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Abstract

Duchenne muscular dystrophy (DMD) is the most common form of dystrophinopathy, followed by the
milder Becker muscular dystrophy and the DMD-associated dilated cardiomyopathy. DMD is inherited in
an X-linked recessive manner, caused by mutations in DMD gene encoding for dystrophin, and presents in
early childhood with muscle weakness and gait impairment. Respiratory involvement is a major cause of
mortality, and the use of steroids and non-invasive ventilation have significantly increased survival. Dilated
cardiomyopathy is another big challenge, especially for the older patients with DMD, carrying a poor prog-
nosis. Despite the important efforts and progress that have been made over the last years, curing DMD is
still a far-reaching goal. However, strict application of the current guidelines and emerging genetic treat-
ments have decisively improved the clinical course of the disease and provide reasonable hope for a much

better outcome in the future.
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INTRODUCTION, EPIDEMIOLOGY
AND GENETICS

Duchenne Muscular Dystrophy (DMD) is an X-
linked recessive disorder caused by mutations in
dystrophin (DMD) gene, located in the short arm of
the X chromosome. It is the most frequent inherited
myopathy and one of the most common debilitating
muscular diseases, with a birth prevalence of 15.9-
19.5 per 100000 live male births [1-4]. In addition
to DMD, dystrophinopathies also include Becker
Muscular Dystrophy (BMD), which is a milder but
rarer disease than DMD, with one case per 6000-
8000 live male births [2, 5], DMD-associated dilated
cardiomyopathy (DCM), and the female carriers of
DMD mutations, who may occasionally be mildly to
moderately symptomatic. The predominant primary
presenting symptom in most forms of dystrophi-
nopathies is skeletal muscle weakness. However, car-
diac muscle is also very often involved and remains
one of the most common causes of morbidity and
mortality [6-8]. The predominant primary present-
ing symptom in most forms of dystrophinopathies is
skeletal muscle weakness. However, cardiac muscle
is also very often involved and remains one of the
most common causes of morbidity and mortality
[6-8]. It is noteworthy that there are two hotspots
in the DMD gene, located mostly in exons 45-55
and secondarily in exons 2-19 [9]. On the contrary,
in BMD, deletions are found in 60-70% of patients,
duplications in approximately 20% and only 5-10%

are point mutations, small deletions or insertions [4,
10, 11]. The predominant primary presenting symp-
tom in most forms of dystrophinopathies is skeletal
muscle weakness. However, cardiac muscle is also
very often involved and remains one of the most
common causes of morbidity and mortality [6-8].

The diagnosis of DMD is suspected based upon the
clinical symptoms, biochemical findings, especially
the CK (creatine kinase) increase and the possible
presence of a positive family history, and is finally
confirmed by genetic testing. Prenatal diagnosis and
counselling in female carriers of a known pathogenic
DMD mutation is of outmost importance, in order
to avoid the birth of an affected boy. However, even
with the application of very clear prenatal recommen-
dations and genetic counselling for at risk women of
reproductive age, the birth of affected boys cannot
be completely avoided, since in one-third of DMD
and BMD have a de novo mutation with negative
family history [12-14]. Finally, it is important to note
that the mothers of DMD/BMB children, who are not
somatic carriers of a DMD mutation, exhibit a higher
possibility of birthing another affected boy, due to
germline mosaicism [15].

PATHOPHYSIOLOGY

The predominant primary presenting symptom in
most forms of dystrophinopathies is skeletal muscle
weakness. However, cardiac muscle is also very of-
ten involved and remains one of the most common
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causes of morbidity and mortality [6-8]. Dystrophin
has four important domains: a) the acting-binding
domain, which attaches to F actin, providing a link-
age between dystrophin and the subsarcolemmal
actin network, b) the central rod domain, which
contains 24 spectrin repeats and mediates the dys-
trophin interaction with microtubules, c) a cysteine
rich domain, and d) a carboxyl-terminal domain. The
latter is the dystroglycan-binding end, providing the
connection to the dystroglycan complex within the
membrane that is anchored to extracellular matrix
[16-18].

