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Positively charged oligo[poly(ethylene glycol) fumarate] (OPF+) scaffolds loaded with Schwann cells bridge
spinal cord injury (SCI) lesions and support axonal regeneration in rat. The regeneration achieved is not
sufficient for inducing functional recovery. Attempts to increase regeneration would benefit from understanding
the effects of the scaffold and transplanted cells on lesion environment. We conducted morphometric and
stereological analysis of lesions in rats implanted with OPF+ scaffolds with or without loaded Schwann cells 1,
2, 3, 4, and 8 weeks after thoracic spinal cord transection. No differences were found in collagen scarring, cyst
formation, astrocyte reactivity, myelin debris, or chondroitin sulfate proteoglycan (CSPG) accumulation.
However, when scaffold-implanted animals were compared with animals with transection injuries only, these
barriers to regeneration were significantly reduced, accompanied by increased activated macrophages/micro-
glia. This distinctive and regeneration permissive tissue reaction to scaffold implantation was independent of
Schwann cell transplantation. Although the tissue reaction was beneficial in the short term, we observed a
chronic fibrotic host response, resulting in scaffolds surrounded by collagen at 8 weeks. This study demonstrates
that an appropriate biomaterial scaffold improves the environment for regeneration. Future targeting of the host

fibrotic response may allow increased axonal regeneration and functional recovery.

Introduction

PINAL CORD INJURY (SCI) has an incidence of 12,000 to

20,000 new cases per year in the United States, with
nearly a (;luarter of a million Americans living with the
condition.. However, there are currently no therapies to
ameliorate the neurological impairments resulting from SCI.
The central nervous system (CNS) is very limited in its
natural regenerative capacity following SCI. This lack of
regeneration results from the inhibitory environment that
develops at the lesion site following SCI and a diminished
intrinsic capacity for adult CNS axons to initiate growth
programs.” The environment that prohibits regeneration has
an overall biological advantage because it inhibits structural
remodeling of the mature nervous system after it has formed
appropriate connections during development.

The term SCI lesion refers to the disrupted spinal cord
tissue resulting from mechanical trauma. The development
of this lesion over time, often results in an expansion of the

initial injury. This extension depends on the reaction to the
initial injury of various cell types including astrocytes, mi-
croglia, hematogenous macrophages, fibroblasts, and peri-
cytes,. This injury response in the CNS is characterized by
glial and stromal scarring and deposition of inhibitory fac-
tors that serve as barriers to axonal regeneration.

Microglia are among the first CNS cell types to respond to
injury by sensing adenosine triphosphate (ATP) released
from damaged tissue. Within minutes they extend processes
toward the lesion site, which fuse together in an attempt to
contain the damaged area.’ In response to injury microglia
become activated, transitioning from a ramified to an
amoeboid morphology,** and produce inflammatory cyto-
kines that contribute to secondary injury and scarring
responses.’

Mpyelin-associated inhibitors released from damaged
oligodendrocytes, such as Nogo-A,” myelin-associated gly-
coprotein (MAG),*? and oligodendrocyte-myelin glycopro-
tein (OMgp),'” accumulate within the lesion site to inhibit
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axon regeneration. Macrophage recruitment and phagocy-
tosis of myelin is delayed in the CNS,'" and these macro-
phages are not able to efficiently process phagocytosed
myelin, undergoing necrotic and apoptotic cell death.'?

The glial scarring response refers to astrocytes taking on a
reactive phenotype characterized by increased glial fibrillary
acidic protein (GFAP) expression, hypertrophy, prolifera-
tion, and altered gene expression.'> To a certain extent,
reactive astrogliosis is beneficial in the restoration of the
blood brain barrier and regulation of leukocyte trafficking
into the CNS.'"* However, the reactive astrocytes forming
this glial scar also produce chondroitin sulfate proteoglycans
(CSPG) that impair axonal regeneration.'>"”

Another important barrier to axonal regeneration after SCI is
the stromal, or connective tissue, scar that forms at the injury
site. This stromal scar is mainly the result of collagen pro-
duction by fibroblasts and pericytes, which forms a physical
barrier and serves as a framework for the deposition of axon
growth inhibitory molecules such as semaphorin-3A (Sema3A),
tenascin-C, and the CSPGs phosphocan and neuron-glial anti-
gen 2 (NG2)."®2! Release of profibrotic cytokines, such as
transforming growth factor-f1 and -2 (TGF-f1 and TGF-§32),
by microglia and infiltrating macrophages is thought to drive
this scarring process.”> >

Tissue engineering represents a promising approach for
modulating the inhibitory environment of the SCI lesion site
to facilitate recovery. Other investigators have used a vari-
ety of biomaterials in SCI as injectable, nonstructured de-
livery vehicles after partial lesions such as hemisection,?*~°
contusion, or compression injury.*>*' These incomplete
lesion models spare a degree of CNS tissue at the injury site,
thus in these models it is difficult to differentiate between
true regeneration and distal axonal sprouting or remodeling.
The complete transection lesion followed by scaffold place-
ment provides a model where regeneration can be studied
functionally and anatomically and the local environment in
and around the scaffold precisely controlled.

Control over the local injury environment is achieved
through incorporation of various cell types or pharmaco-
logical agents within the scaffolds, and through the chemical
and physical properties of the scaffold itself. Previous
studies in our laboratory have evaluated various polymers
and cell types for nervous system repair.>>~** Schwann cells
loaded into polymer scaffold channels have demonstrated an
increased capacity for supporting axonal regeneration when
compared with other cell types such as neural stem cells or
mesenchymal stem cells.>’*** We have shown that biode-
gradable polymer hydrogel scaffolds seeded with Schwann
cells are able to bridge the growth inhibitory lesion site and
support axon regeneration in vivo. 640

We have also compared the mechanical properties and re-
generation supporting potential of various polymers, including
poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone fu-
marate) (PCLF), a neutral oligo[(polyethylene glycol) fu-
marate] (OPF) hydrogel, and a positively charged oligo
[(polyethylene glycol) fumarate] (OPF+) hydrogel and de-
termined that scaffolds fabricated from OPF+ support the
most axon regeneration and have similar compression and
flexural moduli to rat spinal cord.*> OPF+ has also been
shown to support neurite outgrowth and myelination of
dorsal root ganglia when cocultured with Schwann cells
in vitro.>®
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However, even the amount of axonal regeneration
achieved with OPF+ scaffolds loaded with Schwann cells is
not sufficient for inducing any significant recovery of hind
limb function after complete spinal cord transection.*> Thus,
further optimization of these Schwann cell-loaded OPF+
scaffolds is necessary; requiring an analysis of the CNS tissue
response to implantation in the injured spinal cord, which has
not been a previous focus of study.

