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    Abstract

    

    Transforming growth factor-β (TGF-β) is a pleiotropic cytokine with context-dependent roles in cancer. TGF-β signaling regulates cell proliferation, immune responses, extracellular matrix remodeling, and tissue homeostasis through SMAD-dependent and noncanonical pathways. Although TGF-β functions as a tumor suppressor during early tumorigenesis by limiting epithelial proliferation and preserving tissue integrity, advanced tumors frequently exploit this pathway to promote immune evasion, stromal remodeling, and metastatic progression. Increasing evidence identifies TGF-β as a central regulator of the tumor microenvironment (TME), where it suppresses cytotoxic lymphocyte activity, expands immunosuppressive myeloid populations, and activates stromal programs that exclude effector T cells from tumor nests. Through these coordinated mechanisms, TGF-β establishes an immunosuppressive milieu that contributes to resistance to immune checkpoint blockade and other immunotherapies. In this review, we summarize current understanding of how TGF-β shapes tumor immunity through its effects on T cells, natural killer cells, myeloid-derived suppressor cells, tumor-associated macrophages, and cancer-associated fibroblasts. We also discuss emerging therapeutic strategies targeting the TGF-β pathway, including receptor kinase inhibitors, ligand traps, and bifunctional molecules that simultaneously inhibit TGF-β and immune checkpoints. While early clinical studies have demonstrated promising immunomodulatory activity, recent trials highlight the challenges of targeting a pathway that also regulates normal tissue homeostasis. Improved mechanistic insights and biomarker-driven patient stratification will be essential for maximizing the therapeutic potential of TGF-β inhibition in cancer immunotherapy. Collectively, these findings position TGF-β signaling as a central axis linking tumor cells, stromal remodeling, immunosuppression, and therapeutic resistance across diverse solid and hematologic malignancies.
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    1. Introduction

    

    1.1 Foundations and Emerging Strategies in Cancer Immunotherapy

    Cancer immunotherapy has transformed treatment by harnessing the immune system to eliminate malignant cells. Although immune surveillance can detect abnormal cells, tumors evolve mechanisms to evade detection. Immunotherapy aims to overcome these barriers and enhance antitumor responses. A major advance has been the use of immune checkpoint inhibitors (ICIs), which target inhibitory pathways such as PD-1/PD-L1 and CTLA-4. While these pathways normally maintain immune tolerance, tumors exploit them to suppress T-cell activity. Blocking these checkpoints restores immune function and enables stronger antitumor responses. ICIs have shown success in melanoma, non-small cell lung cancer, and Hodgkin lymphoma, with some patients achieving durable remission. However, responses remain variable, and resistance often arises from tumor heterogeneity, low immunogenicity, and an immunosuppressive tumor microenvironment (TME). Combination strategies integrating ICIs with chemotherapy, radiation, or targeted therapies are therefore being explored to enhance efficacy (1, 2). Adoptive cell therapy (ACT) is another key strategy that involves engineering or expanding immune cells to target cancer. Chimeric antigen receptor (CAR) T-cell therapy, in which T cells are modified to recognize tumor-associated antigens, has demonstrated remarkable efficacy in hematologic malignancies, leading to FDA-approved therapies such as tisagenlecleucel and axicabtagene ciloleucel. However, application to solid tumors remains limited by immunosuppressive TMEs, poor infiltration, and antigen heterogeneity. To overcome these barriers, next-generation CAR-T approaches aim to improve persistence, safety, and efficacy, often in combination with cytokines, oncolytic viruses, or ICIs. Additional ACT modalities, including tumor-infiltrating lymphocyte (TIL) therapy and natural killer (NK) cell therapy, are also under investigation, offering alternative strategies to enhance antitumor immunity (3, 4).

    Despite these advances, major challenges remain. Clinical responses vary widely and depend on factors such as tumor mutational burden, immune infiltration, and TME composition. Identifying predictive biomarkers, including PD-L1 expression and tumor mutational burden, is essential for patient selection. Immune-related adverse events (irAEs) caused by systemic immune activation also require careful monitoring. Future strategies will increasingly rely on personalized approaches integrating tumor genomics and immune profiling. Emerging technologies such as single-cell sequencing, CRISPR-based editing, and artificial intelligence are expected to enable more precise therapies. Combining immunotherapy with targeted, radiologic, or metabolic approaches may further overcome resistance and improve outcomes (5, 6).

    Cancer immunotherapy is now entering a phase of diversification and personalization (7, 8). Beyond ICIs and CAR-T therapies, emerging strategies show promising clinical and translational progress (9, 10). Bispecific antibodies enable simultaneous targeting of immune checkpoints and tumor antigens, while next-generation PD-1-based constructs aim to enhance specificity and reduce toxicity (11, 12). Personalized neoantigen vaccines, particularly those leveraging sequencing and computational epitope prediction, are gaining traction. Early trials, including mRNA-based platforms, have demonstrated encouraging immunogenicity and recurrence-free survival in melanoma and other solid tumors (13, 14). T cell receptor-engineered T-cell (TCR-T) therapies expand ACT by targeting intracellular antigens, and mRNA-based vaccines offer a flexible and rapidly deployable platform (15, 16). Nonetheless, resistance remains common in solid tumors characterized by immune exclusion and stromal barriers, with increasing evidence implicating TGF-β signaling as a key driver of immunosuppressive microenvironments and therapeutic resistance.

    1.2 Role of TGF-β in Cancer Biology

    TGF-β is a multifunctional cytokine that has a complex, context-dependent role in cancer biology. In modern tumor biology, TGF-β signaling is increasingly recognized as a master regulator of tumor-microenvironment interactions that integrate immune suppression, stromal activation, and metastatic progression. In normal cells and early-stage tumors, TGF-β acts as a tumor suppressor. It regulates essential processes, including proliferation, differentiation, apoptosis, and tissue homeostasis. TGF-β primarily exerts its tumor-suppressive effects through the canonical Smad-dependent signaling pathway, which induces cell cycle arrest by upregulating cyclin-dependent kinase inhibitors like p21 and p15. Additionally, TGF-β promotes genomic stability and reduces inflammation, supporting its protective role in early carcinogenesis. However, as tumors advance, they often develop resistance to TGF-β's growth-inhibitory effects. This change is frequently triggered by mutations in TGF-β receptors or downstream signaling components. Alterations in the TME can also enhance TGF-β's pro-tumorigenic functions (17, 18). Figure 1 illustrates the TGF-β axis. As summarized in Figure 1, canonical and noncanonical TGF-β signaling converge on transcriptional programs regulating immune suppression and stromal remodeling

    [image: TGF-β signaling activates SMAD-dependent and noncanonical pathways that regulate tumor progression and immune suppression.]

    Figure 1: Overview of canonical and noncanonical TGF-β signaling pathways. TGF-β signaling is initiated by binding of TGF-β to TβRII, which recruits and activates TβRI. In the canonical pathway, activated TβRI phosphorylates SMAD2 and SMAD3, which form complexes with SMAD4 and translocate to the nucleus to regulate gene transcription and miRNA processing. In the noncanonical pathway, TGF-β activates alternative signaling cascades, including RAS/ERK, PI3K/AKT, JNK, p38 MAPK, NF-κB, and Rho pathways. TGF-β signaling also interacts with other pathways, including Wnt, Hedgehog, interferon, TNF, and Notch signaling (19).

    In advanced cancers, TGF-β becomes a powerful driver of tumor growth and spread. It promotes epithelial-mesenchymal transition (EMT), a process that enables cancer cells to become invasive, thereby aiding their spread to distant parts of the body. TGF-β also helps create an immunosuppressive TME by recruiting and activating regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs), which work together to weaken anti-tumor immune responses. Additionally, TGF-β promotes new blood vessel formation by increasing VEGF and other angiogenic factors, thereby supporting tumor growth and survival. It also modifies the extracellular matrix (ECM), forming a fibrous, stiff tissue that promotes tumor cell invasion and increases tumor resistance to treatment.

    Despite the promising therapeutic potential of targeting TGF-β signaling, clinical development has been challenging because the pathway plays complex roles in tissue homeostasis and tumor suppression. Several types of TGF-β inhibitors, including receptor kinase inhibitors, ligand traps, and neutralizing antibodies, have been studied in preclinical and clinical research (20). One of the most advanced clinical approaches involved bintrafusp alfa (M7824), a bifunctional fusion protein made of a PD-L1-blocking antibody fused to the extracellular domain of TGF-β receptor II, which acts as a TGF-β “trap”. Early-phase studies within the INTR@PID clinical trial program indicated potential antitumor activity across various tumor types (21, 22). However, later phase III trials, including the INTR@PID Lung 037 study in NSCLC, failed to show improved clinical outcomes compared to standard PD-1/PD-L1 blockade, leading to the discontinuation of further development in this area (23, 24). These results emphasize the complexity of targeting TGF-β signaling in cancer therapy and highlight the need for better patient selection and more precise strategies to regulate TGF-β activity within the TME (25, 26). The dual role of TGF-β as both a tumor suppressor in early tumor development and a promoter of metastasis and immune evasion in advanced cancers makes therapeutic targeting even more challenging. Therefore, future approaches will likely require context-dependent modulation of TGF-β signaling, especially when combined with ICI, while carefully balancing effectiveness with toxicity and resistance mechanisms.

    1.3 Rationale for Studying TGF-β in Immunotherapy and TME Remodeling

    The rationale for studying TGF-β in cancer immunotherapy and TME remodeling is its critical role as a master regulator of immune suppression and stromal dynamics, which are essential barriers to effective anti-tumor immunity. TGF-β is a pleiotropic cytokine that has significant effects on both immune and non-immune cells within the TME, creating an immunosuppressive and pro-tumor environment. In the immune system, TGF-β inhibits the activity of cytotoxic T cells and NK cells, which are vital for identifying and destroying cancer cells. It also promotes the growth and function of Tregs and MDSCs, further weakening anti-tumor immune responses. Additionally, TGF-β impairs the maturation and antigen-presenting capacity of dendritic cells (DCs), disrupting the initiation of adaptive immunity. These immunosuppressive effects are enhanced by TGF-β's ability to induce immune checkpoint molecules such as PD-1 and CTLA-4, which make immune cells less responsive to tumor antigens. As a result, TGF-β contributes to the failure of ICIs in many patients, particularly those with TGF-β- rich tumors. Therefore, targeting TGF-β signaling has emerged as a promising strategy to overcome immune evasion and improve immunotherapy responses, particularly when combined with ICB (27, 28)

    Beyond its immunosuppressive functions, TGF-β plays a key role in remodeling the TME to support tumor growth and spread. It activates cancer-associated fibroblasts (CAFs), which release ECM components and growth factors that boost tumor development, invasion, and resistance to therapy. TGF-β also triggers EMT, a process that increases the migratory and invasive abilities of cancer cells, helping them spread to other areas. Additionally, TGF-β promotes new blood vessel formation by increasing pro-angiogenic factors, such as VEGF, thereby securing a robust blood supply for tumor expansion. The fibrotic, rigid stroma created by TGF-β not only blocks immune cell entry but also creates a low-oxygen, nutrient-poor environment that further weakens immune function. These dual roles of TGF-β, in immune suppression and stromal remodeling, make it a crucial target for therapy. Inhibiting TGF-β signaling could potentially reverse immune suppression and normalize the TME, increasing the success of immunotherapies and other cancer treatments. Preclinical studies and early clinical trials indicate that TGF-β inhibitors can enhance immune cell infiltration, reduce fibrosis, and be well tolerated when combined with ICIs, supporting further research (29).

    TGF-β is a versatile cytokine that functions as a tumor suppressor in early-stage cancers but promotes tumor growth, metastasis, and immune evasion in later stages. The research seeks to understand how TGF-β contributes to the creation of an immunosuppressive TME by regulating immune cell activity, inducing EMT, and promoting fibrosis and angiogenesis. By exploring the mechanisms by which TGF-β signaling affects immune evasion and stromal interactions, the study aims to identify therapeutic strategies targeting TGF-β signaling to improve the effectiveness of immunotherapy, such as ICI, and to overcome treatment resistance. Collectively, these mechanisms support a framework in which TGF-β functions as a central coordinator of immune suppression, stromal remodeling, and metastatic plasticity within the tumor ecosystem.

    2. TGF-β Signaling Pathway

    TGF-β signaling in cancer operates through multiple interconnected regulatory layers, including ligand activation, receptor signaling, SMAD-mediated transcriptional programs, and extensive crosstalk with metabolic and oncogenic signaling pathways.

    2.1 Overview of TGF-β Signaling

    TGF-β1, hereafter referred to as TGF-β, is the most extensively studied member of the TGF-β subfamily within the larger TGF-β superfamily of structurally and functionally related cytokines (30). This superfamily also includes TGF-β2, TGF-β3, activins, nodal, inhibins, Müllerian-inhibiting substance, growth and differentiation factors, and bone morphogenetic proteins (BMPs). TGF-β was first identified in the early 1980s as a secreted factor that, when combined with TGF-β or epidermal growth factor (EGF), promoted the growth of normal rat kidney cells in soft agar. Significant progress has been made in understanding this multifunctional cytokine. The TGF-β gene encodes a 390-amino-acid prepropeptide. The precursor is processed by furin proteases into an amino-terminal fragment and a carboxy-terminal fragment of 112 amino acids, which together form the mature, bioactive TGF-β (31). The amino-terminal segment, known as the latency-associated peptide (LAP), remains noncovalently attached to the mature TGF-β (32). The latent form of TGF-β is activated by specific proteases that cleave LAP or by mechanical forces exerted by cell-surface integrins, leading to the release of mature, active TGF-β (33, 34). The bioactive TGF-β is a disulfide-bond-linked dimeric protein that binds to cell-surface receptors and has an apparent molecular weight of 25 kDa (35).

    Pro-TGF-β is produced as a latent complex within the ECM, including a signal peptide in its extensive N-terminal region, called the LAP, and a mature cytokine in the C-terminal segment (36–38). The large latent complex comprises LAP, mature TGF-β, and latent TGF-β-binding proteins, primarily LTBP1, LTBP3, and LTBP4. Activation of latent TGF-β is promoted by proteins and enzymes such as thrombospondin 1, glycoprotein A repetitions predominant protein, integrins, and other TGF-β-binding proteins, which form disulfide-linked dimers and homodimers. Once activated, TGF-β interacts with the TβR complex or other cytokines to regulate biological responses via the SMAD and/or non-SMAD signaling pathways (39, 40). The SMAD family serves as a key group of intracellular mediators in TGF-β superfamily signaling. It includes five receptor-regulated SMADs (R-SMADs), SMAD1, SMAD2, SMAD3, SMAD5, and SMAD9 (also known as SMAD8); the common mediator SMAD (Co-SMAD), SMAD4, which forms transcriptionally active complexes with activated R-SMADs; and two inhibitory SMADs (I-SMADs), SMAD6 and SMAD7, which negatively regulate SMAD activation and signaling. Besides ligand-activated receptors, several proteins influence receptor-activated SMAD activity. The regulation of SMAD-mediated transcription and target-gene selection involves many adaptor proteins located in both the cytoplasm and the nucleus. Active SMAD complexes work with other proteins to accurately identify target genes and produce responses suited to specific cellular contexts. The TGF-β/SMAD signaling pathways are intricate, context-dependent, and vital for maintaining tissue homeostasis in adults and supporting proper immune system function (41).

    TGF-β family signaling occurs when the mature polypeptide forms a disulfide-linked dimer, which acts as a ligand for cell-surface receptors. TGF-β signaling is initiated at the cell surface when TGF-β binds to the type II TGF-β receptor (TβRII). Ligand binding promotes the formation of a heteromeric receptor complex in which the constitutively active TβRII phosphorylates serine and threonine residues within the juxtamembrane GS domain of the type I receptor (TβRI), leading to activation of the TβRI kinase and the propagation of downstream signaling cascades (42). Additionally, TGF-β binding to the cell-surface receptor complex activates both Smad- and non-Smad-mediated signaling pathways. While TGF-β or activin binds to their respective receptor complexes, activating Smad2 and Smad3, BMP binding activates Smad1 and Smad5 (43). Once activated by TGF-β1, Smad2 and Smad3 are phosphorylated and form a complex through Smad signaling. This process involves receptors internalized via clathrin-coated pits, whose activity is regulated, ultimately driving the transcription of TGF-β/Smad target genes (44).

