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Abstract
Cancer immunotherapy using monoclonal antibodies targeting immune checkpoints has undoubtedly revolutionized the 
cancer treatment landscape in the last decade. Immune checkpoint inhibitors can elicit long-lasting, previously unheard-of 
responses in a number of tumor entities. Yet, even in such tumors as metastatic melanoma and non-small cell-lung cancer, 
in which immune checkpoint inhibition has become the first-line treatment of choice, only a minority of patients will ben-
efit considerably from these treatments. This has been attributed to a number of factors, including an immune-suppressive 
tumor microenvironment (TME). Using different modalities to break these barriers is of utmost importance to expand the 
population of patients that benefit from immune checkpoint inhibition. The multifunctional cytokine transforming growth 
factor-β (TGF-β) has long been recognized as an immune-suppressive factor in the TME. A considerable number of drugs 
have been developed to target TGF-β, yet most of these have since been discontinued. The combination of anti–TGF-β agents 
with immune checkpoint inhibitors now has the potential to revive this target as a viable immunomodulatory therapeutic 
approach. Currently, a limited number of small molecular inhibitor and monoclonal antibody candidates that target TGF-β 
are in clinical development in combination with the following immune checkpoint inhibitors: SRK 181, an antibody inhib-
iting the activation of latent TGF-β1; NIS 793, a monoclonal antibody targeting TGF-β; and SHR 1701, a fusion protein 
consisting of an anti-PD-L1 monoclonal antibody fused with the extracellular domain of human TGF-β receptor II. Several 
small molecular inhibitors are also in development and are briefly reviewed: LY364947, a pyrazole-based small molecular 
inhibitor of the serine-threonine kinase activity of TGFβRI; SB-431542, an inhibitor targeting several TGF-β superfamily 
Type I activin receptor-like kinases as well as TGF-β1-induced nuclear Smad3 localization; and galunisertib, an oral small 
molecular inhibitor of the TGFβRI kinase. One of the most advanced agents in this area is bintrafusp alfa, a bifunctional 
fusion protein composed of the extracellular domain of TGF-β receptor II fused to a human IgG1 mAb blocking PD-L1. 
Bintrafusp alfa is currently in advanced clinical development and as an agent in this space with the most clinical experience, 
is a focused highlight of this review.

Key Points 

Simultaneous targeting of the PD-1/PD-L1 pathway and 
TGF-β can be done with maturing evidence of clinical 
activity.

Targeting the PD-1/PD-L1 pathway and TGF-β can be 
accomplished without prohibitive safety concerns.

Biomarker-driven approaches under development may 
help ascertain which patient population will derive maxi-
mal benefit from dual PD-1/PD-L1 pathway and TGF-β 
blockade.
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1  Background

1.1  Importance of the PD‑1/PD‑L1 Pathway

Over the past two decades, tumor immunobiologists have 
learned how the up-regulation of inhibitory receptor axes, 
such as cytotoxic T lymphocyte antigen 4 (CTLA-4)–CD28 
and programmed cell death 1 (PD-1)–programmed cell 
death 1 ligand 1 (PD-L1), is an integral component of 
tumor immune escape, chemotherapy resistance, and dis-
ease progression [1]. Clinically, it is no secret that these 
discoveries have been revolutionary for the treatment of can-
cer and our understanding of intrinsic immune regulation. 
Following the approval of ipilimumab in March 2011 for 
metastatic melanoma [2], the landscape in which we have 
managed patients with advanced cancer has forever shifted. 
The magnitude of this paradigm change was punctuated by 
the 2018 Nobel Prize in Physiology or Medicine, awarded 
to James P. Allison and Tasuku Honjo for their discoveries 
leading to cancer treatments by way of suppressing negative 
immunomodulation [1]. In the years since the first PD-[L]1 
inhibitor approval on September 4, 2014, there have been 
over 70 Biologic Licensing Applications (BLAs) for anti-
PD-1- and anti-PD-L1-blocking antibodies approved [3]. 
The growing relevance of checkpoint inhibitors cannot be 
understated as they continue to change clinical practice and 
lead to the unprecedented extension of patient survival [4]. 
However, this story is far from over. As additional cancer 
and treatment-line indications are evaluated, it has become 
clear these agents have limits, often hampered by a variety of 
resistance mechanisms, including insufficient tumor immu-
nogenicity, MHC dysfunction, T-cell exhaustion, resistance 
to secondary cytokines such as interferon (IFN)-γ signal-
ing, and barriers on entering the immunosuppressive tumor 
microenvironment (TME) [5, 6].

1.2  Importance of the Transforming Growth Factor 
β (TGF‑β) Pathway

A central factor underpinning tumor immune resistance is 
local immunosuppressive cytokines. A primary target in this 
space is transforming growth factor β (TGF-β). TGF-β is a 
25-kDa dimeric protein [7], composed of two subunits, and 
is a multifunctional cytokine belonging to the transforming 
growth factor superfamily. This large superfamily of pro-
teins include a substantial variety of protein families, such 
as bone morphogenetic proteins (BMPs), growth differen-
tiation factors (GDFs), glial-derived neurotrophic factors 
(GDNFs), activins, inhibins, etc. In addition to this wide 
network are three different mammalian isoforms of TGF-β 
(TGF-β1, TGF-β2, TGF-β3), all of which function through 
the same receptor signaling pathways. Polypeptides from the 

TGF-β family were first isolated in the 1970s by de Larco 
and Todaro and were initially named as the sarcoma growth 
factor (SGF) as they could provoke the malignant transfor-
mation of rat kidney fibroblasts [8]. By the 1980s, Roberts 
and Sporn further described TGF-β as capable of inducing 
fibroblast growth and collagen production. Other groups 
around this time also identified TGF-β as having a dual role 
in its ability to inhibit cell proliferation as well [9]. Over 
the subsequent decades, we have learned of the numerous 
cellular and biological functions of the TGF-β superfamily, 
including regulation of cell proliferation, apoptosis, differ-
entiation, and migration; embryonic patterning; stem cell 
maintenance; immune regulation; bone formation; and tissue 
remodeling and repair [10–14].

