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Abstract

Chondroitin sulphate proteoglycans (CSPGs) are inhibitors to axon regeneration and
plasticity. Bacterial chondroitinase ABC degrades CSPGs and has been extensively reported
to be therapeutic after SCI but there remain concerns for its clinical translation. A disintegrin
and metalloproteinase with thrombospondin motifs-4 (ADAMTS4) is a human enzyme that
catalyses the proteolysis of CSPG protein cores. Infusion of ADAMTS4 into the damaged
spinal cord was previously shown to improve functional recovery after SCI, however, this
therapy is limited in its enzyme form. Adeno-associated viral (AAV) vector gene therapy has
emerged as the vector of choice for safe, robust and long-term transgene expression in the
central nervous system. Here, an AAV expression cassette containing ADAMTS4 under the
control of the astrocytic GfaABC1D promoter was packaged into an AAV5 vector. Sustained
expression of ADAMTS4 was achieved in vitro and in vivo, leading to widespread
degradation of CSPGs. AAV-ADAMTS4 resulted in significantly decreased lesion size,
increased sprouting of hindlimb corticospinal tract axons, increased serotonergic fiber density
caudal to the injury, and improved functional recovery after moderate contusive SCI.
Hindlimb-specific exercise rehabilitation was used to drive neuroplasticity towards improving
functional connections. The combination of hindlimb rehabilitation with AAV-ADAMTS4
led to enhanced functional recovery after SCI. Thus, widespread and long-term degradation
of CSPGs through AAV-ADAMTS4 gene therapy in a combinational approach with

rehabilitation represents a promising candidate for further preclinical development.
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Abbreviations

AAV Adeno-associated virus

ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs
ChABC Chondroitinase ABC

CS-GAG Chondroitin sulphate glycosaminoglycan

CSPG Chondroitin sulphate proteoglycan

ECM Extracellular matrix

GAG Glycosaminoglycan

LV Lentiviral vector
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Introduction:

Axons In the adult mammalian central nervous system (CNS) have limited regenerative
capacity following spinal cord injury (SCI), leading to permanent loss of sensory and motor
functions in affected individuals. This is due to both poor intrinsic regenerative capacity of
adult neurons as well as extrinsic inhibitory factors present in the extracellular matrix such as
chondroitin sulphate proteoglycans (CSPGs) and myelin-associated molecules (Curcio and
Bradke, 2018; Vogelaar, 2016). CSPGs are well established to be potent inhibitors of axonal
growth and plasticity in vitro and in vivo, which is believed to be exerted through their
negatively charged, covalently attached, chondroitin-sulphate glycosaminoglycan side chains
(CS-GAGs; (Rudge and Silver, 1990; Snow et al., 1996; Snow et al., 1990; Snow and
Letourneau, 1992). Degradation of the CS-GAGs by the bacterial enzyme chondroitinase
ABC (ChABC) has been shown in a variety of models to remove the inhibitory influence
exerted by these molecules (Bradbury and Carter, 2011). When infused into the contused rat
spinal cord, ChABC increased sprouting of corticospinal tract (CST) fibres, restored
functional connections to produce a modest improvement in motor function as assessed by
performance in beam walking and grid walking tasks (Bradbury et al., 2002; Garcia-Alias et
al., 2009). More recently, a mammalian-compatible ChABC (mChABC) gene was
engineered to address the possible risk for clinical use of the bacterial enzyme and to allow
for expression from mammalian cells (Muir et al., 2010). Lentiviral vector (LV) gene
delivery of mChABC achieved long-term expression in the contused rat spinal cord which
resulted in large-scale CSPG degradation and improved behavioural scores (Bartus et al.,
2014). This team further developed an immune-evasive Tet-on inducible LV-mChABC
vector that allows for regulated gene therapy in efforts to move towards clinical translation
(Burnside et al., 2018). While LV-mChABC gene therapy has undeniable benefit, there

remains concern about the safety of the use of the therapy in humans. Lentiviral vectors risk
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insertional mutagenesis, transgene oncogenesis, generation of replication-competent
retrovirus’s (Schlimgen et al., 2016), as well as the possibility of the modified prokaryote
ChABC enzyme still being capable of eliciting an immune response. Is there a mammalian
endogenous alternative? ADAMTSs (a disintegrin and metalloproteinase with
thrombospondin motifs) may represent such an alternative. ADAMTSs are mammalian
endogenous enzymes that catalyse the proteolysis of CSPG core proteins (Gottschall and
Howell, 2015). The role of ADAMTSs in the injured spinal cord is relatively unexplored.
They are expressed through the CNS and ADAMTS4 appears to be the most highly expressed
in the brain (Yuan et al., 2002). When infused into the severely contused rat spinal cord for
14 days, ADAMTS4 treated rats had a significant improvement in BBB (Basso, Beattie and
Bresnahan) locomotor scores, equalling the benefit of ChABC infusion (Tauchi et al., 2012).
A gene therapy approach utilising an adeno-associated viral vector (AAV) and expressing
human ADAMTS4 may be an advantageous alternative to LV-mChABC. AAV vectors have
emerged as the vector of choice for safe, robust and long-term transgene expression in the
CNS with their well-established clinical safety profile (Naso et al., 2017). Our lab previously
developed an astrocyte-targeting AAV vector for spinal cord gene therapy applications
(Griffin et al., 2019). This vector contains a truncated GFAP promoter (GfaABC;D)
packaged into an AAV5 serotype and is capable of transducing a large volume of spinal cord
tissue with selective transgene expression in astrocytes without affecting behavioural
outcomes. It is becoming increasingly clear that astrocytes play a critical role in SCI
pathogenesis as well as other neurotrauma or neurodegenerative conditions. Therefore, AAV
vectors that exhibit a propensity toward transducing astroglial cell populations are attractive
candidates and could potentially be more beneficial than gene therapies that typically display

neuron-centric transduction profiles.
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It is also becoming apparent that using appropriate rehabilitative strategies can help direct the
strengthening of correct connections following regenerative therapies (Fawcett and Curt,
2009; Loy and Bareyre, 2019). How exactly rehabilitation influences plasticity is not well
understood, however, appropriate rehabilitation regimes can prove to be astonishingly
effective. For example, task-specific rehabilitation combined with ChABC almost completely
restored some motor tasks (Chen et al., 2017; Garcia-Alias et al., 2009). Furthermore,
specifically training the hindlimbs using bipedal treadmill exercise after thoracic spinal cord
injury significantly improved several parameters of motor functions when combined with the
plasticity-promoting treatment, anti-Nogo-A antibody (Chen et al., 2017). Rehabilitation may
enhance the ADAMTS4-induced improvements to behavioural scores that were shown by

Tauchi and colleagues.

Here we investigated the therapeutic potential of an astrocyte-targeting AAV vector
expressing human ADAMTS4 in a rodent spinal cord contusion model. We observed that this
treatment significantly decreased lesion size, increased sprouting of hindlimb corticospinal
tract axons, increased serotonergic fiber density caudal to the injury, and improved functional
recovery after moderate contusive SCI. We further show that the combination of hindlimb

rehabilitation further enhanced functional recovery.

