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Mucopolysaccharidosis type II (MPS II) is an X-linked recessive
lysosomal disease caused by iduronate-2-sulfatase (IDS)
deficiency, leading to accumulation of glycosaminoglycans
(GAGs) and the emergence of progressive disease. Enzyme
replacement therapy is the only currently approved treatment,
but it leaves neurological disease unaddressed. Cerebrospinal
fluid (CSF)-directed administration of AAV9.CB7.hIDS
(RGX-121) is an alternative treatment strategy, but it is un-
known if this approach will affect both neurologic and systemic
manifestations. We compared the effectiveness of intrathecal
(i.t.) and intravenous (i.v.) routes of administration (ROAs)
at a range of vector doses in a mouse model of MPS II. While
lower doses were completely ineffective, a total dose of
1 � 109 gc resulted in appreciable IDS activity levels in plasma
but not tissues. Total doses of 1� 1010 and 1� 1011 gc by either
ROA resulted in supraphysiological plasma IDS activity, sub-
stantial IDS activity levels and GAG reduction in nearly all tis-
sues, and normalized zygomatic arch diameter. In the brain, a
dose of 1 � 1011 gc i.t. achieved the highest IDS activity levels
and the greatest reduction in GAG content, and it prevented
neurocognitive deficiency. We conclude that a dose of
1 � 1010 gc normalized metabolic and skeletal outcomes, while
neurologic improvement required a dose of 1� 1011 gc, thereby
suggesting the prospect of a similar direct benefit in humans.
Received 27 June 2023; accepted 24 January 2024;
https://doi.org/10.1016/j.omtm.2024.101201.

Correspondence: R. Scott McIvor, Center for Genome Engineering, Department of
Genetics, Cell Biology and Development, University of Minnesota, Minneapolis,
MN 55455, USA.
E-mail: mcivo001@umn.edu
INTRODUCTION
Mucopolysaccharidosis type II (MPS II or Hunter syndrome) is an
X-linked recessive lysosomal disease that affects approximately
1:160,000 male births.1 The disease is caused by mutation in the
IDS gene, which leads to deficiency of iduronate-2-sulfatase (IDS).
IDS is required for the stepwise degradation of glycosaminoglycans
(GAGs) heparan sulfate and dermatan sulfate.2 Insufficient IDS thus
leads to lysosomal accumulation of fully or partially undegraded
GAGs in most tissues, including cardiac, skeletal, and nervous tissue.
Patients with MPS II manifest organomegaly, joint stiffness,
arthropathy, hearing loss, cardiopulmonary dysfunction, and skel-
etal dysplasias.3 In addition to peripheral disease symptoms, two-
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thirds of patients exhibit central nervous system (CNS) manifesta-
tions that begin around the age of 2 years. This neuronopathic
form of MPS II includes aggressive behavioral problems, seizures,
developmental delay, neurocognitive decline, and death by
adolescence.2–5

Enzyme replacement therapy (ERT), intravenously (i.v.) adminis-
tered recombinant idursulfase (IDS), is the current standard of
care for MPS II.6–8 Both non-neuronopathic and neuronopathic
forms of MPS show benefit from ERT in the periphery, such as
reduced urine GAG excretion, reduced organomegaly, and
improved walking performance.9,10 ERT can thus manage some as-
pects of the disease with weekly infusions, but some peripheral and
all neurological disease manifestations are left unaddressed. Pa-
tients followed for 9 years on ERT did not improve in respiratory,
skeletal, or CNS outcomes.11 It is widely held that ERT provides no
CNS benefit for neuronopathic MPS II because the administered
enzyme does not cross the blood-brain barrier (BBB).12 A recent
clinical evaluation of intrathecally (i.t.) administered ERT failed
to stabilize neurocognitive function in patients.13 ERT is also prob-
lematic with regard to high cost and time-consuming weekly infu-
sions. Due to its effectiveness in other lysosomal diseases such
as MPS I, allogeneic hematopoietic stem cell transplantation
(HSCT) has also been considered as a treatment for MPS II. How-
ever, due to early reports of uncertain CNS benefit and transplant
complications, HSCT is not currently recommended for MPS II.14

Although more recent reports on HSCT for MPS II have shown
some neurologic benefit, so far there is insufficient and variable
clinical outcome.15–17 There is thus an unmet need for treatment
that can overcome the limitations of those currently available for
MPS II, particularly the neuronopathic form of the disease.
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Themonogenic nature ofMPS II supports anticipation that metabolic
correction will be achievable by supplying a functional copy of the IDS
sequence via gene transfer. In addition, cells supplied with a func-
tional gene copy can secrete enzyme via the mannose-6-phosphate
pathway to metabolically cross-correct other defective cells.18 For
in vivo gene transfer, adeno-associated virus (AAV) vectors have
several advantageous properties for treating lysosomal diseases in
general, such as a variety of tropisms, the potential for strong and last-
ing expression, and lack of natural pathogenicity.19–22 AAV serotype
9 (AAV9) has been of particular interest for MPS II gene therapy
owing to its neurotropic properties and potential for systemic trans-
duction.23,24 Delivery of AAV for MPS II has been accomplished
through both systemic and CNS-directed routes of administration
(ROAs) in MPS II mice. The earliest reports consisted of systemically
administered AAV2 vector, showing correction of skeletal and loco-
motor abnormalities.25,26 More recently, self-complementary (sc)
AAV9 was introduced i.v. showing brain IDS activity, brain GAG
reduction, and improved neurobehavior using vector doses between
2.5 � 1012 genome copies (gc) and 2 � 1013 gc.27 Several preclinical
studies have explored CSF-directed AAV9 administration via either
intracisternal or intracerebroventricular (i.c.v.) routes in mice.28–30

Lower doses from 3 � 1010 gc to 5 � 1010 gc achieved widespread
CNS transduction, IDS activity, and GAG reduction in the brain
with normalized neurocognitive function.28–30 These results suggest
that, unlike ERT or HSCT, in vivo gene therapy can address CNS dis-
ease manifestations in MPS II patients.

Previously conducted MPS II clinical trials involving transduction of
patient lymphocytes ex vivo with a retroviral vector or liver-directed
gene editing did not achieve significant IDS expression.31–33

Currently, AAV9.CB7.hIDS (RGX-121) is in clinical trials where
it is administered intracisternally or i.c.v. (NCT03566043,
NCT04571970) to evaluate its ability to address CNS disease manifes-
tations. However, it is not known whether RGX-121, when adminis-
tered through the CSF, is sufficient to address the peripheral and/or
CNS manifestations of MPS II. In this paper, i.t. and i.v. ROAs
were compared for their effectiveness and dose response in addressing
both peripheral and CNSmanifestations of murine MPS II as a model
for genetic therapy of the human disease.

