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Abstract Duchenne muscular dystrophy is an inherited,

progressive muscle-wasting disorder caused by mutations

in the dystrophin gene. An increasing variety of approaches

are moving towards clinical testing that all aim to restore

dystrophin production and to enhance or preserve muscle

mass. Gene therapy methods are being developed to

replace the defective dystrophin gene or induce dystrophin

production from mutant genes. Stem cell approaches are

being developed to replace lost muscle cells while also

bringing in new dystrophin genes. This review summarizes

recent progress in the field with an emphasis on clinical

applications.
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Introduction

Duchenne muscular dystrophy (DMD) is the most common

and severe form of childhood muscular dystrophy, affect-

ing approximately 1 in 5,000 boys [1]. The disease is

characterized by progressive muscle weakness with

delayed motor and speech milestones and elevated serum

creatine kinase levels. Patients demonstrate reduced motor

skills by age 3–5 and typically lose ambulation by 12 years

of age. Glucocorticoids (prednisone or deflazacort) are

prescribed to slow disease progression, but to date there is

no cure for this disease. Despite intensive clinical attention

to respiratory support and management of cardiac com-

plications [2], most patients do not live beyond age 30.

DMD is caused by loss of function mutations in the

X-linked DMD gene (commonly called ‘dystrophin’)

resulting in near complete deficiency of dystrophin in

cardiac, skeletal and smooth muscles. The types of muta-

tions that lead to DMD include: point mutations that can

encode premature termination codons (nonsense mutations,

or ‘‘stop codons’’); deletions or exon–intron splice site

mutations that disrupt the normal protein or open reading

frame (ORF) of the dystrophin messenger RNA (mRNA);

partial gene duplications that disrupt the normal ORF; and,

rarely, point mutations or deletions that disrupt critical

functional domains of dystrophin. Mutations that enable

expression of partially functional dystrophin lead to the

milder Becker muscular dystrophy (BMD). Clinical

observations of a BMD patient who remained ambulatory

past age 70 despite absence of 46 % of the dystrophin gene

[3] lent proof of principle that restoring some functional

dystrophin expression can ameliorate the disease severity

of DMD. Expression of 20–30 % of normal dystrophin

levels is sufficient to avoid muscular dystrophy in mice and

humans, while lower levels can lead to various severities of

BMD [4, 5].

A major challenge for therapy of DMD and other muscular

dystrophies is the need to devise a treatment strategy that

targets all the major muscles in the body. These include limb

muscles, respiratory muscles (intercostal and diaphragm
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muscles), cardiac muscle and smooth muscles of the gastro-

esophageal tract. Often emerging therapies are tested by direct

intramuscular injection into a single site or into several sites of

one muscle. While such an approach is useful for measuring

local effects, it is difficult to envision ways to extend intra-

muscular injection strategies to achieve global muscle tar-

geting. Instead, therapeutic interventions require whole-body

targeting of the musculature, an approach generally referred to

as systemic delivery. Multiple methods can be used for sys-

temic delivery, depending on the drug or compound being

tested, but most current approaches rely on oral or intravas-

cular delivery. This review summarizes the current thera-

peutic strategies to restore dystrophin expression in DMD

animal models and patients, with particular emphasis on the

outcomes and discussions arising from the most recent clinical

trials, as well as promising new therapies from current pre-

clinical studies (Fig. 1).

