Transduction of Dog Skeletal Muscle With rAAV8

addition, intravascular delivery was performed as a form of limb
perfusion, in an attempt to bypass the immune activation of DCs
in the injected muscle.”” We investigated the transgene expression
and host immune response to two distinct serotypes of rAAV in
normal and dystrophic dogs after direct intramuscular injection
and after limb perfusion.

RESULTS

Extensive expression of B-galactosidase

in rAAV8-transduced muscles in wild-type dogs

We administered nonincisional intramuscular injections under
ultrasonographic guidance so as to minimize injury. With inci-
sional injection, the ordinary method of intramuscular viral
administration in dogs,? the skin is opened to identify the individ-
ual muscles. This may enhance the immune reaction by recruit-
ing inflammatory cells for wound healing. After nonincisional
injection of rAAV2-lacZ, faint P-galactosidase (B-gal) expres-
sion was detected, whereas lymphocyte infiltration still occurred
(Supplementary Figure S1). To investigate the transduction
efficiency of rAAVS in canine skeletal muscle, normal dogs were
transduced with rAAV-lacZ serotypes 2 and 8 (Table 1). Prominent
expression of P-gal was observed in the rAAV8-lacZ-injected
muscles, whereas the rAAV2-lacZ-injected muscles showed mini-
mal transgene expression (Figure 1). While B-gal expression in
the rAAV8-injected muscle was correlated with the viral dose,

Table 1 Summary of gene transduction experiments
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B-gal expression in the rAAV2-injected muscle was not aug-
mented with viral dose escalation. However, rAAV8-lacZ-injected
muscles, which showed extensive B-gal expression at 2 weeks,
also exhibited reduced expression at 4 weeks after the injection,
thereby suggesting that the transgene product had immunogenic-
ity (Supplementary Figure 52).

To evaluate the difference in transduction efficiency between
rAAV?2 and rAAVS at 2 weeks after the injection, relative quanti-
fications of the vector genome and mRNA were performed. The
result demonstrated higher transduction rates in the rAAVS-
injected muscles as increasing amounts of the vector were admin-
istered (Figure 2a,b). The amount of protein expression was
also well correlated with that of transgenic DNA (Figure 2c,
Supplementary Table S$1). Immunohistochemical analysis
revealed that the rAAV2-injected muscles showed much more
infiltration of CD4* and CD8* T lymphocytes in the endomysial
space than the rAAV8-injected muscles did (Figure 3a). mRNA
levels of TGF-B1 and IL-6 (representative markers of inflamma-
tion) in the rAAV-injected muscles were standardized with the
f3-gal expression. rAAV2-injected muscles had higher TGF-g1 and
IL-6 expression than rA AV8-transduced muscles (Supplementary
Figure $3). We also examined humoral immune responses against
the rAAV particles in the sera of rAAV-injected dogs. The levels
of serum IgG in reaction to rAAV2 or rAAVS gradually increased
with time in both serotypes (Figure 3b). These results suggest

Transgene expression? Cellular infiltration®

Dog ID Sex Age® BWF sel;?;:y\i)e Transgene Route Muscle Vector dosec 2 weeks 4 weeks 8 weeks 2 weeks 4 weeks 8 weeks
2201MN M 10 45 lacZ im. TA,ECR 1x 101 - - - ++
3004MN M 5 28 2 lacZ im. TA,ECR 1 x 101 + - + +

3007FN F 5 2.5 2 lacZ im. TA,ECR 1x10% + + ++ ++

2204FN F 10 25 2 lacZ im. TA,ECR 1x10% - - + ++

2801FN F 10 5.2 2 lacZ im. TA,ECR 1x 101 + - + ++
2901MN M 6 2.8 2 lacZ im.  TA,ECR 1 x 101 - +

7M48 M 7 33 2 lacZ im, TA,ECR 1x10% +

2206FN F 10 3.0 2 lacZ im. TA,ECR 1x10%¥ + + + ++
2205MN M 10 42 8 lacZ im. TA,ECR 1x 101 ++ + ++
2905MN M 6 238 8 lacZ im. TA,ECR 1 x 10" + -

NL52F F 10 35 8 lacZ im.  TA,ECR 1x10% +++ +

2106FN F 6 3.2 8 lacZ im. TA,ECR 1x10 4+ - - ++

7M49 F 6 32 8 lacZ im. TA,ECR 1x 1012 + - ++ +
209FMN M 7 33 8 lacZ  im. TAECR  1x10% 4+

2903MN M 6 3.2 8 lacZ im. TA,ECR 1x 101 +++ +

2209MN M 10 43 8 lacZ im. TA,ECR 1x10% +++ + + +t+

2309FA F 6 3.2 8 M3 im. TA,ECR 1x 101 + +

LH49F F 8 33 8 lacZ iv. 1x 104 +H+ +

3805MN M 6 35 8 lacZ iv. 1x 10" +++ + + +
2704FA F 8 36 8 M3 iv. 1x10M + +4+

400IMA M 6 32 8 M3 iv 1x 10 +++ +

BW, body weight; F, female; M, male.

2Age at injection (weeks). "BW at injection (kg). “Vectors (vg/ml) were intramusculanly (i.m.) injected into extensor carpi radiolis (ECR) (1 ml) and tibialis anterior (TA) (2ml)
on both sides. Vectors were also intravenously (i.v.) injected into the lateral saphenous vein (vg/kg/limb) by using limb perfusion method. *f-Gal or microdystrophin-
positive fibers per 3,000 fibers: -, 0; £, <100; +, <300; ++, <1,000; +++, >1,000. “Infiltrating cells: —, not detected; +, a few; +, moderate; ++, extensive,
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Figure 1 Canine skeletal muscles stained for p-galactosidase. Two
milliliters of rAAV2-lacZ or rAAV8-lacZ (1 x 10"-10"vg/ml) were
injected intramuscutarly into the tibialis anterior (TA) muscle of normal
dogs (n = 16) under ultrasonographic guidance. The muscles were biop-
sied 2 weeks after the injection. Upper: rAAV2-lacZ-injected TA muscles,
Lower: tAAV8-lacZ-injected TA muscles. Bar = 200 pm. :
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Figure 2 Quantification of viral vector genome, mRNA, and trans-
gene expression. (a) Relative quantification of genomic PCR for rAAV2-
lacZ-injected muscle (black bars) or rAAV8-lacZ-injected muscle (gray
bars). DNA samples were extracted from the TA muscles. *P< 0.05. **P<
0.01. Error bars represent 2 SD. (b) Relative quantification showed more
extensive B-gal MRNA expression caused by rAAV8-lacZ (gray bars) as
compared to that caused by rAAV2-lacZ (black bars). 185 rRNA was used
for an internal control. ***P < 0.05. Error bars represent 2 SD. (¢) Western
blots of p-gal protein (120kDa) and a-actin (42kDa); the p-gal signal was
normalized to a-actin for comparison.

that cellular and humoral immune responses are elicited in both
rAAV2- and rAAV8-transduced muscles.

