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Simple Summary: Bladder cancer accounts for a significant burden to global public health. Despite
advances in therapeutics with the advent of immunotherapy, only a small subset of patients benefit
from immunotherapy. In this review, we examine the evidence that suggests that the TGF-β pathway
may present a resistance mechanism to immunotherapy. In addition, we present possible therapies
that may overcome the TGF-β resistance pathway in the treatment of bladder cancer.

Abstract: Bladder cancer accounts for nearly 200,000 deaths worldwide yearly. Urothelial carcinoma
(UC) accounts for nearly 90% of cases of bladder cancer. Cisplatin-based chemotherapy has remained
the mainstay of treatment in the first-line setting for locally advanced or metastatic UC. More recently,
the treatment paradigm in the second-line setting was drastically altered with the approval of several
immune checkpoint inhibitors (ICIs). Given that only a small subset of patients respond to ICI,
further studies have been undertaken to understand potential resistance mechanisms to ICI. One
potential resistance mechanism that has been identified in the setting of metastatic UC is the TGF-β
signaling pathway. Several pre-clinical and ongoing clinical trials in multiple advanced tumor types
have evaluated several therapies that target the TGF-β pathway. In addition, there are ongoing
and planned clinical trials combining TGF-β inhibition with ICI, which may provide a promising
therapeutic approach for patients with advanced and metastatic UC.

Keywords: urothelial carcinoma; bladder cancer; immunotherapy; TGF-β resistance pathway

1. Introduction

Urothelial cancer (UC) is a significant public health burden with approximately 550,000
newly diagnosed patients and accounts for nearly 200,000 deaths globally each year [1,2].
This is an aggressive disease, where 25% of patients who receive localized disease treatment
will unfortunately later progress to develop recurrent metastatic disease [3]. Cytotoxic
platinum-based chemotherapy regimens followed by switch maintenance to the immune
checkpoint inhibitor (ICI) avelumab is the preferred first-line choice of treatment for
metastatic UC (mUC) [4–6]. In addition, for those patients who have been found to be
ineligible or progressed on first-line platinum-based chemotherapy regimens, second-line
treatment with the use of immune checkpoint inhibitors (ICIs) has also demonstrated supe-
rior clinical outcomes compared to second-line chemotherapies such as paclitaxel [7–9]. As
a result, current NCCN guidelines (version 3.2021) have assigned pembrolizumab a cate-
gory 1 recommendation in the second-line setting for mUC treatments. Both atezolizumab
and durvalumab were voluntarily withdrawn for the indication of second-line therapy for
mUC by Roche and AstraZeneca respectively, in early 2021, and are currently undergoing
re-evaluation for continual FDA approval [10,11]. Among patients with mUC treated with
an ICI, only about 20% of patients respond to treatment [12]. This means that the majority
of patients (~80%) do not respond to ICIs and will need further treatment with other later
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line agents. This lack of response to ICIs has been observed in many other cancers [13].
Consequently, this has led to considerable interest in identifying ICI resistance pathways.

There are several proposed ICI resistance pathways, including TGF-β, PTEN, MYC,
WNT, VEGF, and FGF [13–15]. Of these pathways, the TGF-β signaling pathway has been
found to be a potential driver of ICI resistance, specifically in the context of metastatic
UC [16]. In this review, we will (i) discuss the pathophysiology of the TGF-β signaling
pathway with regards to cancer progression and evidence of ICI resistance, (ii) discuss
the pre-clinical and clinical evidence supporting the combination of ICI with TGF-β in-
hibitors to overcome resistance, and (iii) examine current ongoing clinical trials using this
combination treatment and propose future directions.

2. TGF-B Signaling and Cancer Progression
2.1. TGF-β Signaling

The transforming growth factor-β (TGF-β) signaling pathway is a highly conserved
and complex pathway which has been found to be involved in several hallmarks of can-
cer, such as resisting cell death, evading growth suppressors, inducing angiogenesis, and
activating invasion and metastasis (Figure 1) [17–24]. The components of the signaling
pathway have been described in more depth in other recent reviews, and are only briefly
discussed here as it is not the intended focus of this manuscript [25,26]. Since its initial
discovery, there has been significant interest in understanding the TGF-β pathway given
its pleotropic roles in the development and progression of cancer. There have been several
observations of the TGF-β pathway in all solid tumor types, including: TGF-β expression
is increased in tumor cells, and TGF-β signaling promotes cancer cell invasion and dis-
semination [27]. The mammalian genome encodes three TGF-β proteins: TGF-β1, TGF-β2,
and TGF-β3. TGF-β1 is notably enriched in tumor cells, myeloid-derived suppressor cells
(MDSCs), and carcinoma-associated fibroblasts (CAFs) [16]. This is of particular interest
as the presence of MDSCs and CAFs have also been associated with tumor progression.
Latent complex of TGF-β can be deposited as inactive forms in the extracellular matrix
(ECM) when covalently linked to a fibrillin-like latent TGF-β binding protein 1 (LTBP1) [28].
Several integrins subsequently play a role in activating TGF-β1, including avβ6 and avβ1
at the surface of epithelial cells and fibroblasts respectively, and possibly avβ8 in or near
cancerous cells [29–31]. After activation, TGF-β binds a tetrameric combination of two
types of transmembrane kinases, type I and II receptors (TβRI and TβRII) (Figure 2).
TGF-β activates these receptor complexes and ultimately Smad2 and Smad3 through phos-
phorylation by TβRI (Figure 2) [32]. Consequently, these Smads, in addition to Smad4,
translocate into the nucleus and combine with transcription factors and co-regulators in
order to activate or repress target gene transcription [33,34]. In addition to its roles in gene
transcription, TGF-β affects microRNA expression as well as Smad-mediated control of
microRNA maturation [35,36]. These microRNAs, in turn, affect the translation of many
target gene transcripts, including gene pathways linked to cancer progression such as
Myc, PI3K/Akt, Notch, and Wnt [37]. Specifically, TGF-β1 has been demonstrated to
stimulate expression of ZEB1-AS1, which leads to a decrease in expression of miR-200b,
which is a tumor suppressor [38]. ZEB1-AS1, in turn, promotes the cell cycle and leads
to the inhibition of apoptosis. In addition, fascin1, which is a target of miR-200b, leads
to activated migration and invasion in bladder cancer cells. Furthermore, TGF-β1 can
lead to the expression of miR-221 that in turn leads to EMT, and thus contributes to the
invasiveness of bladder cancer cells [39]. Of note, TGF-mRNA as well as TGF-β1 protein
and its receptor (TGF-βR1) were overexpressed in urine samples of patients with bladder
cancer compared to healthy control individuals [40].
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2.2. TGF-β Pathway and Fibroblasts

CAFs promote tumorigenesis through the secretion of cytokines and chemokines, as
well as through effects on the TME [41]. Recent research has demonstrated that CAFs
are heterogenous and that there are several subtypes of CAFs based on tumor origin [42].
The molecular signatures of these subtypes have been shown to vary, and may have
implications in prognosis and treatment [43]. CAFs play a crucial role in the TME through
ECM remodeling, secretion of cytokines, and several other activities. In non-cancerous
tissue, fibroblasts exhibit low levels of proliferation; however, in response to inflammation
or injury, fibroblasts can be “activated” and demonstrate proliferation and activity [44,45].
Similarly, CAFs demonstrate activity that is representative of activated fibroblasts. In turn,
stromal fibroblasts play a key role in the architecture of the TME through secretion of ECM
proteins and remodeling of the ECM [27]. It has also been noted that stromal fibroblasts are
a source of TGF-β, with TGF-β signaling inducing changes in their physiology [46]. Of note,
TGF-β at low concentrations acts as a chemoattractant that recruits more fibroblasts [47,48].
The activated TGF-β signaling in fibroblasts can also promote cell survival and protect
against cell death (Figure 1), playing a role in cancer progression [49,50].

2.3. TGF-β Pathway Can Drive Cancer Metastases and Drug Resistance via Epithelial
Mesenchymal Transformation (EMT)

Epithelial mesenchymal transformation (EMT), the process by which epithelial cells
acquire mesenchymal features, increases tumor invasiveness and metastatic activity, ul-
timately driving cancer progression (Figure 1) [51]. TGF-β signaling promotes epithelial
cells to transform to the mesenchymal phenotype. These EMT changes promote migration
and invasion through the ECM [27]. TGF-β promotes EMT through TβRI activation, and
in turn, Smad3/4-mediated transcription of genes for transcription factors such as Snail1,
Snail2, ZEB1, and ZEB2, which activate mesenchymal genes and repress epithelial cell
genes [52]. EMT is also dependent on several pathways, including WNT and MAPK,
in addition to MTOR signaling downstream of AKT [52,53]. While full EMT changes in
cancer are rare, cancers may have a partial phenotype consisting of both epithelial and
mesenchymal cells.

