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Abstract

Background: Sanfilippo syndrome (mucopolysaccharidosis type IlIA; MPS IlIA) is a
childhood dementia caused by inherited mutations in the sulfamidase gene. At pre-
sent, there is no treatment and children with classical disease generally die in their
late teens. Intravenous or intra-cerebrospinal fluid (CSF) injection of AAV9-gene re-
placement is being examined in human clinical trials; evaluation of the impact on brain
disease is an intense focus; however, MPS IlIA patients also experience profound, pro-
gressive photoreceptor loss, leading to night blindness.

Aim: To compare the relative efficacy of the two therapeutic approaches on retinal
degeneration in MPS IlIA mice.

Methods: Neonatal mice received i.v. or intra-CSF AAV9-sulfamidase or vehicle and
after 20 weeks, biochemical and histological evaluation of neuroretina integrity was
carried out.

Results: Both treatments improved central retinal thickness; however, in peripheral
retina, outer nuclear layer thickness and photoreceptor cell length were only signifi-
cantly improved by i.v. gene replacement. Further, normalization of endo-lysosomal
compartment size and microglial morphology was only observed following intrave-
nous gene delivery.

Conclusions: Confirmatory studies are needed in adult mice; however, these data in-
dicate that i.v. AAV9-sulfamidase infusion leads to superior outcomes in neuroretina,
and cerebrospinal fluid-delivered AAV9 may need to be supplemented with another

therapeutic approach for optimal patient quality of life.
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1 | INTRODUCTION

Sanfilippo syndrome type A or mucopolysaccharidosis I[lIA (MPS
I1IA) is a childhood dementia-causing disorder that is presently
untreatable. It arises due to autosomal recessive mutations in the
sulfamidase (SGSH) gene encoding a lysosomal sulfatase involved
in the stepwise degradation of heparan sulfate (HS), leading to its
accumulation in lysosomes, with cell dysfunction and death ensu-
ing.1 Children with the classical form of the disease exhibit early and
progressive cognitive impairment, sleep difficulties, autistic traits,
motor dysfunction, and vision loss. The median age of death in chil-
dren with rapidly progressing MPS IlIA is 18years.?

Treatment is mostly supportive; however, a variety of potential
therapeutics either have been or are currently being evaluated in
human clinical trials. The most active areas of research are recombi-
nant human enzyme e.g., Refs. [3,4] or gene replacement, while sub-
strate inhibition and targeting of the innate immune response are also
being examined (www.clinicaltrials.gov NCT01299727; 02053064;
03300453; 03423186; 03612869; 04018755; 04088734). Viral
vectors used for gene therapy in patients include AAVrh10-
human sulfamidase delivered via multisite intra-cerebral infusion
(NCT01474343; NCT02053064; NCT03612869),>¢ scAAV9-Ula-
sulfamidase delivered via intravenous (i.v.) injection (NCT02716246;
NCT04088734; NCT04360265)” and AAV9-CAG-coh-sulfamidase
delivered via intra-ventricular cerebrospinal fluid (CSF) injection
(EudraCT: 2015-000359-26).27 The human clinical trials are ongo-
ing, and no data has been published in the peer-reviewed literature
to date, to our knowledge. Further, direct comparison of the two
AAV9-sulfamidase delivery methods has not been undertaken to the
best of our understanding; however, preclinical data indicate that
both routes of injection lead to significant reductions in brain pa-
thology and improved cognitive function in treated mice.”8

Less is known about the impact of the therapies on the retina,
however. While the field is naturally focussed on preventing brain
disease, MPS Il patients exhibit profound and progressive lesions
in neuroretina leading to loss of night vision,**** findings that are
replicated in animal models.**"” Significant early endo-lysosomal
expansion occurs in MPS [IIA mouse retina leading to changes in
microglial morphology by 3-6 weeks of age.14 Loss (or reduction in
length) of rod photoreceptor outer segments is noted in central MPS
IIIA mouse retina by six weeks of age, but inner segment loss was
not apparent until 20 weeks of age. Impaired electroretinogram re-
cordings are evident from ~12weeks of age in MPS 11IB mice,'® with
progressive deterioration noted thereafter.

Improvements in retinal pathology were reported after i.v.
AAV9-sulfamidase delivered to one-month old MPS I[IIA mice by Fu
et al.” Whether intra-CSF AAV9-sulfamidase prevents or slows ret-
inal disease lesion formation has not been reported to date. To en-
able a head-to-head comparison of the two clinically relevant routes
of delivery of AAV9-sulfamidase, we performed intra-CSF infusions
of vector into the lateral ventricles of neonatal MPS IlIA mice and
the impact on retinal disease at 20weeks of age was compared to
that observed following i.v. delivery of the same vector at the same

disease stage. Our rationale was that should the two putative thera-
peutic approaches prove equivalent in preventing/slowing cognitive
decline in human clinical trials, their respective efficacy in nervous
system tissues other than brain may identify one of the two routes
of administration as a strategy of choice, given that the goal of ther-
apy is to maximize both the quantity and quality of life of patients
with MPS IlIA.

2 | RESULTS

Groups of conscious male/female pups received treatment with the
AAV9-CMV-human sulfamidase vector via injections made into the
superficial temporal vein (referred to hereafter as i.v.) and tail vein.
Infusions were also made into ventricular CSF (referred to hereafter
as intra-CSF) in additional cohorts of cryoanaesthetised pups. The
study protocol is shown in Figure 1. Significant loss of MPS IlIA pups
was observed following intra-CSF infusions, regardless of infusate
type (PBS as vehicle or vector). Of fifteen mice per group, only 5-6
per group remained at weaning. Death of wildtype vehicle-treated
mice also occurred, but to a lesser degree (13 of 15 mice survived to
weaning). Litter loss has previously been reported in MPS IIIA mouse
colonies® and is increased when mice are disturbed.’” In the cohorts
of mice/group receiving i.v. infusions, only one litter of six MPS IIIA
mice that had been injected with PBS was cannibalized. As one MPS
IIIA mouse eye from the intra-CSF AAV9-sulfamidase treatment
group was damaged upon retrieval and not evaluated further, group
sizes for analysis at 20 weeks of age varied from n=4-13. Data from
individual mice are presented throughout.

