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Abstract:

Schwann cell grafts support axonal growth following spinal cord injury, but a boundary forms between the
implanted cells and host astrocytes. Axons are reluctant to exit the graft tissue in large part due to the surrounding
inhibitory environment containing chondroitin sulphate proteoglycans (CSPGs). We use a lentiviral chondroitinase
ABC, capable of being secreted from mammalian cells (MChABC), to examine the repercussions of CSPG
digestion upon Schwann cell behaviour in vitro. We show that mChABC transduced Schwann cells robustly secrete
substantial quantities of the enzyme causing large-scale CSPG digestion, facilitating the migration and adhesion of
Schwann cells on inhibitory aggrecan and astrocytic substrates. Importantly, we show that secretion of the
engineered enzyme can aid the intermingling of cells at the Schwann cell-astrocyte boundary, enabling growth of
neurites over the putative graft/host interface. These data were echoed in vivo. This study demonstrates the
profound effect of the enzyme on cellular motility, growth and migration. This provides a cellular mechanism for
mChABC induced functional and behavioural recovery shown in in vivo studies. Importantly, we provide in vitro
evidence that mChABC gene therapy is equally or more effective at producing these effects as a one-time

application of commercially available ChABC.



Introduction

Repair and recovery from spinal cord injury (SCI) is problematic due to the multitude of factors which need to be
overcome including the large degree of cell loss, reduction in growth promoting molecules, and physical damage to
axonal and neuronal pathways'?. Principle amongst these are the upregulation of growth inhibitory chondroitin
sulphate proteoglycans (CSPGs) present in the glial scar and extracellular matrix (ECM). The bacterial enzyme

chondroitinase ABC (bChABC) has been used in vitro®® and in vivo’ "

to overcome this mechanical and chemical
impediment. Through catabolism of glycosaminoglycan (GAG) side chains from the chondroitin sulphate (CS)

9,12,13

backbone'', the enzyme digestion increases plasticity , neuroprotection”, and facilitates functional recovery

|7,15,16

following SC

Second-generation enzyme development has enabled long-term delivery of stabilized ChABC. Thermostabilised
ChABC has yielded functional gains in locomotor activity and serotonergic sprouting when secreted from a scaffold
system and used in combination with neurotrophic factors following thoracic dorsal over-hemisection”. Transgenic
mice have been engineered to secrete ChABC from reactive astrocytes18 which upregulate at the site of CNS injury.
Through site-directed mutagenesis of specific N-glycosylation sites, we have designed a version of the bChABC
enzyme that can be secreted from mammalian cells™ (mChABC). This has been incorporated into lentiviral vectors
and shown to be active following in vivo transduction?>?*. The work of Kanno et al.** showed that mChABC was
able to digest CS-GAGs within Schwann cell grafts, aiding the integration of this tissue with host cells. However,

the cellular mechanisms governing these effects have not been determined. Here we assessed this process.

Specifically, we examine the efficacy of the mChABC over bChABC through in vitro models of Schwann cell
migration, adhesion, and glial confrontation. Transplantation of Schwann cells holds considerable promise as a
therapy for SCI**?8, However, the formation of sharp boundaries between the Schwann cells and astrocytes act as
a barrier to regeneration29’3°. Nonetheless, if the host and implanted cells can intermingle, axonal growth over the
two tissue types may be facilitated>’*2. Assessment of the intermingling of cells within our functional assays reveals
potential integration of cells within astrocytic cellular populations. We demonstrate that high quantities of active and
stable mChABC can be secreted from Schwann cells. Additionally, the activity of this enzyme can facilitate in vitro
Schwann cell migration, adhesion, and intermingling within inhibitory astrocytic environments. The mChABC
mediated change in cellular activity enables significant increases in the number of growing neurites to cross the
PNS/CNS interface. In vivo, mMChABC enabled Schwann cell intermingling with astrocytes at lesion borders. The
identified process through which mChABC affects cellular activity explain the behavioural and regenerative effects
of the enzyme in previous in vivo studies. Furthermore, we demonstrate that our engineered mChABC enzyme

produces effects equivalent to, or greater than, the commercially available bChABC.

Results

Expression, secretion, and stability of mChABC from transduced Schwann cells

In order to assess the effect that a mammalian cell-secreted ChABC has on cellular migration and adhesion, the
mChABC construct must be delivered into specific cells, expressed, and produced in an active and stable form.
Primary Schwann cells were transduced with either LV-mChABC or LV-fGFP or co-transduced with both vectors

(Figure 1a-d). Following immunostaining for the nuclear protein Ki67 (illustrative of cellular interphase), the



transduction procedure was shown not to alter the proliferation rate of cells, despite the use of polybrene (Figure
1¢)®. Co-transduction of LV vectors using the same viral backbone and under the same promoter have been

shown to have similar transduction efficiencies®*’ (

despite differences in the size of RNA packaged). Thus, GFP
positive cells were determined indicative of transduction efficiency for all cell populations. Utilising LV-mChABC
and LV-fGFP, both under the CMV promotor and at MOls given above, a transduction efficiency of ~15% was
determined in cellular populations of 100% p75 positive Schwann cells (Figure 1a,b,d). This was not significantly
different from the transduction of LV-fGFP alone (p=ns). RT-PCR confirmed expression of mMChABC and fGFP

specifically in the transduced cellular populations (Figure 1e).

Concentrated medium collected over 24 h from the transduced and control Schwan cell populations (at 48-62 h
following transduction) were assayed by Western blot to assess secretion and activity of mChABC (Figure 1f).
Probed with anti-1B5, blots exhibited banding at ~150 and 210kD in both the mChABC transduced populations and
the bChABC treated control. These data illustrate total CS-GAG removal from medium-soluble CSPGs due to the
presence of active ChABC. The activity of the secreted enzyme was further explored using the CPC turbidity assay
(Figure 1g-h). Initially, medium from transduced Schwann cells was collected every 24 hours for 4 days and then
activity assayed. Data showed a population of 3x10° Schwann cells (transduced at a rate of ~15%) consistently
and reliably yielded ~50 pU of active mChABC over a 24-hour period (equals ~0.16 mU of active ChABC / 150
cells transduced with the virus; Figure 1h). Further, 100 pU of active mChABC from these cells was incubated at
37°C for 6 days. The secreted mChABC was shown to have superior thermostability in culture medium compared
to commercially available bChABC remaining at a plateau of activity for 5 rather than 3 days and exhibiting less
loss of total activity over time (Figure 1g). It is likely that had we measured enzyme activity at earlier time points it
would have been initially higher than these data suggest due to the half-life of the enzyme at 37°C'**%.
Nonetheless, these data demonstrate that Schwann cells can be reliably transduced with LV-mChABC. Further,
these results show that the biologically active enzyme is expressed and secreted from these cells in high yield and
with stability. These cells were used in all subsequent functional assays to determine the effect of mMChABC upon

Schwann cell migration and adhesion.

mChABC modulates Schwann cell migration, adhesion and integrin signalling

Using the inverted coverslip migration assay, we confirmed previous findings, showing that Schwann cell migration
and adhesion is dependent upon the substrate (Supplementary Figure 1a-e)3g'42. The number and distance of
migration was reduced (~20%) when grown on an inhibitory CSPG containing substrate as compared to laminin
(Supplementary Figure 1d). The aggrecan substrate was selected as an inhibitor of Schwann cell migration on
astrocytes which is mediated through glial-cell produced aggrecan‘”. Interestingly, combining the laminin and
aggrecan substrates led to a ~50% reduction in cell number and distance of migration compared to laminin alone.
This suggests that the inhibitory effect induced by aggrecan on cellular migration can be partially overcome through
the presence of positive migratory cues (Supplementary Figure 1a-e). These data were similar to the effect of
substrate specific binding upon Schwann cell adhesion (Supplementary Figure 1h-j). Adhesion was inhibited on the
aggrecan substrate, but significantly increased when conducted in the presence of laminin. This substrate specific
effect was independent of cell division (Supplementary Figure 1f-g). The number and distance of Schwann cell
migration was not different when cell division was inhibited with aphidicolin. These data demonstrate that

experimental differences are substrate dependent.



To assess the effect mMChABC has upon Schwann cell migration over inhibitory substrates, we performed the
inverted coverslip migration assay using the transduced cell populations. When placed upon an inhibitory aggrecan
substrate, naive and fGFP transduced cells typically showed very little migration (~25%) and adhesion (~15%) of
cells. However, mChABC secretion from cells enabled greater numbers of cells to migrate (~200%) a longer
distance (~400%) than the control populations (Figure 2a-d). Indeed, these cells migrated the same distance as
those on the aggrecan substrate pre-treated with bChABC (Figure 2f). Interestingly, a greater number of cells were
found to migrate larger distances with mChABC than with bChABC (Figure 2e). The increased number and
distance of MChABC-expressing cellular migration compared to those on a bChABC-treated substrate was likely
due to continuing modification of the ECM throughout the time of the assay. Similar effects were seen with cellular
adhesion (Figure 2g-k). The secretion of mMChABC from Schwann cells enabled greater numbers of cells to adhere
to the aggrecan substrate. These data were non-divergent from substrate which was pre-treated with bChABC
(p>0.05). These effects were likely caused by the removal of CS-GAG chains from the aggrecan substrate (Figure
2l-p). Both mChABC and bChABC were shown to expose the 1B5 stub, indicative of complete CS-GAG removal

from the aggrecan substrate, with equal efficiency (Figure 2n-p; p>0.05).

To assess the mechanism through which mChABC removal of CS-GAGs may facilitate Schwann cell migration, we

assessed integrin signalling. CSPGs have been shown to interfere with aggrecan and laminin binding to cells®"***’.