Materials and methods

Vector construction and packaging

Polymerase chain reaction was used to expand ADAMTS4 cDNA to be cloned into a suitable
plasmid cassette. A plasmid containing human ADAMTS4 cDNA (Origene: RC09226;
NM_005099) was used as a template and amplified using a ThermoFisher Accuprime PCR kit

as per the manufacturer’s instructions and the forward primer 5 TAT TAT ACT AGT GCT
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GCA GTA CCA GTG CCA TG 3’ and the reverse primer 5° CTA GTA AAG CTT CGG GAT
AGT GAG GTT ATT TC 3’ (Fig. S1 a) The ADAMTS4 PCR product was then purified and
cloned into an AAV expression plasmid; the ADAMTS4 transgene was followed by a
woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) and bovine growth
hormone polyadenylation signal (BGHpA), flanked by AAV2 inverted terminal repeats.
DNA sequences were confirmed by restriction digest analysis (Fig. S1 a, b) and DNA
sequencing (Massey Genome Service; Massey University, New Zealand) and the following
expression cassette was generated in this study: pAM/ITR-GfaABC,;D-ADAMTS4-WPRE-
BGHpA-ITR (termed AAVA-ADAMTS4; Fig. S2). Expression cassettes were packaged into
the AAV5 serotype and purified as previously described (Mudannayake et al., 2016). The
genomic titre of the vector was determined as previously described with primers designed to
WPRE and titre-matched to our control vector: pAM/ITR-GfaABC,D-dYFP-WPRE-BGHpA-
ITR (termed AAV-dYFP) (During et al., 2003). The purity of the vector was determined
using SDS-PAGE for viral capsid proteins the and the absence of non-specific bands across

all vectors indicates the vector stocks are of high purity (supplementary information; Fig. S1
C).

Primary astrocyte cell culture

Animal procedures were approved by the University of Auckland Animal Ethics Committee
and performed in accordance with the New Zealand Animal Welfare Act 1999. Primary
spinal cord astrocytes were isolated from Sprague-Dawley rat pup postnatal days 0-2. The
spinal cords of 2 pups (per culture) were excised and astrocytes were harvested as previously
described (Kerstetter and Miller, 2012). Cultures were maintained for at least 4 weeks in
growth media (DMEM supplemented with 10% fetal bovine serum (FBS), penicillin-
streptomycin-neomycin (PSN), 1x Fungizone, and 1x Glutamax) with media changes every 3-

4 days before plating for experimentation. Cells were plated into 96 well plates at a density of
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4.0x10° cells/well. Two days later, cultures were transduced with AAV-ADAMTS4 or AAV-
dYFP (4x10° vg or 8x10° vg), and stimulated with 10 ng/mL TGFB1 48 hours later. After
three days, the cultures were fixed with 4% paraformaldehyde in phosphate buffered saline
(PFA-PBS). Cultures were repeated a further four times (n = 4 biological repeats; 8 pups

used; 3 technical repeats within each experiment and three images for each technical repeat).

Animals, surgical procedure and AAV injections
Adult female Sprague Dawley rats weighing 200-300g were used in this study (obtained from

the Vernon Jansen Unit, University of Auckland, New Zealand). An acute study ending 4
weeks after SCI and another ending 13 weeks after SCI were conducted (Fig. 1). The acute
study was conducted to assess whether a control reporter AAV vector (contusion + AAV-
dYFP; n = 9), or the therapeutic AAV-ADAMTS4 vector (contusion + AAV-ADAMTS4; n =
9) affected histological and behavioural results compared to no treatment (contusion only; n =
9). Following this, a long term study was carried out to investigate the therapeutic potential
of AAV-ADAMTS4 and the influence of hindlimb rehabilitation (Fig. 1). There were five
groups in this study: contusion only (n = 14), contusion + AAV-ADAMTS4 (n = 13),
contusion + rehabilitation (n = 12), contusion + AAV -ADAMTS4 + rehabilitation (n = 9),
and sham surgery + AAV-ADAMTS4 (n = 4). This sample size is consistent with our
previous study (Griffin et al., 2019) and generated using a type 1 error threshold (o)) < 0.05

and power (1 B)>0.80.

The animals were randomly assigned to experimental groups prior to surgery. For surgery,
animals were anaesthetised with isoflurane and given subcutaneous injections of local
anaesthetic at the surgery site (Bupivicane; 1 mg/kg), analgesic (Carprofen; 5 mg/kg) and
antibiotic (Enrofloxacin; 5 mg/kg). A laminectomy was performed to expose the spinal cord
at spinal level T10 and impacted in the midline with a force of 175 KDyne using an Infinite

Horizon Impactor (Precision Systems Instrumentation). Data recorded from the IH impactor
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revealed that the actual forces delivered to the cords were within 10% of the intended 175
KDyne. Immediately after contusion injury, the rats were transferred to a stereotaxic frame
(David Kopf Instruments). A 10 pL Hamilton Neuros syringe coupled to a Micro Syringe
Pump Controller (World Precision Instruments) was used to inject viral vectors into the spinal
cord (4x10° vg; 1 pL) at a depth of 1 mm was made at each corner of the lesion site (four in
total) at a rate of 200 nL/min. Rats were housed one per cage after surgery for two weeks and
then housed four per cage in a temperature and humidity controlled atmosphere with a 12
hour light/dark cycle and ad libitum access to food and water. Animals were administered
subcutaneously antibiotics (Enrofloxacin; 5 mg/kg), analgesic (Carprofen; 5 mg/kg,
Buprenorphine; 0.05mg/kg), and supplementary fluid (0.9% saline, 3 mL) for three days.
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Figure 1: A schematic diagram of the study design. An acute study ending 4 weeks after SCI and another ending 13
weeks after SCI were conducted. To investigate transgene expression and toxicity resulting from the vector, animals were
randomly assigned to three treatment groups and tissue was collected 4 weeks following 175 KDyne contusion injuries. To
investigate the therapeutic benefit of AAV-ADAMTS4 alone or in combination with hindlimb rehabilitation animals were
randomly assigned to experimental groups and on day O received a 175 KDyne contusion injury at T10. Those in treatment
groups received four injections of AAV-ADAMST4 at each corner of the injury site. Those assigned to the rehabilitation
groups were subjected to hindlimb rehabilitation one week after the injury. At week 10, animals received injections of BDA
into the hindlimb motor cortex for tracing of hindlimb CST axons. Three weeks later, the animals were euthanised and their
spinal cords and brains were collected for histological analyses. This figure was produced using Servier Medical Art,
available from www.servier.com/Powerpoint-image-bank. Servier Medical Art by Servier is licensed under a Creative

Commons Attribution 3.

Hindlimb rehabilitation

For animals assigned to rehabilitation groups, training began one week after surgery using a
five-lane rodent treadmill (Pan Lab/Harvard Apparatus, #LE8710RTS). A custom built frame
was constructed and rats were suspended in handmade, custom fitted jackets so that only their
hindlimbs were in contact with the treadmill belt. This apparatus allowed for animals to be
kept upright whilst having weight bearing movements on their hindlimbs. For the first week
of the rehabilitation program, rats were trained for 10 minutes a day at a speed of 5 cm/sec.
From weeks 2-10, the rats were then trained for 30 minutes a day, five days a week, at a speed

of 25-35 cm/sec.

