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Chapter

Tumor Microenvironment and
Cancer Metastasis

Yongwen Li and Hengfeng Wu

Abstract

The tumor microenvironment is a complex ecosystem composed of diverse cell
types, extracellular matrix components, growth factors, and cytokines. The dynamic
interactions within this microenvironment not only facilitate tumor growth but also
contribute to the establishment of metastatic niches in distant organs. Furthermore,
the presence of specific TME components can either promote or inhibit cancer cell
migration, underscoring the importance of targeting these elements in therapeutic
strategies. This review seeks to elucidate the critical influence of the tumor micro-
environment on cancer metastasis and examines potential targeted therapeutic
approaches. By integrating recent research insights, this review offers a thorough
understanding of the interplay between the tumor microenvironment and cancer
metastasis, serving as a valuable reference for future therapeutic investigations.

Keywords: tumor microenvironment, tumor metastasis, extracellular matrix, cell
phenotypic changes, targeted therapy

1. Introduction

Tumor metastasis is a critical factor influencing the prognosis of cancer
patients; thus a comprehensive understanding of its underlying mechanisms is
necessary to improve treatment outcomes. Recent research has highlighted the
significant role of the tumor microenvironment (TME) in promoting tumor
metastatic. The TME comprises a variety of cellular (fibroblasts, endothelial
cells, immune cells) and non-cellular (extracellular matrix, ECM) elements
that support tumor progression and metastasis. Depending on their level of
activation, immune cells within the TME can either suppress or promote tumor
growth and dissemination. For instance, Tumor-associated macrophages (TAMs)
have been demonstrated to enhance tumor invasion and metastasis by secret-
ing pro-inflammatory cytokines and growth factors that facilitate angiogenesis
and tissue remodeling [1]. Likewise, cancer-associated fibroblasts (CAFs) can
remodel the ECM, establishing a conducive microenvironment for tumor cells and
enhancing their migratory potential [2]. The ECM itself is essential for regulat-
ing tumor cell behavior. It provides structural support and biochemical signals
that regulate cell adhesion, migration, and survival. Changes in the composition
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and organization of the ECM can have a major impact on tumor cell interactions
and promote tumor metastasis. For example, the degradation of ECM compo-
nents by matrix metalloproteinases (MMPs) can facilitate tumor cell infiltration
into surrounding tissues [3]. Moreover, the ECM can also modulate tumor cell
responses to therapeutic agents, affecting the efficacy of cancer treatments [4].
Recent advances in understanding the TME have created new opportunities for
therapeutic approaches aimed at disrupting the pro-metastatic signals within this
environment. Targeting individual components of the TME, such as inhibiting
CAF activity or modulating the immune response, presents promising strategies
for preventing or reducing metastasis [5]. Furthermore, identifying biomark-
ers related to the TME may help in predicting metastatic potential and tailoring
personalized treatment approaches [6].

In summary, the complex interactions within the tumor microenvironment play
an important role in the metastatic process. By clarifying the specific mechanisms
through which the TME influences tumor progression, researchers can pinpoint novel
therapeutic targets and strategies to improve the management of metastatic cancer.
Understanding these dynamics will be essential for devising effective interventions
aimed at alleviating the impact of metastasis on patient outcomes.

2. Composition and function of the tumor microenvironment
2.1Role of immune cells

The tumor microenvironment (TME) is a complex ecosystem comprising
diverse cell types, including immune cells that significantly influence tumor
progression and therapeutic response. Immune cells such as tumor-associated
macrophages (TAMs), dendritic cells, T cells, and natural killer (NK) cells are
integral components of the TME, exhibiting multifaceted roles that can either
promote or inhibit tumor growth [7]. For example, TAMs exhibit M1 (antitumor)
and M2 (pro-tumor) phenotypes, with M2 macrophages promoting tumor growth
and metastasis through immunosuppression. Furthermore, the plasticity of innate
lymphoid cells (ILCs) allows for functional adaptation based on the local cyto-
kine milieu, contributing to either pro- or anti-tumorigenic effects. A thorough
understanding of these immune cell-tumor cell interactions is crucial for the
development of effective immunotherapies.

T lymphocytes are critical components of adaptive immunity, differentiating into
diverse subsets to regulate immune responses. Cytotoxic T lymphocytes (CD8* T
cells) eliminate infected or malignant cells via perforin/granzyme-mediated apopto-
sis. CD4" regulatory T cells (Tregs), characterized by FoxP3 nuclear expression and
CD25/CTLA-4 surface expression, maintain immune tolerance and homeostasis by
suppressing excessive immune responses and preventing autoimmunity [8].

