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ARTICLE

Systemic gene transfer reveals distinctive muscle transduction
profile of tyrosine mutant AAV-1, -6, and -9 in neonatal dogs

Chady H Hakim', Yongping Yue', Jin-Hong Shin'®, Regina R Williams?, Keqing Zhang', Bruce F Smith?* and Dongsheng Duan'#

The muscular dystrophies are a group of devastating genetic disorders that affect both skeletal and cardiac muscle. An effective
gene therapy for these diseases requires bodywide muscle delivery. Tyrosine mutant adeno-associated virus (AAV) has been con-
sidered as a class of highly potent gene transfer vectors. Here, we tested the hypothesis that systemic delivery of tyrosine mutant
AAV can result in bodywide muscle transduction in newborn dogs. Three tyrosine mutant AAV vectors (Y445F/Y731F AAV-1, Y445F
AAV-6, and Y731F AAV-9) were evaluated. These vectors expressed the alkaline phosphatase reporter gene under transcriptional
regulation of either the muscle-specific Spc5-12 promoter or the ubiquitous Rous sarcoma virus promoter. Robust skeletal and car-
diac muscle transduction was achieved with Y445F/Y731F AAV-1. However, Y731F AAV-9 only transduced skeletal muscle. Surpris-
ingly, YA45F AAV-6 resulted in minimal muscle transduction. Serological study suggests that the preexisting neutralization antibody
may underlie the limited transduction of Y445F AAV-6. In summary, we have identified Y445F/Y731F AAV-1 as a potentially excel-
lent systemic gene transfer vehicle to target both skeletal muscle and the heart in neonatal puppies. Our findings have important

implications in exploring systemic neonatal gene therapy in canine models of muscular dystrophy.
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INTRODUCTION
The muscular dystrophies refer to a group of monogenic inherited
muscle diseases characterized by progressive muscle wasting and
weakness.' Although individually they are rare, collectively the
muscular dystrophies affect a large population of patients world-
wide. The first muscular dystrophy gene, dystrophin, was cloned
by Kunkel et al. in 1987.# Mutations in the dystrophin gene result
in Duchenne muscular dystrophy, Becker muscular dystrophy, and
X-linked dilated cardiomyopathy. Since then, more than 40 disease-
causing genes have been identified for various types of muscular
dystrophy.® Breakthroughs in gene discovery have led to strong
enthusiasm for curing these inherited muscle diseases by gene
therapy.5® However, unlike other single-gene disorders (such as
hemophilia), afflicted muscle tissues are distributed all over the
body in muscular dystrophy. Systemic gene therapy is essential in
order to change the natural history of dystrophic muscle diseases.

Adeno-associated virus (AAV) is the first, and currently, only gene
transfer vector capable of effective bodywide transduction.” AAV-
mediated whole-body correction has been demonstrated in murine
models of muscular dystrophies.’®'* However, systemic AAV deliv-
ery remains a daunting challenge in large mammals.™

The AAV capsid is composed of 60 subunits of viral protein 1, 2, and
3in a 1:1:13 ratio. Srivastava et al. recently developed a novel class
of capsid-modified AAV vectors called tyrosine mutants."” In these
vectors, one or multiple surface-exposed tyrosine (Y) residues of the

AAV capsid are changed to phenylalanine (F). Studies from several
laboratories suggest that tyrosine-mutated AAV may have superior
gene transfer efficiency.” ' In this study, we evaluated three tyro-
sine-mutated AAV vectors (Y445F/Y731F AAV-1, Y445F AAV-6, and
Y731F AAV-9) for systemic gene delivery in neonatal dogs. These
vectors expressed the heat-resistant human placental alkaline phos-
phatase (AP) gene under transcriptional regulation of either the mus-
cle-specific Spc5-12 promoter or the ubiquitous Rous sarcoma virus
(RSV promoter). Robust skeletal and cardiac muscle transduction was
achieved in the puppy that received Y445F/Y731F AAV-1.The puppy
injected with Y731F AAV-9 only showed skeletal muscle transduc-
tion. Interestingly, minimal muscle expression was detected in three
puppies that were treated with Y445F AAV-6. Serological study sug-
gests that reduced Y445F AAV-6 transduction may relate to a high
titer of the AAV-6 neutralization antibody (NAb) at birth.