Small Molecule Therapies

Approximately 10 % of DMD mutations are single-base

‘‘point’’ mutations that introduce premature stop codons into

the dystrophin mRNA. One strategy to restore dystrophin

expression in patients with such nonsense mutations is

mutation suppression, specifically, of premature termination

codon (PTC) mutations. Nonsense mutations signal an end to

protein translation and result in production of a shortened,

non-functional protein that is usually unstable and degraded

in the cell. These ‘PTC’ mutations account for *10 % of

DMD cases [6] (see also http://www.umd.be/DMD/W_

DMD/index.html). Certain antibiotics such as gentamicin

can induce translational read-through of PTC mutations. At

high concentrations, the binding of gentamycin to the protein

production machinery in cells induces read-through of PTCs

in mRNA, inserting a new amino acid to continue translation

Fig. 1 Functional dystrophin can be restored through rAAV-medi-

ated gene replacement, exon skipping, mutation suppression (not

shown) or cell therapies (not shown). For gene replacement,

minimally essential regions of dystrophin are removed to fit the

limited carrying capacity of rAAV vectors and generate short

dystrophin constructs (microdystrophins). Despite the truncation,

microdystrophins restored dystrophin protein production and *90 %

of strength in dystrophic mice. Larger dystrophin constructs (mini-

dystrophins) that incorporate additional regions necessary for recruit-

ing important dystrophin binding partners (e.g., nNOS) result in even

greater physiological improvements. Minidystrophins are delivered in

pieces using multiple rAAV vectors and reassembled in muscle cells

by various methods such as homologous recombination. In exon-

skipping, synthetic antisense oligonucleotides (AON) are specifically

designed to anneal to precursor mRNA (pre-mRNA) and alter RNA

splicing to restore normal open-reading frames, resulting in the

production of a smaller, but functional dystrophin. These techniques

can be used in combination with cell therapies to correct genetic

mutations prior to transplantation back into the patient in ex vivo

therapies
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of the complete protein [7]. However, serious dose-limiting

toxicities preclude the use of gentamicin in patients for this

purpose. Drug discovery programs led to the identification of

PTC124 (also known as ataluren), a compound shown to be

more potent in PTC read-through than gentamicin [8],

although recent in vitro studies have raised questions

regarding the genuine read-through ability of ataluren [9–

11]. Regardless of the mechanism, ataluren was somewhat

effective in restoring functional dystrophin expression in

mdx mice, resulting in improved strength and decreased

injury in response to exercise-induced damage [8]. A phase I

study in healthy volunteers established safety and tolerability

at doses exceeding pre-clinical efficacy [12]. Phase 2b

studies over 48 weeks involving DMD and BMD patients

aged 5–20 years showed that patients receiving a low-dose

treatment (20 mg/kg) experienced a significantly slower

disease progression, demonstrating a 29-m improvement in a

6-min walk test (6MWT) compared to patients who received

placebo (http://clinicaltrials.gov/show/NCT01182324; http://

www.muscular-dystrophy.org/assets/0003/5427/2012-07_

ataluren_update.pdf). Intriguingly, patients who received a

higher dose (40 mg/kg) showed a similar decline as the

placebo group, suggesting that ataluren may have an inverted

bell-shaped dose–response curve. As of March 2013, a phase

3 study of ataluren was initiated, with recruitment restricted

to DMD patients with PTC (stop codon) mutations. This will

be a randomized, double-blind, placebo-controlled study

with higher power to determine the potential efficacy and

safety of low-dose ataluren (http://clinicaltrials.gov/show/

NCT01826487).

The majority of DMD cases arise from partial dystro-

phin gene deletions or duplications or from mutations that

affect the normal splicing of the dystrophin RNA tran-

script into mRNA. Each of these types of gene mutations

is a problem when it disrupts the normal dystrophin

mRNA open reading frame such that a functional dys-

trophin protein can not be produced in muscle cells. An

approach to restore the normal mRNA reading frame

involves exon skipping. This can be induced by short,

synthetic fragments of nucleic acids known as ‘‘antisense

oligonucleotides’’ (AONs), which are designed to bind

(anneal) with RNA sequences that regulate how a gene’s

initial RNA transcript is spliced into a functional mRNA.

