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No treatment is available to address the unmet needs of muco-
polysaccharidosis (MPS) IIIA patients. Targeting the root
cause, we developed a new self-complementary adeno-associ-
ated virus 9 (scAAV9) vector to deliver the human N-sulfoglu-
cosamine sulfohydrolase (hSGSH) gene driven by a miniature
cytomegalovirus (mCMV) promoter. In pre-clinical studies,
the vector was tested at varying doses by a single intravenous
(i.v.) infusion into MPS IIIA mice at different ages. The vector
treatments resulted in rapid and long-term expression of func-
tional recombinant SGSH (rSGSH) enzyme and elimination of
lysosomal storage pathology throughout the CNS and periph-
ery in all tested animals. Importantly, MPS IIIA mice treated
with the vector at up to 6 months of age showed significantly
improved behavior performance in a hidden task in the Morris
water maze, as well as extended lifespan, with most of the ani-
mals surviving within the normal range, indicating that the vec-
tor treatment can prevent and reverse MPS IIIA disease pro-
gression. Notably, 2.5 � 1012 vector genomes (vg)/kg was
functionally effective. Furthermore, the vector treatment did
not lead to detectable systemic toxicity or adverse events in
MPS IIIA mice. These data demonstrate the development of a
safe and effective new gene therapy product for treating MPS
IIIA, which further support the extended clinical relevance of
platform recombinant AAV9 (rAAV9 gene delivery for treat-
ing broad neurogenetic diseases.

INTRODUCTION
Mucopolysaccharidosis (MPS) IIIA is a devastating lysosomal storage
disease (LSD) with severe neurolopathy. The disease is caused by
autosomal recessive mutations in N-sulfoglucosamine sulfohydrolase
(SGSH), a lysosomal enzyme that is essential for the degradation of a
class of biologically important glycosaminoglycans (GAGs), heparan
sulfate.1,2 While the mutations are highly heterogeneous, the lack of
functional SGSH results in lysosomal GAG storage in cells in virtually
all organs, leading to multisystem manifestations with profound neu-
ropathologies throughout the nervous system.1,3 Infants with MPS
IIIA appear normal at birth. Most MPS IIIA patients are diagnosed
before the age of 6 years, when severe neurological disorders have
developed. Premature death typically occurs in the second decade.1,3,4

No treatment is currently available, and palliative care has been the
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only option for MPS IIIA. The blood-brain barrier (BBB) has been
the major challenge to therapeutic development for neuropathic
LSDs.

Gene therapy offers an ideal strategy for treating most LSDs by target-
ing the root cause, with the potential for long-term endogenous
expression of functional recombinant enzymes by replacing the defec-
tive gene. Given the bystander effects of lysosomal enzymes, there is
no need to transduce every cell to achieve the optimal therapeutic
benefits. While numerous viral vectors have been studied targeting
different LSDs, recombinant adeno-associated virus (rAAV) vectors
have been the favored tools for gene delivery because of their safe pro-
files, long-term transgene expression, and diverse cell and tissue tro-
pisms of different AAV serotypes.5–8

The mode of delivery remains the key to achieve maximal therapeutic
impacts for MPS IIIA, given the global diffuse neuropathy and wide
manifestations in all organs. The bystander cross-correction effects
of SGSH allow functional benefits from a small number of transduced
cells if well distributed within an organ. Numerous studies showed
that direct brain gene delivery may not be feasible for treating MPS
in humans,9–13 although it is safe.14–16 The greatest therapeutic ben-
efits can be achieved by systemic gene delivery across the BBB, given
the abundance of capillaries in the central nervous system (CNS). The
demonstrated trans-BBB neurotropic AAV9 has offered an effective
solution for CNS gene delivery,17,18 leading to successes in developing
gene therapy products for treating neurogenetic diseases, in animal
models via systemic19–27 or intrathecal delivery.23,28–36 These studies
have led to the investigational new drug (IND) approvals of systemic
rAAV9 gene delivery clinical trials in patients with spinal muscular
atrophy (SMA), MPS II, MPS IIIA, and MPS IIIB, and in intrathecal
rAAV9 gene delivery clinical trials in patients with giant axonal neu-
ropathy, MPS I, MPS II, and MPS IIIA. The demonstrated ground-
breaking efficacy of intravenous (i.v.) AAV9 infusion in the SMA
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Table 1. Study Design: Systemic scAAV9-mCMV-hSGSH Gene Delivery in MPS IIIA Mice

