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Hunter syndrome is a rare x-linked recessive genetic disorder that affects lysosomal metabolism due to deficiency
of iduronate-2-sulfatase (IDS), with subsequent accumulation of glycosaminoglycans heparan and dermatan
sulfates (GAG). Enzyme replacement therapy is the only FDA-approved remedy and is an expensive life-time
treatment that alleviates some symptoms of the disease without neurocognitive benefit. We previously re-
ported successful treatment in a mouse model of mucopolysaccharidosis type II (MPS II) using adeno-associated
viral vector serotype 9 encoding human IDS (AAV9.hIDS) via intracerebroventricular injection. As a less invasive
and more straightforward procedure, here we report intravenously administered AAV9.hIDS in a mouse model of
MPS II. In animals administered 1.5 x 1012 vg of AAV9.hIDS at 2 months of age, we observed supraphysiological
levels of IDS enzyme activity in the circulation (up to 9100-fold higher than wild-type), in the tested peripheral
organs (up to 560-fold higher than wild-type), but only 4% to 50% of wild type levels in the CNS. GAG levels
were normalized on both sides of the blood-brain-barrier (BBB) in most of tissues tested. Despite low levels of the
IDS observed in the CNS, this treatment prevented neurocognitive decline as shown by testing in the Barnes maze
and by fear conditioning. This study demonstrates that a single dose of IV-administered AAV9.hIDS may be an
effective and non-invasive procedure to treat MPS II that benefits both sides of the BBB, with implications for
potential use of IV-administered AAV9 for other neuronopathic lysosomal diseases.

1. Introduction dysplasia, short stature, hepatosplenomegaly, cardiovascular disease,
deafness, and neurocognitive deficits. MPS II disease manifestations can
go unnoticed, becoming apparent around 6 months of age [2]. Most

affected individuals succumb to the disease within the first two decades

Mucopolysaccharidosis type II (MPS II, Hunter syndrome) is a rare X-
linked recessive inherited lysosomal storage disorder (LSD) [1]. The

disease is caused by mutations in the iduronate-2-sulfatase (IDS) gene,
leading to defective or deficient iduronate-2-sulfatase (IDS) enzyme. IDS
is the first step in the metabolic pathway for breakdown of glycosami-
noglycans heparan and dermatan sulfates, which are normally processed
in the lysosome. IDS removes O-linked sulfate moieties from the ter-
minal iduronide, allowing the polymer to be further processed. Deficient
IDS enzyme leads to aberrant accumulation of glycosaminoglycans in
the lysosome, causing inflammation and cell death. The disease spec-
trum ranges from attenuated to severe, the latter exhibiting skeletal
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of life [3]. To date, enzyme replacement therapy (ERT; Elaprase) is the
only FDA approved treatment for MPS II. ERT involves once- or twice- a
week 8-h intravenous infusions into the patient. Despite the high cost [4]
and frequency of ERT, it is considered a life-long treatment that slows
the progression of disease and alleviates some symptoms but without
neurocognitive benefit [5]. IDS modified for transit across the BBB via
the transferrin receptor [6] has shown some neurologic benefit in clin-
ical trials [7]. Allogenic hematopoietic stem cell transplantation (HSCT)
is not generally practiced for MPS II due to early reports of neurologic
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ineffectiveness [8]. Although more recent studies have reported neu-
rocognitive improvement in MPS II patients when transplanted <2 years
of age [9-11], HSCT is nonetheless associated with significant morbidity
and mortality especially in the absence of a matched sibling donor.
These circumstances prompt research for new and effective therapeutic
approaches to address the limitations of currently available treatments.

Recently there have been significant advances in both clinical and
preclinical development of genetic therapies for MPS II. One approach is
transplantation of autologous hematopoietic stem cells (HSC) that have
been stably transduced with an IDS-encoding lentiviral vector (LV),
thereby providing much improved levels of IDS expression compared to
allotransplant while eliminating the risk of graft-vs-host disease [12].
Several groups have reported high levels of IDS expression as well as
treatment effectiveness in addressing metabolic, skeletal and neurologic
manifestations of disease in MPS II mice engrafted with IDS-LV trans-
duced HSC [12-15]. Several groups have also reported the effectiveness
of AAV-mediated gene transfer for both metabolic and neurologic out-
comes in MPS II mice [16-18]. AAV9-mediated IDS gene transfer has
subsequently been initiated in clinical trials by REGENXBIO whereby
the vector is delivered into the cisterna magna or intra-
cerebroventricularly for direct access through the cerebrospinal fluid to
the CNS [19]. AAVS has also been used as a delivery vehicle for zinc-
finger nuclease mediated homologous insertion of the IDS coding
sequence downstream of the albumin promoter in the livers of MPS II
mice. The animals showed systemic metabolic correction and the
treatment prevented the emergence of neurologic deficits [20].

