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The greatest challenge in developing therapies for 
mucopolysaccharidosis (MPS) IIIB is to achieve effi-
cient central nervous system (CNS) delivery across the 
blood–brain barrier (BBB). In this study, we used the 
novel ability of adeno-associated virus serotype 9 (AAV9) 
to cross the BBB from the vasculature to achieve long-
term global CNS, and widespread somatic restoration 
of α-N-acetylglucosaminidase (NAGLU) activity. A single 
intravenous (IV) injection of rAAV9-CMV-hNAGLU, with-
out extraneous treatment to disrupt the BBB, restored 
NAGLU activity to normal or above normal levels in adult 
MPS IIIB mice, leading to the correction of lysosomal stor-
age pathology in the CNS and periphery, and correction 
of astrocytosis and neurodegeneration. The IV delivered 
rAAV9 vector also transduced abundant neurons in the 
myenteric and submucosal plexus, suggesting periph-
eral nervous system (PNS) targeting. While CNS entry 
did not depend on osmotic disruption of the BBB, it was 
significantly enhanced by pretreatment with an IV infu-
sion of mannitol. Most important, we demonstrate that 
a single systemic rAAV9-NAGLU gene delivery provides 
long-term (>18 months) neurological benefits in MPS 
IIIB mice, resulting in significant improvement in behav-
ioral performance, and extension of survival. These data 
suggest promising clinical potential using the trans-BBB 
neurotropic rAAV9 vector for treating MPS IIIB and other 
neurogenetic diseases.
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Introduction
Mucopolysaccharidosis (MPS) IIIB is a devastating lysosomal 
storage disease (LSD) caused by autosomal recessive defects in 
the gene coding a lysosomal enzyme, α-N-acetylglucosaminidase 
(NAGLU).1 The lack of NAGLU activity disrupts the stepwise deg-
radation of a class of biologically important glycosaminoglycan 
(GAG), leading to the accumulation of heparan sulfate oligosac-
charides in lysosomes in cells of most tissues. Cells throughout the 
central nervous system (CNS) are particularly affected, resulting 

in complex secondary neuropathology.2–9 MPS IIIB infants appear 
normal at birth, but develop progressive neurological manifesta-
tions that lead to premature death.1,10,11 Somatic manifestations of 
MPS IIIB occur in all patients, and involve virtually all organs, 
although they are mild relative to other forms of MPS, such as 
MPS I, II, and VII.

No treatment is currently available for MPS IIIB. For all of 
the MPS disorders, therapies have historically been limited to 
supportive care and management of complications. MPS IIIB is 
not amenable to either hematopoietic stem cell transplantation 
or recombinant enzyme replacement therapy, that have been 
used to treat mostly somatic disorders in patients with MPS I, 
II, and IV.1,12,13 This is because the neuropathology of MPS IIIB is 
global and the blood–brain barrier (BBB) precludes effective CNS 
access.

For the majority of CNS diseases, effective treatments are 
rare, since the CNS is located in a well protected environment 
and isolated by a highly defined anatomical/functional barrier. 
The BBB is completely formed at birth in humans. In general, the 
BBB protects the CNS by selectively regulating the transport of 
molecules/agents from the blood circulation into the CNS or vice 
versa. Likewise, it prevents potential therapeutics from entering 
the CNS. The BBB remains the most critical challenge to develop-
ing therapies for CNS diseases, especially global CNS disorders. 
Because of the abundance of CNS vasculature and the nature of 
brain anatomy/physiology, it is logical to believe that targeting the 
entire CNS can be most effectively achieved by systemic delivery 
through the vasculature.14

Gene therapy has great potential for treating LSDs because 
the secretion of lysosomal enzymes, including NAGLU, leads 
to bystander effects, thus reducing the demand for gene transfer 
efficiency.1 The adeno-associated virus (AAV) vector system has 
been a favored gene delivery tool, with demonstrated therapeu-
tic effect in a great variety of disease models. To date, no known 
pathogenesis has been linked to AAV in humans.15 Recombinant 
AAV (rAAV) vectors based on AAV serotype 2 (AAV2) have been 
used in numerous studies for neurological diseases,16–19 transduc-
ing both neuronal and nonneuronal cells in the CNS, with dem-
onstrated therapeutic benefits in treating MPS and other LSDs in 
animals,20–29 and in patients with Parkinson’s and Batten’s disease.30,31 
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In the majority of rAAV-CNS gene therapy studies in LSDs, vectors 
were delivered by direct intracranial injection, which has limited 
potential for treating global CNS diseases.28,29,32 To overcome these 
obstacles, more efficient delivery approaches have been developed 
with broad or global transduction, and functional benefits for the 
neurological disease in adult MPS IIIB mice.20,23,27 Intravenous (IV) 
rAAV injection into neonatal MPS I, MPS VII, and MPS IIIB mice 
led to long-term correction of lysosomal storage in both somatic 
and CNS tissues.28,33 However, the BBB may still be permeable 
in neonatal mice while closed at birth in humans. Previously, we 
demonstrated in adult MPS IIIB mice, that pretreatment with an 
IV infusion of mannitol, transiently disrupting the BBB, facilitated 
the CNS entry of IV delivered rAAV2, resulting in diffuse global 
CNS transduction and neurological correction.27

