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Recent trials in patients with neurodegenerative diseases
documented the safety of gene therapy based on adeno-
associated virus (AAV) vectors deposited into the brain.
Inborn errors of the metabolism are the most frequent
causes of neurodegeneration in pre-adulthood. In Sanfil-
ippo syndrome, a lysosomal storage disease in which hepa-
ran sulfate oligosaccharides accumulate, the onset of clinical
manifestation is before 5 years. Studies in the mouse model
showed that gene therapy providing the missing enzyme
o-N-acetyl-glucosaminidase to brain cells prevents neuro-
degeneration and improves behavior. We now document
safety and efficacy in affected dogs. Animals received eight
deposits of a serotype 5 AAV vector, including vector pre-
pared in insect Sf9 cells. As shown previously in dogs with
the closely related Hurler syndrome, immunosuppression
was necessary to prevent neuroinflammation and elimina-
tion of transduced cells. In immunosuppressed dogs, vec-
tor was efficiently delivered throughout the brain, induced
o-N-acetyl-glucosaminidase production, cleared stored
compounds and storage lesions. The suitability of the
procedure for clinical application was further assessed in
Hurler dogs, providing information on reproducibility, tol-
erance, appropriate vector type and dosage, and optimal
age for treatment in a total number of 25 treated dogs.
Results strongly support projects of human trials aimed at
assessing this treatment in Sanfilippo syndrome.
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INTRODUCTION
Several recent human gene therapy trials for the treatment of neuro-
degenerative diseases relied on the deposit of adeno-associated virus
(AAV) vectors directly into the brain. Results of phase I and phase
IT studies in Parkinson disease'* and of phase I studies in pediatric
neurodegenerative diseases*” indicated that this procedure is safe.
Lysosomal storage diseases represent the most frequent cause
of neurodegeneration in pre-adulthood. AAV-mediated direct gene
transfer to the brain has been considered for the treatment of several
neuropathic lysosomal storage diseases.® This approach is a particu-
larly appropriate treatment option for most forms of mucopolysac-
charidosis type IIT (MPSIIL, i.e., Sanfilippo syndrome). This disease
is a heterogeneous condition caused by the deficiency of one of the
lysosomal enzymes specifically required for the degradation of hep-
aran sulfate glycosaminoglycans (GAGs).”® Four genetic forms of
MPSIII have been described. Type A (MPSIIIA, OMIM #252900),
due to sulfamidase (SGSH; EC 3.10.1.1) deficiency, and type B
(MPSIIIB, OMIM #252920), due to o-N-acetylglucosaminidase
(NAGLU; EC 3.2.1.50) deficiency, are the most frequent. The accu-
mulation of incompletely degraded GAGs in affected cells and tis-
sues is the unique cause of cascades of pathological events. They
include the secondary accumulation of gangliosides (GM2 and
GM3), which possibly participate in neuropathology,” and the
progressive storage of intracellular vacuoles with lysosomal char-
acteristics throughout the central nervous system."” Disease onset
is before 5 years marked by hyperactivity and progressive mental
impairment and loss of social interaction. The severe neurological
consequences of the disease are in stark contrast to the relatively
mild somatic disease. By 10-15 years of age, affected children are
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disabled, often nonambulatory, requiring nutritional support, and
in a semivegetative state. They often succumb to their disease in
their mid-teens. Correction of the enzyme deficiency in the brain
and subsequent clearance of GAGs, GM2/GM3, and storage lesions
will presumably prevent or reduce the most severe clinical manifes-
tations of the disease. Indeed, AAV-mediated gene therapy in the
brain of the mouse models of MPSIIIA"' or MPSIIIB'>"* improved
neuropathology and animal behavior.

In order to translate proof-of-concept of efficacy from mouse
models to human application, we previously explored AAV-
mediated gene therapy in the brain in seven dogs with MPSL"
a disease closely related to MPSIIIL, in which a defect of the lyso-
somal enzyme a-iduronidase (IDUA; EC 3.2.1.76) interrupts the
degradation of both heparan and dermatan sulfate.”* MPSI (OMIM
#607014) differs from MPSIII by severe skeletal involvement and
by the relative efficacy of treatments based on hematopoietic stem
cell transplantation.”® Therefore, MPSI is not as attractive a candi-
date for brain-directed AAV-mediated gene therapy as is MPSIII.
The dog model of MPSI is nevertheless relevant for assessing tol-
erance and efficacy of gene therapy in a large animal developing
MPS-related brain pathology. Herein, we describe completion of
this treatment approach in 10 additional MPSI dogs, in which dif-
ferent treatment protocols were explored. Results reported here
emphasize the efficacy and reproducibility of the procedure and
provide useful information relative to the influence of vector type,
vector dose, and age at treatment.

At the onset of AAV therapy evaluation in the MPSI dog, no large
animal model of MPSIII was available. However, since that time a
canine model has been identified and characterized for MPSIIIB,'
which we have used in the present study to assess the safety and effi-
cacy of brain-directed AAV-mediated gene therapy for the treatment
of children with MPSIIIB. Affected animals do not express clinical
manifestations of the disease until ataxia occurs at late and varying
age (18-30 months). Like MPSI dogs, MPSIIIB dogs tolerated AAV-
mediated gene therapy well. Biochemical and pathological markers
of the disease were improved in the entire brain of treated animals.
We also confirmed that the combination of gene therapy with effi-
cient immunosuppression was required for treatment efficacy.

RESULTS

Treatment protocol and tolerance

The tolerance and efficacy of AAV-mediated gene therapy in the
brain was assessed in 25 young adult dogs with MPSIIIB (n = 9),
MPSI (n = 14), or not affected (n = 2). Analyses in MPSIIIB dogs
were performed in 12.2-18.5-month-old animals. Studied animals
belonged to three groups: untreated dogs (1 = 3), dogs treated with
the AAV2.5NAGLU vector without full immunosuppression (age
at treatment: 9.5 and 10.8 months, n = 2), and dogs treated with
AAV2.5NAGLU vector and immunosuppression (age at treatment:
7.6-14.1 months, n = 7). The latter group included two dogs that
received vector prepared in insect Sf9 cells using baculovirus vec-
tors (B12 and B15). Analyses in MPSI dogs were performed in
4.2-16.0-month-old animals. Studied animals belonged to four
groups: untreated dogs (n = 5, including one dog that received
immunosuppressant), dogs treated with the AAV5.5IDUA vec-
tor and immunosuppressant as young adults (age at treatment:
3.4-4.8 months, n = 4, partial data on these dogs have been

252

© The American Society of Gene & Cell Therapy

previously reported but are shown again to facilitate comparison
with new animals that received different treatment protocols’),
dogs treated with AAV2.5IDUA vector and immunosuppressant
as young adults (age at treatment: 3.9-5.2 months, n = 6), and dogs
treated with the AAV2.5IDUA vector and immunosuppressant
at older age (age at treatment: 7.3-10.0 months, n = 4). Analyses
of nonaffected dogs were performed at 1.6-17.0 months of age
(n = 7). Studied animals belonged to two groups: untreated dogs
(n=5), and dogs treated with the AAV2.5IDUA vector and immu-
nosuppressant (age at treatment 3.6 and 3.8 months, n = 2).

