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Abstract 

Colorectal Cancer (CRC) frequently metastasizes to the liver, where the unique 
immunosuppressive Tumor Microenvironment (TME) challenges immunotherapy efficacy. 
Transforming Growth Factor-beta (TGF-β), a cytokine integral to immune regulation, fibrosis 
and Epithelial-Mesenchymal Transition (EMT), is crucial in creating this hostile TME, 
facilitating immune evasion and metastasis. TGF-β’s influence on immune cells, including 
regulatory T-cells (Tregs), contributes to reduced Cytotoxic T Lymphocyte (CTL) infiltration 
and impaired immune responses within hepatic metastases. Inhibiting TGF-β has emerged as 
a promising approach to reprogramming the TME, enhancing immune cell infiltration, 
reducing fibrosis and reversing EMT. Recent studies demonstrate that TGF-β blockade can 
improve Immune Checkpoint Inhibitor (ICI) responses, particularly in Microsatellite-Stable 
(MSS) CRC tumors typically resistant to ICIs. However, systemic inhibition presents risks, 
including potential autoimmunity and fibrosis in non-tumor tissues, highlighting the need for 
targeted delivery systems, such as nanoparticles, to localize TGF-β inhibition within the TME. 
Research suggests modulating the gut-liver axis may enhance TGF-β inhibition effects by 
optimizing immune responses. Combination therapies integrating TGF-β inhibitors with ICIs, 
cytokine therapies or anti-angiogenic agents show potential to overcome CRC immune 
resistance. Despite the therapeutic promise, patient selection and biomarker identification 
remain critical challenges, necessitating further studies to refine and personalize treatment 
approaches. This review explores the multifaceted role of TGF-β in CRC liver metastasis and 
discusses strategies for enhancing immunotherapy efficacy through targeted TGF-β 
modulation. 
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Introduction 

Colorectal Cancer (CRC) remains one of the most prevalent malignancies globally and continues to pose significant clinical 
challenges, particularly when it progresses to metastatic disease. Despite advancements in diagnostic techniques, surgical 
interventions and systemic therapies, including chemotherapy and targeted therapy, the prognosis for patients with metastatic 
Colorectal Cancer (mCRC) remains poor [1-3].  
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The liver is the most frequent site of metastasis in CRC and the presence of hepatic metastases dramatically reduces survival 
rates, making liver-directed treatments a central focus in improving outcomes for these patients. Current treatment paradigms, 
however, are often insufficient, as many patients with liver metastases eventually develop resistance to conventional therapies, 
necessitating new strategies to combat the disease [4-6]. 
 
Immunotherapy has revolutionized the treatment of several cancers, particularly melanoma and lung cancer, by harnessing the 
body's immune system to attack tumor cells. Immune checkpoint inhibitors, such as those targeting programmed death-1 (PD-
1) and its ligand PD-L1, have demonstrated significant efficacy in a subset of cancers by reactivating exhausted T-cells to mount 
an anti-tumor response [5-7].  
 
However, in mCRC, the success of these therapies has been limited mainly to a small subset of patients with Microsatellite 
Instability-High (MSI-H) tumors. Most CRC cases, which are Microsatellite Stable (MSS), do not respond well to immune 
checkpoint inhibitors, primarily due to the immune-excluded phenotype and immunosuppressive nature of these patients' 
Tumor Microenvironments (TME) [2]. This immune evasion is particularly pronounced in liver metastases, where the TME 
actively suppresses immune cell infiltration and function [6-8]. 
 
The liver is a unique organ in terms of immune regulation. As a primary site for detoxification and filtration of blood, it is 
constantly exposed to various antigens from the gut, necessitating a finely tuned balance between immune tolerance and 
activation [9]. While essential for normal liver function, this immunologically tolerant environment also creates a sanctuary for 
metastatic cancer cells, allowing them to evade immune detection and destruction [10].  
 
The liver's immunosuppressive environment is characterized by the presence of regulatory immune cells, including regulatory 
T-cells (Tregs), Myeloid-Derived Suppressor Cells (MDSCs) and Tumor-Associated Macrophages (TAMs), all of which are key 
players in promoting tumor progression and metastasis [11]. This highly suppressive TME is further reinforced by soluble factors 
such as Transforming Growth Factor-beta (TGF-β), critical in maintaining immune tolerance and promoting tumor immune 
evasion [12]. 
 
Tumor microenvironment plays a pivotal role in CRC's progression, metastasis and immune evasion. It involves a complex 
interplay between cancer cells, immune cells, stromal cells and extracellular matrix components. Several factors contribute to 
immune suppression within this microenvironment, including the overexpression of Transforming Growth Factor-beta (TGF-β), 
a key regulator of immune tolerance and tumor progression [13-15].  
 
TGF-β exerts profound immunosuppressive effects by inhibiting the function of cytotoxic T-cells, promoting the differentiation 
of regulatory T-cells and inducing Epithelial-Mesenchymal Transition (EMT), all of which facilitate tumor immune evasion and 
metastasis, particularly to the liver [14-16]. 
 
