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Abstract

Spinal cord injury (SCI) causes paralysis below the level of injury which, at the cellular level,
results from neuron and oligodendrocyte cell death, axonal loss, demyelination, and critically, the
limited capacity of spinal cord neurons to regenerate!. Although central nervous system (CNS)
tissue has the innate capacity to repair the local environment that develops after SCI lacks
sufficient factors that promote regeneration and has an abundance of factors that inhibit
regeneration®. Many strategies have been attempted to aid in the regeneration of CNS tissue, yet
re-entry into intact spared tissue remains inadequately low. This is due to the complexity of the
spinal cord microenvironment post injury and the barriers that must be addressed simultaneously
to elicit adequate regeneration. The Shea lab has developed multi-channel poly (lactide-co-
glycolide) (PLG) bridges to promote spinal cord regeneration and restore functional losses. These
bridges are biodegradable and provide a temporary structure that promotes regeneration®. These
bridges also serve as a platform for delivery of therapeutics including pharmacological agents,
cells, and notably lentivirus.

This dissertation investigated the use of lentiviral gene therapy from multi-channel bridges to
barriers to regeneration during acute and chronic phases of SCI. We investigated myelination of
regenerating axons by over-expression of platelet-derived growth factor-AA (PDGF) and noggin
either alone or in combination in an acute mouse SCI model. The combination of noggin + PDGF
enhanced total myelination of regenerating axons and notably oligodendrocyte myelination.

Importantly, the increase in oligodendrocyte myelin enhanced functional recovery and was also
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associated with a greater density of cells of an oligodendroglial lineage. We investigated
synergistic effects of anti-inflammatory and regenerative factors by bi-cistronic delivery of NT-3
and IL-10 using PLG bridges after acute SCI. This work was motivated by the need to delivered
multiple factors simultaneously to address the multiple barriers to SCI regeneration. The
combination of IL-10+NT-3 enhanced axonal growth and oligodendrocyte myelinated axon
density significantly over control, although these factors do not act on oligodendrocyte cells
directly. The increased oligodendrocyte myelin resulted in increased locomotor functional
recovery compared to IL-10 or NT-3. Furthermore, we observed a strong positive correlation
between oligodendrocyte myelinated axon density and functional recovery. These results show
oligodendrocyte myelination as a limiting step in attaining enhanced functional recovery. Lastly,
we investigated regeneration using the multi-channel bridge implanted into a chronic SCI
following surgical resection of necrotic tissue. We noted that scar formation decreased at 4 and 8
weeks post injury (wpi), yet macrophage infiltration increased between 4 and 8 wpi. Subsequently,
scar tissue was resected and bridges were implanted at 4 and 8 wpi. We observed robust axon
growth into the bridge and remyelination at 6 months post initial injury. Axon densities were
increased for 8 week bridge implantation relative to 4 week bridge implantation, whereas greater
myelination, particularly by Schwann cells, was observed with 4 week bridge implantation. Taken
together, the results of this dissertation show biomaterial bridges as a great tool to manipulate and
investigate the spinal cord microenvironment to improve functional outcomes during acute and
chronic stages of SCI. This work implies the focus of SCI treatments strategies should be reducing
inflammation and enhancing myelination by oligodendrocytes for increased functional recovery.
This work also implies resection of necrotic tissue in chronic SCI doesn’t negative impact

functional recovery.
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Chapter 1. Introduction

Opening

There are more than one million estimated cases of SCI in the United States and repairing an
injury to the spinal cord has constituted a difficult clinical challenge. Spinal cord injury is a
devastating condition that results in permanent functional loss including paralysis as well as loss
of bladder, bowel, and sexual function. The research presented in this dissertation focuses on
developing treatments to reduce the morbidity associated with SCI and promoting sufficient

regeneration to attain functional recovery using biomaterials, tissue engineering, and gene therapy.

Thesis Overview

Chapter 1 provides a gene introduction to the research topics explored in this dissertation
Chapter 2 describes the prevalence and current state of spinal cord injury treatments. Spinal cord
anatomy, pathophysiology of SCI, and barriers to SCI regeneration are also explored.

Chapter 3 explores experimental strategies for spinal cord regeneration including biomaterials,
gene therapy, and cell therapy.

Chapter 4 introduces the use of multi-channel poly (lactide-co-glycolide) (PLG) bridges to
promote spinal cord regeneration and restore functional losses. These bridges are biodegradable
and provide a temporary structure that promotes regeneration post-implantation. The bridges have
an interconnected pore structure that allows infiltration of endogenous cell populations and
channels that direct axonal growth into and through the lesion. We have demonstrated bridge

implantation in the lesion site promotes tissue regeneration and improves functional recovery.



Chapter 5 discusses the use of the PLG bridges as a platform to investigate the role of pro-
oligodendrogenic factors in promoting remyelination of regenerating axons. Lentivirus encoding
for noggin and platelet derived growth factor o (PDGF) were delivered from the bridge either alone
or in combination to determine the extent of remyelination and oligodendrocyte lineage cell
differentiation. The combination of noggin + PDGF enhanced total myelination of regenerating
axons relative to either factor alone, and importantly, enhanced functional recovery relative to the
control condition. The increase in myelination was consistent with an increase in oligodendrocyte-
derived myelin, which was also associated with a greater density of cells of an oligodendroglial
lineage relative to each factor individually and control conditions. This chapter demonstrates
combination of a bridge to support and direct axon growth with a strategy to enhance their
myelination represents a potential clinically translatable treatment for SCI.

Chapter 6 builds upon the success of the multiple channel poly(lactide-co-glycolide) (PLG)
bridges by delivering 2 distinct transgenes alone and in combination to observe synergistic or
possibly antagonistic effects on spinal cord regeneration. We employed a bi-cistronic to delivery
NT-3 and IL-10. to target multiple barriers to spinal cord simultaneously. Overall our results show
that the combination of IL-10+NT-3 enhanced axonal growth and oligodendrocyte myelinated
axon density. This resulted in increased locomotor functional recovery compared to IL-10 or NT-
3 alone but increased hypersensitivity compared to IL-10 alone. Furthermore, we observed a strong
positive correlation between oligodendrocyte myelinated axon density and functional recovery.
This suggests oligodendrocyte myelin as an important area of future of research to improve
functional recovery. This chapter establishes poly-cistronic vectors as an appropriate vehicle to

delivery multiple transgenes to expression multiple proteins simultaneously and further buttresses



multichannel PLG bridges as a growth supportive substrate and a platform to deliver bioactive
agents as well as a defined space to investigate the SCI microenvironment and potential treatments.
Chapter 7 investigates tissue regeneration into PLG bridges implanted into a chronic model of
SCI. We examined the pathophysiology of the injury including inflammatory cell infiltration,
extracellular matrix (ECM) deposition, injury size, and glial scarring. ECM and glial scar
formation decreased at 4 and 8 weeks post injury (wpi), yet macrophage infiltration increased
between 4 and 8 wpi. Two time points were analyzed for implantation of the bridge (4 weeks post
injury (wpi) or 8 wpi), with analysis of axonal growth, myelination, and source of myelination
measured 6 months post primary SCI. We observed robust axon growth into the bridge and
remyelination at 6 months post initial injury. Axon densities were increased for 8 week bridge
implantation relative to 4 week bridge implantation, whereas greater myelination, particularly by
Schwann cells, was observed with 4 week bridge implantation. While the bridge alone did not
improve functional outcomes for either implantation time point, importantly, the process of bridge
implantation did not significantly decrease the post injury function. This chapter demonstrates
implantation of PLG bridges without added bioactive agents as a promising building block for
axonal regrowth and myelination during chronic implantation.

Chapter 8 concludes the dissertation and summarizes the presented results. Future directions of

this research are discussed in detail.



Chapter 2.  Barriers to Spinal Cord Regeneration

Significance

There are more than one million estimated cases of SCI in the United States which can amount
to $4.6 million lifetime costs per patient depending on the level of the injury®. Spinal cord injury
is a devastating condition that results in permanent functional loss including paralysis as well as
loss of bladder, bowel, and sexual function. More than half of these injuries occur prior to age 30,
leaving sufferers with a lifetime of incapacitating injury®. A treatment that can restore even 1-2
segmental levels of spinal cord function has the potential to relieve substantial medical costs, in
addition to significantly impacting the quality of life and independence of patients®. Nationally,
the incidence of cervical SCI exceeds thoracic (51% vs. 36%), and the incidence of
contusion/compression trauma exceeds penetrating injuries due to violence (e.g. gunshot or stab
wounds). However, penetrating SCI accounts for 14% of cases annually in the general population,
and astonishingly 28% of cases in the military’, largely due to the contribution of blast injuries.
Penetrating injuries directly sever descending motor and ascending sensory tracts, so they offer
many opportunities to study strategies that encourage formation of new axons and myelination.
Moreover, while spontaneous recovery within the first days and months post-SCI is a significant
component of the final outcome in individuals with contusion/compression injuries®, the initial

deficits resulting from penetrating SCI exhibit essentially no improvement over time®.



Clinical Strategies for SCI

Surgical intervention

There are currently no consensus clinical treatments for SCI, but the general guidelines are to
stabilize the spinal cord and delivery of a pharmacological agent. Stabilization of the spinal cord
involves decompression of the lesion site to reduce overall swelling and pooling of cerebral spinal
fluid and blood. Spinal decompression has been shown to have a neuroprotective effect in some
cases, but no effects or negative effects in other cases'. This range of effects can be attributed to
timing of the intervention with earlier interventions being associated more frequently with
improved functional recovery. However, earlier interventions must occur within 24 hours of the
injury which is not necessarily feasible for all cases due to the uncertainty of the extent of the

injury®!,

Methylprednisolone

The goal of delivery of a pharmacological agent is to reduce inflammation in the lesion site to
preserve and protect the resident cells to ultimately improve neurological function and recovery.
Methylprednisolone (MP) is a corticosteroid identified as being able to achieve these goals but is
mired in controversy. Initial results from the National Acute Spinal Cord Injury Study Il (NASCIS
I1) showed high dose of MP within 8 hours of injury was associated with a significant
improvement in motor and sensory recovery*?. However, this study was met with resistance due
lack of correlation with clinical relevance and real-world functional benefits. This led to NASCIS
I11 which showed MP administration between 3 and 8 hours after injury for a continuous 48 hours
led to improvements of motor capabilities at the 6-month checkup. These improvements were not

observed at the 1 year checkup®®. The inconsistency of these results combined with deleterious



side effects including: wound infection, Gl hemorrhages, sepsis, pulmonary embolism, severe

pneumonia, and death led to significant decrease in clinical use!*,

Locomotor training

Patients with incomplete SCI qualify for rehabilitation training which can restore some
sensorimotor functions. Locomotor training capitalizes on neuroplasticity of CNS tissue after
injury. Neuroplasticity encompasses the reorganization of spared neuronal circuits by synaptic
formation, synaptic strength, axonal sprouting, and changed in intracellular properties of spared
neurons. Locomotor training accelerates neuroplasticity by having patients perform daily tasks.
under assisted conditions. Patients can be suspended above a moving treadmill which forces their
legs to perform basic stepping patterns leading to leg muscle activation and strengthening of spared
descending pathway®. However, there are questioned related to the timing of the intervention,
length of the intervention, and selection of patients for these programs. Selection of suitable
patients is the most pressing consideration since the level, severity, and timeline of injury plays a
role in recovery. Higher level, more complete injury requires a more robust training program,
whereas lower level, partial injury patients can learn to walk without support quickly. Complete
spinal cord transections rarely benefit from locomotor training due to complete lack of descending
control. Furthermore, the age of patients plays a large role in recovery, older patients experience
less recovery. Lastly, some patients experience maladaptive plasticity such as neuropathic pain,

autonomic dysreflexia, circulation failure due to undirected synaptic plasticity.

Electrical Stimulation
Complete spinal cord injury deprives neural circuits of signals from the brain which is
necessary to trigger activation. These circuits retain the ability of be excited or depressed and can

be activated by electrical stimulation to force movement. Electrical stimulation can be achieved
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by epidural or intraspinal electrodes. Epidural stimulation involves placement of electrodes outside
the spinal cord to initiate or assist locomotor activity!®. Intraspinal stimulation involves placement
of electrode into the spinal cord’. Epidural stimulation is seen as less invasive and safer because
it does not impact the healthy spared tissue as intraspinal electrode implantation. Both strategies
are preferred to functional electrical stimulation in which electrodes are implanted into the muscle
to initiate movement*8, Stimulation of the spinal cord allows for a more natural, coordinated, and
control recruitment of muscle groups and cause less muscle fatigue. These strategies are still
experimental, but a patient with motor complete spinal cord injury was able to perform controlled
leg movements with epidural stimulation and weight assistance® 2°. However, these strategies
have similar limitations to locomotor training as in it is unclear which patients will respond best
to electrical stimulation. Furthermore, locomotor training and electrical stimulation have been
combined to enhance recovery, but its unclear what the parameters of stimulation and training
should be. Electrical stimulation represents a promising strategy for functional recovery, but more

patients must be included, and parameters must be investigated.

Spinal cord anatomy

The main purpose of the spinal cord is to relay signals between the brain and the peripheral
nerves to produce movement or sensation. The spinal cord resides in the vertebral column which
is comprised of individual vertebrae that physically protect the spinal cord. It has added protection
provided by three layers of connective tissue called meninges. From the outside in, the meninges
are the dura mater, arachnoid mater, and pia mater. These layers are lubricated and cushioned by
cerebrospinal fluid and loose connective tissue. The spinal cord also has biochemical protection

from the blood brain barrier (BBB). The BBB is comprised of endothelial cells that form tight



junctions to resist infiltration of most molecules and protects the spinal cord from pathogens and
toxins??,

The spinal cord is comprised of two distinct parts: gray matter and white matter. Gray matter
is made up of the neuron cell bodies, neural fibers, and glial cells. Neurons are responsible for
production, transmission, and integration of electrical signals. The white matter surrounds the grey
matter and is composed of groups of myelinated axons that run longitudinally through the spinal
cord. The groups of myelinated axons are separated into tracts which are classified as ascending
or descending tracts. Ascending tracts carry information from the periphery to the brain and are
called afferent fibers. This information is mainly sensory such as pain, temperature,
proprioceptive, or most importantly touch. Descending tracts carry information from the brain to
the periphery and are called efferent fibers. This information generally encodes movement of
limbs. Lastly, the spinal cord contains many supportive cells called glial cells. The glial cells can
be broken into oligodendrocytes, astrocytes and microglia. Oligodendrocytes create myelin
sheathes that provide insulation to preserve saltatory conduction for efficient transmission and
propagation of action potentials?®. Astrocytes perform several regulatory functions in the healthy
spinal cord: clearance of neurotransmitters®®, ion balance?*, production of extracellular matrix
proteins (ECM)?> 26, and maintenance of the blood brain barrier (BBB)?’. Lastly, microglia are
specialized macrophages that reside in the spinal cord. Microglia perform many actions including
maintenance of synapses?®, removal of damaged or unnecessary axon terminals?®, phagocytosis of
pathogens and debris associated with infections or injury®, and initiation of the inflammatory

response in the spinal cord®Z.



Spinal cord injury

SCI results in the death of neurons and oligodendrocytes, severance and retraction of axons,
demyelination of axons, and formation of an inhibitory glial scar (Figure 2.1) Although central
nervous system (CNS) tissue has the innate capacity to repair, the local environment that develops
after SCI lacks sufficient factors that promote regeneration and has an abundance of factors that
inhibit regeneration?. This complex series of cellular and molecular events can be divided into

acute and chronic phases.

Spinal Cord

Axonl Myelin ‘ Astrocyte ECM oy

Figure 2.1 Spinal cord injury. SCI results in axonal dieback, demyelination, and ECM deposition.
Acute phase of SCI

The acute phase of SCI occurs over the time course of minutes to weeks and can be further
subdivided into the primary and secondary injury. The primary injury is the physical penetrating,
contusion, or compression of the spinal cord which leads to direct loss of axon connectivity and
myelination®. The physical injury leads to a cascade of biological events called the secondary
injury. Secondary injury is marked by continuous inflammation that ultimately results in the
development of a non-permissive environment for regeneration. Infiltrating immune cells® 3 and
immune-activated neural and glial cells** 3 produce inflammatory cytokines and reactive oxygen

species (ROS) in response to the primary injury® %6 37, These inflammatory cytokines recruit and



activate circulating neutrophils and macrophages®-*° and stimulates the microglia**. Neuron death
results in excessive glutamate causing excitotoxicity and subsequent neuronal death®!.
Oligodendrocyte death results in the destruction of myelin and accumulation of neuroinhibitory
myelin debris and, particularly, the potent neurite growth inhibitors, Nogo-A, myelin associated
glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp) #? 3. NogoA blocks axon
sprouting by collapsing growth cones using the NgR1 receptor®*. MAG modulated the axonal
cytoskeleton and activated the RhoA/ROCK signaling pathway**. OMgp is a potent growth
inhibitory molecule that associates with the NgR1 and PirB receptors®®. The resulting
microenvironment causes ongoing tissue damage, including more neural and glial death® 4

furthering deteriorating spinal function.

Intrinsic regulators of axon growth post-SCI

In addition to external factors affecting axonal growth, there are several intrinsic neuronal
mechanisms that limit axonal growth in the CNS. For axonal regeneration, there must be a
coordinated regulation of protein expression through the activation of specific signaling networks,
yet these networks are deficient in various CNS population including upper motor neurons that
form the corticospinal tract responsible for movement. Some pathways have emerged as the most
important including mTOR, Rho, and JAK/STAT signaling. pTEN is a negative regulator of the
mTOR pathway that controls axon elongation. pTEN inhibition or deletion has been shown to
stimulate axon regrowth in some rodent models*. The mTOR signaling pathway is also involved
in mediating downstream effects of neurotrophic factors such as BDNF to promote synaptic
plasticity®. Rho signaling negatively regulates the actin cytoskeleton and microtubule
polymerization and its inhibition post-SCI has results in enhanced regeneration after injury®. The

JAK/STAT signaling pathway regulates neuroinflammation, synaptic plasticity, axon
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regeneration, neuronal differentiation, and neuron survival®*. SOCS3 expression is induced by the
JAK/STAT signaling pathway and acts as a feedback inhibitor of JAK/STAT signaling. Studies
have shown that down regulating SOCS3 in spinal cord neurons with SOCS3-targeting sShRNA
decreases neuronal death and demyelination as well as enhances dendritic regeneration and axonal
growth®2. Collectively, these signaling pathways show there is a balancing act and crosstalk

between growth promoting and growth inhibitory cues after injury.

Chronic phase of SCI

The chronic phase of spinal cord injury occurs over months to years. In response to the ongoing
destruction, astrocytes undergo a controversial process called reactive gliosis. The astrocytes
become hyperfilamentous and cluster tightly together®®. Astrocytes start to produce many ECM
proteins, most notably, chondroitin sulfate proteoglycans (CSPGs) and the combination of tightly
packed astrocytes and ECM form the glial scar® *°. The glial scar acts as the primary barrier at the
injury border, both as a physical blockade and as a set of cellular and biochemical signals®®>’. The
goal of the glial scar is to isolate the initial injury, reinstitute the BBB, and prevent the spreading
of cytotoxic molecules to spared tissue?® >’. However, CSPGs are the most potent inhibitory cue
within the glial scar®®°. CSPGS have been observed to directly prevent axon extension in
numerous studies, leading to increased numbers of dystrophic axons as well as axons that turn at
or are repulsed by a CSPG barrier®-®3, In addition to the abundance of neuroinhibitory factors, the
microenvironment after SCI has a lack of trophic support to promote regeneration. Together these

barriers prevent recovery of motor function and complicate the design of regenerative strategies.
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Chapter 3.  Experimental Strategies for Spinal Cord Regeneration

CNS tissue was thought not to regenerate until seminal work done in the 1970-80s. In these
studies, the spinal cord of rats was completely transected and reconnected using peripheral nerve
grafts isolated from the sciatic nervel. This strategy suggested that CNS tissue could regenerate if
given the proper substrate and factors. Since this work, many strategies have been developed to
aid the regeneration of the CNS. These strategies can be simplified into three main components:
biomaterials, gene therapy, and cell transplantation. These components combined in different ways

establish the field of tissue engineering.

Biomaterials

Biomaterials for spinal cord regeneration have the primary goal of providing structure and
support for lesioned axons to traverse injury site. Most biomaterials used for this purpose are
polymers. Polymers are large molecules comprised of repeating units. These polymers can be
natural or synthetic. There is no consensus on the best material for spinal cord regeneration, but
both classes of polymers have strengths and weaknesses. Natural polymers are less toxic,
biodegradable, and ubiquitous. Their weaknesses are variability in properties, complexity of
structure, difficult to modify, and can be costly to extract. Synthetic polymers can have tuned
degradability depending on the use, easily tunable properties, and reasonably modified chemically.
However, they can be toxic and expensive to process. Many biomaterials of both types have been

used extensively in spinal cord regeneration (Table 3.1) Regardless of the source of the
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biomaterial, the same considerations of biocompatibility, biodegradability, mechanical properties,

and architecture must be addressed to provide the best substrate for tissue regeneration.

