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Abstract

Colorectal cancer (CRC) is the third most common malignancy and leading cause of mortality worldwide.
Tumor microenvironment (TME) strongly influences CRC growth, immune evasion, and metastasis.
Among various immune cells, tumor-associated macrophages (TAMs) act as key regulators of cancer
progression. Although traditionally classified as MI (pro-inflammatory, anti-tumor) or M2
(anti-inflammatory, pro-tumor), single-cell RNA sequencing and spatial transcriptomics have revealed
that macrophage phenotypes exist along a continuum, challenging the classic dichotomy.

This review investigates macrophages throughout CRC development, from normal mucosa to adenoma,
primary tumor, and liver metastasis. Early adenomas feature MI-like macrophages that drive local
inflammation, whereas advanced adenomas and invasive CRC comprise M2-like macrophages promoting
angiogenesis, extracellular matrix remodeling, and immunosuppression.

TAMs are crucial in CRC metastasis, particularly to the liver. M2-polarized Kupffer cells express CD206
and CD163, secrete hepatocyte growth factor, and activate PI3K/AKT signaling, thus aiding extravasation,
survival, and proliferation of metastatic cells. They also foster lymphangiogenesis and immunosuppression
through release of IL-10 and TGF-B.

CRC’s consensus molecular subtype (CMS) impacts the profile of TAMs: CMSI (microsatellite
instability-high) tumors typically harbor an anti-tumor M1 macrophages, while CMS4 (mesenchymal)
tumors are enriched in M2-like TAMs, which facilitate stromal remodeling and angiogenesis, ultimately
contributing to a poor prognosis.

Spatial distribution also matters. Abundant M1 macrophages at the invasive margin correlate with better
outcomes, whereas M2 macrophages in tumor centers and metastatic sites drive disease progression.
Some CD206+ macrophages, however, support vascular normalization, which can limit metastasis. These
findings underscore the complexity of TAMs in CRC and highlight the necessity of multi-marker
phenotyping.

Given the limitations of the M1/M2 paradigm, advanced techniques such as spatial transcriptomics and
single-cell RNA sequencing offer novel insights into TAM heterogeneity. Future therapeutic strategies
targeting TAMs, including metabolic reprogramming, epigenetic modulators, and immune checkpoint
inhibitors, hold promise for improving CRC patient outcomes by shifting the balance toward an
anti-tumor immune response.

Keywords: colorectal cancer, tumor-associated macrophages, M1/M2 markers, tumor microenvironment, normal mucosa,
adenoma-colorectal cancer-liver metastasis sequence, prognostic significance.
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1. Introduction

CRC is the third most common type of cancer
and the second leading cause of cancer-related
mortality in the world [1]. Distant CRC metastases,
which most frequently appear in the liver, drastically
worsen survival [2]. Emerging evidence suggests that
both adaptive and innate immune cells in the TME
play a critical role in CRC development and
progression [3].

Macrophages are a common component of CRC
TME. As antigen-presenting cells (APCs),
macrophages present tumor antigens on their surface
through the major histocompatibility complex class II
(MHC 1II), promoting the activation and
differentiation of T cells, interconnecting innate and
adaptive immunity. As effectors, they destroy cancer
cells by enzymatic degradation via lysosomal
enzymes and the generation of reactive oxygen
species [4]. In addition, they produce cytokines and
chemokines to slow down tumor progression either
directly or by modulating other immune cells [4].

The concept of TAMs was introduced to describe
the role of macrophages [5] in tumor-induced
immunosuppression, invasion and metastasis. TAMs
include MO non-polarized macrophages, which, in
response to signals from TME, acquire M1, M2 and
other more complex phenotypes [4]. Unlike other
macrophages, TAMs have a higher proliferative
capacity and are characterized by both M2
(predominantly) and M1-like transcriptional profiles.
TAMs can exhibit both pro-tumor (M2-like) and
anti-tumor (M1-like) activities depending on their
polarization states and the signals they receive from
the TME [6, 7, 8, 9]. This diversity is reflected in the
expression of various surface markers and functional
characteristics, which ultimately shape their biological
roles [4, 5].

Considering the phenotypic diversity of TAMs
and the presence of transitional forms between
individual types, classification based on the M1/M2
dichotomy is somewhat outdated, making it
challenging to describe the diverse biological
functions performed by TAMs. This may account for
the conflicting data on the anti-tumor and pro-tumor
roles of M1 and M2 macrophages. Accordingly, it is
important to investigate the biological functions of
specific macrophage molecules, their expression
levels, and potential co-expression with other markers
to better characterize the effects of TAMs [10, 11].

The widespread use of single-cell RNA
sequencing in recent years has contributed to
accumulation of data illustrating cellular
heterogeneity of tumor tissue. New associations have
been established between the molecular diversity of
TAMs and their functional roles [12, 13].

The current review focuses on the
phenotypically driven diversity of TAMs biological
effects in CRC development, progression, and
metastasis. Additionally, it aims to analyze data
regarding the specificity of individual markers for
different macrophage phenotypes and their biological
roles in various regions of primary tumors and
metastases.

2. Diversity of macrophages

Macrophages are highly plastic cells, which can
acquire different phenotypes in response to signals
from TME [7]. The 1st and still the most commonly
used  TAMs  classification = considers = MO
(non-polarized), M1 (classically activated,
pro-inflammatory, anti-tumor) and M2 (alternatively
activated, anti-inflammatory, pro-tumor)
macrophages [7] (Fig. 1).

M1 macrophages are characterized by high
phagocytic and antigen-presenting activity and are
induced by pro-inflammatory cytokines (IFN-y,
TNEF-a, granulocyte-macrophage colony-stimulating
factor = (GM-CSF), lipopolysaccharide  (LPS),
chemokines (CCL5, CXCL9, CXCL10, CXCL16) and
other factors [11, 14, 15]. In turn, they produce a
spectrum of pro-inflammatory cytokines (e.g., IFN-y,
IL-12, TNF-qa, IL-1B, and IL-6). Through IFN-y they
stimulate T-cell-mediated killing of tumor cells.
Additionally, M1 macrophages can recruit and
activate other immune cells, including natural killer
cells and dendritic cells, bolstering the anti-tumor
immune response [16, 17].

M2 macrophages exhibit low phagocytic and
antigen-presenting activity and are induced by other
cytokines (IL-4, IL-13, IL-10, transforming growth
factor-beta (TGF-B), growth factors (macrophage
colony-stimulating  factor (M-CSF or CSF1),
chemokines (CCL2, CCL18, CCL22), prostaglandin E2
(PGE2), or hypoxia-inducible factors (HIFs) [18]. They
produce matrix metalloproteinases (MMPs) that
degrade extracellular matrix and secrete growth
factors and cytokines such as VEGF, FGF, IL-6, and
IL-12, promoting angiogenesis, tumor growth,
invasion, and metastasis. Additionally, M2
macrophages release immune-suppressive cytokines
like IL-10 and TGF-B, which can induce fibrosis by
activating fibroblasts and promoting collagen
production, as well as facilitate epithelial-
mesenchymal transition (EMT) [16 ,19]. Moreover, by
producing proteins like collagen, which shield tumor
cells from damage, M2 macrophages can create a
favorable environment for tumors to survive and
grow [20]. Additionally, collagen can interact with
integrin receptors on tumor cells, activating signalling
pathways that promote cell survival and resistance to
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death, thereby enhancing viability and proliferation of
tumor cells [21].

Counterintuitively, M1 macrophages can also
promote tumor progression through activation of
NF-xB signalling, production of pro-inflammatory
mediators and matrix remodeling [22, 23]. M2
macrophages can also have anti-tumor effects by
contributing to  vascular  maturation and
“normalization” in CRC, which can limit metastasis
and improve prognosis of CRC patients [24-27]. These

findings suggest that M1 and M2 macrophages may
play a more complex role in CRC progression than
was previously thought [24, 25].