Immediately after implantation, biomaterials have been shown
to be coated with coagulation, complement, and adhesion fac-
tors from the blood.**™*® These adsorbed proteins facilitate the
adhesion and activation of immune cells, leading to a foreign
body response characterized by an initial influx of polymorpho-
nuclear leukocytes followed by a later accumulation of mono-
cytes that differentiate into macrophages.**™*® Macrophages
produce profibrotic factors such as TGF-f and platelet-derived
growth factor, which cause fibroblasts to produce and deposit
collagen that encapsulates the biomaterial foreign body.***’
Although macrophages can drive this foreign body response,
they have also been shown to play a crucial role in resolving
inflammation and scavenging debris after SCI to provide a more
permissive environment for axon regeneration.* >

Interactions with the protein-coated biomaterial can induce a
phenotypic switch in the macrophages to an M2-like state, in
which they secrete anti-inflammatory cytokines such as inter-
leukin-10 (IL-10).>'"* Macrophage activation and adhesion
has been shown to be more robust with hydrophilic polymers
that are charged rather than uncharged, with the activated
macrophages showing an anti-inflammatory cytokine profile.”*
Therefore, the presence of an implanted OPF+ polymer scaf-
fold could dramatically change the pattern of lesion develop-
ment after SCI. Furthermore, Schwann cells are known to play
a crucial role in directing the repair process after peripheral
nerve injury, and they may also contribute to the modification
of the lesion site when implanted after SCI.>>°

In this study we characterized the CNS tissue response
over time to OPF+ scaffold implantation with or without
Schwann cells loaded into the scaffold channels. This ap-
proach allowed us to investigate whether the loaded
Schwann cells change the course of lesion development. We
also compared animals subjected to spinal cord transection
with or without scaffold implantation to determine the ef-
fects of the polymer in modifying the lesion environment.
The results of this study thus provide insight into the ben-
efits of OPF+ scaffold implantation, the role of transplanted
Schwann cells, and the remaining barriers to axonal regen-
eration present after scaffold implantation, allowing the
identification of potential therapeutic targets.

Materials and Methods
Scaffold production

OPF+ scaffolds were synthesized and constructed according
to previously published methods.*>**#437-61 The character-
istics of the 20% charged OPF+ hydrogel have been previously
described as having a zeta potential of 3.7+ 1.1 mV, conduc-
tivity of 0.15£0.02 mS cm_l, pH of 4.09£0.08, and sol
fraction of 3.78%+1.87% in deionized water.”> The com-
pression and flexural moduli of scaffolds made from OPF+
(0.13£0.03 MPa and 1.87+1.03 MPa, respectively) have also
been previously determined not to be significantly different
from those of rat spinal cord tissue (0.19+0.09 MPa and
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0.74+0.14 MPa, respectively).*> Our unpublished data showed
a weight loss of about 14% for OPF+in PBS after 5 weeks.
This slow degradation rate was attributed to a highly cross-
linked network. This observation was in accordance with a low
sol fraction, which is a measure of cross-linking density.
Briefly, 1g of OPF macromer was dissolved in deionized
water containing 0.05% (w/w) photoinitiator (Irgacure 2959;
Ciba Specialty Chemicals) and 0.3 g N-vinyl pyrrolidinone
(NVP). The polymer was given a positive charge by co-
polymerizing with 20% [2-(methacryloyloxy) ethyl]-trimethy-
lammonium chloride (MAETAC). This OPF+ solution was
then injected into a glass tube with seven evenly spaced wires
inserted to form the scaffold channels. After cross-linking
under UV light for 1h, the polymer was swelled in PBS and
cut into 2mm length segments, resulting in scaffolds with
2.6 mm diameter and internal channels measuring 450 um in
diameter. These scaffolds were disinfected by immersion in
40%, 70%, and 100% ethanol for 30 min each, followed by
four changes of PBS, then left in PBS for 24 h at 4°C.

Primary Schwann cell isolation and culture

Primary green fluorescent protein (GFP)™ Schwann cells
were isolated from the sciatic nerves of green rat (CZ-004
[SD TgN(act-EGFP)OsbCZ-004]) postnatal day 4 Sg)rague
Dawley rat pups as previously described.?®¥7#%43:63 pypg
were humanely euthanized by intraperitoneal injection of
sodium pentobarbital (Sleepaway, Fort Dodge Animal
Health). The sciatic nerves were surgically removed under
aseptic conditions and the epineurium was dissected away.
The nerves were cut into 1 mm sections and digested for
45min with 0.25% trypsin-EDTA (Mediatech, Inc.) and
0.03% collagenase (Sigma) in Hank’s balanced salt solution
(Gibco). Cells were triturated; pelleted for 5 min at 300 rcf;
and then resuspended in DMEM/F12 medium containing
10% fetal bovine serum, 100 U/mL penicillin/streptomycin
(Gibco), 2 UM forskolin (Sigma), and 10 ng/mL recombinant
human neuregulin-1-B1 extracellular domain (R&D Sys-
tems). Cells were plated on 35-mm laminin-coated dishes
and incubated at 37°C in 5% CO, for 48 h.

Scaffold loading

Scaffolds were loaded with Matrigel containing Schwann
cells or Matrigel alone as previously described.®®?74%4
Schwann cells were removed from culture dishes through
incubation with trypsin-EDTA, and then resuspended at a
density of 10° cells/uL in chilled Matrigel (BD Bios-
ciences). A gel-loading pipette tip was used to load each of
the seven channels of the scaffold with Matrigel containing
Schwann cells or Matrigel alone under a microscope at 4°C.
The Matrigel was then allowed to become a gel within the
channels at 37°C for 3 min. The loaded scaffolds were in-
cubated in DMEM/F12 medium containing 10% fetal bo-
vine serum, 100U/mL penicillin/streptomycin (Gibco),
2 uM forskolin (Sigma), and 10 ng/mL recombinant human
neuregulin-1-B1 extracellular domain (R&D Systems) for
24h at 37°C in 5% CO, before implantation into animals.