Cohorts Vector Dose (vg/kg) Injection Age (m)

No. Mice (n)

Total

Behavior Necropsy

LongevityAge 8 Months Age 12 Months 5 Days p.i. 1 Month p.i. Age 8 Months End

1. MPS 2.5 � 1012 1 18 12 – – 5 5 5 8

2. MPS 5 � 1012 1 22 18 – – 4 5 9 13

3. MPS 1 � 1013 3 9 5 5 – 4 – 5 5

4. MPS 1 � 1013 6 6 6 5 – – – 6 6

5. MPSa 5 � 1013 3–4 4 – – – 4 – 0

6. WTa 5 � 1013 4 8 – – 4 4 – 4 0

7. WTa 3 � 1013 2 3 – – 3 – – 3 0

8. MPSb – – 63 36 – – 5 5 53

9. WTb – – 75 75 6 – 5 5 53

–, not performed.
aNon-GLP toxicology testing.
bControls combined from multiple experiments.
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trial37 led to the US Food and Drug Administration (FDA) approval
of Zolgensma, further confirming the potential of systemic rAAV9
vector gene delivery as an effective platform tool for developing effec-
tive gene therapy targeting the root cause to treat neurogenetic dis-
eases. Furthermore, studies using ex vivo gene therapy have also
achieved successful correction of MPS IIIA neurological disease in
mice.38

Taking advantage of both the high efficiency of the self-complemen-
tary AAV (scAAV) vector,39–41 and AAV9 trans-BBB neurotropism
in this study, we developed a new scAAV9-miniature cytomegalo-
virus (mCMV)-hSGSH vector, to address the still unmet need of
MPS IIIA. We tested the vector in MPS IIIA mice at different disease
stages to assess the clinical potential. A single i.v. scAAV9-human
SGSH (hSGSH) delivery led to significant improvement in behavior
and extension in survival within the range of normal lifespan in
MPS IIIA mice, demonstrating the clinically meaningful benefits
and the potential of this new scAAV9-hSGSH vector for treating
the disease in humans via an i.v. injection.

RESULTS
In this study, we developed a new scAAV9 vector using a mCMVpro-
moter to drive the expression of hSGSH. To determine the therapeu-
tic potential of the scAAV9-mCMV-hSGSH gene therapy vector, we
tested the vector in MPS IIIA mice at age 1, 3, or 6 months with an i.v.
injection of the vector at 2.5 � 1012 vector genomes (vg)/kg (n = 18),
5 � 1012 vg/kg (n = 22), or 1 � 1013 vg/kg (cohorts 1–4). Behavior
tests were conducted in all mice in a hidden task in a Morris water
maze at 8 and/or 12 months of age (n = 6–18/group). Tissue analyses
were performed for SGSH enzyme activity, GAG contents, histopa-
thology, and biodistribution at 1 month postinjection (p.i.), 8 months
of age (n = 4–5/group), or the humane endpoint. Subsets of mice from
each group were observed for longevity (n = 6–13). To assess the po-
tential acute toxicity, small groups of animals (cohorts 5–7) were
Molecular The
treated with the vector at higher doses, that is, 3 � 1013 or 5 � 1013

vg/kg. Controls were combined randomly and assigned to non-
treated MPS IIIA and wild-type (WT) littermates. Table 1 summa-
rizes the overall experimental design.

