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Abstract

Studies have shown that human hair keratin (HHK) has no antigenicity and excellent mechanical properties. Schwann cells, as unique glial cells in the peripheral
nervous system, can be induced by interleukin-1 to secrete nerve growth factor, which promotes neural regeneration. Therefore, HHK with Schwann cells
may be a more effective approach to repair nerve defects than HHK without Schwann cells. In this study, we established an artificial nerve graft by loading

an HHK skeleton with activated Schwann cells. We found that the longitudinal HHK microfilament structure provided adhesion medium, space and direction
for Schwann cells, and promoted Schwann cell growth and nerve fiber regeneration. In addition, interleukin-1B not only activates Schwann cells, but also
strengthens their activity and increases the expression of nerve growth factors. Activated Schwann cells activate macrophages, and activated macrophages
secrete interleukin-1B, which maintains the activity of Schwann cells. Thus, a beneficial cycle forms and promotes nerve repair. Furthermore, our studies have
found that the newly constructed artificial nerve graft promotes the improvements in nerve conduction function and motor function in rats with sciatic nerve
injury, and increases the expression of nerve injury repair factors fibroblast growth factor 2 and human transforming growth factor B receptor 2. These findings
suggest that this artificial nerve graft effectively repairs peripheral nerve injury.
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Introduction

Surgical techniques for transection injury to the peripheral nerve vary based
on the injury severity, though primary end-to-end nerve repair is the preferred
treatment. If the primary repair is not possible because of severe local tissue
trauma or retraction of the distal or proximal nerve stump, a graft can be
inserted between the two nerve ends to achieve tension-free repair (Campbell,
2008). Autogenous nerve grafts, most commonly taken from the sural nerve,
have long been considered the gold standard for peripheral nerve repair, but
they are technically challenging because of the sophisticated microsurgical
skills required and donor site morbidity (Schultz et al., 1992). Alternatives to
autografts are currently being investigated in preclinical studies and clinical
trials.

Unlike the central nervous system, the peripheral nervous system shows
remarkable regenerative abilities after injury (Gu et al., 2014; Li et al.,
2021; Hu et al,, 2022). However, peripheral nervous system regeneration is
often incomplete and defects at nerve endings are common (Benowitz and
Popovich, 2011). The development of neural tissue engineering provides a

possibility to repair injured peripheral nerves (Knowlton et al., 2018). The
ideal characteristics of artificial nerves are as follows: no antigenicity and
can show normal action potential conduction. Axons of artificial nerves can
accurately reach target tissues or organs through graft regeneration so that
nerves and organs can quickly obtain blood supply to achieve a certain degree
of regeneration (Gu et al., 2011; Chiono and Tonda-Turo, 2015).

A hair follicle is a structure that is selectively degraded and regenerated
in the human body. In recent years, hair follicles have become a focus of
regenerative biological materials research (Sierpinski et al., 2008; Hwang et
al., 2013; Pace et al., 2013; Kiani et al., 2018). Keratin, a major component of
hair (Shavandi et al., 2017), exists in the form of microfilaments and a matrix.
Keratin predominantly contains more than 20 types of amino acids, including
cystine, glycine and lysine. Trace elements, such as copper, zinc, manganese
and melanin, can also be found. The chemical structure of keratin is divided
into three types according to the intermolecular interaction forces: hydrogen
bonds, salt bonds, and two sulfur bonds (de Guzman et al., 2011). Keratin
has been used successfully in a previous study to repair peripheral nerve
injury (Pace et al., 2013), but how cells work together with keratin to repair
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peripheral nerve damage has not been explored.

Schwann cells, as unique glial cells of the peripheral nervous system,
play an important role in peripheral nerve generation, development, and
morphological and functional maintenance (Jessen and Mirsky, 2016;
Clements et al., 2017). After peripheral nerve injury, four main cell types are
involved in the regeneration process of peripheral nerves, which are Schwann
cells, macrophages, fibroblasts, and vascular endothelial cells (Cattin and
Lloyd, 2016). Of these cell types, Schwann cells and macrophages are most
important. Macrophages, and their related cytokine induction and regulation,
stimulate proliferation of Schwann cells and secretion of nerve growth
factors (NGFs). Schwann cells secrete cytokines that inhibit macrophage
migration, and promote the secretion and expression of active substances
of macrophages such as interleukin-1. This further promotes Schwann
cell proliferation and axon regeneration, both of which promote nerve
regeneration and repair (Cattin et al., 2015; Chen et al., 2015; Kessler et al.,
2018). High interleukin-1f (IL-1B) expression may help fibroblasts to secrete
granulocyte-macrophage colony-stimulating factor and induce Schwann cells
to secrete NGF and promote nerve regeneration (Chen et al., 2015).

