ANNALS ¢
ONCOLOGY

driving innovation in oncology

GOOD SCIENCE
i ' ‘ ' BETTER MEDICINE
BEST PRACTICE

REVIEW

Clinical development of therapies targeting TGF3: current knowledge and
future perspectives

1,3,4 1,3,4,5*

D. Ciardiello™?, E. Elez", J. Tabernero™** & J. Seoane

Vall d’Hebron Institute of Oncology, Vall d’Hebron University Hospital, Barcelona, Spain; 2Department of Medicina di Precisione, Universita degli studi della Campania,
Luigi Vanvitelli, Naples, Italy; 3Universitat Autbnoma de Barcelona, Cerdanyola del Valles; 4CIBERONC, Barcelona; “Institucié Catalana de Recerca i Estudis Avangats
(ICREA), Barcelona, Spain

@ Available online 23 July 2020

ttttttttt

Transforming growth factor beta (TGF() is a pleiotropic cytokine that plays a key role in both physiologic and pathologic
conditions, including cancer. Importantly, TGF{ can exhibit both tumor-suppressive and oncogenic functions. In normal
epithelial cells TGF( acts as an antiproliferative and differentiating factor, whereas in advanced tumors TGF( can act as
an oncogenic factor by creating an immune-suppressive tumor microenvironment, and inducing cancer cell
proliferation, angiogenesis, invasion, tumor progression, and metastatic spread. A wealth of preclinical findings have
demonstrated that targeting TGF( is a promising means of exerting antitumor activity. Based on this rationale,
several classes of TGF( inhibitors have been developed and tested in clinical trials, namely, monoclonal,
neutralizing, and bifunctional antibodies; antisense oligonucleotides; TGF(-related vaccines; and receptor kinase
inhibitors. It is now >15 years since the first clinical trial testing an anti-TGF agent was engaged. Despite the
promising preclinical studies, translation of the basic understanding of the TGF{ oncogenic response into the clinical
setting has been slow and challenging. Here, we review the conclusions and status of all the completed and
ongoing clinical trials that test compounds that inhibit the TGF3 pathway, and discuss the challenges that have
arisen during their clinical development. With none of the TGF( inhibitors evaluated in clinical trials approved for
cancer therapy, clinical development for TGF( blockade therapy is primarily oriented toward TGF@ inhibitor
combinations. Immune checkpoint inhibitors are considered candidates, albeit with efficacy anticipated to be
restricted to specific populations. In this context, we describe current efforts in the search for biomarkers for
selecting the appropriate cancer patients who are likely to benefit from anti-TGF{3 therapies. The knowledge
accumulated during the last 15 years of clinical research in the context of the TGF( pathway is crucial to design
better, innovative, and more successful trials.
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INTRODUCTION

Transforming growth factor beta (TGFf) is a pleiotropic
cytokine that plays a key role in embryogenesis and tissue
homeostasis. Importantly, the output of the TGF{ signaling
depends on the cellular context and the tissue microenvi-
ronment, and dysregulation of the TGF( signaling pathway
is involved in several diseases, including cancer.* >

In normal tissues, TGFB can inhibit proliferation of
epithelial cells and promote differentiation, reflecting its
tumor-suppressor  activity.”> However, in established
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tumors, TGF( can play an oncogenic role by promoting
cancer cell proliferation, cancer-initiating cell self-renewal,
epithelial-to-mesenchymal transition, invasion, tumor pro-
gression, metastatic spread, and immune escape.® ** In this
context, preclinical experimental evidence suggests that
TGF@ signaling blockade could exert antitumor activity."*
Furthermore, high levels of TGF( confers poor prognosis
and is associated with early recurrence after surgery,
resistance to chemo- or immunotherapy, and shorter sur-
vival.”> '8

In this setting, several potential anti-TGF{ inhibitors are
currently under clinical development in phase I/Il trials and
challenges, such as optimized patient selection and poten-
tial combinatory treatments, remain important unsolved
clinical questions. Here, we focus on reviewing what has
been accomplished on targeting TGF as a therapeutic
strategy in cancer. We discuss the results of clinical trials
and provide an overview on ongoing studies exploring novel
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therapeutic approaches. Finally, we review investigations

for potential biomarkers to guide the appropriate selection

of cancer patients with the potential to benefit from anti-

TGF( therapies.

THE TGF( SIGNALING CASCADE IN CANCER

The TGF( family comprises three isoforms (TGF31, TGF(32,
and TGF(33) that share nearly 70% homology and perform
similar biologic activities. TGF( is secreted by different cell

Mature TGF( is a homodimer which forms a complex on
the cell membrane with two heterodimers each composed
of the TGF@ type Il receptor (TGRI) and TGF@ type | re-
ceptor (TBRI). After ligand binding, the serine/threonine
kinase TBRII phosphorylates TGRI, which in turn initiates the
signaling cascade through receptor-activated Smads (Smad2
and Smad3, also known as RSmad; Figure 1).?° Once
phosphorylated, Smad2 and Smad3 are able to form a
stable heterotrimeric complex with Smad4, which ulti-
mately translocates into the nucleus, where it regulates the

expression of target genes.21 Smad proteins cooperate with
other partners to increase their affinity for DNA; several
transcription cofactors have been described.”” ** As a
result, TGF(-activated signaling can positively or negatively

types as a prohormone that is retained in the extracellular
matrix. The activation of TGF( requires proteolytic as well
as nonproteolytic processes, which release TGF( from the
extracellular matrix."”
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Figure 1. The TGF( signaling pathway as a therapeutic target.

This pathway represents cell membrane to nucleus signaling. TGFf forms a heterotrimeric complex with two TBRI and TSRIl receptors. Once activated, TBRI phos-
phorylates Smad2 and Smad3 which is then able to bind Smad4. This tricomplex translocates to the nucleus, and depending on the co-activator/co-inhibitor, regulates
the transcription of key genes involved in the cell cycle, survival, and proliferation. In addition, TGFf can trigger the activation of an Smad-independent signaling
pathway, promoting cell survival, proliferation, EMT, and angiogenesis. Different strategies have been developed to inhibit the TGF@ pathway, including TGFS mono-
clonal antibodies that sequester the ligand, preventing receptor binding; bispecific antibodies; antisense oligonucleotides; cancer vaccines; and receptor kinase in-
hibitors. AKT, protein kinase B; EMT, epithelial-to-mesenchymal transition; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; mRNA,
messenger RNA; mTOR, mammalian target of rapamycin; PAR, protease activated receptors; PD-L1, programmed death ligand 1; PI3K, phosphatidylinositol-3-kinase;
RAF, rapidly accelerated fibrosarcoma; RHO, RAS homologous protein; SMURF, smad ubiquitin regulatory factor; TBRI, transforming growth factor receptor I;
TBRII, transforming growth factor receptor Il; TGF@, transforming growth factor beta.
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regulate gene transcription depending on the Smad inter-
action with other DNA-binding proteins, whose expression
can be influenced by different signaling pathways. This ex-
plains, at least in part, the plasticity and complexity of TGF(
responses.’ * Smad6 and Smad7 are inhibitory molecules
that can be induced after TGFf stimulation, generating
negative feedback loop regulation of the TGF@ pathway.”
Parallel to the Smad signaling cascade, TGF3 can modu-
late the activation of a plethora of different downstream
effectors in a Smad-independent manner, such as mitogen-
activated protein kinase (MAPK), phosphatidylinositol-3-
kinase/protein kinase B (PI3K/AKT), and p38MAPK.? 33

TGF{ plays a dual role in cancer. In precancerous condi-
tions, TGF( exhibits primarily antitumor activity by playing a
key role in normal epithelial cells, by means of tissue ho-
meostasis, regulating the cell cycle, apoptosis, and cell dif-
ferentiation.>* During tumor progression, the cancer cell
escapes the TGF( antitumor response through the acqui-
sition of mutations in the mediators of the TGF( pathway
both at the receptor and at the signaling level, and also by
impairing the antiproliferative and apoptotic response.>* %!
Importantly, in advanced tumors, cancer cells use different
strategies to take advantage of the TGF(} signal transforming
TGF@ into an oncogenic factor' > (Figure 2).

TGFf-induced protumor activities rely on its effect on the
tumor cell and the tumor microenvironment." It has been
shown that TGFf supports the self-renewal and prevents
differentiation of CD44"€"/Id1"€" cancer-initiating cells that
promote tumor initiation, relapse, and resistance to standard
treatments.*? Moreover, TGFﬁ can induce cancer-associated
fibroblasts and cooperate with vascular endothelial growth
factor, hypoxia-inducible factor, platelet-derived growth fac-
tor, and other growth factors to modulate angiogenesis.** *
TGF( is one of the most potent immune-suppressive agents
and negatively regulates both innate and adaptive immune
responses.”” The multiple mechanisms of immune escape
mediated by TGF( are summarized in Figure 2, and have been
reviewed elsewhere.*®

TRANSLATING TGF(3 BLOCKADE INTO ANTICANCER
THERAPIES: CLINICAL OUTCOMES AND FUTURE
PERSPECTIVES

Based on the body of experimental evidence indicating that
TGFS has the potential to be a good therapeutic target in
certain tumors, several anti-TGF§ drugs have been investi-
gated in cancer clinical trials.***° Different strategies have
been developed to block TGF( signaling, including utilizing
monoclonal neutralizing antibodies against the TGF( ligand
and its receptor; bifunctional antibodies, such as dual-
targeting anti-TGF(/programmed death ligand 1 (PD-L1)
antibodies; antisense oligonucleotides; TGF{-related vac-
cines; and receptor kinase inhibitors.*>°° However, the
translation of our knowledge of the basic molecular
mechanisms behind the role of TGF( in cancer into effective
clinical outcomes has been relatively slow. The oncogenic
and tumor-suppressive role of TGF(, as well as the
complexity of its pleiotropic function in the modulation of
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cellular and tissue homeostasis, have proven challenging to
rapid clinical development of anti-TGF agents.”"

In this regard, TGF( has a key role in development of
cardiovascular organs and in heart remodeling after injury.””
TGFQRI blockade using two different small receptor kinase
inhibitors has been shown to induce heart valve lesions in a
rat model.>®> However, the risk of cardiac toxicity is not only
limited to the use of small molecule. Recently, it has been
reported that treatment with a pan-TGF( neutralizing
monoclonal antibody was associated with an increased risk
of bleeding and cardiac toxicity in mice and monkeys.>*

TGFQ inhibitors are not potent cytotoxic compounds and
their antitumor effects depend on the complex interaction
between cancer cells, stroma, and the immune system.‘”?"49
Therefore, the option of combining anti-TGF( with other
anticancer drugs must be considered and the identification
of the appropriate therapeutic ‘partner’ (chemotherapy,
radiotherapy, or immune therapy) to combine with TGF(
blockade is likely to be a key factor in improving the anti-
tumor response. A fundamental aspect of anti-TGF clinical
development is the identification of patients who are more
likely to benefit from the blockade of TGF{ signaling. To
date, several phase I/Il and some phase llI clinical trials have
investigated the effect of targeting TGF( in cancer patients
(Table 1). Here we summarize current knowledge and
discuss future perspectives and scenarios. Table 2 summa-
rizes ongoing studies addressing TGF3 blockade.