Animal experiments

All animal procedures were performed according to the
guidelines of the Mayo Clinic Institutional Animal Care and
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Use Committee (IACUC). Animals were kept on a standard
12 h light-dark cycle with access to food and water ad [li-
bitum in conventional housing in accordance with National
Institutes of Health (NIH) and U. S. Department of Agri-
culture guidelines. A total of 56 adult female Sprague
Dawley rats (Harlan Laboratories) weighing approximately
250 g were used in this study. Animal numbers per group
were as follows: OPF+scaffolds with Matrigel containing
Schwann cells week 1(N=4), week 2 (N=5), week 3
(N=4), week 4 (N=5), and week 8 (N=5); OPF + scaffolds
with Matrigel only week 1(N=3), week 2 (N=4), week 3
(N=5), week 4 (N=5), and week 8 (N=5); and transection
only without scaffold implantation week 4 (N=11).Bladders
were expressed twice daily after surgery and animals were
given antibiotics and analgesics as necessary. All rats were
cared for under the advisement of veterinarians with expe-
rience in handling rats after SCIL.

Spinal cord transection and scaffold implantation

Animals received acetaminophen (Mapap) in their drink-
ing water (1:15) for 48 h before surgery. Animal weight was
recorded. Female Sprague Dawley rats weighing approxi-
mately 250 g were anesthetized by intraperitoneal injection
of a ketamine (Fort Dodge Animal Health) and xylazine
(Lloyd Laboratories) mixture, 80 and 5 mg/kg, respectively.
The animal’s eyes were protected from drying out during
surgery with Puralube Vet Ointment (Pharmaderm). After
the animals were anesthetized, each received Buprenex
(0.05 mg/kg; Reckitt Benckiser Pharmaceuticals, Inc.) intra-
muscularly, Baytril (65 mg/kg; Bayer Corporation) intraper-
itoneally, and five mL of lactated Ringer’s solution (Baxter
Healthcare Corporation) subcutaneously. Hair was clipped
on the back of the spine with an electric hair clipper. The site
of incision was scrubbed and disinfected using povidone-
iodine scrub swabsticks (Professional Disposables, Inc.).
Animals were placed on a heating pad and temperature was
constantly maintained at 37°C during surgery.

Animals were randomly designated to each of eleven
experimental groups: OPF+ scaffolds with Matrigel con-
taining Schwann cells (week 1, week 2, week 3, week 4, and
week 8 time points), OPF+ scaffolds with Matrigel only
(week 1, week 2, week 3, week 4, and week 8 time points),
and transection only without scaffold implantation (week 4
time point). A Zeiss F170 microsurgical microscope
(Oberkochen) was used throughout the surgery. A two cm
incision was made on the dorsal aspect of spine over the
To-Tyo vertebral level and sharply dissected to the spinous
processes. Blunt and sharp dissection was used to elevate the
paraspinous musculature exposing the lamina. A lami-
nectomy was performed at the To-T;y vertebral level ex-
posing the spinal cord. The spinal cord was completely
transected using a No. 11 scalpel (BD Medical). Complete
transection was verified with a hooked probe. After tran-
section, the two cut ends of the spinal cord retracted to form
a two mm gap at the To-T,( vertebral level. Prepared scaf-
folds were implanted between the free ends of the spinal
cord, with the scaffold channels oriented parallel to the
length of the spinal cord. The wound was closed in two
separate muscle and skin layers with absorbable 3.0 vicryl
sutures using simple interrupted stitches. After spinal cord
transection all animals were kept at 37°C on heating pads
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for the next 24 h. Animals were monitored regularly until
fully conscious.

Postsurgical care

Animals were kept in low-walled cages to allow easy
access to food and water. Animals received acetaminophen
(Mapap; Major Pharmaceutiacals) in their drinking water
(1:15) for 48 h before surgery and for 7 days after surgery.
Buprenex (0.05 mg/kg; Reckitt Benckiser Pharmaceuticals,
Inc.) intramuscularly and Baytril (65 mg/kg; Bayer Cor-
poration) intraperitoneally were administered twice daily for
5 and 7 days postsurgery, respectively, and then as needed
for pain or bladder infection thereafter. Five mL of lactated
Ringer’s solution (Baxter Healthcare Corporation) were also
given subcutaneously twice daily for 5 days postsurgery.
Bladders were manually expressed twice daily for the du-
ration of the experiment, and the animals’ urine was mon-
itored for signs of bladder infection.

Tissue preparation and sectioning

At the conclusion of the experiment, animals were hu-
manely euthanized with an intraperitoneal injection of
0.4 mL sodium pentobarbital (40 mg/kg) (Fort Dodge Ani-
mal Health) and transcardially perfused through the aorta
with 60 mL of PBS followed by 60 mL of 4% paraformal-
dehyde. The vertebral column with spinal cord was removed
en block and postfixed overnight in 4% paraformaldehyde at
4°C. Five mm of spinal cord containing the lesion site and
implanted scaffold was then dissected from the vertebral
column and then processed for paraffin embedding. The
spinal cord segments were cut longitudinally into 10 um
sections on a Reichert-Jung Biocut microtome (Leica) and
collected on numbered slides.

Masson trichrome staining

Slides with longitudinal sections were selected from the
middle of the spinal cord for staining with the Masson tri-
chrome kit (Thermo Scientific). Sections were first depar-
affinized with xylene, then rehydrated with graded ethanol,
and rinsed with distilled water. Sections were then placed
in Bouin’s Fluid at 56°C for 1h, Working Weigert’s Iron
Hematoxylin Stain for 10 min, Biebrich scarlet-acid fuchsin
solution for 5 min, phosphotungstic-phosphomolybdic acid
solution for 5 min, Aniline blue stain solution for 5 min, and
1% acetic acid solution for 1min as per kit instructions.
Stained sections were then dehydrated in two changes of
100% ethanol, cleared with three changes of xylene, and
mounted with Cytoseal 60 mounting medium (Richard-
Allan Scientific). Images were acquired using the Neurolucida
software (MBF Bioscience) on a modified Zeiss Axioimager
A-1 microscope (Zeiss) equipped with a motorized speci-
men stage for automated sampling (Ludl Electronics) and a
QICAM 12-bit Color Fast 1394 camera (QImaging).

