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PULMONARY HYPERTENSION

ACTRIIA-Fc rebalances activin/GDF versus BMP
signaling in pulmonary hypertension
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Human genetics, biomarker, and animal studies implicate loss of function in bone morphogenetic protein (BMP)
signaling and maladaptive transforming growth factor-p (TGFf) signaling as drivers of pulmonary arterial hypertension
(PAH). Although sharing common receptors and effectors with BMP/TGFB, the function of activin and growth and
differentiation factor (GDF) ligands in PAH are less well defined. Increased expression of GDF8, GDF11, and activin
A was detected in lung lesions from humans with PAH and experimental rodent models of pulmonary hypertension
(PH). ACTRIIA-Fc, a potent GDF8/11 and activin ligand trap, was used to test the roles of these ligands in animal and
cellular models of PH. By blocking GDF8/11- and activin-mediated SMAD2/3 activation in vascular cells, ACTRIIA-Fc
attenuated proliferation of pulmonary arterial smooth muscle cells and pulmonary microvascular endothelial
cells. In several experimental models of PH, prophylactic administration of ACTRIIA-Fc markedly improved hemo-
dynamics, right ventricular (RV) hypertrophy, RV function, and arteriolar remodeling. When administered after
the establishment of hemodynamically severe PH in a vasculoproliferative model, ACTRIIA-Fc was more effective
than vasodilator in attenuating PH and arteriolar remodeling. Potent antiremodeling effects of ACTRIIA-Fc were
associated with inhibition of SMAD2/3 activation and downstream transcriptional activity, inhibition of proliferation,
and enhancement of apoptosis in the vascular wall. ACTRIIA-Fc reveals an unexpectedly prominent role of GDF8,
GDF11, and activin as drivers of pulmonary vascular disease and represents a therapeutic strategy for restoring
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the balance between SMAD1/5/9 and SMAD2/3 signaling in PAH.

INTRODUCTION

Pulmonary arterial hypertension (PAH), defined as precapillary pul-
monary hypertension (PH) with mean pulmonary arterial pressure
(mPAP) of >20 mmHg in the presence of normal pulmonary capil-
lary wedge pressure of <15 mmHg and an elevated pulmonary vas-
cular resistance of >3.0 Wood units (I), is a debilitating disease of
progressive loss of the pulmonary circulation, with slightly better than
50% survival at 5 years after diagnosis (2). In contrast to currently
approved vasodilator therapies, novel therapies targeting underlying
mechanisms of vessel remodeling could yield improved outcomes.
We hypothesized that an imbalance of activin and growth and dif-
ferentiation factor (GDF) versus bone morphogenetic protein (BMP)
signaling could be corrected therapeutically to mitigate pulmonary
vascular remodeling. The identification of loss-of-function mutations in
the BMP type 2 receptor (BMPR?2), its co-receptors ACVRLI and ENG,
its ligand BMP9/GDEF2, and effectors SMAD4 and SMADS in her-
itable forms of PAH (HPAH) (3, 4) has implicated deficient BMP
signaling in PAH. Lung tissues from human PAH and experimental
PH exhibit diminished BMPRII expression and BMP signaling in the
presence or absence of BMPR2 loss-of-function mutations (5-9), sup-
porting a protective role of BMP signaling in non-heritable forms of
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PAH and nongenetic models of PH. Also consistent with a protective
role of BMP signaling, exogenous BMP9 rescues PH in multiple animal
models (10), whereas BMP9 ligand trap activin receptor-like kinase
1-Fc (ALK1-Fc) exacerbates hypoxia-induced PH (11). Elevated trans-
forming growth factor—-p (TGFp) expression and signaling activity are
found in human PAH and multiple experimental PH models (8, 12-16),
and inhibitors of ALK4/5/7 and a selective TGFpB1/3 ligand trap
(TGFBRII-Fc) ameliorate experimental PH (5, 8, 12, 17), consistent
with a pathogenetic role of excess TGFp signaling.

Although activin and GDF ligands share receptors in common
with BMP and TGFp and preferentially activate TGF effectors SMAD2
and SMAD?3, their status as therapeutic targets in PAH is less clear. It
was previously reported that activin A is increased in the circulation
of human PAH, is overexpressed in the lungs of mice with hypoxia-
induced PH, and promotes proliferation and vasoactive gene ex-
pression in pulmonary artery smooth muscle cells (PASMCs) (18).
Consistent with this proproliferative effect, another study demon-
strated that activin A neutralizing antibodies inhibit PASMC growth
in basal media (19). Treatment of cultured rat PASMCs with mono-
crotaline (MCT) pyrrole enhances expression of ACTRIIA, the prin-
cipal type 2 receptor for activin and GDF ligands, while diminishing
expression of BMPR2, suggesting a reciprocal relationship between
BMP and activin signaling in PH (20). These studies suggest a broader
pattern of imbalanced BMP versus TGFp and activin/GDF signaling
in PAH; however, the role of activin and GDF as therapeutic targets
in PAH has yet to be established.

To test the pathogenetic contribution of activin and GDF ligands in
experimental PH, we used the activin and GDF ligand trap ACTRIIA-
Fc, a homodimer of type II activin receptor ACTRIIA extracellular
domains expressed as an immunoglobulin G (IgG) Fc domain fusion
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protein. Sotatercept, a recombinant human ACTRIIA IgG1 Fc fusion
protein, has been tested in phase 2 studies for anemia and multiple
myeloma (21). A murine ACTRIIA-Fc cognate known as RAP-011 has
been generated and used in rodent studies (22). ACTRIIA-Fc potently
binds activin A/B and GDF8/11, which preferentially activate SMAD2/3
via ACTRIIA or ACTRIIB in combination with type 1 receptors ALK4,
ALKS5, or ALK7. We hypothesized that sequestering these ligands
could abrogate their direct contributions to pulmonary vascular re-
modeling or restore a favorable balance of BMP versus TGFp/activin/
GDF signaling.

RESULTS

ACTRIIA ligand expression is increased in the pulmonary
vasculature of PH and PAH

Immunohistochemistry of lung tissues revealed enhanced expression
of activin A, GDF8, and, to a lesser extent, GDF11 in the distal pulmo-
nary arterioles of patients with idiopathic PAH (IPAH) and BMPR2
mutation-positive HPAH versus healthy controls, as well as vessels
from MCT-exposed and SUGEN5416 and
hypoxia [SU-Hx; FiO, (fraction of inspired

H&E-HRP

activated SMAD1/5/9 but were much less potent than BMP9.
ACTRIIA-Fc blocked the activation of SMAD2/3 and SMAD1/5/9 by
activin and GDF ligands but not BMP9. When exposed to BMP9
at concentrations up to its median effective concentration (ECsp),
cotreatment with ACTRIIA-Fc enhanced BMP-responsive element
transcriptional reporter (BRE-Luc) activity in telomerase immortalized
human microvascular endothelial (TIME) cells (Fig. 2B) and similarly
enhanced activation of SMAD1/5/9 in human PMVECs (Fig. 2C) and
bovine aortic endothelial cells (fig. S4A).