The disease starts very early and muscle inflamma-
tion can be observed soon after birth, while muscle
fibrosis usually starts to develop even within the first
year of life. Muscle degeneration and necrosis are the
primary features of DMD. Several hypotheses on the
pathophysiology of the disease have been elaborated,
but according to the most prevailing theory, DMD is
caused by a structural of functional defect of dystro-
phin [19, 20]. The absence of dystrophin results in
lack of integrity within the muscle cells causing pro-
gressive damage particularly during muscle contrac-
tion, while the loss of linkage with the dystroglycan
complex (a-dystroglycan and B-dystroglycan) leads
to disruption of transmembrane signaling [16, 21].
The integrity of the sarcolemma is dependent on the
normal function of the dystrophin-associated protein
complex (DAPC). The DAPC disassembly results in
weakening of the muscle membrane, which can no
longer withstand the strong mechanical stress pro-
duced by repeated contraction and relaxation of the
sarcomeres, leading to sarcolemma ruptures. Muscle
enzymes, such as creatine kinase (CK), aldolase, and
transaminases leak through these membrane tears
into the bloodstream [22, 23].

A dysregulation of calcium homeostasis is highly
implicated in the pathogenesis of muscular dystro-
phies and particularly DMD. An abnormal increase in
calcium influx and intracellular calcium concentration
is well known from very early studies in dystrophic
animal models and is associated with muscle fiber
hypercontraction and myonecrosis [24-27]. The in-
creased intracellular calcium concentration may origi-
nate either from an enhanced calcium influx through
calcium channels, such as TRPC mechanosensitive
voltage-independent calcium channels, which are
highly expressed in DMD and plasma membrane
calcium ATPases, or from microscopic sarcolemma
microtears and sodium-calcium exchangers [4, 28,
29]. Another source of elevated cytocolic calcium
is the sarcoplasmic reticulum (SR), which permits
calcium release through the defective ryanodine re-
ceptors (RYR1) of the dystrophic muscle [30]. RYR1 is
destabilized due to an aberrant binding with calsta-
bin, with a subsequent opening of the channel and
intracellular calcium leakage. In addition, the activity
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of sarco/endoplasmic reticulum calcium ATPase (SER-
CA), which normally functions to mediate calcium
re-entry to SR, is reduced due to sarcolipin-induced
down regulation, further contributing to increased
intracellular calcium [30-32].

An additional crucial role of dystrophin is to anchor
nNOS (neuronal nitric oxide synthase) to the sarco-
lemma, and thus muscle damage may be further
aggravated by a functional ischemia caused by the
mislocalization of NNOS in DMD, which is necessary
for vasodilation during muscle contraction in order to
normally supply exercising muscle with oxygen. [33,
34]. Muscle ischemia may in turn lead to activation
of different parallel pathomechanisms, such as the
release of inflammatory cytokines, calcium overload
and an overproduction of ROS (reactive oxygen spe-
cies) [35, 36], which may be in turn exacerbated by
the microtubule-associated protein Rac1 activation of
NADPH oxidase 2 (NOX2), with a subsequent severe
free radical injury [37].

Recent data also support a possible mitochondrial
dysfunction, implied by an aberrant mitochondrial
morphology in dystrophic mice, which in fact pre-
cedes the onset of muscle fiber damage. Thus, a link
between dystrophin and mitochondrial function is
highly suspected but larger studies are needed to
identify the underlying mechanisms [38-41].

In the early stages of the disease, muscle fibers
have a greater regenerative capacity, which grad-
ually decreases due to a progressive depletion of
satellite cells [42]. Regenerative fibers often display
a branched morphology that may further increase
their susceptibility to damage. Moreover, muscle fiber
branching may contribute to channel dysfunction and
excessive calcium influx, creating a vicious cycle and
maximizing muscle failure [26, 43].The progressive
muscle fiber replacement with fat and fibrotic tissue
further limits the ability of muscle regeneration.

CLINICAL CHARACTERISTICS

Although DMD and BMD are allelic disorders, they
have also many differences as shown in Table 1. DMD
is a continuum and although the diagnosis could
be occasionally made in the first 2 years of life, the
vast majority of patients are diagnosed at the age of
4-5 years. The disease is relentlessly progressive and
initially leads to loss of the ability to run, to walk and
then to ambulate, and DMD affected children finally
end up wheelchair bound, approximately by the age
of 10 years. The patients’ autonomy is further limited
by the concomitant loss of arm function. The early
recognition of symptoms and signs of DMD becomes
more necessary nowadays in the era of new evolving
therapeutic approaches.

