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Introduction

Myostatin (MSTN; also known as GDF-8) is a secreted signaling
molecule that was originally identified in a screen for new mem-
bers of the TGF-B superfamily (1). MSTN’s function was revealed
by gene targeting studies, which showed that mice carrying a dele-
tion of the Mstn gene exhibit dramatic increases in skeletal mus-
cle mass throughout the body, with individual muscles growing to
about twice the normal size. Subsequent studies showed that the
MSTN gene has been strongly conserved through evolution, with
the amino acid sequence of mature MSTN being identical in spe-
cies as divergent as humans and turkeys (2). The function of MSTN
as a negative regulator of skeletal muscle mass has also been
strongly conserved, as targeted or naturally occurring mutations in
cattle (2-4), sheep (5), dogs (6), rabbits (7), rats (8), swine (9), goats
(10), and humans (11) have all been shown to lead to increased
muscling. MSTN’s discovery launched an extensive effort directed
at understanding the molecular and cellular mechanisms under-
lying MSTN activity with the long-term goal of developing strate-
gies to target this signaling pathway for therapeutic applications. A
PubMed search for the term “myostatin” now identifies over 3000
papers addressing the regulation and function of MSTN in both
normal and pathological states, and extensive preclinical studies
looking at the effects of MSTN inhibition in mouse models of var-
ious human diseases have supported the development of MSTN
inhibitors for clinical use. To date, at least nine biotechnology and
pharmaceutical companies have developed MSTN inhibitors that
have been tested in clinical trials for a wide range of indications
characterized by muscle loss, including 22 trials that have reached
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Since the discovery of myostatin (MSTN; also known as GDF-8) as a critical regulator of skeletal muscle mass in 1997, there
has been an extensive effort directed at understanding the cellular and physiological mechanisms underlying MSTN activity,
with the long-term goal of developing strategies and agents capable of blocking MSTN signaling to treat patients with muscle
loss. Considerable progress has been made in elucidating key components of this regulatory system, and in parallel with this
effort has been the development of numerous biologics that have been tested in clinical trials for a wide range of indications,
including muscular dystrophy, sporadic inclusion body myositis, spinal muscular atrophy, cachexia, muscle loss due to aging
or following falls, obesity, and type 2 diabetes. Here, | review what is known about the MSTN regulatory system and the
current state of efforts to target this pathway for clinical applications.

phase II or phase III. Here I provide an overview of the drug devel-
opment activities focused on MSTN and discuss some of the issues
and challenges in developing the most effective strategies to target
this pathway for clinical applications.

The MSTN regulatory system

Key to the development of many MSTN-targeting therapeutic
strategies and agents has been the elucidation of many of the
regulatory and signaling components underlying MSTN activity.
As shown in Figure 1, MSTN is synthesized in a precursor form,
which is cleaved by furin proteases to generate an N-terminal
propeptide and a disulfide-linked C-terminal dimer, which is the
actual signaling molecule (12). Following proteolytic processing,
the propeptide remains noncovalently bound to MSTN (12), and a
variety of both in vitro and in vivo studies have shown that the pro-
peptide maintains MSTN in an inactive, latent state. Specifically,
purified propeptide is capable of blocking MSTN activity in vitro in
both reporter gene and receptor binding assays (12, 13), and trans-
genic overexpression of the propeptide in skeletal muscle was
shown to phenocopy the Mstn loss-of-function mutation in terms
of increased muscle mass (12). Moreover, MSTN has been shown
to circulate in the blood in an inactive form (14), and affinity puri-
fication of MSTN complexes from the blood using a monoclonal
antibody directed against MSTN identified the propeptide as a
major MSTN binding protein in vivo (15); in fact, based on quanti-
fication of the relative molar amounts of MSTN and propeptide in
these preparations, it was estimated that the majority of circulat-
ing MSTN is present in a complex with its propeptide.

