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Abstract

The transforming growth factor-beta (TGFβ) pathway is essential during embryo development and 

in maintaining normal homeostasis. During malignancy, the TGFβ pathway is co-opted by the 

tumor to increase fibrotic stroma, to promote epithelial to mesenchymal transition increasing 

metastasis and producing an immune-suppressed microenvironment which protects the tumor from 

recognition by the immune system. Compelling preclinical data demonstrate the therapeutic 

potential of blocking TGFβ function in cancer. However, the TGFβ pathway cannot be described 

as a driver of malignant disease. Two small molecule kinase inhibitors which block the serine-

threonine kinase activity of TGFβRI on TGFβRII, a pan-TGFβ neutralizing antibody, a TGFβ 
trap, a TGFβ antisense agent, an antibody which stabilizes the latent complex of TGFβ and a 

fusion protein which neutralizes TGFβ and binds PD-L1 are in clinical development. The 

challenge is how to most effectively incorporate blocking TGFβ activity alone and in combination 

with other therapeutics to improve treatment outcome.
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Introduction to TGFβ

Transforming growth factor–β (TGFβ) pathway signaling activity is essential in embryo 

development and is frequently aberrantly active in the tumor microenvironment and tumor 

progression (1–5). The larger TGFβ family of secreted, homodimeric and hetero-dimeric 

proteins, including transforming growth factors, activins, NODAL, bone morphogenetic 

proteins and others, is among the critical regulators of tissue morphogenesis guiding early 

cell-fate decisions in embryo development, organogenesis, and in adults tissue homeostasis, 

inflammatory processes and wounding healing (6–9). In cancer, TGFβ signaling contributes 

to tumor progression, in part, contributing to an immunosuppressive microenvironment (10). 
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The TGFβ protein family is encoded by 33 genes. These proteins are secreted in a pro-form 

and are activated in the extracellular matrix or are sequestered in an inactive form (1). There 

are over thirty TGFβ super-family members in humans including three TGFβ ligands, five 

activins, eight bone morphogenetic proteins (BMP) and fifteen growth and differentiation 

factors (GDF). TGFβ1, TGFβ2, and TGFβ3 are homodimeric polypeptides with a molecular 

weight of 25-kDa. The TGFβ2 crystal structure elucidated two monomers, each with two 

antiparallel pairs of β-strands that form a flat surface and a separate α–helix (10, 11). Two 

intrachain disulfide bonds form a ring that is threaded by a third intrachain disulfide bond 

forming a “cysteine knot”.

TGFβ family of ligands, receptors and signaling proteins

In the extracellular matrix, TGFβ exists as a latent propeptide. The latent TGFβ propeptide 

(LAP) is bound through disulfide bonds to latent TGFβ binding proteins (LTBPs). There are 

four latent TGFβ binding protein isoforms. Each isoform has specific roles in transport, 

maintaining TGFβ latency, TGFβ regulation and activation as well as microfibril 

organization and elastic fiber assembly (12). Latent TGFβ binding protein-1 (LTBP-1) binds 

with latent TGFβ in the extracellular matrix making latent TGFβ accessible to αvβ6 integrin 

which distorts the complex allowing release of active TGFβ.

Active TGFβ functions through specific high affinity receptors. Five TGFβ superfamily type 

I receptors and seven type II receptors have been identified in mammals (13, 14). The type I 

receptor family includes activin-like kinases (ALKs) 1 through 7. The type II receptors 

include TGFβ RII, BMP RII, activin RIIA and activin RIIB (15–18). The type I and type II 

receptors are structurally related transmembrane glycoproteins with an extracellular N-

terminal ligand-binding domain with more than ten cysteine residues that regulate the 

dimeric structure, a transmembrane region, and a C-terminal serine/threonine kinase domain. 

The type I receptors have a highly conserved region GS domain that is rich in glycine and 

serine residues in the juxta-membrane domain next to the N-terminus of the kinase domain 

(19, 20).

The effects of the TGFβ family proteins are mediated by a set of receptor-activated mothers 

against decapentaplegic homologue (SMAD) transcription factors; however, resulting effects 

are highly context-dependent and differ depending on the cell type and the 

microenvironmental conditions. SMADs bind genome-wide with lineage-determined 

transcription factors and interact with the chromatin resulting in the specific cellular 

response (21, 22). SMAD2 and SMAD3 are transcription factors critical in TGFβ signaling. 

SMAD2 and SMAD3 form heterotrimeric complexes with SMAD4 in response to TGFβ. 

The trimeric SMAD complexes interact with varied cofactors to control TGFβ–dependent 

gene expression. Specificity is achieved when SMAD2 and SMAD3 form complexes with 

other transcription factors and cofactors. The crystal structure of SMAD3 complexed with 

transcription factor FOXH1 and the crystal structure SMAD2 in complex with 

transcriptional corepressor SKI provided a structural understanding of the protein binding. 

The structures showed that the MAD homology 2 (MH2) domains of SMAD2 and SMAD3 

have multiple hydrophobic patches on their surfaces which interact in cooperative or 

competitive binding with transcriptional complex partners to transduce TGFβ signaling (23).

Teicher Page 2

Pharmacol Ther. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Epithelial-to-mesenchymal transitions

TGFβ signaling promotes cell motility by inducing epithelial-to-mesenchymal transitions 

(EMT) in normal physiology and development, and abnormally in cancer (24). Dis-regulated 

signaling by TGFβ superfamily members (activins, NODAL, bone morphogenetic proteins 

(BMPs), growth and differentiation factors (GDFs) and anti-Müllerian hormone), in addition 

to the TGFβ ligands 1, 2 and 3, is important to the development of tumors and metastasis 

and reflect the function of these proteins in normal embryonic development and tissue 

homeostasis. Malignant cells hijack the normally well-controlled functions of these secreted 

proteins to enable cells to grow at primary sites, and to disseminate and survive at distant 

sites (25–27). Loss or impairment of either TGF-β receptor make the signaling pathway non-

functional (28).

In cells, TGFβ is involved in regulation of cell cycle, apoptosis, immune homeostasis and 

self-tolerance, EMT, a mark of cellular plasticity, and extracellular matrix composition 

regulation (7). TGFβ signaling alterations are involved in inflammatory and fibrotic diseases 

and tumor immune evasion (29). In the immune system, TGFβ is involved in B and T 

lymphocyte immunological response (1). TGFβ prevents the spontaneous activation of self-

reactive T cells and sustains immune homeostasis in the presence of proinflammatory 

cytokines. TGFβ induces differentiation of effector T helper 17 (TH17) cells and inhibiting 

TGFβ receptor signaling blocks development of interleukin-17 secreting cells and TH17 

cell–mediated autoimmunity. The differentiation of TH17 cells from CD4+ T cells can be 

inhibited by BMPs by blocking BMP receptor type 1 during CD4+ T cell activation resulting 

in generation of inflammatory effector cells expressing IL-17, interferon-β, and TNF family 

cytokines and TH17 cell lineage transcription factors (30).

High TGFβ concentrations in the tumor microenvironment and circulating blood are 

associated with aggressive cancer. TGF-β is an immunosuppressive cytokine that is 

frequently associated with mechanisms of tumor escape from immunosurveillance (31–34). 

TGFβ suppresses a key antitumor function of CD4+ T cells, interferon-β production through 

a process requiring the expression and phosphorylation of Smad proteins. Smad proteins can 

be detected in the mitochondria of CD4+ T cells and phosphorylated upon exposure to 

TGFβ. Phosphorylated Smad proteins can be detected in tumor-associated lymphocyte 

mitochondria (35). MAN1, an integral protein of the inner nuclear membrane encoded by 

the LEMD3 gene, inhibits TGFβ signaling by binding to Smad2 and Smad3. The three-

dimensional structure of the MAN1-Smad2 complex has been determined from nuclear 

magnetic resonance and small-angle x-ray scattering studies. In cells, MAN1 can compete 

with the transcription factor FAST1 (fork-head activin signal transducer 1) for binding to 

Smad2 (36, 37). Progranulin, an autocrine growth factor with physiological and pathologic 

roles, increases dermal fibroblasts in wound healing and can activate cancer-associated 

fibroblasts. Progranulin mRNA and protein were elevated in a lesion from mice with 

bleomycin-induced dermal fibrosis. In bleomycin-treated mice, progranulin deficiency 

decreased dermal fibrosis and decreased myofibroblast differentiation. Decreased skin 

sclerosis in progranulin-deficient mice was accompanied by down-regulation of TGFβ 
receptor I and decreased Smad3 phosphorylation. Exogenous progranulin increased TGFβRI 

and phosphorylated Smad3 in cultured fibroblasts (38).
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Malignant tumors are comprised of tumor cells and stromal cells including fibroblasts, 

endothelial cells, and inflammatory cells (39). Interactions between the tumor cells and the 

stroma influence cancer growth and metastasis (40–42).