In recent years, TGF-β has emerged as a critical target for therapeutic intervention in CRC, especially in the context of liver 
metastases. As a site of metastasis, the liver poses a unique immunological challenge due to its role in systemic tolerance and the 
presence of immune-suppressive cell populations such as Myeloid-Derived Suppressor Cells (MDSCs) and regulatory T-cells 
(Tregs) [15-17].  
 
These cells are recruited by tumor and modulated by TGF-β signaling to suppress anti-tumor immune responses further. As a 
result, targeting TGF-β in combination with immunotherapies, such as PD-1/PD-L1 inhibitors, has been proposed as a strategy 
to overcome resistance to immune checkpoint blockade in metastatic CRC [16-18]. 
 
TGF-β is a multifunctional cytokine that regulates various cellular processes, including cell proliferation, differentiation and 
survival. In the context of cancer, TGF-β signaling is a double-edged sword [19]. It acts as a tumor suppressor in early-stage 
tumors by inhibiting cell proliferation and inducing apoptosis. However, as cancer progresses, many tumors, including those of 
CRC, develop mechanisms to bypass the growth-suppressive effects of TGF-β, leading to its transformation into a potent 
promoter of tumor progression and metastasis [20,21].  

http://dx.doi.org/10.46889/JCIM.2024.5308
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/


3 

http://dx.doi.org/10.46889/JCIM.2024.5308                                                             https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/ 

  

In metastatic CRC, particularly in liver metastases, TGF-β is pivotal in creating an immunosuppressive TME that facilitates 
immune escape and supports metastatic colonization [22]. TGF-β promotes the recruitment and activation of 
immunosuppressive cell populations, such as Tregs and MDSCs, while simultaneously inhibiting the activity of cytotoxic T-cells 
and Natural Killer (NK) cells, which are essential for anti-tumor immunity [23]. 
 
The role of TGF-β in liver metastasis is not limited to its effects on immune cells. TGF-β also promotes metastatic colonization 
by inducing EMT, in which epithelial cells acquire invasive mesenchymal properties. EMT is a crucial driver of metastasis in 
CRC and is associated with resistance to both chemotherapy and immunotherapy [24,25]. By targeting TGF-β, it may be possible 
to enhance the efficacy of immunotherapies and prevent the metastatic spread of CRC to the liver and other organs. Additionally, 
TGF-β inhibition may sensitize tumor cells to chemotherapy, further improving outcomes in patients with mCRC [8,26]. 
 
TGF-β has been shown to induce Epithelial-Mesenchymal Transition (EMT), a process by which epithelial cancer cells acquire 
mesenchymal traits, increasing their invasive potential and enabling them to disseminate from the primary tumor to distant 
organs, such as the liver [12,27].  
 
EMT is not only critical for the initiation of metastasis but also contributes to therapy resistance, particularly to immune 
checkpoint inhibitors. TGF-β facilitates the generation of cancer stem-like cells, which are highly resistant to conventional 
therapies and contribute to tumor recurrence and progression by inducing EMT [28]. This dual role of TGF-β in promoting both 
immune suppression and metastatic progression makes it a desirable target for therapeutic intervention in metastatic CRC [29]. 
The development of therapeutic strategies targeting TGF-β has garnered significant attention in recent years, particularly in 
combination with immunotherapy. Preclinical studies have demonstrated that blocking TGF-β can reprogram the TME, making 
it more conducive to anti-tumor immune responses [14]. TGF-β inhibition has been shown to enhance the infiltration and activity 
of cytotoxic T-cells within the tumor, reversing the immune-excluded phenotype characteristic of many MSS CRC tumors [30].  
By breaking down the fibrotic stroma and disrupting the immunosuppressive signals within the TME, TGF-β inhibitors can 
potentiate the efficacy of immune checkpoint inhibitors, which have otherwise shown limited success in MSS CRC and liver 
metastases [25]. 
 
Clinical trials are currently investigating the efficacy of TGF-β inhibitors, both as monotherapy and in combination with immune 
checkpoint inhibitors, in various cancers, including metastatic CRC [29,31]. These studies aim to evaluate whether TGF-β 
blockade can overcome the inherent resistance of MSS CRC to immunotherapy by enhancing immune infiltration and function 
within the tumor [32].  
 
Early results from these trials are promising, showing enhanced anti-tumor activity and improved patient outcomes when TGF-
β inhibitors are combined with PD-1/PD-L1 blockade. However, the clinical translation of these findings is still in its early stages 
and challenges remain in optimizing the safety and efficacy of these combination therapies [33-35]. 
 
One of the critical challenges in targeting TGF-β is its pleiotropic nature, as it is involved in a wide array of physiological 
processes beyond cancer. TGF-β plays a crucial role in maintaining tissue homeostasis and immune regulation and its inhibition 
can lead to adverse effects, including autoimmunity and organ fibrosis [27,36]. Therefore, it is critical to develop more selective 
inhibitors that can specifically target the tumor-promoting effects of TGF-β without disrupting its physiological functions in 
normal tissues [32].  
 