Natural killer (NK) cells, part of the innate immune system, recognize stressed or
aberrant cells lacking MHC-I or expressing activating ligands. They mediate cytotox-
icity through perforin/granzyme release or the Fas-FasL pathway, their activity tightly
regulated by a balance of activating and inhibitory signals [9].

Immune cells modulate inflammation, facilitate antigen presentation, and elimi-
nate damaged cells through complex signaling networks. They also dynamically
interact with their microenvironment, influencing tissue remodeling, angiogenesis,
and metabolic regulation.
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2.2 Impact of fibroblasts and stroma

Fibroblasts, traditionally viewed as structural cells, play a pivotal role in immune
responses. They contribute to tissue repair by producing extracellular matrix (ECM)
components and growth factors such as vascular endothelial growth factor (VEGF)
and TGF-p. In inflammation, fibroblasts act as immunomodulators, secreting cyto-
kines (e.g., IL-6) and chemokines (e.g., CXCL12) to recruit immune cells to injury
sites [10]. Dysregulated fibroblast activity contributes to fibrosis and chronic inflam-
matory disease.

Fibroblast heterogeneity is significant, varying across tissues, environments, and
disease states in terms of origin, function, gene expression, and responsiveness to
stimuli. Functional subtypes have been identified based on HGF and FGF7 expres-
sion: a highly protective subtype expressing both; a moderately protective subtype
primarily expressing FGF7; and a minimally protective subtype. TGF-p signaling
modulates these functions by suppressing HGF and FGF7 expression [11].

Cancer-associated fibroblasts (CAFs) are the main ECM source in the tumor
microenvironment, exhibiting a dual role in tumorigenesis—both inhibiting and
promoting tumor development. The CAF-produced ECM, interacting with cancer
cells via integrins, enhances proliferation and migration [12]. Furthermore, the ECM
also acts as a reservoir for proteins, including cytokines and growth factors, influenc-
ing metastasis. Fibrillar collagens (types I and III) are particularly important in ECM
remodeling within the tumor microenvironment [13].

2.3 Endothelial cells and angiogenesis

Endothelial cells, lining blood vessels, perform diverse crucial physiological
functions. They regulate vasodilation/vasoconstriction via molecules like nitric oxide
(NO) and prostacyclin (PGI2) and mediate immune cell adhesion and transmigra-
tion during inflammation by expressing adhesion molecules (VCAM-1, ICAM-1).
Endothelial cells play a pivotal role in tumorigenesis and progression. They contribute
to immune evasion by expressing PD-L1 or secreting immunosuppressive molecules
(e.g., TGF-B), inhibiting T cell and NK cell activity. Hypoxia induces tumor cell VEGF
release, stimulating endothelial cell proliferation, migration, and angiogenesis via
VEGFRs [14].

Tumor angiogenesis is crucial for tumor growth, invasion, and metastasis, provid-
ing the necessary nutrients and oxygen. Tumors achieve this through angiogenesis
(new blood vessel formation), vasculogenesis (recruitment of existing vessels),
and vascular mimicry (cancer cell transdifferentiation into endothelial cells) [15].
However, tumor vasculature is typically characterized by structural abnormalities
(tortuosity), heterogeneity, and impaired function, complicating the tumor micro-
environment. Neovascularization within the tumor significantly impacts the TME,
particularly by promoting immune suppression. This immune suppression occurs
through mechanisms including impaired dendritic cell maturation and antigen
presentation, recruitment of immunosuppressive cells, and inhibition of cytotoxic
T-cell activity via angiogenic factors, creating a pro-tumorigenic environment that
facilitates growth and immune evasion [16].

Tumor-associated neovascularization is often immature, with deficient cell-cell
adhesion, resulting in increased vascular permeability, inadequate blood flow, and
persistent hypoxia. Once a tumor reaches approximately 1-2 mm?, insufficient oxygen
and accumulating metabolic waste products create a significantly hypoxic and acidic

3



Cancer Metastasis — Mechanism, Diagnosis, Prognosis and Targeted Therapy

tumor microenvironment (TME). Paradoxically, this hypoxia, rather than hindering
tumor growth, accelerates the growth and metastasis of solid tumors, worsening
disease progression [17, 18].