2.1 | iv.delivered AAV9-sulfamidase normalizes
endo-lysosomal compartment size

As shown in Figure 2A,B, MPS IlIA mice exhibit greatly reduced
sulfamidase activity in retina compared to wildtype and increases
in enzyme activity were only seen in mice treated via i.v. AAV9-
sulfamidase. Intravenous infusion of vector normalized HS levels
(Figure 2C), whereas significant amounts of HS remained in intra-
CSF AAV9-sulfamidase treated MPS IlIA mouse retina (Figure 2D).
Compatible with the HS outcomes, staining of the endo-lysosomal
compartment with antibodies to lysosomal integral membrane
protein 2 (LIMP2; Figure 3) revealed that while intra-CSF AAV9-
sulfamidase significantly reduced the size of the compartment, only
i.v. AAV9-sulfamidase treatment was able to normalize it. As ex-
pected based on previously published studies, i.v. AAV9-sulfamidase
treatment increased brain SGSH activity, but to a lower level than
that seen following intra-CSF infusion of AAV9-sulfamidase (18.6%
of unaffected vs. 97.7% of unaffected SGSH activity, respectively;
Figure S1). These observations are compatible with the relative
amount of hSGSH mRNA transcripts that were detectable in brain
following treatment via each route, with ~22x more transcript re-
corded in the brain of mice treated via intra-CSF infusion (Figure S1).
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FIGURE 1 Overview of the study.
Mice were injected on days 0-1 of life
(n=15-16/group). Injections were made
intravenously (i.v.), via the superficial
temporal vein or intra-CSF, via the
lateral ventricles. Mice treated with

i.v. AAV9 received a second injection

on day 5 of life. At 20 weeks of age,

mice were euthanased and the eyes
were removed and processed for
quantification of sulfamidase activity,
heparan sulfate accumulation, and for
immunohistochemical or histochemical
evaluation of the impact of treatment on
neuroretina (n=4-13/group). Created with
BioRender.com
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Treatment with AAV9-sulfamidase via both routes completely nor-

malized HS levels in brain.?%?!

2.2 | Impact of the two treatments on the
integrity of individual retinal cell layers

As shown in Figure 4, total retinal thickness nearer the optic nerve
(central) is decreased in MPS IlIA mice, mostly due to outer nuclear
layer (ONL) thinning following photoreceptor segment (PS) loss. Both
treatments prevented loss of photoreceptors in this region of retina,
and the thickness of the retinal layers was not different from that
seen in control/unaffected mice. In contrast, when measurements
were taken further away from the optic nerve (peripheral; Figure 5),
photoreceptor loss was unable to be prevented by intra-CSF AAV9-
sulfamidase but was completely prevented by i.v. AAV9-sulfamidase.

2.3 | iv.but notintra-CSF AAV9-sulfamidase leads
to retention of rhodopsin-positive photoreceptors
across retina

Rhodopsin staining of rod photoreceptors revealed that outer seg-
ment (vs. inner segment) loss is pronounced in the retina of MPS IlIA
mice (Figure 6) and was prevented in central retina by gene replace-
ment delivered via both routes. Consistent with the above results,
only i.v. AAV9-sulfamidase was able to prevent the loss of outer seg-
ments in peripheral retina.

Intensity
ek
3

2.4 | There are fewer isolectin-B4-reactive
microglia in retinae of mice treated with i.v. AAV9
versus intra-CSF AAV9

Large numbers of isolectin B4-positive microglia with an ame-
boid morphology are noted in 20-week-old MPS IlIA mouse retina
(Figure 7). i.v. AAV9-sulfamidase prevented development of these
morphological changes in all retinal layers. In contrast, intra-CSF
AAV9-sulfamidase was only able to partially improve the microglial
phenotype in the photoreceptor layer and similar numbers of ame-
boid isolectin-B4-reactive microglia were seen in the GCL, IPL, and
OPL of intra-CSF vehicle- and intra-CSF AAV9-sulfamidase-treated

mice.

3 | DISCUSSION

This study sought to compare the ability of two clinically relevant
viral vector delivery approaches in preventing retinal disease in
MPS IlIIA mice. We have previously demonstrated that the AAV9-
based gene therapy strategies used here normalize HS in MPS IlIA
mouse brain at 20weeks (Shoubridge, PhD Thesis).?! Previous stud-
ies have also demonstrated that retinal degeneration in murine
MPS 1lIA begins early—at around six-weeks of age, with significant
and progressive loss of photoreceptor outer segments.’* Elevated
levels of HS and the appearance of ameboid-shaped isolectin-B4-
positive microglia are detectable by three-weeks of age!?; thus, in
the present proof-of-principle study, we sought to prevent retinal
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FIGURE 2 Effect of neonatali.v. (A, C) or intra-CSF (B, D) delivery of AAV9-CMV-sulfamidase on sulfamidase activity (A, B) and HS
accumulation (C, D) in 20-week-old MPS IlIA mouse retina. IS=internal standard. **p <0.01, ***p <0.001, ****p <0.0001. Only statistically

significantly different comparisons between groups are shown.

degeneration by providing human sulfamidase gene replacement to
mice at birth. We also note that MPS IlIA patient clinical trials have
recently begun restricting entry to infants under 24 months (e.g.,
NCT04201405, NCT02716246), thus treatment of very young sub-
jects is appropriate.

We used a single vector design—single-strand AAV9-CMV-
human sulfamidase but treated some mice via intravenous in-
fusion and other mice via intra-ventricular CSF injection. These
two delivery routes are currently being examined as strategies
for providing AAV9-based gene therapy to children with MPS
INA (NCT02716246 and EudraCT 2015-000359-26, respectively).
Given that most of the vector genomes end up in the liver following

i.v. infusion (e.g., Ref. [7]) and only 5%-10% of vector genomes are
detected in brain, we gave larger amounts of vector to mice re-
ceiving i.v. infusion. Our dosing strategy is also compatible with
the range of doses provided clinically. Providing equivalent vec-
tor genomes i.v. and intra-CSF would undoubtably lead to either
vector-mediated side effects, e.g., reactive gliosis in brain if the
dose given intra-CSF was larger to match that provided i.v., or in-
sufficient vector reaching central nervous system if the dose given
i.v. was lower to match that given intra-CSF. As expected, despite
the disparity in vector dose, much lower amounts of hSGSH tran-
script and SGSH activity were detected in brain following i.v. ver-
sus intra-CSF infusion of AAV9-SGSH.
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FIGURE 3 Effect of neonatal i.v. or intra-CSF delivery of AAV9-CMV-sulfamidase on endo-lysosomal compartment size in 20-week-

