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Abstract

Regeneration of lost synaptic connections following spinal cord injury (SCI) is limited by local
ischemia, cell death, and an excitotoxic environment, which leads to the development of an
inhibitory glial scar surrounding a cystic cavity. While a variety of single therapy interventions
provide incremental improvements to functional recovery after SCI, they are limited; a
multifactorial approach that combines several single therapies may provide a better chance of
overcoming the multitude of obstacles to recovery. To this end, fibrin scaffolds were modified to
provide sustained delivery of neurotrophic factors and anti-inhibitory molecules, as well as
encapsulation of embryonic stem cell-derived progenitor motor neurons (pMNSs). In vitro
characterization of this combination scaffold confirmed that pMN viability was unaffected by
culture alongside sustained delivery systems. When transplanted into a rat sub-acute SCI model,
fibrin scaffolds containing growth factors (GFs), anti-inhibitory molecules without pMNs, or
pMNs with GFs had lower chondroitin sulfate proteoglycan levels compared to scaffolds
containing anti-inhibitory molecules with pMNs. Scaffolds containing pMNs, but not anti-
inhibitory molecules, showed survival, differentiation into neuronal cell types, axonal extension in

the transplant area, and the ability to integrate into host tissue. However, the combination of pMNs

with sustained-delivery of anti-inhibitory molecules led to reduced cell survival and increased
macrophage infiltration. While combination therapies retain potential for effective treatment of
SClI, further work is needed to improve cell survival and to limit inflammation.
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Introduction

Spinal cord injury (SCI) typically results from mechanical trauma that severs axons,
damages vasculature, and promotes a secondary injury that results in cell death, leading to
the formation of a cystic cavity and inhibitory glial scar, which act as chemical and physical
barriers to regeneration. The variety of local and systemic changes caused by SCI creates a
multitude of obstacles limiting recovery, which together hinder the effectiveness of single
therapeutic interventions. This challenge has prompted the development of combination
strategies that work together synergistically to improve recovery.

One major therapeutic strategy following SCI is cell transplantation. A wide variety of cell
types have been investigated with emphasis placed on transplanting cells that are relevant to
the central nervous system (CNS), such as neural progenitors, astrocytes, oligodendrocytes,
and neurons [1-5]. Embryonic stem cells (ESCs) induced to form neural progenitor cells are
promising, but have poor survival post-transplantation (~10% in the absence of scaffold);
cells that do survive typically differentiate into glia with poor neuronal differentiation and
maturation [6-10]. Furthermore, one significant drawback to the use of ESC-derived neural
cells is the potential formation of teratomas due to the presence of undifferentiated ESCs in
the transplant [11]. To address these concerns, differentiation protocols have been developed
to obtain more restricted progenitor populations, including progenitor motor neurons (pMN),
which give rise to motoneurons, oligdendrocytes and type Il astrocytes [12, 13]. To further
improve the purity of ESC-derived cells, our lab has developed a transgenic mouse ESC line
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(P-Olig2) that expresses antibiotic resistance under the lineage-specific pMN marker, Olig2,
which allows for positive selection of ESC-derived pMNs after induction [14].

Another therapeutic strategy is the delivery of pro-regenerative neurotrophic factors that are
normally secreted by local glia and are vital to the maintenance of healthy tissue. Following
injury, specific factors are upregulated within the spinal cord and help reduce cell death.
Exogenous delivery of a variety of neurotrophic factors has been shown to increase cell
survival and limit formation of the glial scar [15-23]. Delivery of platelet-derived growth
factor (PDGF)-AA can aid the stabilization and maturation of blood vessels at the injury site
and is an important factor in oligodendrocyte maturation [24-26], while neurotrophin 3
(NT-3) promotes regeneration of the corticospinal tract and dorsal sensory axons [15, 16].
When NT-3 and PDGF-AA were delivered from modified fibrin scaffolds capable of
sustained release alongside ESC-derived pMNSs, there was an increase in expression of
neuronal markers both rostral and caudal to the injury site and improved migration of
transplanted cells into the host spinal cord [14].

A third therapeutic approach is to limit the effects of the inhibitory environment surrounding
the injury site using anti-inhibitory molecules. Two major inhibitory factors that are
significantly upregulated after SCI are chondroitin sulfate proteoglycans (CSPGs) and
myelin-associated inhibitors (MAIs), which form a biochemical barrier to axon growth [27,
28]. Under normal conditions, CSPGs are major components of perineuronal nets and are
found within CNS extracellular matrix [29]. Inhibition by CSPGs is caused by the
glycosaminoglycan (GAG) side chains, which are able to interact with target receptors on
neuronal membranes [30-32]. Treatment with chondroitinase ABC (ChABC) cleaves the
GAG side chains and prevents activation of target receptors [33-38].