2.4 Neuroendocrine cells and pericytes

Pericytes (mural cells) are located around blood vessels within the basement
membrane, closely associated with endothelial cells. They are crucial for vascular
maturation and maintaining vascular permeability. In tumors, impaired pericyte-
endothelial cell interaction leads to leaky and dysfunctional vasculature. Pericytes
also interact with other stromal cells and cancer cells via paracrine signaling,
regulating the TME [19]. They contribute to angiogenesis by interacting with pro-
liferating endothelial cells, stabilizing new vessels through angiogenic factor secre-
tion. Disrupted pericyte-endothelial cell interactions during tumorigenesis cause
disordered tumor vasculature development, a process significantly influenced by the
PDGFR-B-mediated paracrine pathway, where endothelial cell-produced PDGF-B
recruits pericytes, which then release VEGF-A and Ang-1 to stabilize vessels [20].
Furthermore, pericytes secrete chemokines and cytokines (CCL2, CCL3, CXCL1,
IFN-y, IL-8) in response to pro-inflammatory stimuli [21].

Neuroendocrine cells (NECs), derived from peptidergic neurons and neuroen-
docrine cells, are epithelial tumors exhibiting neuroendocrine differentiation and
expressing neuroendocrine markers. Widely distributed, they produce bioactive
amines and/or polypeptide hormones [22]. NECs play a crucial role in cancer initia-
tion and progression. In prostate cancer, NECs promote initiation and progression,
particularly in advanced stages and during neuroendocrine differentiation (NED).
Androgen deprivation or anti-androgen therapy can induce prostate adenocarcinoma
cells to transdifferentiate into AR-negative NECs, resistant to conventional androgen
suppression [23]. In pancreatic intraepithelial neoplasia (PanIN), NECs promote
tumorigenesis through neuron crosstalk [24].

2.5 Growth factors and cytokines

Cytokines are a diverse group of low-molecular-weight polypeptides or glyco-
proteins that modulate target cell function (differentiation, proliferation, apoptosis,
survival) by binding to specific receptors [25]. Key cytokine classes involved in inter-
cellular communication include interleukins, interferons, TNF superfamily members,
and chemokines. Interleukins (ILs), often secreted by immune cells, are abundant;
for example, IL-10 suppresses inflammation, promotes tolerance, and mitigates
autoimmunity [26]. Type I interferons (IFN-Is) enhance immune cell effector func-
tions, increase cytotoxic molecule expression and promote cytotoxic T lymphocytes
(CTL) survival. IFN-Is also inhibit NK cell-mediated CTL elimination, modulating
NK receptor ligands on CTLs to stimulate pro-inflammatory cytokine release and
enhance immune response [27]. Chemokines, a large family of small cytokines,
promote cell migration and regulate chemotaxis through ECM interactions [28].

Growth factors are diverse cell signaling molecules secreted by tumor cells,
stromal cells, and immune cells. They bind to specific cell surface receptors, acti-
vating intracellular pathways that regulate proliferation, differentiation, survival,
and migration [29]. Examples include EGF, VEGF, TGF-p, and fibroblast growth
factors (FGF). EGF, upon binding to EGFR, promotes tumor cell proliferation,
survival, and invasiveness; its overexpression is associated with poor prognosis
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in cancers like breast and lung cancer. VEGF is a key driver of angiogenesis,
supplying tumors with oxygen and nutrients, thereby supporting tumor growth
and metastasis [14]. TGF-f exhibits complex effects, potentially suppressing
early tumor development while promoting later-stage progression by inducing
epithelial-mesenchymal transition (EMT) (enhancing migration and invasion)
and suppressing immune responses [30]. Fibroblast growth factors (FGFs) play
significant roles in tumor angiogenesis and cell proliferation; aberrant FGF
expression is linked to various cancers [31].

3. The impact of the tumor microenvironment on cell phenotypic changes
3.1 The influence of immune cells

Immune cells, a major component of the tumor microenvironment (TME),
exhibit both pro-tumor and antitumor activities, significantly influencing tumor cell
phenotypes. The presence of M2-polarized tumor-associated macrophages (TAMs)
correlates with poor prognosis in many cancers, as they secrete factors that promote
tumor growth and metastasis while inhibiting T-cell responses [32]. Furthermore, the
interaction between immune cells and tumor cells can activate signaling pathways
that drive epithelial-mesenchymal transition (EMT), enhancing tumor invasiveness
and metastasis. The dynamic interplay between immune cells and tumor cells within
the TME therefore plays a pivotal role in shaping tumor phenotypes.

