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Abstract 

Metastasis is the leading cause of high mortality in colorectal cancer (CRC), which is not only driven by changes 
occurring within the tumor cells, but is also influenced by the dynamic interaction between cancer cells and com-
ponents in the tumor microenvironment (TME). Currently, the exploration of TME remodeling and its impact on CRC 
metastasis has attracted increasing attention owing to its potential to uncover novel therapeutic avenues. Note-
worthy, emerging studies suggested that tumor-associated macrophages (TAMs) within the TME played important 
roles in CRC metastasis by secreting a variety of cytokines, chemokines, growth factors and proteases. Moreover, 
TAMs are often associated with poor prognosis and drug resistance, making them promising targets for CRC therapy. 
Given the prognostic and clinical value of TAMs, this review provides an updated overview on the origin, polarization 
and function of TAMs, and discusses the mechanisms by which TAMs promote the metastatic cascade of CRC. Poten-
tial TAM-targeting techniques for personalized theranostics of metastatic CRC are emphasized. Finally, future perspec-
tives and challenges for translational applications of TAMs in CRC development and metastasis are proposed to help 
develop novel TAM-based strategies for CRC precision medicine and holistic healthcare.
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Introduction
Colorectal cancer (CRC) is the third commonly diag-
nosed cancer and the second deadliest cancer globally 
[1]. Metastasis is the primary driver of the high mortal-
ity in CRC. Statistically, approximately 20% of patients 
are present with the initial clinical manifestations of 

metastatic CRC, and up to 50% of patients will eventually 
develop distant metastases in the liver, lung or other sites 
[2]. Notably, CRC metastasis is a highly complex and het-
erogeneous progression process, posing great challenges 
to the effective treatment of patients. The 5-year survival 
rate of CRC patients is between 25% and 58% even after 
treatment [3]. Therefore, it is urgent to explore the mech-
anism of CRC metastasis, thereby developing promising 
treatments for clinical benefits.

CRC metastasis is not only driven by the complex 
alterations in cancer cells, but also mediated by the 
dynamic crosstalk between cancer cells and their micro-
environment. The tumor microenvironment (TME) is a 
highly heterogeneous and structured ecosystem com-
prising tumor cells and diverse non-cancerous cells 
(e.g., endothelial cells, fibroblasts, stromal cells, adap-
tive immune cells and innate immune cells), embedded 
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in a dynamic extracellular matrix. Accumulating evi-
dence indicates that the TME plays a critical role in 
CRC development, progression and metastasis [4, 5]. 
For example, Shang et  al. found that VEGFR2 antibody 
fused with a mutated form of IFN-α could effectively 
modulate the TME of CRC, producing anti-tumor and 
anti-metastatic effects [6]. Wei et  al. demonstrated that 
enhanced ketogenesis could ameliorate the immunosup-
pressive TME by suppressing KLF5-dependent CXCL12 
expression, thereby inhibiting the metastasis of CRC [7]. 
Therefore, exploration of the mechanisms underlying the 
relationship between TME remodeling and CRC metas-
tasis have currently attracted considerable attention.

Tumor-associated macrophages (TAMs), as crucial 
players in the TME, can exhibit remarkable plasticity in 
response to varying environmental cues and therapeutic 
interventions [8, 9]. Notably, TAMs have emerged as piv-
otal contributors, exhibiting a complex and dynamic role 
in CRC progression, particularly in the context of metas-
tasis. The study by Wei et  al. demonstrated that TAMs 
can promote the migration, invasion, and metastasis of 
CRC by inducing the epithelial-mesenchymal transition 
(EMT) process. This is achieved through the regulation of 
the JAK2/STAT3/miR-506-3p/FoxQ1 axis, which in turn 
trigger the production of CCL2 to facilitate macrophage 
recruitment [10]. Liu et al. discovered that TAM-secreted 
TGF-β can activate HIF1α/TRIB3 signaling pathway, 
thereby promoting the progression of CRC [11]. Moreo-
ver, the crosstalk between TAMs and other immune cells, 
as well as their interactions with tumor cells and stromal 
elements, shapes the overall microenvironment condu-
cive to CRC metastasis. Therefore, exploring the poten-
tial of TAMs as a therapeutic target for managing CRC 
metastasis is of great translational importance.

Here, we provide a comprehensive and updated over-
view of the definition, origin, polarization of TAMs, 
with a particular focus on their roles in promoting the 
metastatic cascade of CRC. Furthermore, we discuss 
the promising therapeutic strategies targeting TAMs for 
CRC patients. It is hoped that this review will contribute 
to understand the role of TAMs in CRC metastasis and 
the clinical implications of TAMs in cancer interven-
tional therapy.

Origin and polarization of TAMs
Origins and functions of TAMs
Macrophages are a type of immune cells that play a 
crucial role in defending the host against pathogens, 
regulating tissue homeostasis and maintaining tissue 
architecture. Macrophages infiltrating tumor tissues or 
present in the TME are defined as TAMs, which can play 
a pro-tumor role by affecting tumor growth, angiogene-
sis, metastasis, drug resistance, and immunosuppression 

[12, 13]. According to the origin and resident location, 
TAMs are generally developed from two ways: (1) TAMs 
arise from bone marrow-derived macrophages (BMDMs) 
in response to tumor growth, which are formed by the 
differentiation from circulating monocytes that are pro-
duced by hematopoietic stem cells (HSCs) in the bone 
marrow; (2) TAMs originate from tissue-resident mac-
rophages (TRMs) that are established by erythromyeloid 
progenitor cells in the yolk sac (Fig.  1) [14]. Accord-
ingly, the former are also termed as tumor-induced 
TAMs, while the latter are also known as tissue-resident 
TAMs. Increasing evidence shows that bone marrow-
derived monocytes can be recruited and differentiated 
into TAMs by a variety of chemokines and growth fac-
tors released by tumor cells and stromal cells in the TME, 
such as C-C chemokine ligand 2 (CCL2), CCL5, CCL7, 
C-X-C motif chemokine ligand 8 (CXCL8), CXCL12, 
granulocyte macrophage colony stimulating factor (GM-
CSF), macrophage colony promoting factor (M-CSF), 
vascular endothelial growth factor (VEGF), and platelet 
derived growth factor (PDGF) [15, 16]. Comparatively, 
TRMs migrate into distinct tissues during embryonic 
development, generating self-renewing populations that 
persist into adulthood without hematopoietic stem cells 
(HSCs) involvement [14]. It should be noted that tumor-
induced TAMs and tissue-resident TAMs may co-exist in 
a particular tumor tissue with different dominating roles 
in the early and later stages of tumor progression [17]. 
The distinct origins add to the heterogeneity and com-
plexity of the TME, suggesting that the origin of TAMs 
should be considered in further studies.

Polarization of TAMs
TAMs are highly plastic cells capable of differentiating 
into two distinct phenotypes: anti-tumorigenic M1 and 
pro-tumorigenic M2, upon stimulation by different fac-
tors in the TME. This process is known as TAM polariza-
tion [18–20] (Fig. 2). The two types of macrophages possess 
obvious differences in terms of function, biomarkers, and 
metabolic activities. In general, M1-type TAMs, also called 
classically activated macrophages, are induced by  TH1-type 
cytokines (e.g., TNF-α and IFN-γ) [21]. They can enhance 
anti-tumor immune response by producing pro-inflamma-
tory cytokines (e.g., interleukin-1 (IL-1), IL-6, IL-12, IL-23, 
CXCL-10 and TNF-α), which help to recruit and activate 
immune cells to target the tumor. In addition, they can also 
mediate tumor cytotoxicity by producing reactive oxygen 
species or nitric oxide capable of inducing DNA damage 
and apoptosis [22]. Comparatively, M2-type TAMs, also 
known as alternatively activated macrophages, are typi-
cally induced by the  TH2 cytokines IL-4/IL-13. They can 
secrete anti-inflammatory growth factors (e.g., VEGF and 
TGF-β), matrix metalloproteinases (MMPs) (e.g., MMP-2 
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and MMP-9), and other cytokines (e.g., IL-10, IL-13, and 
IL-4), playing a key role in promoting EMT, angiogenesis 
and immunosuppression [23]. Especially, their immuno-
suppressive effect ultimately contributes to tumor progres-
sion and unfavorable treatment outcomes. Furthermore, 
M1-type TAMs typically express CD80, CD86, CD64 
and MHC II, while M2-type TAMs are characterized by 
CD163, CD206 and ARG1. Those biomarkers can be used 
for the classification and identification of TAM subsets. 
Notably, although the utilization of a binary polarization 
system is widespread in macrophage studies, emerging 
evidence suggests that TAMs usually exhibit a spectrum of 
phenotypes, expressing a combination of immunostimula-
tory and immunosuppressive markers in addition to the 
M1 and M2 polarization types [24]. Therefore, the conven-
tional classification of macrophages into distinct M1 or M2 
phenotypes may oversimplify their complexity. It is more 
accurate to describe macrophage polarization as a dynamic 
spectrum of phenotypes.

