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A B S T R A C T

Mucopolysaccharidosis type I (MPS I) is an inherited metabolic disorder caused by deficiency of alpha-L-idur-
onidase (IDUA), resulting in accumulation of heparan and dermatan sulfate glycosaminoglycans (GAGs).
Individuals with the most severe form of the disease (Hurler syndrome) suffer from neurodegeneration, in-
tellectual disability, and death by age 10. Current treatments for this disease include allogeneic hematopoietic
stem cell transplantation (HSCT) and enzyme replacement therapy (ERT). However, these treatments do not
address CNS manifestations of the disease. In this study we compared the ability of intravenously administered
AAV serotypes 9 and rh10 (AAV9 and AAVrh10) for delivery and expression of the IDUA gene in the CNS. Adult
C57BL/6 MPS I mice were infused intravenously with either AAV9 or AAVrh10 vector encoding the human IDUA
gene. Treated animals demonstrated supraphysiological levels and widespread restoration of IDUA enzyme
activity in the plasma and all organs including the CNS. High levels of IDUA enzyme activity were observed in
the plasma, brain and spinal cord ranging from 10 to 100-fold higher than heterozygote controls, while levels in
peripheral organs were also high, ranging from 1000 to 10,000-fold higher than control animals. In general,
levels of IDUA expression were slightly higher in peripheral organs for AAVrh10 administered animals although
these differences were not significant except for the lung. Levels of IDUA expression between AAV 9 and rh10
were roughly equivalent in the brain. Urinary and tissue GAGs were significantly reduced starting at 3 weeks
after vector infusion, with restoration of normal GAG levels by the end of the study in animals treated with either
AAV9 or rh10. These results demonstrate that non-invasive intravenous AAV9 or AAVrh10-mediated IDUA gene
therapy is a potentially effective treatment for both systemic and CNS manifestations of MPS I, with implications
for the treatment of other metabolic and neurological diseases as well.

1. Introduction

The mucopolysaccharidoses are a group of rare inherited lysosomal
disorders caused by lysosomal enzyme deficiency leading to aberrant
glycosaminoglycan (GAG) catabolism [1,2]. This results in abnormal
GAG accumulation in the lysosomes leading to progressive cellular
damage in multiple organ systems. Mucopolysaccharidosis type I is
caused by deficiency of α-L-iduronidase (IDUA), with a disease spec-
trum that ranges from mild to severe [3]. The most severe form of the
disease, Hurler syndrome (MPS IH), is also the most prevalent, with an
incidence of 1:100,000. Accumulation of heparan and dermatan sulfate
GAG leads to systemic disease, multiple organ failure, severe

neurocognitive impairment, and death by age 10. MPS IH is effectively
treated by allogeneic hematopoietic stem cell transplantation (HSCT),
with engrafted donor cells providing a source of enzyme for metabolic
cross-correction [4–11]. HSCT thus constitutes a remedy for many of
the manifestations of MPS IH, and when carried out early in life reduces
the rate of cognitive decline. Intermediate (Hurler-Scheie) and mild
(Scheie) forms of MPS I are treated by enzyme replacement (ERT)
[12–16], providing systemic relief from metabolic storage disease.
Nonetheless, skeletal and cardiac abnormalities as well as neurologic
and other problems persist for MPS I individuals, prompting the search
for more effective therapies.

A natural extension of allogeneic HSCT for MPS I is instead
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transplantation with autologous HSC that have been genetically re-
stored ex vivo for IDUA expression [17–20]. Direct in vivo IDUA gene
transfer has also been reported using lentiviral, retroviral and adeno-
associated (AAV) virus vectors in adult and neonatal MPS I mice, in
dogs and non-human primates [21–36]. Achieving effective delivery of
enzyme to the central nervous system has been an important goal in the
development of genetic therapies for MPS I. Studies in the murine
model of MPS I have demonstrated the effectiveness of in-
tracerebroventricular and intrathecal introduction of IDUA-transducing
AAV vector [23,26,28,29,35], and even intranasal administration re-
sulted in wild-type levels of IDUA in the brain [33]. CNS-directed gene
transfer has recently shown promise in large animal studies in which
IDUA-transducing AAV9 was delivered intracisternally in non-human
primates [35,36].