Fibroblasts, in the vicinity of malignant cells, become activated and exhibit myofibroblastic 

characteristics that support invasive growth and metastasis. These cells are termed cancer-

associated fibroblasts (CAFs) (43–45). Cancer cell exosomes containing microRNAs, 

proteins including TGFβ as well as DNA, are released and internalized by fibroblasts, thus 

promoting proliferation and expression of CAF markers and SMAD signaling. TGFβ 
inhibitors can block CAF marker expression (46). A human tumor xenograft model 

following long-term fractionated radiation, produced myofibroblasts which promoted tumor 

growth by enhancing angiogenesis (47). In another study, the tumor homing potential of 

mesenchymal stem cells (MSCs) was used to deliver a theranostic sodium iodide symporter 

transgene into a solid tumor. External beam radiotherapy increased the localization of the 

sodium iodide symporter transgene expressing MSCs to a HuH7 hepatocellular carcinoma 

xenograft then TGFβ was upregulated in the HuH7 tumors by exposure to external beam 

radiotherapy. The improved therapeutic effect was due to TGFβ produced, thus, leading to a 

focused amplification of MSC-based sodium iodide symporter transgene expression within 

the tumor milieu (48). TGFβ signaling controls expression of CDKN2A/B in some cancers. 

In cell culture, exogenous TGFβ induced ARF mRNA and protein, and ARF knockdown 

decreased TGFβ growth suppression. TGFβ stimulated ARF mRNA induction required 

SMAD2/3, p38MAPK, and SP1(49). In ovarian cancer, TGFβ has limits effects on cancer 

cells and contributes to ovarian tumor growth through tumor microenvironment effects 

especially through stimulation of CAFs (44, 45). In coculture experiments, TGFβ enhanced 

ovarian cancer cells aggressiveness by upregulating versican in CAFs. Versican expression 

was regulated through TGFβRII and SMAD signaling. Upregulated versican promoted the 

motility and invasion of ovarian cancer cells. A TGFβ–inducible gene signature specific to 

CAFs in high-grade serous ovarian tumors and showed that TGFβ stimulates ovarian cancer 

cell motility and invasion by upregulating the CAF-specific gene versican (50).

EMT Transitions

Several progenitor cell-types and cellular programs can produce myofibroblasts through 

EMT, a normal physiological process that regulates tissue development, remodeling and 

repair (51, 52). During the EMT process, epithelial cells lose polarity and undergo transition 

to a more mesenchymal phenotype (53, 55). Similarly, cancer cells invading adjacent tissues 

undergo a reversible EMT (55). TGFβ can induce myofibroblast differentiation of epithelial 

cells, endothelial progenitor cells, and quiescent fibroblasts in a process dependent on 

dimeric calpains which are non-lysosomal cysteine proteases. In cell culture, siRNA gene 

silencing demonstrated that TGFβ-induced EMT of an epithelial cell line depended on the 

activity of calpain 9 (56).

The differentiation of fibroblasts into highly activated, extracellular matrix-producing 

myofibroblasts when there is tissue injury is essential for normal tissue repair, however, 

myofibroblast persistence and accumulation can lead to pathological fibrosis reminiscent of 

the stromal response in malignancy. TGFβ1-induced myofibroblast differentiation increased 
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ATF4 production leading to increased glycolysis and enhanced collagen production. ATF4 

can promote the transcription of genes encoding enzymes of the serine-glycine biosynthetic 

pathway and glucose transporter 1 (GLUT1) (57). There is a SMAD-dependent crosstalk 

between ATF4 and TGFβ (58). In cell culture, blocking ATF4 expression decreased 

migration, invasion, proliferation, EMT and antiapoptotic and stemness markers. In 

xenograft models, silencing ATF4 decreased metastases, tumor growth, and prolonged drug 

response (59). A prospective genomic marker for radiation fibrosis study found that the 

C509T allele in TGFB1 is a key determinant of fibrosis (60). Using transcriptome profiling 

and epigenetic profiling TGFB2 was implicated in the inflammatory syndrome of systemic 

sclerosis (61, 62). TGFβ2 autocrine signaling induced a profibrotic state in cultured 

fibroblasts from systemic sclerosis patients. Inhibition of NF-kB or BRD4 blocked TGFB2 

enhancer activity, decreased profibrotic gene expression, and decreased fibrosis in skin 

explants (63).

EMT can be regulated by SNAIL, ZEB and TWIST transcription factors as well as specific 

microRNAs (21, 6). The RAS-responsive element binding protein 1 (RREB1), a RAS 

transcriptional effector, is a TGFβ-activated SMAD transcription factor cofactor in EMT 

(4,22, 65). MAPK-activated RREB1 recruits TGFβ-activated SMAD factors to SNAIL. In 

carcinoma cells, TGFβ–SMAD and RREB1 increase expression of SNAIL and fibrogenic 

factors stimulating myofibroblasts, promoting intratumoral fibrosis and supporting tumor 

growth. RREB1 provides the link between RAS and TGFβ pathways for coordinated 

induction of developmental and fibrogenic EMT (4).

Cancer cells, with help of macrophages, migrate through extracellular matrix in the process 

of metastasis. In a 3D cell migration assay, macrophages enhanced the speed and persistence 

of cancer cell migration through the extracellular matrix depending upon matrix 

metalloproteinase activity. TNFα and TGFβ1, released by macrophages, stimulated 

migration through NF-kB–dependent MMP1 expression in malignant cells (66). The 

cadherin-11 promoted binding of macrophages to profibrotic myofibroblasts. Cadherin-11 

was abundant at contact points between macrophages and myofibroblasts in fibrotic lungs. 

In culture, cadherin-11 junctions were found at adhesion sites between macrophages and 

myofibroblasts. When macrophage-myofibroblast pairs were in contact cadherin-11–

mediated adhesion led to activation of latent TGFβ (67, 68). Epithelial carcinoma cells can 

undergo a partial or complete EMT in high TGFβ microenvironments and in low TGFβ 
microenvironments cells can revert to an epithelial phenotype. Prolonged TGFβ exposure 

can establish a more stable EMT phenotype and anticancer drug resistance in culture. 

Extended duration of TGFβ exposure increased mammalian target of rapamycin (mTOR) 

signaling and a mTOR inhibitor reduced cancer stem cell survival, chemoresistance and 

tumorigenesis in mice (69).

The TGFβ pathway can be activated by chemotherapeutics. A TGFβ protein trap, RER, can 

block TGFβ pathway activation by anticancer agents. Anticancer agents-induced gene 

expression changes associated with TGFβ pathway activation in cancer cells in culture. Due 

to anticancer induced TGFβ expression, TGFβ-induced EMT in tumor cells. TGFβ 
inhibitors including a TGFβ trap protein RER reversed this effect. Chemotherapeutics can 
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stimulate TGFβ1 production and consequently enhance TGFβ signaling, EMT, and cancer 

stem cell features resulting in decreased chemo-sensitivity (70).

Transforming growth factor-beta in disease

Mutations in KRAS are frequent in lung adenocarcinoma. In a KRAS mutant mouse lung 

adenocarcinoma cell line, PPARγ activation inhibited cell growth in culture but promoted 

tumor progression when activated in microenvironmental myeloid cells. PPARγ activation 

in myeloid cells promoted TGFβ1 production, cancer cell migration and EMT. TGFβ1 

induction of EMT in tumors is a critical process in cancer and TGFβ receptor inhibition 

could provide a useful treatment for KRAS-mutant epithelial tumors (71). The loss of TGFβ 
signaling in epithelial cells by TGFβRII deletion prevented bleomycin induced pulmonary 

fibrosis in mice. An epithelial cell response to injury involves integrins and TGFβ (72). 

Integrin adhesion receptors transmit force between extracellular ligands and the cellular 

actin cytoskeleton. In activation of precursor, pro-TGFβ1, integrins bind to the pro-domain, 

apply force, and release active TGFβ. Integrin αVβ6 binds pro-TGFβ1 in regions inside and 

outside the highly interdigitated interface to stabilize a specific integrin/pro-TGFβ 
orientation that defines the pathway which the actin-cytoskeleton-generated tensile force 

takes (73).

Ubiquitin-specific peptidase 11 (USP11) increased TGFβ-induced EMT and self-renewal in 

immortalized human mammary epithelial cells. Altering USP11 expression in human breast 

cancer cells affected migration in cell culture and metastasis in a xenograft. High USP11 

expression in clinical breast cancer specimens correlated with poor outcome. Changing 

USP11 expression altered the TGFBR2 stability and TGFβ downstream signaling in human 

breast cancer cells (55). Deubiquitination of TGFBR2 by USP11 spares TGFBR2 from 

proteasomal degradation facilitating EMT and metastasis (74, 75). TGFBR2 knockout 

resulted in lung squamous cell carcinoma development in KRASG12D mice with a short 

latency, high penetrance, and extensive metastases. TGFBR2 knockout lung squamous cell 

carcinoma was similar to the human disease in histopathology, microenvironment and 

biomarker expression. Smad4 knockout did not produce lung squamous cell carcinoma; 

however, ERK1/2 inhibition in Smad4fl/fl;KRASG12D mice resulted in lung squamous cell 

carcinoma formation similar to TGFBR2 knockout tumors (76, 77). The consequence of 

SMAD4 deficiency/mutation in tumor response to radiotherapy was investigated using 

SMAD4 siRNA or SMAD4 shRNA to decrease SMAD4 expression in SMAD4 mutant 

cancer cells and clonogenic assay was applied to evaluate the effect on radiation response. 