Table 3.1 Common biomaterials used for spinal cord regeneration

Natural Polymers

Material Form SCI Model Findings
Collagen Porous cylindrical Thora_C|c a_cute Motor recovery
scaffold hemisection
L Thoracic acute
Porous cylindrical : e
complete Reduced cystic cavity
scaffold i
transection
Longitudinal Thoracic acute Improved motor recovery,
filaments contusion axon regeneration, improved
SSEPs ¢
. Aligned nerve Acute complete a7
Laminin . . Increased axon regeneration
conduit transection
Bulk injection Thora_cm Increased axon regeneration %8
contusion
Multi-channel Thoracic lateral Increased vascularization,
acute - 69
scaffold o axon regeneration
hemisection
Eibronectin Bulk injection Knife cut Increased axon regene_ratlc;(?,
transection reduced neuron survival
. Increased forelimb reaching
L Cervical dorsal ) S
Bulk injection S scores, no difference in injury
hemisection o
size
Hyaluronan Bulk injection Thoirne}(ﬂfyd'p Improved motor recovery 2
Longitudinal multi- Improved vascularization
tubular scaffold with  Thoracic dorsal P . ’
N axon regeneration, motor
PLGA hemisection 73
. . recovery
microparticles
Diminished glial scarring,
Thoracic increased Schwann cell
Chitosan Bulk hydrogel bilateral dorsal myelination, axon
hemisection regeneration, motor recovery
74
NSC recruitment and
Thoracic neurogenesis improved
Single tube scaffold complete sensory and motor recovery,

Sponge scaffold

transection

Thoracic lateral
hemisection

increased axon regeneration
and myelination "
Increased axon regeneration,
reduced glial scarring

Synthetic Polymers
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Poly (ethylene
glycol) (PEG)

Bulk hydrogel

Aligned
microchannel
scaffold

Aligned porous

Thoracic
complete
transection
Thoracic
complete
transection

Thoracic lateral

Improved cell invasion,
vascularization, axon
regeneration, myelination 7

Some axon regeneration, no
motor recovery, no MEPs 7’

Increased axon regeneration,
myelination, functional

tubes hemisection 78
recovery
Poly (2-
hydroxyethyl Bulk hydrogel with Thoracic Axon regeneration,
methacrylate) oriented pores transection vascularization "
PHEMA

Sponge scaffold

Thoracic
hemisection

Improved functional recovery,
some axon regeneration &

Poly (lactic-co-
glycolic acid)
PLGA

Electrospun aligned
fibers sheath

Parallel channel
scaffold

Multichannel
scaffold

Thoracic lateral
hemisection

Thoracic
complete
transection

Thoracic lateral
hemisection

Improved functional recovery
81

Increased axon regeneration &

Increased axon regeneration,
myelination, decreased ECM
deposition 8

Biocompatibility

Biocompatibility refers to the ability of a material to elicit a minimal inflammatory response

when implanted into the target site. The severity of the immune response can cause the material to

be rejected or slow the healing process. The spinal cord is an immune-privileged site normally,

however post injury there is destruction of the BBB and invasion of inflammatory cells 8. The

implanted biomaterial may exacerbate the inflammatory response, so it is necessary to determine

the exact immune response to specific material. In addition to a negligible immune response, the

materials must not cause any changes in cell function. Cells must be able to adhere, function

normally, proliferate in the material, and migrate to and from the material. In this context, natural

polymers such as collagen, laminin, and hyaluronan have an obvious advantage. They are cell-
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derived and tend to be biocompatible in the spinal cord. Accordingly, they have been used
extensively in SCI regeneration to increase axon elongation, synapse formation, and motor
recovery®°!, However, this advantage is not afforded to all natural polymers. Chitosan, a non-
mammalian natural polymer, when injected into the CNS is engulfed by macrophages and

sequestered from the surrounding tissue in a fibrotic scar %.

Biodegradability

Biodegradability refers to the material’s ability to be degraded naturally or by host cells over
a reasonable timescale. The by-products of the degradation should be biocompatible, non-toxic,
and able to exit the body easily without buildup in other organs. Poly(a-hydroxyacids) such as
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymer poly(lactic-co-glycolic
acid) (PLGA) are biodegradable polymers used extensively in SCI regeneration (Table 3.1) 93¢,
These polymers have highly tunable control of degradation. They have been shown to support
regeneration after complete spinal transections and can be combined with cells or growth factors
% However, there are many non-biodegradable biomaterials used in SCI regeneration including
Poly(2-hydroxyethyl — methacylate) (PHEMA), poly (2-hydroxyethylmethacrylate-co-
methylmethacrylate) (PHEMA-MMA), and poly (ethylene glycol) (PEG) %1%, PHEMA actively
increases axon regeneration but lacks structural integrity °”. The goal of biomaterial implantation
in SCI is to allow the host cells to entirely replace the implanted scaffold, which suggests

biodegradable scaffolds are optimal.

Mechanical Properties
The mechanical properties of the scaffold should be matched with the target site properties.
The spinal cord is a complex and viscoelastic structure with varying mechanical properties of

tissue components and structure 1%, For the spinal cord, scaffolds must have appropriate stiffness,

15



but also be strong to not collapse and obstruct tissue growth and nerve regeneration. When
implanted, the material must be able to withstand repetitive compression from movement and
maintain reasonable properties when degrading to not collapse 1%. Scaffold mechanical properties
may also alter wound healing and the inflammatory response. For example, PEG hydrogels with
lower stiffness led to reduced macrophage activation and foreign body response when implanted
in the spinal cord %, Additionally, mechanically matched PHEMA has also been shown to reduce
the inflammatory response and fibrotic scarring after implantation when compared to stiffer

formulations 8.

Architecture

The architecture of the biomaterial scaffold is one of the most important considerations. The
scaffold must be permissive to cellular infiltration, molecule diffusion, and vascular infiltration.
Furthermore, the scaffold must allow diffusion of waste products, sequestration of bio-active
molecules, and deposition of ECM. These requirements can be fulfilled by establishing an
interconnected pore structure with high porosity, utilizing grooves, or aligned or random fibers.
The size of pores also plays a huge role. The pores need to be large enough to allow cells to migrate
into, within, and out of the structure. However, they must also be small enough to meet surface
area requirements to allow efficient and effective binding of cells to the scaffold to integrate the
scaffold into the host tissue %" 1%, The porous channel structure prevents the ingrowth of scar
tissue, concentrates bio-active molecules and supporting cells, and directs growth of axons in one
direction %, Typical architectures are bulk hydrogels, microparticles, and nerve conduits. Bulk
hydrogels are injectable, fill any space, and highly porous, but offer no guidance cues to
regenerating axons. The lack of guidance cues reduces the axonal regeneration found in hydrogels

as seen in studies using alginate or Matrigel 1%, Nanoparticles can be embedded in materials to
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allow for controlled release of bioactive molecules but also do not offer any guidance cues for
axonal regeneration into and through the lesion site 1 . Nerve conduits give physical guidance
cues and can be made very porous but are difficult to place in the lesion site and cannot conform
to irregular lesion areas. This makes them optimal for encouraging guided neurite extension

through the lesion site in the case of aligned fibers or nerve conduits 1113,

Gene Therapy

Gene therapy is a promising therapeutic approach capably of addressing the multiple barriers
to SCI regeneration. CNS tissue has the innate capacity to repair the local environment that
develops after SCI but, lacks sufficient factors that promote regeneration and has an abundance of
factors that inhibit regeneration?. Some studies have reported removal of these barriers by
bioactive molecule delivery. Long term delivery of these molecules generally requires osmotic
pumps. The efficacy of these pumps is attenuated by clogging, damage to the spinal cord, and
effectively distributing the molecule throughout the injury. An alternative is repeated infusions
into the spinal cord, but this method is hampered by repeated injury with risk of infection and poor
distribution. Furthermore, bioactive molecules deteriorate, have limited penetration in small doses,
and can generate negative off target effects. Gene therapy overcomes these pitfalls by inserting a
gene in the host’s cells allowing for sustained delivery of factors. Gene therapy can be subdivided
into two main strategies, viral or non-viral vectors. These strategies have several subdivisions and

associated strengths and weaknesses.

Viral Vectors
Viral vectors are the most common form of gene therapy. These vectors are actively
transported in the cell by surface proteins, shuttled to the nucleus, transcribed to RNA, and

subsequently translated into protein. Viral vectors have undergone extensive modification to
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ensure their safety. The genes involved in replication are generally separately and the vector
becomes replication deficient as a result'**. While the viral vector cannot replicate to create more
viral particles, the transgene delivered using these vectors can persist in transduced cells for an
extended period. The most commonly used viral vectors include adenovirus, adeno-associated

virus, herpes simplex virus, and lentivirus (Table 3.2).

Adenovirus

Adenoviruses are large double stranded DNA viruses are double stranded DNA viruses that do
not integrate into the host genome, rather they remain extra chromosomal in the nucleus where
they can still be transcribed and translated into protein. These vectors can transduce dividing and
non-dividing cells with high efficacy. Expression of this vector appears relatively quickly, within
24 — 36 hours, but the expression is reduced following cell division and eventual degradation of
the DNA due to its extra chromosomal nature!!®, This vector induces a potent immune response
depending on the serotype used with the most common serotype, AD5, producing the most severe
response. Adenoviruses have been used extensively in CNS regeneration to deliver neurotrophins

including NT-3, NGF, and BDNF for axonal regeneration!6-19,

Adeno-associated virus

Adeno-associated viruses (AAVs) are small satellite viruses similar in structure to
adenoviruses but have a lower packing capacity. They generally do not integrate in the host
genome. These viruses transduce dividing and non-dividing cells with high efficiency but
expression of the vector lags for 2 weeks and has relatively low expression leading to overall low
efficacy. However, this vector has variable tropism to different cells depending on the serotype.
AAV-9 and AAV-6 target motor neurons specifically independently of route of administration

which can be useful for motor neuron dysfunction diseases including SMA and ALS 2°, AAV-1
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and AAV-5 have been reported to directly infect supraspinal neurons using retrograde transport
by axons severed by SCI in the spinal cord and then traveling to brain regions with some
specificity®?l. This has the potential to promote functional recovery by expressing factors locally

in the brain without delivering virus directly to the brain.

Herpes simplex virus

Herpes simplex viruses (HSV) are extra chromosomal DNA viruses capable of high infection
and high expression immediately after administration. However, the expression of HSV turns on
and off randomly resulting in transient expression on average. This vector can transduce dividing
and non-dividing cells but causes a high immune response. HSV displays several natural
adaptations to the CNS that have been exploited to target CNS regeneration. The virus can move
in retrograde and anterograde directions using synapses to jump from neuron to neuron. This has
made them instrumental in investigating neural circuitry between muscles tissue and sensory or
motor neurons'??, The retrograde transport of HSV makes it an attractive vector for non-invasive
transgene expression in the spinal cord from muscle injection®® 12, It has been shown that HSV
mediated expression of IL-4 can reduce neuropathic pain!?*, HSV encoding IL-10 after a
hemisection injury has demonstrated improved axonal sparing, functional recovery, and direct
trophic support of neural cells 1% 1% HSV constructs have also been used to promote axonal
regeneration. HSV mediated delivery of bacterial C3 transferase, a Rho kinase (ROCK) inhibitor
that reverses myelin debris inhibition of neurons, has promoted extensive axonal regeneration in

the spinal cord that is correlated with improved sensory motor coordination °°,

Lentivirus
Lentiviruses are a subclass of retroviruses that integrate in the host genome allowing for
immediate and long-term stable gene expression. They can transduce dividing and non-dividing
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cells and cause a very low immune response. While lentiviruses do integrate into the host genome,
the risk for mutagenesis of oncogenes is relatively low due to its insertional affinity for gene ends
rather than promoter regions™* /. However, over longer periods, the gene can be silencing
depending on the promoter used in the construct'?. Lentiviral delivery of NGF 2% BDNF 8
131 “and NT-3 132133 have been reported to increase axonal plasticity and enhance neuron sparing.
Lentiviral delivery of IL-10 or IL-4 to the spinal cord post-injury promotes macrophage
polarization towards an M2 phenotype which activate encourages tissue regeneration , neuronal
survival, and attenuates neuropathic pain 3413, Chondroitinase, a bacterial protein which
inactivates CSPGs such that they no longer inhibit axon elongation has been delivered by lentivirus
to create a permissive environment for axonal growth 83137,

In summation, lentiviral vectors and specific serotypes of AAV have the most stable gene
expression and an attenuated immune response when compared to other viral vectors. This
suggests that lentiviral vectors are most appropriate in situations where stable long-term transgene
expression is needed. HSV delivery or AAVs are appropriate when transient expression is desired
within spinal tissue or translocation to the brain is necessary. The immune response of

adenoviruses makes them an inappropriate choice in most use cases, but they exhibit the highest

packaging capacity and transduction efficacy .

Table 3.2 Viral gene therapy strategies

Transduced Immune

Virus Package Efficacy Integration Cells response Length
. Dividing/Non- . 24 hours -
Adeno >8 Kb High No dividing High Transient
Adeno- Dividing/Non- Very 2 weeks -
Associated 4.5 Kb Low No dividing Low Transient
Herpes . Dividing/Non- . 24 hours -
Simplex <8 Kb High No dividing High Transient
Lentivirus <8 Kb  Moderate Yes Dividing/Non- Vvery 48 hours -
dividing Low Stable
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Non-viral vectors

Non-viral vectors are more common clinically due to their assumed safety and avoidance of
other pitfalls of viral vectors. These vectors are not transported to the cell nucleus but reside in
episomes. This drastically reduces their delivery efficiency and subsequent ability to produce high
level of proteins but also reduces immunogenicity and toxicity associated with viral vectors. The
most common non-viral vectors are naked DNA and lipofection. Naked DNA refers to direct
injection of transgene encoded plasmids in the target site. This may be able to achieve high levels
of expression quickly after administration because multiple plasmid copies encoding the transgene
can be incorporated into a signal cell but these plasmids are degraded more quickly than in viral
constructs®® 3% This make viral constructs more desirable for SCI treatment because the
regenerative factors must be expressed over long periods of time to ensure repair. Lipofection uses
liposomes to surround transgene encoded plasmids to facilitate entry into the cell. This is more
successful than naked DNA delivery but has disadvantages including uncontrolled expression, off

target effects, and a significant immune response°.

Cell Transplantation

Cell transplantation strategies for SCI have three main goals. The first goal is to replace the
dead oligodendrocytes, neurons, and astrocytes in the lesion site. The second goal is to produce
scaffolding for regenerating axons and tissues by laying down ECM materials. The third goal is to
function as bioreactors for increased production of growth factor in the lesion site to promote
axonal regeneration, reduce inflammation and secondary damage, and potentiate differentiation of
endogenous stem cells. Many cells types have been implanted to achieve these goals including

fibroblasts'* 142, Schwann cells'**1%°  olfactory ensheathing cells*61% neural stem cells!51%,
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and mesenchymal stem cells®>%’, These strategies have had varying degrees of success but
generally suffer from poor cell survival and engraftment and require immunosuppression.

Neural stem cells are among the most commonly used following SCI, as they have the highest
potential to repopulate the host cells by differentiating into neurons, oligodendrocytes, and
astrocytes that will form the new tissue. Furthermore these cells actively release neurotrophic
factors, ECM, other growth factors'®® >°, Exogeneous neural stem cells and progenitors are
reported to enhance myelination and improve motor function %2 160164 Embryonic neural stem
cells have shown increased potential for differentiation, growth factor, and subsequent
improvements in tissue structure and motor recovery*®?,

The largest drawbacks of cell transplantation are immunogenicity and tumorigenicity.
Embryonic stem cells (ESCs) and induced pluripotent cells (iPSCs) are less susceptible to immune
rejection than adult stem cells due to an absence of major histocompatibility complex (MHC)-II,
CD80/CD86, and low MHC-1 expression 6% 166 However, iPSCs are susceptible to tumorigenesis
due to uncontrolled growth, angiogenesis, and proliferation 67, Stem cells also have the ability to
modulate the local immune response, such as macrophage polarization and T cell phenotype after
SCI, further decreasing their risk for rejection 168173,

Although cell transplantation strategies have demonstrated regeneration with some functional
recovery, they still remain limited by cell survival 1’* and distal migration from the implant site
leading to ectopic colonies of grafted cells at long distances from the transplant site, including in
the central canal of the spinal cord, adhered to the surface of the spinal cord, and in the fourth
ventricle of the brainstem 17°. Future work will require controls for the proliferation of these cells

and the immune responses they may elicit and improving their survival.
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Chapter 4.  Multi-channel Bridges for SCI Regeneration

The Shea lab has developed multi-channel poly (lactide-co-glycolide) (PLG) (Figure 4.1) to
promote spinal cord regeneration and restore functional losses. PLG has been employed for
decades as a biodegradable suture, a matrix for the culture of numerous cell types, and as a vehicle
for drug delivery, and thus is readily translatable!’®. We have developed a sugar fiber templating
procedure to create channels within the bridge and also enabled salt to be mixed into PLG to

provide porosity to the structure!’’.

apposition in

hemisection

Figure 4.1 PLG bridges for SCI regeneration. PLG bridges (A) implanted into a lateral hemisection injury (B). Bridge has good
apposition with intact tissue (C). (D) Crym:GFP reporter expression in spinal cord CST is robust, and clearly identified within and
exiting the PLG bridge 12 weeks after acute implantation (E). Axons entering bridge channels are apparent at the rostral bridge
margin (F).

These bridges are biodegradable and provide a temporary structure that promotes regeneration
for between 2 and 6 months post-implantation®. The bridges have an interconnected pore structure,
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that allows infiltration of endogenous cell populations, including macrophages, Schwann cells,
and oligodendrocytes®® 178180 - Additionally, the bridge mechanically stabilizes the injury with
tissue ingrowth and reduces secondary injury and axonal dieback!’®. Longitudinal channels
encourage axons to regenerate into the bridge with cells aligned along its major axis. Both motor
and sensory axons have been identified in bridge channels®. Glial scarring is limited to the bridge
periphery and resolves by 6 weeks®. Importantly, the effects seen with the bridge structure are not
replicated when using Gelfoam as a control due to its random orientation and lack of structural
integrity'8l. These bridges also serve as a platform for delivery of therapeutics including gene

therapy and cell transplantation.

PLG bridge for localized gene therapy
Delivery of lentivirus from these bridges causes stable transgene expression for at least 8 weeks
after SC1'82, Maximum transgene expression is localized to the implantation site and falls sharply

outside the adjacent vertebrae 83,

Gene therapy for axon elongation

We have delivered NT-3 and BDNF lentivirus from bridges to promote significant increases
in axon growth into our bridge post-SCI. Both viruses significantly increased axon number per
channel at 4 weeks by 2-fold compared to bridges with no lentivirus. There were no significant
differences between each neurotrophic factor &. Though BDNF and NT-3 overexpression did not
differ in their ability to promote axonal growth, NT-3 resulted in some myelination of axons
although it was very low at 13%. These results suggest a need for a treatment to promote

myelination of regenerating axons to improve functional outcomes.
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Gene therapy for axon myelination

We investigated SHH and NT-3 lentiviral delivery from bridge to promote axon growth and
myelination®. Overexpression of these factors increased both regeneration of axons and total
myelination at 8 weeks post-SCI. However, myelination can occur from CNS-derived
oligodendrocytes or PNS-derived Schwann cells. Schwann cell-derived myelin is expected to be
less effective for CNS function®. While these studies did increase total myelination, there exists

a need for a strategy to increase oligodendrocyte myelination specifically.

Gene therapy to reduce inflammation

While the bridge alone reduces inflammation, immuno-modulation provided by localized
expression of anti-inflammatory cytokines, IL-10 and IL-4, substantially enhanced regeneration.
cDNA microarray heat maps indicated more than a 2-fold downregulation of pro-inflammatory
associated genes with delivery of IL-10 and IL-4 relative to control, while more than a 2-fold
upregulation of regeneration associated genes in IL-10 and IL-4 groups compared to control. In
addition to these changes in gene expression, an increase in myelinated and unmyelinated axon
density was observed at 3 and 12 weeks post injury within the bridge of mice receiving IL-4 or IL-
10 overexpression 8. Moreover, overexpression of these factors resulted in increased locomotor
recovery as early as 2 wpi compared to control groups ®°. These data indicate that localized anti-
inflammatory overexpression in an acute injury can enhance the potential for recovery, but there
iS a need to investigate these factors combined with growth promoting factors to support

regeneration of spared and new tissue.

PLG bridges for cell therapy
We have delivered exogenous E14-NSCs that enhanced axon elongation, myelination, and

ultimately functional recovery. EGFP™ spinal progenitors derived from either adult or embryonic
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(E14) mice were cultured on PLG bridges for transplantation into a unilateral hemisection. Bridges
transplanted with E14 progenitors supported an earlier increase in axon elongation and
remyelination compared to adult progenitor or blank bridges 8. Increased axon density correlated
to an earlier onset of hindlimb stepping than adult stem cells or blank bridges. Interestingly, a
significant increase in NeuN* neuronal cell bodies within bridges loaded with E14-NSCs was seen.
Neuronal cell bodies were observed within the bridge in all conditions with few EGFP* cells
present (1-2 cells/mm?), suggesting there may be an enhancement of an endogenous regeneration

response 6,

Remaining Questions

We have made significant strides in the acute regeneration and myelination of CNS axons
through a biomaterial bridge resulting in increased motor function 8. However, there are still
many areas for further investigation using the multi-channel PLG bridges.

First, there is a need to investigate further myelination of regenerating axons, specifically
oligodendrocyte mediated myelination. Oligodendrocyte myelin is needed to restore proper
conduction to regenerating axons and improve functional recovery 7. Furthermore,
oligodendrocytes also perform several roles in maintenance and protection of axons 8, Second,
we have reported the ability of anti-inflammatory cytokines to reduce the initial tissue destruction
and ameliorate losses in functional recovery. However, we have not investigated enhancing the
functional recovery by combining these effects with neurotrophic factors that will support
regeneration of spared and new tissue. Last, our previous work has been completed in acute models
of SCI, but most SCI cases have progressed into chronic stages due to lack of treatment options
available to patients immediately. Furthermore, chronic SCI is seldom studied due to many pitfalls

of chronic SCI models and the complexity of injury microenvironment. There exists a need to
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develop a repeatable chronic SCI model and determine the efficacy of our biomaterial approaches
in the chronic space. This will allow us to determine the efficacy of our acute treatments in the
chronic space and develop future treatments for clinical translation. This thesis aims to answer

these questions and elucidate future directions of spinal cord regenerations research.
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Abstract

Spinal cord injury (SCI) results in paralysis below the injury and strategies are being developed
that support axonal regrowth, yet recovery lags, in part, because many axons are not re-myelinated.
Herein, we investigated strategies to increase myelination of regenerating axons by over-
expression of platelet-derived growth factor-AA (PDGF) and noggin either alone or in
combination in a mouse SCI model. Noggin and platelet-derived growth factor aa (PDGF) have
been identified as factors that enhance recruitment and differentiation of endogenous progenitors
to promote myelination. Lentivirus encoding for these factors were delivered from a multi-channel
bridge, which we have previously shown creates a permissive environment and supports robust
axonal growth through channels. The combination of noggin + PDGF enhanced total myelination
of regenerating axons relative to either factor alone, and importantly, enhanced functional recovery
relative to the control condition. The increase in myelination was consistent with an increase in
oligodendrocyte-derived myelin, which was also associated with a greater density of cells of an

oligodendroglial lineage relative to each factor individually and control conditions. These results

28



suggest enhanced myelination of regenerating axons by noggin + PDGF that act on

oligodendrocyte-lineage cells post-SCI, which ultimately led to improved functional outcomes.