Immunohistochemistry

Slides with longitudinal sections were selected from the
middle of the spinal cord, near the Masson trichrome-
stained slides, for immunohistochemistry. Sections were
first deparaffinized with xylene, then rehydrated with graded
ethanol, and rinsed with distilled water. Heat mediated an-
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tigen retrieval was performed by incubating the sections in
I mM EDTA in PBS for 30 min in a rice steamer. Sections
were allowed to cool to room temperature and then washed
with 0.1% Triton X-100 in PBS before blocking with 10%
normal donkey serum (NDS) in PBS for 30 min to prevent
nonspecific antibody binding. Sections were incubated
overnight at 4°C in primary antibody diluted in 5% NDS
with 0.3% Triton X-100 in PBS. Sections were then washed
with 0.1% Triton X-100 in PBS before incubating for one hr
in secondary antibody diluted in 5% NDS with 0.3% Triton
X-100 in PBS. After washing with 0.1% Triton X-100 in
PBS, sections were mounted with SlowFade Gold Antifade
Reagent with DAPI (Molecular Probes). Images were ac-
quired using the Neurolucida software (MBF Bioscience) on
a modified Zeiss Axioimager A-1 microscope (Zeiss) equip-
ped with a motorized specimen stage for automated sampling
(Ludl Electronics) and a QICAM 12-bit Color Fast 1394
camera (QImaging). Confocal images were acquired using a
LSM 780 confocal microscope (Zeiss) with a C-Apochromat
40x/1.20 water immersion objective with 2.6 zoom.

The primary antibodies and their dilutions used in this
study were as follows: Rabbit anti-green fluorescent protein
(GFP) polyclonal antibody (MBL International Corporation;
IM-3999-100, 1:400), Rabbit anti-GFAP polyclonal anti-
body (Dako; Z0334, 1:1600), Mouse anti-neurofilament (NF)
monoclonal antibody (Dako; clone 2F11, 1:100), Mouse anti-
chondroitin sulfate monoclonal antibody (Sigma-Aldrich;
clone CS-56, 1:100), Rabbit anti- myelin basic protein
(MBP) polyclonal antibody (Abcam; ab40390, 1:800), Goat
anti-MBP polyclonal antibody (Santa Cruz Biotechnology;
sc-13914, 1:400), Rabbit anti-ionized calcium binding
adapter molecule 1 (Ibal) polyclonal antibody (Wako; 019-
19741, 1:800), Rabbit anti- CD86 monoclonal antibody (Ab-
cam; ab53004, 1:400), and Goat anti-macrophage mannose
receptor (MMR)/CD206 polyclonal antibody (R&D Systems;
AF2535, 1:50).

The secondary antibodies and their dilutions used in this
study were as follows: Donkey anti-goat FITC-conjugated
antibody (Millipore; AP180F, 1:100), Donkey anti-rabbit
Cy3-conjugated antibody (Millipore; AP182C, 1:200),
Donkey anti-rabbit FITC conjugated antibody (Millipore;
API182F, 1:100), and Donkey anti-mouse Cy3-conjugated
antibody (Millipore; AP192C, 1:200).

Analysis of stain distance from tissue-scaffold interface

The distances that the collagen and fibrinoid scar ex-
tended rostrally or caudally from the tissue-scaffold inter-
face were measured by overlaying a grid with 500 um
divisions on the Masson trichrome-stained tissue sections.
Wherever this grid intersected with the tissue-scaffold in-
terface, three to five measurement lines (depending on the
width of the tissue-scaffold interface) were drawn parallel to
the length of the spinal cord to the furthest extent of the
fibrinoid or collagen scar along these lines. The distances of
NF* axons, perineuronal net CSPG, and GFAP" astrocytes
away from the tissue-scaffold interface were similarly
measured by overlaying the grid on the respectively stained
tissue sections. Measurements were made from the tissue-
scaffold interface to the first NF' axons, perineuronal net
CSPG, or GFAP* astrocytes that displayed the normal tissue
architecture of uninjured spinal cord (Supplementary Fig.
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S1A-C; Supplementary Data are available online at
www.liebertpub.com/tea). Measurements of each stain from
the rostral and caudal tissues were averaged for each animal.
The standard deviation of these four to six distance mea-
surements were under 37% of their averaged value for
collagen scar, under 30% for fibrinoid scar, under 25% for
GFAP, under 19% for NF, and under 20% for CSPG. See
Figure 1 for schematic diagram of analysis.

Analysis of stromal scar and cyst areas

The areas of the collagen and fibrinoid scars were mea-
sured by drawing a contour around the stromal lesion in the
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Masson trichrome-stained tissue sections. The stromal le-
sion was defined as the area of visibly disrupted tissue on
Masson trichrome-stained sections containing collagen
scarring, fibrinoid scarring, or cysts. For scaffold-implanted
animals, this contour consisted of separate rostral and caudal
lesion sites that extended from the tissue-scaffold interface
and were summed together, while in transection only animals
the contour consisted of the entire continuous lesion. A grid
with 100 um divisions was overlaid on the tissue, and markers
for collagen or fibrinoid scar were placed at each grid inter-
section within the stromal lesion contour. The area of colla-
gen or fibrinoid scar within the stromal lesion contour was
then calculated using the Cavalieri probe in the Stereo

A Rostral 3000 um B Rostral C Rostral
- 2000 pm
1mm
- 1000 um —
=0 um
OPF+ scaffold
— 0 pum
1 mm
- 1000 pm
1 mm
- 2000 pm
L 30000 um
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[[] Fibrinoid scar [ Collagen scar % aswooys: | Hlb NF+axons 1) S0
== CSPG deposits ~== MBP debris @ Macrophage/microglia (kc;«st
33451034

FIG. 1. Diagrams describing the methods of analysis. (A): Distance measurements (thick black lines) were taken from the
tissue-scaffold interface to the furthest extent of the collagen and fibrinoid scars, and from the tissue-scaffold interface to the
nearest GFAP" astrocytes, NF* axons, and perineural net CSPG (CSPG deposits within the lesion site were ignored for this
analysis). These measurements were taken on both the rostral and caudal sides of the OPF+ scaffold, wherever a grid with
500 pm divisions intersected with the tissue-scaffold interface, and were averaged. Collagen scar areas, fibrinoid scar areas,
cyst areas, CSPG deposit areas, MBP debris areas, Ibal™ cell counts, CD86" cell counts, and CD206" cell counts were
measured within contours ( pink outlines) drawn around the stromal scar rostral and caudal to the OPF+ scaffold and then
summed in polymer-implanted animals (B), these measurements were taken within a contour ( pink outline) drawn around
the continuous stromal scar in animals with transection only (C). The GFAP" proportional area was measured within
contours (yellow outlines) drawn one mm rostral and caudal to the stromal lesion. These contours were drawn by extending
one mm measurement lines (thick black lines in B and C) out from the distal boarder of the stromal lesion and connecting
the distal end points of these lines. GFAP* proportional area was then measured in the area between these end points and the
distal boarder of the stromal lesion. This measurement was taken on both the rostral and caudal sides of the lesion, which
were then averaged. CSPG, chondroitin sulfate proteoglycan; MBP, myelin basic protein. Color images available online at
www.liebertpub.com/tea
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Investigator software (MBF Bioscience). Cyst areas were
identified as fluid filled cavities and measured by drawing
contours around them in the Neurolucida software (MBF
Bioscience). See Figure 1 for schematic diagram of analysis.

