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Galactosialidosis (GS) is a lysosomal storage disease
linked to deficiency of the protective protein/cathep-
sin A (PPCA). Similarly to GS patients, Ppca-null mice
develop a systemic disease of the reticuloendothelial
system, affecting most visceral organs and the nervous
system. Symptoms include severe nephropathy, viscero-
megaly, infertility, progressive ataxia, and shortened life
span. Here, we have conducted a preclinical, dose-find-
ing study on a large cohort of GS mice injected intra-
venously at 1 month of age with increasing doses of a
GMP-grade rAAV2/8 vector, expressing PPCA under the
control of a liver-specific promoter. Treated mice, moni-
tored for 16 weeks post-treatment, had normal physi-
cal appearance and behavior without discernable side
effects. Despite the restricted expression of the trans-
gene in the liver, immunohistochemical and biochemi-
cal analyses of other systemic organs, serum, and urine
showed a dose-dependent, widespread correction of
the disease phenotype, suggestive of a protein-medi-
ated mechanism of cross-correction. A notable finding
was that rAAV-treated GS mice showed high expression
of PPCA in the reproductive organs, which resulted in
reversal of their infertility. Together these results support
the use of this rAAV-PPCA vector as a viable and safe
method of gene delivery for the treatment of systemic
disease in non-neuropathic GS patients.
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INTRODUCTION

Galactosialidosis (GS) is a genetic disorder of lysosomal function
linked to mutations in the gene encoding the serine carboxypep-
tidase protective protein/cathepsin A (PPCA). It is synthesized
as a one-chain inactive precursor (zymogen) and is proteolyti-
cally processed in lysosomes into a two chain (32/20kDa) mature

and active enzyme. Beside its catalytic activity, PPCA has a
protective function toward two glycosidases, neuraminidase-1
(NEU1) and B-galactosidase (B-GAL), with which it forms a com-
plex.! Association with PPCA is pivotal for the lysosomal com-
partmentalization, catalytic activation and stability of the two
glycosidases."” In GS patients, a primary defect of PPCA leads
to a complete secondary deficiency of NEUI and a partial defi-
ciency of B-GAL.? Given the similarities between GS and sialidosis
(primary deficiency of NEU1), it is likely that the severe second-
ary loss of NEU1 activity in GS is the major factor contributing
to disease pathogenesis.” Three distinct clinical GS phenotypes
have been described based on the age of onset and severity of the
clinical symptoms: early infantile type (severe, neuropathic), late
infantile type (attenuated), and juvenile/adult type (neuropathic).?
Early infantile type patients present between birth and 3 months
of age with fetal hydrops, neonatal edema, proteinuria, coarse
facies, inguinal hernias, telangiectasias, and death before the age
of one year. Patients with late infantile GS are typically diagnosed
in the first year of life with coarse facies, hepatosplenomegaly, dys-
ostosis multiplex, retinal cherry-red spots, corneal clouding, but
no or only mild neurologic involvement without mental retarda-
tion. The juvenile/adult patients comprise 70% of all GS patients
and are mostly of Japanese origin. This type of GS is characterized
by the late onset of the symptoms but patients develop a broad
spectrum of clinical manifestations including coarse facies, spinal
deformities, major neurologic symptoms with progressive mental
retardation, but absence of visceromegaly.> Autopsy material from
a few reported GS cases showed severely vacuolated hepatocytes
and Kupffer cells in the liver and epithelial cells in the kidney, lym-
phocytes, as well as vacuolar inclusions and lamellar inclusions in
cultured fibroblasts.> At present, there are no treatment options
other than supportive care for individuals with GS.

