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Mucopolysaccharidosis IlIA (MPS IlIA or Sanfilippo disease)
is a neurodegenerative disorder caused by a deficiency
in the lysosomal enzyme sulfamidase (SGSH), cataboliz-
ing heparan sulfate (HS). Affected children present with
severe behavioral abnormalities, sleep disturbances, and
progressive neurodegeneration, leading to death in their
second decade. MPS |, a similar neurodegenerative disease
accumulating HS, is treated successfully with hematopoi-
etic stem cell transplantation (HSCT) but this treatment is
ineffectual for MPS [lIA. We compared HSCT in MPS IlIA
mice using wild-type donor cells transduced ex vivo with
lentiviral vector-expressing SGSH (LV-WT-HSCT) versus
wild-type donor cell transplant (WT-HSCT) or lentiviral-
SGSH transduced MPS 1lIA cells (LV-IIA-HSCT). LV-WT-
HSCT results in 10% of normal brain enzyme activity, near
normalization of brain HS and GM2 gangliosides, signifi-
cant improvements in neuroinflammation and behavioral
correction. Both WT-HSCT and LV-IlIA-HSCT mediated
improvements in GM2 gangliosides and neuroinflamma-
tion but were less effective at reducing HS or in ameliorat-
ing abnormal HS sulfation and had no significant effect
on behavior. This suggests that HS may have a more sig-
nificant role in neuropathology than neuroinflammation
or GM2 gangliosides. These data provide compelling evi-
dence for the efficacy of gene therapy in conjunction with
WT-HSCT for neurological correction of MPS IlIA where
conventional transplant is ineffectual.
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INTRODUCTION

Mucopolysaccharidosis IIIA (MPS IIIA or Sanfilippo type A) is
a neurodegenerative lysosomal storage disease resulting from a
deficiency in the enzyme sulfamidase (N-sulfoglucosamine sulfo-
hydrolase, SGSH, EC 3.10.1.1), caused by mutations in the SGSH
gene.! The enzyme deficiency leads to accumulation of heparan

sulfate (HS) in cells, leading to cellular and organ dysfunction,
particularly in the brain.! Patients present with progressive failure
to achieve developmental milestones, severe behavioral changes
including hyperactivity and sleep disturbances, later cognitive and
motor function decline and a markedly shortened lifespan.’* The
age of presentation and severity of symptoms varies significantly.
Disease neuropathology is poorly understood, with several factors
probably contributing to the onset of disease including primary
HS storage in the brain, secondary storage of GM gangliosides,
amongst other lipids,*® and severe neuroinflammation.®® There
are no current treatments for MPS III.

Intravenous enzyme replacement therapy is a successful
treatment for attenuated MPS diseases storing HS, such as MPS
I Hurler-Scheie, which has limited neurological involvement
due to residual enzyme activity in the brain. In this case, deliv-
ered recombinant enzyme is taken up by mannose-6-phosphate
receptors and cross-corrects residual enzyme-deficient recipient
cells. However, the presence of antibodies against the recombinant
enzyme may limit the effectiveness of this therapy.” Since enzyme
is unable to cross the blood brain barrier, intravenous enzyme
replacement therapy is ineffective in neuronopathic MPS diseases
including MPS I Hurler (IH) and MPS IIIA.

Patients with MPS IH usually receive hematopoietic stem cell
transplantation (HSCT).!*!! Donor cells repopulate the recipient’s
hematopoietic system and engrafted donor leukocytes secrete
enzyme that can cross-correct cells in the periphery. In addition,
monocytes traffic from the bone marrow into the brain where they
differentiate into microglial cells and mediate cross-correction in
the recipient central nervous system.'? As long as treatment is
delivered early in life, this results in significant beneficial effects
on cognitive outcomes, lifespan, and peripheral bone and joint
disease in MPS IH patients.'*!"!?

In contrast, MPS IIIA patients show increased lifespan but no
significant neurological improvements after HSCT, despite stor-
age of very similar substrates in the brain.”*"* Following unre-
lated cord blood transplants, one year patient survival rates are
similar (77% MPS IH, 79% MPS III) but 3-year patient survival is
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markedly different (75% MPS IH, 56% MPS III), suggesting that
engraftment is successful but that transplant is not curative for
MPS II1." We have recently reported that metabolic correction
(expressed as reduction of glycosaminoglycan (GAG) substrate),
of MPS I patients receiving transplants from heterozygote donors
with one enzyme gene copy, is less complete than those receiv-
ing unrelated transplants from homozygous donors with two
enzyme gene copies.'® HSCT failure in MPS IIIA patients could
therefore be due to insufficient enzyme being produced by donor-
derived microglia in the brain,”*!* while gene therapy could be an
approach to increase secreted enzyme in the brain beyond that
achieved by wild-type transplantation.

A clinically relevant gene therapy approach for MPS IIIA and
the clinically indistinguishable MPS IIIB, is direct brain delivery
of recombinant AAV.*''® However, this approach is very invasive
and has potential scale-up issues with limited distribution of vec-
tor from the injection sites in the brain,'** as well as the potential
for immune responses in patients exposed directly to vector or
enzyme.”!

The alternative approach of ex vivo gene delivery to HSCs,
using a lentiviral vector (LV-HSCT), has become progressively
more clinically achievable for neurodegenerative metabolic dis-
eases in recent years. This is due to vastly improved HSCT survival
rates, of over 90% for MPS IH,' and several studies showing the
potential for correction of neurodegenerative diseases via HSC
modification.”?* Ex vivo LV-HSCT was used to replace the arylsul-
fatase A enzyme in a mouse model of metachromatic leukodystro-
phy, and achieved 10% of normal brain enzyme and neuronal
correction,” which has resulted in an ongoing clinical trial. In
MPS 1, erythroid-specific LV-HSCT resulted in neurological cor-
rection of mice,” while another LV-HSCT approach has resulted
in 4.5-fold increases in brain enzyme and significant improve-
ments in peripheral disease in MPS I mice.”> In mouse models of
MPS IITA and IIIB, HSCT alone is unable to correct the neurologi-
cal phenotype.'”?” However, an oncoretroviral HSCT approach in
MPS IIIB mice resulted in 25% of normal brain enzyme levels in
two cases; although copy numbers were not stated and behavioral
analysis was not performed.” No data are published on LV-HSCT
in MPS ITIA.

To evaluate the efficacy of LV-HSCT against normal HSCT
in MPS IITA mice we compared MPS IIIA mice receiving either
WT or MPS IIIA cells that were ex vivo transduced with an
SGSH expressing lentiviral vector, against mice receiving normal
WT-HSCT. We have demonstrated that LV-HSCT in WT cells can
significantly increase the SGSH enzyme activity in the brain, nor-
malize brain HS, reduce secondary pathology, and correct behav-
ior of MPS IITA mice where normal HSCT fails.

