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ABSTRACT OF THE DISSERTATION
A Combinatorial Approach to Promote Regeneration after Spinal Cord injury via

Biomaterials, Neural stem cells, and Immunomodulation

by
Usha Nekanti
Doctor of Philosophy in Biomedical Sciences
University of California Irvine, 2022

Professor Dr. Aileen J. Anderson, Chair

Spinal cord injury (SCI) disrupts the blood-spinal cord barrier, allowing immune cells
to infiltrate spinal cord tissue and further exacerbating the injury. This causes CNS cell death,
axonal dieback, demyelination, and build-up of inhibitory factors that limit axonal and
myelin regeneration. Several decades of extensive SCI research have made it clear that this
complex problem requires combinatorial solutions. This dissertation investigates three
therapeutic approaches for SCI: (A) implantation of multi-channel poly (lactide-co-
glycolide) (PLG) biomaterial that can bridge the defect and guide axonal growth through
inhibitory barriers; (B) human Neural Stem Cell (hNSC) transplantation to replenish lost
CNS cells and to myelinate regenerating axons; and (C) expression of anti-inflammatory
cytokines like interleukin-10 (IL-10) to modulate the SCI inflammatory milieu and offer
neuroprotection. The first chapter introduces the conceptual background for these studies.
The second chapter investigates the combination of acute PLG bridge implantation and
chronic hNSC transplantation for SCI. Highlights of this chapter include enhancement of
hNSC engraftment, hNSC migration along regenerated axons growing into the bridge, hNSC

differentiation into oligodendrocytes and myelinating host axons, hNSC-derived neurons
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integrating into mouse neural circuitry, and improvement in motor recovery. Additionally, |
show novel evidence supporting the formation of a synaptic circuit connecting corticospinal
neurons in the motor cortex and the forelimb neuromuscular junction via the PLG bridge.
This study highlights the significance of a guided bridge conduit in the injury site to
reestablish lost connections and hNSC transplantation to myelinate the spared and
regenerated circuitry and unleash the full potential of hNSC-based regenerative therapies.
The third chapter investigates the effect of localized lentiviral expression of IL-10 with or
without PLG bridge implantation on outcomes after spinal cord injury. Highlights of this
chapter include: IL-10 modulates the inflammatory microenvironment and significantly
enhances regeneration and myelination in the PLG bridge, and this combined approach
resulted in a synergistic improvement in motor recovery. Additionally, using transsynaptic
PRV tracing, | demonstrate the bridge supports the rewiring of spinal neuronal circuitry from
the motor cortex and PVN of the hypothalamus and further enhancement in PVN circuitry

with IL-10 delivery.
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CHAPTER 1

Introduction

1.1 Introduction to Spinal Cord Injury (SCI

SCI is a debilitating condition that causes loss of sensory, motor, and reflex function
below the level of injury. According to the National Spinal Cord Injury Statistical Center,
the estimated number of people with SCI in the United States is 294,000, with a range of 25
0,000 to 368,000. Causes of SCI include motor vehicle crashes (38.6%), falls (32.2%),
violence (14%), sports (7.8%), medical/surgical (4.2%) and other accounts (3.2%). SCI
permanently alters a patient’s quality of life due to deficits in locomotion, reaching, grasping,
trunk stability, micturition, bowel, bladder function, and sexual function, as well as inducing
neuropathic pain and autonomic dysreflexia. Currently, therapeutic approaches mainly

address secondary complications and rehabilitation to improve functional outcomes [1].

1.2 SCI Pathophysiology

The pathophysiology of SCI is defined by the primary and secondary injury
mechanisms. Primary injury results from the initial mechanical trauma, whereas secondary
injury results from subsequent damage caused by the interplay of environmental factors at
the injury site. The acute phase after the initial trauma involves damage to nerve cells,
myelin, blood vessels, and supporting bone structure, followed by hemorrhage, thrombosis,
vasospasm, edema, and necrosis [2, 3]. Events within the acute phase such as
neuroinflammation, oxidative stress, anterograde and retrograde axonal degeneration, and
demyelination continue into the subacute phase and chronic phase, contributing to the
formation of a fluid-filled lentiform-shaped cyst surrounded by astroglial scar [4, 5].

Critically, reactive astrocytes in scar tissue release extracellular matrix molecules and
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growth-inhibiting molecules such as chondroitin sulfate proteoglycans (CSPGs), forming a

physical and chemical barrier to the axonal regeneration [6, 7].

1.3 Therapeutic approaches for spinal cord injury

Therapeutic strategies for SCI fall under two general categories: neuroprotective and
neurogenerative [2, 8-10]. Neuroprotective strategies focus on specific pathological factors
that contribute to secondary tissue degeneration and the formation of regenerative-
inhibiting barriers. Approaches include limiting the effects of secondary damage-cell death,
demyelination, and axonal degeneration as well as modulating the inflammatory response
[11-15]. Neuroregenerative strategies include creating a permissive environment for
neuronal regeneration, minimizing scar formation, enriching the progenitor cells or neural
cells by cell transplantation, blocking axon growth inhibitory factors, glial scar digestion, and
administration of neurotrophic factors [16-23]. My dissertation work highlights the use of
three interventions to support neuroprotection and regeneration of injured spinal cord:
(i)Biomaterial scaffold implantation, (ii) Stem cell transplantation, and (iii)

Immunomodulation. Each of these is introduced in the section below.

1.4 Biomaterial scaffold implantation

Biomaterials have shown great promise for fostering axonal regeneration following
SCI [18, 24-30]. Biomaterials scaffolds can be naturally or synthetically derived structures,
many of which have potential applications in regenerative medicine. Naturally derived
material includes collagen, fibrin, chitosan, matrigel, and hyaluronic acid [31-33]. Synthetic
polymers include poly (lactide-co-glycolide) (PLG), polycaprolactone (PCL), polylactide

(PLA), and polyethylene glycol (PEG) [16, 18, 34-37]. In the context of SCI, biomaterial



scaffold implantation can provide mechanical stability to the injury site, a drug, biological
molecule, or cell delivery strategy, and an aid to axonal regeneration [38, 39].
In these studies, I utilized PLG because this material is biocompatible, biodegradable, and
the only biomaterial approved by the FDA for clinical implantation. Our laboratory has
collaborated with the Shea laboratory for well over a decade to develop novel, porous, multi-
channel, biodegradable PLG bridges. These bridges consist of micro-textured porous walls
that are optimized for cellular infiltration and easy exchange of nutrients, as well as linear
longitudinal channels to guide the axonal regeneration [18]. Implantation of PLG bridges also
stabilizes the injury site by preventing the formation of a cystic cavity and attenuating glial
scar formation [18]. Regenerated axons within the PLG-bridge channels stained positive for
neurofilament (NF-200) and were observed in bridge channels two weeks post-injury.
Axonal density increased over time and reached a maximum by six months post-injury [26].
Using a transgenic mouse model implanted with a PLG bridge, we showed that large
numbers of corticospinal tract (CST) axons regenerated, traveled through the implanted PLG
bridge, exited the caudal end of the bridge, and extended up to 2.5 mm into the spared
parenchyma [16]. CST axons were co-stained for the GAP-43 growth cone marker, an
indicator of regeneration. This axonal regrowth was correlated with locomotor recovery as
demonstrated on the ladder beam paw placement task [16]. Overall, these experiments show
that the PLG bridge supports robust axonal regeneration, including the highly refractory
CST.

Critically, further studies on axonal regeneration in the PLG bridge revealed that only
13% of regenerated axons in the channels were myelinated [40]. Among these, a small

proportion of the axons were myelinated by oligodendrocytes; the majority of myelination



was contributed by Schwann cells [18]. Schwann cells are peripheral axon myelinating cells
that rapidly invade the spinal cord after injury and can spontaneously remyelinate spared
axons in the CNS. However, myelin sheaths formed by Schwann cells are not thick enough
and thus are suboptimal to restore axonal conduction in the CNS [41, 42]. Oligodendrocyte
myelination is an essential factor for the efficient transmission and integration of electric
signals to restore motor and sensory function following SCI. In a healthy rodent spinal cord,
it has been estimated at 40-60% of myelinated axons are myelinated by oligodendrocytes
[43, 44]. These data indicate that there is a further requirement to maximize the
oligodendrocytic myelination of regenerated axons. An underlying hypothesis of my
dissertation work is that NSC transplantation and differentiation into oligodendrocytes
could provide a path my which to enhance the myelination of regenerating axons in the PLG
bridge.

1.5 Stem Cell transplantation

Stem cell transplantation is a promising therapeutic strategy for spinal cord injury
(SCI) and has been extensively investigated in numerous pre-clinical studies. Stem cell
therapies have been shown to promote motor recovery through multiple mechanisms,
including ameliorating secondary injury, replacing damaged and dead cells, remyelinating
spared axons, secreting neurotrophic factors that further support neuronal plasticity and

tissue repair, and stimulating endogenous stem cells [45-49].

Various cell populations have been tested in animal models of SCI. These include
Neural Stem Cells (NSC), which have the ability to differentiate into and replace all three

types of CNS cells: neurons, astrocytes, and oligodendrocytes, as well as secrete neurotrophic



factors [17, 50]; Mesenchymal Stem Cells (MSCs) which have the ability to release anti-
inflammatory cytokines and secrete neurotrophic factors [51, 52]; and Schwann Cells (SCs),
which have been shown to remyelinate host CNS axons and secrete neurotrophic factors [53,
54].

In this study, I tested human fetal CNS tissue derived NSC (hNSC). Pre-clinical studies
from my lab have shown that subacute or chronic hNSC transplanted into SCI models
exhibited a predominantly oligodendrocyte fate and remyelinated host axons, resulting in
improvements in in the locomotor function [17, 50], that were reversed by selective ablation
of human cells. These data suggest stable integration of transplanted NSCs which is required

for functional recovery [17].

While NSC transplantation studies are promising in terms of functional improvement,
the timing and the post-SCI immune niche have a dramatic effect on NSC fate, migration, and
functional integration, and consequently the overall efficacy of these cells after SCI [17].
Previous studies from my lab on rodent SCI demonstrated that the majority of cells
transplanted during the sub-acute (9 days post-injury, DPI) and chronic (30 DPI) time points
migrated away from the injury epicenter, differentiated as oligodendrocytes and neurons,
and supported functional recovery [55] [56] [57]. Conversely, hNSC transplanted at acute (0
DPI) time points migrated towards the injury epicenter, predominantly differentiated as
astrocytes, and did not support the locomotor recovery [56]. In a parallel study, my lab found
that the acute injury environment is characterized by the presence of infiltrated
polymorphonuclear neutrophils (PMNs), which direct hNSC fate towards the astroglial
lineage and regulate the migration patterns of hNSC [58] [57] [56]. In contrast, the subacute

and chronic injury microenvironment is dominated by the presence of macrophage
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(Mg)/microglial cues, which drive neuronal and oligodendrocyte lineage selection [58].
Accordingly, in this dissertation (Chapter 2), I strategized to combine acute PLG bridge
implantation with chronic hNSC transplantation since macrophage cues in the chronic
environment are beneficial in promoting neuronal and oligodendrocytic fates while reducing

the scar-forming astrocytic fate.

1.6 Immunomodulation

Traumatic injury to the spinal cord results in breakdown of blood spinal barrier
(BSB), leading to the infiltration of immune cells into spinal cord tissue [58]. In recent
decades, the inflammatory response to SCI has been intensively studied due to its divergent
roles in contributing to neuropathology and stimulating reparative mechanisms [59, 60]. The
early inflammatory response involves activation of the resident immune cells (microglia)
and infiltrating leukocytes (neutrophils and macrophages). Macrophages/microglia exist in
a wide range of activated states and can be broadly characterized as pro-inflammatory or
pro-regenerative depending on the stimuli they encounter in the injured spinal cord.
Immediately following SCI, macrophages/microglia adopt a pro-inflammatory phenotype in
response to pro-inflammatory cytokines, such as interferon-gamma and TNF-alpha. This
classical M1 pro-inflammatory phenotype response is needed in for an appropriate response
to infection or injury. Nonetheless, an exaggerated pro-inflammatory response by M1
macrophages/microglia following SCI results in substantial irreversible tissue damage to the
spinal cord [2]. Indeed, pro-inflammatory macrophages/microglia produce an array of
neurotoxins: pro-inflammatory cytokines and chemises, free radicals, and nitric oxide, all of

which contribute to further secondary damage within the injured cord [2]. The alternative



M2 pro-regenerative phenotype, on the other hand, participates in the repair mechanism by
phagocytizing cellular debris, removing inhibitory myelin components, and promoting
neuroregeneration through the release of neurotrophic factors and anti-inflammatory
cytokines [59-61]. Modulation of the inflammatory response after acute SCI can prevent the
accumulation of growth inhibitory factors, myelin debris, neuronal cell death, and scar tissue
- all of which inhibit neuronal regeneration. Numerous immunomodulatory treatments for
SCI have thus been investigated in animal models and clinical trials. For example, (i)
expression of anti-inflammatory cytokines (IL-10 and IL-4) induces an anti-inflammatory
phenotype in local macrophages, limits axon dieback, and promotes axon regeneration after
SCI [14, 62]; (ii) Systemic and localized delivery of methylprednisolone (glucocorticoids)
reduces leukocyte infiltration, decreases inflammatory cytokines, and protects
oligodendrocytes from apoptosis after SCI [63] [64]; and (iii) monoclonal antibodies against

CD11d reduce monocyte and neutrophil infiltration into the injured spinal cord [65].

In this study, I used lentiviral delivery to locally express anti-inflammatory cytokine
IL-10 in the injured spinal cord. IL-10 is an anti-inflammatory cytokine that induces an M2
phenotype in macrophages via activation of the Jak1/STAT3 pathway and suppression of
nuclear factor-kB (NF-kB), a transcription factor critical for pro-inflammatory cytokine
production [66]. Numerous studies report IL-10 delivery at the injury site modulates
inflammation and minimizes the secondary damages [62, 67-72]. Previous studies from our
lab have shown IL-10 encoding lentivirus delivery drives sustained IL-10 expression for up
to 28 days in the injured spinal cord. This treatment has been shown to influence the
phenotype of infiltrating immune cells, suppress pro-inflammatory cytokine production, and

promote motor recovery after SCI [14, 73]. In this dissertation (Chapter 3), | investigate the



combination of PLG bridge implantation and IL-10 delivery in an immunodeficient (Ragl)
mouse cervical SCI model to modulate neuroinflammation and promote motor recovery by

reestablishing the synaptic neural circuitry through the PLG bridge.

CHAPTER 2:

Acute Biomaterial Bridge Implantation and Chronic Neural Stem Cell Transplantation
to Facilitate Axonal Regeneration, Myelination, and Connectivity After Spinal Cord
Injury

ABSTRACT
Although injured axons can regrow and form connections below the level of injury,
regeneration in the injured spinal cord is limited by physical and chemical barriers. Acute

implantation of a multichannel poly(lactide-co-glycolide) (PLG) bridge can mechanically

stabilize the injury site and provides a permissive environment for rapid cellularization and



robust axonal regrowth through this inhibitory milieu. However, our previous and in this
study illustrate limited myelination of the regenerated axons. We have shown that human
neural stem cells (hNSC) transplantation allows for axon remyelination, but hNSC fate is
highly influenced by the SCI inflammatory microenvironment. Accordingly, we investigated
the effect of the PLG bridge on innate immune cell infiltration time course in vivo and the
combined effect of PLG and immune niche on hNSC fate in vitro. Last, we investigate the
therapeutic outcome of the combination of PLG bridge implantation and hNSC
transplantation in vivo. This study provides insight into the dynamics of the SCI innate
inflammatory milieu in presence of an implanted PLG bridge, identifying modulation of the
cellular inflammatory response. We demonstrated that PLG scaffold can influence hNSC fate
choice and the response of these cells to inflammatory cues derived from innate immune
cells, specifically by PMN & Mg. hNSC transplantation into the spared parenchyma in the
chronic post-SCI period supported robust engraftment, migration, and differentiation, and
revealed novel evidence for the extensive capacity of these cells to migrate into PLG bridge
channels along regenerating axons, demonstrating integration into the host spinal cord as
both myelinating oligodendrocytes and synaptically connected neurons. Beyond axon
regeneration into and through the PLG bridge, we show novel evidence that axons in the PLG
bridge form a synaptically connected circuit that includes ipsilateral forelimb muscle and is
associated with motor recovery. hNSC transplantation significantly enhanced the total
number of regenerating and myelinated axons identified within the PLG bridge.
Furthermore, CRYM-GFP mice with reporter mT-mNSC transplantation showed evidence of
donor cell-mediated CST myelination within the PLG bridge. Finally, the combination of

acute bridge implantation and hNSC transplantation improved ipsilateral forelimb recovery



vs. hNSC transplant alone at 16 WPT. Together these data represent a highly novel approach
to enhance neurorepair through a temporally layered approach using acute bridge
implantation and chronic cell transplantation to spare tissue, promote regeneration, and

maximize the function of new axonal connections.

INTRODUCTION

Spinal Cord Injury (SCI) is a debilitating condition that results in paralysis due to
neuron and oligodendrocyte cell death, axonal degeneration, loss of myelin, and a limited
ability of the central nervous system (CNS) to regenerate. Currently, there are no promising
therapies available to fully restore lost function following SCI. In contusion/compression SCI,
translational research has focused on neuroprotective strategies to limit the initial
expansion of injury. However, penetrating SCI, which accounts for a significantly smaller
proportion of injuries (14% of cases in the general population and 28% of cases in the
military population) [74], offers little opportunity to ameliorate the initial damage via acute
neuroprotection. Penetrating injuries thus necessitate a different approach to restoring
function; for example, reconnection of spinal pathways via a biomaterial bridge to support

true axonal regeneration, as opposed to plasticity-based approaches.

Pathophysiological events that onset after the initial mechanical trauma cause further
tissue degeneration and reactive astroglial scar tissue formation [7]. Contrary to the early
beliefs that CNS axons cannot grow after injury, axons in the spinal cord do retain some
growth potential; however, this potential is limited by the presence of inhibitory scar tissue,
growth inhibitory molecules like chondroitin sulfate proteoglycans (CSPGs), and myelin-

associated glycoprotein molecules [7] [75] [9] [76] [77] [2] [4]. Critically, over three decades
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of research on SCI regeneration have made it clear that this multifactorial problem will
require a combinatorial solution to support neuroprotection, axonal regeneration, and
repopulation of CNS cells at the injury site [48] [26] [18]. We have previously reported that
implantation of poly(lactide-co-glycolide) (PLG) bridge fills the defect and drives the axonal
growth through an inhibitory milieu [16]. PLG bridge implantation mitigates axonal dieback,
reduces secondary tissue degeneration, and minimizes scar formation [26]. PLG bridge
architecture consists of micro-textured wall that allows for rapid ingrowth of cells that fill
the space normally occupied by a cystic cavity, and linear longitudinal channels that guide
the axonal regeneration into, through the PLG bridge and re-entering spared host tissue [48]

[26] [18] [16].