To study the pathological effects of PPCA deficiency in vivo
and to test various therapeutic modalities, we generated Ppca null
(KO) mice, which closely mimics the systemic and neurological
manifestations of early onset GS.** In several proof-of-principle
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Figure 1 IHC of PPCA in systemic organs of scAAV2/8LP1-PPCA-
treated GS mice. Using a human PPCA-specific antibody, the enzyme
was readily detected (brown punctated staining) in various tissue sec-
tions of scAAV2/8LP1-PPCA-treated GS mice and the level of expression
correlated with the dose-amount (2.6 x 10" (high), 2.6 x 10 (interme-
diate), and 2.6 x 10° (low) vg/mouse) administered to the mice. PPCA,
protective protein/cathepsin A.

studies, we have treated these mice with genetically and retrovi-
rally modified bone marrow cells overexpressing the therapeutic
PPCA,*¢ as well as by enzyme replacement therapy with insect
cell-produced recombinant enzyme.” In general, the phenotype
was significantly improved by these therapeutic interventions,
although fertility was not specifically evaluated. Collectively these
studies demonstrated the ability of the PPCA zymogen, either
administered intravenously or secreted by overexpressing cells, to
“cross-correct” deficient cells in multiple organs of the GS mouse
model. This body of work also helped us to evaluate the relative
effectiveness of different therapeutic approaches in achieving
complete rescue of the systemic phenotype and in delaying the
onset of the central nervous system phenotype, setting the stage
for the preclinical studies presented here.

Adeno-associated viral rAAV vectors have become a prom-
ising vehicle for recombinant gene delivery because they can
infect both dividing and nondividing cells, they are not inte-
grated into the host genome, and they were shown to sustain
long-term transgene expression in several murine and canine
models.®? Such vectors have already been tested in mouse mod-
els of several lysosomal storage diseases.''*> We have focused
on AAV vectors based on serotype 8 for the treatment of hemo-
philia B (FIX deficiency) as the prevalence of natural immunity
to this nonhuman primate isolet was thought to be lower in
humans. The vector can be delivered by peripheral vein, thereby
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exploiting the remarkable tropism of AAVS for the liver to facili-
tate efficient gene transfer to hepatocytes.'®!” Vector biodistribu-
tion after peripheral vein delivery is comparable to that achieved
after delivery of an equivalent dose of vector directly into the
liver. Recent biodistribution studies performed with clinical
grade FIX vector in nonhuman primates demonstrated that 98%
of the vector genome was present in the liver with trace amounts
in other organs.' Our liver-specific enhancer-promoter combi-
nation further confines FIX expression to the liver,"”” and we pre-
dict that PPCA expression is similarly restricted. The potency of
the AAV vector was enhanced by modifying the single-stranded
AAV?2 genome to one where the expression cassette is pack-
aged as complementary dimers within a single virion.” Our
vector encoding human PPCA also has a self-complementary
design and the liver-specific promoter; it has been designated
scAACV2/8-LP1-hPPCA.

The objective of our study was to perform a preclinical thera-
peutic trial in a large cohort of GS mice treated with a single
injection of a Good Manufacturing Practices (GMP)-grade
scAAV2/8-LP1-PPCA to obtain long-term, sustainable, liver-
specific PPCA expression. The livers of treated GS mice should
function as a factory for the corrective enzyme by secreting large
quantities of the PPCA zymogen into the peripheral blood. As
shown in previous studies,*’ the circulating enzyme is internalized
by resident cells in affected visceral organs resulting in increased
cathepsin A (CA) activity and consequently in the rescue of the
endogenous Neul activity. Thus, this process may afford sufficient
cross-correction and amelioration of the phenotype in organs
where the scAAV2/8LP1-PPCA vector is not expressed. We found
a good correlation between the administered rAAV dose and the
levels of PPCA expression in most organs, including in the male
and female reproductive organs, with the two highest doses afford-
ing an overall more favorable outcome. Phenotypic improvements
included a full restoration of normal tissue morphology and a res-
cue of male and female fertility.

RESULTS

scAAV2/8LP1-PPCA-treated GS mice are similar in
gross appearance to their (wild-type) WT littermates
A cohort of sixty 30-day-old male and female GS mice was injected
in the tail vein with increasing doses of scAAV2/8LP1-PPCA (low
dose, intermediate dose, and high dose). The doses used were 2.6 x
10° vector genomes (vg)/mouse (low dose), 2.6 x 10'° vg/mouse
(intermediate dose), and 2.6 x 10" vg/mouse (high dose). The
treated mice, as well as 16 male and female untreated WT and
16 male and female KO control mice, were monitored daily for
16 weeks post-treatment. None of the treated mice died prema-
turely. However, the untreated GS mice exhibited symptoms that
progressively worsened and included swollen, edemic, and pale
paws, rough fur, puffy appearance, sluggish lethargic movement,
and infertility.* In contrast, the scAAV2/8LP1-PPCA-treated mice,
regardless of the viral dose, appeared more agile and their paws
showed no signs of edema. In fact, their gross appearance was
indistinguishable from WT mice. By 16 weeks post-treatment,
they were characterized by having smooth fur, normal movement,
and significant sexual activity, as reflected by the production of
normal size litters.
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High levels of PPCA expression in tissues

