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Abstract: Inflammation is an essential component of the immune response that protects the
host against pathogens and facilitates tissue repair. Chronic inflammation is a critical factor
in cancer development and progression. It affects every stage of tumor development, from
initiation and promotion to invasion and metastasis. Tumors often create an inflammatory
microenvironment that induces angiogenesis, immune suppression, and malignant growth.
Immune cells within the tumor microenvironment interact actively with cancer cells, which
drives progression through complex molecular mechanisms. Chronic inflammation is
triggered by factors such as infections, obesity, and environmental toxins and is strongly
linked to increased cancer risk. However, acute inflammatory responses can sometimes
boost antitumor immunity; thus, inflammation presents both challenges and opportunities
for therapeutic intervention. This review examines how inflammation contributes to tumor
biology, emphasizing its dual role as a critical factor in tumorigenesis and as a potential
therapeutic target.
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1. Introduction

The link between inflammation and cancer has long fascinated researchers, tracing
back to Rudolf Virchow’s 19th-century observation of leukocyte infiltration in tumor tis-
sues [1]. Modern evidence unequivocally establishes inflammation as a pivotal factor
in tumorigenesis, influencing every stage of cancer development, from initiation and
promotion to malignant transformation, invasion, and metastasis. An inflammatory mi-
croenvironment is now recognized as a hallmark of nearly all cancers, even those lacking a
direct causal link to chronic inflammation [2,3].

Environmental and lifestyle factors closely associated with inflammation contribute
significantly to cancer incidence. Chronic infections, tobacco use, obesity, and dietary
habits account for a large portion of the global cancer burden [4,5]. These factors sustain
persistent inflammatory responses, fostering conditions that drive genetic mutations and
tumor progression [6]. For instance, inflammatory bowel disease, chronic hepatitis, He-
licobacter-induced gastritis, and Schistosoma-induced bladder inflammation substantially
increase the risk of colorectal, liver, stomach, and bladder cancers, respectively. Conversely,
some chronic inflammatory diseases, such as rheumatoid arthritis, exhibit weaker or even
protective effects against cancer development [7].

Inflammation plays a dual role in cancer biology. While it can foster tumor growth
by creating an environment rich in cytokines and growth factors that enhance cancer cell
survival and proliferation, it can also activate antitumor immune responses, a mechanism
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harnessed in cancer immunotherapy [8]. This complexity underscores the need for a deeper
understanding of the molecular and cellular mechanisms underlying inflammation’s impact
on cancer [9].

Recent studies underscore the significant impact of inflammation on therapeutic
outcomes. While acute inflammation can enhance immune responses to treatment, chronic
inflammation may undermine therapeutic efficacy by fostering tumor recurrence and
resistance. These insights suggest promising new strategies that target inflammation-driven
pathways, opening novel avenues for cancer prevention and treatment [9].

2. Inflammation and Tumor Initiation: From DNA Damage to the
Tumor Microenvironment

2.1. Inflammation and Genetic Instability

Inflammation plays a crucial role in the earliest stages of tumorigenesis by establishing
conditions that promote genetic mutations and support the survival and proliferation of
mutated cells. Tumor initiation occurs when a normal cell acquires genetic alterations that
confer a selective growth and survival advantage over its neighboring cells. However,
a single mutation is rarely sufficient to drive malignancy. Instead, most cancers arise
from the accumulation of multiple genetic alterations, particularly in long-lived stem
cells or transient amplifying cells that persist long enough to undergo successive genetic
insults [10,11].

Chronic inflammation, triggered by infections, irritants, or autoimmune diseases,
actively contributes to tumorigenesis by creating a microenvironment conducive to genetic
damage and aberrant cell proliferation (Figure 1) [9,12]. During inflammation, activated
immune cells release reactive oxygen species (ROS) and reactive nitrogen intermediates,
leading to DNA damage, genomic instability, and epigenetic modifications that elevate
mutation rates [13,14]. In colitis-associated cancer, chronic inflammation is strongly linked
to oxidative stress-induced mutations in tumor suppressor genes such as p53, as well as
other cancer-related genes in intestinal epithelial cells (Figure 2) [15].
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Figure 1. Inflammatory pathways in tumorigenesis and cancer. Chronic inflammation resulting from
infections or autoimmune diseases often precedes tumorigenesis and contributes to its pathogenesis
through mechanisms such as the induction of oncogenic mutations, genomic instability, early tumor
promotion, and angiogenesis. Similarly, sustained exposure to environmental irritants or obesity can
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induce a state of low-grade chronic inflammation, which also predisposes individuals to tumori-
genesis through these shared pathways. Tumor-associated inflammation is intrinsically linked to
tumor progression, promoting neoangiogenesis, tumor growth, metastatic dissemination, localized
immunosuppression, and exacerbated genomic instability. Furthermore, standard cancer treatments
often trigger inflammatory responses due to treatment-induced trauma, necrosis, and tissue damage,
which may contribute to tumor recurrence and therapeutic resistance. However, in specific contexts,
treatment-induced inflammation can enhance antigen presentation and activate immune-mediated
tumor eradication. DAMPs: danger-associated molecular patterns; SLE: systemic lupus erythe-
matosus; JIA: juvenile idiopathic arthritis; SSc: systemic sclerosis; SjD: Sjogren’s disease; PM/DM:
polymyositis /dermatomyositis; HBV: hepatitis B virus; HCV: hepatitis C virus; EBV: Epstein—-Barr
virus; HPV: human papillomavirus; H. pylori: Helicobacter pylori.
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Figure 2. Chronic inflammation and tumor initiation. Inflammation plays a crucial role in all stages
of tumorigenesis and contributes to tumor initiation by inducing mutations, genomic instability,
and epigenetic modifications. Inflammatory responses activate tissue repair mechanisms, drive the
proliferation of premalignant cells, and enhance tumor cell survival. Cytokines such as tumor necro-
sis factor-alpha (TNF-«), interleukin-6 (IL-6), and interleukin-23 (IL-23), along with the subsequent
activation of nuclear factor kappa B (NF-kB) and signal transducer and activator of transcription
3 (STAT3), support tumor initiation. ROS: reactive oxygen species; RNI: reactive nitrogen interme-
diates; AID: activation-induced cytidine deaminase; DAMP: danger-associated molecular pattern;
TAMs: tumor-associated macrophages; MDSCs: myeloid-derived suppressor cells.

Beyond mutagenesis, inflammatory mediators influence epigenetic modifications that
regulate gene expression. Tumor necrosis factor-alpha (TNF-«), a key proinflammatory
cytokine, induces ROS production in epithelial cells, indirectly contributing to genetic
instability. Additionally, cytokines such as interleukin (IL)-6 and IL-23 create a tumor-
supportive niche by activating transcription factors like nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«B) and signal transducer and activator of transcription
3 (STAT3). These factors regulate genes involved in cell survival, proliferation, and immune
evasion, thereby fostering tumor initiation and progression [16,17].

Another crucial link between inflammation and tumor initiation is the disruption
of DNA repair pathways. Persistent inflammatory stimuli can suppress mismatch repair
enzymes while upregulating activation-induced cytidine deaminase (AID), an enzyme that
promotes genomic instability. Under chronic inflammatory conditions, AID—normally
restricted to antibody diversification in B cells—becomes aberrantly expressed in epithelial
cells. This leads to mutations in key oncogenes and tumor suppressor genes, accelerating
carcinogenesis [18,19].
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2.2. Epigenetic Reprogramming and Tumor Promotion

Epigenetic modifications further drive inflammation-associated tumorigenesis by
silencing tumor suppressor genes through DNA methylation or histone modification. For
instance, murine models of chronic colitis show hypermethylation of promoter regions in
tumor suppressor genes, an effect frequently mediated via NF-«B-dependent pathways.
This epigenetic reprogramming underscores the long-term impact of chronic inflammation
on genomic integrity and cancer susceptibility [20,21].

The effects of inflammation extend beyond mutagenesis, playing a pivotal role in the
proliferation of mutated cell populations. Proinflammatory cytokines and growth factors
secreted by immune and stromal cells enhance the proliferation of initiated cells, increasing
the likelihood of additional mutations [22]. IL-6 and TNF-« drive epithelial cell proliferation
and survival, facilitating the clonal expansion of premalignant cells. This process is further
amplified by the recruitment of stromal and immune cells to inflamed tissues, where
they secrete additional factors that nurture a tumor-promoting microenvironment [23,24].
Notably, inflammation can also endow epithelial cells with stem-like properties [25,26].
Cytokines such as IL-6 activate signaling pathways, including STAT3, to promote stem
cell renewal and cellular reprogramming [27,28]. This expands the pool of cells vulnerable
to oncogenic mutations, accelerating malignant progression. Additionally, inflammatory
mediators enhance Wnt/ 3—catenin signaling, further driving stem-like phenotypes and
uncontrolled proliferation [29].

