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ABSTRACT

Transforming growth factor-f (TGF-B) signaling plays a
complex and dual role in regulating cellular senescence and
tumor progression. In normal tissues, TGF-B acts as a tumor
suppressor by regulating the cell cycle, inducing apoptosis, and
maintaining the integrity of the extracellular matrix (ECM). These
functions collectively restrict tumor initiation and support tissue
homeostasis. However, in the tumor microenvironment, sustained
TGF-B signaling frequently switches to a tumor-promoting role,
driving tumor cell proliferation, metastatic dissemination, immune
evasion, and therapy resistance. This review aims to clarify the
dual role of TGF-B signaling in cellular senescence and tumor
progression. It focuses on the molecular mechanisms that drive
its transition between tumor suppression and tumor promotion
in various biological contexts. We analyze the key determinants
governing this functional switch, including tumor type, cellular
environment, and signaling crosstalk. Furthermore, we critically
evaluate the clinical challenges of therapeutic TGF-f targeting. We
highlight emerging strategies to therapeutically modulate TGF-3
signaling, focusing on precision medicine approaches that reconcile
its tumor-suppressive and oncogenic functions. By providing a
comprehensive understanding of TGF-f’s dual role, this review
offers new insights that may guide personalized cancer therapies
and optimize treatment strategies for improved clinical outcomes.
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TGF-B Signaling in Senescence and Tumor Progression

INTRODUCTION

Transforming growth factor-B (TGF-p)
signaling is a highly conserved pathway
critical in various biological processes.
TGF-B and its downstream signaling
molecules such as Smad proteins play a
significant role in regulating cell proliferation,
differentiation, apoptosis, migration, and
extracellular matrix (ECM) remodeling
(I). Under normal physiological conditions,
this pathway maintains tissue homeostasis,
supports wound healing, and modulates
immune responses (2, 3). Specifically, TGF-3
signaling contributes to cellular senescence
by regulating the senescence-associated
secretory phenotype (SASP) and inhibiting
aberrant cell proliferation, thereby preserving
tissue health and function (4).

Given its pivotal role in cellular
homeostasis, TGF-Bf has emerged as a
promising therapeutic target in cancer.
However, its context- and stage-dependent
effects pose substantial challenges. While
TGF-P acts as a tumor suppressor during early
carcinogenesis,, it transforms into a potent
driver of tumor progression, metastasis, and
therapy resistance in advanced disease (5-7).

This functional dichotomy underscores the
need for precision medicine approaches that
can contextually modulate TGF-B signaling
to achieve therapeutic benefit (8).

Emerging evidence suggests that TGF-3
signaling is dynamically regulated by various
factors, including tumor type, stage, and
microenvironmental cues. In particular, the
functional switch of this signaling cascade
under different physiological or pathological
conditions depends on upstream and
downstream regulatory networks, ligand
concentrations, and target cell responses. For
example, in some tumors, TGF-f signaling
may support the tumor microenvironment
by promoting fibrosis or immunosuppression,
while in other contexts, it may inhibit tumor
dissemination by enhancing immune-
mediated tumor clearance (6). The core
challenge in precision therapy lies in tailoring
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TGF-B signaling activity to the specific
molecular and pathological conditions of
individual patients, achieving effective
tumor control while preserving its normal
physiological functions.

This article focuses on the dual role of
TGF-p signaling in cellular senescence and
tumor progression. It systematically analyzes
its functional changes under different
physiological and pathological conditions. By
summarizing the mechanisms through which
TGF-P regulates the tumor microenvironment
and tumor evolution, we explore advancements
and challenges in precision therapeutic
strategies targeting this pathway, particularly
the potential and limitations of inhibitors
and agonists in clinical applications. Future
research directions, such as more precise
drug development strategies, optimal timing
of interventions, and combination therapies,
are also suggested. These insights not only
enhance our understanding of the complexity
of TGF-J signaling, but also serve as crucial
references for the development of more
effective and personalized cancer treatments.

1.1. Tumor-Suppressive Role of TGF-f in
Normal Tissues

TGF-f plays a crucial tumor-suppressive
role in normal tissues by regulating cell
proliferation, ECM composition, and
senescence-related mechanisms to maintain
tissue homeostasis and prevent tumor initiation
and progression (Fig. 1). In normal cells and
tissues, the functions of TGF-§3 are tightly
controlled, ensuring its role as an inhibitory
factor in cell cycle regulation, apoptosis,
senescence, and immune modulation.