A new solution for CNS gene delivery may be offered by the 
recently demonstrated trans-BBB neurotropism of AAV9.34–36 
Vectors based on this serotype are able to cross the BBB unaided 
in neonate and adult animals. While all AAV serotypes have broad 
tissue tropism, each shows distinct cell-type specificities and 
receptor pathways.36,37 Receptors and coreceptors for several AAV 
serotypes have been identified, and laminin appears to play a role 
in AAV9 transduction, though the significance of this for crossing 
the BBB is not clear.38 An added benefit to using AAV9 vectors is 
that pre-existing immunity, which has been a concern for clinical 
translation, is less common than for AAV2 serotype.39–41

In this study, we assessed the therapeutic potential of systemic 
rAAV9 gene delivery in treating MPS IIIB in adult mice. Using 
a single IV injection of a rAAV9 vector, we were able to achieve 
global CNS and widespread somatic restoration of NAGLU activ-
ity, the correction of lysosomal storage pathology, and the greatest 
improvement in functional outcome observed to date.

Results
To assess the therapeutic efficacy of rAAV9 gene delivery, 
4–6-week-old MPS IIIB mice were treated with an IV injection 
of rAAV9-CMV-hNAGLU (5 × 1012 or 1.5 × 1013 vg/kg, n = 11/
group). Separately, we treated MPS IIIB mice with 2  ×  1013 vg/
kg rAAV9-CMV-hNAGLU, with or without mannitol pretreat-
ment (n = 5/group), to assess the impact on CNS entry. Controls 
were sham-treated (phosphate-buffered saline) wild type (wt) and 
MPS IIIB littermates (n = 11). Tissue analyses were carried out 
at 6 months and 9 months (n = 2–4/group) postinjection (pi). 
Additionally, self-complementary AAV (scAAV) vector carrying 
a cytomegalovirus-green fluorescent protein (CMV-GFP) trans-
gene (5 × 1012 vg/kg) was injected IV into 6–8-week-old wt mice 
(n = 4/group) to determine the distribution of transgene expres-
sion (1 month pi), as a comparison to rAAV9-hNaGlu treatment.

Neurological benefits: correction of cognitive  
and motor function, and prolonged survival
All mice treated IV with 5 × 1012 or 1.5 × 1013 vg/kg rAAV9-NAGLU 
were tested for behavior at 5–5.5 months of age to assess the neu-
rological impacts. Both dosage groups exhibited significantly 
longer latency to fall from an accelerating rotarod (Figure  1a), 
compared with nontreated MPS IIIB mice, indicating the correc-
tion of behavioral function. There were no significant differences 
in behavior performance between these two dose groups.

Ten rAAV9-treated MPS IIIB mice, five from each dose 
group, were observed for longevity. All 10 survived >16 months 
(ongoing, with one mouse of the low-dose group dying at age of 
16.1 months) while all nontreated MPS IIIB mice died at 8–12 
months of age (P < 0.001) (Figure 1b). These data demonstrate 
that a single IV rAAV9 vector injection alone is functionally ben-
eficial in treating the CNS disease and increasing longevity in 
MPS IIIB mice.

