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Background: Traumatic spinal cord injury (SCI) causes neuronal death, demyelination, axonal
degeneration, inflammation, glial scar formation, and cystic cavitation resulting in interruption
of neural signaling and loss of nerve function. Multifactorial targeted therapy is a promising
strategy for SCI.

Methods: The anti-inflammatory peptide KAFAKLAARLYRKALARQLGVAA (KAFAK)
and brain-derived neurotrophic factor (BDNF)-modified hyaluronan-methylcellulose (HAMC)
hydrogel was designed for minimally invasive, localized, and sustained intrathecal protein
delivery. The physical and biological characteristics of HAMC-KAFAK/BDNF hydrogel were
measured in vitro. SCI model was performed in rats and HAMC-KAFAK/BDNF hydrogel was
injected into the injured site of spinal cord. The neuronal regeneration effect was evaluated by
inflammatory cytokine levels, behavioral test and histological analysis at 8 weeks post operation.
Results: HAMC-KAFAK/BDNF hydrogel showed minimally swelling property and sustained
release of the KAFAK and BDNF. HAMC-KAFAK/BDNF hydrogel significantly improved
the proliferation of PC12 cells in vitro without cytotoxicity. Significant recovery in both neu-
rological function and nerve tissue morphology in SCI rats were observed in HAMC-KAFAK/
BDNF group. HAMC-KAFAK/BDNF group showed significant reduction in proinflammatory
cytokines expression and cystic cavitation, decreased glial scar formation, and improved neuronal
survival in the rat SCI model compared to HAMC group and SCI group.

Conclusion: The HAMC-KAFAK/BDNF hydrogel promotes functional recovery of rats with
spinal cord injury by regulating inflammatory cytokine levels and improving axonal regeneration.
Keywords: hyaluronan-methylcellulose hydrogel, anti-inflammatory peptide, neuroprotection,
spinal cord injury

Introduction

Traumatic spinal cord injury (SCI) results in a devastating loss of motor and sensory
function below the lesion site, with substantial impact on patient’s quality of life and
life expectancy.' Due to the complicated pathophysiology of SCI and the extremely
limited spontaneous regeneration capacity of the central nervous system, there is still a
lack of effective drugs or treatments.>* The pathophysiology of SCI involves a primary
and secondary damage process. The primary damage is caused by the initial traumatic
event and directly disrupts neurons, axons, blood vessels, and glia. A cascade of sec-
ondary injury follows the injury-associated vascular damage, characterized by mul-
tifaceted inflammation, hypoxia, edema, and oxidative stress resulting in widespread
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neuron death, axonal degeneration, demyelination, glial scar
formation, and cystic cavitation at the lesion site in a delayed
and progressive fashion.*® This series of adverse events
ultimately leads to irreversible damage to the spinal cord,
thereby blocking nerve signal transduction and recovery of
neural function.” Therefore, development of novel therapeutic
strategies to attenuate detrimental outcomes in the secondary
damage phase following SCI is essential for maintaining the
remaining sensory and motor functions.

Recently, the local microenvironment after SCI has been
shown to be an important factor in affecting nerve regen-
eration.® The inflammatory environment is a key inhibitory
factor for regeneration, which promotes neuronal apoptosis,
inhibits neural stem cell differentiation, and accelerates
glial cell necrosis and degeneration of axons.’ In addition,
deficiency in local nerve growth factors after SCI is another
important reason for the failure of axonal regeneration in
the central nervous system (CNS).!° Thus, blocking of the
inflammatory response and ensuring the delivery of appro-
priate growth factors supports the creation of a regenerative
microenvironment and recovery of neural function. Several
approaches have been employed for delivering anti-inflam-
matory medications and nerve growth factors to lesion site in
the spinal cord, such as gene therapy,'' genetically engineered
cells,'? and micro infusion pump.'* However, these strategies
present some disadvantages including viral vector spread
outside the target area, uncontrolled transgene expression,
immune rejection of transplanted cells, pump implantation,
and subsequent refill.' Recent studies have revealed that
composite hydrogel implantation has been considered as a
promising strategy to promote functional recovery of nerve
tissue after SCI by sustained release of biologically active
substances and microenvironment remodeling.'>1¢

KAFAKLAARLYRKALARQLGVAA (KAFAK),
which is an anti-inflammatory, cell-penetrating peptide
(CPP), suppresses the syntheses of proinflammatory
cytokines such as IL-1, IL-6, and tumor necrosis factor
(TNF)-a through mitogen-activated protein kinase—activated
protein kinase 2 (MK2).!” Bartlett et al'® reported that treat-
ment with KAFAK-loaded poly(NIPAm-AMPS) nanopar-
ticles suppressed inflammation both in vitro, in a macrophage
model with human monocytes, and ex vivo, in a bovine
osteoarthritis model. As a biocompatible CPP, KAFAK is an
ideal biomaterial for controlling local inflammation after SCI.
In addition to improving the external microenvironment of
injured neurons, it is also necessary to activate the neuron’s
own powerful regenerative potential.’’ Brain-derived neu-
rotrophic factor (BDNF) is known as one of the ideal neu-
rotrophic factors increasing synaptic plasticity, promoting

the survival of existing neurons and axonal regeneration
after SC1.?**! Moreover, increasing the level of BDNF in
the nerve tissue by local delivery can decrease the inhibi-
tory nature of proteoglycans in the scar and encourage the
differentiation of new neurons.?