of scAAV2/8LP1-PPCA-treated GS mice
Immunohistochemical analysis of tissue sections 16 weeks post-
treatment stained with polyclonal anti-PPCA antibody showed
that the levels of PPCA expression in treated GS mice correlated
well with the dose of virus administered (Figure 1). As anticipated,
the liver showed the highest level of PPCA expression, particularly
in the high-dose-treated mice. PPCA expression was also evi-
dent, though less intense, in the spleen, and in the kidney glom-
erular epithelial cells, Bowman’s capsule, and proximal convoluted
tubules (Figure 1). In the intermediate- and low-dose-treated mice,
the staining intensity was overall weaker (Figure 1). In the high-
dose-treated mice, strong PPCA expression was also detected in
the male and female reproductive organs, testis/epididymis, and
uterus/ovary, respectively (Figure 2). In the high-dose males, very
strong PPCA expression was detected in the interstitial cells of both
the epididymis and the testis, as well as in the Leydig cells in the
seminiferous tubules (Figure 2). Similarly, in the female high-dose-
treated mice, very strong PPCA expression was detected in both the
corpus luteum of ovaries and the endometrial stroma of the uterus
(Figure 2). PPCA was not detected in the brain and pancreas of the
treated mice, regardless of the dose group (data not shown).

CA and Neul activities are increased in scAAV2/
8LP1-PPCA-treated GS mice

In the livers of each of the 3 dose groups, CA activity was substan-
tially higher than that in the livers of untreated GS and WT mice
and directly correlated with the administered dose (Figure 3a).
Similar CA expression profiles were detected in the spleen and
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kidneys of the treated mice (Figure 3a). In the gonads as well as in
the uterus/epididymis of high-dose-treated mice, the levels of CA
activity were similar to those measured in the corresponding WT
tissues, while in the intermediate- and low-dose groups the CA
levels were overall lower (Figure 3a).

We have shown previously that restoration of PPCA by either
uptake or transgenic overexpression of the enzyme rescued the
endogenous Neul activity, both in cultured PPCA-deficient human
cells and in mouse tissues; reversion of the secondary deficiency of
Neul in multiple tissues was sufficient to attain an overall ameliora-
tion of the disease phenotype.*S” Strikingly, in the liver of treated
mice in each of the 3 dose groups, the Neul activity was restored to
levels that equaled or exceeded the activities measured in WT liver
(Figure 3b). In the spleen, kidneys, gonads, uterus, and epididymis
of the high-dose-treated group, the levels of Neul activity were com-
parable or higher than those in WT samples (Figure 3b). In general,
Neul activity in the tissues of treated mice was consistent with the
CA activity measured in the same tissues (Figure 3a). Moreover, CA
levels (Figure 3a) correlated with the amount of the 32-kDa large
subunit of PPCA detected on immunoblots of liver, spleen, kidney,
and gonads tissue lysates using a human PPCA-specific anti-32 anti-
body that poorly recognizes the murine protein (Figure 3c).

Correction of the histopathology in scAAV2/
8LP1-PPCA-treated GS mice

Restoration of PPCA and Neul activities in cells of various
organs resulted in a dramatic improvement of tissue morphol-
ogy as demonstrated by hematoxylin-eosin (HE)-staining of
tissue sections from treated GS mice. The extensive lysosomal