Treatment consisted of intracerebral deposits of AAV vector.
The surgical procedure was similar in all treated dogs. It con-
sisted of four stereotactic tracks with two 50-ul vector deposits
at different depth per track (total volume 320 ul, flow 2 pl/mn).
The eight successive vector deposits necessitated animal anes-
thesia for about 4 hours. Surgery was well tolerated. Minor side
effects were observed (hypotension, bradycardia, tachycardia,
and hyperthermia), which were transitory and easily accommo-
dated by anesthesia protocol adjustment. Animals experiencing
this episode had not significant postoperative issues. Transient
diminution of palpebral reflexes, fever and unstable blood pres-
sure, and respiration frequency, which spontaneously reversed
after 2-3 days, were observed in three animals. One dog (B99)
with a suspected hemostatic disorder not related to MPSIIIB after
a completely unremarkable surgery experienced semiparesis and
proprioceptive deficit that were fully resolved at 1 month.

Based on our previous observations, the administration of
immunosuppressant (a combination of cyclosporine and mycophe-
nolate mofetil) was mandatory to preventimmune response against
the therapeutic enzyme in MPSI dogs.”* Immunosuppression was
associated with frequent side effects, including the development
of papillomas (13 dogs, 52%), gingivitis (4 dogs, 16%), diarrhea
(19 dogs, 76%). Disability resulting from papillomas necessitated
euthanasia in five MPSI dogs with severe skeletal manifestations
of the disease. Reactions to immunosuppression had less severe
consequences in MPSIIIB dogs (papillomas in three dogs), which
appeared healthy at the time of treatment and during follow-up.

Treated MPSIIIB dogs were killed after 3.7-4.4 months. The
duration of follow-up of treated MPSI dogs was determined by
the health status and varied from 0.7 to 8.3 months. Brain tissue
was investigated to assess gene transfer efficiency and treatment
efficacy. Analyses consisted of vector genome (vg) quantification
by quantitative PCR (qPCR), assay of therapeutic enzyme activity,
dosage of primary and secondary storage products (GAG, GM2
and GM3), and histopathology examination. Storage lesion den-
sity was determined on histological sections stained by hematein-
eosin or luxol fast blue in order to provide an exhaustive view of
pathology throughout the brain. A semiquantitative scoring sys-
tem (0 indicating the absence of lesion, with 3 indicating severe
pathology) was used for cerebrum and cerebellum. The number of
luxol-positive storage lesions was determined in a defined surface
area of the caudate nucleus. Results are summarized in Table 1,
shown in Figures 1-4, and commented upon below.

AAV genome delivery

Efficient treatment of neuropathology in lysosomal storage dis-
eases supposes broad vector delivery to brain tissues. We previously

www.moleculartherapy.org vol. 19 no. 2 feb. 2011



© The American Society of Gene & Cell Therapy Gene Therapy in Mucopolysaccharidoses

Table 1 Overview of investigated dog groups, treatment conditions, and disease markers

Mean Mean Mean Lesions

Age Age AAV Vect. Genome Enzyme GAG GM2% GM3% path path path luxol +
Cli. Inject. anal.  Follow-up  vector dose % frag. % frag. ug/mg ganglio- ganglio- score score score caud.
Disease Treatment Dog exp. (months) (months) (months) type vg x10°"" IS >0.01 copy >0.1U protein sides sides  brain cereb menin. nucleus
MPSI  No D22 M - 72 - - - - ND 0 6.9 41 15.8 27 3 3 29.0
treatment o 9.5 - - - - ND 0 8.2 7.2 24 3 303 317
DIl M - 12 - - - + ND 0 9.5 46 15.9 3 3 3 242
D12 M - 12 - - - - ND 0 9.0 4.0 13.2 3 3 3 226
D18 M - 12 - - - - ND 0 8.3 39 13.7 3 3 3 19.7
AAV55 D6 S 34 42 0.9 5.5IDUA 5 4+ 65.6 27.1 34 1.9 8.8 15 3 12 9.0
early D7 M 39 6.8 2.9 5.5IDUA 5 4+ 58.0 100 43 1.8 6.1 15 2 1.2 1.7
with IS
D8 M 48 75 2.7 5.5IDUA 5 4+ 845 235 5.0 17 8.0 1.2 3 1.2 0.9
D9 M 4.1 12.0 8.3 5.5IDUA 5  + 100 955 3.0 1.7 54 15 1 05 1.9
AAV25 D23 M 44 7.8 35 2.5IDUA 20+ 100 67.5 3.5 23 6.6 1.5 3 15 100
early D30 M 4l 9.2 5.1 2.5IDUA 50+ 835 NA 37 2.6 94 12 3 15 53
s D31 M 43 8.9 46 2.5IDUA 5 4+ 44.0 NA 45 40 6.0 15 3 15 6.7
D33 M 39 8.8 49 2.5IDUA 5 4+ 79.0 NA 5.0 34 47 1.2 3 2 38
D37 M 52 75 22 2.5IDUA 5 4+ 91.5 NA 3.1 2.1 62 1.2 3 1.5 34
D29 S 48 55 0.7 2.5IDUA 5  + 100 NA 3.7 22 8.9 2.7 3 25 21
AAV25 DI5 M 8.9 10.0 1.3 2.5IDUA 5 4+ 100 210 119 8.7 245 27 3 3 48.0
lafe Di6 M 7.3 12.0 44 2.5IDUA 8+ 93.0 NA 32 2.8 62 25 3 2 5.9
i 1S DI7 M 100 16.0 6.0 2.5IDUA 21+ 100 60.5 4.0 26 6.6 3 3 25 170
D25 M 8.3 10.0 1.8 2.5IDUA 5  + 100 NA 3.8 25 5.6 3 3 3 49
MPSIIB No B95 A - 12 - - - - ND 0 283 63 225 27 3 3 16.6
treatment  pog 5 - 12 - - - - ND 0 206 57 182 3 303 28.1
B98 A - 12 - - - - ND 0 247 53 239 27 3 3 75.7
AAV25 B54 A 108 14.5 37 2.5NAGLU 5 - 63.0 0 245 3.1 9.0 3 3 3 476
nol§ B8° A 9.5 13.9 44 2.5NAGLU 5 4/— 440 0 14.8 34 10.1 3 NA 2 7.6
AAV25  B77 A 9.0 13.7 37 2.5NAGLU 5  + 100 92 11.8 1.4 59 1 3 15 3.8
withIS  pgo A g5 125 40  25NAGLU 5+ 905 285 86 26 68 17 3 25 43
BI8 A 141 18.5 44 2.5NAGLU 5 4+ 100 775 107 3.7 8.3 1.2 3 1 37
B63 A 8.5 12.2 36 2.5NAGLU 5 o+ NA NA 57 4.0 8.7 15 3 L5 44
B71 A 9.1 13.0 39 2.5NAGLU 5+ NA NA 6.2 36 9.8 1.2 3 2 45
BI2 A 8.6 12.3 37 2.5NAGLU* 5  + 100 70.0 53 33 6.3 1 3 1 3.0
BI5 A 7.6 123 44  2.5NAGLU* 5+ 92.0 812 6.9 3.7 7.2 1.2 3 1 5.1
Not No NO A - 7.6 - - - - ND ND 3.1 1.8 6.0 - - - -
affected - treatment - 1.6 - - - - ND ND 2.6 17 59 - - - -
N2 A - 34 - - - - ND ND 24 2.0 49 - - - -
N3 A - 115 - - - - ND ND 32 15 49 - - - -
N4 A - 9.0 - - - - ND ND 32 1.6 56 - - - -
AAV25 N5 A 36 17.0 13.5 2.5IDUA 5 4+ 89 ND 3.1 1.9 5.1 0 0 0 0
withIS  \6 A 338 16.1 114 2.5IDUA 5+ 083 ND NA  NA NA 0 0o o 0