To combine sustained release of KAFAK anti-
inflammatory peptide and BDNF localization at the
lesion site, we introduce a biodegradable, injectable, and
biocompatible hydrogel as a biofunctionalized delivery
platform for nerve regeneration. The hydrogel is composed
of hyaluronan (HA) and methylcellulose (MC) that form
a gel at physiologic temperatures with shear-thinning and
minimally swelling properties.” Hyaluronan-methylcellulose
(HAMC) hydrogels, the crosslink density or polymer chain
entanglement of which can be altered to match the charac-
teristics of the spinal cord, have been applied directly to the
intrathecal space as a drug delivery carrier.?* HA, which is
a naturally occurring polysaccharide, is commonly found in
the nervous system and can facilitate cell phenotype preser-
vation, angiogenesis, and stem cell differentiation. MC has
inverse thermal gelling properties and can be modified to
allow bio-orthogonal coupling chemistry.”® In the present
study, we conjugate both KAFAK peptide and recombi-
nant rat BDNF to the injectable HAMC hydrogel using a
facile strategy. Specifically, the maleimide-KAFAK and
maleimide-streptavidin were covalently bonded to the MC
and biotinylated BDNF was conjugated to the MC by strong
and selective interaction between streptavidin and biotin.
Then, we administered this injectable composite HAMC
hydrogel to allow sustained release of KAFAK and BNDF
in adult rats after SCI. We hypothesized that the HAMC-
KAFAK/BDNF hydrogel would attenuate local inflamma-
tion, encourage neuron regeneration and axon elongation, and
promote functional recovery in rat model of SCI.

Materials and methods
Preparation of HAMC-KAFAK/BDNF

Maleimide-KAFAK and maleimide-streptavidin were cova-
lently bonded to the MC by thiol-maleimide click chemistry
and biotinylated BDNF was conjugated to MC-streptavidin
as previously described.? Briefly, MC is carboxylated using
1.5 M sodium hydroxide and an overdose of bromoacetic
acid. After purification by dialysis, sulthydryl groups (100 mg
of reactive thiols) were integrated into the carboxylated
MC polymer (250 mg) main chain upon reaction with
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (750 mg) and 3,3’-dithiobis (propionic dihydrazide,
750 mg), followed by reduction of the disulfide bond with
dithiothreitol (1.0 g). Maleimide-labeled streptavidin (mol
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maleimide: mol streptavidin =9:1, 1.1 mg) and maleimide-
KAFAK peptide (59 mg) were then added and mixed with
previously synthesized sulthydryl-MC by stirring in 0.1 M
PBS (100 mL) overnight at 4°C. N-ethylhydroxy maleimide
(13 mg) was then added to quench unreacted free sulfhydryl
groups, followed by the removal of unbound maleimide-
containing reagent by dialysis. Then MC-KAFAK and MC-
streptavidin were sterile-filtered using a 0.22 um syringe filter
and then lyophilized to amorphous white solids, respectively.

HAMC-KAFAK/BDNF hydrogels were prepared by
physical blending of HA, MC-KAFAK, MC-streptavidin,
and biotinylated-BDNF in artificial cerebrospinal fluid
(aCSF) with a final composition of 1.5 wt% HA, 2.5 wt%
MC-KAFAK, 0.5 wt% MC-streptavidin, and 0.2 wt% bio-
tinylated BDNF. The HAMC hydrogels were prepared with
1.5 wt% HA and 3 wt% MC for comparison. The above
ingredients were sterile-filtered before mixing and sequen-
tially added to the aCSF using a high-speed centrifugal mixer
(Eppendorf) for 25 seconds at 3,000 rpm/min and dissolved
at4°C for 12 hours. For in vivo studies, the HAMC-KAFAK/
BDNF hydrogel compositions were sterilized by filtra-
tion and the preparation process was in sterile conditions.
The time interval between preparation and use of the final
composite hydrogels was less than 15 minutes, during which
time the hydrogels were kept at 4°C (Figure 1).

Swelling properties of HAMC-KAFAK/
BDNF hydrogels

Swelling properties were measured in physiologic conditions.
Hydrogels were added into 50 mL centrifuge tubes with PBS
at 37°C. At different time points, the hydrogels were taken
out, and the weight was measured after removal of excess
water on the surface. The swelling ratio (SR) = (W, — W)/

W, x100%. W, is the weight of the swollen hydrogel and
W is the initial weight. The SR was calculated at 6, 12, 18,
and 24 hours.

