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ORIGINAL ARTICLE

Polycistronic Delivery of IL-10 and NT-3 Promotes
Oligodendrocyte Myelination and Functional Recovery
in a Mouse Spinal Cord Injury Model

Dominique R. Smith, PhD,' Courtney M. Dumont, PhD,~® Jonghyuck Park, PhD,*® Andrew J. Ciciriello, MS,?
Amina Guo, BS,' Ravindra Tatineni, BS,' Brian J. Cummings, PhD°°
Aileen J. Anderson, PhD®® and Lonnie D. Shea, PhD™'°

One million estimated cases of spinal cord injury (SCI) have been reported in the United States and repairing
an injury has constituted a difficult clinical challenge. The complex, dynamic, inhibitory microenvironment
postinjury, which is characterized by proinflammatory signaling from invading leukocytes and lack of suf-
ficient factors that promote axonal survival and elongation, limits regeneration. Herein, we investigated the
delivery of polycistronic vectors, which have the potential to coexpress factors that target distinct barriers to
regeneration, from a multiple channel poly(lactide-co-glycolide) (PLG) bridge to enhance spinal cord re-
generation. In this study, we investigated polycistronic delivery of IL-10 that targets proinflammatory sig-
naling, and NT-3 that targets axonal survival and elongation. A significant increase was observed in the
density of regenerative macrophages for IL-10+NT-3 condition relative to conditions without IL-10. Fur-
thermore, combined delivery of IL-10+NT-3 produced a significant increase of axonal density and notably
myelinated axons compared with all other conditions. A significant increase in functional recovery was
observed for IL-10+NT-3 delivery at 12 weeks postinjury that was positively correlated to oligodendrocyte
myelinated axon density, suggesting oligodendrocyte-mediated myelination as an important target to improve
functional recovery. These results further support the use of multiple channel PLG bridges as a growth
supportive substrate and platform to deliver bioactive agents to modulate the SCI microenvironment and
promote regeneration and functional recovery.

Keywords: spinal cord injury, biomaterial, gene therapy, axon elongation, axon myelination

Impact Statement

Spinal cord injury (SCI) results in a complex microenvironment that contains multiple barriers to regeneration and func-
tional recovery. Multiple factors are necessary to address these barriers to regeneration, and polycistronic lentiviral gene
therapy represents a strategy to locally express multiple factors simultaneously. A bicistronic vector encoding IL-10 and
NT-3 was delivered from a poly(lactide-co-glycolide) bridge, which provides structural support that guides regeneration,
resulting in increased axonal growth, myelination, and subsequent functional recovery. These results demonstrate the
opportunity of targeting multiple barriers to SCI regeneration for additive effects.

'Department of Biomedical Engineering, University of Michigan, Ann Arbor, Michigan.
Department of Biomedical Engineering, University of Miami, Coral Gables, Florida.
*Biomedical Nanotechnology Institute at University of Miami (BioNIUM), University of Miami, Miami, Florida.
“Department of Pharmaceutical Sciences, College of Pharmacy, University of Kentucky, Lexington, Kentucky.
SSpinal Cord and Brain Injury Research Center, University of Kentucky, Lexington, Kentucky.
SInstitute for Memory Impairments and Neurological Disorders (iMIND), University of California, Irvine, California.
7Sue and Bill Gross Stem Cell Research Center, University of California, Irvine, California.
Departments of ®Anatomy and Neurobiology and *Physical Medicine and Rehabilitation, University of California, Irvine, California.
'Department of Chemical Engineering, University of Michigan, Ann Arbor, Michigan.

672



POLYCISTRONIC DELIVERY OF IL-10 AND NT-3
Introduction

EARLY 17,000 ESTIMATED CASES of spinal cord injury

(SCI) occur in the United States each year and repairing
an injury to the spinal cord has constituted difficult clini-
cal challenges.' Although the spinal cord has some inherent
ability to regenerate, the environment that develops post-SCI
lacks sufficient factors that promote regeneration and has an
abundance of factors that inhibit regeneration. Biomaterial
bridges are among strategies to overcome some aspects of the
inhibition.”® We have developed multichannel poly(lactide-
co-glycolide) (PLG) bridges that support axonal growth and
myelination, along with functional recovery. Bridges have an
interconnected pore structure that allows infiltration of en-
dogenous cell populations and channels that direct axonal
growth into and through the lesion. These bridges are biode-
gradable and are ultimately replaced by native tissue. We have
demonstrated that bridge implantation alone supports some
regeneration, yet are insufficient because of complex, dy-
namic, inhibitory microenvironment.>*