RESULTS
Study rationale and in-life evaluations

We previously reported the prevention of neurologic deficits and
metabolic disease in MPS II mice after either i.v. or CSF-directed (in-
tracerebroventricular) administration of an AAV9.CB7.hIDS vector
to achieve systemic or CNS-directed expression of iduronate sulfa-
tase.28,34 We also observed in the i.c.v. studies that there was substan-
tial release of AAV9.CB7.hIDS vector from the CSF, transduction of
the liver, and secretion of IDS into the circulation.28 The current study
has been undertaken first of all to determine if the systemic level of
enzyme achieved after AAV9.CB7.hIDS delivery through the CSF is
sufficient to alleviate peripheral manifestations of disease or if supple-
mental i.v. administered vector is required for this purpose. Secondly,
our previous i.v. and i.c.v. studies were carried out at high vector doses
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(5� 1010 gc i.c.v., 1� 1012 gc i.v.), so another goal of the current study
was to determine the quantitative relationship between vector dose
delivered, the level of IDS expression achieved, and associated allevi-
ation of disease manifestations. In this study, we thus compared CNS-
directed (i.t.) and systemically directed (i.v.) administration of RGX-
121 (AAV9.CB7.hIDS) in a murine model of MPS II. A depiction of
the AAV9.CB7.hIDS vector is shown in Figure 1A. Briefly, the vector
construct consists of the constitutive CB7 promoter regulating
expression of a human IDS sequence. Comparative effectiveness of
i.t. and i.v. ROA was further evaluated by dose ranging; MPS II
mice at 2 months of age were administered doses of 107–1011 gc
per animal.

After vector administration, the effectiveness of gene delivery was as-
sessed by measuring circulating levels of IDS activity (Figures 1B and
1C). Supraphysiological levels of IDS activity (150–1,300 times normal)
were observed in the plasma ofmice treated at the two highest doses via
either ROA. For doses of 1010 gc and 1011 gc, themean enzyme activity
levels in the plasma by i.v. ROA were 5,700 nmol/h/mL and
39,400 nmol/h/mL, and by i.t. ROA they were 4,411 nmol/h/mL and
27,800 nmol/h/mL. In comparison, the average plasma enzyme activity
in wild-typemice was 33 nmol/h/mL (Figures 1B and 1C; p < 0.0001 vs.
1010 gc and 1011 gc animals). Interestingly, animals administered 109 gc
showed a greater than 10-fold reduction in average IDS activity over the
entire time period compared to animals administered 1010 gc (28-fold
for i.v. administered animals, p < 0.0001; and 93-fold for i.t. adminis-
tered animals, p < 0.0001), with the i.v. group generating a distinctly
higher average level of plasma IDS enzyme activity (176 nmol/h/mL)
compared to the 109 gc i.t. group (47 nmol/h/mL; p < 0.0001). Animals
dosed with 107 gc or 108 gc showed diminishingly little (i.v. adminis-
tered mice) to undetectable (i.t. administered animals) levels of circu-
lating IDS activity. In summary, doses of 107 gc and 108 gc via
both ROA showed low and inconsistent levels of enzyme
activity, the 109 gc dose demonstrated wild-type (i.t.) or just above
wild-type (i.v.) enzyme activity levels, while the 1010 gc and 1011 gc
doses given via either ROA showed supraphysiological levels of
circulating IDS enzyme activity that were consistent over the entire
study period.

Urine samples were collected over the 20-week study period to eval-
uate GAG excretion. Untreated MPS II controls had a demonstrably
higher mean level of urine GAG over the study (2,010 mg of GAG/mg
creatinine) compared to wild-type controls (775 mg of GAG/mg creat-
inine) (p < 0.0001 vs. wild type). Doses of 109 gc, 1010 gc, and 1011 gc
given by i.v. ROA were sufficient to normalize urine GAG levels (Fig-
ure 1D) (p < 0.0001 vs. untreated MPS II). In comparison, only the
1010 gc and 1011 gc doses by i.t. ROA were sufficient to normalize
urine GAG levels (Figure 1E) (p < 0.0001 vs. untreated MPS II).
The 109 gc i.t. group exhibited normalized urine GAG (mean
793 mg GAG/mg creatinine) at the 2-week time point, but, by the
end of study at 20 weeks, urine GAG in this group had increased to
affected MPS II levels (mean 2,214 mg GAG/mg creatinine). Animals
given doses of 107 gc or 108 gc via either ROA showed elevated levels
of urine GAG throughout the study period. Overall, a minimal dose of
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Figure 1. AAV9.CB7.hIDS vector, plasma IDS enzyme

activity, and urine GAG excretion

(A) Illustration depicting the AAV9 vector. CB7, CMV im-

mediate early enhancer with chicken b-actin promotor, exon

1 and intron 1 with rabbit beta globin splice acceptor; hIDS,

human iduronate-2-sulfatase; RBG poly(A), rabbit beta

globin polyadenylation sequence; ITR, AAV inverted terminal

repeat. Mean plasma IDS activities by dose (key) and week

(abscissa) for i.v. ROA (B) and i.t. ROA (C). MPS II and some

107, 108 samples were omitted that were below our limit of

detection (LOD) as determined by 4-MU IDS assay standard

curve. Excreted urine GAGs by dose (key) and week

(abscissa) for i.v. ROA (D) and i.t. ROA (E). n values for all

groups are provided in Table S1. Welch and Brown-

Forsythe version of one-way ANOVA was used for

statistical analysis, followed by Dunnett’s T3 multiple

comparisons test. Error bars show SEM.
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109 i.v. or 1010 i.t. was needed for normalization of urine GAG excre-
tion in MPS II mice.

Tissue IDS enzyme activity and GAG levels

At 20 weeks post administration, all mice were euthanized and tissues
collected to evaluate IDS enzyme activity, GAG storage, vector bio-
distribution, and tissue pathology as described in section “materials
and methods.” Wild-type mice showed a wide range of IDS enzyme
activities depending on tissue type, with the brain showing the highest
IDS activity at a mean of 230.5 nmol/h/mg protein down to a mean of
4.9 nmol/h/mg protein in the heart (Figures 2A and 2B). In contrast,
the affected MPS II mice had no IDS activity detectable in any
tissue, with a collective average background for all tissue samples of
0.22 nmol/h/mg protein (p < 0.0001 vs. wild type).

Mice given 1011 gc i.v. exhibited IDS activity levels at or exceeding
wild-type levels in all peripheral tissues (p < 0.0001 vs. untreated
MPS II). The liver showed the highest levels of IDS activity, with an
average of 4,315 nmol/h/mg protein or 181� wild type (p < 0.0001
vs. wild type). Animals administered 1010 gc i.v. also showed a high
level of expression in peripheral tissues, exhibiting supraphysiological
levels of enzyme activity in the liver, spleen, kidney, and heart, with
other tissues showing a high percentage of wild-type activity, such
as 50.5% in the lung (p < 0.07–0.0001 vs. untreated MPS II). The
Molecular Therapy: Method
109 gc dose was less effective, showing supraphy-
siological levels of enzyme activity only in the liver
(p < 0.0001 vs. untreated MPS II). Little to no ac-
tivity was observed in any of the other peripheral
tissues of animals administered 109 gc, similar to
animals administered 107 gc and 108 gc i.v..

