Immune Checkpoint Inhibitors in the Advanced/Refractory Setting 
	Other Immune Strategies in the Advanced/Refractory Setting 

	Immune Checkpoint Inhibitors for MSI CRC in Early-Stage Disease 
	Immune Checkpoint Inhibitors in the Adjuvant Setting 
	Neoadjuvant Setting 

	Mechanisms of Resistance and Associated Biomarkers 
	Antigen Presentation Defects: B2M and JAK1/2 
	Impact of RAS/BRAF and WNT/-Catenin Mutations in Colorectal Cancer 
	Lynch Syndrome 
	Tumor Mutational Load as a Predictive and Prognostic Biomarker 
	PD-L1 Expression 
	Liver and Adrenal Metastases 

	Conclusions and Future Directions 
	References