Intravenously administered AAV is broadly distributed, and evi-
dence that AAV vectors packaged using capsid serotypes 9 and rh10 can
cross the blood-brain barrier [37–42] additionally raises the prospect
for the potential effectiveness of intravenous delivery as a non-invasive
means of achieving transduction of CNS tissues to address neurologic
manifestations of human disease. Most notable are the results of a
clinical trial for the most severe form of spinal muscular atrophy, in
which patients received a single intravenous administration of scAAV9
containing spinal motor neuron 1 cDNA, resulting in significant impact
on lifespan, motor function and overall disease [43].

In this paper, we compared the relative therapeutic effectiveness of
IDUA-transducing AAV9 and AAVrh10 on IDUA enzyme expression
systemically and in the brain after intravenous administration. With a
single intravenous injection of AAV vector, we achieved extremely high
levels of IDUA enzyme in the circulation, with concomitant high and
widespread levels of IDUA enzyme activity in all tissues tested with
both serotypes, including the CNS. We observed metabolic correction
and clearance of lysosomal storage materials with both serotypes. These
results have strong implications for effective, non-invasive genetic
therapy of MPS I, especially with respect to neurological manifestations
of the disease.

2. Materials and methods

2.1. Vector constructs and packaging

Generation of the miniCAGS regulated IDUA (AAV-MCI) expression
cassette (pTR-MCI) has been described previously [26]. This vector was
packaged into AAV9 and AAVrh10 virions at the University of Penn-
sylvania vector core, generating recombinant (r) AAV9-IDUA and
AAVrh10-IDUA. Vector titer was 1.1 × 1013 genome copies/ml for
AAV9-IDUA and 1.7 × 1013 genome copies/ml for AAVrh10-IDUA.

2.2. Animals and intravenous infusions

The MPS I mouse strain was generously provided by Dr. E. Neufeld
[51]. IDUA−/− offspring were generated from homozygous IDUA−/
− breeding pairs. Animals were maintained under specific pathogen-
free conditions in AAALAC-accredited facilities. All animal work was
reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Minnesota. MPS I IDUA-deficient ani-
mals ranging in age from 8 weeks to 21 weeks were infused through the
tail vein with 1 × 1012 vector genomes of AAV9-IDUA (5 animals, 4
males and 1 female) or AAVrh10-IDUA (5 animals, 4 males and 1 fe-
male). In order to avoid anti-IDUA and anti-capsid immune responses,
all animals (including untreated controls) were immunosuppressed by
weekly intraperitoneal injection of 120 mg/kg cyclophosphamide (CP),
starting 3 days after vector infusion. Mice were weighed regularly and if
more than 10% of their body weight was lost, CP injections were
withdrawn until body weight was regained. Blood was collected every
1–2 weeks by venipuncture and processed to plasma. Urine was also
collected at 1–2 week intervals. Both plasma and urine were stored at

-20 °C until assayed for IDUA and GAGs, respectively.
Animals were sacrificed at 10 weeks post-injection, transcardiacally

perfused with 50 ml PBS, and tissues (heart, liver, kidney, lung, spleen
and microdissected brain) collected. Tissues were frozen on dry ice and
stored at -20 °C until processed. Tissue lysates were prepared as de-
scribed previously [33]. Briefly, tissues were homogenized in 0.9%
saline using a bullet bead blender, and homogenates were clarified by
centrifugation in an Eppendorf centrifuge at 13,000 rpm for 15 min.
Supernatants (tissue lysates) were transferred to clean tubes and stored
at -20 °C until assayed for IDUA and GAGs.

2.3. IDUA enzyme assay

Plasma and tissue lysates were assayed for IDUA activity in a
fluorometric assay using 4-MU iduronide as substrate (Glycosynth,
England), as previously described [26]. Emitted fluorescence was
measured in a BioTek Synergy Mx plate reader. Protein was measured
using the Pierce assay. Enzyme activity is expressed as nmol 4-methy-
lumbelliferone released per mg protein per hour (nmol/h/mg) and as
nmol/h/ml for plasma. Two-way ANOVA with Sidaks's multiple com-
parison tests were used for all statistical analyses.

