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Colorectal cancer is a highly aggressive tumor with
high incidence and mortality rates. Its development is the
result of the combined effects of genetic susceptibility,
dietary habits, lifestyle, and environmental factors [1].
Despite significant improvements in prognosis for
early-stage patients through comprehensive treatments
including surgery, chemotherapy, targeted therapy, and
immunotherapy, metastasis remains one of the leading
causes of treatment failure and death in colorectal cancer
patients [2]. Studies have shown that more than half of
colorectal cancer patients are diagnosed at advanced
stages, with a five-year survival rate of less than 15% for
those with metastasis [3]. Recently, the dynamic
regulation of the tumor microenvironment has become a
research hotspot. The tumor microenvironment is a
dynamic ecosystem composed of cancer cells, stromal
cells, immune cells, extracellular matrix (ECM), and
secreted factors. Changes in its function and composition
directly influence tumor growth, invasion, metastasis, and
treatment responses [4]. The tumor microenvironment can
form a “coevolution” relationship with tumor cells
through  mechanisms like metabolism, immune

suppression, and signaling pathways, promoting cancer
cell invasion, metastasis, and immune evasion [5].
Therefore, investigating the relationship between the
tumor microenvironment and colorectal cancer metastasis
is essential, not only for understanding the mechanisms of
cancer cell metastasis but also for providing theoretical
support for developing novel targeted therapies for the
tumor microenvironment. This review aims to explore the
role and mechanisms of the tumor microenvironment in
colorectal cancer metastasis, providing references for the
clinical treatment of colorectal cancer patients.

1 Stromal Cells
1.1 Tumor-associated Fibroblasts (CAF’s)

Fibroblasts are the most active cell types in the
tumor microenvironment and are considered a key player
in the tumor microenvironment. Fibroblasts can be
divided into CAFs and myofibroblasts, with the role of
CAFs in promoting tumor proliferation and metastasis
reported in various malignancies including prostate
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cancer, breast cancer, pancreatic cancer, and colorectal
cancer. CAFs primarily consist of two subtypes:
myofibroblasts and inflammatory fibroblasts.
Myofibroblasts are mainly activated by the transforming
growth factor (TGF)-f signaling pathway and secrete
collagen and fibronectin, contributing to ECM
remodeling; whereas inflammatory fibroblasts are driven
by pro-inflammatory factors such as interleukin (IL)-1,
tumor necrosis factor (TNF)-o, and the Janus kinase
(JAK)/signal transducer and activator of transcription 3
(STAT3) pathway, and secrete various pro-inflammatory
cytokines and chemokines to promote tumor cell
proliferation. Studies have shown that CAFs interact with
tumor-associated immune cells and other immune
components, enabling cancer cells to escape immune
surveillance and playing a key role in immune
suppression and enhancing tumor chemoresistance [6].
Furthermore, other studies have suggested that the fibrous
collagen and other ECM components produced by CAFs
can induce fibrosis around the tumor or form scar
adhesions within tissues, making ECM remodeling stiff
and hypoxic, thereby accelerating tumor progression and
metastasis [7].

In studies on colorectal cancer metastasis, CAFs
have been shown to act through mechanisms such as
promoting angiogenesis, secreting various cytokines, and
remodeling ECM. Hematogenous metastasis is
considered a key factor contributing to the high
metastasis rate and mortality of colorectal cancer. In the
study by Peng et al. [8], CAFs were found to promote
angiogenesis by secreting vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF),
platelet-derived growth factor (PDGF), and other
pro-angiogenic factors, inducing abnormal tumor vascular
proliferation and providing a pathway for cancer cells to
enter the bloodstream, thus promoting hematogenous
metastasis in colorectal cancer. CAFs also excessively
secrete ECM components like collagen and fibronectin,
increasing ECM rigidity and hindering the infiltration of
T cells, natural killer (NK) cells, and drugs into the tumor
core, thereby supporting cancer cell colonization in
metastatic target organs.

During liver metastasis, CAFs drive immune evasion
through multiple mechanisms, providing a “immune
privilege” environment for cancer cells. For example,
TGF-B secreted by CAFs inhibits CD8" T cell
proliferation and expression of cytotoxic molecules via
the Smad pathway, while promoting the differentiation of
regulatory T cells (Tregs), thus weakening the anti-tumor
immune response [9]. Additionally, CAFs transfer
immunosuppressive microRNAs (miRNAs) via exosomes
to target organs, further preconditioning the liver
microenvironment. miR-21 directly suppresses the
expression of the tumor suppressor gene phosphatase and
tensin homolog (PTEN), impairing the anti-tumor
function of T cells, while miR-155 activates the STAT3
pathway to promote the immunosuppressive activity of
myeloid-derived suppressor cells. These mechanisms
collectively form an "immune desert" in the liver
metastasis site, significantly reducing the efficacy of

immune checkpoint inhibitors (ICIs) [10-11].