old MPS IIIA mouse retina. Lysosomal integral membrane protein 2 (LIMP2) staining from the GCL to the external limiting membrane was
assessed in both central and peripheral retina (A-D). Representative photos demonstrating the staining in the peripheral retina are provided
for i.v. (E) and intra-CSF delivery (F). Ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer
(OPL), outer nuclear layer (ONL), external limiting membrane (ELM, dashed), photoreceptor segments (PS), retinal pigmented epithelium
(RPE). Scale bar=25pm. *p<0.05, **p<0.01, ***p<0.001, ****p <0.0001. Only statistically significantly different comparisons between

groups are shown.

While both injection routes facilitate sulfamidase delivery to
central retina, for the first time we demonstrate that i.v. but not
intra-CSF infusions of AAV9-CMV-sulfamidase enable treatment
of peripheral retina in MPS llIA, a site distant from the optic nerve.
In support of this, central retina versus medial or peripheral retina,
was preferentially treated when mice with CLNé deficiency which
causes late infantile Batten disease, received intra-CSF AAV9-based
gene replacement.?? Limited gene/protein expression in retina fol-
lowing injection of AAV vectors into the CSF has also been observed
previously in additional models of Batten disease—sheep with CLN5
deficiency23 and dogs with TPP1 deficiency.24'25

As higher vector dose does not explain this outcome based on
the brain data, we hypothesize that the localized treatment of ret-
ina mediated by intra-CSF injection of vector is due to the way the
AAV9 particles or potentially the brain-expressed human sulfami-
dase reaches the retina—via retrograde transport in ganglion cell
axons in the optic nerve. AAV9 has been shown to undergo bidi-
rectional transport in neurons, with retrograde transport occurring
in a dynein-dependent way.?%%” Interestingly, intravitreal injection
of AAV2-B-glucuronidase enabled this lysosomal enzyme to be
transported anterogradely along the optic nerve into select murine
brain regions.?® Vector genomes were not detectable in the brain
of AAV2-B-glucuronidase-treated mice. Thus, it is possible that the
human sulfamidase produced in brain following intra-CSF injection
of AAV9-sulfamidase has been transported retrogradely in retinal

ganglion cell axons to the cell bodies in the retina, along with vector
particles—but the treatment effect is limited to regions proximal to
optic nerve transection, annotated as “central retina” in our study.
Systemically delivered AAVY, in contrast, has been shown to
cross the neonatal mouse blood-retinal barrier via transcytosis,29
and has also been documented to access adult mouse retina follow-
ingi.v. infusion.®® While studies in older animals are required for con-
firmation, if the outcomes in humans are comparable to those made

2225 jv. delivery of

here and elsewhere in mice, sheep, and dogs,
AAV9 may be the route of choice as it appears to enable most if not
all neural and non-neural tissues to be treated (Fu et al.”; this study).
In contrast, Haurigot et al.® and the abovementioned Batten disease
model studies have shown that intra-CSF infusion of AAV9-based
gene replacement leads to transduction of brain, spinal cord, and pe-
ripheral nervous system, e.g., peripheral ganglia, together with other
organs; however, there is inferior access to, and thus treatment of,
retina. Thus, another strategy is likely to be required for treating ret-
inal abnormalities in patients treated with intra-CSF-directed gene
replacement, for instance direct intraocular gene therapy. This re-
sulted in significant improvements in retinal structure and function
as demonstrated in MPS VIl mice®! and CLN5-deficient sheep.®?
Finally, it is important to note that there are differences be-
tween the vector used here (AAV9-CMV-human sulfamidase) and
the vectors being administered in trials of i.v. and intra-CSF AAV9-
sulfamidase in children with MPS IlIA, that may affect the degree
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FIGURE 4 Effect of neonatal i.v. or intra-CSF delivery of AAV9-CMV-sulfamidase (or vehicle) on central retinal thickness in 20-week-

old mice. The thickness of total retina from the GCL to but not including the RPE was measured in H&E-stained sections (A, B), as was the
thickness of individual retinal layers (C-L). Representative photos show total retina in i.v. or intra-CSF treated mice (M, N respectively) or
ONL only (O, P respectively). Ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL), photoreceptor segments (PS), inner segments (IS), and retinal pigmented epithelium (RPE). Scale bar in M, N is 50 um.
Scale bar in O, P is 10pm. **p<0.01, ***p<0.001, ****p <0.0001. Only statistically significantly different comparisons between groups are

shown.



BEARD ET AL.

intra-CSF
*
200 200
. (A) * %k *% (B) x
E
150 ° | 150
= Lg_ o e%¢ .

TOTAL § PR L CRAAEY S,
$ 100 100 —_— e
_E ° ® )
L 50 50
s

0 T T 0 T T T
unffected MPS MPS unaffected MPS MPS
saline saline SGSH saline saline SGSH
50 =
—~ |(©) %7(D)
€ 40 404
=2 L ’: °.0
° °
. - ¢Ga, 4
IPL % ? . oo % 07 A3 °® °
° —oe g6
c 20 ° 20+ o [
$ .
:é 10 10
0 T T 0 T T T
unaffected MPS MPS unaffected MPS MPS
saline saline SGSH saline saline SGSH
30 30+
= (E) (F)
T Y °® ee® .
3 —a o ° °
= 2 PR —3—.— —e 204 ° o
- % : <. A — et ee
INL 3§ ° ¢ :
g °
x 10 10
L
£
0 T 0 T T T
unaffected MPS MPS unaffected MPS MPS
saline saline SGSH saline saline SGSH
201(G) *k 201 (H)
£ s .
5 15 .® oo 15 ° [ °
] o 0q® e .: $ L
OPL S 10 0 o 10 S e
c 08 ® °
E 4
L 5 5
s
0- T 0 T T T
unaffected MPS MPS unaffected MPS MPS
saline saline SGSH saline saline SGSH
*k
50 Kook Fok ko 50 (J) ok
—
€ 40 40 N
=
=
ONL § * w T .
7]
o D S AN
c 20 20 o
~ °
(2]
5 10 10
0 T T T 0 T T T
unaffected MPS MPS unaffected MPS MPS
saline saline SGSH saline saline SGSH
*
30 (K) * Kk * kK k 20 (L) e
E . g°
3 ° L._ o ®
= 20 —¥ ° .°. 20 t 50
PS 2 PP sace 8-
Q ® °®
c °
x 10 i 10
L
s
0 T T T 0 T T T
unaffected MPS MPS unaffected MPS MPS
saline saline SGSH saline saline SGSH

WiILEY- L™

CNS Neuroscience & Therapeutics

(M) TOTAL i.v.