    2.2 Regulation of TGF-β Signaling in Cancer

    Beyond tumor-intrinsic signaling, TGF-β also regulates stromal and immune interactions within the tumor microenvironment, contributing to ECM remodeling and immune exclusion that limit the efficacy of immunotherapy (27).

    2.2.1 Epigenetic and Transcriptional Regulation

    Several studies have shown that TGF-β signaling is precisely regulated at the transcriptional and chromatin levels. During TGF-β-induced EMT in colorectal cancer (CRC), S100A8 and the transcription factor USF2 are increased. USF2 binds to the S100A8 promoter and enhances its transcription, which promotes EMT, invasion, and motility. Higher tumor cell S100A8 levels are associated with lower overall survival, and USF2 expression is positively associated with S100A8 in tumor cells but negatively associated with S100A8 in stromal cells (45). Post-translational modification of SMAD proteins adds another layer of regulation. PRMT5 methylates SMAD4 at R361 after TGF-β1 stimulation, aiding in SMAD complex formation and its movement into the nucleus. Mutating SMAD4 R361 prevents TGF-β1-induced EMT and metastasis in CRC, and increased PRMT5 levels or SMAD4 R361 methylation are connected to poorer clinical outcomes (46). Likewise, lysine-specific demethylase 4C (KDM4C) enhances TGF-β2 transcription by reducing H3K9me3 levels at its promoter, thereby activating Smad/ATM/Chk2 signaling and leading to radioresistance in lung cancer. The deubiquitinase USP9X stabilizes KDM4C, and its reduction disturbs TGF-β2/Smad signaling and radioresistance, highlighting an epigenetic-post-translational regulatory axis (47).

    2.2.2 Immune Microenvironment Regulation

    TGF-β signaling is also heavily influenced by interactions between immune cells within the tumor microenvironment. Chemotherapy-induced neutrophil extracellular traps promote chemoresistance in breast cancer lung metastasis. NET-associated integrin-αvβ1 sequesters latent TGF-β, while matrix metalloproteinase 9 activates TGF-β, thereby inducing EMT and resistance (48). In squamous cell carcinoma models, tumor-initiating cells use NRF2-mediated antioxidant activity to induce IL-33 release. IL-33 supports FcεRIα+ macrophage development, which then delivers paracrine TGF-β signals that enhance TIC invasiveness and drug resistance, creating a feed-forward loop (49). In chronic inflammation models, PD-1high macrophages show immunoregulatory features and higher expression of TGF-β receptors. TGF-β1 directly induces PD-1 expression via a SMAD3-STAT3 complex at the Pdcd1 promoter, thereby strengthening immunosuppression (50). Additionally, integrin αvβ8 selectively activates latent TGF-β, and blocking it disrupts immunosuppressive T cell development, offering potential for therapy (51).

    2.2.3 Metabolic and Post-Translational Modifications

    Metabolic rewiring and glycosylation changes further refine the output of TGF-β signaling. MORC2 undergoes O-GlcNAcylation at T556 by OGT, a modification increased by TGF-β1 through stabilizing GFAT, the rate-limiting enzyme of the hexosamine biosynthetic pathway. O-GlcNAcylated MORC2 activates transcription of CTGF and SNAIL, promoting breast cancer invasion and metastasis. Higher levels of OGT, MORC2, SNAIL, and CTGF are associated with a poorer prognosis (52). These findings show how metabolic inputs interact with TGF-β signaling to influence transcriptional outputs that drive tumor progression.

    2.2.4 Crosstalk with Other Signaling Pathways

    TGF-β signaling also interacts extensively with non-canonical pathways and regulatory RNA networks. CircPTEN1, often downregulated in CRC, binds the MH2 domain of Smad4 and disrupts Smad2/3 interaction, suppressing Smad complex formation and downstream EMT gene expression. eIF4A3 inhibits circPTEN1 cyclization, revealing RNA-mediated modulation of TGF-β signaling (53). CCDC113 is positively linked to TGF-β signaling activity in CRC, and the TGF-β inhibitor galunisertib (LY2157299) reverses CCDC113-driven proliferation and migration in vitro and in vivo (54). DACT1, activated by TGF-β, forms phase-separated cytoplasmic condensates that inhibit Wnt signaling by sequestering casein kinase 2, illustrating crosstalk between TGF-β and Wnt pathways (55).

    Collectively, these studies illustrate that TGF-β signaling in cancer is governed by multilayer regulatory modules that encompass transcriptional, epigenetic, immune, metabolic, and signaling crosstalk. Figure 2 highlights the integrated regulatory landscape of TGF-β in cancer progression. This multilayer regulatory architecture explains how TGF-β signaling can simultaneously control tumor cell behavior, immune responses, and stromal dynamics during cancer progression. Figure 2 highlights the multilayer regulatory architecture that links epigenetic regulation, immune signaling, and metabolic rewiring to TGF-β-driven tumor progression.
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    Figure 2: Multilayer regulation of TGF-β signaling during tumor progression. TGF-β signaling is regulated through interconnected transcriptional, epigenetic, metabolic, immune, and signaling networks within the tumor microenvironment. Epigenetic regulators, including PRMT5, KDM4C, and USP9X, modulate SMAD signaling and transcriptional activity, whereas metabolic pathways, such as O-GlcNAcylation, influence TGF-β-driven EMT and metastasis. Crosstalk with Wnt, PI3K/AKT, MAPK, and inflammatory signaling pathways further shapes tumor progression and therapeutic resistance. Interactions with immune cells, extracellular matrix remodeling, and stromal activation collectively promote immune suppression, invasion, metastasis, and resistance to immunotherapy.

    3. TGF-β in the Tumor Microenvironment

    TGF-β is a central regulator of tumor immune escape and stromal remodeling. Within tumors, TGF-β signaling functions as a central ecosystem regulator that coordinates immune suppression, stromal architecture, and ECM remodeling. These processes collectively suppress cytotoxic immune responses, promote immunoregulatory cell populations, and create structural barriers that prevent effective infiltration of immune cells into tumors. Through these mechanisms, TGF-β signaling contributes to immune exclusion and resistance to immunotherapies, particularly immune checkpoint blockade.

    3.1 Lymphoid Suppression

    TGF-β is a central regulator of immune suppression in cancer and exhibits a context-dependent dual role during tumor progression. TGF-β suppresses the activation, proliferation, and effector functions of cytotoxic CD8⁺ T cells while promoting the differentiation and expansion of Tregs, thereby dampening antitumor T-cell responses and promoting the expression of inhibitory checkpoint molecules such as PD-1. TGF-β also inhibits NK cell cytotoxicity and cytokine production, including IFN-γ. In addition, TGF-β disrupts dendritic cell maturation and antigen-presenting capacity, limiting effective T-cell priming and promoting tolerogenic DC phenotypes that support Treg expansion.

    Beyond lymphoid regulation, TGF-β also promotes the expansion of immunosuppressive myeloid populations, including MDSCs and M2-like TAMs. TGF-β can also inhibit B-cell proliferation and antibody production while promoting regulatory B-cell populations. These effects are mediated primarily through SMAD-dependent transcriptional programs but also involve non-canonical signaling pathways, including PI3K/AKT and MAPK, which further modulate immune checkpoint signaling in tumor and immune cells. Consequently, targeting TGF-β signaling has emerged as a promising strategy to restore antitumor immunity, particularly through combination approaches with immune checkpoint blockade.

    Disabling the endogenous TGF-β receptor II (TGFBR2) in CAR T cells using CRISPR/Cas9 technology enhances their effectiveness by decreasing Treg conversion, preventing exhaustion, and improving tumor eradication in both cell-line-derived and patient-derived xenograft solid tumor models, while also promoting memory subset development (56). cGAMP produced by tumors activates the STING pathway in γδ T cells during the early stages of tumor development, encouraging IFN-γ production and tumor surveillance. However, as the tumor progresses, TGF-β downregulates STING, thereby triggering immunosuppression. Combining TGF-β inhibition with STING agonists boosts the antitumor activity of γδ T cells (57). The organization of CAF populations in breast cancer forms distinct clusters, including EMILIN1, a TGF-β inhibitor elevated in IFNγ-iCAFs, which significantly impacts TGF-β immunosuppression, increases CD8+ T-cell infiltration, and associates with improved patient outcomes (58). CAFs stimulate CXCL13 production in CD4+ and CD8+ T cells through TGF-β signaling, while limiting IL-2 availability, leading to a T helper peripheral cell phenotype and Treg proliferation; TGF-β inhibition prevents these effects (59). Treg cells expressing αvβ8 integrin (Itgβ8) are essential activators of TGFβ within the tumor microenvironment, aiding immune evasion; targeting Itgβ8 improves CD8+ T cell effector function and tumor control, with anti-Itgβ8 antibodies showing therapeutic potential in cancer patients (60).

    Malignant breast cancer cells spread active TβRII via tumor-derived extracellular vesicles (TEVs), thereby promoting EMT, metastasis, and CD8+ T cell fatigue. Circulating TβRII+ EVs may also serve as potential biomarkers for tumor progression and patient survival (61). The inhibition of SATB1 by TGF-β promotes Tfh cell development, thereby enhancing Tfh: B cell interactions and the formation of tertiary lymphoid structures (TLS) in tumors. These structures reduce tumor growth in a CD4+ T cell- and CXCL13-dependent manner, with Tfh cell transfer showing anticancer effects (62). TGF-beta promotes regulatory T cell expansion and suppresses cytotoxic CD8+ T cell function, contributing to immune evasion and poor clinical outcomes. Inhibition of TGF-beta signaling enhances the efficacy of adoptive cell therapies by improving T cell proliferation, effector function, and resistance to exhaustion within the tumor microenvironment. TGF-beta-driven stromal remodeling and extracellular matrix signaling contribute to immune exclusion by limiting T cell infiltration and promoting an immunosuppressive tumor microenvironment.

    Expanding Vγ9Vδ2 T cells in the presence of TGF-β1 and IL-2 (γδ (T2) cells) increases their yield, viability, cytolytic activity, cytokine secretion, and antitumor efficacy in leukemia and solid tumor models. This effect is further enhanced by cancer cell sensitization and supported by a beneficial γδ (T2) signature in acute myeloid leukemia (AML) (63). The expression of integrin αV on cancer cells activates latent TGF-β, which modifies the TME and reduces the effectiveness of anti-PD-1/PD-L1 therapy; lower αV levels are associated with better progression-free survival, higher CD8+ CD103+ T cell density, and improved differentiation of resident memory T cells via TGF-β signaling (64). Analysis of PBMCs from 32 patients revealed that strong immune responses to the TGF-β-derived epitope TGF-β-15 at therapy start were associated with longer progression-free and overall survival, and this link remained significant after adjusting for other factors. Patients showing strong or weak TGF-β-specific responses had similar responses to viral antigens. T cells specific to TGF-β from a clinical responder demonstrated targeted reactivity and destruction of autologous regulatory immune cells. Repeated in vitro stimulations with the TGF-β-15 epitope, mimicking vaccination, enhanced the immune response to TGF-β-15 (65).

    TGF-β is a crucial regulator of NK cell biology and plays an important role in suppressing NK-cell-mediated antitumor immunity within the TME (66). In tumors, elevated TGF-β levels inhibit NK-cell cytotoxicity by downregulating activating receptors and reducing cytokine production, such as IFN-γ. In the tumor microenvironment, TGF-β is often overexpressed and suppresses NK cell function by downregulating activating receptors (e.g., NKG2D and NKp30), impairing cytotoxicity, and inhibiting cytokine production. This immunosuppressive effect allows cancer cells to evade immune surveillance. Targeting TGF-β signaling has emerged as a therapeutic strategy to restore NK cell activity, enhance antitumor immunity, and improve outcomes in cancer immunotherapy. TGF-β diminishes human NK cell efficacy by decreasing tumor cell lysis and altering perforin localization. It reduces the surface expression of activating receptors such as 2DS4 and NKp44 by depleting DAP12, an essential protein for receptor stability and activation. TGF-β stimulates miR-183, which inhibits DAP12 expression, as shown by luciferase assays and miR-183 manipulation in NK cells (67). In patients with gastric cancer, NK cell cytotoxicity, serum levels of IL-10 and TGF-β1, and Helicobacter pylori infection status were assessed. The study included 42 gastric cancer patients (14 in stages I-II and 28 in stages III-IV) and 20 healthy controls. In early-stage patients, 71.4% exhibited normal NK cytotoxicity and IL-10 levels, but 68% of advanced-stage patients showed decreased NK cytotoxicity and elevated IL-10 levels. Increased TGF-β1 levels were observed in most patients, regardless of disease stage or NK activity. H. pylori infection was not linked to NK cytotoxicity, IL-10, or TGF-β1 levels. Gastric adenocarcinoma cells produced IL-10 and TGF-β1 in vitro; however, their supernatants did not affect NK cell cytotoxicity (67).

    IL-18 exhibits anticancer properties in CRC through pathways that activate NK cells. Although IL-18 alone did not induce apoptosis in HCT116 cells, it increased NK cell-mediated apoptosis and suppressed proliferation in coculture. IL-18 boosts NK cell-mediated antitumor activity in CRC models. This effect is linked to modulation of the miR-574-3p regulatory axis, which targets components of the TGF-β1 pathway (68). A novel technique for engineering NK cells for adoptive transfer was developed using nanogels with dual functions: (i) reducing TGF-β-mediated immunosuppression in the TME, and (ii) enhancing NK cell anti-tumor effectiveness. The nanogels encapsulate galunisertib, a TGF-β receptor antagonist, and are coated with 25 kDa branched polyethylenimine (bPEI), which activates NK cells. In TGF-β-enriched culture media, nanogel-treated NK cells showed increased motility, degranulation, and cytotoxicity compared to untreated NK cells. In vivo, NK cells treated with nanogels exhibited significantly improved efficacy against PC-3 xenografts compared with NK cells primed only with bPEI (69). NK cells in bladder tumors exhibited reduced FcγRIIIa/CD16 expression, which is vital for antibody-dependent cellular cytotoxicity (ADCC), along with heightened TGF-β signaling, both of which are associated with immunosuppression and tissue residency. TGF-β downregulated CD16 and promoted a tissue-resident NK cell phenotype in vitro, a process reversed by TGF-βR inhibition, thereby restoring ADCC activity. In a humanized murine bladder cancer model, blocking TGF-β increased ADCC compared with antibody therapy alone (70).

    3.2 Myeloid Suppression

    TGF-β-mediated immune suppression also extends to myeloid populations, particularly dendritic cells, myeloid-derived suppressor cells, and macrophages, thereby weakening antigen presentation, promoting the expansion of suppressive myeloid cells, and reinforcing tumor-promoting inflammation.

    DC-based antitumor vaccines are a promising strategy in cancer immunotherapy. However, initial clinical trials have shown disappointing results, possibly due to immunosuppressive factors such as TGF-β released by tumors. This study showed that TGF-β significantly reduces the effectiveness of DC/tumor fusion vaccines. Murine colon cancer cell lines that either secrete TGF-β (CT26-TGF-β) or do not (CT26-neo) were created using retroviral vectors. The DC/CT26-TGF-β fusion cells failed to induce strong T cell proliferation in vitro, mainly because TGF-β suppressed T cell responsiveness rather than impairing DC function. Animals vaccinated with DC/CT26-TGF-β fusion cells had lower tumor-specific cytotoxic T lymphocyte (CTL) activity and significantly reduced survival after tumor challenge compared to those vaccinated with DC/CT26-neo hybrids. Ex vivo exposure of DCs to TGF-β did not weaken vaccine efficacy, highlighting TGF-β's direct effect on T cell-mediated immunity. HCC cells with RIG-I knockdown showed increased expression of stem cell markers, higher secretion of molecules that inhibit DC generation in vitro, and induced a tumor-infiltrating DC (TIDC) phenotype characterized by reduced DC marker expression in tumors of nude mice. Both DCs and TIDCs exhibited a diminished mixed lymphocyte response, indicating immunotolerance resulting from RIG-I depletion. RIG-I-deficient HCC cells released more TGF-β1 compared to controls, and tumors derived from these cells had higher TGF-β1 levels. The suppression of DC production and MLR by conditioned media from RIG-I-deficient HCC cells was reversed by an anti-TGF-β1 antibody. In RIG-I-deficient HCC spheres, TGF-β1-induced phosphorylation of Smad2 and Akt was increased, but knocking down the AKT gene eliminated the additional phosphorylation of Smad2. Akt and p-Akt co-immunoprecipitated with Smad2 in the cytoplasm of RIG-I-deficient spheres, and TGF-β treatment further increased their co-immunoprecipitation (71).