2.3. Bidirectional Feedback Between Inflammation and DNA Damage

The relationship between inflammation and DNA damage is bidirectional. Tumor
initiation itself generates inflammatory signals that exacerbate tissue damage and induce
further mutations. For instance, DNA damage in hepatocytes exposed to carcinogens
triggers necrotic cell death, leading to the release of damage-associated molecular patterns
(DAMPs). These molecules activate immune cells, sustaining a proinflammatory response
that fosters tumor growth [25,30]. Moreover, oncogenic mutations can directly initiate
inflammatory signaling. Oncoproteins such as Ras and Myc upregulate the production
of proinflammatory cytokines and chemokines, recruiting immune cells that perpetuate
chronic inflammation. This creates a self-reinforcing cycle in which inflammation promotes
genetic instability, while genetic alterations further sustain inflammation, driving tumor
initiation and progression [31,32].

2.4. Role of Inflammation in Tumor Microenvironment and Metabolism

The critical role of the inflammatory microenvironment in early tumorigenesis is par-
ticularly evident in organ-specific cancers. In colitis-associated colorectal cancer, chronic
inflammation precedes the formation of adenomas and carcinomas. Likewise, persistent
liver inflammation caused by hepatitis B and C virus infections significantly increases the
risk of hepatocellular carcinoma. These examples highlight the importance of deciphering
the interactions between local inflammatory signals and tissue-specific factors that drive
tumor initiation [33,34]. Enzymes derived from immune cells also contribute to tumor
initiation. Proteases produced by macrophages and neutrophils, such as matrix metal-
loproteinases, facilitate tissue remodeling and compromise epithelial barriers, allowing
inflammatory cells to infiltrate and increasing exposure to carcinogens. This disruption
enhances the accumulation of mutagenic factors. Additionally, protease activity liberates
growth factors from the extracellular matrix (ECM), further amplifying signaling pathways
that promote epithelial proliferation and survival [35].

Beyond direct genetic and structural effects, inflammation also influences the metabolic
state of epithelial cells during tumor initiation. Chronic inflammatory conditions often
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trigger metabolic reprogramming, characterized by increased glycolysis and lactate pro-
duction [36]. These metabolic shifts not only fulfill the heightened energy demands of
proliferating cells but also create an acidic microenvironment that fosters genetic instability
and immune evasion [36,37]. Despite the well-established role of inflammation in promot-
ing tumor initiation, its effects remain context-dependent. Acute inflammation, such as
that induced by microbial components, can have protective effects by eliminating damaged
cells and enhancing immune surveillance, thereby preventing tumor initiation [38]. Under-
standing the factors that dictate whether inflammation drives or suppresses tumorigenesis
is essential for developing targeted therapeutic interventions.

3. Inflammation as a Catalyst for Tumor Growth and Progression

Tumor promotion represents a crucial phase in cancer development, during which
initiated cells progress into a fully developed primary tumor. This process is primarily
driven by enhanced cell proliferation and reduced apoptosis, both of which are strongly
influenced by inflammation (Figure 3) [38,39].

¥

r_f»\'g HIF-1 CAF Increased demands of energy
] [ l
Dendritic cell e |
endrific ce o Release of angiogenic factors

®

Regulatory Tcell

PD-L1 expression

VGEF-A, PGF, ANGPT-2, MMP-2, MMP-9
CXCL12, PDGF-B '
} ECM degradation | Metabalic reprogramming I
Endothelial cell Proliferation “Warburg effect”
and survival Aerabic glycolysis

Tumor cell migration (oxidative phosphorylation for energy)

| Immunosuppressive environment

and invasion

Figure 3. Mechanism of tumor progression and invasion. Inflammation promotes angiogenesis,
suppresses local immune responses, and facilitates the development of a permissive tumor microen-
vironment that supports the persistence, expansion, and further genomic and epigenetic evolution of
premalignant cells. Hypoxia within the tumor microenvironment induces the activation of hypoxia-
inducible factor 1-alpha (HIF-1c), which promotes tumor angiogenesis and abnormal vascularization.
Tumor cells secrete growth factors that stimulate proliferation and enhance invasive properties.
Cancer-associated fibroblasts (CAFs) further contribute to extracellular matrix (ECM) remodeling by
producing collagen and matrix metalloproteinases (MMPs). Metabolic reprogramming is essential
for tumor growth, enabling cancer cells to meet increased energy, biosynthesis, and redox demands.
Unlike normal cells, cancer cells predominantly rely on aerobic glycolysis, a phenomenon known as
the Warburg effect. Hypoxia also creates an immunosuppressive tumor environment by recruiting
myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and regulatory T
cells (Tregs). Ultimately, chronic inflammation facilitates metastatic progression. Abbreviations: EMT:
epithelial-mesenchymal transition; CTCs: circulating tumor cells; MMPs: matrix metalloproteinases;
TGF-f: transforming growth factor-beta; FGF: fibroblast growth factor; HGF: hepatocyte growth
factor; ECM: extracellular matrix; Treg: regulatory T cell; TAM: tumor-associated macrophage; MDSC:
myeloid-derived suppressor cell.
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3.1. Angiogenesis in Tumor Growth

Inflammation-driven tumor promotion can also reactivate dormant premalignant
lesions, stimulating their transition into an actively growing tumor [25]. The expansion
of large tumors necessitates an increased blood supply, a demand primarily met through
tumor-induced hypoxia. Hypoxia plays a pivotal role in tumor progression, significantly
shaping the tumor microenvironment [40]. Most malignancies establish hypoxic condi-
tions that suppress cell-mediated immunity and weaken overall immune responses [41,42].
Notably, hypoxia fosters immune tolerance by restricting immune cell infiltration and
impairing their antitumor functions within tumors, further contributing to tumor progres-
sion [43].

HIFs serve as central regulators of angiogenesis by promoting the expression of
proangiogenic factors such as vascular endothelial growth factor (VEGF), placenta growth
factor (PGF), angiopoietin-2 (ANGPT-2), stromal-derived factor-1 (SDF-1, also known as
CXCL-12), and platelet-derived growth factor-B (PDGF-B) [44—46]. These factors facilitate
the angiogenic switch in tumors by binding to receptors on endothelial cells, pericytes, and
vascular smooth muscle cells, thereby driving the formation of new blood vessels [44—46].

Among these mediators, VEGF-A is the most potent driver of hypoxia-induced an-
giogenesis [45,47]. The VEGF family—including VEGF-A, VEGF-B, VEGF-C, VEGEF-D,
and PGF—interacts with VEGF receptors (VEGFR-1 and VEGFR-2) on endothelial cells,
activating signaling pathways that promote endothelial cell proliferation and survival.
Specifically, VEGF-A stimulates the ERK and phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT) pathways, enhancing endothelial cell proliferation and resistance to apop-
tosis (40). Additionally, VEGF-A regulates endothelial cell migration through Rho GTPases
and facilitates ECM remodeling by inducing matrix metalloproteinases (MMP-2, MMP-9)
and urokinase plasminogen activator [48,49].

Beyond its role in angiogenesis, VEGF-A also modulates vascular permeability, a
critical process for maintaining tissue homeostasis [50]. However, in tumors, increased
vascular permeability raises interstitial pressure, enabling tumor cell extravasation into
the bloodstream and facilitating metastasis [51]. Unlike physiological angiogenesis, which
generates functional vasculature, tumor-induced angiogenesis produces structurally and
functionally abnormal blood vessels, leading to inefficient tumor perfusion and further
contributing to tumor progression [44,52,53].

As tumors expand, they often develop hypoxic regions, raising the question of whether
hypoxia itself directly drives tumor angiogenesis or whether it primarily initiates inflam-
matory signaling, which subsequently promotes angiogenesis. Studies indicate that in-
hibiting NF-kB or STAT3, neutralizing CCL2 or CXCL12, or depleting tumor-associated
macrophages (TAMs) consistently impairs angiogenesis and suppresses tumor growth.
These findings underscore the critical role of inflammatory mediators in regulating tumor-
associated blood vessel formation and strongly suggest that inflammation plays a funda-
mental role in tumor angiogenesis [54,55].

