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ARTICLE INFO ABSTRACT
Keywords: Peripheral nerve regeneration requires stepwise and well-organized establishment of microenvironment. Since
Angiogenesis local delivery of VEGF-A in peripheral nerve repair is expected to promote angiogenesis in the microenvironment

Nerve regeneration

Endogenous secretion

Schwann cells

Vascular endothelial growth factor-A (VEGF-A)

and Schwann cells (SCs) play critical role in nerve repair, combination of VEGF and Schwann cells may lead to
efficient peripheral nerve regeneration. VEGF-A overexpressing Schwann cells were established and loaded into
the inner wall of hydroxyethyl cellulose/soy protein isolate/polyaniline sponge (HSPS) conduits. When HSPS is
mechanically distorted, it still has high durability of strain strength, thus, can accommodate unexpected strain of
nerve tissues in motion. A 10 mm nerve defect rat model was used to test the repair performance of the HSPS-SC
(VEGF) conduits, meanwhile the HSPS, HSPS-SC, HSPS-VEGF conduits and autografts were worked as controls.
The immunofluorescent co-staining of GFP/VEGF-A, Ki67 and MBP showed that the VEGF-A overexpressing
Schwann cells could promote the proliferation, migration and differentiation of Schwann cells as the VEGF-A was
secreted from the VEGF-A overexpressing Schwann cells. The nerve repair performance of the multifunctional
and flexible conduits was examined though rat behavioristics, electrophysiology, nerve innervation to gastroc-
nemius muscle (GM), toluidine blue (TB) staining, transmission electron microscopy (TEM) and NF200/S100
double staining in the regenerated nerve. The results displayed that the effects on the repair of peripheral nerves
in HSPS-SC (VEGF) group was the best among the conduits groups and closed to autografts. HSPS-SC (VEGF)
group exhibited notably increased CD31" endothelial cells and activation of VEGFR2/ERK signaling pathway in
the regenerated nerve tissues, which probably contributed to the improved nerve regeneration. Altogether, the
comprehensive strategy including VEGF overexpressing Schwann cells-mediated and HSPS conduit-guided pe-
ripheral nerve repair provides a new avenue for nerve tissue engineering.

1. Introduction patients that lead to weakness, paralysis, sensory deprivation, neuro-
pathic pain, and impaired autonomic function [1,2]. Autologous nerve
Peripheral nervous injuries (PNI) would bring neuropathies to graft transplantation is always the “gold standard” of clinical treatment
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in PNI therapy, but it is still restricted by some insurmountable causes,
such as donor site morbidity, inadequate donor tissue and deficient
functional recovery [3,4]. Nerve guidance conduits (NGCs) are the
alternative and promising strategy to guide nerve regeneration [5,6].
NGCs with seed cells and/or cytokines have been investigated to
establish favorable microenvironments for nerve regeneration and
greatly promote the repairing efficiency [7,8]. For example, human
amniotic fluid stem cells (AFSCs) were used to improve the repair of
sciatic nerve injury in minipigs [9]. Nerve growth factor (NGF) was
immobilized onto the poly (d, i-lactic acid)/chondroitin sulfate/chito-
san (PDLLA/CS/CHS) scaffolds to facilitate conduits guided peripheral
nerve repair [10]. Although lots of such strategies have been used in
neural tissue engineering, the combination still needs to be optimized.

Schwann cells (SCs) are one of most important glial cells in the
neural system and generally-used as seed cells in nerve tissue engi-
neering, which could promote axon regeneration [11-13]. Schwann
cells were found to blossom into bands of Biingner to facilitate axonal
regeneration [14,15]. Engineered Schwann cells in chitosan nerve
guides were able to guarantee functional sensory and motor regenera-
tion [16]. In addition, primary Schwann cells from rats were relatively
easy to isolate [17]. Therefore, primary Schwann cells were regarded as
one of the most promising seed cells in nerve regeneration. Moreover,
the nerve repair process is accompanied with angiogenesis, myelination
regeneration and axon regeneration [18]. Angiogenesis is particularly
important because it initializes the nerve regeneration [19], and
vascular endothelial growth factor A (VEGF-A) is the key bio-factor in
the process of angiogenesis [20].