When active, integrins bind with high-affinity to their specific ligands, which can facilitate neurite outgrowth*®°.
Further, Schwann cell migration has been shown to be integrin dependent*’. To assess the effect of mMChABC
treatment upon this signalling pathway, we determined the level of naive and transduced Schwann cell total FAK
and phospho-FAK (pFAK) of the tyrosine 397 residue when grown on different substrates (Figure 2g-u). The
tyrosine 397 residue on FAK is the first phosphorylation site after integrin activation. Its state of phosphorylation
alters depending upon the substrate upon which cells are seeded* %, Regardless of the cell type used or
substrate upon which cells were grown, levels of total FAK (phosphorylated and non-phosphorylated) in all cells
remained constant (Figure 2q). Further, all cells showed increases in pFAK when grown on laminin (Figure 2r) and
naive Schwann cells showed decreases in pFAK staining when grown on aggrecan and laminin/aggrecan
substrates. However, cells secreting active mChABC showed significantly increased pFAK staining when grown on
aggrecan or laminin/aggrecan compared to untransduced Schwann cells (Figure 2r-u). The effect of mMChABC was
not significantly different from that caused by treatment of the cells with bChABC (p=0.05). These data suggest that
ChABC treatment mediates its effect upon Schwann cell migration partly through an integrin dependent pathway
due to CS-GAG removal.

mChABC increases Schwann cell migration and adhesion on astrocytes

With the success of MChABC to enable Schwann cell migration and adhesion on pure aggrecan, we next
determined if similar results could be generated when Schwann cells were seeded onto an astrocytic substrate. We
confirmed that naive and fGFP-expressing Schwann cells show little migration and adhesion on astrocytic
monolayers due to inhibitory molecules secreted by these cells (Figure 3a-k). However, secretion of mMChABC
caused significant increases in the number of adherent cells and maximum distance of cellular migration (~500%,
Figure 3a-f). These data were not divergent from that obtained following pre-treatment of the astrocytic monolayer

with bChABC (p=ns). Interestingly, performing a similar experiment on the astrocytic matrix produced a similar



trend (Figure 3g-h). However, numbers of cells and maximum distance migrated were fewer once normalised to
control cell (naive) populations, although, more cells were able to travel, on average, a greater distance upon the
matrix. Schwann cell migration is mediated through a balance of inhibitory and permissive factors. Most CSPGs
produced by astrocytes are secreted and not retained on the cell surface®®"*%. These data suggest that the matrix
produced by astrocytes alone contains components inhibitory to Schwann cell migration and adhesion. However,
there are a greater number of positive cues retained on the surface of the glial cells which are exposed following
CS-GAG removal which can aid cellular migration. Indeed, immunostaining revealed that while neither bChABC
pre-treatment nor mChABC activity diminished laminin staining on the astrocytic monolayer (Figure 3I-n), the
activity of both forms of the enzyme acted to expose the aggrecan protein core bound to the cell surface shown
through anti-aggrecan staining (Figure 30-q). Furthermore, this increase in staining associated with significant
removal of CS-GAGs were confirmed by a reduction in CS-56 staining (Figure 3r-t). The removal of CS-GAGs from
the surface of the cellular monolayer, through the action of either mChABC or bChABC, was shown to cause an
increase in the adhesion of Schwann cells to astrocytes (~340%, Figure 3i-k). Together, these data show mChABC
can digest inhibitory CS-GAGs from the astrocyte surface and ECM with the equivalent efficiency to commercial
bChABC. The breakdown of these sugar chains facilitates Schwann cell migration and adhesion on astrocytes, two

factors important in cellular boundary integration.

mChABC increases Schwann cell intermingling of cells at astrocyte boundaries

In order to assess the effect MChABC has upon cellular intermingling, we performed the Schwann cell-astrocyte
confrontation assay (Figure 4a-d). This closely models the barrier which forms between the two glial cell types
following tissue transplantation?®3%42*® We plated dense populations of naive or transduced Schwann cells
together with astrocytes 0.5mm apart on a PDL and laminin coated slide. Using an established protocol53, the cell
populations requiring bChABC treatment were exposed to 100mU of the enzyme for 1 hour daily while the
boundary formed. Fresh medium was placed on all assays, regardless of treatment group, every 24 hrs. After 5
days, the cell populations had grown together, forming a distinct straight boundary with only a few Schwann cells

penetrating the astrocyte population (Figure 4a).

All treatment groups exhibited more intense GFAP immunoreactivity at points of contact with anti-p75 positive
Schwann cells. This suggests that neither mChABC nor bChABC caused a change in the astrocytic reaction to
Schwann cell contact™. Nonetheless, secretion of the enzyme did affect cell behaviour. mMChABC secretion from
Schwann cells produced an increase in the number of Schwann cells intermingling with the astrocytes (~640%, Fig.
4b) and the maximum distance of migration into the astrocyte population (Figure 4e-f). This was most evident up to
400um from the edge of the boundary where mChABC was shown to facilitate a greater number of cells
penetrating through the glial interface (p<0.0001). Both mChABC and bChABC caused a similar reduction in CS-
GAGs over both the Schwann cell and astrocyte (p=ns) populations shown through a reduction in CS-56 staining
(Figure 4a-d). These data suggest that secretion of mMChABC from Schwann cells enables CS-GAG removal that

can facilitate the penetration of Schwann cells into typically inhibitory astrocytic populations.

mChABC increases neuronal outgrowth over PNS/CNS interfaces
The increased cellular intermingling at the Schwann cell astrocyte boundary caused by secretion of mMChABC

illustrates that through CS-GAG breakdown, the enzyme can overcome the inhibitory effects of CSPGs. In addition



to their effects on cell migration, high concentrations of CSPGs cause growth cones to enter a dystrophic state
which, while dynami055, prevents axonal or neuronal growth6’56'59. To assess whether mChABC could mediate a
return of neurite outgrowth due to CS-GAG digestion, dissociated DRGs were seeded upon confluent monolayers
of naive, mChABC-transduced, or bChABC-treated Schwann cells and left to grow for 48 hours (Figure 5a-d). DRG
neurite growth was closely associated with the long processes of Schwann cells in all treatment conditions. No
significant difference in DRG morphology or the number of neurites produced by each cell body was noted between
treatment groups (Figure 5a-d). However, secretion of mMChABC from Schwann cells did increase the length of the
DRG neurites (~500um increase; Figure 5b-c). This was not significantly different from the effect caused by
bChABC treatment of the Schwann cell monolayer (p=ns). These data confirm that, even on a substrate typically
permissive to neurite outgrowth, CS-GAG breakdown can further facilitate the growth of sensory axons.
Interestingly, secretion of MChABC from Schwann cells did not alter the myelination of neurites grown in culture
(Supplementary Figure 3). This would suggest that the properties of Schwann cells potentially beneficial to

functional recovery following spinal cord injury have not altered despite mChABC transduction.

Next, we determined if the mChABC mediated intermingling of Schwann cell and astrocytes would enable primary
sensory neurons to grow over the glial cell interface (Figure 5e-j). We seeded ~100 dissociated DRG neurons over
the established Schwann cell-astrocyte boundary. Schwann cells were either naive, transduced, or treated with
bChABC. The DRGs were plated close to the boundary so that growing axons could have access to both cell types.
Following DRG seeding, control cultures showed no increase in p75 positive cells in astrocytic territory, indicating
that satellite p75+ cells did not migrate from the DRG cell body onto the astrocyte layer™. Away from the Schwann
cell-astrocyte boundary, neurites grew readily on either cell type, albeit typically longer on Schwann cells. However,
it was the behaviour of the neurites when forced to choose whether to cross from one cell-type to another at the
Schwann cell- astrocyte interface that was interesting. When DRGs were initially plated upon naive or fGFP
expressing Schwann cells, the DRG neurites typically remained growing on this cell type with only ~11-13% of
axons crossing to astrocytes (Figure 5e,g). Further, less than 1% continued to grow on astrocytes for distances
greater than 100um. Indeed, DRG neurites grew along Schwann cell processes, turning tight curves to avoid
growth on astrocytic surfaces (Figure 5f). However, in cultures where mChABC was secreted, a significantly
greater number of DRG neurites crossed from Schwann cells to astrocytes (~17-19%; Figure 5f-g). Further, more
of these axons grew upon the astrocytic surface (p>0.05). The effect mediated by the secretion of mChABC on
DRG growth over the Schwann cell-astrocyte boundary was not significantly different from cultures treated with
bChABC (Figure 5g). In contrast to these data, the ability of DRG neurites to cross from astrocytes to Schwann
cells was substantial (Figure 5h-j). In cultures with naive or f{GFP expressing Schwann cells, ~95-98% of DRG
neurites crossed from astrocytes to Schwann cells, with ~94-96% remaining on the latter population for over
100um (Figure 5h,j). However, in cultures treated with either mChABC secretion or bChABC application there was
a reduction in the percentage of neurites crossing from astrocytes to Schwann cells (~92- 94%; Figure 5i-j). Further,
slightly fewer (~89-91%) neurites remained growing upon the Schwann cells. These data suggest that the removal
of CS-GAGs together with the deep penetration of cells through the Schwann cell-astrocyte boundary can cause a
modest, yet significant increase in the number of axons that grow over the Schwann-cell astrocyte boundary.
Further, this treatment modestly facilitates the growth of DRG neurites on typically less permissive astrocytic cells.
The confrontation assay represents an in vitro model of axonal behaviour at the dorsal root entry zone (DREZ) and

the graft-host interface following Schwann cell transplantation into an injured spinal cord.



mChABC facilitates in vivo Schwann cell intermingling

To assess the degree to which intraspinal LV delivery of mChABC could facilitate neuronal growth and Schwann
cell migration following experimental SCI compared to intraspinal injection of bChABC, we performed a thoracic
contusion in adult rats (Supplementary Figure 4). Two weeks following injury, LV-fGFP injected animals showed
abundant CS-GAG chains around the lesion epicentre (Supplementary Figure 4a). Substantially lower levels of
these inhibitory molecules where shown following bChABC and LV-mChABC application (Supplementary Figure
4b-c). These data demonstrate that LV-mChABC may be successfully transduced into adult cells in vivo and
secreted in an active form which operates effectively. Further, the removal of CS-GAGs extended over large
distances from the lesion site, indicative of both the spread of the enzyme in the tissue and the area of viral
transduction (shown through fGFP; Supplementary Figure 4d). Application of bChABC was shown to reduce the
size of the lesion cavity following SCI as compared to controls (Supplementary Figure 4d-e). This effect was
augmented in mChABC animals who displayed not only a reduction in cavitation after SCI but also substantial
axonal staining through the lesion site itself signifying a reduction in neuronal loss and potential sprouting
(Supplementary Figure 4f, e'-f). These observations support our in vitro data, demonstrating that mChABC can
facilitate neuronal growth within and across inhibitory environments and has the potential to exhibit superior effects

to the bacterial enzyme.