BDA anterograde tracing of hindlimb corticospinal tract axons

Ten weeks after spinal cord injury surgery, biotinylated dextran amine (BDA) was injected
into the hind-limb motor cortex of animals. Rats were anesthetised by isoflurane and their
scalp was shaved and local analgesia (Bupivicane 1mg/kg) was injected subcutaneously. The
animal was placed in a stereotaxic frame (David Kopf Instruments) and the skull exposed.
Four bilateral burr holes were made at following coordinates in reference to Bregma: 1) 0.5
mm posterior, 1.5 mm lateral; 2) 2.0 mm posterior, 1.0 mm lateral; 3) 0.5 mm posterior, 3.0

mm lateral; 4) 2.0 mm posterior, 3.0 mm lateral. These coordinates are known to be the
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location of the hindlimb motor cortex in rats (Bareyre et al., 2004; Neafsey et al., 1986). All
injections were made 3 mm from the surface of the skull, and 1 uL of BDA (10% wi/v in
sterile PBS) injected into each site via a 26 gauge Hamilton syringe needle attached to a

micro-infusion pump (World Precision Instruments) at a rate of 200 nL/min.

Behavioural testing

All behavioural testing was completed by blinded observers. The Basso, Beattie, and
Bresnahan (BBB), horizontal error ladder and CatWalk Gait XT were used to test hind limb
motor functions. BBB testing was carried out by two blinded observers in a circular open
field for 5 minutes each as previously described (Basso et al., 1995). Animals were
acclimatised to the open field for three days before testing and testing began the day after
surgery (Metz and Whishaw, 2009). For the error ladder test, a 1-meter long ladder with
irregularly spaced rungs was used. Animals were acclimatised to the ladder for three days
before testing and testing began the day after surgery. Each animal completed three runs of
the ladder which was recorded using a GoPro Hero4 camera. The footage was analysed
frame-by-frame by a blinded observer to observe footfalls and the total number of errors was
recorded over the three runs. For the CatWalk Gait analysis, the parameters of body speed,

print width, print area, and stride length were measured and the average of 5 runs is presented.

Tissue processing

Three weeks following BDA injections the animals were euthanized and their brain and spinal
cord were collected for histological analysis. Animals were overdosed with sodium
pentobarbitone (Pentobarb; Euthatal 300; 100 mg/kg, i.p) and transcardially perfused with
0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB).
Immediately after perfusion, approximately 5 centimetres of the spinal cord with the lesion in
the centre and the brain of the animal were removed. The cord and brain were post-fixed in

4% PFA in 0.1 M PB for 4 hours at 4°C before being cryoprotected in 20% and then 30%
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sucrose in 0.1 M PB. Cryosectioning was performed using a Leica CM3050 S Cryostat. The
tissue was frozen inside the cryostat and 1.2 centimetres of the cord with the lesion in the
centre was cut. The cord was then embedded in OCT cut onto positively charged microscope
slides so that each adjacent section on a slide represented 600 um of distance. All histological

staining, image acquisition and analysis was performed by blinded researchers.

Luxol fast blue and eosin staining

Luxol fast blue and eosin staining was used to visualise grey and white matter and lesion size
in the spinal cord tissue sections. The sections were incubated at in 0.1% Luxol fast blue at
60°C for six hours then differentiated in 0.1% lithium carbonate for 30 seconds before
changing to 70% ethanol for 30 seconds and then rinsed off in water. The sections were
counterstained with eosin for 30 seconds before being cleared with xylene and mounted. A
Leica DMR upright microscope was used to capture 2.5x magnification images of the stained
sections. ImageJ software was used to trace the regions of white matter, grey matter and
lesion size for every section. This staining was performed twice and the values were averaged

to minimise variation in the data.

Visualisation of BDA-labelled collaterals

Diaminobenzidine (DAB) immunohistochemistry was used to visualise BDA within traced
neurons. For BDA detection: sections were first washed with PBST for 20 minutes before
being incubated overnight at 4°C with Avidin-Biotin-Peroxidase-Complex reagent (ABC)
diluted in PBS + 1% bovine serum albumin (BSA). The sections were then washed in PBS
and incubated with biotinyl-tyramide-xx signal amplification reagent (ThermoFisher), as per
the manufacturer’s instructions, for two hours at room temperature followed by incubation
with ExtrAvidin Peroxidase (Sigma) diluted 1:250 in PBS for two hours at room temperature.
Sections were stained with DAB; 0.2 mg/mL DAB, 0.01% hydrogen peroxide, 0.1 M PB pH

7.2. Slides were mounted and imaged using a Leica DMR microscope at 2.5x magnification
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to image whole sections or at 10x or 40x magnification to obtain higher magnification
images. For analysis, in sections 600-1200 um rostral to the lesion edge, all BDA-labelled
axons present outside of the CST bundle were traced in ImageJ and represented as the sum of

axons traced (um).

Visualisation of ADAMTS4-proteolysis

For ARGxx detection, the same protocol as above was used with the following changes: The
primary antibody was mouse anti-ARGxx (Abcam; ab3773) diluted at 1:200 in PBS + 0.01%
Triton X-100 (PBST). A biotinylated goat-anti-mouse secondary antibody (Sigma;
SAB46000004) was diluted at 1:250 in PBST and then incubated at room temperature for two
hours with ABC reagent diluted in PBS + 1% BSA. DAB colour development was performed
as above. Stained sections were then imaged using a Leica DMR microscope at 2.5x, 10x and

40x magnification.

Fluorescent immunohistochemistry and intensity analyses

For fluorescent immunohistochemistry, spinal cord sections or cells were permeabilised using
PBST and then incubated overnight at room temperature in primary antibody diluted in PBS-
T + 4% goat or donkey serum (rabbit anti-ADAMTS4 Abcam 1:1000; mouse anit-GFAP-Cy3
Sigma 1:500; biotinylated wisteria lectin floribunda WFA, Sigma 1:200; mouse anti-
chondroitin sulphate CS56, Abcam 1:200; goat anti-5HT, Abcam 1:500). After two washes,
the cells or sections were then incubated with fluorescent-secondary antibodies (Donkey-anti-
rabbit/goat/mouse Alexa Fluor 488/594, ThermoFisher 1:500; Streptavidin Alexa Fluor488,
Sigma 1:200) at room temperature for two hours. Images were captured using an Olympus
FV1000 confocal microscope or with a Nikon Eclipse TE2000-U. For fluorescent intensity
analyses, images were thresholded to correct for background and the mean pixel intensities
were measured using ImageJ. The same threshold was maintained for all immunostaining

groups. For 5HT analysis specifically, the fluorescent intensity from the ventral horns of
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three sections: 600, 1200 and 1800 um caudal to the injury measured using ImageJ. The pixel
intensity measured at the ventral horns were subtracted from the pixel measured at the dorsal

horn within each image.

