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SUMMARY

Treatment of chronic spinal cord injury (SCI) is challenging due to cell loss, cyst formation, and the glial scar. Previously, we reported on
the therapeutic potential of a neural progenitor cell (NPC) and chondroitinase ABC (ChABC) combinatorial therapy for chronic SCI.
However, the source of NPCs and delivery system required for ChABC remained barriers to clinical application. Here, we investigated
directly reprogrammed human NPCs biased toward an oligodendrogenic fate (0NPCs) in combination with sustained delivery of ChABC
using an innovative affinity release strategy in a crosslinked methylcellulose biomaterial for the treatment of chronic SCI in an immu-
nodeficient rat model. This combinatorial therapy increased long-term survival of oNPCs around the lesion epicenter, facilitated greater
oligodendrocyte differentiation, remyelination of the spared axons by engrafted oNPCs, enhanced synaptic connectivity with anterior
horn cells and neurobehavioral recovery. This combinatorial therapy is a promising strategy to regenerate the chronically injured spinal

cord.

INTRODUCTION

Neural progenitor cells (NPCs) represent a promising regen-
erative strategy to target several CNS disorders (Lindvall
and Kokaia, 2006). Neurobehavioral recovery following
NPC transplantation into the injured spinal cord has
been reported in both rodent and non-human primate
models (Cummings et al., 2005; Iwanami et al., 2005; Kar-
imi-Abdolrezaee et al., 2010). Although NPCs have thera-
peutic value, their translational potential is hindered by
limited availability, immunologic complications, and
ethical concerns. Recently, transplantation of induced
pluripotent stem cell (iPSC)-derived NPCs and iPSC-
derived oligodendrocyte progenitor cell-enriched NPCs
has demonstrated therapeutic promise (Kawabata et al.,
2016; Nori etal., 2011; Suzuki et al., 2017). However, previ-
ous studies have identified the potential for tumorigenicity,
immunogenicity, and genetic and epigenetic abnormalities
following iPSC-based cell transplantation (Nori et al.,
2015). To avoid the risks associated with NPCs and iPSCs,
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we focused on human directly reprogrammed NPCs
(drNPCs), which were directly generated from somatic
cells, thus avoiding the pluripotent state (Nagoshi et al.,
2018).

Within the injured spinal cord environment, oligoden-
drocytes are highly susceptible to the cytotoxic conditions
found both local and distant to the lesion epicenter, lead-
ing to demyelination of preserved axons (Dong et al.,
2003). James et al. (2011) investigated the temporal pattern
of conduction failure in individual fibers across a contusion
injury and examined changes in their conduction proper-
ties from acute to chronic stages of injury. Acutely
(1-7 days) after spinal cord injury (SCI), complete conduc-
tion block was observed in ascending dorsal column axons,
followed by a period of improved conduction during the
subacute (2-4 weeks) phase, without further improvement
at the chronic (3-6 months) phase. At 6 months after
SCI, 16% of sampled fibers were capable of conducting
across the lesion. Furthermore, this study demonstrated a
population of axons (20% of the fibers tested) which are
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chronically demyelinated and viable but unable to conduct
under normal physiological conditions (James et al., 2011).
Using detailed histological analyses, Totoiu and Keirstead
(2005) observed that the number of demyelinated axons
progressively increased up to 450 days after injury.
Although remyelination of axons was observed from 14
to 450 days post-SCI, it was found to be incomplete. The re-
sults of the previous studies indicated that chronic and pro-
gressive demyelination represents an important target for
cell transplantation therapy. Previous studies have revealed
the biological importance of remyelination and tissue
sparing by graft-derived cells for neurobehavioral recovery
following the transplantation of NPCs into the injured spi-
nal cord (Hawryluk et al., 2014; Yasuda et al., 2011). Thus,
remyelinating spared axons and promotion of neural plas-
ticity and/or tissue sparing by graft-derived oligodendro-
cytes represents a promising therapeutic strategy following
SCI (Trounson and McDonald, 2015). Building on these
findings, we recently developed a novel method to
generate human iPSC-derived NPCs or drNPCs biased to-
ward an oligodendrogenic fate (ONPCs) for the treatment
of SCI (Khazaei et al., 2017; Nagoshi et al., 2018). Trans-
plantation of oNPCs in the subacute phase of SCI showed
greater differentiation into oligodendrocytes, axonal re-
myelination, and tissue sparing, which ultimately resulted
in the recovery of motor function (Nagoshi et al., 2018).
The majority of studies have reported that NPCs trans-
planted in the subacute period following SCI have thera-
peutic effects (Cummings et al., 2005; Iwanami et al.,
2005). Unfortunately, most patients with SCI have pro-
gressed past the subacute period, and effective therapies
to target the chronic phase of SCI are greatly lacking (Nish-
imura et al., 2013; Suzuki et al., 2017). Although a number
of animal model studies have aimed to achieve neurobeha-
vioral recovery in the chronic phase of SCI with NPC trans-
plantation, functional recovery has not been observed (Cu-
simano et al., 2012; Parr et al., 2007). Due to the inhibitory
microenvironment of the chronically injured spinal cord,
which includes a cystic cavity with surrounding glial scar
as well as neuronal and glial cellular loss, repair and regen-
eration of the injured cord has proven challenging (Silver
and Miller, 2004). The glial scar consists of a non-neural
lesion core (fibrotic scar) and an astrocytic scar border (So-
froniew, 2018). The non-neural lesion core is comprised of
stromal cells and extracellular matrix molecules including
fibronectin, collagen, proteoglycans, and laminin (O’Shea
et al., 2017). The astrocyte scar forms a border between
the non-neural lesion core and adjacent spared neural
tissue and restricts the spread of inflammation (Burda and
Sofroniew, 2014). After SCI, a phenotypic change to astro-
cytes occurs, known as reactive astrogliosis. Naive astro-
cytes undergo a change including increased glial fibrillary
acidic protein (GFAP) expression, hypertrophy, and process
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extension, resulting in a characteristic phenotype of reac-
tive astrocytes within several days after SCI (Hara et al.,
2017; Okada et al., 2006). Subsequently, reactive astrocytes
overlap their processes and transform into scar-forming as-
trocytes (Hara et al., 2017; Silver and Miller, 2004). In SCI
lesions, chondroitin sulfate proteoglycans (CSPGs) are pro-
duced not only by astrocytes, but also pericytes, fibroblast
lineage cells, and inflammatory cells. CSPGs comprise the
main inhibitory component of the glial scar (Anderson
et al., 2016; Sofroniew, 2018). Importantly, a recent study
demonstrated that genetically targeted astrocyte ablation
did not reduce CSPGs, suggesting that astrocytes are not
the primary producers of CSPGs in SCI lesions (Anderson
et al.,, 2016). The inhibitory CSPGs limit integration and
migration of grafted cells, which prevents remyelination
of the spared axons and regeneration of neural circuits (Gri-
jalva et al., 1996; Nishimura et al., 2013). To counter the
CSPGs, the enzyme chondroitinase ABC (ChABC) has
been shown to degrade the sulfated glycosaminoglycan
chains on the CSPGs (Moon et al., 2001) and promote neu-
ral plasticity and functional recovery after acute SCI (Brad-
bury et al., 2002). Moreover, we have previously shown
that a combinatorial therapy of ChABC and NPCs or
iPSC-derived NPCs increased the long-term survival of
NPCs and optimized their integration and migration in
chronic SCI, resulting in neurobehavioral recovery (Fuhr-
mann et al., 2018; Karimi-Abdolrezaee et al., 2010; Suzuki
et al., 2017).

