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No treatment is currently available for mucopolysaccharidosis (MPS) IIIB, a neuropathic lysosomal storage
disease due to defect in a-N-acetylglucosaminidase (NAGLU). In preparation for a clinical trial, we performed
an IND-enabling GLP-toxicology study to assess systemic rAAV9-CMV-hNAGLU gene delivery in WT C57BL/
6 mice at 1 · 1014 vg/kg and 2 · 1014 vg/kg (n = 30/group, M:F = 1:1), and non-GLP testing in MPS IIIB mice at
2 · 1014 vg/kg. Importantly, no adverse clinical signs or chronic toxicity were observed through the 6 month
study duration. The rAAV9-mediated rNAGLU expression was rapid and persistent in virtually all tested CNS
and somatic tissues. However, acute liver toxicity occurred in 33% (5/15) WT males in the 2 · 1014 vg/kg cohort,
which was dose-dependent, sex-associated, and genotype-specific, likely due to hepatic rNAGLU over-
expression. Interestingly, a significant dose response was observed only in the brain and spinal cord, whereas
in the liver at 24 weeks postinfection (pi), NAGLU activity was reduced to endogenous levels in the high dose
cohort but remained at supranormal levels in the low dose group. The possibility of rAAV9 germline trans-
mission appears to be minimal. The vector delivery resulted in transient T-cell responses and characteristic
acute antibody responses to both AAV9 and rNAGLU in all rAAV9-treated animals, with no detectable impacts
on tissue transgene expression. This study demonstrates a generally safe and effective profile, and may have
identified the upper dosing limit of rAAV9-CMV-hNAGLU via systemic delivery for the treatment of MPS IIIB.

INTRODUCTION
MUCOPOLYSACCHARIDOSIS (MPS) IIIB is a rare
monogenic lysosomal storage disease (LSD) cau-
sed by mutations in the gene coding for a-N-
acetylglucosaminidase (NAGLU).1 The lack of
NAGLU activity disrupts the stepwise degradation
of heparan sulfate glycosaminoglycans (GAG),
leading to the accumulation of nondegraded or
partially degraded heparan sulfate oligosaccharides
in lysosomes in cells of virtually all organs. Cells
throughout the central nervous system (CNS), in-
cluding neuronal and non-neuronal cells, are par-
ticularly affected, resulting in complex secondary
neuropathology.2–10 Infants with MPS IIIB appear
normal at birth, but develop severe progressive

neurological disorders, leading to high morbidity
and premature death.1,11,12 Somatic manifestations
occur in all MPS IIIB patients, and involve virtually
all organs, though they are mild relative to other
forms of MPS, such as MPS I, II, and VII.

No specific treatment is currently available for
MPS IIIB, and therapies have been limited to
treatment of symptoms.13 The biggest challenge in
therapeutic development has been the effect of the
blood brain barrier (BBB) that precludes effective
agent delivery to the CNS to treat the global neu-
ropathology of the disease.14

Gene therapy shows promise for LSDs because
of the bystander effect of secreted lysosomal
enzymes, including NAGLU, which reduces the
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demand for efficient gene transfer.1,15 The adeno-
associated virus (AAV) vector system offers an in-
valuable gene delivery tool for treating a variety of
diseases, with a broad tissue tropism and absence
of known pathogenesis in humans.16 Recombinant
AAV (rAAV) vectors based on AAV serotype 2 (AAV2)
have been shown to transduce both neuronal and
non-neuronal cells in the CNS in numerous gene
therapy studies, with demonstrated therapeutic
benefits in treating neurological diseases,17 in-
cluding MPS and other LSDs, in animal mod-
els.15,18–29 Approaches using rAAV vectors have
been tested in multiple phase I/II gene therapy
clinical trials in patients with various neurological
disorders.30–36

The development of novel AAV serotypes, par-
ticularly the trans-BBB neurotropic AAV serotype 9
(AAV9),37–39 has provided efficient tools for CNS
gene delivery to treat neurological diseases like
MPS IIIB that have both CNS and broad somatic
manifestations.22,40,41 Previously, we treated adult
MPS IIIB mice with a single systemic rAAV9 vector
injection and successfully achieved permanent res-
toration of NAGLU activity in the CNS, peripheral
nervous system (PNS), and broad somatic tissues,
leading to functional correction of neurological dis-
orders and normalized survival.22 We also tested
our systemic rAAV9-hNAGLU gene delivery ap-
proach in nonhuman primates at the designated
minimal efficacious clinical dose (MECD), demon-
strating a safe and effective profile.42 These results
strongly support the translation of this approach to
the treatment of MPS IIIB in patients.

In preparation for a phase I/II clinical trial,
we performed an IND-enabling GLP-toxicology/
biodistribution study with dose-escalation in WT
C57BL/6 mice by an intravenous (IV) injection of
rAAV9-CMV-hNAGLU vector to further assess
the safety and feasibility of the approach for clini-
cal application in humans. At 1 · 1014 vg/kg and
2 · 1014 vg/kg, the treatment did not lead to de-
tectable adverse clinical signs or chronic toxicity.
However, we observed a dose-dependent, sex-
associated, and genotype-specific acute severe liver
toxicity at a very high dose (2 · 1014 vg/kg) only in
WT animals, which may be very close to the upper
dosing limit of the approach. These data support
the clinical potential of this gene therapy approach
and provide a safe path forward.

MATERIALS AND METHODS
Animals

For the GLP study, wild-type (WT) C57BL/6
mice were provided by Charles River Laboratory

(CRL) and transported to CRL Preclinical Services
for testing, in accordance with the applicable GLP
regulations.

An MPS IIIB knock-out mouse colony6 was
maintained on an inbred background (C57BL/6) of
backcrosses of heterozygotes in the Vivarium at Na-
tionwide Children’s Hospital Research Institute
(NCH-RI). The genotypes of progeny mice were
identified by PCR, using primers of murine NAGLU
Exon 6 (Forward: 5¢- TGGACCTGTTTGCTGAAA
GC; Reverse: 5¢- CAGGCCATCAA ATCT GGTAC),
and neomycin (5¢- TGGGATCGGCCATTGAACAA;
5¢- CCTTGAGC CT GGCGAACAGT). MPS IIIB mice
and their age-matched WT littermates were used in
the expanded acute toxicology experiments mimick-
ing the GLP condition.

All animal care and procedures were performed
strictly following the approved protocol, in accor-
dance with the Guide for the Care and Use of La-
boratory Animals [8th Edition, 2011].

Recombinant AAV9 viral vectors
A previously described recombinant AAV9 (rAAV)

vector plasmid22 was used to produce conventional
single-strand rAAV9-CMV-hNAGLU viral vector.
The vector genomes contained minimal elements
required for transgene expression, including AAV2
terminal repeats, a human cytomegalovirus (CMV)
immediate-early promoter, SV40 splice donor/
acceptor signal, a human NAGLU (hNAGLU) coding
sequence, and BGH polyadenylation signal. The
rAAV9 viral vectors were produced by SAB Tech Inc.
in HEK293 cells using three-plasmid transient
transfection, and purified by banding on a CsCl step
gradient followed by dialysis into Tris-buffered sa-
line (TBS, pH8.0). The purified viral vector was ti-
trated using PAGE gel silver staining and confirmed
by dot blotting. The viral vector preps were then
further tested by the NCH Viral Vector Core-Clinical
Manufacturing Facility (NCH-CMF) and WuXi-
Apptec and released by NCH-CMF.