Cell culture and cell proliferation assay
PC12 cells were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in DMEM (Gibco®; Thermo Fisher Scientific,
Waltham, MA, USA) with 10% fetal bovine serum (Thermo
Fisher Scientific), 0.1 mg/mL streptomycin, and 100 U/
mL penicillin. Cultures were incubated at 37°C, 5% CO,,
and 95% humidity. The cultivated medium was replaced
every 2 days. Cells were passaged when confluence reached
80%-90%. HAMC-KAFAK/BDNF treatment was used to
evaluate the effect of released BDNF on PC12 cells prolifera-
tion. The PC12 cells were seeded at the density of 1x10* cells/
cm? into 96-well plates and 100 pL medium per well. Cells
were treated with HAMC-KAFAK/BDNF hydrogels, while
the same volume of DMEM was added to the control group.
The PC12 cells proliferation was evaluated with a CCK-8
cell proliferation kit (Dojindo Molecular Technologies, Inc.,
Japan). In brief, at 1, 3, and 7 days, 10 uL CCK-8 solution
was applied to each well and incubated for 1 hour, and the
absorbance at 450 nm was measured. The experiments were
performed in triplicate.

KAFAK and BDNEF release in vitro

To explore the profile of KAFAK release by the HAMC
hydrogel, we added 25 pL of HAMC-KAFAK/BDNF
hydrogels (the concentration of KAFAK: 0.6 ug/mL) to
2 mL sterile PBS. KAFAK release into solution was mea-
sured using a fluoraldehyde o-phthalaldehyde assay (Thermo
Fisher Scientific), by fluorescence analysis. Fluorescence

L = Methylcellulose
== = = Hyaluronan

= = Thiolated linker
Bl = Maleimide-streptavidin
@t = Maleimide-KAFAK

8 = Biotin-BDNF

Figure | Schematic diagram of hydrogel composed of hyaluronan and MC for use as a drug delivery platform of KAFAK and BDNF.
Note: Taking advantages of chemical conjunction of thiol maleimide and biotin—streptavidin, MC is chemically modified with KAFAK and BDNF to enable the sustained

release of them.

Abbreviations: BDNF, brain-derived neurotrophic factor; KAFAK, KAFAKLAARLYRKALARQLGVAA; MC, methylcellulose.
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measurements of KAFAK release were taken at 6, 12, 24,
48, 72, and 96 hours. Three replicates were performed.

To explore the profile of BDNF release by HAMC hydro-
gel, we added 25 pL. of HAMC-KAFAK/BDNF hydrogels
(the concentration of BDNF: 1 pug/mL) to 2 mL sterile PBS.
BDNEF release into solution was measured using a rat BDNF
ELISA kit (Beijing Solarbio Science & Technology Co., Ltd).
Supernatant was collected at 6, 12, 24, 48, 72, and 96 hours.
Three replicates were performed. Finally, the accumulated
release ratio was calculated.

Animals and surgical procedures

All procedures were conducted according to protocols
approved by Institutional Animal Care and Use Committee
of Logistics College of PAP and all experiments were
approved by the Institutional Animal Care and Use Com-
mittee of Logistics College of PAP. Adult female Sprague
Dawley rats (200-230 g) obtained from the Laboratory
Animal Center of the Military Medical Science Academy of
China were anesthetized with a nitrous oxide/oxygen mixture
(70%/30%) containing 1.4% isoflurane delivered by nose
cone. All 72 rats were randomized to 4 groups: sham, SCI,
HAMC, and HAMC-KAFAK/BDNF (n=18). A laminectomy
was performed at the T10 vertebral level to expose the spinal
cord and an aneurysm clip with a force of 25 X g was used
for 1 minute to develop an SCI model. A HAMC-KAFAK/
BDNF or HAMC hydrogel injection was administered after
5 minutes of SCI. A Hamilton syringe was inserted into
the center of the traumatic area and 10 pL of the HAMC-
KAFAK/BDNF or HAMC hydrogel was injected manually.
Following implantation, the muscle and skin of the surgical
wound were closed. Animals in the sham group received
only the laminectomy without the SCI. The rats were then
placed on warming pads until they completely recovered from
anesthesia. Daily care of the animals included emptying of
the bladder by manual compression and massage.

Functional assessments

All assessments were performed and analyzed by two
observers blinded to each group. 1) Hindlimb locomo-
tor function was determined before and after injury and
transplantation, using the Basso Beattie Bresnahan (BBB)
locomotor rating scale, as described previously.?® Rats were
placed individually in the open field, and camera-recorded
for 4 minutes. A score of 21 indicates that locomotor func-
tion was the same as normal uninjured rats, whereas a score
of 0 indicates no hindlimb movement. 2) Motor function
was determined biweekly, starting 4 weeks after SCI using
the inclined plane test.?” Rats were placed on the inclined

plane and the maximum angle at which they could maintain
themselves for 5 seconds, without falling, was recorded.
3) Footprint analysis was used to evaluate stride length, base
of support, and rotation angle, which measure regularity and
relative paw placement.”® The average distance from both
hindlimbs was measured to calculate the stride length. The
base of support was defined as the width of the area between
the left and right hindlimb. The hindlimb rotation angle was
measured as the angle (degrees) of the hindlimb axis with
respect to the runway axis. Rats were trained to walk across
the runway until they finished the exercise voluntarily.
The footprint test was performed at 8 weeks following SCI,
as rats were capable of frequent, weight-supported stepping
at this time.

