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Abstract: In the past 20 years, myostatin, a negative regulator of muscle mass, has attracted attention
as a potential therapeutic target in muscular dystrophies and other conditions. Preclinical studies
have shown potential for increasing muscular mass and ameliorating the pathological features of
dystrophic muscle by the inhibition of myostatin in various ways. However, hardly any clinical
trials have proven to translate the promising results from the animal models into patient popula-
tions. We present the background for myostatin regulation, clinical and preclinical results and dis-
cuss why translation from animal models to patients is difficult. Based on this, we put the clinical
relevance of future antimyostatin treatment into perspective.
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1. Introduction

Muscular dystrophies consist of a broad array of inherited conditions characterized
by muscular wasting and atrophy. As clinical presentations in patients may vary due to a
wide spectrum of phenotype—genotype variants for a particular gene, a common treat-
ment, not depending on correcting a single molecular defect, has emerged as an attractive
target for development. For the last 20 years, one of the most promising therapeutic sub-
jects in the field of muscular dystrophies has been myostatin. Identified for the first time
in 1997, myostatin knock-out in mice caused increased muscle mass [1] and mutations in
the myostatin gene (MSTN) gene have subsequently been identified in the double mus-
cled Belgian Blue and Piedmontese cattle [2—4] as well as whippet racing dogs [5]. In 2004,
a loss-of-function mutation of MSTN in a German boy with a hypermuscular phenotype
demonstrated that the effect of myostatin is functionally conserved across different mam-
malian species [6]. Since myostatin loss of function did not appear to have any negative
impact on viability and longevity [7,8], interest was raised towards a novel treatment by
harnessing the potential of inhibiting this negative regulator of muscular growth. Numer-
ous studies in animal models and clinical trials have tried to explore this relationship with
promising results in preclinical studies, which have translated poorly in human clinical
studies. As the molecular and preclinical foundation for myostatin inhibition have been
carefully reviewed before [9,10], this review will briefly describe the molecular involve-
ment of myostatin in the muscle of humans and mice as well as healthy, diseased and
exercising individuals. We will focus on the detailed results of the preclinical studies, the
common denominators of these and we will present the results of the clinical trials in
humans and how results in mice may or may not translate to humans. Finally, we offer
perspective to a future path for myostatin inhibition with respect to the knowledge that
the past 20 years of myostatin research has provided us with.
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2. Molecular Involvement of Myostatin in Mice and Humans

Myostatin, also known as growth and differentiation factor 8 (GDF-8), was identified
in 1997 by McPherron and Lee [1]. During embryogenesis, myostatin is expressed in the
developing epaxial and hypaxial myotomes [11,12] and hereafter in muscular tissue post-
natally, but has also been found at low expression in adipose tissue, heart and circulation
throughout development [13,14]. As the mstn-gene is highly conserved among different
vertebrate species [3,6,15-18], it is evident that it has an important function in muscle de-
velopment and physiology, which has been preserved during the course of evolution. As
a member of the TGF-{3-superfamily, myostatin shows homology to other growth and dif-
ferentiation factors, such as bone morphogenic proteins (BMP) and activins, which also
elicit their biological function as dimers. Prepro-myostatin is synthesized as an N-terminal
signal peptide followed by a propeptide domain and eventually a mature C-terminal do-
main [15]. During proteolytic processing, the signaling peptide is removed and the pro-
peptide is cleaved from the mature protein. As the mature C-terminal domain dimerizes
and forms disulfide bridges, it remains inactivated since noncovalent bonds between the
mature dimer and the propeptide hold the mature myostatin in an inactive state [13,19-
21]. To exert its function, the propeptide must be cleaved from the inactive complex by a
family of BMP1/TLD-metalloprotease proteins [21,22]. Other than the propeptide itself,
regulation of myostatin activity is also known to be mediated by follistatin [19,23], fol-
listatin-related gene (FLRG) [13], Gasp-1 [24] and the proteoglycan protein decorin [25,26]
typically by blocking the binding of myostatin to the receptors (Figure 1).
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Figure 1. An overview of various approaches used in myostatin inhibition. Various factors and
approaches in myostatin inhibition as outlined in sections 2 and 5. Treatments applied in clinical
trials have been colored yellow. The Smad2/3 intracellular signaling pathway downstream the
ACctRIIB leads to altered gene transcription of muscle regulatory factors.
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Once liberated from inhibitory proteins, myostatin, as well as other members of the
TGEF-p-family, binds to activin-receptors and, in the case of myostatin, mainly to the ac-
tivin-receptor type IIB (ActRIIB) as well as the type IA receptor [19]. The activin receptors
are transmembrane serine/threonine kinases that subsequently recruit and activate dimers
of type I-receptors (ALK4 and ALKS5) [27,28]. Depending on the receptor ligand and the
composition of the receptor complex, the type I-receptor will phosphorylate and activate
intracellular protein Smad2 and 3 downstream to the membrane receptors through the
canonical Smad-pathway. Smad2/3 binds to Smad4 and the complex translocates to the
nucleus [29], where muscle regulatory factors MyoD, Myf5 and Myogenin are repressed
[30], preventing myoblast proliferation [31] and differentiation [30]. Obstruction of the
myostatin pathway inhibits activation of Smad2/3, making Smad4 available in the BMP
signaling pathway which promotes hypertrophy and counteracts the effects produced by
myostatin [32]. Other noncanonical pathways activated by myostatin involve (among oth-
ers) AMP-activated protein kinase (AMPK) and p38 mitogen-activated protein kinase
(MAPK) [33,34].

3. Myostatin in Healthy Humans and in Relation to Clinical Manifestations of Ca-
chexia and Muscular Wasting

Compared to healthy young men, there was no reported change in serum myostatin
levels in an elderly population with mild or severe sarcopenia (as defined by muscular
contractile force) [35]. Burch et al. reported that myostatin was 57% higher in a healthy
cohort >25 years of age compared to a healthy cohort <25 years, with an age-dependent
increase in the younger cohort but not in the older cohort [36]. A different study with more
than 1100 participating men aged 20-87 years demonstrated that circulating myostatin
level was dependent on age and body mass index [37]. Additionally, men had higher lev-
els than women [36]. This is in contrast to findings of myostatin levels declining on ageing
in men both measured by ELISA [38] and immunoplexed liquid chromatography with
tandem mass spectrometry [39]. A smaller study of eight young and six elderly women
showed higher levels of myostatin mRNA in muscle biopsies of the older group [40]. Var-
ious groups have sought to determine the use of myostatin as a potential biomarker for
muscle wasting but the conclusions have been ambiguous [41-43].

The effect of age on the expression of not only myostatin but also other promyogenic
muscle regulatory factors (MRF) following exercise was examined by Raue et al. They
found that at rest, there is a relative upregulation of both MRF and myostatin prior to
exercise in elderly women compared to younger ones, but that the postexercise downreg-
ulation of myostatin is not hampered by age [40]. A study in healthy and sarcopenic el-
derly men demonstrated that resistance training or a combination of resistance and en-
durance training caused a decrease in myostatin [44,45].

The clinical relevance of myostatin in humans was described for the first time in HIV
patients, who had increased levels of myostatin compared to healthy subjects. Further-
more, the levels were even higher in the patients who met the definition of AIDS-wasting
syndrome [15]. The role of myostatin in muscular atrophy and muscle wasting was also
determined in mice that developed cachexia in response to myostatin overexpression [46].
Cachexia manifests as a complex metabolic syndrome due to an underlying illness char-
acterized by muscle wasting in conditions such as chronic heart failure (HF), cancer,
chronic obstructive pulmonary disease (COPD) or chronic kidney disease (CKD) [47]. The
use of myostatin inhibitors in such populations with progressive muscle wasting or atro-
phy secondary to an underlying condition is attractive, as the preservation of muscle
strength for ambulation, personal care and everyday independence is key in reducing
morbidity and improving quality of life.

In terms of cardiovascular disease, the upregulation of myostatin in the cardiomyo-
cytes surrounding an ischemic infarction in sheep was shown in 1999 [14] and myostatin
protein and mRNA in skeletal muscle and myocardium were increased in a rat-model of
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volume overload heart failure [48]. Lenk and colleagues also found that the protein ex-
pression of myostatin was increased in the skeletal muscle and myocardium of a murine
LAD-ligation heart failure model, which corresponded to later findings in chronic heart
failure patients who had elevated levels of myostatin mRNA and protein in muscle biop-
sies compared to healthy controls [49,50]. The relationship between myostatin levels in
the circulatory system and patients suffering from chronic heart failure has been exam-
ined by various groups. Increased myostatin levels in HF-patients could be expected, since
impaired cardiac output reduces oxygen supply to the vascular bed of muscle tissue and
less muscle means less oxygen consumption. As various studies have detected elevated
[50-52], equal [53] or lower [42,54] levels of the latent and inactivated myostatin complex
in the circulatory system, methodological differences in the detection of myostatin (e.g.,
Western blotting of promyostatin versus immunoassays of full-length myostatin and Liq-
uid chromatography-mass spectrometry (LC-MS)) may account for these fluctuating re-
sults [36]. Furthermore, myostatin levels in decompensated chronic HF patients dropped
upon compensation therapy, suggesting dynamics and variability in myostatin levels,
which are sensitive to therapeutic interventions [55].

Treating cancer-associated cachexia by means of myostatin inhibition has been an-
other field of interest. As myostatin was elevated in the gastrocnemius muscle of mice
inoculated with the Yoshida AH-130 hepatoma [56], targeting the myostatin pathway
seemed promising in preventing cancer cachexia. C26-tumor-bearing mice were treated
with a soluble receptor of the ActRIIB (sActRIIB), which improved survival and muscle
mass without reducing tumor size [57] and by treating the Lewis lung cancer-model with
myostatin antibodies, muscular atrophy and loss of muscle force were attenuated [58].

COPD has been another target of interest due to the muscle wasting, since 30-40 %
of all people with COPD undergo muscle wasting as a secondary complication to im-
paired pulmonary function [10]. The link between myostatin and chronic hypoxemia was
established in rats exposed to chronic hypoxia, which induced myostatin expression in rat
muscle [59], and the increased the expression of myostatin in the vastus lateralis and se-
rum of COPD-patients compared to healthy controls has also been described [59,60].
Later, serum myostatin was found to be significantly elevated in COPD-patients com-
pared to controls but skeletal muscle mass only correlated negatively with serum-myo-
statin in males [61].

In CKD, myostatin is elevated in the serum and skeletal muscle of the rat model of
CKD, (Cy/+), with increased activation of atrogenic transcription factors in EDL adding
insights to the pathophysiology behind muscle wasting in this condition [62].

4. Myostatin in Response to Exercise

The effect of exercise on the expression of myostatin has been demonstrated numer-
ous times. In a clinical study where subjects had immobilized a limb for two weeks fol-
lowing exercise rehabilitation, the casting-induced atrophy did not affect myostatin
mRNA in muscle biopsies. However, exercise led to downregulated myostatin expression
by approximately 48% [63]. These findings indicate that myostatin works in vivo by in-
hibiting hypertrophy, rather than inducing atrophy. Similar findings in exercise studies
have been observed up to 24 h after exercise [64,65] and on protein-level in prediabetic
patients performing moderate aerobic exercise for six months [66]. Most interestingly,
“the myostatin paradox” was introduced by Kim et al., who in their exercise study dis-
covered a positive correlation between myostatin mRNA and muscle mass [64], whereas
the relationship would most intuitively be the opposite if not taking inhibitory factors into
consideration. The authors speculate that high levels of myostatin transcripts in muscle
might prime the muscles for additional growth.
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5. Preclinical Studies of Myostatin Inhibition in Animal Models of Neuromuscular
Disorders

The potential for the pharmacological regulation of muscular growth had to be ex-
plored in animal models of muscular dystrophy, atrophy and muscular regeneration be-
fore ultimately turning towards clinical trials in human subjects. We present here an over-
view of the various ways in which myostatin has been targeted in animal models. As my-
ostatin inhibition has been utilized to examine various physiological processes other than
merely muscular regeneration (including cancer survival, bone- and energy metabolism),
the following will focus on the bulk of scientific work that describes the effect of myostatin
on muscular tissue. A summarized overview is presented in Table 1 with the detailed
results of the single publications available in supplementary Table S1. Table 1 presents
information, if available, on the animal model and genus, the pharmacological compound,
muscle morphology, fiber-type specific changes, absolute and specific force amongst gly-
colytic and oxidative muscles, muscular stress resistance and histopathological improve-
ments. This review is focused in particular on treatment-mediated functional improve-
ments of muscle function, as these are essential for any translation to human clinical trials.
Histopathological recovery, muscular growth and the upregulation of desirable growth
factors or genes in vitro may be of less importance, as primary outcomes are invariably
functional in preclinical studies and the degree of functional improvement ultimately de-
cides whether a treatment will advance in additional preclinical or clinical investigations.
Furthermore, increasing the absolute force is of interest to patients and clinicians who are
looking for improvements in the activities of daily living, while the scientist will be look-
ing for specific force (force per cross sectional area of a muscle) as an indicator of whether
the underlying deficit has been compensated for.

The pharmacological approaches to inhibiting myostatin activity in vivo have in-
cluded: (a) systemic administration of antibodies against myostatin; (b) overexpression or
administration of the myostatin propeptide; (c) systemic administration of the activin-IIB-
receptor itself; (d) administration of antibodies directed against ActRIIB; (e) overexpres-
sion or administration of follistatin; (f) liver-mediated overexpression of a soluble receptor
(sActRIIB), dominant-negative myostatin (AnNMSTN) or the propeptide; (g) RNA interfer-
ence and antioligonucleotides against myostatin or ActRIIB or; (h) AAV-Cas9 mediated
myostatin gene editing. Finally, we have also included works on the effects of transgenic
knock-out models and crossbreeding with the preexisting models of muscular dystrophy

(i).
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Table 1. Results of previously published data from various means of myostatin inhibition in animal models.
Fiber-Type Absolute Specific Stress-In-
Absolute F ificF lyco- F Histopathological Effect of Myo-
Species/Model Compound Muscle Morphology Specific bsolute (?rce/ Specific m:ce/G yeo ofce/ Force/Oxi- duced 1stopatio ,o gica . 'ec orVyo Reference
Glycolytic Iytic Oxida- . Force statin Inhibition
Changes . dative
tive Drop
Antibodies Blocking Myostatin
Fiber CSA increased in Increased IIB
Mouse/wild-type JA16, ATA-842, mRK35, EDL [67] and Gas fiber CSA, no Increased grip
(BALB/c C57B}I]5 6) YN41, muSRK-015P, Increased weight of Gas, effect on over- strength [67-72]
’ GYM-mFc TA, Quad and TB, all composi- [68,70,71]
plantaris, Sol [68] tion [69]
Sgcd~: No improvement in histo-
EDL: Increased weight pathology of TA, EDL, Gas and dia-
and single fiber area . phragm albeit hydroxyproline re-
Mouz/i‘/);lsfﬁd’s" - JA16 [73,74]. EDL: flonrir:ased EDL: No effect No effect duced in TA. [73-75]
8t 9843 Increase in TA, Quad, Fibrosis in diaphragm increased
Gas [75] (Sgcd-[75]) and decreased (mdx
[73)
Increase in hindlimb
wézlfssiii;’\t,igr}:tt (:058 . Diaphragm: No Diaphragm increased Diaphragm: Increased fiber size in
Mouse/mdx PE-354 § phragrn: (young)/no effect No effect young animals, decreased fiber size [76]
fect after 8 weeks. effect (old) in old animals
No effect/reduction in
CSA
Quad: In- .
TA, Gas, Quad, EDL, di- creased pro- Gas: reduced atrophy, preserved fi-
Mouse/mdx aphragm weightin-  portion of 1B TA, EDL: In- ber diameter. Diaphragm integrity
TRCTAIPE, Sod 16, mRK35/RK35 creased. fibers [78] cressedforee 1A/ DL No efec Reduced czfle:eerr\ieldlﬁgol]\./ deposits [72,77-81]
A17, muSRK-015P Increased CSA in TA, Increase in I1B gen L T Y ceposis: '
Rat/Sod 165 (in SmnA7) EDL. fiber CSA. no Plantarflexor ~ No effect on plantar- No effect on intranuclear inclusion
Mouse/SmnA7 No effect on weight or  effect in re- group increased  flexor group 7] bodies 77,81
CSA insoleus [77]  maining fiber- torque [79] Increased number of tubular aggre-
typesg[79] gates [78].
Mouse/ Increased weight in Gas No effect on fi
B17-SCID, TA: 1 d
C57§L /6 (Slgzex;me- REGN1033 and TA. Fiber area in- ber type com- fr(lncﬂr;ase TA: No effect [82]
’ creased in Gas position
thasone atrophy)
MYO-025, Increased muscular cir-
Monkey/cynomolgus Domagrozu-mab, GYM- [71,72,83]
cumference
cyfc
Myostatin Propeptide Administration or Overexpression
R i - EDL: weigh! A, sin- EDL: I
Mouse/mdx ecomkilir(;aer_llz CP Topep weight, CSA, sin f;zl;eased EDL: Increased force No effect  Decreased pathological changes [84]

gle fiber area increased
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Mouse/mdx MP?{g;]g;%Fc Ts},lr(f;idi,ncc;:j;s]z;i- TA: Ifr;izased TA: No effect Larger fibers, less fibrosis [85]
Soleus:
™ Soleus: No
Mouse/calpatin 3-null Increased muscle mass EDL: increased . creased
mice (LGMD2A), Sgca - rAAV2/ImSeAP-prop- in calpain-3-null mice, force (calpain-3- EDF' No Effea‘ C effe.c t [86]
(LGMD2D) myoD76A no effect in Sgca”’-mice null mice) (calpain-3-null mice) (calpain- (calp a1f1-3-
null mice)
3-null
mice)
Soluble Receptor (sActRIIB-Fc)
Soleus: Type I
and II-fiber
CSAin-  EDL: twitch force
ACE-031 Increased muscle creased[89]. increased, no ef-
. ! weight. Quad; in- fect on tetanic Soleus: Soleus: no
Wild-type, C57BL/6 sACctRIIB, . . . . EDL: no effect [92,93] .
C57BL/10 RAP-031 Fiber CSA 1ncFeased in creased s1ze.of force [87]. Gas: decreased [91] increased effect force [87-96]
ACE-2494 EDL [87] and in whole I, IIA, IIB-fi- Gas: no effect on force [92] [92]
TA [88] bers. max tetanic force
No fiber-type [91]
switch [90]
Diaphragm, TA: No effect on histo-
Muscle weight increased EDL: increased force Soleus pathology, hydroxyproline [94,98].
RAP-031 Diaphragm and triceps No fiber-type EDL: increased [98], _ Soleus de- Fibrosis decreased [97].
Mouse/mdx s ActRHB—l;c myofiber increased [97]. conversion force [98,99] No effect [99]. creased creased  No effect No visible effects on H/E pathology. [92,94,97-100]
EDL single fiber CSA in- [92] ! EDL, TA decreased force SDH stains without effect of treat-
. . force
creased [98]. force in older animals ment [100].
eMHC: no effect [94].
Quad: oxida-
tive fiber di-
ameter in-
Mouse/TgActalH4y, creased. Nemaline rod structures unchanged
Mtm1ReC, Increased muscle Diaphragm: No effect [101]. [101].
Mtm'™4, RAP-031, weight, increased fiber gl}.lcolytlc my- EDL, TA in- No effect [101] No effect No effect Gross evaluation of diaphragm: un- (90,101-105]
R6/2, sActRIIB-Fc . ofibers hyper- creased force [101] [101] affected by genotype or treatment
Dysf, sze trophy [101]. [103] [90].
Cap3P104t 1IB fiber hy- Fibrotic changes improved
pertrophy, no
fiber type
switch [90,102]
Anti-ActRIIB Antibody
Increased weight of TA, Gas: increased
Mouse/SCID BYM338 EDL, Gas. force [107] [106,107]
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Soleus increased weight
(in high dose) [106]

