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Mucopolysaccharidosis type I (MPS I) is a progressive, multi-systemic, inherited metabolic disease caused by
deficiency of a-L-iduronidase (IDUA). Current treatments for this disease are ineffective in treating central
nervous system (CNS) disease due to the inability of lysosomal enzymes to traverse the blood–brain barrier.
A noninvasive and effective approach was taken in the treatment of CNS disease by intranasal adminis-
tration of an IDUA-encoding adeno-associated virus serotype 9 (AAV9) vector. Adult IDUA-deficient mice
aged 3 months were instilled intranasally with AAV9-IDUA vector. Animals sacrificed 5 months post in-
stillation exhibited IDUA enzyme activity levels that were up to 50-fold that of wild-type mice in the olfactory
bulb, with wild-type levels of enzyme restored in all other parts of the brain. Intranasal treatment with
AAV9-IDUA also resulted in the reduction of tissue glycosaminoglycan storage materials in the brain. There
was strong IDUA immunofluorescence staining of tissue sections observed in the nasal epithelium and
olfactory bulb, but there was no evidence of the presence of transduced cells in other portions of the brain.
This indicates that reduction of storage materials most likely occurred as a result of enzyme diffusion from
the olfactory bulb and the nasal epithelium into deeper areas of the brain. At 8 months of age, neurocognitive
testing using the Barnes maze to assess spatial navigation demonstrated that treated IDUA-deficient mice
were no different from normal control animals, while untreated IDUA-deficient mice exhibited significant
learning and navigation deficits. This novel, noninvasive strategy for intranasal AAV9-IDUA instillation
could potentially be used to treat CNS manifestations of human MPS I.
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INTRODUCTION
MUCOPOLYSACCHARIDOSIS TYPE I (MPS I) is an auto-

somal recessive storage disease caused by defi-

ciency of a-L-iduronidase (IDUA), resulting in

accumulation of heparan and dermatan sulfate

glycosaminoglycans (GAGs).1–4 The most common

and severe form of MPS I (Hurler syndrome) is a

chronic, multi-systemic progressive disease, re-

sulting in cardiomyopathy, skeletal abnormali-

ties, hepatosplenomegaly, corneal clouding, and

pulmonary obstruction. Central nervous system

(CNS) complications include hydrocephalus, learn-

ing deficits, and mental retardation. If left un-

treated, the disease results in death by the age of 10

years. Current treatments forMPS I include enzyme

replacement therapy (ERT) and allogeneic hema-

topoietic stem-cell transplantation (HSCT). While

early intervention (before 2 years of age) by HSCT
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is associated with prevention of cognitive decline,

the procedure is associated with significant mor-

bidity andmortality, and patients continue to exhibit

below-normal IQ levels and impaired neurocogni-

tive abilities.5–15 ERT with the recombinant enzyme

laronidase (Aldurazyme) has shown clinical im-

provement in visceral manifestations of MPS I.16–20

However, it is ineffective against neurological

complications of the disease due to the inability

of lysosomal enzymes to traverse the blood–brain

barrier (BBB).20,21 Effective treatment of CNS

manifestations of the disease is thus limited by

the inability of current therapies to deliver suf-

ficient enzyme to the CNS.

A new and promising approach for delivery of

IDUA to the brain in MPS I is by gene trans-

fer,22,23 either by direct in vivo IDUA gene trans-

fer into the CNS or by ex vivo IDUA gene transfer

into stem cells that subsequently engraft and

penetrate the BBB. Neonatal intravenous ad-

ministration of adeno-associated virus serotype 2

(AAV2) vector,24 intraparenchymal injections of

AAV5,25 direct intracerebroventricular (ICV) in-

jection of AAV8 vector into newborns,26 ex vivo

transduction of hematopoietic stem cells with ex-

pression in red blood cells,27,28 retroviral vector

mediated gene therapy into mouse models of MPS

I,29–31 direct neonatal in vivo injection of lentiviral

vectors,32 and successful ex vivo transduction using

lentiviral vectors33 have resulted in improvements

in phenotypic manifestations and/or behavioral dys-

functions ofMPS Imice. A comparison of intracarotid

(endovascular) and ICV routes of AAV5 administra-

tion intoMPS Imice resulted in significant increases

of IDUA enzyme levels in the brain, although direct

ICV injection was significantly better in terms of

vector distribution throughout the brain.34 Direct

parenchymal35 injections into feline and canine36,37

models of MPS I have also resulted in correction of

storage pathology in the CNS. Intravenous injections

intoMPS I cats using AAV9 or AAVrh.10 also results

in expression of enzyme in the brain.35 While direct

injection of vector into the brain yields the most

widespread distribution and expression, the invasive

nature of this route of delivery is an impediment to

its clinical application.