AKkey question has been how MSTN is activated from this latent
complex. Early studies showed that latent MSTN can be activated
artificially by treatment with either acid (14) or heat (16). Subse-
quent studies showed that latent MSTN can also be activated by
proteolytic cleavage of the propeptide by members of the BMP-1/
tolloid family of metalloproteases (16). All four members of this pro-
tease family, BMP-1, TLD, TLL-1, and TLL-2, are capable of cleav-
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Figure 1. Processing of MSTN. The MSTN precursor protein is cleaved by furin proteases to generate an N-terminal propeptide (blue) and a C-terminal
dimer (orange), which is the actual signaling molecule. The propeptide remains noncovalently bound to the C-terminal dimer and maintains MSTN in an
inactive, latent state. Latent MSTN is activated by proteolytic cleavage of the propeptide immediately N-terminal to aspartate residue 76 by members of
the BMP-TLD family of metalloproteases, which frees up the C-terminal dimer to bind to cell surface receptors. Adapted with permission from the Annual

Review of Cell and Developmental Biology (112).

ing the propeptide at a site immediately N-terminal to aspartate 76,
thereby causing dissociation and activation of the latent complex
(Figure 1). Two lines of genetic evidence have suggested that this
is the major mechanism by which MSTN is activated in vivo. First,
mice engineered to carry a point mutation changing aspartate 76
to alanine (D76A), which renders the propeptide resistant to BMP-
1 cleavage in vitro, exhibit increases in muscle mass approaching
those seen in Mstn-null mice (17). A striking finding was that circu-
lating levels of MSTN are increased dramatically in mice homozy-
gous for D76A, and yet D76A mice exhibit a phenotype reminiscent
of that seen in mice completely lacking MSTN, reflecting the fact
that the aspartate-to-alanine change renders MSTN unable to be
activated from its latent state in vivo. Second, mice carrying a loss-
of-function mutation in TII2 also exhibit increases in muscle mass,
although the relatively small magnitude of these increases suggests
that TLL-2’s function is at least partially redundant with that of one
or more other BMP-1/tolloid proteases (17).

MSTN is regulated extracellularly by multiple other binding
proteins in addition to the propeptide (Figure 2). One of these is
follistatin (FST), which is capable of binding multiple TGF-B fami-
ly members (18-22). FST is also capable of binding MSTN and pre-
venting it from binding to its receptors (12), and results of genet-
ic studies in mice support a key role for FST in regulating MSTN
activity in vivo. In particular, mice overexpressing FST in skeletal
muscle exhibit dramatic muscle growth, consistent with inhibition
of the MSTN pathway (12), and newborn Fst7~ mice (23) as well as
adult Fst”~ mice (24) have reduced muscle mass, consistent with
overactivity of MSTN (Fst7~ mice are not viable). Affinity purifica-
tion of MSTN from the blood of both mice and humans has also
identified an FST-related protein, FSTL-3 (also called FLRG), as
another binding partner for MSTN (15). FSTL-3 shares structural
similarity to FST in that it contains follistatin domains that medi-
ate ligand binding (25), and like FST, FSTL-3 is capable of inhib-
iting MSTN activity in vitro in reporter gene assays (15). Overex-
pression studies have documented that FSTL-3 can also increase
muscle mass in vivo (26, 27), but Fst/3-null mice appear to have
normal muscle mass (24, 28).

A third binding protein containing a follistatin domain,
namely growth and differentiation factor-associated serum pro-
tein-1 (GASP-1), was also identified from blood in these affinity
purification studies (29). GASP-1 (also called WFIKKN?2), origi-

nally identified as a protein containing multiple domains associ-
ated with protease inhibitors (30), can bind MSTN and inhibit its
activity in vitro in reporter gene (29) as well as receptor binding
assays (31). A related protein, GASP-2 (also called WFIKKN1), is
also capable of binding and inhibiting MSTN (31, 32), although
GASP-2was not detected as one of the proteins bound to MSTN in
the blood (15, 29). GASP-1 also appears to be capable of blocking
MSTN in vivo, as overexpression of GASP-11in skeletal muscle has
been shown to induce increases in muscle mass and grip strength
(27). Moreover, mice carrying targeted deletions of Gaspl and/or
Gasp2 exhibit reduced muscle mass, impaired muscle regenera-
tion ability, and fiber type shifts, all of which are consistent with
their roles in inhibiting MSTN in vivo (31).
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Figure 2. Components of the MSTN regulatory system. Components
shown in orange act positively in the pathway to limit muscle growth.
Components shown in blue act negatively in the pathway to induce muscle

growth. Adapted with permission from Immunology, Endocrine and Meta-
bolic Agents in Medicinal Chemistry (114).
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Table 1. MSTN inhibitors tested in clinical trials

one type II with one type Ireceptor showed that all four possible
combinations of type II and type I receptors are used in vivo in
the control of muscle growth. A final receptor component that

Compan Dru Type Ref. _— . S .
P V. s ) P ) has been implicated in MSTN signaling is cripto (cryptic fam-
Wyeth/Pfizer MY0-029 Anti-MSTN monoclonal antibody 15 . . L.

