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underlying immunoevasion, this review offers an insight
into developing therapeutic strategies that are effective for
patients with various subsets of CRC.
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Introduction
CRC is the third most common cancer worldwide following
breast and lung cancers, with an incidence rate of 1.93 million
in 2020.1 Moreover, it is the second leading cause of cancer-
related deaths worldwide, accounting for nearly 916 000 deaths
in the same year.1 The incidence rate of CRC among individuals
younger than 50 years has been increasing in recent years.2

Despite a screening-associated reduction in CRC mortality,
�25% of patients still present with metastatic disease at time of
diagnosis, and 25–50% of patients presenting with early-stage
disease will develop metastasis during the course of their dis-
ease.3 The clinical outcomes of CRC largely depend on the tumor
stage at time of diagnosis. According to Surveillance, Epidemiol-
ogy, and End Results (SEER) staging, the 5-year survival rate in
CRC decreases from 90% when cancer is localized, to 72% when
regional, to 15% when distant.4.

As with other cancers, chemotherapy, radiotherapy, and sur-
gery have been the main modalities of CRC management. Treat-
ment recommendations vary depending on disease localization
and progression. Surgery is the first-line treatment for localized
colon cancer (stage I–III).5 For locally advanced CRC, patients
who are node-positive (stage III) also receive adjuvant
chemotherapy to eradicate remaining cancer cells, thus reducing
the likelihood of recurrence.6 However, the use of adjuvant
chemotherapy in node-negative patients (stage II) remains con-
troversial, and is assessed on an individual basis by weighing
benefits and risks. Neoadjuvant chemoradiotherapy, with or
without systemic chemotherapy, is an accepted therapeutic
approach for patients with locally advanced rectal cancer
(LARC).7 In metastatic CRC (mCRC), systemic chemotherapy
has proven to improve survival.8 Surgery also provides a poten-
tially curative option in selected patients with oligometastatic
disease.5 Despite treatment, some patients can experience disease
recurrence. Moreover, systemic toxicity and low selectivity of
conventional treatments have imposed the need for developing
new therapeutic strategies to treat CRC.

A better understanding of the molecular basis of tumorigene-
sis has contributed significantly to the development of targeted
therapies. These therapies have become an attractive approach
by virtue of their ability to selectively target cancer-specific path-
ways or evoke potent anti-tumor immune responses.9 One tar-
geted therapy approach that provokes the host’s immune
system to combat cancer cells is immunotherapy. By specifically
targeting tumor-associated cell surface antigens, cancer
immunotherapeutic approaches spare normal cells, thus exhibit-
ing superiority over the less-selective chemotherapy or radiother-
apy.10 This paradigm shift in cancer treatment is due, in no small
part, to the durable response and promising clinical responses
elicited in subsets of hematological and solid tumors.11 Among
the various cancer immunotherapeutic approaches, monoclonal
antibodies (mAbs) targeting immune checkpoints (ICs) elicited
promising results in the treatment of solid tumors with high
mutational burden.12,13 As a consequence, the US Food and Drug
Administration (FDA) approved the use of IC inhibitors (ICIs) for
the treatment of microsatellite instability (MSI)-high (MSI-H)
and mismatch repair (MMR)-deficient (dMMR) solid tumors,
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including CRC.14 However, the efficacy of ICIs is notably low
in CRC subtypes that are MMR proficient (pMMR) and MSS or
have lowMSI (MSI-L).15 Unfortunately, these subtypes constitute
most CRC tumors (85%), leaving large room for improvement. In
this review, we discuss the key mechanisms of immune escape in
CRC. We focus on the molecular and histopathological classifica-
tions of CRC, and provide an overview of the latest advance-
ments in immunotherapy directed against CRC.
CRC classification
Although a small percentage of CRC (2–5%) occurs in the frame
of inherited diseases, such as Lynch Syndrome,16 most emerge
sporadically. In this regards, CRC has always been described as
a multifactorial digestive pathology by which multiple associated
risk factors augment one’s susceptibility to CRC acquisition.17

Such a factorial plurality translates, at the molecular level, into
an extensive diversity of tumor phenotypes. This notion has
raised the need for classification of CRC based on molecular phe-
notypes and histopathological features.18 Importantly, combin-
ing immune and molecular stratifications could provide insight
into the choice of immunotherapy to be offered, on an individ-
ualized level, to ameliorate treatment prognosis.
The Cancer Genome Atlas classification
Extensive genomic analysis of CRC samples allows for effective
molecular CRC categorization models. One comprehensive study
identified two radical CRC categories that are differentiated
mainly according to the mutation rate or methylation state.19

These categories are the nonhypermutated and the hypermu-
tated groups. The Cancer Genome Atlas (TCGA) revealed that
most sporadic CRC cases (84%) belong to the nonhypermutated
group, which arise from chromosomal instability (CIN). These
are characterized by a high frequency of DNA somatic copy num-
ber alterations (SCNA), microsatellite stability (MSS) and low
mutation rate (<8/Mb). By contrast, �16% of sporadic CRC cases
fall into the hypermutated group, most of which are caused by
acquired hypermethylation and the consequent silencing of
MLH1. This eventually results in dMMR pathways, thereby lead-
ing to MSI and a high mutation rate.20 Such a rate is associated
with increased neoantigen burden and an ensuing higher tumor
immunogenicity. Indeed, the median number of mutation-
derived neoantigen is 20 times higher in MSI-H versus MSS
tumors. Around 3% of hypermutated cases are classified as ultra-
mutated tumors (>40 mutations/Mb) because of mutations in the
exonuclease domain of DNA polymerase epsilon or delta 1 (POLE
or POLD1). These enzymes become defective, introducing incor-
rect nucleotides during DNA replication.19 Analysis of the
microsatellite instability status of CRCs is warranted in patients
in whom Lynch syndrome-related CRC is suspected. The MSI-H
phenotype is a hallmark of such patients.21 Moreover, MSI status
can predict prognosis in patients with early-stage CRC, in which
MSI-H tumors are associated with better prognosis and improved
survival.22 In patients with stage IV CRC, TCGA categorization
was implemented beneficially in 2017 upon FDA approval of
the utilization of ICI immunotherapy for CRC. Tumors with



Drug Discovery Today d Volume 28, Number 9 d September 2023 KEYNOTE (GREEN)
dMMR and high MSI (dMMR-MSI-H) display a good response to
ICI therapy compared with MMR-proficient (pMMR) tumors
with MSS or low MSI.15
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Consensus molecular subtype classification
Owing to the substantial role of gene expression profiling in can-
cer molecular classification, protracted research work in this field
has resulted in fundamental advancements in CRC subtyping.23

Many studies have reported considerable findings, especially
regarding the histological features of CRC tumors.18 In 2015,
Guinney et al. formed an international expert consortium to
integrate pooled data from all cohorts on gene expression-
based CRC subtyping algorithms and developed a detailed and
inclusive classification framework for CRC.24 The framework
characterized four main consensus molecular subtypes (CMS)
and a fifth group that reveals mixed features from the previously
detailed subtypes in agreement with the genetic mutational phe-
notype, mRNA expression, and intratumoral pathological
aspects, thus portraying an intermediary profile or intratumoral
heterogeneity (Figure 1).