RESULTS

Transduction with SGSH lentiviral vector results in
significant gene expression without toxicity

We constructed a lentiviral vector-expressing human SGSH or
enhanced green fluorescent protein (eGFP) under the internal
spleen focus-forming virus (SFFV) promoter (Figure 1a). To con-
firm that microglia could over-express SGSH without toxicity, the
human microglial cell line, CHME3, was transduced at an multi-
plicity of infection of 10 with the lentiviral vector containing eGFP
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or SGSH. A 73-fold increase in cellular SGSH activity (Figure 1b)
and a 37-fold increase in secreted SGSH activity was observed
without cellular toxicity. We then transduced WT and MPS IIIA
lineage depleted (lin-) bone marrow at an multiplicity of infec-
tion of 25 with the lentiviral vector containing eGFP or SGSH.
A 15- and 12-fold increase over WT, in cellular SGSH activity
(Figure 1c) was present in SGSH transduced WT and MPS IIIA
HSCs respectively and a 18- and 19-fold increase in secreted SGSH
activity. We then assessed the effect of transduction on the num-
ber of colony-forming units using methylcellulose culture. There
was no difference in the total number of colonies with WT lin~ cls
(Figure 1d) or MPS IIIA lin~ cells (Figure 1g). There was also no
difference in the proportion of different colony types with WT lin-
cells (Figure le), however, with MPS IIIA lin- cells there was a
reduction in the proportion of colony-forming unit-M after SGSH
transduction (P = 0.036) (Figure 1h). There was a trend towards
higher vector copies in the eGFP transduced colonies compared
to SGSH but this was only significantly elevated in colony-form-
ing unit-G with MPS IIIA lin~ cells (Figure 1£,i).

LV-HSCT results in significantly increased SGSH
activity in the MPS IllA brain

In order to evaluate whether ex vivo transduction of HSCs using
LV-SGSH could improve treatment outcomes in MPS IITA mice,
WT, or MPS IIIA lin~ bone marrow was either mock-transduced
or transduced with LV-SGSH before transplant into busulfan
myeloablated 6-8-week-old MPS IIIA mice (n = 16 per group)
(Figure 2a). Age-matched control groups of WT to WT trans-
plant, untransplanted WT and MPS IIIA were used for compari-
son (n = 16 per group). At 16 weeks post-transplant, peripheral
blood chimerism was 88, 89, and 90% in the LV-WT-HSCT,
LV-IITA-HSCT, and WT-HSCT groups, respectively (Figure 2b).
The average copy number of the biochemistry/histology group
(Figure 2-4 and Supplementary Figure S1) was 0.47 integra-
tions per white blood cell for LV-WT-HSCT and 0.11 integra-
tions for LV-IITA-HSCT groups (Figure 2c), however, the copy
number for the LV-WT-HSCT survival group (Figure 6) was
only 0.16 and for LV-IITA-HSCT was 0.34. Overall for the behav-
ioral group (survival and histology cohorts combined, Figure 5
and Supplementary Figure S2) the copy number was 0.27 for
LV-WT-HSCT and 0.25 for LV-IIIA-HSCT. No adverse events
or leukemic blasts have been observed on blood smears from
all mice including the survival cohort, kept for over 1 year post-
transplant (n = 6 per group).

To determine the outcome of therapy 5 mice per group were
sacrificed at 8 months of age and perfused with Tyrode’s to flush
blood from organs. SGSH enzyme activity was measured in the
bone marrow, spleen, liver, and brain (Figure 2d-g). Untreated
MPS IITA mice expressed ~3% of WT activity.* All treatments
significantly increased bone marrow SGSH activity to 150, 189,
and 73% of WT levels by LV-WT-HSCT, LV-IIIA-HSCT, and
WT-HSCT, respectively, these were not significantly different
from each other or WT (Figure 2d). All treatments significantly
increased SGSH activity in the spleen to 87, 77, and 53% of WT
levels by LV-WT-HSCT, LV-IITA-HSCT, and WT-HSCT, respec-
tively (Figure 2e). In the liver, SGSH activity was significantly
increased to 46, 32, and 37% of WT activity by LV-WT-HSCT,
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Figure 1 Lentiviral N-sulfoglucosamine sulfohydrolase (SGSH) transduced microglia and hematopoietic stem cells (HSCs) have improved
SGSH activity. (a) The lentiviral vector plasmid pHR’SIN-cPPT-SEW“® was converted to pHRsin.SFFV.hSGSH.att.wpre and pHRsin.SFFV.eGFP.att.wpre.
These plasmids were used to produce lentiviral vector containing human SGSH or enhanced green fluorescent protein (eGFP) under the internal
spleen focus-forming virus (SFFV) promoter. (b) The human microglial cell line CHME3 was transduced at an multiplicity of infection (MOI) of 10 with
LV-SGSH or LV-eGFP and enzyme activity measured in cells and media. (c) Lineage depleted wild-type (WT) and mucopolysaccharidosis IlIA (MPS Il1A)
bone marrow was transduced at an MOI of 25 with a lentiviral vector-expressing eGFP or SGSH, after 60 hours the enzyme activity was measured
in cells and media. (d) Lineage depleted WT bone marrow was transduced at an MOI of 25 with a lentiviral vector-expressing eGFP or SGSH, after
14 days of culture in methylcellulose the number of colonies were counted. (d) The total number of colonies, (e) the percentage of the different
colony types, and (f) the vector copy number was determined. (g) Lineage depleted MPS IlIA bone marrow was transduced at an MOI of 25 with a
lentiviral vector-expressing eGFP or SGSH, after 14 days of culture in methylcellulose the number of colonies were counted. (g) The total number of
colonies, (h) the percentage of the different colony types, and (i) the vector copy number was determined. Error bars represent the standard error of
the mean (SEM) and significant difference is demonstrated with *P <0.05, **P <0.01 and ***P <0.001.