i . , ily protein 1b, encoded by Cfc1b), which is known to serve as
Pfizer Domagrozumab Anti-MSTN monoclonal antibody 42,43 L . ..
Bl Lill 1Y2495655 RrETiSTInaredanal oty " a coreceptor for certain ligands and to antagonize the activity
Regeneron REGN1033 Anti-MSTN monoclonal antibody 45 of other ligands (reviewed in ref. 37). One study reported that
Amgen AMG-745 Anti-MSTN peptibody 46 cripto is required for MSTN signaling in cultured myoblasts
Atara PINTA-745 (38), but another study reported that cripto expressed in satel-
Bristol Myers Squibb BMS-986089 Anti-MSTN adnectin 116 lite cells during muscle regeneration inhibits MSTN signaling
Roche/Genentech R07239361 (39). Genetic studies targeting Cfc1b in myofibers showed that
Scholar Rock SRK-015 Anti-propeptide monoclonal antibody 47,117 cripto may play a minor role in regulating muscle growth (34).
Novartis Bimagrumab Anti-receptor monoclonal antibody 48, 99, 118 In addition to confirming the key roles that these regula-
Acceleron ACE-031 Decoy receptor m tory components play in vivo, genetic and pharmacological

ACE-083 Follistatin/Fc fusion b4 studies targeting various components have also provided

When not bound to inhibitory proteins, MSTN signals using a
two-component receptor system as is typical for most members of
the TGF-B superfamily. Receptor binding studies showed that MSTN
is capable of binding to the two activin type II receptors, ACVR2 and
ACVR2B (also called ActRIIA and ActRIIB) (12). Because MSTN
was shown to bind ACVR2B with higher affinity than ACVR2, the
initial assumption was that ACVR2B perhaps plays a more import-
ant role than ACVR2 in mediating MSTN signaling in vivo. Indeed,
transgenic overexpression of a dominant-negative form of ACVR2B
lacking the cytoplasmic signaling domain in skeletal muscle phe-
nocopied Mstn-null mice in terms of increased muscle mass (12).
Moreover, a decoy receptor consisting of the extracellular domain
of ACVR2B fused to an immunoglobulin Fc domain was shown
to be a potent inhibitor of MSTN both in vitro and in vivo (33); in
fact, systemic administration of this ACVR2B/Fc decoy receptor to
adult mice is capable of inducing over 50% muscle growth in just 2
weeks. Genetic studies have shown, however, that both ACVR2 and
ACVR2B play important roles in regulating MSTN activity in vivo.
In particular, analysis of mice carrying deletion mutations in Acvr2
and Acvr2b showed that loss of either receptor can lead to increased
muscle mass and that the two receptors are partially functional-
ly redundant with each other (33). Moreover, studies using floxed
alleles of these genes showed that targeting the receptors specif-
ically in skeletal myofibers is sufficient to increase muscle growth
(34). These studies, in conjunction with the analysis of the effect of
MSTN inhibition in mice carrying mutations in key genes involved
in satellite cell function, as well as direct analysis of satellite cells in
mice in which MSTN was blocked pharmacologically, demonstrat-
ed unequivocally that the myofibers themselves are direct targets
for MSTN signaling in the regulation of muscle growth (35).

Binding of MSTN to the activin type II receptors then leads to
engagement of the type I receptors, ALK4 and ALK5 (36). Recent
genetic studies have confirmed that both ALK4 and ALKS5 play
important roles in regulating muscle mass (34). Specifically, targeting
either of these type I receptors specifically in myofibers can lead to
small increases in muscle mass, but targeting both simultaneously
can lead to dramatic muscle growth, demonstrating that these two
receptors are partially functionally redundant with each other. More-
over, studies analyzing the effect of targeting each combination of
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unexpected insights into the complexity of this signaling
system. In particular, the ACVR2B/Fc decoy receptor was
found to be capable of inducing muscle growth not only in
wild-type mice but also in Mstn”- mice (33), and transgenic over-
expression of FST in Mstn”- mice was shown to cause yet anoth-
er doubling, i.e., an overall quadrupling, of muscle mass (26).
These results implied the existence of at least one other TGF-$
family member whose function is partially redundant with that of
MSTN. Subsequent work has identified activin A as at least one
key ligand that cooperates with MSTN to limit muscle growth (24,
40, 41), although it remains possible that other members of the
TGF-P superfamily may also play a role. In this respect, a second
unexpected finding was the discrepancy in phenotype that was
observed between targeting of the two type Il receptors, Acvr2 and
Acvr2b, and targeting of the two type I receptors, Alk4 and Alk5, in
myofibers (34). In particular, many of the mice in which Alk4 and
Alk5 were targeted exhibited significantly more muscle growth
than mice in which Acvr2 and Acvr2b were targeted, raising the
possibility that other ligands or receptors might also be involved.