We investigated potential competition of these ligands with BMP9
signaling by cotreating TIME cells with BMP9 and these ligands,
revealing attenuation of BMP9-mediated transcriptional activity by
activin A, GDF8, and GDF11 (Fig. 2D). The inhibition of BMP9 ac-
tivity by GDF11 could be reversed by cotreatment with ACTRIIA-Fc
(Fig. 2E). Similarly, inhibition of BMP9-induced SMAD1/5/9 acti-
vation or IDI mRNA transcription by GDF11 was normalized by
treatment with ACTRIIA-Fc in human PMVECs (fig. S4B) and pul-
monary artery endothelial cells (PAEC:s) (fig. S4C). In PMVECs from
control and PAH donors, BMP9 stimulated proliferation in a manner

anti-SMA-HRP

oxygen) = 0.10]-exposed rats with PH
versus controls (Fig. 1). Activin A was
expressed in the vascular lesions of six of
seven PAH lungs, and GDF8 was expressed
in seven of eight PAH lungs, whereas
GDF11 showed more sporadic expression
in four of seven PAH lungs (fig. S1).
Costaining with antibodies against o-smooth
muscle actin (a-SMA) revealed expression
of activin A in the intima and media of
obstructive and plexiform lesions in
human PAH and in the media of MCT-
and SU-Hx-treated rat vessels, whereas
GDEF8 and GDF11 were expressed in the
intima and media of diseased vessels in
both human and rat lungs. Elevated ac-
tivin A was detected in serum from pa-
tients with World Health Organization
(WHO) Group 1 PAH but not Group 2 or
Group 3 PH (fig. S2).
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Western blot analysis demonstrated
that GDF8, GDF11, activin A, and ac-
tivin B induced SMAD2/3 phosphory-
lation in PMVECs isolated from healthy
control and PAH donors (Fig. 2A and
fig. $3). GDF11 and activin A modestly
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Fig. 1. ACTRIIA ligands activin A, GDF8, and GDF11 are expressed in the intima and media of small arterioles
in human PAH and rat PH. Immunohistochemical staining for activin A, GDF8, and GDF11 along with 0-SMA costain
performed on paraffin-embedded lung sections from healthy controls and patients with IPAH or HPAH (n =5 each)
and lung sections from control, MCT-exposed, or SU-Hx-exposed rats (n = 3 each). Horseradish peroxidase (HRP)-
conjugated secondary antibody (3,3-diaminobenzidine staining, as indicated by label HRP in brown) and a-smooth
muscle actin (a-SMA) AP-conjugated primary antibody (as indicated by label SMA in blue; right) are shown. Scale
bars, 50 um.
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(50 ng/ml) for 30 min with or without ACTRIIA-Fc (2500 ng/ml), analyzed by Western blot. (I and J) Expression of a-SMA and calponin mRNA at 24 hours after stimulation with
TGFB1 (1 ng/ml), GDF8 (50 ng/ml), GDF11 (50 ng/ml), or activin A (50 ng/ml) in human PASMCs with or without ACTRIIA-Fc (n =3 to 6). (K and L) Expression of a-SMA and
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(n=4; N =3). (M) Proliferation in PASMCs exposed to GDF8 (100 ng/ml), GDF11 (100 ng/ml), activin A (100 ng/ml), activin B (100 ng/ml), PDGF-BB (1 ng/ml), or complete
media for 24 hours with or without ACTRIIA-Fc (10,000 ng/ml) as measured by 3H—thymidine incorporation. (n=5; N = 3). Data represent means + SEM. *P < 0.05, **P < 0.01,
1P < 0.001, and #P < 0.0001 compared to vehicle controls, one-way ANOVA with Sidak’s test for multiple comparisons.
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not affected by ACTRITA-Fc (Fig. 2, F and G), as analyzed by *H-
thymidine incorporation. Although activin A and GDF11 had no ef-
fect or modestly inhibited proliferation, respectively, in control PMVECs,
both of these ligands stimulated proliferation in HPAH-derived
PMVEC:s. The proliferation of PMVECs from control and PAH donors
when cultured in the presence of activin A or GDF11 was inhibited
by ACTRIIA-Fc to varying degrees. In control PMVECs, activin A
and GDF11, but not BMP9, increased apoptosis (fig. S5). None of
these ligands affected the apoptosis of PAH-derived PMVECs, which
exhibited significantly decreased rates of apoptosis compared to con-
trol cells under basal conditions (P = 0.003). In a tube formation assay,
basic fibroblast growth factor (bFGF) increased total branch length in
control PMVECs, whereas BMP9, activin A, and GDF11 had minimal
effect, and none of these cytokines had significant impact on PAH-
derived PMVEC:s (fig. S6). Together, these findings showed that ac-
tivin A and GDF11 enhanced the growth of PAH-derived PMVECs,
whereas GDF11 inhibited growth and activin A promoted apoptosis
in control-derived PMVECs.

ACTRIIA ligands activate SMAD1/5/9 and SMAD2/3 signaling
in pulmonary arterial smooth muscle to modulate myogenic

and fibrogenic gene expression

In healthy control or PAH-derived PASMCs, treatment with TGFpI,
GDF8, GDF11, and activin A induced phosphorylation of SMAD1/5/9
and SMAD?2/3 to varying degrees, whereas cotreatment with ACTRITA-
Fc abrogated signaling of all ligands but TGFp1 (Fig. 2H and fig. S7).
GDF8, GDF11, activin A, and activin B up-regulated mRNA and pro-
tein expression of myogenic genes 0-SMA and calponin in a manner
reminiscent of TGFp1 but, unlike TGFp1, were blocked by ACTRIIA-
Fc (Fig. 2,1to L, and fig. S8, A and B). These observations suggested
that these ligands promote phenotypic modulation of smooth muscle
contractile genes similarly to TGFB1; however, various smooth mus-
cle phenotypic genes regulated by TGFp1 were differentially regulated
by GDF8, GDF11, and activin A (fig. S8C). Treatment with platelet-
derived growth factor-BB (PDGF-BB), but not complete media,
induced proliferation of PASMCs in a manner that was inhibited by
ACTRIIA-Fc, whereas GDF11 and activin A had modest proprolifer-
ative effects in control PASMC:s (Fig. 2M and fig. S9A). In PAH-derived
PASMC:s, neither activin A nor GDF11 induced proliferation; however,
growth of PAH-derived PASMC:s in the presence of exogenous activin
A was inhibited by ACTRIIA-Fc (fig. S9, B and C). Neither activin A
nor GDF11 significantly affected apoptosis in control or PAH PASMCs;
however, basal rates of apoptosis appeared to be lower in diseased
versus healthy cells (fig. S9, D to F). In addition, none of the tested
BMP, GDF, or activin ligands significantly affected migration of healthy
control or PAH-derived PASMCs in a scratch assay (fig. S10). These
findings were replicated in a minimum of three distinct control and
three PAH donor-derived PASMC cultures.

Impact of ACTRIIA-Fc in MCT-induced experimental PH

Given the effects of ACTRIIA-Fc in antagonizing GDF8/11- and activ-
in A/B-mediated signaling in PASMCs, enhancing BMP9 signaling
in PMVECs, and blocking the proproliferative effects of GDF11 and
activin A in PMVECs and PASMCs, we hypothesized that ACTRIIA-
Fc might exert therapeutic antiremodeling effects in experimental
PH via its impact on these cells. ACTRIIA-Fc was tested prophy-
lactically in the MCT rat model of PH, known to exhibit impaired
BMPR2-SMAD1/5/9 and enhanced SMAD2/3 signaling (17).
ACTRIA-Fc [15 mg/kg, twice weekly, subcutaneously (sc)] normalized

Yung et al., Sci. Transl. Med. 12, eaaz5660 (2020) 13 May 2020

mPAP (19.9 + 1.2 mmHg versus 46.2 + 2.4 mmHg; P < 0.0001),
right ventricular hypertrophy (RVH; 0.29 + 0.04 versus 0.55 + 0.04;
P <0.001), and pulmonary arteriolar muscularization as compared
with vehicle-treated rats (Fig. 3, A to F, and fig. S11). There was no
effect on systemic arterial pressures. Sildenafil (30 mg/kg, twice daily,
orally), a phosphodiesterase 5 inhibitor approved for the treatment
of PAH that functions as a vasodilator, had more modest effects on
hemodynamics and did not improve remodeling.