Bone marrow-derived DC reactions to rAAV2

and rAAV8

We next cultured bone marrow-derived DCs to investigate
their response to rAAV injection in dogs. Flow cytometric
analyses of these cells at 7 days of culture revealed marked
expressions of CD11lc and MHC class II molecules on the
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Figure 3 Immune response to rAAV. (a) Lymphocyte infiltration after
rAAV transduction. Muscles were biopsied 2 weeks after rAAV2- or rAAVS-
lacZinjection (2 x 10'2vg/muscle). Serial cross-sections were stained with
p-gal and H&E, and were immunohistochemically stained with antibod-
ies against canine CD4, CD8a (Alexa 568, red), and a-sarcoglycan (a-SG,
Alexa 488, green). Upper: rAAV2-facZ-injected TA muscle; lower: rAAVS8-
lacZ-injected TA muscie. Bar = 100um. (b) Humoral immune responses
to rAAV capsid in dogs. Serum was collected weekly from rAAV2- or
rAAVS-JacZ-injected dogs and analyzed for the presence of IgG antibody
against the rAAV2 or rAAVS capsid. The data represent dilution rates with
50% reactivity of anti-rAAV2 (black boxes) and anti-rAAVS (gray boxes)
capsid antibodies. The mean reconstitution values are shown as straight
lines. Each symbol represents an individual dog that was injected with
rAAV at 2 x 10"*vg/muscle.

surface (Figure 4a,b). The DCs were cultured with the rAAV-
Tuciferase of either serotype 2 or 8 for 48 hours to evaluate
transduction efficiency, or cultured with rAAV-lacZ for 4 hours
to investigate kinetic changes in mRNA. The luciferase assay
showed that the transduction efficiency of rAAV2-luciferase
in DCs was approximately two times that of rAAV8-luciferase
(Figure 4c). mRNA levels of MyD88 and costimulating factors,
such as CD80, CD86, and type I interferon (interferon-f, IFN-§)
were elevated in both conditions (Figure 4d), suggesting that
rAAVS also induces a considerable degree of innate immune
response in dog skeletal muscles. Although rAAV2-transduced
DCs showed higher IFN-p expression than rAAV8-transduced
DCs, the differences between the effects of rAAV2 and rAAVS |
on the mRNA levels of MyD88, CD80, CD86, and IFN- were
not statistically significant.

Successful microdystrophin gene transfer

with rAAV8 into dystrophic dogs

Dystrophin expression in normal skeletal muscle is localized
on the sarcolemma, whereas it is totally absent in CXMD, dogs
(Supplementary Figure S4a,b). Microdystrophin expression in
the rAAV8-injected skeletal muscle of CXMD, dogs was main-
tained, even in the absence of any immunosuppressive therapy,
for at least 4 weeks after the injection (Table 1). Previously, we
had shown that microdystrophin expression of ca 20% was suf-
ficient to achieve functional recovery in mdx mice®. However, the
amount of the expression in intramuscularly injected muscles
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Figure 4 Responses of dendritic cells (DCs) to rAAV in dogs. Bone
marrow-derived DCs were obtained from the humerus bones of dogs
and cultured in RPM! (10% FCS, p/s) for 7 days with canine GM-CSF
and IL-4. (a) Flow cytometric analysis of cell surface molecules on day 7.
The cells were stained with PE-conjugated CD11c¢ antibody and isotype
control. (b) DCs were stained with FITC-conjugated MHC Class Il anti-
body and isotype control. () DCs were transduced with rAAV-luciferase
(1 x 10°vg/cell) for 48 hours. To analyze luciferase expression relating to
the use of rAAV2 or rAAVS, relative light unit (RLU) ratios were measured.
*P < 0.01. Error bars represent s.e.m., n = 8. (d) DCs were transduced
with 1 x 10%vg/cell of rAAV2 (black bars) or rAAV8-lacZ (gray bars) for
4 hours, and mRNA levels of MyD88, CD80, CD86, and IFN-B were
analyzed. Untransduced cells were used as a control to demonstrate the
relative value of expression. The results are representative of two inde-
pendent experiments. Error bars represent s.e.m., n=3.

seemed to be insufficient to produce the expected functional
recovery (Supplementary Figure S4c).

For more efficient gene delivery by rAAVS, we tried a limb
perfusion method in the hind limb through the lateral saphen-
ous vein, in an attempt to prevent muscle damage due to direct
injection and to bypass immune activation through DCs in the
injected muscle. We had observed highly efficient B-gal expres-
sion in nearly all the muscles of the distal hind limb at 2 weeks
after a single injection (Table 1, Figure 5a). We then injected
rAAV8-M3 into the hind limbs of CXMD, dogs, using the same
method (Table 1). The induction of microdystrophin expression
in the muscle at 4 weeks after intravascular injection was more
efficient and free of noticeable immune response as compared
to intramuscularly injected muscle (Figure 5b, Supplementary
Figure S4d). These results suggest that the intravascular method
is superior to the intramuscular method of administration.
Although microdystrophin expression persisted at 8 weeks after
injection of rAAV8-M3, the number of microdystrophin-positive
cells at this time point was lower than in the muscles that were
sampled at 4 weeks after injection. It is clear, therefore, that long-
term microdystrophin expression can be obtained by the limb
perfusion method, but that the expression does not last at the
same level over a period of weeks. The same phenomenon was
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Figure 5 rAAV8-mediated muscle transduction using the limb perfu-
sion method. (a) Transduction of normal dog with rAAV8-lacZ, using the
limb perfusion method. Muscles were biopsied 2 weeks after the injec-
tion and stained with B-gal and H&E. TA, tibialis anterior, EDL, extensor
digitorum longus. Bar = 200um. (b) Transduction of canine X-linked
muscular dystrophy in Japan (CXMD) dog with rAAV8-M3. Muscles of
CXMD, dogs were biopsied 4 and 8 weeks after limb perfusion with rAAVS-
M3. Samples were immunohistochemically stained with anti-dystrophin
antibody (dys2, NCL). Left: nontreated CXMD, muscle. Middle and right:
muscles injected with rAAV-M3 using limb perfusion method, examined
at 4 or 8 weeks after the transduction. Bar = 100um.

observed in rAAV8-lacZ-transduced muscles (Supplementary
Figure S5).

DISCUSSION

In this article, we present evidence that the transfer of rAAVS-
lacZ to canine skeletal muscles produces higher transgene expres-
sion with less lymphocyte proliferation than rAAV2-lacZ does,
at 2 weeks after injection. Given the advantages of rAAVS, the
administration of rAAV8-M3 by limb perfusion produced exten-
sive transgene expression in the distal limb muscles of CXMD,
dogs without obvious immune responses for as long as 8 weeks
after injection. However, transgene expression in the rAAVS-
transduced muscles attenuated in the absence of an immuno-
suppressive regimen over the course of observation. In addition,
humoral immune responses were elicited by both rAAV2 and
rAAVS8. mRNA levels of MyD88 and costimulating factors such
as CD80, CD86, and type I interferon (interferon-B) were elevated
in both rAAV2- and rAAV8-transduced DCs in vitro.

In our previous study, we had demonstrated extensive
lymphocyte-mediated immune responses to rAAV2-lacZ after
direct intramuscular injection into dogs, in contrast to the reported
successful delivery of the same viral construct into mouse skeletal
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muscle.’ The fact that the promoter-deleted TAAV2 caused fewer
cytotoxic cellular responses suggested that the massive destruction
of transduced muscle cells might be the result of cellular immunity
against the transgene product. In this study, there was extensive
expression of B-gal in rAAV8-lacZ-injected canine muscles even
in the absence of any immunosuppressive treatments (Figure 1),
while the rAAV2-lacZ-injected muscles showed minimal B-gal
expression with considerable inflammatory infiltration. If the
transgene product were the main inducer of immune responses,
lymphocyte activation would be correlated with transduction effi-
ciency; however, this is not the case based on our results relating to
the vector genome, mRNA expression level, and protein delivered
through either rAAV2 or rAAV8 (Figure 2). These data suggested
that the rAAV particle is associated with potent immunogenicity.
Besides, B-gal expression disappeared 4 weeks after injection in
the rAAV8-injected muscle as in the rAAV2-transduced muscles
(Supplementary Figure §2). To investigate whether AAV itself has
immunogenicity properties, we further characterized the immune
responses caused by rAAV2 or rAAVS.

Immunohistochemical analysis revealed that the rAAV2-in-
jected muscles showed higher rates of infiltration of CD4* and
CD8* T lymphocytes in the endomysium than rAAVS-injected
muscles did (Figure 3a). Considering the stringent immuno-
genicity of lacZ gene expression, we normalized the activity of
TGEF-p1 and IL-6 by lacZ expression to exclude the effect of trans-
gene products (Supplementary Figure S3a). The total activity of
TGF-B1 and IL-6 in the rA AV8-injected muscles was higher than
that in rAAV2-injected muscles (Supplementary Figure S3b).
As a result, rAAV?2 induced a stronger cellular immune response
than rAAV8 did. To investigate the humoral immune response, we
quantitated neutralizing antibodies against rAAV particles in the
sera of rA AV-injected dogs (Figure 3b). Antibodies against AAV2
and AAVS8 capsids were below the detectable level before the
injection and were elevated with time after the injection. Because
the dogs were bred in a specific pathogen-free facility and not vac-
cinated, we assume that the elevation of antibody levels was not
caused by anamnestic reaction.