As an alternate, noninvasive route of AAV de-

livery, intranasal administration has been ex-

plored—an approach shown to traffic therapeutic

molecules rapidly to the brain via olfactory and

trigeminal pathways innervating the nasal pas-

sages. The goal of the studies described hereinwas to

test the effectiveness of intranasal AAV9 vector in-

stillation for gene delivery and expression of IDUA

in the CNS of MPS I mice. High levels of IDUA en-

zyme expression are reported in the olfactory bulb

and wild-type levels in other parts of the brain

after intranasal AAV9-IDUA administration, and

the prevention of neurobehavioral spatial navi-

gation dysfunction in adult intranasally treated

MPS I mice is also demonstrated. This is the first

study to demonstrate intranasal delivery of an

AAV9 vector to the brain effectively. The results

demonstrate the feasibility of achieving correction

of metabolic disease and neurologic dysfunction

after noninvasive intranasal delivery of AAV

vector applicable to lysosomal diseases and other

disorders in neurologic function.

MATERIALS AND METHODS

AAV9-MCI vector

Generation of the miniCAGS regulated IDUA

(MCI) expression cassette has been described pre-

viously.26 This plasmid was packaged into AAV9

virions at the University of Pennsylvania vector

core in order to generate recombinant (r) AAV9-

IDUA. The vector titer was 1.1· 1013 genome cop-

ies/mL. AAV9-GFP vector was purchased from the

University of Pennsylvania vector core, and the

titer was 1· 1013 genome copies/mL.

Animals and intranasal infusions

The MPS I mouse strain was generously provided

by Dr. E. Neufeld, and IDUA
-/- offspring were gen-

erated from homozygous IDUA
-/- breeding pairs.

Animals were maintained under specific pathogen-

free conditions in AAALAC-accredited facilities. An-

imal work was reviewed and approved by the In-

stitutional Animal Care and Use Committee of the

University of Minnesota. In order to avoid immune

response, MPS I IDUA-deficient animals were im-

munotolerized starting at birth with an intravenous

injection of 5.8lg/g Aldurazyme (Dr. P. Orchard),

followed by five subsequent weekly intraperitoneal

injections. These immunotolerized MPS I animals

were treated intranasallywithAAV9-MCI vector at 3

months of age, as previously described.38 The vector

was administered by applying a series of eight 3lL

drops with a micropipette to the nasal cavity of each

mouse, alternating between right and left nostril, at

1min intervals between each nostril, for a total of

24lL and a full dose of 2.4·1011 vector genomes.

IDUA enzyme assay

Animals were sacrificed at 8 months of age (n=7

for all groups) and transcardiacally perfused with

50mL of phosphate-buffered saline (PBS), and the

brainswere dissected into right and left hemispheres.

Each hemisphere was micro-dissected into hippo-

campus, cerebellum, cortex, striatum, olfactory bulb,
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and brain stem. The spinal cord, lung, and liver were

also collected. Tissues were frozen on dry ice and

stored at -20�C until processed. Tissues were ho-

mogenized in 0.9% saline in a Bullet Blender (Storm

24 Homogenizer [MIDSCI]), and homogenates were

clarified by centrifugation. Tissue lysates were as-

sayed 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.

Proteinwasmeasured using the Pierce assay. Enzyme

activity is expressed as nmol 4-methylumbelliferone

released per mg protein per hour (nmol/mg/h).

