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Abstract

Immunotherapy is a promising treatment strategy for treating colorectal cancer (CRC). Despite significant
advances in this field, resistance and low efficacy of immunotherapy remain a principal problem. One of the
most important factors affecting the response to immunotherapy is the tumor microenvironment (TME).
Among the components of the TME, tumor-associated macrophages (TAMs) are key immune cells involved
in cancer progression by stimulating tumor cell proliferation, angiogenesis, epithelial-mesenchymal
transition, metastasis, and tumor immune evasion. This review presents currently investigated
combination therapy based on the immune checkpoint inhibitors and inhibitors of diverse components of
the TME, including TAMs, that can potentially increase the effectiveness of CRC treatment. Therapeutic
efficacy, together with the functional activity of TAMs, is estimated in multiple preclinical data obtained
with diverse in vitro and in vivo models. Ongoing clinical trials demonstrated the association of treatment
effectiveness with TAM phenotypes and functions.
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Introduction

Immunotherapy is one of the promising methods for the effective treatment of many types of cancer. There
are several strategies for cancer immunotherapy: oncolytic viral therapy, adoptive cell therapy, therapy
with immune checkpoint inhibitors (ICIs), and therapy based on key cytokines and chemokines of the
tumor microenvironment (TME) [1]. For decades, immunotherapy was a concept primarily based on the
enhancement of cytotoxic immunity, where T cells and NK cells are considered the major anti-cancer
immune cell subsets [2-7]. However, a number of promising and efficient approaches in animal studies
failed in clinical trials. Only a few therapeutic strategies that came to clinical trials demonstrate
effectiveness in a particular group of patients. Currently, the most challenging issue is to identify criteria
discriminating responders from non-responders in order to efficiently apply expensive immunotherapy
only to those patients who will benefit with high probability.

Limitations associated with the lack of efficiency of immunotherapy include components of the TME,
the microbiome, intratumor heterogeneity, and tumor mutational load [8]. TAMs are the most abundant
immune cell population in the TME and represent a promising therapeutic target for improving tumor
resistance to immunotherapy [9]. The role of tumor-associated macrophages (TAMs) at each stage of solid
tumor progression was recognized and demonstrated in multiple animal models. In cohorts of cancer
patients, the correlation of TAM phenotypes with poor prognosis and poor responses to conventional anti-
cancer therapies was found [10]. Surprisingly, in contrast to other cancer types, the total number of TAMs
in colorectal cancer (CRC) correlates with a favourable prognosis. However, M2-like macrophages were
indicative of poor prognosis in multiple CRC cohorts [11]. Low-grade glycolysis was found to provide the
metabolic conditions for TAMs to support tumor progression [12, 13].

Macrophages are conventionally classified into two states of polarization: M1-like macrophages and
M2-like macrophages [14]. M1-like macrophages, or classically activated macrophages, possess
antimicrobial, pro-inflammatory, and antigen-presenting properties, while M2-like macrophages, also
known as alternatively activated macrophages, exhibit anti-inflammatory, pro-tumor, and antimicrobial
properties [15]. Macrophages can be repolarized under diverse factors secreted by immune cells, tumor
cells, microorganisms, and other components of the tissue microenvironment [15].

Macrophages in the TME are primarily recruited from circulating bone marrow-derived monocytes and
differentiate into TAMs [16, 17]. For a long time it was believed that TAMs have an M2-like phenotype
expressing major pro-tumor molecules, e.g., mannose receptors (CD206), scavenger receptors (CD163),
vascular endothelial growth factor (VEGF), interleukin (IL)-10, C-C motif chemokine receptor 2 (CCR2),
CD204, and C-C motif chemokine ligand 22 (CCL22) [18, 19] However, recent single cell and spatial
transcriptomic data allowed identifying that pro-tumoral TAMs have a mixed M1/M2-like signature, and
the origin of TAMs is critical for their pro-tumoral activation [10]. Functional activity of TAMs is formed by
transcriptional, epigenetic, and metabolic reprogramming [20]. The activation state of TAMs becomes an
effective predictor for the immunotherapy used. Moreover, TAMs are an attractive target for the
development of new immunotherapy. However, multiple clinical trials with agents targeting viability,
differentiation, recruitment, or activation state of TAMs failed [10]. Despite this, more and more TAM-based
approaches are under development to overcome resistance to conventional anti-cancer therapy.

In our review, we combined recent data on the state-of-the-art in the progress and challenges in
immunotherapy of CRC, highlighting novel TAM-based approaches and potential clinical significance of
TAMs for the efficiency of existing immunotherapy with ICIs. For this purpose, we focused on the relevant
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mechanisms of the synergistic effects of combined therapeutic schemas where TAMs are used to enhance
the effects of ICls.

Immunopathology in CRC: the role of tumor-associated macrophages

CRC is the third most common cancer and the second most deadly cancer among all cancer types [21]. The
number of new cases of CRC is projected to increase from 1.93 million cases per year to 3.2 million by 2040
[22]. CRC usually begins as a benign tumor, which develops into a malignant one within 10-20 years [23].

CRC is classified according to the CpG island methylation phenotype (CIMP) and microsatellite
instability (MSI) status, and is divided into four molecular subtypes: CIMP*/MSI*, CIMP*/MSI", CIMP~/MSI*,
and CIMP~/MSI™ [24]. It was shown that the number of intraepithelial TAMs detected by the pan-
macrophage marker CD68, as well as the number of the intraepithelial marker of M2-like macrophages
detected by CD163, was elevated in patients with high MSI (MSI-H) and high CIMP levels [25].

A classification of CRC based on genomic and transcriptional profiling data was proposed in 2016, and
includes four consensus molecular subtypes (CMSs): CMS1 (MSI immune), CMS2 (canonical), CMS3
(metabolic), and CMS4 (mesenchymal) [26]. CMS1 tumors are hypermutated and characterized by MS],
high levels of CIMP cluster, the presence of BRAF mutations, and diffuse infiltration of immune cells
(primarily T-helper 1 and cytotoxic T cells). The CMS2 tumors are characterized by the activation of
downstream targets of the WNT and MYC pathways, as well as a loss of tumor suppressor genes and an
increase in the number of oncogene copies. KRAS mutations and metabolic deregulation predominate in
CMS3 tumors. CMS4 tumors have increased expression of proteins involved in various oncogenesis
pathways: epithelial-mesenchymal transition (EMT), activation of the transforming growth factor 8 (TGF-f3)
signaling pathway, angiogenesis, matrix remodeling pathways, and the inflammatory complement system
[26]. Among all CRC subtypes, CMS4 tumors are highly infiltrated with CD68" macrophages, as well as
myeloid cells, stem cells, and stromal clusters, enriched with the M2-like CD163" subset of macrophages
[27, 28]. Transcriptional profiling revealed that CMS4 CRC tumors were highly enriched in signatures
associated with altered macrophage activation and downregulation of phagocytosis [28]. CRC metastases to
the lung and liver are usually classified as CMS2. However, peritoneal metastases are characterized by
CMS1, CMS2, and CMS4 signatures. CMS4 peritoneal metastases are enriched in macrophages (CD163* and
CD206%), cancer-associated fibroblasts (CAFs), and endothelial cells, as well as have increased expression of
the immune checkpoint molecules (TIGIT and PD-L2) [29].

The term CRC encompasses two types: colon cancer (CC) and rectal cancer (RC). However, accumulated
data suggest that they should be considered as two separate diseases [30, 31]. CC and RC differ in anatomy
and topography, epidemiology, risk of carcinogenesis, histology, as well as symptoms, primary prevention,
and treatment [30, 31]. Immune-associated differences were found for these two histological locations.
Compared to RC, in CC, the neutrophil-to-lymphocyte ratio and platelet-to-lymphocyte ratio, as well as the
systemic inflammatory response index, systemic immune inflammation index, and total systemic
inflammation index, were significantly increased. At the same time, blood monocyte levels did not differ
significantly between patients with CC and RC [32]. CD3" and CD8" T lymphocyte infiltration in the tumor
nest and CD3* lymphocytes in the stroma of CC, but not RC tumors, correlated with better overall survival
[33]. High tumor infiltration with NK cells, macrophages, and CD4"* T cells correlated with a low probability
of local recurrence in RC [34]. High numbers of both peritumor and intratumor macrophages and T cells
(CD3*, CD8") correlated with a low probability of distant recurrence in RC [34]. Our recent study
demonstrated an increased number of peripheral blood monocytes and an accumulation of intratumor
TAMs expressing glycolysis activator PFKFB3 in patients with CC compared with those with RC [12]. We
demonstrated that PFKFB3 may induce changes in lipid and amino acid metabolism in macrophages, but it
had a dual effect in the context of pro- and anti-tumor effects [13]. Differences in gene expression (such as
S100P, Reg family, ACTN1, CAMK2G, ACAT1) and signaling pathways (metabolic pathway, cell cycle pathway,
p53 pathway) between CC and RC have also been demonstrated [35, 36]. However, non-hypermutated CC
and RC tumors cannot be distinguished at the genomic level [37]. Right-sided and left-sided CC are distinct
in genomics. Right/ascending colon is more often hypermethylated and has elevated mutation rates [37].
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Right-sided CC had MSI-H and gene mutations in BRAF, KRAS, SMAD4, TGF-f, PIK3CA, PTEN, and AKT1
compared to left-sided CC. No significant differences were observed in HRAS, NRAS, APC, TP53, and FBXW?7
between the right-sided CC and left-sided RC groups [38]. Tumors with a high mutational load and
overexpression of tumor neoantigens are more sensitive to immunotherapy. Approximately 80-85% of
patients with CRC are unresponsive to ICIs because they have “cold” tumors with microsatellite stable
(MSS) or low MSI (MSI-L) [39]. “Cold” tumors often harbor immunosuppressive cell populations, such as
TAMs, regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs), which can potentially be
targets for immunotherapy to induce tumor cold-to-hot transition [40]. Both deficient mismatch repair
(dMMR) and MSI-H tumors can provide de novo tumor antigens caused by accumulating mutations, leading
to tumor immunogenicity. In contrast, mismatch repair proficient (pMMR) CRC cells exhibit weak
immunogenicity and are resistant to immunotherapy [41]. Tumors with MSI-H typically respond well to
[Cls, including antibodies against programmed cell death-1 (PD-1), programmed cell death ligand-1 (PD-
L1), and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4). However, in MSI tumors, immunotherapy
may also be ineffective due to the reprogramming of key metabolic pathways in CRC. This results in the
formation of by-products that affect the immune response, reducing the anti-tumor activity of immune cells
and contributing to resistance to ICls [42, 43].

The development of CRC is a multi-stage process. Focal changes in the intestinal mucosa lead to the
formation of benign polyps, followed by the active proliferation of cells that can eventually acquire
malignant properties [44]. Chronic inflammation is one of the causes of CRC. Chronic inflammation may be
associated with changes in the levels of inflammatory markers in immune and tumor cells [45].
Furthermore, chronic inflammation facilitates DNA damage, resulting in the activation of pro-oncogenes
and the inactivation of tumor suppressor genes [46].

The inflammatory process involves various immune cells, such as macrophages, lymphocytes, as well
as proinflammatory factors—tumor necrosis factor (TNF)-a, IL-6, and IL-1f3, and reactive oxygen species
[47, 48]. Immune cells play a key role in facilitating the transition from inflammation to carcinogenesis [47].
In the early stages of CRC development, M1-like macrophages play a key role, creating an inflammatory
environment that promotes mutational changes [49, 50]. The transcription factor (TF) NF-«kB and the
inflammatory cytokine TNF-a are key regulators of the inflammatory process in the intestinal mucosa.
Specifically, activation of the NF-kB pathway promotes the polarization of pro-inflammatory M1-like
macrophages [51]. Moreover, epithelial MUC1 induces CCL2 expression and mediates macrophage
recruitment and activation [49]. Macrophages secrete the pro-inflammatory cytokine IL-1f, TNF-a, and IL-
6, and may promote the transformation of cells into a stem cell state, leading to dysplasia and colitis-
associated tumorigenesis [52]. After cell transformation, peripheral blood monocytes are attracted to the
tumor site, secreting growth factors and chemokines (CCL2, CCL5, VEGF, and TGF-f8) [50]. Moreover, CRC
cells secrete EGF to alter macrophage polarization toward M2-like, which, at the late stages of tumor
development, promotes tumor immune evasion and contributes to cancer progression [49, 50].

TAMs create a favorable environment for tumor cell growth, proliferation, invasion, and metastasis
[11]. Accumulated experimental data demonstrated contradictory pro- and anti-tumor activities of TAMs in
CRC [11]. The number of macrophages determined by the general marker CD68 positively correlated with a
favorable prognosis in CRC [53-56]. Macrophages with M1-like and M2-like phenotypes were
simultaneously present at the front of tumor invasion, and an increase in the total number of macrophages
was associated with a better prognosis [57]. However, the predominance of M2-like TAMs (CD163",
CD206% SPP1%, and Stabilin-1%) in CRC tumors, on the contrary, correlated with an unfavorable prognosis
and disease progression [58-62]. In vitro studies showed that tumor factors derived from CRC cell lines did
not affect the shift in the polarization of M1-like macrophages towards M2-like, but, on the contrary,
increased the expression of the M1-like marker CD86 and decreased the expression of the M2-like marker
CD163 [63]. Macrophages stimulated with conditioned media from CRC cell lines (HT-29 or HCT116) had
higher levels of expression of both M2-like markers CD163 and IL-10, and M1-like markers IL-1,
interferon (IFN)-y, and TNF-a [58]. Exosomes secreted by tumor cells can promote mixed polarization of
macrophages. Exosomal vesicles from the SW620 cell line induced a mixed pattern of secretion of M1-like
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[C-X-C motif chemokine ligand 10 (CXCL10), IL-6, IL-23] and M2-like (IL-10) cytokines in inactive M0-like
macrophages [64].

Thus, the high plasticity of macrophages and their complex role in tumor progression make them an
ideal target for the development of immunotherapeutic approaches to increase the effectiveness of the
existing CRC therapies [65].

Therapeutic approaches in CRC: overview

The standard of care for CRC includes surgery, chemotherapy, radiotherapy, targeted therapy, and
immunotherapy (Figure 1). Surgical intervention is the primary method of radical treatment for CRC; in
early stages, it is used alone, while in locally advanced tumors it is combined with neoadjuvant or adjuvant
therapy [66, 67]. In patients with RC, treatment tactics depend on the extent and location of the tumor
process: if the upper third of the rectum is affected, radical surgery or neoadjuvant chemotherapy
(FOLFOX/XELOX) followed by surgery is performed; for cancer of the mid and lower third of the rectum,
radiation therapy (RT) or chemoradiotherapy (CRT) with total neoadjuvant therapy and surgical treatment
are used. In patients with CC and locally advanced resectable tumors, neoadjuvant FOLFOX/XELOX
chemotherapy and radical surgery are performed. For stages 2 and 3 CRC, immunotherapy with ICIs as
neoadjuvant therapy is usually used for patients with dAMMR or MSI-H tumors. For metastatic CRC (mCRC),
various CRT, targeted therapy, or immunotherapy regimens are used depending on the patient’s condition
and the effectiveness of previous treatment [66, 67].

stage 0-
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Figure 1. The standard of care for CRC. Cancer stage is one of the main, but not the only, factors determining the treatment
strategy for CRC. Treatment options can be combined or used sequentially. CRC: colorectal cancer; CTLA-4: cytotoxic T
lymphocyte-associated antigen-4; dMMR: deficient mismatch repair; EGFR: epidermal growth factor receptor; FOLFOX: folinic
acid, fluorouracil and oxaliplatin; MSI-H: high microsatellite instability; PD-1: programmed cell death-1; PD-L1: programmed cell
death ligand-1; TME: tumor microenvironment; VEGF: vascular endothelial growth factor; VEGFR: VEGF receptor; XELOX:
capecitabine plus oxaliplatin.

Immunotherapy has revolutionized cancer treatment by introducing novel mechanisms that engage the
host’s immune system against tumor cells [68, 69]. Inmunotherapy efficacy largely depends on specific
molecular features of the tumor, in particular on MMR status.

