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Abstract

Muscle wasting disease indications are among the most debilitating and often deadly
noncommunicable disease states. As a comorbidity, muscle wasting is associated with dif-
ferent neuromuscular diseases and myopathies, cancer, heart failure, chronic pulmonary
and renal diseases, peripheral neuropathies, inflammatory disorders, and, of course,
musculoskeletal injuries. Current treatment strategies are relatively ineffective and can
at best only limit the rate of muscle degeneration. This includes nutritional supplemen-
tation and appetite stimulants as well as immunosuppressants capable of exacerbating
muscle loss. Arguably, the most promising treatments in development attempt to dis-
rupt myostatin and activin receptor signaling because these circulating factors are po-
tent inhibitors of muscle growth and regulators of muscle progenitor cell differentiation.
Indeed, several studies demonstrated the clinical potential of “inhibiting the inhibitors,”
increasing muscle cell protein synthesis, decreasing degradation, enhancing mitochon-
drial biogenesis, and preserving muscle function. Such changes can prevent muscle
wasting in various disease animal models yet many drugs targeting this pathway failed
during clinical trials, some from serious treatment-related adverse events and off-target
interactions. More often, however, failures resulted from the inability to improve muscle
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function despite preserving muscle mass. Drugs still in development include antibodies
and gene therapeutics, all with different targets and thus, safety, efficacy, and proposed
use profiles. Each is unique in design and, if successful, could revolutionize the treat-
ment of both acute and chronic muscle wasting. They could also be used in combination
with other developing therapeutics for related muscle pathologies or even metabolic
diseases.

Key Words: activin, ActRlla, ACVR2, ActRIIb, ACVR2B, growth/differentiation factor (GDF)8, GDF11, muscle atrophy,
muscle wasting, myostatin
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ESSENTIAL POINTS

® Myostatin regulation of progenitor cell differentiation is nuanced as it can initiate, delay, or even inhibit
differentiation depending on progenitor cell context.

e Overwhelming evidence indicates that GDF11 and myostatin have nearly identical actions in striated muscle.
Studies suggesting otherwise were generated with reagents now known to be invalid and possibly acting as
dominant-negatives.

® Myostatin and other ActRII ligands regulate muscle and nonmuscle tissues consistent with ActRII tissue distribution.
Thus, actions originally defined as “off-target” for some ActRII attenuators resulted from specific rather than
nonspecific drug-target interactions.

e Future clinical trial successes will depend upon lessons learned from past failures, which include targeting
appropriate disease indications, attenuating a redundancy of signals, and limiting drug action to skeletal and/or
cardiac muscle.

e Increasing muscle function and not just mass is key to clinical trial success and to regulatory approval for most
muscle wasting disease indications. Accomplishing this will require novel trial designs that augment neural
components of strength as, for example, with exercise.

e Solely increasing muscle mass without comparable changes in muscle function may still have significant clinical
potential in treating obesity, insulin resistance and type 2 diabetes.
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Significant muscle atrophy or wasting satisfies every cri-
teria for “disease” classification. It is an abnormal condi-
tion, it results from a defined pathological process and it
produces characteristic and predictable outcomes con-
sistent with anatomical change. It is also recognized by the
International Classification of Diseases (M62.50) and has
an estimated prevalence of 2% in the general population
(1). This equates to an astonishing 156 000 000 people
worldwide. If classified as a single disease, this would
greatly exceed the impact of the associated primary disease
indications, many of which are classified as rare and neg-
lected by the US Food and Drug Administration (FDA).

Yet, muscle wasting is not a disease but a comorbidity
and negative modifier that accelerates pathology in an in-
credibly large number of diverse disease indications. This
profoundly complicates commercial development of muscle
wasting drugs as regulations require testing and approval
for each indication. This is despite strong evidence that the
underlying mechanisms are highly conserved across a wide
variety of disease indications (1, 2). It stands to reason,
therefore, that many drugs capable of targeting these
mechanisms or attenuating the activation signals could be
broadly effective. They could also revolutionize the clinical
treatment of many diseases.

Only 1 drug is specifically approved for treating
muscle wasting, Serostim (recombinant human GH [eg,
somatotropin]) for HIV-associated wasting. It effectively
helps to maintain lean mass and body weight in HIV+ pa-
tients who are also GH deficient because of antiretroviral
therapy (3). Serostim’s success in improving quality of life
underscores the high unmet need from the severe muscle
wasting that compromises patient outcomes across dis-
parate disease indications. These include the obvious mus-
culoskeletal injuries (MSIs) and disuse atrophy as muscle
wasting is the primary impediment to rehabilitation for pa-
tients with an MSI, peripheral neuropathy, nerve injury, or
even subjects exposed to prolonged spaceflight and micro-
gravity (4-6).

At best, muscle wasting is debilitating, often limiting pa-
tient mobility, and requiring the use of assisted devises (eg,
wheelchairs, braces). At worst, it predisposes to morbidity
and increased mortality. Indeed, almost 80% of patients
with advanced cancer develop systemic muscle wasting
(cancer cachexia), which impairs mobility, compromises
therapies, and is directly responsible for 30% to 50% of
the resulting deaths (7, 8). Muscle wasting is inherent to
the muscular dystrophies and to genetic and inflamma-
tory myopathies, many of which are fatal. It also occurs
in more than one-half of people older than 80 years who
suffer from sarcopenia, the age-related progressive loss of
muscle that significantly increases risk for hospitalization,
disability, and again mortality (9).

Additional disease indications with muscle wasting in-
clude heart failure, chronic obstructive pulmonary disease,
end-stage renal disease, chronic infection, hip fracture, mal-
nutrition, and burns and sepsis, which is an inexhausted list
(1). Common to these conditions is an elevated stress or in-
flammatory response where production of stress hormones
(eg, cortisol), cytokines (eg, IL-1, IL-6) and myokines (eg,
myostatin) either directly induce muscle wasting or con-
tribute to it (10-12). This includes multiple members of
the TGF-f superfamily that suppress muscle growth, in-
duce muscle atrophy, and antagonize the actions of muscle
growth promoters.

TGF-$ Superfamily Biology
Incestuous promiscuity

The first studies describing TGF-B superfamily regulation
of skeletal muscle growth and development were published
more than 3 decades ago (13-16). The seminal discovery
of myostatin (eg, growth/differentiating factor 8 [GDF8])
a decade later (17) and the hypermuscularized phenotype
of different myostatin null (mstn”) vertebrates (18) ignited
rapid growth of the field and, predictably, the clinical de-
velopment of many myostatin attenuating therapeutics
(1). Less well known is the evidence that other TGF-$
superfamily members similarly suppress muscle growth
via autocrine, paracrine, and endocrine means and may
even contribute to the pathological wasting of muscle in
various disease states (19). These include the activins (Act
A, B, and AB) and GDF11, both of which signal through
the ActRII receptors, ActRIla and ActRIIb (eg, ACVR2A
and ACVR2B, respectively). Moreover, these receptors
are widely expressed in disparate cell types of diverse tis-
sues and are even activated by other TGF-f3 superfamily
ligands, namely bone morphogenic protein (BMP)-2, -7,
-9, -10, and -11 (20-22). Such complexity presents unique
challenges to drug development and may have been over-
looked in designing the early generation (eg, first mover)
myostatin/activin pathway attenuators, most of which are
no longer in development.

Divergence of TGF-$ superfamily ligands and receptors
predates even the inaugural diversifying event in animal
evolution, the parazoan (single tissue organisms) and
eumetazoan (multiple distinct tissues) split (23, 24). Over
the last billion years, approximately, additional gene dupli-
cations and the subsequent functional divergence generated
aligand superfamily with at least 39 known vertebrate mem-
bers: TGF-p1-3; BMP1-8A,B/10/11/15/16 (16 restricted to
teleost fish); GDF1/3/5-7/9/10/11/15; myostatin, inhibin
(Inh) A and B, activin A/B/AB; nodal; lefty A/B; Millerian
inhibiting substance (eg, anti-Miillerian hormone); glial
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cell line-derived neurotrophic factor; neurturin; artemin;
and persephin (23, 25). Each is generally subclassified
into 4 groups: (1) TGF-fBs; (2) BMPs/GDFs; (3) activin/in-
hibin/nodal; and (4) others. This parsing, however, is based
upon nomenclature rather than true phylogenetic relation-
ships as, for example, the BMPs and GDFs are distributed
throughout multiple distinct clades (23, 26).

Further complexity arises from different families of lig-
ands, receptors and signaling modulators (ie, Smads, see the
following section) all having evolved at different rates (23)
and producing a system where ligands greatly outnumber
receptors and often compete for binding sites. Furthermore,
ligand:receptor interactions are regulated by secreted and
membrane associated binding proteins that function to
antagonize receptor activation or as extracellular stores
(23, 27, 28). This paradoxically increased system com-
plexity outside the cell (ie, ligand:receptor interactions),
yet simplified it inside (ie, signal transduction) as multiple
related ligands often cross-react with multiple shared re-
ceptors to activate limited signaling pathways (Fig. 1). The
result, functional redundancy within any particular tissue
and pleiotropy across many.

Ligand secretion does not immediately result in receptor
binding and activation as accessibility is limited by several
high-affinity protein antagonists, some of which result from
the proteolytic processing of the ligand pre-pro-proteins

A. Receptor activation & deactivation model
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(27, 29, 30). Indeed, cleavage in the Golgi removes the
signal peptide and divides the pro-peptide into 2 distinct
forms: the amino-terminal “latent associated protein”
(LAP) and the bioactive carboxyterminal region that forms
the dimeric ligand. The myostatin LAP is often referred to

s “prodomain” or “propeptide,” a confusing nomencla-
ture as the actual prodomain/propeptide still contains the
myostatin monomer. Thus, “LAP” is used herein to avoid
confusion.

The LAP and ligand are then secreted together in an in-
active form that can bind to one of many matrix-associated
binding proteins (Fig. 1A, steps 1, 2). For myostatin, the
primary negative regulator of skeletal muscle growth, this
includes latent TGF-$ binding protein-3, TGF-f binding
protein-4, and decorin (31-33). This extracellular inactive
pool or storage depot is analogous to intracellular secre-
tory vesicles as ligand release is regulated, in this case by
another proteolytic event that initiates the irreversible tran-
sition from latent to active state (27). It is important to
note that these protein-protein associations have only been
worked out for subset of ligands (eg, TGF-f, myostatin), al-
though the conserved manner by which each ligand is pro-
cessed for secretion suggests that similar associations may
exist for most if not all members of the superfamily.

Additional ligand antagonists are known to competi-
tively prevent receptor activation (Fig. 1A, step 3). For

B. Signal promiscuity of ActRIl/llb receptors
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Figure 1. Complexity of the TGF-f superfamily network. (A) General overview of the ligand-mediated signaling pathway starting with (1) secretion of
the ligand:latency associated protein (LAP [prodomain]) complex and its association with binding proteins in the extracellular matrix. (2) Cytoskeletal
forces and/or proteolysis release the ligand:LAP complex, often dissociating each. (3) Mature ligands are then free to associate with protein antag-
onists in the extracellular space or in circulation. (4) LAPs are also released with ligand binding to type Il receptors followed by recruitment of type
| receptors and their transphosphorylation by type Il. (5) The serine kinase domain of type 1 receptors then phosphorylates receptor (R)-Smads that
then bind Co-Smads allowing for (6) nuclear translocation, binding of transcription factors (TF) and coregulators and ultimately, (7) gene transactiva-
tion. (8) Inhibitory (I)-Smads are among the target genes and attenuate both receptor activation and Co-Smad complex formation. (B) Color-coding
indicates the different ligands (purple and blue) that bind ActRIl/IIb type Il receptors (orange) that associate with different type | receptors (yellow and
red) to separately activate distinct Smad signaling pathways.
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myostatin, these include follistatin, follistatin splice vari-
ants (FS288 and FS3135), follistatin-like 3 (eg, follistatin-like
related gene or peptide) as well as growth and differenti-
ation factor associated serum protein-1 and -2 (eg, WAP,
follistatin/Kazal, immunoglobulin, Kunitz, and netrin
domain-containing, WFIKKN1 and 2). Each of these can
bind to either myostatin or GDF11 through surface-exposed
hydrophobic residues that lie within conserved follistatin
domains and their Kazal subdomains (34). Mutagenesis
and X-ray scattering studies indicate that latent myostatin
complexes exist in an open conformation that resembles
nonlatent or “free” activin A and BMP9 rather than the
closed conformation of latent TGF-f (35). The authors sug-
gest this could relate to the tolloid-dependent proteolytic
processing that liberates myostatin from its latent complex.
This conservation of structural determinants further sug-
gests that the mechanisms of latent complex formation and
release are possibly shared between myostatin, GDF11, the
activins, and BMP9, all of which also bind to the same ant-
agonists and to the ActRII receptors (36-38).

