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ABSTRACT: The multifunctional cytokine TGFβ plays a central role in regulating antitumor immunity. It has been postulated
that inhibition of TGFβ signaling in concert with checkpoint blockade will provide improved and durable immune response
against tumors. Herein, we describe a novel series of 4-azaindole TGFβ receptor kinase inhibitors with excellent selectivity for
TGFβ receptor 1 kinase. The combination of compound 3f and an antimouse-PD-1 antibody demonstrated significantly
improved antitumor efficacy compared to either treatment alone in a murine tumor model.
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The development of immuno-oncology (IO) therapies that
reset and strengthen immune response against tumors

holds great promise for the treatment of cancer.1−3 Antibody
IO therapies targeting immune checkpoint receptors CTLA-4
and PD-1 have provided durable responses in patients with
melanoma, nonsmall cell lung carcinoma, and many other
types of cancers. However, as tumors have evolved to evade
immune surveillance through multiple mechanisms, combina-
tion treatment strategies against several immune pathways are
likely needed to optimize antitumor immunity and provide
durable response in a majority of cancer patients. An increasing
number of such treatments has been devised and begun to
enter clinical trials, often as combinations with anti-CTLA4 or
anti-PD-1 antibodies.
The transforming growth factor β (TGFβ) is a pleiotropic

growth factor and cytokine that regulates a wide variety of
biological processes, including cell proliferation, differentiation
and development, extracellular matrix (ECM) generation,
angiogenesis, and immune response.4−6 TGFβ signaling begins
with ligand binding to cell-surface serine and threonine kinase
receptors TGFβ receptor type I (TGFβRI) and type II
(TGFβRII), leading to formation of the heterodimeric
TGFβRI and TGFβRII complex, and phosphorylation and
activation of TGFβRI. Activated TGFβRI recruits and
phosphorylates SMAD2 and SMAD3 proteins, which trans-

locate into the nucleus as a heterocomplex to initiate target
gene transcription. Dysregulation of TGFβ signaling is
frequently observed in human tumors and plays a vital role
in promoting tumor cell growth and differentiation, extrac-
ellular matrix (ECM) modulation, and epithelial to mesen-
chymal transition (EMT). Importantly, in the context of IO,
TGFβ has been demonstrated to have a significant role in
regulating antitumor immune response. More specifically,
TGFβ has a strong inhibitory effect on native T cell
proliferation and negatively impacts the functions of dendritic
cells, CD8+ T cells, and natural killer (NK) cells while
enhancing the activity of immunosuppressive Treg and myeloid-
derived suppressor cells (MDSC), thus contributing to a
favorable tumor microenvironment for tumor growth and
metastasis. TGFβ signaling may also prevent CD8+ T cells
from infiltrating the tumor and thus contribute to reduced
response and resistance to anti-PD-1-PD-L1 treatment in
cancer patients.7−10 Therefore, targeting the TGFβ pathway in
combination with anti-PD1 or anti-PD-L1 antibodies may help
overcome resistance and produce a more effective antitumor
response.
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A number of pharmacological strategies to target the TGFβ
pathway have been reported,11−13 including antisense
oligonucleotides, vaccines, ligand traps, monoclonal antibodies,
and small molecule receptor kinase inhibitors.14−21 Of these,
small molecule TGFβRI kinase inhibitor Galunisertib (LY-
2157299) is under evaluation in combination with anti-PD1
(PD-L1) antibodies in clinical trials for a variety of cancers.22

Notably, it was demonstrated that combination of LY-2157299
with checkpoint blockade provided durable, complete
responses in mouse tumor models.21 Furthermore, while
continuous long-term dosing of LY-2157299 caused target-
related cardiovascular toxicities in animals, an intermittent
dosing schedule (2 weeks on/2 weeks off during a 28-day
cycle) provided a therapeutic window and allows for the
compound to be safely administered to humans.23