Scale bar = 45 pm

Figure 2 IHC of PPCA in reproductive organ tissues of scAAV2/8LP1-PPCA-treated GS mice. Using a human PPCA-specific antibody, the enzyme
(brown punctated staining) was detected in the testes, epididymes, ovaries, and uteri of sections of scAAV2/8LP1-PPCA-treated GS mice and the
level of expression correlated with the dose-amount (2.6 x 10'" (high), 2.6 x 10" (intermediate), and 2.6 x 10? (low) vg/mouse) administered to the

mice. PPCA, protective protein/cathepsin A.
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Figure 3 Measurements of CA and Neul activities in tissues of scAAV2/8LP1-PPCA-treated GS mice and immunoblot analyses. (a) CA and (b)
NeuT activities assayed in tissue homogenates of scAAV2/8LP1-PPCA-treated GS (KO) mice and untreated GS and WT controls. For each group of 10
mice, three were randomly selected for enzyme activity analysis. Error bars indicate standard deviation. (c¢) Immunoblot analysis of PPCA in tissues
homogenates of scAAV2/8LP1-PPCA-treated KO mice and untreated GS and WT controls. Blots were incubated with a polyclonal antihuman PPCA
rabbit antibody that recognizes the 32-kDa large subunit of the corrective enzyme most abundantly in the high-dose-treated GS mice and recognizes
the WT mouse enzyme poorly. Untreated female GS mice (KO-F), untreated male GS mice (KO-M), untreated female WT mice (WT-F), untreated male
WT mice(WT-M), low-dose-treated female GS mice (KO-F-L), low-dose-treated male GS mice (KO-M-L), intermediate-dose-treated female GS mice
(KO-F-l), intermediate-dose-treated male GS mice (KO-M-I), and high-dose-treated female GS mice (KO-F-H). PPCA, protective protein/cathepsin A.

vacuolization detected in all systemic and reproductive organs
of the untreated GS mice was clearly resolved upon rAAV-PPCA
treatment (Figure 4 and Supplementary Figure S1). In particular
and independent of the dose group, swollen lysosomes completely
disappeared from cells of the liver, spleen, kidney, lung (data not
shown), heart (data not shown), testis, epididymis, ovary, and
uterus except in the body of the epididymis of the low- and inter-
mediate-dose groups (Figure 4 and Supplementary Figure S1).
Unexpectedly, vacuolization of the cuboidal epithelial cells of the
choroid plexus in the GS mouse brain was also fully reverted in
the intermediate- and high-dose-treated GS mice and strongly
reduced in low-dose-treated mice (Supplementary Figure S2).
We confirmed by in situ hybridization that the scAAV2/8LP1
vector exclusively drives expression of the PPCA transgene in the
liver of treated GS mice (Figure 5). Therefore, the clearance of
lysosomal storage in other organs of these mice could only be
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accounted for by a mechanism of cross-correction mediated by a
pool of PPCA zymogen present in circulation.

Serum from high-dose scAAV2/8LP1-PPCA-treated

GS mice contains exogenous PPCA

To demonstrate that liver-produced PPCA zymogen was indeed
present in the peripheral blood and capable of uptake by deficient
cells, we performed in vitro uptake assays on GS human fibroblasts
using sera collected from mice at 16 weeks after injection. Addition
to the culture medium of serum aliquots from mice treated with
high-dose rAAV-PPCA increased both CA and Neul activities,
indicating the presence of sustained levels of the PPCA zymogen
in circulation (Figure 6). Similar uptake experiments done with
sera from W, nontreated GS mice, or mice treated with the low
dose and intermediate dose of rAAV-PPCA were ineffective in
correcting both enzyme activities (data not shown).

www.moleculartherapy.org vol. 20 no. 2 feb. 2012
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Figure 4 Restoration of tissue morphology in systemic and
reproductive organs of low-dose scAAV2/8LP1-PPCA-treated GS
mice. HE-staining shows extensive vacuolization (arrows) in the systemic
and reproductive organ sections of untreated GS mice, but a complete
clearance and restoration to WT morphology in the organs of low-dose
(2.6 x 10° vg/mouse) scAAV2/8LP1-PPCA-treated GS mice, except in the
epididymis. PPCA, protective protein/cathepsin A.