Several studies have specifically evaluated how TGF-β signaling promotes EMT in
bladder cancer. TGFBI, an exocrine protein that has been linked to the development of
multiple tumor types including pancreatic cancer, was found to be elevated in muscle-
invasive bladder cancer (MIBC) compared to non-MIBC, and can lead to EMT in vitro
through upregulation of EMT genes, including Snail, Slug, Vimentin, MMP2, and MMP9
genes [54]. In addition to TGFBI, the actin-binding protein transgelin appears to play a
role in EMT through the TGF-β signaling pathway. A recent study found that transgelin
is highly expressed in bladder cancer, and promotes EMT both in vivo and in vitro [55].
Furthermore, the study also found that there was a significant correlation between the EMT
transcription factor Slug with transgelin in bladder cancer. As such, there are several genes
and proteins that play a role in EMT in bladder cancer through TGF-β signaling.

EMT has been shown to increase the number of cells with stem cell properties, also
known as cancer stem cells (CSCs) [56]. CSCs are significant as some are inherently resistant
to traditional treatments such as chemotherapy, as well as to newer treatments such as ICI
through the secretion of regulatory factors [57,58]. These cells are able to initiate tumor
formation in vivo. In addition to its role in increasing CSCs, EMT exerts local immuno-
suppression in the tumor microenvironment (TME) through several mechanisms [59,60].
First, EMT causes repression of MHC class I-mediated antigen presentation by tumor cells,
and therefore indirectly suppresses the cytotoxic activity of CD8+ T cells due to their lack
of recognition of tumor cells [59,60]. In addition, EMT leads to increased expression of
immunosuppressive chemokines and cytokines such as TGF-β1, as TGF-β promotes Treg
cell differentiation [59,60].

In 2016, Liang and colleagues studied the TGF-β signaling pathway using an induced
murine bladder cancer model [61]. The researchers used the mouse model of KRT4-Cre-
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driven conditional knockout of TGF-β2, and induced bladder cancer using N-butyl-N-
4-hydroxylbutyl nitrosamine (BBN). While all of the control mice developed MIBC, it
developed in only 37.5% of the conditional knockout mice. They calculated the relative
gross bladder/body weight ratio to estimate the tumor growth in the murine model,
and found that the average ratio in the control group was 4.65% ± 1.31% compared
to 2.23% ± 1.00% (p = 0.022). In addition, they found that K14-expressing tumor cells,
which were previously identified as cancer stem cells, were found to be decreased in the
conditional knockout tumors in comparison to the control murine model. In addition,
researchers found that TGF-βR2 conditional knockout mice had a reduction in EMT marker
genes such as Vimentin, Slug, Snai1, Twist, and Zeb1, thus underscoring the role of TGF-β
signaling on EMT. Finally, researchers used a small-molecule LY364947, an inhibitor of
TGBR-1, at a dose of 1 mg/kg three times a week for 4 weeks, injected intraperitoneally.
The number of proliferating cells, as defined by Ki-67+ cells, were decreased in tumors
treated with LY364947.

In addition to EMT leading to increased resistance to chemotherapy, EMT has also
been correlated with resistance to ICI [62–64]. EMT increases the expression of PD-L1
on cancer cells and thereby inhibits CD8+ T lymphocyte activation [65,66]. EMT and
resistance to PD-L1 blockade has been specifically studied in the setting of metastatic
urothelial carcinoma treated with the ICI nivolumab [67]. Wang and colleagues found
that in urothelial cancer tumors with T cell infiltration, high EMT gene expression was
associated with shorter progression-free survival (PFS) and overall survival (OS), as well
as lower response rates in patients with mUC receiving ICI. Thus, it can be surmised that
the TGF-β signaling pathway which promotes EMT plays a role in resistance to ICI.

3. TGF-β Signaling Affects the Tumor Immune Microenvironment

The tumor immune microenvironment has been found to be correlated with ICI
treatment response. “Hot” tumors, which are also known as immune-inflamed phenotype,
are defined by T cells present in the tumor center and more responsiveness to treatment with
ICI. On the contrary, “cold” tumors, which are also known as immune-desert phenotype, are
defined by the absence of T cells, a lack of T cell priming, and defective antigen presentation.
These tumors generally have a low response to ICI. Immune-excluded phenotype tumors
are defined by the presence of T cells in the tumor stroma, and have a response to ICI in
between tumor-inflamed and tumor-desert phenotypes [68]. The TGF-β signaling pathway
has been shown to exert immunosuppressive effects in the TME. TGF-β signaling affects
several cell types, including macrophages, neutrophils, and NK cells. TGF-β1 represses
NKG2D expression, which plays a role in inducing activation and cytotoxic potential in NK
cells [69–72]. TGF-β signaling also decreases the expression of IFN-γ and TBET in NK cells
and thereby dampens Th1 responses [73]. In addition, TGF-β-Smad signaling represses
INF-γ, the cytokine that aids in CD8+ T cell proliferation [74]. Moreover, TGF-β also
represses antigen presentation and promotes immunosuppressive activity in dendritic cells
(DCs) [75–77]. TGF-β also may inhibit the inflammatory response of the NF-KB through
degradation of MYD88 [78]. Furthermore, research also indicates that the TGF-β pathway
may also inhibit the activity of inflammatory phase macrophages through the TNF pathway
and Smad7 [79]. Finally, TGF-β also suppresses the production of reactive oxygen species
(ROS), which is critical for the activity of M1 macrophages present in tumors [80,81].

As previously discussed, TGF-β has direct and indirect effects on CD8+ T cell-
mediated immunity. The TGF-β signaling pathway suppresses several processes that
lead to CD8+ T cell activation, including antigen processing and presentation, such as
MHC and HLA in antigen-presenting cells (APCs) [75,82,83]. In addition, TGF-β also
suppresses IL-2 expression, which is needed for CD8+ T cell proliferation [84]. TGF-β also
inhibits CD8+ T cell activity by affecting lytic function through downregulation of perforin,
granzymes A and B, and INF-γ [85]. Finally, as the role of CD4+ T cell lymphocytes in
immune surveillance and activity against cancerous cells becomes more apparent, with
recent evidence suggesting a role in advancing and maintaining anti-cancer activity, TGF-β
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appears to suppress CD4+ TH cell proliferation [86,87]. As such, it is evident that the TGF-β
signaling pathway plays several roles in immunosuppression on a systemic level and in
the TME.

4. TGF-β Pathway Induced Immune Cell Exclusion and Immune Checkpoint
Inhibitor Resistance

The TGF-β signaling pathway has been found to be correlated with resistance to
ICI [88]. The IMvigor210 study was a multi-center, single-arm phase II clinical trial that
evaluated the anti-PD-L1 inhibitor, atezolizumab, in the first-line setting in treating patients
with locally advanced or metastatic UC who were ineligible for cisplatin-based chemother-
apy treatment [89]. The study investigators evaluated pre-treatment tumor samples to
identify biomarkers of treatment response [16]. Patients with a partial or complete response
were treated as responders, whereas patients who had stable or progressive disease were
considered to be non-responders. This study found that high tumor mutational burden
(TMB) and the presence of CD8 + effector T cells were correlated with PD-L1 response.
Of clinical relevance, this gene set was associated with response and survival outcomes,
including overall survival (OS). The investigators also found that the genes associated
with the TGF-β signaling pathway were strongly associated with ICI non-response. In fact,
two key TGF-β pathway genes, TGFB1, a TGF-β ligand, and TGFBR2, a TGF-β receptor,
were found to have increased expression in tumor samples of non-responders, and to be
associated with reduced OS.