In this study, we constructed artificial nerves with IL-1B-activated Schwann
cells and human hair keratin (HHK) in vitro. In vitro and in vivo experiments
were conducted to evaluate the expression of important nerve factors and
their role in promoting neural repair under the condition of cell-scaffold
material interaction during artificial neural construction. Our study aimed to
clarify whether new artificial nerves can be used as potential grafts for nerve
transection injuries and to provide a therapeutic perspective for the clinical
application of the artificial nerves for peripheral nerve injury repair.

Methods

Primary culture and identification of Schwann cells

All experiments were approved by the Institutional Animal Care and Use
Committee of Southern Medical University (Guangzhou, China; approval No.
NFYY-2021-61) on March 18, 2021. All animal experiments were designed and
reported according to the Animal Research: Reporting of /n Vivo Experiments
(ARRIVE) guidelines (Kilkenny et al., 2010). All Sprague Dawley rats (specific
pathogen-free level) were provided by the Animal Center of Southern Medical
University (license No. SCXK (Yue) 2021-0041). All rats were anesthetized by
abdominal injection (3% pentobarbital sodium, 40 mg/kg) and then cervically
dislocated.

Bilateral sciatic nerves and brachial plexus in two 4- or 5-day-old Sprague-
Dawley rats were removed under sterile conditions. The epineurium was
dissected under a dissecting microscope (Ningbo Cheng-He Microsurgical
Instruments Factory, Ningbo, China) and placed in Dulbecco’s modified Eagle
medium: nutrient mixture F-12 (DMEM/F12) (Gibco, Gaithersburg, CA, USA).
Nerve bundles were cut into 0.1-0.2 mm’ fragments in DMEM/F12 medium.
Then, 0.16% collagenase (Gibco) and 0.25% trypsin (Thermo Fisher, Rockford,
MA, USA) were added to the fragments, mixed thoroughly at 37°C, and placed
in a 5% CO, incubator for 5 minutes. To stop digestion, DMEM/F12 medium
containing 10% fetal bovine serum was added for 5-10 minutes. Next, the
suspension was placed in a centrifuge tube and the precipitated portion
was further digested with 1 mL 0.16% collagenase. At the end of digestion,
2-3 mL of D-Hank’s solution (Pythonbio, Guangzhou, China) was added to
the suspension. Once most of the undigested tissue was precipitated, the
suspension was added to a centrifuge tube and centrifuged at 200 x g for 10
minutes. To further purify Schwann cells, we digested them again with trypsin
on the 5% day of culture. Because of the weak adhesion of Schwann cells,
during digestion, if Schwann cells shrunk back under the electron microscope,
digestion would be stopped immediately, and the digested Schwann cells
would be gently blown down and centrifuged for subculture. Subsequently,
partially purified Schwann cells were selected for staining verification.
Schwann cells were stained using an S100 protein SABC Kit (Boster Biological
Technology, Wuhan, China), plated onto slides at a density of 1 x 10° cells/mL
and fixed in 4% paraformaldehyde. Blood-derived peroxidase was blocked
with 1% hydrogen peroxide. Next, the Schwann cells were further selected
from fibroblasts using mouse anti-S100 antibody (monoclonal, Boster
Biological Technology, Cat# BM0120, RRID: AB_2716291). Briefly, the Schwann
cells were incubated with anti-S100 primary antibody at 4°C overnight, and
then with the secondary antibody, biotinylated goat anti-mouse IgG (Abcam,
Cambridge, MA, USA, Cat# ab6788, RRID: AB_954885, 1:500), at 37°C for 1
hour. SABC was added at 37°C for 20 minutes before 3,3'-diaminobenzidine
color chips were added (Tao, 2013).

Preparation of nerve homogenate

The skin over the posterior femur was aseptically incised in the same Sprague
Dawley rats as were used above. Muscles were isolated to expose the
sciatic nerve, which was cut in the proximal ischial foramen (pre-ulcer for
24 hours). Twenty-four hours later, the incision suture was removed to re-
expose the sciatic nerve, which was approximately 1 cm long and completely
disconnected from the suture site. The nerves were dissected under an
inverted microscope (CKX4, Olympus, Tokyo, Japan) and mixed in 15 mL of
DMEM/F12 medium to produce nerve tissue homogenate suspension for
activation of macrophages.

EdU assay

Proliferation of Schwann cells cultured in differently conditioned media was
detected in a 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay, using
the YF@555 Click-iT EdU Imaging Kits (C6016M, UElandy, Suzhou, China).