RESULTS

Y731F AAV-9 resulted in bodywide skeletal muscle transduction but
no heart transduction

We have previously shown that systemic AAV-9 injection leads
to widespread skeletal, but not cardiac, muscle transduction in
neonatal dogs at the dose of >2x 10" vg/g.?° To evaluate the sys-
temic transduction profile of Y731F AAV-9, we delivered 1.36x 10"
vg/g of the mutant AAV-9 SPc5-12.AP vector to a puppy (Monica
#4) (Figure 1, Supplementary Figure S1a, and Table 1). Six weeks
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Systemic Y731F AAV-9 injection in a newborn puppy (Monica #4, 1.36x 10" vg/g of SPc5-12.AP) resulted in bodywide skeletal muscle

transduction. Representative photomicrographs of AP histochemical staining in (a) skeletal muscles, (d) heart muscles, and (g) internal organs. Scale
bar =100 um and it applies to all images. AP activity quantification results are shown for (b) skeletal muscles, (e) heart muscles, and (h) internal organs.
The AAV genome copy number is shown for (c) skeletal muscles, (f) heart muscles, and (i) internal organs. AAV, adenoassociated virus; AP, alkaline
phosphatase; BB, biceps brachii; BR, brain; CS, cranial sartorius; CT, cranial tibialis; DI, diaphragm; KI, kidney; LA, left atrium; LI, liver; LU, lung; LV, left

ventricle; RA, right atrium; RV, right ventricle.

Table1 Summary of experimental animals
Volume AAV dose Study
Dog name Capsid Promoter (ul/g) (vg/g)  duration (m)
Monica#4 Y731FAAV-9 Spc5-12 136 1.36x10" 1.5
Rover Y445F AAV-6 RSV 75 0.75x10" 1.7
Monica#6 Y445F AAV-6 RSV 15.7 1.57x10" 1.5
Peter Y445F AAV-6  Spc5-12 9.8 1.47x10" 9.2
Bing Y445F/731F  Spc5-12 122 1.87x10" 1.5
AAV-1
AAV, adenoassociated virus.

after injection, we performed whole-body necropsy. Uniform
robust AP expression was observed in skeletal muscles through-
out the body. Representative histochemical staining results from
the biceps brachii, cranial sartorius, cranial tibialis, and the dia-
phragm are shown in Figure 1a and Supplementary Figure S1a.
Enzymatic activity quantification revealed an average activity of
11.32 pmol/l/ug (range: 6.14-17.04 pmol/I/ug) (Figure 1b). Minimal
AP expression was observed in the heart and internal organs
(liver, kidney, lung, and brain) (Figure 1d, e, g and h). Although AP
expression was substantially higher in skeletal muscle than that
of other tissues, interestingly, the vector genome copy number
in skeletal muscle (4.39-7.42 copies per diploid genome) did not
differ much from that of the heart (2.58-18.19 copies per diploid
genome), liver (3.39 copies per diploid genome), kidney (5.22 cop-
ies per diploid genome), and brain (2.75 copies per diploid genome)
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(Figure 1¢,fi). The only tissue that showed very low AAV copy num-
ber was the lung (0.57 copies per diploid genome) (Figure Ti).

Y445F AAV-6 resulted in nominal muscle transduction

Tyrosine 445-mutated AAV-6 outperformed original AAV-6 follow-
ing intramuscular injection in mice.”® To test whether Y445F AAV-6
provides superior systemic transduction efficiency in neonatal dogs,
we delivered Y445F AAV-6 to three newborn puppies via the jugular
vein (Table 1). Two dogs (Rover and Monica #6) received the RSV.AP
vector. The third dog (Peter) was injected with the SPc5-12.AP vector.

A necropsy was performed on Rover at 7 weeks after systemic
injection of 0.75x 10" vg/g of RSV.AP Y445F AAV-6. Similar to the
findings with Y731 AAV-9 injection (Monica #4) (Figure 1), there was
nominal AP expression in the heart and internal organs (Figure 2
and Supplementary Figure S1a). Surprisingly, limited numbers of
AP-positive cells and very low AP activity (0.18-0.56 pmol/I/ug) were
observed in skeletal muscles (Figure 2). Nevertheless, the tissue AAV
genome copy number (2.28-10.12, 3.28-6.72, and 0.43-7.87 copies
per diploid genome for skeletal muscle, heart, and internal organs,
respectively) was quite comparable with those seen in Monica #4
(Y731F AAV-9 injection) (Figure 1).