2.4. GAG assay

Tissue lysates and urine GAGs were assayed using the Blyscan
Sulfated Glycosaminoglycan Assay kit (Accurate Chemical, NY) as de-
scribed previously [26]. Tissue GAGs were normalized to protein and
expressed as μg GAG/mg protein and urine GAGs are expressed as μg
GAG/mg creatinine. Creatinine was assayed using the Creatinine assay
kit from Sigma.

2.5. Immunohistochemistry

Male mice were deeply anaesthetized and perfused via the heart
with calcium-free Tyrode's solution (in mM: NaCl 116, KCl 5.4,
MgCl2·6H20 1.6, MgSO4·7H2O 0.4, NaH2PO4 1.4, glucose 5.6, and
NaHCO3 26) followed by fixative (4% paraformaldehyde and 0.2%
picric acid in 0.1 M phosphate buffer, pH 6.9). Tissues were dissected
from the animal and stored in PBS containing 10% sucrose and 0.05%
sodium azide at 4 °C for a minimum of 24 h before being frozen and
sectioned at 14 μm thickness using a cryostat. Sections were mounted
onto gel-coated slides and stored at -20 °C until further use. For im-
munohistochemical staining, sections were incubated in diluent (PBS
containing 0.3% Triton-X100; 1% bovine serum albumen, 1% normal
donkey serum) for 1 h at room temperature followed by incubation in
primary antisera overnight at 4 °C. Primary antisera included sheep
anti-IDUA (R & D Systems, Minneapolis, MN, 1:500), chicken anti-GFAP
(Abcam, Cambridge, MA 1:1000), rat anti-CD31 (BD Pharmingen, San
Jose, CA, 1:100) and rabbit anti-NeuN (Abcam, Cambridge, MA,
1:1000). Sections were rinsed in PBS, incubated in species appropriate
secondary antisera (Cy2 1:100, Cy3 1:300, Jackson ImmunoResearch,
West Grove, CA) for 1 h at room temperature, rinsed again using PBS,
and coverslipped using glycerol and PBS containing p-phenylenedia-
mine (Sigma). Images were collected using an Olympus Fluoview 1000
confocal microscope and adjusted for brightness and color using Adobe
Photoshop software. Upon examination of the labeling, we noted au-
tofluorescence, likely lipofuchsin granules, that was visible at 405 nm,
488 nm, and 565 nm wavelengths of excitation. To distinguish the
autofluorescence from immunolabeling that was visualized with
488 nm and 565 nm excitation wavelengths, we also collected images at
405 nm. Merging of the images collected at the three wavelengths re-
sulted in a pseudocolored image where autofluorescence appeared in
white.
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2.6. Quantitative polymerase chain reaction

QPCR was carried out as described previously [26]. Briefly, genomic
DNA was extracted from tissue homogenates using the GeneJET
Genomic DNA Purification kit (ThermoFisher Scientific). Reaction
mixtures contained 200 ng of DNA, 2× IQ SYBR Green Supermix (Bio-
Rad), and 200 nM each of forward and reverse primer. IDUA primers
used were forward primer: 5’-AGGAGATACATCGGTACG-3′ and reverse
primer: 5’-TGTCAAAGTCGTGGTGGT-3′. PCR conditions were: 95 °C for
2 min, followed by 40 cycles of 95 °C for 40 s, 58 °C for 30 s, and 72 °C
for 1 min. The standard curve for IDUA consisted of serial dilutions of
plasmid pTR-MCI.