    CD4+ CD25+ Tregs are a crucial immunosuppressive subset that plays a major role in cancer development by inhibiting the effector functions of CD4+ and CD8+ T lymphocytes. However, their ability to regulate DC activity during tumor growth remains unclear. The suppressive effect of CD4+ CD25+ Tregs from mice with BCR-ABL+ leukemia was tested on bone marrow-derived dendritic cells. Results showed that CD4+ CD25+ FoxP3+ Tregs from tumor-bearing mice reduced DC function by decreasing NF-kB activation. This suppression led to reduced expression of co-stimulatory molecules (CD80, CD86, CD40) and decreased production of TNF-alpha, IL-12, and CCL5/RANTES by DCs. The suppression was mediated by TGF-beta and IL-10, which activated the Smad signaling pathway and stimulated STAT3 transcription factor activity (72). In a canine tumor model, IL-6 produced by TILs attenuated the TGF-β-induced reduction in MHC expression and T-cell activation. TGF-β inhibited the development and activity of monocyte-derived DCs, but IL-6 restored the expression of DC surface markers (MHC II, CD1a, CD40, CD80, CD83, CD86) and supported DC-associated T-cell activation. IL-6 also inhibited nuclear translocation of the TGF-β signaling proteins Smad2/3, even when Smad7 was overexpressed (73).

    In cancers with low immunogenicity, such as mesothelioma, DC dysfunction hampers effective anticancer T-cell responses, primarily due to the acidic TME. Acidosis in mesothelioma boosts TGF-β2 release, leading to lipid droplet formation and metabolic changes in dendritic cells, which reduces their immunostimulatory capacity. DCs exposed to this acidic environment exhibit diminished migratory capacity and reduced T-cell activation, thereby reducing the effectiveness of anticancer vaccines. Blocking TGF-β2 signaling and diacylglycerol O-acyltransferase (DGAT), a key enzyme in triglyceride formation, significantly restores DC function and enhances the anticancer immune response (74).

    Overexpression of elements of the TGF-β pathway in pancreatic ductal adenocarcinoma (PDAC) suppresses immune responses. In vitro, higher DC levels increased CD8+ cytotoxic T cell (Tc) and IFN-γ production, while reducing CD4+ helper T cell (Th) and IL-10 levels. Blocking TGF-β further boosted IFN-γ and reduced T cell death. In a mouse PDAC model, combining an anti-TGF-β antibody with DC vaccination greatly improved survival compared to single treatments, demonstrating the success of this combined approach in strengthening anti-tumor immunity (75). NK cell activity decreases after DC immunization. In vitro, DCs suppress NK cells without direct contact, and this suppression depends on increased STAT3 phosphorylation (pSTAT3) in DCs. Inhibiting STAT3 phosphorylation in DCs limits NK cell suppression, boosting LTα and IL-12 production while reducing TGF-β release. Adding recombinant LTα or IL-12 to DC-NK cell cocultures restores NK cell activity, and neutralizing TGF-β enhances DC production of LTα and IL-12. DCs matured with R848, poly I: C, and IFN-γ display lower pSTAT3 levels, higher LTα and IL-12 levels, and do not inhibit NK cells compared to LPS-matured DCs. These findings highlight that LTα, IL-12, and TGF-β are crucial in NK cell-DC interactions (76).

    TGF-β plays a critical role in the expansion, activation, and immunosuppressive functions of MDSCs, a diverse group of immature myeloid cells that build up in cancer, chronic infections, and inflammatory conditions. TGF-β signaling promotes the differentiation and recruitment of MDSCs to tumor sites, where they suppress antitumor immunity by inhibiting T cell and NK cell functions through mechanisms including arginase-1, inducible nitric oxide synthase (iNOS), and the production of reactive oxygen species (ROS). Furthermore, TGF-β increases the expression of immune checkpoint molecules, such as PD-L1, on MDSCs, thereby helping tumors evade the immune system. By creating an immunosuppressive tumor microenvironment, TGF-β-driven MDSC activity weakens the effectiveness of immunotherapies, making TGF-β an important therapeutic target to reduce MDSC-mediated immune suppression and improve cancer treatment outcomes. The simultaneous inhibition of CXCR1/2, TGF-β, and PD-L1 signaling reduces mesenchymal features in breast and lung cancer models, increases epithelial E-cadherin levels, decreases the number of immunosuppressive granulocytic MDSCs, enhances T-cell infiltration and activation, and significantly improves antitumor responses (77). TGF-β did not affect the numbers of MDSCs or DCs in the original pancreatic tumors but decreased the proportion of MDSCs and DCs in liver metastases. The percentage of TAMs with higher PD-L1 expression increased significantly, without altering the overall proportion of TAMs in primary or metastatic tumors. Analysis of the TCGA PDAC database revealed a strong association between TAM PD-L1 gene expression and tgb1 and tgfbr1 gene expression (78). NK cells, key players in innate immunity, are essential for antitumor responses; however, their function is greatly impaired in hosts with tumors, especially in the liver and spleen. This impairment is linked to the proliferation of MDSCs, which suppress NK cell cytotoxicity, NKG2D expression, and IFN-γ production both in vitro and in vivo. The membrane-bound TGF-β1 on MDSCs is identified as the main factor enabling this suppression. Reducing MDSCs, rather than regulatory T cells, restores NK cell function in orthotopic liver cancer models, highlighting MDSCs as a major reason for NK cell dysfunction in tumor-bearing hosts (79).

    TGF-β plays a dual role in regulating macrophage function in cancer, contributing to both tumor growth and immune suppression. In the tumor microenvironment, TGF-β promotes macrophage polarization toward an M2-like TAM phenotype, characterized by increased expression of immunosuppressive markers, including PD-L1, arginase-1, and IL-10. These TAMs inhibit antitumor immunity by suppressing T-cell and NK-cell activity, promoting angiogenesis, and supporting tumor invasion and metastasis (80). Additionally, TGF-β enhances macrophage recruitment and survival in tumors, thereby further strengthening its protumoral effects. However, TGF-β also reduces macrophages' antitumor potential by suppressing their phagocytic activity and proinflammatory responses. Targeting TGF-β signaling in macrophages has become a promising approach to reprogram TAMs toward an M1-like, antitumor phenotype, thereby enhancing immune-mediated tumor clearance and improving cancer therapies.

    The expression levels of TGF-β1, TGF-β2, BMP4, and BMP7 were markedly higher in macrophages co-cultured with cancer cells than in those cultured in isolation. Macrophages enhanced invasion rates and the expression of invasion-related genes in both AGS and Hs-746T gastric cancer cell lines, but the expression patterns differed between the cell lines. Inhibition of TGF-βR1 and BMPR1 markedly decreased the invasion rate and the expression of invasion-related genes in AGS cells co-cultured with macrophages. RAD18 expression is markedly increased in individuals with advanced T-stage triple-negative breast cancer (TNBC) and is inversely associated with prognosis. RAD18 facilitates a stem-cell-like phenotype in triple-negative breast cancer via the Hippo/YAP pathway, enhancing tumor growth. TGF-β, a cytokine byproduct, promotes an M2-like TAM phenotype, whereas TAM-derived TGF-β reciprocally activates RAD18 in TNBC, thereby augmenting tumor stemness and establishing a positive feedback loop. Inhibition of YAP or TGF-β interrupts this cycle, diminishing cancer stemness and proliferation. In nude mice, RAD18 enhances subcutaneous tumor proliferation and attracts M2-type TAMs. Macrophage-conditioned media (MɸCM) activated ERK/TGF-β1 signaling, thereby augmenting cancer stem cells (CSCs) and EMT in MCF7 cells and mammospheres. The MEK inhibitor PD98059, which obstructs TGF-β1 production, and SB431542, which inhibits TGF-β1 signaling, restored these effects. The CSC population comprised both hybrid (ALDH1+) and mesenchymal (CD44+ CD24-) phenotypes. The hybrid epithelial/mesenchymal (E/M) state was validated at the single-cell level by elevated expression of claudin-1 (epithelial) and vimentin (mesenchymal). Nevertheless, this hybrid state did not confer a growth advantage in SCID mice, and examination of CSC and EMT markers before and during tumor development revealed a reversal of these markers in recovered tumor cells. The elimination of MɸCM and the neutralization of TNF-α, IL-6, and IL-1β in MɸCM eliminated ERK phosphorylation, TGF-β signaling, and CSC enrichment, suggesting that persistent signaling is necessary to sustain these phenotypes. Bioinformatics analysis and immunohistochemical labeling demonstrated a robust association between tumor glycolysis, M2 TAM infiltration, and prognosis in bladder cancer patients. In vitro studies have shown that bladder cancer cells modify M2 TAMs via lactate, prompting TGF-β release via the HIF-1α signaling pathway. In vitro and in vivo investigations have demonstrated that M2 TAMs augment glycolysis in bladder cancer cells via TGF-β-mediated activation of the Smad2/3 signaling pathway. M2 TAMs also enhanced CSC characteristics and facilitated EMT in bladder cancer cells. M2 TAMs significantly elevated PD-L1 mRNA m6A methylation via enhancing METTL3 expression in bladder cancer cells through the TGF-β/Smad2/3 pathway in the TME.

    3.3 Stromal Immune Exclusion

    TGF-β signaling drives the activation and differentiation of fibroblasts into CAFs, which promote tumor progression and remodeling of the tumor microenvironment. Importantly, CAF-derived TGF-β can form stromal barriers that exclude cytotoxic T cells from tumor nests and reduce the effectiveness of ICB. Activated CAFs secrete ECM proteins, growth factors, and cytokines that boost tumor cell proliferation, invasion, and metastasis. TGF-β also helps CAFs suppress antitumor immunity by attracting immunosuppressive cells, such as Tregs and MDSCs, and by producing immune-inhibitory factors. Furthermore, TGF-β signaling in CAFs can induce EMT in cancer cells, thereby promoting metastasis. However, TGF-β's role in CAFs depends on the context, as it can also have tumor-suppressive effects in early-stage cancers by preventing fibroblast activation. Targeting TGF-β signaling in CAFs has become a promising approach to break down the tumor-supporting stroma and improve cancer treatment outcomes.

    SPHK1 is highly expressed in the tumor stroma of high-grade serous ovarian cancer (HGSC) and plays a vital role in CAFs differentiation and tumor-promoting functions. Knockout or pharmacological inhibition of SPHK1 in ovarian fibroblasts reduces TGF-β-induced expression of CAF markers and impairs their ability to promote ovarian cancer cell migration and invasion in co-culture models. SPHK1 enhances TGF-β signaling by transactivating S1P receptors (S1PR2 and S1PR3), thereby activating p38 MAPK. In vivo data confirm the critical role of stromal SPHK1 in carcinogenesis, showing significantly reduced tumor growth and metastasis in SPHK1-knockout mice (81). FOXF2 modulates TGF-β/SMAD signaling by transrepressing TGF-β-related genes in BLBC cells. FOXF2-deficient BLBC cells exhibit a myofibroblast/CAF-like phenotype, promoting visceral metastasis through increased autocrine and paracrine TGF-β signaling, which boosts aggressiveness in neighboring cells. TGF-beta inhibits FOXF2 expression by upregulating miR-182-5p, establishing reciprocal regulatory loops that amplify TGF-beta signaling and promote metastatic progression in basal-like breast cancer. Loss of FOXF2 further reinforces this circuit, enhancing tumor dissemination. More broadly, TGF-beta signaling drives metastasis through transcriptional and post-transcriptional programs that regulate invasion and cellular plasticity (82).

    The dual roles of TGF-beta signaling as both a tumor suppressor and promoter complicate its therapeutic targeting. In preclinical models, blockade of TGF-beta signaling enhances the efficacy of immune checkpoint inhibition by remodeling the tumor microenvironment, reducing immunosuppression, and restoring antitumor immune activity. Table 1 summarizes TGF-beta’s role in regulating components of the tumor microenvironment and immune cell function.

    Table 1: Cell-Type-Specific Effects of TGF-β in the Tumor Microenvironment.

    
    
    
    
    
    
    
    
    
    
    	Functional category
    	Cell type
    	Effect of TGF-β
    	Biological consequence
    	Reference
    

    
    
    
    	Lymphoid immune suppression
    	NK cells
    	Elevated TGF-β suppresses NK cytotoxicity and cytokine production in the tumor microenvironment.
    	Impaired innate immune surveillance and tumor progression.
    	(83)
    

    
    	Lymphoid immune suppression
    	CD8+ T cells
    	TGF-β maintains stem-like PD-1+TCF-1+ CD8 T cells while promoting terminal exhaustion.
    	Reduced cytotoxic T-cell activity and immune dysfunction.
    	(84)
    

    
    	Lymphoid immune suppression
    	T cells
    	CCR4-mediated recruitment of Tregs contributes to TGF-β-dependent immunosuppression in tumors.

    VEGF and TGF-β cooperate to promote Treg expansion and suppress effector T-cell responses.

    	Enhanced tumor immune evasion. Reduced responsiveness to immunotherapy.
    	(85, 86)
    

    
    	Lymphoid immune suppression
    	T and NK cells
    	Bifunctional inhibitors targeting TGF-β signaling can restore NK and CD8+ T-cell activity.
    	Enhanced antitumor immune responses.
    	(87)
    

    
    	Myeloid immune suppression
    	MDSCs
    	TGF-β promotes immunosuppressive MDSC activity through mTOR/HIF-1α signaling.
    	Suppression of T-cell responses and therapy resistance.
    	(88)
    

    
    	Myeloid immune suppression
    	MDSCs
    	Tumor-derived TGF-β enhances M-MDSC immunosuppressive activity and IL-10 production.
    	Expansion of immunosuppressive myeloid populations.
    	(89)
    

    
    	Myeloid immune suppression
    	Macrophages
    	Hypoxia-induced signaling promotes M2 macrophage polarization and increased TGF-β production.

    TGF-β-mediated macrophage polarization supports tumor metastasis and immune evasion.

    	Tumor invasion and immune suppression.

    Increased metastatic potential.

    	(90)
    

    
    	Stromal immune exclusion
    	Cancer-associated fibroblasts
    	TGF-β activates stromal fibroblast programs that remodel ECM and exclude cytotoxic T cells from tumor nests.
    	Immune exclusion and resistance to immune checkpoint blockade.
    	(28)
    

    
    	Stromal immune exclusion
    	Cancer-associated fibroblasts
    	Neutralization of TGF-β enhances chemotherapy and checkpoint blockade by promoting inflammatory CAF programs.

    Tumor-derived TGF-β activates myofibroblastic CAFs that promote EMT and tumor progression.

    	Improved immunotherapy response.

    Increased invasion and metastasis.