Global CNS and widespread somatic  
restoration of functional NAGLU
Tissues were analyzed at 6 months and/or 9 months pi by immu-
nofluorescence (IF) and NAGLU activity assay to determine the 
distribution and level of rAAV9-mediated transgene expression. 
NAGLU-specific IF was detected throughout the brains of treated 
mice, in neurons, glia, and abundant endothelial cells in capil-
laries and larger blood vessels, in an apparently dose–dependent 
fashion (Figure 2a). We did not observe significant differences in 
the distribution or levels of rNAGLU signal between 6 months 
and 9 months pi. NAGLU-positive glial cells were not costained 
with anti-glial fibrillary acidic protein (GFAP) Ab, and were likely 
to be oligodendrocytes, based on their morphology. Importantly, 
while rNAGLU IF was observed in the brains of all rAAV9-treated 
mice, mannitol pretreatment did appear to increase the number of 
transduced cells in the CNS (Figure 2a-B,C).
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Figure 1  Improved behavior and extended survival in mucopolysac-
charidosis (MPS) IIIB mice by systemic recombinant adeno-associ-
ated virus 9 (rAAV9) gene transfer. Mice were tested for behavior at 
5–5.5 months of age, and were observed for longevity. (a) Latency to fall 
from a rotarod (n = 11/group). (b) Survival (n ≥ 5/group, P < 0.001). +/+, 
wt; −/−, MPS IIIB; AAV9-L, AAV9-H, MPS IIIB mice treated with 5 × 1012 
or 1.5 × 1013 vg/kg rAAV9-hNAGLU vector, respectively; *P < 0.05 (versus 
+/+); #P < 0.05 (versus AAV9-L); ^P < 0.05 (versus AAV9-H); &P > 0.05 
(versus −/−). NAGLU, α-N-acetylglucosaminidase.
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Figure 2 D istribution of recombinant adeno-associated virus 9 (rAAV9)-mediated rNAGLU expression in the central nervous system (CNS) 
and somatic tissues of mucopolysaccharidosis (MPS) IIIB mice after an intravenous (IV) rAAV9 vector injection. Tissues from rAAV9-CMV-
hNAGLU-treated MPS IIIB mice (6 month postinjection) were assayed for hNAGLU by immunofluorescence. Red fluorescence: hNAGLU-positive cells. 
Blue fluorescence (4′,6-diamidino-2-phenylindole): nuclei. (a) CNS; A. mouse treated with 5 × 1012 vg/kg vector; B. mouse treated with 2 × 1013 vg/kg 
vector; C–H. mouse treated with 2 × 1013 vg/kg vector following mannitol pretreatment; I, nontreated MPS IIIB mouse. BS, brain stem; CB, cerebel-
lum; CP, choroid plexus; CTX, cerebral cortex; SC, spinal cord; TH, thalamus. Yellow arrowheads: hNAGLU-positive brain cells; red arrowheads: 
hNAGLU-positive endothelial cells. Bar = 100 μm. (b) Somatic tissues. Red fluorescence: AAV9, MPS IIIB mouse treated with 2 × 1013 vg/kg vector; NT, 
nontreated MPS IIIB mouse. A. Hrt, heart; Liv, liver; Mus, skeletal muscle. (quadracep). Yellow arrowheads: hNAGLU-positive cells (hepatocytes, myo-
cytes, cardiomyocytes). B. INT, intestine; ME, muscularis externa; Sm, submucosa; +TB, toluidine blue staining. Yellow arrowheads: rNAGLU-positive 
neurons of myenteric plexus and submucosal plexus. Red arrowheads: peritoneal surface of intestine. Black arrows: neurons of myenteric plexus and 
submucosal plexus. Bar = 40 μm. NAGLU, α-N-acetylglucosaminidase.
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Figure 3 R ecombinant adeno-associated virus 9 (rAAV9)-mediated expression of functional rNAGLU in tissues. Tissues from mucopolysaccha-
ridosis (MPS) IIIB mice treated with rAAV9-hNAGLU were assayed for NAGLU activity [6 and 9 months postinfection (pi)] (n = 5–6/group). (a) Dose-
response. +/+, wt; AAV9-H, AAV9-L, MPS IIIB mice treated with 1.5  ×  1013 (AAV9-H) or 5  ×  1012 vg/kg (AAV9-L) vector. (b) Impact of mannitol 
pretreatment. M+/M−, MPS IIIB mice treated with 2 × 1013 vg/kg vector with (M+) or without (M−) mannitol pretreatment. (c) Plasma NAGLU activity 
(n = 3–4). +/−, heterozygotes. No significant difference in tissue NAGLU activity was detected at 6 and 9 months pi. Data shown are means ± SD of com-
bined data on tissues from mice at 6 and 9 months pi. *P < 0.01 versus +/+; #P < 0.05 versus AAV9-L or M−; +P > 0.05 versus +/+. @P < 0.05 versus +/−. 
All P values that were <0.01 and majority of P values that were <0.05, were <0.05 after Bonferroni correction. NAGLU, α-N-acetylglucosaminidase.
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Differential transduction levels were observed in periph-
eral organs (Figure 2b). The rNAGLU protein was detected in 
20–40% of hepatocytes, >95% of cardiomyocytes, and 10–30% 
of skeletal myocytes (Figure 2b-A). The distribution of rAAV9-
transduced hepatocytes was uniform throughout the liver. We 
also observed transduction in abundant neurons in myenteric 
plexus and submucosal plexus of the intestine (Figure  2b-B), 
suggesting efficient targeting of the peripheral nervous system 
(PNS). The rNAGLU signals were mostly present in granules 
(Figure  2), whereas scAAV9-mediated GFP signals were uni-
form in the cytoplasm of transduced cells (Supplementary 
Figure S1), suggesting correct lysosomal trafficking of rNAGLU. 
Transduction of endothelial cells was also observed in periph-
eral tissues of rAAV9-GFP vector-treated mice (Supplementary 
Figure S1).

Transgene enzymatic activity was assayed to quantify the 
expression and the functionality of rAAV9-mediated rNAGLU. 
We found no significant differences in tissue NAGLU activity at 
6 and 9 months pi, suggesting stable transduction. The rAAV-
mediated rNaGlu was metabolically functional and the tis-
sue rNAGLU activity was dose-dependent, with approximately 
normal levels in the brains of mice receiving 5 × 1012 vg/kg vec-
tor, and supraphysiologic levels in the brains of mice receiving 
1.5  ×  1013 vg/kg (Figure  3a). In both dose groups, we detected 
NAGLU activity at normal or subnormal levels in the liver, lung, 
and intestine (Figure 3a), supraphysiologic levels in the skeletal 
muscles (Figure  3a) and heart (40 and 100 units/mg protein, 
data not shown), and low levels in the spleen, but no detect-
able NAGLU activity in the kidney (Figure  3a). A low level of 
NAGLU activity was detected in the kidneys of the mice treated 
with 2  ×  1013 vg/kg vector (Figure  3b). Mannitol pretreatment 
led to an increase in NAGLU activity in the brain (though not 
significant due to high individual variation), liver, spleen, lung, 
and intestine, but a decrease in the heart and skeletal muscle 
(Figure 3b).

No detectable NAGLU activity (<0.03 unit/mg) was observed 
in tissues from nontreated MPS IIIB mice.