Mouse/C57BL/6 (gluco- . . .
corticoid-induced atro- BYM338 TA weight and CSA in- TA increased [106]
creased force
phy)
Follistatin Administration or Overexpression
F66,Dysf~: Exacerbation of dys-
Muscle mass main- trophic features.
Mouse/ Follistatin overexpres- . . F66,Dysf": EDL: De- Increased Evans Blue Dye (EBD) up-
R tained in F66;mdx, de- [104]
F66;Dysf"-, F66;mdx sion R B creased force take
creased in F66;Dysf” .
F66;mdx: Dystrophic features not ex-
acerbated, mild improvement
Young mdx: increased myofiber size.
Mouse/mdx, Sod 153 AAV—dthgred follistatin Increased we1gh~t of TA, Increased grip Satellite cell markel:s: r.\o diff [108,109]
im. Gas, Quad, triceps strength Old mdx: Fever necrotic fibers and
mononuclear infiltrates
AAV-delivered follistati d: I d
Monkey/Cynomolgus € Wfr:; ofiistatin Increased fiber size Qua forrlcc;ease Myofiber hypertrophy [110]
. TA: increased
Mouse/C57BL10, mdx, ACE-083 Increased CSA, weight force TA: no effect [111]
FS-EEE-mFc and FST288-
Mouse/C57BL/6 m ;zm Increased muscle weight [99,112]
Mouse/md:x FS-EEE-mFc Increased V\{elght in gas, EDL: Increased EDL: No effect Decreased necrosr.s an.d fibrosis in (99]
Quad, triceps, TA force Quad, no effect in diaphragm
Liver-mediated Overexpression of Dominant-negative Myostatin (d{nMSTN), sActRIIB and Myostatin Propeptide
Gas, TA increased mass. Increased CSA Soleus:
Mouse/MF-1 (wild-  AAV8 over-ekspression  EDL and soleus in- crease EDL: No effect EDL: No effect . OS5 leus: No
type) (propeptide) creased CSA of typel, IIA increased effect (113]
YP propep ' and IIB-fibers force
TA: Increased
IIA size
EDL: In-
Increased weight in TA, :::ide slllz/z Soleus:
AAV-mediated systemic Gas, Quad. and total fiber EDL increased In- : Soleus: No
Mouse/Smac/c expression (AnMSTN dnMSTN-cohort: In- vs. SMAC/C con- EDL; Decreased force ) [114]
. number. creased  effect
and sActRIIB) creased CSA in EDL and trol
. Soleus: No ef- force
TA but not in soleus
fect vs. con-
trols.
I-fibers gener-
ally unaffected
AAV-delivered liver-spe- Increased weight in TA, iiz]ed;i:d*-fill?esr EDL: increased No effect (decreased Soleus: Soleus in-
Mouse/mdx cific promoter: dnMSTN, Gas, Quad, EDL, Soleus . ' force by 10 months of increased creased [115-117]
size. Increased force

sActRIIB EDL: increased CSA

treatment) force force [116]

proportion of
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Soleus: No effectin  1IB fibers in Soleus no
weight [115] EDL and So- difference
leus. [115].
Soleus: In- Dia-
creased size phragm:
and propor- no effect
tion of IIA-fi-
bers
Diaphragm:
IIX fibers pro-
portion in-

creased, ITA fi-
bers propor-
tion decrease
[116]
Diaphragm:
No effect in
specific fiber-
type size [115]

Increased size
Increased weight in Tib- of IIA-fibers,
AAV-delivered liver-spe-ialis cranialis, EDL, Gas, no effectin I- [118]
cific promoter (dnMSTN) flexor digitorum super- fibers.
ficialis No fiber type
switch
RNA Interference and Anti-oligonucleotides against Myostatin or ActRIIB

Dog/GRMD

Diaphragm:
No effect in weight of no difference
Mouse/mdx Antimyostatin PMO  diaphragm, EDL, Gas, in fiber-type
Soleus, TA content (I, IIA, tent
11X, 1IB)

AAV—dellYered shRNA, TA: No effect‘ on CSA, TA: No effect TA: No effect [120]
im. fiber number increased

Diaphragm and TA: no effect on fi-
ber diameter and collagen IV con- [119]

Mouse/mdx (female)

AAV-Cas9-mediated Myostatin Gene Editing
Increased fiber
area and num-
ber of fibers [79]
per area

Mouse/C57/BL10 rAAV-SaCas9

Myostatin Knock-out/Crossbreeding

Increased muscle weight EDL:
vs. wild-type. EDL fiber-type EDL: Soleus: Force defi- Decreased hydroxyproline content
Mouse/Mst Increased fiber number composition: Increased EDL: In- " Soleus: No cit in EDL, no effect in soleus [121].
and CSA of EDL and so-IIA and IIX in- [121]/no effect Decreased creased effect  Soleus: No Cytoplasmic inclusions of tubular
leus [121] cidence de- [122,123] force defi-  aggregates in older mice [123]

cit

[121-127]
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creased, IIB in-
creased in
EDL and TA.
Soleus CSA in-
creased only
in ITA-fibers
[122]
Mouse/Behc/c Increased muscle weight EDL'[I;IZ(;]e ffect EDL: De[clrze;]s ed force [123,128]
Mouse/ . . Mstn -;mdx: Reduced fibrosis [129]
Mstn-mdx Increased mean fiber di- Mstn -Sged
L ameter and muscle . [75,105,129,130]
Mstn-;Sgcd - weight [105,129,130] Hydroxyproline content decreased
MstnPre; Cap3P1oiL e in EDL[75]
Increased muscle mass, Decreased
muscle CSA and fiber . No effect on necrosis, inflammation
Mouse/Mstn™*; dy"/dy" CSA. typel f?b‘er or infiltrating cells. Less fat tissue. (131]
composition

(increased mortality)

Mainstream results from various antimyostatin treatments in animal models. Specific results that were distinct for a particular study and not general for all of the references
have been titled as such. Abbreviations: AAV; adeno-associated virus, ActRIIB; activin receptor type IIB, CSA; cross-sectional area, EDL; m. extensor digitorum longus,
eMHGC; embryonic myosin heavy chain, Gas; m. gastrocnemius, GRMD; golden retriever muscular dystrophy i.m.; intra-muscular injection, LGMD; limb-girdle muscular
dystrophy, Quad; m. quadriceps, SDH; succinate dehydrogenase, TA; m. tibialis anterior, TB; m. triceps brachii.
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5.1. Antibodies against Myostatin

Bogdanovich et al. were the first to successfully treat the commonly used mouse
model of Duchenne Muscular Dystrophy (DMD), the mdx, with antibodies directed to-
wards myostatin (monoclonal antibodies, JA16) [73]. The results were promising, as the
diaphragm and the skeletal muscle, which in the mdx reproduces the pathological features
seen in muscles of DMD-patients most accurately [132], showed fewer degenerative fea-
tures compared to controls. Meanwhile, m. extensor digitorum longus (EDL) had in-
creased weight, cross-sectional area (CSA) and absolute force but failed to show improve-
ment on specific force and stretch resistance. Similar results with increased muscle weight
and absolute force but lack of improvement in specific force and resistance were seen in
the Sgcg”- model of limb-girdle muscular dystrophy (LGMD) 2C in a design of similar age
and treatment length to the previously mentioned study [74]. The Sgcd~- mouse model of
LGMD2F also treated with JA16 antibodies was not able to improve fibrosis in either
young or older Sgcd”- animals (4 and 20 weeks old at treatment start, respectively) with
older animals even showing signs of worsening of fibrosis [75]. Interestingly, a 5-week
treatment period of very young (16 days old) mdx-animals showed positive effects on the
diaphragm, as specific force increased while absolute force was unaffected, fiber size in-
creased and connective tissue infiltration of the diaphragm was reduced [76], indicating
that early initiation of treatment is crucial for a positive effect. Another monoclonal anti-
body developed by Pfizer, mRK-35, was also able to increase absolute but not specific
force in mdx mice [72] and the TgActaIP?6G mouse model of nemaline myopathy [78].
Treatment of the Sod16%4 mouse and rat models of amyotrophic lateral sclerosis (ALS)
with RK35 improved grip strength compared to placebo controls but did not delay disease
onset or extend survival of either model [80]. Later, Muramatsu and colleagues introduced
the concept of “sweeping antibody technology” with the GYM329-antibody designed to
bind and clear latent myostatin from the circulatory system, which increased muscle mass
in three mice models and cynomolgus monkeys and also improved grip strength in the
mice [71]. As opposed to other antimyostatin antibodies, GYM329 did not bind GDF-11
and this specificity appears to induce an enhanced effect on muscle mass in treated ani-
mals. Especially in older animals, where other myostatin inhibition treatments fail or
struggle to achieve an effect, GYM329 appeared superior. Other models of neuromuscular
disorders such as the SmnA7 mouse of spinal muscle atrophy (SMA) had increased abso-
lute muscle torque but not specific torque after treatment with the muSRK-015P antibody
versus myostatin (combined with salvation of Smn2-gene mRNA) [133]. In a study of mi-
cro-gravity-induced muscular atrophy, mice were held at the International Space Station
and treated with YN41 for 6 weeks, inducing improved grip strength compared to con-
trols, as well as increased muscle mass [68].

5.2. Myostatin Propeptide Administration or Overexpression

As previously mentioned, the myostatin propeptide functions as an inhibitor of my-
ostatin, as it binds myostatin in an inactive complex. Propeptide-based inhibition by in-
traperitoneal injection for three months resulted in increased body mass, EDL mass, ab-
solute and specific force in EDL. There was no effect on stretch-resistance but the histo-
pathological phenotype of the diaphragm improved compared to untreated mdx [84]. Bar-
toli et al. treated calpain-3-null and Sgca”/—-mouse models of LGMD2A and 2D, respec-
tively, by local and systemic overexpression of the propeptide but were only able to im-
prove the calpain-3-null mice [86].

5.3. Systemic Administration of the Soluble Receptor ActRIIB

In order to increase the specific targeting of myostatin and reduce binding of the
variety of other ligands that also bind to and activate ActRIIB, another approach based on
the systemic administration of a soluble activin type IIB receptor, sActRIIB, has been
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widely utilized (supplementary Table S1). The compound RAP-031, developed by Accel-
eron, is a fusion protein consisting of the extracellular domain of the ActRIIB linked to the
Fc-portion of murine IgG to delay systemic clearance. Applying this approach, Pistilli and
colleagues demonstrated an increase in both absolute and specific force of EDL in mdx
mice [98], a functional outcome, which unfortunately has been difficult to replicate in both
wild-type [87,93], mdx [92,94,99], and nemaline myopathy mouse models [101] (supple-
mentary Table S1). The treatment of mice with muscular atrophy due to spinal cord injury
with RAP-031 did not alleviate the atrophy [134]. A hypoxia model in wild-type mice
showed improved resistance to eccentric lengthening but no other studies using the solu-
ble receptor have shown improvements to stretch resistance [135]. The specific hypertro-
phy of fibers with a IIB fiber-type composition was observed in two models of myotubu-
larin-deficient mice [90,102] but also in other fibers of wild-type animals [89,90].

5.4. Administration of Antibodies Directed against ActRIIB

Blocking the ActRIIB itself by antibodies has not been widely used as another means
of myostatin inhibition. Novartis developed BYM338 (bimagrumab, which would pro-
gress into clinical trials as mentioned below) and described the receptor-specificity in cell
cultures and myoblasts while also showing the effects on body and muscle mass in both
SCID-mice and a glucocorticoid atrophy model [106].

5.5. Follistatin Administration or Overexpression

Like the myostatin propeptide, follistatin is able to inhibit not only myostatin but also
shows affinity for other TGF-f-family members (such as BMPs and activins) [24,136].
Transgenic overexpression of follistatin primarily showed increased muscle weight and
fiber diameter [19]. Transgenic mice overexpressing a follistatin-derived myostatin inhib-
itor crossed with the mdx ameliorated the dystrophic features in terms of grip strength
and pathohistological features [137]. When transgenic overexpression of follistatin (F66-
mice) is crossed with the dysferlinopathy LGMD2B model Dysf-, the positive effect on
muscle weight in F66,Dysf"—mice declines with age and the specific force of EDL is re-
duced, compared to F66-mice, exacerbating the dystrophic phenotype [104]. Furthermore,
ActRIIB-FC-administration in Dysf7-mice ameliorated histopathological changes, but in-
creased creatine kinase (CK, a marker of muscular damage and membrane integrity) lev-
els. The authors conclude that follistatin overexpression accelerated the degenerative fea-
tures in the dysferlinopathy model, as the dystrophin-deficient mdx was not exacerbated
[104], and suggest that muscle hypertrophy may have pernicious effects depending on the
disease context.

Another approach using a follistatin-based fusion protein ACE-083 by local intra-
muscular injections increased CSA, weight and absolute, but not specific, force of injected
muscle tibialis anterior (TA) in the Trembler-] mouse model of Charcot-Marie-Tooth dis-
ease and mdx [111].

As the systemic clearance of follistatin is rather quick, systemic versus local admin-
istration poses a challenge. Thus, the pharmacokinetic properties were edited and a long-
acting follistatin-based molecule (FS-EEE-hFc) was engineered by Shen and colleagues
[138] and applied by intravenous and subcutaneous administration to wild-type and mdx-
animals [99]. The subcutaneous treatment of young (4 weeks) mdx-mice for 12 weeks also
undergoing an exhaustion-exercise regime showed increased muscle weight and absolute
but not specific force increments [99].

5.6. Liver-Mediated Overexpression of Dominant-negative Myostatin (dnMSTN), sActRIIB and
Myostatin Propeptide

Using the same approach as mentioned earlier with adeno-associated virus 8
(AAVS)-delivered myostatin inhibitors, Morine and colleagues treated the mdx with AAV-
vectors, which brought liver-mediated transcripts of sActRIIB [115] or dAnMSTN [116] into
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circulation. The sActRIIB treatment did increase the muscle mass, fiber size and absolute
force of the EDL, while CK decreased. However, there were no positive effects in soleus
or specific force [115]. The dnMSTN paper showed that the treatment in mdx-mice was
predominantly observed in the fast fibers (IIA, IIX and IIB) of both the EDL and soleus,
while soleus increased both absolute and specific force and CK decreased [116]. A similar
study in the D2.mdx only reported beneficial effects on absolute force in EDL [117].

Similar to the treatment regimes in the mdx, Liu and colleagues treated the C/C mouse
model of spinal muscle atrophy (SMA) with AAVS8-vectors containing transcripts for
dnMSTN and sActRIIB, respectively [114]. Both treatments increased the size of type IIA
and IIB-fibers, leaving type I-fibers unaffected (IIX was not measured). While specific
force was unaffected by treatment, absolute force increased in EDL (both treatments) and
soleus (only sActRIIB).

Another approach was used in wild-type MF-1 mice, where propeptide coupled to
an immunoglobulin Fc molecule was delivered by means of AAVS vectors to hepatocytes,
ensuring an intrinsic production of the inhibitor [113]. In contrast to exogenic injections of
the propeptide, Foster and colleagues treated mice from six weeks of age and found an
increased absolute force in oxidative muscle soleus but not in EDL. Both EDL and soleus
increased CSA, as well as subanalyses of fiber-types I, IIA and IIB. In a similar design,
mdx-mice were treated at the age of three months, which increased body mass, grip
strength, muscle mass and fiber radius [85]. The absolute twitch and tetanic force produc-
tion improved but specific force did not.

