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Abstract
Our Translational Gene Therapy Center has used small molecules for exon skipping and mutation
suppression and gene transfer to replace or provide surrogate genes as tools for molecular-based
approaches for the treatment of muscular dystrophies. Exon skipping is targeted at the pre-mRNA
level allowing one or more exons to be omitted to restore the reading frame. In Duchenne
Muscular Dystrophy (DMD), clinical trials have been performed with two different oligomers, a
2′O-methyl-ribo-oligonucleoside-phosphorothioate (2′OMe) and a phosphorodiamidate
morpholino (PMO). Both have demonstrated early evidence of efficacy. A second molecular
approach involves suppression of stop codons to promote readthrough of the DMD gene. We have
been able to establish proof of principle for mutation suppression using the aminoglycoside,
gentamicin. A safer, orally administered, alternative agent referred to as Ataluren (PTC124) has
been used in clinical trials and is currently under consideration for approval by the FDA.

Using a gene therapy approach, we have completed two trials and have initiated a third. For DMD,
we used a mini-dystrophin transferred in adeno-associated virus (AAV). In this trial an immune
response was seen directed against transgene product, a quite unexpected outcome that will help
guide further studies. For limb girdle muscular dystrophy 2D (alpha-sarcoglycan deficiency), the
transgene was again transferred using AAV but in this study, a muscle specific creatine kinase
promoter controlled gene expression that persisted for six months. A third gene therapy trial has
been initiated with transfer of the follistatin gene in AAV directly to the quadriceps muscle. Two
diseases with selective quadriceps muscle weakness are undergoing gene transfer including
sporadic inclusion body myositis (sIBM) and Becker muscular dystrophy (BMD). Increasing the
size and strength of the muscle is the goal of this study. Most importantly, no adverse events have
been encountered in any of these clinical trials.
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Mandate for Treatment of Muscular Dystrophies
DMD is the most common, severe childhood form of muscular dystrophy. Inheritance
follows an X-linked recessive pattern. Based on data from worldwide newborn screening
studies, birth prevalence is about 1:4087 [31]. The very large size of the DMD gene [17]
results in spontaneous mutations, and an unending trail of new cases and new carriers,
emphasizing the compelling need to find a treatment. Serum creatine kinase (CK) is elevated
at birth, and motor and even speech milestones are often delayed. Questions usually begin to
surface between ages 3 to 5 regarding reduced motor skills that alert a need for diagnostic
evaluation. DMD is relentlessly progressive and the medical need for treatment is
undeniable. Quality of life is affected at a young age for DMD boys with inability to keep up
with peers and loss of ambulation by age 12 [3]. Improvement in respiratory care can
unmask decline in cardiac function dictating a need for treatment of the dilated
cardiomyopathy. Quality of life is also diminished by the common, yet under-recognized
occurrence of pain in DMD children [48]. The practical need for treatment is further
underscored by the enormous life-time financial burden, and limitation of family resources,
poorer health status and increased divorce rate of parents related to anxiety and depression
[4], and accusations of blame thrust upon maternal inheritance [32].

BMD is a “milder” form of dystrophin deficiency resulting from translation of a truncated
dystrophin protein with significantly variant functional properties. Some BMD patients lose
the ability to walk as early as late teen-age years, while others ambulate until late middle-life
[6], putting added stress on the heart that can be life threatening. BMD patients typically die
in the fourth and fifth decades.

The other group of diseases referred to in this review is the limb girdle muscular
dystrophies. The full classification of these disorders is based upon the sequential order of
linkage analysis; reference to the deficient skeletal muscle protein is ignored in the
cataloging of these diseases [20]. Our clinical gene therapy trials have focused on LGMD2D
caused by α-sarcoglycan deficiency. This disorder has striking parallels to DMD with the
exception of autosomal recessive inheritance [33]. The clinical spectrum with childhood-
onset, early loss of ambulation, the need for wheelchair and functional dependency mimics
DMD. Others with LGMD2D exhibit prolonged ambulation similar to BMD. As a target
entity for skeletal muscle gene therapy, the lack of cardiac involvement of in
sarcoglycanopathy patients makes this group potentially more receptive compared to
dystrophinopathies.