Abbreviations: AAV, adeno-associated virus; IDUA, a-iduronidase; MPSIII, mucopolysaccharidosis type Ill; NAGLU, o-N-acetylglucosaminidase; ND, not determined.
This table provides information about the severity of the disease (Cli. exp.: A, absent; M, moderate; S, severe), the age (in months, mo) at treatment (age inject.), the
age at euthanasia (age anal.), the duration of follow-up (follow-up), the injected AAV vector type (AAV vector type, asterisks indicate the two dogs that received vector
prepared in Sf9 cells, B12 and B15), the total amount of vector genomes deposited in the brain (Vect. dose), the immunosuppressive treatment (IS), the proportion of
brain fragments in which >0.1 vector genome copy was detected (Genome % frag. > 0.1 copy), the proportion of brain fragments in which >0.1 unit of IDUA (MPSI
dogs) or NAGLU (MPSIIIB dogs) per mg of protein was measured (Enzyme % frag. > 0.1 U), the mean values of GAG, GM2 and GM3 assays (4 determinations per dog,
SEM are omitted here for clarity and shown in Figure 2), the mean of the semiquantitative pathology scores determined at four locations (frontal cortex, occipital
cortex, thalamus and caudate nucleus) in the brain (mean path. score brain, SEM are omitted here for clarity and shown in Figure 2), the semiquantitative pathology
score determined in the cerebellum (mean path. score cereb.), the semiquantitative pathology score determined in the meninges (mean path. score menin.), the
number of luxol fast blue positive lesions scored in a predefined area of the caudate nucleus (Lesions luxol + caud. Nucleus). NA: not available. For genomes and
enzyme (D30, D31, D33, D37, D29, B63, B71) missing values are due to inappropriate tissue fixation (see Materials and Methods section). For pathology score in the
cerebellum (B89), the missing value is due to the lack of fragment with cerebellar tissue.
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Figure 1 AAV vector genome spreading in dog brains. MPSI or MPSIIIB
dogs received AAV-mediated gene therapy and immunosuppressive treat-
ment. Brains were cut in 4-8 coronal slabs, which were further divided in
four fragments, producing 16-32 fragments per dog brain. Copy num-
bers of the endogenous B-glucuronidase gene or AAV vector genomes
were determined by quantitative PCR in DNA extracted from each
fragment. The ratio of these two values indicates the number of vector
genome copies/cell. Supplementary Figure $1 shows the distribution
in the brain of fragments containing >0.1 vector genome copies/cell. (a)
Histograms indicate the proportion of brain fragments in which >0.1 vec-
tor genome copy/cell was measured in each group of treated dog: MPSI
dogs treated with AAV5.5IDUA vector (n = 4), MPSI dogs treated with
AAV2.5IDUA vector (n = 10), MPSIIIB dogs treated with AAV2.5NaGlu
vector (n = 7). Data are means + SEM and not significantly different
between groups. Equivalent proportions indicate equivalent spreading
of the different vectors used in this study in dog brain. (b) Mean + SEM
of the proportion of fragments in which >0.1 vector genome copy/cell
was measured in MPSI dogs treated with AAV2.5IDUA vector before 5.2
months (D23, D29, D30, D31, D33, D37) or after 7.3 months (D15, D16,
D17, D25) of age. Data are not significantly different between groups.
AAV, adeno-associated virus; IDUA, o-iduronidase; MPSIIl, mucopolysac-
charidosis type lll; NAGLU, o-N-acetylglucosaminidase.

showed in MPSI dogs (D6, D7, D8, and D9) that AAV'5 capsids allow
delivery of vg to large portions of the brain.”” We confirmed these
findings in the additional MPSI dogs enrolled in the present study
and showed a similarly efficient spreading of the AAV2.5NAGLU
vector in the brain of MPSIIIB dogs (Table 1 and Supplementary
Figure S1).

The proportion of brain tissue samples in which vg were
detected by qPCR did not significantly differ between treated
MPSI, MPSIIIB, and normal dogs (Figure 1la, P = 0.057). We
nevertheless noticed that vg were more frequently detected in
the most caudal brain sections in MPSIIIB than in MPSI dogs.
Vector distribution did not differ between MPSI dogs treated with
AAV5.5IDUA or AAV2.5IDUA vectors (Figure 1a, P = 0.32), and
when the AAV2.5IDUA vector was injected in young or older
MPSI dogs (Figure 1b, P = 0.136).

