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Introduction
Neuromuscular disorders (NMDs) encompass a wide range 
of conditions with impaired muscle function. Such disorders 
include disuse atrophy, in which unloading and inactivity cause 
loss of muscle mass (1); sarcopenia, which occurs as a result of 
the aging process; and cachexia, in which muscle wasting takes 
place due to a chronic illness such as cancer (2). NMDs can also 
be caused by either inherited or spontaneous genetic mutations 
(3). These mutations can give rise to myopathies that direct-
ly affect the voluntary muscle, as in the case of the muscular 
dystrophies, or they can cause progressive degeneration of the 
motor neurons that leads to muscle weakness, as in the case of 
amyotrophic lateral sclerosis (ALS) and Charcot-Marie-Tooth 
disease (3). The outcome for many patients with NMDs is a pro-
found deterioration in quality of life and a significant increase in 
the burden of care (4).

Duchenne muscular dystrophy (DMD) is an X-linked myopa-
thy caused by loss-of-function mutations in the dystrophin gene 
(DMD) (5), which encodes a cytoskeletal protein that helps to 
connect the internal cytoskeleton to the extracellular matrix (6). 
Dystrophin deficiency weakens membrane integrity, leading 
to myofiber damage during muscle contraction, and eventually 
muscle is replaced by fat and connective tissue (7). With disease 
progression the muscles of the cardiac and respiratory system are 
also affected, and DMD patients die prematurely due to respira-
tory failure or cardiomyopathy (8). There is presently no cure for 
DMD, and patients are typically managed using supportive mea-
sures and through the use of corticosteroids (9), although thera-
pies to restore dystrophin expression via either exon skipping or 
micro-dystrophin gene replacement are under development (10). 
One of these therapies, Exondys51, has been recently approved by 
the FDA and could potentially benefit more than 10% of the DMD 
population (11, 12). However, this treatment increases dystrophin 
expression in the skeletal muscle to less than 1% of normal levels 
and, importantly, has not yet demonstrated clinical and functional 
benefit to patients (13). Thus, there is still a high unmet therapeu-
tic need to remedy muscle weakness and the comorbidities associ-
ated with DMD and other neuromuscular diseases.

The transforming growth factor-β (TGF-β) superfamily signal-
ing pathway plays an integral role in maintaining skeletal muscle 
homeostasis (14). When deficiency in, and inhibition of, growth 
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ligands to reduce Smad2/3 activation and increase muscle mass 
(21). However, ActRIIB-Fc also binds bone morphogenetic pro-
tein 9 (BMP9), which activates the Smad1/5/8 pathway, causing 
unwanted vascular effects in vivo (22).

The present study introduces a novel heterodimeric Fc fusion 
protein, ActRIIB:ALK4-Fc, which incorporates the extracellular 
domains of ActRIIB and ALK4 and can sequester Smad2/3 path-
way ligands with novel selectivity. Our results demonstrate that 
ActRIIB:ALK4-Fc robustly improves muscle mass and function in 
wild-type (WT) mice and in multiple models of NMDs but, unlike 
the homodimeric ActRIIB-Fc, does not sequester BMP9 and there-
by circumvents deleterious vascular effects associated with BMP9 
inhibition. Importantly, we show that ActRIIB:ALK4-Fc treatment 

differentiation factor 8 (GDF8; also known as myostatin, MSTN) 
were discovered to produce a muscular hypertrophy phenotype 
(15, 16), it expanded the possibilities for the treatment of NMDs. 
However, targeting of GDF8 alone, even with promising results at 
the preclinical stage, has not yet translated successfully in the clin-
ical setting (17). Greater efficacy might be obtained by inhibition 
of multiple superfamily ligands, such as activin A, activin B, and 
GDF11, which act in concert with GDF8 to reduce muscle mass 
(18, 19). These ligands can signal through activin receptor type IIB 
(ActRIIB), which pairs with the type I receptors activin-like kinase 
4 (ALK4) or ALK5 to activate canonical Smad2/3 signaling and 
suppress muscle growth (20). The homodimeric fusion protein 
ActRIIB-Fc was previously shown to sequester TGF-β superfamily 

Figure 1. Heterodimeric fusion protein ActRIIB:ALK4-Fc does not inhibit BMP9. (A) Domain structure of ActRIIB:ALK4-Fc compared with homodimeric 
ActRIIB-Fc. (B) SPR sensorgrams showing binding of activin A, myostatin (GDF8), and BMP9 to ActRIIB-Fc and ActRIIB:ALK4-Fc. Sensorgrams (black 
lines) are overlaid with fits to a 1:1 interaction model with mass transport limitations (red lines). Kinetic parameters from these experiments are presented 
in Table 1. (C and D) C57BL/6 mice were treated on postnatal day 2 (P2) with saline, ALK1-Fc (positive control), ActRIIB-Fc, or ActRIIB:ALK4-Fc (2 mg/kg 
each), and retinas were prepared on P8. (C) Vessel staining of retinal flat mounts with IB4. White arrows indicate the retinal vascular front, and dashed 
circles represent extent of control vascular outgrowth. Scale bars: 500 μm. (D) Quantification of vascular outgrowth toward the retinal periphery, measured 
as the distance from the optic nerve to the outermost vessel in the vascular front. Each symbol corresponds to a separate retina and represents the aver-
age of 4 measurements per retina. Bars represent means ± SEM (n = 12 per group). Group differences were assessed by 1-way ANOVA followed by Tukey’s 
post hoc test. **P < 0.01, ***P < 0.001.
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We next investigated potential interaction between Act-
RIIB:ALK4-Fc and BMP9, because inhibition of BMP9 might have 
been responsible for epistaxis and telangiectasia seen previously 
in a clinical study of ActRIIB-Fc (22). We hypothesized that BMP9, 
which signals through receptor complexes containing the type I 
receptor ALK1 (24), would fail to stably bind ActRIIB:ALK4-Fc 
and thus the vascular side effects seen with ActRIIB-Fc would 
be avoided. SPR sensorgram data in Figure 1B confirm that Act-
RIIB:ALK4-Fc interacts only transiently with BMP9, in contrast 
with the stable binding observed between BMP9 and ActRIIB-Fc 
homodimer. ActRIIB-Fc bound to BMP9 with a KD of approximate-
ly 116.1 ± 10.8 pM and a slow off-rate of 6.61 × 10–4 ± 18.9 × 10–6 
s–1, whereas these parameters could not be determined for the tran-
sient interaction between ActRIIB:ALK4-Fc and BMP9 (Table 1). 
We then tested activity of ActRIIB:ALK4-Fc in vivo in a retinal out-
growth assay, which is largely dependent on BMP9-induced ALK1 
activation (25). Retinal flat mounts from mice treated with Act-
RIIB-Fc or ALK1-Fc, a known antiangiogenic agent (26), revealed 
inhibition of vessel outgrowth by these proteins compared with 
saline (7.9% and 5.6%, respectively; Figure 1, C and D). In contrast, 
treatment of mice with ActRIIB:ALK4-Fc did not inhibit retinal 
vessel outgrowth. Together, these in vitro and in vivo results indi-
cate that ActRIIB:ALK4-Fc — unlike ActRIIB-Fc — neither binds 
BMP9 nor inhibits BMP9-dependent vascularization. Thus, we 
have generated a selective heterodimeric fusion protein, based on 
a native ActRIIB-ALK4 receptor pair, that binds with high affinity 
to negative regulators of muscle mass but not to BMP9.

ActRIIB:ALK4-Fc increases muscle mass and function in WT mice. 
ActRIIB-Fc effectively induces systemic muscle hypertrophy under 
diverse conditions (27). To determine whether ActRIIB:ALK4-Fc 
exhibits similar activity in vivo, we first evaluated effects of Act-
RIIB:ALK4-Fc on skeletal muscle in WT C57BL/6 mice. Act-
RIIB:ALK4-Fc administered s.c. twice weekly for 4 weeks induced 
dose-dependent systemic increases in total body weight (Supplemen-
tal Figure 2A). Analysis by whole-body nuclear magnetic resonance 
(NMR) revealed that increased total lean mass was accompanied by 
a reduction in total fat (Supplemental Figure 3, A and B). The high-
est dose of ActRIIB:ALK4-Fc (10 mg/kg) caused a 12-fold increase 
in total lean mass and reduced total fat mass by 4% (Supplemental 
Figure 3, A and B) compared with vehicle. Examination of individual 
skeletal muscles revealed that ActRIIB:ALK4-Fc treatment caused 
a significant dose-dependent increase in muscle weight compared 
with vehicle (Supplemental Figure 2, B–E). The highest dose of Act-
RIIB:ALK4-Fc produced weight increases of 53% in the tibialis ante-
rior (TA), 33% in the gastrocnemius, 16% in the extensor digitorum 
longus, and 37% in the quadriceps (Supplemental Figure 2, B–E).