Reduction in the size of spleen and kidneys

in scAAV2/8LP1-PPCA-treated GS mice

A phenotype that is characteristic of PPCA-deficient mice? is the
enlargement of their kidneys and spleens. These aberrant features
could be detected by ultrasound monitoring; however, while this
noninvasive method was useful to assess disease progression, it
was difficult to standardize because of slight variations in the way
the animals were positioned during ultrasound recording. We
therefore chose to measure the weights of these organs. Spleens
and kidneys of GS mice were on average significantly heavier
than those of the corresponding WT mice (Figure 7). In contrast,
there was no significant difference between the average weights of
spleens and left/right kidneys isolated from rAAV-treated mice 16
weeks after injection and those of WT mice, regardless of the viral
dose (Figure 7). These data further support the curative effect of
rAAV-mediated therapy on the visceral organs of GS mice.

Clearance of high molecular weight oligosaccharides
(HMWOs) from the urine of scAAV2/8LP1-PPCA-
treated GS mice

A diagnostic marker of GS in the affected children and the mouse
model is the presence of aberrantly HMWOs in their urine.?? We

Molecular Therapy vol. 20 no. 2 feb. 2012
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Figure 5 In situ cRNA hybridization of tissue sections of high-dose
scAAV2/8LP1-PPCA-treated GS mice shows a high expression level
of scAAV-derived PPCA transcript in the liver but a complete absence
in other organs. PPCA, protective protein/cathepsin A.
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Figure 6 Uptake by GS fibroblasts of PPCA in serum from
sCAAV2/8LP1-PPCA-treated GS mice. Restoration of CA activity and
rescue of endogenous Neu1 activity in GS fibroblasts cultured for 2 days
in the presence of 10 or 100 pl serum isolated from the blood of high-
dose scAAV2/8LP1-PPCA-treated GS mice are indicative of exogenous
PPCA present in the peripheral blood of treated mice. Error bars indicate
standard deviation. PPCA, protective protein/cathepsin A.

therefore analyzed the oligosaccharide profile in urine samples
of treated GS mice at 16 weeks after rAAV injection, using flu-
orophore-assisted carbohydrate electrophoresis.*?> This FDA-
approved diagnostic method for the identification of HMWOs
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has been employed to evaluate the efficacy of treatment and extent
of correction in lysosomal storage disease (LSD) patients and in
mice.”? HMWOs (>glucose-4) were readily detected in the urine
of untreated GS mice, but were no longer present in urine of male
and female treated mice. Only some of the low-dose-treated males
still had trace amounts of HMWOs in their urine (Figure 8).

Fertility is restored in scAAV2/8LP1-PPCA-treated
male and female GS mice

An unexpected outcome of this therapeutic approach in GS mice
was the high-level expression of PPCA detected in the reproduc-
tive organs and their overall improved histopathology. We there-
fore wanted to assess whether scAAV2/8LP1-PPCA treatment
restored the fertility in these animals. Several pairs of male and
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Figure 7 Weight of kidneys and spleen in scAAV2/8LP1-PPCA-
treated GS and untreated control mice. Weights of the kidneys and
spleen of euthanized mice 16-week post-treatment, females and males
combined. Untreated GS mice (KO; n=16); untreated WT (n = 16); low-
dose scAAV2/8LP1-PPCA-treated GS mice (KO-L; n = 20); intermediate-
dose-treated GS mice (KO-I; n = 19); high-dose-treated GS mice (KO-H;
n = 21). Error bars indicate standard deviation. There are no statistically
significant difference between the left/right kidney and spleen weights
of WT mice and that of the GS mice in each AAV dose group; however,
there are significant difference in organ weights between the untreated
GS mice and the GS mice in each AAV dose group (‘P = 0.0019;
“P=0.007; P <0.0001; ""P=0.003; *P = 0.0308; **P = 0.0275; **P =
0.0174; ~+P =0.0004). PPCA, protective protein/cathepsin A.
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female GS mice administered with the high dose of rAAV-PPCA
were allowed to mate during the 16-week period post-treatment.
All of the rAAV-treated GS mating pairs were capable of generat-
ing up to 3 litters in succession, similar to what was observed for
WT mating pairs. Genotyping of the pups confirmed that all off-
spring were Ppca KOs. In addition, the disease phenotype of these
GS pups was identical to that of KO pups born from pairs of Ppca-
heterozygous mice, which indicated that the scAAV2/8LP1-PPCA
had not been integrated into the genomic germline DNA of the
parental mice (data not shown). Absence of scAAV2/8LP1-PPCA
DNA was confirmed by PCR analysis using scAAV2/8LP1-spe-
cific primers on genomic DNA isolated from GS offspring (data
not shown).

