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Introduction: Evidence-based therapeutics in Duchenne muscular dystrophy

(DMD) has been limited to corticosteroids for the past 30 years. There have

been a host of other therapeutic interventions studied in mice, canines and

more recently humans, but they are yet to show effectiveness in clinical trials.

Newer genetic approaches are in early stages of clinical trials.

Areas covered: In this paper, the authors review evidence-based studies for

corticosteroids as well as other Phase II and Phase III clinical trials involving

potential pharmacologic treatments: myostatin and phosphodiesterase inhi-

bitors, insulin-like growth factor 1 and replenishment of nutritional deficien-

cies. Finally, the authors briefly review the current status of treatments

specific for genetic mutations and gene therapy.

Expert opinion: Since the identification of corticosteroids as an effective

treatment for DMD, there has not yet been another pharmacologic interven-

tion that has shown as much benefit, although further investigation is needed

for some of the mentioned therapeutics. New therapies will need to show

a significantly greater sustained benefit for our DMD patients with cost

effectiveness, in order for them to supplant or reduce the use of long-term

corticosteroid treatment. While studying new therapeutics, further study

and trials in corticosteroids should not be lost.
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1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked disorder characterized by
progressive skeletal muscle weakness, accompanied by cardiac and smooth muscle
dysfunction, due to an abnormality or deficiency of the protein dystrophin [1].
DMD patients are typically diagnosed between ages 4 and 5 years but may exhibit
symptoms years earlier [2]. As the disease progresses, patients become wheelchair-
bound by their teenage years and death ensues by early adulthood, although some
patients can live into their thirties with ventilatory support [3]. Current evidence-
based therapeutic interventions are limited to corticosteroids. Randomized con-
trolled trials with prednisone or deflazacort, 6 -- 24 months in duration, have
improved strength and function in boys with DMD [4-12]. Non-randomized
follow-up studies of patients receiving these two treatments have shown sustained
benefits from 5 to 15 years [13-17]. In combination with supportive care based on
census guidelines, corticosteroid therapy in DMD prolongs survival, changes the
natural history of the disease, extends functional abilities and improves quality of
life for patients [18-21]. Corticosteroids are an important component of standard
care for DMD patients but more study is needed to improve their use and more
research is necessary to develop curative treatments.

While optimal dosing, age of initiation and long-term side effects of corticosteroids
need continued study, opportunities to target correction of the underlying genetic
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mutations need continued exploration. The DMD gene is the
largest known human gene, 2.3Mb, and consists of a coding
sequence of 79 exons, which accounts for 0.6% of the
gene [22]. Due to the large size of the DMD gene, there are a
variety of mutations, 4,700 [23]. A total of 90% of patients
with a mutation that disrupts the open reading frame of the
DMD gene will have the DMD phenotype [24,25]. This is in
contrast to patients with the less severe phenotype, Becker
muscular dystrophy (BMD), who have in-frame mutations
resulting in a truncated but functional protein [24-28]. Given
variability in mutations, genetic therapeutic approaches with
the exception of gene therapy, must target specific mutations.
The majority of mutations can be divided into three categories:
deletion of one or more exons, duplication of one or more
exons or point mutations. In this review we briefly discuss
genetic therapeutic approaches, but our primary focus is on
Phase II and Phase III studies involving corticosteroids and
other pharmaceutical treatments. These other pharmaceutical
approaches include: antibodies to myostatin, insulin-like
growth factor 1 (IGF-1), phosphodiesterase inhibitors and
nutritional supplements. Our review of genetic therapy based
upon DMD gene mutations includes stop codon read-
through, exon skipping and gene transfer therapy. At the close
of our review we provide an opinion on the future of DMD
treatments and clinical trials.

2. Corticosteroids

Corticosteroids, prednisone and deflazacort, are the only
evidence-based effective treatment for DMD [4,5]. The specific
cellular events responsible for the beneficial effect of