Across the superfamily, receptor activation is governed
by differences in ligand binding affinities for type I and
II receptors (39). These are mostly low- and high-affinity
interactions, respectively, with few exceptions where the af-
finity roles are reversed for some BMPs. Formation of a
heteromeric complex composed of the ligand dimer with
2 type I and II receptor pairs begins with the high-affinity
binding interaction and is followed by recruitment of the
low-affinity receptor (Fig. 1A, step 5). Crystal structure
comparisons of ligand:receptor complexes reveal a nuanced
process that differs between three general ligand classes:
TGEF-s, activins, and BMPs. The TGF-f3s bind via the “co-
operative model” where type II receptors recruit the ligand
and facilitate type I binding through direct interreceptor
interactions (40). By contrast, activin receptor complex for-
mation is driven by ligand flexibility as the ligand itself, not
type Il receptors, facilitates type I receptor recruitment. This
is referred to as the “conformational selection” model. The
third model, “lock and key” explains BMP receptor com-
plex formation and is also driven by ligand:receptor rather
than receptor:receptor interactions, although the contact
positions differ from those in the conformational model.

Receptor signaling

The canonical receptor signaling pathways of TGF-f
superfamily ligands share a generalized architecture that
is comparatively simple (41). They are also very well de-
scribed in the literature and can be actively interrogated
using the online Reactome database (https:/reactome.
org/) (42). Once a receptor complex is activated, the intra-
cellular glycine/serine-rich domain of type I receptors is

transphosphorylated by the comparable domain of type II
receptors (Fig. 1A, 5). This in turn activates type I recep-
tors that subsequently phosphorylate receptor (r)-Smads
on 2 C-terminal serine residues. Although all receptors in
the superfamily are commonly referred to as serine/threo-
nine kinases, at least some are actually dual-specificity kin-
ases capable of phosphorylating tyrosine residues as well
(43-45).

Phosphorylation of r-Smads produces a conformational
change and consequently, the formation of oligomeric
complexes usually composed of 2 r-Smads and a single
common-mediator (co)-Smad, although heteromeric com-
plexes of 1 or 2 r-Smads with 1 or 2 co-Smads can occur
within a given context (41). This complex translocates into
the nucleus where it directly associates with DNA regula-
tory elements and transcriptional machinery to induce gene
expression (Fig. 1A, step 6). Inhibitory (i)-Smads are among
the target genes expressed and ultimately function as nega-
tive feedback regulators that either prevent r-Smad:co-
Smad complex formation or facilitate ubiquitin-regulated
receptor degradation (Fig. 1A, steps 7, 8) (46).

Specificity of this seemingly simplistic pathway lies
not in the complexity or number of steps involved, but
in the composition of related molecules. This is pos-
sibly best illustrated by activin receptor signaling (Fig.
1B). Indeed, the 2 type II activin receptors (ActRIla and
ActRIIb) each associate with multiple and different type
I receptors that bind different ligand dimers. This in turn
activates only 2 distinct pathways that phosphorylate ei-
ther Smads-1, -5, and -8 or Smads -2 and -3; pathways
that are antagonized by Smad-6 and -7, respectively, the
sole i-Smads (46).

Smad signaling is also known to interact with a wide
variety of pathways typically involved in embryonic de-
velopment (eg, Wnt, Notch, Hippo, Hedgehog), postnatal
tissue growth and metabolism (eg, mitogen-activated pro-
tein kinase [MAPK], phosphoinositide 3-kinase [PI3K])
and cytokine signaling (eg, JAK/STAT, nuclear factor
kB [NF-kB]) (47). The significance of such cross-talk is
context-specific and only partially explains how, for ex-
ample, the biological actions of a particular Smad pathway
activator differs from another ligand that activates the
same pathway. Specificity in action results instead from
the differential expression (eg, tissue type, developmental
stage, temporal timing) of receptors, binding proteins, and
antagonists with subtle structural differences and to other
factors (eg, proteases and transcriptional co-regulators)
that influence ligand binding and Smad transcriptional
activity (23, 39). Inherent to this system, however, is that
multiple ligands, regardless of origin, can bind multiple
receptors thereby influencing multiple tissues and physio-
logical systems.
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Skeletal muscle regulators

Most mechanistic studies investigating TGF-§ superfamily
regulation of muscle have focused on developmental or
embryonic processes (eg, mesenchymal transitioning, myo-
genic determination, progenitor cell differentiation) ra-
ther than the physiological integration of postnatal muscle
growth. This process especially differs from embryonic by 1
crucial aspect: the formation of new muscle, which only oc-
curs embryologically. By contrast, postnatal growth results
from muscle hypertrophy or an increase in cell size. This
occurs when protein synthesis increases and/or when pro-
genitor (eg, satellite) cells differentiate and fuse with fully
formed myofibers (48).

Of these 2 processes, changes in protein synthesis
and degradation generally play a more significant role in
homeostatic control, although satellite cells also respond
to physiological conditions and to the insults and regenera-
tive cues that induce muscle wasting (1). When activated
with exercise, injury, or chemical signals, satellite cell pools
expand and some cells differentiate and fuse with existing
myofibers. Donated nuclei from these cells will initially
move to the center of the myofiber, a hallmark of muscle
regeneration, and begin transcribing the muscle-specific
genes responsible for hypertrophic growth and the myofiber
phenotype (49, 50). Most of these centrally located nuclei
ultimately disperse to the sarcolemma and continue tran-
scribing genes, although long-term central nucleation can
occur with significant injury (51, 52).

Different TGF-f superfamily ligands regulate these pro-
cesses in both positive and negative ways (19). Indeed,
BMP signaling via Smad1/5/8 stimulates hypertrophic
muscle growth by increasing myofiber protein synthesis
and decreasing degradation (53-55); effects that are me-
diated by mTOR and the ubiquitin system (eg, MUSA1,
MuRF1, MAFbx), respectively. BMP signaling also helps
to expand the muscle satellite/progenitor cell pool (56, 57),
which similarly expands tissue regenerative capacity. The
specific ligands involved include BMP7, BMP13/GDFé6,
and BMP14/GDF3, all of which bind a BMPRIIB:ALK3 re-
ceptor complex (19).

By contrast, the ActRII ligands have purely inhibitory
actions in mature myofibers and stimulate muscle atrophy
by inhibiting protein synthesis, stimulating protein degrad-
ation, and attenuating signals that enhance muscle growth
(19). The latter include BMP signals as well as those acti-
vated by IGF1, the primary positive regulator of postnatal
muscle growth (58, 59). Indeed, myostatin, the activins
and GDF11 all bind ActRIIa/b:Alk4/5 receptor complexes
activating Smad2/3 signaling and inducing muscle atrophy
(21, 36, 55, 60, 61). Because Smad4 is the sole co-Smad,
increased Smad2/3 signaling additionally attenuates

hypertrophic Smad1/5/8 signaling via competition for
Smad4. This is supported by studies with smad4” mice
that display mild muscle atrophy and reduced strength.
In addition, smad4” /mstn” double knockouts possess a
wild-type muscle phenotype rather than the hypertrophic
phenotype of mstn” mice. This indicates that development
of muscle hypertrophy in mstn” mice results not from
the absence of myostatin signaling per se, but the parallel
and consequential enhancement of BMP and Smad1/5/8
signaling (54).

Physiological integration of muscle growth
Yin-yang regulation

Myostatin and IGF1 are both potent regulators of muscle
growth. Although their co-antagonism is well known from
a cellular perspective, their relationship controlling sys-
temic muscle growth is only now being revealed. Myostatin
attenuates IGF1-induced myoblast proliferation, myotube
hypertrophy and protein synthesis, suppression of the
muscle ubiquitin pathway, and Akt/mTOR signaling (62-
68). Some if not all of these actions appear to be shared
by other Smad2/3 pathway activators including the ActRII
ligands, GDF11, and activins, as well as by TGF-p (58, 69).
The dualism described suggests that the homeostatic con-
trol of postnatal muscle growth, the control system that
responds to different physiological and pathological condi-
tions, is rooted in a yin-yang relationship between anabolic
growth promoters and catabolic growth inhibitors. This in-
cludes not only TGF-f superfamily ligands and IGF1, but
several other factors as well (Fig. 2A).

In addition to its autocrine/paracrine actions, recent
studies suggest that myostatin also influences the systemic
control of muscle growth by attenuating the GH/IGF1 axis,
otherwise known as the somatomedin model of growth
control (62, 70). This endocrine model is extremely well es-
tablished and is based on the fact that many somatotropic
effects attributed to GH are actually mediated by IGF1 pro-
duced locally (eg, in bone or muscle) or in the liver (Fig.
2B). This is particularly meaningful because, although
IGF1 functions as a myokine, much if not most of its ac-
tions in muscle are mediated systemically. Circulating levels
of IGF1, but not GH, are highly correlated with muscle
growth (71-73), whereas GH receptors are expressed at
very low levels in postnatal muscle, levels that are roughly
1/10th of those in liver (74, 75). Moreover, lean body mass
and muscle function are normal in muscle-specific GH re-
ceptor knockout mice (76) but suppressed in liver-specific
knockouts (77). Furthermore, muscle expression of IGF1
was elevated in the latter, indicating that local autocrine ex-
pression cannot compensate for the loss of systemic IGF1.
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A. Physiological regulators
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Figure 2. Anabolic and catabolic regulation of muscle. (A) Parsing of general physiological and pathological conditions as well as the primary fac-
tors that differentially regulate skeletal muscle hypertrophy and atrophy (BMP, bone morphogenic protein; COPD, chronic obstructive pulmonary
disorder; ESRD/CKD, end-stage renal disease/chronic kidney disease; GDF, growth/differentiation factor; HF, heart failure; MSTN, myostatin; MSI,
musculoskeletal injury). (B) Model for MSTN interactions with the GH/IGF1 axis. Arrows represent stimulation, blocked lines inhibition. Arrow/line
thickness is relative to influence. (C) Model for the paradoxical actions of IL-6 on skeletal muscle satellite cells and hypertrophy as well as on muscle
protein degradation and atrophy. Colored arrows correspond to labeled factor, black arrows indicate increase (CD8+, cluster of differentiation 8 posi-
tive T-helper immune cell; MuRF1, muscle RING finger 1 [Trim63]; MAFbx, muscle atrophy F-Box [Atrogin-1]).

Muscle reliance on circulating rather than locally pro-
duced IGF1 is also supported by studies of acid labile sub-
unit (ALS) knockout and liver IGF1-deficient mice (78, 79).
In both models, circulating IGF1 levels are reduced 65%
to 75%. Because IGF1 negative feedback to the pituitary
is significantly suppressed, a compensatory rise in GH se-
cretion maintains the growth of bone, but presumably not
muscle as body mass was reduced. Myostatin suppression
of liver-derived IGF1 would, therefore, represent a novel
physiological mechanism of muscle growth antagonism.

To this end, myostatin was recently demonstrated to
suppress GH-induced expression of IGF1 and ALS in pri-
mary human hepatocytes (62). It also increased expression
of IGF binding protein (IGFBP)1. ALS helps to maintain
the circulating IGF1 half-life (80), whereas IGFBP1 attenu-
ates IGF action by preventing IGF1 binding to the type 1
IGF receptor (80). These results are consistent with pre-
vious studies reporting a modified circulating IGFBP profile
in mstn” mice that would increase the bioavailable frac-
tion of IGF1 (70). In addition, the hypermuscular pheno-
type of mstn” mice is partially suppressed in the double
knockout liver IGF1-deficient (LID)-o-Mighty mouse that
lacks myostatin and cannot express IGF1 in the liver (62).

All of these results together suggest that myostatin not
only attenuates IGF1 action in muscle, but also IGF1 hep-
atic production and circulating bioavailability; actions rep-
resentative of endocrine rather than autocrine function.
This is an important distinction and suggests that circu-
lating myostatin acts in tissues other than muscle. In fact,
activin receptors are expressed in a wide variety of tissues
including the liver and pituitary, whereas myostatin, activin,
and GDF11 have all been demonstrated to influence the
physiology of 1 or both of these tissues (62, 81-87). The
systemic role for each ligand, however, is somewhat con-
troversial because although several studies have quantified
their circulating levels, they are inconsistently associated

with muscle wasting, age, and even sex (88-91), whereas the
absolute levels quantified vary with the methodology used.

Circulating myostatin levels typically range between 2
and 12 ng/mL when quantified with ELISAs and are 5- to
10-fold higher than levels of GDF11 and ActA, respectively,
in human subjects (88, 89, 92-94). By contrast, studies using
liquid chromatography-tandem mass spectrometry assays
report similar levels of circulating myostatin, but substan-
tially higher GDF11 levels (~3 ng/mL) (95, 96). They also
suggest that myostatin levels in men are double those in
women and that testosterone administration increases cir-
culating levels of myostatin, but not those of GDF11. The
testosterone data conflict with the well-documented effects
of testosterone on myostatin gene and protein expression
(97-99), however, and may represent a pharmacological ra-
ther than physiological response. Some of the discrepancies
could result from binding protein interference with assay
performance as Kalampouka et al (92) demonstrated dif-
ferences in total and free myostatin levels following acid
extraction with the former. Further studies are, therefore,
needed to determine whether differences in circulating
levels of different ActRII ligands, myostatin in particular,
are either causative or consequential to pathological and
age-dependent changes in muscle mass or to muscle sexual
dimorphism.