Introduction

Spinal cord injury (SCI) causes paralysis below the level of injury, which, at the cellular level,
results from neuron and oligodendrocyte cell death, axonal loss, and demyelination 17° Though
spinal cord neurons have an innate capacity to regenerate, they are limited by a microenvironment
that features an insufficient supply of factors that promote regeneration and an abundance of
inhibitory factors including the glial scar3® 58 189193 post-mitotic oligodendrocytes, the
myelinating cells native to the central nervous system (CNS), infrequently myelinate regenerating
axons as oligodendrocytes undergo apoptosis due to excitotoxicity and the inflammatory milieu®*-
19 Remyelination by Schwann cell of the peripheral nervous system is observed, though it is
expected that Schwann cell-derived myelin is less effective for CNS function®. Surviving
oligodendrocytes are inefficient at proliferation or extensive migration that is necessary for the
cells to myelinate the majority of regenerating axons'®® 1. Thus, strategies are needed to
overcome the inhibitory microenvironment to enhance the number of available oligodendrocytes,
such as through the recruitment of endogenous progenitors, and supporting their capacity for
myelination%7-2%,

Modulating the microenvironment following injury has proven to be difficult, with a multitude
of cell, gene, and biomaterial approaches having been evaluated. Transplantation of Schwann cells,
stem cells, or cells genetically engineered to secrete inductive factors have been used to shift the
microenvironment towards a pro-regenerative phenotype 2022 However, the impact of cell
transplantation is frequently limited by the extent of survival and engraftment 2°4 2% which may

not provide factors for times that are necessary to promote regeneration. Alternatively, injection
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of proteins into the lesion space or the spinal cord parenchyma has been employed to deliver
trophic factors, yet these strategies cannot sustain the presence of these factors due to their
clearance or degradation. Gene delivery represents a versatile strategy in which transduced cells
function as bioreactors for the localized production of trophic factors to create a permissive
environment for regeneration. We have previously reported that poly (lactide-co-glycolide)
(PLG) multi-channel bridges are an effective vehicle for localized, sustained lentiviral gene
therapy capable of altering the post-injury microenvironment and promoting regeneration®, PLG
has been widely used as a material for spinal cord repair or peripheral nerve conduits. PLG is also
biodegradable, bioresorbable, and its degradation products are cleared by the body 2%. Lentiviral
expression is highest at the site of the implant and decreases as a function of distance. The
lentivirus transduces cells in the surrounding area including astrocytes, macrophages, fibroblasts,
and invading Schwann cells 8. Additionally, these bridges feature an architecture that encourages
axon growth through channels and infiltration of supporting cells into interconnected pores® %7,
Regenerating axons have been observed growing through the bridge and into tissue caudal to the
injury®®l. However, the bridge alone is limited in its ability to foster remyelination. We have
previously reported on the combinatorial delivery of sonic hedgehog (SHH) and neurotrophin 3
(NT3) to improve myelination of regenerating axons. SHH and NT3 are reported to promote
neurite extension that is dependent on the concentration and spatial/temporal distribution?’” 208,
with SHH also influencing neuronal and oligodendrocyte differentiation during development and
following injury?®® 2% While SHH alone, but not its combination with NT3, was able to enhance
the percentage of axons myelinated by oligodendrocytes, the overall percentage of myelinated
axons was lower than normally found in the contralateral tissue. This could be attributed to NT3

promoting Schwann cell recruitment and progenitor quiescence?®®. SHH has also been associated
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with ventral patterning, but has not been shown to enhance progenitor recruitment necessary to

generate myelinating oligodendrocytes?'!

. Factors that more effectively recruit the endogenous
progenitor pool toward an oligodendrocyte lineage may further enhance myelination.

Noggin and platelet-derived growth factor aa (PDGF) have been identified as factors that
enhance recruitment and differentiation of endogenous progenitors to promote myelination in vitro
and in vivo. Noggin is a bone morphogenetic protein (BMP) receptor antagonist?'?. BMPs, which
are upregulated after SCI, promote astrocyte differentiation of proliferating progenitor cells.
Although noggin inhibits the BMP pathway, it is not sufficient to increase the overall
differentiation of progenitor cells to myelinating oligodendrocytes?'®. PDGF specifically, has been
noted for its capacity to enhance proliferation and recruitment of progenitor cells both in vitro and
in vivo?!42Y7_ PDGF is a potent mitogen for progenitor cell proliferation®*> 28 and is a required
signaling molecule for differentiation of embryonic and adult neural stem cells into O4*
oligodendrocytes®® 21% 220 These reports elucidated how inductive factors can increase progenitor
activity after SCI and even encourage spontaneous remyelination of spared axons??!-22%; however,
the ability of these endogenous progenitors to potentiate myelination of large numbers of newly
regenerating axons has not been determined.

In this report, we investigated noggin and PDGF individually or in combination for their ability
to enhance myelination of regenerating axons growing through a biomaterial bridge implanted into
an acute spinal cord lesion. A mouse lateral hemisection model was used, with immediate
intervention with PLG bridges inserted into the injury to deliver lentiviral vectors for sustained
and localized expression noggin and/or PDGF 8224 Immunohistochemistry (IHC) was initially
employed to quantify the extent of axon growth and myelination, and functional recovery was

quantified using the Basso Mouse Scale (BMS) scale. As myelination can occur from CNS-derived
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oligodendrocytes or PNS-derived Schwann cells, we quantified the source of myelinating cells, as
well as the density of cells within the oligodendrocyte lineage. Collectively, these studies
demonstrate the potential for synergy between biomaterials to guide tissue growth and the
localized expression of factors to modulate the local environment and enhance the recruitment of

endogenous progenitors that can restore function.
Materials and Methods

Virus production and validation

HEK-293FT cells (80-90% confluent, American Type Culture Collection (ATCC), Manassas,
VA, USA) were transfected with third generation lentiviral packaging vectors 1 and pLenti-
CMV-Luciferase, pLenti-CMV-noggin, or pLenti-CMV-PDGF. Correct insertion was validated
via DNA sequencing. Plasmids were incubated in OptiMEM (Life Technologies, Carlsbad, CA,
USA) with Lipofectamine 2000 (Life Technologies) for 20 minutes prior to being added to cells.
After 48 hours of incubation, supernatant was collected, centrifuged to remove cellular debris, and
then incubated with PEG-It (System Biosciences, Palo Alto, CA, USA) for 16-24 hours at 4°C.
Virus was centrifuged at 15009 at 4°C for 30 min, supernatant was removed, and the pellet was
re-suspended in sterile phosphate buffered saline (PBS; Life Technologies). Viral solution was
aliquoted and frozen at -80°C until use. Viral titers used throughout the study were 3E9 IU/mL as
determined by the Lentivirus gPCR Titer Kit (Applied Biological Materials, Richmond, BC,

Canada).

Fabrication of multi-channel bridges
Bridges were fabricated using a sacrificial template variation??® of the gas foaming/particulate

leaching technique, as previously described®® 7, Briefly, PLG (75:25 lactide:glycolide; i.v. 0.76
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dL/g; Lakeshore Biomaterials, Birmingham, AL, USA) was dissolved in dichloromethane (6%
w/w) and emulsified in 1% poly (ethylene-alt-maleic anhydride) using a homogenizer (PolyTron
3100; Kinematica AG, Littau, Switzerland) to create microspheres (z-average diameter ~1um).
D-sucrose (Sigma Aldrich), D-glucose (Sigma Aldrich), and dextran MW 100,000 (Sigma
Aldrich) were mixed at a ratio of 5.3:2.5:1 respectively by mass. The mixture was caramelized,
cooled, and drawn from solution with a Pasteur pipette to make sugar fibers. Fibers were drawn to
150 — 250 pum, coated with a 1:1 mixture of PLG microspheres and salt (63-106 um) and pressed
into a salt-lined aluminum mold. The sugar strands were used to create 7 channels and the salt
create a porous structure. The materials were then equilibrated with CO2 gas (800 psi) for 16 h and
then gas foamed in a custom-made pressure vessel. Bridges were subsequently cut into 2.25 mm
sections and leached for 2 h to remove porogen. The bridges are dried overnight and stored in a

desiccator.

Virus loading into bridges

Viruses were adsorbed onto bridges, with multiple steps to increase lentiviral loading. Prior to
virus addition, bridges were disinfected in 70% ethanol and washed with sterile water. Bridges
were then dried by touching sterile filter paper to the bridge. Bridges were then saturated with 2
ML of virus. After 2 minutes of incubation, sterile filter paper was touched to the surface of the
bridge to remove excess moisture. This process was then repeated until a total of 8 uLL of virus was
added. After the final addition, the bridges were not dried with filter paper and were stored on ice
until use. Bridges were used within 3 hours of coating with lentivirus. Lentivirus loading
conditions included FLuc, PDGF, noggin, and noggin + PDGF. Lentiviral loading was done to

ensure the same number of lentiviral particles per bridge.
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Mouse spinal cord hemisection

All animal procedures were approved and in accordance with the Institutional Animal Care
and Use Committee at the University of Michigan. A hemisection model of SCI was performed as
previously described!’” on female C57BL/6 mice (6-8 weeks old; Jackson Laboratories). After
administration of bupivacaine (.8 ml/kg), a laminectomy was performed at T9-T10 to allow for a
2.25 mm lateral hemisection for immediate bridge implantation. The injury site was covered using
Gelfoam (Pfizer, New York, NY, USA) followed by suturing together of the muscle and stapling
of skin. Postoperative care consisted of administration of enrofloxacin (2.5 mg/kg; daily for 2
weeks), buprenorphine (0.1 mg/kg; twice daily for 3 days), and Lactated Ringer’s solution (5

mL/100 g; daily for 5 days). Bladders were expressed twice daily until function recovered.

Immunohistochemistry and quantitative analysis of nerve regeneration, myelination, and NPC
differentiation

Spinal cords were extracted 8 weeks after SCI and flash frozen in isopentane. For
immunofluorescence, spinal cord segments were embedded in Tissue Tek O.C.T. Compound
(Sakura Finetek, Torrance, CA, USA) with 30% sucrose. Cords were cryo-sectioned transversely
in  18-um-thick sections. Antibodies against the following antigens were used for
immunofluorescence: neurofilament 200 (NF-200, Sigma Aldrich), myelin basic protein (MBP,
Santa Cruz Biotech, Dallas, TX, USA), Protein-zero myelin protein (PO, Aves Labs, Tigard, OR,
USA), Sox2 (Abcam), Olig2 (Millipore), NG2 (Millipore), and O4 (Millipore). Tissues were
imaged on an Axio Observer Z1 (Zeiss, Oberkochen, Germany) using a 10x/0.45 M27
apochromatic objective and an ORCA-Flash 4.0 V2 Digital CMOS camera (C11440-22CU,
Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan) or Nikon Al+ (Nikon Inc., Garden

City, NY) using a 60x/1.4 apochromatic objective.

34



To assess the numbers of regenerated and myelinated axons within the PLG bridge area, NF-
200 was used to identify axons, NF-200"/MBP™ to determine the number of myelinated axons, and
NF-200*/MBP*/P0" to determine the amount of myelin derived from infiltrating Schwann cells,
Twenty-one tissues distributed between conditions were counted by 2 blinded counters to calibrate
software for automated counting developed by McCreedy et al??®. In short, images were imported
into MATLAB and the area of the section corresponding to PLG bridge was outlined. A Hessian
matrix was created by convolution filtering using second derivative of the Gaussian function in
the X, y, and xy directions. Eigenvalues were determined by extracted from the Hessian matrix and
used to reconstruct the original image. Following filtering, positive NF-200 events were identified
by intensity threshold, single pixel events were removed, and the number of connected objects
were identified. This ensures highly branching axons are counted as one object and long axons are
also counted as one object. For calibration, the software will output a matrix of potential axon
counts based on this method. These values are directly compared to manual counts for the initial
22 tissues used for calibrating the software. The appropriate filter size and threshold sensitivity are
selected based on the correlation between the manual and automated counts to properly calibrate
the software for use in quantifying the remaining tissues that had not been manually counted. To
obtain axon densities, total NF-200 counts were divided by the area of the PLG bridge. MBP and
PO events were identified similarly. NF-200 objects containing pixel locations overlapping with
positive MBP or PO staining were counted and compared to total NF-200 counts. To ensure proper
calibration, Pearson’s coefficients were compared between counters and between the software and
the counter averages.

Nine tissues were selected randomly from the rostral, middle, and caudal section of the bridge

implant from each animal (n=6) of each condition to be counted for progenitors and differentiated
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cells. Immunopositive cells within the PLG bridges were counted manually by four researchers
independently. Due to PLG material generally exhibiting high background, cells were counted as
Olig2 or Sox2 positive only when appearance of these markers spatially overlapped Hoechst 33342
counterstaining. Co-staining for multiple markers was always assessed by evaluating overlap of
pixels above a set threshold in images acquired over identical sample areas. Co-localization of
Sox2 and Olig2, was evaluated to determine the numbers of NPCs and OPCs. To quantify

densities, total immunopositive cells were divided by the area of PLG outlined.

Behavioral analysis

The Basso mouse scale (BMS) open-field locomotor test was used to evaluate functional
recovery over period of 8 weeks after SCI as previously described??’ for FLuc (n=12) and noggin
+ PDGF (n=12) conditions. A baseline was determined prior to SCI, and the mice were tested at
1, 2, 4, 6, and 8 weeks. Observations and BMS scoring were performed by two blinded observers

for 4 minutes per animal.

Statistical analysis

For multiple comparisons, statistical significance between groups was determined by one-way
or two-way ANOVA with Bonferroni’s post-hoc. For single comparisons, the statistical
significance between pairs was determined by unpaired t-test. All statistics test significance using
a a value of 0.05. Error bars represent standard error in all figures. Prism 7 (GraphPad Software,

La Jolla, CA, USA) software was used for all data analysis.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the

corresponding author on reasonable request.
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Results

Lentiviral construct validation

Initial studies validated the lentiviral constructs encoding noggin and PDGF. HEK-293FT cells
were transduced with a multiplicity of infection (MOI) of 10 viral particles per cell with noggin-
encoding lentivirus. After 3 days, expression of noggin was assessed with anti-noggin antibody
with Hoechst 33342 counterstaining (Figure 5.1). There was substantial staining with anti-noggin
antibodies throughout cells transduced with lentivirus. There is also substantial staining of noggin
in the cytosol. PDGF overexpression was validated by transducing HEK-293FT cells with MOI
10 of PDGF lentivirus and quantifying protein level with an ELISA kit. PDGF protein expression

increased 4-fold over cell transduced with FLuc lentivirus.
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Figure 5.1 Noggin and PDGF expression. (A) Hoechst (blue), (B) Noggin (green), and (C) overlaid images of
lentiviral expression of noggin. (D) Quantification of PDGF secretion protein from cells transfected with no
virus (Control) or PDGF lentivirus using ELISA. Data presented as mean +/- SEM. Scale: 50 pm **** denotes

p<0.0001 v. control.
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Increased axon numbers and myelination post injury

We quantified axonal density as a function of FLuc, noggin, PDGF, or co-delivery of both
factors from the bridge. Axons (NF-200") were present throughout the bridges (Figure 5.1) 8
weeks after SCI in all experimental conditions. NF-200* axons were typically observed in small
groups or bundles as previously reported for multi-channel PLG bridges®® 22, FLuc bridges had a
mean of approximately 800 axons/mm?, single lentiviral conditions had approximately 1100
axons/mm?, and noggin + PDGF had approximately 1200 axons/mm? (Figure 5.2) However, these

differences were not statistically significant.
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Figure 5.2 Axonal growth at 8 weeks post injury. NF-200+ (red) immunofluorescence from bridge implants delivering (A) FLuc,
(B) Noggin, (C) PDGF, or (D) Noggin + PDGF. Brightness and contrast were adjusted for clarity. (E) Quantification of axon
density in FLuc, Noggin, PDGF, and Noggin + PDGF conditions. Data presented as mean +/- SEM. Scale: 20 um. N = 6 per
condition.

Myelinated axons (NF-200"/MBP*) (Figure 5.3) were present throughout bridge implants and
typically appeared in bundles of multiple axons as previously reported. Myelinated axon density
in the bridge implants was significantly enhanced, approximately 3-fold by co-delivery of noggin

+ PDGF relative to FLuc controls (Figure 5.3E). While single lentiviral vector delivery increased
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the density of myelinated axons compared to the FLuc control, it was not significant. The
percentage of axons myelinated, which was determined from the ratio of NF-200"/MBP* axons
divided by total number of NF-200* axons, was approximately 30% with no differences between
groups for the control and individual factor expression (Figure 5.3F); however, combined noggin

+ PDGF delivery resulted in a significantly higher percentage of myelinated axons at 44%.
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Figure 5.3 Myelinated axons 8 weeks post injury. NF-200+ (red) /MBP+ (green) immunofluorescence from bridge implants
delivering (A) FLuc, (B) Noggin, (C) PDGF, or (D) Noggin + PDGF. Brightness and contrast were adjusted for clarity.
Quantification of (E) myelinated axon density and (F) percentage of myelinated axons in FLuc, Noggin, PDGF, and Noggin +
PDGF conditions. Data presented as mean +/- SEM. Scale: 20 pm. * denotes p<0.05 v. FLuc. N = 6 per condition.

Enhanced motor function recovery with combinatorial delivery

We subsequently investigated the capacity for the combination of PDGF + noggin, which
enhanced myelinated, to improve functional recovery. Bridges loaded with noggin + PDGF were
implanted into the lateral hemisection, with a control cohort receiving FLuc, and motor function
was evaluated for 8 weeks post-SCI using the BMS (Figure 5.4)

. Prior to surgery, all mice were fully functional with perfect scores (BMS = 9). At 1-week

post-SCI, all mice had no movement in the ipsilateral hindlimb. From week 4 onward, mice
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receiving noggin + PDGF co-delivery had significantly improved function in comparison to mice
that received bridges with FLuc lentivirus. Mice receiving noggin + PDGF lentivirus earned an
average BMS score of approximately 4.2, with a score of 4 indicating occasional stepping. By

comparison, mice from the control condition mice scored at an average of approximately 1.5,

-o- N+P

Basso Mouse Scale

Weeks

Figure 5.4 Functional recovery induced by Noggin + PDGF co-
delivery. The Basso Mouse Scale was used to determine differences in
motor recovery in the ipsilateral hindlimb. Data presented as mean +/-
SEM. ** denotes p<0.05 v. FLuc, *** denotes p<0.001 v. FLuc, ****
denotes p<0.0001 v. FLuc. N = 12 per condition.

which indicates ankle movement, yet an inability to achieve paw placement or perform stepping.

Source of myelination post injury

The source of myelination in the bridge was subsequently characterized to further investigate
the correlation between increased myelination and motor function recovery. Histological sections
were immunostained to identify Schwann cell (NF-200"/MBP*/P0*) or oligodendrocyte-derived
myelin (NF-200"/MBP*/P0") (Figure 5.5). No significant difference in density of Schwann cell
myelinated axons between conditions was observed. In control, noggin, and PDGF conditions, the
density of oligodendrocyte-derived myelin was approximately 100 neurites/mm?. Overexpression

of noggin + PDGF resulted in approximately 250 neurites/mm?, a significant 2.5-fold increase
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(Figure 5.5E). The percentage of oligodendrocyte-derived myelin was determined as the ratio of
number of NF-200"/MBP*/PO" axons divided by the total number of NF-200" axons.
Overexpression of noggin or PDGF alone resulted in similar percentages of oligodendrocyte-
derived myelin as control animals at 11-13%. Combined overexpression of noggin + PDGF

significantly increased the level of total axons myelinated by oligodendrocytes to 22% relative to

all experimental conditions (Figure 5.5F).
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Figure 5.5 Source of myelination 8 weeks post injury. Immunofluorescence from bridges of Schwann cell (NF-200+/MBP+/P0+:
red/green/blue, respectively) and oligodendrocyte (NF-200+/MBP+/P0-) derived myelin fibers from bridge implants delivering
lentivirus encoding (A) FLuc, (B) Noggin, (C) PDGF, or (D) Noggin + PDGF. White arrows show fibers wrapped by Schwann
cell myelin. Yellow arrows show fibers wrapped by Oligodendrocyte myelin. Brightness and contrast were adjusted for clarity.
Quantification of (E) oligodendrocyte myelin density and (F) percentage of oligodendrocyte-derived myelinated axons in FLuc,
Noggin, PDGF, and Noggin + PDGF conditions. Data presented as mean +/- SEM. Scale: 20 um. ** denotes p<0.01 v. FLuc, ##
denotes p<0.01 v. Noggin, * denotes p<0.05 v. PDGF. N = 6 per condition.

Recruitment and differentiation of endogenous progenitors

The increase in CNS-derived oligodendrocyte myelination of regenerating axons at 8 weeks
post-injury within the bridge was subsequently interrogated by quantifying the density of cells
within the oligodendroglial lineage. The presence of oligodendrocytes was evaluated by staining

for O4 (Figure 5.6). Few 04" pre-oligodendrocytes were observed in controls (Figure 5.6J). A
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significant increase in O4" cells for noggin + PDGF overexpression was observed compared to all

other experimental conditions (Figure 5.6J).
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Figure 5.6 Oligodendrocyte-lineage cells in bridge implants at 8 weeks post injury. Images are representative of positive cell
counts. (A-D) Oligodendrocyte-lineage cells at 8 weeks post injury. (A) Hoechst, (B) NG2+, and (C) O4+ expression in bridge
implants. (D) Merged image. Yellow arrows denote NG2+ cells. White arrows denote O4+ cells. Scale: 20 um. (E-H) Neural
progenitor cells at 8 weeks post injury. (E) Hoechst, (F) Sox2+, and (G) Olig2+ expression in bridge implants. (H) Merged image
shows single expression and co-expression of Sox2 and Olig2. White arrows indicate positive nuclei for co-expression. Brightness
and contrast were adjusted for clarity. Scale: 20 um. (1) Schematic of infiltration of cells into bridge implants from uninjured
contralateral tissue following injury. Cells nearest the midline migrate into the bridge to support regenerating axons. (J)
Quantification of O4+ cells. (K) Quantification of NG2+ cells. (F) Quantification of neural progenitor cell phenotype densities.
Data presented as mean +/- SEM. ** denotes p<0.01 v. FLuc, # denotes p<0.05 v. Noggin, ## denotes p<0.01 v. Noggin, $$ denotes
p<0.01 v. Noggin + PDGF, " denotes p<0.001 v. PDGF. N = 6 per condition.

Cells in the oligodendrocyte lineage (O4+) can arise from either neural progenitor cells (NPCs)
that are Sox2+, or from glial-restricted progenitors (Olig2*/Sox2" or NG2+), which were
subsequently analyzed. This analysis was performed at the 8-week time point, which would
provide enough time for the progenitors to develop along the multiple lineages. For glial-restricted
OPCs (Fig 6B), no significant differences in the density of Olig2*/Sox2™ cells or NG2* cells across
experimental conditions were observed (Figure 5.6L). However, the density trended toward an
increase in NG2* stained cells for all conditions compared to control (Figure 5.6K). Similar levels
of NG2* cells levels were present for noggin, PDGF, and combination of noggin + PDGF
overexpression.

For NPCs (Sox2*), noggin over-expression resulted in no significant difference in number of
Sox2* cells relative to FLuc delivery (Figure 5.6L). In contrast, PDGF over-expression trended
towards elevated numbers of Sox2* cells relative to noggin over-expression. Interestingly, the
combination of noggin + PDGF had an additive effect, producing significantly more Sox2* cells
relative to noggin over-expression alone. We subsequently assessed the co-localization of Sox2
and Olig2 markers, which represents Sox2" NPCs in the process of differentiating along
oligodendrocyte lineages that leads to nuclear expression of Olig22%% 228229 A significant increase
in density of Sox2*/0Olig2* cells was observed with PDGF overexpression compared to noggin and
noggin + PDGF overexpression (Figure 5.6L), indicating a greater number of NPCs

differentiating into OPCs. Collectively, these studies suggest that the combination of PDGF +
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noggin enhances the recruitment of both glial-restricted progenitors and NPCs toward an

oligodendrocyte lineage.