Although numerous studies have investigated the regenerative potential of both
natural and synthetic polymer-based biomaterials for SCI [78] [24] [79], few studies have
shown regrowth of axons through the entire biomaterial [16] [80] [27]. Koffler et al. showed
that host 5HT-labeled serotonergic axons regenerate into an empty 3D-printed scaffold and
reach the caudal end of the channel; however, this study identified no improvement in
functional recovery [27]. In contrast, we demonstrated improved functional recovery using
the PLG bridge, which enables descending motor fibers, including the corticospinal tract
(CST), to grow through the bridge and cross into the spared parenchyma below the
implantation site [16]. However, only a small percentage of the regenerated axons in the PLG
bridge were myelinated, an essential factor for efficient transmission of signals from the

motor cortex to the spinal cord [40].
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Endogenous stem cells are distributed throughout both the grey and white matter of
the CNS and become activated in response to SCI [42] [81]. However, the capacity of these
cells for remyelination after may be limited by both time and distance away from the injury
epicenter [82] [83] suggesting that intrinsic capacity to contribute to repair within the bridge
is insufficient. Transplantation of human neural stem cells (hNSC) is one clinically relevant
alternative by which the myelination level of regenerating axons could be enhanced. Pre-
clinical studies from our group have shown that subacute hNSC transplantation into SCI mice
resulted in extensive hNSC-derived myelination and improved locomotor recovery [50],
which was reversed by, selective ablation of the transplanted hNSC [17]. Accordingly, we
sought to test the hypothesis that transplanted hNSCs have an ability to migrate into the
channels of the PLG bridge and contribute to the myelination of newly formed axons to

further enhance locomotor functional recovery.

While NSC transplantation studies are promising in terms of functional improvement,
the timing and the post-SCI immune niche have a dramatic effect on NSC fate, migration, and
functional integration, and consequently the overall efficacy of these cells after SCI [17]. Our
previous studies have shown that the immune environment of the injured spinal cord is
critical in determining hNSC fate, migration, and potential for repair [55] [56] [57]. Critically,
we have previously performed immune profiling showing the presence of infiltrating F4/80+
macrophages and Gr-1+ neutrophils in the PLG bridge and alteration of associated secreted
immune factors [84] [48] [14]. These data suggest that, if transplanted hNSC are capable of
migrating into the PLG bridge, these cells will encounter an altered immune

microenvironment.
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In this report, we first establish the effect of the PLG bridge on the time course of the
innate immune response after SCI (Fig. 2.1A). Next, we test the impact of infiltrating immune
cells on hNSC fate in vitro using a conditioned media paradigm (Fig. 2.1B). Last, we
investigate the therapeutic outcome of the combination of PLG bridge implantation and
hNSC transplantation in vivo (Fig 2.1C), with an assessment of hNSC fate, axonal
regeneration and myelination status, and locomotor recovery. The combination of PLG
bridge implantation and hNSC transplantation in vivo resulted in enhancement of hNSC
engraftment, axonal regeneration and myelination, and improved locomotor recovery.
Additionally, we report novel evidence identifying formation of a synaptic circuit connecting
corticospinal neurons and the forelimb neuromuscular junction. We further show donor
human NSC navigated along regenerated axons to migrate into the bridge, differentiated into
oligodendrocytes, and myelinated host axons. Finally, we show donor human-derived
neurons in spared parenchyma integrate into mouse host circuitry, exhibiting synaptic
connectivity. These data together suggest combining PLG bridge implantation with hNSC
transplantation can modify and bypass inhibitory barriers to regeneration in the injury

niche, paving the way for promising translational approaches to treat SCI.

MATERIALS & METHODS

Ethics statements
Animal care, behavior acquisition, and data analysis were performed by investigators
blinded to experimental groups. All animal housing conditions, procedures, and animal care

were approved by the Institutional Animal Care and Use Committee (IACUC): protocols AUP-
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17-071, AUP 17-115. The University of California, Irvine Human Stem Cell Research
Oversight Committee approved the usage of human neural stem cell line UCI 161 for in vivo
transplants (UCI hSCRO protocol 2006-5294) and in vitro work protocol (UCI hSCRO 2007-

5493).

Animal models

In this study, three strains of mice were used, C57BL/6 (JAXmice # 000664, The
Jackson Laboratory, Bar Harbor, ME), immunodeficient background Ragl mice (JAXmice #
002216, The Jackson Laboratory, Bar Harbor, ME), and CRYM-ZsGreen1 transgenic mice
(MMRRC_036627-UCD). Profiling of the innate inflammatory microenvironment following
SCI was performed in all adult female C57BL/6 mice (Fig. 2.1) and Ragl mice
(Supplemental Fig. 2.1). hNSC transplantation studies were conducted in female
immunodeficient Ragl mice at 11 to 20 weeks old (Figs. 2.3-2.4). Both male and female
Crym-ZsGreen1 transgenic mice (9 to 15 weeks old) were used to transplant mT-mNSC. Mice
were housed in cages with 2-5 cagemates. Mice with anatomical defects, surgical errors
including bruising during clamping, incomplete or over hemisection injuries, transplantation
injection errors, or poor health conditions such as infections, decreased activity, and
significant weight loss, were excluded from the study. All the exclusions were made by the

investigator blinded to experimental groups.

Fabrication of multiple channel bridges for in vivo implantation studies
The poly(lactide-co-glycolide) (PLG) bridges were generated using a gas

foaming/particulate leaching method as previously described [40], [18]. The final bridge
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dimensions were 1.15 mm in length, 1.25 mm in width, and 2 mm in height, containing 9

channels.

Spinal cord injury

A mouse C5 hemisection injury and postoperative care was performed as previously
described [16]. Briefly, the mice were anesthetized using 2% isoflurane for 5 minutes before
surgery. C5 laminectomies were performed to reach the C5 vertebrae of the spinal cord. All
mice received unilateral 1-1.1 mm hemisection at the left side to remove the spinal cord
segment (Fig. 2.1A), followed by immediate implantation of the PLG bridge or gelfoam
(Pfizer, New York, NY) into the gap. Animals were randomly assigned to gelfoam and PLG
bridge groups. The exposed muscle was sutured using 5-0 chromic gut, and the skin was
closed using wound clips. All mice were placed in cages with clean Alpha-Dri bedding on top
of heating pads at 37°C overnight. The following Subcutaneous injections were administered
post-op: Baytril (2.5mg/kg) once a day for two weeks, lactated ringers (50mL/kg) once a day
for five days, and buprenorphine (0.05mg/kg) every 12 hours for three days. Expression of
bladders was done manually twice a day for the study duration. Since Ragl mice are
immunodeficient and CRYM-ZsGreenl transgenic mice were on an immunosuppression
paradigm, and to avoid bladder infections, rotating antibiotics were given for the duration of
the study. This includes oral antibiotics dissolved in drinking water ciprofloxacin
(10mg/100mL), Sulfamethoxazole/Trimethoprim (2mL/100mL), and ampicillin

(20mg/mL) and rotated every two weeks.

Immune cell isolation post-injury and flow cytometric analysis
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To perform an innate immune cell time course following SCI in C57BL/6 mice (Fig.
2.2) and immunodeficient background Ragl mice (Supplemental Fig. 2.1), we dissected
spinal cord vertebrae C4-C6 (C5 hemisection injury with either gelfoam or bridge
implantation) at time points 1 day post injury (DPI), 1week post injury (WPI), 4WPI, 8WPI
and 26WPI. Spinal cord tissue was dissociated using mechanical and enzymatic methods as
we previously described [85]. Next, we removed myelin debris from the cell suspension
using Myelin Removal Magnetic Beads II kit (Miltenyi Biotec, Auburn, CA) using auto-MACS
Pro Separator according to manufacturer instructions (Miltenyi Biotec, Auburn, CA). Cells
collected after myelin removal were suspended in 0.85% ammonium chloride (diluted in
sterile water) for five minutes to lyse red blood cells. The cell suspension was resuspended
in PBS supplemented with 2% FBS (Thermo Fisher Scientific, Waltham, MA). Then the cells
were stained with 7AAD viability dye (Thermo Fisher Scientific, Waltham, MA), CD45,
CD11b, Ly6G, and CD68 antibodies as described [85]. The data was acquired using BD FACS
Aria II Flow cytometer (BD Biosciences, Franklin Lakes, New Jersey) and analyzed with
Flow]Jo software. To ensure detection of true positive signal for each fluorescence channel
we used single stain compensation controls and fluorescence minus one (FMO) controls. Live
cells (stained negative for 7AAD) were gated to analyze the number of CD45+CD11b+
myeloid events. These total myeloid cells were further gated to analyze the proportion of
Ly6G+ve PMNs and CD68 +ve subpopulation. Antibody sources, and the dilutions were used

as listed in Table 1.

PLG scaffold fabrication for in-vitro hNSC differentiation assays
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Poly(lactide-co-glycolide) (PLG) pellets are comprised of a 75:25 lactide : glycolide
ratio, have molecular weight of 66,000-107,000, and inherent viscosity of 0.55-0.75 (Sigma-
Aldrich Inc, Saint Louis, MO). PLG pellets were placed in a silicone mold (8 x 9 x 1mm
diameter) and melted at high temperature (130°C). The liquid was compressed with a 1kg
weight while the temperature was reduced 30°C every hour. Once the PLG cooled down to
room temperature, PLG scaffolds were peeled from the mold and sterilized for in vitro
experiments with 70% ethanol, followed by one wash with sterile water, and UV exposure

in the laminar flow hood.

Generation of PMN or M@ condition media for hNSC in vitro fate analysis

To test how immune cues impact hNSC after SCI in the Ragl mice, we quantified the
effect of innate immune cell conditioned media on hNSC fate in vitro. Polymorphonuclear
leukocytes (PMNs) and macrophages (M@) were isolated from peritoneal cavities of adult
female Ragl immunodeficient mice. Mice were stimulated with 12% sodium caseinate (i.p.
injection) and were sacrificed either 12-16 hours (to collect PMNs) or 5-7 days (to collect
M@) post-injection (Fig. 2.1B and Supplemental Fig. 2.2A-C). PMNs and M@ (5,000,000
cells/ml) were cultured in hNSC differentiation media (DM). hNSC DM is X-vivo based media
(Fisher Scientific, Waltham, MA) supplemented with bFGF (0.1 ng/mL), BDNF (PeproTech)
(10 ng/mL), GDNF (10 ng/mL), Heparin (2 mg/mL), NAC (63 mg/mL), N2 (1:100), B27
(1:20) supplement and Ciprofloxacin (Cellgro) (10 mg/mL). PMN CM was collected only once
after 24hrs in culture. M@-CM was collected once a day for three days, and the culture was

replenished with fresh media after each collection. Both condition media were diluted (1:1)
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with fresh DM media and used for the hNSC differentiation experiments (UCI 161 cell line,

passage 6).

hNSC line derivation and cell culture

UCI 161 multipotent hNSC were derived from fetal brain tissue (gestational 16-20
weeks) and cultured as previously described [86]. Briefly, hANSC were fluorescence-activated
cell sorting (FACS)-sorted to isolate the CD133+ stem cell population. The presence of the
CD133 allows for enrichment of hNSC that have high neurosphere-generating capacity. After
passage six the cells were grown as monolayers on poly-L-ornithine (PLO)/laminin (LAM)
coated flasks. The cells were grown in hNSC growth medium (GM) consisting of X-VIVO 15
media (Fisher Scientific, Waltham, MA) supplemented with bFGF (20 ng/mL), EGF (2ng/mL),
Heparin (2 pg/mL), NAC (63 pg/mL), N2 (10 ug/mL), and LIF (10 ng/mL). Cells were given

fresh media twice a week and were passaged at 80% confluency.

hNSCs differentiation assays and fate analysis:

hNSC were plated either on glass chamber slides coated with poly-L-ornithine
(Sigma- 5 mg/mL) and laminin (Invitrogen- 10 mg/mL) (PLO/LAM) or on the PLG scaffolds
were also precoated with PLO/LAM. hNSCs on both substrates were differentiated for 14
days in vitro (DIV) in presence of either PMN-CM, M@-CM, or DM. hNSC fate analysis for
neuronal marker Tubulin BIII (Tubplll), astrocytic marker glial fibrillary acidic protein
(GFAP), and oligodendrocyte marker Olig2 were analyzed by immunocytochemistry (Fig.
2.4-2.5). hNSCs differentiated on glass and PLG scaffold were fixed with 4%

paraformaldehyde at room temperature for 20 minutes. Cells were permeabilized and
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blocked with 0.1% Triton X-100 (Sigma-Aldrich Inc, Saint Louis, MO) and 10% donkey serum
(Jackson ImmunoResearch, West Grove, PA) in PBS. Next, cells were incubated with primary
antibodies overnight and secondary antibodies for two hours in PBS supplemented with
10% Donkey serum. Antibody sources and the dilutions were used as listed in Table 2.1.
Cells were counterstained with nuclear dye Hoechst 33342 (1:1000 dilution; Invitrogen,
Waltham, MA). Images were captured using random sampling with a ZEISS Axio Imager II
light microscope with an Apotome2 image processor (Zeiss, Oberkochen, Germany). Imaris
software (Bitplane, Zurich, Switzerland) was used to quantify the hNSC fate. Image
acquisition and quantification were conducted by researchers that were blinded. For
analysis, three to five z-stack images were acquired per PLG scaffold and nine random images

per PLO/LAM control. All experiments were conducted in biological quadruplicates.

Preincubation of PLG scaffold in M@ condition media and sequestration effect
assessment

Sterile PLG scaffold was incubated in M@ condition media (M@-CM) at 37° C for 48
hours. Total protein concentration was quantified using Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA) in control groups (M@-CM) and M@-CM + PLG
scaffold preincubation (M@-CM-PLG). Next, we assessed how PLG scaffold affects Clq
concentration in both groups using Cl1q ELISA kit (Hycult Biotech, Uden Netherlands)

according to the manufacturer's instructions.

NSC transplantation
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RAG1 mice are an optimal model for xenotransplantation, as we have previously
shown (FB 2020). Since CRYM-ZsGreenl transgenic mice are immunocompetent, each
animal received a combinatorial immunosuppression paradigm to ensure the donor cell
engraftment as described in supplemental method 3. Four weeks post-injury/implantation
(WPI), a second surgery was performed to transplant hNSCs in Rag1 mice and the mT-mNSC
in CRYM-ZsGreen1 transgenic mice as previously described [56], [17], [50]. Once the location
of C5 injury was re-exposed, a Nanolnjector system and micromanipulator (World Precision
Instruments, Sarasota, FL) and siliconized beveled glass micropipettes (bevel
measurements: outer diameter = 100-110 mm and inner diameter = 70 mm) (Sutter
Instruments, Novato, CA) were used for transplantation. A total of 75,000 cells or vehicle (X-
Vivo media) contained in 1uL total volume was delivered at four sites, two rostral and two
caudal to the injury, at 250nL per site (as shown in the schematic in Fig. 2.1C). All mice
received post-operative care as described above. Mice within both injured groups (gelfoam
and PLG bridge implantation) were randomly allocated to either receive vehicle or hNSC

transplantation.

Pseudorabies virus (PRV) tracing

PRV-152-GFP trans-synaptic tracer (2.48 X 109 pfu/ml; In collaboration with Dr.
Xiangmin Xu laboratory, UCI) was injected into the ipsilateral (left) forelimb triceps muscle
of the animals at 30 WPI. This allows for retrograde labeling of cortical pyramidal neurons
and validation of functional connectivity after PLG bridge implantation. Following anesthesia
(1.5% isoflurane in O for 10 minutes), a skin incision was made to expose the left triceps

forelimb muscle. Using a stereotaxic Hamilton syringe with a 26-gauge needle, 5 pL. PRV was
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injected into two sites of the left forelimb muscle at different depths with a five-minute wait
period between each injection. The skin was closed using tissue adhesive Vetbond (St. Paul,
Minnesota, USA). Animals were transferred to a Biosafety Level D room, where they received
an injection of Carprofen (5mg/kg) and continued to receive bladder care twice a day. Four
days post-PRV injection, mice were perfused, and the spinal cord segment (C3 to C7) and

brain tissues were dissected for further analysis.

Perfusion, Tissue Collection, and Sectioning

Mice were anesthetized using pentobarbital (100 mg/kg) and transcardially perfused
with PBS (15 mL) and 4% paraformaldehyde (100 mL) at 16 WPT (hNSC differentiation fate
and regeneration assessment) or 26 WPT (PRV connectivity tracing). Brain tissue and spinal
cord segments corresponding to C3-C7 roots were dissected and post-fixed/cryoprotected
overnight in 4% paraformaldehyde + 20% sucrose. The tissue was then flash frozen using -
60°C isopentane and stored at -80°C. Brain tissue were transversely sectioned using a sliding
microtome, and 30um serial sections were collected in phosphate-buffered saline with
0.02% sodium azide and stored at 4°C until further use. C2-C8 spinal cord segments were
embedded in Neg50 Frozen Section Medium (Fisher Scientific International, Hampton, NH)
to be processed into 30pum thickness with a cryostat and Cryo-Jane tape transfer system
(Leica Biosystems, Wetzlar, Germany). Spinal cords were sectioned either transversely or

horizontally, and the slides were stored at -20°C until processed for immunohistochemistry.

Immunohistochemistry and imaging
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Spinal cord tissue sections slides (Cryo-Jane tape transfer slides) were dewaxed in
Histo-Clear II clearing agent (National Diagnostics, Atlanta, Georgia) rehydrated in
descending ethanol gradient (100%, 95%, 80% and 70%), and hydrated in distilled water
for 10 minutes. For antigen retrieval, slides were incubated in preheated sodium citrate
antigen retrieval solution (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min at 96
deg C in water bath. Following a 20-minute cool down in room temperature, slides were
rinsed in water and processed for immunohistochemistry as described below. Spinal cord
sections (Cryo-Jane tape transfer slides) and brain sections (microtome, free-floating) were
blocked (1.5% donkey serum and 0.1% Triton X in PBS) for 1 hour at room temperature and
incubated with primary antibody (dilated in blocking solution) overnight at room
temperature. Antibody information and dilutions are listed in Table 2.1. Following 3 five-
minute washes (0.1% Triton-X 100 in PBS), tissue was incubated with appropriate
fluorescent-dye conjugated secondary antibodies and nuclear dye Hoechst 33342 (1:1000
dilution; Invitrogen, Waltham, MA) for 2 hours at room temperature. Following 3 final five-
minute washes (0.1% Triton-X 100 in PBS), slides were mounted with Fluoromount G
(SouthernBiotech, Birmingham, AL). Images were captured using ZEISS Axio Imager II light
microscope with an ApotomeZ image processor and ZEISS LSM 900 with Airyscan 2

microscope (Zeiss, Oberkochen, Germany).

hNSC fate quantification in vivo
For hNSC fate quantification, 16 WPT transverse tissue sections (1/12 sampling
series) were processed for immunohistochemistry for STEM121* (human cells cells),

STEM121+/0lig2* (oligodendrocytes), STEM121*/DCX* (neuronal precursors) and
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STEM121+/GFAP* (astrocytes) markers. An ApoTome microscope (Zeiss) microscope
system and 20x objective were used to capture 30-40 um Z-stacks of optical slices in 2 pm
intervals. Migration of human cells in the rostral and caudal parenchyma was determined
with unbiased stereology using systematic random sampling, an optical fractionator probe,
and Stereo Investigator (MicroBrightField, Williston, VT). Although hNSC migration was
observed throughout the isolated spinal cord section (collected from C2-C8 segments),
stereological quantification was performed within a range of 2160um rostral and 2160pm
caudal to the injury epicenter (approximately C3-C7). Parameters for the analysis were as
follows: grid size was 450 pum x 450 pm, frame size was 70 pum x 70 um, and guard zone was
two pum. Probe grid size and counting frame size were empirically determined to yield
average cumulative error values <0.1. Because hNSC distribution was not homogeneous
within the injury and sections were limited, individual injury section quantification was
performed. All cells within the gelfoam/PLG bridge implantation injury site were manually
quantified with Stereolnvestigator version 2020.1.3 software (MicroBrightField, Williston,
VT). On the intact, contralateral side of the injury, hNSC engraftment is robust and well
distributed. Thus, applied systematic random sampling with Stereolnvestigator was used for
this quantification (version 2020.1.3 MicroBrightField, Williston, VT). Lastly, a Cavalieri
probe (grid size, 20 x 20 pm) was used to estimate spinal cord lesion volume in (1/6

sampling interval) from horizontal spinal cord sections at 10x magnification.