M2 macrophages in vitro can differentiate into
several subtypes (M2a, M2b, M2c and M2d) in
response to different signals [26] (Fig. 2). Unique
surface marker signatures for each of these subtypes
have been identified, enabling further exploration of
the potential biological effects of these TAMs [25].
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Figure 1. The direction of macrophage differentiation in response to various signals from the TME (the classical paradigm of M1/M2 macrophage dichotomy). Green arrows
indicate the direction of macrophage polarization toward M1, and red arrows indicate the direction of polarization toward M2
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Figure 2. The main phenotypic characteristics of M2a, M2b, M2c, M2d macrophages. In addition to the markers shown in the figure, these macrophages co-express other
markers, albeit at lower levels. * med - medium level of expression hi - high level of expression.
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M2a macrophages are induced by IL-4 or IL-13,
secrete high levels of IL-4 and IL-13 and express
markers such as CD206, CD163, CD209, CLEC7A
(CD36), CD204, FCGR3A (CD16a), MSR1, and TIMD4
[26, 27]. They are involved in tissue repair and
remodeling, and they promote tumor growth by
enhancing angiogenesis and suppressing the
anti-tumor immune response [28]. M2b macrophages
are induced by immune complexes and Toll-like
receptor (TLR) agonists and express high levels of
IL-10 and TNF-a. They have a mixed pro- and
anti-inflammatory profile and support tumor
progression by promoting immunosuppression and
facilitating tumor cell invasion and metastasis [29].
M2c macrophages are induced by IL-10, TGF-p and
glucocorticoids and are characterized by high
expression of MARCO, CD206, CD163, CD209 and
CD204 [30]. M2c contribute to tumor progression by
promoting an immunosuppressive environment and
aiding in tissue repair mechanisms that tumors
exploit for growth. M2d macrophages are induced by
IL-6 and adenosine and exhibit high levels of VEGF,
iNOS, and IL-10. They are strongly associated with
angiogenesis and tumor growth [31].

The discovery of several subsets of
M2-macrophages has highlighted the
oversimplification of the M1/M2 paradigm, since
“pure” M1 and M2 forms can only be obtained under
in vitro conditions [32]. In vivo, TAMs frequently
express a combination of M2 (CD163, CD206), M1
(CD80, CD86, and CD32) and MO (CD68) markers,
reflecting their complexity and plasticity within the
TME [11, 27, 33]. The majority of TAMs display
overlap between M1 and M2 markers, as well as

within M2 subtypes, so terms such as
“M2-predominant”  phenotype appear  more
appropriate [28, 34].

Supplementary table S1 shows markers that are
strongly associated with either the M1 or M2 type as
well as others that may be expressed throughout
different polarization states. CD68, M0 marker, is
expressed by majority of both M1 and M2 TAMs,
which probably mirrors polarization process
(Supplementary file, Table S1). It is important to note
that TAMs can simultaneously co-express
M1-associated phenotypic markers (e.g., CD86, CD80,
iNOS,) and M2-associated markers (e.g.,, CD163,
CD206, VEGF). This phenotypic plasticity likely
highlights the diverse and sometimes contradictory
roles these cells play in tumorigenesis and cancer
progression [34, 35]. Also, co-expression of M1 and
M2 markers by a single cell could reflect transitional
states between these two types and illustrate
significant plasticity of macrophages and dynamic
nature of macrophage activation in response to

various stimuli from TME. It is hypothesized that
TAMs are characterized by a unique phenotype that
does not exist under normal physiological conditions
and carries both M1 and M2 surface markers [36].
Other macrophages, eg. CD169+ (SIGLEC-1) do not fit
neatly into the M1 or M2 categories [34, 37-39].
CD169+ macrophages were found in various types of
cancer in human, as well as mouse cancer models,
including CRC with high microsatellite instability
[39]. In primary CRC, CD169+ macrophages can
exhibit pro-tumor effects, whereas in metastasis to
regional lymph nodes (RLNs) their effect is mainly
antitumor [38].

The above-presented concept of hybrid M1 and
M2 phenotypes may explain the contradictory results
regarding the biological effects of M1 and M2
macrophage subtypes. This phenotypic ambiguity can
lead to mixed immune responses within tumors,
potentially influencing cancer progression in
unpredictable ways and complicating prognostic
assessments [40].  Nevertheless,  classifying
macrophages as M1 or M2 remains relevant for
characterizing specific macrophage markers and their
biological effects [41].

Given the limitations of the former classification
of macrophages, a new one, based on comprehensive
scRNA-seq analyses in several human cancers
including CRC, has recently been suggested [42 ,43].
Based on specific gene signatures and functions, the
following types of TAMs have been distinguished:
interferon-primed  tumor-associated macrophages
(IFN-TAMs), immune regulatory tumor-associated
macrophages (Reg-TAMs), inflammatory cytokine

enriched tumor associated macrophages
(Inflam-TAMs), lipid-associated tumor-associated
macrophages (LA-TAMs), pro-angiogenic
tumor-associated =~ macrophages  (Angio-TAMs),
RTM-like tumor-associated macrophages

(resident-tissue macrophages
glycolytic TAMs (Table 1) [42, 44].

This new classification has improved our
understanding of the different types and functions of
TAMs beyond the traditional M1/M2 polarization
paradigm. Table 1 shows that the biological effects of
TAMs are driven by unique combinations of both M1
and M2 markers [45] (Table 1). Notably, TAMs that
predominantly exhibit M1 markers often show
anti-tumor effects (e.g., angio-TAMs, LA-TAMs),
while expression of M2 markers is associated with
pro-tumor properties. We suggest that this is due to
the unique biological properties of these markers,
which are not directly related to the M1/M2

(RTM-TAMs),

macrophage  dichotomy. These  observations
underscore the need for a more nuanced
understanding of the biology of individual

https://lwww.jcancer.org



Journal of Cancer 2026, Vol. 17

161

macrophage markers, considering their specific
functional properties and contextual factors, rather
than relying solely on phenotypic classification. In
this regard, in our opinion, the classification
presented in Table 1, which highlights only 7 types of
TAMs, is somewhat simplified, as individual markers
can have specific biological roles in cancer
development, as well as distinct prognostic and
diagnostic significance, as demonstrated in table S1
(Supplementary file, Table S1).

3. Macrophages in normal mucosa (NM)
of the colon: understanding the
distribution and functional
implications

During the first three weeks of postnatal life,
embryonic macrophages in the colon are replaced by
macrophages of monocytic origin, a process linked to
microbiota formation. This involves microbiota-

induced production of CSF2 and chemokines, which
attract circulating monocytes to the intestinal mucosa,

where  they  differentiate  into  specialized
macrophages. This replacement is crucial for
developing tolerance to the new microbiota,

maintaining intestinal homeostasis, and ensuring
appropriate immune responses in the unique gut
environment [46].

Resident macrophages can be found in various
layers of the colon; however, the largest population of
macrophages is observed in the subepithelial portion
of lamina propria. They are strategically positioned as
the first line of defense against pathogens that
occasionally penetrate the epithelial layer [47].

M2 type, which expresses CD163, CD206, CD36
and TREM, and encompasses all their subtypes,
represents the majority of resident macrophages in
healthy NM [48]. Their anti-inflammatory phenotype
ensures tolerance to food antigens and commensal
microorganisms [49], a process mediated in part by
regulatory T cells (Treg) [49]. Also, M2 macrophages
secrete growth factors that promote proliferation and
differentiation of epithelial cells [50] and therefore are
involved in repair and remodeling of the mucosa.
Besides, M2 macrophages help to regulate the
composition of the gut microbiota and prevent
dysbiosis [51].