Schwann cells were cultured in normal medium (group A), macrophage-
conditioned medium (group B), activated macrophage medium (group C)
or IL-1B medium (group D). Medium composition of the four groups were:
group A, purified Schwann cells in 10% fetal bovine serum-DMEM/F12
medium; group B, Schwann cells in macrophage-conditioned medium, where
macrophages were extracted according to a previous report (Liu et al., 2021);
group C, Schwann cells in conditioned medium of macrophages activated
by nerve homogenate (nerve homogenates were injected back into the
abdominal cavity of rats and peritoneal macrophages were collected 3 days
later to obtain activated macrophages); group D, Schwann cells in 10% fetal
bovine serum-DMEM/F12 medium containing IL-18 (2.0 ng/mL; Peprotech,
Rocky Hill, NJ, USA). After the cells were cultured in different media for 24 and
48 hours, an EdU experiment was performed to detect cell proliferation. EdU
reagent (10 uM) was added to each well and incubated for 2 hours at room
temperature, then the Click-it reaction mixture was added for reaction, and
nuclei were stained with Hoechst 33342. A fluorescence microscope (IX73,
Olympus) was used for photography. At high magnification, three random
fields of each well were selected, and the average number of positive cells
was calculated.

The same method was used to detect the proliferation of macrophages
cultured in the different conditioned media. The four groups were: group E,
10% fetal bovine serum-DMEM/F12 medium for normal macrophage culture;
group F, macrophages activated by nerve homogenate; group G, Schwann
cell-conditioned medium; and group H, conditioned medium of Schwann cells
activated by 2.0 ng/mL IL-1B.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was used to detect NGF levels in
Schwann cells cultured in different conditioned media. Purified Schwann cells
were cultured at 37°C in 5% CO, for 3 days, and then centrifuged at 300 x g
for 10 minutes to obtain the supernatant. NGF level in the supernatant was
detected by an NGF ELISA kit (DY556, R&D, Biotechne, UK), with absorbance
at 450 nm measured by a microplate reader (SpectraMax M4, Molecular
Devices, Sunnyvale, CA, USA). NGF levels in the supernatants were calculated
according to a standard curve.

The same method was used to detect IL-1f levels in macrophages cultured
in different conditioned media. Macrophages were cultured at 37°C and 5%
CO,. Macrophage culture supernatants were collected and IL-1B level was
detected using an IL-1p ELISA kit (RLBOO, R&D). Absorbance was measured
using an enzyme labeling instrument (SpectraMax M4, Molecular Devices). IL-
1B expression in the supernatants was calculated from the standard curve.

Activated Schwann cells combined with HHK for artificial nerve
construction

The HHK scaffold was provided by the Department of Anatomy, Southern
Medical University (Xu et al., 2003). The HHK catheter supplied had an
inner diameter of 2.1 mm, a wall thickness of 1.8 mm and a length of 12
mm. HHK powder was then prepared. Human hair fiber pieces were added
to 0.1 M NaOH solution at a ratio of 1:15 and stirred. Heat treatment was
performed in a water bath for 1 hour at 80°C. Fibers were filtered using 300
nylon filters (Sigma-Aldrich, St Louis, MO, USA) and washed repeatedly with
distilled water to approximately pH 7.0. Human hair fiber debris was added
at a ratio of 1:15 to a reducing system containing sodium sulfite, urea, and
sodium alkylsulfonate. Dialysate solution was poured into a beaker and
dried in a vacuum oven to produce light brown keratin powder. Schwann
cells were activated with 2.0 ng/mL IL-1B for 72 hours and prepared into a
1 x 10’/mL cell suspension for later use. HHK catheters were coated with
30% extracellular matrix (ECM) gel (Thermo Fisher) and soaked in activated
Schwann cell suspension after natural drying. HHK powder was added into
the cell suspension (0.1 mg/mL), cocultured for 6 hours, removed and placed
in a 24-well plate before soak culture was continued for 48 hours. They were
then removed and further modified with 30% ECM gel to obtain prefabricated
HHK artificial nerve-bridge grafts. The HHK scaffold during its preparation and
electron microscopy of the artificial nerve after successful construction (after
coculture with IL-1B-activated Schwann cells) is shown in Additional Figure
1A and B.

Animal models and surgery

Two-month-old Sprague-Dawley male rats (specific pathogen-free level, body
weight 220-250 g) were given normal diet and normal activity in a standard
environment. All animals were housed in the Animal Facility of the Nanfang
hospital, with a 12-hour light/dark cycle, 25°C room temperature and 50%
relative humidity, and three rats in each cage. Rats were randomly divided
into two groups (n = 6). All rats were anesthetized by abdominal injection of
3% pentobarbital sodium (40 mg/kg; Sigma, St Louis, MO, USA). For the direct
suture group (control group), the sciatic nerve was exposed under aseptic
conditions and a 3-cm nerve segment was dissociated. A 1-cm middle nerve
segment was excised and the defect was directly sutured. For the HHK group,
the sciatic nerve was also exposed under sterile conditions and a 1-cm middle
nerve segment was excised. The prefabricated HHK artificial nerve-bridge (10
mm) was then anastomosed to the broken nerve ends under a microsurgical
microscope (Cheng-He Microsurgical Instruments Factory, Ningbo, China). All
procedures were performed under a microscope by an experienced surgeon.
To avoid possible operative errors, all of the modeling was done by the same
surgeon.