All dogs received a total vector dose of 5 x 10" vg, with three
exceptions (D16, D17, and D23). The quantification of vg copy
numbers in brain tissue showed large variations depending on the
animal (Supplementary Figure S1). Maximal values ranged from
81 to 3,289 genome copies/cell in MPSI dogs and from 52 to 2,480
genome copies/cell in MPSIIIB dogs, without significant differ-
ence between these groups. Very low genome copy numbers were
detected in B54 (<1 genome copy/cell), a MPSIIIB dog that did not
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Figure 2 Improvement of disease markers in treated dog brains.
Biochemical and histological markers of disease severity in the brain were
measured in untreated normal dogs (n = 5), untreated MPSI dogs (n = 5),
MPSI dogs treated with AAV5.5IDUA vector (n = 4), MPSI dogs treated with
AAV2.5IDUA vector (n = 10), untreated MPSIIIB dogs (n = 3), and MPSIIIB
dogs treated with AAV2.5NaGlu vector (n = 7). All treated dogs received
immunosuppressants (data from B54 and B89, which were not fully immu-
nosuppressed, are not included). (a—c) Biochemical markers. (a) GAG, (b)
GM2, and () GM3 amounts were measured in brain extracts. Four values
corresponding to four brain regions were determined in each dog. Data are
means + SEM of all determined values in each dog group. (d,e) Histological
markers. Brain coronal slabs were processed for 4-um paraffin sections. (d)
Sections from the frontal cortex, the occipital cortex, the thalamus, or the
caudate nucleus were stained with hematoxylin—eosin. Cell vacuolation
was scored semiquantitatively from zero to three for each of these four
regions in each dog, zero indicating absence of observed storage lesions, 1
up to 20% of affected cells, 2 up to 50%, 3 >50% (scores of individual ani-
mals at each location are shown in Figure 3). A global score represented
by the mean of the four values was attributed to each dog. Histograms
indicate means + SEM of global scores in each dog group. (e) Sections of
the caudate nucleus were stained with luxol fast blue, which stains storage
lesions in blue. The total number of luxol fast blue positive lesions was
scored in a surface of 10.45 + 0.47mm? covering a region located between
the internal capsule to the brain surface. Data are means + SEM of values
determined in each dog group. Asterisks indicate significant differences
between groups (P < 0.05, Mann and Whitney test). AAV, adeno-associated
virus; GAG, glycosaminoglycan; IDUA, a-iduronidase; MPSIII, mucopoly-
saccharidosis type Ill; NAGLU, o-N-acetylglucosaminidase.

receive immunosuppressant. Genome copy numbers were also low
in B89 (maximal value 39 genome copies/cell), a MPSIIIB dog in
which immunosuppression was halted 2 months before sacrifice
due to digital papillomatosis. The highest vg copy numbers among
treated MPSIIIB dogs were measured in the two animals that
received vector prepared in Sf9 cells, indicating that this preparation

www.moleculartherapy.org vol. 19 no. 2 feb. 2011
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Figure 3 Reduction of cell vacuolation in treated dog brains. Brain
coronal slabs were processed for 4-um paraffin sections. Sections were
stained with hematoxylin-eosin and cell vacuolation was scored semi-
quantitatively from zero to three in the frontal cortex, the occipital cor-
tex, the thalamus and the caudate nucleus (1: up to 20% of affected
cells; 2: up to 50%; 3: >50%). (a) Examples of frontal cortex sections
scored 1 or 3 in treated (D30) or untreated (D14) MPSI dog, respec-
tively, and in treated (B18) or untreated (B98) MPSIIIB dogs, respectively.
(b) A color code indicates scores at each location for each treated or
untreated dog examined in this study. A global score represented by the
mean of the four determined scores is shown on the right (mean score).
This score is used in Table 1 and Figure 2d. All treated dogs received
immunosuppressant except B54, which did not receive immunosuppres-
sant, and B89, in which immunosuppressant was halted two months
before analysis. AAV, adeno-associated virus; MPSIII, mucopolysaccha-
ridosis type Ill.

method generates particles capable of efficient penetration of target
cells. Whereas vg copy number in D16 (dose: 8 x 10" vg, maximal
value 109 genome copies/cell) and D23 (dose: 20 x 10" vg, maximal
value 602 genome copies/cell) did not differ from the mean value
in dogs treated with the standard dose (5 x 10" vg, maximal value
477 * 261 genome copies/cell), significantly higher copy numbers
were measured in D17 (dose 21 x 10" vg, maximal value 1,603
genome copies/cell, P = 0.001, one-sample ¢-test).
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Figure 4 Residual lesions in dog brains. Four-micrometer paraffin sec-
tions of the caudate nucleus were stained with silver impregnation and
luxol fast blue, which reveals intracytoplasmic accumulation of glycosamin-
oglycans and gangliosides. Luxol fast blue positive accumulation is visible
in untreated MPSIIIB (D98) and MPSI (D14) dogs (left column), as well as
in B54, a MPSIIIB dogs that did not receive immunosuppressant (middle,
upper row) and in D17, a MPSI dog that was treated at the age of 10.0
months (right, bottom row). In contrast, luxol fast blue positive staining is
not visible in B18, a MPSIIIB treated dog that received immunosuppressant
(right, upper row) and D30, a MPSI dog that was treated at the age of 4.1
months (bottom, middle row). Bar = 50 um. AAV, adeno-associated virus;
IDUA, o-iduronidase; IS, immunosuppression; MPSIII, mucopolysacchari-
dosis type lll; NAGLU, o-N-acetylglucosaminidase.

Disease correction in MPSIIIB dogs

When compared to nonaffected animals, pathology in the brain of
1-year-old untreated MPSIIIB dogs was characterized by high lev-
els of GAG, GM2/GM3 gangliosides, high scores in semiquantita-
tive scoring of storage lesions, and a high density of quantitatively
measured luxol-positive storage lesions in the caudate nucleus
(Table 1 and Figures 2-4).