M1 macrophages, although present in smaller
numbers, play important roles in maintaining
intestinal homeostasis. They monitor potential
pathogens using their pattern recognition receptors
and present antigens to T cells, contributing to
immune surveillance and tolerance to commensal
bacteria [52]. They are also highly phagocytic, clearing
debris and potentially harmful microbes without
triggering excessive inflammation. Besides, M1
macrophages participate in maintaining the integrity
of the epithelial barrier [52, 53].

Furthermore, NM harbors transitional
macrophages between MO and M2 states, which can
be recognized by co-expression of CD68 and CD163
[54, 55]. Most transitional macrophages located in the
subepithelial layer of NM also express CX3CRI,
which is crucial for maintaining gut homeostasis by
controlling aberrant intestinal inflammation [56]. Lack
of CX3CR1 leads to increased infiltration by
pro-inflammatory macrophages and Th17
lymphocytes in the colon [57].

Table 1. Classification units of TAMs based on single-cell sequencing data.

Types of TAMs  Protein markers Cytokines Functions/Effects

Interferon-primed CD14, CD86, PD-L1, TNF-a, IL-12

Exhibit either a pro-tumor M2-like phenotype or an anti-tumor M1-like phenotype.
Pro tumor effects: Enhance tumor proliferation, T cell exhaustion, Immunosuppression, Decreased
Immunosuppression, Suppressed T cell activation

Antitumor effects: IFN-y enhances the anti-tumor immune response by promoting the activation of
M1-like macrophages, which produce pro-inflammatory cytokines such as IL-12, TNF-a. This
activation can lead to increased phagocytic activity and improved tumor cell killing

TAM CD163, MHC I,
CD64 (FcyRI)
Immune CD206, CD40,  IL-10, TGF-B, VEGF,
regulatory TAM  CD80, PD-L1, CCL22, PDL-1
Argl
Inflammatory CD80, CD86,

cytokine-enriched CD68, MHCII CCL3, CCL3L1

TAM
Lipid-associated =~ CD36, CD163,
TAM CD206, CD80, FABP5, APOE processes
CD40
Pro-angiogenic VEGEF, CD206, VEGFA, PDGF,
TAM CD163 TGF-3, MMP2,
MMP9, and MMP12. Protumor effects
Rresident-tissue ~ CD68, CD163, Argl, PDL-1
macrophages-like Tim4, CD206
TAM
Glycolytic TAMs CD163, CD206, IL-1f3, TNF-a, IL-6,

Argl IL-10, HIF-1a

Can either promote or inhibit tumor progression
Effects: Promoting Tumor Cell Survival and Proliferation, Suppressing Anti-tumor Immunity,
Promotes inflammation, T cell suppression

1I-18, CXCL1/2/3/8, Pro-inflammatory activity, regulation of WNT-signaling

Arg-1, XBP1, TREM2, Promotion of Tumor Growth, Antigen processing and presentation pathways, ATP biosynthetic

protumor effects, promotion of metastasis
Angiogenesis, Promotion of HIF pathway in tumor
cell; Activate NF-kB, Notch, VEGF signaling.

Immune tolerance, Immunosuppression, promotion of tumor invasiveness

Immunosuppression, promotion of tumor invasiveness, M2-like polarization
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Macrophages in mucosa-associated lymphoid
follicles, which are the most numerous on the border
of mucosa and submucosa, help to maintain epithelial
barrier function, contribute to immune tolerance to
commensal bacteria and promote tissue repair. They
predominantly express M2 markers: CD163, CD206
and CD169 [58, 59]. However, due to high plasticity
they can adopt pro-inflammatory (Ml-like)
phenotype in response to microenvironmental signals
[47, 59, 60]. Tingible body macrophages (TBM) are
found in germinal centers of secondary lymphoid
follicles [59]. They phagocytize apoptotic B-cells
during the germinal center reaction [59]. This process,
known as efferocytosis, is crucial for maintaining
tissue homeostasis and preventing autoimmune
responses. Also, TBMs may contribute to the
downregulation of germinal center reactions through
prostaglandin release, which has been shown to
suppress IL-21 production in B cells [59]. Intravital
imaging has shown that TBMs are stationary cells that
use highly dynamic cytoplasmic protrusions to
capture and phagocytose migrating fragments of dead
cells. The presence of nearby apoptotic cells can
trigger the activation and maturation of follicular
macrophages into classical TBMs, even in the absence
of germinal centers [59].

High densities of M2d macrophages (iNOS+,
MSR1+, VEGF+) were identified in the lamina
propria, particularly in close proximity to submucosal
blood vessels. Under hypoxic conditions,
macrophages can activate HIF-dependent signaling
pathways that modulate endothelial cell function and
promote angiogenesis, thereby supporting vascular
remodeling in the lamina propria. Thus, based on
previous studies describing hypoxia-responsive
macrophage activity and their interactions with
stromal and vascular compartments, these cells are
likely to contribute to the growth and maintenance of
the local microvascular network [61-63].

4. Macrophages in colorectal adenoma

Colorectal adenoma (CA) - carcinoma sequence
is the most common pathway for CRC initiation. At
the early stages of adenomas, M1 macrophages
accumulate inside the tumor over M2 macrophages,
possibly as a response to the disruption of the
epithelial barrier integrity [64]. M1 population in
adenomas is characterized by expression of CCL3,
CCL4, CXCL2 and CCL19, as confirmed by the
research of Wierzbicki J. et al 64. As the malignant
potential increases from hyperplastic through tubular
and tubulo-villous to villous polyps, the expression of
CCL3, CCL4, and CCL19 in lesions decreases. Similar
dynamics was observed not only in polyps but also in
adjacent normal mucosa [65]. As the lesion size

increased, the expression of CCL3, CCL4, and CCL19
decreased, whereas the expression of CXCL2
increased in the unaffected parts of the colon. [65].
Additionally, CXCL2, a chemoattractant for
myeloid-derived = suppressor  cells  (MDSCs),
suppresses the expansion and activity of anti-tumor
effectors, such as T and NK cells [65-67]. There are
conflicting data regarding CXCL2 expression, with
some studies attributing it to M1 macrophages, others
to M2 macrophages [68 ,69], and some to both subsets
[70].

Macrophages in CA show increased production
of MMP9 and MMP2, which are involved in
extracellular matrix remodeling and promote the
transformation of CA into CRC. MMP+ macrophages
share markers of both M1 and M2 types and likely
represent transitional cells between these phenotypes
[71].

Furthermore, in the case of adenoma progression
towards CRC, F4/80-High, MHCII-Low macrophages
(characteristic of embryonic tissues and declining
postnatally)  predominate  over  F4/80-High,
MHCII-High macrophages. F4/80-High, MHCII-Low
macrophages consistently demonstrate simultaneous
expression of both M1 and M2 macrophage markers
[72,73].

Late-stage adenomas are characterized by
predominance of M2 macrophages over M1 type,
however, both types of macrophages contribute to
creating a favourable pro-tumor microenvironment
[74].

CCR2-independent subset of macrophages
(predominantly M2c subtype) in CA becomes the
dominant resident macrophage population and
becomes even more abundant following
transformation into tumor. Analysis of CA has shown
that CSF1 from neighbour cells within the adenoma
microenvironment is a key factor driving macrophage
self-renewal [71]. Thus, the microenvironment creates
an isolated niche for tissue-resident M2 macrophages,
which promotes their survival and self-renewal [72,
75].