Histopathology

For detection of storage vacuoles and toluidine

blue staining, 8-month-old treated animals (n = 2)

were sacrificed as described for the IDUA enzyme

assay, along with age-matched MPS I (n = 2) and

heterozygous controls (n = 2). Tissues were fixed

and stained with toluidine blue as described

previously.24 Stained sections were scored under

blinded conditions for the presence of pathologic

storage vesicles. Eight sections per animal were

evaluated from each of the different regions of the

brain: hippocampus, cerebellum, cortex, stria-

tum, olfactory bulb, midbrain (thalamus, brain

stem), as well as the liver and lung. All sections

were evaluated in a blinded fashion by a pathol-

ogist using a semi-quantitative grading scale

assessing the amount of affected cells (1–4+)

within each region: 0, no cytoplasmic vacuoles; +,

cytoplasmic vacuoles in <10% of cells; ++, cyto-

plasmic vacuoles in 10–25% of cells; +++, cyto-

plasmic vacuoles in 25–50% of cells; ++++,

cytoplasmic vacuoles in >50% of cells. The types

of vacuoles present in affected cells (small, me-

dium, or large) were also assessed.

Immunohistochemistry

At 8 months of age, mice were deeply anesthe-

tized and perfused via the heart with calcium-free

Tyrode’s solution (in mM: NaCl 116, KCl 5.4,

MgCl2$6H2O 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

0.1M of phosphate buffer, pH 6.9). Tissues were

dissected and stored in PBS containing 10% su-

crose and 0.05% sodium azide at 4�C for a mini-

mum of 24 h before being frozen and sectioned

at 14 lm thickness using a cryostat. Sections

were mounted onto gel-coated slides and stored at

-20�Cuntil further use. For immunohistochemical

staining, sections were incubated in diluent (PBS

containing 0.3% Triton X-100; 1% bovine serum

albumin, 1% normal donkey serum) for 1 h at room

temperature followed by incubation in primary

antisera overnight at 4�C. Primary antisera in-

cluded sheep anti-IDUA (specific for human IDUA;

R&D Systems, Minneapolis, MN; 1:500), chicken

anti-GFP (Abcam, Cambridge, United Kingdom;

1:1,000), and rabbit anti-olfactory marker protein

(OMP; Abcam; 1:100). For GFP immunostaining,

n = 3 (treated), n = 1 (MPS I, Het). For IDUA im-

munostaining, n = 4 (treated), n = 1 (MPS I, Het).

Sections were rinsed in PBS, incubated in species-

appropriate secondary antisera (Cy2 1:100, Cy3

1:300, Cy5 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-phenylenediamine (Sigma–

Aldrich, St. Louis, MO). Images were collected

using an Olympus Fluoview 1000 confocal micro-

scope and adjusted for brightness and color using

Adobe Photoshop software.

Barnes maze

At 8 months of age, mice (n = 7–8 animals per

group) were analyzed for neurocognitive deficits

and spatial navigation using the Barnes maze.

The Barnes maze consisted of a white circular

acrylic platform, 92 cm in diameter and elevated

105 cm above the floor, with 40 equally spaced

holes (5 cm in diameter) around the perimeter.

Each of the holes was closed with a sliding white

piece of cardboard underneath the hole, except for

one open hole from which a black acrylic escape

box underneath could be accessed by means of a

sliding white ramp. From the center of the maze

all holes appeared identical so that the test animal

could not differentiate between the escape hole

and the other holes from the center point or from

any other point on the maze. However, when test

animals were adjacent to the escape hole, they

could discriminate between the escape and other

holes by looking down into the escape box. Multi-

colored visual cues were placed around the room

in the four cardinal directions: north, south, east,

and west. The platform was brightly lit with

overhead lighting. The animal was released in the

center of the maze with the lights dimmed. The

bright overhead lights were turned on, and the

mouse was given 3min to explore the maze. If it

did not enter the escape box, it was guided to the

escape hole and left there for 30 s before being

returned to its home cage. Animals were admin-

istered six trials a day for 4 days. Trials were re-

corded and analyzed using Ethovison software,

which allows automated tracking of animals.
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RESULTS

Intranasal instillation of AAV9-GFP leads

to transduction of nasal epithelium

and olfactory bulb

Intranasal delivery of therapeutic molecules for

distribution to the brain has three significant ben-

efits compared to other routes of administration: it is

non-invasive, it bypasses the BBB, which is a sig-

nificant impediment to the delivery of therapeutics

to the brain, and it reduces systemic exposure and

unwanted systemic side effects. A preliminary study

was conducted to determine the sites of vector

transduction in the brain after intranasal AAV in-

stillation. Two to three months post treatment, an-

imalswere sacrificed, and tissueswere processed for

histologic analysis of GFP expression. While robust

GFP immunoreactivity (-ir; Fig. 1) was detected in

the olfactory epithelium (Fig. 1A–C) and in the ol-

factory bulb (Fig. IE and F), GFP-ir cells were not

observed anywhere else in the brain. In the olfactory

bulb, the strongest expression was observed in

the glomerular layer (Fig. 1E and F), the first layer

of synaptic processing in the brain for structures

emanating from the nasal passage. Co-staining for

OMP in the olfactory bulb demonstrated that AAV9

transduction and GFP expression were occurring in

mature olfactory sensory neurons of the olfactory

bulb (Fig. 2).