We then examined the TA muscle to determine effects of Act-
RIIB:ALK4-Fc on muscle fiber size, fiber type, and strength. Act-
RIIB:ALK4-Fc increased the mean physiological cross-sectional 
area (pCSA) of the TA by 49% (Supplemental Figure 2C). Histo-
logic analysis verified that ActRIIB:ALK4-Fc treatment increased 
individual fiber diameter compared with vehicle (Supplemental 
Figure 2, D and E) and indicated that effects of ActRIIB:ALK4-Fc 
on muscle mass were not due to hyperplasia (Supplemental Fig-
ure 2I). Subsequent pulse-labeling experiments with puromycin 
revealed that ActRIIB:ALK4-Fc promotes generalized protein 
synthesis in muscle (Supplemental Figure 4A), in this case an 

in DMD mouse models alleviates comorbidities of DMD such as 
fibrosis and abnormalities of the neuromuscular junction. Finally, 
we find that ActRIIB:ALK4-Fc enhances effects of dystrophin res-
cue therapy on dystrophin expression levels and skeletal muscle 
endurance in a murine model of DMD.

Results
ActRIIB:ALK4-Fc inhibits Smad3 signaling but does not inhibit the 
activity of BMP9. We engineered the novel heterodimeric fusion 
protein ActRIIB:ALK4-Fc to target multiple TGF-β superfam-
ily ligands implicated in muscle homeostasis. In Figure 1A, the 
domain structure of ActRIIB:ALK4-Fc is contrasted with that of 
ActRIIB-Fc homodimer. We used surface plasmon resonance 
(SPR) to compare the ligand binding profiles of these two fusion 
proteins. The resulting representative sensorgrams and summa-
ry of the data in Figure 1B and Table 1 show that these proteins 
share similarly high affinities for GDF8, activin A, activin B, 
and GDF11 — all ligands that inhibit muscle growth. The equi-
librium dissociation constants (KD) ranged from approximately 
4.9 pM to 70.7 pM for ActRIIB-Fc and 5.4 pM to 124 pM for Act-
RIIB:ALK4-Fc, with dissociation rate constants (kd) ranging from 
approximately 6.1 × 10–5 s–1 to 1.6 × 10–4 s–1 for ActRIIB-Fc and 
from 6.6 × 10–5 s–1 to 2.6 × 10–4 s–1 for ActRIIB:ALK4-Fc. We next 
evaluated the ability of ActRIIB:ALK4-Fc to inhibit ligand-in-
duced Smad2/3 signaling in C2C12 mouse myoblast cells. Com-
pared with untreated cells, C2C12 cells treated separately with 
activin A, GDF8, or GDF11 showed increased levels of Smad3 
phosphorylation, including increased levels of nuclear signal, 
whereas cotreatment with ActRIIB:ALK4-Fc prevented Smad3 
phosphorylation in each case (Supplemental Figure 1, A–D; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI138634DS1). These results indicate that, like 
homodimeric ActRIIB-Fc (23), ActRIIB:ALK4-Fc binds activin 
A, activin B, GDF8, and GDF11 with high affinity under cell-free 
conditions and effectively inhibits Smad3 pathway activation by 
these ligands in a cellular context in vitro.

Table 1. Ligand binding parameters for ActRIIB-Fc  
and ActRIIB:ALK4-Fc determined by SPR

Ligand ActRIIB-Fc ActRIIB:ALK4-Fc
ka kd KD ka kd KD

(× 106 M–1s–1) (× 10–6 s–1) (pM) (× 106 M–1s–1) (× 10–6 s–1) (pM)

Activin A 11.2 ± 0.6 102.1 ± 11.7 9.2 ± 1.2 8.4 ± 0.3 113.9 ± 21.0 13.7 ± 2.8

Activin B 12.2 ± 0.2 62.2 ± 6.9 5.1 ± 0.6 10.6 ± 0.5 84.3 ± 10.7 8.1 ± 1.3

GDF8 2.6 ± 0.2 136.5 ± 9.1 53.4 ± 5.8 2.0 ± 0.1 326.6 ± 31.7 162.6 ± 12.0

GDF11 6.2 ± 0.6 206.3 ± 19.3 33.4 ± 0.4 4.2 ± 0.7 198.0 ± 10.8 55.2 ± 12.0

BMP9 5.9 ± 0.7 660.5 ± 18.9 116.1 ± 10.8 TransientA

Kinetic characterization and comparison of ligand binding to ActRIIB-Fc 
and ActRIIB:ALK4-Fc as assessed by SPR. Data were globally fit to a 1:1 
binding model with mass transfer using BIAevaluation Software. Data are 
means ± SEM (n = 4–5 replicates). ATransient binding characterized by rapid 
association and dissociation of the complex, which prevents accurate ka 
and kd determination.
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ActRIIB:ALK4-Fc exerts preventive and therapeutic effects 
in a mouse model of disuse atrophy. We next evaluated Act-
RIIB:ALK4-Fc as a potential preventive and therapeutic agent in 
a mouse model of disuse atrophy, a multidimensional myopathy 
typically resulting from sedentary behavior or periods of enforced 
immobilization. This experiment incorporated 2 cohorts of mice 
with hind-limb unloading (28), the first cohort receiving treatment 
with ActRIIB:ALK4-Fc or vehicle in a preventive manner begin-
ning immediately after immobilization and the second cohort 
undergoing an immobilization phase followed by treatment with 
ActRIIB:ALK4-Fc or vehicle in a therapeutic manner beginning 
concurrently with remobilization (Figure 2A). Hind-limb immo-
bilization for 2 weeks caused marked atrophy of TA muscle (10% 
reduction in muscle mass), which was fully prevented by Act-
RIIB:ALK4-Fc (Figure 2B). Hind-limb remobilization for 2 weeks 

increase of 1.7-fold (P < 0.05) compared with vehicle (Supple-
mental Figure 4B). ActRIIB:ALK4-Fc did not alter the fiber-type 
composition of the TA muscle based on immunodetection of 
myosin heavy chain (MHC) isoforms of IIa, IIb, or IIx fiber sub-
types (Supplemental Figure 2F). Similarly, ActRIIB:ALK4-Fc 
did not alter fiber-type composition of the soleus, a muscle rich 
in the type I fiber subtype (Supplemental Figure 2J). Important-
ly, hypertrophic effects of ActRIIB:ALK4-Fc translated into 
increased TA muscle strength, as ActRIIB:ALK4-Fc augmented 
twitch force by 25% (Supplemental Figure 2G), peak tetanic force 
by 20% (Supplemental Figure 2H), and forelimb grip strength by 
14% (Supplemental Figure 2K). Together, these data indicate that 
ActRIIB:ALK4-Fc treatment in WT mice produces muscle fiber 
hypertrophy accompanied by increased strength similar to effects 
observed previously with ActRIIB-Fc (27).