corticosteroids remain unknown. An immunosuppressive
mechanism seems unlikely since trials with azathioprine and
cyclosporin A did not produce the beneficial effects observed
with corticosteroids [6,29]. Despite our limited understanding
of the underlying mechanism(s), corticosteroids do slow the
rate of disease progression and extend functional abilities for
2 years or longer [4,5,21]. Outcomes documenting this benefi-
cial action include improved pulmonary function, time to
rise from supine to standing time to walk 9 m and time to
climb four stairs [4,5,21]. The first clinical trial in DMD dem-
onstrating efficacy of prednisone occurred in 1974 [30].
Numerous trials that followed have looked for optimal age
of initiation, dose and frequency [6-12,31]. Conclusions, to
date, are that prednisone 0.75 mg/kg/day and deflazacort
0.9 mg/kg are equally effective in improving muscle strength
and function in the short term (6 months to 2 years), and
that prednisone 0.75 mg/kg/day is optimal compared to other
class I dosing studies (1.5, 0.3 mg/kg/day and 0.75 mg/kg/q.
o.d. and 10 mg/kg/week) [6-12,31]. In these short-term treat-
ment trials, adverse effects (weight gain, cushingoid appear-
ance) were similar between studies. While these side effects
were more common in the corticosteroid-treated patients
compared to the placebo group, they did not prevent contin-
uation of corticosteroid treatment and were not considered
clinically severe. An analysis of long-term side effects occur-
ring with treatment > 2 -- 3 years duration was not possible
because of the trial design [6-12,31]. However, in nonrando-
mized trials, boys treated longer than 2 years with prednisone
or deflazacort showed significant benefits in ambulation,
delayed onset of scoliosis and pulmonary dysfunction, pre-
served cardiac function, survival and quality of life compared
to untreated counterparts [13-17,20,21]. Aside from side effects
noted in short-term studies, boys treated with corticosteroids
for a mean of 5.5 years were significantly shorter and had
delayed puberty. Although patients have stated that their
major concern with early corticosteroid treatment is the effect
on growth rate, they feel that corticosteroid benefits outweigh
this risk [17,20]. Side effects involving increased frequency of
long bone fractures and vertebral fractures are important to
consider, but there is a lack of consensus on how frequent
and severe these side effects are and what interventions are
optimal to prevent or manage them [15-17].

Despite the above progress, future randomized trials are
needed to determine the optimal dose of steroids, age to initiate
and dosing schedule to improve function with minimal side
effects. Additionally, long-term controlled studies are needed
to determine long-term effects on ambulation, bone, respira-
tory and cardiac functions, behavioral problems and quality
of life. Uncontrolled studies of cohorts of DMD patients
receiving prednisone or deflazacort for 5 years and longer offer
encouraging results. A large multicenter clinical trial to address
the question of the optimal corticosteroid regimen for DMD is
underway and is recruiting patients this year [32].

A new area of corticosteroid investigation includes the
finding that a subset of DMD patients appear to have

Article highlights.

. Evidence-based treatment for DMD is currently limited
to corticosteroids; however, alternative therapies that
show promise, specifically those focusing on genetic
mutations, are in early clinical trials.

. Genetic interventions, including exon skipping and gene
therapy to alter dystrophin expression, are currently
focusing on dystrophin expression in skeletal muscle.
Systemic administration, into respiratory, cardiac and
brain tissues will be a challenge with high costs.

. Corticosteroid therapy is proven to slow progression of
DMD; however, there needs to be a better
understanding of optimal age of initiation, dose and
regiment. We also need to continue investigation of the
mechanism responsible for the beneficial effects
of corticosteroids.

. A focus on outcome measures remains important in the
treatment of DMD patients, as is the focus on the
optimal methods for treating and measuring side effects
in our older DMD population who are already on
corticosteroids. There is a huge opportunity to improve
the therapy of these nonambulatory patients, including
heart, lung, joint and GI tract interventions.

This box summarizes key points contained in the article.
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decreased or absent responsiveness to corticosteroid treat-
ment, while others seem to have a therapeutic response [33,34].
Since the exact mechanism of action responsible for the bene-
ficial effect of corticosteroids in DMD remains to be estab-
lished, it is difficult to evaluate these varying responses to
corticosteroid therapy in these subsets of patients. One inter-
esting hypothesis under consideration involves the role of
the intracellular glucocorticoid receptor (GRL) -- an essential
step in our current model of the glucocorticoid signaling
cascade [33]. It is possible that polymorphisms, specifically
studied at the amino acid position 363 (N363), may contri-
bute to altered corticosteroid sensitivity in certain DMD
patients [35,36]. Future investigation into these polymorphisms
may identify glucocorticoid analogs that have less trouble-
some (or no) side effects, while at the same time may have
equal or improved therapeutic efficacy. Of course, it is
assumed that beneficial effects of corticosteroid therapy in
DMD are mediated through the glucocorticoid receptor-
controlled pathway. Another single nucleotide polymorphism
under investigation that may predispose to disease modi-
fication and thus treatment response is a polymorphism is
the osteopontin gene (SPP1). Researchers suggest that
SPP1 genotyping should be considered for stratifying DMD
patients in clinical trials since there may be a disease modifier
effect by the mutation [37].