Significant Behavioral Improvement

To assess the functional neurological benefits of scAAV9-mCMV-
hSGSH via i.v. delivery, the vector-treated mice were tested for perfor-
mance in a hidden task in a Morris water maze at 8 months (Figures
1A and 1B) and/or 12 months of age (Figures 1B and 1C). The vector
treatments led to significant improvement to WT levels in latency to
find a hidden platform and swimming ability in MPS IIIA mice
treated at 1 month of age with 2.5 � 1012 vg/kg (n = 12) or 5 �
1012 vg/kg (n = 18) when tested at 8 months of age, indicating the
correction of cognitive and motor function. These data further sup-
port the notion of the functional dose threshold of an i.v. delivery
of scAAV9-mCMV-hSGSH, because of the bystander effect of
SGSH. MPS IIIA mice treated at age 3 months (n = 8) or 6 months
(n = 6) with 1� 1013 vg/kg vector showed normalized swimming abil-
ity, but only partial correction in latency to find the hidden platform
when tested at age 8 months (Figures 1B and 1C). However, when re-
tested at age 12 months, animals treated at age 3 months (n = 5) or
6 months (n = 5) showed latency and swimming ability similar to
WT mice (n = 6) (Figures 1B and 1C). Notably, both WT and MPS
IIIA mice treated with the vector at age 3 or 6 months showed further
improvement in latency to find the hidden platform, rather than a
decline in ability, when retested at age 12 months, compared to that
of first test at age 8 months (Figures 1B and 1C). These data indicate
that the vector treatment led to the correction of cognitive and motor
function in MPS IIIA animals.

6432550373570500Significant Extension in Survival

Part of each cohort was maintained for longevity studies (Table 1).
The results showed significantly increased survival in all MPS IIIA
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mice that were treated with a i.v. delivery of the scAAV9-mCMV-
hSGSH vector. 90%–100% of MPS IIIA mice receiving 2.5 � 1012

or 5 � 1012 vg/kg vector at age 1 month, or 1 � 1013 vg/kg vector
at age 3 month lived normal lifespans (Figure 1D). 80% of MPS
mice treated with 1 � 1013 vg/kg vector at age 6 months also lived
within the normal survival range (Figure 1D). Because neurological
manifestation has been considered to be the cause of premature death
in MPS IIIA, the significantly extended survival further supports the
functional neurological impacts of the scAAV9-mCMV-hSGSH vec-
tor via an i.v. infusion.

Rapid andPersistent Expression of Functional SGSH throughout

the CNS and Periphery

To evaluate the persistence and levels of scAAV9-mediated rSGSH
expression, tissues were assayed for SGSH activity at 1 month p.i.,
age 8 months, and the humane endpoint. The results showed SGSH
activity at above normal levels in the liver, at close to normal levels
in heart, spleen, and lung, and at subnormal levels in the brain, intes-
tine, skeletal muscle, and kidney at 1 month p.i. in MPS IIIA mice
treated with 2.5 � 1012, 5 � 1012, or 1 � 1013 vg/kg vector (Figures
2A–2C). Importantly, among all vector-treated MPS IIIA mice, brain
SGSH activity was detected at 5.5%–18.2% of WT levels. Further-
more, SGSH activity levels persisted in the brain and most of the
tested somatic tissues, while a significant decrease in SGSH activity
was observed in the liver, spleen, and lung overtime from 1 month
p.i. to the endpoint (Figures 2A–2C). Dose response was observed
only in the liver and possibly in the spleen (Figures 2A and 2B). These
results demonstrate that the scAAV9-mediated rSGSH expression is
quick and persistent, and the rSGSH is enzymatically functional.
The decrease in SGSH activity in liver, spleen, and lung over time
may be due to the slow cell turnover and the predominantly episomal
status of AAV vector.

Furthermore, tissues were also assayed for hSGSH by immunofluo-
rescence (IF) staining to determine the distribution of the recombi-
nant enzyme. The rSGSH expression was observed in cells throughout
the CNS and peripheral tissues in vector-treated MPS IIIA mice (Fig-
ure 2D), correlating with the SGSH activity levels (Figures 2A–2C).

Lifelong Clearance of Lysosomal Storage Pathology and

Correction of Astrocytosis

To further assess the functionality of scAAV9-mediated rSGSH, brain
and multiple peripheral tissues were assayed for GAG contents at
1 month p.i., 8 months of age, or the humane endpoint. As shown
in Figures 3A–3C, the vector treatments at all three tested doses led
to significant reduction of GAG contents to normal levels in most
of the tested tissues, including the brain and seven somatic tissues,
with the exception of kidney. Importantly, the normalized tissue
Figure 1. Correction of Behavior Deficits and Extension in Survival

MPS IIIAmice were treated with an i.v. injection of the scAAV9-mCMV-hSGSH vector at 2