ICIs represent the most clinically established form of immunotherapy in CRC [70, 71]. Monoclonal
antibodies targeting the PD-1/PD-L1 axis (e.g., pembrolizumab or nivolumab), as well as those targeting
CTLA-4 (ipilimumab), are approved for dAMMR/MSI-H mCRC [68, 69]. The high neoantigen burden in these
tumors, comprised of mutant proteins unique to cancer cells, enhances their immunogenicity, making them
more susceptible to ICIs [72]. For such tumors, ICIs can yield durable responses and are considered
standard therapeutic options [69].
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In 2014, the first anti-PD-1/PD-L1 drug pembrolizumab, was approved by the FDA for the second-line
treatment of advanced malignant melanoma. Subsequently, it was approved for mCRC second-line
treatment in 2017 [41]. Ipilimumab plus nivolumab was approved by the FDA for first-line treatment of
unresectable or dAMMR/MSI-H mCRC [73].

Pembrolizumab

Pembrolizumab is a humanized monoclonal antibody that targets the PD-1 receptor on lymphocytes and
has shown efficacy in several solid tumors [74]. Pembrolizumab has demonstrated durable anti-tumor
activity as a first-line treatment for dAMMR /MSI-H mCRC, with an objective response rate (ORR) of 45% and
a complete response (CR) rate of 13% [75]. Pembrolizumab monotherapy represents a promising
treatment option for untreated mCRC patients [76].

A case of locally advanced MSI-H RC that exhibited a remarkable response to pembrolizumab
treatment was reported [76]. Pathological analysis revealed prominent infiltration of immune cells,
predominantly CD8-positive T cells and clusters of PD-L1-expressing macrophages. Histopathological
analysis demonstrated clusters of PD-L1-expressing macrophages within the tumor, suggesting the
restoration of anti-tumor immunity through ICIs [76].

Nivolumab and ipilimumab

Dual checkpoint inhibition has been proposed as a therapeutic strategy in patients with MSI-H CRC.
Nivolumab is a humanized monoclonal antibody targeted at PD-1. Ipilimumab, another monoclonal
antibody, was developed to target CTLA-4 [74].

Clinically significant efficacy of the combination of nivolumab and ipilimumab was demonstrated in
patients with MSI-H mCRC [77]. Combination therapy increased progression-free survival (PFS) and ORRs
compared with nivolumab monotherapy. However, the CR rate was similar in both groups (30% for
combination therapy and 28% for monotherapy) [77].

A precise relationship between CMTM6 expression, PD-L1 levels, and M2-like macrophage infiltration
was indicated in metastatic/refractory CRC treated with PD-1/PD-L1 inhibitor immunotherapy. CMTM6
expression was positively correlated with PD-L1 expression and CD163* M2-like macrophage density in
dMMR CRC [78].

Nivolumab disrupted the PD-1/PD-L1 inhibitory axis between cytotoxic T cells and TAMs, potentially
reversing macrophage-mediated immunosuppression [68].

Despite the advances in immunotherapy, the development of resistance to immunotherapy remains a
serious problem [68, 79, 80]. The mechanism of resistance to immunotherapy is extremely complex and is
related to genetic factors and previous treatment of the patients. Inmunotherapy resistance of CRC may be
related to the following reasons: insufficient tumor antigen presentation, tumor antigen presentation
damage, T cell exclusion, and immunosuppressive signaling in the TME [81]. Key immunosuppressive
components in the TME include Tregs, IL-10, TAMs, MDSCs, and related cytokines [41].

Within the tumor immune environment, TAMs are increasingly considered a key element in the
development of resistance to immunotherapy and the occurrence of relapses [82-84]. Macrophages
enhance the development of tumor resistance through different mechanisms. TAMs express PD-L1 [85] and
CTLA-4 ligands, which block the T lymphocytes’ adaptive immune response and reduce the anticancer
effects of immunotherapy by binding to PD-1 and CTLA-4 on the surface of T cells. M2-like macrophages
recruit mature Tregs via the secretion of cytokines, including CCL22 and CCL18. TGF-f and IL-10 secreted
by M2-like macrophages promote the conversion of naive T cells to Tregs [86]. TAMs further contribute to
immunotherapy resistance by secreting prostaglandin E2 and other cytokines that suppress T cell activity
while inducing PD-L1 expression. As a result, PD-L1 binding to PD-1 on T cells diminishes cytotoxic
function and promotes immune evasion in CRC [87]. Another mechanism of TAM-derived
immunosuppression includes M2-like TAM activity by inhibiting the secretion of IFN-y from CD8" T cells.
M2-like TAMs further produce excess levels of VEGF, creating a feed-forward loop, which maintains
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immunosuppression in the CRC tumor [88]. Chemorefractory CRC tumors recruit immunosuppressive
macrophages through the CSF1/CSF1R axis, which promotes PD-L1 upregulation in tumor cells via TGF-3
signaling, thereby establishing an immunosuppressive TME where high macrophage infiltration positively
correlates with elevated PD-L1 levels [89].

As was mentioned above, the majority of CRC cases are MSS or pMMR and exhibit primary resistance to
single-agent ICI therapy [90, 91]. This significant clinical challenge has driven extensive research into
combination strategies designed to overcome the immunosuppression of the TME [80, 83].

Rational therapeutic approaches that are currently under investigation include a combination of ICIs
with agents that alter the TME on multiple fronts:

¢ Kinase inhibitors. Regorafenib can abolish immunosuppressive TAMs and Tregs infiltration, and in
combination with anti-PD-1 therapy that boosts T cell activity, demonstrated synergistic anti-tumor
effects in preclinical models [92].

¢ Angiogenesis inhibitors. Bevacizumab, an anti-VEGF agent, normalizes tumor vasculature and
increases immune cell infiltration, potentially sensitizing MSS tumors to ICIs, which is supported by
emerging clinical data [90].

e Macrophage-targeting agents. Direct strategies to deplete or repolarize TAMs are a promising area
for research. They include blocking the CSF1/CSF1R axis (e.g., with PLX3397) to deplete
macrophages, or using small molecules [e.g., SPHK1 (sphingosine kinase 1) or HDAC (histone
deacetylase) inhibitors] to reprogram pro-tumor M2-like TAMs toward an anti-tumor M1-like
phenotype [83, 93].

e Inhibitors of other pathways: combining ICIs with inhibitors of immunosuppressive molecules—
TREMZ2, CD73, A20, or macrophage migration inhibitory factor (MIF) [94-97].

Beyond checkpoint-based strategies, other immunotherapeutic modalities are being investigated.
Adoptive cell therapy based on chimeric antigen receptor T (CAR-T) cells faces challenges in solid tumors,
including CRC, but is being innovated through engineering cells to secrete immunomodulatory molecules
[e.g., PD-1-TREM2 single-chain variable fragment (scFv)] that concurrently target tumor cells and other
TME components [98]. Oncolytic virotherapy, which uses engineered viruses to lyse tumor cells and
stimulate anti-tumor immunity, is also in early-phase clinical trials, as a monotherapy or in combination
with systemic ICIs [99].

Below, we have collected data on the proposed novel immunotherapeutic approaches for the treatment
of CRC that are under intensive investigation in pre-clinical models or in clinical trials.

Pre-clinical data on the immunotherapy in CRC

The insufficient effectiveness of existing immunotherapy (ICIs) for treating CRC has prompted a search for
novel therapeutic approaches based on either combination therapy or monotherapy. A number of studies
are currently underway in preclinical in vitro and in vivo models (Table 1, Figure 2), as well as in clinical
trials.

The overwhelming majority of combination therapies presented in Table 1 demonstrated acceptable
safety profiles in animal tumor models. No toxicity [100, 101], weight loss [93, 98, 101-105], and no
histological, morphological, or functional organ changes [93, 101] were observed.

Combination therapy of anti-PD-1/PD-L1 agents and TAM inhibitors

Both murine and human TAMs in CRC tumors express PD-1, which reduces the phagocytic activity of
macrophages against tumor cells [106]. Furthermore, PD-1 expression in TAMs increases as the disease
progresses [106]. A number of studies demonstrated a synergistic effect of an anti-PD-1 therapy with
macrophage-targeting molecules such as MS4A4A, TREM2, SPHK1, and CSF1R. Combination therapy
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Table 1. Effectiveness of combination therapy based on ICIs with TME inhibitors or plant extracts in pre-clinical animal tumor models.

Targets Combination therapy

In vivo tumor model

Tumor growth and survival Macrophage activity

Changes in the TME

Combination therapy of anti-PD-1/PD-L1 agents and TAM inhibitors

MC38-bearing C57BL/6
mice, CT26-bearing
BALB/c mice (n =5 per

MS4A4A [100] Anti-MS4A4A mADb plus
anti-PD-1 mAb

TREM2 [98] CAR-T cells, secreted PD-
1-TREM2 scFV

SPHK1 [93] SPHK1 inhibitors (PF543
or SKI Il) plus anti-PD-1 Ab

CSF1R[102] PLX3397 plus anti-PD-1

Combination therapy of anti-PD-1/PD-L1 agents and TME inhibitors

A20 [95] A20-knockdown plus, anti-
PD-1 Ab

MIF [96] anti-PD-1 Ab plus anti-MIF
Ab

CD73[97] AB680 plus anti-PD-1 Ab

Inhibited tumor growth
(monotherapy); suppressed
tumor growth and improved
survival (combination)

MC38-bearing C57BL/6J  Inhibited tumor progression;

enhanced survival

MC38 and CT26 liver
metastatic models in
immunocompetent mice
(n =5-12 per group)

Partially repressed CRLM
(monotherapy); enhanced
metastasis inhibition;
prolonged survival
(combination)

C57BL/6J bearing
mADb plus anti-CTLA-4 mAb subcutaneous MC38 mice

Compared with the
monotherapy, PLX3397
showed a potent synergic
effect when it was combined
with an anti-PD-1 or an anti-
CTLA-4 mAb

Metastatic BALB/c mouse
model bearing A20-
knockdown tumor cells
(CT-26) (n = 4-8 per

Inhibited tumor growth in the
lung, subcutaneous tumor
growth; decreased number
of tumor nodules in lung
tissue; the overall survival
was remarkably longer

MC38-bearing
(subcutaneously injected);
C57BL/6J mice
CT26-bearing BALB/c
mice (n = 3 per group)

Superior tumor rejection;
reduction of tumor size

Tendency to reduce tumor
growth compared to
monotherapy

An anti-MS4A4A monotherapy:
decreased M2-TAM infiltration
(F4/80°CD206"); downregulated M2-
like markers (CD206) and
immunosuppressive molecules
(CD39, SIRPa); upregulated M1-like
markers (iNOS, MHCII)

Decreased percentages of M2-like
TAMs (CD11b"Gr1"; F4/80°CD206")

Reduced total TAMs; decreased p-
SPHK1* TAMs

Decreased expression of
macrophage markers CD206 and
F4/80 (monotherapy PLX3397)

Increased F4/80" macrophages

Increased the proportion of M1-like
macrophages, no effect on M2-like
macrophages (combination therapy);
decreased the proportion of M2-like

macrophages but had no effect on M1

macrophages (PD-1 blockade)

Reduced T cell exhaustion marker co-
expression (PD-L1"LAG3*, PD-L1"TIM3");
enhanced CD8" T cell effector function and
proliferation (IFN-a, Ki67)

Increased CD8" T cell infiltration; decreased
MDSCs amount; enhanced perforin and
granzyme B release; elevated intratumoral
cytokines (IL-2, IL-15, TNF-q, IFN-y)

Increased intermediate exhausted CD8" T
cells with a moderate PD-1 level and PD-1""
CD8" T cells expressing memory T cell
markers (IL-7Ra and Ly6C)

Increased CD3" and CD8" T cells; increased
amount of granzyme B* immune cells

Trend towards increased CD8*/CD4" ratio
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Table 1. Effectiveness of combination therapy based on ICIs with TME inhibitors or plant extracts in pre-clinical animal tumor models. (continued)

Targets Combination therapy In vivo tumor model

Tumor growth and survival Macrophage activity

Changes in the TME

Kinases [92] Syngeneic murine MSS
CT26 and MSI MC38 CC

models

Sustained suppression of
liver metastasis even after
the end of treatment

Regorafenib plus anti-PD-1
Ab

WNT11/CAMKII
[112]

C57BL/6 mouse liver
metastases model with
MC38 cells (n=5 per
group)

Combination therapy of anti-PD-1/PD-L1 agents and epigenetic modulators

HDAC [110]

KN93 plus anti-PD-1 Ab Decreased liver metastasis

Tucidinostat plus anti-PD-
L1 Ab

CT26 subcutaneously
injected into BALB/c or
C57 BL/6 mice (n =7 per
group)

Tumor growth suppression;
improved mice survival

Class | HDACis
(1, 2, 3, and 10),
VEGFR [103]

Chidamide plus
cabozantinib/regorafenib
plus anti-PD-1 Ab

CT26-Bearing
(subcutaneously injected)
BALB/c mice

Inhibited tumor growth;
increased survival rate;
tumor shrinkage after

discontinued treatment

Class | HDACis Chidamide plus CT26-Bearing Inhibited tumor growth;
(1,2, 3,and 10), cabozantinib/regorafenib (subcutaneously injected) enhanced ORR

VEGFR [103] plus anti-CTLA-4 Ab BALB/c mice

HDAC [111] AVS100 plus anti-PD-1 Ab  CT26-bearing BALB/c An increase in responders

from 35% in anti-PD-1
treatment alone to 80% in
combination therapy; did not
relapse after termination of
the treatment; resistant to a
subsequent tumor challenge

mice (n = 67 per group)

Combination therapy of anti-PD-1/PD-L1 agents and plant extract components

[104] Lobeline plus anti-PD-1 Ab  C57BL/6 mice bearing
MC38 tumors
(subcutaneously injected)
(n = 6 per group)

Reduced tumor growth;
upregulated SLURP1
expression in tumors;
suppressed cancer cell
proliferation

Reduced F4/80" and CD206"
macrophages; increased iNOS*
macrophages

Reduced CD206" macrophage
infiltration in liver metastasis

Reduced the number of
CD45'CD11b*F4/80" TAMS;
increased the proportion of
CD45"CD11b*F4/80"/MHCII* M1-like
macrophages

Decreased amount of CD11b* TAMs
in tumors

Suppressed macrophage/monocyte
gene signatures

Increased IFN-TAMs; decreased
regulatory and angiogenic TAMs

Increase in the number of intratumor
CD45"CD11b*F4/80" M1-like
macrophages and decrease in the
number of CD45°CD11b*CD206" M2-
like macrophages

Reduced number of Tregs under
regorafenib treatment; increased
intratumoral levels of IFN-y, a
pharmacodynamic marker of cytotoxic T cell
activity under an anti-PD-1 therapy

Increased infiltration of I-A/I-E'CD8" T cells
in liver metastasis; KN93 induced the
expression of CXCL10 and CCL4 and
reduced the expression of IL17D

Increased CD45" lymphocytes count,
proportion of tumor-infiltrating CD4" T cells
(CD45*CD3"CD4") cells and CD8" T cells
(CD45'CD3"CD8") cells; decreased
expression of the exhaustion marker PD-1;
increased serum level of CCL5 and IFN-y

Upregulated enrichment of IFN pathway
gene signature and downregulated
enrichment of the T cell gene signatures;
reduced levels of polymorphonuclear-
MDSCs in the tumor

Enhanced T cell cytotoxicity

Up-regulation of genes involved in T cell
activation, T cell effector function, and NF-
kB signaling; increased expression of genes
controlling IFN and NF-kB signaling (Stat4,
Nfkb1, Rel, and II12rb2), the inositol-3-
phosphate/Akt pathway, and immune
infiltration (Hest, Itpr1, and ltgal1) with
AVS100 treatment, independent of anti-PD-
1 therapy

Decreased Foxp3 protein levels; increased
granzyme B levels
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Table 1. Effectiveness of combination therapy based on ICIs with TME inhibitors or plant extracts in pre-clinical animal tumor models. (continued)

Targets Combination therapy In vivo tumor model Tumor growth and survival Macrophage activity Changes in the TME
[113] Astragaloside IV plus anti- BALB/c mice bearing Suppressed tumor growth Astragaloside monotherapy: altered Increased the number of cytotoxic T cells;
PD-1 Ab CT26 tumors (injected more effectively than M2-like macrophage polarization increased IFN-y and IL12p70 secretion;
into the axillary fat pad) (n  monotherapy toward M1-like (decreased decreased TGF-B secretion
=8) CD11b*F4/80*CD206hi M2-like

macrophages; increased
CD11b*F4/80"MHCIlhi M1-like

macrophages)
[105] SFIH plus anti-PD-1 Ab MC38-bearing Significant reduction in Increased CD11b", F4/80°, MHCII", Increased CD3" and CD8" T cells, release of
(subcutaneously injected), tumor volume compared CD206~ M1-like macrophage granzyme B, expression of IFN-y and
C57BL/6 mice (n=7-8 with an anti-PD-1 Ab; no infiltration; no changes in the CD11b*, CXCL9; decreased population of CD11b",
per group) effect in the SFIH group F4/80%, MHCII", CD206" TAM GR" MDSCs, decreased expression of TGF-
population B1, TGF-B2, VEGFA, and IDO2;
downregulated TGF-B signaling
[114] CYP plus anti-PD-1 mAb Xenograft models, Combination therapy was Decreased number of infiltrating Increased number of CD8" T cells in the

subcutaneously injected:  more effective in reducing macrophages, mainly CD206" TAMs  tumor; increased expression of granzyme B
MC38-bearing C57BL/6 tumor volume and size (CYP

mice (n = 6) and CT26- alone had no significant anti-
bearing BALB/c mice (n = tumor effect); increased
3) survival in mice

Ab: antibody; CAR-T: chimeric antigen receptor T; CCL: C-C motif chemokine ligand; CRLM: colorectal cancer liver metastasis; CTLA-4: cytotoxic T lymphocyte-associated antigen-4; CXCL: C-
X-C motif chemokine ligand; CYP: Chinese yam polysaccharide; HDAC: histone deacetylase; ICls: immune checkpoint inhibitors; IFN: interferon; IL: interleukin; mAb: monoclonal Ab; MDSCs:
myeloid-derived suppressor cells; MHCII: major histocompatibility complex Il; MIF: migration inhibitory factor; MSI: microsatellite instability; MSS: microsatellite stable; ORR: objective response
rate; PD-1: programmed cell death-1; PD-L1: programmed cell death ligand-1; scFv: single-chain variable fragment; SFIH: sesquiterpene lactones derived from Inula helenium L.; SPHK1:
sphingosine kinase; TAM: tumor-associated macrophage; TGF: transforming growth factor; TME: tumor microenvironment; TNF: tumor necrosis factor; Tregs: regulatory T cells; VEGF: vascular
endothelial growth factor.

significantly increased mouse survival, decreased tumor growth, and decreased the metastasis rate (Table 1). Combination therapy resulted in the decreased
expression of M2-like TAM markers (CD206, CD39, SIRPa) and increased expression of M1-like TAM markers [iNOS, major histocompatibility complex II (MHCII)].