A. Regulation of the Cell Cycle:

TGF-p signaling suppresses aberrant cell
proliferation through the classical Smad-
dependent pathway (9). When TGF- receptors
are activated, downstream Smad2/3 proteins
are phosphorylated and combine with Smad4
to form a functional complex. This complex
then translocates to the nucleus and triggers
the expression of essential cell cycle inhibitors,
suchas plS NINK4B», pl6NINK4A™, and p21 (5).
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Fig. 1. The Inhibitory Role of TGF-$ Signaling in Cellular Senescence. This schematic illustrates the
inhibitory role of TGF-f signaling in cellular senescence. The TGF-f ligand binds to TGF-3 receptor
Il (TGFBRII), which then recruits and activates TGF-f receptor | (TGFBRI) through phosphorylation.
This activation leads to the phosphorylation of Smad2/3, which then form a complex with Smad4
and translocate into the nucleus. In the nucleus, the Smad complex regulates the expression of cell
cycle inhibitors and cell cycle arrest. Additionally, TGF-f signaling induces the senescence-associated
secretory phenotype (SASP), which contributes to immune surveillance and cellular homeostasis, and
promotes the stabilization of the extracellular matrix (ECM) to maintain tissue integrity. The pathway
also interacts with other key signaling cascades, such as RAS, WNT, IFN, and PI3K-AKT, highlighting

its regulatory complexity.

These inhibitors suppress cyclin-dependent
kinases (CDKs), thereby halting cell cycle
progression and reducing abnormal cell
proliferation (10). Additionally, TGF-3 promotes
cellular senescence by promoting SASP, which
enhances immune-mediated clearance of
damaged cells through factors such as IL-6,
IL-8, and MMPs which recruit immune cells to
eliminate senescent or compromised cells (11).
Furthermore, TGF-P reinforces senescence by
upregulating the same cell cycle inhibitors,
maintaining tissue homeostasis and preventing
tumor initiation (12).

In summary, TGF-f signaling in normal
tissues has strong tumor-suppressive effects by
inhibiting cell cycle progression, enhancing
immune surveillance, and maintaining
structural integrity. This underscores its
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crucial role in preventing cancer development.
B. the Extracellular Matrix (ECM) Stability:

The ECM is essential for maintaining
tissue architecture and suppressing cancer
by restricting tumor cell dissemination (13).
TGF-p plays a crucial role in maintaining
ECM homeostasis by promoting the synthesis
of structural proteins, notably collagen types
I and III and fibronectin, which enhance
tissue strength and integrity (14). At the same
time, TGF-P upregulates tissue inhibitors of
metalloproteinases (TIMPs) to inhibit matrix
metalloproteinase (MMP) activity, which can
degrade the ECM and promote metastasis
(15). Additionally, TGF- modulates cell-
ECM signaling by regulating fibronectin and
glycosaminoglycan production, strengthening
cellular adhesion and structural stability (16).
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In summary, TGF-B safeguards the
integrity of the ECM through coordinated
regulation of its components and enzymes. It
effectively acts as a structural barrier against
tumor progression.

C. Anti-Tumor Effects Associated with
Senescence:

Cellular senescence prevents uncontrolled
proliferation by enforcing irreversible cell
cycle arrest and is tightly regulated by TGF-f.
This cytokine amplifies SASP, promoting
immune-mediated clearance of abnormal
cells through increasing the secretion of IL-6,
IL-8, and MMPs (17, 18). Furthermore, TGF-3
activates immune cells by inducing cytokines
like TNF-a, IL-1B, IFN-y, and IL-12, thereby
enhancing cytotoxic responses of CD8" T cells
and NK cells (19). In aging or premalignant
tissues, TGF-f reinforces senescence through
upregulation of pl5"INK4B" and p21, and
promotes apoptosis in damaged cells, —a
mechanism observed in early colorectal or
pancreatic lesions (4). Additionally, TGF-
B-stimulated fibroblasts enhance ECM
production, creatinganti-invasive barriers in
cancers like early-stage breast cancer (20).

In conclusion, TGF-B not only drives
cellular senescence but also enhance
immune surveillance and ECM remodeling,
positioning it as a central player in early
tumor suppression.

1.2. Tumor-Promoting Role of TGF-f in the
Tumor Microenvironment

While TGF-B acts as a potent tumor
suppressor in normal tissues, its role
undergoes a paradoxical shift within
the tumor microenvironment (TME),
particularly during advanced cancer stages.
In this pathological setting, TGF-f signaling
becomes reprogrammed, transitioning from
canonical Smad-dependent tumor suppression
to Smad-independent pathways that drive
oncogenic processes.. This functional switch
critically enables multiple hallmarks of cancer
progression, including enhanced invasion,
immune evasion, therapy resistance, and
angiogenesis (Fig. 2).
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A. Functional Reprogramming of Signaling:
Within the TME, TGF-B drives tumor cell
invasiveness and metastatic potential by inducing
EMT (21). This process is orchestrated through
both Smad-dependentand -independent pathways,
leading to characteristic molecular changes:
downregulation of epithelial markers (e.g.,
E-cadherin) and upregulation of mesenchymal
markers (e.g., N-cadherin, vimentin, and
fibronectin) (22). Additionally, TGF- promotes
ECM degradation through induction of MMPs,
enabling tumor cells to breach tissue barriers
and establish distant metastasis (23). Collectively,
these mechanisms represent critical drivers of
advanced tumor progression.
B. Immune Suppression:

TGF-B significantly contributes to the
establishment of an immunosuppressive
microenvironment that enables tumors to evade
immune surveillance. It drives the polarization
of tumor-associated macrophages (TAMs) into
an M2-like phenotype and activates cancer-
associated fibroblasts (CAFs). Both cell types
subsequently secrete immunosuppressive
cytokines like IL-10 and TGF-B itself (24-26).
These cells not only suppress T and NK cell
activity but also remodel the ECM to promote
angiogenesis and invasion. However, these
effects are negligible or absent in early tumor
stages, underscoring that TGF-B—mediated
immunosuppression is predominantly a late-
stage, tumor-promoting mechanism.