Biochemical and metabolic effects

of intranasal AAV9-IDUA administration

The effectiveness of intranasal AAV9-IDUA vec-

tor instillation for treatment of CNS disease was

evaluated in adult IDUA-deficient mice, previ-

ously demonstrated to model MPS I in humans.

Adult IDUA-deficient mice were intranasally in-

stilled with AAV9-IDUA vector. At 8 months of

age, animals were sacrificed, and the brain was

micro-dissected into the left and right cortex,

striatum, hippocampus, cerebellum, olfactory

Figure 1. GFP immunofluorescence observed in the olfactory bulb after intranasal administration of AAV9-GFP. Three-month-old mucopolysaccharidosis type

I (MPS I) mice (n = 3) were infused intranasally with an AAV9-GFP vector. At 8 months of age, animals were sacrificed, and the tissues were harvested and

evaluated for GFP expression. Extensive GFP-ir (immunoreactivity) is observed in many cells in both rostral and caudal regions of the nasal epithelium (A–C). In

some cases, GFP-ir extends into the cilia of nasal epithelial cells (B, higher magnification in C). No labeling was seen in the nasal epithelium from control

animals that did not receive virus (D). Extensive GFP-ir is also seen in the glomeruli of the olfactory bulb after intranasal delivery of AAV9-GFP (green; E and F).

Structures in blue are background fluorescence imaged using filter set for UV. Scale bars A, B, and D= 50 lm, C= 20 lm, E= 400 lm, F = 100 lm.
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bulb and brain stem/thalamus. Tissue extracts

were prepared and assayed for IDUA enzyme ex-

pression using fluorogenic 4MU iduronide sub-

strate, as previously described26 (Fig. 3). Untreated

IDUA-deficient mice had no detectable enzyme in

tissue extracts from any part of the brain. In con-

trast, IDUA-deficientmice treated intranasallywith

AAV9-IDUAvector exhibited IDUA enzyme activity

levels in the olfactory bulb that ranged from 10- to

50-fold that of wild-type mice. Other parts of the

brain, which included the hippocampal formation,

showed wild-type or close to wild-type levels of

IDUA. Enzyme levels ranged from wild type to

100·wild type in the lung, and from 15% wild type

to 30·wild type in the liver. IDUA activity was not

detected in the plasma of treated animals, except for

one mouse that had a low level of 67nmol/h/mL of

activity.

Tissue samples were sectioned and stained with

toluidine blue to evaluate the effect of intranasal

AAV9-IDUA vector treatment on accumulation

of lysosomal storage material (Fig. 4). General ob-

servations of the vesicle type in affected cells in

different tissues is shown in Table 1. The midbrain

and cortex of the brain had vacuoles that were

present within the neurons and glial cells as well as

Figure 2. Expression of GFP in neurons after intranasal infusion of AAV9-GFP. Tissue sections from MPS I mice intranasally administered AAV9-GFP vector

were co-stained for GFP and for olfactory marker protein (OMP), which is expressed exclusively in the olfactory bulb in the brain (described in Materials and

Methods). Higher magnification images demonstrate that GFP-ir (green; A and E) and OMP-ir (red; B and F) are distinctly co-localized in glomeruli of the

olfactory bulb (yellow ; C and G), demonstrating AAV9-GFP transduction in OMP-positive neurons. Due to the high intensity of GFP staining, the green and red

images were thresholded separately, and images were merged (using the Photoshop function ‘‘multiply’’). The overlapping pixels where co-localization is

present are shown in white (D and H). Scale bars A–D= 100 lm, E–H= 50 lm.