The investigators further studied the patients’ tumor tissue biopsies to identify tumor-
immune phenotypes, including immune desert, immune-excluded, and immune-inflamed
phenotypes. They found that in immune-excluded tumors, CD8+ T cells were in close
proximity to the desmoplastic stroma. They measured the activity of the TGF-β pathway
in fibroblasts using a pan-fibroblast TGF-β response signature (F-TBRS) and found that
expression of this signature was higher in immune-excluded tumors. As such, the TGF-β
pathway was demonstrated to be associated with exclusion of CD8+ T cells from the
tumor tissue itself and instead were found outside in the surrounding fibroblast-rich and
desmoplastic stroma. These findings suggested that the TGF- β pathway could drive
immune cell exclusion and ICI non-response (Figure 3).

To directly investigate the hypothesis that the TGF-β pathway could drive immune cell
exclusion and ICI non-response, the investigators then directly evaluated the effects of TGF-
β signaling using the EMT6 murine model. The EMT6 murine model is a triple-negative
breast cancer cell line that is known to be non-responsive to ICI as well as have immune cell
exclusion in tumors [90]. The investigators used a custom murine anti-PD-L1 and anti-TGF-
β antibody to test this hypothesis. The authors reported that combining TGF-β blockade
with ICI led to a significant increase in tumor-infiltrating T cells, such as CD8+ effector
cells. Moreover, the distribution of T cells changed with the mean distance from the tumor
center decreasing, whereas the mean distance from the stromal border increased. Finally,
dual blockade of TGF-β and PD-L1 led to a reduction in F-TBRS score and expression
of fibroblast genes that are associated with matrix remodeling. Most impressively, the
dual blockade led to tumor growth regression. These findings were also reproduced in a
second murine model, MC38, which showed a 70% complete response (CR) rate in mice
treated with anti-PD-L1 and anti-TGF-β therapies as opposed to a CR rate of 0% with
anti-PD-L1 therapy alone. Tumor responses to treatment were measured through several
methods, including by measurement with calipers two times a week for eight weeks total,
as well as tumor weights at seven days after treatment. As such, ICI in combination with
inhibition of the TGF-β pathway led to T cell infiltration and reprogramming of stromal
fibroblasts, suggesting that it could convert an immune-excluded into an immune-inflamed
tumor phenotype. This study has provided the scientific rationale to pursue clinical studies
employing inhibition of the TGF-β pathway as a way to potentiate ICI treatment response
for patients with mUC.
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5. Overcoming ICI Resistance through the Use of TGF-β Inhibition

Given the significant amount of evidence surrounding the role of the TGF-β pathway
in cancer progression and as a mechanism of resistance to ICI, there has been considerable
interest in the development of therapeutics that inhibit the TGF-β pathway. There are
several major classes of TGF-β pathway inhibitors, including: antibodies that prevent TGF-
β binding to receptors, molecules that inhibit TGF-β receptor kinases, TGF-β ligand traps,
and other therapies that interfere with latent TGF-β pathway complexes (Figure 4) [27].
Several pre-clinical and phase I clinical trials have been conducted with these therapies,
with promising results that have led to ongoing phase II clinical trials. There are currently
several small-molecule inhibitors and monoclonal antibodies targeting the TGF-β pathway.
Most of these agents were first being studied as monotherapies, and are now being studied
in the setting of combination therapy with ICIs for several tumor types, including UC.

One particular treatment type being used to act on the TGF-β pathway are mono-
clonal antibodies. Monoclonal antibodies such as fresolimumab prevent TGF-β binding
to receptors. Fresolimumab is a human anti-TGF-β IgG4k monoclonal antibody that acts
on all three TGF-β isoforms, including TGF-β1, TGF-β2, and TGF-β3 [91]. The antibody
was studied in the phase I setting in patients with metastatic melanoma and metastatic
renal cell carcinoma, and found to have no dose-limiting toxicity (DLT) at 15 mg/kg.
Fresolimumab was administered intravenously once every 4 weeks. Of 29 patients in the
trial, 1 patient had a partial response while 6 patients had stable disease with a median
PFS of 24 weeks [91]. Observed adverse events include bleeding (4 patients), epistaxis
(4 patients), headaches (4 patients), and fatigue (3 patients). SAR439459 is a next-generation
antibody which acts on all three TGF-β isoforms. In vitro studies combining SAR439459
with anti-PD-L1 have demonstrated tumor regression and improved CD8+ T cell prolifera-
tion and response [92]. NIS973 is an anti-TGF-β antibody that selectively acts on TGF-β1
and TGF-β2, but not on TGF-β3 given the possibility that TGF-β3 opposes the effects of
TGF-β1 and TGF-β2 [93]. This antibody is being further tested in a phase I/Ib clinical trial
in combination with the anti-PD-1 antibody spartalizumab. Several completed clinical
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trials involving antibodies that prevent TGF-β binding to receptors are detailed further in
Table 1, and ongoing clinical trials are detailed in Table 2.
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An additional treatment type being used in acting on the TGF-β pathway is small-
molecular inhibitors. Galunisertib and vactosertinib are both small-molecular receptor
kinase inhibitors, with LY3200882 being a second-generation derivative of galunisertib.
These inhibitors prevent the binding of ATP to TGF-β receptors, consequently block-
ing Smad2 and Smad3 activation in response to TGF-β [94,95]. Although these small
molecules act on Smad activation and inhibit the downstream effects of TGF-β signaling,
it is unclear what role they play in TGF-β-induced PI3K-AKT-mTOR activation. Both
inhibitors are currently being investigated in early-phase clinical trials (Table 1). Galu-
nisertib has been studied in several malignancies, including glioma and hepatocellular
carcinoma (HCC) [96,97]. The single-agent galunisertib, administered orally twice a day on
a 14 days on/14 days off cycle, was found to be associated with clinical response (complete
response + partial response + stable disease) in 12/56 (21.4%) patients with glioma [98].
Additionally, galunisertib has been studied in combination with sorafenib in the setting of
unresectable HCC. In a phase Ib study conducted in Japan, Ikea and colleagues found 11 pa-
tients with stable disease and 1 with a partial response [99]. The most common grade 3 or
higher treatment-related adverse events were hypophosphatemia (10 patients, 71.4%) and
hand-foot syndrome (7 patients, 50%). Galunisertib has been studied in the setting of multi-
ple advanced tumors in combination with ICI, including: in combination with durvalumab
for metastatic pancreatic cancer (NCT02734160), as well as in combination with nivolumab
for advanced treatment refractory solid tumors, and recurrent/refractory NSCLC or HCC
(NCT02423343). Additionally, galunisertib is being studied in combination with chemother-
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apy or androgen blockade in several studies: in combination with paclitaxel for metastatic
triple-negative breast cancer (NCT02672475) and in combination with metastatic castrate-
resistant prostate cancer (NCT02452008). There are also several ongoing phase I/II clinical
trials involving vactosertib as monotherapy or in combination, including: combination
with pembrolizumab in PD-L1-positive non-small-cell lung cancer (NCT04515979), in com-
bination with durvalumab in urothelial carcinoma (NCT04064190), and in combination
with pembrolizumab for metastatic colorectal or gastric cancer (NCT03724851). As such,
small-molecule inhibitors used as monotherapy or in combination with ICI represent a
promising therapeutic option in targeting the TGF-β pathway.

Another class of TGF- β inhibitors are ligand traps, which prevent the binding of
TGF-β to its receptors. AVID200 is a ligand trap currently being studied in patients with
advanced solid tumors in a phase I clinical trial (Table 1, NCT03834662). In addition to the
aforementioned therapies that inhibit the TGF-β signaling pathway, bifunctional fusion
proteins that bind to and block both TGF-β as well as CTLA-4 or PD-L1 have also been
developed and are currently undergoing early-phase clinical trials (Table 1) [100]. These
bifunctional fusion proteins, such as bintrafusp alfa (M7824), are based on TβRII ligand
trap and act on TGF-β1 and TGF-β3. An anti-CTLA-4-TβRII studied in a mouse model
of breast cancer demonstrated superior activity against tumors compared to single-agent
or combination TGF-β antibody and an anti-CTLA-4 antibody [100]. Bintrafusp alfa has
been studied in the phase I setting in several malignancies, including platinum-refractory
NSCLC. In a phase I study evaluating bintrafusp alfa at 500 mg every 2 weeks versus the
recommended phase 2 dose of 1200 mg every 2 weeks, the overall response rate (ORR)
was 21.3% (17 out of 80 patients) [101]. Among patients on a 1200 mg dose, patients
whose tumors had 80% or greater PD-L1 expression showed an ORR of 85.7% (6 out of
7 patients). There are currently over 20 ongoing trials involving bifunctional fusion proteins
in advanced malignancies.

