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Abstract. Duchenne muscular dystrophy (DMD) is an X-linked, muscle wasting disease that affects 1 in 5000 males.
Affected individuals become wheelchair bound by the age of twelve and eventually die in their third decade due to respiratory
and cardiac complications. The disease is caused by mutations in the DMD gene that codes for dystrophin. Dystrophin is
a structural protein that maintains the integrity of muscle fibres and protects them from contraction-induced damage. The
absence of dystrophin compromises the stability and function of the muscle fibres, eventually leading to muscle degeneration.
So far, there is no effective treatment for deteriorating muscle function in DMD patients. A promising approach for treating
this life-threatening disease is gene transfer to restore dystrophin expression using a safe, non-pathogenic viral vector called
adeno-associated viral (AAV) vector. Whilst microdystrophin gene transfer using AAV vectors shows extremely impressive
therapeutic success so far in large animal models of DMD, translating this advanced therapy medicinal product from bench
to bedside still offers scope for many optimization steps. In this paper, the authors review the current progress of AAV-
microdystrophin gene therapy for DMD and other treatment strategies that may apply to a subset of DMD patients depending
on the mutations they carry.
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DISCOVERY AND CHARACTERISATION
OF DMD: HISTORICAL PERSPECTIVES

Identification of muscular dystrophy as a primary
disease of muscles happened in the 19th century
and this distinguished muscular dystrophies from
diseases where muscle weakness was secondary to
disease of motor neurons and their roots [1]. DMD is
one of this family of conditions and is a lethal, mus-
cle wasting disease that affects 1 in 5000 male births
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[2]. The disease was originally described by Edward
Meryon (1807–1880) and was noted by Emery as a
muscle disease that caused the integrity of the sar-
colemma to be compromised [3]. Meryon followed
cases of nine boys in three different families and
noted some of the clinical descriptions of the pro-
gressive muscle wasting such as enlargement of calf
muscles [1]. The disease was later further charac-
terised by Guillaume B.A. Duchenne de Boulogne
(1806–1875) as he performed comprehensive evalu-
ation of the first patient believed to be affected by
“progressive muscular atrophy with degeneration”
(which was later named Duchenne muscular dys-
trophy) [1]. As Duchenne de Boulogne conducted
further pathological studies, he changed the initial
description of the disease to “pseudo-hypertrophic
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Fig. 1. Full length dystrophin and dystrophin-associated protein complex (DAPC). The dystrophin protein contains an actin binding domain
(which is also the N-terminal domain), a rod domain made of 24 spectrin repeats (labelled R), four hinges (labelled H1-H4), a cysteine-rich
domain and a C-terminal domain. Dystrophin is attached to the DAPC via the cysteine-rich domain (which bind dystroglycan) and C terminus
(which bind syntrophins and dystrobrevin), linking the internal cytoskeleton and extracellular matrix (12) (13). R16 and R17 contains nNOS
binding site that is important for localisation of nNOS at the sarcolemma (19).

muscular paralysis” or “myo-sclerotic paralysis” [1].
Sir William Richard Gowers later added to the clini-
cal picture of DMD by reporting the inherited nature
of the disease, its preferred bias towards males and
the characteristic way in which patients rise from the
floor to the standing position (called The Gower’s
Sign) [4].

In one of the first applications of the new molec-
ular genetics of positional cloning, Koenig et al.
discovered the DMD gene to be associated with the
disease phenotype [5]. The protein product of the
DMD gene was called dystrophin [6]. The progres-
sive X-linked disease is degenerative in nature and
patients become wheelchair bound in their teens. In
addition to respiratory insufficiency and lung infec-
tion, cardiomyopathy also contributes in a major way
to the early death of DMD patients [7]. In previous
decades, DMD patients used to die in their teens, but
the use of respiratory and cardiac support have how-
ever contributed to extended lifespan and survival of
patients often even into the 30 s [8]. A combination
of physiotherapy and corticosteroids have also helped
to improve the quality of life of patients; nevertheless
these palliative treatments are not a cure. Survival of
patients into their fourth decade is rare [9, 10].

FROM GENOTYPE TO PHENOTYPE: THE
DMD GENE AND DYSTROPHIN

The DMD gene is one of the largest protein-coding
gene in the human genome, covering over 2.6 million
base pairs with 79 exons that code for a family of dys-
trophin protein isoforms [11]. The large size of the
gene makes it prone to mutations such as deletions
(about 60%), duplications (about 6%), translocations
and point mutations which disrupts the reading frame
and eventually causes abnormal truncated dystrophin
fragments to be synthesised [11]. The large 427 kD
skeletal and cardiac muscle isoform of dystrophin is a
cytoplasmic sarcolemmal protein that links the extra-
cellular matrix (ECM) and cortical cytoskeleton [12].
Dystrophin is widely expressed in skeletal, cardiac
and smooth muscle, and a small amount at specific
locations in the CNS [13, 14]. Dystrophin is localised
at the sarcolemma via the dystrophin-associated pro-
tein complex (DAPC) (Fig. 1) [12].