Current Treatment Options
Only glucocorticoids have consistently demonstrated efficacy in any of the muscular
dystrophies, and the benefits are restricted to DMD. The unequivocal proof was established
in a randomized, double-blind controlled trial [28]. At six months prednisone-treatment
compared to placebo improved muscle strength and pulmonary functions, as well as the time
needed to rise from supine to standing, to walk 9 m, and to climb four stairs (P<0.001 for all
comparisons). Similar results were later reported with deflazacort, an alternative, sodium-
sparing glucocorticoid that was shown to prolong ambulation (p<0.005) [2]. A high-dose,
weekend regimen of prednisone (10 mg/kg/wk: half on Saturday and half on Sunday) shows
equal efficacy to daily steroids [7].
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The side-effect profile of glucocorticoids consistently demonstrates weight gain with a
cushingoid appearance. DMD boys on steroids are also at risk for hypertension, cataract
formation, loss of bone density, vertebral compression fractures, and long bone fractures.
Long-term administration may be limited in some cases by steroid-induced behavioral
problems frequently observed with this class of drugs.

Emerging Drug or Small Molecule Therapies
Gene manipulation using small molecules is developing at a rapid pace and is moving
forward in clinical trials. Results of studies parallel the progress made by gene replacement
therapy. Our Center has been involved in two potentially promising strategies, exon
skipping and mutation suppression.

Exon Skipping
Exon skipping is targeted at the pre-mRNA level allowing one or more exons to be omitted
to restore the dystrophin reading frame. This is accomplished with splice-switching
oligomers, typically 20–30 nucleotides in length and complementary in sequence to regions
of the pre-mRNA transcript. Pre-clinical efficacy has been demonstrated in the mdx,
dystrophin/utrophin knock-out mouse, and the dystrophin-deficient dog using both 2′O-
methyl-ribo-oligonucleoside-phosphorothioate (2′OMe) and phosphorodiamidate
morpholino oligomers (PMOs) [11, 23, 47]. Two proof-of-principle clinical trials in DMD
used a 2′OMe oligomer (PRO051/GSK2402968, ProsensaTherapeutics) or a PMO
(AVI-4658/Eteplirsen®; AVI BioPharma Inc.) delivered directly to muscle, targeting exon
51 [16, 41]. Evidence favoring exon skipping was validated using either oligomer by RT-
PCR and by demonstrating newly synthesized dystrophin protein correctly localized to the
sarcolemma. Phase I/II extension studies were performed using systemically delivered
oligomers. In the PRO051 trial [10], dose-related efficacy was achieved with evidence of
new dystrophin expression in approximately 60–100% of muscle fibers in 10 of 12 patients
with modest improvement in the 6-minute walk test. In the AVI phase II open-label study
with AVI-4658 (Eteplirsen®) 7 of 19 patients saw a modest response with a mean increase
of sarcolemmal dystrophin from 8.9% to 16.4% [5]. The results were variable with one
patient responding following treatment with 2 mg/kg, while all other responders received the
higher dosing levels of 10 and 20 mg/kg. AVI-4658 is now in testing in a phase IIb
randomized, double-blind, placebo-controlled, multiple dose efficacy trial at Nationwide
Children’s Hospital, Columbus, OH, USA to assess 30 and 50 mg/kg dosing over 24 weeks
(http://www.clinicaltrials.gov). The results of this trial will influence dosing regimens for a
probable multi-clinic phase III clinical trial.