As previously observed for IDUA delivery in the brain of MPSI
dogs,”” NAGLU was detected in large parts of the brain in treated
MPSIIIB dogs that received immunosuppression (>70% in four
out of the five dogs in which analysis was performed (Table 1 and
Supplementary Figure S2). However, NAGLU activity remained
low or undetectable in the most rostral and most caudal regions
of the brain (especially in the cerebellum). Surprisingly, certain
distal areas in which NAGLU was not detected contained vg, as
shown by qPCR, suggesting that catalytic activity was too low for
detection by the enzyme assay, the sensitivity of which is actually
poor (0.1 U/mg of protein).

All pathology markers were improved in MPSIIIB dogs
that received immunosuppression, in comparison to untreated
MPSIIIB dogs (Table 1 and Figures 2 and 3). However, values
remained higher than in nonaffected dogs (GAG, P = 0.003;
GM2, P = 0.048; GM3, P = 0.005; storage lesions in the caudate
nucleus, P = 0.018, Figure 2). Moreover, storage lesions persisted
unchanged in the cerebellum and were partially and inconsistently
improved in the meninges (Table 1).

Consistently with our previous observations in treated MPSI
dogs that received low immunosuppressant regimen,"” NAGLU
activity was not detected in the brain of two dogs (B54 and B89)
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that did not receive full immunosuppressant regimen (Table 1
and Supplementary Figure S2). In B54, which never received
immunosuppressant, GAG levels and storage lesions were compa-
rable to untreated MPSIIIB dogs. GM2 and GM3 accumulations
were nevertheless significantly reduced (Table 1, P = 0.012 and
P = 0.018, respectively, one-sample t-test). However, pathology
was not corrected and intense inflammation was observed in the
thalamus (Figure 3). In B89, which received immunosuppressant
for 2 months followed by 2 months without immunosuppressant,
GAG (P = 0.048), GM2 (P = 0.015), GM3 (P = 0.022), and stor-
age lesions in the caudate nucleus (P = 0.032, one-sample ¢-test)
were significantly reduced, as compared to untreated MPSIIIB
dogs. However, inflammation was prominent in the thalamus,
perivascular spaces were infiltrated with macrophages, and stor-
age lesions were unchanged as compared to untreated MPSIIIB
dogs in the frontal and occipital cortex. These results confirmed
that immunosuppression was mandatory to preventing inflam-
matory response and allowing disease correction in the brain of
treated MPSIIIB dogs.

Disease correction in MPSI dogs

When compared to nonaffected animals, pathology in the brain of
untreated MPSI dogs was marked by high levels of GAG, GM2/GM3
gangliosides, high scores in the semiquantitative scoring of storage
lesions, and high density of luxol fast blue positive storage lesions in
the caudate nucleus (Table 1 and Figures 2 and 3). When compar-
ing approximately age-matched animals (7-12 months), GAG stor-
age and GM3 accumulation were more marked in MPSIIIB than in
MPSI dog (Figure 2, P = 0.036 and P = 0.053, respectively).

With the exception of one dog (D29), all pathology markers
were improved in MPSI dogs treated at early stage of the disease.
Values were not significantly different between MPSI dogs treated
with AAV5.5IDUA or AAV2.5IDUA (Table 1 and Figure 2).
However, considering these two groups of treated MPSI dogs
together, as observed for treated MPSIIIB dogs, values remained
higher than in nonaffected dogs, indicating persistent low level
of GAG storage (P = 0.005), GM2/GM3 ganglioside accumula-
tion (P = 0.001 and P = 0.040) and storage lesions in the caudate
nucleus (P = 0.003). Storage lesions persisted in the cerebellum
and were only partially improved in the meninges (Table 1).

One animal (D29) showed a contrasting result. Whereas histol-
ogy was not improved compared to untreated MPSI dogs (Table 1
and Figure 3), GAG, GM2, and GM3 values were lower than in
untreated MPSI dogs (Table 1, P < 0.001, P = 0.015, P = 0.011,
and P = 0.011, respectively, one-sample t-test). We assume that
this dissociated phenotype was related to the short delay between
treatment and analysis (0.7 months).

Noticeably, whereas disease correction was fully effective in
MPSIIIB dogs treated between 7 and 14.1 months of age, markers
of pathology were either not improved or only partially improved
in MPSI dogs that received treatment after the age of 7 months,
especially with regards to histological lesions (Table 1 and
Figure 3). In D15, which was treated at 8.9 months and analyzed
shortly after (1.3 months), biomarkers and histology did not show
improvement as compared with untreated MPSI dogs. In D17,
which was treated at 10 months and followed up for 6 months,
biomarkers were improved but histology indicated major residual
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lesions. In D16 and D25, which were treated at 7.3 and 8.3 months
and followed up for 4.4 and 1.8 months, respectively, biomark-
ers were normalized, residual lesions were minimal in the caudate
nucleus, but storage lesions persisted at other locations.

DISCUSSION

We report herein on a comprehensive study of 25 adult dogs that
underwent AAV-mediated direct gene therapy in the brain and 13
untreated control dogs. This study extends and confirms our pre-
vious conclusions about the safety and efficacy of this treatment
in dog models of MPS." We provide evidence for tolerance and
phenotypic improvement in MPSIIIB, a disease that represents
a good candidate for clinical evaluation of gene therapy. Results
obtained in the two investigated dog models are fully consistent.
The high number of animals that were safely and successfully
treated emphasizes the reproducibility of the procedure and its
suitability for human application.

AAV vector delivery to the brain

Efficient spreading of vector particles in the brain is crucial for
the treatment of diseases like many of the MPSs in which pathol-
ogy is widespread in the central nervous system. We previously
showed in mice,” dogs,"”” and monkeys' that surgical deposits
of AAV5 vectors particles in the brain ensures efficient spread-
ing of vg throughout the cerebrum. These observations were fully
confirmed in the present study performed in a large number of
dogs. Results showed that after eight deposits of AAV5 particles in
the brain through four stereotactic tracks, the average proportion
of the dog brain in which vg were detected was in the range of
85%. Eight dogs showed vg at all investigated territories. Similar
spreading was observed when AAV2 or AAV5 genomes were
packaged in AAVS5 particles. Two dogs that received a fourfold
higher vector dose were positive throughout the brain, but only
one showed higher mean vg copy numbers than the mean value
in the 23 animals treated with the regular dose of 5 x 10" vg, sug-
gesting that the efficiency of vector delivery to brain tissues was
not strictly related to the amount of deposited vector particles. For
the same vector batch, vg copy numbers in tissues were actually
highly variable depending on the animal and the examined brain
territory. The analysis of two normal dogs, which received the
AAV2.5IDUA vector and were followed up for ~1 year, indicated
that high-vector copy number and widespread distribution in the
brain persisted over the long term.