3. Myostatin inhibitors

Myostatin is a negative regulator of skeletal muscle growth
and myostatin antibodies may offer a possible treatment
for DMD [38,39]. MYO-29, the first antibody to myostatin
evaluated in human clinical trials, has been trialed in muscular
dystrophy patients (facioscapulohumeral muscular dystrophy;
BMD; forms of limb girdle muscular dystrophy). Despite
positive results in canines (increased muscle mass, decreased
serum CK and decreased muscle fibrosis), human results
showed no improvement in any endpoints of muscle strength
or function [40,41]. Alternative agents under investigation to
target myostatin include follistatin and ACE-031. Follistatin
is part of the inhibin-activin-follistatin axis and a cellular
participant in the pathway of myostatin inhibition [42]. In
mice, an increase in follistatin has led to a marked increase
in muscle mass [43,44]. To examine its potential therapeutic
use in patients, clinical trials are currently in progress, injec-
ting follistatin by vector transfer into the quadriceps femoris
muscles of patients with BMD and sporadic inclusion body
myositis [45]. ACE-031 is a recombinant fusion protein that
creates a decoy version of the myostatin receptor, activin
type IIB, which is linked to a human antibody that interferes
with myostatin. Animal models showed increased skeletal
muscle mass and strength in mdx mice [46]. Phase I studies
in healthy postmenopausal women were well tolerated and
there was an increase in lean body mass [47]. However,
a Phase II clinical trial was recently terminated based on
preliminary safety data [48].

4. Phosphodiesterase inhibitors

Based upon animal studies, nitric oxide (NO) plays a role in the
regulation of skeletal muscle excitation--contraction coupling,
myogenesis and muscle repair through a nitric oxide-cyclic
guanosinemonophosphate (NO-cGMP) signaling pathway [49].
In skeletal muscle NO is synthesized by neuronal NO synthase
(nNOS), which is part of the dystrophin complex and in the
absence of dystrophin, the concentration of nNOSdecreases [50].
NO is deficient in mdx mice [51], and may also be deficient in
DMD patients related to a loss of dystrophin which reduces
nNOS expression [50,52]. Alteration in nNOS expression may
in turn prevent its normal localization, inhibit its vasoregulatory
role, cause sympathetic vasoconstriction during exercise, impair
muscle perfusion and lead to damage following mild exer-
cise [53]. This hypothesis for muscle damage as an alternative
or additional hypothesis to the mechanical membrane stress/
damage hypothesis may lead to new approaches for treatment
in DMD. One approach related to this previous preclinical
research might involve therapy to minimize a potential
alteration in nNOS function.

Phosphodiesterase inhibitors, sildenafil and tadalafil, which
prevent the inactivation of cGMP, are a potential therapeutic
intervention to bypass the loss of nNOS in dystrophic muscle.
In mdx mice, sildenafil has reversed left ventricle and dia-
phragm dysfunction and tadalafil has been shown to decrease
contraction-induced ischemia in muscle [54]. Clinical trials are
recruiting to test short-term treatment (2 weeks) of sildenafil
with escalating doses. Primary outcomes will be measured by
the decrease in muscle tissue oxygenation (near infrared spec-
troscopy) and blood flow (Doppler ultrasound) evoked by
reflex sympathetic activation in exercising forearm muscle [55].

Pentoxifylline (PTX) is a phosphodiesterase inhibitor that
has recently undergone Phase II clinical trial assessment [56].
In preclinical studies, PTX treatment slowed muscle strength
deterioration by 51% in exercised mdx mice [57]. However, a
recent multicenter, randomized, double-blinded, controlled
trial comparing 12 months of daily treatment with PTX to
placebo in corticosteroid-treated boys with moderate to late
ambulatory stage DMD (age 7 and older) failed to show
improvement or slow the decline in overall muscle strength
and function [56]. Despite the results, the investigators point
out that the PTX treatment group showed a trend toward
slower rate of decline and raise the possibility that a longer
study may identify a beneficial, synergistic role for PTX.
They also emphasize that future studies need to evaluate
higher doses of PTX since doses of 120 mg/kg were necessary
to attenuate the upregulation of TGF beta pathways in non-
human primates and the negative results in the current study
evaluated a dose of 20 mg/kg [56].