Schwann cells could secrete VEGF-A, glial cell trophic factor, neu-
rotrophic factors, and so on. VEGF-A arouses the development and
molding of blood vessels and shows potential in protecting motor and
sensory neurons. Furthermore, VEGF-A is deemed to protect SCs and
trigger themselves’ proliferation and migration in an autocrine loop
[21]. Meanwhile, if the VEGF-A is not enough at the initial repair stage
of nerve injury, it will lead to the failure of Schwann cells mediated
nerve repair [18]. Therefore, the appropriate combination of VEGF-A
and Schwann cells could prevent the failure of nerve regeneration,
effectively reduce the pain of patients and the economic burden of
reoperation [22,23].

Adding the SCs to a never guide conduit represents some of the first
essential steps in bringing SC-based therapies to the peripheral nerve
injuries field [24]. Most importantly, this study represents some of the
first essential steps in bringing SC-based therapies to the peripheral
nerve injury repair field. Then the combination of Schwann cells and
aerobic exercise therapy was proven to enhance the sciatic nerve
regeneration [25]. In our previous study, the Schwann cells were com-
bined with pyrroloquinoline quinone to repair the peripheral nerve
defect, but there is still a large gap between the result and the effect of
autologous transplantation [12]. VEGF-A is a key component of suc-
cessful blood vessels and nerves regeneration [18]. Transferring VEGF-A
genes increases the growth promoting ability of the SCs, particularly in
inefficient angiogenesis condition with SCs alone. Lentiviral transfection
is good strategy for SCs modulation due to its high integrating capacity,
which enables all daughter cells to be labeled with the inserted gene of
interest. The lentiviral transfection also allows stable expression of the
inserted gene, unlike other viral transfection systems such as adenovirus
which may loss its gene expression after cell division. Ex vivo trans-
duction of SCs using lentiviral vectors is straightforward and can give
stable and consistent expression over a long period of time in vivo [26].
In brief, The VEGF-overexpressing-Schwann cell loaded HSPS showed
great clinical potential.

In our previous studies, hydroxyethyl cellulose (HEC)/soy protein
isolate (SPI)/polyaniline (PANI) sponges (HSPS) showed good me-
chanical strength, biocompatibility and could be made into implantable
and flexible biosensor [27,28]. This study is committed to assess the
peripheral nerve repair capability of HSPS conduits combined with
Schwann cells and VEGF-A. Firstly, VEGF-A overexpressing Schwann
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cells were established by lentivirus mediated transfection and cells were
inoculated and adhered in the inner wall of porous HSPS conduits.
Further evaluations of the Schwann cells-mediated and conduit-guided
strategy in peripheral nerve injury repair were taken out by in vivo
analysis, angiogenesis detection and related potential molecular mech-
anism analysis. This combined strategy may provide a new avenue
enhancing angiogenic and regenerative capacity in nerve repair process.

2. Experimental section
2.1. Materials

Hydroxyethyl cellulose powder (viscosity, 30 000 Pa-s) was supplied
by Shandong Head Reagent Co. Ltd (Shandong, China). Soy protein
isolate (SPI) powder (Mw, 2.05 x 105) was purchased from DuPont
Protein Technology (Luohe, China). The aniline monomer (purity
99.98%), epichlorohydrin (ECH), ammonium persulphate (APS), hy-
drochloric acid (HCl), and acetic acid were from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). Other chemicals were of analytical
grade agents and used without further treatment.