WS s

GCL |Unaffected MPS

LI ———
(N) TOTAL intra-CSF

GCL Unaffected ~ MPS EMPSSGSH
vehicle

INL

OPL
b

FIGURE 5 Effect of neonatal i.v. or intra-CSF delivery of AAV9-CMV-sulfamidase (or vehicle) on peripheral retinal thickness in 20-week-
old mice. The thickness of the retina from the GCL to but not including the RPE was quantified in H&E-stained sections (A, B). The thickness
of individual retinal layers was also evaluated (C-L). Photos of the total retina (M, N) or ONL (O, P) in representative mice from each
treatment group are shown. Ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL), photoreceptor segments (PS), inner segments (IS), and retinal pigmented epithelium (RPE). Scale bar in M, N is 20 um.
Scale barin O, P is 10pm. *p<0.05, **p<0.01, ***p <0.001, ****p <0.0001. Only statistically significantly different comparisons between

groups are shown.
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of retinal transduction and the speed and amount of gene expres- CMV promoter used here. This constitutive small nuclear RNA
sion. First, the promotor in the vector being administered in the promoter (Ula) appears to enable persistent high-level gene ex-
clinical trial of i.v. gene therapy is a Ula promoter, rather than the pression in a pan-cellular fashion.®® Further, the small size of this



BEARD ET AL.

CNS Neuroscience & Therapeutics

1.5 (A) Fokokk *kokk

WILEY- 2™

intra-CSF

ok

1.5 (B) *k Kk

L]
1.0 Seses —.——
L]
L]

0.5 °
.o
.
.
0. T T T
unaffected MPS MPS
saline saline SGSH
(0)
1.0:
(D) o
0.8

0.6 :

. . ' GCL
o4 e .,
o «/ e 8

13
E
e o
EREEE Ceae
ENEK
£z ®e0®
oo
TOTAL &8
£
E 3 054
°
2 oo
* — (1]
0. T T i
unaffected MPS MPS
saline saline SGSH
1.0q
)
% __ 0.8 FHRK Fkokok
54 0.6-] .
GCL ;%"
Qo (X}
£ 2 044
g4 os
S 0.2 Cee
]
* . L]
0.0-——000g000————————oosgese—
unaffected ~ MPS MPS
saline saline SGSH
Kk kK *kKK
e @
[
S _os 3,
8%
+ > 0.6 3
= 3
PL 33 :
£ 2 0.4
o
8
§ 0.2
; e0e L)
0. T T evopece
unaffected MPS MPS
saline saline SGSH
1.0
£ @
E
5 . 0.8
8+
INL 4> 064 *k Kk
0o
£ 2 0.4 .
g
o
S 0.2 .
2
*
0.0-——0009000——0-9-0——0000p000—
unaffected ~ MPS MPS
saline saline SGSH
1.09
U]
E,\OB_ kK Kk ok Kk
3<
8+ 06 )
+ > 0.6
OPL ;% 435
£2 044 .
3
3
g 0.2
= oo
R - = S
unaffected MPS MPS
saline saline SGSH
1.0
g "7(K)
E
& . 08
<
%3 06
ONL é3
£ 2 0.4+
on
8
] 0.2
K]
* g0
unaffected MPS MPS
saline saline SGSH
1.0
g (M)
£
5 . 08
£ *k *k
PS  3z°¢
0o R4
£ 9 0.4
S oe0
@ >
S 0.2 —
2
* o0
unaffected  MPS MPS
saline saline SGSH

—e—
0. T T T
unaffected MPS MPS
saline saline SGSH
I IPL
*kok
10-(F) ! —_
0.8 e Y
T T y
0.6 .
)
0.4 .
——
0.2+ °
.
0. T T T
unaffected MPS MPS
saline saline SGSH
1.09
(H)
0.8
0.6
0.4+
0.24 .
o .':T"' iess —r?"- -
unaffected MPS MPS
saline saline SGSH
*okk
1.0
(J) *kok
0.84
.
0.6 *
. .
0.4+ ’ °
0.24 L4
0. g T T
unaffected MPS MPS
saline saline SGSH
1.0
L
0.84
0.6
0.4+
0.2
.
0.0-
unaffected MPS MPS
saline saline SGSH
1.0
(N) *x
0.8
Fokkok *k
0.6 .
°,
0.4 N o
02 e
0. soon0e T T
D> 2 2
& @ N A
SR X 2
& & <

&

FIGURE 7 Impact of AAV9-sulfamidase (or vehicle) delivered i.v. (A, C, E, G, |, K, M) or intra-CSF (B, D, F, H, J, L, N) on the number of
ameboid isolectin B4-positive cells per mm of retina in 20-week-old mice. Counts were performed along the whole length of the retina.
Each retinal layer was assessed. Representative photos of stained/counted microglia (arrows) are shown in; ganglion cell layer (GCL; O) inner
plexiform layer (IPL; P), photoreceptor segment (PS; Q). Inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL),
outer nuclear layer (ONL), photoreceptor segments (PS). Scale bar in O-Q is 10 um. **p <0.01, ***p <0.001, ****p <0.0001. Only statistically
significantly different comparisons between groups are shown.



10 0f 13
4|_Wl L E Y_ CN'S Neuroscience & Therapeutics

BEARD ET AL.

promotor is compatible with the smaller packaging capacity of self-
complementary AAV vectors such as that used in the i.v. gene ther-
apy trial in MPS 1lIA patients. Use of an scAAV9 vector may also
hasten gene expression (e.g., Ref. [34]) compared to single-strand
AAV?9 vectors like the one used here.

