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Intra-Amniotic rAAV-Mediated Microdystrophin
Gene Transfer Improves Canine X-Linked Muscular
Dystrophy and May Induce Immune Tolerance

Hiromi Hayashita-Kinoh', Naoko Yugeta', Hironori Okada’, Yuko Nitahara-Kasahara', Tomoko Chiyo’,

Takashi Okada' and Shin’ichi Takeda'

"Department of Molecular Therapy, National Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Japan

Duchenne muscular dystrophy (DMD) is a severe con-
genital disease due to mutations in the dystrophin gene.
Supplementation of dystrophin using recombinant ade-
noassociated virus vector has promise as a treatment
of DMD, although therapeutic benefit of the truncated
dystrophin still remains to be elucidated. Besides, host
immune responses against the vector as well as trans-
gene products have been denoted in the clinical gene
therapy studies. Here, we transduced dystrophic dogs
fetuses to investigate the therapeutic effects of an AAV
vector expressing microdystrophin under conditions
of immune tolerance. rAAV-CMV-microdystrophin and
a rAAV-CAG-luciferase were injected into the amniotic
fluid surrounding fetuses. We also reinjected rAAV9-
CMV-microdystrophin into the jugular vein of an infant
dystrophic dog to induce systemic expression of micro-
dystrophin. Gait and cardiac function significantly
improved in the rAAV-microdystrophin-injected dystro-
phic dog, suggesting that an adequate treatment of
rAAV-microdystrophin with immune modulation induces
successful long-term transgene expression to analyze
improved dystrophic phenotype.

Received 25 February 2014, accepted 2 January 2015, advance online
publication 10 February 2015. doi:10.1038/mt.2015.5

INTF
Duchenne muscular dystrophy (DMD) is an X-linked recessive
genetic disorder causing progressive deterioration of skeletal
and cardiac muscles due to mutations in the dystrophin gene.
Progressive deterioration in striated muscle function in affected
individuals ultimately results in early death due to cardiac and
respiratory dysfunction. Currently, there is no cure for DMD, but
several novel strategies for replacing or repairing the dystrophin
gene are in development. Those are including the gene replace-
ment therapies mediated by viral vectors, the use of stem cells
of different tissue origins and transcript repair treatments using
exon-skipping strategies. Spontaneous forms of X-linked mus-
cular dystrophy due to dystrophin deficiency have been identi-
fied in mice (mdx mouse), multiple dog breeds and cats. We
previously reported dystrophin supplementation strategies in
which the local injection of recombinant adeno-associated virus

DUCTION

(rAAV)-microdystrophin into the skeletal muscle of mdx mice'?
and the systemic injection of rAAV9-microdystrophin into mdx
mice’ resulted in extensive expression of microdystrophin and
improvement of myocardial dysfunction. Unlike mdx mouse,
canine X-linked muscular dystrophy is the animal model most
similar to human DMD with progressive fatal disease. Golden
Retriever muscular dystrophy (GRMD) has been the most exten-
sively characterized and examined dog model. Alternatively, we
established and studied a beagle-based model of canine X-linked
muscular dystrophy in Japan (CXMD))"*” Also, other groups
have reported the systemic gene delivery of an rAAV-truncated
dystrophin to dystrophic dogs,*'" although functional improve-
ment remained to be elucidated. Sampaolesi et al.'? have reported
the microdystrophin-transduced autologous mesoangioblast
treatment of the dystrophic dogs although they could not obtain
functional improvements because of lack of immune modulation.
Therefore, effectiveness of the microdystrophin (truncated dys-
trophin) replacement strategy in preclinical settings still remains
open question.

Of the different gene delivery vectors available, rAAV vectors
hold great promise for gene therapy because of their safety, low
toxicity, and longevity of transgene expression. However, immune
responses elicited against rAAV capsid proteins or transgene
products can prevent efficient gene therapy. To induce effective
long-term expression of a transgene, it is important to prevent
immune-mediated destruction of the transduced muscles by reg-
ulating the host immune response. We and others reported that
rAAV-mediated transfer of genes into the skeletal muscle of dogs
evokes immune responses to the rAAV or the transgene prod-
ucts.'”"* The relevance of immune effects during gene transfer is
emphasized by the results of a recent clinical gene therapy trial of
rAAV2.5-minidystrophin in six DMD patients, in which immune
responses to transduced dystrophin were detected.'