The transient transfection approach will also be
used to produce the clinical-grade vector for a
proposed phase I/II clinical trial in patients with
MPS IIIB.

Toxicology and biodistribution study design
The GLP-toxicology study was performed by

Charles River Laboratories (CRL) Preclinical Ser-
vices in accordance with the U.S. Department of
Health and Human Services, Food and Drug Ad-
ministration, United States Code of Federal Reg-
ulations, Title 21, Part 58: Good Laboratory
Practice for Nonclinical Laboratory Studies, with
the exception of vector characterization and test-
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ing, and analyses for transgene expression, bio-
distribution, and immune responses. This study
included three cohorts (n = 30/group, M:F = 1:1) as
shown in Supplementary Table S1. The animals
were given an IV injection of saline (Group 1), or
rAAV9-CMV-hNAGLU vector at 1 · 1014 vg/kg
(Group 2) or 2 · 1014 vg/kg (Group 3). The animals
were then observed for clinical signs, clinical
grades, body weights, body weight changes, and
food consumption. Necropsies were performed at 6
weeks, 12 weeks, and 24 weeks pi. Blood samples
were assayed for hematology, and clinical chemis-
try, and antibody analysis. Tissues were analyzed
for, gross necropsy findings, organ weights, trans-
gene expression, biodistribution, T-cell response,
and histopathology examination.

A 6-week, non-GLP toxicology study mimicking
the GLP conditions was performed in young MPS
IIIB mice and their WT littermates, all males. The
animals were given an IV injection of 2 · 1014 vg/kg
rAAV9-CMV-hNAGLU vector from the same man-
ufacturing lot as used in the GLP study. Necropsies
and tissue analyses were performed on Day 5 (D5)
and 6 weeks pi.

Intravenous (IV) vector delivery
The experimental mice were treated by an IV

injection of either 1 · 1014 vg/kg (Group 2) or
2 · 1014 vg/kg (Group 3) of rAAV9-CMV-hNAGLU
vector (200ll, diluted in saline) or saline alone
(Group 1) via tail vein.

Post-treatment monitoring
After injection, daily cage-side observations were

performed for well-being and behavior throughout
the duration of the study. Each animal was weighed
at least weekly and food consumption measured
quantitatively.

Assessment of clinical grades were performed
24 hr pi and on the day of necropsy, for skin condi-
tion, spontaneous activity, gate, and tail elevation
during forward motion. Detailed clinical observa-
tions were performed weekly for signs of adverse
effects, throughout the 24-week study duration.

Clinical pathology analyses
Blood draws were performed via submandibular

vein 2 weeks prior to necropsy or via vena cava at
necropsy under isoflurane anesthesia. Blood sam-
ples were examined for hematology and blood
chemistry by CRL Clinical Pathology Laboratory.

The subjects were terminated at 6 weeks, 12
weeks, or 24 weeks pi. The veterinary staff eutha-
nized the subjects by an IV injection of pentobar-
bital (50 mg/kg). Cerebrospinal fluid (CSF) was

collected by lumbar puncture. Brain, spinal cord,
dorsal root ganglion, and multiple somatic tissues
(liver, kidney, spleen, heart, lung, intestines,
stomach, pancreas, skeletal muscles, testis, lymph
nodes) were harvested either on dry ice and stored
at -80�C, or in 4% paraformaldehyde at 4�C. Each
brain was divided into two hemispheres along the
midline and then into multiple coronal slabs. Each
slab from one sphere was further divided into ma-
trices with 12–14 sections and each section was
harvested on dry ice and stored at -80�C. Brain
slabs from another sphere were stored in 4%
paraformaldehyde for immunofluorescence (IF)
assays and hematoxylin and eosin (H&E) staining.

Histopathology
All collected tissues were processed to produce

paraffin sections (4 lm) and then stained with H&E
at CRL testing facility. Histopathology evaluation
was performed by a board-certified veterinary pa-
thologist at CRL.

ELISA for antibody responses to rAAV9 vector
and rNAGLU

Serum samples from the study subjects were
assayed by binding ELISA for antibodies to AAV9
or rNAGLU, using purified rAAV9 vector or full-
length hNAGLU protein as antigens (ag). Briefly,
1 · 1010 vg/ml of rAAV9 vector, or 20 lg/ml of
full-length recombinant hNAGLU protein (custom
manufactured by GenScript), in carbonate coating
buffer was applied to 96-well plates and incubated
over night at 4�C. The plate was then washed and
blocked for 1 hr with blocking buffer (5% milk in
PBS containing 0.1% Tween-20). Serial dilution of
serum samples in blocking buffer were added to
the plates and incubated at room temperature
for 1 hr. The plates were washed with PBS-T and
then incubated with horseradish peroxidase con-
jugated anti-mouse IgG (Sigma-Aldrich) for 1 hr at
room temperature. After being washed with PBS-
T, the plates were then developed with 3,3¢,5,5¢-
tetramethylbenzidine (TMB) at RT for 5 min. The
reaction was stopped by adding 1N sulfuric acid.
The absorbance was read at 450 nm on a plate
reader. Data were analyzed as follows: (OD450-ag+ -
OD450-ag-)/OD450-ag-. Values ‡2 were considered
to be antibody positive.

Interferon-c enzyme-linked immunospot
(ELISPOT) assay

Spleen samples were processed for T-cell re-
sponses to AAV9 and hNAGLU by interferon-c
(IFN-c) ELISPOT assay, following previously
published procedures.43 Briefly, 106 splenocytes
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isolated on Ficoll-Hypaque gradients were cul-
tured with synthetic overlapping peptides (18
amino acids each in length, overlapping by 11 res-
idues) covering the full-length AAV9 capsid protein
or human NAGLU protein (custom synthesized by
Ohio Peptide LLC). Each peptide was dissolved in
dimethyl sulfoxide (DMSO). Peptides of each pro-
tein were organized into three pools, each con-
taining 1 lg/peptide/ml in the culture. After
incubation at 37�C for 36 hr, the plates were de-
veloped according to the manufacturer’s instruc-
tion, and the IFN-c spot-forming cells (SFC) were
counted. DMSO was used as negative control and
concanavalin A (ConA) was used as positive con-
trol. Fewer than 10 SFC/well were observed from
negative control (DMSO). Responses were consid-
ered positive when SFC exceeded 50 per 106 PBMC
in duplicate wells.