5.7. RNA Interference and Antioligonucleotides against Myostatin or ActRIIB

Myostatin has also been sought downregulated by means of RNA interference.
Dumonceaux et al. combined short hairpin RNA (shRNA) interference of ActRIIB mRNA
with AAV mediated exon-skipping of dystrophin. The number of fibers increased in TA,
but force production was unchanged in mice that received myostatin interference solely
compared to untreated mdx [120].

In contrast to AAV-mediated gene therapy, antisense oligomers (AOs) hold no risk
of uncontrolled genome insertion and levels of exon skipping can be regulated or aborted
over time. Antisense phosphorodiamidate morpholine oligomers (PMOs) causing exon-
skipping of myostatin increased TA weight and CSA locally in mdx-mice [139]. A follow
up study combining systemic treatment with two different PMOs that restored dystrophin
and inhibited myostatin, respectively, was promising but the mdx mice receiving the my-
ostatin-inhibiting PMO did not benefit from this treatment alone [119]. A similar study
demonstrated similar increases in muscle mass in PMO-skipped myostatin, but also
demonstrated that skipping varied among muscles, with the highest level of skipping in
the soleus. These studies emphasize the importance of the design of the PMO, as well as
the variable results obtained in healthy and mdx animals, suggesting that histopathology
plays a role in efficiency of the treatment [119,139].

5.8. AAV-Cas9-Mediated Myostatin Gene Knock-down

Recently, it was demonstrated that myostatin knock-out by the means of AAV-Sa-
Cas9 gene editing delivered by intramuscular injections increased fiber area and number
of fibers per area in aged wild-type mice [79]. However, functional outcomes were not
described.

5.9. Crossbreeding Transgenic Myostatin Knock-Out Animals

The murine hypermuscular myostatin knockout (Mstn=-, also denominated ‘the my-
ostatin-null’) described in 1997, has subsequently been further examined and crossed with
various mouse models of neuromuscular diseases. The myostatin-null itself has been de-
scribed numerous times [1,123,127] with increased muscle and body mass. Force meas-
urements have shown both positive and no effect on absolute force in the myostatin
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knock-outs but decreased specific force has generally been reported [121-123] (supple-
mentary Table S1). An increased proportion of fast fiber-types has been the common ob-
servation [123-127], in line with the findings in studies of pharmacological myostatin in-
hibition (see above). Another model of myostatin malfunction includes the Compact-
mouse (also known as the Berlin High Line BEHC), which contains a 12-bp deletion in
the propeptide domain of promyostatin (MstnCmptdiiAbe) but Jeaves the biologically active
growth-factor domain of myostatin unaffected [140]. Kocsis and colleagues later found
that the Compact genetic background itself, in addition to the promyostatin genetic dele-
tion, determines the phenotype [128] and the use of this model has been rather limited.

A third mouse model is the lean myostatin mouse (Mstn'n), which has an induced
loss-of-function mutation leading to a peptide without the ligand, thus a complete lack of
myostatin. This model has similarly increased muscularity but has had most of its use in
the field of metabolic research [141].

Crossing myostatin-null with other models of muscular dystrophy has occasionally
been the preceding study to pharmacological interventions. Crossing myostatin-null with
mdx [129,130] or caveolin-3-deficient mice with transgenic mice overexpressing the myo-
statin prodomain (“MSTNPro”) [105] did ameliorate the pathological features by increas-
ing body weight, fiber numbers and improving grip strength. However, the crossing of
myostatin-null mice with the dy"¥/dy" laminin-deficient mouse model of congenital mus-
cular dystrophy failed to improve the dystrophic phenotype and postnatal lethality was
even increased [131].

In addition, a recent study crossing a follistatin overexpressing mouse strain with the
calpain 3 knock-out mouse model for LGMD2A led to increased glycolytic muscle mass,
but caused the loss of AMP-activated protein kinase signaling, important for contraction-
induced glycolysis and poor exercise tolerance [142].

6. Common Denominators in Animal Studies

It is evident that myostatin holds the potential for increasing hind limb muscle mass
almost regardless of which muscles are investigated (Table 1). The increases in mass most
likely reflect fiber hypertrophy and increased CSA, rather than hyperplasia, with the effect
specific to fast glycolytic fibers. This is supported by evidence in myostatin-null mice
where fiber-type switch from oxidative (“slow”) fibers towards glycolytic (‘fast’) is seen
(supplementary Table S1). A shift towards a more glycolytic fiber-type in animals treated
with inhibitors has been reported [78,113,114,116] as well as a decrease in glycolytic fibers
[82,91,92,101,119,124,143,144]. These different observations in fiber type changes make it
difficult to establish a consensus on the overall effect of myostatin inhibition. EDL has
been shown to have a higher expression of the ActRIIB than soleus [115,121] and as IIB
fibers are associated with the highest content of myostatin [145], this could explain a dif-
ferentiated effect favoring glycolytic muscle. Soleus, on the other hand, contains a fiber-
type composition, which resembles a human muscle more closely (58% type I-fibers in the
mdx [146] and 70% in wild-type mice [124]). The role of fiber-type differences in hind-limb
muscle has not yet been resolved but unknown confounding factors may lie in the muscle
of choice. Due to the overwhelming content of glycolytic muscle in the mouse [147], my-
ostatin inhibition studies are almost guaranteed a positive effect on mouse muscle mass,
as evidenced from many publications.

Looking at the histopathological changes, both qualitative and quantitative measures
have been made when assessing the effect of treatment on fibrosis by visualizing and
measuring e.g., hydroxyproline or collagen content. As with the functional studies, histo-
pathological examination has shown both positive and negative findings (Table 1) while
increased fiber diameter is a general finding. In terms of the CK levels, our examination
of the literature shows that the ratio of successful to unsuccessful findings is moderately
better but definitely not all studies are able to decrease CK in dystrophic animals.

On a functional level, most studies of postnatal myostatin inhibition present in-
creases in absolute force, but very few studies [76,84,98,116] have been shown to increase
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specific force. Like specific force, resistance to stretch in eccentric contractions is a hall-
mark of translatable improvement in muscle function and noticeably myostatin-null mice
have also shown a decreased specific force production in EDL due to fragile tendons
[123,148]. Resistance to stress is a particularly difficult outcome to improve, mostly be-
cause the inhibition of myostatin does not remediate the original problem, which in the
majority of the models is a compromised sarcolemma (Table 1). On the contrary, increased
muscle mass will increase the stress on the sarcolemma and the treatment may compro-
mise the tendons, as is seen in the Mstn7~ mice. Not all dystrophic models have benefitted
from myostatin inhibition; indeed, in those disease models where the sarcolemma or ex-
tracellular matrix is specifically affected, the treatment may cause further deterioration.
The overexpression of follistatin in the dysferlin deficient Dysf*- mouse resulted in the
exacerbation of muscular degeneration [104], older d-sarcoglycan-deficient Sgcd~- mice
treated with myostatin inhibitors showed signs of increased fibrosis [75] and the crossing
of myostatin null-mice with laminin a2-deficient dyW/dyW mice caused increased mortality
in offspring [131]. The overall picture show that the fiber hypertrophy, which is seen in
the most preclinical studies of myostatin inhibition, may not always be beneficial since
small fibers are shown to have a lesser susceptibility towards necrosis [149]. We speculate
that the fiber hypertrophy adds greater stress load on the single fiber which, in case of
dystrophic muscle, has less endurance to withstand such force compared to a non-
dystrophic muscle fiber. Therefore, an increase in muscle mass can be fatal to the fiber if
the membrane-associated proteins are not reinforced as well [150]. In continuation hereof,
myostatin inhibition may show more promising results in a setting where a pathological
loss of muscle mass is not complicated by inherited or acquired metabolic, immunological
or mechanistic malfunction.

From a patient perspective, these limitations to the treatment mean that a large part
of human muscle is either not responsive to the effect of myostatin inhibition or only to a
minor degree as humans do not express type IIB fibers. Importantly, myostatin inhibition
based on the mouse studies is unlikely to have any meaningful effect on the heart to halt
or reverse cardiomyopathy and the degeneration of the muscles involved in respiratory
function, as these are composed of oxidative fibers [151,152] (human heart and dia-
phragm) or type IIA-fibers [153] (murine diaphragm).

7. Clinical Trials in Myostatin Inhibition

Clinical trials using myostatin inhibitors have covered both DMD, the milder pheno-
type Becker Muscular Dystrophy (BMD) and LGMD, idiopathic inflammatory myopa-
thies (sporadic inclusion body myositis, sIBM), cancer patients, COPD and a geriatric pa-
tient population (sarcopenia and weak fallers) (Table 2 and detailed overview in supple-
mentary Table 52).
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Table 2. Overview of published and unpublished clinical trials with myostatin inhibitors as per PubMed-U.S. National Library of Medicine and www.clinicaltrialsregis-

ter.eu and www.clinicaltrials.gov (access date February 23 2021)

Ph, f
Treatment Sponsor Condition Tar 2210 Primary Outcome Secondary Outcome Result Status Reference
Neutralizing Monoclonal Antibodies
Healthy sub- Safety, tolerabilit
eaty su I atety, to erabiily, N/A Well tolerated Completed NCT# 00563810
jects PK/PD
MYO-029 Wveth BMD, FSHD, Biological activity (manual muscle [154]
(Stamulumab) Y LGMD (2A, I Safety test, QMT, TFT, pulmonary function Adverse effects, secondary Completed EudraCT#
2B, 2C, 2D, 2E, test, subject-reported outcome, MRI, outcome not reached ompiete 2004-000622-67
21) change in muscle mass, LBM) NCT# 00104078
Well tolerated.
Health - 1
eajoZSSUb I Safety and tolerability PK/PD, DXA evaluation LBM an'd muscle volume Completed NCT #[ 05156] 16277
increased
- No significant between- [156]
fi 1 1
PF-06252616 . Safety and tolerabi 1.ty, TFT, pulmonary function tests, muscle group differences in any . NCT# 02310763
Pfizer DMD I mean change 4-stair .. Terminated .
(Domagrozumab) . volume, PK/PD secondary clinical end- Extension: NCT#
climb . .
points, terminated. 02907619
LGMD 2I Muscle strength, TFTs, pulmonary Preliminary results on clin-
(FKRP) /1T Safety and tolerability — function, LBM, PK, PD. Exploratory icaltrials.gov per January Completed NCT# 02841267
outcome: muscle fat fraction 31, 2021
Healthy sub- “Clinically significant ef- . [157]
I PK, PD, thigh le vol 11 tol 1
jects foct” , PD, thigh muscle volume Well tolerated Completed NCT# 01341470
Advanced can- . [157]
I f 1 1 PK 11 tol 1
cer Safety and tolerability Well tolerated Completed NCT# 01524224
Pancreatic . Progression-free survival, tumor re- . .
Overall survival . Primary outcome not ~ Completed/Termi- [158]
Cancer I sponse, duration of response, LBM, reached nated NCT# 01505530
LY2495655 Lt Jcachexia TFT, PRO, pain cache o
(Landogrozumab) Y Older, weak Change in appendicular TFTs, gait speed, QMT, body composi- (159]
faliers I LBM tion, rate of falls, rnyf)statin serum  Primary outcome reached Completed NCT# 01604408
concentration
Osteoarthritis
undergoing to- Change in appendicular Secondary: QMT, PRO, whole-body- . [160]
II P h 1
tal hip replace- LBM composition rimary outcome reached  Completed NCT# 01369511
ment
Healthy sub. Assessment of safety, Results not reported (both NCT# 01507402
jects 1 tolerablhty., administra- N/A studies) Completed NCT# 01720576
REGN1033 Regeneron/ tion
(Tre- Sanofi Heal.thy sub- I Change in total lean ~ Safety and tolerability, appendicular Results not reported Completed NCT# 01910220
vogrumab)/SAR391786 jects mass lean mass
Healthy sub- PK in two different for-
eaty su I {n o diierent for Safety and tolerability Results not reported Completed NCT# 02741739

jects mulations of drug
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Change in total lean AE, appendicular lean mass, gait
Sarcopenia I body mass speed, SPPB, DXA-evaluated body Results not reported Completed NCT# 01963598
composition, E(MWT, QMT, TET
Change in total lean
sIBM II mass AE, TFT, 6(MWT, 10MWT, QMT N/A Withdrawn NCT# 03710941
REGN2477 (Garet-
somab, Activin A-anti-
’ Health: - Thigh le vol DXA-evaluated
body) alone andin  Regeneron ea. y sub I Safety and tolerability 181 muscie vo umet . cvatuate Results not reported Completed NCT# 02943239
S . jects body composition, PK
combination with
REGN1033
Change from Baseline in
the Revised Hammer-
SRK-015 Scholar Rock SMA 2, SMA3 11 SmithScale or Hammer- N/A N/A Active perJanuary  \ry 039158
(Apitegromab) smith Functional Motor 312021
Scale Expanded
(HFMSE)
Chugai Phar- Healthy sub- Recruiting per Janu-
GYMB329/RG 6237 maceuti- jects (limb im- I Thigh muscle strength Safety and tolerability, PK, PD Results not reported Lalr 3% 1; 021 " NCT# 04708847
cal/Roche  mobilization) y
Soluble ActRIIB
Healthy sub- .., PK/PD, body mass evaluation by DXA [161]
I fety and tol lit Well tolerated leted
jects a Safety and tolerability and MRI ell tolerate Complete NCT# 00755638
Adverse effect (epistaxis)
Health - 162
eajeC}tISSUb Ib Safety and tolerability PK/PD Incre:ﬁjclff‘l:f)lir;iethigh Completed NCT #! 060 9]5 0887
ACE-031
Body mass,
(Ramatercept) . .
Acceleron Bone mineral density MD [163]
i i i . i #
DMD I Safety and tolerability PK/PD (MRI eval.uatlon, bone mineral 1mpro.ved vs. baseline (BL) Terminated NCT 01999761
density, TFT) No difference vs. placebo Extension:
AE (telangiectasias, epi- NCT# 01239758
staxis)
ACE-2494 Healthy sub- . PI,</PD' ]?XA-evaluated body composi- Development of antidrug X [164]
. I Safety and tolerability tion, thigh muscle volume evaluated 1 Terminated
jects antibodies NCT# 03478319
by MRI
Follistatin-Fc
Healthy sub- . . [165]
jects I Safety and tolerability =~ PK/PD, MRI/DXA evaluation, QMT Well tolerated Completed NCT# 02257489
FSH 1 Safety and tolerabilit PK, PD, QMT, TFT, QOL Didnot meet functional 751 veq NCT# 02927080
ACE-083 Acceleron Y Y T Y secondary endpoint
Safety, tolerability, Mus-PK/PD, Muscular fat infiltration, QMT, _. X
harcot-Ma- Did not t functional
¢ .a reoha II cle volume estimated by TFT, QOL, Charcot-Marie-Tooth ex- 1 not meet func 1‘ona Terminated NCT# 03124459
rie-Tooth secondary endpoint

MRI amination score)

Antimyostatin Adnectin
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. Healthy sub- . S
BMS-986089 Bristol-Mey- jects I Safety and tolerability Pharmacokinetics Results not reported Completed NCT# 02145234
ers-
RG6202/BMS-986089/ , . o . - : [166]
RO-7239361 Squibb/Hoff- DMD Ib/I1 Safety and tolerability =~ Thigh contractive tissue, CSA, PK No AE. Increased LBM Terminated NCT# 02515669
mann-La Changes in North Star
Roche/Roche/ TFT, QMT, 6MWT, walk, run and . . [167]
RO-7239361/RG6206 Greentech DMD II/111 Ambulato;‘zloissessment stride velocity N/A Discontinued NCT# 03039686
Anti-ActRIIB Antibody
[168]
NCT# 01423110
Change in muscle vol- Body composition, LBM, QMT, TFT, . .
sIBM I m MWT Primary outcome reached Completed Extension:
ume NCT# 02250443 (termi-
nated early)
[169,170]
NCT# 01925209
EudraCT# 2013-000705-
. LBM, QMT, sIBM functional assess- Primary outcome not 23
sIBM TIb/II Change in 6MWT ment, rate of falls, SPPB reached Completed Extension:
NCT# 02573467
EudraCT# 2015-001411-
12)
[171]
Increased appendicular NCT# 02333331
skeletal muscle index and EudraCT# 2014-003482-
Sarcopenia I Change from baseline in Safety, tolerability, SBMWT, gait speed, LBM from baseline in 700 Completed 25.
BYM-338 SPPB total LBM mg treatment cohort. Extension:
Bi ) b Novartis No functional improve- NCT# 02468674
(Bimagrumab) ment [171] Extension: 2015-000471-
27
Thigh muscle volume, (172]
Sarcopenia I intramuscular aer sub- Total LBM, QMT, TFT Primary endpoint reached Completed NCT# 01601600
cutaneous fat tissue
Patients under-
NCT# 02152761
i ical i PPB, safi lerabil- 1
§oms surgica Ia/Ilb Change in total LBM Gait speed, S , safety and tolerabi Results not reported Completed EudraCT# 2013-003439-
treatment of ity, rate of falls 31
hip fracture
Casting-in- Thigh muscle volume,
duced muscl hange in intram lar Primary endpoint reached (173]
riced muscie N/A change amuscua QMT, safety and tolerability aty endpormt reache No clinical trial ID speci-
atrophy and subcutaneous adi- (muscle volume) L. .
. fied in article
(healthy) pose tissue
Change in thigh muscle . . [174]
COPrD I volume 6MWT, PK Primary endpoint reached Completed NCT# 01669174
Cancer ca- Change in thigh muscle Body weight, PK/PD, bone mineral Results submitted, p-value
chexia (lungor I 8 5 ywelgal, =L, bone | P Completed NCT# 01433263
volume density, LBM, physical activity levels not calculated

pancreas)
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Type Il diabe- I Changeinbody fatmass | 0/ic change, PK, body weight Results not reported Completed NCT# 03005288
tes change, insulin resistance
Follistatin Gene Therapy
Chlldre.n s BMD I/IA (no pla- 6MWT QMT of quadriceps, muscle histology Prlm?ry endpom.t reached Completed (175]
AAV1.CMV FS344 Hospi- cebo control) (in 4 of 6 subjects) NCT# 01519349
’ ’ tal/Milo Bio- 6MWT
alf telcc})l 1° sIBM I/1la TFT, biopsy, Western blotting Primary endpoint reached Completed [176]
Jerry R. Men-
AAV1. . AE
r V CMV dell/Milo DMD I/I1 6MWT, size of muscle fibers Results not reported Completed NCT# 02354781
huFollistatin344 .
Therapeutics
Antimyostatin peptibody
Prostate cancer
in patients
treated with AE, PK, DXA, QMT, LBM increased, fat mass
1 A 1 177
androgen dep- SPPB, TFT N/ decreased. Completed (1771
rivation ther-
apy
AMG-745/PINTA 745 Amgen  Age-associated 1 Thigh CSA QMT, TET, 6MWT, PK N/A Withdrawn NCT# 00975104
muscle loss
End stage re-
nal disease, ..., LBM, appendicular lean mass, mid up-
f 1 1
kidney disease, /a sa et{;nMd t}? e:abl 1ty per arm muscle circumference, TFT, Results not reported Completed NCT# 01958970
protein energy change 6MWT
wasting
Myostatin Inhibition (Information on Myostatin Inhibition Strategy not Available)
BLS-M22 B10Lead¢?rs Heal.thy sub- I Safety and tolerability PK, immunogenicity, changes in mus- Results not reported Recruiting NCT #03789734
Corporation jects cle mass