Quantitative detection of TNF-0, IL-13,
IL-6,and IL-10 by ELISA

Six rats in each group were killed and segments of spinal
cord (10 mm around lesion epicenter) were collected into
Eppendorftubes 7 days after surgery. Lysis buffer was added
to dissolve the tissues after washing with PBS and then the
tissues were sonicated for 10 seconds to isolate proteins.
Subsequently, the tissues were centrifuged at a speed of
10,000 rpm for 10 minutes at 4°C to obtain the supernatant.
The concentration of cytokines, such as TNF-o, IL-1[3, IL-6,
and IL-10, were measured by a microplate reader in accor-
dance with the instructions of the ELISA kits and were com-
pared to a standard curve (PeproTech, Inc., Rocky Hill, NJ,
USA). The data are expressed as pg cytokine per mL tissue.

Tissue preparation and histochemistry

At 8 weeks after implantation, rats were killed by cardiac
perfusion with PBS under anesthesia followed by 4% parafor-
maldehyde in 0.1 M PBS. The spinal cords were completely
removed and postfixed overnight in 4% paraformaldehyde
followed by 30% sucrose for 24 hours. Then, the spinal
cords were frozen and longitudinally cut into 10 um thick
tissue sections using a cryostat microtome (CM 1900; Leica
Microsystems, Wetzlar, Germany) and thaw-mounted onto
slides (Thermo Fisher Scientific). The cryostat sections were
stored at —20°C.

For immunofluorescence labeling, the tissue sections
were rinsed with PBS, treated with blocking solution
(0.25% Triton X-100, 5% bovine serum albumin in PBS)
for 45 minutes and incubated in blocking solution with
the following primary antibodies overnight at 4°C: rabbit
anti-BIII-tubulin (1:150, Abcam, Cambridge, UK) to mark
neurons and rabbit anti-glial fibrillary acidic protein (GFAP;
1:200, Abcam) to mark astrocytes. After rinsing with PBS,
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the sections were incubated for 2 hours at room tempera-
ture in blocking solution with Cy3 conjugated secondary
antibodies (1:200, Proteintech Group, Inc., Illinois, USA).
Sections were rinsed with PBS again and the nuclei were
visualized using DAPI (1:100; Sigma-Aldrich Co., St Louis,
MO, USA).

For cavity volume analysis, every twentieth of the tis-
sue sections was selected and stained with H&E. The cavity
volume of the spinal cord was calculated using the Image-Pro
Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).

Statistical analysis

Statistical analysis was performed using the software package
SPSS 19.0 (IBM Corporation, Armonk, NY, USA). All data
were presented as the mean =+ standard error of the mean.
Statistical significance of cell proliferation, BBB scores, and
maximal angle of the inclined plane were determined using
repeated-measures two-way ANOVA, and the significant of
other measures were determined using one-way ANOVA.
P-value <0.05 was considered to be statistically significant.
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Results
Swelling properties of HAMC-KAFAK/

BDNF hydrogels

The swelling properties of HAMC-KAFAK/BDNF hydro-
gels were evaluated by measuring the change of weight
when incubated under physiologic conditions. As shown
in Figure 2A, there was little change of the SR of HAMC-
KAFAK/BDNF hydrogels in a specified period of time.
The SR at 24 hours was only 8.7% =+ 1.3%.

BDNF released from hydrogels showed

bioactivity on PCI2 cells

Totestthe bioactivity of BDNF released from HAMC-KAFAK/
BDNF, PC12 cells were cultured with HAMC-KAFAK/
BDNF. The cells’ proliferation results are shown as a
relative ratio of the control group at different time points.
The results of control group were considered to be 100%.
As shown in Figure 2B, there were no significant differences
in cell proliferation with the treatment of HAMC-KAFAK/
BDNF hydrogel at the first 12 hours (>0.05). However,
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Figure 2 (A) The swelling ratio of HAMC-KAFAK/BDNF hydrogels at the first 24 hours. (B) Effect of BDNF released from HAMC-KAFAK/BDNF hydrogels on the
proliferation of PCI2 cells at the first 72 hours. (C) KAFAK release pattern of HAMC-KAFAK/BDNF hydrogels in PBS at the first 96 hours. (D) KAFAK release pattern of
HAMC-KAFAK/BDNF hydrogels in PBS at the first 96 hours. Data are presented as mean = SEM, n=3. * in (B) indicates P<0.05, by two-way ANOVA.

Abbreviations: BDNF, brain-derived neurotrophic factor; HAMC, hyaluronan-methylcellulose; KAFAK, KAFAKLAARLYRKALARQLGVAA.
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the cell proliferation of HAMC-KAFAK/BDNF group was
significantly higher than those in the control group since
the 24-hour time point (HAMC-KAFAK/BDNF group:
122.8% + 10.1%; P<<0.05). After 72 hours, the cell prolifera-
tion of HAMC-KAFAK/BDNF group reached up 160.5% +
13.5%. These results demonstrated that BDNF released from
HAMC-KAFAK/BDNF hydrogel maintained their bioactiv-
ity and promoted the proliferation of PC12 cells.