The promotor being used in the clinical trial of intra-CSF infu-
sion of single strand AAV9-sulfamidase is CAG (cytomegalovirus
early enhancer/chicken p-actin). CAG and CMV promotors resulted
in similar levels of reporter gene expression in brain following intra-
CSF infusion of AAV9 vectors to mice,®® although superior spinal
cord expression of eGFP was noted with a CMV promotor. Finally,
the vector in the intra-CSF infusion clinical trial contains a codon-
optimized human sulfamidase gene. Codon optimization was not
carried out here, nor has it been utilized to our knowledge in the i.v.
AAV9-sulfamidase clinical trial. Codon optimization is performed to
remove potentially deleterious unmethylated CpGs in cDNA that ini-
tiate immune stimulation leading to elimination of transduced cells.

In summary, our findings indicate that intra-CSF viral vector-
based treatment of MPS IIIA patients will potentially need to be sup-
plemented with an intraocular therapeutic to modify the profound
and progressive retinal dysfunction seen in this disorder. Patients
receiving i.v. AAV9-sulfamidase may not need supplementary treat-
ment of retinal disease if these findings in neonatal mice are translat-
able to young children. Evaluation and reporting of whether retinal
dysfunction is halted or prevented in children treated with i.v. AAV9-
sulfamidase (or not) is urgently needed. While the improvement or
maintenance of cognitive function is of supreme importance when
assessing the efficacy of a therapeutic in MPS IlIA patients, for max-
imum quality of life, the prevention of vision loss also requires in-
creased focus.

4 | MATERIALS AND METHODS

4.1 | Approvals

This research protocol was approved by the Institutional Animal
Ethics (approvals #1109/12/21 and #1073/11/2020) and Biosafety
Committees (#B144/12/2020 and #B149-12-21) prior to study

commencement.

4.2 | Vector

The single strand AAV9-CMV-human sulfamidase vector was syn-
thesized by Vector Labs (Malvern, PA USA) and provided at a con-
centration of 9.2x 10*® genome copies per mL.

4.3 | Mice

The mice used in this study were sourced from breeding colonies
maintained at the Women's and Children's Hospital Network, North

Adelaide, South Australia, Australia. Congenic MPS IIIA mice (B6.Cg-
Sgsh™*32) and congenic MPS IIIA mice crossed with a reporter strain
(B6.Cg-Tg(Thy1-YFP)HJrs/J; JAX Stock #003782) were used. All mice
were group-housed in a temperature/humidity-controlled facility with
a 14-h light: 10-h dark cycle. Food and water were available ad libi-
tum. The mice received toilet rolls and plastic cups plus nesting mate-
rial for enrichment purposes. All breeding, housing, and experimental
procedures complied with the Association for Research in Vision and
Ophthalmology (ARVO) statement and the Australian code for the
care and use of animals for scientific purposes (8th edition; 2013).

4.4 | Genotyping

The presence/absence of the D31N mutation in the murine Sgsh gene
was determined according to Lau et al. (2013).%¢ YFP copy number to
determine null, hemizygous, or homozygous status was determined
using a custom assay with the following primers: forward (5 GCA CCA
CCG GCA AGC T 3'), reverse (5" AGT CGT GCT GCT TCA TGT GGT
3’),and YFP probe (5" FAM-ACC ACC TTC GGC TAC G-NFQ-MGB 3’).
Mouse Tfrc was used as the reference gene (VIC-labeled #4458366;
ThermoFisher Scientific, Waltham, MA, USA). Sequences were ampli-
fied as follows: 2min at 50°C, 10min at 95°C, 40cycles of PCR ampli-
fication (15s at 95°C followed by 1-min at 60°C) with 10ng genomic
DNA per well, using 384-well plates (#4309849; ThermoFisher
Scientific). QuantStudio Real-Time PCR and CopyCaller v2.1 software

were used for data analysis (ThermoFisher Scientific).

4.5 | Mouse injections

i.v. injections were made into awake pups via the superficial tem-
poral vein on day 1 and the tail vein on day 5 of life (Figure 1). On
each occasion, 5x 10! vector genomes were delivered in 10puL
(dosing strategy as per Byrne et al.?). Intraventricular CSF in-
jections were given on day O of life to cryoanaesthetised pups.
Briefly, this involved cryoanaesthesia of mice followed by transil-
lumination of the head using a MicroLight 150 Cold Light Fiber
Optic llluminator (Fibreoptic Lightguides, VIC, Australia) and infu-
sion of vector through a 27G dental needle held in the arm of a
stereotaxic frame (David Kopf Instruments, CA, USA). The needle
was attached to polyethylene tubing (Becton Dickinson, USA),
connected to a Hamilton syringe which was placed on a slow in-
fusion pump (SP200iz Syringe Infusion Pump (World Precision
Instruments, Sarasota, FL, USA)), permitting controlled infusion of
vector (1 puL/min). Injections were made at the mid-point between
lambda and bregma, 1 mm lateral to the sagittal suture and 2mm
deep. Mice recovered under a warm lamp. A total of 5x 10° vector
genomes was delivered in 2L (1pL per hemisphere; dose as per
Haurigot et al.®). The twenty-fold difference in vector genomes
delivered accounts for the fact that only ~5%-10% of vector ge-
nomes reach the central nervous system (i.e., brain) compared

with liver following i.v. injection.”
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The mice were genotyped via ear notching at ~2weeks of life and
weaned at three weeks as per usual husbandry procedures. When
they reached 20 weeks of age, mice were humanely euthanised using
CO, overdose. Intra-cardiac perfusion with cold PBS was followed by
enucleation and immersion fixation of eyes in Davidson's fixative over-
night. Brain and some eyes were removed and stored frozen at -80°C.

4.6 | Sulfamidase activity and heparan
sulfate assays

Retinae from one eye were placed in Lysing Matrix D tubes (MP
Biomedicals) and homogenized in 0.02M Tris/0.5M NaCl, pH7.4,
using a Precellys 24 Tissue Homogenizer. Homogenates were then
dialyzed into 0.2M sodium acetate buffer pH 6.5 overnight at 4°C.
Brain samples were directly homogenized in 0.5mL of 0.2M NaAc
pH 6.5. Sulfamidase activity was determined using a 4-MU-based
fluorimetry assay according to previously published methods,®”
with data reported as pmol/min/mg of total protein. Total heparan
sulfate-derived disaccharides were then quantified using acid hy-
drolysis followed by tandem mass spectrometry, a previously pub-
lished method.*® Peak area ratios were determined using Analyst
1.6.2 software (ABSciex, Concord, Ontario, Canada) and data are ex-
pressed per mg of total protein. Total protein was quantitated using
a MicroBCA kit (#23235, ThermoFisher Scientific).