One of the challenges of providing sustained delivery of
ChABC is the thermal instability of the enzyme (Tester
et al., 2007), which limits the activity to less than 4 days
in vivo (Crespo et al., 2007). In previous SCI studies, ChABC
has been delivered continuously using an osmotic mini-
pump with intrathecal catheters (Karimi-Abdolrezaee
et al., 2010; Suzuki et al., 2017). However, the mini-pump
delivery system is prone to dislodgement, can be associated
with off-target delivery, is invasive, and is associated with
complications such as infection and arachnoiditis (Follett
et al., 2004). Previously, we demonstrated that an affinity-
based release of ChABC from a crosslinked methylcellulose
(XMC) hydrogel could reduce CSPG levels at the injury site
in vivo for 2 weeks and promote functional repair following
a single intrathecal injection (Pakulska et al., 2013, 2017).
To achieve affinity release, ChABC is delivered as a fusion
protein with Src homology 3 (SH3-ChABC), and XMC is
modified with an SH3 binding peptide.

The present study aimed to assess the efficacy of a combi-
natorial strategy employing an XMC hydrogel containing
ChABC and human directly reprogrammed oNPCs to treat
chronic SCI. Here, in a clip-contusion chronic SCI model
using immunodeficient rats, we degraded CSPGs with a sin-
gle intrathecal injection of an innovative XMC hydrogel
containing ChABC. Next, we transplanted clinically



relevant oNPCs 1 week after the intrathecal injection to
assess the therapeutic potential of this combinatorial ther-
apy in the chronically injured spinal cord.

RESULTS

The Effect of Injury-Induced CSPGs on oNPC
Differentiation In Vitro
We sought to determine if treatment with a XMC hydrogel
containing ChABC (XMC-ChABC) could counter the pref-
erential differentiation bias of oNPCs to astrocytes that is
typically observed in the injured spinal cord niche. oNPCs
were cultured in the absence of fibroblast growth factor 2
(FGF2)/epidermal growth factor (EGF) on coverslips coated
with 100 pg/mL homogenate from the injured (SCI-h) or
naive spinal cord (Naive-h) for 1 week. Withdrawal of
FGF2/EGF for this period resulted in the advancement of
the majority of cells to radial glial cells expressing 3CB2,
while around 15% of cells remained in the neural progeni-
tor stage, as demonstrated by Nestin expression, after
1 week of treatment. Culturing oNPCs in SCI-h resulted
in a significant increase in the number of GFAP* cells
(52.9% =+ 8.4%) compared with cells cultured in Naive-h
(26.8% =+ 5.3%; p < 0.05). A significant decrease in the num-
ber of cells expressing the oligodendrocyte marker O1 was
observed when cultured with SCI-h (22.5% =+ 7.3%)
compared with cells cultured in Naive-h (40.8% = 3.4%;
p <0.05) (Figures 1A and 1B). This effect was also confirmed
using other oligodendrocyte markers including CNPase,
04 and myelin basic protein (MBP) (Figure S1). However,
no significant change in the number of B-tubulin isotype
I (BI-tubulin)-positive neurons was observed in SCI-h
cells (12.5% + 4.8%) compared with cells treated with
Naive-h (17.5% = 4.6%) (Figures 1A and 1B). Treatment
with XMC-ChABC mitigated this effect, with astrocyte dif-
ferentiation (GFAP™ cells) in the SCI-h condition (31.4% +
5.4%) maintained at a level similar to cells that were
cultured on Naive-h (26.8% =+ 5.3%) (Figures 1A and 1B).
Furthermore, the expression of transcription factors
(TFs) was influenced by SCI-h. For oNPCs cultured with
SCI-h, the expression of pro-astrocytic TFs (NFIA and
NFIB) was highly upregulated compared with control
cells cultured on Naive-h. Conversely, the expression of
pro-neuronal TFs (NEUROG1, NEUROD1, and ASCLI) and
pro-oligodendrocytic TFs (OLIG2, SOX9, NKX2.2, and
NKX6.1) were highly downregulated compared with con-
trol cells cultured on Naive-h. Notably, however, treatment
with XMC-ChABC resulted in downregulation of the
expression of pro-astrocytic TFs (NFIA and NFIB) and upre-
gulation of both pro-neuronal and pro-oligodendrocytic
TFs. This experiment provides direct evidence that CSPGs
produced in the post-SCI microenvironment influence

the differentiation of transplanted cells and bias their dif-
ferentiation toward astrocytes (Figure 1C).

