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Duchenne muscular dystrophy (DMD) is an X-linked disease
caused by loss-of-function mutations in the dystrophin gene
and is characterized by muscle wasting and early mortality.
Adeno-associated virus-mediated gene therapy is being investi-
gated as a treatment for DMD. In the nonclinical study
documented here, we determined the effective dose of fordadis-
trogene movaparvovec, a clinical candidate adeno-associated
virus serotype 9 vector carrying a human mini-dystrophin
transgene, after single intravenous injection in a dystrophin-
deficient (DMDmdx) rat model of DMD. Overall, we found
that transduction efficiency, number of muscle fibers express-
ing the human mini-dystrophin polypeptide, improvement of
the skeletal and cardiac muscle tissue architecture, correction
of muscle strength and fatigability, and improvement of dia-
stolic and systolic cardiac function were directly correlated
with the amount of vector administered. The effective dose
was then tested in older DMD™* rats with a more dystrophic
phenotype similar to the pathology observed in older patients
with DMD. Except for a less complete rescue of muscle function
in the oldest cohort, fordadistrogene movaparvovec was also
found to be therapeutically effective in older DMD™% rats, sug-
gesting that this product may be appropriate for evaluation in
patients with DMD at all stages of disease.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a recessive X-linked disease
caused by mutations in the DMD gene encoding dystrophin." DMD
affects ~1 in 5,000 newborn boys.” Dystrophin is an intracellular pro-
tein that mechanically connects the cytoskeleton to the extracellular
matrix via the dystrophin-glycoprotein complex.” It increases muscle
cell plasma membrane integrity, which prevents membrane damage
during contraction. Without dystrophin, myofibers suffer cellular
damage, degeneration, and necrosis, resulting in progressive muscle
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weakness and wasting.” All muscles are affected, including the heart
and respiratory muscles.”” Patients generally exhibit muscle weak-
ness beginning in early childhood and lose ambulation by ~10-12
years of age.” Life expectancy is severely shortened because of cardiac
or respiratory failure, although use of respiratory support has
extended patient lifespan into the mid-thirties.”” Use of corticoste-
roids with physiotherapy, nutrition, and counseling have had a
modest impact on the natural course of the disease.” Finally, although
readthrough drugs and exon-skipping approaches can moderately
improve levels of dystrophin with limited functional improve-
ments,”'? there is currently no treatment that can fully compensate
for the lack of functional dystrophin.

Restoring functional dystrophin would be a transformational therapy.
One possible approach is delivery of a mini-dystrophin gene, body
wide, with use of an adeno-associated virus (AAV) as a vector.'" Re-
combinant AAV (rAAV) vectors have been used to establish long-
term in vivo gene expression in a variety of tissues, including muscle,
with superior gene transfer efficiency and longevity compared with
other viral and non-viral vectors.'>"
viral particle size (~20 nm), AAV vectors can readily cross extracel-
lular barriers that impede larger viral and non-viral vectors.'>'* How-
ever, the small size of AAV vectors limits the package size that can be
delivered and only allows for genes of less than 5 kb, precluding the
full native dystrophin cDNA, which is 14 kb.">'® This packaging lim-
itation required development of AAV mini/micro-dystrophins less
than 5 kb in size for use in gene therapy for DMD.'” >

Because of their relatively small
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Different rAAV vectors have been developed from different AAV se-
rotypes, which initiate entry into cells through interactions between
the AAV capsid and specific carbohydrates on the cell surface.”***
These interactions lead to preferential transduction of different cell
types by each serotype of rAAVs.”**> Serotype rAAVY vectors have
been reported to transduce skeletal and cardiac muscle, tissues
most affected in DMD.*> " Mini/micro-dystrophins using rAAV9
vectors have been successfully transduced in animal models of
DMD, including dystrophin-deficient (mdx) mice, utrophin/dystro-
phin double knockout mice, and the golden retriever muscular dys-
trophy (GRMD) dog model.'>'7"->7-3>

The DMD™% rat has been characterized previously as a model of
DMD.”**° The dystrophic phenotype in this model can be detected
as soon as 10 days of age, with obvious pathologic features noted at
1.5 months that progress with advancing age. Specifically, DMD™%
rats have systematic and stepwise severe phenotypes in skeletal and
cardiac muscle, similar to patients with DMD, and a reduced lifespan
(mean age of survival is 12 months). This model also offers high
phenotypic reproducibility and stability with little or no phenotypic
variation between animals. Therefore, this model may be more suit-
able for preclinical evaluations than the original mdx mouse or
GRMD dog models that have been widely used in preclinical evalua-
tions of therapeutic products for DMD but that are characterized by
late onset and inconsistent cardiac alterations.””

The purpose of this study was to determine the pharmacologically
effective dose of fordadistrogene movaparvovec, an rAAV serotype
9 vector, expressing a human mini-dystrophin transgene (the trans-
gene is described in Kornegay et al.”’) under the control of a mus-
cle-specific promoter that was administered intravenously to
2-month-old DMD™® rats.** The effective dose determined in this
study was then evaluated in older DMD"*
the evaluation in patients with more advanced disease.

rats, which may mimic

RESULTS

Study design

A total of 90 DMD™® rats and 26 wild-type (WT) rats were enrolled.
Four vector-treated groups received 1 x 10'? vg/kg (vector genomes
per kilogram of body weight), 3 x 10" vg/kg, 1 x 10"* vg/kg, or
3 x 10" vg/kg intravenously. Rats in the dose-range study (n = 66
DMD™% and 14 WT) were assigned to treatment at ~2 months of
age and sacrificed at 3 or 6 months post injection (p.i.). Some older
rats (n = 24 DMD™* and 12 WT) were also injected at 4 or 6 months
of age and sacrificed at 3 months p.i. (Table 1). Age-matched vehicle-
treated WT and vehicle-treated DMD™* animals were used for com-
parison in each experiment (hereafter referred to as WT and DMD"*
controls). Moreover, a comprehensive pathological analysis was per-
formed on groups of untreated DMD™% rats euthanized at 2, 4, or
6 months of age, which were the ages at the time of vector adminis-
tration to the different experimental groups, to document skeletal
muscle and heart tissue lesions at baseline (referred to as “DMD path-
ological status”).

Table 1. Distribution of animals in all experimental groups

Time of
Age at injection ~ Genotype  Experimental group ~ Number sacrifice (p.i.)
5 3 months
WT vehicle
7 6 months
6 3 months
vehicle
4 6 months
5 3 months
1 x 10" vg/kg
6 6 months
6 3 months
2 months 3 x 10" vg/kg
DMD" 5 6 months
5 3 months
1 x 10" vg/kg
6 6 months
5 3 months
3 x 10" vg/kg
5 6 months
baseline pathological 0 months
status
Older rats
WT vehicle 6 3 months
1 x 10" vg/kg 6 3 months
4 months DMD" vehicle 6 3 months
li hological
baseline pathological 0 months
status
WT vehicle 6 3 months
1 x 10" vg/kg 6 3 months
6 months DMD™ vehicle 6 3 months
baseline pathological 6 0 months

status

DMD™%, Duchenne muscular dystrophy rat model; Vehicle, phosphate buffered saline
1X, 350 mM sodium chloride and 5% sorbitol +1.25% human serum albumin; p.i., post
injection.