Vector particle deposition was well tolerated. Examination of
injection sites at various time points after vector deposition (from
3 weeks to 13.5 months) did not reveal, in the presence of concur-
rent immunosuppression, either persistent local inflammation, or
sequel of inflammatory reaction, even in the animals that received
the highest vector dose (2 x 10" vg at each deposit site). Thus, a
deposit of 2 x 10" vg was well tolerated. This finding is important
when discussing the adequate vector dosing for treating human
patients. Vector tolerance was equally good and spreading equally
efficient in the two MPSIIIB dogs that received vector particles
produced in insect cells using baculovirus vectors, as compared
to dogs that received AAV vector prepared by co-transfection
of human embryonic kidney 293 human cells with plasmid
DNA. The AAV vector production method based on the use of
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baculovirus vectors to deliver packaging components to Sf9 cells
is well adapted to large scale manufacturing processes required
for clinical batches preparation.’® Our results indicate that this
method of production should be considered for human trials.

Disease correction

MPSI or MPSIIIB dogs do not express clinical manifestations of
central nervous system disease at the ages animals were treated and
followed-up. Whereas ataxia occurs at advanced stage of the dis-
ease in MPSIIIB dogs, animal age at onset is not a reliable clinical
marker because of major variations among affected animals and
of the absence of an appropriate description of the natural history
of the canine disease. Life span, which depends on the affection of
peripheral organs in MPSI dogs and of humane decision in MPSIIIB
dogs developing ataxia, is also not an adequate clinical marker. We
therefore relied on biochemical markers (GAGs and GM2/GM3
levels) and histological markers to assessing disease severity in dog
brain. As pathology associated to MPSI and MPSIIIB is spread
throughout the central nervous system, these markers were inves-
tigated in the entire brain using adequate methodologies.

Biochemical and histological markers were consistently
improved in the almost entire brain in all treated dogs that received
immunosuppressant (16 dogs). Improvement of biochemical
markers with persistent histological lesions was observed in few
dogs, D29 which was examined early after treatment (0.7 months),
three MPSI dogs that were treated after the age of 7.3 months of
age (D16, D17, D25), and two MPSIIIB dogs that did not receive
immunosuppressant (B54, B89). These results suggest that clear-
ance was more rapid and more easily obtained for stored products
than for storage lesions. We do not know which of these markers
is the most relevant to clinical manifestations in children. With
respect to future therapeutic trials, GAG and GM2/GM3 gan-
glioside concentrations in the cerebrospinal fluid (CSF) represent
potential surrogate markers of pathology severity in the brain, and
therefore potential end points for the assessment of treatment effi-
cacy in human trials. The observation of a possible dissociation
between biochemical and histological markers emphasizes the
importance of considering clinical end points in complement to
biomarker assays on CSF to assess treatment efficacy in children.

Although biochemical and histological markers were con-
sistently improved in 16 treated dogs that received immuno-
suppressant, treatment did not result in the complete resolution
of disease-associated storage in the brain. Whereas GAG and
GM2/GM3 gangliosides levels were close to normal values, they
remained elevated relative to those of normal dogs, and residual
histological lesions persisted. We do not know whether this resid-
ual disease will result in clinical symptoms in treated children.
Treatment efficacy was also limited by the lack of improvement
in the cerebellum, which was consistent with the almost total
absence of vg in this tissue. We presume that an additional local
vector deposit will be necessary to treat cerebellar disease and
associated signs in children.

The age of MPSI dogs at the time of treatment affected efficacy.
The four MPSI dogs treated after the age of 7.3 months showed
either no improvement (D15), improvement of biological markers
only (D17), or improvement of biological markers and histologi-
cal lesions near vector deposition sites but not at distant locations
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(D16 and D25). These results may represent an age corollary in the
canine model to young severely affected MPSI patients, where it is
recognized that hematopoietic stem cell transplantation is not effi-
cacious for patients older than 24 months.® In contrast, MPSIIIB
dogs responded fully to treatment when treatment was initiated at
9.2 £ 2.2 months. This result suggests different kinetics of disease
progression may apply to canine MPSI and MPSIIIB.

Immunosuppression
A major determinant of treatment safety and efficacy was immu-
nosuppression. Confirming our previous observations in MPSI
dogs that received low immunosuppressant regimen,'> we show
that absence (B54), or interruption (B89) of immunosuppressant
in MPSIIIB dogs resulted in low vector copy numbers, absence of
detectable NAGLU activity in brain extracts, almost unchanged
pathology severity and marked inflammatory reaction. These
results unambiguously indicate that effective immunosuppression
will be mandatory for treatment safety and efficacy in children.
Immunization against the therapeutic recombinant enzyme is fre-
quent in children receiving enzyme replacement therapy, including
in patients with residual enzyme activity."” Thus, the synthesis of a
mutant protein does not necessarily induce tolerance to the wild-
type molecule. We previously showed that the immune response
was directed against both the vector components and the thera-
peutic enzyme IDUA in treated MPSI dogs.”> We therefore pre-
sume that a similar reaction occurred against NAGLU in treated
MPSIIIB dogs. However, the presence of anti-NAGLU antibodies
in treated dog brain extracts could not be documented because
antibodies are not available to designing appropriate assays. Low
vg copy numbers in dogs that did not receive immunosuppres-
sant is consistent with the immune elimination of transgenic cells.
Interestingly, the improvement of biological markers in B54 and
B89 suggests that transient delivery of the therapeutic enzyme pre-
ceding immune reaction might have been sufficient to clear pri-
mary storage products (GAGs), at least partially and transiently.
This extensive study in dogs provides large animal valida-
tion for a treatment of central nervous system manifestations of
MPSI and MPSIIIB in affected children using AAV-mediated gene
therapy directed to the brain. Patients with MPSIII represent the
group of neuropathic MPS patients with the most urgent need for
an effective treatment that targets the brain. Indeed, in contrast to
MPSI, MPSIII does not appear to be improved by hematopoietic
stem cell transplantation and is not associated with severe periph-
eral manifestations. The devastating natural course of this disease
may mitigate consideration of such an approach to therapy, in spite
of the known or potential and unforeseeable risks of gene therapy,
in addition to the well-documented risks of immunosuppression.