Discussion

We investigated remyelination of regenerating axons by endogenous cells responding to
lentiviral induced trophic factor production by cells recruited into PLG multi-channel bridges
implanted into a T9-10 mouse lateral hemisection SCI. We have previously reported axonal growth
post-SCI through an aligned linear multichannel bridge which also provides a porous structure for
cellular infiltration® 37 18 These bridges are a valuable tool to study the spinal cord
microenvironment post-injury and investigate treatments in a controlled and defined manner. The
bridges are acellular, indicating that any cells, extracellular matrix, or proteins present in the bridge
at the time of extraction must have originated from the host tissue. Similarly, any axons entering
the implant must be attributed to either regeneration of injured axons or sprouting of new axons
from spared or contralateral tissue. This bridge provides a defined space for histological analysis,
analysis of cell populations at and near the lesion site, and treatment outcomes. The bridge alone
has supported robust axon ingrowth, myelination, and recovery of some motor function!8!. These
bridges also provide a vehicle for lentiviral delivery resulting in long-term, localized transgene
expression with delivery of multiple factors which is difficult to achieve and generally requires the
use of osmotic pumps® 182, Osmotic pumps can clog, require surgery for removal, and can cause
further tissue damage. Other reports have used direct injection of vectors, which may not localize
delivery to the injury. Unlike other viral vectors, lentivirus does not influence the phenotype of
progenitors?*® or cause significant inflammation!?. The physical properties of lentiviral vectors
are independent of the encoding gene, which allows for the exchange of vectors or the potential to

deliver multiple vectors encoding various inductive factors without modification to the base
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biomaterial creating a high-throughput system. In these studies, we delivered two distinct
transgenes from PLG bridges alone and in combination. We have previously demonstrated
sustained expression for a minimum of 12 weeks, with peak expression localized within the bridge

and decreased expression both rostral and caudal to the bridge!®2

. This expression pattern ensures
the delivered factors can have prolonged, targeted effects on cells within the intact tissue and
infiltrating cells within the bridge.

Co-delivery of noggin + PDGF significantly increased the density of myelinated axons and
achieved the largest percentage of myelinated axons (44%) and oligodendrocyte-derived myelin
(22%) that we have observed. While, co-delivery of noggin + PDGF did not significantly increase
axon density versus control, the combination did enhance myelination relative to individual factors
or control. For comparison to the extent of myelination, delivery of SHH and NT3 in our previous
studies only resulted in ~30% of myelinated axons and ~13% of oligodendrocyte-derived myelin
when compared to total axon counts'®. Current estimates of myelinated axons in healthy spinal
cord of rodent models range from 40 — 60%231-23, Therefore, this represents a significant result in
the enhancement of axon myelination. Reports from other systems have demonstrated varying
degrees of remyelination via delivery of single factors®* 2% or cell transplantation®* 201 236, 237,
with these reports not achieving the myelination levels reported herein. Lack of myelination has
been demonstrated to be a significant hindrance to recovery of function to regenerating axons*®”
238 and we employed the BMS and identified a significant increase in motor function improvement
after SCI compared to control. This result suggests the difference in myelination density and
percentage may contribute in part to the improved functional outcomes. This result is consistent

with other research suggesting remyelination contributes to normal function recovery®’. Another

interesting outcome is that no difference in Schwann cell myelin between groups was observed,
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yet only the noggin/PDGF combination resulted in improved functional outcome, potentially due
to the differences in oligodendrocyte-derived myelination. Oligodendrocyte-derived myelin has
been reported to be thicker and more supportive of axonal growth. This suggests that
oligodendrocyte-derived myelin is necessary for return of function and Schwann cell myelin is
inefficient.

The increased myelination and functional recovery were associated with a greater recruitment
of progenitor cells into the oligodendrocyte lineage. Post injury, oligodendrocyte-lineage cells
have been reported to migrate from the spared tissue to repopulate lost cell populations?®. These
progenitor cells proliferate extensively between 24 hours to 2 weeks post injury but these
populations are reduced at later timepoints 1 24, Therefore, many progenitor cell populations
would not be expected to be present in the bridges at 8 weeks post-injury without trophic factor
expression. Our results with the control bridge (i.e., FLuc expression) are consistent with the
relatively low density of progenitor cells populations. However, the delivery of lentivirus encoding
for noggin, PDGF, or noggin/PDGF combination for sustained transgene expression altered the
recruitment and differentiation of progenitor cells. At 8 weeks post-injury, endogenous progenitor
pools were present within the bridge with trophic factor delivery. NPCs (Sox2*) can differentiate
into OPCs (Olig2*, NG2") by exposure to various factors, and OPCs can differentiate into multiple
other cell types including oligodendrocytes, astrocytes, Schwann cells, and neurons?*!. At the O4*
stage, the cells are lineage locked into becoming mature, myelinating oligodendrocytes. Noggin
expression at the bridge would be expected to block the receptors for BMP 2/4/7, which would
normally act to inhibit NPC differentiation and migration 212 242 243 The decreased presence of
NPCs relative to control with noggin expression is consistent with inhibiting the action of BMPs,

which would allow differentiation of NPCs toward an oligodendrocyte lineage. Although noggin
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alone increased the presence of 04" oligodendrocytes, noggin alone was insufficient to induce
myelination of large numbers of regenerating axons.

Delivery of PDGF-encoding lentiviral vectors from the bridge significantly increased the
presence of OPCs (Sox2*/Olig2*). PDGF in the spinal cord elicits multiple effects on OPCs, such
as increasing the proliferation®!® 217 244 and differentiation?® 2% 245 of OPCs at lesions. In contrast,
in vitro culture studies with oligodendrocytes indicated an inhibition of myelinating properties®4®,
and has been reported to delay oligodendrocyte differentiation and axonal myelination in vivo
during development?*’. However, the distinct effects of PDGF may depend on its temporal
availability during proliferation, differentiation, and myelination?*, as withdrawal of this growth
factor triggers cell-cycle exit and differentiation®*. Herein, lentivirus was used for the sustained
expression of PDGF for the 8-week study resulting in increased OPC density. However, these
increases in OPC density did not contribute to increased density of O4" pre-oligodendrocytes,
which is consistent with the lack of increased myelination and oligodendrocyte-derived myelin
relative to control. Conditional expression systems such as the tetracycline system have been used
for temporal control of lentiviral expression 2°°. This type of viral delivery system could allow for
PDGF to be expressed transiently to encourage further maturation of OPCs.

Interestingly, combined delivery of noggin + PDGF encoding lentivirus significantly increased
the presence of O4* pre-oligodendrocytes. The noggin + PDGF overexpression significantly
increased Sox2+/0lig2" cell density compared to noggin alone and had similar density compared
to PDGF. This result suggests the decrease in Sox2*/0lig2" caused by noggin delivery may have
been offset by PDGF co-delivery. Co-delivery also resulted in significantly lower densities of
Olig2* cells compared to other conditions. However, the density of O4" pre-oligodendrocytes was

increased 4-fold relative to control and PDGF conditions and 2-fold relative to noggin alone.
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Noggin alone increased the density of immature oligodendrocytes, yet when paired with PDGF,
the increase was further enhanced. Although these cells were O4*, many cells did not exhibit a
typical oligodendrocyte morphology. The O4 marker for differentiation is expressed at many
stages of oligodendrocyte lineage so positive cells may not resemble the classical mature
oligodendrocyte morphology. Furthermore, biomaterials and SCI have varying effects on the
morphology of cells dependent on stiffness, modulus, and severity of injury 224, thus cells may
not exhibit classical morphology due to biomaterial interactions and injury. However, we note that
04" cells are lineage locked to becoming myelinating oligodendrocytes 2*°. These findings suggest
that combinatorial delivery of inductive factors can considerably enhance the recruitment and

differentiation of endogenous OPCs that persist at long time points.

Conclusion

Collectively, we report the ability of noggin + PDGF to promote remyelination by endogenous
progenitor cells post-SCI. Co-delivery of noggin + PDGF encoding lentivirus significantly
increased total myelinated axon density and percentage. Co-delivery also promoted greater
myelination by oligodendrocytes compared to all other conditions (22% vs 11%). This result was
consistent with the increased density of O4" pre-oligodendrocytes via co-delivery. Overall, we
have demonstrated that lentivirus-based expression of multiple factors, such as noggin and PDGF,
from multichannel PLG bridges provides a strategy for identifying synergistic actions with the
potential to target multiple barriers to regeneration.

Bridges are increasingly being considered for both penetrating wounds as well as for chronic
injuries in which the scar is surgically resected that creates a defect 2°6. While the bridge provides
a path and support for axon regeneration, it is insufficient alone to promote regeneration. As we

have shown, PDGF and noggin may be used to recruit and differentiate endogenous progenitors
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after spinal cord injury to encourage remyelination. Lentivirus represents an effective strategy to
increase and sustain levels of these target proteins at the injury. Lentiviral vectors are currently in
clinical trials 27 and, at a minimum, represent a tool to identify factors or combinations of factors
that enhance myelination. An alternative to lentivirus delivery would be the direct delivery of these
proteins, which is being attempted by various delivery strategies 1°. This combination of a bridge
to support and direct axon growth with a strategy to enhance their myelination represents a

potential clinically translatable treatment for SCI.
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Abstract

There are more than one million estimated cases of spinal cord injury (SCI) in the United States
and repairing an injury has constituted a difficult clinical challenge. Many strategies have been
unsuccessful due to the complex, dynamic, inhibitory microenvironment post injury. This
inhibitory environment is characterized by pro-inflammatory signaling from invading leukocytes
and lack of sufficient factors that promote axonal survival and elongation. We have developed
multi-channel PLG bridges for spinal cord regeneration. The bridges provide a vehicle for
lentiviral delivery for continuous and localized transgene expression. However, there are
limitations to viral delivery and expression based on bridge surface area and cell density in the
spinal cord. Therefore, we have investigated an alternative strategy using polycistronic vectors.
Polycistronic vectors encode multiple transgenes for co-expression of multiple factors. In the
present study, we investigated polycistronic delivery of IL-10+NT-3 using PLG bridges after acute
SCI. We observed a significant increase in the density of regenerative macrophages for IL-10+NT-
3 condition. Combined delivery of IL-10+NT-3 produced a significant increase of axonal density

and notably corticospinal tract axons compared to all other conditions. Furthermore, we observed
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a significant functional recovery for IL-10+NT-3 delivery at 12 wpi that was significantly
positively correlated to oligodendrocyte myelinated axon density. This suggests oligodendrocyte
myelin as an important area of future of research to improve functional recovery. These results
further buttress multichannel PLG bridges as a growth supportive substrate and platform to deliver
bioactive agents as well as a defined space to investigate the SCI microenvironment and potential

treatments.

Introduction

There are approximately 12, 000 estimated new cases of SCI in the United States each year
and repairing an injury to the spinal cord has constituted one of the most difficult clinical
challenges®®. Many strategies have been developed to aid the regeneration of the central nervous
system (CNS) but have largely been unsuccessful due to the complex, dynamic, inhibitory
microenvironment after the injury. This inhibitory environment is created by a combination of
barriers to nerve regeneration, most notably pro-inflammatory signaling from invading immune
cells and lack of sufficient factors that promote axonal survival and elongation?. This environment
has led to the discovery of the cytokine/neurotrophin axis in axon growth. Cytokines (IL-10, IL-4,
IL-6) released by invading macrophages can influence the expression of neurotrophins (NT-3, NT-
4, NGF) and their receptors?®. Macrophages invade the lesion site and contribute to both injury
and repair 29, Macrophages exist on a spectrum of activation states ranging from pro-inflammatory
to pro-regenerative % 22 Pro-regenerative macrophages present enhanced phagocytosis
capabilities 263 264 and can promote tissue regeneration 2%°. The pro-inflammatory/pro-regenerative
ratio can expedite or drastically reduce axonal growth into the lesion site?®. Combinations of
different interleukins and neurotrophins have been shown to promote or inhibit neurite extension

but these relationships have not been evaluated in vivo 25% 26,
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Traditional strategies for localized delivery of factors involve osmotic pumps which can clog
and require surgery for removal or direct injection of factors which can be carried away and lead
to off target effects in the body % 183267 \We have developed multi-channel PLG bridges with an
architecture for cellular infiltration and axon elongation while also capable of long-term, localized
transgene expression of lentivirus. Previously, we have delivered single viral vectors with positive
results, but there is a need for delivery of multiple factors to address the multiple barriers to
regeneration. The limiting factors of multiple gene expression are the concentration of the virus
and its stability. Higher concentrations of delivered lentivirus may increase negative effects
associated with immunogenicity and potentiate its clearing. These limitations suggest we need an
effective way to delivery multiple factors without increased concentrations of lentivirus.

We have investigated an alternative strategy based on polycistronic viral vectors. Polycistronic
vectors negate the limitations of single lentiviral vectors by encoding co-expression of multiple
genes by adding “self cleaving” 2A peptide sites between genes. 2A peptides can lead to high
levels of downstream protein expression compared to other strategies for multi gene co-expression
and are small enough to not negatively interfere with the function of the co-expressed genes?e.
We have previously shown IL-10 can alter the phenotype of invading macrophages towards a pro-
regenerative phenotype and lead to improved spinal cord regeneration 3% 224 We have also
previously shown that our bridges are capable of promoting neuron survival and axonal elongation
through neurotrophic support with NT-3 8%, However, we have not investigated if a combination
of these factors achieves synergistic or antagonistic effects.

In the present study, we investigated polycistronic delivery of NT-3 and IL-10 using PLG
bridges after acute SCI. We investigated the effects of combined delivery on macrophage

phenotypes, axonal elongation and myelination, and source of the myelination at 12 weeks post
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injury. Subsequently, we assessed the functional benefits of co-delivery of these factors and how
it relates to the tissue regeneration we observed. This research builds upon the success of the
multiple channel poly(lactide-co-glycolide) (PLG) bridges by delivering multiple gene factors that

target separate barriers to regeneration to elucidate synergistic relationships.
Methods

Virus Production and validation

HEK-293FT cells (80-90% confluent, American Type Culture Collection (ATCC), Manassas,
VA, USA) were transfected with third generation lentiviral packaging vectors and pLenti-CMV-
Luciferase, pLenti-CMV-hNT3, pLenti-CMV-hIL10, or pLenti-CMV-hIL10/NT3. Correct
insertion was validated via DNA sequencing. Plasmids were incubated in OptiMEM (Life
Technologies, Carlsbad, CA, USA) with Lipofectamine 2000 (Life Technologies) for 20 minutes
prior to being added to cells. After 48 hours of incubation, supernatant was collected, centrifuged
to remove cellular debris, and then incubated with PEG-It (System Biosciences, Palo Alto, CA,
USA) for 16-24 hours at 4°C. Virus was centrifuged at 1500g at 4°C for 30 min, supernatant was
removed, and the pellet was re-suspended in sterile phosphate buffered saline (PBS; Life
Technologies). Viral solution was aliquoted and frozen at -80°C until use. Viral titers used
throughout the study were 2E9 1U/mL as determined by the Lentivirus gPCR Titer Kit (Applied

Biological Materials, Richmond, BC, Canada).

Fabrication of multi-channel bridges
Bridges were fabricated using a sacrificial template variation??® of the gas foaming/particulate
leaching technique, as previously described®® 7, Briefly, PLG (75:25 lactide:glycolide; i.v. 0.70

- .90 dL/g; Lactel, Birmingham, AL, USA) was dissolved in dichloromethane (6% w/w) and
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emulsified in 1% poly (vinyl-alcohol) using a homogenizer (PolyTron 3100; Kinematica AG,
Littau, Switzerland) to create microspheres (z-average diameter ~1um). D-sucrose (Sigma
Aldrich), D-glucose (Sigma Aldrich), and dextran MW 100,000 (Sigma Aldrich) were mixed at a
ratio of 5.3:2.5:1 respectively by mass. The mixture was caramelized, cooled, and drawn from
solution with a Pasteur pipette to make sugar fibers. Fibers were drawn to 150 — 250 um, coated
with a 1:1 mixture of PLG microspheres and salt (63-106 um) and pressed into a salt-lined
aluminum mold. The sugar strands were used to create 9 channels and the salt created a porous
structure. The materials were then equilibrated with CO> gas at 800 psi for 16 h to foam in a
custom-made pressure vessel. Bridges were subsequently cut into 1.15 mm sections and leached
for 2 h to remove salt porogen. The bridges were dried overnight and stored in a desiccator until

use.

Virus loading into bridges

Prior to virus addition, bridges were disinfected in 70% ethanol and washed with sterile water.
Bridges were then dried by touching sterile filter paper to the bridge. Bridges were then saturated
with 2 uL of virus. After 2 minutes of incubation, sterile filter paper was touched to the surface of
the bridge to remove excess moisture. This process was repeated with another 2 pL of virus added.
The bridges were not dried with filter paper and were stored on ice until use. Bridges were used
within 3 hours of coating with lentivirus to preserve viral activity. Lentivirus loading conditions
included NT-3, IL-10, and IL-10+NT-3. Lentiviral loading was done to ensure the same number

of lentiviral particles per bridge at 2E9 1U/mL.

Mouse spinal cord hemisection
All animal procedures were approved and in accordance with the Institutional Animal Care

and Use Committee at the University of Michigan. A hemisection model of SCI was performed as
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previously described®®! on female C57BL/6 mice (6-8 weeks old; Jackson Laboratories, Bar
Harbor, ME, USA, N=48) or female Crym:RFP C57BL/6 mice (6-8 weeks old; N=16). B6.Cg-
Gt(ROSA)26Sorimo(CAG-tdTomato)ze/3 - (Jackson Laboratories, 007909) were bred with Tg(Crym-
Ncre,Crym-Ccre)RL89Gsat/Mmucd (MMRRC, 036627) and genotyped (Transnetyx, Cordova,
TN, USA) to produce Crym:RFP C57BL/6 mice. After administration of bupivacaine (.8 ml/kg),
a laminectomy was performed at C5 to allow for a 1.15 mm lateral hemisection on the left side of
the spinal cord for bridge implantation. This ensures the functional deficits are confined to the left
limbs of the animal. The injury site was covered using Gelfoam (Pfizer, New York, NY, USA)
followed by suturing together of the muscle and stapling of skin. Postoperative care consisted of
administration of enrofloxacin (2.5 mg/kg; daily for 2 weeks), buprenorphine (0.1 mg/kg; twice
daily for 3 days), and Lactated Ringer’s solution (5 mL/100 g; daily for 5 days). Bladders were

expressed twice daily until function recovered. No mice were loss using this injury model.

Western blot

Spinal cord tissues were collected at 2 wpi and lysed with RIPA buffer (Thermo Fisher,
Waltham, MA, USA) supplemented with Halt Protease Inhibitor Cocktail (Thermo Fisher) in a
glass homogenizer on ice. The lysate was then sonicated and centrifuged for 20 minutes at 10000g.
The supernatant was added with 2x Lammeli Buffer (Biorad, Hercules, CA, USA) and boiled for
5 minutes at 95°C. Samples were ran on a 4-15% gradient SDS-PAGE gel (Biorad) and proteins
were transferred to .45 um nitrocellulose membranes. After blocking with BLOK Casein (G-
Biosciences, St. Louis, MO, USA), proteins were probed with primary antibodies against rabbit
anti-IL10 (Abcam, Cambridge, UK), rabbit anti-NT3 (Abcam, Cambridge, UK), and rabbit anti-3
actin (CST, Danvers, MA). The proteins were detected by chemiluminescence (Clarity Substrate,

Thermo Fisher, Waltham, MA). Single proteins were developed, and the membranes were stripped
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(Restore PLUS Western Blot Stripping Buffer, Thermo Fisher, Waltham, MA) and reprobed with

additional antibodies. Quantification was performed with Image J (NIH, Bethesda, MD)

Immunohistochemistry and quantitative analysis nerve regeneration and myelination

Spinal cords were extracted 12 weeks after SCI and flash frozen in isopentane. For
immunofluorescence, spinal cord segments were embedded in Tissue Tek O.C.T. Compound
(Sakura Finetek, Torrance, CA, USA) with 30% sucrose. Cords were cryo-sectioned transversely
into 12-um-thick sections. Antibodies against the following antigens were used for
immunofluorescence: F4/80 (Abcam, Cambridge, UK), Arginase 1 (Argl, Santa Cruz Biotech,
Dallas, TX, USA), neurofilament 200 (NF-200, Sigma Aldrich), myelin basic protein (MBP, Santa
Cruz Biotech, Dallas, TX, USA), and Protein-zero myelin protein (PO, Aves Labs, Tigard, OR,
USA). Red fluorescent protein (RFP) was imaged at 488 nm without added antibodies. Tissues
were imaged on an Axio Observer Z1 (Zeiss, Oberkochen, Germany) using a 10x/0.45 or 20x/0.75
M27 apochromatic objective and an ORCA-Flash 4.0 V2 Digital CMOS camera (C11440-22CU,
Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan).

For quantification of macrophage phenotypes, nine 12 um thick transverse tissues were
randomly selected from each animal (N=24, 6 per condition). All immunopositive cell events were
counterstained with Hoechst 33342 to indicate cell nuclei. F4/80" cells and F4/80"/arginasel”
(Argl™) were quantified to determine inflammatory macrophages and non-inflammatory
macrophages respectively. Immunopositive cells were counted within the bridge area by 2 blinded
researchers independently. Co-staining for multiple markers was assessed by evaluating overlap
of different channels in Image J (NIH, Bethesda, MD, USA).

To assess the numbers of regenerated and myelinated axons within the PLG bridge area, NF-

200 was used to identify axons, NF-200+/MBP+ to determine the number of myelinated axons,
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and NF-200+/MBP+/P0+ to determine the amount of myelin derived from infiltrating Schwann
cells!® Twenty-four tissues distributed between conditions were counted by 2 blinded counters to
calibrate software for automated counting as previously described®> 224 226. 269 Briefly, images
were imported into MATLAB (Mathworks, Natick, MA, USA) and the area of the tissue section
corresponding to PLG bridge was outlined. A Hessian matrix was created by convolution filtering
using second derivative of the Gaussian function in the x, y, and xy directions. Following filtering,
positive NF-200 events were identified by intensity thresholding, single pixel events were
removed, and the number of continuous objects were identified to ensure high branching axons
are counted as a single object. For calibration, the software will output a matrix of predicted axon
counts based on filtering parameters inputted by the user. These values are directly compared to
manual counts for the twenty-four tissues used for calibrating the software. The appropriate filter
size and threshold sensitivity are selected based on the lowest mean percentage error between the
manual and automated counts. For these studies, the mean percentage error was 3%. Once
calibration was complete, nine 12 um thick transverse tissues per animal (N=24, 6 per condition)
were quantified to obtain presented results. To obtain axon densities, total NF-200 counts were
divided by the area of the PLG bridge. MBP and PO events were identified similarly as described
above. NF200 objects containing pixel locations overlapping with positive MBP or PO staining
were counted and compared to total NF200 counts to determine percentages of axons populations.