Vector biodistribution in DMD™* rats treated with
fordadistrogene movaparvovec

Body-wide AAV9 vector biodistribution

Using a quantitative PCR (qPCR) assay with a probe specific for
the mini-dystrophin sequence, vector biodistribution was assessed
in samples obtained at sacrifice. No qPCR signal was detected in
whole blood at euthanasia (data not shown), confirming that vec-
tor genome detection was restricted to the non-blood tissues
analyzed. The mean transgene copy numbers obtained in each tis-
sue for each experimental group were plotted as vector genomes
per diploid genome (vg/dg) in Figures 1A and 1B. Transgene
DNA was detected in biceps femoris, pectoralis, spleen, liver, dia-
phragm, and heart samples in all vector-injected animals regard-
less of age at the time of injection (2, 4, or 6 months) or the
time of sacrifice (3 or 6 months p.i.). The highest copy numbers
were detected in the liver (as expected for AAVY), with levels
that were ~10- to 45-fold higher than in the heart and ~40- to
300-fold higher than in the skeletal muscle. The lowest copy
numbers were in the spleen.
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A Figure 1. Vector copy numbers per diploid genomes
. Vector genome copy numbers 3 months p.i. in whole blood and tissue samples from DMD™* rats
1 (A) Data from DMD™ rats injected at 2 months of age and
® 450 | WT+ vehicle sacrificed at 3 (top) or 6 (bottom) months p.i. (B) Data from
E E gmg . :i:'of'fvg G DMD™ rats injected at 4 or 6 months of age and sacrificed
§, 1004 [ DMD + 3x10* vg/kg at 3 months p.i. Vector copy numbers per diploid genomes
) E DMD + 1X1°: vglkg were determined using gPCR. Results are expressed as the
2 | | PMProiwle . mean + SEM. Limit of quantification = 0.002 vg/dg.
‘E i DMD™®,  dystrophin-deficient rat; p.i., post injection;
e 3d o T & gPCR, quantitative polymerase chain reaction; SEM,
3 standard error of the mean.
E
2 2 :
[
o
$ " ..
g M .
= ggg9g9g ggg gg gg oM gg gg gg imals treated with the 1 x 10"* vg/kg dose and ~5
oLl ~ i e e - vg/dg with 3 x 10" vg/kg (5-fold increase). At
Whole blood Spleen Heart Biceps Pectoralis Diaphragm Liver 1 1014 /k b in bi
femoris X vg/kg, transgene copy numbers in biceps
femoris and pectoralis muscles were similar but
200- Vector genome copy numbers 6 months p.i. did not reach levels above ~0.5 vg/dg. When
the dose was increased to 3 x 10'* vg/kg, the
g 1501 transgene copy number increased to ~1.2 vg/dg
g i (2-fold increase). The transduction efficiency of
= 1001 the diaphragm was more heterogeneous between
3 . . 14
2 50l . animals, especially at the 1 x 10°" vg/kg dose, but
S i transgene copy numbers reached a maximum of
2 37 - = = ~3-4 vg/dg at the 1 x 10" vg/kg or 3 x 10"
[} .
e : vg/kg dose (Figure 1A). The mean transgene
2 2] ‘B copy numbers obtained in each tissue for each
0
> experimental group in older rats are shown in
*§ 14 X Figure 1B. The pattern of transgene copy distri-
> g3g3388 99333 gg- gg g3 g3 gg bution in tissues largely mirrored that in the
ol ol — i . A _ dose-range study, with total copy numbers largely
Whole blood Spleen Heart Biceps Pectoralis Diaphragm Liver s . s .
otz ot 31m11ar14 between animals injected with the
B 1 x 10 ° vg/kg dose at 4 and 6 months of age.
166 Vector genome copy numbers 3 months p.i.
OMD 4 month el . Skeletal and cardiac muscle expression of
O months + vehicle .. . - . .
GE’ 460 B DMD 6 months + vehicle o mini-dystrophin protein following systemic
) 1 [ DMD 4 months + 1x10™ vg/kg .. - -
g B 'DMD & months * 1x10% vg/kg administration of fordadistrogene
o 5 movaparvovec
5 501 At 3- and 6-month follow-ups in the dose-range
o . .
5 study, a dose-dependent increase in the percent-
B
8 15T age of mini-dystrophin-positive fibers was
é : observed in all muscles evaluated (biceps femoris,
S 1.0- I heart, and diaphragm) following injection of the
> . vector in 2-months-old DMD”% rats in the
.g 0.5 0 ) . ‘e dose-range study. The expression observed was
(Y . . . . . .
> g39g g3 g g g3 (I gg]. g9 lli g g similar in its subsarcolemmal localization for all
olr vy v aa Y VoV e iy I v doses of vector administered (Figures 2A, 3A,
Whole blood Spleen Heart Biceps Pectoralis Diaphragm Liver and S1A) Compared with DMDmdx control
femoris :

At 3 and 6 months p.i,, vector copy numbers in the liver reached a
mean of ~30 vg/dg in animals treated with the 1 x 10"* vg/kg dose
and ~80-110 vg/dg with 3 x 10'* vg/kg (~3-fold increase over the
starting dose). In the heart, levels reached a mean of ~1 vg/dg in an-

32

rats, an increase in the percentage of mini-dystro-
phin-positive fibers was observed in the biceps
femoris, heart, and diaphragm for all doses tested at both time points.
These differences reached statistical significance in the biceps femoris
at 1 x 10" vg/kg or greater at 3 months p.i., in the heart at 3 x 10'*
vg/kg at both time points, and in the diaphragm at 1 x 10'* vg/kg or
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greater at 3 months p.i. and at 3 x 10" vg/kg at 6 months p.i.
(Figures 2B, 3B, and S1B). At the highest dose tested, the percentage
of mini-dystrophin-positive fibers in DMD™%" rats approached WT
control values, with a mean of 80%-90% of mini-dystrophin-positive
fibers in the biceps femoris and heart and 65%-75% of mini-dystro-
phin-positive fibers in the diaphragm. Sustained expression was
observed, as shown by similar percentages of mini-dystrophin-posi-
tive fibers at 6 months pi. compared with 3 months p.i.
(Figures 2B, 3B, and S1B).

Administration of 1 x 10'* vg/kg of vector to older (4- and 6-month-
old) DMD"™% rats also resulted in an increase in the percentage of
mini-dystrophin-positive fibers in the biceps femoris, heart, and dia-
phragm compared with age-matched DMD™%* control rats 3 months
p.i. (Figures 2C, 2D, 3C, 3D, S1C, and S1D). Interestingly, at 3 months
p-i., the increase in the percentage of mini-dystrophin-positive fibers
was greater in the biceps femoris in the DMD™#
2 months of age (~80%; Figure 2B) compared with that seen in the
biceps femoris of rats treated at 4 or 6 months of age (~40%; Fig-
ure 2D), whereas there was no significant effect of age on the percent-
age of positive fibers in the heart (~50%; Figures 3B and 3C) or dia-
phragm (~40%; Figures S1B and S1C).

rats treated at

Correlating with these data, mini-dystrophin protein was analyzed by
western blot for 2 animals in each experimental group. Representative
data are presented in Figures S2A and S2B. Mini-dystrophin
of 153 kDa was detected in the biceps femoris, heart, and diaphragm
of these DMD™ rats injected with the vector at doses of 3 X 10%3,
1 x 10" or 3 x 10" vg/kg In DMD™® rats injected with
1 x 10" vg/kg, the mini-dystrophin protein was detected in the heart,
biceps femoris, and, to a lesser extent, in the diaphragm (Figures S2A
and S2B). Consistent with use of a muscle-specific promoter (human
creatine kinase [hCK]), no mini-dystrophin protein was detected by

D™ rats treated with all doses of

western blot in the livers of DM
the vector (Figures S3A and S3B). In older rats, relatively high levels
of expression of mini-dystrophin protein were detected in biceps
femoris, heart, and diaphragm samples from all DMD™* rats that
were treated with the 1 x 10" vg/kg vector dose (Figure S2C). No
mini-dystrophin protein was detected in the liver of vector-treated

older DMD™* rats (Figure S3C).