Mutation Suppression
A second molecular approach involves suppression of stop codon mutations of the DMD
gene that comprise approximately 15% of DMD cases [9, 26]. Efficacious data in pre-
clinical mdx mouse studies [1] led to a clinical trial in DMD patients with stop codons,
treated weekly or twice weekly for six months using the aminoglycoside, gentamicin. Proof
of principle was established based on a significant increase in dystrophin levels, with the
highest levels reaching 13 and 15% of normal [22]. Muscle strength was stabilized and a
modest increase in forced vital capacity was achieved. Although this study demonstrated the
therapeutic potential of gentamicin, higher doses might be necessary to further improve
functional outcomes. The known renal toxicity of aminoglycoside antibiotics and the
potential limitatons of intravenous administration pushed the field in the direction of
identifying a safer, orally administered agent.
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Ataluren, formerly referred to as PTC124 (PTC Therapeutics), fulfilled the requirement of
an orally administered pharmacologic read-through agent for stop codon mutations [45]. A
phase I study in healthy volunteers established safety and tolerability at doses exceeding
what was required for pre-clinical efficacy [15]. In a phase IIa proof-of-concept 28-day
study in DMD/BMD patients, dystrophin appeared to increase post treatment. A
randomized, double-blind, placebo-controlled phase IIb trial followed, evaluating safety and
efficacy over a 48 week treatment period. PTC, Inc. released preliminary results indicating a
very strong safety profile; however, the primary endpoint of the 6 minute walk test did not
reach statistical significance [http://www.clinicaltrials.gov; Phase 2b Extension Study of
Ataluren (PTC124) in Duchenne/Becker Muscular Dystrophy (DMD/BMD)]. Continued
subgroup analysis to look at efficacy is currently underway.

Gene Therapy for Duchenne Muscular Dystrophy
More than 20 years ago the DMD gene was cloned, defining the molecular basis for the
disease [17]. The identification of the dystrophin as the deficient protein followed closely on
the heels of this discovery [3]. Dystrophin is a 427kDa cytoskeletal protein required for
muscle fiber stability. The histological consequences of the loss of this protein include
susceptibility to repeated cycles of necrosis and regeneration, satellite cell depletion,
diminished regenerative capacity of the muscle, and finally, fat and connective tissue
replacement (fibrosis). This very large protein is translated by the largest gene in the human
genome (>2.4 MBP) with an mRNA of 14 kilobases (kb) (11kb coding region of dystrophin
from start codon to stop codon) [18]. Preference for the use of adeno-associated virus
(AAV) as the vector of choice for gene delivery of the DMD gene is based on its known
persistence in healthy muscle and absence of pathogenicity. However, its cloning capacity of
≤ 5 kb [28–30] presents a potentially limiting obstacle for successful DMD gene transfer.
Offsetting this unfavorable property are clinical observations that large, in-frame deletions
of the central rod domain often lead to mild BMD [6, 46]. The most notable example was a
patient with a deletion of exons 17–48 that removed 48% of the coding region of the DMD
gene, yet ambulation persisted beyond age 61[6]. Elegant work by two laboratories
(Chamberlain and Xiao Xiao) keyed off of this clinical finding in constructing functional
mini-dystrophin genes. Methodical studies in the Chamberlain Laboratory dissected
functional correlations of small dystrophins in transgenic mdx mice [13] demonstrating
protection against the dystrophic process. For gene transfer to muscle using AAV, their
studies also showed that mini-dystrophins required preservation of the cysteine rich (CR)
domain; further size reduction could be achieved by removal of the C-terminal (CT) without
forfeiting function.

In the Xiao Xiao Laboratory, other studies laid the ground work for a clinical trial providing
evidence that a mini-dystrophin gene of 3990kb under control of a muscle specific creatine
kinase (MCK) promoter or a cytomegalovirus (CMV) promoter packaged in AAV resulted
in sustained gene expression (2, 4, and 6 months) upon injection into the adult mdx muscle
(gastrocnemius) [43]. In addition, there was protection of the plasma membrane of
myofibers shielded from uptake of Evans blue dye. In a later publication, AAV.CMV.Δ3990
was shown to increase isometric force and provide resistance to contraction-induced injury
in mdx muscle [44]. These pre-clinical studies set the stage for the first human trial of gene
therapy in DMD [27].