The ultimate goal of effective MPS treatment is not only for meta-
bolic correction but also to address neurocognitive deficits. In preclini-
cal studies AAV vectors have been delivered directly to the CNS in mice
to achieve effective neurologic outcomes in several MPS studies,
including MPS 1II [21-26]. We reported high levels of IDS expression
systemically and correction of GAG storage in the brain as well as pre-
vention of neurocognitive deficit after intracerebroventricular infusion
of AAV9 encoding human IDS in MPS II mice [17]. Given the trans-
duction versatility of AAV9 and its reported effectiveness in crossing the
BBB, we reasoned that a less invasive systemic route of administration
can be considered.

Intravenous administration (IV) of AAV9 has shown broad distribu-
tion on both sides of the BBB in several preclinical studies [21,27-31].
This means that IV-administration of AAV9 could potentially be an
effective and non-invasive procedure to achieve neurologic benefit for
MPS disease. Here we report that a single dose of IV administered AAV9.
hIDS in the mouse model of MPS II resulted in stable and high-level IDS
enzyme activity in the circulation and in peripheral organs. We also
observed a range of 4-50% wt IDS enzyme activity in the CNS at 22-
weeks post treatment. These levels of IDS enzyme led to global
normalization of GAGs on both sides of the BBB and prevention of
neurocognitive decline in the IV-treated MPS Il mice. The results suggest
that IV administration of AAV9.hIDS could potentially be used as a non-
invasive and an effective gene therapy that benefits organs and cells on
both sides of the BBB for MPS II. Finally, this study implicates the use of
IV AAV9 administration for treatment of other diseases associated with
neurologic deficit.

2. Materials and methods
2.1. rAAV9.hIDS viral vector

The IDS expression cassette with CB.7 regulating human IDS (hIDS)
was constructed, packaged into rAAV9 and purified at Penn Vector Core
(Philadelphia, PA), and provided by REGENXBIO Inc. (Rockville, MD) as
previously described [17].

2.2. Animal care and husbandry

All animal care and experimental procedures were conducted with
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approval of the Institutional Animal Care and use Committee (IACUC) of
the University of Minnesota. C57BL/6 iduronate-2-sulphatase knockout
(IDS KO) mice were kindly provided by Dr. Joseph Muenzer (University
of North Carolina, NC) and maintained under pathogen-free conditions
at Research Animal Resources (RAR) facilities of the University of
Minnesota. MPS II male pups (IDS’%) were generated by breeding
heterozygous (IDS*/7) C57BL/6 females to wild type (IDS™ 0) C57BL/6
males. All pups were genotyped by PCR.

2.3. Recombinant AAV9 (rAAV9) vector administration

At eight weeks of age, mice were briefly restrained and infused with a
single dose of 1.51 x 10'2 vector copies (vg) rAAV9 vector via intra-
venous injection through a lateral tail vein.

2.4. In-life sample collection

Blood was collected periodically throughout the study via subman-
dibular puncture using sterile 5 mm lancets (Goldenrod) into microvette
heparinized tubes and centrifuged in an Eppendorf centrifuge 5415D at
7000 rpm for 10 min. Plasma was collected and stored at —20 °C to
—80 °C for IDS assay. Urine was collected periodically and stored at
—20 °C until assay for GAG (Accurate Chemical, NY) and creatinine
assay (Sigma-Aldrich, MO).

2.5. Tissue harvest and processing

At the end of study, animals were humanely euthanized using a CO»
fume chamber at a rate of 2 L/min for 3 min, then perfused by hand
pressure with 60 mL of 1x phosphate-buffered saline (PBS) in a 60 mL
syringe with a SURFLO winged infusion set size 23Gx% (Terumo, NJ).
The heart, lung, liver, spleen, kidney, and spinal cord were harvested
and immediately snap frozen and stored at —80 °C. The brain was
microdissected into 12 regions: left and right hemispheres of cere-
bellum, cortex, hippocampus, striatum, olfactory bulb, and thalamus/
brainstem, and immediately snap frozen and stored at —80 °C.