Due to the potential clinical significance of TGFβ biology,
we initiated a program to identify novel TGFβ receptor kinase
inhibitors with an optimized profile to combine with other IO
agents for the treatment of cancer. We decided at the outset to
focus on developing selective TGFβRI kinase inhibitor because
it was demonstrated that inhibition of TGFβRI by LY-2157299
is sufficient to inhibit phosphorylation and signaling of
downstream SMAD proteins. In this Letter, we describe the
synthesis and SAR of a novel series of 4-azaindoles as TGFβ
inhibitors and the identification of compounds with excellent
kinase selectivity and PK properties that are efficacious in a
murine tumor model when combined with anti-PD1 anti-
body.24

A high throughput screening of a focused 12,000 small-
molecule Bristol-Myers Squibb kinase deck using a homoge-
neous time-resolved fluorescence (HTRF) assay25 successfully
identified a novel pyrrololactam chemotype as potent
inhibitors of TGFβRI and RII kinases. A high resolution
crystal structure of a representative compound 1 bound to the
ATP binding site of TGFβRI kinase domain was obtained and
served as the basis for compound design (Figure 1). As shown

in the structure, compound 1 forms hydrogen bonds directly
from the pyridinylacetamide group to His283 within the hinge
region. Similar to the binding mode of other reported TGFβRI
kinase inhibitors, compound 1 also forms a water-mediated
hydrogen bond network between the fluoropyridine nitrogen
atom, the side chains of Tyr249 and Glu245, and the backbone of
Asp351. In addition, a hydrogen bonding interaction is observed
between the lactam amide and Lys232 and Asp351 residues.
From molecular modeling and published SAR for other TGFβ
kinase inhibitors, we understood that the binding interaction

between the protein and the fluoropyridine through the
conserved water molecule is likely vital for cellular
potency.22,25,26 We hypothesized that the binding site has
some level of structural flexibility that may allow for various
ring replacements and substitutions while maintaining these
interactions. Based on this analysis, we examined several
heterocyclic ring replacements of the pyrrololactam and were
encouraged that a more synthetically tractable and cell
permeable 4-azaindole scaffold (i.e., 2a) demonstrated
comparable activities to 1 in both biochemical (TGFβRI
IC50 = 22 nM, RII IC50 = 7 nM) and functional SMAD nuclear
translocation assays (IC50 = 1.8 μM).27 Additionally, 2a
displayed significantly improved kinase selectivity against a
panel of 240 off-target kinases compared to 1 (Table S2).
With compound 2a as the new starting point for SAR

exploration, a library of 3-pyridyl azaindoles was prepared to
explore the hydrophobic back pocket region where the
pyridine ring resides. As expected, a variety of nonpolar
substitutions on the pyridine ring were tolerated and retained
activity in TGFβRI biochemical assay (Table 1), but there

were several unexpected observations. Replacement of the
fluorine with a methoxy group (2b) led to an improvement in
both TGFβRI biochemical potency and cellular activity, but
reduced potency against TGFβRII. In contrast to its pyridine
regioisomer 2a, compound 3a unexpectedly displayed a
substantial selectivity for the RI isoform (>100 fold vs RII).
Introduction of slightly bulkier substituents on the 2 or 3
position of the pyridine ring (3b−3i) resulted in further
enhancement of RI-selectivity (>1000-fold). Excellent cellular
activities were preserved in all cases despite significant loss of
RII biochemical potency, suggesting that inhibition of the RII
receptor in addition to the RI is not required for cellular
activity.28

Based on the overlay of the hinge binding pockets of the two
TGFβ isoforms, we hypothesized that the slightly larger
gatekeeper pocket of the R1 isoform due to presence of several

Figure 1. X-ray crystal structure of compound 1 bound to the
TGFβRI kinase domain (T204D mutant; 1.58 A). PDB accession
code is 5QIK.