3.2. Hypoxia and Immune Suppression in the Tumor Microenvironment

Hypoxia also profoundly influences the immune landscape of tumors by fostering an
immunosuppressive microenvironment. Hypoxic tumor regions are frequently infiltrated
by immunosuppressive cells, including myeloid-derived suppressor cells (MDSCs), TAMs,
and regulatory T cells (Tregs) [56].

Hypoxia-inducible factor 1-alpha (HIF-1«x) plays a key role in regulating MDSC func-
tion and differentiation within the hypoxic tumor microenvironment (TME). Evidence
suggests that tumor-derived MDSCs exhibit greater immunosuppressive activity than their
splenic counterparts, primarily due to HIF-1x-mediated upregulation of arginase activity
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and nitric oxide production. Additionally, hypoxia enhances PD-L1 expression in MDSCs,
further promoting T-cell tolerance and immune evasion [57]. Notably, HIF-1o directly
regulates PD-L1 expression by binding to hypoxia response elements in its promoter region,
reinforcing its role in immune suppression within the TME [58].

Similarly, TAMs preferentially accumulate in hypoxic tumor regions, where they
exhibit elevated expression of HIF-1 and HIF-2 [59]. These transcription factors play a
pivotal role in enhancing the proangiogenic properties of macrophages, further driving
tumor progression [60,61]. Additionally, hypoxia alters dendritic cell (DC) function by
diminishing their antigen-presenting capacity while simultaneously increasing the secretion
of proinflammatory cytokines, such as TNF and IL-1, as well as the inflammatory chemokine
receptor CCR5 [62,63].

VEGF-A, which is highly abundant in hypoxic tumors, further suppresses DC matura-
tion, impairing their ability to activate T cells and thereby facilitating immune evasion by
tumor cells [62]. In the case of Tregs, hypoxia has been shown to upregulate Foxp3 expres-
sion through direct HIF-1x binding to the Foxp3 promoter, promoting both Treg differen-
tiation and immunosuppressive function [64]. Moreover, hypoxia-induced upregulation
of CCL28 in tumor cells enhances Treg recruitment, reinforcing the immunosuppressive
tumor microenvironment [65].

Hypoxic stress has also been linked to the induction of the pluripotency factor NANOG
in tumor cells, which subsequently activates transforming growth factor-beta (TGF-f1)
expression and secretion. This mechanism, mediated by NANOG binding to the TGE-
B1 promoter, contributes to immune suppression by reducing CD8* T-cell infiltration
while increasing the presence of TAMs and Tregs [66]. Experimental studies indicate that
targeting this pathway can restore immune cell infiltration, reduce immunosuppressive
cell populations, and enhance antitumor immunity in melanoma models [66].

3.3. Immune Modulation in the Tumor Microenvironment (TME)

The TME plays a pivotal role in tumor growth and progression, functioning as a
dynamic ecosystem composed of cancer cells, immune cells, fibroblasts, endothelial cells,
and the ECM. These components interact through intricate signaling networks that regulate
cancer initiation, proliferation, invasion, and metastasis. While certain elements of the TME
can exert tumor-suppressive effects, tumors often develop mechanisms to manipulate their
microenvironment, fostering immune evasion, angiogenesis, and metastasis.

A key aspect of the TME is immune modulation. Initially, the immune system attempts
to eliminate cancer cells through cytotoxic T cells and natural killer (NK) cells. However,
tumors counteract these defenses by employing immune evasion strategies such as upregu-
lating checkpoint molecules like PD-L1, recruiting immunosuppressive cells such as Tregs
and MDSCs [67], and secreting anti-inflammatory cytokines. These adaptations establish
an immunosuppressive environment that enables tumors to escape immune surveillance
and sustain their growth. Cancer-associated fibroblasts (CAFs) are a major component of
the TME and play a crucial role in tumor progression. Unlike normal fibroblasts, CAFs
acquire an activated phenotype that supports cancer cell survival, invasion, and metastasis.
They secrete growth factors such as TGF-3, fibroblast growth factor (FGF), and hepatocyte
growth factor (HGF), which enhance tumor cell proliferation and invasive potential [22].

In addition to their role in tumor cell growth, CAFs contribute to ECM remodeling
by producing collagen and MMPs, which degrade ECM barriers and facilitate cancer cell
migration [68]. This remodeling process not only supports tumor expansion but also
creates physical barriers that impede immune cell infiltration and the effective delivery of
therapeutic agents.
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Furthermore, CAFs modulate immune responses within the TME by secreting cy-
tokines such as interleukin-6 (IL-6) and chemokines like CXCL12, which recruit immuno-
suppressive cells, including Tregs and MDSCs [22]. This contributes to the establishment of
an immunosuppressive environment that further enhances tumor immune evasion.

Given their diverse protumorigenic functions, CAFs have emerged as a promising
therapeutic target. Strategies aimed at inhibiting CAF activation, disrupting CAF-mediated
signaling, or reprogramming CAFs into tumor-suppressive phenotypes are currently being
explored to improve cancer treatment outcomes.

3.4. Metabolic Reprogramming and Therapy-Induced Inflammation

Metabolic reprogramming plays a fundamental role in tumor growth and progression,
allowing cancer cells to meet increased demands for energy, biosynthesis, and redox bal-
ance. Unlike normal cells, which primarily rely on oxidative phosphorylation for energy
production, cancer cells often shift toward aerobic glycolysis, a phenomenon known as the
Warburg effect [69-71]. This metabolic adaptation enables tumors to sustain rapid prolif-
eration even in oxygen-rich environments. Additionally, cancer cells exploit alternative
metabolic pathways, including glutamine metabolism and lipid biosynthesis, to support
their growth and survival.

As tumors progress, their metabolic profiles become increasingly heterogeneous,
shaped by genetic mutations, microenvironmental conditions, and selective pressures [72].
Early-stage tumors primarily rely on glucose and amino acid metabolism to fuel biosyn-
thetic pathways. However, as tumors invade surrounding tissues and metastasize, they
frequently develop dependencies on oxidative phosphorylation and lipid metabolism to
withstand oxidative stress and adapt to new environments [73]. This metabolic plastic-
ity poses challenges for therapeutic interventions, as distinct tumor subtypes—and even
different regions within the same tumor—may exhibit unique metabolic vulnerabilities.

A key aspect of metabolic reprogramming is its interaction with the tumor microen-
vironment. Hypoxia, a hallmark of solid tumors, stabilizes HIF-1x, which subsequently
upregulates glycolysis- and angiogenesis-related genes [74]. Additionally, stromal and
immune cells within the tumor microenvironment contribute to metabolic alterations by
supplying nutrients or modulating metabolic pathways. For instance, TAMs secrete cy-
tokines that promote lipid metabolism and redox homeostasis, thereby enhancing tumor
resilience [75].

The dual role of inflammation in tumorigenesis is evident in its ability to sustain
chronic inflammatory responses while also modulating immune surveillance. Although
inflammation is often linked to tumor-promoting effects, it can also stimulate antitumor
immunity under specific conditions [9,33]. Certain cytokines produced during inflam-
mation enhance the activity of cytotoxic T cells and natural killer cells, counteracting
tumor-promoting mechanisms [76,77]. However, the overall impact of inflammation on
tumor progression is highly context-dependent, influenced by tumor type, developmental
stage, and the composition of the tumor microenvironment [77]. This complexity under-
scores the need for targeted therapeutic strategies that selectively disrupt protumorigenic
inflammatory pathways while preserving or enhancing antitumor immune responses.

Therapy-induced inflammation plays a significant role in tumor promotion. Cancer
treatments such as chemotherapy and radiation cause substantial tissue damage, triggering
the release of DAMPs and activating inflammatory responses [78,79]. While these responses
can enhance tumor antigen presentation and stimulate antitumor immunity under certain
conditions, they may also paradoxically support tumor survival and therapy resistance by
activating prosurvival signaling pathways [21].
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3.5. Tumor Communication and Invasion Mechanisms

Intracellular communication between cancer cells and their microenvironment is
essential for tumor progression [80,81]. Tunneling nanotubes (TNTs) and tumor microtubes
(TMs) play a critical role in this process by facilitating intercellular communication and
enhancing cancer cell invasion. These dynamic membrane structures enable the transfer of
cellular components—including organelles, proteins, and signaling molecules—thereby
promoting tumor cell survival, adaptation, and coordination.