C. Promoting Drug Resistance and
Angiogenesis:

TGF-B maintain cancer stem cell (CSC)
properties by upregulating key stemness
markers (CD44, ALDHI), enhancing resistance
to chemotherapy and radiotherapy (27, 28).
Additionally, it activates anti-apoptotic
genes and drug efflux mechanisms including
P-glycoprotein (29, 30), directly compromising
treatment efficacy. Moreover, TGF- drives
neovascularization by inducing VEGF and
bFGF expression in endothelial and stromal cells
(31). These pro-resistance and pro-angiogenic
effects further highlight the shift in TGF-3
signaling from an early tumor-suppressive role
to a late tumor-promoting function.
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Fig. 2. The Promotive Role of TGF- Signaling in Cancer Development. This diagram illustrates the tumor-
promoting effects of TGF-f3 signaling in cancer progression. (1)TGF- induces epithelial-mesenchymal
transition (EMT) by upregulating transcription factors such as Snail, Slug, and Twist, which enhance
cancer cell invasion and migration. (2) TGF-8 contributes to immune suppression by modulating tumor-
associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), and other immunosuppressive
cells, inhibiting the activity of cytotoxic T lymphocytes (CD8+ T cells) and natural killer (NK) cells. This
immune- suppressive environment promotes cancer cell proliferation, migration, and angiogenesis. (3)
TGF-B signaling promotes angiogenesis by inducing VEGF production and enhances drug resistance
by maintaining cancer stem cell properties and influencing the tumor microenvironment. Together, these
mechanisms highlight the central role of TGF-p in fostering tumor progression and therapeutic resistance.

In summary, TGF-B drives tumor
progression in the TME by promoting
EMT, immune evasion, CSC maintenance,
therapy resistance, and angiogenesis. These
oncogenic effects contrast sharply with its
early tumor-suppressive functions, which
dominates during early-stage tumorigenesis.

1.3. Dynamic Transition of the Dual Role
TGF-B signaling plays a dual role in
cancer progression, initially serving as a
tumor suppressor in early-stage disease,
but later shifting to a tumor promoter
in advanced stages. This transition is
tightly controlled by factors like signaling
intensity, duration of pathway activation,
and changing characteristics of the TME (7,
32, 33). Understanding this shift is crucial
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for differentiating the context-dependent
functions of TGF-fB and for guiding stage-
specific therapeutic approaches.
A. Signal Intensity and Activation Thresholds:
During early tumor-suppressive phase,
moderate TGF- activation occurs primarily
through Smad-dependent pathways. This
leads to upregulation of tumor suppressor
genes such as pI5S*"INK4B” and p2l, and
repression of oncogenic drivers like MYC,
inducing cell cycle arrest and apoptosis,
critical mechanisms for restraining initial
tumor development (32, 33). However, in the
advanced tumor-promoting phase, elevated
TGF-B levels from autocrine signaling or
stromal sources surpass a functional threshold
that activates non-Smad pathways, PI3K/
AKT or MAPK (34). In this context, TGF-$
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promotes EMT, migration, and invasion.
Notably, in late-stage colorectal cancer,
SMAD4 mutations or KRAS activation
redirect TGF-f signaling toward oncogenic
outcomes (35).

Collectively, low signal intensity supports
tumor suppression, while high levels of
TGF-p reprogram the pathway to promote
malignancy.

B. Temporal Dynamics and Chronic
Activation

Acute activation of TGF-f in normal and
early-stage tumor cells tends to strengthen
tumor-suppressive mechanisms, such as
apoptosis and cell cycle arrest. For instance,
in pancreatic cancer, early-stage TGF-
inhibits tumor initiation by upregulating
CDK inhibitors and suppressing proliferation
(36). However, chronic exposure to high
levels of TGF-B, often seen in advanced
cancers, leads to pathway desensitization or
changes in downstream signaling cascades.
This prolonged activation leads to the
expression of EMT transcription factors, like
Snail and Twist, which promote phenotypic
plasticity and increase metastatic potential.
Furthermore, in pancreatic cancer, TGF-3
interacts with cancer-associated fibroblasts
(CAFs), to induce collagen deposition and
remodel the ECM, while TAMs secrete pro-
metastatic cytokines (37).

Taken together, transient TGF-f activation
mediates tumor suppression during early
carcinogenesis, whereas chronic TGF-
signaling reprograms cellular behavior to
drive malignant progression.