Advances in nanomedicine and targeted drug delivery systems offer promising solutions to this challenge by enabling the precise 
delivery of TGF-β inhibitors to the tumor site, thereby minimizing systemic toxicity and enhancing therapeutic efficacy [34]. In 
addition to its direct effects on immune cells, TGF-β also influences other components of the TME, including Cancer-Associated 
Fibroblasts (CAFs) and the Extracellular Matrix (ECM). TGF-β is a crucial tumor fibrosis drive, forming a dense ECM that acts 
as a physical barrier to immune cell infiltration [23,37].  
 
By targeting TGF-β, it is possible to reduce ECM deposition and stromal stiffening, thereby enhancing the penetration of immune 
cells into the tumor and facilitating a more effective anti-tumor response [10]. This stromal remodeling is significant in liver 
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metastases, where the fibrotic nature of the liver’s TME further exacerbates immune exclusion and contributes to therapeutic 
resistance [31]. 
 
Evaluating TGF-β inhibitors in combination with immunotherapy is currently underway, with early results showing promising 
efficacy in several cancer types, including CRC. These trials aim to assess the safety and effectiveness of TGF-β blockade, both as 
a monotherapy and in combination with PD-1/PD-L1 inhibitors [15]. The success of these trials could pave the way for new 
treatment paradigms in mCRC, particularly for patients with liver metastases who currently have limited therapeutic options 
[4]. 
 
Despite these advances, several challenges remain in the clinical implementation of TGF-β inhibition. One of the primary 
concerns is the potential for toxicity, as TGF-β is involved in numerous physiological processes beyond cancer, including tissue 
homeostasis and immune regulation [38]. Therefore, careful dosing and patient selection will be critical to minimizing adverse 
effects while maximizing therapeutic benefit. Additionally, identifying predictive biomarkers for response to TGF-β inhibition 
will be essential to guide patient selection and optimize treatment outcomes [21-23]. 
 
Another area of ongoing research is the development of more selective TGF-β inhibitors that can target specific components of 
the TGF-β signaling pathway without disrupting its beneficial effects in normal tissues [36,39]. Recent advances in 
nanotechnology and drug delivery systems have shown the potential to enhance the specificity and efficacy of TGF-β inhibitors, 
reduce off-target effects and improve patient tolerability [34]. 
 
The combination of TGF-β inhibition with other therapeutic modalities, such as radiotherapy and chemotherapy, is also being 
explored. Radiotherapy has been shown to modulate the TME and enhance immune responses and preclinical studies suggest 
that combining radiotherapy with TGF-β inhibition may further potentiate these effects [12,40]. Similarly, chemotherapy-induced 
immunogenic cell death could be improved by TGF-β blockade, providing a rationale for combining these therapies in patients 
with mCRC [8]. 
 
Given the role of TGF-β in shaping the immunosuppressive landscape of liver metastases from CRC, a comprehensive 
understanding of how TGF-β promotes immune evasion and metastasis is essential for developing effective therapeutic 
strategies [11,38]. This review aims to provide an in-depth analysis of the current state of research on TGF-β inhibition in the 
context of metastatic CRC, with a particular focus on its potential to enhance the efficacy of immunotherapy. By exploring the 
latest advancements in preclinical and clinical studies, this review highlights the challenges and opportunities in targeting TGF-
β. It offers insights into the future directions of combination therapies for metastatic CRC [4]. 
 
This review aims to synthesize the available evidence on the role of TGF-β in the tumor microenvironment of hepatic metastases 
from CRC and to evaluate the therapeutic potential of TGF-β inhibition in combination with immunotherapy. This review will 
examine how TGF-β contributes to immune suppression and metastasis, discuss the latest developments in TGF-β-targeted 
therapies and explore the clinical implications of combining TGF-β inhibitors with immune checkpoint blockade. By providing 
a comprehensive overview of the field's current state, this review aims to inform future research and guide the development of 
novel therapeutic approaches for improving outcomes in patients with metastatic CRC. 
 