Clinical trials testing MSTN inhibitors

The elucidation of key components of the MSTN regulatory system
and the results of preclinical studies examining the effects of targeting
MSTN in mouse models of human diseases have fueled an extensive
effort to develop MSTN inhibitors for clinical use (Table 1). All of the
MSTN inhibitors tested in clinical trials to date have been biologics
and have fallen into two general classes. One class (MYO-029, dom-
agrozumab, LY2495655, REGN1033, AMG-745/PINTA-745, BMS-
986089/R07239361, SRK-015) comprises those molecules that are
relatively specific for MSTN, although some exhibit cross-reactivity
to the MSTN-related protein GDF-11. The second class (bimagrumab,
ACE-031, ACE-083) comprises those molecules that have a broader
range of ligand specificity and are capable of blocking not just MSTN
and GDF-11 but also activin A. Collectively, these biologics have been
tested in clinical trials for a wide range of indications (Table 2).

Based on the data published from these clinical trials, several
general conclusions seem evident. First, targeting the MSTN sig-
naling pathway in humans did lead to increased muscling, with the
magnitude of the effect generally being higher with biologics capa-
ble of targeting more than just MSTN. Many of the trials reported
increased thigh muscle volume by MRI and increased lean body
mass by dual-energy x-ray absorptiometry (DXA), with effects in
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Table 2. Clinical trials testing MSTN inhibitors

Second, the response to MSTN inhibition
in terms of functional improvements has been
inconsistent and seemed to vary not only with

Drug Indication Phase Ref. h ific biolosic bei 4 but al i
MY0-029 Becker muscular dystrophy Phase I/1l NCT00104078 51 the ,sz_CI 1c. rologic e1n§ tESte X lut.a s0 W1td

Facioscapulohumeral muscular dystrophy the Indication. I'n most of the tr1a. S mcr.ea.lse
Limb-girdle muscular dystrophy muscle mass did not translate into clinical-
Domagrozumab Duchenne muscular dystrophy Phase Il NCT02310763 52,53 ly meaningful improvements with respect to
NCT02907619 52,53 measurements of strength, such as hand grip
R07239361 Duchenne muscular dystrophy Phase Il NCT03039686 - or knee extension, or other functional assess-
ACE-031 Duchenne muscular dystrophy Phase Il NCT01099761 79 ments, such as 6-minute walk distance, stair
NCT01239758 79 climbing time, other physical performance
Domagrozumab Limb-girdle muscular dystrophy 2| Phase I/1I NCT02841267 = tests, or self-reported physical function. This
Bimagrumab 5p0radicinclusi0n hOd‘/ myositis Phase Il NCT01423110 19 failure to achieve clinical functional benefit
Phase NCT01925209 >4 was seen in all of the trials that focused on
Phase I1/Ii NCT02250443 5 patients with muscular dystrophy (51-53),
Phase Il NCT02573467 - Novartis’s trial of bimagrumab in patients with

SRK-015 Spinal muscular atrophy Phase Il NCT03921528 = . . "

. sporadic inclusion body myositis (54, 55), and

LY2495655 Pancreatic cancer Phase Il NCT01505530 56 . . e . . .

- - trials testing MSTN inhibitors in patients with
Bimagrumab Lung or pancreatic cancer Phase I NCT01433263 = hexia fi (56), chronic obstructi
Bimagrumab Chronic obstructive pulmonary disease Phase Il NCT01669174 57 Cai exia rocrll'q cancer ,cdrom; obstruc Nei
PINTA-745 End-stage renal disease Phasel/ll  NCTO1958970 - pulmonary disease (57), and end-stage rena
Bimagrumab Sarcopenia Phase Il NCT01601600 58 disease. T‘A_’O of the trials that d.ld show clear