MATERIALS AND METHODS

AAV vector structure, construction, and production. The structure of the
AAV5.5-hIDUA vector was previously reported.?’ Briefly, this vector con-
tains the murine phosphoglycerate kinase (pgk) gene promoter, the human
complementary DNA (cDNA) coding for IDUA, the woodchuck post-
translational response element and the bovine hormone polyadenylation
site. The AAV2.5-hIDUA has a similar structure in an AAV2 backbone.
The AAV2.5-hNAGLU contains the murine phosphoglycerate kinase gene
promoter, the human ¢cDNA coding for NAGLU and the bovine hormone
polyadenylation site, but does not contain woodchuck post-translational
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response element. Vector production in human embryonic kidney 293
cells was performed as previously described.”

For production in S9 cells, the human NAGLU cDNA was previously
cloned into a pUC-derived plasmid, pKAAV-PGK-hNAGLU-pA, which
contains the hNAGLU c¢DNA under the control of the mouse PGK gene
promoter and the bovine hormone polyadenylation site. The fragment
containing the ITR and the hNAGLU expression cassette was cloned into
the pPSC10 transfer plasmid (Protein Science, Meriden, CT). The sequence
of the final clone was verified by DNA sequencing. A recombinant hNAGLU
baculovirus (BAC-hNAGLU) was generated by co-transfection of Sf9 cells
with the pPSC10-hNAGLU transfer plasmid and the linearized polyhedrin
gene-deficient ACNPV virus genome. Titration and integrity testing of
BAC-hNAGLU was performed by qPCR. The rAAV5-hNAGLU vector
was produced by triple-infection of Sf9 cells with BAC-Rep, BAC-Cap5
and the BAC-hNAGLU, as described.”® Seventy-two hours before infection,
baculovirus stock was amplified by infection of Sf9 cells. Seventy-two hours
postinfection, Sf9 cells were counted to determine the percentage of viability,
and were harvested by centrifugation (1,900¢ for 15 minutes at 4 °C). Cells
werelysed at 28 °Cfor 1 hour under agitation and then treated with Benzonase
(Merck, Lyon, France) for 1 hour at 37°C. Supernatant was clarified by
centrifugation at 1,900g for 15 minutes at 4 °C and further purified by affinity
chromatography using AVB Sepharose High-Performance affinity medium
(GE Healthcare, Velizy, France). A second purification step was added using
a discontinuous iodixanol gradient protocol as previously described.?! The
fraction containing the higher quantity of vg (determined by qPCR) was
ultrafiltrated trough Vivaspin 15 centrifugal tubes (30000 MWCO; Sartorius
Stedim, Aubagne, France) and diafiltrated. The final product was formulated
in a solution of phosphate-buffered saline with 5% sucrose.

MPSIIIB dogs. The canine model of MPSIIIB has been previously
described.'® All animal studies involving MPSIIIB were conducted at Iowa
State University and followed both National Institutes of Health and United
States Department of Agriculture guidelines for the care and use of dogs in
research. All protocols were conducted according to protocols reviewed and
approved by the Iowa State University IACUC committee. Heterozygous
and affected MPSIIIB breeders were used to produce affected MPSIIIB
dogs. Dogs were diagnosed at birth by a PCR assay for the mutant NAGLU
allele. The natural history of the disease in these dogs is such that animals
are apparently healthy until 18-30 months, after which they progressively
develop severe ataxia. This dog colony carries an additional genetic defect
(von Willebrand deficiency), that is unrelated to MPSIIIB and which
was identified after the first three dogs were treated (B54, B77, and B99).
Subsequent animals were tested to confirm their nonaffected status with
regard to von Willebrand factor.

MPSI dogs. Heterozygous MPSI breeders were obtained from Dr E. Kakkis
(BioMarin Pharm, Novato, CA) and Dr H.P. Kiem (Fred Hutchinson Cancer
Research Center, Seattle, WA). Dogs carrying the recessive mutation under-
lying canine MPSI* were bred at the Centre de Boisbonne of the National
Veterinary School of Nantes. Homozygous puppies (MPSI dogs) were diag-
nosed at birth by IDUA assay showing the absence of detectable activity
in peripheral blood lymphocyte extracts. Clinical symptoms of MPSI were
noticed soon after birth in most severely affected dogs and before 3 months
of age in all MPSI dogs. Symptoms included corneal clouding, facial dys-
morphism, dysostosis multiplex, umbilical hernia, liver failure, and holo-
systolic cardiac murmur. The Institutional Animal Care and Use Committee
of the National Veterinary School of Nantes and the University of Nantes
approved experiments, which were performed by authorized investigators.

Surgery. MPSI dogs were anesthetized with a combination of medetomi-
dine (Domitor; Pfizer, Paris, France), morphine (Morphine; Aguettant,
Lyon, France), and ketamine (Imalgéne; Merial, Villeurbanne, France)
given intravenously as induction drugs. After endotracheal intubation,
anesthesia was maintained with 1.5% isoflurane. For MPSIIIB dogs,
anesthesia consisted of isoflurane inhalation (3% vol/vol) and morphine
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injection (0.1 mg/kg). Dogs were monitored by clinical observations, respi-
ratory rate measurement, temperature measurement, electrocardiography,
pulse oximetry, and capnography. Vector was deposited at two locations
(four deposits) in each brain hemisphere during a single session. Tracks
targeted the putamen and the centrum semiovalae (0.2mm rostral and
10mm caudal, respectively, 15mm lateral to the bregma, depth 10 and
20mm). All treated animals received the same vector suspension volume
(8 x 40 ul) at the same injection flow (2 ul/minute). Amounts of deposited
vector depended on vector concentrations in the deposited suspension
(5 x 10" vg, 1.5 x 10" vg/ml; 8 x 10" vg, 2.5 x 10" vg/ml; 20 x 10" vg,
6.5 x 10" vg/ml). No immediate or early severe side effect presumed to be
directly related to surgery or vector deposits was noticed.

Immunosuppression. Inmunosuppressants consisted in the combination
of mycophenolate mofetil (800 mg/m?*/day) and a weekly-adjusted dose of
cyclosporine to maintain cyclosporinemia >300 ng/ml.