NAGLU activity assay
Tissue samples were assayed for NAGLU en-

zyme activity following a published procedure
with minor modifications.44 The assay mea-
sures 4-methylumbelliferone (4MU), a fluorescent
product formed by hydrolysis of the substrate 4-
methylumbellireyl-N-acetyl-a-D-glucosaminide. Tis-
sue NAGLU activity is expressed as unit/mg protein,
and 1 unit is equal to 1 nmol of 4MU released/hr at
37�C.

Immunofluorescence (IF)
Tissues were processed to obtain paraffin sec-

tions (4 lm). The tissue sections were then assayed
by IF to identify cells expressing rNaGlu, using an-
tibodies against hNAGLU (a kind gift from Dr. EF
Neufeld, UCLA), and a secondary antibody con-
jugated with AlexaFluor568 (Millipore), following
procedures recommended by the manufacturers.
The sections were visualized under a fluorescence
microscope.

Quantitative real time PCR (qPCR)
Total DNA was isolated from tissue samples of

all animals using Qiagen DNeasy columns and
analyzed by qPCR, using Absolute Blue QPCR
Mix (Thermo Scientific) and Applied Biosystems
7000 Real-Time PCR System, following the proce-
dures recommended by the manufacturer. Taqman
primers specific for the CMV promoter were used to
detect rAAV vector genomes—forward: GGCAGTA
CATCAAGTGTATC; reverse: ACCAATGGTAATA
GCGATG AC; probe: [6*FAM]AATGACGGTAAA
TGG CCCGC[TAMRA *6*FAM]. Genomic DNA
was quantified in parallel samples using murine b-
actin-specific primers—forward: CCTTCCGTCC

TCAGATCATT; reverse: CTTGCTGATCCACAT
CTGCT; probe: [6*FAM] CATCCTGGCCTCGCT
GC CA[Tamra*Q]. Genomic DNA from non-
treated mouse tissues was used as controls for
background levels and absence of contamination.
Tissues from mice in the GLP study were assayed
by CRL. Tissues from mice in the non-GLP study
were assayed by our laboratory.

Statistical analyses
Means, standard deviation (SD), and Student t-

test were used for quantitative data analyses. The
significance level was set at P £ 0.05.

RESULTS
Findings from the GLP-compliant toxicology
and biodistribution testing in WT C57BL/6 mice

In preparation for a phase I/II clinical trial,
we performed an IND-enabling GLP-toxicology/
biodistribution study to assess safety and feasibil-
ity of systemic rAAV9-CMV-hNAGLU gene deliv-
ery in WT C57BL/6 mice (Supplementary Table
S1), following FDA guidelines. The mice were
randomized into three cohorts (n = 30/group, M:F =
1:1), receiving an IV injection of saline (Group 1), or
rAAV9-CMV-hNAGLU at 1 · 1014 vg/kg or 2 · 1014

vg/kg respectively. Animals were observed twice
daily and clinical grade assessed weekly through-
out the study for general health signs of illness,
toxicity, unusual or abnormal appearance, body
weight (BW), and morbidity. Necropsies were per-
formed at 6 weeks, 12 weeks, and 24 weeks pi for
tissue analyses (n = 8–10/group, M:F = 1:1), to as-
sess the acute, intermediate and chronic toxicol-
ogy, biodistribution, and transgene expression.

Dose-dependent and sex-specific severe acute
liver toxicity in WT C57BL/6 mice. In the GLP
Toxicology study, an IV injection of 2 · 1014 vg/kg
rAAV9-CMV-hNAGLU led to sudden acute mor-
tality in 5 of 15 male mice, including 3 mice on Day
(D) 6 and 2 mice on D8 pi. No adverse clinical signs
were noted preceding the deaths. All five animals
exhibited liver pallor that correlated microscopi-
cally with severe hepatic necrosis and vacuolation,
without detectable leukocyte infiltration. Immuno-
fluorecence for hNAGLU showed high levels of
rNAGLU in necrotic hepatocytes in postmortem
liver tissue samples from these mice (Supplementary
Fig. S1). Importantly, there were no vector-related
deaths throughout the rest of the study duration
between D9 and 24 weeks pi. These data suggest that
an IV injection of rAAV9-CMV-hNAGLU led to a
dose-dependent and sex-associated acute liver toxic-
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ity due to rNAGLU overexpression rather than in-
flammatory involvement.

Systemic delivery of rAAV9-CMV-hNAGLU vector
did not lead to observable clinical signs. No vector
treatment-related clinical signs were observed over
the entire 6-month duration of this study, even in the
five male mice that died on D6 and D8 postinjection.

In both rAAV9-treated cohorts, significant BW
losses were noted within 1 week pi, compared to
nontreated controls (Fig. 1a). Decreases in BW gain
were observed in both vector-treated cohorts, with
absolute BW 5–6% lower than the controls, from D1
to 24 weeks pi, though BW differences were not
significant among the vector-treated mice and
nontreated controls after 6 weeks pi.

No significant differences were observed in food
consumption among the rAAV9-treated and non-
treated control cohorts.

Vector treatment-related transient increases in
blood AST and ALT at 6 weeks pi. Blood chemis-
try analyses were performed at 6 weeks, 12 weeks,
and 24 weeks pi to assess the potential toxicity of
systemic rAAV9-CMV-hNAGLU gene delivery. Test
article-related increases in mean AST and ALT
were noted in males of both low-dose (1 · 1014 vg/kg)
and high dose (2 · 1014 vg/kg) groups at 6 weeks, 12
weeks, and 24 weeks pi (Fig. 1b and c), in compari-
son to nontreated controls (Saline). Increases in
AST and ALT were also observed at 6 weeks and 24
weeks pi in females treated at the high vector dose

(Fig. 1b and c). However, in general, the blood ALT
and AST levels in rAAV9-treated mice were close to
or within the historical normal ranges (Fig. 1b and
c), except ALT in males at 6 weeks pi, indicating
that the rAAV9 treatment mediated acute but not
persistent liver toxicity at a very high vector dose.

The vector treatments did not lead to detectable
changes in other tested blood chemistry parame-
ters. In addition, significant increases in blood
lymphocytes were detected only at 6 weeks pi in
male mice of the high dose group (Fig. 1d), and no
other hematology changes were observed.

Minimal microscopic changes in the liver and heart
of rAAV9-treated mice. Tissue samples were ex-
amined for histopathological changes to assess
toxicity of systemically delivered rAAV9-CMV-h-
NAGLU vector via systemic delivery.

In the liver, vector dose-dependent minimal
microscopic changes were observed mostly in male
mice, as well as some female animals, at 4 weeks,
12 weeks, and 22 weeks pi (Supplementary Table
S2). These changes included minimal single cell
hepatocyte necrosis, and increases in hepatocyte
mitosis and hepatocyte mineralization. No detect-
able monocyte infiltration was observed in the
liver, and no correlation was observed between
serum ALT/AST and hematology (Fig. 1b and c) in
rAAV9 treated mice, suggesting minimal involve-
ment of inflammation.