The inhibitory environment consists of multiple barriers
to nerve regeneration, most notably proinflammatory sig-
naling from invading immune cells and lack of sufficient
factors that promote axonal survival and elongation.’
Analysis of this environment has led to the discovery of the
cytokine/neurotrophin axis in axon growth. Cytokines (IL-10,
IL-4, IL-6) released by invading macrophages can influence
the expression of neurotrophins (NT-3, NT-4, nerve growth
factor [NGF]) and their receptors.'® Macrophages invade
the lesion and contribute to both injury and repair.'' Mac-
rophages exist on a spectrum of activation states ranging
from proinflammatory to proregenerative.'*'> Proregenerative
macrophages present enhanced phagocytosis capabilities.'*'
and can promote tissue regeneration.'' The proinflammatory/
proregenerative ratio can exg)edite or drastically reduce axonal
growth into the lesion site.'® Combinations of interleukins and
neurotrophins have been shown to promote or inhibit neurite
extension in vitro, although the ability to locally deliver
combinations of factors has limited the in vivo translation.'®!”

Traditional strategies for localized delivery of factors to
augment the microenvironment involve osmotic pumps that
can clog and require surgery for removal or direct injec-
tion of factors that are rapidly cleared and lead to off-target
effects.'®2° Furthermore, cell therapy strategies, such as
Schwann cells, olfactory ensheathing cells, or neural stem
cells, have limited cell survival and engraftment and may
require immunosuppression. In addition to providing struc-
tural support for regenerating tissue, our bridges are also
capable of long-term, localized transgene expression of
lentivirus. Previously, single viral vectors have been deliv-
ered with positive results, but the multiple barriers to re-
generation must be addressed simultaneously to create
holistic treatments for SCI. Delivering multiple lentiviruses
may result in inactivation or increased immunogenicity.
Nonviral strategies, such as naked DNA or lipofection, have
a lower efficiency, whereas other viral strategies would lead
to distinct expression patterns. These limitations suggest we
need an effective way to delivery multiple factors without
increased concentrations of lentivirus.

In this study, we investigated polycistronic vectors for co-
expression of NT-3 and IL-10 using PLG bridges after acute
SCI. Polycistronic vectors negate the limitations of single
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lentiviral vectors by encoding coexpression of multiple
genes by adding “‘self-cleaving” 2A peptide sites between
genes. 2A peptides can lead to high levels of downstream
protein expression compared with other strategies for mul-
tigene coexpression and are small enough to not negatively
interfere with the function of the coexpressed genes.”! IL-10
can alter the phenotype of invading macrophages toward
a proregenerative g)henotype and lead to improved spinal
cord regeneration,”** whereas NT-3 expression can pro-
mote neuron survival and axonal f:longation.'9 Herein, we
investigated the potential for coexpression to influence
macrophage phenotypes, axonal elongation and myelina-
tion, and source of the myelination at 12 weeks postinjury,
with subsequent studies assessing the functional benefits of
codelivery. This research builds upon the success of the
multiple channel PLG bridges by delivering multiple gene
factors that target distinct barriers to regeneration to eluci-
date synergistic relationships.

Materials and Methods
Virus production and validation

Lentivirus was produced as previously described.” In
brief, HEK-293FT cells (80-90% confluent; American Type
Culture Collection (ATCC), Manassas, VA) were trans-
fected with third-generation lentiviral packaging vectors and
pLenti-CMV-Luciferase, pLenti-CMV-hNT3, pLenti-CMV-
hIL10, or pLenti-CMV-hIL10/NT3. Plasmids were incu-
bated in OptiMEM (Life Technologies, Carlsbad, CA) with
Lipofectamine 2000 (Life Technologies) and then added to
cells. After 48 h the supernatant was centrifuged to remove
and then incubated with PEG-It (System Biosciences, Palo
Alto, CA). Virus was centrifuged, supernatant was removed,
and the pellet was resuspended in sterile phosphate-buffered
saline (Life Technologies). Virus aliquots were frozen at
—80°C until use. Viral titers used throughout the study were
2E9 IU/mL as determined by the Lentivirus qPCR Titer Kit
(Applied Biological Materials, Richmond, BC, Canada).