XMC-ChABC Degrades Chronic Scar CSPGs

When lightly fixed ex-vivo-injured rodent spinal cord cryo-
sections are incubated with XMC-ChABC supernatant,
chondroitin sulfate (CS56) and chondroitin-4-sulfate
(C4S) immunohistochemistry demonstrates rapid degrada-
tion of long-chain CSPGs. This effect is preserved when the
media are obtained from day 1, day 2 to 4, and day 5 to 7
incubations. When XMC or PBS alone are used, the effect
is not observed (Figure 1D). T cell-deficient athymic Rowett
nude (RNU) rats were used for the xenograft experiments.
After laminectomy, a clinically relevant clip-contusion
SCI was induced at thoracic level 7 (Th7). Intrathecal injec-
tion of XMC-ChABC was performed 6 weeks after injury.
Injection of XMC-ChABC resulted in a significant reduc-
tion in anti-CS56" CSPGs in the perilesional area (1.4% =+
0.3%) as compared to artificial cerebrospinal fluid (aCSF)
treatment (8.0% = 1.4%; p < 0.01) and XMC hydrogel
without ChABC treatment (7.4% + 1.9%; p < 0.01) at
7 weeks after SCI (1 week after injection) (Figures 2A and
2B). Immunohistochemistry performed with anti-C4S,
which detects the tetrasaccharide linker region, further
confirmed the successful degradation of CSPGs in the
XMC-ChABC group at 7 weeks post-SCI. While XMC-
ChABC-treated animals showed an expression of C4S
(3.8% = 0.9%), no apparent endogenous C4S immunoreac-
tivity was observed in the aCSF (0.5% + 0.2%; p < 0.01) or
XMC (0.5% =+ 0.1%; p < 0.01) groups (Figures 2C and 2D).
Next, we examined the effect of XMC-ChABC on the
population of reactive astrocytes in the glial scar around
the SCI lesion. There was no significant difference in the
expression of GFAP between XMC-ChABC and non-
ChABC groups at 7 weeks after injury (Figures 2E and 2F).

XMC-ChABC Treatment Promotes Long-Term Survival
of oNPCs in Chronic SCI

At 1 week after intrathecal injection (7 weeks after SCI), we
performed an intraspinal injection of oNPCs (4 x 10° cells,
8 uL) or aCSF (8 pL). To investigate the effects of CSPG
degradation on oNPC survival in chronic SCI, we compared
the survival rate of the grafted cells at 12 weeks after trans-
plantation in combination with intrathecal injection of
XMC-ChABC, XMC, or aCSE. We observed a significant
increase in the number of surviving oNPCs in the XMC-
ChABC group (33.4% =+ 8.8%) compared with the non-
ChABC groups (10.0% + 5.6% in the XMC group and
9.7% = 3.7% in the aCSF group; p < 0.05) (Figures 2G and
2H). Although the grafted cells in the XMC-ChABC group
strongly integrated around the lesion epicenter, non-
ChABC groups showed less cell integration (Figures 2G
and 2I).
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Figure 1. In Vitro oNPC Differentiation Assay with or without CSPGs

oNPCs cultured on dishes coated with spinal cord homogenates from uninjured (Naive-h) or SCI-lesioned animals (SCI-h) were treated with
or without XMC-ChABC for a week.

(A) Cells were fixed and stained for the neural progenitor cell marker (Nestin, red), radial glial cell marker (3CB2, green), oligodendrocyte
marker (01, red), astrocyte marker (GFAP, red), or neuronal marker (BIII-tubulin, red). Scale bar, 30 um.

(B) The percentage of cells positive for GFAP, 01, BIII-tubulin, or Nestin was quantified (n = 3 biological replicates/group). Values are
expressed as the means + SD. *p < 0.05.

(legend continued on next page)
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oNPCs Differentiate Preferentially toward an
Oligodendroglial Lineage with XMC-ChABC
Treatment

Histological analyses were performed 12 weeks after trans-
plantation. Grafted oNPCs differentiated into adenoma-
tous polyposis coli CC-1* oligodendrocytes, GFAP* astro-
cytes, as well as neuronal nuclei (NeuN)* and B-tubulin
isotype III (BllI-tubulin)* neurons (Figure 3A). oNPCs in
the XMC-ChABC group demonstrated a higher proportion
of cells differentiating to oligodendrocytes (50.2% + 1.4%)
compared with cells in the non-ChABC groups (38.8% =+
2.5% in the XMC group and 36.4% + 2.8% in the aCSF
group; p < 0.05). Further, cells in the XMC-ChABC group
differentiated to astrocytes less frequently (33.8% =+ 1.2%)
compared with non-ChABC groups (50.5% + 2.3% in the
XMC group and 52.3% + 2.1% in the aCSF group;
p < 0.01). There was no significant difference in BlII-tubu-
lin® (9.6% = 0.9% in the XMC-ChABC group, 11.3% =
2.3% in the XMC group, and 10.8% =+ 2.3% in the aCSF
group) and NeuN* (3.9% = 0.9% in the XMC-ChABC
group, 3.8% = 1.9% in the XMC group, and 3.1% + 0.9%
in the aCSF group) neurons (Figure 3B).