Delayed treatment with ACTRIIA-Fc [1, 3, or 10 mg/kg, intra-
peritoneally (ip), twice weekly] 4 weeks after MCT administration,
a time point at which PH was established in rats, potently reduced
PH at all doses (Fig. 3, G and H) and reduced RVH and attenuated
pulmonary arteriolar muscularization at the two higher doses (Fig. 3,
I'to L). Consistent with its antiproliferative effects in vitro, ACTRIIA-Fc
(10 mg/kg) reduced the number of Ki67-positive cells in MCT lungs
(Fig. 3M and fig. S12A). Similar to its impact on SMAD?2/3 signal-
ing in vitro, ACTRIIA-Fc normalized the activation of SMAD?2 seen
inlunglysates of MCT-treated rats by Western blot (Fig. 3, N and O).
No significant impact of ACTRIIA-Fc on activation of SMAD1/5/9
or apoptosis in whole-lung tissues was observed in this model (fig.
S12,Band C).

Impact of ACTRIIA-Fc in SU-Hx-induced experimental PH

In SU-HX rats, a vasculoproliferative model known to develop pro-
gressive obliterative and complex lesions reminiscent of severe
human disease (23), prophylactic treatment with ACTRITA-Fc
(15 mg/kg, sc, twice weekly) over 4 weeks of exposure to SU-Hx
normalized mPAP (21.1 + 1.1 versus 43.3 + 2.4 mmHg; P < 0.0001),
RVH (0.28 + 0.01 versus 0.61 + 0.02; P < 0.0001), and arteriolar mus-
cularization compared to vehicle-treated SU-Hx rats, without affecting
systemic arterial pressures (Fig. 4, A to F, and fig. S13, A to C). In
contrast, sildenafil (60 mg/kg, twice daily, orally) modestly reduced
mPAP (33.6 £ 2.0 mmHg; P < 0.01) without affecting RVH or the
frequency of muscularized vessels. When ACTRIIA-Fc was admin-
istered (1, 3, or 10 mg/kg, ip, twice weekly) after 3 weeks of SU-Hx, a
time point at which moderate PH was established, RV systolic pres-
sure (RVSP), RVH, arteriolar wall thickness, and vessel muscular-
ization were reduced at the highest dose (Fig. 4, G to L). Consistent
with its antiproliferative activity in vitro, ACTRIIA-Fc reduced the
number of Ki67-positive cells in vessels and perivascular tissues of
SU-Hx-exposed rats (Fig. 4M and fig. S13D). Elevated mRNA ex-
pression of SMAD?2/3 target gene Pai-1 observed in SU-Hx lungs was
attenuated by ACTRIIA-Fc but without corresponding changes in
whole-tissue phosphorylated SMAD?2 (Fig. 4N and fig. S14).

To test the efficacy in a model of severe obliterative PH, rats were
allowed to progress for 5 weeks after exposure to SU-Hx before starting
treatment (Fig. 4, O to T). After 5 weeks, rats had developed severe
PH approaching systemic pressures, severe RVH, and obliterative vas-
culopathy that persisted through 9 weeks. Treatment with ACTRIIA-
Fc (5 mg/kg, sc, twice weekly) from weeks 6 to 9 after SUGEN5416
exposure reversed existing PH and RVH, effects not seen with silde-
nafil treatment. Moreover, ACTRIIA-Fc reduced the proportion of
occluded vessels, medial hypertrophy, and wall thickening. Treat-
ment with ACTRIIA-Fc, but not vasodilator, normalized echocar-
diographic measures of PH and RV dysfunction (fig. S15, A to D).
ACTRIIA-Fc did not alter arteriolar muscularization, cardiac output,
or systemic pressure in this model (Fig. 4U and fig. S15, E to H). The
frequencies of TUNEL" (terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling-positive)
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Fig. 3. ACTRIIA-Fc attenuates PH and vascular
remodeling in MCT-exposed rats. (A) Treatment
timing of adult rats after vehicle or MCT (40 mg/
kg, sc) with ACTRIIA-Fc (15 mg/kg, ip, twice week-
ly), sildenafil [30 mg/kg, orally, twice daily], or
vehicle (10 mM TBS) for 4 weeks starting 1 day
after MCT. (B) Mean pulmonary artery pressure
(mPAP) and (C) RV hypertrophy (RVH) in rats
treated with ACTRIIA-Fc or sildenafil compared
to vehicle (n=5 to 9 per group). Data represent
means +SEM. *P< 0.05, **P< 0.01, #2<0.0001, and
not significant (ns; P> 0.05) as indicated, one-way
ANOVA with Sidak's post test for mPAP and Kruskal-
Wallis test with Dunn’s post test for RVH. (D) Medial
wall thickness index and (E) the percentage of fully
muscularized vessels in rats treated with ACTRIIA-Fc
or sildenafil compared to vehicle (diameter, 10 to
50 um). Values are shown as means+SEM.n=3 to
6 per group (30 to 50 vessels counted per sample).
*P<0.05,**P<0.01, P <0.001, and #P < 0.0001 as
indicated, one-way and two-way ANOVA with
Tukey’s and Dunnett’s test for multiple comparisons.
(F) Immunofluorescence images of pulmonary
arteriole medial hypertrophy in lung sections from
rats with MCT-induced PH treated with vehicle,
ACTRIIA-Fc, or sildenafil. vWF, von Willebrand
factor; SMA, a-SMA; DAPI, 4',6-diamidino-2-
phenylindole (nuclear stain). (G) Treatment timing
of rats with established PH, with ACTRIIA-Fc (1, 3,
and 10 mg/kg, ip, twice weekly) or isotype control
with vehicle (mlgG2a, 10 mg/kg, ip, twice weekly)
starting on day 28 after MCT. (H) RV systolic pres-
sure (RVSP) and (I) RVH in rats treated with control
1gG or ACTRIIA-Fc measured among surviving
animals at 42 days (n =6 to 10 per group). Values
are shown as means+ SEM. *P<0.05 and **P<
0.01, Kruskal-Wallis test with Dunn’s post test for
multiple comparisons. (J) Medial wall thickness
and (K) percentage of muscularized vessels in rats
with established PH treated with vehicle IgG or
ACTRIIA-Fc compared to control. Values are shown
as means + SEM. n=3 to 6 per group (30 to 50 ves-
sels counted per sample). *P < 0.05, **P < 0.01, tP <
0.001, and #P < 0.0001 as indicated, two-way
ANOVA with Dunnett’s test for multiple compar-
isons. (L) Immunofluorescence images of MCT-
induced medial hypertrophy in pulmonary arterioles
from rats with established PH treated with vehicle
1gG or ACTRIIA-Fc. (M) Ki67-positive cells in MCT-PH
lungs treated with vehicle IgG or ACTRIIA-Fc. Values
are shown as means + SEM. n=3 to 6 per group
[20 random high-powered fields (HPF) contain-
ing >30 to 50 vessels counted per sample].
(N) Western blot and (O) densitometric analysis of
phosphorylation of SMAD2 in lung lysates from
MCT-exposed rats treated with vehicle IgG or
ACTRIIA-Fc in comparison to control rats. Data
represent means = SEM. n=3 to 4. *P <0.05 and
**P <0.01, one-way ANOVA with Tukey’s test for
multiple comparisons. Scale bars, 50 um.

mm  Nonmuscularized

MCT (40 mg/kgL Partially muscularized
1 CTRIIA-Fc 1 = Fully muscularized
Time (week): 0 4 #
*
. ns K% 1
B I#—| C 10 ,#_| D o 20 E @ 1001 T = -
S - —~ 0.8 . 2 ]
:'C:D vY %) 0.8 § o
o530 >
E 40 * 0.6 v <> — T T
E > s =% S 501
o < 04 : $3 2 g
< 20 S zc 8 il
o X oo ®© =10 et
E ' 5 2 |m
o 0.0 e = 0 0- N
S & & & S & K S & «© & QP LD
&8 & S S 0°&x“@\\\@\v & 0°&x“$«‘?\ N
ROy &t &g SR
F N RO @o& N\ N\ 6\* Y
Control MCT + vehicle MCT + ACTRIIA-Fc ~ MCT + sildenafil <
g
s
=5
9]
8
8
=
G 5]
MCT (40 mg/kg) = Nonmuscularized 3
. L | ACTRIIA-Fc | Partially muscularized =
Time (week): 0 4 6 == Fully muscularized 3
2
H | * J K *k s
*
60 A %) g
7 " 8 401 o100{ T T T T + 8
—