    	(91)
    

    
    

    3.4 TGF-β-Mediated Immune Evasion

    TGF-β is a well-established master regulator of tumor immune evasion, supported by extensive preclinical and translational evidence. Mechanistically, TGF-β suppresses the effector functions of cytotoxic CD8+ T cells and NK cells, promotes the expansion of Tregs and MDSCs, inhibits DC maturation and class I expression, and reduces tumor immunogenicity by downregulating MHC class I expression. Additionally, stromal TGF-β signaling has been shown to drive immune exclusion programs that prevent T-cell infiltration into tumors, thereby contributing to resistance to ICB (28). These coordinated effects collectively establish an immunosuppressive TME and contribute to resistance to immune checkpoint blockade. Consistent with this, pan-cancer analyses have identified a TGF-β-driven ECM transcriptional program associated with poor prognosis, immunosuppressive fibroblast activation, and reduced responsiveness to PD-1 blockade, outperforming several previously proposed biomarkers (92). TGF-β enhances the expression of the transcriptional coactivator MRTF-A in non-small-cell lung cancer (NSCLC) cells, where MRTF-A associates with NF-κB/p65 rather than SRF. This relationship enables NF-κB/p65 to bind the PD-L1 promoter, thereby promoting PD-L1 transcription and expression, which fosters immune evasion in NSCLC cells. This process depends on activation of the TGF-β signaling pathway. In vivo, findings indicate that inhibiting MRTF-A significantly reduces lung tumor proliferation in syngraft models and increases infiltration of NK and T cells into the tumor. These findings underscore the importance of the TGF-β/MRTF-A/NF-κB pathway in facilitating PD-L1-mediated immune evasion and propose MRTF-A as a potential therapeutic target in NSCLC (93). Integrin inhibition, particularly with GLPG-0187, enhances cancer cell susceptibility to immune cell-mediated destruction by potentially interfering with TGF-β-induced PD-L1 overexpression, suggesting that integrin inhibitors may improve immunotherapy by modulating immune checkpoint expression.

    Ubiquitin-specific peptidase 8 (USP8) has been identified as a potent metastasis-promoting deubiquitinase in aggressive breast carcinomas. USP8 promotes cancer stemness and activates the TGF-β/SMAD signaling pathway. It directly deubiquitinates and stabilizes the TβRII, increasing its presence on the plasma membrane and in tumor-derived extracellular vesicles (TEVs). Elevated USP8 activity was observed in individuals resistant to neoadjuvant chemotherapy. USP8 facilitates TGF-β/SMAD-mediated EMT, invasion, and metastasis in cancer cells. Additionally, USP8 expression enables TβRII+ circulating extracellular vesicles (crEVs) to induce T cell exhaustion and confer resistance to chemoimmunotherapy. Pharmacological inhibition of USP8 reduces TGF-β/SMAD signaling, decreases TβRII stability, and lowers TβRII+ crEV levels, thereby preventing CD8+ T cell exhaustion and restoring anti-tumor immunity (94). The recurrence of glioblastoma multiforme (GBM) is driven by therapy-resistant glioblastoma stem cells (GSCs). Although GSCs can be lysed by healthy allogeneic NK cells in vitro, tumor-infiltrating NK cells in GBM patients display a distinct phenotype and diminished lytic capacity compared to peripheral blood NK cells. This immune evasion is mediated through direct cell-to-cell interactions between GSCs and NK cells, facilitated by αv integrin-dependent TGF-β activation. In GSC-engrafted mouse models, combining allogeneic NK cells with integrin or TGF-β signaling inhibitors, or using TGFBR2 gene-edited NK cells, reduced NK cell dysfunction and suppressed tumor growth, highlighting potential therapeutic strategies to counteract GSC-mediated immune evasion (95).

    Bintrafusp alfa (BA), a bifunctional fusion protein that concurrently suppresses TGF-β and PD-L1 and synergistically boosts radiotherapy, resulting in improved survival in several therapy-resistant mouse tumor models with insufficient immune infiltration. The combination of BA and radiotherapy (RT) (BART) enhances TILs, reprograms the tumor microenvironment, and reduces RT-induced fibrosis, thereby restoring tumor immunity and regressing spontaneous lung metastases. The benefits of BART are somewhat offset by a reduction in cytotoxic CD8+ T cells. Importantly, BA's targeting of the TGF-β trap in PD-L1+ endothelial cells and the M2/lipofibroblast-like cell population alleviates late-stage radiation-induced lung fibrosis. MDSCs and Tregs are key players in immunosuppressive networks that allow tumors to evade immune responses. Although the mechanisms behind their expansion and interaction remain unclear, tumor-induced granulocytic MDSCs (gr-MDSCs) inhibit conventional T cells and, unexpectedly, suppress the TGF-β1-driven formation of CD4+ CD25+ FoxP3+ induced Tregs (iTregs). Moreover, gr-MDSCs hinder the growth of natural Tregs (nTregs) while leaving FoxP3 expression unchanged. The suppression of iTreg differentiation by gr-MDSCs occurs early in the polarization process, relies on ROS and indoleamine 2,3-dioxygenase (IDO), and is independent of arginase 1, iNOS, NO, cystine/cysteine depletion, PD-1/PD-L1 signaling, or COX-2 (96). Table 2 illustrates the role of TGF-β in immune evasion in cancer. Through its coordinated effects on lymphoid cells, myeloid populations, and stromal elements, TGF-β establishes a TME that promotes immune evasion and limits the efficacy of immunotherapies.

    Table 2: The role of TGF-β in cancer immune evasion.

    
    
    
    
    
    
    
    
    
    
    	Functional category
    	Target cell population
    	Mechanism mediated by TGF-β
    	Consequence for tumor immunity
    	Reference
    

    
    
    
    	Lymphoid immune suppression
    	CD4+ T cells
    	TGF-β promotes regulatory T-cell differentiation and suppresses effector CD4+ T-cell responses.
    	Expansion of immunosuppressive Tregs.
    	(97)
    

    
    	Lymphoid immune suppression
    	CD8+ regulatory T cells
    	TGF-β induces suppressive CD8+ Tregs via p38 MAPK signaling.
    	Enhanced immune suppression in tumors.
    	(98)
    

    
    	Lymphoid immune suppression
    	T cells
    	Hypoxia-induced TGF-β signaling promotes Foxp3 expression and Treg expansion.
    	Establishment of immunosuppressive tumor microenvironment.
    	(99)
    

    
    	Myeloid immune suppression
    	MDSCs
    	TGF-β signaling promotes MDSC expansion and immunosuppressive activity.
    	Inhibition of antitumor T-cell and NK-cell responses.
    	(100)
    

    
    	NK-cell immune suppression
    	NK cells
    	Elevated TGF-β suppresses NK-cell activation and cytotoxic receptor expression.
    	Reduced innate immune surveillance.
    	(101)
    

    
    	NK-cell immune suppression
    	NK cells
    	Therapeutic blockade of TGF-β signaling restores NK-cell effector function in tumors.
    	Improved antitumor immunity.
    	(102)
    

    
    	Checkpoint regulation
    	T cells
    	TGF-β signaling enhances immune checkpoint pathways including PD-L1 regulation.
    	Reduced responsiveness to immunotherapy.
    	(103)
    

    
    

    4. TGF-β in Cancer Immunotherapy

    4.1 Challenges in TGF-β-Immunotherapy

    TGF-β-mediated cancer immunotherapy presents a complex challenge because the cytokine has dual, context-dependent roles in tumor suppression and promotion. In early-stage cancers, TGF-β functions as a tumor suppressor by inhibiting cell proliferation, inducing apoptosis, and maintaining tissue homeostasis. However, in advanced cancers, TGF-β signaling often undergoes a functional switch, promoting tumor progression through mechanisms such as EMT, which increases cancer cell invasiveness and metastasis. Additionally, TGF-β helps cancer evade the immune system by suppressing the activity of cytotoxic T cells and NK cells while promoting the expansion of immunosuppressive cell populations, such as Tregs and MDSCs. This immunosuppressive microenvironment greatly limits the effectiveness of immunotherapies, including ICIs. The dual nature of TGF-β signaling complicates therapeutic targeting, as systemic inhibition may interfere with its tumor-suppressive functions in normal tissues or early lesions, potentially causing unintended effects such as autoimmune reactions or promoting early tumor development. Consequently, therapeutic strategies targeting TGF-β must balance suppression of tumor-promoting immune programs with preservation of the pathway’s physiological roles in tissue homeostasis.

    Another significant challenge in TGF-β-mediated cancer immunotherapy is the complexity of the TME, where TGF-β signaling intricately influences the behavior of stromal and immune cells. CAFs, often activated by TGF-β, play a key role in creating a fibrotic and immunosuppressive TME that promotes tumor growth and therapy resistance. TGF-β also guides the differentiation and activity of immunosuppressive cells, such as Tregs and MDSCs, which further reduce antitumor immune responses. Additionally, TGF-β signaling in tumor and stromal cells can induce the production of immune checkpoint molecules, such as PD-L1, thereby adding further resistance to ICB therapies. To address these issues, researchers are exploring strategies such as localized delivery of TGF-β inhibitors to reduce systemic toxicity, combination therapies that simultaneously target TGF-β and other immune pathways, and biomarkers to identify patients most likely to benefit from TGF-β inhibition. Despite these efforts, the wide-ranging effects of TGF-β and its key role in immune regulation require careful consideration to balance boosting antitumor immunity with minimizing side effects.

    4.2 Strategies to Target TGF-β in Immunotherapy

    Therapeutic strategies targeting TGF-β signaling are rapidly evolving and include approaches that remodel the tumor microenvironment, combine TGF-β inhibition with immune activation pathways, or employ targeted delivery systems to enhance therapeutic specificity. The following sections summarize representative experimental and translational strategies illustrating how TGF-β blockade can enhance antitumor immunity and overcome resistance to current treatments.

    4.2.1 Tumor microenvironment remodeling and stromal targeting

    Cancer arises from the dynamic interaction between malignant cells and host tissues. Current cancer treatments, including oncogene-targeted and immune checkpoint therapies, are effective but often lead to acquired resistance. An alternative approach aims to repair host tissue defects, such as aberrant vasculature, but targeting proangiogenic factors, such as VEGFA, has yielded only modest results. Studies suggest that blocking TGF-β signaling in CD4+ T cells changes the tumor environment and slows tumor growth. In a mouse model of breast cancer resistant to immune checkpoint or anti-VEGF therapy, turning off TGFBR2 in CD4+ T cells prevented tumor development. A bispecific receptor decoy called CD4 TGF-β Trap (4T-Trap) was created by fusing the TGF-β-neutralizing part of TGFBR2 with ibalizumab, a non-immunosuppressive CD4 antibody. Unlike a non-targeted TGF-β-Trap, the 4T-Trap specifically blocked TGF-β signaling in TH cells in lymph nodes near tumors, thereby reshaping tumor vasculature and, in the presence of the TH2 cytokine IL-4, leading to cancer cell death. Tumor hypoxia induced by 4T-Trap increased VEGFA levels, whereas VEGF inhibition enhanced cancer cell death and strengthened the anticancer effects of 4T-Trap (104).

    Patients with metastatic CRC showed increased uptake rates of 68Ga-FAPI, along with reduced tumor immunity and poorer prognosis. Inhibition of TGF-βR boosted tumor-infiltrating T cells and notably enhanced the sensitivity of metastatic CRC to KN046. 68Ga-FAPI PET/CT imaging effectively tracked dynamic changes in CAFs and evaluated tumor response to the combination of TGF-βR inhibition and immunotherapy (105). The bispecific antibody Y332D maintained distinct binding affinities for TGF-β and VEGFA, effectively neutralizing their in vitro biological activities. Y332D reduced TGF-β-induced immunosuppression, activated TGF-β signaling, EMT, VEGF/VEGFR signaling, and HUVEC proliferation and tube formation. In vivo studies showed that Y332D was more effective than monotherapies targeting either anti-TGF-β or anti-VEGF in inhibiting tumor growth and metastasis. When combined with PD-1 blockade, Y332D elicited the most significant and sustained anticancer effects. This combination increased TIL density and function, thereby boosting antitumor immunity (106).

    4.2.2 Dual checkpoint blockade and immune activation strategies

    Some cancer patients exhibit resistance to radiation due to reduced DNA damage under hypoxic conditions and immune tolerance, aided by TGF-β1 and membrane-associated PD-L1. Cytoplasm-distributed PD-L1 also promotes resistance by boosting DNA damage repair (DDR). Clinically used PD-L1 antibodies are ineffective against cytoplasm-localized PD-L1. A nanoadjuvant was developed to increase tumor sensitivity to radiation by targeting multiple mechanisms of resistance. The nanoadjuvant Tpp-Met@MnO2@Alb blocks PD-L1 and TGF-β1 through triphenylphosphine-derived metformin, activates the cGAS-STING pathway by releasing Mn2+ from MnO2, and boosts dsDNA by reducing hypoxia and disrupting DDR. This approach improves radiation efficacy, reducing both local and distant tumors, including lung metastases, while promoting long-lasting antitumor immunity with minimal side effects (107).

    The bispecific antibody YM101 selectively interacts with TGF-β and PD-L1. In vitro studies showed that YM101 effectively blocks the biological effects of TGF-β and the PD-1/PD-L1 pathway, including activation of Smad signaling, promotion of epithelial-mesenchymal transition, and immunosuppression simultaneously. In vivo tests demonstrated that YM101 had enhanced anti-tumor efficacy compared to monotherapies targeting TGF-β and PD-L1. Mechanistically, YM101 converted tumors into "hot tumors" by increasing TILs and dendritic cells, raising the M1/M2 macrophage ratio, and boosting T-cell cytokine production. The stabilization of the tumor immune microenvironment and the strengthened anti-tumor immune response likely contributed to the significant anti-tumor activity of YM101 (108).

    Mn2+ activates the STING pathway and promotes the development of human and murine DCs. Findings from a one-way mixed lymphocyte reaction showed that Mn2+ enhances YM101-induced T cell activation. In many syngeneic mouse tumor models, the combination of Mn2+ and YM101 treatment demonstrated sustained anticancer effects and extended the lifespan of tumor-bearing animals. Compared with YM101 monotherapy and Mn2+ combined with anti-PD-L1 therapy, the Mn2+-YM101 combination showed enhanced antitumor efficacy and broader tumor inhibition. This combination mechanistically influenced several aspects of antitumor immunity, helping to convert immune-excluded or immune-desert tumors into immune-inflamed cancers. Examination of the TME revealed that Mn2+ combined with YM101 stimulated both innate and adaptive immunity, enhanced cancer antigen presentation, and increased TIL density and activity. Stabilizing the TME and reviving antitumor immune responses contributed to the increased effectiveness of the combined treatment (109).

    Chimeric mRNAs expressing single-chain IL-12 linked to single-chain fragment variable (scFv) antibodies targeting TGF-β and CD137 (4-1BB) have been created. Several TGF-β-neutralizing agents and CD137 agonists are currently in early-phase clinical trials. Bispecific tandem scFv antibodies (taFvs) were produced from the monoclonal antibodies (mAbs) 1D11 and 1D8 to enable TGF-β and CD137 binding. Transfection with mRNAs encoding these chimeric constructs resulted in the production of functional proteins that targeted their respective molecules. Intratumoral injections of these mRNAs in murine cancer models (CT26, MC38, and B16OVA) demonstrated significant therapeutic effects after multiple administrations. The success depended on the infiltration of CD8+ T lymphocytes that recognize tumor antigens within the cancer tissue (110).

    4.2.3 Nanotechnology-based and local delivery approaches

    Pancreatic cancer, an extremely deadly disease, shows minimal response to conventional treatments. Irreversible electroporation (IRE) has emerged as a promising ablative therapy for pancreatic cancer. Combining IRE with immunotherapies, including anti-programmed death 1 (αPD1) ICI, has yielded encouraging results in both preclinical and clinical studies. However, tumor recurrence remains a significant challenge. Research shows that IRE causes notable neutrophil infiltration into pancreatic tumors. Immunosuppressive factors, especially TGF-β, transform these neutrophils into a tumor-promoting phenotype. Using glutathione-responsive, degradable mesoporous silica nanoparticles loaded with SB525334, a TGF-β1 receptor antagonist, to directly block TGF-β activity in the TME can reprogram neutrophils into an anti-cancer phenotype. This enhances the response to combined IRE and αPD1 treatment in pancreatic cancer and helps establish long-term antitumor memory. The therapy's benefits are also linked to increased infiltration of CD8+ cytotoxic T cells, reduced numbers of regulatory T cells, and improved maturation of antigen-presenting DCs (111).