By altering RNA splicing near the mutation on the pre-

cursor mRNA (pre-mRNA), the cell can be tricked into

making a slightly shorter than normal mRNA that lacks a

mutation and that carries an otherwise normal open

reading frame (Fig. 1). This strategy is theoretically

applicable to *80 % of all DMD patients [13]. Recent

drug development for exon skipping has targeted exon 51

of the DMD gene, as this could be applied to *13 % of

boys with DMD. Two types of AONs have been taken

into clinical trials, each made using different nucleic acid

chemistries. Drisapersen (previously known as PRO051,

GSK-2402968) was developed by Prosensa and GSK. The

other was eteplirsen (AVI-4658) developed by Sarepta

Therapeutics. Therapeutic efficacy of these AONs has

been demonstrated in several mouse models for DMD

(mdx) and the dystrophic cxmd dog [14–17]. Both com-

pounds demonstrated safety and efficacy by direct intra-

muscular injections in patients, with restoration of

dystrophin expression in the majority of muscle fibers

near the injection site without severe treatment-related

adverse effects [18, 19].

Initial phase 1/2A studies for both drisapersen and etep-

lirsen appeared promising, but disappointingly, neither com-

pound succeeded in demonstrating significant improvements

in the primary outcome measure, the 6MWT, in larger cohorts.

In early phase 1/2A drisapersen trials involving 12 patients, a

subset of patients who received the higher doses (4.0 and

6.0 mg/kg/week) showed some variable de novo dystrophin

expression and demonstrated a mean improvement of 35 m in

the 6MWT after 12 weeks of treatment [20••]. However,

phase 3 trials where 125 patients (aged 5–16 years) were

administered 6 mg/kg/week over 48 weeks did not result in

statistically significant improvements in the 6MWD or in

secondary measures of motor function when all patients were

analyzed. However, Prosensa recently announced that when

the analysis was confined to patients younger than 7, a 49-m

difference was observed in the 6MWT in patients on a

96-week extension trial. Some of these studies also revealed

kidney toxicity and low platelet counts in a few patients at high

drug doses. To date, these latest results have only been dis-

cussed at conferences and in press releases (http://www.gsk.

com/media/press-releases/2013/gsk-and-prosensa-announce-

primary-endpoint-not-met-in-phase-iii-.html; http://www.

thestreet.com/story/11854354/1/glaxo-dmd-drug-tied-to-

serious-side-effects-hospitalizations.html; http://cureduchenne.

com/blog/prosensa-reports-initial-findings-from-the-further-

clinical-data-analyses-of-drisapersen-for-the-treatment-of-

duchenne-muscular-dystrophy/). GSK recently announced

that it would not continue studies of drisapersen and is

returning rights to the drug to Prosensa, which will con-

tinue its development (http://us.gsk.com/html/media-

news/pressreleases/2014/prosensa-regains-rights-to-drisa

persen-from-gsk-and-retains-righ.html).

Similarly, early phase 2 studies for eteplirsen showed

low and variable increases in dystrophin expression in 7

out of 19 patients (all but one who received the highest

dose of 10 or 20 mg/kg over 12 weeks). There was a post-

treatment increase in dystrophin protein expression from 9

to 16 % of normal controls; three patients showed between

15 and 55 % dystrophin-positive myofibers. Notably,

restored dystrophin was shown to be functional and

restored b-dystroglycan, a-sarcoglycan and nNOS expres-

sion in patients with exon 49–50 deletions, in keeping with
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the nNOS binding domain being encoded in exons 42–45.