Axonal regeneration and myelination quantification:
To assess total regenerated and myelinated neurofilaments within the gelfoam and

PLG bridge, we used transverse spinal cord tissue sections collected at 16 WPT. Since the
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number of spinal cord sections with injury were limited, we used one section per animal n=5
to 6 animals/group collected at 16 WPT. Triple immunostaining was performed using NF-H
(Neurofilament Heavy Chain, axonal marker), MBP (Myelin Basic Protein, pan myelination
marker), and PO (Myelin Protein Zero, Schwann cell myelin). For quantification, three to six
random optical fields were imaged using Zeiss LSM 900 with Airyscan super-resolution
microscope (Zeiss, Oberkochen, Germany). Antibody sources and the dilutions were used as
listed in Table 2.1. For each optical field, 6 pm Z stack images (0.4 pm Z-step) were captured
using 60X oil objective. 3D surface volume rendering was performed using Imaris v9.6
(Bitplane, Zurich, Switzerland). Briefly, all three volumes of total neurofilament, total MBP
positive myelinated neurofilament, and total PO positive myelinated neurofilament were
masked using the Surface feature. To exclude excess noise, a filter was made to a minimum
voxel size of around 1000 for each image. when masking the surface volumes. Next, the NF-
H positive surface volume of neurofilament that was associated with the oligodendrocyte-
derived myelin (MBP+PO- volume) and Schwann cell-derived myelin (MBP+P0+ and MBP-

P0+) were masked using the object-to-object shortest distance (0.4 um) filter in Imaris.

PRV quantification:

Spinal cord tissue was collected at 30 WPI and sectioned horizontally at 30um
thickness using CryoJane. Immunostaining (% sampling interval) was performed to detect
PRV-GFP labeled fibers. All PRV+ fibers within the gelfoam/PLG bridge were counted
manually. Brain sections were sectioned coronally at 30um using a sliding microtome.
Immunostaining (all sections containing motor cortex, no sampling) was performed to

detect PRV-GFP cell bodies. All PRV+ cell bodies within the motor cortex were counted
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manually. All quantifications were performed at 40X magnification using ZEISS Axio Imager
II light microscope with an Apotome2 image processor by the investigators blinded to the

experimental groups

Behavioral Testing and Locomotor Recovery Assessment

All behavioral data were collected and analyzed by blinded observers. Mice were
handled daily for two weeks prior to pre-injury behavioral testing to acclimate animals to
human contact. Horizontal ladder beam and CatWalk Gait Acquisition were performed to
quantify any changes in motor recovery and kinetic parameters after injury. For Rag1 mice,
locomotor assessments were acquired at pre-injury and 16 WPT timepoints. The CRYM-
ZsGreen1 transgenic mice locomotor assessments were acquired at pre-injury, 4 WPI (Pre-
transplantation), and 12 WPT. Horizontal ladder beam: Following a five-minute acclimation
to the environment, mice were recorded walking across a horizontal ladder beam for three
trials. Video analysis quantified each left paw placement error, as previously described [87].
CatWalk Gait Acquisition: Following a five-minute acclimation, each animal performed three
runs across the LED lighted glass stage of CatWalk XT (Noldus Information Technology Inc.,
Leesburg, VA). A successful run must contain ten consecutive steps, a consistent walking
speed, and no paw placement on the stage walls. Runs were auto-classified using the CatWalk
software version 10.1 [88]. Statistical Analysis of CatWalk data was conducted in R.
Univariate two-way ANOVAS for the effect of bridge vs. gelfoam and hNSC vs. vehicle were
performed using the aov function. Then, results were screened for variables that had a p-

value < 0.05 for either the effect of the bridge or the cells.
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RESULTS

Quantitative innate immune cell profiling in the presence of PLG bridge following SCI.
We have previously shown that SCI is associated with a multiphasic immune cell
response [58]. We have also shown that innate immune cells and immune proteins in the
injury microenvironment modulate hNSC fate, migration, and potential for repair after in
vivo transplantation [57], [56]. In parallel, consistent with its role as a biodegradable
biomaterial, we have reported macrophages migrate to and help biodegrade the implanted
PLG bridge. Critically, no deleterious effects of PLG are observed in vitro or in vivo after
bridge implantation. Indeed, lactate, a PLG biodegradation product, has been implicated in
polarizing immune cells towards tolerogenic phenotypes [88]. Accordingly, we first tested
how PLG bridge implantation modulates the innate immune cell response within the bridge
and surrounding spared spinal cord tissue at different time points following injury. We
utilized a quantitative flow cytometry-based method to characterize this multiphasic
response in a hemisection injury model for PLG bridge and gelfoam control implanted
animals. Figure 2.1A shows how the injured spinal cord of C57BL/6 and in Ragl mice (C4
to C6 cervical segment) was dissected and labeled for the myeloid population.
Representative flow cytometry plots show the CD45+CD11b+ myeloid cells are further gated
into the Ly6G+ neutrophils/PMNs and CD68+ macrophages/microglia subpopulations.
We investigated the numbers of total CD45+CD11b+ myeloid cells at 1 day post injury (DPI),
as well as 1, 4, 8, and 24 weeks post injury (WPI). PLG bridge and gelfoam groups behaved
similarly until 8 WPI; however, myeloid cells were significantly reduced in PLG vs. gelfoam
mice at 24 WPI (Fig. 2.2A). We next investigated the proportion of neutrophils/PMN and
M@ /microglia in the total myeloid population. As demonstrated previously after contusion
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SCI in rodents [58], the epicenter environment was dominated by PMN in both gelfoam and
PLG groups at 1 DPI (Fig. 2.2B) and PMN were dramatically reduced at 1 and 4 WPL
Similarly, there was a delayed re-emergence of the PMN population was observed at 8 and
24 WPI. This second phase of PMN infiltration was significantly reduced in PLG bridge vs.
gelfoam mice (Fig. 2.2B). As expected from previous analysis in contusion SCI, M@/microglia
populations were sparsely detected at the 1 DPI (Fig. 2.2C) and exhibited a later peak in
response. However, while the PLG bridge and gelfoam groups were similar at 1 WP], the
M@ /microglia subpopulation peak was significantly extended in PLG bridge vs. gelfoam
control mice (Fig. 2.2C), consistent with the known role of macrophages/monocytes in PLG
bridge degradation. Analysis of neutrophil and M@/microglia populations as a ratio is a
useful way to visualize the dynamic balance of these immune populations within the spinal
cord [58], highlighting an enhanced neutrophil response in the gelfoam group (Fig. 2.2D)
and an extended phase of macrophage/microglia recruitment in the PLG bridge group (Fig.
2.2E). Thus, the subacute/chronic injury time point of 4-24 WPI represents a window in

which the PLG bridge modulates the cellular inflammatory response.

Modulation of hNSC fate in presence of PLG substrate and immune cues in vitro
Studies have shown that the physical, mechanical, and biochemical properties of
biomaterial scaffolds can influence NSC differentiation, neurite extension, and cell
morphology, as well as change actin structure and focal adhesion molecules [89] [90] [91].
The potential for multipotent donor hNSC to elicit repair after transplantation is strongly

linked to fate selection [17] [50] [57] [56]. Accordingly, we tested the effect of PLG vs.

27



PLO/LAM control substrate on hNSC fate, analyzing oligodendroglial (nuclear Olig2+),

astroglial (GFAP+), and neuronal (Tubulin BIII+) lineage selection (Fig. 2.1B).

In addition to physical, mechanical, and biochemical factors, innate immune cells and
their secreted components within the microenvironment have been shown to influence the
outcome of hNSC transplantation, resulting in changes in fate, migration, and efficacy [57]
[56] [55]. We therefore also tested the effect of PLG on hNSC fate in the presence of innate
immune cues, utilizing PMN and macrophage (M@) conditioned media (CM) (Fig. 2.1B &
Supplemental Fig. 2.2A-C). In the presence of PLG, hNSC selectively clustered on the
scaffold, and were not observed in the intervening spaces, leading to an alteration of the
appearance of nuclei distribution (Fig 2.3A-T). However, PLG showed no significant effect
vs. PLO/LAM on the total number of cells after 14 DIV in DM via nuclei count (Hoechst;

mean+SEM, PLO/LAM 219.4+33.5, PLG 248.7+30.3, unpaired t-test two-tailed P=0.5404;

Supplemental Fig. 2.2D). Because of the effect of the PLG bridge on distribution of nuclei,
cell fate was compared via analysis of fate proportion in captured images. As reported
previously, both PMN- and M@-CM suppressed oligodendroglial fate on PLO/LAM (Figs.
2.3A-C, Fig. 2.3G). While hNSC cultured on PLG scaffold exhibited a similar effect, PLG drove
a highly significant increase in oligodendroglial fate under baseline conditions and rescued
oligodendroglial fate under PMN- and Mg@-CM conditions. Consistent with our previous
observations [56], PMN-CM enhanced astroglial fate and suppressed neuronal fate, while
M@-CM had no effect on astroglial fate and enhanced neuronal fate. hNSC culture on PLG
substrate modulated these effects, reducing astroglial fate at baseline and in response to
PMN- and M@-CM, and enhancing neuronal fate in response to PMN- and M@-CM (Fig. 2.3H-

U). In the presence of PLG, hNSC selectively clustered on the scaffold, and were not observed
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in the intervening spaces, leading to an alteration of the appearance of nuclei distribution
(Fig 2.3A-T). However, PLG showed no significant effect vs. PLO/LAM on the total number
of cells after 14 DIV in DM via nuclei count (Fig. 2.3V). Collectively, these data indicate that

PLG substrate alters hNSC fate at baseline and in response to immune cues.

The enhancement of baseline oligodendroglial fate, and suppression of astroglial fate,
by culture on PLG scaffold vs. PLO/LAM suggests that direct signaling to hNSC via cell-
substrate contact plays an important role in modulation of differentiation. However, PLG
could also sequester soluble molecules contained within the differentiation media as well as
in CM derived from these immune cell populations. We tested this possibility via a pre-
incubation paradigm, focusing on oligodendroglial fate in response to M@-CM as a read out.
Treatment of hNSC cultured on PLO/LAM with M@-CM collected after pre-incubation with
PLG scaffold (M@-CM-PI) produced a partial restoration of oligodendroglial fate (Fig. 2.3Y).
In parallel, quantification of protein concentration in M@-CM and M@-CM-PI showed a
reduction in total protein concentration (Fig. 2.1W). We have previously demonstrated that
complement component C1lq is a key mediator of the effects of PMN- and M@-CM on hNSC
fate, and that C1q neutralizing antibodies reverse the effect of CM on hNSC fate [57]. We
therefore further tested for sequestration of soluble molecules by ELISA analysis of Clq
protein levels present in M@-CM cultures on PLG substrate, identifying an approximately
60% reduction in available C1q (Fig. 2.3X). Together, these data suggest that PLG scaffold
modulates hNSC fate via both contact-mediated mechanisms as well as alteration of soluble

components in the microenvironment.
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PLG bridge implantation supports robust hNSC engraftment in the spared tissue
parenchyma rostral and caudal to the injury site.

We have reported that immunodeficient models lacking T cells are required to enable
both xenogeneic and allogeneic CNS engraftment at levels sufficient to analyze sustained
effects of donor NSC in the host environment [17] [92]. These models are similar to the
translational setting, in which allogeneic stem cell transplantation requires long-term
administration of pharmacological immunosuppressants in humans, which similarly target
lymphoid cells. Accordingly, these studies utilize Rag1 mice, which lack mature T and B cells

but retain a functional innate immune cell response [93].

We first confirmed that the innate immune cell profile in Ragl mice for the
hemisection injury is similar to the profile of the C57BL/6 mice as shown in Figure 1
(Supplemental Fig. 2.1). As expected, Ragl mice have fewer innate immune cells
(CD45+CD11b+ cells) in comparison to C57BL/6 mice, since they lack T-cells which
orchestrate the innate immune response (Fig. 2.2A, Supplemental Fig. 2.1A). Importantly
however, PMN and M@/microglia cell proportions closely paralleled that of C57BL/6 mice

(Fig.2. 2D-E, Supplemental Fig. 2.1B-C) after SCI, from 1 DPI through 24 WPI.

hNSC were transplanted into the spared parenchyma rostral and caudal to the
gelfoam- or PLG bridge- implanted injury site, we therefore first evaluated hNSC
engraftment, migration, and fate in these regions (Fig. 2.4), comparing these groups. Spinal
cord transverse sections were aligned relative to the SCI epicenter and the distribution of
transplanted cells at defined section distances was analyzed using unbiased stereology

(Methods, Fig.2. 4A). Coronal sections were stained for SC121 (human stem cell marker) to
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reveal the distribution of transplanted cells (Fig. 2.4B-B1). There were no significant
differences in the total number of engrafted donor hNSCs detected within the rostral and
caudal segments or between the PLG and gelfoam groups (Fig. 2.4C). However, because the
unilateral hemisection injury is localized to the left (ipsilateral) side of the spinal cord at the
cervical C5 segment, the ipsilateral and contralateral sides of the tissue were further
analyzed separately. In section analysis, the PLG group showed a trend towards an increased
total number of transplanted donor hNSC, which reached significance at -720um rostral to
the injury epicenter (Fig. 2.4D). This trend could be attributed to a consistent change in
ipsilateral SC121+ human cell number in the PLG group (Fig. 2.4E). Conversely, analysis of
contralateral SC121+ cell engraftment did not reveal consistent differences between the PLG
and gelfoam groups (Fig. 2.4F). We investigated the effect of PLG bridge implantation on
hNSC fate by quantifying the number of donor cells differentiating into oligodendrocytes
(SC121+/0lig2+, Fig. 2.4G), neuronal precursors (SC121+/DCX+, Fig. 2.4]), mature neurons
(SC121+/NeuN+, Fig.2. 4M), and astrocytes (SC121+/GFAP+, Fig. 2.4P). The PLG group
showed significant ipsilateral increases in the total number of oligodendrocytes (Figs. 4H-I)
and neuronal precursors (Figs. 2.4K-L). Ipsilateral increases in mature NeuN+ neurons were
less pronounced, with a significant increase in the PLG group only at -720uM rostral to the
injury (Figs. 2.4N-0). Interestingly, a significant ipsilateral increase in SC121+ human
astrocytes was observed in the PLG group caudal to the lesion epicenter (Figs.2. 4Q-R). No
consistent differences were observed for any of these human cell makers contralaterally
(Figs. 2.41, L, O & R). Overall, our results suggest that there is a selective ipsilateral increase
in the number of transplanted hNSCs in the PLG group and that the combination of PLG

scaffold implantation with hNSC transplantation results in a modulation of cell fate.

31



hNSC preferentially localize within PLG bridge channels and exhibit tri-lineage
differentiation.

We investigated whether donor hNSC were competent to migrate into the gelfoam-
or PLG bridge-implanted injury site (Figs. 2.5A and B). Because donor cell distribution was
not homogenous within the gel foam and PLG bridge, we performed manual quantification
for each tissue section. Few human cells were detected in the injury site of the gelfoam group
(mean =9 SC121+ cells/section; Figs. 2.5A, A1 and C). In contrast, the number of engrafted
SC121+ cells quantified within the injury site exhibited a striking increase in the PLG group
(mean = 145 SC121+ cells/section; Figs. 2.5B, B1, and C). SC121+ hNSC in the PLG group
also exhibited differentiation into all three lineages (oligodendrocytes, neurons, and
astrocytes) by 16 WPT. There were too few engrafted human cells for fate quantification in
the gelfoam group. However, in the PLG group, cell fate analysis of SC121+ cells within the
injury site identified 21.6% Olig2+ cells (Figs.2. 5D and E), 27.7% DCX+ cells (Figs. 2.5D
and F), 8.45% NeuN+ (Figs. 2.5D and G) cells, and 24.9% GFAP+ cells (Figs. 2.5D and H).
17.19% of SC121+ cells were unlabeled for the tested markers (Fig. 2.5D). The combined
percentages of the DCX+ and NeuN+ cells totaled to 36.25% (Fig. 2.5D), demonstrating that
a majority of SC121+ cells in the PLG bridge differentiated along the neuronal lineage. hNSC
were highly localized within the channels of the PLG bridge where the bundles of
regenerated axons are present (Fig. 2.5B, B1-2, and E). While other cell types (e.g.
fibroblasts, macrophages, Schwann cells, oligodendrocytes, and endothelial cells) localize to
the porous bridge structure [48], as seen by the distribution of Hoechst 33342 labeling in

Figure 5B, hNSC avoided these regions. These data demonstrate that hNSC in the bridge
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differentiate into all three neural lineages, and that hNSC migrate into the PLG bridge along

the same track as regenerating axons.

Both total hNSC engraftment and the number of hNSC-derived oligodendrocytes are
increased in the contralateral spared tissue in PLG bridge vs. gelfoam implanted mice.

We have previously shown that PLG bridge implantation stabilizes adjacent spinal
cord tissues [48]. We therefore sought to test whether spared spinal cord tissues exhibited
differences in hNSC engraftment or fate, analyzing hNSC that engrafted in the spared tissue
directly contralateral to the site of PLG bridge or gelfoam implantation. We applied
systematic random sampling using the Stereoinvestigator optical fractionator probe and
measurement of tissue area to estimate total cell number and corresponding differentiation
fate. We identified a significant increase in the number of total engrafted SC121+ hNSC in the
PLG group compared to the Gelfoam control (Fig. 2.5I). Similarly, there was a significant
increase in the number of STEM121+/0lig2+ cells in the PLG group (Fig. 2.5]J). While there
was a parallel trend for an increase in the number of immature STEM121+/DCX+ cells (p
value =0.06, Fig. 2.5K), this was not observed for either mature STEM121+/NeuN+ cells
(Fig. 2.5L) or STEM121+/GFAP+ hNSC (Fig. 2.5M). Critically, the proportion of hNSC
adopting different lineages was not significantly different between the PLG bridge vs.
gelfoam groups (data not shown). These data suggest that the principal effect of the PLG
bridge was on overall survival/engraftment of hNSC in the spared tissue, which is consistent
with the stabilization of this region in the acute period after injury. This difference in
engraftment cannot be ascribed to an increased volume but may rather reflect a change in

the molecular microenvironment and/or mechanostability of this region.
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hNSC within PLG bridge channels exhibit altered fate vs. contralateral spared tissue in
SCI epicenter sections.