C) Behavior performancewas tested in a hidden task in aMorris water maze at age 8mon

12 m. WT and non-treated MPS IIIA mice were uses as controls. m/m, injection age/tes

Survival.
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GAG contents were observed at all testing time points, from 1 month
p.i. to the humane endpoint, in all MPS IIIA mice treated with the
vector. These data further support that the scAAV9-mediated rSGSH
is functional, leading to rapid clearance of GAG contents, as well as
the correction and reversal of GAG storage in the CNS and periphery.
Importantly, the complete clearance of tissue GAG storage persisted
to the endpoint (Figures 3A–3C), correlating with the long-term tis-
sue rSGSH expression (Figure 2). The clearance of lysosomal storage
pathology was further confirmed by IF staining for lysosomal-associ-
ated membrane protein 1 (LAMP1), showing the reduction of
LAMP1 in the brain and peripheral tissues (Figure 3D).

In addition, IF staining showed the clearance of glial fibrillary acidic
protein (GFAP)-positive signals in the brain and retina (Figure 3D),
indicating the correction of astrocytosis, a hallmark of neuroinflam-
mation, in the CNS and optical nervous system (ONS). Unfortu-
nately, we were not able to obtain data of IF LAMP1 and/or GFAP
staining in intestine and other tissues, due to poor quality of tissue
sections.

Differential Biodistribution of rAAV9-mCMV-hSGSH Vector

Genome in the CNS and Periphery

To determine the biodistribution of scAAV9-mCMV-hSGSH
following an i.v. infusion, total tissue DNA samples were assayed us-
ing quantitative real-time PCR to quantitate scAAV9-hSGSH vector
genome in tissues at different time points after vector injection (n
R 4/group). We observed differential biodistribution of the vector
DNA in tissues in MPS IIIA mice, with the highest vector genome
levels detected in the liver, followed by heart, skeletal muscle, lung, in-
testine, kidney, spleen, and brain (Figure 4). Differences in tissue vec-
tor genome copy numbers were observed among MPS IIIA mice
receiving scAAV9-mCMV-hSGSH vector treatments. The vector
genome copies persisted in most of the tissues, although decreases
of vector genome were observed in liver, spleen, and lung over time.

Similar differential biodistribution profiles (Figure 5) were also
observed in the small non-good laboratory practice (GLP) toxicology
testing in MPS IIIA (cohort 5) and WT (cohorts 6 and 7) mice that
received an i.v. injection of scAAV9-mCMV-hSGSH at high doses
(Table 1). The results showed a dose response of tissue vector genome
in most of the tissues in WT mice at 1 month p.i. (Figure 5).

No Observable Adverse Events and Detectable Toxicity

All mice used in this study were observed for potential adverse events
following an i.v. injection of scAAV9-mCMV-hSGSH. No adverse
events were seen in MPS IIIA mice treated with the vector at 2.5 �
1012–1 � 1013 vg/kg in the efficacy studies during the entire experi-
mental period until humane endpoints. Furthermore, no acute side
.5� 1012 or 5� 1012 vg/kg at age 1month, 1� 1013 vg/kg at age 3 or 6months. (A–

ths and/or 12months. RT, mice treated at age 3 and 6months were re-tested at age

ting age (time). *p < 0.05 versus IIIA; ^p > 0.05 versus IIIA; #p > 0.05 versus WT. (D)
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effects were observed in MPS IIIA and WT mice treated at a higher
vector dose (3x1013 or 5 � 1013 vg/kg) in short non-GLP toxicology
studies. In addition, brain and seven somatic tissues from all mice in
this study were processed for histopathology examination by a certi-
fied veterinary pathologist, and the results showed no detectable ab-
normality associated with the vector treatments in any animal subject.
These data indicate that scAAV9-mCMV-hSGSH via an i.v. delivery
were safe and did not induce systemic toxicity at tested doses.