Inflammatory cell infiltrate was also reduced in the

10–20 mg/kg cohorts, suggesting that restored dystrophin

is tolerated by the immune system [21, 22••]. In a second,

more recent phase 2 study, increased dosage of eteplirsen

was further assessed in a double-blind placebo-controlled

test in 12 DMD boys aged 7–13 years [23]. Patients were

administered with placebo, 30 mg/kg/week or 50 mg/kg/

week of eteplirsen for 24 weeks, followed by an open-label

extension study at the two doses through week 48. Results

showed that at least 12 weeks of treatment was required to

produce significant increases in dystrophin. At 48 weeks,

the mean increase in dystrophin-positive fibers was 47 %,

and the four patients in the placebo/delayed group (after

12 weeks of treatment) showed a significant increase of

38 %. Similarly, functional assessment by the 6MWT

shows a divergence between the placebo and the eteplirsen

groups at week 12, after which the treated group no longer

showed a significant decline and stabilized. The placebo/

delayed cohort likewise appeared to stabilize by 36 weeks

(12 weeks after treatment). Comparison of the 48-week-

treated group to the delayed group showed a significant

difference of 67 m by week 48 in the 6MWT. Recent

natural history data have shown that patients who could

walk[350 m at baseline tend to stabilize over 1 year [24],

and mean baseline 6MWT for all patients in the eteplirsen

study was [350 m [23]. In a very recent press release,

Sarepta announced continued stabilization of the 6MWT

test in the phase 2b study where patients were continued on

high-dose drug (30–60 mg/kg) for 120 weeks (http://

investorrelations.sareptatherapeutics.com/phoenix.zhtml?c=

64231&p=irol-newsArticle&ID=1891149&highlight=).

Despite these modest gains, the FDA declined to grant

accelerated approval for eteplirsen, citing concerns about

the study design (http://investorrelations.sareptatherapeutics.

com/phoenix.zhtml?c=64231&p=RssLanding&cat=news

&id=1875187). Moreover, there was growing concern

over the disconnect between increased expression of

dystrophin and clinical efficacy, at least in these rela-

tively short trials, raising doubt about the quantification

methods used to reliably assay dystrophin expression and the

use of dystrophin as a biomarker to reasonably predict

clinical benefit over 1 year. Another concern is the use of

the 6MWT as the primary clinical endpoint. Although the

6MWT is to date the most reliable and sensitive global

measure of lower extremity strength, biochemical ineffi-

ciencies, endurance and cardiorespiratory function [24, 25],

the 6MWT excludes younger boys who cannot perform such

a demanding test and older boys who are no longer ambu-

latory [26]. Therefore, it was suggested that future studies be

designed to mathematically combine findings from a series

of tests that measure a broader array of function in a larger

range of patients. Redesign of this confirmatory study is

currently underway, with dosing expected to initiate mid-

2014.

Gene Replacement

Replacement of the defective DMD gene with a synthetic

substitute using delivery vehicles such as recombinant

adeno-associated virus (rAAV)-based vectors is another

promising approach for safe, long-term therapy (Fig. 1). A

significant advantage of gene replacement technologies is

that they should be applicable to all patients, regardless of

their underlying genetic mutation. Wild-type AAV is a

small, non-pathogenic parvovirus that contains a 4.7-kb

single-stranded DNA genome. Generation of rAAV deliv-

ery vectors involves removing all viral genes and replacing

them with a therapeutic gene. Advantages of using rAAV-

based vectors are that they can be produced at high titers on

an industrial scale [27] and can stably persist for years in

muscle cells. Of the many known serotypes, AAV6, 8 and

9 exhibit a high tropism for striated muscles, which is ideal

for lessening off-target events in the treatment of muscular

dystrophies [28, 29].

A significant limitation of rAAV vectors is that they can

carry only a limited amount of DNA, i.e., they cannot

deliver large genes. To accommodate this minimal carrying

capacity of rAAV vectors, a common strategy is to insert

miniaturized but highly functional copies of the dystrophin

gene into the vector. These microdystrophin genes are

deleted for sequences that code for several minimally

essential regions in the dystrophin protein [30]. While there

are numerous ways to generate a microdystrophin protein,

and improved versions are still being developed, all share

the feature of retaining only the most crucial functional

domains, while taking care to retain structural flexibility

and stability of the final protein [31]. Effective treatment of

severely dystrophic mice was achieved by intravascular

administration of rAAV6 vectors carrying microdystro-

phin, which restored dystrophin production in the respira-

tory, cardiac and limb muscles, improving muscle function

and extending the lifespan [32–36].