DISCUSSION

The scope of this study was to conduct a comprehensive preclini-
cal dose-finding trial in the mouse model of GS using a rAAV-
based gene therapy approach that could potentially be translated
to the clinic for the treatment of the non-neuropathic form of the
disease. We report the successful, complete reversal of visceral
organ histopathology, clearance of HMWOs from urine, and res-
toration of fertility in GS mice injected intravenously with a single
dose of a liver-specific scAAV2/8LP1-PPCA vector. As expected,
expression of PPCA was restricted to the liver of the treated mice.
However, the enzyme was readily detected also in the visceral and
reproductive organs, resulting from internalization by resident
cells of circulating exogenous PPCA zymogen secreted by the
hepatocytes. This was most evident in mice treated with an inter-
mediate dose or high dose of scAAV2/8LP1-PPCA vector.

We were pleased by the extent of correction of the reproduc-
tive organs and the rescue of fertility in male and female GS mice
after rAAV treatment. This outcome is noteworthy given that
it results from a gene therapy approach rather than transgenic
expression, as reported for two other LSD models.**** The cause of
infertility in the female GS mice is still poorly understood. More is
known about the cause of infertility in GS males.? Previously, we
have shown that Ppca deficiency is responsible for changes in the
blood-epididymis barrier, which affect the luminal environment
of the epididymis and result in a 70% reduction in sperm count
and motility.® After intermediate- or high-dose scAAV2/8LP1-
PPCA treatment, the blood-epididymis barrier appeared normal.
Although we did not perform sperm counts or test sperm motility,
the number of litters and the normal size of the litters produced
by the rAAV-treated GS breeding pairs suggest a full reversal of
infertility in both males and females. These results have drastically

M WT  WT KO KO KO-L KO-l KO-H

Female

Figure 8 Clearance of urinary oligosaccharides in scAAV2/8LP1-PPCA-treated GS mice. FACE of oligosaccharides in urine samples collected
16-week post-treatment shows an accumulation of HMWOs (>glucose-4) in two untreated male and female GS mice (KO), and complete clearance
of these sugars in the urine of all scAAV2/8LP1-PPCA-treated mice with the exception of low-dose-treated male mice which have a reduction in the
amount of HMWOs. KO-I, intermediate-dose-treated GS mice; KO-L, low-dose-treated GS mice; KO-H, high-dose-treated GS mice; PPCA, protective
protein/cathepsin A.
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improved our breeding scheme for generating Ppca null mice in
larger numbers and a more timely manner.

Although we were not able to detect immunoreactivity for
PPCA and CA activity in total brain tissue or in specific regions
of the brain at 16-week post-treatment, rAAV-treated GS mice
showed complete correction of the extensive lysosomal vacuoliza-
tion characteristic of the choroid plexus of untreated GS mice. It is
known that levels of lysosomal enzyme activity as low as 2%-10%
those of the WT enzyme can be sufficient to prevent, reverse,
or ameliorate disease pathology in some LSD patients or mouse
models of LSDs.?* Therefore, the most likely explanation for the
resolved choroid plexus pathology in treated GS mice is that cir-
culating, exogenous PPCA, albeit clearly below the detection limit,
was internalized by epithelial cells of the highly vascular choroid
plexi in all four ventricles of the brain. Because GS affects mainly
the reticuloendothelial system, this could also explain the remark-
able overall improvement of the brain cyto-architecture in treated
GS mice. These initial data suggest that it will be valuable to evalu-
ate central nervous system correction in more detail in the future.