C 7)) l Q.
2y = 73 )
T S o 301 - 0 a

1 .
E 40 £ 4 e u 9
RS ) = % 201 © 50 T a
T O =
o . =0 c T a
o 201 =< 10l g c
> @© 01 o 3.
@ 3 e i :
0 = 0- 0=7 o 3
S 280 8° O P 3O $O O SRR <
00“640‘\\1&5&20 ° S i&Q%@?Q@Q S \@be&?q‘@ S
L MCT MCT M mer §
—_— —_— =
ACTRIIA-Fc ACTRIA-Fc ACTRIIA-Fc
ACTRIAFC 11T + ACTRIIAFC W 25)  ax  w %
Control MCT + vehicle 1 mg/kg 3 mg/kg 10 mg/kg § % 20 3
S i IR = £ )
: 7% 5
Q© Q45 S
= 0

OB 10 £

o3 <
Sk 5 5

ad 1
< 0+ ]
S« N
mcT mcT & & =

N Control +vehicle _+ACTRIIA-Fc (10 mgikg) O & ¥
A
O
15 i* *%

apoptotic vascular cells in SU-Hx—exposed rat vessels at 5 and 9 weeks
were 12 and 17%, respectively, whereas treatment with ACTRIIA-
Fc increased the frequency of TUNEL" intimal cells to 34% at 9 weeks

Yung et al., Sci. Transl. Med. 12, eaaz5660 (2020)
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Relative
p-SMAD2/GAPDH
5

(Fig. 4V and fig. S16). In this severe SU-Hx model, treatment with
ACTRIIA-Fc reduced the number of cells expressing phosphorylated
SMAD?2/3, abrogated Pai-1 and Inhba mRNA expression in diseased
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Fig. 4. ACTRIIA-Fc ameliorates PH and vas-
cular remodeling in SU-Hx-exposed rats.
(A) Treatment timing for SU-Hx PH. Male adult
rats were injected with vehicle or VEGFR1/2
inhibitor SUGEN5416 (200 mg/kg, sc), sub-
jected to normoxia (Nx) or normobaric hy-
poxia (FiO, =0.10) for 4 weeks, and received
ACTRIIA-Fc (10 mg/kg, ip, twice weekly), silde-
nafil (60 mg/kg, twice daily, orally), or vehicle
(10 mM TBS) for 4 weeks starting 1 day after
SUGEN5416. (B) mPAP and (C) RVH in Nx-
exposed and SU-Hx—exposed rats treated with
ACTRIIA-Fc or sildenafil as compared to TBS
vehicle-treated rats (n =5 to 10 per group).
Values are shown as means + SEM. **P < 0.01
and #P < 0.0001, as indicated, one-way ANOVA
with Dunnett’s multiple comparisons test.
(D) Medial wall thickness and (E) the percentage
of muscularized vessels (diameter, 10 to 50 um)
in rats treated with sildenafil or ACTRIIA-Fc as
in (B). Values are shown as means + SEM. n=
4 to 6 per group (30 to 50 vessels counted per
sample). *P < 0.05, **P < 0.01, tP < 0.001, and
#P <0.0001 as indicated, one-way or two-way
ANOVA with Tukey’s or Dunnett’s test for mul-
tiple comparisons. (F) Immunofluorescence
images of medial hypertrophy of pulmonary
arterioles in Nx-exposed and SU-Hx-exposed
rats treated with vehicle, ACTRIIA-Fc, or silde-
nafil. (G) Treatment timing for established
PH in SU-Hx model. Male adult rats received a
single injection of SUGEN5416 (20 mg/kg, sc)
and were subjected to normobaric hypoxia
(FiO,=0.10) for 3 weeks, followed by 3 weeks
of normoxia during which rats received vary-
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and Dunnett’s tests for multiple comparisons.
Values are shown as means + SEM. n=4 to
8 per group (30 to 50 vessels counted per
sample). (L) Immunofluorescence images of
medial hypertrophy and neointimal lesion
formation in pulmonary arterioles from rats treated as in (G). (M) Quantification of proliferation index in small vessels and perivascular tissues of SU-Hx rats treated with
isotype control or high dose of ACTRIIA-Fc. **P < 0.01, one-way ANOVA with Tukey’s test for multiple comparisons. Values are shown as means + SEM. n =3 to 4 per group
(20 random high-powered fields of view quantified per sample). (N) Pai-1 mRNA expression via quantitative RT-PCR in lung tissues from rats with SU-Hx treated with
ACTRIIA-Fc or control. *P < 0.05, one-way ANOVA with Tukey’s test for multiple comparisons. Values are shown as means + SEM. n = 3 to 4 per group. (O) Treatment timing
for rats with severe obliterative PH. SU-Hx rats were allowed to progress for 2 weeks under normoxia after 3 weeks of SU-Hx (20 mg/kg, sc; FiO, = 0.10), followed by
4 weeks of treatment with vehicle, ACTRIIA-Fc, or sildenafil. (P) RVSP and (Q) RVH in untreated rats after 5 and 9 weeks or rats treated with ACTRIIA-Fc or sildenafil from
weeks 6 to 9 (n =3 to 8). *P < 0.05 and **P < 0.01, one-way ANOVA with Tukey’s test for multiple comparisons. (R) Proportion of occluded vessels (n =3 to 4) and (S) vascu-
lar wall thickness index (n =3 to 4 and 30 to 50 vessels counted per sample) in rats as in (P). (T) Immunofluorescence images of intimal and medial remodeling in pulmo-
nary arterioles in SU-Hx rats with or without ACTRIIA-Fc treatment. (U) Proliferative index in small vessels and perivascular tissues in SU-Hx rats with or without ACTRIIA-Fc
(P=0.19 ACTRIIA-Fc compared to week 9, n=4 to 6, 20 random high-powered fields of view quantified per sample). (V) Percentage of apoptotic vascular cells (TUNEL*
vessel-associated cells) in ACTRIIA-Fc-treated rats as compared to untreated rats at 5 and 9 weeks after SU-Hx treatment (n =4 to 6). (W) Percentage of p-SMAD2/3* cells
in the luminal wall and media of remodeled vessels in ACTRIIA-Fc—, sildenafil-, or vehicle-treated SU-Hx rats at 9 weeks (n=4 to 5). Values for (P) to (W) are shown as
means + SEM. *P < 0.05, **P < 0.01, TP < 0.001, and #P < 0.0001 as indicated, one-way ANOVA with Tukey'’s test for multiple comparisons. Scale bars, 50 um.
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lung tissues, and attenuated mRNA expression of E-selectin and
P-selectin (Fig. 4W and figs. S17 and S18). No measurable impact of
chronic ACTRIIA-Fc administration on serum hemoglobin (Hb) or
hematocrit was seen in this rat study (fig. S19).

DISCUSSION

The current study extends the paradigm of dysregulated BMP and
TGEFB signaling to implicate several activin and GDF ligands as key
pathogenic drivers of PAH. GDF8/11 and activin A were overex-
pressed in diseased pulmonary vessels of human PAH and experi-
mental PH and modulated the growth and phenotypic plasticity of
vascular cells. ACTRIIA-Fc inhibited GDF8/11- and activin-mediated
proliferation of smooth muscle cells and abrogated the ability of these
ligands to induce proliferation and compete with surface receptors
for BMP9 signaling in microvascular endothelial cells. In the lung
tissues of experimental PH, ACTRIIA-Fc inhibited SMAD2/3 activa-
tion and Pai-1 transcription, attenuated medial hypertrophy, inhibited
cell proliferation, and promoted apoptosis in diseased vessels. Together,
ACTRIIA-Fc inhibits pathophysiologic remodeling effects of activin
and GDF signaling in the pulmonary vasculature and defines the con-
tribution of these ligands to the paradigm of imbalanced SMAD1/5/9
versus SMAD2/3 signaling in PAH.