The structural role that dystrophin plays by linking
the cytoskeleton to the ECM is thought to allow the
transmission of force from the contractile elements
inside the cell to extracellular matrix structures, while
at the same time maintaining the integrity of the
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muscle fibers [15]. Syntrophins recruits multiple pro-
teins to the DAPC (shown in Fig. 1) as well as
neuronal nitric oxide synthase (nNOS) to the sar-
colemma [16]. The rod domain of dystrophin also
contains a nNOS binding domain (R16 and R17) that
is necessary to localise nNOS at the sarcolemma [17,
18]. This phenomenon is believed to enable immedi-
ate diffusion of nitric oxide into the blood vessels to
promote vasodilation in contracting muscles, allow-
ing sufficient blood perfusion [19]. The delocalisation
of nNOS due to absence of functional dystrophin has
been proposed to cause (i) functional ischaemia and
(ii) nitrosative stress that damages cells, compromis-
ing force production in the muscle [19].

The DAPC consists of multiple transmembrane,
cytoplasmic and extracellular proteins and in DMD
patients, the absence of functional dystrophin desta-
bilises the DAPC [20, 21]. Cell signalling mediated
by the dystrophin-glycoprotein complex are also
disrupted due to the loss of dystrophin [22].
Many proteins found within the DAPC including
alpha-dystrobrevin, sarcoglycan, dystroglycan, and
sarcospan are essential components in cellular sig-
nalling that maintain healthy muscle function and
development [10], and when mutated are associated
with distinct muscular dystrophies in their own right.

In the absence of functional dystrophin in skele-
tal and cardiac muscle, the integrity of muscle cell
membrane (also known as sarcolemma) is proposed
to be affected, making the muscle fibers more prone
to damage induced by contractile activity [23]. The
absence of functional dystrophin protein due to muta-
tions in the DMD gene leads to progressive muscle
wasting in patients, with loss of myofibers and
replacement with fatty and fibrotic tissue [24].

A less severe form of dystrophinopathy is called
Becker muscular dystrophy (BMD) [8]. Like DMD,
BMD is also caused by mutations in the same X-
linked gene, however the disease is much milder
than DMD and the age of onset of BMD can be as
late as 30 or 40 years [25]. The transcript reading
frame flanking mutations is not disturbed in BMD but
the aberrant transcripts code for shorter dystrophins
forms that are partially and variably functional, and
often with reduced expression and/or stability [11]. In
patients with deletion mutations, the ‘reading frame’
hypothesis suggests that semi-functional, internally
deleted dystrophin proteins are produced in BMD
patients giving rise to a less severe form of dys-
trophinopathy [26]. One striking case study has
revealed a 61-year old BMD patient who was still
ambulant even though 46% of the coding informa-

tion was lost in the deletion in his DMD gene [25]. On
the other hand, the ‘reading frame’ hypothesis sug-
gests that in DMD patients, a truncated protein that is
unstable is produced, causing the more severe form
of dystrophinopathy [26]. An analysis of 258 inde-
pendent deletion mutations at the DMD/BMD locus
revealed that there was a correlation between pheno-
type and type of deletion mutations in 92% of cases;
and in fact, many “in-frame” deletions of the DMD
gene are not detected as the individuals with such
mutations are either asymptomatic or exhibit non-
DMD/non-BMD clinical features [26]. This finding
was not only intriguing suggesting size of deletions
in the DMD gene are not necessarily related to sever-
ity of the disease, but also revealed the possibility of
manipulating and engineering the large DMD tran-
script in several gene therapy and antisense strategies
to restore muscle function in affected patients.

ADENO-ASSOCIATED VIRUS (AAV) AS A
GENE THERAPY VECTOR

Originally discovered by accident in a preparation
of simian adenovirus [27], AAV was soon found to be
present in human tissues [28]. A nursery population
(infants six months to three years of age) at Junior
Village, Washington D.C. that experienced frequent
infection with various adenovirus serotypes provided
the opportunity to isolate and characterise AAV
strains of human origin [28]. The journey of under-
standing the basic biology of AAV was driven purely
by scientific curiosity, at a time when the potential
of this virus as a gene therapy vector was unknown
[29]. Nineteen years later in 1984, AAV was vec-
torised for the purpose of gene transfer [30]. Eleven
years following this, the viral vector was first used
in a cystic fibrosis human patient in 1995 [31]. Fast
forwarding the timeline, the EMA approved the first
AAV-based gene therapy drug Glybera for the treat-
ment of lipoprotein lipase deficiency in 2012 [32],
followed by the approval of Luxturna by the FDA in
2017 for the treatment of an inherited retinal disease
[33] and another FDA approval of Zolgensma in 2019
for the treatment of spinal muscular atrophy [34].