Potential variations in the curative efficacy between mice
treated at young versus older age, or gender-based differences are
critically important when considering clinical applications for
the treatment of LSD patients. It has been reported that AAV1-
mediated a-galactosidase expression in a mouse model of Fabry
disease was greatly influenced by the age and gender of the treated
mice.”” The AAV treatment of neonatal Fabry mice resulted in
a greater efficacy than similar treatment of adult Fabry mice,
regardless of the gender of the recipients. Moreover, adult female
mice showed poorer efficacy than male recipients likely as a result
of androgen dependence of AAV vector transduction.”® Another
factor that may influence the efficacy of AAV treatment is the gen-
eration of neutralizing antibodies against the therapeutic enzyme.
Problems with androgen dependence and the generation of neu-
tralizing antibodies were circumvented in adult Pompe and Fabry
mice using an AAV2-8 serotype vector and a liver-specific regu-
latory cassette to drive expression of the corrective enzymes,?
similar to the vector used in our study. Preliminary data suggest
that older GS mice with a full-blown disease may be more difficult
to correct than younger mice, although further studies are needed
to thoroughly evaluate the effect of age on phenotypic correction.

The potential use of this gene therapy approach for the
treatment of GS patients is strongly supported by the results of
our ongoing trial for hemophilia B using an analogous vector,
scAAV2/8-LP1-scFIXco. We have observed a dose-dependent
increase in FIX, which, in the higher dose cohort, was between 5%
and 10%, which is well into the therapeutic range. The two partici-
pants in our trial who received the highest vector dose developed
evidence of immune hepatitis and were treated with oral corti-
costeroids for 4-6 weeks. Fortunately, FIX production has been
sustained after steroid withdrawal. Our experience with the FIX
vector in mice, nonhuman primates, and humans suggests that a
400-fold higher dose than the minimum effective dose per mouse
will be required in GS patients. Our initial proposed clinical dose
is 1 x 10" vg/kg, just below the dose of 2 x 10'? vg/kg, which trig-
gered the immune response in our hemophilia trial. Accordingly,
we will be prepared to initiate corticosteroid treatment in the con-
text of our planned trial for GS. In conclusion, the results of this

Molecular Therapy vol. 20 no. 2 feb. 2012

AAV2/8-Mediated Gene Therapy in Galactosialidosis Mice

study set the stage for the potential translation of this therapeutic
modality to the clinic for the treatment of non-neuropathic GS
patients.

MATERIALS AND METHODS

Animal studies. All experiments were performed on Ppca™ (GS or KO)
mice and WT littermate controls* in the FVB background. The handling
of and experiments on the mice were approved by the St. Jude Children’s
Research Hospital Animal Care and Use Committee.

scAAV2/8-LP1-PPCA vector production and titration. The scAAV2/8LP1-
PPCA construct contains a liver-specific regulatory element (LP1) that
consists of the core domains from the human apolipoprotein hepatic con-
trol region and the human o-1-antitrypsin gene promoter'’ that drives
the hepatocyte-exclusive expression of the 1.44-kb human PPCA ¢cDNA.*
The scAAV vector particles were made using a Good Manufacturing
Practice (GMP) process-comparable transient transfection procedure in
the Children’s GMP, LLC facility on the St. Jude campus, as described for
our hemophilia B vector.”> As qPCR under reports vector genome titers
for self-complementary vectors (Fagone P and Gray JT,. unpublished
results), scAAV2/8LP1-PPCA vector genome titers were determined by
direct loading and electrophoresis of detergent-treated vector particles on
native agarose gels, staining with fluorescent dye, and quantitation of sig-
nal relative to known mass standards.

Experimental design, injection of AAV, and tissue and urine collection.
In total, 93 mice were used in this study. Three doses of scAAV2/8LP1-
PPCA, i.e., 2.6 x 10° (low), 2.6 x 10" (intermediate), or 2.6 x 10" (high) vg,
were injected into the tail veins of three groups of GS mice (10 males and
10 females for the low dose, 10 males and 10 females for the intermediate
dose, and 11 males and 10 females for the high dose group, respectively)
at age of 30 days (+5). A total of 16 male and female WT mice, and 16
male and female KO mice were not subjected to rAAV injection. The mice
were monitored for 16 weeks after injection, after which they were eutha-
nized and dissected. Serum was collected from all treated mice and stored
at —70°C. Urine was collected prior to treatment, and again just before
euthanasia. Nine different tissues (liver, kidney, spleen, lung, heart, brain,
pancreas, testis, epididymis, uterus, and ovary) were collected at time of
euthanasia, and the weight and size of the spleen and kidneys were mea-
sured. Tissues were either fixed in 10% neutralized formalin and paraffin-
embedded for histology and immunohistochemical analyses or frozen in
liquid nitrogen for biochemical analyses.