Recently, Li et al.'® reported that the AAV?2 capsid can induce
a cellular immune response through MHC class I antigen pre-
sentation with a cross-presentation pathway, and the effects of

"rAAV2 on human DCs have been described.'™® In contrast,
other serotypes such as rAAV8 induced less T-cell activation,!t!
Plasmacytoid DCs are critically important in innate immunity
because of their unsurpassed ability to present adenoviral anti-
gens to T-cells for the generation of primary cellular and humoral
immune responses. > The response of DCs against rAAV in dogs
was vet to be elucidated. We prepared bone marrow-derived DCs
to investigate rAAV-mediated transduction of DCs. The differ-
ence between rAAV?2 and rAAV8 in respect of the transduction
rate of DCs in vitro was no greater than the difference in distinct
B-gal expressions in vivo (Figure 2,4¢). Quantitative analysis of
mRNA of the transduced DCs by RT-PCR revealed that both
rAAV2 and rAAVS8 upregulated the expression of costimulating
factors, with no significant difference between mRNA levels in
rAAV2- and rAAV8-transduced cells. Therefore, both rAAV2
and rAAV8 may activate innate immunity in the context of exten-
sive muscle transduction. Whereas AAV capsids cause immune
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response, transgene products may play adjuvant roles in the
immunity to the AAV capsids.”

rAAV8 encoding the human microdystrophin gene was also
intramuscularly injected into the skeletal muscles of CXMD,
dogs. rAAV8-mediated gene expression without any immunosup-
pression was confirmed over a period of 8 weeks after the injec-
tion, whereas there was much less transduction with the use of
rAAV?2 (data not shown). rA AV8-mediated transduction was also
expected to provide effective intravenous delivery.”” In this con-
text, the venous system is an attractive route for limb perfusion
administration because it is a direct channel to multiple muscles
of the limb. Moreover, veins are easier to access through the skin
and there is less potential for muscle damage during injection.
By using the limb perfusion method, we could reach nearly all
the muscles of the lower limb, held transiently isolated by a tour-
niquet around the thigh. Limb perfusion administration could
possibly have the potential to bypass the DC recognition caused
by intramuscular injection. We intravenously injected rAAVS8-
lacZ into the hind limbs of normal dogs and rAAV8-M3 into the
hind limbs of CXMD, dogs, and obtained more extensive expres-
sion of B-gal or microdystrophin than by intramuscular injection.
Interestingly, the inflammatory response was not significant in the
intravenously injected muscles, although no immune suppression
was attempted. We think that one reason rAAV8-M3 resulted in
better expression than rAAV8-lacZ is that the immunogenicity of
M3 is lower than that of lacZ. Although microdystrophin expres-
sion was lower at 8 weeks after the transduction with the limb
perfusion, cellular infiltration was not significant.

. In the future, systemic delivery of rAAV8-microdystrophin
could ameliorate the symptoms of DMD patients. Even though
portal vein injection of rAAV2-FIX into hemophilia B dogs pro-
duced Iong-term expression, a clinical study failed to demonstrate
long-term expression in humans.”** In advance of future clinical
trials, several studies are required to confirm safety. Sequential
peripheral blood monitoring showed no severe adverse events,
including liver dysfunction, during 8 weeks (data not shown). We
are now developing a systemic delivery strategy with a muscle-
specific promoter. Itis also necessary to improve vector constructs or
regulate immune reaction against transgene products. Recently,
‘Wangetal. reportedsustained AAV6-mediatedhumanmicrodystro-
phin expression in dystrophic dogs for 30 weeks, using combined
immunosuppressive therapy of Ciclosporin, Mycophenolate
Mofetil, and anti-thymocyte globulin.® In this study with rAAVS-
M3, we confirmed effective transduction into dog skeletal muscle
for 4 weeks without immunosuppressive therapy. However, consid-
ering the fact that not only rAAV2 but also rAAVS induced activa-
tion of DCs in vitro, immunological modulation would be required
for sufficient long-term expression. A novel protocol with systemic
or localized immunosuppression using immunosuppressive drugs
or local immunosuppression with an IFN-« or -f blockade could
help avoid host immune reaction,

In summary, we achieved successful rA AV8-mediated muscle
transduction in wild-type dogs as well as in dystrophic dogs by
using the limb perfusion method of administration. Also, by
manipulating bone marrow-derived DCs, we observed the prob-
able contribution of antigen-presenting cells to the immune
response against rAAV8-mediated gene therapy. Although the
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cellular responses against rAAVS were not significant in vivo, this
DC activation may possibly be involved in limiting long-term
transduction when the limb perfusion method is used. The limb
perfusion transduction protocol with improved AAV constructs
or immune modulation would further enhance rAAV8-mediated
transduction strategy and lead to therapeutic benefits.

MATERIALS AND METHODS

Animals. Five- to ten-week-old male and female wild-type dogs obtained
from the Beagle-based CXMD; breeding colony at the National Center
of Neurology and Psychiatry (Tokyo, Japan) were used for the lacZ
gene transduction.’ Six- to eight-week-old CXMD, dogs were used for
microdystrophin gene transduction. All the animals were cared for and
treated in accordance with the guidelines approved by the Ethics Committee
for Treatment of Laboratory Animals at National Center of Neurology
and Psychiatry, where the three fundamental principles of replacement,
reduction, and refinement are also considered. Dogs were not vaccinated
to avoid the immune responses to vaccination.

Construction of proviral plasmid and recombinant AAV  vector
production. The AAV2 vector proviral plasmids harboring the lucZ or
luciferase gene with a CMV promoter and SV40 late-gene polyadenylation
sequence were propagated.® As a therapeutic gene for DMD, the human
microdystrophin gene, M3, was used under the control of the CMV pro-
moter and a bovine growth hormone polyadenylation sequence The
vector genome was packaged into the AAV?2 capsid or pseudotyped AAVS
capsid in HEK293 cells. A large-scale cell culture method with an active
gassing system was used for transfection.” The vector production process
involved triple transfection of a proviral plasmid, an AAV helper plasmid
PAAV-RC (Stratagene, La Jolla, CA) or p5SE18-VD2/8, and an adenovirus
helper plasmid pHelper (Stratagene).* All the viral particles were puri-
fied by CsCl gradient centrifugation. The viral titers were determined by
quantitative PCR using SYBR-green detection of PCR products in real
time with the MyiQ single-color detection system (Bio-Rad, Hercules,
CA) and the following primer sets: for AAV-lacZ, lacZ-Q60: forward
primer 5-TTATCAGCCGGAAAACCTACCG-3', and reverse primer
5. AGCCAGTTTACCCGCTCTGCTA-3; for AAV-microdystrophin:
forward primer 5'-CCAAAAGAAAAAGGATCCACAA-3', and reverse
primer 5'-TTCCAAATCAAACCAAGAGTCA-3"; and for AAV-luciferase:
forward primer 5-GATACGCTGCTTTAATGCCTTT-3', and reverse
primer 5'-GTTGCGTCAGCAAACACAGT-3".

Direct administration of rAAVs into normal and dystrophic skeletal
muscle. Experimental dogs (n = 16) were sedated with isoflurane by mask
inhalation and intubated. Anesthesia was maintained with 2-4% isoflu-
rane. Two milliliters of rAAV2-lacZ or rAAVS-lacZ (1 x 10"-10" vg/ml)
were injected intramuscularly into the tibialis anterior muscles and 1ml
into the extensor carpi radialis muscles of the normal dogs under ultra-
sonographic guidance. tAAVS-M3 (1 x 10¥vg/ml) was intramuscularly
injected at a volume of 2ml into the tibialis anterior muscles and 1 mlinto
the extensor carpi radialis muscles of a CXMD, dog.