TGF-β1, a primary focus of this review, is composed of 
a latency-associated peptide (LAP) and a mature TGF-β1, 
which form homodimers via disulfide bonds. These homodi-
mers then noncovalently associate as the small latent TGF-
β1 complex (SLC). This secreted complex then covalently 
associates with a latent TGF-β binding protein (LTBP), thus 
creating a tripartite complex known as the large latent com-
plex (LLC). The LLC is then sequestered within the extra-
cellular matrix (ECM), which in turn functions as an ECM 
reservoir of TGF-β. Sequestration of latent TGF-β in the 
ECM is crucial for proper mobilization of the latent cytokine 
and its activation [15–18] (Fig. 1).

A growing body of evidence reveals that TGF-β1 can 
be activated by a variety of factors within the extracellular 
compartment, including plasmin, matrix metalloproteinases 
(MMPs), thrombospondin-1, lowered pH, and reactive oxy-
gen species. Notably, TGF-β can also be activated by spe-
cific integrins that bind the Arg-Gly-Asp (RGD) sequence 
of LAPs. The integrin-RGD binding in turn results in a con-
tractile-force-dependent conformational change of the latent 
complex, which releases a now-activated TGF-β. Further-
more, in proximity to the new, active TGF-β are a number 
of soluble extracellular agonists and antagonists that further 
complicate the temporal and spatial access of the ligands to 
receptors [17, 19–24].

TGF-β signaling involves three parallel pathways (BMP, 
TGF-β, and activin pathways), which converge through the 
canonical SMAD pathway that controls the expression of 
hundreds of genes, and several noncanonical pathways that 
regulate cell polarity, the cytoskeleton, and microRNA mat-
uration [25]. Under normal homeostasis, TGF-β functions as 
a tumor suppressor, which can both induce apoptosis in pre-
malignant cells and inhibit proliferation of cancerous cells. 
Under specific circumstances in which a tumor has inacti-
vated the tumor-suppressive effects of TGF-β, either by a 
loss of specific downstream pathway signaling or a rewiring 
of this signaling, TGF-β can become a factor driving tumor 
progression. This co-option of TGF-β can be further skewed, 
wherein tumor-derived TGF-β can induce tumorigenic and 
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pro-metastatic responses in cancer cells as well as the sur-
rounding stroma, including the formation of an immune-
suppressive TME [10, 26–28]. These biological changes can 
result clinically in more aggressive tumors, wherein reduced 
TGF-βRII expression in human non-small-cell lung cancer 
(NSCLC) leads to increased peri-tumor inflammation at least 
partially mediated by increased TGF-β1 expression [29]. We 
are also aware that TGF-β can induce chemoresistance by 
way of tumor quiescence, and this effect can be reversed or 
prevented by way of TGF-β inhibition [30].

As a result of the role TGF-β plays in both tumor propa-
gation and metastasis, there has been interest in combin-
ing TGF-β blockade with additional immunotherapeutic 
approaches. This includes a significant interest in concurrent 
CTLA-4 or PD-1/PD-L1 blockade [31–33], as well as com-
binations with immunocytokines [34], cytokine/chemokine 
blockade [35, 36], oncolytic viruses [37], autologous tumor 
vaccination [38], and adoptive cell therapy [39]. The major-
ity of these are outside the scope of this focused review.

1.3  Concentration of TGF‑β Sequestration in Tumor 
Microenvironment (TME)

As tumors progress, they will typically generate and secrete 
their own TGF-β in an autocrine fashion. The TGF-β pro-
duced is sequestered as the LLC, which binds to local pro-
teins within the ECM, predominantly fibrillin and fibronec-
tin [16]. This ECM deposition serves as an abundant TGF-β 
reservoir impacting not only the tumor itself, but the local 
TME—inhibiting cell adhesion, inducing immunosup-
pression as well as angiogenesis, and lastly completing 
the cycle wherein further tumor-mediated or tumor-asso-
ciated cell mediated degradation of the local ECM releases 
sequestered TGF-β and propagates the metastatic process. 
The latent TGF-β complex also binds glycoprotein A rep-
etitions predominant (GARP), which is a transmembrane 
protein abundantly expressed on regulatory T cells and 
platelets [40]. GARP has been shown to play a central role 
in peripheral tolerance of T regulatory cells, as well as a 
source for ample TGF-β in the local microenvironment. 
This tumor-derived TGF-β not only drives the formation 
of cancer-associated fibroblasts [41], inhibits natural killer 