In a very early presymptomatic stage, there may
be some indications of delayed developmental mile-
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Table 1. Main differences between Duchenne and Becker muscular dystrophy

. CPK Onset | Wheelchair . Median Muscl.e blopsy‘ L[5 2L
Incidence levels | (age) | dependency Cardiomyopathy survival Immuno-histochemistry Western blot
(dystrophin staining) (dystrophin quantity)

DMD | 15.9-19.5 |[>10 2-5 years | Before age 13 | 100% after age 18 |27 yrs Complete/ almost complete | 0-5% dystrophin

per 100000 | normal absence

live male

births
BMD | 1 per 6000 |>5 Usually | After age 16 | 30-70% of patients | Mid 40s | Normal appearing,

- 8000 live | normal |>7 years | (if present) overall or reduced/patchy intensity

male births

Abbreviations: DMD, Duchenne muscular dystrophy; BMD, Becker muscular dystrophy; CPK, Creatine phosphokinase
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stones. Therefore, any difficulty in the acquisition
of motor skills, such as a poor head control, the
inability of a child to walk independently by the age
of 18 months or to run by the age of 3 years, or a
difficulty to jump, to climb stairs, or to get up eas-
ily from the floor should be considered as potential
early indications of DMD [44, 45]. In addition, the
presence of speech and language delay (no words
spoken at the age of 18 months, unable to speak
sentences by age 3), the detection of learning dif-
ficulties, the occurrence of behavioral issues or the
recognition of an autistic spectrum disorder within
the appropriate clinical context, may also raise the
suspicion of an underlying dystrophinopathy [46-49].
An early ambulatory phase follows with affected
children manifesting some signs of the disease, such
as calf enlargement or pseudohypertrophy, which
is usually asymmetric, due to adipose and connec-
tive tissue replacement, toe walking and difficulty
standing up from a squatting position (Gower’s sign).
The patients usually also adopt a curved posture, to
account for weaker chest and pelvic muscles. In a
late ambulatory stage, the patients may exhibit a
clumsy gait with frequent falls, and an increasing
loss of walking ability. The patients can no longer
climb stairs and an intermittent wheelchair use may
be necessary. The early non-ambulatory stage is char-
acterized by an absolute dependence on wheelchair
and the development of scoliosis, while in the late
non-ambulatory phase, the upper extremity function
is severely impaired and there is also limited postural
maintenance [12, 44, 50, 51].

It is also very important to emphasize that high
levels of muscle enzymes, such as CK, LDH, ALT,
AST and aldolase, may be incidentally detected at a
presymptomatic stage and may be the first sign of
the disease. There are also rare reports of a pseudo-
metabolic phenotype associated with an underlying
dystrophinopathy. These patients may present exer-
tional myalgia and/or rhabdomyolysis, and usually run
a more benign clinical course [52, 53].

The disease progression towards an increased need

for ambulation support coincides with a rapid peak
of fibrotic tissue approximately at the age of 7 years,
with a concomitant loss of muscle tissue ability to re-
generate, which should impact the decision of start-
ing treatment [54]. Restrictive lung disease is also very
common in DMD patients and pulmonary function
progressively deteriorates due to respiratory muscles
involvement, including the diaphragm [55-57]. Three
distinct stages in the progression of respiratory func-
tion have been identified in DMD patients based on
forced vital capacity (FVC) measurements: an initial
annual rise in the ambulatory phase of the disease, a
subsequent plateau during the early non-ambulatory
stage, and finally a progressive decline during the
late non-ambulatory period. An FVC reduction of
less than 1 L is associated with a significantly higher
mortality risk [56, 58, 59]. It has been shown that
corticosteroids and particularly the use of respira-
tory support through mechanical ventilation resulted
in a robust increase in the life expectancy of DMD
patients, improving median survival from late teen
years to 27.0 years of age [60-62].

Cardiac involvement in dystrophinopathies, al-
though common, is not necessarily related to the se-
verity of myopathy and in some cases of BMD, it may
be predominant even with minimal muscular disease
[63]. In DMD, at a preclinical stage of the disease, the
heart manifestations are very subtle, with mild ECG
abnormalities, some degree of diastolic dysfunction,
or wall motion abnormalities. However, at a more
advanced clinical stage, the progressively worsening
dilatation of heart chambers and subendocardial
fibrosis eventually lead to over 60% of DMD patients
from adolescence onwards developing symptoms
suggestive of heart failure and dilative cardiomyopa-
thy with left ventricular ejection shortening (LVES)
less than 28%, and left ventricular ejection fraction
(LVEF) less than 45% [64-66]. Despite the severity
of cardiac involvement, DMD patients are not con-
sidered good candidates for cardiac transplantation
due to the shortage of donor availability and their
poor prognosis [67-69].
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Table 2. Clinical manifestations of female carriers

Signs/Symptoms DMD mutations BMD mutations
None 76% 81%
Muscle weakness 19% 14%
Myalgia/cramps 5% 5%
Left-ventricle dilation 19% 16%
Dilated cardiomyopathy 8% 0

Abbreviations: DMD, Duchenne muscular dystrophy; BMD, Becker muscular dystrophy

Adapted from Darras BT et al. [138].