Cytotoxic T lymphocytes (CTLs), differentiated from CD8+ T cells, are immune
effector cells that directly kill tumor- or virally-infected cells by releasing perforin
and granzymes. They also secrete cytokines like TNF-a, inducing apoptosis and
enhancing inflammation [33]. Furthermore, CTLs can initiate apoptosis via the Fas/
FasL pathway. In contrast, regulatory T cells (Tregs) are immunosuppressive within
the tumor microenvironment, promoting tumor growth and immune evasion. Tregs
suppress effector T-cell proliferation by secreting TGF-p, induce CD4+ T-cell differ-
entiation into Tregs, and suppress dendritic cell maturation and antigen presentation
by secreting IL-10 [34]. M2-polarized macrophages also promote tumor progression
by secreting IL-10 and VEGEF, facilitating angiogenesis and invasion [7]. Myeloid-
derived suppressor cells (MDSCs) suppress effector T-cell function by releasing ROS
and ARG1 [35]. Immune cells exhibit a dual role within the TME, both suppressing
tumor development and, paradoxically, being co-opted by tumors to promote growth
and metastasis. Understanding these complex mechanisms is fundamental to tumor
immunotherapy and provides direction for the development of more effective thera-
peutic interventions.

3.2 Therole of cytokines and growth factor

Cytokines have a dual role in the tumor microenvironment (TME), capable of
both promoting tumorigenesis and suppressing tumor growth through immune
system modulation. Their actions are complex, depending on the specific cytokine,
its concentration, target cells, and the TME’s unique characteristics. Transforming
growth factor-p (TGF-p) inhibits T-cell and NK cell function while promoting regula-
tory T-cell (Treg) differentiation, establishing an immunosuppressive environment
[30]. TGF-p also induces epithelial-mesenchymal transition (EMT) in tumor cells,
leading to loss of cell adhesion and increased invasiveness [30]. Fibroblast growth
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factors (FGFs) enhance tumor cell invasiveness by promoting extracellular matrix
(ECM) degradation and cytoskeletal remodeling [36].

Elevated IL-32 expression in gastric cancer tissue correlates positively with
invasiveness and poor prognosis. IL-32 induces an elongated tumor cell morphology
and promotes gastric cancer cell migration and invasion by upregulating IL-8, VEGF,
MMP2, and MMP?9 [37]. IL-6 promotes tumor cell proliferation and inhibits apopto-
sis through activation of the JAK/STAT3 signaling pathway. Aberrant hyperactivation
of the IL-6/JAK/STAT3 pathway is common in many cancers and is associated with a
poorer prognosis [38].

3.3 Remodeling of the extracellular matrix (ECM)

The extracellular matrix (ECM) is a critical component of tumor tissue, play-
ing diverse roles in tumorigenesis and progression. It provides mechanical support,
regulates the microenvironment, and acts as a source of signaling molecules. ECM
composition and cross-linking determine tissue stiffness. During tumorigenesis,
interactions between cancer cells and the TME often induce ECM stiffening, which
triggers aberrant mechanotransduction and promotes tumor malignancy, enhancing
invasiveness and progression [39].

Degradation and remodeling of the ECM also promote tumor invasion and
metastasis. Matrix metalloproteinases (MMPs) degrade ECM components, disrupt-
ing cell-matrix connections and releasing growth factors, thus creating pathways for
tumor cell migration. This process is often accompanied by epithelial-mesenchymal
transition (EMT), where cells lose their epithelial characteristics, increasing their
migration and invasion capabilities [40]. Simultaneously, released TGF-p further
induces EMT, augmenting tumor cell invasiveness. This interplay of molecular events
within the tumor microenvironment drives tumor progression and metastasis.

Integrins are a ubiquitous family of cell membrane adhesion receptors that interact
with the extracellular matrix (ECM). They have two main functions: (1) mechanical
attachment to the ECM and (2) activation of signal transduction pathways that con-
trol diverse cellular functions critical for the initiation, progression, and metastasis of
solid tumors. For example, integrin avf6 is upregulated in many cancers and is closely
associated with cell migration, invasion, and survival. In breast cancer, avp6 func-
tions by activating TGF-p, a key initiator of matrix remodeling and fibrosis [41].