Beyond demonstrating efficacy in prophylactic and therapeutic
MCT-induced and SU-Hx-induced models, ACTRIIA-Fc reverse-
established obliterative vasculopathy accompanying severe PH and
RV dysfunction in a 9-week SU-Hx rat model, suggesting that treat-
ment might restore vessel patency in addition to preventing tissue
remodeling. The antiremodeling effects of ACTRIIA-Fc may be re-
lated to its inhibition of proliferation seen in distinct PH models or
its ability to increase apoptosis, which was diminished in diseased
pulmonary vessels. Resensitizing vascular cells to proapoptotic stimuli
may be a critical property of effective antiremodeling strategies. Previ-
ous studies with imatinib, a tyrosine kinase inhibitor, showed potent
antiremodeling effects in experimental PH in association with in-
creased apoptosis (24), an effect that might be critical to its clinical
efficacy in PAH (25, 26).

The impact of ACTRITA-Fc on BMP9 signaling in endothelial cells
might result from competition between GDF8/11, activin A/B, and
BMP9 for shared type II receptors. BMPR2, ACTRIIA, and ACTRIIB
are reported to bind and transduce BMP9 signals (7, 27, 28). ACTRIIB
exhibits the highest affinity for BMP9: BMPR2 has 30-fold lower
affinity, and ACTRIIA has ~300-fold lower affinity with a much faster
dissociation rate (28). Sequestration of activin and GDF ligands by
soluble ACTRIIA-Fc in the context of its relatively low affinity for
BMP9 may increase the availability of membrane type II receptors for
transducing BMP9. Our finding that ACTRIIA-Fc enhances BMP9
signaling in several endothelial cell types suggests an endogenous
inhibitory function of some of these ligands, particularly GDF11,
and is consistent with previous studies suggesting that competition
between various BMP/TGFp/activin ligands and their receptors
appears to regulate signaling (29-31). Although treatment with
ACTRIIA-Fc did not increase expression of p-SMAD1/5/9 in whole-
lung tissues of experimental PH, this effect might be restricted to
the vascular endothelium of treated tissues or it could be offset
by inhibition of GDF8/11- or activin A/B-mediated activation of
SMAD1/5/9. Consistent with antimyofibrogenic effects of treatment,
whole-lung tissues from SU-Hx rats exhibited a dose-dependent de-
crease in the expression of Pai-1 mRNA with ACTRIIA-Fc.

Yung et al., Sci. Transl. Med. 12, eaaz5660 (2020) 13 May 2020

GDF8/11 and activin transduced SMAD2/3 activation and down-
stream transcriptional responses, but the impact of these ligands
was not equivalent to the effects of TGFp. A previous study high-
lighted the possible role of GDF11 in PAH, describing proproliferative,
promigratory, and proangiogenic effects in PAECs, and relative
protection from experimental PH in GDF11 knockout mice (32). The
current study extends these potential roles to GDF8, GDF11, activin
A, and activin B in both vascular smooth muscle and endothelium.
In addition to being overexpressed in the remodeled vessels of experi-
mental PH and human PAH, activin A was elevated in circulation
of individuals with Group 1 PAH, recalling a prior study in which
elevated circulating activin A was correlated with mortality in PAH
(18). GDF8 is highly homologous to GDF11 (~90%) (33) and overlaps
in function with GDF11 and activin A in regulating muscle mass and
myocyte hypertrophy based on genetic loss-of-function and pharma-
cologic experiments (34, 35). Targeting GDF8, GDF11, and activin
ligands as a group versus individually has proven to be more effective
for increasing muscle mass (36-38). By analogy, it is likely that this set
of ligands of ACTRIIA may have overlapping roles in pulmonary
vascular disease. Similar to what was found in neuromuscular dis-
ease, a multiligand trap that binds this group of ligands may achieve
greater efficacy in PAH than neutralizing individual ligands.

The activin/GDF ligand trap ACTRIIA-Fc achieves antiremod-
eling effects in pulmonary vascular disease that may be consistent
with rebalancing of SMAD1/5/9 versus SMAD2/3 signaling in vascular
cells, reversing hemodynamic, molecular, and histologic findings in
multiple models of PH including severe vasculoproliferative disease.
These effects are not seen with standard-of-care vasodilator therapy
and may be related to the ability of ACTRIIA-Fc to alter the balance
between proliferation and apoptosis in vascular cells. The human analog
sotatercept has been tested clinically for the treatment of anemia and
multiple myeloma and was well tolerated in phase 1 and 2 studies
involving more than 400 patients across 13 trials (21, 39, 40), with
favorable pharmacokinetics and 3- to 4-week dosing in human subjects
(21). The lowest effective doses of 1 to 3 mg/kg (sc) twice weekly tested
in rats in the current study achieve exposures that are comparable to
therapeutic and well-tolerated doses of 0.3, 0.7, and 1.5 mg/kg (sc)
every 3 weeks in human studies. The extensive clinical experience
and safety record with this agent have provided an opportunity for
rapid translation as a nonvasodilator antiremodeling therapy for
PAH, as pursued in the PULSAR (NCT03496207) and SPECTRA
(NCT03496207) phase 2 clinical trials.

Our ability to predict the value of disease target and therapeutic
agent is limited by the quality of the histopathology, tissue-derived
cells, and animal models. The vascular cells cultured from PH and
non-PH lungs retain some of their signaling and functional phenotypes
but exhibit heterogeneity and lose contextual cues regulating growth
and identity after dissociation and expansion outside of their normal
niches. To limit heterogeneity, sampling error, and culture-induced
artifacts, we used a panel of cells, lung tissues, and plasma derived
from diverse patient and control donors and have qualified ACTRIIA
ligand-related phenotypes on the basis of their consistency or being
unique to disease-derived or control cells. As an approximation of
PAH, MCT-induced PH in rats features medial hypertrophy and
hemodynamically moderate PH but does not recapitulate the histo-
pathological spectrum of human disease, lacking neointimal prolifer-
ative lesions and obstructive vasculopathy. MCT-induced PH may be
responsive to vasodilators or agents that inhibit arteriolar muscular-
ization but does not model the occlusive arteriopathy accompanying
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severe PAH. SU-Hx-induced PH can exhibit severe PH with vascu-
loproliferative and obliterative remodeling reminiscent of human
disease, but because it is a progressive model, any delayed interven-
tion is necessarily therapeutic and prophylactic. Both models develop
in a short time frame and may not model chronic changes present
in longstanding disease of years or decades in humans. We tested
ACTRIIA-Fc prophylactically and in as delayed a fashion as possible
while permitting animals to survive for analysis in these complemen-
tary models. To ensure reproducibility, these studies were corrobo-
rated by several independent operators, demonstrating dose-efficacy
relationships in models of varying hemodynamic and histopathological
severity. The proproliferative effects of ACTRIIA ligands found to
be enhanced in PAH-derived PMVECs and the resistance to apoptosis
in PAH-derived PMVECs and PASMCs appeared to be countered
by the antiproliferative and proapoptotic effects of ACTRIIA-Fc in
PH models; it is proposed that these specific effects could be the best
predictors of efficacy for an antiremodeling agent for PAH. During
the revision of this manuscript, preliminary results of the PULSAR
trial were revealed, with sotatercept showing efficacy in the primary
end point of improved pulmonary vascular resistance versus placebo
at 24 weeks, as well as several secondary end points including im-
proved 6-min walk distance and WHO functional class. The current
data are presented as the preclinical rationale for the clinical study
and to provide a mechanistic framework for understanding the impact
of sotatercept as an antiremodeling drug for PAH.