A further breakthrough in the field came when
Samulski and colleagues described a method for
the production of recombinant AAV (rAAV) using
a so-called two-plasmid system, where the final virus
stock contained no wild type AAV (wtAAV) [35].
In this system the rep and cap genes on the wtAAV
genome are replaced with genes of interest to produce
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rAAV [36]. The virus inverted terminal repeats
(ITRs), are however required in cis for replication
and packaging of rAAV [37] and as such, the ITRs are
the only sequences of wtAAV origin that are incorpo-
rated into rAAV [29]. The rep, cap and helper virus
genes are provided in trans [37]. Importantly, and
unlike the wtAAV, recombinant AAVs do not undergo
site-specific integration into the human chromosome
AAVS1 locus, and the bulk of rAAV genomes exist
as extra-chromosomal episomes in transduced cells
[38]. This very robust and popular method of rAAV
production is via plasmid transfection of adherent
human embryonic kidney 293 (HEK293) cells, where
the transgene in between ITRs is delivered in cis and
the rep, cap and helper genes are delivered in trans
[29]. A modified version of this method is suspen-
sion culture of HEK293 that allows rapid production
of rAAV and scaling-up the yield which are essential
in clinical applications [39]. Following production,
rAAVs are purified via either column chromatog-
raphy or gradient centrifugation; and it is worth
mentioning that the purity differs based on the method
used which can impact the outcome of preclinical and
clinical studies [40].

The diversity and occurrence of multiple AAV
serotypes in human and non-human primate tissues
was first elucidated by studies performed by Gao et
al. [41]. Epidemiological studies show that 40–80%
of the human population contain antibodies against
AAV indicating previous exposure to the virus, and
some AAV serotypes, AAV1, AAV2, AAV3, AAV5,
AAV6, AAV7, AAV8 and AAV9, are endemic to
humans [29].

Variations between studies pose some difficul-
ties in precisely establishing AAV serotype tissue
tropism [42]. The tropism of the viral capsids are
largely due to presence of respective viral receptors
on target cells, which can vary between species [43,
44]. The difference in receptor expression between
species causes variations in potency of different AAV
capsids, a fact that is sometimes overlooked in trans-
lational studies [44].

MICRO-DYSTROPHIN GENE THERAPY:
SHRINKING THE DMD GENE

The mRNA ORF coding sequence of the DMD
gene is some 11.5 kb long and this large size poses
a huge challenge in devising gene transfer therapies
[19]. The observations made in BMD patients have
however suggested that transfer of full-length dys-
trophin ORF may not be obligatory in developing
a gene therapy and the disease phenotype may be
alleviated with a smaller gene construct [25]. Whilst
AAVs possess many desirable qualities for use in
muscle gene therapy, the small virus is only capa-
ble of packaging genomes and transgenes of limited
size (respectively ∼4.7 kb and ∼4.5 kb) [45–47].

The availability of the full-length sequence of dys-
trophin and the knowledge of corresponding protein
domains have allowed scientists to design the care-
ful removal of some coding sequences within the
gene, while aiming to maximise retention of protein
function. As a result, recombinant genes encod-
ing multiple variants of mini-/ micro-dystrophins
with clinical potential have been generated [9, 48,
49, 50] (Fig. 2). Large animal models of DMD
have shown significant patho-physiological improve-
ments following systemic delivery of engineered
micro-dystrophins using AAV, leading to human
clinical trials [19]. The successful single-dose gene-
replacement therapy for Spinal Muscular Atrophy
(SMA) using AAV with dosage up to 2.0 × 1014

vg per kilogram, has provided proof-of-principle for
systemic gene transfer using AAV in humans [19,
51]. Three clinical trials are currently ongoing in the
United States by Sarepta Therapeutics, Pfizer and
Solid Biosciences, each with a slightly different mini-
/ micro-dystrophin constructs delivered using AAVs
of differing serotype (rh74 and AAV9 respectively,
Fig. 2). Another clinical trial in Europe using an
AAV8-microdystrophin by Genethon in collabora-
tion with Sarepta Therapeutics began in April 2021,
where the first patient was dosed with the investiga-
tional gene therapy drug GNT 0004 [52–54]. It is also