SMAD4-depleted cancer cells were less responsive to radiotherapy based on clonogenic 

survival assay. Overexpression of wild-type SMAD4 in SMAD4-mutant cells restored 

radiosensitivity in an orthotopic xenograft model (76, 77).

Tregs and NK cells

A three-dimensional collagen-fibrin gel cell culture system was used to model the regulatory 

T cells (Treg) immunosuppressive effect. The model recapitulated the in vivo immune 

suppression rendering dissociated tumor cells resistant to killing by co-cultured activated, 

antigen-specific T cells and depended on cell-cell contact or cellular proximity. 
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Immunosuppression was not observed when tumors excised from Treg-depleted mice were 

cultured in this system. TGFβ neutralizing antibodies prevented immunosuppression. 

Intravital microscopy allowed visualization of Tcells physically interacting with tumor 

resident Tregs. Tregs isolated from tumors suppressed CD8+ T cell–mediated killing, which 

depended on surface-bound TGFβ on the Tregs. Contact between Tregs and antitumor T 

cells in the tumor microenvironment inhibited tumor immunity in a TGFβ–dependent 

manner (78). The ability of natural killer (NK) cells to lyse allogeneic targets makes them an 

attractive platform for cell-based immunotherapy. NK cells are cytolytic, and their potent 

antitumor effects can be triggered by a lack of HLA expression on interacting target cells, as 

is the case for most solid tumors. The NK cell antitumor activity is limited by 

immunosuppressive TGFβ in the tumor microenvironment. NK cells were genetically 

altered to express variant TGFβ receptors, which couple a mutant TGFβ dominant-negative 

receptor to NK specific activating domains. These engineered receptors convert inhibitory 

TGFβ signals to activating signals. The altered NK cells were highly cytotoxic toward tumor 

cells in TGFβ supplemented media and prolonged survival of a xenograft tumor bearing 

mouse (79).

Cancers and other diseases

Melanoma which occurs in the epidermis then invades the dermis and metastasizes, 

stimulates production of microenvironmental TGFβ often secreted by skin adipocytes. TGFβ 
signaling produced a proliferative-to-invasive melanoma phenotype in cell culture. TGFβ 
inhibition blocked invasion (80). TGFβ signaling controls gene expression, in part, by 

targeting RNA binding proteins and non-coding RNAs. In cancer, TGFβ signaling alters 

RBP-RNA and RNA-RNA interactions resulting in cell growth and tumor cell dissemination 

(81). Pancreatic ductal adenocarcinoma that develop with an intact TGFβ pathway require 

ID1 proteins expressed in pancreatic ductal adenocarcinoma progenitor cells. Pancreatic 

ductal adenocarcinoma progression selects against TGFβ-mediated repression of ID1. AKT 

signaling and mechanisms linked to low-frequency genetic events converge on ID1 to 

preserve expression in pancreatic ductal adenocarcinoma, thus, ID1 may be a useful 

therapeutic target in pancreatic ductal adenocarcinoma (82, 83).

TGFβ is central to renal fibrosis in progressive chronic kidney diseases (72). An abundant 

long noncoding RNA present in TGFβ1–stimulated human tubular epithelial cells and 

fibrotic kidneys is TGFβ/Smad3-interacting long noncoding RNA (lnc-TSI) lnc-TSI is 

transcriptionally regulated by Smad3 binding with the MH2 domain of Smad3, and blocking 

the interaction of Smad3 with TGFβRI (77, 84). In liver, hepatic stellate cells that become 

myofibroblasts are a major source of extracellular matrix components during tissue fibrosis. 

TGFβ signaling enhances hepatocellular carcinoma progression by intrinsic activity as a 

growth factor and, by stimulating microenvironment changes supportive of tumor growth. 

Genetically altered mouse hepatic stellate cells were used to delete the gene encoding αv 

integrin, a mediator of fibrosis. In mice, these hepatic stellate cells protected from carbon 

tetrachloride–induced hepatic fibrosis, while deletion of other integrins did not. Pdgfrb-Cre 

targeted myofibroblasts in multiple organs showed that deletion of αv integrin was 

protective in multiple organ fibrosis (85). In head and neck squamous carcinoma TGFβ 
signaling loss increased response to radiation or cisplatin and inhibiting TGFβ signaling 
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decreased homologous recombination repair and increased response to PARP inhibition. 

Thus, TGFβ has a role in DNA repair proficiency and supports use of TGFβ inhibitors in 

cancer (86). Liver injury may result in regeneration through hepatocyte proliferation; 

however, following acute severe injury regeneration may fail and senescence may proceed. 

In acute liver disease, p21-dependent hepatocellular senescence correlated with impaired 

regeneration and disease severity and depended on macrophage-derived TGFβ1. TGFβR1 

inhibition reduced hepatic senescence and enhanced liver regeneration (87).

TGFβ signaling maintains joint homeostasis through IL-36. Human cartilage osteoarthritis 

was associated with decreased TGFBR2 and increased IL-36 (66). Mechanisms that govern 

the shift from joint homeostasis to osteoarthritis remain unknown. IL-36 is increased in 

osteoarthritis and IL-36R decreased in mice with tissue-specific TGFβR2 ablation. TGFβ 
signaling is prominent in osteogenesis imperfecta a genetic disorder of connective tissue 

characterized by brittle bones, fractures and extra-skeletal manifestations, with high 

expression of TGFβ target genes and high ratio of phosphorylated Smad2 to total Smad2 

protein.

A TGFβ-induced EMT signature to score TGFβ-driven EMT was applied to pan-cancer data 

from The Cancer Genome Atlas to identify tumor types with evidence of TGFβ-induced 

EMT. Tumor types with high scores had lower survival rates than those with low scores and 

had a lower mutational burden in the TGFβ pathway (88). Dormant cancer cells are 

treatment resistant, breaking dormancy results in relapse following long periods of 

remission. The molecular mechanisms governing tumor cell dormancy have not been 

elucidated, however, data indicate that TGFβ family members are critical (89). IL1β and 

TGFβ1 trigger fibroblast recruitment to tumors and conversion into CAFs. Blocking this 

process with an IL1β neutralizing antibody and a TGFβR1 inhibitor can be countered by 

TGFβ activated kinase-mediated activation of the noncanonical TGFβ pathway. TGFβ 
activated kinase plus TGFβR1 inhibition blocks IL1β and TGFβ1-mediated fibroblast 

activation, decreasing the secretion of proinflammatory cytokines. The combination of a 

TGFβ activated kinase inhibitor plus TGFβR1 inhibitor reduced the metastatic capacity of 

tumor cells and the recruitment of fibroblasts.

Cancer and Other Diseases

Cancer develops through genetic injuries ending with malignant transformation. Numerous 

genes and pathways involved in progression to frank malignancy have been elucidated. 

Cancer develops following genetic aberrations in processes controlling proliferation, 

apoptosis, differentiation and genomic stability. Metastasis is a hallmark of malignancy (90). 

The process of metastasis is complex and involves dissemination of tumor cells from the 

primary tumor through the vascular and lymphatic systems and growth selectively in distant 

tissues and organs. TGFβ which is a growth suppressive cytokine in many normal situations 

becomes an active and important participant in malignant disease including angiogenesis, 

extracellular matrix deposition, immuno-suppression and metastasis growth promotion. 

TGFβ and its receptors are targets for protein therapeutics, small molecule kinase inhibitors 

and RNA-based therapeutics (91, 92). Neurofibromatosis type 2 syndrome is a very rare 

human genetic disease. NF2 loss results in reduced TGFβR2 expression, and increased 
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expression of TGFβR1. TGFβR1 kinase inhibitors can restore cell differentiation and induce 

growth suppression in NF2-deficient Schwannoma cell line. The TGFβR1 kinase inhibitor, 

TEW7197, reduced tumor formation in a NF2-model mouse. From gene expression 

profiling, TEW7197 treatment increased lipid metabolism–related gene expression. Thus, 

reduction or deletion of TGFβR2 or NF2 induced TGFβR1 suggested that inhibition of 

TGFβ signaling may be beneficial in NF2-related cancers, mesothelioma and TGFβR2-

mutated cancers (93). Non-small cell lung cancer (NSCLC) is largely incurable and is 

managed with chemotherapy, targeted agents, and immunotherapy. The mutations in NSCLC 

critical genes and the development of drugs targeted to those mutant proteins and 

immunotherapies have improved disease management for patients whose tumors have 

actionable mutations; however, cytotoxic chemotherapy remains an important treatment for 

many NSCLC patients. The efficacy of these therapies is limited by development of 

resistance. Aberrant high TGFβ expression in the tumor microenvironment promotes 

NSCLC progression and metastasis, and development of resistance to cytotoxic, targeted, 

and immunomodulatory therapeutic agents (95).