Although the lower doses of 1 and 3 mg/kg twice weekly in these
PH models overlap with the doses of 0.3 and 0.7 mg/kg every 3 weeks
tested in PULSAR, it is unclear whether the full potency of this strategy
seen at higher doses in the PH models is replicated at the relative
lower equivalent doses in humans and may leave an opportunity for
testing higher doses in the future. On the other hand, although well
tolerated, sotatercept is a potent therapy for anemia and can augment
Hb and erythrocyte counts sufficiently to cause polycythemia in in-
dividuals with normal concentrations of Hb and is contraindicated
in polycythemic individuals (41). These limitations, based on previous
clinical experience, have been considered in the design of the PULSAR
trial, with provisions to exclude individuals with Hb >16 at entry
and to limit dosing for individuals with Hb >18 during the course of
the study. In our study, the proerythrocytic effects of ACTRIIA-Fc
were modest, which could have been limited by either the disease
process or the model organism. By the same token, any potential
benefit gained by correcting anemia, which is known to affect a por-
tion of patients with PAH (42, 43), would not have been captured in
our studies.

In summary, the GDF and activin ligand trap ACTRIIA-Fc ex-
hibited consistent efficacy in several complementary animal models of
PH, with antiproliferative and proapoptotic effects seen in the lung
tissues of treated animals that were concordant with effects on vascular
cells derived from human lungs affected by PAH. Despite the diverse
physiologic functions of these ligands, previous clinical experience
with the human analog sotatercept provided sufficient safety and
dosing guidance to permit rapid translation of this concept, such
that a clinical trial could be enrolled and completed in a contempo-
raneous fashion with the preclinical study. These studies show that
repositioning can be a robust strategy for accelerating drug devel-
opment and present several potential preclinical metrics for assess-
ing the efficacy of a novel antiremodeling therapy, while revealing
GDF and activin ligands to be critical drivers in the pathophysiology
of PAH.

Yung et al., Sci. Transl. Med. 12, eaaz5660 (2020) 13 May 2020

METHODS AND MATERIALS

Study design

The objective of this study was to investigate the impact of ligand
trap ACTRIIA-Fc and its targeted ligands (GDF8, GDF11, activin A,
and activin B) on pulmonary vascular biology and PH. For in vivo
studies, the impact of test agent ACTRIIA-Fc on pulmonary pres-
sures (RVSP or PA mean) in animal models of PH was considered a
primary end point, with impact on RVH and pulmonary arteriolar
remodeling considered secondary end points. All animals were seg-
regated into treatment and control groups randomly, and all hemo-
dynamic, physiologic, and histologic measurements were performed
in a blinded manner with respect to treatment. Three separate opera-
tors at three separate sites performed hemodynamic measurements
for independent replication. In some experiments, hemodynamic
measurements were performed by direct PA cannulation, whereas
in other experiments, the RV was cannulated, depending on which
of three independent operators were responsible. On the basis of a
hypothesized 30% absolute decrease in RV or PA pressures with
ACTRIIA-Fc treatment versus vehicle and a percent coefficient of
variation (%CV) of 25% based on previous studies, experimental
groups of six animals would be 80% powered to detect this difference,
whereas treatment groups of nine animals would be 90% powered
to detect this difference. Thus, all animal studies were designed to
include groups of 6 to 10 animals at the outset. At the conclusion
of each animal study, hemodynamic data were not obtained in some
cases because of premature mortality or was excluded from analysis
because of prespecified low heart rate threshold (<350 beats/min)
during catheterization suggesting a moribund state. Fulton’s index
was reported for all animals without exception. Histologic data were
obtained by sampling formalin-fixed paraffin-embedded sections
from the right middle lobe of the lung or frozen sections from the
right lower lobe of the lung after perfusion and fixation. A minimum
of 30 to 50 small pulmonary arterioles from each animal subject
were photographed and scored in a blinded fashion by two inde-
pendent observers. Histologic measurements were presented as the
mean and SD of measurements across all animals in each cohort
and reported without exclusion. For in vitro studies, we hypothesized
that ACTRIIA-Fc or its targeted ligands would affect a given end point
by a minimum of 30%, with a %CV of 15%. Experimental groups
consisting of three biological replicates would be 80% powered to this
difference, whereas four replicates would be 90% powered to detect
this difference. Thus, in vitro studies were designed to include groups
of 3 to 10 biological replicates at the outset of each experiment. In
some experiments that measured data from cells cultured in multiwell
plates, high and low measurements were excluded from all experi-
mental conditions to minimize variability due to differential growth
of cells in centers versus edges of plate (plate effect). Raw data are
provided in data files S1 and S2. All animal studies were performed
under an approved protocol with oversight from the Brigham and
Women’s Hospital Institutional Animal Care and Use Committee.
All human samples and clinical data were obtained with informed
consent under an approved protocol with oversight from the Partners
HealthCare Institutional Review Board.

Reagents

Recombinant ACTRIIA was expressed as a fusion protein with IgG
Fc domain (ACTRIIA-Fc) in Chinese hamster ovary cells [(American
Type Culture Collection (ATCC)] and purified with two rounds of
affinity column chromatography, similar to previously described (44).
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Recombinant human TGFf1, activin A, activin B, GDF8, GDF11,
BMP9, and BMP4 were purchased from R&D Systems. Recombinant
human VEGF and bFGF were purchased from PeproTech.

Serum ligand expression measurements in control and PAH
patient serum

Enzyme-linked immunosorbent assay (ELISA) assays for human serum
activin A and GDF11 were performed using Quantikine and DuoSet
ELISA kits (catalog nos. DAC00B and DY1958-05, R&D Systems)
according to the manufacturer’s instructions and were validated for
lack of cross-reactivity for homologous proteins (activin B and GDF8).
Measurement of GDF8 in human serum was performed using a
monospecific anti-human GDF8 antibody lacking cross-reactivity
with GDF11 on a multiplex ELISA system (Meso Scale Discovery)
using the standard manufacturer’s protocol. Demographic and clinical
characteristics of the serum donors are described in table S1.

Experimental PH models

Adult male Sprague-Dawley rats (6 to 10 weeks old but uniform within
a given experiment; 150 to 170 g, 200 to 250 g, or 400 to 450 g,
depending on the cohort) were purchased from Charles River Labora-
tories. Experimental protocols were approved by the Harvard Insti-
tutional Animal Care and Use Committee. Animals were housed at
24°Cin a 12-hour light/12-hour dark cycle where food and water were
accessible ad libitum. PH was induced by administration of MCT
(Oakwood Chemical; 40 mg/kg, sc) followed by 4 to 6 weeks of nor-
moxia; or via administration of vascular endothelial growth factor
receptor 1/2 (VEGFR1/2) receptor antagonist SUGEN5416 (APExBIO;
20 mg/kg, sc) followed by 3 weeks of normobaric hypoxia (FiO, =
0.10) and followed by 3 or 6 weeks of normoxia; or, alternatively, by
SUGEN5416 (200 mg/kg, sc) followed by 4 weeks of hypoxia. Mor-
tality and total number of animals examined in this study are sum-
marized in table S2.