Plasma rNAGLU: secretion and impact of mannitol
Plasma samples were assayed for NAGLU activity to assess the 
secretion of the enzyme. Activity was detected in the plasma of 
all rAAV9-treated MPS IIIB mice at or near heterozygote levels, 
though lower than homozygous wt levels (Figure 3c). Mannitol 
pretreatment resulted in significant reduction in plasma NAGLU 
activity. These data indicate that the rNAGLU was secreted, though 
the source tissue or cell-type is not clear.

Correction of lysosomal storage pathology
Tissues were assayed for GAG content and histopathology to quan-
tify and visualize the impact of IV rAAV9-NAGLU gene delivery 
on the lysosomal storage pathology in MPS IIIB mice. The single 
IV rAAV9-NAGLU injection led to a reduction of GAG content to 
normal levels in the brain, liver, heart, lung, intestine, and skeletal 
muscle in mice of all four treatment groups (Figure 4). Doses of 
5 × 1012 vg or 1.5 × 1013 vg/kg resulted in partial GAG reduction 
in the spleen but had no impact in kidney (Figure 4a). Treatment 
with 2 × 1013 vg/kg led to a decrease of GAG to normal levels in 

the spleen, and partial GAG reduction in the kidney (Figure 4b), 
consistent with the observed enzyme activity levels.

Histopathology showed no lysosomal storage lesions in cells 
in the vast majority of CNS areas, including cerebral cortex, 
thalamus, brain stem, hippocampus, and spinal cord in all four 
treatment groups (Figure  5a). There were decreases in the size, 
number of vacuoles, and number of cells with lysosomal storage 
lesions, in the few brain areas that showed a lower extent of cor-
rection, such as purkinje cells (Figure 5a) and cells in the striatum 
and hypothalamus (data not shown). Importantly, the majority of 
brain and spinal cord parenchymal cells exhibited a well defined 
normalized morphology (Figure 5a). Immunofluorescence detec-
tion for the lysosomal marker, LAMP-1, showed that IV infusion 
of rAAV9-NAGLU vector at all doses also resulted in marked 
reduction of LAMP-1 signal, especially in neurons, throughout 
the brain (Figure 5b). This further supports the conclusion that 
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Figure 4 S ignificant reduction of glycosaminoglycan (GAG) content 
in the central nervous system and somatic tissues. Tissues from muco-
polysaccharidosis (MPS) IIIB mice treated with rAAV9-hNAGLU were 
assayed to quantify GAG content (6 and 9 months postinfection (pi)). 
(a) Dose-response.(b) Impact of mannitol pretreatment. +/+, wt; −/−, 
MPS IIIB; AAV9-H, AAV9-L, MPS IIIB mice treated with 1.5 × 1013 vg or 
5 × 1012 vg/kg vector; M+, M−, MPS IIIB mice treated with recombinant 
AAV9 vector (2  ×  1013 vg/kg) with or without mannitol pretreatment. 
Data shown are means ± SD (n = 5–6), combining data from tissues 
collected at 6 and 9 month pi. *P < 0.01 versus +/+; #P < 0.05 versus 
AAV9-H or M+; ^P < 0.05 versus AAV9-L or M−; +P > 0.05 versus +/+. All 
P values that were <0.01 and majority of P values that were <0.05, were 
<0.05 after Bonferroni correction. NAGLU, α-N-acetylglucosaminidase; 
rAAV9, recombinant adeno-associated virus 9.
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the amount of vector crossing the BBB was sufficient for efficient 
correction of CNS lysosomal storage pathology.

In somatic tissues, we observed complete clearance of lyso-
somal storage lesions in the livers of all rAAV9-hNaGlu treated 
mice and attenuation of nuclear shrinkage, a marker of cell stress 
and damage (Figure 6).