Figure 2. ActRIIB:ALK4-Fc provides preventive and therapeutic benefits in a mouse model of disuse atrophy. (A) Experimental design depicting immobi-
lized and remobilized cohorts of mice with hind-limb immobilization treated with ActRIIB:ALK4-Fc or vehicle (PBS) twice weekly for 14 days. (B) TA muscle 
mass after immobilization normalized to contralateral muscle. (C) TA muscle mass after remobilization normalized to contralateral muscle. (D) Lami-
nin-stained sections of TA muscle. Scale bars: 250 μm. (E and F) Effect of treatment on the distribution of muscle fiber diameters in the immobilized and 
remobilized cohorts. (G) Peak tetanic force of the TA muscle after immobilization and remobilization normalized to contralateral muscle. Data are means 
± SEM (n = 8 per group). Group differences (B, C, and G) were assessed by unpaired Student’s t test. *P < 0.05, ***P < 0.001.
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of other Smad2/3 pathway inhibitors, some of which have been 
investigated as potential treatments for muscular dystrophy (30–
33). For this experiment, we used WT mice and an mdx mouse 
commonly used to model DMD (34). Seven-week-old BL10.mdx 
mice and age-matched WT mice were treated for 4 weeks with 
combined antibodies against GDF8 and activin A, an antibody 
with dual specificity for GDF8 and GDF11, an antibody with dual 
specificity for ActRIIA and ActRIIB, ActRIIB:ALK4-Fc, or vehicle. 
Compared with vehicle, all treatments increased total body weight 
progressively over the treatment period in WT and mdx mice. 
However, ActRIIB:ALK4-Fc produced a greater increase in body 
weight than other treatments at comparable doses with the excep-
tion of the dual anti-ActRIIA/ActRIIB antibody, which exhibited 
an effect comparable to that of ActRIIB:ALK4-Fc in mdx mice 
(Figure 3, A and C). In WT mice, ActRIIB:ALK4-Fc treatment pro-
duced a larger increase in TA muscle weight (67%) than the dual 
anti-ActRIIA/ActRIIB antibody (24%), the combination of anti-
GDF8 and anti–activin A antibodies (21%), or the dual anti-GDF8/
GDF11 antibody (14%; Figure 3B). In mdx mice, ActRIIB:ALK4-Fc 
again produced the largest increase in TA weight (38%), followed 
by the dual anti-ActRIIA/ActRIIB antibody (15%), the dual anti-

was unable by itself to significantly reverse the prior atrophy of TA 
muscle; however, therapeutic treatment with ActRIIB:ALK4-Fc 
fully reversed the 14% loss in TA muscle mass caused by limb 
immobilization in this group (Figure 2C). Consistent with these 
changes in muscle mass, quantitative analysis of muscle fiber 
diameters in TA muscle revealed that ActRIIB:ALK4-Fc treatment 
produced a rightward shift in myofiber size histograms compared 
with vehicle in both the preventive (immobilized) and therapeu-
tic (remobilized) cohorts (Figure 2, D–F). With vehicle treatment, 
peak tetanic force generated during isometric contractions of the 
TA was weaker than contralateral control in the immobilized and 
remobilized limbs by 7% and 4%, respectively (Figure 2G). How-
ever, muscle strength was more than fully restored by both pre-
ventive and therapeutic treatments with ActRIIB:ALK4-Fc (Figure 
2G). These data indicate that ActRIIB:ALK4-Fc improves muscle 
mass and strength under either preventive or therapeutic condi-
tions in a rodent model of joint immobilization, which could have 
potential application in a clinical setting (29).

Multiligand inhibition with ActRIIB:ALK4-Fc increases muscle 
mass robustly in a mouse model of DMD. We then compared the 
efficacy of multiligand inhibition with ActRIIB:ALK4-Fc to that 

Figure 3. Multiligand inhibition with ActRIIB:ALK4-Fc robustly increases muscle mass in WT and DMD mice. Seven-week-old WT C57BL/6 mice or 
5-week-old BL10.mdx mice were injected s.c. with ActRIIB:ALK4-Fc (10 mg/kg), a dual anti-ActRIIA/IIB antibody (10 mg/kg), a dual anti-myostatin/
GDF11 antibody (10 mg/kg), combined anti-myostatin plus anti–activin A antibodies (10 mg/kg + 10 mg/kg), or vehicle (PBS) twice weekly for 28 days. (A) 
Percentage change in body weight over time in WT mice (n = 10–25). (B) Percentage difference in TA muscle mass compared with vehicle in WT mice (n = 
10–29). (C) Percentage change in body weight over time in mdx mice (n = 7–8). (D) Percentage difference in TA muscle mass compared with vehicle in mdx 
mice (n = 5–18). Data are means ± SEM. Group differences in A and C were assessed by 1-way ANOVA for repeated measures with Dunnett’s adjustment. 
Group differences in B and D were assessed by 1-way ANOVA with Dunnett’s adjustment. *P < 0.05, **P < 0.01, ***P < 0.001.
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GDF8/GDF11 antibody (11%), and the combination of anti-GDF8 
and anti–activin A antibodies (5%; Figure 3D), although these 
changes were consistently smaller than the corresponding effects 
in WT mice. These results indicate that, under normal and disease 
conditions, multiligand inhibition with ActRIIB:ALK4-Fc produc-
es larger increases in skeletal muscle mass than these other inhibi-
tors of Smad2/3 pathway signaling at comparable doses.

We next investigated whether ActRIIB:ALK4-Fc treatment 
exerts beneficial effects on muscle in aged mdx mice, which dis-
play increasingly severe DMD-like signs over time (35). Fourteen-
month-old BL10.mdx mice were treated with ActRIIB:ALK4-Fc or 
vehicle for 8 weeks, and the TA was characterized as a represen-
tative skeletal muscle. Compared with vehicle, ActRIIB:ALK4-Fc 
treatment increased muscle mass by 31% and pCSA by 29% (Fig-
ure 4, A and B). Histologic examination of TA muscle from mdx 
mice revealed that myofibers were heterogeneous in size owing 
to staggered cycles of damage and regrowth, although fibers 
from ActRIIB:ALK4-Fc–treated animals nevertheless appeared 
larger overall (Figure 4C). Quantification confirmed that Act-
RIIB:ALK4-Fc treatment increased mean cross-sectional area of 
TA myofibers by 49% compared with vehicle (Figure 4D) but did 
not affect the subcellular distribution of centralized nuclei (Sup-
plemental Figure 5).

Additionally, we assessed the effect of ActRIIB:ALK4-Fc 
treatment on circulating levels of microRNAs previously impli-
cated as biomarkers of muscle status in mdx mice and DMD 

patients (36, 37), including miR-1, miR-21, miR-136b, miR-146a, 
and miR-206. As determined by quantitative PCR, serum levels 
of miR-206 were dramatically elevated (200-fold) in aged mdx 
mice compared with WT mice, and ActRIIB:ALK4-Fc reduced 
the elevation of these levels by 74% (Figure 4E). Levels of other 
microRNAs tested were found to be elevated in mdx mice com-
pared with WT and were similarly reduced by ActRIIB:ALK4-Fc 
treatment (Supplemental Figure 6). Among these was miR-146a, 
which has recently been shown to inhibit dystrophin translation 
(38). Together, our results indicate that multiligand inhibition 
with ActRIIB:ALK4-Fc increases muscle mass more effectively 
than comparable doses of agents targeting fewer Smad2/3 path-
way ligands and reduces circulating levels of biomarkers impli-
cated in impaired muscle function in the mdx mouse model even 
at an advanced stage of disease progression.

ActRIIB:ALK4-Fc alleviates acute muscle fibrosis in a mouse 
model of DMD. Since DMD patients are afflicted by extensive 
fibrosis in skeletal muscle (39), we next investigated whether Act-
RIIB:ALK4-Fc can ameliorate fibrosis in an acute injury model 
(40). Endomysial fibrosis was established by daily micropunctures 
in TA muscles of BL10.mdx mice, and injured mice were then 
treated therapeutically for 4 weeks with either ActRIIB:ALK4-Fc 
or vehicle. As determined by staining with Picrosirius red, col-
lagen fibers were more extensively distributed in muscle from 
injured mdx mice than in uninjured mice, and ActRIIB:ALK4-Fc 
treatment restored collagen staining to levels characteristic of 

Figure 4. ActRIIB:ALK4-Fc induces muscle 
hypertrophy in an aged mouse model of 
DMD. Fourteen-month-old C57BL/6 WT 
and BL10.mdx mice were treated with Act-
RIIB:ALK4-Fc (10 mg/kg) or vehicle (PBS) 
twice weekly for 8 weeks. (A) TA weight. 
(B) TA physiological cross-sectional area 
(pCSA). (C) TA sections stained with H&E. 
Scale bars: 50 μm. (D) TA myocyte area. (E) 
Serum levels of miR-206. Data are means ± 
SEM (n = 4–5 per group). Group differenc-
es were assessed by 1-way ANOVA with 
Tukey’s adjustment. *P < 0.05, **P < 0.01, 
***P < 0.001.
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uninjured controls (Figure 5, A and B). These data indicate that 
therapeutic treatment with ActRIIB:ALK4-Fc can reverse collagen 
deposition associated with fibrosis caused by repetitive muscle 
injury in mdx mice.