Figure 3. Intranasal infusion of AAV9-a-L-iduronidase (IDUA) restores

IDUA enzyme activity in the brain and lung. Five months after intranasal

infusion of AAV9-IDUA into MPS I mice, animals were euthanized. The

brains were micro-dissected into the cortex, olfactory bulb, striatum, hip-

pocampus, cerebellum, spinal cord, and thalamus + brainstem, and extracts

were assayed for IDUA enzyme activity. The levels of IDUA enzyme were

determined in AAV9-IDUA-treated MPS I mice (n= 6), IDUA heterozygote

mice (n= 3), and in untreated MPS I animals (n = 3) as indicated. The da-

shed line indicates enzyme levels in heterozygote controls, while the solid

line represents IDUA activity in MPS I control animals.
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perivascular cells. Within the cerebellum, the vac-

uoles were only present within Purkinje cells, with

vacuole sizes generally medium- or large-sized com-

pared to all other cells where they were predomi-

nantly small or occasionally medium. Within the

liver, vacuoles were present in both hepatocytes

and also in Kupffer cells, and in the lung, vacuoles

were present within the pulmonary macrophages.

All vacuoles in the liver and lung were of the small

type. Control, untreated MPS I mice exhibited

significant lysosomal distension in the olfactory

bulb, cortex, cerebellum, liver, and lung. In con-

trast, all MPS I mice treated intranasally with

AAV9-IDUA vector exhibited reduced storage

material in the olfactory bulb but showed mixed

results with respect to vacuolar pathology in the

cortex and cerebellum. Treated animal #1, which

demonstrated lower than normal IDUA enzyme

activity in the brain (with the exception of olfac-

tory bulb), showed clearance of storagematerial in

the olfactory bulb, but lysosomal pathology was

present in the cerebellum and cortex, similar to

IDUA-deficient animals. However, as shown in

Table 1, the size of storage vacuoles was reduced

Table 1. Description of vesicle type within affected cells

Animal Hipp Cbllm Ctx Striatum Olf Bulb Med/Th/BS Lung Liver

Treated #1 Sml Sml Sml Sml–med Sml Sml Sml Sml–med

Treated #2 Sml–med NA Sml Sml Sml Sml Sml NA

Het Sml Sml–med NA Sml Sml NA NA NA

MPS I Sml–med Lrg Sml-med Med–lrg Sml–med Sml–med Sml Sml–med

Sml, small; med, medium; lrg, large; NA, not applicable; Ctx, cortex; Cbllm, cerebellum; Hipp, hippocampus; Olf bulb, olfactory bulb; Med, medulla; Th,
thalamus; BS, brain stem.

Figure 4. Reduction in lysosomal storage material following intranasal administration of AAV9-IDUA. Animals were sacrificed 5 months after intranasal

instillation, and histopathological analysis of tissue sections for storage material was carried out using toluidine blue staining, as described in the Materials

and Methods. Arrows indicate cytoplasmic vacuolization. Extensive vacuolization was seen in all tissues in MPS I animals, while AAV9-IDUA-treated animals

show mixed results. Animal 1 exhibited no storage-related pathology in the olfactory bulb and had reduced storage material in all other parts of the brain

compared to untreated controls. Animal 2 had no observable storage-related pathology in any part of the brain (n= 2, all groups).
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in treated animal #1. Another treated animal (#2)

showed very little to no pathology in the brain,

similar to that of the Het controls. A semi-

quantitative grading scale to describe cell density

is presented in Table 2. Treated animal #1 had the

highest score (of cells affected) in every location

analyzed, similar to that of the IDUA-deficient

controls. Affected cells within the liver were >50%

in both treated animal #1 and the untreatedMPS I

control mice. This was in stark contrast to treated

animal #2 and Het controls, both of which had no

affected cells and had similar scores in all loca-

tions, with 1+ or 0 except for cerebellum (Het 2+)

and striatum (treated animal #2 2+). Pulmonary

macrophages were observed in treated animal #1

(4+), whereas the Het control, treated animal #2,

and MPS I animals had 0, 1+, and 2+ macrophage

scores, respectively. These results demonstrate

the potential of intranasal AAV vector for correc-

tion of abnormal storage pathology in the CNS,

liver, and lungs.