Grafted oNPC-Derived Mature Oligodendrocytes
Contribute to Remyelination

Considerable STEM1217/MBP" double-positive human
myelin sheaths were observed in the injured spinal cord,
suggesting that transplanted cells differentiated into
mature oligodendrocytes, subsequently forming thick
myelin sheaths (Figures 3C and 3D). Immunohistochem-
ical analyses revealed STEM121*/MBP* human myelin
sheaths surrounding host rat neurofilament 200 (NF200)*
axons (Figures 3E and 3F). Immunoelectron microscopy
showed that remyelinating myelin lamellae were strongly
associated with immunogold-labeled STEM121* human
cells (Figures 3G-1 and 3G-2). There were more myelin
lamellae associated with STEM121* cells in the XMC-
ChABC + oNPCs group (Figure 3G-3) than in the aCSF +
oNPCs and the XMC + oNPCs groups (Figures 3G-4 and
3G-5). These results clearly demonstrated that grafted hu-
man oNPC-derived oligodendrocytes form mature myelin
sheaths on spared rat axons. Furthermore, graft-derived
myelination promoted the creation of nodes of Ranvier
with the expression of paranodal Caspr and the juxtapara-
nodal voltage-gated potassium channel Kv1.2 (Figures 3H,

S2A, and S2B). There were more Kv1.2 and Caspr double-
positive paranodal clusters in the XMC-ChABC + oNPCs
group than in the aCSF + oNPCs and the XMC + oNPCs
groups around the lesion epicenter (Figures S2C and S2D).

Promotion of Synaptic Connectivity Anterior Horn
Neurons after Chronic SCI with the Combinatorial
Administration of oNPCs and XMC-ChABC

We then evaluated the degree of preserved tissue and lesion
volume in the injured spinal cords via Luxol fast blue and
H&E staining at 19 weeks after SCI (Figure 4). There was
no significant difference in the size of the white matter,
gray matter, lesion area, or cavity area among the separate
groups (Figures 4B—4E). To investigate the number of pre-
served synapses in anterior horn neurons, we quantified
the presynaptic boutons in neurons located in the anterior
horn at 5-7 mm caudal to the lesion epicenter. The number
of presynaptic boutons in the XMC-ChABC and oNPC
combinatorial therapy group exhibited significantly more
synapses in the neurons than were observed in the other
groups (Figures 4F-4H). Immunostaining using anti-hu-
man-specific neuron-specific enolase and anti-synapto-
physin antibody revealed that grafted human-derived neu-
rons expressed synaptophysin (Figure S3). This was further
confirmed using immunoelectron microscopy and immu-
nogold-labeled STEM121" human presynaptic and post-
synaptic structures, and synapses between host rat neurons
and graft-derived neurons in the XMC-ChABC + oNPCs
group caudal to the lesion epicenter (Figures 41 and 4]J).

XMC-ChABC and oNPC Combinatorial Therapy
Improves Motor Function after Chronic SCI and Does
Not Exacerbate Neuropathic Pain

Coordinated locomotor functional recovery was assessed
using the Basso, Beattie, Bresnahan (BBB) Locomotor
Rating Scale and the CatWalk digital gait analysis system
(Noldus, Wageningen, the Netherlands). The BBB scores
indicated that only the XMC-ChABC and oNPC combina-
torial therapy group exhibited significantly better func-
tional recovery when compared with the aCSF intrathecal
injection and aCSF intraspinal injection (control) group
at 16 weeks post-SCI (Figure 5A). CatWalk analysis revealed
that the combinatorial therapy group had significantly bet-
ter recovery in terms of stride length and swing speed rela-
tive to the other groups (Figures 5B and 5C). Paw print area

(C) gRT-PCR analysis of the expression profile of neurogenic, astrocytogenic, and oligodendrogenic transcription factors in oNPCs cultured
on SCI-h after treatment with or without XMC-ChABC relative to control-oNPCs cultured on Naive-h with no treatment. Data represent the
mean log2-fold change in gene expression relative to control cells (n = 3 biological replicates/group). Values are expressed as the means +

SEM.

(D) Representative images of CS56 CSPG and C4S stub immunohistochemistry of injured rodent spinal cord sections treated for 4 hr with
PBS (negative control), stock ChABC enzyme (positive control), or incubated supernatant from XMC or XMC-ChABC biomaterial. XMC-ChABC
supernatant incubated during day 1, days 2-4, or days 5-7 all degraded ex vivo CSPGs while control XMC supernatant did not.
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was also significantly larger in the combinatorial group than
XMC alone, or oNPC alone (Figure 5D). We also examined
mechanical sensitivity using the von Frey test, and no differ-
ences were observed between the groups (Figure SE).
Furthermore, changes in the expression of calcitonin
gene-related peptide (CGRP), which is involved in periph-
eral and spinal pain mechanisms, were evaluated (Figures
6A-6F). We quantified the sprouts of CGRP* fibers in
laminae I1I-V at 5 mm rostral and 5 mm caudal to the lesion
epicenter. There were no significant differences in the area
of CGRP"* fibers among the groups (Figures 6G and 6H).

DISCUSSION

Since the glial scar is well established in the chronic stage of
SCI and is known to inhibit axon regeneration as well as
migration and survival of engrafted cells, a combinatorial
therapy that includes degradation of the glial scar in com-
bination with cell transplantation is likely required in order
to achieve substantial functional recovery (Cregg et al.,
2014). We designed a combinatorial therapy that improves
grafted oNPC-mediated regeneration by degrading CSPGs
using XMC-ChABC. This study was planned as a preclinical
trial for chronic SCI. We used intrathecal injection of XMC-
ChABC, which is less invasive than, and does not share the
infection risk profile of, the typically employed osmotic
mini-pump with intrathecal catheters (Pakulska et al.,
2013, 2017). Furthermore, we used human directly reprog-
rammed oNPCs that do not involve the pluripotent
state, thus making these cells potentially safer than iPSC-
derived NPCs.