In the heart, minimal to mild cardiomyopathies
were observed in both rAAV-treated cohorts, mostly

Figure 1. Acute impact of systemic rAAV9-hNAGLU gene delivery on body weights, blood liver enzyme levels, and lymphocytes in mice. WT C57BL/6 mice (8
weeks old) were treated with an IV injection of 1 · 1014 vg/kg or 2 · 1014 vg/kg rAAV9-CMV-hNAGLU vector (N = 30/group, M:F = 1:1). (a) Body weights (BD)
were measured weekly from day 1 through 24 weeks pi. Data are means – SD. #P £ 0.05 1 · 1014 vg/kg cohort vs. saline controls; *P £ 0.05 2 · 1014 vg/kg vs.
saline controls; **no significant differences in BD between rAAV9-treated and saline control cohorts after 6 weeks pi. Blood was assayed for clinical chemistry
and hematology at 6 weeks, 12 weeks, and 24 weeks pi. (b, c) Blood AST and ALT levels and (d) blood lymphocyte counts. *P < 0.05 vs. saline controls (n = 3–5/
group); gray shades: historical normal range.
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in females, as well as some males, throughout the 24
weeks study duration, without apparent vector
dose-association (Supplementary Table S2). Mini-
mal monocyte infiltration was only observed at
24 weeks pi in the low dose cohort, most of which
had no detectable cardiomyopathy (Supplementary
Table S2), suggesting that inflammation was not the
cause of observed cardiomyopathy.

Histopathological examination showed no vector-
treatment-related changes in other organs of major
systems, including brain, spinal cord, intestines
(jejunum, colon), stomach, kidney, spleen, lung,
pancreas, lymph node (inguinal), testis, and ovary.
The results further support the safety of IV injection
of rAAV9-CMV-hNAGLU vector as a potential
strategy for gene therapy in human patients.

Systemically delivered rAAV9-hNAGLU vector-
mediated global CNS and broad differential somatic
rNAGLU expression following a systemic vector de-
livery. Brain, spinal cord, and multiple somatic
tissues were analyzed at 6 weeks, 12 weeks, and/or
24 weeks pi for NAGLU enzymatic activity and/or
immunofluorescence (IF) for hNAGLU to deter-
mine the level and distribution of rAAV9-mediated
transgene expression.

We observed significant increases in NAGLU
enzymatic activity above normal levels in the brain,

spinal cord, and multiple somatic tissues in rAAV9-
treated subjects compared to nontreated controls
(Fig. 2). This suggested effective transduction in
both the CNS and somatic system mediated by the
systemically delivered rAAV9 vector. Dose re-
sponses were observed in brain, spinal cord, heart,
pancreas, and lung, but not in kidney, spleen,
stomach, and intestine (Fig. 2a and b). The NAGLU
activity peaked in all tested somatic tissues at 6
weeks pi and in the CNS at 12 weeks pi (Fig. 2c). The
NAGLU activity persisted in the majority of tested
tissues (except liver) between 12 weeks and 24
weeks pi (Fig. 2c and d), supporting the long-term
transgene expression in the CNS and periphery.
Interestingly, liver NAGLU activity in 2 · 1014 vg/kg
cohort was reduced to WT levels at 12 weeks and 24
weeks pi, and was much lower than the 1 · 1014 vg/
kg cohort (Fig. 2), suggesting potential mechanisms
for silencing NAGLU overexpression in the liver,
which may be linked to the observed acute liver
toxicity in male mice of the high-dose cohort. No-
tably, higher levels of NAGLU activity were ob-
served in the spinal cord and heart than in the brain
and other tissues, especially in the high-dose cohort,
though the mechanisms are unclear.

Tissues collected at 24 weeks pi were assayed by
IF staining for hNAGLU to visualize the levels and
persistence of rAAV9-mediated transgene expres-

Figure 2. rAAV9-mediated long-term expression of rNAGLU in the CNS and somatic tissues in C57BL/6 mice. WT C57BL/6 mice (8 weeks old) were treated
with an IV injection of 1 · 1014 vg/kg or 2 · 1014 vg/kg rAAV9-CMV-hNAGLU vector (N = 30/group, M:F = 1:1). Tissues were assayed for NAGLU activity at 6
weeks, 12 weeks, and 24 weeks pi (n = 8–10/group). (a, b) Dose response comparison of tissue NAGLU activity levels at 12 weeks (a) and 24 weeks pi.
*P £ 0.05 vs. group 1; ^P > 0.05 vs. saline controls. (c) Temporal comparison of tissue NAGLU activity levels in mice treated with 2 · 1014 vg/kg rAAV9. *P £ 0.05
vs. 6 weeks pi; +P > 0.05 vs. 6 weeks pi; $P > 0.05 vs. 12 weeks pi. (d) Temporal comparison of tissue NAGLU activity in mice treated with 1 · 1014 vg/kg rAAV9.
NAGLU activity is expressed as units/mg protein; 1 unit = nmol 4-methylumbelliferone (4MU) released per hour. Data are means – SD.
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sion. The results showed overexpression of rNA-
GLU throughout the CNS (Fig. 3a) in neurons, glia,
and endothelial cells in all rAAV9-hNAGLU trea-
ted mice. The rAAV9-mediated rNAGLU expres-
sion was also detected broadly in somatic tissues,
including liver, heart, intestine, lung, and pan-
creas (Fig. 3b), as well as spleen, ovary, and testis
(Supplementary Fig. S1). Importantly, IF showed
low levels of rNAGLU staining was mostly in en-
dothelial cells, as well as sporadic hepatocytes in
the liver of mice treated at 1 · 1014 vg/kg, but
completely diminished in mice of the high-dose
cohort, correlating to liver NAGLU activity levels
(Fig. 2). In the heart, rNAGLU-positive cells were
cardiomyocytes and vascular endothelial cells. In
the gastrointestinal tract, strong IF rNAGLU sig-
nals were detected predominantly in neurons of
myoenteric and submucosal plexus (Fig. 3b), sug-
gesting efficient PNS targeting. In lungs, IF

staining showed rNAGLU in cuboidal cells and
small cells of alveolus (Fig. 3b). We also observed
rNAGLU overexpression in the pancreas, in islets
cells and acinar cells (Fig. 3b), indicating rAAV9-
targeting of both endocrine and exocrine pancreas.
In the spleen, rNAGLU signals were detected al-
most exclusively in sinuosoids in red pulp (Sup-
plementary Fig. S2). Importantly, in the vector
treated animals, rNAGLU was observed only in
cells beyond follicles in ovary, and only in cells in
stroma, but not in seminiferous tubules, in testis
(Supplementary Fig. S2), suggesting minimal pos-
sibility of vertical transmission. In general, the
rNAGLU-positive signals appeared to be localized
in granules, supporting lysosomal targeting of
rNAGLU (Fig. 3, Supplementary Fig. S2).