The CMS1 subtype constitutes �14% of CRC. It is distin-
guished on the basis of its high MSI (in 76% of CMS1 tumors),
hypermethylated CpG island sites (CIMP) and mutated BRAF.24

Deficiency in the MMR machinery because of
hypermethylation-mediated MLH1 silencing results in an ele-
vated tumor mutational burden (TMB) (>20 mutations/Mb in
80%) in this subtype of tumors.20 A special feature of this group
is the active expression of genes involved in immune cell chemo-
taxis generating high immune activation in the TME.25 Conse-
quently, CMS1 is entitled as ‘MSI-immune’ subtype, although
MSI phenotype has been identified in a few of the other CMS
groups. With respect to the infiltrating leukocyte subsets,
CMS1 displays a high infiltration status with white blood cells
of the innate immunity [natural killer (NK) cells, M1 macro-
phages, mast cells, activated dendritic cells (DCs), and neu-
trophils) and of the adaptive immunity [cytotoxic T
lymphocytes (CTLs) and memory helper T (Th) cells]. This high
immunogenicity is enhanced by diminution of regulatory T cells
(Tregs).26 However, augmented co-inhibitory signaling remains a
pathognomonic molecular feature of this subtype. Expression of
IC molecules, such as programmed cell death protein 1 (PD-1),
programmed cell death ligand 1 (PD-L1) or cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), opposes the antitu-
mor immunity of CMS1 by fleeing the immune oversight.24,26

The 5-year survival for all stages of CMS1 CRC is 73%.27 In fact,
the MSI-H status of CMS1 conveys favorable prognostic out-
comes in non-metastatic CRC.28 However, a recent systematic
review and meta-analysis found that mCRC CMS1 has the poor-
est outcomes compared with the other molecular subtypes.29

This is in line with previous work demonstrating that MSI-H
and BRAF are predictors of poor prognosis in mCRC.30 Interest-
ingly, the poor prognostic impact of MSI-H CRC was only evi-
dent when associated with BRAF mutation, which is a
characteristic feature of CMS1.31

The CMS2 subtype predominates among patients with CRC,
accounting for 37% of all cases. A characteristic molecular alter-
ation of CMS2 is the abnormal activation of the Wnt/b-catenin
pathway (canonical pathway), hence its name ‘canonical’.32 Par-
ticularities of this subtype include aberrant WNT and MYC sig-
naling, few MSI tumors, and impotent immune cell activation
and infiltration.24 Specificities of CMS2 are the expression of
epithelial differentiation markers and depletion of leukocyte
infiltration. Unlike CMS1, this subtype is referred to as ‘immune
desert’ because of the low number of infiltrating lymphocytes
and monocytes, explained by minimal transcription of leukocyte
chemotaxis and activation genes.24,26 Nevertheless, few memory
B and Th cells and naive Th cells were found in these tumors, but
without the ability to mount an antitumor response.26 Moreover,
low-level expression of PD-1 and PD-L1 also characterizes the
CMS2 molecular phenotype. Despite being immunologically
cold tumors, CMS2 have the highest 5-year survival rate (77%)
among all CMS subtypes.27

CMS3, a metabolic subtype, contributes to 13% of CRC cases,
and is identified by prominent metabolic impairments. CMS3
depicts a genetic profile of KRAS mutations and, similar to
CMS2, a quiescent tumor immune microenvironment.24 Th17
and resting T cell infiltrations reinforce the immunological dor-
mancy of this subtype and mark it as ‘immune excluded’. Unlike
CMS2, intratumoral cells of CMS3 tumors reveal PD-1 upregula-
tion.25,26 Even so, the CMS3 5-year survival rate shows only a
slight reduction compared with CMS2 (75% versus 77%).27

CMS4 represents the exceptional hallmark of this consensus,
because it is unique in integrating a mesenchymal phenotype
of the tumor. Approximately 23% of CRC cases are classified as
CMS4: mesenchymal with lineaments of epithelial–mesenchy-
mal transition (EMT), tissue remodeling, angiogenesis because
of TGF-b activation, and profound stromal activity.24 Further
attributes include a tumor-active inflammation status caused by
high complement expression, in addition to few antitumor T
cells and more Treg cells compared with CMS1.25 Compared with
other consensus molecular subtypes, CMS4 is considered the
poor-prognosis CRC subtype, especially in relation to its histo-
logical features and markers that could drive its metastasis.33 Sub-
stantial reduction in the 5-year survival rate (62%) provides a
clinical evidence for the worse prognosis of CMS4.27

The CMS classification highlights the future of CRC clinical
stratification by virtue of retrospective analyses, which con-
firmed the molecular association of CMS categories with clinical
results and prognosis.34 In congruence with the new era of
immunotherapy research, Becht et al. emphasized the need to
coalesce the TME profile with CMS classification to accomplish
outbreaks in outlying appropriate CRC immunotherapy
algorithms.25
Antitumor immunity in CRC
The interplay between the immune system and cancer cells
shapes the prognosis of a tumor. The immune system can have
a dual role in cancer development: (i) it can identify tumor cells
and destroy them in a protective mechanism known as immune
surveillance; and (ii) it can promote tumor growth andmetastasis
through immunosuppressive mechanisms. The dynamic func-
tion of the immune system is best expressed by the process of
immunoediting, which has three phases: elimination, equilib-
rium, and escape. During the elimination phase, the host’s
www.drugdiscoverytoday.com 3
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immune system detects and eliminates tumor cells. If the elimi-
nation phase is incomplete, tumor cell variants that escaped this
phase enter a state of equilibrium in which some tumor clones
accumulate further changes and avoid elimination. Ultimately,
the tumor evades immune elimination and develops progres-
sively into a clinically detectable disease.35 The mechanisms that
promote tumor progression from immune surveillance toward
evasion are diverse, and include formation of an immunosup-
pressive TME, downregulation of human leukocyte antigen
(HLA) class I molecules, and upregulation of IC molecules.