DISCUSSION
In this study, we developed a new scAAV gene therapy vector using a
truncated CMV promoter to drive hSGSH expression, targeting the
root cause of MPS IIIA. We demonstrated the life-long functional
benefits of scAAV9-mCMV-hSGSH via systemic delivery. A single
i.v. infusion of the vector led to the effective restoration of SGSH
enzyme activity before 1 month after vector treatment in an MPS
IIIA mouse model. The expression of functional rSGSH persisted
over the lifetime of the animals, resulting in the clearance of GAG
storage in broad somatic tissues and throughout the CNS. The persis-
tent therapeutic effects support the potential long-term beneficial im-
pacts of this approach for treating MPS IIIA in humans.

We demonstrate in this preclinical study that at an effective dose, a sin-
gle i.v. delivery of scAAV9-mCMV-hSGSH, is sufficient to not only
prevent but also reverse the disease progression of MPS IIIA in mice.
The reversibility has been a major concern in therapeutic development
for MPS IIIA, since most of the patients are diagnosed after age 1–2
years, when severe neurological and somatic manifestations have
already occurred. To address the reversibility issue, we tested the vector
product in MPS IIIA mice at different ages (i.e., disease stages) and
demonstrated that an i.v. infusion of scAAV9-mCMV-hSGSH at an
effective dose can not only slow down, but also halt, the MPS IIIA dis-
ease progression. A single i.v. injection of 2.5� 1012 and 5� 1012 vg/kg
scAAV9-mCMV-hSGSH in MPS IIIA mice at 1 month of age or 1 �
1013 vg/kg at age 3 or 6 months can mediate effective restoration of
SGSH activity in all seven tested peripheral tissues and the brain.
Importantly, the levels of rAAV9-mediated SGSH in tissues were suf-
ficient to result in the life-long clearance of lysosomal GAG storage pa-
thology, the correction of cognitive and motor functions, and mostly
normalized survival. Notably, similar to findings in previous published
studies,27,42 our data further support the notion that a longer period of
time is needed for the functional correction of neuropathological dam-
age in mice treated at advanced disease stages. Interestingly, there was
little clear correlation between tissue vector genome copies and rSGSH
activity levels, suggesting differential transgene expression driven by
the mCMV promoter. In all vector-treated MPS IIIA mice, tissue
Figure 2. Persistent Restoration of SGSH Activity in CNS and Somatic Tissues

(A–C) MPS IIIA mice were treated at age 1 month with an i.v. injection of 2.5� 1012 vg/kg

hSGSH vector. (A–C) Tissues were assayed for SGSH activity at 1 month p.i. and age 8m

as U/mg protein; 1 U = nmol of 4MU released/17 h. *p % 0.05 versus WT; #p > 0.0

fluorescence indicates rSGSH-positive signals; green arrows and yellow fluorescence

treated MPS IIIA mice. CTX, cerebral cortex; blue arrows indicate blood vessel; BS, bra

white arrows indicate hSGSH-positive brain cells; blue arrow indicates hSGSH-positive
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(except kidney) GAG contents were reduced to levels comparable to
those inWTmice through the study duration until the endpoints, indi-
cating the effective clearance and reversal of lysosomal GAG accumu-
lation in both the CNS and periphery, despite the variation in tissue
rSGSH levels and the age of vector delivery. We therefore think that
an i.v. infusion of scAAV9-mCMV-hSGSH at an effective dose can
facilitate the expression of functional rSGSH at levels sufficient for
the effective clearance of the CNS and somatic GAG storage, regardless
of the disease stage to a certain extent, supporting its clinical potential
for the treatment of MPS IIIA in patients.

Of the tested doses, the minimally efficacious dose (MED) of scAAV9-
mCMV-hSGSH via a systemic delivery is 2.5� 1012 vg/kg, which is 2-
fold lower than the MED of the previous scAAV9-hSGSH vector prod-
uct.42 While a dose response was observed for rSGSH expression only
in the liver and possibly spleen, complete clearance of GAG storage was
achieved throughout the CNS and periphery, even at the lowest tested
dose (2.5� 1012 vg/kg) when treatingMPS IIIAmice at age of 1month.
Notably, 4.5%–18.2% of WT levels of SGSH activity restored by an i.v.
scAAV9-hSGSH infusion were sufficient to clear the lysosomal storage
pathology and diminish the global neuropathology and neuroinflam-
mation throughout the CNS, leading to the functional correction of
neuropathy of MPS IIIA in all vector-treated mice. Strongly supported
by previously published studies,27,42,43 our data from this study rein-
force the therapeutic potential of bystander effects of lysosomal en-
zymes, including SGSH, in gene therapy development targeting LSDs
involving secretory lysosomal enzymes. The advantage of the bystander
effects allows the achievement of optimal therapeutic benefits at signif-
icantly lower vector doses for treating LSDs, in comparison to rAAV
gene therapy products for diseases involving a non-secreted protein,
such as SMA (Zolgensma).37,44 Therefore, the demonstrated lower
MED of this new scAAV9-hSGSH vector product would ease the chal-
lenge in scale-up vector manufacture to the translation of this approach
to clinical application to treat MPS IIIA in humans.

