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Abstract

An important role of neural stem cell transplantation is repopulating neural and glial cells that
actively promote repair following spinal cord injury (SCI). However, stem cell survival after
transplantation is severely hampered by the inflammatory environment that arises after SCI.
Biomaterials have a demonstrated history of managing post-SCI inflammation and can serve as

a vehicle for stem cell delivery. In this study, we utilize macroporous polyethylene glycol (PEG)
tubes, that were previously found to modulate the post-SCI microenvironment, to serve as a viable,
soft substrate for injecting mouse embryonic day 14 (E14) spinal progenitors two weeks after

tube implantation into a mouse SCI model. At two weeks after transplantation (4 weeks after
injury), 4.3% of transplanted E14 spinal progenitors survived when transplanted directly into
tubes compared to 0.7% when transplanted into the injury alone. Surviving E14 spinal progenitors
exhibited a commitment to the neuronal lineage at 4 weeks post-injury as assessed by both early
and late phenotypic markers. Mice receiving tubes with E14 spinal progenitor transplantations

had on average 21 + 4 axons/mm? regenerated compared to 8 + 1 axons/mm? for the injury

only control which corresponded with a significant increase in remyelination compared to the
injury only control, while all conditions exhibited improved forelimb control 4 weeks after injury
compared to the injury only. Collectively, we have demonstrated the feasibility of using PEG tubes
to modify the implantation site and improve survival of transplanted E14 spinal progenitors.
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1. Introduction

Traumatic spinal cord injury (SCI) is a particularly debilitating condition that can leave
patients paralyzed for the remainder of their lives. Following the primary injury, a
secondary injury develops leading to further damage, glial and fibrotic scar formation,
and inflammation in the surrounding tissue. Collectively, the barriers from the primary
and secondary injury severely limit recovery after SCI. Many current clinical strategies
seek to stabilize patients rather than actively promote cell repopulation and tissue
regeneration.! Exogenous stem cell transplants are one available therapeutic option
undergoing Phase 1 and 11 clinical trials for numerous applications.2~’ For SCI, spinal
progenitors in rodent models have demonstrated therapeutic potential through integration
with endogenous neural circuitry®11 and remediation of the extracellular space.12-23 These
studies have provided the foundation for preclinical and clinical trials utilizing human
central nervous system progenitors (HUCNS-SCs) for the treatment of SCI.24 Ultimately,
clinical trials evaluating the efficacy of HUCNS-SCs for treatment of SCI in the United
States have been unsuccessful, due to poor survival related to stem cell sourcing issues
including inconsistencies in scale-up procedures and a lack of /n vivo validation testing
requirements.24-26

Stem cell therapies for SCI exhibit poor survival and durability in the spinal cord, limiting
the extent and duration of their therapeutic potential. Survival can be cell source dependent,
as clinical grade stem cells exhibit decreased transplant survival and recovery compared

to research grade stem cells transplanted after SCI.24 Similarly, we have found stem cell
donor age can significantly impact survival, tissue repair, and functional recovery.2’ Apart
from cell sourcing, the delivery approach significantly impacts stem cell survival. At 1 week
post-transplantation, spinal progenitors typically exhibit a maximum survival rate less than
5% and often times significantly lower.28-32 Increasing the number of transplanted cells
does not lead to a dose dependent increase in transplant survival response.33: 34 Control over
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the injection location by delivering the cells rostral and caudal to the injury can increase
transplant survival, 3% 38 but the transplanted cells must migrate into the injury to have

their desired effect and neural progenitor cells do not extensively migrate in the central
nervous system.*2, The current gold standard technique is to delay cell transplantation until
the inflammatory cytokines decrease within the injury, but with no modification of the
inhibitory microenvironment, survival remains low.3” Inflammatory cytokines like tumor
necrosis factor alpha (TNFa), interleukin (IL)-1p, IL-6, and leukemia inhibitory factor (LIF)
are important mediators that are strongly activated within the first 12 hours after injury, but
decrease by one week after injury.38-40 Delaying cell transplantation until after this response
avoids transplanting into this inflammatory environment opening the potential for increased
survival that could improve regenerative potential and functional recovery.3 These delivery
strategies demonstrate that the post-injury microenvironment remains the most important
factor in influencing transplant survival. In order to improve survival and actively promote
regeneration leading to better functional recovery, control over the pathophysiology of the
injury response is required. Developing a system to control the injury microenvironment to
shift towards a more hospitable milieu could result in significant regenerative gains.

Exogenous transplants when delivered with biomaterial interventions have demonstrated
increases in survival rates. Injectable hydrogels are commonly used as a vehicle for

cell transplantation.#3 44 Cells can be suspended in the liquid state of the gel prior to
injection, and then injected and gelled in situ. This is commonly performed at least 7

days after injury3%: 45-47 while in the subacute region (7-14 days after injury) as survival
and regeneration have quantitatively been higher compared to acute (<7 days) and chronic
models (>14 days).28 48. 49 Rigid polymer scaffolds are another example of a combination
strategy between biomaterials and cell delivery.27- 50. 51 Prior to implanting, these scaffolds
require cells to be cultured on them ex vivo, and then the cell-seeded scaffold is implanted
into the injury. These interventions can modify the post-injury microenvironment but

lack the ability to have cells transplanted directly into the scaffolds post-implantation.
Neither strategy can modify the transplantation site prior to cell delivery, resulting in little
opportunity to shift towards a more pro-regenerative environment as transplanted cells
arrive.

Previously, we developed a system comprised of a set of hydrogel tubes fabricated through a
2-phase polymerization.52 An intermediate stage of microspheres controls the macroporosity
of the structure before being annealed into a final tube structure. Macroporosity is essential
for infiltration of support cells necessary for integration and tissue repair.53 4 The hydrogel
tubes are approximately 600 pm in diameter and can be cut to the length of the defect, thus
allowing multiple tubes to fill a wide range of injury geometries. The inner lumen of the
tube is approximately 250 um and guides axon regrowth, a biophysical and architectural cue
that is absent from injected, bulk hydrogels. In an injured spinal cord, the tubes were able

to modulate the injury microenvironment by reducing scar formation, limiting inflammatory
cells, and promoting endogenous repair.52

In this work, we provide the first use of a guidance scaffold to be utilized as an injection
site platform for delayed cell delivery. Our previously developed hydrogel tube system
will serve as a soft substrate, suitable for delayed injection of enhanced green fluorescent
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protein (EGFP*) E14 spinal progenitors into the SCI lesion epicenter two weeks after a

C5 lateral hemisection in mice. E14 spinal progenitors were chosen for this application

for their improved survival and regeneration compared to adult spinal progenitors.2” We
anticipate the pro-regenerative effects of this biomaterial system will lead to enhanced cell
transplantation survival, while also providing flexibility in cell administration timing that
is not offered with other SCI guidance systems. In this study, we evaluate the feasibility
and early benefits of delayed, direct injection of E14 spinal progenitors into our hydrogel
tube system by assessing cell survival, axon elongation and myelination, neurogenesis, and
functional recovery serving as an initial step towards a comprehensive cell transplantation
platform.