Monoclonal antibodies directed against TGF(3 ligand or
receptors

Several monoclonal antibodies against TGFG are under
development, some isoform specific and others being pan-
TGFQ inhibitors. Fresolimumab (GC1008) is a human IgG,
monoclonal antibody that recognizes all TGFf isoforms. A
phase | study evaluated the safety and the potential clinical
activity of fresolimumab in a cohort of 29 patients with
previously treated melanoma or renal cell carcinoma.>® The
treatment was well tolerated, and the most frequent drug-
related adverse event was reversible cutaneous keratoa-
canthoma/squamous cell carcinoma and hyperkeratosis. Of
note, one patient achieved a partial response (PR) with
extensive tumor shrinkage (~90%) that lasted 44 weeks,
and six patients had stable disease (SD).>® In addition, in a
small phase Il study, 12 patients with relapsed malignant
pleural mesothelioma were treated with fresolimumab.
Three patients had SD as best response, with median
progression-free survival (PFS) of more than 3 months and
median overall survival (OS) of 12 months.>®

TGF( signaling may represent a mechanism of resistance
to radiotherapy.’’°® In a breast cancer model, irradiation of
tumor cells induced the production of TGFf that promoted
DNA damage repair via the ATM (ataxia-telangiectasia
mutated) kinase and p53. Radiotherapy can trigger the
activation of the immune system, through the induction of
immunogenic cell death.>® Interestingly, preclinical evidence
indicates that TGF( could suppress the immune response
induced by radiation, representing a mechanism of immune
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Figure 2. Protumoral activity of TGF( signaling in cancer.

TGFp is a pleotropic cytokine and regulates several cellular and tissue functions in a context-dependent manner. The TGFf pathway is dysregulated in cancer cells,
creating an immune-suppressive microenvironment that favors proliferation, tumor growth, angiogenesis, EMT, invasiveness, metastatic spread, and immune escape.
EMT, epithelial-to-mesenchymal transition; IFN-7y, interferon gamma; TGFﬁ, transforming growth factor beta; TME, tumor microenvironment; TNFa, tumor necrosis

factor alfa; Treg, regulatory T cell.

escape.”” A recent phase | trial translated these experi-
ments into the clinic, evaluating the combination of freso-
limumab plus radiotherapy in pretreated breast cancer
patients with at least three metastatic sites.®" Toxicity was
acceptable with only two of the 23 treated patients
developing keratoacanthomas. Although clinical efficacy
was very low, with a 13% SD rate (3/23 patients), patients
receiving the higher dose of fresolimumab (10 mg/kg) had a
significantly higher OS compared with those receiving the

Volume 31 m Issue 10 m 2020

lower dose (1 mg/kg fresolimumab; hazard ratio 2.73, 95%
confidence interval 1.02—7.30; P = 0.039). Moreover, the
higher dose correlated with an increase in peripheral blood
mononuclear cell counts and a remarkable enhancement in
the CD8 central memory pool.°> A study evaluating the
combination of fresolimumab plus stereotaxic radiation
therapy in patients with early stage non-small-cell lung
cancer (NSCLC) is ongoing (NCT02581787; Table 1). Another
phase | clinical trial investigated the monoclonal antibody
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Table 1. Completed clinical trials assessing the safety and efficacy of transforming growth factor (TGF) inhibitors

Study NCT Agent Targets Study population Number of Phase Clinical Most frequent
registry number patients efficacy adverse events
NCT00356460 Fresolimumab TGFB1, TGF(2, Advanced melanoma 29 | ORR 3, 5% (1 PR) Keratoacanthomas
and TGF(3 and renal cell carcinoma mPFS 2.75 m Hyperkeratosis
NCT01401062 Fresolimumab TGFf1, TGFS2, Refractory breast cancer 23 1l ORR 0% Fatigue
RT and TGF(3 Liver enzyme
elevations
Anemia
Keratoacanthomas
NCT01646203 LY3022859 TERII Advance solid tumors 14 | Not reported Cytokine release
syndrome
NCT00557856 PF-03446962 TARI Advance solid tumors 44 | ORR 7% (3 PR) Thrombocytopenia
Fatigue
Amylase and lipase
elevations
NCT01911273 PF-03446962 TERI Refractory hepatocellular 24 1] ORR 12% Thrombocytopenia
carcinoma
NCT01620970 PF-03446962 TGRI Urothelial cancer 14 1] ORR 0% Thrombocytopenia
mPFS 1.8 m Fatigue
mOS 8 m Abdominal pain
NCT01486368 PF-03446962 TERI Malignant mesothelioma 15 1] ORR 0% Hypertension
mPFS 1.74 m Fatigue
NCT02116894 PF-03446962 T6RI Pretreated colorectal cancer 11 | ORR 0% Abdominal pain
Regorafenib Angiogenesis mPFS 1.84 m Diarrhea
mOS 4.21 m Nausea
Fatigue
NCT04296942 Bintrafusp alfa TGRIl and PD-L1 Advanced solid tumors 19 | ORR 21% Bullous pemphigoid
(1 CR, 3 PR) Lipase increase
Colitis
Gastroparesis
NCT03427411 Bintrafusp alfa TORII and PD-L1 HPV-positive advanced 36 1/ ORR 38.9 % Colitis
solid tumors (2 CR, 12 PR) Gastroparesis
Hypokalemia
NCT02517398 Bintrafusp alfa TORII and PD-L1 Pretreated cervical cancer 25 | ORR 28% (7 PR) Hypokalemia
NCT02517398 Bintrafusp alfa TGRIl and PD-L1 Refractory head 32 | ORR 21.9 % (7 PR) Keratoacanthomas
and neck cancer Hyperglycemia
Maculopapular rash
NCT02517398 Bintrafusp alfa TARIl and PD-L1 Pretreated NSCLC 80 Il PD-L1 >1%: Pruritus
ORR 40% Maculopapular rash
PD-L1 >80%: Asthenia
ORR 71%
NCT02517398 Bintrafusp alfa TGRIl and PD-L1 Pretreated esophageal 30 ORR 20% Anemia
adenocarcinoma Cancer pain
Gastritis
NCT02699515 Bintrafusp alfa TGRIl and PD-L1 Pretreated gastric cancer 31 | ORR 22% Anemia
(2 CR, 5 PR) Diarrhea
Rash
NCT02699515 Bintrafusp alfa TGRIl and PD-L1 Pretreated biliary 30 | ORR 23% (1 CR, 6 PR) Interstitial lung
tract cancer disease
NCT02517398 Bintrafusp alfa TGRIl and PD-L1 Refractory 29 | ORR 3.4% (1 PR) Anemia
colorectal cancer Fatigue
Enteritis
Blood bilirubin
increase
NCT00431561 Trabedersen TGFB2 RNA Recurrent or refractory 142 Ilb 6 months tumor Nervous disorders
versus Chemotherapy high-grade glioma control rate:
Temozolomide e Trabedersen
/Lomustine 10 uM: 33%
e Trabedersen
80 IM: 20%
e Chemotherapy: 27%
NCT01058785 Belagenpumatucel-L  Cancer vaccine NSCLC 75 1l Stage Ill/IV: ORR 15%  Pain
Anemia
Fatigue
NCT00676507 Belagenpumatucel-L  Cancer vaccine Inoperable or metastatic 532 1] mOS 20 versus 17 m Allergic reaction
versus placebo NSCLC after frontline Cellulitis
platinum therapy
NCT00368082 Adaptive T cell Immune response Relapsed Hodgkin 8 | ORR 37.5% Sepsis
lymphoma (2 CR, 1 PR)
NCT01682187 Galunisertib TGRI Advanced solid tumors 65 | Glioma population: Thrombocytopenia
ORR 14% Thrombosis
Dyspnea
Continued
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Table 1. Continued
Study NCT Agent Targets Study population Number of Phase Clinical Most frequent
registry number patients efficacy adverse events
NCT01582269 Galunisertib with TERI Refractory glioma 180 1] mOS: Fatigue
or without lomustine Chemotherapy Galunisertib + Nausea
versus Lomustine Lomustine 6.5 m Vomiting
Galunisertib 8 m
Lomustine 7 m
NCT01220271 Temozolomide CT/RT Glioblastoma 75 Ib/Il mOS 18.2 Fatigue
RT with or without TGRI versus 17.9 m Nausea
Galunisertib Constipation
Platelet reduction
NCT01373164 Galunisertib with TERI Inoperable or 170 I/ mOS 8.9 Neutropenia
or without Chemotherapy metastatic versus 7.1 m Platelet count
gemcitabine pancreatic cancer reduction
NCT02154646 Galunisertib TGRI Inoperable or 9 | ORR 0% Liver enzyme
+ Gemcitabine Chemotherapy metastatic elevations
pancreatic cancer
NCT02734166 Galunisertib TERI Metastatic 32 | ORR 3% Liver enzyme
+ Durvalumab PD-L1 pancreatic cancer mPFS 1.9 m elevations
Neutropenia
NCT02240433 Galunisertib TGRI Metastatic 14 | ORR 9% Hypophosphatemia
+ Sorafenib Angiogenesis hepatocellular Hand-foot
carcinoma syndrome
NCT01246986 Galunisertib TERI Metastatic 147 1] mPFS 2.7 m part A Neutropenia
hepatocellular and 4.2 m part B Fatigue
carcinoma Anemia

CR, complete response; CT, chemotherapy; CT/RT, chemoradiotherapy; m, months; mOS, median overall survival; mPFS; median progression-free survival; NSCLC, non-small-cell
lung cancer; ORR, overall response rate; PD-L1, programmed death ligand 1; PR, partial response; RT, radiotherapy; TﬂRI, transforming growth factor receptor 1; TBRII, trans-

forming growth factor receptor II.

TBM1, which is directed against TGF(1, in patients with
metastatic solid tumors.®? Despite an acceptable safety
profile, with only one patient experiencing dose-limiting
diarrhea, little clinical activity was reported.