4.7 | RNAsolation and RT-qPCR for transgene
expression analysis

There was insufficient retinal tissue to assess hSGSH transcript lev-
els. Total RNA was extracted from brain homogenates using TRIzol™
reagent according to manufacturer protocol and treated with DNasel
(Life Technologies). Two micrograms of RNA was reverse tran-
scribed to cDNA with random primers using a High-Capacity cDNA
Reverse Transcription Kit (Life Technologies). Detection and quan-
tification of human SGSH transgene expression was performed by
real-time PCR using a Bio-Rad CFX Opus 384 Real-Time PCR sys-
tem with SsoAdvanced™ Universal SYBR® Green Supermix (Bio-
Rad). Cycles were 98°C for 30s, 40cycles of 98°C for 15s and 60°C
for 1min. The primer sequences used to detect human SGSH were:
forward primer 5-CTCTTTCGCAATGCCTTCAC-3, reverse primer
5-TGTCGAAGGAGTTGAAGTGG-3'. The housekeeping gene used was
mouse p-actin: forward primer 5-GGTCATCACTATTGGCAACG-3/,
reverse primer 5-ACGGATGTCAACGTCACACT-3'. Data were nor-
malized to the mRNA abundance of the housekeeping gene p-actin and

ACt

are presented as comparative Ct values, using 2° quantification.*”

4.8 | Immunohistochemistry and histochemistry

The other eye from each mouse was fixed in Davidson's solution
(2-parts 37% formaldehyde, 3-parts 100% ethanol, 1-part glacial
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acetic acid, 3-parts water) for 24h and was then processed into
paraffin. Six-micron thick section sections were cut using a rotary
microtome (Leica, Wetzlar, Germany) in a consistent manner to
the level of the optic nerve head. Sections were mounted on glass
slides (Superfrost™ Plus, Thermo Scientific, USA), oven dried and
rehydrated after xylene deparaffinization and ethanol washing.
Hematoxylin and eosin (H&E) staining was performed using stand-
ard methods. For immunohistochemical and histochemical stain-
ing of retina, antigen retrieval pretreatment, primary antibody and
isolectin B4 histochemical staining reagents used are outlined in
Table S1.

Immunohistochemical staining was performed according to es-
tablished methods.'* Briefly, antigen retrieval was performed prior
to blocking nonspecific labeling with 10% normal donkey serum
(NDS, #017-000-121, Jackson ImmunoReasearch Laboratories,
PA, USA) in PBS. Sections were incubated overnight in primary
antibody diluted in 2% NDS, washed in PBS, and then endogenous
peroxidases were blocked with 0.3% hydrogen peroxide. Sections
were incubated at room temperature in species-specific bioti-
nylated secondary antibody, 1:2000 (Jackson ImmunoResearch
Labs, PA, USA), followed by Vectastain ABC reagent (#PK 6100:
Vector Laboratories, CA, USA). Color detection was achieved with
the diaminobenzidine (DAB) liquid chromogen system (#3468:
DAKO, Glostrup, Denmark). To detect ameboid, presumptively
activated microglia, sections underwent antigen retrieval and
were then incubated in 0.3% hydrogen peroxide followed by
peroxidase-conjugated isolectin-B4 overnight. Color detection
was achieved with DAB.

Staining was batched, and all analysis was conducted by a user
blinded to mouse genotype and treatment status. Sections were
viewed on either an Olympus BX41 (with an Olympus UC50 camera),

or an OlympusBH-2 microscope (with an Olympus DP22 camera).

4.9 | Quantification of retinal thickness

H&E-stained sections were evaluated to determine total retinal
thickness and individual retinal layer thickness. Measurements
were taken in two locations: 500 pm from the optic nerve head
(representing “central” retina) and 500 um from the ciliary body
(representing “peripheral” retina), to ensure inter-animal consist-
ency. Measurements were made on each side of the optic nerve
head, and the mean thickness of the peripheral and central retina
was calculated. Retinal thickness was only determined in sections
in a perpendicular orientation. Total thickness represents the dis-
tance from the retinal ganglion cell layer (RGC) to, but not includ-
ing the retinal pigmented epithelium (RPE). The thickness of the
inner plexiform layer (IPL), inner nuclear layer (INL), outer plexi-
form layer (OPL), outer nuclear layer (ONL), and total photorecep-
tor segment layer (PS) was also determined. Rhodopsin-stained
sections were used to measure the inner segment (IS) and outer
segment (OS) thickness. All measurements were carried out blind
to genotype/treatment group.
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Quantification of immunohistochemical

Threshold analysis of % LIMP2 positive immunoreactivity was per-
formed using FlJI image analysis software®® on images taken using
a 40x objective from the ganglion cell layer to the external limiting
membrane (ELM), in the central and peripheral retina. The num-
ber of amoeboid isolectin B4-positive cells was counted manually
along the entire length of the retina, with individual retinal layers
assessed. Counts were reported as number of amoeboid microglia/
mm.

4.11 | Statistical analysis

Individual data points are shown, and the group mean is indicated.
Graphical and analytical exploratory data analyses were performed
(including normality which was examined using the Shapiro-Wilk
test, given the small n in some groups), and patterns assessed.
Analyses were performed on log-transformed data for LIMP-II
and isolectin B4-stained retinae to satisfy normality assumptions.
Multiple comparisons were handled with ANOVA and post hoc
Bonferroni correction (GraphPad Prism version 8). Data were re-
garded as statistically significant when p <0.05. *p <0.05, ** p<0.01,
***p<0.001, ****p<0.0001.