Methods 

This comprehensive review was conducted to investigate the role of the Tumor Microenvironment (TME) and Transforming 
Growth Factor-beta (TGF-β) in Colorectal Cancer (CRC) liver metastasis and the implications for enhancing immunotherapy 
efficacy. To achieve this, a systematic literature search was performed across multiple scientific databases, including PubMed, 
Scopus, Embase, Web of Science, SciELO and Google Scholar, covering the entire database range up to the present. The search 
strategy employed specific MeSH terms and keywords, including "Tumor Microenvironment," "Transforming Growth Factor-
beta," "Colorectal Neoplasms," "Liver Neoplasms," "Neoplasm Metastasis," and "Immunotherapy." Boolean operators (And, Or) 
were applied to refine search results, optimizing identifying studies relevant to TGF-β's role in the TME, its effects on metastasis 
and immunotherapy outcomes in CRC. The review included various study designs, encompassing randomized controlled trials, 
cohort studies, case-control studies, cross-sectional analyses, case series, systematic reviews, meta-analyses and preclinical 
studies. These studies were selected based on their focus on TGF-β signaling, immunomodulatory mechanisms, TME dynamics 
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and therapeutic interventions targeting TGF-β within CRC liver metastasis. The inclusion criteria emphasized studies that 
explored the molecular interactions within the TME, particularly the roles of TGF-β and immunotherapy and the specific 
challenges posed by liver metastasis in CRC. Study selection was conducted by two independent reviewers who screened titles 
and abstracts to ensure comprehensiveness and objectivity of the review. Discrepancies between reviewers were resolved 
through discussion or, if necessary, by consulting a third reviewer. To minimize bias, the reviewers were blinded to the authors 
and institutions of the studies during the selection process. A standardized data extraction protocol was used to gather essential 
information, including study design, population characteristics, key findings and relevant outcomes associated with TGF-β, TME 
modulation and immunotherapy efficacy in CRC liver metastasis. The extracted data underwent a thematic analysis to organize 
findings into crucial themes. Central themes included the molecular pathways of TGF-β within the TME, the cytokine's 
immunosuppressive effects, TME modulation and the potential of TGF-β inhibition in enhancing Immune Checkpoint Inhibitor 
(ICI) efficacy. The analysis also focused on the structural and immunosuppressive aspects of the TME in liver metastases, as well 
as therapeutic strategies designed to disrupt these mechanisms and potentiate immune responses. Furthermore, potential 
pharmacological and gene-editing strategies for TGF-β inhibition were reviewed, along with nanoparticle-based drug delivery 
systems to improve specificity and reduce systemic side effects. This review aims to provide a detailed synthesis of the current 
literature, emphasizing the impact of TGF-β on immunotherapy outcomes in CRC liver metastasis. By identifying gaps in 
knowledge and proposing future research directions, this review seeks to advance understanding of how TGF-β modulation 
within the TME can improve immunotherapy efficacy for CRC patients with liver metastases. 
 
Results and Discussion 

The Tumor Microenvironment (TME) plays a pivotal role in the progression, metastasis and immune evasion of Colorectal 
Cancer (CRC), particularly in liver metastases, which are the most frequent sites of distant spread. The liver's unique 
immunological environment, characterized by a delicate balance between immune tolerance and surveillance, presents 
significant challenges for immunotherapy (Table 1) [41-43].  
 
One of the key drivers of this immunosuppressive TME is Transforming Growth Factor-beta (TGF-β), a multifunctional cytokine 
involved in immunomodulation, fibrosis and Epithelial-Mesenchymal Transition (EMT) [5]. TGF-β is central to creating an 
environment that supports tumor progression and metastasis while hindering effective immune responses [24]. As such, 
inhibiting TGF-β has emerged as a promising therapeutic strategy to enhance the efficacy of Immune Checkpoint Inhibitors 
(ICIs), which have shown limited success in treating metastatic CRC (mCRC), particularly in the liver [16]. 
 

Author Study Results 

Tauriello, 
et al., 2018 

[1] 

Experiment
al study 

The study elucidates the role of TGF-β in promoting immune evasion in colon cancer 
metastases and diminishing the effectiveness of PD-L1 blockade, suggesting that inhibiting 

TGF-β could potentiate the response to immunotherapies. 
Mariathasa

n, et al., 
2018 [2] 

Experiment
al study 

This research demonstrates that TGF-β reduces the efficacy of PD-L1 blockade by facilitating 
the exclusion of T-cells from the tumor microenvironment, indicating the potential benefits of 

combining therapies to circumvent TGF-β-mediated resistance. 
Huang, et 

al., 2023 [4] 
Drug 

developme
nt study 

Describes the development of a multifunctional nanodrug that targets TGF-β to enhance the 
immune response against colorectal cancer with liver metastases, showing potential to improve 

outcomes in immunotherapy. 
Dodagatta-

Marri, et 
al., 2019 [7] 

Clinical and 
experiment

al study 

Shows that combining α-PD-1 therapy with TGF-β blockade can lead to durable rejection of 
carcinomas, highlighting the synergistic potential of these therapies in oncological treatment 

strategies. 
O'Malley, 
et al., 2018 

[16] 

Observatio
nal study 

Explores the role of PD-L1 expression on stromal cells in inhibiting CD8+ T-cell antitumor 
activity in colon cancer, emphasizing its significance in the modulation of the tumor immune 

microenvironment. 
Zboralski, 
et al., 2017 

[17] 

Experiment
al study 

Investigates the effects of CXCL12 inhibition on enhancing T-cell infiltration in tumors, which 
when combined with PD-1 blockade, significantly boosts anti-tumor immunity, suggesting 

effectiveness in combined immunotherapy settings. 
Sun, et al., Radiomic Utilizes radiomic techniques to evaluate CD8+ T-cell infiltration and their response to anti-PD-
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2018 [14] study 1/PD-L1 therapy in metastatic cancers, proposing a novel imaging biomarker approach to 
predict and monitor treatment responses. 

Bald and 
Smyth, 

2018 [22] 

Review Discusses the mechanisms by which TGF-β regulates T-cell infiltration and supports immune 
evasion in metastatic cancers, stressing the importance of targeting TGF-β in combined 

immunotherapy approaches. 
Wang, et 
al., 2019 

[36] 

Genetic 
study 

Focuses on the transcriptomic characteristics of the microsatellite instability subtype of colon 
cancer, detailing its inherent immunogenic properties and interactions with immune 

checkpoints, which are crucial for optimizing immunotherapeutic strategies. 
Conche, et 

al., 2023 
[45] 

Experiment
al study 

Investigates the synergistic effect of inducing ferroptosis in conjunction with MDSC blockades 
to enhance the sensitivity of hepatic tumors to immunotherapy, representing an innovative 

treatment avenue for liver metastases. 
Table 1: Immunotherapy/tumor microenvironment in colorectal cancer and hepatic metastases. 