To overcome these immune responses against vectors or
transgenes, intra-arterial administration of rAAV or plasmid vec-
tors currently offers the best system for delivery of recombinant
dystrophin to dystrophic muscle while minimizing the antivec-
tor/transgene immune responses. Another strategy to improve
gene delivery by preventing unwanted host immune responses
to rAAV-dystrophin, coadministration of immunosuppressant
with rAAV."” However, long-term use of immunosuppressant
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is clearly not desirable in DMD and it is need to develop clini-
cally applicable methods of inducing tolerance to dystrophin in
DMD patients. Fetal gene delivery induces immune tolerance to
hEXI in the hemophilia B mouse model when compared with
postnatal gene delivery.'""*” We hypothesized that intra-amniotic
injection of rAAV would induce oral immune tolerance to rAAV
and/or the microdystrophin transgene and achieve long-term
transgene expression. Here, we provide evidence that transfer
of rAAV9-microdystrophin into CXMD, fetuses induce toler-
ance to rAAV, long-term transgene expression, and functional
improvement.

RESULTS _

Efficacy of intrauterine gene transfer and estimation
of rAAV genome copy number after intra-amniotic
injection of rAAV9-microdystrophin into CXMD,
fetuses

In dogs, the thymus starts to develop on Day 27 of gestation and
is complete by Day 45.”' We hypothesized that immune toler-
ance to rAAV and/or its transgene could be induced by inject-
ing rAAV into CXMD, fetuses before the immune system had
matured. Therefore, we injected rAAV9-CMV-microdystrophin
and rAAV9-CAG-luciferase into the amniotic fluid surrounding
fetuses on E35. There were no significant adverse events associ-
ated with rAAV-introduction during gestation. All puppies were
delivered by cesarean section at E60. The genotypes of all off-
spring were confirmed by PCR. They included one normal dog
(6101MN), two carrier dogs (6103FC and 6106FC), two DMD-
affected dogs (6102MA and 6104MA), and one untransduced
affected dog (6105MA). 6105MA is a control and was not injected
by rAAV at all (Table 1).

To determine the efficiency of viral vector gene transfer, we
quantified the number of viral particles in individual tissues by
qPCR. The rAAV genome was detected in the amnion and umbili-
cal cord of all transduced dogs, with a maximum copy number
of 37.5 viral genomes (v.g.)/diploid cell in the amnion of dog
6102MA (Figure 1a). The rAAV genome copy number in the
umbilical cord (6101MN 1.8 v.g./cell, 6102MA 0.41 v.g./cell, and
6104MA 1.6 v.g./cell) was less than that in the amnion (6101MN
3.79 v.g./cell and 6104MA 11.7 v.g./cell). The vector genome was
not detected in the untransduced affected dog (6105MA amnion
0.52 v.g./cell, umbilical cord 0.105 v.g./cell).

Table 1 Genotypes and gender of the AAV-treated dogs

T-cell response to the rAAV

We next examined punch biopsies of the temporal muscle of
transduced dogs by immunohistochemical staining to investigate
the efficacy of intra-amniotic rAAV-microdystrophin injection.
Marker gene expression in the biopsied temporal muscle from
transduced dogs (6101MN, 6102MA, and 6104MA) was apparent
at 4 weeks-of-age, although dystrophin expression was marginal
in 6102MA and 6104MA (data not shown). To evaluate the T-cell
responses to rAAV in transduced dogs, we examined the induc-
tion of IFN-y in PBMCs after antigen stimulation (Figure 1b).
PBMCs from 6-week-old transduced dogs were stimulated with
rAAV9-microdystrophin for 4 hours. One transduced DMD-
affected dog (6102MA) showed lower induction of IFN-y than the
untransduced DMD-affected dog (6105MA), possibly suggesting
the induction of immune tolerance to rAAV itself. Given this level
of T-cell responsiveness, we selected this dog for further study to
maximize transgene expression; 6102MA received an additional
intravenous injection of 3 x 10" genome copies (1.2x 10" v.g./kg
body weight) of rAAV9-CMV-microdystrophin at 6 weeks of age
(Table 1) without concomitant immunosuppression.

Clinical manifestations

The untransduced dystrophic dog (6105MA) showed a lower
body weight at 4 months, and slower weight gain thereafter, com-
pared with 6102MA (Figure 2a). We developed a scoring system
for CXMD,* that was based upon the examination of mobility
and posture, for which the dogs were given scores of between 0
(normal) and 30 (severely affected) (Supplementary Table S2).
6102MA scored significantly higher than 6105MA (Figure 2b).
Dog 6105MA showed clear dysfunctions, such as a short-stepped
gait, head bobbing, slower running speed, and poor activity lev-
els from 4 months of age (Figure 2b, Supplementary Video S1).
On the other hand, 6102MA demonstrated better gait function
than its affected littermates (6104MA and 6105MA). To further
examine muscle function, we analyzed the physical activity of
the transduced dystrophic dogs using an infrared sensor sys-
tem (Supermex) by averaging the spontaneous locomotor activ-
ity shown by the dogs over 5 days and nights (12 hours light/
dark cycle). Dog 6105MA was less active than dogs 6102MA
and 6104MA, both in the light and in the dark (Supplementary
Figure S1). Routine examination of standard serum protein lev-
els suggested that rAAV transduction into the fetuses induced no