One possible explanation for the lack of transduction in Rover
could be the low vector dose (Table 1). To exclude this possibil-
ity, we doubled the dose and injected 1.57x 10" vg/g of RSV.AP
Y445F AAV-6 to Monica #6 (Figure 3, Supplementary Figure S1b,
and Table 1). Necropsy 6 weeks later revealed lower AP expression
(AP activity, 0.08-0.24 pmol/I/pg) and lower AAV genome copy
number (1.50-3.17, 2.91-3.78, and 0.46-4.24 copies per diploid
genome for skeletal muscle, heart, and internal organs, respec-
tively) (Figure 3).

© 2014 The American Society of Gene & Cell Therapy
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Figure2 Transduction profile of Rover, a puppy that received 0.75x 10" vg/g of RSV.AP Y731F AAV-6 at birth. Representative photomicrographs
of AP histochemical staining in (a) skeletal muscles, (d) heart muscles, and (g) internal organs. Scale bar = 100 um and it applies to all images. AP
activity quantification results are shown for (b) skeletal muscles, (e) heart muscles, and (h) internal organs. The AAV genome copy number is shown for
(c) skeletal muscles, (f) heart muscles, and (i) internal organs. AAV, adenoassociated virus; AP, alkaline phosphatase; BB, biceps brachii; BR, brain; CS,
cranial sartorius; CT, cranial tibialis; DI, diaphragm; KI, kidney; LA, left atrium; LI, liver; LU, lung; LV, left ventricle; RV, right ventricle; RA, right atrium.
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Figure3 Transduction profile of Monica #6, a puppy that received 1.57 x 10'" vg/g of RSV.AP Y731F AAV-6 at birth. Representative photomicrographs
of AP histochemical staining in (a) skeletal muscles, (d) heart muscles, and (g) internal organs. Scale bar = 100 um and it applies to all images. AP
activity quantification results are shown for (b) skeletal muscles, (e) heart muscles, and (h) internal organs. The AAV genome copy number is shown for
(c) skeletal muscles, (f) heart muscles, and (i) internal organs. AAV, adenoassociated virus; AP, alkaline phosphatase; BB, biceps brachii; BR, brain; CS,
cranial sartorius; CT, cranial tibialis; DI, diaphragm; Kl, kidney; LA, left atrium; LI, liver; LU, lung; LV, left ventricle; RV, right ventricle; RA, right atrium.
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As the vector used in the Y731F AAV-9 study contains the SPc5-12
promoter instead of the RSV promoter (Table 1), we tested Y445F
AAV-6 in puppy Peter with 1.47x 10" vg/g of the SPc5-12.AP vector
(Figure 4 and Supplementary Figure S1b). Peter was harvested at the
age of 9.2 months. AP expression in Peter was quite low (Figure 4),
consistent with the results of Rover and Monica #6 (Figures 2 and 3).

While AP expression in skeletal muscles of all three Y445F AAV-6—
infected puppies was very low (Figures 2-4), fairly strong AP expres-
sion was seen in the tongues of Rover and Monica #6, although it
was still much lower than that of other tyrosine mutants described
in this article (Supplementary Figure S2). Compared with Rover and
Monica #6, Peter had less expression in the tongue. However, it was
still higher than that of the remaining skeletal muscles in this dog
(Figure 4a and Supplementary Figure S2).

AAV-6 neutralization antibodies were present at birth in all
experimental puppies

To understand the potential mechanism(s) underlying reduced
transduction of Y445F AAV-6, we measured the titer of the preinjec-
tion NAb (Table 2).2' All puppies showed low levels of AAV-9 NAb
(<1:5) except for Peter (1:40). However, a consistently high preinjec-
tion NAb titer (1:80) was found in all four puppies described above
(Table 2).