The transformation of adenoma into CRC is
driven by genetic chromosomal instability (CIN),
microsatellite instability (MSI), and epigenetic
methylation alterations [76]. CIN promotes an
anti-cancer =~ Ml-like  macrophage  phenotype,
enhancing immune responses [77], whereas the
IL-1a/IL1R/MyD88/TET2 axis regulates
DNA-methyltransferases (DNMTs) such as DNMT1
and DNMT3b in macrophages, thereby directing their
polarization toward M2-like phenotype [78].
Overexpression of DNMTs in tumor cells
downregulates tumor suppressor genes, thereby
promoting  tumor  progression,  while M2
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macrophages can induce DNMT1 overexpression,
further silencing tumor suppressors [79, 80].
Progression of late-stage adenoma is marked by
dysregulated DNMT methylation and demethylation,
shifting macrophages toward an M2 phenotype that
enhances production of vascular endothelial growth
factor (VEGF) and TGF-f, supporting tumor survival
and metastasis [81]. Non-coding RNAs, including
miR-155 and miR-145, also regulate adenoma-to-CRC
transformation  [82]. miR-155 promotes M1
macrophage polarization, potentially inhibiting CRC
progression [83], whereas miR-145 drives M2
polarization by enhancing IL-10 production via
HDACI1 targeting and is transferred to macrophages
via extracellular vesicles (EVs) [84].

5. Macrophages in primary colorectal
cancer

The anti-cancer response of macrophages is
triggered by the recognition of cancer cells, with
TLRs, particularly TLR4, playing a key role by
detecting danger-associated molecular patterns
released by cancer cells. At this stage, macrophages
can phagocytize both apoptotic and viable cancer
cells, followed by antigen presentation to T-cells [85].
Phagocytosis of apoptotic tumor cells (efferocytosis) is
primarily associated with M2 macrophages, which
recognize "eat me" signals on apoptotic tumor cells
[85]. The phagocytosis of viable tumor cells is
regulated by a balance between pro-phagocytic "eat
me" signals (calreticulin and SLAMF?7) and
anti-phagocytic "don't eat me" signals (CD47, PD-L1,
and P2-microglobulin) on the tumor cell surface [86].
CD47 is a key "don't eat me" signal that inhibits
phagocytosis by binding to SIRPa on macrophages
[87, 88]. Blocking CD47 or other anti-phagocytic
signals can enhance the clearance of viable tumor cells
by macrophages, and is being explored as an
anticancer immunotherapy strategy [88, 89]. Some
viable tumor cells can evade phagocytosis through
enhanced expression of these anti-phagocytic signals
[87]. Phagocytosis of viable tumor cells by
macrophages can sometimes lead to the formation of
tumor hybrid cells, which may acquire survival
advantages and contribute to cancer progression [90].

Majority of TAMs present antigen in the context
of MHC II molecules to CD4+ T cells, whereas some
macrophages, particularly of the M1 phenotype, can
cross-present tumor antigens to CD8+ T cells via
MHC class I molecules [91].

Drivers of macrophage polarization in CRC

The recognition of tumor cells triggers
macrophage polarization, which is influenced by both
macrophage-intrinsic genetic and epigenetic factors

and is extensively regulated by the TME [92].
Depending on the molecular cues, these modifications
can either suppress or promote CRC progression [93].
In CRC, factors such as the IL-1a/IL1R/MyD88/TET2
axis, PAD4, MMP14, MMP9, MMP2, VEGF, HIF-1q,
arginase-1, cytokines (IL-4, IL-5, IL-13), and
chemokines (CCL2, CCL3, CCL4, CCL5, CXCL12)
contribute to macrophage polarization [94, 95]. These
signals modulate transcriptional activity of
macrophages through DNA methylation, histone
modifications, and miRNAs induction, playing a
critical role in shaping macrophage function in CRC
[78, 93].

Transcription factors (TFs)

Key transcription factors involved in M1
polarization include IRF1 and IRF5, which mediate
the production of inflammatory cytokines TNF-a,
IL-6, and IL-12 and also NF-xB and IRF8 (Fig. 3) [96
-98]. Members of the STAT-family of TFs (STATIL,
STAT2, STAT4 and STATS) are also important for M1
polarization [99]. STAT1 is activated by IFN-y
promoting the expression of pro-inflammatory genes
[100]. Contrary, IRF-3 and IRF-4 promote M2
polarization [100]. Also, STAT3 and STAT6 proteins
are central to M2 polarization. STAT6 is activated by
IL-4/1L-13 promoting the expression of M2 markers
such as the mannose receptor and PPARy. IRF4
competes with IRF5 and upregulates STAT6 [102,
103].

DNA methylation and demethylation

Two types of DNA methyltransferases
(DNMTs), enzymes responsible for DNA methylation,
promote macrophage polarization toward the Ml
type: DNMT1 and DNMT3b (Figure 3). DNMT1 plays
a crucial role in M1 activation by suppressing the
expression of Kriippel-like factor 4 (KLF4) and
suppressor of cytokine signaling 1 (SOCS1), thereby
enhancing the secretion of proinflammatory cytokines
such as TNFa and IL-6 [79, 104]. DNMT3Db targets and
inhibits the PPARy promoter, a positive regulator of
M2 macrophage polarization [105], and knockdown of
DNMT3b can promote M2 polarization [80].

Demethylation is equally important and is
controlled by ten-eleven translocation (TET) enzymes,
specifically TET1, TET2, and TET3, which oxidize
5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC), ultimately removing the methyl group [106].
This  demethylation favors M2 macrophage
polarization [107]. The balance between DNMT and
TET activity is crucial for maintaining macrophage
M1/M2 plasticity [108]. DNMT inhibition may shift
macrophages toward the M2 phenotype, potentially
promoting an immunosuppressive environment that
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supports tumor growth [109]. Conversely,
demethylation can also activate pro-inflammatory
genes, promoting M1 polarization in response to
inflammatory signals. In M1 macrophages, increased
TET activity can drive the expression of key cytokines
and inflammatory markers, contributing to their
anti-tumor function. DNMT inhibitors, such as
azacitidine and decitabine, promote demethylation
and reactivation of silenced genes making them useful
in anticancer therapy [110]. These inhibitors could
also enhance the M1 macrophage response,
potentially improving the efficacy of immune-based
cancer treatments [80].

Histone modifications

Histones undergo post-translational
modifications such as methylation, acetylation,
phosphorylation = and  ubiquitination. =~ These

modifications can influence chromatin structure
thereby affecting gene expression and altering the
accessibility of DNA sites to transcription factors.
Histone methyltransferases (HMTs) play a specific
role in macrophage polarization (Fig. 3). For example,
SET7/9 activates NF-xB, promoting M1 polarization
by inducing TNF-a production, whereas SMYD2
inhibits M1 polarization by regulating
pro-inflammatory cytokines [108]. In contrast, SMYD3
promotes M2 polarization by activating pathways
that drive M2 macrophage phenotypes [111]. PRMT1,
an arginine methyltransferase, is involved in both M1

and M2 polarization through distinct mechanisms
[108]. Histone acetyltransferases (HATs), such as
P300/CBP, and histone deacetylases (HDACs) also
influence macrophage polarization [112]. P300/ CBP is
crucial for M2 macrophage polarization [112], while
HDACS3 supports M1 activation [113].

ncRNA

Non-coding RNAs (ncRNAs) can regulate gene
expression and maintain the balance between M1 and
M2 macrophages by modulating transcription,
translation and mRNA splicing. miR-155 and miR-145
are particularly important in directing M1/M2
macrophage polarization [114, 115] (Fig. 3). Various
other ncRNAs, including circRNAs and IncRNAs,
also play significant roles in macrophage polarization
by influencing key signaling pathways such as NF-kB
and the miR-224-5p/IL-33 axis. These regulatory
networks contribute to the complex dynamics of
macrophage polarization within the tumor
microenvironment [108, 116].