Data exclusions and statistical analyses

All behavioural testing, histological staining, image acquisition and analysis were performed
by blinded researchers. For the 13 week study, a number of animals were excluded from the
study. The criteria for this was if their combined hindlimb BBB score was greater than five at
day one after spinal cord surgery, if their BBB scores did not improve past a combined score
of eight by the end of the four weeks, and if the animal was euthanized because of
complications of the surgery. Furthermore, animals assigned to AAV-ADAMST4 group were
excluded if ADAMTS4 expression was not observed within the tissue, indicating a failed
injection. This resulted in n = 14 for contusion, n = 13 for contusion + AAV-ADAMTS4, n =
12 for contusion + rehabilitation, n = 9 for contusion + AAV-ADAMTS4 + rehabilitation.
Values are expressed as the mean + standard error of the mean (SEM). Statistical analyses
were conducted using Prism version 7.0 (GraphPad, La Jolla, USA). For cell culture
experiments and 5HT analysis, one-way ANOVA’s followed by a Tukey’s multiple
comparisons was used to determine statistically significant differences between the means of
groups split by one independent variable where *P < 0.05, **P < 0.001, ***P < 0.0001. For
LFB histology and behavioural data, Two-way ANOVA'’s followed by a Bonferroni multiple
comparisons test were used to compare the contribution to the variance of the variables, and
the mean differences in data between groups that have been split on two independent

variables where *P < 0.05, **P < 0.001, ***P < 0.0001.
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Results

AAV-dYFP results in robust expression and does not affect astrogliosis or

behavioural parameters
We have previously created an astrocyte-targeting AAV5 vector with a truncated GFAP

promotor (GfaABC1D) to selectively mediate transgene expression within spinal cord for
applications in SCI gene therapy (Griffin et al., 2019). This vector robustly transduces
primary spinal astrocyte cultures, saturating from 2x10° viral genomes per well (Fig. 2 a, b).
Transduction did not affect astrogliosis, as assessed by GFAP levels, nor did transduction

alter cell number compared to non-transduced cells (Fig. 2 c, d).

Following in vitro experiments, we determined whether injections of the AAV-dYFP vector
had any effects on astrogliosis or caused behavioural deficits in a spinal cord contusion
model. This study was carried out over 4 weeks because beyond this time point any effect to
behaviour or astrogliosis could reflect dYFP transgene-related effects rather than a response
to the viral vector particles (Vandamme et al., 2017). As observed in vitro, AAV-dYFP did
not affect astrogliosis in comparison to non-injected animals (Fig. 2 e, f). We further
investigated whether the AAV-dYFP vector influenced behavioural measurements. As we
observed previously (Griffin et al., 2019), AAV-dYFP intraspinal injections did not affect

BBB locomotor score, or several parameters measured by CatWalk Gait XT analysis (Fig. 2

g, h).


https://doi.org/10.1101/797696
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/797696; this version posted October 15, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

dYFP paositive cells per field
Contusion

b = AAV-dYFP
110 210 10" A0t S0
d Titre dose (viral genomes)
8004
+
sk
. 600 % >
2 CI
£ £%
E 4004 S<
]
< 200
ol
e‘@\ b*«“
o ?ﬁ‘ 40
f h 20
3
. i
6 & 3"
%- 0.8537 £ NS E NS
£ H [ | £ [ |
34 —— g 10 g0
s E
S T £
| % 5 H 10
o £
= H
S
] T 0 o
a 2 2 & A 2
& & P ,;» & &
# 4
g & s v
2071 o Contusion 2201 f_&l T3
= Contusion + AAV-dYFP £ 3
g 154 g 15 = l—INS
3 E Ez
= o
% 104 Em- g
@ 2 2
54 T os =
0 T T T T T T 0.0+ [
n LY 4 b A o
P & CA & & €
Days Post Surgery w &

Figure 2: AAV-dYFP results in robust expression and does not affect astrogliosis or behavioural parameters. An
astrocyte-selective AAV5 vector expressing dYFP under the expression of the GfaABC,D promoter (AAV-dYFP) resulted in
robust transduction of primary spinal cord astrocytes (a, b; n = 4 independent cultures). Transduction did not affect
astrogliosis or cell viability (c, d). In an in vivo spinal cord contusion model, AAV-dYFP did not affect GFAP
immunostaining (scale bar = 200 um); e, f), BBB locomotor scores (g) or CatWalk Gait XT analysis parameters (h; Sham n
=4, n =9 for injury and AAV-dYFP groups).
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AAV-ADAMTS4 transduces primary spinal cord astrocytes and degrades
TGFp1-induced CSPGs

We conducted two proof-of-concept experiments to show that CSPGs are a substrate for
ADAMTS4-mediated proteolysis (Fig. S3) and that ADAMTS4 can reverse the CSPG-
induced inhibition of neurite number and length independent of cell viability (Fig. S4).
Following packaging of AAV-ADAMTS4 we first tested whether the vector was functional in
primary spinal cord astrocyte cell culture. TGFpB1 has previously been shown to increase
CSPG expression in primary astrocyte culture (Smith and Strunz, 2005) and we investigated
whether AAV-ADAMTS4 degrades TGFB1-induced increases in CSPG content.
Immunocytochemistry was used to visualise the expression of all GAGs and CS-GAGs
specifically (WFA and CS56 staining, respectively). After exposure to TGFB1, astrocytes
produced large amounts of CS-GAG, and all GAGs (P < 0.0001; Fig. 3). Astrocytic
expression of ADAMTS4 was low in the control condition and TGFp1 treated cells (Fig. 3 a,
b). Transduction with 4x10° or 8x10° vg AAV-ADAMTS4 resulted in a significant, three-
fold increase in the expression of ADAMTS4 (P < 0.05). Equal ADAMTS4 expression was
achieved by either 4x10° or 8x10° vg, indicating saturation of the cultures similar to what is
observed by AAV-dYFP expression in cultures. Degradation of TGFB1-induced-CSPGs by
AAV-ADAMTS4 was visually evident. Both 4x10° and 8x10° vg AAV-ADAMTS4 reduced
the fluorescence values for CS-GAGs and GAGs (P < 0.001; Fig. 3 ¢, d). GAG content was
reduced to levels comparable to control whilst CS-GAG expression was reduced to slightly
more than half that observed by TGFp1 alone. 8x10° vg degraded slightly more CS-GAG and
GAG content compared to 4x10° vg, though these differences were not significant.
Recombinant ADAMTS4 enzyme (20 nM) was used as a positive control and significantly

reduced levels of CS-GAG and GAG (P < 0.0001).
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Figure 3: AAV-ADAMTS4 transduces primary spinal cord astrocytes and degrades CSPG components.
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spinal cord astrocytes were transduced with the AAV-ADAMTS4 vector (either 4x10° or 8x10° vg) and stimulated with 10

ng/mL TGFp1 two days later. The cells were fixed three days after stimulation and fluorescent immunocytochemistry was
then used to detect the ADAMTS4 transgene (ADAMTS4), chondroitin sulphate (CS56) and glycosaminoglycan (WFA). a)

10x magnification images were captured using a Nikon TE-2000-U microscope.