Table 1. Completed clinical trials involving anti-TGF-β pathway therapies with or without ICI in the setting of ad-
vanced/metastatic UC or advanced solid tumors.

Setting Anti-TGF-β
Pathway Agent

Mechanism of
Action of

Anti-TGF-β Agent
ICI Results Citation

Phase I in patients with
metastatic melanoma and

metastatic renal
cell carcinoma

Fresolimumab Monoclonal antibody N/A

1 partial response
(1/29 = 3.4%), 6 stable
disease (6/29 = 20.7%).

Median PFS of
24 weeks

Morris JC, et al. PloS One.
2014;9(3):e90353. [91]

Phase I in patients
with glioma Galunisertib Small-molecule

inhibitor N/A

Clinical response
(complete

response + partial
response + stable
disease) in 12/56
(21.4%) patients

Rodon J, et al. Clin Cancer
Res Off J Am Assoc Cancer

Res. 2015 Feb
1;21(3):553–60. [98]

Phase Ib study in patients
with unresectable HCC Galunisertib Small-molecule

inhibitor N/A
1 partial response

(1/14 = 7.1%), 11 stable
disease (11/14 = 78.6%)

Ikeda M, et al. Invest New
Drugs. 2019

Feb;37(1):118–26. [99]

Phase I in patients with
several malignancies,
including platinum-
refractory NSCLC

Bintrafusp alfa Bifunctional fusion
protein N/A

Overall response rate
was 21.3% (17 out of

80 patients).

Paz-Ares L, et al. J Thorac
Oncol Off Publ Int Assoc
Study Lung Cancer. 2020
Jul;15(7):1210–22. [101]

Other therapies targeting the TGF-β signaling pathway include antisense oligonu-
cleotides (ASOs). ASOs are synthetically engineered single-stranded oligodeoxynucleotides
that can alter RNA and ultimately affect protein expression [102]. AP12009 is one such
ASO that targets TGF-β2 and has been studied in patients with glioma with demonstrated
clinical benefit, and is currently being studied in several other tumor types [103]. Other
ASOs that are currently studied in the pre-clinical trial setting in tumors such as non-small-
cell lung cancer, prostate adenocarcinoma, and colorectal cancer include AP11014 and
AP15012 [104].
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Table 2. Ongoing (highlighted in bold) and future clinical trials involving anti-TGF-β pathway therapies with or without
ICI in the setting of advanced/metastatic UC or advanced solid tumors.

Setting Anti-TGF-β
Pathway Agent

Mechanism of
Action of

Anti-TGF-β Agent
ICI ClinicalTrials.gov

Identifier Status

Phase I study in patients
with advanced

solid tumors
SAR439459 Pan-neutralizing

anti-TGF-β antibody
With or without

cemiplimab NCT03192345 Recruiting

Phase Ib study in
advanced/unresectable

solid tumors
(TACTIC Trial)

SAR439459 Pan-neutralizing
anti-TGF-β antibody Cemiplimab NCT04729725 Recruiting

Phase I study in
advanced malignancies NIS793 Monoclonal antibody PDR001 NCT02947165 Active, not

recruiting

Phase II, open-label
study in mUC

failing ICI
Vactosertib Oral inhibitor Durvalumab NCT04064190 Not yet recruiting

Phase II study in ICI
naïve and

refractory mUC
Bintrafusp alfa

(M7824)
Bifunctional fusion

protein N/A NCT04501094 Recruiting

Phase I study in adult
patients with locally

advanced or
metastatic tumors

SRK-181 Monoclonal antibody
Approved anti-PD-L1

therapy for each
tumor type

NCT04291079 Recruiting

Patients with
advanced cancer LY3200882 Small-molecule

inhibitor Pembrolizumab NCT04158700 Withdrawn

6. Conclusions

In summary, the TGF-β signaling pathway may represent a resistance mechanism to
immune checkpoint inhibitors (ICI) in mUC through its interaction with EMT and its effects
on the TME. Several pre-clinical and clinical studies combining ICI with novel inhibitors
of the TGF-β pathway across multiple solid tumors including mUC have demonstrated
a promising treatment response in early-phase clinical trials. Given that the majority of
patients with mUC (~80%) do not respond to ICI monotherapy, further studies evaluating
ICI in combination with TGF-β pathway inhibition are urgently warranted to improve the
overall clinical benefit.
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et al. Avelumab Maintenance Therapy for Advanced or Metastatic Urothelial Carcinoma. N. Engl. J. Med. 2020, 383, 1218–1230.
[CrossRef]

http://doi.org/10.3390/medsci8010015
http://doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://doi.org/10.1016/j.eururo.2012.07.033
http://www.ncbi.nlm.nih.gov/pubmed/22877502
http://doi.org/10.1200/JCO.2000.18.17.3068
http://doi.org/10.1056/NEJMoa2002788


Cancers 2021, 13, 5724 11 of 14

6. Flaig, T.W.; Spiess, P.E.; Agarwal, N.; Bangs, R.; Boorjian, S.A.; Buyyounouski, M.K.; Chang, S.; Downs, T.M.; Efstathiou, J.A.;
Friedlander, T.; et al. Bladder Cancer, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw.
2020, 18, 329–354. [CrossRef] [PubMed]

7. Cheetham, P.J.; Petrylak, D.P. New Agents for the Treatment of Advanced Bladder Cancer. Oncology 2016, 30, 571.
8. Bellmunt, J.; De Wit, R.; Vaughn, D.J.; Fradet, Y.; Lee, J.-L.; Fong, L.; Vogelzang, N.J.; Climent, M.A.; Petrylak, D.P.; Choueiri,

T.K.; et al. Pembrolizumab as Second-Line Therapy for Advanced Urothelial Carcinoma. N. Engl. J. Med. 2017, 376, 1015–1026.
[CrossRef]

9. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O’Donnell, P.H.;
Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who
have progressed following treatment with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet 2016,
387, 1909–1920. [CrossRef]

10. Voluntary Withdrawal Imfinzi US Bladder Indication—AstraZeneca. Available online: https://www.astrazeneca.com/media-
centre/press-releases/2021/voluntary-withdrawal-imfinzi-us-bladder-indication.html (accessed on 7 May 2021).

11. Roche Provides Update on Tecentriq US Indication in Prior-Platinum Treated Metastatic Bladder Cancer. Available online:
https://www.roche.com/media/releases/med-cor-2021-03-08.htm (accessed on 7 May 2021).

12. Lopez-Beltran, A.; Cimadamore, A.; Blanca, A.; Massari, F.; Vau, N.; Scarpelli, M.; Cheng, L.; Montironi, R. Immune Checkpoint
Inhibitors for the Treatment of Bladder Cancer. Cancers 2021, 13, 131. [CrossRef] [PubMed]

13. Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707–723. [CrossRef] [PubMed]

14. Spranger, S.; Gajewski, T.F. Impact of oncogenic pathways on evasion of antitumour immune responses. Nat. Rev. Cancer 2018, 18,
139–147. [CrossRef] [PubMed]

15. Chehrazi-Raffle, A.; Dorff, T.; Pal, S.; Lyou, Y. Wnt/β-Catenin Signaling and Immunotherapy Resistance: Lessons for the
Treatment of Urothelial Carcinoma. Cancers 2021, 13, 889. [CrossRef] [PubMed]

16. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel, E.E., III; Koeppen, H.; Astarita, J.L.; Cubas, R.;
et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554, 544–548.
[CrossRef] [PubMed]

17. Hahn, S.A.; Schutte, M.; Hoque, A.T.M.S.; Moskaluk, C.A.; da Costa, L.T.; Rozenblum, E.; Weinstein, C.L.; Fischer, A.; Yeo, C.J.;
Hruban, R.H.; et al. DPC4, A Candidate Tumor Suppressor Gene at Human Chromosome 18q21.1. Science 1996, 271, 350–353.
[CrossRef]

18. Yan, Z.; Deng, X.; Friedman, E. Oncogenic Ki-ras Confers a More Aggressive Colon Cancer Phenotype through Modification of
Transforming Growth Factor-β Receptor III. J. Biol. Chem. 2001, 276, 1555–1563. [CrossRef]

19. Desruisseau, S.; Ghazarossian-Ragni, E.; Chinot, O.; Martin, P.M. Divergent effect of TGFbeta1 on growth and proteolytic
modulation of human prostatic-cancer cell lines. Int. J. Cancer 1996, 66, 796–801. [CrossRef]

20. Katakura, Y.; Nakata, E.; Miura, T.; Shirahata, S. Transforming Growth Factor β Triggers Two Independent-Senescence Programs
in Cancer Cells. Biochem. Biophys. Res. Commun. 1999, 255, 110–115. [CrossRef]

21. Perry, R.; Kang, Y.; Greaves, B. Relationship between tamoxifen-induced transforming growth factor beta 1 expression, cytostasis
and apoptosis in human breast cancer cells. Br. J. Cancer 1995, 72, 1441–1446. [CrossRef]

22. Ananth, S.; Knebelmann, B.; Grüning, W.; Dhanabal, M.; Walz, G.; E Stillman, I.; Sukhatme, V.P. Transforming growth factor beta1
is a target for the von Hippel-Lindau tumor suppressor and a critical growth factor for clear cell renal carcinoma. Cancer Res.
1999, 59, 226–231.