Tissues from i.t. administered animals showed a
pattern similar to the i.v. administered animals
at the 1011 gc and 1010 gc doses. Again, the highest
levels of IDS activity in animals dosed 1011 gc
were found in the liver, with an average of
10,574 nmol/h/mg protein or 443� wild-type levels (p < 0.0001 vs.
wild type). All peripheral tissues at this dose met or exceeded wild-
type levels of IDS activity except the lung, which was 87.4 nmol/h/mg
protein (85.7% wild type) (p < 0.01–0.0001 vs. untreated MPS II).
Supraphysiological levels of enzyme activity were found in the liver,
spleen, kidney, and heart of animals dosed 1010 gc, with closer to
wild-type levels found in other major organs, such as 23% wild type
in the lung (p < 0.001–0.0001 vs. untreated MPS II). Only the liver
showed an appreciable level of enzyme activity at the 109 gc i.t.
dose (p < 0.0001 vs. untreatedMPS II), and the 107 gc and 108 gc doses
showed little to no activity in any peripheral tissue. Overall, the 1010

gc dose showed similar levels of IDS enzyme activity when comparing
i.v. vs. i.t. (p = 0.2502–0.8212), with the exception of liver. Peripheral
tissues frommice treated by the i.v. ROA on average had higher levels
of IDS enzyme activity than the i.t. ROA at the 1011 gc dose, but were
not significantly different from each other (p = 0.0785–0.3163). The
liver was the only peripheral tissue to show a significant difference be-
tween ROA at 1010 gc (p < 0.0001) and 1011 gc (p < 0.03), with i.t.
administration providing a higher level of IDS activity (Figures 2A
and 2B).

In peripheral tissues, with the exception of the kidney at 1010 gc,
normalization of GAG content was observed in animals dosed at
1010 gc or 1011 gc i.v. (p = 0.2239–0.9984 vs. wild type). Reduced
s & Clinical Development Vol. 32 March 2024 3
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Figure 2. Tissue IDS enzyme activity and GAG levels

Individual and mean IDS activity levels by tissue and dose (key) in animals administered AAV9-hIDS by i.v. (A) or i.t. (B) ROA. Mean GAG levels by tissue and dose (key) in

animals administered vector by i.v. (C) and i.t. (D) ROA. LOD (dashed line) was determined based either on IDS assay 4-MU standard curve or GAG assay glycosaminoglycan

standard. Dots represent individual data points above LOD and bars the mean for that tissue/group pair. n values vary depending on tissue type and dose, as some tissues

were instead taken for histologic analysis. Statistical analysis was by two-way ANOVA, followed by Tukey’s multiple comparisons test.

Molecular Therapy: Methods & Clinical Development
storage material was seen at the 109 gc dose by i.v. ROA, notably in the
liver (98.6%), spleen (84.3%), and heart (82.2%) (p < 0.0001–0.001 vs.
untreated MPS II), but other tissues showed little to no correction in
GAG content compared to affected MPS II controls (Figure 2C). By
i.t. ROA, 1011 gc normalized GAG in all peripheral tissues (p =
0.2404–0.9143 vs. wild type). The 1010 gc administered i.t. also
showed GAG normalization in most tissues as well (Figure 2D)
(p = 0.014–0.7514 vs. wild type). The lung and kidney showed incom-
plete but significant reduction in GAG to 1.7� wild-type levels for
both tissues (98.4% and 97.4% correction, respectively) (p < 0.0001
vs. untreated MPS II). Reduced GAG was seen only in the liver,
spleen, and lung of animals dosed 109 gc i.t. (p < 0.0001–0.05 vs. un-
treatedMPS II). Animals given 107 gc or 108 gc by either ROA showed
little to no reduction in GAG content of any tissue. Overall, neither
robust IDS enzyme activity nor significant reduction in GAG content
was observed in mice treated at the 107 gc or 108 gc doses by either
ROA. The 109 gc dose showed IDS activity comparable to wild type
in the liver and GAG reductions in some but not all tissues analyzed.
In contrast, at 1010 gc and 1011 gc doses, most tissues showed high if
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not supraphysiological levels of IDS enzyme and normalization of
GAG content.

An essential part of a genetic therapy for MPS II will be to address
neurologic manifestations of the disease. In this study, we examined
the IDS activity levels of whole brain and spinal cord. A high level
of mean IDS activity was assessed in wild-type controls,
230.5 nmol/h/mg protein in the brain and 126.2 nmol/h/mg protein
in the spinal cord. Test animals exhibited average IDS activities of
3.8 nmol/h/mg protein in the brain (p < 0.001 vs. untreated MPS
II) and 38.4 nmol/h/mg protein in the spinal cord (p < 0.001 vs. un-
treated MPS II) when administered 1011 gc i.t. (Figure 2B). MPS II
mice administered a dose of 1011 gc i.v. exhibited an average of
2.6 nmol/h/mg protein in the brain (p < 0.01 vs. untreated MPS II)
and 18.2 nmol/h/mg protein in the spinal cord (p < 0.001 vs. un-
treated MPS II) (Figure 2A). All other doses by either ROA showed
<2 nmol/h/mg protein in the brain and <4 nmol/h/mg protein in
the spinal cord. Although these levels of IDS activity measured in
the brains of treated mice are comparatively low even at the highest
024



Figure 3. Vector tissue biodistribution

Vector biodistribution was determined by qPCR analysis. Results are shown for

each dose (key) and indicated tissues from animals given vector by i.v. ROA (A) and

i.t. ROA (B). LOD (dashed line) was determined by plasmid-based standard curve.

n values vary depending on dose and tissue type as some tissues were instead

taken for histologic analysis. Dots represent individual data points and horizontal

lines show medians by group for each tissue. Statistical analysis was by two-way

ANOVA, followed by Tukey’s multiple comparisons test.
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dose of 1011 gc i.t. (1.65% wild-type levels), previous reports have
shown that <5% of wild-type activity was sufficient to normalize
GAG content in the brain and �1.5% was needed for significant
reduction and prevention of neurocognitive deficits in MPS II
mice.26,35 The same tissue lysates were also extracted for GAG anal-
ysis. MPS II controls had mean GAG content that was 4.8� that of
wild-type controls in the spinal cord (p < 0.05). The 1010 gc/1011 gc
doses showed an average GAG correction of 15.6%/34.6% by i.v.
administration and 55.8%/100% by i.t. administration, respectively,
in the spinal cord (p = 0.7089/0.5732 and 0.2343/.0019 vs. untreated
MPS II). Affected MPS II controls showedmean brain GAG levels 3�
that of wild-type controls (p < 0.05). GAG content after 1010 gc/1011

gc i.v. administration was reduced by 26.9% and 55.9% in the brain,
Molecu
while MPS II mice administered these vector doses by i.t. ROA
showed a higher level of correction in the brain, 55.8% and 64.9%,
respectively (p = 0.5880/0.3425 and 0.4131/0.1328 vs. untreated
MPS II) (Figures 2C and 2D). In summary, higher doses of 1010 or
1011 gc AAV-IDS vector administered via either i.v. or i.t. ROA
were required to achieve detectable reduction of GAG in the CNS.