Corticospinal tract regeneration was assessed using total area of pixels illuminated with 488
nm light in the bridge area. Images were analyzed in Image J. The bridge area was outlined and
threshold to include the brightest 10% of pixels to eliminate background fluorescence and maintain

consistency across images. After thresholding the image, total area of pixels was quantified.
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Behavioral analysis

The ladder beam walking task was used to evaluate locomotor recovery over a period of 12
weeks post-SCI as previously described for all conditions (N=48, 12 per condition) 27°. Briefly,
animals were trained to walk across a ladder beam of 50 rungs into an enclosure over the course
of 2 weeks before injury. Baseline scores were determined to separate animals in equal groups
prior to SCI. The mice were tested at 2, 4, 8, and 12 weeks. Observations and ladder beam scoring
were performed by two blinded observers for 3 trials per animal. Animals were scored by average

left forepaw full placements on the ladder beam during the task.

Thermal hyperalgesia

Cold sensitivity was assessed by acetone evaporative cooling over a period of 12 weeks post-
SCl as previously described 2'*. Through a mesh floor, 5 applications of acetone were applied to
the bottom of the left and right forepaw. Each application was separated by at least 5 minutes.
Individual responses were scored based on lifting, licking, or shaking of the forepaw that continued
past the initial application. Scores were averaged over the ten applications between left and right

forepaws to yield a percentage of positive responses.

Statistical analysis

For multiple comparisons, statistical significance between groups was determined by two-way
ANOVA with Tukey’s post-hoc. For single comparisons, the statistical significance between pairs
was determined by unpaired t-test. All statistics test significance using an o value of 0.05. For all
graphs: a, b, ¢ denotes p<0.05 compared to Blank control, d and e denotes p<0.05 compared NT-
3 condition, and f denotes p<0.05 compared to IL-10 condition. Error bars represent standard error
in all figures. Prism 7 (GraphPad Software, La Jolla, CA, USA) software was used for all data

analysis.
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Data Availability

The datasets generated during and/or analyzed during the current study are available from the

corresponding author on reasonable request.

Results

Bi-cistronic vectors conserve IL-10 and NT-3 production in vivo

We initially assessed protein levels following expression from the lentivirus with a single
construct and also the bi-cistronic construct (Figure 6.1). Bridges were implanted into mice and
explanted at 2 weeks post injury (wpi). This time point was selected based on previous studies
using bioluminescence imaging that demonstrates robust transgene expression . The proteins
used in these studies are human which enabled differentiation of the IL-10 and NT-3 produced by
our constructs from the mouse proteins. No significant difference in protein expression was
observed between single constructs or the bi-cistronic construct. Furthermore, for the bi-cistronic
construct, no significant difference in protein expression was observed between the first gene, IL-

10, and the second gene, NT-3.
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Figure 6.1 Bi-cistronic vectors conserve I1L-10 and NT-3 production in vivo. (A) Bi-cistronic lentiviral
vector for delivery of IL-10+NT-3. (B) Western blotting was used to show protein levels of NT-3 (27kDa)
and IL-10 (21 kDa). (C) Relative densities of single lentiviral constructs and bi-cistronic construct of 1L-10
and NT-3 relative to B-actin show no significant difference in protein expression for all comparisons. Left
of line are relative densities of single constructs and right of line is the bi-cistronic construct.
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Figure 6.2 IL-10 promotes anti-inflammatory macrophages. (A) Representative image of bridge implantation into spinal cord
at 12 weeks post injury. White border denotes bridge area. Scale: 500 um. Macrophage density of (B) Blank (ctrl), (C) NT-3, (D)
IL-10, and (E) IL-10+NT-3 from bridge implants. White arrows denote F480* macrophages. Yellow arrows denote F480*/Arg*
macrophages. Scale: 100 um. (F) Macrophage density in bridge implants. Density (G) and percentage (H) of anti-inflammatory
macrophages in bridge implants. a, b, ¢ denotes p<0.05 compared to Blank (ctrl), d and e denotes p<0.05 compared NT-3 condition,
and f denotes p<0.05 compared to IL-10 condition. Data presented as mean +/- SEM. N=8 per group.

IL-10 delivery increases anti-inflammatory macrophages

We next investigated the macrophages populations in the bridge at 12 wpi (Figure 6.2), as this
population could be influenced by the cytokine and neurotrophin expression. This analysis was
performed at 12 wpi to determine the chronic infiltration and phenotype of macrophages. We
observed most of the macrophages at the injury were localized to the bridge and not the
surrounding tissue (Figure 6.2A). The macrophages in the bridge were evenly distributed and were
observed in all conditions at similar densities (Figure 6.2F). For these studies, pro-regenerative
macrophages were assessed by co-localization of F4/80 and arginase (Arg) (Figure 6.2G). A

significant 3-fold increase in the density of regenerative macrophages was observed for conditions
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Figure 6.3 IL-10+NT-3 delivery promotes axonal growth at 12 wpi.
Axonal growth into bridge implants delivering (A) Blank (ctrl), (B) NT-3, (C)
IL-10 or (D) IL-10+NT-3. Scale: 100 um. (E) Axon density in bridge
implants. a, b, ¢ denotes p<0.05 compared to Blank (ctrl), d and e denotes
p<0.05 compared NT-3 condition, and f denotes p<0.05 compared to 1L-10
condition. Data presented as mean +/- SEM. N=8 per group.

with expression of 1L-10 compared to the Blank and NT-3 conditions. Differences among these
conditions were also significant for the percentage of pro-regenerative macrophages. Notably 31%
and 26% of F4/80" macrophages were regenerative for IL-10 and IL-10+NT-3 conditions

respectively, a 2-fold increase over Blank and NT-3 conditions (12% and 14%) (Figure 6.2H).
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Delivery of IL-10+NT3 enhances axonal growth into bridges
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Figure 6.4 1L-10+NT-3 delivery promotes myelination of regenerating axons at 12 wpi. Axon myelination from bridge
implants delivering (A) Blank (ctrl), (B) NT-3, (C) IL-10 or (D) IL-10+NT-3. White arrows denote myelinated axons. Scale: 100
pm. Density (E) and (F) percentages of myelinated axons in bridge implants. a, b, ¢ denotes p<0.05 compared to Blank (ctrl), d and
e denotes p<0.05 compared NT-3 condition, and f denotes p<0.05 compared to IL-10 condition. Data presented as mean +/- SEM.
N=8 per group.

The extent of axonal elongation into the bridge was subsequently analyzed, which reflects the
impact of expressing the factors on the capacity of the environment to promote regeneration
(Figure 6.3). Axons were observed throughout the bridge in all conditions. Axons in treatment
groups appeared longer and more diffuse while axons in the control condition appeared bundled
and shorter in length (Figure 6.3A-D). NT-3 and IL-10 delivery did not significantly increase
axonal density compared to control. However, combined delivery of IL-10+NT-3 produced a

significant increase of axonal density compared to all other conditions (Figure 6.3E).
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IL-10+NT-3 delivery promotes myelination of regenerating axons

Myelination of axons is necessary for signal propagation in the spinal cord. Myelinated axons
(NF200"/MBP*) were observed throughout the bridges for all conditions (Figure 6.4).
Significantly more myelinated axons were observed in the IL-10 condition compared to the Blank
bridge. IL-10+NT-3 delivery resulted in significantly more myelinated axons compared to Blank
and NT-3 conditions (Figure 6.4E). There was no significant difference in percentage of
myelinated axons across the conditions at ~27% (Figure 6.4F).

Myelinated axons were sub-divided into oligodendrocyte-derived myelin (NF200"/MBP*/P0")
and Schwann cell-derived myelin (NF200*/MBP*/P0*) (Figure 6.5) to determine their relative

contribution to total myelination. A significant 2-fold increase in oligodendrocyte-derived myelin
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Figure 6.5 IL-10+NT-3 delivery promotes oligodendrocyte myelination of regenerating axons at 12 wpi. Source of
myelination from bridge implants delivering (A) Blank (ctrl), (B) NT-3, (C) IL-10 or (D) IL-10+NT-3. White arrows denote
oligodendrocyte myelinated axons. Yellow arrows denote Schwann cell myelinated axons. Scale: 100 um. (E) Density of
oligodendrocyte myelinated axons. (F) Density of Schwann cell myelinated axons. a, b, ¢ denotes p<0.05 compared to Blank (ctrl),
d and e denotes p<0.05 compared NT-3 condition, and f denotes p<0.05 compared to IL-10 condition. Data presented as mean +/-
SEM. N=8 per group.
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density was observed for IL-10+NT-3 compared to Blank and NT-3 conditions (Figure 6.5E). IL-
10 delivery resulted in a significant increase of oligodendrocyte myelin compared to control.

However, no significant difference in density of Schwann cell-derived myelin was observed across

all conditions (Figure 6.5F).
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Figure 6.6 Crym-RFP CST fibers penetrate and transverse bridge implant. (A) Horizontal image of Crym-RFP CST fibers in
bridge area. Bridge area outlined in white. Area to the right of the bridge is rostral and area to the left is caudal. Lettered boxes
indicate regions shown in higher magnification. Scale 500 um (B) RFP CST fibers are present caudal to bridge implant. (C) RFP
CST fibers are present at the caudal tissue bridge interface. (D) RFP CST fibers are present at the rostral bridge tissue interface.
White arrows denote RFP fibers co-localizing with NF200 regenerating axons. Scale 100 um (E) Quantification of RFP CST fiber
area in the bridge area. a, b, ¢ denotes p<0.05 compared to Blank (ctrl), d and e denotes p<0.05 compared NT-3 condition, and f
denotes p<0.05 compared to IL-10 condition. Data presented as mean +/- SEM. N=4 per group.
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Crym-RFP CST fibers penetrate and traverse bridge implant

We investigated the regeneration of corticospinal tract (CST) axons into the bridge at 12 wpi,
as this tract is the major descending motor tract in humans. These studies used the transgenic
Crym-RFP mouse, which have RFP labeling of the corticospinal tract (Figure 6.6) CST fibers
were observed rostral (Figure 6.6D), caudal (Figure 6.6B), and in the bridge (Figure 6.6C). CST
fibers were observed 500 um caudal to the bridge implant. We also assessed co-localization of
RFP and NF200 fibers to determine its specificity. Only a subset of RFP fibers was co-labeled
with NF200. We quantified the area of the CST fibers in the bridge (Figure 6.6E). A significant
increase of CST fibers was observed for IL-10 and IL-10+NT-3 conditions compared to control.
Note that the punctate nature of the RFP label in this image is because we are visualizing axonal
transport of the reporter fluorochrome packaged as a protein, not movement of a molecular tracer;

the appearance and rate of GFP/RFP axonal transport is dependent on expression paradigm 272,

IL-10+NT-3 improves forelimb locomotor recovery
The ladder beam task was used to evaluate functional motor recovery of the left forelimb to

determine if the observed regeneration correlated with an increase in function (Figure 6.7A). A
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Figure 6.7 IL-10+NT-3 enhances functional recovery and causes some cold hypersensitivity. (A) Ladder beam task was
evaluated over 12 weeks post bridge implantation. (B) Acetone cold hypersensitivity test was evaluated over 12 weeks post bridge
implantation. a, b, ¢ denotes p<0.05 compared to Blank (ctrl) for NT-3, IL-10, and IL-10+NT-3 respectively, d and e denotes
p<0.05 compared NT-3 for IL-10 and IL-10+NT-3 respectively, and f denotes p<0.05 compared to IL-10 for IL-10+NT-3. Data
presented as mean +/- SEM. N=12 per group.
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significant functional improvement was observed for all conditions compared to Blank.

Furthermore, a significant increase in functional recovery was obtained with IL-10+NT-3 delivery

compared to all other conditions at 12 wpi. Interestingly, a greater prolonged improvement over

time was observed for IL-10+NT-3 condition compared to other conditions.

IL-10 and NT-3

delivery were similar in functional recovery, however co-delivery produced a significant additive

effect in locomotor recovery.

We also assessed cold hypersensitivity using the acetone test to identify any potential negative

effects that may be associated with combined delivery (Figure 6.7B). IL-10 delivery alone reduced

cold hypersensitivity compared to all other conditions. NT-3 delivery alone exacerbated

hypersensitivity compared to all conditions.
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Figure 6.8 Functional recovery is correlated to oligodendrocyte myelinated axon density. Ladder beam left forelimb
placements correlated with (A) Axon density, (B) Myelinated axon density, (C) Oligodendrocyte myelinated axon density, and (D)
Schwann cell myelinated axon density. p values denote significance from zero slope. N=12 per group.
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increased hypersensitivity compared to I1L-10 alone, yet decreased hypersensitivity relative to
Blank and NT-3 conditions.

As a final analysis, we investigated the association of tissue recovery characteristics with
forelimb locomotor function recovery (Figure 6.8). The values for axon density (Figure 6.8A),
myelinated axon density (Figure 6.8B), oligodendrocyte-derived myelinated axon density (Figure
6.8C), and Schwann cell-derived myelinated axon density (Figure 6.8D) were plotted against the
ladder beam score for each animal. The oligodendrocyte myelinated axon density was positively
correlated with functional recovery (r=0.59, p<0.01). This relationship also segments animals by
condition along the interpolated linear fit line. This relationship was the only significant

connection between tissue characteristics and functional recovery.

Discussion

The central nervous system has the innate capacity to repair itself post-SCI, yet the spinal cord
environment lacks sufficient factors that promote regeneration and has an abundance of factors
that inhibit regeneration?. We have developed multichannel PLG bridges that can promote nerve
regeneration by both acting as a physical guide and serve as a platform for gene therapy vector
delivery. The bridges are acellular at time of implantation, indicating that any cells, extracellular
matrix, or proteins present in the bridge at the time of extraction must have originated from the
host tissue. Similarly, any axons observed inside the implant must be attributed to either
regeneration of injured axons or sprouting of new axons from spared or contralateral tissue. This
bridge provides a defined space for histological analysis, analysis of cell populations at and near
the lesion site, and treatment outcomes. The bridge has an architecture that supports regeneration
by combining micro-porosity for cellular infiltration with channels that direct axonal elongation

along the major axis of the cord. These bridges can also be seeded with recombinant lentiviral
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particles containing genes of interest for subsequent cellular transduction. Unlike other viral
vectors, lentivirus does not influence the phenotype of progenitors?® or cause significant
inflammation®?8, Lentiviral vectors physical properties are also independent of the gene of interest
making them the ideal system to deliver multiple vectors encoding various inductive factors
without modification to the base biomaterial. Poly-cistronic lentiviral vectors can deliver multiple
genes by the inclusion of self-cleaving 2A peptide sites between genes. This technology is useful
and beneficial to target multiple barriers to spinal cord regeneration by delivering multiple proteins
simultaneously. The genes being used in this study were chosen because each addresses a different
aspect of the inhibitory microenvironment around the injury site. NT-3 enhances axon elongation
and neuroprotection of regenerating and spared axons® 273 274 |L-10 is largely responsible for
dampening and resolving the immune response toward restoring homeostasis 262 27> 276, This
research builds upon the success of the multiple channel poly(lactide-co-glycolide) (PLG) bridges
by delivering 2 distinct transgenes alone and in combination. The goal of this investigation was to
activate growth promoting cues while attenuating growth inhibitory cues to observe synergistic
effects on spinal cord regeneration.

Similar macrophage infiltration into bridges was observed across experimental conditions
delivering, yet the gene expression could alter the phenotype. Lentiviral constructs are minimally
immunogenic, yet the transgene can influence the microenvironment!2®: 257. 277. 278 - Macrophage
phenotypes exist on a spectrum of inflammatory to regenerative and we have previously shown
that Argl* macrophages have a regenerative phenotype in SCI 3% 260, For the purposes of this
paper, regenerative macrophages were assessed by co-localization of F4/80" and Argl®. The early
phase of the regenerative response following SCI relies on pro-inflammatory macrophages, which

participate in recruitment of immune cells and clearance of cell debris. Subsequently, these
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macrophages shift to a pro-regenerative phenotype to coordinate cell differentiation and tissue
reconstruction. Dysregulation of this transition from pro-inflammatory to pro-regenerative
hampers regenerative success and tissue recovery. In the CNS, microglia and macrophages express
several neurotrophins and their receptors, allowing them to act both as sources and targets creating
a feedback loop that can modulate proliferation and morphology of axons 2’°. Neurotrophins
impact immune cell function in varying ways. BDNF stimulates microglial proliferation while NT-
3 can stimulate phagocytic activity of microglial cells in vitro and upregulation of nitric oxide
production 20282, NGF can also act directly on microglial cells by promoting chemotactic
migratory activity, potentially contributing to recruitment of additional immune cells at injury
sites?®3, Neurotrophins, including NT-3, have been suggested as modulating monocyte chemotaxis
without altering their production of inflammatory cytokines 234, NGF can act directly on microglia
and shift them toward a neuroprotective phenotype 2%. In these studies, we did not observe an anti-
inflammatory effect of NT-3 on macrophage activity. IL-10 delivery alone produced ~31% of
regenerative macrophages, but when combined with NT-3, this percentage decreased to 26%. This
difference was not significant. IL-10 has been extensively revered as an anti-inflammatory
cytokine capable of shifting the phenotype of macrophages??* 28528 and these studies support the
previous findings.

A trend of increased axons for NT-3 and IL-10 compared to blank, yet the combination of IL-
10+NT-3 produced an additive effect for axonal outgrowth. Axonal outgrowth can be impacted by
delivery of NT-3 and IL-10 individually 8135224 however in our studies, these individual factors
did not substantially impact axon density relative to control, which likely results from the relative
types of neurons in the C5 lateral hemisection model compared with the previous reports. A larger

number of propriospinal neurons are present in the cervical spinal cord than the thoracic spinal
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cord, with intrinsic differences also reported for growth factors, cell surface receptors, apoptosis,
axonal regeneration, neuroprotection, and cell survival 2°°2°3, Qur results indicate that the
combined expression of IL-10 and NT-3 does significantly enhance axon density at the cervical
hemisection. This synergy is likely related to the sparing of axons by IL-10 and the neurotrophic
effects of NT-3. Effectively, the greater survival of neurons by IL-10 leads to an increase number
of axons that can regenerate into the injury.

An increase in myelinated axons for IL-10+NT-3 delivery, notably with oligodendrocyte
myelinated axons was observed. Oligodendrocyte myelin is necessary to support saltatory
conduction and prevent axon degeneration 2%, Oligodendrocyte proliferation is not altered by NT-
3, NT-3 exposure in vitro lead to significantly more MBP production by oligodendrocytes through
an unknown posttranscriptional mechanism 2% 2%, Some evidence suggests that NT-3 weakly
induces the maturation of neural precursor cells into myelinating oligodendrocytes 2°7, yet other
reports have shown NT-3 promotes quiescence or even Schwann cell differentiation of neural
precursor cellst83 208.298.299 These differences could indicate concentration dependent effects or
vary with surrounding interactions with other factors. We observed that IL-10 delivery had
significantly more oligodendrocyte-derived myelin relative to control. 1L-10 polarization of
immune cells enhances the ability of neural precursor cells to promote oligodendrocyte
differentiation and supports mature oligodendrocyte survival 3%. Our results are consistent with
this observation that IL-10 promoted the survival of myelinating oligodendrocytes, which can
synergize with the expression of NT-3 to potentiate their myelin production to ensheath more
axons. This mechanism has been suggested in other work combining IL-10 and NT-3 delivery for

treatment of multiple sclerosis *°*. We did not observe an increase in oligodendrocyte myelination
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for NT-3 delivery alone, possibly due to lack of surviving oligodendrocytes and weak effects of
NT-3 on their proliferation and differentiation®®’.

Oligodendrocyte myelination significantly correlated with increased functional recovery. We
assessed locomotor recovery on the ladder beam walking task over the course of 12 weeks. All
treatment conditions had significant improvements in functional recovery relative to control, yet
IL-10+NT-3 delivery was substantially improved relative to all other conditions. A significant
correlation between ladder beam score and oligodendrocyte myelinated axon density was
observed, suggesting that oligodendrocyte myelination of axons is a limiting step in functional
recovery for our model. The functional benefit of oligodendrocyte myelin versus Schwann cell
myelin have been debated in the literature, yet any conclusion remains nebulous. Some reports
suggest oligodendrocyte myelin is not necessary in spontaneous functional recovery 3°2; however,
prolonged recovery as seen in these studies may require oligodendrocyte myelin for restoration of
function. The wvarious injury models may differentially impact oligodendrocytes as
oligodendrocyte have been seen as less important in contusion models %2, Our hemisection model
severs and removes existing axons and cells in the lesion, while contusion models retain the
damaged tissue.

A decrease in hypersensitivity was observed with IL-10 delivery while NT-3 delivery alone
increased hypersensitivity. IL-10 has been shown to ameliorate neuropathic pain but the role
played by neurotrophins and NT-3 has been nebulous 3. NT-3 can be involved in a long-term
change of neuronal excitability*®. NT-3 also promotes an extensive growth of lesioned axons in
the dorsal columns which contain mostly sensory projections. Furthermore, the effects of NT-3 on
neuropathic pain may be concentration or receptor dependent3®+3%, Qur results suggest NT-3

exacerbates neuropathic pain. However, there exists a tradeoff of positive and negative effects. We
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observed the highest degree of functional recovery when combining IL-10+NT-3, yet we also

observed increased neuropathic pain compared to 1L-10 alone.

Conclusion

Overall our results show that the combination of IL-10+NT-3 enhanced axonal growth and
oligodendrocyte myelinated axon density, and with increased locomotor functional recovery
compared to IL-10 or NT-3 alone. Hypersensitivity with the combination was increased compared
to IL-10 alone yet decreased relative to NT-3 alone. Furthermore, a positive correlation was
observed between oligodendrocyte myelinated axon density and functional recovery, suggesting
oligodendrocyte myelination as a target to further improve functional recovery. Poly-cistronic
vectors provide a mechanism for expression of multiple transgenes that can simultaneously address
multiple aspects that limit regeneration. Multichannel PLG bridges provide a growth supportive
substrate and a platform to deliver bioactive agents as well as a defined space to investigate the

SCI microenvironment and to assess the biological impact of treatments.
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Abstract

Spinal cord injury (SCI) is a devastating condition that may cause permanent functional loss
below the level of injury, including paralysis and loss of bladder, bowel, and sexual function.
Patients are rarely treated immediately, and this delay is associated with tissue loss and scar
formation that can make regeneration at chronic time points more challenging. Herein, we
investigated regeneration using a poly(lactide-co-glycolide) (PLG) multi-channel bridge
implanted into a chronic SCI following surgical resection of necrotic tissue. We characterized the
dynamic injury response and noted that scar formation decreased at 4 and 8 weeks post injury
(wpi), yet macrophage infiltration increased between 4 and 8 wpi. Subsequently, scar tissue was
resected and bridges were implanted at 4 and 8 wpi. We observed robust axon growth into the
bridge and remyelination at 6 months post initial injury. Axon densities were increased for 8 week
bridge implantation relative to 4 week bridge implantation, whereas greater myelination,
particularly by Schwann cells, was observed with 4 week bridge implantation. The process of
bridge implantation did not significantly decrease the post injury function. Collectively, this
chronic model follows the pathophysiology of human SCI and bridge implantation allows for clear

demarcation of regenerated tissue. These data demonstrate that bridge implantation into chronic
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SCI supports regeneration and provides a platform to investigate strategies to buttress and expand

regeneration of neural tissue at chronic time points.