Fig. 1  TGF-β precursor within the endoplasmic reticulum undergoes 
dimerization via disulfide bonds. These homodimers are cleaved by 
furin proteases into the small latent complex (SLC). This complex 
then associates with the latent TGF-β binding protein (LTBP) form-
ing the large latent complex (LLC) before being secreted into the 
local extracellular environment. The LLC is then sequestered within 

the local extracellular matrix (ECM) where it acts as a reservoir for 
mature TGF-β. The sequestered mature TGF-β is released by pro-
teases resulting in signaling through the TGF-β receptor inducing 
SMAD2/3 phosphorylation, followed by association with SMAD4 
into a transcription complex. Furin cleavage and the non-covalent 
nature of the SLC are not visually represented
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(NK) cells and dendritic (DC) cells [42, 43], but also serves 
to polarize macrophages into tumor-associated macrophages 
(TAMs) [44]. In addition, TGF-β is capable of impairing 
adaptive antitumor immunity through the direct inhibition 
of clonal expansion and cytotoxicity of CD8+ cytotoxic T 
cells [45, 46]. Lastly, TGF-β can induce the expression of 
Foxp3, which confers a regulatory and immunosuppressive 
phenotype [47]. Compounding this cycle, the GARP pro-
moter has a binding site for FoxP3, which could in turn lead 
to further GARP expression and TGF-β sequestration to the 
local TME [16, 40, 48].

Previous studies have suggested that pan-inhibition of 
TGF-β may help overcome resistance to immune checkpoint 
blockade, but inhibitors blocking all three isoforms proved to 
be either too toxic for clinical use—often hindered by dose-
limiting cardiotoxicities—or failed to show significant clini-
cal activity despite promising preclinical evidence [49–53]. 
Several animal models and studies on loss-of-function muta-
tions in humans of TGF-β2 and TGF-β3 isoforms suggest 
these isoforms may play vital homeostatic roles in cardiac 
function [51, 54–57]. This has led to dedicated interest in 
blocking the TGF-β1 isoform, as this appears to be the driver 
of immune resistance within the TME [58].

2  Preclinical and Early Phase Data

Several agents targeting TGF-β have been evaluated with 
mixed success, including several approaches using neutral-
izing antibodies, ligand traps, small-molecule inhibitors, and 
antisense oligonucleotides. Herein, we highlight eight agents 
that have shown promising activity.

2.1  SRK‑181

The agent SRK-181 is a high-affinity, fully humanized 
monoclonal antibody that inhibits latent TGF-β1 activation. 
Preclinical work has displayed little to no binding to latent 
TGF-β2 and TGF-β3 isoforms or to active TGF-β growth 
factors [59]. In mouse tumor models (bladder, melanoma, 
and breast cancer), SRK-181 (in combination with anti-PD1 
therapy) overcame primary anti-PD-1 resistance and showed 
survival benefit [58]. This has led to an ongoing multicenter, 
open-label, phase I trial of SRK-181 (DRAGON trial, Clin-
icalTrials.gov identifier NCT04291079), which evaluates 
SRK-181 alone or in combination with anti-PD-L1 inhibi-
tion in patients with locally advanced or metastatic solid 
tumors. One arm of this study involves assessing patients 
who have had prior anti-PD-1/PD-L1 therapy and are con-
sidered ‘nonresponders’ to assess whether adding SKR-181 
can overcome primary anti-PD-1 resistance [60].

2.2  NIS 793

NIS793 (formerly XPA-42-068) is a pan anti-TGF-β-
neutralizing antibody that has shown preclinical activity in 
xenograft models of pharyngeal carcinoma and squamous 
cell carcinoma [61, 62]. NIS793 was initially accessed 
across 120 participants in a phase I/Ib study (NCT02947165) 
in combination with spartalizumab (PDR001, an anti-PD-1 
antibody) in patients with locally advanced or metastatic 
solid tumors. Interim results showed the agent was well tol-
erated, with 11% of patients experiencing a treatment-related 
adverse event (TRAE), the most common being rash (3%). 
Some clinical activity was noted, with two microsatellite-
stable colorectal cancer patients achieving a partial response 
(PR) [63]. The antibody is currently being tested in a phase 
II clinical trial for patients with metastatic pancreatic ductal 
adenocarcinoma in combination with gemcitabine/nab-
paclitaxel chemotherapy, as well as a separate arm including 
spartalizumab (NCT04390763) [64].

2.3  SHR 1701

An agent largely investigated in China is SHR-1701; this 
bispecific antibody is an anti-PD-L1 monoclonal antibody 
fused with the N-terminal-truncated extracellular domain 
of TGF-β receptor II (TGFβRII) [65]. This agent is bio-
logically similar to another agent, bintrafusp alfa, discussed 
later in this review. The fused TGFβRII component func-
tions as a TGF-β ‘trap,’ binding TGF-β within the TME. 
SHR-1701 is being investigated in 19 different phase I and 
phase II clinical trials (registered on ClinicalTrials.gov as of 
September 16, 2021) across a number of locally advanced 
and metastatic solid tumors. Of the data reported, the agent 
appears to be well tolerated with rare dose-limiting toxicity 
(DLT), including an incident of immune-mediated pneumo-
nitis in a NSCLC expansion cohort [66], as well as a 46.9% 
reported incidence of immune-related adverse events across 
49 patients with varying tumor types [67].

2.4  LY364947

LY364947 is a pyrazole-based small molecular inhibitor 
capable of inhibiting the serine-threonine kinase activity of 
TGFβRI. In several preclinical models, LY364947 decreased 
the resistance of glioblastoma-initiating cells [68], the MDA-
MB-231 breast cancer cell line [69], and several non-small 
lung cancer cell lines (NCI-H1299, A549 and murine Lewis 
lung cancer cells) to radiotherapy [70, 71]. This observation 
is suggested to be in part mediated through attenuation of 
the DNA damage response pathway by TGFβRI inhibition. 
While there appears to be some promising preclinical data, 
no active trials are currently underway.
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2.5  SB‑431542

Another small molecular inhibitor, SB-431542, targets sev-
eral TGF-β superfamily type I activin receptor-like kinases, 
including ALK4, ALK5, and ALK7, as well as subsequent 
TGFβ1–induced nuclear Smad3 localization. When tested 
with in vitro models, SB-431542 suppressed TGFβ-induced 
growth stimulation of MG63 osteosarcoma cells. While no 
active clinical trials exist for this inhibitor, SB-431542 has 
found renewed utility in preclinical stem cell differentiation 
protocols [71].