Tumor immune microenvironment
The TME comprises tumor cells, tumor stroma (inflammatory
cells, fibroblasts and vascular network), and the surrounding
extracellular matrix. The non-malignant cells of the TME have
an active role throughout the different steps of carcinogenesis
and, thus, influence tumor behavior and response to therapy.36

Different cells of the adaptive and innate immune system infil-
trate CRC tumors, and interact with tumor cells by direct contact
or through signaling molecules. These cells vary in proportion,
activation status, and their role in promoting pro- or antitumor
activity.

The innate immune system is the body’s first line of defense
against threats. Cells of the innate immune system (dendritic
cells, macrophages, NK cells and neutrophils) have been well
documented in the TME. Among these cells, NK cells infiltrating
CRC tumors have been associated with good prognostic out-
comes.37 Functionally, these cells exert cytotoxic activity against
virus-infected cells and tumor cells. Nonetheless, lower levels of
NK cells were found in CRC tissues compared with those in
healthy adjacent tissues, which might contribute, in part, to
tumor escape from immune recognition.38 Moreover, NK cell
phenotype and function can be altered by the immunosuppres-
sive TME; the characteristic phenotype of NK cells in patients
with CRC was characterized by upregulation of inhibitory recep-
tors and downregulation of activating receptors, leading to
impaired cytotoxic activity.39 DCs are other innate immune cells
that infiltrate the TME. Given their antigen presentation capabil-
ity, these cells have the ability to promote antitumoral immune
responses. Consequently, it is reasonable to associate intratu-
moral DC infiltration with favorable outcomes.40 However, the
function of these cells can also be dysregulated by the complex
interplay of molecules and cells within the TME, which results
in DCs with impaired maturation and even reversed functions.41

Studies regarding the association between tumor-infiltrating neu-
trophils (TINs) and survival outcomes in patients with CRC are
conflicting. Some reports found that neutrophil infiltration
FIGURE 1
Classification of colorectal cancer (CRC) based on molecular and pathological p
groups: (1) hypermutated group, with a high mutation rate, hypermethylation, an
mutation rate, high frequency of somatic copy number alterations (SCNA), and M
consensus molecular subtype (CMS)-1 (MSI-immune); (2) CMS2 (canonical); (3
infiltration of innate immune cells [dendritic cells (DCs), macrophages, and nat
memory T helper (Th) cells, and B cells]. However, CMS2 and CMS3 subtypes ar
active inflammation status and is infiltrated by immunosuppressive cells, includ
profile, altered pathway and the immune state are indicated for each CMS gro
enhances CD8+ T cell functions,42 and is associated with
improved overall survival (OS) in patients with stage II CRC.43

By contrast, high neutrophil:lymphocyte ratio (NLR) correlated
with poor prognostic outcomes in patients with CRC.44

Unlike cells of the innate immune response, B and T cells
mediating the adaptive immune response are associated with
sustained antitumor immunity. In particular, high intratumoral
infiltration of CD8+ CTLs and CD4+ Th1 cells was correlated with
better prognosis in patients with CRC.45 Indeed, naïve CD4+ T
cells recognize antigens presented on the DC surface and differ-
entiate into Th1 lymphocytes upon exposure to IL-12. Th1 then
release the antitumorigenic cytokines IFN-c, TNF-a and IL-2,
which promote tumor rejection, and recruitment and activation
of effector cells of the immune system, including CTL.46 By con-
trast, the role of B cells in the TME is not clear. Some studies
demonstrated that B cells favor tumor development,47 whereas
others associated high intratumoral CD20+ B cell infiltration
with good prognosis.48

Despite adaptive immune response, the TME ultimately
becomes immunosuppressive, and the tumor progresses from
elimination toward evasion mode.49 Three key effectors con-
tributing to an immunosuppressive niche are myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages
(TAMs), and regulatory T cells (Tregs). MDSCs are heterogeneous
group of regulatory cells that derive from the myeloid lineage.
Their levels increase during states of chronic inflammation and
tumor development, mainly because of dysregulated myelopoi-
esis in the bone marrow.50 MDSCs include immature granulo-
cytes, DCs, and macrophages, and are identified by distinct
phenotypes, such as CD14+ CD11b+ CD33+ HLA-DRlow/–.
Increased production of MDSCs in patients with cancer has been
correlated with low levels of antitumor immunity, and advanced
tumor stage and metastasis.51 Consistent with previous findings,
patients with CRC had higher levels of circulating MDSCs com-
pared with healthy subjects, and higher circulating and tumor-
infiltrating levels of MDSCs in those patients correlated with
tumor metastasis and progression.52 Functionally, in vitroMDSCs
were found to inhibit T cell antitumor activity,52,53 and promote
tumor progression by direct cell–cell contact with tumor cells.53

By contrast, macrophages are among the most abundant
immune cells in the TME.54 They are key effectors of the innate
immune response, and can exhibit diverse and even opposing
functions depending on their mode of activation. M1 and M2
subtypes represent the two extremes of the dynamic macrophage
function: M1 macrophages promote a Th1 response and are asso-
ciated with microbicidal and tumoricidal activities, whereas M2
macrophages promote a Th2 response and are associated with tis-
henotypes. The Cancer Genome Atlas (TCGA) classified CRC into two main
d microsatellite instability (MSI); and (2) nonhypermutated group with a low
SI. By contrast, the genetic classification assorts CRC into four subtypes: (1)
) CMS3 (metabolic); and (4) CMS4 (mesenchymal). CMS1 exhibits a high
ural killer (NK) cells] and adaptive immune cells [CD4+ T cells, CD8+ T cells,
e characterized by a low infiltration of immune cells. As for CMS4, it has an
ing regulatory T cells (Tregs) and myeloid cells. The prevalence, mutation

up. Abbreviation: MSS, microsatellite stability.
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sue repair and tumor progression.55 Several studies demonstrated
that TAMs are M2 skewed, thus exhibiting protumoral functions
and correlating with poor prognostic outcomes.56 Indeed, TAMs
were associated with increased angiogenesis, matrix remodeling,
and depressed adaptive immunity.57 In CRC, the role of TAMs
remains controversial. High intratumoral macrophages was a
predictor of good prognosis in some reports,58 whereas, in other
work, it was associated with EMT and tumor spread by secreting
IL-6.59 In addition, M1 macrophages were linked to favorable
outcomes,60 whereas M2 macrophages were associated with
tumor progression and poor prognosis.61 However, the exact
opposite impact of M1 and M2 macrophages was found in other
work.62 These conflicting results could be explained, in part by,
the lack of standardized protocols for differentiation of different
macrophage subpopulations, plasticity of macrophages, and vari-
ation in the studied tumor types.63