The safety and antitumor activity of another pan-TGFf
antibody (SAR439459), as a single agent or in combination
with the anti-PD-1 (programmed cell death protein 1)
antibody cemiplimab, are being investigated in a trial
(NCT03192345) currently recruiting patients with advanced
solid tumors (Table 1). LY3022859 is an anti-TGRIl IgG;
monoclonal antibody. Fourteen patients with metastatic
tumors were enrolled in a phase | study; however, the trial
was prematurely stopped due to the occurrence of un-
controlled cytokine release syndrome, despite prophylaxis
with antihistamines and corticosteroids.®® The antitumor
activity of PF-03446962, a fully human 1gG, monoclonal
antibody that blocks TBRI, has been investigated in different
tumor types.®* ®® The most frequent grade 3 drug-related
adverse events were thrombocytopenia, fatigue, increased
serum lipase, and telangiectasia. Interestingly, three pa-
tients [one with renal cell carcinoma, one with hepatocel-
lular carcinoma (HCC), and one with NSCLC] experienced a
PR as best response, with 12 of 44 (27%) patients achieving
SD. Based on the PR obtained in the patient with HCC
during dose escalation, an expansion cohort was initiated in
these patients.®® Unfortunately, no PRs were reported,
while 12 of the 24 expansion HCC patients (50%) exhibited
SD as best response. Median time to progression was 3
months. PF-03446962 antitumor activity as single-agent
therapy was also assessed in two phase Il studies in uro-
thelial cancer and malignant pleural mesothelioma.®®®” No

Volume 31 m Issue 10 m 2020

major toxicities were reported; however, no signal of clinical
efficacy was seen. PF-03446962 was then combined with
the small-molecule antiangiogenic multikinase inhibitor
regorafenib in patients with chemorefractory metastatic
colorectal cancer (CRC)®®; however, this combination
regimen had unacceptable toxicity without any evidence of
antitumor activity and the trial was stopped prematurely.

Bifunctional antibodies combining TGF(3 and immune
checkpoint inhibition

Bintrafusp alfa (M7824) is a first-in-class bifunctional drug,
composed of an 1gG; monoclonal antibody targeting PD-L1
fused with the extracellular domain of two TBRIl molecules,
which act as a ‘trap’ sequestering TGF( in the tumor
microenvironment.®”’° Preclinical evidence has shown that
simultaneous blockade of TGFf and PD-L1 triggers a strong
immune response through the combined inhibition of
TGF(-mediated epithelial-to-mesenchymal transition, stim-
ulation of the cytotoxic activity of natural killer cells and
CD8™ lymphocytes, and the suppression of Tregs.”®

In a phase | trial, 19 patients with advanced tumors
received bintrafusp alfa.”* The maximum tolerated dose
was not reached with the treatment displaying manageable
toxicities. Grade 3 adverse events occurred in four patients:
skin infection due to bullous pemphigoid, asymptomatic
lipase increase, colitis, and gastroparesis with hypokalemia.
Moreover, two patients developed keratoacanthomas that
regressed after treatment suspension. Bintrafusp alfa
exhibited encouraging clinical activity. One patient with
human papillomavirus (HPV)-positive cervical cancer

https://doi.org/10.1016/j.annonc.2020.07.009 1341
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Table 2. Main ongoing clinical trials evaluating transforming growth factor (TGF) inhibitors
Study NCT registry number Agent Targets Study population Phase Recruitment status
NCT02581787 Fresolimumab + SBRT TGFﬂl, TGFﬁZ, and TGFﬂ3 Stage la/lb NSCLC /1l Active, recruiting
RT
NCT03192345 SAR438459 + TGFf1, TGF(2, and TGF(33 Advanced solid tumors | Active, recruiting
Cemiplimab PD-L1
NCT04349289 Bintrafusp alfa TGFERII and PD-L1 Inoperable or | Active, not yet recruiting
metastatic urothelial
cancer
NCT04246489 Bintrafusp alfa TGFBRIl and PD-L1 Platinum-experienced 1l Active, not yet recruiting
cervical cancer
NCT04066491 Cisplatin/gemcitabine Chemotherapy Metastatic BTC 1/m Active, recruiting
with or without TGFERII and PD-L1
bintrafusp alfa
NCT04220775 Bintrafusp alfa + SBRT TGRIl and PD-L1 + RT Pretreated SCCHN /11 Active, not yet recruiting
NCT03631706 Bintrafusp alfa versus TGRIl and PD-L1 + PD-1 Untreated advanced 1l Active, recruiting
pembrolizumab NSCLC
NCT03833661 Bintrafusp alfa TORII and PD-L1 Pre-treated BTC 1l Active, recruiting
NCT03524170 Bintrafusp alfa TGRIl and PD-L1 HR+/HER2— | Active, recruiting
pretreated breast
cancer
NCT04296942 Bintrafusp alfa TBRIl and PD-L1 Metastatic breast | Active, not yet recruiting
Brachyury-TRICOM Vaccines cancer
Ado-trastuzumab HER2
emtansine Histone deacetylases
Entinostat
NCT03436563 Bintrafusp alfa TGRIl and PD-L1 Pretreated MSI-H /1l Active, recruiting
mCRC
NCT03840915 Platinum-based Chemotherapy Metastatic NSCLC /1 Active, recruiting
regimen + bintrafusp TGRIl and PD-L1
alfa
NCT03840902 Chemo-RT Chemo-RT Stage Il NSCLC | Active, recruiting
Bintrafusp alfa TGRIl and PD-L1
NCT02452008 Galunisertib + TﬂRI Castration-resistant 1l Active, recruiting
Enzalutamide AR prostate cancer
NCT03206177 Carboplatin/ Chemotherapy Ovarian | Active, recruiting
paclitaxel + TGFQRI carcinosarcoma
Galunisertib
NCT0266712 Chemo-RT Chemo-RT Locally advanced rectal 1l Active, recruiting
Galunisertib TBRI cancer
NCT04031872 Capecitabine Chemotherapy Pretreated mCRC | Active, not yet recruiting
LY3200882 TARI

AR, androgen receptor; BTC, biliary tract cancer; MSI-H, microsatellite instable-high; mCRC, metastatic colorectal cancer; NSCLC, non-small-cell lung cancer; PD-L1, programmed
death ligand 1; RT, radiotherapy; SBRT, stereotactic body radiotherapy; SCCHN, squamous cell carcinoma of head and neck; TBRI, transforming growth factor receptor I; TARII,

transforming growth factor receptor II.

obtained a complete response (CR), and two patients (one
with HPV-positive anal cancer and one with microsatellite
instable pancreatic cancer) had prolonged PRs. Further-
more, durable SD occurred in two patients, and a late-onset
response was reported after initial disease progression (PD)
in a patient with chordoma. Of note, in peripheral blood a
nonsignificant increase of B cell and CD4™" T lymphocytes,
with a decrease in myeloid-derived suppressor cells, was
reported in patients with clinical benefit from bintrafusp
alfa.”* At the AACR 2019 Annual Meeting, pooled data of
the dose escalation and expansion cohorts of patients with
HPV-positive malignancies including cervical, anal, and
squamous cell carcinoma of head and neck (SCCHN) were
presented.”> The overall response rate (ORR) was 38.9%
(14/36); two CRs and 12 PRs were observed (one delayed
response and three PRs after initial PD). Remarkably, seven
patients had durable responses ongoing at the data cut-off.
No unexpected toxicities were observed, despite six pa-
tients discontinuing treatment due to related adverse
events.
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Recently, the results of the safety run-in and expansion
phases of bintrafusp alfa treatment in cervical cancer were
reported.”? Interestingly, seven of 25 patients experienced a
PR, giving a 28% ORR. Biomarker analysis showed that
response was irrespective of PD-L1 levels (including PR in
one patient with a PD-L1-negative tumor). A single-arm,
phase Il trial investigating bintrafusp alfa in patients with
unresectable or metastatic cervical cancer progressing
during or after platinum therapy is ongoing (NCT04246489;
Table 2).

Another phase | trial evaluated the activity of bintrafusp
alfa in 32 patients with SCCHN, 75% of whom were heavily
pretreated.”* The ORR was 21.9%, however, in the HPV-
positive subgroup, and four of eight patients had a PR
(50% ORR). These studies highlight the need for further
investigations and appropriate tumor tissue analyses to
clarify the role of HPV infection as a biomarker of response
to anti-TGF( treatments.

Following these promising clinical results in these three
tumor types, the antitumor activity of bintrafusp alfa was
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assessed in additional cancer types, including NSCLC and
gastrointestinal malignancies.”” ’? In a single-arm phase |I
study, a cohort of 80 patients with NSCLC received bin-
trafusp alfa as second-line treatment.””> An ORR of 40% was
seen in the PD-L1-positive population. Moreover, in the
patient cohort with high PD-L1 levels (>80% DAKO 73-10
pharmDx kit test), the ORR reached 85%. A global multi-
center phase Il randomized trial evaluating the efficacy of
bintrafusp alfa compared with pembrolizumab as first-line
treatment is currently recruiting NSCLC patients with high
PD-L1 tumoral expression.’® At the ESMO 2018 Annual
Congress, the results of three phase | clinical trials of bin-
trafusp alfa in patients with refractory esophageal, gastric,
or biliary tract cancer were presented.””’° Clinical activity
was similar across the three studies with an ORR of
approximately 20%. In the biliary tract cancer trial, three
fatal adverse events were reported; one patient died due to
sepsis and two patients died due to interstitial lung dis-
ease.”’ Again, antitumor responses were observed regard-
less of the PD-L1 levels in the tumor. Collectively, these data
suggest that biomarkers other than PD-L1 protein expres-
sion by immunohistochemistry (IHC) are needed for optimal
selection of patients, at least for patients with non-NSCLC
tumors.”®”?

While immunotherapy has changed the therapeutic
paradigm of several malignancies, only a subgroup of pa-
tients with microsatellite instable-high CRC respond to im-
mune checkpoint inhibitors.?° Interestingly, TGF( is able to
activate mechanisms of immune escape in CRC; this pro-
vides a strong rationale to combine TGF( and PD-1/PD-L1
blockade to trigger the immune response in CRC pa-
tients.’® In a phase | trial, 32 patients with metastatic CRC
received bintrafusp alfa.?! Only one PR (maintained for at
least 8 months) and one SD were observed. Interestingly,
post hoc analysis of tumor samples showed that the patient
with durable clinical response had a KRAS mutant, micro-
satellite stable tumor with the features of the consensus
molecular subtype 4 (CMS4), known to be characterized by
activation of the TGFB pathway.®"®” Bintrafusp alfa is
currently in clinical development in several ongoing trials as
monotherapy and in combination with radiotherapy or
chemotherapy (Table 1).