2.6  Galunisertib (LY2157299)

An agent with substantial pre-clinical evaluation is galunis-
ertib, an oral small molecular inhibitor of the TGFβRI kinase 
which downregulates the phosphorylation of SMAD2. This 
agent has been studied in several disease states, including 
myelodysplastic syndrome where galunisertib decreased 
anemia in a TGF-β overexpressing transgenic mouse model 
of bone marrow failure [72, 73]. Galunisertib has also dis-
played antitumor activity across several xenograft models of 
breast, colon, lung, and hepatocellular carcinoma [71]. This 
preclinical activity led to a first-in-human dose-finding study 
in 65 patients with progressive malignancies [74]. This study 
included two arms, one for dose escalation and then a sec-
ond that evaluated galunisertib in combination with stand-
ard clinical doses of lomustine. As a monotherapy, 16.6% 
(5/30) of evaluable galunisertib-treated patients experienced 
either a complete or partial response (CR or PR). Safety was 
assessed using Common Terminology Criteria for Adverse 
Events (CTCAE) version 3.0 and galunisertib was evalu-
ated as safe, with no cardiac adverse events and only three 
patients (7.7%) of the monotherapy arm experiencing grade 
3 or 4 toxicities that were considered possibly drug related. 
One possible DLT was noted for grade 4 thrombocytope-
nia. A subsequent randomized phase II study of galunis-
ertib involving 158 patients was completed; this involved 
three arms: galunisertib monotherapy (n = 39), galunisertib 
and lomustine (n = 79), or lomustine and placebo (n = 40) 
[75]. This too was a negative study where the combina-
tion of galunisertib and lomustine failed to demonstrate an 
improvement in overall survival (OS) relative to lomustine 
+ placebo, with similar efficacy outcomes across all three 
arms. Another study from 2019 evaluated galunisertib in the 
second-line for patients with hepatocellular carcinoma [76]. 
Notably, OS was longer in AFP responders (> 20% decrease 
from baseline) compared with non-responders (21.5 months 
vs 6.8 months), and longer in TGF-β1 responders (> 20% 
decrease from baseline) compared with non-responders. The 
most common grade 3/4 TRAE were neutropenia (n = 4), as 
well as fatigue, anemia, hyperbilirubinemia, hypoalbumine-
mia, and embolism (each, n = 2). Most recently, a two-part, 

single-arm, multinational, phase Ib study was conducted 
of galunisertib co-administered with the anti-PD-L1 mAb, 
durvalumab, in patients with recurrent/refractory metastatic 
pancreatic cancer. No DLTs were recorded. Among 32 
patients treated with galunisertib, one patient had PR, seven 
had stable disease (SD), 15 had objective progressive disease 
(PD), and nine were not evaluable. Disease control rate was 
25.0%. Median OS and progression-free survival (PFS) were 
5.72 months (95% CI 4.01–8.38) and 1.87 months (95% CI 
1.58–3.09), respectively [77].

2.7  Vactosertib (TEW‑7197)

Vactosertib (TEW-7197) is another selective small molecule 
inhibitor. This agent targets the adenosine-5-triphosphate 
binding site of TGFβR1, in turn inhibiting phosphoryla-
tion of the Smad2 and Smad3 proteins, the key mediators 
in TGF-β downstream signaling. Vactosertib safety, effi-
cacy, and association with TGF-β response signatures were 
evaluated in patients with advanced solid tumors, identi-
fying a response signature associated with poor prognosis. 
In a phase I modified 3 + 3 dose-escalating study of vac-
tosertib, patients (n = 17) who received ≥ 140 mg achieved 
SD (35.3%) and had higher TGF-β response signatures than 
those with PD. Vactosertib was safe and well tolerated, and 
maximum tolerated dose was not determined. The most 
common TRAE was fatigue, while abdominal pain, AST 
elevation, and pulmonary edema occurred in one patient.

3  Bintrafusp alfa

Bintrafusp alfa (formerly GSK-4045154, M7824, and 
MSB0011359C) is a first-in-class investigational bifunc-
tional fusion protein designed to block TGF-β and PD-L1. 
The protein is composed of the extracellular domain of the 
TGF-βRII receptor, functioning here as a TGF-β ‘trap.’ This 
TGF-β trap is fused via a linker to the C-terminus of each 
heavy chain of an IgG1 antibody blocking PD-L1 (anti-
PD-L1). As a result, bintrafusp alfa is designed to target 
tumors via first localization of the target drug, by way of 
anti-PD-L1 inhibition, with the simultaneous inhibition of 
two key mechanisms of immunosuppression in the TME 
[78–81] (Fig. 2). This proposed mechanism of action and 
drug localization was assessed by radiolabeling bintrafusp 
alfa with zirconium-89 (89Zr) and evaluating this radiola-
beled conjugate in a PD-L1/TGF-β-positive murine breast 
cancer model (EMT-6). In this study, nanomolar affinities 
for PD-L1 were achieved with 89Zr-Df-bintrafusp alfa, sug-
gesting the in vivo distribution patterns of bintrafusp alfa are 
driven by its PD-L1 binding arm [82].