MAIs, such as Nogo-A, oligodendrocyte-myelin glycoprotein, and myelin-associated
glycoprotein, are important chemical cues in the mature CNS that limit axon growth and
stabilize functional neuronal circuits [39, 40]. However, following SCI MAIs are not
degraded or removed from the injury site, which results in limited axonal sprouting and
regeneration [41]. Most MAIs interact with neurons through a common receptor, the Nogo
receptors (NgR1 and NgR3), which initiate the Rho/ROCK cascade resulting in microtubule
disassembly and growth cone collapse [42-45]. Although MAIs bind other receptors,
inhibition of NgR1 using a small competitive antagonist (NEP1-40) significantly improved
neurite outgrowth on myelin inhibitory substrates and improved functional recovery in rat
SCI models [46]. Both types of anti-inhibitory molecules are typically delivered using
invasive intrathecal pumps, catheters, or microinjections, which have the potential for
increased scarring and compression of the spinal cord [47]. Drug delivery using anti-
inhibitory microparticle systems (AIMS) within fibrin scaffolds are able to provide sustained
local delivery of ChABC and/or NEP1-40 in a minimally invasive way. Using AIMS to
deliver ChABC and NEP1-40, decreased CSPG deposition and increased axon sprouting
were observed in a rat acute SCI model [48].

The combined delivery of cells, neurotrophic factors, and AIMS may lead to improved
recovery compared to any single treatment alone. To this end, we incorporated ESC-derived
pMNSs and sustained drug delivery systems for anti-inhibitory molecules and neurotrophic
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factors into fibrin scaffolds and tested their efficacy in both in vitro and in vivo models. To
confirm their potential prior to transplantation, pMNSs were cultured within biomaterial
scaffolds containing the drug delivery systems for two weeks to measure cell viability in
vitro. The combination scaffolds were then transplanted into a sub-acute rat SCI model to
repopulate cells lost following injury, increase host and transplant cell survival, and reduce
the local inhibitory environment. Transplantation of AIMS within fibrin scaffolds did not
affect the presence of CSPGs within the glial scar compared to transplantation of pMNs with
growth factors or growth factor delivery alone, but the presence of CSPGs increased when
pMNs were combined with AIMS. While pMNs transplanted into fibrin scaffolds alone
were viable and able to differentiate into neurons and astrocytes, a decrease in cell survival
was observed when pMNSs were transplanted in combination with AIMS, possibly due to
elevated macrophage infiltration.

Materials and Methods

Embryonic Stem Cell Culture

A previously established transgenic ESC line (P-Olig2) was used for transplantation [49].
The P-Olig2 cell line contains the puromycin N-acetyltransferase (PAC) gene under the
control of the native Olig2 regulatory elements in one allele, thus conferring puromycin
resistance to cells expressing Olig2 after induction and allowing for positive selection of
pMNSs. To allow tracking of these cells, enhanced green fluorescent protein (GFP) was
randomly inserted under the control of the B-actin promoter to provide ubiquitous reporter
expression throughout the experiments [14, 49-51]. P-Olig2 ESCs were grown in complete
media consisting of Dulbecco’s modified Eagle’s Medium (Life Technologies, Carlsbad,
CA) supplemented with 10% newborn calf serum (Life Technologies), 10% fetal bovine
serum (Life Technologies), and 1:200 100x EmbryoMax® Nucleosides (EMD Millipore,
Billerica, MA). Cells were passaged at a 1:5 ratio every 2 days and seeded on a new T-25
flask coated with a 0.1% gelatin solution (Sigma). To avoid the use of a feeder cell layer,
1000 U/mL leukemia inhibitory factor (LIF; EMD Millipore) and 100 pM -
mercaptoethanol (BME; Life Technologies) were added to the media to maintain ESCs in an
undifferentiated state [49, 52].

Progenitor Motor Neuron Induction

For pMN induction, P-Olig2 ES cells were exposed to retinoic acid (RA; Sigma) and
smoothened agonist (SAG; EMD Millipore) in a 27/4* induction protocol [49]. One million
ESCs were aggregated into embryoid bodies (EBs) in 100-mm Petri dishes coated with a
0.1% agar solution in DFK5 media consisting of DMEM:F12 base media (Life
Technologies) supplemented with 5% knockout serum replacement (Life Technologies), 50
UM non-essential amino acids Life Technologies),1:100 100x Insulin-Transferrin-Selenium
(Life Technologies), 1:200 100x EmbryoMax® Nucleosides. EBs were allowed to form for
2 days in the absence of induction factors (27). EBs were then cultured in DFK5
supplemented with 2 uM RA and 0.5 uM SAG for the final four days (4*). Media was
changed every 2 days. In selected cultures, 4 ug/mL puromycin (Sigma) was added during
the final 2 days of induction [49].
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Formation of Poly(lactic-co-glycolic acid) (PLGA) Microspheres