Molecular Therapy: Methods & Clinical Development

Finally, mini-dystrophin protein levels were quantified in the biceps
femoris muscles at 3 and 6 months p.i. of the vector in 2-month-
old DMD™% rats in the dose-range study using the recently described
peptide immunoaffinity liquid chromatography-tandem mass spec-
trometry (IA-LC-MS/MS).** Mini-dystrophin protein expression
was measured using two peptides, LLQV (present in the endogenous
dystrophin and in the mini-dystrophin protein) and SLEG (present
only in the mini-dystrophin protein). Compared with DMD™% con-
trol rats, an increase in mini-dystrophin expression levels was
observed for all doses tested at both time points. These differences
reached statistical significance at 1 x 10"* vg/kg or greater at 3 months
p-i. (Figure 2E). Expression of both peptides (LLQV and SLEG) was
comparable. At the highest dose tested, the levels of mini-dystrophin
protein expression in DMD™%*
and sustained expression was observed at 6 months p.i. compared
with 3 months p.i. (Figure 2E).

rats approached WT control values,

Fordadistrogene movaparvovec reduces muscle lesions and
fibrosis in DMD™* rats

DMD"™ rats display skeletal and cardiac muscle necrosis, regenera-
tion, and fibrosis, which are lesions typically seen in patients with
DMD.** Analysis of muscle samples from all DMD™%* rats revealed
myopathic lesions typical of this rat model: presence of regenerative
activity, as evidenced by centro-nucleated fibers and small foci of
regeneration; presence of degenerated fibers, isolated or in small clus-
ters; tissue remodeling; and fiber replacement by fibrotic or adipose
tissue. The severity of these lesions varied considerably between rats
and muscle types. Given this variability, skeletal and cardiac muscle
lesions were semi-quantitatively scored on a scale of 0 (no lesion)
to 3 (severe lesions), as illustrated in Figure S4. A mean individual
score was then calculated based on the scores obtained for the biceps
femoris, pectoralis, diaphragm, and cardiac muscle. We chose to
perform this semi-quantitative analysis to provide a more global eval-
uation of the whole dystrophic lesion (i.e., presence of some regener-
ative activity, as evidenced by centro-nucleated fibers and small
regenerative foci; presence of degenerated fibers; tissue remodeling;
and fiber replacement with fibrotic or adipose tissue). The data
showed a dose-responsive improvement of this histopathologic score
(Figure 4A) at 3 months and 6 months p.i. and regardless of the in-
jected dose. In older rats dosed with 1 x 10'* vg/kg at 4 and 6 months,

Figure 2. Imnmunohistochemical analysis of mini-dystrophin expression and assessment of fibrosis in the biceps femoris muscle

(A) Representative images of biceps femoris muscle sections collected 3 and 6 months p.i. from the following groups of rats 2 months old at the time of injection:
WT+vehicle, DMD"® pathol status, DMD"*+vehicle and vector-injected DMD™® rats. The NCL-DYSB antibody was used to detect dystrophin/mini-dystrophin
expression (green), and Alexa Fluor 555 WGA conjugate was used to detect connective tissue (red). DRAQS fluorescent DNA dye was used to detect nuclei. (B)
Quantification of dystrophin and fibrosis labeling in sections from 2-month-old treated rats (samples collected at 3 or 6 months p.i.). Left panel: percentage of dystrophin-
positive fibers. Right panel: percent area occupied by WGA-labeled connective tissue. (C) Representative images of biceps femoris muscle sections collected 3 months
p.i. from the following groups of rats 4 and 6 months old at the time of injection (samples collected at 3 months p.i.): WT+vehicle-, DMD™*+vehicle-, and vector-injected
DMD™ rats. The NCL-DYSB antibody was used to detect dystrophin/mini-dystrophin expression (green), and Alexa Fluor 555 WGA conjugate was used to detect
connective tissue (red). DRAQS5 fluorescent DNA dye was used to detect nuclei. (D) Quantification of dystrophin and fibrosis labeling in sections from 4- to 6-month-old
treated rats (samples collected at 3 months p.i.). Left panel: percentage of dystrophin-positive fibers (mean + SD). Right panel: percent area occupied by connective
tissue as labeled by WGA (mean + SD). (E) IA-LC-MS/MS-based quantification of dystrophin/mini-dystrophin expression levels in biceps femoris samples from 2-month-
old treated rats (samples collected at 3 or 6 months p.i.). Left panel: total dystrophin expression levels based on peptide LLQV. Right panel: mini-dystrophin expression
levels based on peptide SLEG. Results are expressed as the mean + SEM. *p < 0.05 (nonparametric Kruskal-Wallis test followed by a post hoc Dunn’s multiple-
comparisons test). WGA, wheat germ agglutinin; WT, wild-type; pathol, pathological.
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Figure 3. Imnmunohistochemical analysis of mini-dystrophin expression and assessment of fibrosis in the heart

(A) Transverse sections done at the level of the apex were stained NCL-DYSB antibody to detect dystrophin/mini-dystrophin expression (green), with picrosirius red for connective
tissue (purple) and WGA conjugate (red) for connective tissue. Representative images correspond to samples collected 3 and 6 months p.i., from WT+vehicle, DMD™*4vehicle,
and vector-injected DMD™*ats. (B) Quantification of dystrophin and fibrosis labeling in sections from 2-month-old treated rats (samples collected at 3 or 6 months p.i.). Left panel:
percentage of dystrophin-positive fibers. Right panel: percent area occupied by picrosirius red-positive connective tissue. (C) Quantification of dystrophin and fibrosis labeling in
sections from 4- and 6-month-old treated rats (samples collected 3 months p.i.). Left panel: percentage of dystrophin-positive fibers. Right panel: percent area occupied by
picrosirius red-positive connective tissue. Results are expressed as the mean + SEM. *p < 0.05 (nonparametric Kruskal-Wallis test, followed by a post hoc Dunn’s multiple-
comparisons test).
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Figure 4. Muscle histopathology and serum CK levels

(A) Muscle histopathological score obtained after histopathological observation of
muscle samples obtained at 3 and 6 months p.i. in rats injected at 2 months of age
and serum CK levels (U/L) obtained in the same animals. (B) Muscle histopatho-
logical score obtained after histopathological observation of muscle samples ob-
tained at 3 months p.i. in rats injected at 4 and 6 months of age and serum CKlevels
(U/L) obtained in the same animals. Results are expressed as the mean + SEM.
*p < 0.05 (nonparametric Kruskal-Wallis test followed by a post hoc Dunn’s muilti-
ple-comparisons test).

after 3 months, the mean histopathologic score was also reduced
compared with the untreated DMD"™® controls. However, the magni-
tude of the reduction was smaller in the older rats dosed at 6 months
of age (Figure 4B).

In the dose-range study, a qualitative assessment of regenerating fi-
bers in vector-treated DMD™? rat biceps femoris sections also sug-
gested a reduction of fiber regeneration (fewer developmental myosin
heavy-chain-positive areas) with an observed dose-responsive reduc-
tion (Figure S5).

The percentage of surface occupied by connective tissue (marker of
fibrosis) was measured in 3 randomly selected microscopic fields
from biceps femoris and diaphragm sections after labeling muscle
sections with a fluorescent wheat germ agglutinin (WGA)-conjugated
probe®® and from the heart after staining with picrosirius red. In the
DMD baseline pathologic status group sacrificed at 2 months of age,
the percentage areas of connective tissue in the biceps femoris muscle
and in the heart were not significantly different from that observed in
the WT control rats, suggesting very limited fibrosis at this age in
DMD™ rats (Figures 2B and 3B). However, fibrosis was already
evident in diaphragm sections collected at 2 months of age (Fig-
ure S1B). In the DMD™ control rats (at 5 and 8 months old), fibrosis
had progressed and was significantly increased compared with the
WT control group in the biceps femoris, the heart, and the dia-
phragm. In the dose-range study, treatment with vector resulted in
a reduction in fibrosis. Indeed, compared with DMD"%
groups, reductions in fibrosis were observed at 3 months p.i. in the bi-
ceps femoris and in the heart from DMD™ rats treated with vector
doses starting at the lowest dose tested (1 x 10'° vg/kg), with statis-
tical significance reached in the biceps femoris at 3 x 10'* vg/kg.
Importantly, for doses of 3x10'? vg/kg or greater in the biceps fem-
oris and for doses of 1x10"? vg/kg or greater in the heart, the levels of
fibrosis were very close to those observed in WT rats and in the DMD
baseline pathologic status group, indicating that, at these doses, forda-
distrogene movaparvovec prevented fibrosis in the heart and biceps
femoris (Figures 2B and 3B). However, at 3 months p.i.,, no clear
reduction of fibrosis was observed in the diaphragm regardless of
the injected dose.