Finally, we assessed the migration of Schwann cells into the astrocyte rich lesion penumbra from the periphery
following SCI. Control animals showed no evidence of Schwann cell migration or intermingling around the lesion
border and penumbra (Supplementary Figure 4g). After administration of bChABC, a small number of Schwann
cells were observed in this region (Supplementary Figure 4h). However, in mChABC transduced animals a
substantial number of Schwann cells were shown to intermingle with astrocytes in and around the lesion penumbra
(Supplementary Figure 4g). This study confirms our in vitro data, demonstrating that mChABC can facilitate the
intermingling and growth of cells and has a potentially more profound effect than a one-time dose of the bacterial
enzyme. Further, this demonstrates that mMChABC can yield similar effects on adult cells in vivo as those

demonstrated by postnatal animals in vitro.

Discussion

Here we demonstrate that Schwann cells transduced with lentiviral vectors encoding ChABC can constitutively
secrete high quantities of active mChABC. The activity of this second-generation enzyme causes profound CS-
GAG removal in vitro, functionally altering Schwann cell migration, adhesion, and intermingling within inhibitory
astrocytic environments whilst enabling neurite outgrowth over the PNS/CNS cellular interface. The mechanisms of
mChABC on cellular activity explain the behavioural and regenerative effects of the enzyme in biochemical and in
vivo studies. Importantly, we demonstrate that the effects produced from our modified mMChABC enzyme are

equivalent to, or greater than, the commercially available bChABC.

The functional expression and effects of mMChABC secretion on the PNS/CNS boundary has not previously been
shown. The mChABC mediated removal of inhibitory CS-GAGs from aggrecan, or astrocytic monolayers*' 253
increased Schwann cell motility. Through GAG digestion, mChABC facilitated cellular-substrate attachment,

resulting in increased numbers and distance of cellular migrationso. Further, and superior to bChABCm'eS, the action



of mChABC facilitated the intermingling of Schwann cells with astrocytes at points of confrontation. Moreover,
unlike bChABC®®, mChABC additionally enabled astrocytes to migrate into a Schwann cell population. This would
suggest that the continuous, global activity of mChABC is required to facilitate the migration of CNS glia, perhaps
due to modifications to the ECM or cell-to-cell contact. This is echoed in populations of adult cells shown in ourin
vivo observations where migration and adhesion is prevented in part due to inhibitory CS-GAGs and inactivation of
integrins®*®. As mChABC can influence these factors regardless of time following development or injury, our data
support a universal process of mMChABC-mediated GAG removal to aid the intermingling and growth of cells. Within
our assay, the action of mChABC facilitated neuronal growth through CS-GAG removal and, potentially, by
increasing neuroprotection'. The reduced inhibition and border irregularity enabled neurites to cross the PNS/CNS
cellular boundary. This mechanism of mMChABC action explains the similar in vitro and in vivo®***®° data and was

supported by observations collected from our own in vivo work.

mChABC gene therapy following cervical and thoracic contusion injury has been shown to remove CS-GAGs,
increasing neuroprotection through modulation of macrophage phenotype, and facilitate significant locomotor and

sensorimotor function as demonstrated through ladder walking, axonal conduction, and grip strengthzm2

. Recently,
it has been shown that use of an inducible mChABC vector facilitated sensory conduction and gross movement
following short-term treatment, however, long-term treatment was required to evoke significant effects on skilled
reaching and grasping®®. We demonstrate that the means for this recovery is likely to be based upon the growth or
sprouting of neurites through previously inhibitory substrates. Further, our study validates an in vitro and in vivo
study where an autologous population of lentiviral mChABC transduced Schwann cells were implanted into the
spinal cord following thoracic contusion injury24. Similar to our work, Kanno et al.** demonstrated that mChABC
removes CS-GAGs within the graft and surrounding host tissue and facilitates the integration of Schwann cells with
host astrocytes. The degree and distance to which these cells intermingle is accurately reflected in our in vitro and
in vivo findings. Indeed the echoing of the in vitro data with our in vivo observations and other studies suggests that,
although our in vitro functional assays are simplistic models of the complex network, matrices, and cellular,
chemical and electrical interactions which occur in the animal, they yield fundamental and translational information.
Our data suggest that Schwann cells are able to integrate into this environment as they can myelinate neurites.
However, a complete demonstration of integration in inhibitory environments would also illustrate local trophic
support and formation of cellular scaffolds produced by the cells. Nevertheless, here we provide evidence of a
cellular mechanism governing the intermingling of cells at inhibitory boundaries caused by the changes in cellular
migration and adhesion of the Schwann cells. Further, we have identified a mechanism through which Schwann
cell migration, adhesion and intermingling can be affected by ChABC. However, there are many additional
processes that could be affected by use of the enzyme, for example, effects on all ECM components, signalling
pathways, ligands, receptor binding and autophagy>®*’®. These need to be addressed to determine all the

mechanisms through which mChABC may mediate effects at the CNS/PNS boundary.

71-74 |G1,75

bChABC has been used to great effect in combination with peripheral nerve and Schwann cel grafts to
yield functional recovery following severe SCls. However, for the first time we demonstrate that secretion of
mChABC is more effective than a single application of bChABC at producing these effects. These data have
substantial weight in the development of genetic modification through mChABC as a treatment for SCI. However, a

full biochemical analysis of mChABC activity, as compared to the commercially available bChABC, is still required.



Accounting for number of cells and vector particles used, the transduced Schwann cells in this study produce
similar yields of active mChABC to that shown in vivo®, demonstrating the robust application of this genetic
modification treatment. Moreover, we uniquely demonstrate that these cell populations produce constant amounts
of enzyme over time. Single aliquots of enzyme have also been shown to retain activity for longer at 37°C than
bChABC, suggesting stability. These are similar data to forms of the enzyme stabilised by trehalose'’. This
modified stability at biological temperatures means that any amount of enzyme produced from transduced cells
would remain active for longer, increasing applicability of the treatment approach. This is important as in vivo
studies suggest that, while the functional and anatomical effects of the enzyme are present at 8-12 weeks, lentiviral
mChABC has reduced cellular production 3 months following transduction®"**. These data suggest that purified
conditioned medium from mChABC transduced cells might be a viable alternative to treatment with commercially
available purified bChABC.

The action of bChABC and mChABC within this study has revealed further insight into the mechanisms of CSPG
mediated inhibition of cellular migration and growth. While known to exert cellular effects due to their strong
negative charge’®, CSPGs have been shown to alter function through receptor binding””°. CSPGs also mediate
effects through integrin-dependent mechanisms®"*'***' Here we have shown that when grown on an aggrecan
substrate, Schwann cell phospho-FAK is reduced, while total FAK levels within the cells remains constant,
suggesting a reduction in intracellular integrin signalling. Interestingly, we further demonstrate that the action of
mChABC and bChABC can rescue this effect suggesting that it is the aggrecan GAG chains, and not the core
protein, that interferes with integrin signalling. This demonstrates that, despite genetic modification, both mChABC
and bChABC operate through similar mechanistic pathways. Utilising this in vitro model, determining the complete
downstream intracellular pathways affected by CSPG binding on cytoskeletal dynamics and how they are affected

by mChABC activity would provide significant insight.

Our data support the continued development of second-generation ChABC enzymes for the treatment of SCI.
There have been a number of viral chondroitinase AC and ABC vectors developedm'a?’. However, we have shown
that mChABC uniquely demonstrates a high and robust yield and substantial functional effects in vitro and in vivo.
However, for additional effects on neuronal growth our study suggests that mChABC should be combined with
treatments known to modulate Schwann cell and axonal behaviour such as integrins, N-cadherins, and
Ephs®'“2%# The effectiveness of lentiviral mMChABC treatment both in vitro and in vivo shows the significance of
modifying the ECM in the treatment of SCI. Here we have explained a cellular mechanism underlying the functional
and anatomical recovery shown in mChABC use. However, to further develop this as a clinical treatment, the
construct should be optimised, perhaps by placing it in an increasingly stable vector such as an adeno-associated

virus®, or assessing the risk of insertional mutagenesis in host cells®.

In summary, we provide evidence demonstrating the potent effects that lentiviral mChABC has upon glia cell
dynamics and behaviour, facilitating cellular intermingling and neurite growth. These data highlight the importance
of matrix modification in the treatment and recovery following SCI and provides a cellular mechanism for mChABC
induced functional and behavioural recovery shown in in vivo studies. Furthermore, we demonstrate that this

modified enzyme is stably secreted in high yield with functional activity similar to, or greater than, the commercially

10



available bChABC. These findings have significant implications for the continued development of second-

generation enzymes for the treatment of SCI and other CNS diseases.

Methods

Antibodies and reagents

Antibodies used are detailed in Table 1 and Table 2. Dulbecco’s modified Eagle’s medium (DMEM) with and
without phenol red, Hanks’ balanced salt solution (HBSS), sodium pyruvate, and foetal calf serum (FCS) were
purchased from Thermo Fisher Scientific. Penicillin-streptomycin-fungizone (PSF, Sigma), nerve growth factor
(NGF, Sigma), ITS+ (insulin-transferrin-sodium selenite with bovine serum albumin (BSA) and linoleic acid; BD
Bioscience), aphidicolin mitotic inhibitor, poly-D-lysine (PDL), laminin, collagenase and trypsin (Sigma) were used
at concentrations specified in the text. The aggrecan used (A1960; Sigma) had a molecular weight > 2,500 kDa
and with approximately 100-150 glycosaminoglycan chains attached. Bacterial chondroitinase ABC (Sigma) was
used in a buffer containing 0.1M sodium acetate apart from biochemical characterisation where the buffer
comprised 50mM Trizma base and 50mM sodium acetate (pH 8.0; Sigma). Cell counts were conducted using a
Countess automated cell counter (Thermo Fisher Scientific). The lenti-viral (LV) constructs LV-mChABC (5.6x10°
TU/uL) and LV-fGFP (farnesylated green fluorescent protein; 3.4x10° TU/uL) were constructed under a

cytomegalovirus (CMV) promoter. Lenti-viral vectors were produced according to standard protocols®®.