C. Microenvironmental Influences

TME plays a crucial role in mediating the
dual effects of TGF-f. In early-stage colorectal
cancer, the interaction between TGF-
and surrounding fibroblasts results in the
deposition of ECM components, enhancing
tissue stability and inhibiting tumor invasion
(38). However, in advanced stages of cancer,
the TME undergoes significant changes
characterized by ECM remodeling, hypoxia,
and the infiltration of immunosuppressive cell.
These changes amplify the tumor-promoting
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effects of TGF-B. Hypoxic conditions in the
TME, for example, trigger the production
of VEGF downstream of TGF-f. This leads
to accelerated angiogenesis and metastatic
spread (39). Additionally, alterations in
matrix stiffness and increased availability of
TGF-p ligand further drive signaling towards
invasive phenotypes.

In conclusion, the function of TGF-f is
redefined by the surrounding stroma, with the
shift from suppressive to promoting largely
shaped by the evolving TME.

2. Therapeutic Strategies for Modulating
TGF-p Signaling

The dual role of the TGF-B signaling
pathway complicates its g targeting in cancer
therapy. Clinical strategies aim to inhibit its
tumor-promoting effects while retaining its
tumor-suppressive functions. Advances in
understanding this pathway have led to the
developmentoftargetedtherapiessuchassmall-
molecule inhibitors, monoclonal antibodies,
and nucleic acid-based drugs (Fig. 3).
Additionally, researchers are exploring
biomarkers to assess TGF-f signaling activity
and personalized therapeutic strategies
opening new avenues for cancer treatment.

2.1. Progress in Single-Target Inhibitors

Targeted therapies against TGF-f signaling
primarily focus on inhibiting TGF-J3 receptors
or downstream signaling molecules (40).
Below are the main categories of targeted
inhibitors and their advancements in cancer
therapy:

A. Small-Molecule Inhibitors:

Galunisertib, also known as LY2157299,
is a small-molecule inhibitor that targets
TGF-B receptor I (TGF-BRI) (41). By
inhibiting the kinase activity of TGF-
BRI, it blocks TGF-B signal transduction,
reducing TGF-B-mediated tumor-promoting
effects. Clinical studies of Galunisertib
in pancreatic and breast cancers have
demonstrated its ability to slow tumor growth
and enhance the efficacy of chemotherapy
when used in combination regimens (42-44).
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Fig. 3. Regulation Strategies for TGF-f Signaling. This Fig. illustrates the key approaches for targeting
TGF-B signaling in cancer therapy. The strategies are categorized into two main groups: A) Development
of Targeted Inhibitors: (1) Monoclonal antibodies: Fresolimumab (GC1008) blocks TGF-f ligand activity
by inhibiting its interaction with receptors. (2) Small molecule inhibitors: Galunisertib (LY2157299) inhibits
TGF-B receptor | (TGFBRI) kinase activity, thereby disrupting downstream signaling. (3) Nucleic acid
drugs: Trabedersen (AP12009) specifically targets TGF-f mRNA to suppress TGF-B2 expression. B)
Combined Therapy Strategies: (1) Combination with immune checkpoint inhibitors: TGF-f inhibitors are
paired with PD-1/PD-L1 inhibitors to enhance T-cell-mediated tumor immune responses by alleviating
the immunosuppressive tumor microenvironment. (2) Combination with anti-angiogenic therapy: TGF-3
inhibitors combined with bevacizumab (anti-VEGF monoclonal antibody) reduce angiogenesis and
enhance therapeutic efficacy by targeting both TGF- and VEGF signaling. (3) Combination with
radiotherapy or chemotherapy: TGF-f inhibitors improve tumor sensitivity to conventional therapies
by mitigating drug resistance and enhancing cell death mechanisms. These strategies aim to optimize
treatment efficacy by modulating the dual roles of TGF-f signaling in tumor progression and the tumor
microenvironment.

For example, in clinical trials for pancreatic
cancer, Galunisertib combined with the
chemotherapeutic agent gemcitabine has
shown potential survival benefits (45).
However, despite its initial efficacy in clinical
trials, the effectiveness of Galunisertib
is influenced by the complexity of the
TGF-B signaling pathway and the tumor
microenvironment. Further research is
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required to refine its use in personalized
treatment strategies.
B. Monoclonal Antibodies:

Fresolimumab is a monoclonal antibody
that targets TGF-p, blocking its activity and
alleviating immunosuppression in the tumor
microenvironment (46). By preventing TGF-3
from binding to its receptors, Fresolimumab
reverses the immunosuppressive effects of
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TGF-B on the immune system, restoring
immune cell activation and potentiating
cancer immunotherapy (47). Clinical studies
have shown that Fresolimumab has antitumor
effects in certain cancer types, such as
colorectal and lung cancers. Notably, when
combined with immune checkpoint inhibitors
(e.g., PD-1 inhibitors), Fresolimumab’s ability
to alleviate immunosuppression enhances
antitumor immunity.

C. Nucleic Acid-Based Drugs:

Trabedersen, also known as AP12009,
is an antisense oligonucleotide (ASO)
that specifically binds to TGF-f2 mRNA,
suppressing its translation and modulating
downstream TGF-f signaling (48). Studies
have shown that Trabedersen reduce
TGF-B2 bioavailability, improve the tumor
microenvironment, and suppress tumor
growth. The drug has shown promise in
clinical trials for pancreatic cancer and
glioblastoma, particularly in inhibiting tumor
angiogenesis and improving the tumor immune
environment (49, 50). While ongoing clinical
trials continue to evaluate its therapeutic
potential, Trabedersen demonstrates strong
potential as a targeted therapeutic agent
against TGF-B2, especially when combined
with other anticancer therapies.