Fabrication of multichannel bridges

Bridﬁes were fabricated using a sacrificial template var-
iation’* of the gas foaming/?articulate leaching technique,
as previously described.'®* In brief, PLG (75:25 lacti-
de:glycolide; i.v. 0.70-0.90 dL/g; Lactel, Birmingham, AL)
was dissolved in dichloromethane (6% w/w) and emulsified
in 1% poly (vinyl-alcohol) using a homogenizer (PolyTron
3100; Kinematica AG, Littau, Switzerland) to create mi-
crospheres (z-average diameter ~ 1 pm). D-sucrose (Sigma-
Aldrich), Dp-glucose (Sigma-Aldrich), and dextran MW
100,000 (Sigma-Aldrich) were mixed at a ratio of 5.3:2.5:1,
respectively, by mass. The mixture was caramelized, cooled,
and drawn from solution with a Pasteur pipette to make
sugar fibers. Fibers were drawn to 150-250 um, coated with
a 1:1 mixture of PLG microspheres and salt (63—106 um),
and pressed into a salt-lined aluminum mold. The sugar
strands were used to create nine channels and the salt cre-
ated a porous structure. The materials were then equilibrated
with CO, gas at 800 psi in a custom-made pressure vessel.
Bridges were cut into 1.15 mm sections and leached to re-
move salt porogen. The bridges were stored in a desiccator
until use.
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Virus loading into bridges

Bridges were disinfected in 70% ethanol and washed with
sterile water. Bridges were then saturated with 2 puL of virus.
After 2 min of incubation, sterile filter paper was touched to
the surface of the bridge to remove excess moisture. This
process was repeated with another 2 pL of virus. The bridges
were stored on ice until use. Bridges were used within 3 h of
coating with lentivirus to preserve viral activity. Lentivirus
loading conditions included NT-3, IL-10, and IL-10+NT-3.

Mouse spinal cord hemisection

All animal procedures were approved and in accordance
with the Institutional Animal Care and Use Committee at
the University of Michigan. A hemisection model of SCI
was performed on female C57BL/6 mice (6-8 weeks old,
total N=60; Jackson Laboratories, Bar Harbor, ME) as
previously described.” After administration of bupivacaine
(0.8 mL/kg), a laminectomy was performed at C5 to allow
for a 1.15mm lateral hemisection on the left side of the
spinal cord for bridge implantation. The C5 lateral hemi-
section causes deficits in the left forelimb function. The
injury site was covered using Gelfoam (Pfizer, New York,
NY) followed by suturing together of the muscle and sta-
pling of skin. Postoperative care consisted of administration
of enrofloxacin (2.5 mg/kg; daily for 2 weeks), buprenor-
phine (0.1 mg/kg; twice daily for 3 days), and lactated
Ringer’s solution (5 mL/100g; daily for 5 days). Bladders
were expressed twice daily until function recovered. No
mice were lost using this injury model.

Western blot

Spinal cord tissues (n=4/group, total N=12) were col-
lected at 2 weeks postinjury (wpi) and lysed with RIPA
buffer (Thermo Fisher, Waltham, MA) supplemented with
Halt Protease Inhibitor Cocktail (Thermo Fisher). The lysate
was then sonicated and centrifuged. The supernatant was
added with 2 xLammeli buffer (Biorad, Hercules, CA) and
boiled for Smin at 95°C. Samples were run on a 4-15%
gradient sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel (BioRad) and proteins were
transferred to 0.45pum nitrocellulose membranes. After
blocking with BLOK Casein (G-Biosciences, St. Louis,
MO), proteins were probed with primary antibodies against
rabbit anti-IL-10 (Abcam, Cambridge, United Kingdom),
rabbit anti-NT3 (Abcam), and rabbit anti-B actin (CST,
Danvers, MA). The proteins were detected by chemilumi-
nescence (Clarity Substrate; Thermo Fisher). Quantification
was performed with ImageJ (NIH, Bethesda, MD).

Immunohistochemistry and quantitative analysis nerve
regeneration and myelination

Spinal cords (n=6/group, N=24) were extracted 12
weeks after SCI and flash frozen in isopentane. For immu-
nofluorescence, spinal cord segments were embedded in
Tissue Tek O.C.T. Compound (Sakura Finetek, Torrance,
CA) with 30% sucrose. Cords were cryosectioned trans-
versely into 12 pm thick sections. Antibodies against the
following antigens were used for immunofluorescence: F4/
80 (Abcam), Arginase 1 (Argl; Santa Cruz Biotech, Dallas,
TX), neurofilament 200 (NF-200; Sigma-Aldrich), myelin
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basic protein (MBP; Santa Cruz Biotech), and protein-zero
myelin protein (PO; Aves Labs, Tigard, OR). Red fluores-
cent protein was imaged at 488 nm without added anti-
bodies. Tissues were imaged on an Axio Observer Z1
(Zeiss, Oberkochen, Germany) using a 10x/0.45 or 20x/
0.75 M27 apochromatic objective and an ORCA-Flash 4.0
V2 Digital CMOS camera (C11440-22CU; Hamamatsu
Photonics, Hamamatsu City, Shizuoka, Japan).