Acute antibody responses to AAV9 and rNAGLU
had no detectable impact on tissue rNAGLU activity

Figure 3. Distribution of AAV9-mediated persistent rNAGLU expression in the CNS and somatic tissues in C57BL/6 mice. WT C57BL/6 mice (8 weeks old) were
treated with an IV injection of rAAV9-CMV-hNAGLU vector. Tissues were assayed by immunofluorescence (IF) for hNAGLU at 24 weeks pi. Red fluorescence:
rNAGLU-positive cells and signals; blue fluorescence: DAPI-positive nuclei. NT, nontreated saline controls; AAV9-L, vector-treated at 1 · 1014 vg/kg; AAV9-H,
vector-treated at 2 · 1014 vg/kg. (a) CNS tissues: CTX, cerebral cortex; TH, thalamus; BS, brain stem; CB, cerebellum; SC, spinal cord; yellow arrows, rNAGLU-
positive neurons; green arrows, Purkinje cells; blue arrows, rNAGLU-positive blood vessels. (b) Somatic tissues: Liv, liver; Hrt, heart; yellow arrows,
cardiomyocytes; blue arrows, blood vessels; lung, yellow arrows, rNAGLU-positive cells; Int, small intestine; ME, muscularis externa; white arrows, neurons
myenteric plexus; pink arrows, neurons of submucosal plexus; panc, pancreas; IL, islets of Langerhans; AC, acinus. Scale bar: 50 lm.
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levels. Serum samples were assayed by binding
ELISA for IgG against AAV9 capsid and hNAGLU
proteins to assess the vector treatment-induced Ab
responses to AAV9 vector and the transgene prod-
uct. The results showed robust anti-AAV9 Abs in all
vector-treated subjects, which peaked at 6 weeks pi
and persisted through to the endpoint (24 weeks pi),
without significant dose correlation (Table 1). The
induced AAV9 Ab responses had no detectable im-
pact on tissue NAGLU activity levels (Fig. 2).

We also detected IgG against hNAGLU in the
serum in all rAAV9-treated mice, indicating that the
systemic vector delivery induced an Ab response to
the transgene product (Table 1). The anti-rNAGLU
Ab response appeared to be slower than the anti-
AAV9 Ab response, and peaked at 12 weeks pi (Table
1). Importantly, the anti-rNAGLU Abs decreased in
the majority of the rAAV9-treated animals after 12

weeks pi (Table 1), suggesting potential tolerance
due to the continuous release of secreted rNAGLU in
the system, or a lesser immunogenicity. We did not
observe a correlation between serum anti-hNAGLU
Ab levels (Table 1) and tissue rNAGLU activity (Fig.
2), suggesting that serum anti-hNAGLU Abs have
little impact on either the transgene product or
rAAV9-transduced cells in tissues.

Systemic rAAV9-hNAGLU gene delivery induced
transient T-cell responses to the vector and trans-
gene product. At 6 weeks and 12 weeks pi, sple-
nocytes from the 2 · 1014 vg/kg cohort were assayed
by IFN-c-ELISPOT, in the presence of overlapping
synthetic peptide libraries covering full-length AAV9
capsid protein and full-length hNAGLU, to detect T-
cell responses against the vector or transgene prod-
ucts in the treated subjects. Positive IFN-c-forming

Figure 4. Transient T-cell responses to AAV9 and rNAGLU following systemic rAAV9-hNAGLU administration. WT C57BL/6 mice (8 weeks old) were treated
with an IV injection of 2 · 1014 vg/kg rAAV9-CMV-hNAGLU vector. Splenocytes were assayed at 6 weeks and 12 weeks pi by IFNc-ELISpot against overlapping
peptides of AAV9-capsid protein (a, b) or hNAGLU protein (c, d). Data are from individual subjects, expressed as IFN-c SFC/1e6 cells. IFN-c SFC/1e6 cells >50
are considered positive.

Table 1. Antibody responses against rAAV9 and rNAGLU in WT C57BL/6 mice following an IV injection of rAAV9-CMV-hNAGLU

Time point (pi)

Anti-AAV9 IgG Anti-hNAGLU IgG

1 · 1014 vg/kg 2 · 1014 vg/kg 1 · 1014 vg/kg 2 · 1014 vg/kg

M F M F M F M F

6 weeks 1:1,6000 1:51,200 1:51,200 1:51,200 1:400 1:400 1:400 1:400
12 weeks 1:25,600 1:25,600 1:51,200 1:51,200 1:1,600 1:1,600 1:800 1:1,600
24 weeks 1:51,200 1:25,600 1:12,800 1:51,200 1:4,800 1:50 1:400 1:1,600

WT C57BL/6 mice were treated with an IV injection of 2 · 1014 vg/kg rAAV9-CMV-hNAGLU. Serum samples were assayed by binding ELISA for IgG against AAV9
and hNAGLU at 6, 12, and 24 weeks pi. The antibody titers are means (n = 3–5). Anti-AAV9 IgG titers were <1:100 in saline-treated control mice (n = 5/group).
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spots against AAV9 peptide Pool 2 and 3, but not Pool
1, were detected in 7/8 and 6/8 rAAV9-treated mice
respectively at 6 weeks pi, which diminished at 12
weeks pi (Fig. 4a and b). We also detected positive
IFN-c-forming spots against hNAGLU peptide Pools
1, 2, and 3 in 2, 6, and 5 of 8 tested mice, respectively,
which completely disappeared by 12 weeks pi (Fig. 4c
and d). These data indicate that the detected T-cell
responses to the vector and rNAGLU were transient,
likely as acute immune responses to the systemic
rAAV9-hNAGLU gene delivery without persistent
impacts on tissue rNAGLU expression.

Differential biodistribution of rAAV9 vector genomes
(vg) in tissues. Quantitative real-time PCR was
performed to determine the amount of rAAV9-
CMV-hNAGLU vector entering and persisting in
the CNS versus somatic tissues at 6 weeks and/or
24 weeks pi. Table 2 shows the differential biodis-
tribution of the vg in different tissues in animals
receiving an IV vector injection vs. nontreated an-
imals. At 6 weeks pi, the highest vg concentration
was detected in the liver, followed by lung, lymph
node, heart, kidney, stomach, pancreas, spleen,
ovary, testis, and the CNS tissues (Table 2). No-
tably, from 6 weeks to 24 weeks pi, vg decreased
approximately 16-fold in the liver, but by only 2/3
in the brain of mice in the 2 · 1014 vg/kg dose cohort
(Table 2). At 24 weeks pi, no difference was observed
in vg in the liver between the low-dose and high-

dose cohorts, while there was a perfect two-fold
dose-dependent difference in biodistribution in the
brain (Table 2). However, there was no correlation
between the quantity of tissue vg (Table 2) and
rNAGLU expression levels (Fig. 2). While having
the same amount of vg at 24 weeks pi (Table 2), the
liver NAGLU activity levels in the high-dose cohort
were reduced to WT levels and were significantly
lower than the low-dose group (Fig. 2), suggesting
potential silencing of NAGLU overexpression in WT
mouse liver at higher levels of the enzyme.