In March 2006, six boys with frame-shifting deletions of the dystrophin gene were enrolled
in the first clinical gene therapy trial for DMD at Nationwide Children’s Hospital (Table 1).
At enrollment, four patients were receiving standard glucocorticoid therapy that was
continued throughout the course of the study. Asklepios Biopharmaceutical manufactured a
modified serotype 2 capsid of AAV with insertion of 5 amino acids from AAV1
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(rAAV2.5.CMV.Δ3990) (Fig. 1). Intravenous methylprednisolone (2.0 mg/kg) was given 4
hours prior to vector administration and repeated at 24 and 48 hours to reduce the potential
for local inflammation from intramuscular needle insertion. This was a randomized, double
blind study with gene transfer to one biceps while the opposite side received saline (cohort
1, n=3) or empty capsids (cohort 2, n =3). Patients 1, 2, and 3 received low dose vector (2.0
× 1010 vector genomes/kg body weight), and Patients 4, 5, and 6 received a dose five-fold
higher (1.0 × 1011 vector genomes/kg body weight). Peripheral blood mononuclear cells
(PBMCs) were tested in an interferon-γ enzyme-linked immunosorbent spot (ELISpot)
assay for reactivity to mini-dystrophin. Three synthetic peptide pools spanning the entire
mini-dystrophin sequence (designated MDP1, MDP2, and MDP3) were used to stimulate
PBMCs in the ELISpot assay.

Muscle biopsy specimens were assessed on day 42 (Patients 1, 3, 4, and 6) or day 90
(Patients 2 and 5). In all the patients, vector DNA was detected in amounts ranging from
0.01 to 2.56 genome copies per diploid genome in the treated muscles, but none was
detected in the untreated contralateral biceps muscles. However, transgene expression was
virtually undetectable on the side of treatment. Exceptions included four dystrophin-positive
fibers in Patient 3 and one dystrophin-positive fiber in Patient 6 recognized by double-
labeling with antibodies positive for N-terminal dystrophin but negative for the C-terminal,
an expression pattern predicted by transgene Δ3990. In Cohort 1 (low dose vector), the
interferon-γ ELISpot assay in Patient 2 showed a robust T-cell response against MDP2
beginning on the 15th day post gene transfer (Fig. 2). The response peaked on day 30,
slowly declined during the next 3 months, and was intermittently positive after day 120. In
Cohort 2, Patients 4, and 5 had positive ELISpots to MDP3 [27].

Additional studies revealed that at least two different pathways provoked an immune
response to mini-dystrophin encountered in these patients. In Patient 5 the delayed, transient
T-cell response detected three discrete dystrophin epitopes in the region of the patient’s
deletion: an exon 7 epitope recognized by HLA-B*1801–restricted CD8+ T cells; an epitope
that localized to exon 8 recognized by CD4+ T cells; and another in exon 6 recognized by
CD4+ T cells. Because exons 3 through 17 were deleted from the dystrophin gene in this
patient, it was clear that CD4+ and CD8+ T cells were primed by mini-dystrophin that
expressed exons 3 through 12 in the region of the patient’s deletion (Fig. 3).

In Patient 2, a different and unexpected mechanism of immunity was elicited. An MDP2-
specific interferon-γ T cell response was triggered by amino acids 2809 to 2829 of exon 57,
downstream from the patient’s exon-50 deletion. The patient’s mutation predicted a frame-
shift, thereby impeding dystrophin expression. However, in the muscle biopsy from Patient
2, revertant fibers were visualized with the use of exon specific antibodies against
dystrophin expressed from exons 55–56 and 59 (Fig. 4), implying that exon 57 was
expressed in the correct reading frame. Thus, T cells were primed from exon 57, and we
were able to demonstrate a robust interferon-γ response in PBMCs not only after gene
transfer, but prior to treatment as well (Fig. 4). A similar situation was seen in Patient 4 who
had a deletion at exons 49 through 54, in whom we found revertant fibers with novel
epitopes encoding exon 59, downstream of the mutation. In this case, the ELISpot showed a
CD8+ T cell response directed against MDP3 peptides encoded by exons 59 through 70
from spectrin repeat 24, hinge 4, and the cysteine repeat region.