PLGA microspheres, with a 50:50 lactic acid to glycolic acid ratio, were fabricated using a
water in oil in water double emulsion solvent evaporation technique [53]. PLGA (10% wi/v,
intrinsic vis. = 0.15-0.3 dL/g, Absorbable Polymers Inc., Pelham, NJ) was dissolved in 2
mL dichloromethane (DCM). 100 pL of 10 mg/mL NEP1-40 (Mw = 4627 Da, Sigma) was
added to the PLGA/DCM solution and sonicated for 10 seconds (Microson, Misonix Inc.),
added to 25 mL of water with 1% w/v poly(vinyl alcohol) and 10% w/v NaCl and
homogenized. The resulting emulsion was poured into 250 mL of water with 0.1% w/v
poly(vinyl alcohol) and 10% w/v NaCl, then magnetically stirred for 3 hours, washed with
water, frozen overnight at —-80°C and lyophilized. PLGA microspheres were imaged using a
scanning electron microscope (Nova NanoSEM 230, FEI) after gold sputter coating for 45
seconds. Diameters from individual microspheres were measured using ImageJ software and
100 microsphere diameters were averaged per batch.

Formation of Lipid Microtubes

Lipid microtubes were formed similar to previous work [54]. 1,2-bis(tricosa-10,12-diynoyl)-
sn-3-phosphocholine (DCg gPC) lipids (Avanti Polar Lipids, Alabaster, AL) were dissolved
at 55°C in 70% ethanol at 1 mg/mL and placed into a temperature controlled water bath
(Haake A10, ThermoScientific, Asheville, NC). The total volume per batch was 5 mL. The
temperature was decreased from 55°C to 25°C at a rate of 2.5°C/min. The lipid tubes were
then stored at room temperature in the dark for one week. Trehalose (EMD Millipore) was
added to a final concentration of 50 mM, the solution was centrifuged (1200 rcf, 5 minutes)
to pellet the lipid microtubes, and 4 mL of solution was removed. The concentrated (5
mg/mL) microtube solution was lyophilized overnight to dry and stored at —20°C until
further use. Prior to use 10 mg of dried microtubes were rehydrated with 100 pL of 500
mU/mL ChABC dissolved in 1 M trehalose for 2 hours at 4°C. After loading with ChABC,
the solution was diluted with 15 mL of tris buffered saline (TBS), pH 7.4, then centrifuged
(1200 rcf, 5 minutes) and the supernatant was removed. This step was performed one more
time and the resulting loaded microtube pellet was used in 3D fibrin scaffold cultures or
scaffold implantation into rat spinal cords.

3D Fibrin Scaffold Cultures

Fibrin scaffolds were prepared by dissolving fibrinogen (50 mg/mL; EMD Millipore) in
TBS and dialyzing in 4L TBS for 24 hours. Fibrinogen was then sterile filtered before
adjusting the concentration to 20 mg/mL as measured by UV spectroscopy. As previously
described, a solution (150 L) containing 10 mg/mL fibrinogen, 2.5 mM CaCl, (Sigma), and
2 NIH units/mL thrombin (Sigma) was mixed in a 48 well plate [52, 55]. For incorporation
of AIMS, the fibrin scaffolds were mixed with 45 mg NEP1-40-loaded PLGA microspheres
and 7.5 mg ChABC-loaded lipid microtubes. All scaffolds were washed 5 times with 500 pL
TBS per wash over a 24 hour period to remove unbound delivery system components
(heparin and/or growth factors).

Three to five EBs containing pMNs were placed on each fibrin scaffold, and an additional
fibrin scaffold (100 uL) with only CaCl, and thrombin was added to the top of the EBs. The
48 well plates containing fibrin scaffolds with EBs were incubated for 1 hour at 37°C. Cell
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media (500 uL) containing a 1:1 ratio of DFK5 media and Neurobasal (NB) (Life
Technologies) media with 2% B27 supplement (Life Technologies) and 5 pg/mL aprotinin
(Sigma) was then added to the top of the scaffolds. The EBs were cultured for 2 weeks with
a single media change on day 3 to change to NB media with 2% B27 supplement and 5
ug/mL aprotinin.

Flow Cytometry

Spinal Cord

For evaluation of cell survival following 2 weeks of 3D culture, 0.25% trypsin-EDTA was
added for 15 min to dissociate the EBs. pMNs from 2 scaffolds within the same group were
combined together, triturated into a single cell suspension, then quenched with complete
media. Cells were pelleted by centrifugation (5 min at 230xg), the supernatant was removed,
and a standard LIVE/DEAD® Cell Viability Assay (Life Technologies) was performed.
Live cells were identified by the incorporation of the membrane permeable calcein AM stain
within a cell, whereas dead cells were identified by the binding of ethidium homodomer-1 to
the nucleic acids of cells with damaged plasma membrane. Stained cells were analyzed for
percent alive and dead using a Canto Il flow cytometer (Becton Dickinson, Franklin Lakes,
NJ). For each group, 30,000 events were recorded and FloJo software (FloJo, Ashland, OR)
was used for population gating following debris removal based on forward scatter versus
side scatter. Results from flow cytometry are reported as the percentage of cells staining
positive for the live cellular marker or dead cellular marker out of the total cell population.