Biological significance of TAM polarization in CRC 
progression and metastasis
Notably, both of M1- and M2-type TAMs can dynami-
cally transform into each other with the changes in the 
TME. The polarization of TAMs is regulated by a wide 
range of cytokines, growth factors, chemokines, and 

other signals generated from tumor and stromal cells, 
playing a critical role in CRC progression and metasta-
sis [25]. CCL2 is known as the predominant chemokine 
expressed by different tumor cells, and plays a piv-
otal role in the recruitment of immune cells, especially 
TAMs, through the CCL2/CCR2 axis [26]. Tu et al. found 
that CCL2/CCR2 interaction-mediated TAMs recruit-
ment and M2 polarization contribute to the liver metas-
tasis of CRC in the mouse model [27]. colony stimulating 
factor-1 (CSF-1) and IL-34, sharing a common receptor 
(CSF-1R), are potent macrophage recruiters and stimu-
lating factors of M2-type TAM polarization. Gao et  al. 
found that FOXO1 is a positive regulator of CSF-1, which 
can promote M2 macrophage polarization and further 
enhance cetuximab resistance in CRC [28]. In contrast, 
Nakanishi et  al. demonstrated that the COX-2 inhibitor 
celecoxib altered the phenotype of TAMs from M2 to M1 
in an IFN-γ-dependent manner, potentially reducing the 
progression of intestinal tumors, including CRC [29]. Ma 
et al. found that miR-148a can facilitate the transition of 
TAMs from the immune-suppressive M2 phenotype to 
the immune-promoting M1 phenotype in CRC [30]. Lai 
et al. found that lncRNA NBR2 can regulate TAM polari-
zation towards M1 phenotype, thereby suppressing the 
progression of CRC [31]. STAT3 is a pivotal transcription 
factor for TAM polarization. Inhibiting STAT3 signaling 

Fig. 1 The origin and function of TAMs. As the main source of macrophages, bone marrow-derived monocytes are derived from hematopoietic 
stem cells (HSCs) that undergo differentiation into granulocyte-macrophage progenitors (GMPs) and subsequently into monocyte-dendritic cell 
progenitors (MDPs). Monocytes in the blood can be recruited and differentiated into TAM by chemokines (e.g., CCL2, CCL5 and CCL7) or growth 
factors (e.g., VEGF and PDGF). In addition, yolk sac progenitor cells are another important source of TAMs. Under the stimulation of cytokines 
(such as IL-6 and IL-8, etc.) and chemokines (such as CCL2 and CXCL8, etc.), TAMs play an important role in tumor invasion, immune regulation, 
angiogenesis and metastasis. HSCs hematopoietic stem cells, GMPs granulocyte-macrophage progenitors, MDPs monocyte-dendritic cell 
progenitors, BMDMs bone marrow-derived macrophages, TRMs tissue-resident macrophages, TAMs tumor-associated macrophages
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can promote macrophage polarization towards the M1 
phenotype, which has anti-tumor properties [32]. Zhang 
et  al. discovered that Cucurbitacin B could reduce the 
polarization of M2 macrophage by targeting the JAK2/
STAT3 signaling pathway, thereby inhibiting CRC metas-
tasis [33]. The flexibility of TAMs to shift between these 
phenotypes highlights their adaptability and responsive-
ness to microenvironmental factors. Therefore, exploring 
the molecular mechanisms underlying TAM polarization 
within the TME not only enhances our understanding of 
CRC pathogenesis, but also offers valuable insights for 
developing innovative cancer therapies.

Multi‑dimensional landscape of TAM‑mediated 
cellular carcinogenesis in CRC metastasis
Metastasis formation is a multi-step cascade of events 
involving local invasion of tumor cells into surround-
ing tissues, intravasation of tumor cells into the blood-
stream or lymphatic system, survival of tumor cells in 

the circulation, transportation of tumor cells to distant 
organs (typically liver and lung in CRC), extravasation 
and colonization of tumor cells to establish micro-metas-
tases, and proliferation of tumor cells at the secondary 
sites. As an important immune cell type in TME, TAMs 
play an important role in regulating the process of CRC 
metastasis (Fig. 3).

Activating the invasion of CRC cells
Metastasis begins with the invasion of tumor cells from 
the primary tumor into the surrounding normal stroma. 
The invasive capacity of tumor cells serves as the fun-
damental criterion for determining malignancy [34]. 
Recently, TAMs have emerged as pivotal players in pro-
moting CRC invasion. For example, TAMs were found 
to regulate the invasive characteristics of CRC cells 
through the production of pro-inflammatory IL-6. This 
cytokine can activate the JAK2/STAT3 pathway, leading 
to enhanced expression of FoxQ1, thus promoting CRC 

Fig. 2 Polarization of TAM and their biological properties. Stimulated by cytokines (such as TNF-α, IFN-γ, etc.), M1-type macrophages can secrete 
cytokines (such as IL-1, IL-6, etc.), express CD64, CD80, CD86, and MHC II, and exhibit anti-tumor effects. Comparatively, stimulated by cytokines 
(such as IL-4, IL-13, etc.), M2-type macrophages can secrete IL-10 and TGF-β, express CD206, CD163, ARG1, and exhibit pro-tumor effects. 
Under the stimulation of different molecules (such as SMAR1, etc.) and factors (such as CSF-1, CCL2, etc.), M1-type macrophages and M2-type 
macrophages can transform into each other. TNF-α tumor necrosis factor-α, IFN-γ interferon-γ, IL-4 interleukin-4, IL-13 interleukin-13, IL-1 interleukin-1, 
IL-6 interleukin-6, IL-12 interleukin-12, IL-23  interleukin-23, IL-10 interleukin-10, CXCL-10 C-X-C motif chemokine ligand 10, VEGF vascular endothelial 
growth factor, TGF-β transforming growth factor-β, MMPs matrix metalloproteinases, CCL2 C-C chemokine ligand 2, CSF-1 colony stimulating 
factor-1, EGF epidermal growth factor
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invasion [10]. Xu et  al. also demonstrated that TAM-
derived IL-6 and IL-8 could favor the invasion of LoVo 
cells by activating the KCNN4/PRL-3 axis [35]. EMT pro-
cess is characterized by the transformation of epithelial 
cells into mesenchymal cells, which plays a critical role in 
facilitating cancer cells to invade to surrounding tissues. 
Multiple TAMs-secreted cytokines (e.g., IL-8, IL-1β, 
TNF-α, and TGF-β) have been demonstrated to promote 
the EMT process in CRC [36, 37]. Cai et  al. found that 
TAM-secreted TGF-β can contribute to the EMT pro-
cess by mediating the Smad2,3–4/Snail signaling path-
way, thereby promoting CRC invasion [38]. Moreover, 

TAMs may interact with neighboring cells within the 
TME, further contributing to CRC invasion. By using a 
CRC mouse model, Liu et al. found that TAMs recruited 
 CCR6+ Treg cells to the tumor site by inducing CCL20 
expression, promoting CRC development [39]. Zhang 
et  al. demonstrated that cancer-associated fibroblasts 
(CAFs) could enhance TAM infiltration and M2-type 
polarization, consequently impairing the killing function 
of NK cells [40]. In addition, TAMs can secret multiple 
enzymes, such as MMP-2 and MMP-9, cathepsins, and 
fibrinolysin responsible for the degradation of extracellu-
lar matrix (ECM) components, thereby promote the local 

Fig. 3 The main role of TAMs in the metastasis of CRC. TAMs contribute to multiple stages of CRC metastasis, including invasion, intravasation, 
angiogenesis, circulation, extravasation and PMN formation, by secreting different factors. IL-6 interleukin-6, IL-8 interleukin-8, TGF-β transforming 
growth factor-β, CCL20 C-C chemokine ligand 20, MMP-20 matrix metalloproteinase-20, MMP-9 matrix metalloproteinase-9, EGF epidermal growth 
factor, CXCL-12 C-X-C motif chemokine ligand 12, CXCL-1 C-X-C motif chemokine ligand 1,  CXCL13 C-X-C motif chemokine ligand 13, VEGF vascular 
endothelial growth factor, ECM extracellular matrix, MDSCs myeloid-derived suppressor cells
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invasion of CRC cells [35, 41]. Therefore, TAMs could 
contribute to CRC invasion through the secretion of 
diverse factors and enzymes, and their interactions with 
neighboring cells within the TME.