Invasive hemodynamic measurements and tissue isolation
Rats were anesthetized with isoflurane (2.5% induction, 0.5 to 1.5%
maintenance), and RV pressures were measured by a minimally in-
vasive closed chest approach using a curved tip 2 French pressure
transducer catheter (Millar, SPR-513) inserted into the RV through
the right internal jugular vein. To assess the degree of RVH, the RV
free wall was dissected from the left ventricle plus septum (LV + S) in
explanted hearts and weighed. The degree of RVH was determined
from the ratio RV/(LV + S). Lungs were perfused with phosphate-
buffered saline (PBS) via the RV to exclude circulating blood cells
from the pulmonary circulation, and the right lower lung lobe was
ligated, resected, and snap-frozen en bloc for analyses of RNA and
protein expression. The pulmonary vasculature was perfused in situ
via the RV with 1% paraformaldehyde (PFA) in PBS at 100 cm H,O
pressure for 1 min, followed by perfusion of the airways via the
trachea at 20 cm H,O for 1 min. Hb and hematocrit were measured
using a HemaTrue blood analyzer (Heska) using 100 pl of heparinized
blood samples collected by cardiac puncture.

Echocardiography in rat model of PH

Echocardiography was performed using VisualSonics small animal
20-MHz ultrasound probe applied to the anterior chest wall with
animals in supine position. Anesthesia was induced using 2.5% iso-
flurane and maintained with 1.5% isoflurane throughout the study. RV
wall thickness was assessed using M mode from the left parasternal
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view and measured at end diastole. Pulse-wave Doppler across the
pulmonary valve in short-axis view at the level of the aortic valve
was used to measure PA acceleration time, which served as a non-
invasive surrogate measure of PA systolic pressure. Tricuspid
annular plane systolic excursion measured from the lateral tri-
cuspid valve annulus was used to assess RV function. Analysis of
obtained images was performed using Vevo 2100 software package
(VisualSonics).

Lung histomorphometry and immunohistochemistry

To determine the degree of pulmonary vascular remodeling, lungs
were embedded for paraffin sectioning or optimal cutting tempera-
ture compound sectioning (8 pm) and slides were stained with
0-SMA and von Willebrand factor as described previously (11).
Muscularization of distal intra-acinar vessels (diameter, 10 to
50 pm; 20 to 30 vessels per sample) was scored in a blinded fashion
and categorized as either nonmuscular, partially muscularized, or
fully muscularized, and relative proportions were expressed as a per-
centage of total vessels. For fully muscularized intra-acinar vessels,
medial wall thickness was calculated on the basis of the following
formula: medial thickness — (external diameter — internal diameter)/
external diameter x 100. To determine the frequency of proliferating
cells in rat models of PH, lung tissue sections were stained with a
Ki67-specific rabbit monoclonal antibody (Cell Signaling Technology,
no. 9129), followed by horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG. Slides were developed with InmPACT DAB per-
oxidase (HRP) substrate (Vector Laboratories) and counterstained
with hematoxylin. The number of Ki67-positive cells was counted in
a blinded fashion in 10 to 20 randomly chosen high-powered fields.
Immunohistochemical staining using activin A, GDF8, and GDF11
primary antibodies was followed by HRP-conjugated secondary and
developed with InmPACT DAB peroxidase (HRP) substrate. These
slides were costained with alkaline phosphatase (AP)-conjugated
0-SMA and developed with Vector Blue AP Substrate. The specificity
of each antibody used for immunohistochemical staining was de-
termined by staining samples with only the secondary antibody for
both rat and human tissues. Immunohistochemistry staining of
pSmad2/3 on formalin-fixed, paraffin-embedded lung sections was
performed using polyclonal rabbit anti-pSmad2/3 antibody (ab63399,
Abcam) using the Leica BOND RX automated advanced staining sys-
tem, according to Leica immunohistochemistry protocol F. Antibodies
used in this study are listed in table S3.

Gene expression studies

Frozen lung samples were homogenized, and total RNA was extracted
using TRIzol reagent. Reverse transcription (RT) and quantitative
polymerase chain reaction (PCR) on resulting cDNA were performed
to determine relative expression of each gene of interest, determined
by the AACr method and normalized to the relative expression of
18S or ACTB/B-actin. Sequences of primers are provided in table S4.

Quantification of SMAD phosphorylation in lung tissues

Lung samples were homogenized in radioimmunoprecipitation assay
buffer [1x tris- buffered saline (TBS) with 1% NP-40, 0.5% sodium
deoxycholate, and 0.1% SDS] supplemented with protease and phos-
phatase inhibitors (Thermo Fisher Scientific, 78442). Protein concen-
tration was measured using Bradford assay (Thermo Fisher Scientific,
23236). Whole-lung extracts (30 ug) were separated by electrophoresis
and Western blotting using specific antibodies recognizing p-Smad1/5/9
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(Cell Signaling Technology, no. 9516), p-Smad2 (Cell Signaling
Technology, no 3108), total Smad1 (Cell Signaling Technology, no.
6944), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Thermo Fisher Scientific, MA5-15738-HRP). Western blot was
visualized using enhanced chemiluminescence.

Cell cultures

Human control PAECs (CC-2530), PMVECs (CC-2527), and PASMCs
(CC-2581) were purchased from Lonza. TIME cells (CRL-4025) were
purchased from ATCC and transfected with plasmid expressing
firefly luciferase under the control of the BMP response element
(BRE-Lug; provided by P. ten Dijke) using Lipofectamine 2000 (Thermo
Fisher Scientific). PASMCs derived from PH and non-PH patient-
derived cells were isolated from explanted pulmonary arterial tissues
at the time of lung transplantation as previously described (45).
PMVECs were obtained from PH and non-PH patients at the time of
lung transplantation by tissue dissociation and magnetic bead separa-
tion as previously described (46). Demographic and clinical charac-
teristics of the cell donors are described in table S5. PMVECs were
cultured in complete microvascular endothelial growth medium
(EGM-2 MV) supplemented with 1% penicillin-streptomycin and 5%
fetal calf serum (Lonza). Cell cultures were routinely tested for my-
coplasma contamination and used only if negative and otherwise
maintained as previously described (8).

Endothelial cell network formation assay

Control and PH patient-derived PMVECs were seeded into Geltrex
Matrix (Thermo Fisher Scientific)—coated 24-well plates at 30,000 cells
per well, in basal medium (EBM-2) containing 0.5% fetal bovine
serum (FBS). Vehicle, ACTRIIA-Fc (2500 ng/ml), human VEGF
(10 ng/ml), bFGF (10 ng/ml), BMP9 (1 ng/ml), GDF11 (100 ng/ml),
GDFS8 (100 ng/ml), activin A (100 ng/ml), or activin B (100 ng/ml)
was added to basal medium. Separate wells were treated with endo-
thelial basal growth media (EGM-2, Lonza) containing 2% FBS with or
without ACTRIIA-Fc. After 13.5 hours of incubation at 37°C, cells
were stained with calcein AM (2 pug/ml; Thermo Fisher Scientific)
for 30 min at 37°C and imaged at 14 hours for green fluorescence at
x4 magnification. Images were taken at four quadrants of each well
and analyzed using the Image] Angiogenesis Analyzer package ver-
sion 1.52u to calculate the number and total length of branches (47).

Smooth muscle cell scratch migration assay

Control and PH patient-derived PASMCs were seeded in complete
growth medium at 100,000 cells per well in 24-well plates. Once the cells
reached confluence, they were starved overnight in smooth muscle
cell basal growth medium (SmBM, Lonza) supplemented with 0.25%
FBS. A scratch with a width of 1.5 mm was made along the midline
of the well to remove cells. The wells were imaged along the midline
at time 0 hours. The cells were treated in the basal medium with vehi-
cle, ACTRITA-Fc (2500 ng/ml), bFGF (10 ng/ml), GDF11 (100 ng/ml),
GDEFS8 (100 ng/ml), activin A (100 ng/ml), activin B (100 ng/ml), or
BMP4 (25 ng/ml) for 48 hours at 37°C. The cells were visualized using
calcein AM (2 pug/ml, 0.5 hour, 37°C). The width of the cell-free streak
was measured at 10 points per well at 0 and 48 hours. Cell migration was
evaluated as average percentage reduction in the width using Image].