Table 1. Biochemical and Cellular Activities of 3-Pyridyl
Substituted 4-Azaindolesa

compd R1
TGFβRI
IC50 (μM)

TGFβRII
IC50 (μM)

MINK SMAD
translocation IC50 (μM)

2a F 0.022 0.007 1.8
2b OMe 0.003 0.04 0.31
3a 3-F 0.003 0.39 0.32
3b 3-Cl 0.002 14 0.90
3c 3-Me 0.005 >15 NA
3d 3-

OCF2H
0.011 14 1.2

3e 3-OMe 0.006 >15 0.79
3f 3-OCD3 0.002 7.6 0.46
3g 2-Me 0.002 0.73 0.76
3h 2-CF2H 0.001 4.3 0.26
3i 2-CF3 0.002 >15 1.4

aStandard deviation and number of replicates are provided in Table
S3.
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smaller residues29 may contribute to the selectivity of
compounds with bulkier pyridine substitution. However, it is
not clear which interactions are responsible for the high level
of RI-selectivity of pyridine regioisomer 3 vs 2. We have
recently published several mutated constructs TGFβRII that
are amenable to crystallization.30 Application of these mutant
constructs as well as the known T204D TGFβRI mutant
construct for compounds 2b and 3e led to several high
resolution crystal structures (Figure 2). Examination of the
structures revealed that compound 2b binds in the expected
manner to both TGFβRI and TGFβRII kinase domains, with
the pyridine acetamide group interacting with the hinge, the
azaindole with the conserved lysine, and the nitrogen of the 3-
pyridyl group forming hydrogen bond network through the
conserved water molecule to the protein. Compound 3e binds
to TGFβRI in an almost identical manner. However, because
the 3-pyridyl nitrogen in compound 3e is farther away from the
conserved water (HOH1), the water-mediated interaction
occurs through a second water molecule (HOH2) that is
located next to Ala350. The position of this second water
molecule would be occupied by the side chain of Cys396 in
TGFβRII, and presumably, this amino acid difference confers
the selectivity of compound 3e for TGFβRI over TGFβRII.
With the goal of identifying a selective and orally

bioavailable compound for in vivo evaluation, several potent
TGFβRI-selective compounds in Table 1 (3e−3h) were
further evaluated for their metabolic stability, CYP450 profiles,
binding selectivity in the Bristol-Myers Squibb panel of 240
kinases, and activity in additional cellular assays (Table S2).
Compound 3e benefited from excellent metabolic stability in
mouse, rat, and human liver microsomal stability assays but
suffered from potent CYP450 inhibition (3A4, IC50 = 4.5 μM).
Fortunately, the deuterated analog 3f and a 2-difluoromethyl
substituted analog 3h both demonstrated improved CYP450
profile (IC50 > 20 μM, Table 2) while maintaining excellent
metabolic stability and kinase selectivity. Both compounds also
potently inhibited phosphorylation of SMAD protein in
normal human lung fibroblast (NHLF) cellular assay (IC50 =
0.45 μM and 0.068 μM for 3f and 3h, respectively) and
primary human T cell assay (IC50 = 0.017 μM and 0.094 μM
for 3f and 3h, respectively). Furthermore, both compounds
inhibited TGFβ-mediated induction of regulatory T cell
(Treg) by downregulation of FOXP3 expression and a

repression of CD25 expression (IC50 = 0.11 μM and 0.05
μM), indicating that the azaindole inhibitors may be valuable
to overcome Treg-mediated immune suppression and improve
antitumor immunity. Although compound 3f displayed slightly
less potent cellular activities, it benefited from lower potential
for QT prolongation based on hERG channel patch clamp
assay (18% and 73% inhibition for 3f and 3h at 10 μM,
respectively). Furthermore, the mouse PK profile of compound
3f was more promising, providing higher exposure at one-fifth
of the dose and a flatter oral PK curve compared to 3h (Figure
3). The PK profile of 3f supported a once daily dose schedule,
while 3h likely would need to be administrated twice daily at a
higher dose to achieve the desired PD effect.
A representative azaindole synthesis is illustrated for

compound 3f in Scheme 1. Sonogashira coupling between
pyridinylacetamide 4 and bromopyridine 5 provided the
intermediate alkyne 6. Acylation with trifluoroacetic anhydride
was followed by a modified Cacchi palladium-mediated
domino alkylation-cyclization reaction31 to yield the final
compound in a short sequence. It is worth noting that the
Cacchi reaction tolerated a variety pyridine substitutions and