CA and Neu1 activity assays and western blot analysis. Frozen liver, spleen,
kidney, brain, testis, epididymis, uterus, and ovary of three mice of each of
the virus dose groups as well as of untreated WT and KO controls were
homogenized on ice in 3 volumes of water (wt/vol) using the Omni-Prep
Multi-Sample Homogenizer and soft-tissue disposable grinders (Omni,
Kennesaw, GA). Neul catalytic activity was measured against synthetic
4-methylumbelliferyl-a-D-N-acetylneuraminic acid (Sigma, St. Louis,
MO),* and CA activity was measured against de di-peptide Z-Phe-Ala.**
Tissue homogenate samples (10-30pg) were resolved on 4%-12% gradi-
ent polyacrylamide gels under denaturing and reducing conditions, trans-
ferred onto Hybond-PVDF membranes (Amersham, Piscataway, NJ), and
incubated with affinity-purified anti-PPCA antibody® and peroxidase-con-
jugated goat—anti-rabbit secondary antibody (Jackson Immuno Research,
West Grove, PA). The enzyme was visualized using Super Signal West Femto
Chemiluminescence reagent (Pierce, Thermo Scientific, Rockford, IL) and
the Chemi-Doc imaging system (Bio-Rad, Hercules, CA).

Immunohistochemical analysis and in situ hybridization of mouse tissue
sections. Six-um-thick paraffin-embedded tissue sections were subjected to
deparaftinization and antigen retrieval using standard histology methods.
After blocking with 0.1% bovine serum albumin and 0.5% Tween-20, the
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sections were incubated overnight at room temperature with anti-PPCA
antibody.® The sections were washed and incubated with biotinylated sec-
ondary goat anti-rabbit antibody (Jackson ImmunoResearch Laboratory,
West Grove, PA) for 1 hour. Endogenous peroxidase was removed by
incubating the sections with 0.1% hydrogen peroxidase for 30 minutes.
Antibody detection was performed using the ABC Kit and diaminoben-
zidine substrate (Vector Laboratories, Burlingame, CA), and sections were
counterstained with hematoxylin according to standard method.

For histopathological examination, paraffin-embedded tissues from
all 96 mice were cut into 6-pm-thick slices and stained with a standard
HE method.

In situ hybridization of tissue sections with a digoxigenin-labelled
PPCA cRNA probe was performed according to the method described
previously.*

FACE analysis. Urine samples (10 pl) were tested for the presence of unde-
graded high molecular weight oligosaccharides using the FACE urinary
carbohydrate analysis kit according to the manufacturer’s protocol (Glyko,
Novato, CA).

In vitro uptake assay by GS fibroblasts of exogenous PPCA present in the
serum of scAAV2/8LP1-PPCA-treated mice. GS fibroblasts from an early
infantile patient were seeded to near-confluency in 6-well plates as previ-
ously described.* Ten- and 100-pl aliquots of serum of low-, intermediate-,
and high-dose scAAV2/8LP1-PPCA-treated mice were added to the cul-
ture medium of Ppca-null GS fibroblasts and incubated for 48 hours, after
which the cells were harvested and assayed for Neul and CA activity.

Statistical analysis. The weights of the dissected left and right kidneys and
spleen were measured after euthanasia. Two-way ANOVA model was used
to analyze the data. The model included group effect and gender effect.
Tukey-Kramer method was used to adjust for multiple pairwise compari-
sons between different groups. The same analysis was applied to the left kid-
ney, right kidney, and spleen data separately. All analyses were performed
using SAS software (SAS Institute, Cary, NC), Windows version 9.2.

SUPPLEMENTARY MATERIAL

Figure S1. Restoration of tissue morphology in systemic and repro-
ductive organs of intermediate- and high-dose scAAV2/8LP1-PPCA-
treated GS mice.

Figure $2. Clearance of vacuolization in the brain of scAAV2/8LP1-
PPCA-treated GS mice.
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