Intravenous delivery of rAAVs into the limb veins of dogs. Intravenous
injection was administered as described elsewhere.” Briefly, a blood
pressure cutf was applied just above the knee of an anesthetized nor-
mal dog. A 24-gauge intravenous catheter was inserted into the lateral
saphenous vein, connected to a three-way stopcock, and flushed with
saline. With the blood pressure cuff inflated to over 300mm Hg, saline
(2.6 ml/kg) containing papaverine (0.44 mg/kg, Sigma-Aldrich, St Louis,
MO) and heparin (16 U/kg) was injected by hand over 10 seconds. The
three-way stopcock was connected to a syringe containing rAAV8-lacZ
(1 x 10" vg/kg, 3.8 ml/kg). The syringe was placed in a PHD 2000 syringe
pump (Harvard Apparatus, Edenbridge, UK). Five minutes after the
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papaverine/heparin injection, the rAAVS-lacZ was injected at a rate of
0.6 ml/second. Two minutes after the rAAV injection, the blood pressure
cuff was released and the catheter was removed. The CXMD, dogs were
injected with rAAVS-M3 using the same method.

Sampling of transduced muscles. Either the muscles of the transduced
dogs were biopsied or the animals were killed at 2, 4, and 8 weeks after
the injection. We sampled tibialis anterior and extensor carpi radialis
muscles on both sides in the intramusculary transduced dog. In the case
of the limb perfusion study, tibialis anterior or extensor digitorum lon-
gus muscle of the injected side of the leg was sampled. For biopsy and
necropsy, the individual muscle was cropped tendon-to-tendon, divided
into several pieces, and immediately frozen in liquid nitrogen-cooled
isopentane. Two to eight blocks were sampled from the transduced
muscle. We analyzed at least 30 sections from the blocks to observe the
general representation.

Histological analysis. Transverse cryosections (10um) from the rAAV-
lacZ-injected muscles were stained with hematoxylin and eosin or
5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside.** Eight-micrometer-
thick cryosections from the rAAV-M3-injected muscles were immu-
nohistochemically stained as described* Briefly, the cryosections were
fixed by immersion in cold acetone at —20°C. Fixed frozen sections were
blocked in 5% goat serum in phosphate-buffered saline at room tempera-
ture and incubated with mouse monoclonal anti-dystrophin C-terminal
antibody (NCL-dys2, Novocastra, Newcastle upon Tyne, UK). The signal
was visualized with an Alexa 568-conjugated anti-mouse IgG. Fluorescent
signals were observed using a confocal laser scanning microscope (Leica
TCS SP, Leica, Heidelberg, Germany). Immunohistochemical analyses
were performed with mouse monoclonal antibodies against canine CD4
(CA13.1E4, Serotec, Oxford, UK), canine CD8a (CA9. JD3, Serotec), and
double-stained with rabbit polycional antibody against a-sarcoglycan™
The signal was visualized with an Alexa 568-conjugated anti-mouse IgG,
and 488-conjugated anti-rabbit IgG.

Detection of AAV genomes. Total DNA was extracted from muscle cryo-
sections. Cryosections were homogenized using a Multi-beads shocker
(Yasui Kikai, Osaka, Japan), and extracted using a Wizard SV Genomic
DNA purification system (Promega, Madison, WI). The rAAV genome
was detected by relative quantitative PCR using SYBR-green detection of
PCR products in real time with a primer set of lacZ-Q60. For an internal
control, forward primer, 5'-GAACACGCGTTAATAAGGCAATCA-3,
and reverse primer, 5-CTGACATTCATCGCATCTTTGACA-¥, directed
to an ultra-conserved region, were used.”

Real-time RT-PCR. Total RNA was isolated from cryosections using a
Multi-beads shocker (Yasui Kikai), and RNeasy Fibrous Tissue Mini kit
(Qiagen, Hilden, Germany), and first-strand cDNA was synthesized using
a QuantiTect Reverse Transcription kit (Qiagen). mRNA was detected
using primer sets of lacZ-Q60, forward primer 5-TGATGGCTA
CTGCTTTCCCTAC-3' and reverse primer 5-GAGATTTTGCCGA
GGATGTACT-3' for IL-6, and forward primer 5'-CAAGGATCTGGGC
TGGAAGTGGA-3' and reverse primer, 5'-CCAGGACCTTGCTGTA
CTGCGGT-3' for TGE-B1. For an internal control, a primer set of 18S
rRNA (Ambion, Foster City, CA) was used.

Western blot analysis. Muscle cryosections were homogenized with
four volumes of sample buffer (10% SDS, 70 mmol/l Tris-HCL, 10mmol/l
EDTA, and 5% B-mercaptoethanol). The samples were boiled for 5 minutes
and centrifuged at 14,500 rpm for 15 minutes. Protein samples (30 g per
lane) were electrophoresed on a 7.5% polyacrylamide gel (Bio-Rad). The
membranes were incubated with a 1:1,000 dilution of the primary anti-
body for detecting 120kDa lacZ protein (rabbit anti-B-galactosidase IgG
fraction, Molecular Probes, Eugene, OR) or 42kDa a-actin (mouse anti
a-sarcomeric actin IgM, Sigma-Aldrich). Anti-rabbit IgG peroxidase F(ab")
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(GE Healthcare, Buckinghamshire, UK), or peroxidase-conjugated donkey
anti-mouse 1gM (Jackson ImmunoResearch Laboratories, West Grove,
PA) was used for ECL immunodetection (GE Healthcare). Quantification
of LacZ protein was performed using a specialized software (Image], US
National Institutes of Health, Bethesda, MD).

ELISA for anti-canine AAV IgG. A microtiter plate (MS-8596F, Sumitomo
Bakelite, Tokyo, Japan) was precoated with promoter-deleted rAAV2 or
rAAVS (2 x 107 genomes/well) and blocked with a blocking buffer (Block
Ace, DS Pharma Biomedical, Osaka, Japan). The plate was incubated for
2 hours at room temperature with the sera from rAAV-transduced dogs,
followed by a 1:5,000 ditution of peroxidase-conjugated rabbit anti-dog
IgG (Sigma-Aldrich) for 1 hour. Color was visualized using a peroxidase
substrate system (TMBZ, ML-1120T, Sumitomo Bakelite). Reactivity was
detected at a wave-length of 450nm with a reference at 570nm, using
an APPLISKAN Multimode Reader (Thermo Fisher Scientific, East
Greenbush, NY).

Bone marrow aspiration and preparation of DCs. After the dogs were
anesthetized with thiopental and isoflurane, ~0.5ml of bone marrow
was obtained from each humerus by aspiration with a syringe con-
taining 2ml of 16 mmol/l EDTA-2Na PBS. Bone marrow-derived DCs
were generated as described.!® Mononuclear cells were isolated by
density centrifugation using Histopaque-1077 (Sigma-Aldrich). Cells
were suspended in RPMI-1640 culture medium (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (MP Biomedicals,
Aurora, OH) and 1% penicillin-streptomycin (Sigma-Aldrich), and
cultured at 37°C in a humidified 5% CO,-containing atmosphere.
Recombinant canine GM-CSF (25 ng/ml, R&D Systems, Minneapolis,
MN) and canine IL-4 (12.5ng/ml, R&D Systems) were added to the
culture medium. On days 3 and 5 of the culture, 60% of the medium
volume was changed. On day 7 of the culture, loosely adherent cells
were collected and used for fluorescence-activated cell analysis. A FACS
Vantage system (Becton Dickinson, Franklin Lakes, NJ) was used for
flow cytometry event collection. For the purpose of examining the
infectious rate of rAAV, cells were cultured for 48 hours with rAAV2-
or 8-luciferase. The luciferase activity of rAAV2- or rAAVS-luciferase
co-cultured cells was estimated using an APPLISKAN Multimode
Reader (Thermo Fisher Scientific). Total RNA was isolated using an
RNeasy Fibrous Tissue Mini kit (Qiagen), and QuantiTect Reverse
Transcription kit (Qiagen). mRNA of cytokines were analyzed using the
primer set, forward primer 5'-GAGGAGATGGGCTTCGAGTA-3 and
reverse primer 5-GTTCCACCAACACGTCGTC-3' for MyD88; for-
ward primer 5'-GCATCATCCAGGTGAACAAG-3' and reverse primer
5-AAGTCAGCAAAGGTGCGATT-3' for CDS80; forward primer
5'-AGGTTACCCAGAACCCAAGG-3 and reverse primer, 5-TTGC
AGGACACAGAAGATGC-3' for CD86; and forward primer 5-ATT
GCCTCAAGGACAGGATAAA-3' and reverse primer 5-TTGACG
TCCTCCAGGATTATCT-3’ for IFN-B. mRNA levels of MyD88, CD80,
CD86, and IFN-B in DCs were normalized with a house keeping gene,
18s rRNA. The mRNA levels in the transduced cells were presented as
ratios relative to the sample obtained from the untransduced DCs.