2. Methods

2.1 Fabrication of hydrogel tubes

Hydrogel tubes were generated as previously described.52 Briefly, 20% w/v 8-arm
polyethylene glycol maleimide (PEG-MAL, 20 kDa; JenKem, Plano, TX) was
crosslinked with 5 mM slow-degrading-plasmin-sensitive YKND cross-linking peptide
(Ac-GCYKNDGCYKNDCG; Genscript, Piscataway, NJ)°® to form microspheres through
water-oil emulsion with diameters ranging between 15 and 150 um and an average of 45
pum. The PEG-YKND solution was homogenized in silicone oil (Fisher, Hampton, NH)
with 2% TWEEN-20 (Sigma, St. Louis, MO) at a speed of 4000 rpm for 1 minute.
Microspheres were rinsed by centrifugation three times. Irgacure 2959 photoinitiator
(Sigma) dissolved in N-vinylpyrrolidinone (660 mg/mL; Sigma) was added to the
microspheres at a final concentration of 1% wi/v. The resulting microspheres were then
packed into polydimethylsiloxane (PDMS, Dow Corning, Midland, MI) molds to generate
PEG tubes (approximate OD: 600 um, ID: 250 um, porosity: 66%)and exposed to an
ultraviolet lamp for 3 minutes to initiate free radical polymerization. Tubes were rinsed three
times, dehydrated, and stored at —80 until use. Tubes were cut to length during surgery to
ensure fit within the defect.

2.2 Spinal progenitor isolation

All animal work pertaining to progenitor cell isolation was performed with prior approval
and in accordance with the Institutional Animal Care and Use Committee (IACUC)
guidelines at the University of Michigan and University of Miami. Embryonic spinal
progenitors were isolated from the spinal cords of E14 C57BL/6-Tg(CAG-EGFP)10sb/J
mice (Jackson Laboratory, Bar Harbor, ME), enzymatically dissociated with 10 U/mL
papain (Worthington, Lakewood, NY) and 37 pg/mL DNase (Sigma) into single cells,
and expanded as neurospheres in ultralow attachment flasks (Corning, Corning, NY),

as described previously.2” Embryonic spinal progenitors were expanded in Dulbecco’s
Modified Eagle Medium (DMEM,; Gibco, Grand Island, NY) supplemented with 1X B27
(Gibco), 1X N2 (Gibco), N-acetyl cysteine (NAC; Sigma), and 20 ng/mL basic fibroblast
growth factor (FGF2; Peprotech, Rocky Hill, NJ) and leukemia inhibitory factor (LIF;
Peprotech). E14 spinal progenitor colonies were passaged with papain as needed and not
used beyond the second passage for transplantation studies.
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2.3 Invitro assessment of spinal progenitors

E14 spinal progenitors were seeded on PEG hydrogel discs (D =5 mm, H = 0.5 mm)

to assess their survival compatibility with the gels /n7 vitro. Due to the macroporosity

and 3D nature of our material, PEG discs were used rather than tubes for in vitro
experiments as these structures result in better imaging capabilities than tubes in vitro.
PEG microspheres were fabricated as previously described with the addition of 150 pyM

of the cell adhesion peptide RGD (GCGYGRGDSPG; Genscript, Piscataway, NJ). Irgacure
2959 photoinitiator was added to the microspheres, and they were pressed into discs between
5 mm round coverslips. The discs were crosslinked by exposure to an ultraviolet lamp

for 3 minutes followed by transferring into a 96 well plate. They were then rinsed three
times to ensure removal of any excess photoinitiator, sterilized with ethanol, and stored

in saline until seeding. E14 spinal progenitor neurospheres were collected, enzymatically
dissociated into single cell suspension with papain, and resuspended in supplemented
culture media described above. Cells were seeded at 6.5 x 10 cells/cm? on PEG discs

or uncoated tissue culture plastic (TCP). Ethidium homodimer-1 (EthD-1) staining (Life
Technologies, Carlshad, CA, USA) was performed after 24 hours of culture to identify
necrotic cell populations. Cells were treated with EthD-1 at a 1:2000 dilution for 15
minutes, after which samples were rinsed three times with sterile phosphate buffered saline
(PBS, Life Technologies). Similarly, cell phenotype was assessed with a separate set of
cultures (n = 7 samples per condition per time point) after 1 and 3 days of culture. Cells
were chemically fixed, permeabilized, and immunostained with mouse anti-Nestin (1:100,
Millipore, Burlington, MA) and rabbit anti-GFAP (1:500, Thermo Scientific, Waltham,
MA). Samples were imaged with a Nikon Eclipse Ti inverted fluorescent microscope
(Nikon, Tokyo, Japan) using a 20X dry objective. Multiple images were averaged per
sample, with n = 9 separate TCP wells and n = 9 separate PEG discs over 2 separate trials
for viability assessment, while n =7 PEG or TCP samples were used per time point for
phenotype assessment.