    The next-generation, non-nucleoside STING agonist MSA-2 enhances the maturation and antigen-presenting functions of murine DCs. In a unidirectional mixed lymphocyte response experiment, MSA-2, together with YM101, boosted the activation of naïve T cells. Additionally, MSA-2 triggered classical macrophage activation while having minimal effect on alternative activation. In vivo studies showed that MSA-2 increased the expression of several proinflammatory cytokines and chemokines in the TME. The combination of MSA-2 and YM101 significantly slowed tumor growth in immune-excluded and immune-desert models, demonstrating improved anticancer effectiveness compared to single treatments. Flow cytometry, bulk RNA-seq, and single-cell RNA-seq analyses revealed that the combination therapy simultaneously boosted innate and adaptive immunity, supported antigen presentation, promoted T cell migration and chemotaxis, and increased the number and activity of TILs (112).

    Mice received intraperitoneal injections of a combination of Toll-like receptor 9 (TLR9) agonist CpG ODN and TGF-β2 antisense oligodeoxynucleotide TIO3 every other day for a total of four doses, starting 24 hours after LLC cell inoculation. The combination altered the TME, boosting and activating CD8+ T cells and NK cells while significantly reducing TGF-β2 levels. This treatment notably suppressed tumor growth, increased survival, and protected tumor-free animals from tumor re-challenge. Both CpG ODN and TIO3 were essential; replacing CpG ODN with the TLR9 inhibitor CCT ODN abolished the anticancer effect, and neither CpG ODN nor TIO3 alone yielded strong results. The effect was likely due to DCs’ activation at the tumor site (113).

    Immunologically excluded tumors (IETs) have limited response to current immunotherapies due to both intrinsic and adaptive immune resistance. This study shows that blocking TGF-β receptor 1 reduces tumor fibrosis, which improves the recruitment of tumor-infiltrating T cells. A nanovesicle was engineered for targeted delivery of the TGF-β inhibitor LY2157299 (LY) and the photosensitizer pyropheophorbide a (PPa) to the tumor. The LY-loaded nanovesicles decrease tumor fibrosis, thereby enhancing T lymphocyte infiltration within the tumor. Additionally, PPa chelated with gadolinium ions enables triple-modal imaging-guided photodynamic therapy through fluorescence, photoacoustic, and magnetic resonance imaging. This approach induces immunogenic tumor cell death and boosts antitumor immunity in preclinical cancer models using female mice (114).

    A nanodrug (NCG) was developed containing the TGF-β receptor inhibitor galunisertib (Gal) and the sonosensitizer chlorin e6 (Ce6), designed to turn cold tumors into hot ones to boost ICB therapy. When administered to the tumor, NCG produced ROS upon ultrasonic irradiation, leading to tumor immunogenic cell death and the release of immunostimulatory signals, including calreticulin and HMGB1. This increased tumor immunogenicity and stimulated innate T-cell responses. Additionally, NCG responded to the acidic TME by releasing Gal, thereby inhibiting Smad2/3 phosphorylation and reducing immunosuppressive signaling. This hindered the development of MDSCs, promoted M1-like polarization of TAMs, and weakened the immunosuppressive barrier of tumor-associated fibroblasts, thereby boosting effector T cell infiltration. These changes counteracted the immunosuppressive TME and improved the efficacy of anti-PD-L1 antibodies (115).

    4.2.4 Translational and clinical insights

    In lung cancer patients receiving anti-PD-1/PD-L1 antibodies, inadequate lymphocyte recovery was associated with reduced progression-free survival, increased accumulation of regulatory Tregs, and lower CD8+ T cell counts in peripheral blood. Similar abnormalities in CD8+ T cells and Tregs were observed in tumors and peripheral immune organs of mice showing poor lymphocyte recovery after chemotherapy. These mice did not respond to anti-PD-1 antibodies but remained sensitive to the anti-PD-L1/TGF-βR fusion protein (SHR-1701). Consistent with these results, SHR-1701, unlike anti-PD-1 antibodies, significantly boosted IFN-γ production and Ki-67 expression in peripheral CD8+ T cells from patients with impaired lymphocyte recovery (116).

    Co-incorporated CaCO3/PDA nanoparticles containing curcumin (CUR) and ropivacaine (Ropi) (CaPNMCUR+Ropi) are shown to enhance tumor immunotherapy and reduce cancer-related pain. The therapeutic effectiveness and mechanisms were studied both in vitro and in vivo. The results indicate that CaPNMCUR+Ropi is degradation-sensitive to the tumor microenvironment, enabling the rapid release of calcium ions, Ropi, and CUR. Excess intracellular calcium causes tumor cell death, while Ropi alleviates the temporary discomfort following tumor injection. At the same time, CUR decreases levels of immunosuppressive factors (TGF-β) and inflammatory mediators (IL-6, IL-1β, and TNF-α) within the TME, thereby boosting immune responses and reducing inflammatory pain in cancer-bearing mice. Additionally, lower TGF-β levels lead to reduced expression of transient receptor potential vanilloid 1 (TRPV1), decreasing hyperalgesia and providing extended pain relief (117).

    In a syngeneic HGSC model generated from mouse ID8 cells with IFNγ-inducible PD-L1 expression, BA treatment significantly reduced ascites formation and tumor burden. BA therapies lowered TGF-β and VEGF levels in ascites and shifted the tumor immune microenvironment (TIME) toward a cytotoxic phenotype compared to controls. In the BR5 HGSC syngeneic model, BA treatments increased tumor-infiltrating CD8+ T cells showing effector memory and cytotoxic markers, alongside cytolytic NK cells. Prolonged BA therapy in the BR5 model resulted in approximately 50% of animals being cured, and these mice developed resistance to tumor rechallenge. The BA-treated mice also showed higher numbers of peritoneal T-effector memory cells and NK cells compared to the control group (118).

    A genetically engineered mouse model (GEMM), "KPN," resembling the human 'CMS4'-like subtype, was used to study therapeutic regulation of immune responses in metastatic colorectal cancer (mCRC). TGF-β1 released by KPN organoids was shown to promote cancer cell proliferation and suppress splenocyte activation in vitro. TGF-β1 inhibited the activation of naïve T cells but not that of pre-activated T cells, demonstrating differential effects across immune cell types. In vivo, blocking TGF-β in KPN tumors resulted in increased infiltration of T cells, monocytes, and monocytic intermediates, while reducing neutrophils and epithelial cells. Simultaneous suppression of TGF-β and PD-L1 signaling significantly boosted cytotoxic CD8+ T cells, heightened innate immune responses, and triggered interferon-related gene signatures. However, concurrent activation of cancer-associated metabolic genes was linked to limited control of tumor growth and progression despite the combination therapy (119).

    Collectively, these studies indicate that TGF-β-directed therapeutic strategies are moving beyond simple pathway inhibition toward more integrated approaches that reshape the tumor microenvironment, enhance immune infiltration, improve antigen presentation, and overcome resistance to checkpoint blockade. Across different tumor contexts, the most effective strategies appear to be those that combine TGF-β inhibition with complementary modalities, including PD-1/PD-L1 blockade, STING activation, anti-fibrotic remodeling, or targeted nanoparticle-based delivery.

    5. TGF-β and Immune Checkpoints

    TGF-beta plays a complex role in regulating immune checkpoints in cancer, aiding immune evasion and tumor growth. It can increase the levels of immune checkpoint molecules such as PD-1, CTLA-4, TIM-3, LAG-3, and TIGIT on T cells, thereby reducing their ability to attack tumors and leading to T cell exhaustion. Moreover, TGF-beta boosts the suppressive functions of Tregs and MDSCs, further weakening the immune response. By creating an immunosuppressive tumor environment, TGF-beta helps cancer cells evade immune detection. Targeting TGF-beta signaling, combined with ICI, is increasingly recognized as a promising approach to restore anti-tumor immunity and improve cancer treatment outcomes. The study also examined how the Kirsten rat sarcoma viral oncogene homolog (KRAS) mutant, which is common in non-small cell lung cancer (NSCLC) and linked to poor prognosis and reduced survival, influences PD-L1 expression. PD-L1 levels were significantly higher in KRAS mutant cell lines, especially in NCI-H441 cells with the KRAS G12V mutation. Overexpressing KRAS G12V increased PD-L1 mRNA and protein levels, while inhibiting KRAS G12V lowered PD-L1 expression (120). Similarly, elevated PD-L1 was found in tissues with KRAS mutations and in tumor-derived CD4+ and CD8+ T cells in a tumor xenograft model using B-NDG mice. KRAS G12V was shown to boost PD-L1 expression by promoting EMT, as confirmed in both laboratory and animal studies. Pembrolizumab also improved anti-tumor effects and reduced tumor growth in NSCLC with KRAS G12V (119). PD-L1 mRNA levels were strongly associated with Human Papilloma Virus (HPV) 16/18 E6 oncoprotein and EGFR mutations in 223 surgically resected NSCLC patients. The prognostic significance of PD-L1 was especially notable in patients with high PD-L1/E6-positive and high PD-L1/EGFR-mutant tumors. The increase in PD-L1 transcription driven by E6 or mutant EGFR mainly occurs through the ERK-C/EBPβ-TLR4-NF-κB pathway. PD-L1 also promoted colony formation, growth in soft agar, and invasive cell behaviors. Additionally, PD-L1 upregulated BAG-1 expression, resulting in lower TGF-β1 levels. The reduction in TGF-β1 and SMAD4 induced by TGF-β1 was controlled by the p53/microRNA-224 (miR-224) pathway. Decreases in TGF-β1 and SMAD4 were identified as key factors in PD-L1-driven cell invasion (121).

    Primary liver cancer (PLC) ranks among the most common malignancies worldwide, with HCC constituting over 90% of PLC cases. The HCC microenvironment is crucial to HCC development and progression, making immunotherapy targeting this environment an effective treatment approach. T lymphocytes play an essential role in the HCC microenvironment, with programmed cell death 1 (PD-1) and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) being the main immunosuppressive molecules on T cells. TGF-β1 is known to inhibit T cell immune activity and promote tumor growth. However, few studies have explored TGF-β1's potential to increase the expression of PD-1 and CTLA-4 on T cells. This research shows that TGF-β1 enhances the expression of PD-1 and CTLA-4 on T lymphocytes, thus reducing their ability to kill HCC cells in both laboratory and animal models. TGF-β1 also promotes T lymphocyte apoptosis caused by HCC cells. The process by which TGF-β1 induces overexpression of PD-1 and CTLA-4 on T cells might involve the calcineurin-nuclear factor of activated T cells 1 (CaN/NFATc1) pathway (122). The combination of tranilast and doxil significantly decreased ECM components while increasing intratumoral blood vessel width and pericyte coverage, indicating normalization of the TME. These changes improved tumor blood flow and oxygen levels, leading to greater treatment effectiveness, evidenced by a notable reduction in tumor size. Tranilast supported normalization of the tumor immune landscape by boosting T cell infiltration and increasing the T cell-to-immunosuppressive cancer-associated fibroblast ratio. Moreover, combining tranilast with doxil nanomedicine notably increased the number of immunostimulatory M1 macrophages in tumor tissue and enhanced the effectiveness of ICI, particularly anti-PD-1 and anti-CTLA-4 antibodies (123).

    JG-1, a potent and selective small-molecule RORγt agonist, was used to assess the therapeutic potential and mechanism of targeting RORγt in tumor immunity. JG-1 enhances Th17 cell development while suppressing Treg cell differentiation. It significantly reduces tumor growth across various syngeneic models and synergizes with the CTLA-4 antibody. In tumors, JG-1 not only promotes Th17 cell differentiation and increases the expression of C-C Motif Chemokine Receptor 6 (CCR6) and Chemokine (C-C motif) ligand 20 (CCL20) but also inhibits TGF-β1 expression and decreases Treg cell differentiation and infiltration (124). Tim-3 expression was markedly elevated in both peripheral blood monocytes and TAMs in individuals with HCC. Increased Tim-3 expression in monocytes/TAMs was significantly linked to higher tumor grade and lower survival rates in HCC patients. Similarly, HCC-conditioned media or TGF-β increased Tim-3 expression and promoted alternative macrophage activation. Furthermore, blocking Tim-3 in macrophages significantly reduced their alternative activation and limited HCC cell proliferation both in vitro and in vivo. Inhibiting interleukin-6 (IL-6) counteracted the effects of Tim-3 on HCC cell proliferation in vitro (125).

    A better understanding of cancer immunology has explained why tumors often come back after initial successful treatment. A delicate balance exists between the immune system's ability to control tumor growth and the various resistance mechanisms that tumors develop to evade or block the host's immune response. These resistance mechanisms include, but are not limited to, (i) the adaptive expression of inhibitory checkpoint molecules in response to a proinflammatory environment and (ii) the growth of CSCs, a small group of tumor cells with the ability to self-renew that help the tumor resist treatment and cause metastasis after long periods of remission. Many drugs have been developed to prevent T-cell depletion or disrupt the interaction between CSCs and the tumor-promoting environment. A combination of three therapies, an mRNA-based vaccine to trigger antigen-specific T-cell responses, monoclonal antibodies targeting inhibitory checkpoint molecules (PD-1, TIM-3, LAG-3), and antibodies against IL-6 and TGF-β, has shown improved treatment results in subcutaneous TC-1 tumors and significantly increased survival in treated mice (126).

    6. Clinical studies

    Targeting TGF-β in cancer immunotherapy has progressed from initial preclinical reasoning to include multiple early- and late-phase clinical trials. To clarify the concept, current clinical studies can be grouped into four main categories: (i) bispecific and fusion proteins, (ii) monoclonal antibodies and receptor/ligand antagonists, (iii) safety and toxicity assessments, and (iv) companion diagnostics and heterogeneity markers.

    6.1 Bispecific and Fusion Proteins Targeting TGF-β and Immune Checkpoints

    Dual inhibition of TGF-β and PD-1/PD-L1 is among the most clinically advanced strategies. The bifunctional fusion protein combining a TGF-β trap (extracellular domain of TGF-βRII) with an anti-PD-L1 antibody Bintrafusp alfa, has been tested in multiple tumor types. In a phase I study in advanced CRC (NCT02517398), the objective response rate (ORR) was modest (3.1%) (127), indicating limited activity in heavily pretreated microsatellite-stable CRC. However, in other tumor types, including checkpoint inhibitor-naïve populations, ORRs up to 30% have been reported (128). Circulating TGF-β levels were rapidly suppressed (>97%) after treatment initiation (129), indicating pharmacodynamic target engagement. SHR-1701, another anti-PD-L1/TGF-β fusion protein, showed an ORR of 20% in gastric cancer, with manageable toxicity (130). Notably, patients with PD-L1 CPS ≥1 or elevated pSMAD2 scores exhibited numerically better responses, suggesting potential for biomarker-guided stratification. These bispecific agents are currently in early- to mid-stage clinical development and represent the approaches closest to translational readiness. However, response rates vary by tumor type, underscoring the need for molecular selection strategies.

    6.2 Antibodies and Receptor/Ligand Antagonists

    Targeting specific TGF-β ligands or receptors remains an active area of research. NIS793, evaluated both alone and with spartalizumab, showed manageable toxicity and confirmed target engagement via biomarkers (131). Partial responses were seen in MSS-CRC and renal cell carcinoma. Gene-expression studies revealed decreased TGF-β signatures and increased immune-related markers, supporting a mechanistic rationale for combination therapy. PF-06952229, a TGF-β receptor inhibitor, demonstrated dose-dependent pharmacokinetics and modulated pSMAD2/3 signaling in peripheral monocytes (132). One long-lasting partial response (31 months) occurred in prostate cancer. Galunisertib has undergone early human trials and combination studies (133). These trials focus on dose optimization and defining therapeutic windows rather than on achieving high response rates, placing these agents in the early translational stages. Compared with bispecific approaches, monospecific inhibitors may require rational combination strategies or sequential use with ICB to achieve greater efficacy.