Antisense oligonucleotides

Trabedersen is a phosphorothioate antisense oligodeox-
ynucleotide, which recognizes and binds complementary
sequences of TGF32 mRNA, preventing protein translation
and favoring mRNA degradation.®® In vitro experiments in
glioma and pancreatic cancer models have demonstrated
that trabedersen reduces the production of TGF(32, leading
to a reduction in cell proliferation, migration, and metas-
tases spread.®*®* In three phase I/Il dose escalation studies
in patients with anaplastic astrocytoma and glioblastoma
multiforme, trabedersen displayed a good safety profile,
without reaching the maximum tolerated dose.®* Interest-
ingly, some durable responses were reported at doses of 10
and 80 UM. In a phase Il randomized study, patients with
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recurrent anaplastic astrocytoma and glioblastoma multi-
forme received trabedersen at 10 and 80 LM or standard
chemotherapy.®” The primary end point, which was the 6-
month disease control rate, was not reached, and no mo-
lecular studies of drug exposure or pharmacodynamic bio-
markers were presented. Clinical development of
trabedersen in cancer was halted.

Cancer vaccines

Belagenpumatucel-L is a cancer vaccine composed of four
irradiated human NSCLC cell lines (which hence lack pro-
liferative potential), transfected with the TGF32 antisense
gene. In a phase Il trial, NSCLC patients were treated with
belagenpumatucel-L at various doses.®® The treatment had
a good safety profile with no serious adverse events. In
patients with advanced tumors (stage llIB and IV) the ORR
was 15%. Treatment with higher doses was associated with
a better response, with 1- and 2-year survival rates of 64%
and 47%, respectively. These preliminary results are prom-
ising compared with historical outcomes in the pre-
immunotherapy era. Moreover, among patients who
obtained a PR, an increase in interferon-gamma, inter-
leukin-6, interleukin-4, and an elevated antibody-mediated
response to the vaccine was reported. To boost vaccine
efficacy in activating the immune system, a plasmid
expressing granulocyte-macrophage colony-stimulating fac-
tor was added to belagenpumatucel-L and administered to
23 patients with refractory tumors in a phase | trial.?” One
patient had a long-lasting CR and 21 displayed SD as their
best response, with only one patient having PD as best
response. No grade 3 or 4 adverse events occurred. To
further investigate the efficacy of this approach, a ran-
domized phase Il trial of belagenpumatucel-L versus pla-
cebo was conducted as maintenance treatment in patients
with stage IV NSCLC after platinum therapy.®® The trial
failed to meet its primary end point with no observed dif-
ference in OS. Nonetheless, subgroup analysis showed a
survival benefit in patients who started treatment within 12
weeks of completing chemotherapy and in those who had
received prior radiotherapy. While interesting, the statistical
value of this post hoc analysis conducted in a small cohort
of patients is limited.

Adoptive T-cell transfer

Adoptive T-cell transfer is an innovative and promising
treatment for several malignancies.®® It involves the isola-
tion and reinfusion of T lymphocytes into patients and of-
fers the opportunity for cell engineering to better target
cancer cells. Preclinical evidence of antitumor activity via
blockade of TGF-( signaling has been demonstrated in a
murine prostate cancer model.”® Engineered T cells with a
tumor-reactive T-cell receptor and a dominant-negative
TGF( receptor-Il displayed strong antitumor activity.
Recently, this approach was tested in the clinic in patients
with refractory Epstein—Barr virus—positive Hodgkin lym-
phoma.”® In this phase | study, eight patients were treated
with DNRII-expressing T cells with specificity for the latent
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membrane protein-1 and latent membrane protein-2
Epstein—Barr virus—derived tumor antigens. Of note, two
patients had CR (confirmed after 4 years of follow-up), one
patient had a PR that lasted 19 months, and four patients
achieved SD. Although performing and developing this class
of treatment is complex, these findings suggest that
blocking the immune evasion induced by TGF( may be a key
for the development of more effective novel immunother-
apeutic strategies.

Receptor kinase inhibitors

Galunisertib (LY2157299) is a first-in-class small molecule
that targets and binds to the TGFQRI kinase domain. An
intermittent regimen with twice-daily administration for 14
days, followed by 14 days off, was evaluated in a phase | trial.
No cardiac adverse events occurred and only three patients
out of 39 (7.7%) experienced grade 4 toxicities (thrombocy-
topenia, ischemic stroke, and pulmonary embolism).’*??
Most patients (30/39) in the dose escalation population
had glioma, and the ORR in this glioma population was 16.6%
(5/30), including two CRs and three PRs. Moreover, 10 pa-
tients (33%) had SD as best response. In a second cohort, 26
patients with refractory glioma received galunisertib plus
lomustine. The combination treatment was safe, with no
unexpected toxicities. In this cohort, the ORR was 7.7% and
SD was reported in four patients. Nonetheless, these two
cohorts are not easily compared given the small numbers and
major differences in patient characteristics.

This phase | study offered an opportunity for biomarker
analyses, with samples available for 21 of 56 patients.”*"*
In this subgroup, five patients displayed an IDH1/2 muta-
tion. Interestingly, clinical benefit (CR/PR or SD > 6 months)
was reported in four of the five (80%) patients with IDH-
mutated tumors, leading to the launch of a phase Il ran-
domized trial. In total, 156 patients with recurrent glio-
blastoma received galunisertib as single agent or in
combination with lomustine (39 and 79 patients, respec-
tively) compared with lomustine monotherapy (40 pa-
tients).”* Unfortunately, no differences in terms of median
PFS, OS, and ORR were observed between the experimental
treatments and the control arm. For patients with newly
diagnosed malignant glioma, the standard of care is surgery
followed by concurrent chemoradiotherapy.”” In a recent
phase Ib/Il trial evaluating the addition of galunisertib to
temozolomide-based radiochemotherapy compared with
standard of care, the treatment was well tolerated.’®
However, no difference in median OS were observed and,
surprisingly, patients who received galunisertib plus
temozolomide-radiochemotherapy had shorter median PFS
compared with the standard of care.

In preclinical models of pancreatic cancer, galunisertib
enhanced the antitumor activity of gemcitabine,”’ leading to a
phase Ib/Il randomized study in patients with metastatic
pancreatic cancer. The addition of galunisertib to gemcitabine
as front-line therapy led to a slight increase in OS versus
gemcitabine monotherapy (8.9 versus 7.1 months; hazard ratio
0.79, 95% confidence interval 0.59—1.09).°® Another small
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study was carried out in a Japanese population. Seven patients
with advanced pancreatic cancer received galunisertib plus
gemcitabine.99 No PRs were observed, and three patients
achieved SD. The treatment was well tolerated in both the
European and Asian populations. The main limitation of com-
bination regimens in this indication is represented by the
chemotherapy backbone. To date, gemcitabine plus nab-
paclitaxel or FOLFIRINOX has shown better outcomes
compared with gemcitabine alone and they are the preferred
first-line options for inoperable or metastatic pancreatic can-
cer patients.’® At the 2019 ASCO Annual Meeting, preliminary
results were presented of a phase | study of galunisertib
combined with the PD-L1 inhibitor durvalumab in recurrent or
refractory metastatic pancreatic cancer.’’* The combination
was safe; grade 3 hepatic enzyme elevations and grade 3
neutropenia were the most common adverse events, each
reported in up to two of the 32 treated patients. One PR and
seven SDs were observed, giving a 25% ORR (8/32 patients).

The combination of galunisertib plus the anti-PD-1 nivolu-
mab in advanced solid tumors and refractory NSCLC or HCC
has been investigated in a phase I/Il study (NCT02423343).
The accrual has been completed and results will be presented
soon. Furthermore, the clinical activity of galunisertib has
been tested in patients with HCC who progressed on or were
ineligible to receive sorafenib.’®* Patients were stratified in
two cohorts based on alfa-fetoprotein (AFP) levels (AFP >
1.5 upper limit of normal or AFP < 1.5x upper limit of
normal). Interestingly, a survival advantage was reported for
patients with high AFP levels compared with the cohort with
low AFP (16.8 versus 7.3 months), and furthermore within the
high-level cohort, responding patients (reduction in AFP
levels of more than 20%) had a greater survival benefit than
nonresponders (21.5 versus 6.8 months). Three patientsin the
low-level AFP group had a PR (3/40, ORR 4.5%).'%? Recently,
TGFf signaling has been suggested as a mechanism of resis-
tance to sorafenib acting via the inhibition of apoptosis.
Accordingly, galunisertib enhanced sensitivity to sorafenib in
HCC models.’®® The combination strategy was assessed in a
small Asian study and found to be feasible. The most frequent
adverse events were hypophosphatemia, palmar-plantar
erythrodysesthesia syndrome, and thrombocytopenia.’® In
a non-Asian phase Il study, 47 patients with HCC received
galunisertib (80 or 150 mg b.i.d. for 14 days, every 28 days)
and sorafenib.’°> Median time to progression was 4.1
months; OS was 18.8 months. Subgroup analysis showed that
responders (TGF(1 decrease >20% from baseline) had longer
OS compared with nonresponders (22.8 versus 12 months,
P = 0.038). PR occurred in two patients, with 21 achieving SD
and 13 patients achieving PD. Despite the good tolerability
and some initial activity in various tumor types, clinical
development of galunisertib was halted in 2017.

Vactosertib (TEW-7197) is a novel potent, highly selec-
tive, TGBRI inhibitor.' The preliminary results of the phase
| study in advanced solid tumors demonstrated that vac-
tosertib was well tolerated and showed signals of clinical
activity. Finally, LY3200882, another next-generation TGGRI
inhibitor, has been tested in patients with advanced solid
tumors.’” The treatment proved an acceptable safety
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profile and demonstrated an antitumor effect. Combinatory
strategies of vactosertib and LY3200882 with chemotherapy
or immune checkpoint inhibitors are currently under
development (Table 1).