Furthermore, as expected, this study demonstrates the correction of
MPS IIIA neuropathology beyond CNS in mice, following a single
i.v. scAAV9-mCMV-hSGSH gene delivery. The vector treatment
led to the amelioration of Müller glia activation and maintenance
and restoration of the nuclear layers integrity in the retina, demon-
strating the correction of gliosis and neurodegeneration in the
ONS. Given that retinopathies are common in patients and mouse
models with MPS III,45–47 these are clinically meaningful observa-
tions that further support the extended clinical relevance of targeting
the root cause by systemic scAAV9-hSGSH gene delivery for the
treating MPS IIIA and other neurogenetic diseases.
(A), 5� 1012 vg/kg (B), or at 3 or 6 months with 1� 1013 vg/kg (C) scAAV9-mCMV-

onths (n = 4–5/group) or the humane endpoint (n = 5–9). SGSH activity is expressed

5 versus WT. (D) Tissues were assayed by immunofluorescence for hSGSH. Red

indicates autofluorescence signals. NT, nontreated MPS IIIA mice; AAV9, AAV9-

in stem; Liv, liver; Hrt, heart; green arrows indicate autofluorescent red blood cells;

blood vessels; Kid, kidney; yellow arrows indicate glomerulus.
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In summary, we developed a safe and potentially more effective new
second-generation scAAV9-hSGSH gene therapy product for the
treatment of MPS IIIA. This pre-clinical study demonstrates that sys-
temic trans-BBB neurotropic AAV9 gene delivery targeting the root
cause can prevent and reverse the broad neurological and somatic
manifestations of the disease. In the present study, we demonstrate
again that the efficacy and safety profiles of systemic rAAV9 gene de-
livery are highly reproducible, further supporting the potential of the
demonstrated AAV9 vector platform for the effective translation of
rAAV9 gene therapy products to clinical application to benefit broad
neurogenetic disease patient populations.

MATERIALS AND METHODS
Animals

The MPS IIIA mice with spontaneous mutation (B6.Cg-Sgshmps3a)48

and their age-matched WT littermates were used in this study. The
founder mice were kindly provided by Dr. S.U. Walkley (Albert Ein-
stein College of Medicine). The MPS IIIA mouse colony has been
maintained on an inbred background (C57BL/6) by backcrosses of
heterozygotes in the animal facility in the University of North Car-
olina at Chapel Hill (UNC-CH). The progeny mice were genotyped
by PCR with restriction digest.48 The MPS IIIA mice retain approxi-
mately 3% residual SGSH activity, and they exhibit phenotypes
resembling the human disease in virtually all aspects, including char-
acteristic lysosomal storage pathology in cells of virtually all organs,
progressive neurological disorders with relatively mild somatic man-
ifestations, and a significantly shortened lifespan.

All animal care and procedures were performed strictly following the
protocol approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at UNC-CH, in accordance with the Guide for the
Care and Use of Laboratory Animals (Eighth Edition, 2011).