Organs were processed using a Bullet blender STORM bead mill
homogenizer (Next Advance) as previously described [20]. In brief,
organs were cut into small pieces and transferred into preassigned 1.5
mL locked-cap tubes containing 200-400 pL of sterilized saline solution.
The tubes were placed in the Bullet blender for homogenization at speed
12 for 5 min. Tissue homogenates were transferred into new GeneMate
1.5 mL microtubes (VWR, PA) and stored at —20 °C for qPCR. The
remaining tissue homogenates were centrifuged at 13,000 rpm for 15
min at 4 °C. The entire supernatant was then transferred into a new 1.5
mL microtube and stored at —20 °C to —80 °C for IDS, GAG, and protein
assay.

2.6. Iduronate sulfatase assay

4-methylumbelliferyl-a-L-iduronide-2-sulfate  disodium  (4-MU-
aldoA-2S, Toronto Research Chemical Incorporation; Cat. #M334715)
was used as substrate for a two-step IDS enzymatic assay as previously
described [24]. In brief, for the first-step reaction, plasma or tissue lysate
was mixed with the substrate and incubated at 37 °C for 90 min. PiCi
buffer was added into the reaction tube to stop the first-step reaction.
Ten pL of 5 pg/mL Iduronidase (IDUA; Cat. #4119-GH-010, R&D Sys-
tems, MN) was immediately added to start the second-step reaction, and
then incubating overnight at 37 °C. Stop buffer (0.5 M Na;CO3 + 0.5 M
NaHCOs, 0.025% Triton X-100, pH 10.7) was added into the reaction
tube to terminate the second-step reaction. The reaction tube was then
centrifuged at 13,000 rpm for 1 min, and the supernatant containing 4-
MU (product of the reaction) was transferred into a round-bottom black
96-well plate. The plate was read at excitation 365 nm, and emission
450 nm, 75 sensitivity using a Synergy MX plate reader and spectro-
photometer (Bio Tek, VT) with Gen5 program. Enzyme activity is
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reported in nmol/h/ml for plasma and in nmol/h/mg protein for tissue
lysates. Protein was assessed using Pierce 660 nm Protein Assay Reagent
with bovine serum albumin as standard (Cat. #22662 and 23,208,
respectively; Thermo Scientific, MA).

2.7. Glycosaminoglycan assay (GAG assay)

Tissue lysate was treated overnight with Proteinase K, DNase 1 and
RNase, as previously described [25]. GAG content was measured by
mixing treated tissue lysate using the Blyscan Sulfated Glycosamino-
glycan Assay kit according to the manufacturer’s protocol (Cat.
#CLRB1000; Accurate Chemical, NY) with Blyscan glycosaminoglycan
standard 100 pg/mL (Cat. #CLRB1010; Accurate Chemical, NY). The
reaction was measured at 656 nm using a Synergy MX plate reader and
spectrophotometer (Bio Tek, VT) with Gen5 program. Blank values were
subtracted from all readouts. GAG content is reported in pg/mg protein
for tissue lysates and pg/mg creatinine for urine samples. Urine creati-
nine was assessed using Creatinine Assay Kit (Cat. #MAKO80 Sigma-
Aldrich, MO).

2.8. Quantitative PCR (qPCR) for rAAV9 vector

Tissue homogenate was mixed with lysis buffer (5Prime) and pro-
teinase K, gently rocking overnight at 55 °C. DNA was isolated using a
phenol/chloroform extraction protocol. For qPCR, 60 ng of DNA tem-
plate was mixed with 10 pL of FastStart Tagman Probe Master mix
(Roche, Switzerland), 200 nmol each of forward and reverse primers,
and 100 nmol of Probe36, (Cat. #04687949001); Roche). The reaction
mix was placed into a C1000 Touch Thermo cycler (Bio-Rad, CA) with
CFX manager software v3.1 for the qPCR reaction as previously
described [17]. IDS forward primers: 5’-TCCCTTACCTCGACCCTTTT;
and IDS reverse primer: 5-CACAAGGTCCATGGATTGC. Vector copy
was calculated and reported as vector genomes per cellular genome
equivalent (vg/ge).