control

At 6 months p.i., a clear reduction in fibrosis was still observed in the
heart at all doses and in the biceps femoris from the 3 x 10" vg/kg
dose group compared with the DMD™% control group, and a reduc-
tion was also observed in the diaphragm of DMD™* rats that received
3 x 10" vg/kg (Figures 2B, 3B, and S1B).
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In the 4- and 6-month-old DMD™% rats, marked fibrosis was already
evident in the biceps femoris, heart, and diaphragm (>15%, >5%, and
>35% fibrotic area, respectively), with no further increase observed
3 months later (compared with the DMD™?* baseline pathologic sta-
tus and the DMD™ and vehicle groups). Vector treatment had no
effect on this established fibrosis 3 months p.i. in biceps femoris
and diaphragm (Figures 2D and S1C). In the heart, a significant
reduction of fibrosis levels was seen in the animals treated at 4 months
of age but not in the animals treated at 6 months of age (Figure 3C).

Fordadistrogene movaparvovec improved body weight and
circulating biomarkers in DMD™* rats

No adverse effects were observed with the injection procedure, and no
morbidity or mortality could be attributed to the vector. Also, treat-
ment with the vector had no negative impact on hematologic param-
eters (red blood cells count, hemoglobin, hematocrit, mean corpus-
cular volume, mean corpuscular hemoglobin, mean corpuscular
hemoglobin concentration, reticulocytes, white blood cells, neutro-
phils, lymphocytes, monocytes, eosinophils, basophils, and platelets)
or clinical biochemical parameters (urea, creatine, alkaline phospha-
tase, aspartate aminotransferase [AST], alanine aminotransferase
[ALT], and lactate dehydrogenase [LDH] total serum proteins, and
total bilirubin) that were evaluated at 3 and 6 months p.i. (data not
shown). Weekly body weight assessments revealed that vector treat-
ment had no negative impact on increasing body weight associated
with animal growth (DMD™* rats dosed at 2 months of age).
Although there was variability between animals within the different
groups, increased body weight was observed at each time point exam-
ined compared with DMD™*
(non-statistically significant) observed after 12 weeks p.i. (Fig-
ure S6A). In the DMD™ rats that were injected with 1 x 10 vg/
kg vector at older ages, growth-associated body weight increases
were also observed few weeks after vector treatment. This was partic-
ularly evident in the rats injected at 6 months of age, whose body
weights did not increase over the time course of the study in the con-
trol group but in which vector treatment induced a body weight in-
crease across the course of the study (Figures S6B and S6C).

control rats, with a dose-response effect

In patients with DMD, muscle damage is characterized by an increase
of creatine kinase (CK) activity in the blood. In DMD"% control rats
in the dose-range study, serum CK levels were significantly higher
compared with those in WT control rats at similar ages (5 and
8 months old) (Figure 4A). Treatment with the 2 highest doses of vec-
tor (1 x 10" and 3 x 10'* vg/kg) resulted in a 75%-90% reduction in
serum CK levels at 3 and 6 months p.i,; this reduction was statistically
significant in the 3 x 10" vg/kg dose group and reached CK levels
comparable with the WT controls rats at both time points. A reduc-
tion in CK levels was also observed in the 3 x 10'° vg/kg dose group at
3 months p.i., which did not reach statistical significance (compared
with DMD” control rats). The lowest dose of vector tested (1 x 10*3
vg/kg) had no effect on CK levels at either time point (Figure 4A). In
the older cohorts of DMD™%* rats, mean serum CK levels were signif-
icantly higher in DMD™® control versus WT control rats (at 7 and
9 months of age) (Figure 4B). Interestingly, CK levels were lower in

the 9-month-old DMD™ rats compared with the 5- and 7-month-
old rats, reflecting the reduced muscle function and muscle loss in
older rats, which has also been reported in patients with DMD.*’ In
animals injected at 4 months of age, mean CK levels at sacrifice
were lower in vector-treated animals than in DMD™® control ani-
mals, although this difference was not significant. Interestingly, in
the DMD"™%* rats treated at 6 months of age, CK levels were increased
compared with the DMD™® control group, although this was not sta-
tistically significant (Figure 4B).

AST, ALT, and LDH are known biomarkers of DMD that are released
from damaged skeletal muscle and heart during the active phase of the
disease. In DMD™% control rats, the level of all these biomarkers is
increased compared with WT control rats regardless of age
(Figures S7A-S7C). AST levels were reduced only in the 3 x 10"
vg/kg groups at 3 and 6 months p.i. In the lower-vector-dose groups
(regardless of the age at injection), AST levels were not significantly
different from the DMD"* control rats (Figures S7A and S7B).

For ALT and LDH, treatment with vector induced a dose-dependent
decrease in these biomarker levels 3 months p.i.,, reaching, with the
1 x 10" and 3 x 10" vg/kg doses of vector, levels that were similar
to those of WT control rats (Figures S7C and S7E). Because ALT and
LDH levels were not significantly increased in the 8-month-old
DMD”%* rats compared with age-matched WT rats, no clear conclu-
sions about the effect of vector treatment 6 months p.i. can be made
(Figures S7C and S7E). In older rats, ALT and LDH levels were
decreased after vector treatment in 4-month-old DMD™ rats only.
No effect was observed in the DMD™ rats treated at 6 months of
age (Figures S7D and S7F).

Expression of mini-dystrophin in skeletal and cardiac muscle
improves their function

Improvements in skeletal muscle function

As reported previously,” DMD™® rats exhibit reduced muscle
strength and increased fatigue compared with WT controls. The effect
of vector treatment on muscle fatigue was assessed by quantifying grip
force in rats across 5 successive grip strength testing trials, with a short
interval between each trial. A reduction in grip force between the first
and last trial represents an index of fatigue. Compared with WT con-
trol rats and at all ages examined, the DMD"™® control rats exhibited a
progressive and significant decrease in grip strength at each of the 5 tri-
als at all times that were evaluated (5, 7, 8, or 9 months old) (Figure 5).
Vector treatment induced a dose-dependent preservation of grip force
observed during repeat grip force trials in DMD™® rats at 3 and
6 months p.i. (Figures 5A and 5B). This became evident in the rats
dosed with 3 x 10"® vg/kg or greater of vector (no benefit was observed
at the lowest dose tested, 1 x 10" vg/kg). At3 x 10" vg/kgat 3 months
p.i., preservation of grip force was observed until trial 3, with a grip
force statistically greater than that of DMD™ control rats and similar
to that of WT control rats. Also, at the end of trial 5, the grip force
decline in this dose group was less pronounced compared with the
DMD™ control rats (33% = 7% reduction in grip force with
3 x 10" vg/kg vector compared with 63% + 5% reduction in
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Figure 5. Assessment of mini-dystrophin expression on skeletal
muscle function

(Aand B) Dose-range study of vector injected in DMD™ rats at 2 months
of age and evaluated in grip strength assessments over 5 successive
trials (grip strength tests) at 3 (A) and 6 (B) months p.i. Data plots show
the mean forelimb grip force (g/g normalized to body weight [BW]) =
SEM collected at each trial for each dose of vector. (C) Evaluation of
muscle function in DMD™ rats injected with 1 x 10'* vg/kg vector at
4 and 6 months of age (grip strength tests, as described above). Data
represent the mean forelimb grip force (9/g normalized to BW) + SEM
collected at each trial 3 months p.i. Left panel: rats dosed at 4 months
of age. Right panel: rats dosed at 6 months of age. “p < 0.05 vs. WT.
op < 0.05 vs. DMD™ control rats. §p < 0.05 vs. trial 1 (non-
parametric Friedman test followed by Dunn’s post hoc test).
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DMD™ control rats; Figure SSA). At 6 months p.i. with 3 x 10'* vg/
kg vector, no preservation of grip force was observed. However, at
1 x 10"*and 3 x 10"* vg/kg vector, complete preservation of grip force
at each of the 5 trials was observed at 3 and 6 months p.i. (Figures 5B
and S8B). Even in the older DMD"™%* rats dosed with 1 x 10"* vg/kg at
4 months of age, no decline in grip force was observed over the course
of the trials (Figures 5C and S8C). In the rats dosed at 6 months of age
(9 months old at the time of the grip force trials) with 1 x 10"* vg/kg,
grip force was higher than that observed in the DMD™? control rats,
with a significant difference between the 2 groups at trials 3 and 4 (Fig-
ure 5D). However, there was a progressive decrease in grip force over
the course of the trials in the oldest rats, with an overall decrease of
16% + 9% between trial 1 and trial 5 (Figure S8D).