Inducing the angiogenesis of CRC cells
Angiogenesis plays a critical role in providing nutrients 
and oxygen to support the growth and progression of 
tumor. It has been shown that this process can be influ-
enced by factors such as tumor grade and stage, the cel-
lular composition of the TME (particularly the immune 
component), and the balance between pro-angiogenic 
and anti-angiogenic factors [42]. As an important type 
of immune cells in TME, TAMs can secrete chemokines 
that affect the formation of new blood vessels in CRC. 
It has been shown that the family of C-X-C chemokines 
possesses angiogenic or anti-angiogenic properties, 
depending on whether contain the ELR (Glu-Leu-Arg) 
motif. In general, the presence of this motif promotes 
angiogenesis, while its absence suppresses angiogenesis 
[43]. CXCL12 is known to facilitate angiogenesis, despite 
lacking the ELR motif. In a mouse model of inflamma-
tion-induced colon cancer, TAMs have been identified as 
a main driver of tumor neo-angiogenesis. This is achieved 
through their production of the pro-angiogenic factor 
CXCL12 [44]. Based on a tumor-on-a-chip platform, Bi 
et  al. found that M1-type TAMs can inhibit angiogen-
esis and tumor growth by promoting the production of 
CXCL9, CXCL10, and CXCL11 in CRC [45]. Moreover, 
TAMs can release pro-angiogenic factors like MMPs 
and VEGF, which can degrade the ECM and promote 
the remodeling of blood vessels to support the growth 
and metastasis of CRC. Nocito et  al. demonstrated that 
decreasing the expression of MMP-12 in tumor-infiltrat-
ing macrophages can reduce the level of angiostatin and 
thus regulating angiogenesis in a model of colon cancer 
allografts [46]. Xu et al. found that recruited TAMs can 
secrete MMP-9 and VEGF, providing a favorable envi-
ronment for tumor angiogenesis and metastasis [47]. 
Overall, TAMs play a crucial role in promoting the angi-
ogenesis of CRC cells, facilitating the growth and pro-
gression of CRC.

Promoting the intravasation and extravasation of CRC cells
Intravasation and extravasation are crucial steps in 
the metastatic cascade. During intravasation, tumor 
cells detach from the primary tumor and infiltrate the 
endothelial wall of blood vessels, allowing them to 
enter the bloodstream and act as circulating tumor cells 
(CTCs) [48]. Comparatively, extravasation is the pro-
cess by which CTCs exit the blood vessels at metastatic 
sites to initiate new colonies and establish secondary 
tumors [49]. CRC cells, like other cancer cells, rely on the 

intravasation and extravasation processes to successfully 
enter and exit the bloodstream.

Recent studies have shown that TAMs play a crucial 
role in promoting both intravasation and extravasation of 
CRC cells [50]. First, the production of growth factors by 
TAMs is one mechanism through which they can influ-
ence CRC cell behavior and facilitate these processes. It 
has been reported that TAMs-derived EGF can promote 
the invasion and motility of CRC cells [51], and the acti-
vation of EGFR are essential for maintaining tumor cell 
intravasation [52]. Similarly, Weis et  al. demonstrated 
that the vascular endothelial growth factor (VEGF) can 
induce endothelial gaps and promote tumor cell extrava-
sation by injecting VEGF-expressing CT26 colon cancer 
cells into mice [53]. Considering the ability to produce 
VEGF, TAMs may promote CRC extravasation by alter-
ing vascular permeability. Second, TAMs can produce 
various enzymes that further induce changes in the TME, 
making it more conducive for the intravasation and 
extravasation of CRC cells. Typically, TAMs can create 
a favorable microenvironment for CRC cell by secret-
ing MMPs, which are enzymes responsible for degrading 
the basement membrane and modifying the composi-
tion of the ECM [54]. For example,  CD155+ TAMs have 
been observed to induce the expression of MMP-9 [55], 
which can contribute to CRC intravasation. By using 
an orthotopic CRC model, Afik et  al. demonstrated 
that monocyte-derived TAMs promote tumor develop-
ment by reshaping the composition and structure of the 
ECM [56]. In addition, the crosstalk between TAMs and 
CRC cells may facilitate the intravasation and extravasa-
tion processes. Tumor cell-carrying macrophages could 
potentially interact with and influence the endothelial 
cell, which allow the entry of the tumor cell-macrophage 
complex into the bloodstream [50]. Therefore, the TAMs 
with pro-inflammatory and pro-angiogenic properties 
play a significant role in promoting the intravasation and 
extravasation of CRC cells, thereby favoring their meta-
static spread.

Enhancing the survival of CRC cells in the circulatory 
system
Metastasis is a very inefficient process, as only a small 
proportion of tumor cells survive in the bloodstream 
and further form metastatic sites in distant organs. 
Once tumor cells enter the bloodstream, they encoun-
ter new environmental challenges that may affect their 
survival [50]. Currently, there is emerging evidence sug-
gesting that TAMs can enhance the survival of CRC cells 
in circulation by secreting cytokines and chemokines. 
For example, TAM-derived IL-6 can activate the JAK-
STAT3 pathway, which promotes the survival and pro-
liferation of tumor cells during the development of 
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inflammation-related CRC [57]. In addition, TAMs-
involved angiogenesis also provides nutrients and oxy-
gen for CRC cells to survive in the circulation. Therefore, 
TAMs are an important factor affecting the survival of 
CRC cells in the circulatory system.

Contributing to the formation of pre‑metastatic niches 
(PMN) in CRC cells
Premetastatic niche (PMN) refers to the specialized 
microenvironment in distant organs that supports the 
establishment and growth of metastatic tumors. It is 
characterized by several features, including enhanced 
vascular permeability, remodeling of the ECM, angio-
genesis, recruitment of bone marrow-derived cells, and 
immunosuppression [58]. In the metastatic cascade of 
CRC, in order for primary tumors to reach distant tissues 
with blood circulation, it is necessary to create PMN that 
can support tumor growth at the secondary site. TAMs 
play a critical role in the formation of PMN in CRC. 
For example, Wang et  al. found that primary CRC cell-
secreted VEGFA can trigger TAMs to produce CXCL1, 
which acts as a signal that attracts and recruits CXCR2-
positive myeloid-derived suppressor cells (MDSCs). The 
accumulation of CXCR2-positive MDSCs in the liver 
facilitated the formation of PMN supporting the devel-
opment of liver metastasis. Zhao et  al. demonstrated 
that polarized M2 macrophages can secrete CXCL13, 
which in turn activates a positive feedback loop involv-
ing CXCL13/CXCR5/NFκB/p65/miR-934, leading to the 
induction of PMN formation in CRC cells [59]. Therefore, 
TAMs play an important role in the formation of PMN, 
which is closely related to the metastasis and growth of 
CRC cells.

TAMs as therapeutic targets in metastatic CRC 
therapy
Since approximately half of the CRC patients eventually 
develop metastasis, the treatment strategies for meta-
static CRC have long been a research focus in the medi-
cal field. The selection of suitable adjuvant treatments for 
metastatic CRC patients depends on various factors such 
as age, tumor stage, microsatellite instability status, pres-
ence of high-risk pathological features, and their overall 
performance status. The primary treatment for unresect-
able mCRC patients is systemic therapy, mainly includ-
ing chemotherapy, immunotherapy, targeted therapy, and 
their combinations [60]. Especially, immunotherapy has 
rapidly emerged as a prominent and effective treatment 
approach for various solid tumors, including a subset 
of CRC. It has been reported that reducing the density 
or modulating the functions of TAMs is an effective 
approach for cancer immunotherapy. Moreover, inhibit-
ing immunosuppressive activities of TAMs may improve 

the effect of chemotherapy and radiotherapy [61]. There-
fore, targeting TAMs in CRC therapy holds great promise 
for improving prognostic outcomes of patients (Table 1) 
[62, 63].

Reprogramming TAMs
TAMs possess the ability to undergo dynamic switches in 
their phenotypes and functions in response to microen-
vironmental stimulus and signals. As mentioned above, 
M1-type TAMs play a crucial role in activating the adap-
tive immune response by producing immunostimulatory 
cytokines. Comparatively, M2-type TAMs can suppress 
adaptive immune responses by secreting anti-inflamma-
tory factors. Therefore, strategies aimed at shifting the 
balance of macrophage polarization towards the M1 phe-
notype hold promise in the treatment of metastatic CRC.