In previous studies using contusion SCI models, we have shown that hNSC do not
exhibit migration into the SCI epicenter; hNSC that are localized adjacent to the SCI epicenter
are directed towards the astroglial lineage [56], [17], [50]. As described above, hNSC that
migrated along the PLG channels exhibited differentiation into human oligodendrocytes,
neurons, and astrocytes, retaining tri-lineage potential. Here, we asked whether the fate of
hNSC that migrated into the PLG bridge and inflammatory environment of the SCI epicenter
was similar to or different from the adjacent spared tissue. hNSC that migrated into the PLG
bridge were less likely to exhibit oligodendroglial lineage selection (STEM121+/0lig2+; Fig
2.5N), and more likely to exhibit neuronal lineage selection (STEM121+/DCX+; Fig 2.50),
than hNSC the engrafted in contralateral spared tissue in the same tissue sections. In
contrast, mature neuron (STEM121+/NeuN+) and astroglial (STEM121+/GFAP+)
proportions were unchanged (Fig. 2.5P-Q). These data are consistent with the observation
that the PLG bridge is dominated by macrophages in the chronic post-SCI phase (Fig. 2.2;
Supplemental Fig. 2.1), and the influence of PLG and macrophage-derived immune factors

on hNSC fate selection (Fig. 2.3).

hNSC transplantation combined with PLG bridge implantation enhances axonal
regeneration and evidence of myelination by human oligodendrocytes
We next investigated axon regeneration and myelination status in these mice by

immunostaining gelfoam and PLG-implanted spinal cord tissues for neurofilament (NF-H).
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Consistent with our previous reports describing regeneration of both descending motor and
ascending sensory axons, NF-H+ fibers were readily observed entering bridge channels at
both the rostral (Fig. 2.6A & 6A1) and caudal (Fig. 2.6A & 6A2) margins by 6 weeks post-
injury and bridge implantation (WPI). In contrast, even by 20 WPI, gelfoam implantation
failed to support significant growth of NF-H+ fibers into the injury site (Fig. 2.6B-6B1),
whereas PLG bridge implantation resulted in robust regeneration of NF-H+ axons within the
bridge (Fig. 2.6C-2.6C1). We used triple label immunohistochemistry (Fig. 2.6D and 2.6E;
NF-H green, MBP red, PO blue) and Imaris 3D surface rendering to quantify the total volume
of NF-H+ axons (Fig. 2.6E and E2 inset), as well as the proportions of axons which were
ether unmyelinated (Fig. 2.6D and D1 inset) or myelinated by MBP+P0- oligodendrocyte
(Fig. 2.6E and E1 inset), MBP+P0+ Schwann cell (Fig. 2.6D and D2 inset) and PO+ Schwann
cell (Fig. 2.6E and E1 inset) populations. Proportional analysis of NF-H+ axon volume
suggested that hNSC transplantation altered both total NF-H+ and the myelination status of
these axons (Fig. 2.6F). To quantitatively assess this effect, Imaris volumetric data for the
PLG bridge alone vs. PLG bridge + cell groups were normalized to gelfoam + vehicle controls
(Fig. 2.6G-I). The presence of hNSCs enhanced total axonal regeneration (Fig. 2.6G), and
significantly increased both oligodendrocyte-derived (Fig. 2.6H; MBP+P0-) and Schwann

cell-derived (Fig. 2.61; MBP+P0+ plus MBP-P0+) myelination.

Although histological quantification was predominantly performed at 16 WPT, a subset of
animals was assessed at 26 WPT. We hypothesized that this additional engraftment time
would optimize for the maturation and integration of transplanted hNSC as myelinating cells
within the PLG bridge. We therefore tested whether hNSC that entered the bridge channels

(white dotted lines in Fig. 2.6]) were capable of myelinating regenerated axons. Indeed,
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there was an abundant association of SC121+ hNSC labeling aligned with and in close
proximity to NF-H+ axons (Figs. 2.6], arrowheads). Further, high magnification clearly
identifies MBP+/STEM121+ co-labeling of NF-H+ axons (Figure 2.6K), indicating that hNSC

contributes to myelination of axons that regenerate into PLG bridge channels.

We sought to confirm this observation, as well as to test whether donor hNSC
myelinated regenerating descending motor axons. We previously reported that CRYM
reporter mice can be used to specifically visualize CST axons in the spinal cord [16], including
in the PLG bridge after SCI. Here we used CRYM-ZsGreen1 transgenic mice for this purpose
(Supplemental Fig. 2.3A, see supplemental methods). Because fully functional myelin is
compact, resulting in the exclusion of oligodendrocyte cytoplasm [17], we derived NSC from
mice that ubiquitously express a membrane-targeted fluorescent tandem dimer Tomato
(tdTomato) reporter (mT-mNSC) [42](Supplemental Fig. 2.3B, see supplemental
methods). This approach allowed mature, compact myelin from donor mT-mNSC to be
visualized in association with regenerated CST axon targets within the PLG bridge. We
employed pharmacological immunosuppression for these allogeneic transplants because
CST-GFP reporter mice were not on a constitutively immunodeficient background. While this
resulted in reduced mT-mNSC survival and migration in comparison with transplantation
into Rag-1 mice, we were able to identify mT-mNSC aligning with and ensheathing NF-H+
(Figure 2.6L) and GFP+ CST (Figure 2.6M) axons in the PLG bridge. Orthogonal projection
clearly indicated that mT-mNSC fully surrounds GFP+ CST fibers (Figure 2.6M, blue

arrowhead).
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Connectivity assessment of CST tract regeneration using transsynaptic pseudorabies
virus (PRV) tracing (or transneuronal circuit analysis using pseudorabies virus)

An advantage of this model is that axons detected within the implanted PLG bridge cannot
represent spared fibers, they must regenerate into the channels. However, observation of
axons, even CST reporter axons, in this region does not mean that these fibers have
integrated into synaptic circuitry. We sought to test this key aspect of regeneration via
pseudorabies virus (PRV) transsynaptic tracing. We injected GFP-reporter PRV virus into the
forelimb triceps muscle ipsilateral to the SCI hemisection (Figure 2.1C). PRV is retrogradely
transported from the neuromuscular junction, sequentially infecting synaptically connected
neurons to enable circuit tracing; we sought to use this method to identify whether neuronal
wiring between injected muscle cells, spinal motor neurons, and sensorimotor cortical
pyramidal neurons is re-established in this paradigm. Approximately 90% of CST axons
originating from sensorimotor cortical pyramidal neurons decussate at the level of the
pyramids. Thus, if CST motor axons have regenerated through the implanted PLG bridge and
formed synaptic connections with spinal motor neurons, PRV should be visualized in the
contralateral motor cortex. In contrast, some brain nuclei (e.g. the paraventricular nucleus
of the hypothalamus, PVN), would be expected to exhibit ipsilateral predominance of

retrogradely labeled axons.

PRV transsynaptic tracing was validated by injection into the triceps of 2 month old naive
(uninjured) mice, demonstrating a majority of labeling in contralateral motor cortex
pyramidal neurons (Supplemental Fig. 2.4A, A2), sparse labeling in ipsilateral cortex

pyramidal neurons (Supplemental Fig. 2.4A and A1), and predominant ipsilateral labeling
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of the PVN (Supplemental Fig. 2.4A, A3-4). These data are consistent with previous reports
of PRV circuit tracing [94], [95], [96], [97], [98]. Because of the chronic nature of the stem
cell transplants and analyses in these experiments, we further validated PRV tracing in this
injection paradigm in 10 month old naive mice (Supplemental Fig. 2.4B). Surprisingly, we
found a reduction of retrograde PRV labeling in 10 month old naive mice (Supplemental
Fig. 2.4B, B1-3), suggesting that age impacts PRV labeling efficiency. This result could reflect
a loss of initial viral infection efficiency at the muscle, shift in the efficiency or timeline of
retrograde viral transport, weakening of synaptic connections in the spinal cord, or other

factors [99].

We next assessed PRV transsynaptic tracing in lateral hemisected spinal cords within
the injury site as well as in the contralateral and ipsilateral motor cortex at 26 WPT (30WPI).
At this experimental time point, the mice are ~10 months of age. Similar to NF-H staining
(Fig. 2.6B), PRV labeling was not detected in the spinal cord injury site of the gelfoam group
(Fig. 2.7A, A1). In contrast, robust PRV labeling was detected in regenerated axons within
the channels of the bridge itself (Fig. 2.7B, B1-3), as well as crossing the rostral and caudal
margins of spared spinal tissue in apposition with the PLG bridge (Fig. 2.7B, B4-5).
Critically, GFP+ PRV labeling was identified in choline acetyltransferase (ChAT) motor
neurons (Supplemental Fig. 2.4D), consistent with formation of a spinal motor neuron
relay circuit. Finally, GFP+ PRV labeling was not observed in CGRP+ sensory fibers
(Supplemental. Fig2. 4E). Quantification of PRV labeled axons within the injury site
identified a significant number of GFP+ PRV fibers in both PLG bridge groups vs. gelfoam

groups (Fig. 2.7C). Parallel analysis in the motor cortex revealed a significant number of
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GFP+ PRV labeled cell bodies in the contralateral motor cortex in PLG bridge vs. gelfoam
groups (Figs. 2.7D & E). Occasional GFP+ PRV labeling was observed in the ipsilateral motor
cortex of PLG bridge, but not in gelfoam, groups (data not shown). Surprisingly, transplanted
hNSC in the spinal cord were also identified by GFP+ PRV labeling, suggesting stable
integration of these donor cells into host circuitry (Fig. 2.7G). Overall, these data confirm
the connectivity of the regenerated axons from the motor cortex through the PLG bridge and

caudal to the injury epicenter and connected to the forelimb muscle.

Locomotor recovery assessment using CatWalk and ladder beam analysis

Lastly, we tested the effect of PLG bridge implantation alone or in combination with
hNSC on the recovery of forelimb function. Mice were assessed for locomotor recovery using
the horizontal ladder beam and CatWalk kinematic function tasks as previously described
[16] [87] [100] [101]. Missed placements of the left (ipsilateral) forelimb on a horizontal
ladder (Figure 2.8A) was quantified at pre-injury, 4WPI (pre-transplantation), and 20WPI
(16 WPT) timepoints. As described under methods, mice were randomly distributed into
gelfoam vs. PLG bridge groups at the time of initial surgery, and into the PLG alone vs. PLG +
hNSC groups on the day of transplantation. No significant differences in ladder beam

performance were observed between any groups either pre-injury (group means *SEM:
8.0+0.66, 7.6+0.52, 8.9+0.65, and 8.3%+0.51 for Gelfoam + Vehicle, Gelfoam + Cells, Bridge +
Vehicle, and Bridge + Cells group respectively; One-way ANOVA P=0.4199) or pre-transplant
(group means *SEM: 87.53%+1.2, 88.2+1.5, 85+3.4, and 83.6%2.7 for Gelfoam + Vehicle,

Gelfoam + Cells, Bridge + Vehicle, and Bridge + Cells group respectively; One-way ANOVA

P=0.4879). We have previously reported that PLG bridge implantation requires a minimum
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of 10-12 weeks post-implantation to observe functional recovery on this task, consistent
with a requirement for regeneration into and through the bridge [16]. Similarly, we have also
reported that hNSC transplantation requires a minimum of 12-16 weeks to observe
functional recovery on this task, consistent with a requirement for donor cell migration and
differentiation to enable repair [17], [102], [103]. We were therefore most interested in
locomotor function at 16 WPT, at which time both the PLG bridge alone and hNSC alone
groups showed a significant decrease in errors (Fig. 2.8B). Mice receiving the combination
of PLG bridge and hNSC transplantation demonstrated tremendous improvements in the
number of ipsilateral paw placements (Fig. 2.8B). The combinatorial approach significantly
enhanced locomotor recovery compared to the hNSC only group and showed a similar trend
towards enhancement compared to the bridge alone (Fig. 2.8B). These data suggest that
bridge implantation combined with hNSC transplantation could exert a synergistic effect on
functional recovery since the presence of PLG bridge to support the axonal regeneration and
stem cells to myelinate the regenerating axons are both required. Critically, while behavioral
data were collected at 16 WPT, a small number of animals were carried to 26 WPT for
analysis of histology and PRV (Fig. 2.1C). Identification of evidence for hNSC myelination of
host axons in PLG bridge channels (Fig. 2.6]-K) and hNSC integration into host circuitry (Fig.
2.7F) at this later time suggests that later time points of locomotor analysis could capture
the full potential for synergistic repair; however, age-related health declines in the
constitutively immunodeficient mouse model required for these experiments is a limiting

factor.

We also conducted a kinematic stepping assessment using CatWalk gait analysis, applying

an unbiased multivariate approach to test whether the effect of PLG bridge implantation on
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locomotion could be separated from that of hNSC transplantation on locomotion. This
approach avoids a priori assumptions about which variables are meaningful to recovery.
Univariate two-way ANOVAS were conducted in R using the aov function to analyze the
independent effects of bridge implantation and cells transplantation, identifying variables
that had a p-value < 0.05 (Fig. 2.8C). Bridge implantation and hNSC transplantation
exhibited no overlap in the subset of variables identified in this analysis. hNSC
transplantation altered four variables, three of which related to contralateral (right) forepaw
movement. In contrast, PLG bridge implantation altered six variables, five of which related
to ipsilateral (left) hind or forepaw movement. These data suggest distinct and parallel
mechanisms for locomotor recovery, in which PLG bridge implantation exerts a predominant
effect at the injury site, whereas hNSC transplantation exerts a predominant effect on the

intact side of the spinal cord.

DISCUSSION

In the present study, we show that PLG alters the infiltration and time course of innate
immune cell recruitment to the injured spinal cord in vivo and modulates hNSC fate in
response to these cues in vitro. We further show that the presence of a PLG bridge affects
hNSC engraftment, migration, survival, and differentiation in vivo. Ultimately, this study
highlights the impact of hNSC engraftment on regeneration and myelination, the importance
of PLG bridge on the reestablishment of synaptic circuitry, and the effect of the combinatorial

approach on improvement in locomotor recovery.

PLG bridge implantation altered the innate immune response after SCI. Overall, we

identified an enhanced neutrophil response in gelfoam controls and an extended phase of
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macrophage/microglia recruitment in the PLG bridge group, consistent with the known role

of the M@ population in phagocytosis and biodegradation of PLG in vivo [88] [104].

Analysis of myeloid cell infiltration in both C57BL/6 and Ragl mice enabled
comparison of the innate immune response in intact vs adaptive immune response
suppressed models. PMN and M@ proportions were similar between the C57BL/6 and Ragl
mice in both gelfoam control and PLG bridge groups, demonstrating that innate immune
responses are in essence conserved between these models, which would be similar to

pharmacological immunosuppression in humans.

Given the impact of PLG bridge on innate immune cell time course, and the effect of
innate immune cells on hNSC fate in vitro and in vivo [57] [56], we next assessed the effect
of PLG bridge on hNSC fate in the absence or presence of immune cues. Consistent with the
goal of testing hNSC transplantation as a means to enhance the remyelination of regenerated
axons in the PLG bridge, PLG enhanced oligodendrocytic fate both in baseline media and in
the presence of inhibitory immune cues. In parallel, PLG increased neuronal fate and
decreased astrocytic fate under these conditions. The effect of PLG scaffold on hNSC fate
could be mediated by several mechanisms. One of these could be by altering the
bioavailability of factors secreted by immune cells or hNSCs in the condition media, as we
demonstrate for C1q. However, the physical, mechanical, and biochemical properties of
biomaterial scaffolds may also affect NSC differentiation and behavior [105] [106] [89] [90]
[91]. For example, scaffold physical cues, such as stiffness, peptide affinity, and peptide
density have been shown to affect key cellular properties such as morphology, neurite

extension, change in actin structure and focal adhesion assembly that may lead to alterations
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in fate decision [88] [107]. Together, these data suggest that the PLG bridge supports an
immune microenvironment that is conducive to not only regeneration, but an adventitious

modulation of stem cell fate

The presence of the bridge creates a novel niche at the SCI epicenter for both
regenerating axons and infiltrating cells. We have shown that the bridge channels and porous
micro-textured walls cellularized the injury site by enabling ingrowth of endogenous cells
such as macrophages, Schwann cells, fibroblasts, and endothelial cells that integrate the PLG
bridge with the spinal cord [48]. These cells in the PLG bridge deposit growth-promoting
ECM and growth factors in the channels [18], providing directional cues for axons that
traverse the channels. While this is a regeneration supporting environment, it does not
appear to be a robustly remyelination supporting environment, and we observed only
~6.5% of axons in the PLG bridge to be associated with oligodendrocyte derived meylin. In
contrast, the proportion of myelinated axons in healthy rodent spinal cord has been
estimated at 40-60% ([88] [44]). Consistent with the need for efficient conduction and
functionality in long tract projections, CST axons exhibit an even higher myelination
proportion, with approximately 86% myelinated in rodents, and 99% in humans [88], [108].
Critically, even though the endogenous stem cell pool contains cells capable of myelination
and that are distributed throughout the spinal cord, become activated and divide extensively
in response to the SCI [81], these cell populations steadily decline by 4WPI [88] [109] [83].
This timeline suggests that the endogenous progenitor response to the injury goes quiescent
before axonal regeneration is achieved through the PLG bridge, identifying a temporal
mismatch that would require either reactivation of the progenitor pool or addition of an
exogenous myelinating cell.
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Therefore, we strategized to target chronic transplantation of a very active and highly
migratory NSC enriched population (not progenitor cells). We transplanted NSCs at 4WPI for
the following reasons, Firstly, by 4WPI axons enter and extended into the channels of the
PLG bridge and we predicted that these newly formed axons would strongly cue hNSC to
migrate and undergo oligodendroglial lineage selection, enabling myelination of axons in the
PLG bridge [88]. Second, at four weeks, the injury environment is dominated by the
macrophage population rather than PMNs, as seen in Figure 2.2. As discussed above,
macrophage cues, when combined with PLG, promote neuronal and oligodendrocytic fates
while reducing the scar-forming astrocytic fate (Fig. 2.3). Finally, this a more clinically
relevant time period for delivery of cellular therapies in humans, enabling both improved
informed consent and a more medically stable population given the requirement for
immunosuppression in an allogeneic transplant setting, minimizing serious adverse effects

[110].

Consistent with our previous studies, transplanted hNSC migrated extensively in the
spared parenchyma. PLG bridge implantation increased the total number of engrafted hNSC
ipsilateral to the bridge for all three lineages vs. gelfoam control. This increase in ipsilateral
engraftment may be due to increased mechanostability and tissue sparing adjacent to the
injury site after bridge implantation, as we have reported previously. It is also possible that
the pro-regenerative environment driving axon regeneration into the PLG bridge influenced
hNSC engraftment. Most importantly, donor hNSC preferentially associated with
regenerating axons, migrating selectively within PLG bridge channels, and distributing
throughout the length of the bridge. hNSC transplantation improved axonal regeneration as
well as both Oligo- and Schwann-derived myelination in the PLG bridge. Our data show that
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hNSC-derived oligodendrocytes contributed directly to myelination of mouse host axons; we
confirmed this finding using membrane reporter mT-mNSC transplantation in transgenic
CRYM-CST reporter mice, identifying migration of mT-mNSC into the channels of PLG bridge
and ensheathment of CST axons. Importantly, however, hNSC do not generate Schwann cells,
thus the presence of Schwann-cell derived myelin demonstrates that participation of
endogenous progenitors in the baseline myelination response, In this regard, enhancement
of both axon number and Schwann cell-derived myelin in hNSC transplanted animals
suggests that these cells may also secrete trophic factors that promote host axon
regeneration and myelination by endogenous progenitor cells [110], [111], [49], [112]. This
is the first report illustrating that donor NSC are capable of migrating along axons
regenerating into a biomaterial scaffold and contributing to myelination of those axons.
Critically, we have previously shown that hNSC transplanted directly into the SCI epicenter
become fate locked to generate astrocytes inside and proximal to the lesion site [113]. In
contrast, few human astrocytes were observed within or adjacent to the PLG bridge. These
data thus also suggest that multipotent hNSC that enter the PLG bridge follow a beneficial
developmental program after transplantation, exhibiting the capacity to follow newly grown

axons long distances and differentiation in a lineage appropriate manner.