Stress hormones and pro-inflammatory cytokines

Other catabolic factors that are well known to induce
muscle wasting include glucocorticoids and IL-6 (11,
100) and both of these chemical messengers are mech-
anistically liked to myostatin and/or Smad2/3 signaling.
Glucocorticoids are stress hormones that respond to a
variety of stressors and, teleologically, prevent energy util-
ization for nonessential systems such as growth. Their
atrophy-producing actions are extremely well documented
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and include increased protein degradation, decreased pro-
tein synthesis, metabolic dysregulation, and attenuation of
GH, IGF1, and insulin signaling, all of which remarkably
resembles the actions of myostatin. This is because gluco-
corticoids induce myostatin gene expression directly via
interactions with a glucocorticoid response element in the
mstn promoter (101, 102) and indirectly by stimulating
expression of the transcription factors CCAAT/enhancer
binding protein (C/EBP)d and nuclear factor (NF)-kB (103,
104). They also reduce expression of miR-27a and b, which
compromises myostatin transcript stability (105). In turn,
many of the steroids’ inhibitory actions appear to be medi-
ated by the local production of myostatin (11, 106, 107),
which also mediates the muscle antagonizing effects of
some proinflammatory cytokines like IL-6.

This molecular kinship, however, is somewhat more
complicated by the fact that IL-6 can paradoxically stimu-
late or inhibit muscle growth and because the expression
and signaling of both myokines are inextricably linked (Fig.
2C). Acute upregulation of IL-6 in muscle occurs with ex-
ercise and promotes muscle regeneration and hypertrophic
growth by activating satellite cells and by increasing protein
synthesis (100). By contrast, chronic IL-6 stimulation, from
immune cell infiltration, in tumor-responsive tissues or by
tumors themselves (1, 12, 108), induces muscle wasting
largely by upregulating the expression of myostatin and the
E3 ubiquitin ligases MuRF1 and MAFbx (eg, atrogin-1) (2,
100, 109, 110).

Several proinflammatory cytokines like IL-6 and TNF-a
activate Stat3 and/or NF-kB, respectively. These pathways
in turn upregulate myostatin expression and induce muscle
wasting in animal models of chronic kidney disease, se-
vere vitamin D deficiency, cancer cachexia, cirrhosis, and
likely in other disease states as well (109-114). These ef-
fects appear to be mediated in part by phospho-Stat3 in-
duction of C/EBPd and by NF-xB (103, 104, 109, 111,
113). Conversely, myostatin is also capable of upregulating
IL-6 (115), whereas Smad3 crosstalk with Stat3 or NF-xB
regularly occurs in different tissues including muscle (114,
116, 117).

These results together suggest that myostatin and
possibly other ActRII ligands work synergistically with
proinflammatory cytokines and glucocorticoids to in-
duce muscle wasting. This basic understanding of disease
mechanism has real-world implications for drug devel-
opment and particularly for disease indications where
muscle wasting is primarily driven by proinflammatory
cytokines. This includes the inflammatory myopathies:
sporadic inclusion body myositis (IBM), dermatomyo-
sitis, polymyositis, juvenile myositis, and necrotizing auto-
immune myopathy (118, 119). It also includes Duchenne
muscular dystrophy (DMD) or Becker muscular dystrophy

(BMD) as low-dose treatment with synthetic glucocortic-
oids is considered standard of care, largely because of their
anti-inflammatory actions (120). These steroids, however,
also induce expression of myostatin, which can exacerbate
muscle wasting.

Developing alternatives include optimized dosing re-
gimens and novel corticosteroids incapable of inducing
myostatin expression and muscle wasting. In fact, the syn-
thetic 21-aminosteroid Vamorolone (eg, VBP135) selectively
activates the glucocorticoid receptor while suppressing IL-6
and TNF-a signaling (121-124). Furthermore, it suppresses
muscle inflammation and necrosis, promotes muscle repair,
and stabilizes the sarcolemma in animal models of DMD,
the mdx mouse, while slightly improving muscle force pro-
duction. It is unknown whether Vamorolone also affects
myostatin expression, although its attenuation of IL-6 and
TNF-a signaling suggests that it is at least incapable of in-
directly inducing expression via these cytokines.

Controversy
Phenotypic fixation

Of all the muscle regulating ActRII ligands, myostatin is
undeniably the most well recognized. This is likely be-
cause of the legendary myostatin null phenotypes that have
been derived from genetic models and from the pharmaco-
logical attenuation of myostatin bioavailability or ActRII
signaling. Some of the most notable genetic models include
“Compact,” “Mighty,” and quadruple muscled mice (17,
125, 126), at least 9 breeds of “double muscled” cattle
(127), racing and “bully” whippet dogs (128, 129), and
“6-pack” rainbow trout (130). Several pharmacological in-
hibitors have replicated these phenotypes, albeit to a subtle
degree, in various animal models and even in the clinic
(see the following section). The general strategies used
vary and include ligand sequestration with receptor-mimic
ligand traps, monoclonal antibodies, and binding proteins.
Monoclonal antibodies have also been used to antagonize
ActRIla and/or ActRIIb and to attenuate latent complex
activation, whereas Smad7 overexpression has been used
to block activin and TGF-p receptor signaling from inside
the muscle cell.

Most of these technologies were developed with an in-
complete understanding of myostatin or ActRII biology
and it is now clear that those with extracellular targets (ie,
myostatin, ActRIIa/b, the latent complex) can potentially
influence nonmuscle tissues often with deleterious conse-
quences. This should not be considered a revelation given
the promiscuity and redundancy inherent to the system. For
example, the wide tissue distribution of ActRII receptors
suggests that targeting ActRIla/b or their circulating ligands,

even in a highly specific manner (ie, immunoneutralization
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with monoclonal antibodies), is expected to affect multiple
if not many different tissues. This logic also applies to the
use of ligand traps and binding proteins as both technolo-
gies are inherently nonspecific. Moreover, the likelihood
of adverse events occurring from the specific targeting of
myostatin is less possibility than probability because it
shares a common ancestor with GDF11 as well as high
structural homology and conserved bioactivity (18). Indeed,
alignments of the 2 human amino acid sequences, starting
with the RXXR furin cleavage site, are 91.7% identical and
97.9% similar. Antagonists designed to specifically target
myostatin could, therefore, unintentionally also attenuate
GDF11 directly, because of shared structures, or indirectly
because of receptor promiscuity.

Understanding and misunderstanding myostatin

Significant confusion has arisen from conflicting reports of
myostatin action. Indeed, myostatin is often described as
an inhibitor of muscle precursor cell proliferation and dif-
ferentiation yet rarely do factors similarly control such dia-
metrically opposed processes. Indeed, cell cycle withdrawal
is a prerequisite for differentiation making it unlikely that
myostatin would inhibit proliferation without somehow
advancing differentiation.

The myokine clearly inhibits muscle progenitor cell pro-
liferation. These actions are shared by TGF-f and include
basal and IGF-stimulated proliferation in cells from a var-
iety of vertebrate models (14, 18, 64, 131-137). Despite
problems arising from the use of highly selected immor-
talized cell lines (138), this action is incontrovertible as
myostatin downregulates cyclin-dependent kinase 2 and
upregulates the cyclin-dependent kinase-inhibitor p21 in
primary satellite cells in vitro and in embryonic progen-
itors in vivo (131, 139-1435). These effects together prevent
phosphorylation of retinoblastoma protein, which in its
hypophosphorylated state sequesters the E2F transcription
factor preventing expression of genes necessary for cell-
cycle progression. This in turn arrests the cell cycle in G1
and G2 and induces cellular quiescence.

Such clarity is contrasted by conflicting studies sug-
gesting that myostatin can stimulate or inhibit muscle
progenitor cell differentiation. Most studies reporting in-
hibition used the immortalized C2C12 myoblast cell line
(146-149). These cells were derived from dystrophic dy/dy
C3H mice in 1972 (150) and in the 49 intervening years,
have been highly propagated under various artificial selec-
tion pressures (eg, serial passaging, intentional and uninten-
tional clonal selection, antibiotics, contact inhibition) that
could alter phenotypic expression. In fact, they no longer
maintain strict myogenic programing and convert to osteo-
blastic or fibroblastic lineages when induced with BMP2

(151, 152) or TGF-B (144, 153, 154), respectively. They
are also incapable of differentiating into mature myotubes
without first being induced with contact inhibition and by
removing mitotic signals (ie, serum withdrawal). Separate
lines have clearly diverged as some studies report myostatin
and TGF-f to stimulate rather than inhibit proliferation
of these cells (138, 155-157). All of these studies together
question the reliability of using C2C12 cells, or any immor-
talized myoblast cell line, to study muscle cell determin-
ation and differentiation.

A few studies have used primary satellite cells from
different vertebrate models. Some unfortunately used
the same artificial protocol to induce C2C12 differenti-
ation (61, 67, 158, 159). This differs significantly from
the physiological condition as subconfluent primary sat-
ellite cells, again from a variety of vertebrate models,
spontaneously differentiate in high serum and without
contact inhibition (63, 64, 160-162). In fact, studies using
noninhibited primary satellite cells indicate that myostatin
inhibits proliferation and either stimulates differenti-
ation or maintains cellular quiescence (63, 64, 131, 133,
139). Additional in vivo studies with chick and mouse
embryos suggest that myostatin’s myogenic influence
is more nuanced and context-specific (141, 142). When
overexpressed, myostatin induces p21 and MyoD expres-
sion as well as terminal differentiation, whereas when
myostatin is attenuated, muscle progenitor cell pools
expand and differentiation is delayed. Differentiation
is also impaired in myostatin knockdown, mstn” and
smad3™ satellite cells, whereas transplanting mstn” cells

into mstn™*

muscle restores their capacity to differen-
tiate (139, 163-165). These studies strongly suggest that
myostatin functions as an initiator, not inhibitor of muscle
progenitor cell differentiation.

A more complete model for myostatin action incorp-
orates all of these studies. It suggests that when muscle
progenitors are proliferating, as during embryological de-
velopment or muscle regeneration, myostatin arrests the
cell cycle, initiates the myogenic program, and stimulates
differentiation. It also maintains quiescence and prevents
terminal differentiation when satellite cells are contact-
inhibited. In mature muscle, myostatin stimulates at-
rophy by inhibiting protein synthesis, Akt/mTOR/p70S6
signaling, and IGF1 activation of this pathway. As a com-
plement, it also stimulates muscle protein degradation
by increasing expression of at least 1 E3 ubiquitin ligase
(MAFbx/atrogin-1) that drives muscle proteolysis (58, 59,
166). Other ActRII ligands have similar effects in muscle
(167-169) and likely cooperate with myostatin to induce
muscle wasting, although for 1 particular ligand, these ac-
tions have been obfuscated by highly questionable and ir-
reproducible science.
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GDFM

A single research group reported on the “rejuvenating” ef-
fects of GDF11 in aged mice, suggesting that the myostatin
homolog can restore the aged diminished condition of skel-
etal muscle, heart, and cerebral vasculature to a healthy
youthful state (170-172). These studies were based upon
an erroneous observation that levels of GDF11, but not
myostatin, decrease with age (172). Ten subsequent studies
reported data conflicting with these reports, indicating that
GDF11 levels are either unaffected or that they actually rise
with age (61, 84, 92, 173-178), whereas myostatin levels
decline (179). Reports that the reagents used in these ini-
tial studies recognized both GDF11 and myostatin (61,
179) add to the misinterpretation of the biology. Although
3 additional studies have since reported slight age-related
declines in circulating GDF11 (180-182), none used val-
idated reagents or assays that were demonstrated to not
cross-react with myostatin. By contrast, target specificity
in studies reporting no change in circulating GDF11 and
reductions in myostatin have in fact been appropriately val-
idated (61,173, 174, 179).

Many, if not most, of the original rejuvenation claims
have since been refuted and have been reviewed in detail
(167, 183). This includes effects in muscle as several studies
indicate that GDF11 can mirror the atrophy-inducing ac-
tions of myostatin (60, 61, 184-186). Specifically, that
GDF11 inhibits satellite cell proliferation, induced differen-
tiation, and myofiber size in vitro. It also impairs muscle re-
generation while promoting muscle wasting and fibrosis in
vivo. Claims of cardiac improvement have also been refuted
because elevated GDF11 was determined to be a risk factor
for frailty and cardiovascular disease (174, 187), whereas
exogenous GDF11 was demonstrated to induce skeletal and
cardiac muscle wasting in mice with comparable changes in
function (eg, grip strength, stroke volume) (60).

Roh et al (188) has further demonstrated that FSTL-
3, a known antagonist of GDF11, myostatin, and activins,
improves cardiac function in an animal model of pressure
overload heart failure. In both in vivo and in vitro experi-
ments, this study also determined that recombinant GDF11
activated ActRII signaling, reduced cardiac mass and
cardiomyocyte size, upregulated MuRF1 and MAFbx ex-
pression, impaired various indices of cardiac function, and
induced skeletal muscle wasting. These results are a direct
contradiction to the cardiac rejuvenation hypothesis (172),
yet are consistent with almost every other assessment of
GDF11 or ActRII ligand in striated muscle. This includes
studies of myostatin or activin action in the heart (169,
189-195).