Injury and Scaffold Implantation

Experiments performed on animals complied with the NIH Guide for the Care and Use of
Laboratory Animals and were performed under the supervision of the Division of
Comparative Medicine at Washington University. Prior to surgery, animals (female Long-
Evans rats, 250-275 g) were anesthetized with 5% isoflurane gas and an injection of 5
mg/kg xylazine. An incision was made through the back to expose the back muscle. Parallel
cuts were made through the muscle on each side of the vertebral processes from T6-T10. To
expose the spinal cord, the dorsal lamina was removed at T8 with fine tip rongeurs. The
spinal cord was stabilized using spinal clamps placed in the vertebral foramina at T7 and T9.
Dura mater was removed and vitrectomy scissors attached to a micromanipulator were
lowered 1.5 mm into the spinal cord. Using the vitrectomy scissors, a lateral dorsal
hemisection was performed on the spinal cord. Following removal of the vitrectomy scissors
and micromanipulator, the spinal cord was covered with artificial dura, the back muscles
closed with degradable sutures, and the skin was stapled closed. Animals were given
cefazolin (25 mg/kg) and buprenorphine (0.04 mg/kg) [50]. Cefazolin was continued twice
daily for 5 days with buprenorphine (0.04 mg/kg) provided twice daily for 3 days and (0.01
mg/kg) for the next 3 days. Throughout the study, bladders were manually expressed twice a
day until normal bladder function returned. Two weeks after the dorsal hemisection, the
spinal cord was re-exposed, and a cavity for implantation was made by removing the scar
tissue. Multifactorial fibrin scaffolds (300 pL) were prepared by mixing 10 mg/mL
fibrinogen, 2.5 mM CaCl,, 2 NIH units/mL thrombin, 62.5 uM heparin, 0.25 mM ATIII
peptide, 125 ng NT3, 20 ng PDGF-AA, 45 mg NEP1-40-loaded microspheres, and 15 mg
ChABC-loaded microtubes per scaffold., The ATIII bi-domain peptide
(GNQEQVSPKBAFAKLAARLYRKA), synthesized by solid phase Fmoc chemistry as
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previously described, was used to provide sustained growth factor delivery (GFs) [56, 57].
For scaffolds containing growth factors heparin, ATIII peptide, and growth factors were
added to each fibrin scaffold. For scaffolds containing GFs and pMNSs, the microspheres and
microtubes were excluded from the formation solution. For scaffolds containing AIMS and
pMNSs, heparin, ATIII peptide, and growth factors were excluded from the formation
solution. For scaffolds not containing cells, the pMNs were excluded from the formation
solution (Table 1).

For implantation, a 10 pL fibrin scaffold was polymerized for 5 min then implanted into the
created cavity. For groups containing pMNs, 10 EBs were added to the 10 pL scaffold
during polymerization. A second 10 pL fibrin scaffold containing only CaCl, and thrombin
was polymerized in situ to secure the initial scaffold within the lesion cavity. Following
implantation, the spinal cord was covered with artificial dura, the back muscle closed with
sutures, and the skin stapled closed. Upon completion of the surgery, animals were given
buprenorphine and cefazolin in the same doses as specified for the initial injury. Bladders
were manually expressed twice a day until normal bladder function returned. To limit
immune rejection of the mouse cells, daily injections of cyclosporine-A (10 mg/kg,
Novartis) were given. Two weeks after scaffold implantation, animals were euthanized by
an overdose of Euthasol, and a transcardial perfusion performed with 4% paraformaldehyde.
Spinal cords were harvested and post-fixed in 4% paraformaldehyde for 24 hours. After
fixing, cords were cryoprotected in 30% sucrose in 10 mM PBS. Cords were embedded in
Tissue-Tek OCT compound, frozen, and cut into 20 pm sagittal sections with a cryostat
(Leica CM1950).

Immunohistochemistry

To determine expression of markers at the site of injury, immunohistochemistry was
performed on 6 spinal cord sections per animal. OCT was washed from spinal cord sections
with PBS. Sections were permeabilized with 0.1% Triton X-100 for 15 minutes and blocked
with 10% bovine serum albumin and 2% normal goat serum (NGS). The following primary
antibodies were applied overnight at 4°C in PBS with 2% NGS: p-tubulin I (B-tublll,
Covance, Dedham, MA, 1:400), glial fibrillary acidic protein (GFAP, ImmunoStar, 1:100),
chondroitin sulfate (CS56, Sigma, 1:250), CD68 (ED1, AbD Serotec, 1:200), neuronal
nuclei (NeuN, EMD Millipore, 1:500). Primary antibody staining was followed by 3 washes
with PBS. Appropriate Alexa Fluor secondary antibodies (Life Technologies) in PBS with
2% NGS were applied for 2 hours at room temperature followed by an additional 3 washes
in PBS. Sections were mounted using ProLong Gold anti-fade reagent with DAPI (Life
Technologies).