For quantification of macrophage phenotypes, nine 12 um
thick transverse tissues were randomly selected from each
animal (n=6/group, N=24). All immunopositive cell events
were counterstained with Hoechst 33342 to indicate cell nuclei.
F4/80" cells and F4/80"/arginasel™ (Argl™) were quantified to
determine proinflammatory macrophages and noninflamma-
tory macrophages, respectively. Immunopositive cells were
counted within the bridge area by two blinded researchers in-
dependently. Costaining for multiple markers was assessed
by evaluating overlap of different channels in ImageJ (NIH,
Bethesda, MD).

To assess the numbers of regenerated and myelinated
axons within the PLG bridge area, NF-200 was used to
identify axons, NF-200"/MBP" to determine the number of
myelinated axons, and NF-200"/MBP*/P0* to determine the
amount of myelin derived from infiltrating Schwann cells.*”
Twenty-four tissues distributed between conditions were
counted by two blinded counters to calibrate software for
automated counting as previously described.>**%=¢ In
brief, images were imported into MATLAB (Mathworks,
Natick, MA) and the area of the tissue section corresponding
to PLG bridge was outlined. A Hessian matrix was created
by convolution filtering using second derivative of the
Gaussian function in the X, y, and xy directions. The matrix
uses local image intensities variations to define continuous
structures of axons. After filtering, positive NF-200 events
were identified by intensity thresholding, single pixel events
were removed, and the number of continuous objects iden-
tified to ensure high branching axons were counted as a
single object. For calibration, the software outputs a matrix
of predicted axon counts based on filtering parameters input
by the user. These values were directly compared with
manual counts for the 24 tissues used for calibrating the
software. The appropriate filter size and threshold sensitivity
were selected based on the lowest mean percentage error
between the manual and automated counts. For these stud-
ies, the mean percentage error was 3%. Once calibration was
complete, nine tissue sections per animal (n=6/group,
N=24) were quantified. To obtain axon densities, total NF-
200 counts were divided by the area of the PLG bridge.
MBP and PO events were identified similarly as described
previously. NF200 objects containing pixel locations over-
lapping with positive MBP or PO staining were counted and
compared with total NF200 counts to determine percentages
of axons populations.

Behavioral analysis

The ladder beam walking task was used to evaluate lo-
comotor recovery over a period of 12 weeks post-SCI as
previousl_/y described for all conditions (n=12/group,
N :48).2 In brief, animals were trained to walk across a
ladder beam of 50 rungs into an enclosure over the course of
2 weeks before injury. Baseline scores were determined to
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separate animals in equal groups before SCI. The mice were
tested at 2, 4, 8, and 12 weeks. Observations and ladder
beam scoring were performed by two blinded observers for
three trials per animal. The C5 lateral hemisection causes
deficits in left forelimb function. Therefore, animals were
scored by average left forepaw full placements on the ladder
beam during the task.

Thermal hyperalgesia

Cold sensitivity was assessed by acetone evaporative
cooling over a period of 12 weeks post-SCI as previously
described (n=12/group, N=48).*® Through a mesh floor,
five applications of acetone were applied to the bottom of
the left and right forepaw. Each application was separated
by at least 5 min. Individual responses were scored based on
lifting, licking, or shaking of the forepaw that continued past
the initial application. Scores were averaged over the 10
applications between left and right forepaws to yield a
percentage of positive responses. The mice were tested at 2,
4, 8, and 12 weeks.

Statistical analysis

For single comparisons, statistical significance between
groups was determined by one-way analysis of variance
(ANOVA) with Tukey’s post hoc. For multiple comparisons,
statistical significance between groups was determined by
two-way ANOVA with Tukey’s post hoc. All statistics test
significance using an o value of 0.05. For all graphs: a, b, ¢
denotes p<0.05 compared with Blank control, d and e de-
notes p <0.05 compared with NT-3 condition, and f denotes
p <0.05 compared with IL-10 condition. Error bars represent
standard error in all figures. Prism 7 (GraphPad Software, La
Jolla, CA) software was used for all data analysis.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Results
Bicistronic vectors conserve IL-10 and NT-3 production
in vivo
We initially assessed protein levels following expres-
sion from the lentivirus with a single construct and also

A
CcMV [TIEAONT P2A [NTESIN
B B-actin '~

NT3 ,,_ ot

IL10 2— /=~

FIG. 1.
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the bicistronic construct (Fig. 1). Bridges were implanted
into mice and explanted at 2 wpi. This time point was
selected based on previous studies using bioluminescence
imaging that demonstrates robust transgene expression.'®
The proteins used in these studies are human that enabled
differentiation of the IL-10 and NT-3 produced by our
constructs from the mouse proteins. No significant dif-
ference in protein expression was observed between single
constructs or the bicistronic construct. Furthermore, for
the bicistronic construct, no significant difference in pro-
tein expression was observed between the first gene, IL-10,
and the second gene, NT-3.