POTENTIAL BIOMARKERS TO GUIDE TGF(3 THERAPY

Levels of p-Smad2

The clinical developments of TGF§ inhibitors started more
than 15 years ago. However, so far, no compound has
reached clinical validation and drug approval. In contrast to
the excellent preclinical results, TGF3 blockade has dis-
played disappointing results in most patients and across
different tumor types. Although combination strategies
with chemotherapy, radiotherapy, immunotherapy, or with
other targeted therapies are based on a strong biological
rationale, clinical activity of TGF§ inhibitors has only been
observed in small subsets of patients. In light of this,
identification of tumors that are dependent on the TGF(}
signaling pathway is crucial to select patients who could
truly benefit from TGF{-targeted therapies. IHC staining of
p-Smad2, a main downstream effector of the TGF{ cascade,
and, thus, may indicate the activation of this signaling
pathway, is a potential option. Tumor biopsies from a cohort
of 25 glioma patients who underwent surgical resection and
medical follow-up were analyzed.**® Based on IHC p-Smad2
staining, tumors were divided into two groups, with 13
samples displaying high p-Smad2 expression [histo-score [H-
score] >110] and 12 samples low expression (H-
score<110). Interestingly, tumors with high p-Smad2 levels
exhibited poor prognosis, with a significantly lower median
PFS and OS compared with patients who had low levels. The
explanation for this observation was the demonstration that
TGF( increased the proliferation of cancer cells through the
induction of platelet-derived growth factor-3."%% In gastric
cancer, p-Smad2 expression levels were increased in tumors
with diffuse-type carcinoma, lymph node involvement, and
peritoneal metastases and correlated with worse clinical
outcome.’®®  Similarly, p-Smad2 was reported as a
biomarker of aggressiveness in breast and lung can-
cer. %' Nevertheless, tissue analysis of patients treated
with galunisertib suggested that low levels of p-Smad2 were
associated with longer response (more than six cycles of
treatment).’>°® However, in this case it should be taken
into consideration that the study population was heavily
pretreated patients and tissue biopsies were obtained at
the time of diagnosis not necessarily reflecting TGF( acti-
vation at the time of starting galunisertib.

Gene expression profiling

Gene expression profiling is another possibility for evaluating
TGF( signaling in the tumor microenvironment. Using a
transcriptomic analysis of TGF( response in four human
epithelial cell lines, a TGF@ response signature (TBRS) was
developed.™*? The authors applied the TBRS classifier to a
transcriptomic analysis of 368 primary breast cancer patients.
After 10 years’ follow-up, lung and bone metastasis had
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developed in 39 and 89 patients, respectively. Of note, there
was a strong correlation between TBRS—+ status and lung
recurrence in estrogen receptor-negative tumors. Likewise,
another group demonstrated a different TBRS derived from
fibroblast rather than epithelial cells, predicted relapse in CRC
independent of the patients’ clinical characteristics, and was
associated with poor prognosis.** Similarly, a transcriptomic
analysis of a cohort of patients with urothelial cancer
revealed that a TGF( gene signature in cancer-associated
fibroblast was associated with unresponsiveness to the im-
mune checkpoint inhibitor atezolizumab.*** Moreover, a
TGF( signature obtained in mice hepatocytes was associated
with a more aggressive phenotype, with increased risk of
recurrence and with shortened survival in HCC.*** Finally, a
TGF( signature derived from the chronic treatment of
MCF10A epithelial breast cancer cell lines was able to pre-
dict the activation of TGFf signaling.""® Interestingly,
SCCHN HPV-positive tumors with loss of TGF§ function
displayed an impairment in DNA repair and increased sen-
sibility to cisplatin and radiotherapy.™*® These data suggest
that gene expression profiling could be a useful tool to
identify tumors that activate TGF( signaling, and thus for
selecting patients to be included in future clinical trials.
The MoTriColor project is an international consortium, in
which patients with metastatic CRC receive personalized
treatment, based on tumor molecular profiling. In one of
the treatment cohorts, patients with a TGF(-like signature
receive the TGORI inhibitor LY3200882 in combination with
capecitabine as second-line treatment (NCT04031872).

Blood and tissue biomarkers

Analysis of TGF31 levels in blood and tumor samples of
patients treated in clinical trials could represent a useful
strategy to understand possible biomarkers of response or
resistance to TGF( blockade. In the HCC trial evaluating the
combination of galunisertib and sorafenib, reduction in
TGFB1 plasmatic levels after treatment correlated with
longer OS, although there was no apparent association with
increased tumor shrinkage.’®®> Recently, a biomarker anal-
ysis of pancreatic cancer patients treated with galunisertib
and gemcitabine versus gemcitabine was reported.*'® In
this study, patients who displayed a steeper decrease in
TGFf1 showed improved OS for the combination treatment
compared with standard of care (12.7 versus 9.7 months,
P = 0.1892). The authors analyzed several circulating
markers. Three microRNAs were associated with reduced
prognosis (miR-21-5p, miR-210-3p, and miR-148b-3p),
whereas two of them correlated with better OS in the
experimental arm (miR-424-5p and miR-10b-5p).

In the small cohort of metastatic CRC patients treated
with bintrafusp alfa, only one PR was observed in a patient
with a microsatellite stable, CMS4 tumor.2' CMS4 CRC has a
mesenchymal phenotype and may be characterized by
upregulation of TGF@ signaling.>” However, the CMS4 gene
signature does not necessary predict TGFf pathway acti-
vation but rather a mesenchymal phenotype, and therefore
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does not represent an ideal biomarker for selecting patients
with a TGF-dependent cancer.

Immune biomarkers

In the current era of immune therapy with immune
checkpoint inhibitors, the evaluation of PD-1/PD-L1 is one
of the most used biomarkers of response. However, there
are several controversial issues regarding the different
diagnostic tests and the role of PD-1/PD-L1 expression.*’
With the exception of NSCLC, PD-L1 levels have not corre-
lated with clinical benefit in any of the patient cohorts
treated with bintrafusp alfa.”* °%'°% By contrast, the NSCLC
cohort of patients with high PD-L1 expression had a very
high extent of tumor regression with bintrafusp alfa (more
than 80%).”” It has been established that tumors with PD-L1
in >50% of the cells are more likely to benefit from pem-
brolizumab.'*® Thus, despite the strong rationale for com-
bination treatment, it is very difficult to assess the real
contribution of the addition of TGF( blockade with bin-
trafusp alfa. The expected results of the phase Il randomized
trial of bintrafusp alfa versus pembrolizumab in this NSCLC
population will shed light on this unresolved question.”®

CONCLUSIONS

TGF@B is a pleiotropic cytokine that, depending on the
cellular and tissue context, can activate either protumor or
antitumor responses. Cancer cells are able to escape the
antiproliferative TGFf response and take advantage of the
TGF( protumor functions. Despite extensive preclinical and
translational research showing evidence that blocking TGF
is a potentially effective therapeutic strategy, the translation
from bench to bedside has been slow and to date not highly
successful. None of the TGF( inhibitors that have been
evaluated in clinical trials are currently approved for cancer
therapy. The fact that TGF( inhibition does not lead to
direct cytotoxic activity implies that it is challenging to
observe clinically meaningful tumor regression with single-
agent inhibitors, and combinatory approaches should be
considered. The choice of the right therapeutic partner is a
fundamental aspect to address. In the era of immuno-
therapy, the combination of TGF( blockade with immune
checkpoint inhibitors represents an appealing strategy.
However, even in this case only a subset of patients will
respond to treatment. This highlights the necessity to go
back to the laboratory from the clinic and perform a thor-
ough analysis of the characteristics of patients treated with
TGF( inhibitors (including analyses of blood and tumor
molecular characteristics), to identify potential biomarkers
of response. In this scenario, the use of gene expression
profiling rather than a single biomarker could facilitate the
selection of cancer patients who might benefit from TGF(
blockade. After more than 15 years of work, there is light at
the end of the tunnel and TGF@ is now considered an
appealing therapeutic target meriting further translational
investigation in the context of well-designed clinical trials.

1346 https://doi.org/10.1016/j.annonc.2020.07.009

D. Ciardiello et al.

FUNDING

The authors acknowledge Asociacién Espafiola contra el
Cancer (AECC), Fondo de Investigacion Sanitaria (FIS) Insti-
tuto de Salud Carlos Il grant [grant number P119/00318],
Fundacién Areces, Fundacién BBVA, Fundacion Catalunya La
Pedrera, and Cellex support.

DISCLOSURE

DC has received a travel grant from Sanofi. EE reports
personal financial interests; honoraria for advisory role; and
travel grants; and has received research grants (past 5
years) from Hoffman La-Roche, Sanofi Aventis, Amgen,
Merck Serono, Servier, MSD, Array Pharmaceuticals, Bristol-
Myers Squibb. JT reports personal financial interest in form
of scientific consultancy role for Array Biopharma, Astra-
Zeneca, Bayer, BeiGene, Boehringer Ingelheim, Chugai,
Genentech, Inc., Genmab A/S, Halozyme, Imugene Limited,
Inflection Biosciences Limited, Ipsen, Kura Oncology, Lilly,
MSD, Menarini, Merck Serono, Merrimack, Merus, Molec-
ular Partners, Novartis, Peptomyc, Pfizer, Pharmacyclics,
ProteoDesign SL, Rafael Pharmaceuticals, F. Hoffmann-La
Roche Ltd, Sanofi, SeaGen, Seattle Genetics, Servier,
Symphogen, Taiho, VCN Biosciences, Biocartis, Foundation
Medicine, HalioDX SAS, and Roche Diagnostics. JS is a
cofounder of Mosaic Biomedicals and board member of
Northern Biologics; has received grant/research support
from Mosaic Biomedicals, Northern Biologics, Roche/Gly-
cart, and Hoffmann la Roche.

REFERENCES

1. Seoane J, Gomis RR. TGF-{ family signaling in tumor suppression and
cancer progression. Cold Spring Harb Perspect Biol. 2017;9(12):
a022277.

2. Massagué J. TGFbeta in cancer. Cell. 2008;134(2):215—230.

3. Morikawa M, Derynck R, Miyazono K. TGF-( and the TGF-§ family:
context-dependent roles in cell and tissue physiology. Cold Spring
Harb Perspect Biol. 2016;8(5):a021873.

4. Seoane J. Escaping from the TGFf} anti-proliferative control. Carci-
nogenesis. 2006;27(11):2148—2156.

5. Principe DR, Doll JA, Bauer J, et al. TGF-(3: duality of function between
tumor prevention and carcinogenesis. J Natl Cancer Inst. 2014;106(2):
djt3609.

6. Seoane J, Le H-V, Shen L, Anderson SA, Massagué J. Integration of
Smad and Forkhead pathways in the control of neuroepithelial and
glioblastoma cell proliferation. Cell. 2004;117(2):211—223.

7. Pefiuelas S, Anido J, Prieto-Sdnchez RM, et al. TGF-( increases glioma-
initiating cell self-renewal through the induction of LIF in human
glioblastoma. Cancer Cell. 2009;15(4):315—327.

8. Papageorgis P. TGF( signaling in tumor initiation, epithelial-to-
mesenchymal transition, and metastasis. J Oncol. 2015;2015:587193.