Figure 2. X-ray crystal structures of (a) compound 2b bound to the TGFβRI kinase domain (T204D mutant); (b) compound 2b bound to the
TGFβRII kinase domain (E431A, R433A, E485A, K488A, R493A, R495A mutant); (c) compound 3e bound to the TGFβRI kinase domain
(T204D mutant). PDB accession codes are 5QIL, 5QIM, and 5QIN, respectively.

Table 2. Profiling of Compound 3h and 3f

assay 3f 3h

TGFβRI IC50 (nM) 1.6 ± 0.5 0.8 ± 0.1
TGFβRII IC50 (μM) 7.6 ± 1.3 4.3 ± 2.3
MINK TSMAD IC50 (μM) 0.46 ± 0.02 0.26 ± 0.16
NHLF TSMAD IC50 (μM) 0.45 ± 0.12 0.068 ± 0.03
Hu T-cell PSMAD3 IC50 (μM) 0.017 ± 0.01 0.094 ± 0.02
Hu Treg FoxP3+ IC50 (μM) 0.11 0.05
Met Stab (h, r, m; % rem) 96, 89, 74 60, 85, 66
CYP inhibition (1A2, 2C9, 2C19, 2D6,
3A4, 2C8)

>20 μM >20 μM

hERG PC % inh at 3, 10 μM 3.9, 18 42, 73
protein binding (h, r, m; % free) 24, 25, 12 9, 18, 5
kinase selectivity number of tested kinases
with IC50 < 0.1 μM

1 (ALK4) 2 (ALK4,
p38α)

number of tested kinases with IC50 <
1 μM

4 13

number of kinases tested 244 246
PK parameters in mice [dose (mg/kg),
Cmax (μM) Tmax (h), AUC0−24 (μM·h)]

10, 5.3, 1, 19.5 50, 7.4, 1, 14.1
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allowed both pyridine isomers to be prepared with high yields
(2 and 3).
On the basis of its attractive in vitro profile and desirable PK

properties, compound 3f was advanced to a preclinical efficacy
study to determine if TGFβ inhibition enhances the antitumor
activity of PD-1 blockade. The MC38 syngeneic mouse colon
adenocarcinoma tumor model, which is modestly sensitive to
anti-PD-1 antibody treatment, was used to assess the effect of
dose escalation of 3f alone or in combination with a surrogate
antimouse-PD-1 antibody.32 As shown in Figure 4, mono-
therapy of 3f provided minimal tumor growth inhibition at all
three dose levels tested. Administration of anti-PD-1 antibody
alone was as expected partially efficacious. Combination of 3f
with anti-PD-1 antibody, however, provided robust dose-
dependent antitumor activity and, at the 25 mg/kg and 50 mg/
kg doses, significantly greater efficacy compared to anti-PD-1
treatment alone. Furthermore, the antitumor immunity was
durable with majority of the responding mice in the
combination groups staying tumor-free for at least 45 days.33

No significant weight loss (>5%) was observed for any of the
treatment groups.
In conclusion, novel 3-pyridyl substituted 4-azaindoles were

identified as potent inhibitors of TGFβRI kinase. Optimization
of the SAR led to the identification of a potent and orally
bioavailable analog 3f. Oral administration of 3f synergized
with anti-PD-1 antibody and provided durable antitumor
activity in MC38 tumor model with no observed toxicity.

Combined, these results supported further advancement of
compound 3f into preclinical toxicology studies.
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