Based on the pro-tumor characteristics of CAFs,
various anti-CAFs therapies have been developed. The
first class of anti-CAFs drugs includes inhibitors targeting
VEGF, VEGF receptors (VEGFR), hepatocyte growth
factor (HGF)/mesenchymal-epithelial transition factor
(MET), which block multiple signaling pathways to
inhibit CAF activation, thus improving tumor
proliferation and angiogenesis. The second class targets
CAF products, including inhibitors of matrix
metalloproteinases, nestin C, tissue plasminogen
activators, and serine proteases, which block angiogenesis
and tumor development in colorectal cancer, enhancing
chemotherapy efficacy. Additionally, the combination of
ICIs with anti-TGF-B therapy has gained significant
attention. This combination not only reverses
CAF-mediated immune evasion but also enhances
immune cell infiltration and efficacy by softening the
tumor stroma. Therefore, targeting CAFs and their
products may provide a new strategy for the prevention
and treatment of colorectal cancer metastasis. The
mechanism of CAFs was shown in Tab.1.

1.2 Mesenchymal Stem Cells (MSCs)

MSCs are pluripotent stem cells primarily found in
the bone marrow stroma, possessing the ability for
self-renewal and the potential to differentiate into various
cell types. MSCs have the capacity to actively migrate to
sites of injury or specific pathological areas (such as
tumors). This tropism enables them to migrate towards
primary and metastatic tumor sites, becoming key stromal
cells in the tumor microenvironment [12]. Numerous
studies have shown that the tumor microenvironment
varies across different cancers, with differences in cell
types and ECM composition. Therefore, the role of MSCs
in the tumor microenvironment also exhibits duality
[13-14]. On one hand, MSCs can transform into
tumor-associated MSCs (TAMSCs) upon interaction with
various cells and factors within the local tumor
microenvironment. This transformation influences tumor
growth and metastasis by enhancing tumor invasiveness
and migration, as well as inhibiting cancer cell apoptosis.
On the other hand, MSCs can exert anti-tumor effects by
enhancing immune responses, inhibiting angiogenesis,
and regulating signal transduction pathways.

In colorectal cancer, the pro-tumor and anti-tumor
roles of MSCs are particularly complex. For example,
MSCs promote colorectal cancer development through
activation of the AMP-activated protein kinase
(AMPK)/mechanistic target of rapamycin
(mTOR)-mediated nuclear factor-kB (NF-kB) signaling
pathway; MSCs enhance the migration and invasion
abilities of  colorectal cancer cells through
IL-6/JAK2/STAT3 signaling [15-16]. MSCs can also
induce epithelial-mesenchymal transition (EMT) in
cancer cells through the secretion of growth factors such
as TGF-p and HGF, activating Wnt/B-catenin signaling
pathways, thereby enhancing invasiveness and metastatic
potential. Conversely, MSCs can suppress colorectal
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cancer progression. For instance, Eiro ef al. [17] found
that MSCs could migrate to colon tissue and induce Treg
cell differentiation via Smad2, thereby inhibiting the
development of colitis-associated colorectal cancer.
MSCs can also inhibit the growth of colorectal cancer by
regulating immune components within the colorectal
tumor microenvironment [18]. The impact of MSCs on
the occurrence and progression of colorectal cancer is
both positive and negative. This complex mechanism
underlines the promising therapeutic potential of
MSC-based treatments. The specific homing ability of
MSCs makes them an ideal carrier for anti-tumor drugs,
accurately migrating to tumor sites and releasing the drug.
This can enhance treatment safety and improve the
targeted efficacy of anti-cancer agents. Moreover,
combining MSCs with chemotherapy drugs may help
ameliorate renal dysfunction and tissue damage caused by
chemotherapy due to their tissue repair capacity. These
studies indicate that there is a complex relationship
between MSCs and colorectal cancer metastasis. MSCs
have enormous therapeutic potential in the treatment of
colorectal cancer; however, the design of treatment
strategies requires caution to minimize the potential
adverse effects of MSC-based therapies. The mechanisms
of MSCs are summarized in Table 1.