Cell culture

Primary cells were isolated from postnatal day 1-3 (P1-3) Sprague Dawley rats. All experiments were approved by
the University of Cambridge and were conducted in accordance with UK Animals (Scientific Procedures) Act 1986
(ASPA) under Home Office approval and licence. The health and welfare of all animals was monitored daily by
veterinary staff and the study investigators at the University of Cambridge and was in accordance with the Animal
Welfare Act 2006 and The Welfare of Farm Animals (England) Regulations 2007.

Neonatal Schwann cells

Sciatic nerves were dissected, cleaned, and dissociated before trituration. The cells were suspended in
supplemented DMEM (sDMEM; DMEM with 10% FCS, 2% PSF, bovine pituitary extract (BPE; Sigma, 10 ug/mL)
and forskolin (Calbiochem, 2uM)) then plated on PDL (25 pug/mL) and laminin (1 ug/mL) coated flasks. Cells were
then treated with cytosine arabinoside (Ara-C; 1x10° M; Sigma) and complement lysis (anti Thy1.1 antibody; 1:5
Hybridoma cell supernatant T11D7 and rabbit complement; 1:5; Serotec) before being maintained in sDMEM. For
transduction, purified Schwann cells were seeded on PDL and laminin coated 6-well plates (1x10° cells/well).
Twelve hours later, LV-fGFP and/or LV-mChABC were added to the cells at MOls of 2.5 and 10, respectively, in
the presence of 0.625uM polybrene (Sigma). Co-transductions were performed with the individual LV-fGFP and

LV-mChABC vectors. The following day, the solution was washed off the cells.

Neonatal astrocytes
The cerebral cortices were excised from neonatal rats, the meninges removed, the tissue diced and incubated with
0.1% trypsin for 30 mins. The solution was triturated, centrifuged, the cells suspended in DMEM with 10% FCS,

and plated on PDL coated flasks. Contaminating oligodendrocyte precursor cells and microglia were removed by
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shaking the culture overnight at 500 rpm in a 37°C incubator shaker (Luckham R300). The astrocytes were
maintained in DMEM supplemented with 10% FCS and 2% PSF. Astrocytes displayed a mature/reactive
phenotype demonstrated through GFAP staining and production of laminin and CSPGs demonstrated through
CS56 and aggrecan staining (Figure 3).

Neonatal dorsal root ganglion (DRG) neurons

The 30 neonatal DRG pairs were extracted and dissociated. The suspension was centrifuged through a 15% BSA
density gradient at 100 x g and the cells suspended in DMEM supplemented with ITS+ (1:100), PSF (1:100) and
the growth supplement NGF (10ng/mL). Cells were plated on to PDL and laminin (1ug/mL) coated flasks and
incubated at 37°C with 7% CO..

Functional assay design and quantification

Schwann cell inverted coverslip migration assay

Schwann cells (1x10° cells/mL) were plated on PDL and laminin coated coverslip fragments (~1 mm?) in a 20 uL
droplet and incubated until confluent. Test substrates were coated with PDL and either aggrecan (20 pg/mL),
laminin (1 ug/mL), or laminin and aggrecan. Coverslip fragments (with cells) were inverted on the test substrates,
and cells were allowed to migrate for 24 hrs in DMEM with 10% FCS before live imaging, analysis, and fixation in
4% paraformaldehyde (PFA). When required, the ECM or astrocyte monolayer was treated with 0.2 U/mL bChABC
for 1 hour at 37°C. In assays requiring a mitotic inhibitor, aphidicolin (1 yg/mL; or equivalent volume of DMSO) was
supplemented to the sDMEM during migration. When migrating Schwann cells upon a confluent monolayer of
astrocytes, the PNS glia were labelled with vibrant Dil (Thermo Fisher Scientific). The confluent astrocyte
monolayer was confirmed through microscopy and coverslip fragments only plated on areas know to be confluent.
All data was normalised to control conditions (naive Schwann cells migrated upon a PDL). Schwann cell migration
was assessed live under phase contrast (10x magnification, Nikon) or fluorescent microscope (10x magnification,
Leica). Quantification using an eyepiece grid reticule (Nikon) included: the maximum distance of cell body migration
from the edge of a coverslip fragment (assessed at 90° to the edge of the coverslip), and the number of cells

migrating at various distances (assessed in 100;,tm2 bins; Supplementary Figure 5a).

Preparation of astrocytic monolayers and matrix

Purified astrocytes (2x10° cells/mL) were plated on PDL coated coverslips and left for 48 hrs to form dense
monolayers. For immunocytochemistry, medium was replaced with that collected and concentrated from
transduced primary Schwann cells or cDMEM supplemented with 0.2 U/mL bChABC for 1 hour at 37°C, before
fixation with 4% PFA. For the preparation of astrocytic matrix, the confluent astrocyte monolayers were lysed by
hypotonicity through 45-50 mins exposure to sterile water. The matrices were washed 3 times to remove debris

and stored at 4°C in PBS for maximum of 24 hours until use.

Confrontation assay

Sterile silicone gaskets with 9 mm? wells (Sigma) were placed on Permanox™ slides (Nunc, LabTEK). 2-hole
silicone cell culture inserts (Ibidi) were placed into the PDL coated wells. Purified primary Schwann cells (7x10°
cells/mL) and astrocytes (4.6x10° cells/mL) were each plated into one of the insert holes, 0.5 mm apart. After 12

hrs, the insert was removed and cells washed. Cultures were grown for 5 days in sDMEM until a clear boundary
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was established. If required, bChABC (100mU) was placed in the cell medium for 1 hour at 37°C daily. For
experiments assessing neurite outgrowth, dissociated DRGs (1x10*cells/mL) were plated over the boundary. Cells
were grown at 37° for 2 days in DMEM supplemented with 2% PSF, 10% FCS, BPE (10ug/mL), and NGF
(10ng/mL) with medium changed every 24 hours. All experiments were terminated through cell fixation with 4%
PFA. All data was normalised to control conditions (naive Schwann cells and astrocytes). Experiments were
analysed using fluorescent microscopy (Leica6000; following ICC) using Adobe lllustrator (CS5) via a methodology
described previously31 (Supplementary Figure 5b). The number of Schwann cells migrating into the glial cell
population was counted at distances of 200, 400 and greater than 400um (63x magnification). Neurite growth on
Schwann cell-astrocyte confrontation assays was quantified using previously specified criteria®® (Supplementary

Figure 5c). A minimum of 10 neurites were counted per image.

Adhesion assay

Primary Schwann cells (2x10° cells/mL) were plated on each coverslip and left to adhere at 37°C for 1 hr. The
coverslips were then shaken with randomized rotation (100rpm; Eppendorf) for 4 hours at 37°C, then washed to
remove any non-attached cells. If required, 0.2U/mL bChABC was applied to the coverslip for 1 hour at 37°C.
Assays conducted on pure substrate were analysed live using a phase contrast microscope (5x magnification,
Nikon) while those conducted on astrocyte monolayer were fixed with 4% PFA and then stained before fluorescent
imaging (5x magnification, Leica) and analysis. All data was normalised to control conditions (naive Schwann cells
adhering to PDL or astrocyte monolayer). Adhesion was assessed by scoring the number of cells in a defined
100um x 1000um area. A minimum of 15 images at random locations on each coverslip were taken at time points

both before and after shaking.

Neurite outgrowth assay and assessment of myelination

Primary Schwann cells (1x10° cells/mL) were plated on PDL and laminin coated coverslips incubated at 37°C for 2
days in sSDMEM until confluent. Dissociated DRGs (1x10* cells/mL) were plated upon the Schwann cells and
incubated at 37°C for 2 days in DMEM supplemented with 2% PSF, 10% FCS, BPE (10ug/mL), and NGF
(10ng/mL). Cells were washed and fixed with 4% PFA for ICC and analysis. All data was normalised to control
conditions (DRG outgrowth on naive Schwann cells). Neurite outgrowth was assessed following ICC with anti-B-11
tubulin under fluorescent microscopy (Leica6000; 20x magnification). Neurite myelination was assessed following
ICC with anti-MBP, anti-B-1II tubulin and anti-p75 under fluorescent microscopy (Leica6000; 20x or 63x

magnification). A minimum of 20 randomly chosen neurites were imaged per coverslip.

In vivo assessments

Animals

All animal surgeries were conducted in accordance with the United Kingdom Animals (Scientific Procedures) Act
1986. Adult female Sprague Dawley rats (200-220 g; Harlan Laboratories) were housed in groups of three or four,
exposed to a normal 12-hour dark-light cycle at 21°C with free access to food, water and environmental enrichment
ad libitum. The health and welfare of all animals was monitored daily by veterinary staff and the study investigators
at Kings College London. Experimenters were blinded to treatment conditions during testing and histological

assessment and sterile procedures were observed during all surgical techniques.
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Contusion injury and intraspinal injections

Animals were anaesthetised with ketamine (60 mg/kg) and medetomidine (0.25 mg/ml). Upon reaching a surgical
plane of anaesthesia, animals received a subcutaneous (s.c.) injection of Carprofen (5 mg/kg). Body temperature
was maintained throughout the surgery at 37+1°C using a homothermic heat pad (Harvard Apparatus). Animals
received a 150 kdyne midline contusion at T10 (Infinite Horizon impactor; Precision Systems Instrumentation).
Following contusion, rats received intraspinal injections (2 x 0.5 ul; 1 mm rostral and caudal to the injury site) of
protease-free bChABC (10 U/ml, n=3, Seikagaku); LV-mChABC (n=3) or LV-fGFP (n=3). Animals were given s.c.
injections of saline and recovered in a heated environment before transfer to their home cage. Analgesia and
hydration were maintained for 5 days post-surgery in addition to nutritional support if the animal’s weight fell 5%

below that determined pre-injury. No animal showed any adverse effects to the surgery or procedures performed.

Tissue processing

Two weeks following injury, animals were anesthetised (Euthatal, 80 mg/kg, i.p.) and transcardially perfused with
4% paraformaldehyde in 0.1 M phosphate buffer and the spinal cord removed. Following 2 hours post-fixation,
tissue was cryoprotected in 20% sucrose for 48 hours. Following embedding in Optimum Cutting Temperature

Compound, the spinal cord was cut into serial 20um sagittal sections.