LV-IIIA-HSCT, and WT-HSCT, respectively (Figure 2f). In the
brain, SGSH activity was significantly increased to 10% of WT
levels (P = 0.007) by LV-WT-HSCT and just significantly to 7%
of WT levels (P = 0.05) by LV-IIIA-HSCT. WT-HSCT increased
activity to 6% of WT levels, but this was not significantly elevated
over residual MPS IIIA brain enzyme activity of 3% (P = 0.2)
(Figure 2g).
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LV-WT-HSCT normalizes primary HS storage and
sulfation in the MPS IlIA brain

Total sulfated GAGs, including HS, were measured in the liver
and brain (Figure 3a,b). In the liver, GAGs were normalized to
WT levels by LV-WT-HSCT and WT-HSCT, with near normaliza-
tion by LV-IITA-HSCT. In the brain, LV-WT-HSCT and LV-IIIA-
HSCT both normalized GAGs to WT levels, whilst WT-HSCT
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Figure 2 Lentiviral (LV)-N-sulfoglucosamine sulfohydrolase (SGSH) improves enzyme activity in the brain of mucopolysaccharidosis IlIA (MPS I11A)
mice. (a) Lineage depleted bone marrow was transduced or untransduced with a lentiviral vector-expressing human SGSH under the SFFV promoter and
transplanted into busulfan conditioned recipients at 2 months (8 weeks) of age. Groups were; wild-type (WT) to WT transplant, WT untreated, MPS IIIA
untreated, WT donor cells transduced with LV-SGSH into MPS IlIA recipients (LV-WT-HSCT), MPS IlIA donor cells transduced with LV-SGSH into MPS IlIA
recipients (LV-IlIA-HSCT) and WT to MPS IlIA (WT-HSCT) (n = 16 per group). An open-field behavioral test was performed at 4 and 6 months (16 and 24
weeks) of age, chimerism and copy number were determined at 6 months of age and at 8 months of age (32 weeks of age, 24 weeks post-transplant),
mice were sacrificed for biochemical and histological analysis and a cohort was kept for survival and sacrificed at their humane endpoint. (b) Donor chime-
rism was determined using flow cytometry at 16 weeks post-transplant. (c) Lentiviral vector copy number in white blood cells was determined by quantita-
tive PCR (QPCR) at 16 weeks post-transplant. The average for the biochemistry/histology group (Figures 2—4 and Supplementary Figure $1), survival
group (Figure 6) and overall/behavior group (Figure 5 and Supplementary Figure $2) has been shown. SGSH enzymatic activity was measured in
(d) bone marrow (e) spleen, (f) liver, and (g) brain. Error bars represent the SEM. Significant difference to MPS llIA is demonstrated with *P < 0.05, **P <
0.01, and ***P < 0.001. Where treatments result in significant improvement to MPS IlIA and there is no significant difference to WT, this is shown by a line
and ns. Groups were; WT untreated (WT), WT donor cells transduced with LV-SGSH into MPS A recipients (LV-WT-HSCT), MPS IlIA donor cells transduced
with LV-SGSH into MPS IlIA recipients (LV-IlIA-HSCT), WT to MPS IIIA (WT-HSCT), and MPS IlIA untreated (MPS IlIA).

significantly reduced GAG levels. Total brain HS levels were mea- Six characteristic HS disaccharides are revealed by AMAC
sured following 2-aminoacridone (AMAC)-labeled disaccharide  analysis (Figure 3d). Overall, MPS IIIA mouse brains displayed
analysis (Figure 3c), revealing that all transplants significantly  significant increases in the four most highly sulfated disaccharides
decreased total brain HS. WT-HSCT and LV-IIIA-HSCT both  HexA(2S)-GIcNS(6S) (P = 5.6 x 1077) and HexA(2S)-GIcNS (P =
decreased HS storage by 51%, whereas LV-WT-HSCT normalized 7.8 x 107°), and commensurate reductions in HexA-GIcNS (P =
brain HS levels to those of WT with a 77% reduction. 1.2 x 107°) and HexA-GIcNAc (P = 2.7 x 107°). This led to overall

Molecular Therapy vol. 20 no. 8 aug. 2012 1613



. © The American Society of Gene & Cell Thera
Stem Cell Gene Therapy Corrects MPS llIA Mice ' “ w

Liver GAG b Brain GAG c Brain HS
3 o 21
%) 15 I
0] [
c< =
g O o)
Sk 2 ns AR -
== ns -
m ke] Kk k i 2 ok
o *kk é r,
s *hk * s
1 T T m T é T ﬁ T 1.0 T T T ﬂ T T < 1 *—’f—* T T T T
NEFONNOINOEN ENENONNOINOEN, NEFONNOIOEN
s 29 4 g @9 5 o @ 2 o
T XX Q T XX Qg T XX g
& &
SELS &S SEL
F I NN NN
d Brain HS composition
c 50
K]
5
2 40
<
3
© 30-
.-9 *k
g 20_ dkk
S ns e -
@ Ter A
D10 o wxx
a
2 W= (V=
HexA(2S)- HexA- HexA(2S)- HexA- HexA- HexA-
GIcNS(6S) GIcNS(6S) GIcNS GIcNS GIcNACc(6S) GlcNAc
u WT MPS llIA + LV-WT HSCT E MPS llIA + LV-IIIA HSCT D MPS IlIA + WT HSCT . MPS IIIA

€ 60 -

50 -
40 -
30 -

% Contribution

20 -

10 -

0

NAc

6S 28

Figure 3 Lentiviral (LV)-N-sulfoglucosamine sulfohydrolase (SGSH) reduces primary storage in mucopolysaccharidosis IlIA (MPS IlI1A) mice.
At 8 months of age the level of sulfated glycosaminoglycans was determined using the Blyscan assay in the (a) liver and (b) brain. (c) The level of HS
storage in the brain was determined by 2-aminoacridone (AMAC). (d) The different HS disaccharides were quantified. (e) The relative proportion of
HS that was N-acetylated (NAc), N-sulfated (NS), 6-O-sulfated (6S), and 2-O-sulfated (2S) was also determined by AMAC. Error bars represent the
SEM. Significant difference to MPS IlIA is demonstrated with *P < 0.05, **P < 0.01 and ***P < 0.001. Where treatments result in significant improve-
ment to MPS IlIA and there is no significant difference to wild-type (WT), this is shown by a line and ns. Groups were; WT untreated (WT), WT
donor cells transduced with LV-SGSH into MPS IlIA recipients (LV-WT-HSCT), MPS IlIA donor cells transduced with LV-SGSH into MPS IlIA recipients
(LV-IIA-HSCT), WT to MPS HlIA (WT-HSCT) and MPS IlIA untreated (MPS llIA). The average copy number of the biochemistry/histology group was
0.47 integrations per white blood cell for LV-WT-HSCT and 0.11 integrations for LV-IIIA-HSCT groups.

significant increases in N- (P = 0.00002), 2-O- (P = 4.3 x 107) (P = 0.0001, P = 0.0001, P = 0.0006, Figure 3e). 2-O-sulfation

and 6-O-sulfation (P = 0.0007) and a commensurate reduction
in N-acetylated (unsulfated, P = 0.00002) regions over WT
(Figure 3e). LV-IIIA-HSCT was unable to change this abnormal
profile, while WT-HSCT significantly improved outcomes in 3 out
of 4 abnormal disaccharides (P < 0.03-0.00001) and LV-WT-HSCT
further improved all 4 abnormal disaccharide profiles (P < 0.01-1 x
107%) and normalized HexA(2S)-GIcNS(6S) and HexA-GlcNAc to
WT proportions (Figure 3d). Both WT-HSCT and LV-WT-HSCT
significantly improved abnormal HS sulfation patterning towards
normal WT levels, but only LV-WT-HSCT was able to fully nor-
malize this in the case of NAc, N- and 6-O-sulfation to WT levels
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remained significantly increased over WT (P = 0.002). LV-IIIA-
HSCT had no significant effect on HS sulfation patterning.