2.9. Neurocognitive tests

Barnes Maze is a measure of spatial navigation and learning memory,
as previously described [32]. It is comprised of a 4-ft diameter circular
platform containing 40 holes spaced equally around the perimeter at a
height of 4 ft from the floor. All of the holes are blocked except one hole,
which is open to the escape box. Different visual cues are attached to
each of the 4 walls for spatial navigation. The ceiling of the room is
equipped with a bright light and a camera to record the mouse. At 4
months post treatment, each test mouse was placed (one mouse at a
time) in the middle of the platform with an opaque funnel covering the
mouse. The funnel was lifted, and the mouse was given 3 min to find the
escape hole. Each mouse was tested in 4 trials a day for a total period of
6 days. The latency to escape was recorded for each trial and the average
was calculated for each day in each group.

Fear conditioning is used to assess learning memory of a fear
response (i.e. the length of freezing time) to a conditioned stimulus (the
environmental cues that associate with aversive experiences) as previ-
ously described [33]. A semi-automated video-monitoring fear-
conditioning apparatus with Med Associates software was used to
collect and analyze the data. The test is comprised of 3 sections over a
course of two consecutive days: conditioning (training day; day 1),
contextual fear testing (day 2), and cued fear testing (day 2). For con-
ditioning, the test chamber was sprayed with Simple Green solution as
an olfactory cue, and the mice were exposed to five pairings; a 60-s
intertrial interval of cue presentation consists of 80-dB white noise
and light (15 s) that co-terminated with a mild foot shock (0.7 mA, 1 s).
Twenty-four hours later, contextual fear was assessed; the chamber was
sprayed with Simple Green, the mice were placed in the chamber for 3
min without either cues (sound and light) or foot shock to assess freezing
response (fear) associated with aversive contextual environment. The
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mice were rested for at least 2 h, followed by the cue fear test; the mice
were placed in the chamber with altered contextual elements (i.e. floor,
wall and odor) for 3 min without cues or foot shock to assess a
nonspecific freezing behavior as a baseline, and immediately followed
by an exposure of a 3-min light and sound (without foot shock) to assess
the fear (freezing) associated to aversive cues.

2.10. Statistical analyses

Data are reported as mean +/— standard error (SE). Statistical ana-
lyses were performed using Prism 6. Two-way analysis of variance with
Tukey’s post-test was used to evaluate the significance of differences
among test groups for IDS assay, GAG assay, and neurobehavioral assay,
with a p-value of <0.05 considered significant. Treatment x time
(learning slope) interaction was determined by ANOVA as described by
Inman-Wood et al. [34]

3. Results

3.1. High levels of plasma and tissue IDS after intravenous administration
of rAAV9.hIDS in MPS II mice

To determine the effectiveness of intravenously administered rAAV9.
hIDS in MPS Il mice, animals at 6 to 8-week of ages were divided into 3
groups of 10 mice each: rAAV9.hIDS-treated MPS II mice, untreated MPS
II mice, and untreated normal male littermates. MPS II mice in the
treatment group received rAAV9.hIDS at a dose of 1.51 x 10'2 vg per
mouse via the lateral tail-vein at 8 weeks of age. IDS enzymatic activity
was subsequently assayed every 2-4 weeks to determine the overall
level of rAAV9.hIDS transduction and expression of the therapeutic IDS
transgene. Plasma was collected periodically for 22 weeks post injection.
Consistent with our previous ICV study [24], IDS activity was unde-
tectable in the plasma of the untreated MPS II littermates (Fig. 1), while
low levels of IDS activity were observed in the plasma of the wild-type
littermates (<60 nmol/h/mL). In stark contrast, remarkably increased
levels of plasma IDS activity were observed in the treated MPS II group
and maintained throughout the 22-week course of study. Increased
plasma IDS activity was observed as early as 4-weeks post vector
administration (week 4 mean = 274,000 nmol/h/mL) and maintained
well above 77,500 nmol/h/mL for at least 22 weeks post treatment
(Fig. 1; p < 0.0001) The levels of plasma IDS activity ranged from
around 1300- to 9100-fold higher than those of the wild-type group.
These data demonstrate that a single IV administration of rAAV9.hIDS
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Fig. 1. Plasma IDS activity. IDS activities in the plasma of wild-type, untreated
MPS 1II, and IV-rAAV9.hIDS treated animals were measured over the course of
the 22-week study. IDS activity was undetectable in the plasma of untreated
MPS II littermates (red). IV-injection of rAAV9.hIDS vector resulted in signifi-
cantly increased and sustainable levels of IDS activity in the plasma of treated
animals when compared to wild-type levels (****p < 0.0001). IDS activities in
the rAAV-hIDS treatment group were elevated from 1300- to 9100-fold
compared to wild-type.
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vector leads to stable supraphysiological expression and secretion of IDS
into the circulation.