Tissue biodistribution by qPCR

Peripheral and CNS tissues were extracted for genomic DNA and as-
sayed for vector biodistribution by qPCR for the human IDS-encod-
ing sequence. All tissues were observed to have detectable vector
copies in animals administered AAV9-IDS vector by either i.v. or
i.t. ROA at 1010 gc and 1011 gc doses, with the 1011 gc dose on average
showingmore copies than the 1010 gc dose. The 107 gc, 108 gc, and 109

gc doses showed few to no detectable vector copies, with the exception
of liver (Figures 3A and 3B). For any dose, the vast majority of vector
copies were found in the liver of both i.v. and i.t. administered ani-
mals, with the 1011 gc dose demonstrating the highest copy number
per genome equivalent (ge) of 11.3 gc/ge and 8.8 gc/ge, respectively.
These data suggest that the liver was producing a large fraction of
the circulating IDS enzyme available for metabolic cross-correction
in these animals. Although i.t. injection is a CNS-directed ROA, it
was found to result in “global” biodistribution, transducing cells sys-
temically as well as in the CNS, which is consistent with previous re-
ports on CNS-directed AAV delivery (Figure 3B).28–30 At the two
higher doses of 1010 gc and 1011 gc, the i.t. ROA showed a notably
higher vector distribution to the spinal cord (0.0064 gc/ge and
0.1612 gc/ge) than the i.v. ROA (0.0001 gc/ge and 0.002 gc/ge)
(p < 0.01 and 0.05). This result is unsurprising given proximity of
the spinal cord to the i.t. site of injection. In the brains of 1011 gc dosed
mice, i.t. injection delivered more copies on average compared to i.v.
injection (0.011 gc/ge vs. 0.0035 gc/ge; p < 0.05). Conversely, animals
administered 1010 gc i.t. had fewer vector copies than i.v. adminis-
tered animals (0.001 gc/ge vs. 0.0019 gc/ge), although this difference
is not statistically significant (p = 0.3864).

Zygomatic arch normalization by i.t. and i.v. ROA

ThisMPS II mouse model exhibits a variety of skeletal manifestations,
including a thickening of the zygomatic arch diameter.36 Each dose
and ROA combination was evaluated for its impact on skeletal man-
ifestations by computed tomography at 16 weeks post administration
to measure the thickness of the zygomatic arch. Affected MPS II con-
trols had an average increase of 34.6% in zygomatic arch diameter
compared to unaffected littermate controls (p < 0.0001). Notably,
MPS II animals dosed i.v. with 1010 gc or 1011 gc showed significant
decreases in zygomatic arch diameter compared to untreated MPS II
controls (p < 0.0001 and 0.01) and were indistinguishable from wild-
type controls (p = 0.9614 and 0.1225). The 109 gc group also had
significantly decreased zygomatic arch diameter (p < 0.01), about
50% reduced compared to affected MPS II controls (Figure 4A).
Remarkably, i.t. administration of RGX-121 at doses of 1010 gc and
1011 gc into the CSF resulted in systemic delivery that was sufficient
to normalize zygomatic arch diameter in MPS II mice (p < 0.001
and 0.0001). Animals administered the 109 gc dose i.t. were not
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 5
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Figure 4. Zygomatic arch analysis

Zygomatic arch diameter measurements were determined by Micro-CT analysis of animals administered the indicated dose of vector by i.v. ROA (A) and by i.t. ROA (B).

Significancewas determined by one-way ANOVA. Sample sizes: wild type, n = 12; affectedMPS II, n = 11; i.v. 107, 108, n = 5; i.v. 109, 1010, n = 10; i.v. 1011, n = 4; i.t. 107, 108,

109, n = 5; i.t. 1010, n = 3; i.t. 1011, n = 11. Error bars show SEM. ns, no significance; **p < .01, ***p < .001, ****p < .0001.
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significantly different from untreated MPS II controls (Figure 4B).
Animals given doses of 107 gc or 108 gc by either ROA showed no
decrease in thickness of the zygomatic arch. In summary, doses of
1010 gc and 1011 gc normalized zygomatic arch diameter in MPS II
mice when delivered by either ROA, while a dose of 109 gc partially
reduced zygomatic arch diameter and only when delivered i.v.

Histological analysis

Histologic analyses were carried out in animals administered 1010 gc
AAV9-IDS vector i.v. as this had emerged as the minimal effective
dose for prevention of metabolic and skeletal disease in the MPS II
mice. As a higher dose was required to achieve reduced GAG storage
in the brain, histologic analysis was also carried out in animals admin-
istered 1011 gc i.t. Tissue samples were taken for hematoxylin and
eosin (H&E) and Alcian blue (AB) staining, as well as immunohisto-
chemistry (IHC) for lysosomal associated membrane protein-1
(LAMP-1). In contrast to wild-type mice, widespread intraneuronal
vacuolization in Purkinje cells was noted in the cerebellum of MPS
II mice by H&E staining (Figures 5A and 5B). H&E staining also re-
vealed a decrease in intracellular vacuolization of Purkinje cells
neurons in cerebellum for the 1010 gc i.v. and 1011 gc i.t. groups
(Figures 5C and 5D). Liver H&E staining ofMPS II mice showed large
amounts of vacuolization in the cytoplasm of apparent resident mac-
rophages (foam cells) but not in wild-type mice (Figures 5E and 5F).
In the 1010 gc i.v. and 1011 gc i.t. groups, this vacuolization is absent in
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both the hepatocytes and apparent macrophages (Figures 5G and
5H). When compared to wild type, rarefaction of the smooth muscle
and vacuolated macrophages were found within the tunica media in
aortas of MPS II mice (Figures 5I and 5J). While the smooth
muscle rarefaction was noted the 1010 gc i.v. and 1011 gc i.t.
groups, vacuolated macrophages were not observed in the aorta
(Figures 5K and 5L). AB staining revealed blue-positive material in
the Purkinje and glial cells in MPS II but not in the wild-type group
(Figures 6A and 6B). The 1010 gc i.v. and 1011 gc i.t. groups showed
blue-stained material but to a lesser degree than MPS II mice
(Figures 6C and 6D). While the MPS II group had AB-positive stain-
ing in liver foam cells, this was not observed in the other three groups
(Figures 6E–6H). No differences in AB staining were observed in the
aorta between the four groups (Figures 6I and 6L). LAMP-1 is upre-
gulated in the cells of both MPS II mice and MPS II patients and is
considered a marker of disease pathology.37 LAMP-1 IHC staining
of the cerebellum was mild in the wild-type group, but marked stain-
ing in the Purkinje and glial cells was seen in the MPS II group
(Figures 7A and 7B). The 1010 gc i.v. and 1011 gc i.t. groups showed
decreased staining in the Purkinje cells, but there was persistent stain-
ing in what are presumed to be glial cells (Figures 7C and 7D). In
contrast to the wild-type group, the MPS II mice had widespread
LAMP-1 staining in hepatocytes and foam cells (Figures 7E and
7F). A lesser degree of LAMP-1 staining was observed in the 1010

gc i.v. group, but 1011 gc i.t. mice exhibited a high amount of staining
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Figure 5. H&E-stained sections from 1010 gc i.v. and 1011 gc i.t. mice

(A–D) Cerebellar cortex. In contrast to the wild-type mice (A), intracytoplasmic vacuolization (black arrows) was noted in the Purkinje cells from the affected MPS II mice (B).

Persistent but lesser intracytoplasmic vacuolization noted in the Purkinje cells from the 1010 gc i.v. (C) and 1011 gc i.t. (D) mice. (E–H) Liver. In contrast to the wild-typemice (E),

numerous fine-vacuolated perivascular macrophages (“foam cells,” black arrowheads) were seen in the affected MPS II mice (F). Foam cells were not observed in the 1010 gc

i.v. (G) and 1011 gc i.t. (H) mice. (I–L) Aorta. In contrast to the wild-type mice (I), there was extensive rarefaction of the smooth muscle (black star) and few finely vacuolated

macrophages (black arrowheads) within the tunica media of the affected MPS II mice (J). A similar magnitude of rarefaction was noted in the 1010 gc i.v. (K) and 1011 gc i.t.