Phase Il NCT02333331 66 functional improvements were in the elderly

Phase Il NCT02468674 - population. In one trial, bimagrumab treat-
LY2495655 Hip replacement Phase Il NCT01369511 69 ment of individuals aged 65 or older with sar-
LY2495655 Muscle weakness following falls Phase Il NCT01604408 59 copenia led to increased grip strength and, in a
Bimagrumab Hip fracture surgery Phase Il NCT02152761 - subset of individuals, increased gait speed and
REGN1033 Sarcopenia Phase Il NCT01963598 - 6-minute walk distance as well (58). In another
Bimagrumab Obese patients with type 2 diabetes Phase Il NCT03005288 65 trial, LY2495655 treatment of individuals aged

the range of 3% to 9% depending on the specific trial. These effects,
though significant, were substantially lower than those seen in mice,
in which muscle mass increases in the range of 10% to 30% have
been reported with biologics relatively specific for MSTN (42-47),
and even greater increases have been achieved in mice with biolog-
ics capable of blocking both MSTN and activin A. Specifically, bima-
grumab, which targets receptors used by both MSTN and activin A,
showed increases of 25% to 50% in mice (48), and the ACVR2B/Fc
decoy receptor, which can act as a ligand trap for both MSTN and
activin A, showed increases of over 50% in mice (33).

In this respect, the effects seen in the human trials also seemed
to be generally higher with biologics that had a broader specificity in
terms of ligands being targeted. Treating patients with bimagrumab
or ACE-031 led to increases in thigh muscle volume by 5% to 9%,
compared with increases of 3% to 5% seen upon treatment with
agents more specific for MSTN; in fact, in healthy adults, increases
of over 5% were seen 4 weeks after just a single injection of either
bimagrumab (49) or ACE-031 (50). The larger effects on muscle
mass seen with agents capable of targeting both MSTN and activin
A were consistent not only with mouse studies showing that both
proteins are involved in regulating muscle growth but also with the
relative circulating levels of these proteins in humans versus mice. In
particular, circulating levels of MSTN and activin A are approximate-
ly 7- to 8-fold lower and 3- to 4-fold higher, respectively, in humans
compared with mice, suggesting that activin A may play a more prom-
inent role in humans compared with mice (40).

75 or older who had fallen led to significant
improvements in stair climbing, time to rise
from a chair, and gait speed (59).

Almost certainly, a major reason for the inconsistency in func-
tional improvements is the relatively small magnitude of muscle
mass increases seen in humans compared with mice, but oth-
er issues need to be considered as well. One issue that has been
raised is that studies in mice have shown that muscle quality may
be suboptimal upon MSTN inhibition, for example with respect to
specific force (60-62) or fatigability (63). Numerous studies, how-
ever, have documented increases in total force and improved out-
comes in mice treated with MSTN inhibitors, including with many
of the biologics that were tested in clinical trials (43-45, 47, 48, 64).
A second issue is that although actual muscle strength was used as
ametric in some of the trials, other functional parameters may not
directly track with muscle mass or strength, and a major challenge
for many indications is defining appropriate functional endpoints
that may reflect the beneficial effects of MSTN inhibition.

Third, targeting the MSTN signaling pathway had consistent
effects in reducing fat mass. This effect was clearly seen in Novar-
tis’s trial of bimagrumab in obese individuals with type 2 diabetes
(65), which reported perhaps the most promising results to date.
Treatment with bimagrumab led to highly significant (P < 0.001)
decreases in total body fat mass by 20%, increases in lean body
mass by 4.4%, and decreases in waist circumference by 9.5 cm. This
effect of MSTN inhibition on reducing fat mass was also observed
inmany of the other clinical trials and clinical studies, not only with
bimagrumab (49, 55, 57, 58, 66-68) but also with LY2495655 (59,
69), AMG-745 (70), and ACE-031 (50). These findings were consis-
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tent with mouse studies demonstrating that targeting MSTN signal-
ing can significantly reduce fat accumulation, which was initially
reported in mice completely lacking MSTN (71) and subsequently
shown in mice treated with MSTN inhibitors (72-74). Targeting this
pathway in mice was also shown to have beneficial effects on glu-
cose metabolism in both genetic (71) and diet-induced (72) models
of obesity and type 2 diabetes. Indeed, beneficial metabolic effects
of bimagrumab were also clearly demonstrated in Novartis’s trial
in obese individuals with type 2 diabetes, in which drug treatment
lowered glycated hemoglobin (HbAlc) by 0.76 percentage points
compared with placebo (65). Moreover, in another clinical study
with bimagrumab, reductions in fat mass, improvements in insulin
sensitivity, and lowering of HbAlc were even apparent 10 weeks
after just a single dose (68).