Abbreviations: 10MWT; 10-min walking test, G(MWT; 6-min walking test, AE; Adverse events, BMD; Becker Muscular Dystrophy, COPD; chronic obstructive pulmonary
disorder, CSA; Cross-sectional area, DMD; Duchenne Muscular Dystrophy, DXA; Dual-energy X-ray absorption, FSHD; Facio-scapulo-humoral dystrophy, LBM; Lean
body mass, MRI; Magnetic resonance imaging, N/A; Not available, PRO; Patient reported outcome, PD; Pharmacodynamics, PK; Pharmacokinetics, QMT; Quantitative
muscle testing, QOL; Quality of life, sSIBM; spontaneous inclusion body myositis, SMA; spinal muscle atrophy, SPPB; Short Physical Performance Battery, TFT; Timed

function test.
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7.1. Clinical Trials in Muscular Dystrophy

The first study in a population of muscular dystrophy patients (DMD, BMD, LGMD)
receiving myostatin inhibitors was a phase I/II trial with MYO-029 (stamulumab, Wyeth
Pharmaceuticals, now Pfizer) [154]. The clinical trial was designed for tolerability and ad-
verse effects, which were quite few and limited to hypersensitive skin reactions in cohorts
receiving high doses, but the biological and functional effects were nondetectable, at-
tributed to a heterogenic study population and limited statistical power. Subsequent phar-
macokinetic and -dynamic measurements suggested that the concentration of MYO-029
required to evoke a 50% improvement in monkey muscle was approximately 20x higher
compared to an equivalent response in mice, indicating a significant potency-shift among
species [83]. Later, the antibody PF-06252616 (domagrozumab, Pfizer), which neutralizes
myostatin by binding to the mature myostatin dimer, increased lean body mass (LBM)
and muscle volume by 5 and 4% in healthy subjects [155] but was unable to show an effect
in DMD patients, and the phase II trial was terminated prematurely [156].

A phase I study of ACE-031 (ramatercept, Acceleron), a fusion protein of ActRIIB to
the Fc-portion of human IgG, showed increased LBM in healthy women [161] but was
unsuccessful in showing any effects when administered to DMD patients in a phase I trial
and was retracted by the sponsor [163]. Adverse effects such as telangiectasias and epi-
staxis were reported and attributed to the binding of ActRIIB to other ligands, such as
BMP9 and BMP10, involved in angiogenesis. Acceleron also developed ACE-083, a mod-
ified form of follistatin linked to human immunoglobulin Fc-portion, engineered to trap
members of the TGF-B-family locally when injected into the muscle. Muscle volume in-
creased in healthy subjects but failed to improve strength [165] and was unable to reach
secondary end-points in following phase II trials including Charcot-Marie-Tooth (CMT)
and facioscapulohumoral muscular dystrophy (FSH) (Table 2).

A different molecular strategy was pursued by Roche/Greentech with the an-
timyostatin adnectin RG6206/R07239361, an engineered molecule based on a fibronectin
III domain, which like antibodies binds a target molecule with high affinity. A phase Ib/II
study reported increased LBM in treated DMD boys and the compound was found safe
and well tolerated [166], which sparked a IIb/III study in which results have not been re-
ported, but the phase II/III study was discontinued [167].

As a treatment for inflammatory myopathies such as spontaneous inclusion body
myositis (sIBM), phase II and III trials of BYM-338 (bimagrumab, Norvartis), an anti-
ActRIIB-antibody in sIBM failed to show positive long-term functional effects [168-170].

In a small phase I/Ila study of six BMD-patients without controls or placebo treat-
ment, local injections of AAV1-delivered vectors harboring follistatin showed no adverse
effects [175]. A subsequent phase I/Ila study of similar size combining the follistatin gene
therapy, including an exercise regime in sIBM-patients compared to a control group,
showed increased 6MWT distance and improved histopathological changes on muscle bi-
opsy [176].

7.2. Clinical Trials of Other Applications of Myostatin Inhibition

As inherited muscular dystrophies such as DMD represent the most severe and irre-
versible conditions (here ignoring potential gene restoration therapies), it was considered
that myostatin inhibition would show more promising results in milder phenotypes of the
muscular disorder and conditions not arising from specific and inherited genetic malfunc-
tion. It can be speculated that the physiological adaptations in conditions arising from
congenital genetic defects may be much harder to overcome by myostatin inhibition com-
pared to acquired and potentially reversible conditions.

LY2495655 (landogrozumab, Lilly), a myostatin antibody, was tested in a population
of elderly subjects who had experienced falling at least once before enrollment in the trial.
Functional outcomes such as stair climbing time, chair rise with arms and fast gait speed
increased, although the increase was not significant from placebo in all measures [159].
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LY2495655 has also been tested in muscle wasting conditions associated with COPD and
advanced pancreatic cancer, which are both conditions characterized by the loss of mus-
cle, decreased physical function and overall performance status; measurements that are
often crucial when determining eligibility for certain treatment regimes, such as anti-
cancer therapy. LY2495655 failed to improve overall survival in the pancreatic cancer trial
[158] and even though muscle mass improved in the COPD study, functional improve-
ment was also absent [174].

BYM-338 was also examined in an older population suffering from sarcopenia with
reduced gait-speed and muscle function. A single infusion of 30 mg/kg confirms a positive
functional effect, but only when measuring the 6-min walk test (6MWT) distance 16 weeks
after treatment in a subpopulation with low 6MWT performance at baseline [173]. Later,
a monthly dose of 700 mg bimagrumab versus placebo for 6 months in combination with
personalized exercise programs, dietary counseling and oral nutritional supplements did
not show any effect of bimagrumab [171]. In a COPD-population, two doses of BYM-338
over 24 weeks were, as in the LY2495655-study, able to increase muscle mass but not func-
tional outcomes [174]. However, casting-induced muscle atrophy in healthy men was re-
versed and recovery was accelerated when treated with a single dose of intravenous BYM-
338 compared to placebo [173].

The antimyostatin peptibody AMG-745, developed by Amgen, is a fusion protein
with a human Fc at the N-terminus and a myostatin-neutralizing peptide at the C-termi-
nus [177]. Subcutaneous administration for four weeks increased muscle mass at follow-
up one month after the final dose but functional improvement and strength did not im-
prove in this study. In conclusion, myostatin inhibition in nondystrophic subjects can im-
prove muscle mass but the functional improvement is highly questionable, even in these
heterogeneous populations.

8. The Lack of Effect of Myostatin Inhibition in Clinical Trials of Muscular Dystrophy

Evidently, not a single clinical trial in muscular dystrophy has succeeded in reaching
a clinically significant outcome and most have been withdrawn (Table 2). Why is this? A
possible explanation could be decreased myostatin levels in DMD-patients, which have
been reported to be approximately 70% lower compared to healthy age-matched controls
and that there is a significant decrease in myostatin with ageing and loss of ambulation in
DMD patients—suggesting that disease progression plays a role in circulating myostatin
levels [36]. Second, circulating myostatin is at least 20-fold lower in humans compared to
mice, making human muscle a poorer target for myostatin inhibition than what preclinical
results would suggest [36], in continuation with the pharmacodynamic differences also
mentioned in relation to the MYO-029 clinical trial [83]. Third, the downregulation of the
myostatin pathway downstream of the receptor in atrophying or wasting muscle has also
been suggested as an explanation [178]. Fourth, as generally all DMD patients have been
treated with corticosteroids, the role of prednisolone in myostatin inhibition was exam-
ined in both the mdx and the more severe D2.mdx [117]. Hammers and colleagues demon-
strated that not only does prednisolone induce skeletal atrophy, but the overexpression
of myostatin cannot rescue such iatrogenic muscle wasting. Fifth, a recent treatment study
with the GYM329 and three competitive myostatin antibodies implies that specificity
against myostatin matters [71]. Since the ActRIIB binds several ligands involved in growth
control and bone formation, blocking this may affect more than just myostatin [32]. In
addition, some myostatin antibodies also bind GDF-11, which has been demonstrated to
lead to a cap on the effect on myostatin. The unintended effects of these side-effects may
hamper the true potential of inhibiting myostatin to increase muscle mass. Sixth, as type
II fibers are the first to degenerate and eventually become lost in DMD patients, this ad-
ditionally diminishes the effect of myostatin in human patients [179-181]. These and more
contributing factors related to the lack of functional gains of myostatin inhibition has re-
cently been reviewed [182].
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Ultimately, these are all difficult hurdles to overcome. Some can be amended by im-
proving the specificity of the modus of inhibition, others are less likely to be improved,
like the expression of myostatin in fast fibers and the lack of improvement in the integrity
of sarcolemma. Obviously, these factors should be taken into consideration if new targets
are to be pursued.

A different issue is the goal of attempting to develop a treatment for severe diseases.
In muscular dystrophies, DMD represents the pinnacle most treatments aim to improve,
not only due to the frequency of patients, but also because DMD affects almost all muscles
and a treatment or treatment modality for DMD may be applicable to many other muscle
diseases. However, the myopic focus on finding a treatment for DMD may hurt efforts at
using the very same treatments against other less severe muscle disorders. It can be ar-
gued that expecting a significant positive change in the primary outcomes may be a bit
too ambitious for severe disorders. In the case of myostatin inhibition, this was tried on
patients suffering from cachexia and sarcopenia, where the muscle function is unaffected
by a genetic condition, without improving the muscle condition. If no myostatin inhibition
treatment has been able to improve severe (DMD), intermediate (sIBM), moderate
(LGMD) muscle disorders or muscle wasting related to cancer or age, then this mode of
treatment is likely not suited for treating any of these disorders and conditions.

Finally, and this is an ongoing discussion throughout the entire field of treating mus-
cle diseases, it can be argued that the primary outcome measures simply do not match the
disease. It is always preferable to have a functional primary outcome measure, followed
by relevant secondary outcome measures. However, the chosen functional primary out-
come measure should perhaps better reflect the severity of the disease. In the absence of
more flexibility of choosing the right functional outcome measure, there are usually mul-
tiple secondary outcome measures, which may demonstrate a coherent change due to
treatment. However, in all clinical trials of muscular dystrophy included in this review
the primary outcome measures did not demonstrate any functional improvement and the
secondary outcome measures did not demonstrate any coherent improvement that could
outweigh the absence of a positive primary outcome due to treatment. A recent example
of a clinical trial with no improvement in functional outcome, but with a coherent im-
provement of secondary outcomes, is the treatment of patients with myasthenia gravis
with eculizumab, which resulted in a recommendation of using eculizumab for treating
this group of patients [183]. So even if the choice of functional primary outcome was less
than optimal, the results of the secondary outcomes do not suggest that myostatin inhibi-
tion was a viable treatment for any of the muscle disorders and conditions in clinical trial
so far in our opinion.

9. Future Use of Myostatin Inhibition

Over 20 years ago, the discovery of myostatin gave patients, clinicians and caretakers
a hope that myostatin would provide a benchmark in treating neuromuscular disorders
and that the promising results in preclinical settings would translate into clinical remis-
sion in patients. Unfortunately, the disappointing results in almost any clinical trial asso-
ciated with myostatin inhibition will most likely discourage further research and devel-
opment into myostatin inhibition. However, applying myostatin inhibitors as an adjuvat-
ing therapy to gene therapy restoring e.g., truncated dystrophin as previously shown in
animal models [119,184] or in combination with growth factors with myotrophic proper-
ties, could introduce myostatin inhibition as a primer for the muscle fiber before salvation
by antisense oligonucleotides. Milder dystrophic phenotypes with higher myostatin lev-
els such as myotonic dystrophy [36] could possibly benefit from myostatin inhibition and
muscular dystrophies characterized by proximal weakness in larger muscle groups may
be a candidate for local treatment by gene therapy, as previously demonstrated [176]. Af-
ter encouraging preclinical results in SMA mice, the combination treatment of myostatin
inhibition and SMN2 gene expression through a splice modulator may have more success
in a clinical trial, since it aims at increasing muscle mass and correcting the functional
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deficit leading to SMA [133]. If the application of myostatin inhibition to the muscular
dystrophies is deemed futile, the approach may be more advantageous in subjects with a
healthy muscular phenotype but where other factors, such as immobilization [173], induce
muscular atrophy and wasting. It may also be relevant as a treatment for insulin resistance
and obesity [185,186] or for alleviating muscle wasting during future prolonged space
travel in an environment with microgravity [68]. However, considering the general failure
to treat human muscle diseases so far, a more specific myostatin inhibition may be re-
quired that decreases or eliminates the effect on other molecular pathways related to my-
ostatin signaling for the continued relevance in muscle atrophy diseases.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
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Author Contributions: Conceptualization, T.L.N. and T.O.K.; writing —original draft preparation,
T.L.N.; writing—review and editing, T.L.N., J.V.,, T.O.K,; supervision, T.O.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: T.L.N. declares no conflicts of interest. T.O.K. has served as a consultant for
Asklepios Biopharmaceuticals. J.V. has received research and travel support, and/or speaker hono-
raria from Sanofi/Genzyme and Alexion Pharmaceuticals, and served on advisory boards or as a
consultant for Roche, Asklepios Biopharmaceuticals, PTC Therapeutics, Sanofi/Genzyme, Santhera
Pharmaceuticals, Sarepta Therapeutics, Novartis Pharma AG, Audentes Therapeutics and Stealth
Biotherapeutics.

References

1.

10.

11.

12.

McPherron, A.C.; Lawler, AM.; Lee, S.-]. Regulation of Skeletal Muscle Mass in Mice by a New TGF-p Superfamily Member.
Nature 1997, 387, 83-90, d0i:10.1038/387083a0.

Grobet, L.; Martin, L.J.; Poncelet, D.; Pirottin, D.; Brouwers, B.; Riquet, J.; Schoeberlein, A.; Dunner, S.; Ménissier, F.; Massabanda,
J.; et al. A Deletion in the Bovine Myostatin Gene Causes the Double-Muscled Phenotype in Cattle. Nat. Genet. 1997, 17, 71-74,
doi:10.1038/ng0997-71.

Kambadur, R.; Sharma, M.; Smith, T.P.; Bass, J.J. Mutations in Myostatin (GDF8) in Double-Muscled Belgian Blue and
Piedmontese Cattle. Genome Res. 1997, 7, 910-916, d0i:10.1101/gr.7.9.910.

McPherron, A.C.; Lee, S.J. Double Muscling in Cattle Due to Mutations in the Myostatin Gene. Proc. Natl. Acad. Sci. USA 1997,
94, 12457-12461.

Mosher, D.S.; Quignon, P.; Bustamante, C.D.; Sutter, N.B.; Mellersh, C.S.; Parker, H.G.; Ostrander, E.A. A Mutation in the
Myostatin Gene Increases Muscle Mass and Enhances Racing Performance in Heterozygote Dogs. PLoS Genet. 2007, 3,
doi:10.1371/journal.pgen.0030079.

Schuelke, M.; Wagner, K.R,; Stolz, L.E.; Hiibner, C.; Riebel, T.; Kémen, W.; Braun, T.; Tobin, J.F.; Lee, S.-]. Myostatin Mutation
Associated with Gross Muscle Hypertrophy in a Child. N. Engl. |. Med. 2004, 350, 2682-2688, doi:10.1056/NEJMo0a(040933.
Mendias, C.L.; Bakhurin, K.I.; Gumucio, J.P.; Shallal-Ayzin, M.V.; Davis, C.S.; Faulkner, ]J.A. Haploinsufficiency of Myostatin
Protects against Aging-Related Declines in Muscle Function and Enhances the Longevity of Mice. Aging Cell 2015, 14, 704-706,
doi:10.1111/acel.12339.