Epigenetic regulation is crucial for shaping
macrophage function within the TME, influencing
their polarization and secretory profiles. Key targets
include extracellular matrix (ECM)-modifying
enzymes, such as MMPs and ADAM family proteases.
ncRNAs such as miRNAs, circRNAs, and IncRNAs
modulate the expression of genes involved in ECM
remodeling by directly or indirectly regulating MMP
activity [117].

[ Nfkg, IRF1, DNMT1, SET7/9, miR-155,
IRF5, IRFS, DNMT3b, PRMT1, circRNA Cdyl,
( \ STAT1,STAT?, TET], TET2, HDAC3, SIRT1 circRNA
y STAT4, STAT5 TET3 PPM1F
(,\ P activation
\ /)
\ﬂM1/ Transcription DNA methylation Histone ncRNAs
Factors modification
ol
=T
< - \
IRF3, IRF4, DNMT1 SMYD3, miR-145, incRNA
STATS, DNMT3b PRMT1, NEAT1,
STAT6 inhibition HDAC4, P300/ hsa_circ_0005567,
CBP circ RNA ngh 11
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Figure 3. Transcription factors and epigenetic factors determine the direction of M1/M2 polarization of macrophages.
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Through  these  epigenetic = mechanisms,
macrophages can fine-tune the expression of
proteolytic enzymes, thereby influencing tumor
invasion, metastasis, and immune evasion.
Interestingly, the numbers of MMP+ and ADAMS8+
TAMs in CRC are correlated, with both populations
secreting disintegrin and metalloprotease domain 8
(ADAMS). ADAMS activates MMPs, driving matrix
remodeling and promoting tumor invasion.
Additionally, ADAMS protein is involved in cell
migration, adhesion, and membrane shedding,
processes that are critical for metastatic spread.
Inhibition of ADAMS8 and MMP activity impedes the
invasive and migratory capabilities of drug-resistant
CRC cells, suggesting that ADAMS8 may serve as a
macrophage-related biomarker in CRC, warranting
further investigation [118].

IL-10 and TGF-B  contribute to an
immunosuppressive environment by inhibiting
cytotoxic T cells, enhancing the recruitment of MDSCs
and promoting regulatory B cells [119]. M1 TAMs,
although less abundant, primarily exhibit anti-tumor
effects and are associated with favorable prognosis in
CRC [120, 121].

The presence of mixed M1/M2 macrophages
(particularly CD68+, CD80+, MHC-II+) in the TME
correlates with reduced frequencies of liver metastasis
[122, 123], and high infiltration of CD68+ TAMs is
considered a favorable prognostic marker in CRC
[124].

In the early stages of CRC, M1 macrophages
cooperate with M2 macrophages to promote
angiogenesis through secretion of VEGF and iNOS.
Subsequently, the density of CD206+, CD163+ M2
macrophages, which secrete PDGF-B and high levels
of MMP-9, gradually increases. This is necessary for
the maturation of growing blood vessels and
remodeling of the vascular network. PDGF-B
facilitates the recruitment of pericytes, which
contribute to stabilization of sprouts and their
evolution into functional vessels [125, 126]. Overall,
increased angiogenesis in tumors is often associated
with poor prognosis, contributing to CRC progression
and metastasis. Several studies have identified CD206
as a potential biomarker associated with poor
prognosis in CRC [125-127]. However, other report
that a high density of certain CD206+ and CD163+ M2
TAMs positively correlate with a prolonged
relapse-free interval in CRC patients. They are also
associated with lower tumor aggressiveness and
fewer lymph node metastases [40, 126]. Similar trends
have been observed in experimental CRC growth
models and other cancer types [129]. For instance, in
syngeneic mouse tumor models, increased CD206+
TAM were associated with reduced tumor burden,

and in patients with cutaneous melanoma, high
CD206+ macrophages density correlated with
improved overall survival. This phenomenon is
attributed to 'vascular normalization", whereby
stabilized and mature vessels prevent tumor cells
from entering the vascular network [130, 131], which
helps explain conflicting data regarding the
prognostic role of M2 TAMs in CRC.

Recent studies have identified a subset of
secreted phosphoprotein 1 (SPP1), also known as
osteopontin positive macrophages within the tumor
tissue that possess unique characteristics and
immunosuppressive properties [131]. SPP1 is
expressed by both the M2- and Ml-macrophages.
SPP1+ TAMs are primarily located at the invasive
front of the tumor in close proximity to both CRC cells
and fibroblasts, where they contribute to EMT,
angiogenesis, tumor growth, invasion and metastasis
[131, 132]. Targeted downregulation of SPP1+ in
TAMs has been investigated as a potential therapeutic
strategy [133]. SPP1+ TAMs differentiate from
THBS1+ TAMSs, which are also associated with poor
prognosis in CRC' and typically exhibit an M2
phenotype. THBSI is highly expressed in the stromal
areas of both primary and metastatic CRC lesions and
contributes to exhaustion of cytotoxic T-cell and
impaired vascularization, correlating with the
aggressiveness of the disease [131].

These findings indicate that single markers are
insufficient to differentiate TAM phenotypes, which
often possess antagonistic functions (Table 2). Table 2
demonstrates the cross-expression of M1 and M2a-d
macrophage markers. Multiplex staining with a panel
of markers is recommended to accurately characterize
TAMs [128]. Wang et al, 2023 have recently
demonstrated that markers of M1 macrophages
(NOS2, CXCL10, CD11c) were weakly expressed in
both the invasive front and tumor center (TC),
whereas M2 markers (CD163, CD206, CD115) were
primarily expressed in the invasive front in primary
CRC. CRC patients with low M1 markers expression
or high M2 markers expression demonstrated poor
prognosis. Importantly, the combined prognostic
value of a multiple markers (NOS2/CXCL10/CD11c
or CD163/CD206/CD115) was higher than that of any
single marker [128].

Macrophages and tumor microarchitecture

Beyond the complexity of their various
polarization states, macrophages located in different
regions of CRC can also play opposing roles [40, 94,
134]. The inherent plasticity of TAMs enables
dynamic transitions between M1 and M2 types in
response to microenvironmental signals. In the TC,
which is characterized by a high degree of genetic
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instability, cellular proliferation and hypoxia, TAMs
are predominantly polarized toward an M2-like type
[134]. The ratio of M1 to M2 macrophages may
influence the progression and metastatic potential of
CRC and is considered an important prognostic
marker [94].

The tumor invasive margin (TIM) is the area
where cancer cells actively invade the surrounding
tissue, exhibiting a more aggressive and invasive
phenotype. Pinto et al. reported a predominance of
CD163+ TAMs in the invasive front, whereas CD80+
TAMs were enriched in intratumoral region (IT) and
the invasive front [135]. Compared to TAMs in the
tumor core, those in the TIM often display a more
complex and mixed (M0, M1 and M2) phenotype,
which reflect their adaptability to the dynamic
tumor-host interface [136].

Several studies have demonstrated correlation
between the types and abundance of TAMs in
invasive front with the clinical and pathological
features of CRC. For example, the number of M2
TAMs, predominantly CD163+, increases in the TIM
as tumor advances. High numbers of M2 TAMs at
TIM are associated with poor histological
differentiation, lymphovascular invasion and lymph
node metastasis. Additionally, it was found that a
higher M1/M2 ratio in the TME, particularly at the
invasive front, correlates with a better prognosis and
lower risk of metastatis [137, 138]. The inner and outer
layers of TIM exhibit distinct tissue architecture and
different immune landscapes [139]. Moreover,
individual immune cell types, including different
subsets of T cells, NK cells, dendritic cells (DCs) and
macrophages, can show different prognostic
associations depending on whether they are located in
the inner or outer layers of TIM, as demonstrated by
Artur Mezheyeuski et al [140, 141]. Tumor stage
stratification revealed that TAMs, especially CD163+,
were more abundant in TIM of T3 tumors, whereas
CD80+ macrophages predominated in less invasive
Tl tumors. In advanced (T3-T4) CRC a higher
CD68+/CD163+ cell ratio and a lower
CD80+/CD163+ cell ratio were associated with
shorter overall survival [135].