In this study, we observed the successful degradation of
CSPGs that led to better grafted oNPC survival and migra-
tion around the lesion epicenter in the chronically injured
spinal cord. XMC-ChABC-treated groups showed increased
differentiation of grafted cells to oligodendrocytes and
increased remyelination of the spared axons by graft-
derived myelin. Moreover, the XMC-ChABC and oNPC
combinatorial therapy enhanced the preservation of func-

tional synapses in anterior horn neurons caudal to the
lesion epicenter. Ultimately, the combinatorial approach
resulted in significantly better motor functional recovery
following chronic SCI as assessed by BBB and CatWalk
outcome measures.

Previously, we developed a novel delivery strategy that
provided sustained and bioactive release of ChABC to the
injured spinal cord (Fuhrmann et al, 2018; Pakulska
et al., 2013, 2017). ChABC, expressed as a fusion protein
with SH3 (ChABC-SH3) was released from XMC covalently
modified with a specific SH3-binding peptide. This allowed
for the sustained release of SH3-ChABC, the bioactivity of
which matches that of commercial ChABC, for at least
7 days via the affinity of SH3-ChABC to XMC-SH3-binding
peptide (Pakulska et al., 2013). At both 1 and 7 days after
intrathecal injection of XMC-ChABC, intact ChABC was
detected at all depths within the spinal cord (Pakulska
et al., 2017). Consequently, CSPG levels were observed to
be decreased for at least 2 weeks in the injured spinal
cord (Pakulska et al., 2017). Here, we demonstrated a clear
survival advantage for oNPCs transplanted into animals
pre-treated with XMC-ChABC, suggesting that the
chronically injured spinal cord niche treated with XMC-
ChABC is more conducive to regeneration. In addition,
ChABC has been reported to enhance cell migration and
distribution (Karimi-Abdolrezaee et al., 2010; Pakulska
et al., 2017).

Grafted cell integration into the chronically injured spi-
nal cord observed in this study was consistent with previ-
ous combinatorial therapies of ChABC and mouse NPCs
or mouse iPSC-derived NPCs for the treatment of rodent
chronic SCI (Karimi-Abdolrezaee et al.,, 2010; Suzuki
et al., 2017). Grafted cell distribution around the lesion
epicenter is important for the regeneration of the injured
spinal cord, while inadequate migration of grafted cells re-
sults in poor functional recovery after SCI (Grijalva et al.,
1996). Previous studies have indicated that the restricted
distribution of grafted NPCs due to the glial scar results in
a lack of functional recovery in chronic SCI (Nishimura
et al., 2013). Nishimura et al. subsequently concluded

Figure 2. Successful Degradation of CSPGs by XMC-ChABC Treatment Enhances the Survival of Grafted oNPCs
(A) Representative images of CS56" CSPGs. A-2 and A-4: boxed area in A-1 and A-3, respectively.

(B) CS56™ area (%) at 7 weeks after SCI (XMC-ChABC, n = 10; XMC, n = 6; aCSF, n = 8).

(C) Representative images of C4S + degradant of CSPGs. C-2 and C-4: boxed area in C-1 and C-3, respectively.

(D) C4S* area (%) at 7 weeks after SCI (XMC-ChABC, n = 10; XMC, n = 6; aCSF, n = 8).

(E) Representative images of GFAP* astrocytes. E-2 and E-4: boxed area in E-1 and E-3, respectively.

(F) GFAP* area (%) at 7 weeks after SCI (XMC-ChABC, n = 10; XMC, n = 6; aCSF, n = 8).

(G) Representative images of HuNu*/DAPI*-grafted oNPCs.

(H) Survival rate of the grafted oNPCs at 19 weeks after SCI (n = 7/group).

(I) HuNu*/DAPI* cell distribution at 19 weeks after SCI (n = 7/group).

Values are expressed as the means = SEM. *p < 0.05, **p < 0.01. NS, non-significant.

Scale bars, 1,000 um (A-3, C-3, E-1, and E-3), 500 um (G), 200 pm (A-4), and 100 pm (C-4, E-2, and E-4).
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that alteration of the microenvironment in chronic SCI,
such as the degradation of the glial scar, appears to be a
promising approach to maximize the therapeutic potential
of NPC transplantation.

Previous research has demonstrated that stem cell main-
tenance is influenced by CSPGs (Purushothaman et al.,
2012). Another study showed that CSPGs directly inhibit
NPC properties including growth, attachment, survival,
and proliferation (Dyck et al., 2015). Moreover, CSPGs pref-
erentially differentiate NPCs to an astrocytic fate and limit
their differentiation to an oligodendrogenic lineage, while
CSPG receptor knockouts are seen to increase the differen-
tiation of NPCs to oligodendrocytes (Dyck et al., 2015).
XMC-ChABC treatment has proven effective in increasing
the oligodendrocyte differentiation of oONPCs while
decreasing astrocyte differentiation when plated in SCI-h
in vitro. Moreover, XMC-ChABC-treated rats demonstrate
greater oligodendrocyte differentiation and less astrocyte
differentiation compared with non-ChABC-treated rats af-
ter oNPC transplantation in the chronically injured spinal
cord. Previously, we showed that the intrathecal adminis-
tration of ChABC and transplantation of NPCs biased to
an oligodendrogenic fate by the infusion of a growth factor
cocktail promoted neurobehavioral recovery after chronic
SCI (Karimi-Abdolrezaee et al., 2010).