Analysis of GFAP' proportional area

The proportional area positive for GFAP was measured in
aregion of interest (ROI) within one mm rostral or caudal to
the stromal lesion. This ROI was obtained by first using the
Masson trichrome-stained tissue as a guide to draw a con-
tour around the stromal lesion on the GFAP-stained tissue.
Five measurement lines, evenly spaced along the distal
portion of the stromal lesion contour, were then drawn
parallel to the length of the spinal cord to extend one mm
out rostrally or caudally. The ROI contour was then drawn
by connecting the distal points of these measurement lines
and then enclosing the tissue from these points to the stro-
mal lesion contour. Automatic object detection was then
used in the Neurolucida software (MBF Bioscience) to draw
contours around the GFAP" astrocytes within this ROI
contour. The sum of the GFAP" contour areas was then
divided by the total area of the ROI contour to obtain the
GFAP™ proportional area. Measurements from the rostral
and caudal ROIs were averaged for each animal. See Figure
1 for schematic diagram of analysis.

Analysis of Iba1*, CD86", and CD206" cell counts

Ibal*, CD86", and CD206" cells were counted within the
stromal lesion by first using the Masson trichrome-stained
tissue as a guide to draw a contour around the stromal lesion
on the respectively stained tissue. For scaffold-implanted
animals, this contour consisted of separate rostral and caudal
lesion sites that extended from the tissue-scaffold interface
and were summed together, while in transection only animals
the contour consisted of the entire continuous lesion. Ibal™,
CD86", and CD206" cells were counted in the Neurolucida
software (MBF Bioscience) by placing a marker on cells that
were within the stromal lesion contour, positive for the re-
spective stain, and contained a DAPI* nucleus. Ibal™ cells
with an amoeboid morphology indicative of an activated
state®® (Supplementary Fig. S2B, C) were counted separately
from Ibal™ cells without an amoeboid morphology. See
Figure 1 for schematic diagram of analysis.

Analysis of GFP, CSPG, and MBP area

GFP, CSPG, and MBP areas were measured within the
stromal lesion by first using the Masson trichrome-stained
tissue as a guide to draw a contour around the stromal lesion
on the respectively stained tissue. For scaffold-implanted
animals, this contour consisted of separate rostral and caudal
lesion sites that extended from the tissue-scaffold interface
and were summed together, while in transection only ani-
mals the contour consisted of the entire continuous lesion.
Automatic object detection was then used in the Neurolu-
cida software (MBF Bioscience) to draw contours around
the GFP* Schwann cells, CSPG deposits, or MBP™ myelin
debris within this stromal lesion contour. The sum of the
contour areas outlined within the lesion site with automatic
object detection for each stain was then used for analysis.
See Figure 1 for schematic diagram of analysis.
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Statistical analysis

Where possible, analyses were done by observers blinded to
animal group. When comparing animals with and without
scaffolds blinding was not possible. The GFP area within the
rostral and caudal stromal lesion of animals with scaffolds
containing Schwann cells was analyzed over time by two-way
analysis of variance (ANOVA). The change in distance from
the tissue-scaffold interface over time of the collagen scar,
fibrinoid scar, GFAP" astrocytes, NF* axons, and perineuronal
net CSPG was compared between animals with scaffolds
containing Schwann cells and animals with scaffolds con-
taining Matrigel only by two-way ANOVA. The change in
area of the collagen scar and fibrinoid scar was also compared
over time between animals with scaffolds containing Schwann
cells and animals with scaffolds containing Matrigel only by
two-way ANOVA. The fibrinoid scar area, collagen scar area,
cyst area, GFAP* proportional area, CSPG area, and MBP
area at 4 weeks postinjury were compared by Student’s un-
paired ¢ tests between the animals with scaffolds containing
Schwann cells and animals with scaffolds containing Matrigel
only, and also between the combined polymer-implanted an-
imals (scaffolds with and without Schwann cells) and the
animals with transection only. Cell counts of Ibal™ cells with
and without amoeboid morphology, CD86" cells, and CD206*
cells at 4 weeks postinjury were analyzed among the animals
with scaffolds containing Schwann cells, animals with scaf-
folds containing Matrigel only, and animals with transection
only by one-way ANOVA with post hoc analysis using Tu-
key’s multiple comparison test. Statistical analyses were per-
formed using GraphPad Prism 6 (GraphPad Software, Inc.)
and JMP 10 (SAS Institute, Inc.) software. All data are pre-
sented as mean + standard deviation. Values of p<0.05 were
considered statistically significant.

Results
Fate of GFP* Schwann cells

To follow the fate of the transplanted donor GFP"
Schwann cells, longitudinal tissue sections were immuno-
stained for GFP. A two-way ANOVA was conducted on the
GFP area within the lesion site, with time postimplantation
(1, 2, or 3 weeks) and lesion side (rostral or caudal) as factors
(Supplementary Table S1). Many Schwann cells were ob-
served within the scaffold channels at 1 and 2 weeks post-
implantation. Schwann cells also migrated into the rostral and
caudal lesion over these first 2 weeks, with more cells ac-
cumulating in the caudal lesion (p<0.05 for main effect of
lesion side) (Fig. 2A, B). The GFP* Schwann cells retained a
spindle-shaped morphology (Fig. 2E). However, at 3 weeks
postimplantation there was a significant reduction in GFP
Schwann cells observed in both the scaffold channels and the
lesion (p<0.05 for main effect of time postimplantation)
(Fig. 2C, D). GFP* donor Schwann cells were not observed at
4 or 8 weeks postimplantation.