In summary, these single-target strategies
are most effective in advanced-stage
tumors where TGF-B promotes invasion,
immune evasion, and therapy resistance.
However, their application requires careful
consideration of tumor stage, as these
inhibitors may inadvertently disrupt TGF-’s
tumor-suppressive functions during earlier
phases of carcinogenesis.

2.2. Biomarkers and Personalized Therapy
TGF-B signaling plays a dual role in
cancer, acting as a tumor suppressor in early
stages and as a tumor promoter in advanced
stages. Accurately distinguishing between
these phases is crucial to guide therapeutic
decisions and avoid inappropriate use of
TGF-B inhibitors. Biomarkers that reflect
the functional state of this signaling cascade
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are critical tools for determining the tumor
microenvironment and tailoring treatments
accordingly.

Key biomarkers, such as EMT-related
factors, SASP cytokines, and TGF-f3 signaling
intensity, are particularly valuable. For
example, E-cadherin expression is usually
linked to epithelial integrity and a tumor-
suppressive environment, whereas elevated
levels of N-cadherin and vimentin indicate
EMT activation and heightened metastatic
potential (22). In clinical studies, patients
with high EMT scores have demonstrated
improved responses to TGF-B inhibitors,
particularly when used in conjunction with
checkpoint inhibitors such as PD-1/PD-L1
blockers (41). SASP cytokines, such as IL-6
and IL-8, also act as dynamic markers of
TGF-f’s immunomodulatory phase. Elevated
levels may suggest immune suppression
and inflammatory remodeling, helping
clinicians consider TGF-f blockade alongside
immunotherapy (11). Furthermore, Smad2/3
phosphorylation and exosomal TGF-3 can
serve as real-time indicators of signaling
activity and have been associated with
resistance and a poor prognosis (51).

Beyond static measurements, biomarkers
are now utilized to categorize patients before
initiating treatment. For example, increased
Smad2/3 activity has been employed to
prospectively identify pancreatic cancer
patients suitable for Galunisertib-based
regimens, leading to enhanced responses to
chemotherapy (52). In other cases, tumors
displaying elevated levels of both TGF-
and VEGF have shown improvement with
dual inhibition approaches that combine
anti-angiogenic and anti-TGF-f agents (53).
Additionally, the advancement of liquid biopsy
technologies has expanded the usefulness of
biomarkers by allowing non-invasive, real-time
tracking of treatment responses. Circulating
tumor DNA (ctDNA), exosomal TGF-f3, and
EMT markers can be measured over time to
track changes in resistance or sensitivity to
therapy (54). In future, the combination of
artificial intelligence (AI) and big data analysis
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is anticipated to improve the utilization of
these biomarkers. By analyzing large-scale
patient datasets, machine learning algorithms
can predict therapeutic responses to TGF-3
inhibitors, pinpoint populations at high-risk,
and discover new therapeutic combinations.
These advancements will enable more
accurate biomarker-based decision-making,
ultimately improving treatment effectiveness
and reducing side effects.

In conclusion, the application of
biomarkers such as EMT-related factors,
SASP cytokines, and TGF-B signaling
activity enables clinicians to accurately assess
the status of this pathway and customize
therapies accordingly. This personalized
approach ensures that TGF-f inhibitors are
used appropriately in the tumor-promoting
phase while preserving their protective roles
in the tumor-suppressive phase, ultimately
improving patient outcomes and advancing
cancer treatment strategies.

3. Potential and Challenges of Combination
Therapy

As our understanding of the role of TGF-3
signaling in tumor biology deepens, research
has increasingly explored combining TGF-3
inhibitors with other therapeutic approaches.
Single-agent TGF-B-targeted therapies often
fail to achieve optimal efficacy, especially
in the complex tumor microenvironment.
Combination therapy strategies, which involve
integrating drugs or treatments with different
mechanisms of action, aim to improve
therapeutic outcomes while overcoming the
limitations of monotherapy (Fig. 3). Below
are some promising combination strategies
and their associated challenges.

3.1 Combination with Immunotherapy
Immunotherapy has emerged as a
cornerstone of modern cancer treatment,
driven with the remarkable success of immune
checkpoint inhibitors (e.g., PD-1/PD-L1 or
CTLA-4 inhibitors) in achieving significant
therapeutic efficacy (55). However, despite
the success of immune checkpoint inhibitors
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in certain cancers, many patients remain
unresponsive due to the immunosuppressive
tumor microenvironment. A key mediator
of this immunosuppression is TGF-
signaling which promotes the recruitment
and activity of immunosuppressive cells
within the tumor microenvironment and
suppresses the antitumor immunity (56, 57).
Therefore, combining TGF-f inhibitors with
immune checkpoint inhibitors represents a
highly promising strategy to enhance the
effectiveness of immunotherapy.