The peritumor zone (PT) lies adjacent to the
invasive margin. Determined on the depth of the
invasion, the PT region may include the submucosa,
muscularis propria and subserosal fat. Immune cells
in this region play a crucial role in tumor progression,
invasion, and metastasis, as well as in shaping the
local immune response against the tumor. Tertiary
lymphoid structures, which are enriched in CD68+
macrophages are frequently seen within the PT [142].
TAMs in the PT can interact with fibroblasts,
endothelial cells, and other immune cells to modulate

angiogenesis, immune responses, and support
stromal expansion [143]. TAMs in PT area can
co-express a range of both M1 and M2 markers,
including CD68, CD163, and CD206, reflecting their
involvement in both pro- and anti-inflammatory
activity [136, 144].

In summary, TAMs in TC and PT predominantly
exhibit an M2-like phenotype that promotes tumor
progression and may enhance immunosuppression or
support survival of tumor cells under hypoxic
conditions. TAMs in invasive front demonstrate a
more complex phenotype capable of supporting both
tumor growth and anti-tumor immunity, which is
crucial for invasion and metastasis of tumor cells [135,
145].

Conlflicting findings regarding the predominant
TAMs phenotypes in CRC can be explained through
the perspective of CMS, which are based on
differential gene expression within the TME. The four
recognized CMS groups, CMS1 (MSI-immune), CMS2
(canonical), CMS3  (metabolic)) and CMS4
(mesenchymal), are distinguished by specific genetic
alterations and intratumoral immune profiles [146,
147]. CMS1 is characterized by microsatellite
instability followed by immune activation and dense
infiltration by cytotoxic and memory T-cells, Th1 T
cells, follicular helper T-cells, yd T-cells, as well as
activated DCs and NK cells [146, 147]. Macrophages
in this subtype are predominantly polarized towards
the M1 phenotype [145]. CMS2 tumors show
activation of WNT and MYC pathways, while CMS3
tumors exhibit metabolic dysregulation and frequent
KRAS mutations. Mixed M1/M2 macrophage
phenotypes are common in CMS2 and CMS3, and the
balance between pro- and anti-tumor macrophage
effects depends on the M1/M2 ratio as well as the
metabolic context [145]. CMS4 tumors are defined by
EMT, associated with matrix remodeling, high
stromal activity, TGF-p pathway activation, and
angiogenesis. Compared with CMS1 tumors, CMS4
lesions contain fewer CD8* and CD4" T cells but more
regulatory T cells, monocytes, eosinophils, myeloid
cells, and resting DCs. Macrophages in CMS4
predominantly exhibit an M2 phenotype, which
contributes to a strong pro-tumor microenvironment
[148]. It is also important to consider the existence of
mixed CRC subtypes and the potential for tumors to
transition =~ between @ CMS  categories.  Such
heterogeneity complicates the assessment of M1/M2
dominance and its prognostic implications. Therefore,
evaluating the biological role of individual
macrophage markers and their influence on tumor
progression or regression remains highly relevant
[148].
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6. Role of macrophages in regional
lymph node (RLN) metastases

RLN metastasis occurs in several stages: (1)
initiation of lymphangiogenesis in the primary tumor,
(2) migration of the first tumor cells together with
immune cells through lymphatic channels toward the
draining lymph nodes, (3) induction of
lymphangiogenesis within the RLN, (4) formation of a
pre-metastatic niche in the RLN, and (5) proliferation
of tumor cells in the RLN parenchyma. At each of
these stages, macrophages play a specific role in
regulating, initiating, or suppressing these processes
[149, 150].

The role of M2 macrophages (particularly the
M2d subtype) in the production of VEGF-C, which
drives lymphangiogenesis, is well established [151].
VEGF-C also engages its lymphatic endothelial
targets, leading to reduced expression of vascular
endothelial cadherin (CD144) and disruption of the
endothelial barrier, thereby facilitating tumor cell
entry into lymphatic vessels [152]. A high number of
M2 macrophages and a low number of M1 at the
tumor invasive front correlate with lymphovascular
invasion and poor histological differentiation [141].
Furthermore, the M2/M]1 ratio is a stronger predictor
of RLN metastasis than the absolute number of pan-,
M1, or M2 macrophages at the invasive front. These
findings suggest that M2 TAMs at the invasive front
may contribute to CRC progression from stage II to
stage III [141, 152].

Hydrodynamics plays a key role in the spread of
tumor cells into RLNs. Blood vessels in the tumor
typically exhibit abnormal permeability and
disrupted blood flow, causing plasma to accumulate
in the extracellular spaces and impairing drainage
due to compression of local lymphatics [153, 154]. As
a result, intratumoral interstitial fluid pressure (IFP)
increases, generating an IFP gradient that facilitates

tumor cell migration toward the RLN [154]. Interstitial
flow has been shown to polarize macrophages
towards an M2-like phenotype (CD163+, CD206+)
through integrin/Src-mediated mechanotransduction
pathways involving STAT3/6 [155]. Consistent with
this flow-induced polarization, M2 macrophages
demonstrate a higher migratory capacity. Interstitial
flow also recruits M2 macrophages to tumor masses,
where they promote cancer cell invasion through the
secretion of MMPs and growth factors, such as TGF-p,
which degrade the ECM and support the invasive and
metastatic potential of cancer cells. Additionally,
macrophages release immunosuppressive cytokines
(e.g., IL-10), which suppress anti-tumor immune
responses, further contributing to tumor progression
[152, 155].

Macrophages, mainly of the M2 subtype, are
naturally present in mesenteric lymph nodes [156].
Additionally, M2 macrophages infiltrate
non-metastatic RLNs even before metastatic spread
occurs [157, 158]. These M2 macrophages serve as a
source of angiogenic factors (VEGF-C, iNOS), which
induce lymphangiogenesis and angiogenesis in the
RLNs, thereby multiplying potential routes for
metastatic dissemination [141]. M2 macrophages also
contribute to the formation of the premetastatic niche
in RLN by remodeling of ECM via secreted MMP-9
[159]. In addition, M2 macrophages create an
immunosuppressive environment in lymph nodes
before metastasis occurs, secreting cytokines such as
IL-10 and recruiting regulatory T cells (CCR-6+ Tregs)
to the developing premetastatic niche [160]. A study
by Yanping Wang et al., 2021, demonstrated elevated
numbers of M2b, M2c, and M2d macrophages
(CD163+, CD206+, VEGF+, iNOS+) in exposed RLN.
Moreover, RLNs with macrometastases contained
significantly higher numbers of M2 macrophages than
those with micrometastases [152].

Table 2. Overlapping markers between MO and M1- or M2-macrophages and between M2-subphenotypes.