TMs, in particular, share structural similarities with neuronal growth cones, which are
essential for neuronal migration during development [82]. Studies have shown that glioma
cells utilize TMs as conduits for invasion, with these microtubules guiding the movement
of cell nuclei during division. The interconnected network formed by TMs allows glioma
cells to function as a synchronized unit, facilitating tumor expansion. Notably, the extent
of TM formation correlates with tumor malignancy, as cells within these networks exhibit
heightened invasive potential [32].

Glioma cells exhibit a preference for perivascular spaces and neuronal axons as path-
ways for invasion [83]. The perivascular niche serves as a reservoir for cancer stem cells,
contributing to long-term tumor persistence and therapeutic resistance. Additionally, TMs
facilitate long-range calcium signaling within astrocytoma cells, further supporting tumor
survival and adaptation within the brain microenvironment [83].

Several molecular regulators play key roles in TM formation and function. Cx43 gap
junctions stabilize TMs, enhancing intercellular communication and coordination among
glioma cells [83]. The membrane protein tweety-homolog 1 (Ttyh1), which is involved
in neuronal development, is critical for TM-dependent invasion and proliferation [84].
Furthermore, growth-associated protein 43 (GAP-43) is highly expressed in glioma cells,
promoting TM formation and facilitating cell migration. Inhibition of these molecules
has been shown to reduce tumor progression, highlighting their significance in tumor
biology [85].

Similarly, TNTs have been implicated in mesothelioma cell invasion [86]. Time-lapse
imaging studies reveal that TNTs form at the invasive tumor front, assisting in cell migration
and tumor expansion [86]. These findings emphasize the critical role of TNTs and TMs as
key mediators of cancer progression, enabling cellular interactions that enhance malignancy
and therapy resistance.

4. Inflammation as a Key Driver of Cancer Metastasis

Metastasis, the dissemination of cancer cells from the primary tumor to distant or-
gans, is the leading cause of cancer-related mortality, accounting for over 90% of cancer
deaths [87,88]. Chronic inflammation plays a pivotal role in metastasis by orchestrating
intricate interactions between immune regulation, cancer progression, and inflammatory
signaling pathways. Dysregulated activation of TLR4 signaling in tumor cells can initiate
inflammatory responses that enhance resistance to cell death while promoting proliferation
and invasion. Similarly, aberrant activation of TLR4 and other innate immune sensors
in immune cells contributes to chronic inflammation, further accelerating tumor progres-
sion and metastasis [89]. Recent studies highlight the critical role of interactions among
cancer cells, immune and inflammatory cells, and stromal components within the tumor
microenvironment in driving metastatic progression [22,39]. Metastasis is a complex, mul-
tistep process comprising several key phases: EMT, intravasation into the bloodstream or
lymphatic system, survival in circulation, extravasation into distant tissues, and eventual
formation of metastatic niches (Figure 4) [90,91].
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Figure 4. Mechanism of tumor metastasis. Epithelial-mesenchymal transition (EMT) is a critical
process in tumor metastasis, conferring cancer cells with motility, invasiveness, and resistance to
cellular stress. During EMT, epithelial cells lose polarity and adhesion, adopting a mesenchymal
phenotype with increased mobility. This transition involves the downregulation of E-cadherin and the
upregulation of mesenchymal markers, facilitating tumor cell dissemination. Circulating tumor cells
(CTCs) detach from the primary tumor and enter the bloodstream or lymphatic system. Their survival
is enhanced through clustering or interactions with platelets, while neutrophils contribute to cluster
formation and suppress leukocyte activation. Additionally, primary tumors can modify distant organ
microenvironments, forming a premetastatic niche (PMN) that facilitates future colonization. CTC:
circulating tumor cell; PMN: premetastatic niche.

4.1. Epithelial-Mesenchymal Transition (EMT) in Tumor Metastasis

EMT is a fundamental process in tumor metastasis, equipping cancer cells with in-
creased motility, invasiveness, and resistance to external stressors. During EMT, epithelial
cells lose their polarity and intercellular adhesion properties, transitioning into a mes-
enchymal phenotype characterized by enhanced mobility and invasiveness [90,92]. This
transformation is governed by a complex network of transcription factors, signaling path-
ways, and microenvironmental cues that collectively facilitate tumor progression. As a
developmental process, EMT reduces cell-cell adhesion and enhances cellular plasticity,
allowing cancer cells to navigate through tissue barriers and spread to distant sites.

One of the critical functions of EMT in metastasis is facilitating tumor cell dissemina-
tion. As cancer cells undergo EMT, they detach from the primary tumor by downregulating
adhesion molecules such as E-cadherin while upregulating mesenchymal markers, includ-
ing N-cadherin, vimentin, and fibronectin, along with cell-associated MMP activity. Mor-
phologically, this transition leads to the loss of the characteristic polygonal, cobblestone-like
epithelial structure, giving rise to elongated, fibroblast-like cells with enhanced migratory
and invasive capabilities [93]. Furthermore, EMT endows cancer cells with resistance to
apoptosis and cellular senescence, further supporting tumor survival and progression [94].
The shift in gene expression that suppresses the epithelial phenotype while promoting mes-
enchymal characteristics is regulated by key transcription factors, such as SNAIL, TWIST,
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and zinc-finger E-box-binding (ZEB) proteins. These factors are activated early in the EMT
process and play essential roles in development, fibrosis, and cancer. Their expression
patterns vary across different cell and tissue types, and their specific contributions to EMT
depend on the signaling pathways that drive the transition [95].

Emerging evidence highlights a strong connection between cancer-related EMT and
chronic inflammation. Various inflammatory factors—including soluble mediators, oxida-
tive stress, and hypoxia—have been shown to promote EMT-like characteristics in cancer
cells [96]. In turn, EMT-transformed cells can secrete elevated levels of proinflammatory
molecules such as cytokines, chemokines, and MMPs, thereby sustaining a persistent in-
flammatory state that fuels tumor progression. Numerous studies have established a direct
link between EMT and inflammation-related soluble mediators. TNF-, particularly in
combination with TGF-f3 or other inflammatory signals, has been shown to drive EMT [97].
For instance, a combination of TGF-f3, interferon-alpha (IFN-c), and TNF-« has been used
to successfully induce EMT-like changes in human cancer cell lines in vitro [98].

TNF-«-driven EMT has been observed across various cancer cell lines, including hepa-
tocellular carcinoma [99], breast cancer [100], lung cancer [101], and thyroid cancer, where
it functions in conjunction with interferon-gamma (IFN-y) [102]. Notably, in renal cell car-
cinoma models, TNF-a-induced EMT signaling requires the expression of CXCR2, CXCR3,
and their respective ligands, underscoring the critical role of chemokine interactions in
facilitating this transition [103]. Several studies have established a causal relationship
between the IL-1$3/IL-1R signaling pathway and the induction of EMT-like characteris-
tics in (pre)cancerous cells in vitro [104]. Furthermore, IL-6 signaling and EMT exhibit a
reciprocal relationship in cancer. IL-6 promotes EMT through the JAK2/STAT3 pathway,
driving mesenchymal traits in various cancers [105,106]. Conversely, EMT enhances IL-6
expression via transcription factors such as TWIST [105,107], creating a feedback loop
that sustains tumor progression through STAT, ERK, and AKT pathways [108]. Th17 cell
infiltration within tumors is associated with elevated levels of 1L-23, IL-17, IL-13, and IL-6.
In esophageal cancer, IL-23 expression has been linked to the presence of metastases [109].
Mechanistically, IL-23 promotes EMT-like changes via activation of the Wnt/ 3-catenin
signaling pathway [109]. Similarly, IL-17 enhances EMT in cancer cell lines and gastric
cancer stem cells, increasing their invasiveness and activating STAT3 signaling [110,111].
These findings underscore the pivotal role of proinflammatory cytokines in driving EMT
and tumor progression. TNF-c, IL-13, IL-6, and Th17-associated cytokines contribute to
EMT through distinct yet interconnected signaling pathways, fostering an inflammatory
tumor microenvironment that enhances invasiveness, metastasis, and resistance to therapy.

4.2. Intravasation and Circulation of Cancer Cells

Once cancer cells gain mobility across the ECM, they intravasate into blood vessels
or lymphatics. Inflammation plays a significant role in this process by increasing vas-
cular permeability, thereby facilitating cancer cell invasion into blood vessels [39,112].
Proinflammatory cytokines, including TNF-« and IL-6, disrupt endothelial cell junctions,
making it easier for cancer cells to enter circulation [113,114]. Integrins, essential adhesion
receptors, are pivotal in cancer cell intravasation and progression, from primary tumor
growth to metastasis [115]. Abnormal integrin expression is frequently observed in tumors,
where these receptors enhance oncogenic growth factor receptor (GFR) signaling, as well
as GFR-dependent cell migration and invasion [115]. Additionally, integrins play a crucial
role in the colonization of metastatic sites and support the survival of circulating tumor
cells (CTCs) in an anchorage-independent manner. At metastatic sites, cancer cells utilize
E-cadherin to detach, spread, and establish new growths [116]. This process enhances
metastatic cell survival and protects against apoptosis induced by reactive oxygen species.
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As aresult, targeting E-cadherin in metastatic breast cancer cells may represent a promising
therapeutic approach [116].