TGFβ downregulates the expression of ataxia telangiectasia–mutated (ATM) and mutS 

homolog 2 (MSH2) in cancer cells through a miRNA-mediated mechanism. DNA-repair 

genes expression was examined and BRCA1 was identified as downregulated by TGFβ 
through the miR181 family. Downregulating BRCA1, ATM, and MSH2, and high TGFβ 
produced the DNA damage response called a “BRCAness” phenotype, including poor DNA-

repair and sensitivity to poly (ADP-ribose) polymerase (PARP) inhibitors. Breast cancer 

xenografts with active TGFβ signaling were resistant to doxorubicin and were sensitive to 

the PARP inhibitor veliparib. Doxorubicin with veliparib in combination were an effective 

treatment in TGFβ-high tumors (95).

Malignant cells often secrete high TGFβ that acts on normal cells in the tumor 

microenvironment as well as distant normal cells to suppress the antitumor immune response 

producing tumor immune tolerance, increasing fibrosis, augmenting angiogenesis, invasion 

and metastasis. Innate immune system dendritic cell subpopulations secrete TGFβ and 

contribute to the generation of regulatory T-cells that protect the tumor. TGFβ-directed 

therapy could reverse the immune suppression by this cytokine, decrease extracellular matrix 

formation, decrease angiogenesis, decrease osteolytic activity, and increase the sensitivity of 

malignant cells to cytotoxic therapies and immunotherapies. Normally, TGFβ acts as a 

tumor suppressor and is growth-inhibitory toward epithelial cells; however, in malignant 

disease, TGFβ supports tumor progression. In human patients, high TGFβ expression 

correlated with increased fibrosis. TGFβ supported pancreatic cancer progression through 

stromal and hematopoietic cell effects. TGFβR inhibition may be therapeutically useful 

pancreatic cancer especially in combination with immunotherapy, because malignant 

pancreatic cells frequently do not respond to TGFβ growth inhibition (96).

Therapeutic antibodies that block the programmed death-1 (PD-1)–programmed death-

ligand 1 (PD-L1) pathway can produce durable responses in a subset of tumors (97). 

Analysis of tumors from patients with metastatic urothelial cancer treated with an anti-PD-

L1, atezolizumab, indicated that treatment response depended upon CD8+ T-effector cell 

phenotype and high neoantigen or tumor mutation burden. Lack of response was associated 
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with TGFβ signaling in CAFs and collagen-rich tumor stroma (98). In a mouse model, 

treatment with a TGFβ-blocking antibody and anti-PD-L1 antibody decreased TGFβ 
signaling and produced a robust anti-tumor immune response and tumor regression (99). 

TGFβ is an antitumor immune function repressor especially affecting the function of 

cytotoxic T lymphocytes. In preclinical models, adoptive transfer of TGFβ-insensitive CD8 

T cells produced near complete regression of tumors which could not be reproduced by 

reduction in TGFβ signaling, through either genetic ablation or TGFβR1inhibition. In 

preclinical models, simultaneous inhibition of TGFβ and PD-L1 receptors resulted in 

increased survival. Combination regimens with TGFβ and PD-L1 pathway inhibitors may be 

therapeutically synergistic (100). Elevated plasma TGFβ can identify prognostically high-

risk patients (101–104). In nude mice bearing subcutaneous human tumor xenografts, 

plasma levels of TGFβ were increased up to 37-fold compared with control mice. The 

controls had a TGFβ plasma level of 6.4 +/− 0.4 ng/ml while mice bearing the CaKi1 renal 

cell carcinoma had a TGFβ plasma level of 97.3 +/− 12.3 ng/ml. Fifteen tumor types were 

tested and the mean TGFβ plasma level in the xenograft bearing mice was 34.3 ng/ml, 5-

times higher than in normal mice (105).

Therapeutic Approaches to TGFβ

TGFβ, the TGFβ signaling pathway and associated pathways have been under investigation 

as anticancer therapeutic targets for more than 30 years (105). Initial tool compounds 

including small molecules, antibodies and proteins tested in preclinical models demonstrated 

the therapeutic value of neutralizing/blocking the activity of TGFβ in cancer (106). Several 

investigational agents that target the TGFβ pathway have entered clinical trial (106). Clinical 

trials of an inhibitor of TGFβRI kinase activity, galunisertib, and a TGFβ neutralizing 

antibody, fresolimumab (GC1008), and other agents are underway (92).

Small Molecules

LY364947 is a small molecule identified in a high throughput screen designed to find 

compounds that could release the mink lung Mv1lu cell line from the growth inhibitory 

effects of TGFβ1 (108). Subsequent work showed that LY364947, a pyrazole-based 

compound, inhibited the serine-threonine kinase activity of TGFβR1. The TGFβ receptors 

are rare in the family of plasma member receptor kinases in being serine-threonine kinases 

and not receptor tyrosine kinases (RTKs). LY364947 is a potent TGFβR1/ALK5 inhibitor, 

IC50 = 59nM) (109). The kinase binding mode at the active site was elucidated by co-

crystallization and X-ray analysis of potent inhibitors with the TGFβR-I receptor kinase 

domain (110). LY364947 inhibited Smad2 phosphorylation induced by TGFβ as well as 

fibronectin expression and MDA-MB-231 breast cancer cell invasion (111). Changes in 

tumor oxygenation and TGFβ expression was explored with single dose radiation therapy 

(20 Gy) or a single dose chemotherapy (cyclophosphamide, 250 mg/kg) in rats bearing 

13762 mammary carcinoma growing subcutaneously in female Fischer 344 rat. Treatment 

with 20 Gy of radiation killed about two logs (99%) of 13762 tumor cells, and treatment 

with cyclophosphamide (250 mg/kg) killed about 1.5 logs (95%) of 13762 tumor cells. 

Hypoxia, measured by pO2 electrode, decreased in the tumors of treated animals until 6h 

posttreatment and then increased, so that 24h after administration of the radiation therapy or 
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the chemotherapy the number of intra-tumoral blood vessels as determined by CD31 

staining increased. TGFβ measured by radioimmunoassay, peaked in serum between 6h and 

18h and again between 72h and 96h after radiation therapy. The TGFβ serum peak after 

cyclophosphamide was 3h after drug injection, with second peaks at 36h and 48h after drug 

administration. In the tumor, TGFβ peaked between 6h and 8h after drug administration 

(112, 113). LY364947 decreased the resistance of glioblastoma-initiating cells to radiation 

(113). Autocrine TGFβ signaling is important in cancer cell invasion and metastasis. 

Autocrine TGFβ supports cancer cell invasion by maintaining urokinase plasminogen 

activator (uPA) through protein secretion. Exposure to super-physiologic concentrations of 

paracrine/exogenous TGFβ further increased uPA expression and cell invasion. Both 

autocrine and paracrine TGFβ mediated uPA levels was controlled through the Smad4 

protein. TGFβ maintains uPA expression through the Smad pathway, thus supporting tumor 

cell invasiveness (111). Glioblastoma (GBM) produce abundant TGFβ which, in response to 

radiation therapy, increases the DNA damage response. In murine (GL261) and human 

(U251, U87MG) glioma cells, response to radiation increased by approximately 25% when 

exposed to LY364947 before irradiation. GL261 neurosphere cultures were used to evaluate 

glioma initiating cells. LY364947 had no effect on neurosphere formation. Radiation 

decreased neurosphere formation by 28%. LY364947 treatment before irradiation decreased 

neurosphere formation by 75%. GL261 neurospheres produced 3.7-fold more TGFβ per cell 

than monolayer cultures, suggesting that TGFβ produced by glioma initiating cells promoted 

effective DNA damage response and self-renewal. Thus, LY364947 treatment of irradiated 

GL261 neurospheres decreased DNA damage responses, γH2AX and p53 phosphorylation, 

and induction of self-renewal signals, Notch1 and CXCR4 (114). Analysis of TCGA data 

and immunohistochemical phosphorylated SMAD2 staining in high grade gliomas indicated 

high but variable activation of the TGFβ pathway across glioma. Explant culture of seven 

high grade glioma specimen was used to assess whether LY364947 exposure could sensitize 

the explant cultures to radiation therapy. Immunofluorescence detection and image analysis 

of γH2AX foci, a DNA damage marker, and SOX2, a stem cell marker, increased after 

radiation. These responses were diminished by LY364947 in 5 of the 7 specimens (115).