2.4 Spinal cord injury surgeries

All animal work was performed with prior approval and in accordance with the Institutional
Animal Care and Use Committee (IACUC) guidelines at the University of Michigan. A C5
lateral hemisection spinal cord injury was created in adult C57BL/6J female mice aged 6-8
weeks, as previously described.56-58 Briefly, mice were anesthetized with 2% isoflurane and
provided preemptive local pain management (1 mg kg1 bupivacaine). After confirmation of
anesthesia via toe pinch, a 2 cm incision was made in the skin to facilitate the laminectomy
performed at C5. A 1.15 mm lateral hemisection was excised in the left side of the spinal
cord. This ensures any functional deficits are confined to the left forepaw, providing an
internal control with the right paw. PEG tubes were cut to size, allowed to dehydrate for

30 s, and implanted one by one in to the injury site, which accommodated 5 tubes in total.
Dehydrating the tubes allows for improved handling and implantation as they are more rigid
and easier to handle compared to the fully hydrated tubes. The dehydrated tubes rehydrate
once implanted into the injury. Gelfoam was used to secure the injury site in all conditions,
after which the muscles were sutured and skin stapled. A subset of mice (no-treatment
control group) did not receive an implant but did receive gelfoam over the injured spinal
cord. Mice were immediately provided post-operative antibiotics (enrofloxacin 2.5 mg kg1
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once a day for 2 weeks), analgesics (0.1 mg kg~ buprenorphine twice a day for 3 days), and
supportive hydration (1 mL 20 g~ lactated ringer solution once a day for 5 days). Bladders
were expressed twice daily until function recovered and staples were removed after 10 days.
Surgical controls were put in place to limit lesion size variance, including the order of the
incisions made to limit the effects of swelling to cut lines, measuring the distance between
the rostral and caudal cuts, and verifying the absence of bruising to the contralateral tissue.
Exclusion criteria include any deviations to the surgical controls, as well as any variance to
the recovery timeline, including an inability to ambulate by post-operative day 3. No mice
met these exclusion criteria for this study.

All mice received a second surgery 14 days after the primary injury. Protocols for anesthesia
and post-operative care were the same as described with the initial surgery. After anesthesia
induction, an incision in the skin was made, sutures in the muscle were removed, and any
remaining gelfoam was carefully removed from atop the spinal cord. Two injections of
EGFP* E14 spinal progenitors (2 UL of 150,000 cells in PBS — 300,000 cells/mouse) were
injected in the rostral-medial and caudal-lateral regions of the hydrogel implant using a 33G
10pL Hamilton syringe at a rate of 1 pL/minute. Cell transplants were separated into two
injections to limit high bolus cell densities that impact necrosis and inhibit cell proliferation
after transplantation.>® The locations were selected to ensure cell distribution along the
rostral-caudal and medial-lateral axes to avoid crowding and encourage migration. Gelfoam
was placed back over the injury, muscles were sutured, and wound clips applied. Mice were
euthanized and spinal cord segments (C4-6) were collected after 4 weeks (2 weeks after cell
transplantation). For each condition, n = 4-12 mice at each time point: n = 4 for histology at
week 4 (N=16) and n = 12 for ladder beam analysis (N=48).

2.5 Endogenous progenitor identification

Bromodeoxyuridine (BrdU) was used to identify proliferating cells in the first 7 days post-
SCI. Intraperitoneal injections of 50 mg/kg BrdU (Roche, Basel, Switzerland) were pulsed
every day for 7 days, allowing 7 additional days for unbound BrdU to wash out before
exogenous E14 spinal progenitors were implanted, as done by others.®0 In rodent injury
models, endogenous neural progenitor populations peak within the first 7 days after injury
and gradually decrease with time.%1 As such, a conservative estimate of 7 days post-SCI for
daily BrdU injections was chosen for labeling proliferating cells. Any cells that co-localized
with BrdU and neuronal lineage markers described below were considered to arise from
endogenous spinal progenitors giving rise to new cells along the neuronal lineage. Tissue
sections requiring BrdU identification were first denatured in 2N HCI for 1 hour at 37

°C followed by neutralization in 2 five minute rinses of 0.1M borate buffer to facilitate
antigen retrieval. Samples were incubated for 1 hour at room temperature in rat anti-BrdU
(1:200, Abcam, Cambridge, UK) antibody followed by appropriate fluorophore-conjugated
goat anti-rat secondary antibody before proceeding with additional immunohistochemistry
of specific cell phenotypes described below.

2.6 Immunohistochemistry

Isolated spinal cords were flash frozen, and then cryosectioned transversely in 12 pm
sections. Nine transverse sections chosen for immunohistochemistry analysis were evenly
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spaced across the rostral, middle, and caudal (3 sections per region) areas of the tubes

and averaged across each animal. In this way, comparisons between animals can be made
while also taking into consideration regional differences throughout the injury and tubes,

as previously reported.2” Samples were fixed, permeabilized (0.5% triton-X for 10 minutes)
and/or prepared with BrdU staining (described above) as necessary, and incubated overnight
at 4°C with primary antibodies. The following antibodies were used for primary detection:
rat anti-F4/80 (1:200, Abcam, Cambridge, United Kingdom), goat anti-arginase (1:100,
Santa Cruz, Dallas, TX, USA), rabbit anti-neurofilament-200 (1:200, Sigma), goat anti-
myelin basic protein (MBP; 1:500, Santa Cruz), chicken anti-P0 (1:250, Aves Labs, Tigard,
OR), chicken anti-GFP (1:200, Aves Labs), rabbit anti-GFAP (1:500, Thermo Scientific),
rabbit anti-Tuj1 (1:500, Sigma), and mouse anti-NeuN (1:500, Millipore), mouse anti-
Nestin (1:200, Millipore). Antibody clones are summarized in Table S1. Species-specific
fluorescent secondary antibodies were used for detection at 1:1000 (Life Technologies).
Hoechst 33342 (Life Technologies) was used as a counterstain in all tissue sections.
Immunostained tissue sections were imaged using an AxioObserver inverted fluorescent
microscope (Zeiss, Oberkochen, Germany) using a 10X dry objective.

Progenitor survival, proliferation, and fate: Immunohistochemistry was used

to verify no overlap between BrdU* and EGFP™ cell types. Subpopulations of

exogenous EGFP™ cells and endogenous BrdU* cells were counted manually by

two blinded researchers to evaluate progenitor-driven neurogenesis. The following cell
populations were quantified: exogenous progenitors (EGFP*BrdU~Nestin*), endogenous
progenitors (BrdU*EGFP~Nestin*), exogenous neuroblasts (EGFP*BrdU~Nestin*Tuj1%),
endogenous neuroblasts (BrdU*EGFP~Nestin*Tuj1"), exogenous early neurons
(EGFP*BrdU~Tuj1*Nestin™), endogenous early neurons (BrdU*EGFP~Tuj1*Nestin™),
exogenous neurons (EGFP*BrdU~NeuN™), and endogenous neurons (BrdU*EGFP~NeuN™).
Cells were quantified within the injury and normalized to the implant or injury (empty
control) area. Nine tissues evenly distributed throughout the rostrocaudal axis of the injury
were averaged for each animal.