IL-10 delivery increases anti-inflammatory
macrophages

We next investigated the macrophage population in the
bridge at 12 wpi (Fig. 2), as this population could be influ-
enced by the cytokine and neurotrophin expression. This
analysis was performed at 12 wpi to analyze the chronic
infiltration and phenotype of macrophages. We observed
most of the macrophages as the injury were localized to the
bridge and not the surrounding tissue (Fig. 2A). The mac-
rophages in the bridge were evenly distributed and were
observed in all conditions at similar densities (Fig. 2F). For
these studies, proregenerative macrophages were assessed by
colocalization of F4/80 and Arg (Fig. 2G). A significant
threefold increase (p<0.05) in the density of regenerative
macrophages was observed for conditions with expression of
IL-10 compared with the Blank and NT-3 conditions. Dif-
ferences among these conditions were also significant for the
percentage of proregenerative macrophages. Of note, 31%
and 26% of F4/80" macrophages were regenerative for IL-10
and IL-10+NT-3 conditions, respectively, a twofold increase
over Blank and NT-3 conditions (12% and 14%) (Fig. 2H).

Delivery of IL-10+NT3 enhances axonal
growth into bridges

The extent of axonal elongation into the bridge was sub-
sequently analyzed, which reflects the impact of expressing
the factors on the capacity of the environment to promote
regeneration (Fig. 3). Axons were observed throughout the
bridge in all conditions. Axons in treatment groups appeared
longer and more diffuse, whereas axons in the control con-
dition appeared bundled and shorter in length (Fig. 3A-D).
NT-3 and IL-10 delivery did not significantly increase axo-
nal density compared with the control. However, combined

0.6

0.4T £ B

0.2

Relative Density

0.0

NT-3 IL-10 NT-3 IL-10

Bicistronic vectors conserve IL-10 and NT-3 production in vivo. (A) Bicistronic lentiviral vector for delivery of IL-

10+NT-3. (B) Western blotting was used to show protein levels of NT-3 (27 kDa) and IL-10 (21 kDa). (C) Relative densities
of single lentiviral constructs and bicistronic construct of IL-10 and NT-3 relative to B-actin show no significant difference in
protein expression for all comparisons (p=0.65). Left of line are relative densities of single constructs and right of line is the
bicistronic construct. Data are presented as mean+ SEM. n=4 per group. SEM, standard error of the mean.



676

SMITH ET AL.

Arg/F480/Hoechst
F s00 G 20, > H « ¢ b4
i ~E oo €
< - -T- E 1504 ce 2 304
E 407 | g - < e
5 < 1004 S 2.
2 ‘ < 100 s ®
g 2004 é W, il o = 1
+ 504 o 104 |
w f=3 | -
=
o — ; o — . o — :
Blank NT-3 IL-10  IL-10+NT-3 Blank NT-3 IL-10  IL-10+NT-3 Blank NT-3 IL-10  IL-10+NT-3
FIG. 2. IL-10 promotes anti-inflammatory macrophages. (A) Representative image of bridge implantation into spinal cord

at 12 weeks postinjury. Red identifies arginase, green identifies F480, and blue identifies Hoechst. White border denotes
bridge area. Scale: 500 um. Macrophage density of (B) Blank (ctrl), (C) NT-3, (D) IL-10, and (E) IL-10+NT-3 from bridge
implants. White arrows denote F480" macrophages. Yellow arrows denote F480%/Arg" macrophages. Scale: 100 um. (F)
Macrophage density in bridge implants. Density (G) and percentage (H) of anti-inflammatory macrophages in bridge
implants. “‘a, b, ¢’ denotes p <0.05 compared with Blank (ctrl), ““d and e’* denotes p <0.05 compared with NT-3 condition,

and “f”” denotes p<0.05 compared with IL-10 condition. Data are presented as mean+SEM. n=6 per group.

delivery of IL-10+NT-3 produced a significant increase of
axonal density compared with all other conditions (Fig. 3E).