Another small molecule TGFβ inhibitor tool compound, SB-431542 is an inhibitor of 

several TGFβ superfamily Type I activin receptor-like kinases, including ALK4, ALK5 and 

ALK7. The kinase domain of the TGFβ type I receptor, ALK5, and the substrate, Smad3 

were expressed and screened for inhibitors. SB431542 emerged from the screen as an 

inhibitor of Smad3 phosphorylation with an IC50 of 94 nM. SB-431542 inhibited TGFβ1–

induced nuclear Smad3 localization and inhibited TGFβ1–induced collagen I production. 

SB-431542 inhibited TGFβ-induced proliferation of human osteosarcoma cells. Although 

SB-431542 inhibits the kinase activity of TGFβ R1/ALK5 as well as the kinase activity of 

the activin type I receptor ALK4 and the nodal type I receptor ALK7, which are highly 

related to ALK5 in their kinase domains, SB-431542 had no effect on the ALK family 

members that recognize bone morphogenetic proteins (BMPs). Thus, SB-431542 was a 

selective inhibitor of endogenous activin and TGFβ signaling but did not alter BMP 

signaling. SB-431542 did not inhibit several other serine-threonine kinases such as 

components of the ERK, JNK, or p38 MAP kinase pathways (116, 117). SB-431542 

suppressed TGFβ-induced growth stimulation of MG63 osteosarcoma cells. DNA 
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microarray and quantitative real-time PCR analyses of RNAs from TGFβ-treated cells 

showed that several growth factors, including platelet-derived growth factorα, were induced 

by TGFβ in MG63 cells (118).

SB-431542 is often used in stem cell differentiation protocols. Embryonic vascular 

progenitor cells, also called endothelial precursor cells, can differentiate into mural cells/

pericytes and endothelial cells (119). Members of the TGFβ superfamily are important 

during differentiation of vascular progenitor cells. TGFβ and activin inhibited proliferation 

and network formation by endothelial cells. SB-431542 exposure increased proliferation and 

network formation by endothelial cells, and increased the expression of claudin-5, an 

endothelial specific component of tight junctions (120). An effort was made to generate 

neurons from human pluripotent stem cells from cord blood-derived iPSCs (hiCBiPSCs). 

The differentiation of the cord blood-derived pluripotent stem cells was initiated by 

inhibiting TGFβ and BMP signaling by exposing the cells to dorsomorphin and SB-431542. 

A Sox1 and Pax6 positive neuronal progenitor cell population was induced using this 

protocol. The cells were further maturated into dopaminergic neurons (121).

The TGFβ inhibitor has found use in preclinical normal tissue and tumor cell organoid 

cultures. The cloning and propagation of human intestine and colon stem cells that sustain 

limited copy number and sequence variation despite extensive serial passaging and display 

cell-autonomous commitment to epithelial differentiation consistent with their origins along 

the intestinal tract required specialized culture media. The media was supplemented with a 

combination of growth factors and regulators of TGFβ, Wnt/β-catenin, EGF, IGF, and Notch 

pathways. Dissociated cells were seeded onto a feeder layer of lethally irradiated 3T3-J2 

cells in media modified by the addition of R-spondin1, Jagged-1, Noggin, Rock inhibitor 

Y-27632, TGFβ inhibitor SB431542, and nicotinamide. The epigenetic commitment 

programs of these stem cells were stable, and replicative expansion was achieved (122). 

Culturing intestinal stem cells as 3D organoids resulted in heterogeneous cell populations, 

reflecting the in vivo cell type diversity. Intestinal stem cell organoid culture was conducted 

in a laminin-rich 3D matrix (Matrigel), within which cells develop a closed, cystic 3D 

structure. The growth factor additions for the monolayer and 3D cultures were very similar, 

both include Wnt agonist R-spondin, EGF, and BMP antagonist and TGF-β inhibitor 

SB-431542, the murine matrix and the focal production of Wnt3 by Paneth cells in 3D 

culture was the major difference between the systems (123).

The TGFβ inhibitor galunisertib (LY2157299) derived from the SAR initiated with 

LY364947, has entered clinical trial (124, 125). Galunisertib is an oral small molecule 

inhibitor of the TGFβRI kinase that downregulates the phosphorylation of SMAD2, 

abrogating activation of the TGFβ signaling pathway. Galunisertib has improved 

pharmaceutical properties and selectivity compared with LY364947. Mice bearing 

subcutaneously implanted Calu6 non-small cell lung carcinoma or MX-1 breast carcinoma 

xenografts were used to assess the relationship between galunisertib blood levels, 

pSMAD2,3 blood levels and response of the tumors to orally administered galunisertib. A 

model was developed that related tumor growth delay to pSMAD plasma concentrations 

(126). Galunisertib stimulated hematopoiesis from primary myelodysplastic syndrome bone 

marrow specimens via downregulation of SMAD2 phosphorylation. Myelodysplastic 
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syndromes (MDS) are characterized by ineffective hematopoiesis, the molecular alterations 

that cause marrow failure continue to be investigated. The TGFβ pathway is constitutively 

activated in MDS progenitors. SMAD7, a negative regulator of TGFβ, was decreased in 

MDS marrow progenitors in a bone marrow tissue microarray by immunohistochemistry. 

Reduced SMAD7 in hematopoietic cells correlated with increased TGFβ–mediated gene 

transcription which could be inhibited by galunisertib. In vivo treatment with galunisertib 

decreased anemia in a TGFβ overexpressing transgenic mouse model of bone marrow 

failure. In culture, galunisertib stimulated hematopoiesis from primary MDS bone marrow 

specimens (127, 138).

Galunisertib has antitumor activity in breast, colon, lung cancers, and hepatocellular 

carcinoma xenograft tumors. Continuous long-term exposure to galunisertib caused cardiac 

toxicities in animals requiring adoption of a pharmacokinetic/pharmacodynamic-based 

dosing strategy. The use of the pharmacokinetic/pharmacodynamic model defined a 

therapeutic window with an appropriate safety profile for clinical investigation (125).

A galunisertib first-in-human dose (FHD) study was carried out in patients with cancer. 

Sixty-five patients (58 with glioma) with measurable, progressive malignancies were 

enrolled. Oral galunisertib was given morning and evening on an intermittent schedule of 14 

days on and 14 days off (28-day cycle). Galunisertib monotherapy was studied in dose 

escalation (part A) first and then evaluated in combination with standard doses of lomustine 

(part B). Safety was assessed using Common Terminology Criteria for Adverse Events 

version 3.0. Antitumor activity was assessed by RECIST and Macdonald criteria. In part A, 

16.6% (5/30) and in part B, 7.7% (2/26) of evaluable patients with glioma had either a 

complete (CR) or a partial response (PR). In both parts, 15 patients with glioma had stable 

disease (SD), 5 of whom had SD for 6 treatment cycles. Overall, clinical benefit was 

observed in 12 of 56 patients with glioma (21.4%). Galunisertib was safe, with no cardiac 

adverse events. The administration of galunisertib at 300 mg/day was deemed safe for future 

clinical investigation (128). In a subsequent trial, patients were randomized in a 2:1:1 ratio 

to galunisertib+lomustine, galunisertib monotherapy, or placebo+lomustine. The primary 

objective was overall survival (OS). One hundred fifty-eight patients (93.7% glioblastoma) 

were randomized: galunisertib+lomustine (n=79), galunisertib (n=39), and placebo

+lomustine (n=40). Median OS in months for galunisertib+lomustine was 6.7 (5.3–8.5), 8.0 

(5.7–11.7) for galunisertib alone, and 7.5 (5.6–10.3) for placebo+lomustine. There was no 

difference in OS for patients treated with galunisertib+lomustine compared with placebo

+lomustine. Among 8 patients with IDH1 mutations, 7 patients were treated with 

galunisertib (monotherapy or with lomustine); OS ranged from 4 to 17 months. Galunisertib

+lomustine failed to demonstrate improved OS relative to placebo+lomustine 

(NCT01582269) (129, 130).

TGF-β signaling is important in cardiovascular development and in cardiac repair. Because 

glaunisertib demonstrated cardiotoxicity in some preclinical models, patients treated with 

galunisertib underwent cardiovascular system monitoring in early trials. Patients (67 glioma 

and 12 solid tumor) enrolled in the first-in-human study received the TGFβ inhibitor 

galunisertib as monotherapy (n = 53) or in combination with lomustine (n=26). 2D 

echocardiography and Spectral Doppler (2D Echo with Doppler) were used to monitor 
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patient cardiac performance every 2 months, in addition to electrocardiograms, thorax CT 

scans, and serum brain natriuretic peptide (BNP), troponin I, cystatin C, high-sensitivity C-

reactive protein (hs-CRP). Treatment with galunisertib was not associated with 

cardiovascular toxicities. There were no increases of troponin I, BNP, or hs-CRP or 

reduction in cystatin C levels, which may indicate cardiovascular injury. Overall, 

cardiovascular monitoring for galunisertib did not detect medically relevant cardiac toxicity 

(131). Galunisertib is being investigated either as monotherapy or in combination with 

standard antitumor regimens (including nivolumab) in patients with cancer with high unmet 

medical needs such as glioblastoma, pancreatic cancer, and hepatocellular carcinoma (132).