3.4 The role of hypoxic microenvironment

Hypoxia is a critical characteristic of the TME that significantly promotes tumor
invasion and metastasis. Rapid tumor growth often leads to insufficient angiogen-
esis, resulting in hypoxia within the tumor core. This hypoxic state, through various
molecular and cellular pathways, enhances tumor cell invasiveness, migration, and
colonization potential. Hypoxia activates hypoxia-inducible factors (HIFs), particu-
larly HIF-1a, which, as an upstream regulator of angiogenic factors, directly initiates
their transcription. These factors, including PDGF, EGF, and VEGF, stimulate angio-
genesis, promoting tumor cell survival, proliferation, invasion, and metastasis [42].

Hypoxia not only reduces the cytotoxicity of immune effector cells but also alters
the expression of cell surface immune checkpoint molecules, enhancing tumor cell
resistance to immune attack. Hypoxia-mediated angiogenesis is also associated with
immune tolerance [43]. Hypoxia-inducible factor HIF-1a upregulates VEGF expres-
sion, promoting new blood vessel formation, providing tumors with oxygen and
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nutrients, and creating pathways for tumor cell dissemination. Hypoxia-induced
angiogenesis often results in structurally incomplete vessels, increasing the likeli-
hood of tumor cells entering the circulatory system and promoting metastasis.
Additionally, hypoxia activates the AKT and ERK pathways via CRKL, HIF-1a,
miR-204, and TGF-p, upregulating VASP expression and promoting EMT and MMP
expression, ultimately enhancing the invasive and migratory capabilities of liver
cancer [44]. Through these multiple mechanisms, the hypoxic microenvironment
contributes to malignant tumor progression and significantly impacts therapeutic
efficacy.

3.5 The role of metabolic reprogramming

Metabolic reprogramming is a crucial characteristic of tumor cells, enabling adap-
tation to microenvironment changes and meeting the demands of rapid proliferation
and survival; it’s a hallmark of cancer. Tumor cells favor anaerobic glycolysis over
oxidative phosphorylation (the Warburg effect), producing significant lactate even
under aerobic conditions. This provides metabolic intermediates for proliferation and
acidifies the TME, promoting invasion and metastasis [45].

Glutamine supplies tumor cells with critical components such as ribose, non-
essential amino acids, citrate, and glycerol, while also compensating for diminished
oxidative phosphorylation. While normal cells synthesize glutamine via glutamine
synthetase (GLS), tumor cells exhibit insufficient endogenous synthesis, showing
“glutamine dependence” [46]. Lipid metabolism is also critical in tumorigenesis,
progression, and metastasis. Tumor cells reprogram lipid metabolism for energy,
biosynthetic precursors, and signaling molecules, supporting their growth, sur-
vival, invasion, and therapeutic resistance. For example, tumor invasion can cause
adipocytes at the tumor-stroma interface to become fibroblast-like cancer-associated
adipocytes (CAAs), which promote tumor invasion by secreting proteolytic enzymes
and cytokines like IL-6 [47, 48].

Tumor metabolic reprogramming is central to cancer, giving tumor cells a selec-
tive advantage in proliferation, survival, and metastasis. This also provides new
therapeutic targets and strategies. Nevertheless, the heterogeneity and complexity
inherent in tumor metabolism necessitate additional research into therapies aimed at
metabolic reprogramming.

4. Latest research progress and targeted therapy strategies

Recent developments in oncological therapies are increasingly centered on the
modulation of the tumor microenvironment (TME), which is pivotal in tumor
advancement and treatment efficacy. Contemporary investigations underscore vari-
ous methodologies for TME targeting, including immunotherapeutic interventions,
anti-angiogenic compounds, and treatments aimed at cancer-associated fibroblasts.
Table 1 enumerates several of the presently documented therapeutic strategies for
TME targeting.

4.1 Targeting immune cell regulation

Targeting immune cell regulation is a crucial strategy in immunotherapy. CTLA-4
regulates T-cell immune responses, providing tumor cells with enhanced immune
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Targeted composition Drug Drug target Function Ref.

of TME

Immune cell regulation  Ipilimumab CTLA-4 Blocks CTLA-4 to enhance T-cell [49]
activity and antitumor response.

Atezolizumab PD-L1 Blocks PD-L1 to restore T-cell [50]
function and reduce tumor
metastasis.

Durvalumab PD-L1 Blocks PD-L1 to restore T-cell [51]
function and reduce tumor
metastasis.

Pexidartinib CSF-1R Inhibits TAMs by targeting CSF-1R,  [52]
reducing immunosuppressive cells.