In situ hybridization
In situ hybridization detection was performed to determine HHK degradation

NEURAL REGENERATION RESEARCH | Vol 18 | No. 5 | May 2023 | 1119



NEURAL REGENERATION RESEARCH
www.nrronline.org

Research Article

and NGF expression in the sciatic nerve using frozen sections and an NGF
probe. The sciatic nerve, which was used for artificial nerve transplantation to
repair sciatic nerve defects, was removed from rats under sterile conditions
after anesthesia by abdominal injection (3% pentobarbital sodium, 40 mg/kg).
After the nerve was quickly placed into liquid nitrogen, tissue sections were
prepared. The sections were fixed with 4% paraformaldehyde, fully washed
with ddH20, digested with pepsin, and fully washed again with ddH,0. They
were then fixed with 1% paraformaldehyde and incubated at 40°C for 3-5
hours after addition of prehybrid liquid. Digoxin-labeled oligonucleotide
probe hybrids (Gefan Biotechnology Company, Shanghai, China) were
added after denaturation (5'-GCC TGG CTT CTT GGG TTC ACC GCA T-3') and
incubated overnight at 40°C. After posthybrid washing, blocking solution and
biotinylated anti-rat digoxin were added, and sections were washed in 0.5 M
phosphate-buffered saline. Then, biotinylated peroxidase was added, followed
by washing in 0.5 M phosphate-buffered saline and 3,3'-diaminobenzidine
coloring. After conventional hematoxylin nuclear staining, sections were
mounted. Positive cells were observed under the fluorescence microscope
(BX63, Olympus).

Electrophysiological detection

Electrophysiology was used to assess peripheral nerve function. Anesthetized
rats were placed in a stereotactic frame to expose their bilateral lower
extremities. A concentric round needle was inserted into the gastrocnemius
muscle as the recording electrode, with a saddle electrode (Nicolet
VikingQuest, WI, USA) used as a stimulus electrode for placement of the
proximal sciatic nerve (the surgical side was placed beside the heart). The
cathode was placed at the distal end of the stimulus and the anode at the
proximal end. An electromyography and evoked potential apparatus (Nicolet
VikingQuest) was used for the tibiofibular motor conduction interface. The
scanning speed was 2 ms; sensitivity, 5 mV; duration of stimulation, 0.1 ms;
stimulation frequency, 1 Hz; and stimulation intensity, 14—20 mA. Left and
right sciatic nerves were repeatedly stimulated. Recordings were made for
values of latency negative phase wave amplitude and time limit of compound
muscle action potentials at 2, 4, 6 and 8 weeks after artificial nerve
transplantation.

Gait analysis

Peripheral nerve repair was evaluated by gait analysis. A dark box was
prepared before gait analysis. The rat was placed at the entrance of the dark
box and was allowed to walk independently throughout the box so that its red
footprints were left on the white paper. The footprints were recorded after
operation at 2, 4, 6 and 8 weeks. The experiment was repeated three times
for each rat, and the average value was used for statistical analysis.

Recordings were made for indicators of footprint on the experimental
side (E); normal footprint (N); print length (PL), distance from heel to toe;
total spreading (TS), distance between the first toe and the fifth toe; and
intermediate toes (IT), distance between the second and the fourth toes.
Sciatic function index (SFI) was calculated using the following formula. SFI =
—38.3 x [PL(E) = PL (N)] / PL(N) + 109.5 x [TS (E) = TS (N)] / TS (N) + 13.3 (2) x
[IT(E)=IT(N)] /1T (N)—8.8 (Rao et al., 2020). An SFI of O indicates completely
normal nerve function, —100% indicates complete loss of nerve function, and
0-100% indicates partial recovery of nerve function.

