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Purpose of review

This review will highlight recent advances in developing strategies to accelerate muscle

regeneration and to slow muscle degeneration in myositis, focusing primarily on

inclusion body myositis (IBM).

Recent findings

Therapies for accelerating muscle regeneration, primarily through inhibition of

myostatin, have shown promise in the laboratory and are now entering clinical trials.

Recent studies have implicated autophagy, a key cellular process involved in clearance

of ubiquitinated aggregates, in the pathogenesis of familial and sporadic inclusion body

myositis (sIBM). IBM has joined a growing list of diseases known as TDP-43

proteinopathies, in which this protein becomes mislocalized to the cytoplasm; however,

it is unclear whether these protein aggregates or others are pathogenic in this disease.

Summary

New discoveries of biomarkers in sIBM and new insights into the pathogenesis of

familial IBM are opening novel therapeutic pathways for these disorders. In particular,

drugs that stimulate autophagy, already in development for cancer and

neurodegenerative diseases, are candidates for clinical trials. These disease-specific

therapies combined with novel therapies to accelerate muscle regeneration hold

promise for future therapy for this devastating disease.
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Introduction

For most myositis patients, prognosis depends upon

premorbid health and the ability of the disease to respond

to immunosuppressive therapy. Skeletal muscle has an

incredible ability to regenerate following an acute injury,

and patients with immunotherapy-responsive idiopathic

inflammatory myopathies have an excellent prognosis. In

contrast, patients with immunotherapy-resistant myositis

often have a relentlessly progressive course. Although

newer immunotherapies may have improved efficacy in

refractory cases, for patients with sporadic inclusion body

myositis (sIBM), novel treatment strategies are despe-

rately needed.

Muscle strength in disease can be thought of as a balance

between regeneration and degeneration, and this balance

is strongly influenced by the immune system in myositis.

For example, cytokines released from inflammatory cells

may stimulate satellite cells to proliferate and thus

enhance regeneration. Therefore, a better understanding

of the complex interplay between the inflammatory

response and muscle regeneration is critical to the devel-

opment of therapies designed to enhance myogenesis
opyright © Lippincott Williams & Wilkins. Unauth
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(reviewed in [1]). Furthermore, although the immune

system is believed to directly cause muscle degeneration

in most forms of myositis, there are clearly nonimmune

mechanisms (reviewed in [2]), and these may be the

primary culprit in sIBM. Understanding the cellular

mechanisms of myofiber degeneration will likely lead

to novel treatment strategies for myositis in the future.

This review will focus on strategies to suppress myofiber

degeneration and to enhance myofiber regeneration, and

will not discuss emerging immunotherapies (recently

reviewed in [3��]). These emerging therapies may be

helpful in conjunction with immunosuppressive medi-

cations in many forms of myositis, and may become the

primary mode of therapy for sIBM.
Strategies to accelerate muscle growth
In theory, therapies that enhance muscle regeneration

could be beneficial in all muscle diseases regardless of

cause. For this reason, intense research has been under-

taken to develop drugs that stimulate myofiber regener-

ation in addition to cell-mediated therapies to replace

injured myofibers. Androgens to stimulate muscle hyper-

trophy have long been used by body builders, but their
orized reproduction of this article is prohibited.
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2 Myositis and myopathies
use in patients is limited due to side-effects. Oxandro-

lone is a synthetic testosterone analog that is well

tolerated in patients, and has shown efficacy in a small,

double-blinded placebo-controlled trial in IBM [4].

Research over the last decade has implicated the myos-

tatin pathway as a central regulator of myogenesis

during development. More recently, inhibition of the

myostatin pathway has shown great promise in enhan-

cing muscle regeneration in animal models of muscle

diseases.
Myostatin inhibition
During vertebrate development, one of the critical reg-

ulators of muscle growth is the myostatin pathway.