2.2. Fabrication of the HSPS conduits

The hydroxyethyl cellulose/soy protein isolate (HEC/SPI) conduits
were fabricated as our recent studies [29,30]. The aniline (0.2 M) was
mixed with HCI solution (1 M), and then the faint yellow HEC/SPI
conduits with length of 1.2 cm were dipped into the solution and mildly
stirred for 30 min in an ice bath. The 100 mL APS solution (0.2 M) was
dropped into 100 mL aniline/HCI solution to facilitate the in situ poly-
merization reaction of aniline. According to our previous experimental
results, the best in-situ polymerization time is 2 h [27]. Then the
hydroxyethyl cellulose/soy protein isolate/polyaniline sponge (HSPS)
conduits were rinsed with deionized water under stirring more than 48 h
for the follow-up research. In addition, this flexibility of prepared HSPS
conduit was recorded with camera and the microstructure of HEC/SPI
and HSPS conduits were observed with SEM. The mechanical properties
of the HEC/SPI and HSPS conduits were detected by the universal
testing machine (5943, INSTRON, United States) at a compress rate of
0.5 mm/min. Each conduit with dimensions of length 12 mm, inside
diameter 1.8 mm and outside diameter 3.5 mm were used for mechan-
ical property measurement.

2.3. VEGF-A lentivirus construction

In order to construct the VEGF-A overexpression lentivirus plasmid,
the SD rat RNA was extracted with Trizol reagent (Invitrogen, USA). The
SD rat RNA was reversed into cDNA with the cDNA Reverse Transcrip-
tion Kit (Bio-Rad, USA). SD rat VEGF-A gene was cloned with PCR, and
the primer sequences were as follows: VEGF-A, 5'-CCG GAA TTC CAT
GAA CTT TCT GCT CTC TTG G -3’ and 5’-CGC GGA TCC GTC ACC GCC
TTG GCT TGT CAC-3’; PCR program parameters were 95 °C for 10 min,
and then 95 °C for 20 s, 50 °C for 30 s, 72 °C for 60 s and 35 cycles at
95 °C for 20 s, 50 °C for 30 s, 72 °C for 60 s. Amplified fragments were
identified and recovered by agarose gel electrophoresis. After the VEGF-
A PCR clone product and the lentiviral vectors pCDH-CMV-MCS-EF1-
copGFP-T2A-Puro were double-digested with EcoRI and BamHI endo-
nuclease, the T4 ligase was used to insert the double-digested VEGF-A
fragments into pCDH-CMV-MCS-EF1-copGFP-T2A-Puro plasmid. Then
the recombinant plasmid was transfected into DH-5a cells. Colony PCR
and sequencing verification were used to verified the positive pCDH-
CMV-MCS-EF1-copGFP-T2A-Puro-VEGF-A plasmid. The lentiviral
packaging vectors (pLP1, pLP2, pLP) and pCDH-CMV-MCS-EF1-copGFP-
T2A-Puro/pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-VEGF-A  plasmid
were co-transfected into 293T cells using Lipofectamine 2000 (Invi-
trogen, USA). Lentivirus was produced in 293T cells cultured in com-
plete a-MEM at 37 °C and 5% COs. After 48 h of transfection, the
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lentivirus (control and VEGF-A) was collected by filtering the superna-
tant of medium through filter with 0.45 pm diameter.

2.4. Schwann cells isolation, lentivirus transfection and conduits
fabrication

All animal procedures were done with approval by the Animal
Ethical Committee of the Wuhan University (Grant No.: 2018116). The
Schwann cells were isolated from the Sprague Dawley (SD) neonatal rats
(1-3 days) according to procedures described previously [12]. After the
SCs were 90% confluence, they were digested with 0.25% trypsin and
seeded onto 6-well plate (1 x 10° cells/well). After 24 h of cell attach-
ment, lentiviruses (control or VEGF-A) were added to the 6-well plates.
After 12 h of lentivirus infection, the culture medium was changed to
normal complete medium for 24 h, the immunofluorescence and West-
ern blot (WB) detections were used to analyze the expression of VEGF-A
protein in Schwann cells.

The sterilized HSPS conduits were put into 6-well plate and 5 x 10*
Schwann cells (transfected with control or VEGF-A lentiviruses) sus-
pensions were seeded onto the inner wall of HSPS conduits. And then
they were incubated in 37 °C and 5% CO3 incubator for 24 h before
animal experiment.