Finally, Tregs are a subpopulation of CD4+ T lymphocytes that
recognizably express FoxP3, a regulatory protein that influence
Treg gene expression64. Being characterized by their
immunomodulatory functions, Tregs are crucial for immune
homeostasis and maintenance of self-tolerance.65 They also exhi-
bit anti-inflammatory properties by suppressing T cell activity
and secreting anti-inflammatory cytokines, such as IL-10 and
TGF-b.66 Treg elevation has been well documented in cancer,67

but their prognostic significance remains controversial. On the
one hand, Tregs can promote tumor progression by inhibiting
antitumor immunity. On the other hand, they can prevent can-
cer development during inflammation-driven carcinogenesis,
because of their anti-inflammatory properties.68 In patients with
CRC, the role of Tregs in tumor progression is inconsistent. One
study reported that FoxP3 expression is correlated with tumor
progression and metastasis.69 However, other work showed that
high intratumoral FoxP3+ Tregs are associated with better prog-
nosis and improved survival.70 Interestingly, Tregs might attenu-
ate the tumor-promoting proinflammatory response elicited by
Th17 against the gut microbiota.71 Moreover, several subpopula-
tions of Tregs with phenotypic heterogeneity have been
described, including a FoxP3-negative Treg subpopulation.72

Consequently, phenotypical characterization of Tregs based on
FoxP3 alone might be misleading, and further evidence is
required to establish the precise functions of distinct Treg subsets
in patients with CRC.
HLA-1 downregulation
HLAs are cell surface proteins that display cellular peptides for
recognition by immune cells. With regards to HLA-I expression,
tumor cells pass through two phases. Initially, primary tumor
lesions remain HLA-I positive, and expression of tumor-
associated antigens on the surface of HLA-I induces a CTL
response (permissive phase). Later, tumor cells become uni-
formly HLA-I negative (encapsulated phase). Between the two
phases, cells are characterized by a heterogeneous pattern of
MHC-I expression, in which HLA-I-negative tumor cells resist
CTL killing.73 Consequently, downregulation of HLA I is a potent
mechanism of immune evasion.74

In CRC, downregulation of HLA I was reported in 73% of
tumors.75 The literature has identified two patterns of HLA I loss
6 www.drugdiscoverytoday.com
in CRC tumors: partial loss and complete loss. Partial loss of HLA
I was associated with poor prognosis and decreased overall sur-
vival and disease-free survival.76 However, tumors with complete
loss of HLA I have better prognosis than those with partial loss,
and similar prognosis to those with high HLA expression.77

The complete loss of MHC I renders tumor cells susceptible to
elimination by NK cells. However, cells with partial downregula-
tion of HLA I escape both NK cells and CTL immune surveillance
and, thus, are associated with poorer prognosis.78 In addition,
total HLA I loss is more frequently seen in MSI-H tumors, which
are characterized by better prognosis compared with MSS
tumors.79
Immune checkpoints
ICs are ligand–receptor complexes that regulate the immune
response by exerting co-stimulatory or inhibitory signals.80 In
fact, T lymphocyte activation requires two signals: the first is pro-
vided by the interaction between antigenic MHC and T cell
receptors (TCRs), and the second is an antigen-independent co-
stimulatory signal.81 A well-characterized co-stimulatory mole-
cule is CD28, which interacts with B7 ligands (CD80 and
CD86) on the surface of antigen-presenting cells (APCs). Once
activated, T lymphocytes express co-inhibitory receptors, includ-
ing CTLA4 and PD-1, which curtail the immune response. Con-
sequently, the nature of signals relayed by the IC molecules
determines the magnitude and type of immune response.82 ICs
are crucial for the maintenance of immune homeostasis and pre-
vention of autoimmunity. However, their dysregulation is an
important mechanism of immune evasion in tumors.13 In fact,
overexpression of ICs in cancer was associated with T cell exhaus-
tion, resulting in dysfunctional T lymphocytes characterized by
decreased effector function and reduced proliferation.83

Numerous tumor-associated ICs have been identified in the
TME, including PD-1, CTLA-4, LAG-3, TIM-3, VISTA, and
TIGIT.84 PD-1 and CTLA4 are the more extensively studied IC
molecules in patients with cancer, and their targeting has proved
to be effective in activating antitumor immune responses.12 PD-1
is expressed on the surface of activated immune cells, such as
CD8+ T lymphocytes, CD4+ T lymphocytes, B lymphocytes, NK
cells, DCs, and macrophages. In the TME, PD-1 is upregulated
on the surface of tumor infiltrating lymphocytes (TILs), and is
a marker of T cell exhaustion.85 PD-1 has two ligands: PD-L1,
which is expressed on the surface of immune cells constitutively,
some nonhematopoeitic cells, such as epithelial cells, and,
importantly, tumor cells; and PD-L2, expressed primarily by
APCs, such as DCs and macrophages.86 The aberrant expression
of PD-L1 on cancer cells can be attributed to different mecha-
nisms, including gene amplification, upregulation by oncogenic
pathways and induction by pro-inflammatory cytokines (Fig-
ure 2). 87 Higher levels of PD-L1 where detected in metastatic
CRC compared to primary tumors.88 Consequently, tumor cells
exploit the PD-1/PD-L1 pathway to escape immune surveillance,
mainly by suppressing T cell responses in the TME. After binding
to PD-L1, activated PD-1 accumulating near the TCR location
recruits the phosphatase SHP2 into its cytosolic domain. SHP2
then dephosphorylates proximal TCR signaling molecules,
resulting in decreased T cell proliferation, cytokine secretion
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FIGURE 2
Mechanisms causing aberrant programmed death-ligand 1 (PD-L1) expression in cancer cells. Abbreviations: IFN-c, interferon gamma; IFNGR, IFN-c receptor;
IRF1, interferon regulatory factor 1; JAK, Janus kinase; MHC, major histocompatibility complex; PD-1, programmed cell death protein 1; STAT, signal transducer
and activator of transcription; TCR, T cell receptor.
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(IFN-c, IL-2, and TNF-a), altered effector functions, and reduced
survival of activated T cells (Figure 3).89