We previously reported CST axons can regenerate through an implanted PLG bridge.
Here, PRV tracing demonstrates CST axons that traverse the PLG bridge become synaptically
connected to the ipsilateral forelimb muscle below the level of injury. This is the first report
demonstrating the reestablishment of synaptic neural circuitry of any kind between the
brain and neuromuscular junction after SCI via regeneration through a biomaterial bridge
alone; previous electrophysiology studies have not demonstrated evidence of a synaptic
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circuit after long term bridge implantation without either cell transplants or
pharmacological manipulations [27] [114]. Critically, analysis of PRV also identified that
hNSC-derived neurons also integrated into mouse host spinal synaptic circuitry by
26WPT. These data again suggest that multipotent hNSC that enter the PLG bridge do not
become fate locked to the astroglial lineage, but rather exhibit the potential to integrate in

host circuitry via differentiation to not only myelinating oligodendrocytes and neurons.

Intriguingly, while hNSC transplantation resulted in an increase in the NF-H volume
of axons within the PLG bridge, the number of PRV-labeled axons within the bridge and PRV-
labeled cell bodies in the motor cortex was unchanged. Several parameters are important to
consider in interpreting these results: 1) hNSC may not enhance the synaptic connectivity of
these fibers but instead contribute to the improvement in myelinating these functional axons
in the PLG bridge; 2) The presence of hNSC in the spinal circuitry may led to an increase in
the number of synapses formation below the level of injury, which may need a longer period
of mice survival after PRV injection for the virus to sequentially infect the synaptically-
connected neurons and reach the motor cortex, 3) factors secreted by the engrafted hNSC
may enhance the recruitment of descending axons from brainstem areas into the bridge.
Brainstem motor pathways including reticulospinal- and rubrospinal tracts play a major part

in controlling rodent locomotion [115].

Achieving efficacy after hNSC transplantation in the chronic period post-SCI is
generally thought to be a challenging target. A key question is the functional impact of
combined acute PLG bridge implantation and chronic hNSC transplantation on locomotor

recovery. The observed motor recovery in the bridge implantation only group is consistent
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with our previous reports, and the pro-regenerative impact of the PLG bridge and rewiring
the severed circuitry. We have not previously tested the potential for hNSC to mediate
locomotor recovery in a partial transection SCI model, however the observed improvement
is consistent with our previous reports in contusion SCI. While the chronic hNSC
transplantation paradigm employed in this study is not consistent with acute sparing as a
mechanism for repair, these data do suggest that hNSC contribute to repair via pleiotropic

mechanisms.

hNSC transplanted in the absence of a PLG bridge were confined to the spared tissue
above and below the lesion, and the region contralateral to the lesion site. Similarly, no
axonal regeneration occurred through the injury site in the absence of bridge implantation.
Thus, recovery in this group had to have been mediated by mechanisms that did not involve
either regeneration of axons or myelination of those axons. In this context, alternative
mechanisms of repair could include: (i) Strengthening of undamaged intact motor circuity
rostral to the lesion. Spinal motor neuron columns innervating the forelimb muscles range
from C2-T1, with a majority spanning the C5 spinal segment [116]. As we show, this leads to
significant motor function deficits (90% loss of placement in gelfoam + vehicle control
animals) after a C4/C5 lesion. However, while insufficient to maintain function in animals
that receive neither a bridge or cell transplants, there will be motor neuron sparing within
the C2-C3 region; hNSC in the absence of bridge implantation could potentially enhance this
spared circuitry. (ii) While there is a failure of regeneration through the lesion site in the
absence of an implanted PLG bridge, it is known that this lesion produces significant
sprouting and reorganization of descending motor tracts, including increases in crossing
fibers by CST [117, 118]. Thus, enhancement or modulation of these compensatory
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connections by transplanted hNSC contralateral to the lesion, or in the ipsilateral regions
above and below the lesion, could also improve outcome. In this regard, studies have shown
that as a consequence of secondary tissue degeneration following hemisection spinal cord
injury, oligodendrocytes die due to apoptosis and spontaneous demyelination of intact axons
on the contralateral side, and a decline in conduction of these axons [119, 120]. Our results
indicate an increase in oligodendrocytic fate in the tissue contralateral to the injury
suggesting that hNSC may in part support motor recovery by remyelinating and
strengthening these spared axons. Consistent with a pleiotropic effect of hNSC in this model,
kinematic analysis suggested that motor recovery in the combination group is mediated in
part through parallel mechanisms, in which bridge implantation supported recovery of the
ipsilateral side whereas hNSC treatment supported improvement on the contralateral side.
Critically, motor recovery observed in the hNSC transplantation group was further improved
by combination with acute PLG bridge implantation, suggesting an additive or synergistic
effect, perhaps via remyelination of regenerating axons. Importantly, PRV synaptic tracing
indicated evidence of hNSC integration into synaptic circuitry at 26 WPT, as well as additional
evidence of donor myelin in the host axons. Together, these data suggest that an extended

study timecourse may be necessary in order to the full potential for synergistic repair.

Overall, this study provides insight into the dynamics of the SCI innate inflammatory
milieu in presence of an implanted PLG bridge, identifying modulation of the cellular
inflammatory response. We demonstrated that PLG scaffold can influence hNSC fate choice
and the response of these cells to inflammatory cues derived from innate immune cells,
specifically by PMN & Mg. hNSC transplantation into the spared parenchyma in the chronic
post-SCI period supported robust engraftment, migration, and differentiation, and revealed
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novel evidence for the extensive capacity of these cells to migrate into PLG bridge channels
along regenerating axons, demonstrating integration into the host spinal cord as both
myelinating oligodendrocytes and synaptically connected neurons. Beyond axon
regeneration into and through the PLG bridge, we show novel evidence that axons in the PLG
bridge form a synaptically connected circuit that includes ipsilateral forelimb muscle and is
associated with motor recovery. hNSC transplantation significantly enhanced the total
number of regenerating and myelinated axons identified within the PLG bridge.
Furthermore, CRYM-GFP mice with reporter mT-mNSC transplantation showed evidence of
donor cell-mediated CST myelination within the PLG bridge. Finally, the combination of
acute bridge implantation and hNSC transplantation improved ipsilateral forelimb recovery
vs. hNSC transplant alone at 16 WPT. Together these data represent a highly novel approach
to enhance neurorepair through a temporally layered approach using acute bridge
implantation and chronic cell transplantation to spare tissue, promote regeneration, and

maximize the function of new axonal connections.

SUPPLEMENTAL METHODS

CRYM-ZsGreen1 transgenic mice derivation

The transgenic CRYM-ZsGreenl mice were generated by crossing the Crymecre
transgenic mice (MMRRC_036627-UCD) with the Ai6 mice that contain a CAG promoter-
driven enhanced green fluorescent protein variant (ZsGreenl) (JAXmice # 007906, The
Jackson Laboratory, Bar Harbor, ME). Mu-Crystallin (Crym) is expressed in a diverse array
of tissues, including layer V-VI of motor cortex in the brain; we have demonstrated that

reporter expression is localized exclusively to CST axons in the spinal cord [16]. Cre
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recombinase-mediated excision of a floxed STOP enabled the expression of

CrymCre:ZsGreen1 specifically in CST axons in the spinal cord.

mT-mNSC Line Generation and Cell Culture

mT-mNSC were collected from 24 Gt(ROSA) 26 Sor tm4(ACTB-tdTomato,-
EGFP)Luo/] mice (JAXmice #007576, The Jackson Laboratory, Bar Harbor, ME). mT-mNSC
were isolated from the embryo cortices of embryonicday 11-12 (E.11-12) mice as previously
described [55]. mT-mNSC ubiquitously expresses a membrane-targeted tdTomato reporter
[42], which allows for visualization and identification of donor cell-derived myelin within
the PLG bridge. mT-mNSCs were cultured as previously described (Fig. 2.6) [55].

Immune suppression in CRYM-ZsGreen1 transgenic mice:

To block the T-cells mediated allograft rejection of mT-NSCs in the CRYM-GFP
immunocompetent mice, we used the combinatorial immunosuppression agents
Cyclosporine A and Anti-CD4 antibody. Cyclosporine A (CsA) (10 mg/kg, subcutaneous
injection; Perrigo, Minneapolis, MN) was administered two days prior to transplantation and
daily after the injury until sacrifice. The Anti-CD4 antibody (5 mg/kg, Intraperitoneal
injection; Invitrogen, Waltham, MA) was injected one day prior to transplantation and bi-
weekly thereafter until sacrifice.

To optimize the anti-CD4 antibody dosage and administration interval, we tested
three different amounts of dosage: 1 mg/kg, 5 mg/kg and 10 mg/kg. In this study, all mice
received either one of the doses or the vehicle intraperitoneal injection of one day prior to
the C5 hemisection SCI. The tail vein blood was collected and analyzed for the presence of

CD45+/CD4+ cells daily until 14 DPI and once at 21 DPI using flow cytometric analysis.
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Antibody sources, and the dilutions were used as listed in Table 1. For the result, 1 mg/kg
dosage started to have CD4+ cells rise at only five DPI; the 5 mg/kg and 10 mg/kg doses
suppressed the number of CD4+ Th-cells for 14 DPI (Supli Fig.2.3). Since 5 mg/kg dose
showed similar suppression as 10 mg/kg dose of CD4+ cells, we used 5 mg/kg dose of anti-
CD4 antibody for injection one day prior to mT-mNSCs transplantation and then bi-weekly
until sacrifice. [For the period anti-CD4 dosage optimization study mice were administered
CsA (10 mg/kg, subcutaneous injection; Perrigo, Minneapolis, MN) two days prior to C5

hemisection SCI and daily after the injury until 21 DPI].
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Figure 2.1: Experimental design Schematic/Schematic diagram. (A) Quantitative innate
immune cell profiling in the presence of PLG bridge following SCI. Schematic shows C5
hemisection injury and implantation of PLG bridge or gelfoam (control) at the injury site.
Next, C4 to C6 spinal cord segments (injury at C5) were dissected at different time points
post-injury. Dissected spinal cord tissues were processed for flow cytometric analysis and a
representative flow cytometry plot shows the gating for the total myeloid population (CD45+
CD11b+). Within this myeloid population, we further gated for neutrophils/PMNs (Ly6G+)
and M@ /microglia (CD68+) subpopulations. The proportions of these innate immune cells
were profiled at different timepoints in C57 BIK6 (Fig. 2.2) and Rag1 (Supp Fig 2.1) mice. (B)
In vitro analysis of PLG-scaffold and innate immune cues on hNSC cell fate. PMNs and M@
were isolated from peritoneal cavities of Ragl immunodeficient mice stimulated with 12%
sodium caseinate (i.p. injection). PMNs and M@ were subsequently cultured in hNSC
differentiation medium (DM) and respective condition media were collected. Next, hNSC
were differentiated on PLO/LAM (control substrate) and PLG scaffold in the presence of DM,
PMN-CM, and M@-CM. hNSC fate was quantified using imaris software following
immunocytochemistry. (C) Timeline for the combinatorial approach of PLG bridge
implantation and hNSC transplantation in vivo. Ragl immunodeficient mice received C5 left
hemisection injury and immediate PLG bridge or gelfoam implantation. After four weeks
post-injury (WPI), transplantation of hNSC or vehicle was conducted. hNSC were
transplanted into the spared tissue parenchyma at two sites rostral and caudal to the
injury. hNSCs fate and distribution, host axonal regeneration, myelination status, and
locomotor recovery were analyzed at 16 weeks post-transplantation (WPT). Finally,
transsyaptic PRV retrograde tracing was performed at 26 WPT (equivalent to 30 WPI) to
investigate if the regenerated axons in the PLG bridge are synaptically connected below the
level of injury.
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Figure 2.2: Innate Immune Cell Time Course in C57BL/6 Mice Injured Spinal Cord. (A)
The total myeloid cell population infiltration in the gelfoam (orange) group and PLG (blue)
groups over time. (B-C) Proportions of neutrophil/PMN (B) and M@/microglia (C)
subpopulations shown over time. (D) Comparison of the Ly6G+ PMNs (dark orange circle
line) and M@/microglia (light orange square line) ratios in the gelfoam group. (E)
Comparison of the Ly6G+ PMNs (dark blue circle line) and M@/microglia (light blue square
line) ratios in the PLG group. Comparisons showing * are using 2-way ANOVA, followed by
Sidak test (****p <0.0001, ***P<0.001, **P<0.01, *P<0.05). Comparisons showing # are using
unpaired t-tests at each time point (####p <0.0001, ###P<0.001, ##P<0.01, #P<0.05). Mean *
SEM, n=3-5 per group.
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Figure 2.3: In Vitro Assessment of hNSC Fate in the Presence of PLG Substrate and
Immune Cues. Representative images and quantification of hNSCs differentiation profile on
either a PLO/LAM or PLG substrates with differentiation medium (DM), PMN conditioned
medium (PMN-CM), and macrophage conditioned medium (M@-CM) for oligodendrocyte
marker (Olig2; A-F), astrocytic marker (GFAP; H-M), and neuronal marker (Tubulin BIII; O-
T). Quantitative comparisons were performed for oligodendrocytic fate (G), astrocytic fate
(N), and neuronal fate (U). Black lines and * show comparisons between DM control, PMN-
CM, and M@-CM groups on the PLO/LAM substrate. Blue lines and * show comparisons
between DM control, PMN-CM, and M@-CM groups on the PLG substrate. Green lines and *
shows significant changes between PLO/LAM and PLG substrates. Purple lines and *
comparing the two PLG/CM groups to the PLO/LAM-DM control group. (V) Nuclei count of
hNSCs differentiated in the presence of PLG scaffold versus the control PLO/LAM in the hNSC
differentiation media. There was no significant difference in the total number of cells grown
on the two substrates. (X-Y) PLG modulation of hNSC fate by sequestering immune cues in
the conditioned media. Total protein levels (W) and C1q levels (X) were significantly reduced
in M@-CM after 48hr pre-incubation with PLG (M@-CM-PI). (Y) Oligodendrocytic fate was
partially restored in hNSC grown on PLO/LAM substrate in the presence of M@-CM-PI.
Comparisons showing * are using one-way ANOVA, followed by Tukey post hoc tests for all
comparisons. (****p <0.0001, ***P<0.001, **P<0.01, and *P<0.05). Comparisons showing #
are using unpaired t-tests (####p <0.0001 and ##P<0.01). Mean *SEM, N = 3-4 biological
replicates/condition with a minimum of two technical replicates per condition.
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Figure 2.4: Stereological analysis of hNSC fate and distribution along the spinal cord.
(A) Schematic of spinal cord injury, showing the injury epicenter at C5 and indications of
coordinate in pm. ‘X 'represents locations of hNSC transplantation at two injection sites
rostral and two sites caudal to the injury epicenter. Ipsilateral refers to the same side as the
injury, and contralateral refers to the opposite side. Dashed lines represent rostral-caudal
axis binning used for histological quantifications (720, 1440, 2160 microns from injury
epicenter). (B) Representative image of a coronal spinal cord section showing distribution
of SC121+ transplanted human hNSC (red) and total cell nuclei (blue). (B1) shows a
magnified insert of B. (C) Stereological estimation of the number of SC121+ cells in rostral
and caudal regions in PLG and gelfoam groups. (D-F) Quantification of transplanted SC121+
hNSC in the total spinal cord (D), ipsilateral to the injury (E), and contralateral to the injury
(F). (G-R) Representative images and quantification for (G) SC121+/OLIG2+
oligodendrocytes, (J) SC121+/DCX+ neuronal precursors, (M) SC121+/NeuN+ mature
neurons, and (P) SC121+/GFAP+ astrocytes. Total numbers of stereologically quantified
lineage specific cells for oligodendrocytes (H, ipsilateral side; I, contralateral side), neuronal
precursors (K, ipsilateral side; L, contralateral side), mature neurons (N, ipsilateral side; O,
contralateral side), and astrocytes (Q, ipsilateral side; R, contralateral side). Statistical
analysis by unpaired two-tailed t-tests (*p<0.05, **p<0.005, Mean *SEM, N=5-6/group).
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Figure 2.5: PLG bridge creates a permissive injury environment for hNSC engraftment
and influences hNSC fate. (A-A1) Representative images of spinal cord section at the injury
side for the Gelfoam group. A1 shows no hNSCs engrafted. (B-B1 & B2) Representative
images of spinal cord section at the injury side for the PLG group. B1 and B2 show numerous
hNSCs migrated inside the PLG channel. White dotted lines outline the injury side (ipsilateral
side) in both gelfoam and PLG groups. Inserts FigA1 and B1-B2 show higher magnification
images. (C) Quantification of total SC121+ hNSC comparing gelfoam and PLG groups (data
represents number of cells per 30um section). (D) Quantification of hNSC fate within the PLG
bridge (data represents percentage of each cell fate) (E-H) Representative images of hNSC
fate in the PLG bridge for SC121+/0OLIG2+ oligodendrocytes (E), SC121+/DCX+ neuronal
precursors (F), SC121+/NeuN+ mature neurons (G), and SC121+/GFAP+ astrocytes (H). (I)
Quantification of total SC121+ hNSCs in the contralateral side comparing gelfoam and PLG
groups. (J-M) Quantification of hNSC fate in the contralateral side comparing gelfoam and
PLG groups. (N-Q) Data was replotted to show a proportional shift in hNSC fate by comparing
injury side (data from D) versus estimated percentage contralateral side (data from [-M) for
the PLG group. Statistical analysis by unpaired two-tailed t-tests. (**p<0.005, ****p<0.0001,