IL-10+NT-3 delivery promotes myelination
of regenerating axons

Myelination of axons is necessary for signal propagation
in the spinal cord, and myelinated axons (NF200"/MBP*)
were observed throughout the bridges for all conditions
(Fig. 4). Significantly more myelinated axons were observed
in the IL-10 condition compared with the Blank bridge. IL-
10+NT-3 delivery resulted in significantly more myelinated
axons compared with Blank and NT-3 conditions (Fig. 4E).
No significant difference was observed in the percentage of
myelinated axons across the conditions, with levels at ~27%
of total axons (Fig. 4F).

Myelinated axons were subdivided into oligodendrocyte-
derived myelin (NF200"/MBP*/P0") and Schwann cell-
derived myelin (NF200"/MBP*/P0") (Fig. 5) to determine
their relative contribution to total myelination. A significant
twofold increase in oligodendrocyte-derived myelin density
was observed for IL-10+NT-3 compared with Blank and

NT-3 conditions (Fig. SE). IL-10 delivery resulted in a
significant increase of oligodendrocyte myelin compared
with the control. However, no significant difference in den-
sity of Schwann cell-derived myelin was observed across all
conditions (Fig. 5F).

IL-10+NT-3 improves forelimb locomotor recovery

The ladder beam task was used to evaluate functional
motor recovery of the left forelimb to determine if the ob-
served regeneration correlated with an increase in function
(Fig. 6A). A significant functional improvement was ob-
served for all conditions compared with Blank. Furthermore,
a significant increase in functional recovery was obtained
with IL-10+NT-3 delivery compared with all other condi-
tions at 12 wpi. Of interest, a greater prolonged improve-
ment over time was observed for IL-10+NT-3 condition
compared with other conditions. IL-10 and NT-3 delivery
were similar in functional recovery; however, codelivery
produced a significant additive effect in locomotor recovery.

We also assessed cold hypersensitivity using the acetone
test to identify any potential negative effects that may be
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FIG. 3. IL-10+NT-3 delivery promotes axonal growth at
12 wpi. Axonal growth into bridge implants delivering (A)
Blank (ctrl), (B) NT-3, (C) IL-10, or (D) IL-10+NT-3.
Scale: 100 um. (E) Axon density in bridge implants. “‘a, b,
¢”’ denotes p<0.05 compared with Blank (ctrl), ““d and e
denotes p<0.05 compared with NT-3 condition, and “f”
denotes p<0.05 compared with IL-10 condition. Data are
presented as mean+SEM. n=6 per group. Red identifies
NF200. NF200, neurofilament 200; wpi, weeks postinjury.

associated with combined delivery (Fig. 6B). IL-10 delivery
alone reduced cold hypersensitivity compared with all other
conditions. NT-3 delivery alone exacerbated hypersensitiv-
ity compared with all conditions. The combined expression
of IL-10+NT-3 led to increased hypersensitivity compared
with IL-10 alone, yet decreased hypersensitivity relative to
Blank and NT-3 conditions.

As a final analysis, we investigated the association of tissue
recovery characteristics with forelimb locomotor function re-
covery (Fig. 7). The values for axon density (Fig. 7A), my-
elinated axon density (Fig. 7B), oligodendrocyte-derived
myelinated axon density (Fig. 7C), and Schwann cell-
derived myelinated axon density (Fig. 7D) were plotted
against the ladder beam score for each animal. The oligo-
dendrocyte myelinated axon density was positively corre-
lated with functional recovery (r=0.59, p<0.01). This
relationship also segments animals by condition along the
interpolated linear fit line. This relationship was the only
significant connection between tissue characteristics and
functional recovery.
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Discussion