(L) mice. Scale bars, 20 mm (lower right of each micrograph).
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similar to the MPS II group (Figures 7G and 7H) even though supra-
normal levels of IDS and normalized GAG were observed in all of
these tissues. All MPS II groups (treated and untreated) showed a
marked increase in LAMP-1 staining in the aorta when compared
to the wild-type group (Figures 7J–7L).
Prevention of neurocognitive deficits in the Barnes maze

Mice underwent neurobehavioral testing at 4 months post adminis-
tration using the Barnes maze to evaluate neurocognitive function,
as described in section “materials and methods.” All animals were
given four trials a day over a period of 4 days, assessing the time to
escape for each trial. On day one, all mice displayed some initial skill
at learning the maze over the four trials, but there were no significant
differences in the latency to escape between groups. For all groups, the
latency to escape the maze decreased over the next 3 days as the an-
imals learned the attendant task (Figures 8A and 8B). By day four the
affected MPS II controls took significantly longer (79 s) at escaping
the maze compared to wild-type controls (29 s) (p < 0.0001). The
1011 gc i.t. group was significantly faster at learning to escape the
maze by day four with a mean latency to escape of 28 s
Molecu
(p < 0.0002) (Figure 8C). The 1011 gc i.v. group on day four also
learned to escape significantly faster (20 s) compared to MPS II con-
trols (p < 0.0018). The 109 gc i.t. group also performed significantly
faster than untreated controls (p < 0.05), but the 1010 gc i.t. group
did not show significantly improved performance (perhaps due to a
low N = 3 group size), suggesting that a dose of 1011 gc was required
to prevent the emergence of neurocognitive dysfunction. All other
dose and route combinations showed no significant difference
when compared to MPS II affected controls. Neurocognitive decline
was thus prevented in MPS II mice administered 1011 gc
AAV9.CB7.hIDS vector by either i.t. or i.v. ROA, although more
significantly for animals treated i.t.
DISCUSSION
In this study, we compared i.v. and i.t. routes of vector administration
to determine if i.t. delivery alone can remedy both CNS and systemic
disease manifestations. A broad range of AAV9.CB7.hIDS doses was
tested to determine effectiveness in a murine model of MPS II. Mice
administered vector by either i.v. or i.t. ROA at a dose of 109 gc had
circulating levels of IDS activity at or above wild type. However, this
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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Figure 6. AB-stained sections from 1010 gc i.v. and 1011 gc i.t. mice

(A–D) Cerebellar cortex. In contrast to the wild-type mice (A), intracytoplasmic AB-positive blue material (black arrows) was noted in the Purkinje cells and presumed glia from

the affected MPS II mice (B). Persistent but lesser amounts of material were noted in the Purkinje cells from the 1010 gc i.v. (C) and 1011 gc i.t. (D) mice. (E–H) Liver. In contrast

to the wild-type mice (E), small amounts of AB-positive blue material (black arrowheads) were seen in presumed foam cells in the affected MPS II mice (F). No such material

was observed in the 1010 gc i.v. (G) and 1011 gc i.t. (H) mice. (I–L) Aorta. No significant differences were noted in the AB-stained aortic tissues from the four groups of mice.

Scale bars, 20 mm (lower right of each micrograph).
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dose was insufficient to achieve wild-type levels of IDS activity and
normalize GAG levels in most tissues analyzed. Mice dosed at 1010

gc and 1011 gc by either ROA exhibited circulating levels of IDS activ-
ity several logs higher than wild type, and nearly all tissues assayed
met or exceeded wild-type levels of IDS activity and normalized
GAG storage. While a dose of 1010 gc by either i.t. or i.v. ROA was
sufficient to normalize zygomatic arch diameter, a higher dose of
1011 gc administered i.t. showed the highest level of IDS activity in
the brain and the greatest reduction in GAG content, and prevented
the emergence of neurocognitive deficits in the Barnes maze.

Based on the level of IDS activity achieved in the peripheral blood, a
substantial amount of i.t. administered vector is released into the cir-
culation. At a 109 gc dose, levels of circulating IDS activity achieved
by i.t. vector administration were 27% that of i.v. administration
(Figures 1B and 1C). This is also reflected in vector biodistribution
analysis of the liver, where a 109 gc dose by i.t. exhibited 31% of the
vector copies seen by i.v. administration (Figures 3A and 3B). The
consequence of this is seen in the urine GAG excretion and zygomatic
arch data, where a dose of 109 gc i.v., but not i.t., was sufficient for
normalization (Figures 1D, 1E, 4A, and 4B). The substantial release
of vector from the CSF into the circulation and transduction of the
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liver with subsequent expression and secretion of IDS into the circu-
lation is most likely the mechanism whereby i.t. administration of
vector at doses of 1010 gc or 1011 gc achieves effective remedy of meta-
bolic (i.e., GAG reduction) and skeletal (reduced zygomatic arch
diameter) manifestations in the periphery of MPS II mice.

Our dose ranging revealed a pharmacodynamic threshold in the level
of transduction and circulating IDS activity that was achieved when
comparing lower to higher doses. The lowest doses administered,
107 gc and 108 gc, showed little enzyme activity, no GAG reduction,
and few to no detectable copies in the tissues analyzed. AAV vector
doses near this range were also recently reported to be biochemically
ineffective in a mouse model of Pompe disease.38 Quantifiable circu-
lating IDS activity was not observed until the dose was increased from
107 gc or 108 gc up to 109 gc. This threshold effect was also reflected in
the liver biodistribution data, which comprised the majority of
vector copies for any dose by either ROA. Vector copies were
detectable in only a few samples at doses of 107 gc and 108 gc
(mean < 10�3 gc/ge) but reached amean of nearly 0.1 gc/ge in animals
dosed with 109 gc (mean 40� for i.v., 44� for i.t.). Thus, 109 gc was
the threshold dose for either ROA. Increasing the vector dose by
10-fold from 109 gc to 1010 gc resulted in a greater than 10-fold
024



Figure 7. LAMP-1 immunostained sections from 1010 gc i.v. and 1011 gc i.t. mice

(A–D) Cerebellar cortex. In contrast to the mild intracytoplasmic LAMP1 staining in the Purkinje cells and small glia from the wild-type mice (A), there was marked intra-

cytoplasmic LAMP1 staining (black arrows) in the Purkinje cells and presumed glia from the affected MPS II mice (B). In both the 1010 gc i.v. and 1011 gc i.t. mice, lesser

amounts of LAMP1 staining was observed in the Purkinje cells, but there was persistent heavy staining within presumed glia (black arrows, C and D). (E–H) Liver. In contrast to

the minimal LAMP1 staining in the liver from the wild-type mice (E), there was marked LAMP1 staining in the perivascular macrophages (black arrowheads) and hepatocytes

(white arrowheads) in all the affected MPS II (F). There was lesser LAMP1 staining in the hepatocytes from the 1010 gc i.v. mice (white arrowhead, G) but a similarly high

amount of staining in the hepatocytes from the 1011 gc i.t. mice (white arrowhead, H). (I–L) Aorta. In contrast to the scant LAMP1 staining in the wild-type mice (I), there was

marked LAMP1 staining within the smooth muscle andmacrophages (black stars) from the affectedMPS II and 1010 gc i.v. and 1011 gc i.t. mice (J–L). Scale bar, 20 mm (lower

right of each micrograph).
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increase in circulating IDS activity levels for both i.v. (28-fold) and i.t.
(93-fold) administered animals, indicating that the lower dose
threshold had been overcome. The increase in IDS activity levels after
i.t. administration was 3.3� that of i.v. administration. When the vec-
tor dose was increased from 1010 gc to 1011 gc, i.t. and i.v. adminis-
tered animals showed a similar 6.3-fold and 6.9-fold increase in
plasma activity levels, respectively (i.v. 1.1� increase over i.t.) (Fig-
ures 1B and 1C), i.e., less than a dose-consistent 10-fold. Thus, vector
administered at higher doses approached a steady state in which vec-
tor distribution and transduction were much less affected by the lower
dose threshold and may in fact give way to a saturation effect.