2 Immune Cells

2.1 Tumor-Associated Macrophages (TAMs)

TAMs are the most abundant immune population in
the tumor microenvironment. Upon induction, they can

differentiate into two phenotypes: inflammatory
macrophages and immunosuppressive or
anti-inflammatory macrophages. Inflammatory

macrophages have high antigen-presenting capabilities
and play roles in immune activation and tumor
cytotoxicity, whereas immunosuppressive or
anti-inflammatory macrophages contribute to immune
suppression and promote tumor differentiation and
metastasis. Although the classification of TAMs into
anti-tumor inflammatory macrophages and pro-tumor
immunosuppressive or anti-inflammatory macrophages is
widely used in research, TAMs typically exhibit a range
of phenotypic features that continuously adapt to signals

in the tumor microenvironment. Therefore, TAM
polarization should be regarded as a dynamic phenotypic
lineage.

TAMs are closely related to the pathogenesis of
colorectal cancer, and as the tumor progresses, the
proportion of inflammatory and immunosuppressive or
anti-inflammatory cells in the microenvironment changes
accordingly [19]. In colorectal cancer, the polarization of
TAMs gradually shifts towards immunosuppressive or
anti-inflammatory states. The increased proportion of
these cells is closely associated with immune suppression,
vascular remodeling, and metastasis in colorectal cancer
[20]. In recent years, with the development of single-cell
sequencing technology, TAMs in colorectal cancer have
been further subdivided into different subtypes, with

vascularization-promoting TAMs and
phagocytic/antigen-presenting TAMs being the two major
subtypes. Vascularization-promoting TAMs are typically
located in hypoxic and necrotic tumor areas, displaying
pro-tumor characteristics. They are enriched in tumor
angiogenesis, ECM receptor interactions, and tumor
vasculature-related ~ pathways,  promoting  tumor
angiogenesis and metastasis, and are considered to be
associated with poor prognosis in colorectal cancer
patients [21]. Phagocytic/antigen-presenting TAMs
possess antigen-presenting and phagocytic functions,
enriching in complement activation and antigen
processing pathways. These cells may exert anti-tumor
effects by activating adaptive immune responses [22].
Nicotinamide phosphoribosyltransferase (NAMPT) is a
critical target in vascularization-promoting TAMs.
NAMPT inhibitors induce NAD" depletion by inhibiting
NAD" biosynthesis, leading to ATP exhaustion and
programmed cell death. However, inhibiting NAD*
pathways also causes side effects such as fatigue, nausea,
and electrolyte imbalances. CD40 agonists represent a
therapeutic approach targeting
phagocytic/antigen-presenting TAMs. They can activate
specific classical type 1 dendritic cells and expand T
helper 1-like cells and CD8* memory T cells, enhancing
immune responses against tumors. However, CD40
agonists often require combination with other treatments,
increasing the complexity and potential side effects of
therapy. Therefore, targeting TAMs in colorectal cancer
therapy still faces multiple challenges. Modulating TAM
function or inhibiting their immunosuppressive or
anti-inflammatory polarization is crucial for improving
treatment outcomes and suppressing tumor metastasis,
providing more therapeutic options for patients (See
Figure 1). The mechanisms of TAMs are shown in Table
1.

TAM

3 Eg,
VES Mup - CSr.
23

g
Angiogenesis s 5
‘(Q\;/( \‘39'"u Tumer migration and invasion
[y MMP-
L&
a1
Tumor metastasis
Tumor growth
Fig.1 TAMs mechanism diagram
2.2 NK Cells