The Schwann cells on the inner wall of the HSPS conduits were fixed
with 4% paraformaldehyde, dehydrated by gradient alcohol and then
observed by SEM. The HSPS conduits with Schwann cells (transfected
with control lentiviruses) was coded as HSPS-SC, and HSPS conduits
with Schwann cells (transfected with VEGF-A lentiviruses) was coded as
HSPS-SC(VEGF). The prepared HSPS-SC and HSPS-SC (VEGF) nerve
conduits were washed by PBS before the animal experiment in order to
avoid the effect of complete medium. Since it was reported conduits
filled with laminin-based gel containing 500-700 ng/mL VEGF-A could
promote angiogenesis in nerve regeneration [31], HSPS conduits were
soaked in the 500 ng/mL VEGF-A protein solution as exogenous VEGF-A
coating control conduits. The HSPS nerve guide conduit absorbed
VEGF-A protein (P16612, PeproTech, United States) was coded as
HSPS-VEGF.

In vitro release profile of VEGF-A from HSPS conduits in each group
was evaluated by an enzyme-linked immunosorbent assay (ELISA)
method. Briefly, the as-prepared HSPS-VEGF, HSPS-SC and HSPS-SC
(VEGF) conduits were immersed in 2 mL complete medium at 37 °C
for 7 days. At certain time-points (1, 2, 3, 4, 5, 6 and 7 day), the medium
supernatants were collected for ELISA. The VEGF-A concentrations of
each group were quantified by VEGF-A ELISA kits (E-EL-R2603c,
Elabscience, Wuhan, China) according to manufacturer’s instructions.

2.5. Animal experiment

Fifty female SD rats (180-200 g) were fed in the SPF animal house for
one week before operation. All SD rats were divided into 5 groups:
Autograft, HSPS, HSPS-VEGF, HSPS-SC and HSPS-SC (VEGF). Rats were
anesthetized with 1% pentobarbital sodium (30 mg/kg body weight) via
intraperitoneal injection (ip). Then the right leg hair was shaven and the
leg skin was disinfected. The rat right leg skin was exposed using a
scalpel and the muscle tissue was exposed using a blunt dissection.
Finally, the sciatic nerve was carefully exposed to the operative horizon.
In the autograft group, 10 mm rat sciatic nerve was cut off from the
surgical side nerve, and then the nerve was reversed for microscopic
suturing. In the other four conduit groups, 12 mm HSPS, HSPS-VEGF,
HSPS-SC and HSPS-SC (VEGF) conduits were used and sutured. After
the microsurgical suture was completed, the muscle and skin were
sutured.

2.6. Western blot analysis

VEGF-A overexpressing Schwann cells and control Schwann cells
were collected and total protein extraction kit was used to prepare
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protein extract. The regenerated nerve tissues were collected in each
group after 3 months of the operation, and tissue protein extraction kit
was used for protein extraction. The total proteins were blended with
SDS-PAGE loading buffer (Beyotime, China) and then heated at 95 °C for
5 min. Protein samples were loaded on 10% SDS-PAGE and electro-
plated onto PVDF films (Millipore, USA). The PVDF films were blocked
by 5% nonfat milk (Beyotime, China) which was dissolved in TBST
(0.15 M NaCl, 0.05% Tween-20, 10 mM Tris-HCI [pH8.0]) for 1 h at
25 °C and subsequently it was incubated overnight at 4 °C with the
following primary antibodies: anti-VEGF-A antibody (GB11034, 1:1000
dilution, Servicebio), anti-CD31 antibody (A3181,1:1000 dilution,
Abclonal), anti-VEGFR2 antibody (GB11190, 1:1000 dilution, Service-
bio), anti-p-VEGFR2 antibody (AP0392, 1:1000 dilution, Abclonal),
anti-ERK antibody (GB11004, 1:1000 dilution, Servicebio), anti-p-ERK
antibody (GB11560, 1:1000 dilution, Servicebio), and anti-p-actin
antibody (GB1101, 1:2000 dilution, Servicebio). After incubating the
films with horseradish peroxidase (HRP)-labeled secondary antibodies
(GB23303, 1:3000 dilution, Servicebio) for 60 min, the WB signals were
detected by an enhanced chemiluminescence (ECL Western Blotting
Substrate, Pierce, USA) system. Density values were determined with the
software Image J, and the target genes were normalized to f$-actin or
total proteins.