Statistical analysis. Statistical significance was determined on the basis
of an unpaired, two-tailed Student’s t-test using specialized software
(Statview; SAS Institute, Cary, NC). A P value of <0.05 was considered
significant.

SUPPLEMENTARY MATERIAL

Figure 1. Histological findings with incisional and nonincisional
injection under ultrasonographic guidance.

Figure $2. p-gal expression 4 weeks after injection.

Figure $3. Levels of mRNA were investigated using rAAV-injected
muscles.

Figure $4. Intramuscular injection of rAAV8-M3 into CXMD,

Molecular Therapy

Transduction of Dog Skeletal Muscle With rAAVS

Figure $5. Long-term
injection.
Table $1. Protein expression analyzed with Image].

f-gal expression using limb perfusion
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A 2-bp deletion in exon 74 of the dystrophin gene
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Abstract

Duchenne muscular dystrophy (DMD) is caused by mutation of the dystrophin gene. Cases of dystrophinopathy with a 2-bp
deletion in the dystrophin gene commonly result in DMD. We report here a case of dystrophinopathy in a 9-years-old boy with
a 2-bp deletion in exon 74 of the dystrophin gene; however, the boy had no clear clinical signs of muscle weakness. Immunohisto-
chemical studies with N-terminal (DYS3) and rod-domain anti-dystrophin (DYS1) antibodies revealed that the dystrophin signals
were weaker than in the control sample (non-dystrophinopathy) at the sarcolemma of myofibers, and the studies with C-terminus
anti-dystrophin antibody (DYS2) were negative. Our patient’s mutation is located between the binding sites of a-syntrophin and
a-dystrobrevin. These results suggest that this mutation does not clearly induce muscle weakness at least through the age of 9 years.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Dystrophin; Exon 74; Duchenne muscular dystrophy; Out of frame; Non-muscle weakness

1. Introduction

Duchenne muscular dystrophy (DMD) and Becker
muscular dystrophy (BMD) are caused by defective
expression of the dystrophin gene, resulting in the
absence of the dystrophin protein in muscle fibers [1].
DMD results from an out-of-frame deletion(s) in the
dystrophin gene resulting in the lack of dystrophin
expression in myofibers [2]. The muscle weakness caused
by the disease is progressive. The symptoms initially
appear as muscle weakness at 2-3 years of age; patients
typically lose the ability to walk by themselves before
the age of 12. In contrast, BMD, which results from

* Corresponding author. Tel.: +81 96 3735197; fax: +81 96 3735200.
E-mail address: kimusige@kumamoto-u.ac.jp (S. Kimura).

0387-7604/$ - see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.braindev.2008.03.004

an in-frame deletion(s) in the dystrophin gene, causes
a milder muscle weakness {3]. In skeletal muscle speci-
mens from DMD and BMD patients, necrosis and
regenerating fibers are often observed. An immunohisto-
chemical study of DMD with anti-dystrophin antibodies
revealed no staining of the surface membrane of the
muscle fibers, but a corresponding study of BMD
showed weak and patchy staining [4].

Dystrophin binds both to cytoskeletal actin and to
the cytoplasmic tail of the transmembrane dystrophin—
glycoprotein complex [5], important members of which
are o~, B-dystroglycan, a-, B-, y-, 8-sarcoglycan, laminin
o2, and integrin o7. In addition, dystrophin also binds
to syntrophin and dystrobrevin as a peripheral cytoplas-
mic subcomplex at exons 73-74 and 74-75, respectively
[6,7], which is thought to function like a signaling pro-
tein. The members of this subcomplex include neuronal
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nitric oxide synthase (nNOS) and aquaporin-4. There-
fore, exon 74 of the dystrophin gene is the key exon.
We report here the case of a 9-years-old boy with a 2-
bp deletion in exon 74 of the dystrophin gene who shows
no clear clinical signs of muscle weakness.

2. Methods and case report
2.1. Case report

The patient is a 9-years-old boy with no familial history
of muscle disease. The patient began to walk indepen-
dently when he was one-year old. He reported muscle pain
in his foot and showed drop foot when he was 2-years old.
His family doctor suspected cerebral palsy and referred
the boy to our hospital staff to confirm the diagnosis when
the patient was 8-years-old. The boy had slight pseudohy-
pertrophy of his calf muscles and mild contracture of his
ankle joints, but he did not show Gowers’ sign. A manual
muscle test did not show muscle weakness. Although the
patient could not run fast during the tests, he did exhibit
the ability to hop. His Achilles and patellar tendon
reflexes were hyperactive, and he had an increased level
of serum creatine kinase (1596 U/mL; normal range,
57-284). The results from magnetic resonance imagery
of the brain, a chest X-ray, and electrocardiography were
normal. The work that the boy has done in school com-
bined with a conversion ability in line with that of normal
9-years-old boys suggests that he does not have mental
retardation.

2.2 Histological studies and Western blotting analysis for
dystrophin

Muscle biopsy specimens were obtained from the
biceps brachii according to a standard protocol. The
biopsy specimens were studied with hematoxylin and
eosin (HE). In addition, immunohistochemical stainings
were performed on cryostat sections with monoclonal
anti-dystrophin, anti-B-dystroglycan, and anti-a-, B-, y-
sarcoglycan antibodies (DYS1, DYS2, DYS3, dystro-
glycan and sarcoglycan: Novocastra Laboratories Ltd.,
UK). Western blotting was performed with the antibody
against the rod domain of dystrophin (DYSI, Novocas-
tra Laboratories Ltd.).

2.3. Mutation analysis of muscle dystrophin gene

Mutational analysis of the dystrophin gene was per-
formed according to the protocol of Surono et al. [8].
The genomic region encompassing exon 74 was ampli-
fied by PCR with g74f (5-CAAATACACTCCT-
GAGTCCCTAACC-3) as the forward primer and
g74r (5-AGATTCCTGGCACTTTTCTATGTGT-3)
as the reverse primer. The amplified product was
purified and subjected to sequencing either directly or

after subcloning into a pT7 blue T vector {(Novagen,
Madison, WI).

3. Results
3.1. Histological studies

The HE staining of the muscle biopsy (Fig. 1A and B)
from the biceps brachii showed slight variations in myo-
fiber size, as well as scattered regenerating fibers and
necrotic fibers (Fig. 1B). An immunohistochemical
study with anti-N-terminus (DYS3) and anti-rod-
domain dystrophin (DYS1) antibodies showed that the
immunoreactivity of the patient was weaker (i.e., less
staining) than that of the control at the surface mem-
brane of the muscle fibers; but, patchy staining was
not observed. Immunoreactivity with antibody for the
C-terminus (DYS2) was not observed (Fig. 1C-H).
Immunohistochemical studies with anti--dystroglycan
(DG) and anti-o-, B-, y-sarcoglycan (SG) revealed
weaker staining signals for the patient than the control
at the sarcolemma of myofibers in skeletal muscle
(anti-B-, y-sarcoglycan: data not shown) (Fig. 1I-L).