In the tumor microenvironment, cancer cells and
immune cells compete for limited metabolic resources.
However, both cancer cells and immune cells possess
significant adaptive capabilities, enabling them to
overcome adverse conditions by interacting and
remodeling metabolic pathways. They utilize various
available metabolic nutrients, and this reprogramming
results in immune cell dysfunction, thereby driving tumor
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progression and immune evasion [23]. Reports indicate
that acquired immune cells dominate the tumor
microenvironment, while the proportion of innate
immune cells in tumor tissues is significantly reduced,
suggesting a need for further investigation into the role of
innate immune cells in the development and metastasis of
malignant tumors [24]. NK cells are core members of the
innate immune system and are an important component of
anti-tumor responses. The anti-tumor effect of NK cells
depends on the balance between their activating and
inhibitory receptors. The activating receptors of NK cells
mainly include NKG2D, natural cytotoxicity receptors,
and the immunoglobulin-like receptor family. Upon
activation, NK cells release pro-inflammatory cytokines
[such as interferon-y (IFN-y), tumor necrosis factor-o
(TNF-a), etc.] and lytic granules (such as perforin and
granzymes), ultimately leading to the lysis of tumor cells
[25-26]. Some retrospective analyses showed that low
NK cell infiltration and/or impaired NK cell function
were associated with recurrence and poor overall survival
in colorectal cancer patients following treatment [27-28].
Dysregulation of the innate immune system allows
colorectal cancer to escape NK cell surveillance, thereby
significantly increasing the metastatic and invasive
potential of cancer cells. As Greenlee et al. [29] found,
overexpression of human leukocyte antigen-E (HLA-E)
inhibits NK cell activation through high-affinity
interactions with the NKG2A receptor, preventing NK
cells from recognizing and attacking tumor cells. Soluble
MHC class I chain-related molecules (MIC) A and B,
shed from transformed cells in the tumor
microenvironment, continuously expose NK cells to these
soluble MICA and MICB, reducing their cytotoxicity.
This process involves downregulation of NKG2D
receptor expression and ultimately promotes tumor cell
proliferation and metastasis [30]. TGF-f1 and IL-10 can
suppress NK cell secretion of IFN-y, TNF-a, and other
cytokines, weakening their immune surveillance function
and hindering NK cell-mediated cytotoxicity against
colorectal cancer cells. This promotes immune evasion
and facilitates tumor growth and metastasis [31]. Thus,
targeting  immune  cells  within  the  tumor
microenvironment to restore their immune surveillance
function and improve tumor immune evasion
characteristics may be a highly promising therapeutic
strategy. The mechanisms of NK cells are shown in Table
1.

3 Metabolic Factors
3.1 Lipid Metabolites

Fatty acids are an essential component of lipid
molecules, and metabolic abnormalities in fatty acids can
lead to disruptions in physiological functions, being
closely related to the initiation and progression of various
cancers. Studies have shown that tumor tissues with
strong invasive ability often contain more mutant genes
related to fatty acid synthesis and metabolism. Tumor
cells adapt to their rapid proliferation demands by altering

fatty acid synthesis and oxidation pathways. This includes
activation of key enzymes in fatty acid synthesis, such as
fatty acid synthase (FASN), and enhanced fatty acid
oxidation [32]. Hypoxia, a common feature of solid
tumors, promotes cancer development. Recent studies
suggest that hypoxic stress induces a reprogramming of
fatty acid metabolism, significantly upregulating FASN.
Tumor cells are unable to balance lipid and protein
synthesis, leading to sustained fatty acid supply for tumor
metabolism, thereby facilitating the progression of
malignant tumors towards chemotherapy resistance and
invasive phenotypes [33-34]. The tumor
microenvironment in colorectal cancer is rich in adipose
tissue and cells, which interact with tumor cells during
the progression of the disease. This interaction alters the
biological characteristics of various lipid factors and
receptors in the tumor microenvironment, resulting in
abnormal expression. Huang et al. [35] found that as a
key enzyme in fatty acid synthesis, FASN is significantly
expressed in colorectal cancer, converting excess
carbohydrates into fatty acids. Saturated fatty acids in
these fatty acids can be converted into monounsaturated
fatty acids by stearoyl-CoA desaturase 1, thus promoting
colorectal cancer metastasis. Studies have also found that
the PI3K/AKT/mTOR signaling pathway can promote
lipogenesis, cell growth, and liver metastasis by
regulating fatty acid synthesis-related enzymes. miR-20
activates the Wnt/B-catenin signaling pathway and
upregulates fatty acid synthesis, promoting the
proliferation and migration of metabolic colorectal cancer
cells. Lipids not only serve as energy sources but also
play an important role in signal transduction [36]. Tumor
cells synthesize cholesterol and phospholipids to maintain
the structural and functional integrity of their cell
membranes, aiding their adaptation to the tumor
microenvironment. Free fatty acids in the tumor
microenvironment regulate glycolysis and oxidative
phosphorylation,  driving  the  polarization  of
immune-suppressive or anti-inflammatory macrophages.
Therefore, fatty acids and fatty acid metabolism-related
enzymes are closely related to tumor metastasis. In-depth
research on fatty acid metabolism mechanisms could lead
to innovative therapeutic approaches. The mechanisms of
lipid metabolites are shown in Table 1.