The physiological mechanisms underlying the metabolic ben-
efits and reduction in fat mass seen in response to systemic inhi-
bition of this pathway, such as with the ACVR2B/Fc decoy recep-
tor, are likely complex. The anabolic effects on muscle are clearly
an important component of these effects on fat mass and glucose
metabolism. Genetic studies in mice have shown that simultaneous-
ly targeting the two type II receptors, ACVR2 and ACVR2B, specif-
ically in myofibers can cause not only dramatic increases in muscle
mass but also significant reductions in overall body fat and improve-
ments in glucose metabolism, demonstrating unequivocally that
blocking signaling in muscle is sufficient to generate these effects
(34). Indeed, the anabolic effects in muscle leading to increased
insulin sensitivity, increased glucose uptake, and increased gly-
cogen storage (73, 75, 76) almost certainly play a major role in the
systemic metabolic benefits seen in mice treated with MSTN inhibi-
tors. It is also possible, however, that inhibition of signaling to other
cell types may play a role as well. For example, MSTN inhibition in
mice leads to increased basal metabolic rate (73), which may result
atleast in part from loss of MSTN signaling to brown preadipocytes.
In particular, MSTN is capable of blocking brown adipocyte differ-
entiation in vitro (77, 78), and inhibition of this pathway in mice has
been shown to increase the amount of brown adipose tissue, leading
to increased energy expenditure (78).

Future possibilities

Although the results of many of the early clinical trials targeting
MSTN had been rather disappointing, more promising results
have been reported in some of the newer trials, and further
work to develop strategies to target the MSTN signaling path-
way for clinical applications seems warranted. In developing
such strategies, two general issues need to be considered: the
drug and the clinical indication.

The first issue is the drug itself, and a major question in this
regard is the optimal specificity of the drug with respect to the
ligands being targeted. Studies in mice have shown that targeting
MSTN alone is sufficient to induce muscle growth but that target-
ing MSTN along with other TGF-p family members, most notably
activin A, can have a much greater effect (24, 26, 33, 40, 41), and
this seems to have been borne out in the clinical trials as well. Of
course, the broader ligand specificity of molecules like ACVR2B/
Fc expands the possible risks for undesired effects outside of skel-
etal muscle, and indeed, adverse effects, namely epistaxis and
telangiectasias, were observed in Acceleron’s trial using their
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version of this decoy receptor in patients with Duchenne muscu-
lar dystrophy (79). These adverse effects were attributed to the
ability of ACVR2B/Fc to block the TGF-p family members BMP-
9 (GDF-2) and BMP-10. Both BMP-9 and BMP-10 are known to
play important roles in vascular development (reviewed in ref.
80), and BMP9 mutations have been identified in individuals
with clinical features of hereditary hemorrhagic telangiectasia
(81). Why these adverse effects have not yet been observed in any
of the trials using bimagrumab is not clear, but it is important to
keep in mind that because ACVR2B/Fc acts as a ligand trap, it
is capable of inhibiting any TGF-p family member that can bind
ACVR2B, whereas bimagrumab will only inhibit ligands that
actually signal through the activin type II receptors in a given
cell type. Hence, it is possible, for example, that ACVR2B/Fc is
capable of binding and inhibiting a ligand like BMP-9 or BMP-
10, even if actual signaling by these ligands is mediated partly or
entirely by a different receptor in the relevant cell types. Indeed,
one study reported that another type II receptor, BMPR2, may be
critical in mediating a subset of BMP-9 responses (82).

Given the likelihood that agents with a broader range of ligand
specificity will be more potent in terms of inducing muscle growth
than MSTN-specific agents, the question is how to tap into their
anabolic potential while simultaneously avoiding possible adverse
effects on other tissues and cell types. One strategy could be
to start with a molecule specific for MSTN and then add in oth-
er agents capable of blocking other specific TGF-f family mem-
bers, like activin A. Indeed, a combination approach of simulta-
neously giving two monoclonal antibodies, one directed against
MSTN and the other directed against activin A, was shown to be
significantly more effective than either one alone in mice (40).
An alternative strategy could be to start with a molecule with a
broad range of ligand specificity, such as ACVR2B/Fc, and then
introduce modifications to “dial out” undesired interactions with
certain ligands, like BMP-9 and/or BMP-10. A similar approach
could also be used with a biologic like FST. FST contains three fol-
listatin domains that are involved in mediating binding to various
TGF-p family members, including MSTN, GDF-11, activin A, and
certain BMPs. Follistatin domains are also present in FSTL-3, and
the demonstration that individual follistatin domains are prefer-
entially involved in binding of these molecules to different TGF-
family members has suggested the possibility that molecules with
varying specificity for different ligands could be engineered using
novel combinations of these domains (83, 84).