Immunocytochemistry

Cells/tissue were fixed for 10 mins in 4% PFA, washed, and blocked in 0.3% Triton-X 100 (Sigma) and either 3%
bovine serum albumin (BSA; Sigma) or 10% donkey serum (Stratech). Cells/tissue were incubated with primary
antibody overnight at 4°C and secondary antibody for 2 hours at 25°C. If required, Hoechst-33342 applied to the
cells for 10 minutes at 25°C. Coverslips were mounted onto slides with Fluorosave (Calbiochem) while tissue was
mounted using ProLong Gold (ThermoFisher Scientific). For experiments with a biotinylated secondary, cells were
additionally incubated in streptavidin for 2 hours at 25°C. Cells were analysed under fluorescent microscopy
(Leica6000; 20, 40 and 63x magnification). A minimum of 20 images were taken at random locations on each
image. Images were analysed using ImageJ (NIH) software with the integrated pixel density assessed in a
minimum of 10 areas positive for the epitope. Signal intensity readings were standardised for area and background.
To determine the rate of cell division and transduction efficiency, the total number of cells was determined through

Hoechst-33342 staining. Tissue was assessed under confocal microscopy (Zeiss; 20x magnification).

Cetylpyridinium chloride (CPC) turbidity assay

Cell culture medium (DMEM without phenol red, supplemented with sodium pyruvate and ITS+) was collected from
naive and transduced Schwann cells over 24-168 hours at 37°C. EDTA-free protease inhibitor cocktail (Roche)
was added and the supernatant and concentrated using a 50K centricon (Millipore). 5uL media samples were
incubated with 50uL chondroitin sulphate A (CS-A; 20ug; Sigma) at 37°C for 30 minutes and denatured at 95°C.
20uL of each sample was incubated with an equal volume of CPC reagent (containing 1:1 of 0.2% (w/v) CPC and
133mM magnesium chloride; Fluka). Absorbance was measured at 405nm using a pQuant™ Microplate

Spectrophotometer (Biotek Instruments) and data adjusted for baseline based on the negative control®.

Reverse transcription-polymerase chain reaction (RT-PCR)
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The following primers were used for RT-PCR: GFP: 5- CCTGAAGTTCATCTGCACCAC-3’, 5-
TGCTCAGGTAGTGGTTGTCGG-3'; mChABC: 5-GAAAATTTAGCGGCCATTGA-3, 5-
TGATCAGATGTCTGCCTTGC-3’; HPRT: 5- AGCTACTGTAATGATCAGTCAACG-3', 5-
AGAGGTCCTTTTCACCAGCA-3'. Total RNA was extracted from naive transduced primary Schwann cells using
RiboPure (Ambion) and treated with DNase. Reverse transcription was performed using the Superscript Il First-
Strand Synthesis System (Theromo Fisher Scientific). PCR of the cDNA occurred using a MangoTaq Polymerase
PCR Kit (Bioline) with an initial denaturation step at 94°C for 3 minutes, followed by a specific number of cycles
[GFP: 30; mChABC and hypoxanthine-guanine phophoribosyltransferase (HPRT): 38]. PCR products were

analysed on a 1% agarose gel.

Western blotting

Cells were lysed with RIPA (radio-immunoprecipitation assay; Roche) supplemented with 5% protease inhibitor and
phosphatase inhibitor cocktails (Roche). Protein concentration was determined using BCA Protein Assay Kit
(Pierce). Protein extracts underwent SDS-PAGE and blotted onto a polyvinylidene difluoride (Hybond-P)
membrane (GE Healthcare). Membranes were blocked in 5% skimmed milk in TBS-T before incubation with anti-
1B5 antibody at 4°C for 12 hours. The membrane was then incubated in HRP-conjugated anti-mouse antibody at
25°C for 2 hours. Bands were visualized with ECL detecting reagents (GE Healthcare). Western blots were

repeated a minimum of 3 times, using samples from independent batches.

Statistics

All experiments were assessed blind. A minimum of 5 repeats were conducted for each experiment with separate
samples being collected from independent cell batches per condition. For cell culture assays, each treatment
condition was repeated a minimum of 3 times within each experiment. The parameters were compared between
control and the test group using the one-way ANOVA with post-hoc Bonferroni. Significance values are

represented as * = p<0.05, ** = p<0.01, *** = p<0.001, graphs show means = SEM.

Data availability
Correspondence and requests for material should be addressed to philippa.warren@kcl.ac.uk. The data sets
generated and/or analysed during the current study are available from the corresponding author on reasonable

request. Reprints and permissions information is available at www.nature.com/reprints.

References:

1 Fawcett, J. W. & Asher, R. A. The glial scar and central nervous system repair. Brain Research Bulletin 49,
377-391 (1999).

2 Tran, A. P., Warren, P. M. & Silver, J. The Biology of Regeneration Failure and Success After Spinal Cord
Injury. Physiological reviews 98, 881-917, doi:10.1152/physrev.00017.2017 (2018).

3 Rudge, J. S. & Silver, J. Inhibition of neurite outgrowth on astroglial scars in vitro. Journal of Neuroscience

10, 3594-3603 (1990).

15



10

11

12

13

14

15

16

17

18

19

McKeon, R. J., Schreiber, R. C., Rudge, J. S. & Silver, J. Reduction of neurite outgrowth in a model of glial
scarring following CNS injury is correlated with the expression of inhibitory molecules on reactive
astrocytes. Journal of Neuroscience 11, 3398-3411 (1991).

Zuo, J., Neubauer, D., Dyess, K., Ferguson, T. A. & Muir, D. Degradation of chondroitin sulfate
proteoglycan enhances the neurite-promoting potential of spinal cord tissue. Experimental Neurology 154,
654-662, doi:10.1006/exnr.1998.6951 (1998).

Smith-Thomas, L. C. et al. An inhibitor of neurite outgrowth produced by astrocytes. Journal of cell science
107 ( Pt 6), 1687-1695 (1994).

Bradbury, E. J. et al. Chondroitinase ABC promotes functional recovery after spinal cord injury. Nature 416,
636-640, doi:10.1038/416636a (2002).

Moon, L. D., Asher, R. A, Rhodes, K. E. & Fawcett, J. W. Regeneration of CNS axons back to their target
following treatment of adult rat brain with chondroitinase ABC. Nature Neuroscience 4, 465-466 (2001).
Massey, J. M. Chondroitinase ABC Digestion of the Perineuronal Net Promotes Functional Collateral
Sprouting in the Cuneate Nucleus after Cervical Spinal Cord Injury. Journal of Neuroscience 26, 4406-
4414, doi:10.1523/INEUROSCI.5467-05.2006 (2006).

Garcia-Alias, G. et al. Chondroitinase ABC Combined with Neurotrophin NT-3 Secretion and NR2D
Expression Promotes Axonal Plasticity and Functional Recovery in Rats with Lateral Hemisection of the
Spinal Cord. Journal of Neuroscience 31, 17788-17799, doi:10.1523/JNEUROSCI.4308-11.2011 (2011).
Yamagata, T., Saito, H., Habuchi, O. & Suzuki, S. Purification and properties of bacterial chondroitinases
and chondrosulfatases. Journal of Biological Chemistry 243, 1523-1535 (1968).

Pizzorusso, T. et al. Reactivation of ocular dominance plasticity in the adult visual cortex. Science 298,
1248-1251, doi:10.1126/science.1072699 (2002).

Galtrey, C. M., Asher, R. A., Nothias, F. & Fawcett, J. W. Promoting plasticity in the spinal cord with
chondroitinase improves functional recovery after peripheral nerve repair. Brain 130, 926-939,
doi:10.1093/brain/awl372 (2006).

Carter, L. M. et al. The Yellow Fluorescent Protein (YFP-H) Mouse Reveals Neuroprotection as a Novel
Mechanism Underlying Chondroitinase ABC-Mediated Repair after Spinal Cord Injury. Journal of
Neuroscience 28, 14107-14120, doi:10.1523/JNEUROSCI.2217-08.2008 (2008).

Lemons, M. L., Howland, D. R. & Anderson, D. K. Chondroitin sulfate proteoglycan immunoreactivity
increases following spinal cord injury and transplantation. Experimental Neurology 160, 51-65,
doi:10.1006/exnr.1999.7184 (1999).

Tester, N. J. & Howland, D. R. Chondroitinase ABC improves basic and skilled locomotion in spinal cord
injured cats. Experimental Neurology 209, 483-496, doi:10.1016/j.expneurol.2007.07.019 (2008).

Lee, H., McKeon, R. J. & Bellamkonda, R. V. Sustained delivery of thermostabilized chABC enhances
axonal sprouting and functional recovery after spinal cord injury. Proceedings of the National Academy of
Sciences 107, 3340-3345, doi:10.1073/pnas.0905437106 (2010).

Cafferty, W. B. J., Yang, S. H., Duffy, P. J., Li, S. & Strittmatter, S. M. Functional Axonal Regeneration
through Astrocytic Scar Genetically Modified to Digest Chondroitin Sulfate Proteoglycans. Journal of
Neuroscience 27, 2176-2185, doi:10.1523/JNEUROSCI.5176-06.2007 (2007).

Muir, E. M. et al. Modification of N-glycosylation sites allows secretion of bacterial chondroitinase ABC from
mammalian cells. Journal of Biotechnology 145, 103-110, doi:10.1016/j.jbiotec.2009.11.002 (2010).

16



20

21

22

23

24

25

26

27

28

29

30

31

32

33

Zhao, R.-R. et al. Lentiviral vectors express chondroitinase ABC in cortical projections and promote
sprouting of injured corticospinal axons. Journal of Neuroscience Methods 201, 228-238,
doi:10.1016/j.jneumeth.2011.08.003 (2011).

Bartus, K. et al. Large-scale chondroitin sulfate proteoglycan digestion with chondroitinase gene therapy
leads to reduced pathology and modulates macrophage phenotype following spinal cord contusion injury.
The Journal of neuroscience : the official journal of the Society for Neuroscience 34, 4822-4836,
doi:10.1523/JNEUROSCI.4369-13.2014 (2014).

James, N. D. et al. Chondroitinase gene therapy improves upper limb function following cervical contusion
injury. Experimental Neurology 271, 131-135, doi:10.1016/j.expneurol.2015.05.022 (2015).