Myostatin is a member of the transforming growth factor

(TGF)-beta family of secreted growth factors and is a

potent suppressor of muscle growth. Myostatin knockout

mice have a two-fold to three-fold increase in muscle

mass, without abnormalities in other organs such as the

heart [5]. This pathway is clearly important in humans, as

patients with a loss-of-function mutation in myostatin

have marked muscle hypertrophy and increased strength

[6]. Thus, inhibitors of myostatin may be potent stimu-

lators of muscle growth.

Myostatin is synthesized as a prepropeptide and forms a

homodimer via a covalent disulfide bond. After cleavage

extracellularly, the amino-terminal proprotein remains

noncovalently attached to the carboxy-terminal peptide,

keeping it in an inactive state. A second cleavage event

by a metalloproteinase activates myostatin, allowing it

to bind to its receptor, activin receptor type IIB

(ActRIIB). Myostatin can be inactivated by binding

to proteins including follistatin, follistatin-related gene

(FLRG) and GASP-1. Activation of ActRIIB leads to

activation of a Smad complex that enters the nucleus

and activates the transcription of myogenic genes, inhi-

biting both the proliferation and differentiation of

myogenic precursors.

Most myostatin inhibitors in development bind to myos-

tatin extracellularly and reduce its bioavailability. For

example, an antibody against myostatin, MYO-029, was

used in a double-blind, placebo-controlled phase I

clinical trial in 116 adult muscular dystrophy patients

[7]. Although the study was not powered to evaluate

clinical efficacy, this drug was well tolerated, with the

major side effect being a cutaneous hypersensitivity

reaction at high doses. Other companies are developing

a soluble ActRIIB protein that can similarly bind to and

inactivate myostatin [8�]. sActRIIB has been shown to be

very effective in mouse muscular dystrophy models [9].

Other therapies in development include the propeptide

that keeps myostatin inactive [10] and a dominant-nega-

tive myostatin analog [11].
opyright © Lippincott Williams & Wilkins. Unautho
One of the most promising myostatin inhibitors in devel-

opment is follistatin [12�]. Follistatin binds to and inhi-

bits myostatin and other TGF-beta family members such

as activin. Interestingly, muscle-specific overexpression

of follistatin causes an even greater increase in muscle

mass than the myostatin knockout mouse [13], suggesting

that in addition to inhibition of myostatin, follistatin also

acts to increase muscle growth independently of myos-

tatin. Indeed, follistatin overexpression in myostatin

knockout mice causes a quadrupling of muscle mass [14].

Mendell and colleagues utilized the natural propensity of

the AAV virus to infect muscle cells to overexpress the

follistatin (FSTN) gene in animal models. AAV gene

vectors have proven to be safe, and a single injection can

lead to lifelong expression of the gene of interest. Injec-

tion of AAV-FSTN into muscles of wild-type mice led to

a two-fold increase in muscle size, and even had efficacy

in uninjected muscles, demonstrating that it is released

into the circulation [15]. Furthermore, AAV-FSTN has a

long-term benefit in the mouse muscular dystrophy

models when injected into the quadriceps muscle [15].

A recent study in nonhuman primates injected with AAV-

FSTN into the quadriceps muscle showed a long-term,

marked increase in muscle size without adverse effects

[16��]. An alternative approach to gene therapy is to

upregulate follistatin expression. Indeed, histone deace-

tylase inhibitors upregulate follistatin and show efficacy

in mouse models of muscular dystrophy [17,18].