TGF-B signaling suppresses antitumor
immune responses by driving the accumulation
of immunosuppressive cells, suchas TAMs and
cancer-associated fibroblasts (CAFs), while
simultaneously impairing T-cell function (25).
TGF-B not only directly suppresses T-cell
activity but also promotes immune tolerance,
weakening the persistence of antitumor
immune responses (58, 59). In this context,
combining TGF- inhibitors can effectively
reverse the immunosuppressive state of the
tumor microenvironment and synergize with
immune checkpoint inhibitors such as PD-1/
PD-L1 or CTLA-4 inhibitors, potentially
overcoming resistance and amplifying
therapeutic efficacy. Specifically, the
combination of TGF-f} inhibitors and PD-1/PD-
L1 blockade has shown remarkable synergy in
significantly enhancing T cell-mediated tumor
recognition and destruction. For example, in
clinical studies on non-small cell lung cancer
(NSCLC), adding TGF-f inhibitors to PD-L1
blockade (e.g., nivolumab) has demonstrated
superior antitumor effects compared to PD-
L1 inhibitors alone (60). This enhanced
efficacy stems from the ability of TGF-
inhibitors to reduce immunosuppressive cells
in the tumor microenvironment, reinvigorate
tumor-specific T cell function, and increase
tumor cell exposure to the immune system,
thereby enhancing the sensitivity to immune
checkpoint inhibitors.

Additionally, combining TGF- inhibitors
with CTLA-4 inhibitors shows clinical
promise. CTLA-4 inhibitors enhance T-cell
antitumor responses by releasing the negative
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feedback inhibition on T cells. However, TGF-
[’s immunosuppressive effects persist within
the tumor microenvironment, which limits the
efficacy of CTLA-4 inhibitors (61). Combining
TGF-B inhibitors further eliminates this
immunosuppression, enabling better T-cell
activation and improved therapeutic outcomes
with CTLA-4 inhibitors.

In summary, combination immunotherapy
improves the immune microenvironment
by inhibiting TGF-f signaling, thereby
enhancing the efficacy of immune checkpoint
inhibitors. It also offers new opportunities for
personalized treatment across different types
of cancer. While challenges remain, such as
patient stratification and the intricate biology
of TGF-f signaling, the future of combination
immunotherapy is highly promising and may
represent a pivotal direction for advancing
cancer treatment.

3.2 Combination with Anti-Angiogenic
Therapy

Tumor growth and metastasis depend not
only on the proliferative capacity of tumor
cells but also on the formation of new blood
vessels to meet the increasing oxygen and
nutrient demands. Angiogenesis is a key
process in the tumor microenvironment,
where tumors secrete various angiogenic
factors (e.g., VEGF) to promote blood vessel
formation, ensuring the supply of nutrients
and blood flow (62). Anti-angiogenic therapy
has therefore become an important cancer
treatment strategy designed to disrupt this
vascular support system. By blocking key
angiogenic signals, these treatments effectively
weaken the tumor’s blood supply and limit
its growth and metastasis. Bevacizumab, an
anti-VEGF monoclonal antibody, is widely
used in treating various types of cancer.
By blocking the interaction between VEGF
and its receptor, Bevacizumab effectively
inhibits tumor angiogenesis, and slows
tumor progression (63, 64). However, anti-
angiogenic therapy alone often encounters
challenges such as limited efficacy and
resistance, leading researchers to investigate
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its combination with other treatments,
particularly TGF-f signaling inhibitors.

Anti-angiogenic  therapy effectively
suppresses tumor vascularization and slows
tumor growth by inhibiting the VEGF
pathway (65). However, its therapeutic
potential is constrained by the multifaceted
biology of the tumor microenvironment.
. Tumor-associated vasculature not only
serve as conduits for nutrient supply, but
also as pathways for tumor cell invasion and
metastasis. Furthermore, tumor vasculature
often exhibits abnormal and disorganized
structures, leading to inadequate blood flow
and oxygen supply. This hypoxic and high-
pressure tumor microenvironment, in turn,
promotes resistance to anti-angiogenic therapy
(66, 67). Consequently, while suppressing
angiogenesis through anti-angiogenic therapy
alone may offer short-term benefits, it aften
fails to provide long-term inhibition of tumor
growth and metastasis.

TGF-B signaling plays a crucial role
in the tumor microenvironment, not only
promoting tumor cell invasion and metastasis
but also significantly contributing to tumor
angiogenesis. TGF-P stimulates CAFs and
other stromal cells to secrete VEGF and other
angiogenic factors, enhancing the formation
and stabilization of tumor vasculature (68).
Additionally, TGF- alters the composition of
ECM, promoting interactions between tumor
cells and blood vessels, further facilitating
angiogenesis (69). Thus, TGF-B signaling
is closely linked to tumor cell proliferation,
microenvironment construction, immune
evasion, and regulation of angiogenesis.