Mean +SEM, N=5-6/group).
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Figure 2.6: Combination of PLG bridge implantation and hNSC transplantation
enhances axonal regeneration and oligodendrocytic myelination. (A) Immunograph of
horizontal plane mouse spinal cord section (C5 left hemisection injury) with PLG bridge at
the injury site showing axonal regeneration from both rostral and caudal parenchyma at 6
weeks post-SCI and bride implantation. White dashed lines marking the bridge-tissue
interface. (A1-A2) Higher magnification image of (A); (A1) NF-H+ descending motor axons
(A2) NF-H+ ascending sensory axons within the channels of PLG bridge. (B & C)
Representative images of transverse plane mouse spinal cord section receiving gelfoam
implantation (B, B1) and PLG bridge implantation (C, C1) at 20 weeks post-SCI and bridge
implantation (16WPI). White dashed lines outline the injury side (ipsilateral side) in both
gelfoam and PLG groups. Boxes B1 and C1 indicate regions shown at high magnification.
Gelfoam implantation shows minimal to no axonal growth, whereas PLG implantation
supported robust axonal regeneration. (A-C) Sections were counterstained with a nuclear
marker (Hoechst, blue). (D-E) Triple immunostaining shows NF-H labeled axons (NF-H;
green), oligodendrocyte derived myelin (MBP; red) and Schwann cell myelin (PO; blue).
Boxes indicate the region shown at higher magnification with 3D surface masks representing
unmyelinated axon (D1), Schwann cell myelinated axon (D2, and E2) and oligodendrocyte
myelinated axons (E1). (F) Data represents the total NF-H volume and the myelination status
of the NF-H+ axons. (G-I) Total NF-H volume (G), NF-H volume associated with
oligodendrocyte myelin (H), and NF-H volume associated with Schwann cell myelin (I) were
normalized to Gelfoam + Vehicle control (dashed line) and statistical comparisons were
conducted using unpaired two-tailed t-tests (*p<0.05 and ***p<0.001) and one sample t and
Wilcoxon test (#p<0.05 and ##p<0.01). n=5-6 mice/group, one spinal cord section per mouse
and 3 to 6 images within the injury site (Mean *SEM). (]J) SC121 + processes (red) warping
around NF-H axons (blue). (K) High power merge image and (K1-K3) Individual channel
images representing SC121+ human cytoplasm in the outermost layer of myelin. (L-M) mT-
mNSCs showing close alignment with regenerated axons in the PLG bridge NF-H* axons (L)
and CRYM-GFP+ CST axons (M) at 12 WPT.
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Figure 2.7: Transsynaptic pseudorabies virus (PRV) tracing indicates that the
regenerated CST axons through the PLG bridge are synaptic connected. (A-Al)
Horizontal section showing PRV labeling (green) in the gelfoam group; A1 insert shows that
PRV fibers were not observed in the gelfoam implantation site. (B) Horizontal section
showing PRV labeling in the PLG group. (B1-B3) Higher magnification inserts show PRV+
regenerated fibers inside the PLG bridge. (B4-B5) PRV+ fibers rostral to the PLG bridge. (B6)
PRV+ fibers caudal to the PLG bridge. (C) Quantification of PRV labeling in the injury site
(quantification performed for one in every six sections). (D-E) Representative image of PRV
labeling in the contralateral motor cortex gelfoam group (D) and PLG group (E). (F)
Quantification of total PRV-labeled CST cell bodies in the motor cortex. (G) STEM121+ cells
stained positive to GFP+PRV suggest stable integration into host circuitry. Groups were
compared using one-way ANOVA, followed by Tukey post hoc tests (*P<0.05, **P<0.01).
Statistical analysis by multiple unpaired t-tests. (#p<0.05, ##p<0.01). n = 3-5 biological
replicates/group. Mean +SEM.
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Figure 2.8: PLG bridge

Locomotor behavior assessment of paw placement errors on the horizontal ladder
beam and Catwalk gait analysis. (A) Images depicting mice performing the horizontal
ladder beam task. Arrows pointing a good versus missed ipsilateral (left forelimb) paw
placement. (B) Quantification results of ipsilateral paw placement showed a significant
reduction in errors for all three treatment groups 20 weeks after injury (16WPT). Groups
were compared using one-way ANOVA, followed by Tukey post hoc tests (****p <0.0001,
**P<0.01, and *P<0.05) and unpaired t-tests (####p <0.0001, ##p<0.001, and #p<0.05) mean
+SEM and N=9-13 animals per group (or Gelfoam + Vehicle (n=11), Gelfoam + Cells (n=10),
Bridge + Vehicle (n=10), and Bridge + cells (n=12). (C) Table of p-values for two-way
ANOVAs. Variables highlighted in gray have p value < 0.05 for the effect of hNSC
transplantation and bridge implant.
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Supplemental Figure 2.1: Innate immune cell time course in Ragl immunodeficient
mice injured spinal cord. (A) The total myeloid cell population infiltration in the gelfoam
(orange) group and PLG (blue) groups over time in Rag1 mice. (B) Comparison of the Ly6G+
PMNs (dark orange circle line) and M@ /microglia (light orange square line) ratios in the
gelfoam group of Ragl mice. (C) Comparison of the Ly6G+ PMNs (dark blue circle line) and
M@ /microglia (light blue square line) ratios in the PLG group of Ragl mice. Similar to
C57BL/6 mice, the neutrophil population peaked acutely at 1DPI and re-emerged by 24WPIL.
Similar to the trend noted in C57BL/6 mice, the PLG bridge retained the M@/microglia
population over a prolonged time (up until 8 WPI); whereas, in the gelfoam group
M@ /microglia drops after 1 WPI. Comparisons showing * are using 2-way ANOVA, followed
by Sidak test (****p <0.0001, ***P<0.001, **P<0.01, *P<0.05). Comparisons showing # are
using unpaired t-tests at each time point (¥##p <0.0001, ###P<0.001, #P<0.01, # P<0.05).
Mean +SEM, n=4-5 per group.
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Supplemental Figure 2.2: Peritoneal PMN or macrophages (M@) cell profiling to
generate condition media for hNSC In vitro fate analysis.

(A) Peritoneal derived PMNs and M@ were isolated from Rag1 mice after 12 hours, 24 hours,
3 days, and 5 days post 12% sodium caseinate (i.p. injection) and profiled using BD
FACSCalibur flow cytometry device (Nguyen and Tidball 2003). We confirmed that Ly6G+ve
PMNs are the predominant population at 12-24 hours post injection; whereas F4/80+ve
macrophages emerge starting around 24 hours and dominate by 7 days post
injection. Isolated cells were analyzed after labeling with antibodies to Ly6G (PMNs) and
F4/80 (macrophages). (B-C) Representative images of peritoneal cells post flow analysis,
depicting the predominant Ly6G+-PMNs population at 14 hours post injection (B), and the
F4 /80+-macrophages population at 5 days post injection.
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Supplemental Figure 2.3: CRYM-ZsGreenl mice showing GFP expression in CST and
tdTomato membrane reporter expression in mT-mNSC, optimization of anti-CD4
immunosuppression paradigm, and motor recovery assessment. (A) To answer the
question of whether donor NSC myelinates the regenerating CST axons, we generated a
CRYM-ZsGreenl transgenic mice colony that expresses GFP in the CST axons (A, see
Supplemental Methods. 1). (B) Mouse NSC (mT-mNSC) were derived from the embryonic
day 12 (E12) pups cortices of tdTomato transgenic mice and cultured and expanded in vitro
(see Supplemental Methods. 2). Transplantation was conducted at passage 4 (P4). These
mT-mNSC ubiquitously express membrane-targeted fluorescent tandem dimer Tomato
(tdTomato). This fluorescent labeling will enable the detection of donor mT-mNSC in the
mouse-to-mouse transplantation paradigm [42]. The tdTomato membrane reporter allows
for the identification of myelinated regions of the donor cells, as cytoplasmic labels may be
lost when myelin is compacted. CRYM-ZsGreen1 mice received C5 hemisection SCI with
immediate PLG bridge implantation and chronic mT-mNSC transplantation (4WPI) into the
rostral and caudal parenchyma. (C) Immunosuppression regimen includes the combined
administration of Cyclosporine A (CsA) (10 mg/kg, subcutaneous injection) two days prior
to transplantation followed by daily after the injury until sacrifice and Anti-CD4 antibody (5
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mg/kg, Intraperitoneal injection) one day prior to transplantation and bi-weekly thereafter
until sacrifice. To optimize the anti-CD4 antibody dosage and administration interval, we
tested three different amounts of dosage: 1 mg/kg, 5 mg/kg and 10 mg/kg. In this study, all
mice received either one of the doses or the vehicle intraperitoneal injection of one day prior
to the C5 hemisection SCI. CsA (10 mg/kg, subcutaneous injection; Perrigo, Minneapolis, MN)
was administered two days prior to transplantation and daily after the injury until 21 DPIL.
The tail vein blood was collected and analyzed for the presence of CD45+/CD4+ cells daily
until 14 DPI and once at 21 DPI using flow cytometric analysis. For the result, 1 mg/kg dosage
started to have CD4+ cells rise at only five DPI; the 5 mg/kg and 10 mg/kg doses suppressed
the number of CD4+ Th-cells for 14 DPI (Supl Fig.2.3). Since 5 mg/kg dose showed similar
suppression of CD4+ cells, we used 5 mg/kg dose of anti-CD4 antibody for injection one day
prior to mT-mNSC transplantation and then bi-weekly until sacrifice. (D-G) Lomomotor
functional recovery after mT-NSC transplantation. Ladder beam analysis at 12 weeks post-
transplantation data showed no significant difference observed between the treatment
groups with one-way ANOVA due to small sample size (Data not shown). (D-G) Comparison
of paw placement errors for pre-transplantation (Pre-TX) versus 12WPT. Gelfoam+Vehicle
and Gelfoam + mT-mNSC groups showed no significant improvement in recovery over time
(D, E). Whereas the Bridge+Vehicle (*p =0.0466) and Bridge + mT-mNSC group (**p=0.0022)
groups showed further significant improvement in paw placement on the horizontal ladder
beam by 12WPT. (Statistical analysis conducted using Paired t-test, n = 6

animals/group, Mean *SEM
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Supplemental Figure 2.4: Validation of PRV labeling in young and aged naive mice.
(A-B) PRV was injected in the forelimb triceps of intact naive mice and was retrogradely
traced to the motor cortex and hypothalamus in the brain. PRV labeling was validated in both
young (2 months, A) and aged (10 months, B) old mice. (A) Representative image in 2 month-
old young mice demonstrating PRV retrograde tracing. The majority of the PRV labeled
neurons were detected in the contralateral motor cortex, with a lesser amount of labeling in
the ipsilateral cortex (same side as tricep injection site) (A1-A2). In contrast, in the
paraventricular nucleus (PVN) of the hypothalamus, the predominant portion of labeling is
shown on the ipsilateral side (A3-A4). (B) To keep the age of the mice parallel to the duration
of the SCI and hNSC transplantation experimental model, PRV labeling efficiency was
validated in 10 months old mice. The overall load of PRV tracing was drastically reduced,
suggesting weakening of synaptic connections in the aged mice. A similar pattern is detected
in the contralateral/ipsilateral motor cortex (B1-B2) and hypothalamus (B3). (C) PRV-GFP
labeling in the spinal cord, depicting the majority of the PRV signal on the ipsilateral side.
Multiple cervical spinal cord sections (1: 6th sampling) in the naive spinal cord were overlaid
to generate a maximum projection image. The image illustrates the PRV labeled neurons and
axons in the cervical spinal cord; the predominant labeling in the ipsilateral side and few
propriospinal neurons labeled on the contralateral side due to decussation of fibers at
multiple segments across the spinal cord. (C1) High magnification image showing the CST
fibers (long tract motor axons) in the ipsilateral side. (D) Colabeling with choline
acetyltransferase (ChAT) showed some PRV+ cell bodies are primary motor neurons. (E)
PRV labeled neurons and axons were stained negative for calcitonin gene-related peptide
(CGRP) sensory markers. Critically, this suggests that PRV is specific to motor neurons, and
not sensory neurons.
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Table 2.1. List of primary antibodies, sources, and dilutions.

Primary Host Dilution Manufacturer Specificity
Antibody
Olig2 Rabbit 1:250 Abcam Oligodendrocytes
GFAP (in vitro) Rabbit 1:1000 Dako Astrocytes
Tubulin BIII Mouse 1:1000 Biolegend Neuron
STEM121 Mouse 1:500 Takara Human Neural Stem Cell
DCX Goat 1:500 Santa Cruz Immature neurons
Biotechnology
NeuN Rabbit 1:500 Millipore Mature neurons
GFAP (in vivo) Goat 1:1000 Abcam Astrocytes
NF-H Rabbit 1:500 Millipore Axons and processes
MBP Mouse 1:250 R&D Systems Myelin basic protein
PO Chicken 1:500 Aves Schwann cell myelin
GFP Goat 1:250 Abcam Green fluorescent protein
(CST and PRV)
RFP Rabbit 1:500 Rockland Red fluorescent protein
(mT-mNSC)
ChAT Rabbit 1:200 Abcam Motor neurons
CGRP Rabbit 1:200 Sigma Sensory fibers
CD45 Rat 1:100 Biolegend Hematopoietic cells
CD11b Rat 1:100 bd biosciences Myeloid Cells
Ly6G Rat 1:100 Biolegend Neutrophils (PMNs)
CD68 Rat 1:100 Biolegend Macrophages
F4/80 Rat 1:100 SeroTec Macrophages
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CHAPTER 3

Combination of Biomaterial Bridge Implantation and Interleukin-10 Expression to
Modulate the Inflammatory Response and Promote Neural Regeneration and
Connectivity after Spinal Cord Injury

ABSTRACT

Spinal cord injury (SCI) is caused by an initial trauma that leads to immune cell
infiltration and initiation of an inflammatory cascade that mediates axon degeneration,
demyelination, neural cell loss including apoptosis of oligodendrocytes, and the formation of
inhibitory barriers for regeneration. Macrophages are the key players in the neuroimmune
niche following SCI, playing divergent roles based on their surrounding stimuli. Anti-
inflammatory cytokines such as interleukin-10 (IL-10) can induce neuroprotective and pro-
regenerative activation states in macrophages. In this study, we investigated the effect of
localized lentiviral expression of IL-10 with or without multi-channel poly(lactide-co-
glycolide) (PLG) bridge implantation on outcome after spinal cord injury. Combinatorial IL-
10 delivery and PLG bridge implantation resulted in a synergistic improvement in ipsilateral
paw function. Transsynaptic pseudorabies virus (PRV) retrograde tracing demonstrated that
axons regenerate through the PLG bridge and form a synaptic relay between corticospinal
neurons as well as the paraventricular nucleus of the thalamus and the neuromuscular
junction, and that the number of connected neurons in the PVN was increased by combined
treatment with IL-10 and Bridge implant. Our findings support the combination of PLG

bridge implantation and IL-10 expression as a novel therapeutic strategy for modulating
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neuroinflammation and promoting motor recovery after SCI by reestablishing the damaged

circuitry.

INTRODUCTION

SCI is a complex and devastating condition that can impair motor-sensory and
autonomic functions, resulting in paralysis below the level of injury. The pathophysiology of
SClis characterized by primary and secondary injury phases. Primary injury results from the
initial impact, whereas secondary injury results from subsequent tissue damage caused by
the interplay of environmental factors at the injury site. Injury to the spinal cord initiates a
progressive inflammatory cascade that includes activation of resident immune cells
(microglia) and a rapid influx of peripheral immune cells (neutrophils and macrophages) via

a broken blood-spinal barrier [2].

Biomaterials have shown great promise for fostering axonal regeneration following
SCI [24] [14] [26] [18] [27] [28] [29] [30]. Poly (lactide-co-glycolide) (PLG) is a widely used
biomaterial for tissue repair, with a good biodegradability and biocompatibility profile. We
have shown that implantation of a multi-channel PLG-bridge at the SCI site limits scar
formation and promotes robust axonal regeneration [16] [40] [121] [26] [18] [122]. While
the CST is generally considered to exhibit minimal long tract regeneration after SCI [123],
CST axons are also capable of entering, traversing, and exiting an implanted PLG bridge [16],
and regeneration of these axons is associated with locomotor improvements. However,
although PLG bridge implantation supports axonal regeneration, regenerated axons in the

bridge are poorly myelinated, identifying a need for supplemental strategies for repair [22].
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Implanted PLG bridges exhibit robust infiltration and prolonged retention of host
immune cells and other cell types, with macrophages the predominant cell type observed in
the channels at 2 and 6 weeks post bridge implantation [48], where these cells contribute to
the biodegradation of the bridge polymer structure [124]. Macrophages/microglia are
primary orchestrators of the secondary injury phase and have been shown to play multiple
roles following SCI [125] [126] [127] [128]. The acute injury microenvironment is
dominated by pro-inflammatory macrophages (M1), which can release neurotoxic factors
including cytokines (e.g. interleukin -6, TNFa, and IFN), chemokines, and free radicals (nitric
oxide), all of which contribute to extended tissue damage within the spinal cord [2] [129]
[59]. Macrophages/microglia can also take on a pro-regenerative neuroprotective (M2)
state. Indeed, microglia play an important role in stabilizing the extent of tissue
degeneration, instructing by contributing to the formation of the glial scar, which sequesters
blood-derived immune cells in the lesion core and helps to preserve intact neural tissue [60,
130, 131]. Further, M2 macrophages/microglia contribute to repair by phagocytizing dead
cells/debris and promoting neuro-regeneration by the release of neurotrophic factors and

anti-inflammatory factors [132] [61].

Critically, macrophage/microglial phenotype can be modulated by cytokine
exposure, even when these cells are biased by the early injury environment [133] [134]. Park
et al showed that the combination of PLG bridge implantation with IL-10 delivery in a
thoracic SCI model shifts the macrophage response from a pro-inflammatory to a pro-
regenerative state, robustly enhances axon regeneration into the bridge and improves
locomotor recovery. Critically, IL-10 also increased the proportion of regenerated axons that
exhibited oligodendrocyte myelination in the PLG bridge [14]. Despite this enhancement,
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more than 50% of regenerated axons in the PLG bridges failed to show evidence of

oligodendroglial myelination, leaving significant room for improvement in this response.

One possibility to build on these data in future studies could be to combine these
approaches with delivery of a myelinating stem cell population. However, both allogeneic
and xenogeneic NSC transplants require constitutively immunodeficient animal models to
achieve long-term cell engraftment. Data from Park et al. also leave a critical gap in
understanding whether motor recovery is mediated through synaptic connectivity of
regenerated motor fibers below the injury [14] [73]. In this paper, we therefore address two
crucial gaps. First, we test the combination of PLG bridge implantation and IL-10 delivery in
an immunodeficient (Ragl) mouse cervical SCI model, analyzing both regeneration and
recovery of function. Second, we test whether recovery is associated with re-establishment
of synaptic connections below the injury site, and the influence of IL-10 treatment on the

number of connected neurons.

Overall, this study demonstrates the potential for combination therapy to modulate
macrophage response, promote motor recovery, axonal regeneration, and myelination.
Furthermore, we evaluated the association between motor recovery and synaptic
connectivity and integration of robustly regenerated axons. This research paves the way for
future studies that combine cell transplantation with PLG and IL-10 therapy to further

enhance myelination and functional integration of regenerated axons.

MATERIALS & METHODS

Animal Welfare
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Animal surgery procedures were performed in accordance with the Institutional
Animal Care and Use Committee at the University of California, Irvine, and in consistency

with U.S. Federal guidelines.

Fabrication PLG for in vitro studies

We prepared a 5% Poly(lactide-co-glycolide) (comprised of a 75:25 lactide: glycolide
ratio; Sigma-Aldrich Inc, Saint Louis, MO) in chloroform solution and dispersed it in a glass
petri dish covered with 1mm sodium chloride crystals. Following chloroform evaporation (2
hours), water was added to the dried salt/polymer and allowed to sit for twenty-four hours
to leach out sodium chloride. Petri dishes with PLG scaffold were sterilized with 70%
ethanol, one sterile water wash, and UV exposure in the laminar flow hood.
Macrophage isolation and anti-inflammatory cytokine hIL-10 treatment

As previously described, macrophages (M@) were isolated from peritoneal cavities of
adult female Ragl immunodeficient mice, as previously described (Fig. 3.1A) [135]. Mice
were given an i.p. injection of 12% sodium caseinate and M@ were collected at 5 post-
injections. Isolated M@ were seeded with X-vivo media (X-vivo based media (Fisher
Scientific, Waltham, MA) supplemented with bFGF (0.1 ng/mL), BDNF (PeproTech) (10
ng/mL), GDNF (10 ng/mL), Heparin (2 mg/mL), NAC (63 mg/mL), N2 (1:100), B27 (1:20)
supplement and Ciprofloxacin (Cellgro) (10 mg/mL). M@ were cultured for 4 days on PLG or
plain glass substrate and received either human recombinant IL-10 protein (10 ng/mL; R&D
Systems) treatment or vehicle (PBS). Media was replaced 48 hours following treatment.