One concern regarding follistatin therapy is a potential

adverse effect on fertility (it was initially discovered as an

inhibitor of FSH secretion). However, an alternatively

spliced isoform of follistatin containing the carboxy-ter-

minus (named FS-344) inhibits the ability of follistatin to

bind activin, and thus has little effect on reproduction in

mouse or monkey animal models [15,16��]. A potentially

beneficial side-effect of follistatin therapy in myositis is

an anti-inflammatory effect [19].
Stem cell therapy
In addition to stimulation of endogenous muscle stem

cells with growth factors, enhancing muscle growth with

exogenous stem cells is a promising area of therapeutic

development [20�]. In particular, the possibility of con-

verting patient’s own cells into muscle progenitors using

induced pluripotent stem (iPS) cell technology is a

new and exciting field of research [21], although many

obstacles to clinical application remain. Satellite cells

have long been known to lie quiescent within the myo-

fiber basal lamina, proliferate in response to muscle

injury, and replace degenerating myofibers. In recent

years, improvements in isolating satellite cells from

muscle have been made, but the utility of satellite cells

in cell-based therapy is severely limited by their poor
rized reproduction of this article is prohibited.
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expansion in culture and inability to cross the endothelial

wall, prohibiting systemic delivery. Embryonic stem

cells, hematopoietic stem cells, mesoangioblasts (MABs),

and other myoblast progenitors may be able to circum-

vent these problems and are capable of differentiating

into myofibers in vitro or in vivo [22,23]. MABs, isolated

from blood vessel walls, have shown particular promise,

leading to improved muscle regeneration and strength in

animal models of muscular dystrophy when delivered

intraarterially [24,25]. An improved understanding of the

efficacy and safety of these stem cells will likely lead to

clinical trials for cell-based therapy of skeletal muscle

diseases in the near future.
Strategies to slow muscle degeneration
Although stimulating muscle regeneration shows promise

in improving muscle strength in myositis patients, it does

not address the underlying disease pathogenesis. In fact,

in some patients, autoantibodies may recognize antigens

that are enriched in regenerating fibers [26], making it

possible that enhancing regeneration without suppres-

sing inflammation could actually be counter-productive.

In patients with immunotherapy-refractory myositis,
opyright © Lippincott Williams & Wilkins. Unauth

Figure 1 Model for pathogenesis of sporadic inclusion body myos
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such as sIBM, addressing the underlying pathogenic

process is critical. Even in patients with immune-

mediated myositis, there are clearly nonimmune mech-

anisms that cause muscle degeneration (reviewed in [2]).
Is inclusion body myositis a primary
degenerative disease?
The mechanisms of pathogenesis of neurodegenerative

diseases such as Alzheimer’s and Parkinson’s disease have

been intensely investigated over the last several decades,

and more recently, some of these mechanisms have been

studied in IBM (Fig. 1). sIBM shares features with Alz-

heimer’s disease including an association with aging and

accumulation of amyloidogenic proteins. These pathologic

features, along with the lack of responsiveness to steroids,

have led to the hypothesis that sIBM is a primary degen-

erative disease with a secondary inflammatory response

[27�]. However, there is an association of sIBM with

specific HLA haplotypes, autoantibodies, and other auto-

immune diseases. Furthermore, some patients have an

overlap syndrome with polymyositis [28], and some sIBM

patients with proximal limb weakness may be responsive

to corticosteroids, at least early in the course of the disease.
orized reproduction of this article is prohibited.
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4 Myositis and myopathies
Thus, both the autoimmune and the degenerative hypoth-

eses have merit, and both pathologic processes are likely

involved in the progression of the disease.

One prominent hypothesis for the etiology of sIBM is

that the disease is triggered by an accumulation of

amyloid-beta peptide (Ab), analogous to the amyloid

hypothesis in Alzheimer’s disease. In fact, a transgenic

mouse ‘model’ of sIBM has been generated by over-

expressing Ab precursor protein (APP) [29], and these

mice are being used to study pathogenesis and new

treatments for sIBM. In one such study [30], transgenic

mice vaccinated with Ab led to amelioration of the

disease phenotype, prompting suggestions for a clinical

trial of the vaccine in sIBM patients. However, the Ab

hypothesis is controversial [31,32�], and many other

proteins have been found to accumulate in sIBM muscle.

It is unknown whether Ab plays a role in the pathogenesis

of sIBM or if it is merely one of many proteins that

accumulate in diseased muscle.