When examining the maximal muscle grip strength at the end of the
study, a reduction in absolute maximum grip force was observed be-
tween WT and DMD™ control animals regardless of the age of the
animals (Figure S8). When grip force was normalized to body weight
(relative maximum grip force), the reduction of grip force was still
observed, with statistical significance reached in the oldest (9-
month-old) rats (Figure S8). Vector treatment of 2-month-old
DMD™% rats resulted in a dose-dependent increase in absolute and
relative maximum grip force 3 and 6 months p.i. Compared with un-
treated DMD™ rats, the increased force was statistically significant
in the rats that received 1 x 10'* and 3 x 10" vg/kg at 3 months
pi. and in the rats that received 3 x 10'* vg/kg at 6 months p.i.
(Figures S8A and S8B). Vector treatment of the older DMD™ rats
(1 x 10" vg/kg at 4 and 6 months of age) also resulted in an increase
in absolute and relative grip force (Figures S8C and S8D).

Improvements in cardiac remodeling and function

Cardiac function was assessed in all rats using 2D echocardiography
and Doppler analysis. The parameters looking at structural remodel-
ing (i.e., free-wall diastolic thickness and left ventricle [LV] end-dia-
stolic diameter of the DMD™® rat hearts) evolved with time. At
~3 months of age, LV hypertrophy is common in DMD™* rats.**
The transition to measurable ventricle dilatation seen in older rats
(>8-9 months old) is characterized by the absence of noticeable
wall thickness or abnormal ventricle diameter. This transition phase
occurs around 5-7 months of age.41 Therefore, at 3 months p.i. in the
dose-range study (i.e., at 5 months of age), no structural remodeling
was observed in the DMD™* control rats. As a consequence, there
was no apparent difference between treated and untreated rats evalu-
ated at 5 months of age (Figure 6A). However, compared with age-
matched WT control rats at 6 months p.i. (DMD™*  rats
~8 months old) and at 7-9 months of age (3 months p.i.) in the older
rats, the DMD” control rats exhibited an increasing trend in LV
end-diastolic diameter that was prevented at all vector doses (Fig-
ure 6A). Cardiac function was evaluated by measuring systolic (LV
ejection fraction [LVEF]; Figure S9A) and diastolic parameters
(early/late diastolic [E/A] velocity ratio [Figure 6B], isovolumetric
relaxation time [IVRT; Figure 6C], and deceleration time [DT; Fig-
ure S9B]). Of note, because of experimental difficulties, DT was not
measured in 5-month-old animals.

When comparing WT and DMD™ control rats, the diastolic func-
tion was found to be disturbed regardless of the age of the animals
(Figures 6B, 6C, and S9B). In the dose-range study at 3 months p.i.,
E/A ratio and IVRT value were partially restored in the treated ani-
mals without any clear dose effect (Figures 6B and 6C). At 6 months
p-i., E/A ratios were also only partially restored, but IVRT and DT
values appeared to be fully restored without any dose effect and
reached mean values that did not significantly differ from those of
WT control rats (Figures 6B, 6C, and S9B). Finally, in the older
rats, injection of 1 x 10" vg/kg at 4 or 6 months of age induced com-
plete correction of the diastolic dysfunction with improved E/A ratios
as well as IVRT and DT values (Figures 6B, 6C, and S9B).

In line with the lack of structural remodeling in 5-month-old animals
of the dose-range study (at 3 months p.i.), no difference in LVEF was
observed between the control and experimental groups (Figure S9A).
At 6-months p.i., despite the small number of animals in this group
and the widespread values, a decreasing trend was seen in the
DMD"% control rats compared with WT control rats (Figure S9A).
The lowest LVEF value was observed in the animal displaying the
most severe dilatation, supporting the relevance of our findings.
Overall, LVEF values recorded in vector-treated DMD™ rats were
similar to those of WT control rats (Figure S9A). These observations
may indicate a corrective effect of the vector on systolic remodeling
regardless of the dose administered. In 7- and 9-month-old
DMD"™ control rats, LVEF values were lower than in WT control
rats, whereas vector-treated rats had similar LVEF values as WT con-
trol rats (Figure S9A). This suggests a corrective effect of the vector on
systolic remodeling regardless of the age at which it is administered.

Evaluation of immune responses

Humoral and cellular immune responses to the transgene product
and AAV9 capsid were monitored in serum samples and splenocytes
obtained at 3 and 6 months p.i. No humoral or cellular immune
response was detected in WT and DMD™® control rats.

Immunoglobulin G (IgG) antibody humoral response to the trans-
gene product (mini-dystrophin) was analyzed by western blot (see
Figure S10A for a representative result). A response to mini-dystro-
phin protein was observed in many of the vector-treated DMD"% an-
imals (83%, 86%, and 100% of the rats at 2, 4, and 6 months of age),
with no anti-transgene cellular immunity (interferon -y [IFN-vy]
secretion; see Figure S10B for a representative result) detected in
any animal (Table S1).

Finally, a classic humoral response to the AAV9 capsid (IgG anti-
bodies and neutralizing factors) was observed in all DMD™ rats
exposed to the vector (data not shown). Also, a positive anti-capsid
response (IFN-y ELISpot assay) was observed in 37%, 67%, and
18% of DMD™ rats injected with vector at 2, 4, or 6 months of
age, respectively (Table S2). Of note, a dose-dependent effect was
observed, particularly between the 1 x 10" vg/kg and 1 x 10"* vg/
kg doses, similar to previously described dose effects observed in clin-
ical trials of AAV-mediated gene therapy.***’
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Figure 6. Assessment of mini-dystrophin expression on cardiac muscle function

(A) LV diastolic diameter measured during diastole from long-axis images obtained by M-mode echocardiogram. (B) E/A ratio measured using pulsed Doppler with an apical
4-chamber orientation. (C) IVRT measured using pulsed Doppler with apical 4-chamber orientation. Results are expressed as the mean + SEM. *p < 0.05 (nonparametric
Kruskal-Wallis test followed by a post-hoc Dunn’s multiple-comparisons test). E/A, early/late diastolic velocity; IVRT, isovolumetric relaxation time; LV, left ventricle.

DISCUSSION rat model of DMD. The candidate gene therapy comprises an rAAV9
This is the first study that evaluated a candidate gene therapy, fordadis- ~ vector for delivery of a codon-optimized human mini-dystrophin
trogene movaparvovec, in development as a treatment for DMD, ina  transgene to skeletal and cardiac muscle. The vector incorporates a
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muscle-specific promoter to ensure expression of the transgene only in
skeletal and cardiac muscle. A clinically relevant, well-tolerated dose
was identified, which induced increased body weight, improved clin-
ical chemistry parameters, and induced robust amelioration of skeletal
and cardiac muscle histopathology as well as improvements in skeletal
muscle and heart function. These changes correlated with tissue-spe-
cific expression of the mini-dystrophin protein. In older rats (4-
6 months old), this well-tolerated efficacious dose of the vector also
improved body weight and clinical chemistry parameters and induced
skeletal and cardiac muscle expression of mini-dystrophin with
measurable positive effects on skeletal and cardiac muscle function.
These results therefore suggest that treatment with fordadistrogene
movaparvovec may also provide clinical benefits in later stages
of DMD.