Immunohistochemical staining

Immunohistochemical staining was used to evaluate related nerve repair
factors. At week 8 after the operation, the rats were euthanized by abdominal
injection of 3% pentobarbital sodium (40 mg/kg) and the sciatic nerve
was quickly removed and fixed in paraformaldehyde for 24 hours. The
specimens were dissected within 5 mm of the suture end for dehydrated
paraffin embedding, and the thickness of each specimen was 4 um for
section staining. The specimens were treated for antigen repair by boiling
in an ethylenediaminetetraacetic acid repair solution (pH 9.0) for 2 minutes
and were then cooled to room temperature. For immunohistochemical
staining, primary antibodies S100 (Abclonal, Wuhan, China, Cat# A19108,
RRID: AB_2862601, rabbit, mAb, 1:100), vascular endothelial growth factor
(VEGF; Abclonal, Cat# A12303, RRID: AB_2759160, rabbit, mAb, 1:100),
transforming growth factor beta receptor type Il (TGFBR2; Abclonal, Cat#
A1415, RRID: AB_2761007, rabbit, mAb, 1:50), fibroblast growth factor-2
(FGF2; Abclonal, Cat# A0235, RRID: AB_2757048, rabbit, mAb, 1:50) and
platelet-derived growth factor receptor beta (PDGFR-B; Abclonal, Cat#t A2180,
RRID: AB_2764198, rabbit, mAb, 1:100) were incubated overnight at 4°C.
Horseradish peroxidase-conjugated anti-rabbit 1gG (ready to use, ZSGB-BIO,
Beijing, China, Cat# PV-6001, RRID: AB_2864333) was used as a secondary
antibody. Specimens were incubated in the secondary antibody at 37°C
for 1 hour. Horseradish peroxidase-streptavidin detection system (Maxim,
Fuzhou, China, Cat# DAB4033) was used to detect immunoreactivity and
hematoxylin was used for counterstaining. Immunofluorescent staining was
performed using a standard protocol. After the specimens were dewaxed,
the sections were placed into 3% H,0, for blocking, and then 10% goat serum
was added to block at room temperature for 30 minutes. Finally, sections
were incubated with primary antibodies S100 antibody (Abclonal, Cat#
A19108, RRID: AB_2862601, rabbit, mAb, 1:100) and proliferating cell nuclear
antigen (PCNA) antibody (Affinity Biosciences, Beijing, China, Cat# DF6067,
RRID: AB_2838035, rabbit, pAb, 1:100) at 4°C overnight. Secondary antibody
(goat anti-rabbit IgG, Dylight 488, Abbkine, Wuhan, China, Cat# A23220,
RRID: AB_2737289, 1:200; goat anti-rabbit IgG (H+L) Fluor594-conjugated,

Affinity Biosciences, Cat# SO006, RRID: AB_2843436, 1:200) conjugated with
fluorescence was added to the sample sections, and incubated for 1 hour at
room temperature. Finally, 4',6-diamidino-2-phenylindole (Solarbio, Beijing,
China, Cat# $2110) was added to the specimens and the slices were sealed. A
fluorescence microscope was used to detect the expression of S100 (green)
and PCNA (red) with excitation wavelength 488 and 594, respectively. The
number of positive cells observed at high magnification (200x) was calculated
in three random fields.

Statistical analysis

No statistical methods were used to predetermine sample sizes; however,
our sample sizes were similar to those reported in a previous publication
(Wang et al., 2017). No animals or data points were excluded from the
analysis. The investigators were blind to allocation during experiments and
outcome assessment. SPSS software (version 19.0; IBM Corp., Armonk,
NY, USA) was used for all statistical analyses. Shapiro-Wilk test was used to
test the normality of the data. When data were normally distributed and
had homogeneity of variance, all graphical data were presented as mean *
standard deviation. One-way analysis of variance was used for three or more
groups. The Student-Newman-Keuls post hoc tests were used for further
multiple comparisons. Independent sample t-tests were performed for
comparison of two groups. The level of significance was set at P < 0.05.

Results

Cell proliferation and NGF and IL-1p secretion in different conditioned
media

According to the EdU results at 24 and 48 hours, groups C and D had stronger
Schwann cell proliferation ability than groups A and B, and group D had the
strongest proliferation ability. These results suggest that 2.0 ng/mL IL-18
promoted Schwann cell proliferation (Figure 1A). In the proliferation activity
test of macrophages, the strongest macrophage proliferative activity was in
group H. Conditioned medium of Schwann cells activated by 2.0 ng/mL IL-
1B promoted macrophage proliferation (Figure 1B). ELISA was used to detect
NGF levels in the different groups, and showed that of the four groups,
group D had the highest NGF level in Schwann cells (Figure 1C). IL-1B levels
in groups F and H were significantly higher than those in groups E and G.
Conditioned medium of macrophages activated by nerve homogenate and
conditioned medium of Schwann cells activated by 2.0 ng/mL IL-1B both led
to high IL-1B expression in macrophages (Figure 1D).

The bioactive artificial nerve improves nerve conduction capacity after
sciatic nerve injury

Latency, time limit and amplitude were recorded at 2, 4, 6 and 8 weeks after
artificial nerve transplantation. Latency, which reflects the time of rapid
conduction fibers in nerve axons reaching muscles (Valentino et al., 2007),
was lengthened and conduction velocity was slowed after nerve injury (Figure
2A). Time limit showed the discharge of each single muscle fiber at the same
time. After nerve injury, the time limit was prolonged and the waveform
was discrete (Figure 2B). Amplitude, which reflects the number of muscle
fibers involved in mixed muscle action potentials (Valentino et al., 2007), was
reduced after nerve injury (Figure 2C). At 8 weeks after surgery, each of the
electrophysiological parameters were improved compared with those at 2
weeks after surgery, suggesting that the damaged nerve tissue was in a state
of functional repair. The latency in the HHK group was significantly lower than
that of the control group at all time points, indicating that the time for the
HHK group axon fast conduction fiber to reach muscle was shorter. The time
limit data showed that the muscle discharge duration extension was shorter
after nerve injury in the HHK group compared with that in the control group.
The results of the amplitude reflected that the number of muscle fibers
involved in the mixed muscle action potential in the HHK group was more
than that in the control group. These results indicate that the use of newly
constructed artificial nerves may lead to a significantly better nerve repair
result than direct suturing.