LV-WT-HSCT and WT-HSCT reduce secondary storage
and neuroinflammation equally

In order to determine whether treatment had an effect on lyso-
somal swelling, we stained the cerebral cortex for lysosomal asso-
ciated membrane protein 2 (LAMP2) (green) and a nuclear stain,
DAPI (blue) (Figure 4a). MPS IIIA mice exhibited cells with large,
dense LAMP2 staining around the nucleus, while WT mice dis-
played discrete punctate LAMP2 staining in a perinuclear location.

www.moleculartherapy.org vol. 20 no. 8 aug. 2012
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LV-IITA-HSCT did not appear to have an effect on abnormal MPS
ITIA lysosomal morphology while WT-HSCT was able to reduce
some of this pathology and LV-WT-HSCT resulted in cells with
substantial reduction of abnormal LAMP2 staining.

Severe neuroinflammation in MPS IIIA mice is measurable by
the significant infiltration of Isolectin B4-positive microglial cells
into the cerebral cortex (Figure 4b,d). WT mice have virtually no
microglia in this location. Microglial numbers were significantly
reduced by 61% in LV-WT-HSCT (P = 1 x 107), 50% in LV-IIIA-
HSCT (P =3 x 10°) and 61% in WT-HSCT (P = 1 x 107), but
there was no significant difference between treatments and all
remained significantly elevated above WT.
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MPS IITA mouse brains also displayed significant secondary
storage of GM2 gangliosides, particularly in lamina II/IIT and V/
VI of the primary motor, somatosensory, and parietal areas of the
cerebral cortex (Figure 4c,e) while no staining was detected in
these areas in WT mice.” A significant decrease in GM2 ganglio-
sides of 76% (P = 0.02) was detected after LV-WT-HSCT and 78%
(P =0.02) after WT-HSCT, normalizing GM2 gangliosides to WT
levels. Treatment with LV-IITA-HSCT did not significantly reduce
GM2 gangliosides. However, there was significant variability
between mice with some almost completely corrected and others
hardly corrected at all (Figure 4c). More effective GM2 ganglio-
side clearance correlated with higher lentiviral copy number.
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GM2 ganglioside storage was observed in the amygdala in MPS
IITA mice, but did not appear to be reduced by any treatment
(Supplementary Figure S1).

MPS IlIA behavior is fully corrected by LV-WT-HSCT
but unchanged by WT-HSCT or LV-11IA-HSCT

At 4 and 6 months of age a 60-minute open-field test was per-
formed to determine the effect of treatment on mouse behav-
ior.” In order to control for the effect of busulfan conditioning
we initially compared age-matched untransplanted WT mice
with WT to WT transplanted mice, and found their behavior to
be indistinguishable (data not shown). In our hands, MPS IIIA
mice present a phenotype of hyperactive behavior with increased
path length, duration and frequency of rapid exploratory behav-
ior, while immobility time is reduced. MPS IIIA mice also dis-
play reduced thigmotaxis which we interpret as a reduced sense of
danger, with increased frequency and duration of centre entries.*
At 4 months of age, MPS IIIA mice showed increased hyperac-
tive behavior® with significantly increased path length (P = 0.034,
Supplementary Figure 2a) but no significant change in dura-
tion or frequency of rapid exploratory behavior or immobility
(Supplementary Figure 2b-d). Frequency and duration of centre
entries are significantly increased at 4 months (Supplementary
Figure 2e,f). Although no significant reductions are seen with any
treatment at this age, LV-IIIA-HSCT and WT-HSCT appear to
have little effect on behavior while LV-WT-HSCT shows a trend
towards normalization of every parameter to WT levels except
centre entry duration.

At 6 months of age, MPS IIIA behavior diverges further from
the WT control mice® to give highly significant differences in path
length (Figure 5a, P = 0.002), duration (Figure 5b, P = 0.001),
and frequency of speed over 100 mm/s (Figure 5¢, P = 0.002),
immobility time (Figure 5d, P = 0.02), frequency of centre entries
(Figure 5e, P = 0.001), and duration in the centre (Figure 5f, P =
0.04). These behaviors can be observed in Supplementary Video
S1 and strongly suggest increases in hyperactivity and a reduced
sense of danger.”

Neither LV-IIIA-HSCT nor WT-HSCT were able to sig-
nificantly improve any of these abnormal behaviors, although
WT-HSCT did show a trend towards correction in sense of
danger measures (frequency and duration of centre entries,
Figure 5e,f). Hyperactivity in particular, was not corrected by
either treatment.

In contrast LV-WT-HSCT significantly improved path length
(Figure 5a, P = 0.01), duration (Figure 5b, P = 0.004), and
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frequency of speed over 100 mm/s (Figure 5¢, P = 0.009), immo-
bility time (Figure 5d, P = 0.04), and frequency of centre entries
(Figure 5e, P = 0.007), with a nonsignificant trend to reduction in
centre duration (Figure 5f, P = 0.11). All behaviors were normal-
ized to WT levels and none were significantly different from the
WT group. In the behavior cohorts (all mice) average copy num-
ber was 0.27 for LV-WT-HSCT and 0.25 for LV-IIIA-HSCT.

LV-HSCT increases the lifespan of MPS IlIA mice

A cohort of 5-10 randomly selected mice per group were kept
to assess the effect of treatment on survival (Figure 6). WT and
WT-WT transplanted groups were pooled as survival is not sig-
nificantly affected in this group. Three WT mice reached the
humane end point by week 100, the end of the study. Untreated
MPS IIA mice all died between weeks 42-54 with a mean sur-
vival of 49 weeks. WT-HSCT-treated mice all died between
weeks 42-71 with significantly improved survival (P = 0.03).
LV-WT-HSCT delayed death to weeks 51->100 (P = 0.01) with
one mouse from this group still surviving at week 100, the esti-
mated mean survival (66) was 10 weeks longer than WT-HSCT
(56). Interestingly, LV-IIIA-HSCT delayed death to weeks 57->85
(P = 0.0002, estimated mean 73), with one mouse still surviving
from this group at week 85, and had significantly better survival
than WT HSCT (P = 0.01). The lentiviral copy number was deter-
mined from blood taken at 6 months of age. The copy number of
the survival cohort of LV-IIIA-HSCT mice was 0.34 copies/cell,
which was significantly higher than the biochemistry cohort (0.11
copies) and 0.16 for LV-WT-HSCT which was significantly lower
than the biochemistry cohort (0.47 copies).