9. Padua D, Massagué J. Roles of TGFf in metastasis. Cell Res.
2009;19(1):89—102.

10. Tauriello DVF, Palomo-Ponce S, Stork D, et al. TGF( drives immune
evasion in genetically reconstituted colon cancer metastasis. Nature.
2018;554(7693):538—543.

11. Thomas DA, Massagué J. TGF-B directly targets cytotoxic T cell
functions during tumor evasion of immune surveillance. Cancer Cell.
2005;8(5):369—380.

12. Calon A, Lonardo E, Berenguer-Llergo A, et al. Stromal gene expres-
sion defines poor-prognosis subtypes in colorectal cancer. Nat Genet.
2015;47(4):320—329.

Volume 31 m Issue 10 m 2020


http://refhub.elsevier.com/S0923-7534(20)39946-4/sref1
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref1
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref1
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref2
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref2
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref3
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref3
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref3
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref4
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref4
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref4
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref5
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref5
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref5
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref6
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref6
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref6
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref6
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref7
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref7
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref7
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref7
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref8
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref8
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref9
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref9
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref9
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref10
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref10
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref10
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref10
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref11
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref11
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref11
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref11
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref12
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref12
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref12
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref12
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009

D. Ciardiello et al.

13.
14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24,

25.

26.
27.
28.
29.

30.

31.

32.

33.
34,

35.

36.

37.

38.

39.

Volume 31 m

Katz LH, Li Y, Chen JS, et al. Targeting TGF-( signaling in cancer. Expert
Opin Ther Targets. 2013;17(7):743—760.

Connolly EC, Freimuth J, Akhurst RJ. Complexities of TGF-( targeted
cancer therapy. Int J Biol Sci. 2012;8(7):964—978.

Bruna A, Darken RS, Rojo F, et al. High TGF-Smad activity confers
poor prognosis in glioma patients and promotes cell proliferation
depending on the methylation of the PDGF-B gene. Cancer Cell.
2007;11(2):147—160.

Chen XL, Chen ZQ, Zhu SL, et al. Prognostic value of transforming
growth factor-beta in patients with colorectal cancer who undergo
surgery: a meta-analysis. BMIC Cancer. 2017;17(1):240.

Marchini S, Fruscio R, Clivio L, et al. Resistance to platinum-based
chemotherapy is associated with epithelial to mesenchymal transi-
tion in epithelial ovarian cancer. Eur J Cancer. 2013;49(2):520—530.
Mariathasan S, Turley SJ, Nickles D, et al. TGF§ attenuates tumour
response to PD-L1 blockade by contributing to exclusion of T cells.
Nature. 2018;554(7693):544—548.

Neel J-C, Humbert L, Lebrun JJ. The dual role of TGFf in human
cancer: from tumor suppression to cancer metastasis. ISRN Mol Biol.
2012;2012:1—28.

Shi Y, Massagué J. Mechanisms of TGF-{ signaling from cell mem-
brane to the nucleus. Cell. 2003;113(6):685—700.

Chen YG, Hata A, Lo RS, et al. Determinants of specificity in TGF-beta
signal transduction. Genes Dev. 1998;12(14):2144—2152.

Chen X, Rubock MJ, Whitman M. A transcriptional partner for MAD
proteins in TGF-f signalling. Nature. 1996;383(6602):691—696.

Hill CS. Transcriptional control by the SMADs. Cold Spring Harb Per-
spect Biol. 2016;8(10):a022079.

Massague J. Smad transcription factors. Genes Dev. 2005;19(23):
2783—2810.

Murakami G, Watabe T, Takaoka K, Miyazono K, Imamura T. Coop-
erative inhibition of bone morphogenetic protein signaling by Smurfl
and inhibitory Smads. Mol Biol Cell. 2003;14(7):2809—2817.
Derynck R, Zhang YE. Smad-dependent and Smad-independent path-
ways in TGF-( family signalling. Nature. 2003;425(6958):577—584.
Zhang YE. Non-Smad pathways in TGF-beta signaling. Cell Res.
2009;19(1):128—139.

Moustakas A. Non-Smad TGF- signals. J Cell Sci. 2005;118(16):3573—3584.
Lee MK, Pardoux C, Hall MC, et al. TGF-{ activates Erk MAP kinase
signalling through direct phosphorylation of ShcA. EMBO J.
2007;26(17):3957—3967.

Sorrentino A, Thakur N, Grimsby S, et al. The type | TGF-( receptor
engages TRAF6 to activate TAK1 in a receptor kinase-independent
manner. Nat Cell Biol. 2008;10(10):1199—1207.

Ozdamar B. Regulation of the polarity protein Par6 by TGF receptors
controls epithelial cell plasticity. Science. 2005;307(5715):1603—1609.
Yi JY, Shin |, Arteaga CL. Type | transforming growth factor (3 receptor
binds to and activates phosphatidylinositol 3-kinase. J Biol Chem.
2005;280(11):10870—10876.

Luo K. Signaling cross talk between TGF-3/Smad and other signaling
pathways. Cold Spring Harb Perspect Biol. 2017;9(1):a022137.
Kubiczkova L, Sedlarikova L, Hajek R, Sevcikova S. TGF-3 — an excel-
lent servant but a bad master. J Trans/ Med. 2012;10(1):183.
Markowitz S, Wang J, Myeroff L, et al. Inactivation of the type Il TGF-
beta receptor in colon cancer cells with microsatellite instability.
Science. 1995;268(5215):1336—1338.

Zhao M, Mishra L, Deng CX. The role of TGF-(3/SMAD4 signaling in
cancer. Int J Biol Sci. 2018;14(2):111—123.

Bardeesy N, Cheng KH, Berger JH, et al. Smad4 is dispensable for
normal pancreas development yet critical in progression and tumor
biology of pancreas cancer. Genes Dev. 2006;20(22):3130—3146.
Wang F, Xia X, Yang C, et al. SMAD4 gene mutation renders pancreatic
cancer resistance to radiotherapy through promotion of autophagy.
Clin Cancer Res. 2018;24(13):3176.

de Boeck M, Cui C, Mulder AA, Jost CR, lkeno S, ten Dijke P. Smad6
determines BMP-regulated invasive behaviour of breast cancer cells
in a zebrafish xenograft model. Sci Rep. 2016;6(1):24968.

Issue 10 m 2020

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Dowdy SC, Mariani A, Reinholz MM, et al. Overexpression of the TGF-(§
antagonist Smad7 in endometrial cancer. Gynecol Oncol. 2005;96(2):
368—373.

Cerutti JM, Ebina KN, Matsuo SE, Martins L, Maciel RMB, Kimura ET.
Expression of Smad4 and Smad7 in human thyroid follicular carci-
noma cell lines. J Endocrinol Invest. 2003;26(6):516—521.

Anido J, Séez-Borderias A, Gonzalez-Junca A, et al. TGF-f§ receptor
inhibitors target the CD44high/Id1high glioma-initiating cell popula-
tion in human glioblastoma. Cancer Cell. 2010;18(6):655—668.
Neuzillet C, Tijeras-Raballand A, Cohen R, et al. Targeting the TGF(
pathway for cancer therapy. Pharmacol Ther. 2015;147:22—31.
Nishida N, Yano H, Nishida T, Kamura T, Kojiro M. Angiogenesis in
cancer. Vasc Health Risk Manag. 2006;2(3):213—219.

Goumans M), Liu Z, ten Dijke P. TGF-f signaling in vascular biology
and dysfunction. Cell Res. 2009;19(1):116—127.

Sanchez-Elsner T, Botella LM, Velasco B, Corbi A, Attisano L, Bernabéu C.
Synergistic cooperation between hypoxia and transforming growth
factor-( pathways on human vascular endothelial growth factor gene
expression. J Biol Chem. 2001;276(42):38527—38535.

Wrzesinski SH, Wan YY, Flavell RA. Transforming growth factor-$ and
the immune response: implications for anticancer therapy. Clin
Cancer Res. 2007;13(18):5262.

Batlle E, Massagué J. Transforming growth factor-§ signaling in im-
munity and cancer. Immunity. 2019;50(4):924—940.

Colak S, ten Dijke P. Targeting TGF-{ signaling in cancer. Trends Cancer.
2017;3(1):56—71.

Akhurst RJ. Targeting TGF-( signaling for therapeutic gain. Cold Spring
Harb Perspect Biol. 2017;9(10):a022301.

Akhurst RJ, Hata A. Targeting the TGFf3 signalling pathway in disease.
Nat Rev Drug Discov. 2012;11(10):790—811.

Kovacs RJ, Maldonado G, Azaro A, et al. Cardiac safety of TGF-f receptor
| kinase inhibitor LY2157299 monohydrate in cancer patients in a first-
in-human dose study. Cardiovasc Toxicol. 2015;15(4):309—323.
Anderton MJ, Mellor HR, Bell A, et al. Induction of heart valve lesions by
small-molecule ALKS inhibitors. Toxicol Pathol. 2011;39(6):916—924.
Mitra MS, Lancaster K, Adedeji AO, et al. A potent Pan-TGF(
neutralizing monoclonal antibody elicits cardiovascular toxicity in
mice and cynomolgus monkeys. Toxicol Sci. 2020;175(1):24—34.
Morris JC, Tan AR, Olencki TE, et al. Phase | study of GC1008 (fre-
solimumab): a human anti-transforming growth factor-beta (TGF()
monoclonal antibody in patients with advanced malignant melanoma
or renal cell carcinoma. PLoS One. 2014;9(3):e90353.

Stevenson JP, Kindler HL, Papasavvas E, et al. Immunological effects of
the TGF(-blocking antibody GC1008 in malignant pleural mesotheli-
oma patients. Oncoimmunology. 2013;2(8):e26218.

Barcellos-Hoff MH, Derynck R, Tsang ML, Weatherbee JA. Trans-
forming growth factor-beta activation in irradiated murine mammary
gland. J Clin Invest. 1994;93(2):892—899.

Bouquet F, Pal A, Pilones KA, et al. TGFf1 inhibition increases the
radiosensitivity of breast cancer cells in vitro and promotes tumor
control by radiation in vivo. Clin Cancer Res. 2011;17(21):6754—6765.
Golden EB, Apetoh L. Radiotherapy and immunogenic cell death.
Semin Radiat Oncol. 2015;25(1):11—17.

Vanpouille-Box C, Diamond JM, Pilones KA, et al. TGFf is a master
regulator of radiation therapy-induced anti-tumor immunity. Cancer
Res. 2015;75(11):2232—2242.