Additional concerns with the original GDF11 reju-
venation papers include experimental, data analysis and

interpretation issues that have been previously reviewed
(61,167, 179, 183). Considering the wealth of studies re-
futing GDF11 as a rejuvenation factor, any hypothesis to
the contrary should be viewed skeptically. Recent studies
have even compared GDF11 and myostatin and provided
a structural explanation for the former molecule’s higher
binding affinity to ActRIIb, which also explains why
GDF11 is slightly more potent in primary satellite cells (34,
36,40). Ironically, these studies were performed by authors
purporting the GDF11 rejuvenation hypothesis.

How could 2 nearly identical molecules that bind the
same receptor with nearly identical affinities and activate
identical signaling pathways have disparate action in the
same cell? A possible explanation is the use of recom-
binant proteins generated in Escherichia coli. Bacteria lack
an oxidative environment and cannot form the disulfide
bridge that links the 2 GDF11 monomers into a mature
dimer. Moreover, bacterial recombinants frequently form
inclusion bodies that complicate purification. Producing
biologically active GDF11 in E coli, therefore, requires a
complicated denaturing and renaturing system before the
purified protein is validated using a physiologically relevant
bioassay.

The recombinant GDF11 used in the rejuvenation
studies was generated in E coli (170-172). According to the
vendors website, bioactivity of their recombinant GDF11
is validated “by its ability to inhibit alkaline phosphatase
(ALP) activity in differentiating MC3T3/Elcells” (https://
www.peprotech.com/en/recombinant-humanmurinerat-
gdf-11). Note that these osteogenic cells express ALP when
differentiating and that TGF-f and Smad2/3 signaling
stimulates ALP expression and activity (196-198).
Recombinant GDF11 should therefore increase, not inhibit
ALP activity. This discrepancy questions the validity of the
recombinant GDF11 used in the rejuvenation studies be-
cause it may be structurally compromised and functioning
as a dominant negative. It also explains how the use of
this particular recombinant GDF11 could produce results
counter to those produced with biologically active peptides
and with transgenic studies.

Signaling
Canonical ActRll signaling

The several ligands capable of activating ActRII signaling
do so through high- or low-affinity binding interactions.
Biological activity within this multiligand environment
is therefore dictated by affinity/capacity dynamics where
high-affinity ActRII ligands out compete low-affinity lig-
ands (eg, BMP2/7/9) in the absence of overwhelming con-
centrations of the latter (20, 21, 40, 199). Because ligand
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dimers interact with all 4 extracellular domains of the
varied type I/II receptor complexes, ordered binding inter-
actions are ultimately dependent upon the “3 Cs”: compe-
tition, composition, and capacity.

The high-affinity ligands bind ActRIIa/b before ALK4/5,
whereas the opposite occurs with the low-affinity ligands
(41, 200, 201). Myostatin, a high-affinity ligand, is likely
the primary driver of ActRII-mediated muscle atrophy be-
cause it circulates at levels up to 500-fold higher than any
of the other ligands and has a similar receptor-binding af-
finity. Nevertheless, ActA and GDF11 are also high-affinity
ligands that can stimulate muscle wasting and contribute
to the condition in different pathophysiological states (60,
108, 167-169, 184, 202-204).

Ligand binding stabilizes ActRIla/b-Alk4/5 receptor
complexes because this enables ActRIla/b to phosphor-
ylate serine and threonine residues in the glycine/serine-
rich domain of Alk4 or AlkS (Fig. 3A, step 1). The resulting
conformational change in Alk4/5 releases FK506 binding
protein (FKBP)12, an immunophilin and peptidyl prolyl
isomerase, and enables Smad7 methylation by the ActRII-
bound protein arginine methyltransferase 1. The combined
release of FKBP12 and methylated-Smad7 from Alk4/5
exposes substrate binding sites for Smad2/3 that are then
phosphorylated by Alk4/5 on 2 C-terminal serines (41).

Canonical Smad and noncanonical signaling of TGF-f3
receptors is partitioned between clathrin-coated endosomes
and caveolar pits, respectively, with atypical receptor tyro-
sine kinase signaling occurring in the latter (41). It is un-
known whether ActRII signaling is also compartmentalized,
although both Smad and receptor tyrosine kinase pathways
can be activated in muscle depending upon the cell type
and context (43, 205). Notwithstanding, canonical Smad
signaling from ActRIla/b propagates from endosomes (Fig.
3A,), like TGF-f receptors, and begins with the delivery of
Smad2/3 from Smad Anchor for Receptor Activation and/
or hepatic growth factor-regulated tyrosine kinase sub-
strate; 2 FYVE finger protein traffickers (206, 207). Smad4
then transfers from either TRAP1 or another FYVE traf-
ficker, endofin, to a phosphorylated (P)-Smad2/3 dimer
(208, 209).

Most of the resulting complexes are composed of
P-Smad2 or P-Smad3 dimers with a single Smad4.
Heteromeric P-Smad2/3 dimers are nevertheless known to
bind Smad4, which can also dimerize with either P-Smad
monomer or form a trimeric complex that includes a Smad4
dimer (210). Heteromeric P-Smad2/3 trimers lacking Smad4
have also been described and adds to the diversity of signals
that ultimately direct gene expression. Nuclear transloca-
tion of each complex is facilitated either by an importin
or via a nuclear localization sequence within N-terminal

MAD homology 1 domains that are conserved among all

r-Smads (41). With the exception of Smad2, these domains
also contain an 11 amino acid B-hairpin loop for binding to
the Smad3/4 binding element (SBE) 5-AGAC-3" (or reverse
complement 5-GTCT-3") and to other GC-rich sequences
that differ from Smad1/5 sites (211-213). This loop is dis-
rupted by an insertion in Smad2, but not in Smad2b, which
prevents the predominant Smad2 from directly binding
DNA (41).

Unlike many other cis regulatory elements, the SBE
lacks complexity and size and the sequence itself is no
doubt highly abundant throughout any vertebrate genome.
Gene target specificity is, therefore, determined by the
orientation, spacing and context of SBEs and other cis
elements. The latter includes those for a diversity of tran-
scription factors that associate with P-Smad2/3 complexes
(47). In fact, transcription factor binding, either before or
after P-Smad2/3 association, is the primary determinant
of transactivation. Smad complexes also recruit histone
acetyltransferases, deacetylases, methyltransferases, and
even RNA binding proteins as mechanisms to regulate gene
expression and RNA processing (41).

Several studies have identified gene targets of ActRII
signaling, most notably those regulated by myostatin and
GDF11 in vitro (61, 214) or in muscle from mstn” or
ActRII-attenuated animals (215-219). Such targets are pre-
dictably involved in muscle cell growth and development,
structure, and protein homeostasis, but also glucose metab-
olism. Studies with primary human satellite cells differen-
tiated into mature myotubes identified identical targets for
myostatin and GDF11, which is further indicative of func-
tional conservation rather than divergence (61). Smad?7 is
among these genes and is upregulated as a form of intracel-
lular negative feedback (Fig. 3B,C). Its effects include direct
interference of Smad2/3 nuclear transactivation, blocking
cytosolic Smad2/3/4 complex formation, attenuating
ALK4/5 substrate binding, and directing the proteasomal
degradation of ActRIla/b-Alk4/5 receptors (46, 220). The
MAD homology 2 domain plays a key role in all of these
effects because it contains motifs necessary for binding to
Smads2/3 and to ALK4/5 (46). Receptor degradation is me-
diated by E3 ubiquitin ligases, Smad ubiquitination regula-
tory factors (SMURF)1 or 2 (Fig. 3A, step 3), which in turn
recruit the E2 ubiquitin conjugating enzymes that ultimately
lead to receptor polyubiquitylation and lysosome fusion
with the endosome (Fig. 3A, step 4) (220). Additional evi-
dence suggests that both iSmads may potentially suppress
rSmad-induced gene expression by associating with inhibi-
tory cis elements, corepressors, or histone deacetylases (41),
although these actions have yet to be documented in muscle.
Nevertheless, Smad7 very clearly prevents constitutive
ActRII activation and obstructs active Smad2/3 signaling
independent of tissue or activating ligand.
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Figure 3. Canonical intracellular signaling pathways activated by ActRll ligands. (A) Endogenous ActRIl signaling via phosphorylation (P) of Smad2
and Smada3. Includes receptor activation by myostatin (MSTN), an activin (ActA shown), growth/differentiating factor (GDF)11, or bone morphogenic
protein (BMP)9. Each number represents the intracellular signaling locations and red dots represent ubiquitin. Dashed arrows represent move-
ment of FKBP12 and methylated Smad7; green arrows direct pathway activation; red arrows direct negative feedback and signal termination. (B)
Responses to pharmacological antagonism of Smad2/3 signaling in muscle. Arrows indicate activation; blocked lines inhibition. Silenced pathways
are grayed, whereas blue symbols and green arrows represent pathways activated as a result of agents that attenuate ActRlla/b activation and/or
Smad?2/3 signaling. These agents (red) include antibodies and ligand traps or the overexpression of Smad7, the endogenous pathway inhibitor. (C)
Relative expression of the indicated genes was plotted using publicly available data from the Gene Expression Omnibus, record GSE67326 (61).
This record was obtained from human skeletal muscle-derived cells (hRSkMDCs) that were differentiated in vitro from primary satellite cells and then
stimulated for 8 or 24 hours with 0, 10, 30, or 300 ng/mL myostatin (M) or GDF11 (G). Raw expression values were transformed to percent of 0 controls
for each probe/spot. These values were then used to calculate group means (n = 4). Significant differences between means were determined using a
2-way ANOVA andTukey'’s post hoc test and are indicated by asterisks (compared with 0 controls: *P < 0.05, **0.01, ***0.001).

Pharmacological approaches to attenuating ActRII ligands and binding proteins with limited specificity for a
signaling have primarily focused on preventing receptor ac- subset of ligands have also been developed (1). Contrary to
tivation (Fig. 3B). They include the immunoneutralization of ~  these extracellular approaches, Smad7’s pleiotropic antag-
myostatin, the myostatin-LAP latent complex, or ActRIla/b. onism has been exploited as a gene therapeutic (169, 191).
Soluble receptor ligand traps that recognize multiple ActRII Each approach has merit (discussed in the following section)
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and, although they may differ in specificity and efficacy, they
all seek to prevent Smad2/3 activation of muscle wasting
pathways. More specifically, those leading to altered pro-
tein synthesis:degradation rates, muscle fibrosis and reduced
mitochondrial biogenesis (Fig. 3B).

Indeed, Smad2/3 signaling induces MuRF1 and MAFbx
expression via FOXO1/3a-dependent and independent
means and this stimulates muscle proteolysis (2). This is
complemented by reduced expression of 2 microRNAs,
miR29 and miR486, that inhibit translation of phos-
phatase and tensin homolog, which converts PIP3 to PIP2
and thereby suppresses Akt activation, induction of mTOR
signaling and protein synthesis (166, 221). Smad2/3
signaling also induces plasminogen activator inhibitor
(PAI)1 gene expression (166, 222), driving fibrosis, and
suppresses peroxisome proliferator-activated receptor-y
coactivator (PGC)la expression (223, 224), which com-
promises mitochondria biogenesis. Successfully attenuating
ActRII-Smad2/3 signaling by any means would presumably
increase muscle mass, prevent muscle wasting, and improve

muscle function.

ActRIl-induced marker gene expression

Many aspects of the ActRII signaling pathway, as well as
its biological implications, are evident in the transcriptional
changes induced by myostatin and GDF11. Moreover,
such changes are remarkably similar for both ligands (61),
indicating once again that they share similar if not iden-
tical roles in muscle. In mature human muscle cells, both
myokines increase Smad7 and Smurf1 expression (Fig. 3C)
and to a lesser degree that of Smurf2 (data not shown).
The induction of Smad7 is particularly noteworthy as this
iconic change serves as a positive control for recombinant
viability and ensures that neither peptide is functioning as
a dominant-negative (see previous). Myostatin and GDF11
also increase expression of MAFbx and to a lesser degree,
TRIM32, another E3 ubiquitin ligase. These changes oc-
curred in a temporal fashion matching the ligases known
early and late activity, respectively (1). MAFbx not only
directs ActRII degradation, but also the loss of eukaryotic
translation initiation factor 3 subunit f (225, 226) whereas
in parallel, TRIM32 targets desmin, a-actinin, filamentous
actin, and plakoglobin, a desmosomal component re-
quired for PI3K activity (227, 228). These events together
culminate in Z-line and sarcomere destruction as well as
the suppressed protein synthesis that underscores muscle
atrophy.

Both myostatin and GDF11 substantially downregulated
PGCla expression even at the lowest doses (Fig. 3C). These
data contribute to the mounting evidence that ActRII lig-
ands and Smad2/3 signaling suppress PGCla and in turn,

mitochondrial numbers and function (166, 224, 229-233).
This occurs in both muscle and fat cells, whereas attenu-
ating these signals can sometimes do the opposite. Fatty
acid oxidation and expression of the controlling mitochon-
drial genes are elevated in tissues from mstn” mice and fol-
lowing treatment with a soluble ActRIIb ligand trap (233).
Other markers of mitochondria function including NAD+
are restored when cachetic mice are similarly treated (232),
although conflicting reports suggest that mitochondria
numbers and function are compromised or unaffected in
the absence of pathological insult (234,235). Manfredi et al
(231) recently demonstrated myostatin to suppress muscle
mitochondria numbers and function via downregulation of
G-protein receptor kinase 2. Thus, mitochondrial enhance-
ment with ActRII attenuation is likely to be optimal under
conditions and tissues where ActRII activation is elevated
and pro-mitochondrial signaling (ie, PGCla, G-protein re-
ceptor kinase 2) is suppressed.