Combination of galunisertib and dinutuximab, the anti-GD2 antibody, had increased efficacy 

with natural killer cells against neuroblastoma and preserved the function of in vitro 

expanded natural killer cells in AML and colon cancer models. Treatment of high-risk 

neuroblastoma using the anti-GD2 antibody dinutuximab induced antibody-dependent cell-

mediated cytotoxicity. In cell culture, galunisertib suppressed SMAD activation in 

neuroblastoma cells induced by exogenous TGFβ1 or by patient blood and bone marrow 

plasma, and suppressed SMAD2 phosphorylation in human neuroblastoma cells growing in 

NSG mice. In NK cell cultures treated with exogenous TGFβ1, galunisertib suppressed 

SMAD2 phosphorylation and restored the expression of the TRAIL death ligand, the release 

of perforin and granzyme A, and the direct cytotoxicity and ADCC of activated NK cells 

against neuroblastoma cells (133). The TGFβR1 inhibitor, galunisertib, decreased TGFβ 
signaling in the high TGFβ immunosuppressive tumor microenvironment in a mouse liver 

metastases model of colon cancer. There was improved eradication of liver metastases in 

mice treated with adoptive NK cells combined with galunisertib compared with mice 

receiving NK cells only or TGFβ inhibition alone. The therapeutic efficacy of adoptive NK 

cell therapy was increased by approaches targeting TGFβ signaling (134). Galunisertib 

reversed TGFβ and regulatory T cell mediated suppression of human T cell proliferation. 

Combination with PD-L1 blockade and galunisertib increased tumor response in colon 

carcinoma models. Exposure to galunisertib in culture, reversed TGFβ and regulatory T cell 

mediated suppression of human T cell proliferation. Treatment of mice with 4T1-LP tumors 

resulted in dose-dependent antitumor activity with complete regressions in 50% of animals. 

This effect was CD8+ T cell dependent and increased T cell numbers in the tumors. 

Combination of galunisertib with PD-L1 blockade resulted in improved tumor response and 

complete regressions in colon carcinoma models, demonstrating the therapeutic potential of 

co-targeting TGFβ and PD-1/PD-L1 pathways (135). In metastatic colon cancers, tumor 

microenvironment features including little T-cell infiltration and/or increased TGFβ predict 

adverse outcomes. The mice carrying mutations found in colorectal cancers developed 

intestinal tumors with low mutational burden, T-cell exclusion and TGFβ-activated stroma. 

PD-1–PD-L1 immune checkpoint blockade had little effect in the tumors. TGFβ 
neutralization resulted in a robust cytotoxic T-cell and tumor response and made tumors 

susceptible to anti-PD-1–PD-L1 therapy (169).

Blocking TGF-β signaling in tumor cells in a tissue microenvironment was investigated in a 

panel of patient-derived xenografts were treated with TGFβR1 inhibitor galunisertib. In a 

cell culture clonogenic assay, galunisertib inhibited growth in some patient-derived 

xenografts. PDX bearing mice treated with galunisertib exhibited changes in TGFβ 
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downstream signaling of genes in the TGF-β pathway. pSMAD2 protein expression and 

TGFβRI mRNA expression correlated with galunisertib effects in xenografts. Tumor cell 

TGFβ signaling does not fully account for the galunisertib antitumor activity indicating that 

xenograft models may be more representative than cell culture assays for assessing TGFβ 
inhibitor activity (136).

In advanced pancreatic cancer patients treated with galunisertib plus gemcitabine or 

gemcitabine plus placebo were examined for the effect of galunisertib on overall survival. 

Galunisertib (300 mg/day, orally) exposure metrics for each patient in the galunisertib plus 

gemcitabine arm (n=99) of this phase 2 study were calculated. The pharmacokinetics 

analysis included data from 297 patients/healthy subjects. Galunisertib was rapidly absorbed 

with peak concentrations attained within 0.5–2h and had an elimination half-life of 8h. 

Between-subject variance on clearance was estimated at 47%. A Weibull survival model 

with treatment effect (dose) estimated a hazard ratio of 0.796, after adjusting for patient 

baseline factors. There was a flat daily exposure–survival relationship within the observed 

exposure. Response covariates, such as reduction in CA19–9, time on treatment, and 

cumulative exposure over treatment cycles were identified as significant factors for survival 

for pancreatic cancer patients (137). The development of galunisertib is currently on hold.

Vactosertib (TEW-7197) is a selective small molecule inhibitor of TGFβR1 in clinical 

development. Vactosertib targets the adenosine-5-triphosphate binding site of TGFβR1, 

thereby inhibiting phosphorylation of the Smad2 and Smad3 proteins, the key mediators in 

TGFβ downstream signaling (138–141). TGFβ pathway activity produces tumor immune 

surveillance and resistance to immune checkpoint inhibitors. TGFβ responsive signatures in 

CAFs are associated with poor prognosis. Vactosertib safety, efficacy, and association with 

TGFβ response signatures were evaluated in patients with advanced solid tumors. Based on 

TCGA analysis, high fibroblast TGFβ response signatures were seen in pancreatic, lung, 

colorectal, and stomach cancers in association with poor prognosis (adjusted hazard ratio 

1.27; P=1.06×10−8). In a phase I modified 3+3 dose-escalating study and patients (29) 

received vactosertib once daily over a dose range (30~340 mg) for 5 days with 2 days off. 

RNA sequencing of pretreatment tumor samples in 16 patients were evaluated for fibroblast 

TGFβ response signatures defined as the mean values of the expression of 171 genes. 

Vactosertib was safe and well tolerated, and maximum tolerated dose was not determined. 

The most common treatment-related adverse event was fatigue, while abdominal pain, AST 

elevation, and pulmonary edema occurred in one patient. Six of 17 patients who received 

≥140 mg achieved stable disease (35.3%) and had higher fibroblast TGFβ response 

signatures than those with progressive disease. Vactosertib in combination with immune 

checkpoint inhibitors could be an effective therapy (NCT02160106; 142).

Protein Therapeutics

Decorin, a naturally occurring TGFβ1/2 antagonist, is a small leucine-rich proteoglycan 

which is involved in collagen fibrillogenesis, angiogenesis, and inflammation, and limits 

scaring in wound healing (143–150). The decorin core protein has leucine-rich tandem 

repeats with a glycoaminoglycan attached through the protein N-terminus. The major 

binding partners of decorin are TGFβ and collagen (151, 152).
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Decorin acts as a tumor suppressor by blocking TGFβ immune-suppressive effects. 

Conversely, decorin has been described as a therapeutic target for osteosarcoma. Two 

osteosarcoma cell lines were established from the highly lung metastatic LM8 murine 

osteosarcoma cell line, the LM8-DCN which stably expressed human decorin and LM8-

mock control. When the LM8 sublines were implanted subcutaneously in mice, fewer 

pulmonary metastases were observed in mice bearing LM8-DCN tumors compared to mice 

bearing LM8 and LM8-mock transfected tumors (153). In addition, the mice bearing LM8-

DCN tumors survived longer than those with LM8 and LM8-mock tumors. There was no 

difference in the morphology or growth rates of the cells, but the motility and invasion of 

LM8 cells were inhibited by decorin suggesting that decorin prevented osteosarcoma lung 

metastasis.

TGFβ is involved in the in vivo resistance of the EMT-6/CTX and EMT-6/CDDP murine 

mammary tumors which are resistant to cyclophosphamide and cisplatin, respectively (106). 

Both of these tumors have higher intratumoral vessel counts than the EMT-6/parent tumor. 

Mice bearing the resistant tumors have higher plasma levels of TGFβ than mice bearing the 

parent tumors; however, upon treatment with cytotoxic therapies there was a greater rise in 

plasma TGFβ in mice bearing the parent tumor than in mice bearing the resistant tumors. In 

situ hybridization for TGFβ mRNA and immunohistochemical staining for TGFβ protein 

showed that the resistant tumor TGFβ was higher than in the parent tumor prior to treatment; 

however, after cytotoxic therapy the increase in TGFβ was greater in the parent tumor than 

in the resistant tumor. Treatment of tumor-bearing mice with the TGFβ inhibitor decorin did 

not alter the sensitivity of the parent tumor to cyclophosphamide or cisplatin as determined 

by tumor cell survival assay. However, administration of decorin increased the sensitivity of 

the EMT-6/CTX tumor to cyclophosphamide and of the EMT-6/CDDP tumor to cisplatin so 

that the tumor drug resistance was nearly ablated. A similar pattern was observed in the drug 

response of the bone marrow granulocyte-macrophage colony-stimulating factor of mice 

bearing each of the 3 tumors (154). The gene for TGFβ1 was transfected into the murine 

EMT-6/Parent mammary carcinoma tumor line to form the EMT6/PRK5 beta 1E tumor line. 