Mo#** ADGRE1 CCR2 (CD192) CD14
SPP1 PPARG CXCR1

M1 CD11c FCGRIA (CD64) CD80
CXCL10 MHC-II* TLR-2*
IL-10R* IDA* SPP1*

M2a MHC-IT* SPP1* THBS1**
CD200R CLEC7A (CD301) CD36
TIMD4 CD206 F1zz1

M2b CD86* MHC-II* ILIRT*
IDA* PDCDILG THBS1

M2c TLR-2* TLR-4* TLR-8*
MSR1 (CD204) ** THBS1

M2d iNOS* VEGF*

MSR1 (CD204) **

CD68 CSFIR (CD115) ITGAM (CD116)
F4/80

CD86* iNOS* CD40

TLR-4* TLR-8 MRPS8

VEGF* IL1R1*

DA CD163* CD206**

CD209 FCGR3A (CD16) MSR1 (CD204) **
Argl SPP1* CD155

IL-10R* CD209* MSR1 (CD204) **
CD163*  CD206** FCGRIA (CD64) **

*Overlap between M1 and M2; **Overlap between M2 subtypes; *** The overlap of between M0 and M1 or M2 phenotypes was not analysed due to the presence of

transitional forms
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Anti-tumor effects of CD169+ macrophages
within RLNs have also been demonstrated. The
density of CD169+ macrophages in RLN correlates
positively with the density of infiltrating T- or
NK-cells in tumor tissues, indicating the significance
of CD169+ macrophages in anti-tumor immune
responses [161].

7. Role of macrophages in distant
hematogenous metastases

Macrophages can modulate distant CRC
metastasis at every sequential stage of the metastatic
process: invasion of tumor cells, angiogenesis in
primary CRC (pCRC), intravasation and survival of
tumor cells in the circulatory system, formation of
pre-metastatic niches in distant organs, extravasation
of tumor cells, colonization leading to
micro-metastases formation, and proliferation of
tumor cells at the secondary sites [162].

Invasion of CRC cells

During EMT, epithelial-like, early proliferating
cancer cells lose intercellular adhesions and acquire a
fibroblast-like phenotype with enhanced invasive and
migratory properties, which is a prerequisite for
metastasis [163]. EMT can also confer stem cell-like
characteristics on cancer cells, enhancing their ability
to initiate new tumors and resist therapies [164].

M2-macrophages, through secretion of MMPs,
TGF-f and IL-8, play the key role in driving EMT [94,
165]. However, M1 macrophages are also required, as
a source of IL-6, TNF, and IL-1 [166]. Cytokines
produced by M1 and M2 macrophages can act
synergistically to create a pro-EMT environment. For
example, TNF-a (from M1) and TGF-p (from M2) can
cooperate to enhance EMT and stem cell-like
properties in CRC cells through the NF-xB/Twist axis
[167, 168].

Angiogenesis in primary tumor

Angiogenesis plays a crucial role in supplying
nutrients and oxygen to support tumor growth and
progression. M2a and M2d macrophages (iNOS+,
VEGF+ CD204+, CD163+) can secrete pro-angiogenic
factors that promote the formation, maturation and
stabilization of new blood vessels in within the
primary tumor [68].

M1 macrophages also contribute to angiogenesis
through the secretion of VEGF-A and FGF2, both
essential for capillary sprouting [169]. For instance, in
a single-cell atlas of tumor-infiltrating myeloid cells, a
cluster of TAMs with an M1-like phenotype coexists
with a macrophage subpopulation exhibiting strong
angiogenic properties, which was associated with
poor prognosis [170, 171]. Several studies have shown

the joint contribution of M1 and M2 macrophages to
angiogenesis and tumor progression [126, 172].
Contrary, Bi Y. et al. 2020 reported that M1l
macrophages may inhibit angiogenesis and tumor
growth by promoting the production of CXCL9,
CXCL10, and CXCL11 in CRC, and that their
predominance may serve as a marker of favorable
prognosis in CRC [173].

Intravasation, circulation and extravasation of
cancer cells

Intravasation and extravasation are pivotal
stages of the metastatic cascade. M2 macrophages
play a leading role in these processes, with smaller
contribution from M1 and transitional M1/M2
macrophages [133, 174]. During intravasation, tumor
cells detach from the primary tumor and enter blood
vessels. MMPs remodel the stromal ECM and degrade
the basement membrane, making the tumor stroma
and endothelial barrier more permissive to the
intravasation of CRC cells [175]. Epidermal growth
factor (EGF), predominantly secreted by CD206+
TAMs, promotes the invasion and mobility of CRC
cells, and activation of EGFR on tumor cells is
required for sustained intravasation [176]. VEGF
produced by M2-like TAMs increases vascular
permeability, facilitating both intravasation and
extravasation [177].

Importantly, TAMs can directly "guide" cancer
cells to blood vessels (migratory macrophages) and
assist their entry into the bloodstream (sessile
perivascular macrophages) [177]. The following
sequence of events was previously described: TGF-f3,
produced by tumor tissue, induces expression of
CXCR4 by TAMs. At this stage, CXCR4* TAMs then
interact with cancer cells and induce expression of
actin regulators, ultimately leading to the formation of
podosomes in TAMs and invadopodia in tumor cells.
These specialized structures facilitate extracellular
matrix degradation and enhance metastatic spread.
Such mechanisms have been documented in lung,
ovarian, breast, and prostate cancer metastases. [178,
179]. Additionally, chemokine CXCL12 produced by
perivascular fibroblasts can attract CXCR4+ TAMs
together with mobile cancer cells toward blood
vessels. After tumor cells enter the circulation,
migratory TAMs differentiate into perivascular
macrophages (primarily M?2), increasing vascular
permeability and supporting tumor-cell intravasation
[179, 180].

Macrophages may also promote CRC cell
survival in the bloodstream by releasing cytokines
and chemokines. For example, IL-6 from both M1 and
M2 macrophages activates the JAK-STAT3 pathway,
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supporting tumor-cell survival and proliferation
[181].

In the liver, M2-type macrophages expressing
CD163 and CD206 produce hepatocyte growth factor
(HGF), which engages the c-Met tyrosine kinase
receptor on the surface of migrating tumor cells,
promoting their extravasation into the liver through
activation of various signalling pathways, including
JAK/STAT3, MAPK, PI3K/AKT, and NF-xB [181-
183].

The premetastatic niche (PMN) in the liver

In CRC, the liver is the most common site of
distant metastases. The development of the hepatic
PMN and the imprinting of macrophages within this
niche depend on tumor-derived EVs, which circulate
systemically. Integrins on EV surfaces mediate
organotropism, with specific integrin patterns
correlating with metastatic destination [184]. EVs
carry RNA, lipids, metabolites, and proteins that
reprogram recipient cells, modulate immunity,
remodel the ECM, and promote angiogenesis. In the
liver, tumor-derived exosomes containing miR-934
and miR-135a-5p bind preferentially to a
subpopulation of CD206+ resident Kupffer cells (KC)
[184-187]. This promotes upregulation of the fatty acid
transporter CD36 and polarizes KCs toward an
anti-inflammatory M2 phenotype, contributing to
PMN formation through PTEN suppression and
PI3K/AKT pathway [188, 189].

KCs are present in both normal liver tissue and
the metastatic TME, although their phenotypes differ
(Supplementary file Table S2). These differences are
not absolute, and KCs populations remain
heterogeneous. Their specific roles may vary
depending on metastasis stage, interactions with
other immune cells, and microenvironmental cues
[190, 191].

The dominant macrophage populations in CRC
liver metastases (LM) are M2 macrophages (CD206+,
CD163+) and KCs, although pan-
macrophages (CD68+), M1 macrophages (CD86+),
and transitional forms are also present [174, 187].
High M2 macrophages abundance correlates with
poor prognosis [192] (Supplementary file, Table S2).

M2 macrophages are pivotal in recruiting
MDSCs to the liver, which is a key step in PMN
formation. CRC cell-derived VEGEF-A triggers M2
macrophages (especially CD163+ and CD206+) to
produce CXCL1, which attracts CXCR2+MDSCs to
the pre-metastatic site, promoting liver metastasis
[193, 194].

Macrophages may also contribute to PMN
formation through fusion with tumor cells, forming
hybrids that promote distant metastases. In mouse

studies, macrophage-melanoma hybrids injected into
mice produced pancreatic metastases [195]. These
hybrids may aid PMN formation, though further
research is needed to clarify their role in extravasation
and colonization.