Supporting 6 weeks non-GLP study in MPS
IIIB and WT mice mirroring the GLP-toxicology
study: The acute liver toxicity observed in the
GLP testing is dose-dependent, sex-linked,
and genotype-specific

In response to the acute toxicity observed in the
GLP study above, we performed a 6-week, non-GLP
toxicology study in MPS IIIB mice and their WT lit-
termates, all males, to further investigate its nature
and cause. We treated MPS IIIB mice (10–20 weeks
old) and their WT littermates (4–7 weeks old)(n = 8/
group) with an IV injection of 2 · 1014 vg/kg rAAV9-
CMV-hNAGLU vector from the same manufacturing
lot used in the GLP study. Necropsies were per-
formed for blood and tissue analyses at D5 and 6
weeks pi (n = 4/group). Notably, tissue analyses on
D5 were critical because tissues from the mice that
died of acute toxicity in the GLP study above were
post-mortem and were of limited value for analyses.

No detectable adverse events in male MPS IIIB
and WT mice during 6 weeks observation following an
IV injection of 2 · 1014 vg/kg rAAV9-CMV-hNAGLU.
We did not observe mortality or detectable adverse
events in either the rAAV9-treated WT or MPS
IIIB mice during the duration of the 6-week ex-
periments.

At necropsy on D5 pi, pale liver color was seen in
one of the rAAV9-treated wt mice. Because all five
animals with acute mortality in our GLP tox study
had similar liver pallor, we believe that this animal
would likely have died on D6–8 pi if it had not been
terminated. No abnormal tissue appearance was
observed in other animals necropsied on D5 pi,
including 3 WT mice and 4 MPS IIIB mice treated
with 2 · 1014 vg/kg vector. No abnormal tissue ap-
pearance was observed in either WT or MPS IIIB
mice necropsied at 6 weeks pi (n = 4/group).

No significant changes in blood chemistry in
rAAV9-treated MPS IIIB mice during the 6-week
observation. Blood samples (n = 3-4/group) were
collected at the time of necropsies and assayed for

Table 2. Biodistribution of rAAV9-CMV-hNAGLU in wild-type
C57BL/6 mice

Tissues

105 vg/lg DNA

Group 3 (2 ·1014 vg/kg) Group 2 (1 ·1014 vg/kg)

(6 weeks pi) a (24 weeks pi) b (24 weeks pi) c

Liver 320.118 – 327.119 20.218 – 12.597 19.702 – 8.237d

Kidney 11.620 – 7.122
Spleen 5.279 – 2.433
Heart 11.789 – 5.092
Lung 19.764 – 9.751
Pancreas 6.626 – 3.534
Stomach 7.325 – 4.855
Colon 1.752 – 1.344
Lymph node 14.498 – 11.318
Brain 1.269 – 1.266 0.394 – 0.156 0.199 – 0.132e

Spinal cord 1.314 – 1.139
Ovary 3.062 – 2.002
Testis 1.891 – 1.967
Blood 5.242 – 5.149

Tissues were assayed by qPCR for rAAV9.CMV.hNAGLU vector genome.
The vg values are means – SD (n = 8–10/group).

aqPCR assays were performed by CRL.
bqPCR assays were performed by the corresponding author’s lab.
cNo detectable vector genome in tissues from Group 1 saline control

mice (<0.001 · 105 vg/ll DNA).
dP > 0.05 vs. Group 3.
eP = 0.05 vs. Group 3
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selected blood chemistry parameters, including
alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), creatine phosphokinase
(CPK), alkaline phosphatase (ALP), gamma-
glutamyl transferase (GGT), creatinine (CREAT),
blood urea nitrogen (BUN), triglycerides TRIG,
total bilirubin (TBIL), and total serum protein
(TSP). Unfortunately, the blood samples from four
WT mice on D5 pi were accidently lost.

No abnormal changes were detected in any of the
tested blood parameters in MPS IIIB mice at D5 pi
(Supplementary Table S3), suggesting that the ob-
served acute mortality in our GLP study is likely
genotype-specific. At 6 weeks pi, while elevated liver
enzymes (AST and ALT) were limited to rAAV9-
treated WT mice (2–3/4), the muscle enzyme (CPK)
was increased in both rAAV9-treated WT (2/4) and
MPS IIIB mice (2/4), although the magnitude of the
effect was substantially higher in the WT animals
(Supplementary Table S3). However, because in-
creases in ALT, AST, and CPK were also observed in
nontreated WT control mice, the changes in rAAV9-
treated MPS IIIB mice may not be significant.

Differential biodistribution of rAAV9-CMV-hNAGLU
vector. Using qPCR, we detected differential dis-
tribution of the rAAV9-CMV-hNAGLU genome in
the CNS and peripheral tissues at D5 and 6 weeks
pi (Fig. 5). Significant decreases in vector genome
were observed in virtually all tested tissues in both

the AAV9-treated wt and MPS IIIB mice from D5 to
6 weeks pi (Fig. 5), though the mechanisms are
unclear. There were no significant differences in
vg levels in kidney, intestine, lung, and skeletal
muscle between the rAAV9-treated WT and MPS
IIIB mice at either time point (Fig. 5). Significantly
higher vg levels were detected in liver, brain, heart,
and spleen in MPS IIIB mice compared to those in
WT mice at both D5 and 6 weeks pi, while at 6
weeks pi there were more vg in muscles in WT than
MPS IIIB mice (Fig. 5), suggesting that disease
pathology may affect the transduction efficiency in
these tissues.

Rapid effective transgene expression in the CNS
and somatic tissues following an IV rAAV9-hNAGLU
vector delivery. Tissues were assayed for NAGLU
activity and IF at D5 and 6 weeks after an IV in-
jection of rAAV9-CMV-hNAGLU vector to assess
the transgene expression.

Supranormal levels of NAGLU activity were de-
tected in all tested tissues in both WT and MPS IIIB
mice receiving the vector (Fig. 6) as early as D5 pi,
indicating rapid efficient CNS and somatic trans-
duction. The NAGLU activity levels peaked at D5 pi
in the majority of tested tissues in both WT and MPS
IIIB mice, with the exception of heart and brain in
MPS IIIB mice, and muscle and brain in WT mice
(Fig. 6). Between D5 and 6 weeks pi, NAGLU ac-
tivity levels persisted or increased in the majority of

Figure 5. Biodistribution of rAAV9-hNAGLU vector in MPS IIIB and WT mice following a systemic delivery. MPS IIIB mice and their WT littermates, all males,
were treated with an IV injection of 2 · 1014 vg/kg rAAV9-CMV-hNAGLU. Tissues were assayed by qPCR at D5 and 6 weeks pi for vector genome (n = 4/group). Data
are means – SD, expressed as 105 vg/lg genomic DNA. *No detectable vector genome in tissues from nontreated control animal mice (<0.001 · 105 vg/lg gDNA).
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the tissues in both WT and MPS IIIB mice, except in
the spleen, with a significant reduction in NAGLU
activity, suggesting a potential acute innate immune
response to the vector. In general, higher NAGLU
activity levels were detected in all tested tissues in
rAAV9-treated WT mice, compared to MPS IIIB
mice, except in the heart at 6 weeks pi (Fig. 6). It is
worth noting that there was endogenous NAGLU
activity in WT mice (Fig. 6), but no detectable NA-
GLU activity in any tissues in nontreated MPS IIIB
mice. No clear correlation was observed between
NAGLU activity levels (Fig. 6) and tissue vector ge-
nome levels (Fig. 5). The NAGLU expression pattern
differences in heart and muscle between wt and
MPS IIIB mice (Fig. 6) suggests potential impact of
genotypes or, more specifically, disease pathology on
the transduction efficiency.