5. Insulin-like growth factor 1

In DMD, the absence of dystrophin is associated with the
progressive loss of muscle fibers in specific muscle groups

Review of Phases II and Phase III clinical trials for DMD
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accompanied by fibrotic tissue replacement. IGF-1 plays a
role in muscle contraction, in addition to its role in stimula-
ting muscle anabolism and enhancing insulin action in skele-
tal muscle [58]. The dihydropyridine receptor (DHPR), which
is reduced in dystrophic muscle, is a primary link between
dystrophin and cytoskeletal proteins to excitation--contraction
(E--C) coupling [59,60]. IGF-1 is an exogenous hormone pro-
duced by numerous tissues including skeletal muscle. It has
been well studied in mdx mice and has been shown to mediate
changes in E--C coupling associated with increased levels of
the DHPR isoform [59]. It also stimulates the proliferation
and differentiation of skeletal muscle cells, allowing them to
fuse to existing muscle fibers and enhance muscle regenera-
tion, promote hypertrophy and increase the force of muscle
contraction [61-64]. IGF-1 treatment in the mdx mice led to
a 40% increase in muscle mass and to similar percentage
increase in the force generation of the extensor digitorum lon-
gus muscle [65]. There was also hypertrophy and decreased
fibrosis of the mdx diaphragm [65,66]. In a dual-gene combina-
tion strategy, viral vectors of mini-dystrophin and IGF-1
injected into mdx mice resulted in increased muscle mass
and strength, reduced myofiber action and increased protec-
tion against contraction-induced injury -- results not seen
with individual viral vectors [67].
IGF-1 is available as recombinant human IGF-1 in a free

form and as IGF-1 complexed with IGF-1 binding protein-
3. There have been several treatment trials using free
IGF-1 therapy in amyotrophic lateral sclerosis (ALS) [68-70]

and one trial of free IGF-1 complexed with IGF-1 binding
protein-3 in myotonic dystrophy [71]. ALS trials failed to
show a clear beneficial result but demonstrated safety of
IGF-1 in these patients. The trial in myotonic dystrophy
showed encouraging results in seven of the nine patients
treated. Two patients discontinued treatment because of car-
diovascular complications [68-72]. More recently, treatment tri-
als in children with primary growth hormone deficiency,
elderly women following hip replacement surgery and
patients with complications of HIV infection, have trialed
IGF-1 complexed with IGF-1 binding protein-3, and each
group of patients have tolerated this preparation without sig-
nificant side effects [74-76]. An open trial of subcutaneous
injections of IGF-1 complexed with IGF-1 binding protein
in 15 moderately affected ambulatory patients with myotonic
dystrophy type 1 using an escalating dosing treatment sched-
ule for 24 weeks (0.5 mg/kg/day for 8 weeks, 1.0 mg/kg/day
for 8 weeks and 2.0 mg/kg/day for 8 weeks) was well tolerated
and showed an increase in lean body mass and improvements
in metabolism. However there was no increase in muscle
strength or function [71]. These clinical trials in adult neuro-
muscular disease and in children with primary growth
hormone deficiency provide encouragement that boys with
DMD will tolerate IGF-1 treatment without major side
effects. The first DMD clinical trial is currently underway
injecting SQ IGF-1 for 6 months in ambulatory DMD
boys, 5 years and older, simultaneously receiving daily

glucocorticoids for more than 12 months. The primary
outcome is the 6-min walk test [77]. It should be noted
that IGF-1 enhances insulin action and its use in patients
with DMD receiving corticosteroid therapy is especially
appropriate since corticosteroids decrease insulin action.

6. Nutritional

In certain protein-wasting conditions, acute postsurgical
patients having major surgical procedures, and in critical
care patients, glutamine, a nonessential amino acid, delivered
intravenously has had beneficial effects in lessening acute
infection and in slowing catabolism [78]. There have also
been small-scale, short-term studies in chronic muscle wasting
disorders, including DMD. In 1998 six DMD patients (ages
8 -- 13 years) had improvement in protein anabolism after
acute ingestion of glutamine [79]. In a similar study the follow-
ing year, investigators found improved anabolism after
10 days of ingestion [80]. These results encouraged further
evaluation into glutamine as a potential treatment and supple-
ment for DMD patients. Initial investigation found a decrease
in intramuscular concentration and de novo synthesis of gluta-
mine in DMD patients, suggesting that glutamine may be act-
ing as a conditional essential amino acid [80]. However, in a
subsequent double-blind, randomized crossover trial of gluta-
mine in 30 boys with DMD, there was no improvement at
4 months in the primary outcome, walking speed and no
improvement in muscle mass or reduction in the rate of mus-
cle breakdown. Thus, the short-term benefits of glutamine
ingestion were not sustained with 4 months of treatment
and it was proposed that glutamine does not serve as a condi-
tional essential amino acid in DMD [81]. A factor that could
have lessened any potential therapeutic benefit of glutamine
is the possibility that increased glutamine intake led to
increased removal and breakdown. An example to support
this interpretation arises from a previous trial in boys with
DMD of the essential branch chain amino acids, leucine, iso-
leucine and valine that failed to show any benefit. Blood level
analysis of the branch chain amino acids revealed that after
2 weeks the patients had virtually converted all the ingested
branched chain amino acid therapy into their oxidized forms
which were in turn used for short chain fatty acid and energy
production [82].