 
The inhibition of TGF-β in CRC liver metastasis has garnered increasing attention due to its potential to reverse the 
immunosuppressive nature of the TME and improve patient outcomes. TGF-β plays a critical role within the TME and at a 
systemic level, influencing the overall immune response [42-44]. 
.  
While inhibiting TGF-β may enhance immune-mediated tumor destruction, it also risks disrupting immune homeostasis in 
healthy tissues, leading to potential side effects such as systemic inflammation, autoimmunity and fibrosis [26,42]. These systemic 
effects underscore the importance of developing targeted delivery systems or localized inhibition strategies to minimize off-
target toxicities while preserving the therapeutic benefits of TGF-β inhibition [45]. 
 
Recent studies have demonstrated that systemic inhibition of TGF-β can reverse the immunosuppressive state of the TME, 
promoting immune cell infiltration and enhancing the efficacy of ICIs. However, the inhibition of TGF-β may also result in 
heightened immune responses in non-cancerous tissues [20,46].  
 
TGF-β normally functions as a regulator of immune tolerance, preventing overactivation of the immune system and protecting 
tissues from damage during inflammation. Its inhibition could, therefore, exacerbate inflammatory conditions in healthy tissues, 
further complicating the therapeutic landscape [14,47]. To address these concerns, targeted delivery systems, such as 
nanotechnology-based platforms, are being explored to deliver TGF-β inhibitors specifically to the tumor site, reducing systemic 
exposure and potential adverse effects [38]. 
 
The gut-liver axis has also emerged as an area of interest in the context of TGF-β inhibition, particularly in CRC patients. The gut 
microbiome, a critical regulator of immune responses, has been shown to influence the efficacy of immunotherapy [21]. Dysbiosis 
or an imbalance in the gut microbiota, can affect immune cell activation and tumor immunogenicity, ultimately impacting 
therapeutic outcomes. Since TGF-β plays a role in regulating intestinal inflammation and maintaining immune tolerance in the 
gut, its inhibition could alter the microbiome's composition and function, potentially affecting the efficacy of ICIs in liver 
metastases [43,48].  
 
Investigating the interplay between TGF-β inhibition and the microbiome represents a novel frontier in cancer immunotherapy 
research and future studies should focus on optimizing treatment responses by modulating both the microbiome and the TME 
[17,49]. In the liver, TGF-β inhibition may have unintended consequences beyond the tumor. The liver's immunological role 
extends to maintaining tolerance through specialized immune cells such as Kupffer and liver-resident dendritic cells. Inhibiting 
TGF-β may disrupt this immunological balance, leading to inflammation, fibrosis or autoimmunity in healthy liver tissues 
[33,50].  This highlights the need for selective TGF-β inhibitors or advanced delivery mechanisms to confine the inhibition effects 
to the tumor site. Nanoparticle-based drug delivery systems offer promising solutions, allowing for the precise targeting of TGF-
β inhibitors to the tumor while sparing surrounding healthy tissue [51-53].  Preclinical studies have shown that nanoparticle-
based delivery can improve the bioavailability and specificity of TGF-β inhibitors, thereby enhancing therapeutic efficacy while 
minimizing side effects [10,24]. 
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TGF-β acts with other cytokines and signals pathways in CRC liver metastasis to create a robust immunosuppressive 
environment. Cytokines such as interleukin-6 (IL-6) and interleukin-10 (IL-10) are also involved in immune regulation and tumor 
progression, often working in synergy with TGF-β to suppress immune responses. IL-10 has been recognized for its 
immunosuppressive properties, further contributing to immune cell exclusion from the tumor [52-54]. Understanding how these 
cytokines interact within the TME could provide new avenues for combination therapies that target multiple 
immunosuppressive pathways, potentially enhancing the overall efficacy of ICIs [22,35]. 
 
TGF-β's influence extends beyond immune cells to other critical components of the TME, including cancer-associated fibroblasts 
(CAFs) and the extracellular matrix (ECM). CAFs, activated by TGF-β, contribute to forming a fibrotic stroma that is a physical 
barrier to immune cell infiltration and limits the penetration of therapeutic agents [48,55].  
 
By inhibiting TGF-β, researchers aim to disrupt the interaction between CRC cells and CAFs, reducing fibrosis and enabling 
greater immune cell access to the tumor. Stromal remodeling, facilitated by TGF-β inhibition, is a crucial mechanism through 
which immune exclusion can be reversed and the efficacy of ICIs can be potentiated [45,50]. 
 
Gene-editing technologies like CRISPR represent another exciting frontier in CRC liver metastasis treatment. CRISPR-based 
therapies could specifically target TGF-β expression in tumor cells while sparing healthy tissues, offering a more precise and 
personalized approach to treatment [17,49].  
 