In 2014, Larcher et al.** and Nakamura et al.** described the first rat
models of DMD. It was thought that a rat model could represent a
useful alternative to GRMD dogs because rats are small relative to
dogs but 10 times larger than mice and, therefore, may better reflect
the lesions and functional abnormalities observed in patients with
DMD. It has been shown that the DMD™ rat model described by
Larcher et al.>* was more representative of patients with DMD in
terms of the tissues affected (i.e., rapidly evolving cardiac and skeletal
muscle pathology) and progression of severity with increased
age.”>""*” The DMD™® rat model was used here to evaluate the ef-
ficacy of fordadistrogene movaparvovec. Moreover, we employed a
state-of-the-art translational dose-finding study with randomization
of animals, established standard operating procedures, a quality-
controlled environment, and blinded analyses to identify the mini-
mally effective dose (MED), which was then evaluated in older rats
with a more dystrophic pathology. To mimic the planned clinical
studies, a single intravenous administration of the vector was tested.*!
No immunosuppressant regimen was used in these studies to charac-
terize the immune response to the transgene and capsid.

The relatively short duration of the study (DMD™ rats treated at
2 months of age and sacrificed after 3 or 6 months or older rats treated
at 4 or 6 months of age and sacrificed after 3 months) was required
because of the aggressive pathology in this animal model, leading to
a life expectancy of approximately 1 year. Fibrosis is a major aspect
of the dystrophic pathology in DMD"™* rats; therefore, this was quan-
tified as part of the histopathology in parallel with the quantification
of the mini-dystrophin-positive fibers. A semi-quantitative evaluation
of the dystrophic lesions was also conducted. No cellular immunity
against dystrophin, even in the absence of immunosuppression, was
observed in this study, whereas such responses have been observed
in immunosuppressed patients. This indicates, like in other similar
models (mouse and dog), that the DMD"™* rat model is not relevant
to evaluate such immune responses. As a community, we consistently
see limitations because of the translational implications of immune
responses in almost all animal models studied to date, highlighting
the need to develop other models to study immunity. Even with these
general limitations, we were able to obtain significant functional and
dose-dependent data that are tracking with clinical observations.

Indeed, this is the first study to demonstrate the efficacy of fordadis-
trogene movaparvovec in a more robust model of DMD disease pro-
gression that recapitulates cardiac disease, a known phenotype
responsible for up to 75% of all DMD deaths.*

In this study, transgene DNA was detected in all vector-injected an-
imals regardless of the dose, age of injection, and time of sacrifice.
In all animals, the liver was the most efficiently transduced tissue,
with copy numbers that were ~10- to 45-fold higher than in the heart
and ~40- to 300-fold higher than in skeletal muscle. In older animals,
despite severe and extended lesions in skeletal striated muscle and
myocardium (degenerated fibers, tissue remodeling and fiber replace-
ment with fibrotic or adipose tissue, cellular infiltrate) at the time of
vector administration (4 and 6 months of age), the transduction levels
and profiles observed were quite similar to those of the rats adminis-
tered vector at 2 months of age. High levels of transgene DNA were
expected in the liver because of the systemic route of administration
of the AAV9 vector. The consequences of biodistribution of transgene
DNA throughout multiple tissue types are unknown. Successful ef-
forts to de-target the liver have been reported,” but none based on
the AAV9 capsid, the serotype of choice to efficiently target the mus-
cle tissues affected in DMD, had been described at the time the devel-
opment program began. Thus, to mitigate against potential negative
effects of off-target transgene expression, a muscle-specific promotor
was included in the construct. The success of this approach is reflected
in the lack of mini-dystrophin expression protein detected in the liver.
Moreover, and importantly, liver histopathology was performed dur-
ing our study and did not show any liver lesions that could be attrib-
uted to the treatment (data not shown).

It should be noted that the AAV9 vector biodistribution and trans-
duction observed in rodents may be different in humans. Previous
studies have documented that systemic delivery of AAV9 in mice
transduced the heart more efficiently than any other natural sero-
type.” > However, this superior cardio-tropism of AAV9 was not re-
ported in dogs.” This tropism/species disparity is not unique to
AAV9 and has been observed with an AAVS vector currently being
used in clinical trials in patients with hemophilia. Nonclinical studies
using doses of 10" vg of AAV8 with a Factor IX (FIX) transgene
reached supra-physiologic levels (>100% of the WT) of FIX expres-
sion in a mouse model, 46% of normal in non-human primates, but
just detectable FIX expression levels in humans at 2-log higher doses.
It should be noted that the transduction efficiency of fordadistrogene
movaparvovec in specific muscle groups may vary when character-
ized in larger animal models and more specifically in humans.
Regardless, although the overall transduction efficiency may vary be-
tween species, the overall outcome of widespread tissue transduction
appears to be consistent between mouse, rat, and canine models.

This dose-range study with fordadistrogene movaparvovec showed a
dose effect for most of the evaluated parameters except for cardiac
function. Indeed, improvements in cardiac function were observed
at all doses. This absence of a dose effect could be correlated with
the fact that a reduction of fibrosis levels was observed in the cardiac
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tissue regardless of the injected dose. On the contrary, in skeletal mus-
cle, a dose effect was observed for fibrosis levels and for muscle
strength. Finally, we identified 1 x 10'* vg/kg as the MED, based
on skeletal and cardiac muscle function endpoints and mini-dystro-
phin expression levels at 3 months p.i. This expression was sustained
in DMD™* rats 6 months p.i. This dose was also therapeutically effec-
tive when administered to older, more dystrophic DMD™® rats, sug-
gesting that it may also be effective in patients at later stages of disease.
However, there was a less effective rescue of muscle function in the
oldest cohort of DMD"%* rats (6 months old at the time of injection)
compared with younger rats, with a progressive decrease in grip force
over the course of the trials. We think that even if the muscular
pattern of the tissue is improved by the treatment in older animals,
tendon retractions may be present at 6 months of age and may not
be corrected by the treatment. This suggests that, in patients with
DMD, the benefits of this gene therapy may be more apparent in
younger than older patients. Although it is tempting to speculate
that younger, less diseased muscle may be transduced more efficiently
than older DMD tissue, it remains to be seen whether different
capsid-specific mechanisms of transduction are at play. If so, then
this would support development of second-generation vectors to
overcome potential barriers to transduction associated with higher
percentages of fat and necrosis observed in older versus younger,
healthier muscle tissue. However, it should be noted that the MED
of 1 x 10" vg/kg identified in the current study has translated well
for patients with DMD,™ further emphasizing the relevance of
DMD™* rats as a model for the human disease.

Several serum biomarkers, including CK, ALT, and LDH, were modu-
lated by the vector in these studies, which indicates their potential
utility in clinical trials. Importantly, the vector was well-tolerated in
all rats, with no evidence of toxicity. There was also no evidence of
deleterious immune system responses to the vector in terms of ther-
apeutic efficacy and safety even though humoral and cellular re-
sponses to the capsid and humoral response to the transgene were de-
tected. Taken together, these data show evidence of efficacy and safety
in an appropriate disease model.

In conclusion, our data provide evidence of the overall safety and
therapeutic efficacy of fordadistrogene movaparvovec following sys-
temic administration in a rat model of DMD, supporting its use in
clinical trials in patients with DMD. Importantly, the preliminary
clinical trial data obtained in patients with DMD treated with forda-
distrogene movaparvovec™ also provides evidence of accurate trans-
lation of the MED determined here in DMD™® rats.