Other supplements (creatine monohydrate, conjugated
linoleic acid, alpha-lipoic acid, and beta-hydroxy-beta-meth-
ylbutyrate) when given in combinations, were found to
improve strength in the mdx mouse, with greatest efficacy in
combination with prednisone [83]. Oral creatine supplementa-
tion alone showed efficacy in trials in mdx mice but demon-
strated no beneficial effects on strength and function in
patients with DMD [84-86]. However, despite a lack of func-
tional improvement, a trial in 2010 with steroid-naı̈ve
patients given oral creatine versus controls, reported that
50% of parents having a son receiving creatine described
subjective improvement in strength, while 57% of parents
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having sons receiving placebo reported worsening of muscle
strength [87]. There is no clear evidence of a benefit on
strength and function with creatine supplementation and
there are no carefully designed studies to determine if creatine
has a long-term benefit. This question may go without an
answer since there are other treatments having a higher
priority for evaluation.

7. Treatments specific to genetic mutations

7.1 Stop codon read-through: gentamicin and

ataluren
Up to 20% of patients with DMD have a premature stop
codon, resulting in premature cessation of the mRNA transla-
tion and protein truncation [22]. Aminoglycosides, in prokar-
yotes, interfere with stop codons by introducing a nucleotide
sequence at the aminoacyl transfer RNA acceptor site, allow-
ing the translational machinery to continue the mRNA trans-
lation into a full length protein [88,89]. This approach to
treatment has offered promise in a few genetic disorders,
including cystic fibrosis and DMD. In vitro exposure of
mdx mouse muscle cells to gentamicin showed stimulation
of increased dystrophin and led to selection of a dosing sched-
ule for the first 14 days in vivo trial. This trial demonstrated
that daily subcutaneous gentamicin injection resulted in the
production of a full-length dystrophin protein (10 -- 20% of
normal in all striated muscles examined) and a reduction in
the serum creatine kinase levels [90]. However, subsequent
clinical trials in DMD patients in 2001 (four patients received
daily intravenous gentamicin 7.5 mg/kg for 14 days) and in
2003 (four patients received two cycles of 6 daily infusions
separated by 7 weeks) showed less encouraging, varying results
with no increase in dystrophin in the first trial and an increase
in staining of three out of four biopsies following the latter
treatment trial [91,92]. A more recent trial set out to address
questions surrounding gentamicin therapy in DMD,
including its biopotency, variability in dosing and long-
term dosing [93]. Two cohorts (one with patients having stop
codon mutations, the second, a control cohort having frame-
shift mutations), received intravenous infusion of gentamicin
7.5 mg/kg/day for 14 days. Two additional cohorts of patients
having stop codon mutations underwent 6 months of
intravenous treatment, with one cohort receiving gentamicin
7.5 mg/kg/day once a week and the other cohort receiving
7.5 mg/kg/day twice weekly [93]. The dosing was based
on the known prolonged half life of dystrophin,
6 -- 8 weeks [94]. The results revealed that the initial 14-day
protocol in the stop codon cohort showed reduction in
serum creatine kinase levels by 50%. After 6 months of
7.5 mg/kg/day dosing either once or twice weekly, muscle
biopsy specimens showed an increased dystrophin up to
13 -- 15% of normal (p = 0.027). No significant improvement
in muscle strength or function was seen with weekly or twice
weekly infusions. There was no significant renal, otological or
vestibular toxicity after either of the 6-month treatment

regimens [94]. Nevertheless, due to its known systemic side
effects there are concerns and clinical limitations in consi-
dering the future use of gentamicin therapy. Alternative
agents, which also work on nonsense mutation suppression,
are being investigated, including new aminoglycosides and
nonaminoglycosides [95,96].