In preclinical mouse tumor models, bintrafusp alfa 
showed greater antitumor activity versus anti–PD-L1 or 
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anti–TGF-β treatment alone, supporting the biodistribution 
noted in radiolabeling studies. Treatment with bintrafusp alfa 
resulted in superior tumor regression at day 24 compared 
with treatment with either anti–PD-L1 or the trap control 
(both of which also showed partial antitumor activity). They 
also noted improved antitumor activity in mouse models of 
other solid tumors, including orthotopic breast models, colo-
rectal cancer, and subcutaneous tumors. In addition, treat-
ment with bintrafusp alfa resulted in significantly reduced 
cancer-associated fibroblast activity with reduced α-SMA 
expression relative to isotype control or anti–PD-L1 mono-
therapy and was shown to also reduce fibrosis. This sug-
gests that with the use of bintrafusp alfa and the reduction 
in peri-tumor fibrosis, we may be able to help revert local 
drug resistance, increase antitumor activity, and improve the 
potential for synergy with combination therapies otherwise 

impeded by the TME. This was subsequently evaluated: 
bintrafusp alfa was combined with radiation therapy, which 
showed enhanced antitumor activity in preclinical mouse 
tumor models, whereas the combination of bintrafusp alfa 
with radiotherapy resulted in significantly reduced tumor 
volume and tumor weight relative to bintrafusp alfa or radio-
therapy alone as well as a significantly increased frequency 
of IFN-γ-producing CD8+ T cells and the reduction in gene 
expression of epithelial-mesenchymal transition (EMT), vas-
cular endothelial growth factor (VEGF) pathway, and radia-
tion therapy (RT)–induced fibrosis gene-signatures [79].

Paralleling this work, Knudson et al. demonstrated that 
bintrafusp alfa sequesters murine TGF-β1 in  vitro and 
in vivo. In addition, bintrafusp alfa can both prevent the 
initiation of, and significantly decrease existing TGF-β sign-
aling, particularly in the TME [83]. They demonstrated that 

a

Fig. 2  a T effector cell trafficking to tumor site, which harbors height-
ened amounts of TGF-β within the local microenvironment. b Bin-
trafusp alfa binding and sequestering TGF-β within the tumor micro-

environment while concurrently binding PD-L1, fostering T effector 
cell engagement with malignant cells
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bintrafusp alfa reduces plasma TGF-β1, binds to PD-L1 in 
the tumor, and decreases TGF-β-induced signaling in the 
TME in mice. In murine breast and colon carcinoma models, 
bintrafusp alfa decreased both tumor burden and increased 
overall survival when compared with TGF-β neutralization 
alone. Bintrafusp alfa treatment promoted CD8+ T cell 
and NK cell activation, and both of these immune popu-
lations were required for optimal bintrafusp alfa-mediated 
tumor control. Bintrafusp alfa was superior to TGF-β- or 
PD-L1-targeted therapies when in combination with a thera-
peutic cancer vaccine. These findings demonstrate the value 
of using bintrafusp alfa to simultaneously target TGF-β and 
PD-L1/PD-1 immunosuppressive pathways to promote anti-
tumor responses and efficacy. The studies also support the 
potential clinical use of bintrafusp alfa as a monotherapy or 
in combination with other immunotherapies, such as thera-
peutic cancer vaccines, including for patients who have pro-
gressed on PD-L1/PD-1 checkpoint blockade therapies [83].

Extending the potential synergy of therapeutic vaccines, 
Rumfield et al. investigated bintrafusp alfa in combination 
with a liposomal-based human papillomavirus (HPV) thera-
peutic vaccine consisting of an immune-activating cationic 
lipid (R-DOTAP) and HLA-unrestricted HPV16 peptides 
[84]. This study tested a syngeneic mouse model of a murine 
lung carcinoma cell line (TC-1) expressing HPV16 E6 and 

E7, devoid of PD-L1 expression to mimic a PD-L1 low 
patient population, with a combination of vaccine, bintrafusp 
alfa, and NHS-IL12 (an immunocytokine composed of two 
IL-12 heterodimers). HPV vaccine monotherapy gener-
ated HPV-specific T cells and antitumor activity in mice 
bearing TC-1 lung carcinomas, whereas bintrafusp alfa did 
not elicit antitumor effects or any increase in T cells in the 
TME. However, when combined with NHS-IL12, the three-
agent therapy significantly reduced the rate of tumor growth 
and when compared with either therapy as a monotherapy, 
resulted in the lowest average tumor weight at the end of 
study. These results were then correlated with increases in 
T cells and T-cell clonality in the TME [84].

3.1  Clinical Data

Following promising preclinical data, early phase trials of 
bintrafusp alfa have started to reveal where it may be used 
alongside other agents in the burgeoning immunotherapy 
armamentarium to achieve antitumor synergy [80] (Table 1). 
Strauss et al. first evaluated bintrafusp alfa in a 3 + 3 dose-
escalation phase I study to determine the safety and maxi-
mum tolerated dose (MTD). Nineteen heavily pretreated 
patients with ECOG 0–1 received bintrafusp alfa. Grade ≥ 3 
TRAEs occurred in four patients (skin infection secondary 

b

Fig. 2  (continued)
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to localized bullous pemphigoid, asymptomatic lipase 
increase, colitis with associated anemia, and gastroparesis 
with hypokalemia). In this study, MTD was not reached, and 
pharmacokinetic/pharmacodynamic studies revealed periph-
eral PD-L1 was saturated with > 80% occupancy throughout 
the dosing period. In addition, all released plasma TGF-β1, 
-β2, and -β3 isoforms were sequestered following bintrafusp 
alfa administration in a dose-dependent manner, with com-
plete sequestration of all three isoforms found for the entire 
dosing period at doses > 1 mg/kg. At time of publication, the 
study reported efficacy across all dose levels, with a recom-
mended phase II dose (RP2D) of 1200 mg every 2 weeks, 
including one ongoing confirmed CR (cervical cancer), two 
durable confirmed PRs (pancreatic cancer; anal cancer), one 
near-PR (cervical cancer), and two cases of prolonged SD 
(pancreatic cancer, carcinoid) [80].