Y445F/Y731F double tyrosine mutant AAV-1 efficiently transduced
both skeletal muscle and the heart

While screening for the AAV-6 neutralization antibody in new-
born puppies, we found one puppy (Bing) with a very high AAV-6
NAD titer (1:640) (Table 2). As AAV-1 shares significant homology
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with AAV-6,2 we tested the Y445F/Y731F double tyrosine mutant
AAV-1 SPc5-12.AP vector in Bing at the dose of 1.87x 10" vg/g
(Figure 5 and Supplementary Figure S1c). The dog was euthanized
6 weeks after gene transfer (Table 1). Much to our surprise, there
was robust AP expression in every muscle (Figure 5). The aver-
age AP activity level in skeletal muscle (12.99 umol/l/ug; range:
9.87-18.75 umol/l/ug) reached that of Y731 AAV-9 (Monica #4)
(Figures 1b and 5b). Importantly, high AP expression was observed
in the heart (Figure 5d,e). The average level of AP activity from
four heart chambers in Bing (3.79 pmol/I/pg) was at least 20-fold
higher than that of Monica #4 (0.12 umol/l/ug). Vector genome
quantification also revealed an apparently higher copy number in
skeletal muscle (average: 9.76, range: 5.47-16.34 copies per diploid
genome) and the heart (average: 27.13, range: 13.79-48.30 copies
per diploid genome) in Bing (Figure 5¢,f).

Table2 Summary of NAb analysis
Preinjection NAb

Dog name Capsid AAV-6 AAV-9
Monica #4 Y731F AAV-9 80 <5
Rover Y445F AAV-6 80 5
Monica #6 Y445F AAV-6 80 <5
Peter Y445F AAV-6 80 40
Bing Y445F/731F AAV-1 640 <5

AAV, adenoassociated virus; Nab, neutralization antibody.
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Figure4 Transduction profile of Peter, a puppy that received 1.47 x 10" vg/g of SPc5-12.AP Y731F AAV-6 at birth and harvested at 9.2 months later.
Representative photomicrographs of AP histochemical staining in (a) skeletal muscles, (d) heart muscles, and (g) internal organs. Scale bar = 100 um
and it applies to all images. AP activity quantification results are shown for (b) skeletal muscles, (e) heart muscles, and (h) internal organs. The AAV
genome copy number is shown for (c) skeletal muscles, (f) heart muscles, and (i) internal organs. AAV, adenoassociated virus; AP, alkaline phosphatase;
BB, biceps brachii; CS, cranial sartorius; CT, cranial tibialis; DI, diaphragm; LV, left ventricle; RV, right ventricle; LA, left atrium; RA, right atrium; LI, liver;

Kl, kidney; LU, lung; and BR, brain.
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Figure5 Neonatal intravascularY445F/Y731F AAV-1 injection in a newborn puppy (Bing, 1.87 x 10" vg/g of SPc5-12.AP) resulted in robust transduction
in the heart and skeletal muscle. Representative photomicrographs of AP histochemical staining in (a) skeletal muscles, (d) heart muscles, and
(g) internal organs. Scale bar = 100 um and it applies to all images. AP activity quantification results are shown for (b) skeletal muscles, (e) heart muscles,
and (h) internal organs. The AAV genome copy number is shown for (c) skeletal muscles, (f) heart muscles, and (i) internal organs. AAV, adenoassociated
virus; AP, alkaline phosphatase; BB, biceps brachii; CS, cranial sartorius; CT, cranial tibialis; DI, diaphragm; LV, left ventricle; RV, right ventricle; LA, left

atrium; RA, right atrium; LI, liver; KI, kidney; LU, lung; and BR, brain.

DISCUSSION

In this study, we evaluated systemic gene transfer of Y445F/Y731F
AAV-1, Y445F AAV-6, and Y731F AAV-9 in newborn dogs. Our
results suggest that Y445F/Y731F AAV-1 may represent an excel-
lent candidate vector to test bodywide neonatal gene therapy
in canine models of muscular dystrophy in the future (Figure 5).
Y731F AAV-9 has limited transduction in the heart but it can still
be used for whole body skeletal muscle gene delivery (Figure 1).
Y445F AAV-6, on the other hand, is not effective for systemic gene
transfer to either skeletal or cardiac muscle in newborn puppies
(Figures 2—-4).