Images were thresholded and arbitrary

fluorescence units were measured for b) ADAMTS4, ¢) CS56 and d) WFA. Data represents mean £ SEM (n = 4 independent

cultures). A one-way ANOVA followed by a Tukey’s multiple comparisons test was used to test statistically significant
differences *P < 0.05, **P < 0.001, ***P < 0.0001.
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ADAMTS4 transgene is expressed and functional in the rat spinal cord after
infusion of AAV-ADAMTS4

We next investigated whether the ADAMTS4 transgene could be expressed in vivo in a
contusion model of SCI. Immunohistochemistry was used to detect the ADAMTS4 transgene
expression in the thoracic spinal cord ten weeks after thoracic SCI and infusions of AAV-
ADAMTS4. Efficient ADAMTS4 expression was detected in the thoracic cord in sections
600-1200 um rostral of the lesion edge compared to untransduced spinal cord (Fig. 4 a).
Confocal microscopy was used to visualise ADAMTS4 expression and colocalisation with
GFAP (Fig. 4 b). Basal ADAMTS4 expression was present in spinal cords that were not
injected with the vector but this expression is at low levels. Expression was largely diffuse in
grey and white matter, although staining is present around the cell bodies of neurons. We
observed what appeared to be increased GFAP expression in spinal cords injected with AAV-
ADAMTS4 compared to injury-only control (Fig. 4 b), To determine the cause of this we
compared GFAP expression in control cords and those injected with AAV-dYFP and AAV-
ADAMTS4 for 4 weeks, which indicated that ADAMST4 itself may induce astrogliosis that

is not related to the viral vector or the injections (P < 0.05; Fig 4 b-d).

We next determined if the ADAMTS4 transgene was functional in transduced spinal cord
cells. An antibody against an ADAMTS-specific neoepitope (ARGxx) was used to serve as a
proxy for increased ADAMTS4 expression and functional activity. DAB
immunohistochemistry revealed robust ADAMTS4-aggrecanase activity throughout large
volumes of spinal cord tissue (more than 4800 um) following injection of AAV-ADAMTS4
(Fig. 4 e, f Fig S5). White matter ARGxx staining appeared in morphology to be localised to
astrocytes. Staining was more intense in grey matter, particularly around the cell bodies of
neurons (Fig. 4 f), which is consistent with the expression of aggrecan (Galtrey et al., 2008).

Only faint or no staining was evident in untransduced tissue.
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Figure 4: Intraspinal AAV-ADAMTS4 injections increase ADAMTS4 expression and ADAMTS4-specific degradation
of aggrecan. Spinal cords were processed for immunohistochemistry to detect GFAP (red) and ADAMTS4 (green)
expression in sections neighbouring the lesion (approximately 600-1200 um rostral of the lesion edge). An EVOS FL Auto
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was used to capture scans of whole sections (a). An Olympus FV1000 microscope was used to capture images at 60x
magnification, using conserved capture settings, in grey and white matter regions (b). Images are representative images.
Scale bar = 50 um. Increased ADAMTS4 expression is evident in the spinal cord of animals infused with AAV-ADAMTSA4.
Injections of AAV-ADAMTS4 increased GFAP expression compared to AAV-dYFP or to injury-only controls (scale bar =
200 pm; ¢, d). DAB immunohistochemistry was used to detect the neoepitope (ARGxx) created by ADAMTS-specific-
proteolysis of aggrecan. A Leica DMR microscope was used to capture images with conserved capture settings at 2.5x (e).
Large increases in the neoepitope were present in of spinal cords injected with the vector compared to un-injected cords.
Images are representative images at either the lesion center or 2400 um rostral to the edge of the lesion. Images at 25x
magnification were captured in the grey matter of untreated and treated animals (f). Images are representative images. Scale
bar = 100 um.

AAV-ADAMTS4 treatment reduces lesion size after spinal cord injury

Luxol fast blue and eosin staining was used for stereological quantification of the lesion size
and areas of grey and white matter following AAV injection with and without rehabilitation
(Fig. 5). Force measurements from the contusion impaction device confirmed injuries were
equal in severity across treatment groups. In AAV-ADAMTS4 transduced animals, a
significant decrease in lesion size, increased white matter area, and increased total tissue area
compared to contusion injury alone was observed (Fig. 5 e-g). Unexpectedly, tissue from
animals that received rehabilitation alone appeared to have a larger lesion size compared to
the unrehabilitated, transduced and untransduced animals (Fig. 5 a-e). The size of the whole
sections from the rehabilitation groups (excluding the lesion area) is not significantly larger
than the total tissue area of sham animals from the corresponding section. Instead, tissue from
rehabilitated animals had a more rounded structure whereas the lesion center of
unrehabilitated animals appears to be collapsed inwards (Fig. 5 a-d). Therefore, exercise
rehabilitation may influence the shape and structure of the spinal cord, rather than affect

lesion or tissue area.
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Figure 5: ADAMTS4 gene therapy leads to significantly reduced lesion size. Luxol fast blue-eosin histology was used to
investigate the integrity of spinal cord tissue following contusion (a), contusion and AAV-ADAMTS4 treatment (b),
contusion with rehabilitation (c), and contusion with AAV-ADAMTS4 treatment and rehabilitation (D). Staining was used to
determine the area of the lesion (e), white matter (f), total remaining tissue (g) and grey matter (h). Data represent mean +
SEM (contusion n = 10, contusion + AAV-ADAMTS4 n = 9; contusion + rehabilitation n = 12; contusion + AAV -
ADAMTS4 + rehabilitation n = 9, sham + AAV-ADAMTS4 n = 4; scale = 1 mm). A Two-Way ANOVA and Tukey’s
multiple comparisons test were used to determine statistical significances where # compares contusion to contusion plus
AAV-ADAMTS4 plus rehabilitation; *compares contusion plus rehabilitation to contusion plus AAV-ADAMTS4 plus
rehabilitation. Results from the ANOVA tests comparing the variable of ‘treatment’ between the contusion plus
rehabilitation to contusion plus AAV-ADAMTS4 plus rehabilitation are displayed on the figures. For all figures: NS = Non
significant, **P < 0.05, ***Pp < 0.001, *****p < 0.0001


https://doi.org/10.1101/797696
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/797696; this version posted October 15, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

AAV-ADAMTS4 stimulates collateral sprouting of CST axons in the damaged

spinal cord and increases serotonergic fiber density caudal to the lesion

A known consequence of CSPG digestion in the spinal cord is enhanced axonal sprouting and
regeneration (Starkey et al., 2012). Therefore we investigated whether AAV-ADAMTS4
could enhance sprouting of hindlimb CST axons rostral to the lesion site through anterograde
tracing. Intense BDA staining within neuron cell bodies and their axons was confirmed in the
hindlimb motor cortex spanning -0.5 mm to -2.0 mm posterior in reference to Bregma (the
coordinates for hindlimb neurons; data not shown (Neafsey et al., 1986). Hindlimb CST
axons were detected in the thoracic spinal cord, 600-1200 um rostral to the lesion edge.
Axons leaving the dorsal CST bundle and entering grey matter territories were observed in
both treated and untreated animals but more sprouting was observed in animals that received
AAV-ADAMTS4 (red arrows; Fig 6 a). To quantify the level of axonal sprouting in all
treatment groups, the total length of BDA labelled collateral sprouts outside of the CST were
traced and measured (Fig. 6 b). In untransduced animals, loaded axons were mainly confined
to the CST, whereas for animals that received AAV-ADAMTS4, axon sprouting and growth
widespread through grey matter. The average sum of the length of axons traced for
untransduced animals was 4369.83 um + 937.67 um. This is comparable to untransduced
animals that also received rehabilitation (4098.25 pum + 2398.46 um). The average sum of the
length of axons traced for animals treated with AAV-ADAMTS4 (12,523.94 um = 3303.38
um) was significantly different from animals that received the contusion alone (P < 0.0002).
Animals that received AAV-ADAMTS4 + rehabilitation showed a significant increase in the
sum of traced axons compared to both transduced groups (9576.31 pm + 4160.09 um; P <

0.05).