Formenti SC, Lee P, Adams S, et al. Focal irradiation and systemic
TGFf blockade in metastatic breast cancer. Clin Cancer Res.
2018;24(11):2493—2504.

Cohn A, Lahn MM, Williams KE, et al. A phase | dose-escalation study
to a predefined dose of a transforming growth factor-81 monoclonal
antibody (TGM1) in patients with metastatic cancer. Int J Oncol.
2014;45(6):2221—2231.

Tolcher AW, Berlin JD, Cosaert J, et al. A phase 1 study of anti-TGF(
receptor type-Il monoclonal antibody LY3022859 in patients with
advanced solid tumors. Cancer Chemother Pharmacol. 2017;79(4):
673—680.

https://doi.org/10.1016/j.annonc.2020.07.009 1347


http://refhub.elsevier.com/S0923-7534(20)39946-4/sref13
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref13
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref13
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref14
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref14
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref14
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref15
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref15
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref15
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref15
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref15
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref16
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref16
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref16
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref17
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref17
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref17
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref17
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref18
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref18
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref18
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref18
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref19
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref19
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref19
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref19
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref20
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref20
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref20
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref21
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref21
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref21
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref22
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref22
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref22
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref23
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref23
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref24
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref24
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref24
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref25
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref25
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref25
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref25
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref26
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref26
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref26
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref27
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref27
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref27
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref28
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref28
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref29
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref29
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref29
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref29
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref30
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref30
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref30
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref30
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref31
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref31
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref31
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref32
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref32
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref32
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref32
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref33
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref33
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref34
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref34
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref34
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref35
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref35
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref35
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref35
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref36
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref36
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref36
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref37
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref37
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref37
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref37
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref38
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref38
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref38
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref39
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref39
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref39
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref40
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref40
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref40
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref40
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref41
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref41
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref41
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref41
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref42
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref42
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref42
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref42
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref43
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref43
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref43
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref44
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref44
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref44
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref45
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref45
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref45
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref46
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref46
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref46
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref46
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref46
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref47
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref47
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref47
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref48
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref48
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref48
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref49
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref49
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref49
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref50
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref50
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref51
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref51
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref51
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref52
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref52
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref52
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref52
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref53
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref53
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref53
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref54
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref54
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref54
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref54
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref55
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref55
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref55
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref55
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref56
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref56
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref56
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref57
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref57
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref57
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref57
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref58
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref58
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref58
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref58
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref59
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref59
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref59
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref60
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref60
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref60
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref60
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref61
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref61
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref61
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref61
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref62
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref62
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref62
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref62
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref62
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref63
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref63
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref63
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref63
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref63
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

1348

Goff LW, Cohen RB, Berlin JD, et al. A phase | study of the anti-activin
receptor-like kinase 1 (ALK-1) monoclonal antibody PF-03446962 in
patients with advanced solid tumors. Clin Cancer Res. 2016;22(9):
2146—2154.

Simonelli M, Zucali P, Santoro A, et al. Phase | study of PF-03446962,
a fully human monoclonal antibody against activin receptor-like ki-
nase-1, in patients with hepatocellular carcinoma. Ann Oncol.
2016;27(9):1782—1787.

Necchi A, Giannatempo P, Mariani L, et al. PF-03446962, a fully-
human monoclonal antibody against transforming growth-factor (3
(TGF@) receptor ALK1, in pre-treated patients with urothelial cancer:
an open label, single-group, phase 2 trial. Invest New Drugs.
2014;32(3):555—560.

Wheatley-Price P, Chu Q, Bonomi M, et al. A phase Il study of PF-
03446962 in patients with advanced malignant pleural mesotheli-
oma. CCTG Trial IND.207. J Thorac Oncol. 2016;11(11):2018—2021.
Clarke JM, Blobe GC, Strickler JH, et al. A phase Ib study of the
combination regorafenib with PF-03446962 in patients with re-
fractory metastatic colorectal cancer (REGAL-1 trial). Cancer Chemo-
ther Pharmacol. 2019;84(4):909—917.

Lan Y, Zhang D, Xu C, et al. Enhanced preclinical antitumor activity of
M7824, a bifunctional fusion protein simultaneously targeting PD-L1
and TGF-B. Sci Transl Med. 2018;10(424):eaan5488.

Lind H, Gameiro SR, Jochems C, et al. Dual targeting of TGF-( and PD-
L1 via a bifunctional anti-PD-L1/TGF-(RII agent: status of preclinical
and clinical advances. J Immunother Cancer. 2020;8(1):e000433.
Strauss J, Heery CR, Schlom J, et al. Phase | trial of M7824
(MSB0011359C), a bifunctional fusion protein targeting PD-L1 and TGFf3,
in advanced solid tumors. Clin Cancer Res. 2018;24(6):1287—1295.
Strauss J, Gatti-Mays ME, Cho B, et al. Abstract CT075: phase |
evaluation of M7824, a bifunctional fusion protein targeting TGF-(
and PD-L1, in patients with human papillomavirus (HPV)-associated
malignancies. Cancer Res. 2019;79(13 Supplement):CT075.

Allan S, Braiteh F, Calvo Aller E, et al. P37 Phase 1 evaluation of bin-
trafusp alfa (M7824), a bifunctional fusion protein targeting TGF-( and
PD-L1, in cervical cancer. Int J Gynecol Cancer. 2019;29(Suppl 4):A72.
Cho BC, Daste A, Ravaud A, et al. M7824 (MSB0011359C), a bifunctional
fusion protein targeting PD-L1 and TGF-{, in patients (pts) with advanced
SCCHN: results from a phase | cohort. Ann Oncol. 2018;29:viii373.
Paz-Ares L, Kim TM, Vicente D, et al. Updated results of M7824
(MSB0011359C): a bifunctional fusion protein targeting TGF-$ and
PD-L1, in second-line (2L) NSCLC. Ann Oncol. 2018;29:viii529.

Ahn M, Barlesi F, Felip E, et al. P1.01-133 randomized open-label study
of bintrafusp alfa (M7824) vs pembrolizumab in patients with PD-L1
expressing advanced 1L NSCLC. J Thorac Oncol. 2019;14(10):5415.
Tan B, Khattak A, Felip E, et al. M7824 (MSB0011359C), a bifunctional
fusion protein targeting PD-L1 and TGF-f, in patients with post-
platinum esophageal adenocarcinoma (EAC): preliminary results
from a phase | cohort. Ann Oncol. 2018;29:viii216.

Bang YJ, Doi T, Kondo S, et al. Updated results from a phase | trial of
M7824 (MSB0011359C), a bifunctional fusion protein targeting PD-L1
and TGF-f3, in patients with pretreated recurrent or refractory gastric
cancer. Ann Oncol. 2018;29:viii222—viii223.

Yoo C, Oh DY, Choi HJ, et al. M7824 (MSB0011359C), a bifunctional
fusion protein targeting transforming growth factor  (TGF-() and
PD-L1, in Asian patients with pretreated biliary tract cancer (BTC):
efficacy by BTC subtype. Ann Oncol. 2018;29:ix48—ix49.

Ciardiello D, Vitiello PP, Cardone C, et al. Immunotherapy of colorectal
cancer: challenges for therapeutic efficacy. Cancer Treat Rev. 2019;76:
22—-32.

Kopetz S, Spira Al, Wertheim M, et al. M7824 (MSB0011359C), a
bifunctional fusion protein targeting PD-L1 and TGF-0, in patients
with heavily pretreated CRC: preliminary results from a phase | trial.
J Cancer Oncol. 2018;36(4_suppl):764.

Guinney J, Dienstmann R, Wang X, et al. The consensus molecular
subtypes of colorectal cancer. Nat Med. 2015;21(11):1350—1356.
Hau P, Jachimczak P, Schlingensiepen R, et al. Inhibition of TGF-32
with AP 12009 in recurrent malignant gliomas: from preclinical to
phase I/1l studies. Oligonucleotides. 2007;17(2):201—212.

https://doi.org/10.1016/j.annonc.2020.07.009

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

D. Ciardiello et al.

Schlingensiepen KH, Jaschinski F, Lang SA, et al. Transforming growth
factor-beta 2 gene silencing with trabedersen (AP 12009) in pancre-
atic cancer. Cancer Sci. 2011;102(6):1193—1200.

Bogdahn U, Hau P, Stockhammer G, et al. Targeted therapy for high-
grade glioma with the TGF-(2 inhibitor trabedersen: results of a
randomized and controlled phase Ilb study. Neuro Oncol. 2011;13(1):
132—142.

Nemunaitis J, Dillman RO, Schwarzenberger PO, et al. Phase Il study
of belagenpumatucel-L, a transforming growth factor beta-2 anti-
sense gene-modified allogeneic tumor cell vaccine in non—small-cell
lung cancer. J Cancer Oncol. 2006;24(29):4721—4730.

Olivares J, Kumar P, Yu Y, et al. Phase | trial of TGF-2 antisense GM-CSF
gene-modified autologous tumor cell (TAG) vaccine. Clin Cancer Res.
2011;17(1):183—192.

Giaccone G, Bazhenova LA, Nemunaitis J, et al. A phase Il study of
belagenpumatucel-L, an allogeneic tumour cell vaccine, as mainte-
nance therapy for non-small cell lung cancer. Eur J Cancer.
2015;51(16):2321—2329.

Zhao L, Cao YJ. Engineered T cell therapy for cancer in the clinic. Front
Immunol. 2019;10:2250.

Bendle GM, Linnemann C, Bies L, Song JY, Schumacher TNM. Blockade
of TGF-( signaling greatly enhances the efficacy of TCR gene therapy
of cancer. J Immunol. 2013;191(6):3232.

Bollard CM, Tripic T, Cruz CR, et al. Tumor-specific T-cells engineered
to overcome tumor immune evasion induce clinical responses in
patients with relapsed Hodgkin lymphoma. J Cancer Oncol.
2018;36(11):1128—1139.

Roddn J, Carducci M, Sepulveda-Sanchez JM, et al. Pharmacokinetic,
pharmacodynamic and biomarker evaluation of transforming growth
factor-f receptor | kinase inhibitor, galunisertib, in phase 1 study in pa-
tients with advanced cancer. Invest New Drugs. 2015;33(2):357—370.
Rodon J, Carducci MA, Sepulveda-Sanchez JM, et al. First-in-human
dose study of the novel transforming growth factor-( receptor | ki-
nase inhibitor LY2157299 monohydrate in patients with advanced
cancer and glioma. Clin Cancer Res. 2015;21(3):553—560.