In contrast to the PGCla data is the substantial
upregulation of PAI1, which is again linked to Smad2/3
signaling but not directly to myostatin or GDF11 (166).
This key regulator of extracellular matrix remodeling is key
to the development of muscle fibrosis and its upregulation
is complemented by an even more dramatic upregulation
of collagen type X al. This highlights an important point:
muscle cells as well as fibroblasts and fibro/adipogenic
progenitor cells all contribute to muscle fibrosis. It further
suggests that although ActRII ligands are well known to
stimulate the latter cells directly (205, 222, 236, 237), at-
tenuating ActRII signaling in all cell types has the potential
to prevent muscle fibrosis with disease.

Cytokine signaling was also examined because it is an
established driver of muscle atrophy and is known to in-
duce myostatin expression (109-111, 116). Furthermore,
attenuating these pathways, specifically Stat3, can reduce
myostatin expression and prevent muscle wasting. Both
myostatin and GDF11 were found to similarly increase
IL-6 expression in reciprocal fashion (Fig. 3C), whereas
Smad?2/3 and Stat3 signaling are known to regularly cross-
talk in different tissues (116). Thus, the 2 pathways likely
cooperate to induce muscle wasting.

Temporal regulation of downstream effectors is evi-
dent as MAFbx appears to be an early-stage marker with
differences detected at 8 hours but not at 24. Late-stage
markers include the Smurfs, TRIM32, and IL-6, in which
significant differences were primarily detected at 24 hours.
Smad?7, PAI1, and especially collagen type X al as well as
the loss of PGCla are likely excellent markers independent
of time as the changes noted occurred early and were sus-
tained. Further interrogation of this Gene Expression
Omnibus record is warranted and could reveal additional
markers of enhanced ActRII signaling or conversely, of
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signal attenuation. Indeed, such markers could prove in-
valuable in advancing preclinical drug development or even
evaluating patient responses during clinical trials.

ActRIl noncanonical signaling

Crosstalk between canonical TGF-f3 receptor signaling
(ie, Smad) with non-Smad signaling pathways occurs in
a context-specific manner (41, 47). Implicated pathways
include those for Wnt, Notch, Hippo, Hedgehog, growth
factors (ie, MAPKs and PI3K/Akt) and inflammatory cyto-
kines (ie, NF-kB and Stats). Smad3-Stat3 interactions are
archetypical for the entire system because they can be an-
tagonistic or cooperative depending on the cell and tissue
type as well as differentiation status (116). Although ActRII
signaling has yet to be implicated in such a diverse array
of pathways, context-dependent interactions in muscle in-
clude those with Stat3, the MAPKs, PI3K/Akt (discussed
previously), and possibly other pathways (eg, NF-«xB) that
are beginning to be interrogated (114).

The cooperativity between Smad3 and Stat3 that oc-
curs with TGF-f stimulation of nonmuscle cells has yet to
be described for any ActRII ligand, although it is plausible
considering the redundancy of action (eg, MuRF1 expres-
sion, muscle wasting) for both pathways. Muscle ActRII
signaling and Stat3 are nevertheless interrelated through
the induction of myostatin expression, which is mediated
by Stat3 upregulation of the transcription factor C/EBPd
(97, 104, 109-111, 238, 239). By contrast, ActRIla/b-
Smad2/3 crosstalk with MAPK signaling is very well docu-
mented and involves all 3 of the serine/threonine kinases:
extracellular signal-regulated kinase (Erk)1/2, p38, and
c-Jun N-terminal kinase (Jnk).

In C2C12 cells, myostatin stimulates Erk1/2 phos-
phorylation via Ras activation. This suppresses myotube
formation in differentiating cells (43) and inhibits Pax7 ex-
pression in proliferating cells (240). This latter effect is a re-
quirement for differentiation (241-243) because myostatin
downregulation of Pax7 attenuates self-renewal and, con-
versely, attenuating myostatin enriches the population of
cells incapable of forming multinucleated myotubes, those
that are Pax7+ and MyoD- (240). Studies with prolifer-
ating primary satellite cells from mice and sheep further
establish the ActRIla/b-Erk1/2-Pax7 link as disrupting
ActRII ligand availability with Gasp-1 overexpression or
reducing myostatin production with siRNA similarly in-
crease Erk1/2 phosphorylation and reduce Pax7 expression
(164, 244). These studies additionally suggest that p38 and
possibly other aspects of growth factor signaling are also
involved in Pax7 suppression.

The link between p38 activation, Pax7 downregulation,
and muscle cell differentiation is very well-established in

satellite cells and myoblast cell lines where it is initiated
by the nonreceptor Src tyrosine kinase (245-249). In fact,
different p38 isoforms are involved in every aspect of
myogenesis with p38a (MAPK14) and p38b (MAPK11)
initiating progenitor cell differentiation and fusion and
phosphorylating substrate (eg, MAPKAPK2, EZH2,
p18tamlet NMSK1, MEF2, E47, BAF60c) that drives myo-
genic programming (250). That myostatin and activin
both activate p38 in muscle progenitors (239, 251, 252)
and fibroblasts (205) suggests that ActRII-p38 signaling is
intrinsic to different cell types and more importantly, that
myostatin, activin, and GDF11 stimulate muscle progenitor
cell differentiation. This conflicts with the common miscon-
ception that ActRII signaling inhibits differentiation. The
p38 inhibitor SB202190 suppresses activin-induced C/EBPb
phosphorylation and expression of MAFbx, UBR2 (an-
other E3 ubiquitin ligase), and LC3-II (an autophagosomal
marker) (239). Furthermore, it prevents activin-induced
muscle atrophy in vitro and in vivo, suggesting that p38
is not only fundamental to the principal actions of ActRII
ligands in muscle, but that it is more canonical than non.

Myostatin has also been demonstrated to activate Jnk
in proliferating and differentiating C2C12 cells (253, 254).
SiRNA studies suggest that MAP3K7 (eg, TGF-p-activated
kinase, TAK1) and MKK#4 are involved and that the TAK1-
MKK4-Jnk cascade is required for myostatin-induction
of p21 and cell-cycle arrest. Myostatin additionally acti-
vates Jnk in fibroblasts (255) and human hepatic stellate
cells (87), where it promotes a fibrotic phenotype. These
studies clearly suggest that Jnk is potentially involved in
ActRII signaling, although additional studies with primary
satellite cells are needed to determine whether this cascade
is uniquely activated in immortalized myoblasts or ubiqui-
tous to muscle progenitors. They are also needed to identify
the downstream targets and myogenic processes.

Disease Indications Targeted by ActRIl
Attenuators

General overview

As discussed previously, significant muscle wasting occurs
in a number of diverse primary indications and diseases (1,
2), many of which are not always obvious. It is inherent to
neuromuscular disease and occurs in most chronic disease
states, yet it can also be disguised in obesity-related dis-
orders. These include sarcopenic obesity and type 2 diabetes
mellitus, where elevated serum levels of myostatin, TNF-a,
IL-6, and other inflammatory cytokines drive muscle loss
in the presence of heightened adiposity (256-262). Often
commercially overlooked is muscle wasting with MSIs and
in subjects exposed to prolonged spaceflight/microgravity
because of reduced use or gravitational load (4, 263, 264).
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The military is particularly interested in addressing this
problem as the muscle wasting caused by MSIs, not de-
nervation, is the primary medical problem compromising
military readiness (265-269). In fact, 90% of denervated
muscles become reinnervated within a year, yet only 10%
of muscle strength is ever permanently restored (270).

To date, 19 ActRII-attenuating drugs have been
commercially developed for a muscle wasting disease
indication (Table 1). This excludes drugs targeting non-
muscle wasting conditions as, for example, Regeneron’s
Garetosmab (REGN2477), an activin-A antibody for
treating fibrodysplasia ossificans progressiva (271).
Although a cursory review suggests the targeted indications
reflect a diversity of diseases and conditions, a closer exam-
ination reveals a bias for neuromuscular diseases. Of the
45 clinical trials performed to date, 32 targeted a neuro-
muscular disease or were performed on healthy subjects
in support of such programs (Table 2). This is contrasted
by only 13 trials performed on other diseases/conditions.
These include end-stage renal disease/chronic kidney dis-
ease, sarcopenia, cancer cachexia, chronic obstructive pul-
monary disease, hip fracture/arthroplasty, and obesity/type
2 diabetes mellitus. Furthermore, only 2 drugs exclusively
target a nonneuromuscular disease.

The most common disease indications targeted are
DMD (and/or the less severe BMD) and IBM with 7 and 6
clinical trials, respectively (Table 2). In fact, 4 different drug
programs have been developed for each of these indications
compared with 6 for facioscapulohumeral muscular dys-
trophy, limb girdle muscular dystrophy, spinal muscular at-
rophy (SMA), and Charcot-Marie Tooth disease combined.
Clinical testing, regardless of indication, has yielded incon-
sistent results (see the following section) with most, but not
all, drugs passing safety requirements and meeting their
preestablished anatomical endpoints, but not functional
endpoints. Although several notable failures have been re-
ported, the underlying causes have not been thoroughly ex-
plored and may have little to do with drug action, but with
the choice of disease indication and the related pathologies.
It is helpful, therefore, to examine the mechanisms of dis-
ease pathogenesis in the most commonly targeted indica-
tions: the muscular dystrophies and IBM.

Muscular dystrophies

The muscular dystrophies are genetic disorders arising
from mutations in a variety of genes encoding striated
muscle proteins. Many of these proteins stabilize muscle
cell structures or the extracellular matrix (272) and in-
clude sarcolemmal and basement membrane proteins as
well as their posttranslational modifying enzymes. Other
implicated genes include those for nuclear membrane

and endoplasmic reticulum proteins and not surprisingly,
myofibrillar proteins. DMD is the most common form
and results from point mutations, indels, and/or duplica-
tions within the largest protein-coding gene in the genome,
dmd. Other disorders include Emery-Dreifuss muscular
dystrophy, facioscapulohumeral muscular dystrophy, myo-
tonic dystrophy, oculopharyngeal muscular dystrophy, 6
congenital muscular dystrophies, and 34 limb-girdle mus-
cular dystrophies.

The dmd gene codes for the dystrophin protein, which
links the myofiber contractile machinery to lateral compo-
nents of the sarcolemma known as the costamere (Fig. 4A).
This occurs primarily via noncovalent binding of the dys-
trophin amino terminal domain to F-actin and the carboxy
terminal to proteins within the dystrophin-associated
glycoprotein complex (DGC) (273, 274). In turn, F-actin is
anchored to the extracellular matrix through the Z-line/in-
tegrin complex, whereas the DGC binds the matrix directly
(Fig. 4B). The dystrophin interior contains 4 hinge domains
and 24 spectrin-like repeats that together expand and com-
press with myofiber stretch and contraction, respectively,
providing a means of force transfer within and between
muscle fibers. The DGC also localizes ion channels and en-
zymes that regulate mechano-elicited Ca®* release and the
production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS).

Because the DGC and integrin complex anchor the
sarcolemma to the extracellular matrix, the loss of dys-
trophin or its association with F-actin or the DGC impairs
force transfer across the sarcolemma (Fig. 4B,C) (275,276).
The loss of dystrophin’s signaling role results in excess Ca**
entry and dysregulated ROS and RNS, whereas repeated
eccentric or lengthening contractions can further damage
the sarcolemma and compromise excitation-contraction
coupling. Thus, muscle dysfunction with DMD, in fact
with many other muscular dystrophies as well, has many
causes that are in fact inherent to the muscle cell itself.
These include problems in total force generation, lateral
force transfer, Ca®* handling, and the production of ROS
and RNS. Weakness and muscle loss is further exacerbated
by the muscle fibrosis and necrosis that accumulate with
chronic injury.