Recombinant AAV Viral Vector

An scAAV vector plasmid (ptrs-mCMV-hSGSH) was constructed for
the production of scAAV9-mCMV-hSGSH viral vector (Figure S1).
The viral vector genome contains minimal elements essential for
transgene expression, including AAV2 terminal repeats, a truncated
228-bp mCMV promoter,27 human SGSH (hSGSH) coding sequence
cDNA, and an SV40 polyadenylation signal (Figure S1). The viral vec-
tors were produced at UNC Vector Core in HEK293 cells using three-
plasmid co-transfection. The viral vector was purified by ion-ex-
change chromatography49 and dialysis into 1� PBS (pH 7.0) contain-
ing 5% sorbitol and 350 mM NaCl. The titer of the vector was deter-
mined by quantitative real-time PCR using dot-blot titrated rAAV
viral vector as the standard, and confirmed by dot-blot hybridization
using the SGSH coding sequence as probe and serially diluted linear-
ized ptrs-mCMV-hSGSH plasmid as the standard.
Figure 3. Diminish of Lysosomal Storage Pathology and Astrocytosis

MPS IIIA mice were treated at age 1 month with an i.v. injection of the scAAV9-mCMV-

1month p.i., age 8months, or the humane endpoint. GAG content is expressed as mg/m

versus WT; ^p% 0.05 versus IIIA. (D) Immunofluorescence for LAMP1 (red fluorescence

heart; Ret, retina; white arrows indicate inner surface; red arrows indicate choroid. NT
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Systemic Vector Delivery

MPS IIIA mice were treated at different ages with an i.v. infusion of
scAAV9-mCMV-hSGSH vector at different doses (in 150–200 mL of
PBS) via the tail vein. For accuracy and consistency of vector delivery,
mice were briefly anesthetized with isoflurane inhalation. Non-treated
age- and sex-matchedMPS IIIAandWTlittermateswereusedas controls.

Behavioral Tests: Hidden Task in the Morris Water Maze

The scAAV9-mCMV-hSGSH-treatedMPS IIIAmice and controlswere
tested for behavioral performance at approximately 8 months of age
and/or age 12 months in a hidden task in a Morris water maze.42,50

The water maze consisted of a large circular pool (diameter of
122 cm)filledwithwater (45 cmdeep, 24�C–26�C)containing1%white
tempera paint, located in a roomwith numerous visual cues. Mice were
tested for their ability to find a hidden escape platform (20 � 20 cm)
0.5 cm under the water surface. Each animal was given four trials per
day, across 4 days. For each trial, the mouse was placed in the pool at
one of four randomly ordered locations, and then given 60 s to swim
to the hidden platform. If themouse found the platform, the trial ended,
and the animal was allowed to remain 10 s on the platform before the
next trial began. If the platform was not found, the mouse was placed
on the platform for 10 s, and then given the next trial. Measures were
taken of latency to find the platform, swimming distance (cm), and
swimming speed (cm/min) through an automated tracking system.

Longevity Observation

Following the scAAV9-mCMV-hSGSH vector injection, mice were
continuously observed for the development of humane endpoint
criteria, or until death occurred. The humane endpoint was when
the symptoms of late stage MPS IIIA clinical manifestation (urine
retention, rectal prolapse, protruding penis) became irreversible, or
when mice showed significant weight loss, dehydration, or morbidity.

Tissue Analyses

Necropsies were performed at 1 month p.i., age 8 months, and/or the
humane endpoint. Brain and multiple somatic tissues were harvested
and stored at either �80�C or 4�C in 4% paraformaldehyde (in PBS,
pH 7.2) prior to being processed for analyses.

SGSH Activity Assay

Tissue samples were assayed for SGSH enzyme activity following previ-
ously published procedures.51 The assay measures 4-methylumbellifer-
one (4MU), a fluorescent product formed by two-step hydrolysis of the
substrate 4-methylumbelliferyl-a-N-sulpho-D-glucosaminide.The sam-
ple SGSHactivity desulfates the substrate during a 17-h reaction at 37�C,
followedby a secondary reactionwith excessa-glucosidase, releasing the
fluorescent product 4MU during 24 h at 37�C. The SGSH activity is ex-
pressed asU/mgprotein.Oneunit is equal to1nmol 4MUreleased/17 h.
hSGSH vector at different doses. (A–C) Tissues were assayed for GAG contents at

g wet tissue. m/m indicates injection age/testing time. *p < 0.05 versusWT; #p > 0.05

) or GFAP (green fluorescence). CTX, cerebral cortex; BS, brain stem; Liv, liver; Hrt,

indicates non-treated MPS IIIA; AAV9 indicates vector-treated MPS IIIA.
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Figure 4. Biodistribution of Systemically Delivered scAAV9-mCMV-hSGSH in MPS IIIA Mice