MATERIALS AND METHODS

Vector design and production

The fordadistrogene movaparvovec vector contained a species-specific
codon and mRNA sequence-optimized human mini-dystrophin
cDNA (Hopti-Dys3978, as described previously””) that was placed un-
der the control of a human creatine kinase (hCK) muscle-specific pro-
moter and of a synthetic polyadenylation (spA) signal. The batch of
vector was produced using the Pro10 cell line (Viralgen, San Sebastidn,
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Spain) and the triple plasmid transfection system. Briefly, the Pro10
cells were cultured in chemically defined, serum-free medium at
37°Cusinga 50 LWAVE bioreactor (GE Healthcare Bio-Sciences, Up-
psala, Sweden). After the Prol10 cells reached an optimal cell density in
the bioreactor, a 3-plasmid (Ad helper, rep2/cap9, and inverted
terminal repeats (ITR)-hCK.Hopti-Dys3978.spA) transfection cock-
tail was added to the bioreactor to produce AAV9 packaging the
hCK.Hopti-Dys3978.spA therapeutic genome cassette. Approxi-
mately 48 h post transfection, the Pro10 cells were processed according
to Clément and Grieger.”® The vector was formulated in phosphate-
buffered saline 1X, 350 mM sodium chloride, and 5% sorbitol; sterile
filtered; aliquoted; and frozen at-60°C or lower. Quality control tests
were performed, including genome copy titer measured by qPCR, in-
fectious titer measured by median tissue culture infectious dose
(TCIDsy) assay, empty:full capsid ratio, endotoxin, purity, and bio-
burden/sterility (Table S3).

Animals and vector delivery protocols

This study included a dose-range portion in 4 groups of DM rats
~7-9 weeks (~2 months) old and a study in older DMD"* rats 4 and
6 months old. Additional control groups of age-matched DMD™*
rates and age-matched WT rats were injected with formulation buffer
(vehicle) only (Table 1). Animals were randomized, and the operators
conducting the injections were blinded. The same batch of vector was
administered to all animals in the study. The vehicle contained phos-
phate-buffered saline 1X, 350 mM sodium chloride, and 5% sorbitol
with 1.25% human serum albumin.

Dmdx

For the dose-range study, 4 vector-treated groups received 1 x 10"
vg/kg (vg per kg of body weight), 3 x 10" vg/kg, 1 x 10" vg/kg,
or 3 x 10" vg/kg. Rats in the dose-range study were sacrificed at 3
or 6 months p.i. (Table 1). For the age study, animals received a single
intravenous injection of 1 x 10'* vg/kg of the vector and were sacri-
ficed at 3 months p.i. (Table 1).

All DMD™® and WT rats were from the same genetic background
(Sprague-Dawley). Healthy and DMD™ rats were derived from
the same litters, and all rats were bred (using carrier females and
WT males) and maintained at the Boisbonne Center (Nantes Atlantic
National College of Veterinary Medicine, Nantes, France). All pro-
cedures were conducted in conformity with European rules for ani-
mal experimentation (French Ethical Committee APAFIS 736-
2015060118144661 v2, date of approval November 2, 2015; APAFIS
5657-2016061409503973 v1, date of approval November 10, 2016),
and all efforts were made to minimize suffering. All injections were
performed intravenously through the dorsal penile vein. Before injec-
tion, the analgesic buprenorphine (Vetergesic, 0.04 mg/kg) was
administered between 30 min and 6 h before anesthesia with etomi-
date (Hypnomidate, 16-32 mg/kg, intraperitoneally [i.p.]), adminis-
tered in 2-4 injections separated by 3 min. Buffer or vector was
administered in a single injection in anesthetized animals at a flow
rate of ~1 mL/min and a total volume of 3.0-6.4 mL per animal
was administered depending on body weight (151-295 g for
DMD™ rats and 185-318 g for WT rats). In the experimental and
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control groups, the total volume injected was ~20 mL/kg (although
vector dose varied in each experimental group, the total volume in-
jected per kilogram remained constant).

Vector biodistribution analysis

Whole blood was collected from anesthetized rats just prior to sacri-
fice. Genomic DNA (gDNA) was extracted from ~600 pL of whole
blood using the Gentra Puregene Kit (QIAGEN, Germantown, MD,
USA), according to the manufacturer’s instructions. Splenocytes
were isolated from fresh spleens immediately after sacrifice and stored
in liquid nitrogen. The gDNA was extracted from ~25 million sple-
nocytes using the Gentra Puregene Kit according to manufacturer’s
instructions. Other tissue samples (biceps femoris, pectoralis, liver
[central lobe], diaphragm, and heart [apical region]) were obtained
just after sacrifice under conditions that minimized cross-contamina-
tion and avoided qPCR inhibition.”” Samples were snap-frozen in
liquid nitrogen and stored at —70°C or lower before DNA extraction.
The gDNA was extracted using the Gentra Puregene Kit and
TissueLyserII (both from QIAGEN) according to the manufacturer’s
instructions. qPCR analyses were conducted on a StepOne Plus real-
time PCR system (Applied Biosystems, Thermo Fisher Scientific) us-
ing 50 ng of gDNA in duplicate. All reactions were performed in
duplicate in a final volume of 20 uL containing template DNA, Pre-
mix Ex taq (Ozyme, Saint—Cyr—L’Ecole, France), 0.3 pL of ROX refer-
ence dye (Ozyme), 0.2 umol/L of each primer, and 0.1 pmol/L of
TagMan probe. Vector copy numbers were determined using the
following primer/probe combination, designed to amplify a region
of the Hopti-Dys3978 transgene:

Forward: 5'-CCAACAAAGTGCCCTACTACATC-3'
Reverse: 5'- GGTTGTGCTGGTCCAGGGCGT-3
Probe: 5'-FAM-CCGAGCTGTATCAGAGCCTGGCC-TAMRA-3’

Endogenous gDNA copy numbers were determined using a primer/
probe combination designed to amplify the rat HPRTI gene:

Forward: 5'- GCGAAAGTGGAAAAGCCAAGT-3'
Reverse: 5'-GCCACATCAACAGGACTCTTGTAG-3'

Probe: 5'- JOE- CAAAGCCTAAAAGACAGCGGCAAGTTGAAT-
TAMRA-3

For each sample, cycle threshold (Ct) values were compared with
those obtained with different dilutions of linearized standard plas-
mids (containing either the Hoptidys-3978 expression cassette or
the rat HPRT1 gene). The absence of qPCR inhibition in the presence
of gDNA (obtained from whole blood, splenocytes, skeletal muscle,
heart, and liver) was determined by analyzing 50 ng of gDNA ex-
tracted from tissue samples from a control animal, spiked with
different dilutions of standard plasmid. The results obtained by sim-
plex qPCR (independent amplification of each sequence) versus

duplex qPCR (amplification of the 2 sequences in the same reaction)
were then compared. Both sequences were amplified with the same
efficacy and specificity under the 2 conditions. Subsequent analyses
were performed using duplex qPCR. Results are expressed as vg/dg.
The limit of quantification of our test was 0.002 vg/dg.

Western blot analysis of total mini-dystrophin protein

Tissue samples (biceps femoris, liver [central lobe], diaphragm, and
heart [apical region]) were obtained immediately after sacrifice under
conditions that minimized cross-contamination. Samples were snap-
frozen in liquid nitrogen and stored at —70°C or lower before protein
extraction. Total protein was extracted from tissue samples using RIPA
buffer containing protease inhibitor cocktail (Sigma-Aldrich, Merck,
Darmstadt, Germany). Protein extracts (50 pg for biceps femoris, heart,
and diaphragm and 100 pg for liver) were loaded onto a NuPAGE No-
vex 3%-8% Tris acetate gel (Thermo Fisher Scientific, Waltham, MA,
USA) and analyzed using the NuPAGE Large Protein Blotting Kit ac-
cording to the manufacturer’s instructions, except for the final concen-
tration of dithiothreitol (DTT; 200 mM, to reduce proteins before
loading). Membranes were then blocked in 5% skimmed milk, 1%
NP-40 (Sigma-Aldrich) in TBST (Tris-buffered saline/0.1% Tween
20) and hybridized with an anti-dystrophin antibody specific for exons
10 and 11 of the dystrophin protein (1:100, MANEX 1011C [a mono-
clonal antibody obtained from the Muscular Dystrophy Association
(MDA) Monoclonal Antibody Resource]) and with a secondary anti-
mouse IgG horseradish peroxidase (HRP)-conjugated antibody
(1:2,000, Dako Alligent, Santa Clara, CA, USA). As a protein-loading
control, the same membrane was also hybridized with an anti-rat
a-tubulin antibody (1:10,000, Sigma) and with a secondary anti-mouse
IgG HRP-conjugated antibody (1:2,000, Dako). Immunoblots were
visualized using the enhanced chemiluminescence (ECL) analysis sys-
tem (Thermo Fisher Scientific).