One possible explanation for the threshold effect is the existence of
pre-existing anti-AAV antibodies. Under these conditions, anti-
body-mediated neutralization may interrupt in vivo transduction at
lower vector doses.39 Previous studies in both mice and non-human
primates have demonstrated that neutralizing antibodies can reduce
or completely block AAV vector transduction in the liver.40–42 Other
mechanisms of vector neutralization include innate immune re-
Molecu
sponses such as activation of toll-like receptors or complement-
induced macrophage-mediated destruction of the vector in the
liver.43,44 Our data showing a reduced threshold impact as the dose
is increased from 109 gc to 1011 gc (in which a smaller percentage
of the overall dose is neutralized by the threshold effect) is consistent
with such an antibody or cellular mechanism.

Decreasing plasma IDS activity over time was seen in animals given
doses of 109 gc, 1010 gc, or 1011 gc via either i.t. or i.v. ROA. With
the exception of 1010 gc i.t., the circulating IDS activity at week 20
was approximately one-third that of their respective 2-week time
point (Figures 1B and 1C). As previously reported by this and other
laboratories,27,28,45–47 much of the circulating enzyme is expressed
in the liver, given the vast majority of vector copies found there.
Loss of transduced hepatocytes could be one cause for the observed
decline in circulating IDS activity over time. It is unlikely that this
was due to natural hepatocyte turnover, which takes 200–400 days
in mice,48 much greater than the 20-week study period. Reduced
IDS activity over time could also be due to a cellular or humoral
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 9
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Figure 8. Neurocognitive analysis by Barnes maze

All groups underwent neurobehavioral testing at 6 months of age. Barnes maze evaluation for long-term spatial learning and memory in i.v. (A) and i.t. (B) mice. Results are

shown as the mean latency to escape of four trials per day over 4 days. (C) All Significant differences between groups were observed on day four of testing. Significance was

determined by two-way ANOVA. Sample sizes are wild type, n = 12; affected MPS II, n = 11; i.v. 109 gc, n = 10; i.v. 1010 gc, n = 10; i.v. 1011 gc, n = 4; i.t. 109 gc, n = 5; i.t. 1010

gc, n = 3; i.t. 1011 gc, n = 11. Error bars shown are mean ± SD. ***p < 0.001.
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anti-IDS immune response49,50; however, such a response would be
expected to shut down IDS in tissues and in the circulation, and we
have not seen evidence for such a response in any of our MPS II
studies to date.28,34,35 The observed effect was not entirely consis-
tent, as the IDS level in any given month was not always lower
than the preceding month, and loss of IDS activity over time was
not observed in the aforementioned 1010 gc i.t. group. With the
exception of 109 gc i.t., the decreasing plasma levels over time
were not associated with a reciprocal rise in urine GAG excretion
(Figures 1B–1E). Thus, for our higher doses there was no decreased
effectiveness in GAG reduction over time. Additionally, other
studies have shown that AAV-mediated gene expression can persist
in mice for at least a year,20,51 and AAV-mediated gene expression
in dogs and humans has been reported to persist for at least several
years.51–53

An integral part of next-generation therapy for MPS II will be to
address neurological manifestations of the disease that affects
approximately two-thirds of patients.1 Animals administered 1011

gc i.t. had the highest levels of IDS activity in the CNS, and the
level of activity in the spinal cord at this dose was 30% of the
wild-type level, sufficient to normalize GAG content. In wild-
type mice, IDS activity was highest in the brain compared to any
other tissue analyzed, similar to past studies.27,28,30 Thus, the level
of IDS activity achieved in mice administered 1011 gc i.t. corre-
sponded to only a small fraction (1.65%) of wild-type activity (Fig-
ure 2B). However, previous studies have shown that as little as
1.5% of wild-type activity is sufficient for meaningful reduction
of GAG content in the brain that prevents emergence of neurocog-
nitive deficits in MPS II mice.26,35,54 Indeed, mice treated at a dose
of 1011 gc i.t. demonstrated mean correction of 65% in brain GAG
content (Figure 2D). In addition, this group showed a decrease in
cerebellar Purkinje cell vacuolization, AB-positive material, and
LAMP-1 staining, as well as prevention of neurocognitive deficits
as measured in the Barnes maze (Figures 5A–5D and 8C). The
10 Molecular Therapy: Methods & Clinical Development Vol. 32 March
same dose delivered i.v. also showed improved biochemical and
neurobehavioral outcomes.

What it is that limits the level of IDS activity in the brain after AAV-
mediated transduction has yet to be determined. Even i.c.v. adminis-
tration of AAV9.CB7.hIDS vector at high dose (5 � 1010) resulted in
only 40% of the endogenous level of IDS.28–30 By comparison, our
companion study on MPS I showed that, in MPS I mice, a dose of
1010 gc AAV9.CB7.hIDUA administered either i.v. or i.t. produced
enzyme levels in the brain that were 10- to 20-fold higher than wild
type, with the i.t. group achieving a mean level of �100 nmol/h/mg
protein (L.R. Belur et al., unpublished data). Further investigation is
needed to determine why, given an otherwise identical vector con-
struction and ROA, AAV9.CB7.hIDS performs less effectively in
MPS II mice compared to AAV9.CB7.hIDUA in MPS I mice.

The brains of MPS II mice treated at higher doses (1010 or 1011 gc) by
either ROA showed between 26.9% and 64.9% GAG correction and,
with the exception of 1010 gc i.t., detectable IDS activity. IDS activity
in the brain could be derived from enzyme that was generated either
inside or outside of the CNS. AAV9 has been shown to cross the
BBB,55 and vector copies were detected in the CNS, suggesting trans-
duction and IDS expression in the brain. Indeed, mice administered
AAV9.CB7.hIDS vector i.t. had higher vector copies in the brain
than mice equivalently dosed i.v., suggesting a higher level of CNS
transduction via this ROA. However, we cannot rule out transduction
that is limited to the vasculature by either ROA as previously reported
in i.v. studies.34,56–58 Another possibility is the so called high-dose ef-
fect that has been reported in preclinical gene therapy studies for MPS
I and MPS II, whereby a small fraction of sufficiently high-level circu-
lating enzyme enters the CNS from the blood.26,35,56 IDS detected in
the brain could also have been derived from a combination of vector
transduction in the tissue plus transit of enzyme from the circulation.
In this case, i.t. administered vector transduces cells in the CNS that
secrete enzyme available for cross-correction. At the same time, a
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portion of the administered vector is released into the circulation and
transduces the liver to provide a robust and consistent level of circu-
lating IDS enzyme that can exert the high-dose effect and transit into
the CNS. Additional study is warranted to further characterize the
source of enzyme in the CNS after CSF-directed as well as systemic
AAV vector administration.