    6.3 Clinical Safety and Toxicity Monitoring

    Given TGF-β’s role in tissue homeostasis, cardiovascular monitoring and pharmacokinetic assessment are essential. In first-in-human studies of galunisertib, comprehensive cardiac monitoring, including echocardiography, Doppler imaging, BNP, troponin I, and hs-CRP, showed no clinically significant cardiovascular toxicity. Similarly, galunisertib trials reported no dose-limiting cardiovascular events (134). Radiation-induced lung toxicity (RILT) studies identified IL-8 and TGF-β1 dynamics as predictive markers of grade ≥2 RILT, and their combination with mean lung dose improved predictive accuracy. These findings highlight the importance of toxicity stratification and cytokine-based monitoring in combination therapies.

    6.4 Companion Diagnostics and Tumor Heterogeneity Markers

    Emerging evidence supports biomarker-driven stratification. In SHR-1701 trials, PD-L1 CPS and pSMAD2 histoscores were linked to improved ORR. CAF-specific TGFBR2 expression was associated with better recurrence-free survival in breast cancer and may serve as a stromal stratification marker. Biomarker analyses in bintrafusp-treated NSCLC patients identified associations among baseline immune analytes, TAM polarization states, and clinical outcomes (135). These findings indicate that future clinical development should include dynamic biomarkers.

    
    7. Discussion

    

    TGF-β signaling represents one of the most paradoxical yet promising pathways in cancer biology. Its tumor-suppressive role during early tumorigenesis contrasts sharply with its pro-metastatic, immunosuppressive, and stromal-remodeling functions in advanced cancers. This duality continues to pose a major translational challenge: selectively disrupting tumor-promoting TGF-β activity while preserving its essential roles in tissue homeostasis and immune regulation. Over the next five years, progress in this field will likely be driven by four key developments. First, precise stratification of TGF-β-active tumors will be essential for clinical success. Rather than universal pathway inhibition, patient selection based on TGF-β-responsive transcriptional signatures, such as stromal activation programs, pSMAD2/3 signaling, or C-ECM signatures, and tumor immune phenotypes will help define therapeutic windows. Biomarker-guided enrollment in clinical trials is therefore expected to improve response rates while minimizing unnecessary exposure.

    Second, strategies that achieve tumor-restricted or spatially confined blockade are likely to replace systemic inhibition. As summarized in Table 1, TGF-β drives tumor immune evasion through three interconnected mechanisms: suppression of cytotoxic lymphoid responses, expansion of immunosuppressive myeloid populations, and activation of stromal programs that exclude effector T cells from tumors. These coordinated effects highlight why targeting this pathway may enhance the effectiveness of cancer immunotherapy. Approaches such as bispecific fusion proteins, integrin-targeted activation blockers, and microenvironment-specific delivery platforms aim to localize TGF-β neutralization within the tumor microenvironment, thereby improving the therapeutic index and reducing systemic toxicity.

    Third, rational combination and sequential therapeutic strategies are likely to evolve beyond simple pairing with ICI. Emerging evidence suggests that TGF-β blockade may be most effective when timed to coincide with radiotherapy-induced antigen release, ACT expansion, or metabolic modulation of the tumor microenvironment. Optimizing the timing of these interventions may therefore be as important as selecting the appropriate therapeutic agent.

    Fourth, advances in single-cell multi-omics, spatial transcriptomics, and AI-driven predictive modeling are expected to deepen our understanding of TGF-β-dependent cellular states, including the heterogeneity of MDSCs, fibroblasts, and exhausted T-cell subsets. These technologies will enable more precise monitoring of pathway activity and support adaptive therapeutic strategies.

    Despite encouraging early-phase clinical studies, several critical questions remain: which tumor contexts are truly dependent on TGF-β signaling? How can resistance to dual PD-1/TGF-β blockade be predicted and overcome? And can intermittent or conditional inhibition maintain safety without compromising therapeutic efficacy? Addressing these questions will determine whether TGF-β targeting becomes a mainstream strategy in cancer immunotherapy or remains limited to specific tumor contexts. In summary, the future of TGF-β-based cancer immunotherapy will depend on precision modulation rather than broad suppression. Biomarker-guided patient selection, tumor-specific delivery strategies, and rational therapeutic combinations are likely to drive the next generation of clinical advances. Understanding TGF-β as a central organizer of tumor immune ecosystems provides a conceptual framework for developing next-generation immunotherapies that simultaneously target tumor cells, stromal components, and immune regulatory pathways.

    TGF-β signaling should not be viewed solely as an immunosuppressive cytokine pathway, but rather as a systems-level regulator that integrates stromal remodeling, immune exclusion, metabolic adaptation, and metastatic plasticity within the tumor ecosystem.

    
    References

    

    1. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science. 2018;359(6382):1350–1355. https://doi.org/10.1126/science.aar4060

    2. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell. 2017;168(4):707–723. https://doi.org/10.1016/j.cell.2017.01.017

    3. Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy for human cancer. Science. 2015;348(6230):62–68. https://doi.org/10.1126/science.aaa4967

    4. June CH, O'Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell immunotherapy for human cancer. Science. 2018;359(6382):1361–1365. https://doi.org/10.1126/science.aar6711

    5. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: from T cell basic science to clinical practice. Nat Rev Immunol. 2020;20(11):651–668. https://doi.org/10.1038/s41577-020-0306-5

    6. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven biomarkers to guide immune checkpoint blockade in cancer therapy. Nat Rev Cancer. 2016;16(5):275–287. https://doi.org/10.1038/nrc.2016.36

    7. Szeto GL, Finley SD. Integrative approaches to cancer immunotherapy. Trends Cancer. 2019;5(7):400–410. https://doi.org/10.1016/j.trecan.2019.05.010

    8. Kulkarni P, Do D, Shrestha S, Leach B, Salgia R. Cancer immunotherapy—an overview. Cancer Treat Res. 2025;129:1–16. https://doi.org/10.1007/978-3-031-97242-3_1

    9. Wang J, Chen Q, Shan Q, Liang T, Forde P, Zheng L. Clinical development of immuno-oncology therapeutics. Cancer Lett. 2025;617:217616. https://doi.org/10.1016/j.canlet.2025.217616

    10. Brandenburg A, Heine A, Brossart P. Next-generation cancer vaccines and emerging immunotherapy combinations. Trends Cancer. 2024;10(8):749–769. https://doi.org/10.1016/j.trecan.2024.06.003

    11. Luchini C, Bibeau F, Ligtenberg MJL, Singh N, Nottegar A, Bosse T, et al. ESMO recommendations on microsatellite instability testing for immunotherapy in cancer, and its relationship with PD-1/PD-L1 expression and tumour mutational burden: a systematic review-based approach. Ann Oncol. 2019;30(8):1232–1243. https://doi.org/10.1093/annonc/mdz116

    12. Zhao S, Zhao H, Yang W, Zhang L. The next generation of immunotherapies for lung cancers. Nat Rev Clin Oncol. 2025;22(8):592–616. https://doi.org/10.1038/s41571-025-01035-9

    13. Katsikis PD, Ishii KJ, Schliehe C. Challenges in developing personalized neoantigen cancer vaccines. Nat Rev Immunol. 2024;24(3):213–227. https://doi.org/10.1038/s41577-023-00937-y

    14. Yaremenko AV, Khan MM, Zhen X, Tang Y, Tao W. Clinical advances of mRNA vaccines for cancer immunotherapy. Med (N Y). 2025;6(1):100562. https://doi.org/10.1016/j.medj.2024.11.015

    15. Zaidi N, Jaffee EM, Yarchoan M. Recent advances in therapeutic cancer vaccines. Nat Rev Cancer. 2025;25(7):517–533. https://doi.org/10.1038/s41568-025-00820-z

    16. Li H, Min L, Du H, Wei X, Tong A. Cancer mRNA vaccines: clinical application progress and challenges. Cancer Lett. 2025;625:217752. https://doi.org/10.1016/j.canlet.2025.217752

    17. Drabsch Y, ten Dijke P. TGF-β signaling and its role in cancer progression and metastasis. Cancer Metastasis Rev. 2012;31(3):553–568. https://doi.org/10.1007/s10555-012-9375-7

    18. Massagué J. TGFβ in cancer. Cell. 2008;134(2):215–230. https://doi.org/10.1016/j.cell.2008.07.001

    19. Guo Y, Xu T, Chai Y, Chen F. TGF-β signaling in progression of oral cancer. Int J Mol Sci. 2023;24(12):10263. https://doi.org/10.3390/ijms241210263

    20. Herbertz S, Sawyer JS, Stauber AJ, Gueorguieva I, Driscoll KE, Estrem ST, et al. Clinical development of galunisertib (LY2157299 monohydrate), a small molecule inhibitor of transforming growth factor-beta signaling pathway. Drug Des Devel Ther. 2015;9:4479–4499. https://doi.org/10.2147/dddt.s86621

    21. Rajan A, Abdul Sater H, Rahma O, Agajanian R, Lassoued W, Marté JL, et al. Efficacy, safety, and biomarker analyses of bintrafusp alfa, a bifunctional fusion protein targeting TGF-β and PD-L1, in patients with advanced non-small cell lung cancer. J Immunother Cancer. 2024;12(3):e008480. https://doi.org/10.1136/jitc-2023-008480

    22. Cho BC, Daste A, Ravaud A, Salas S, Isambert N, McClay E, et al. Bintrafusp alfa, a bifunctional fusion protein targeting TGF-β and PD-L1, in advanced squamous cell carcinoma of the head and neck: results from a phase I cohort. J Immunother Cancer. 2020;8(2):e000664. https://doi.org/10.1136/jitc-2020-000664

    23. Cho BC, Lee JS, Wu YL, Cicin I, Dols MC, Ahn MJ, et al. Bintrafusp alfa versus pembrolizumab in patients with treatment-naive, programmed death-ligand 1-high advanced NSCLC: a randomized, open-label, phase 3 trial. J Thorac Oncol. 2023;18(12):1731–1742. https://doi.org/10.1016/j.jtho.2023.08.018

    24. Lan Y, Moustafa M, Knoll M, Xu C, Furkel J, Lazorchak A, et al. Simultaneous targeting of TGF-β/PD-L1 synergizes with radiotherapy by reprogramming the tumor microenvironment to overcome immune evasion. Cancer Cell. 2021;39(10):1388–1403.e10. https://doi.org/10.1016/j.ccell.2021.08.008

    25. Batlle E, Massagué J. Transforming growth factor-β signaling in immunity and cancer. Immunity. 2019;50(4):924–940. https://doi.org/10.1016/j.immuni.2019.03.024

    26. Pickup M, Novitskiy S, Moses HL. The roles of TGFβ in the tumour microenvironment. Nat Rev Cancer. 2013;13(11):788–799. https://doi.org/10.1038/nrc3603

    27. Chen W, ten Dijke P. Immunoregulation by members of the TGFβ superfamily. Nat Rev Immunol. 2016;16(12):723–740. https://doi.org/10.1038/nri.2016.112

    28. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to the exclusion of T cells. Nature. 2018;554(7693):544–548. https://doi.org/10.1038/nature25501

    29. Tauriello DVF, Palomo-Ponce S, Stork D, Berenguer-Llergo A, Badia-Ramentol J, Iglesias M, et al. TGFβ drives immune evasion in genetically reconstituted colon cancer metastasis. Nature. 2018;554(7693):538–543. https://doi.org/10.1038/nature25492

    30. Morikawa M, Derynck R, Miyazono K. TGF-β and the TGF-β family: context-dependent roles in cell and tissue physiology. Cold Spring Harb Perspect Biol. 2016;8(5):a021873. https://doi.org/10.1101/cshperspect.a021873

    31. Derynck R, Budi EH. Specificity, versatility, and control of TGF-β family signaling. Sci Signal. 2019;12(570):eaav5183. https://doi.org/10.1126/scisignal.aav5183

    32. Shi M, Zhu J, Wang R, Chen X, Mi L, Walz T, et al. Latent TGF-β structure and activation. Nature. 2011;474(7351):343–349. https://doi.org/10.1038/nature10152

    33. Cheifetz S, Hernandez H, Laiho M, ten Dijke P, Iwata KK, Massagué J. Distinct transforming growth factor-beta receptor subsets as determinants of cellular responsiveness to three TGF-β isoforms. J Biol Chem. 1990;265(33):20533–20538. https://doi.org/10.1016/s0021-9258(17)30535-5

    34. Dong X, Zhao B, Iacob RE, Zhu J, Koksal AC, Lu C, et al. Force interacts with macromolecular structure in activation of TGF-β. Nature. 2017;542(7639):55–59. https://doi.org/10.1038/nature21035

    35. Hao Y, Baker D, ten Dijke P. TGF-β-mediated epithelial-mesenchymal transition and cancer metastasis. Int J Mol Sci. 2019;20(11):2767. https://doi.org/10.3390/ijms20112767

    36. Travis MA, Sheppard D. TGF-β activation and function in immunity. Annu Rev Immunol. 2014;32:51–82. https://doi.org/10.1146/annurev-immunol-032713-120257

    37. Gleizes PE, Munger JS, Nunes I, Harpel JG, Mazzieri R, Noguera I, et al. TGF-β latency: biological significance and mechanisms of activation. Stem Cells. 1997;15(3):190–197. https://doi.org/10.1002/stem.150190

    38. Munger JS, Harpel JG, Gleizes PE, Mazzieri R, Nunes I, Rifkin DB. Latent transforming growth factor-beta: structural features and mechanisms of activation. Kidney Int. 1997;51(5):1376–1382. https://doi.org/10.1038/ki.1997.188

    39. Peng D, Fu M, Wang M, Wei Y, Wei X. Targeting TGF-β signal transduction for fibrosis and cancer therapy. Mol Cancer. 2022;21(1):104. https://doi.org/10.1186/s12943-022-01569-x

    40. Cheifetz S, Weatherbee JA, Tsang ML, Anderson JK, Mole JE, Lucas R, et al. The transforming growth factor-beta system, a complex pattern of cross-reactive ligands and receptors. Cell. 1987;48(3):409–415. https://doi.org/10.1016/0092-8674(87)90192-9

    41. Gough NR, Xiang X, Mishra L. TGF-β signaling in liver, pancreas, and gastrointestinal diseases and cancer. Gastroenterology. 2021;161(2):434–452.e15. https://doi.org/10.1053/j.gastro.2021.04.064

    42. Heldin CH, Moustakas A. Signaling receptors for TGF-β family members. Cold Spring Harb Perspect Biol. 2016;8(8):a022053. https://doi.org/10.1101/cshperspect.a022053

    43. Hill CS. Transcriptional control by the SMADs. Cold Spring Harb Perspect Biol. 2016;8(10):a022079. https://doi.org/10.1101/cshperspect.a022079

    44. Hu HH, Chen DQ, Wang YN, Feng YL, Cao G, Vaziri ND, et al. New insights into TGF-β/Smad signaling in tissue fibrosis. Chem Biol Interact. 2018;292:76–83. https://doi.org/10.1016/j.cbi.2018.07.008

    45. Li S, Zhang J, Qian S, Wu X, Sun L, Ling T, et al. S100A8 promotes epithelial-mesenchymal transition and metastasis under TGF-β/USF2 axis in colorectal cancer. Cancer Commun (Lond). 2021;41(2):154–170. https://doi.org/10.1002/cac2.12130

    46. Liu A, Yu C, Qiu C, Wu Q, Huang C, Li X, et al. PRMT5 methylating SMAD4 activates TGF-β signaling and promotes colorectal cancer metastasis. Oncogene. 2023;42(19):1572–1584. https://doi.org/10.1038/s41388-023-02674-x

    47. Jie X, Fong WP, Zhou R, Zhao Y, Zhao Y, Meng R, et al. USP9X-mediated KDM4C deubiquitination promotes lung cancer radioresistance by epigenetically inducing TGF-β2 transcription. Cell Death Differ. 2021;28(7):2095–2111. https://doi.org/10.1038/s41418-021-00740-z

    48. Mousset A, Lecorgne E, Bourget I, Lopez P, Jenovai K, Cherfils-Vicini J, et al. Neutrophil extracellular traps formed during chemotherapy confer treatment resistance via TGF-β activation. Cancer Cell. 2023;41(4):757–775.e10. https://doi.org/10.1016/j.ccell.2023.03.008