Another strategy to overcome the limited carrying

capacity of rAAV vectors is to co-deliver two or more

rAAVs that have the gene of interest split between them,

with reconstitution of the larger gene occurring inside the

muscle cell. Reconstitution can be induced in various

ways by specific design. One method is trans-splicing,

where reconstruction of the larger gene occurs following

a process where the various AAV vectors bind together

and form large concatemers. A modification of this

method involves splicing together of smaller protein

pieces to produce a complete protein [37]. Still another

modification involves co-infection of AAV vectors
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carrying overlapping portions of the desired gene, which

reconstitutes the larger gene inside muscle cells by an

exchange of DNA pieces known as ‘‘homologous

recombination’’ [38••, 39, 40]. These ‘two vector’ meth-

ods have been used to deliver larger and more functional

‘‘minidystrophins’’ to dystrophic mice, resulting in

somewhat greater physiological improvements compared

to microdystrophin delivery [31, 38••, 40]. Recently,

delivery of the entire dystrophin gene has been achieved

using a triple-AAV vector system, although the efficiency

is quite low [41].

Despite efficient gene transfer in mouse models of

muscular dystrophy, a major obstacle in the field of AAV-

mediated gene transfer is the host immune response. Unlike

rodents, large animal models such as dogs and non-human

primates, as well as humans, are born with a fully devel-

oped immune system, and immune responses against both

the viral vector and the delivered therapeutic protein have

been observed [42–46, 47••]. This highlights the need for

pre-clinical testing in large animals before trialling in

humans. In the only human trial to date of rAAV-mediated

dystrophin gene transfer, intramuscular injections of a

rAAV-minidystrophin into the biceps of six patients

induced a minidystrophin-specific T cell immune response

from as early as day 15 post-vector treatment in at least one

patient, with none of the six patients displaying significant

levels of vector-delivered dystrophin [45, 46]. Some of the

patients also displayed elevated T-cell immune responses

against the AAV vector [42]. Priming of the dystrophin

T-cell activity was thought to have occurred through low

levels of dystrophin that are produced naturally in rare, so-

called ‘revertant fibers’ found in most DMD patients [45].

Recently, it was shown in a study of 70 DMD patients that

*28 % have anti-dystrophin T-cell immunity, with

increasing age correlating with increased risk of anti-dys-

trophin immunity [47••]. Transient immunosuppression has

been shown to be effective in preventing activation of

T-cell-mediated immune responses and maintains produc-

tion of vector-delivered microdystrophin in dog DMD

models [48, 49], suggesting a need to incorporate an

immunosuppressive regimen in future clinical trials.

In addition to cell-mediated responses to the AAV and

therapeutic proteins, there have also been reports of pre-

existing antibody (humoral) immunity against AAV

(including AAV6) in some large animal models, especially

in non-human primates and dogs [50, 51•, 52]. However,

other groups have found no [53] or low titers of anti-AAV6

pre-existing neutralizing antibodies (NAbs) in dogs [54],

suggesting that the source of the animals can skew results.

NAbs against AAV2 have also been reported in many

patients [46], and cross-reacting antibodies can cause sero-

positivity against other serotypes [46, 53–55]. Proper

patient screening and careful NAb titering are thus critical

prior to future trials, which can also aid in selecting the

AAV serotype with the best chance of success for partic-

ular patients.

A number of novel methods are being developed to

overcome NAb inhibition and enhance gene transfer.

Recently, it was found that empty AAV vehicles (i.e.,

carrying no genes) could act as ‘‘decoys’’ for NAbs when

co-delivered with AAV vectors carrying a therapeutic gene

[56]. Removal of NAbs by plasmapheresis can also

enhance gene transfer [57•]. Directed evolution of AAV

vectors is another strategy to enhance muscle tropism,

overcome pre-existing neutralizing antibodies and allow

for readministration with variants of the original vectors as

required [46]. Other methods to reduce immune rejection

include the use of muscle-specific gene regulatory switches

to prevent protein production in non-muscle cells [58–60],

sequence-optimization of the therapeutic gene to be

delivered to reduce vector dosage [61], and thorough

purification from contaminating viral gene products during

vector preparation [27].