Finally, there is increasing data supporting the ge-
netic predisposition for the outcome of both cardiac
and respiratory function. More specifically, a better
cardiac prognosis was observed in association with
mutations in the dystrophin Dp116 coding region
[70] and in patients carrying the polymorphisms
rs28357094 in the SPP1 promoter, rs10880 and the
VTTT/IAAM haplotype in LTBP4, which are also as-
sociated with age at loss of acquired motor skills [71].
Moreover, DMD patients amenable to skipping exon
44 seem to have a better respiratory function with
higher FVC% and a slower rate of decline [72, 73].

Female carriers of DMD and BMD mutations may
rarely have symptoms of myopathy or even cardiac
involvement. Table 2 summarizes their main clinical
characteristics

DIAGNOSTIC ALGORITHM

The typical myopathic presentation in a young
boy combined with a significantly high CK are key
features for coonsidering DMD. Though while DMD
may be easily recognized in patients at an older age
with the typical signs and symptoms of the disease,
the diagnosis at an early stage is usually more difficult
and requires a high suspicion index. A positive family
history may be helpful, but as previously mentioned,
there is a high proportion of patients carrying a de
novo mutation. The high CK levels may be a very
useful diagnostic clue, especially if randomly found
at a preclinical stage. Although a CK increase is non
specific and may be observed in various neuromus-
cular diseases and other conditions, the stable and
very high levels can significantly narrow down the
differential diagnosis [74].

In case that DMD is suspected, the initial diagnostic
step is to perform genetic testing. Since deletions
and duplications are the cause for the great majority
of patients, it is considered cost-efficient to initially
check for these mutations by using MLPA (multiplex
ligation-dependent probe amplification) analysis or
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array comparative genome hybridization (array CGH)
[75, 76]. In case of a positive result, the diagnosis is
considered established, whereas if the mutation is
not found, genetic testing must be completed with
Sanger sequencing of the 79 exons of the DMD gene,
in order to possibly detect a small causative mutation.
However, this technique is laborious, time consum-
ing and expensive, and not performed by all genetic
laboratories [76]. If the results are still negative, but
DMD remains highly suspected, there is also the rare
possibility of deep intronic mutations that cannot be
identified by the aforementioned techniques and
may be picked up with more elaborate approaches,
such as next generation sequencing (NGS) [76-78].

The need for muscle biopsy, which was historically
the initial step for diagnosing DMD, has a limited role
now. Although protein analysis through immunohis-
tochemistry and western blot can provide further
insights on the location, abundance and molecular
size of dystrophin, the need for genetic testing is
absolute, especially in the era of evolving specific
genetic treatments, which require an accurate mo-
lecular diagnosis. Moreover, muscle biopsy is an in-
vasive procedure and affected children at a young
age have to undergo general anesthesia, which may
pose an increased risk, given their cardiorespiratory
status [76, 79, 80]. However, in case that a thorough
genetic testing does not yield positive results, muscle
biopsy should be considered to confirm or rule out
the diagnosis [5, 74].

MANAGEMENT

Although there is currently no radical cure for DMD,
there are many modern therapeutic approaches. In
recent years, there has been a very large number
of clinical trials investigating the safety and efficacy
of multiple compounds with different mechanisms
in DMD patients. They can be broadly divided into
primary therapies, aiming to restore the missing or
dysfunctional dystrophin, and secondary therapies,
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targeting parallel pathophysiological processes due
to the absence of dystrophin. An update on drug
development for the treatment of DMD is provided
on Table 3 and current information can be found at
ClinicalTrials.gov.

However, the tremendous progress of genetic
treatments and gene therapy in particular, should
not downplay the importance of compliance to the
standards of care, which have been updated in 2018
after their initial publication in 2010 by Bushby et al.
[5, 44, 81-83]. The recent guidelines include more
detailed recommendations for management of other
aspects of the disease, such as endocrine abnormalities
and bone health, and also emphasize the transition
from childhood to adulthood care. Especially for the
latter, an early transition planning is vital in order to
assist DMD patients in better adjusting to the demands
of the new setting. The participation of the individual
in transition planning and decision making is also very
important and ensures the maximum degree of inde-
pendency a patient can achieve [84, 85].