KAFAK and BDNF release pattern
in vitro
The profile of KAFAK release in vitro is shown in Figure 2C.
The 96-hour kinetic measure of the peptide release from the
HAMC-KAFAK/BDNF hydrogel showed an initially quick
release of KAFAK during the first 24 hours in PBS (ratio
6 hours: 15.4% =+ 2.2%; 12 hours: 29.3% =+ 5.3%; 24 hours:
38.9% £ 5.6%). After 24 hours, the accumulated release of
KAFAK was approximately 38.9%. However, the release speed
gradually decreased from 24 to 96 hours (ratio 48 hours: 46.5%
1+ 6.3%; 72 hours: 52.7% % 6.4%; 96 hours: 57.7% £ 5.9%).
The profile of BDNF release in vitro is shown in Figure 2D.
Similar to the release pattern of KAFAK, the HAMC-
KAFAK/BDNF hydrogel showed an initially quick release
of BDNF during the first 24 hours in PBS (ratio 6 hours:
14.2% % 1.5%; 12 hours: 30.9% * 4.0%; 24 hours: 37.8%
+4.2%), and the release speed gradually slowed down and
tends to stabilize from 24 to 96 hours (ratio 48 hours: 43.5%
+4.0%; 72 hours: 49.2% £ 5.4%; 96 hours: 53.6% % 6.3%).

HAMC-KAFAK/BDNF promotes

behavioral outcomes after SCI
To examine the effect of HAMC-KAFAK/BDNF trans-
plantation on the functional recovery of SCI rats, the BBB
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rating scale was used to measure locomotor functional
recovery during the 8 weeks after surgery (Figure 3A). All
animals performed normal during the locomotor behavior test
before injury (21.00£0.00), with a significant decrease after
clip compression of the spinal cord, where their hindlimbs
were immediately paralyzed. BBB scores increased from
0.50%0.52 at 1 day to 10.79£1.53 at 8 weeks after surgery
in the SCI group. The HAMC-KAFAK/BDNF group had a
significant improvement in BBB score, from 0.42+0.51 at
1 day to 14.17+1.51 at 8 weeks post operation. Surprisingly,
the HAMC-KAFAK/BDNF group showed sharply increased
BBB scores starting at the 4-week time point compared
to the SCI group (P<<0.05). The scores in the sham group
were maintained at 21 for 8 weeks post operation. Two-way
ANOVA showed that different treatments and times had
significant influence on BBB scores (all P<<0.05), and there
was also a significant effect of the combined factors of treat-
ment and time on BBB score (P<<0.05).

In addition to weekly locomotor evaluation, the inclined
plane apparatus was used to assess motor function biweekly
(Figure 3B). There was no significant difference in the
maximal angles of inclined plane in the SCI group between
4 and 8 weeks post surgery (4 weeks: 33.62°+4.24° vs
8 weeks: 34.11°44.66°). However, maximal angles increased
from 36.60°%3.50° at 4 weeks to 46.64°+4.90° at 8 weeks in
the HAMC-KAFAK/BDNF group (P<<0.05). Remarkably,
maximal angles in the HAMC-KAFAK/BDNF group
were significantly higher at the 6- and 8-week time points
compared to the SCI group (P<<0.05). Two-way ANOVA
showed that the HAMC-KAFAK/BDNF treatment had a
significant effect on the maximal angles of the inclined plane
(P<<0.05). The interaction between treatment and time was
also significant (P<<0.05).
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Notes: (A) Changes in the BBB locomotor scores of rats in HAMC-KAFAK/BDNF, HAMC, SCI, and Sham groups at different time points. (B) Inclined plane test performed
4, 6, and 8 weeks after SCI. Data are presented as mean + SEM, n=12 per group. * indicates P<<0.05, respectively, by two-way ANOVA.
Abbreviations: BBB, Basso Beattie Bresnahan; BDNF, brain-derived neurotrophic factor; d, days; HAMC, hyaluronan-methylcellulose; KAFAK, KAFAKLAARLYRKA-

LARQLGVAA; SCI, spinal cord injury; w, weeks.
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To assess comprehensive parameters, we tested hindlimb
locomotor recovery by footprint analysis at 8 weeks after
surgery (Figure 4D). The base of support in the HAMC-
KAFAK/BDNF group (43.1+3.97 mm) was significantly
decreased compared to the SCI group (50.20£5.41 mm;
P<0.05; Figure 4B). There was also a significant decrease
in angle of hindlimb rotation in the HAMC-KAFAK/BDNF
group compared to the SCI group (HAMC-KAFAK/BDNF:
14.19°12.01° vs SCI: 20.10°+4.02°; P<<0.05; Figure 4C).
Meanwhile, the stride length in the HAMC-KAFAK/BDNF
group (108.37£9.75 mm) was significantly increased com-
pared to the SCI group (90.0619.09 mm; P<<0.05; Figure 4A).
Altogether, these results demonstrated that behavioral out-
comes were negatively affected by SCI but could be great
improved by HAMC-KAFAK/BDNF hydrogel implantation.