Time course evaluation of CNS tissue reaction
to scaffold implantation

In concordance with previous results from our laboratory,
no recovery of hind limb function was observed in scaffold-
implanted animals.*> The CNS tissue response to scaffold
implantation with or without donor Schwann cells was



SCAFFOLD REPAIR FOR SPINAL CORD INJURY IN RAT

2105

D GFP Area in Lesion

3x105+
— Bl Rostral
5 2.1054 I Caudal
o
5 T
& 1x10°4
(]

i ]
0 ’ ’ den

T
e
& o &

Weeks post implantation

FIG. 2. Transplanted GFP* Schwann cell (green) migration from OPF+ scaffold channels into the rostral and caudal SCI
lesion at 1 week (A), 2 weeks (B), and 3 weeks (C) postpolymer scaffold implantation (Scale bars: 500 um). (D): Quantified
GFP area within the rostral and caudal lesions. p <0.05 for main effects of time postimplantation and lesion side. (E): High
power image of GFP* Schwann cells displaying spindle-shaped morphology (Scale bar: 50 um). SCI, spinal cord injury;

GFP, green fluorescent protein. Color images available online at www.liebertpub.com/tea

compared histologically by evaluating stromal scarring, NF*
axons, perineuronal net CSPG, and GFAP" astrocytes
(Supplementary Fig. S1IA-C). A two-way ANOVA was
conducted on the distance of each stain (collagen scar, fi-
brinoid scar, GFAP" astrocytes, NF* axons, or perineuronal
net CSPG) from the tissue-scaffold interface, with time
postimplantation (1, 2, 3, 4, or 8 weeks) and group (scaf-
folds with Schwann cells or scaffolds with Matrigel only) as
factors (Supplementary Table S1). A two-way ANOVA was
also conducted on the collagen scar area and fibrinoid scar
area, again with time postimplantation and group as factors
(Supplementary Table S1).

Masson trichrome staining showed an initially large fibri-
noid scar area extending from the tissue-scaffold interface that
receded over 8 weeks (p<0.05 for main effect of time post-
implantation, fibrinoid scar area and distance). This fibrinoid
scar was replaced over time with a collagen barrier

forming at the tissue-scaffold interface, resulting in col-
lagen completely filling the scaffold channels by 8 weeks
postimplantation (p<0.05 for main effect of time post-
implantation, collagen scar area, and distance) (Fig. 3A-E
and Supplementary Fig. S3D). There was no difference in
the development of this stromal scar between the Schwann
cell-containing or Matrigel-only scaffold-implanted groups
(p>0.05 for main effect of group, fibrinoid and collagen
scar area and distance).

The influence of stromal scar development on the infil-
tration of normal CNS tissue was also examined by mea-
suring the distance of the boundary of each stain from the
tissue-scaffold interface. The advancement of GFAP" as-
trocytes matched the recession of the fibrinoid scar toward
the tissue-scaffold interface over time (p<0.05 for main
effect of time postimplantation, GFAP™ astrocyte distance)
(Supplementary Fig. S3A-D). While some NF' axons were
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FIG. 3. Masson trichrome staining showing stromal scar development at 1 week (A), 4 weeks (B), and 8 weeks (C)
postpolymer scaffold implantation (Scale bars: 500 pm). Uninjured spinal cord tissue is designated with a diamond, fibrinoid
scar with an arrow, and collagen scar with an arrowhead. The fragments of OPF+ scaffold material were present in all
sections. The mounting process floated them to different positions but this did not interfere with measurements. Quanti-
fication of collagen scar area (D) and fibrinoid scar area (E) over time in animals implanted with scaffolds containing
Schwann cells or Matrigel only. p <0.05 for main effect of time postimplantation for collagen and fibrinoid scar areas. Color

images available online at www.liebertpub.com/tea

able to cross the stromal scar and enter the scaffold channels,
the bulk of NF" axons (Supplementary Fig. S4A-C) and
perineuronal net CSPG (Supplementary Fig. S4D-F) re-
mained at a constant distance away from the tissue-scaffold
interface (p>0.05 for main effect of time postimplantation,
NF" axons and perineuronal net CSPG distances) (Supple-
mentary Fig. S3D).

No difference was observed between the Schwann cell-
containing or Matrigel-only scaffold-implanted groups in
the distance from the tissue- scaffold interface of NF' ax-
ons, perineuronal net CSPG, or GFAP" astrocytes (p>0.05
for main effect of group, NF' axons, perineuronal net
CSPG, and GFAP™ astrocytes distance). With the exception
of some individual NF" axons, none of these normal CNS
tissue components were observed to advance beyond the
stromal scar. The trends of fibrinoid scar recession, colla-
gen scar accumulation, and GFAP* astrocyte advancement

over time appeared to stabilize by 4 weeks postimplanta-
tion (Supplementary Fig. S3D).

Influence of scaffold implantation on lesion
environment at 4 weeks postinjury

The influence of the polymer scaffold on the lesion envi-
ronment was evaluated by comparing the combined scaffold-
implanted animals (with and without donor Schwann cells)
with animals receiving a transection injury without scaffold
implantation. This evaluation was performed at 4 weeks
postinjury, since the scarring process had stabilized at this
time, as shown by the time course data described above and in
Supplementary Figure S3D.

Stromal scar. Polymer-implanted animals had a signifi-
cantly reduced collagen scar area compared to those with
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transection only (Fig. 4A—C), while there was no significant
difference in fibrinoid scar area (2.6 x 10°+0.6x 10® um? vs.
3.0x10°+0.9%x 10° pum?, respectively, p>0.05). Cyst area
was also significantly reduced in the polymer-implanted an-
imals (Fig. 4D). There was no significant difference between
polymer-implanted animals with or without Schwann cells in
collagen scar area (1.3x10°+£0.6x10° pm? vs. 1.4x10°+
0.9x% 10° pmz, resgectively, p>0.05), fibrinoid scar area
(2.8x10°£0.7x10° pm? vs. 2.5x10°£0.6x10° pum? re-
spectively, p>0.05), or cyst area (1.2x10°+£0.9x10° pm?
vs. 1x10°£1x10° pm?, respectively, p>0.05).

GFAP" astrocytes. GFAP" astrocytes were analyzed
within one mm rostral or caudal to the stromal lesion (as
shown in Fig. 1). Astrocytes in animals with transections only
had a more reactive phenotype, with GFAP expression ex-
tending into the distal processes of the cells, in contrast to the
GFAP staining in polymer-implanted animals, which was
limited to the cell body and proximal processes (Fig. 5A, B).
The proportional GFAP" area measured within one mm
rostral and caudal to the lesion was significantly reduced in
the polymer-implanted animals (Fig. 5F). No significant dif-
ference was observed in proportional GFAP' area between
polymer-implanted animals with or without Schwann cells
(0.10£0.04 vs. 0.11£0.04, respectively, p>0.05).