Past work has demonstrated remyelination of denuded
host axons by graft-derived oligodendrocytes, which
consequently contributes to motor functional recovery af-
ter SCI (Karimi-Abdolrezaee et al., 2010; Kawabata et al.,
2016; Yasuda et al., 2011). Consistently, we observed a
number of STEM1217/MBP* graft-derived human myelin
sheaths in the injured spinal cord, suggesting that graft-
derived human oligodendrocytes form myelin sheaths.
Furthermore, we also found large amounts of graft-derived
myelin sheaths surrounding NF200" axons. Immunoelec-
tron microscopy revealed that myelin cytoplasm with im-

munogold-labeled STEM121* spots was strongly associated
with remyelinating myelin lamellae. These findings indi-
cated that grafted human oNPC-derived oligodendrocytes
formed myelin sheaths and enwrapped spared axons
in the chronically injured spinal cord. Consistent with
the greater oligodendrocyte differentiation in the XMC-
ChABC-treated group, this group showed more oNPC-
derived myelin lamellae compared with the non-ChABC-
treated groups. Furthermore, Kv1.2*/Caspr* nodes of
Ranvier were observed in graft-derived myelin sheaths, sug-
gesting that grafted human oNPC-derived myelin sheaths
were functional. We also observed more paranodal clusters
in the XMC-ChABC and oNPC combinatorial therapy
group than in the aCSF + oNPCs and XMC + oNPCs groups.
We suggest that the combinatorial therapy promoted crea-
tion of graft-derived functional myelin sheaths as well as
preservation of host-derived functional myelin sheaths.

Although we observed a trend in the preservation of
white and gray matter areas, and decrease in the lesion
area with the combination of XMC-ChABC and oNPCs,
these effects were not significant. Several previous studies
demonstrated that the transplantation of NPCs or oligo-
dendrocyte progenitor cells from different sources
enhanced tissue sparing after subacute SCI (Nori et al.,
2011; Yasuda et al., 2011). As we started the combinatorial
therapy in the chronic phase (6 weeks after SCI), over-
whelming cell death and degeneration in the acute phase
of SCI had already promoted the loss of tissue volume
and cystic cavity formation by the time of therapeutic
intervention (Karimi-Abdolrezaee et al., 2010). Due to the
chronic phase of injury, the XMC-ChABC and oNPC
combinatorial therapy might not promote tissue preserva-
tion in this study.

We also quantified the presynaptic boutons in the ante-
rior horn neurons at 5-7 mm caudal to the lesion epicenter,
and more synapses were preserved in the neurons of the

Figure 3. Grafted oNPCs Mainly Differentiate into Oligodendrocytes and Contribute to Remyelination of Spared Axons

(A) Representative images of HuNu® grafted cells immunostained for the markers adenomatous polyposis coli (APC) (oligodendrocytes),
GFAP (astrocytes), BIII-tubulin (all neurons), and NeuN (neurons).

(B) Percentages of cell-type-specific marker-positive cells among HuNu™ grafted cells at 19 weeks after SCI (n = 5/group).

(Cand D) Representative images of axial (C) and sagittal (D) sections stained for STEM121 and MBP. STEM121*/MBP* oNPC-derived mature
oligodendrocytes were observed.

(E and F) Representative images of axial (E) and sagittal (F) sections stained for STEM121, MBP, and NF200. E-5 and F-5: boxed area in E-4
and F-4, respectively. Many STEM121%/MBP* graft-derived myelin sheaths were observed around NF200" axons.

(G) Representative immunoelectron microscopic images from the XMC-ChABC + oNPCs (G-1, G-2, and G-3), aCSF + oNPCs (G-4), and XMC +
oNPCs (G-5) groups. Grafted cells were detected by the black dots observed upon STEM121 staining. STEM121" black dots were often
observed in the outer cytoplasm of the myelin sheath (G-1 and G-2). There were more remyelinated axons surrounded by STEM121* grafted
cells in the XMC-ChABC + oNPCs group (G-3) than in aCSF + oNPCs (G-4) and XMC + oNPCs (G-5) groups.

(H) Representative images of sagittal sections stained for STEM121, Kv1.2, and Caspr in XMC-ChABC + oNPCs group. Kv1.2* juxtaparanodal
voltage-gated potassium channel and Caspr™ paranodal protein identified nodes of Ranvier (H-5). Nodes of Ranvier were observed in
STEM121* myelin sheathes (H-4 and H-6). H-5 and H-6: boxed area in H-4.

Values are expressed as the means + SEM. *p < 0.05, **p < 0.01. NS, non-significant. Scale bars, 50 um (A, C-3, D-3, and E-4), 20 um (E-5
and F-4), 10 um (F-5 and H-4), 5 um (H-6, G-3, G-4, and G-5); 2 um (G-2), and 200 nm (G-1).
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Figure 4. The XMC-ChABC and oNPCs Combinatorial Therapy Did Not Promote Tissue Preservation but Did Promote Enhanced
Synaptic Contacts with Anterior Horn Neurons after Chronic SCI

(A) Representative Luxol fast blue- and H&E-stained images of the spinal cord at the lesion epicenter and 2 mm rostral and caudal from the
epicenter in control, XMC + aCSF, XMC-ChABC + aCSF, aCSF + oNPCs, XMC + oNPCs, and XMC-ChABC + oNPCs groups.

(B) Quantitative analysis of the white matter area between 2 mm rostral and caudal from the epicenter (n = 5/group).

(C) Quantitative analysis of the gray matter area (n = 5/group).

(D) Quantitative analysis of the lesion area (n = 5/group).

(E) Quantitative analysis of the cavity area (n = 5/group).

(F) Representative images of synaptic contacts with the anterior horn neurons of the XMC-ChABC + oNPCs group stained for synaptophysin
and NeuN.