HAMC-KAFAK/BDNF promotes
functional recovery by regulating

inflammatory cytokine levels after SCI
We conducted an ELISA to determine whether HAMC-
KAFAK/BDNF inhibited inflammation levels at 7 days
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Figure 4 The quality of locomotor recovery was quantified by three parameters of
footprint analysis performed at 8 weeks.

Notes: (A) Stride length. (B) Base of support. (C) Rotation angle. (D) Representative
footprints. Data are presented as mean * SEM, n=12 per group. * indicates P<0.05,
respectively, by one-way ANOVA.

Abbreviations: BDNF, brain-derived neurotrophic factor; HAMC, hyaluronan-
methylcellulose; KAFAK, KAFAKLAARLYRKALARQLGVAA; SCI, spinal cord injury.

after surgery. As shown in Figure SA—C, proinflammatory
cytokines including TNF-c, IL-1P, and IL-6 were signif-
icantly suppressed by injection of HAMC-KAFAK/BDNF
compared to the untreated SCI group (all P<<0.05). TNF-o
levels in the SCI group (44.27£5.73 pg/mL) were increased
compared to those in the sham group (19.95%+2.03 pg/mL;
Figure 5A). However, HAMC significantly inhibited the
expression of TNF-o (37.71£3.62 pg/mL) compared
to the SCI group (44.27+5.73 pg/mL; P<<0.05). The
HAMC-KAFKA/BDNF group showed a more significant
decrease in TNF-a levels (30.70+£3.84 pg/mL) compared
to the HAMC group (37.714£3.62 pg/mL; P<<0.05). This
inhibition of expression by HAMC-KAFAK/BDNF was
also noted for IL-1B and IL-6 (Figure 5B—C). On the other
hand, IL-10, an anti-inflammatory cytokine, was signif-
icantly increased in the HAMC-KAFAK/BDNF group
(97.05+£6.64 pg/mL; all P<0.05) compared to the
SCI or HAMC group (Figure 5D). Altogether, these
results demonstrated that injection of HAMC-KAFAK/
BDNF inhibited the expression of proinflammatory cyto-
kines while upregulating the levels of anti-inflammatory

cytokines.
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Figure 5 Effects of HAMC-KAFAK/BDNF hydrogel on cytokines expression in the
injured spinal cord.

Notes: (A) TNF-o. (B) IL-1B. (C) IL-6. (D) IL-10. Data are presented as mean *
SEM, n=6 per group. * indicates P<<0.05, respectively, by one-way ANOVA.
Abbreviations: BDNF, brain-derived neurotrophic factor; HAMC, hyaluronan-
methylcellulose; KAFAK, KAFAKLAARLYRKALARQLGVAA; SCI, spinal cord injury;
TNF, tumor necrosis factor.
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Figure 6 H&E staining and quantitative analysis of cavity volume.
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Notes: (A) H&E staining of longitudinal cutting results at 8 weeks after SCI. (B) Quantitative analysis of H&E staining results. Data are presented as mean * SEM, n=12 per

group. * indicates P<<0.05, respectively, by one-way ANOVA.

Abbreviations: BDNF, brain-derived neurotrophic factor; HAMC, hyaluronan-methylcellulose; KAFAK, KAFAKLAARLYRKALARQLGVAA; SCI, spinal cord injury.

HAMC-KAFAK/BDNF attenuates
neurologic damage and promotes

neuroregeneration after SCI

To further investigate the role of HAMC-KAFAK/BDNF
in SCI-induced neurologic damage, the regenerated spinal
cord sections were stained with H&E and analyzed by
light microscope at 8 weeks after surgery (Figure 6A).
An administration of HAMC-KAFAK/BDNF led to a
substantial reduction in cavity volume (1.52£0.19 mm?)
compared to the HAMC and SCI groups (4.58+£0.33 mm?
and 5.8710.42 mm’, respectively; all P<<0.05; Figure 6B),
suggesting that there are regenerative advantages of combin-
ing KAFAK and BDNF in terms of inhibiting inflammation,
scar formation, and promoting CNS recovery.

It has been previously shown that reactive astrocytes, in
which GFAP is the hallmark protein, are typically observed
forming a glial scar around the lesion site after SCI.?° There-
fore, immunofluorescence staining was used to assess the
activation and distribution of astrocytes using GFAP as a
marker. Figure 7A—F shows that the typical GFAP-positive
glia scar was present within, and surrounding, the lesion site
8 weeks after SCI. The glial scars in the SCI group were
more obvious (42.03% * 3.56% staining within the lesion
and 36.82% =+ 3.47% staining 500 wm surrounding the lesion)

than those in the HAMC-KAFAK/BDNF group (17.28% +
2.76% staining within the lesion and 14.52% + 1.43% stain-
ing 500 um surrounding the lesion; P<<0.05; Figure 7G-H).