The findings from this study are important as we move forward with gene therapy for DMD.
First we learned that we cannot express the mini-dystrophin in a deleted region of the
patient’s DMD gene (Fig 3). In retrospect, this seems intuitive but it was underappreciated
as inclusion/exclusion criteria for this study. The second important lesson learned is that
revertant fibers, expressing dystrophin by restoring the reading frame in the DMD gene
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through alternative splicing or a second-site mutation, can express an immunogenic novel
epitope never before encountered by the patient (Fig 4). This finding was very much
unexpected given that most clinicians and scientists predicted that revertant fibers would
induce immune tolerance. Validation of this principle was demonstrated in a follow up study
conducted in our Center where we encountered dystrophin-specific T cells on a significant
number of DMD patients screened using the interferon-γ ELISpot assay (manuscript in
preparation). These findings illustrate the importance of pre-screening patients for immunity
to dystrophin prior to enrolling in mini-dystrophin gene therapy clinical trials.

Gene Therapy for Limb Girdle Muscular Dystrophy (LGMD)
Our experience with gene transfer for LGMD2D, alpha-sarcoglycan (α-SG) deficiency was
dramatically different from DMD [29, 30]. This is the most common form of the
sarcoglycanopathies [20, 33]. There were several factors that favored a more satisfactory
outcome. The predominant mutation in LGMD2D is a missense mutation, providing a basis
for gene expression that reduces the risk of immunogenicity from transgene expression. The
full length α-SG cDNA is <2 kb and is well within the packaging capacity of rAAV. We
also used a muscle specific creatine kinase (tMCK) promoter [40] for the first time in a
clinical trial improving the safety profile of gene transfer targeting muscle. Indications from
pre-clinical studies supported the use of AAV1 to achieve sustained gene expression in
dystrophic muscle [35]. This was a double blind, randomized controlled study (vector on
one side and saline injected in the other). In contrast to the DMD trial, the extensor
digitorum brevis (EDB) muscle provided a better target for gene therapy with fewer
dystrophic features compared to limb muscles. In addition, the entire EDB muscle could be
removed post-gene transfer with no risk of functional loss to the patient and at the same
time, provided a comprehensive substrate for analysis post gene transfer.

Six LGMD2D subjects with established SGCA mutations at both alleles were enrolled [29,
30]. A dose escalation study was initially planned but detection of robust gene expression at
6 weeks (patients 1 and 3) and 3 months (patient 2) following the first three gene transfer
subjects favored using the identical dose of rAAV1.tMCK.SGCA (3.25 × 1011 vector
genomes delivered in a 1.5 ml of saline) for all subjects. Thus, patients 4, 5, and 6 received
the same dose, however we extended the time for observations to 6 months post gene
transfer.

All subjects in this trial received intravenous methylprednisolone at the same dose and time
of administration as in the DMD trial. Targeting muscle for gene delivery was guided by
ultrasound and electromyography (37mm Teca Myoject injection recording needle) to
ensure that muscle was the destination for the delivered product. Gene transfer using this
vector, cassette and mode of delivery proved to be safe, without any adverse effects
encountered over a 2 year monitoring period. All analyses of gene expression were done
prior to breaking the blind. Relatively consistent findings were seen in five of the six
subjects. In patients 1, 2, 3, 4, and 5, robust gene expression was seen on only one side in
each case that was easily distinguishable from low level or background dystrophin staining
observed on the contralateral side. In addition, restoration of the full sarcoglycan complex
was seen on the side of gene transfer (Fig. 5). In two cases, Patient 2 (gene expression
assayed at 3 months) and Patient 4 (gene expression assayed at 6 months), muscle fiber size
increased in cross sectional diameter in treated compared to untreated sides. An important
finding in this study was that through multiple approaches we could validate transgene
expression in these patients. Bioquant® Image Analysis and western blots showed a
significant increase of α-SG (Fig. 5). In addition, the side of gene transfer was corroborated
using PCR amplification of a unique 5′ untranslated leader sequence that we specifically
incorporated into the transgene cassette to distinguish endogenous from transgene α-SG
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expression. The RNase P gene was used as an internal control to normalize for genomic
input and confirmed the absence of PCR inhibitors in the sample DNA.