Immunohistological analysis shows IDUA

staining of nasal epithelium and olfactory bulb

Immunofluorescence staining for IDUA (Fig. 5)

demonstrated a pattern similar to the staining

seen after infusion of the AAV9-GFP vector. Strong

IDUA staining was observed in the nasal epithe-

lium (Fig. 5A–D) and olfactory bulb (Fig. 5G–J),

but there was no evidence for the presence of

transduced cells in other brain regions. A low level

of IDUA transduction was also observed in the

lung (Fig. 5M–P) and liver (Fig. 5S–V). No positive

IDUA staining was observed in other peripheral

organs. These results indicate that IDUA enzyme

activity in the CNSmost likely occurred as the result

of AAV9-IDUA transduction and IDUA gene ex-

pression in the nasal epithelium and in the olfactory

bulb, with subsequent enzyme diffusion from these

sites of expression into caudal regions of the brain.

Prevention of neurocognitive spatial

navigation dysfunction in animals treated

intranasally with AAV9-IDUA

At 8 months of age, intranasally treated MPS I

animals along with age-matched heterozygote and

IDUA-deficient control animals were tested for neu-

rocognitive function using the Barnes maze39,40 in

order to assess spatial navigation performance

(Fig. 6). In this test, animals are placed in themiddle

of a circular platform with 40 holes around the pe-

rimeter of the platform, but only one of the holes is

open, therefore allowing the animal to escape. Test

animals are expected to exhibit a reduction in time

required to find the escape hole through repeated

trials (six trials a day for 4 days) by using extra-maze

visual cues. Unaffected heterozygote animals ex-

hibited improved performance over the 4-day period

of testing, while MPS I mice displayed a deficit in

learning this task and locating the escape hole. Re-

markably, MPS I mice treated intranasally with

AAV9-IDUA exhibited behavior similar to the het-

erozygote controls. There was no significant differ-

ence between the normal heterozygote animals and

the intranasally treated MPS I animals, while la-

tency to escape was significantly reduced between

these two groups and untreated MPS I animals. It

is concluded from these results that intranasal

administration of AAV9-IDUA prevented emer-

gence of the neurocognitive deficit seen in un-

treated MPS I animals.

DISCUSSION

Normal or close to normal levels of IDUAenzyme

were observed in all parts of the brain following

intranasal instillation of AAV9-IDUA vector to

MPSI mice. Levels of IDUA were highest in the

olfactory bulb, which was consistent with immu-

nofluorescence staining using both IDUA and GFP

antibodies. Immunofluorescence results also dem-

onstrated that transduction was limited to the ol-

factory bulb and that enzyme activity in other parts

of the brain is most likely the result of enzyme

diffusion from the olfactory lobe.

Lysosomal storage diseases, in particular the

MPSs, are ideal candidates for gene therapy. Each

MPS is a monogenic recessive disorder, and it has

been demonstrated that even a small amount of

enzyme expression (<10%) is sufficient to have a

clinical impact on the disease. One of the most

promising features of MPSs for gene therapy is

the unique physiological condition termed ‘‘cross-

correction.’’41,42 In this condition, the lysosomal en-

zyme is expressed and secreted into the extracellular

space,where it is subsequently takenupviamannose

6-phosphate receptors expressed on the surface of

neighboring cells and trafficked to lysosomeswhere it

contributes to lysosomal metabolism, thereby bring-

ing about ‘‘cross-correction.’’ Therefore, by eliciting

supraphysiological levels of enzyme expression in a

small number of cells, it is possible for secreted en-

zyme to diffuse through tissues and be taken up by a

variety of cell types in distant locations, thus pro-

viding clinical benefit.

The availability of small and large animal mod-

els mimicking the main features of human MPS

disease has contributed significantly in evaluating

therapeutic strategies. There are several preclini-

cal strategies of AAV infusion for CNS disease that
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have been developed and tested in animalmodels of