The strict adherence to multidisciplinary manage-
ment guidelines has decisively modified the natural
course of the disease and can better control the
symptoms of DMD patients, as they improve their
quality of life and prolong their lifespan [4, 86]. It
should be mentioned, however, that most guidelines
are not evidence-based, due to the lack of large-scale
randomized controlled studies for DMD, and are the
result of expert opinions based on the available evi-
dence rather than statistical approaches [44, 82, 83].

Respiratory complications

The strict application of respiratory guidelines with
ventilatory support through non-invasive ventilation
brought about improvements in the survival of DMD
patients by approximately 10 years [60]. Respira-
tory assessment must be annually performed after
the confirmation of the diagnosis. Many different
methods are routinely used to assess lung function.
Forced vital capacity % predicted (FVC%) is one of
the most useful outcome measures of respiratory
progression and when it is below 50%, there is an
increased risk of sleep disordered breathing, while
maximum expiratory and inspiratory pressure (MEP,
MIP) are more specific for the evaluation of expiratory
and inspiratory muscle function [55-57]. Especially in
the early ambulatory stages of the disease, where the
very young affected children cannot cooperate well in
performing lung function tests, peak expiratory flow
percentage predicted (PEF%) has proved a reliable
and useful surrogate marker of respiratory progres-
sion [57, 87]. Sleep studies are also strongly recom-
mended on suspicion of nocturnal hypoventilation
and the use of mechanically assisted coughing and
ventilation is highly advised when needed [57, 82].

Cardiac complications

The improvement of lifetime expectancy in DMD
patients, mainly due to the best respiratory care,
resulted in the emergence of cardiac complications
and in an increase in cardiac-associated deaths owing
to heart failure and conduction abnormalities. Cur-
rent guidelines suggest starting cardiac monitoring
with echocardiogram at the age of 6 years, which
is later supplemented by cardiovascular MRI. It is
also recommended to initiate angiotensin-converting
enzyme (ACE) inhibitors or ACE blockers by the age
of 10 years regardless of the presence of symptoms,
which emphasizes the importance of a proactive ap-
proach [82, 88, 89].

Orthopaedic complications

Scoliosis, joint contractures, and a low bone miner-
al density due to impaired bone metabolism are com-
monly encountered in DMD patients. In ambulant
patients, physiotherapy, occupational therapy and
orthotics or other appropriate assistive devices are
strongly encouraged to help them move and perform
daily tasks. Especially the prevention of contractures
developmt is of outmost importance for maintain-
ing a patient’s gait. In non-ambulant patients, the
emphasis should be placed on the correct sitting posi-
tion, to avoid worsening of scoliosis and to maintain
as much as possible the upper limb function [82, 90].
Although the use of steroids has prevented the early
development of severe scoliosis, it continues to be
a common complication of the disease contributing
to respiratory deterioration. In presence of scoliosis,
radiological assessment should be performed at least
annually, and any surgical intervention should be cau-
tiously decided on a multidisciplinary basis [82, 91].

Other system complications

Gastrointestinal motor function disturbances due
to visceral smooth muscle involvement, seem to be
quite common in DMD patients, especially at an
advanced age. Gastroparesis, constipation and gas-
troesophageal reflux disease (GERD) are the most
prevalent manifestations [92]. Dietary guidelines
and symptomatic treatment with the administra-
tion of osmotic and stimulant laxatives for bowel
dysmotility or histamine 2 receptor antagonists and
proton-pump inhibitors for GERD are highly recom-
mended [44].

Urological management is also frequently required
to address problems such as bladder hyperactivity,
detrusor sphincter dyssynergia, and urinary tract in-
fections. Pharmacological interventions may alleviate
symptoms and improve quality of life. Special caution
should also be paid to renal dysfunction, which may
be observed in the late stages of the disease [93, 94].