Although still in its early stages, combining CRISPR-based gene editing with TGF-β inhibitors holds significant promise for 
overcoming current treatment limitations. These gene-editing approaches could knock down TGF-β signaling in tumor cells, 
reducing their ability to evade the immune system and making them more susceptible to immune-mediated destruction [40,56]. 
CAR-T-cell therapies and cancer vaccines also present new opportunities for combination treatments with TGF-β inhibitors. 
CAR-T-cells have shown great success in hematologic cancers but have faced challenges in solid tumors, partly due to the 
immunosuppressive TME [25,57].  
 
TGF-β represents a significant barrier to CAR-T-cell efficacy in solid tumors like CRC liver metastasis. Preclinical studies suggest 
combining TGF-β inhibitors with CAR-T-cell therapy could enhance CAR-T-cell persistence and function, leading to more robust 
anti-tumor responses. Integrating these therapies could improve the therapeutic landscape for mCRC, making CAR-T-cells more 
effective in solid tumor settings [49,58]. 
 
Angiogenesis, forming new blood vessels, is another critical process influenced by TGF-β in TME. TGF-β promotes abnormal 
tumor vasculature, which can limit the delivery of immune cells and therapeutic agents to the tumor [16]. By targeting TGF-β, it 
may be possible to normalize the tumor vasculature, improving immune cell infiltration and enhancing the efficacy of ICIs, 
chemotherapy and radiotherapy [29]. Preclinical models have shown that combining TGF-β inhibition with anti-angiogenic 
agents may offer dual benefits, disrupting the tumor's blood supply and enhancing immune responses [44,59]. 
 
One of the most promising aspects of TGF-β inhibition is its ability to reverse EMT, a process by which epithelial cancer cells 
gain mesenchymal properties, making them more invasive and resistant to therapy [36]. EMT is a crucial driver of metastasis in 
CRC, enabling tumor cells to spread to distant organs, such as the liver. TGF-β and reversing EMT, researchers hope to reduce 
the metastatic potential of CRC cells, making them more vulnerable to immune attack and increasing the efficacy of 
chemotherapy and immunotherapy [18]. Reversing EMT also has the potential to reduce the population of cancer stem-like cells, 
which are known to be particularly resistant to conventional treatments [20]. 
 
Despite the promising results from preclinical studies and early-phase clinical trials, there remain significant gaps in our 
understanding of how TGF-β promotes immune evasion and metastasis in CRC. Future research should focus on elucidating 
these complex interactions within the TME, including the potential for tumors to upregulate alternative immunosuppressive 
pathways in response to TGF-β inhibition [53,60]. For example, tumors may compensate by increasing PD-L1 expression or 
recruiting additional immunosuppressive cell populations, presenting new challenges for TGF-β-targeted therapies [3]. 
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Researchers are investigating combination therapies that target multiple pathways within the TME to overcome these challenges. 
Combining TGF-β inhibitors with PI3K, MAPK or Wnt signaling pathway inhibitors could provide a more comprehensive 
approach to modulating the TME and enhancing the efficacy of ICIs [44,51]. In addition, exploring novel immunotherapeutic 
strategies, such as CAR-T-cells and cancer vaccines, in combination with TGF-β inhibitors, may further boost anti-tumor 
immunity and improve clinical outcomes for patients with CRC liver metastasis [13,25]. 
 
Identifying reliable biomarkers for predicting patient response to TGF-β inhibition remains a critical area of research. Biomarkers 
such as TGF-β TGF-expression levels, fibrosis within the tumor and the presence of immunosuppressive cells like Tregs and 
MDSCs could help identify patients most likely to benefit from TGF-β-targeted therapies [39,61]. The development of companion 
diagnostics to measure these biomarkers in real time could aid in personalizing treatment strategies, improving patient outcomes 
and minimizing unnecessary side effects [12]. 
 
Expanding on the existing knowledge surrounding TGF-β inhibition in CRC liver metastasis, additional scientific perspectives 
and gaps in the research deserve emphasis to create a more comprehensive overview. The role of TGF-β in the spatial dynamics 
of immune cell trafficking within the TME is a promising avenue for further exploration [19,58]. 
 
Research has shown that TGF-β signaling creates physical and biochemical barriers that restrict the entry and mobility of 
Cytotoxic T Lymphocytes (CTLs) and Natural Killer (NK) cells within tumor sites, especially in highly fibrotic environments 
such as liver metastases [62]. However, the precise mechanisms by which TGF-β signaling affect immune cell migration patterns 
and retention within the liver TME remain underexplored. A deeper understanding of how TGF-β controls immune cell spatial 
dynamics could guide the development of more effective therapeutic interventions targeting immune cell infiltration and 
retention in mCRC [24,58]. 
 
One crucial aspect not fully addressed in current research is the differential response of various immune cell subtypes to TGF-β 
inhibition in the liver TME. For instance, while CD8+ T-cells may benefit from TGF-β pathway inhibition, other immune cells, 
such as macrophages and dendritic cells, could react differently, potentially leading to unintended immune suppression or 
activation [50,63].  
 
Recent studies indicate that TGF-β may polarize macrophages towards an M2-like, immunosuppressive phenotype, which 
promotes tumor progression. Investigating how TGF-β inhibition might reprogram these macrophages towards a more pro-
inflammatory, anti-tumor M1-like phenotype in liver metastases could provide insights into improving immunotherapy 
outcomes and refining combination treatment strategies [47,64]. 
 