Morissette, M.R.; Stricker, J.C.; Rosenberg, M.A.; Buranasombati, C.; Levitan, E.B.; Mittleman, M.A.; Rosenzweig, A. Effects of
Myostatin Deletion in Aging Mice. Aging Cell 2009, 8, 573-583, doi:10.1111/j.1474-9726.2009.00508.x.

Hoogaars, W.M.H.; Jaspers, R.T. Past, Present, and Future Perspective of Targeting Myostatin and Related Signaling Pathways
to Counteract Muscle Atrophy. In Muscle Atrophy; Xiao, J., Ed.; Advances in Experimental Medicine and Biology; Springer:
Singapore, 2018; pp. 153-206, ISBN 9789811314353.

Sharma, M.; McFarlane, C.; Kambadur, R.; Kukreti, H.; Bonala, S.; Srinivasan, S. Myostatin: Expanding Horizons: Myostatin.
Tubmb Life 2015, 67, 589—600, doi:10.1002/iub.1392.

Amthor, H.; Huang, R.; McKinnell, I.; Christ, B.; Kambadur, R.; Sharma, M.; Patel, K. The Regulation and Action of Myostatin
as a Negative Regulator of Muscle Development during Avian Embryogenesis. Dev. Biol. 2002, 251, 241-257,
doi:10.1006/dbio.2002.0812.

Manceau, M.; Gros, J.; Savage, K.; Thomé, V.; McPherron, A.; Paterson, B.; Marcelle, C. Myostatin Promotes the Terminal
Differentiation of Embryonic Muscle Progenitors. Genes Dev. 2008, 22, 668-681, doi:10.1101/gad.454408.



Cells 2021, 10, x FOR PEER REVIEW 24 of 31

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hill, J.J.; Davies, M.V.; Pearson, A.A.; Wang, ]. H.; Hewick, R.M.; Wolfman, N.M.; Qiu, Y. The Myostatin Propeptide and the
Follistatin-Related Gene Are Inhibitory Binding Proteins of Myostatin in Normal Serum. J. Biol. Chem. 2002, 277, 40735-40741,
doi:10.1074/jbc.M206379200.

Sharma, M.; Kambadur, R.; Matthews, K.G.; Somers, W.G.; Devlin, G.P.; Conaglen, J.V.; Fowke, P.J.; Bass, J.J. Myostatin, a
Transforming Growth Factor-{3 Superfamily Member, Is Expressed in Heart Muscle and Is Upregulated in Cardiomyocytes after
Infarct. J. Cell. Physiol. 1999, 180, 1-9, doi:10.1002/(SICI)1097-4652(199907)180:1<1::AID-JCP1>3.0.CO;2-V.

Gonzalez-Cadavid, N.F.; Taylor, W.E.; Yarasheski, K.; Sinha-Hikim, I.; Ma, K.; Ezzat, S.; Shen, R.; Lalani, R.; Asa, S.; Mamita,
M.; et al. Organization of the Human Myostatin Gene and Expression in Healthy Men and HIV-Infected Men with Muscle
Wasting. Proc. Natl. Acad. Sci. USA 1998, 95, 14938-14943.

Rodgers, B.D.; Weber, G.M. Sequence Conservation among Fish Myostatin Orthologues and the Characterization of Two
Additional CDNA Clones from Morone Saxatilis and Morone Americana. Comp. Biochem. Physiol. Bbiochem. Mol. Biol. 2001, 129,
597-603, doi:10.1016/s1096-4959(01)00350-5.

Smith, T.P.; Lopez-Corrales, N.L.; Kappes, S.M.; Sonstegard, T.S. Myostatin Maps to the Interval Containing the Bovine Mh
Locus. Mamm. Genome 1997, 8, 742744, d0i:10.1007/s003359900557.

Stavaux, D.; Art, T.; McEntee, K.; Reznick, M.; Lekeux, P. Muscle Fibre Type and Size, and Muscle Capillary Density in Young
Double-Muscled Blue Belgian Cattle. Zent. Vet. A 1994, 41, 229-236.

Lee, S.-J.; McPherron, A.C. Regulation of Myostatin Activity and Muscle Growth. Proc. Natl. Acad. Sci. USA 2001, 98, 9306-9311,
doi:10.1073/pnas.151270098.

Thies, R.S.; Chen, T.; Davies, M.V.; Tomkinson, K.N.; Pearson, A.A.; Shakey, Q.A.; Wolfman, N.M. GDF-8 Propeptide Binds to
GDEF-8 and Antagonizes Biological Activity by Inhibiting GDF-8 Receptor Binding. Growth Factors 2001, 18, 251-259,
doi:10.3109/08977190109029114.

Wolfman, N.M.; McPherron, A.C.; Pappano, W.N.; Davies, M.V; Song, K.; Tomkinson, K.N.; Wright, ].F.; Zhao, L.; Sebald, S.M.;
Greenspan, D.S,; et al. Activation of Latent Myostatin by the BMP-1/Tolloid Family of Metalloproteinases. Proc. Natl. Acad. Sci.
USA 2003, 100, 15842-15846, doi:10.1073/pnas.2534946100.

Lee, S.-J. Genetic Analysis of the Role of Proteolysis in the Activation of Latent Myostatin. PLoS ONE 2008, 3,
doi:10.1371/journal.pone.0001628.

Amthor, H.; Nicholas, G.; McKinnell, I.; Kemp, C.F.; Sharma, M.; Kambadur, R.; Patel, K. Follistatin Complexes Myostatin and
Antagonises Myostatin-Mediated Inhibition of Myogenesis. Dev. Biol. 2004, 270, 19-30, doi:10.1016/j.ydbio.2004.01.046.

Hill, J.J.; Qiu, Y.; Hewick, RM.; Wolfman, N.M. Regulation of Myostatin in Vivo by Growth and Differentiation Factor-
Associated Serum Protein-1: A Novel Protein with Protease Inhibitor and Follistatin Domains. Mol. Endocrinol. 2003, 17, 1144—
1154, doi:10.1210/me.2002-0366.

Miura, T.; Kishioka, Y.; Wakamatsu, J.; Hattori, A.; Hennebry, A.; Berry, C.J.; Sharma, M.; Kambadur, R.; Nishimura, T. Decorin
Binds Myostatin and Modulates Its Activity to Muscle Cells. Biochem. Biophys. Res. Commun. 2006, 340, 675-680,
doi:10.1016/j.bbrc.2005.12.060.

Zhu, J; Li, Y.; Shen, W.; Qiao, C.; Ambrosio, F.; Lavasani, M.; Nozaki, M.; Branca, M.F.; Huard, ]. Relationships between
Transforming Growth Factor-B1, Myostatin, and Decorin Implications for Skeletal Muscle Fibrosis. . Biol. Chem. 2007, 282,
25852-25863, d0i:10.1074/jbc.M704146200.

Kemaladewi, D.U.; de Gorter, D.].].; Aartsma-Rus, A.; van Ommen, G.-].; ten Dijke, P.; 't Hoen, P.A.C.; Hoogaars, W.M. Cell-
Type Specific Regulation of Myostatin Signaling. FASEB ]. 2012, 26, 1462-1472, doi:10.1096/fj.11-191189.

Rebbapragada, A.; Benchabane, H.; Wrana, J.L.; Celeste, A.].; Attisano, L. Myostatin Signals through a Transforming Growth
Factor (-Like Signaling Pathway To Block Adipogenesis. Mol. Cell Biol. 2003, 23, 7230-7242, doi:10.1128/MCB.23.20.7230-
7242.2003.

Derynck, R.; Zhang, Y.E. Smad-Dependent and Smad-Independent Pathways in TGF-Beta Family Signalling. Nature 2003, 425,
577-584, d0i:10.1038/nature02006.

Langley, B.; Thomas, M.; Bishop, A.; Sharma, M.; Gilmour, S.; Kambadur, R. Myostatin Inhibits Myoblast Differentiation by
Down-Regulating MyoD Expression. J. Biol. Chem. 2002, 277, 49831-49840, d0i:10.1074/jbc.M204291200.

Thomas, M.; Langley, B.; Berry, C.; Sharma, M.; Kirk, S.; Bass, J.; Kambadur, R. Myostatin, a Negative Regulator of Muscle
Growth, Functions by Inhibiting Myoblast Proliferation. J. Biol. Chem. 2000, 275, 40235-40243, doi:10.1074/jbc.M004356200.
Sartori, R.; Schirwis, E.; Blaauw, B.; Bortolanza, S.; Zhao, J.; Enzo, E.; Stantzou, A.; Mouisel, E.; Toniolo, L.; Ferry, A.; et al. BMP
Signaling Controls Muscle Mass. Nat. Genet. 2013, 45, 1309-1318, doi:10.1038/ng.2772.

Biesemann, N.; Mendler, L.; Wietelmann, A.; Hermann, S.; Schéfers, M.; Kriiger, M.; Boettger, T.; Borchardt, T.; Braun, T.
Myostatin Regulates Energy Homeostasis in the Heart and Prevents Heart Failure. Circ. Res. 2014, 115, 296-310,
doi:10.1161/CIRCRESAHA.115.304185.

Philip, B, Lu, Z. Gao, Y. Regulation of GDF-8 Signaling by the P38 MAPK. Cell Signal. 2005, 17, 365-375,
doi:10.1016/j.cellsig.2004.08.003.

Ratkevicius, A.; Joyson, A.; Selmer, I.; Dhanani, T.; Grierson, C.; Tommasi, A.M.; DeVries, A.; Rauchhaus, P.; Crowther, D.;
Alesci, S.; et al. Serum Concentrations of Myostatin and Myostatin-Interacting Proteins Do Not Differ between Young and
Sarcopenic Elderly Men. J. Gerontol. A Biol. Sci. Med. Sci. 2011, 66, 620-626, d0i:10.1093/gerona/glr025.



Cells 2021, 10, x FOR PEER REVIEW 25 of 31

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Burch, P.M.; Pogoryelova, O.; Palandra, J.; Goldstein, R.; Bennett, D.; Fitz, L.; Guglieri, M.; Bettolo, C.M.; Straub, V.; Evangelista,
T.; et al. Reduced Serum Myostatin Concentrations Associated with Genetic Muscle Disease Progression. J. Neurol. 2017, 264,
541-553, d0i:10.1007/s00415-016-8379-6.

Szulc, P.; Schoppet, M.; Goettsch, C.; Rauner, M.; Dschietzig, T.; Chapurlat, R.; Hofbauer, L.C. Endocrine and Clinical Correlates
of Myostatin Serum Concentration in Men--the STRAMBO Study. ]. Clin. Endocrinol Metab. 2012, 97, 3700-3708,
doi:10.1210/jc.2012-1273.

Lakshman, K.M.; Bhasin, S.; Corcoran, C.; Collins-Racie, L.A.; Tchistiakova, L.; Forlow, S.B.; St Ledger, K.; Burczynski, M.E.;
Dorner, A.J.; Lavallie, E.R. Measurement of Myostatin Concentrations in Human Serum: Circulating Concentrations in Young
and Older Men and Effects of Testosterone Administration. Mol. Cell Endocrinol. 2009, 302, 26-32, d0i:10.1016/j.mce.2008.12.019.
Schafer, M.].; Atkinson, E.J.; Vanderboom, P.M.; Kotajarvi, B.; White, T.A.; Moore, M.M.; Bruce, C.J.; Greason, K.L.; Suri, RM.;
Khosla, S.; et al. Quantification of GDF11 and Myostatin in Human Aging and Cardiovascular Disease. Cell Metab. 2016, 23,
1207-1215, doi:10.1016/j.cmet.2016.05.023.

Raue, U,; Slivka, D.; Jemiolo, B.; Hollon, C.; Trappe, S. Myogenic Gene Expression at Rest and after a Bout of Resistance Exercise
in Young (18-30 Yr) and Old (80-89 Yr) Women. . Appl. Physiol. 2006, 101, 53-59, doi:10.1152/japplphysiol.01616.2005.

Chew, J.; Tay, L.; Lim, ].P.; Leung, B.P.; Yeo, A.; Yew, S; Ding, Y.Y.; Lim, W.S. Serum Myostatin and IGF-1 as Gender-Specific
Biomarkers of Frailty and Low Muscle Mass in Community-Dwelling Older Adults. . Nutr. Health Aging 2019, 23, 979-986,
doi:10.1007/s12603-019-1255-1.

Christensen, H.M.; Kistorp, C.; Schou, M.; Keller, N.; Zerahn, B.; Frystyk, J.; Schwarz, P.; Faber, J. Prevalence of Cachexia in
Chronic Heart Failure and Characteristics of Body Composition and Metabolic Status. Endocrine 2013, 43, 626-634,
doi:10.1007/s12020-012-9836-3.

Peng, L.-N.; Lee, W.-].; Liu, L.-K,; Lin, M.-H.; Chen, L.-K. Healthy Community-Living Older Men Differ from Women in
Associations between Myostatin Levels and Skeletal Muscle Mass. |. Cachexia Sarcopenia Muscle 2018, 9, 635-642,
do0i:10.1002/jcsm.12302.

Bagheri, R.; Moghadam, B.H.; Church, D.D,; Tinsley, G.M.; Eskandari, M.; Moghadam, B.H.; Motevalli, M.S.; Baker, ].S.; Robergs,
R.A.; Wong, A. The Effects of Concurrent Training Order on Body Composition and Serum Concentrations of Follistatin,
Myostatin and GDF11 in Sarcopenic Elderly Men. Exp. Gerontol. 2020, 133, 110869, doi:10.1016/j.exger.2020.110869.

Negaresh, R.; Ranjbar, R.; Baker, J.; Habibi, A.; Mokhtarzade, M.; Gharibvand, M.; Fokin, A. Skeletal Muscle Hypertrophy,
Insulin-like Growth Factor 1, Myostatin and Follistatin in Healthy and Sarcopenic Elderly Men: The Effect of Whole-Body
Resistance Training. Int. |. Prev. Med. 2019, 10, 29, doi:10.4103/ijpvm.I[JPVM_310_17.

Zimmers, T.A.; Davies, M.V_; Koniaris, L.G.; Haynes, P.; Esquela, A.F.; Tomkinson, K.N.; McPherron, A.C.; Wolfman, N.M.; Lee,
S.-J. Induction of Cachexia in Mice by Systemically Administered Myostatin. Science 2002, 296, 14861488,
do0i:10.1126/science.1069525.

Lenk, K.; Schuler, G.; Adams, V. Skeletal Muscle Wasting in Cachexia and Sarcopenia: Molecular Pathophysiology and Impact
of Exercise Training. J. Cachexia Sarcopenia Muscle 2010, 1, 9-21, doi:10.1007/s13539-010-0007-1.

Shyu, K.G.; Lu, M.J.; Wang, B.W.; Sun, H.Y.; Chang, H. Myostatin Expression in Ventricular Myocardium in a Rat Model of
Volume-Overload Heart Failure. Eur. |. Clin. Investig. 2006, 36, 713-719, doi:10.1111/j.1365-2362.2006.01718.x.

Lenk, K.; Schur, R.; Linke, A.; Erbs, S.; Matsumoto, Y.; Adams, V.; Schuler, G. Impact of Exercise Training on Myostatin
Expression in the Myocardium and Skeletal Muscle in a Chronic Heart Failure Model. Eur. ]. Heart Fail. 2009, 11, 342-348,
doi:10.1093/eurjhf/hfp020.

Lenk, K.; Erbs, S.; Hollriegel, R.; Beck, E.; Linke, A.; Gielen, S.; Winkler, S.M.; Sandri, M.; Hambrecht, R.; Schuler, G.; et al.
Exercise Training Leads to a Reduction of Elevated Myostatin Levels in Patients with Chronic Heart Failure. Eur. J. Prev. Cardiol.
2012, 19, 404-411, doi:10.1177/1741826711402735.

George, I; Bish, L.T.; Kamalakkannan, G.; Petrilli, C.M.; Oz, M.C.; Naka, Y.; Lee Sweeney, H.; Maybaum, S. Myostatin Activation
in Patients with Advanced Heart Failure and after Mechanical Unloading. Eur. ]. Heart Fail. 2010, 12, 444-453,
doi:10.1093/eurjhf/hfq039.

Gruson, D.; Ahn, S.A.; Ketelslegers, J.-M.; Rousseau, M.F. Increased Plasma Myostatin in Heart Failure. Eur. ]. Heart Fail. 2011,
13, 734-736, d0i:10.1093/eurjhf/hfr024.

Zamora, E.; Sim¢, R.; Lupén, J.; Galan, A.; Urrutia, A.; Gonzdlez, B.; Mas, D.; Valle, V. Serum Myostatin Levels in Chronic Heart
Failure. Rev. Esp. Cardiol. 2010, 63, 992-996, doi:10.1016/s1885-5857(10)70194-8.

Furihata, T.; Kinugawa, S.; Fukushima, A.; Takada, S.; Homma, T.; Masaki, Y.; Abe, T.; Yokota, T.; Oba, K.; Okita, K,; et al.
Serum Myostatin Levels Are Independently Associated with Skeletal Muscle Wasting in Patients with Heart Failure. Int. J.
Cardiol. 2016, 220, 483-487, d0i:10.1016/j.jjcard.2016.06.231.

Wintgens, K.F.; Dschietzig, T.; Stoeva, S.; Paulsson, M.; Armbruster, F.P. Plasma Myostatin Measured by a Competitive ELISA
Using a Highly Specific Antiserum. Clin. Chim. Acta 2012, 413, 1288-1294, doi:10.1016/j.cca.2012.04.023.