IUGT (injected into

Systemic AAV injection

Dog ID Sex DMD Phenotype amniotic fluid) Transgene (at 6 weeks old)
6101MN M Normal + Luci, uDys -
6102MA M Affected + Luci, uDys uDys
6103FC F Carrier + Luci, uDys -
6104MA M Affected + Luci, uDys -
6105MA M Affected = Luci, uDys -
6106FC B Carrier + Luci, uDys -

Injected rAAV vectors all included rAAV9-CMV-microdystrophin and rAAV9-CAG-luciferase. Untransduced affected dog (6105MA) is a control. Transduced affected
dog (6102MA) was injected into the jugular vein with rAAV9-microdystrophin at 6 weeks old. 61 series (610TMN to 6106FC, except for 6105MA) were injected
AAV at embryonic day 35. For IUGT, rAAV9-CMV-uDys 1.0 x 10" v.g./fetus along with rAAV9-CAG-Luci-WPRE 1.0x 10" v.g./fetus. For systemic injection, rAAV9-
CMV-puDys 1.2x10" v.g./kg body weight were injected into the jugular vein of the 6102MA.

AAV, adenoassociated virus; F, female; M, male; IUGT, in utero gene transfer; Luci, luciferase; uDys; microdystrophin.
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responses to the r/ uced r,xwg,.

significant side effects (Supplementary Table S1). Also, mean
serum creatine kinase levels were not significantly different
between the treatment groups (Supplementary Table S1).

Transgene expression in rAAV-injected dogs
(macroscopic and histopathologic analysis)

We next investigated the efficacy of the intra-amniotic rAAV-
microdystrophin injections and systemic rAAV transduction. To
evaluate long-term transduction efficiency, we performed necrop-
sies 127 weeks after intrauterine gene delivery (123 weeks after
cesarean section, and 115 weeks after systemic gene delivery). The
heart and diaphragm were analyzed macroscopically. Surprisingly,
the thickness of left ventricle (LV) and intraventricular septum
(IVS) of the transduced and systemically injected affected dog
(6102MA) appeared normal. The skeletal muscles (tibialis anterior
and diaphragm) and cardiac muscle of the transduced dogs were
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Figure 2 Clinical manifestations in the rAAV-transduced dogs. (a)
Body weight changes in four dogs transduced with rAAV9-microdystro-
phin and rAAV-luciferase via amniotic fluid injection. (b) Clinical grading
scale used to assess the transduced dogs. Clinical scores used to measure
gait disturbance, mobility disturbance, limb or temporal muscle atrophy,
drooling, macroglossia, and dysphagia are described (Supplementary
Table $2).

analyzed by immunohistochemical staining using antiluciferase
and antidystrophin antibodies (Figures 3 and 4b). The transduced
unaffected (normal) dog (6101MN) showed prominent expression
of the marker gene. Dog 6104 MA (transduced with the intra-amni-
otic vector, without systemic injection of rA AV-microdystrophin)
also showed prominent marker gene expression, but no dystrophin
expression. Dog 6102MA (transduced with the intra-amniotic
vector followed by systemic rAAV-microdystrophin injection at 6
weeks of age) showed clear marker gene expression and dystrophin
expression even at 2 years and 4 months of their age.

H&E-stained LV sections of heart tissue from the untransduced
affected dog (6105MA ) showed evidence of cardiac damage, includ-
ing interfascicular fatty infiltration throughout; however, little evi-
dence was evident in the heart tissue from 6102MA (Figure 4).

The diaphragm was hypertrophic and more fibrotic changes
were evident in dogs 6105MA and 6104MA than in 6102MA
(Figure 3b,c). Fibrotic areas of the diaphragm in dogs 6102MA
were less than in 6105MA (Figure 3¢,d). Indeed, the intercostal
muscles of 6102MA were thicker than those of 6105MA (data not
shown). Furthermore, we found necrotic myofibers in 6105MA
and 6104MA. Variance coefficiences of the muscle fiber size deter-
mined in diaphragm muscles of 2 years and 4 months old 6102MA
was 499.4 +20.1, whereas the variance coefficience of the muscle
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Figure 3 Immunohist el etection of the transgene in the skeletal muscle. Immunohistochemical staining for luciferase and dystrophin is
shown in cross-sections of muscle tissue from the negative control dog (6105MA), the intra-amniotic vector-transduced affected dog (6104MA) and
the affected dog with intra-amniotic vector transduction followed by systemic AAV injection (6102MA). (a) Tibialis anterior and (b) diaphragm, at
2 years and 4 months of age. Scale bars = 100 um. (c) Fibrillization of the diaphragm of the 6101MN, 6102MA, 6104MA, and 6105MA. Sirius Red
staining of the diaphragm of the affected dogs. (d) Fibrotic areas of the both dogs are estimated by BZ-analyzer software (Keyence, Osaka, Japan)
and analyzed by Image) software. *P < 0.001 unpaired t-test.
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