CTCs are cancer cells that detach from the primary tumor and enter the bloodstream
or lymphatic system. While traveling through the bloodstream, CTCs encounter significant
challenges, including immune surveillance, shear stress, and anoikis (detachment-induced
cell death). Most CTCs do not survive in circulation, with only a small fraction persisting
and successfully invading distant organs. One key survival strategy employed by CTCs
is immune evasion. EMT-associated tumor cells often downregulate epithelial markers
such as E-cadherin while upregulating mesenchymal markers like vimentin, making them
less detectable by immune cells [117,118]. Moreover, EMT promotes the secretion of
immunosuppressive cytokines, which inhibit cytotoxic T-cell responses.

Another key survival mechanism involves the formation of CTC clusters or interac-
tions with platelets. While most CTCs travel through the bloodstream as single cells, some
move in clusters [119]. These clustered CTCs have a significantly higher potential to estab-
lish metastases. In addition to cancer cells, these clusters contain stromal cells and immune
components from their original microenvironment, contributing to their heterogeneity and
enhancing their survival [119,120]. Neutrophils also play a role in cluster formation by
suppressing leukocyte activation, further supporting CTC survival [121].

Platelets contribute to CTC survival as well as their seeding and outgrowth at sec-
ondary sites [122,123]. By forming protective aggregates around CTCs, platelets shield
them from immune surveillance, particularly from natural killer cells. CTCs facilitate this
aggregation by releasing prothrombotic and procoagulant microparticles or by expressing
tissue factor [124]. Additionally, platelet-derived factors such as TGF-f have been shown to
accelerate EMT in CTCs, enhancing their invasion and metastatic potential [125]. Further-
more, platelets are believed to protect CTCs from mechanical stress and promote resistance
to anoikis, a process linked to the activation of the YAP1 pathway [126]. Some CTCs also
enter a dormant state, allowing them to evade immune detection and later reactivate to
form metastatic colonies. These survival adaptations make CTCs highly effective metastatic
seeds, capable of enduring circulation and colonizing distant organs. Understanding these
mechanisms provides crucial insights into tumor metastasis and potential strategies for
disrupting CTC survival [117,118].

4.3. Extravasation of Cancer Cells and the Role of the Premetastatic Niche

After surviving in circulation, CTCs become lodged in the small capillaries of distant
organs, where they can extravasate and initiate secondary tumorigenesis. This process is
strongly influenced by the local microenvironment, which plays a key role in determining
whether tumor cell colonization occurs. Primary tumors can modify the microenvironment
of distant organs, creating favorable conditions for tumor cell colonization—known as the
premetastatic niche (PMN)—even before tumor cells reach these sites [127].

The PMN is a dynamic and multifaceted microenvironment shaped by coordinated
interactions among various bone marrow-derived cells (BMDCs) and multiple immune cell
types. Cells within the premetastatic niche actively remodel the local microenvironment by
releasing inflammatory cytokines, growth factors, and proangiogenic factors. This process
fosters tumor cell colonization, supports their proliferation, and ultimately accelerates
metastatic progression [128]. Chemokines and cytokines secreted by tumor cells promote
the recruitment of MDSCs, TAMs, Tregs, and tumor-associated neutrophils to distant sec-
ondary sites. These immunosuppressive and regulatory cell populations contribute to
PMN formation, thereby creating a microenvironment conducive to metastatic progres-
sion [129,130]. Furthermore, fibroblasts within the premetastatic niche play a crucial role
in shaping a tumor-supportive microenvironment by secreting inflammatory cytokines
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and growth factors, including stromal cell-derived factor-1a (SDF-1c), TGF-f3, and S100A4.
Additionally, they contribute to ECM remodeling by expressing fibronectin and MMPs,
thereby facilitating tumor cell invasion and metastasis [131].

The inflammatory PMN plays a crucial role in promoting metastasis. Proinflammatory
mediators such as S100A8/ A9, secreted within lung premetastatic niches, have been shown
to induce the expression of serum amyloid A (SAA)3, which subsequently facilitates the
recruitment of Macl™ myeloid cells to these sites via TLR4 signaling [132]. These recruited
myeloid cells contribute to premetastatic niche formation under inflammatory conditions,
thereby enhancing the migration of primary tumor cells to secondary lung sites [132]. Addi-
tionally, TNF-x-driven SI00A8-SAA3-TLR4 signaling has been found to activate Clara cells,
a non-immune cell population, leading to sustained SAA3 expression and the perpetuation
of an inflammatory microenvironment that supports lung metastasis [133]. Furthermore,
S5100A4 can induce SAA1 and SAA3 expression via TLR4 and NF-kB signaling in an organ-
specific manner, suggesting a potential link between inflammation and tumor metastasis
in premetastatic niches, which has been associated with poor prognosis in human colon
carcinomas [134]. The accumulation and activation of neutrophils within the premetastatic
niche play a significant role in facilitating tumor metastasis. Neutrophil-derived inflam-
matory responses help shape a microenvironment conducive to metastatic progression.
Specifically, leukotrienes secreted by neutrophils have been implicated in promoting the
colonization and metastatic spread of breast cancer cells in the lungs [135]. CD11b*Gr-1*
cells within the lung premetastatic niche further contribute to the establishment of an
inflammatory and proliferative microenvironment by upregulating MMPs and Th2 cy-
tokines while simultaneously suppressing IFN-y production, thereby facilitating tumor
progression [136]. Additionally, increased IL-6 expression, driven by TLR5 signaling and
hypoxic conditions within the premetastatic niche, has been identified as a key factor in
promoting tumor-associated inflammation [137].

4.4. Immune Modulation and Hypoxia in the Metastatic Niche

The ECM within the metastatic niche undergoes extensive remodeling to create a
favorable environment for metastatic colonization [77]. MMPs degrade ECM components,
facilitating tumor cell invasion and altering the biochemical properties of the niche. Addi-
tionally, stromal fibroblasts contribute to ECM reorganization by producing cytokines and
growth factors that promote tumor cell proliferation and survival.

Another critical aspect of the metastatic niche is immune modulation. Immune cells,
including MDSCs, Tregs, and TAMs, accumulate within the niche and suppress antitumor
immune responses. These cells secrete immunosuppressive cytokines such as TGF- and
IL-10, which inhibit cytotoxic T-cell activity and promote immune evasion [138].

Hypoxia within the metastatic niche further accelerates tumor progression. Low oxy-
gen levels stabilize HIF-1&, which upregulates genes involved in angiogenesis, metabolic
adaptation, and apoptosis resistance. This hypoxic environment supports metastatic cell
survival and prepares the niche for sustained tumor growth.

The role of the immune system in metastasis is dual-faceted. On one hand, inflamma-
tion promotes metastasis by supporting cancer cell survival, migration, and proliferation.
On the other, the immune system provides protective surveillance [77]. In some cases, infil-
trating T cells, particularly cytotoxic CD8" T cells, can recognize and eliminate metastatic
cancer cells [139]. However, as tumors progress, they often develop mechanisms to evade
immune surveillance, such as inducing immune suppression via Tregs and secreting im-
munosuppressive cytokines like TGF-f3 [9,140].

Understanding the complex relationship between inflammation and metastasis pro-
vides key insights into potential therapeutic strategies. Targeting proinflammatory path-
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ways involved in metastasis, such as inhibiting cytokines and immune cells that promote
tumor spread, may help modulate metastatic progression [9,114]. Additionally, therapies
that enhance immune surveillance, including checkpoint inhibitors, could counteract the
immune evasion mechanisms employed by metastatic cancer cells [141].

5. Cytokine Signaling in Tumor Promotion and Inflammation
5.1. Role of Cytokines in Tumor Promotion

Protumorigenic cytokine signaling plays a critical role in cancer progression by driv-
ing inflammatory processes that sustain tumor growth, angiogenesis, and metastasis.
Cytokines, signaling molecules released by immune and inflammatory cells, are essential
in the complex interactions within the tumor microenvironment [114]. These molecules
activate various transcription factors, including NF-kB, STAT3, and AP-1, which regulate
genes involved in cell survival, proliferation, and tumor progression. Through these sig-
naling networks, cytokines orchestrate multiple tumor-promoting processes, ultimately
enhancing the malignant potential of tumors [114].