The influence of TGF-β on stromal cell populations, such as cancer-associated fibroblasts (CAFs), is another critical area for 
exploration. CAFs, activated by TGF-β signaling, contribute significantly to the fibrotic structure of the TME by producing 
extracellular matrix (ECM) components that act as physical barriers to immune cells. The dual roles of CAFs in promoting and 
inhibiting immune cell activities are still not fully understood [65].  
 
Targeting CAFs with TGF-β could weaken the fibrotic stroma, allowing for greater immune penetration. Studies exploring the 
heterogeneity of CAFs and their specific responses to TGF-β inhibition might reveal how particular CAF subtypes could be 
selectively targeted to maximize immune cell access to the tumor core [39-41]. Furthermore, TGF-β's role in angiogenesis within 
the TME is a complex process that is partially understood but not yet fully elucidated. TGF-β has been shown to promote 
abnormal vascularization, which results in a chaotic and inefficient vasculature within tumors, thereby impeding the delivery of 
therapeutic agents and immune cells [59,66]. 
 
The abnormal vasculature also creates regions of hypoxia within the tumor, contributing to tumor aggressiveness and resistance 
to treatment. Current therapies have only partially addressed this phenomenon [67]. Future studies should investigate how TGF-
β inhibition may contribute to vascular normalization, potentially transforming the TME into one more accessible to immune 
cells and anti-cancer drugs [4]. 
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TGF-β's interaction with Cancer Stem Cells (CSCs) is another avenue for further research. CSCs possess unique self-renewal 
capabilities and are often associated with resistance to conventional therapies [26]. TGF-β signaling maintains CSC properties, 
promotes EMT and facilitates metastatic spread. As CSCs contribute to tumor recurrence and resistance, targeting TGF-β could 
help reduce CSC populations within tumors [68].  
 
This strategy requires careful balance, as excessive inhibition may disrupt normal stem cell functions in healthy tissues. Research 
into selective TGF-β inhibition targeting CSCs while sparing normal stem cells could lead to innovative therapeutic approaches 
to control metastasis and prevent recurrence in mCRC [51,62]. 
 
The potential systemic consequences of TGF-β inhibition in CRC liver metastasis, particularly concerning immune regulation in 
non-tumoral tissues, remain under-investigated [19]. TGF-β plays a critical role in maintaining immune homeostasis throughout 
the body and its inhibition may lead to unintended effects, such as the worsening of autoimmune conditions or tissue-specific 
toxicities. For example, liver toxicity could result from off-target inhibition of TGF-β, particularly in patients with pre-existing 
liver conditions [35,69].  
 
To address these potential side effects, advanced drug delivery systems, such as nanoparticle-based delivery, can be engineered 
to concentrate TGF-β inhibitors within the tumor site, minimizing systemic exposure. Further research is required to develop 
these technologies and determine the optimal dosing and targeting strategies to inhibit tumors while preserving systemic 
immune function effectively [27,44]. 
 
Emerging evidence suggests that TGF-β interacts with metabolic pathways within the TME, creating an environment that 
supports tumor cell survival and immune suppression. Metabolites such as lactate, produced through anaerobic glycolysis, are 
accumulated within the TME and contribute to its acidic and hypoxic nature, further suppressing immune cell function [18,66].  
Since TGF-β signaling has been linked to metabolic reprogramming in tumor cells, exploring how metabolic inhibitors might 
synergize with TGF-β inhibition could open new avenues for therapy. Combining TGF-β inhibitors with drugs that target 
metabolic pathways may help normalize the TME, making it more conducive to immune cell activity and less hospitable to tumor 
cells [55-57]. 
 
The interplay between TGF-β and other immunosuppressive pathways, such as the PD-1/PD-L1 axis, presents a promising area 
for therapeutic development. Some studies suggest tumors may compensate for TGF-β pathway inhibition by upregulating PD-
L1 expression or recruiting alternative immunosuppressive cell populations, thereby sustaining immune evasion [11,26].  
Combined blockade of TGF-β and PD-1/PD-L1 pathways could provide a more comprehensive approach to counteract immune 
suppression in the TME, potentially leading to improved clinical outcomes for patients with CRC liver metastasis. However, 
more research is needed to elucidate these combined treatments' synergistic effects and identify the most effective therapeutic 
combinations for different patient subgroups [34,70]. 
 
Advances in omics technologies, such as single-cell RNA sequencing and spatial transcriptomics, have provided new insights 
into the cellular and molecular heterogeneity within the TME. These tools offer unprecedented resolution in studying the diverse 
cell populations influenced by TGF-β signaling in liver metastasis [56,60]. By analyzing the specific gene expression profiles of 
different immune and stromal cell types, researchers can identify novel biomarkers and therapeutic targets associated with TGF-
β pathway activation [20]. Applying omics approaches to study TGF-β inhibition in mCRC could yield valuable data on the 
TME's evolving response to treatment and aid in developing more precise and personalized therapeutic strategies [12]. TGF-β 
inhibition holds excellent promise as a therapeutic strategy to enhance immunotherapy in CRC liver metastasis, several critical 
research areas remain unexplored [44]. The systemic and local effects of TGF-β inhibition, interactions with other pathways, 
stromal cell dynamics, metabolic adaptations and immune cell spatial dynamics all contribute to the complexity of the TME in 
mCRC [36].  
 