Iba1* macrophages/microglia. Activated, Ibal-stained
macrophages/microglia with amoeboid morphology® were
quantified within the lesion site. Resting Ibal* microglia with

Transection Only

Polymer Implanted
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a ramified morphology were mainly found in the uninjured
spinal cord away from the lesion site (Supplementary Fig.
S2A). Amoeboid Ibal™ cells were most abundant in the le-
sions of animals with scaffolds containing Schwann cells,
followed by those with Matrigel-only scaffolds, and were
least abundant in animals with transection only (Fig. SC-E,
G). The number of Ibal™ cells without an amoeboid pheno-
type was not different among the three groups (p>0.05), and
these cells were a minority of the total Ibal® cells (12%+7%,
21%+4%, and 40% + 10% for animals with Schwann cell-
loaded scaffolds, animals with Matrigel-only scaffolds, and
animals with transection only, respectively).

Amoeboid Ibal™ cells were often found in close associ-
ation with MBP deposits, and Ibal™ cells were observed
containing intracellular MBP (Supplementary Fig. S2B).
Cells containing MBP had less intense Ibal expression on
their plasma membrane than cells that did not contain MBP
(Supplementary Fig. S2B-C). MBP deposits that were not
contained by Ibal™ cells were also observed in the lesion
site (Supplementary Fig. S2D).

Macrophage/microglial phenotype. We attempted to
classify the macrophages/microglia within the lesion site by
staining for two cell surface markers of the proinflammatory
M1 and anti-inflammatory M2 phenotype, CD86 and CD206,
respectively. No significant difference was found in the
number of CD86" cells within the lesions of polymer-im-
planted animals with Schwann cells, polymer-implanted
animals without Schwann cells, or animals with transection
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FIG. 4. Masson trichrome staining comparing stromal scarring in animals with transection only (A) versus implanted
polymer scaffolds (B) at 4 weeks postinjury (Scale bars: 500 um). Uninjured spinal cord tissue is designated with a
diamond, fibrinoid scar with an arrow, collagen scar with an arrowhead, and cyst with a star. Note that the normal spinal
cord tissue approaches the boundary of the lesion more closely and there are less cystic cavities in the scaffold-implanted
animals. Quantification of collagen scar area (C) and cyst area (D) at 4 weeks postinjury in animals with transection only
and implanted polymer scaffolds. Color images available online at www.liebertpub.com/tea
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FIG. 5. GFAP" astrocytes and Ibal* macrophage/microglia at 4 weeks postinjury. GFAP expression extends into the distal
processes of astrocytes in animals with transection only (A), but is restricted to the cell bodies and proximal processes of astrocytes in
animals with implanted polymer scaffolds (B) (Scale bars: 50 um). Ibal (red) and MBP (green) staining within the lesions of animals
with implanted polymer scaffolds containing Matrigel only (C), with implanted polymer scaffolds containing Schwann cells (D), and
with transection only (E) (Scale bars: 50 um). (F): Quantification of the proportion of the area within one mm of the stromal scar that
is GFAP" in animals with transection only and with implanted polymer scaffolds. (G): Amoeboid Ibal* cell counts within the lesions
of animals with implanted polymer scaffolds containing Matrigel only, with implanted polymer scaffolds containing Schwann
cells, and with transection only. GFAP, glial fibrillary acidic protein. Color images available online at www.liebertpub.com/tea

only (Fig. 6A-D). There was a trend for an increased
number of CD206" cells within the lesions of animals with
transection only; however this increase was only statistically
significant when compared to the polymer-implanted ani-
mals without Schwann cells (Fig. 6A-C, E).

The total number of cells labeled with either CD86 or
CD206 was also compared to the number of amoeboid Ibal™
cells within the lesion site. Interestingly, the ratio of CD86"
and CD206" cells combined to amoeboid Ibal™ cells was
2+1 in the transection only animals, while only 0.3+£0.2
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FIG. 6. CD86 (red) and CD206 (green) staining at 4 weeks postinjury within the lesions of animals with implanted
polymer scaffolds containing Matrigel only (A), with implanted polymer scaffolds containing Schwann cells (B), and with
transection only (C) (Scale bars: 50 um). CD86" (D) and CD206* (E) cell counts within the lesions of animals with
implanted polymer scaffolds containing Matrigel only, with implanted polymer scaffolds containing Schwann cells, and

with transection only. Color images available online at www.liebertpub.com/tea

and 0.3+0.2 in the polymer-implanted animals with or
without Schwann cells, respectively. This discrepancy sug-
gests that most of the macrophages/microglia within the
lesions of the polymer-implanted animals were polarized to
an unknown phenotype that could not be identified through
staining with CD86 or CD206, while these markers were
sufficient to identify most macrophages/microglia in ani-
mals with transection only. The sum of the cells labeled with
CD86 and CD206 was higher than the number of amoeboid
Ibal™ cells in the transection only animals because only
cells with amoeboid morphology were included for Ibal
counting, while all cells were included in the CD86 and
CD206 counts regardless of morphology.

CSPG and MBP. The amounts of two major molecular
barriers to axonal regeneration, CSPG and myelin debris
(analyzed through MBP staining), were compared in the
polymer implanted versus transection only animals. CSPG
area was reduced in the lesions of polymer-implanted ani-
mals compared with those with transection only (Fig. 7A-
C). The CSPG deposits in transection only animals were
found to extend across the lesion site perpendicular to the
direction of axon growth, in contrast to the punctate deposits

found in the lesions of polymer-implanted animals (Sup-
plementary Fig. S5A, B). MBP area was also reduced in the
lesions of polymer-implanted animals compared with those
with transection only (Fig. 7D-F, refer to Supplementary
Fig. S5C, D for high power images). No significant differ-
ence was found between polymer-implanted animals with or
without Schwann cells in CSPG area (1.0x10°+0.6x 10
um? vs. 2x10° £ 1x 10° Spmz, respectively, p>0.05) or MBP
area (1.7x10°+£0.7x10° pm? vs. 2x10°+1x10° pm?, re-
spectively, p>0.05).

Discussion

In this study we have shown a distinctive reaction over
time to OPF+ polymer scaffolds implanted into the SCI le-
sion site. The ends of the scaffold were initially capped with
a fibrinoid scar at 1 and 2 weeks postimplantation, which
receded over time. GFAP* astrocytes advanced toward the
tissue-scaffold interface as the fibrinoid scar receded. There
was a fibrotic response to the scaffold, resulting in a collagen
barrier forming at the tissue-scaffold interface, with collagen
completely filling the scaffold channels by 8 weeks post-
implantation. This collagen deposition was likely a result of
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FIG.7. CSPG deposits and MBP debris at 4 weeks postinjury. CSPG deposits extend across the lesion site in animals with
transection only (A), in contrast to the punctate deposits in animals with implanted polymer scaffolds (B) (Scale bars:
500 pm). (C): Quantification of CSPG area within the lesions of animals with transection only and with implanted polymer
scaffolds. MBP debris within the lesion site of animals with transection only (D) and with implanted polymer scaffolds (E)
(Scale bars: 500 um). (F): Quantification of MBP area within the lesions of animals with transection only and with
implanted polymer scaffolds. Higher powered images of the deposits are shown in Supplementary Figure S5. CSPG,
chondroitin sulfate proteoglycan. Color images available online at www.liebertpub.com/tea
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fibroblast, macrophage, and pericyte activation in response to
the polymer scaffold.'®°>%® Few axons traversed this collagen
barrier.