3. Results

3.1. High levels of IDUA enzyme activity in the circulation and in tissues
after intravenous injection of AAV9 orAAVrh10

The comparative effectiveness of AAV9- and AAVrh10-mediated
IDUA gene delivery after intravenous injection was evaluated in IDUA
deficient mice. Animals were immunosuppressed with weekly in-
traperitoneal administration of 120 mg/kg cyclophosphamide (CP) for
4 weeks starting 3 days after a single intravenous injection of either
AAV9-IDUA or AAVrh10-IDUA vector at 2–5 months of age. Blood was
collected at 1- to 2-week intervals and plasma assayed for IDUA enzyme
activity (Fig. 1A). Enzyme activity was soon (4 days) detected at>
100 nmol/h/ml in plasma of all animals and continued to increase until
70 days post-infusion, when the experiment was terminated. Levels of
IDUA activity were similar in both groups of animals. In comparison to

wild-type C57BL/6 animals, the mean levels of enzyme activity in AAV-
IDUA administered animals ranged from 20-fold higher at 4 days post-
injection to 1000-fold higher by week 4. Levels of enzyme from both
serotype administered animals appeared to reach steady state by
4 weeks post-injection, with no significant increase at 8 weeks.

All experimental animals were euthanized 70 days following vector
administration and tissues extracted for analysis of vector biodistribu-
tion, IDUA expression and its effect on lysosomal storage materials. The
brain was microdissected at harvest to determine comparative dis-
tribution and enzyme expression in different regions of the CNS. IDUA
enzyme activity was undetectable both in the brain and peripheral or-
gans of IDUA deficient animals. Both AAV9 and AAVrh10 serotypes
achieved high levels of enzyme in all areas of the brain (Fig. 1B), with
IDUA activity ranging from 10 to 100-fold higher than that of normal
heterozygote control animals. IDUA activity was generally equivalent in
all areas of the brain, although levels of expression were lowest in the
olfactory bulb for both AAV9 and rh10. No significant differences were
observed between serotypes.

Enzyme levels in peripheral organs of treated animals ranged from
100 to 10,000-fold higher than normal heterozygote levels. IDUA ac-
tivities in general, trended higher for AAVrh10 than AAV9 in all organs
tested (Fig. 1C). However, differences in enzyme levels between ser-
otypes were not significant.

3.2. Vector biodistribution

Vector biodistribution was determined by qPCR of tissue DNA ex-
tracts for the human IDUA cDNA sequence. In general, the level of
observed transduction corresponded with the level of tissue IDUA

(a)

(b) (c)

Fig. 1. IDUA Activity in plasma and tissues after intravenous administration of AAV9 and AAVrh10 vectors delivering the IDUA gene. (A) Enzyme activity in
plasma. Blood was collected at 1 to 2 week intervals and plasma was assayed for IDUA activity. High and sustained levels of IDUA activity were seen in plasma from
animals treated with bith serotypes (n = 5; each serotype). The level of plasma IDUA activity in normal heterozygotes (n = 4) is indicated by a dashed line and
ranges from 0.5–2 nmoles/hr/ml. Enzyme activity in plasma from MPS I animals (n= 4) was undetectable (< 0.05 nmoles/hr/ml). Bars represent means +/− SD.
(B) IDUA enzyme activity in brain No CR.
Brains were micro-dissected and extracts assayed for IDUA enzyme activity. There was widespread IDUA activity in the brains of treated animals (n= 5) compared to
wild type animals. Enzyme activity found in normal heterozygotes (n=4) is indicated by the dashed line, and ranges from 1 to 15 nmoles/h/mg in the brain. Enzyme
activity was not detected in untreated MPS I animals (< 0.05 nmoles/h/mg, n = 4). Mean +/− SD values are represented by bold horizontal lines and light vertical
lines respectively. HP, hippocampus; CB, cerebellum; CTX, cortex; S, striatum; OB, olfactory bulb; THAL, thalamus; SC, spinal cord. No CR.
(C) IDUA enzyme activity in peripheral organs. Levels of IDUA activity were extremely high in peripheral organs of mice from treated animals. The range of enzyme
activities found in normal heterozygotes is indicated by the dashed line, and ranges from 1-15 nmoles/hr/mg. Enzyme activity was not detected in untreated animals
(< 0.05 nmoles/hr/mg).
Mean +/− SD values are represented by bold horizontal lines and light vertical lines respectively.
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activity summarized above. The highest vector level was observed in
the liver (50–1000 vc/diploid genome) and in the heart (0.5-1000 vc/
diploid genome; Fig. 2A), with somewhat reduced levels detected in
other peripheral tissues. Vector sequences in micro-dissected portions
of the brain ranged from 0.05–1 vc/diploid genome (Fig. 2B).