Correction of secondary neuropathology:  
effects on astrocytosis and neurodegeneration
In order to determine whether IV rAAV9-hNaGlu vector delivery 
had an impact on astrocytosis, a major secondary neuropathol-
ogy of MPS IIIB,6,7 brain sections were assayed by immunofluores-
cence for GFAP expressing cells. We observed significant decreases 
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Figure 5 C orrection of lysosomal storage pathology in the central 
nervous system of mucopolysaccharidosis (MPS) IIIB mice after 
intravenous (IV) recombinant adeno-associated virus 9 (rAAV9) 
gene delivery. (a) Paraffin sections from mice treated with 5 × 1012 vg/
kg rAAV9-hNAGLU vector [6 months postinfection (pi)] were stained 
with toluidine blue. The lysosomal storage lesions are shown as vacu-
oles. A, C. Nontreated MPS IIIB mice; B, D. rAAV9-treated MPS IIIB mice. 
BS, brain stem; CB, cerebellum; CTX, cerebral cortex (pyramidal layer); 
G, granular layer of CB; HP, hippocampus; M, molecular layer of CB; SC, 
spinal cord (ventral horn motor neurons); TH, thalamus; Red arrows and 
yellow arrowheads, neurons. (b) Cryostate brain sections (6 months pi) 
were assayed for lysosomal-associated membrane protein 1 (LAMP-1)  
(red fluorescence) by immunofluorescence. A. Nontreated MPS IIIB 
mouse. B, rAAV-treated MPS IIIB mouse; BS, brain stem; CTX, cerebral 
cortex (pyramidal layer); TH, thalamus. Yellow arrowheads: LAMP-1-
positive cells. Blue fluorescence (4′,6-diamidino-2-phenylindole), nuclei. 
Bar = 20 μm. NAGLU, α-N-acetylglucosaminidase.
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Figure 6 C orrection of lysosomal storage pathology in the liver of 
mucopolysaccharidosis (MPS) IIIB mice after intravenous (IV) recom-
binant adeno-associated virus 9 (rAAV9) gene delivery. Cryostate 
liver sections from mice treated with 5 × 1012 vg/kg rAAV9-hNAGLU vec-
tor (6 months postinfection) were stained with toluidine blue. Lysosomal 
storage lesions are shown as vacuoles. AAV9, rAAV9-treated MPS IIIB 
mouse; NT, nontreated MPS IIIB mouse; Red arrowheads, nuclei of hepa-
tocytes. Bar = 20 μm. NAGLU, α-N-acetylglucosaminidase.
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Figure 7 R ecombinant adeno-associated virus 9 (rAAV9)-mediated 
correction of astrocytosis and neurodegeneration in mucopolysac-
charidosis (MPS) IIIB mice. Brain sections of MPS IIIB mice treated with 
rAAV9-CMV-hNAGLU vector (6 months postinfection) were assayed for 
glial fibrillary acidic protein (GFAP) by (a,b) immunofluorescence (IF) 
and (c) stained with toluidine blue for histopathology. (a) IF images of 
astrocytes (green fluorescent-GFAP+). (b) Number of astrocytes: Data 
are means ± SD of GFAP+ cells per 330 × 433 µm on 6–8 IF-GFAP-staining 
sections/mouse, from three mice/group. (c) Number of purkinje cells: 
Data are means ± SD of purkinje cells/200 μm (in length) in ansiform 
lobules in cerebellum on six toluidine blue stained sections/mouse, 
from three mice/group. AAV9, MPS IIIB mouse treated with rAAV9; 
BS, Brain stem; CTX, cerebral cortex; NT, nontreated MPS IIIB mouse; 
ST, striatum; TH, thalamus. *P < 0.01 versus nontreated. NAGLU, α-N-
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in astrocyte numbers in gray matter throughout the brain of 
treated mice compared to untreated at 6 months and 9 months 
postinjection (Figure 7a,b). Histopathology also revealed signifi-
cant increases in the numbers of neurons, such as Purkinje cells 
(Figure 7c), in the brains of treated MPS IIIB mice. These data 
strongly indicate the amelioration of astrocytosis and neurode-
generation, which are hallmarks of secondary neuropathologies 
in MPS IIIB, in response to the rAAV9 treatment.

Differential tissue distribution of rAAV vector genome
Quantitative real-time PCR was performed to compare the 
amount of rAAV9-CMV-hNaglu vector entering the CNS ver-
sus somatic tissues. Table 1 shows the distribution of the vector 
genome in different tissues/organs of MPS IIIB mice treated with 
IV vector injection at varying doses. The highest concentrations 
of vector genome were detected in liver (8.20 ± 4.73–32.09 ± 3.93 
copies/cell), followed by heart (0.07–0.22 copies/cell), and brain 
(0.06 ± 0.001–0.15 ± 0.02 copies/cell), and very low copy numbers 
were detected in other tissues/organs (Table 1). This differential 
vector distribution in rAAV9-treated MPS IIIB mice largely cor-
related with the distribution of rNAGLU IF and enzymatic activity 
(Figures 2 and 3). Notably, mannitol pretreatment increased the 
vector copy numbers in the brain, correlating with brain NAGLU 
activity levels. Furthermore, these data reflect persistence of vec-
tor genome distribution in treated mice at 6 months pi, supporting 
a stable long-term transduction. We were unable to detect vector 
genome copies at levels correlating with rNAGLU activity and dis-
tribution in skeletal muscles, possibly due to difficulties in quanti-
tative isolation of DNA from muscle tissue. (Figures 2 and 3).

Discussion
Gene delivery vectors derived from the recently characterized 
AAV9 have unique properties relating to the distribution of trans-
gene expression in animal models, including the ability to cross 
the BBB from the vasculature.34,35 In this study, we have demon-
strated the first significant therapeutic benefit for treating neu-
rological disorders in adult animals from systemic gene delivery 
to the CNS without additional treatment to disrupt the BBB. A 
single IV injection of hNAGLU-expressing rAAV9 vector was suf-
ficient to significantly improve behavioral functions, and greatly 

prolong survival in MPS IIIB mice. We had previously determined 
that increased longevity in the MPS IIIB mouse model was highly 
dependent on the efficiency of gene transfer to the CNS, irrespec-
tive of transduction in peripheral tissues and organs.20,23,27 In this 
study, using rAAV9, the increased longevity exceeds the outcome 
of previous studies using rAAV2 vector delivered through either 
intracisternal injection, or systemic injection following manni-
tol pretreatment. The rNAGLU enzyme was clearly secreted and 
functional, leading to a significant bystander effect, and efficient 
degradation of heparan sulfate GAG in CNS tissues. Importantly, 
the clinically meaningful therapeutic benefits of the IV delivered 
rAAV9 vector in MPS IIIB mice were achieved at a lower dose 
than the mannitol-facilitated, systemically delivered rAAV2 vec-
tor.27 This suggests that using rAAV9 will ease one of the major 
challenges in mouse-human translation of systemic gene therapy 
procedures; the scalability of vector production. The enhance-
ment rAAV9-CNS transduction in response to mannitol pretreat-
ment suggests further potential for reducing the vector dose, and 
the attendant risk and burden to patients.