Currently, several potential drugs have shown the abil-
ity to reprogram the phenotype of TAMs from M2 to M1, 
offering potential therapeutic benefits for CRC patients 
with metastasis. For example, Georgoudaki et  al. dem-
onstrated that treatment with anti-MARCO monoclonal 
antibody can reprogram TAMs into M1 phenotype and 
enhance their anti-tumor activity in the MC38 mouse 
model of colon carcinoma, showing potential in inhibit-
ing the metastasis of CRC patients [9]. Tasquinimod, a 
quinoline-3-carboxamide analog, has shown potential as 
an anti-cancer drug for the treatment of prostate cancer 
as well as other types of solid tumors [64]. Olsson et al. 
observed that the anti-angiogenic and anti-metastatic 
effects of tasquinimod were closely associated with its 
ability to induce an early phenotypic switch of TAMs 
from M2-type to M1-type, as evidenced by a decreased 
expression of pro-angiogenic markers and an increased 
production of the anti-angiogenic IL-12 in the MC38-
C215 colon carcinoma tumors [65]. Carvalho et  al. dis-
covered that M1-derived extracellular vesicles loaded 
with oxaliplatin, retinoic acid, and Libidibia ferrea can 
induce the transition of TAMs from M2 to M1 pheno-
type through the STAT3/NF-kB/AKT signaling pathway. 
This shift effectively inhibited the metastasis of CRC in 
mice [66]. Therefore, reprogramming TAMs represents a 
promising strategy for the treatment of metastatic CRC. 
It has the potential to enhance the anti-tumor immune 
response, and overcome immunosuppression in the 
TME.

Depleting TAMs
TAMs in the TME primarily express phenotypes that 
inhibit adaptive immunity [61]. The abundance of 
TAMs within TME is closely associated with poor 
prognosis in patients with CRC and other types of 
malignancies, making TAM depletion a novel strategy 
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of cancer immunotherapy. Zhu et  al. found that the 
elevated expression of CSF1R in TAMs was linked to 
an unfavorable prognosis in CRC patients. Further-
more, they demonstrated that the CSF-1R inhibi-
tor PLX3397 can deplete M2-type TAMs by blocking 
the CSF1R pathway, thereby inhibiting CRC growth 
and metastasis [67]. Using a mouse model, Qiao et  al. 
observed that treatment with TMP195, a selective class 
IIa histone deacetylase inhibitor, led to a decrease in 
the population of F4/80+ TAMs. This reduction was 
found to effectively inhibit the growth and vasculari-
zation of colorectal liver metastasis [68]. In addition, 
trifluridine/tipiracil (FTD/TPI) is an innovative anti-
metabolite agent with immunogenic cell death induc-
tion activity for the treatment of chemorefractory CRC. 
Limagne et al. found that the combination of FTD/TPI 
with oxaliplatin can eliminate M2-type TAMs in CT26 
tumor-bearing mice. Simultaneous administration of 
FTD/TPI and anti-PD-1 provides a promising treat-
ment option for patients with metastatic CRC [69]. 
Therefore, these findings suggest that TAM depletion 
could be a valuable approach to improve overall thera-
peutic outcomes in CRC.

Blocking TAMs recruitment
Tumors can produce cytokines, growth factors and 
chemokines to recruit TAMs to the tumor periphery, 
where they exert pro-tumor roles [70]. Hence, interfer-
ence with those factor-related signaling using mono-
clonal antibodies or small molecule inhibitors could be 
a promising strategy to prevent TAM accumulation in 
the TME, and consequently enhance the effectiveness of 
CRC therapy.

As mentioned above, CCL2 is a crucial mediator of 
TAMs recruitment in the TME of CRC [27]. Sanchez-
Lopez et  al. investigated the effect of NT157, a unique 
inhibitor targeting IGF-1 receptor and STAT3, on the 
TME of CRC. Their findings revealed that NT157 can 
attenuate migratory and invasive characteristics of CRC 
cells, reducing their ability to form metastatic lesions in 
the liver. Additionally, they observed that NT157 not only 
reduced tumor burden but also suppressed the expres-
sion of various pro-tumorigenic chemokines (e.g. CCL2) 
and cytokines (e.g. IFN-γ and IL-1β), which are critical 
for TAM recruitment [71]. In addition, TAM recruitment 
and polarization are tightly regulated by the interaction 
of CSF-1 and its receptor CSF-1R. Indeed, Chen et  al. 
found that  CSF1R+ TAMs are the major components 

Table 1 TAMs as promising targets for CRC treatment

Drug Type Target Function PMID

Reprogramming TAMs
 Anti-MARCO IgG Monoclonal antibody MARCO Increasing population of M1 mac-

rophages and decreasing population 
of M2 macrophages

27210762

 Tasquinimod S100A9 inhibitor S100A9 Leading to the transformation of M2 
macrophages into M1 macrophages

26673090

 Actibind
(T2 RNases)

Ribonuclease N/A Rebalancing the ratio of M1/M2 mac-
rophages and recruiting CD8 + T cells

32197460

 EZH2 inhibitor Small-molecule inhibitors STAT3 Leading to the transformation of M2 
macrophages into M1 macrophages

35432300

Inhibiting TAMs survival
 Pexidartinib (PLX3397) CSF1R inhibitor CSF1R Depleting M2 macrophages 

and increasing  CD8+ T cell infiltration
36600555

 Trifluridine/Tripiracil (FTD/TPI) Combination drug of trifluridine 
and tipiracil

N/A Depleting TAMs 31611243

 Oxaliplatin Platinum based chemotherapy drugs N/A Depleting TAMs 31611243

 M2pep M2 macrophage-targeting peptide Macrophages Reducing M2 macrophages 24046373

 RG7155 Monoclonal antibody CSF-1R Depleting TAMs and increasing  CD8+/
CD4+ T cell ratio

24898549

 Lenvatinib Tyrosine kinase inhibitor VEGF and FGF receptors Reducing TAMs numbers 30811474

Inhibiting TAMs recruitment
 NT157 IGF-1R inhibitor IGF-1R and STAT3 Inhibiting expression of CCL2 

to inhibit recruitment of TAMs
26364612
34580284

 AMG 820 CSF1R antibody CSF1 blocking the CSF1-CSF1R signaling 
to inhibit recruitment of TAMs

28655795
35718267

 PF-04136309 CCR2 inhibitor CCR2 Inhibiting CCL2 binding to CCR2 
to inhibit recruitment of TAMs

34729117
34580284
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regulating PD-L1 expression within the immunosup-
pressive TME. Inhibition of tumor PD-L1 expression can 
reduce lung metastasis, providing a therapeutic strategy 
for advanced CRC patients by blocking the CSF1-CSF1R 
signaling pathway [72]. AMG 820 is a novel, fully human 
CSF1R antibody that is currently under investigation. It 
works by blocking the binding of CSF1 and IL34 ligands 
to the receptor CSF1R [73]. Razak et  al. demonstrated 
the safety and efficacy of AMG 820 in combination with 
panitumumab for the treatment of advanced solid tumors 
including advanced CRC [74]. These results indicate that 
the inhibitor AMG 820 might hinder the recruitment of 
TAMs by decreasing the levels of CSF-1R in metastatic 
CRC. Therefore, by targeting the signals involved in TAM 
recruitment, it is possible to inhibit the infiltration of 
TAMs into the TME of CRC.

Although TAM-targeted therapies seemed to be pow-
erful in preclinical models of metastatic CRC, it is still 
urgently needed to further validate their efficacy in clini-
cal applications. First, as TAMs play important roles in 
tissue homeostasis and immune function, disrupting 
their function has unintended consequences on the host 
immune system, leading to potential side effects and tox-
icity. Second, the heterogeneity of TAMs and the lack of 
highly specific biomarkers make it challenging to target 
TAMs specifically without affecting other immune cell 
populations. Moreover, the complex and heterogeneous 
nature of TME could limit the penetration and efficacy of 
therapeutic agents targeting TAMs.

Conclusions and perspectives
In the past decades, the advancement of treatment strate-
gies has greatly improved the prognosis of CRC patients, 
but distant metastasis remains a challenge [34]. Moreo-
ver, the incidence rate of CRC among young people is 
increasing year by year [75]. Therefore, it is crucial to 
unravel the mechanisms of CRC metastasis and develop 
novel therapeutic strategies.