Burnside, E. R. et al. Immune-evasive gene switch enables regulated delivery of chondroitinase after spinal
cord injury. Brain, doi:10.1093/brain/awy158 (2018).

Kanno, H. et al. Combination of engineered Schwann cell grafts to secrete neurotrophin and
chondroitinase promotes axonal regeneration and locomotion after spinal cord injury. The Journal of
neuroscience : the official journal of the Society for Neuroscience 34, 1838-1855,
doi:10.1523/JNEUROSCI.2661-13.2014 (2014).

Pearse, D. D. et al. Transplantation of Schwann cells and/or olfactory ensheathing glia into the contused
spinal cord: Survival, migration, axon association, and functional recovery. Glia 55, 976-1000,
doi:10.1002/glia.20490 (2007).

Saberi, H. et al. Treatment of chronic thoracic spinal cord injury patients with autologous Schwann cell
transplantation: An interim report on safety considerations and possible outcomes. Neuroscience Letters
443, 46-50, doi:10.1016/j.neulet.2008.07.041 (2008).

Xu, X. M., Chen, A., Guenard, V., Kleitman, N. & Bunge, M. B. Bridging Schwann cell transplants promote
axonal regeneration from both the rostral and caudal stumps of transected adult rat spinal cord. Journal of
neurocytology 26, 1-16 (1997).

Bartus, K. et al. Neuregulin-1 controls an endogenous repair mechanism after spinal cord injury. Brain 139,
1394-1416, doi:10.1093/brain/aww039 (2016).

Adcock, K. H. et al. Axon behaviour at Schwann cell - astrocyte boundaries: manipulation of axon
signalling pathways and the neural adhesion molecule L1 can enable axons to cross. European Journal of
Neuroscience 20, 1425-1435, doi:10.1111/.1460-9568.2004.03573.x (2004).

Plant, G. W., Bates, M. L. & Bunge, M. B. Inhibitory Proteoglycan Immunoreactivity Is Higher at the Caudal
Than the Rostral Schwann Cell Graft-Transected Spinal Cord Interface. Molecular and Cellular
Neuroscience 17, 471-487, doi:10.1006/mcne.2000.0948 (2001).

Afshari, F. T., Kwok, J. C. & Fawcett, J. W. Astrocyte-Produced Ephrins Inhibit Schwann Cell Migration via
VAV2 Signaling. Journal of Neuroscience 30, 4246-4255, doi:10.1523/JNEUROSCI.3351-09.2010 (2010).
Williams, R. R., Henao, M., Pearse, D. D. & Bunge, M. B. Permissive Schwann cell graft/spinal cord
interfaces for axon regeneration. Cell Transplantation 24, 115-131, doi:10.3727/096368913X674657
(2015).

Seitz, B. et al. Retroviral vector-mediated gene transfer into keratocytes: in vitro effects of polybrene and
protamine sulfate. Graefe&apos;s archive for clinical and experimental ophthalmology = Albrecht von
Graefes Archiv fur klinische und experimentelle Ophthalmologie 236, 602-612 (1998).

17



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Frimpong, K. & Spector, S. A. Cotransduction of nondividing cells using lentiviral vectors. Gene Therapy 7,
1562-1569, doi:10.1038/sj.gt.3301283 (2000).

Golden, K. L. et al. Transduced Schwann cells promote axon growth and myelination after spinal cord
injury. Experimental Neurology 207, 203-217, doi:10.1016/j.expneurol.2007.06.023 (2007).

Lundberg, C. et al. Applications of lentiviral vectors for biology and gene therapy of neurological disorders.
Current gene therapy 8, 461-473 (2008).

Wu, D. et al. Targeting a dominant negative rho kinase to neurons promotes axonal outgrowth and partial
functional recovery after rat rubrospinal tract lesion. Molecular therapy : the journal of the American Society
of Gene Therapy 17, 2020-2030, doi:10.1038/mt.2009.168 (2009).

Lin, R., Rosahl, T. W., Whiting, P. J., Fawcett, J. W. & Kwok, J. C. F. 6-Sulphated chondroitins have a
positive influence on axonal regeneration. PLoS ONE 6, €21499 (2011).

Lakatos, A., Franklin, R. J. & Barnett, S. C. Olfactory ensheathing cells and Schwann cells differ in their in
vitro interactions with astrocytes. Glia 32, 214-225 (2000).

Lakatos, A., Barnett, S. C. & Franklin, R. J. M. Olfactory ensheathing cells induce less host astrocyte
response and chondroitin sulphate proteoglycan expression than schwann cells following transplantation
into adult cns white matter. Experimental Neurology 184, 237-246, doi:10.1016/S0014-4886(03)00270-X
(2003).

Afshari, F. T., Kwok, J. C., White, L. & Fawcett, J. W. Schwann cell migration is integrin-dependent and
inhibited by astrocyte-produced aggrecan. Glia, NA-NA, doi:10.1002/glia.20970 (2010).

Wilby, M. J. et al. N-Cadherin inhibits Schwann cell migration on astrocytes. Molecular and Cellular
Neuroscience 14, 66-84, doi:10.1006/mcne.1999.0766 (1999).

Orlando, C., Ster, J., Gerber, U., Fawcett, J. W. & Raineteau, O. Perisynaptic Chondroitin Sulfate
Proteoglycans Restrict Structural Plasticity in an Integrin-Dependent Manner. Journal of Neuroscience 32,
18009-18017, doi:10.1523/JNEUROSCI.2406-12.2012 (2012).

Tan, C. L. et al. Integrin Activation Promotes Axon Growth on Inhibitory Chondroitin Sulfate Proteoglycans
by Enhancing Integrin Signaling. Journal of Neuroscience 31, 6289-6295, doi:10.1523/JNEUROSCI.0008-
11.2011 (2011).

Zuo, J., Ferguson, T. A, Hernandez, Y. J., Stetler-Stevenson, W. G. & Muir, D. Neuronal matrix
metalloproteinase-2 degrades and inactivates a neurite-inhibiting chondroitin sulfate proteoglycan. Journal
of Neuroscience 18, 5203-5211 (1998).

Milner, R. et al. Division of labor of Schwann cell integrins during migration on peripheral nerve
extracellular matrix ligands. Developmental Biology 185, 215-228, doi:10.1006/dbio.1997.8547 (1997).
Previtali, S. C. et al. Role of integrins in the peripheral nervous system. Progress in Neurobiology 64, 35-49
(2001).

Neugebauer, K. M. & Reichardt, L. F. Cell-surface regulation of beta 1-integrin activity on developing retinal
neurons. Nature 350, 68-71, doi:10.1038/350068a0 (1991).

Lemons, M. L. & Condic, M. L. Combined integrin activation and intracellular cAMP cause Rho GTPase
dependent growth cone collapse on laminin-1. Experimental Neurology 202, 324-335,
doi:10.1016/j.expneurol.2006.06.008 (2006).

18



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Miao, H., Burnett, E., Kinch, M., Simon, E. & Wang, B. Activation of EphA2 kinase suppresses integrin
function and causes focal-adhesion-kinase dephosphorylation. Nature cell biology 2, 62-69,
doi:10.1038/35000008 (2000).

McKeon, R. J., Hoke, A. & Silver, J. Injury-induced proteoglycans inhibit the potential for laminin-mediated
axon growth on astrocytic scars. Experimental Neurology 136, 32-43, doi:10.1006/exnr.1995.1081 (1995).
Asher, R. A. et al. Neurocan is upregulated in injured brain and in cytokine-treated astrocytes. The Journal
of neuroscience : the official journal of the Society for Neuroscience 20, 2427-2438 (2000).

Grimpe, B., Pressman, Y., Bunge, M. B. & Silver, J. The role of proteoglycans in Schwann cell/astrocyte
interactions and in regeneration failure at PNS/CNS interfaces. Molecular and Cellular Neuroscience 28,
18-29, doi:10.1016/j.mcn.2004.06.010 (2005).

Ghirnikar, R. S. & Eng, L. F. Chondroitin sulfate proteoglycan staining in astrocyte-Schwann cell co-
cultures. Glia 14, 145-152, doi:10.1002/glia.440140209 (1995).

Tom, V. J., Doller, C. M., Malouf, A. T. & Silver, J. Astrocyte-associated fibronectin is critical for axonal
regeneration in adult white matter. Journal of Neuroscience 24, 9282-9290,
doi:10.1523/JNEUROSCI.2120-04.2004 (2004).

Dou, C. L. & Levine, J. M. Inhibition of neurite growth by the NG2 chondroitin sulfate proteoglycan. Journal
of Neuroscience 14, 7616-7628 (1994).

Snow, D. M., Lemmon, V., Carrino, D. A., Caplan, A. I. & Silver, J. Sulfated proteoglycans in astroglial
barriers inhibit neurite outgrowth in vitro. Experimental Neurology 109, 111-130, doi:10.1016/s0014-
4886(05)80013-5 (1990).

Fidler, P. S. et al. Comparing astrocytic cell lines that are inhibitory or permissive for axon growth: the
major axon-inhibitory proteoglycan is NG2. The Journal of neuroscience : the official journal of the Society
for Neuroscience 19, 8778-8788 (1999).

Smith-Thomas, L. C. et al. Increased axon regeneration in astrocytes grown in the presence of
proteoglycan synthesis inhibitors. Journal of cell science 108 ( Pt 3), 1307-1315 (1995).

DiMilla, P. A., Barbee, K. & Lauffenburger, D. A. Mathematical model for the effects of adhesion and
mechanics on cell migration speed. Biophysical Journal 60, 15-37, doi:10.1016/S0006-3495(91)82027-6
(1991).

Fouad, K. Combining Schwann Cell Bridges and Olfactory-Ensheathing Glia Grafts with Chondroitinase
Promotes Locomotor Recovery after Complete Transection of the Spinal Cord. Journal of Neuroscience 25,
1169-1178, doi:10.1523/JNEUROSCI.3562-04.2005 (2005).