The IV vector injection resulted in a ubiquitously diffuse, global 
rAAV9-NaGlu transduction throughout the CNS, reflecting the 
expected distribution pattern for vascular delivery. This contrasts 
sharply with the focal gradient distribution typically achieved 
through direct brain parenchymal injection, or the periventricu-
lar transduction pattern from intracisternal and intraventricular 
injection. While similar to the pattern of transgene expression 
from IV delivered rAAV2 after mannitol pretreatment, the extent 
of rAAV9 transduction was significantly higher in all areas of the 
brain. This correlates with the increased effects on longevity and 
cognitive function compared to that previously achieved using 
rAAV2-mannitol treatment, and the normal or above normal lev-
els of NAGLU activity in the CNS. These findings strongly support 
the potential of the trans-BBB neurotropic rAAV9 as a vector for 
CNS gene therapy and reinforce the view that efficient CNS deliv-
ery is the most critical issue for developing therapies to treat MPS 
IIIB and many other neurological diseases.

The rAAV9-transduced CNS cells include neurons, glia, and 
endothelia. Neuronal cell transduction appears to be nonprefer-
ential, including most types of neurons throughout the brain. In 
contrast, the transduction of glial cells appears to be cell-type spe-
cific, targeting predominantly oligodendrocyte-like cells, though 
it is unclear whether this is a receptor- or promoter-specific phe-
nomenon. In a previous report describing predominant trans-
duction of astrocytes after systemic injection of rAAV9 vector in 
adult mice, a hybrid chicken β-actin/CMV-enhancer promoter 
was used, rather than the CMV enhancer-promoter used in this 
study.34

In normal cells, 5–20% of newly synthesized lysosomal pro-
tein is secreted,42 and available to be taken up by neighboring cells, 
leading to the bystander effect.1 While we cannot directly deter-
mine whether the rNAGLU detected in each tissue is secreted 
or not, the widespread clearance/reduction of lysosomal storage 
pathology, and normalized tissue GAG content, strongly support 
an efficient bystander effect from the rAAV9-mediated rNAGLU. 
The abundant transduction of endothelial cells in the brain may 
be an important contributor to the effectiveness of rAAV9 gene 
delivery for MPS IIIB, and potentially most other LSDs, because 

Table 1 E stimated vector genome in the liver and brain of recombinant 
adeno-associated virus 9 (rAAV9)-treated mice

Mice n

Vector genome (copy/cell)

Liver Brain Heart

rAAV9-L 2 8.20 ± 4.73 0.07 ± 0.07 0.07a

rAAV9-H 3 10.86 ± 2.94 0.09 ± 0.47 0.13 ± 0.07

rAAV9-M− 2 21.97 ± 6.43 0.06 ± 0.001 0.22a

rAAV9-M+ 3 32.09 ± 3.93 0.15 ± 0.02 0.14a

Nontreated 1 0.000 0.000 0.00

Abbreviations: rAAV9-L, intravenous (IV) infusion of 5 × 1012 vg/kg; rAAV9-H, IV 
infusion of 1.5 × 1013 vg/kg; rAAV9-M−, IV infusion of 2 × 1013 vg/kg without 
mannitol pretreatment; rAAV9-M+, IV infusion of 2  ×  1013 vg/kg following 
mannitol pretreatment.
Mouse tissue samples (6 months postinfection) were assayed in duplicates for 
vector genome copy numbers by qPCR. Data is expressed as vector copy/cell 
(means ± SD).
aData from one sample in duplicates.
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of the close association between CNS cells and brain microvascu-
lar endothelial cells, which together constitute the neurovascular 
unit. While the observed high levels of rNAGLU expression stem 
from the transduction of a relatively small number of CNS cells, it 
is sufficient to correct the neuropathology and lead to functional 
correction of the neurological disorders.

The rAAV9 treatment also led to a regular morphology in 
CNS cells, and the correction of major secondary neuropathol-
ogy, astrocytosis, and neurodegeneration. It is worth noting that 
we had not achieved this level of correction of CNS pathology in 
our previous studies using rAAV2-hNAGLU vector with man-
nitol,20,23,27 further supporting the effectiveness of the trans-BBB 
neurotropic properties of rAAV9 for the treatment of global neu-
ropathies. The dose-dependent increase in rAAV9-CNS trans-
duction suggests that greater levels may yet be achieved at higher 
doses, with the potential to treat neurological diseases that involve 
nonsecreted proteins, particularly if the more efficient self-com-
plementary AAV vectors can be used.