Fig. 2. Clinically relevant miniaturised dystrophin constructs. (Top) The promoters utilised in the therapeutic constructs are shown by
yellow arrows. These promoters are shown to be muscle and heart specific and will preferentially express the transgene in those tissues. The
transgene of all the constructs contain the coding sequence for protein domains that are clinically relevant and functional. The AAV serotype
of choice is also based on tissue tropism, where they are muscle and heart tropic. Clinical constructs for Sarepta Therapeutics (in partnership
with Roche), Pfizer, Solid Biosciences and Genethon adapted from (48) (49) (50) and (9) respectively. ABD: Actin-binding domain; H:
hinge; R: rod; CRD: cysteine-rich domain; CTD: C-terminal domain. (a) The localisation of microdystrophin-1 (MD1) protein (utilised by
Sarepta Therapeutics and Genethon) to the DAPC. (b) The localisation of mini-dystrophin protein utilised by Pfizer to the DAPC. There
remains a possibility of the recruitment of nNOS to the sarcolemma by the mini-dystrophin via an unknown mechanism (114) (115). (c) The
localisation of microdystrophin protein utilised by Solid Biosciences to the DAPC.
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Table 1
Clinical trial history and early data on outcomes of the AAV-microdystrophin trials

Intervention Clinical trial history Outcome evaluation Ref

SGT-001 (Solid
Biosciences)

• Low dose of 5E13 vg/kg was administered
in the first cohort of phase 1/2
IGNITE-DMD trial. First patient suffered
serious adverse effect (SAE) which was
resolved.

• Variable amounts of microdystrophin (5%
to 50% of normal dystrophin) was present
in muscle biopsies.

• After an FDA clinical halt was released,
patient dosing continued with modified
manufacturing and trial protocols. No
subsequent SAEs reported.

• Trends in clinical benefit reported in news
releases.

(55)
(104),
(105)
(106)

NCT03368742 • Age matched dose escalation study has
been initiated with a higher dose of
2E14 vg/kg. Patient in the treatment group
suffered SAE which was resolved with an
increase in oral glucocorticoids.

• Patients are currently being enrolled.
PF06939926 (Pfizer)
NCT03362502

• 1E14 vg/kg was administered in the first
cohort of Phase 1b study.

• Patients in the second cohort of the dose
escalation study received 3E14 vg/kg.

• Immunohistochemistry data showed 69%
of dystrophin-positive fibers in the high
dose group.

• Two patients that have reached one-year
time point showed improvements in North
Star Ambulatory Assessment (NSAA)
score.

• Trends in clinical benefit reported in news
releases.

(94)
(95)
(107)

• Two patients suffered SAE but was
resolved. Immune responses to AAV of
variable magnitudes were observed in all
patients.

• 99-patient phase 3 trial launched.
AAVrh74.MHCK.
Microdystrophin [also
known as SRP-9001]
(Nationwide
Children’s/ Sarepta
Therapeutics)

• Phase 1/2 open-label study enrolled 4
DMD subjects with no placebo group
dosed with 2E14 vg/kg.

• Whilst three patients had elevated liver
enzyme gamma-glutamyl transpeptidase,
steroid treatment resolved this.

• Patients are being recruited for
placebo-controlled phase 2 trial.

• An average of 3.3 copies of the therapeutic
gene present per nucleus. Western blot
data showed mean microdystrophin
expression of 96% after adjusting for fat
and fibrotic tissue.

• Immunohistochemistry data showed 81%
of dystrophin- positive fibers.

• Improvements in North Star Ambulatory
Assessment (NSAA) score seen in all 4
patients (mean of 5.5) in Phase 1/2
trial.

• No functional improvement seen from
NSAA in Phase 2 trial.

(108),
(109)
(110),
(111)
(112),
(113)

NCT03375164
NCT03769116

• Interim findings from phase 2 trial reported
four patients suffered SAE but was
resolved.

GNT 0004 (Genethon
in collaboration with
Sarepta Therapeutics)

First patient was dosed. Clinical trial is ongoing. (53),
(54)

2020-002093-27

worth noting that AAV microdystrophin gene therapy
treatment strategy is applicable to all DMD patients
regardless of the mutations they carry in their DMD
gene.

Some encouraging data have emerged from the
clinical trials, notably from Sarepta Therapeutics
and Pfizer (Table 1). These data provide proof-of-
principle that AAV gene transfer to target the human
muscle is possible from a clinical and manufacturing
perspective [55]. Whilst translating these advanced
therapy medicinal products (ATMPs) from bench to
bedside has been possible and successful in many
settings [32–34], a range of issues still remain to
be tackled to fully optimise dosage, immune control
and manufacture and supply challenges in AAV gene
therapy for DMD.