An increasing focus is being devoted to developing

methods to deliver genes to dispersed muscle groups by

using vector perfusion into the vasculature of isolated

limbs. This approach includes the use of vascular ligatures,

compression bandages or recirculation in the limb to

increase gene transfer [48, 62, 63], simultaneous perfusion

with agents that promote vector exit from capillaries to

underlying muscles, such as histamine [64] and vascular

endothelial growth factor [65], or delivering vector using

high pressure injections [66, 67]. Importantly, efficient

cardiac gene transfer, which is critical for DMD therapies,

was achieved by direct ‘‘transendocardial injections’’ of

rAAV vectors, with rAAV6 demonstrating the greatest

cardiac targeting compared to rAAV8 and rAAV9 vectors

in canine and non-human primate models [54, 68•]. In this

method, vector is injected directly into cardiac muscle

using catheters inserted into the cardiac vasculature. Direct

infusion of vector via the jugular vein using rAAV6 and

rAAV8 also resulted in good transgene delivery to canine

heart and diaphragm [48, 69], with homogeneous gene

expression being obtained in the heart 2.5 months after

infusion [69]. Widespread gene delivery to the canine

skeletal musculature was also achieved with rAAV9,

though with relatively poor delivery to the heart [70, 71].

AAV vectors are also being used as a vehicle to deliver

antisense oligonucleotides (AONs), since AONs by them-

selves have not worked well in the heart [72]. Embedding

the antisense DNA sequence into an AAV vector carrying a

small nuclear RNA (snRNA) particle protects it from

degradation and improves the efficiency of pre-mRNA

splice site modulation. A single administration of a rAAV

expressing an ASO gene restored dystrophin expression

and ameliorated pathology in muscles of dystrophic mice
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[73, 74]. Although the level of dystrophin restoration will

decline over time as AAV vectors are lost, thus requiring

repeat injections, recent studies in mice showed sustained

exon skipping in the heart after 1 year [75]. Based on these

promising results, AAV-mediated exon skipping is cur-

rently in preclinical stages to treat DMD patients (http://

clinicaltrials.gov/ct2/show/NCT01385917).

Surrogate Genes

Delivery of surrogate genes, such as utrophin, could also

potentially circumvent an immune response against dys-

trophin in DMD patients. Utrophin is a close evolutionary

relative (paralog) of dystrophin, sharing 80 % amino acid

sequence identity, and is normally produced in muscle at

the neuromuscular and myotendinous junctions. Utrophin

has also been found to partially compensate for the loss of

dystrophin in DMD patients and animal models. rAAV-

mediated delivery of microutrophin performed favorably

relative to microdystrophin in dystrophic mdx:utrophin-/-

(double knock out, dko) mice [76]. Upregulation of utro-

phin by treatment with SMT C1100, an orally bioavailable

small molecule utrophin modulator, partially reversed

dystrophic pathology in mdx mice [77•]. A phase 1B

clinical trial of SMT C1100 commenced in December 2013

and is being carried out by Summit, a UK-based drug

discovery company. In addition to utrophin, rAAV-medi-

ated transfer of follistatin, a muscle-building gene,

improved histology and increased muscle mass and

strength in mdx mice and non-human primates [78]. It is in

the phase 1 clinical trial for patients with BMD and Spo-

radic Inclusion Body Myositis (http://clinicaltrials.gov/ct2/

show/NCT01519349). Recently, rAAV-mediated co-

delivery of microdystrophin and follistatin was shown to

fully restore force and resistance to eccentric contraction-

induced injury in aged mdx mice, thus presenting a viable

treatment option for DMD patients with advanced pathol-

ogy [79•].