Although neuropathology is the primary cause of mortality 
in MPS IIIB patients, somatic correction may provide additional 
therapeutic benefits, since lysosomal storage pathology inevitably 
manifests in virtually all organs. The IV delivered rAAV9 exhib-
ited broad tropism in peripheral tissues in a distinct pattern, as 
previously reported, reflecting extensive extravasation and cell-
type specific transduction. This led to complete, long-term cor-
rection of lysosomal storage in multiple somatic tissues even at 
a relatively low-dose. Again, relatively low levels of transduction 
in some tissues were associated with clearance of lysosomal stor-
age of GAGs in the organs, consistent with a significant contribu-
tion from the bystander effect of secreted rNAGLU enzyme. It is 
not clear whether the bystander correction in peripheral tissues is 
mediated by enzyme secreted from neighboring cells within the 
same tissue, or circulating rNAGLU secreted by more extensively 
transduced tissues, in a manner analogous to enzyme replace-
ment therapy. However, the observation of partial GAG reduc-
tion in the kidney only at the highest vector dose, correlating with 
detectable transduction in the kidney only at that dose, suggests 
that the bystander effect may be primarily local in this tissue. The 
primary source of circulating NAGLU may be liver, muscle, or 
endothelium. However, the decrease in plasma levels in response 
to mannitol pretreatment correlated with decreased transduction 
in muscle rather than liver, suggesting that liver may not be the 
primary source.

While the mechanisms are unclear, the low rAAV9 transduc-
tion efficiency in kidney and spleen may be attributed to the lack 
of the rAAV9-specific receptor in cells and/or the cell-specific 
function of the promoter. These should be considered when devel-
oping AAV9 gene therapy targeting kidney or spleen.

Another important observation is the efficient transduction 
of neurons in myenteric plexus and submucosal plexus of the 
intestine, potentially enabling correction of not only the CNS but 
also the PNS at all levels via systemic delivery.43 This suggests that 
neurotropism is a general property of the AAV9 serotype, and not 
dependent on the specific structure of the brain neurovascular 
unit. Broad neurotropism is a valuable property in gene therapy 
for the treatment of MPS IIIB, considering that we have recently 
observed lysosomal storage pathology not only in the CNS but also 

in the PNS (H. Fu, unpublished data). Optimal therapeutic benefits 
will likely depend on both the CNS and PNS transgene delivery. 
This view is supported by a comparison of our previous studies 
using either delivery of vector by intracisternal injection, or by sys-
temic vector injection following mannitol pretreatment.20,23,27 Both 
treatments yielded improvements in longevity and cognitive func-
tion, however, improved motor function in the rotarod assay was 
observed only when systemic vector delivery was involved. This 
suggests that deficiencies in motor function were only effectively 
corrected with gene delivery to both the CNS and the periphery.

In summary, the novel trans-BBB neurotropic properties of 
the rAAV9 vector have yielded the best outcome so far observed 
in our MPS IIIB gene therapy studies. Our results reinforce the 
view that efficient CNS gene transfer is the key to treating MPS 
IIIB, and potentially many other LSDs, though additional thera-
peutic benefits can be achieved from somatic targeting. The use 
of rAAV9 vector will address two additional challenges in mov-
ing rAAV gene therapy to human applications; scalability of vec-
tor production and widespread pre-existing AAV2 immunity. We 
anticipate that this noninvasive procedure will pose a minimal 
burden to MPS IIIB patients and will be well suited for clinical 
application. Mannitol pretreatment can enhance rAAV9-CNS 
entry, offering further potential for reducing the vector dose, and 
the attendant risk and burden to patients.

Materials and Methods
Recombinant AAV (rAAV) viral vectors. A previously described conven-
tional single-strand rAAV vector plasmid20,22,23,27 was used to produce 
rAAV9-CMV-hNAGLU viral vector. A scAAV vector plasmid21 was used 
to produce the scAAV9-CMV-GFP vector. The vector genomes contained 
minimal elements required for transgene expression, including AAV2 
terminal repeats, a human CMV immediate-early promoter, simian virus 
40 splice donor/acceptor signal, a human NAGLU coding sequence or a 
GFP gene, and simian virus 40 polyadenylation signal. The rAAV9 viral 
vectors were produced in 293 cells using three-plasmid cotransfection, 
and purified following published procedures.44

Animals. An MPS IIIB knockout mouse colony45 was maintained on an 
inbred background (C57BL/6) of backcrosses of heterozygotes in the 
Vivarium at NCH-RI. All care and procedures were in accordance with the 
Guide for the Care and Use of Laboratory Animals [DHHS Publication No. 
(NIH) 85–23]. The genotypes of progeny mice were identified by PCR.

Vector delivery. For injection accuracy, the mice were anesthetized by 
an intraperitoneal injection of Avertin (0.3–0.4 µg/g body weight) prior 
to rAAV9 vector (in 150–200 µl phosphate-buffered saline) injection via 
tail vein, either unaccompanied, or at 8 minutes after an IV infusion of 
mannitol (25%, NDC63323-024-25; Abraxis Pharmaceutical Product, East 
Schaumburg, IL).27

Behavioral tests. The rAAV9-CMV-hNaGlu-treated MPS IIIB mice and 
controls were tested for behavioral performance at ~5.0–5.5 months of age 
as follows:

Rotarod: Mice were tested on an accelerating rotarod (Med Associates, 
St Albans, VT) to assess motor co-ordination.46 Rotation speed was set at 
an initial value of three revolutions per minute (rpm), with a progressive 
increase to a maximum of 30 rpm across 5 minutes (the maximum trial 
length). For the first test session, animals were given three trials, with 45 
seconds between each trial. Two additional trials were given 48 hours 
later. Measures were taken for latency to fall from the top of the rotating 
barrel.
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Longevity assessment. Following the rAAV9-hNaGlu vector injection(s), 
mice were continuously observed for the development of end point symp-
toms, or until death occurred. The end point was when the symptoms of 
late stage clinical manifestation (urine retention, rectal prolapse, protrud-
ing penis) in MPS IIIB mice became irreversible, or when wt control mice 
were 24 months or older.