We then investigated whether ActRIIB:ALK4-Fc can improve 
respiratory function, since DMD patients suffer from progressive 
hypoventilation due to myofiber injury and collagen deposition 
in respiratory skeletal muscles (41). We used the D2.mdx mouse 
model of DMD, as its diaphragm is more severely impaired than 
that of the BL10.mdx strain and more closely resembles pathology 
in patients (42). In WT mice, tidal volume under hypoxic stress to 
mimic hypoventilation in patients was virtually unchanged (2%) 
from the prestress baseline, whereas tidal volume in D2.mdx mice 
treated with vehicle increased by 19% under hypoxic stress (Fig-
ure 5C). ActRIIB:ALK4-Fc treatment in D2.mdx mice better pre-

served tidal volume under hypoxic stress (9% increase), but the 
difference from vehicle treatment did not reach significance (P 
= 0.07) (Figure 5C). Measurement of diaphragm contractility ex 
vivo confirmed that specific force generated by the diaphragm 
of vehicle-treated D2.mdx mice was significantly reduced com-
pared with that of WT mice. Treatment of D2.mdx mice with Act-
RIIB:ALK4-Fc improved diaphragm contractility by more than 
60% compared with vehicle, but this increase was not statistically 
significant (Figure 5D).

ActRIIB:ALK4-Fc improves integrity and function of the neu-
romuscular junction in mouse models of diverse neuromuscular dis-
eases. The neuromuscular junction (NMJ) plays an obligatory 
role in muscle contraction. Since neuromuscular transmission is 
impaired in DMD patients and mouse models of the disease partly 
because of NMJ abnormalities arising from dystrophin deficiency 

Figure 5. ActRIIB:ALK4-Fc alleviates acute fibrosis in a mouse model of DMD. Five-week-old BL10.mdx mice with mechanically induced fibrosis in the TA 
muscle were treated with ActRIIB:ALK4-Fc (10 mg/kg) or vehicle (PBS) twice weekly for 4 weeks. (A) TA muscle sections stained with Picrosirius red. Scale 
bars: 50 μm. (B) Percentage area in TA sections occupied by fibrotic tissue. Data are means ± SEM (n = 4–7). Group differences were assessed by 1-way ANOVA 
with Tukey’s adjustment. ***P < 0.001. For respiratory studies, 7-month-old D2.mdx mice were injected s.c. with ActRIIB:ALK4-Fc (10 mg/kg) or vehicle (PBS) 
twice weekly for 4 weeks. (C) Percentage change in tidal volume after exposure to hypoxic stress (10% O2) for 30 minutes. Data are means ± SEM (n = 3–5 per 
group). Group differences were assessed by 1-way ANOVA with Tukey’s adjustment. **P < 0.01 vs. WT. (D) Specific force generated by diaphragm muscle ex 
vivo. Data are means ± SEM (n = 6–10 per group). Group differences were assessed by 1-way ANOVA with Tukey’s adjustment. ***P < 0.001.
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reduced by one-third in vehicle-treated mdx mice compared with 
WT mice, and ActRIIB:ALK4-Fc treatment significantly improved 
this parameter (Figure 6C). These results indicate that treatment 
with ActRIIB:ALK4-Fc exerts a partially normalizing influence on 
NMJ morphology in mdx mice.

We then used electrophysiologic analysis to determine wheth-
er these morphologic changes induced by ActRIIB:ALK4-Fc in 
mdx mice were accompanied by functional improvements. In 
vehicle-treated mdx mice compared with WT mice, there was a 
significant reduction by one-third in the amplitude of compound 
muscle action potentials (CMAPs) and a 7-fold reduction in ampli-
tude drop during repetitive stimulation (Figure 6, D and E). Act-
RIIB:ALK4-Fc treatment in mdx mice produced a trend toward 
improvement for CMAP amplitude and particularly amplitude 
drop during repetitive nerve stimulation (Figure 6, D and E). 
Although not statistically significant, these electrophysiologic 
effects raise the intriguing possibility that ActRIIB:ALK4-Fc 

(43–45), we next investigated whether ActRIIB:ALK4-Fc treat-
ment improves NMJ morphology or function in aged mdx mice. At 
NMJs from TA muscle of WT mice under normal conditions, clus-
ters of acetylcholine receptors (AChRs) were tightly arranged with 
other NMJ components in characteristic “pretzel-like” arrays on 
the postsynaptic membrane as previously described (ref. 46 and 
Figure 6A). In striking contrast, NMJs from mdx mice treated with 
vehicle displayed fragmentation of AChR clusters into discontin-
uous structures (islets) as previously reported (45, 47). Interest-
ingly, NMJs in mdx mice treated with ActRIIB:ALK4-Fc exhibited 
an intermediate morphology (Figure 6A), which prompted us to 
examine ActRIIB:ALK4-Fc effects quantitatively. The number of 
AChR islets in NMJs was increased 7.6-fold in vehicle-treated mdx 
mice compared with WT mice, and ActRIIB:ALK4-Fc treatment 
significantly blunted this increase (Figure 6B). NMJ occupancy 
— defined as the ratio of footprint occupied by presynaptic vesi-
cles to that of the underlying postsynaptic membrane (48) — was 

Figure 6. ActRIIB:ALK4-Fc improves NMJ abnormalities in mdx and SOD1G93A mice. Fourteen-month-old BL10.mdx mice were injected s.c. with Act-
RIIB:ALK4-Fc (10 mg/kg) or vehicle (PBS) twice weekly for 8 weeks. (A) En face views of NMJs from WT mice and mdx mice treated with ActRIIB:ALK4-Fc 
or vehicle. Immunofluorescent confocal microscopic images indicate AChR (labeled by α-bungarotoxin, red), vesicular acetylcholine transporter (VAChT, 
green), and their overlap (yellow). Blue in bottom panels indicates nerve fibers. Scale bars: 20 μm. (B) AChR islet number (n = 5). (C) Percentage NMJ occu-
pancy (n = 4–5). (D) CMAP amplitude (n = 4–5). (E) Amplitude drop (n = 3–5). Data (B–E) are means ± SEM. Group differences were assessed by 1-way ANO-
VA with Tukey’s adjustment. *P < 0.05. **P < 0.01, ***P < 0.001. Five-week-old C57BL/6 WT mice or SOD1G93A mice were injected s.c. with ActRIIB:ALK4-Fc 
(10 mg/kg) or vehicle (PBS) twice weekly for 8 weeks, and TA muscles were analyzed. (F) Percentage of NMJs denervated (n = 4–5). (G) CMAP amplitude 
(n = 11–12). (H) Percentage change in ankle dorsiflexion (n = 6). Data are means ± SEM. Group differences were assessed in G by 1-way ANOVA with Tukey’s 
adjustment and in F and H by unpaired Student’s t test. **P < 0.01, ***P < 0.001.
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comparison with WT animals, and Act-
RIIB:ALK4-Fc treatment in SOD1G93A mice 
completely prevented this loss (Figure 6G). 
We evaluated the effect of a longer period 
of ActRIIB:ALK4-Fc treatment (7 weeks) 
on muscle function in SOD1G93A mice and 
found that this treatment almost complete-
ly protected against the marked decline in 
ankle dorsiflexion torque observed in vehi-
cle-treated controls (Figure 6H). These 
data indicate that ActRIIB:ALK4-Fc treat-
ment protects against muscle denervation, 
improves nerve transmission, and increas-
es muscle strength in this presymptom-
atic model of neurodegenerative disease. 
Together with results from our mdx studies, 
these findings provide evidence that Act-
RIIB:ALK4-Fc treatment improves NMJ 
structure and function in models of distinct 
myopathic and neuropathic diseases.

Elevated expression of key NMJ genes is 
reversed by ActRIIB:ALK4-Fc in an aged mouse 
model of DMD. To better understand how 
ActRIIB:ALK4-Fc affects NMJ morphology 
and function, we investigated effects of this 
agent on expression of genes considered crit-
ical for formation and maintenance of neu-
romuscular synapses (49). Expression levels 
of Agrn (encoding agrin), Musk (muscle-spe-
cific kinase), Lrp4 (LDL receptor–related pro-
tein-4), Dok7 (downstream of tyrosine kinase 
7), and Rapsn (receptor-associated protein of 
the synapse) were all significantly elevated 
in excised TA muscle (and associated neural 
tissue) of mdx mice compared with WT mice 
(Figure 7), which likely represents a homeo-
static response to diminished muscle fiber 
activation. Importantly, ActRIIB:ALK4-Fc 
treatment reversed the elevated expression of 
these mRNAs significantly in mdx mice, except 
for Rapsn (Figure 7). The concordant effects 

of ActRIIB:ALK4-Fc on this set of genes likely reflect a partial nor-
malization of NMJ function and implicate Smad2/3 pathway ligands 
in the regulation of NMJ homeostasis, either directly or indirectly, 
under these disease conditions.