MPS disease. Intraparenchymal (striatal) delivery

of AAV2 and AAV5 has been used to treat MPS I in

mice and dogs,25 showing that direct delivery into

the tissue can lead to widespread dissemination of

vector, resulting in biochemical and histological

correction in the brain, neurologic improvement,

and extended life-span. ICV26 and IT43 infusions of

AAV8 andAAV2, respectively, into the CSF ofMPS

I mice and of AAV9 into MPS I cats35 and dogs36

have shown therapeutic benefits with favorable

phenotypic outcomes. The reported ability of AAV9

andAAVrh.10 serotypes to cross the BBBhas led to

the exploration of intravenous injections for treat-

ment of MPS disease. Intravenous administra-

tion of AAV8 for MPS I cats44 has been tested and

Table 2. Summary of tissue pathology

Animal Hipp Cbllm Ctx Striatum Olf Bulb Med/Th/BS Lung Liver

Treated #1 ++++ ++++ + +++ ++ + ++++ ++++

Treated #2 + 0 + ++ + + + 0

Het + ++ 0 + + 0 0 0

MPS I ++++ ++++ + +++ +++ + ++++ ++++

Stained sections were evaluated for presence of pathologic storage vesicles under blinded conditions. The grading scheme describes the distribution of
affected cells as a proportion of total cells. For the lung, the evaluation was as a proportion of total macrophages present, while for the cerebellum it was
assessed in Purkinje cells only.

0, no cytoplasmic vacuoles; +, cytoplasmic vacuoles in <10% of cells; ++, cytoplasmic vacuoles in 10–25% of cells; +++, cytoplasmic vacuoles in 25–50% of
cells; ++++, cytoplasmic vacuoles in >50% of cells.

Figure 5. Brain IDUA immunofluorescence observed only in the olfactory bulb after intranasal infusion of AAV9-IDUA. Tissue sections were prepared from

MPS I mice intranasally administered AAV9-IDUA and stained with an anti-human IDUA antibody (n= 4). Immunofluorescence images reveal intensely stained

nasal epithelium (A–F), while brain sections reveal robust staining in the olfactory bulb (G–L). A low level of IDUA immunostaining is also seen in the lung (M–

R) and liver (S–X). Specificity of the IDUA antisera is confirmed by the lack of staining in the MPS I (n= 1) (F, L, R, X) and Het animals (n = 1) E, K, Q, W.

Scale bar = 50 lm. There was no IDUA staining observed elsewhere in the brain or other peripheral organs (images not shown).
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shown to have a beneficial effect on CNS pathology.

However, the efficiency of CNS transduction after

intravenous AAV vector administration is not as

robust as direct injection into the CNS, and a large

dose of vector is required to have a therapeutic ef-

fect in the CNS.

While intraparenchymal, intracerebroventri-

cular, and intrathecal (cisterna magna) gene de-

livery approaches for MPS I have demonstrated

neurologic efficiency, they are highly invasive and

are not ideal routes of administration. Intranasal

gene delivery to the brain provides a noninvasive

route of administration along the olfactory and

trigeminal nerve pathways, and has the distinct

added advantage of bypassing the BBB while re-

ducing systemic exposure.45 The pathways and

mechanisms of substance delivery from the nose to

brain are not fully understood. Molecules enter the

olfactory bulb/brainstem by an intracellular or

para-cellular route along the olfactory and/or tri-

geminal nerves, both of which enervate the nasal

passages.46–53 AAV 2 vector has been administered

intranasally to mice for treatment of depression

with promising results.54 Previous work has shown

that after intranasal delivery of the 85kD IDUA

enzymeAldurazyme, IDUAenzymewas detected in

all areas of the brain, with levels ranging from5% to

26% of wild-type mice.38 In the same study, IDUA

enzyme expression was also detected in the brain

after intranasal delivery of AAV8-IDUA vector,

especially in the olfactory bulb, which had five

times the amount of enzyme compared to wild type.

IDUAenzyme levels in other parts of the brainwere

low (approximately 2% of wild type) and were un-

detected histologically, probably due to the lack of

vector transduction in the brain or transduction at

levels that were too low to detect. This is the first

study showing effective transduction of the brain

after intranasal delivery of an AAV9 vector associ-

ated with improved neurocognitive function. In this

study, IDUA levels were significantly higher than

those previously observed,38 with enzyme levels in

the olfactory lobe at an average of 40-fold higher

than wild-type animals, and normal to double the

levels of enzyme in the hippocampus, striatum, and

cerebellum. Enzyme levels in the cortex, thalamus,

and brain stemwere 50% that of wild-type animals,

while in the spinal cord, enzyme levels ranged from

20% to twice the normal level of enzyme. Enzyme

expression was also observed in the lung, which

could be due to leakage of vector into the lung

during the nasal instillation process. It has also

been proposed that intranasally delivered sub-

stances that are absorbed by the intranasal lamina

propria but do not enter into nasal capillaries may

drain into deep cervical lymph nodes in the neck,

from whence they flow to the heart and eventually

to the lung and liver. This could be an explanation

for the levels of enzyme seen in the liver, and could

also contribute to enzyme levels in the lung. While

IDUA transduction was also detected in both the

lung and liver, these levels were low, especially

compared to transduction levels in the liver fol-

lowing intravenous administrations of AAV9-IDUA

(90–95% transduction efficiency,55 and enzyme

levels approximately 1,000-fold above background;