5.2. Key Cytokines and Their Mechanisms

A key aspect of tumor-promoting cytokine signaling is the activation of transcription
factors by inflammatory cytokines such as TNF-«, IL-6, IL-1$3, and IL-23. These cytokines
are produced by tumor-associated immune cells, including macrophages and T cells re-
cruited to the tumor site in response to signals from the tumor and surrounding stromal
cells [114,142]. Early evidence linking inflammation to tumor promotion came from stud-
ies on TNF-os role in the initiation and progression of skin cancer in murine models.
TNF-« primarily promotes tumorigenesis by activating AP-1 and NF-kB. Although NF-«B
can suppress tumorigenesis in certain contexts, its activation within the tumor microen-
vironment often establishes a proinflammatory milieu that supports tumor growth and
progression [143].

NFKBI1 and STAT3 are classified as non-classical oncogenes because their activation
typically results not from direct genetic mutations but from signals within the tumor
microenvironment, including those from immune and tumor cells. These transcription
factors regulate genes essential for inflammation, immune evasion, survival, and metasta-
sis [144,145]. For example, STAT3 activation upregulates the production of IL-6 and other
cytokines that promote tumor cell proliferation and angiogenesis. In turn, these cytokines
recruit additional immune cells, perpetuating a cycle of chronic inflammation that drives
tumor growth [146].

Another key cytokine involved in tumor promotion is IL-23, which is predominantly
produced by TAMs. IL-23 plays a significant role in the tumor microenvironment by
stimulating the production of other inflammatory cytokines, such as IL-17, to further tumor
progression. In animal models of skin carcinogenesis, IL-23 has been shown to increase
tumor multiplicity and growth. Its tumor-promoting effects are likely mediated by the
activation of T helper 17 (Th17) cells, which secrete cytokines that support tumor growth.
IL-23 also influences other immune cells, including cytotoxic T lymphocytes and myeloid
cells, sustaining the inflammatory environment within the tumor [147].

5.3. Immunosuppression and Therapeutic Implications

The relationship between cytokine signaling and tumor promotion is further compli-
cated by the presence of MDSCs, immune cells that inhibit antitumor immunity. MDSCs
secrete various factors, such as arginase-1 and indoleamine 2,3-dioxygenase, which sup-
press T-cell activation and create a tumor-supportive immune environment [9,148]. This
immunosuppressive activity facilitates immune evasion, allowing malignant cells to bypass
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immune mechanisms that would otherwise recognize and eliminate them. Additionally,
cytokine production by tumor cells themselves is a key mechanism of tumor promotion.
While immune cells are the primary source of proinflammatory cytokines, many cancer
cells, particularly in advanced stages, produce their own cytokines to sustain survival and
proliferation. For example, IL-6 is produced by various tumor types, including HCC and
colorectal cancer, where it exerts an autocrine function to promote cancer cell survival and
resistance to apoptosis [33,149]. This cytokine production enables tumors to evade the host
immune response and persist in a hostile microenvironment.

Cytokines also play a crucial role in angiogenesis. Inflammation-driven angiogenesis
is essential for rapid tumor growth and metastasis. Tumor cells, immune cells, and stro-
mal cells collectively contribute to the release of proangiogenic factors, such as vascular
endothelial growth factor, which stimulates new blood vessel formation. The NF-«B and
STAT3 signaling pathways regulate the expression of these proangiogenic factors, thereby
enhancing the tumor blood supply and supporting metastasis [45,150].

A key feature of inflammation-driven tumor promotion is the ability of tumor-
promoting cytokines to establish a self-perpetuating feedback loop. As tumors grow
and invade surrounding tissues, they release signals that recruit additional immune cells,
which, in turn, secrete cytokines that further support tumor growth. This positive feedback
loop can lead to chronic inflammation, which not only promotes tumor progression but also
reduces the efficacy of anticancer therapies [9]. Treatments that induce tumor cell death,
such as chemotherapy and radiation, can trigger an inflammatory response that enhances
tumor survival and resistance to subsequent treatment [77]. This resistance is partly driven
by the activation of prosurvival signaling pathways, including those mediated by NF-«B
and STAT3, which enable residual cancer cells to persist and proliferate after therapy.

The complex interplay between cytokine signaling, inflammation, and tumor promo-
tion underscores the importance of targeting these pathways for therapeutic intervention.
Several strategies aimed at blocking the signaling pathways driven by protumorigenic
cytokines are currently being explored. Preclinical studies on NF-kB and STAT3 inhibition
have demonstrated the potential of this approach in suppressing tumor growth and re-
ducing inflammation. However, these strategies must be carefully balanced, as prolonged
inhibition of these pathways can lead to immune deficiencies and other adverse effects,
such as neutrophilia and exacerbated acute inflammation [149]. Therapies that block the re-
cruitment and activation of inflammatory cells within the tumor microenvironment are also
under investigation. For instance, inhibiting chemokine signaling to prevent myeloid cell
recruitment may reduce tumor-associated inflammation and limit tumor progression [148].
Additionally, anticytokine therapies, such as antibodies that neutralize TNF-«, IL-6, and
other proinflammatory cytokines, are already in clinical use for treating chronic inflamma-
tory diseases and are being evaluated for their potential to suppress tumor growth and
metastasis in various cancers [27].

6. Other Factors Associated with Cancer Progression
6.1. Activin A

Activin A, a multifunctional cytokine of the TGF-f3 superfamily, plays a crucial role in
cell proliferation, differentiation, apoptosis, and immune regulation. Initially identified for
its role in reproductive physiology, it is now recognized as a key modulator in embryonic
development, tissue repair, and inflammation. In cancer biology, Activin A influences
tumor progression by affecting cell migration, invasion, and the tumor microenvironment.

The role of Activin A in the cell growth regulation is complex and context-dependent.
It can induce apoptosis and inhibit proliferation in some cells, including normal hepato-
cytes and certain cancer cell lines, such as prostate, breast, and colon tumors, as well as
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diffuse large B-cell lymphoma [22,51,52,54,91]. Conversely, it enhances proliferation in lung
fibroblasts and certain lung cancer cells. The mechanisms underlying these opposing effects
remain unclear, highlighting the need for further research into their regulatory pathways.

Activin A’s impact on tumor progression varies across cancer types. In some epithelial
tumors, it exerts protective effects by inducing cell cycle arrest and inhibiting prolifera-
tion [22,51,52,54,91]. For example, it suppresses growth in patient-derived prostate cancer
cells and non-invasive LNCaP cells [45,93-95], whereas aggressive PC3 prostate cancer
cells exhibit increased proliferation upon Activin A exposure [69,98]. Endoglin, a TGF-f3 co-
receptor, modulates Activin A signaling, with ActRIIA co-expression suppressing invasion
in prostate cancer cells, while interaction with ActRIIB does not [99,100].

Conversely, Activin A promotes invasion and metastasis in certain cancers. In lung
adenocarcinoma and oral squamous cell carcinoma, its overexpression correlates with
lymph node involvement and poor prognosis [9,11,13,15,85,104,105]. Similarly, in head and
neck squamous cell carcinoma, high Activin A levels are associated with reduced survival
rates [9,26-28,85,106]. Functional studies show that recombinant Activin A enhances
proliferation in lung cancer cell lines (H460, SKLU1) [26,29,30,63,86,107-109] and promotes
invasion in ovarian cancer cell lines (SKOV-3, OCC1) [110].

Activin A’s invasive properties are primarily mediated through MMP activity. It
induces MMP-7 expression via c-Jun/Smad signaling, facilitating ECM degradation and
enhancing invasion [31-35,87-89,109]. Additionally, it upregulates N-cadherin, a mesenchy-
mal marker linked to invasiveness, independent of E-cadherin expression [44-47,50,91,112].

During tumor progression, cancer cells may develop resistance to Activin A’s growth-
inhibitory effects by downregulating ALK4 or upregulating inhibitors such as follis-
tatin [58,59,102,121]. These adaptive mechanisms allow tumors to evade Activin A sig-
naling, highlighting its complex and context-dependent role in cancer development. Un-
derstanding these regulatory pathways may offer new insights for therapeutic strategies
targeting Activin A across different cancer types.