Image Analysis of Immunohistochemistry

To quantify the staining of markers at the injury site, a series of images spanning the spinal
cord were captured using an Optronics MICROfire camera (Optronics, Muskogee, OK)
attached to an Olympus 1X70 (Olympus, Center Valley, PA) inverted microscope with a 4x
objective. As previously described, the images were merged using Adobe Photoshop, and
the lesion site traced and expanded 250 um away from the injury [14]. The lesion site was
determined by staining for GFAP and tracing the border, the GFAP border between the host
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tissue and lesion area was used to visualize the border for other stains. The average pixel
intensity within the lesion area or 250 um from the lesion border was measured using a
custom Matlab (Mathworks, Natick, MA) script that determined the intensity of each
individual pixel and then averaged all the intensities of pixels within the defined area. To
compare the pixel intensity of stains between groups, all sections were stained and imaged at
the same time. The exposure time and gain were not changed during imaging for individual
stains and the sections were protected from light to limit photobleaching of the fluorophores.

Statistical Analysis

Results

In vitro data was analyzed by ANOVA followed by Scheffe’s post-hoc test with a
significance criterion of 95%. Statistical significance for in vivo studies was determined by
using the non-parametric Kruskal-Wallis one-way analysis of variance with a significance
criterion of 95%.

pMN Survival is not Effected by Combination Therapy with AIMS In Vitro

To study the effect of AIMS on the viability of pMNs in long-term culture, puromycin-
selected pMNs were cultured in 3D fibrin scaffolds containing either one or both AIMS for
two weeks post-induction. A cell viability assay with flow cytometery was used to quantify
cell survival (Figure 1). Fibrin scaffolds alone contained 93.4% live cells and 6.6% dead
cells, while the inclusion of AIMS resulted in 90.1% live cells and 9.9% dead cells. No
statistical differences were measured between the groups. Separating out the two AIMS
resulted in 85.1% live cells and 14.9% dead cells when only ChABC-loaded lipid
microtubes were included in fibrin scaffolds, and 89.1% live cells and 10.9% dead cells
when only NEP1-40-loaded PLGA microspheres were included in fibrin scaffolds.
Therefore, the AIMS do not affect survival of pMNs after two weeks in culture in vitro.

Fibrin Scaffolds with AIMS Decrease pMN Survival in a Sub-acute SCI Model

Following in vitro analysis, fibrin scaffolds containing pMNs, AIMS and the GF delivery
system were transplanted into a sub-acute rat thoracic SCI model. Transplantation of the
biomaterial scaffolds was delayed until two weeks after injury to allow stabilization of the
lesion site and to improve transplanted cell survival. Five different groups were used to
evaluate the effects of using combination therapies for SCI: (1) fibrin scaffolds with the
heparin-based delivery of growth factors (GFs, n = 5), (2) fibrin scaffolds incorporating GFs
with pMNs (GFs+pMNs, n=5), (3) fibrin scaffolds incorporating AIMS (AIMS, n=6), (4)
fibrin scaffolds incorporating AIMS with pMNs (AIMS+pMNSs, n=7), and (5) fibrin
scaffolds incorporating GFs, AIMS, and pMNs (GFs+AIMS+pMNs, n=6). The transplanted
pMNSs ubiquitously express GFP under the p-actin promoter to allow visualization of cells.

Fluorescence imaging at two weeks post-transplantation confirmed survival of GFP* cells in
all groups that contained pMNs within the fibrin scaffolds (Figure 2A-C). However, the
total GFP* area within the spinal cords was significantly different between groups with and
without AIMS (Figure 2D). The GFP* area was decreased 10-fold when AIMS were
included, suggesting AIMS have a negative effect on cell viability in vivo. While examining
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infiltration of inflammatory cells into and around the lesion site, large numbers of ED1*
macrophages/microglia was observed when both pMNs and AIMS were included in the
scaffolds. The lowest level of ED1 staining was seen in the AIMS alone and the GFs alone
groups (Figure 3). Together these data suggest that the combination of AIMS and pMNs
may lead to decreased transplanted cell survival due to an increased inflammatory response.

Neural Differentiation and Integration of Transplanted pMNs following SCI

Differentiation and axon extension of the surviving transplanted pMNs into mature neural
cell fates was examined to determine if the transplanted cells were capable of becoming the
appropriate cell types. Astrocytes and neurons were seen within GFP* areas. Astrocytes
were visualized by staining for GFAP, with the strongest GFAP expression found at the
border of the lesion and at the edges of the cell transplants (data not shown). No significant
difference in GFAP expression was found between any groups, suggesting similar degrees
of reactive gliosis. GFP* areas also stained strongly for neuronal nuclei (Figure 4). The
pMNs+GFs group had significantly higher amounts of NeuN staining than other groups
likely due to higher pMN survival. However, normalizing the number of NeuN* cells in
GFP* areas by the GFP* area showed no difference in the density of neuronal nuclei (rough
measure of the % of neurons from pMNSs) between groups with transplanted cells was
observed (Figure 4F). No NeuN™* cells were seen within the injury area in groups not
receiving transplanted pMNSs. Staining for the oligodendrocyte marker, O4, was
inconclusive (data not shown).