By contrast, CTLA4 is another inhibitory checkpoint molecule
that downregulates immune responses. It is expressed on the sur-
face of activated T cells.90 Sharing structural similarity with
CD28, CTLA-4 binds to CD80 (B7-1) and CD86 (b7-2) but with
higher affinity, thus outcompeting CD28 for binding to CD80
and CD86.91 Consequently, CTLA-4 inhibits T cell activation
by hindering the second activation signal and actively removing
B7 ligands from APC surface, rendering the T cell anergic.92 Fur-
thermore, CTLA-4/CD28 ligation results in signaling-dependent
T cell inhibition, by the activation of the phosphatases SHP2
and PP2A (Figure 3).93 In contrast to activated T cells, CTLA-4
is constitutively expressed by Tregs, where it enhances their sup-
pressive activity.94 In this regard, high expression of CTLA-4 in
patients with CRC was associated with poor prognosis,95 and
CTLA-4 blockade in murine colon cancer model improved anti-
tumor immunity.96
Immune checkpoint inhibitors
ICIs are mAbs that block IC proteins expressed by immune cells,
such as T cells, and by tumor cells, thus releasing the brakes on
the immune system to eliminate cancer cells.97 T cell reactivation
is a cornerstone of ICI treatment, and T cell response to IC block-
www.drugdiscoverytoday.com 7
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FIGURE 3
Programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) signaling pathways. Following T cell receptor (TCR) stimulation, TCR recruits
zeta-chain-associated protein kinase-70 (ZAP70), which is activated by lymphocyte-specific protein tyrosine kinase (Lck). ZAP70 then initiates a series of
phosphorylation events that ultimately lead to cellular activation. The PI3K-Akt and Raf-MEK-ERK pathways are among the signaling cascades triggered after
TCR-MHC engagement. Activation of PD-1 leads to phosphorylation of its immunoreceptor tyrosine-based switch motif (ITSM) and immunoreceptor tyrosine-
based inhibitory motif (ITIM). Phosphorylated ITSM, but not ITIM, recruits SH2 containing protein kinase phosphatase (SHP)-2 (and SHP1), which is involved in
the dephosphorylation of proteins of different signaling pathways. Ultimately, the PD-1/PD-L1 interaction inhibits the PI3K-Akt pathway and disrupts the Raf-
MEK-ERK pathway, resulting in decreased T cell survival, cytokine secretion, and effector function. Abbreviations: DAG, diacylglycerol; IP3, inositol
triphosphate; mTOR, mechanistic target of rapamycin; NF-jB, nuclear factor kappa B; NFAT, nuclear factor of activated T cells; PIP3, phosphatidylinositol 3;
PKC, protein kinase C; PLCc1, phospholipase C gamma 1.
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ade can largely determine the outcome of therapy. However,
increasing evidence suggests that ICIs also boost the tumoricidal
activity of the host’s innate immune system.98 The clinical suc-
cess of ICIs has revolutionized the field of immuno-oncology,
leading to a paradigm shift in cancer treatment. Currently, nine
checkpoint inhibitors have been approved by the FDA for the
treatment of human malignancies. Of those, four are PD-1 inhi-
bitors (pembrolizumab, nivolumab, cemiplimab, and dostar-
limab), three are PD-L1 inhibitors (atezolizumab, durvalumab,
and avelumab), one is a CTLA-4 inhibitor (ipilimumab) and
one is a LAG-3 inhibitor (retatlimab) (Figure 4).14
8 www.drugdiscoverytoday.com
The use of ICIs has shown remarkable success in the treatment
of several human malignancies.12,13 As for CRC, initial clinical
trials targeting the PD-1/PD-L1 system have shown disappoint-
ing results. For example, in a Phase I clinical trial testing the
safety and efficacy of nivolumab in patients with refractory solid
tumors, only one patient out of 14 with CRC showed complete
response.99 Surprisingly, the MSI phenotype has been character-
ized In the CRC of the responsive patient.100 Consecutive trials
showed that response to PD-1 inhibitors depends on the MMR
status of patients. In a Phase II clinical trial (NCT01876511),
pembrolizumab was administered to patients with CRC who
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FIGURE 4
T cell activation by immune checkpoint blockade (ICB) in the tumor microenvironment (TME). T cell response to antigens is regulated by co-signaling
molecules. CD28 is a co-stimulatory molecule that is constitutively expressed on the surface of T lymphocytes and is crucial for T cell activation. Cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) outcompetes CD28 for binding to CD80 (B7-1) and CD86 (B7-2) on the surface of APCs, inhibiting T cell activation.
Similarly, programmed cell death protein 1 (PD-1) on the surface of T lymphocytes interacts with programmed death-ligand 1 (PD-L1) on the surface of tumor
cells, and inhibits T cell activation and survival. Lymphocyte activation gene-3 (LAG 3) is another immune checkpoint that interacts with MHC II and impairs its
association with TCR and CD4, thus inhibiting T cell activation and proliferation. Monoclonal antibodies (mAbs) directed against immune checkpoints or their
ligands restore the antitumor immune response by disrupting T cell co-inhibition. Anti-PD-1 mAbs (pembrolizumab, nivolumab, cemiplimab, and
dostarlimab), anti-PD-L1mAbs (atezolizumab, durvalumab, and avelumab), anti-CTLA-4 mAbs (ipilimumab), and anti-LAG-3 mAbs (retatlimab) are the
currently US Food and Drug Administration (FDA)-approved immune checkpoint inhibitors. Pembrolizumab, nivolumab, and the combination of nivolumab
and ipilimumab are currently approved by the FDA for patients with colorectal cancer.
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had received two or more prior chemotherapy regimens, and
results were compared according to the MMR status of patients.
A 20-week follow-up revealed that the objective response and
progression-free survival rates were 40% and 78%, respectively,
for patients with dMMR CRC compared with 0% and 11%,
respectively for those with pMMR CRC.101 The promising results
of NCT01876511 have prompted further research to investigate
the impact of pembrolizumab on MSI-H cancers. On May 23,
2017, the FDA granted accelerated approval to pembrolizumab
for the treatment of patients with unresectable or metastatic
CRC with MSI-H/dMMR who have progressed on prior treat-
ment.102 This decision was based on the data provided by five
clinical trials, which demonstrated that pembrolizumab offers
durable clinical benefit in the treatment of MSI-H cancers.103