Endocrinological monitoring for growth problems,
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Table 3. Drug Development Pipeline for Duchenne Muscular Dystrophy

Preclinical | Phase!| | Phase I/l | Phasell | Phaselll | Approved

PRIMARY THERAPIES (dystrophin restoration or replacement)

Genetic treatments

Non sense mutation | Ataluren (Translarna) EMA*
readthrough PTC Therapeutics

Exon Skipping Golodirsen (exon 53) FDA*
Sarepta Therapeutics

Eteplirsen/Exondys51 (exon 51) FDA*
Sarepta Therapeutics

Viltepso (Viltolarsen/NS-065/NCNP-01 (exon 53)) FDA/MHLW
NS, Pharma, Inc. Japan*

Casimersen (exon 45) v
Sarepta Therapeutics

SRP-5051 (exon 51) N
Sarepta Therapeutics

DS-5141b (exon 45) \
Daiichi Sankyo

NS-089/NCNP-02 (exon 44) \
NS Pharma, Inc.

SCAAV9.U7.ACCA (exon 2) v
Audentes Therapeutics

Gene Therapy AAV9.microdystrophin (PF-06939926) v
Pfizer

rAAVrh74. MHCK7. .micro-dystrophin (SRP-9001) v
SareptaTherapeutics

AAV9.microdystrophin (SGT-001) v
Solid Biosciences

GALGT?2 genetherapy (rAAVrh74.MCK.GALGT2) v
Nationwide Children’s Hospital, Columbus, United States

Celltherapies CAP-1002 N

Bone Marrow-derived autologous Stem Cells
Stem Cells Arabia

Myoblasts v
CHU de Quebec-Universite Laval, Canada

SECONDARY THERAPIES targeting...

fibrosis Pamreviumab V
FibroGen
inflammation EMFLAZA (Deflazacort)-steroid FDA
PTC Therapeutics
Vamorolone (VBP15) - steroid alternative V
Santhera Pharmaceuticals
Tamoxifen -SERM v
University Hospital of Basel
ATL1102 - antisense oligonucleotide v
Antisense Therapeutics
Canakinumab (ILARIS) - monoclonal antibody \
Children’s Research Institute
calciumhomeostasis | Rimeporide v
EspeRare Foundation

musclegrowthand- | Givinostat \
protection Follastatin enhancement
ItalfarmacoSpA
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Table 3. Continuity

Preclinical

Phase | | Phase ll | Phasell | Phaselll | Approved

Carmeseal-MD
Membrane Sealant
PhrixusPharaceuticals

V

EDG-5506
Muscle stabilizer
Edgewise herapeutics

Spironolactone vs Prednisolone
Aldosterone antagonist
Nationwide Children’s Hospital

mitochondrial-
function

EPM-01
mitochondrial biogenesis
Epirium Bio

ASP0367 (MA-0211)
Cellular function improvement
Astellas Pharma Inc.

cardiacfunction

[fetroban
Cardiomyocyte protection
Cumberland Pharmaceuticals

Bisoprolol fumarate
Hoffmann-La Roche, Peking Union Medical College Hospital,
China

Nebivolol
Assistance Publique - Hopitaux de Paris, France
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hypogonadism, delayed puberty and nutritional as-
sessment should be regularly performed as well.
Moreover, bone health and glucose metabolism
should be given special attention, especially due to
the long-term corticosteroid administration [44].
Moving on, neuropsychological status and neuro-
developmental progression should be carefully moni-
tored in DMD patients, due to the high incidence of
cognitive issues and psychiatric manifestations, such
as anxiety, depression, autism, and attention deficit/
hyperactivity disorder [95]. Regular neuropsychologi-
cal and psychiatric evaluations and pharmacological
treatment, when needed, should be provided. More-
over, specific educational programs could improve
cognitive skills of patients, especially if applied early.

Steroids

Steroids have been shown to have a beneficial
effect primarily on the respiratory function and in
muscle strength maintenance. The early administra-
tion of steroids in children with DMD is included in
the SOCs and aims at prolonging ambulation at least
for 3 years, which is also very important for respira-
tory function, as it seems that there is a good cor-
relation between loss of ambulation and respiratory
function decline. Retaining ambulation may further
delay spinal deformities, which is a major concern in
DMD patients [44]. Despite the strict recommenda-

tions for steroid administration in paediatric DMD
patients, there are no clear guidelines for the adult
patients, and the treating physician must weigh the
pros and cons of continuing treatment.

