Transduction of Dog Skeletal Muscie With rAAVS

»
=2

Courds
Counts
<c338888838

RLY

- AR -

5 20,

Normahzes sxppenssn Q.

MyCss

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 RPMI (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 i anti-
body and isotype control. (c) DCs were transduced with rAAV-luciferase
(1 x 108vg/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. (@) 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, dogswere biopsied 4 and 8 weeks after limb perfusion with rAAV8-
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
rAAVS. mRNA levels of MyD88 and costimulating factors such
as CD80, CD86, and type I interferon (interferon-p) 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 rAAV2 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 rAAVS8 (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 rAAV8-injected
muscles did (Figure 3a). Considering the stringent immuno-
genicity of lacZ gene expression, we normalized the activity of
TGF-B1 and IL-6 by lacZ expression to exclude the effect of trans-
gene products (Supplementary Figure $3a). The total activity of
TGE-B1 and IL-6 in the rAAV8-injected muscles was higher than
that in rAAV2-injected muscles (Supplementary Figure S3b).
As a result, rAAV2 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 rAAV-injected dogs (Figure 3b). Antibodies against AAV2
and AAVS 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 AAV2 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.' "
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 yet to be elucidated. We prepared bone marrow-derived DCs
to investigate rAAV-mediated transduction of DCs. The differ-
ence between rAAV2 and rAAVS in respect of the transduction
rate of DCs in vitro was no greater than the difference in distinct
f-gal expressions in vivo (Figure 2,4c). Quantitative analysis of
mRNA of the transduced DCs by RT-PCR revealed that both
rAAV2 and rAAVS upregulated the expression of costimulating
factors, with no significant difference between mRNA levels in
rAAV2- and rAAV8-transduced cells. Therefore, both rAAV2
and rA AV8 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). rAAV8-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 rAAVS-
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 long-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. Itisalso necessary to improve vector constructs or
regulate immune reaction against transgene products. Recently,
Wangetal. reported sustained AAV6-mediated human microdystro-
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 rAAV?2 but also rAAV8 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-a or -B blockade could
help avoid host immune reaction.

In summary, we achieved successful rAAV8-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 rAAV8 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 lacZ 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 AAV2 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 pSE18-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, 1acZ-Q60: forward
primer 5-TTATCAGCCGGAAAACCTACCG-¥, 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 rAAV8-lacZ (1 x 10"-10"vg/ml)
were injected intramuscularly into the tibialis anterior muscles and 1 ml
into the extensor carpi radialis muscles of the normal dogs under ultra-
sonographic guidance. rAAV8-M3 (1 x 10%vg/ml) was intramuscularly
injected at a volume of 2 ml into the tibialis anterior muscles and 1 ml into
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 cuff 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 300 mm 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 rAAV8-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 (10pum) from the rAAV-
lacZ-injected muscles were stained with hematoxylin and eosin or
5-bromo-4-chloro-3-indolyl-B-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
(CAL13.1E4, Serotec, Oxford, UK), canine CD8a (CAS9. JD3, Serotec), and
double-stained with rabbit polyclonal antibody against a-sarcoglycan.’
The signal was visualized with an Alexa 568-conjugated anti-mouse 1gG,
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-3, 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 TGF-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/t Tris-HCl, 10 mmol/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 IgM (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 10° 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 dilution 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 570 nm, 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 2 ml 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 rAAV8-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 CD80; 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 [FN-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 54, Intramuscular injection of rAAV8-M3 into CXMD,
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Figure S$5. long-term p-gal expression using
injection.
Table S1. Protein expression analyzed with Image].

limb perfusion
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