Western blot analysis
Control and PH patient-derived cells were seeded in complete growth
medium at 440,000 cells per well in 12-well plates. After overnight
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incubation, cells were starved in 0.5% FBS basal medium for 6 hours.
Cells were pretreated with ACTRIIA-Fc (2500 ng/ml) for 30 min
before being treated with GDF8 (50 ng/ml), GDF11 (50 ng/ml), ac-
tivin A (50 ng/ml), activin B (50 ng/ml), BMP9 (100 pg/ml), TGEB1
(1 ng/ml), or BMP 4 (50 ng/ml). After 30 min, wells were washed
with PBS and harvested in 80 ul of 1x NuPAGE LDS Sample Buffer
(Thermo Fisher Scientific, NP0007). Samples were incubated at 100°C
for 5 min then separated by electrophoresis and Western blotting
using specific antibodies recognizing phosphorylated forms of Smad1/3
(Abcam, 52903), Smad1/5/8 (Cell Signaling Technology, no. 9516), Smad2
(Cell Signaling Technology, no. 3108), total Smad1 (Cell Signaling Tech-
nology, no. 6944), and GAPDH (Thermo Fisher Scientific, MA5-15738-
HRP). Western blot was detected with enhanced chemiluminescence.

In-Cell Western

Cell cultures were seeded onto 96-well plates, grown to confluence,
deprived of serum for 6 hours (PMVECs) or 24 hours (all other cul-
tures), and then incubated with various ligands. The plate was fixed
with cold methanol, washed, and blocked with 2% bovine serum
albumin in TBS. Primary antibodies specific for p-SMAD1/5 (Cell
Signaling Technology, 9516) or p-SMAD?2 (Cell Signaling Tech-
nology, 8828) were added (1:400 dilution), followed by secondary
antibodies (HRP anti-rabbit IgG, Cell Signaling Technology; 1:1000). After
washing, assays were developed using BioFX Chemiluminescent Ultra
Sensitive HRP Microwell Substrate (Surmodics) and developed on
a SpectraMax Plate Luminometer with 0.25-s integrations as previ-
ously described (48).

Thymidine proliferation assay

Control and PH patient-derived cells were seeded in complete growth
medium at 25,000 cells per well in 96-well plates. After overnight incu-
bation, cells were starved in basal media for 24 hours. After starvation,
cells were pretreated with ACTRIIA-Fc (2500 ng/ml) for 30 min
before being treated with GDF8 (50 ng/ml), GDF11 (50 ng/ml), activin
A (50 ng/ml), activin B (50 ng/ml), BMP9 (100 pg/ml), or TGFp1
(1 ng/ml) for 48 hours. Wells were treated with 1 uCi of H-thymidine
(PerkinElmer) for the last 6 hours of treatment incubation. Cells were
washed with PBS and then trypsinized. Thymidine was harvested
from each well and read using a 1450 MicroBeta TriLux microplate
scintillation counter (PerkinElmer).

Apoptosis assay

Control and PH patient-derived cells were seeded in complete growth
medium at 110,000 cells per well in an eight-well chamber slide.
Once the cells reached confluence, they were treated with GDF11
(50 ng/ml), activin A (50 ng/ml), or BMP9 (100 pg/ml) in basal media
for 48 hours. Cells were washed in PBS before 4% PFA fixation for
10 min at room temperature. Each well was then washed with PBS
and stained with TUNEL stain (Trevigen, 4812-30-K) according
to the kit protocol. This TUNEL staining kit was also used to stain
paraffin-embedded lung sections according to the company’s standard
operating procedures.

Statistical analyses

Measurements and analysis of physiological parameters and vascular
remodeling were performed in blinded fashion. Statistical analyses were
performed using GraphPad Prism 8.4.0 and Stata 13.0 (StataCorp).
The normality of all variables was tested using the Shapiro-Wilk test.
Normally distributed variables are presented as means + SEM, whereas
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non-normally distributed variables are presented as medians +
interquartile range. Normally distributed variables were compared
using either Student’s ¢t test for two groups or one-way analysis of
variance (ANOVA) with post hoc testing for multiple comparisons
by Tukey’s, Sidak’s, Holm-Sidak’s, or Dunnett’s test for multiple
comparisons, with a multiplicity adjusted P < 0.05 considered statisti-
cally significant. Non-normally distributed variables were compared
using the Mann-Whitney test for two groups or the Kruskal-Wallis
test followed by Dunn’s multiple comparisons as indicated, with a
multiplicity adjusted P < 0.05 considered statistically significant.
Differences in proportions were analyzed by Fisher’s exact test or chi-
square test as appropriate. In experiments testing the interaction of
two treatments, two-way ANOVA was performed with Dunnett’s
test or Sidak’s test for multiple comparisons indicated, as appropriate,
with a multiplicity adjusted P < 0.05 considered statistically signifi-
cant. All statistical tests were two sided.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/543/eaaz5660/DC1

Fig. S1. Specificity of immunohistochemistry for activin A, GDF 8, and GDF 11 in human and rat
lung tissue.

Fig. S2. Circulating activin A is elevated in WHO Group 1 PAH.

Fig. S3. ACTRIIA-Fc modulates GDF8-, GDF11-, activin A-, and activin B-mediated signaling in
microvascular endothelial and PASMCs isolated from PH donors.

Fig. S4. ACTRIIA-Fc enhances BMP9-induced signaling and blocks inhibition of BMP9 signaling
by GDF11 in multiple endothelial cell lineages.

Fig. S5. Differential basal and ligand-modulated apoptosis in PMVECs isolated from healthy
and PH donors.

Fig. S6. No significant impact of ACTRIIA-Fc or its ligands on endothelial tube formation in
PMVECs from control and PAH donors.

Fig. S7. Impact of ACTRIIA-Fc on ligand-mediated SMAD signaling in control and
PAH-derived PASMCs.

Fig. S8. Modulation of smooth muscle phenotypic genes by BMP, GDF, activin, and TGFB
ligands in human PASMCs.

Fig. S9. Impact of ACTRIIA-Fc on proliferation and apoptosis in PASMCs isolated from both
control and PH donors.

Fig. $10. Impact of ACTRIIA-Fc on cell migration in cultured PASMCs from healthy and

PH donors.

Fig. S11. Treatment with ACTRIIA-Fc or sildenafil does not alter systemic arterial blood pressure
in MCT-treated rats.

Fig. S12. Effects of ACTRIIA-Fc on cell proliferation and signaling in experimental PH.

Fig. $13. Treatment with ACTRIIA-Fc or sildenafil does not alter systemic arterial blood pressure
in the SU-Hx rat model.

Fig. S14. Western blot analysis of SMAD signaling in the SU-Hx rescue model.

Fig. S15. Treatment with ACTRIIA-Fc improves echocardiographic measures of RV function and
PH after SU-Hx exposure.

Fig. S16. ACTRIIA-Fc increases apoptosis in small vessels of severe obliterative PH.

Fig. S17. ACTRIIA-Fc normalized p-SMAD2/3 expression in the severe obliterative

SU-Hx rat model.

Fig. S18. ACTRIIA-Fc attenuated expression of Pai-1 (SerpineT), activin A (Inhba), E-selectin
(Sele), and P-selectin (Selp) mRNA in the severe obliterative SU-Hx rat model.

Fig. $19. Treatment of rats with ACTRIIA-Fc in the severe obliterative SU-Hx model did not
affect red cell mass.

Table S1. Donor characteristics of serum samples used in the present study.

Table S2. Total number of rats and mice included in the present study.

Table S3. Antibodies used in the present study.

Table S4. Sequences of primers used in the present study.

Table S5. Donor characteristics of primary tissues used in the study.

Data file S1. Raw data for main figures.

Data file S2. Raw data for supplementary figures.

View/request a protocol for this paper from Bio-protocol.
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