23. Torre-Amione, G.; Beauchamp, R.D.; Koeppen, H.; Park, B.H.; Schreiber, H.; Moses, H.L.; Rowley, D.A. A highly immunogenic
tumor transfected with a murine transforming growth factor type beta 1 cDNA escapes immune surveillance. Proc. Natl. Acad.
Sci. USA 1990, 87, 1486–1490. [CrossRef] [PubMed]

24. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
25. David, C.J.; Massagué, J. Contextual determinants of TGFβ action in development, immunity and cancer. Nat. Rev. Mol. Cell Biol.

2018, 19, 419–435. [CrossRef] [PubMed]
26. Mullen, A.C.; Wrana, J.L. TGF-β Family Signaling in Embryonic and Somatic Stem-Cell Renewal and Differentiation. Cold Spring

Harb. Perspect. Biol. 2017, 9, a022186. [CrossRef]
27. Derynck, R.; Turley, S.J.; Akhurst, R.J. TGFβ biology in cancer progression and immunotherapy. Nat. Rev. Clin. Oncol. 2020, 18,

9–34. [CrossRef]
28. Robertson, I.B.; Rifkin, D.B. Regulation of the Bioavailability of TGF-β and TGF-β-Related Proteins. Cold Spring Harb. Perspect.

Biol. 2016, 8, a021907. [CrossRef]
29. Henderson, N.C.; Sheppard, D. Integrin-mediated regulation of TGFβ in fibrosis. Biochim. Biophys. Acta (BBA) Mol. Basis Dis.

2012, 1832, 891–896. [CrossRef]
30. Brown, N.F.; Marshall, J.F. Integrin-Mediated TGFβ Activation Modulates the Tumour Microenvironment. Cancers 2019, 11, 1221.

[CrossRef]
31. Takasaka, N.; Seed, R.I.; Cormier, A.; Bondesson, A.J.; Lou, J.; Elattma, A.; Ito, S.; Yanagisawa, H.; Hashimoto, M.; Ma, R.; et al.

Integrin αvβ8–expressing tumor cells evade host immunity by regulating TGF-β activation in immune cells. JCI Insight 2018,
3, e122591. [CrossRef]

http://doi.org/10.6004/jnccn.2020.0011
http://www.ncbi.nlm.nih.gov/pubmed/32135513
http://doi.org/10.1056/NEJMoa1613683
http://doi.org/10.1016/S0140-6736(16)00561-4
https://www.astrazeneca.com/media-centre/press-releases/2021/voluntary-withdrawal-imfinzi-us-bladder-indication.html
https://www.astrazeneca.com/media-centre/press-releases/2021/voluntary-withdrawal-imfinzi-us-bladder-indication.html
https://www.roche.com/media/releases/med-cor-2021-03-08.htm
http://doi.org/10.3390/cancers13010131
http://www.ncbi.nlm.nih.gov/pubmed/33401585
http://doi.org/10.1016/j.cell.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28187290
http://doi.org/10.1038/nrc.2017.117
http://www.ncbi.nlm.nih.gov/pubmed/29326431
http://doi.org/10.3390/cancers13040889
http://www.ncbi.nlm.nih.gov/pubmed/33672668
http://doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960
http://doi.org/10.1126/science.271.5247.350
http://doi.org/10.1074/jbc.M004553200
http://doi.org/10.1002/(SICI)1097-0215(19960611)66:6&lt;796::AID-IJC15&gt;3.0.CO;2-1
http://doi.org/10.1006/bbrc.1999.0129
http://doi.org/10.1038/bjc.1995.527
http://doi.org/10.1073/pnas.87.4.1486
http://www.ncbi.nlm.nih.gov/pubmed/2137615
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1038/s41580-018-0007-0
http://www.ncbi.nlm.nih.gov/pubmed/29643418
http://doi.org/10.1101/cshperspect.a022186
http://doi.org/10.1038/s41571-020-0403-1
http://doi.org/10.1101/cshperspect.a021907
http://doi.org/10.1016/j.bbadis.2012.10.005
http://doi.org/10.3390/cancers11091221
http://doi.org/10.1172/jci.insight.122591


Cancers 2021, 13, 5724 12 of 14

32. Derynck, R.; Budi, E.H. Specificity, versatility, and control of TGF-β family signaling. Sci. Signal. 2019, 12, eaav5183. [CrossRef]
33. Hata, A.; Chen, Y.-G. TGF-β Signaling from Receptors to Smads. Cold Spring Harb. Perspect. Biol. 2016, 8, a022061. [CrossRef]
34. Hill, C.S. Transcriptional Control by the SMADs. Cold Spring Harb. Perspect. Biol. 2016, 8, a022079. [CrossRef] [PubMed]
35. Guo, L.; Zhang, Y.; Zhang, L.; Huang, F.; Li, J.; Wang, S. MicroRNAs, TGF-β signaling, and the inflammatory microenvironment

in cancer. Tumor Biol. 2015, 37, 115–125. [CrossRef] [PubMed]
36. Blahna, M.T.; Hata, A. Regulation of miRNA biogenesis as an integrated component of growth factor signaling. Curr. Opin. Cell

Biol. 2013, 25, 233–240. [CrossRef] [PubMed]
37. Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, W.K.; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.; Kantheti, H.S.; Saghafinia, S.;

et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 2018, 173, 321–337. [CrossRef]
38. Gao, R.; Zhang, N.; Yang, J.; Zhu, Y.; Zhang, Z.; Wang, J.; Xu, X.; Li, Z.; Liu, X.; Li, Z.; et al. Long non-coding RNA ZEB1-AS1

regulates miR-200b/FSCN1 signaling and enhances migration and invasion induced by TGF-β1 in bladder cancer cells. J. Exp.
Clin. Cancer Res. 2019, 38, 1–15. [CrossRef] [PubMed]

39. Liu, J.; Cao, J.; Zhao, X. miR-221 facilitates the TGFbeta1-induced epithelial-mesenchymal transition in human bladder cancer
cells by targeting STMN1. BMC Urol. 2015, 15, 36. [CrossRef]

40. Shaker, O.; Hammam, O.; Wishahi, M.; Roshdi, M. TGF-B1 pathway as biological marker of bladder carcinoma schistosomal and
non-schistosomal. Urol. Oncol. Semin. Orig. Investig. 2013, 31, 372–378. [CrossRef]

41. Monteran, L.; Erez, N. The Dark Side of Fibroblasts: Cancer-Associated Fibroblasts as Mediators of Immunosuppression in the
Tumor Microenvironment. Front. Immunol. 2019, 10, 1835. [CrossRef]

42. Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, F.R.; Hingorani, S.R.;
Hunter, T.; et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat. Rev. Cancer 2020, 20,
174–186. [CrossRef]

43. Galbo, P.M.; Zang, X.; Zheng, D. Molecular Features of Cancer-associated Fibroblast Subtypes and their Implication on Cancer
Pathogenesis, Prognosis, and Immunotherapy Resistance. Clin. Cancer Res. 2021, 27, 2636–2647. [CrossRef] [PubMed]

44. LeBleu, V.S.; Kalluri, R. A peek into cancer-associated fibroblasts: Origins, functions and translational impact. Dis. Model. Mech.
2018, 11, dmm029447. [CrossRef] [PubMed]

45. Calon, A.; Tauriello, D.; Batlle, E. TGF-beta in CAF-mediated tumor growth and metastasis. Semin. Cancer Biol. 2014, 25, 15–22.
[CrossRef] [PubMed]