Tissue analyses. In therapeutic studies, tissue analyses were carried out at 6 
months and 9 months pi. Mice were anesthetized with 2.5% Avertin before 
tissue collection. Brain, spinal cord, and multiple somatic tissues were 
collected on dry ice or embedded in optical coherence tomography com-
pound and stored at −70 °C, before being processed for analyzes. Tissues 
were also processed for paraffin sectioning.

Tissue samples from scAAV9-GFP vector-treated mice were collected 
for analysis 4–5 weeks pi. The mice were anesthetized with 2.5% Avertin 
and then perfused transcardially with cold phosphate-buffered saline 
(0.1 mol/l, pH 7.4), followed by 4% paraformaldehyde in phosphate buffer 
(0.1 mol/l, pH 7.4). The entire brain and spinal cord, as well as multiple 
somatic tissues (including liver, kidney, spleen, heart, lung, intestine, 
and skeletal muscles), were collected and fixed in 4% paraformaldehyde 
overnight at 4 °C before being further processed for vibratome sectioning.

NAGLU activity assay: Tissue samples were assayed for NaGlu 
enzyme activity following a published procedure with modification.45,47 
The assay measures 4-methylumbelliferone, a fluorescent product formed 
by hydrolysis of the substrate 4-methylumbelliferyl-N-acetyl-α-D-
glucosaminide. The NaGlu activity is expressed as unit/mg protein. One 
unit is equal to 1 nmol 4-methylumbelliferone released/hour at 37 °C.

GAG content measurement: GAG was extracted from tissues following 
published procedures48 with modification.20 Dimethylmethylene blue 
assay was used to measure GAG content.49 The GAG samples (from 0.5 
to 1.0 mg tissue) were mixed with H2O to 40 μl before adding 35 nmol/l 
dimethylmethylene blue (cat. no. 03610-1; Polysciences, Warrington, PA) 
in 0.2 mmol/l sodium formate buffer (pH 3.5). The product was measured 
using a spectrophotometer (OD535). The GAG content was expressed as 
µg/mg tissue. Urine GAG content was also measured. Heparan sulfate 
(H9637; Sigma, St Louis, MO) was used as standard.

Histopathology: Histopathology was performed following standard 
methods. Paraffin sections (4 µm) were fixed with 4% paraformaldehyde 
in phosphate buffer (0.1 mol/l, pH 7.2) at 4 °C for 15 minutes and stained 
with 1% toluidine blue at 37 °C for 30 minutes to visualize lysosomal GAG. 
The sections were mounted, and imaged under a light microscope.

Immunofluorescence: IF was performed to identify cells expressing 
hNaGlu, GFP, or GFAP for astrocytes, using antibodies against hNaGlu 
(a kind gift from Dr EF Neufeld, UCLA), GFP (Invitrogen, Carlsbad, 
CA) or GFAP (Chemicon, Temecula, CA), and corresponding secondary 
antibody conjugated with AlexaFluor568 or AlexaFluor488 (Molecular 
Probes, Carlsbad, CA). The IF staining was performed on thin cryostat 
sections (8 µm) of tissue samples following procedures recommended 
by the manufacturers. The sections were visualized under a fluorescence 
microscope.

Quantitative real-time PCR: Total DNA was isolated from tissue 
samples of treated and nontreated MPS IIIB mice using Qiagen DNeasy 
columns. Brain DNA was isolated from midbrain tissue. The DNA samples 
were analyzed by quatitative real-time PCR, using Absolute Blue QPCR 
Mix (Thermo Scientific, Waltham, MA) and Applied Biosystems 7000 
Real-Time PCR System, following the procedures recommended by the 
manufacturer. Taqman primers specific for the CMV promoter were used 
to detect rAAV vector genomes: f: GGCAGTACATCAAGTGTATC; r: 
ACCAATGGTAATAGCGATGAC; probe: [6~FAM]AATGACGGTAAAT
GGCCCGC[TAMRA~6~FAM]. Genomic DNA was quantified in parallel 
samples using β-actin specific primers: f: GTCATCACTATTGGCAACGA; 
r: CTCAGGAGTTTTGTCACCTT; probe: [6~FAM]TTCCGATGCCCT 
GAGGCTCT[Tamra~Q] Genomic DNA from nontreated MPS IIIB mouse 
tissues was used as controls for background and absence of contamination.

Statistical analyses. Means, SD and unpaired Student’s t-test were used to 
analyze quantitative data. Behavioral measures were taken by an observer 
blind to experimental treatment. P values generated from t-tests were fur-
ther analyzed individually using Bonferroni correction. Behavioral testing 
data were also analyzed using repeated measures ANOVA (SAS 9.1.3; SAS 
Institute, Cary, NC) to determine the significance of the variances among 
treatment and control groups and testing days. Longevity data were analyzed 
using Kaplan–Meier method. The significance level was set at P < 0.05.

SUPPLEMENTARY MATERIAL
Figure  S1.  Distribution of rAAV9-mediated GFP expression in the 
CNS and periphery of MPS IIIB mice after an IVrAAV9 injection.
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