MS4A4A" macrophages are associated with M2-like polarization, T cell exhaustion, immunosuppression, and tumor progression [100]. MS4A4A blockade in
combination with an anti-PD-1 therapy more effectively suppressed tumor growth, improved survival, and decreased relapse rates [100]. TREM2-positive
macrophages were detected in CRC tumor infiltrates. TREM2 expression inversely correlated with overall and relapse-free survival [94]. Trem2 knockout mice
exhibited slower tumor growth as well as a reduction in the number of tumor-infiltrating CD206* TAMs compared to wild-type C57BL/6] mice [94]. CAR-T cells
with the autocrine scFvs PD-1-TREM2 were engineered to target the PD-1/PD-L1 pathway and TREM2 on the surface of MDSCs and TAMs [98]. SPHK1 expression
was found in TAMs from human CRC liver metastases compared to normal intestinal mucosa, primary CRC, and normal liver tissue [93]. High levels of stromal
infiltration with SPHK1* TAMSs correlated with lymph node metastasis, TNM CRC stage, and poor overall survival in patients with CRC. The use of a SPHK1 inhibitor
increased the efficacy of an anti-PD-1 therapy in a mouse model of CRC liver metastasis [93]. PLX3397 is a CSF1R inhibitor that significantly reduced tumor size,
the metastasis rate, and led to M2-like TAM depletion (by decreased expression of CD206 and F4/80) in C57BL/6] mice bearing subcutaneous MC38 tumors [102].
PLX3397, in combination with anti-PD-1 therapy, exhibited a significant synergistic effect in vivo [102, 107].
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Figure 2. Combination therapy using ICls and other inhibitors of the TME components. CAFs: cancer-associated
fibroblasts; CAR: chimeric antigen receptor; CYP: Chinese yam polysaccharide; eNVs-FAP: FAP gene-engineered tumor cell-
derived exosome-like nanovesicles; FAP: fibroblast activation protein-a; HDAC: histone deacetylase; ICls: immune checkpoint
inhibitors; MHCII: major histocompatibility complex II; MIF: migration inhibitory factor; S1PR3: sphingosine 1-phosphate receptor
3; SFIH: sesquiterpene lactones derived from Inula helenium L.; SPHK1: sphingosine kinase 1; TAM: tumor-associated
macrophage; TME: tumor microenvironment; Treg: regulatory T cell.

Combination therapy of anti-PD-1/PD-L1 agents and epigenetic modulators

Epigenetic mechanisms regulate TAM differentiation, recruitment, and functional activation, modulating
their polarization to shape anti- or pro-tumor immune responses [108, 109]. Epigenetic modulation of TAM
polarization represents a promising therapeutic strategy to reprogram the immunosuppressive TME
toward an immunostimulatory state. DNMT inhibitors, HDAC inhibitors, and EZH2 inhibitors shift
macrophage polarization from tumor-promoting M2-like toward anti-tumor M1-like phenotypes, and also
potentiate immunotherapy by enhancing T cell activation and inflammatory cytokine release [108, 109].
Tucidinostat (chidamide), an oral benzamide-class HDAC inhibitor selective for HDAC1, HDAC2, HDAC3,
and HDAC10 subtypes, improved the efficacy of an anti-PD-L1 therapy [110]. In vitro studies using Raw.
264.7 cells and bone marrow-derived macrophages (BMDMs) showed a dose-dependent increase in M1-
like markers (iNOS, CD86, MHCII) under tucidinostat treatment. In vivo studies demonstrated that
combination therapy reduced the number of CD45*CD11b*F4/80" TAMs but increased the proportion of
CD45'CD11b*F4/80"/MHCII* M1-like macrophages in the tumor [110]. Different combination therapies
with HDAC inhibitors and anti-PD-1/anti-CTLA-4/regorafenib treatment significantly inhibited tumor
growth [103, 110, 111] (Table 1).

Combination therapy of anti-PD-1/PD-L1 agents and TME inhibitors

The WNT signaling pathway, enzyme A20, CD73, MIF, and multiple protein kinases play a role in the
progression of cancer. The use of kinase inhibitors in combination with an anti-PD-1 therapy drastically
suppresses tumor growth, increases tumor infiltration by F4/80" macrophages, elevates the proportion of

M1-like macrophages, and decreases the proportion of immunosuppressive TAMs (e.g., CD206* TAMs)
(Table 1).
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Expression of the potent anti-inflammatory enzyme A20 was significantly higher in CRC tissues
compared with normal tissues [95]. A20 was associated with poor response to an anti-PD-1 therapy and
mediated inhibition of tumor cell phagocytosis by macrophages. A pronounced anti-tumor effect of an anti-
PD-1 antibody was observed in the A20-deficient CT26 CC model in vivo. In immunodeficient CT26-bearing
mice, the suppression of tumor growth, which was a result of A20 deficiency, could be restored by
administering CSF1R antibodies due to inhibition of tumor cell phagocytosis by macrophages [95]. MIF has
pro-oncogenic properties and is secreted by both immune and tumor cells [96]. In YUMMER1.7-bearing
mice, combination treatment activated macrophages, as indicated by a significant increase in the expression
of macrophage cytokines and chemokines (MIP-1f, MIP-2, M-CSF, and MIP-1a), and also increased the
expression of cytokines in activated T cells (GM-CSF, IL-12p40, IL-12p70, IFN-y, CXCL9, IL-1a). These
effects were not observed in MC38-bearing mice [96]. CD73 is an immune system enzyme that plays a key
role in tumor growth and metastasis as well as the formation of an immunosuppressive environment [97].
Combination therapy with anti-CD73 and anti-PD-1 agents showed a tendency to reduce tumor growth
compared to monotherapy [97]. Combination therapy with regorafenib, a multikinase inhibitor, and an
anti-PD-1 antibody demonstrated sustained suppression of liver metastasis even after the end of treatment,
which was not observed with regorafenib alone [92]. WNT11 plays a crucial role in carcinogenesis,
regulating both the malignant properties of tumor cells and modulating the TME [112]. In an MC38-bearing
mouse with liver metastases, a significant reduction in metastases was observed under combination
therapy using an anti-PD-1 antibody and a CAMKII (WNT11 downstream molecule) inhibitor compared to
monotherapy [112].

Combination therapy of anti-PD-1/PD-L1 agents and plant extract components

Plant extract components contain substances with anti-tumor and immunomodulatory activities (Table 1).
Their use in combination with an anti-PD-1 therapy was shown to reduce tumor progression in mouse
models of CRC [104, 105, 113, 114]. In combination therapy, lobeline, astragaloside, sesquiterpene lactones
derived from Inula helenium L. (SFIH), and Chinese yam polysaccharide (CYP) demonstrated an anti-tumor
effect due to immunomodulation of the TME, in particular through modulation of the functional activity of
macrophages [104, 105, 113, 114]. For example, lobeline (the active alkaloid of lobelia) directs macrophage
polarization toward M1-like via the MAPK14/p53/Slurp1 signaling pathway, as evidenced by increased
expression of M1-like macrophage-associated genes (II1b, TNF, ll112a, CD86, CD80, CCR7, and CXCL9) and
decreased expression of M2-like macrophage-associated genes (TGFf1, VEGFa, EGF, 116, 1110, Arg1, and
CCL22) [104]. Combination therapy using CYP eliminated intestinal dysbiosis and reduced the production
of detrimental metabolites such as deoxyguanosine. Deoxyguanosine was shown to significantly increase
M2-like gene expression in macrophages [114].

Another type of immunotherapy

Other components of the immunosuppressive TME may also provide targets for immunotherapy, effectively
suppressing tumor growth, eliminating M2-like macrophages, and increasing M1-like macrophages [101,
115, 116]. CAFs are stromal cells that can overexpress fibroblast activation protein-a (FAP) in more than
90% of human tumor tissues [115]. FAP gene-engineered tumor cell-derived exosome-like nanovesicles
(eNVs-FAP) can be used as a tumor vaccine to suppress tumor growth by inducing a pronounced tumor-
specific cytotoxic T lymphocyte (CTL) response. eNVs-FAP reduced the number of CD206" M2-TAMs, while
the percentage of tumor-infiltrating CD45* cells and CD3" T lymphocytes increased [115].
Trifluridine /tipiracil (FTD/TPI) is an innovative antimetabolite agent with immunogenic cell death
induction activity that was developed for the treatment of chemorefractory CRC [116]. The combination of
FTD/TPI with oxaliplatin eliminated M2-type TAMs. Simultaneous administration of FTD/TPI and an anti-
PD-1 therapy may provide a promising treatment option for patients with mCRC [116]. Inhibition of
sphingosine 1-phosphate receptor 3 (S1PR3) facilitated the differentiation, activation, and survival of pro-
inflammatory macrophages [101]. An S1PR3 inhibitor significantly enhanced CAR-T cell efficacy through
multiple mechanisms. S1PR3 inhibition facilitated the differentiation, activation, and survival of pro-
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inflammatory macrophages, which was corroborated by increased M1-like macrophage infiltration in
mouse tumors [101]. However, the proposed therapeutic approaches were not used in combination with
ICIs in pre-clinical animal models.

Ongoing clinical trials on immunotherapy in CRC

Currently, nivolumab, pembrolizumab, dostarlimab, and ipilimumab are approved for the treatment of CRC
[68, 69]. Other immunotherapy drugs, such as AMP-224, atezolizumab, avelumab, camrelizumab,
durvalumab, envafolimab, sintilimab, spartalizumab, tislelizumab, and toripalimab, did not show significant
anti-tumor effects for CRC treatment [68].

Ongoing clinical trials demonstrate that TAMs can be an indicator of response to immunotherapeutic
treatment in CRC (Table 2).

The Phase Ib REGONIVO and Phase Ib TASNIVO clinical trials for MSS or pMMR CRC evaluated the
clinical efficacy of regorafenib plus nivolumab and pimitespib (HSP90 inhibitor TAS-116) plus nivolumab,
respectively [117]. Objective tumor response was observed in 36% of cases in the REGONIVO group and
16% of cases in the TASNIVO group [117]. Analysis of pre-treatment tumor immune infiltrates showed that
in the REGONIVO group, the density of CD206*CD11b* M2-like macrophages was significantly higher in
responders compared to non-responders. In the TASNIVO group, the opposite results were observed: the
density of M2-like macrophages was significantly lower in responders than in non-responders [117].
Another study comprehensively evaluated tumor tissue from patients with hypermutated CRC treated with
pembrolizumab (KEYNOTE 177 clinical trial) or nivolumab (non-clinical trial patients) to identify tumor
cell and immune cell interactions in response to immunotherapy [118]. Higher numbers of CD68*CD74*
cells were observed in CRC tumors with durable response (DB-CRC) than in CRC tumors without durable
response (nDB-CRC). Interestingly, 80% of CD68*CD74" cells expressed markers of antigen presentation
(HLA-ABC, HLA-DR, CD40, CD16, and CD163) [118]. Responsive tumors contained abundant infiltration of
PD-L1* macrophages in close proximity to PD-1" cytotoxic T cells. CD68*CD74* macrophages with antigen-
presenting ability served as a key predictor of treatment response, highlighting their critical role in
mediating pembrolizumab’s therapeutic effect in the TME [118]. In a phase I clinical trial evaluating
combination therapy with oncolytic virotherapy and anti-PD-1 antibodies, only one out of four patients
demonstrated a durable response [99]. A comprehensive multi-omics analysis revealed that the patient
who responded to the combination therapy had low infiltration of T cells and NK cell subsets, but a higher
number of macrophages compared to non-responders. Interestingly, the responder had elevated levels of
both M1-like and M2-like macrophages [99].

In a Phase Ib/II clinical trial evaluating the efficacy of pembrolizumab in combination with XL.888 (an
Hsp90 inhibitor) in patients with CRC, metastatic liver biopsies were analyzed [119]. Using multiplex
immunohistochemistry, the authors found that patients receiving the combination therapy, compared with
those receiving pembrolizumab alone, had a trend toward decreased numbers of CD68* and CD68*IL6"
macrophages. However, no ORR was observed in the group treated with combination therapy. The best
result was achieved in 25% of patients, who had stable disease [119]. In advanced MSS/pMMR CRC (N =
110) after first-line treatment failure, treatment with sintilimab (a PD-1 inhibitor) plus bevacizumab (the
study was not registered) increased CD8* T cell infiltration and reduced the numbers of TAMs and CAFs. At
the same time, PFS rates in the sintilimab plus bevacizumab treatment group were significantly higher than
in the FOLFIRI plus bevacizumab treatment group. The experimental group also had statistically
significantly higher rates of partial responses [90, 120]. The Phase 1 PICCASSO study investigated the
efficacy of a combination of pembrolizumab and maraviroc (a CCR5 inhibitor) in refractory pMMR CRC
[121]. CCR5 regulates macrophage polarization toward the pro-tumor M2-like phenotype, and CCR5
inhibition led to anti-tumor macrophage activation. Only one patient achieved a partial response; in the
majority of patients (94.7%), the best response was disease progression during the treatment, but after the
treatment, patients demonstrated superior response rates [121]. The phase Il CAPability-01 trial in
unresectable locally advanced or MSS/pMMR mCRC demonstrated that chidamide combined with
sintilimab (anti-PD-1) with or without bevacizumab (anti-VEGF) converted immunosuppressive
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Table 2. Ongoing clinical trials based on combination immunotherapy for CRC treatment.