Cell Therapies

One caveat for dystrophin replacement therapies is that

effectiveness in patients is dependent on both the number

of remaining myofibers and the degree to which fibrotic

connective tissue might limit the accessibility of myofibers

to AAV vectors or small molecules. For patients in

advanced stages of the disease, the use of gene replace-

ment/correction in conjunction with cell therapies would

likely have the greatest potential for an effective therapy.

While gene replacement therapies typically aim to stop

the progression of muscle degeneration, cell therapies carry

possibilities of both halting disease progression and

restoring lost muscle mass. Resident muscle stem cells,

termed satellite cells [80], are responsible for normal

muscle maintenance and essential for muscle regeneration

following injury [81–83]. Upon injury, satellite cells are

activated to both self-renew and give rise to pools of pro-

liferating myogenic progenitor cells (myoblasts), which

fuse to repair damaged myofibers [83]. Throughout con-

stant bouts of injury and repair in DMD patients, the

capacity of resident satellite cells to self-renew and

replenish injured muscle eventually diminishes, contribut-

ing to significant loss of muscle mass and function. A

major feature of DMD is therefore a loss of regenerative

capacity, and hence it could be amenable to stem cell

therapy.

Based on promising results in animal models [84], cell

therapies for DMD initially focused on local intramuscular

injections of myoblasts derived from healthy donors to re-

introduce dystrophin expression in muscles of DMD

patients [85–87]. Unfortunately myoblast transfer strate-

gies have thus far failed to produce adequate therapeutic

effects, in part because of issues of poor survivability,

limited migration from the injection site and immune

rejection of transplanted cells [85, 88–90]. Expectations

have been further tempered by challenges in expanding

sufficient numbers of myogenic stem/progenitor cells in

culture while preserving their ability to self-renew and

efficiently engraft in vivo [91]. However, these early

observations helped identify hurdles that needed to be

overcome to improve treatment outcomes.

These findings led to the exploration of alternative cell

sources with myogenic potential that could be more easily

grown in culture while also being able to distribute to a wider

range of affected muscles following systemic, intravascular

delivery. Bone marrow-derived stem cells as well as muscle

blood vessel-associated cells such as pericytes and meso-

angioblasts (MABs) were shown capable of contributing to

muscle regeneration, albeit with lesser efficiency than tra-

ditional myogenic stem/progenitor cells [92, 93]. Promising

cell candidates eventually emerged, including MABs for

which phase 1/2 clinical trials relying on transplantations of

MABs derived from healthy HLA-matched donors are in

progress (EudraCT no. 2011-000176-33). The next goal was

to generate MABs from a dystrophic patient, correct the

genetic mutation during cell expansion in culture, then

transplant the corrected cells back into the patient (an

approach known as ex vivo gene therapy). However, a recent

report showed a drastic reduction of MABs in dystrophic

patients, thereby limiting the ability to obtain sufficient

number of cells for transplantation [94].

Induced pluripotent stem (iPS) cells have recently

gained attention in re-programming strategies aimed at

‘‘manufacturing’’ ideal cell candidates that fulfill many of
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the identified needs for successful stem cell therapies of

DMD. These iPS cells can be ‘‘induced’’ to a pluripotent,

stem cell state by addition of several combinations of

transcription factors important during early embryonic

development [94]. iPS cells harbor virtually limitless

expansion potential during which dystrophin vectors can be

re-introduced to correct or bypass the genetic mutation [95,

96]. Corrected iPS cells can be subsequently directed

toward adopting myogenic fates using various techniques,

such as gene transfer of myogenic determination factors,

and serve as a patient-specific cell source for autologous

transplantation. Successful re-programming of iPS cells

into stem/progenitor cells capable myogenic differentiation

has been reported following gene-transfer of the regulatory

genes encoding MyoD, Pax7 and Pax3 [97, 98••, 99].