Of course, even with a therapeutic approach that is highly spe-
cific for MSTN and activin A, it is likely that inhibition of these
molecules will have effects outside of skeletal muscle. Recep-
tors for these molecules are expressed by many cells and tissues
throughout the body, and both MSTN and activin A circulate in the
blood. Hence, these ligands could, in principle, signal to any cells
that express their receptors, although activation of latency would
be an additional requirement in the case of MSTN. In this respect,
it is known, for example, that systemic administration of ACVR2B/
Fc to mice is capable of not only causing dramatic skeletal muscle
growth (33), suppression of fat accumulation, and improvements in
glucose metabolism (72, 74) but also having other effects, includ-
ing increases in bone mineral density (74, 85-88) and protection
against heart injury (89), all of which likely reflect inhibition of
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MSTN and/or activin A signaling. Blocking activin signaling to
gonadotrophs in the pituitary gland can also lead to lowering of
FSH secretion (90), which was seen in postmenopausal women
treated with bimagrumab (91). Lowering FSH levels could not only
have consequences for reproductive function and estrogen produc-
tion but also impact extragonadal functions of FSH, such as regu-
lation of bone (92) and adipose tissue (93). On the one hand, many
of these effects of blocking MSTN and activin A signaling may be
beneficial for certain indications, such as aging as well as other
conditions characterized by comorbid muscle and bone loss (47,
88, 94, 95). On the other hand, however, not being able to separate
these biological effects may be suboptimal for many clinical indi-
cations. Clearly, the development of methods to deliver biologics
specifically to skeletal muscle would potentially get around these
off-muscle effects and would also open up numerous possibilities
in terms of specific components of this regulatory system to target.
For example, targeting the two type I receptors, ALK4 and ALKS5,
seems to have a much greater effect on muscle mass than target-
ing the two type II receptors, ACVR2 and ACVR2B, at least in mice
(34). If this is also true in humans, the expectation would be that
targeting the type I receptors could lead to much more substantial
effects on muscle mass than the 3%-9% increases that have been
observed in the trials to date, which might increase the likelihood
of seeing clinically meaningful functional benefits.

The second major issue is the clinical indication, and the
question is which indications are likely to be most responsive to
MSTN inhibition. One reasonable approach has been to attempt
to target those disease states in which overactivity of this signaling
pathway may contribute to the overall pathology in terms of mus-
cle loss. Several of the Novartis trials, in fact, tested bimagrum-
ab in two such conditions: sporadic inclusion body myositis, in
which Smad signaling was found to be increased dramatically in
skeletal muscle (54), and chronic obstructive pulmonary disease,
in which MSTN was found to be upregulated in muscle (96, 97).
Both of these trials, however, failed to demonstrate clinical bene-
fit from drug treatment. Another example is that overexpression
of MSTN can induce cachexia in mice (14), and increased path-
way activity has been implicated in cancer cachexia in humans,
with activin A levels reported to be higher in cachectic than in
non-cachectic cancer patients (98). Blocking this signaling path-
way has been shown not only to preserve muscle mass in cachexia
models (99-101) but even to prolong survival of these mice (99,
101). Increased survival, however, was not achieved in Eli Lilly’s
trial of LY2495655 in patients with pancreatic cancer, the caveat
being that their drug does not inhibit activin A. Another exam-
ple of a condition in which upregulation of signaling may play
a causative role is muscle atrophy induced by glucocorticoids.
MSTN expression has been shown to be upregulated by glucocor-
ticoids (102-104), which is mediated by glucocorticoid response
elements present in the MSTN promoter (103, 105), and inhibi-
tion of MSTN has been shown to block glucocorticoid-induced
muscle atrophy in mice (45, 48, 106). Although MSTN inhibition
has not been tested specifically to counter the effects of gluco-
corticoids in humans, many of the patients in the muscular dys-
trophy trials were taking steroids as part of their routine clinical
care, and as discussed above, none of those trials demonstrated
clinical benefit. Finally, circulating levels of activin A have been
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shown to correlate with worsening heart failure (89), and circu-
lating levels of GDF-11 have been shown to correlate with poorer
outcome in individuals undergoing treatment for aortic stenosis
(107). Although agents targeting this pathway have not yet been
tested in patients with heart disease, blocking signaling by these
ligands was shown to have a protective effect in mice (89). More-
over, an intriguing study in mice suggested that MSTN made by
the heart may be a key mediator of skeletal muscle wasting, or
cardiac cachexia (108).