Therapy Targets Type of cancer, Efficiency of therapy Macrophages as indicators of ID clinical trials Adverse events (rates)
sample size response to therapy

Regorafenib plus Kinase, MSS/pMMR CRC, n= ORRin 36% of cases (in CD206°CD11b* M2-like macrophages Phase Ib Liver transaminase increased,

nivolumab [117, 124] PD-1 22 clinical trial) within the tumor were significantly (NCT03406871) creatinine increased, and platelet
higher in responders before treatment count decreased (the most common,

70% in the clinical trial)

Pimitespib plus Hsp90, MSS CRC,n=23 ORR in 16% of cases (in CD206'CD11b* M2-like macrophages Phase Ib Rash, proteinuria, palmar-plantar

nivolumab [117, 125] PD-1 clinical trial) within the tumor were significantly (UMINO00032801) erythrodysesthesia (the most
higher in non-responders before common, grade 3 or worse, 7% in
treatment clinical trial)

Pembrolizumab PD-1 hypermutated CRC,  Persistent response in 56% CD68'CD74" cells were observed in Phase 3 Diarrhea, fatigue, nausea,

(KEYNOTE 177 clinical n=16 of cases CRC tumors with a durable response. (NCT02563002) + abdominal pain, anemia,

trial) or nivolumab 80% of CD68'CD74" cells expressed  patients with first-line  hypertension (97% patients in

(group with first-line markers HLA-ABC, HLA-DR, CD40, therapy clinical trial)

therapy) [118, 123] CD16, and CD163

Oncolytic virotherapy Tumor  MSS CRC with liver  One out of four patients Responder had elevated levels of both Phase | Fever, nausea, fatigue, constipation,

plus LP002 [99] cells, metastasis, n = 4 demonstrated a durable M1-like and M2-like macrophages (NCT04755543) dry mouth (100% patients)

PD-1 response
Pembrolizumab with or PD-1, Advanced CRC with No ORR with combination Decreased CD68" and CD68°IL6" in Phase Ib/Il Diarrhea, fatigue, abdominal pain,
without XL888 [119] Hsp90 liver metastasis, n =  therapy. 25% of patients had liver metastasis with combination (NCT03095781) constipation, nausea, vomiting, eye
18 stable disease therapy disorders, anorexia,

hypomagnesemia, cough, increased
liver enzymes (grade 3-4, 12.5%
patients in combination therapy)

Pembrolizumab plus CCR5, pMMRCRC,n=20 One patient achieved a Anti-tumor macrophage activation Phase | Hyperglycemia (1 case, grade 4)
maraviroc [121] PD-1 partial response, 94.7% (NCT03274804)

patients had disease

progression (ORR in 5.3% of

cases)
Sintilimab plus PD-1, Unresectable 18-week PFS of triple Increased the number of monocytic Phase 2 Proteinuria, thrombocytopenia,
chidamide with or HDAC, chemotherapy- combination therapy vs. lineage cells in triple therapy (NCT04724239) neutropenia, anemia, leukopenia,
without bevacizumab VEGF refractory locally double combination (64.0%  responders diarrhea (96% patients in triple
[122] advanced or vs. 21.7%) ORR of triple combination therapy, 100% patients
MSS/pMMR CRC, n = combination therapy vs. in double combination therapy)
48 double combination (44.0%
vs. 13.0%)

CCRS5: C-C motif chemokine receptor 5; CRC: colorectal cancer; HDAC: histone deacetylase; MSS: microsatellite stable; ORR: objective response rate; PD-1: programmed cell death-1; PFS:
progression-free survival; pMMR: mismatch repair proficient; VEGF: vascular endothelial growth factor.

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 14



microenvironments into immunoactive states [122]. Patients receiving triple combination therapy
(chidamide, sintilimab, and bevacizumab) compared with patients receiving double combination therapy
(chidamide, sintilimab) showed a higher 18-week PFS (64.0% vs. 21.7%) and ORR (44.0% vs. 13.0%). At
the same time, in patients who responded to triple therapy, an increase in the number of monocytic lineage
cells was observed in their tumors [122].

All types of therapy demonstrated an acceptable safety profile. The most common adverse events were
grade 3, and in studies with pembrolizumab [123], pembrolizumab plus XL.888 [119], and pembrolizumab
plus maraviroc [121]—grades 4 and 5. The incidence of some adverse event grade = 3 did not exceed 28%
when regorafenib plus nivolumab [124], pimitespib plus nivolumab [125], pembrolizumab [123],
pembrolizumab plus maraviroc [121], pembrolizumab in combination with XL888 [119], and sintilimab
plus chidamide with or without bevacizumab [122] were used.

Search for new immunotherapeutic targets in TAMs using advanced
computational algorithms

Accumulating evidence from immunopathological studies, pre-clinical models, and ongoing clinical trials
highlights the key role of TAMs in shaping the response to immunotherapy in CRC. However, the
multifaceted phenotype and plasticity of TAMs across patients and disease stages hinder the identification
of effective immunotherapeutic targets and the optimization of current treatment regimens. In this context,
advanced omics technologies, combined with state-of-the-art bioinformatics approaches, provide a
powerful framework for dissecting functional programs in TAMs and prioritizing novel immunotherapeutic
targets.

In particular, advances in the omics era have enabled whole-transcriptome profiling of TAMs.
Differential gene expression analysis of bulk RNA-seq data allows identification of dozens of differentially
expressed genes (DEGs) [126, 127]. Gene set enrichment analysis (GSEA) facilitates functional dissection of
DEGs based on their known involvement in distinct biological pathways [128]. GSEA helps prioritize TAM-
associated genes involved in immunoregulatory processes using functional annotations from public
databases such as Gene Ontology [129], KEGG [130], Reactome [131], and CellMarker 2.0 [132]. Gene
network analysis provides a framework for further prioritization of DEGs. The WGCNA method [133]
constructs gene co-expression networks using correlation patterns among a list of variable genes. Further
analysis of the resulting co-expression networks identifies gene modules—clusters of co-expressed genes—
and their corresponding hub genes, defined as the most highly interconnected genes within each module.
The relevance of WGCNA is highlighted by its ability to identify disease-associated gene modules and hub
genes related to clinical outcomes, immune states, and metabolic dysfunction across diverse pathological
contexts, including cancer [134-136]. Importantly, functional perturbation of WGCNA-identified hub genes
represents a promising strategy for target discovery, as silencing of such central regulatory nodes enables
assessment of their causal contribution to disease-associated programs and highlights candidates with
potential therapeutic relevance [137, 138].

Several studies have identified gene modules associated with immunosuppression in TAMs,
demonstrating that WGCNA-derived networks capture functionally relevant immune programs. For
example, immunosuppressive modules enriched for hypoxia- and angiogenesis-related genes were linked
to poor prognosis in glioblastoma and characterized by elevated expression of TAM-associated regulators
such as TREM1, whose functional perturbation attenuated tumor-promoting properties of TAMs [139].
Similarly, module-based immune scoring approaches in glioma and hepatocellular carcinoma revealed
coordinated expression of immune checkpoint molecules, inflammatory mediators, and M2-like
macrophage markers, e.g., CD163, S100A9, and SPP1, highlighting modular immune states associated with
tumor progression, immune evasion, and unfavorable patient outcome [140, 141]. Furthermore, several
independent studies have reported immune-related modules in circulating monocytes. In triple-negative
breast cancer, an immunosuppressive module composed of genes such as CD163, S1004A9, TREM1, and FCN1
was found to be correlated with an unfavorable response to neoadjuvant chemotherapy [142]. We
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previously identified diverse co-expression modules in high-grade ovarian cancer following neoadjuvant
chemotherapy, including circulating monocyte modules characterized by activated antigen processing and
presentation, as well as suppression-related gene programs involving RUNX1 and TREM1 [143]. Altogether,
WGCNA-derived co-expression modules indicate a significant skewing of monocytes toward a suppressive
state already at the circulating stage after chemotherapy.

Single-cell omics approaches greatly expand our understanding of the complex phenotype of TAMs
[144]. Single-cell multi-omics technologies have enabled reaching an unprecedented level of profiling,
extending the reconstruction of gene co-expression networks to gene regulatory networks. The SCENIC
method integrates transcriptome and chromatin accessibility to construct gene regulatory networks that
facilitate the detection of key TFs [145]. SCENIC has been applied across diverse disease contexts to infer
TF-driven macrophage programs. For example, SCENIC-based analysis revealed regulatory similarities
between TAMs and cirrhosis-associated macrophages, enabling construction of a macrophage-naive CD4* T
cell-related transcriptional score derived from target genes such as BOD1, SEC61A1, RHEB, CFL1, PTMA,
Clorf109, and E2F5 [146]. In oral squamous cell carcinoma, SCENIC further resolved heterogeneous CD163*
macrophage subpopulations with distinct immunoregulatory programs, identifying CMKLR1* macrophages
as a key subpopulation that inhibits tumor progression [147]. Further coupling of gene regulatory networks
with Al-based approaches has enabled in silico TF perturbation analysis. The CellOracle method enables the
identification of transcriptional shifts and the prediction of alterations in differentiation and activation
trajectories of cells in response to in silico inactivation of key TFs [148]. In silico perturbation analysis
using CellOracle has shown consistency with subsequent experimental silencing, as illustrated by
predictions that disruption of FOSL1 attenuates migratory transcriptional programs, which were
experimentally validated by reduced keratinocyte motility upon FOSLI siRNA knockdown [149]. Moreover,
in macrophages, CellOracle in silico perturbation was supported by a preprint demonstrating that RUNX1
silencing reprograms cells toward a reparative phenotype and promotes cardiac recovery [150].
Collectively, the above-mentioned findings highlight that the profound plasticity of TAMs necessitates
integrative single-cell multi-omics and computational bioinformatics frameworks to reliably identify and
functionally validate new immunoregulatory targets.

Conclusions

Accumulated data demonstrate the undoubted role of TAMs in tumor progression and have established
TAMs as important determinants of the response to immunotherapy in CRC. However, most studies to date
have focused on correlative associations rather than mechanisms, leaving a gap in our understanding of
how specific TAM subsets directly modulate ICI responses in CRC.

Key findings obtained using omics technologies and state-of-the-art molecular genetic methods have
expanded our understanding of the functional diversity of TAMs in human tumors. The most recent studies
identified between 6 and 23 macrophage subsets of TAMs, each with its own functional activity:
immunoregulatory TAMs, lipid-associated TAMs, pro-angiogenic TAMs, inflammatory TAMs,
immunostimulatory macrophages, and others [144, 151-153]. Nonetheless, the functional relevance of
many of these subsets remains largely inferred from transcriptomic signatures, with limited validation at
the protein level or in functional models, raising concerns about whether they represent sustainable or
transient activation states.

Moreover, current research is still limited by the high heterogeneity of TAMs in tumors, necessitating
the search for at least a unified method for macrophage typing in tumors. Critically, most biomarker studies
rely on single-time point biopsies, ignoring the dynamic plasticity of macrophages under therapeutic
pressure. This static view may explain why candidate biomarkers such as CD163 or CD206 have failed to
consistently predict immunotherapy outcomes in CRC. In this context, many earlier studies examined the
functional activity of TAMs using a limited number of markers, such as F4/80, CD206, CD163, MHCII, IFN-y,
and iNOS, underscoring the need for more comprehensive approaches. What is more important, a novel
insight emerging from recent studies is that TAM heterogeneity does not simply exist between diverse
tumor types, but is also intratumoral and spatially organized. It means that the location of a TAM subset
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relative to tumor-immune interfaces may be as critical as its polarization state. Future biomarker search
must therefore consider spatial resolution and dynamic changes in TAM functional states to capture
clinically relevant TAM phenotypes.

The complexity of the mechanisms regulating the formation of functional phenotypes of macrophages
requires the development of a multi-target approach aimed at TAMs. That is why the clinical translation of
TAM-targeting strategies (e.g., CSF-1R inhibitors, CCR2 antagonists) has demonstrated modest results in
CRC, largely due to compensatory recruitment of macrophages in the TME, off-target effects, and the
absence of predictive biomarkers for patient selection. Moreover, the high plasticity of macrophages in
response to various stimuli contributes to the formation of heterogeneity between patients [154], which
requires patient stratification based on macrophage biomarkers, coupled with the development of an
individualized macrophage-based immunotherapy approach. Combination therapy is the future direction,
but clinical translation still requires more precise stratification. A critical inference is that combination
therapies should move beyond simple “reprogramming” or “depletion” paradigms. Instead, they must be
tailored to the dominant TAM subset present in each patient, guided by real-time immune monitoring.
Without such stratification, even rationally designed combinations are likely to fail.

To achieve such a level of precision, appropriate preclinical models are essential. The use of mouse
models for research purposes has a number of advantages: small size, rapid reproduction, low cost, ease of
carrying out genetic modifications, and, as a result, the possibility of conducting numerous studies in a
relatively short period [155]. However, differences in size, physiology, and target homology between
humans and mice lead to limitations in the use and interpretation of specific therapies [155]. When using
mouse models, a number of factors must be considered to effectively evaluate therapy. Pre-clinical models
involve subcutaneous, orthotopic, and xenograft mouse tumors. The choice of mouse model is important for
assessing marker expression and the effectiveness of drug therapy [156-159]. Tumor cell morphology,
drug uptake, and gene expression may differ depending on the model chosen [156-159]. Orthotopic human
tumor xenografts are considered more suitable for predicting drug response. In contrast, genetically
modified mouse strains are more suitable for studying the role of genes in tumor development and
progression [160]. Furthermore, differences in the outcomes of pre-clinical versus clinical trials of
immunotargeted drugs may stem from differences in the TME, particularly immune cells. Today, the
optimal approach is to use humanized mouse models, which are physiologically and pathologically the best
to mimic human tumors [161]. Such models most accurately reflect the interactions between immune and
tumor cells. However, even humanized models often fail to recapitulate the full spectrum of TAM
heterogeneity seen in patients, as they are typically engrafted with a limited set of immune lineages. Future
models should integrate patient-derived tumor fragments with autologous immune cells to preserve the
native TAM diversity and spatial architecture. Taken together, integrating multi-omics analyses with
functionally annotated preclinical models, including humanized mice, will be essential to develop effective
strategies for TAM programming at the transcriptional, epigenetic, and metabolic levels.

In summary, macrophage plasticity, the choice of study model, the choice of markers of therapy
effectiveness, differences in TME, and differences in physiology between mice and humans—these factors
may be the reason why immunotherapy shows effective results in preclinical in vitro and in vivo models,
but the results in clinical trials are still unsatisfactory. This translational gap emphasizes the need for a
paradigm shift: from viewing TAMs as a homogeneous myeloid population to targeting them as a dynamic
ecosystem that adapts to both therapy and the evolving TME.

Abbreviations

BMDMs: bone marrow-derived macrophages
CAFs: cancer-associated fibroblasts

CAR-T: chimeric antigen receptor T

CC: colon cancer

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 17



CCL22: C-C motif chemokine ligand 22

CCR2: C-C motif chemokine receptor 2

CIMP: CpG island methylation phenotype

CMSs: consensus molecular subtypes

CR: complete response

CRC: colorectal cancer

CRT: chemoradiotherapy

CTL: cytotoxic T lymphocyte

CTLA-4: cytotoxic T lymphocyte-associated antigen-4
CXCL10: C-X-C motif chemokine ligand 10

CYP: Chinese yam polysaccharide

DB-CRC: colorectal cancer tumors with durable response
DEGs: differentially expressed genes

dMMR: deficient mismatch repair

EMT: epithelial-mesenchymal transition

eNVs-FAP: fibroblast activation protein-a gene-engineered tumor cell-derived exosome-like nanovesicles

FAP: fibroblast activation protein-a
FTD/TPI: trifluridine /tipiracil

GSEA: gene set enrichment analysis
HDAC: histone deacetylase

[CIs: immune checkpoint inhibitors

IFN: interferon

IL: interleukin

mCRC: metastatic colorectal cancer
MDSCs: myeloid-derived suppressor cells
MHCII: major histocompatibility complex II
MIF: migration inhibitory factor

MSI: microsatellite instability

MSI-H: high microsatellite instability
MSI-L: low microsatellite instability

MSS: microsatellite stable

nDB-CRC: colorectal cancer tumors without durable response
ORR: objective response rate

PD-1: programmed cell death-1

PD-L1: programmed cell death ligand-1
PFS: progression-free survival

pMMR: mismatch repair proficient

RC: rectal cancer

S1PR3: sphingosine 1-phosphate receptor 3

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124

Page 18



scFv: single-chain variable fragment

SFIH: sesquiterpene lactones derived from Inula helenium L.
SPHK1: sphingosine kinase 1

TAMs: tumor-associated macrophages

TF: transcription factor

TGF-B: transforming growth factor 8

TME: tumor microenvironment

TNF: tumor necrosis factor

Tregs: regulatory T cells

VEGF: vascular endothelial growth factor

Declarations
Author contributions

TS: Writing—original draft, Visualization. KS: Writing—original draft. ES: Writing—original draft,
Visualization. PI: Writing—original draft. AD: Writing—review & editing. IL: Conceptualization, Project
administration, Writing—review & editing. JK: Conceptualization, Project administration, Writing—
review & editing. All authors read and approved the submitted version.