AUTHOR CONTRIBUTIONS

KMH conceptualized the study, HB, LW, AAL, SNM, BK, TRL, and
WS undertook formal data analysis, KMH acquired the funding,
KMH, HB, LW, AS, AAL, SNM, BK, TRL, WS, and PJT carried out the
investigation, KMH, HB, AAL, SNM, MFS, and PJT developed the
methods used and KMH and HB prepared the data for presentation.
EJP-L co-supervised AS, a PhD candidate at the time this study was
performed and contributed intellectually to the design of the intra-
CSF portion of the study. KMH administered the project, supervised
the study, and wrote the original draft. All authors reviewed and ed-

ited the manuscript.

ACKNOWLEDGMENTS

The study was part-funded by an NHMRC Grant to KMH (#1121522)
and part-funded by the Lysosomal Diseases Research Unit, SAHMRI.
AS was a recipient of a PhD Scholarship from the University of
Adelaide. The authors thank Sarah Tamang for mouse husbandry,
monitoring and genotyping and Lynn Marsden and the former staff
of the WCH Animal Care Facility.

CONFLICT OF INTEREST STATEMENT

KMH has received funding from Shire Human Genetic Therapies
and Lysogene, for pre-clinical evaluation of enzyme replacement
and AAVrh10-based gene therapy (respectively) for Sanfilippo syn-
drome. No authors are affiliated with or have received funding from
any organization associated with the two human clinical trials of
AAV9-sulfamidase in patients with Sanfilippo syndrome.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Leanne Winner "= https://orcid.org/0000-0001-5175-4839

Kim M. Hemsley " https://orcid.org/0000-0003-1038-9884

REFERENCES

1. Neufeld EF, Muenzer J. The mucopolysaccharidoses. In: Scriver CR,
Beaudet AL, Sly WS, Valle D, eds. The metabolic & molecular basis of
inherited disease. 8th ed. McGraw-Hill; 2001:3421-3452.

2. Valstar MJ, Neijs S, Bruggenwirth HT, et al. Mucopolysaccharidosis
type IlIA: clinical spectrum and genotype-phenotype correlations.
Ann Neurol. 2010;68:876-887.

3. Jones SA, Breen C, Heap F, et al. A phase 1/2 study of intrathecal
heparan-N-sulfatase in patients with mucopolysaccharidosis IlIA.
Mol Genet Metab. 2016;118:198-205.

4. Wijburg FA, Whitley CB, Muenzer J, et al. Intrathecal heparan-N-
sulfatase in patients with Sanfilippo syndrome type A: a phase Ilb
randomized trial. Mol Genet Metab. 2019;126:121-130.

5. Hocquemiller M, Hemsley KM, Douglass ML, et al. AAVrh10 vec-
tor corrects disease pathology in MPS IIIA mice and achieves
widespread distribution of SGSH in large animal brains. Mol Ther
Methods Clin Dev. 2019;17:174-187.

6. Winner LK, Beard H, Hassiotis S, et al. A preclinical study evaluating
AAVrh10-based gene therapy for Sanfilippo syndrome. Hum Gene
Ther. 2016;27:363-375.

7. Fu H, Cataldi MP, Ware TA, et al. Functional correction of neuro-
logical and somatic disorders at later stages of disease in MPS IlIA
mice by systemic scAAV9-hSGSH gene delivery. Mol Ther Methods
Clin Dev. 2016;3:16036.

8. Haurigot V, Marcé S, Ribera A, et al. Whole body correction of mu-
copolysaccharidosis IlIA by intracerebrospinal fluid gene therapy. J
Clin Invest. 2013;123:3254-3271.

9. Marcoé S, Haurigot V, Jaén ML, et al. Seven-year follow-up of durabil-
ity and safety of AAV CNS gene therapy for a lysosomal storage dis-
order in a large animal. Mol Ther Methods Clin Dev. 2021;23:370-389.

10. Ashworth JL, Biswas S, Wraith E, Lloyd IC. Mucopolysaccharidoses
and the eye. Surv Ophthalmol. 2006;51:1-17.

11. Ceuterick C, Martin JJ, Libert J, Farriaux JP. Sanfilippo A dis-
ease in the fetus—comparison with pre- and postnatal cases.
Neuropadiatrie. 1980;11:76-185.

12. Gills JP, Hobson R, Hanley WB, McKusick VA. Electroretinography
and fundus oculi findings in Hurler's disease and allied mucopoly-
saccharidoses. Arch Ophthalmol. 1965;74:596-603.

13. Lavery MA, Green WR, Jabs EW, Luckenbach MW, Cox JL. Ocular
histopathology and ultrastructure of Sanfilippo's syndrome, type
111-B. Arch Ophthalmol. 1983;101:1263-1274.

14. Beard H, Chidlow G, Neumann D, et al. Is the eye a window to
the brain in Sanfilippo syndrome? Acta Neuropathol Commun.
2020;8(194):3.

15. Heldermon CD, Hennig AK, Ohlemiller KK, et al. Development
of sensory, motor and behavioral deficits in the murine model of
Sanfilippo syndrome type B. PLoS One. 2007;2(8):e772.

16. Intartaglia D, Giamundo G, Marrocco E, et al. Retinal degeneration
in MPS-IIIA mouse model. Front Cell Dev Biol. 2020;8:132.

17. Tse DY, Lotfi P, Simons DL, Sardiello M, Wu SM. Electrophysiological
and histological characterization of rod-cone retinal degeneration
& microglia activation in MPSIIIB. Sci Rep. 2015;5:17143.

18. Crawley AC, Gliddon BL, Auclair D, et al. Characterization of a
C57BL/6 congenic mouse strain of mucopolysaccharidosis type
I1IA. Brain Res. 2006;1104:1-17.


https://orcid.org/0000-0001-5175-4839
https://orcid.org/0000-0001-5175-4839
https://orcid.org/0000-0003-1038-9884
https://orcid.org/0000-0003-1038-9884

BEARD ET AL.

CNS Neuroscience & Therapeutics

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Brajon S, Morello GM, Capas-Peneda S, Hultgren J, Gilbert C,
Olsson A. All the pups we cannot see: cannibalism masks perinatal
death in laboratory mouse breeding but infanticide is rare. Animals
(Basel). 2021;11:2327.