Brandes AA, Carpentier AF, Kesari S, et al. A phase Il randomized
study of galunisertib monotherapy or galunisertib plus lomustine
compared with lomustine monotherapy in patients with recurrent
glioblastoma. Neuro Oncol. 2016;18(8):1146—1156.

Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. N Engl J
Med. 2005;352(10):987—996.

Wick A, Desjardins A, Suarez C, et al. Phase 1b/2a study of galunisertib, a
small molecule inhibitor of transforming growth factor-beta receptor |, in
combination with standard temozolomide-based radiochemotherapy in
patients with newly diagnosed malignant glioma. Invest New Drugs.
2020. https://doi.org/10.1007/s10637-020-00910-9.

Melisi D, Ishiyama S, Sclabas GM, et al. LY2109761, a novel trans-
forming growth factor receptor type | and type Il dual inhibitor, as a
therapeutic approach to suppressing pancreatic cancer metastasis.
Mol Cancer Ther. 2008;7(4):829—840.

Melisi D, Garcia-Carbonero R, Macarulla T, et al. Galunisertib plus
gemcitabine vs. gemcitabine for first-line treatment of patients with
unresectable pancreatic cancer. BrJ Cancer. 2018;119(10):1208—1214.
Ikeda M, Takahashi H, Kondo S, et al. Phase 1b study of galunisertib in
combination with gemcitabine in Japanese patients with metastatic
or locally advanced pancreatic cancer. Cancer Chemother Pharmacol.
2017;79(6):1169—1177.

Ducreux M, Cuhna AS, Caramella C, et al. Cancer of the pancreas:
ESMO clinical practice guidelines for diagnosis, treatment and follow-
up. Ann Oncol. 2015;26:v56—v68.

Melisi D, Hollebecque A, Oh DY, et al. A phase Ib dose-escalation and
cohort-expansion study of safety and activity of the transforming
growth factor (TGF) ( receptor | kinase inhibitor galunisertib plus the
anti-PD-L1 antibody durvalumab in metastatic pancreatic cancer.
J Cancer Oncol. 2019;37(15_suppl):4124.

Faivre S, Santoro A, Kelley RK, et al. Novel transforming growth factor
beta receptor | kinase inhibitor galunisertib (LY2157299) in advanced
hepatocellular carcinoma. Liver Int. 2019;39(8):1468—1477.

Volume 31 m Issue 10 m 2020


http://refhub.elsevier.com/S0923-7534(20)39946-4/sref64
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref64
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref64
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref64
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref64
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref65
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref65
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref65
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref65
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref65
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref66
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref66
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref66
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref66
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref66
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref66
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref67
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref67
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref67
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref67
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref68
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref68
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref68
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref68
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref68
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref69
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref69
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref69
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref70
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref70
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref70
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref71
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref71
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref71
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref71
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref72
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref72
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref72
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref72
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref73
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref73
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref73
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref74
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref74
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref74
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref75
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref75
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref75
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref76
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref76
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref76
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref77
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref77
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref77
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref77
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref78
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref78
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref78
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref78
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref78
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref79
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref79
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref79
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref79
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref79
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref80
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref80
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref80
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref80
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref81
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref81
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref81
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref81
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref82
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref82
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref82
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref83
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref83
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref83
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref83
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref84
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref84
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref84
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref84
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref85
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref85
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref85
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref85
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref85
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref86
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref86
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref86
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref86
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref86
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref86
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref87
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref87
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref87
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref87
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref88
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref88
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref88
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref88
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref88
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref89
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref89
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref90
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref90
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref90
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref91
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref91
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref91
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref91
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref91
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref92
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref92
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref92
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref92
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref92
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref93
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref93
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref93
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref93
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref93
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref94
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref94
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref94
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref94
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref94
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref95
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref95
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref95
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref95
https://doi.org/10.1007/s10637-020-00910-9
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref97
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref97
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref97
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref97
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref97
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref98
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref98
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref98
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref98
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref99
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref99
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref99
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref99
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref99
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref100
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref100
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref100
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref100
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref101
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref101
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref101
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref101
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref101
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref102
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref102
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref102
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref102
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009

D. Ciardiello et al.

103.

104.

105.

106.

107.

108.

109.

Volume 31 m

Ungerleider N, Han C, Zhang J, Yao L, Wu T. TGFﬁ signaling confers
sorafenib resistance via induction of multiple RTKs in hepatocellular
carcinoma cells: TGF-(§ signaling confers sorafenib resistance via RTKs
in HCC cells. Mol Carcinog. 2017;56(4):1302—1311.

lkeda M, Morimoto M, Tajimi M, et al. A phase 1b study of
transforming growth factor-beta receptor | inhibitor galunisertib in
combination with sorafenib in Japanese patients with unresect-
able hepatocellular carcinoma. Invest New Drugs. 2019;37(1):
118—126.

Kelley RK, Gane E, Assenat E, et al. A phase 2 study of galunisertib
(TGF-B1 receptor type | inhibitor) and sorafenib in patients with
advanced hepatocellular carcinoma. Clin Transl Gastroenterol.
2019;10(7):e00056.

Keedy VL, Bauer TM, Clarke JM, et al. Association of TGF-{ responsive
signature with anti-tumor effect of vactosertib, a potent, oral TGF-(
receptor type | (TGFBRI) inhibitor in patients with advanced solid
tumors. J Cancer Oncol. 2018;36(15_suppl):3031.

Yap T, Baldini C, Massard C, et al. First-in-human phase 1 dose-
escalation trial of the potent and selective next generation trans-
forming growth factor-( receptor type 1 (TGF-BR1) inhibitor LY3200882
in patients with advanced cancer. Journal for Immuno Therapy of
Cancer: Proceedings from the 2018 SITC Annual Meeting. Abstract 030.
Bruna A, Darken RS, Rojo F, et al. High TGF(3-Smad activity confers
poor prognosis in glioma patients and promotes cell proliferation
depending on the methylation of the PDGF-B gene. Cancer Cell.
2007;11(2):147—160.

Shinto O, Yashiro M, Toyokawa T, et al. Phosphorylated Smad2 in
advanced stage gastric carcinoma. BMC Cancer. 2010;10(1):652.

Issue 10 m 2020

110.

111.

112.

113.

114.

115.

116.

117.

118.

de Kruijf EM, Dekker TJA, Hawinkels LJAC, et al. The prognostic role of
TGF-f signaling pathway in breast cancer patients. Ann Oncol.
2013;24(2):384—390.

Chen Y, Xing P, Chen Y, et al. High p-Smad2 expression in stromal fi-
broblasts predicts poor survival in patients with clinical stage | to llIA
non-small cell lung cancer. World J Surg Oncol. 2014;12:328.

Padua D, Zhang XHF, Wang Q, et al. TGF(3 primes breast tumors for lung
metastasis seeding through angiopoietin-like 4. Cell. 2008;133(1):66—77.
Mariathasan S, Turley SJ, Nickles D, et al. TGF( attenuates tumour
response to PD-L1 blockade by contributing to exclusion of T cells.
Nature. 2018;554(7693):544—548.

Coulouarn C, Factor VM, Thorgeirsson SS. Transforming growth factor-
B gene expression signature in mouse hepatocytes predicts clinical
outcome in human cancer. Hepatology. 2008;47(6):2059—2067.

Liu Q, Ma L, Jones T, et al. Subjugation of TGFf signaling by human
papilloma virus in head and neck squamous cell carcinoma shifts DNA
repair from homologous recombination to alternative end joining.
Clin Cancer Res. 2018;24(23):6001—6014.

Melisi D, Garcia-Carbonero R, Macarulla T, et al. TGFf receptor in-
hibitor galunisertib is linked to inflammation- and remodeling-related
proteins in patients with pancreatic cancer. Cancer Chemother Phar-
macol. 2019;83(5):975—991.

Hao D, Wang G, Yang W, et al. Reactive versus constitutive: reconcile
the controversial results about the prognostic value of PD-L1
expression in cancer. Int J Biol Sci. 2019;15(9):1933—1941.

Reck M, Rodriguez-Abreu D, Robinson AG, et al. Pembrolizumab
versus chemotherapy for PD-L1—positive non—small-cell lung cancer.
N Engl J Med. 2016;375(19):1823—1833.

https://doi.org/10.1016/j.annonc.2020.07.009 1349


http://refhub.elsevier.com/S0923-7534(20)39946-4/sref103
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref103
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref103
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref103
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref103
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref104
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref104
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref104
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref104
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref104
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref104
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref105
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref105
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref105
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref105
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref106
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref106
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref106
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref106
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref108
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref108
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref108
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref108
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref108
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref109
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref109
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref110
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref110
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref110
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref110
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref111
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref111
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref111
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref112
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref112
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref112
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref113
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref113
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref113
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref113
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref114
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref114
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref114
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref114
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref115
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref115
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref115
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref115
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref115
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref116
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref116
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref116
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref116
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref116
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref117
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref117
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref117
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref117
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref118
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref118
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref118
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref118
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref118
http://refhub.elsevier.com/S0923-7534(20)39946-4/sref118
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009

	Clinical development of therapies targeting TGFβ: current knowledge and future perspectives
	Introduction
	The TGFβ signaling cascade in cancer
	Translating TGFβ blockade into anticancer therapies: clinical outcomes and future perspectives
	Monoclonal antibodies directed against TGFβ ligand or receptors
	Bifunctional antibodies combining TGFβ and immune checkpoint inhibition
	Antisense oligonucleotides
	Cancer vaccines
	Adoptive T-cell transfer
	Receptor kinase inhibitors

	Potential biomarkers to guide TGFβ therapy
	Levels of p-Smad2
	Gene expression profiling
	Blood and tissue biomarkers
	Immune biomarkers

	Conclusions
	Funding
	Disclosure
	References