Combined treatment with ActRIIB:ALK4-Fc and M12-PMO syn-
ergistically improves muscle function in an aged mouse model of DMD. 
Therapeutics that act through antisense-mediated exon skipping, 
such as the recently approved Exondys51, are novel approaches 
to overcome dystrophin deficiency in DMD (50). However, exon 
skipping is considered insufficient to fully restore muscle strength 
or protect against contraction-induced injury (51, 52). We hypoth-
esized that using the phosphorodiamidate morpholino oligomer 
M12-PMO (53) to restore dystrophin expression in combination 
with ActRIIB:ALK4-Fc to increase muscle mass would improve 
muscle function in mdx mice, perhaps synergistically as a result of 
their seemingly complementary mechanisms of action. Thirteen-

increases postsynaptic sensitivity to acetylcholine in mdx mice. 
Together, our results indicate that ActRIIB:ALK4-Fc alleviates 
morphologic abnormalities of the NMJ in this mouse model of 
DMD and raise the possibility of accompanying functional ben-
efits that need to be investigated further.

We next investigated whether ActRIIB:ALK4-Fc alters neu-
romuscular transmission in a mouse model of amyotrophic 
lateral sclerosis (ALS), a disease with a primarily neurodegen-
erative etiology. We treated 5-week-old SOD1G93A mice with 
ActRIIB:ALK4-Fc or vehicle for 3 weeks and examined param-
eters of neuromuscular transmission in the TA muscle. In vehi-
cle-treated SOD1G93A mice at this presymptomatic stage, approx-
imately one-fifth of NMJs were denervated, whereas treatment 
with ActRIIB:ALK4-Fc essentially prevented NMJ denervation 
(Figure 6F). At innervated NMJs from vehicle-treated SOD-
1G93A mice, there was a 29% reduction in CMAP amplitude in 

Figure 7. ActRIIB:ALK4-Fc reverses elevated expression of NMJ genes in aged mdx mice. Fourteen-
month-old C57BL/6 WT and mdx mice were injected s.c. with ActRIIB:ALK4-Fc (10 mg/kg) or vehicle 
(PBS) twice weekly for 4 weeks. Expression of key NMJ genes was determined in TA muscle by quan-
titative PCR and normalized to Actb. Data are means ± SEM (n = 11–15 per group). Group differences 
were assessed by 1-way ANOVA with Tukey’s adjustment. *P < 0.05, **P < 0.01, ***P < 0.001.
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tion therapy with ActRIIB:ALK4-Fc and M12-PMO increased peak 
tetanic force generated by the TA muscle in mdx mice compared 
with vehicle or WT mice, whereas M12-PMO monotherapy was 
ineffective (Figure 8C). Importantly, combination therapy with 
ActRIIB:ALK4-Fc and M12-PMO provided a significant bene-
fit in force generation during repeated eccentric contractions of 
the TA muscle in mdx mice compared with vehicle, unlike either 
monotherapy (Figure 8D). Together, these results indicate that 
ActRIIB:ALK4-Fc could potentially be beneficial as an adjunct to 
dystrophin restoration therapy in patients with DMD because of 
complementary effects exerted by the 2 classes of agents.

Discussion
Here, we show that ActRIIB:ALK4-Fc, an inhibitor of Smad2/3 
pathway signaling with novel ligand selectivity, improves skele-
tal muscle mass, muscle function, and disease comorbidities in 
murine models of NMDs. ActRIIB:ALK4-Fc displays activity as 
monotherapy across a range of modeled disorders, including dis-
use atrophy resulting from limb immobilization, the neurodegen-
erative disease ALS, and the inherited myopathy DMD — and in 
the latter case also enhances efficacy of a dystrophin rescue agent 
as part of combination therapy. Although limb muscle weakness 

month-old BL10.mdx mice were treated with ActRIIB:ALK4-Fc 
or M12-PMO, alone or in combination, over a 4-week period. 
Immunohistochemical staining confirmed that dystrophin was 
abundant in TA muscle fiber membranes of WT mice, clearly defi-
cient in mdx mice (regardless of ActRIIB:ALK4-Fc treatment), and 
partially restored by M12-PMO treatment (Figure 8A). Based on 
quantitative analysis, treatment with ActRIIB:ALK4-Fc did not 
alter the occurrence of dystrophin-positive myofibers, treatment 
with M12-PMO increased such myofibers by 7%, and combined 
treatment with ActRIIB:ALK4-Fc and M12-PMO increased such 
myofibers by 13%, all compared with vehicle (Figure 8B). These 
findings were further supported by Western blot analysis using an 
anti-dystrophin antibody (Supplemental Figure 7), which demon-
strated synergistic effects of combined treatment on dystrophin 
protein abundance within TA muscle. This synergistic increase 
in dystrophin-positive fibers after combination treatment may be 
due to an ability of ActRIIB:ALK4-Fc to increase overall protein 
synthesis, as observed in WT mice (Supplemental Figure 4), and 
an ability of this agent to reduce expression of dystrophin trans-
lational inhibitors, such as its effect on miR-146a levels in mdx 
mice (Supplemental Figure 5A). In an evaluation of functional 
endpoints, both ActRIIB:ALK4-Fc monotherapy and combina-

Figure 8. Combined treatment with ActRIIB:ALK4-Fc and M12-PMO improves muscle function in aged mdx mice. Thirteen-month-old BL10.mdx 
mice were injected with ActRIIB:ALK4-Fc (10 mg/kg) or vehicle (PBS) s.c. twice weekly, M12-PMO (25 mg/kg) i.p. once weekly, or a combination of 
ActRIIB:ALK4-Fc twice weekly and M12-PMO once weekly for 4 weeks. (A) Dystrophin immunostaining in TA muscle sections. Scale bars: 50 μm. (B) 
Percentage of TA muscle fibers that were dystrophin positive. (C) Peak tetanic force generated by TA muscle. (D) Force generated during repeated eccentric 
exercise contractions (EEC) by TA muscle. Data are means ± SEM (n = 3–6 per group). Group differences in B and C were assessed by 1-way ANOVA with 
Tukey’s adjustment. *P < 0.05, **P < 0.01, ***P < 0.001. Group differences in D were assessed by repeated-measures 1-way ANOVA with Tukey’s adjust-
ment. *P < 0.05 vs. mdx + vehicle.
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attributed mainly to their inhibition of GDF8 (60, 61), activin inhi-
bition by these agents and ActRIIB:ALK4-Fc might also contribute 
to similarities in their muscle activity profiles, since activins are 
implicated in muscle remodeling as well as inflammation gener-
ally (62, 63). Our present finding that ActRIIB:ALK4-Fc alleviates 
fibrosis in the acute micropuncture model warrants further inves-
tigation in models of advanced chronic muscular dystrophy. The 
micropuncture procedure has been reported to be a better model 
of prolonged fibrosis of skeletal muscle in younger mdx mice com-
pared with procedures based on chemical or surgical induction 
(40, 64). However, DMD patients display chronic fibrosis in skele-
tal muscle, which is better represented in aged mdx mice (42, 59). 
Given that ActRIIB:ALK4-Fc treatment increased skeletal muscle 
mass and function in 12-month-old mdx mice, it will be important 
to evaluate the effect of ActRIIB:ALK4-Fc treatment in aged mice 
with established fibrosis (59). Regarding respiratory function, Act-
RIIB:ALK4-Fc treatment was associated with trends toward better 
maintenance of tidal volume under hypoxic stress and increased 
specific force generated by the diaphragm in those mice. We spec-
ulate that the diaphragm of mdx mice at this age is resistant to 
treatment because of loss of myofibers (58). Therefore, the trend 
toward improved respiratory function with ActRIIB:ALK4-Fc 
treatment may partially reflect improved function of intercostal or 
inspiratory accessory muscles (65).