In the muscular dystrophies, usually both skeletal and cardiac
muscles are damaged. An effective gene therapy will require
robust transduction in skeletal muscle and the heart. Three AAV
serotypes including AAV-6, -8, and -9 have been successfully used
to test whole body (skeletal and cardiac muscles) gene therapy in
neonatal/adult/aged rodent models of muscular dystrophy.®1223-7
However, systemic AAV transfer in large mammals has lagged
behind. So far, bodywide AAV delivery has only been tested in new-
born puppies.?®%2° We reported the first case of intravascular AAV
gene transfer in neonatal dogs in 2008.° In that study, we used
AAV-9 because this serotype was considered as a “cardiotropic”
vector. Despite efficient whole body skeletal muscle transduction,
surprisingly, AAV-9 did not transduce the heart.?* To overcome this
hurdle, we initiated two different studies. In one study, we tested
AAV-8.22 We found that AAV-8 yielded robust skeletal muscles and
myocardial transduction at a high dose (>7.14x 10" vg/qg). At the
same time, we decided to explore surface tyrosine-mutated AAV
viruses because these mutants were more potent than their wild-
type counterpart.’>'® One of the puppies (Bing) in this cohort of

© 20714 The American Society of Gene & Cell Therapy

the study received 1.87x 10" vg/g of Y445F/Y731F AAV-1. We not
only observed robust bodywide skeletal muscle transduction but
also detected strong expression in the heart of this puppy (Figure 5).
Our results suggest that Y445F/Y731F AAV-1 may represent another
highly promising AAV serotype (besides AAV-8) to treat both skel-
etal muscle disease and cardiomyopathy in dystrophic dogs.

We have previously demonstrated that AAV-9 can efficiently
transduce whole body skeletal muscle at a dose of >2x 10" vg/g.2°
However, when tested at a lower dose (1x 10" vg/g), AAV-9 only
resulted in partial skeletal muscle transduction. Specifically, some
muscles (such as biceps brachii, extensor carpi radialis, and cranial
sartorius) were highly transduced (>80% myofibers expressed trans-
gene). Other muscles (such as cranial tibialis and brachial triceps)
only had 20-70% myofibers transduced. Yet a third group of muscles
(such as rectus femoris, biceps femoris, gastrocnemius, and the dia-
phragm) were barely transduced (<5% myofiber expressed trans-
gene).? With Y731F AAV-9, every skeletal muscle was highly trans-
duced (>90% of myofiber showed AP expression) including the ones
that were moderately (such as cranial tibialis) or minimally (such as
the diaphragm) transduced by low dose AAV-9 (Figure 1). Diaphragm
transduction is especially important since diaphragm insufficiency-
associated respiratory failure is the leading cause of death in
muscular dystrophy. Although additional studies are needed to
corroborate our findings, our results suggest that Y731F AAV-9 is at
least as efficient as (if not more efficient) than unmodified AAV-9.

The SPc5-12 promoter is a synthetic muscle promoter.® It has
been used to drive strong transgene expression in dog muscle by
local gene transfer.3'*? Results from two puppies (Monica #4 and
Bing) suggest that this promoter can also be used for systemic mus-
cle gene transfer in dogs (Figures 1 and 5).

Molecular Therapy — Methods & Clinical Development (2014) 14002
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Studies from several laboratories suggest that AAV-6 may not
be ideal for intravascular delivery in dogs due to the high titer of
pre-existing NAb and species-specific interaction with the galectin
3-binding protein in dog serum.?'**34 However, Arnett et al. pro-
posed that AAV-6 is suitable for systemic gene delivery in dogs.>
To further study this question, we delivered Y445F AAV-6 to three
newborn puppies at the doses that were about 50% of (Rover;
Figure 2) or equivalent to (Monica #6 and Peter; Figures 3 and 4)
what we used for Y731F AAV-9 study (Monica #4) (Figure 1 and Table
1). These injections were conducted at two different locations (The
University of Missouri and Auburn University). The vectors contain
either the ubiquitous RSV promoter or muscle-specific SPc5-12 pro-
moter. Necropsy was performed between the ages of 1.5 and 9.2
months (Table 1). We found nominal AP expression in skeletal mus-
cles and the heart in all three Y445F AAV-6-infected dogs (Figures
2-4). Additional studies indicated that all three dogs had a high NAb
titer (1:80) for AAV-6 before gene transfer (Table 2).2' The correlation
between the high AAV-6 NADb titer and the lack of transgene expres-
sion in Y445F AAV-6-infected dogs is suggestive of an immune-
mediated inhibition mechanism.