We found that mice administered AAV9.hIDS by either ROA at a
dose of 1010 gc or 1011 gc showed normalization of skeletal disease
as exemplified by zygomatic arch diameter. This is consistent with
previous MPS I and MPS II gene therapy studies.54,59–61 A lentiviral
vector-based approach toMPS II was used to investigate skeletal com-
plications in-depth and found that a high level of IDS in the serum
reduced GAGs and normalized bone metabolism, leading to bone re-
modeling in the zygomatic arch.60 The in vivo AAV9-based approach
reported here likely mediates zygomatic arch normalization through
the same mechanism, given the high and consistent levels of circu-
lating enzyme assessed in animals administered 1010 gc or 1011 gc.

Comparing i.v. and i.t. ROAs in the context of a dose-ranging study
provided considerable insight into effective dosing for treatment of
MPS II in a murine model of the disease. This study finds that a
dose of 1011 gc, i.v. or i.t., was able to address both CNS and systemic
disease manifestations. A dose of 1010 gc administered either i.v. or i.t.
was minimally sufficient to normalize peripheral manifestations (tis-
sue GAG and zygomatic arch diameter). Similar dose effectiveness
has been reported in studies evaluating i.c.v. injection of 3 � 1010

gc41 or 5 � 1010 gc AAV9.CB7.hIDS vector.28 These slightly lower
doses are similar to our optimal dose of 1011 gc, as in our hands
i.c.v. infusion achieves about a 10-fold higher level of transduction
than i.t. infusion.62 i.v. administration of AAV9-IDS has been previ-
ously tested at doses ranging from 2.5 � 1011 gc up to 2 � 1013

gc.27,34,35 In contrast, we found that as little as 1010 gc
(5 � 1011 gc/kg) AAV9.CB7.hIDS administered i.v. normalized
GAG in peripheral tissues and prevented emergence of a key skeletal
manifestation. In clinical trials employing AAV vector, a wide range
of total doses have been administered, from 5.8� 109 gc to 7.5� 1015

gc for targeted delivery and 3.5� 1013 gc to 1.5� 1017 gc for systemic
delivery.63 AAV-based gene therapies have encountered issues with
safety, such as those that emerged in a clinical trial of X-linked myo-
tubular myopathy,64,65 and efficacy, as seen in clinical trials of AAV in
the treatment of hemophilia49,66,67 related to the dose of vector that is
administered. Studies evaluating outcomes to determine safe and
effective preclinical dosing are thus essential for clinical trial design
and translation of AAV-based gene therapies.

By comparing i.v. vs. i.t. AAV9.CB7.hIDS administration at varying
doses, this study highlights the use of CNS-directed vector delivery
to address both neurologic and systemic disease manifestations in a
murine model of MPS II. The substantial release of vector into the pe-
riphery after CSF-mediated delivery of AAV9 suggests that this
approach could be evaluated in the treatment of other disorders
that exhibit both CNS and systemic manifestations, such as MPS I,
MPS VII, Gaucher disease, and Danon disease.68–70 Investigating
Molecul
these ROAs in a dose-ranging format determined the minimal dosing
for both CNS and peripheral manifestations (1011 gc) as well as for
peripheral manifestations alone (1010 gc). The value of such a dose-
ranging study is in identifying a therapeutically efficacious dose while
minimizing toxicities associated with high dosing. Our work here sug-
gests that non-neuronal MPS II can be treated either through a low
systemic dose or by redistribution from the CSF following i.t. dosing
when targeting CNS manifestations of MPS II disease. The value of
this approach over ERT is that, rather than the low, inconsistent levels
of IDS provided from frequent infusions of enzyme, a one-time i.v.
administration of AAV9.CB7.hIDS showed consistent and high levels
of systemic IDS.6 In addition, ERT at currently administered doses
does not remedy the CNS manifestations of neuronopathic MPS II.
It is thus critical that the next generation of therapies for MPS II
address neurologic disease. Herein, we report that dosing 1011 gc
with AAV9.CB7.hIDS in MPS II mice remedied CNS disease by
providing IDS to the brain, reducing GAG content, and preventing
the emergence of neurocognitive deficits. Overall, these results sug-
gest the potential effectiveness of AAV9.CB7.hIDS to remedy neuro-
logic as well as peripheral disease in MPS II patients as well.

MATERIALS AND METHODS
Animal husbandry

All animal husbandry and procedures were compliant with and
approved by the University of Minnesota Institutional Animal Care
and Use Committee (IACUC). Wild-type C57BL/6 mice were pur-
chased from the National Cancer Institute or Envigo and C57BL/6
iduronate-2-sulfatase knockout (IdS-KO) mice were graciously pro-
vided by Dr. Joseph Muenzer of the University of North Carolina.36

Offspring were genotyped by PCR and maintained at University of
Minnesota Research Animal Resources facilities under specific path-
ogen-free conditions. Animals were provided food and water ad
libitum.

AAV vector design and production

RGX-121 was designed, constructed, and packaged by REGENXBIO
(Rockville, MD). The vector plasmid consisted of (1) the CB7 pro-
moter sequence (chicken b-actin promoter and cytomegalovirus im-
mediate-early enhancer) and chimeric intron (chicken b-actin intron
with intron 2 splice acceptor, rabbit b-globin exon 3); (2) a hIDS cod-
ing sequence; (3) a rabbit B globin polyadenylation signal; and (4)
AAV2 inverted terminal repeats (ITRs) flanking the IDS transcription
unit. This AAV vector construct was packaged28 by co-transfection
with an AAV2/9 rep/cap plasmid along with adenovirus helper
plasmid pAdDF6 into HEK293 cells. Vector product was purified
from cell supernatant by affinity chromatography as previously
described.71 For potency assessment, the vector which was titered
by digital droplet PCR.71

AAV vector administration

Genotyped MPS II mice were administered total AAV9 vector doses
of 107, 108, 109, 1010, or 1011 gc at 2 months of age. The i.v. injections
were given in a 100-mL volume through the lateral tail vein. The i.t.
injections were given to conscious animals in a 10-mL volume between
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the L5 and L6 vertebrae as previously described.62,72,73 Briefly, a sy-
ringe needle (30G, 0.5 inch) that had been previously removed
from its plastic hub was connected to a length of PE10 tubing, which
was then connected to a second needle that was attached to a 50-mL
Luer-hub Hamilton syringe. The injection was delivered by gently
holding the hip bones (iliac crest) of the mouse and inserting the nee-
dle (bevel side up) at about a 45� angle centered between the hip bones
of the iliac crest. The experimenter positioned the needle such that it
slipped between the vertebrae and made contact with the dura mater.
A reflexive flick of the tail indicated penetration of the dura mater.
The experimenter then depressed the Hamilton syringe and delivered
the injectate into the CSF of the i.t. space.

Tissue processing

Animals were euthanized at 4 or 7months of age by CO2 asphyxiation
and transcardially perfused with 0.9% normal saline. A necropsy was
performed, and tissues (liver, spleen, kidney, brain, heart, lung, spinal
cord, and gonad) were harvested, frozen on dry ice, and stored
at �20�C until processed. A section of each tissue was fixed in 10%
neutral buffered formalin (VWR) at a ratio of 1:10–20 v/v tissue to
formalin, and, after 24–48 h, transferred to 70% ethanol for storage
and histologic analysis. A Bullet Blender bead mill (Storm 24 Homog-
enizer, Next Advance) was used to process tissues for biochemical
analysis by homogenization in 0.9% saline as previously described28,35

and clarified by centrifugation in a 5424R Eppendorf centrifuge. The
clarified supernatants were termed tissue lysates and were used for
protein, IDS, and GAG assays. Unclarified homogenates were used
for qPCR analysis. Homogenates and lysates were stored at �20�C
until further processing or analysis.