To maximize the clinical impact of TGF-β inhibition, future studies should adopt a multi-faceted approach, combining omics 
data, advanced drug delivery systems and combination therapies targeting multiple pathways within the TME [52,61]. By 
addressing these gaps, researchers can optimize TGF-β inhibition as part of a comprehensive therapeutic strategy that could 
revolutionize treatment options for patients with metastatic CRC [13]. The potential systemic consequences of TGF-β inhibition 
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in CRC liver metastasis, particularly concerning immune regulation in non-tumoral tissues, remain under-investigated [22]. TGF-
β plays a critical role in maintaining immune homeostasis throughout the body and its inhibition may lead to unintended effects, 
such as the worsening of autoimmune conditions or tissue-specific toxicities [59].  
 
Liver toxicity could result from off-target inhibition of TGF-β, particularly in patients with pre-existing liver conditions. To 
address these potential side effects, advanced drug delivery systems, such as nanoparticle-based delivery, can be engineered to 
concentrate TGF-β inhibitors within the tumor site, minimizing systemic exposure. Further research is required to develop these 
technologies and determine the optimal dosing and targeting strategies to inhibit tumors while preserving systemic immune 
function effectively [32,46]. TGF-β interacts with metabolic pathways within the TME, creating an environment that supports 
tumor cell survival and immune suppression. Metabolites such as lactate, produced through anaerobic glycolysis, are 
accumulated within the TME and contribute to its acidic and hypoxic nature, further suppressing immune cell function [14,55]. 
Since TGF-β signaling has been linked to metabolic reprogramming in tumor cells, exploring how metabolic inhibitors might 
synergize with TGF-β inhibition could open new avenues for therapy. Combining TGF-β inhibitors with drugs that target 
metabolic pathways may help normalize the TME, making it more conducive to immune cell activity and less hospitable to tumor 
cells [54,66]. 
 
In addition, the interplay between TGF-β and other immunosuppressive pathways, such as the PD-1/PD-L1 axis, presents a 
promising area for therapeutic development. Some studies suggest tumors may compensate for TGF-β pathway inhibition by 
upregulating PD-L1 expression or recruiting alternative immunosuppressive cell populations, thereby sustaining immune 
evasion [33,41].  
 
Combined blockade of TGF-β and PD-1/PD-L1 pathways could provide a more comprehensive approach to counteract immune 
suppression in the TME, potentially leading to improved clinical outcomes for patients with CRC liver metastasis. However, 
more research is needed to elucidate these combined treatments' synergistic effects and identify the most effective therapeutic 
combinations for different patient subgroups [4,27]. Finally, recent advances in omics technologies, such as single-cell RNA 
sequencing and spatial transcriptomics, have provided new insights into the cellular and molecular heterogeneity within the 
TME. These tools offer unprecedented resolution in studying the diverse cell populations influenced by TGF-β signaling in liver 
metastasis [28]. The specific gene expression profiles of different immune and stromal cell types, researchers can identify novel 
biomarkers and therapeutic targets associated with TGF-β pathway activation. Applying omics approaches to study TGF-β 
inhibition in mCRC could yield valuable data on the TME's evolving response to treatment and aid in developing more precise 
and personalized therapeutic strategies [49,63]. 
 
While TGF-β inhibition holds excellent promise as a therapeutic strategy to enhance immunotherapy in CRC liver metastasis, 
several critical research areas remain unexplored. The systemic and local effects of TGF-β inhibition, interactions with other 
pathways, stromal cell dynamics, metabolic adaptations and immune cell spatial dynamics all contribute to the complexity of 
the TME in mCRC [68,70]. To maximize the clinical impact of TGF-β inhibition, future studies should adopt a multi-faceted 
approach, combining omics data, advanced drug delivery systems and combination therapies targeting multiple pathways 
within the TME [2]. By addressing these gaps, researchers can optimize TGF-β inhibition as part of a comprehensive therapeutic 
strategy that could revolutionize treatment options for patients with metastatic CRC [46]. 
 
Conclusion 

In conclusion, inhibiting TGF-β in CRC liver metastasis offers a novel and promising approach to enhancing immunotherapy. 
By targeting the immunosuppressive mechanisms driven by TGF-β within the TME, it may be possible to overcome the inherent 
resistance of MSS tumors to ICIs and improve clinical outcomes for patients with metastatic CRC. While significant challenges 
remain, including minimizing off-target effects and identifying reliable biomarkers for patient selection, the combination of TGF-
β inhibitors with ICIs, chemotherapy, radiotherapy and other novel therapeutic modalities holds great potential for transforming 
the treatment landscape for mCRC. Future research should continue to optimize combination therapies, explore new drug 
delivery systems and elucidate the molecular mechanisms driving resistance to TGF-β inhibition. A deeper understanding of 
these processes will ultimately pave the way for more effective and personalized treatment strategies for patients with metastatic 
CRC. 
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