DISCUSSION

This study is the first to compare a lentiviral vector-based
HSCT gene therapy approach against normal transplantation in
Sanfilippo disease. Although WT-HSCT is able to significantly
improve many pathological markers in the brain of MPS IIIA
mice it was unable to significantly improve brain enzyme levels
or significantly improve abnormal behavior. In contrast, aug-
mentation of brain enzyme by transduction of WT HSCs with
a lentiviral vector expressing the SGSH gene before transplant
(LV-WT-HSCT), improved all pathological markers as well as, or
better than WT-HSCT and normalized several of these markers to
WT levels. In particular, LV-WT-HSCT was able to significantly
improve brain enzyme levels to 10% of normal and fully correct
behavior of MPS IITA mice. We also transduced MPS IIIA HSCs
with a lentiviral vector expressing the SGSH gene (LV-IIIA-HSCT)

Figure 4 Neuropathology is improved by all treatments. (a) Representative sections of brain cortex (layer IV/V) from —0.84 mm relative to bregma
were stained with LAMP2 (green) to demonstrate lysosomal compartment size and DAPI (blue) to highlight nuclei. (Bar = 50 pum in low power and
100um in high power insert). (b) Representative images of cerebral cortex layer IV/V from around —0.46 mm relative to bregma showing isolectin
B4-positive microglia (brown) and nuclei (blue) and (c¢) GM2 ganglioside (black). Two images of lentiviral (LV)-llIA HSCT are shown, one with a high
copy and one with a low copy to demonstrate the variable response in this group (Bar = 50um in low power and 100um in high power insert).
(d) The number of microglia were counted, and (e) GM2 ganglioside storage was quantified using Image | from two fields of view (x20 objective)
per brain section, four sections per mouse (n = 5 mice per group). Error bars represent the SEM. Significant difference to mucopolysaccharidosis IllA
(MPS 1l1A) is demonstrated with *P < 0.05, **P < 0.01, and ***P < 0.001. Where treatments result in significant improvement to MPS IlIA and there
is no significant difference to wild-type (WT) this is shown by a line and ns. Groups were; WT untreated (WT), WT donor cells transduced with LV-N-
sulfoglucosamine sulfohydrolase (SGSH) into MPS A recipients (LV-WT-HSCT), MPS llIA donor cells transduced with LV-SGSH into MPS IlIA recipients
(LV-IIA-HSCT), WT to MPS llIA (WT-HSCT) and MPS IllA untreated (MPS IlIA). The representative high copy LV-IIIA-HSCT had a copy of 0.14 copies
per white blood cell and the low copy contained 0.08 copies per white blood cell. The average copy number of the biochemistry/histology group
was 0.47 integrations per white blood cell for LV-WT-HSCT and 0.11 integrations for LV-IIIA-HSCT groups.
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Figure 5 Lentiviral (LV)-wild-type (WT)-HSCT corrects behavior. The open-field behavior test was performed for one hour at the same point of the
circadian rhythm at 6 months (24 weeks) of age (n = 10 female mice per group). The measures of hyperactivity were: (a) path length, (b) duration
spent moving over 100 mm/s, (c) frequency spent moving over 100 mm/s, (d) duration immobile, while (e) frequency of centre entries and (f) dura-
tion in centre measures thigmotaxis and may be a measure of sense of danger. Error bars represent the SEM. Significant difference to mucopolysac-
charidosis IlIA (MPS 1lIA) is demonstrated with *P < 0.05, **P < 0.01, and ***P < 0.001. Where treatments result in significant improvement to MPS
IIIA and there is no significant difference to WT this is shown by a line and ns. Groups were; WT untreated (WT), WT donor cells transduced with
LV-SGSH into MPS IlIA recipients (LV-WT-HSCT), MPS IlIA donor cells transduced with LV-SGSH into MPS A recipients (LV-lIA-HSCT), WT to MPS
A (WT-HSCT), and MPS IlIA untreated (MPS IlIA). The copy number of the behavioral cohort was 0.27 copies per white blood cell for LV-WT-HSCT

and 0.25 for LV-lIA-HSCT.

and observed a phenotype somewhere between WT-HSCT and
LV-WT-HSCT treatments.

HSCT in MPS IIIA patients was discontinued in the UK more
than a decade ago as it was found to have no significant effect on
neurological outcomes, despite some improvement in lifespan.'>!*
Our data on WT-HSCT outcomes in MPS IIIA mice are consis-
tent with these clinical observations and are also consistent with
similar data obtained after whole bone marrow transplant of irra-
diated MPS IITA mice.”” More recently, cord blood transplanta-
tion has been performed in 19 MPS IIIA and IIIB patients," of
which 12 survived and 9 had disease stabilization, but there was
limited impact on cognitive function. In two patients that were
transplanted before 2 years of age, modest gains in cognitive func-
tions have been reported. Overall the transplanted patients appear
to sleep better and have fewer behavioral problems, but behavior
is not corrected and this treatment remains controversial.

Our lentiviral vector is capable of effective gene expression
in human microglial cells and we have previously shown it to be
expressed in all murine and human hematopoietic lineages® pro-
ducing therapeutic protein for over a year in mice.* In the periph-
ery, very significant improvements in normal enzyme activity are
clearly present, but in the perfused brain, only LV-WT-HSCT
(10%) (P < 0.01) and LV-IITA-HSCT (7%) (P < 0.05), were able to
significantly increase enzyme activity above baseline levels of 3%,
with WT-HSCT close, but not significant at 6%, suggesting that
SGSH activity from donor WT microglial cells is probably around
3%, while gene therapy is providing around 4% for copy numbers
0f0.11-0.5 in the biochemistry cohort. The copy number achieved
in vivo with LV-SGSH is lower than that of LV-eGFP, which we
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speculated could be due to SGSH toxicity in hematopoietic stem
or progenitor cells. However, when lin~ cells are transduced with
SGSH or eGFP-expressing lentiviral vectors, similar numbers
of colony-forming units are obtained and no lineage skewing is
observed (Figure 1) suggesting that this is not the case.