More recently, KEYNOTE-177, a randomized, open-label, multi-
center trial, compared the efficacy of pembrolizumab versus stan-
dard chemotherapy in 307 patients with previously untreated
stage IV MSI-H or dMMR CRC. Compared with chemotherapy,
pembrolizumab was superior in terms of progression-free sur-
vival (median 16.5 months versus 8.2 months) and overall
response rate (45.1% versus 33.1%).104 Based on the results of
this study, the FDA approved pembrolizumab as a first-line treat-
ment for patients with MSI-H mCRC.105 Investigators of CHECK-
MATE 142 assessed the efficacy of nivolumab in patients with
metastatic dMMR/MSI-H CRC who had disease progression dur-
ing or after, or were intolerant to, at least one previous line of
www.drugdiscoverytoday.com 9



TABLE 1

FDA-approved ICIs for mCRC and their indications.

Trade
name

International
non-
proprietary
name

Strategy FDA
approval
date

Indication Recommended dose and regimen

Keytruda Pembrolizumab PD-1
inhibitor

May 23, 2017
(as second-
line
treatment)

June 29,
2020 (as first-
line
treatment)

First-line treatment for patients with unresectable
or metastatic, MSI-H, or dMMR CRC

200 mg for adults or 2 mg/kg (up to
maximum of 200 mg) for children every
3 weeks or 400 mg every 6 weeks

Opdivo Nivolumab PD-1
inhibitor

July 31, 2017 Second-line treatment for patients with dMMR and
MSI-H mCRC that has progressed following
treatment with fluoropyrimidine, oxaliplatin, and
irinotecan

240 mg every 2 weeks

Yervoy Ipilimumab CTLA-4
inhibitor

July 10, 2018 Used in combination with nivolumab as second-
line treatment for patients with MSI-H or dMMR
mCRC that has progressed following treatment
with fluoropyrimidine, oxaliplatin, and irinotecan

Nivolumab 3 mg/kg IV followed by
ipilimumab 1 mg/kg every 3 weeks for 4
doses, then nivolumab 240 mg every
2 weeks
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treatment of metastatic disease. After a median follow-up of
12 months, the objective response rate was 31.1%, and 69% of
patients experienced disease control for 12 weeks or longer.106

In the same trial, the combination of nivolumab and low-dose
ipilimumab as a first-line therapy in patients with dMMR/MSI-
H mCRC resulted in a 69% overall response rate, a 84% disease
control rate, and a 13% complete response rate.107 The clinical
trials discussed above provided evidence for the effectiveness of
pembrolizumab, nivolumab, and nivolumab plus low-dose ipili-
mumab in the treatment of patients with dMMR/MSI-H CRC.
Based on these findings, these ICIs have become the standard
of care for patients with this subtype of CRC (Table 1).

Despite the impressive success of ICIs in the treatment of
dMMR/MSI-H mCRC, their use in patients with non-dMMR/
MSI-H mCRC (96% of patients with metastatic disease) has failed
to demonstrate any clinical benefit or improved survival.101,108

This can be attributed to different resistance mechanisms, such
as the low TMB of pMMR/MSS tumors, shift toward an immuno-
suppressive TME, downregulation of MHC molecules on the
tumor cell surface, and low TIL density in the tumor core (Fig-
ure 5).109 The combination of ICIs with other therapies that have
immunomodulatory properties might achieve clinical benefit in
this subset of patients; however, novel approaches are still
needed to improve the outcomes.

Other immunotherapies
Adoptive cell transfer therapy
Adoptive cell transfer (ACT) therapy is a passive immunotherapy
approach in which tumor-specific cytotoxic cells are transferred
to patients with cancer. The major effector cells used for the
ACT modality are CTLs and NK cells, which are extracted from
patients and donors, or differentiated from stem cells. These cells
are then expanded and activated in vitro, and genetically modi-
fied by various gene-editing techniques to enhance their antitu-
mor activity once infused into the patient. 110 ACT that uses T
10 www.drugdiscoverytoday.com
cells include TIL therapy and lymph node lymphocyte (LNL)
therapy.111 These two subsets of cells represent the host’s natural
immune response against cancer cells, through recognition and
destruction of cells expressing TAA.112 Alternatively, ACT cells
can be derived from peripheral blood mononuclear cells (PBMCs)
of patients or donors, and are then manipulated by various
methods of gene modification and cytokine management to
enhance their tumor-fighting abilities. Two major strategies of
cellular manipulation in ACT are cytokine induction of killer
cells and chimeric antigen receptor (CAR) engineering.111

Cytokine-induced killer (CIK) cells are CD3+CD56+ antitumor
cytotoxic cells that are obtained by culturing PBMCs in the pres-
ence of IFN c, anti-CD3 antibodies, and IL-2. They are character-
ized by their ability to attack cancer cells in an MHC I-
independent manner, without affecting normal tissues.113 In this
context, multiple studies have investigated the safety and effi-
cacy of CIK therapy in patients with cancer. More recently, the
combination of CIK cells with DCs has been extensively tested
in patients with CRC, and increase overall survival and
progression-free survival in these patients.114 Moreover, postop-
erative adjuvant CIK cell therapy combined with chemotherapy
was demonstrated to prevent disease recurrence and prolong sur-
vival in patients with CRC, particularly in those with advanced
CRC.115

By contrast, CAR-T cells are genetically modified leukocytes
that express TAA-specific chimeric receptors on their surface.
These are typically made by combining the antigen-binding
domain of an antibody with the signaling domains of a TCR,
along with co-stimulatory molecules. CAR-T cells circumvent
the MHC restriction of TCR by directly recognizing motifs
expressed on the surface of target cells. This mechanism enables
CAR-T cells to bypass immune evasion mechanisms used by
some cancer cells, which downregulate MHC expression.116