The final participant in this study, Patient 6, was the exception compared to all others in this
clinical gene therapy trial. The muscle biopsy showed comparative α-SG gene expression on
the treated and untreated sides at the 6-month timepoint (Fig. 5). A one-time muscle biopsy
makes it difficult to differentiate between loss of gene expression versus poor muscle
transduction at the time of gene transfer. Several features favored poor muscle transduction.
The muscle biopsy failed to show expression of major histocompatability complex I (MHC
I) antigen on any muscle fiber (Fig. 6). This is in direct contrast to the findings of all other
participants in the clinical trial. The patient was also found to have both early humoral and
T-cell responses to AAV1 capsid. The INF-γ ELISpot assay demonstrated T cell activation
to AAV1 capsid as early as day 2 following gene transfer (also present on day 7) (Fig. 7).
Accompanying the AAV capsid-induced T cell response, we found a very rapid rise in AAV
neutralizing antibody titers reaching levels more than 30-times greater than seen in other
cases (Table 3). Collectively these findings favor an amnestic response related to pre-
existing immunity to AAV.

The lessons learned from this trial, combined with our experience in the DMD clinical gene
transfer trial, help refine approaches as we move forward. The LGMD2D study shows us
that AAV1 expresses well in muscle over long periods and we can expect robust expression
using a muscle specific promoter that will restore gene expression levels to near normal.
With proper vector cassette design we can differentiate endogenous versus transgene
expressed product, an observation particularly relevant to other autosomal recessive
disorders having a high percentage of missense mutations. The study also highlighted that
we can never be over confident regarding pre-existing immunity to AAV capsid. The
immune system can impede vector transduction, as we encountered in this study by the
observation of a rapid rise in both T cell and humoral antibody responses (Figs. 6 and 7).

Surrogates for Gene Replacement using a Muscle Building Strategy
Blocking the myostatin pathway shows dramatic muscle building properties that are highly
conserved across species, including mice, sheep, cattle, canines, and humans[24, 25, 34, 39].
Myostatin is a member of the transforming growth factor (TGF)-β superfamily and
numerous studies have demonstrated that it is a negative regulator of skeletal muscle
growth. An antibody to myostatin (MYO-29) was not beneficial to patients in a clinical trial
[42]. Follistatin is a powerful inhibitor of myostatin plus having the advantage of controlling
muscle mass through pathways independent of the myostatin signaling cascade [21]. In
studies of the myostatin knockout mice crossed to mice carrying a follistatin transgene there
was a quadrupling of muscle mass compared with the doubling of muscle mass that is
observed from lack of myostatin alone.

In preparation for taking this to clinical trial, we identified an alternatively spliced isoform
of follistatin (FS344) that can be packaged in AAV1. Upon intramuscular injection, FS344
undergoes post-translational modification and generates a stable, FS315 isoform with
minimal toxicity. In normal C57Bl/6 mice and in the mdx mouse, intramuscular injections of
AAV1 carrying the FS344 gene increased muscle mass (histological measure) and
quantitative strength, as assessed by hind- and forelimb grip and measures of force
generation and protection against eccentric contractions [12]. The benefits persist for more
than two years, and in older mice not treated until 210 days of age, muscle strength
increased for 60 days post gene delivery and persisted long-term, throughout the 560 days of
evaluation. Study of the muscle and multiple organs from these mice revealed no significant
abnormalities. In addition, we have tested the safety and efficacy of AAV1.CMV.FS344 in
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non-human primates showing no organ system toxicity for as long as 15 months and an
ability to increase quadriceps muscle size and strength following direct muscle injection
[19]. This occurred without adverse effects. Necropsies showed no abnormalities in heart,
lungs, liver, kidneys, or gonads. We also monitored clinical chemistries and hormone levels
related to gonadal function including follicle stimulating hormone, luteinizing hormone,
testosterone, and estradiol. No abnormalities were encountered.