EXON SKIPPING GENE THERAPIES:
ANTISENSE AND GENOME EDITING
TECHNOLOGIES

In DMD patients with mutations in the DMD
gene, non-functional dystrophin protein is produced;
however, in some patients, the reading frame can
be restored to produce a partially functional dys-
trophin protein [11]. It is important to note that this
treatment strategy is mutation dependant and the indi-
vidual exon-skipping strategies are only applicable to
a small subset of the DMD patients. Nevertheless,
collectively, with multiple medicinal products, the
exon skipping strategy could potentially treat ∼60%
of the DMD patients. So far, four antisense oligonu-
cleotide therapies using a specific morpholino (PMO)
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chemistry have been approved by the Food and Drug
Administration (FDA) for DMD treatment, target-
ing exon 51 (ExonDys-51), exon 53 (VyonDys-53
and Viltolarsen) and exon 45 (AmonDys-45); how-
ever, these drugs have very modest treatment outcome
(variably 0.4% –5% increase in dystrophin level after
many weeks of treatment) [55]. Another AON with
different chemistry targeting exon 51 (Drisapersen)
was stopped from development as it failed to secure
FDA authorisation and demonstrated very low clin-
ical benefits and significant toxicities [56]. Whilst
the exact mechanism behind why the drug failed is
not known, high doses of the drug with 2′-OMePS
AON chemistry and the route of delivery subcuta-
neously might have contributed to the life-threatening
toxicity [57, 58]. Another antisense drug, Spinraza,
with 2′-OMOEPS chemistry delivered intrathecally
for treatment of spinal muscular atrophy (SMA) had
been effective and approved by the FDA. The deliv-
ery method intrathecally may have resulted in better
delivery efficiency of the drug to the central nervous
system [59].

DMD exon 2 is one of the most commonly
duplicated exons resulting in formation of incorrect
dystrophin protein [60]. For this duplication mutation
of the DMD gene, exon skipping has a potential to
restore the reading frame for production of full-length
dystrophin. This strategy is currently being inves-
tigated by Audentes Therapeutics, where an AAV
vector is used to deliver four copies of a modified
U7 small nuclear RNA (snRNA) that contains anti-
sense sequences targeting the splice donor (2 copies)
and splice acceptor (2 copies) of the DMD exon 2 [60,
61]. Three-month post-infusion data of this ongoing
study in the first 2 subjects treated with a vector dose
of 3.0 × 1013 vg/kg showed expression of apparently
full-length dystrophin protein and stable or improved
functional outcome [60].

Genome editing enables mutations to be cor-
rected at the DNA level for the production of
functional dystrophin protein [62]. The clustered
regularly interspaced palindromic repeats (CRISPR)-
associated protein 9 [CRISPR/Cas9] nuclease is used
to make double-strand break (DSB) at specific DNA
sequences [63]. The cellular DNA repair mechanism
is then activated to repair the DBS either via nonho-
mologous end joining (NHEJ) or homology directed
repair (HDR) [64]. NHEJ pathway is more error prone
as it introduces small insertions or deletions as liga-
tion of the DNA break happens; which can be used to
(i) disrupt genomic sequences or (ii) induce targeted
deletions where DSBs are introduced at each end of

the target sequence which is deleted as NHEJ medi-
ates joining of the ends [64]. HDR on the other hand is
a more precise pathway, where a homologous donor
template is used to repair the lesion to restore the orig-
inal sequence; however, this approach is not widely
used in DMD as this is an uncommon event especially
in post-mitotic cells [65]. In the context of DMD, the
genome editing technology aims to produce the full-
length dystrophin protein; however, if larger deletions
of the gene are involved, then truncated, functional
dystrophin protein will be produced [62]. Whilst
many proof-of-principles studies in vitro and in mdx
mouse and DMD dog models have been successful
in restoring functional, truncated dystrophin; the gene
editing approach has multiple disadvantages such as:
(i) very low efficiency in deleting multiple exons,
(ii) lack of efficiency in delivering the CRISPR-Cas9
system in vivo, (iii) possible need for repeated treat-
ments, and (iv) safety concerns regarding off-target
effects of Cas9 activity [55]. There are no clinical tri-
als so far using genome editing approaches for DMD.
Nevertheless, it should be noted that since CRISPR
therapy can efficiently edit muscle stem cells, it is
possible that repeated therapy will not be needed [66,
67]. However, Cas9 immunity is a major concern for
CRISPR therapy [68].