Emactuzumab CSF-1R Reduce M2-type TAMs and reshape ~ [53]
the tumor microenvironment.

Cancer-Associated Erdafitinib FGFR Targets FGFR alterations, reducing ~ [54]
Fibroblasts (CAFs) metastatic lesions in cancer.
Vitamin D analogs ~ Vitamin D Reprograms CAFs, reduces [55]
receptor pro-metastatic factors, and inhibits
(VDR) metastasis.
Angiogenesis Bevacizumab VEGF Blocks VEGF to inhibit tumor [56]
blood vessel formation and growth.

Ramucirumab VEGFR-2 Blocks VEGFR-2 to inhibit [57]
angiogenesis and promote tumor
cell apoptosis.

Trebananib (AMG  Ang-1and Inhibits Ang-1/Ang-2 binding [58]

386) Ang-2 to stabilize vessels and suppress
angiogenesis.

Extracellular Matrix PEGPH20 HA Degrades HA to improve drug [59]
(ECM) delivery and reduce tumor
migration.

Cilengitide Integrins Blocks integrins to inhibit [60]
tumor adhesion, migration, and
angiogenesis.

Simtuzumab LOXL2 Reduces ECM stiffness, lowering [61, 62]
tumor invasiveness.

Metabolic LDHA inhibitors LDHA Blocks glycolysis, reducing tumor [63]
reprogramming invasiveness and metastasis.

MCT1/4 inhibitors MCT1 and Inhibits lactate transport, [64]

MCT4 increasing tumor cell toxicity.

FASN inhibitors FASN Blocks fatty acid synthesis, [65]
enhances immunity, and reduces
metastasis.

Table 1.

Targeting tumor microenvironment to improve the management of metastatic cancer.

evasion. Ipilimumab, by blocking CTLA-4, enhances T-cell activity and promotes
antitumor immune responses, thereby inhibiting tumor metastasis. This approach
has been particularly effective in melanoma patients [49]. PD-L1 inhibitors, such as
Atezolizumab and Durvalumab, block PD-L1 to release tumor-induced suppression
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on T cells, restoring their antitumor activity and slowing tumor metastasis [50, 51].
Atezolizumab, targeting PD-L1, was first approved in 2016 for urothelial carcinoma
and later for NSCLC, triple-negative breast cancer, and SCLC patients [50].

Macrophages, particularly tumor-associated macrophages (TAMs), play a crucial
role in tumor metastasis. Targeting macrophages is an emerging cancer immu-
notherapy strategy. The CSF-1/CSF-1R pathway is closely associated with tumor
metastasis; CSF-1R, the receptor for CSF-1, is highly expressed in TAMs [32]. TAMs
facilitate tumor metastasis by secreting VEGF and enhance tumor cell invasiveness
by secreting MMPs and serine proteases to degrade the ECM. In a Phase III trial
(NCT02371369) for advanced tenosynovial giant cell tumor (TGCT), characterized
by increased CSF1 and CSF1R expression, pexidartinib showed significant efficacy
[52]. Emactuzumab, a monoclonal antibody targeting CSF-1R, also targets TAMs. In
atrial (NCT01494688), emactuzumab showed a reduction in immunosuppressive
TAMs with objective disease control but did not produce clinically relevant antitumor
activity alone or in combination with paclitaxel [53].

4.2 Targeting cancer-associated fibroblasts (CAFs)

CAFs (cancer-associated fibroblasts) promote tumor cell escape, migration,
and metastatic foci formation by secreting cytokines, remodeling the matrix, and
regulating immunity. Targeting CAFs is an emerging strategy in antitumor metas-
tasis therapy. Fibroblast activation protein (FAP) is a potential target within CAFs
[10]. Immunotoxins targeting FAP have shown efficacy in eliminating FAP+ CAFs
in vivo and exhibit tumor-suppressive activity in various cancer models [66, 67].
Additionally, targeted CAF replacement strategies aim to attenuate or eliminate the
pro-oncogenic functions of CAFs. One approach involves using vitamin D to repro-
gram or normalize CAFs. Vitamin D analogs can inhibit tumor cell migration and
invasion by reducing the secretion of pro-metastatic factors (TGF-f, CXCL12, IL-6,
and VEGF) from CAFs [68]. Preclinical studies in pancreatic cancer models have
shown that therapeutic vitamin D analogs can reverse the activation of CAFs and
stellate cells, enhancing antitumor efficacy and inhibiting metastasis [54].