3.3. Immunohistologic analysis of IDUA expression

Experimental animals were perfusion-fixed, and then peripheral and
CNS tissues were evaluated for IDUA expression using anti-IDUA anti-
body as previously described [26]. High levels of IDUA im-
munoreactivity (−ir) were observed in the liver of both AAV9 and
AAVrh10-treated animals (Fig. 3A-C). In the brain, we observed sparse
IDUA-labeled structures with a fairly uniform distribution in different
regions. The pattern of labeling was similar in AAV9 and AAVrh10-
treated mice. In double-labeling experiments, we did not observe evi-
dence for colocalization of IDUA-ir and labeling for markers of neurons
(NeuN, Fig. 3, D-F), astrocytes (GFAP, Fig. 3G-I), or microglia (Iba1, not
shown).

However, the relationship of IDUA-ir relative to GFAP-ir suggested
that IDUA-ir is localized in close proximity to astrocyte endfeet asso-
ciated with blood vessels. This observation was confirmed by double-
labeling for IDUA and the endothelial marker CD31, although IDUA-
and CD31-ir did not colocalize (Fig. 3, J-L).

Taken together, these observations suggest that in the CNS par-
enchyma IDUA-ir is most likely localized in pericytes, which represent
the third cellular component of the neurovascular unit. IDUA-ir was
also observed in the choroid plexus of both AAV9- and AAV10-treated
mice (not shown). The labeling appeared to be associated with the
vasculature rather than the epithelial cells of the choroid plexus.

3.4. Effect of iduronidase expression on glycosaminoglycan accumulation

The high level IDUA activity observed in the brain and peripheral
organs was associated with a decrease in GAG excretion and storage
throughout the body. Urine was collected weekly from all animals
starting at time of treatment until termination of the experiment at
70 days post-treatment.

Normalization of urine GAG excretion was seen by Day 14 in both
treatment groups (P < .05 for both groups) (Fig. 4A). GAG levels in
urine were similar in both treatment groups, although slightly but not
significantly lower for AAV9-IDUA treated animals.

GAG levels were significantly reduced in all parts of the brain in
both treatment groups compared to untreated animals (P < .05 to
0.0001 for both groups), although not completely.

normalized (Fig. 4B).
In peripheral organs, GAG levels were completely normalized in

both treatment groups (non-significant vs Het) (Fig. 4C). There was no
significant difference between the two serotypes with respect to nor-
malization of GAG levels.

4. Discussion

Extremely high levels of IDUA were observed in all tissues eval-
uated, including the brain, after a single intravenous injection of
1 × 1012 vector genomes of either AAV serotype 9 or serotype rh10
transducing the human IDUA sequence. High levels of enzyme were
accompanied by normalization of GAG levels in all peripheral tissues,
and a significant reduction of GAGs in the brain. While GAG levels in
the brain were normalized, or close to normalized in the hindbrain
(cerebellum and spinal cord; Fig. 4B), GAG levels were reduced but not
normalized in other parts of the brain. However, levels of IDUA enzyme
activity were roughly equivalent across the brain (Fig. 1B) as well as in
quantitated vector DNA (Fig. 2), indicating a lack of IDUA penetration
into certain areas of the brain where GAGs persist. IDUA immuno-
fluorescence demonstrated that transduction was widespread in the
liver and heart, and while transduction was observed in brain, the la-
beling appeared to be largely associated with blood vessels. These ob-
servations suggest that IDUA activity in the CNS is most likely the result
of enzyme diffusion after overexpression in the CNS vasculature and/or
of uptake from the circulation. However, we cannot rule out expression
of IDUA in neurons or glia that is below the level of detection by im-
munofluorescence.

Different routes of AAV delivery can be used to access the CNS.
While direct intracranial injection into brain parenchyma circumvents
the blood brain barrier, subsequent vector spread is diffusion-depen-
dent, resulting in localized and limited vector distribution. Injection at
multiple sites is thus required to achieve greater vector distribution,
with each injection requiring a craniotomy [44,45]. Widespread vector
delivery can be achieved through the cerebrospinal fluid by in-
tracerebroventricular (ICV), intracisterna magna (ICM), or lumbar in-
jection. While there are conflicting data regarding lumbar injection in
larger animals, the ICV and ICM routes, although invasive, lead to
widespread AAV mediated transduction in the CNS, especially with
AAV serotypes 9 and rh10 [46–50].