(A–C) MPS IIIA mice were treated with an i.v. injection of scAAV9-mCMV-hSGSH at age 1 month at 2.5 � 1012 vg/kg (A), 5 � 1012 vg/kg (B), or 1 � 1013 vg/kg at age 3 or

6months (C). Tissues were assayed in duplicates by quantitative real-time PCR at 1month p.i., age 8months, or the humane endpoint (n = 4–9/group). Data are expressed as

105 vector genomes (vg)/mg genomic DNA (gDNA). *Vector genomewas detected at <0.005� 105 vg/mg gDNA in non-treatedWT andMPS IIIAmice. m/m indicates injection

age/testing time.
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Figure 5. Differential Biodistribution of Systemically Delivered scAAV9-mCMV-hSGSH Vector in MPS IIIA and WT Mice

MPS IIIA and WTmice were treated at age 1–2 m with an i.v. injection of 3� 1013 or 5� 1013 vg/kg scAAV9-mCMV-hSGSH. Tissues were assayed by quantitative real-time

PCR for the scAAV9-hSGSH vector genome at 5 days or 1 month p.i. (n = 3–4/group). Data are expressed as 105 vg/mg gDNA.

www.moleculartherapy.org
GAG Content Measurement

Tissues were processed to extract GAGs from published procedures
with modifications.52,53 A dimethylmethylene blue (DMB) assay
was used to measure GAG content.54 The GAG samples (from 0.5
to 1.0 mg tissue) were mixed with H2O to 40 mL before adding
35 nMDMB (Polysciences, Warrington, PA, USA) in 0.2 mmol/L so-
dium formate buffer (pH 3.5). The product was measured using a
spectrophotometer (optical density [OD]535). The GAG content
was expressed as mg/mg wet tissue.

IF Staining

Tissues were processed for thin paraffin sections (4 mm). IF staining
was performed to identify cells expressing rSGSH, GFAP for astro-
cytes, or LAMP1 using antibodies against hSGSH (Abcam), GFAP
Molecular The
(Millipore) or LAMP1 (Abcam), and corresponding secondary anti-
body conjugated with Alexa Fluor 568 or Alexa Fluor488 (Invitro-
gen), following procedures recommended by the manufacturers.
The sections were visualized and imaged under a fluorescence
microscope.

Quantitative Real-Time PCR

Total DNA was isolated from tissue samples using QIAGEN DNeasy
columns. The DNA samples were assayed in duplicates by quantita-
tive real-time PCR, using ABsolute Blue qPCR mix (Thermo Scienti-
fic) and an Applied Biosystems 7000 real-time PCR system, following
the procedures recommended by the manufacturers. TaqMan
primers specific for hSGSHwere used to detect rAAV vector genomes
as follows: forward, 50-AAGTCAGCGAGGCCTACGT-30; reverse,
rapy: Methods & Clinical Development Vol. 19 December 2020 483
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50-GATGGTCTTCGAGCCAAAGAT-30; probe, 50-(6-FAM)-CCTC
CTAGACCTCACGCCCAC C-(TAMRA)-30. Genomic DNA
(gDNA) was quantified in parallel samples using mouse b-actin-spe-
cific primers as follows: forward, 50-GTCATCACTAT TGGC
AACGA-30; reverse. 50-CTCAGGA GTTTTGTCACCTT-30, probe:
50-(6-FAM)-TTCCGATG CCCTGAGGCTCT-(TAMRA)-30. Serial
diluted vector plasmid and mouse gDNA were used as standards.
gDNA from tissues of non-treated mice were used as controls for
background levels and absence of contamination. Data are expressed
as vg/mg gDNA.

Histopathology

Brain and somatic tissues were processed to produce thin paraffin sec-
tions (4 mm) and then stained with hematoxylin and eosin (H&E).
The H&E-stained tissue sections were examined by a board-certified
veterinary pathologist at GEMpath (Longmont, CO, USA).

Statistical Analysis

Data were analyzed using Student’s t test and/or a separate one-way
ANOVAs to examine group differences. For all comparisons, signif-
icance was set at p %0.05.
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