Erdafitinib is a pan-fibroblast growth factor receptor (FGFR) inhibitor approved
for treating adults with locally advanced or metastatic urothelial carcinoma who have
progressed following platinum-based chemotherapy and have susceptible FGFR3/2
alterations [55]. Erdafitinib has shown significant efficacy in treating metastatic
bladder cancer patients with FGFR genetic alterations, with some patients experi-
encing substantial reduction or complete disappearance of metastatic lesions [55]
(NCT03390504).

4.3 Targeting angiogenesis

The tumor vasculature plays a crucial role in tumor progression and metastasis.
Angiogenesis provides oxygen and nutrients to tumors while creating pathways for
tumor cells to enter the bloodstream and metastasize to distant organs. The inhibition
of VEGF-A/VEGFR2 signaling pathway represents the most extensively utilized anti-
angiogenic therapeutic approach. Bevacizumab, a humanized monoclonal antibody
that targets VEGF, plays a key role in inhibiting tumor growth and metastasis by
blocking VEGF activity and preventing the formation of new blood vessels in tumors
[56]. Additionally, ramucirumab, an antibody targeting VEGFR-2, when combined
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with docetaxel or 5-FU, significantly inhibits the proliferation and migration of gas-
tric cancer cells and promotes apoptosis by suppressing the VEGFR-2/AKT/ERK1/2
signaling pathway [57].

The Angiopoietin/Tie2 pathway plays a critical role in tumor metastasis by
promoting angiogenesis. Ang-2 binds to Tie2, inducing TAMs to polarize into the pro-
angiogenic and immunosuppressive M2 phenotype. These M2-TAMs secrete factors
like VEGF-A and TNF-q, further promoting angiogenesis and tumor metastasis [69].
Trebananib (AMG 386), a fusion protein targeting Ang-1 and Ang-2, inhibits their
binding to Tie2, stabilizing vascular structures and reducing vascular permeability,
thus suppressing tumor angiogenesis and metastasis [58]. Anti-angiogenic drugs
inhibit the formation of new blood vessels, reduce vascular permeability, and disrupt
the pre-metastatic niche, thereby halting the metastatic process. However, issues like
resistance and side effects limit the long-term efficacy of monotherapies.

4.4 Targeting extracellular matrix (ECM)

Targeting the extracellular matrix (ECM) can effectively modulate the extracellu-
lar microenvironment, inhibiting tumor invasion, metastasis, and fibrotic processes
[39]. Numerous studies have focused on degrading ECM components using agents
like collagenase or hyaluronidase to improve the distribution of therapeutic drugs
[70]. Hyaluronic acid (HA) promotes cell migration and epithelial-mesenchymal
transition (EMT) by activating signaling pathways like PI3K/Akt and RhoA [71].
PEGPH20 (PEGylated hyaluronidase) degrades HA accumulated in the tumor
microenvironment, reducing the physical barrier and high-pressure conditions
within the tumor stroma. This improves the delivery of drugs and oxygen, disrupts
the tumor microenvironment, and inhibits the migration and metastatic potential of
tumor cells [59].

Integrins, by interacting with the ECM, regulate tumor cell adhesion, migration,
and angiogenesis, serving as key mediators of tumor metastasis. Targeting integrins
can block their interaction with the ECM, thereby inhibiting invasion and metastasis.
Cilengitide, which targets integrin binding to ECM components, such as fibronectin
and laminin, effectively suppresses tumor cell adhesion, migration, and angiogenesis
[60]. However, Cilengitide combined with standard treatment (radiotherapy and
temozolomide) for newly diagnosed glioblastoma (GBM) patients with MGMT
promoter methylation did not demonstrate significant survival benefits [72].

Additionally, simtuzumab reduces ECM stiffness by inhibiting LOXL2-mediated
collagen cross-linking, thereby decreasing the migratory and invasive abilities of
tumor cells. However, phase II trials assessing simtuzumab in combination with
gemcitabine and FOLFIRI in patients with colorectal and pancreatic cancer, respec-
tively, did not improve clinical outcomes (NCT01472198 and NCT01479465) [61,
62]. Although ECM-targeted therapeutic strategies offer new avenues for cancer
treatment, the complex roles of the ECM in the tumor microenvironment present
significant challenges.