NMJ abnormalities contribute significantly to the pathol-
ogy of NMDs (66). The mature NMJ is a dynamic structure 
subject to remodeling based on bidirectional communication 
between muscle fibers and motor neurons that normally main-
tains proper alignment between presynaptic terminal boutons 
and components of the motor endplate (43, 46, 67). Consistent 
with earlier studies (45, 48), we observed that AChR clusters 
in NMJs of aged mdx mice were discontinuous and fragment-
ed, and poorly aligned with presynaptic NMJ components. 
Aged mdx mice also displayed a functional deficit (reduction 
in CMAP amplitude) compared with age-matched WT mice. 
To our knowledge, the effects of ActRIIB:ALK4-Fc treatment 
on NMJ structure and associated muscle function in models of 
DMD and ALS are the first report of a muscle-targeted therapy 
causing beneficial remodeling of NMJ morphology and related 
improvement in NMJ function.

AChR clustering in the postsynaptic membrane of the NMJ 
is regulated by the agrin/MuSK/Lrp4 pathway (68–70). We 
found that genes encoding components of the MuSK signaling 
complex at the NMJ are upregulated in aged mdx mice and are 
partially reversed by ActRIIB:ALK4-Fc treatment. Given evi-
dence of reduced sensitivity to acetylcholine at neuromuscular 
synapses in DMD mice (45), we interpret coordinated upregula-
tion of these genes to be a compensatory response of the muscle 
fiber to reduced stimulation under disease conditions. A similar 
association between reduced NMJ integrity and elevated expres-
sion of Musk and Lrp4 has been observed in sarcopenic rats (68, 
71). A study in young mdx mice found that expression of Agrn, 
Musk, Dok7, Rapsn, and Lrp4 was largely unchanged in compari-
son with WT (70), which suggests that their expression varies in 
a direct manner with disease severity — and thus NMJ integrity. 
Therefore, we speculate that partially normalized expression of 
these genes by ActRIIB:ALK4-Fc treatment reflects a reduced 

and atrophy are the most prominent characteristics of neuromus-
cular diseases, secondary complications such as muscle fibrosis 
and respiratory insufficiency can impact survival and quality of 
life (54). We hypothesized that some of these functional deficits 
might be alleviated by qualitative improvements in muscle and 
find that ActRIIB:ALK4-Fc alleviates respiratory dysfunction and 
acute fibrosis in skeletal muscle in mouse models of DMD. Addi-
tionally, ActRIIB:ALK4-Fc improves the structural and functional 
integrity of the NMJ in mouse models of DMD and ALS, which to 
our knowledge is the first time this has been demonstrated using 
an inhibitor of Smad2/3 pathway signaling.

An important finding in our study is that combined inhibition of 
multiple Smad2/3 pathway ligands with ActRIIB:ALK4-Fc outper-
forms comparable doses of selective inhibitors of these ligands as a 
strategy for inducing skeletal muscle growth under pathologic con-
ditions. Our results are consistent with a growing recognition that 
GDF8 and activins together exert an inhibitory homeostatic influ-
ence on muscle mass, perhaps synergistically and with differences 
between species (18, 19, 32, 55). Based mainly on studies in WT mice, 
others have proposed that concurrent inhibition of activin A and 
GDF8 with cognate antibodies increases muscle mass and force gen-
eration just as effectively as multiligand inhibition with ActRIIB-Fc 
(19). However, we found here in an mdx mouse model of DMD, and in 
WT mice, that multiligand inhibition with ActRIIB:ALK4-Fc produc-
es significantly larger increases in muscle mass than antibody-based 
ligand inhibition and even dual immunoneutralization of ActRIIA 
and ActRIIB. The ability of ActRIIB:ALK4-Fc to outperform an anti-
body with dual specificity for ActRIIA and ActRIIB is noteworthy 
and consistent with the possibility that one or more Smad1/5/8 path-
way ligands normally signaling through these type II receptors — but 
not sequestered by ActRIIB:ALK4-Fc — promote muscle growth 
(56). A theoretical advantage of multiligand inhibition is that it may 
be effective despite a potential shift in the relative contributions of 
individual Smad2/3 pathway activators under disease conditions 
(17), although the Smad2/3 pathway inhibitory agents that we tested 
display nearly the same rank order of efficacy in young mdx mice as 
under normal conditions, perhaps owing to the early stage of disease 
progression. Since contractile muscle mass is positively correlated 
with muscle function (57), robust increases in muscle mass such as 
those achieved with ActRIIB:ALK4-Fc treatment may be required 
to surpass the threshold for clinically meaningful efficacy in NMDs.

ActRIIB:ALK4-Fc treatment in mouse models produced 
beneficial changes in important comorbidities of neuromuscular 
disease. First, therapeutic treatment with ActRIIB:ALK4-Fc effec-
tively reversed fibrotic changes induced acutely in skeletal muscle 
of an mdx mouse model. Growing evidence indicates that the dia-
phragm in aged mdx mice is significantly impacted by fibrosis (58), 
and systemic immunoneutralization of GDF8 reduces fibrosis in 
the diaphragm of aged mdx mice (59), implicating this Smad2/3 
pathway ligand in late-stage fibrosis. Our result is consistent with 
the previously reported ability of ActRIIB-Fc treatment to reverse 
preexisting fibrosis in skeletal muscle of aged mdx mice (59) and the 
ability of follistatin treatment to reduce fibrosis caused by skeletal 
muscle injury in WT mice (60). Heterodimeric ActRIIB:ALK4-Fc, 
homodimeric ActRIIB-Fc, and endogenous follistatin monomers 
share the ability to sequester GDF8, activins, and GDF11. Although 
the foregoing antifibrotic effects of ActRIIB-Fc and follistatin were 
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increased force generation in the young cohort (52) but was inef-
fective in the aged cohort (80), in contrast to the present study. In 
a mouse model of spinal muscular atrophy, follistatin (AAV1-folli-
statin) was administered in combination with a suboptimal dose 
of an SMN2 splicing modifier to successfully ameliorate muscle 
atrophy (82–84). These findings support our hypothesis that com-
bination of gene modulation therapy with Smad2/3 inhibition by 
a multiligand trap such as ActRIIB:ALK4-Fc would augment the 
restoration of muscle function in patients with NMDs, particularly 
individuals with advanced disease.

In conclusion, the heterodimeric ligand trap ActRIIB:ALK4-Fc 
sequesters TGF-β superfamily ligands with novel selectivity, 
increasing skeletal muscle mass and strength in mouse models of 
neuromuscular disorders while alleviating multiple comorbidities. 
Our findings provide further evidence to support the use of TGF-β 
superfamily–based therapies in the treatment of DMD and other 
neuromuscular diseases, either as monotherapy or in combination 
with gene modulation therapies.

Methods
Construction, expression, and purification of recombinant Act-
RIIB:ALK4-Fc. ActRIIB:ALK4-Fc was generated by ligation of the 
extracellular domains (ECDs) of human ActRIIB (aa 19–134) and 
human ALK4 (aa 24–126) into separate vectors upstream of a modified 
human IgG1 Fc domain. The ECDs were generated by PCR using full-
length ActRIIB or ALK4 cDNA obtained from Invitrogen and Open 
Biosystems/Thermo Fisher Scientific, respectively, as templates. A 
modified human IgG1 Fc domain was obtained by PCR reactions using 
human IgG1 as a template (Invitrogen) and primers that introduced 
mutations designed to minimize homodimer formation. The ActRIIB 
ECD fragment was subcloned into the pAID4T vector containing the 
modified human IgG1 Fc domain. A second modified human IgG1 Fc 
with a different set of mutations was PCR-generated with a 6xHis tag 
on the C-terminus, and the ALK4 ECD was subcloned into a separate 
pAID4T vector containing this modified human IgG1 Fc domain.

The 2 plasmids were coexpressed in Chinese hamster ovary 
(CHO) DUKX cells as a stable pool, resulting in the soluble expression 
of the fusion protein ActRIIB:ALK4-Fc. This was followed by dilution 
cloning for higher expression and then purification following a 4-step 
procedure. First, the protein was captured on a protein A MabSelect 
SuRe chromatography column (GE Healthcare), then washed and 
eluted with glycine at low pH. Fractions from the elution were neutral-
ized and pooled before being loaded over a Ni Sepharose 6 Fast flow 
column (GE Healthcare) and then eluted with an imidazole gradient. 
Eluted protein was further purified over an ActRIIB affinity column 
to ensure removal of impurities. Lastly, the protein was concentrated 
over a Q Sepharose column (GE Healthcare). The final material was 
dialyzed in PBS, and purity was assessed to be greater than 90% by 
SDS-PAGE gel with SimplyBlue SafeStain (Thermo Fisher Scientif-
ic) and analytical SEC column (Zenix-C SEC-300, Sepax). Another 
version of ActRIIB:ALK4-Fc, containing different mutations in the 
human IgG1, was also used in some assays and purified similarly, 
except in this case the Ni Sepharose step was replaced by a mixed-
mode CaptoBlue resin (GE Healthcare).