Introduction

The United States has approximately one million patients with spinal cord injury (SCI), costing
roughly $40.5 billion annually.*” SCI is a devastating condition that may cause permanent
paralysis below the level of injury and loss of bladder, bowel, and sexual function. SCI is divided
into three phases: acute (hours to days), subacute (days to weeks), and chronic (months to years).3%
Our previous work and most other repair strategies focus on acute and sub-acute SCI using
biomaterial, tissue/cell transplantation, neurotrophic factors, or neuroprotective strategies.
However, acute models of SCI are not clinically translatable treatments because patients are rarely
treated immediately due to uncertainties surrounding the functional deficits, injury parameters, and
microenvironment. Additionally, due to people currently living with SCI, the prevalence of chronic
SCI is more than 20 fold the incidence of acute SCI.* The development of therapies for chronic
SCI could significantly impact quality of life and alleviate the financial burdens associated with
this condition.

SCI produces a complex, dynamic, inhibitory microenvironment after the injury that limits
regeneration. During the chronic phase, an established glial and fibrotic scar deters regenerating
axons from penetrating into the lesion site.>* 1% The lesion area also contains myelin-associated
proteins that inhibit regeneration, and evidences persistent inflammation; for example,
macrophage infiltration and microglial activation.** 3% In clinical trials as well as animal models,
chronic treatments are increasingly being investigated following resection of the scar.%® 31° Scar
resection aims to remove dense connective tissue that can limit regeneration, though potential

concerns are functional deficits from scar removal or the creation of a gap. Gaps created by
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penetrating injuries or surgical resection have little to no regeneration into the defect; however,
studies over the past decade have identified biomaterials that can bridge defects. These bridges can
be designed with a permissive environment that physically stabilizes the spinal cord and supports
regeneration through topographical cues and delivery of cells or proteins®®,

Previously, we have reported that poly(lactide-co-glycolide) (PLG) multi-channel bridges are
an effective substrate for robust axonal regeneration and investigation of the microenvironment
during the acute phase of SCI1.2% PLG has been widely used as a material for spinal cord repair or
peripheral nerve conduits. PLG is biodegradable, bioresorbable, and its degradation products are
readily cleared by the body.?% In addition, the bridge features an architecture that encourages axon
growth through channels and infiltration of supporting cells into interconnected pores.® 137
Regenerating axons have been observed growing through the bridge and into tissue caudal to the
injury,'® but to be clinically feasible, these effects must be shown in the chronic space.

In the present study, we investigated axonal growth into PLG bridges implanted into a chronic
model of SCI. The goals of this investigation were to create a reproducible chronic injury model
and to show PLG bridges are a growth permissive substrate for axonal elongation and tissue
reformation after chronic spinal cord injury. In this model, the bridge is implanted into a
hemisection created by surgical resection and allows for clear demarcation of sparing versus
regeneration, as all axons and cells found within the bridge must enter it after implantation. We
examined the pathophysiology of the injury including inflammatory cell infiltration, inhibitory
extracellular matrix (ECM) deposition, and glial scarring. Two time points were analyzed for
implantation of the bridge (4 weeks post injury (wpi) or 8 wpi), with analysis of axonal growth,

myelination, and source of myelination measured 6 months post-SCI. The goal of these studies is
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to establish PLG bridges as a growth supportive substrate in chronic SCI and provide a platform

to investigate strategies to buttress and expand regeneration of neural tissue at chronic time points.
Materials and Methods

Fabrication of multi-channel bridges

PLG (75:25 lactide:glycolide; i.v. 0.76 dL/g; Lakeshore Biomaterials, Birmingham, AL, USA)
was dissolved in dichloromethane (6% w/w) and emulsified in 1% poly (vinyl alcohol) using a
homogenizer (PolyTron 3100; Kinematica AG, Littau, Switzerland) to create microspheres (z-
average diameter ~1um). D-sucrose (Sigma Aldrich), D-glucose (Sigma Aldrich), and dextran
MW 100,000 (Sigma Aldrich) were mixed at a ratio of 5.3:2.5:1 respectively by mass. The mixture
was caramelized, cooled, and drawn from solution with a Pasteur pipette to make sugar fibers.

Fibers were drawn to 150 — 250 pum, coated with a 1:1 mixture of PLG microspheres and salt (63-
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Figure 7.1 Chronic spinal cord injury model. A laminectomy was performed at C5 to allow for two lateral slices 1 mm apart on
the spinal cord. The lateral slices were cut from the midline to lateral. Animals were randomly assigned for bridge implantation at
either 4 or 8 weeks post injury (wpi). At 4 or 8 wpi, the surgical site was reopened to expose the injured spinal cord. The two lateral
slices were located and connected with a third incision along the midline to remove the injured spinal tissue. A 1.15 mm bridge
was then implanted into the lesion space.
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106 pum) and pressed into a salt-lined aluminum mold. Once dissolved, the sugar strands create 9
channels and the salt creates a micro-porous structure. The molds were then equilibrated and
foamed with CO. gas (800 psi) for 16 h. The newly formed bridges were subsequently cut into
1.15 mm sections and leached for 2 h to remove the salt. The bridges were dried overnight and
stored in a desiccator. The final dimensions of the bridge were 1.15 mm in length, .75 mm in width,

and 1.25 mm in height.

Chronic mouse SCI model

All animal procedures were approved and in accordance with the Institutional Animal Care
and Use Committee at the University of Michigan. There were 42 C57BL/6 mice used in these
studies. After administration of bupivacaine (.8 ml/kg), a laminectomy was performed at C5 to
allow for two lateral slices 1 mm apart on the spinal cord (Figure 7.1). The lateral slices were cut
from the midline to lateral using a micro-feather to transect the gray and white matter. The injury
site was covered using Gelfoam (Pfizer, New York, NY, USA) followed by suturing together of
the muscle and stapling of the skin. Animals were randomly assigned for bridge implantation at
either 4 or 8 wpi. At 4 or 8 wpi, the surgical site was reopened to expose the injured spinal cord.
Residual Gelfoam was removed from the dorsal surface of the spinal column. The two lateral slices
were located and connected with a third incision along the midline to remove the injured spinal
tissue. A 1.15 mm bridge was then implanted into the lesion space. The injury site was covered
using a new piece of Gelfoam. Postoperative care consisted of administration of enrofloxacin (2.5
mg/kg; daily for 2 weeks), buprenorphine (0.05 mg/kg; twice daily for 3 days), and Lactated
Ringer’s solution (5 mL/100 g; daily for 5 days) after both surgeries. Bladders were expressed

twice daily until function recovered. Two mice were lost due to weight loss with this injury
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paradigm resulting in 11 mice per bridge implantation group. Animals spinal cords were extracted

at 6 months post initial injury.

Immunohistochemistry and quantitative analysis

Spinal cords were extracted 2, 4, or 8 weeks post primary SCI without bridge implantation or
6 months post primary SCI with bridge implantation at 4 or 8 weeks post primary SCI and flash
frozen in isopentane. Six animals were used at 2, 4, and 8 weeks post primary injury (N=18). Ten
animals were used for each bridge implantation condition at 4 and 8 wpi (N=20). For
immunofluorescence, spinal cord segments were embedded in Tissue Tek O.C.T. Compound
(Sakura Finetek, Torrance, CA, USA) with 30% sucrose. Tissues extracted at 2, 4, and 8 wpi were
cryo-sectioned longitudinally into 12 um sections. Tissues extracted at 6 months post bridge
implantation were cryo-sectioned transversely into 12 pm sections. We followed standard
immunohistochemistry (IHC) techniques including fixing tissues in 4% paraformaldehyde and
blocking with serum before staining for our structures of interest. Primary antibodies against the
following antigens were used for immunofluorescence: F4/80 (Abcam, Cambridge, UK), Arginase
1 (Argl, Santa Cruz Biotech, Dallas, TX, USA), Fibronectin (Sigma Aldrich, St. Louis, MO,
USA), CSPG4 (Millipore, Burlington, MA, USA), Glial fibrillary acidic protein (GFAP, Aves
Labs, Tigard, OR, USA), Neurofilament 200 (NF200, Sigma Aldrich), myelin basic protein
(MBP, Santa Cruz Biotech), Protein-zero myelin protein (PO, Aves Labs), Choline
Acetyltransferase (ChAT, Abcam, Cambridge, UK) and Calcitonin gene-related peptide (CGRP,
Abcam, Cambridge, UK). Tissues were imaged at multiple focal lengths to obtain z-stacks on an
Axio Observer Z1 (Zeiss, Oberkochen, Germany) using a 10x/0.45 or 20x/0.75 M27 apochromatic
objective and an ORCA-Flash 4.0 V2 Digital CMOS camera (C11440-22CU, Hamamatsu

Photonics, Hamamatsu City, Shizuoka, Japan).
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Histological Analysis of Longitudinal Sections: For quantification of immune cells, nine 12
um thick longitudinal tissues were randomly selected from each animal (N=18). All
immunopositive cell events were counterstained with Hoechst 33342 to indicate cell bodies.
F4/80" cells and F4/80%/arginasel™ (Argl*) were quantified to determine inflammatory
macrophages and non-inflammatory macrophages respectively. Immunopositive cells were
counted within the bridge area by 2 blinded researchers independently. Co-staining for multiple
markers was assessed by evaluating overlap of z-stacked different channels in Image J (NIH,
Bethesda, MD, USA). To quantify cell density, the total number of immunopositive cells was
divided by the area of the injury. For quantification of ECM deposition and glial scarring, nine 12
um thick longitudinal tissues were selected from each animal (N=18). Immunopositive area was
outlined, quantified, and averaged by thresholding for the brightest 20% of pixels using the default
thresholding technique in each image within a 3mm x 2mm box centered on the lesion site using
Image J by 2 blinded researchers. This approach allowed for consistent evaluation of the lesion
borders and ECM areas. Fibronectin and CSPG4 were used to assess ECM. Glial scarring was

assessed by dense GFAP area staining around the lesion site.

Histological Analysis of Transverse Sections: To assess the number of infiltrating
macrophages, F4/80* cells and F4/80*/arginasel® (Argl®) were quantified to determine
inflammatory macrophages and non-inflammatory macrophages respectively. To assess the
numbers of regenerated and myelinated axons within the PLG bridge area, NF200 was used to
identify axons, NF200*/MBP* to determine the number of myelinated axons, and
NF200*/MBP*/P0* to determine the amount of myelin derived from infiltrating Schwann cells.&
Twenty 12 um thick transverse tissues distributed between conditions were counted by 2 blinded

counters to calibrate software for automated counting as previously described. 3 224 226,269 |
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short, images were imported into MATLAB (Mathworks, Natick, MA, USA) and the area of the
section corresponding to PLG bridge was outlined. A Hessian matrix was created by convolution
filtering using second derivative of the Gaussian function in the x, y, and xy directions. Following
filtering, positive NF200 events were identified by intensity thresholding, single pixel events were
removed, and the number of continuous objects were identified. This ensures high branching axons
are counted as a single object. For calibration, the software will output a matrix of predicted axon
counts based on filtering parameters inputted by the user. These values are directly compared to
manual counts for the twenty tissues used for calibrating the software. The appropriate filter size
and threshold sensitivity are selected based on the lowest mean percentage error between the
manual and automated counts. Furthermore, predicted values were subjected to standard curve
interpolation and Pearson’s r to determine derivation from model and correlation. Once calibration
was complete, nine 12 pum thick transverse tissues per animal (N=20) were quantified to obtain
presented results. To obtain axon densities, total NF200 counts were divided by the area of the
PLG bridge. MBP and PO events were identified similarly as described above. NF200 objects
containing pixel locations overlapping with positive MBP or PO staining were counted and
compared to total NF200 counts to determine percentages of axons populations. To assess motor
or sensory axons within the PLG bridge area, NF200 was used to identify axons, ChAT to

determine motor axons, and CGRP to determine sensory axons.

Behavioral analysis

The ladder beam walking task was used to evaluate locomotor recovery over period of 6
months post the primary SCI as previously described.?”® Briefly, animals were trained to walk
across a ladder beam of 50 rungs into an enclosure over the course of 2 weeks before injury.

Baseline scores were determined to separate animals in equal groups prior to SCI. The mice were
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tested at 2 weeks to separate animals into equal groups across bridge implantation timepoints.
Observations were recorded and scored were by 2 blinded observers for 3 trials per animal.

Animals were scored by average left forepaw full placements on the ladder beam during the task.

Statistical analysis

For multiple comparisons, statistical significance between groups was determined by two-way
ANOVA with Tukey’s post-hoc. For single comparisons, the statistical significance between
conditions was determined by unpaired dual-tailed t-test. Linear regression analysis was used to
determine significance of trendlines. All statistics test significance used an a value of 0.05. *
denotes p<.05, ** denotes p<.01, *** denotes p<.001, and **** denotes p<0.0001 in all figures
unless otherwise stated. Error bars represent standard error in all figures. Prism 7 (GraphPad

Software, La Jolla, CA, USA) software was used for all data analysis.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the

corresponding author on reasonable request.

Results

Fibrotic and glial scarring is partially resolved in the chronic injury

We assessed changes in deposition of ECM following SCI, as the ECM can contribute to failure
of neural tissue regeneration by forming a physical and biochemical barrier. The impact of the
dual lateral hemisection injury on matrix expression and deposition was assessed by examining
fibronectin and CSPG4 staining at 2, 4, and 8 wpi (Figure 7.2). Fibronectin and CSPG4 were
localized to the lesion at all time points. The fibronectin area of staining exhibited a 3-fold decrease

at 4 and 8 wpi compared to 2 wpi (p<0.0001) (Figure 7.2K). For the area of CSPG4 staining, there
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was a significant reduction between the 2 wpi and 8 wpi (Figure 7.2J). The glial scar was
visualized by GFAP-positive area at 2 (Figure 7.3B), 4 (Figure 7.3E), and 8 wpi (Figure 7.3H)
and quantified, as GFAP-positive astrocytes contribute to physical and biochemical barriers to
tissue regeneration. The GFAP+ area was measured by outlining dense GFAP staining around the
border of the lesion as previously described **7. The area of glial scarring decreased significantly

at 4 and 8 wpi compared to 2 wpi (p<0.0001) (Figure 7.3J), with no difference in scar area between
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Figure 7.2 Cellular matrix deposition decreases post injury. The lesion site visualized by aggregation of cells (A, D, G). Cellular
matrix including CSPG (B, E, H) and fibronectin (C, F, I) localized to the injury site at 2, 4, and 8 wpi. White border denotes injury
area. CSPG Area (J) significantly decreased at 8 wpi compared to 2 wpi. Fibronectin Area (K) significantly decreased at 4 and 8
wpi compared to 2 wpi. Scale: 250 um. * denotes p<.05. **** denotes p<0.0001. n=6 mice per timepoint. Data are presented as

mean + SEM.
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Figure 7.3 Glial scar area resolves post injury. The lesion site visualized by aggregation of cells (A, D, G). The glial scar
bordered the lesion area and inhibited axonal growth at 2 (B), 4 (E), and 8 (H) wpi. The lesion space is void of axons at 2 (C) ,4
(F), and 8 (1) wpi. White border denotes the lesion area. White dashed line denotes midline of the spinal cord. Glial scarring (J)
decreased significantly at 4 and 8 weeks compared to 2 wpi. The lesion size is consistent across all timepoints. Scale: 250 um. **
denotes p<.01 ****_denotes p<0.0001. n=6 mice per timepoint. Data are presented as mean + SEM

4 and 8 wpi. The lesion size was measured by the gap in axon staining at 2 (Figure 7.3C), 4
(Figure 7.3F), and 8 wpi (Figure 7.31). There was no significant difference in lesion size at any

time point. The injury was consistently ~ 1 mm.

Chronic infiltration of macrophages
We initially investigated the extent and timing of macrophage infiltration after the penetrating
SCI, as the macrophages are indicators of ongoing inflammation and repair in the injury based on
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Figure 7.4 F480* macrophages accumulate in the lesion site at 8 weeks
post injury. Macrophages localized to the injury site at 2 (A), 4 (B), and 8
(C) weeks post-SCI. White arrows denote F480* cells. Yellow arrows denote
F480*/Argl* cells. (D) Increased density of F480* at 8 wpi. No difference in
density (E) or percentage (F) of F480*/Arg* macrophages. Scale: 100 pm (A,
B, C). ** denotes p<.01 v. 8 weeks, *** denotes p<.001 v. 8 weeks, n=6 mice
per timepoint. Data are presented as mean + SEM.

their phenotype. The number of F4/80" macrophages in the lesion epicenter was analyzed at 2
(Figure 7.4A), 4 (Figure 7.4B), and 8 wpi (Figure 7.4C) without bridge implantation and divided
by the area of the injury for expression as density (cells/mm?). Macrophage density significantly
increased at 8 wpi compared to 2 and 4 wpi (p=0.0007) (Figure 7.4D). Macrophage phenotypes
exist on a spectrum of cytotoxic to regenerative and we have previously shown that Argl*
macrophages have a regenerative phenotype in SCI.1326 Therefore, for the purposes of this paper,

regenerative macrophages were assessed by co-localization of F4/80* and Argl™. No significant
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difference in the density of F4/80%/Argl™ cells were observed between 2, 4, and 8 wpi (Figure
7.4F). Based on a decrease in glial scarring and the significant difference in macrophage
infiltration at 4 and 8 wpi, these time points were the focus of subsequent studies to quantify axonal

regeneration at chronic time points.
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Figure 7.5 Chronic implantation of PLG bridges does not exacerbate immune response at 6 months post injury.
Macrophages infiltrated the bridges implanted at 4 (A-B) and 8 (C-D) wpi. White border denotes bridge area. (E) Macrophage
density is increased in 8 week bridge implantation compared to 4. No difference in density (F) or percentage (G) of F480*/Arg*
macrophages. Scale: 500 pum (A, C). Scale: 20 um (B, D). **** denotes p<0.0001. n=6 mice per timepoint. Data are presented as
mean + SEM.
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Bridge implantation does not exacerbate macrophage infiltration

Bridges were implanted at 4 or 8 wpi and explanted for analysis at 6 months post primary SCI.
Infiltrating macrophages were found in the bridge for both implantation timepoints (Figure 7.5).
We observed compaction and degradation of the bridge at 6 months, as evidenced by a reduced
bridge area (Figure 7.10) with greater reduced area observed in bridges implanted at 4 weeks
compared to 8 weeks as these had more time for degradation. However, for bridges implanted at
8 wpi, macrophages were found in clusters rather than evenly distributed as in the 4 wpi condition.
There was a higher density of infiltrating macrophages for bridges implanted at 8 wpi compared
to 4 wpi (Figure 7.5E). As previously stated, we assessed regenerative macrophages by co-
localization of F4/80* and Argl™. There were no significant differences in density or percentages
of regenerative macrophages (Figure 7.5F, G). Furthermore, we observed similar macrophage

activity pre- (Figure 7.4D-F) and post-bridge (Figure 7.5E-G) implantation.

Bridge implantation promotes axonal regeneration into the injury

Bridges were implanted at 4 or 8 wpi and explanted for analysis at 6 months post-SCI. We
have previously demonstrated that acutely implanted PLG bridges promote injured axons to grow
through the lesion 83 152181269 "t this is the first time we have reported axon regeneration into
the bridge after chronic SCI. We did not observe any axon infiltration into the lesion area before

bridge implantation (Figure 7.3).
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We observed robust axonal growth into bridges implanted at 4 wpi and 8 wpi (Figure 7.6E).
Furthermore, CGRP™ (sensory) and ChAT" (motor) axons were observed in the bridge at both

implantation timepoints (Figure 7.11).

— NF200
“E 1500- — —
£
]
£ 10004
o
8 s00-
=

0 .

4 8

Week of Bridge Implantation

Figure 7.6 Chronic implantation of PLG bridges supports axon elongation at 6 months post injury. Regenerating axons were
present throughout bridges implanted at 4 (A-B) and 8 (C-D) wpi. White border denotes bridge area. (E) Axon density is increased
in 8 week bridge implantation compared to 4. Scale: 500 um (A, C). Scale: 20 um (B, D). **** denotes p<0.0001. n=6 mice per
timepoint. Data are presented as mean + SEM.
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Chronically regenerated axons are myelinated

Myelinated axons (NF200°/MBP*) were present throughout the bridges. (Figure 7.7).
Myelinated axons in bridges implanted at 4 wpi (Figure 7.7A-B) were distributed throughout the
bridge. However, for bridges implanted at 8 wpi (Figure 7.7C-D), myelinated axons were
localized to the periphery of the bridge. No significant difference in myelinated axon density was

observed between conditions (Figure 7.7E). However, a significantly higher percentage, almost
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Figure 7.7 Chronically regenerated axons are myelinated at 6 months post injury. Myelinated axons were present throughout
bridges implanted at 4 (A-B) and 8 (C-D) wpi. White border denotes bridge area. White arrows denote NF200*/MBP* axons.
Although myelinated axon density (E) was not significantly different between 4- and 8-week bridge implantation conditions,
myelinated axon percentage (F) was significantly greater at 4 week bridge implantation. Scale: 500 um (A, C). Scale: 20 um (B,
D). **** denotes p<0.0001. n=6 mice per timepoint. Data are presented as mean + SEM
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2-fold, of myelinated axons within bridges implanted at 4 wpi compared to 8 wpi (36% vs 19%)
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Figure 7.8 Chronically regenerated axons are myelinated primarily by Schwann cells at 6 months post injury. Myelinated
axons were present throughout bridges implanted at 4 (A-B) and 8 (C-D) wpi. White border denotes bridge area. White arrows
denote NF200*/MBP* axons. Yellow arrows denote NF200*/MBP*/PO* axons. NF200*/MBP*/PO- axon density (E) was
significantly increased for 8 wbi although the density was low. (F) A significantly larger percentage of axons were myelinated by
Schwann cells (MBP*/P0*) at 4 week bridge implantation condition compared to 8. However, a significantly higher percentage of
axons were myelinated by oligodendrocytes (MBP*/P0) at 8 wpi bridge implants compared to 4. although the percentages were
very low. Scale: 500 um (A, C). Scale: 20 um (B, D). *** denotes p<.001, **** denotes p<0.0001. n=6 mice per timepoint. Data
are presented as mean + SEM.

was observed (p<0.0001) (Figure 7.7F), with the percentage of myelinated axons defined as the
number of NF200"/MBP* axons divided by total NF200" axons. Myelinated axons were separated

into Schwann cell myelin (NF200°/MBP*/P0") and oligodendrocyte-derived myelin
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(NF200"/MBP*/P0") (Figure 7.8) to determine their relative contribution to total myelination. A
significant increase in the density of oligodendrocyte-derived myelinated axons was observed for
bridges implanted at 8 wpi compared to 4 wpi (p<0.0001) (Figure 7.8E). For bridges implanted at
4 wpi, the percentage of Schwann cell-myelinated axons was increased almost 2.5-fold relative to
bridges implanted 8 wpi (34% vs 14%) (p=0.0009) (Figure 7.8F). However, a significantly
increased percentage of oligodendrocyte-derived myelin was observed for bridges at 8 wpi
compared to bridges implanted at 4 wpi (p<0.0001) (Figure 7.8G), although the percentage in

both conditions was low, 4.2% and 2.6% of total axons respectively, compared to acute studies?®°.