2.7. Behavioral analysis

Walking track analysis was performed at three months after the
surgery before the animals were killed as reported work [32,33]. The
posterior limb footprints of the rats on the track were recorded with red
inkpad on the blank sheet of paper. The rat red footprints were obtained
and the sciatic function index (SFI) was analyzed with the following
equation from previous studies:

EPL — NPL

EIT — NIT
109.5 *
NpL 1095

NIT

ETS — NTS
+

SFI= — 38.3%
NTS

133 — 8.8

@

Where the PL implies the print length, it was the length of the rat third
toe to the heel. TS indicates the toe spread, it was the length of first and
the fifth toe. IT represents the length of the second to the fourth toe. The
“N” in NPL, NTS and NIT represents the non-operated posterior limb.
The “E” in EPL, ETS and EIT represents the experimental posterior limb.

2.8. Electrophysiology examination

The rat sciatic nerve on the operated side was re-opened to conduct
the electrophysiology detection under anesthesia at 3 months after
operation. The electrophysiology system (RM6240, China) was used to
record the myoelectric activity. The 10 mV electrical stimulation was
applied to stimulate the action potential of the gastrocnemius muscle at
the proximal ends of the injuried nerve. The compound muscle action
potentials (CMAPs) were recorded and analyzed.

2.9. Gastrocnemius muscles evaluation

Three months after the operation, the gastrocnemius muscles of
operated and normal hind limbs were harvested. The wet weight was
recorded to muscle weight recovery rate according to equation (2)

Wr (%) = [Ws / Wn] x 100 (2)

Where the Wr represents the muscle weight recovery rate, the Ws in-
dicates the muscle weight of gastrocnemius on the operative side, the
Wn is the muscle weight of normal lateral gastrocnemius muscle.

After the gastrocnemius tissues were weighed and photographed,
they were cut into halves and fixed into 4% paraformaldehyde solution
over 1 day subsequently. After the gastrocnemius muscles were paraffin
embedded and sectioned, 6 pm sections were prepared and then
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subjected to Masson’s trichrome staining. More than 3 fields of the
sections were collected for data analysis. The percentage of collagen
fiber area was calculated according to equation (3):

¢ (%) = [b/(a + b)] x 100 3)

Where the “a” represents the cross-sectional area of muscle fibers, the
“b” represents the collagen fiber area, the “c” represents the percentage
of collagen fibers.

2.10. Myelination examination

The regenerated nerve was removed along with the conduits 3
months after operation. The regenerated nerve was washed with normal
saline, then fixed with 2.5% glutaraldehyde over 1 day at 4 °C. The HSPS
conduits were peeled and sliced into 1 pm sections for toluidine blue
staining and 50 nm sections for transmission electron microscope (TEM)
observation. The density of regenerated nerve fibers was calculated with
IPP 6.0 software. The ultrastructures of regenerated nerve were
observed by TEM (HT7700, Hitachi, Japan). and TEM images were also
analyzed by IPP 6.0 software to calculate the axon diameter and myelin
sheath thickness.

2.11. Histological assessment of regenerated nerves

At 3 months of the postoperative feeding, the regenerated nerve
tissues in rats were taken out together with the nerve conduits. A portion
of regenerated nerve tissues were fixed in 4% paraformaldehyde solu-
tion at 4 °C for 24 h. The regenerated nerves were dehydrated, paraffin-
embedded and sectioned into 5 pm sections. Then H&E staining was
performed and photographed under optical microscope (BX71,
OLYMPUS, Japan).