Antibodies and other reagents. ActRIIB-Fc and ALK1-Fc were pro-
duced internally as previously described (23, 26). Dual anti-GDF8/
anti-GDF11 antibody (RK35) (85), anti–activin A antibody (A2) (86), 

compensatory response secondary to improved myofiber phys-
iology due perhaps to a shift in the balance between Smad2/3 
signaling and Smad1/5/8 signaling.

ActRIIB:ALK4-Fc might improve NMJ structure and function 
in part by modulating the balance of muscle-derived retrograde 
signaling mediated by TGF-β superfamily ligands. Studies in Dro-
sophila indicate that retrograde trans-synaptic signaling by BMPs 
released from target muscle fibers or neurons supports NMJ growth, 
neurotransmission, and synaptic plasticity (72–74). Additionally, 
myoglianin (MYO), the Drosophila homolog of GDF8 and GDF11, 
was found to negatively regulate synaptic function and neuronal 
morphology, which affected both NMJ strength and composition 
(75). In the same study, GDF8 and GDF11 prevented synapse for-
mation in cultured rat cortical neurons. Therefore, pharmacologic 
regulation of TGF-β superfamily signaling could potentially pro-
mote NMJ integrity and function through indirect retrograde sig-
naling in addition to direct effects on muscle fibers. In the present 
study, ActRIIB:ALK4-Fc treatment in a presymptomatic SOD1G93A 
mouse model of ALS preserved muscle innervation and improved 
neuromuscular transmission. In this case, ActRIIB:ALK4-Fc may 
increase production of muscle-derived neurotrophic factors or 
potentially regulate motor neuron function directly since BMPs can 
promote neuronal growth through direct actions (76, 77).

Dystrophin rescue therapies such as antisense-mediated 
exon skipping are promising treatments for muscular dystrophy 
but have yet to demonstrate functional benefit in clinical studies 
(13). Hence, there is increasing interest in combination thera-
pies to optimize treatment efficacy for DMD, a strategy in which 
an agent intended to correct an underlying genetic deficiency 
would be combined with a second agent intended to synergis-
tically enhance therapeutic efficacy by targeting muscle degen-
eration, fibrosis, or inflammation (78). In the present study, 
ActRIIB:ALK4-Fc monotherapy did not alter the prevalence of 
dystrophin-positive muscle fibers, yet in combination therapy 
this agent synergistically increased the effect of M12-PMO on 
this parameter in aged mdx mice. This therapeutic combination 
significantly improved muscle endurance, unlike either agent 
when used as monotherapy, perhaps because correction of this 
functional deficit requires a threshold level of dystrophin expres-
sion (79). Dystrophin restoration by M12-PMO treatment was 
less pronounced in the present study than that reported in other 
preclinical studies, likely because of differences in dosing regi-
mens (52, 80), but did closely resemble suboptimal dystrophin 
restoration observed clinically (13).

Synergistic effects on muscle function of therapeutic com-
binations incorporating Smad2/3 pathway inhibition have been 
observed previously in NMD models. Dumonceaux et al. found 
that shRNA-mediated knockdown of ActRIIB together with 
U7-DYS–mediated exon skipping produced greater maximal mus-
cle force than either agent alone when injected into the TA mus-
cle of young mdx mice (81). Micro-dystrophin gene replacement 
in combination with follistatin delivery in aged mdx mice also 
restored force generation and conferred resistance to contrac-
tion-induced injury (51). Combined use of exon skipping to restore 
dystrophin and inhibit GDF8 expression produced greater dys-
trophin expression than dystrophin exon skipping alone in both 
young and aged mdx mice (52, 80). This treatment combination 
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which the mice were sacrificed (immobilized group). A second group 
was immobilized for 2 weeks without treatment, then remobilized (via 
removal of the staple under anesthesia), and subsequently treated with 
ActRIIB:ALK4-Fc or vehicle for another 2 weeks (remobilized group).

Micromechanical muscle injury model/acute fibrosis study. Five-
week-old BL10.mdx mice were anesthetized with isoflurane, and the 
hind-limb skin was shaved and then disinfected with 70% ethanol. 
Using micropins (150 μm diameter, fine headless pins; Kabourek, 
Czechoslovakia), 40 micropunctures were made daily in both TA 
muscles for 2 weeks; these were performed randomly over the whole 
surface, through the skin and deep into the muscle (7–8 mm), perpen-
dicular to the longitudinal axis. The micropins induced several local 
myofiber injuries that, repeated daily, triggered acute fibrosis.

Respiratory studies. Mice were examined by unrestrained whole-
body plethysmography (EMMS Supporting Science). All mice first 
received once-weekly training in chambers for 3 months. At a con-
sistent time each week, mice remained in chambers for 40 minutes 
under normoxic conditions. After acclimation for 3 months, mice 
received pharmacologic treatments for 4 weeks. At study termination, 
mice were given 20 minutes to acclimate. Tidal volume was recorded 
over a 20-minute interval under normoxic conditions and then during 
acute hypoxia (FiO2 = 0.1, 20 minutes).

Retinal studies. Retinal experiments were carried out in the labora-
tory of Paul Oh. The C57BL/6 WT mice for these studies were obtained 
from The Jackson Laboratory. Treatments were carried out on postna-
tal day 2 (P2) pups; the animals were treated with either saline or 2 mg/
kg of either ALK1-Fc, ActRIIB-Fc, or ActRIIB:ALK4-Fc. Animals were 
sacrificed on P8, and then retinas were prepared for staining.

Muscle contractility. Forelimb grip strength was examined in WT 
mice according to the TREAT-NMD protocol (https://treat-nmd.org/
sop/dmd_m-2-2-001/). Measurements of isometric and eccentric con-
tractions by the TA muscle in situ and ankle dorsiflexion in vivo were 
performed as previously described (87). Measurement of isometric 
contraction by diaphragm muscle ex vivo was conducted as previous-
ly described (88). Testing was carried out in Ringer’s solution main-
tained at 22°C. Optimal muscle length and twitch force were recorded 
under a single stimulus using a 200-microsecond square pulse. Tetan-
ic force–frequency relationship was conducted with stimulation by 
square wave stimuli of 200 milliseconds. Absolute values of tension 
were normalized to the physiological cross-sectional area.

Electrophysiology. Electrophysiologic measurements were per-
formed on the left hind limb using Synergy (Natus Medical Incorpo-
rated). Briefly, the sciatic nerve was supramaximally stimulated at the 
sciatic notch, and the entire distal leg muscle compartment recorded 
via disposable ring electrodes, with a ground electrode placed on the 
right hind paw to record the CMAP amplitude. Low-frequency (3 Hz) 
repetitive nerve stimulations were performed on the sciatic nerve, and 
recorded on the entire distal leg muscle compartment. The fractional 
decrease in amplitude of the CMAP was calculated using the ampli-
tude (peak positive to peak negative) of the first and fourth responses.

Immunoblotting. Briefly, TA muscles were homogenized in RIPA 
buffer with protease inhibitors (1:100). Proteins were separated on 
10% SDS-PAGE acrylamide gels, transferred to PVDF membranes, 
and stained with Ponceau S. Puromycin-labeled proteins were 
detected with a mouse IgG2a monoclonal anti-puromycin antibody 
(1:5000; Developmental Studies Hybridoma Bank [DSHB]), followed 
by incubation with an HRP-conjugated anti-mouse IgG2a secondary 

anti-GDF8 antibody (RK22) (30), and dual anti-ActRIIA/IIB antibody 
(BYM-338) (32) were modified internally for use in mice by substitu-
tion of murine IgG2a Fc. Antisense oligonucleotide M12-PMO (53) 
was synthesized by Gene Tools LLC.