Ikegami, T. et al. Chondroitinase ABC combined with neural stem/progenitor cell transplantation enhances
graft cell migration and outgrowth of growth-associated protein-43-positive fibers after rat spinal cord injury.
European Journal of Neuroscience 22, 3036-3046, doi:10.1111/j.1460-9568.2005.04492.x (2005).
Karimi-Abdolrezaee, S., Eftekharpour, E., Wang, J., Schut, D. & Fehlings, M. G. Synergistic Effects of
Transplanted Adult Neural Stem/Progenitor Cells, Chondroitinase, and Growth Factors Promote Functional
Repair and Plasticity of the Chronically Injured Spinal Cord. Journal of Neuroscience 30, 1657-1676,
doi:10.1523/JNEUROSCI.3111-09.2010 (2010).

Warren, P. M., Dickens, S. M., Gigout, S., Fawcett, J. W. & Kwok, J. C. F.  (Oxford University Press,
2018).

19



65

66

67

68

69

70

71

72

73

74

75

76

77

78

Emsley, J. G. & Hagg, T. alpha6beta1 integrin directs migration of neuronal precursors in adult mouse
forebrain. Exp Neurol 183, 273-285, doi:10.1016/s0014-4886(03)00209-7 (2003).

Jankovski, A. & Sotelo, C. Subventricular zone-olfactory bulb migratory pathway in the adult mouse:
cellular composition and specificity as determined by heterochronic and heterotopic transplantation. J
Comp Neurol 371, 376-396, doi:10.1002/(sici)1096-9861(19960729)371:3<376::Aid-cne3>3.0.Co;2-#
(1996).

Murase, S. & Horwitz, A. F. Deleted in colorectal carcinoma and differentially expressed integrins mediate
the directional migration of neural precursors in the rostral migratory stream. J Neurosci 22, 3568-3579,
doi:20026349 (2002).

Thomas, L. B., Gates, M. A. & Steindler, D. A. Young neurons from the adult subependymal zone
proliferate and migrate along an astrocyte, extracellular matrix-rich pathway. Glia 17, 1-14,
doi:10.1002/(sici)1098-1136(199605)17:1<1::Aid-glia1>3.0.C0;2-7 (1996).

Vavrek, R., Pearse, D. D. & Fouad, K. Neuronal Populations Capable of Regeneration following a
Combined Treatment in Rats with Spinal Cord Transection. Journal of Neurotrauma 24, 1667-1673,
doi:10.1089/neu.2007.0290 (2007).

Tran, A. P., Warren, P. M. & Silver, J. Regulation of autophagy by inhibitory CSPG interactions with
receptor PTPsigma and its impact on plasticity and regeneration after spinal cord injury. Exp Neurol 328,
113276, doi:10.1016/j.expneurol.2020.113276 (2020).

Alilain, W. J., Horn, K. P., Hu, H., Dick, T. E. & Silver, J. Functional regeneration of respiratory pathways
after spinal cord injury. Nature 475, 196-200, doi:10.1038/nature10199 (2011).

DePaul, M. A, Lin, C.-Y., Silver, J. & Lee, Y.-S. Peripheral Nerve Transplantation Combined with Acidic
Fibroblast Growth Factor and Chondroitinase Induces Regeneration and Improves Urinary Function in
Complete Spinal Cord Transected Adult Mice. PLoS ONE 10, e0139335,
doi:10.1371/journal.pone.0139335 (2015).

Tom, V. J. et al. Combining Peripheral Nerve Grafts and Chondroitinase Promotes Functional Axonal
Regeneration in the Chronically Injured Spinal Cord. Journal of Neuroscience 29, 14881-14890,
doi:10.1523/JNEUROSCI.3641-09.2009 (2009).

Houle, J. D. et al. Combining an Autologous Peripheral Nervous System &quot;Bridge&quot; and Matrix
Modification by Chondroitinase Allows Robust, Functional Regeneration beyond a Hemisection Lesion of
the Adult Rat Spinal Cord. Journal of Neuroscience 26, 7405-7415, doi:10.1523/JNEUROSCI.1166-
06.2006 (2006).

Chau, C. H. Chondroitinase ABC enhances axonal regrowth through Schwann cell-seeded guidance
channels after spinal cord injury. The FASEB Journal, 1-3, doi:10.1096/fj.03-0196fje (2003).

Morgelin, M., Paulsson, M., Malmstrom, A. & Heinegard, D. Shared and distinct structural features of
interstitial proteoglycans from different bovine tissues revealed by electron microscopy. Journal of
Biological Chemistry 264, 12080-12090 (1989).

Shen, Y. et al. PTPsigma is a receptor for chondroitin sulfate proteoglycan, an inhibitor of neural
regeneration. Science 326, 592-596, doi:10.1126/science.1178310 (2009).

Lang, B. T. et al. Modulation of the proteoglycan receptor PTPsigma promotes recovery after spinal cord
injury. Nature 518, 404-408, doi:10.1038/nature13974 (2015).

20



79

80

81

82

83

84

85

86

87

88

89

Fry, E. J., Chagnon, M. J., Lopez-Vales, R., Tremblay, M. L. & David, S. Corticospinal tract regeneration
after spinal cord injury in receptor protein tyrosine phosphatase sigma deficient mice. Glia 58, 423-433,
doi:10.1002/glia.20934 (2010).

Coles, C. H. et al. Proteoglycan-specific molecular switch for RPTPsigma clustering and neuronal
extension. Science 332, 484-488, doi:10.1126/science.1200840 (2011).

dJin, Y., Ketschek, A., Jiang, Z., Smith, G. & Fischer, |. Chondroitinase activity can be transduced by a
lentiviral vector in vitro and in vivo. Journal of Neuroscience Methods, 1-6,
doi:10.1016/j.jneumeth.2011.05.007 (2011).

Curinga, G. M. et al. Mammalian-produced chondroitinase AC mitigates axon inhibition by chondroitin
sulfate proteoglycans. Journal of Neurochemistry 102, 275-288, doi:10.1111/j.1471-4159.2007.04530.x
(2007).

Guo, Y. et al. Lentivirus-mediated transfection of chondroitinase ABC gene without the bacterial leader
sequence enables long-term secretion of functional chondroitinase ABC in human bone marrow stromal
cells. Biotechnology Letters 38, 893-900, doi:10.1007/s10529-016-2046-y (2016).

Goldshmit, Y. Axonal Regeneration and Lack of Astrocytic Gliosis in EphA4-Deficient Mice. Journal of
Neuroscience 24, 10064-10073, doi:10.1523/JNEUROSCI.2981-04.2004 (2004).

Fairless, R., Frame, M. C. & Barnett, S. C. N-cadherin differentially determines Schwann cell and olfactory
ensheathing cell adhesion and migration responses upon contact with astrocytes. Molecular and Cellular
Neuroscience 28, 253-263, doi:10.1016/j.mcn.2004.09.009 (2005).

Alves, J. N. et al. AAV vector-mediated secretion of chondroitinase provides a sensitive tracer for axonal
arborisations. Journal of Neuroscience Methods 227, 107-120, doi:10.1016/j.jneumeth.2014.02.010 (2014).
Hacein-Bey-Abina, S. et al. A serious adverse event after successful gene therapy for X-linked severe
combined immunodeficiency. The New England journal of medicine 348, 255-256 (2003).

Hoyng, S. A. et al. Developing a potentially immunologically inert tetracycline-regulatable viral vector for
gene therapy in the peripheral nerve. Gene Therapy 21, 549-557, doi:10.1038/gt.2014.22 (2014).

Hyatt, A. J. T., Wang, D., Kwok, J. C., Fawcett, J. W. & Martin, K. R. Controlled release of chondroitinase
ABC from fibrin gel reduces the level of inhibitory glycosaminoglycan chains in lesioned spinal cord.
Journal of Controlled Release, 1-6, doi:10.1016/j.jconrel.2010.06.026 (2010).

Acknowledgements:

The authors thank Prof. Roger Keynes, Dr. Elizabeth Muir, and Dr. John Rogers for their support and assistance

with the work and Dr. Fardad Afshari for his technical expertise and teaching. This work was supported by a Natalie

Rose Barr Studentship to PMW from the International Spinal Research Trust (NRB083), project grants from

International Spinal Research Trust, Wings for Life, Medical Research Council UK (MR/S011110/1) and European

Union-the Operational Programme Research, Development and Education in the framework of the project “Centre
of Reconstructive Neuroscience,” registration number CZ.02.1.01/0.0./0.0/15_003/0000419 to JCFK.

Author contributions: Animal and biochemical work, cell culture, data analysis and data processing was

performed by PMW. Primary cell cultures were performed by PMW, JCFK and MS. In vivo procedures and tissue

sectioning was performed by K.B. Immunohistochemistry was performed by PMW and MS with PMW performing

21



data acquisition and analysis. MA, MS, JV, JWF and JCFK provided technical information and experimental
support. Manuscript preparation and editing was performed by PMW with the edits of MA, MS, JV, JWF, KB, EJB
and JCFK. The project was conceived and designed by PMW, JCFK and JWF.

Conflict of interest statement: Authors report no competing or financial conflicts of interest.

Figure legends:

Figure 1: mChABC can be transduced, expressed, and secreted by Schwann cells. Schwann cells were control,
bChABC treated, or transduced with LV-plasmid control, LV-mChABC, LV-fGFP, or LV-mChABC + LV-fGFP a-d)
Images show a) LV-plasmid control and b) LV-mChABC + LV-fGFP transduced cells immunostained for Hoechst-
33342 (blue); GFP (green) and p75 (red), scale bar = 40um. c) Transduction did not alter rate of Schwann cell
division (N=4, one-way ANOVA F(5,18)=0.528, p=0.753). d) The same transduction efficiencies were achieved for
LV-fGFP and LV-mChABC + LV-fGFP cells (N=30, one-way ANOVA F(5,174)=6.932, p<0.0001, post hoc test
p=ns). e-f) MChABC is expressed and secreted by transduced Schwann cells (for full gel see Supplementary figure
2). e) RT-PCR of cells with HPRT, mChABC and GFP primers. f) Western blot of cell medium probed using anti-
1B5 antibody. Dashed line denotes area of cropped image (see Supplementary figure 2). DNA and proteins were
quantified to ensure equal gel loading. g-h) Transduced Schwann cells secrete constant amounts of stable
mChABC. g) 100uU of secreted mChABC is more stable at 37°C than 100uU of bChABC (N=3, two-way ANOVA:
days post transduction F(6,84)=48.23, p<0.0001, transduced cell populations F(5,84)=219.92, p<0.0001). h)
Amount of active mChABC secreted by transduced Schwann cells over 4 days (N=3, two-way ANOVA: days post
transduction F(6,50)=0.32, p=0.8625, cells transduced F(4,50)=66.01, p<0.0001).