A significant body of evidence from recent clini-
cal studies suggest that the early administration of
steroids, before the age of 10 years, may increase
the pulmonary function testing measures with a sub-
sequent delay in the onset of decline, compared to
naive DMD patients. On the other hand, if given at
a later stage, after the onset of respiratory deteriora-
tion, they do not seem to have any beneficial impact
on the progression of the disease [72, 73, 96]. Previ-
ous studies have also shown that steroids slow the
progression of scoliosis and delay the need for spinal
surgery. Given the association of scoliosis and pulmo-
nary function, it would be expected that the posi-
tive effect of steroids on spinal pathology may also
indirectly impact the respiratory function [97, 98].
The role of steroids in the cardiac function of DMD
patients is quite controversial. In a large retrospective
study investigating the role of genetic modifiers in
DMD, steroid treatment did not significantly affect
the onset of dilated cardiomyopathy, which occurred
at a mean age of 20 years [71]. Nevertheless, older
studies suggest that steroids may delay progression
of heart failure and can improve survival [99, 100].

Lastly, a further matter of interest is the potential
different effect of frequently used corticosteroids and
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Figure 1. Diagnostic algorithm for Duchenne muscular dystrophy

C Suspicion of DMD, if )

y y

Unexpained increase in A ”
SGPT, SGOT Is there family history of DMD?

v

Yes No

C+ delayed motor milestones) + Toe walking (mostly, <Syo)
Not walking by age 2yo
Calf hypertrophy

\
( Is serum cratine kinase elevated? )

Yes No

v

Analysis for
delations/duplications
in DMD gene.

Is mutation found?

Yes No

Analysis for point
mutations in DMD gene.
Is mutation found?

Yes Muscle ‘biopsy.
Is dystrophin present?
v \J
C DMD diagnosis ) C DMD diagnosis is unlikely )

Abbreviations: DMD, Duchenne muscular dystrophy ; SGOT, serum glutamic-oxaloacetic transaminase; SGPT, Serum
glutamic pyruvic transaminase

Adapted from Birnkrant DJ et al. [44].
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their various regimen schedules on the progression
of cardiorespiratory function. According to a recent
retrospective longitudinal study, steroids, either de-
flazacort or prednisone administered either daily or
intermittently, had a significantly positive impact on
both respiratory function and cardiomyopathy [73].
Notably, deflazacort is associated with less weight
gain than prednisone and is the first glucocorticoid
with a full FDA approval for DMD patients older than
5 years of age [44, 101]. A current ongoing trial is
now comparing benefits and adverse effects between
deflazacort and prednisone [102].

Genetic Treatments

Genetic therapies have attracted increasing atten-
tion and where indicated, are incorporated into the
treatment plan. The approval of the first genetic drugs,
ataluren by EMA in August 2014, and eteplirsen by
FDA in September 2016, are considered important
milestones in the treatment of the disease [44, 103].

> Stop codon read through therapies

In DMD, 11-30% of patients have a nonsense mu-
tation in the DMD gene, resulting in a premature
mRNA stop codon, which leads to termination of the
translation before a full-length functional dystrophin
is generated. Therefore, DMD patients carrying this
type of mutation are eligible for ataluren, an orally
administered small molecule, which promotes ri-
bosomal read-through of mMRNA with a premature
stop codon, restoring the production of a full-length
protein. Despite the failure to achieve the primary
endpoints of improved walking distance in the 6-min-
ute walk test (6BMWT) after 48 weeks of treatment in
two randomized, double-blind, placebo-controlled tri-
als, there was a clear improvement in timed function
tests and a significant 29-meter increase in 6MWT,
which formed the basis of a conditional approval by
EMA since 2014 [104-106]. On the other hand, ata-
luren has not gained approval from FDA yet, mainly
because the 9% increase in dystrophin production
induced by the drug was not considered statistically
significant.

Finally, the efficacy and safety of ataluren has
also been confirmed by the European Drug Registry
(STRIDE), while another placebo-controlled study
evaluating the effect of ataluren is underway [107].

> Exon skipping therapies

Exon skipping technology is being extensively used
over the past few years in DMD. The aim is to restore
the reading frame by converting an out-of-frame to
an in-frame mutation, leading to a partially functional
dystrophin and a milder BMD-like phenotype. Exon
skipping is induced by the intravenous administration

of antisense oligonucleotides (ASOs), which are short
single-stranded nucleic acids that can bind to the pre-
messenger RNA mutation preventing it from being
included in the mature mRNA [108, 109].0bviously,
the knowledge of the accurate genetic diagnosis is
critical, as any frameshift mutation can be amenable
to certain exon skipping therapy. Since deletions clus-
ter in hotspots of the DMD gene, skipping of certain
exons may be applied to a great majority of DMD
patients [110]. More specifically, skipping of exon 51
is applicable to approximately 14% of patients, of
exon 45 to 8%, of exon 53 to 8% and of exon 44
to 6%, respectively [111, 112]. Conditional approval
has been already given by FDA to four exon skipping
therapies: firstly eteplirsen (ExonDys51) in September
2016, to skip exon 51, golodirsen in December 2019
and vitolarsen in August 2020 to target exon 53 and
more recently in March 2021, casimerson for skipping
exon 45 [113-116]. Similarly, conditional approval has
been granted to vitolarsen by the Japanese Ministry
of Health, Welfare and Labour. Current studies are
now assessing the long-term clinical effect of those
compounds in order to obtain final approval.