Axon Density and Myelination: Semi-automated counting software, previously
described by McCreedy et al.%2, was used to quantify axons and the co-localization of
myelin with axons in transverse sections Briefly, the software was calibrated using manual
NF-200* (axons), NF-200"MBP* (myelinated axons), and NF-200*MBP*P0* (Schwann cell
myelinated axons) counts from a subset of transverse 10X images taken from different
animals and regions of the implant. The software then used a series of Hessian filters and
threshold functions within the bridge region to reduce noise for selected NF-200, MBP,

and PO images.52 The software then output total axon counts, as well as the myelinated

axon counts based on the curvilinear MBP co-localizing with axons with or without PO
co-localization; image acquisition and analysis was performed by investigators blinded to
treatment condition. ImageJ (NIH, Bethesda, MD, USA) was used to analyze all other
fluorescent images and define the bridge area. Nine tissues evenly distributed throughout the
rostrocaudal axis of the injury were averaged for each animal.
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2.7 Locomotor assessment

Horizontal ladder beam was used to evaluate mouse locomotor function and coordination
over a 4 week period post-SCl, as previously described for all conditions (N=48, 12 per
condition).83 Each of the 50 rungs were numbered and equally spaced along the length of
the beam with a dark enclosure containing bedding at the far end of the apparatus. An HD
Handycam camcorder (Sony, Tokyo, Japan) was used to record mouse ambulation across
ladderbeam. Mice were acclimated to the ladder beam over three sessions in the two weeks
preceding the initial surgery. Baseline scores were determined to separate animals in to equal
groups (tubes or gelfoam) prior to the initial surgery. Mice were evaluated on the ladder
beam every 2 weeks over the course of the experiment. The 2 week evaluation occurred
prior to the second surgery in which the mice received E14 spinal progenitors or vehicle
(PBS) injections. This was to allow researchers to separate animals in equal groups prior
to the addition of cell transplants. Observation and ladder beam scoring were performed by
two blinded observers for 3 trials per animal. Animals were scored by average forepaw full
placement on the ladder beam during the task.

2.8 Statistics

Data normality was assessed using a Shapiro-Wilk normality test with an a value of 0.05,
which determined parametric statistical tests were appropriate for our analyses. Multiple
comparison pairs were analyzed using a one-way or two-way ANOVA with Tukey post-hoc
test. All statistics test significance using an a value of 0.05. For all graphs, * denotes p

< 0.05 compared to SCI only and ~ denotes p < 0.05 compared to E14 spinal progenitors
only unless otherwise noted in the figure caption. ROUT tests were performed with a false
discovery rate of 1% to identify any outliers in data. All values are reported as mean +
standard error of the mean (SEM). Prism 7 (GraphPad Software, La Jolla, CA) software was
used for all data analysis.

3. Results

3.1 E14 spinal progenitors are viable and maintain Nestin* phenotype on PEG in vitro

E14 spinal progenitors were cultured on PEG hydrogels /n vitro as an initial assessment

to model their viability once they are later injected into tubes /n vivo. PEG hydrogels

have a demonstrated history of biocompatibility, and here we show that the E14 spinal
progenitors can attach to the surface of our PEG hydrogels. Cells were seeded on PEG
hydrogel discs functionalized with RGD adhesion peptide and uncoated tissue culture plastic
(TCP) as a control. Necrosis was assessed by staining for dead cells using EthD-1 one

day after seeding. Both the TCP (Figure 1A) and the PEG hydrogel (Figure 1B) exhibited
high viability (EGFP*EthD-1") of the seeded progenitors. Viability was 98.5 + 0.5% for

the TCP and 97.4 + 0.9% for the PEG hydrogel with no significant difference (p=0.2379)
between the two (Figure 1C). Additionally, migratory cell phenotypes were observed on the
hydrogels indicating the seeded cells are spreading along the surface. Nestin expression,
indicating uncommitted stem and progenitor phenotypes, was assessed one (Figure 1D, E)
and three days (Figure 1G, H) after seeding for both conditions. Total EGFP* cell density
was determined on Day 1 (51.4 + 3.4 and 33.8 + 5.0 cells/mm?2) and Day 3 (36.6 + 6.3 and
38.6 + 7.6 cellssmm?2) for TCP and PEG conditions, respectively (Figure 1F). Co-expression
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of Nestin with EGFP was assessed as a percent of total EGFP* cells. On Day 1 Nestin*

cells were 74.6 + 2.7% and 78.3 * 4.6% of the EGFP* cells for TCP and PEG, respectively.
On Day 3 Nestin* cells were 81.3 + 2.7% and 76.2 + 2.1% of the EGFP* cells for TCP

and PEG, respectively (Figure 11). No significant differences were observed across day or
condition for EGFP density (p=0.1963) or Nestin commitment (p=0.5338). Seeded cells that
were GFAP*Nestin™ and GFAP*Nestin~ were also quantified (Figure S1). There were no
significant differences across either condition or day for both cell types.

3.2 E14 spinal progenitor survival improves when injected into hydrogel tubes

Immediately following injury, five hydrogel tubes were implanted into the C5 lateral
hemisection injury. Each individual hydrogel tube was fabricated to have an inner diameter
of 250 um and an outer diameter of 600 um as shown imaged longitudinally (Figure

2A) and transversely (Figure 2B) where the white lines denote the inner lumen. Two

weeks after injury and tube implantation, mice received two injections of 150,000 EGFP*
E14 spinal progenitors. After another two weeks (4 weeks post-injury) spinal cords were
collected and evaluated histologically for survival of transplanted E14 spinal progenitors.
Conditions included in this study were tubes with (Tubes + E14) and without (Tubes)

E14 spinal progenitor delivery, E14 spinal progenitor delivery only (E14), and an injury
only control (SCI). EGFP™ cells were observed in both conditions receiving progenitor
transplants (Figure 2C-D). Mice receiving cells transplanted directly into the injury site had
on average 20.3 + 7.5 cells/mm? while those receiving cells transplanted into hydrogel tubes
had on average 44.1 + 3.8 cellssmm2, (Figure 2E). Similarly, an increase in average percent
survival of the 300,000 transplanted cells was observed in mice receiving tubes with E14
spinal progenitors (4.3%) as compared to the E14 spinal progenitor only condition (0.7%)
(Figure 2F).