Recently, the TME has gained increasing attention in 
cancer research. Various components of the TME includ-
ing immune cells, endothelial cells, fibroblasts and ECM 
can interact with each other to form a favorable micro-
environment for tumor growth and metastasis [76]. As 
the main immune component of TME, TAMs can be 
polarized into two distinct phenotypes: M1 and M2, and 
play a pivotal role in the metastatic cascade by multiple 
mechanisms, including promoting angiogenesis, sup-
pressing immune responses, and remodeling the ECM. 
Given their critical role in tumor progression and metas-
tasis, TAMs have emerged as promising targets for can-
cer therapy. For example, Williams et  al. reported the 
potential of macrophage-targeted intervention strategies 
in significantly reducing the incidence and mortality of 

breast cancer in mouse models as well as early clinical tri-
als [77]. Ma et al. found that reducing the expression level 
of miR-182 in macrophages using an antagomiR inhibitor 
could inhibit M2 polarization of TAMs and suppresses 
breast cancer development [78]. In terms of CRC, sev-
eral monoclonal antibodies or small molecule inhibitors 
have exhibited important roles in interfering with repro-
gramming, elimination and inhibition of TAMs, and hold 
potential for improving treatment outcomes and inhib-
iting tumor progression in CRC patients. As shown in 
Fig.  4, the opportunities and challenges of TAM-based 
theranostics on CRC development and metastasis were 
summarized from three perspectives.

Perspective 1: Deciphering TAM heterogeneity and cellular 
interactions in CRC based on single‑cell sequencing 
and spatial transcriptomics
Although there have been significant advancements in 
understanding the role of TAMs in CRC development 
and metastasis, there are still several issues requiring 
further clarification in TAMs studies. On the one hand, 
the heterogeneity and plasticity of TAMs make it insuf-
ficient to target any single factor associated with the 
recruitment, polarization and function of TAMs, pos-
ing significant challenges for both mechanistic studies 
and clinical translation of TAM-mediated therapies [79]. 
On the other hand, the presence of multiple cell types 
in the TME adds to the complexity of targeting TAMs 
effectively. TAMs can interact with cancer cells and 
other immune cells through direct cell-cell contact or by 
secreting factors such as cytokines, chemokines, growth 
factors, and extracellular matrix remodeling enzymes. In 
particular, these interactions are dynamic and complex 
in the TME, potentially impacting the response to TAM-
related therapy.

Notably, single-cell RNA sequencing (scRNA-seq) and 
spatial transcriptome technologies are providing unprec-
edented insights into the heterogeneity, cellular crosstalk 
and spatial organization of TME during CRC metastasis 
and/or treatment. By performing combined scRNA-seq 
analyses on the TME in CRC and murine tumor models, 
Zhang et al. found that  SPP1+ TAMs harbor pro-tumor 
and pro-metastasis roles, while  C1QC+ TAMs have the 
potential to regulate anti-tumor T cell responses. The 
two TAM subsets exhibited differential sensitivity to 
CSF1R blockade, indicating the insufficiency of anti-
CSF1R treatment to deplete all TAM populations [80]. 
Through single-cell and spatial analysis, Qi et  al. dem-
onstrated that  SPP1+ macrophages may regulate  FAP+ 
CAF through TGFB1, thereby promoting the secretion 
of MMPs and collagen to remodel the ECM, which fur-
ther reduced the efficacy of PD-L1 therapy for CRC 
[81]. Moreover, the combination of scRNA-seq and 
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spatial transcriptome technologies hold great promise 
for promoting the discovery of biomarkers by providing a 
deeper understanding of cellular diversity, spatial organi-
zation, and molecular changes associated with CRC. 
Therefore, understanding the heterogeneity and plastic-
ity of TAMs, as well as their intricate interactions with 
various cell populations within the TME is crucial for the 
development of TAM-targeted therapies in CRC.

Perspective 2: TAM knowledge‑guided modeling 
and integrated screening of novel biomarkers 
and mechanisms for CRC precision medicine
TAM knowledge-guided modeling and integrated 
screening methods can help elucidate the underlying 

mechanisms of TAM and identify novel biomarkers, pav-
ing the way for the development of targeted therapies 
and personalized treatment strategies for CRC patients. 
First, mathematical and statistical models are commonly 
used to discover prognostic biomarkers associated with 
TAMs for CRC patients. By utilizing univariate Cox 
proportional hazards models, Yang et  al. found that the 
 CD163+/CD68+ ratio, which is an indicator of M2-type 
TAM polarization, at tumor invasive front serve as an 
independent prognostic factor for recurrence-free sur-
vival and overall survival in CRC patients. This finding 
highlights the significance of evaluating TAM polariza-
tion in assessing the prognosis of CRC patients [82]. Sim-
ilarly, Malesci et al. discovered that high levels of TAMs, 

Fig. 4 Translational perspectives of TAMs in CRC development and metastasis



Page 11 of 14Hou et al. Journal of Translational Medicine           (2024) 22:62  

specifically in metastatic lymph nodes, can be used for 
identifying stage III CRC patients who would benefit 
from adjuvant therapy with 5-fluorouracil [83]. Second, 
network-based analysis, especially dynamic network 
analysis, can be used to capture changeable TAM-related 
signatures as candidate biomarkers or therapeutic tar-
gets in understanding and managing the complexities 
of CRC development and metastasis. By constructing a 
protein-protein interaction network, Cui et al. discovered 
that PLAU could serve as a potential TAM biomarker 
with predictive value for CRC invasion and metastasis 
[84]. Third, with the rapid progress of data-driven mod-
eling and pattern recognition, artificial intelligence-pow-
ered approaches such as deep learning techniques are 
expected to be powerful tools for integrating TAM-based 
knowledge characterization to enhance the level of CRC 
precision medicine and holistic healthcare.

Perspective 3: multi‑center clinical validation 
of TAM‑derived theranostics for CRC translational 
applications
It is imperative to conduct multicenter validation stud-
ies to evaluate the diagnostic accuracy, predictive value, 
and clinical outcomes of TAM-derived therapeutics for 
CRC patients. First, multi-center studies are essential for 
verifying the effectiveness and reliability of TAM-derived 
theranostics across diverse populations and clinical set-
tings for CRC patients. By using transcriptomic data from 
472 cases in the TCGA database and 964 cases in five 
GEO datasets, Ma et al. analyzed the expression of mac-
rophage receptor CD163 in CRC patients. They found 
that the expression of CD163 is closely linked to the TME 
as well as tumor purity in CRC, indicating that it serves 
as a potential biomarker for predicting the prognosis of 
CRC patients [85]. Second, multicenter clinical valida-
tion should be conducted under a safe framework and the 
patient data privacy of patients should be considered and 
protected. Third, multi-center clinical validation could 
help accelerate the pace toward precision CRC medi-
cine. In a study conducted by Hu et al., the heterogene-
ity of microsatellite instability-high (MSI-H) subtypes in 
CRC patients was analyzed. The findings suggested that 
PD-1/PD-L1 immunotherapy may not be suitable for all 
patients, and more clinical measures should be taken for 
selected CRC patients to improve their survival rate [86]. 
Therefore, the multi-center validation study is expected 
to provide strong support to evaluate the value of TAM 
in clinical practice for CRC patients.

In conclusion, this review discusses the origin, polari-
zation, and functions of TAMs, and summarizes their 
involvement in the metastatic cascade of CRC. Impor-
tantly, TAMs hold promise as potential targets for CRC 

treatment. Although there are still challenges to over-
come, the rapid advancements in biological technology 
offer hope that TAMs could serve as a pivotal area of 
breakthrough in future CRC therapies.

Abbreviations
CRC   Colorectal cancer
TME  Tumor microenvironment
TAMs  Tumor-associated macrophages
EMT  Epithelial-mesenchymal transition
BMDMs  Bone marrow-derived macrophages
TRMs  Tissue-resident macrophages
CCL2  C-C chemokine ligand 2
CCL5  C-C chemokine ligand 5
CCL7  C-C chemokine ligand 7
CCL20  C-C chemokine ligand 20
CXCL8  C-X-C motif chemokine ligand 8
CXCL12  C-X-C motif chemokine ligand 12
GM-CSF  Granulocyte macrophage-colony stimulating factor
M-CSF  Macrophage-colony promoting factor
VEGF  Vascular endothelial growth factor
PDGF  Platelet derived growth factor
HSCs  Hematopoietic stem cells
GMPs  Granulocyte-macrophage progenitors
MDPs  Monocyte-dendritic cell progenitors
TNF-α  Tumor necrosis factor-α
IFN-α  Interferon-α
IFN-γ  Interferon-γ
IL-1  Interleukin-1
IL-6  Interleukin-6
IL-12  Interleukin-12
IL-23  Interleukin-23
CXCL-10  C-X-C motif chemokine ligand 10
TGF-β  Transforming growth factor-β
MMPs  Matrix metalloproteinases
MMP-2  Matrix metalloproteinase-2
MMP-9  Matrix metalloproteinase-9
IL-10  Interleukin-10
IL-13  Interleukin-13
IL-4  Interleukin-4
CCR2  C-C motif chemokine receptor 2
CSF-1  Colony stimulating factor-1
IL-34  Interleukin-34
CSF-1R  Colony stimulating factor-1 receptor
EGF  Epidermal growth factor
SMAR1  Scaffold/matrix attachment region-binding protein 1
IL-8  Interleukin-8
IL-1β  Interleukin-1β
CAFs  Cancer-associated fibroblasts
ECM  Extracellular matrix
CTCs  Circulating tumor cells
ELR  Glu-Leu-Arg
MDSCs  Myeloid-derived suppressor cells
FTD/TPI  Trifluridine/tipiracil

Acknowledgements
Not applicable. Only the authors listed in the manuscript have contributed to 
this article.