6.2. NRF2

Nrf2 plays a pivotal role in driving cancer cell growth and proliferation by regulating
key metabolic pathways and gene expression. As a transcription factor, Nrf2 is frequently
overactivated in various cancers, contributing to their aggressive nature. A key function
of Nrf2 is metabolic regulation, particularly in maintaining intracellular levels of reduced
glutathione (GSH), a critical antioxidant required for detoxification and oxidative stress
defense. By activating enzymes involved in GSH synthesis, including G6PD, TKT, and
PGD, through the pentose phosphate pathway (PPP), Nrf2 ensures a steady supply of
nucleotides and amino acids essential for sustained cancer cell proliferation [151,152].

Beyond metabolism, Nrf2 exerts significant control over cell cycle progression, facil-
itating cancer cell division. It activates genes such as Bmprla, Igfl, and Pdgf-c, which
drive progression through the G1 and S phases. The loss of Nrf2 induces G2/M-phase
arrest, underscoring its critical role in maintaining cell cycle continuity. Additionally, Nrf2
interacts with the PI3K/AKT pathway, promoting anabolic metabolism and enhancing
cellular survival through phosphorylation of key proteins, including AKT and GSK3 [153].

Mitochondrial function is another crucial aspect governed by Nrf2. It regulates mito-
chondrial biogenesis, substrate availability for oxidative phosphorylation, and the removal
of damaged mitochondria, ensuring continuous energy production to support the high
metabolic demands of proliferating cancer cells. In pancreatic cancer, Nrf2 depletion dis-
rupts epidermal growth factor receptor (EGFR) signaling and impairs mRNA translation
due to oxidative damage, highlighting its essential role in maintaining translational capacity
and cellular viability [154].
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Nrf2 also plays a central role in apoptosis resistance. By upregulating antioxidant
enzymes such as GCL and GSR, it effectively neutralizes reactive oxygen species (ROS),
shielding cancer cells from oxidative stress-induced cell death [155]. Additionally, Nrf2 sup-
presses apoptosis by inhibiting p53-mediated gene regulation and increasing the expression
of x-CT, NQO1, and GST [156]. The Nrf2-mediated upregulation of GSTP1 further prevents
proapoptotic JNK activation, while p62 induction promotes selective autophagy of Keap1,
reinforcing a feedback loop that sustains apoptosis evasion [157]. Furthermore, Nrf2 en-
hances Bcl-2 expression, thereby reducing apoptosis in response to chemotherapeutic agents
like etoposide, and suppresses TNF-induced cell death through HO-1 expression [158,159].

Angiogenesis, a hallmark of cancer progression, is also regulated by Nrf2. It promotes
endothelial cell proliferation, migration, and capillary formation by upregulating HO-1,
which enhances VEGF production. The VEGF/Nrf2 axis has been implicated in angiogen-
esis across multiple cancers, including gastric, glioma, and pancreatic tumors [121-123].
Inhibition of Nrf2 has been shown to suppress hypoxia-induced HIF-1«/VEGF signaling,
highlighting the crosstalk between these pathways in tumor-driven angiogenesis [160].

Nrf2 also plays a key role in chemoresistance by increasing the expression of antioxi-
dant enzymes (Trx, Prx, GCL) and phase II detoxifying enzymes (NQO1, GSTP1), thereby
reducing the efficacy of chemotherapy. Downregulation of Nrf2 has been associated with
increased cisplatin sensitivity, whereas its overexpression confers resistance to multiple
chemotherapeutic agents [161-163]. Additionally, Nrf2 enhances multidrug resistance
protein (MRP) expression, limiting intracellular drug accumulation and further reduc-
ing chemotherapy effectiveness [164]. Beyond chemoresistance, Nrf2 also contributes to
radioresistance by upregulating antioxidant defenses, such as HO-1 and NQO1, while
interacting with resistance pathways like HIF-1 and NF-«B [165,166]. Given its role in
both chemoresistance and radioresistance, targeting Nrf2 presents a potential therapeutic
strategy for improving cancer treatment outcomes [167].

7. Surgery Stress and Cancer Progression
7.1. Surgical Intervention and the Promotion of Micrometastatic and Residual Disease Growth

Metastatic cancer cells can disseminate from the primary tumor early in tumor progres-
sion, establishing micrometastases at distant sites that often remain clinically undetectable.
These micrometastases may persist in a dormant state, balancing cell proliferation and
apoptosis [168]. However, local and systemic inflammatory responses triggered by surgical
trauma can disrupt this equilibrium, potentially stimulating the growth of dormant mi-
crometastases [168]. In addition to inflammation-driven tumor growth, the surgical removal
of the primary tumor may eliminate inhibitory mechanisms that previously suppressed
metastatic expansion, further facilitating disease progression.

Primary tumors release both proangiogenic and antiangiogenic factors, maintaining a
localized balance that favors angiogenesis due to the presence of new vasculature. However,
in systemic circulation, stable antiangiogenic molecules, such as angiostatin, endostatin,
and thrombospondin, are present at higher levels, suppressing neovascularization at
distant sites and keeping micrometastases in a dormant state [169]. The removal of the
primary tumor results in a rapid decline of these inhibitory factors, potentially triggering
the “angiogenic switch” and enabling micrometastases to grow aggressively [169,170].
This process is further exacerbated by surgery-induced increases in growth factors and
proangiogenic mediators, accelerating tumor expansion.

Beyond its impact on angiogenesis, surgical intervention can also facilitate immune
evasion by impairing adaptive immune responses. The postoperative period is character-
ized by a reduction in circulating dendritic cells (DCs), which are essential for immune
surveillance. Experimental studies have shown that administering DC vaccines to tumor-
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bearing mice can counteract the protumorigenic effects of surgery [171]. Additionally,
surgical trauma is associated with a diminished Th1 immune response in humans, com-
promising cytotoxic T-cell activation and weakening antitumor immunity [172]. This
immunosuppression can persist for several weeks postoperatively and is more prolonged
following laparotomy than in minimally invasive laparoscopic procedures.

Furthermore, surgical intervention promotes neutrophil recruitment and the formation
of neutrophil extracellular traps (NETs) at the surgical site. These NETs can persist for
an extended period, enhancing the survival and proliferation of residual tumor cells
by activating key signaling pathways such as Stat3 and NF-«B [170]. As a result, the
perioperative period represents a critical window in which the immune environment
becomes particularly permissive to tumor regrowth and metastatic progression.

Surgical procedures induce inflammatory responses through multiple mechanisms,
including direct tissue injury and the risk of postoperative infections. These events lead
to the release of inflammatory mediators and the recruitment of immune cells, such as
neutrophils and monocytes [6,173]. Among these mediators, cytokines like interleukin-1
(IL-1) and tumor necrosis factor-alpha (TNF-«), along with vascular endothelial growth
factor (VEGF) and MMPs, play critical roles in shaping the tumor microenvironment to
promote cancer progression [6,174].

Prostaglandin E2 (PGE2), a key product of cyclooxygenase activity, is involved in
various physiological and pathological processes, including cellular proliferation and angio-
genesis [175]. Elevated PGE2 levels have been linked to enhanced neoplastic progression
across multiple cancer types. In lung cancer, PGE2 facilitates metastasis by upregulating
MMP9 mRNA expression while downregulating E-cadherin mRNA expression, thereby
promoting tumor cell invasion and dissemination [176]. Additionally, PGE2 exerts potent
immunosuppressive effects by expanding Treg cells, reducing the population of activated
CD8* T cells, and altering cytokine secretion profiles of T helper cells—mechanisms that
collectively create an immune environment conducive to tumor growth [177].

In breast cancer, PGE2 has been implicated in the transition of disseminated tumor cells
from dormancy to active proliferation within the bone microenvironment, highlighting
its role in metastatic progression [178]. This provides a potential rationale for clinical
observations in which cyclooxygenase-2 (COX-2) inhibition exhibits antineoplastic effects
in certain patients with prostate or lung cancer [179].

7.2. Metabolic Changes Following Surgery

Surgical trauma induces a systemic stress response characterized by neuroendocrine
dysregulation, primarily involving activation of the hypothalamic—pituitary—adrenal (HPA)
axis and the sympathetic nervous system (SNS) [180]. This physiological adaptation
leads to elevated circulating levels of stress-related hormones, such as glucocorticoids and
catecholamines, which drive metabolic shifts favoring catabolism [181]. These alterations
have been implicated in cancer progression.