EFFECTIVE LONG-TERM AAV GENE
THERAPY: THE INTERPLAY BETWEEN
AAV VECTOR DOSE AND IMMUNE
RESPONSE

Whilst mouse models have been extremely use-
ful in proof-of-principle studies, they fail to capture
the magnitude of potential immune response caused
by AAV delivery, often times raising no safety con-
cerns in the studies [19]. The first barrier posed by
the immune system is against rAAV capsids, simi-
lar to wtAAV, by producing neutralising antibodies
(NAbs) that will eventually prevent gene delivery by
rAAV [29]. Approximately 80% of the human popu-
lation are estimated to be seropositive for AAV due to
natural exposure to the virus [69], which will enable
them to develop NAbs following such exposure [70].
Vector immunogenicity could thus arise from such
pre-existing neutralising anti-capsid antibodies and
also from cells that have been successfully transduced
by rAAV, where the rAAV capsid antigens are dis-
played on the MHC-I complex, eliciting cytotoxic
CD8+ T cell response [40]. While studies involv-
ing mouse models have shown promising results, the
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AAV capsid and transgene product however seem
to elicit cytotoxic T cell response in larger animal
models such as dogs [71], which are better and more
sensitive models to predict potential adverse immune
responses against AAV gene therapy [62].

Systemic AAV gene delivery of high doses of
∼1013 to 1014 vector genomes/kg have also been
shown to elicit the activation of the innate immune
response in large animal models [19]. In dystrophin-
deficient neonatal dog model, in one study, two pups
treated at 4-day-old had to be euthanised at 16 weeks
of age as toxicity related to innate immune response
were observed [72]. Another alert came from studies
in juvenile non-human primates (NHPs) and piglets,
where all three piglets and one NHP were euthanised
due to observed toxicity and the remaining two NHPs
demonstrated elevated level of transaminase (liver
enzyme) and thrombocytopenia (platelet deficiency
in blood) [73]. It is also important to note that none
of these studies have clearly demonstrated strong evi-
dence supporting a cellular immune response [19].

The determinants of immunogenicity of AAV vec-
tors are still unclear, but the likelihood of AAV
causing an immune response is high and should
not be underestimated [74]. If AAV delivery elic-
its cytotoxic T lymphocyte (CTL)-mediated immune
responses, this would cause short-lived gene expres-
sion [74, 75]. This CTL-mediated immune response
following AAV transduction leading to clearance of
transduced cells would pose a problem in the clin-
ical setting as efficient gene therapy requires stable,
long-term expression of the therapeutic gene [29, 74].
In the case of AAVs targeted to the skeletal mus-
cles, the effects of CTL-mediated immune responses
may not be as detrimental as previously thought due
to the role played by regulatory T (Treg) cells in
suppressing the effect of CTLs [76]. A study by
Mueller et al., 2013 [76] also reported persistent,
long-term transgene expression for up to 12 months
and as such, immunomodulation of T cell popula-
tions may not be needed for muscle-directed AAV
gene delivery. In addition, healthy skeletal muscle
cells have low expression of MHC I and this could
also contribute to the reduced T-lymphocyte medi-
ated immune response [74]. In another clinical case,
skeletal muscle samples from a patient with severe
haemophilia B, that was injected with human factor
IX-encoding AAV tested positive for factor IX 10
years post-treatment [77].

Following AAV administration, the innate
immune system can also provoke a deleterious
adaptive immune response via the toll-like receptor

9 (TLR9)-MyD88 pathway [78]. The activation
of the TLR9-MyD88 pathway can result in a
cytokine storm that induces the production of type
I interferons [79]. TLR9 is a pathogen recognition
receptor (PRR) that binds to unmethylated CpG
sequence clusters, and CG content is significantly
raised in codon optimised AAV vector genomes [80].
Self-complimentary genomes are shown to cause
a stronger TLR9-dependent immune response in a
dose-dependent manner [81]. Such dose dependent
innate immune response eventually initiated adaptive
immune response against the viral capsid and against
the transgene [81]. CpG depletion from rAAV
vector genomes [82] and improvements in vector
production strategy by artificially increasing CpG
methylation could alleviate these issues around the
innate immune response against AAV [80].

The barrier posed by NAbs can potentially be
overcome by some of the strategies currently being
developed such as plasmapheresis, capsid engi-
neering and using empty capsids as decoys [29].
Nevertheless, excluding seropositive patients from
the trials is currently the only practical strategy in
overcoming issues related to NAbs [19]. In the case
of DMD, glucocorticosteroids (GCs) that are widely
used as standard of care [83] also help in managing
some of the immune system complications through
the immunomodulatory activities of these drugs [84].