Bintrafusp alfa was also studied in a separate phase I, 
open-label trial of advanced NSCLC that had progressed 
following platinum-based doublet therapy or platinum-
based neoadjuvant or adjuvant treatment, as well as those 
who had not received prior immunotherapy [85]. Here, 80 
patients were randomized at a one-to-one ratio to receive 
bintrafusp alfa at either 500 mg or at the RP2D of 1200 mg 
every 2 weeks. The median follow-up in this study was 
51.9 weeks, with an overall response rate (ORR) of 25.0% 
in the RP2D cohort (10/40 patients). Notably, at the RP2D, 
patients with PD-L1-positive and PD-L1-high (≥ 80% 
expression on tumor cells) disease had ORRs of 36.0% 
(10/27 patients) and 85.7% (6/7 patients), respectively. We 
note in this study, given the patients receipt of prior therapy, 
it is unclear if the increase in PD-L1-positive responses seen 
were in part conditional on T-cell responses elicited follow-
ing their prior systemic therapy. In this study, PD-L1 status 
was obtained from fresh tumor biopsies within 28 days prior 
to first drug administration, and all patients were required to 
have been free of prior systemic treatment for a minimum 
of 28 days. The treatment was tolerated with 68.8% (55/80 
patients) experiencing a TRAE (500 mg, 27/40; 1200 mg, 
28/40 patients), of which the most common (experienced by 
≥ 10% of patients) were pruritis (21.3%), maculopapular rash 
(18.8%), decreased appetite (12.5%), and asthenia (11.3%). 
By study close, 10% (8/80 patients) had a TRAE that led to 
treatment discontinuation, with no treatment-related deaths 
during the study [85]. This initial study in NSCLC led to a 
head-to-head trial of bintrafusp alfa versus pembrolizumab, 
named INTR@PID lung 037, as first-line treatment in 
patients with advanced NSCLC [86]. However, this latter 
trial was discontinued in January 2020 after review by an 
independent data monitoring committee, which showed the 
study was unlikely to meet its coprimary endpoints of PFS 
and OS. Several criticisms have risen with respect to the trial 
design, including it being an unblinded study and that the 
clinical investigators may have been largely unfamiliar with 

the side effect profile of bintrafusp alfa, potentially leading 
to early discontinuation [87].

Highlighting the broad potential for bintrafusp alfa 
across epithelial cancers, a separate phase I study evaluated 
bintrafusp alfa in Asian patients with biliary tract cancers 
(BTCs) who had progressed despite prior adjuvant or neo-
adjuvant chemotherapy [88]. In this study, bintrafusp alfa 
was administered at 1200 mg every 2 weeks until either 
confirmed PD, unacceptable toxicity, or trial withdrawal. 
Median follow-up time was 15.3 months, with a median 
duration of therapy of 8.9 months, and three patients who 
remained on active treatment for > 59.7 weeks. The ORR 
was 20%, with 7% (2/30 patients) experiencing a CR last-
ing > 12.5 months, 13% (4/30 patients) experiencing PRs, 
and 20% (6/30 patients) with SD. Similar to prior trials, 
the agent was generally well tolerated, with 37% (11/30 
patients) experiencing a grade 3 or greater TRAE, with the 
most common (experienced by ≥ 10% of patients) being 
rash in 13% (4/30 patients) and elevated lipase in 10% (3/30 
patients). However, the study did report three patient deaths 
possibly related to treatment: one septic shock event due 
to bacteremia, which led to death, as well as two cases of 
interstitial pneumonitis (ILD), which led to death—one 
of which occurred 6 months after the last bintrafusp alfa 
dose. The authors note these were the only cases of ILD 
across their entire phase I program evaluating bintrafusp alfa 
(NCT02699515 and NCT02517398; combined n = 689 as of 
August 24, 2019) [88]. A subsequent phase II trial (INTR@
PID BTC 047, NCT03833661) for BTCs went on to evaluate 
bintrafusp alfa as second-line monotherapy for patients with 
locally advanced or metastatic biliary tract cancers who were 
ineligible for or for whom first-line platinum-based chemo-
therapy has failed. Final results showed signs of efficacy 
with a 10.1% ORR at 9 months of follow up, nearly double 
the 5.8% ORR of pembrolizumab monotherapy in a similar 
patient population [89, 90]. However, although single-agent 
activity was noted, this study did not meet its predefined 
endpoint. Until August 2021, bintrafusp alfa remained under 
investigation for BTCs as part of the phase II/III INTR@
PID BTC 055 (NCT04066491) trial, evaluating front-line 
use of bintrafusp alfa in combination with gemcitabine and 
cisplatin [91]. However, this study was discontinued early 
following recommendations by the trial’s independent data 
monitoring committee, who concluded the trial was unlikely 
to meet its primary end point of OS [92].