In groups that contained transplanted pMNs+GFs, staining for the neuronal cytoskeletal
protein B-tublll demonstrated robust axonal extension within the transplant area (Figure 5A).
The pMNs+GFs group had the greatest level of axonal extension within the lesion area,
significantly higher than all other groups (Figure 5B). The groups containing pMNs+AIMS
(with or without GF) showed colocalization between B-tublll and GFP expression,
suggesting that the transplanted cells were capable of differentiating into neurons and
extending axons. However, no differences in the total amount of B-tublll were seen when
compared to groups without pMNs, suggesting that although the pMNs differentiate into
neurons the number of surviving cells was too low to have a significant impact on axonal
extension. Axon density in the host tissue immediately surrounding the lesion was not
significantly different between any groups.

In many cases where transplanted cells were adjacent to the lesion border, there were GFP*
cell processes crossing the GFAP defined border and into host tissue (Figure 6). However
only 2 out of 13 (15%) transplants containing pMNs+AIMS (with or without GFs) showed
surviving pMNs adjacent to the host border and capable of extending processes into the host
tissue. The lack of surviving cells limited the potential for bridging the host-graft interface
compared to the pMNs+GFs group, which had robust GFP* extension into the host tissue in
4 out of 5 transplants (80%). These data suggest that although the inclusion of AIMS does
not inhibit the differentiation of pMNs into neuronal cell fates in vivo, or inhibit the pMNs
ability to bridge into the host tissue, the AIMS greatly limit the efficacy of the cell
transplants by decreasing the number of surviving pMNSs, which in turn decreases the
possibility of transplanted cells functionally integrating with host neural tissue.
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Combination Scaffolds Increase CSPG Deposition in and around the Injury Area compared
to Fibrin Scaffolds with AIMS

Previous work in our lab and other lab’s has shown that transplanting ChABC-loaded
microtubes into the injured spinal cord reduces CSPG levels [48, 58]. The loaded ChABC
remains active upon release from the microtubes and decreases CSPG deposition around the
injury site in acute transplantation models. Transplantation of AIMS alone in the sub-acute
injury did not significantly affect CS56 staining, which marks non-degraded CSPGs,
compared to groups containing pMNs+GFs and GFs alone (Figure 7). However, the
transplantation of pMNs+AIMS (with or without GFs) demonstrated a significant increase in
CSPG deposition within the lesion site despite the delivery of ChABC. The trends seen
within the injury area were maintained in the immediate host tissue (within 250 um of the
injury), but differences in CS56 staining were not apparent more than 250 um beyond the
lesion (Figure 7F). Thus it appears the combination of pMNs+AIMS or pMNs+GFs+AIMS
leads to a significant increase in CSPGs, which may inhibit axonal extension and the
formation of synaptic connections between transplanted cells and host tissue.

Discussion

The secondary injury following SCI results in significant cell loss and formation of a
complex, highly inhibitory glial scar. Many therapeutic options have targeted single
obstacles that limit recovery following injury, which typically result in modest functional
improvements. Here we combined several potentially promising therapies into a fibrin-based
tissue engineered scaffold to overcome multiple obstacles simultaneously, with the aim of
enhancing recovery over single therapies. Specifically, we aimed to repopulate the cystic
cavity and limit the inhibitory effects found within the glial scar. Transplanting pMNs with
the sustained delivery of neurotrophic factors verified previous work showing transplanted
cells survived and differentiated into the expected cell types [14]. REMOVED SENTENCE.
Interestingly, the combination of AIMS with pMNs did not result in an additive effect of the
single therapies. Incorporating both AIMS and pMNs into fibrin scaffolds, with or without
GFs, decreased cell survival and failed to reduce CSPGs around the lesion site.

The invitro analysis of pMNs with AIMS did not show any adverse effects on cell viability
at two weeks, which suggests that the AIMS only have a negative effect on pMN cell
viability when transplanted in vivo. It is possible the AIMS indirectly limit survival through
interactions with the host environment; specifically, the AIMS may increase recruitment of
inflammatory cells, such as macrophages, when combined with cell transplants.
Inflammatory cells, including neutrophils and macrophages, generate oxygen free radical
species and lysosomal enzymes that cause non-specific degradation of the surrounding cells
and tissue [59, 60]. Scaffolds containing AIMS did not significantly increase macrophage
infiltration compared to GFs alone. The lipid microtubes were not expected to affect pMN
viability and were previously shown to have a limited effect on the inflammatory response
in vivo [54]. The sugar trehalose, used for thermostabilization of ChABC within the lipid
microtubes, has been shown to increase cellular resistance to oxidative stress by scavenging
free radicals and could limit the cytotoxic effects within the lesion site thus improving cell
survival [61]. In contrast to the lipid microtubes, hydrolysis of PLGA microspheres creates
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degradation byproducts that are acidic, lower the pH of the local environment, and have
been shown to significantly affect cell viability in long term cultures [62]. Furthermore,
subcutaneous implantation of PLGA scaffolds into adult rats showed an enhanced
inflammatory response compared to less acidic scaffolds [63]. PLGA microspheres may
increase long-term inflammation, but the AIMS incorporated into fibrin scaffolds without
pMNSs did not trigger increased macrophage infiltration. It is likely that individually, AIMS
and pMNs both affect infiltration and activation of inflammatory cells, but the inflammation
is limited until the two therapies are combined.