    49. Taniguchi S, Elhance A, Van Duzer A, Kumar S, Leitenberger JJ, Oshimori N, et al. Tumor-initiating cells establish an IL-33–TGF-β niche signaling loop to promote cancer progression. Science. 2020;369(6501):eaay1813. https://doi.org/10.1126/science.aay1813

    50. Lei Z, Tang R, Wu Y, Mao C, Xue W, Shen J, et al. TGF-β1 induces PD-1 expression in macrophages through SMAD3/STAT3 cooperative signaling in chronic inflammation. JCI Insight. 2024;9(7):e165544. https://doi.org/10.1172/jci.insight.165544

    51. Campbell MG, Cormier A, Ito S, Seed RI, Bondesson AJ, Lou J, et al. Cryo-EM reveals integrin-mediated TGF-β activation without release from latent TGF-β. Cell. 2020;180(3):490–501.e16. https://doi.org/10.1016/j.cell.2019.12.030

    52. Liu YY, Liu HY, Yu TJ, Lu Q, Zhang FL, Liu GY, et al. O-GlcNAcylation of MORC2 at threonine 556 by OGT couples TGF-β signaling to breast cancer progression. Cell Death Differ. 2022;29(4):861–873. https://doi.org/10.1038/s41418-021-00901-0

    53. Zheng L, Liang H, Zhang Q, Shen Z, Sun Y, Zhao X, et al. circPTEN1, a circular RNA generated from PTEN, suppresses cancer progression through inhibition of TGF-β/Smad signaling. Mol Cancer. 2022;21(1):41. https://doi.org/10.1186/s12943-022-01495-y

    54. Hou C, Yang Y, Wang P, Xie H, Jin S, Zhao L, et al. CCDC113 promotes colorectal cancer tumorigenesis and metastasis via TGF-β signaling pathway. Cell Death Dis. 2024;15(9):666. https://doi.org/10.1038/s41419-024-07036-3

    55. Esposito M, Fang C, Cook KC, Park N, Wei Y, Spadazzi C, et al. TGF-β-induced DACT1 biomolecular condensates repress Wnt signaling to promote bone metastasis. Nat Cell Biol. 2021;23(3):257–267. https://doi.org/10.1038/s41556-021-00641-w

    56. Tang N, Cheng C, Zhang X, Qiao M, Li N, Mu W, et al. TGF-β inhibition via CRISPR promotes the long-term efficacy of CAR T cells against solid tumors. JCI Insight. 2020;5(4):e133977. https://doi.org/10.1172/jci.insight.133977

    57. Luo J, Wang S, Yang Q, Fu Q, Zhu C, Li T, et al. γδ T cell-mediated tumor immunity is tightly regulated by STING and TGF-β signaling pathways. Adv Sci (Weinh). 2025;12(2):e2404432. https://doi.org/10.1002/advs.202404432

    58. Honda CK, Kurozumi S, Fujii T, Pourquier D, Khellaf L, Boissiere F, et al. Cancer-associated fibroblast spatial heterogeneity and EMILIN1 expression in the tumor microenvironment modulate TGF-β activity and CD8+ T-cell infiltration in breast cancer. Theranostics. 2024;14(5):1873–1885. https://doi.org/10.7150/thno.90627

    59. O'Connor RA, Martinez BR, Koppensteiner L, Mathieson L, Akram AR. Cancer-associated fibroblasts drive CXCL13 production in activated T cells via TGF-β. Front Immunol. 2023;14:1221532. https://doi.org/10.3389/fimmu.2023.1221532

    60. Lainé A, Labiad O, Hernandez-Vargas H, This S, Sanlaville A, Léon S, et al. Regulatory T cells promote cancer immune escape through integrin αvβ8-mediated TGF-β activation. Nat Commun. 2021;12(1):6228. https://doi.org/10.1038/s41467-021-26352-2

    61. Xie F, Zhou X, Su P, Li H, Tu Y, Du J, et al. Breast cancer cell-derived extracellular vesicles promote CD8+ T cell exhaustion via TGF-β type II receptor signaling. Nat Commun. 2022;13(1):4461. https://doi.org/10.1038/s41467-022-31250-2

    62. Chaurio RA, Anadón CM, Lee Costich T, Payne KK, Biswas S, Harro CM, et al. TGF-β-mediated silencing of genomic organizer SATB1 promotes Tfh cell differentiation and formation of intra-tumoral tertiary lymphoid structures. Immunity. 2022;55(1):115–128.e9. https://doi.org/10.1016/j.immuni.2021.12.007

    63. Beatson RE, Parente-Pereira AC, Halim L, Cozzetto D, Hull C, Whilding LM, et al. TGF-β1 potentiates Vγ9Vδ2 T-cell adoptive immunotherapy of cancer. Cell Rep Med. 2021;2(12):100473. https://doi.org/10.1016/j.xcrm.2021.100473

    64. Malenica I, Adam J, Corgnac S, Mezquita L, Auclin E, Damei I, et al. Integrin-αV-mediated activation of TGF-β regulates anti-tumor CD8 T cell immunity and response to PD-1 blockade. Nat Commun. 2021;12(1):5209. https://doi.org/10.1038/s41467-021-25322-y

    65. Mortensen REJ, Holmström MO, Lisle TL, Hasselby JP, Willemoe GL, Met O, et al. Pre-existing TGF-β-specific T-cell immunity predicts survival after checkpoint inhibitors plus radiotherapy in pancreatic cancer. J Immunother Cancer. 2023;11(3):e006432. https://doi.org/10.1136/jitc-2022-006432

    66. Viel S, Marçais A, Guimaraes FS, Loftus R, Rabilloud J, Grau M, et al. TGF-β inhibits the activation and functions of NK cells by repressing the mTOR pathway. Sci Signal. 2016;9(415):ra19. https://doi.org/10.1126/scisignal.aad1884

    67. Donatelli SS, Zhou JM, Gilvary DL, Eksioglu EA, Chen X, Cress WD, et al. TGF-β-inducible microRNA-183 silences tumor-associated natural killer cells. Proc Natl Acad Sci U S A. 2014;111(11):4203–4208. https://doi.org/10.1073/pnas.1319269111

    68. Li YP, Du XR, Zhang R, Yang Q. Interleukin-18 promotes the antitumor ability of natural killer cells in colorectal cancer via the miR-574-3p/TGF-β1 axis. Bioengineered. 2021;12(1):763–778. https://doi.org/10.1080/21655979.2021.1880717

    69. Choi SH, Cho HB, Choi JH, Kim HJ, Jang HJ, Cho S, et al. Nano-chemical priming strategy to enhance TGF-β resistance and anti-tumor activity of natural killer cells. J Control Release. 2024;367:768–778. https://doi.org/10.1016/j.jconrel.2024.02.008

    70. Wong JKM, McCulloch TR, Alim L, Omer N, Mehdi AM, Tuong ZK, et al. TGF-β signaling limits effector function capacity of NK cell anti-tumour immunity in human bladder cancer. EBioMedicine. 2024;104:105176. https://doi.org/10.1016/j.ebiom.2024.105176

    71. Zhong M, Zhong C, Cui W, Wang G, Zheng G, Li L, et al. Induction of tolerogenic dendritic cells by activated TGF-β/Akt/Smad2 signaling in RIG-I-deficient stemness-high human liver cancer cells. BMC Cancer. 2019;19(1):439. https://doi.org/10.1186/s12885-019-5670-9

    72. Larmonier N, Marron M, Zeng Y, Cantrell J, Romanoski A, Sepassi M, et al. Tumor-derived CD4+CD25+ regulatory T cell suppression of dendritic cell function involves TGF-β and IL-10. Cancer Immunol Immunother. 2007;56(1):48–59. https://doi.org/10.1007/s00262-006-0160-8

    73. Lin CS, Chen MF, Wang YS, Chuang TF, Chiang YL, Chu RM, et al. IL-6 restores dendritic cell maturation inhibited by tumor-derived TGF-β through interfering Smad2/3 nuclear translocation. Cytokine. 2013;62(3):352–359. https://doi.org/10.1016/j.cyto.2013.03.005

    74. Trempolec N, Degavre C, Doix B, Brusa D, Corbet C, Feron O, et al. Acidosis-induced TGF-β2 production promotes lipid droplet formation in dendritic cells and alters their potential to support anti-mesothelioma T cell responses. Cancers (Basel). 2020;12(5):1284. https://doi.org/10.3390/cancers12051284

    75. Pu N, Zhao G, Gao S, Cui Y, Xu Y, Lv Y, et al. Neutralizing TGF-β promotes anti-tumor immunity of dendritic cells against pancreatic cancer by regulating T lymphocytes. Cent Eur J Immunol. 2018;43(2):123–131. https://doi.org/10.5114/ceji.2018.77381

    76. Sarhan D, Palma M, Mao Y, Adamson L, Kiessling R, Mellstedt H, et al. Dendritic cell regulation of NK-cell responses involves lymphotoxin-α, IL-12, and TGF-β. Eur J Immunol. 2015;45(6):1783–1793. https://doi.org/10.1002/eji.201444885

    77. Horn LA, Riskin J, Hempel HA, Fousek K, Lind H, Hamilton DH, et al. Simultaneous inhibition of CXCR1/2, TGF-β, and PD-L1 remodels the tumor and its microenvironment to drive antitumor immunity. J Immunother Cancer. 2020;8(1):e000326. https://doi.org/10.1136/jitc-2019-000326

    78. Trebska-McGowan K, Chaib M, Alvarez MA, Kansal R, Pingili AK, Shibata D, et al. TGF-β alters the proportion of infiltrating immune cells in pancreatic ductal adenocarcinoma. J Gastrointest Surg. 2022;26(1):113–121. https://doi.org/10.1007/s11605-021-05087-x

    79. Li H, Han Y, Guo Q, Zhang M, Cao X. Cancer-expanded myeloid-derived suppressor cells induce anergy of NK cells through membrane-bound TGF-β1. J Immunol. 2009;182(1):240–249. https://doi.org/10.4049/jimmunol.182.1.240

    80. DeNardo DG, Barreto JB, Andreu P, Vasquez L, Tawfik D, Kolhatkar N, et al. CD4+ T cells regulate pulmonary metastasis of mammary carcinomas by enhancing protumor properties of macrophages. Cancer Cell. 2009;16(2):91–102. https://doi.org/10.1016/j.ccr.2009.06.018

    81. Beach JA, Aspuria PJ, Cheon DJ, Lawrenson K, Agadjanian H, Walsh CS, et al. Sphingosine kinase 1 is required for TGF-β-mediated fibroblastto-myofibroblast differentiation in ovarian cancer. Oncotarget. 2016;7(4):4167–4182. https://doi.org/10.18632/oncotarget.6703

    82. Ikushima H, Miyazono K. TGF-β signalling: a complex web in cancer progression. Nat Rev Cancer. 2010;10(6):415–424. https://doi.org/10.1038/nrc2853

    83. Maas RJA, Hoogstad-van Evert JS, Hagemans IM, Brummelman J, van Ens D, de Jonge P, et al. Increased peritoneal TGF-β1 is associated with ascites-induced NK-cell dysfunction and reduced survival in high-grade epithelial ovarian cancer. Front Immunol. 2024;15:1448041. https://doi.org/10.3389/fimmu.2024.1448041

    84. Hu Y, Hudson WH, Kissick HT, Medina CB, Baptista AP, Ma C, et al. TGF-β regulates the stem-like state of PD-1+ TCF-1+ virus-specific CD8 T cells during chronic infection. J Exp Med. 2022;219(10):e20211574. https://doi.org/10.1084/jem.20211574

    85. Liu W, Wei X, Li L, Wu X, Yan J, Yang H, et al. CCR4 mediated chemotaxis of regulatory T cells suppress the activation of T cells and NK cells via TGF-β pathway in human non-small cell lung cancer. Biochem Biophys Res Commun. 2017;488(1):196–203. https://doi.org/10.1016/j.bbrc.2017.05.034

    86. Courau T, Nehar-Belaid D, Florez L, Levacher B, Vazquez T, Brimaud F, et al. TGF-β and VEGF cooperatively control the immunotolerant tumor environment and the efficacy of cancer immunotherapies. JCI Insight. 2016;1(9):e85974. https://doi.org/10.1172/jci.insight.85974

    87. Liu B, Zhu X, Kong L, Wang M, Spanoudis C, Chaturvedi P, et al. Bifunctional TGF-β trap/IL-15 protein complex elicits potent NK cell and CD8+ T cell immunity against solid tumors. Mol Ther. 2021;29(10):2949–2962. https://doi.org/10.1016/j.ymthe.2021.06.001

    88. Li J, Wang L, Chen X, Li L, Li Y, Ping Y, et al. CD39/CD73 upregulation on myeloid-derived suppressor cells via TGF-β–mTOR–HIF-1 signaling in patients with non-small cell lung cancer. Oncoimmunology. 2017;6(6):e1320011. https://doi.org/10.1080/2162402x.2017.1320011

    89. Gneo L, Rizkalla N, Hejmadi R, Mussai F, de Santo C, Middleton G. TGF-β orchestrates the phenotype and function of monocytic myeloid-derived suppressor cells in colorectal cancer. Cancer Immunol Immunother. 2022;71(7):1583–1596. https://doi.org/10.1007/s00262-021-03081-5

    90. Zhang XL, Hu LP, Yang Q, Qin WT, Wang X, Xu CJ, et al. CTHRC1 promotes liver metastasis by reshaping infiltrated macrophages through physical interactions with TGF-β receptors in colorectal cancer. Oncogene. 2021;40(23):3959–3973. https://doi.org/10.1038/s41388-021-01827-0

    91. Vienot A, Pallandre JR, Renaude E, Viot J, Bouard A, Spehner L, et al. Chemokine switch regulated by TGF-β1 in cancer-associated fibroblast subsets determines the efficacy of chemo-immunotherapy. Oncoimmunology. 2022;11(1):2144669. https://doi.org/10.1080/2162402x.2022.2144669

    92. Chakravarthy A, Khan L, Bensler NP, Bose P, De Carvalho DD. TGF-β-associated extracellular matrix genes link cancer-associated fibroblasts to immune evasion and immunotherapy failure. Nat Commun. 2018;9(1):4692. https://doi.org/10.1038/s41467-018-06654-8

    93. Du F, Qi X, Zhang A, Sui F, Wang X, Proud CG, et al. MRTF-A–NF-κB/p65 axis-mediated PDL1 transcription and expression contributes to immune evasion of non-small-cell lung cancer via TGF-β. Exp Mol Med. 2021;53(9):1366–1378. https://doi.org/10.1038/s12276-021-00670-3

    94. Xie F, Zhou X, Li H, Su P, Liu S, Li R, et al. USP8 promotes cancer progression and extracellular vesicle-mediated CD8+ T cell exhaustion by deubiquitinating the TGF-β receptor TβRII. EMBO J. 2022;41(16):e108791. https://doi.org/10.15252/embj.2021108791

    95. Shaim H, Shanley M, Basar R, Daher M, Gumin J, Zamler DB, et al. Targeting the αv integrin/TGF-β axis improves natural killer cell function against glioblastoma stem cells. J Clin Invest. 2021;131(14):e142116. https://doi.org/10.1172/jci142116

    96. Centuori SM, Trad M, LaCasse CJ, Alizadeh D, Larmonier CB, Hanke NT, et al. Myeloid-derived suppressor cells from tumor-bearing mice impair TGF-β-induced differentiation of CD4+CD25+FoxP3+ Tregs from CD4+CD25-FoxP3- T cells. J Leukoc Biol. 2012;92(5):987–997. https://doi.org/10.1189/jlb.0911465

    97. Donkor MK, Sarkar A, Li MO. TGF-β1 produced by activated CD4+ T cells antagonizes T cell surveillance of tumor development. Oncoimmunology. 2012;1(2):162–171. https://doi.org/10.4161/onci.1.2.18481

    98. Wu M, Chen X, Lou J, Zhang S, Zhang X, Huang L, et al. TGF-β1 contributes to CD8+ Treg induction through p38 MAPK signaling in ovarian cancer microenvironment. Oncotarget. 2016;7(28):44534–44544. https://doi.org/10.18632/oncotarget.10003