Characterization of ligand binding. Ligand binding affinities for Act-
RIIB:ALK4-Fc and ActRIIB-Fc were assessed by SPR using a Biacore 
T200 instrument (GE Healthcare). All ligands used in the SPR study 
were produced in-house. In brief, goat anti-human Fc-specific IgG (Sig-
ma-Aldrich) was immobilized on a Series S CM5 chip. A concentration 
series in 2-fold dilutions of activin A (0.01–2.5 nM), activin B (0.01–2.5 
nM), BMP9 (0.02–20 nM for ActRIIB:ALK4-Fc and 0.04–5 nM for Act-
RIIB-Fc), and GDF8 and GDF11 (0.04–20 nM) were injected in dupli-
cate over experimental (captured ActRIIB:ALK4-Fc or ActRIIB-Fc) and 
control flow cells at a flow rate of 50 μL/min at 37°C. Complex associa-
tion and dissociation were monitored over 5 and 10 minutes, respective-
ly. Surface regeneration between binding cycles was performed with 10 
mM glycine, pH 1.7. The running buffer used for binding experiments 
contained 0.1 M HEPES, pH 7.4, 0.5 M NaCl, 3 mM EDTA, 0.005% vol/
vol surfactant P20, and 0.5 mg/mL BSA. Kinetic rate constants kd and 
ka and equilibrium dissociation constant KD were determined from dou-
ble-referenced sensorgrams processed with BIAevaluation Software 
3.1 (GE Healthcare) using a 1:1 interaction model with a mass transport 
term. Data shown in Table 1 are means ± SEM calculated from multiple 
data sets obtained with various protein lots.

Mouse handling and sample collection. All experimental procedures, 
with the exception of the retinal studies (see below), were performed 
according to protocols approved by the Acceleron Pharma Institution-
al Animal Care and Use Committee. All mice in this study were male 
and were housed in standard cages under 12-hour light/12-hour dark 
cycles and fed ad libitum with a standard chow diet. Mice received 
vehicle (PBS) or ActRIIB:ALK4-Fc (10 mg/kg) s.c. unless otherwise 
indicated. Body weight and overall animal health were assessed 
during the dosing period, along with muscle force. Body composition 
was analyzed by nuclear magnetic resonance (NMR; Bruker Mini-
spec). On completion of the studies, mice were euthanized by CO2 
asphyxiation, and then individual muscle groups were removed and 
weighed. Tissues kept for histologic analysis were either frozen using 
2-methylbutane cooled with liquid nitrogen, or fixed in 4% parafor-
maldehyde (Boston BioProducts). Deviations from these general 
methods are outlined below.

Animal models. Three major disease models were used in the pres-
ent study: disuse atrophy, DMD, and ALS. Individual disease mod-
els are detailed below. In brief, 12-week-old WT C57BL/6J mice were 
used for the normal mouse, disuse atrophy, and in vivo protein synthe-
sis studies. Both young (5-week-old) and aged (13- or 14-month-old) 
C57BL/10ScSn-Dmdmdx/J (BL10.mdx) mice were used for the DMD 
studies, with age-matched C57BL/10ScSn WT mice as the control. Sev-
en-month-old DBA/2J-mdx (D2.mdx) mice, along with age-matched 
control DBA/2J mice, were used for the respiratory studies. Five-week-
old B6SJL-Tg (SOD1*G93A)1Gur/J (SOD1G93A) mice were used for the 
ALS studies. All animals were obtained from The Jackson Laboratory.

Hind-limb unloading model. Mice were anesthetized under isoflu-
rane, and the left hind limb was immobilized by application of a sur-
gical staple to fix the ventral part of the foot and the distal part of the 
calf. The right hind limb was allowed to move freely, and served as the 
contralateral control. Treatment with ActRIIB:ALK4-Fc or vehicle was 
started at the time of staple installation, twice a week for 2 weeks, after 
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entire cross section were counted and assessed. Only fibers showing 
continuous staining of dystrophin were considered as dystrophin pos-
itive and evaluated as a percentage of the number of total fibers of the 
entire section. For fibrosis quantification, an intensity threshold was set 
up for Picrosirius red (fibrosis) channel for all sections. Only the area 
above the threshold was counted as fibrotic. The positive fibrotic area 
was normalized to the entire section. To determine NMJ morphology, 
NMJs were imaged at 2 μm intervals using ×40 oil-immersion objec-
tives on a Zeiss LSM confocal microscope and merged using maximal 
projections of Z-stacks. Approximately 10–15 AChR staining areas per 
sample were quantified using ImageJ (NIH). AChR islet number was 
determined as previously described (70). Endplates (AChR clusters) 
were classified as fully occupied, partially occupied, or unoccupied by 
nerve terminals and expressed as the percentage of total endplates.

Statistics. All values are expressed as means ± SEM. Significance 
was determined by either unpaired Student’s t tests or 1-way ANOVA 
followed by either Tukey’s or Dunnett’s method. All tests were 2-tailed. 
P values less than or equal to 0.05 were considered statistically signif-
icant. GraphPad Prism version 7.03 (GraphPad Software) was used for 
statistical analysis.

Study approval. All housing, breeding, and procedures were per-
formed according to the NIH Guide for the Care and Use of Laboratory Ani-
mals (National Academies Press, 2011) and approved by Dignity Health/
Barrow Neurological Institute Animal Care and Use Committee.
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antibody (1:50,000; Jackson ImmunoResearch Laboratories Inc.). 
Enhanced chemiluminescence (ECL) reagent (Cell Signaling Technol-
ogy) was used for detection. Blots were stripped and reprobed with a 
GAPDH antibody (Cell Signaling Technology). Dystrophin expression 
was detected as previously described (52). Densitometric analysis was 
performed using ImageJ software (NIH).

TaqMan real-time PCR. Total RNA was extracted from muscle 
lysates using the Ambion RiboPure kit (Thermo Fisher Scientific). 
RNA (500 ng) was reverse-transcribed with iScript cDNA synthesis kit 
(Bio-Rad). The cDNA generated was used to perform real-time PCR 
to determine mRNA levels for Agrin, Musk, Lrp4, Dok7, Rapsyn, and 
Actb (primers from Thermo Fisher Scientific), with amplifications per-
formed using a 7300 Real-Time PCR System (Applied Biosystems).

MicroRNA analysis. MicroRNA isolation from mouse serum was per-
formed using a MagMAX mirVana kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Reverse transcription (RT) was 
then carried out using the TaqMan MicroRNA Reverse Transcription 
Kit (Thermo Fisher Scientific). PCR primer pools for miR-206 (or miR-
146a, miR-1, miR-21, miR-133b), miR-16, and cel-miR-39 were combined 
with the RT product to make up a 25 μL final reaction mix. The pream-
plification reaction was carried out for 14 cycles on a MiniAmp Thermal 
Cycler (Applied Biosystems). Quantitative RT-PCR was performed using 
TaqMan Fast Advanced Master Mix with preamplification product on a 
QuantStudio 6 Flex system (Thermo Fisher Scientific). Relative expres-
sion levels were analyzed using DataAssist software (Applied Biosyste-
ms) and normalized to miR-16 and cel-miR-39.

Histology and immunofluorescence. Fixed C2C12 cells, cryosec-
tioned TA muscle, and eye as well as teased-out single myofibers 
were stained, following standard immunofluorescent protocol. The 
primary antibodies used were a phospho-specific Smad3 antibody 
(Abcam) (87), anti-MHCI (BA-F8, DSHB), anti-MHCIIa (SC-71, 
DSHB), anti-MHCIIx (6H1, DSHB), anti-MHCIIb (BF-F3, DSHB), 
anti-MHCIIx (BF-35, DSHB), an isolectin B4 (IB4) biotin conjugate 
(MilliporeSigma), an anti-neurofilament antibody (Millipore), and an 
anti-synaptophysin antibody (Invitrogen); and AChRs were labeled 
with α-bungarotoxin (Invitrogen).

Histology and immunohistochemistry. Sections of paraffin-embed-
ded TA muscle were stained with Picrosirius red (0.1% in saturated picric 
acid; Rowley Biochemical Inc.) to determine muscle fibrosis or were 
incubated with a rabbit anti-dystrophin antibody (1:2000; Abcam), fol-
lowed by a polymer secondary antibody to identify dystrophin.

Quantification of histology. Area of myocytes was assessed as previ-
ously described (53). In brief, sections were visualized with a Zeiss LSM 
confocal microscope, and tile scans were performed to assemble the 
entire cross-section image. At least 100 muscle fibers were assessed, 
except for the ones in DMD studies, in which the entire cross-section 
area was counted. For dystrophin quantification, all fibers within the 
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