The bioactive artificial nerve improves sciatic function after sciatic nerve
injury

According to SFI data, nerve function in the two groups was completely lost
at 2 weeks, but the nerve in the HHK group showed obvious repair after 6
weeks. At week 8, the sciatic nerve function was significantly improved in
the HHK group compared with that in the control group, which suggested
significantly faster nerve repair in the HHK group (Figure 3A and B).

The bioactive artificial nerve promotes Schwann cell proliferation in the
injured area after sciatic nerve injury

Immunohistochemical staining showed that the number of S100-positive cells
was significantly greater in the HHK group than in the control group (Figure
4A). Immunofluorescence also showed that the number of PCNA-positive
cells was higher in the HHK group than in the control group (Figure 4B). The
results indicated that the artificial nerve significantly promoted Schwann cell
proliferation.

The bioactive artificial nerve promotes NGF secretion in sciatic nerve

In situ hybridization was used to detect the expression of NGF, an important
factor in nerve repair. NGF expression in the HHK group was much higher than
that in the control group, suggesting that the artificial nerve promoted NGF
secretion and thus accelerated nerve repair (Figure 5).
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Figure 1 | Proliferative activity and NGF and IL-1PB secretion in Schwann cells and
macrophages under different media.

Group A: Schwann cells in DMEM/F12; group B: Schwann cells in macrophage-
conditioned medium; group C: Schwann cells in conditioned medium of macrophages
activated by nerve homogenate; group D: Schwann cells in DMEM/F12 medium
containing IL-1B; group E: macrophages in DMEM/F12 medium; group F: macrophages
in conditioned medium of macrophages activated by nerve homogenate; group

G: macrophages in Schwann cell-conditioned medium; group H: macrophages in
conditioned medium of Schwann cells activated by 2.0 ng/mL IL-1B medium. (A) The
proliferation ability of Schwann cells cultured in different media was detected by EdU
assay. Compared with the other three groups, group D had the largest number of EdU-
positive cells, indicating that IL-1B had the strongest effect on Schwann cell proliferation.
(B) The proliferation ability of macrophages cultured in different media was detected

by EdU assay. There were more EdU-positive cells in groups F and H, indicating that
conditioned medium of macrophages activated by nerve homogenate and conditioned
medium of Schwann cells activated by IL-18 promoted macrophage proliferation. Scale
bars: 100 um. (C) NGF expression in Schwann cells with different conditioned media by
enzyme-linked immunosorbent assay. (D) IL-1B expression in macrophages with different
conditioned media by enzyme-linked immunosorbent assay. Data are expressed as mean
+ SD. In vitro experiments were conducted three times independently. **P < 0.01, ***p
< 0.001 (one-way analysis of variance followed by Student-Newman-Keuls post hoc test).
DMEM/F12: Dulbecco’s modified Eagle media: nutrient mixture F-12; IL: interleukin;
NGF: nerve growth factor.

A o B
== Control ok
= HHK — e

mm Control
= HHK

LAT (ms)
Dur (ms)
IS

2wk 4 wk 6 wk 8 wk

mm Control
= HHK

AMP (mv)

2wk 4 wk 6 wk 8wk

Figure 2 | The bioactive artificial nerve improves nerve conduction capacity after
sciatic nerve injury.

Control group: direct suture of sciatic nerve transection; HHK group: artificial nerve
bridging was used after sciatic nerve transection. (A) The LAT index of the HHK group was
significantly lower than that of the control group from 2 weeks. (B) The Dur index began
to differ at 4 weeks. (C) At the 8" week, AMP in the HHK group was significantly higher
than that in the control group. Data are expressed as mean +SD (n = 6). **P < 0.01, ***p
<0.001 (independent sample t-test). Amp: Amplitude; Dur: duration; HHK: human hair
keratin; LAT: latency.

The bioactive artificial nerve affects the nerve repair factors in injured
sciatic nerve

Several important proteins related to nerve repair were detected by
immunohistochemical staining. The numbers of FGF2- and TGFBR2-positive
cells were significantly higher in the HHK group than those in the control
group (Figure 6). The artificial nerve had no significant effect on the numbers
of VEGF- and PDGFR-B-positive cells. The results showed that the mechanism
of promoting neural repair may be related to activation of the TGF signaling
pathway and upregulation of FGF2 secretion.
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Figure 3 | The bioactive artificial nerve improves sciatic function after sciatic nerve
injury.