Although the specific toxic molecule(s) that initiate the

pathogenic cascade in IBM are unknown, oxidative stress

associated with aging may trigger an accumulation of

toxic macromolecules and organelles that is characteristic

of IBM. As shown in Fig. 1, cells have several protective

responses to these insults, such as upregulating chaper-

ones to help refold misfolded proteins and inducing

degradation of toxic compounds via autophagy or the

ubiquitin–proteosome system (UPS) (reviewed in [33]).

Furthermore, an accumulation of misfolded proteins

within the endoplasmic reticulum (ER) causes an ER

stress response that can trigger inflammation via NF-kB,

induce autophagy, and suppress protein synthesis.

Growth factors such as IGF-1 have the opposite effect

via activation of the PI3K/Akt/Tor pathway. Thus, a

complex homeostatic mechanism, similar to that seen

in neurodegenerative diseases, regulates the cellular

response to the deleterious effects of aging. The devel-

opment of disease may be due to an imbalance in this

homeostatic response triggering a feed-forward loop that

leads to progressive degeneration.

One of the central questions in neurodegenerative dis-

eases is whether ubiquitinated aggregates are toxic or

beneficial; it may be different for each disease, but the

leading hypothesis is that small oligomers are toxic and

larger aggregates are likely cytoprotective. Primary tar-

gets for neurodegenerative disease therapy are agents

that prevent protein aggregation. One class of proteins

that function to prevent protein misfolding and aggrega-

tion are heat shock proteins, chaperones that are induced

under conditions of cell stress. Arimoclomol is a drug that

induces expression of heat shock proteins. In a mouse

model of amyotrophic lateral sclerosis (ALS), arimoclo-

mol slowed disease progression [34], prompting a clinical
opyright © Lippincott Williams & Wilkins. Unautho
trial in ALS patients [35]. A phase I safety trial of

arimoclomol in ALS showed that it is well tolerated

and safe [36]. Phase II efficacy trials of arimoclomol

are currently underway in sIBM and ALS and are

expected to be completed soon.
Is inclusion body myositis caused by defective
autophagy?
One of the most intensively investigated fields of neuro-

degeneration research in recent years is that of autophagy.

As shown in Fig. 2, autophagy is the cellular process

whereby macromolecules or organelles are engulfed by

a double-membrane ‘phagophore’ to form an ‘autophago-

some’ that degrades the engulfed material upon fusion

with the lysosome [37,38]. The rimmed vacuoles seen in

IBM are believed to be an autophagolysosomal compart-

ment [39,40]. Inhibition of autophagy in neurons is suffi-

cient to cause ubiquitinated cytoplasmic aggregates and

neurodegeneration [41,42]. Similarly, muscle-specific dis-

ruption of autophagy leads to muscle atrophy and accumu-

lation of ubiquitinated aggregates, demonstrating that

autophagy is critical for maintaining muscle mass [43,44�].

Recently, Askanas and colleagues have shown that autop-

hagy is defective in sIBM [45��]. They determined that

activity of lysosomal enzymes Cathepsin B and D are

reduced in IBM, and this defect is specific for IBM, as

enzymatic activity is actually increased in polymyositis.

Furthermore, the autophagosome marker LC3-II is upre-

gulated specifically in sIBM, consistent with the increase

in autophagolysosomes seen in IBM muscle. Similarly,

Temiz et al. [28] showed that LC3 is the most frequent

protein seen in aggregates in IBM and in polymyositis with

mitochondrial disorder. Interestingly, the receptor for LC3

on autophagsomes, p62, a ubiquitin-binding protein, also

forms prominent inclusions specifically in sIBM [46�].