Intravenous injection is the least invasive and the most promising
alternative route of vector administration, especially since AAV9 and
rh10 transduce a wide variety of cell types and are also known to cross
the blood brain barrier (BBB). Foust et al. [37] and Duque et al. [38]
have demonstrated in both neonatal and adult mice, that AAV9 pene-
trates the BBB and leads to widespread transduction and gene expres-
sion in the CNS. Zhang et al. [42] have also shown that intravenous
administration of AAV rh10 leads to extensive distribution and wide-
spread gene expression in the brain. AAV9 has been tested extensively

(a) (b)

Fig. 2. Vector biodistribution. Tissue DNA extracts were assayed for the presence of IDUA sequences by quantitative PCR. Each symbol represents 1 animal. Dashed
line indicates the lower limit of detection analyzed from genomic DNA samples collected from heterozygote controls (< 0.05). (A) IDUA vector sequences in brain
and spinal cord. HP, hippocampus; CB, cerebellum; CTX, cortex; S, striatum; OB, olfactory bulb; THAL, thalamus; SC, spinal cord. (B) IDUA vector sequences in
peripheral organs.
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by intravenous delivery in several animal species including newborn/
infant/adult rodents, cats, dogs, and non-human primates [47]. Despite
the discrepancy in cell transduction profile between the different spe-
cies, these results corroborate the therapeutic capability of non-in-
vasive, intravenous AAV9-mediated gene delivery for CNS diseases.
Significant therapeutic results have also been shown for intravenous

AAV9 treatment of adult mice in models of MPS II [48], MPS IIIA [52]
and IIIB [53], MPS VII [54], GM1 gangliosidosis [55], Sandhoff disease
[56], multiple sulfatase deficiency [57], and metachromatic leukody-
strophy [58].

While the studies cited above report transduction of brain tissue
after IV AAV delivery, our results in male mice indicate that IDUA

Fig. 3. Immunohistologic analysis of IDUA expression. A-C, IDUA immunoreactivity (−ir) was abundant in livers from AAV9- (A) and AAVrh10 (B)-treated mice,
while labeling was absent in liver from an untreated MPS I mouse (C). Scale bar: 50 μm. D-F, A representative image of double-labeling for IDUA (D) and the neuronal
marker NeuN (E), showing lack of colocalization (F) in the cortex of an AAV9-treated mouse. Scale bar: 50 μm. G-I, A representative image of double-labeling for
IDUA (G) and the astrocyte marker GFAP (H), showing lack of colocalization (I) in hippocampus of an AAVrh10-treated mouse. Arrows indicate an example of a
blood vessel with closely associated IDUA- and GFAP-ir. Scale bar: 50 μm. J-L, Double-labeling for IDUA (J) and the endothelial marker CD31 (K) in cortex of an
AAV9-treated mouse reveals apparent IDUA-positive cellular profiles that are closely associated with a CD31-ir blood vessel. White puncta correspond to auto-
fluorescent structures. Scale bar: 10 μm.
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expression with both serotypes was limited to the CNS vasculature.
Similar to what we report in this manuscript, Schuster et al. [70] report
low to undetectable levels of transduction in CNS studies after in-
travenous delivery in comparison with intrathecal delivery. Other
variables may have affected the low CNS transduction in our study,
such as gender, since it has been reported that IV AAV9 infusion seems
to have an androgen dependent effect, with vector preferentially
transducing the liver in male mice, but favors the CNS in female mice
[55,59]. Variables such as age at vector administration, dose, promoter,
and AAV purification methods could also contribute to the differences
observed in CNS transduction profile in different studies
[37,38,54,60–62].