Another portion of the regenerated nerve tissues from rats were fixed
with 4% paraformaldehyde, paraffin-embedded to prepare the cryostat
sections. In brief, the cryostat sections of the harvested nerve tissues
were blocked with 5% goat serum in PBS solution for 1 h at 25 °C. Then,
the sections were incubated with anti-CD31 antibody (A3181, 1:1000
dilution, Abclonal) in 4 °C refrigerator for 12 h. After washing with
normal saline, the nerve sections were further incubated with secondary
antibody (G1215-3, Servicebio) for 1 h. Subsequently, the nerve sections
were stained with diaminobenzene for visualization. Cell nuclei were
counterstained with hematoxylin. Finally, the immunostained samples
were observed using an inverted microscope.

For immunofluorescence staining of regenerated nerves, the paraffin
sections were deparaffinized, antigen retrieval blocked and incubated
with anti-GFP/VEGF-A (AE012, ABclonal/A0280, ABclonal), anti-GFP/
CD68 (AE012, Abclonal/76437, Cell signal), anti-GFP/Ki67 (AE012,
ABclonal/12075, Cell signal), anti-GFP/MBP (AE012, ABclonal/78896,
Cell signal), anti-NF200/S100 (N4142, Sigma-Aldrich; ab7852, Abcam)
or anti-CD34/a-SMA primary antibody (ab81289, Abcam; ab5694,
Abcam) at 4 °C for 1 night. And then the sections were incubated with
horseradish peroxidase-labeled secondary antibodies (Servicebio,
China) for 1 h. The cell nuclei were stained with DAPI dye. Finally, the
images were collected with fluorescence microscope (BX51, OLYMPUS,
Japan). IPP 6.0 software was used to measure the percentage of positive
NF200/S100 staining and regenerated nerve neovascularization density.

2.12. Statistical analysis

All results are presented as mean =+ S.E.M. One-way ANOVA followed
by post-hoc test was used to compare the means of more than two
samples. P values of less than 0.05 were considered to be statistically
significant.
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3. Results
3.1. Preparation of HSPS conduits

Since the conductive matrix is required for nerve impulse conduc-
tion, conductive HSPS conduits were fabricated by in-situ polymeriza-
tion of aniline as our recent report [27,28]. As the addition of
polyaniline, the biodegradable HEC/SPI conduit changed from primrose
yellow to black (Fig. 1A). In addition, Fig. 1B showed that the HSPS
conduits can withstand multiple compressions and folds (bending at
180°), which is sufficient to reflect its high flexibility. From the
perspective of microstructure, the conduits showed the porous structure
(Fig. 1C), which is convenient for the exchange of nutrients between the
nerves in the conduit and the outside microenvironment. In the enlarged
images of Fig. 1C, we can see that fine particles were appeared in the
HSPS conduit as the addition of polyaniline. Besides, the mechanical
strength of HSPS conduits was also conducted as shown in Fig. 1D and E.
The mechanical strength of HSPS conduits were greatly improved by the
in-situ polymerization of polyaniline in the HEC/SPI conduits.

3.2. Establish of VEGF-A overexpressing HSPS conduits

In order to construct the HSPS conduits combining VEGF-A, VEGF-A
expression lentiviral plasmid was cloned and verified by colony PCR
(Fig. A1) and sequencing. Immunofluorescence images of VEGF-A in
Schwann cells transfected with control and VEGF-A expression lenti-
virus were illustrated in Fig. 2A. VEGF-A expression levels were signif-
icantly higher in the VEGF-A overexpressing group than in the control
group. To quantify VEGF-A protein levels in Schwann cells, Western blot
analysis was shown in Fig. 2B. The VEGF-A proteins in VEGF-A over-
expressing SCs is significantly higher than that of control SCs, suggesting
that Schwann cells overexpressing VEGF-A was successfully established.

SEM images of Schwann cells inoculated and adhered in the inner
wall of the HSPS conduits are shown in Fig. 2C. Both VEGF-A over-
expressing and control Schwann cells could grow and adhere well to the
HSPS conduit inner walls in enlarged SEM images in Fig. 2C. As the
expression levels of VEGF-A by different Schwann cells in the HSPS-SC
and HSPS-SC(VEGF) conduits would affect the nerve regeneration,
ELISA analysis was conducted to detect the accumulated secretion of
VEGF-A in vitro from HSPS-VEGF, HSPS-SC and HSPS-SC(VEGF) con-
duits (Fig. 2D). On the day 1, the HSPS-VEGF conduit secreted most of
the VEGF-A adsorbed in the HSPS conduits. From the day 2, the release
of the VEGF-A in the HSPS-VEGF group conduits was basically over. In
contrast, in the HSPS-SC and HSPS-SC(VEGF) groups, VEGF-A was
released in a slowly release process, and the secretion of VEGF-A in
HSPS-SC(VEGF) conduit was significantly higher than that of HSPS-SC
group.