The Western blotting analysis with DYS1 for dystro-
phin of skeletal muscle showed that the band size of dys-
trophin in the patient was almost the same as that of the
control and that the quantity of expression in the patient
was lower than that of the control (Fig. 2). Again,
immunoreactivity with DYS2 was not detected (data
not shown).

3.2. Mutation analysis of the dystrophin gene

The dystrophin gene of the index case was analyzed for
mutations. PCR amplification of all 79 exons did not
reveal any deletion mutations. Next, all exons of the dys-
trophin gene were examined by direct sequencing of PCR-
amplified products. In the amplified region encompassing
exon 74, two nucleotides (AG) 104 bp downstream or
55 bp upstream from the 5’ and 3 ends of exon 74, respec-
tively, were absent (c. 10498-10499delAG), resulting in a
frame-shift mutation. This pattern of mutation usually
leads to DMD. The mutation is located before the epitope
of C-terminus (DYS2), which recognizes amino acids
3669-3685 (nucleic acids 11,004-11,054) in exons 78-79
of dystrophin. These data coincide with immunohisto-
chemical studies.

4, Discussion

We report here a case of dystrophinopathy with a 2-
bp deletion in exon 74 of the dystrophin gene. The
patient’s diagnosis should be DMD, as the mutation
typically leads to a frame shift in the dystrophin gene.
However, the patient does not show any clear clinical
signs of muscle weakness at 9 years of age. Western blot-
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Fig. 1. HE staining and immunohistochemical study. Cryostat sections
were prepared from non-dystrophinopathy controls (A, C, E, G, I, K)
and patients (B, D, F, H, J, L). HE staining from the patient (B) showed
slight variations in myofiber size, as well as scattered regenerating fibers
and necrotic fibers. An immunohistochemical study with anti-N-
terminus (DYS3), anti-rod-domain dystrophin (DYS1), anti-B-dystro-
glycan (B-DG), and a-sarcoglycan («-SG) antibodies (D, H, J, L)
showed that the immunoreactivity of the patient was weaker than that
of the control (C, G, I, K) at the surface membrane of the muscle fibers.
However, immunoreactivity with antibody for the C-terminus, DYS2
(F), was not detected in the patient. Bar scale, 100 mm,

ting analysis of the boy’s skeletal muscle tissue demon-
strated some expression of dystrophin, albeit low. This

Cont

P.T.
DMD

dystrophin =

desmin =

Fig. 2. Western blotting analysis for dystrophin of skeletal muscle.
The size of dystrophin from the non-dystrophinopathy control (Cont)
and the patient (P.T.) was almost the same; but, the quantity of the
dystrophin expression in the patient was lower than that of the control.
DMD, Duchenne muscular dystrophy; desmin, internal control.

data suggests that the phenotype more closely resembles
BMD than DMD.

The immunohistochemical study of the patient
showed that a low level of the dystrophin-sarcoglycan
complex at the sarcolemma still remained, because
weaker immunoreactivity of B-dystroglycan and a-, B-,
y-sarcoglycan was observed. Our patient’s mutation (c.
10498-10499delAG in exon 74) is located between the
binding sites of a-syntrophin [amino acids 3444-3494
(nucleic acids 10,330-10,482) in exons 73-74] and a-dys-
trobrevin [amino acids 3501-3541 (nucleic acids 10,501~
10,623) in exons 74-75 of the dystrophin gene] [6,7).
Transgenic mice that express dystrophins with deletions
of exons 71-78 (amino acids 3402-3675) had normal
muscle function and normal localization of syntrophin
and dystrobrevin [9]. These results support the report
by Crawford et al. that the dystrophin-sarcoglycan
complex may directly bind dystrobrevin, which binds
to syntrophin [9]. Our Western blot data also showed
that nNOS, which binds to «-syntrophin, was expressed
in the patient’s muscle (data not shown). Suminaga et al.
reported that a boy with a point mutation (c. C11081T)
that produces an aberrant stop codon in exon 76 of the
dystrophin gene also does not show muscle weakness
[10]. The mild phenotype of our patient may be due to
exon skipping excluding exon 74, which results in an
in-frame shift of the dystrophin gene (as in the above
case). Further experiments are needed to examine this
possibility.

We conclude that a deficiency of the cytoplasmic sub-
complex of dystrophin that binds to syntrophin and dys-
trobrevin does not clearly induce muscle weakness, at
least through 9 years of age.
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Purpose: A clinical trial was conducted to evaluate the safety and efficacy
of alglucosidase alfa in infants and children with advanced Pompe disease.
Methods: Open-label, multicenter study of IV alglucosidase alfa treatment
in 21 infants 3-43 months old (median 13 months) with minimal acid
a-glucosidase activity and abnormal left ventricular mass index by echo-
cardiography. Patients received IV alglucosidase alfa every 2 weeks for up
to 168 weeks (median 120 weeks). Survival results were compared with an
untreated reference cohort. Results: At study end, 71% (15/21) of patients
were alive and 44% (7/16) of invasive-ventilator free patients remained so.
Compared with the untreated reference cohort, alglucosidase alfa reduced
the risk of death by 79% (P < 0.001) and the risk of invasive ventilation
by 58% (P = 0.02). Left ventricular mass index improved or remained
normal in all patients evaluated beyond 12 weeks; 62% (13/21) achieved
new motor milestones. Five patients were walking independently at the end
of the study and 86% (18/21) gained functional independence skills. Over-
all, 52% (11/21) of patients experienced infusion-associated reactions; 95%
(19/20) developed IgG antibodies to recombinant human lysosomal acid
a-glucosidase; no patients withdrew from the study because of safety
concerns. Conclusions: In this population of infants with advanced disease,
biweekly infusions with alglucosidase alfa prolonged survival and invasive
ventilation-free survival. Treatment also improved indices of cardiomyopathy,
motor skills, and functional independence. Geret Med 2009:11(3):210-219.

Key Words: Pompe disease, glycogen storage disease type II, acid
maltase deficiency, Myozyme, alglucosidase alfa, lysosomal acid a-glu-
cosidase, recombinant human GAA, enzyme replacement therapy, car-
diomyopathy, motor development

ompe disease is an autosomal-recessive disorder resulting
from a lysosomal acid a-glucosidase (GAA) deficiency. The
disease causes lysosomal glycogen to accumulate in various

tissues, particularly muscle, resulting in progressive muscle
dysfunction.! The rate of disease progression is, in general,
inversely related to the amount of GAA activity in fibroblasts.
Activity below detection limits leads to rapid accumulation of
glycogen in the muscle, resulting in a rapidly progressive dis-
ease and early death, whereas patients with detectable low GAA
activity tend to experience a slower but relentlessly progressing
disease. Regardless of the level of GAA activity, Pompe disease
is associated with high morbidity and mortality.2

For decades, treatment for all forms of Pompe disease con-
sisted of supportive care to alleviate symptoms. In 2006, alglu-
cosidase alfa, an enzyme replacement therapy (ERT) that spe-
cifically targets the underlying cause of symptoms was
approved for commercial use in North America and the EU.
Alglucosidase alfa provides patients with an exogenous form of
GAA in the form of recombinant human (rh) GAA produced in
transfected Chinese hamster ovary cells. In a clinical trial of 18
nonventilator-dependent infants treated with alglucosidase alfa
beginning at or before 6 months of age,® Cox regression anal-
ysis showed that treatment with alglucosidase alfa reduced the
risk of death by 99% and reduced the risk of death or invasive
ventilation by 92% at 18 months of age (both P < 0.0001)
relative to outcomes in an untreated historic reference cohort. In
addition, left ventricular mass was reduced and a subgroup of
patients achieved significant gross motor milestones.?