Intravenous administration of Laronidase ERT at normal doses in
MPS I mice does not prevent pathology in the brain due to inability of
enzyme to cross the blood brain barrier [16,63]. However, Ou et al.
[64] have shown that when multiple high doses of enzyme were ad-
ministered intravenously in MPS I mice there was improvement in
neurobehavioral performance and reduction in GAG accumulation in
the brain. These results indicate that maintenance of enzyme at high
levels in the circulation allows at least some enzyme to penetrate the
blood brain barrier by a mechanism that is as yet unknown. Several
other studies of high dose enzyme replacement have been conducted in
other lysosomal disease models with similar results [65–67]. In addi-
tion, Laoharawee et al. [68] and Ou et al. [34] in 2 separate studies
demonstrated that high levels of circulating iduronate sulfatase or IDUA
after ZFN-mediated gene editing and liver-specific expression resulted
in enzyme delivery and reduced GAG in the brain, thereby preventing
the emergence of neurological deficit in MPS II and MPS I, respectively.
Because the liver was the only source of enzyme, these studies show

that a consistent, high level of secretion into the circulation can result
in enzyme delivery to the brain as a remedy for these lysosomal dis-
eases.

Our data suggest that the high levels of IDUA enzyme activity ob-
served in the brain with both AAV serotypes come not from transduc-
tion of neural cells but from supraphysiological levels of circulating
IDUA that subsequently crosses the BBB. While the high levels of IDUA
enzyme activity in the brain were accompanied by a significant re-
duction of GAGs compared to untreated mice, GAG levels were not
completely normalized. Another potential mechanism of delivery is
suggested by the putative expression of IDUA in pericytes of the CNS
vasculature. Since the brain is highly vascularized, this may promote a
bystander effect in which a portion of lysosomal protein that is secreted
by transduced cells is taken up by neighboring cells on the parenchymal
side of the BBB [69,70], thereby leading to normalized levels of IDUA
activity observed throughout the brain. Similarly, IDUA expressed by
the vasculature of the choroid plexus may gain access to the CSF.

This is the first study reporting therapeutic efficiency after in-
travenous delivery of AAV9 and AAVrh10 vectors encoding IDUA in
adult MPS I mice. We show widespread and high-level expression of
IDUA in multiple tissues including the brain after a single injection of
AAV vector, with reduced GAG in tissues and urine. Our findings in-
dicate that in the mouse MPS I model, most of the enzyme delivered to
the brain most likely comes from the plasma after high level secretion
from the liver. AAV 9 and AAV rh10 were equally effective in restoring
enzyme activity and reducing GAG storage systemically. These results
demonstrate that intravenous administration of AAV9 or AAVrh10 en-
coding IDUA is a potentially effective treatment for MPS I patients using
a minimally invasive approach.

Fig. 4. Glycosaminoglycan storage materials in tissues and in urine post-AAV administration. (A) GAG excretion in urine. Urine was collected at 1 to 2-week
intervals and assayed for glycosaminoglycans. The levels of GAGs found in untreated MPS I mice ranged from 4000 to 6000 μGAG/mg creatinine and in normal
heterozygotes ranged from 300 to 2000 μGAG/mg creatinine, and are indicated by solid and dashed horizontal lines, respectively. Bars represent means +/− SD.
(B). GAG accumulation in brain. Tissue lysates from different parts of the brain were assayed for GAG storage. GAG levels were normalized in the cerebellum and
spinal cord and reduced in other parts of the brain from treated animals. The levels of GAG found in untreated MPS I mice ranged from 15-25 μg GAG/mg protein in
the brain, and in normal heterozygotes ranged from 1-10 μg GAG/mg protein, and are indicated by solid and dashed horizontal lines, respectively. Mean +/− SD
values are represented by bold horizontal lines and light vertical lines respectively. HP, hippocampus; CB, cerebellum; CTX, cortex; S, striatum; OB, olfactory bulb;
THAL, thalamus; SC, spinal cord. (C) GAG accumulation in peripheral organs. Lysates from peripheral tissues showed normalization of GAG levels. The levels of GAG
found in untreated MPS I mice ranged from 50-150 μg GAG/mg protein and are indicated by the solid horizontal line. Normal heterozygote levels range from 1-10 μg
GAG/mg protein, and are indicated by a dashed horizontal line. Mean +/− SD values are indicated.
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