3.3. The Schwann cells behaviors after transplantation in vivo

According to the immunofluorescence co-staining of GFP and VEGF-
Ain Fig. 3, abundant VEGF-A could be detected both intracellularly and
extracellularly in HSPS-SC(VEGF) group, while few VEGF-A positive
cells were observed in HSPS-SC control group. Ki67 is a biomarker of cell
proliferation, the cell proliferation of Schwann cells after trans-
plantation can be determined by immunofluorescence co-staining of
GFP and Ki67. As shown in Fig. A2, the percentage of Ki67"/GFP*
labeled cells in HSPS-SC(VEGF) group was higher than that of HSPS-SC
group. Therefore, the overexpression of VEGF-A in Schwann cells could
promote the proliferation of Schwann cells. MBP protein is a myelina-
tion differentiation biomarker of Schwann cells, the percentage of
MBP"/GFP™ labeled Schwann cells in HSPS-SC(VEGF) group far out-
performed the HSPS-SC group (Fig. A3). It can be seen that the over-
expression of VEGF-A in Schwann cells can promote the myelination
differentiation of Schwann cells.

In addition, immune response is a really critical issue and we will
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focus on the immune response during the conduit guided and Schwann
cells mediated nerve repair in the future study. According to the
immunofluorescence co-staining of GFP and CD68 in Supplementary
Fig. A4, no CD68" labeled macrophages were detectable, suggesting
hardly any immune response could be detected at 3 months after HSPS-
SC(VEGF) conduits transplantation in vivo.

3.4. Neurologic function recovery

In order to determine the proper strategy of nerve repair, four
conduit groups, HSPS, HSPS-VEGF, HSPS-SC and HSPS-SC (VEGF)
conduits were applied to bridge 10 mm sciatic nerve defect with auto-
graft as control. Three months after surgery, the motor functional re-
covery was assessed in all groups. The rat walking footprints on the
surgical side in the Autograft, HSPS, HSPS-VEGF, HSPS-SC and HSPS-SC
(VEGF) groups are shown in Fig. 4A, and the footprints of each group
were different. According to the information of these footprints and
equation (1) in experiment section, we can calculate the SFI values to
evaluate the recovery of movement function. The SFI values in auto-
graft, HSPS, HSPS-VEGF, HSPS-SC and HSPS-SC (VEGF) groups were
—49.9, —59.7, —58.12, —54.9 and —50.1, respectively (Fig. 4B). The SFI
value of HSPS-SC(VEGF) was similar to that of autograft, while SFI
values of HSPS and HSPS-VEGF were significantly lower than that of
autograft. Since the SFI values of the HSPS-SC and HSPS-SC (VEGF) were
significantly higher than those of the two other nerve guide conduit
groups, indicating that Schwann cells themselves could elevate the SFI
index.