Control group: direct suture of sciatic nerve transection; HHK group: artificial nerve
bridging was used after sciatic nerve transection. (A) Schematic diagram of the SFI
measurement. (B) The sciatic nerve function index. Data are expressed as mean + SD
(n=6). ***P<0.001 (independent sample t-test). HHK: Human hair keratin; SFI: sciatic
function index.
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Figure 4 | The bioactive artificial nerve promotes Schwann cell proliferation in the
injured area after sciatic nerve injury.

Control group: direct suture of sciatic nerve transection; HHK group: artificial nerve
bridging was used after sciatic nerve transection. (A) The number of S100-positive

cells (green, stained by Dylight 488) was detected by immunohistochemical staining.
The number of S100-positive cells in the control group was less than that in the HHK
group. Scale bars: 200 um (upper), 50 um (lower). (B) Immunofluorescence staining was
used for S100 (green, stained by Dylight 488) and PCNA (red, stained by Fluor594). The
numbers of S100- and PCNA-positive cells in the control group were less than those in
the HHK group. Scale bars: 100 um. Data are expressed as mean + SD (n = 6). ***P < 0.001
(independent sample t-test). HHK: Human hair keratin; PCNA: proliferating cell nuclear
antigen.
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Figure 5 | The bioactive artificial nerve promotes NGF secretion in sciatic nerve
under in situ hybridization.

Control group: direct suture of sciatic nerve transection; HHK group: artificial nerve
bridging was used after sciatic nerve transection. The number of NGF-positive cells in the
HHK group was greater than that in the control group. Scale bars: 200 um (upper), 50
um (lower). Data are expressed as mean + SD (n = 6). ***P < 0.001 (independent sample
t-test). HHK: Human hair keratin; NGF: nerve growth factor.

Discussion

After peripheral nerve injury, Schwann cells induce macrophages and
cytokines and regulate macrophage secretion of IL-1, which causes Schwann
cells to secrete NGF. NGF is an insulin-like growth factor that promotes
nutrition of TGF-B and FGF2 secreted by macrophages, which in turn promote
mitosis and Schwann cell proliferation (La Fleur et al., 1996; Cattin et al.,
2015; Chen et al., 2015). Other studies have shown that IL-1 stimulates
the continued expression of IL-1 in Schwann cells, and Schwann cells have
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autocrine and paracrine regulation of IL-1. In the inflammatory state, IL-1
expression activates cytokine signals at nerve injury sites and changes
pathological conditions by secreting cytokines. In addition, IL-1 functions
differently from other inflammatory factors, such as TNF-a, which induces
Schwann cell demyelination, and IFN-y, which induces Schwann cell apoptosis.
IL-1 mainly induces Schwann cell proliferation and has antigen-presenting
functions, and is an important factor in initiating immune response and nerve
repair (Lisak et al., 1994; Skundric et al., 1997; Créange et al., 1998; Conti et
al., 2002; Ozaki et al., 2008). High expression of IL-1f may help fibroblasts
secrete granulocyte macrophage colony-stimulating factor and induce
Schwann cells to secrete NGF and promote nerve regeneration (Chen et al.,
2015). Although IL-1B and NGF overexpression has been reported to cause
neuropathic pain (Dai et al., 2020; Khan et al., 2021), we did not find any
significant pain differences between the two groups after surgery, suggesting
that the new artificial nerve transplantation did not bring obvious pain to the
rats. However, more detailed pain tests are needed to confirm this conclusion.

Sierpinski et al. (Sierpinski et al., 2008) bridged a 4-mm tibial nerve defect
in mice using an HHK nerve catheter and induced nerve fibers to regenerate
under tension-free conditions. They reported that HHK significantly improved
nerve function by bridging neural dendritic restoration through nerve
conduction pathways while regeneration of degradation products induced
Schwann cells and nerve fibers (Sierpinski et al., 2008). In this study, neural
bridges constructed by coculture of Schwann cells activated by HHK and
IL-1B were used to repair nerve defects. By providing adhesive media,
space and direction for Schwann cells, the longitudinal HHK microfilament
structure promoted Schwann cell growth and nerve fiber regeneration. Our
experimental results showed that the number of Schwann cells in the HHK
group was significantly higher and the proliferation rate was faster, which
facilitated nerve repair.

To further verify this finding and determine whether the constructed
artificial nerve promotes nerve functional recovery, we evaluated peripheral
nerve function by SFI index and electrophysiology. In addition to indicating
muscle strength recovery at the lower extremities, SFl also assesses muscle
coordination function and can be dynamically observed. SFl is reliable and
accurate in evaluation of sciatic nerve functional recovery. Motor nerve
conduction velocity reflects not only nerve stem conduction function but
also neuromuscular junction function. Conduction velocity recovery and
amplitude changes in early and late stages also indicate myelin regeneration
in demyelinated peripheral nerves (Valentino et al., 2007). In this study, the
results of neuroelectrophysiology and SFI indexes showed that all measures
of the constructed artificial nerve after transplantation were significantly
improved compared with those in the control group, suggesting that the
artificial nerve bridging led to better neural regeneration and repair function
than the direct suture technique.