3.3 Transplanted E14 spinal progenitor proliferation increases when delivered into tubes

Proliferating neuronal lineage cells in the injury region were classified into two categories:
endogenous and exogenous. Endogenous stem cells were identified through IP injections of
BrdU administered for 1 week following injury. After the 1 week of BrdU administration,

a 1 week buffer time served to ensure any unbound BrdU was excreted prior to exogenous
transplant delivery.54 At two weeks, exogenous E14 spinal progenitors were transplanted
into two sites in the integrated tubes (Figure 3A). Staining for Nestin* progenitors was
performed on tissue isolated at 4 weeks (Figure 3B), and co-localization of Nestin™ cells
with either BrdU (Figure 3C) or EGFP (Figure 3E) and DAPI (Figure 3F) was used

to determine the endogenous or exogenous source of neural progenitors, respectively.
Overlays of Nestin staining showed no overlap between EGFP* and BrdU* progenitors
(Figure 3H, 1, J). Exogenous EGFP*Nestin* E14 spinal progenitors had a significantly
(p=0.028) higher density (5.3 + 1.4 cells/mm?2) when transplanted into tubes compared to
direct transplantation (1.1 + 0.3 cells/mm?) into the injury site (Figure 3D). Endogenous
progenitors were present throughout all conditions, including those absent of exogenous cell
transplants. No significant differences (p=0.144) were observed between SCI only (11.9 +
2.5 cells/mm?2), E14 only (18.1 + 2.6 cells/mm?), Tubes (13.7 + 1.4 cells/mm?), and Tubes +
E14 (9.2 + 2.8 cellssmm?) conditions (Figure 3G).
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3.4 Transplanted E14 spinal progenitors commit to a neuronal lineage

Progenitor fate along the neuronal lineage was characterized for both exogenous and
endogenous populations in the injury region. Progenitor source was identified by EGFP*
(exogenous) or BrdU* (endogenous) colocalization with neuronal markers as described
previously, and early commitment to the neuronal lineage was assessed with Nestin and
Tujl. Nestin®Tuj1* neuroblasts and Tuj1*Nestin~ early neurons were observed in both
exogenous (Figure 4A) and endogenous (Figure 4D) cell populations. In the exogenous
group, no significant difference was present between E14 spinal progenitor delivery with and
without tubes for neuroblast density (Figure 4B); however, a significantly higher density of
early neurons was present in the injury site when transplanted into tubes (Figure 4C). The
combined neuronal lineage committed (early neurons and neuroblasts) accounted for 8.0 +
5.1% of transplanted cells, while 7.6 + 0.9% remained uncommitted (Nestin*Tuj~) when
progenitors were delivered with the tubes. The endogenous group exhibited no significant
differences across any of the conditions in neuroblast (Figure 4E) or early neuron (Figure
4F) densities. More mature NeuN* neurons were also observed to arise from both progenitor
sources (Figure 4G), albeit in lower densities than early neurons and neuroblasts. The
exogenous progenitors had a significantly greater density (1.5 + 0.5 cells/mm?2) when
transplanted directly into tubes compared to transplantation directly into the injury (0 +

0 cells/mm?) (Figure 4H). No difference in newly formed endogenous NeuN™ cells was
observed across conditions (Figure 41).

3.5 Hydrogel tubes facilitate improved early axon elongation and remyelination

At 4 weeks post-injury, all conditions were evaluated histologically for axon elongation
through the injury site, in addition to their corresponding myelination (Figure 5A-D).
NF-200* axons were observed in transverse sections along the length of the injury for all
conditions. Mice receiving tubes either with (158 + 14 axons/mm?) or without (182 + 11
axons/mm?2) E14 spinal progenitors exhibited a robust increase in axon density compared to
the E14 spinal progenitors only (115 + 5 axons/mm?2) and SCI only (69 + 8 axons/mm?)
control conditions. Additionally, E14 spinal progenitors exhibited a moderate increase in
axon density compared to injury control only (Figure 5E).

Regenerated axons were further characterized by assessing the extent and source of their
myelination. A significant increase in NF-200"MBP* myelinated axon density was observed
in animals receiving tubes alone and tubes with E14 spinal progenitors compared to E14
spinal progenitors only and SCI controls (Figure 5F). Tubes with E14 spinal progenitors had
21 + 4 myelinated axons/mm? while tubes alone had 25 + 4 myelinated axons/mm2, whereas
the E14 spinal progenitors only and SCI only had 8 + 0.6 myelinated axons/mm? and 8

+ 1 myelinated axons/mm2, respectively. Myelination source of NF-200*MBP™* axons was
characterized by staining for PO* Schwann cell derived myelin and calculated as a percent of
total myelinated axons. A significantly higher percent of axons was myelinated by Schwann
cells in tubes with E14 spinal progenitors (77 + 3%) and tubes alone (68 + 7%) compared to
E14 spinal progenitors (49 + 5%) and SCI only (45 + 0.3%) (Figure 5G).
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3.6 Functional recovery improves over time following implantation and transplantation

Functional recovery of the animals was tested using a horizontal ladder beam test to assess
ipsilateral forelimb function and coordination. All animals were trained to walk across

the beam prior to injury, and their return to function was assessed over 4 weeks. The
average number of successful steps increased for all conditions over the testing period
(Figure 6). At 4 weeks post-injury, all experimental conditions had significantly more
placements on average compared to the injury only control demonstrating the biomaterial
implant and transplanted progenitors independently support regeneration, however, additive
functional recovery beyond that achieved with each condition alone was not observed over
this recovery period.

4. Discussion

In this work, we expanded the functionality of our axonal growth guidance PEG hydrogel
tubes to additionally serve as an implanted substrate for delayed stem cell transplantation.
The tubes alone promote endogenous repair mechanisms, leading to an inflammatory shift
and thus a more pro-regenerative microenvironment post-SCI.52 They also can modulate
the host response to create a pro-regenerative environment for stem cell injection. Neural
stem cells have the potential to improve regeneration leading to improved functional
recovery through endogenous cell replacement, neurotrophin and proteoglycan release,
and immunomodulatory cytokine recruitment, but that potential is limited greatly by their
survival post-transplantation.> While the immune system attempts to clear the injury site
of damaged neurons and glia, cell transplants are exposed to cytotoxic cytokines leading to
their poor survival and diminished returns on function. Implantation of the hydrogel tubes
into the injured spinal cord can mitigate this response and improve progenitor transplant
survival. To demonstrate the feasibility of this system, we implanted tubes immediately
following a cervical hemisection injury into the created lesion. Upon implantation, they
integrated with surrounding tissue and shifted the host response while promoting repair
for two weeks. After the two weeks of microenvironment remediation by the tubes, E14
spinal progenitors were injected directly into the integrated tubes that then also served as a
privileged injection site for cell transplantation. Through this combination therapy, we were
able to develop a tunable system for cell transplantation that has the potential to further
enhance recovery post-SCI.