Serotonin (5HT) projections that descend from the raphe nuclei and terminate in the ventral

horn of the spinal cord provide excitatory input to motor neurons. Loss of these projections
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correlates with locomotor dysfunction (Schmidt and Jordan, 2000). ChABC promotes
sprouting of serotonergic fibers caudal to a SCI (Barritt et al., 2006) and so it is possible the
ADAMTS4 could also. To investigate serotonergic fibers caudal to the injury, 5HT
immunoreactivity was examined in the ventral horns. Dense 5HT fiber staining was apparent
in the ventral horns of AAV-ADAMTS4 transduced animals (Fig. 6 ¢, d) In contrast,
significantly less 5SHT immunoreactivity was observed in the ventral horns of untransduced
animals as well as untransduced animals that received rehabilitation (P < 0.001 for both). The
mean pixel intensity values of 5HT staining in both untransduced groups were nearly identical
(3.52 £ 1.51 vs. 3.54 + 1.21), indicating that rehabilitation did not affect these serotonergic

tracts in the absence of AAV-ADAMTS4 expression.

We used a thoracic contusion SCI model that ablates the dorsal CST. The motor cortex and
CST plays a critical role in manual dexterity of skilled behavioural tasks (Whishaw et al.,
1998), and CSPG degradation using ChABC leads to neuroplasticity of the CST that is
associated with recovery of such skilled behaviour tasks (Bradbury et al., 2002). We assessed
whether there was a complete loss of the dorsal CST in animals following lesioning and
therefore improvements to the horizontal error ladder test (a more skilled behaviour test) may
be associated with adaptive plasticity of the CST due to ADAMTS4 activity. Complete
lesioning of the dorsal CST was verified by staining spinal cord section rostral and caudal to

the injury for protein kinas C gamma (PKCy; Fig. 6 €)
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Figure 6: AAV-ADAMTS4 increases hindlimb CST collateral sprouting rostral to the lesion and serotonergic
innervation caudal to the lesion. BDA was injected into the hindlimb motor cortex of rats 10 weeks after SCI. a) In
untransduced animals, loaded axons were mainly confirmed to the CST 600-1200 um rostral to the lesion edge, whereas
treated animals displayed axon sprouting and growth widespread through grey matter (examples indicated by the red arrows;
scale bar = 500 um). ImageJ was used to quantify the total length of traced axons outside of the CST; transduced animals
had a significantly greater amount of traced axons outside of the CST. b) Data represents the mean + SEM. A two-tailed
unpaired t-test was used to determine statistical differences between the two groups where *P < 0.05 (n = 7 for contusion +
rehabilitation and contusion + AAV-ADAMTS4 + rehabilitation; n = 4 for contusion and contusion + AAV-ADAMTS4). c)
Serotonergic fibers in the ventral horns of sections caudal to the injury (three sections: 600, 1200 and 1800 pum caudal to the
injury were used; scale bar = 200 um) were visualised. d) Images were consistently thresholded and the mean pixel intensity
of serotonin immunoreactivity at the ventral horn was measured. Data represent the mean + SEM (contusion n = 10;
contusion + AAV-ADAMTS4 n = 7; contusion + rehabilitation n = 10; contusion + rehabilitation + AAV-ADAMTS4 n = 6).
A one-way ANOVA followed by a Tukey’s multiple comparisons test was used to test statistically significant differences
where *P < 0.05, **P < 0.001. e) Protein kinase C gamma immunofluorescence confirmed that abolishment of the CST

rostral to the lesion (indicated by *).
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AAV-ADAMTS4 combined with hindlimb rehabilitation enhances functional

recovery after spinal cord injury
CSPG degradation through the application of ChABC has been shown in a variety of animal

models to improve behavioural outputs following spinal cord injury. We therefore
investigated whether AAV-ADAMTS4 gene therapy could result in a similar observation
using the BBB scoring system and horizontal error ladder test. Force measurements from the
contusion impaction device confirmed injuries were equal in severity across treatment groups
(Fig. 7 a). As a measure of overall health status, the AAV-ADAMTS4 vector did not
negatively affect animal bodyweight (Fig 7 b). Animals in the AAV-ADAMTS4 group
displayed significantly higher mean body weights compared to the contusion-only group at
days 63 and 70 (two-way ANOVA with Bonferroni’s multiple comparisons test; shown with
*; P < 0.05; P <0.001). Animals that received rehabilitation recovered body weight at a
significantly slower rate than those that were not rehabilitated from day 27 onwards (P < 0.05;

symbols not shown).

For BBB scores, all of the animals displayed a BBB score of less than two (2 = slight
movement of one or two joints) one day after spinal cord contusion confirming a consistent
injury for all animals (Fig. 7 ¢). Though not statistically significant, between days 14-35 after
injury, both rehabilitation groups showed lower BBB scores than their un-rehabilitated
counterparts. From 35 days onwards, however, both rehabilitated groups displayed higher
mean BBB values compared to the contusion only group (without rehabilitation). Animals
that received either AAV-ADAMTS4 or rehabilitation alone showed higher BBB scores
compared to the contusion-only group, although this is not a significant difference. Animals
that received AAV-ADAMTS4 in combination with hindlimb rehabilitation showed
significantly greater BBB scores compared to the contusion only group at days 63 and 70

(155+£1.9vs. 13.0 £ 3.6, P <0.05; 16.5 + 2.4 vs. 13.2 £ 3.8, P < 0.001). Interestingly, at
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days 63 and 70, those in the AAV-ADAMTS4 group displayed significantly greater body
weights than their contusion-only counterparts (Fig 7 b). Furthermore, animals that received
AAV-ADAMTS4 in combination with hindlimb rehabilitation showed significantly greater
BBB scores at day 70 compared to animals that received AAV-ADAMTS4 without

rehabilitation (16.5 £ 2.4 vs. 14.4 £ 2.4, P <0.05).

Functional effects were also assessed using the horizontal ladder test, a skilled motor task.
Two weeks after SCI and vector injections, a large number of errors were made by all groups.
Animals that received contusion alone had more errors compared to those treated with the
vector (45.60 £ 21.15 vs. 37.23 £ 17.36; Fig. 7 d) which may indicate that the therapeutic
benefit of the ADAMTSA4 vectors appears earlier than two weeks. For all groups, fewer errors
were made over the course of the following five weeks at which point the number of errors
appears to plateau for the remaining three weeks of scoring. At the end of the 10 weeks, rats
that received AAV-ADAMTS4 with rehabilitation were making less than half the number of
errors made by rats without treatment or rehabilitation (11.22 £ 6.4 vs 29.13 + 22.41). Over
the course of testing, the addition of AAV-ADAMTS4 alone or in combination with
rehabilitation significantly improved function compared to contusion only (P < 0.0001; two-
way ANOVA). Similarly, rehabilitation alone led to significantly improved function (P <

0.001; two-way ANOVA).