To further investigate the effect of IV-administered rAAV9.hIDS,
peripheral organs (heart, lung, liver, spleen and kidney) were harvested
postmortem at the end of the 22-week study. Animals were perfused and
cleared tissue homogenates were prepared to measure IDS activities.
Some background fluorescence in the IDS assay (<0.1 nmol/h/mg
protein) was observed in the heart, lung, liver, spleen and kidney of the
untreated MPS II control group (Fig. 2A), while IDS activities of the wild-
type control group were observed in the heart, lung, liver, spleen and
kidney at 3.75, 134.2, 16.5, 53.4 and 18.2 nmol/h/mg protein, respec-
tively. In contrast to the untreated MPS II group, the IV-treated group
showed remarkably increased levels of IDS activity in the heart, lung,
liver, spleen and kidney at 2175, 268, 5602, 1184, 406 mean nmol/h/
mg protein, respectively. These tissue IDS activities of the treated mice
surpassed the wild-type levels of IDS by 560-, 1.2-, 226-, 20- and 16-fold,
respectively. These results demonstrate that IV administration of rAAV9.
hIDS leads to high levels of IDS activities in the tested peripheral organs
of the treated MPS II mice.

The major challenge of ERT and HSCT for Hunter syndrome is the
lack of IDS enzyme penetration to the CNS through the BBB. We further
investigated whether IV-administration of rAAV9.hIDS would lead to
accumulation of IDS enzyme in the CNS. The brain was collected and
microdissected into a total of 12 regions: the left and the right hippo-
campus, cortex, striatum, thalamus/brainstem, olfactory bulb, cere-
bellum, and the spinal cord. These CNS samples were processed, and
tissue lysates assayed for IDS activity. The assay background showed
little to no tissue IDS activity (<1.7 nmol/h/mg protein) in the 12
portions from untreated MPS II mice (Fig. 2B). As we have previously
reported, IDS activities in brain tissue samples from wild-type litter-
mates were much higher (up to 325 nmol/h/mg protein in R hippo-
campus) than in peripheral tissues (Fig. 2A). Surprisingly, IV-
administration of rAAV9.hIDS resulted in low but detectable IDS activ-
ities in all of the 12 portions of the brain, ranging from 12 nmol/h/mg
protein in right hippocampus to 43 nmol/h/mg protein in right olfactory
bulb, (Fig. 2B). These levels of IDS activity in the different portions of the
brain ranged between 4 and 51% of the observed wildtype IDS levels.
These results demonstrate that a single IV administration of rAAV9.hIDS
leads to low but corrective (see below) levels of IDS activity in the CNS.

3.2. gPCR confirms global transduction of rAAV9.hIDS vector in IV-
administered MPS II mice

To confirm that IV-administration leads to global transduction of the
viral vector, DNA was isolated from tissue homogenates for qPCR to
determine vector distribution in peripheral organs and the CNS (Fig. 3).
While a strikingly high vector copy number was found in the liver (286
vg/cell genome equivalent), much lower copy numbers were observed
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in the heart, lung, spleen and kidney (Fig. 3A, 4.7, 3.2, 1.9, and 2.7 vg/
ge, respectively). Unlike the peripheral organs, relatively low vector
copy numbers were observed in the 12 portions of the brain and the
spinal cord (Fig. 3B, <0.6 vg/ge) of the IV-treated mice. Nonetheless
these data demonstrate that IV-administration of rAAV9-hIDS leads to
global transduction of the cells on both sides of the BBB.

3.3. IV administration of rAAV9.hIDS leads to global correction of
glycosaminoglycans

One of the clinical symptoms in MPS II patients is elevated GAG
levels in the urine, which also manifests in the mouse model of MPS II
[35]. To determine the effect of IV rAAV9-hIDS treatment on GAG
metabolism, urine was collected from all experimental animals at 10-,
14-, 18-, and 22-weeks post infusion. IV administration of rAAV9.hIDS
into MPS II mice resulted in normalization of GAG levels in the urine by
week 10 and throughout the time course of 22-week study. In contrast,
GAG levels in urine of the untreated mice remained significantly higher
than that of the treated animals and the wild-type littermates (Fig. 4A; p
< 0.05).