Quantitative PCR
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RNeasy Mini Kit (Qiagen, Chatsworth, CA) was used to isolate RNA from M@ samples
following treatment. RNA samples were treated with DNA-free DNase I to eliminate traces
of genomic DNA (Ambion, Austin, TX). cDNA was generated using High-Capacity cDNA
Reverse Transcription Kit per the manufacturer's instructions (Life Technologies, Carlsbad,
CA). Quantitative Real-Time PCR reactions were performed using Tagman Universal Master
Mix and Tagman gene expression assays (Thermo Fisher Scientific, Waltham, MA), according

to manufacturer’s protocol, in Applied Biosystems ViiA 7 Real-Time PCR System (Thermo

Fisher Scientific, Waltham, MA). Housekeeping gene GAPDH was used to normalize all target
genes and fold changes in expression were calculated using the DDCt method. Results
presented in technical replicates and biological quadruplets. List of Tagman gene expression
assays used for RT-PCR are listed in Table 3.1.
Fabrication of multiple channel PLG bridges for in vivo implantation studies
Poly(lactide-co-glycolide) (PLG) bridges were generated using a gas
foaming/particulate leaching method as previously described [40] [18]. The final bridge
dimensions were 1.15 mm in length, 1.25 mm in width, and 2 mm in height, containing 9
channels.
Lentivirus production
Lentivirus containing pLenti-CMV-Luciferase or pLenti-CMV-IL10 was produced
from HEK293T cells as previously described [15]. Virus titers were determined by a
Lentivirus qPCR Titer Kit (Applied Biological Materials, Richmond, BC, Canada) and 2E9
[IU/mL was used in this study.

Lentivirus loading into the multiple channel PLG bridge and gelfoam
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PLG bridge and gelfoam were disinfected (70% ethanol and sterile water wash). 2 pL
of lentivirus was added onto the material and, after a 2-minute incubation at room
temperature, excess moisture was removed with sterile filter paper and the process was
repeated three times. Lentivirus loaded bridge and gelfoam samples were stored on ice and
implanted within 3 hours. Lentivirus conditions included Interleukin 10 (IL-10) and Firefly
luciferase (FLuc; control)

Spinal cord injury

Cervical hemisection injury and postoperative care was performed as previously
described (Pawar, Cummings, et al. 2015). Briefly, the mice were anesthetized using 2%
isoflurane and the mice received C4-C5 laminectomies to reach the C5 vertebrae of the spinal
cord. All mice received left sided unilateral hemisection of 1-1.1 mm in length. Spinal cord
tissue was removed and immediately replaced with a lentivirus loaded either PLG bridge or
gelfoam (Pfizer, New York, NY). The exposed muscle was sutured using 5-0 chromic gut, and
the skin was closed using wound clips. All mice were placed in cages with clean Alpha-Dri
bedding on top of heating pads at 37°C overnight. The following subcutaneous injections
were administered post-op: Baytril (2.5mg/kg) once a day for two weeks, lactated ringers
(50mL/kg) once a day for five days, and buprenorphine (0.05mg/kg) every 12 hours for
three days. Expression of bladders was done manually twice a day for the study duration.
Oral antibiotics [ciprofloxacin (10mg/100mL), Sulfamethoxazole/Trimethoprim
(2mL/100mL), and ampicillin (20mg/mL)] were rotated every two weeks for the duration

of the study to avoid bladder infection.

Pseudorabies Virus (PRV) tracing
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PRV-152-GFP trans-synaptic tracer (2.48 X 109 pfu/ml; In collaboration with Dr.
Xiangmin Xu's laboratory, UCI) was injected into the ipsilateral (left) forelimb triceps muscle
of animals 30 WPI. This enables retrograde labeling of pyramidal neurons in the cortex and
validation of functional connectivity after PLG bridge implantation. After 10 minutes of
anesthesia (1.5 percent isoflurane in 02), a skin incision was made to expose the left triceps
forelimb muscle. 5 pL PRV was injected at different depths into two sites of the left forelimb
muscle using a stereotaxic Hamilton syringe with a 26-gauge needle, with a five-minute
interval between each injection. Using tissue adhesive Vetbond, the skin was sewn shut (St.
Paul, Minnesota, USA). The animals were transferred to a Biosafety Level D room, where they
received a Carprofen (5mg/kg) injection and continued to receive bladder care twice daily.
Four days after PRV injection, the spinal cord segment (C3 to C7) and brain tissues of mice
were perfused and dissected for further examination.

Perfusion, Tissue Collection, and Sectioning

Mice were anesthetized with 100 mg/kg pentobarbital and transcardially perfused
with PBS (15 mL) and 4% paraformaldehyde (100 mL) at 16 WPT (hNSC differentiation fate
and regeneration assessment) or 26 WPT (PRV connectivity tracing). Brain tissue and spinal
cord segments corresponding to C3-C7 roots were dissected and post-fixed/cryoprotected
overnight in 4% paraformaldehyde + 20% sucrose. The tissue was then flash frozen using -
600C isopentane and stored at -800C. Using a sliding microtome, brain tissue was sectioned
transversely, and 30um serial sections were collected in phosphate-buffered saline with 0.02
percent sodium azide and stored at 4 C until further use. C2-C8 spinal cord segments were
embedded in Neg50 Frozen Section Medium (Fisher Scientific International, Hampton, NH)

to be processed into 30 um thickness with a cryostat and Cryo-Jane tape transfer system
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(Leica Biosystems, Wetzlar, Germany). Transversely or horizontally sectioned spinal cords
were stored at -20 degrees Celsius until immunohistochemistry processing.
Immunohistochemistry and imaging

Spinal cord tissue sections slides (Cryo-Jane tape transfer slides) were dewaxed in
Histo-Clear II clearing agent (National Diagnostics, Atlanta, Georgia) rehydrated in
descending ethanol gradient (100%, 95%, 80% and 70%), and hydrated in distilled water
for 10 minutes. For antigen retrieval, slides were incubated in preheated sodium citrate
antigen retrieval solution (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min at 96
deg C in water bath. After 20 minutes at room temperature, the slides were rinsed with water
and immunohistochemistry was performed as described below. Spinal cord sections (Cryo-
Jane tape transfer slides) and brain sections (microtome, free-floating) were blocked (1.5%
donkey serum and 0.1% Triton X in PBS) for 1 hour at room temperature and incubated with
primary antibody (dilated in blocking solution) overnight at room temperature. Antibody
information and dilutions are listed in Table 2.1. Following 3 five-minute washes (0.1%
Triton-X 100 in PBS), tissue was incubated with appropriate fluorescent-dye conjugated
secondary antibodies and nuclear dye Hoechst 33342 (1:1000 dilution; Invitrogen, Waltham,
MA) for 2 hours at room temperature. After three final five-minute Triton-X 100 in PBS
washes, the slides were mounted with Fluoromount G. (SouthernBiotech, Birmingham, AL).
Images were captured using ZEISS Axio Imager II light microscope with an Apotome?2 image

processor and ZEISS LSM 900 with Airyscan 2 microscope (Zeiss, Oberkochen, Germany).

PRV quantification:
Spinal cord tissue was collected at 30 WPI and sectioned horizontally at 30um
thickness using CryoJane. Immunostaining (% sampling interval) was performed to detect
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PRV-GFP labeled fibers. All PRV+ fibers within the gelfoam/PLG bridge were counted
manually. Brain sections were sectioned coronally at 30um using a sliding microtome.
Immunostaining (all sections containing motor cortex, no sampling) was performed to
detect PRV-GFP cell bodies. All PRV+ cell bodies within the motor cortex were counted
manually. All quantifications were performed at 40X magnification using ZEISS Axio Imager
I light microscope with an ApotomeZ2 image processor by the investigators binded to the
experimental groups
Ladder beam analysis

All behavioral data were collected and analyzed by blinded observers. Mice were
handled daily for two weeks prior to pre-injury behavioral testing to acclimate animals to
human contact. Following a five-minute acclimation to the environment, mice were
recorded walking across a horizontal ladder beam for three trials. Video analysis quantified
each left paw placement error, as previously described [87].

RESULTS

PLG Scaffold and IL-10 Polarize Macrophages Towards an M2 Phenotype

We have previously shown that IL-10 and PLG bridge-implantation alter the bulk-
sequencing transcriptome of spinal cord host tissue after a thoracic hemisection injury [14].
Here, we sought to establish whether a shift in macrophage activation state could also be
achieved in the Rag-1 mouse model, in which we expect innate immune cell responses to be
attenuated. We examined the effect of IL-10 and PLG bridge on M1/M2 markers using
quantitative RT-PCR analysis on peritoneal-derived macrophages, as summarized in the
schematic in Figure 3.1A. Macrophage inflammatory state was assessed using three anti-
inflammatory markers for M2: [L-10, CD206, and Arginase 1 and two inflammatory markers
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for M1: TNF alpha, and IL-6 (Fig. 3.1B-F). Culture of macrophages on PLG scaffold alone
increased Argl expression (2-fold), and decreased IL-6 expression (0.48), but did not alter
the other markers analyzed. In contrast, culture of macrophages in the presence of IL-10
alone increased Arginase 1 (5.4-fold), CD206 (2.3-fold) and IL-10 (2.4-fold), and decreased
TNF alpha (0.26-fold), identifying a consistent shift towards an anti-inflammatory state. The
combination of PLG and IL-10 retained these effects and produced a synergistic effect on
CD206 (3.1-fold) (Fig 3.1C). Our findings indicate that IL-10 treatment decreases the pro-
inflammatory M1 phenotype while increasing the pro-regenerative M2 phenotype in Ragl

peritoneal macrophages.

Locomotor assessment revealed that PLG bridge and IL-10 supported motor recovery

and combinatorial therapy resulted in a synergistic outcome

Given that IL-10 enhances pro-regenerative gene expression and reduces pro-
inflammatory gene expression, we next tested the effect of PLG bridge implantation and IL-
10 delivery on locomotor recovery. We implanted the following treatment groups: 1)
gelfoam + plenti-CMV-Firefly luciferase (FLuc) lentivirus control, 2) gelfoam + IL-10
lentivirus, 3) PLG + FLuc control, and 4) PLG + IL10 lentivirus. As published previously, we

compared epicenter implantation of the PLG bridge to gelfoam control, which we have

shown to be inert and identical to an ‘empty 'condition for axonal regeneration [16]. A left-

sided cervical segment C5 hemisection injury induces motor deficits in the left forelimb. To
investigate the effect of bridge implantation, as well as the combination of bridge + IL-10, on
locomotor recovery. We used the horizontal ladder beam task at 20 WPI, analyzing left

(ipsilateral) forelimb placement errors as previously described [16], [87], [100], [101]. Mice
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were randomly assigned to each experimental group and the acquisition and analysis were
performed by observers blinded to experimental conditions as described under methods. At

the pre-injury time point, no significant differences were observed between experimental

groups (percentage error means: 8.0£0.66, 7.6+0.52, 8.9+0.65, and 8.3%+0.51 for Gelfoam +

FLuc, Gelfoam + IL10, Bridge + FLuc, and Bridge + IL10 group respectively; One-way ANOVA
P=0.4199). At 20 WPI, both the PLG bridge and IL10 alone groups showed a significant
decrease in placement errors (Fig. 3.2). Error reduction in IL-10 alone is consistent with a
previously published, neuroprotective effect of IL-10 treatment using this same vector in a
thoracic SCI model [14]. Similarly, the reduction of errors by PLG bridge implantation alone
is consistent with Pawar et al., in which we demonstrated the first evidence for CST
regeneration into and through an implanted PLG bridge in this ipsilateral cervical SCI
paradigm [16]. Critically, the PLG bridge + IL10 groups showed further enhanced motor

recovery in comparison to each individual treatment, supporting a combinatorial effect.

Combination of PLG bridge and IL-10 significantly enhanced axonal regeneration and

myelination.

To investigate the effect of IL-10 in combination with PLG bridge implantation on
axonal growth and myelination in an immunodeficient mouse model we compared epicenter
implantation of the PLG bridge to gelfoam control, which we have shown to be inert and

identical to an ‘empty ’condition for axonal regeneration [16]. Spinal cord tissues were

harvested and sectioned 20 weeks post-SCI, and sections were immunostained with
neurofilament heavy polypeptide (NF-H) to identify regenerated axons. PLG bridge groups

exhibited robust regeneration of NF-H+ axons into the lesion site, whereas control groups
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did not (Fig. 3.3A-D, G). Total axonal regeneration as well as the proportion of axons that
were unmyelinated, myelinated by oligodendrocytes (MBP+P0-), or myelinated by Schwann

cells (MBP+P0+ and MBP-P0+) was determined using Imaris’s 3D volume rendering in triple

immunolabeled high magnification images (Fig. 3.3E). PLG bridge alone significantly
increased NF-H+ axon regeneration, which was further enhanced by IL-10 (Fig. 3.3F-G).
Both Schwann cell-derived (Fig. 3.3H; MBP+P0+ plus MBP-P0+) and oligodendrocyte-
derived (Fig. 3.31; MBP+P0-) myelination of regenerated axons in the PLG bridge were also
increased by IL-10. This increased myelination reflects an increase in total axon regeneration
in the bridge; however, in addition to increased myelination, we observed an increase in the
proportion of axons myelinated by oligodendrocytes (Fig. 3.3F). PLG+IL-10 group: 32% of
total regenerated axons associated with myelin (~18% oligodendrocyte- and ~14%
Schwann cell-derived myelin). PLG bridge alone (naive): 21% of total regenerated axons is
associated with myelin (~6.5% oligodendrocyte- and ~14.8% Schwann cell-derived

myelin).

Clearly, however, the vast majority of axons in the PLG bridge in either condition
remained unmyelinated. This represents a significant deficit, as 40 to 60% of total axons, and
as much as. and CST axons as an example, only ~86% of CST axons, in healthy rodent spinal
cord are myelinated by oligodendrocytes. Together, these data demonstrate a benefit for IL-
10 for regeneration and myelination in combination with PLG bridge implantation, but also
support the need for an additional or more effective means by which to improve
connectivity. In this regard, these findings also validate theRAG1 model for this regeneration
paradigm, which will enable future testing of cell transplantation strategies to improve

myelination efficiency. While achieving robust myelination of regenerated axons remains a
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challenge, the robust regeneration identified in this paradigm is a significant finding. In this
regard, a key issue that has not previously been addressed, whether regenerated axons form
a functional synaptic bridge circuit between brain structures and the neuromuscular
junction is unknown. We therefore next investigated synaptic connectivity of regenerated

fibers using transsynaptic pseudorabies virus (PRV) tracing at 30WPI.

Transsynaptic pseudorabies virus (PRV) tracing assessment revealed that

regenerated axons in the PLG bridge are synaptically connected

We tested whether axons that regenerate into the PLG bridge become integrated into
synaptic circuitry via retrograde GFP-reporter pseudorabies virus (PRV) tracing. GFP-PRV
was injected into the forelimb triceps ipsilateral to the lesion site (Fig. 3.4A), with analysis
of axonal labeling in the bridge implantation/injury site (Fig 3.4B-D), in the motor cortex

(Fig. 3.5A-B), and in PVN of the hypothalamus (Fig 3.5A, C-D).

As for NF-H, PRV labeling was not detected within the injury site of either gelfoam or
gelfoam+IL-10 controls (Fig. 3.4B-B1), whereas robust PRV labeling was observed in both
PLG bridge groups (Fig. 3.4C-C1, D). In contrast to analysis of total NF-H positive fiber
volume (Fig. 3.3), IL-10 expression in combination with bridge implantation did not further
enhance the number of PRV labeled axons identified (Fig. 3.4D). However, these analyses
were conducted in different animals, with different methods and planes of section (NF-H
volume within the PLG channels in transverse sections vs. PRV axon number in horizontal
sections), based on the principal endpoints we sought to determine. Interpretation of these
data is discussed in detail under Discussion. The most parsimonious interpretation of these

data, however, is that IL-10 enhances axon regeneration in the PLG bridge, as demonstrated
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by NF-H, but does not a priori enhance the synaptic connectivity of these axons as
interrogated by PRV tracing. Most importantly, these data demonstrate that both the PLG
bridge and PLG bridge + IL-10 support not only regeneration, but also reestablishment of

synaptic connectivity, for axons that enter and traverse the bridge.

Based on this evidence for synaptic connectivity of axons traversing the bridge, we
next analyzed PRV-labeled neurons in two brain regions, the motor cortex and PVN. The
corticospinal tract (CST) is the descending tract of the motor cortex. The CST originates in
the layer V-VI motor cortex pyramidal neurons; the majority (>90%) of spinal CST axons
decussate at the pyramids in the medulla, continuing in the contralateral spinal cord to
innervate muscle after synapsing with ventral horn motor neurons. Consistent with the
anatomical organization of the CST, PRV-GFP+ neurons were predominantly detected in the
motor cortex contralateral to the injury and site of bridge implantation (Figs. 3.5A1-2), with
sparse labeling detected in ipsilateral motor cortex. Transsynaptic PRV tracing was
identified only in animals receiving PLG bridge implantation, and combined treatment
(bridge + IL-10) did not increase the number of PRV+ labeled motor cortex neurons. These
data represent novel evidence for synaptic connectivity between the motor cortex and
forelimb muscle groups after a unilateral cervical SCI with PLG bridge implantation. These
data are consistent with the interpretation that at this time point, IL-10 may have enhanced
regeneration into the bridge based on NF-H labeling, but not the formation of synapses by

these regenerated axons.

We also investigated PRV tracing in a second brain structure that has greater capacity

than the motor cortex/CST to exhibit regeneration after axon injury, the PVN. PVN
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connections are critical for autonomic regulation, including thermoregulation and
cardiovascular function [136], [137], [138]. PVN neurons send projection ipsilaterally to the
rostral ventrolateral medulla (RVLM) and RVLM neurons project to the sympathetic
intermediolateral column (IML) of the spinal cord [139], [140]. Besides PVN-RVLM
connections, the PVN contains neurons that monosynaptically connect to the spinal
intermediolateral cell column (IML; PVN-IML neurons). The PVN-RVLM and PVN projections
enter the lateral funiculus predominantly ipsilaterally and innervate the IML, although some
fibers cross to the contralateral IML in the spinal cord [141]. Consistent with this anatomical
organization, the PRV-labeled neurons were predominantly detected in the PVN neurons
ipsilateral to the injected forelimb and SCI site, with the identification of a smaller population
in the contralateral PVN (Fig. 3.5A3). As for the motor cortex, transsynaptic PRV tracing was
identified only in animals receiving PLG bridge implantation. However, in contrast to the
motor cortex, IL-10 increased the number of PRV+ labeled neurons in both the ipsilateral
and contralateral PVN circuitry (Figs. 3.5C-D). Together, these data suggest that [L-10 may
increase the representation of descending axons from different brain regions that regenerate

and exhibit synaptic connections after SCI.