More recently, bintrafusp alfa has been evaluated in 
HPV-associated malignancies [93]. These malignancies are 
viewed as those with a higher yield of response, as genome-
wide association studies noted a relationship between the 
TGF-β pathway and cervical cancer as well as HPV-positive 
squamous cell carcinoma of the head and neck (SCCHN) 
[94]. Furthermore, TGF-β receptor I is significantly over-
expressed in these cancers compared with benign tissue, 
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and dysregulated TGF-β signaling has been associated with 
malignant progression of HPV-positive cervical dysplasia, 
as well as evidence HPV can mediate promotion of cervical 
cancer by attenuating TGF-βR1 signaling required for epi-
thelial homeostasis at early stages of viral infection [94–96]. 
To assess whether this population of HPV+ malignancies 
may be uniquely susceptible to the tandem effects of bin-
trafusp alfa, a post-hoc analysis of bintrafusp alfa across 
a combined HPV+ population was performed. This analy-
sis included those patients treated on a phase I, open-label 
trial of bintrafusp alfa with heavily pretreated advanced 
solid tumors (n = 43) as well as a phase II, single-center 
trial of patients with advanced HPV-associated cancers 
(n = 16). Those patients within the phase I dose-escalation 
trial received bintrafusp alfa once every 2 weeks at doses 
of 0.3–30 mg/kg, whereas those on the RP2D received bin-
trafusp alfa at 1200 mg every 2 weeks, for a combined popu-
lation of 75 patients. Across this combined cohort of heavily 
pretreated patients with a median follow-up of 33 months, 
investigators found a confirmed ORR of 28.0% (n = 21, 4 
CRs and 17 PRs), with three additional patients achieving a 
delayed PR, leading to a clinical response rate of 32.0% and 
the suggestion further studies in this population of HPV+ 
malignancies may be warranted. Notably, the median dura-
tion of response was 17.3 months, and the median OS was 
21.3 months, with a 12-month OS rate of 59.7%. The TRAEs 
were similar to prior trials, with the most common being 
grade 1 pruritis in 25.3% of patients and grade 1 dermatitis 
acneiform. No treatment-related deaths occurred [93, 97].

A third trial evaluating bintrafusp alfa in 14 patients with 
HPV16+ relapsed or refractory advanced cancer has also 
been reported. This trial incorporated a triple combination 
of 1200 mg bintrafusp alfa every 2 weeks with M9241, an 
immunocytokine composed of IL-12 heterodimers fused 
to a monoclonal antibody targeting free DNA proximal to 
necrotic tumors [98], and PDS0101 (Versamune-HPV), a 
liposomal multipeptide therapeutic vaccine targeting HPV 
16 E6/E7 [99]. With a median follow-up of 5 months, inves-
tigators reported one CR, and nine PRs with nine out of ten 
responses ongoing at time of data cut off. They noted of the 
14 patients, six were checkpoint naive and eight had check-
point refractory disease. Of those with checkpoint-naive dis-
ease, five of six (83%) experienced an objective response, 
whereas five of the eight patients (63%) with checkpoint 
refractory disease experienced an objective response. The 
treatment combination was largely well tolerated, with no 
treatment-related deaths and four grade 3 TRAEs (hema-
turia in two patients with cervical cancer and prior pelvic 
radiation as well as two patients with AST/ALT elevations).

These data highlight the potential applicability of bin-
trafusp alfa in a focal patient population as well as the novel 
toxicities seen as a result of TGF-β sequestration.

3.2  Side Effects

3.2.1  Overview

Several toxicities have been identified in TGF-β inhibi-
tors, including bintrafusp alfa. A combined cohort of 606 
patients across the phase I INTR@PID 001 and 008 studies 
in heavily pretreated solid tumors was presented at the 2021 
ESMO annual meeting [100]. TRAEs of any grade occurred 
in 68.3% of patients (n = 414), with grade ≥ 3 TRAEs in 
22.3% of patients (n = 135). Out of the 606 patients, 8.7% 
permanently discontinued (n = 53) treatment because of 
TRAEs. The most common adverse events included TGF-β 
inhibition-mediated skin adverse events (any grade: 11.9%, 
grade ≥ 3: 2.6%), immune-related adverse events (any grade: 
23.3%, grade ≥ 3: 8.9%), anemia (any grade: 30.5%, grade 
≥ 3: 18.0%), bleeding events (any grade: 39.3%, grade ≥ 3: 
10.2%), and infusion-related reactions (any grade: 6.3%, 
grade ≥ 3: 0.2%). Notably, the most common skin adverse 
events were keratoacanthomas (KAs), typically in older, 
light-skinned patients with a history of sun-damage, and 
the most common bleeding event was epistaxis. In these tri-
als, the eligibility criteria included an exclusion for bleed-
ing diathesis or recent major bleeding. As the majority of 
reported bleeding events were mild to moderate mucosal 
bleeding; these were clinically manageable and resolved 
without the need for bintrafusp alfa discontinuation. One 
important difference in toxicity profile noted with bintrafusp 
alfa is the distinct lack of significant cardiac toxicity, a con-
cern noted with prior pan-TGF-β inhibitors [53].

3.2.2  Bleeding

Although most of the reported bleeding events were low-
grade mucosal bleeding (e.g., epistaxis, gingival bleeding), 
there are episodes of significant and at times life-threatening 
bleeding (e.g., gastrointestinal hemorrhage). Bleeding from 
TGF-β inhibitors was identified in early studies of fresoli-
mumab, an engineered human monoclonal Ig that neutral-
izes the three major isoforms of TGF-β. Studies in fifteen 
patients with systemic sclerosis identified two cases of clini-
cally significant gastrointestinal bleeding from gastric antral 
vascular ectasia, as well as three cases of gingival bleeding 
and/or epistaxis with two others reporting subconjunctival 
hemorrhage [101]. Three patients in a separate study of fre-
solimumab in patients with steroid-resistant primary focal 
segmental glomerulosclerosis developed grade ≥ 3 gingival 
bleeding [102].