The spinal cord environment lacks sufficient factors that
promote regeneration and has an abundance of factors that
inhibit regeneration.” We have developed multichannel PLG
bridges that can promote nerve regeneration by both acting as
a physical guide and serve as a platform for gene therapy
vector delivery. The bridges are acellular at implantation,
thus any cells, extracellular matrix, or proteins present at the
time of extraction originate from the host tissue. Similarly,
axons observed inside the implant represent either re-
generating injured axons or sprouting of new axons from
spared or contralateral tissue. This bridge provides a defined
space for histological analysis, analysis of cell populations at
and near the lesion site, and treatment outcomes. The bridge
has an architecture that supports regeneration by combining
microporosity for cellular infiltration with channels that direct
axonal elongation along the major axis of the cord. These
bridges can also be seeded with recombinant lentiviral parti-
cles containing genes of interest for subsequent cellular
transduction. Unlike other viral vectors, lentivirus does not
influence the E)henotype of progenitors® or cause significant
inflammation.”™ Lentiviral vector physical properties are also
independent of the gene of interest, which enables delivery of
multiple vectors encoding distinct inductive factors without
modification to the base biomaterial. Polycistronic lentiviral
vectors can deliver multiple genes by the inclusion of self-
cleaving 2A peptide sites between genes. This technology is
useful and beneficial to target multiple barriers to spinal cord
regeneration by inducing the expression of multiple proteins
simultaneously. The genes being used in this study were
chosen because each addresses a distinct aspect of the in-
hibitory microenvironment around the injury site. NT-3 en-
hances axon elongation and neuroprotection of regenerating
and spared axons.'”?'?? IL-10 is largely responsible for
dampening and resolving the immune response toward re-
storing homeostasis.'*>>>* This research builds upon the
success of the multiple channel PLG bridges by delivering
two distinct transgenes alone and in combination. The goal of
this investigation was to activate growth promoting cues
while attenuating growth inhibitory cues to observe additive
effects on spinal cord regeneration.

Macrophage infiltration into bridges was similar across
experimental conditions delivering, yet transgene expression
altered the macrophage phenotype. Macrophage exists on a
spectrum of inflammatory to regenerative phenotypes; we have
previously shown that Argl™ macrophages have a regenerative
phenotype in SCL''** We have previously shown that re-
generative macrophages can be assessed by colocalization of
F4/80" and Argl* "> The early phase of the regenerative
response after SCI relies on proinflammatory macrophages,
which participate in recruitment of immune cells and clearance
of cell debris. Subsequently, these macrophages move toward
to a proregenerative phenotype to coordinate cell differentia-
tion and tissue reconstruction. Dysregulation of the transition
from proinflammatory to proregenerative hampers regenera-
tive success and tissue recovery.

In the central nervous system microglia and macrophages
express several neurotrophins and their receptors, allowing
them to act both as sources and targets creating a feedback
loop that can modulate proliferation and morphology of
axons.>® Neurotrophins impact immune cell function in
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FIG. 4.
implants delivering (A) Blank (ctrl), (B) NT-3, (C) IL-10, or (D) IL-10+NT-3. White arrows denote myelinated axons.
Scale: 100 um. Density (E) and (F) percentages of myelinated axons in bridge implants. ““a, b, ¢’ denotes p<0.05
compared with Blank (ctrl), ““d and e’’ denotes p <0.05 compared with NT-3 condition, and *‘f”” denotes p <0.05 compared
with IL-10 condition. Data are presented as mean+ SEM. n=6 per group. Red identifies NF200 and green identifies MBP.
MBP, myelin basic protein.

varying ways. Brain-derived neurotrophic factor stimulates
microglial proliferation, whereas NT-3 can stimulate phago-
cytic activity of microglial cells in vitro and upregulation of
nitric oxide production.’*>* NGF can also act directly on
microglial cells by promoting chemotactic migratory activity,
potentially contributing to recruitment of additional immune
cells at injury sites.” Neurotrophins, including NT-3, have
been suggested as modulating monocyte chemotaxis without
altering their production of inflammatory cytokines.*> NGF can
act directly on microglia and shift them toward a neuroprotec-
tive phenotype.®® In these studies, we did not observe an anti-
inflammatory effect of NT-3 on macrophage activity. IL-10
delivery alone produced ~31% of regenerative macro-
phages, but when combined with NT-3, this percentage
decreased to 26%. This difference was not significant. IL-10
has been extensively revered as an anti-inflammatory cyto-
kine capable of shifting the phenotype of macrophages.”**'~
45 and these studies support the previous findings.

A trend of increased axons for NT-3 and IL-10 compared
with Blank, yet the combination of IL-10+NT-3 produced an
additive effect for axonal outgrowth. Axonal outgrowth can be
impacted by delivery of NT-3 and IL-10 individually'®**%;
however, in our studies, these individual factors did not sub-
stantially impact axon density relative to control. This obser-
vation could reflect differences in the C5 lateral hemisection
model compared with previous reports in thoracic hemisection.