(G) Representative images of synaptic connections in the anterior horn neurons of the control group.

(legend continued on next page)
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Figure 5. XMC-ChABC and oNPCs Combina-
torial Therapy Improves Motor Function
after Chronic SCI and Does Not Exacerbate
Neuropathic Pain

(A) Hindlimb motor function was assessed
weekly using the BBB score for 19 weeks. The
XMC-ChABC + oNPCs group showed significant
recovery from 16 to 19 weeks after SCI (XMC-
ChABC + oNPCs, n = 12; XMC-ChABC + aCSF,
n=>5; XMC+ oNPCs, n=11; XMC + aCSF, n=5;
aCSF + oNPCs, n = 8; control, n = 12).

(B-D) Gait analysis was performed using the
CatWalk system at 18 weeks after SCI (XMC-
ChABC + oNPCs, n = 12; XMC-ChABC + aCSF,
n=4; XMC + oNPCs, n = 10; XMC + aCSF, n=5;
aCSF+ oNPCs, n =8; control, n=9). (B) Stride
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length, (C) Swing speed and (D) Paw print
area.

(E) Mechanical sensitivity was examined on a
monthly basis using the von Frey test (XMC-
ChABC + oNPCs, n = 12; XMC-ChABC + aCSF,
n=>5; XMC+ oNPCs, n=11; XMC + aCSF, n=5;
aCSF + oNPCs, n = 8; control, n = 12).

Values are expressed as the means + SEM.
*p < 0.05, **p < 0.01. NS, non-significant.
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combinatorial therapy group. Therefore, although the
combinatorial therapy did not promote tissue preserva-
tion, it promoted the preservation of functional synapses
caudal to the lesion epicenter in chronic SCI. We also
observed the formation of synapses between graft-derived
human neurons and host rat neurons in the combinatorial
therapy group. These newly formed synapses might also

contribute to the overall increase in synapses observed in
the neurons of the combinatorial therapy group, resulting
in neurobehavioral recovery. Abematsu et al. (2010), as well
as Fujimoto et al. (2012), used a wheat germ agglutinin
tracer to reveal that grafted NPCs or human iPSC-derived
neuroepithelial-like stem cells promoted reconstruction of
the corticospinal tract in a relay fashion: the graft-derived

(H) Quantitative analysis of the synaptophysin® presynaptic boutons in the anterior horn neurons at 5-7 mm caudal to the lesion epicenter

(n =50 neurons; five rats per group).

(I and J) Immunoelectron microscopy images showed synapse formation between host rat neurons and graft-derived STEM121" (black
dots) human neurons in the XMC-ChABC + oNPCs group caudal to the lesion epicenter. Presynaptic and postsynaptic structures indicated
transmission from a host neuron to a graft-derived neuron (I), and from a graft-derived neuron to a host neuron (J). (H) Host neuron and

(G) graft-derived neuron. Arrowheads indicate postsynaptic density.

Values are expressed as the means + SEM. **p < 0.01. NS, non-significant. Scale bars, 500 um (A), 10 um (G), and 200 nm (I and J).
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Figure 6. XMC-ChABC or oNPC Treatment Does Not Induce Aberrant Plasticity of Pain-Related CGRP* Afferents after Chronic SCI
(A-F) Representative images of CGRP* fibers in the dorsal horn, 5 mm caudal to the lesion epicenter. A-2 to F-2: boxed area in A-1 to F-1,

respectively.

(G) CGRP* area (%) in laminae III-V 5 mm rostral to the lesion epicenter at 19 weeks after SCI (n = 4/group).
(H) CGRP* area (%) in laminae III-V 5 mm caudal to the lesion epicenter at 19 weeks after SCI (n = 4/group).
Values are expressed as the means + SEM. NS, non-significant. Scale bar, 200 pm (F-1).

neurons reconstructed the disrupted neuronal circuits,
thereby acting as relays for transmitting signals between
host-derived neurons whose interconnection had been
abolished by the SCI. Using a neuronal retrograde tracer
and laser microdissection, Yokota et al. (2015) revealed
that reorganization of propriospinal circuits through
synapse formation between graft-derived neurons and
host-derived neurons directly contributed to functional re-
covery after NPC transplantation. In the current work, we
demonstrated that combinatorial therapy promoted the
preservation of functional synapses caudal to the lesion
epicenter and synapse formation between graft-derived hu-
man neurons and host rat neurons. However, we did not
directly show evidence demonstrating the relationship be-
tween the graft-derived neurons and motor functional re-
covery. Further study with a neuronal tracer is required to
assess the direct contribution of oNPC-derived neurons to
functional recovery.

Of note, our results demonstrated that the XMC-
ChABC and oNPC combinatorial therapy did not
enhance the plasticity of pain afferents in the dorsal
horn of the spinal cord or increase neuropathic pain after

1444 Stem Cell Reports | Vol. |1 | 14331448 | December 11,2018

chronic SCI. Previous studies have shown that grafted
NPCs principally differentiated into astrocytes and were
associated with aberrant sprouting of CGRP* fibers, lead-
ing to increases in neuropathic pain (Hofstetter et al.,
2005). However, previous work from our lab revealed
that neuropathic pain was not observed if oligodendrog-
lial differentiation was enhanced (Karimi-Abdolrezaee
et al., 2010). In the current study, grafted cells mainly
differentiated into oligodendrocytes (50.2% + 1.4%) in
the combinatorial therapy group. Therefore, we did not
observe increased pain sensitivity as a result of the
XMC-ChABC and oNPC combinatorial therapy, support-
ing the safety of this treatment.