Biomaterials provide structural support and physical attachment sites for progenitor cell
transplantation, leading to improved survival and tissue regeneration.30: 46. 66-69 Rigid
scaffolds and hydrogels both provide support for transplanted cells, mitigating cell death
attributed to anoikis during bolus cell injections. Additionally, biomaterials can limit
necrosis associated with injection techniques as cells are loaded onto rigid scaffolds prior
to implantation,2”- 70. 71 or, in the case of hydrogels, the cell membranes are protected from
shear forces by the biomaterial.”2: 73 These protective strategies can be engineered into a
number of biomaterial vehicles, however, the ability of the material to guide the regeneration
process should also be considered. Highly porous, multichannel poly(lactide-co-glycolide)
(PLG) bridges, previously be used to deliver spinal progenitor cells,?? are formed into a
rigid structure with longitudinal channels that provide directional guidance cues for axonal
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regrowth through the scaffold. Similarly, electrospun poly e-caprolactone scaffolds can be
used to directionally orient tissue growth post-SCI and cultured with stem cells.”? In both
cases, improved regeneration was observed, but the mechanical properties of the scaffolds
and their inability to mold to unique injury anatomy limit translatability. Conversely,
hydrogel vehicles for cell delivery better match native tissue mechanical properties, and once
in the injury site, can conform to injury anatomy. Stem cells can be suspended in hydrogels
prior to injection, and the combination can be delivered simultaneously.*3 44 Mothe et al.
used a hyaluronan and methyl cellulose based hydrogel blend suspended with neural stem
cells and injected them into a rat contusion injury. Their hydrogel blend improved survival
compared to the neural stem cells delivered in culture media alone, and the blend reduced
cavitation observed in control conditions.3 An added benefit of delivering stem cells
suspended in a hydrogel is their protection offered against shear forces typically exerted

on the stem cells when injecting. Cai et al. developed a shear-thinning hydrogel (SHIELD)
that significantly improved adipose stem cell transplant survival’2 and was later applied to
Schwann cell transplantation for SCI therapy.”3 While the mechanical, injury-shaping, and
shear stress protecting properties of hydrogel-based delivery mechanisms are advantageous,
they lack the directional cues seen with rigid polymer implants that are important for the
directional regrowth in the spinal cord. Our system presently does not co-deliver our cell
transplants within a hydrogel, as suggested above, as we chose to focus on providing a
platform to remediate the transplantation environment prior to cell transplantation instead
protective strategies during transplantation. To do this, we combine the mechanical and
injury-matching properties of soft hydrogels with the directionality seen in rigid polymers.
To do this, we use PEG hydrogel tubes with a compressive modulus (12.5 kPa) in the
range of the spared spinal cord (1-300 kPa) surrounding the lesion.52 Unlike rigid polymer
scaffolds, our hydrogel tube system is a composite of multiple individual units making it
modular, rather than a single implant structure that is the basis of traditional preformed
scaffolds. Our modular tube system is soft enough to be cut and combined to fit various
patient injury anatomies, while the lumens of the tubes direct tissue regrowth, providing a
defined path that is absent with traditional hydrogel scaffolds. Furthermore, drying the tubes
prior to implantation leads to tube swelling upon implantation, resulting in an improved

fit to injury anatomy as opposed to a rigid implant that will not change shape once /n

vivo. Importantly, the tubes also provide a soft substrate for the direct, minimally invasive
injection of exogenous stem cells into the injury allowing for control over the location of
transplantation which is crucial for engraftment.

Many biomaterial strategies have been designed to protect stem cell transplants during
delivery to improve post-transplant survival and stem cell-mediated regeneration. PLG
bridges cultured with E14 spinal progenitors had a survival of ~5% at 1 week post-
transplantation, but this dropped precipitously over time to 0.3% at 8 weeks and eventually
0% at the final 6 month timepoint.2” The hyaluronan-based blend was delivered 9 days
after initial injury and exhibited approximately a 1.2% survival 1 week post-transplantation
that dropped to 0.05% at 8 weeks.30 Schwann cell-containing SHIELD hydrogels were
injected 14 days after injury and their survival was assessed at 2 days and 4 weeks
post-transplantation. An overall survival percent was not presented in this study at these
timepoints, but a marked increase compared to stem cells delivered in saline only was
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observed.” These strategies, however, offer little control over when the stem cells are
delivered to the injury site relative to the biomaterial, as they either have to be cultured

on the scaffolds or encapsulated in the hydrogel solution prior to implantation. By making
stem cell delivery dependent on biomaterial delivery, there is no opportunity to address
other barriers to stem cell survival or regeneration. One such barrier is the inflammation
associated with immune cell infiltration and glial scar formation leading to poor transplant
survival and engraftment. Many biomaterials, including the PLG bridges previously used
to delivery spinal progenitors, have demonstrated immune and glial modulation properties
in numerous rodent models,27: 54 74-76 however, their ability to confer this protection to
cell transplants is limited when delivered simultaneously. Delaying the transplant survival,
as opposed to implanting a cell-biomaterial composite immediately after injury, opens the
opportunity to modulate the immune response prior to cell injection leading to an improved
chance of survival and regeneration. Delaying stem cell transplantation to overcome
inflammation is not a novel concept, as stem cell therapies without biomaterials have

relied on this technique to improve initial stem cell survival.3” However, what is novel,

is to combine delayed administration strategies with a biomaterial known to remediate the
inflammatory injury milieu to create a more hospitable transplant site. For this study, we
delayed our transplant delivery to 2 weeks post-tube implantation, and survival was assessed
2 weeks post-transplantation (4 weeks post-tube implantation) at the injury site. Transplant
survival was 4.3% when injected into tubes, similar to the PLG bridges and significantly
greater than the hyaluronan hydrogels despite assessment a week later,2”: 30 when cell
survival would have continued to decrease. It is possible that survival is under-reported

due to cell survival, however, neural progenitor cells do not migrate extensively in vivo,%?
especially not by our 2 week quantification timepoint. Furthermore, we did not observe any
migration of our transplanted progenitors into the contralateral tissue when we quantified
surviving cell densities. The delayed injection allowed the tubes to begin to shift the

injury paradigm prior to implantation and thus facilitated survival and improved transplant
longevity demonstrating a combinatorial benefit of this platform beyond that observed with
strategies developing biomaterials as a delivery vehicle.