Conflicts of interest

The author declares that there are no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding
The study was supported by the Russian Science Foundation, grant [RSF 25-25-00904]. The funder had no

role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Copyright
© The Author(s) 2026.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 19



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zhang M, Liu C, Tu J, Tang M, Ashrafizadeh M, Nabavi N, et al. Advances in cancer immunotherapy:
historical perspectives, current developments, and future directions. Mol Cancer. 2025;24:136. [DOI]
[PubMed] [PMC]

Aguilar LK, Guzik BW, Aguilar-Cordova E. Cytotoxic immunotherapy strategies for cancer:
mechanisms and clinical development. ] Cell Biochem. 2011;112:1969-77. [DOI] [PubMed]

Sharma RK, Chheda ZS, Jala VR, Haribabu B. Regulation of cytotoxic T-Lymphocyte trafficking to
tumors by chemoattractants: implications for immunotherapy. Expert Rev Vaccines. 2015;14:
537-49. [DOI] [PubMed]

Raskov H, Orhan A, Christensen ]JP, Gégenur I. Cytotoxic CD8" T cells in cancer and cancer
immunotherapy. Br ] Cancer. 2021;124:359-67. [DOI] [PubMed] [PMC]

Oh DY, Fong L. Cytotoxic CD4* T cells in cancer: Expanding the immune effector toolbox. Immunity.
2021;54:2701-11. [DOI] [PubMed] [PMC(]

Elorbany S, Berlato C, Carnevalli LS, Maniati E, Barry ST, Wang ], et al. Immunotherapy that improves
response to chemotherapy in high-grade serous ovarian cancer. Nat Commun. 2024;15:10144. [DOI]
[PubMed] [PMC]

Myers JA, Miller JS. Exploring the NK cell platform for cancer immunotherapy. Nat Rev Clin Oncol.
2021;18:85-100. [DOI] [PubMed] [PMC(]

Tan S, Li D, Zhu X. Cancer immunotherapy: Pros, cons and beyond. Biomed Pharmacother. 2020;124:
109821. [DOI] [PubMed]

Xia W, Zhang X, Wang Y, Huang Z, Guo X, Fang L. Progress in targeting tumor-associated
macrophages in cancer immunotherapy. Front Immunol. 2025;16:1658795. [DOI] [PubMed] [PMC(]
Kzhyshkowska ], Shen ], Larionova I. Targeting of TAMs: can we be more clever than cancer cells?
Cell Mol Immunol. 2024;21:1376-409. [DOI] [PubMed] [PMC(]

Larionova I, Tuguzbaeva G, Ponomaryova A, Stakheyeva M, Cherdyntseva N, Pavlov V, et al. Tumor-
Associated Macrophages in Human Breast, Colorectal, Lung, Ovarian and Prostate Cancers. Front
Oncol. 2020;10:566511. [DOI] [PubMed] [PMC]

Larionova I, Patysheva M, lamshchikov P, Kazakova E, Kazakova A, Rakina M, et al. PFKFB3
overexpression in monocytes of patients with colon but not rectal cancer programs pro-tumor
macrophages and is indicative for higher risk of tumor relapse. Front Immunol. 2023;13:1080501.
[DOI] [PubMed] [PMC(]

Shmakova E, Sudarskikh T, Shalygina K, Chagovets V, Starodubtseva N, Tokareva A, et al. Inhibition
of PFKFB3 in Macrophages Has a Dual Effect on Tumor-Regulating Lipid Metabolism. Int ] Mol Sci.
2025;27:217. [DOI] [PubMed] [PMC(]

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani F, et al.
Macrophage plasticity, polarization, and function in health and disease. ] Cell Physiol. 2018;233:
6425-40. [DOI] [PubMed]

Gordon S, Pliddemann A. Tissue macrophages: heterogeneity and functions. BMC Biol. 2017;15:53.
[DOI] [PubMed] [PMC(]

Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and targets in cancer therapy.
Nat Rev Drug Discov. 2022;21:799-820. [DOI] [PubMed] [PMC]

PanY, YuY, Wang X, Zhang T. Tumor-Associated Macrophages in Tumor Immunity. Front Immunol.
2020;11:583084. [DOI] [PubMed] [PMC(]

Gao ], Liang Y, Wang L. Shaping Polarization Of Tumor-Associated Macrophages In Cancer
Immunotherapy. Front Immunol. 2022;13:888713. [DOI] [PubMed] [PMC]

Li W, Zhang X, Wu F, Zhou Y, Bao Z, Li H, et al. Gastric cancer-derived mesenchymal stromal cells
trigger M2 macrophage polarization that promotes metastasis and EMT in gastric cancer. Cell Death
Dis. 2019;10:918. [DOI] [PubMed] [PMC(]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 20


https://dx.doi.org/10.1186/s12943-025-02305-x
http://www.ncbi.nlm.nih.gov/pubmed/40336045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12057291
https://dx.doi.org/10.1002/jcb.23126
http://www.ncbi.nlm.nih.gov/pubmed/21465529
https://dx.doi.org/10.1586/14760584.2015.982101
http://www.ncbi.nlm.nih.gov/pubmed/25482400
https://dx.doi.org/10.1038/s41416-020-01048-4
http://www.ncbi.nlm.nih.gov/pubmed/32929195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7853123
https://dx.doi.org/10.1016/j.immuni.2021.11.015
http://www.ncbi.nlm.nih.gov/pubmed/34910940
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8809482
https://dx.doi.org/10.1038/s41467-024-54295-x
http://www.ncbi.nlm.nih.gov/pubmed/39578450
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11584700
https://dx.doi.org/10.1038/s41571-020-0426-7
http://www.ncbi.nlm.nih.gov/pubmed/32934330
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8316981
https://dx.doi.org/10.1016/j.biopha.2020.109821
http://www.ncbi.nlm.nih.gov/pubmed/31962285
https://dx.doi.org/10.3389/fimmu.2025.1658795
http://www.ncbi.nlm.nih.gov/pubmed/40936918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12420277
https://dx.doi.org/10.1038/s41423-024-01232-z
http://www.ncbi.nlm.nih.gov/pubmed/39516356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11607358
https://dx.doi.org/10.3389/fonc.2020.566511
http://www.ncbi.nlm.nih.gov/pubmed/33194645
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7642726
https://dx.doi.org/10.3389/fimmu.2022.1080501
http://www.ncbi.nlm.nih.gov/pubmed/36733385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9887047
https://dx.doi.org/10.3390/ijms27010217
http://www.ncbi.nlm.nih.gov/pubmed/41516095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12785469
https://dx.doi.org/10.1002/jcp.26429
http://www.ncbi.nlm.nih.gov/pubmed/29319160
https://dx.doi.org/10.1186/s12915-017-0392-4
http://www.ncbi.nlm.nih.gov/pubmed/28662662
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5492929
https://dx.doi.org/10.1038/s41573-022-00520-5
http://www.ncbi.nlm.nih.gov/pubmed/35974096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9380983
https://dx.doi.org/10.3389/fimmu.2020.583084
http://www.ncbi.nlm.nih.gov/pubmed/33365025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7751482
https://dx.doi.org/10.3389/fimmu.2022.888713
http://www.ncbi.nlm.nih.gov/pubmed/35844605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9280632
https://dx.doi.org/10.1038/s41419-019-2131-y
http://www.ncbi.nlm.nih.gov/pubmed/31801938
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6892854

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Wang |, Li D, Cang H, Guo B. Crosstalk between cancer and immune cells: Role of tumor-associated
macrophages in the tumor microenvironment. Cancer Med. 2019;8:4709-21. [DOI] [PubMed] [PMC]
Sung H, Ferlay ], Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries.
CA Cancer ] Clin. 2021;71:209-49. [DOI] [PubMed]

XiY, Xu P. Global colorectal cancer burden in 2020 and projections to 2040. Transl Oncol. 2021;14:
101174. [DOI] [PubMed] [PMC]

Rawla P, Sunkara T, Barsouk A. Epidemiology of colorectal cancer: incidence, mortality, survival, and
risk factors. Prz Gastroenterol. 2019;14:89-103. [DOI] [PubMed] [PMC]

Kang GH. Four molecular subtypes of colorectal cancer and their precursor lesions. Arch Pathol Lab
Med. 2011;135:698-703. [DOI] [PubMed]

Kim Y, Wen X, Bae JM, Kim JH, Cho NY, Kang GH. The distribution of intratumoral macrophages
correlates with molecular phenotypes and impacts prognosis in colorectal carcinoma.
Histopathology. 2018;73:663-71. [DOI] [PubMed]

Guinney ], Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C, et al. The consensus
molecular subtypes of colorectal cancer. Nat Med. 2015;21:1350-6. [DOI] [PubMed] [PMC]

Luo Q, Quan Y, Liu W, Wu Z, Qiu W, Liang W, et al. Seed and Soil: Consensus Molecular Subgroups
(CMS) and Tumor Microenvironment Features Between Primary Lesions and Metastases of Different
Organ Sites in Colorectal Cancer. Cancer Manag Res. 2024;16:225-43. [DOI] [PubMed] [PMC]
Leonard NA, Corry SM, Reidy E, Egan H, O’'Malley G, Thompson K, et al. Tumor-associated
mesenchymal stromal cells modulate macrophage phagocytosis in stromal-rich colorectal cancer via
PD-1 signaling. iScience. 2024;27:110701. [DOI] [PubMed] [PMC]

Hgye E, Kanduri C, Torgunrud A, Lorenz S, Edwin B, Larsen SG, et al. Enrichment of Cancer-
Associated Fibroblasts, Macrophages, and Up-Regulated TNF-a Signaling in the Tumor
Microenvironment of CMS4 Colorectal Peritoneal Metastasis. Cancer Med. 2025;14:e70521. [DOI]
[PubMed] [PMC]

Paschke S, Jafarov S, Staib L, Kreuser ED, Maulbecker-Armstrong C, Roitman M, et al. Are Colon and
Rectal Cancer Two Different Tumor Entities? A Proposal to Abandon the Term Colorectal Cancer. Int
] Mol Sci. 2018;19:2577. [DOI] [PubMed] [PMC]

Jafarov S, Link KH. Colon and rectal cancer are different tumor entities according to epidemiology,
carcinogenesis, molecular- and tumor biology, primary and secondary prevention: preclinical
evidence. Siberian ] Onc. 2018;17:88-98. Russian. [DOI]

Feier CVI, Grama F, Moise GV, Vonica RC, Gaborean V, Faur AM, et al. Colorectal Cancer—One
Disease, Two Fires: Distinct Inflammatory Landscapes in Colon and Rectal Cancer. Diagnostics
(Basel). 2025;15:2387. [DOI] [PubMed] [PMC]

Deschoolmeester V, Baay M, Van Marck E, Weyler ], Vermeulen P, Lardon F, et al. Tumor infiltrating
lymphocytes: an intriguing player in the survival of colorectal cancer patients. BMC Immunol. 2010;
11:19. [DOI] [PubMed] [PMC]

Nagtegaal ID, Marijnen CA, Kranenbarg EK, Mulder-Stapel A, Hermans ], van de Velde CJ, et al. Local
and distant recurrences in rectal cancer patients are predicted by the nonspecific immune response;
specific immune response has only a systemic effect--a histopathological and immunohistochemical
study. BMC Cancer. 2001;1:7. [DOI] [PubMed] [PMC(]

Kapiteijn E, Liefers GJ, Los LC, Kranenbarg EK, Hermans ], Tollenaar RA, et al. Mechanisms of
oncogenesis in colon versus rectal cancer. ] Pathol. 2001;195:171-8. [DOI] [PubMed]

Li JN, Zhao L, Wu ], Wu B, Yang H, Zhang HH, et al. Differences in gene expression profiles and
carcinogenesis pathways between colon and rectal cancer. ] Dig Dis. 2012;13:24-32. [DOI] [PubMed]
Cancer Genome Atlas Network. Comprehensive molecular characterization of human colon and
rectal cancer. Nature. 2012;487:330-7. [DOI] [PubMed] [PMC]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 21


https://dx.doi.org/10.1002/cam4.2327
http://www.ncbi.nlm.nih.gov/pubmed/31222971
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6712467
https://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.1016/j.tranon.2021.101174
http://www.ncbi.nlm.nih.gov/pubmed/34243011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8273208
https://dx.doi.org/10.5114/pg.2018.81072
http://www.ncbi.nlm.nih.gov/pubmed/31616522
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6791134
https://dx.doi.org/10.5858/2010-0523-RA.1
http://www.ncbi.nlm.nih.gov/pubmed/21631262
https://dx.doi.org/10.1111/his.13674
http://www.ncbi.nlm.nih.gov/pubmed/29906313
https://dx.doi.org/10.1038/nm.3967
http://www.ncbi.nlm.nih.gov/pubmed/26457759
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4636487
https://dx.doi.org/10.2147/CMAR.S441675
http://www.ncbi.nlm.nih.gov/pubmed/38525373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10961079
https://dx.doi.org/10.1016/j.isci.2024.110701
http://www.ncbi.nlm.nih.gov/pubmed/39310770
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11416555
https://dx.doi.org/10.1002/cam4.70521
http://www.ncbi.nlm.nih.gov/pubmed/39739693
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11683539
https://dx.doi.org/10.3390/ijms19092577
http://www.ncbi.nlm.nih.gov/pubmed/30200215
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6165083
https://dx.doi.org/10.21294/1814-4861-2018-17-4-88-98
https://dx.doi.org/10.3390/diagnostics15182387
http://www.ncbi.nlm.nih.gov/pubmed/41008758
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12468290
https://dx.doi.org/10.1186/1471-2172-11-19
http://www.ncbi.nlm.nih.gov/pubmed/20385003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2864219
https://dx.doi.org/10.1186/1471-2407-1-7
http://www.ncbi.nlm.nih.gov/pubmed/11481031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC35356
https://dx.doi.org/10.1002/path.918
http://www.ncbi.nlm.nih.gov/pubmed/11592095
https://dx.doi.org/10.1111/j.1751-2980.2011.00551.x
http://www.ncbi.nlm.nih.gov/pubmed/22188913
https://dx.doi.org/10.1038/nature11252
http://www.ncbi.nlm.nih.gov/pubmed/22810696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3401966

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

Hsu YL, Lin CC, Jiang JK, Lin HH, Lan YT, Wang HS, et al. Clinicopathological and molecular

differences in colorectal cancer according to location. Int ] Biol Markers. 2019;34:47-53. [DOI]
[PubMed]

Ma SX, Li L, Cai H, Guo TK, Zhang LS. Therapeutic challenge for immunotherapy targeting cold
colorectal cancer: A narrative review. World ] Clin Oncol. 2023;14:81-8. [DOI] [PubMed] [PMC]

Wu B, Zhang B, Li B, Wu H, Jiang M. Cold and hot tumors: from molecular mechanisms to targeted
therapy. Signal Transduct Target Ther. 2024;9:274. [DOI] [PubMed] [PMC(]

Weng ], Li S, Zhu Z, Liu Q, Zhang R, Yang Y, et al. Exploring immunotherapy in colorectal cancer. ]
Hematol Oncol. 2022;15:95. [DOI] [PubMed] [PMC]

Nicolini A, Ferrari P. Involvement of tumor immune microenvironment metabolic reprogramming in
colorectal cancer progression, immune escape, and response to immunotherapy. Front Immunol.
2024;15:1353787. [DOI] [PubMed] [PMC(]

Yu B, Kang ], Lei H, Li Z, Yang H, Zhang M. Immunotherapy for colorectal cancer. Front Immunol.
2024;15:1433315. [DOI] [PubMed] [PMC(]

Simon K. Colorectal cancer development and advances in screening. Clin Interv Aging. 2016;11:
967-76. [DOI] [PubMed] [PMC(C]

Mohammadi M, Mehrzad ], Delirezh N, Abdollahi A. Chronic Inflammation and Its Role in Colorectal
Cancer Development. Oncogen. 2022;5:24. [DOI]

Shah SC, Itzkowitz SH. Colorectal Cancer in Inflammatory Bowel Disease: Mechanisms and
Management. Gastroenterology. 2022;162:715-30.e3. [DOI] [PubMed] [PMC(]

Burgos-Molina AM, Téllez Santana T, Redondo M, Bravo Romero M]. The Crucial Role of
Inflammation and the Immune System in Colorectal Cancer Carcinogenesis: A Comprehensive
Perspective. Int ] Mol Sci. 2024;25:6188. [DOI] [PubMed] [PMC]

El Omari N, El Fessikh M, Aboulaghras S, Bakrim S, Khalid A, Abdalla AN, et al. The role of
inflammation in colorectal Cancer and the preventive potential of natural compounds. ] Funct Foods.
2025;129:106857. [DOI]

Zhang M, Li X, Zhang Q, Yang ], Liu G. Roles of macrophages on ulcerative colitis and colitis-
associated colorectal cancer. Front Immunol. 2023;14:1103617. [DOI] [PubMed] [PMC]