We also detected a high level of AAV-6 NAb in Monica #4 (Table
2). However, systemic Y731F AAV-9 injection resulted in efficient
skeletal muscle expression in this puppy. This piece of data suggests
that AAV-6 NAb does not impact on AAV-9 transduction in neonatal
puppies. AAV-6 is a naturally occurring hybrid of AAV-1 and AAV-
2.2 The capsid protein sequence of AAV-1 and -6 are 99% identical.
Antibodies against the intact AAV-1 particles have been shown to
cross-react with AAV-6 due to the binding of the same region on
the surface.® We identified a newborn puppy (Bing) with a 1:640
NADb titer to AAV-6 (Table 2). Surprisingly, the high-level AAV-6 NAb
did not compromise the transduction of Y445F/Y731F AAV-1 in Bing
(Figure 5). This unexpected observation suggests that Y445F/Y731F
AAV-1 may represent a NAb escape mutant.

There are several inherent limitations of the study. The first is the
relatively small sample size. Although more puppies were used in
this study (five dogs compared with three to four dogs used in pre-
vious studies),?>%2%4° additional confirmative studies may further
corroborate our finding (especially for Y445F/Y731F AAV-1 and
Y731F AAV-9). What is equally important is to extend our study to
dystrophic puppies/therapeutic genes in the future. Results from
those studies will reveal potential differences between normal and
affected dogs and set the foundation for neonatal gene therapy in
human patients. A second limitation is the lack of side-by-side com-
parison with unmodified vectors. Among three AAV serotypes used
here, we have only studied unmodified AAV-9 in a previous report.?
The data here seem to suggest a slightly better performance with
Y731F AAV-9. The original goal of our study is to identify one sero-
type that can transduce both skeletal muscle and the heart (rather
than to determine whether tyrosine mutants outperform wild-type
capsids). The observation with Y731F AAV-9 suggests that future in-
depth studies are warranted in order to better understand the sig-
nificance/contribution of surface tyrosine mutation to AAV-9 gene
transfer in neonatal dogs.

An intriguing finding is the lack of direct correlation between the
viral genome copy number and the AP expression level. Monica #4,
Rover, Monica #6, and Bing were harvested at the approximately
same age (6-7 weeks). Monica #4 and Bing yielded 45-fold higher
AP activity (mean £ SEM, 12.16 = 1.44 umol/l/pg; range: 6.14-18.75
pumol/l/ug) than Rover and Monica #6 (mean + SEM, 0.27+0.06
pmol/l/pg; range: 0.08-0.56 pmol/l/pg) in skeletal muscle (P <
0.00001). Yet the AAV genome copy number in Monica #4 and
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Bing (mean + SEM, 7.61 + 1.48 copies per diploid genome; range:
4.39 + 16.34 copies per diploid genome) was not different from that
of Rover and Monica #6 (mean + SEM, 4.77 + 1.31 copies per diploid
genome; range: 1.50-10.12 copies per diploid genome) (P = 0.174).
Currently, we do not have a solid explanation for this discrepancy.
However, there are several possibilities. For example, in the case of
Rover and Monica #6, AAV may have been trapped in the muscle tis-
sue but not inside myocytes. Alternatively, the vector genome may
be in a transcriptionally incompetent status or partially degraded.
Future studies will clarify this issue. Nevertheless, our results cau-
tions the use of the vector genome copy number as the only param-
eter to evaluate AAV transduction.

Another provocative finding is the relatively high transduc-
tion efficiency of Y445F AAV-6 in the tongue. Since the tongue is
not an immune privileged organ, we cannot explain this result by
immune evasion. Whether preferential tongue transduction relates
to the anatomic structure or other yet undefined factors requires
additional investigations in the future. Nevertheless, this finding
suggests that we should be cautious not to extrapolate systemic
muscle transduction efficiency from a single muscle.

In summary, our results suggest that Y445F/Y731F AAV-1 may
serve as an excellent vector system to target both the heart and
skeletal muscle in neonatal dogs. On the other hand, caution is
advised when using Y445F AAV-6 for skeletal muscle and/or heart
transduction in newborn puppies.