Thus, the accumulation of rimmed vacuoles in IBM

may be due to a defect in lysosomal degradation of auto-

phagosomal material, and this in turn may lead to the

accumulation of ubiquitinated aggregates and other toxic

macromolecules. Nogalska et al. [45��] propose that the

decreased lysosomal enzyme activity in IBM is due to ER

stress, as experimentally induced ER stress in cultured

muscle fibers leads to a similar reduction in lysosomal

enzymatic activity. Similar accumulations of autophago-

somes are seen in the vacuolar myopathies XMEA (X-

linked myopathy with excessive autophagy) and Danon’s

disease, in which the defect is believed to be in lysosomal

function [47,48]. Thus, a primary defect in autophagoly-

somal function can directly explain many of the patho-

logical hallmarks of IBM, namely rimmed vacuoles, ubi-

quitinated aggregates, and muscle degeneration.

Further evidence for defective autophagy in IBM has

come from the study of valosin-containing protein (VCP),
rized reproduction of this article is prohibited.
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Figure 2 Role of autophagy in inclusion body myositis pathogenesis and potential therapeutic avenues
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Myofiber degeneration in inclusion body myositis (IBM) is proposed to be due to toxic oligomers of misfolded proteins such as TDP-43. Arimoclomol is
a drug being tried in IBM and neurodegenerative diseases due to its ability to induce expression of chaperones that help prevent accumulations of
misfolded proteins. Normally, these ubiquitinated protein aggregates and damaged mitochondria (mitos) are degraded via the ubiquitin–proteasome
system (UPS) or autophagy. Ubiquitinated aggregates may be recruited to the LC3 receptor on a newly forming double-membrane phagophore via the
ubiquitin-binding protein p62/SQSTM1. Rapamycin and lithium both stimulate autophagy and help clear toxic aggregates such as TDP-43. VCP,
mutated in familial IBM, functions in maturation of autophagosomes into an autophagolysosome. Overexpression of HDAC6 rescues the VCP
phenotype, by stimulating autophagosome maturation. This step may be defective in sporadic inclusion body myositis (sIBM) as well, explaining the
accumulation of rimmed vacuoles in addition to the numerous aggregated proteins. Upon fusion of autophagosomes with the lysosome, the
ubiquinated aggregates and damaged mitochondria are degraded. A similar vacuolar pathology is seen in two rare inherited vacuolar myopathies in
which myofiber degeneration is caused by defective lysosomal function termed XMEA (X-linked myopathy with ‘excessive’ autophagy, caused by loss
of VMA21 function, required for lysosomal acidification) and Danon’s disease (caused by mutations in lysosome-associated membrane protein 2
(LAMP2) involved in lysosome fusion).
mutated in the familial disease IBMPFD (IBM, Paget

disease of bone, and frontotemporal dementia). Two

independent studies have shown that VCP is essential

for autophagy, and in its absence, rimmed vacuoles

accumulate, suggesting that VCP is required for

maturation of autophagosomes to autophagolysosomes

[49,50��]. Interestingly, overexpression of HDAC6, a

neuroprotective protein also involved in autophagosome

maturation, rescues the cellular phenotype in this model

[51,52]. In addition to ubiquitinated aggregates and

rimmed vacuoles, a primary defect in autophagy in

IBM can explain the accumulation of abnormal mito-

chondria in many patients, a characteristic feature of the

disease [53]. Mitophagy, a specialized form of autophagy,

is important for degrading degenerating mitochondria.

Accumulation of damaged mitochondria may amplify

oxidative stress associated with aging. A recent study

may shed light on one potential link between mitochon-

drial degeneration and inflammation, whereby mitochon-

drial proteins released from dying cells activate the innate

immune response due to their ancestral bacterial origin

[54,55].

Thus, stimulation of autophagy may accelerate the

removal of toxic macromolecules and organelles in

degenerative diseases. If autophagy is indeed defective

in IBM, drugs that stimulate autophagy may be an

important therapeutic intervention. Along this line, rapa-

mycin (Sirolimus) may be a reasonable drug for clinical
opyright © Lippincott Williams & Wilkins. Unauth
trials in IBM given its potent anti-inflammatory activity

in addition to its ability to induce autophagy. Similarly,

lithium is being tested in IBM, primarily for its ability to

inhibit the kinase GSK-3 that phosphorylates tau and

APP (phospho-tau is yet another abnormal inclusion in

IBM), but it is also an inducer of autophagy [56].