Ataluren, formally known as PTC-124, is an oral nonami-
noglycoside nonsense mutation suppressor, chemically differ-
ent from aminoglycosides with no antibiotic properties. It is
being used in clinical trials for both DMD and cystic fibro-
sis [96]. In vitro, Ataluren is thought to be superior to gentami-
cin in terms of bioavailability [97]. Phase I clinical trials have
been completed in healthy individuals, and preliminary data
from Phase II trials in DMD patients revealed an encouraging
safety profile. However, the primary endpoint, 6-min walk
testing, while trending toward improvement, failed to reach
statistical significance and the study was completed early [98].
Refinements in study design have occurred and current stud-
ies are recruiting 110 patients for a 9-month trial (three times
daily doses of 10, 10, 20 mg/kg up to 36 weeks) to establish
Ataluren’s long-term safety profile. Safety and efficacy
measures will be made throughout the trial and 6 weeks
following the final dose of Ataluren [99].

7.2 Exon skipping
A second genetic treatment strategy, exon skipping, involves
excluding specific exons from the dystrophin mRNA tran-
script during the pre-mRNA processing to bypass mutations
and restore the reading frame, resulting in a less severe pheno-
type, similar to BMD. This approach to treatment applies to
about 72% of patients with DMD [100]. Oligonucleotides
against splicing enhancer sequences (antisense oligonucleoti-
des or AONs) have been developed to skip exons and restore
the open reading frame as described. These AONs are
20 -- 30 nucleotides in length and complimentary in sequence
to regions of the pre-mRNA transcript. They bind to specific
intronic or exonic sites of pre-mRNA, and promote specific
exon exclusion from the mature mRNA. They can be given
systemically or directly injected into muscle. Two examples
of AONs are: 2¢O-methyl-ribo-oligonucleotide-phosphoro-
thioate (2¢OMe) and phosphorodiamidate morpholino
oligomers (PMOs). In preclinical studies, there were positive
results (production of dystrophin staining muscle fibers)
seen following AON treatment of cultured muscle cells from
DMD patients with varying mutations [100]. Currently, two
AONs, Drisapersen and Etepliresen, show promise for target-
ing exon 51. Additionally, multiple intravenous AON trials in
preclinical studies (canines) resulted in functional improve-
ment and provided the groundwork for studies using a
multiexon skipping approach [101].

In 2007, four patients received an intramuscular dose of
the AON PRO051, a 2¢OMePS by Prosensa (now entitled
Drisapersen), into their tibialis anterior muscle, targeted at
exon 51 [102]. Muscle biopsies revealed increased sarcolemma
dystrophin expression. Functional improvement was not
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observed following this isolated injection. One severely
affected patient had a poorer result with less dystrophin, and
this was thought to be related to the patient’s advanced dis-
ease, suggesting the importance of performing clinical trials
earlier in disease progression before muscle develops marked
tissue replacement by fibrotic and adipose tissue [102]. Overall
this investigation provided encouraging results and further
studies including a Phase I or Phase IIa study in which
12 patients received 5 weeks of subcutaneously injections.
These injections were well tolerated and there was dystrophin
expression present in each patient as well as functional
improvement in the 6-min walk in 10 of 12 patients.
Although there were no serious adverse events, all treated
patients developed proteinuria [103]. A Phase III randomized,
double blind, placebo-controlled clinical study is currently
ongoing, to assess the efficacy and safety of Drisapersen in
DMD patients [104].
Eteplirsen, the second PMO targeted at exon 51 exclusion,

is also showing promise as an exon skipping agent. In a study
of seven DMD patients receiving subcutaneous injections of
Eteplirsen into extensor digitorum brevis muscle (two
received a dose of 0.09 mg and five received 0.9 mg), there
was a 44 -- 79% increase in dystrophin positive fibers on
biopsy in the five patients receiving the high dose injec-
tions [105]. A Phase II, open label, dose escalation study with
systemic Eteplirsen showed that 7 of 19 patients had modest
improvement with positive staining of sarcolemmal dystro-
phin, ranging from 8.9 to 16.4%. There was a dose--response
effect and no drug-related side effects [106]. October 2012, the
manufacturer of Eteplirsen, Sarepta Therapeutics, announced
that its Phase IIb randomized, double-blind, placebo-
controlled multiple dose efficacy trial had met its primary effi-
cacy endpoint. The preliminary unpublished data includes an
average of 47% increase in dystrophin reverent fibers in biop-
sies of biceps in all Eteplirsen-treated patients (n = 8) com-
pared to placebo/delayed treatment (n = 4), over 48 weeks.
There was also significant clinical benefit on their primary
clinical outcome measurement, the 6-min walk test in the
50 mg/kg treated group (n = 4) compared to the 30 mg/
kg group (n = 4) and placebo (n = 4). All patients treated
with Eteplirsen noted vomiting and balance disorder.
Although this study has too low a number of subjects for suf-
ficient power to determine efficacy, Eteplirsen has the
potential to alter disease course [107].
Treatment approaches using direct muscle injection pro-