The strengths of this study are related to the use of hu-
man drNPCs biased toward an oligodendrogenic fate and
administration with ChABC through a biomaterial-based,
affinity release delivery system. Furthermore, this strategy
has considerable clinical relevance. Although most
patients with SCI are in the chronic phase of the injury,
effective therapeutic options for this population are lack-
ing. Previously, our lab has shown that transplantation of
ONPCs promotes motor functional recovery after subacute



Figure 7. Experimental Design and Groups
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SCI (Nagoshi et al., 2018). Given that many patients are in
the chronic phase of SCI, here we investigated the thera-
peutic impact of oNPCs for chronic injury. Due to this
direct reprogramming approach that does not depend on
pluripotency pathways, human directly reprogrammed
ONPCs are a potential safe cell source for the treatment
of SCIL.

Moreover, we used an innovative methylcellulose deliv-
ery strategy that allowed sustained and bioactive release of
ChABC. A single injection of XMC-ChABC is less invasive
and less prone to complications, such as infection, than
the osmotic mini-pump with intrathecal catheters (Follett
et al., 2004; Pakulska et al., 2017). However, it needs to
be emphasized that our current study is only a first step
toward clinical applications. Although most patients
with SCI have progressed past the subacute period and
more than half of patients are severely disabled, studies
focusing on chronic and severe contusion SCI are rare
(Shinozaki et al., 2016). A few reports have revealed motor
functional recovery in chronic and severe contusion SCI
by cell transplantation (Granger et al., 2012; Zurita and
Vaquero, 2006), administration of ChABC (Hu et al,
2018), combined treatment with ChABC and treadmill
rehabilitation (Shinozaki et al., 2016), and intraspinal in-
jection of biocompatible polymer hydrogel (Woerly et al.,
2001). Although we observed that the combinatorial ther-
apy of ChABC and oNPC transplantation promoted
motor functional recovery in chronic and moderate
contusion SCI, future studies should evaluate the efficacy
of the combinatorial therapy for chronic and severe
contusion SCI.

In conclusion, pretreatment of XMC-ChABC reduced
CSPG levels and enhanced grafted oNPC survival, migra-
tion, and oligodendrogenic differentiation in chronic
SCI. This combinatorial therapy promoted the preserva-
tion of functional synapses in the anterior horn neurons
caudal to the lesion epicenter and enhanced graft-induced
myelination of axons. Thus, the combinatorial therapy of
XMC-ChABC and oNPCs is a clinically relevant exciting
treatment option to regenerate the chronically injured
spinal cord.

EXPERIMENTAL PROCEDURES

Additional details regarding several of the protocols used in this
work are provided in Supplemental Experimental Procedures.

Biasing Human drNPCs toward an Oligodendrogenic
Fate

drNPCs (New World Laboratories, Laval, QC, Canada) were directly
reprogrammed from human bone marrow somatic cells using
defined media and transient transfection of three factors: Musa-
shi-1, Neurogenin-2, and methyl-CpG binding domain protein
2. We generated oNPCs from drNPCs as described previously
with a number of minor modifications (Khazaei et al., 2017;
Nagoshi et al., 2018).

Animals

All animal procedures were performed in accordance with the Ca-
nadian Council on Animal Care Guidelines. All experimental pro-
tocols were approved by the Animal Care Committee at the Krem-
bil Research Institute (Toronto, Canada).
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Experimental Design and Groups

Adult female RNU rats were anesthetized via inhalation. After Th7-
Th9 laminectomy, a 23-g clip was applied to induce a compression
injury at the Th7 level of the spinal cord. At 6 weeks after SCI, intra-
thecal injection was performed as described previously (Fuhrmann
etal., 2018; Pakulska et al., 2017). One week after intrathecal injec-
tion (7 weeks after SCI), 4 x 10° oNPCs or an equal volume of aCSE,
was injected into the spinal cord. The in vivo experimental design is
shown in Figure 7A. At 6 weeks after SCI, rats were randomized into
six experimental groups based on their BBB score to ensure equiv-
alent deficits across the groups: (1) XMC-ChABC + oNPCs, (2)
XMC-ChABC + aCSE (3) XMC + oNPCs, (4) XMC + aCSE, (5)
aCSF + oNPCs, and (6) aCSF + aCSF (control) (Figure 7B). To
confirm the degradation of CSPGs at 7 weeks after injury
(which was the timing of cell transplantation), three other experi-
mental groups were examined which only underwent intrathecal
injection at 6 weeks: (7) XMC-ChABC, (8) XMC, and (9) aCSF
(Figure 7B).

Behavioral Assessments and Histological Analyses

All behavioral assessments were performed and analyzed by two
independent examiners blinded to the experimental groups.
Motor function was evaluated using the BBB open-field locomo-
tion score and the CatWalk digital gait analysis system. Sensory
function was evaluated using von Frey filaments. For histologi-
cal analyses, the animals were anesthetized and transcardially
perfused with 4% paraformaldehyde (pH 7.4). Spinal cords
were removed and sectioned in the axial/sagittal plane on a
cryostat.

Statistical Analyses

Statistical analyses were performed using SPSS (version 22.0, IBM
Corporation, Armonk, NY, USA) or Prism 6 (GraphPad Software).
Mean + SEM was used to describe continuous variables, unless
stated otherwise. A one-way ANOVA, followed by a Tukey’s HSD
or Games-Howel’s post hoc test for multiple comparisons, was
used to analyze CS56, C4S, GFAP, survival rate of the grafted cells,
in vivo differentiation profile, synaptic boutons, CatWalk, CGRP,
and paranodal clusters analyses. Repeated-measures two-way
ANOVAs, followed by Tukey’s HSD tests, were used for the BBB
and von Frey test analyses. Differences were considered significant
at p <0.05 (*p < 0.05, **p < 0.01).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, three figures, and one table and can be found with
this article online at https://doi.org/10.1016/j.stemcr.2018.10.017.
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