Author contributions
XQ and SH designed the review. SH, YZ, and JC collected the data and drafted 
the manuscript. XQ, SH, and YL revised the manuscript. All authors read and 
approved the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China 
(Grant Nos. 32270705, and 32200533).



Page 12 of 14Hou et al. Journal of Translational Medicine           (2024) 22:62 

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable. Our manuscript does not contain any individual person’s data.

Competing interests
The authors declare that they have no competing interests.

Received: 11 August 2023   Accepted: 3 January 2024

References
 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray 

F. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and 
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71:209–49.

 2. Ciardiello F, Ciardiello D, Martini G, Napolitano S, Tabernero J, Cervantes A. 
Clinical management of metastatic colorectal cancer in the era of preci-
sion medicine. CA Cancer J Clin. 2022;72:372–401.

 3. Poturnajova M, Furielova T, Balintova S, Schmidtova S, Kucerova L, 
Matuskova M. Molecular features and gene expression signature of 
metastatic colorectal cancer (Review). Oncol Rep. 2021;45(4):1–1.

 4. Yue Y, Zhang Q, Sun Z. CX3CR1 acts as a protective biomarker in 
the tumor microenvironment of colorectal cancer. Front Immunol. 
2021;12:758040.

 5. Bhat AA, Nisar S, Singh M, Ashraf B, Masoodi T, Prasad CP, Sharma A, 
Maacha S, Karedath T, Hashem S, et al. Cytokine- and chemokine-induced 
inflammatory colorectal tumor microenvironment: emerging avenue for 
targeted therapy. Cancer Commun. 2022;42:689–715.

 6. Shang P, Gao R, Zhu Y, Zhang X, Wang Y, Guo M, Peng H, Wang M, Zhang 
J. VEGFR2-targeted antibody fused with IFN alpha mut regulates the 
tumor microenvironment of colorectal cancer and exhibits potent anti-
tumor and anti-metastasis activity. Acta Pharm Sin B. 2021;11:420–33.

 7. Wei R, Zhou Y, Li C, Rychahou P, Zhang S, Titlow WB, Bauman G, Wu Y, Liu 
J, Wang C, et al. Ketogenesis attenuates KLF5-Dependent production of 
CXCL12 to overcome the immunosuppressive tumor microenvironment 
in colorectal cancer. Cancer Res. 2022;82:1575–88.

 8. Chanmee T, Ontong P, Konno K, Itano N. Tumor-associated macrophages 
as major players in the tumor microenvironment. Cancers (Basel). 
2014;6:1670–90.

 9. Georgoudaki AM, Prokopec KE, Boura VF, Hellqvist E, Sohn S, Ostling J, 
Dahan R, Harris RA, Rantalainen M, Klevebring D, et al. Reprogramming 
tumor-associated macrophages by antibody targeting inhibits cancer 
progression and metastasis. Cell Rep. 2016;15:2000–11.

 10. Wei C, Yang C, Wang S, Shi D, Zhang C, Lin X, Liu Q, Dou R, Xiong B. Cross-
talk between cancer cells and tumor associated macrophages is required 
for mesenchymal circulating tumor cell-mediated colorectal cancer 
metastasis. Mol Cancer. 2019;18:64.

 11. Liu C, Zhang W, Wang J, Si T, Xing W. Tumor-associated macrophage‐
derived transforming growth factor‐β promotes colorectal cancer pro-
gression through HIF1‐TRIB3 signaling. Cancer Sci. 2021;112:4198–207.

 12. Chen D, Zhang X, Li Z, Zhu B. Metabolic regulatory crosstalk between 
tumor microenvironment and tumor-associated macrophages. Theranos-
tics. 2021;11:1016–30.

 13. Pan Y, Yu Y, Wang X, Zhang T. Tumor-associated macrophages in tumor 
immunity. Front Immunol. 2020;11:583084.

 14. Zhang SY, Song XY, Li Y, Ye LL, Zhou Q, Yang WB. Tumor-associated mac-
rophages: a promising target for a cancer immunotherapeutic strategy. 
Pharmacol Res. 2020;161:105111.

 15. Song W, Mazzieri R, Yang T, Gobe GC. Translational significance for tumor 
metastasis of tumor-associated macrophages and epithelial-mesenchy-
mal transition. Front Immunol. 2017;8:1106.

 16. Yang L, Zhang Y. Tumor-associated macrophages: from basic research to 
clinical application. J Hematol Oncol. 2017;10:58.

 17. Zhu S, Yi M, Wu Y, Dong B, Wu K. Roles of tumor-associated macrophages 
in tumor progression: implications on therapeutic strategies. Exp Hema-
tol Oncol. 2021;10:60.

 18. Zhou J, Tang Z, Gao S, Li C, Feng Y, Zhou X. Tumor-associated mac-
rophages: recent insights and therapies. Front Oncol. 2020;10:188.

 19. Nowak M, Klink M. The role of tumor-associated macrophages in the 
progression and chemoresistance of Ovarian cancer. Cells. 2020;9(5):1299.

 20. Zhou M, Wang C, Lu S, Xu Y, Li Z, Jiang H, Ma Y. Tumor-associated 
macrophages in cholangiocarcinoma: complex interplay and potential 
therapeutic target. EBioMedicine. 2021;67:103375.

 21. Cassetta L, Pollard JW. Tumor-associated macrophages. Curr Biol. 
2020;30:R246–8.

 22. Shueng PW, Yu LY, Chiu HC, Chang HC, Chiu YL, Kuo TY, Yen YW, Lo CL. 
Early phago-/endosomal escape of platinum drugs via ROS-respon-
sive micelles for dual cancer chemo/immunotherapy. Biomaterials. 
2021;276:121012.

 23. Gao J, Liang Y, Wang L. Shaping polarization of tumor-associated mac-
rophages in cancer immunotherapy. Front Immunol. 2022;13:888713.

 24. Quail DF, Joyce JA. Molecular pathways: deciphering mechanisms 
of resistance to macrophage-targeted therapies. Clin Cancer Res. 
2017;23:876–84.

 25. Zhong X, Chen B, Yang Z. The role of tumor-associated macrophages in 
colorectal carcinoma progression. Cell Physiol Biochem. 2018;45:356–65.

 26. Bailey C, Negus R, Morris A, Ziprin P, Goldin R, Allavena P, Peck D, Darzi A. 
Chemokine expression is associated with the accumulation of tumour 
associated macrophages (TAMs) and progression in human colorectal 
cancer. Clin Exp Metastasis. 2007;24:121–30.

 27. Tu W, Gong J, Zhou Z, Tian D, Wang Z. TCF4 enhances hepatic metastasis 
of colorectal cancer by regulating tumor-associated macrophage via 
CCL2/CCR2 signaling. Cell Death Dis. 2021;12:882.

 28. Gao C, Hu W, Zhao J, Ni X, Xu Y. LncRNA HCG18 promotes M2 mac-
rophage polarization to accelerate cetuximab resistance in colorectal 
cancer through regulating miR-365a-3p/FOXO1/CSF-1 axis. Pathol Res 
Pract. 2022;240:154227.

 29. Nakanishi Y, Nakatsuji M, Seno H, Ishizu S, Akitake-Kawano R, Kanda K, 
Ueo T, Komekado H, Kawada M, Minami M, Chiba T. COX-2 inhibition 
alters the phenotype of tumor-associated macrophages from M2 to M1 
in ApcMin/+ mouse polyps. Carcinogenesis. 2011;32:1333–9.

 30. Ma D, Zhang Y, Chen G, Yan J. miR-148a affects polarization of THP-1-de-
rived macrophages and reduces recruitment of tumor-associated mac-
rophages via targeting SIRPalpha. Cancer Manag Res. 2020;12:8067–77.