To analyze axonal regeneration at the lesion site, BIII-
tubulin was used to label the axons (Figure 71-N). In the
SCI group, axonal density was diminished, consistent
with a previous study.*® However, in the HAMC-KAFAK/
BDNF group, the extension of axons and their number from
the border to the center of the injured site was obviously
greater than those in the SCI group. The presence of high-
density axons was increased in the HAMC-KAFAK/BDNF
group (57.42% =+ 5.38% within the lesion and 64.55% =+
5.91% staining 500 wm surrounding the lesion), in contrast
with those in the SCI group (24.53% =+ 2.56% within the
lesion and 33.23% + 3.08% staining 500 wm surrounding
lesion; P<<0.05; Figure 70—P) where axons were almost
not observed at 8 weeks post surgery, due to glial scar and
cavity formation. Altogether, these results indicated that
HAMC-KAFAK/BDNF attenuated neurologic damage and
promoted neuroregeneration after SCI.

Discussion

In the adult mammalian CNS, traumatic injuries often lead
to functional deficits, largely owing to insufficient regen-
erative and repair capacity.’® Over the past decades, many
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Figure 7 Immunofluorescence staining of GFAP and Blll-tubulin performed 8 weeks after SCI.

Notes: (A-F) Representative images of GFAP expression in rats of SCl, HAMC, and HAMC-KAFAK/BDNF group. (G) Quantitative analysis of the percent of GFAP* area
within the lesion. (H) Quantitative analysis of the percent of GFAP* area 500 um surrounding the lesion. (I-N) Representative images of BllI-tubulin expression in rats of SCI,
HAMC, and HAMC-KAFAK/BDNF group. (O) Quantitative analysis of the percent of GFAP* area within the lesion. (P) Quantitative analysis of the percent of GFAP* area
500 um surrounding the lesion. Data are presented as mean + SEM, n=12 per group. * indicates P<0.05, respectively, by one-way ANOVA.

Abbreviations: BDNF, brain-derived neurotrophicfactor; GFAP, glial fibrillary acidic protein; HAMC, hyaluronan-methylcellulose; KAFAK, KAFAKLAARLYRKALARQLGVAA;

SClI, spinal cord injury.

therapeutic approaches have been tested and performed
to promote spinal cord regeneration in animal models or
humans.!'"1* Biomaterial-based hydrogels have shown poten-
tial promise in restoring connectivity and function after SCI
as drug delivery systems, by regulating microenvironment
and by providing favorable substrates and paths for axonal
regeneration.’’ Among these hydrogels, HAMC has been
shown to be a flexible, localized drug delivery platform for
several different therapeutic proteins in a sustained manner
releasing at the injury site and supporting axonal extension
across the lesion. In this study, a HAMC hydrogel was modi-
fied with the anti-inflammatory peptide KAFAK and BDNF
and injected into a lesion region to suppress inflammation,
promote the survival of existing neurons, and enhance axonal
regeneration. We examined locomotor function and axonal
regeneration at 8§ weeks after SCI and demonstrated that

injection of HAMC-KAFAK/BDNF hydrogel improved
recovery of neural behavior and histologic outcomes. An
administration of HAMC-KAFAK/BDNF hydrogel attenu-
ated astrocyte reactive hyperplasia and inflammation in
the lesion site. In addition, we found that this composite
HAMC-KAFAK/BDNF hydrogel markedly reduced the
cystic cavity in the lesion area and promoted axonal regen-
eration and functional recovery.

Targeting inflammation is believed to be important for
treating SCI.** Methylprednisolone has previously been used
to suppress the immune system and decrease inflammation,
and has been applied in the management of many conditions
including acute SCI.**** However, methylprednisolone-
associated adverse effects occur commonly, such as infec-
tion, gastrointestinal hemorrhage, sepsis, and pneumonia.
Therefore, anti-inflammatory peptides and proteins have
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recently been exploited as alternative therapies for treatment
of inflammatory conditions.** In light of these findings, we
utilized KAFAK as an anti-inflammatory agent following
traumatic injury to the spinal cord. The anti-inflammatory
peptide KAFAK has the capacity to decrease the synthesis
of proinflammatory cytokines by suppressing MK2, which
regulates the synthesis of several proinflammatory cytokines
including TNF-a, IL-1, and IL-6." According to previous
studies, there was an upregulation of proinflammatory
cytokines IL-1f, IL-6, and TNF-a following SCIL.?>® The
link between proinflammatory cytokines and neurotoxic-
ity coupled to inhibition of axonal regeneration has been
well reported.’” As expected, we observed a significant
reduction in TNF-o, IL-1P, and IL-6 expression in rats
injected with HAMC-KAFAK/BDNF and HAMC hydrogel
compared to the SCI rats. Previous studies suggested that
HA attenuates microglia/macrophage activation and thus
reduces inflammation in injured spinal cord.*®** Moreover,
a more obvious reduction of inflammation was observed
in the HAMC-KAFAK/BDNF group than in the HAMC
group, which confirmed that our KAFAK sustained-release
platform effectively attenuates inflammation for a longer
period of time. The physical blend of HA and MC can
quickly form a gel at physiologic temperatures with shear-
thinning and minimal swelling properties.” HA facilitates
cell phenotype preservation, angiogenesis, and stem cell
differentiation. MC can be modified to allow bio-orthogonal
coupling reactions.? Biotinylated BDNF was conjugated to
MC by the strong and selective interaction between biotin
and streptavidin. This high-affinity binding did not alter the
spatial structure of BDNF, preserving the biologic function.
As one of the best-characterized neurotrophic factors, it has
been well established that BDNF plays an important role in
increasing synaptic plasticity, and promoting neuroprotec-
tion and axonal regeneration following SCL* Song et al
demonstrated that BDNF therapy in SCI rats significantly
reduced histopathologic lesions, neuronal loss, and neuronal
apoptosis in the injured spinal cord.*' Specifically, RNA
sequencing revealed that BDNF expression was absent in
SCI lesions.*? In our experiment, rats injected with HAMC-
KAFAK/BDNF showed significant improvement in stride
width, base of support, and rotation angle at the 8-week
time point compared to rats in the untreated SCI group,
according to footprint analysis. Moreover, better BBB scores
and improved performance in the inclined plane test were
observed in the HAMC-KAFAK/BDNF group at 8 weeks
after SCI. Traumatic spinal cord injuries are frequently
complicated by formation of cystic cavities. As they lack an
extracellular matrix and vascularization, cystic cavities do