Although increasing autophagy may help clear toxic

molecules, it may also lead to autophagic cell death or

atrophy. One of the pathways for inducing muscle atro-

phy in cachexia and aging is the FOXO-mediated path-

way that stimulates autophagy and the UPS [57]. These

pathways are believed to be therapeutic targets for pre-

venting age-associated muscle atrophy. Thus, too much

or too little autophagy can lead to muscle atrophy.
Is inclusion body myositis a TDP-43
proteinopathy?
The ubiquitinated aggregates and expanded autophago-

somal vacuoles that are the pathological hallmarks of IBM

suggest the possibility that a primary defect in autophagy

leads to the accumulation of toxic macromolecular com-

plexes or organelles. Many such protein aggregates have

been identified in sIBM, as previously described (Ab,

phospho-tau, LC3, and p62 to name a few), suggesting

that IBM may be caused by a generalized defect in

protein degradation. Several recent studies have added

a new member to this list, the RNA-binding protein
orized reproduction of this article is prohibited.
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TDP-43. TDP-43 is the major ubiquitinated aggregate-

forming protein found in many neurodegenerative dis-

eases, referred to as TDP-43 proteinopathies, including

ALS and frontotemporal lobar degeneration (FTD)

(reviewed in [58,59�]). Recently, several groups have

identified TDP-43 protein aggregates in IBM muscle

fibers, and these aggregates are not seen in polymyositis

or dermatomyositis [60,61,62��]. Greenberg et al. report

that sarcoplasmic TDP-43 aggregates are seen in 23% of

fibers, much more frequently than amyloid or phospho-

tau, seen in less than 3% of fibers in their study [62��].

TDP-43 is normally nuclear, though it shuttles between

the cytoplasm and nucleus. TDP-43 was initially discov-

ered as a binding partner of the HIV-1 TAR terminal

repeats, suggesting the intriguing possibility that the

increased incidence of IBM in HIV patients may be

related. In ALS and other TDP-43 proteinopathies,

TDP-43 accumulates in the cytoplasm and is depleted

from the nucleus. A central role of TDP-43 in the

pathogenesis of ALS is suggested by the finding of

autosomal dominant mutations in TDP-43 in familial

ALS [63,64]. As in sporadic ALS, mutant TDP-43 is

ubiquitinated and forms cytoplasmic aggregates,

suggesting that cytoplasmic TDP-43 directly mediates

toxicity. A central question in ALS and other TDP-43

proteinopathies is the mechanism of TDP-43-mediated

toxicity.

A recent study [65�] suggests that TDP-43 is a major

source of toxicity in IBMPFD. A genetic screen per-

formed in a Drosophila model of IBMPFD identified the

fly homolog of TDP-43 as a potent suppressor of VCP-

mediated neurodegeneration. Epistasis experiments

determined that TDP-43 toxicity functions downstream

of VCP, suggesting that VCP-mediated degeneration is

at least partially due to accumulation of TDP-43 in the

cytoplasm. Importantly, clearance of TDP-43 accumu-

lation in cell culture is accelerated with Rapamycin,

suggesting that TDP-43 aggregates are removed by

autophagy [66�].
Conclusion
Novel therapies to accelerate muscle regeneration and to

prevent degeneration are on the horizon. Myostatin inhi-

bition to accelerate muscle regeneration is a promising

therapeutic approach for many muscle diseases including

myositis, and clinical trials are underway. We are just

beginning to understand the pathogenesis of IBM, and

findings of defects in autophagy and accumulations of

TDP-43 suggest that these may be new therapeutic

targets. One limitation to clinical trials for IBM is a clear

biomarker of disease, and future research should focus on

identifying which of these new pathologic features cor-

relate with disease activity.
opyright © Lippincott Williams & Wilkins. Unautho
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