Wang H, Tian T, Zhang J. Tumor-Associated Macrophages (TAMs) in Colorectal Cancer (CRC): From
Mechanism to Therapy and Prognosis. Int ] Mol Sci. 2021;22:8470. [DOI] [PubMed] [PMC(]

Blagov A, Shakhpazyan N, Maltseva O, Korchagina E, Orekhov A. Chronic inflammation in the
development of colorectal cancer: pathological model and therapeutic targets. Cell Mol Biol (Noisy-
le-grand). 2025;71:101-9. [DOI] [PubMed]

Shin AE, Tesfagiorgis Y, Larsen F, Derouet M, Zeng PYF, Good HJ, et al. F4/80*Ly6C"8" Macrophages
Lead to Cell Plasticity and Cancer Initiation in Colitis. Gastroenterology. 2023;164:593-609.e13.
[DOI] [PubMed] [PMC(]

Gulubova M, Ananiev ], Yovchev Y, Julianov A, Karashmalakov A, Vlaykova T. The density of
macrophages in colorectal cancer is inversely correlated to TGF-B1 expression and patients’ survival.
] Mol Histol. 2013;44:679-92. [DOI] [PubMed]

Nakayama Y, Nagashima N, Minagawa N, Inoue Y, Katsuki T, Onitsuka K, et al. Relationships between
tumor-associated macrophages and clinicopathological factors in patients with colorectal cancer.
Anticancer Res. 2002;22:4291-6. [PubMed]

Koelzer VH, Canonica K, Dawson H, Sokol L, Karamitopoulou-Diamantis E, Lugli A, et al. Phenotyping
of tumor-associated macrophages in colorectal cancer: Impact on single cell invasion (tumor
budding) and clinicopathological outcome. Oncoimmunology. 2015;5:e1106677. [DOI] [PubMed]
[PMC]

Forssell ], Oberg A, Henriksson ML, Stenling R, Jung A, Palmqvist R. High macrophage infiltration
along the tumor front correlates with improved survival in colon cancer. Clin Cancer Res. 2007;13:
1472-9. [DOI] [PubMed]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 22


https://dx.doi.org/10.1177/1724600818807164
http://www.ncbi.nlm.nih.gov/pubmed/30854932
https://dx.doi.org/10.5306/wjco.v14.i2.81
http://www.ncbi.nlm.nih.gov/pubmed/36908678
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9993140
https://dx.doi.org/10.1038/s41392-024-01979-x
http://www.ncbi.nlm.nih.gov/pubmed/39420203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11491057
https://dx.doi.org/10.1186/s13045-022-01294-4
http://www.ncbi.nlm.nih.gov/pubmed/35842707
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9288068
https://dx.doi.org/10.3389/fimmu.2024.1353787
http://www.ncbi.nlm.nih.gov/pubmed/39119332
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11306065
https://dx.doi.org/10.3389/fimmu.2024.1433315
http://www.ncbi.nlm.nih.gov/pubmed/39238638
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11375682
https://dx.doi.org/10.2147/CIA.S109285
http://www.ncbi.nlm.nih.gov/pubmed/27486317
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4958365
https://dx.doi.org/10.35702/onc.10024
https://dx.doi.org/10.1053/j.gastro.2021.10.035
http://www.ncbi.nlm.nih.gov/pubmed/34757143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9003896
https://dx.doi.org/10.3390/ijms25116188
http://www.ncbi.nlm.nih.gov/pubmed/38892375
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11172443
https://dx.doi.org/10.1016/j.jff.2025.106857
https://dx.doi.org/10.3389/fimmu.2023.1103617
http://www.ncbi.nlm.nih.gov/pubmed/37006260
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10062481
https://dx.doi.org/10.3390/ijms22168470
http://www.ncbi.nlm.nih.gov/pubmed/34445193
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8395168
https://dx.doi.org/10.14715/cmb/2025.71.12.12
http://www.ncbi.nlm.nih.gov/pubmed/41456258
https://dx.doi.org/10.1053/j.gastro.2023.01.002
http://www.ncbi.nlm.nih.gov/pubmed/36634827
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10038892
https://dx.doi.org/10.1007/s10735-013-9520-9
http://www.ncbi.nlm.nih.gov/pubmed/23801404
http://www.ncbi.nlm.nih.gov/pubmed/12553072
https://dx.doi.org/10.1080/2162402X.2015.1106677
http://www.ncbi.nlm.nih.gov/pubmed/27141391
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4839334
https://dx.doi.org/10.1158/1078-0432.CCR-06-2073
http://www.ncbi.nlm.nih.gov/pubmed/17332291

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Edin S, Wikberg ML, Dahlin AM, Rutegard ], Oberg A, Oldenborg PA, et al. The distribution of
macrophages with a M1 or M2 phenotype in relation to prognosis and the molecular characteristics
of colorectal cancer. PLoS One. 2012;7:e47045. [DOI] [PubMed] [PMC]

Wei C, Yang C, Wang S, Shi D, Zhang C, Lin X, et al. Crosstalk between cancer cells and tumor
associated macrophages is required for mesenchymal circulating tumor cell-mediated colorectal
cancer metastasis. Mol Cancer. 2019;18:64. [DOI] [PubMed] [PMC(]

Feng Q, Chang W, Mao Y, He G, Zheng P, Tang W, et al. Tumor-associated Macrophages as Prognostic
and Predictive Biomarkers for Postoperative Adjuvant Chemotherapy in Patients with Stage Il Colon
Cancer. Clin Cancer Res. 2019;25:3896-907. [DOI] [PubMed]

Shabo I, Olsson H, Sun XF, Svanvik ]. Expression of the macrophage antigen CD163 in rectal cancer
cells is associated with early local recurrence and reduced survival time. Int ] Cancer. 2009;125:
1826-31. [DOI] [PubMed]

Algars A, Irjala H, Vaittinen S, Huhtinen H, Sundstrém ], Salmi M, et al. Type and location of tumor-
infiltrating macrophages and lymphatic vessels predict survival of colorectal cancer patients. Int ]
Cancer. 2012;131:864-73. [DOI] [PubMed]

Kazakova E, Rakina M, Sudarskikh T, lamshchikov P, Tarasova A, Tashireva L, et al. Angiogenesis
regulators S100A4, SPARC and SPP1 correlate with macrophage infiltration and are prognostic
biomarkers in colon and rectal cancers. Front Oncol. 2023;13:1058337. [DOI] [PubMed] [PMC(]

Edin S, Wikberg ML, Rutegard ], Oldenborg PA, Palmqvist R. Phenotypic skewing of macrophages in
vitro by secreted factors from colorectal cancer cells. PLoS One. 2013;8:¢74982. [DOI] [PubMed]
[PMC]

Popéna I, Abols A, Saulite L, Pleiko K, Zandberga E, Jékabsons K, et al. Effect of colorectal cancer-
derived extracellular vesicles on the immunophenotype and cytokine secretion profile of monocytes
and macrophages. Cell Commun Signal. 2018;16:17. [DOI] [PubMed] [PMC(]

Zhang Y, Zhao Y, Li Q, Wang Y. Macrophages, as a Promising Strategy to Targeted Treatment for
Colorectal Cancer Metastasis in Tumor Immune Microenvironment. Front Immunol. 2021;12:
685978. [DOI] [PubMed] [PMC(]

Treatment of Colon Cancer, by Stage [Internet]. American Cancer Society, Inc.; c2026 [cited 2026 Jan
20]. Available from: https://www.cancer.org/cancer/types/colon-rectal-cancer/treating/by-stage-c
olon.html

Treatment of Rectal Cancer, by Stage [Internet]. American Cancer Society, Inc.; c2026 [cited 2026 Jan
20]. Available from: https://www.cancer.org/cancer/types/colon-rectal-cancer/treating/by-stage-r
ectum.html

Kciuk M, Wanke K, Kruczkowska W, Marciniak B, Kontek R. Focus on PD-1/PD-L1-Targeting
Antibodies in Colorectal Cancer: Are There Options Beyond Dostarlimab, Nivolumab, and
Pembrolizumab? A Comprehensive Review. Molecules. 2025;30:2686. [DOI] [PubMed] [PMC]

Zhang X, Wu T, Cai X, Dong ], Xia C, Zhou Y, et al. Neoadjuvant Immunotherapy for MSI-H/dMMR
Locally Advanced Colorectal Cancer: New Strategies and Unveiled Opportunities. Front Immunol.
2022;13:795972. [DOI] [PubMed] [PMC(]

JiK, Jia H, LiuZ, Yu G, Wen R, Zhang T, et al. New insight in immunotherapy and combine therapy in
colorectal cancer. Front Cell Dev Biol. 2025;12:1453630. [DOI] [PubMed] [PMC]

Yan S, Wang W, Feng Z, Xue ], Liang W, Wu X, et al. Immune checkpoint inhibitors in colorectal
cancer: limitation and challenges. Front Immunol. 2024;15:1403533. [DOI] [PubMed] [PMC(]

Yoon ], Moon H, Jeon Y, Choe S, Yoon H. Signature Gene Mutations in Colorectal Cancer: Potential
Neoantigens for Cancer Vaccines. Int ] Mol Sci. 2025;26:4559. [DOI] [PubMed] [PMC(]

FDA Approval Likely to Change Initial Treatment for Some People with Advanced Colorectal Cancer
[Internet]. National Cancer Institute; [cited 2026 Jan 20]. Available from: https://www.cancer.gov/n
ews-events/cancer-currents-blog/2025/fda-nivolumab-ipilimumab-dmmr-colorectal-cancer

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 23


https://dx.doi.org/10.1371/journal.pone.0047045
http://www.ncbi.nlm.nih.gov/pubmed/23077543
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3471949
https://dx.doi.org/10.1186/s12943-019-0976-4
http://www.ncbi.nlm.nih.gov/pubmed/30927925
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6441214
https://dx.doi.org/10.1158/1078-0432.CCR-18-2076
http://www.ncbi.nlm.nih.gov/pubmed/30988081
https://dx.doi.org/10.1002/ijc.24506
http://www.ncbi.nlm.nih.gov/pubmed/19582880
https://dx.doi.org/10.1002/ijc.26457
http://www.ncbi.nlm.nih.gov/pubmed/21952788
https://dx.doi.org/10.3389/fonc.2023.1058337
http://www.ncbi.nlm.nih.gov/pubmed/36895491
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9989292
https://dx.doi.org/10.1371/journal.pone.0074982
http://www.ncbi.nlm.nih.gov/pubmed/24058644
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3776729
https://dx.doi.org/10.1186/s12964-018-0229-y
http://www.ncbi.nlm.nih.gov/pubmed/29690889
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5937830
https://dx.doi.org/10.3389/fimmu.2021.685978
http://www.ncbi.nlm.nih.gov/pubmed/34326840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8313969
https://www.cancer.org/cancer/types/colon-rectal-cancer/treating/by-stage-colon.html
https://www.cancer.org/cancer/types/colon-rectal-cancer/treating/by-stage-colon.html
https://www.cancer.org/cancer/types/colon-rectal-cancer/treating/by-stage-rectum.html
https://www.cancer.org/cancer/types/colon-rectal-cancer/treating/by-stage-rectum.html
https://dx.doi.org/10.3390/molecules30132686
http://www.ncbi.nlm.nih.gov/pubmed/40649207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12251195
https://dx.doi.org/10.3389/fimmu.2022.795972
http://www.ncbi.nlm.nih.gov/pubmed/35371084
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8968082
https://dx.doi.org/10.3389/fcell.2024.1453630
http://www.ncbi.nlm.nih.gov/pubmed/39839672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11747282
https://dx.doi.org/10.3389/fimmu.2024.1403533
http://www.ncbi.nlm.nih.gov/pubmed/38919624
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11196401
https://dx.doi.org/10.3390/ijms26104559
http://www.ncbi.nlm.nih.gov/pubmed/40429703
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12111162
https://www.cancer.gov/news-events/cancer-currents-blog/2025/fda-nivolumab-ipilimumab-dmmr-colorectal-cancer
https://www.cancer.gov/news-events/cancer-currents-blog/2025/fda-nivolumab-ipilimumab-dmmr-colorectal-cancer

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Underwood PW, Ruff SM, Pawlik TM. Update on Targeted Therapy and Immunotherapy for
Metastatic Colorectal Cancer. Cells. 2024;13:245. [DOI] [PubMed] [PMC(]

Diaz LA Jr, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al.; KEYNOTE-177 Investigators.
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;23:659-70. [DOI] [PubMed] [PMC(]

Hosokawa A, Yamada R, Otsuki Y, Tamura H, Ichihara A, Fukushima T, et al. Remarkable and Durable
Tumor Response to Pembrolizumab in Locally Advanced dMMR/MSI-H Rectal Cancer. Anticancer
Res. 2025;45:5069-76. [DOI] [PubMed]

André T, Elez E, Lenz H]J, Jensen LH, Touchefeu Y, Van Cutsem E, et al. Nivolumab plus ipilimumab
versus nivolumab in microsatellite instability-high metastatic colorectal cancer (CheckMate 8HW): a
randomised, open-label, phase 3 trial. Lancet. 2025;405:383-95. [DOI] [PubMed]

Wu X, Lan X, Hu W, Zhang W, Lai X, Xu S, et al. CMTM6 expression in M2 macrophages is a potential
predictor of PD-1/PD-L1 inhibitor response in colorectal cancer. Cancer Immunol Immunother.
2021;70:3235-48. [DOI] [PubMed] [PMC(]

Li R, Lin YP, Shen X, Guo ]JY, Zhang Y, Tang ]D, et al. Case Report: Failed response to anti-PD-1
immunotherapy in a colon cancer patient with high microsatellite instability. Front Oncol. 2025;15:
1636122. [DOI] [PubMed] [PMC(]

Chen L, Jiang X, Li Y, Zhang Q, Li Q, Zhang X, et al. How to overcome tumor resistance to anti-PD-1/
PD-L1 therapy by immunotherapy modifying the tumor microenvironment in MSS CRC. Clin
Immunol. 2022;237:108962. [DOI] [PubMed]

Zalila-Kolsi I, Dhieb D, Osman HA, Mekideche H. The Gut Microbiota and Colorectal Cancer:
Understanding the Link and Exploring Therapeutic Interventions. Biology (Basel). 2025;14:251.
[DOI] [PubMed] [PMC(]

Chen Y, Liu X, Chen ], Kuang L, Zhang N, Li D, et al. Macrophage CCL7 promotes resistance to
immunotherapy for colorectal cancer by regulating the infiltration of macrophages and CD8" T cells.
J Immunother Cancer. 2025;13:e013027. [DOI] [PubMed] [PMC(]

Xiang J, Wang ], Xiao H, Huang C, Wu C, Zhang L, et al. Targeting tumor-associated macrophages in
colon cancer: mechanisms and therapeutic strategies. Front Immunol. 2025;16:1573917. [DOI]
[PubMed] [PMC]

Vanmeerbeek [, Naulaerts S, Sprooten |, Laureano RS, Govaerts ], Trotta R, et al. Targeting conserved
TIM3*VISTA* tumor-associated macrophages overcomes resistance to cancer immunotherapy. Sci
Adv. 2024;10:eadm8660. [DOI] [PubMed] [PMC]

Yerolatsite M, Torounidou N, Amylidi A, Zarkavelis G, Hadjigeorgiou L, Lampri E, et al. The role of
tumor-associated macrophages and PD-1/PD-L1 networking in colorectal cancer. Contemp Oncol
(Pozn). 2025;29:123-30. [DOI] [PubMed] [PMC]

Wang S, Wang ], Chen Z, Luo ], Guo W, Sun L, et al. Targeting M2-like tumor-associated macrophages
is a potential therapeutic approach to overcome antitumor drug resistance. NP] Precis Oncol. 2024;
8:31. [DOI] [PubMed] [PMC]

Fumet |D, Latour C, Nuttin L, Derangére V, Ilie A, Russo P, et al. Tumor-Associated Macrophages
Produce PGE2 to Promote CD8+ T-cell Exhaustion and Drive Resistance to PD-L1 Blockade in
Microsatellite-Stable Colorectal Cancer. Cancer Res. 2026;86:785-801. [DOI] [PubMed]

Kim CW, Chon HJ, Kim C. Combination Immunotherapies to Overcome Intrinsic Resistance to
Checkpoint Blockade in Microsatellite Stable Colorectal Cancer. Cancers (Basel). 2021;13:4906.
[DOI] [PubMed] [PMC(]