not promote regeneration of axons Hydrogels are biocom-
patible implants that have been used for creating a permis-
sive environment, and bridging lesion cavities, by releasing
neurotrophic substances. Yao et al*® implanted an AFG
hydrogel into a rat hemisected SCI model to bridge lesion
cavities, which promoted axonal regeneration and locomotor
function recovery of rats. Xu et al* demonstrated that FGF2-
loaded dscECM-HP hydrogel can achieve sustained release
of FGF2 in vitro and recover both nerve tissue morphology
and neuron functions in vivo. Our data showed that injection
of HAMC-KAFAK/BDNF hydrogel significantly reduced
cavity volume and promoted axonal regeneration and tissue
preservation compared to the HAMC or SCI groups. These
results demonstrated the functional and histologic benefits of
HAMC-KAFAK/BDNF hydrogel in SCI, and its potential to
deliver sustained release of BDNF to the SCI lesions.

The limited capacity of axon to regenerate following SCI
is mainly attributed to insufficient growth of adult neurons
in the spinal cord, coupled with a lack of proper extracel-
lular matrix and stimulating growth factors and an inhibitory
microenvironment.*¢ With the goal of attenuating inflam-
matory response and neuronal apoptosis, we introduced a
biofunctionalized delivery platform that combined sustained
release of KAFAK and BDNF. The recovery of neural
behavior and the histologic outcomes observed in our study
has shown the applicability of our delivery platform in SCI.
Although the specific mechanism of action of this methodol-
ogy has not been completely determined, we hypothesize that
downregulated secretion of proinflammatory cytokines, as
well as exogenous delivery of the protetive, BDNF protein,
synergistically enhanced the neuronal regenerative micro-
environment through anti-inflammatory and antiapoptotic
effects. Due to the numerous, complex pathophysiologic
mechanisms that occur after SCI, treatments against a single
factor or target often failed to achieve the desired outcome.
Remarkably, exogenous drug administration can reach the
spinal cord through intravenous, intraperitoneal, intramuscu-
lar, and subcutaneous injections. However, due to enzymatic
degradation of blood, the concentration of drug in the plasma
will decrease. In addition, the blood—brain barrier and/or
blood—spinal cord barrier have obstructive effects.’ After
dilution by bodily fluids and the blood—spinal cord barrier,
little drug remains to reach the injury site, which makes it
difficult for these drugs to function biologically. Through
thiol-maleimide and biotin—streptavidin bio-orthogonal
coupling reactions, HAMC hydrogels have circumvented
these limitations and enhanced the release mode of KAFAK
and BDNF at the lesion site. Our work here shows that
HAMC is a promising drug delivery platform for SCI
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therapy. As inflammation and apoptosis are major pathologic
outcomes following SCI, our findings strongly indicated that
HAMC-KAFAK/BDNF decreased neuronal apoptosis and
improved neuron survival, which, in turn, promoted func-
tional recovery. Future studies are needed to further evalu-
ate this HAMC controlled-releasing platform for sustained
release of multiple growth factors, and assess the validity of
cell transplantation in this HAMC hydrogel system.

Conclusion

In summary, using chemical conjugation of thiol-maleimide
and biotin—streptavidin, we designed a HAMC injectable
hydrogel modified with peptides and proteins for use as a drug
delivery system. We demonstrated that injection of the anti-
inflammatory peptide, KAFAK, and the neurotrophic factor,
BDNF, via a HAMC hydrogel delivery system suppresses
local inflammation and promotes neuronal survival, as well
as axonal regeneration. Furthermore, the HAMC platform
described above can be applied as a vehicle for localized, sus-
tained, and controlled release of other therapeutic molecules,
from stem cells to neurotrophic factors, for management of
SCl lesion sites, circumventing the complication of systemic
delivery. This strategy offers insight for further exploration
of the potential therapeutic effects of long-term release of
multiple neurotrophic components, their interaction with
endogenous axonal growth, and their potential to improve
microenvironments.
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