 31. Lai F, Zhang H, Xu B, Xie Y, Yu H. Long non-coding RNA NBR2 suppresses 
the progress of colorectal cancer in vitro and in vivo by regulating the 
polarization of TAM. Bioengineered. 2021;12:5462–75.

 32. Xia T, Zhang M, Lei W, Yang R, Fu S, Fan Z, Yang Y, Zhang T. Advances 
in the role of STAT3 in macrophage polarization. Front Immunol. 
2023;14:1160719.

 33. Zhang H, Zhao B, Wei H, Zeng H, Sheng D, Zhang Y. Cucurbitacin B con-
trols M2 macrophage polarization to suppresses metastasis via targeting 
JAK-2/STAT3 signalling pathway in colorectal cancer. J Ethnopharmacol. 
2022;287:114915.

 34. Li Y, Chen Z, Han J, Ma X, Zheng X, Chen J. Functional and therapeutic 
significance of tumor-associated macrophages in colorectal cancer. Front 
Oncol. 2022;12:781233.

 35. Xu H, Lai W, Zhang Y, Liu L, Luo X, Zeng Y, Wu H, Lan Q, Chu Z. Tumor-
associated macrophage-derived IL-6 and IL-8 enhance invasive activity 
of LoVo cells induced by PRL-3 in a KCNN4 channel-dependent manner. 
BMC Cancer. 2014;14:330.

 36. Zhang T, Liu L, Lai W, Zeng Y, Xu H, Lan Q, Su P, Chu Z. Interaction with 
tumor–associated macrophages promotes PRL–3–induced invasion of 
colorectal cancer cells via MAPK pathway–induced EMT and NF–kappaB 
signaling–induced angiogenesis. Oncol Rep. 2019;41:2790–802.

 37. Gazzillo A, Polidoro MA, Soldani C, Franceschini B, Lleo A, Donadon M. 
Relationship between epithelial-to-mesenchymal transition and tumor-
associated macrophages in colorectal liver metastases. Int J Mol Sci. 
2022;23(24):16197.

 38. Cai J, Xia L, Li J, Ni S, Song H, Wu X. Tumor-associated macrophages 
derived TGF-beta–induced epithelial to mesenchymal transition in colo-
rectal cancer cells through Smad2,3–4/Snail signaling pathway. Cancer 
Res Treat. 2019;51:252–66.



Page 13 of 14Hou et al. Journal of Translational Medicine           (2024) 22:62  

 39. Liu J, Zhang N, Li Q, Zhang W, Ke F, Leng Q, Wang H, Chen J, Wang H. 
Tumor-associated macrophages recruit CCR6 + regulatory T cells and 
promote the development of colorectal cancer via enhancing CCL20 
production in mice. PLoS ONE. 2011;6:e19495.

 40. Zhang R, Qi F, Zhao F, Li G, Shao S, Zhang X, Yuan L, Feng Y. Cancer-asso-
ciated fibroblasts enhance tumor-associated macrophages enrichment 
and suppress NK cells function in colorectal cancer. Cell Death Dis. 
2019;10:273.

 41. Kang JC, Chen JS, Lee CH, Chang JJ, Shieh YS. Intratumoral macrophage 
counts correlate with tumor progression in colorectal cancer. J Surg 
Oncol. 2010;102:242–8.

 42. Larionova I, Kazakova E, Gerashchenko T, Kzhyshkowska J. New angio-
genic regulators produced by TAMs: perspective for targeting tumor 
angiogenesis. Cancers  2021;13:3253.

 43. Geindreau M, Bruchard M, Vegran F. Role of cytokines and chemokines in 
angiogenesis in a tumor context. Cancers. 2022;14:2446.

 44. Suarez-Lopez L, Kong YW, Sriram G, Patterson JC, Rosenberg S, Morandell 
S, Haigis KM, Yaffe MB. MAPKAP Kinase-2 drives expression of angiogenic 
factors by Tumor-Associated macrophages in a model of inflammation-
Induced Colon cancer. Front Immunol. 2020;11:607891.

 45. Bi Y, Shirure VS, Liu R, Cunningham C, Ding L, Meacham JM, Goedege-
buure SP, George SC, Fields RC. Tumor-on-a-chip platform to interrogate 
the role of macrophages in tumor progression. Integr Biol (Camb). 
2020;12:221–32.

 46. Nocito A, Dahm F, Jochum W, Jang JH, Georgiev P, Bader M, Graf R, 
Clavien PA. Serotonin regulates macrophage-mediated angiogenesis in a 
mouse model of colon cancer allografts. Cancer Res. 2008;68:5152–8.

 47. Xu H, Zhang Y, Peña MM, Pirisi L, Creek KE. Six1 promotes colorectal 
cancer growth and metastasis by stimulating angiogenesis and recruiting 
tumor-associated macrophages. Carcinogenesis. 2017;38:281–92.

 48. Sznurkowska MK, Aceto N. The gate to metastasis: key players in cancer 
cell intravasation. FEBS J. 2022;289:4336–54.

 49. Cheng X, Cheng K. Visualizing cancer extravasation: from mechanistic 
studies to drug development. Cancer Metastasis Rev. 2021;40:71–88.

 50. Salmaninejad A, Valilou SF, Soltani A, Ahmadi S, Abarghan YJ, Rosengren 
RJ, Sahebkar A. Tumor-associated macrophages: role in cancer develop-
ment and therapeutic implications. Cell Oncol (Dordr). 2019;42:591–608.

 51. Cardoso AP, Pinto ML, Pinto AT, Oliveira MI, Pinto MT, Gonçalves R, Relvas 
JB, Figueiredo C, Seruca R, Mantovani A, et al. Macrophages stimulate 
gastric and colorectal cancer invasion through EGFR Y1086, c-Src, 
Erk1/2 and akt phosphorylation and smallGTPase activity. Oncogene. 
2013;33:2123–33.

 52. Minder P, Zajac E, Quigley JP, Deryugina EI. EGFR regulates the 
development and microarchitecture of intratumoral angiogenic 
vasculature capable of sustaining cancer cell intravasation. Neoplasia. 
2015;17:634–49.

 53. Weis S, Cui J, Barnes L, Cheresh D. Endothelial barrier disruption by VEGF-
mediated src activity potentiates tumor cell extravasation and metastasis. 
J Cell Biol. 2004;167:223–9.

 54. Peters F, Becker-Pauly C. Role of meprin metalloproteases in metastasis 
and tumor microenvironment. Cancer Metastasis Rev. 2019;38:347–56.

 55. Zhu X, Liang R, Lan T, Ding D, Huang S, Shao J, Zheng Z, Chen T, Huang Y, 
Liu J, et al. Tumor-associated macrophage-specific CD155 contributes to 
M2-phenotype transition, immunosuppression, and tumor progression in 
colorectal cancer. J Immunother Cancer. 2022;10:e004219.

 56. Afik R, Zigmond E, Vugman M, Klepfish M, Shimshoni E, Pasmanik-Chor 
M, Shenoy A, Bassat E, Halpern Z, Geiger T, et al. Tumor macrophages 
are pivotal constructors of tumor collagenous matrix. J Exp Med. 
2016;213:2315–31.

 57. Erreni M, Mantovani A, Allavena P. Tumor-associated macrophages 
(TAM) and inflammation in colorectal cancer. Cancer Microenviron. 
2011;4:141–54.

 58. Dong Q, Liu X, Cheng K, Sheng J, Kong J, Liu T. Pre-metastatic niche for-
mation in different organs Induced by Tumor Extracellular vesicles. Front 
Cell Dev Biol. 2021;9:733627.

 59. Zhao S, Mi Y, Guan B, Zheng B, Wei P, Gu Y, Zhang Z, Cai S, Xu Y, Li X, et al. 
Tumor-derived exosomal miR-934 induces macrophage M2 polariza-
tion to promote liver metastasis of colorectal cancer. J Hematol Oncol. 
2020;13:156.

 60. Biller LH, Schrag D. Diagnosis and treatment of metastatic colorectal 
cancer. JAMA. 2021;325:669–685.

 61. Shu Y, Cheng P. Targeting tumor-associated macrophages for cancer 
immunotherapy. Biochim Biophys Acta Rev Cancer. 2020;1874:188434.

 62. 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.

 63. Wang H, Tian T, Zhang J. Tumor-associated macrophages (TAMs) in colo-
rectal cancer (CRC): from mechanism to therapy and prognosis. Int J Mol 
Sci. 2021;22:8470.