> Gene therapy

Gene transfer therapy is an evolving therapeu-
tic strategy for monogenic disorders, including
DMD. The first double-blind placebo-controlled
gene transfer therapy clinical trial for DMD patients
(NCT03769116) started in 2018.

The aim of gene therapy is to prevent or slow the
progression of the disease and relies on the use of vi-
ral vectors for efficient gene delivery. The vectors that
are usually used for transferring functional genes are
adenoviruses, adeno-associated viruses (AAVs), and
lentiviruses, and are the most important determinants
of safety and transduction efficiency. In DMD, the
AAV9 and AAVrh74 vectors are suitable candidates
for targeting both muscle and heart [117-119]. The
AAV-induced immune response varies over time fol-
lowing administration. The first response is observed
very early, hours to days after the injection and is
mediated by innate immunity, while the adaptive
immunity is activated later, weeks to months after
drug delivery and may persist in the form of antigen-
specific T and B cells [120, 121]. The most common
adverse reactions of gene therapy may include an
increase in transaminases, platelet reduction, nau-
sea, vomiting, loss of appetite, diarrhea, increase
of troponin and creatine kinase, fever and myalgia,
while extremely rarely more serious side effects such
as, liver, respiratory or heart failure, hemolytic uremic
syndrome, intestinal bleeding, tumorgenicity, dorsal
root ganglia toxicity, septicemia and death, have
been reported [122-124]. An important concern with
AAVs is that the delivery of gene therapy may be
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prevented by neutralizing antibodies that block AAV
entry into the cells. The pre-existing antibodies are
mainly acquired through environmental exposure to
wild-type AAVs and more rarely through AAV-based
vaccination or AAV-based treatments [125-127].

A major issue of gene therapy for DMD is the huge
size of DMD gene. As such, the dystrophin cDNA
of 14kb far exceeds the 5kb packaging capacity of
AAVs [128-130]. This problem was addressed with
the discovery of microdystrophin, a shorter version
of the DMD gene, which contains the important
information for the production of a functional dystro-
phin protein, especially the coding region for binding
to actin and to sarcoglycan complex. Therefore, it
is expected that the expression of microdystrophin
can keep patients at a stable state for a long period
of time [131, 132]. Despite some initial promising
results, an important question to be answered is the
durability of gene transfer therapy. However, the
treatment benefit will be potentially long term, since
skeletal muscle cells are non-dividing and long-lived,
while cardiomyocytes have a low turnover, with less
than 50% of them being exchanged during a normal
lifespan and the rate even decreases exponentially
with age. A realistic goal would be an improvement
of the disease trajectory of DMD patients compared
to what could be expected from natural history stud-
ies [133-136]. However, further investigations are
needed, particularly because in parallel with the ef-
fect of gene transfer therapy, there may be some
extent of ongoing degeneration, which may lead to
a clinical deterioration. Moreover, since AAV vectors
are not integrating in the genome, the AAV-mediated
dystrophin expression may decrease over time. There
is currently no possibility of repeating gene transfer
therapy, mainly due to the existence of neutralizing
antibodies following the initial dose, which may af-
fect subsequent administrations [137].

CONCLUSION

DMD should be regarded as a continuum, with
signs and symptoms that may manifest very early and
go unnoticed if there is no high suspicion. Although
DMD still remains an incurable condition, significant
progress has been made, especially in the field of
genetic therapies and as such, an early diagnosis
becomes more important, since it allows patients to
receive timely any available modifying treatment or
to participate in clinical trials. The main therapeutic
goal is firstly to delay the progression to each mile-
stone, especially to prolong ambulation as much as
possible, and to partially restore respiratory, cardiac
and skeletal muscle function. Finally, adhering to the
guidelines and the international standards of care
for DMD in a multidisciplinary approach should be
strongly encouraged.
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