SMITH ET AL.
E
400+
&
=3 c.e
£ 300- b -
(-]
&
+* e
o - )
o | |
E i 1
- |
: . | | '
~ '.
i |
= | |
Blank NT-3 IL-10  IL-10+NT-3
F
40-
Y
g -
w —T—
- | -
© 5 | |
* | |
. .
o o |
o |
= {
Blank NT-3 IL-10  IL-10+NT-3

INF200

IL-10+NT-3 delivery promotes myelination of regenerating axons at 12 wpi. Axon myelination from bridge

For example, a larger number of propriospinal neurons are
present in the cervical spinal cord than the thoracic spinal cord,
with intrinsic differences also reported for growth factors, cell
surface receptors, apoptosis, axonal regeneration, neuropro-
tection, and cell survival.***® Our results indicate that the
combined expression of IL-10 and NT-3 does significantly
enhance axon density at the cervical hemisection. This synergy
could be related to the sparing of axons by IL-10 and the
neurotrophic effects of NT-3. Effectively, the greater survival
of axons by IL-10 leads to an increase in the number of axons
that can regenerate into the bridge.

An increase in myelinated axons for IL-10+NT-3 delivery,
notably with oligodendrocyte myelinated axons was observed.
Oligodendrocyte myelin is necessary to support saltatory
conduction and prevent axon degeneration.’® Oligoden-
drocyte proliferation is not altered by NT-3; NT-3 expo-
sure in vitro lead to significantly more MBP production by
oligodendrocytes through an unknown post-transcriptional
mechanism.”’>> Some evidence suggests that NT-3
weakly induces the maturation of neural precursor cells
into myelinating oligodendrocytes®”; yet other reports
have shown NT-3 promotes quiescence or even Schwann
cell differentiation of neural precursor cells.’*>*® These
differences could indicate concentration-dependent effects
or vary with surrounding interactions with other factors.
We observed that IL-10 delivery had significantly more



POLYCISTRONIC DELIVERY OF IL-10 AND NT-3 679

E

T 1507 By

g :

1]

£ 100 b e

(=]

z T

% g

=

+8 |

&
Blank  NT-3 IL-10  IL-10+NT-3

F

< 200~

=

E . =T

@ — |

& |

2 |

o

o |

m

=

k=)

Q |

i . . :
Blank  NT-3 IL-10  IL-10+NT-3

PO/ INF200

FIG. 5. IL-10+NT-3 delivery promotes oligodendrocyte myelination of regenerating axons at 12 wpi. Source of myelination
from bridge implants delivering (A) Blank (ctrl), (B) NT-3, (C) IL-10, or (D) IL-10+NT-3. White arrows denote oligoden-
drocyte myelinated axons. Yellow arrows denote Schwann cell myelinated axons. Scale: 100 um. (E) Density of oligoden-
drocyte myelinated axons. (F) Density of Schwann cell myelinated axons. “‘a, b, ¢’ denotes p <0.05 compared with Blank (ctrl),
“d and e’ denotes p <0.05 compared with NT-3 condition, and “f”’ denotes p <0.05 compared with IL-10 condition. Data are
presented as mean+ SEM. n=6 per group. Red identifies NF200, green identifies MBP, and blue identifies p-zero (PO).

oligodendrocyte-derived myelin relative to control. IL-10
polarization of immune cells enhances the ability of neural
precursor cells to promote oligodendrocyte differentiation
and supports mature oligodendrocyte survival by promot-
ing an anti-inflammatory environment rather than acting on
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neural precursor cells directly.’” Our results are consistent
with this observation that IL-10 promoted the survival of
myelinating oligodendrocytes, which can synergize with the
expression of NT-3 to potentiate their myelin production to
ensheath more axons. This mechanism has been suggested in
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other work combining IL-10 and NT-3 delivery for treatment
of multiple sclerosis.”® We did not observe an increase in
oligodendrocyte myelination for NT-3 delivery alone, possi-
bly because of lack of surviving oligodendrocytes and weak
effects of NT-3 on their proliferation and differentiation.>®

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

A decrease in hypersensitivity was observed with IL-10
delivery, whereas NT-3 delivery alone increased hypersensi-
tivity. IL-10 has been shown to ameliorate neuropathic pain but
the role played by neurotrophins and NT-3 has been nebu-
lous.®> NT-3 can be involved in a long-term change of neu-
ronal excitability.®* NT-3 also promotes an extensive growth of
lesioned axons in the dorsal columns that contain mostly
sensory projections. Furthermore, the effects of NT-3 on neu-
ropathic pain may be concentration or receptor dependent.®' %3
Our results suggest NT-3 exacerbates neuropathic pain. How-
ever, there exists a tradeoff of positive and negative effects. We
observed the highest degree of functional recovery when
combining IL-10+NT-3, yet we also observed increased neu-
ropathic pain compared with IL-10 alone.

Conclusion

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