Inclusion body myositis

This rare disease is 1 of 5 inflammatory myopathies that
also include dermatomyositis, polymyositis, necrotizing
autoimmune myositis, and the most recently identified,
anti-synthetase syndrome-overlap myositis (277). The
entire group shares the common generalized features of
endomysial inflammation that, from a pathogenic per-
spective, is both symptomatic and causative as well as
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Table 1. Myostatin/ActRIl-attenuating drugs currently or previously in development

Mechanism of action

Drug class

Drug name

Company

Sequester ActRII ligands in circulation or in extracellular

Ligand traps, ActRIIb- or

ACE-031/536/2494

ACE-083

Acceleron Pharma

environment

follistatin-based

FST288-Fc

ActRIIb:ALK4-Fc

ActRITA-Fc

Sequester myostatin in circulation

a-myostatin peptibody

Smad7 gene therapy
ActRIIb ligand traps
o-myostatin mAb

PINTA 745 (AMG 745)

Atara Biotherapeutics

AAVogen

Attenuate ActRIla/b-Smad2/3 signaling regardless of ligand

Sequester ActRII ligands in circulation
Sequester myostatin in circulation

AVGN7 (AAV6:SMAD7)

BIIB101 (formerly ALG-801; plus -802)
Landogrozumab (LY2495655)

AAV1:FS344

Biogen (acquired 2 drugs from AliveGen)

Eli Lilly

Sequester myostatin and activins in muscle extracellular

Follistatin gene therapy

Nationwide Children’s Hospital/Milo

space and in circulation
Prevent binding of different ligands to ActRII receptors

Sequester myostatin in circulation

Biotechnology

Novartis
Pfizer

a-ActRIla/b mAb

Bimagrumab (BYM338)

o-myostatin mAb
o-myostatin mAb

Domagrozumab (PF-06252616)

Sequester myostatin in circulation

Trevogrumab (REGN1033, SAR391786)
RO7239361 (RG6206, BMS-986089)

SRK-015

Regeneron
Roche

Sequester myostatin in circulation

a-myostatin monobody/adnectin

a-latent myostatin mAb
o-myostatin mAb

Prevent latent myostatin from being activated

Sequester myostatin in circulation

Scholar Rock

Stamulumab (MYO-029)

Wyeth (acquired by Pfizer)

a, anti; Act, activin; mAb, monoclonal antibody.

elevated serum creatine kinase levels. Each myositis is dis-
tinguished, however, by unique patterns of muscle weak-
ness, histological features, and by autoimmune markers
that include different autoantibodies and immune cell
infiltrates.

Although muscle wasting is common to all types of myo-
sitis, sporadic IBM should not be confused with the her-
editary inclusion body myopathies, which are nonimmune
disorders resulting from mutations in GNE, VCP, or
MYH2 (278). Disease progression with IBM is slow yet
constant and symptoms typically first occur in subjects
45 to 70 years old. (118). Unlike DMD, muscle wasting
and physical impairment in IBM patients progressively de-
velops in distinct muscle groups, most notably the finger
and wrist flexors, knee extensors and ankle dorsiflexors.
This suggests that locally administered therapeutics could
significantly benefit IBM patients, although a systemic
approach is still preferred as long-term systemic muscle
wasting is common.

The earliest signs of impairment are usually associated
with walking as IBM patients have difficulty climbing stairs
and experience knee buckling because of knee extensor
weakness and wasting of the quadriceps (1, 118, 279).
Ankle dorsiflexion weakness also develops and can cause
foot-drop, which increases the risk of fall-related injuries
(eg, hip fracture) that further exacerbate muscle wasting
(280, 281). Another early and iconic sign of IBM is im-
paired grip strength due to finger flexor weakness while
muscles of the upper arm and shoulder as well as hip ab-
ductors and flexors also weaken with time. Dysphagia de-
velops in the most serious cases and can cause mortality
from nutritional deficits, systemic muscle wasting, and as-
piration pneumonia (282-284).

The iconic namesake feature of the disease, inclu-
sion bodies, is derived histologically (Fig. 5). These heter-
ogenous protein aggregates are often contained within
rimmed vacuoles that are sometimes absent in patients
(~20%) and are not always present in every biopsy. The
diagnostic criteria, therefore, are multifaceted and minim-
ally require finger flexor or quadricep weakness, lympho-
cytic invasion (primarily CD8+ T cells) of nonnecrotic
fibers and rimmed vacuoles (118, 279). T-cell invasion is
mechanistically linked to muscle wasting as these and other
immune cells secrete inflammatory cytokines that directly
induce atrophy signals as well as myostatin expression
(see previous). Central nuclei and fibrosis are also pre-
sent, although not to the extent as that seen in biopsies
of dystrophic muscle. Corticosteroids were traditionally
administered to suppress the inflammatory response, but
are no longer a recommended standard-of-care treatment
because they also induce atrophy signals and myostatin ex-
pression, exacerbating the condition.
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SAEs same in treatment

and placebo; no effect on muscle mass or strength

Completed, no results posted
Completed, no results posted

Active, not recruiting
BMD/FSHD/LGMD, 18+, 108 Completed, no results posted. Published (357)

Results summary

Withdrawn

Participants, age, n
SMA, 2-21, 55
Healthy, 18-80, 72
Healthy, 18-85, 76
Healthy, 60+, 60
Healthy, 60+, 125
Healthy, 18-65, 28
Healthy, 35-70, 82
Sarcopenia, 70+, 253
IBM

Stage
P2
P1
P1/2
P1
P1
P1
P1
P1
P2
P2

Identification

NCT03921528
NCT00563810
NCT00104078
NCT01507402
NCT01720576
NCT01910220
NCT02741739
NCT02943239
NCT01963598
NCT03710941

SAR391786), unclear
PC, preclinical; PoC, proof of concept; SAE, ; sIFA, sIBM physical functional assessment; SMA, spinal muscular atrophy; SPPB, short physical performance battery; SAE, serious adverse event; TAE, treatment-related adverse

disease; FSHD, facioscapulohumeral muscular dystrophy; GLP/tox, good laboratory practices/toxicology; IBM, inclusion body myositis; LBM, lean body mass; LGMD, limb-girdle muscular dystrophy; P#, clinical trial phase;

Abbreviations: 6MWT, 6-minute walk test; BMD, Becker muscular dystrophy; CMT, Charcot-Marie Tooth disease; COPD, chronic obstructive pulmonary disease; DMD, Duchenne muscular dystrophy; ESRD, end-stage renal

event; “suspended,” formally announced; T2DM, type 2 diabetes mellitus; “unclear”, not listed on corporate website’s pipeline

Data and results obtained from clinicaltrials.gov unless otherwise referenced.

Stamulumab (MYO-029), suspended
Trevogrumab (REGN1033,

Table 2. Continued

Drug, status
SRK-015

Rationale and challenges of targeting DMD, IBM,
and other indications

Despite the high unmet clinical need in the muscular dystro-
phies, it is surprising that so many ActRII attenuators have
been developed toward their treatment as abnormalities in
muscle protein structure/function, not muscle wasting per
se, underly the disease pathology. In this context, increasing
muscle mass without addressing the genetic basis for dis-
ease pathology may not yield durable benefit. Indeed, several
studies demonstrated the potential of ActRII attenuators to in-
crease muscle mass in dystrophin-deficient animals (285-290),
yet the persistent structural pathologies limited improvements
in muscle function. Similar results were obtained in clinical
trials that were largely unsuccessful (see previous section)
with no improvements in muscle function or marginal im-
provements unlikely to satisfy FDA benchmarks. These results
are not entirely discouraging, however, because they establish
a proof of concept for the clinical approach. In fact, the ad-
vent of gene replacement, gene editing, or exon-skipping tech-
nologies to stabilize muscle, stop degeneration, and improve
muscle quality—in essence to address the underlying func-
tional pathology—provide a context for ActRII attenuators to
fully rescue the accumulated loss of mass and strength.

The need for the “combinatorial approach” is epitom-
ized by the fact that dystrophin-corrective or dystrophin-
replacement therapy in animal models is only partially
effective in restoring muscle function to normal wild-type
levels (291, 292), whereas combinatorial approaches are
clearly superior (293-296). Note that most assessments of
these therapeutics were performed using young animals
with relatively mild pathology. The few studies using older
animals with advanced pathologies report only partial im-
provement as muscle function, regardless of metric, remains
well below that of age-matched healthy controls (297-300).
This also appears true for other muscular dystrophies (301)
and suggests that ancillary approaches (eg, ActRII attenu-
ators) are needed to enhance muscle mass and strength to
overcome the functional deficit caused by years of muscle
degeneration (eg, fibrosis, necrosis). Clinical trials of gene re-
placement and exon skipping technologies have consistently
shown little to no improvement in functional outcomes (302,
303). Failing to reach threshold levels of dystrophin may or
may not explain these results as Sarepta recently reported
their microdystrophin gene therapeutic (SRP-9001) to re-
store dystrophin immunoreactivity to 55.4% of healthy con-
trol levels and that 70.5% of fibers were dystrophin-positive
(304). These levels greatly exceed the predicted threshold
of 20% to 30% expression and 50% of fibers (305), which
begs the question, “Why 7ot try a combinatorial?”

In contrast to DMD, where dystrophin deficiency
impairs muscle force generation and destabilizes the
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sarcolemma, the myofibers of IBM patients are structurally
intact and lack inherent functional abnormalities. Thus,
there is no obvious reason why an ActRII-attenuating drug
should not work in IBM patients. The indication is not
without challenge, however, which is to counter the per-
sistent inflammatory response that drives muscle wasting.
Corticosteroids are potent anti-inflammatories, but they
activate muscle catabolism (11) and for this reason are no
longer used with IBM patients. By contrast, several studies
suggest that attenuating ActRIla/b, their ligands or their
signaling can prevent muscle wasting in conditions with
persistent inflammatory signaling like IBM (306), cancer
cachexia (169, 307-312), or with direct cytokine challenge
(169). This likely explains why so many ActRIl attenu-
ators have been developed to treat IBM. Such drugs include

A. Dystrophin glycoprotein complex

Syntrophins Dystrophin

Cytoplasmic

monoclonal antibodies, circulating ligand traps, and 2 gene
therapeutics. The former 2 approaches would presumably
need to be administered frequently as stopping treatment
would restore inflammatory insult. The latter, by contrast,
are durable by nature and appear optimally suited for
treating chronic conditions like IBM. Overcoming the re-
dundancy of signals from multiple ActRII ligands and from
TGEF-B activation of Smad2/3 signaling is an additional
challenge, one that cannot be addressed by targeting single
ligands. Thus, the most successful approaches would either
need to attenuate multiple ligands, possibly non-ActRII lig-
ands as well, or the shared intracellular signals.
Regulatory challenges present additional hurdles to de-
velopment especially for nonneuromuscular disease indica-
tions. Sarcopenia, for example, lacks a universally recognized
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Figure 4. Dystrophin/costamere functional relationship. The costamere is composed of 2 protein complexes: the dystrophin-associated glycopro-
tein complex (DGC) and the integrin complex (IC). (A) Structural components of the DGC using color-coded labels for individual proteins or protein
classes (DG, dystroglycan; DTNA, dystrobrevin-a; FKRP, Fukutin-related protein; NOS, nitric oxide synthase; SYCN, syncoilin). Dystrophin binds fila-
mentous (F)-actin that in turn binds Z-line components of sarcomeres, physically linking the contractile machinery to the costamere and the extracel-
lular matrix. Anchoring the costamere to the basement membrane depends upon proper glycosylation of different proteins including a-dystroglycan
and the sarcoglycans. (B, C) Model for longitudinal and lateral force transmission based on contractile studies of healthy and dystrophic (mdx) mice.
Color-coded labels in panel B apply to all panels representing the eccentric (lengthening) contraction cycle (Dys, dystrophin; ECM, extracellular
matrix). The percentage of total specific force (numbers on right) transmitted laterally or longitudinally are represented by upper and lower yellow
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definition and method for diagnosing and, although these
have been recently defined for cancer cachexia (313, 314),
it is still considered a comorbidity of secondary importance.
Drug approval by the FDA is granted for prolonging life,
improving quality of life, or having a “clinically meaningful”
outcome measure. Demonstrating an increase in overall sur-
vival is exceedingly difficult when treating comorbidities,
so most muscle wasting drug programs pursue the latter 2
ambiguously defined criteria. Improvements in lean mass
satisfy the quality-of-life criteria, but they must reflect com-
parable improvements in muscle function to be considered
clinically meaningful. Furthermore, a functional scale must
be validated in the specific disease indication and, for some,

this information may not exist.

Drug Development Status
Drug classes

Nineteen ActRII-attenuating drugs have or are currently
being developed (Table 1). These include 9 ligand traps, 6
monoclonal antibodies, 2 pepti-‘/monobodies, and 2 gene
therapeutics. The most common mechanism of action is
ligand sequestration, although both specific and nonspecific
approaches are used to target myostatin or multiple ActRII
ligands, respectively. All of these drugs act in the circula-
tion and/or within the extracellular environment, pro-
viding opportunities for off-target interactions whose
biological consequences depend upon ligand capacity and
drug affinity. This includes a gene therapeutic that intro-
duces the cDNA for a secreted follistatin isoform capable
of binding the activins, myostatin, and, based on sequence
conservation, GDF11.

Such multiplicity of targets is not inherently problem-
atic because any of the multiple ActRII ligands are capable
of stimulating muscle wasting. However, and this is poten-
tially concerning, all of these ligands additionally act out-
side muscle and their antagonism, if not in a muscle-specific
fashion, would presumably affect nonmuscle tissues even
if the drug-ligand interaction is highly specific. The same
logic applies to the lone a-ActRIIb monoclonal as the re-
ceptor is widely expressed in visceral organs, the central
nervous system, reproductive tissues, striated muscle, and
some endocrine glands (see www.proteinatlas.org, (315)).
The only drug that does not attempt to disrupt ligand avail-
ability or ligand-receptor interactions is a muscle-specific
Smad7 gene therapeutic designed to suppress ActRII
signaling independent of the activating ligand. This drug’s
seeming advantage is not without limits, however, as each
attenuating approach has both strengths and weaknesses
that could limit drug use to specific disease indications or
general disease classes.