Costelli, P.; Muscaritoli, M.; Bonetto, A.; Penna, F.; Reffo, P.; Bossola, M.; Bonelli, G.; Doglietto, G.B.; Baccino, F.M.; Fanelli, F.R.
Muscle Myostatin Signalling Is Enhanced in Experimental Cancer Cachexia. Eur. ]. Clin. Investig. 2008, 38, 531-538,
doi:10.1111/j.1365-2362.2008.01970.x.

Zhou, X.; Wang, J.L.; Lu, J.; Song, Y.; Kwak, K.S,; Jiao, Q.; Rosenfeld, R.; Chen, Q.; Boone, T.; Simonet, W.S.; et al. Reversal of
Cancer Cachexia and Muscle Wasting by ActRIIB Antagonism Leads to Prolonged Survival. Cell 2010, 142, 531-543,
doi:10.1016/j.cell.2010.07.011.



Cells 2021, 10, x FOR PEER REVIEW 26 of 31

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Murphy, K.T.; Chee, A.; Gleeson, B.G.; Naim, T.; Swiderski, K.; Koopman, R.; Lynch, G.S. Antibody-Directed Myostatin
Inhibition Enhances Muscle Mass and Function in Tumor-Bearing Mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 301,
R716-726, d0i:10.1152/ajpregu.00121.2011.

Hayot, M.; Rodriguez, J.; Vernus, B.; Carnac, G.; Jean, E.; Allen, D.; Goret, L.; Obert, P.; Candau, R.; Bonnieu, A. Myostatin Up-
Regulation Is Associated with the Skeletal Muscle Response to Hypoxic Stimuli. Mol. Cell. Endocrinol. 2011, 332, 38-47,
doi:10.1016/j.mce.2010.09.008.

Plant, P.J.; Brooks, D.; Faughnan, M.; Bayley, T.; Bain, J.; Singer, L.; Correa, J.; Pearce, D.; Binnie, M.; Batt, J. Cellular Markers of
Muscle Atrophy in Chronic Obstructive Pulmonary Disease. Am. ]. Respir. Cell Mol. Biol. 2010, 42, 461-471,
doi:10.1165/rcmb.2008-03820C.

Ju, C.-R.; Chen, R.-C. Serum Myostatin Levels and Skeletal Muscle Wasting in Chronic Obstructive Pulmonary Disease. Respir
Med. 2012, 106, 102-108, doi:10.1016/j.rmed.2011.07.016.

Avin, K.G.; Chen, N.X,; Organ, ].M.; Zarse, C.; O’Neill, K.; Conway, R.G.; Konrad, R.J.; Bacallao, R.L.; Allen, M.R.; Moe, S.M.
Skeletal Muscle Regeneration and Oxidative Stress Are Altered in Chronic Kidney Disease. PLoS ONE 2016, 11, e0159411,
doi:10.1371/journal.pone.0159411.

Jones, SW.; Hill, R].; Krasney, P.A.; O’Conner, B.; Peirce, N.; Greenhaff, P.L. Disuse Atrophy and Exercise Rehabilitation in
Humans Profoundly Affects the Expression of Genes Associated with the Regulation of Skeletal Muscle Mass. FASEB ]. 2004,
18, 1025-1027, doi:10.1096/1j.03-1228fje.

Kim, J.; Cross, ].M.; Bamman, M.M. Impact of Resistance Loading on Myostatin Expression and Cell Cycle Regulation in Young
and Older Men and Women. Am. J. Physiol.-Endocrinol. Metab. 2005, 288, E1110-E1119, doi:10.1152/ajpendo.00464.2004.

Louis, E.; Raue, U.; Yang, Y.; Jemiolo, B.; Trappe, S. Time Course of Proteolytic, Cytokine, and Myostatin Gene Expression after
Acute Exercise in Human Skeletal Muscle. ]. Appl. Physiol. 2007, 103, 1744-1751, d0i:10.1152/japplphysiol.00679.2007.

Hittel, D.S.; Axelson, M.; Sarna, N.; Shearer, J.; Huffman, K.M.; Kraus, W.E. Myostatin Decreases with Aerobic Exercise and
Associates with Insulin Resistance. Med. Sci. Sports Exerc. 2010, 42, 2023-2029, doi:10.1249/MSS.0b013e3181e0b9a8.
Whittemore, L.-A.; Song, K.; Li, X.; Aghajanian, J.; Davies, M.; Girgenrath, S.; Hill, ].J.; Jalenak, M.; Kelley, P.; Knight, A.; et al.
Inhibition of Myostatin in Adult Mice Increases Skeletal Muscle Mass and Strength. Biochem. Biophys. Res. Commun. 2003, 300,
965-971, doi:10.1016/S0006-291X(02)02953-4.

Smith, R.C.; Cramer, M.S.; Mitchell, P.J.; Lucchesi, J.; Ortega, A.M.; Livingston, E.W.; Ballard, D.; Zhang, L.; Hanson, J.; Barton,
K.; et al. Inhibition of Myostatin Prevents Microgravity-Induced Loss of Skeletal Muscle Mass and Strength. PLoS ONE 2020, 15,
doi:10.1371/journal.pone.0230818.

Pirruccello-Straub, M.; Jackson, J.; Wawersik, S.; Webster, M.T.; Salta, L.; Long, K.; McConaughy, W.; Capili, A.; Boston, C.;
Carven, G.J.; et al. Blocking Extracellular Activation of Myostatin as a Strategy for Treating Muscle Wasting. Sci. Rep. 2018, 8,
doi:10.1038/s41598-018-20524-9.

Camporez, J.-P.G.; Petersen, M.C.; Abudukadier, A.; Moreira, G.V.; Jurczak, M.].; Friedman, G.; Haqq, C.M.; Petersen, K.F.;
Shulman, G.I. Anti-Myostatin Antibody Increases Muscle Mass and Strength and Improves Insulin Sensitivity in Old Mice. Proc.
Natl. Acad. Sci. USA 2016, 113, 2212-2217, doi:10.1073/pnas.1525795113.

Muramatsu, H.; Kuramochi, T.; Katada, H.; Ueyama, A.; Ruike, Y.; Ohmine, K.; Shida-Kawazoe, M.; Miyano-Nishizawa, R.;
Shimizu, Y.; Okuda, M.; et al. Novel Myostatin-Specific Antibody Enhances Muscle Strength in Muscle Disease Models. Sci. Rep.
2021, 11, 2160, doi:10.1038/s41598-021-81669-8.

St. Andre, M.; Johnson, M.; Bansal, P.N.; Wellen, J.; Robertson, A.; Opsahl, A.; Burch, P.M.; Bialek, P.; Morris, C.; Owens, J. A
Mouse Anti-Myostatin Antibody Increases Muscle Mass and Improves Muscle Strength and Contractility in the Mdx Mouse
Model of Duchenne Muscular Dystrophy and Its Humanized Equivalent, Domagrozumab (PF-06252616), Increases Muscle
Volume in Cynomolgus Monkeys. Skelet. Muscle 2017, 7, 25, doi:10.1186/s13395-017-0141-y.

Bogdanovich, S.; Krag, T.O.B.; Barton, E.R.; Morris, L.D.; Whittemore, L.-A.; Ahima, R.S.; Khurana, T.S. Functional
Improvement of Dystrophic Muscle by Myostatin Blockade. Nature 2002, 420, 418-421, doi:10.1038/nature01154.

Bogdanovich, S.; McNally, E.M.; Khurana, T.S. Myostatin Blockade Improves Function but Not Histopathology in a Murine
Model of Limb-Girdle Muscular Dystrophy 2C. Muscle Nerve 2008, 37, 308-316, doi:10.1002/mus.20920.

Parsons, S.A.; Millay, D.P.; Sargent, M.A.; McNally, E.M.; Molkentin, ].D. Age-Dependent Effect of Myostatin Blockade on
Disease Severity in a Murine Model of Limb-Girdle Muscular Dystrophy. Am. . Pathol. 2006, 168, 1975-1985,
doi:10.2353/ajpath.2006.051316.

Murphy, K.T; Ryall, ].G.; Snell, S.M.; Nair, L.; Koopman, R.; Krasney, P.A.; Ibebunjo, C.; Holden, K.S.; Loria, P.M.; Salatto, C.T;
et al. Antibody-Directed Myostatin Inhibition Improves Diaphragm Pathology in Young but Not Adult Dystrophic Mdx Mice.
Am. ]. Pathol. 2010, 176, 2425-2434, d0i:10.2353/ajpath.2010.090932.

Harish, P.; Malerba, A.; Lu-Nguyen, N.; Forrest, L.; Cappellari, O.; Roth, F.; Trollet, C.; Popplewell, L.; Dickson, G. Inhibition of
Myostatin Improves Muscle Atrophy in Oculopharyngeal Muscular Dystrophy (OPMD). J. Cachexia Sarcopenia Muscle 2019, 10,
1016-1026, doi:10.1002/jcsm.12438.

Tinklenberg, J.A.; Siebers, E.M.; Beatka, M.].; Meng, H.; Yang, L.; Zhang, Z.; Ross, J.A.; Ochala, J.; Morris, C.; Owens, ].M.; et al.
Myostatin Inhibition Using MRK35 Produces Skeletal Muscle Growth and Tubular Aggregate Formation in Wild Type and
TgACTA1D286G Nemaline Myopathy Mice. Hum. Mol. Genet. 2018, 27, 638-648, doi:10.1093/hmg/ddx431.

Weng, S.; Gao, F.; Wang, J.; Li, X.; Chu, B.; Wang, J.; Yang, G. Improvement of Muscular Atrophy by AAV-SaCas9-Mediated
Myostatin Gene Editing in Aged Mice. Cancer Gene 2020, 27, 960-975, d0i:10.1038/s41417-020-0178-7.



Cells 2021, 10, x FOR PEER REVIEW 27 of 31

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Holzbaur, E.L.F.; Howland, D.S.; Weber, N.; Wallace, K.; She, Y.; Kwak, S.; Tchistiakova, L.A.; Murphy, E.; Hinson, J.; Karim,
R.; et al. Myostatin Inhibition Slows Muscle Atrophy in Rodent Models of Amyotrophic Lateral Sclerosis. Neurobiol. Dis. 2006,
23, 697-707, d0i:10.1016/j.nbd.2006.05.009.

Harish, P.; Forrest, L.; Herath, S.; Dickson, G.; Malerba, A.; Popplewell, L. Inhibition of Myostatin Reduces Collagen Deposition
in a Mouse Model of Oculopharyngeal Muscular Dystrophy (OPMD) With Established Disease. Front. Physiol. 2020, 11, 184,
doi:10.3389/fphys.2020.00184.

Latres, E.; Pangilinan, J.; Miloscio, L.; Bauerlein, R.; Na, E.; Potocky, T.B.; Huang, Y.; Eckersdorff, M.; Rafique, A.; Mastaitis, J.;
et al. Myostatin Blockade with a Fully Human Monoclonal Antibody Induces Muscle Hypertrophy and Reverses Muscle
Atrophy in Young and Aged Mice. Skelet Muscle 2015, 5, doi:10.1186/s13395-015-0060-8.

Singh, P.; Rong, H.; Gordi, T.; Bosley, J.; Bhattacharya, I. Translational Pharmacokinetic/Pharmacodynamic Analysis of MYO-
029 Antibody for Muscular Dystrophy. Clin. Transl. Sci. 2016, 9, 302-310, doi:10.1111/cts.12420.

Bogdanovich, S.; Perkins, K.J.; Krag, T.O.B.; Whittemore, L.-A.; Khurana, T.S. Myostatin Propeptide-Mediated Amelioration of
Dystrophic Pathophysiology. FASEB . 2005, 19, 543-549, doi:10.1096/fj.04-2796com.

Qiao, C.; Li, J.; Jiang, J.; Zhu, X.; Wang, B.; Li, J.; Xiao, X. Myostatin Propeptide Gene Delivery by Adeno-Associated Virus
Serotype 8 Vectors Enhances Muscle Growth and Ameliorates Dystrophic Phenotypes in Mdx Mice. Hum. Gene Ther. 2008, 19,
241-254, doi:10.1089/hum.2007.159.

Bartoli, M.; Poupiot, J.; Vulin, A.; Fougerousse, F.; Arandel, L.; Daniele, N.; Roudaut, C.; Noulet, F.; Garcia, L.; Danos, O.; et al.
AAV-Mediated Delivery of a Mutated Myostatin Propeptide Ameliorates Calpain 3 but Not a -Sarcoglycan Deficiency. Gene
Ther. 2007, 14, 733-740, doi:10.1038/sj.gt.3302928.

Akpan, I; Goncalves, M.D.; Dhir, R; Yin, X,; Pistilli, E.E.; Bogdanovich, S.; Khurana, T.S.; Ucran, J.; Lachey, J.; Ahima, R.S. The
Effects of a Soluble Activin Type IIB Receptor on Obesity and Insulin Sensitivity. Int. |. Obes. 2009, 33, 1265-1273,
doi:10.1038/ij0.2009.162.

Chiu, C.-S.; Peekhaus, N.; Weber, H.; Adamski, S.; Murray, E.M.; Zhang, H.Z.; Zhao, ].Z.; Ernst, R.; Lineberger, J.; Huang, L.; et
al. Increased Muscle Force Production and Bone Mineral Density in ActRIIB-Fc-Treated Mature Rodents. |. Gerontol. Ser. A Biol.
Sci. Med. Sci. 2013, 68, 1181-1192, doi:10.1093/gerona/glt030.

Cadena, S.M.; Tomkinson, K.N.; Monnell, T.E.; Spaits, M.S.; Kumar, R.; Underwood, K.W.; Pearsall, R.S.; Lachey, J.L.
Administration of a Soluble Activin Type IIB Receptor Promotes Skeletal Muscle Growth Independent of Fiber Type. J. Appl.
Physiol. 2010, 109, 635-642, doi:10.1152/japplphysiol.00866.2009.

Lawlor, M.W_; Read, B.P.; Edelstein, R.; Yang, N.; Pierson, C.R.; Stein, M.].; Wermer-Colan, A.; Buj-Bello, A.; Lachey, ].L.; Seehra,
J.S.; et al. Inhibition of Activin Receptor Type IIB Increases Strength and Lifespan in Myotubularin-Deficient Mice. Am. ]. Pathol.
2011, 178, 784-793, doi:10.1016/j.ajpath.2010.10.035.

Béchir, N.; Pecchi, E.; Relizani, K.; Vilmen, C.; Le Fur, Y.; Bernard, M.; Amthor, H.; Bendahan, D.; Giannesini, B. Mitochondrial
Impairment Induced by Postnatal ActRIIB Blockade Does Not Alter Function and Energy Status in Exercising Mouse Glycolytic
Muscle in Vivo. Am. J. Physiol.-Endocrinol. Metab. 2016, 310, E539-E549, doi:10.1152/ajpend0.00370.2015.

Relizani, K.; Mouisel, E.; Giannesini, B.; Hourdé, C.; Patel, K.; Gonzalez, S.M.; Jiilich, K.; Vignaud, A.; Piétri-Rouxel, F.; Fortin,
D.; et al. Blockade of ActRIIB Signaling Triggers Muscle Fatigability and Metabolic Myopathy. Mol. Ther. 2014, 22, 1423-1433,
do0i:10.1038/mt.2014.90.

Nagy, J.A.; Kapur, K,; Taylor, R.S.; Sanchez, B.; Rutkove, S.B. Electrical Impedance Myography as a Biomarker of Myostatin
Inhibition with ActRIIB-MFc: A Study in Wild-Type Mice. Future Sci. OA 2018, 4, FSO308, doi:10.4155/fsoa-2018-0002.
Hoogaars, W.M.H.; Mouisel, E.; Pasternack, A.; Hulmi, J.].; Relizani, K.; Schuelke, M.; Schirwis, E.; Garcia, L.; Ritvos, O.; Ferry,
A.; et al. Combined Effect of AAV-U7-Induced Dystrophin Exon Skipping and Soluble Activin Type IIB Receptor in Mdx Mice.
Hum. Gene Ther. 2012, 23, 1269-1279, d0i:10.1089/hum.2012.056.

Béchir, N.; Pecchi, E.; Vilmen, C.; Bernard, M.; Bendahan, D.; Giannesini, B. Activin Type IIB Receptor Blockade Does Not Limit
Adenosine Triphosphate Supply in Mouse Skeletal Muscle in Vivo. Muscle Nerve 2018, 58, 834-842, doi:10.1002/mus.26306.
Tauer, ].T.; Rauch, F. Novel ActRIIB Ligand Trap Increases Muscle Mass and Improves Bone Geometry in a Mouse Model of
Severe Osteogenesis Imperfecta. Bone 2019, 128, 115036, d0i:10.1016/j.bone.2019.115036.

Li, Z.B.; Zhang, J.; Wagner, K.R. Inhibition of Myostatin Reverses Muscle Fibrosis through Apoptosis. J. Cell Sci. 2012, 125, 3957—
3965, doi:10.1242/jcs.090365.

Pistilli, E.E.; Bogdanovich, S.; Goncalves, M.D.; Ahima, R.S.; Lachey, J.; Seehra, J.; Khurana, T. Targeting the Activin Type IIB
Receptor to Improve Muscle Mass and Function in the Mdx Mouse Model of Duchenne Muscular Dystrophy. Am. J. Pathol. 2011,
178, 1287-1297, d0i:10.1016/j.ajpath.2010.11.071.

Iskenderian, A.; Liu, N.; Deng, Q.; Huang, Y.; Shen, C.; Palmieri, K.; Crooker, R.; Lundberg, D.; Kastrapeli, N.; Pescatore, B.; et
al. Myostatin and Activin Blockade by Engineered Follistatin Results in Hypertrophy and Improves Dystrophic Pathology in
Mdx Mouse More than Myostatin Blockade Alone. Skelet. Muscle 2018, 8, 34, d0i:10.1186/s13395-018-0180-z.