One of the ultimate goals of the treatment is global reduction of
GAGs in the organs of the treated animals. Tissue lysates from the organs
of the treated mice were prepared and assayed to determine GAG levels.
Significant elevation of GAG storage was found in the heart, lung, liver,
spleen and kidney of the untreated MPS II animals when compared to
wild-type littermates (Fig. 4B; p < 0.01). GAG contents were normalized
in all of the tested peripheral organs of the IV infused rAAV9.hIDS an-
imals and were comparable to those of the wild-type littermates (Fig. 4B;
p > 0.05). Significantly increased levels of GAG were observed in all 12
portions of brain for the untreated MPS II group (Fig. 4C; p < 0.05). No
significant elevation of GAG content was observed in the spinal cord
among the three groups (Fig. 4C; p > 0.05). Surprisingly, despite the low
levels of IDS found in the CNS, normalization of GAG content was
observed in all portions of the brain (Fig. 4C; p > 0.05 compared to wild-
type). These data demonstrate that [V-administration of rAAV9.hIDS led
to effective global correction of GAG storage in MPS II mice, including
the CNS.

3.4. Persistent levels of IDS in the CNS after IV administration of rAAV9-
hIDS prevent the emergence of neurocognitive deficits in MPS II mice

At 6 months of age (16 weeks post treatment), wild-type, untreated
MPS II, and IV-treated MPS II mice were evaluated in two neuro-
cognitive tests, Barnes maze and fear conditioning, to determine the
effect of the treatment. The Barnes maze is a test of spatial navigation
and memory [36], while fear conditioning measures a recollected
aversive response [37]. Here we employ these tests to model cognitive
function in human MPS II.

Fig. 2. Tissue IDS activities. Animals were sacrificed
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Fig. 3. rAAV9.hIDS vector biodistribution by quanti-
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Fig. 4. Metabolic correction of GAG excretion and tissue storage disease. (A) Urine GAG was monitored from week 10 to 22 post injection. Elevated urine GAG was
observed in untreated MPS II mice throughout the study. Normalization of urine GAG in the IV-treated mice was observed as early as 10 weeks post treatment and
remained normalized throughout the study (p > 0.05 vs wild-type). (B) Peripheral tissues. The levels of tissue GAGs in the heart, lung, liver, spleen and kidney of the
untreated MPS II animals were significantly higher than the IV-rAAV.hIDS-treated or the wild-type groups (p < 0.01). Normalization of peripheral tissue GAGs was
observed in the IV-treated group (p > 0.05 vs wild-type). (C) CNS tissues. There was no significant difference in GAG content of the spinal cord among the three
groups. Significant elevation of GAGs was observed in the 12 regions of the brain of the untreated MPS II mice compared to wt (p < 0.05) and compared to the IV-
rAAV.hIDS treated group (p < 0.05). Normalization of GAG was observed in all 12 regions of the brain of the treated group (p > 0.05 vs wild-type).

Barnes Maze: All of the mice in the three groups were evaluated in
the Barnes maze at 16 weeks post treatment. Wild-type mice showed
reduced latency to escape over the course of 6-day trials from 165 s on
day 1 down to 29 s on day 6. In contrast, the untreated MPS II mice
showed improvement from 150 s to 80s between days 1 to 3, but no
improvement in latency to escape from days 3-6 at 80s (Fig. 5A; p < 0.05
vs wt). Surprisingly, the treated MPS II mice showed remarkable spatial
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navigation and memory to escape the maze throughout the trials. Sig-
nificant reduction in the latency to escape was observed on day 6, at 20s,
markedly outperforming the untreated MPS II littermates on the same
day (Fig. 5A; p < 0.01). We used ANOVA to determine whether or not
there was a treatment x time interaction in the rate of learning (Fig. 5B)
[34]. There was no significant treatment x time interaction (Fig. 5B; p >
0.05) between treated MPS II and wt mice, suggesting similar learning