After transplantation, P-Olig2-derived pMNs retain high GFP expression, which colocalized
to astrocyte (GFAP) and neuronal markers (NeuN), though oligodendrocyte (O4) staining
was inconclusive. Importantly, the average density of NeuN* cells per GFP* area was
consistent across all groups containing pMNSs. The neuronal markers appeared within GFP*
areas in much higher quantities compared to astrocyte markers. GFAP has been shown to be
highly upregulated within reactive astrocytes, but has lower levels of expression in more
growth permissive astrocytes [64, 65]. Therefore, the quantity of astrocytes may be higher
than the GFAP staining suggests, and the astrocytes within the transplant area may be more
growth permissive and less reactive than the host astrocytes located at the injury border.

Furthermore, the transplanted neurons extended robust axonal projections within the
transplant area, bridged the injury site, and extended processes into the adjacent host tissue,
which could enable synaptic connections between host and transplanted cells and possibly
lead to functional circuits. Transplanted pMNSs that survive two weeks post-transplantation
are capable of differentiating into the appropriate cell fates in the presence of AlMs,
demonstrating the feasibility of the combined system; and AIMS-induced inhibition to
differentiation did not pose a significant obstacle. However it was clear that the combination
of pMNs+AIMS had an overall negative effect on the transplanted cell survival, which led to
decreased axonal extension. It would be expected that the transplanted cells that differentiate
into neurons would result in an increase in axonal markers within the transplant area.
However the number of surviving cells was too low to elicit an increase in staining for
axonal processes compared to groups without transplanted pMNSs. Therefore the pMNs
+AIMS groups may not promote significant axonal extension and did not integrate with host
tissue.

Lastly, the combination of AIMS and pMNs within fibrin scaffolds appears to have also had
a negative impact on the surrounding extracellular environment by increasing the amount of
CSPGs present within and around the injury area. Active ChABC was expected to degrade
CSPGs in the local tissue, but became either inactive or phagocytosed prior to diffusing
beyond the transplant area. Possible explanations of limited ChABC activity are the
transplanted cells may directly influence the ChABC activity or the increased macrophage/
microglia presence within the injury site may have reduced the ChABC activity. The higher
CSPG deposition may also be a result of increased reactive gliosis. PLGA degradation
byproducts can decrease the local pH, which has been shown to direct astrocytes into a
reactive state [66]. However, no differences in GFAP staining were measured between
groups, which would indicate an increase in reactive astrocytes. It is important to note that
the AIMS group did not have significant decreases in CS56 staining compared to the GFs
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group or the pMNs+GFs group. It is possible the amount of active ChABC delivered was
not large enough to elicit significant decreases in CSPGs. Furthermore it would be expected
that increased presence of CSPGs in the pMNs+AIMS groups (with or without GFs) would
lead to decreased axonal extension, however no differences in axonal density were measured
between any groups within the host tissue. The two week time point used in this study may
limit the ability to measure significant differences between groups. The negative effects,
such as increased inflammation caused by the combination therapies may occur several days
after implantation and the increased CSPG deposition may occur after some axonal
extension has already occurred. Therefore the CSPG increases may have had inadequate
time to elicit measurable effects on axonal extension within the host tissue. It is possible that
increased CSPGs would provide an inhibitory signal to axonal extension, resulting in
decreased neural fiber staining at a later time point even though no differences in axonal
extension were measured in this study.

Conclusion

Our lab has previously developed several therapeutic options that allow for cell
transplantation of highly purified pMNSs, the sustained delivery of neurotrophic factors, or
the sustained delivery of ChABC and NEP1-40. In this study, we combined the therapeutic
strategies within fibrin scaffolds with the aim of improving recovery over individual
treatments. All treatments containing pMNs had viable cells two weeks post-transplantation
into the injured spinal cord, although the incorporation of AIMS with pMNS led to a
decrease in cell survival, possibly due to an enhanced inflammatory response within the
lesion site. Surviving cells were capable of differentiating into neural cell fates and
extending axons. Treatment options with AIMS in fibrin scaffolds showed a decreased
presence of CSPGs, but this decrease was lost when AIMS and pMNs were combined.
Future work will be improving the AIMS by decreasing their effect on pMN survival and
limiting their effect on the inflammatory response. Studying the long-term effects of the
combination therapies on functional recovery is important to understanding the how the
transplants are incorporating into the host tissue.
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Figure 1. Viability of purified pMNs cultured in fibrin scaffolds with or without AIMS at two
weeks in vitro
Flow cytometery quantification of the percentage of live and dead cells after degradation of

scaffolds. Live cells stained positive with calcein AM and dead cells stained positive with
ethidium homodimer-1. No significant differences were seen between groups. Error bars are
standard deviation.
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Figure 2. Effect of combination therapies on transplanted pMNs in injured spinal cord sections
two weeks after transplantation