3.2 Reactive Oxygen Species (ROS)

ROS are a class of single-electron reduction products
in the body, primarily composed of free radicals. ROS can
regulate multiple signaling pathways, playing a key role
in various cellular processes, including metabolism,
differentiation, proliferation, and cell death. Studies show
that low doses of ROS can stimulate cells and activate
their signaling systems, while excessively high ROS
levels damage biological macromolecules, such as DNA
and proteins. This damage can either activate oncogenes
or inactivate tumor suppressor genes, leading to
disruptions in the cell cycle and promoting tumorigenesis
and progression [37]. Therefore, ROS have become a hot
topic in cancer prevention and treatment research.
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Metabolic reprogramming in colorectal cancer is
associated with mutations in both classic and non-classic
Wnt/B-catenin signaling pathways, which may be
regulated by ROS in the tumor microenvironment [38].
Furthermore, elevated ROS levels in the tumor
microenvironment can alter many cellular functions and
matrix components. Some studies indicate that ROS can
promote tumor cell proliferation, migration, and invasion
by activating and regulating NF-kB and PI3K/AKT
signaling pathways in colorectal cancer metastasis. ROS
can also influence the transcription factors regulating
colorectal cancer metastasis, such as hypoxia-inducible
factor-1o. (HIF-1a) and STAT3, thereby participating in
the regulation of apoptosis and mediating angiogenesis.
Additionally, ROS can upregulate intercellular adhesion

colorectal cancer cells to mesothelial cells, promoting
liver metastasis [39-42]. Understanding the molecular
mechanisms of ROS in colorectal cancer treatment will
aid in the integration of various precision therapeutic
strategies. For example, inhibiting members of the NAD™"
oxidoreductase family or enhancing antioxidant defense
systems can effectively control ROS levels, thereby
reducing damage to healthy tissues and improving the
efficacy of chemotherapy or radiotherapy. Additionally,
the interaction between ROS-mediated signaling
pathways and immune checkpoints provides a theoretical
basis for combining ROS regulators with immune
checkpoint  inhibitors  (ICIs), aiming for a
“molecular-immune-therapy” integration to reduce
damage to healthy tissues and enhance efficacy while

molecule-1 (ICAM-1) and vascular cell adhesion minimizing side effects. The mechanisms of ROS are
molecule-1 (VCAM-1), enhancing the adhesion of shown in Table 1..
Tab.1 Summary of key cells and mechanisms in the microenvironment of colorectal

Type Mechanism Related Pathways/Factors Clinical Application

CAFs Promote angiogenesis, remodel ECM, inhibit immune TGF - /Smad pathway, JAK/STAT3 Anti - CAFs drugs, combined use of
response pathway, exosomal miRNA ICIs

MSCs Have bidirectional effects of promoting and inhibiting IL - 6/JAK2/STAT3, Wnt/f - catenin,  Utilize the homing ability of MSCs for
tumors NF - KB pathway targeted drug delivery, combined with

chemotherapy to relieve tissue injury

TAMs Angiogenic promotion type promotes tumor angiogenesis =~ VEGF/NAMPT pathway, complement NAMPT inhibitors  inhibit NAD
and metastasis; M1 - like (with phagocytosis/antigen  activation pathway, antigen  synthesis, CD40 agonists activate M1 -
presentation function) exerts anti - tumor effect by presentation pathway like TAMs
activating adaptive immune response

NK cells Release inflammatory cytokines and cytotoxic granules, NKG2D receptor signal, TGF - Block MHC I, MICB or NKG2A to
ultimately leading to tumor cell lysis B/Smad pathway, secrete IFN - y and  restore NK cell function, combined

TNF - a immunotherapy (such as ICIs)

Lipid FASN promotes fatty acid synthesis, drives EMT and tumor ~ FASN/FAO pathway, FASN inhibitors; Inhibit members of

Metabolites  metastasis; High - concentration ROS can inactivate tumor ~ PI3K/AKT/mTOR, ROS/NF - KB the NADPH oxidase family or enhance
suppressor genes or oncogenes, disrupt the cell growth  pathway; ROS/Wnt/B - catenin  the antioxidant defense system to
cycle, and promote tumor occurrence and development pathway improve treatment efficacy

ROS High concentrations of ROS can inactivate tumor ROS/NF - kB, ROS/Wnt/ - catenin Inhibit members of the NADPH oxidase

suppressor genes or oncogenes, disrupting the cell growth
cycle and promoting tumor occurrence and development

pathways

family or enhance the antioxidant
defense system to improve treatment
efficacy

4 Conclusion and Outlook

Invasion and metastasis are among the most
important biological characteristics of malignant tumors,
involving multiple contributing factors and closely related
to the unique microenvironment surrounding tumor cells.
Tumor cells alter the function of both cellular and
non-cellular components through complex signaling
networks, using non-cancerous cells for their benefit. The
complex network formed by various components in the
tumor microenvironment serves as a source of
intercellular communication and promotes tumor survival
and resistance through multiple pathways. Understanding
how colorectal cancer cells interact with the tumor
microenvironment can help researchers precisely design
and develop therapeutic strategies to overcome immune
evasion and resistance mechanisms in treatment
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