Replication of experimental results is increasingly being considered crucial for translation of
research findings. In order to confirm the effect of the ADAMTS-4 gene therapy a
behavioural study with a smaller cohort was carried out using the AAV-ADAMTS and
contusion-only groups. Even with a smaller cohort an effect of the gene therapy on
behavioural improvement was seen, confirming our results and the potential of AAV-

ADAMTS4 gene delivery (Fig 7 e).
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Figure 7: ADAMTS4 gene therapy with rehabilitation after thoracic spinal cord injury enhances improvements in
behavioural assessments. The measured impaction force did not differ between treatment groups, confirming consistent
injuries across all groups (a). The animals were weighed weekly as an indication of health status (b). BBB scores were
measured for 10 weeks following the injury (c). Horizontal ladder testing began two weeks after injury where animals were
recorded as they crossed a 1-meter horizontal ladder with irregular rungs. Data reported is the sum of the number of foot
slips made for three runs. For (a) and (b), the data represents the mean £ SEM (contusion n = 14, contusion + AAV-
ADAMTS4 n = 13; contusion + rehabilitation n = 12; contusion + AAV -ADAMTS4 + rehabilitation n = 9, sham + AAV-
ADAMTS4 n = 4). For (a), a two-way, repeated measure ANOVA was used to determine significant differences between the
groups over time and a Bonferroni multiple comparisons test was used to determine differences at each time point. For (b),
since testing began two weeks after SCI and AAV injections, a non-repeated measure two-way ANOVA was used with
Bonferroni multiple comparisons *P <0.05, **P <0.001, ***P <0.0001: specifically. For (b), yellow * compares contusion
+ AAV -ADAMTS4 + rehabilitation with contusion and red * compares contusion + AAV -ADAMTS4 + rehabilitation to
contusion + AAV -ADAMTS4. The results from AAV-ADAMTS4-treated animals compared to contusion-only animals was
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replicated in a repeat study of a smaller cohort showing that the result is replicable (e, n = 5 for both groups; data represent
mean = SEM; two-way ANOVA where **P <0.001).

Discussion

Here we demonstrate that an AAV vector expressing human ADAMTS4 under the control of
an astrocytic promoter is capable of transducing spinal cord astrocytes and degrading CSPGs.
This limited lesion size, promoted sprouting of the hindlimb CST, increased caudal
serotonergic fiber density, and lead to an improvement in hindlimb locomotor ability in a
contusive experimental model that closely mimics human traumatic SCI. We further showed
that hindlimb-specific rehabilitation leads to an enhanced improvement in functional

recovery.

AAV-ADAMST4 transduction of cultured primary astrocytes resulted in a large increase in
ADAMTS4 expression compared to untransduced astrocytes, or astrocytes treated with
TGFB1. Significant decreases in both chondroitin sulphate and glycosaminoglycan content
was present in transduced cells. Following the confirmation that the AAV-ADAMTS4 vector
is functional in cultures, it was then delivered into the rat spinal cord in a contusion injury
model to investigate whether it could be therapeutic. AAV-ADAMTS4 enabled efficient
expression of the enzyme for at least 13 weeks. ADAMTS’s are expressed throughout the
CNS, and ADAMTS4 appears to be the most highly expressed in the CNS under basal
conditions (Yuan et al., 2002) - although, literature pertaining to the regional and cellular
expression, as well as the biological functions of ADAMTS4 in the CNS is limited.
ADAMTS4 has been found to be expressed in spinal cord astrocytes and microglia, as well as
neurons, however, the relative levels of ECM expression were not described (Cross et al.,
2006; Yuan et al., 2002). In untreated injured tissue, we observed low, diffuse

immunostaining of ADAMTS4 not localised to any specific cell population. This is not
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unexpected as it is known to be released from cells to act on the ECM (Gottschall and Howell,
2015). The large increase in ADAMTS4 expression with transduction resulted in cellular
staining as well as an increased expression within the ECM. Expression was present in
astrocytes but neuronal expression was also evident. Potentially this could reflect localisation
to CSPG-rich surroundings of neuronal cell bodies. In this study, an antibody was used that
recognises an ADAMTS4 N-terminal neoepitope (ARGxx) produced after cleavage between
amino acids EGE and ARG within the interglobular domain of aggrecan. AAV-ADAMTS4
led to a dramatic increase in this neoepitope expression and was widespread throughout the
spinal cord. Aggrecan expression, however, is known to be mainly localised to the grey
matter in adult spinal cord tissue where expression is present in the ECM and found on all
PNN-bearing neurons (Galtrey et al., 2008). Consistent with the present study, staining was
greater in grey matter as opposed to white matter and the localisation of staining appeared to

be present in the ECM and localised to the cell bodies of neurons in the grey matter.

AAV-ADAMTS4 increased GFAP expression in vivo that was not related to the injection or
to the viral vector as no such increased was observed after injection of AAV-dYFP. Reports
of ADAMTS4 affecting astrogliosis or neuroinflammation are limited to two studies.
ADAMTS4 has been reported to have anti-inflammatory effects in a mouse model of
ischemic stroke in terms of reducing a variety of pro-inflammatory cytokines as well as
reducing astrogliosis and macrophage infiltration (Lemarchant et al., 2016a). Conversely,
recombinant ADAMTS4 increased astrogliosis in the lumbar spinal cord female SOD1 mice
which was associated with neurodegeneration in a mouse model of amyotrophic later sclerosis
(Lemarchant et al., 2016b). Astrogliosis and astrocytic scars are widely regarded to be casual
in the failure of mature CNS axon regeneration, although, our understanding of the role of
astrogliosis in regeneration is changing. This has become evident through a landmark paper

which proved that activated, scar-forming astrocytes aids CNS axon regeneration and
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preventing astrocytic scar formation significantly reduced stimulated axon growth (Anderson
et al., 2016). In this study, RNA sequencing revealed that activated astrocytes in SCI lesion
express multiple axon-growth supporting molecules. Therefore, ADAMTS4 may have
beneficial effects through promoting astrogliosis but further investigation is required to tease

out the therapeutic mechanism of AAV-ADAMTS4.

Compensatory spinal networks form spontaneously after SCI and correlate with functional
recovery in motor systems (Bareyre et al., 2004; Rosenzweig et al., 2010; Weidner et al.,
2001). These plasticity events are enhanced through the application of anti-inhibitory
treatments such as ChABC or anti-NogoA antibody treatment by removing inhibitory factors
in the ECM (Barritt et al., 2006; Gonzenbach et al., 2012). It was therefore probable that
AAV-ADAMTS4-mediated degradation of CPSGs is causing a similar effect. Sprouting of
the CST axons descending from the hindlimb motor cortex was confirmed using BDA
anterograde tracing whereby a significant increase in the number of traced-CST axons
sprouting from the CST rostral to the lesion in animals that received AAV-ADAMTS4
injections was seen. Many similar observations have been made after the removal of
inhibitory myelin components or CSPGs (Barritt et al., 2006; Bradbury et al., 2002; Garcia-
Alias et al.,, 2009; Li et al., 2004). AAV-ADAMTS4 treatment also led to significant
plasticity of the intact descending raphe-spinal serotonergic system after SCI whereby a
significant increase in serotonergic fiber density in the ventral horn caudal to the injury was
witnessed. Spinal serotonin levels are known to facilitate locomotor function and may
influence functional recovery after SCI (Schmidt and Jordan, 2000). Furthermore, increased
innervation of the ventral horn by sprouting serotoninergic fibres after ChABC, LV-ChABC
and anti-NogoA treatments have been associated with a recovery in locomotor function
(Barritt et al., 2006; Bartus et al., 2014; Bregman et al., 1995; Li et al., 2004). An important