46. Yin, M.; Soikkeli, J.; Jahkola, T.; Virolainen, S.; Saksela, O.; Hölttä, E. TGF-β Signaling, Activated Stromal Fibroblasts, and Cysteine
Cathepsins B and L Drive the Invasive Growth of Human Melanoma Cells. Am. J. Pathol. 2012, 181, 2202–2216. [CrossRef]

47. Acharya, P.S.; Majumdar, S.; Jacob, M.; Hayden, J.; Mrass, P.; Weninger, W.; Assoian, R.K.; Puré, E. Fibroblast migration is
mediated by CD44-dependent TGFβ activation. J. Cell Sci. 2008, 121, 1393–1402. [CrossRef]

48. E Postlethwaite, A.; Keski-Oja, J.; Moses, H.L.; Kang, A.H. Stimulation of the chemotactic migration of human fibroblasts by
transforming growth factor beta. J. Exp. Med. 1987, 165, 251–256. [CrossRef]

49. Huang, H.; Zhang, Y.; Gallegos, V.; Sorrelle, N.; Zaid, M.M.; Toombs, J.; Du, W.; Wright, S.; Hagopian, M.; Wang, Z.; et al.
Targeting TGF βR2-mutant tumors exposes vulnerabilities to stromal TGF β blockade in pancreatic cancer. EMBO Mol. Med.
2019, 11, e10515. [CrossRef]

50. Giussani, M.; Triulzi, T.; Sozzi, G.; Tagliabue, E. Tumor Extracellular Matrix Remodeling: New Perspectives as a Circulating Tool
in the Diagnosis and Prognosis of Solid Tumors. Cells 2019, 8, 81. [CrossRef]

51. Ribatti, D.; Tamma, R.; Annese, T. Epithelial-Mesenchymal Transition in Cancer: A Historical Overview. Transl. Oncol. 2020, 13,
100773. [CrossRef]

52. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178–196. [CrossRef]

53. Derynck, R.; Muthusamy, B.P.; Saeteurn, K.Y. Signaling pathway cooperation in TGF-β-induced epithelial–mesenchymal
transition. Curr. Opin. Cell Biol. 2014, 31, 56–66. [CrossRef] [PubMed]

54. Zou, J.; Huang, R.; Li, H.; Wang, B.; Chen, Y.; Chen, S.; Ou, K.; Wang, X. Secreted TGF-beta-induced protein promotes aggressive
progression in bladder cancer cells. Cancer Manag. Res. 2019, 11, 6995–7006. [CrossRef] [PubMed]

55. Chen, Z.; He, S.; Zhan, Y.; He, A.; Fang, D.; Gong, Y.; Li, X.; Zhou, L. TGF-β-induced transgelin promotes bladder cancer metastasis
by regulating epithelial-mesenchymal transition and invadopodia formation. EBioMedicine 2019, 47, 208–220. [CrossRef]
[PubMed]

56. Tang, Y.-L.; Wang, S.-S.; Jiang, J.; Liang, X.-H. Links between cancer stem cells and epithelial– mesenchymal transition. OncoTargets
Ther. 2015, 8, 2973–2980. [CrossRef]

57. Clarke, M.F. Clinical and Therapeutic Implications of Cancer Stem Cells. N. Engl. J. Med. 2019, 380, 2237–2245. [CrossRef]
58. Radvanyi, L. Immunotherapy Exposes Cancer Stem Cell Resistance and a New Synthetic Lethality. Mol. Ther. 2013, 21, 1472–1474.

[CrossRef]
59. Soundararajan, R.; Fradette, J.; Konen, J.M.; Moulder, S.; Zhang, X.; Gibbons, D.L.; Varadarajan, N.; Wistuba, I.I.; Tripathy, D.;

Bernatchez, C.; et al. Targeting the Interplay between Epithelial-to-Mesenchymal-Transition and the Immune System for Effective
Immunotherapy. Cancers 2019, 11, 714. [CrossRef]

60. Terry, S.; Savagner, P.; Ortiz-Cuaran, S.; Mahjoubi, L.; Saintigny, P.; Thiery, J.-P.; Chouaib, S. New insights into the role of EMT in
tumor immune escape. Mol. Oncol. 2017, 11, 824–846. [CrossRef]

http://doi.org/10.1126/scisignal.aav5183
http://doi.org/10.1101/cshperspect.a022061
http://doi.org/10.1101/cshperspect.a022079
http://www.ncbi.nlm.nih.gov/pubmed/27449814
http://doi.org/10.1007/s13277-015-4374-2
http://www.ncbi.nlm.nih.gov/pubmed/26563372
http://doi.org/10.1016/j.ceb.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23312066
http://doi.org/10.1016/j.cell.2018.03.035
http://doi.org/10.1186/s13046-019-1102-6
http://www.ncbi.nlm.nih.gov/pubmed/30823924
http://doi.org/10.1186/s12894-015-0028-3
http://doi.org/10.1016/j.urolonc.2011.02.003
http://doi.org/10.3389/fimmu.2019.01835
http://doi.org/10.1038/s41568-019-0238-1
http://doi.org/10.1158/1078-0432.CCR-20-4226
http://www.ncbi.nlm.nih.gov/pubmed/33622705
http://doi.org/10.1242/dmm.029447
http://www.ncbi.nlm.nih.gov/pubmed/29686035
http://doi.org/10.1016/j.semcancer.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24412104
http://doi.org/10.1016/j.ajpath.2012.08.027
http://doi.org/10.1242/jcs.021683
http://doi.org/10.1084/jem.165.1.251
http://doi.org/10.15252/emmm.201910515
http://doi.org/10.3390/cells8020081
http://doi.org/10.1016/j.tranon.2020.100773
http://doi.org/10.1038/nrm3758
http://doi.org/10.1016/j.ceb.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25240174
http://doi.org/10.2147/CMAR.S208984
http://www.ncbi.nlm.nih.gov/pubmed/31440088
http://doi.org/10.1016/j.ebiom.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31420300
http://doi.org/10.2147/OTT.S91863
http://doi.org/10.1056/NEJMra1804280
http://doi.org/10.1038/mt.2013.160
http://doi.org/10.3390/cancers11050714
http://doi.org/10.1002/1878-0261.12093


Cancers 2021, 13, 5724 13 of 14

61. Liang, Y.; Zhu, F.; Zhang, H.; Chen, D.; Zhang, X.; Gao, Q.; Li, Y. Conditional ablation of TGF-β signaling inhibits tumor
progression and invasion in an induced mouse bladder cancer model. Sci. Rep. 2016, 6, 29479. [CrossRef]

62. Singh, A.; Settleman, J. EMT, cancer stem cells and drug resistance: An emerging axis of evil in the war on cancer. Oncogene 2010,
29, 4741–4751. [CrossRef]

63. Van Staalduinen, J.; Baker, D.; Dijke, P.T.; van Dam, H. Epithelial–mesenchymal-transition-inducing transcription factors: New
targets for tackling chemoresistance in cancer? Oncogene 2018, 37, 6195–6211. [CrossRef] [PubMed]

64. Fischer, K.R.; Durrans, A.; Lee, S.; Sheng, J.; Li, F.; Wong, S.T.C.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al. Epithelial-
to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance. Nature 2015, 527, 472–476.
[CrossRef] [PubMed]

65. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial–mesenchymal transition and implications for cancer.
Nat. Rev. Mol. Cell Biol. 2018, 20, 69–84. [CrossRef]

66. Jiang, Y.; Zhan, H. Communication between EMT and PD-L1 signaling: New insights into tumor immune evasion. Cancer Lett.
2019, 468, 72–81. [CrossRef] [PubMed]

67. Wang, L.; Saci, A.; Szabo, P.M.; Chasalow, S.D.; Castillo-Martin, M.; Domingo-Domenech, J.; Siefker-Radtke, A.; Sharma, P.;
Sfakianos, J.P.; Gong, Y.; et al. EMT- and stroma-related gene expression and resistance to PD-1 blockade in urothelial cancer. Nat.
Commun. 2018, 9, 3503. [CrossRef] [PubMed]

68. de Olza, M.O.; Rodrigo, B.N.; Zimmermann, S.; Coukos, G. Turning up the heat on non-immunoreactive tumours: Opportunities
for clinical development. Lancet Oncol. 2020, 21, e419–e430. [CrossRef]