DISCUSSION

SCl is a multi-phasic condition that causes paralysis below the level of damage. Injury
to the spinal cord elicits a strong inflammatory response, leading to substantial neural cell
death, axonal degeneration and dieback, demyelination, formation of a glial scar, and
deposition of growth inhibitory factors such as chondroitin sulfate proteoglycans and

myelin-associated inhibitors of regeneration [75] [7] [9] [76] [77] [2] [4]- Several decades of
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extensive SCI research have made it clear that this complex problem requires combinatorial
solutions. In this study, we examined the potential of anti-inflammatory cytokine IL10
delivery combined with PLG bridge implantation to repair the injured spinal cord and
restore locomotor recovery. Previous studies have reported that IL-10 delivery at the injury
site modulates inflammation, reduced cell loss, axonal dieback, and promoted motor
function [67] [68] [69] [70] [71] [72] [62]. Consistent with this, Park et al. demonstrated that
IL10 delivery combined with PLG bridge implantation significantly improved functional
recovery and enhanced axonal regeneration through this inhibitory milieu [14] [122] [73].
However, it is unknown whether the improvement in motor recovery associated with the
PLG bridge implantation and further enhancement in the combination group is due to the
strengthening of spared circuitry or synaptogenesis, where regenerated axons through the
PLG bridge form new synaptic connections below the level of the injury. To address this gap
in the field, we utilize retrograde PRV transsynaptic tracing methodology to investigate the
connectivity of regenerated axons through the PLG bridge and into the brain motor nuclei.
Additionally, in this report, we utilized the Ragl mice that have a normal innate immune
response but impaired T and B cell function, we investigate the regenerative potential of the
PLG bridge/IL-10 combinatorial approach. Our experimental model allows for translation to
future research studies involving xenotransplantation of human stem cells into the injured

spinal cord.

Innate immune cells play a vital role in SCI inflammatory microenvironment. For
example, studies have reported that macrophages take on different activation states across
the pro-inflammatory to pro-regenerative spectrum based on the cues they receive [142]
[143]. IL-10 is known to induce pleiotropic effects in immunoregulation and inflammation.
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IL-10 induces a shift towards an anti-inflammatory state in macrophages through
suppressed secretion of inflammatory cytokines [144]. For example, IL10 suppresses
nuclear factor-kB (NF-kB) binding, which is a key transcription factor involved in regulating
pro-inflammatory cytokine secretion [145]. We have previously reported that lentiviral
mediated IL-10 expression drives macrophages towards an M2 phenotype and enhances the
expression of synaptogenesis- and neurogenesis-related genes in the injured thoracic

C57Bl6 spinal cord [14].

In this report, we validated this phenotype shift in the injured cervical Rag-1 mouse
spinal cord using a targeted set of markers for gene expression analysis. We demonstrate
that IL-10 upregulated M2 pro-regenerative gene expression (Arginase-1 and CD206) and
decreased M1 pro-inflammatory genes (IL-6 and TNF alpha). Arginasel is an enzyme that
enhances the expression of polyamines, which are associated with elevated cyclic AMP
(cAMP) levels. Elevated cAMP levels can in turn negate the inhibitory effect of myelin-
associated glycoproteins on axonal regeneration. [146, 147] [142]. CD206 binds to and
facilitates the removal of apoptotic and necrotic cells without causing toxic byproducts
[147], [143]. In contrast, TNF alpha and IL-6 are proinflammatory cytokines that are
upregulated immediately after injury and play a pivotal role in the initiation of inflammatory
cascade and secondary tissue degeneration in the injured spinal cord [148] [149] [150] [150]
[151] [152]. In sum, these data support the previous publication by Park et al. in thoracic SCI,
in which IL-10 induced an M2 macrophage response and pro-regenerative environment and
demonstrate a comparable effect in Rag-1 cervical SCI mice, which retain innate immune

cells but lack an adaptive immune response.
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While IL-10 expression significantly improved both regeneration and myelination
status of regenerated axons in the PLG bridge in C57Bl6 and Rag-1 mice, particularly the
proportion of oligodendroglial myelin, the majority of axons in both PLG bridge and
combination group remained unmyelinated. These data highlight that there is a further
requirement to maximize the myelination of regenerated axons. While Smith et al. showed
that NT3 in combination with IL-10 can significantly enhance oligodendroglial myelination,
a majority of axons in that study also remained unmyelinated. Thus, new approaches are
required. Future studies could explore the use of transplanted human neural stem cells that
have the capacity to generate new oligodendrocytes (CNS myelinating cells). We and others
showed the potential of NSC to differentiate into oligodendrocytes in the injured spinal cord
and participate in the myelination process in the injured spinal cord [17] [50] [153].
Therefore, validation of regenerative capacity and the effect of IL-10 in the PLG bridge

implantation paradigm in Rag1 mice is a critical step for future studies.

A significant gap in the literature for this paradigm has been a test of whether
descending axons form a synaptic circuit connecting the brain and neuromuscular junction.
We demonstrated the synaptic connectivity of regenerated axons that enter and traverse the
bridge utilizing PRV transsynaptic tracing. In addition, our data suggest that IL-10 delivery
may enhance the regeneration or recruitment of axons from selected brain regions into this

circuitry.

As described under results, analysis of NF-H positive fiber volume at 20 WPI
demonstrated an enhancement in the bridge + IL-10 group, but analysis of PRV labeled axon

number at 30 WPI did not. Several parameters are important to consider in interpreting
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these results: 1) method of analysis, 2) timing and 3) alternative circuitry. The method of
analysis used to quantify the total number of PRV+ axons may not be directly comparable
with the volumetric analysis used for total NF-H+ regenerated axons in the PLG bridge. We
are currently completing Imaris 3D volumetric analysis to quantify PRV+ fibers in the PLG
bridge. If these data also identify an increase in PRV+ axon volume in bridge + IL-10 vs.
bridge alone, it may suggest a predominant effect of IL-10 on axon caliber or length, as
opposed to number per se. In the case of timing, we performed the NF-H analysis at 20 WPI,
whereas PRV tracing was performed at a later time point of 30 WPL It is possible that the
principal effect of IL-10 is not to induce the regeneration of axons that would otherwise not
have entered the PLG bridge, but rather to accelerate the entry or growth of these axons.
Thus, the number of axons in the PLG bridge alone vs. PLG bridge + IL-10 groups could have
equalized between 20 and 30 WPI. Lastly, with respect to alternative circuitry, the brain
region quantification in this report focused on the motor cortex and PVN labeling. While IL-
10 did not significantly increase the number of PRV+ CST projection neurons in motor cortex,
it did increase the number of PRV+ descending projection neurons in the PVN. This suggests
that IL-10 enhanced recruitment of descending axons from additional brain areas into the
bridge, which could have led to synergistic improvement of motor function in the
combination group. Brainstem motor pathways including reticulospinal- and rubrospinal
tracts play a major part in controlling rodent locomotion [115]. We are currently quantifying
PRV labeling in other brain nuclei to understand the level of rewiring of spinal-brainstem-

brain motor circuitry between the bridge and bridge+IL-10 group.

Collectively, this report demonstrates that PLG bridge implantation and localized IL-
10 expression drive a synergistic improvement in locomotor recovery. This improved motor
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recovery is associated with enhancement of axonal regeneration and myelination,
particularly the proportion of oligodendroglial myelin relative to the bridge alone treatment,
as well as increased synaptic connectivity between the PVN and forelimb triceps.
Quantification PRV labeling in brainstem nuclei is currently underway to determine the
degree of spinal-brainstem-brain motor circuitry rewiring between the bridge group and the
bridge+IL-10 group. Our findings indicate that the combination of PLG bridge implantation
and IL-10 expression is a promising strategy for modulating neuroinflammation and
promoting motor recovery after SCI and supports enhanced synaptic connectivity as a

mechanism of repair.
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Figure 3.1: Anti-inflammatory cytokine IL-10 and PLG alters macrophage activation
state. (A) Schematic of experimental design showing polarization of peritoneal
macrophages in presence of PLG scaffold and IL-10 in vitro. (B-F) Fold change in expression
of anti-inflammatory markers (B-D) and pro-inflammatory markers (E and F). Statistical
analysis was conducted using One-way ANOVA. with Dunnett's multiple comparison test,
(Mean *SEM) n=4/group. List of Tagman gene expression assays used for RT-PCR are listed

in Table 3.1
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Figure 3.2: Locomotor behavioral assessment of paw placement errors on the
horizontal ladder beam. Quantification of ipsilateral paw placement errors show a
significant reduction in errors for all three treatment groups 20 weeks after injury (16 WPT).
Groups were compared using one-way ANOVA, followed by Tukey post hoc tests (****p
<0.0001, **P<0.01, and *P<0.05) and unpaired t-tests (*##p <0.0001, ###p<0.001, and

#p<0.05) mean *SEM and N= 9-13 animals per group.
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Figure 3.3: PLG bridge implantation and localized expression of IL-10 promotes
axonal growth and myelination at 20WPI. (A-D) Immunograph of neurofilament (NF-H)
labeling inside the injury epicenter in gelfoam+FLuc (control) (A), [L-10 (B), PLG bridge
(C), and PLG bridge + IL-10 (D). (E) Representative micrograph showing Imaris 3D surface
volume rendering of neurofilament fibers (NF-H, blue), oligodendrocyte-derived myelin
volume (MBP, red), and Schwann cell-derived myelin volume (PO, green); blue arrowhead
is pointing to unmyelinated NF-H+ filament, red arrowhead is pointing to NF-H+ filament
associated wit oligodendrocyte derived-myelin (MBP+ P0-), Green & yellow arrowhead are
pointing to NF-H+ fibers associated with schwann cell-derived myelin (MBP+P0+, and
MBP-P0+). (F) Grouped data represents the total NF-H volume and myelination status of
the NF-H+ axons. (G-I) Total NF-H volume (G), NF-H volume associated with Schwann cell
myelin (H) and NF-H volume associated with oligodendrocyte myelin (I) were normalized
to gelfoam + FLuc control (dashed line) and statistical analysis was conducted using One-
way ANOVA with Tukey’s multiple comparison test. n=5-6 mice/group, one spinal cord
section per mouse and 3 to 6 images within the injury site (Mean +SEM).
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Figure 3.4: PRV functional synaptic connectivity assessment within the injury site. (A)
Schematic of PRV retrograde tracing showing ipsilateral triceps injection and transport of
PRV from lower motor neuron innervated to the forelimb muscle to the corticospinal tract
cell bodies in motor cortex through synaptically connected regenerated fibers in the PLG
bridge. (B-C) Representative image of mouse spinal cord section in horizontal plane (C5 left
hemisection injury) at 30 weeks post-SCI showing PRV labeling. (B) PRV labeling (green) in
the gelfoam group; B1 insert shows that PRV fibers were sparsely detected or not observed
in the gelfoam implantation site. (C) PRV labeling in the PLG group. (C1) Higher
magnification inserts show PRV+ regenerated fibers inside the PLG bridge. (D)
Quantification of PRV labeling within the injury site (1 in 6 tissue section sampling was
performed). Groups were compared using one-way ANOVA, followed by Tukey post hoc tests
(*P<0.05, **P<0.01) and unpaired t-test two-tail. (#p<0.05, ##P<0.01).
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Figure 3.5: PRV functional synaptic connectivity assessment in the motor cortex and
PVN regions of the brain. (A) Representative image showing PRV labeling in the CST cell
bodies in the motor cortex. (A1-A3) High magnification image showing contralateral (A1)
and ipsilateral labeling (A2) in the motor cortex, and in the PVN (A3). (B) Quantification of
total PRV-labeled CST cell bodies in the contralateral motor cortex region (A1), showing
connectivity in both the individual treatments and further enhancement in the combinatorial
approach. (C-D) Quantification of total PRV-labeled cell bodies in the PVN ipsilateral (C) and
contralateral (D). Groups were compared using one-way ANOVA, followed by Tukey post hoc
tests (*P<0.05, **P<0.01) and unpaired t-test two-tail. (#p<0.05, p value=0.085). n = 3-5
biological replicates/group. Mean +SEM.
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Table 3.1. List of Primers

Primer Assay ID Specificity
GAPDH Mm99999915_g1 Endogenous Control
IL-6 Mm00446190_m1 M1 macrophages
TNF-alpha Mm00443258-m1 M1 macrophages
Arginase-1 MmO00475988-m1 M2 macrophages

CD206 (Mrc1)

Mm01329362-m1

M2 macrophages

IL-10

Mm01288386-m1

M2 macrophages
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CHAPTER 4

Summary and Conclusion

Spinal cord injury causes paralysis and significantly impacts the affected patients due
to the lack of treatment to restore the lost function. There is a pressing need to address this
complex multifaceted problem using combinatorial approaches. In this dissertation, I
investigated combinatorial approaches for spinal cord injury. In Chapter 2, [ tested acute PLG
bridge implantation and chronic hNSC transplantation, employing PLG bridge implantation
to support axonal regeneration through the injury site and hNSC transplantation to support
regeneration and remyelination of the regenerated axons. In Chapter 3, I investigated the
effect of localized expression of IL-10 with or without PLG bridge implantation to modulate
neuroinflammation and promote motor recovery by reestablishing the synaptic neural
circuitry through the PLG bridge. In ongoing analyses of my work, [ am assessing the
combination of PLG bridge implantation, hNSC transplantation, and IL-10 delivery to further

enhance functional improvement, regeneration, and synapse formation.

Chapter 2: Acute Biomaterial Bridge Implantation and Chronic Neural Stem Cell
Transplantation to Facilitate Axonal Regeneration, Myelination, and Connectivity

After Spinal Cord Injury

Pathological events that occur post spinal cord injury exacerbate tissue damage. In
particular, the presence of scar tissue and buildup of inhibitory factors prevents severed
axons in the spinal cord from exhibiting an effective regeneration response. In this study, |

used a PLG bridge to fill the defect, modulate the injury environment, and support axonal
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regrowth. Despite the ability of the PLG bridge to support axonal growth and promote motor
recovery, only a small percentage of axons that regenerate into the PLG bridge channels
become myelinated, an essential factor for efficient transmission of signals from the motor
cortex to the spinal cord. hNSCs transplantation is one clinically relevant alternative by
which the myelination of regenerating axons could be enhanced. Accordingly, we tested the
hypothesis that transplanted hNSCs have an ability to migrate into the channels of the PLG
bridge and contribute to the myelination of newly formed axons to further enhance
locomotor functional recovery. While NSC transplantation studies are promising in terms of
functional improvement, the post-SCI immune niche has a dramatic effect on NSC fate,
migration, and functional integration, and consequently the overall efficacy of these cells
after SCI. Accordingly, in this study, I first tested the effect of PLG bride on innate immune
response after SCI in vivo and the subsequent effect of PLG immune niche on hNSC fate in
vitro and in vivo. In the second series of experiments, [ investigated the therapeutic potential

of the combination of PLG bridge implantation and hNSC transplantation in vivo.

Key findings

e Long-term profiling of innate immune response revealed that the presence of PLG bridge
alters the innate immune response after SCI. PLG bridge modulates the cellular
inflammatory response by supporting an extended phase of macrophage/microglia
recruitment while delaying the re-emergence of the PMN population. Understanding the
SCI inflammatory environment in presence of PLG bridge is crucial for the meaningful
interpretation of hNSC fate, migration, and potential for repair after in vivo

transplantation studies with PLG bridge.
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PLG modulates hNSC fate at the baseline and alters the hNSC response to the immune
cues by enhancing oligodendrocytic fate and neuronal fate while decreasing astrocytic
fate. These findings support the goal of testing hNSC transplantation as a means to

remyelinate the regenerating axons in the PLG bridge.

The combination of PLG bridge implantation and hNSC transplantation in vivo resulted
in enhancement of hNSC engraftment and a selective ipsilateral increase in the number

of all three CNS lineage cells.

In particular, supporting our hypothesis, donor human NSC navigated along regenerated
axons to migrate into the PLG bridge channels where the bundles of regenerated axons
are present, differentiated into oligodendrocytes, and hNSC-derived oligodendrocytes

contributed directly to myelination of mouse host axons.

hNSC transplantation combined with PLG bridge implantation significantly improved
axonal regeneration as well as both Oligo- and Schwann-derived myelination in the PLG

bridge.

Transsynaptic PRV tracing assessment revealed that hNSC-derived neurons in spared

parenchyma integrated into mouse host circuitry, exhibiting synaptic connectivity.

In this study, I showed novel evidence of reestablishment of synaptic neural circuitry
between the brain and neuromuscular junction after SCI via regeneration through a

biomaterial bridge.
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e PLG bridge and hNSC treatment yielded individual effects on motor recovery and the
combination group resulted in a synergistic outcome. Our data supports motor recovery
in the bridge implantation group, which is consistent with a pro-regenerative impact of
the PLG bridge and rewiring the severed circuitry [16]. Recovery in the hNSC group
supports strengthening the spared circuitry and hNSC derived neuronal integration into
the spared parenchyma [17]. Further enhanced recovery in the combination group
suggests these additive effects and enhanced myelination status regenerated axons in the

PLG bridge.

e Overall, these data show that combining PLG bridge implantation with transplanted
hNSC can modify and bypass inhibitory barriers to regeneration in the injury niche,

paving the way for promising translational approaches to treat SCIL.

Chapter 3: Combination of Biomaterial Bridge Implantation and Interleukin-10
Expression to Modulate the Inflammatory Response and Promote Neural

Regeneration and Connectivity after Spinal Cord Injury

The acute SCI microenvironment is dominated by pro-inflammatory macrophages
and activated microglia that can release neurotoxic factors that contribute to extensive tissue
damage. In this study, [ examined the potential of anti-inflammatory cytokine IL10 delivery
combined with PLG bridge implantation to repair the injured spinal cord and restore
locomotor recovery in the Rag-1 mouse model. I hypothesized that IL-10 expression
combined with PLG bridge implantation promotes locomotor recovery, which is mediated

via neuroprotection and improved synaptic connectivity of regenerated axons.
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Key findings

Consistent with previous studies, IL-10 treatment decreases the pro-inflammatory M1
phenotype while increasing the pro-regenerative M2 phenotype in Ragl peritoneal

macrophages [14, 62].

By 20 WP, both the PLG bridge and IL10 alone groups showed a significant improvement
in motor recovery. Improvement in IL-10 alone treatment is consistent with a
neuroprotective effect of IL-10 [14]. Similarly, improvement in the bridge implantation
group is consistent with the pro-regenerative impact of the PLG bridge [16].
Combinatorial IL-10 delivery and PLG bridge implantation resulted in a synergistic

improvement.

Transsynaptic PRV tracing assessment revealed that the bridge supported
reestablishment of neuronal circuitry from the motor cortex, PVN of the hypothalamus,

and further enhancement in PVN circuitry with IL-10 delivery

My data indicates that improved motor recovery is associated with the enhancement of
axonal regeneration and myelination as well as increased synaptic connectivity between

the PVN and forelimb triceps.

Overall, my findings support the combination of PLG bridge implantation and IL-10
expression as a novel therapeutic strategy for modulating neuroinflammation and

promoting motor recovery after SCI by reestablishing the damaged circuitry.
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