High vector doses in AAV gene therapy could
potentially elicit undesirable immune responses,
however, such high doses are also effective in
rescuing the disease phenotype [72]. AAV gene
therapy in a canine model of X-linked myotubular
myopathy (MTM) showed great improvements in
muscle strength and survival of the dogs in a dose-
dependent manner, where the highest survival was
observed in the group receiving the highest dose
of rAAV expressing the therapeutic gene myotubu-
larin (MTM1) [85]. However, high capsid dose could
also trigger unwanted immune response; therefore,
a balance needs to be achieved between the cap-
sid dose and therapeutic efficacy for a good clinical
outcome [74]. Recent human clinical trial of MTM
gene therapy utilising AAV8 reported three deaths
in the high dose group further reiterating the need
for carefully managing vector dose for safety and
therapeutic efficacy [86]. It is also a reminder that
both in positive and sadly negative senses the most
crucial data in the field of gene therapy are indeed
derived from human studies, as pre-clinical studies
pose some limitations in capturing the full effects of a
treatment.
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The choice of appropriate AAV serotype in target-
ing the respective tissues is also crucial in clinical
outcome as they may directly influence the dosage
needed in treatment. Care should also be taken as
some AAV serotypes that efficiently transduce tissues
in one mouse strain may not show similar trans-
duction profile in another mouse strain, non-human
primates or humans potentially due to molecular dif-
ferences between the strains/ species [87]. In the case
of muscle gene transfer, previously, the most com-
monly utilized route to administer AAV vectors is
via direct intramuscular (IM) injection [71]. Multi-
ple studies however have shown that large doses of
vectors injected at one site such as the muscle can
potentially trigger immune response against the trans-
gene [75]. The route of delivery is changing over
the years as human clinical trials are currently being
planned and conducted using systemic intravascular
(IV) administration to deliver the gene therapy prod-
ucts [9, 62, 72, 88, 89]. The intravenous (IV) route of
vector delivery enables in principle body wide trans-
duction that is essential in any comprehensive gene
therapy of muscle diseases affecting all or many of
the 700 muscles in the human. However a large vector
dose delivered systemically could potentially trigger
severe innate and adaptive immune responses towards
the viral capsid [75]. Careful planning, selection and
safety trial escalation of the vector dose is indicated.
However, conventional dose escalation is problem-
atic since patients treated with sub-clinical doses may
become immunised and thus ineligible or refractive to
subsequent clinical dosing. This is a difficult ethical
conundrum and careful selection of early phase clini-
cal trial dosing based on preclinical data is necessary
to ensure patients are safe but may yet benefit.

Concerns regarding genotoxicity have emerged as
in certain circumstances there seems to be a dose-
dependent correlation between AAV gene delivery
and hepatocellular carcinoma (HCC), indicating that
increasing the AAV dosage could increase genotox-
icity [90]. Theoretically, both the wtAAV and rAAV
containing transgene could integrate part or all of
their genome into the host genomic DNA, perhaps
disrupting or activating oncogenic genes and thus pre-
disposing patients to the formation of cancer [91].
This genotoxic phenomenon with AAV vectors how-
ever seems more prominent in rodent models and was
not very much evident in larger animal models such as
dogs and nonhuman primates [40]. Patients in human
clinical trials for haemophilia-B that have received
AAV gene therapy (>9 years post gene transfer) have
not developed any tumors so far [92]. Studies inves-

tigating location of integration events that originated
from rAAV genome have also reported no genotoxic-
ity of systemically administered rAAV in non-human
primates and humans [93]. Although no genotoxic
safety concerns have been raised so far in humans, this
is a risk that should remain on the radar in AAV gene
therapy studies and extended periods of follow-up are
still recommended [40].

Stable, long-term transgene expression is a key
in achieving therapeutic efficacy following AAV
gene therapy and this is even more important in
chronic diseases such as DMD that requires contin-
uous expression of modified dystrophin [19]. The
biggest challenges in enabling persistent transgene
expression are the muscle regeneration characteristic
of the illness and immune responses to AAV cap-
sid and transgene. Immunosuppression may partially
resolve the immune responses, and other approaches
to evade the immune responses such as tolerance
induction may also be beneficial [44]. In post-mitotic
and slowly replicating adult tissues, persistence may
be achieved and when translating observations from
studies in animal models to humans, it is essential to
note the difference in turnover rates of different tis-
sues in different species [40]. It has been shown that
in healthy muscle AAV-mediated transgene delivery
may persist for over a decade. However, in DMD, if
transgene expression is below the threshold necessary
for disease prevention then myofibre degeneration
and regeneration will result in gradual elimination
of episomal transgenes and micro-dystrophin expres-
sion. In addition to these considerations with DMD,
there is the requirement for near body-wide mus-
cle and heart transduction, and myoblast-mediated
growth of patients treated at an early age. It is thus
very likely that repeat administration of any DMD
gene therapy will be needed. However, the required
interval between treatments and the mechanism of
managing the presence of circulating AAV NAbs
induced by primary treatment remain as yet to be
determined [19].