The metabolic response triggered by stress hormones enhances the catabolism of
glucose, fats, and proteins. Evolutionarily, this adaptation likely served as a survival
mechanism, allowing organisms to maintain energy levels in the absence of food until
recovery processes were complete [181]. However, in the context of cancer, these metabolic
alterations may facilitate disease progression. Following surgery, blood glucose levels rise,
a phenomenon known as stress hyperglycemia [182]. This elevation is primarily driven by
glucocorticoids (GCs) and catecholamines (CAs), which stimulate hepatic glycogenolysis
and gluconeogenesis [181]. Elevated glucose concentrations have been linked to tumor pro-
gression through multiple mechanisms, including increased tumor cell proliferation [183],
invasion [184], migration [185], resistance [186], and decreased chemotherapy sensitiv-
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ity [187]. For instance, hyperglycemia has been shown to accelerate pancreatic cancer
progression, accompanied by increased phosphorylation of STAT3 and upregulation of
MYC [188]. Additionally, stress hyperglycemia shares several characteristics with type 2 di-
abetes, such as heightened oxidative stress and activation of stress-responsive kinases [189].
Elevated blood glucose levels oxidative stress [190], which promotes cancer progression
by inducing DNA mutations, causing DNA damage, increasing genome instability, and
stimulating uncontrolled cell proliferation. Hormonal fluctuations during surgery also
trigger the breakdown of fats and proteins. Increased levels of free fatty acids contribute
to oxidative stress by enhancing mitochondrial ROS production and activating NADPH
oxidase in tissues and macrophages. This oxidative imbalance further accelerates tumor
progression through the previously described mechanisms [189].

8. Role of Anti-Inflammatory Drugs in Cancer Prevention and Treatment

Recent advances in cancer research have highlighted the critical role of inflammation in
tumor initiation, progression, and metastasis. These findings have spurred interest in anti-
inflammatory drugs as potential anticancer therapies aimed at targeting the inflammatory
tumor microenvironment.

8.1. Efficacy of Anti-Inflammatory Agents

A key advantage of targeting the inflammatory microenvironment is the relative
genomic and epigenetic stability of immune cells compared to the highly mutable and
treatment-resistant nature of cancer cells. This stability may improve the efficacy of anti-
inflammatory therapies, potentially overcoming some of the drug resistance challenges
commonly associated with conventional cytotoxic treatments [77,191]. However, anti-
inflammatory agents typically do not exert direct cytotoxic effects on tumor cells. As a
result, their therapeutic efficacy is often optimized when used in combination with standard
treatments, such as chemotherapy or radiation therapy, underscoring the importance of
integrative treatment strategies in cancer management.

Several anti-inflammatory agents, including cyclooxygenase-2 (COX-2) inhibitors,
aspirin, and corticosteroids like dexamethasone, have shown efficacy in reducing tumor
incidence when administered prophylactically [192]. For instance, aspirin has been found
to lower the risk of colorectal cancer [193] and is associated with a reduced incidence
of breast and prostate cancers [194-196], particularly in individuals with specific genetic
predispositions. Despite these benefits, the widespread clinical use of these agents remains
limited due to their potential adverse effects, restricting their application primarily to
high-risk populations. Identifying and screening such high-risk individuals may enhance
the precision and effectiveness of these therapeutic interventions [197].

8.2. Anti-Inflammatory Therapies Targeting Protumorigenic Inflammation

Anti-inflammatory therapies target various aspects of protumorigenic inflamma-
tion [198]: (1) inhibiting signaling pathways and transcription factors activated by in-
flammatory cytokines that promote tumor cell survival and growth; (2) suppressing
chemokines and cytokines that recruit and sustain inflammatory cells within the tu-
mor microenvironment; (3) modulating inflammation induced by cancer treatment to
prevent tumor recurrence; (4) depleting immune and inflammatory cells that facilitate
tumor growth while preserving those that support protective immune responses; and
(5) selectively inhibiting tumor-promoting cytokines without disrupting the expression of
antitumorigenic cytokines.

In certain cases, monotherapies effectively target inflammation. For example, lym-
phoid malignancies driven by constitutive NF-kB or STAT3 activation may respond favor-
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ably to inhibitors targeting these pathways. However, in most cases, anti-inflammatory
therapies demonstrate greater efficacy when combined with conventional treatments. No-
tably, chemotherapeutic agents that activate NF-«kB can induce resistance to subsequent
therapies, emphasizing the potential of combining NF-kB inhibitors with genotoxic agents
to overcome treatment resistance [144,199]. Nonetheless, prolonged NF-«B inhibition may
lead to extensive immune suppression and exacerbated inflammation, complicating its
clinical application [9,149].

Cytokine inhibitors represent a promising class of anti-inflammatory agents. Thera-
peutics targeting proinflammatory cytokines, such as TNF-« and IL-6, are currently under
evaluation in clinical trials [114]. While these treatments do not directly induce cytotox-
icity in cancer cells, they have the potential to stabilize disease progression or achieve
partial responses. Notably, early-phase clinical trials suggest that anticytokine therapies
can enhance therapeutic outcomes when combined with conventional treatments, such
as chemotherapy [114,200]. Additionally, antichemokine therapies targeting chemokine
receptors—including CCR2, CCR4, and CXCR4—are actively being investigated [114,200].
These treatments aim to disrupt the recruitment of inflammatory cells that support tumor
progression and metastasis. Moreover, therapies targeting IL-13 have shown significant
potential in malignancies such as multiple myeloma, where they inhibit tumor growth and
delay progression to more aggressive disease stages [149].

8.3. Emerging Therapies and the Role of STING Agonists

The cGAS-STING pathway serves as a crucial sensor of cytosolic DNA, triggering
the production of type I interferons and various inflammatory cytokines. This activation
plays a fundamental role in innate immune defense, particularly against viral and bacterial
infections [201,202]. Given its role in immune activation, STING has emerged as a promising
target for cancer immunotherapy. STING agonists are currently being explored for their
ability to stimulate antitumor immunity. Preclinical studies indicate that compounds like
¢cGAMP enhance immune responses by promoting cytokine production and increasing
immune cell infiltration into tumors. Furthermore, STING agonists can enhance the efficacy
of chemotherapy and radiotherapy by improving immune recognition of tumor cells [203].

Another promising strategy involves combining STING agonists with immune check-
point inhibitors, such as anti-PD-1 and anti-PD-L1 antibodies. These combinations have
demonstrated the ability to enhance tumor regression by converting poorly immunogenic
“cold” tumors into “hot” tumors with increased immune activity [204]. Ongoing clinical
trials are currently assessing the safety and efficacy of STING-based therapies. While chal-
lenges remain, including the risk of inflammatory toxicity, STING agonists hold significant
potential as a novel approach to improving cancer treatment outcomes [204].

9. Conclusions

The intricate relationship between inflammation and cancer progression is now well
established, influencing tumor initiation, promotion, metastasis, and therapy resistance.
Inflammation-driven genetic instability, epigenetic modifications, and cytokine signaling
contribute to a tumor-supportive microenvironment, fostering malignant transformation.
Chronic inflammation accelerates tumor progression by promoting angiogenesis, immune
evasion, and metabolic reprogramming, which sustain tumor growth and facilitate metas-
tasis. Additionally, inflammatory cytokines such as TNF-«, IL-6, and IL-23 activate key
oncogenic pathways, including NF-«B and STATS3, reinforcing a protumorigenic inflamma-
tory loop.

Inflammation also plays a central role in the metastatic cascade. Cytokines,
chemokines, and immune cells establish a premetastatic niche that enhances tumor cell
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survival, extravasation, and colonization. Hypoxia-induced immune suppression, along
with tumor-associated macrophages and Tregs, further accelerates metastatic progression.
Furthermore, inflammation significantly contributes to therapy resistance, as proinflamma-
tory responses following chemotherapy or radiation therapy can promote tumor recurrence
by activating survival pathways and altering the tumor microenvironment.

Given its central role in cancer pathophysiology, targeting inflammation presents a
promising therapeutic strategy. Anti-inflammatory agents, such as COX-2 inhibitors and
cytokine blockers, have shown potential in reducing tumor progression and enhancing
treatment efficacy. Additionally, emerging immunotherapies, including STING agonists
and immune checkpoint inhibitors, provide new avenues for modulating inflammation
while simultaneously strengthening antitumor immunity.

Future research should prioritize refining inflammation-targeted therapies, identify-
ing patient-specific inflammatory profiles, and integrating these strategies into existing
treatment regimens. A deeper understanding of inflammation’s dual role—both as a driver
of cancer progression and as a key component of immune surveillance—will be critical in
developing more effective and personalized cancer therapies.
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