Hulmi, J.J.; Oliveira, B.M.; Silvennoinen, M.; Hoogaars, W.M.H.; Pasternack, A.; Kainulainen, H.; Ritvos, O. Exercise Restores
Decreased Physical Activity Levels and Increases Markers of Autophagy and Oxidative Capacity in Myostatin/Activin-Blocked
Mdx Mice. Am. ]. Physiol.-Endocrinol. Metab. 2013, 305, E171-E182, doi:10.1152/ajpendo.00065.2013.

Tinklenberg, J.; Meng, H.; Yang, L.; Liu, F.; Hoffmann, R.G.; Dasgupta, M.; Allen, K.P.; Beggs, A.H.; Hardeman, E.C.; Pearsall,
R.S,; et al. Treatment with ActRIIB-MFc Produces Myofiber Growth and Improves Lifespan in the Actal H40Y Murine Model
of Nemaline Myopathy. Am. ]. Pathol. 2016, 186, 1568-1581, doi:10.1016/j.ajpath.2016.02.008.



Cells 2021, 10, x FOR PEER REVIEW 28 of 31

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Lawlor, M.W; Viola, M.G.; Meng, H.; Edelstein, R.V.; Liu, F.; Yan, K; Luna, E.J.; Lerch-Gaggl, A.; Hoffmann, R.G; Pierson, C.R,;
et al. Differential Muscle Hypertrophy Is Associated with Satellite Cell Numbers and Akt Pathway Activation Following Activin
Type IIB Receptor Inhibition in Mtm1 p.R69C Mice. Am. |. Pathol. 2014, 184, 1831-1842, doi:10.1016/j.ajpath.2014.03.003.
Bondulich, M.K;; Jolinon, N.; Osborne, G.F.; Smith, E.J.; Rattray, I.; Neueder, A.; Sathasivam, K.; Ahmed, M.; Ali, N.; Benjamin,
A.C,; etal. Myostatin Inhibition Prevents Skeletal Muscle Pathophysiology in Huntington’s Disease Mice. Sci. Rep. 2017, 7, 14275,
doi:10.1038/s41598-017-14290-3.

Lee, Y.-S,; Lehar, A.; Sebald, S.; Liu, M.; Swaggart, K.A.; Talbot, C.C.; Pytel, P.; Barton, E.R.; McNally, E.M.; Lee, S.-]. Muscle
Hypertrophy Induced by Myostatin Inhibition Accelerates Degeneration in Dysferlinopathy. Hum. Mol. Genet. 2015, 24, 5711-
5719, doi:10.1093/hmg/ddv288.

Ohsawa, Y.; Hagiwara, H.; Nakatani, M.; Yasue, A.; Moriyama, K.; Murakami, T.; Tsuchida, K.; Noji, S.; Sunada, Y. Muscular
Atrophy of Caveolin-3-Deficient Mice Is Rescued by Myostatin Inhibition. ]. Clin. Investig. 2006, 116, 2924-2934,
doi:10.1172/JCI28520.

Lach-Trifilieff, E.; Minetti, G.C.; Sheppard, K.; Ibebunjo, C.; Feige, ].N.; Hartmann, S.; Brachat, S.; Rivet, H.; Koelbing, C.; Morvan,
F.; et al. An Antibody Blocking Activin Type II Receptors Induces Strong Skeletal Muscle Hypertrophy and Protects from
Atrophy. Mol. Cell Biol. 2014, 34, 606-618, doi:10.1128/MCB.01307-13.

Morvan, F.; Rondeau, J.-M.; Zou, C.; Minetti, G.; Scheufler, C.; Scharenberg, M.; Jacobi, C.; Brebbia, P.; Ritter, V.; Toussaint, G.;
et al. Blockade of Activin Type II Receptors with a Dual Anti-ActRIIA/IIB Antibody Is Critical to Promote Maximal Skeletal
Muscle Hypertrophy. Proc. Natl. Acad. Sci. USA 2017, 114, 12448-12453, doi:10.1073/pnas.1707925114.

Haidet, A.M.; Rizo, L.; Handy, C.; Umapathi, P.; Eagle, A.; Shilling, C.; Boue, D.; Martin, P.T.; Sahenk, Z.; Mendell, J.R.; et al.
Long-Term Enhancement of Skeletal Muscle Mass and Strength by Single Gene Administration of Myostatin Inhibitors. Proc.
Natl. Acad. Sci. USA 2008, 105, 4318-4322, doi:10.1073/pnas.0709144105.

Miller, T.M.; Kim, S.H.; Yamanaka, K.; Hester, M.; Umapathi, P.; Arnson, H.; Rizo, L.; Mendell, ].R.; Gage, F.H.; Cleveland, D.W.;
et al. Gene Transfer Demonstrates That Muscle Is Not a Primary Target for Non-Cell-Autonomous Toxicity in Familial
Amyotrophic Lateral Sclerosis. Proc. Natl. Acad. Sci. USA 2006, 103, 19546-19551, d0i:10.1073/pnas.0609411103.

Kota, J.; Handy, C.R.; Haidet, A.M.; Montgomery, C.L.; Eagle, A.; Rodino-Klapac, L.R.; Tucker, D.; Shilling, C.J.; Therlfall, W.R;
Walker, C.M,; et al. Follistatin Gene Delivery Enhances Muscle Growth and Strength in Nonhuman Primates. Sci. Transl. Med.
2009, 1, 6ralb, doi:10.1126/scitranslmed.3000112.

Pearsall, R.S.; Davies, M.V.; Cannell, M.; Lj, J.; Widrick, J.; Mulivor, A.W.; Wallner, S.; Troy, M.E.; Spaits, M.; Liharska, K.; et al.
Follistatin-Based Ligand Trap ACE-083 Induces Localized Hypertrophy of Skeletal Muscle with Functional Improvement in
Models of Neuromuscular Disease. Sci. Rep. 2019, 9, 1-14, doi:10.1038/s41598-019-47818-w.

Castonguay, R.; Lachey, J.; Wallner, S.; Strand, ].; Liharska, K.; Watanabe, A.E.; Cannell, M.; Davies, M.V.; Sako, D.; Troy, M.E.;
et al. Follistatin-288-Fc Fusion Protein Promotes Localized Growth of Skeletal Muscle. J. Pharm. Exp. 2018, jpet.118.252304,
doi:10.1124/jpet.118.252304.

Foster, K.; Graham, L.R.; Otto, A.; Foster, H.; Trollet, C.; Yaworsky, P.J.; Walsh, F.S.; Bickham, D.; Curtin, N.A.; Kawar, S.L.; et
al. Adeno-Associated Virus-8-Mediated Intravenous Transfer of Myostatin Propeptide Leads to Systemic Functional
Improvements of Slow but Not Fast Muscle. Rejuvenation Res. 2009, 12, 85-94, d0i:10.1089/rej.2008.0815.

Liu, M.; Hammers, D.W.; Barton, E.R.; Sweeney, H.L. Activin Receptor Type IIB Inhibition Improves Muscle Phenotype and
Function in a Mouse Model of Spinal Muscular Atrophy. PLoS ONE 2016, 11, e0166803, doi:10.1371/journal.pone.0166803.
Morine, K.J.; Bish, L.T.; Selsby, J.T.; Gazzara, ].A.; Pendrak, K.; Sleeper, M.M.; Barton, E.R.; Lee, S.-].; Sweeney, H.L. Activin IIB
Receptor Blockade Attenuates Dystrophic Pathology in a Mouse Model of Duchenne Muscular Dystrophy. Muscle Nerve 2010,
42,722-730, doi:10.1002/mus.21743.

Morine, K.J.; Bish, L.T.; Pendrak, K.; Sleeper, M.M.; Barton, E.R.; Sweeney, H.L. Systemic Myostatin Inhibition via Liver-
Targeted Gene Transfer in Normal and Dystrophic Mice. PLoS ONE 2010, 5, €9176, doi:10.1371/journal.pone.0009176.
Hammers, D.W.; Hart, C.C.; Patsalos, A.; Matheny, M.K.; Wright, L.A.; Nagy, L.; Sweeney, H.L. Glucocorticoids Counteract
Hypertrophic Effects of Myostatin Inhibition in Dystrophic Muscle. JCI Insight 2020, 5, doi:10.1172/jci.insight.133276.

Bish, L.T.; Sleeper, M.M.; Forbes, S.C.; Morine, K.J.; Reynolds, C.; Singletary, G.E.; Trafny, D.; Pham, J.; Bogan, J.; Kornegay, ].N.;
et al. Long-Term Systemic Myostatin Inhibition via Liver-Targeted Gene Transfer in Golden Retriever Muscular Dystrophy.
Hum. Gene Ther. 2011, 22, 1499-1509, d0i:10.1089/hum.2011.102.

Lu-Nguyen, N.; Malerba, A.; Popplewell, L.; Schnell, F.; Hanson, G.; Dickson, G. Systemic Antisense Therapeutics for
Dystrophin and Myostatin Exon Splice Modulation Improve Muscle Pathology of Adult Mdx Mice. Mol. Nucleic Acids 2017, 6,
15-28, d0i:10.1016/j.0mtn.2016.11.009.

Dumonceaux, J.; Marie, S.; Beley, C.; Trollet, C.; Vignaud, A.; Ferry, A.; Butler-Browne, G.; Garcia, L. Combination of Myostatin
Pathway Interference and Dystrophin Rescue Enhances Tetanic and Specific Force in Dystrophic Mdx Mice. Mol. Ther. 2010, 18,
881-887, d0i:10.1038/mt.2009.322.

Mendias, C.L.; Marcin, J.E.; Calerdon, D.R.; Faulkner, ]J.A. Contractile Properties of EDL and Soleus Muscles of Myostatin-
Deficient Mice. ]. Appl. Physiol. (1985) 2006, 101, 898-905, d0i:10.1152/japplphysiol.00126.2006.

Qaisar, R.; Renaud, G.; Morine, K.; Barton, E.R.; Sweeney, H.L.; Larsson, L. Is Functional Hypertrophy and Specific Force
Coupled with the Addition of Myonuclei at the Single Muscle Fiber Level? FASEB J. 2011, 26, 1077-1085, doi:10.1096/1j.11-192195.



Cells 2021, 10, x FOR PEER REVIEW 29 of 31

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Amthor, H.; Macharia, R.; Navarrete, R.; Schuelke, M.; Brown, S.C.; Otto, A.; Voit, T.; Muntoni, F.; Vrbéva, G.; Partridge, T.; et
al. Lack of Myostatin Results in Excessive Muscle Growth but Impaired Force Generation. Proc. Natl. Acad. Sci. USA 2007, 104,
1835-1840, doi:10.1073/pnas.0604893104.

Girgenrath, S.; Song, K.; Whittemore, L.-A. Loss of Myostatin Expression Alters Fiber-Type Distribution and Expression of
Myosin Heavy Chain Isoforms in Slow- and Fast-Type Skeletal Muscle. Muscle Nerve 2005, 31, 34—40, doi:10.1002/mus.20175.
Hennebry, A.; Berry, C.; Siriett, V.; O’Callaghan, P.; Chau, L.; Watson, T.; Sharma, M.; Kambadur, R. Myostatin Regulates Fiber-
Type Composition of Skeletal Muscle by Regulating MEF2 and MyoD Gene Expression. Am. |. Physiol.-Cell Physiol. 2009, 296,
C525-C534, doi:10.1152/ajpcell.00259.2007.

Hennebry, A.; Oldham, J.; Shavlakadze, T.; Grounds, M.D.; Sheard, P.; Fiorotto, M.L.; Falconer, S.; Smith, HK.; Berry, C.;
Jeanplong, F.; et al. IGF1 Stimulates Greater Muscle Hypertrophy in the Absence of Myostatin in Male Mice. J. Endocrinol. 2017,
234, 187-200, doi:10.1530/JOE-17-0032.

Matsakas, A.; Mouisel, E.; Amthor, H.; Patel, K. Myostatin Knockout Mice Increase Oxidative Muscle Phenotype as an Adaptive
Response to Exercise. J. Muscle Res. Cell Motil. 2010, 31, 111-125, d0i:10.1007/s10974-010-9214-9.

Kocsis, T.; Trencsenyi, G.; Szabo, K.; Baan, J].A; Muller, G.; Mendler, L.; Garaj, I.; Reinauer, H.; Deak, F.; Dux, L.; et al. Myostatin
Propeptide Mutation of the Hypermuscular Compact Mice Decreases the Formation of Myostatin and Improves Insulin
Sensitivity. Am. ]. Physiol.-Endocrinol. Metab. 2016, 312, E150-E160, doi:10.1152/ajpend0.00216.2016.

Wagner, K.R.; McPherron, A.C.; Winik, N.; Lee, S.-]. Loss of Myostatin Attenuates Severity of Muscular Dystrophy in Mdx Mice.
Ann. Neurol. 2002, 52, 832-836, d0i:10.1002/ana.10385.

Wagner, K.R,; Liu, X.; Chang, X.; Allen, R.E. Muscle Regeneration in the Prolonged Absence of Myostatin. Proc. Natl. Acad. Sci.
USA 2005, 102, 2519-2524, d0i:10.1073/pnas.0408729102.

Li, Z.; Shelton, G.D.; Engvall, E. Elimination of Myostatin Does Not Combat Muscular Dystrophy in Dy Mice but Increases
Postnatal Lethality. Am. J. Pathol. 2005, 166, 491-497.

Stedman, H.H.; Sweeney, H.L.; Shrager, ].B.; Maguire, H.C.; Panettieri, R.A.; Petrof, B.; Narusawa, M.; Leferovich, ].M.; Sladky,
J.T.; Kelly, A.M. The Mdx Mouse Diaphragm Reproduces the Degenerative Changes of Duchenne Muscular Dystrophy. Nature
1991, 352, 536-539, do0i:10.1038/352536a0.

Long, KK.; O'Shea, K.M.; Khairallah, R.J.; Howell, K.; Paushkin, S.; Chen, K.S.; Cote, S.M.; Webster, M.T.; Stains, J.P.; Treece,
E.; et al. Specific Inhibition of Myostatin Activation Is Beneficial in Mouse Models of SMA Therapy. Hum. Mol. Genet. 2019, 28,
1076-1089, doi:10.1093/hmg/ddy382.

Graham, Z.A; Collier, L.; Peng, Y.; Saéz, J.C.; Bauman, W.A.; Qin, W.; Cardozo, C.P. A Soluble Activin Receptor IIB Fails to
Prevent Muscle Atrophy in a Mouse Model of Spinal Cord Injury. J. Neurotrauma 2016, 33, 1128-1135, doi:10.1089/neu.2015.4058.
Pistilli, E.E.; Bogdanovich, S.; Mosqueira, M.; Lachey, J.; Seehra, ]J.; Khurana, T.S. Pretreatment with a Soluble Activin Type IIB
Receptor/Fc Fusion Protein Improves Hypoxia-Induced Muscle Dysfunction. Am. ]. Physiol.-Regul. Integr. Comp. Physiol. 2010,
298, R96-R103, doi:10.1152/ajpregu.00138.2009.

Tortoriello, D.V.; Sidis, Y.; Holtzman, D.A.; Holmes, W.E.; Schneyer, A.L. Human Follistatin-Related Protein: A Structural
Homologue of Follistatin with Nuclear Localization. Endocrinology 2001, 142, 3426-3434, doi:10.1210/endo.142.8.8319.
Nakatani, M.; Takehara, Y.; Sugino, H.; Matsumoto, M.; Hashimoto, O.; Hasegawa, Y.; Murakami, T.; Uezumi, A.; Takeda, S.;
Noji, S.; et al. Transgenic Expression of a Myostatin Inhibitor Derived from Follistatin Increases Skeletal Muscle Mass and
Ameliorates Dystrophic Pathology in Mdx Mice. FASEB ]. 2008, 22, 477-487, doi:10.1096/fj.07-8673com.

Shen, C.; Iskenderian, A.; Lundberg, D.; He, T.; Palmieri, K.; Crooker, R.; Deng, Q.; Traylor, M.; Gu, S.; Rong, H.; et al. Protein
Engineering on Human Recombinant Follistatin: Enhancing Pharmacokinetic Characteristics for Therapeutic Application. J.
Pharm. Exp. 2018, 366, 291-302, doi:10.1124/jpet.118.248195.

Malerba, A.; Kang, ].K.; McClorey, G.; Saleh, A.F.; Popplewell, L.; Gait, M.].; Wood, M.].; Dickson, G. Dual Myostatin and
Dystrophin Exon Skipping by Morpholino Nucleic Acid Oligomers Conjugated to a Cell-Penetrating Peptide Is a Promising
Therapeutic Strategy for the Treatment of Duchenne Muscular Dystrophy. Mol. Nucleic. Acids 2012, 1, e62,
doi:10.1038/mtna.2012.54.

Varga, L.; Szabo, G.; Darvasi, A.; Muller, G.; Sass, M.; Soller, M. Inheritance and Mapping of Compact (Cmpt), a New Mutation
Causing Hypermuscularity in Mice. Genetics 1997, 147, 755-764.

Wilkes, ].J.; Lloyd, D.].; Gekakis, N. Loss-of-Function Mutation in Myostatin Reduces Tumor Necrosis Factor Alpha Production
and Protects Liver against Obesity-Induced Insulin Resistance. Diabetes 2009, 58, 1133-1143, d0i:10.2337/db08-0245.
Kramerova, I.; Marinov, M.; Owens, J.; Lee, S.-J.; Becerra, D.; Spencer, M.]. Myostatin Inhibition Promotes Fast Fibre
Hypertrophy but Causes Loss of AMP-Activated Protein Kinase Signalling and Poor Exercise Tolerance in a Model of Limb-
Girdle Muscular Dystrophy R1/2A. J. Physiol. 2020, 598, 3927-3939, doi:10.1113/JP279943.