We have now taken this to clinical trial in two patient groups who could specifically benefit
by increasing size and strength of the quadriceps muscle similar to our proof of principle
studies in mdx mice and cynomolgus macaques (http://clinicaltrials.gov/). In Becker
muscular dystrophy and in sporadic inclusion body myositis the quadriceps muscle is
targeted by the disease process leading to frequent falls and ultimately loss of ambulation.
The gene delivery protocol approved by the FDA calls for injection of 12 sites in the
quadriceps muscle divided evenly between rectus femoris, vastus medialis, and vastus
lateralis. Vector administration includes a low dose cohort receiving intramuscular injections
on one side only (2 × 1011 vg/kg); intermediate dosing (6 × 1011 vg divided between
extremities) and high level dosing (1.2 × 1012 vg/kg divided between extremities). Two
patients in the low dose cohort have been injected at the time of this writing. No adverse
effects have been encountered. Muscle biopsies will be done at 6 months in all patients to
delineate fiber size. MRI of the quadriceps muscle will also be used to assess muscle
volume. Additional testing includes the 6 minute walk test, climbing 4 standard steps, timed
to get up from a chair, and strength of knee extensors using quantitative myometry.

The Path Forward for Gene Therapy for Muscle Disease
The foundation for gene therapy for muscle disease has been established based on our own
experience in clinical trials in DMD [27], LGMD2D [29, 30], BMD, and sIBM and
reinforced by the French intramuscular γ-sarcoglycan gene transfer trial in LGMD2C [14].
Our future plans are focused on vascular delivery in DMD and LGMD2D. For these studies,
we have designed a stepwise program with the rationale that isolated limb perfusion (ILP)
would provide the potential for achieving a clinically meaningful outcome and
accommodate safe viral delivery with limited exposure beyond the intended muscle groups
targeted for gene therapy. Two different approaches have been designed to provide
widespread muscle extremity transduction through delivery based upon transvenous [8] or
transarterial [36–38] approaches. Studies in seven patients with muscular dystrophy
(including BMD, LGMD, and Emery Dreifuss muscular dystrophy) have demonstrated a
safe and feasible venous approach carried out through the saphenous vein at rate of 80 ml/
minute at a volume not to exceed 20% of limb volume [8]. For these studies a tourniquet is
placed above the knee and inflated to 310 mm Hg pressure. There is a transient depression
of limb tissue oximetry and transient elevation of muscle compartment pressures but no
symptoms or signs of nerve, muscle, or vascular damage. This method will have to be
further tested in clinical trial with delivery of a specific transgene to establish transduction
efficiency.

We have preferred an arterial approach with catheter placement in the femoral artery. We
have studied this method extensively in mice [36] and monkeys [37, 38]. Following catheter
placement, a tourniquet is positioned above the site of vessel entry. The vessel is perfused
with saline to remove blood, platelet products and other debris in the vessel. A distal
tourniquet is then placed at the ankle. The vector (AAV6 or AAV8) and transgene (micro-
dystrophin, α-SG or eGFP) of choice is then delivered through this isolated vessel. After a
ten minute dwell time, we are able to achieve very high transduction efficiency with greater
than 50% of muscle fibers expressing the transgene. We have discussed this approach with
the FDA in a pre-IND meeting and mapped out a plan for clinical delivery of α-SG and
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micro-dystrophin for both DMD and LGMD2D. We believe based upon lessons learned in
the previous and ongoing clinical trials and pre-clinical vascular gene delivery studies in
rodents and non-human primates [8, 36–38], the future of gene therapy for muscular
dystrophy presents a favorable outlook.
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Highlights

• Molecular therapeutic approaches to treat muscular dystrophies are discussed

• Exon skipping targets pre-mRNA allowing one or more exons to be omitted

• Proof of principle for readthrough of stop codons has been established in DMD

• Mini-dystrophin gene transfer resulted in an immune response, an unexpected
outcome