Recently, five adoptive CAR-T cell therapies were approved by
the FDA for the treatment of cancer. Although CAR-T cell ther-
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FIGURE 5
Mechanisms of resistance to immune checkpoint blockade in microsatellite instability-low (MSI-L)/microsatellite stable (MSS) colorectal cancer (CRC): (1) Low
tumor mutational burden that leads to low neoantigen load; (2) Loss of human leukocyte antigen (HLA) I expression on tumor cells; (3) presence of
immunosuppressive cells that blunt T cell effector functions; (4) expression of various immune checkpoint molecules; and (5) immune-excluded tumors,
where immune cells are concentrated in the outer invasive margin of the tumor. Abbreviations: MDSC, myeloid-derived suppressor cells; PD-1, programmed
cell death protein 1; PD-L1, programmed death-ligand 1; TAM2: tumor-associated macrophage 2; TCR, T cell receptor; Treg: regulatory T cell.
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apy has achieved breakthrough results in the treatment of hema-
tological malignancies, treatment of solid tumors with cell ther-
apy has yielded limited therapeutic benefits.117 This limited
clinical efficacy could be attributed to the existence of barriers
that prevent T cells from penetrating the tumor site and func-
tioning effectively. These barriers include abnormal vasculature,
which hinders immune cells from reaching the tumor in suffi-
cient numbers, a physical barrier characterized by the tumor
stroma and protumor immune cells that prevent adequate infil-
tration of T cells, and an immunosuppressive TME that inhibits
CAR-T cells from mounting an effective antitumor response.
Additionally, a major challenge for CAR-T-based ACT in solid
tumors is the identification of target antigens for these cells.118

By contrast, rigorous in vitro and in vivo experiments have
been performed to provide novel treatment strategies for the
recovery of patients with CRC (Table 2). To improve the outcome
of ACT, a CAR was constructed by the fusion of the extracellular
domain of the NK cell receptor NKG2D to DAP12, a key protein
for signal transduction by NK cells receptors.119 The CAR-NK
cells therapy indulged an enhanced cytotoxicity and increased
IFN-c release, thus offering a new option to enhance the NK cell
tumor response119. Carcinoembryonic antigen (CEA) might be a
promising target of CAR in patients with CRC, and the use of
CEA-targeted CAR-T cells in patients with mCRC refractory to
conventional treatment was associated with stable disease in
70% of patients, without the occurrence of adverse effects.120

Furthermore, CAR-T cells targeting the epithelial cell adhesion
molecule EpCAM, overexpressed in various cancer tissues includ-
ing CRC, provided a new target for CAR-T cell therapies in solid
cancer treatment.121 Moreover, combining EpCAM CAR-T cell
therapy with the Wnt inhibitor hsBCL9CT-24 enhanced CAR-T
cell therapy through inhibition of tumor growth and induction
of tumor infiltration without affecting T cell survival, thus
becoming an attractive combination regimen to improve efficacy
and limit shortcomings of ACT.122

Vaccines for colorectal cancer
Cancer vaccines represent a novel form of active immunotherapy
that stimulates the host’s immune cells to mount an intense
anti-cancer immune response after exposing them to cancer-
specific antigens. These vaccines have been utilized to prevent
relapse in patients with low tumor burden or to boost antitumor
immune responses in advanced disease.123 Despite the approval
of some cancer vaccines, such as sipuleucel-T in 2010 for
www.drugdiscoverytoday.com 11
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TABLE 2

Clinical trials of ACT therapy for CRC.

NCT number Study title Adoptive cell
therapy type

Trial
Phase

Disease
burden

Study treatment group

NCT02202928 Phase II Study of Autologous Tumor
Lysate-pulsed DC-CIK Cell in Colorectal
Cancer After Surgery

DC-CIK II CRC at stage I–
III

Group A (received DC-CIK treatment,
chemotherapy and radiotherapy) versus
group B (received only chemotherapy and
radiotherapy)

NCT02577588 Phase I Trial of Adoptive T Cell Therapy
With Activated P53 Specific T Cells for
Treatment of Advanced Colorectal Cancer

Autologous
reactivated T
cells against p53

I Advanced
colorectal
cancer

Autologous T cell product at dose of
5 � 107 versus autologous T cell product
at dose of 5 � 108

NCT04426669 A Phase I/II Trial in Patients With
Metastatic Gastrointestinal Epithelial
Cancer Administering Tumor-Infiltrating
Lymphocytes in Which the Gene Encoding
CISH Was Inactivated Using the CRISPR/
Cas9 System

CISH CRISPR TIL I/II Metastatic
gastrointestinal
epithelial
cancer

Phase 1: non-myeloablative,
lymphodepleting preparative regimen of
cyclophosphamide and fludarabine
+ escalating doses of CISH inactivated TIL
+ high-dose aldesleukin
Phase 2: non-myeloablative,
lymphodepleting preparative regimen of
cyclophosphamide and fludarabine + MTD
of CISH-inactivated TILs

NCT05194735 Phase I/II Study of Autologous T Cells
Engineered Using the Sleeping Beauty
System to Express T-Cell Receptors (TCRs)
Reactive Against Cancer-specific
Mutations in Subjects With Solid Tumors

TCT-T cell drug
product

Phase
I/II

Relapsed-
refractory solid
tumors,
including CRC

TCR-T cell drug product versus TCT-cell
drug product with aldesleukin (IL-2)

NCT04107142 A Phase I Dose-escalation Trial to Evaluate
Haploidentical/Allogeneic Natural Killer
Group 2D Ligand (NKG2DL)-Targeting
Chimeric Antigen Receptor-grafted
Gamma Delta (cd) T Cells (CTM-N2D) in
Subjects With Relapsed or Refractory Solid
Tumour

NKG2DL-
targetting CAR-
grafted cdT cells

I Relapsed-
refractory solid
tumors,
including CRC

CAR-T Cell Therapy Group

NCT02757391 Pilot Study of Feasibility and Safety of
Personalized Autologous CD81 T Cell
Therapy Plus Anti-PD1 Antibody in
Advanced Solid Malignancies

CD8+ T cell
therapy

I Advanced
gastrointestinal
malignancies

CD8 1 T cell therapy, pembrolizumab

NCT02886897 A Phase II Study of Combinations of
Dendritic Cells and Cytokine-induced Killer
Cell (D-CIK) Immunotherapy And Anti-
Programmed Death-1 In Refractory Solid
Tumors