Tissues were also assayed by IF for hNAGLU to
visualize the transgene expression. Our data showed
rNAGLU throughout the CNS and in widespread
somatic tissues in both rAAV9-treated WT and MPS
IIIB mice at both D5 and 6 weeks pi, indicating rapid
and persistent transgene expression, though with
clear differences in the liver between WT and MPS
IIIB mice (Fig. 7, Supplementary Fig. S3). At D5 pi,
we observed diffuse NAGLU expression in the liver in
hepatocytes and endothelial cells of capillaries and
larger blood vessels in MPS IIIB mice (Fig.7a). Im-
portantly, highly hNAGLU-expressing hepatocytes
that lacked nuclei were observed in three of four
rAAV9-treated WT mice, indicating hepatic necrosis.
Notably, the highly rNAGLU-positive and nuclear-
deficienthepatocyteswereobserved inapproximately
30% of hepatocytes in the mouse that had discolored
liver at necropsy, while involving only sporadic single
cells (<2%) in two other WT mice (Fig. 7a).

Further, in general, liver rNAGLU signals ap-
peared to be predominantly in endothelial cells of
vasculature in WT mice with reduced intensity at 6
weeks pi, while persistent in abundant hepatocytes

and endothelial cells in MPS IIIB mice (Fig.7b). No
necrotic NAGLU-positive hepatocytes were ob-
served in rAAV9-treated MPS IIIB mice (Fig.7),
suggesting that the observed acute liver toxicity is
likely genotype-specific. In spleen, rNAGLU was
detected in endothelial cells of sinusoid in red pulp
(Supplementary Fig. S3). In lungs, rNAGLU was
detected in large cuboidal cells in alveoli, possibly
type II pneumocytes (Supplementary Fig. S3). In
the intestine, the rNAGLU-positive cells were
predominantly neurons in myenteric and submu-
cosal plexus (Supplementary Fig. S3). Importantly,
in the eyes, we observed rNAGLU in the ciliary
processes, in ganglion cells, and in cells of the inner
nuclear layer (INL) in the retina, suggesting optic
nervous system targeting (Supplementary Fig. S3).
Our data also showed rNAGLU in the pancreas, in
cells in islets and acini, indicating transduction of
both endocrine and exocrine pancreatic tissues
(Supplementary Fig. S3). Strong rNAGLU IF
staining was seen in >50% adipocytes in fat tissues
(Supplementary Fig. S3). Further, IF showed
rNAGLU in abundant endothelial cells of vascula-
tures in virtually all tested tissues, but could not be
presented well in many images due to poor contrast
with the background signals. These data further
indicate the broad tissue tropism and clinical rel-
evance of systemic rAAV9-hNAGLU gene delivery.

Histopathology assessments. Histopathology
examinations were performed on brain and multi-
ple somatic tissues from all rAAV9-treated wt and
MPS IIIB mice on D5 pi and 6 weeks pi (n = 4/
group), controls were nontreated wt and MPS IIIB
mice. At D5 pi, there was minimal to mild hepatic
necrosis noted in the majority of rAAV9-treated
WT mice and moderate hepatic necrosis in the WT
mice that had pale liver at necropsy (Supplemen-
tary Fig. S4). No hepatic necrosis was observed in
WT mice at 6 weeks pi or in MPS IIIB mice at either

Figure 6. rAAV9-mediated rapid rNAGLU expression in the CNS and somatic tissues in MPS IIIB and WT mice. MPS IIIB mice and their WT littermates, all
males, were treated with an IV injection of 2 · 1014 vg/kg rAAV9-CMV-hNAGLU. Tissues were assayed for NAGLU activity at D5 and 6 weeks pi (n = 4/group).
WT-NT, nontreated WT mice; MPS-AAV, rAAV9-treated MPS IIIB mice; WT-AAV, rAAV9-treated WT mice. NAGLU activity is expressed as units/mg protein;
1 unit = nmol 4MU released per hour. Data are means – SD. *P £ 0.05 vs. nontreated WT mice; ^P £ 0.05 6 weeks vs. D5 pi.
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D5 (Supplementary Fig. S4) or 6 weeks pi. Im-
portantly, liver morphology in rAAV9-treated
MPS IIIB mice appeared to be normal, while fine
cytoplasmic vacuoles, consistent with lysosomal
storage, were observed in the livers of all non-
treated MPS IIIB control mice (Supplementary
Fig. S4), indicating the rapid effective functional
impact of rNAGLU on clearance of lysosomal GAG
storage.

In rAAV9-treated MPS IIIB mice, minimal or
mild focal necrosis of cardiac myofibers was noted

at 6 weeks, but not at D5 pi. This change was not
detected in the vector-treated WT mice, two of
which displayed abnormal higher levels of serum
CPK. Notably, much higher levels of NAGLU ac-
tivity was observed in the hearts of rAAV9-treated
MPS IIIB mice than in rAAV9-treated WT mice at
6 weeks pi (Fig. 6), suggesting a potential link be-
tween the observed cardiomyopathy and rNAGLU
overexpression. No other abnormal histopath-
ological changes were noted in any of the tested
tissues.

Figure 7. Comparison of AAV9-mediated rNAGLU expression in MPS IIIB and WT mice after an IV rAAV9-hNAGLU gene delivery. MPS IIIB mice and their WT
littermates, all males, were treated with an IV injection of 2 · 1014 vg/kg rAAV9-CMV-hNAGLU. Tissues were assayed by IF for hNAGLU at D5 (a) and 6 weeks pi
(b). Red fluorescence, rNAGLU-positive cells and signals; blue fluorescence, DAPI-positive nuclei; Liv 1–4, liver samples from individual subjects; CTX, cerebral
cortex; TH, thalamus; BS, brain stem; CB, cerebellum; G, granule layer; M, molecular layer. Scale bar: 50lm.
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DISCUSSION
As previously reported, we have developed an

effective gene therapy approach for treating both
the neurological and somatic disorders of MPS IIIB
by a single IV delivery of rAAV9-CMV-hNAGLU
vector.22,45 Our previous study showed a safe and
translatable profile for this approach in nonhuman
primates (NHP) at the designated minimal effica-
cious clinical dose, 2 · 1013 vg/kg.42

To prepare for a phase 1/2 clinical trial in MPS
IIIB patients, we performed this GLP-compliant
toxicology/biodistribution study to test the rAAV9-
CMV-hNAGLU vector at doses two- and four-fold
higher than our proposed clinical high dose
(5 · 1013 vg/kg), following FDA guidelines. The most
important finding of this study is the dose-limiting,
sex-associated, and genotype-specific severe acute
liver toxicity in 1/3 of WT male mice at D6–8 pi fol-
lowing an IV injection of the vector at 2 · 1014 vg/kg,
leading to severe hepatocyte necrosis and mortality.
This acute liver toxicity was linked to rNAGLU
overexpression in hepatocytes in male WT mice
but not female WT mice, MPS IIIB mice receiving the
same vector dose, or WT mice treated with the vector
at a dose two-fold lower (1 · 1014 vg/kg). The possi-
bility of inflammatory involvement in this acute liver
toxicity is unlikely, given the absence of detectable
cellular infiltration in the liver. We believe that we
may have identified the upper dosing limit of rAAV9-
CMV-hNAGLU via a systemic delivery. It is likely
that 2 · 1014 vg/kg is close to the safe dosing thresh-
old, and the severe acute liver toxicity observed in
WT mice might also occur in MPS IIIB mice if higher
doses were used. Further, this study suggests that
there might be a limit for transgene expression levels
in the liver, and that over-the-limit transgene ex-
pression may not be feasible for clinical application
due to the potential severe toxicity.