Figure 2: mChABC increases Schwann cell migration and adhesion on aggrecan by removal of CS-GAGs. a-f)
Migration of Schwann cells on aggrecan showing a) control, b) LV-fGFP, c) bChABC treated, and d) LV-mChABC
populations. Scale bar = 100um, arrows indicate direction of migration. Quantification of e) cells migrating (N=5,
two-way ANOVA: cell type F(3,84)=131.34, p<0.0001, distance F(5,84)=160.84, p<0.0001) and f) maximum
distance (N=5, one-way ANOVA: F(3,14)=39.53, p<0.0001). g-k) mChABC increases cellular adhesion on
aggrecan g) to levels comparable with bChABC (N=3, one-way ANOVA: F(3,12)=68.61, p<0.0001). Images
showing h) control, i) LV-fGFP, j) bChABC treated, and k) LV-mChABC transduced cells. Scale bar = 100um. I-p)
anti-1B5 staining (red) of Schwann cells on aggrecan showing I) control, m) LV-fGFP, n) bChABC treated, and o)
LV-mChABC populations immunostaned for anti-GFP (green) and Hoechst-33342 (blue) quantified in p) (N=20,
one-way ANOVA F(3,76)=126.8, p<0.0001). Scale bar = 40um. q) Total FAK (N=3, two-way ANOVA: cell type
F(3,224)=1.15, p=0.329, substrate F(3,224)=0.26, p=0.8537) and r) pFAK (N=3, two-way ANOVA: cell type
F(3,224)=69.06, p<0.0001, substrate F(3,224)=491.82, p<0.0001) levels in transduced cells on different substrates.
Images show anti-pY397 FAK (green) staining of s) control, t) bChABC treated and u) LV-mChABC transduced

Schwann cells on an aggrecan substrate. Scale bar=100um.

Figure 3: mChABC increases Schwann cell migration and adhesion on astrocytes through CS-GAG removal. a-f)

Migration of Schwann cells (red; vibrant Dil) on astrocytes showing a) control, b) LV-fGFP, c) bChABC treated, and
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d) LV-mChABC populations. Scale bar = 100um; arrows indicate direction of migration; dashed line, the coverslip
edge. Quantification of e) cells migrating (N=5, two-way ANOVA: cell type F(3,150)=133.78, p<0.0001, distance
F(5,150)=177.42, p<0.0001) and f) maximum distance (N=5, one-way ANOVA: F(3,25)=138.3, p=0.0203). Cells
were migrated on astrocyte matrix showing g) cells migrating (N=5, two-way ANOVA: cell type F(3,48)=311.15,
p<0.0001, distance F(5,48)=897.39, p<0.0001) and h) maximum distance (N=5, one-way ANOVA: F(3,8)=134.4,
p<0.0001). i-k) mChABC increases cellular adhesion on astrocytes. Showing i) control, and j) LV-mChABC
populations stained with p75 (red) with k) quantification (N=20, one-way ANOVA: F(3,12)=67.75, p<0.0001). Scale
bar = 100um. I-m) anti-laminin, o-q) anti-aggrecan (Cat 301), and r-t) anti-CS-56 staining of astrocyte monolayer
treated with medium from control, bChABC treated, LV-fGFP, and LV-mChABC populations. Scale bar = 40um.
Quantified in k) for laminin (N=20, one-way ANOVA: F(3,76)=1.873, p=1.412); n) aggrecan (N=20, one-way
ANOVA: F(3,76)=614.6, p<0.0001) and t) CS-56 (N=20, one-way ANOVA: F(3,76)=708.6, p<0.0001).

Figure 4: mChABC enables cellular intermingling at the Schwann cell astrocyte boundary. a-d) Schwann cells
labelled for anti-p75 (red; i) and astrocytes for anti-GFAP (green; ii) for a) control, b) LV-fGFP, c) bChABC treated,
and d) LV-mChABC populations where iv) shows immunostaining against anti-CS-56 (cyan). Scale bar = 100um.
e) mChABC secretion increases Schwann cell-astrocyte intermingling (N=4 two-way ANOVA: cell type
F(3,36)=655.41, p<0.0001, distance F(2,36)=623.08, p<0.0001). f) mChABC increases maximum distance of
Schwann cell migration at the boundary (N=5, one-way ANOVA: F(3,12)=212.3, p<0.0001).

Figure 5: mChABC secretion aids neurite outgrowth over the Schwann cell-astrocyte boundary. a-b) Images show
Schwann cells (anti-p75; red) and DRG neurites (anti-BllI-tubulin; green) for a) control, and b) mChABC transduced
cells. mChABC increases c) the length of DRG neurites growing on Schwann cells (N=3, one-way ANOVA:
F(3,172)=62.25, p<0.0001) but d) not the number of neurites (N=3, one-way ANOVA: F(3,172)=2.085, p=0.1039).
e-g) Growth of neurites from e) control, and f) mMChABC transduced Schwann cells (anti-p75; red) to astrocytes
(anti-GFAP; green) or h-j) astrocytes to Schwann cells with DRG neurites (anti-Blll-tubulin; blue). g) mChABC
increases the number of neurites crossing from Schwann cells to astrocytes (N=3, one-way ANOVA: F(3,7)=4.741,
p=0.0413). However, it does not increase the number that remain on the glial cell (N=3, one-way ANOVA:
F(3,7)=2.07, p=0.1928). j) mChABC increases the number of neurites crossing from Schwann cells to astrocytes
(N=3, one-way ANOVA: F(3,7)=0.8132, p=0.05259). However, it does not increase the number that remain on the
glial cell (N=3, one-way ANOVA: F(3,7)=3.804, p=0.1148). For all panels, scale bar = 100um.
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Tables

Antibody Clonality Isotype Host Concentration Company
1B5 19G Monoclonal Mouse 1:500 (ICC) 1:1000 (WB) Seikagaku
CS-56 IgM Monoclonal Mouse 1:300 (ICC) 1:1000 (WB) Sigma
Laminin 19G Polyclonal Rabbit 1:300 (ICC) Sigma
Bll-tubulin 1gG Polyclonal Rabbit 1:2000 (ICC) Covance
BlI-tubulin 19G Monoclonal Mouse 1:200 'Sl'r;i(zrrr]r;i?iiisher
pFAK (try397) 19G Polyclonal Rabbit 1:100 (ICC) Invitrogen
FAK 1gG Monoclonal Mouse 1:100 (ICC) Millipore
GFP 19G Polyclonal Rabbit 1:1000 (ICC) AbCam

GFP 19G Polyclonal Rabbit 1:1000 (ICC) 'Lri;?:hnologies
GFAP I9G Polyclonal Rabbit 1:500 (ICC) DAKO

GFAP 19G Monoclonal Mouse 1:300 (ICC) Sigma

GFAP 1gG Monoclonal Chicken 1:2000 (ICC) AbCam
p75NTR IgG Monoclonal Human 1:50 (ICC) Millipore
p75NTR I9G Monoclonal Mouse 1:1000 (ICC) Millipore
Aggrecan (Cat 301) 19G Monoclonal Mouse 1:300 (ICC) 1:500 (WB) Millipore
Aggrecan (AB1031) 19G Polyclonal Rabbit 1:300 (ICC) 1:500 (WB) Millipore
Ki67 (PP-67) 19G Monoclonal Mouse 1:200 (ICC) AbCam

MBP 19G Polyclonal Rabbit 1:1000 (ICC) AbCam

MBP (G7G) 19G Monoclonal Mouse 1:2000 (ICC) AbCam

S100 1gG Monoclonal Mouse 1:100 (ICC) ‘Sl'r;sarrr:;iﬁléisher
Hoechst-33342 1:10,000 (ICC) Sigma

Dappi (in ProLong Gold

mounting medium)

ThermoFisher
Scientific

Table 1: List of primary antibodies. (GFAP) Glial fibrillary acidic protein, (GFP) green fluorescent protein, (pFAK)

phosphorylated FAK, (MBP) myelin basic protein, (ICC) immunocytochemistry, and (WB) western blot.
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Excitation Emission
Host Reactivity Conjugate wavelength wavelength Concentration Company
(nm) (nm)
Donkey Rabbit Alexa fluor 488 495 519 1:500 (ICC) Invitrogen
Donkey Rabbit Alexa fluor 568 578 603 1:500 (ICC) Invitrogen
Donkey Mouse Alexa fluor 488 495 519 1:500 (ICC) Invitrogen
Donkey Mouse Alexa fluor 568 578 603 1:500 (ICC) Invitrogen
Donkey  Rabbit Alexa fluor 488 495 519 1:500 (ICC) gh?rm.o.F'Sher
cientific
Donkey ~ Mouse Alexa fluor 594 579 750 1:500 (ICC) ThermoFisher
Scientific

Goat Rabbit Alexa fluor 488 495 519 1:500 (ICC) Invitrogen
Goat Rabbit Alexa fluor 568 578 603 1:500 (ICC) Invitrogen
Goat Rabbit Alexa fluor 660 663 690 1:500 (ICC) Invitrogen
Goat Mouse Alexa fluor 488 495 519 1:500 (ICC) Invitrogen
Goat Mouse Alexa fluor 568 578 603 1:500 (ICC) Invitrogen
Goat Mouse Alexa fluor 660 663 690 1:500 (ICC) Invitrogen
Goat Mouse Alexa fluor 568 578 603 1:500 (ICC) Invitrogen
Goat Chicken Alexa fluor 488 495 519 1:500 (ICC) Invitrogen
Goat Mouse Biotinylated 1:200 (ICC) Vector
Goat Mouse HRP-conjugate 1:50,000 (WB) Vector

Streptavidin Alexa fluor 568 578 603 1:500 (ICC) Invitrogen

Table 2: List of secondary antibodies. (ICC) immunocytochemistry, and (WB) western blot.
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Migration of transfected Schwann cells on inhibitory substrates
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Migration of Schwann cells on astrocyte monolayer or matrix
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