Ligand traps

Several circulating ligand traps have been developed by in-
dustry and academic programs (316-325). This approach
accounts for ligand promiscuity by targeting multiple
ActRII ligands and has proven very successful in stimu-
lating muscle hypertrophy with local or systemic admin-
istration and in many different animal models of muscle
wasting or neuromuscular disease. The approach is also a
double-edged sword, however, because the lack of specifi-
city produced serious safety concerns in an early clinical
trial. This in turn inspired development of revised ligand
traps with limited targets.

Acceleron has led the field with at least 4 ligand traps
being tested in clinical trials (Table 2). ACE-083 is a modi-
fied 291 amino acid follistatin lacking 24 C-terminal res-
idues (FS291) and is linked to the human IgG2 Fc domain
(326, 327). Another similar drug, FST288-Fc, has also been
tested in animals (328), although its developmental status
is not described on the corporate website. All of the other
traps are IgG chimeras with the extracellular domains
(ECDs) of wild-type or modified ActRIlb, ActRIla, or the
ActRIIb:ALK4 complex (Table 1) and are based upon wild-
type receptor ECD isoforms with differing affinities for dif-
ferent ligands (21). Mouse equivalents were generated for
some of these molecules and are named with “RAP” in-
stead of “ACE.”

The first receptor ligand trap was a soluble wild-type mouse
ActRIIb ECD-Fc fusion that was recently demonstrated to
prevent muscle and bone loss with prolonged spaceflight (319,
329), although the recombinant human and mouse equiva-
lents, ACE-031 and RAP-031, have likely received more atten-
tion than any other drug in the class. They effectively prevent
wasting and improve muscle function/strength in healthy
animals (325, 330) and in models of DMD (331), amyo-
trophic lateral sclerosis (332), and hypoxia (333), while add-
itionally increasing lean mass and insulin responsiveness in a
model of diet-induced obesity (334). In clinical trials, ACE-
031 increased lean mass and thigh muscle volume while also
improving bone and fat metabolism in healthy middle age and
elderly volunteers (335). However, a phase 2 trial with DMD
boys was terminated prematurely (336) because of signs often
seen in patients with hereditary hemorrhagic telangiectasia, a
disease caused by mutations in endoglin or ALK-1 that impair
TGF-B receptor signaling in endothelial cells (337).

Authors suggest that BMP9 attenuation was likely the
cause as BMP9 maintains endothelial cells, stimulates angio-
genesis, and signals via ALK-1, although BMP10 and even
GDF11 have similar actions (338, 339). In fact, Acceleron’s
most recent trap, ActRI[A-Fc, attenuates GDF11, myostatin,
and activin action in endothelial cells (340). It also blocks
arteriolar remodeling while stimulating vascular apoptosis
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in animal models of pulmonary hypertension. These sur-
prising results suggest that GDF11, myostatin, and activin
participate in blood vessel maintenance and in the patho-
genesis of pulmonary hypertension. They also raise safety
concerns for any ActRII attenuator that functions via ligand
sequestration, particularly in the circulation. Such concerns
may be misplaced with acute treatment protocols, but not
with those requiring multiple treatments over the long term
as, for example, when treating a chronic condition.

Acceleron has since conducted clinical trials of 3 ligand
traps with vastly reduced or nonexistent affinities for
BMPY. These include 2 modified ActRIIb ECDs, ACE-
2494 and ACE-536 (Luspatercept), as well as ACE-083.
Although a detailed description of ACE-2494 could not
be found in the literature, ACE-536 combines the IgG1 Fc
domain with ActRIIb residues 24 through 131 (322, 341).
This ECD lacks 4 amino acids from the N-terminal, 3 from
the C-terminal, and contains an L79D substitution, all of
which limits preferential binding to myostatin, GDF11,
and activin B, although it still binds BMP6 and BMP10.
Structural modifications in ACE-083 increase its affinity
for the extracellular matrix over wild-type follistatin and,
hypothetically, this should retain ACE-083 in the locally
administered environment where it is less likely to influence
blood vessel integrity in nonmuscle tissues.

ACE-536 is being developed to treat chronic anemia (eg,
thalassemia, myelodysplastic syndrome, myelofibrosis), not
muscle wasting disease, and has already obtained an FDA
approval on strong preclinical and clinical trial results (342,
343). By contrast, clinical development of both ACE-083
and ACE-2494 has been suspended, the former for not sig-
nificantly enhancing metrics of muscle function or quality
of life (326) and the latter because of antidrug antibodies
among study participants. Such results are discouraging, es-
pecially to the neuromuscular disease community as ACE-
083 studies with mdx and Trembler-] mice, models for
DMD and Charcot-Marie Tooth disease, respectively, pro-
duced highly promising results (327). ACE-2492 and other
ActRIIb ligand traps proved similarly beneficial in murine
models of osteogenesis imperfecta, a disease characterized
by fragile bones and muscle wasting, as they consistently
increased several metrics of muscle and bone mass as well
as the force generating capacity of different muscles (316,
324, 344, 345). In fact, ActRII ligands are well known to
control osteogenesis and bone mineralization in addition to
their effects on muscle, which explains the recent interest in
using ActRII attenuators in treating bone disease (346, 347).

Immunoneutralizers

A popular alternative to sequestering multiple ActRII lig-
ands with a trap is the specific immunoneutralization of

myostatin, its LAP, or ActRIla/b. Drugs in this class include
4 antimyostatin monoclonals that were tested in animal
models of different muscular dystrophies, sarcopenia,
and cancer cachexia (311, 348-351); a peptibody and
monobody/adnectin tested in models of stroke, androgen
deficiency, and chronic kidney disease (115, 352); an anti-
ActRIIa/b monoclonal tested in models of bone healing,
glucocorticoid excess, cancer cachexia, and cisplatin tox-
icity (309, 353, 354); as well as a myostatin LAP mono-
clonal tested in models of SMA and glucocorticoid excess
(355, 356). This laundry list likely underestimates the ac-
tual composite of disease models tested in industrial labora-
tories; notwithstanding, each drug has been reported to
increase muscle mass, prevent wasting to varying degrees,
and enhance or partially restore some aspect of muscle func-
tion. These results, although impressive, have not yet trans-
lated to clinical success because only 1 immunoneutralizer
(SRK-0135) is still clearly in development (Table 2).

The first myostatin monoclonal tested in clinical trials,
MYO-029/Stamulumab, originated with Wyeth and was
acquired by Pfizer. It was tested in 2 clinical trials with
healthy and dystrophic subjects and was well tolerated
with no treatment-related serious adverse events. However,
muscle mass and a multitude of function assessments were
all unaffected by treatment (357) and drug development
was officially suspended.

Similar results were obtained with other myostatin
monoclonals despite being tested in a diversity of indi-
cations including disuse atrophy and cancer cachexia
(Landogrozumab, Eli Lilly) (358-360) as well as DMD
and limb girdle muscular dystrophy 21 (Domagrozumab)
(361, 362). Each drug was also extensively tested in healthy
subjects 18 to 85 years old where safety was not a concern,
although muscle or lean body mass were at best minimally
improved in trials with nonhealthy subjects, whereas met-
rics of muscle function were mostly unaffected (Table 2).
Safety was also an issue for Landogrozumab because of a
high frequency of serious adverse events and survival con-
cerns in subjects with pancreatic cancer (359). Similar con-
cerns were not evident in trials with older fallers (358) or
subjects with hip arthroplasty (360), and deaths in subjects
with pancreatic cancer were mostly disease-related (359).

The most extensively tested myostatin antibody is
Trevogrumab (REGN1033, Regeneron), a fully humanized
monoclonal with an IgG4 Fc domain (351). Antibodies in
this class are divalent yet function as monovalents with
often greater specificity and higher affinities, but lower in-
flammatory risk profiles and longer half-lives (363). In fact,
Trevogrumab’s affinity for GDF11 is undetectable using
surface plasmon resonance (351). The drug has been clin-
ically tested with healthy subjects as a monotherapy and
as a combinatorial with Garetosmab (REGN2477), an
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Act-A monoclonal, and was originally being developed
for treating sarcopenia and IBM (Table 2). Regeneron an-
nounced in 2019, however, that a trial testing Trevogrumab
alone and as the combinatorial in IBM subjects would be
withdrawn. The sarcopenia trial has since been completed
and although no results have been posted to clinicaltrial.
gov, Trevogrumab is no longer listed as a pipeline drug and
its development status is unclear.

The other 2 myostatin-targeted drugs in this class are
antibody fusions. AMG 745 was originally developed by
Amgen and was licensed to Atara Biotherapeutics, which
changed the name to Pinta 745. It fuses a “myostatin-
neutralizing” peptide to an N-terminal human IgG Fc
domain and has a long circulating half-life (364). The pro-
prietary peptide is not described in the literature and its
exact nature of antagonism is not publicly known. It is also
unknown whether it similarly neutralizes GDF11, although
it does not affect Act-A (115). Separate clinical trials for
androgen deprived pancreatic cancer and end-stage renal
disease failed to demonstrate efficacy because although
lean body mass was slightly elevated with treatment, this
was likely attributed to a comparable drop in fat mass
(364). These disappointing results likely contributed to a
third trial for sarcopenia being withdrawn as well as sus-
pension of the program (Table 2). This fate was mirrored
by the other fusion, initially developed by Bristol-Meyer
Squibb (BMS-986089), and licensed to Roche (R07239361
or RG6206). This adnectin combines the Fab domain of an
antimyostatin monobody with a fibronectin type III domain
(365) and binds both myostatin and GDF11 with sub-nM
affinity (meeting abstract, (366)). Despite this potential ad-
vantage, a clinical trial failed to demonstrate efficacy with
DMD boys, whereas a separate trial was terminated.

By far, the most extensively tested ActRIla/b attenuator
is Bimagrumab (BYM?338, Novartis) with 1355 subjects
participating in 11 clinical trials that include 3 phase 3
trials for IBM (Table 2). This fully humanized monoclonal
neutralizes the ligand binding domains of both ActRIla
and ActRIIb, albeit with 50-fold higher affinity for the
latter (367). It has also been tested in a wide variety of
disease animal models where it enhanced muscle mass, pro-
hibited muscle wasting, activated mTOR, and attenuated
myostatin- and activin-induced Smad2/3 signaling while
suppressing MuRF1/MAFbx expression (309, 353, 354).
These studies primarily focused on changes in muscle mass
with little attention to function. Indeed, only 1 of these
studies assessed function (tetanic force in tibialis anterior
muscles), and it was only marginally improved in a model
of glucocorticoid excess, but not compared with the IgG
control group (353).

The apparent prioritization of mass over functional
metrics may have been a costly oversight as clinical testing

of Bimagrumab consistently demonstrated an ability to im-
prove muscle mass, but not function (Table 2). This was
most evident in the 2 largest clinical trials to date for any
ActRII attenuator, both of which included 251 subjects with
either IBM (368-370) or hip fracture. The latter trial has
yet to be published (see clinicaltrials.gov for results); never-
theless, Bimagrumab failed to improve objective measures
of muscle function in the IBM trial that included 6-minute
walk distance, isometric quadricep strength, and short
physical performance battery tests (eg, gait speed, main-
tain balance, chair rise time, etc.). A significant difference
in a self-reporting measure specifically designed for IBM
subjects (sIFA, sporadic IBM physical functioning assess-
ment) was detected in the highest dose group and as with
short physical performance battery, a dose-treatment trend
was reflected in a negative correlation between dose and
P level. Such minimal efficacy was apparently insufficient
to support further development as although Bimagrumab
was later demonstrated to lower fat mass, improve insulin
sensitivity, and restore glucose homeostasis in trials with
obese insulin-resistant subjects or those with type 2 dia-
betes (329, 371, 372), it failed to improve muscle function
and the drug is no longer listed on the corporate pipeline.

Possibly the most unique immunoneutralizing approach
is that of SRK-015, which targets the myostatin latent com-
plex bound to the muscle extracellular matrix (373). The
monoclonal recognizes a LAP/“prodomain” epitope and
induces a conformational change that decreases solvent
accessibility, hinders protease cleavage, and prevents the
release/activation of myostatin. In studies with murine
models of SMA, SRK-015 had a modest yet significant
effect on muscle mass and partially restored plantarflexor
function (355). Significance was lost when torque measures
were normalized to muscle mass, which from a practical
perspective means little as the muscles were nevertheless
stronger. Moreover, measures of cortical and trabecular
bone growth were also enhanced. This effect likely resulted
from increased physical bone load due to muscle hyper-
trophy as myostatin is not produced in bone. It is also
highly encouraging as SMA is distinguished from many
other muscle wasting diseases by a brittle bone phenotype
because and mineral density (374).

Gene therapeutics

The 2 ActRIl-attenuating gene therapeutics use very dif-
ferent approaches. The first was a serotype 1 capsid adeno-
associated virus carrying a cDNA expression cassette for
a follistatin isoform (AAV1:FS344) (375) and was de-
veloped at Nationwide Children’s Hospital before being
out-licensed to Milo Biotechnology. Recombinant AAVs
are nonpathogenic, nonreplicative, and do not generally
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activate a significant immune response (376). They also
very rarely integrate payload genes into host cell genomes
and are related to adenoviruses by name only. The AAV1
capsid is ubiquitously trophic to many tissues, whereas the
promoter (cytomegalovirus [CMV]) has a similarly diverse
activity profile (377). This combination could limit drug
use to only local routes of administration because the com-
bination of systemic delivery with the circulating profile of
the secreted follistatin isoform raises concerns of off-target
effects.