Hemsley KM, Beard H, Chidlow G, et al. Repetitive, non-invasive imag-
ing of neurodegeneration, and prevention of it with gene replacement,
in mice with Sanfilippo syndrome. Exp Neurol. 2024;371:114610.
Shoubridge AP. Synaptic Morphology, Function, and Regulation in
a Paediatric-Onset Neurodegenerative Disorder. 2021. PhD Thesis.
https://hdl.handle.net/2440/130920

White KA, Nelvagal HR, Poole TA, et al. Intracranial delivery of
AAV?9 gene therapy partially prevents retinal degeneration and vi-
sual deficits in CLN6-Batten disease mice. Mol Ther Methods Clin
Dev. 2021;20:497-507.

Mitchell NL, Russell KN, Wellby MP, et al. Longitudinal in vivo mon-
itoring of the CNS demonstrates the efficacy of gene therapy in a
sheep model of CLN5 Batten disease. Mol Ther. 2018;26:2366-2378.
Katz ML, Tecedor L, Chen Y, et al. AAV gene transfer delays disease
onset in a TPP1-deficient canine model of the late infantile form of
Batten disease. Sci Transl Med. 2015;7:313ra180.

Whiting REH, Jensen CA, Pearce JW, Gillespie LE, Bristow DE, Katz
ML. Intracerebroventricular gene therapy that delays neurological
disease progression is associated with selective preservation of ret-
inal ganglion cells in a canine model of CLN2 disease. Exp Eye Res.
2016;146:276-282.

Castle MJ, Gershenson ZT, Giles AR, Holzbaur EL, Wolfe JH. Adeno-
associated virus serotypes 1, 8, and 9 share conserved mechanisms
for anterograde and retrograde axonal transport. Hum Gene Ther.
2014;25:705-720.

Castle MJ, Perlson E, Holzbaur EL, Wolfe JH. Long-distance axonal
transport of AAV? is driven by dynein and kinesin-2 and is traf-
ficked in a highly motile Rab7-positive compartment. Mol Ther.
2014;22:554-566.

Hennig AK, Levy B, Ogilvie JM, et al. Intravitreal gene therapy re-
duces lysosomal storage in specific areas of the CNS in mucopoly-
saccharidosis VIl mice. J Neurosci. 2003;23:3302-3307.

Byrne LC, Lin YJ, Lee T, Schaffer DV, Flannery JG. The expression
pattern of systemically injected AAV9 in the developing mouse ret-
ina is determined by age. Mol Ther. 2015;23:290-296.

Bemelmans AP, Duqué S, Riviére C, et al. A single intravenous AAV9
injection mediates bilateral gene transfer to the adult mouse retina.
PLoS One. 2013;8(4):e61618.

Hennig AK, Ogilvie JM, Ohlemiller KK, Timmers AM, Hauswirth
WW, Sands MS. AAV-mediated intravitreal gene therapy reduces
lysosomal storage in the retinal pigmented epithelium and improves
retinal function in adult MPS VII mice. Mol Ther. 2004;10:106-116.

32.

33.

34.

35.

36.

37.

38.

39.

40.

WILEY 13 of 13

Murray SJ, Russell KN, Melzer TR, et al. Intravitreal gene therapy
protects against retinal dysfunction and degeneration in sheep
with CLN5 Batten disease. Exp Eye Res. 2021;207:108600.

Bartlett JS, Sethna M, Ramamurthy L, Gowen SA, Samulski RJ,
Marzluff WF. Efficient expression of protein coding genes from the
murine U1 small nuclear RNA promoters. Proc Natl Acad Sci USA.
1996;93:8852-8857.

KongF, Li W, Li X, et al. Self-complementary AAV5 vector facilitates
quicker transgene expression in photoreceptor and retinal pigment
epithelial cells of normal mouse. Exp Eye Res. 2010;90:546-554.
Lukashchuk V, Lewis KE, Coldicott I, Grierson AJ, Azzouz M.
AAV9-mediated central nervous system-targeted gene deliv-
ery via cisterna magna route in mice. Mol Ther Methods Clin Dev.
2016;3:15055.

Lau AA, Shamsani NJ, Winner LK, et al. Neonatal Bone Marrow
Transplantation in MPS IIIA Mice. JIMD Rep. 2013;8:121-132. doi:
10.1007/8904_2012_169

Whyte LS, Hopwood JJ, Hemsley KM, Lau AA. Variables influenc-
ing fluorimetric N-sulfoglucosamine sulfohydrolase (SGSH) ac-
tivity measurement in brain homogenates. Mol Genet Metab Rep.
2015;5:60-62.

He QQ, Trim PJ, Lau AA, et al. Synthetic disaccharide standards
enable quantitative analysis of stored heparan sulfate in MPS I[lIA
murine brain regions. ACS Chem Neurosci. 2019;10:3847-3858.
Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2722 method. Methods.
2001;25:402-408.

Schindelin J, Arganda-Carreras |, Frise E, et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods.
2012;9:676-682.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Beard H, Winner L, Shoubridge A,
et al. Evaluation of neuroretina following i.v. or intra-CSF
AAV9 gene replacement in mice with MPS IlIA, a childhood
dementia. CNS Neurosci Ther. 2024;30:e14919. doi:10.1111/
cns.14919


https://hdl.handle.net/2440/130920
https://doi.org//10.1007/8904_2012_169
https://doi.org/10.1111/cns.14919
https://doi.org/10.1111/cns.14919

	Evaluation of neuroretina following i.v. or intra-­CSF AAV9 gene replacement in mice with MPS IIIA, a childhood dementia
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|i.v. delivered AAV9-­sulfamidase normalizes endo-­lysosomal compartment size
	2.2|Impact of the two treatments on the integrity of individual retinal cell layers
	2.3|i.v. but not intra-­CSF AAV9-­sulfamidase leads to retention of rhodopsin-­positive photoreceptors across retina
	2.4|There are fewer isolectin-­B4-­reactive microglia in retinae of mice treated with i.v. AAV9 versus intra-­CSF AAV9

	3|DISCUSSION
	4|MATERIALS AND METHODS
	4.1|Approvals
	4.2|Vector
	4.3|Mice
	4.4|Genotyping
	4.5|Mouse injections
	4.6|Sulfamidase activity and heparan sulfate assays
	4.7|RNA isolation and RT-­qPCR for transgene expression analysis
	4.8|Immunohistochemistry and histochemistry
	4.9|Quantification of retinal thickness
	4.10|Quantification of immunohistochemical labelling
	4.11|Statistical analysis

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