IA-LC-MS/MS quantification of dystrophin and mini-dystrophin
expression levels

Biceps femoris samples were obtained immediately after sacrifice under
conditions that minimized cross-contamination. Samples were snap-
frozen in liquid nitrogen and stored at —70°C or lower before protein
extraction. Tissue lysis, protein extraction, precipitation, digestion,
and positive-pressure filtration were performed as described previ-
ously.”® TA-LC-MS/MS quantification of dystrophin and of mini-dys-
trophin using the LLQVAVEDR (LLQV) and SLEGSDDAVLLQR
(SLEG) peptides, specific of dystrophin/mini-dystrophin and of mini-
dystrophin, respectively, was also performed as described previously.*®

Immunolabeling of mini-dystrophin-positive fibers and
histopathologic analyses

Samples of selected tissues (heart, biceps femoris, and diaphragm
muscles) were frozen and sectioned (8 pm thick) for dystrophin im-
mune-labeling and staining for visualization of connective tissue.
Dystrophin/mini-dystrophin and connective tissue were visualized
using the mouse monoclonal anti-dystrophin antibody NCL-DYSB
(1:50, Novocastra Laboratories, Newcastle upon Tyne, UK) and Alexa
Fluor 555 WGA conjugate (1:500, Molecular Probes, Eugene, OR,
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USA), respectively. Nuclei were stained with DRAQS5 (1:1,000;
BioStatus, Shepshed, UK). Heart sections were stained for collagen
with picrosirius red F3B (Sigma-Aldrich Chimie, Lyon, France).
Quantification of WGA-positive areas in biceps femoris and dia-
phragm sections and quantification of the dystrophin-positive fibers
was performed using Image] open-source image processing software
(v.2.0.0-rc-49/1.51a). To evaluate the robustness of dystrophin-posi-
tive fiber quantification, the results obtained using this approach were
compared with those obtained manually (non-automated counting)
in 6 biceps femoris samples. The absolute difference was less than
3.5% in all cases (mean, 2.4%).

Samples destined for histopathologic evaluation were embedded in
paraffin wax within 48 h of collection, and 5-pm-thick sections
were stained with hematoxylin and eosin saffron (HES).

Regenerative activity was assessed by detection of the developmental
myosin heavy-chain isoform MyoHCDev in biceps femoris muscle
samples from all rats using the NCL-MHCd antibody (Novocastra).

All histological analyses were conducted in a blinded manner by a
qualified doctor of veterinary medicine who was a European board-
certified pathologist.

Skeletal muscle function assessment

Grip test measurements were performed at the end of the study by an
experimenter blind to genotype (WT or DMD™%) and treatment
(vehicle or vector) using a grip meter (Bio-GT3, BIOSEB, France)
attached to a force transducer. Rats were placed with their forepaws
resting on a T-bar and were gently pulled backward until they released
their grip.”* The peak force generated was the first parameter measured.
Then 5 consecutive grip strength tests were performed with a short (20-
40 s) interval between each test, and the reduction in strength between
the first and the last test was taken as an index of fatigue.

Cardiac muscle function assessment

Echocardiographic measurements were performed just before sacri-
fice. Anesthesia was induced with etomidate (Hypnomidate, 16 mg/
kg, i.p.; Piramal Critical Care, West Drayton, UK) administered in 2
shots separated by 3 min. Two-dimensional echocardiography was
performed using a Vivid 7 Dimension ultrasound machine (GE
Healthcare) with a 14-MHz transducer. To detect possible structural
remodeling, LV end-diastolic diameter and free-wall end-diastolic
thickness were measured during diastole from long- and short-axis
images obtained by M-mode echocardiography. Systolic function
was assessed by measuring EF, whereas transmitral flow measure-
ments of ventricular filling velocity were obtained using pulsed
Doppler with an apical 4-chamber orientation. Diastolic dysfunction
was assessed based on Doppler-derived E/A velocities, the E/A ratio,
IVRT, and DT.

Evaluation of the immune responses
Anti-mini-dystrophin IgG antibodies were detected in sera from all
study rats using a western blot-based assay. Briefly, optidys-3978-pos-
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itive extracts were obtained after cell transfection (HEK293 cell line) us-
inga plasmid encoding the optidys-3978 transgene under control of the
cytomegalovirus promoter. Protein extracts from transfected and non-
transfected HEK293 cells were subjected to electrophoresis using the
NuPAGE Large Protein Blotting Kit (3%-8% Tris acetate precast poly-
acrylamide gel; Invitrogen, Carlsbad, CA, USA). Animal sera (pre-in-
jection and at 3 or 6 months p.i.) were screened at dilution of 1/500.
For each western blot membrane, the positive control consisted of a
MANEX1011C mouse anti-dystrophin monoclonal antibody (Wolf-
son Center for Inherited Neuromuscular Disease, Oswestry, UK).

Circulating anti-AAV9 capsid IgG antibodies were detected using an
enzyme-linked immunosorbent assay (ELISA). Rat serum samples (3
or 6 months p.i.) were tested at 6 dilutions (1/10, 1/40, 1/160, 1/2,560,
and 1/10,240). The threshold of positivity of the assay was calculated
for each dilution using 19 serum samples from naive rats harboring
the same genetic background as mean of optical density (OD) for
each dilution + 3 x SD. IgG titers for experimental animals were defined
as the last serum dilution for which OD remained above the threshold.

Anti-AAV9 neutralizing factors (NFs) were detected at baseline and 3
and 6 months p.i. using a neutralization assay consisting of a cell
transduction inhibition assay using an AAV9 vector expressing the
lacZ reporter gene. Gene expression was measured using a lumino-
metric method (Galacto-Star kit, Life Technologies, Thermo Fisher
Scientific). Each serum was tested at a range of dilutions (1/50,
1/500, 1/5,000, 1/50,000 and 1/500,000). The cutoff of the assay was
set up at 1/50. The NF titer was determined as the lowest dilution in-
hibiting cell transduction by more than 50% (with respect to levels of
transduction observed with AAV9 alone).

The anti-mini-dystrophin and anti-AAV9 capsid T cell responses were
monitored using an IFNy ELISpot assay (rat-specific IFN-y ELISpot
BASIC Kit; Mabtech, Stockholm, Sweden). Splenocytes were harvested
at 3 or 6 months p.i., and cell stimulation was performed using overlap-
ping peptide pools (length of 15-mers, overlap of 10 amino acids)
covering the entire sequences of either optidys-3978 protein or AAV9
capsid VPI protein. For each experimental sample, negative and posi-
tive controls consisted of unstimulated cells (medium) and cells stimu-
lated with mitogenic concanavalin A (ConA), respectively. Spot number
was determined using an ELISpot reader ELR07 AID AutoImmun Di-
agnostika, Gmbh and analyzed with ELISpot Reader software v.7.0.
(AID AutoImmun Diagnostika, Gmbh) Responses were considered
positive when the number of spot-forming colonies (SFCs) per 1e6 cells
was more than 50 and at least 3-fold higher than under the control con-
dition. All the immune assays described above were performed by op-
erators who were blinded to rat groups and treatments.

Statistical analysis

Statistical evaluation of data was performed using the non-parametric
Kruskal-Wallis test to analyze differences between groups. Where sig-
nificant overall effects were detected, differences between WT and
DMD"%* groups were assessed using Dunn’s post hoc test. Repeated
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grip force values were analyzed using the Friedman test, followed by
Dunn’s post hoc test.
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