FUTURE PERSPECTIVES

DMD is a lethal paediatric genetic disease and so
far, there is no cure for this disease. Many therapeutic
strategies are being tested in clinical trials but AAV
gene therapy shows the most promising success so
far [94, 95]. AAV gene therapy also has the potential
of treating the majority of the DMD patient popula-
tion regardless of genotype. As microdystrophin gene
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transfer using AAV has been proven to be widely
effective in preclinical models and to be relatively
safe in early clinical trials [55], the focus of the
research now is geared towards successfully trans-
lating this ATMP from bench to bedside, looking at
issues around dose levels, repeat treatment, immune
modulation and pharmaceutical scale manufacture
and supply.

Of these several issues still remaining to be tackled
in AAV gene therapy and one is potency and effi-
cacy [40]. The systemic nature of DMD that requires
body-wide dystrophin restoration also means a high
AAV dosage may be needed to treat this disease.
Whilst AAV is a safe virus, it can still provoke adverse
immune responses at a high dosage [74]. This would
then reduce the efficacy of the treatment. A more
potent gene expression cassette would mean in theory
that less virus will be needed to achieve therapeutic
effect. One way of enhancing gene expression is via
addition of gene regulatory elements such as novel
promoters and introns [96] into the gene expression
cassette. Apart from making the therapy safer due to
reduced chances of provoking the immune system,
a more potent gene expression cassette would also
contribute to solving the challenge in AAV manufac-
turing at a large scale, as less virus will be needed
to treat each patient. This in turn could also bring the
cost of therapy down, as currently even the ‘cheapest’
AAV gene therapy drug carries a six-digit price tag.

Since rAAVs first were mooted to have clinical
gene therapy promise more than 20 years ago, there
has been a constant pursuit to generate and isolate
novel AAV capsids with new properties [29]. As
AAV gene therapy is actively moving into human
clinical trials, there is a constant need and desire to
improve the virus properties in terms of transduc-
tion efficiency, tissue tropism and immunogenicity
[97]. In the case of DMD, an AAV serotype that
is muscle-tropic and preferentially transfers gene
into muscle cells would be ideal [98], especially
because currently, a high dosage to achieve body-
wide transduction is needed to treat DMD. Delivering
therapeutic constructs using muscle-specific AAVs
will improve the clinical outcome of the treatments.
In addition, a lower dosage will be required for treat-
ment, reducing potential immune response and also
inevitably reducing the cost of treatment.

It should be noted that, poorly understood and
even perhaps as yet unidentified; age, body-mass,
or sex-related differences may exist in the efficiency
of systemic AAV transduction. For example, in the
context of SMA gene therapy, the effectiveness seen

in neonates seems to be reduced when later-onset
forms are treated [99]. In the context of DMD gene
therapy, the main target organ, skeletal musculature,
is undergoing progressive wasting, diminution and
fibrotic remodelling as patients age [100]. Further-
more, the impact of relevant immune reactions may
also be evolving with age in patient cohorts. Cur-
rently, GCs are routinely used prophylactically or
reactively to control elevated serum levels of liver
marker enzymes commonly considered to result from
autoimmune reactivity to AAV transduced hepato-
cytes and appears to be a successful strategy in young
patients. Several alternative immunomodulatory drug
regimens are also being evaluated to either suppress
existing or dose-reactive AAV immunity which may
allow primary dosing in AAV seropositive individuals
or re-dosing of gene therapies [101, 102]. The preven-
tion, circumvention or control of adverse immunity
is an area of ongoing research both clinically and in
animal model systems which is crucial to the future
development of the AAV gene therapy field in gen-
eral. In addition, despite the fact that the current
microdystrophins in clinical trial have been shown
to be highly effective in rodent and canine mod-
els of DMD [9, 50, 103], and with indications of
safety and some clinical benefit in humans (Table 1),
it remains a formal possibility that they will prove
less effective in the context of human clinical trials.
Only time will tell, but it seems unlikely that current
AAV-microdystrophins and current dose adminis-
tration regimens with lead to a complete disease
remission.

The AAV gene therapy field is expanding expo-
nentially, and we are just at the beginning of an
important era [29]. Other therapies such as exon
skipping, stop codon readthrough, novel steroids,
anti-inflammatories and anti-fibrotics may also prove
beneficial, although sometimes only to a propor-
tion of DMD patients that carry specific mutations,
but there is nevertheless the realistic potential of
combinations of therapies to achieve greater clinical
efficacy.

This article was written as part of a special
issue published on the occasion of the 80th birth-
day of Professor Terry Partridge and to celebrate
his ongoing contributions to science. We would like
to acknowledge the support, enthusiasm, inspira-
tion and friendship of Professor Partridge, and his
important contributions to the neuromuscular biol-
ogy, Duchenne muscular dystrophy and the gene and
cell therapy field, the community and literature over
many decades.
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