69. Le Trinh, T.; Kandell, W.M.; Donatelli, S.S.; Tu, N.; Tejera, M.M.; Gilvary, D.L.; Eksioglu, E.A.; Burnette, A.; Adams, W.A.; Liu, J.;
et al. Immune evasion by TGFβ-induced miR-183 repression of MICA/B expression in human lung tumor cells. OncoImmunology
2019, 8, e1557372. [CrossRef]

70. Nam, J.-S.; Terabe, M.; Mamura, M.; Kang, M.-J.; Chae, H.; Stuelten, C.; A Kohn, E.; Tang, B.; Sabzevari, H.; Anver, M.R.; et al. An
Anti–Transforming Growth Factor β Antibody Suppresses Metastasis via Cooperative Effects on Multiple Cell Compartments.
Cancer Res. 2008, 68, 3835–3843. [CrossRef]

71. Sadallah, S.; Schmied, L.; Eken, C.; Charoudeh, H.N.; Amicarella, F.; Schifferli, J.A. Platelet-Derived Ectosomes Reduce NK Cell
Function. J. Immunol. 2016, 197, 1663–1671. [CrossRef]

72. Lazarova, M.; Steinle, A. Impairment of NKG2D-Mediated Tumor Immunity by TGF-β. Front. Immunol. 2019, 10, 2689. [CrossRef]
73. Laouar, Y.; Sutterwala, F.S.; Gorelik, L.; A Flavell, R. Transforming growth factor-β controls T helper type 1 cell development

through regulation of natural killer cell interferon-γ. Nat. Immunol. 2005, 6, 600–607. [CrossRef] [PubMed]
74. Naganuma, H.; Sasaki, A.; Satoh, E.; Nagasaka, M.; Nakano, S.; Isoe, S.; Tasaka, K.; Nukui, H. Transforming Growth Factor-β

Inhibits Interferon-γ Secretion by Lymph okine-activated Killer Cells Stimulated with Tumor Cells. Neurol. Medico-Chirurgica
1996, 36, 789–795. [CrossRef] [PubMed]

75. Takeuchi, M.; Kosiewicz, M.M.; Alard, P.; Streilein, J.W. On the mechanisms by which transforming growth factor-β2 alters
antigen-presenting abilities of macrophages on T cell activation. Eur. J. Immunol. 1997, 27, 1648–1656. [CrossRef] [PubMed]

76. Demidem, A.; Taylor, J.R.; Grammer, S.F.; Streilein, J.W. Comparison of Effects of Transforming Growth Factor-Beta and
Cyclosporin A on Antigen-Presenting Cells of Blood and Epidermis. J. Investig. Dermatol. 1991, 96, 401–407. [CrossRef] [PubMed]

77. Seeger, P.; Musso, T.; Sozzani, S. The TGF-β superfamily in dendritic cell biology. Cytokine Growth Factor Rev. 2015, 26, 647–657.
[CrossRef]

78. Lee, Y.S.; Park, J.S.; Kim, J.H.; Jung, S.M.; Lee, J.Y.; Kim, S.-J.; Park, S.H. Smad6-specific recruitment of Smurf E3 ligases mediates
TGF-β1-induced degradation of MyD88 in TLR4 signalling. Nat. Commun. 2011, 2, 460. [CrossRef]

79. Batlle, E.; Massagué, J. Transforming Growth Factor-β Signaling in Immunity and Cancer. Immunity 2019, 50, 924–940. [CrossRef]
80. Siegert, A.; Denkert, C.; LeClere, A.; Hauptmann, S. Suppression of the reactive oxygen intermediates production of human

macrophages by colorectal adenocarcinoma cell lines. Immunology 1999, 98, 551–556. [CrossRef]
81. Tan, H.-Y.; Wang, N.; Li, S.; Hong, M.; Wang, X.; Feng, Y. The Reactive Oxygen Species in Macrophage Polarization: Reflecting Its

Dual Role in Progression and Treatment of Human Diseases. Oxidative Med. Cell. Longev. 2016, 2016, 2795090. [CrossRef]
82. Kobie, J.J.; Wu, R.S.; A Kurt, R.; Lou, S.; Adelman, M.K.; Whitesell, L.J.; Ramanathapuram, L.V.; Arteaga, C.L.; Akporiaye, E.T.

Transforming growth factor beta inhibits the antigen-presenting functions and antitumor activity of dendritic cell vaccines. Cancer
Res. 2003, 63, 1860–1864.

83. Novitskiy, S.V.; Pickup, M.W.; Chytil, A.; Polosukhina, D.; Owens, P.; Moses, H.L. Deletion of TGF- signaling in myeloid cells
enhances their anti-tumorigenic properties. J. Leukoc. Biol. 2012, 92, 641–651. [CrossRef]

84. Das, L.; Levine, A.D. TGF-β Inhibits IL-2 Production and Promotes Cell Cycle Arrest in TCR-Activated Effector/Memory T Cells
in the Presence of Sustained TCR Signal Transduction. J. Immunol. 2008, 180, 1490–1498. [CrossRef] [PubMed]

85. Thomas, D.A.; Massagué, J. TGF-β directly targets cytotoxic T cell functions during tumor evasion of immune surveillance.
Cancer Cell 2005, 8, 369–380. [CrossRef] [PubMed]

86. Mangan, P.R.; Harrington, L.E.; O’Quinn, D.B.; Helms, W.S.; Bullard, D.C.; Elson, C.O.; Hatton, R.D.; Wahl, S.M.; Schoeb, T.R.;
Weaver, C.T. Transforming growth factor-β induces development of the TH17 lineage. Nature 2006, 441, 231–234. [CrossRef]
[PubMed]

87. Tay, R.E.; Richardson, E.K.; Toh, H.C. Revisiting the role of CD4+ T cells in cancer immunotherapy—new insights into old
paradigms. Cancer Gene Ther. 2020, 28, 5–17. [CrossRef] [PubMed]

http://doi.org/10.1038/srep29479
http://doi.org/10.1038/onc.2010.215
http://doi.org/10.1038/s41388-018-0378-x
http://www.ncbi.nlm.nih.gov/pubmed/30002444
http://doi.org/10.1038/nature15748
http://www.ncbi.nlm.nih.gov/pubmed/26560033
http://doi.org/10.1038/s41580-018-0080-4
http://doi.org/10.1016/j.canlet.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31605776
http://doi.org/10.1038/s41467-018-05992-x
http://www.ncbi.nlm.nih.gov/pubmed/30158554
http://doi.org/10.1016/S1470-2045(20)30234-5
http://doi.org/10.1080/2162402X.2018.1557372
http://doi.org/10.1158/0008-5472.CAN-08-0215
http://doi.org/10.4049/jimmunol.1502658
http://doi.org/10.3389/fimmu.2019.02689
http://doi.org/10.1038/ni1197
http://www.ncbi.nlm.nih.gov/pubmed/15852008
http://doi.org/10.2176/nmc.36.789
http://www.ncbi.nlm.nih.gov/pubmed/9420430
http://doi.org/10.1002/eji.1830270709
http://www.ncbi.nlm.nih.gov/pubmed/9247573
http://doi.org/10.1111/1523-1747.ep12469761
http://www.ncbi.nlm.nih.gov/pubmed/1826121
http://doi.org/10.1016/j.cytogfr.2015.06.002
http://doi.org/10.1038/ncomms1469
http://doi.org/10.1016/j.immuni.2019.03.024
http://doi.org/10.1046/j.1365-2567.1999.00915.x
http://doi.org/10.1155/2016/2795090
http://doi.org/10.1189/jlb.1211639
http://doi.org/10.4049/jimmunol.180.3.1490
http://www.ncbi.nlm.nih.gov/pubmed/18209044
http://doi.org/10.1016/j.ccr.2005.10.012
http://www.ncbi.nlm.nih.gov/pubmed/16286245
http://doi.org/10.1038/nature04754
http://www.ncbi.nlm.nih.gov/pubmed/16648837
http://doi.org/10.1038/s41417-020-0183-x
http://www.ncbi.nlm.nih.gov/pubmed/32457487


Cancers 2021, 13, 5724 14 of 14

88. Bai, X.; Yi, M.; Jiao, Y.; Chu, Q.; Wu, K. Blocking TGF-β Signaling To Enhance The Efficacy Of Immune Checkpoint Inhibitor.
OncoTargets Ther. 2019, 12, 9527–9538. [CrossRef] [PubMed]

89. Atezolizumab as First-Line Treatment in Cisplatin-Ineligible Patients with Locally Advanced and Metastatic Urothelial Car-
cinoma: A Single-arm, Multicentre, Phase 2 Trial—The Lancet. Available online: https://www.thelancet.com/journals/lancet/
article/PIIS0140-6736(16)32455-2/fulltext (accessed on 7 May 2021).