Colonization of liver by tumor cells to
establish micro-metastases

On human breast cancer cell lines
(MDA-MB-435, MDA-MB-231, T47D, and MCEF?7),
stimulation of the CCL2/CCR2 axis in monocytes and
macrophages increased CCL3 gene transcription and
protein production, which in turn enhanced
macrophage retention at metastatic sites [196].
Moreover, in CRC LM, the CCL3/CCR1 axis mediates
direct macrophage-tumor cell interactions, partly via
an a4 integrin, while CCR2+ M2 macrophages drive
metastatic progression; accordingly, CCR2 mediated
regulation of CCL3 is a potential therapeutic target
[197].

CCR2+ macrophages at the metastatic site
support further metastases by increasing vascular
permeability (via VEGF-A), providing survival
signals to metastatic tumor cells, and contributing to
immunosuppression within the metastatic niche [198,
199]. Additionally, as noted above, cancer-associated
fibroblasts (CAFs) further enhance metastatic
potential by  recruiting monocytes  through
IL-8/CXCR2  signaling and  promoting M2
polarization  through IL-6-mediated VCAM-1
upregulation in tumor cells. In metastasis, CAFs and
macrophages interact, increasing the metastatic
potential and supporting the colonization and
outgrowth of disseminated tumor cells [174, 200].

Proliferation of tumor cells at the LM

After tumor cells colonize the liver,
macrophages, particularly M2 ones, continue to
support metastatic growth. In CRC LM, M2
macrophages (whether free or physically associated
with tumor cells) secrete HGF, which activates c-MET
and downstream MAPK, ERK1/2, and RAS
pathways, driving tumor-cell proliferation [201, 202].
Simultaneously, M2 macrophages are recruited into
the LM through binding of the matricellular protein
SPON2. The expression of SPON2 positively
correlates with increased M2-TAM infiltration and
poor prognosis in CRC. Furthermore, SPON2
promotes cytoskeletal remodeling and
transendothelial migration of monocytes via the
integrin 1/PYK2 axis. It may also indirectly promote
M2 polarization by increasing IL-10, CCL2, and CSF1
expression in tumor cells. Blocking M2 polarization or
depleting macrophages suppresses SPON2-induced
tumor growth and invasion, while inhibition of the
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SPON2/integrin 1/PYK2 axis reduces  transcriptomics (ST) [131, 206]. ST allows
transendothelial monocyte migration and  simultaneous measurement of thousands of genes
TAM-mediated cancer progression [203]. When  while maintaining spatial context and enables

assessing macrophage phenotypes in metastasis, it is
essential to consider the CMS subtypes. Metastatic
CMS subtypes can differ from those of the primary
CRC [204]. Metastatic propensity is highest in CMS4
(mesenchymal) primary tumors and lower in CMS1
and CMS3. Approximately 90% of liver metastases
belong to one of two subtypes, either CMS2
(canonical) or CMS4 (mesenchymal).

Figure 4 summarizes dominant macrophage
phenotypes  across  the  adenoma-colorectal
cancer-liver metastasis sequence, considering CMS
subtypes. Across this progression macrophage
populations are highly heterogeneous, with
numerous mixed and transitional forms that influence
biological activity and prognosis [204].

Conclusions

Despite the diversity of macrophage phenotypes,
including their mixed forms observed in both
adenoma and colorectal cancer, as well as its liver
metastases, the following phenotypic portrait of
macrophages can be outlined in the sequence: normal
mucosa (M2) - early adenoma (M1) - late adenoma
(M2) - colorectal cancer and liver metastases (the
predominance of M1/M2 is determined by CMS
subtypes) (Fig. 4).

Macrophages play a complex and multifaceted
role in CRC initiation, progression, and metastasis.
Their plasticity enables them to exert both pro- and
anti-tumor effects depending on the specific TME and
stage of disease. The traditional M1/M2 paradigm is
oversimplified, as macrophages in the TME often
display mixed phenotypes. Also, macrophage
phenotypes and functions evolve through CRC
progression from normal mucosa through adenoma
to invasive carcinoma and metastasis. The spatial
distribution of macrophages within tumors (e.g.
tumor center vs invasive margin) impacts their
functional roles and prognostic significance.
Macrophages are active players in the metastatic
cascade, including the stimulation of angiogenesis,
intravasation, and extravasation of tumor cells, as
well as the creation of pre-metastatic niches.

The complexity and diversity of macrophages in
liver metastasis underscore their pivotal roles in
cancer progression and highlight the potential for
macrophage-targeted therapies to improve patient
outcomes [205]

Given the heterogeneity of TAMs, advanced
techniques that enable spatial visualization of distinct
macrophage phenotypes are needed. Currently, one
of the most promising methods is spatial

unbiased discovery of novel macrophage subtypes. It
also provides insights into cell-cell interactions, and
reveals functional states of macrophages in different
tumor regions. Integration of ST with other -omics
data and advanced computational methods will be
crucial to fully elucidate macrophage biology in
colorectal cancer and develop more effective targeted
immunotherapies.

Despite considerable research on macrophage
involvement in CRC, several gaps and inconsistencies
remain unresolved. First, the prognostic significance
of M2 macrophages continues to spark the debate.
While numerous studies associate elevated densities
of CD163+ or CD206+ cells with adverse patient
outcomes, other studies showed that M2
macrophages can promote vessel “maturation” and
potentially improve prognosis by contributing to
vascular normalization. Such divergence likely arose
from the fact that M2 cells encompass multiple
subtypes (e.g., M2a, M2b, M2c, M2d) and often exhibit
mixed phenotypes with overlapping M1/M2 markers
in vivo. Therefore, future research should focus on
expanding standard immunohistochemical panels
beyond CD163/CD206 and establishing uniform
criteria for subclassifying macrophage populations
both at the protein and transcriptome levels.

Second, conflicting data persist regarding the
role of M1 macrophages. Traditionally viewed as
anti-tumor effectors, M1 cells can also foster chronic
inflammation, promote EMT, and facilitate tumor
dissemination. This “dual face” phenomenon may
result from contextual factors such as region (tumor
center vs. tumor invasive margin vs. regional lymph
nodes) and the specific molecular subtype of CRC
(CMS1 through CMS4). Future work must incorporate
molecular subtyping and spatial transcriptomics to
clarify how distinct TAM niches interact with host
tissue, potentially guiding novel prognostic tools and
targeted therapeutic strategies.

Another challenge lies in reconciling genetic and
epigenetic determinants of macrophage polarization.
Whilst some data suggest that DNMT1/3b
suppression skews cells toward an M2-type, other
models associate these enzymes with fostering
M1-related inflammatory cascades. Elucidating the
full scope of DNA methylation, histone modifications,
and non-coding RNA regulation of TAM subsets will
require large studies in patient-specific organoids and
in vivo models, integrating methylome, transcriptome,
and proteome analyses of both tumor and its
microenvironment.
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Figure 4. Macrophage M1/M2 phenotypes in the adenoma-colorectal cancer-liver metastasis sequence. (Cytokines influencing M1-M2 macrophage polarization are indicated

above; transcriptional and epigenetic factors are shown below the images).

Lastly, the translational potential of
reprogramming macrophages remains unexplored in
CRC. Therapeutic approaches aimed at blocking
“don’t eat me” signals (e.g., CD47, PD-L1) or at
converting M2 to M1 phenotypes in situ are yet to be
systematically evaluated in the context of different
TAM  subtypes. In  conclusion, combining
multi-marker phenotyping, spatial biology, and
advanced epigenetic profiling offers a promising
route to resolve current controversies, refine patient
stratification, and pave the way to more precise
therapies that harness the plasticity of macrophages to
combat colorectal cancer.
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