In monolayer culture, the EMT-6/PRK5 beta 1E tumor line secreted about 15-times more 

TGFβ1 into the medium than the EMT-6/Parent line. The response of the two cell lines to 4-

hydroperoxycyclophosphamide, cisplatin, melphalan or thiotepa in monolayer culture was 

similar. When the EMT-6/PRK5 beta 1E cells were grown as a subcutaneous tumor in mice, 

plasma TGFβ1 was about 5-fold higher than in mice bearing the EMT-6/Parent tumor. In 

mice, the EMT-6/PRK5 beta 1E tumor was markedly resistant to a dose range of 

cyclophosphamide, cisplatin, melphalan and thiotepa compared with the EMT-6/Parent 

tumor. The bone marrow CFU-GM from the mice bearing the EMT-6/PRK5 beta 1E tumor 

was spared from the cytotoxicity of the drugs compared with the bone marrow CFU-GM 

from mice bearing the EMT-6/Parent tumor. Administration of decorin to mice bearing the 

EMT-6/PRK5 beta 1E tumor prior to drug treatment restored drug sensitivity to the tumor 

and to the bone marrow CFU-GM. Administration of decorin prior to drug treatment 

produced very little or no increase in the response of the EMT6/Parent tumor or the bone 

marrow CFU-GM from those animals. The EMT6/PRK5 beta 1E tumor model allowed the 

effect of secretion of TGFβ1 on therapeutic resistance to be assessed directly (155, 156).
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Galacorin, human recombinant decorin, was investigated as a therapeutic for treatment of 

macular degeneration, diabetic retinopathy and diabetic macular edema (145). In rabbits, 

decorin decreased corneal scarring after eye surgery. In adult rats, treatment with decorin 

decreased spinal scarring and produced dissolution of mature scars by neutralizing TGFβ1/2 

(146).

TGFβ neutralizing antibodies

The role of TGFβ in tumor therapeutic in vivo resistance was examined by administration of 

TGFβ-neutralizing antibodies, either 2G7 and 4A11 which supplied by Genentech, to 

animals bearing the EMT-6/Parent tumor or the antitumor alkylating resistant tumors, 

EMT-6/CTX or EMT-6/CDDP (156, 157). Treatment of tumor-bearing mice with a TGFβ 
neutralizing antibody by intraperitoneal injection daily on days 0–8 post-tumor cell 

implantation increased the sensitivity of the EMT6/Parent tumor to cyclophosphamide 

(CTX) and cisplatin (CDDP) and increased the sensitivity of the EMT-6/CTX tumor to CTX 

and the EMT6/CDDP tumor to CDDP. Bone marrow granulocyte-macrophage colony-

forming unit survival was determined from the same mice. The increase in tumor sensitivity 

upon TGFβ neutralization was also observed in increased bone marrow CFU-GM sensitivity 

to CTX and CDDP. Mice bearing the EMT-6/CTX and EMT-6/CDDP tumors had higher 

serum lactate than normal or EMT-6/Parent tumor-bearing mice; lactate was decreased by 

the anti-TGFβ regimen. Treatment with TGFβ-neutralizing antibodies restored drug 

sensitivity in drug resistant tumors, altering both the tumor and host metabolic states (156, 

157).

In cell culture, murine RenCa renal cell carcinoma cells do not response to TGFβ; however, 

in vivo the RenCa tumor does response to TGFβ blockade (158). When a pan-TGFβ 
neutralizing antibody 1D11 was administered to mice injected intravenously with RenCa 

cells, the number of lung metastases was decreased, if the antibody was administered at a 

high dose (50 mg/kg) and tumor progression was decreased (158). High TGFβ1 is produced 

by stromal cells which are anessential component of the leukemic microenvironment in the 

bone marrow niche and regulate cell proliferation, survival, and apoptosis. In cell culture, 

acute myeloid leukemia (AML) cells moved into a quiescent G0 state in the presence of 

TGFβ. The TGFβ-neutralizing antibody 1D11 abrogated TGFβ1 induced AML cell cycle 

arrest. Exposure to 1D11 enhanced cytarabine (Ara-C)– induced apoptosis of AML cells in 

hypoxic and normoxic conditions. Treatment with 1D11 along with Ara-C decreased 

leukemia burden and prolonged survival in an in vivo leukemia model (159). In the type I 

collagen of Crtap−/− mice treated with 1D11, the bone phenotype in osteogenesis 

imperfecta was corrected and the lung abnormalities improved (160).

Mice bearing GL261 subcutaneous tumors treated with 1D11 had increased tumor growth 

delay following radiation therapy compared with control mice. A local radiotherapy regimen 

in combination with anti-CD137 and anti-PD-1 produced an abscopal effect in a syngeneic 

murine tumor model. TGFβ neutralization with 1D11 enhanced treatment efficacy in 

syngeneic mouse tumors implanted in both flanks. Increases in CD8 T cells infiltrating the 

non-irradiated lesion were documented. Radiotherapy-induced TGFβ prevented abscopal 
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benefits, however, TGFβ neutralization in combination with radio-immunotherapy resulted 

in improved efficacy (161).

Fresolimumab (GC1008) is a pan-TGFβ neutralizing antibody that is undergoing clinical 

trial in several fibrotic conditions and cancer. The crystal structure of the single-chain 

variable fragment of fresolimumab (GC1008 scFv) in complex with target TGFβ1 and in 

complex with TGFβ2 and with TGFβ3 has been described (162). Fresolimumab was 

radiolabeled with 89Zr for PET to analyze TGFβ expression, tumor uptake, and organ 

distribution at 3 doses and compared with 111In-IgG in a human TGFβ–transfected CHO 

xenograft, and in human breast cancer MDA-MB-231 tumor and metastasis model. 89Zr-

fresolimumab distribution was similar to IgG in most organs and caused no toxicity in mice. 

It accumulated in primary tumors and metastases. High 89Zr-fresolimumab uptake was seen 

in sites of tumor ulceration and in scar tissue, processes in which TGFβ is known to be 

highly active (163). In three human phase 1 clinical trials, administration of fresolimumab 

was well tolerated (164).

Fresolimumab was evaluated in patients with advanced malignant melanoma and renal cell 

carcinoma. In a multi-center phase I trial, cohorts of patients with previously treated 

malignant melanoma or renal cell carcinoma received intravenous fresolimumab at 

escalating doses on days 0, 28, 42, and 56. Patients achieving at least stable disease received 

extended treatment consisting of 4 doses of fresolimumab every 2 weeks for up to 2 

additional courses. Twenty-nine patients were treated, 22 in the dose-escalation and 7 in a 

safety cohort expansion. No dose-limiting toxicity was observed, and the maximum dose, 15 

mg/kg, was determined to be safe. The development of reversible cutaneous 

keratoacanthomas/squamous-cell carcinomas (4 patients) and hyperkeratosis was the major 

adverse event observed. One malignant melanoma patient achieved a partial response, and 

six had stable disease with a median progression-free survival of 24 weeks (16.4–44.4 

weeks) (165).

89Zr-fresolimumab PET was used to assess uptake of fresolimumab and to assess treatment 

outcome in patients with recurrent high-grade glioma. 89Zr-fresolimumab PET scans were 

acquired on day 2 or day 4 after injection. Patients were treated with fresolimumab (5 

mg/kg, iv, every 3 wk). Twelve patients with recurrent high-grade glioma underwent 89Zr-

fresolimumab PET 4 d after injection. All patients had clinical or radiologic progression 

after 1–3 infusions of fresolimumab. Median progression-free survival was 61d (25–80d), 

and median overall survival was 106d (37–417d). Although 89Zr-fresolimumab penetrated 

recurrent high-grade gliomas no clinical benefit was evident in this patient population (166).

Fresolimumab can cause cutaneous lesions which have been investigated for the clinical, 

histological, and immunohistochemical characteristics in skin biopsies from patients with 

treatment-emergent, cutaneous lesions during a phase 1 study of multiple fresolimumab 

doses with melanoma or renal cell carcinoma. Based on central review, four patients 

developed lesions with histological characteristics of keratoacanthomas and including a 

single case of well-differentiated squamous cell carcinoma. Following completion of 

fresolimumab, lesions spontaneously resolved (167).
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Fresolimumab was tested in malignant pleura mesothelioma patients to assess clinical safety 

and response. Patients with progressive mesothelioma received fresolimumab (3mg/kg IV 

over 90 min every 21d) as part of an open-label Phase II trial. Although partial or complete 

radiographic responses were not observed, three patients showed stable disease at 3 mo. 

Serum from 5 of 13 patients had new or increased levels of antibodies against mesothelioma 

lysates as measured by immunoblotting. Patients who produced anti-tumor antibodies had 

increased median overall survival (15 vs 7.5mo, p < 0.03) compared with those who did not. 