Total HS and HS composition were significantly altered in
MPS IITA mouse brains. We have recently shown that similar
increases in amount of HS and sulfation composition, particularly
in 2-O sulfation of HS are also present in MPS I.** In the same
work we also show that HS is present in significant excess in non-
lysosomal and extracellular locations,* and in unpublished work,
show a functional role for abnormal HS sulfation in altered cell-
to-cell signaling. Only LV-WT-HSCT was able to normalize both
the amount of HS and the NAc, N- and 6-O-S sulfation patterning.
Despite significant reductions in 2-O sulfation of HS by LV-WT-
HSCT this was not normalized, suggesting that treatment could
probably be improved further. Total GAG measurements based on
the Blyscan assay are much less sensitive than the AMAC method
of HS analysis and this may be why we are unable to see differ-
ences between LV-WT-HSCT and WT-HSCT in the brain using
this method. LV-IITA-HSCT significantly reduced total HS but did
not alter composition. LV-ITIA-HSCT was the most variable treat-
mentand this discrepancy could just reflect variable copy numbers
between mice. This was particularly evident in GM2 ganglioside
analysis where some mice were corrected by LV-IIIA-HSCT,
even in the amygdala region, and others completely uncorrected
(Supplementary Figure S1). This correlated with copy number.

Both LV-WT-HSCT and WT-HSCT reduced the number
of infiltrating microglial cells in the cortex by similar amounts,
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Figure 6 Lentiviral (LV)-N-sulfoglucosamine sulfohydrolase (SGSH)
increases lifespan. A cohort of 6-10 mice from each group were kept to
92 weeks of age. Mice were sacrificed when they reached their humane
end point, frequently caused due to urine retention. The estimated
mean survival in weeks (w) for each group is shown at the bottom of
the curve. The estimated mean survival was calculated by Mantel-Cox
log rank pairwise comparisons, where data points were censored the
largest survival time was used. Significant difference to mucopolysac-
charidosis IlIA (MPS Il1A) is demonstrated with *P < 0.05, **P < 0.01, and
***P < 0.001 Groups were: wild-type (WT) untreated (WT), WT donor
cells transduced with LV-SGSH into MPS IlIA recipients (LV-WT-HSCT),
MPS 1lIA donor cells transduced with LV-SGSH into MPS llIA recipients
(LV-IIA-HSCT), WT to MPS llIA (WT-HSCT) and MPS llIA untreated (MPS
IlIA). The copy number of the survival cohort was 0.16 copies per white
blood cell for LV-WT-HSCT and 0.34 for LV-IIIA-HSCT.

while only LV-WT-HSCT was able to correct behavior. Microglial
pathology was probably the least well corrected of all of the mea-
sured markers. This could suggest a relatively minor role for micro-
glial infiltration in the neuropathology of MPS IIIA behavior. This
is supported by work demonstrating that early neurodegeneration
occurs independently of neuroinflammation in MPS IIIB mice.**

GM2 and GM3 gangliosides could have significant roles in
neurodegeneration in MPS IIIA as they are components of lipid
rafts and glycosynaptic microdomains, while increased GM2 gan-
gliosides may affect signaling, adhesion, motility and growth in
the brain.” However, the ability to clear cerebral cortex GM2 gan-
glioside storage with WT-HSCT while LAMP2 lysosomal storage
and behavior remain uncorrected, suggests that GM2 ganglioside
may be less important than HS in neuropathology. Notably, GM2
ganglioside storage in the amygdala was not reduced by most
treatments (except high copy number LV-IITA-HSCT).

Neither WT-HSCT nor LV-IIIA-HSCT were able to signifi-
cantly improve behavior. Although LV-WT-HSCT fully corrected
most behaviors, the copy number achieved was low (0.27 copies
per cell) and could be improved significantly. LV-IIIA-HSCT had a
variable outcome in behavior and other parameters and this likely
reflects the relatively variable copy number (0.08-0.55, average
0.25). This problem is most evident in the survival curves, where,
against all expectation, the biggest improvement in survival was
observed in the LV-IIIA-HSCT group, followed by LV-WT-HSCT
and then WT-HSCT. The average copy number in the randomly
selected LV-IIIA-HSCT survival cohort was 0.34, compared to
0.11 for the biochemistry cohort and the copy number of the
LV-WT-HSCT survival group was lower, 0.16 compared to 0.47
for the biochemistry group.

The LV-HSCT approach has been applied to several other
mouse models of disease. In a similar outcome to our own, 10% of
normal ARSA brain expression was achieved in the mouse model
of metachromatic leukodystrophy, which was associated with
behavioral correction at 6 months of age.” A clinical trial has now
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begun using this approach. In the mouse model of MPS I, up to
450% of normal brain enzyme levels were achieved and ~200%
was associated with brain and peripheral disease correction.?? In
globoid cell leukodystrophy ~16% of normal brain enzyme levels
were achieved which improved survival of the mice, however com-
paring the mice that had <16% and those that had 16-25% reveals
that better survival is achieved with higher enzyme levels.** It is
interesting to note the difference in achievable enzyme expression
in the brain in MPS I against metachromatic leukodystrophy, MPS
IITA, and globoid cell leukodystrophy. The difference between the
level of enzyme produced and the level required for correction in
the brain for different enzymes could be due to the different nor-
mal expression levels, the amount that is actually required to fulfill
normal catabolism and the amount of storage.

MPS IIIA still lacks any clinically approved treatment but
there are three approaches in clinical development of significance.
Intrathecal enzyme replacement therapy is currently being evaluated
in the clinic having shown efficacy in MPS IIIA mice* and dogs.*
This therapy is based on the premise that the spinal cerebrospinal
fluid can distribute drug throughout the central nervous system. It
may be hampered by a requirement for repeated, long-term deliv-
ery and adequate distribution within the brain cerebrospinal fluid.
Another approach is direct injection of an AAV vector coexpress-
ing SUMF1 and SGSH, successfully evaluated in mice,® and now in
clinical trial. It is unclear how well this treatment will scale from the
0.5cm® mouse brain to a 1,500 cm’® human brain. Finally, we have
recently shown that a substrate reduction therapy approach using
high dose genistein in MPS IIIB mice was able to improve neuropa-
thology and behavior.”” Any of these approaches could potentially be
used in combination with LV-HSCT to improve disease outcomes.