(A-C) Representative images of GFP* areas within the (A) pMNs+GFs group, (B) pMNs
+AIMS group, and (C) pMNs+GFs+AIMS group. (D) The average GFP* area within the
lesion site was determined. GFP expression was significantly decreased in groups containing
AIMS and pMNs compared to the pMNs+GFs group. Error bars are standard deviation. *
denotes significant difference versus other groups (p<0.05).
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Fig_un_'e 3. Effect of combining pMNs and AIMS on macrophage infiltration as assessed by ED1
stainin

(A—E)gRepresentative images of 20 um thick sections of ED1 (marker for activated
inflammatory cells) staining within and around the lesion site for groups containing (A)
GFs, (B) pMNs+GFs, (C) AIMS, (D) pMNs+AIMS, (E) pMNs+GFs+AIMS. Positive
staining for ED1 appears higher in groups containing both pMNs and AIMS. (F) The
average pixel intensity of ED1 stained sections within the lesion area was determined. Fibrin
scaffolds with pMNs+AIMS had significantly higher ED1 staining compared to AIMS.
Error bars are standard deviation. * denotes p<0.05 versus the AIMS group. Scale bar is 250

um.
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Figure 4. pMNs differentiate into neurons when transplanted into the injured spinal cord
(A-I) Representative images from GFs+pMNs, GFs+AIMS+pMNs, and AIMS+pMNs

groups stained with the neuronal nuclei marker, NeuN, two weeks post-transplantation. (A-
C) GFs+pMNs group showing NeuN™* cells (A) and GFP* areas (B) that colocalize together
(C). (D-F) GFs+AIMS+pMNs groups also stained positive with NeuN (D) within GFP*
areas (E) and showed colocalization (F). (G-1) AIMS+pMNs also showed NeuN™ cells (G)
within GFP™* areas (H) which colocalize together (1). (J) The GFs+pMNs group had
significantly greater GFP* area and higher numbers of NeuN™* cells, but when NeuN™ cell
number is normalized by the GFP* area similar levels of NeuN expression between all
groups. Scale bars are 100 um. Error bars are standard deviation.
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Figure 5. Spinal cord sections show colocalization of neuronal extensions and GFP™ areas
(A—C) Representative images of GFP expression and a marker for neurons, B-tublll, from

GFs+pMNs group (A) and B-tublll staining (B) that shows colocalization when merged
together (C). Robust B-tublll staining was observed overlapping with GFP* areas. (D) The
average pixel intensity of p-tublll staining in sections within the lesion area was determined.
Error bars are standard deviation. Scale bar is 100 um. * denotes p<0.05 versus all other

groups.
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Host Tissue 250 um

Figure 6. Penetration of transplanted pMNs into host tissue
Fluorescence images of injured spinal cord sections from (A) pMNs+GFs and (B) pMNs

+GFs+AIMS were overlaid on top of the corresponding IHC images stained for the
astrocyte specific marker (GFAP).
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Figure 7. Combination of pMNs and/or GFs with AIMS does not decrease CSPGs compared to
GFs alone or pMNs+GFs

(A-E) Representative images of CS56, a marker for non-degraded CSPGs, staining within
and around the lesion site for groups containing (A) GFs, (B) pMNs+GFs, (C) AIMS, (D)
PMNs+AIMS, (E) pMNs+GFs+AIMS. Strong CS56 staining was seen when pMNs and
AIMS were included in fibrin scaffolds. (F) The average pixel intensity of CS56 stained
sections within the lesion area and within the immediate host tissue (250 um from the lesion
border) was determined. Fibrin scaffolds with pMNs+AIMS or pMNs+GFs+AIMS had
significantly higher CS56 staining compared to the AIMS alone group in both the lesion
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area and immediate host tissue. Error bars are standard deviation. * denotes p<0.05 versus
AIMS alone group.

Acta Biomater. Author manuscript; available in PMC 2016 December 01.



Page 25

Wilems et al.

Author Manuscript

X X X X X X (9=U) SNIND+SINIV+54D
X X X (2=U) SNIV+sSNINd
X X (9=u) SWIV
X X X X (5=u) s49+sNINd
X X X (5=u)s49
SNIAd SagN104o1W sadaydsosoiw
pa1oges | pidi 0gvUD | VOTId 0-TdAN | 49ad/e-LN | 8pndad [111Y | uiedsH | spjoyeds uoneuIquwod

T alqel

Author Manuscript

‘SN pue ‘sagmosoiw pidi| 28wy
'sa104ds0I0IW YO Td Ov-TdaAN ‘(49Ad ® €-1N) 49 ‘apndad |11 L ‘ULieday JO UONEUIGWIOD BWIOS PAPNJIUI PUB P|OJJRIS U SE ULigL. pey sdnolb |1y

Apnis Adeuayy uonreuiqwod DS Jo ubisag

Author Manuscript

Author Manuscript

Acta Biomater. Author manuscript; available in PMC 2016 December 01.