Tissue processing. MPSI dogs were killed by over anesthesia when they
become unable to stand on their legs or stop taking food. MPSIIIB dogs
were killed ~4 months after surgery. Anesthetized animals were perfused
with 150 ml of phosphate-buffered saline and 600 ml of 4% paraformalde-
hyde in phosphate-buffered saline. Brain hemispheres were immediately
cut into 4-mm thick coronal slabs (1 = 15-17). Every third slab was used
for vg and NAGLU or IDUA activity detection, GAG and ganglioside
assays, and histology, respectively. Slabs used for genome detection and
enzyme assays were divided in dorsal lateral, dorsal median, ventral lat-
eral, and ventral median quarters. Each quarter was cut into ~100 mg frag-
ments, which were submitted to three freeze-thaw cycles after the addition
of water (200 ul). DNA was extracted from nuclear pellets, and pools corre-
sponding to each entire quarter were used for JPCR. Pools of supernatants
were similarly used for enzyme assay. We usually recovered in the range of
40 pg of DNA and 15-20 mg of protein/gram of tissue. Much lower values
suggested that tissue fixation had been too intense to allow efficient extrac-
tion and did not allow reliable vector detection (B63, B71), or enzyme
assay (D29, D30, D31, D33, D37, B63, B71). For GAG and gangliosides
assays, four samples were analyzed for each dog brain. Each sample con-
sisted in the mixture of two slabs (two rostral left, two rostral right, two
dorsal left, and two dorsal right). Values indicated in Table 1 and Figure 2
are means + SEM of the four measured values.

Determination of vg copy numbers by qPCR analysis. Sequences from
the human NAGLU cDNA, the human IDUA cDNA and the canine
B-glucuronidase gene were amplified. Vg copy numbers were determined
by qPCR. Sequences from the human NAGLU ¢cDNA or human IDUA
c¢DNA were amplified using either SyberGreen (D6, D7, D8, D9), or
Tagman (other dogs) qPCR methods. Equivalent efficiency of the Tagman
and SyberGreen methods was previously documented in this context.””
Reference curves were established by determining cycle threshold (Ct) val-
ues for the amplification of serial dilutions of plasmid DNA containing the
human NAGLU* or IDUA* cDNA (38-6 x 10° copies). The same sequences
were simultaneously amplified from serial dilutions of dog brain genomic
DNA (0.156-50ng of DNA/reaction). Vg copy numbers were calculated
for every Ct according to reference curves and expressed for 2N genomes
accordingtomeasured canine 3-glucuronidase genecopynumbers. Primers
and probes: human NAGLU ¢DNA, 5-CAGTGCTGCCTGCATTCG-3’
(forward), 5-GTGACATTGACCTGCATTCG-3’ (reverse), 5-FAM-TT
CCCGAGGCTGTCACCAGG-TAMRA-3’ (probe); human IDUA cDNA,
5"-ACTTGGACCTTCTCAGGGAGAAC-3" (forward), 5-CACCTGCT
TGTCCTCAAAGTCA-3’ (reverse), 5-FAM-CAGCGCCTCGGGCCAC
TTCA-TAMRA-3’ (probe); canine B-glucuronidase gene exon 9, 5’-AC
GCTGATTGCTCACACCAA-3’ (forward), 5'-CCCCAGGTCTGCTTCA
TAGTTG-3’ (reverse), 5'-FAM-CCCGGCCCGTGACCTTTGTGA-TAM
RA-3’ (probe). Amplification parameters were as previously described.'®
The assay sensitivity threshold was 0.1 copies per diploid genome.
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a-N-acetyl glucosaminidase and o-i-iduronidase asays. NAGLU and
IDUA assays were performed as described.?* Tissue was homogenized in
water, submitted to three freeze/thaw cycles and centrifuged at 13,000 r.p.m.
for 3 minutes. Detection threshold enzyme activity in tissue extract was
0.1 U/mg of protein.

Histology. Neuropathology was assessed on full-hemisphere coronal
slabs that had been fixed in 4% paraformaldehyde, embedded in paraffin,
and cut into 4-um sections. In treated dogs, sections were prepared from
slabs adjacent to those in which vg and IDUA or NAGLU were assayed,
providing information about gene and enzyme delivery at the examined
locations. Sections were stained either with hematoxylin-eosin for semi-
quantitative analyses or with periodic acid-Schiff APS and luxol fast blue
associated to Bodian’s silver impregnation for quantitative analysis of
residual lesions.

Storage lesions quantification. Semiquantitative analyses were performed
in four neuroanatomic areas (frontal cortex, caudate nucleus, thalamus,
and occipital cortex). Lysosomal distension was scored according to the
percentage of vacuolated cells (absence = 0; presence in up to 20% of the
cells = 1; up to 50% = 2; >50% = 3). For quantitative analysis of storage
lesions, neuronal profiles were scored as positive when their cytoplasm
contained luxol-stained granules. A 97.7% scoring reliability was measured
using materials from five untreated MPSI dogs. Lesions were not detected
in nonaffected dogs.

Analysis of gangliosides. Samples were homogenized with a minimum
volume of water (10% vol./weight). Total lipids were extracted from water
homogenates” isolated and desalted using reverse-phase Bond Elut C18
columns (Varian, Buc, France).”® Gangliosides were separated on G60
high-performance thin-layer chromatography plates (Merck), visualized
by resorcinol/HCI and quantified by densitometry. Data (mean of dupli-
cates) were expressed as molar percentage of total gangliosides.

GAG assay. Frozen samples were homogenized with a minimum volume of
water (10% vol./weight). Defatted pellets were dried and weighed. Dried res-
idues were digested overnight at 65 °C with papain (0.3% wt.:vol.) in 3 ml of
100 mmol/l sodium acetate buffer pH 5.5 containing 5mmol/l cysteine and
5mmol/l EDTA. After centrifugation, GAGs were measured in the superna-
tant with a dimethylmethylene blue dye-binding assay. Briefly, 200 ul of the
supernatant was added to 2.5ml of dimethylmethylene blue reagent® and
the absorbance at 535nm was measured. Heparan sulfate (H7640; Sigma-
Aldrich, St Quentin-Fallavier, France) was used as standard. Data (mean of
duplicates) were expressed as ug of GAGs per mg of dried pellet.

Statistical analysis. Statistics were performed using the SPSS software
(SPSS). The assumption that the values follow normal distribution was ver-
ified by the Shapiro-WilK’s test. Indicated P values were calculated using
Student’s t-test, except when specified otherwise.

SUPPLEMENTARY MATERIAL

Figure $1. Spreading of AAV vectors in treated dog brains.

Figure S2. Spreading of IDUA or NaGlu activity in treated dog
brains.
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