data not shown). The low level of transduction ob-

served in liver and lung after intranasal instillation

is possibly insufficient to result in detectable IDUA

secretion into the circulation, which is why no en-

zyme was seen in the plasma (except for one ani-

mal). GFP and IDUA expression were detected

histologically in the nasal epithelium and in the

olfactory bulb but not anywhere else in the brain.

However, correction of enzyme deficit in other parts

of the brain suggests that the olfactory bulb and/or

the nasal epithelium possibly serve as a storage

depot for vector transduction and enzyme expres-

sion, followed by IDUA diffusion and subsequent

uptake of enzyme in other parts of the brain by met-

abolic cross-correction. Lack of histological staining

for diffused IDUA enzyme that has been taken up by

cells in other parts of the brain is due to low levels of

enzyme that are beyond the limit of histological de-

tection. The primary difference between the previ-

ous38 and current study is the serotype of AAV used:

AAV8 versus AAV9. While both serotypes transduce

Figure 6. Improved neurocognitive function in intranasally treated ani-

mals. The Barnes maze was used to assess spatial learning and memory.

As described in Materials and Methods, animals had to locate the escape

hole on the maze, and were subjected to six trials a day for 4 days. The

inset depicts escape times in individual animals, while sample means are

represented in the main graph. MPS I mice (n = 8) displayed a significant

neurocognitive deficit in locating the escape hole compared to heterozy-

gote controls (n= 8; ***p< 0.0001), while intranasally treated animals (n= 7)

behaved similarly to heterozygote controls and significantly better than

untreated MPS I mice (**p < 0.002).
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the CNS quite efficiently, a comparative assessment

of transduction profiles at different ages and using

different routes of administration shows that AAV9

transduces most cell types and areas in the CNS

better than AAV8, with the exception of glial cells.56

The prevention of cognitive deficits in spatial

navigation that was observed in MPS I mice with

intranasal AAV9-IDUA administration is best ex-

plained by restoration of IDUA levels in the hippo-

campal formation. The role of the hippocampus as a

cognitive map of the external environment is well

established in mammals.57,58 This area of the brain

enables mice and rats to navigate mazes by utilizing

visual cues that aid in the formation of so-called

‘‘place fields’’ by neurons in the hippocampus,58 and

the aggregate of hippocampal neurons and their

associated place fields represent a cognitive map

of the Barnes maze. It is possible that in the absence

of IDUA, the resulting biochemical abnormalities

cause hippocampal neurons to be less proficient in

the formation of highly resolved place fields that

would be required for determining the location of a

small escape hole in the Barnes maze. The restora-

tion of IDUA levels in the hippocampus by intrana-

sal instillation of AAV9-IDUA may therefore be

sufficient to re-establish normal physiological func-

tion and place-field formation by neurons in the

hippocampus, thus allowing treated animals to

navigate to the escape hole in the maze efficiently.

Despite the overall success of intranasal AAV9-

IDUA delivery in treating MPS I, there are several

limitations and questions that must be addressed

before thismethod can be translated to the treatment

of human disease. Improvement in the efficiency of

vector delivery to the CNS is a primary factor. It is

unknown if there is a limitation on the size of mole-

cules that can be delivered from the nose to the CNS.

Studies with dextrans of various sizes indicate that

there is an inverse relationship between size and

efficiency of delivery following intranasal adminis-

tration.46,47 Mechanistic questions regarding

the route of AAV distribution after intranasal

administration—intracellular, para-cellular, or a

combination of the two—need to be addressed.

The key to success using this route of delivery will

be understanding the underlying mechanism of

transport from nose to brain, which may lead to

improved efficiency of delivery. The results from

this study demonstrate that intranasal adminis-

tration is highly promising as an alternative to

current modalities of AAV vector treatment due to

its noninvasive nature and ease of delivery in pa-

tients, and is widely applicable not just to the mu-

copolysaccharidoses but also to a wide variety of

neurological disorders as well.
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