Chen TW, Hung WZ, Chiang SF, Chen WT, Ke TW, Liang JA, et al. Dual inhibition of TGFf signaling and
CSF1/CSF1R reprograms tumor-infiltrating macrophages and improves response to chemotherapy
via suppressing PD-L1. Cancer Lett. 2022;543:215795. [DOI] [PubMed]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 24


https://dx.doi.org/10.3390/cells13030245
http://www.ncbi.nlm.nih.gov/pubmed/38334637
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10854977
https://dx.doi.org/10.1016/S1470-2045(22)00197-8
http://www.ncbi.nlm.nih.gov/pubmed/35427471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9533375
https://dx.doi.org/10.21873/anticanres.17847
http://www.ncbi.nlm.nih.gov/pubmed/41151871
https://dx.doi.org/10.1016/S0140-6736(24)02848-4
http://www.ncbi.nlm.nih.gov/pubmed/39874977
https://dx.doi.org/10.1007/s00262-021-02931-6
http://www.ncbi.nlm.nih.gov/pubmed/33818637
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8505364
https://dx.doi.org/10.3389/fonc.2025.1636122
http://www.ncbi.nlm.nih.gov/pubmed/41127013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12537366
https://dx.doi.org/10.1016/j.clim.2022.108962
http://www.ncbi.nlm.nih.gov/pubmed/35227870
https://dx.doi.org/10.3390/biology14030251
http://www.ncbi.nlm.nih.gov/pubmed/40136508
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11939563
https://dx.doi.org/10.1136/jitc-2025-013027
http://www.ncbi.nlm.nih.gov/pubmed/41290259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12645621
https://dx.doi.org/10.3389/fimmu.2025.1573917
http://www.ncbi.nlm.nih.gov/pubmed/40191202
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11968422
https://dx.doi.org/10.1126/sciadv.adm8660
http://www.ncbi.nlm.nih.gov/pubmed/39028818
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11259173
https://dx.doi.org/10.5114/wo.2025.150448
http://www.ncbi.nlm.nih.gov/pubmed/40620884
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12224282
https://dx.doi.org/10.1038/s41698-024-00522-z
http://www.ncbi.nlm.nih.gov/pubmed/38341519
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10858952
https://dx.doi.org/10.1158/0008-5472.CAN-25-0079
http://www.ncbi.nlm.nih.gov/pubmed/41196020
https://dx.doi.org/10.3390/cancers13194906
http://www.ncbi.nlm.nih.gov/pubmed/34638390
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8507875
https://dx.doi.org/10.1016/j.canlet.2022.215795
http://www.ncbi.nlm.nih.gov/pubmed/35718267

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Chen X, Li W, Lei X, Li Z, Guo Q, Ma X, et al. Efficacy of immune checkpoint inhibitors combined with
bevacizumab in MSS/pMMR advanced colorectal cancer after first-line treatment failure. Front
Oncol. 2024;14:1429095. [DOI] [PubMed] [PMC(]

Al Zein M, Boukhdoud M, Shammaa H, Mouslem H, El Ayoubi LM, Iratni R, et al. Immunotherapy and
immunoevasion of colorectal cancer. Drug Discov Today. 2023;28:103669. [DOI] [PubMed]
Doleschel D, Hoff S, Koletnik S, Rix A, Zopf D, Kiessling F, et al. Regorafenib enhances anti-PD1
immunotherapy efficacy in murine colorectal cancers and their combination prevents tumor
regrowth. ] Exp Clin Cancer Res. 2021;40:288. [DOI] [PubMed] [PMC(]

ZhanY, Xu ], Zhang Z, Hu Y, Li Y, Qian ], et al. Targeting SPHK1 in macrophages remodels the tumor
microenvironment and enhances anti-PD-1 immunotherapy efficacy in colorectal cancer liver
metastasis. Cancer Commun (Lond). 2025;45:1203-28. [DOI] [PubMed] [PMC(C]

Molgora M, Esaulova E, Vermi W, Hou ], Chen Y, Luo ], et al. TREM2 Modulation Remodels the Tumor
Myeloid Landscape Enhancing Anti-PD-1 Immunotherapy. Cell. 2020;182:886-900.e17. [DOI]
[PubMed] [PMC]

Luo M, Wang X, Wu S, Yang C, Su Q, Huang L, et al. A20 promotes colorectal cancer immune evasion
by upregulating STC1 expression to block “eat-me” signal. Signal Transduct Target Ther. 2023;8:312.
[DOI] [PubMed] [PMC(]

Tran TT, Sanchez-Zuno GA, Osmani L, Caulfield ], Valdez CN, Piecychna M, et al. Improving
immunotherapy responses by dual inhibition of macrophage migration inhibitory factor and PD-1.
JCI Insight. 2025;10:€191539. [DOI] [PubMed] [PMC(]

Kim M, Min YK, Jang ], Park H, Lee S, Lee CH. Single-cell RNA sequencing reveals distinct cellular
factors for response to immunotherapy targeting CD73 and PD-1 in colorectal cancer. ] Immunother
Cancer. 2021;9:e002503. [DOI] [PubMed] [PMC(]

Chen ], Zhu T, Jiang G, Zeng Q, Li Z, Huang X. Target delivery of a PD-1-TREM2 scFv by CAR-T cells
enhances anti-tumor efficacy in colorectal cancer. Mol Cancer. 2023;22:131. [DOI] [PubMed] [PMC]
Zhang H, Ren Y, Wang F, Tu X, Tong Z, Liu L, et al. The long-term effectiveness and mechanism of
oncolytic virotherapy combined with anti-PD-L1 antibody in colorectal cancer patient. Cancer Gene
Ther. 2024;31:1412-26. [DOI] [PubMed] [PMC(]

Li Y, Shen Z, Chai Z, Zhan Y, Zhang Y, Liu Z, et al. Targeting MS4A4A on tumour-associated
macrophages restores CD8+ T-cell-mediated antitumour immunity. Gut. 2023;72:2307-20. [DOI]
[PubMed] [PMC]

Gao G, Liao W, Shu P, Ma Q, He X, Zhang B, et al. Targeting sphingosine 1-phosphate receptor 3
inhibits T-cell exhaustion and regulates recruitment of proinflammatory macrophages to improve
antitumor efficacy of CAR-T cells against solid tumor. ] Immunother Cancer. 2023;11:e006343. [DOI]
[PubMed] [PMC(]

Zhu M, Bai L, Liu X, Peng S, Xie Y, Bai H, et al. Silence of a dependence receptor CSF1R in colorectal
cancer cells activates tumor-associated macrophages. ] Immunother Cancer. 2022;10:e005610. [DOI]
[PubMed] [PMC]

Chen ]S, Hsieh YC, Chou CH, Wu YH, Yang MH, Chu SH, et al. Chidamide plus Tyrosine Kinase
Inhibitor Remodel the Tumor Immune Microenvironment and Reduce Tumor Progression When
Combined with Immune Checkpoint Inhibitor in Naive and Anti-PD-1 Resistant CT26-Bearing Mice.
Int ] Mol Sci. 2022;23:10677. [DOI] [PubMed] [PMC]

Zhao M, Zhou L, Zhang Q, Wang M, Dong Y, Wang Y, et al. Targeting MAPK14 by Lobeline Upregulates
Slurp1-Mediated Inhibition of Alternative Activation of TAM and Retards Colorectal Cancer Growth.
Adv Sci (Weinh). 2025;12:€2407900. [DOI] [PubMed] [PMC(]

Chun |, Park SM, Lee M, Ha IJ, Jeong MK. The Sesquiterpene Lactone-Rich Fraction of Inula helenium
L. Enhances the Antitumor Effect of Anti-PD-1 Antibody in Colorectal Cancer: Integrative
Phytochemical, Transcriptomic, and Experimental Analyses. Cancers (Basel). 2023;15:653. [DOI]
[PubMed] [PMC]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 25


https://dx.doi.org/10.3389/fonc.2024.1429095
http://www.ncbi.nlm.nih.gov/pubmed/39188683
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11345189
https://dx.doi.org/10.1016/j.drudis.2023.103669
http://www.ncbi.nlm.nih.gov/pubmed/37328052
https://dx.doi.org/10.1186/s13046-021-02043-0
http://www.ncbi.nlm.nih.gov/pubmed/34517894
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8436536
https://dx.doi.org/10.1002/cac2.70047
http://www.ncbi.nlm.nih.gov/pubmed/40665874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12531427
https://dx.doi.org/10.1016/j.cell.2020.07.013
http://www.ncbi.nlm.nih.gov/pubmed/32783918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7485282
https://dx.doi.org/10.1038/s41392-023-01545-x
http://www.ncbi.nlm.nih.gov/pubmed/37607946
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10444827
https://dx.doi.org/10.1172/jci.insight.191539
http://www.ncbi.nlm.nih.gov/pubmed/41122966
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12581657
https://dx.doi.org/10.1136/jitc-2021-002503
http://www.ncbi.nlm.nih.gov/pubmed/34253638
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276303
https://dx.doi.org/10.1186/s12943-023-01830-x
http://www.ncbi.nlm.nih.gov/pubmed/37563723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10413520
https://dx.doi.org/10.1038/s41417-024-00807-2
http://www.ncbi.nlm.nih.gov/pubmed/39068234
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11405277
https://dx.doi.org/10.1136/gutjnl-2022-329147
http://www.ncbi.nlm.nih.gov/pubmed/37507218
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10715532
https://dx.doi.org/10.1136/jitc-2022-006343
http://www.ncbi.nlm.nih.gov/pubmed/37591632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10441059
https://dx.doi.org/10.1136/jitc-2022-005610
http://www.ncbi.nlm.nih.gov/pubmed/36600555
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9730427
https://dx.doi.org/10.3390/ijms231810677
http://www.ncbi.nlm.nih.gov/pubmed/36142591
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9504159
https://dx.doi.org/10.1002/advs.202407900
http://www.ncbi.nlm.nih.gov/pubmed/39840525
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11904982
https://dx.doi.org/10.3390/cancers15030653
http://www.ncbi.nlm.nih.gov/pubmed/36765611
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9913754

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

Gordon SR, Maute RL, Dulken BW, Hutter G, George BM, McCracken MN, et al. PD-1 expression by
tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature. 2017;545:
495-9. [DOI] [PubMed] [PMC]

Shimizu D, Yuge R, Kitadai Y, Ariyoshi M, Miyamoto R, Hiyama Y, et al. Pexidartinib and Immune
Checkpoint Inhibitors Combine to Activate Tumor Immunity in a Murine Colorectal Cancer Model by
Depleting M2 Macrophages Differentiated by Cancer-Associated Fibroblasts. Int ] Mol Sci. 2024;25:
7001. [DOI] [PubMed] [PMC(]

Dang T, Guan X, Cui L, Ruan Y, Chen Z, Zou H, et al. Epigenetics and immunotherapy in colorectal
cancer: progress and promise. Clin Epigenetics. 2024;16:123. [DOI] [PubMed] [PMC]

JiY, Xiao C, Fan T, Deng Z, Wang D, Cai W, et al. The epigenetic hallmarks of immune cells in cancer.
Mol Cancer. 2025;24:66. [DOI] [PubMed] [PMC(C]

Zhang P, Du Y, Bai H, Wang Z, Duan ], Wang X, et al. Optimized dose selective HDAC inhibitor
tucidinostat overcomes anti-PD-L1 antibody resistance in experimental solid tumors. BMC Med.
2022;20:435. [DOI] [PubMed] [PMC(]

Kovalovsky D, Noonepalle S, Suresh M, Kumar D, Berrigan M, Gajendran N, et al. The HDAC6 inhibitor
AVS100 (SS208) induces a pro-inflammatory tumor microenvironment and potentiates
immunotherapy. Sci Adv. 2024;10:eadp3687. [DOI] [PubMed] [PMC]

Jiang W, Guan B, Sun H, MiY, Cai S, Wan R, et al. WNT11 Promotes immune evasion and resistance to
Anti-PD-1 therapy in liver metastasis. Nat Commun. 2025;16:1429. [DOI] [PubMed] [PMC]

Liu F, Ran F, He H, Chen L. Astragaloside IV Exerts Anti-tumor Effect on Murine Colorectal Cancer by

Re-educating Tumor-Associated Macrophage. Arch Immunol Ther Exp (Warsz). 2020;68:33. [DOI]
[PubMed]

Zhang G, Pan |, Xu X, Nie S, Lu L, Jing Y, et al. Chinese yam polysaccharide enhances anti-PD-1
immunotherapy in colorectal cancer through alterations in the gut microbiota and metabolites. Int ]
Biol Macromol. 2025;310:143323. [DOI] [PubMed]

Hu S, Ma |, Su C, Chen Y, Shu Y, Qi Z, et al. Engineered exosome-like nanovesicles suppress tumor
growth by reprogramming tumor microenvironment and promoting tumor ferroptosis. Acta
Biomater. 2021;135:567-81. [DOI] [PubMed]

Limagne E, Thibaudin M, Nuttin L, Spill A, Derangere V, Fumet |D, et al. Trifluridine/Tipiracil plus
Oxaliplatin Improves PD-1 Blockade in Colorectal Cancer by Inducing Immunogenic Cell Death and
Depleting Macrophages. Cancer Immunol Res. 2019;7:1958-69. [DOI] [PubMed]

Takei S, Tanaka Y, Lin YT, Koyama S, Fukuoka S, Hara H, et al. Multiomic molecular characterization
of the response to combination immunotherapy in MSS/pMMR metastatic colorectal cancer. ]
Immunother Cancer. 2024;12:e008210. [DOI] [PubMed] [PMC(]

Bortolomeazzi M, Keddar MR, Montorsi L, Acha-Sagredo A, Benedetti L, Temelkovski D, et al.
Immunogenomics of Colorectal Cancer Response to Checkpoint Blockade: Analysis of the KEYNOTE
177 Trial and Validation Cohorts. Gastroenterology. 2021;161:1179-93. [DOI] [PubMed] [PMC]
Phillips M], Alese OB, Horvat NK, Greene E, Gbolahan OB, Coleman K, et al. XL888 and
pembrolizumab modulate the immune landscape of colorectal tumors in a phase Ib/II clinical trial.
Oncoimmunology. 2025;14:2475620. [DOI] [PubMed] [PMC]

Wang L, Diao YZ, Ma XF, Luo YS, Guo QJ, Chen XQ. Clinical evaluation of sintilimab in conjunction
with bevacizumab for advanced colorectal cancer with microsatellite stable-type after failure of first-
line therapy. World ] Gastrointest Surg. 2024;16:3277-87. [DOI] [PubMed] [PMC(]

Haag GM, Springfeld C, Griin B, Apostolidis L, Zschabitz S, Dietrich M, et al. Pembrolizumab and
maraviroc in refractory mismatch repair proficient/microsatellite-stable metastatic colorectal
cancer—The PICCASSO phase I trial. Eur ] Cancer. 2022;167:112-22. [DOI] [PubMed]

Wang F, Jin Y, Wang M, Luo HY, Fang W], Wang YN, et al. Combined anti-PD-1, HDAC inhibitor and
anti-VEGF for MSS/pMMR colorectal cancer: a randomized phase 2 trial. Nat Med. 2024;30:1035-43.
[DOI] [PubMed]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 26


https://dx.doi.org/10.1038/nature22396
http://www.ncbi.nlm.nih.gov/pubmed/28514441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5931375
https://dx.doi.org/10.3390/ijms25137001
http://www.ncbi.nlm.nih.gov/pubmed/39000110
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11241126
https://dx.doi.org/10.1186/s13148-024-01740-9
http://www.ncbi.nlm.nih.gov/pubmed/39252116
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11385519
https://dx.doi.org/10.1186/s12943-025-02255-4
http://www.ncbi.nlm.nih.gov/pubmed/40038722
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11881328
https://dx.doi.org/10.1186/s12916-022-02598-5
http://www.ncbi.nlm.nih.gov/pubmed/36352411
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9648046
https://dx.doi.org/10.1126/sciadv.adp3687
http://www.ncbi.nlm.nih.gov/pubmed/39546602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11566997
https://dx.doi.org/10.1038/s41467-025-56714-z
http://www.ncbi.nlm.nih.gov/pubmed/39920102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11806061
https://dx.doi.org/10.1007/s00005-020-00598-y
http://www.ncbi.nlm.nih.gov/pubmed/33095374
https://dx.doi.org/10.1016/j.ijbiomac.2025.143323
http://www.ncbi.nlm.nih.gov/pubmed/40267869
https://dx.doi.org/10.1016/j.actbio.2021.09.003
http://www.ncbi.nlm.nih.gov/pubmed/34506976
https://dx.doi.org/10.1158/2326-6066.CIR-19-0228
http://www.ncbi.nlm.nih.gov/pubmed/31611243
https://dx.doi.org/10.1136/jitc-2023-008210
http://www.ncbi.nlm.nih.gov/pubmed/38336371
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10860060
https://dx.doi.org/10.1053/j.gastro.2021.06.064
http://www.ncbi.nlm.nih.gov/pubmed/34197832
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8527923
https://dx.doi.org/10.1080/2162402X.2025.2475620
http://www.ncbi.nlm.nih.gov/pubmed/40079916
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11913390
https://dx.doi.org/10.4240/wjgs.v16.i10.3277
http://www.ncbi.nlm.nih.gov/pubmed/39575283
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11577402
https://dx.doi.org/10.1016/j.ejca.2022.03.017
http://www.ncbi.nlm.nih.gov/pubmed/35427833
https://dx.doi.org/10.1038/s41591-024-02813-1
http://www.ncbi.nlm.nih.gov/pubmed/38438735