Previous studies in our laboratory have demonstrated that
more axons are found crossing the bridging scaffold at 1
month postimplantation than at 2 months.’® This loss of
regenerated axons could be due to a lack of trophic support
within the scaffold channels, as the dense collagen scarring
prevents glial cells from entering. However, a drastic loss of
donor GFP" Schwann cells was observed at 3 weeks post-
implantation that could also have a negative influence on
axon regeneration and viability at later time points. This loss
of donor cells may be due to immune rejection of the
transplanted cells, since outbred Sprague Dawley rats were
used in this study. This immune reaction to the transplanted
cells may also be responsible for the increased number of
activated macrophages/microglia observed in the lesions of
animals implanted with Schwann cell-loaded scaffolds
compared with scaffolds with Matrigel only.

There was no difference in the lesion between animals with
scaffolds loaded with Schwann cells or Matrigel only. When
compared to animals with transection only, the polymer-
implanted animals showed decreased astrocyte reactivity,
CSPG and MBP deposition, collagen scarring in the cord, and
cyst formation. This evidence suggests that the OPF+ poly-
mer itself is able to influence the lesion environment, possibly
by modifying macrophage/microglial responses, since in-
creased Ibal™ amoeboid cells were present in lesions of
polymer-implanted animals.

It has been previously shown that macrophages derived
from infiltrating hematogenous monocytes undergo in-
creased apoptotic and necrotic cell death after phagocytosis
of CNS myelin compared with resident microglia, suggest-
ing an inability of these macrophages to efficiently degrade
phagocytosed myelin.'?> However, these peripherally de-
rived macrophages were also shown to be the predominant
phagocytic cells at later times after SCI. Interestingly, the
increased amoeboid Ibal™ cells observed within the lesions
of polymer-implanted animals in this study could signify a
preservation of macrophage viability and function in the
presence of the OPF+ scaffold, allowing these cells to clear
inhibitory debris and preventing secondary damage within
the lesion site resulting from macrophage cell death.

Ibal expression was found to be lower on cells within the
lesion site that contained substantial amounts of MBP, and
more intense on cells that had not phagocytosed any MBP.
This diminished Ibal expression could represent a reduction
in phagocytic activity of these cells as they process the
previously engulfed MBP, since Ibal has been shown to
play an important role in the activation of microglia through
the Rho GTPase Rac.®” The increased clearance of MBP
within the lesions of polymer-implanted animals could have
contributed to the reduction in astrocyte reactivity, since
previous studies have shown that extracellular MBP in-
creases chemokine production and proliferation of astro-
cytes in vitro.””

We were not able to identify many of the macrophages/
microglia found in the lesions of polymer-implanted animals
through staining with the cell surface markers CD86 or
CD206, suggesting a polarization of these cells to an un-
known phenotype. However, it has been previously shown
that macrophage surface markers suggesting an M1 or M2
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phenotype may not correspond with the cytokine producin
profile of these cells when in contact with biomaterials.”
Therefore, it will be important in future studies to evaluate
the cytokine production and mRNA profiles of these cells to
determine the phenotype to which macrophages/microglia
are polarized after OPF+ scaffold implantation.

As the OPF+ polymer undergoes hydrolysis over time
in vivo, the fumaric acid byproducts that are released may
also have an anti-inflammatory and neuroprotective effect,
and may suppress astrocyte reactivity. Fumaric acid esters
(FAE) are used in treating relapsing- remitting multiple
sclerosis, and have been shown to shift leukocyte cytokine
balance from Ty 1 to T},2 and activate protective antioxidant
pathways in neurons and glia.”"”’”> FAE have also been
shown to reduce astrocyte and microglial activation and
production of inflammatory cytokines.”’* Furthermore, the
mechanical stabilization of the transected spinal cord by the
OPF+ scaffold, which has similar mechanical properties to
the cord,*> may help prevent excessive scarring and cyst
formation after injury.

Although the presence of Schwann cells within the scaf-
folds did not affect the lesion environment, previous studies
in our laboratory have demonstrated that Schwann cells are
crucial for axon regeneration.>** Schwann cells have been
shown to have an essential role in axonal regeneration after
peripheral nerve injury, dedifferentiating and releasing
various growth factors such as neurotrophin-3 (NT-3), nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), ciliary neurotrophic factor (CNTF), and fibroblast
growth factor (FGF).”” OPF+ was the most supportive
polymer for axonal regeneration in SCI in a previous study.*’
We therefore propose that OPF+ scaffold implantation pro-
duces a more permissive lesion environment by reducing
factors that inhibit axon regeneration, while Schwann cells
may act on the axons directly, possibly through the pro-
duction of neurotrophic factors, to reinitiate growth pro-
grams. However, the long-term foreign body response to the
implanted OPF+ scaffold has also been identified as a po-
tential physical barrier to axonal regeneration and viability,
suggesting that therapies targeting this fibrotic response may
allow increased regeneration leading to functional recovery
after SCIL.

Conclusions

In this study we have demonstrated a distinctive CNS tissue
reaction to the implantation of OPF+ scaffolds after SCL
Scaffold implantation results in a more permissive lesion en-
vironment, with reduced stromal scarring, cyst formation,
astrocyte reactivity, CSPG deposition, and myelin debris. This
reduction in inhibitory elements is accompanied by an in-
crease in amoeboid Ibal™ cells within the lesion, suggesting
an influence of the polymer on macrophage/microglial acti-
vation. Schwann cells implanted within the scaffold channels
do not appear to have a significant effect on the lesion envi-
ronment, and they may instead act directly on axons to re-
initiate growth programs, possibly through neurotrophic factor
release. Despite the benefits of OPF+ scaffold implantation
described above, a remaining potential barrier to axonal re-
generation and viability was identified in the fibrotic response
to the scaffolds over time. The inhibition of this fibrotic re-
sponse represents a promising therapeutic target to improve
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the ability of these scaffolds to bridge lesions in the spinal
cord and restore neurologic function.
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