Fig. 5. IV rAAV-hIDS prevents neurocognitive
dysfunction in the Barnes maze. Animals in all groups
indicated were tested in the Barnes maze. (A) The
average latency to escape (seconds) on each day of the
trial is plotted for each group. The latency to escape
for the wild-type and the IV-treated animals decreased
over the course of 6 days. In contrast, the latency to
escape for the untreated MPS II group showed no
improvement from day 3 to day 6. The IV-treated
animal performance was comparable to that of wild-
type (p > 0.05), while the IV-treated animals out-
performed the untreated MPS II mice on day 6 (*p <
0.05). (B) Learning slope (treatment x time interac-
tion) analysis of the treated animals and wt litter-
mates indicates no difference in learning rate (p >

0.05), while the treated group learned significantly faster than untreated MPS II littermates (***p < 0.001).
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rates between these groups, while there was a significant treatment x
time interaction (Fig. 5B; p < 0.001) between treated MPS II mice and
untreated MPS II mice, indicating that treated MPS II mice learned at a
faster rate than the untreated MPS II littermates. We observe that as low
as 4% of wild-type IDS activity (Fig. 2B) was sufficient in the hippo-
campus to effectively prevent the emergence of spatial navigation and
memory deficits in MPS II mice.

Fear conditioning assay: All groups of mice underwent fear condi-
tioning the following week after testing in the Barnes maze. Fear test
conditioning is used to measure learning memory of environmental cues
that are associated with aversive experiences. The percentage freezing
time during these trials is assessed as the fear memory response. There
was no significant difference between the groups in percent freezing
time during the first 3 min of the neutral environment without cues
(Fig. 6 (1,2,3 on the x-axis); p > 0.05). However, when the aversive cues
(light and sound without foot shock) were presented, wild-type litter-
mates showed significantly increased percent freezing time during the
second and the third minutes of the trial (94% and 95%, respectively)
when compared to untreated MPS II littermates (Fig. 6, 72% and 68%,
respectively (CS2, CS3 on the x-axis); p < 0.01). Importantly, the treated
MPS II mice also showed significantly increased percent freezing time
during the second (87%) and the third minutes (85%) when compared to
the untreated MPS II littermates (Fig. 6, 72% and 68%, respectively; p <
0.05). No significant difference in percent freezing time was observed
between wild-type and treated littermates (Fig. 6; p > 0.05). We
conclude that IV administration of rAAV9.hIDS in MPS II mice at a
young age prevented the loss of cognitive function. Overall, only 4% to
50% of the wild-type level of IDS activity in the brain was sufficient to
protect against the emergence of neurocognitive deficits in the rAAV9.
hIDS IV-treated animals.

4. Discussion

In this study, we demonstrated successful IV administration of AAV9
vector for hIDS gene transfer in C57BL/6 MPS II mice. hIDS ¢cDNA was
expressed using a strong CB7 promoter that led to previously unreported
supraphysiological levels of IDS enzyme activity in the circulation, up to
9100 times that of wild type. Vector biodistribution indicated that in
most of the tested tissues there was low level enzyme expression, while
liver was the primary source of enzyme, supplying a large quantity of
IDS to the system. In addition, we found that IV administration of
rAVV9.hIDS led to high levels of IDS activity in all tested organs, ranging
from 1.2- to 580-fold higher than wild-type. In this novel CNS bio-
distribution study, we report that IV rAAV9.hIDS resulted in the pres-
ence of IDS enzyme activity in all 12 portions of the micro-dissected
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Fig. 6. IV rAAV-hIDS prevents neurocognitive dysfunction assessed by fear
conditioning (cue test). No significant differences in % freezing time were
observed during the first 3 min of acclimation (1-3) among three groups. When
the aversive cue was presented for 3 min (CS1-3), significantly increased %
freezing time was observed in the IV-treated mice during the 2nd and 3rd
minute of the cue presentation (*p < 0.05 vs untreated MPS II).
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brain, ranging from 4 to 50% that of wild-type. Furthermore, we
observed that the sustained, high level of IDS activity in the circulation
normalized urine GAG levels from the 10th week through the end of
study. We also observed global normalization of GAGs in tested pe-
ripheral tissues and in the CNS. Finally, we observed that MPS II mice
treated IV with rAAV9.hIDS at 2 months of age had the profound effect
of preventing neurocognitive deficits, suggesting that as low as 4% to
50% of the wild-type enzyme level is sufficient to counteract the
emergence of neurologic disease.