IDS enzyme activity

IDS enzyme activity in plasma and tissue lysates was determined in a
fluorometric assay using 4-methylumbelliferyl a-l-iduronide
2-sulfate disodium salt (4-MU2S) as substrate (catalog # M334715,
Toronto Research Chemicals or catalog # EM03201, Carbosynth) as
previously described.35,74 Then 5 mg of 4-MU2S substrate was dis-
solved in 8.33 mL of substrate buffer (0.1M Na-acetate buffer, pH
5.0 + 10 mM Pb-acetate + 0.02% (w/v) Na-azide) to yield a
1.25 mM working solution. Then 10-mL aliquots of plasma or tissue
lysates were mixed with 20-mL aliquots of working substrate and incu-
bated at 37�C for 1.5 h. The IDS reaction was then stopped with the
addition of 20 mL of PiCi buffer (0.2M Na2HPO4 + 0.1 M citric acid,
0.02%Na-azide, pH 4.5). Then 10 mL of 5 mg/mL alpha-L-iduronidase
(IDUA) (catalog # 4119-GH, Bio-Techne) was added and incubated
at 37�C overnight. The reaction was terminated by adding of
200 mL of stop buffer (0.5 M Na2CO3 + 0.5 M NaHCO3, pH 10.7)
and then the reaction mixture was centrifuged at �13,000 rpm for
1 min. The supernatant was transferred into a black 96-well round-
bottom plate and the resulting fluorescence was measured using a
Bio-Tek Synergy Mx plate reader with excitation at 355 nm and emis-
sion at 460 nm. A 4-MU (Sigma #M1381) standard curve was used to
calculate the amount of 4-MU produced in the reaction. Tissue lysates
were also assayed for total protein using Pierce protein assay reagent
(catalog # 22660, Thermo Fisher). Enzyme activity is expressed as
12 Molecular Therapy: Methods & Clinical Development Vol. 32 March
nmol 4-MU released per milligram of protein per hour (nmol/h/mg)
for tissues extracts, and as nmol/h/ml for plasma. All samples were
assayed in duplicate.

GAG assay

Proteinase K (20 mg/mL) was mixed with tissue lysates at a ratio of
1:10 (ProK:tissue lysate) and incubated at 55�C overnight, followed
by proteinase K inactivation by boiling for 10 min. Then 50 mL of tis-
sue lysate was then digested with 200 units of DNase and 2 mg of
RNase at room temperature overnight. Nucleases were inactivated
by boiling for 10 min. GAG levels were determined using the Blyscan
Sulfated Glycosaminoglycan Assay kit (Biocolor Life Science Assays,
Accurate Chemical, NY, catalog # CLRB1000) according to the man-
ufacturer’s instructions, with results expressed as micrograms of GAG
per milligram of lysate protein. GAG levels were assayed in unpro-
cessed urine using the Blyscan kit, normalizing to urine creatinine
(creatinine levels were determined using a creatinine assay kit; Sigma,
MAK080), and expressed as micrograms of GAG per milligram of
creatinine.

Vector biodistribution by qPCR

Tissue homogenates were incubated with proteinase K overnight at
55�C and then genomic DNA was extracted using phenol-chloro-
form. For qPCR of the codon-optimized IDS sequence, each reaction
contained 100 ng of gDNA template, 2� IQ SYBR Green Supermix
(Bio-Rad), 5 pmol/mL forward primer (50-CCCTGGTAATCCCCGT
GAAC-30), 5 pmol/mL reverse primer (50-TGGTGCGTATGGAA
TAGCCC-30), and nuclease-free water to a volume of 25 mL. Thermo-
cycler parameters were 95�C for 5 min, followed by 40 cycles of 95�C
for 15 s, 59�C for 30 s, and 72�C for 45 s in a Bio-Rad C1000 Touch
Thermo Cycler. A standard curve was generated by serial dilution of
plasmid pAAV.CB7.CI.hIDS.RBG.KanR. qPCR results from analysis
are expressed as vector copies per genome equivalent.

Radiographic analysis of zygomatic arch

One week before euthanasia, all experimental animals underwent mi-
cro-computed tomography (CT) imaging using a Siemens Inveon
PET/CT machine. The animals were sedated with 5% isoflurane
before imaging. Micro-CT imaging produced DICOM (Digital
Imaging and Communications in Medicine) image files that were
converted to Imaris image file format using Imaris File Converter
software. The Imaris images were analyzed using Imaris 3D Analysis
software.

Histopathology

Processing of formalin-fixed tissues was carried out by a graded series
of alcohols. For H&E analysis, tissues were embedded in paraffin and
4-mm sections were cut and stained. For AB staining, 4-mm sections
were cut, deparaffinized, and hydrated to distilled water. Sections
were immersed in a solution of 3% acetic acid for 3 min and subse-
quently stained with AB for 30 min. After rinsing with running tap
water and then distilled water, the slides were counterstained with nu-
clear fast red. For LAMP1 IHC, 4-mm formalin-fixed, paraffin-
embedded (FFPE) sections were deparaffinized, rehydrated, and
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submitted to heat-induced antigen retrieval in EDTA. Slides were
incubated with a 1:500 diluted rabbit monoclonal anti-LAMP anti-
body (ab208943, Abcam) overnight at 4�C. Following this, the slides
were incubated with Rabbit Envision (Dako) for 30 min and then
chromogen 3,30-diaminobenzidine (DAB) before hematoxylin
counterstaining.

Barnes maze

The Barnes maze is a measure of spatial navigation and memory.75

The maze is composed of a circular platform with 20 holes located
around the periphery, all of which are blocked with the exception
of the escape hole. The escape hole has a box placed underneath,
which is accessible to the mouse. Visual cues are placed on the walls
surrounding the maze, which are used by the mice for spatial naviga-
tion. The mouse is placed in the center of the maze under bright over-
head lights and given 3min to explore the maze. If the mouse does not
enter the escape box within 3 min, it is gently guided to the escape
hole and left there for 15–30 s before returning to its home cage.
The mice were given trials on the Barnes maze four times a day for
4 days, with an interval of 10–20 min between any two consecutive
trials for eachmouse. The time taken by the animal to enter the escape
hole was recorded as latency to escape.

Statistics

Microsoft Excel was used for calculations and analysis. GraphPad
Prism was used for graphing and statistics. For plasma IDS and
urine GAG activity, the Welch and Brown-Forsythe version of
one-way analysis of variance (ANOVA) was used, followed by Dun-
nett’s T3 multiple comparisons test. For tissue IDS activity, tissue
GAG activity, and vector biodistribution, two-way ANOVA fol-
lowed by Tukey’s multiple comparisons test was used. One-way
ANOVA was utilized for group comparisons in radiographic data.
Multiple group comparisons were evaluated by two-way ANOVA
for Barnes maze. p values of <0.05 were considered statistically sig-
nificant for all tests.
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