MyoD is an extremely important regulator of gene

transcription in muscle, which plays a key role during

muscle regeneration where its expression in muscle stem

(satellite) cells precedes myogenic differentiation [100].

The potency of MyoD for inducing myogenic fates in both

muscle and non-muscle cell types has been well docu-

mented [101, 102]. A recent study aimed at stimulating

muscle differentiation in human iPS cells modified with a

MyoD gene that could be turned on or off reported up to

90 % myogenic reprogramming efficiency in vitro with the

ability of reprogrammed cells to engraft into dystrophic

muscles [97]. A possible drawback of using MyoD is that

its expression leads to irreversible muscle differentiation,

potentially reducing the chance for transplanted cells to

become muscle stem cells (rather than myofibers) within

transplanted muscles. However, recent data have indicated

that subsets of iPS cell-derived MyoD-expressing cells are

capable of forming muscle stem cells and engrafting into

regenerating myofibers [103].

Other transcription factors that control the decision of

stem cells to become myogenic cells are also attractive

gene-transfer candidates to generate new muscle stem

cells. Pax7 plays a key part in the function of satellite

cells and is indispensible for adult skeletal muscle

regeneration following injury [82]. The transcription

factor Pax7 has also been used to convert human iPS

cells into a muscle fate, and those cells were also able to

partially restore dystrophin expression, generate new

satellite (stem) cells and improve muscle function fol-

lowing transplantation into dystrophic mice [104]. Pax3,

like Pax7, is expressed during myogenesis as well as

embryonic development of non-muscle lineages such as

those giving rise to the peripheral nervous system and

melanocytes [105]. This necessitates careful sorting of

cells derived via forced Pax3/7 gene expression in order

to separate non-myogenic and possibly tumorigenic cells

from myogenic cells prior to transplantation. Similarly, a

version of the Pax3 transcription factor was used to

generate myogenic stem cells from iPS cells genetically

corrected with a micro-utrophin gene [98••]. Following

activation of the Pax3 gene, cells were allowed to dif-

ferentiate in culture prior to cell sorting for markers

normally found on mesodermal cells destined to form

muscle. The resulting stem/progenitor cells exhibited

typical myogenic differentiation characteristics in culture

and were able to generate functional microutrophin-

expressing myofibers, migrate to stem cell harboring

sites in muscle and improve muscle function following

intramuscular injection into dystrophic mice [98••].

Importantly, these cells were also able to disseminate to

several affected muscle groups following intravenous

delivery.

iPS cells could potentially also solve the issue of

obtaining sufficient MABs from dystrophic patients for

autologous cell transplantation therapies. In two recent

reports, iPS cells derived from both mice and humans with

limb-girdle muscular dystrophy (LGMD) or DMD were

used to generate a-sarcoglycan- or microdystrophin-cor-

rected MABs for transplantation studies in immunodefi-

cient mouse models of each condition [94, 103]. Following

intramuscular and intraarterial administration, gene-cor-

rected MABs were stimulated to adopt myogenic fates

using an inducible version of MyoD [102]. Induced MABs

engrafted a majority of affected muscles where they both

fused with myofibers and formed new satellite/stem cells.

Engrafted muscles exhibited a restoration of up to 25 % of

normal expression levels of the mutant gene as well as

significant morphological and physiological improvements.

While promising, further studies are warranted to deter-

mine the safety and efficacy of these cell therapy approa-

ches before translation into patients.

Conclusions

Development of therapeutics for the muscular dystrophies

had progressed from basic studies in mice to ongoing early

phase human clinical trials. While none of the methods

being tested has yet risen to the level of a cure or major

therapy, multiple approaches are showing significant

promise, and it is becoming clear that treatments can and

will be developed. It will be important to continue refining

current approaches in animal models while expanding

testing in patients. Recent clinical results also serve as a

reminder that early encouraging success is no guarantee of

long-term benefit, and it will be important to seek alter-

native strategies while refining those approaches already in

advanced stages of testing.
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