Combining TGF-B inhibitors with
Bevacizumab offers a synergistic approach to
optimizing therapeutic outcomes by targeting
multiple pathways in tumor progression (70). In
the tumor-suppressive phase, TGF-f signaling
plays a protective role by maintaining vascular
integrity and immune surveillance (71).
During this phase, inhibiting TGF- might
disrupt these protective functions, making
Bevacizumab monotherapy preferable to
suppress VEGF-driven angiogenesis without
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compromising TGF-f’s tumor-suppressive
functions. In contrast, during the tumor-
promoting phase, TGF-B signaling drives
VEGF production, extracellular matrix
remodeling, and immune evasion, all of which
support tumor progression (72). Currently,
research on the combined application of
Bevacizumab and TGF-f inhibitors is still
in the early stages, with limited literature
available. Challenges that need to be addressed
include the precise selection of appropriate
patient populations, optimization dosing for
combination therapy, and consideration of
potential toxicity and side effects.

In summary, combining TGF-f inhibitors
with anti-angiogenic therapy represents a
promising direction in cancer treatment.
By targeting TGF- and VEGF signaling
pathways simultaneously, this approach
suppresses tumor growth, invasion,
and metastasis on multiple levels while
reprograms the immunosuppressive tumor
microenvironment. This combination offers a
novel strategy to enhance therapeutic efficacy
and reduce resistance to treatment. However,
further clinical studies are needed to assess
the safety, long-term effects, and optimization
of these therapeutic strategies.

3.3. Combination with Chemotherapy and
Radiotherapy

Chemotherapy and radiotherapy, as
traditional methods of cancer treatment are
still crucial in managing different types
of cancers. However, the effectiveness of
chemotherapy and radiotherapy alone is
often limited by tumor cell resistance and
alterations in the tumor microenvironment.
TGF-B plays a critical role in tumor cell
resistance, especially by maintaining CSC
properties that boost the resistance of tumor
cells to chemotherapy and radiotherapy.
Studies have demonstrated that TGF-f, by
activating its downstream Smad signaling
pathway, promotes CSC characteristics,
thereby making tumor cells more resistant
to conventional treatments (29).

Thus, combining TGF-B inhibitors with
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chemotherapy or radiotherapy may overcome
treatment resistance by enhancing tumor
sensitivity. The Lucarini team conducted a
study investigating the effects of combining
TGF-B inhibitors with chemotherapy drugs,
specifically mitoxantrone, in preclinical
neuroblastoma models. They demonstrated
that this combination not only enhanced the
cytotoxic effects of mitoxantrone but also
significantly remodeled the tumor immune
microenvironment  (73).  Additionally,
the combination of TGF-B inhibitors
with radiotherapy is believed to improve
outcomes by enhancing tumor blood flow,
reducing immunosuppressive cells in the
tumor microenvironment, and increasing
tumor cell proliferation and apoptosis which
in turn boost the effects of radiotherapy.
Supporting this notion, a study titled “TGFf
Is a Master Regulator of Radiation Therapy-
Induced Antitumor Immunity” (2015) (74)
demonstrated that TGF-f inhibition enhances
immune responses induced by radiotherapy.
The study highlighted that blocking TGF-3
signaling improved CD&+ T cell activation and
reduced regulatory T cell (Treg) accumulation,
thereby amplifying the antitumor immunity
initiated by radiotherapy. These mechanistic
insights provide a compelling rationale for
combining TGF-f inhibitors with radiotherapy
to improve cancer treatment outcomes.

However, combination strategies involving
chemotherapy and radiotherapy face
challenges, including potential side effects of
TGF-B inhibitors, such as immune reactions
and tissue damage. Additionally, overcoming
tumor heterogeneity and resistance poses
a difficulty. Developing more precise
therapeutic approaches that incorporate the
molecular characteristics and immune status
of patients may be key to enhancing treatment
efficacy and addressing these challenges.
4. Current and  Future
Perspectives
4.1. Current Challenges

The dual role of TGF-B signaling in
cancer therapy poses significant regulatory

Challenges
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challenges. In normal tissues, TGF-f3 usually
shows tumor-suppressive effects by inducing
cell cycle arrest, inhibiting cell proliferation,
and maintaining tissue homeostasis, which
limits tumor initiation. However, in the
tumor microenvironment, TGF-f promotes
tumor cell proliferation, metastasis, and
immune evasion, thereby accelerating tumor
progression. Effectively balancing its dual
roles, tumor-suppressive in normal tissues
and tumor-promoting in malignancy, remains
a central challenge in cancer therapy. Simply
inhibiting TGF-f signaling may compromise
its tumor-suppressive effects in normal
tissues, while excessive activation of this
pathway could promote tumor progression.
Current targeted therapies have not yet
achieved precise modulation of TGF-f’s dual
roles, leading to limited treatment efficacy.

Another major challenge is the
development of tumor resistance (29). Tumor
cells can activate compensatory signaling
pathways to circumvent TGF-f inhibition,
thereby escaping therapeutic effects.
For instance, tumor cells can upregulate
pathways such as Wnt, Notch, and PI3K/Akt
to counteract TGF-f inhibition, allowing for
continued proliferation and migration (75).
This resistance mechanism diminishes the
effectiveness of single-agent TGF-p-targeted
therapies over time, especially in later stages
of treatment when resistance often result in
significant decline in therapeutic efficacy.
Addressing tumor resistance to TGF-
inhibitors requires a deeper understanding
of its complex molecular mechanisms and the
development of novel combination therapies
to overcome such resistance.