Bridge implantation does not significantly decrease functional outcomes

The ladder beam task was used to evaluate functional recovery before bridge implantation and
after bridge implantation (Figure 7.9). No significant difference in positive left placement events
before bridge implantation compared to after bridge implantation was observed for either group.
We performed a linear regression for both conditions to determine if the slope of recovery deviated
from zero. Bridges implanted at 4 wpi (Figure 7.9A) or 8 wpi (Figure 7.9B) did not deviate
significantly from zero slope indicating no significant differences in recovery or decrease in

function. Overall, the average number of left placements for both conditions across all timepoints
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Figure 7.9 Chronic bridge implantation does not decrease functional outcome at 6 months post injury. Ladder beam task was
evaluated over the course of 6 months post primary injury for 4 week bridge implantation group (A) and 8 week bridge implantation
group (B). p values denote significance from zero slope. n=12 mice per timepoint. Data are presented as mean + SEM. Furthermore,
there was no significant difference between the conditions (p=.84)
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were relatively low at 4.9 for bridges implanted at 4 wpi and 4.3 for bridges implanted at 8 wpi.
Additionally, the functional outcome of animals receiving bridge implants at 4 weeks versus 8
weeks were not significantly different (p=0.84). We also used the cylinder task to determine
dissimilarity index pre- and post-injury (Figure 7.13). The animals did not regain use of the

impaired forelimb for weight supported full rearing.

Discussion

Currently, no clinically translated strategies exist for treatment of chronic SCI. While
researchers acknowledge the need for chronic treatments, there are relatively few investigations
compared to acute studies. However, most patients recruited for clinical trials are in the chronic
phase and the barriers to regeneration in the chronic lesion are different from those of the acute
lesion. Chronic SCI models commonly employ a contusion injury and treatments generally
combine exogenous cell transplantation with the digestion of the glial scar and some neurotrophic
support.  Similar cellular and biochemical events occur in both contusion/compressive and
transection models. The glial scar is formed by reactive astrocytes, which become hypertrophic
and greatly increase their expression of intermediate filament proteins such as vimentin and glial
fibrillary acidic protein (GFAP). The expression of both growth-inhibitory and growth-promoting
ECM increases in reactive astroglia and invading immune cells, but the inhibitory ECM
components, such as fibronectin, GFAP, and CSPGs are more markedly upregulated.3!! When
severed axons meet the scar, the growth cones form ‘dystrophic endbulbs’ and stop growing.
However, differences in the spatial distribution of ECM and cellular infiltration are observed. In
contusion models, ECM such as fibronectin or CSPGs fill the lesion site while in transection
models, these materials reside at the borders of the lesion.®* 137 In contusion models, this injury

results in a necrotic core of tissue; while in transection models of injury, a necrotic core is not
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observed. Furthermore, transection models are easier to reproduce and implement and do not suffer
from variability in lesion size and location. A transection chronic injury model allows for
biomaterial implantation of a permissive substrate for improved responsive of treatment
paradigms. Biomaterials have been used extensively in acute studies of SCI but have been
relatively absent in chronic SCI due to irregular injury boundaries from contusion or penetrating
injuries and formation of dense scar tissue in the lesion site. However, resection of the scar is being
investigated in animal and clinical treatment strategies to remove the dense connective tissue that
can inhibit regeneration.’® 3% Our bridge has served as an effective platform to study the acute
space, but we have not investigated its efficacy in chronic SCI. The goals of this investigation were
to create a reproducible chronic injury model that combines the benefits of contusion and
transection models and to show PLG bridges are a growth permissive substrate for axonal
elongation and tissue reformation after chronic spinal cord injury.

The chronic injury model was based on our previous acute penetrating lateral hemisection
model and other models of chronic SCI.26% 31° We performed two lateral slices 1 mm apart for
reproducibility in locating the boundaries of our lesion site. The tissue was not resected
immediately to mimic a central aspect of human SCI and pathophysiology, in which the injured
tissue becomes necrotic, which can be anticipated to modulate both the immune response and scar
formation in the host spinal cord. At 4 or 8 wpi, the lateral slices were located and connected along
the midline to resect the necrotic tissue. The necrotic tissue was evident by its stiff texture and
discoloration.®*2 We did not resect tissue past our lesion area defined by the two lateral slices or
recreate the initial two lateral slices. The bridge was then implanted at two timepoints, at 4 or 8
wpi, and evaluated at 6 month post injury. The goal of this model was to capture the

pathophysiology of human SCI and scar resection while elucidating differences in
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pathophysiological considerations for biomaterial invention by using two different timepoints. In
our model, surgical resection of the scar following the initial injury creates a gap into which a
bridge is implanted. Bridge implantation demarcates an area that allows analysis of the extent of
axon regeneration into the injury as axons present within the bridge could not have been spared.
The glial scar and fibrotic scar that forms at the interface between the injury and intact host
tissue acts both as a physical barrier and as a set of cellular and biochemical signals that instruct
axonal ends to become dystrophic and stop growing.>®%° This scar forms within days of SCI but is
stabilized after 4 — 8 weeks in rodents®'?. We chose to investigate biomaterial intervention after
the scar stabilized to assess the ability of axons to regenerate through this scar and into our bridge
in this model. The scar is comprised of potent inhibitory ECM components including fibronectin
and CSPG4 as well as cellular components such as reactive astrocytes. These components are
thought to be the most potent inhibitors of axonal regeneration. Fibronectin scarring was
significantly decreased, almost 3-fold, at 4 and 8 wpi compared to 2 wpi. However, no difference
was observed between 4 and 8 wpi. Fibronectin has been reported to develop and stabilize over a
28 day period into a dense scar and decline significantly after 28 days in contusive models of
SCI1.3%3 Similarly, CSPG4 expression decreased significantly at 8 wpi compared to 2 wpi. CSPG4
expression is temporally related to inflammation within the CNS and its resolution suggests there
was no ongoing destruction of CNS tissue past the initial 2 weeks of high expression.3* We also
saw a significant decrease at 4 and 8 wpi compared to 2 wpi in reactive astrocytes evidenced by
GFAP area. The components of the glial scar condensed and localized to the lesion site over time.
This is consistent with other chronic models of SCI.2% 315 The functions of glial scar formation
remain nebulous; however, lack of glial scar formation presents deleterious effects on spontaneous

regrowth of transected axons.?® % The process of axonal dieback was immediate. NF200* axons
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initially retracted from the scar, but then gathered near the scar border. This observation is
consistent with other studies showing that majority of axonal dieback has ceased by 4 wpi.3!
However, they did not penetrate the lesion site before bridge implantation. The condensing of the
glial scar to the injury site and accumulation of axons near the lesion borders may facilitate axon
entry into our bridge once implanted by expression of growth supporting molecules at the injury
site 8. The spinal cord may have more growth potential at 4 week bridge implantation rather than
8 week bridge implantation. However, the transition of acute to chronic has been identified by the
density of glial and fibrotic scaring by many researchers, and these densities are not statistically
different between 4 and 8 weeks. However, a consistent metric that delineates the transition of
acute to chronic injury has not been determined, as many chronic models have ranged from 4 — 8
weeks.% 317 318 Some studies have sought to characterize the transition to chronic injury using
combined MRI, electrophysiological, and histological guidelines.'? These strategies targets 4 — 8
weeks as the transition into chronic injury, which reflects our choice of time points.

We observed accumulation of macrophages into the lesion at long time points, which is
consistent with chronic SCI**°. Macrophage density was significantly increased at 8 wpi compared
to other time points. Previous studies have reported a second wave of macrophage infiltration at
60 days post-SCI in a contusion model.'® The phenotype of these macrophages is unclear because
their invasion has not been associated with increased improvements or decrements of motor
function. We observed a ~44% (20.52 cells/mm? vs. 29.53 cellssmm?) increase in Argl*
macrophage density at 8 wpi vs 2 wpi. F480*/Argl™ macrophages have been associated with a pro-
regenerative phenotype3> 22, Interestingly, the percentage of Argl* macrophages was consistent
at all time points. This result is also consistent with previous reports of Argl expression levels

returning to baseline shortly after the initial contusion injury.?® The net effect of infiltrating
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macrophages at chronic timepoints remains undefined. They have been associated with
encouraging remyelination by upregulating differentiation of oligodendrocyte progenitors,
upregulating factors that inhibit remyelination, and reactivating regenerating properties of the
axons.31%-32! The accumulation of macrophages and the nebulous nature of their activity make them
an attractive target to investigate chronic modulation of these cells to alter the percentage of
regenerative macrophages in future studies. Taken together, this model recapitulates several
aspects of the pathophysiology of traditional chronic models and enables generation of a
reproducible defined space for investigation of regenerative medicine interventions.

The bridge features aligned channels to support axonal growth and provides a porous structure
for cellular infiltration and ultimately supports axon growth into the injury at chronic time points.®®
137,178 Axons entering the implant must be attributed to either regeneration of injured axons or
sprouting of new axons from spared or contralateral tissue. This bridge provides a defined space
for histological analysis at and near the lesion. Sufficient evidence exists that demonstrates a lack
of substantial axonal ingrowth without intervention.3'° Moreover, without biomaterial intervention
there is no precise way to delineate between sparing, regeneration, or local axon sprouting in the
ipsilateral tissue. The bridge alone has supported robust axon ingrowth, myelination, and recovery
of some motor function at acute timepoints, ‘8 but we have not investigated its efficacy in a chronic
injury. Bridges were implanted at 4 or 8 wpi to investigate if the substrate alone could support
ingrowth at chronic timepoints. The spinal cord tissue was explanted at 6 months post primary
SCI. The PLG bridge scaffold has degraded significantly at this timepoint, however the general
structure such as its porosity was still observed in histological sections as previously reported.*®
First, we determined if bridge implantation caused increased infiltrating of macrophages into the

lesion space. Although macrophages were observed within the bridges, the number of
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macrophages were similar to before bridge implantation suggesting bridge implantation does not
cause increased inflammation. There were also similar percentages of anti-inflammatory
macrophages present in the bridge post implantation compared to macrophage phenotypes in the
lesion space before bridge implantation. This buttresses the bridge as tool to observe the chronic
spinal cord microenvironment and capture the residing cells without influencing the inflammatory
environment.

PLG bridges were able to support ingrowth of sensory and motor axons at both implantation
timepoints without added bioactive agents. Similarly, poly(ethylene glycol) (PEG) gel injection
has been shown to support axonal ingrowth at chronic timepoints but, we cannot readily compare
our results due to a difference in method of quantification.'®® Furthermore, the PLG bridge offers
a topographical benefit over bulk PEG injection. Interestingly, there was higher infiltration of
axons for bridges implanted 8 wpi compared to 4 wpi. This suggests axonal regeneration can occur
through our bridges at up to 8 wpi. Studies have shown axonal growth at chronic timepoints with
the aid of cell transplantation and factor delivery, but this result is novel because the PLG bridge
alone without added bioactive agents supported robust ingrowth. Future studies will focus on
identification of specific tracts using genetically modified mice to reveal differences in spinal tract
specific regeneration potential in the chronic period post-SCI.

While no difference in the density of myelinated axons was observed, a significantly higher
percentage of axons were myelinated for bridges implanted at 4 wpi. This lack of myelination for
bridges implanted at 8 wpi could be the result of overall lower mobilization of glial cells at chronic
timepoints.3?? The percentage of myelinated axons is consistent with previous data using PLG
bridges.'8%2% Axons after injury can be myelinated oligodendrocytes or Schwann cells. Therefore,

we investigated the source of the myelin at chronic time points. A higher density and percentage
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of oligodendrocyte myelin was observed for bridges implanted at 8 wpi compared to bridges
implanted at 4 wpi. There was a 3-fold increase in density and 2-fold increase in percentage. This
suggests higher activity of oligodendrocytes at later timepoints possibly due to differentiation of
progenitor cells. However, oligodendrocyte myelin density and percentage were low at both time
points suggesting low availability or differentiation of oligodendrocytes at chronic timepoints.
Oligodendrogenesis can occur up to at least 80 days post injury.®?® While there is evidence for
negligible demyelination of spared axons and remyelination of intact or spared axons at chronic
timepoints, the ability of newly formed oligodendrocytes to myelinate large numbers of
regenerating axons has not investigated and quantified at chronic time points.??%:22? The failure of
oligodendrocytes to myelinate these regenerating axons may contribute to the lack to functional
recovery.'®” 2% A 3-fold increase in Schwann cell myelin percentage was observed within bridges
implanted at 4 wpi compared to 8 wpi. Although Schwann cells are highly migratory and invade
the lesion site immediately after injury.'8 they can also be differentiated from oligodendrocyte
progenitor cells (OPCs).?*® Future studies will focus on pushing these OPCs to adopt an
oligodendrocyte fate as previously described.?6°

We employed the ladder beam task to assess functional recovery before bridge implantation
and after bridge implantation for both implant paradigms. Few studies have noted functional
improvements in chronic spinal cord even with the additions of cells or bioactive factors.%® 324
Studies that have seen functional improvements typically were completed with milder injuries,
pre-treatments with biological agents, or stem cell delivery with added factors.”® 103 163 256, 325
However, our model reflects more severe injuries and allows for the assessment of regeneration in
a more controlled environment using only a multiple channel bridge. While the bridge alone did

not improve functional outcomes for either implantation time point, importantly, the process of
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bridge implantation did not significantly decrease the post injury function. These studies establish
that axons can regenerate into the bridge and can be myelinated with implantation at chronic time
points. However, the bridge alone is limited in its ability to foster regeneration. We have used these

bridges as a substrate to deliver multiple treatments aimed at repopulation of resident cells,>?

269 modulating inflammation,'® 224 and treating neuropathic pain.**® The studies

remyelination,
discussed herein provide a baseline for future studies with bridges combined with strategies we

have developed previously for acute SCI intervention.

Conclusions

We have demonstrated a chronic SCI model that follows emerging clinical practices and the
pathophysiology of most patients and other models. We have also shown that resection of necrotic
tissue and implantation of multi-channel PLG bridges without added bioactive agents as a
promising building block for axonal regrowth and myelination during chronic implantation. The
bridges also serve as a tool to delineate between regenerating and spared tissue at several
implantation timepoints. There are three essential factors for axons growth; neuron intrinsic growth
capacity, growth supportive substrate, and chemoattraction.3® These studies establish PLG
bridges as a growth supportive substrate and will serve as a baseline for future studies focusing on
utilization of the bridge as a platform to deliver bioactive agents to promote neuron intrinsic growth

and chemoattraction as well as a defined space to investigate the chronic tissue microenvironment.
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Supplementary Figures
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Figure 7.10 Bridge area 6 months post injury. Dashed line indicates cross sectional
bridge area at time of implantation. While there was significant degradation from
initial implantation, there was not a significant difference between 4 and 8 week bridge
implantation timepoints. Note that the bridges implanted at 4 weeks post injury exhibit
a lower area, most likely due to being inside the animals longer than the bridges
implanted at 8 week post injury.
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Figure 7.11 CGRP and ChAT axons regenerate into the bridge
at 6 months post injury. (A) NF200* axons colocalized with
ChAT (B) and CGRP (C) (D) White arrows denote NF200*/ChAT*
axons. Yellow arrows denote NF200*/CGRP* axons. Scale: 20 um.
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Figure 7.12 Z-stack images showing 3 dimensional overlap of (A) Hoechst*/F480*/Arg *and (B) NF200*/MBP*. White arrows
denote areas of overlap. Yellow arrows denote Hoechst*/F480*/Arg * cells. Scale: 100 pum.
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Figure 7.13 Cylinder Test. Asymmetry in the mice was evaluated over 6 months. Animals
predominantly used the non-impaired forelimb for weight supported full rearing which is indicated by
high dissimilarity index at 6 month post injury. **** denotes p<0.0001.

102



Chapter 8.  Conclusions and Future Directions

Summary of findings

Taken together, the work presented in this dissertation describes development of a biomaterial
scaffold implant for spinal cord regeneration and as a tool to understand the spinal cord
microenvironment post injury. The implant was formed from PLG into a multi-channel, porous
bridge that allows the recruitment of host cells and regeneration of axons across the lesion site.
We combined the bridge with gene therapy strategies to elucidate how exogenous factor delivery
impact the tissue microenvironment. Pro-oligodendrogenic factors were used to study the effect of
recruitment, proliferation, and differentiation of endogenous progenitor cells on myelination of
regenerating axons and subsequent functional recovery. We identified oligodendrocyte myelin as
a key factor in determining functional recovery. Additionally, the bridge platform was used to
deliver an immunomodulatory factor combined with a neurotrophic factor to evaluate how spared
tissue and regenerating tissue differ in their tissue formation and functional recovery. We found
neurotrophic factors and immunomodulatory factors can have synergistic effects on axonal
growth, myelination, and functional recovery. The bridge was also evaluated in a chronic SCI. We
found that bridge implantation alone can promote axon elongation and myelination at chronic
timepoints, providing further evidence for biomaterials being translated to human patients. The
research described in this dissertation builds on the previous work in this field and advances the

utility of biomaterials as a platform SCI regeneration and tissue regeneration broadly.
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Significance and Impact of findings

The work presented in this dissertation addresses an unmet clinical need for development of
spinal cord injury treatments. Nationally, the incidence of cervical SCI exceeds thoracic (51% vs.
36%), and the incidence of contusion/compression trauma exceeds penetrating injuries due to
violence (e.g. gunshot or stab wounds). However, penetrating SCI accounts for 14% of cases
annually in the general population, and astonishingly 28% of cases in the military ’, largely due to
the contribution of blast injuries. Penetrating injuries directly sever descending motor and
ascending sensory tracts, so they offer many opportunities to study strategies that encourage
formation of new axons and myelination. Moreover, while spontaneous recovery within the first
days and months post-SCI is a significant component of the final outcome in individuals with
contusion/compression injuries &, the initial deficits resulting from penetrating SCI exhibit
substantially less improvement, if any, over time °. There are minimal therapeutic strategies for
penetrating SCI, in which there may be little opportunity to ameliorate the initial damage, and
reconnection of spinal pathways require a bridge to support true axonal regeneration. This work
aimed to use the bridge as a platform to investigate the spinal cord microenvironment and
determine the most germane barriers to regeneration for any potential treatment strategies. In
Chapter 5 we use the PLG bridges as a platform to investigate the role of pro-oligodendrogenic
factors in promoting remyelination of regenerating axons. The combination of noggin + PDGF
enhanced total myelination of regenerating axons relative to either factor alone, and importantly,
enhanced functional recovery relative to the control condition. The increase in myelination was
consistent with an increase in oligodendrocyte-derived myelin, which was also associated with a
greater density of cells of an oligodendroglial lineage relative to each factor individually and

control conditions. These findings demonstrate that myelination of regenerating axons, specifically
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by oligodendrocytes is important to functional recovery and should be a part of any potential
clinically translatable treatment for SCI. In Chapter 6 we build upon the success of the multiple
channel PLG bridges by delivering 2 distinct transgenes targeting immunomodulation and
neurotropism in combination to observe synergistic or possibly antagonistic effects on spinal cord
regeneration. Our results show that the combination of IL-10+NT-3 enhanced axonal growth and
oligodendrocyte myelinated axon density. This resulted in increased locomotor functional
recovery compared to IL-10 or NT-3 alone but increased hypersensitivity compared to IL-10 alone.
Furthermore, we observed a strong positive correlation between oligodendrocyte myelinated axon
density and functional recovery. This suggests oligodendrocyte myelin as an important area of
future of research to improve functional recovery. For these therapies to be clinically translatable,
they must be investigated in a chronic injury model. Therefore, in Chapter 7 we investigate tissue
regeneration into PLG bridges implanted into a chronic model of SCI. Two time points were
analyzed for implantation of the bridge (4 wpi or 8 wpi). We observed robust axon growth into the
bridge and remyelination at 6 months post initial injury. Axon densities were increased for 8 week
bridge implantation relative to 4 week bridge implantation, whereas greater myelination was
observed with 4 week bridge implantation. While the bridge alone did not improve functional
outcomes for either implantation time point, importantly, the process of bridge implantation did
not significantly decrease the post injury function. This chapter demonstrates implantation of PLG
bridges without added bioactive agents as a promising building block for axonal regrowth and
myelination during chronic implantation and further demonstrates the clinical translatability of the

bridge.
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Future Directions
The follow sections propose future studies that will enhance the significance and impact of the

work presented herein.

Temporal regulation of pro-regenerative signaling

In Chapter 5, we delivered pro-oligodendrogenic factors to promote remyelination of
regenerating axons. We delivered these factors simultaneously, but each factor affects a different
stage along the cell lineage. PDGF affects the proliferation of NSCs while noggin impacts the
differentiation of NSCs along the oligodendrocyte lineage. This dissertation shows that when
delivered together, these factors can increase the total number of oligodendrocytes and increase
remyelination. However, there is an opportunity to investigate sequential delivery of these factors
to increase the number of differentiating oligodendrocytes, subsequent myelination, and functional
recovery. We can temporally regulate transgene expression with the use of tetracycline (TET)-
inducible systems, which modulate gene expression with the doxycycline administration 327 328,
The TET system can turn on the expression of PDGF with doxycycline administration called TET-
on and subsequently turning on noggin expression and turning off PDGF expression with removal
of doxycycline (TET-off). This system combined with sophisticated tracking of cell fates using
BrdU can elucidate the differentiation potential of endogenous NSCs and how they contribute to
myelination of regenerating axons. The TET system can be used for temporal delivery of other
sequential processes such as axonal extension through the lesion and then encouraging synapse
formation or reducing inflammation and then promoting regeneration. Furthermore, cells may
behave differently in a temporally regulated system rather than constant gene expression 32°,
Temporal regulation of signaling is of vast importance to future therapies and our understanding

of tissue regeneration because it has the potential to recreate the temporal signaling used during
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development and avoid the pitfalls of receptor downregulation and depression. Currently, there are
many in vitro models that attempt to recreate the conditions of oligodendrocyte development, but
for these models to be translatable, they must be applied in vivo 28, While the TET system is well
known and easy to implement, there are other temporally inducible systems such as the tamoxifen
(TAM) system 33, There must be more investigation into which system is the most appropriate for

use in our models.