• Alpha-sarcoglycan gene transfer showed sustained gene expression for six
months
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Figure 1. Full dystrophin protein
Amino-terminal (N), cysteine-rich (CR) domain, C-terminal (CT), and rod domain seen with
24 spectrin repeats (R1–R24) and four hinges (H1, H2, H3, H4). The mini-dystrophin
represents a truncated peptide with N-terminal, CR domain and rod domain with reduced
number of spectrin repeats (R1, R2, R22, R23, R24) and 3 hinges (H1, H3, H4). The mini-
dystrophin cDNA with its Poly A tail is under control of the cytomegalovirus (CMV)
promoter flanked by inverted terminal repeats (ITRs).
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Figure 2. T cell responses clinical DMD gene therapy trial
Peripheral blood mononuclear cells (PBMC) were collected on the indicated days and
cultured with three pools of synthetic peptides (MDP1, MDP2, MDP3) spanning the mini-
dystrophin expressed by the transgene. Interferon-γ production was assessed 36 hours later
with use of an interferon-γ enzyme-linked immunosorbent spot (ELISPOT) assay. Data are
presented as interferon-γ spot forming cells (SFC) per 1 million PBMCs. The dashed line
represents the threshold for a positive assay response (50 SFCs per 1 million PBMCs).
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Figure 3. Patient’s deleted dystrophin peptide and transgene product
A) Depiction of dystrophin peptide resulting from deletion of exons 3 to 17 of DMD gene.
Below is the truncated peptide translated from mini-dystrophin. The peptide expresses in the
region of the patient’s deletion. The consequences are shown in B) where an immune
response is demonstrated by ELISPOT assay to mini-dystrophin peptide 1 (MDP-1)
composed of amino acids (aa) 1–469. There are no T cell responses generated by culturing
with MDP2 or MDP3.
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Figure 4. ELISPOT assay pre- and post-gene therapy
A) T cell response of PBMCs is stimulated by an amino acid fragment translated by exon
57. There is a robust T cell response seen post-treatment and minimal but suggestive
immune response even pre-treatment. B) Revertant fiber cluster (3 positive fibers) is seen
using C-terminal antibody (right panel). On the left, there is no staining at exon 50
corresponding to the patient’s deletion. Starting at exon 55/56 the revertant cluster begins to
express dystrophin using exon specific antibodies kindly supplied by Glen Morris. Similar
findings are seen with antibodies directed at exons 59 and 70. This confirms that the
revertant cluster expresses dystrophin from exon 57 (although antibody to this exon was not
available).
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Figure 5. Gene transfer muscle sections from EDB stained with antibody to alpha-sarcoglycan
(αSG)
(A) Subjects 5 showed increased staining on the gene transfer (Treated) compared to the
placebo-treated side (control). Subject 6 showed no difference in α-SG staining intensity
before or after gene transfer (findings verified by Bioquant Image Analysis) (scale bar = 150
μm). (B) Western blots (WB) from subject 5 shows increased α-SG gene expression on the
side of gene transfer compared to the control side. Subject 6 showed no increase in α-SG
expression between treated side and control side after transfer. WBs are normalized to actin
(lower band) and each is compared with normal (N) muscle for comparison. (C) β-SG was
restored on the treated side but not on the control side. Other sarcoglycans (delta and
gamma) were also restored (not shown). (scale bar = 150 μm).
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Figure 6. Major histocompatibility complex (MHC) I staining of sarcolemmal membrane
following gene transfer
Muscle on side of gene transfer (Treated) of Subject 5 shows MHCI staining on the treated
side and not the control side. Subject 6 shows no MHC I staining on the treated side or the
control side following gene transfer (scale bar = 100μm). Microvascular circulation is
positive for MHC I on both sides in all subjects. B) Subject 6 of the LGMD2D gene transfer
study shows that IFN-γ ELISpot assays were negative to α-SG stimulation (black) before
and after gene transfer. However, this patient showed a robust AAV1 capsid response as
early as day 2 (Blue) that was again positive on day 7. This was distinctly earlier than other
patients undergoing gene transfer indicative of an amnestic response suggesting pre-existing
immunity to AAV.
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Table 2

ELISA assay for neutralizing antibody titers against AAV1 pre- and post-gene transfer comparing results for
Subject 6 with other patients. By day 7 the neutralizing antibody titers rose >30-fold compared to other
subjects

Time Post Injection Subject #4 Subject # 5 Subject #6

Pre-treatment 1:800 <1:50 1:1600

Week 1 (Day 7) 1:1600 1:3200 >1:102400

Week 2 1:25600 1:6400 >1:102400

Week 6 1:25600 1:6400 >1:102400

Week 12 1:51200 1:12800 >1:102400

Week 26 >1:102400 1:12800 >1:102400
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