Despite the acute hepatic toxicity observed in 1/3
of male WT mice treated with a high vector dose, we
demonstrate here a largely safe profile of systemic
rAAV9-CMV-hNAGLU gene delivery. The possi-
bilities of chronic toxicity and other acute damages
were minimal in both WT and MPS IIIB mice that
received an IV injection of the rAAV9-hNAGLU
vector at 1 · 1014 vg/kg and 2 · 1014 vg/kg, which
are two-fold and four-fold higher than the proposed
high dose (5 · 1013 vg/kg) for our planned phase 1/2
gene therapy clinical trial in MPS IIIB patients.

This GLP-toxicology study further confirmed the
broad tissue tropism of rAAV9, similar to previ-
ously reported.22 More importantly, using excep-
tionally high vector doses and better tissue
availability enabled the demonstration of expanded
clinical relevance and potential of rAAV9 for treat-

ing the neurological and broad somatic diseases,
which were not visible when using lower doses. We
demonstrate a rapid emergence of rAAV9-mediated
transgene expression that peaked in the majority
of tissues before 5 days pi and persisted in both WT
and MPS IIIB mice. An important finding is rNA-
GLU expression in broad cell types in the eye, in-
cluding neuronal and non-neuronal cells in retina
and cells of ciliary processes, supporting the poten-
tial for optic nervous system targeting and ex-
panded neurological benefits. This is particularly
important, given that ocular manifestations, espe-
cially retinonopathy, are common among MPS III
patients.46 In addition, the effective transduction in
ciliary process, because of their secretory function,
may offer significant therapeutic impacts as sources
providing the enzyme to broad areas of the eye.
Another significant finding is that the systemically
delivered rAAV9 transduces both the endocrine and
exocrine pancreatic tissues, offering the potential
for treating LSDs and pancreatic disorders. In ad-
dition, predominant transduction of type II pneu-
mocytes and endothelial cells indicates the potential
of AAV9 pulmonary targeting, since type II pneu-
mocytes constitute 60% of alveolar epithelial cells
and function to reduce surface tension and as pro-
genitor cells for both type I and II alveolar cells.47,48

The risk of germline transmission of vector se-
quences in humans has been a major safety concern
for gene therapy, especially when targeting young
subjects. Numerous studies indicate minimal risk
of germline transmission for humans when using
rAAV2 vector.49 In this study, an IV-delivered
rAAV9-CMV-hNAGLU vector led to transgene ex-
pression in reproductive organs in both male and
female mice, but exclusively in nongermline cells in
the ovary and testis, even at a very high dose.
Previous studies demonstrated efficient function of
the CMV promoter in germline cells in mice, which
would have facilitated visualization if there had
been significant transduction.50 Germline trans-
mission of the rAAV9 vector is therefore unlikely in
mice, and may pose minimal risk to humans.

Our data demonstrate that the rAAV9-mediated
transgene expression after an IV delivery is rapid
in all tested tissues, peaking before D5 pi in both
WT and/or MPS IIIB mice, except in the brain and
spinal cord, which peak between 6 weeks and 12
weeks pi. While similar broad tissue tropisms of
rAAV9 transduction were reproduced, in general,
NAGLU activity levels were higher in virtually all
tested tissues in WT than MPS IIIB mice, which
may be attributable to the presence of endogenous
NAGLU in WT animals. Importantly, the rAAV9-
mediated transgene expression was persistent in
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virtually all tested tissues over the 24-week study
duration, with the exception of the liver in WT mice
that received a very high dose of the vector. Un-
expectedly, there was no dose-response in rNA-
GLU expression in the majority (7/10) of tested
tissues at 12–24 weeks pi in rAAV9-treated WT
mice, except in the pancreas and the CNS tissues.
Whether this is due to an intrinsic limit on how
much of the enzyme can be expressed in some cell
types, or saturation in the ability of these cells to
take up the vector, is not clear.

Interestingly, at 24 weeks pi, the liver NAGLU
activity was at supranatural levels in WT mice
treated with the low dose of vector, but reduced to
endogenous levels in WT mice receiving the high
dose, though both dose cohorts had the same num-
ber of vg in the liver. These data strongly suggest
some degree of self-regulation of NAGLU expression
levels, possibly through promoter silencing when
toxic levels have been reached. Why we do not see
this effect in the MPS IIIB mice is not clear. How-
ever, these cells are lacking of NAGLU, and the
rNAGLU expression might never reach toxic levels.
Alternatively, the disease pathology may have an
impact on the rAAV9 transduction efficiency or
tropism, given that rNAGLU levels were signifi-
cantly higher in heart and lower in muscle in MPS
IIIB mice than in WT. In this case, the expression
levels correlate with the significantly higher vg in
heart and less in muscle in MPS IIIB vs. WT mice,
suggesting that the disease pathology may have
changed the susceptibility of the cells to AAV9 in-
fection in these tissues. The cardiomyopathy ob-
served in some rAAV9-treated WT and MPS IIIB
mice in this study may also be attributable to rNA-
GLU overexpression in the heart. However, car-
diomyopathy was not observed in previous studies

in MPS IIIB mice and NHP that were treated with
the same rAAV9-hNAGLU vector at lower doses
(5 · 1012–2 · 1013 vg/kg),22,42 suggesting that there
is a safe range for NAGLU expression in the heart.

Notably, there are no correlations but are great
disparities between tissue rNAGLU expression
and vg levels, or vector doses in AAV9-treated WT
mice. This study also showed a rapid and continu-
ous loss of vg in all tested CNS and peripheral tis-
sues in mice, even though rNAGLU expression
levels were stabilized in the majority of tissues at 6
weeks or 12 weeks pi. Therefore, there might be
more biophysiological regulation mechanisms in
tissues to maintain NAGLU expression at rela-
tively safe levels, in addition to silencing.

In summary, this GLP-toxicology study delin-
eates a dosing range in which generally safe and
effective rAAV9-CMV-hNAGLU systemic gene de-
livery can be utilized for the treatment of MPS IIIB.
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