Although results from that study were significant, the study
population was limited to young infants at the most severe end
of the disease spectrum who were at a relatively early stage of
disease progression when alglucosidase alfa treatment was ini-
tiated. We sought to evaluate whether treatment was safe and
effective in patients with Pompe disease when alglucosidase
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Enzyme replacement therapy in advanced Pompe disease

alfa therapy was initiated after 6 months of age. The present
study was an open-label, multicenter, multinational evaluation
of the safety and efficacy of alglucosidase alfa in a heteroge-
neous population of Pompe patients with onset of symptoms in
infancy and evidence of cardiomyopathy who were at variable
stages of disease progression (ranging from very advanced and
near terminal to less advanced but still with significant effects in
a variety of organ systems) when treatment was initiated.

MATERIALS AND METHODS

Study design and treatment

Key inclusion criteria were documented onset of Pompe
disease symptoms by 12 months of age (corrected for gestation
if born before 40 weeks); skin fibroblast GAA activity =2% of
the normal mean; age 6—36 months at enrollment; and abnormal
left ventricular mass indices (LVMIs, abnormal value is defined
as =65 g/m® for patients up to 12 months old or >79 g/m* for
patients older than 12 months).* Patients could be dependent on
ventilator support or ventilator-free at enroliment. Exclusion
criteria included clinical signs or symptoms of cardiac failure
with ejection fraction <40%, major congenital anomaly, inter-
current organic disease, and prior treatment with ERT.

Patients were treated with IV alglucosidase alfa (Myozyme®,
provided by Genzyme Corporation) biweekly for a minimum of 52
weeks. Patients’ guardians could then choose to continue treatment
under the study protocol. All patients initially received a dose of 20
mg/kg every 2 weeks. After at least 26 weeks of treatment, dose
augmentation to 40 mg/kg every 2 weeks was allowed if the
patient’s clinical condition (motor, cardiac, or respiratory) had
significantly deteriorated relative to baseline.

Independent Ethics Committees or Institutional Review Boards
at sites in the United States, Europe, and Israel approved protocols
and consent forms. Parents or guardians gave written informed
consent for patients’ participation. Independent boards oversaw
safety (Data Safety Monitoring Board) and provided consultation
on allergic reactions (Allergic Reaction Review Board). The study
is registered at www.clinicaltrials.gov as NCT00053573.

Historical control group

Because infantile-onset Pompe disease is a rapidly fatal
disorder and clinical trials have shown that treatment with
rhGAA can improve survival, cardiac and respiratory function,
growth, and motor development,5-9 ethics forbade using a pla-
cebo group in this study. Instead an untreated historic reference
cohort was culled from a group of cases with infantile-onset
Pompe disease identified through a retrospective chart review
by Kishnani et al.!® The source group included 168 patients
from nine countries and 33 different sites; 55% of patients were
born in 1995 or later. The only inclusion criteria for this
population were documented GAA enzyme deficiency or GAA
gene mutation(s) and onset of signs or symptoms by 12 months
of age. This group was screened with additional inclusion and
exclusion criteria to closely resemble the clinical characteristics
of the treated population in the current study.

Because patients with infantile-onset Pompe disease have a
higher risk of death during the first 12 months of life than
afterward,!0 survival was analyzed separately for those patients
who were =12 months of age at first infusion, those patients who
were >12 months of age, and all treated patients. Because of
limited availability of detailed data regarding other clinical outcomes
in the untreated reference cohort, only survival endpoints were com-
pared with the reference cohort. For all other clinical endpoints,
changes in the treated group were compared with baseline.

Genetics in Medicine * Volume 11, Number 3, March 2009

Efficacy and safety

The primary efficacy endpoint was the proportion of patients
surviving over the course of treatment.!! Efficacy was further
evaluated by measuring invasive and noninvasive ventilator
dependency, LVMI, shortening fraction (an alternative to the
ejection fraction for describing systolic cardiac function),
growth, motor development, functional independence, GAA
activity, and glycogen content in quadriceps muscle tissue.

The Alberta Infant Motor Scale,!2 the Peabody Developmen-
tal Motor Scale, version 2 (PDMS-2),!3 and the Pompe Pediatric
Evaluation of Disability Inventory (PEDI), a disease-specific
version of the PEDI,4-16 were used to assess motor develop-
ment and functional independence at baseline and at regular
intervals thereafter. Motor and cognitive assessments were
scored by a central physical therapist. Although not an efficacy
endpoint, cognitive function was assessed using the Bayley
Scales of Infant Development, 2nd Edition (BSID-II).}7

Left ventricular mass and shortening fraction were measured by
echocardiography. Echocardiograms were read by a central cardi-
ologist who was blinded to patient and time point through Week 52.

To assess safety, patients were observed and vital signs
recorded during each infusion and for 2 hours afterward. Ad-
verse events, including infusion-associated reactions (IARs),
were continuously monitored in all patients.

Anti-tThGAA IgG antibody formation was assessed with an
enzyme-linked immunosorbent assay and confirmed with a ra-
dioimmunoprecipitation assay as previously described.® En-
zyme activity and flow cytometry-based assays were performed

" retrospectively in all seroconverted patients to detect inhibitory

antibodies in patient frozen serum. These two assays were used
to characterize antibody response by inhibition of thGAA en-
zyme activity and interference with uptake into fibroblasts,
respectively.

GAA activity in skin fibroblasts (at baseline) and quadriceps
muscle (at baseline and Weeks 12 and 52) was assayed using
methods previously described.? Cross-reactive immunologic
material (CRIM) status was determined as described previous-
ly.? Briefly, cell lysates derived from patients® fibroblasts were
subjected to western blot analysis with a pool of monoclonal
antibodies that recognize both native and recombinant GAA; re-
sults were confirmed independently by a second laboratory that
performed western blot on blinded cell lysate samples using poly-
clonal antibodies generated against human placental GAA.

Statistical methods

To include all available follow-up data in the analyses, data
were analyzed at various time points, including 52 weeks, 104
weeks, last available follow-up (the last time point at which a
given outcome was measured), and end of study. Survival over
time and ventilation-free survival were analyzed using Kaplan-
Meier time-to-event analysis!!; the binomial proportions of
patients alive and ventilation-free at the end of study were also
calculated. A Cox proportional-hazards model!® incorporating
age at diagnosis and age at symptom onset, with treatment
duration as a time-varying covariate, was used to compare
survival and ventilation-free survival in the study patients to
survival in the untreated historical reference cohort.

RESULTS

Patient population

Twenty-two patients were enrolled but only 21 were treated,
as one patient died of anesthesia-related complications during a
procedure to obtain a muscle biopsy before beginning algluco-
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sidase alfa treatment. Four age-related protocol deviations were
agreed to by the sponsor and the treating physician: three
patients were older than 36 months of age (36.6, 37.3, and 43.1
months) and one was 3.7 months of age at the time of first
infusion. The older patients all showed significant fine and gross
motor development delays, were not able to stand or walk
independently, and had LVMI Z scores of at least 5.4; the
3.7-month-old patient already required ventilator support, and
so was ineligible for other clinical studies of alglucosidase alfa.

The population was 48% male and predominantly white
(Table 1). Baseline GAA activity measured in the skin fibro-
blasts was negligible (<<1%) for all patients; two patients were
CRIM negative. The median age at first infusion was 13 months
(Table 1). All but one infused patient presented with symptoms
by 12 months of age (median 3.0 months; range, 0.0-12.6; ages
not corrected for gestational age at birth). One patient was
included whose first symptoms were recorded at age 12.6
months, or 12.1 month when corrected for gestational age at
birth; although this patient did not meet the age at symptom

onset criterion, the deviation was felt to be quite small and
unlikely to affect the study outcome. GAA gene mutations were
analyzed in all patients who consented (» = 18); each patient
had a unique combination of mutations (data not shown) and
none had the IVS1 (c.~32—13T—G) mutation that is the most
common mutation in adult Pompe patients.!?

Of the 168 patients in the source population for the untreated
historic reference cohort, 84 met the inclusion and exclusion
criteria and had survival data; these were used as comparators in
the survival analyses. Demographics and baseline characteris-
tics were comparable with the study population (data not
shown).