The FS344 “payload gene” codes for a particular isoform
that is transcriptionally processed to produce FS315, which
contains a 27 amino acid C-terminal extension compared
with FS288. The latter, as well as Acceleron’s FST288-Fc,
strongly bind heparin and heparan sulfate, thereby associ-
ating with the extracellular matrix (378, 379). The exten-
sion in FS315, however, interferes with this binding and has
been reported to also influence activin binding, although
the degree is somewhat controversial.

Initial studies comparing 6 different follistatin isoforms,
including FS288 and FS313, used radioligand binding as-
says and reported nearly identical affinities of 540 to 680
pM (379, 380). The same group later used surface plasmon
resonance and reported affinities of 46 and 432 pM for
FS288 and FS315, respectively (381). This 10-fold dif-
ference is likely an overestimate and is inconsistent with
their reporting a 2-fold difference in luciferase reporter
and radioreceptor crosslinking assays. It also may be due
to steric hindrance of activin binding sites because activin
was immobilized to the chip via its N-terminus and crystal
structure studies of Act-A bound to FS288 or FS315 indi-
cate this region is important to complex formation (382).

Because FS3135 does not associate with proteoglycans, it
enters the circulation even when AAV1:FS344 is adminis-
tered locally (375). Thus, its reduced affinity for ActRII lig-
ands other than myostatin appears to prevent nonspecific
off-target effects. This was demonstrated in clinical and
preclinical studies by quantifying circulating levels FS3135,
which were elevated, whereas those of gonadotropins and
reproductive steroids were unaffected (306, 383, 384).
Preclinical studies with nonhuman primates (cynomolgus
macaques) and intramuscular delivery of AAV1:FS344
further reported increases in muscle mass (3% in legs of
controls vs 21% in treated) and quadricep force (26%
twitch and 12% tetanic forces over contralateral control
legs, n = 1) (384). This drug was then tested in clinical trials
with BMD and IBM patients where metrics of muscle mass
and structure improved with treatment (eg, increased fiber
size distribution, less fibrosis) as did performance in the
6-minute walk test (306, 383).

Although these results are encouraging, the trials were
understandably underpowered as the primary outcomes

were safety and not efficacy. Thus, some data were ex-
pressed qualitatively or were highly variable. These and
other concerns over study design, blinding, and data nor-
malization in the IBM study were raised in a letter to the
editor (385) and have been addressed by the study director
(386). Whether these concerns have influenced the status of
future trials is unclear as none to date has been announced.

The second gene therapeutic in the space is a serotype
6 AAV carrying a Smad7 ¢cDNA expression construct
(AAV6:Smad7 or AVGN7). The original drug incorpor-
ated the ubiquitously active CMV promoter, although the
current derivative incorporates a muscle-specific enhancer
constructed from the creatine kinase promoter. AVGN7
was developed through a collaboration between faculty at
the Washington State University and the Baker Heart and
Diabetes Institute. The inventors include one of the authors
herein (B.D.R.), who is also the founder and chief executive
officer of AAVogen as well as Paul Gregorevic, who is now
affiliated with the University of Melbourne.

AVGN7 was designed to specifically address the short-
comings and concerns of previously developed ActRII
attenuators; namely the lack of muscle specificity, the po-
tential for off-target effects, and the redundancy of sig-
nals. The AAV6 vector itself has high tropism for striated
muscle, can be titered to limit transduction to these tissues,
and displays rapid transgene expression kinetics (377). It is
also superior to the other “muscle trophic” AAVs (ie, sero-
types 8 and 9) in primate hearts (387). The use of a muscle-
specific promoter provides further control and is the second
level of protection against off-target effects. The third is
the payload gene itself, Smad?7, which has only intracel-
lular targets. In contrast to ligand-specific approaches that
include antibodies and traps, AVGN7 attenuates ActRII
signaling regardless of the activating ligand and can po-
tentially antagonize other catabolic ligands that cross-talk
with Smad2/3. This approach would presumably address
the challenge of signal redundancy as well or better than
ligand traps or ActRII immunoneutralization yet without
the comparable off-target risks.

Two preclinical studies with AVGN7 suggest it is
broadly effective in stimulating skeletal muscle hyper-
trophy, increasing muscle function, and enhancing exercise
capacity (169, 191). Dose-dependent efficacy was dem-
onstrated with local and systemic administration while
changes in strength (twitch force) were proportional to
those in mass and were correlated to an increase in the
number and size of type II fibers. Most importantly, muscle
wasting was prevented in different models of cancer cach-
exia and even in cytokine challenge models resembling
chronic inflammation. This includes mice overexpressing
myostatin or Act-A or in the cancer models, conditions
with greatly elevated levels of circulating IL-6 and muscle
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signaling. These data suggest that AVGN?7 has the potential
to treat a variety of muscle wasting disease states, especially
those where muscle inflammation is the primary insult.

Blood vessel integrity was normal in all tissues sam-
pled and Smad7 was only overexpressed in striated muscle.
Muscle specificity was further demonstrated by quantifying
expression of Smad2/3 target genes that again were only
affected in striated muscle. Mechanistically, AVGN7 pre-
vented Smad3 phosphorylation and down-regulated
FOXO01/3, MuRF1 and MAFbx. This increased protein
synthesis rates while inhibiting protein degradation, ac-
tions fundamental to the prevention of muscle wasting.

AVGNT7 also increased heart mass, slightly but signifi-
cantly, in healthy mice and prevented the cardiac cach-
exia that commonly occurs with cancer (169, 191). This
effect has also been documented with an ActRIIb ligand
trap (312) and is particularly noteworthy as cardiac cach-
exia/atrophy occurs with many muscle wasting diseases
(388, 389), DMD, and heart failure, where cardiac and
respiratory depression is the primary cause for mortality.
Simultaneously addressing cardiac and skeletal muscle
wasting, therefore, is critically important.

Cardiac hypertrophy develops from physiological
and pathological conditions that have distinctly dif-
ferent consequences and regulatory signals (390).
“Physiological hypertrophy” is a highly adaptive re-
sponse to exercise and is unquestionably good. It is also
driven by IGF1 and receptor tyrosine kinase signaling.
“Pathological hypertrophy,” by contrast, is highly mal-
adaptive, occurs with congestive heart failure, myo-
cardial infarction, and uncontrolled hypertension, for
example, and is driven by G-protein-coupled receptor/
stress signaling. Evidence strongly suggests that attenu-
ating myostatin induces beneficial physiological cardiac
hypertrophy as cardiac function, cardiomyocyte con-
tractility, cardiac progenitor cell pools, Ca?* handling,
excitation-contraction coupling, and respiratory per-
formance during high-intensity exercise are all en-
hanced in myostatin null mice and/or when treating
with AVGN7 or other ActRII attenuators (189-192,
391, 392). ActRIIb ligand traps additionally preserve
cardiac function and prevent development of patho-
logical hypertrophy in models of myocardial infarction
with ischemic injury, age-related heart failure, and left
ventricular overload (188, 393, 394).

These data strongly suggest that attenuating ActRII
signaling in the heart, with AVGN7 or any other ActRII
attenuator, could enhance cardiac function by producing
physiological hypertrophy. This in turn has the potential
to treat cardiac cachexia and cardiovascular disease separ-
ately or to simultaneously treat the wasting of both skel-
etal and cardiac muscle. AVGN7 is being developed to treat
IBM, other inflammatory myopathies, and DMD, all chronic

diseases with cardiac involvement (395) that could benefit
from the durability of a gene therapy approach like AVGN7.

Reason for Optimism ... Really!

The proverbial glass is indeed half full. Despite the failure
of most clinical trials to meet functional endpoints, nearly
all successfully met their anatomical endpoints of enhanced
muscle mass or attenuated markers of degeneration. This
alone has clear clinical benefits especially in treating
obesity-related disorders (371, 372, 396). The generally
good safety record as well as the success of some trials,
however limited, in meeting functional endpoints is indeed
encouraging and together beg the question, “What if?”

What if disease indications were more
carefully chosen?

The majority of trials were performed with dystrophic
subjects, those with underlying functional abnormalities
inherent to muscle. Enhancing muscle mass per se was
not expected to correct such defects, but to partially com-
pensate by adding mass to dystrophic muscle: a dubious
concept at best. In fact, trials with nondystrophic subjects
or those with mild dystrophic phenotypes were more apt
to meet functional endpoints. These include trials with
AAV1:FS344 and BMD or IBM subjects, Bimagrumab with
IBM or sarcopenic subjects, and Landogrozumab with old
fallers (Table 2). In addition, most trials were performed
for chronic disease indications, yet tested drugs requiring
highly frequent administrations. Such mismatch reflects
a misunderstanding of muscle’s “use it or lose it” nature
as gains in mass disappear when stimulants are removed.
Testing durable drugs (eg, gene therapeutics) with chronic
disease indications (eg, muscular dystrophies, IBM) and
transient drugs (eg, immunoneutralizers) with acute indica-
tions (eg, cancer cachexia, musculoskeletal injuries) could
potentially yield more successes.

What if dose or treatment regimens could be
optimized to compensate for pharmacokinetic
challenges or off-target effects?

Many of these drugs bind multiple ActRII ligands either
by design or from sequence conservation among ligands.
Increasing doses beyond those already tested could saturate
intended targets and begin cross-reacting with unintended
targets, which risks producing off-target effects. By con-
trast, optimizing dose frequency or duration could poten-
tially augment efficacy without undue risk. This approach
may not work with drugs that are rapidly cleared (397),
but is particularly attractive for those having potentially
long half-lives (351, 364).
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What if clinical trials were designed to equate
functional with mass improvements?

Simultaneous changes in muscle mass and function more
readily occur when load is applied to the muscle. This occurs
with exercise, for example, which builds both muscle and
neural components of strength. Exercise increases motor
unit recruitment, synchronization, and rate coding while
inhibiting peripheral feedback inhibition (398). It was also
critical to the clinical development of the only approved
antimuscle wasting drug, Serostim (399, 400), to maxi-
mizing anabolic steroid use (401) and to the AAV1:FS344
trials that met functional endpoints (306, 383, 402). Thus,
it is extremely surprising that so few clinical trials of ActRII
attenuators incorporated exercise components especially as
exercise has the added benefit of stimulating muscle amino
acid uptake and protein synthesis. Many of these trials, in
fact many clinical trials for muscle diseases in general, used
grip strength as an outcome measure. This particular metric
is difficult to control and, in elderly patients, may better
reflect peripheral neuromotor function rather than muscle
function (403) and should probably be avoided in trials
with aging subjects.

What if new drug development programs learned
from the experiences of “first-mover” drugs?

First movers to any market have several advantages, but
frequently succumb to technological challenges. This fun-
damental rule of business perfectly applies to the ActRII
attenuator market as technological challenges are ar-
guably responsible for the clinical failures. Ligand trap
designs, for example, can produce off-target effects by at-
tenuating multiple targets in multiple tissues. Circulating
immunoneutralizers either cannot compensate for the re-
dundancy of signals, due to target specificity, or they again
risk producing tissue-wide off-target effects because of the
ubiquitous distribution of ActRII receptors. The more re-
cently developed drugs, however, appear to be designed to
address these challenges. SRK-0135 is largely muscle specific
by the fact that myostatin is primarily produced in muscle
and because it targets a unique LAP epitope. AVGN7 was
designed for even more muscle specificity and to attenuate
multiple signals, thus addressing the issue of signal redun-
dancy as well. Although AAV1:FS344 technically lacks
muscle specificity, it primarily targets locally produced
myostatin when administered locally.

Answering these “what if” questions and addressing
the challenges of first-mover drugs will no doubt benefit
development of SRK-015, AAV1:FS344, and AVGN?7.
These answers could also help refine programs currently
on hold or even repurpose drugs for different indications,
a point perfectly illustrated by Bimagrumab’s success with

obese and diabetic subjects (371, 372). Resolving the most
significant challenges of tissue specificity and ligand re-
dundancy is likely key to overall field success, although
opportunities arising from the parallel and emerging
markets with neuromuscular disease drugs should not
be overlooked. Indeed, combinatorial approaches have a
greater potential to restore muscle function in dystrophic
animals (293-296) and more recently, in SMA mice (404).
This latter study combined an antisense morpholino to re-
store spinal motor neuron 1 expression and a gene thera-
peutic to express myostatin’s LAP domain. This approach
not only enhanced motor function beyond that achieved
by morpholino treatment alone, but also the neural cir-
cuits that influence strength development (eg, innervation,
neuromuscular junctions, synapse formation, sensory
neuron size). Thus, a combinatorial approach featuring
a gene replacement, correcting or editing therapeutic, an
ActRII attenuator, and an exercise program to stabilize
muscle and prevent degeneration, enhance muscle mass,
and improve muscle function, respectively, could ultim-
ately and finally fill the glass full.
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