This study suggests two possible clinical strategies for lentivi-
ral delivery of SGSH in allogeneic normal or autologous MPS IIIA
transplants. Given the improved 1 year survival after HSCT in the
similar disease MPS IH, of 93% in our centre®® and 91% in several
European centres,”® a clinical approach using unrelated CD34*
cord blood donor cells for lentiviral transduction is potentially
feasible and is likely to yield higher enzyme levels. The increased
risk of allogeneic transplant, by using LV-WT-HSCT may be offset
by the ability to achieve neuropathological and behavioral correc-
tion with copy numbers of 0.3 per cell, thus mitigating the risk of
proto-oncogene transactivation. Currently, for clinical efficacy we
would either require improved copy numbers or improved expres-
sion of SGSH to apply lentiviral-SGSH delivery in autologous MPS
IIIA cells (LV-IIIA-HSCT).

In this study, we used an internal viral SFFV promoter; how-
ever, this is unlikely to receive regulatory approval as cellular
promoters such as PGK have a lower risk of transformation.*
Therefore, to translate either the LV-WT-HSCT or LV-IIIA-HSCT
approach to the clinic, mammalian promoters and methods of
improving SGSH expression will need to be evaluated. SUMF1
modifies sulfatases such as SGSH by producing a formyl-glycine
residue that is required for sulfatase activity, and overexpression
of SUMF1 alongside SGSH has been shown to increase enzy-
matic activity by 1.5-fold.® There have been reports that the level
of SUMF1 expression is critical to achieve significantly improved
SGSH expression but codon-optimization of SGSH could also
improve expression.
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In summary, the LV-WT-HSCT approach significantly
improved brain SGSH activity to 10% of normal levels, normal-
izing HS storage, N-, 6-O sulfation, and unsulfated HS compo-
sition, GM2 ganglioside storage and was the only approach to
correct behavior in mice with MPS IITA. LV-WT-HSCT signifi-
cantly reduces 2S HS composition and neuroinflammation with
improved survival. Although both WT-HSCT and LV-IIIA-HSCT
showed improvements in many of these parameters, neither treat-
ment was able to significantly change abnormal behavior. Given the
unmet clinical need, we believe lentiviral mediated hematopoietic
stem cell gene therapy is a clinically relevant and viable approach
to treat MPS IIIA and similar neurodegenerative disorders.

MATERIALS AND METHODS

Construction and testing of SGSH lentiviral vector. The lentiviral vec-
tor plasmid pHR'SIN-cPPT-SEW* was modified by replacing the eGFP
gene with a Gateway conversion cassette (Invitrogen Life Technologies,
Paisley, UK # 11828-019) producing pHRsin.SFFV.Gateway. The human
SGSH cDNA sequence including 5 and 3" UTR flanked by attB sites from
image clone #5226903 (Geneservice, Paisley, UK) was recombined in
a Gateway cloning reaction with BP Clonase into a donor vector (pDo-
nor221) containing attP sites and then into the lentiviral vector using LR
Clonase to create pHRsin.SFFV.hSGSH.att.wpre as described* (Invitrogen
Life Technologies).

To confirm the ability of microglia to produce active enzyme from
the lentiviral construct, the human microglial cell line CHME3 was
transduced at an multiplicity of infection of 10 with lentiviral vector.
Twenty four hours later the media was changed and 48 hours after that
the media and cells were collected for analysis of SGSH activity.

Total bone marrow mononuclear cells from WT and MPS IIIA
mice were lineage depleted using the murine hematopoietic progenitor
enrichment cocktail (Stem Cell Technologies, Grenoble, France)
according to manufacturers instructions. Cells were resuspended in
X-Vivol0 (BioWhittaker, Cologne, Germany), transduced as previously
described® at an multiplicity of infection of 25 and set up in MethoCult
culture (Stem Cell Technologies) as previously described® to assess
lineage development. A further 48 hours later the cells and media were
collected for SGSH activity analysis. After 14 days MethoCult colonies
were counted and colonies collected for quantitative PCR analysis.

Lentiviral vector production and titration. HEK 293T cells were seeded
in 15-cm tissue culture plates (Corning, Amsterdam, the Netherlands) in
DMEM/10%FCS/2 mmol/l L-glutamine (Lonza, Basel, Switzerland) and
cultured overnight at 37°C until 40-70% confluent. VSV-G pseudotyped
lentiviral vector was produced by the transient transfection of HEK 293T
cells with pHRsin.SFFV.hSGSH.att.wpre, pMD2G, and pA8.91gag/pol* in
a 3:1:2 ratio using a total of 15 ug of plasmid DNA per dish, 44.5 ul of
Fugene 6 (Roche, Burgess Hill, UK) in Optimem (Gibco, Paisley, UK) as per
manufacturer’s instructions. The media was replaced 4 hours and 24 hours
after transduction and harvested at 36 and 60 hours. Cells were removed by
centrifugation at 262¢ for 15 minutes at 4°C, and filtered through a 0.45-
um low protein-binding filter (Nalgene, Roskilde, Denmark). Lentiviral
vector particles were concentrated by centrifugation at 21,191g for 150
minutes at 4°C, resuspended in phosphate-buffered saline and stored at
-80°C. Lentiviral vector was titred using a similar method to Kutner et
al.** 1 x 10° murine lymphoma (EL4) cells (ATCC Number TIB-39; Sigma-
Aldrich, Gillingham, Dorset) were cultured in RPMI 1640 (Lonza)/10%
FCS/2mmol/l L-glutamine and transduced with five dilutions of con-
centrated lentiviral vector. Four days later, genomic DNA was extracted
from the cells using the GenElute Mammalian Genomic DNA Miniprep
Kit (Sigma-Aldrich) and analyzed by quantitative PCR to determine the
number of integrated lentiviral genomes per cell. The infectious titre was
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calculated as the number of cells at transduction multiplied by the number
of lentiviral copies per cell divided by the volume of lentiviral vector added.
Titres of 1.1 x 10° TU/ml (integrated transducing units) were normally
reached.

Quantitative PCR copy number determination. The WPRE copy number
of lentiviral vectors in genomic DNA from murine cell lines, bone marrow,
blood, and spleen samples was determined by Quantitative Real Time PCR
using the Applied Biosystems 7500 Real Time PCR System. A primer and
probe set against wpre (TAMRA) were used as previously described* and
standardized against rodent gapdh primer and probe set (VIC) (Applied
Biosystems, Paisley, UK). Samples were run in duplicate 25-pl reactions
using the cycling parameters 50°C for 2 minutes, 95°C for 10 minutes,
then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The copy
number was determined using a standard curve generated by dilutions of
genomic DNA from an EL4 cell line clone (ALS EL4 eGFP 2.2) contain-
ing 2 integrated copies/cell of pHRsin.SFFV.eGFP.att.wpre. The EL4 cell
clone (ALS EL4 eGFP 2.2) was made by transducing EL4 cells with the
pHRsin.SFFV.eGFP.att.wpre lentiviral vector-expressing eGFP, followed by
two consecutive rounds of single cell cloning. The lentiviral copy number
per cell was determined by Southern blot of whole genomic DNA as previ-
ously described.*

Mice and transplant procedures. All in vivo procedures were ethically
approved in accordance with UK Home Office regulations. MPS ITIA mice*
were backcrossed for 10 generations onto the C57BL/6] background (B6.
Cg-Sgsh™**/6]), maintained by heterozygote breeding and genotyped as
previously described.”* Littermate controls were used throughout. MPS
IITA mice were also backcrossed onto the PEP3 CD45.1 congenic back-
ground (B6.SJL-Ptprc*Pepc’/Boy]) to distinguish donor and recipient cells.