The administration of rAAV9 vector to mediate gene transfer has
been successfully evaluated in several preclinical models of lysosomal
storage disorders [23,26,28,38], emphasizing its potential translation to
clinical application. The nature of widespread viral tropism of rAAV9
and the ability to cross the blood brain barrier makes it an effective
serotype for therapeutic gene transfer [29]. Previous studies have
demonstrated that administration of AAV9 intracerebroventricularly
(ICV) or intrathecally (IT) resulted in global viral distribution and global
metabolic correction as well as an effective approach to prevent the
emergence of neurocognitive deficits in MPS mouse models [17,26].
Herein our results suggest an alternative route of administration via non-
invasive IV rAAV infusion that can potentially be as beneficial as ICV or
IT for treating MPS II.

Intravenous administration of rAAV9.hIDS elicited a very robust
response in MPS II mice, resulting in sustainable and high levels of IDS
activity in the circulation that persisted for at least 22 weeks post-
treatment (Fig. 1). We observed high levels of the enzyme in the
heart, lung, liver, spleen and kidney (Fig. 2) at a low level of vector
biodistribution to these organs, except the liver (Fig. 3A). These results
implicate the liver as the primary site of rAAV9.hIDS transduction and
the primary reservoir of enzyme expression. The resultant high level of
IDS secreted into the circulation of the treated animals plays a critical
role in metabolic cross-correction and delivery of enzyme for normali-
zation of GAG storage in peripheral organs. This is consistent with our
previous study of ICV administered MPS II mice, where we observed
biodistribution of the rAAV9-hIDS vector in peripheral organs, indi-
cating substantial vector release from the CSF into the circulation with
subsequent transduction of peripheral tissues [17]. On the other hand, in
this study we observed low level but definitive biodistribution of the
rAAV9-hIDS in the CNS post IV administration (Fig. 3B), suggesting
confirmation of rAAV9 penetrating the BBB. However, the low level of
vector biodistribution in the CNS (Fig. 3B), indicates that the low level of
IDS activity (Fig. 2B) observed could have come from one of two sources.
First, it’s possible that rAAV-hIDS transduced cells in the CNS were able
to express and secrete a limited amount of IDS enzyme which then
diffused for uptake into non-transduced CNS cells via the mannose-6
phosphate receptor. Second, it’s possible that the presence of IDS
enzyme in the CNS is caused by “high-dose effects” that have been re-
ported in several MPS studies [20,39,40], whereby the consistent, high
level of enzyme in the circulation results in passage of a fractional
amount into the CNS. Alternatively, it is possible that the presence of IDS
enzyme in the CNS resulted from a combination of both sources. How-
ever, it’s also possible that the IDS activity assayed in brain tissue ex-
tracts was the result of high-level IDS present in the blood or in
transduced endothelial cells of the blood vessels in the brain. All of the
animals in our study were perfused with saline prior to organ harvest,
eliminating the presence of IDS activity from contaminating blood.
However, further investigation is needed to address the presence of IDS
in or rAAV9-hIDS transduction of endothelial cells as the source of low-
level IDS activity in brain extracts. Nonetheless, our data indicates that a
minimum IDS activity of 4% to 50% of the wt level is required to prevent
neurocognitive decline in the treated MPS II mice. Applicability of these
results to humans must of course also consider the substantial size dif-
ferential between mouse and human brain.

In conclusion, this study evaluates and emphasizes the benefits of
intravascular (IV) administration as a non-invasive yet potentially
effective procedure for rAAV9-hIDS delivery as genetic therapy for MPS
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II. The most important finding in this study is that IV injection of the
rAAV9 viral vector can have overall benefits on both sides of the BBB in
mice: the peripheral organs and the CNS. Similar to our ICV study, IV
administration resulted in global expression of the enzyme in all tested
organs. The liver appears to be responsible for supplying a large portion
of the enzyme that circulates and distributes enzyme globally
throughout the system. Although IDS enzyme in the CNS was lower than
expected, our results nonetheless provide further evidence that much
<10% of the wild-type IDS level in the CNS is sufficient to bring sig-
nificant neurologic benefits to the treatment in MPS II mice. Finally, our
results emphasize and provide a non-invasive procedure that could
potentially be effective in the treatment of MPS II. We anticipate that
this study will encourage the field in developing IV AAV9 mediated gene
transfer as an additional non-invasive avenue to treat human MPS Il and
other lysosomal storage disorders.
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