Improved understanding of the cytokine/neurotrophin axis

In Chapter 6, we investigated the cytokine/neurotrophin axis which a complicated feedback
and crosstalk system between invading immune cells and CNS tissue that can inhibit or promote
regeneration. This dissertation suggests there can be additive effects when delivering IL-10 and
NT-3 simultaneously on myelination and functional recovery. However, there are remaining
questions related to the mechanism of the interactions and the phenotype of the immune cells. We
employed arginase to label regenerative macrophages, but at the time of completion of this study,
there was no avenue for distinguishing microglia and macrophages. Macrophages are invading
immune cells differentiated from circulating monotype after injury. Microglia are resident
macrophages in the CNS. Currently, these cells can be differentiated by TMEM119%3, Separation
of these two cells will allow us to determine the relative importance of contribution of
macrophages versus microglia in the regenerating spinal cord. Furthermore, these cells express
several phenotypes and may behave differently in response to neurotrophins and cytokines. Single
cell RNAseq experiments will be able to distinguish phenotypes and elucidate beneficial cell types

and targets for perturbing immune cells to adopt the preferred phenotypes.
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Improved understanding of the role of oligodendrocyte myelin in functional recovery

One aim of this dissertation was to determine the most germane barriers to functional recovery
post-SCI. Lack of myelination has been demonstrated to be a significant hindrance to recovery of
function to regenerating axons 8723, \We analyzed remyelination of regenerating axons Chapters
5, 6, and 7 and we employed metrics of functional recovery to elucidate how myelination
contributed to motor recovery. This dissertation suggests the difference in myelination density and
percentage may contribute in part to improved functional outcomes. This dissertation also suggests
that oligodendrocyte-derived myelin is pivotal for return of function. We observed a significant
correlation between functional recovery and oligodendrocyte myelinated axon density when
performing a linear regression analysis on our results. However, the exact impact of
oligodendrocytes and their myelination remains nebulous. Differences in injury models may
determine the impact of oligodendrocytes as oligodendrocyte have been seen as less important in
contusion models %2, Our hemisection model severs and removes existing axons and cells in the
lesion while contusion models leave the damaged tissue. There is an opportunity to investigate this
difference in the impact of oligodendrocytes on functional recovery. Oligodendrocytes perform
many functions in the developing and stable CNS including; promoting vascularization,
modulating neuroinflammation, modulating synaptic efficacy, remodeling myelin, regulating
neuronal excitability, conduction velocity, and synchronicity, and providing metabolic and
survival support to axons and neurons 332, We must investigate these functions of oligodendrocytes
in the regenerating spinal cord. We and others have investigated MBP expression in the myelin
sheath but, while critical for action potential conduction, other factors are required for neuron and
axon survival 24, In addition to understanding the function of oligodendrocytes in supporting

axonal growth, we must investigate how functional recovery is related to regenerated axons. We
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must understand the spinal circuitry changes that enable recovery by applying new approaches to
trace network remodeling and circuit remapping to identify whether functional recovery results
from regenerating axons, spared axons, or a combination of both. This goal can be achieved using
complex synaptic tracing involving G-protein deleted rabies virus and electrophysiological
recording from the spinal cord and muscle at several timepoints to correlated tissue regeneration
and electrophysiological metrics. Further investigation into this area will facilitate a greater
understanding of a chief supporting cell in the CNS and provide insights into axon/myelin

interactions beyond conduction velocity to enhance functional recovery post-SCI.

Chronic implantation of bridges combined with other bioactive agents

Currently, there are no widespread clinical treatments for chronic SCI. In Chapter 7, we
employed the PLG bridge in a chronic SCI to determine if the bridges are a suitable substrate for
tissue regeneration in the chronic environment. We found the bridge is a suitable substrate for
axonal regeneration and myelination. We have set a baseline for expected regeneration and there
IS an opportunity to build on the PLG substrate. There is little understanding of how early injury
interventions affect later regeneration. While, methylprednisolone has previously been employed
to treat SCI, it is no longer the standard of therapy due to mixed results 1°. It is also unclear if axon
growth promoting factors remain effective during the chronic phase of SCI. These questions can
be investigated by combining acute delivery of anti-inflammatory factors after injury such as IL-
4 or IL-10 to reduce the initial tissue destruction and promote tissue sparing with chronic
treatments®*> 224, Additionally, the glial scar can be dissolved prior to bridge implantation using
Ch’ase or ADAMTS-5. ADAMTS-5 presents a better option because it is less immunogenic as its
source is mammalian and not bacterial®*®. Chronically, we can deliver axon growth promoting

factors such as EpoD to drive axons through the inhibitory environment and myelinating factors
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such as PDGF and noggin to myelinate the regenerating axons. The stabilization of axons,
combined with the directional cues supplied by the bridge, may lead to more robust regeneration.
However, chronic SCI studies have been hampered by lack of sustained motor recovery due to
elimination and re-apposition of presynaptic terminals leading to unsynchronized action potential
initiation and propagation that reduces recovery of locomotor function and promotes nociceptive
hypersensitivity 3. In order to achieve functional recovery chronically, our approach must induce
appropriate plasticity. To this goal, it is imperative that we move toward identifying the circuits
that are beneficial to plasticity. These studies will lay the groundwork for transition into larger

animal studies and possible clinical translation.

Clinical translation of bridge technology

There are several considerations for transitioning into larger animals and patient trials. Larger
animal studies will require modifications to the bridge structure, but the pathophysiology of injury
and recovery is conserved across mammals. Second, we must determine a reliable way to identify
the lesion border and where to implant the bridge. This can be achieved by using a combination of
MRI and nanoparticles. MRI can distinguish the healthy tissue from necrotic tissue using fractional
anisotropy. Additionally, we can use labeled nanoparticles to invade the lesion site by taking
advantage of the injured BBB. This would give us a visual indication of the lesion borders. Third,
we must identify if there is a critical period for bridge implantation. This dissertation shows that
there are remarkable differences between implanting a bridge at 4 wpi compared to 8 wpi. We
must determine how different implantation times translates to larger animals and humans. Last, as
spinal cord lesions can span several laminae, we must determine if there is a critical implantation
area or if all the affected tissue should be replaced with a bridge structure. This will allow us to

determine the optimal bridge implantation area. The pitfall of most experimental clinically
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translated approaches is determining trials receive less favorable patients because the risk/benefit
ratio more reasonable. However, these patients have often undergone complete sensory and motor
failure (American Spinal Injury Association (ASIA) impairment scale A/B). While some trials
have seen some success, rarely are patients upgraded in the ASIA impairment scale 308 335,
Enhanced understanding of circuit reorganization during chronic injury and how early intervention
impact motor recovery may help improve the outcomes seen when these therapies are translated

to human patients.
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Appendix

Peptide modification of PLG bridges for viral loading

Introduction

Delivery of therapeutic substances to the spinal cord presents a challenging engineering
problem. The blood-spinal cord barrier prevents entry using systemic approaches and cerebral
spinal fluid could transport the therapeutic from the site. The Shea Lab has developed multi-
channel PLG bridges to combat this problem. The bridges provide a vehicle for lentiviral delivery
resulting in long-term, localized transgene expression with the delivery of multiple factors which
is difficult to achieve and generally requires the use of osmotic pumps® 83, Osmotic pumps can
clog, require surgery for removal, and cause further tissue damage. Other reports have used direct
injection of vectors which does not allow localized delivery to the injury. Unlike other viral
vectors, lentivirus does not influence the phenotype of progenitors?® or cause significant
inflammation®?8, Lentiviral vectors physical properties are also independent of the encoding gene
making them the ideal system to deliver multiple vectors encoding various inductive factors
without modification to the base biomaterial. Previously, we have delivered single viral vectors
with great results, but the delivery of multiple vectors has presented a challenge. Single factors
cannot address the multiple barriers to regeneration. We have investigated coating the bridge with
heparin, but these interactions are not specific and fail to consistently bind and release the virus'®2,
Therefore, we have investigated an alternative strategy based on specific interactions. Toward this

goal, we have used phage display technology to identify specific peptides that can reversibly bind
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and stabilize lentiviral vector®®®. We have identified several candidate peptides (Table A.1) that

can be immobilized to a material.

Table A.1 Candidate peptides
Peptide Occurrence

HLKHTHNTHYKT 4
HWKPHSNLHLSR 8
STQHHHHSKQSR 32
WPGHHNHSMKHK 6

We proposed immobilization that lentivirus onto PLG bridges modified with specific peptides
would allow for consistency, efficiency, and reproducibility of lentiviral loading to have a more

pronounced effect on the spinal cord microenvironment when delivering genes of interest.
Preliminary Results

Modification of PLG microparticles

Microspheres were made by dissolving PLG (75:25-mole ratio of D, L-lactide to glycolide,
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Figure A.1 EDC/NHS chemistry to create STQ PLG microparticles. STQ particles were made to determine their ability
to retain lentiviral particles. PEG 5000 linker was used to allow flexibility for STQ active region

M.W. 99000) in dichloromethane (2% w/w) and then emulsified in 1% poly (ethylene-alt-maleic

anhydride) to create microspheres (Figure A.1). STQ (GenScript, Piscataway, NJ) was conjugated
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to the surface of PLG microspheres using N-ethyl-N'-(3-(dimethylamino) propyl) carbodiimide/N-
hydroxysuccinimide (EDC/NHS) chemistry in a 1:5 molar ratio PLG to peptide. Unmodified
microspheres were used as a negative control. We observed a modest change in the size of the
microparticles, but a significant change in the charge of the particles (Table A.2). Furthermore,
we were able to couple 6.77 pg of STQ peptide per mg of PLG microparticles. This was the

maximum loading efficiency achieved.

Table A.2 Properties of modified particles

Sample Size (um) Charge Protein Loading (ng/mg)
Control Particles 9.039 +.011 -381+235 -
STQ - Particles 10.491 £ .073 11.2 +4.62 6.77

STQ modification improves virus retention in vitro, but not in vivo

We investigated STQ modified microparticles’ ability to retain more lentivirus. We formed
STQ particles into bridges and seeded them with various amounts of Fluc lentivirus. Fluc is a
control virus that allows us to quantify its expression using radiance. All lentivirus in these studies
was concentrated at 2E9 1U/ml. The bridges were seeded with 2, 4, or 6 ul of lentivirus. The
control condition was unmodified PLG bridges seeded with 8 ul as this was our current standard.
The bridges were seeded with human embryonic kidney cells and observed at 24 hours using the
IVIS (Figure A.2A). There was no significant difference between control and 6 pl conditions
indicating fewer viral particles were needed to observe the same total flux in the STQ modified
bridges in vitro. We translated these results into an in vivo study. STQ and unmodified control
bridges were seeded with 8 pl of Fluc lentivirus, implanted into spinal cord injured mice, and
observed for 8 weeks post injury (Figure A.2B). There was a modest but not statistically
significant increase in Fluc expression at 2 and 4 wpi, but this difference disappeared at 6 and 8
wpi. Since STQ modification increased viral loading, but did not lead to increased expression, we
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determined the limiting factor in expression was the number of cells in the lesion site. Therefore,
we focused on optimizing expression of multiple proteins by innovative viral constructs rather than

increased viral loading.
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Figure A.2 Firefly Luciferase flux from PLG bridges. We analyzed lentivirus retention by using Fluc expression as a metric.
Fluc expression was measured by radiance (total flux). (A) The total flux from bridges seeded with 6 puL was not significantly
different from control bridges in. (B) The total flux from control bridges and STQ modified bridges are not significantly different
in vivo* denotes p<0.05, ** denotes p<.01, *** denotes p<.001
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Real time electrophysiological recordings from PLG bridge

Introduction

We have previously shown our ability to enhance axonal regeneration and myelination in an
acute mouse model using multichannel PLG bridges®®. This strategy supports regeneration of
axons across the hemisection to reach distal spared tissue. However, these regenerating axons must
form functional synaptic contacts to improve function outcomes. Synapse formation provides
confirmation that biochemical and cellular processes necessary for neurotransmitter release, post-
synaptic detection, and network transmission of neuronal impulses, all of which are vital for
functional improvement, have been appropriately expressed and coordinated among cells. NT-3
supports the survival of existing neurons promotes synapse formation post-SCI by providing
guidance cues to direct regenerating axons to targets?”®. Several rodent studies have shown
electrical activity of regenerating axons post-SCI but are done ex vivo at the end of treatment and
thus cannot be correlated to returning function over time337-341, Therefore, our goal is to investigate
the formation of new neural circuits over time by electrophysiological recording from electrodes
integrated into PLG bridges. This study will inform the correlation of electrophysiological

measurements, synapse formation, and locomotor recovery.

Preliminary Results

We manufactured bridges with 25 um platinum iridium inserted into 3 separate channels. The
wires were held in the bridge with animal grade glue (Figure A.3). The wires were attached to a
micro-connector and then to a computer for recording. We encountered many technical difficulties
during the course of this project. The first problem was inserting the wires into the bridge channels

reliably. We tried to accomplish this by using a micro manipulator but since we could only insert
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Figure A.3 Electrophysiological recording from mouse spinal cord. (A) Headmount glued to
mouse skull. (B) Pt-Ir wires glued into bridge channel before implantation into mouse. (C) Sample
recording from PLG bridge implanted in spinal showing no observable signal

a small number of wires and axons grow throughout the bridge, we could not reliably predict which
channel would be best for recording. We assumed the most axons would grow into the bridge
nearest the contralateral tissue, but when recording from these channels we could not reliability
record a signal. The second problem was the weight of the micro-connector and headcap on the
mouse. We could not source high channel micro-connectors for mice, rather most micro-
connectors were made for rats. The weight of these rat connectors on the mouse skull combined
with functional deficits of the spinal cord injury caused the mice to not be able to properly walk
for real-time electrophysiological recordings. The third problem we faced was micromotion of the
wires in the bridge which caused early degradation of bridge and occluded axonal and tissue
ingrowth. This problem was insurmountable and forced the conclusion of this specific strategy for
real-time electrophysiological recordings. Other strategies have begun in our lab to gather similar
data using EMG instead of recording from the spinal cord and optogenetics for stimulated

recordings instead of ambulatory recording.
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MRI for spinal cord tissue structure and function

Introduction

Traumatic spinal cord injuries have a devastating effect on patients’ quality of life. Although
current treatments are largely ineffective in recovery of function, recent developments in tissue
regeneration may lead to significant improvements in the recovery of patients with spinal cord
injury. A major challenge to the development and optimization of spinal cord regeneration therapy
is the need for non-invasive methods to evaluate the effectiveness of the treatment or to
characterize the regeneration process in animal models over time. Currently, this is carried out by
measuring functional locomotor recovery, histology, or electrophysiology. Functional
measurements are not very informative about tissue structure and cellular processes. Histology and
electrophysiology require multiple groups of animals to be sacrificed at different time points, thus
increasing the variance of the results, as well as the resources required for the study, significantly.
More importantly, as spinal cord regeneration therapy matures and becomes adopted clinically,
there will be a strong need for non-invasive procedures to assess damage and treatment strategy in
human patients.

To this end, non-invasive imaging technologies can be leveraged beyond simple structural
imaging to obtain quantitative biomarkers of spinal cord regeneration. These can be used to
optimize therapy by allowing the investigator to conduct longitudinal studies throughout the course
of recovery on the same animal. These technologies must be readily translatable to the clinical
setting for use in human patients. Magnetic resonance imaging (MRI) can be a useful tool post-
SCI, providing detailed information about the status of ligaments, intervertebral discs, and
surrounding soft tissue 3*2. A limitation of using MRI to characterize and monitor regenerative

therapies is that, in its current state of the art, MRI is limited in its ability to identify the presence

118



of specific cell types. MRI reveals only the bulk properties of the tissue, rather than showing the
detail and morphology of specific cells, as histological samples can. However, there exist many
MRI techniques that can be used to make inferences about specific parameters of the cellular
milieu. MRI can readily cover a large field of view in a single scan, rather than requiring analysis
over extremely small regions that are chosen based on macroscopic properties. MRI is also
completely non-invasive and thus can be used in vivo with relative frequency throughout the
therapeutic process, without disturbing it or damaging the tissue. This allows for characterization
the temporal characteristics of the regeneration process, including edema, inflammation, cellular
infiltration and the degradation of the implants. Furthermore, recent work in anesthetized monkeys
has shown that resting state functional connectivity as measured with MRI can serve as a
biomarker of spinal cord integrity 3*3. The goals of this investigation were to design, optimize, and
implement an imaging protocol for the longitudinal study of spinal cord regeneration using PLG
implanted bridges in mice. We will scrutinize the utility of several quantitative imaging techniques
for studying spinal cord regeneration. We plan to quantify several endpoints including: (1) the
rate of axonal formation, (2) re-myelination (3) axonal formation, (4) inflammation and (5)

functional connectivity.

Figure A.4 T1 weighted images of the SCI. (A) Sagittal view of the
SCI. (B) Axial view of the SCI with bridge implanted
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Preliminary Results

We were able to identify the injury site (Figure A.4) in sagittal and axial planes. These images
were collected to determine the consistency of our surgery and reliability of finding the injury site
for further characterization of the lesion. We used these injury sites to test diffusion weighted
imaging techniques as a biomarker of axonal regeneration and density (Figure A.5). We collected
fast spin echo images and applied a standard diffusion curve at every pixel to obtain apparent
diffusion coefficient (ADC) maps in the principal cartesian axes. These maps were then used to
calculate fractional anisotropy maps. Fractional anisotropy allows us to determine the tissue
structure using the anisotropy of water diffusion as a proxy. The maps indicate a clear difference
in the diffusion movement of water between the white and gray matter as evidenced by the
differences in ADC in the x,y, and z axes. The goal was to use these metrics as a prognosis for
behavioral recovery, correlate them axonal growth and density, and correlate them to myelin

fraction. This project is very promising and should be continued pending adequate funding.

Figure A.5 Axial and coronal measurements of ADC and fractional anisotropy. (A) Axial fast
spin echo images of ADC and fractional anisotropy map. (B) Coronal fast spin echo images of ADC
and fractional anisotropy map. (C) Diffusion weighted ZOOM images excluding the lungs and heart.
Yellow indicates areas of high water diffusion. Red indicates areas of low water diffusion.
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PEG hydrogel tubes and neural stem cells for spinal cord regeneration

Neural stem cells (NSCs) promote nerve regeneration by release of neurotrophic factors,
repopulation CNS cell populations, and immune cell modulation. Numerous growth factors 11173
344-3%8 and extracellular matrix proteins 345! are released by NSCs in the tissue following delivery
to a CNS injury site 3236 However, survival of exogenous NSCs without co-delivery of other
pharmacological or biochemical factors has been seen as high as 12% using bioluminescence
assessment *7 but is typically less than 1-5% 873830 Typically, poor survival is attributed to the
highly inflammatory microenvironment rather than immune cell-mediated rejection 6% 362,

Delivery method of the NSCs may also affect survival, as most methods deliver the cells via
direct injection. Direct injection of cells into a highly inflammatory injury microenvironment
results in limited survival of the NSCs 3% and increasing the number of transplanted NSCs does
not results in a commensurate increase in survival or proliferation 364, We have previously
employed IL-10 delivery to reduce inflammation in the spinal cord post-injury with amazing
results. 1L-10 promoted M2 macrophage polarization, reduction in inflammatory cytokine
production, and upregulated pro-regenerative genes glial cells 3 224 Additionally, using a
biomaterial as a NSC delivery platform would provide a substrate for NSC attachment leading to
an up-regulation of downstream survival pathways 347 3%°, Biomaterial delivery of NSCs may also
be beneficial to cell survival and subsequent engraftment as these materials limit inflammation and
scarring following SCI by filling the injury site and preventing cavitation.

Biomaterials platforms such as soft hydrogels and highly organized bridges have been
evaluated for NSC delivery following SCI. Hydrogels can conform to the shape of injury site to
promote regeneration and limit scar formation after SCI & %105 Current hydrogel technologies

offer a vehicle to deliver NSCs in high doses, however, current hydrogels employed in spinal cord
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repair lack topographical cues to guide axon extension. We have previously developed modular
aligned PEG tubes that conform to the injury and provide an orientation that guides axons through
the injury 8. In this study, we evaluated the utility of PEG tubes to deliver 1L-10 lentivirus
immediately after a lateral hemisection spinal cord injury. At 2 wpi, embryonic day 14 (E14)
mouse spinal cord EGFP-NSCs were transplanted into the injury by injection into the PEG material
to promote regeneration. We plan to evaluate immune cell infiltration, NSC survival, exogenous

and endogenous cell differentiation, axon elongation, axon myelination, and functional recovery.

Preliminary Results

First, we evaluated PEG tubes as a suitable substrate for lentiviral delivery. We seeded PEG
tube with lentiviral particles encoding FLuc and implanted the tubes in our mouse SCI model. We
used bioluminescence imaging to visualize the viral expression over 12 weeks (Figure A.6).
Luciferase expression was significantly higher than background at several times points for 12

weeks post-SCI.
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0 4 8 12

Time (weeks)

Figure A.6 Lentiviral expression is sustained when delivered with
PEG tubes. Bioluminescence of luciferase was significantly higher than
background for 12 weeks post-SCI. * denotes p<0.05, ** denotes p<.01,
*** denotes p<.001
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Figure A.7 NSC survival and differentiation is increased with PEG tubes. (A) NSC survival is
significantly increased with PEG tubes and PEG tubes + IL-10. (B) Differentiation of NSC into NeuN*
cells are significantly increase with PEG tubes and PEG tubes + IL-10. * denotes p<0.05, ** denotes p<.01,
*** denotes p<.001

Subsequently, we used the PEG tubes to deliver IL-10 in combination with NSCs to determine
their survival. NSCs were also delivered with PEG tubes without IL-10 and collagen Gelfoam as
controls. We evaluated NSC survival at 2 weeks post transplantation (4 wpi). NSC survival was
significantly higher with PEG tube delivery compared to Gelfoam delivery (Figure A.7A). While,
NSC transplantation combined with IL-10 delivery and PEG tubes trended towards higher survival
percentage than PEG tubes alone, this difference was not significant. We also evaluated the
differentiation of the transplanted NSCs. A significantly higher percentage of NSCs delivered with
PEG tubes or PEG tubes + IL-10 differentiated into NeuN" cells, denoting a neural lineage (Figure
A.7B). We plan to evaluate the differentiation of transplanted NSCs into other glial cell lineages.
We also investigated the functional recovery of animals receiving NSCs using the ladder beam test
(Figure A.8). There was no significant difference in the ladder beam scores between the groups
over 8 wpi, but the groups are beginning to separate. We will continue to monitor functional
recovery until 12 wpi. We will also conduct thermal and mechanical hypersensitivity tests to

determine NSCs effect on thermal hyperalgesia and allodynia.
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