    99. Deng B, Zhu JM, Wang Y, Liu TT, Ding YB, Xiao WM, et al. Intratumor hypoxia promotes immune tolerance by inducing regulatory T cells via TGF-β1 in gastric cancer. PLoS One. 2013;8(5):e63777. https://doi.org/10.1371/journal.pone.0063777

    100. Irshad K, Srivastava C, Malik N, Arora M, Gupta Y, Goswami S, et al. Upregulation of atypical cadherin FAT1 promotes an immunosuppressive tumor microenvironment via TGF-β. Front Immunol. 2022;13:813888. https://doi.org/10.3389/fimmu.2022.813888

    101. Mirjačić Martinović K, Vuletić A, Mališić E, Srdić-Rajić T, Tišma Miletić N, Babović N, et al. Increased circulating TGF-β1 is associated with impairment in NK cell effector functions in metastatic melanoma patients. Growth Factors. 2022;40(5-6):231–239. https://doi.org/10.1080/08977194.2022.2124915

    102. Wilson EB, El-Jawhari JJ, Neilson AL, Hall GD, Melcher AA, Meade JL, et al. Human Tumour Immune Evasion via TGF-β Blocks NK Cell Activation but Not Survival Allowing Therapeutic Restoration of Anti-Tumour Activity. PLoS One. 2011;6(9):e22842. https://doi.org/10.1371/journal.pone.0022842

    103. Ma XM, Luo YF, Zeng FF, Su C, Liu X, Li XP, et al. TGF-β1-mediated PD-L1 glycosylation contributes to immune escape via c-Jun/STT3A pathway in nasopharyngeal carcinoma. Front Oncol. 2022;12:815437. https://doi.org/10.3389/fonc.2022.815437

    104. Li S, Liu M, Do MH, Chou C, Stamatiades EG, Nixon BG, et al. Cancer immunotherapy via targeted TGF-β signaling blockade in T_H cells. Nature. 2020;587(7832):121–125. https://doi.org/10.1038/s41586-020-2850-3

    105. Li K, Liu W, Yu H, Chen J, Tang W, Wang J, et al. 68Ga-FAPI PET imaging monitors response to combined TGF-βR inhibition and immunotherapy in metastatic colorectal cancer. J Clin Invest. 2024;134(8):e181374. https://doi.org/10.1172/jci181374

    106. Niu M, Yi M, Wu Y, Lyu L, He Q, Yang R, et al. Synergistic efficacy of simultaneous anti-TGF-β/VEGF bispecific antibody and PD-1 blockade in cancer therapy. J Hematol Oncol. 2023;16(1):94. https://doi.org/10.1186/s13045-023-01487-5

    107. Yi L, Jiang X, Zhou Z, Xiong W, Xue F, Liu Y, et al. A hybrid nanoadjuvant simultaneously depresses PD-L1/TGF-β1 and activates cGAS-STING pathway to overcome radio-immunotherapy resistance. Adv Mater. 2024;36(15):e2304328. https://doi.org/10.1002/adma.202304328

    108. Yi M, Zhang J, Li A, Niu M, Yan Y, Jiao Y, et al. The construction, expression, and enhanced anti-tumor activity of YM101: a bispecific antibody simultaneously targeting TGF-β and PD-L1. J Hematol Oncol. 2021;14(1):27. https://doi.org/10.1186/s13045-021-01045-x

    109. Yi M, Niu M, Zhang J, Li S, Zhu S, Yan Y, et al. Combine and conquer: manganese synergizing anti-TGF-β/PD-L1 bispecific antibody YM101 to overcome immunotherapy resistance in non-inflamed cancers. J Hematol Oncol. 2021;14(1):146. https://doi.org/10.1186/s13045-021-01155-6

    110. Cirella A, Bolaños E, Luri-Rey C, Di Trani CA, Olivera I, Gomis G, et al. Intratumoral immunotherapy with mRNAs encoding chimeric protein constructs encompassing IL-12, CD137 agonists, and TGF-β antagonists. Mol Ther Nucleic Acids. 2023;33:668-682. https://doi.org/10.1016/j.omtn.2023.07.026

    111. Peng H, Shen J, Long X, Zhou X, Zhang J, Xu X, et al. Local release of TGF-β inhibitor modulates tumor-associated neutrophils and enhances pancreatic cancer response to combined irreversible electroporation and immunotherapy. Adv Sci (Weinh). 2022;9(10):e2105240. https://doi.org/10.1002/advs.202105240

    112. Yi M, Niu M, Wu Y, Ge H, Jiao D, Zhu S, et al. Combination of oral STING agonist MSA-2 and anti-TGF-β/PD-L1 bispecific antibody YM101: a novel immune cocktail therapy for non-inflamed tumors. J Hematol Oncol. 2022;15(1):142. https://doi.org/10.1186/s13045-022-01363-8

    113. Yao Y, Li J, Qu K, Wang Y, Wang Z, Lu W, et al. Immunotherapy for lung cancer combining the oligodeoxynucleotides of TLR9 agonist and TGF-β2 inhibitor. Cancer Immunol Immunother. 2023;72(5):1103–1120. https://doi.org/10.1007/s00262-022-03315-0

    114. Zhou M, Wang J, Pan J, Wang H, Huang L, Hou B, et al. Nanovesicles loaded with a TGF-β receptor 1 inhibitor overcome immune resistance to potentiate cancer immunotherapy. Nat Commun. 2023;14(1):3593. https://doi.org/10.1038/s41467-023-39035-x

    115. Huang S, Ding D, Lan T, He G, Ren J, Liang R, et al. Multifunctional Nanodrug Performs Sonodynamic Therapy and Inhibits TGF-β to Boost Immune Responses Against Colorectal Cancer and Liver Metastasis. Acta Biomater. 2023;164:538–552. https://doi.org/10.1016/j.actbio.2023.04.001

    116. Cheng B, Ding K, Chen P, Ji J, Luo T, Guo X, et al. Anti‐PD‐L1/TGF‐βR fusion protein (SHR‐1701) overcomes disrupted lymphocyte recovery‐induced resistance to PD‐1/PD‐L1 inhibitors in lung cancer. Cancer Commun (Lond). 2022;42(1):17–36. https://doi.org/10.1002/cac2.12244

    117. Li Y, Wang D, Sun J, Hao Z, Tang L, Sun W, et al. Calcium carbonate/polydopamine composite nanoplatform based on TGF-β blockade for comfortable cancer immunotherapy. ACS Appl Mater Interfaces. 2024;16(3):3187–3201. https://doi.org/10.1021/acsami.3c16571

    118. Kment J, Newsted D, Young S, Vermeulen MC, Laight BJ, Greer PA, et al. Blockade of TGF-β and PD-L1 by bintrafusp alfa promotes survival in preclinical ovarian cancer models by promoting T effector and NK cell responses. Br J Cancer. 2024;130(12):2003–2015. https://doi.org/10.1038/s41416-024-02677-9

    119. Nair R, Lannagan TRM, Jackstadt R, Andrusaite A, Cole J, Boyne C, et al. Co-inhibition of TGF-β and PD-L1 pathways in a metastatic colorectal cancer mouse model triggers interferon responses, innate cells and T cells, alongside metabolic changes and tumor resistance. Oncoimmunology. 2024;13(1):2330194. https://doi.org/10.1080/2162402x.2024.2330194

    120. Pan LN, Ma YF, Li Z, Hu JA, Xu ZH. KRAS G12V mutation upregulates PD‐L1 expression via TGF‐β/EMT signaling pathway in human non‐small‐cell lung cancer. Cell Biol Int. 2021;45(4):795–803. https://doi.org/10.1002/cbin.11524

    121. Chen MJ, Wang YC, Wang L, Shen CJ, Chen CY, Lee H. PD‐L1 expressed from tumor cells promotes tumor growth and invasion in lung cancer via modulating TGF‐β1/SMAD4 expression. Thorac Cancer. 2022;13(9):1322–1332. https://doi.org/10.1111/1759-7714.14388

    122. Bao S, Jiang X, Jin S, Tu P, Lu J. TGF-β1 induces immune escape by enhancing PD-1 and CTLA-4 expression on T lymphocytes in hepatocellular carcinoma. Front Oncol. 2021;11:694145. https://doi.org/10.3389/fonc.2021.694145

    123. Panagi M, Voutouri C, Mpekris F, Papageorgis P, Martin MR, Martin JD, et al. TGF-β inhibition combined with cytotoxic nanomedicine normalizes triple negative breast cancer microenvironment towards anti-tumor immunity. Theranostics. 2020;10(4):1910–1922. https://doi.org/10.7150/thno.36936

    124. Tian EM, Yu MC, Feng M, Lu LX, Liu CL, Shen LA, et al. RORγt agonist synergizes with CTLA-4 antibody to inhibit tumor growth through inhibition of Treg cells via TGF-β signaling in cancer. Pharmacol Res. 2021;172:105793. https://doi.org/10.1016/j.phrs.2021.105793

    125. Yan W, Liu X, Ma H, Zhang H, Song X, Gao L, et al. Tim-3 fosters HCC development by enhancing TGF-β-mediated alternative activation of macrophages. Gut. 2015;64(10):1593–1604. https://doi.org/10.1136/gutjnl-2014-307671

    126. Bialkowski L, Van der Jeught K, Bevers S, Tjok Joe P, Renmans D, Heirman C, et al. Immune checkpoint blockade combined with IL‐6 and TGF‐β inhibition improves the therapeutic outcome of mRNA‐based immunotherapy. Int J Cancer. 2018;143(3):686–698. https://doi.org/10.1002/ijc.31331

    127. Spira A, Wertheim MS, Kim EJ, Tan B, Lenz HJ, Nikolinakos P, et al. Bintrafusp alfa: a bifunctional fusion protein targeting PD-L1 and TGF-β, in patients with pretreated colorectal cancer: results from a phase I trial. Oncologist. 2023;28(2):e124–e127. https://doi.org/10.1093/oncolo/oyac254

    128. Strauss J, Gatti-Mays ME, Cho BC, Hill A, Salas S, McClay E, et al. Bintrafusp alfa, a bifunctional fusion protein targeting TGF-β and PD-L1, in patients with human papillomavirus-associated malignancies. J Immunother Cancer. 2020;8(2):e001395. https://doi.org/10.1136/jitc-2020-001395

    129. Shi X, Yang J, Deng S, Xu H, Wu D, Zeng Q, et al. TGF-beta signaling in the tumor metabolic microenvironment and targeted therapies. J Hematol Oncol. 2022;15(1):135. https://doi.org/10.1186/s13045-022-01349-6

    130. Heery CR, O’Sullivan-Coyne G, Madan RA, Cordes LM, Rajan A, Rauckhorst M, et al. Avelumab plus bintrafusp alfa (M7824), a bifunctional fusion protein targeting TGF-β and PD-L1, in patients with advanced solid tumors: a phase I study. Clin Cancer Res. 2021;27(7):1961–1970. https://doi.org/10.1158/1078-0432.CCR-20-3948

    131. Bauer TM, Santoro A, Lin CC, Garrido-Laguna I, Joerger M, Greil R, et al. Phase I/Ib, open-label, multicenter, dose-escalation study of the anti-TGF-β monoclonal antibody, NIS793, in combination with spartalizumab in adult patients with advanced tumors. J Immunother Cancer. 2023;11(11):e007353. https://doi.org/10.1136/jitc-2023-007353

    132. Yoo C, Oh DY, Choi HJ, Kudo M, Ueno M, Kondo S, et al. Phase I study of bintrafusp alfa, a bifunctional fusion protein targeting TGF-β and PD-L1, in patients with pretreated biliary tract cancer. J Immunother Cancer. 2020;8(1):e000564. https://doi.org/10.1136/jitc-2020-000564

    133. Taylor MA, Sossey-Alaoui K, Thompson CL, Danielpour D, Schiemann WP. TGF-β upregulates miR-181a expression to promote breast cancer metastasis. J Clin Invest. 2013;123(1):150–163. https://doi.org/10.1172/jci64946

    134. Yap TA, Choudhury AD, Hamilton E, Rosen LS, Stratton KL, Gordon MS, et al. PF-06952229, a selective TGF-β-R1 inhibitor: preclinical development and a first-in-human, phase I, dose-escalation study in advanced solid tumors. ESMO Open. 2024;9(9):103653. https://doi.org/10.1016/j.esmoop.2024.103653

    135. Fujiwara Y, Nokihara H, Yamada Y, Yamamoto N, Sunami K, Utsumi H, et al. Phase I study of galunisertib, a TGF-beta receptor I kinase inhibitor, in Japanese patients with advanced solid tumors. Cancer Chemother Pharmacol. 2015;76(6):1143–1152. https://doi.org/10.1007/s00280-015-2895-4

    
    Declarations

    

    Funding Statement: No funding was received for this project.

    Competing Interest: The authors declare no financial or personal relationships with other individuals or organizations that could inappropriately influence or bias the content of this work. All authors have read the final version of the manuscript and confirm that there are no competing interests.

    Consent for publication: All authors have approved the final version of the manuscript.

    Use of Artificial Intelligence Disclosure: This article was written by human contributors. Artificial intelligence-based tools were used to improve grammar, language, and readability without affecting the article's scientific content, data interpretation, or conclusions. The authors reviewed and verified all content to ensure its accuracy and integrity.

    Data Availability Statement: “No datasets were generated or analyzed in the current study.”

    Ethics approval and consent to participate: Not applicable, as this study did not involve the conduct of research.

    
    Authors’ affiliations

    

    1. Department of Bone and Joint Surgery, The First Affiliated Hospital of Guangxi Medical University, Nanning 530021, China.

    2. Department of Rehabilitation Medicine, The First Affiliated Hospital of Guangxi Medical University, Nanning 530021, China.

    CRediT authorship contribution statement: Mingyang Jiang: Conceptualization, Writing- Original draft preparation, Ke Zhang: Conceptualization, Writing- Original draft preparation, Xifan Zheng: Conceptualization, Writing- Original draft preparation, Zhandong Bo: Supervision, Writing- Reviewing and Editing, Project administration, Ruqiong Wei: Supervision, Writing- Reviewing and Editing, Project administration.

    ORCID ID

    Ruqiong Wei: https://orcid.org/0000-0003-2068-2494

    Zhandong Bo: https://orcid.org/0009-0003-4540-5458

    

EPUB/nav.xhtml


    Cancer Biome and Targeted Therapy · GCINC Press

    


    
    
    UNTITLED

		




    
      
        		
          Cover
        


      


    



EPUB/media/file0.png
Non-canonical

rorsfa

TGF-B
TBRII Cytoplasm
TBRI : TERII
SMAD2/3 : TBR|
SMAD2/3 : TRAD4/6
i PI3K
i RHO l
— H o
SMAD2/3 H l eSS TAK1
( smapa : AKT
SMAD2/3 E ROCK l l
miRNA regulation i l s MKK MKK
L Lk l l l mTOR
: J_ MEK l
JNK p38
Trafnas;roipr);ion ' cofilin l l SH6K
\ ERK
mG LAAAAA JUN

SMAD2/3
Drosha
complex

. l SMAD-mediated miRN;/
Transcriptional splicing H
\ regulation / :

—_—





EPUB/media/file1.png
Chemotherapy/IL-1B Re CI!:‘Jil:l'tlreC)nl]t?;\ll ETs Integrin-avB1/MMP9 TGF-B Signaling

SMAD Complex
Formation

elF4A3 CircPTEN1

Binds SMAD4 MH2 PRMTS
Domain SMAD2/3
I v l SMAD4
Stabilization Methylates SMAD4
4@ignaling ) (R361)
Tumor-Initiating Blocks SMAD2/3 Nuclear
v Interaction Translocation

Cells A4
l 1 GFAT ’ GSFz ,

) i § EMT Gene
Nl 0-GlcNAcylation v .‘/ Transcription
of MORC2 (T556) ﬂ '4
S100A8 >
v Metastasis
CTGF/
SNAIL

Immunosuppression

PD-1hi
Macrophages

FceRla+
Macrophages

Drug
resistance

Paracrine TGF-B





EPUB/media/file2.jpg