90. Gorczynski, R.M.; Chen, Z.; Erin, N.; Khatri, I.; Podnos, A. Comparison of Immunity in Mice Cured of Primary/Metastatic
Growth of EMT6 or 4THM Breast Cancer by Chemotherapy or Immunotherapy. PLOS ONE 2014, 9, e113597. [CrossRef]

91. Morris, J.C.; Tan, A.R.; Olencki, T.E.; Shapiro, G.I.; Dezube, B.J.; Reiss, M.; Hsu, F.J.; Berzofsky, J.A.; Lawrence, D.P. Phase I Study
of GC1008 (Fresolimumab): A Human Anti-Transforming Growth Factor-Beta (TGFβ) Monoclonal Antibody in Patients with
Advanced Malignant Melanoma or Renal Cell Carcinoma. PLOS ONE 2014, 9, e90353. [CrossRef]

92. Greco, R.; Qu, H.; Qu, H.; Theilhaber, J.; Shapiro, G.; Gregory, R.; Winter, C.; Malkova, N.; Sun, F.; Jaworski, J.; et al. Pan-TGFβ
inhibition by SAR439459 relieves immunosuppression and improves antitumor efficacy of PD-1 blockade. OncoImmunology 2020,
9, 1811605. [CrossRef]

93. Laverty, H.; Wakefield, L.; Occleston, N.; O’Kane, S.; Ferguson, M. TGF-β3 and cancer: A review. Cytokine Growth Factor Rev. 2009,
20, 305–317. [CrossRef]

94. Yingling, J.M.; McMillen, W.T.; Yan, L.; Huang, H.; Sawyer, J.S.; Graff, J.; Clawson, D.K.; Britt, K.S.; Anderson, B.D.; Beight, D.W.;
et al. Preclinical assessment of galunisertib (LY2157299 monohydrate), a first-in-class transforming growth factor-β receptor type
I inhibitor. Oncotarget 2017, 9, 6659–6677. [CrossRef] [PubMed]

95. Jung, S.Y.; Hwang, S.; Clarke, J.M.; Bauer, T.M.; Keedy, V.L.; Lee, H.; Park, N.; Kim, S.-J.; Lee, J.I. Pharmacokinetic characteristics
of vactosertib, a new activin receptor-like kinase 5 inhibitor, in patients with advanced solid tumors in a first-in-human phase 1
study. Investig. New Drugs 2019, 38, 812–820. [CrossRef] [PubMed]

96. Brandes, A.A.; Carpentier, A.F.; Kesari, S.; Sepulveda-Sanchez, J.M.; Wheeler, H.R.; Chinot, O.; Cher, L.; Steinbach, J.P.; Capper,
D.; Specenier, P.; et al. A Phase II randomized study of galunisertib monotherapy or galunisertib plus lomustine compared with
lomustine monotherapy in patients with recurrent glioblastoma. Neuro-Oncology 2016, 18, 1146–1156. [CrossRef] [PubMed]

97. Tijeras-Raballand, A.; Hobeika, C.; Martinet, M.; Astorgues-Xerri, L.; Paven, E.; Le Bitoux, M.-A.; Maillard, A.; Eveno, C.; Pocard,
M.; Bonnin, P.; et al. Abstract 2944: TGF-β inhibitor galunisertib combined with antiangio-genic therapies showed antitumor
effects in vitro and in vivo in hepatocellular carcinoma (HCC). Cancer Res. 2018, 78 (Suppl. 13), 2944.

98. Rodon, J.; Carducci, M.A.; Sepulveda-Sánchez, J.M.; Azaro, A.; Calvo, E.; Seoane, J.; Brana, I.; Sicart, E.; Gueorguieva, I.; Cleverly,
A.L.; et al. First-in-Human Dose Study of the Novel Transforming Growth Factor-β Receptor I Kinase Inhibitor LY2157299
Monohydrate in Patients with Advanced Cancer and Glioma. Clin. Cancer Res. 2014, 21, 553–560. [CrossRef]

99. Ikeda, M.; Morimoto, M.; Tajimi, M.; Inoue, K.; Benhadji, K.A.; Lahn, M.M.F.; Sakai, D. A phase 1b study of transforming growth
factor-beta receptor I inhibitor galunisertib in combination with sorafenib in Japanese patients with unresectable hepatocellular
carcinoma. Investig. New Drugs 2018, 37, 118–126. [CrossRef]

100. Ravi, R.; Noonan, K.A.; Pham, V.; Bedi, R.; Zhavoronkov, A.; Ozerov, I.V.; Makarev, E.; Artemov, A.V.; Wysocki, P.; Mehra, R.; et al.
Bifunctional immune checkpoint-targeted antibody-ligand traps that simultaneously disable TGFβ enhance the efficacy of cancer
immunotherapy. Nat. Commun. 2018, 9, 741. [CrossRef]

101. Paz-Ares, L.; Kim, T.M.; Vicente, D.; Felip, E.; Lee, D.H.; Lee, K.H.; Lin, C.-C.; Flor, M.J.; Di Nicola, M.; Alvarez, R.M.; et al.
Bintrafusp Alfa, a Bifunctional Fusion Protein Targeting TGF-β and PD-L1, in Second-Line Treatment of Patients With NSCLC:
Results From an Expansion Cohort of a Phase 1 Trial. J. Thorac. Oncol. 2020, 15, 1210–1222. [CrossRef]

102. Dias, N.; A Stein, C. Antisense oligonucleotides: Basic concepts and mechanisms. Mol. Cancer Ther. 2002, 1, 347–355.
103. Jaschinski, F.; Rothhammer, T.; Jachimczak, P.; Seitz, C.; Schneider, A.; Schlingensiepen, K.-H. The antisense oligonucleotide

trabedersen (AP 12009) for the targeted inhibition of TGF-β2. Curr. Pharm. Biotechnol. 2011, 12, 2203–2213. [CrossRef]
104. Kim, B.-G.; Malek, E.; Choi, S.H.; Ignatz-Hoover, J.J.; Driscoll, J.J. Novel therapies emerging in oncology to target the TGF-β

pathway. J. Hematol. Oncol. 2021, 14, 55. [CrossRef] [PubMed]

http://doi.org/10.2147/OTT.S224013
http://www.ncbi.nlm.nih.gov/pubmed/31807028
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(16)32455-2/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(16)32455-2/fulltext
http://doi.org/10.1371/journal.pone.0113597
http://doi.org/10.1371/journal.pone.0090353
http://doi.org/10.1080/2162402X.2020.1811605
http://doi.org/10.1016/j.cytogfr.2009.07.002
http://doi.org/10.18632/oncotarget.23795
http://www.ncbi.nlm.nih.gov/pubmed/29467918
http://doi.org/10.1007/s10637-019-00835-y
http://www.ncbi.nlm.nih.gov/pubmed/31300967
http://doi.org/10.1093/neuonc/now009
http://www.ncbi.nlm.nih.gov/pubmed/26902851
http://doi.org/10.1158/1078-0432.CCR-14-1380
http://doi.org/10.1007/s10637-018-0636-3
http://doi.org/10.1038/s41467-017-02696-6
http://doi.org/10.1016/j.jtho.2020.03.003
http://doi.org/10.2174/138920111798808266
http://doi.org/10.1186/s13045-021-01053-x
http://www.ncbi.nlm.nih.gov/pubmed/33823905

	Introduction 
	TGF-B Signaling and Cancer Progression 
	TGF- Signaling 
	TGF- Pathway and Fibroblasts 
	TGF- Pathway Can Drive Cancer Metastases and Drug Resistance via Epithelial Mesenchymal Transformation (EMT) 

	TGF- Signaling Affects the Tumor Immune Microenvironment 
	TGF- Pathway Induced Immune Cell Exclusion and Immune Checkpoint Inhibitor Resistance 
	Overcoming ICI Resistance through the Use of TGF- Inhibition 
	Conclusions 
	References