The trial was terminated early for company business reasons (168).

A clinical trial in metastatic breast cancer assessed the feasibility, efficacy and immune 

enhancement of fresolimumab administration during radiotherapy. Metastatic breast cancer 

patients with at least three distinct metastatic sites were randomized to receive fresolimumab 

(1or 10 mg/kg). Patients receiving 10 mg/kg had a higher median overall survival than those 

receiving 1 mg/kg. The 10 mg/kg dose correlated with improved peripheral blood 

mononuclear cell counts and increased CD8 central memory T-cells; thus, these patients had 

a positive systemic immune response and longer median overall survival (NCT01401062; 

169–173). Patients receiving the 10 mg/kg had improved peripheral blood mononuclear cell 

counts (172, 174). Additional analyses of residual peripheral blood mononuclear cells were 

performed using single cell network profiling and compared with data obtained from seven 

healthy female donors. Samples were analyzed for T-cell receptor modulated signaling via 

CD3 and CD28 crosslinking and measurement of evoked phosphorylation of AKT and ERK 

in CD4 and CD8 T-cell subsets defined by PD-1 expression. At baseline, a higher expression 

of PD-L1 was identified in patient monocytes compared to healthy donors. T cell receptor 

modulation revealed dysfunctional circulating T-cells in patient samples, and this was more 

pronounced in PD-1+ cells. Treatment with radiotherapy and fresolimumab did not resolve 

dysfunctional T-cell signaling. In culture PD-1 inhibition increased T-cell receptor signaling 

in PD-1+T-cells and not in PD-1 T-cells or in PD-1+T-cells from healthy donors. These 

findings support the notion of combining PD-1 blockade with TGFβ blockade and 

radiotherapy (NCT01401062; 167).

Bintrafusp alfa

Bifunctional molecules targeting two pathways simultaneously may provide an advantage 

compared with two single agents used in combination. Bintrafusp alfa (M7824, 

MSB0011359C) is a bifunctional fusion protein composed of an antibody directed to PD-L1 

fused to the extracellular domain of human TGFβRII, a “trap” for the three TGFβ isoforms. 

Bintrafusp alfa efficiently, specifically, and simultaneously binds PD-L1 and neutralizes 

TGFβ. In mouse tumor models, Bintrafusp alfa suppressed tumor growth and metastasis 

more effectively than treatment with either an anti–PD-L1 antibody or TGFβ-trap. 

Bintrafusp alfa was effective in combination with radiotherapy or chemotherapy in mouse 

models (175). During the phase I dose-escalation study patients with advanced solid tumors 

received bintrafusp alfa (1, 3, 10 or 20 mg/kg once biweekly) until tumor progression, 

unacceptable toxicity or trial withdrawal (NCT02517398; 176). Nineteen patients were 

treated with bintrafusp alfa. Although 4 patients had grade 3 toxicities, an MTD was not 

reached. There was one confirmed complete response (cervical cancer), two durable 

confirmed partial responses (pancreatic cancer; anal cancer), one near-PR (cervical cancer), 
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and two cases of prolonged stable disease in patients with growing disease at study entry 

(pancreatic cancer; carcinoid) (177).

Asian patients with recurrent gastric carcinoma who recurred after standard therapy were 

enrolled in the expansion cohort of a phase I trial and received bintrafusp alfa (1200 mg 

once every 2 weeks) until disease progression, unacceptable toxicity, or withdrawal. Thirty-

one heavily pretreated patients received bintrafusp alfa for a median of 10.1 weeks. Six 

patients (19%) experienced grade 3 treatment-related adverse events. Ten patients (32%) had 

immune-related adverse events. The confirmed objective response rate per independent 

review committee was 16%; disease control rate was 26%. Median duration of response was 

8.7 months (range 2.4–12.4). Responses occurred irrespective of PD-L1 expression or 

microsatellite instability status and appeared to correlate with high tumor TGFβ1 (178–181).

AVID200, a decoy receptor, is a rationally designed, highly potent inhibitor of TGFβ1/3. 

AVID200 has entered clinical trial (NCT03831438; 182).

Latent TGFβ1 Complex Stabilizer

Despite breakthroughs achieved with cancer checkpoint blockade therapy, many patients do 

not respond to PD-1 antibody (178). Human clinical and preclinical studies indicate that 

TGFβ signaling could be a point of intervention to increase response to checkpoint blockade 

therapy. Analysis of mRNA expression data from The Cancer Genome Atlas confirmed that 

TGFβ1 is the most prevalent TGFβ isoform expressed in many types of human tumors, 

suggesting that TGFβ1 may contribute to checkpoint blockade therapy resistance. A fully 

human antibody, SRK-181, that binds to TGFβ1-containing large latent complexes 

selectively through three regions but does not bind to active TGFβ or to the large latent 

complexes containing other TGFβ isoforms. SRK-181 prevented TGFβ1 activation in cell-

based assays. Coadministration of SRK-181 and an anti–PD-1 antibody in mice harboring 

syngeneic tumors refractory to anti–PD-1 treatment resulted in tumor responses. Combined 

SRK-181 and anti–PD-1 treatment resulted in increased intra-tumoral CD8+ T-cells and 

decreased immunosuppressive myeloid cells (179).

Antisense RNA and siRNA

TGFβ is expressed at high levels by glioma cells and by glioblastoma tumors. In preclinical 

studies silencing TGFβ by siRNA by putting a triphosphate group at the end of siRNA, gene 

silencing was combined with immune activation via retinoic acid-inducible gene I (RIG-I). 

Systemic administration of this construct decreased tumor associated TGFβ in tumor-

bearing mice and prolonged survival (170).

Phosphorothioate-locked nucleic acid (LNA)-modified antisense oligonucleotides, 

ISTH1047 and ISTH0047, which target TGFβ1/2 were assessed in cell culture and in tumor 

models. These antisense agents effectively targeted TGFβ1/2, decreased SMAD2 

phosphorylation and reduced cellular migration and invasion. In vivo, ISTH1047 or 

ISTH0047 administration reduced SMAD2 phosphorylation in tumors and increased 

immune cell infiltration (183).
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The pathophysiology of hypertrophic scars is characterized by prolonged inflammatory and 

proliferative wound healing. High expression TGFβ1 and COX-2 are key to the aberrant 

fibrogenic response. Silencing TGFβ1 and COX-2 expression with siRNA simultaneously in 

human fibroblasts resulted in an increase in apoptotic cells. Using human hypertrophic scar 

and skin graft implant models in mice, there were size reductions of the implanted tissues 

following intra-scar injection TGFβ1 and COX-2 specific siRNAs formulated in a Histidine 

Lysine Polymer (HKP). Silencing of the target genes resulted in down regulation of pro-

fibrotic factors including α-SMA, hydroxyproline, collagen 1 and collagen 3 in the treated 

tissues. Intra-lesion injection of the TGF-β1 and COX-2 siRNAs reduced the size of 

hypertrophic scar implants by re-balancing of scar tissue deposition and degradation (184).

STP705, is an investigational siRNA therapeutic formulated in a polypeptide nanoparticle to 

target TGFβ1 and COX-2 gene expression. In preclinical animal models, STP705 

administration increased T-cell penetration into tumors in the liver and increased the efficacy 

of an anti-PD-L1 antibody in a hepatocellular carcinoma model (185). In an ongoing clinical 

Phase II study evaluating STP705, administered by intralesional injection once per week for 

up to 6 weeks for treatment of non-melanoma skin cancer, interim analysis indicated that 

some patients had histological clearance of lesions. There were no adverse cutaneous skin 

reactions in the treated patients (NCT04293679; 186).

Conclusions and Directions

The critical involvement of the TGFβ family in malignant disease has been recognized for 

more than 30 years. TGFβ contributes to therapeutic resistance and to the immune-

suppressive tumor microenvironment. Although small molecules, proteins and nucleic acid-

based agents have been applied to neutralizing or blocking the tumor ‘protective’ effects of 

TGFβ, none of these agents has yet reached FDA approval. TGFβ is not a tumor-driver, in 

fact, malignant cells tend to be non-responsive to TGFβ, especially, if TGFβRII is not 

expressed. TGFβ acts primarily on the tumor microenvironment by silencing immune 

system activity against the tumor and increasing dense stroma production. The recent 

success of immune-therapeutics could be increased by combination with a TGFβ-activity 

inhibiting agent which could augment the effect of the vaccine, antibody, Car-T cells, or 

other immune-enhancer by removing a layer of tumor protection. The challenge going 

forward is to determine the optimal way to use inhibitors of the TGFβ pathway in the clinic 

to improve response to chemotherapy, radiation therapy and immunotherapy.
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Figure 1. 
Schematic showing the variety of TGFβ pathway inhibitors and neutralizers being explored 

preclinically and clinically.
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