In a phase I expansion cohort of patients with recurrent 
glioblastoma, six patients (17.1%) experienced gingival 
bleeding, whereas five patients (14.3%) experienced intra-
tumoral or intracranial bleeding events in the setting of pro-
gressive disease. The intratumoral and intracranial bleeding 
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events occurred between 2 and 17 days after their last dose 
of bintrafusp alfa, with two of the five patients concurrently 
receiving anticoagulation (for deep vein thrombosis prophy-
laxis and as maintenance following prior pulmonary embo-
lism). Notably, all of these events occurred in new lesions 
attributed to progressive disease, and this rate of intracranial 
hemorrhage was similar to reported rates in patients with 
primary brain tumors receiving disease-directed treatment 
who are not on anticoagulation (2.6–13.6%) and are on anti-
coagulation (15.5–28.1%) [103, 104]. Of note, one of these 
intratumoral hemorrhage events did lead to a patient death 
and was assessed by investigators as treatment-related in 
conjunction with disease progression [81].

In a phase I study of bintrafusp alfa in Asian patients with 
advanced solid tumors, one patient with a pituitary gland 
tumor developed intralesional bleeding, which was attrib-
uted as probably related to treatment. Two other patients 
developed grade 3 upper gastrointestinal hemorrhage and 
pulmonary hemorrhage, respectively, although both were 
attributed as unrelated to treatment [105].

In an evaluation of bintrafusp alfa from phase I and II 
trials in cervical cancer, there were single reports of grade 3 
treatment-related upper-gastrointestinal hemorrhage as well 
as hematuria [106]. This cohort was assessed in a larger data 
set of HPV-related malignancies, and across 59 patients, 38 
patients (64.4%) experienced treatment-emergent bleeding, 
with nine patients (15.3%) experiencing grade 3 bleeding 
events [93].

A poster summarizing the safety profile of bintrafusp 
alfa (from the INTR@PID LUNG 024 study evaluating 
bintrafusp alfa in combination with chemotherapy) noted 
epistaxis in ~ 30 to 44% of patients experiencing treatment-
emergent adverse events, depending on cohort reviewed, as 
well as ~ 33% of patients experiencing hemoptysis, with one 
noted as grade ≥ 3 [107].

At present, it remains unclear what the mechanism of tox-
icity is when TGF-β is inhibited. We know TGF-β does play 
a vital role in the homeostasis of the adult microvasculature 
as well as maintaining vascular barrier function and survival 
[13]. Similarly, we know TGF-β1 plays a key role in enhanc-
ing platelet aggregation through the activation and mainte-
nance of the α11b/β3 fibrinogen receptor [108]. This would 
imply the possibility of a Glanzmann thrombasthenia–like 
bleeding phenomenon; however, platelet studies on patients 
with bleeding have not displayed marked deficits in func-
tion (internal data, includes samples from NCT02517398, 
pending publication). As TGF-β inhibitors move forward 
in their clinical application, it will be equally important to 
investigate the pathology of TGF-β-inhibitor–related bleed-
ing adverse events.

3.2.3  Skin Changes

A separate but disruptive side effect noted with TGF-β 
inhibitors is skin toxicity, such as KAs, at times lead-
ing to drug discontinuation. In a phase I study of bin-
trafusp alfa monotherapy in Asian patients with BTCs, 
2 of 30 patients developed KAs [88]. In a separate 
analysis of bintrafusp alfa monotherapy, dosed every 2 
weeks, in HPV-related malignancies across two studies 
(NCT02517398 and NCT03427411), 12 patients (20.3%) 
experienced treatment-related skin lesions, of which ten 
(16.9%) were KAs, and another eight reported events of 
basal cell carcinoma, squamous cell carcinoma of the 
skin or lip, hyperkeratosis, and actinic keratosis. Notably, 
across these reported skin lesions, only four were reported 
as grade 3 in severity [93].

4  Ongoing Trials and Future Directions

As of September 2021, there are 42 active, ongoing, or 
completing trials evaluating bintrafusp alfa across a wide 
array of malignancies and in combination with a multi-
tude of cancer-directed therapies, from traditional chemo-
therapeutics to radiation therapy to additional checkpoint 
inhibitors, cytokines, and vaccines (Table 2). Each of the 
trial experiences with bintrafusp alfa have revealed a sub-
set of patients who experience durable clinical benefit 
with noted CR and PRs among each cohort. These expe-
riences were seen across malignancies and irrespective 
of PD-L1 status, suggesting an opportunity to identify a 
predictive biomarker signature of response. Furthermore, 
as bintrafusp alfa has been well tolerated across studies, 
it remains as a readily available agent to include in com-
bination trials—many of which are underway.

Clinical studies have demonstrated the safety and 
activity of therapeutic approaches simultaneously target-
ing the PD-1/PD-L1 pathway and TGF-β. Although sev-
eral initial phase II studies of bintrafusp alfa have not met 
their prespecified primary endpoint or were deemed not 
likely to meet them, the future for combined targeting of 
these two pathways remains solid. Data with bintrafusp 
alfa in HPV-associated malignancies remain very prom-
ising. Additional understanding of the clinical implica-
tions for the complex biology of TGF-β in the TME, and 
which patients might benefit most, are being pursued by 
multiple groups.
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