 64. Shen L, Sundstedt A, Ciesielski M, Miles KM, Celander M, Adelaiye R, Oril-
lion A, Ciamporcero E, Ramakrishnan S, Ellis L, et al. Tasquinimod modu-
lates suppressive myeloid cells and enhances cancer immunotherapies in 
murine models. Cancer Immunol Res. 2015;3:136–48.

 65. Olsson A, Nakhle J, Sundstedt A, Plas P, Bauchet AL, Pierron V, Bruetschy 
L, Deronic A, Torngren M, Liberg D, et al. Tasquinimod triggers an early 
change in the polarization of tumor associated macrophages in the 
tumor microenvironment. J Immunother Cancer. 2015;3:53.

 66. de Carvalho TG, Lara P, Jorquera-Cordero C, Aragao CFS, de Santana 
Oliveira A, Garcia VB, de Paiva Souza SV, Schomann T, Soares LAL, Matta 
Guedes PM, de Araujo Junior RF. Inhibition of murine colorectal cancer 
metastasis by targeting M2-TAM through STAT3/NF-kB/AKT signal-
ing using macrophage 1-derived extracellular vesicles loaded with 
oxaliplatin, retinoic acid, and Libidibia ferrea. Biomed Pharmacother. 
2023;168:115663

 67. Zhu M, Bai L, Liu X, Peng S, Xie Y, Bai H, Yu H, Wang X, Yuan P, Ma R, 
et al. Silence of a dependence receptor CSF1R in colorectal cancer 
cells activates tumor-associated macrophages. J Immunother Cancer. 
2022;10:e005610.

 68. Qiao T, Yang W, He X, Song P, Chen X, Liu R, Xiao J, Yang X, Li M, Gao Y, 
et al. Dynamic differentiation of F4/80 + tumor-associated macrophage 
and its role in tumor vascularization in a syngeneic mouse model of 
colorectal liver metastasis. Cell Death Dis. 2023;14:117.

 69. Limagne E, Thibaudin M, Nuttin L, Spill A, Derangere V, Fumet JD, Amellal 
N, Peranzoni E, Cattan V, Ghiringhelli F. Trifluridine/tipiracil plus oxaliplatin 
improves PD-1 blockade in colorectal cancer by Inducing immuno-
genic cell death and depleting macrophages. Cancer Immunol Res. 
2019;7:1958–69.

 70. Gallo G, Vescio G, De Paola G, Sammarco G. Therapeutic targets and 
tumor microenvironment in colorectal cancer. J Clin Med. 2021;10:2295.

 71. Sanchez-Lopez E, Flashner-Abramson E, Shalapour S, Zhong Z, Taniguchi 
K, Levitzki A, Karin M. Targeting colorectal cancer via its microenviron-
ment by inhibiting IGF-1 receptor-insulin receptor substrate and STAT3 
signaling. Oncogene. 2016;35:2634–44.

 72. Chen TW, Hung WZ, Chiang SF, Chen WT, Ke TW, Liang JA, Huang CY, 
Yang PC, Huang KC, Chao KSC. Dual inhibition of TGFbeta signaling 
and CSF1/CSF1R reprograms tumor-infiltrating macrophages and 
improves response to chemotherapy via suppressing PD-L1. Cancer Lett. 
2022;543:215795.

 73. Papadopoulos KP, Gluck L, Martin LP, Olszanski AJ, Tolcher AW, Ngarm-
chamnanrith G, Rasmussen E, Amore BM, Nagorsen D, Hill JS, Stephenson 
J Jr. First-in-human study of AMG 820, a monoclonal anti-colony-stimulat-
ing factor 1 receptor antibody, in patients with Advanced Solid tumors. 
Clin Cancer Res. 2017;23:5703–10.

 74. Razak AR, Cleary JM, Moreno V, Boyer M, Calvo Aller E, Edenfield W, Tie J, 
Harvey RD, Rutten A, Shah MA, et al. Safety and efficacy of AMG 820, an 
anti-colony-stimulating factor 1 receptor antibody, in combination with 
pembrolizumab in adults with advanced solid tumors. J Immunother 
Cancer. 2020;8:e001006.

 75. Fathi M, Pustokhina I, Kuznetsov SV, Khayrullin M, Hojjat-Farsangi M, 
Karpisheh V, Jalili A, Jadidi-Niaragh F. T-cell immunoglobulin and ITIM 
domain, as a potential immune checkpoint target for immunotherapy of 
colorectal cancer. IUBMB Life. 2021;73:726–38.

 76. Zhong X, He X, Wang Y, Hu Z, Huang H, Zhao S, Wei P, Li D. Warburg effect 
in colorectal cancer: the emerging roles in tumor microenvironment and 
therapeutic implications. J Hematol Oncol. 2022;15:160.

 77. Williams CB, Yeh ES, Soloff AC. Tumor-associated macrophages: unwit-
ting accomplices in breast cancer malignancy. NPJ Breast Cancer. 
2016;2:15025–.

 78. Ma C, He D, Tian P, Wang Y, He Y, Wu Q, Jia Z, Zhang X, Zhang P, 
Ying H, et al. miR-182 targeting reprograms tumor-associated mac-
rophages and limits breast cancer progression. Proc Natl Acad Sci USA. 
2022;119(6):2114006119.



Page 14 of 14Hou et al. Journal of Translational Medicine           (2024) 22:62 

 79. Han J, Dong L, Wu M, Ma F. Dynamic polarization of tumor-associated 
macrophages and their interaction with intratumoral T cells in an 
inflamed tumor microenvironment: from mechanistic insights to thera-
peutic opportunities. Front Immunol. 2023;14:1160340.

 80. Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, O’Brien SA, He Y, 
Wang L, Zhang Q, Kim A, et al. Single-cell analyses inform mechanisms of 
myeloid-targeted therapies in Colon cancer. Cell. 2020;181:442–459e429.

 81. Qi J, Sun H, Zhang Y, Wang Z, Xun Z, Li Z, Ding X, Bao R, Hong L, Jia 
W, et al. Single-cell and spatial analysis reveal interaction of FAP + 
fibroblasts and SPP1 + macrophages in colorectal cancer. Nat Commun. 
2022;13(1):1742.

 82. Yang C, Wei C, Wang S, Shi D, Zhang C, Lin X, Dou R, Xiong B. Elevated 
CD163(+)/CD68(+) ratio at tumor invasive front is closely associated with 
aggressive phenotype and poor prognosis in colorectal cancer. Int J Biol 
Sci. 2019;15:984–98.

 83. Malesci A, Bianchi P, Celesti G, Basso G, Marchesi F, Grizzi F, Di Caro G, Cav-
alleri T, Rimassa L, Palmqvist R, et al. Tumor-associated macrophages and 
response to 5-fluorouracil adjuvant therapy in stage III colorectal cancer. 
OncoImmunology. 2017;6(12):1342918.

 84. Cui D, Yuan W, Chen C, Han R. Identification of colorectal cancer-associ-
ated macrophage biomarkers by integrated bioinformatic analysis. Int J 
Clin Exp Pathol. 2021;14:1–8.

 85. Ma S, Zhao Y, Liu X, Sun Zhang A, Zhang H, Hu G, Sun XF. CD163 as a 
potential biomarker in colorectal cancer for tumor microenvironment 
and cancer prognosis: a Swedish study from tissue microarrays to big 
data analyses. Cancers. 2022;14:6166.

 86. Hu W, Yang Y, Qi L, Chen J, Ge W, Zheng S. Subtyping of microsatellite 
instability-high colorectal cancer. Cell Commun Signal. 2019;17(1):1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Tumor-associated macrophages in colorectal cancer metastasis: molecular insights and translational perspectives
	Abstract 
	Introduction
	Origin and polarization of TAMs
	Origins and functions of TAMs
	Polarization of TAMs

	Biological significance of TAM polarization in CRC progression and metastasis
	Multi-dimensional landscape of TAM-mediated cellular carcinogenesis in CRC metastasis
	Activating the invasion of CRC cells
	Inducing the angiogenesis of CRC cells
	Promoting the intravasation and extravasation of CRC cells
	Enhancing the survival of CRC cells in the circulatory system
	Contributing to the formation of pre-metastatic niches (PMN) in CRC cells

	TAMs as therapeutic targets in metastatic CRC therapy
	Reprogramming TAMs
	Depleting TAMs
	Blocking TAMs recruitment

	Conclusions and perspectives
	Perspective 1: Deciphering TAM heterogeneity and cellular interactions in CRC based on single-cell sequencing and spatial transcriptomics
	Perspective 2: TAM knowledge-guided modeling and integrated screening of novel biomarkers and mechanisms for CRC precision medicine
	Perspective 3: multi-center clinical validation of TAM-derived theranostics for CRC translational applications

	Acknowledgements
	References