The converse to all of this could be that conditions in which the
MSTN pathway is already downregulated as a result of the disease
process may be less responsive to MSTN inhibition. Indeed, the
MSTN pathway has been shown to be downregulated in patients
with various neuromuscular diseases, including Duchenne mus-
cular dystrophy (109, 110). One difficulty in interpreting these
findings in the context of clinical trial failures, however, is that
at least in the case of MSTN, lower circulating levels may simply
reflect the lower amount of functional skeletal muscle tissue in
these disease states, given that myofibers are the predominant
source of circulating MSTN protein (34).

As pointed out above, two trials in the elderly population
showed improvement in functional measurements as a result of
drug treatment. This is perhaps noteworthy because two theoret-
ical concerns have been raised regarding this type of therapeutic
approach to combat age-related sarcopenia. One concern has
been that depletion of satellite cells during aging may render aged
muscle unresponsive to MSTN inhibition. Studies in mice, how-
ever, have clearly demonstrated that the myofibers themselves
are direct targets for MSTN signaling and that blocking signaling
in myofibers is sufficient to induce hypertrophy without satellite
cell involvement (34, 35). A second concern has been that the
preferential loss of type II fibers during aging might also make
this therapeutic approach ineffective. Analysis of mice treated
with ACVR2B/Fc, however, has clearly documented that both
type I and type II fibers undergo hypertrophy when this signaling
pathway is blocked (111). Although the results of these two trials
suggest that the elderly population may be responsive to this ther-
apeutic strategy, developing drugs to combat age-related sarcope-
nia is particularly challenging both in terms of recruiting subjects
for clinical trials and in terms of defining suitable outcome mea-
sures to reach FDA approval.

With respect to other indications that may benefit from this
approach, preliminary unpublished reports suggest that Schol-
ar Rock’s monoclonal SRK-015 may have beneficial effects in
patients with spinal muscular atrophy (SMA). If these promis-
ing results continue to hold up, it will be important to determine
whether these beneficial effects reflect SMA being a particularly
good indication from the perspective of responsiveness to path-
way inhibition or whether they reflect the biological properties
of SRK-015 with respect to its mechanism of action in blocking
activation of MSTN from its latent state. Perhaps noteworthy in
this regard is that one study reported massively increased levels
of circulating GDF-11 in patients with SMA (110). This finding
raises the possibility that increased GDF-11 signaling may be con-
tributing to pathogenesis in this disorder and that agents capable
of targeting both GDF-11 and MSTN may have greater efficacy in
SMA than SRK-015, which is highly specific for MSTN.

J Clin Invest. 2021;131(9):e148372 https://doi.org/10.1172/)C1148372
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Nearly all of the trials to date have focused on possible bene-
fits of increased muscle mass in terms of functional parameters,
such as strength, walking distance, stair climbing time, and gait
speed. Much less attention has been focused on the metabolic
benefits of blocking this signaling pathway, and the promising
results of the trial by Novartis testing bimagrumab in obese indi-
viduals with type 2 diabetes certainly support widening the focus
in terms of indications. Studies in mice have demonstrated clear-
ly that blocking signaling by ACVR2 and ACVR2B just in skeletal
myofibers not only can induce significant muscle growth but also
can reduce total body fat content and improve glucose metab-
olism (34). This is perhaps not surprising given that skeletal
muscle comprises about a third of overall body weight and is the
tissue most responsible for taking up glucose from the blood. In
this respect, I have speculated previously that one of the reasons
that the MSTN regulatory system has evolved to be so complex,
with multiple extracellular binding proteins and mechanisms for
regulating MSTN latency, is that these regulatory mechanisms
allow for local control of muscle growth in response to specific
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stimuli while at the same time allowing for systemic control of
the overall balance between fat and muscle throughout the body
(112, 113). Indeed, it is perhaps this fundamental role of MSTN
in regulating the overall metabolic homeostatic balance between
fat storage and muscle growth that is responsible for the extraor-
dinary degree to which MSTN has been conserved through
evolution. In this respect, the benefits seen in the trial testing
bimagrumab in obesity and type 2 diabetes certainly suggest that
skeletal muscle as a metabolic tissue may be at least as important
as skeletal muscle as a contractile organ in considering possible
health benefits of MSTN inhibition.
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