Béchir, N.; Pecchi, E.; Vilmen, C.; Le Fur, Y.; Amthor, H.; Bernard, M.; Bendahan, D.; Giannesini, B. ActRIIB Blockade Increases
Force-Generating Capacity and Preserves Energy Supply in Exercising Mdx Mouse Muscle in Vivo. FASEB ]. 2016, 30, 3551—
3562, doi:10.1096/1j.201600271RR.

Carlson, C.G.; Bruemmer, K; Sesti, J.; Stefanski, C.; Curtis, H.; Ucran, J.; Lachey, J.; Seehra, ].S. Soluble Activin Receptor Type
IIB Increased Forward Pulling Tension in the Mdx Mouse. Muscle Nerve 2011, 43, 694-699, doi:10.1002/mus.21944.

Carlson, C.J.; Booth, F.W.; Gordon, S.E. Skeletal Muscle Myostatin mRNA Expression Is Fiber-Type Specific and Increases
during Hindlimb Unloading. Am. . Physiol. 1999, 277, R601-R606, doi:10.1152/ajpregu.1999.277.2.r601.



Cells 2021, 10, x FOR PEER REVIEW 30 of 31

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Carnwath, J.W.; Shotton, D.M. Muscular Dystrophy in the Mdx Mouse: Histopathology of the Soleus and Extensor Digitorum
Longus Muscles. J. Neurol. Sci. 1987, 80, 39-54.

Bloemberg, D.; Quadrilatero, J. Rapid Determination of Myosin Heavy Chain Expression in Rat, Mouse, and Human Skeletal
Muscle Using Multicolor Immunofluorescence Analysis. PLoS ONE 2012, 7, d0i:10.1371/journal.pone.0035273.

Mendias, C.L.; Lynch, E.B.; Gumucio, J.P.; Flood, M.D.; Rittman, D.S.; Van Pelt, D.W.; Roche, S.M.; Davis, C.S. Changes in
Skeletal Muscle and Tendon Structure and Function Following Genetic Inactivation of Myostatin in Rats. ]. Physiol. 2015, 593,
2037-2052, doi:10.1113/jphysiol.2014.287144.

Karpati, G.; Carpenter, S. Small-Caliber Skeletal Muscle Fibers Do Not Suffer Deleterious Consequences of Dystrophic Gene
Expression. Am. ]. Med. Genet. 1986, 25, 653-658, doi:10.1002/ajmg.1320250407.

Petrof, B.J.; Shrager, ].B.; Stedman, H.H.; Kelly, A.M.; Sweeney, H.L. Dystrophin Protects the Sarcolemma from Stresses
Developed during Muscle Contraction. Proc. Natl. Acad. Sci. USA 1993, 90, 3710-3714, doi:10.1073/pnas.90.8.3710.

Lopaschuk, G.D.; Jaswal, ].S. Energy Metabolic Phenotype of the Cardiomyocyte during Development, Differentiation, and
Postnatal Maturation. J. Cardiovasc. Pharmacol. 2010, 56, 130-140, doi:10.1097/FJC.0b013e3181e74al4.

Polla, B.; D’ Antona, G.; Bottinelli, R.; Reggiani, C. Respiratory Muscle Fibres: Specialisation and Plasticity. Thorax 2004, 59, 808—
817, doi:10.1136/thx.2003.009894.

Greising, S.M.; Medina-Martinez, ].S.; Vasdev, A K.; Sieck, G.C.; Mantilla, C.B. Analysis of Muscle Fiber Clustering in the
Diaphragm Muscle of Sarcopenic Mice. Muscle Nerve 2015, 52, 76-82, doi:10.1002/mus.24641.

Wagner, K.R.; Fleckenstein, J.L.; Amato, A.A.; Barohn, R.J.; Bushby, K.; Escolar, D.M.; Flanigan, K.M.; Pestronk, A.; Tawil, R.;
Wolfe, G.L; et al. A Phase I/Iltrial of MYO-029 in Adult Subjects with Muscular Dystrophy. Ann. Neurol. 2008, 63, 561-571,
doi:10.1002/ana.21338.

Bhattacharya, I.; Pawlak, S.; Marraffino, S.; Christensen, J.; Sherlock, S.P.; Alvey, C.; Morris, C.; Arkin, S.; Binks, M. Safety,
Tolerability, Pharmacokinetics, and Pharmacodynamics of Domagrozumab (PF-06252616), an Antimyostatin Monoclonal
Antibody, in Healthy Subjects. Clin. Pharmacol. Drug Dev. 2018, 7, 484-497, doi:10.1002/cpdd.386.

Wagner, K.R.; Abdel-Hamid, H.Z.; Mah, ].K.; Campbell, C.; Guglieri, M.; Muntoni, F.; Takeshima, Y.; McDonald, C.M.; Kostera-
Pruszczyk, A.; Karachunski, P.; et al. Randomized Phase 2 Trial and Open-Label Extension of Domagrozumab in Duchenne
Muscular Dystrophy. Neuromuscul Disord 2020, 30, 492-502, doi:10.1016/j.nmd.2020.05.002.

Jameson, G.S.; Von Hoff, D.D.; Weiss, G.].; Richards, D.A.; Smith, D.A.; Becerra, C.; Benson, M.C.; Yuan, Z.; Robins, D.A.; Turik,
M.; et al. Safety of the Antimyostatin Monoclonal Antibody LY2495655 in Healthy Subjects and Patients with Advanced Cancer.
JCO 2012, 30, 2516, d0i:10.1200/jc0.2012.30.15_suppl.2516.

Golan, T.; Geva, R.; Richards, D.; Madhusudan, S.; Lin, B.K; Wang, H.T.; Walgren, R.A.; Stemmer, S.M. LY2495655, an
Antimyostatin Antibody, in Pancreatic Cancer: A Randomized, Phase 2 Trial: LY2495655 in Patients with Stage II-IV Pancreatic
Cancer. J. Cachexiasarcopenia Muscle 2018, 9, 871-879, doi:10.1002/jcsm.12331.

Becker, C,; Lord, S.R.; Studenski, S.A.; Warden, S.J.; Fielding, R.A.; Recknor, C.P.; Hochberg, M.C.; Ferrari, S.L.; Blain, H.; Binder,
E.F.; et al. Myostatin Antibody (LY2495655) in Older Weak Fallers: A Proof-of-Concept, Randomised, Phase 2 Trial. Lancet
Diabetes Endocrinol. 2015, 3, 948-957, doi:10.1016/52213-8587(15)00298-3.

Woodhouse, L.; Gandhi, R.; Warden, S.J.; Poiraudeau, S.; Myers, S.L.; Benson, C.T.; Hu, L.; Ahmad, Q.L; Linnemeier, P.; Gomez,
E.V,; et al. A Phase 2 Randomized Study Investigating the Efficacy and Safety of Myostatin Antibody LY2495655 versus Placebo
in Patients Undergoing Elective Total Hip Arthroplasty. J. Frailty Aging 2016, 5, 62-70, doi:10.14283/jfa.2016.81.

Attie, KM.; Borgstein, N.G.; Yang, Y.; Condon, C.H.; Wilson, D.M.; Pearsall, A.E.; Kumar, R.; Willins, D.A_; Seehra, ].S.; Sherman,
M.L. A Single Ascending-Dose Study of Muscle Regulator Ace-031 in Healthy Volunteers. Muscle Nerve 2013, 47, 416—423,
doi:10.1002/mus.23539.

Smith, R.C.; Lin, B.K. Myostatin Inhibitors as Therapies for Muscle Wasting Associated with Cancer and Other Disorders. Curr.
Opin. Support. Palliat Care 2013, 7, 352-360, d0i:10.1097/SPC.0000000000000013.

Campbell, C.; McMillan, H.J.; Mah, ].K,; Tarnopolsky, M.; Selby, K.; McClure, T.; Wilson, D.M.; Sherman, M.L.; Escolar, D.; Attie,
K.M. Myostatin Inhibitor ACE-031 Treatment of Ambulatory Boys with Duchenne Muscular Dystrophy: Results of a
Randomized, Placebo-Controlled Clinical Trial. Muscle Nerve 2017, 55, 458—464, doi:10.1002/mus.25268.

Acceleron Discontinues Development of Phase 1 Molecule ACE-2494. 4 April 2019. Available online:
http://investor.acceleronpharma.com/news-releases/news-release-details/acceleron-discontinues-development-phase-1-
molecule-ace-2494 (accessed on 20 October 2019).

Glasser, C.E.; Gartner, M.R.; Wilson, D.; Miller, B.; Sherman, M.L.; Attie, K.M. Locally Acting ACE-083 Increases Muscle Volume
in Healthy Volunteers. Muscle Nerve 2018, 57, 921-926, d0i:10.1002/mus.26113.

Wagner, K.R.; Wong, B.L.; Byrne, B.J.; Tian, C.; Jacobsen, L.K,; Tirucherai, G.S.; Rabbia, M.; Kletzl, H.; Dukart, J.; Ong, R.; et al.
A Phase 1b/2 Study of the Anti-Myostatin Adnectin RG6206 (BMS-986089) in Ambulatory Boys with Duchenne Muscular
Dystrophy: A 72-Week Treatment Update (P1.6-062). Neurology 2018, 92, P1.6-062.

Roche/Genentech Announces Decision to Discontinue Development of RG6206 (RO7239361). Available online:
https://www.parentprojectmd.org/roche-genentech-announces-decision-to-discontinue-development-of-rg6206-ro7239361/
(accessed on 13 January 2021).

Amato, A.A,; Sivakumar, K.; Goyal, N.; David, W.S.; Salajegheh, M.; Praestgaard, J.; Lach-Trifilieff, E.; Trendelenburg, A.-U.;
Laurent, D.; Glass, D.J.; et al. Treatment of Sporadic Inclusion Body Myositis with Bimagrumab. Neurology 2014, 83, 22392246,
doi:10.1212/WNL.0000000000001070.



Cells 2021, 10, x FOR PEER REVIEW 310f31

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Amato, A.A; Auberson, L.Z.; Hanna, M.G.; Badrising, U.A.; Needham, M.; Chinoy, H.; Aoki, M.; Koumaras, B.; Tanko, L.; Wu,
M.; et al. Long-Term Efficacy and Safety of Bimagrumab in Inclusion Body Myositis: 2 Years Results (538.003). Neurology 2018,
90, S38.003.

Amato, A.A.; Hanna, M.G.; Machado, P.M.; Badrising, U.A.; Chinoy, H.; Benveniste, O.; Karanam, A.K.; Wu, M.; Tanko, L.B.;
Schubert-Tennigkeit, A.A.; et al. Efficacy and Safety of Bimagrumab in Sporadic Inclusion Body Myositis: Long-Term Extension
of RESILIENT. Neurology 2021, doi:10.1212/WNL.0000000000011626.

Rooks, D.; Swan, T.; Goswami, B.; Filosa, L.A.; Bunte, O.; Panchaud, N.; Coleman, L.A.; Miller, RR.; Garcia Garayoa, E.;
Praestgaard, J.; et al. Bimagrumab vs Optimized Standard of Care for Treatment of Sarcopenia in Community-Dwelling Older
Adults: A Randomized Clinical Trial. JAMA Netw. Open 2020, 3, 2020836, doi:10.1001/jamanetworkopen.2020.20836.

Rooks, D.; Praestgaard, J.; Hariry, S.; Laurent, D.; Petricoul, O.; Perry, R.G.; Lach-Trifilieff, E.; Roubenoff, R. Treatment of
Sarcopenia with Bimagrumab: Results from a Phase II, Randomized, Controlled, Proof-of-Concept Study. J. Am. Geriatr. Soc.
2017, 65, 1988-1995, doi:10.1111/jgs.14927.

Rooks, D.S.; Laurent, D.; Praestgaard, J.; Rasmussen, S.; Bartlett, M.; Tanko, L.B. Effect of Bimagrumab on Thigh Muscle Volume
and Composition in Men with Casting-induced Atrophy. J. Cachexia Sarcopenia Muscle 2017, 8, 727-734, doi:10.1002/jcsm.12205.
Polkey, MLL; Praestgaard, ].; Berwick, A.; Franssen, F.M.E.; Singh, D.; Steiner, M.C.; Casaburi, R.; Tillmann, H.-C.; Lach-Trifilieff,
E.; Roubenoff, R.; et al. Activin Type II Receptor Blockade for Treatment of Muscle Depletion in Chronic Obstructive Pulmonary
Disease. A Randomized Trial. Am. ]. Respir. Crit. Care Med. 2019, 199, 313-320, doi:10.1164/rccm.201802-02860C.

Mendell, ].R.; Sahenk, Z.; Malik, V.; Gomez, A.M.; Flanigan, KM.; Lowes, L.P.; Alfano, L.N.; Berry, K.; Meadows, E.; Lewis, S.;
et al. A Phase 1/2a Follistatin Gene Therapy Trial for Becker Muscular Dystrophy. Mol. Ther. 2015, 23, 192-201,
doi:10.1038/mt.2014.200.

Mendell, J.R.; Sahenk, Z.; Al-Zaidy, S.; Rodino-Klapac, L.R.; Lowes, L.P.; Alfano, L.N.; Berry, K.; Miller, N.; Yalvac, M.; Dvorchik,
I; et al. Follistatin Gene Therapy for Sporadic Inclusion Body Myositis Improves Functional Outcomes. Mol. Ther. 2017, 25, 870—
879, doi:10.1016/j.ymthe.2017.02.015.

Padhi, D.; Higano, C.S.; Shore, N.D.; Sieber, P.; Rasmussen, E.; Smith, M.R. Pharmacological Inhibition of Myostatin and
Changes in Lean Body Mass and Lower Extremity Muscle Size in Patients Receiving Androgen Deprivation Therapy for
Prostate Cancer. J. Clin. Endocrinol. Metab. 2014, 99, E1967-E1975, d0i:10.1210/jc.2014-1271.

Mariot, V.; Joubert, R.; Hourdé, C.; Féasson, L.; Hanna, M.; Muntoni, F.; Maisonobe, T.; Servais, L.; Bogni, C.; Le Panse, R.; et al.
Downregulation of Myostatin Pathway in Neuromuscular Diseases May Explain Challenges of Anti-Myostatin Therapeutic
Approaches. Nat. Commun. 2017, 8, 1859, d0i:10.1038/s41467-017-01486-4.

Pedemonte, M.; Sandri, C.; Schiaffino, S.; Minetti, C. Early Decrease of IIx Myosin Heavy Chain Transcripts in Duchenne
Muscular Dystrophy. Biochem. Biophys. Res. Commun. 1999, 255, 466-469, d0i:10.1006/bbrc.1999.0213.

Talbot, J.; Maves, L. Skeletal Muscle Fiber Type: Using Insights from Muscle Developmental Biology to Dissect Targets for
Susceptibility and Resistance to Muscle Disease. Wiley Interdiscip Rev. Dev. Biol. 2016, 5, 518-534, doi:10.1002/wdev.230.
Webster, C.; Silberstein, L.; Hays, A.P.; Blau, H.M. Fast Muscle Fibers Are Preferentially Affected in Duchenne Muscular
Dystrophy. Cell 1988, 52, 503-513, d0i:10.1016/0092-8674(88)90463-1.

Rybalka, E.; Timpani, C.A.; Debruin, D.A.; Bagaric, RM.; Campelj, D.G.; Hayes, A. The Failed Clinical Story of Myostatin
Inhibitors against Duchenne Muscular Dystrophy: Exploring the Biology behind the Battle. Cells 2020, 9,
do0i:10.3390/cells9122657.

Howard, J.F.; Utsugisawa, K.; Benatar, M.; Murai, H.; Barohn, R.J.; Illa, I; Jacob, S.; Vissing, J.; Burns, T.M.; Kissel, ].T.; et al.
Safety and Efficacy of Eculizumab in Anti-Acetylcholine Receptor Antibody-Positive Refractory Generalised Myasthenia Gravis
(REGAIN): A Phase 3, Randomised, Double-Blind, Placebo-Controlled, Multicentre Study. Lancet Neurol. 2017, 16, 976-986,
doi:10.1016/S1474-4422(17)30369-1.

Lu-Nguyen, N.; Ferry, A.; Schnell, F.J.; Hanson, G.J.; Popplewell, L.; Dickson, G.; Malerba, A. Functional Muscle Recovery
Following Dystrophin and Myostatin Exon Splice Modulation in Aged Mdx Mice. Hum. Mol. Genet. 2019, 28, 3091-3100,
doi:10.1093/hmg/ddz125.

Garito, T.; Roubenoff, R.; Hompesch, M.; Morrow, L.; Gomez, K.; Rooks, D.; Meyers, C.; Buchsbaum, M.S.; Neelakantham, S.;
Swan, T.; et al. Bimagrumab Improves Body Composition and Insulin Sensitivity in Insulin-Resistant Individuals. Diabetes Obes
Metab 2018, 20, 94-102, d0i:10.1111/dom.13042.

Heymsfield, S.B.; Coleman, L.A.; Miller, R.; Rooks, D.S.; Laurent, D.; Petricoul, O.; Praestgaard, J.; Swan, T.; Wade, T.; Perry,
R.G,; et al. Effect of Bimagrumab vs Placebo on Body Fat Mass Among Adults With Type 2 Diabetes and Obesity: A Phase 2
Randomized Clinical Trial. JAMA Netw. Open 2021, 4, e2033457, d0i:10.1001/jamanetworkopen.2020.33457.