consideration is that AAV-ADAMTS4 may have contributed to the serotonergic fiber
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increase through neuroprotective tissue preservation at the lesion epicentre. Whether by
axonal sparing, or fiber sprouting, AAV-ADAMTS can increase serotoninergic fibers caudal
to the injury. In this present study, we did not observe rehabilitation-induced CST or 5HT
plasticity. This result is similar to several previous observations in which exercise training
did not increase CST collateral sprouting or SHT fiber density caudal to the lesion (Alluin et
al., 2014). In another study, neither skilled forepaw rehabilitation or general rehabilitation in
rats that received a C4 dorsal cut increased CST axon midline crossing or sprouting (Garcia-
Alias et al., 2009). In fact, the combination of ChABC with rehabilitation led to less
collateral crossing of BDA-loaded CST axons. Likewise, intense wheel-rehabilitation in mice
following thoracic hemisection did not increase caudal serotonin immunofluorescence at 10
weeks post-SCI (Loy et al., 2018). This is complicated by the fact the contrary is also
reported to occur (Engesser-Cesar et al., 2007; Maier et al., 2008). These differences may
reflect the type of exercise prescribed. Ultimately, we have much more to learn how activity-

influenced regeneration and adaptive plasticity.

Improvements in motor function have previously been reported after large-scale CSPG
degradation mediated by a lentiviral ChABC gene therapy (Bartus et al., 2014). Similarly, we
observed a significant functional recovery on the horizontal ladder following AAV-
ADAMTS4 treatment without rehabilitation. This improvement occurred early and continued
throughout the testing period. It is likely due to neuroprotective effects since these animals
did not show the same level of impairment in the task at week two, despite having the same
severity of injury. A similar observation was made for the lentiviral ChABC therapy whereby
significant benefit (in terms of performance on error ladder task) was reported prior to one
week after injury and vector injection (Bartus et al., 2014). The authors confirmed that LV-
ChABC could reduce the progression of secondary injury pathology in early time points

leading to decreased lesion size. LV-ChABC shifted macrophage polarisation to an M2
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phenotype indicated by increased expression of CD206 that weren’t always associated with
IBAL staining (Bartus et al., 2014). Enhanced recovery is associated with infiltrating M2
macrophages leading to enhanced tissue recovery and repair following SCI (Shechter et al.,
2013), which is hypothesised to be the reason that LV-ChABC results in decreased lesion size
(Bartus et al., 2014). It was also shown in a mouse model of ischemic stroke, ADAMTS4
displayed anti-inflammatory and neuroregenerative roles (Lemarchant et al., 2016a). This
mechanism may also explain how we observed reduced lesion size in animals that received

AAV-ADAMTSA4 therapy compared to those that did not.

AAV-ADAMTSA treatment alone resulted in a significant improvement in the horizontal
ladder test, however, this improvement could be considered modest and arguably not
reflective of the changes seen histologically. The same has previously been observed after
ChABC treatment in the spinal cord and it was hypothesised by Fawcett and colleagues that
many of the new connections may be non-useful and that through using appropriate
rehabilitative strategies could facilitate the strengthening of beneficial connections (Garcia-
Alias et al., 2009). Therefore, hindlimb rehabilitation was included with AAV-ADAMTS4
treatment to determine if this would give an improved functional outcome. Indeed, for the
BBB and horizontal ladder test, rehabilitated animals had significantly better motor function
compared to animals that did not receive hindlimb rehabilitation. Furthermore, this was
significantly enhanced with AAV-ADAMTS4 combined therapy. Between days 14-35 after
SCI (one week after the onset of their intense rehabilitation program), rehabilitation appeared
to worsen BBB scores compared to animals that weren’t subjected to rehabilitation (though
this deficit was not observed in the horizontal ladder test). Interestingly, there are no other
reports of treadmill training worsening BBB scores in rats after SCI. On the contrary, no
improvements or early improvements to BBB scores following treadmill training have been

reported by multiple teams (Fouad et al., 2000; Hayashibe et al., 2016; Heng and de Leon,
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2009; Multon et al., 2003). Specifically, quadrupedal training did not affect BBB scores
above ‘self-training’ (Fouad et al., 2000), whereas bipedal, hindlimb treadmill training was
shown to improve BBB scores, in some cases with an improvement of more than eight points
(Hayashibe et al., 2016; Multon et al., 2003). The deficits in BBB scores in the present study
could be the result of specifically training hindlimb, bipedal locomotion. This makes intuitive
sense since the BBB scoring system requires the assessment of quadrupedal parameters and
training of only the hindlimbs could impact on the animal’s ability to regain quadrupedal
coordination. By day 14 following a 175 KDyne contusion, animals would typically have
regained at least occasionally coordinated movements. However, animals that received
hindlimb rehabilitation appeared to be hindered at this milestone yet having greater paw
function compared to control that allow them to perform better on the horizontal ladder test.
After day 35, natural quadrupedal, self-training movements within their home cages may have
allowed the animals to eventually recover inter-limb coordination. Following this
achievement, animals that received both treatment and rehabilitation appear to have a further,
linear improvement representing their previously masked improvements. Whereas, for
rehabilitated animals without treatment BBB scores begin to plateau. The ability of specific
rehabilitation regimes to improve on behaviour while negatively affecting another has been
previously reported. For example, general rehabilitation in the form of an environmental
enrichment cage was shown to negatively affect skilled tasks in rats following dorsal column
injury (Garcia-Alias et al., 2009). Likewise, spinally transected cats could be trained in
weight support or step, however, training one behaviour would extinguish the other (De Leon
et al., 1998a, b). Itis likely that here, specifically training the animals in bipedal locomotion
hinders them from reaching the accomplishment of forelimb-hindlimb inter-coordination,
whilst not affecting their performance at the ladder test. In the present study, AAV-

ADAMTS4 did not lead to any observable detrimental effects, although, we do not know


https://doi.org/10.1101/797696
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/797696; this version posted October 15, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

whether longer-term CSPG digestion by AAV-ADAMTS4 could do so. Therefore, in the
future it may be optimal to regulate ADAMTS4 gene expression, for example by using an

AAYV vector with an inducible promoter.

To conclude, a novel AAV vector was created for gene delivery to spinal cord astrocytes.
This vector system delivering ADAMTS4 promotes functional recovery after spinal cord
injury by decreasing lesion size and enhancing neuroplasticity. Combining AAV-ADAMTS4
gene therapy with specific rehabilitation can further enhance functional improvements. Due
to the unparalleled safety profile of AAV vectors, and the safety associated with using a
human gene, along with evidence that combination approaches that include rehabilitation are
likely to give the best outcomes for clinical treatment, this therapy provides a promising

candidate for clinical translation.
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