Total bone marrow mononuclear cells were isolated from femur, tibia,
and ilium of WT CD45.1 or MPS IIIA/CD45.1 mice and lineage depleted
using the murine hematopoietic progenitor enrichment cocktail (Stem
Cell Technologies) according to manufacturer’s instructions. Cells were
resuspended in X-Vivol0 (BioWhittaker) and transduced as previously
described.*

Seven-to-eight-week-old mice housed in individually ventilated
cages were myeloablated with 125 mg/kg Busulfan (Busilvex; Pierre Fabre,
Castres, France,) in five daily doses via intraperitoneal injection. 1 week
before myeloablation and for a further 7 weeks, mice received acidified
water (pH 2.8), irradiated food, mash, and sugar free jelly to prevent
gastrointestinal infections and to encourage fluid uptake. Within 24
hours of the final injection of Busulfan, 1.5-2.5 x 10° lineage depleted
transduced (LV-SGSH) or un-transduced hematopoietic stem cells were
delivered intravenously.

Flow cytometry for chimerism analysis. Hematopoietic engraftment
was assessed at 6-16 weeks post-transplant in peripheral blood by stain-
ing with anti-mouse CD45.1-PE for donor and CD45.2-FITC for recipi-
ent hematopoietic cells (BD Pharmingen, Oxford, UK) in a 5% solution
of ToPro3 Iodide (Molecular Probes, Paisley, UK) on a BD FACS Canto II
flow cytometer.

Behavior. At 4 and 6 months (16 and 24 weeks) of age 10 female mice were
assessed for open-field behavior over 60 minutes at the same circadian
time point as previously described***” and data analyzed using TopScan
suite software version 2.0 (Clever System, Reston, VA).

Sample processing. At 8 months of age, anesthetized mice were transcar-
dially perfused with 37°C Tyrode’s. Brains were removed; one hemisphere
frozen at —-80°C and one fixed in 4% paraformaldehyde for 24 hours then
30% sucrose 2mmol/l MgCl,/phosphate-buffered saline for 48 hours
before freezing at —-80°C. For biochemical assays the snap frozen hemi-
sphere was homogenized so that all assays represent an average of each
hemisphere. Liver and spleen were frozen at -80°C. For SGSH and GAG
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assays, samples of brain, liver, or spleen were homogenized and sonicated
in homogenization buffer (0.5mol/l NaCl, 0.02mol/l Tris pH 7-7.5), then
centrifuged at 2,200¢ for 15 minutes at 4°C and the supernatant collected.
Protein concentration was determined using the BCA (Thermo Scientific,
Loughborough, UK) assay according to manufacturer’s instructions.

SGSH enzyme activity. SGSH enzyme activity was measured in a two-
step protocol using a fluorescent substrate MU-atGIcNS (Moscerdam,
Oegstgeest, the Netherlands) as per manufacturer’s instructions* with
minor modifications. The amount of starting material was standardized to
40 ug of total protein for liver and spleen and 60 pg for brain.

Blyscan for total sulfated GAGs. The total amount of sulfated GAGs
(GAG) in 100 pg of liver and brain was determined using the Blyscan Kit
(Biocolor, Carrickfergus, UK).*” Actinase E (200 pg) was added to the sam-
ple, incubated at 55°C for 20 hours before heating at 100°C for 5 minutes
and centrifuging at 3,000¢ for 10 minutes. The supernatant was incubated
with 1,9-dimethymethylene blue for 30 minutes with vigorous shaking.
After centrifuging at 10,000 for 15 minutes at 4°C the pellet was incu-
bated with dye dissociation reagent for 15 minutes and the color quanti-
fied using a spectrophotometer at 656 nm. The quantity was determined
against a known concentration GAG standard.

AMAC-labeled disaccharide analysis of HS. Analysis of the quantity and
sulfation state of HS was determined as previously described.”® Total HS
was calculated by summing the peak area and applying a labeling efficiency
correction factor as described.”® Three randomly assigned mice from each
group were analyzed.

Immunohistochemistry. Four brain sections per mouse taken from bregma
0.26, —0.46, —1.18, and —-1.94 mm were stained for Isolectin B4 and GM2
gangliosides and quantified as previously described.””* Isolectin B4 stained
sections were counterstained with Mayer’s hematoxylin before mount-
ing. A section from -0.84 mm relative to bregma (2 mice per group) was
stained for LAMP2 to demonstrate the size of the lysosomal compartment.
Sections were blocked in 5% goat serum, 1 mg/ml bovine serum albumin,
0.1% Triton X-100 in TBS for 1 hour and incubated overnight at 4°C with
rat anti-LAMP2 immunoglobulin G (2ug/ml; developed by August, JT,
Developmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA) in blocking solution, washed 4x in TBS and stained with Alexa 488
goat anti-rat immunoglobulin G (1:1,000; Invitrogen) in blocking solution
for 1 hour in the dark. After washing with TBS, sections were counter-
stained with 300nmol/l DAPI (Invitrogen, Paisley, UK) for 15 minutes.
Sections were mounted using ProLong Gold Anti-fade mounting medium
(Invitrogen, Paisley, UK). Representative sections from cortex layer IV/V
have been displayed.

Statistical analysis. JMP software version 8 (SAS Institute, Cary, NC) was
used with one way ANOVA and Tukey post-hoc test to analyze data. Data
were log transformed where they failed normality tests. Significance was
assumed for probabilities of 0.05 or lower. Survival analysis was performed
in SPSS version 19 (IBM, Armonk, NY) using Kaplan-Meier analysis with
Mantel-Cox log rank pairwise comparisons. The estimated mean survival
was calculated by Mantel-Cox log rank pairwise comparisons, where data
points were censored the largest survival time was used.

SUPPLEMENTARY MATERIAL

Figure $1 . GM2 ganglioside storage in whole brain.

Figure $2. Four-month open-field behavior.

Video $1. Behavioral correction of MPS IlIA mice by LV-WT-HSCT but
not other treatments.
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