In addition to survival, the tubes aided in increasing the neuronal lineage commitment

of the transplanted cells. One possible explanation of the neuronal increase is that the
tubes provided improved microenvironment control, resulting in a decreased presence of
inflammatory cytokines. Numerous pro-inflammatory cytokines have been linked with SCI
and other central nervous system diseases.”® The increased expression of TNFa., IL-6,

and IL-1 is known to limit neurogenesis.& In particular, IL-6 has been shown to cause
neural stem cells to preferentially differentiate along astroglial lineages, limiting their
neurogenic potential 81-83 The increased presence of cells committed to the neuronal lineage
and the demonstrated ability of the tubes to resolve transient increases of IL-6-producing
inflammatory cells in previous studies,52 suggests that the tubes can be used as a transplant
site for progenitor cells that is supportive of neurogenesis through inflammatory cytokine
remediation. Because this was a proof-of-concept study for determining the feasibility

of transplanting cells into our tubes, we did not characterize the observed cytokine

profile pre- and post-implantation of the tubes. Moving forward, RT-PCR experiments
could be performed to identify cytokine presence as a function of tube implantation.
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With that information, we could better optimize cell delivery time to match with
downregulation of pro-inflammatory cytokines. Furthermore, future studies could further
leverage biomaterial-mediated regulation of the microenvironment through the controlled
release of anti-inflammatory cytokines and neurotrophic factors from the tubes. Previous
lentiviral-mediated overexpression of anti-inflammatory and neurotrophic factors from PLG
bridges have shown regenerative improvements,84-86 and their delivery can be applied to
these tubes.

While transplanted progenitors were mostly neuronal committed, approximately 7.6%
remained uncommitted at the early 2 week assessment point. From a differentiation timeline
standpoint, this is expected as neural progenitor neuronal commitment takes approximately
two weeks of differentiation /n vivo, so it would be expected that exactly at 2 weeks

there would remain some uncommitted cells.8” Zahir et al. implanted subepyndymal
region-isolated neural stem/progenitor-coated tubes into a T8 transection and evaluated
differentiation after 5 weeks, at which point they observed 18.3% of their cells remained
Nestin™ and uncommitted to the neuron, astrocyte, and oligodendrocyte markers they
selected.88 Additionally, neural progenitor cells can serve roles beyond solely repopulating
lost or damaged cells post-SCI. They have the potential to mediate regulatory functions
important for limiting secondary injury in the spinal cord. These include limiting glial
scarring and increasing remyelination of newly formed axons.*’ Moreover, they can actively
promote regeneration through release of numerous neurotrophic factors, growth factors,

and extracellular proteins.18: 17 |t should be noted, that we anticipate a large portion of
exogenous and endogenous cells give rise to astrocytes, which can immunostain positive for
Nestin and may account for a subset of these seemingly uncommitted cells. However, further
evaluation of these cells with GFAP would not bring additional closure to this possibility, as
progenitor cells of the central nervous system and astrocytes are both known to co-express
Nestin and GFAP. 77. 78

Infiltration of endogenous stem cells and their neuronal lineage commitment were also
evaluated by labeling proliferating cells with BrdU for 7 days post-SCI and identifying
localization with neuronal lineage markers. It is likely that endogenous stem cells entering
the injury will differentiate along an astroglial lineage, as there is a degree of overlap in cell
markers at this stage. With that in mind, we decided to focus on cell phenotypes associated
with neurogenesis rather than astrocytes. This also allowed us to assume that BrdU*

cells co-staining with our markers were from endogenous progenitor pools. Activation

of these endogenous stem cells could potentially further enhance recovery post-SCI, but
there has been significant debate as to whether endogenous neurogenesis is possible after
SCI. Through the use of a neurotrophin-loaded chitosan tube Yang et al. have shown that
newly formed endogenous neurons can be observed.89 Similarly, Liu et al. fabricated a self-
assembling peptide nanofiber hydrogel loaded with growth factor cocktail that demonstrated
endogenous neurogenesis corresponding to significant increases in functional recovery
beginning six weeks after implantation.8% While we observed newly formed neurons from
an endogenous source after SCI using similar techniques, no significant differences were
observed across conditions for any of the quantified cell populations along the neuronal
linage at 4 weeks post-injury. It is possible that our endogenous progenitor identification
provided an underestimate, but we chose to stop labeling after 7 days as endogenous
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neural progenitors typically peak in rodent models within the first 7 days post-SCI.60. 61
Furthermore, this provided ample time for excess BrdU to wash out, preventing any overlap
in labeling with our exogenous transplants. Both of the cited studies that did observe
increased endogenous neurogenesis used therapeutic-loaded biomaterials in their injury
repair models. Our study did not incorporate any therapeutics into our tubes, but in future
experiments neurotrophic delivery from the tubes will be utilized for their potential for
enhancing endogenous neurogenesis.

For this work, a cervical lateral hemisection was employed rather than the thoracic
hemisection model reported previously,>2 which was done to increase translatability as
cervical SCI has a higher incidence than thoracic SCI.9%: 91 In the previous thoracic

model, the macroporous tubes provided guidance cues through the injured region for new
axons and supported remyelination of these newly formed axons.52 The findings from this
study are consistent with previous axon elongation and remyelination results demonstrating
repeatability across different SCI models. Mice receiving tubes, either with or without

E14 spinal progenitors, had a significant increase in axon density and myelinated axon
density compared to the E14 spinal progenitor only and SCI only controls at 4 weeks post-
implantation. Ladder beam scores between mice receiving tubes with E14 spinal progenitors
and tubes only did not vary significantly from each other, and by 4 weeks they both had a
significant increase in stepping compared to the injury only control. The combination of the
histological and functional data presented here strongly suggests that the transplantation did
not have an adverse effect on the regenerative abilities of the tubes, nor were the benefits

of the progenitors and tubes additive at the time points evaluated. Much of the regeneration
process, including sparing, plasticity, and axon growth, may have initiated immediately
after tube implantation. Thus, most of the effects observed would be a direct result of

tube implantation, as the stem cells were not implanted until halfway through the recovery
period. This delay, while crucial for survival, may have dampened the discernible effect of
the transplanted cells as regeneration was tube-dominated. Shortening the delay window by
mitigating the inflammatory response quicker and delivering stem cells earlier could allow
them to have a significant impact early on. It is also possible that synergistic effects between
the tubes and stem cells could be observed at later timepoints that would quantified through
histological and functional assessments. Notably, the increased survival and durability of the
progenitors reported in this study will be instrumental in enabling synergistic improvements
at later time points.