Efficacy results

Survival and ventilator use

Fifteen of 21 patients (71%) treated with alglucosidase alfa
for a median of 120 weeks (range, 0.6—168 weeks) were alive
at the end of the study period. The six patients who died ranged

Table 1 Patient demographics and baseline characteristics

Study population Untreated reference cohort (for survival analysis only)
Parameter n=21 n =86
Gender, n (%)
Male 10 (48%) 36 (42%)
Female 11 (52%) 50 (58%)
Race, n (%)
White 15 (71%) 40 (47%)
Black 2 (10%) 12 (14%)
Hispanic 0 1(1%)
Asian 3 (14%) 28 (33%)
Other/unknown 1 (5%) 5 (6%)
Age at first symptoms, mo”
Mean * SD 3.9+28 3.1 %275
Median (min, max) 3.0 (0.0, 12.6). 3.0 (0.0, 12.0)
Age at diagnosis, mo
Mean % SD 8854 5.8 +3.81
Median (min, max) 6.8 (1.5, 22.6) 5.7 (—5.1,22.7)
Age at first infusion, mo?
Mean = SD 157 £ 11.0
Median (min, max) 13.0 (3.7, 43.1)
Age at death in historical reference cohort, mo®
Median (min, max) 9.8 (5.9,47.9)
95% CI 8.6-10.8

Ventilator support at baseline (first infusion)

Invasive ventilation 5 (24%)
Noninvasive ventilation 2 (10%)
No ventilator support 14 (67%)

“Ages are not adjusted for gestational age at birth,
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in age from 3.7 to 13.0 months at first infusion and from 7.7 to
27.1 months at time of death. Five of these patients died before
18 months of age and early in the course of treatment (before
Week 28); the sixth patient survived until Week 101. The
patients who survived ranged in age from 7.0 to 43.1 months
(mean, 18.8; median, 16.2) at first infusion and from 34.7 to
80.3 months at study end. None of the deaths were assessed by
the treating physician to be related to treatment; causes of death
were cardiac and/or respiratory failure in all cases.

Before treatment, of the 21 patients 16 were free of invasive
ventilation (two of those 16 patients were noninvasively venti-
lated, via mask) and five required 24-hour invasive ventilation
(via tracheostomy). At the end of the study period, seven of
these 16 patients remained alive and free of invasive ventilation,
four had become invasive ventilation-dependent, and five had
died. Among the five patients who were invasively ventilated at
baseline, three continued to require invasive ventilation 24
hours a day, one decreased the number of hours of ventilation
from 24 hours to 12 hours, and one died (Table 2).

The Kaplan-Meier survival estimate at 104 weeks, the last
evaluable time point, was 71.1% (95% [confidence interval] CI:
51.6-90.6%) for study patients, compared with 26.3% (95% CIL:
6.5-46.1%) in the reference group (Table 3). When patients
were divided by age at first infusion, there was no overlap
between the 95% CIs for the 104-week survival estimates
between the study group and the reference group. Cox regres-
sion analysis!® comparing treated patients with patients in the
historical reference group indicated that treatment with alglu-
cosidase alfa reduced the risk of death by 79% (P = 0.0009) and
the risk of death or invasive ventilation by 58% (P = 0.0207)
over the course of the study (Table 4). Note that the risk of death
or invasive ventilation in the study group was compared with
risk of death only in the historical reference group, because
reliable information on ventilation status was not available. Risk
reduction for death or any type of ventilation was not statisti-
cally significant.

Cardiac response

At baseline, all patients showed evidence of left ventricular
hypertrophy (abnormal LVMI and LVM Z score >2) as as-
sessed by the enrolling sites. This assessment was confirmed by
a central, blinded cardiologist who concurred with the sites in
18 of 19 cases where echocardiograms were of sufficient quality
to allow reassessment; one patient had a baseline LVM Z score
of 1.7 on reassessment. Over the course of the study, mean
LVMI improved steadily, resulting in a 42% reduction by Week
52 and a 63% reduction by Week 104 (Table 5). Beyond Week
12, all patients with echocardiograms who had elevated LVMI
experienced further decreases in LVMI and those who were
within the normal range maintained normal L'V mass. By the
time of last echocardiography assessment, 81% (17/21) of pa-
tients showed a reduction in LVM, including 12 patients who
achieved normal LVM (Z score <2; Fig. 1). Of the four patients
in whom LVM did not decrease, one died before any repeat
assessment, and the other three died before the Week 24 assess-
ment. Mean shortening fraction (SF) Z score at baseline was
—1.2. After an initial drop, SF also improved over time (Fig. 1,
Table 5), with mean SF increasing over baseline by 22% at
Week 52 and 30% at Week 104.

Baseline and follow-up LVM Z scores were also analyzed for
patients according to age at first infusion. Mean LVM Z score at
baseline was 6.7 * 1.64 for patients =12 months of age at first
infusion (n = 9) and 4.2 * 2.45 for patients >12 months of age
at first infusion (# = 10), suggesting that younger patients had
more rapid disease progression. At 52 weeks, only four patients
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in the younger group had evaluable echocardiograms; for these
patients mean LVM Z score had decreased to 2.5 £ 3.5. The
mean LVM Z score at 52 weeks for patients > 12 months of age
at first infusion (n = 9) was 1.6 = 1.91. No evaluation of
statistical significance for the change over time between the two
groups was attempted because of the small sample size.

Muscle GAA activity and glycogen content

Mean GAA in muscle at baseline was 12.5 = 11.0 nmoV/
hour/g. By Week 52, all patients receiving repeat biopsies (n =
13) experienced a marked increase in GAA activity with mean
levels of 89.9 * 32.2 nmol/hour/g. Mean glycogen value in
muscle by biochemical analysis at baseline was 7.1 = 2.5%.
After 52 weeks of treatment, 13 patients had repeat biopsies
assessed: glycogen content decreased for six patients, remained
stable for three patients, and increased for four patients relative to
baseline, and mean glycogen decreased to 5.0 * 2.4% (Table 2).

Motor development

Thirteen of 21 patients (62%) had measurable motor devel-
opment gains (AIMS and/or PDMS-2 gross and fine motor
skills) as determined by increases in age-equivalent scores from
baseline to end of study. Of the 13 patients with significant
motor gains, five patients had functional use of the legs and
were walking independently and eight patients had functional
use of the neck, trunk, and upper extremities and were sitting at
the end of the study (Table 2). The remaining eight patients
(38%) made no significant motor development gains from base-
line. At baseline, these eight patients had median muscle GAA
activity below quantifiable levels; they also had generally lower
motor scores at baseline (data not shown). The 13 patients who
had measureable motor development gains had higher baseline
median muscle GAA activity (15.6 nmol/hour/g tissue versus
below quantifiable levels) and better motor scores at baseline
(data not shown). Five of these 13 patients were younger than
12 months old at the time of their first infusion, and five of the
seven patients who did not have measurable motor gains were
also under 12 months of age at first infusion (Table 2).

Functional independence skills

Pompe PEDI scores steadily increased over the course of the
study indicating the acquisition of functiona! skills. From base-
line to last assessment, 17 of 21 patients (81%) demonstrated
consistent gains in at least one of the domains assessed, indi-
cating increased ability to independently perform activities of
daily living related to mobility, self-care, and/or social function.
Three of the four patients without gains died before Week 24
assessment.

Two of 11 patients who were older than 12 months at time of
first infusion showed no improvement in Pompe PEDI scores.
Of those nine who did improve, six showed measurable im-
provement in all three domains assessed. Of the 10 patients
younger than 12 months at first infusion, three showed improve-
ments in all three Pompe PEDI domains.

Physical growth

Growth in body weight and length generally progressed over
the course of the study (Fig. 2). By last assessment, age-
equivalent weight values were at or above the third percentile in
81% (17/21) of patients. Results for age-equivalent length were
similar, with 90% (19/21) of patients at or above the third
percentile at last assessment. Two patients started below the
third percentile in weight, did not improve, and died with <16
weeks on therapy; one patient declined in age-equivalent weight
and subsequently died after 28 weeks on therapy. One patient
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