4.5 Targeting metabolic reprogramming

Glycolysis plays a critical role in tumor metastasis. Studies show that hexokinase-2
(HK?2) is a potential therapeutic target for hepatocellular carcinoma. Depleting or
inhibiting HK2 not only directly limits cancer cell energy metabolism and suppresses
tumor invasion and metastasis but also enhances therapeutic efficacy when combined
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with metabolic drugs like metformin [63]. Additionally, LDHA inhibitors block gly-
colysis by depleting NAD+, while MCT1 and MCT#4 inhibitors inhibit lactate export,
forcing lactate to be converted back into pyruvate within the cell [64, 73]. LDHA
inhibitors effectively reduce the invasiveness and metastatic potential of tumor cells,
while MCT inhibitors lead to lactate accumulation within the tumor, resulting in
increased tumor cell toxicity and decreased invasive capacity.

Fatty acid translocase (FAT), also known as CD36, mediates the uptake of free
fatty acids like oleic acid and palmitic acid. These can activate the Wnt and TGF-f
signaling pathways in liver cancer cells, enhancing their migratory and invasive capa-
bilities [74]. Fatty acid synthase (FASN) inhibition disrupts the ability of tumor cells
to adapt to energy demands during metastasis. A study shows that inhibiting FASN
restores MHC-I expression improves antitumor immunity, and synergizes with PD-L1
inhibitors to suppress tumor metastasis [65]. Currently, most lipid-related antitumor
drugs are still in preclinical research.

4.6 Combination therapy strategies

Combined therapeutic strategies involving targeted therapy and chemotherapy
have shown significant clinical benefits in various cancers. Trials of atezolizumab
and durvalumab combined with chemotherapy for first-line treatment of extensive-
stage small-cell lung cancer have demonstrated that adding anti-PD-L1 antibodies to
platinum-based chemotherapy extends overall survival (OS) compared to chemo-
therapy alone [75]. Combining immunotherapy with targeted therapy can further
enhance efficacy. For example, combining the PD-L1 inhibitor atezolizumab and the
VEGF inhibitor bevacizumab for hepatocellular carcinoma (HCC) has demonstrated
the potential of combined PD-1/VEGFR blockade to augment antitumor responses,
inhibit tumor metastasis, and improve clinical outcomes in HCC patients [76].

Metabolic interventions with immunotherapy also hold promise. NAD+ metabo-
lism can drive tumor immune evasion via a CD8+ T-cell-dependent mechanism. The
NAD +-a-ketoglutarate pathway, through TET1 activation, promotes interferon-y
signaling, which upregulates PD-L1 expression. In tumors resistant to anti-PD-1/
PD-L1 therapy, supplementing with the NAD+ precursor (NMN) can significantly
enhance therapeutic sensitivity, inhibiting cancer metastasis and progression [77].
Integrating immunotherapy, targeted therapy, and traditional treatments is poised
to become the mainstream approach for future cancer treatment, offering patients
improved survival and quality of life.

5. Conclusion

The tumor microenvironment (TME) is pivotal in the metastatic process, influ-
encing tumor cell behavior and spread. This complex and heterogeneous ecosystem
includes immune cells, fibroblasts, extracellular matrix, and signaling molecules,
contributing to the dynamic interplay governing tumor progression. The TME’s
complexity presents both challenges and opportunities for cancer research and treat-
ment. A one-size-fits-all approach to cancer therapy may be insufficient due to the
unique characteristics of the TME in different cancer types and even within tumors
of the same type. Disparities in research findings underscore the need for a nuanced
understanding of how the TME influences tumor behavior. Some studies highlight
the immunosuppressive properties of certain TME components, while others suggest
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specific immune cell types may, under certain conditions, promote tumor immunity.
Balancing these viewpoints is crucial for advancing the understanding and treatment
of metastatic cancers.

Future research should prioritize characterizing TME features and their dynamic
changes throughout tumor evolution and treatment responses. This is essential for
developing innovative therapeutic strategies targeting the TME. By understanding
interactions between tumor cells and their microenvironment, we can enhance the
efficacy of targeted therapies and improve patient outcomes. Furthermore, explor-
ing the TME could lead to identifying novel biomarkers for patient stratification,
guiding clinicians in selecting appropriate treatments. A deeper understanding of
the TME holds promise for advancing targeted therapies, improving survival rates,
and enhancing the quality of life for patients with metastatic tumors. As we unravel
the TME’s complexities, interdisciplinary collaboration, integrating insights from
molecular biology, immunology, and clinical practices, is crucial for optimizing
cancer treatment strategies.
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