5. Conclusion

Biomaterial and exogenous stem cell combination strategies have previously shown initial
success in improving cell transplant survival. With previously used strategies, a lack

of control over the delivery timeline of stem cells independent from the biomaterial
implantation limited the flexibility of transplant strategies. These biomaterial conduits must
modulate the surrounding environment at the same time as delivering stem cells, resulting
in transplanted cells entering an inhospitable microenvironment. The major advance of this
work provides an alternative strategy, where initially implanting a soft hydrogel created a
more permissive injection site for a delayed cell transplantation. The hydrogel served as a
soft substrate for a minimally invasive injection of E14 spinal progenitors into the injury.
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To our knowledge, this work is the first to demonstrate a step-wise combinatorial approach
using progenitor cells and biomaterials for SCI to enhance progenitor cell survival.
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Fig. 1.
E14 spinal progenitors have high viability and Nestin expression when cultured on

fabricated PEG hydrogels. Cell viability on Day 1 was determined by seeding EGFP*
E14 spinal progenitors (green) on TCP (A) and PEG (B) and viability was assessed

using ethidium homodimer-1 (red, A and B, denoted by *) for dead cells. Migratory cell
phenotypes (denoted by *) were observed in both conditions. Quantitatively, viability was
assessed as a percent of live cells out of total cells present (C). Nestin* (red, D-H) EGFP*
cells were observed in both conditions on Days 1 (D, E) and 3 (G, H) after seeding.
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Total EGFP* density (F) and Nestin expression (1) as a percent of EGFP™ cells were
assessed. No significant differences were observed for viability, EGFP* density, or Nestin
expressioncommitment. n=6-8, 50 um scale bars.
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Fig. 2.
Delayed transplantation of EGFP™ spinal progenitors directly into tubes 2 weeks post-injury

improves survival. Five hydrogel tubes were implanted directly after lateral C5 hemisection
injury. A sample tube shown imaged longitudinally (A) and transversely (B). EGFP* spinal
progenitors were transplanted 2 weeks post-injury into the injury site alone (C) or into tubes
at the injury (D) and imaged in transverse sections at 4 weeks post-injury. Quantitatively,
survival was assessed 4 weeks post-injury (2 weeks post-transplantation), and an increase

in cell density (E) and survival (F) from total transplanted population indicates improved
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survival for spinal progenitors with a delayed injection into tubes. Data are presented as
mean + SEM. n=4 per condition, " p<0.05, 50 um scale bars.
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Fig. 3.
Experimental timeline detailed with surgical interventions, BrdU injections, and functional

testing timepoints (A). Immunofluorescent staining for Nestin* (B), BrdU™ (C), EGFP*
(E) cells to identify progenitor populations with DAPI (F) as a nuclear stain.

Identified progenitors (Nestin®, red) were classified in two groups as either endogenous
(BrdU*Nestin™, denoted by 1) or exogenous (EGFP* Nestin*, denoted by *) with no
observed overlap between groups (H, I, J). Quantitatively, tubes with transplanted spinal
progenitors had an increase in exogenous progenitor density (D) while there was no
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significant difference in endogenous progenitor density across conditions (G). n=4 per
condition, * p<0.05, 200 um scale bars (B, C, E, F, H) 10 um scale bars (I, J). Representative
sample for Tubes + E14 condition shown.
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Fig. 4.
Endogenous and exogenous progenitors differentiate along a neuronal cell lineage.

Exogenous cells (grey, A) differentiation in to neuroblasts (Nestin*Tuj1*|red*green™, yellow
arrow) or immature neurons (Tuj1*Nestin~|green only, green arrow) was assessed by
immunofluorescence. No significant difference was observed for exogenously derived
neuroblasts (B), but exogenously derived immature neurons were increased when spinal
progenitors were delivered in the tubes compared to cell only condition (C). Similarly,
endogenous progenitors identified with BrdU (grey, D) were evaluated for neuroblasts
(Nestin*Tuj1*|red*green*, yellow arrow) or immature neurons (Tuj1*Nestin~|green only,
green arrow). No significant difference across conditions were observed for endogenous
neuroblasts (E) or endogenous immature neuron formation (F). Mature NeuN* neurons
(grey, G) were also observed to arise from both exogenous (EGFP, green, green arrow) and
endogenous (BrdU, red, pink arrow) cells. Exogenous transplants had a significantly greater
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density of mature neurons when delivered into tubes (H) while endogenous progenitors
exhibited no differences in conditions (I). n=4 per condition, * p<0.05, 50 um scale bars.
Representative samples for Tubes + E14 condition shown.
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Fig. 5.

Tugbe implants facilitate axon formation and myelination with spinal progenitors at 4 weeks
post-injury. Axon expression (NF-200%, red) and myelination (MBP*, green) is qualitatively
greater in all conditions compared to SCI control (A) and E14 alone (C). Quantitatively,
Tubes alone (B) and Tubes+E14 (D) had a significant increase in axon density (E) and
myelinated axon (denoted by *) density (F) over SCI and E14 only controls while E14 only
had a significant increase in axon density over SCI only. Myelination source was quantified
(G) with tubes and Tubes+E14 having a significantly greater number of axons myelinated
from Schwann cells (MBP*P0*, green and blue). Data are represented as mean + SEM. n=4
animals per condition, * p<0.05 (compared to SCI), * p<0.05 (compared to E14 only), 50
um scale bars.
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Fig. 6.

Imgproved forelimb stepping was observed compared to injury only controls. To assess
mobility, a horizontal ladder beam test was used. Mice were trained on walking across

the ladder prior to injury. Mobility was assessed through successful placements as a score
out of 50 possible rungs. At 4 weeks post-injury Tubes+E14 (a, p<0.01), E14 alone (b,
p<0.001), and Tubes alone (c, p<0.05) exhibited improved stepping compared to the injury
only control. n=12 per condition.
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