vide an important therapeutic groundwork; however, going
forward, they are likely to be bypassed or relatively low in pri-
ority compared to systemic therapies. If direct injection ther-
apy becomes more appropriate in future care of patients, the
number of doses and dosing schedules for the different
AONs will need further investigation. Another important
part of groundwork for exon skipping therapy involves evalu-
ation of patients with BMD to determine the exact relation-
ship between the specific mutation in a given BMD patient,
the structure and function of the altered dystrophin in that

patient, and the phenotypic features of these BMD patients
compared to patients with DMD. One recent study by
Anthony et al. characterized 17 BMD patients including
4 who were asymptomatic, 12 mildly affected, and 1 severely
affected patient with in-frame deletions and all having dystro-
phin levels > 40% of control [108]. Interestingly, the investiga-
tors point out that the group of BMD patients with deletions
with an endpoint of exon 51 (the skipping of which could res-
cue the largest group of DMD deletions) showed significantly
higher dystrophin levels than those with deletions ending with
exon 53. However, taking together all of their results,
Anthony et al. indicate that, ‘all varieties of internally deleted
in-frame dystrophin assessed in these 17 BMD patients have
the functional capability to provide a substantial clinical
benefit to patients with DMD’ [108].

8. Gene therapy

The dystrophin gene was identified in 1987, and is the largest
human gene, > 2.4M base pairs [109]. Due to its size, it is not
possible to fit the entire gene into an adeno-associated virus,
which is the best vehicle for gene transfer because of its
persistence in healthy muscles without pathogenicity [110].
The packing capacity of the adeno-associated virus is
~ 4.7 kb [110]. Researchers have developed different mini-
dystrophin genes [111-113], and studies have demonstrated
that following their transfer there is protection of the plasma
membrane of myofibers in adult mdx muscle [111].

Mendell et al., in 2010, reported the first clinical gene
therapy trial in a study of six boys with frame-shift muta-
tions [114]. They delivered a mini-dystrophin gene in an
adeno-associated virus into one biceps muscle and the oppo-
site biceps received saline. Muscle biopsy specimens were
assessed on day 42 (four patients) and day 90 (two patients).
In all patients, vector DNA was detected, although functional
protein was not visualized [114]. Future studies are in progress
including plans for systemic as well as regional intraarterial
delivery of vector containing mini-dystrophin gene. However,
immune reaction to viral vector transfer remains an important
concern that researchers need to address.

9. Conclusion

Table 1 summarizes current therapeutic interventions for
DMD. Evidence-based treatments for DMD are limited to
corticosteroids. They provide the only effective treatment at
slowing the progression of the disease. However, important
unanswered questions remain. How does corticosteroid ther-
apy produce its beneficial effect in patients with Duchenne
dystrophy, and do these beneficial effects depend, to a signif-
icant degree, on the age of the patient and severity of the dis-
ease when treatment is undertaken? Are there coexisting
genetic factors that influence corticosteroid responsiveness
and can they assist in defining the beneficial action of
corticosteroids, as well as help in developing more optimal
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corticosteroid treatment? Alternative pharmacological agents
have shown promise in the mdx mouse and canine models,
but are yet to show effectiveness in clinical trials and long-
term side effects are not known. Targeting genetic mutations
is a promising therapeutic approach that has the potential to
benefit more then 75% of patients, but it is in its early stages.
How quickly such genetic treatments can be developed and
how cost effective they will be remains to be determined.
Regardless of new genetic therapies, classical pharmacological
approaches, corticosteroids, will still be important as a dual
therapy, especially since current genetic therapies target only
a subset of patients.

10. Expert opinion

It is encouraging to see the spectrum of new therapeutic
approaches that have developed in DMD over the past
10 years. The advent of genetic treatments and gene therapy
offers promise for new, more effective treatments. However,
as we look forward to the future, questions can be posed as
to how to refine and improve the design of new Phase III clin-
ical trials and bring them to the market. As noted, recent pub-
lications have raised the possibility that genetic factors may
influence responsiveness to corticosteroids and may also
become important in determining the efficacy of genetic treat-
ments. In improving and enhancing the design of future treat-
ment trials, are there specific endpoints and measures that we
need to evaluate for certain stages of DMD? Have we fully
explored and optimized treatments that already show efficacy?