Additionally, TGF- plays essential roles
in immune regulation and tissue repair (76).
Systemic inhibition of TGF-f signaling
carries substantial risks, including immune
dysfunction and impaired wound healing..
TGF-B is crucial for immune tolerance and
fibrosis, consequently, disrupting TGF-f
signaling may lead to loss of immune
homeostasis or tissue damage. Avoiding these
side effects while preserving the physiological
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functions of TGF-f and effectively suppressing
its tumor-promoting effects remains a central
challenge in therapeutic development.

4.2. Future Research Directions

Future research in TGF-f signaling must
address the fundamental challenge ofachieving
context-dependent modulation. This is crucial
because TGF- plays a tumor-suppressive role
in early-stage cancer, but a tumor-promoting
function in advanced disease. Therefore,
intervention strategies must be adapted
to the stage of the disease **l. The design
of inhibitors must take into account signal
strength, timing, and microenvironmental
context to prevent unwanted suppression of
physiological TGF-f activity.

One promising strategy focuses on
advanced drug delivery systems with
spatiotemporal control. For instance, pro-
drugs that become activated in hypoxic
or fibrotic tumor microenvironments can
selectively release TGF-f inhibitors within
tumor microenvironments, dramatically
reducing off-target effects (52). Similarly,
nanoparticle-based formulations and stimuli-
responsive hydrogels have been shown to
improve the localization of TGF-f inhibitors
while minimizing systemic toxicity (77).
These technologies may significantly enhance
therapeutic precision and safety.

The integration of Al and multi-omics
big data is revolutionizing TGF-B drug
development. Machine learning algorithms can
identify druggable sites within Smad-dependent
and independent pathways, predict structural
modifications that improve selectivity, and
stratify patients based on integrated genomic,
transcriptomic, and proteomic profiles. For
example, deep learning approaches have been
utilized to discover resistance mechanisms
involving TGF-f signaling pathways,
suggesting potential for predicting resistance
to TGF-f inhibitors in the future (78).

Patient stratification will remain a key
component of successful TGF-B-based
therapy. Individuals showing high Smad
phosphorylation or EMT marker expression
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may respond well to TGF-f blockade, whereas
those in tumor-suppressive phases may need
alternative treatment approaches. Liquid
biopsy platforms that measure exosomal
TGF-B, circulating tumor DNA (ctDNA),
or SASP-related cytokines, offer real-time
feedback for adjusting therapy. This dynamic
profiling allowing for flexible treatment
modifications as the disease progresses.
Combination therapies represent a
promising direction in cancer treatment.
Inhibiting TGF-f alone may not be enough
in resistant tumors, but when combined
with immune checkpoint inhibitors, anti-
angiogenic agents, or chemotherapy,
synergistic effects has been observed in
preclinical and early clinical trials. Al-based
pharmacological modeling is currently being
utilized to predict the optimal timing and
sequencing of drug combinations, ultimately
improving the chance of a durable response.
Moreover, Al-powered imaging analysis
can non-invasively track changes in tumor
vascularization, stromal remodeling, or
immune infiltration following TGF-B-targeted
therapies (79). The integration of clinical
trial datasets, electronic health records,
and real-world outcomes into predictive Al
frameworks will further optimize patient
management and treatment personalization.
In summary, future breakthroughs in
TGF-f therapy will depend on a convergence
of targeted drug design, spatiotemporal
delivery, biomarker-driven stratification,
and Al-assisted decision-making. This
multidimensional approach will enable
fine-tuned, stage-specific interventions that
preserve TGF-f’s physiologic function while
selectively inhibiting its oncogenic effects,
ultimately advancing precision oncology.

CONCLUSION

The dual role of TGF-B signaling in cancer
has significant biological implications. In
normal tissues, TGF-B exhibits tumor-
suppressive effects by regulating the cell
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cycle and maintaining tissue homeostasis,
thereby limiting tumor initiation. Conversely,
in the tumor microenvironment, TGF-3
promotes tumor progression by stimulating
cell proliferation, facilitating metastasis,
and inducing resistance. Precisely regulating
TGF-B signaling to balance its tumor-
suppressive and tumor-promoting functions
remains a major challenge in cancer therapy.

With advances in targeted agents and
immunotherapy, strategies for the precise
regulation of TGF- signaling have shown
tremendous potential. By dynamically
modulating the intensity and duration of
this signaling cascade and developing
multi-pathway  combination therapies,
tumor growth can be more effectively
controlled, and resistance mechanisms can
be mitigated. Furthermore, technological
innovations, particularly the application of
Al and big data in biomarker screening and
efficacy prediction, will provide more precise
guidance for personalized therapy.

Future research should further explore the
intricate mechanisms of TGF-f signaling and
develop more precise therapeutic methods to
achieve optimal efficacy in different clinical
contexts. This will open up new avenues for
personalized cancer treatment and help enhance
patient survival rates and quality of life.
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