Autologous
dendritic and
cytokine-
induced killer (D-
CIK) cells

I/II Treatment-
refractory solid
tumors

Autologous D-CIK cells with anti-PD-1
antibodies
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castration-resistant metastatic prostate cancer, studies have failed
to demonstrate a durable clinical benefit for these modalities.
This could be attributed to the suppressive TME and the intrinsic
ability of cancer cells to evade immune surveillance.124 However,
the ever-expanding knowledge of cancer immunology, along
with the technological advances in bioinformatics, has resulted
in a breakthrough in the development of cancer vaccines.
Tumor-associated antigens (TAAs), which are proteins overex-
pressed by cancer cells, were the mainstay antigens in cancer vac-
cines. TAAs targeted for CRC vaccines include CEA, mucin 1
(MUC-1), and melanoma-associated antigen (MAGE), among
others.125 More recently, tumor-specific antigens (TSAs, or
neoantigens), moieties exclusively expressed by cancer cells fol-
lowing mutations in coding regions of the DNA, have been
shown to be a promising target for the development of personal-
ized cancer vaccines. The development of a neoantigen vaccine
involves identification of DNA mutations in a tumor tissue, eval-
uation of the binding affinity of the identified neoantigen to
MHC molecules, and predicting the ability of the neoantigen
to elicit T cell response. Finally, adequate neoepitopes are
12 www.drugdiscoverytoday.com
selected for vaccine generation, and delivered to patients.126 Dif-
ferent delivery platforms have been utilized in cancer vaccines,
including nucleic acid (DNA and mRNA), peptide, cell (cancer
cells or lysates, and DCs loaded with neoantigens,) and vector
(viral, bacterial, and yeast)-based vaccines.127 Various CRC vacci-
nes have been implemented in clinical trials, but none have
achieved satisfactory results.125 To combat the numerous mech-
anisms of immunoresistance, combinatorial therapy with check-
point blockade or CAR-T cell adoptive transfer is being explored
in clinical trials.128 Nonetheless, further investigations are
needed to optimize the perfect regimen for CRC treatment.
Combination therapy and its future prospects
With the ever-expanding range of treatment options, a signifi-
cant challenge in CRC immunotherapy lies in identifying the
optimal treatment strategy, which takes into account the
patient’s medical history, clinical characteristics of the cancer,
as well as its immune and genetic landscape. The ultimate goal
of immunotherapy is to achieve a robust and durable immune
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response that prolongs the patient’s survival. Recent research
suggests that triggering immunogenic cell death (ICD), with
the contaminant release of damage-associated molecular pat-
terns (DAMPs), increases tumor immunogenicity and is associ-
ated with long-term success of anticancer therapies.129 ICD has
been found to transform the TME from an immune escape state
to an immune elimination state.130 Complementary to these
findings, combining ICIs with chemotherapy, radiotherapy,
and targeted therapies was demonstrated to potentiate the anti-
cancer immune response.131–135 Interestingly, a recent study
showed that the use of temozolomide as an immune-
sensitizing agent followed by a combination of low-dose ipili-
mumab and nivolumab in patients with MSS and O6-
methylguanine–DNA methyltransferase (MGMT)–silenced
mCRC can induce a durable clinical benefit.136 Moreover, the
addition of nivolumab to the standard-of-care therapy
(fluorouracil/leucovorin/oxaliplatin) for patients with mCRC is
associated with higher progression-free survival and response
rates.137 New combinations that are being extensively investi-
gated in preclinical and clinical studies include ICI combined
with inhibitors of signaling molecules, such as BRAF V600E,
KRAS G12C, and MEK inhibitors.138,139 More recently, the gut
microbiome has gained attention as a potential modulator of
response to immunotherapies. Notably, a specific consortium
comprising 11 bacterial strains was found to be associated with
enhanced efficacy of ICIs in syngeneic tumor models.140

In the realm of ACT, preclinical investigations have shown
that combining PD-L1 blockade with CAR-T cell therapy results
in robust antitumor activity.141 Furthermore, genetic modifica-
tion of CAR-T cells to generate anti-CD30/CEA CAR-T cells has
been found to confer superior immunity compared with
monospecific anti-CEA CAR-T cells.142 Several clinical trials are
underway to evaluate the efficacy of combining ACT with other
therapeutic approaches, including ICIs (NCT03904537),
chemotherapeutic agents (NCT03950154), and targeted thera-
pies (NCT02487992).

Concerning cancer vaccines, their combination with
chemotherapeutic agents is a promising approach for overcom-
ing limitations in cancer vaccine therapy.143,144 Studies have
shown that this combination can induce a CTL response, result-
ing in improved survival outcomes in patients with stage III CRC
treated with the uracil-tegafur chemotherapy regimen.145 In
addition, ongoing clinical studies are investigating the potential
of combining cancer vaccines with ICIs or CAR-T cells.125 A
promising development in the field of cancer vaccines is the
combination with other immune modulators, such as IL-12.146

This approach can transform cancer vaccines into synergistic
immunomodulatory platforms that enhance their efficacy.

The aforementioned combination therapies have demon-
strated promising outcomes in various clinical trials. However,
there are significant challenges to overcome in determining the
optimal treatment regimen and dosage that would result in clin-
ically relevant immune responses. At present, the usage of com-
binational therapies in the management of CRC is in its nascent
stage, and further research efforts are necessary to establish its
place in disease management. Additionally, selecting patients
who would benefit most from this approach necessitates addi-
tional clinical investigations. As a result, researchers must devote
more attention to understanding the intricacies of combina-
tional therapies to refine the selection process and improve
patient outcomes.
Concluding remarks
The success of immunotherapy has revolutionized the treatment
of several human malignancies. For CRC, the response was lim-
ited to a subset of patients with the dMMR-MSI-H phenotype.
However, patients with pMMR-MSI-L or MSS phenotypes, which
constitute the majority of patients with CRC, have shown little
or no benefit from immunotherapeutic treatments. A better
understanding of the TME and the tumor immune escape mech-
anisms, in addition to much-needed clinical trials using different
combination modalities, will increase the likelihood of overcom-
ing resistance and improving outcomes in patients with CRC.
However, further research is warranted to improve the efficacy
of treatment among patients with pMMR-MSI-L or MSS pheno-
types, hoping for a shift in the treatment paradigm of CRC.
Data availability
No data was used for the research described in the article.
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