It is clear that corticosteroids are an effective treatment for
slowing the progression of DMD. The first prednisone trial
was over 30 years ago and it took three randomized clinical
trials and a number of additional trials since these initial stud-
ies to deem corticosteroids as effective evidence-based therapy
for patients with DMD. Despite continued research and clin-
ical trials, we still lack a clear understanding of how corticoste-
roids increase muscle mass and strength in the early stages of
DMD, and how they prolong ambulation, pulmonary and
cardiac function throughout the course of this disease. We
do not know why some patients do not respond to them,
the age of initiation that is most effective, and the long-
term side effects of various doses. With all of these questions,
in combination with the lack of Phase III evidence for many
of the other therapeutic interventions, researchers and clini-
cians could consider prioritizing a focus on maximizing our
understanding of the mechanism of corticosteroids and opti-
mizing their use. With corticosteroids as the standard of
care, it is going to be difficult to design randomized trials of
steroid-naı̈ve patients. Future treatment trials need to be
designed with corticosteroids as a part of ongoing therapy
and continued effort devoted to defining the ‘natural history’,
or more appropriately, the rate of disease progression in boys
receiving long-term corticosteroids. As a part of this ongoing,
‘natural history’ assessment, DMD patients in the middle and
later stages of the disease need renewed evaluation of the

optimal endpoints to measure the rate of progression of
different disease manifestations, including more sensitive
and reliable methods to evaluate upper extremity function,
pulmonary function (including effectiveness of cough), func-
tional capabilities while using assistive devices, gastrointestinal
function and overall quality of life [115]. We also need to
extend and increase the sensitivity of current treatments and
therapeutics, including measurement of the different long-
term effects of corticosteroid therapy, noninvasive ventilation,
cough assist devices, cardiac and bowel management regi-
mens. At the other end of the age spectrum in boys with
DMD, we need to develop more reliable and feasible meas-
ures to assess response to treatment in the very young, perhaps
from infancy to 4 years of age. We also need to adapt other
outcome measures to be able to evaluate our young popula-
tion where it is sometimes difficult to depend on their coop-
eration in motor and cognitive tasks [116]. An abundance of
opportunities to increase and refine our endpoint measures
and improve immediate care for patients are available to pur-
sue. A recent example is the idea that a shorter distance walk
and velocity correlate is as accurate in functional outcome
measurements as the 6-min walk and allows for more patients
to participate in trials in less time [117].

An opportunity to pursue evaluation of different long-
term treatment regimens with corticosteroids relates to inter-
mittent versus daily corticosteroid therapy. For the most
recent trial, Escolar et al., 12 months of high dose (5 mg/
kg on Saturday and Sunday) weekend corticosteroid therapy
were thought to be as effective as standard daily treatment
(0.75 mg/kg/day). These studies need long-term follow up,
including evaluation of treatment failure rate, assessment of
those patients requiring a switch to daily treatment and mea-
surement of long-term benefits to quality of life, as well as
assessment of the side effects.

Of the therapeutic interventions studied in mouse, canine
and early human trials, IGF-1 appears to have potential
as a possible synergistic dual therapy with corticosteroids.
IGF-1 counters insulin resistance, such as the decrease in insu-
lin action often associated with long-term corticosteroid ther-
apy. IGF-1 has important anabolic effects and can synergize
with the net anabolic action that corticosteroids have in
DMD, contrary to expectations. The time seems right
for a trial to examine the potential combined benefit of
IGF-1 and corticosteroid therapy in DMD patients.

Long-term studies will be needed for the new genetic ther-
apies and for all of the other therapeutic approaches we have
mentioned to compare side effects to functional improve-
ment, including measurement of quality of life. To achieve
this goal is a major challenge, especially with the limited fund-
ing that is available. Going forward, there is likely to be an
increased emphasis on cost--benefit analysis of the different
treatments we develop. New therapies will need to show a sig-
nificantly greater sustained benefit for our DMD patients in
order for them to supplant or reduce the use of long-term
corticosteroid treatment.
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The advancements in exon skipping are very exciting and
give new life to potential treatment options for muscular dys-
trophies. However, many questions surround their use. It is
unclear if the best preclinical models have been identified and
whether those models allow a valid (human translatable) assess-
ment of an optimal delivery system, as well as appropriate ther-
apeutic targets. This uncertainty about our current use of
animal or cell models as a reliable guide for therapeutic targets,
along with the challenge of developing affordable therapeutic

strategies, will require a thoughtful, thorough and extended
study to identify optimal AON therapeutics, while providing
the most patient friendly and cost-effective treatment regimens.
During this time, corticosteroid research should not be lost.
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