Many studies have shown that FGF2, TGFBR2, VEGF and PDGFR2 also play
important roles in nerve repair. FGF2, also known as basic FGF, is a multi-
functional growth factor. High expression of FGF2, one of the 22-member FGF
family, can be detected upon the onset of neurodevelopment (Murphy et al.,
1994). Consistent with its role in neurogenesis and synaptic enhancement,
FGF2 has been shown to be highly effective in neuronal regeneration
in a variety of experimental animal models, including models of optic
nerve injury and excitatory toxic cell death, as well as in the treatment of
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
disease (Sapieha et al., 2003; Kiyota et al., 2011). Similarly, TGFBR2 has been
found to be effective in preventing neurodegeneration and maintaining
normal nerve function (Tesseur et al., 2006). Interestingly, FGF2 and TGF have
been reported to coregulate neuronal survival (Krieglstein et al., 1998). In our
study, we found that the expression of FGF2 and TGFBR2 was upregulated
in the HHK group compared with that in the control group, suggesting that
the constructed artificial nerve may promote the repair of damaged nerves
by upregulating FGF2 and TGF-B signaling pathways. Nerve function repair is
closely related to blood vessels, and VEGF plays a crucial role in blood vessel

200 Figure 6 | The bioactive artificial nerve
affects nerve repair factors in injured sciatic
150 nerve.

Control group: direct suture of sciatic

nerve transection; HHK group: artificial

50 nerve bridging was used after sciatic nerve
transection. (A-D) Numbers of FGF2-,
TGFBR2-, VEGF- and PDGFR-B-positive cells.
Scale bars: 200 um (upper), 50 um (lower).
Data are expressed as mean = SD (n = 6). **P
<0.01, ***P <0.001 (independent sample
t-test). FGF2: Fibroblast growth factor-2;
HHK: human hair keratin; PDGFR-B: platelet-
80 derived growth factor receptor beta; TGFBR2:
60 transforming growth factor beta receptor
type 2; VEGF: vascular endothelial growth
factor.
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formation. Pan et al.s study (Pan et al., 2013) has shown that VEGF promotes
peripheral nerve repair. The PDGF signaling pathway not only promotes
the neurite induction activity of Schwann cells and activates Schwann cells
(Sowa et al., 2019), but also affects the role of endothelial progenitor cells
in promoting nerve repair (Fang et al., 2020). However, there were no
significant differences in VEGF or PDGFR-B expression between the HHK
group and the control group in our study. Together, these results suggest that
the constructed artificial nerve promoted secretion of NGF, FGF2 and other
important nerve factors, but had a weak effect on repair of vessels and other
auxiliary nerves.

In summary, the HHK artificial nerve-bridge graft accelerated nerve repair
by providing better spatial structure for nerve regeneration, and promoting
proliferation of Schwann cells and secretion of neural factors such as NGF. A
possible mechanism for the enhanced neural repair is activation of FGF2 and
TGF-B signaling pathways. Our paper has some limitations. For example, we
did not investigate the effect of different IL-18 concentrations for Schwann
cell activation on the HHK artificial nerve and whether there was an optimal
IL-1B concentration. In addition, we selected only some neural repair factors
for detection, which were not comprehensive. Further transcriptomic or
proteomic sequencing would provide more comprehensive information on
HHK artificial peripheral nerve repair and provide further insight for signal
mechanism studies. In conclusion, the findings indicate that compared with
direct simple nerve suture, compound culture of IL-1B-activated Schwann
cells and HHK to construct an artificial nerve graft may be advantageous for
the repair of sciatic nerve defects. The newly constructed artificial nerve has
good biological properties, which can not only be used to repair a large area
of nerve defects, but also better promote the repair of nerve function. It is a
relatively ideal nerve graft. In addition, the study also showed that artificial
nerve construction with high biological activity may be a feasible and effective
approach for nerve repair. Our study provides a new perspective for the study
of nerve grafts.
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Additional Figure 1 The flow chart of the study.

Group A: Schwann cells in DMEM/F12; group B: Schwann cells in macrophage conditioned medium; group C:
Schwann cells in conditioned medium of macrophages activated by nerve homogenate; group D: Schwann cells in
DMEM/F12 medium containing IL-1; group E: macrophages in DMEM/F12 medium; group F: macrophages in

conditioned medium of macrophages activated by nerve homogenate; group G: macrophages in Schwann cell

conditioned medium; group H: macrophages in conditioned medium of Schwann cells activated by 2.0 ng/mL
IL-1B medium. DMEM/F12: Dulbecco's modified Eagle media: nutrient mixture F-12; IL: interleukin.
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Additional Figure 2 Electron microscopic observation of HHK artificial nerve
(A) Schematic diagram of human hair composition and electron microscope view of HHK scaffold. (B) HHK

artificial neural electron microscope image after successful construction. Scale bars: 8 pum.
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