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

André T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al.; KEYNOTE-177 Investigators.
Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. N Engl ] Med. 2020;
383:2207-18. [DOI] [PubMed]

Fukuoka S, Hara H, Takahashi N, Kojima T, Kawazoe A, Asayama M, et al. Regorafenib Plus
Nivolumab in Patients With Advanced Gastric or Colorectal Cancer: An Open-Label, Dose-Escalation,

and Dose-Expansion Phase Ib Trial (REGONIVO, EPOC1603). ] Clin Oncol. 2020;38:2053-61. [DOI]
[PubMed]

Kawazoe A, Itahashi K, Yamamoto N, Kotani D, Kuboki Y, Taniguchi H, et al. TAS-116 (Pimitespib), an
Oral HSP90 Inhibitor, in Combination with Nivolumab in Patients with Colorectal Cancer and Other
Solid Tumors: An Open-Label, Dose-Finding, and Expansion Phase Ib Trial (EPOC1704). Clin Cancer
Res. 2021;27:6709-15. [DOI] [PubMed]

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15:550. [DOI] [PubMed] [PMC(]

Robinson MD, McCarthy D], Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics. 2010;26:139-40. [DOI] [PubMed] [PMC]
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci U S A. 2005;102:15545-50. [DOI] [PubMed] [PMC(]

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the
unification of biology. The Gene Ontology Consortium. Nat Genet. 2000;25:25-9. [DOI] [PubMed]
[PMC]

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000;28:
27-30. [DOI] [PubMed] [PMC(]

Croft D, O’Kelly G, Wu G, Haw R, Gillespie M, Matthews L, et al. Reactome: a database of reactions,
pathways and biological processes. Nucleic Acids Res. 2011;39:D691-7. [DOI] [PubMed] [PMC(]

Hu C, Li T, Xu Y, Zhang X, Li F, Bai ], et al. CellMarker 2.0: an updated database of manually curated
cell markers in human/mouse and web tools based on scRNA-seq data. Nucleic Acids Res. 2023;51:
D870-6. [DOI] [PubMed] [PMC(]

Li W, Wang L, Wu Y, Yuan Z, Zhou ]J. Weighted gene coexpression network analysis to identify key
modules and hub genes associated with atrial fibrillation. Int ] Mol Med. 2020;45:401-16. [DOI]
[PubMed] [PMC]

Singhania A, Verma R, Graham CM, Lee ], Tran T, Richardson M, et al. A modular transcriptional
signature identifies phenotypic heterogeneity of human tuberculosis infection. Nat Commun. 2018;9:
2308. [DOI] [PubMed] [PMC(]

Niemira M, Collin F, Szalkowska A, Bielska A, Chwialkowska K, Reszec ], et al. Molecular Signature of
Subtypes of Non-Small-Cell Lung Cancer by Large-Scale Transcriptional Profiling: Identification of
Key Modules and Genes by Weighted Gene Co-Expression Network Analysis (WGCNA). Cancers
(Basel). 2019;12:37. [DOI] [PubMed] [PMC(]

Zeng F, Shi M, Xiao H, Chi X. WGCNA-Based Identification of Hub Genes and Key Pathways Involved
in Nonalcoholic Fatty Liver Disease. Biomed Res Int. 2021;2021:5633211. [DOI] [PubMed] [PMC]
Wang C, Chen ], Wang X, Liang X, Yu S, Gui Y, et al. Identifying Potential Diagnostic and Therapeutic
Targets for Infantile Hemangioma Using WGCNA and Machine Learning Algorithms. Biochem Genet.
2025;63:3968-88. [DOI] [PubMed]

Tian Z, He W, Tang ], Liao X, Yang Q, Wu Y, et al. Identification of Important Modules and Biomarkers
in Breast Cancer Based on WGCNA. Onco Targets Ther. 2020;13:6805-17. [DOI] [PubMed] [PMC(]
Kong Y, Feng ZC, Zhang YL, Liu XF, Ma Y, Zhao ZM, et al. Identification of Imnmune-Related Genes
Contributing to the Development of Glioblastoma Using Weighted Gene Co-expression Network
Analysis. Front Immunol. 2020;11:1281. [DOI] [PubMed] [PMC(]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 27


https://dx.doi.org/10.1056/NEJMoa2017699
http://www.ncbi.nlm.nih.gov/pubmed/33264544
https://dx.doi.org/10.1200/JCO.19.03296
http://www.ncbi.nlm.nih.gov/pubmed/32343640
https://dx.doi.org/10.1158/1078-0432.CCR-21-1929
http://www.ncbi.nlm.nih.gov/pubmed/34593531
https://dx.doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4302049
https://dx.doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2796818
https://dx.doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1239896
https://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3037419
https://dx.doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC102409
https://dx.doi.org/10.1093/nar/gkq1018
http://www.ncbi.nlm.nih.gov/pubmed/21067998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3013646
https://dx.doi.org/10.1093/nar/gkac947
http://www.ncbi.nlm.nih.gov/pubmed/36300619
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9825416
https://dx.doi.org/10.3892/ijmm.2019.4416
http://www.ncbi.nlm.nih.gov/pubmed/31894294
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6984797
https://dx.doi.org/10.1038/s41467-018-04579-w
http://www.ncbi.nlm.nih.gov/pubmed/29921861
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6008327
https://dx.doi.org/10.3390/cancers12010037
http://www.ncbi.nlm.nih.gov/pubmed/31877723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7017323
https://dx.doi.org/10.1155/2021/5633211
http://www.ncbi.nlm.nih.gov/pubmed/34938809
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8687832
https://dx.doi.org/10.1007/s10528-024-10901-7
http://www.ncbi.nlm.nih.gov/pubmed/39292333
https://dx.doi.org/10.2147/OTT.S258439
http://www.ncbi.nlm.nih.gov/pubmed/32764968
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7367932
https://dx.doi.org/10.3389/fimmu.2020.01281
http://www.ncbi.nlm.nih.gov/pubmed/32765489
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7378359

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.
155.

156.

Wang T, Dai L, Shen S, Yang Y, Yang M, Yang X, et al. Comprehensive Molecular Analyses of a
Macrophage-Related Gene Signature With Regard to Prognosis, Immune Features, and Biomarkers
for Inmunotherapy in Hepatocellular Carcinoma Based on WGCNA and the LASSO Algorithm. Front
Immunol. 2022;13:843408. [DOI] [PubMed] [PMC]

Zhang H, Luo YB, Wu W, Zhang L, Wang Z, Dai Z, et al. The molecular feature of macrophages in
tumor immune microenvironment of glioma patients. Comput Struct Biotechnol J. 2021;19:4603-18.
[DOI] [PubMed] [PMC(]

Patysheva MR, lamshchikov PS, Fedorenko AA, Bragina OD, Vostrikova MA, Garbukov EY, et al.
Single-cell transcriptomic profiling of immune landscape in triple-negative breast cancer during
neoadjuvant chemotherapy. NP] Syst Biol Appl. 2025;11:72. [DOI] [PubMed] [PMC(]

Larionova I, lamshchikov P, Kazakova A, Rakina M, Menyalo M, Enikeeva K, et al. Platinum-based
chemotherapy promotes antigen presenting potential in monocytes of patients with high-grade
serous ovarian carcinoma. Front Immunol. 2024;15:1414716. [DOI] [PubMed] [PMC]

Rakina M, Larionova I, Kzhyshkowska J. Macrophage diversity in human cancers: New insight
provided by single-cell resolution and spatial context. Heliyon. 2024;10:e28332. [DOI] [PubMed]
[PMC]

Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H, Hulselmans G, et al. SCENIC:
single-cell regulatory network inference and clustering. Nat Methods. 2017;14:1083-6. [DOI]
[PubMed] [PMC]

Mo Z, Liu D, Chen Y, Luo ], Li W, Liu ], et al. Single-cell transcriptomics reveals the role of
Macrophage-Naive CD4" T cell interaction in the immunosuppressive microenvironment of primary
liver carcinoma. ] Transl Med. 2022;20:466. [DOI] [PubMed] [PMC]

Lou J, Luo G, Zhao L, Zhang H. CONSORT article: Single-cell sequencing analysis revealed CMKLR1*
macrophage as a subpopulation of macrophage with tumor-suppressive characteristics in oral
squamous cell carcinoma. Medicine (Baltimore). 2024;103:e39399. [DOI] [PubMed] [PMC]
Kamimoto K, Stringa B, Hoffmann CM, Jindal K, Solnica-Krezel L, Morris SA. Dissecting cell identity
via network inference and in silico gene perturbation. Nature. 2023;614:742-51. [DOI] [PubMed]
[PMC]

Liu Z, Bian X, Luo L, Bjorklund AK LiL, Zhang L, et al. Spatiotemporal single-cell roadmap of human
skin wound healing. Cell Stem Cell. 2025;32:479-98.e8. [DOI] [PubMed]

Amrute JM, Zhu A, Pai YL, Hector-Greene M, An Y, Kim KR, et al. Targeting RUNX1 in Macrophages
Facilitates Cardiac Recovery. bioRxiv 665779 [Preprint]. 2025 [cited 2026 Jan 20]. Available from: ht
tps://www.biorxiv.org/content/10.1101/2025.07.25.665779v1

Coulton A, Murai ], Qian D, Thakkar K, Lewis CE, Litchfield K. Using a pan-cancer atlas to investigate
tumour associated macrophages as regulators of immunotherapy response. Nat Commun. 2024;15:
5665. [DOI] [PubMed] [PMC(]

Nasir I, McGuinness C, Poh AR, Ernst M, Darcy PK, Britt KL. Tumor macrophage functional
heterogeneity can inform the development of novel cancer therapies. Trends Immunol. 2023;44:
971-85. [DOI] [PubMed]

Ma Ry, Black A, Qian Bz. Macrophage diversity in cancer revisited in the era of single-cell omics.
Trends Immunol. 2022;43:546-63. [DOI] [PubMed]

Yu X, Yang C. Heterogeneity of Innate Immunity. Organ Med. 2025;2:123-32. [DOI]

de Jong M, Maina T. Of mice and humans: are they the same?--Implications in cancer translational
research. ] Nucl Med. 2010;51:501-4. [DOI] [PubMed]

Hiroshima Y, Zhang Y, Zhang N, Uehara F, Maawy A, Murakami T, et al. Patient-derived orthotopic
xenograft (PDOX) nude mouse model of soft-tissue sarcoma more closely mimics the patient

behavior in contrast to the subcutaneous ectopic model. Anticancer Res. 2015;35:697-701.
[PubMed]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 28


https://dx.doi.org/10.3389/fimmu.2022.843408
http://www.ncbi.nlm.nih.gov/pubmed/35693827
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9186446
https://dx.doi.org/10.1016/j.csbj.2021.08.019
http://www.ncbi.nlm.nih.gov/pubmed/34471502
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8383063
https://dx.doi.org/10.1038/s41540-025-00549-3
http://www.ncbi.nlm.nih.gov/pubmed/40624003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12234831
https://dx.doi.org/10.3389/fimmu.2024.1414716
http://www.ncbi.nlm.nih.gov/pubmed/39315092
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11417001
https://dx.doi.org/10.1016/j.heliyon.2024.e28332
http://www.ncbi.nlm.nih.gov/pubmed/38571605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10988020
https://dx.doi.org/10.1038/nmeth.4463
http://www.ncbi.nlm.nih.gov/pubmed/28991892
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5937676
https://dx.doi.org/10.1186/s12967-022-03675-2
http://www.ncbi.nlm.nih.gov/pubmed/36221095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9552358
https://dx.doi.org/10.1097/MD.0000000000039399
http://www.ncbi.nlm.nih.gov/pubmed/39183397
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11346892
https://dx.doi.org/10.1038/s41586-022-05688-9
http://www.ncbi.nlm.nih.gov/pubmed/36755098
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9946838
https://dx.doi.org/10.1016/j.stem.2024.11.013
http://www.ncbi.nlm.nih.gov/pubmed/39729995
https://www.biorxiv.org/content/10.1101/2025.07.25.665779v1
https://www.biorxiv.org/content/10.1101/2025.07.25.665779v1
https://dx.doi.org/10.1038/s41467-024-49885-8
http://www.ncbi.nlm.nih.gov/pubmed/38969631
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11226649
https://dx.doi.org/10.1016/j.it.2023.10.007
http://www.ncbi.nlm.nih.gov/pubmed/37995659
https://dx.doi.org/10.1016/j.it.2022.04.008
http://www.ncbi.nlm.nih.gov/pubmed/35690521
https://dx.doi.org/10.1002/orm2.70013
https://dx.doi.org/10.2967/jnumed.109.065706
http://www.ncbi.nlm.nih.gov/pubmed/20237033
http://www.ncbi.nlm.nih.gov/pubmed/25667448

157.

158.

159.

160.

161.

Zhang W, Fan W, Rachagani S, Zhou Z, Lele SM, Batra SK, et al. Comparative Study of Subcutaneous
and Orthotopic Mouse Models of Prostate Cancer: Vascular Perfusion, Vasculature Density, Hypoxic
Burden and BB2r-Targeting Efficacy. Sci Rep. 2019;9:11117. [DOI] [PubMed] [PMC]

Sheng Y, Xie Z, Wang ], Yang X, Yao M, Qian W, et al. Impact of Subcutaneous Versus Orthotopic
Implantations on Patient-Derived Xenograft Transcriptomic Profiles. Cancer Res Commun. 2025;5:
871-80. [DOI] [PubMed] [PMC]

Han R, Zhao W, Gu X, Gao X, Yang Yg, Zhang X. Different tumorigenicity and distinct metastasis and
gene signature between orthotopic and subcutaneous neuroblastoma xenografted mice. Aging
(Albany NY). 2022;14:1932-40. [DOI] [PubMed] [PMC]

Richmond A, Su Y. Mouse xenograft models vs GEM models for human cancer therapeutics. Dis
Model Mech. 2008;1:78-82. [DOI] [PubMed] [PMC]

Tian H, Lyu Y, Yang Yg, Hu Z. Humanized Rodent Models for Cancer Research. Front Oncol. 2020;10:
1696. [DOI] [PubMed] [PMC]

Explor Dig Dis. 2026;5:1005124 | https://doi.org/10.37349/edd.2026.1005124 Page 29


https://dx.doi.org/10.1038/s41598-019-47308-z
http://www.ncbi.nlm.nih.gov/pubmed/31366895
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6668441
https://dx.doi.org/10.1158/2767-9764.CRC-25-0008
http://www.ncbi.nlm.nih.gov/pubmed/40353760
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12117319
https://dx.doi.org/10.18632/aging.203913
http://www.ncbi.nlm.nih.gov/pubmed/35197367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8908914
https://dx.doi.org/10.1242/dmm.000976
http://www.ncbi.nlm.nih.gov/pubmed/19048064
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2562196
https://dx.doi.org/10.3389/fonc.2020.01696
http://www.ncbi.nlm.nih.gov/pubmed/33042811
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7518015

	Abstract
	Keywords
	Introduction
	Immunopathology in CRC: the role of tumor-associated macrophages
	Therapeutic approaches in CRC: overview
	Pembrolizumab
	Nivolumab and ipilimumab

	Pre-clinical data on the immunotherapy in CRC
	Combination therapy of anti-PD-1/PD-L1 agents and TAM inhibitors
	Combination therapy of anti-PD-1/PD-L1 agents and epigenetic modulators
	Combination therapy of anti-PD-1/PD-L1 agents and TME inhibitors
	Combination therapy of anti-PD-1/PD-L1 agents and plant extract components
	Another type of immunotherapy

	Ongoing clinical trials on immunotherapy in CRC
	Search for new immunotherapeutic targets in TAMs using advanced computational algorithms
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