MATERIALS AND METHODS
Animals

All animal experiments were approved by the Animal Care and Use
Committees of the University of Missouri and the Auburn University and
were in accordance with the National Institutes of Health guidelines. Five
normal male puppies were used in this study (Table 1). All experimen-
tal dogs were generated by artificial insemination and were on a mixed
genetic background of golden retriever, Labrador retriever, beagle, and
Welsh corgi. The genotyping was determined by PCR as we previously
described.?”3

Recombinant tyrosine mutant AAV vector

The construction of the Y445F AAV-6 and Y731F AAV-9 capsid genes
has been published before.'®'” The Y445F/Y731F AAV-1 capsid gene was
generated using a similar strategy.'” Briefly, the coding sequences of the
tyrosine residues at position 445 and 731 of the AAV-1 capsid gene were
changed to that of phenylalanine by site-directed mutagenesis (posi-
tion 445, from TAC to TTT; position 731, from TAC to TTC). The pcis.RSV.
AP plasmid was used to generate the stock RSV.AP vector. This plasmid
has been described previously.?’ The pcis.SPc5-12.AP plasmid (also called
pCH1) was engineered by replacing the RSV promoter of pcisRSV.AP with
the synthetic SPc5-12 muscle promoter using standard molecular cloning
methods.*® Recombinant endotoxin-free tyrosine mutant AAV-1, -6, and
-9 vectors were generated using the triple plasmids transfection method
we described previously.*® Viral titer was determined using the Fast SYBR
Green Master Mix kit (Bio-Rad, Hercules, CA) by quantitative PCR (qPCR)
in an ABI 7900 HT gPCR machine (Applied Biosystems, Foster City, CA). As
RSV.AP and SPc5-12 vectors have different promoters, we opted to use
primer sets located in the AP transgene for viral titer (vector genome par-
ticle) determination. The forward primer for viral titer quantification is 5’
CCAGATGACTACAGCCAAGGTG. The reverse primer for viral titer quantifi-
cation is 5* GGCTCAAAGAGACCCATGAGAT.

Systemic AAV delivery

Systemic gene transfer was performed in awake newborn puppies within
48 hours of birth.202%4° Briefly, the puppy was gently restrained and the neck
hair was shaved. A catheter was placed in the jugular vein and secured with
a surgical tape. AAV vector was delivered as a single bolus injection through
the jugular vein. Viral dose was expressed as viral genome particles per
gram body weight (vg/g). Three puppies (Bing, Peter and Rover) received
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neonatal injection at the University of Missouri. Two puppies (Monica #4 and
#6) received neonatal injection at Auburn University. Experimental details
(dog name, AAV capsid, promoter, volume injected in each puppy, viral dose,
and the study duration) are described in Table 1.

Examination of AP reporter gene expression

At the end of the study, a full necropsy was performed using our pub-
lished protocol.?2?® Freshly harvested tissues were either directly frozen
in liquid nitrogen or embedded in a liquid nitrogen isopentane cryobath
in optimal temperature cutting media (Sakura Finetek, Torrance, CA). AP
expression was evaluated by histochemical staining on tissue sections
and enzymatic activity assay using tissue lysate2*?4° Histochemical stain-
ing was performed on 8-um cryosections. Briefly, samples were fixed
in 0.5% glutaraldehyde for 10 minutes and washed in 1 mmol/l MgCl..
Endogenous AP activity was inactivated by incubating the slides at 65
°C for 45 minutes. The slides were then washed with a prestaining buf-
fer (100 mmol/I Tris—=HCI, pH 9.5, 50 mmol/I MgCl,, 100 mmol/I NaCl)
and stained in freshly prepared staining solution (165 mg/ml 5-bromo-
4-chloro-3-indolylphosphate-p-toluidine, 330 mg/ml nitroblue tetrazo-
lium chloride, 50 mmol/I levamisole) for 5-20 minutes. Enzymatic AP
activity was quantified using the Stem TAGTM AP activity assay kit (Cell
Biolabs, San Diego, CA) according to manufacture’s instruction. Prior
to the assay, tissue lysate was incubated at 65 °C for 1 hour to inactive
endogenous AP activity.

AAV genome copy determination

Genomic DNA was extracted from frozen tissue samples. The AAV genome
copy was determined using SYBR green-based gPCR. A set of primers
located within the AP gene (but different from what we used in viral titer
determination) was used to quantify the viral genome copy number. The
forward primer is 5° GACTGAGCCCATGACACCAA. The reverse primer is
5" CATCTGTCTCGACCCCACTG.
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