The CMAPs tests were further used to detect neurological recovery
after 3 months of surgery. Fig. 4A was representational CMAPs records
of the operative limb of the five experimental groups and different
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CMAPs signals were detected in the different experimental groups. As
demonstrated in Fig. 4C, the mean peak amplitude of CMAPs of auto-
graft, HSPS, HSPS-VEGF, HSPS-SC and HSPS-SC (VEGF) groups are 20.2,
10.4, 11.1, 13.6 and 17.7 mV, respectively. Autograft group had the
highest mean peak amplitudes of CMAPs among the five experimental
groups. At the same time, there was no significant difference of mean
peak amplitudes of CMAPs between the HSPS and the HSPS-VEGF
group, suggesting that the VEGF-A adsorbed in the HSPS conduit
didn’t accelerate the recovery of electrophysiological functions. In
Fig. 4D, the mean conduction velocity of CMAPs in Autograft, HSPS,
HSPS-VEGF, HSPS-SC and HSPS-SC (VEGF) exhibited 12.56, 6.72, 7.8,
9.7 and 11.8 m/s, respectively. The mean conduction velocity of CMAPs
of autograft and HSPS-SC (VEGF) were higher than those of other three
conduit groups, while the mean conduction velocity of CMAPs in HSPS-
SC was higher than that of non-SCs groups. According to Fig. 4E, the
mean latencies of CMAPs in Autograft, HSPS, HSPS-VEGF, HSPS-SC and
HSPS-SC(VEGF) groups were 6.4, 10.2, 9.5, 7.7 and 6.5 ms, respectively.
The longer the latencies of the CMAPs, the worse the recovery effect of
electrophysiology. The experimental results of the latencies were
completely contrary to those of the conduction velocity.

These results demonstrated that the electrical signals conduction
function of the HSPS-SC(VEGF) group was higher than that in the other
three conduit groups, while justly the mean peak amplitude of CMAPs
was slightly lower than that of the autograft group. In a word, nerve
repair ability of HSPS conduit combined with Schwann cells and
endogenous VEGF showed better efficiency in electrophysiological
experiment results.
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3.5. Analysis of the gastrocnemius muscle

To analyze the effect of regenerated nerve on gastrocnemius muscle
(GM) innervation, the GM of both posterior limbs were harvested. The
atrophy degree of the GM in the five groups were recorded with the
camera (Fig. 5A). GM were further stained with Masson’s dye and the
cross-sectional areas of muscle fibers and the collagen fibers were
observed and analyzed (Fig. 5B). The GM of the right posterior limb
were all smaller than that of left posterior limb in all groups. According
to Fig. 5C, the muscle weight recovery rates in the Autograft and HSPS-
SC (VEGF) groups showed no significant difference, while the GM
muscle weight recovery rates of the HSPS, HSPS-VEGF, HSPS-SC groups
were lower than those of autograft and HSPS-SC (VEGF) groups. The GM
muscle fiber cross-sectional area and collagen fiber area percentage in
the five experiment groups were analyzed in Fig. 5D and E, respectively.
Comparing to the autograft group, the muscle fiber cross-sectional areas
in HSPS, HSPS-VEGF and HSPS-SC groups were smaller, on the contrary,
the collagen fiber area percentages in those groups were significantly
larger. Meanwhile, there was no significant difference in muscle fiber
cross-sectional area and collagen fiber area percentage between Auto-
graft group and HSPS-SC (VEGF) group.

These data showed that the GM re-innervation capacity in the HSPS-
SC (VEGF) group was the best among the four conduit groups, and the
degree of re-innervation of the GM was similar to that in autograft.
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Fig. 4. Neurologic function recovery analysis. (A) Representative images of walking track footprints and representative CMAPs recorded on the repaired nerve; (B)
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3.6. Regenerated myelin analysis

Regenerated nerves were sectioned and further investigated to
compare the repairing capacity of four different conduits and autoge-
nous graft. The toluidine blue (TB) staining images are demonstrated in
Fig. 6A. All groups exhibited myelinated nerve fibers. The mean density
of myelinated nerve fibers of autograft group, HSPS group, HSPS-VEGF
group, HSPS-SC group and HSPS-SC (VEGF) group were 15667.6,
9643.75, 9232.36, 12567.9 and 14610.3 number/mmz, respectively
(Fig. 6B). The myelination of regenerated nerve fibers of the HSPS-SC
(VEGF) was the highest one among the conduit groups, indicating
Schwann cells overexpressed VEGF-A could efficiently improve the
myelination of regenerated nerve fibers. Notably, HSPS-SC (VEGF)
group had similar number of myelinated nerve fibers comparing to
autograft group. On the other hand, the density of myelinated nerve
fibers in HSPS-SC group was significantly higher comparing to the HSPS
and HSPS-VEGF groups, demonstrating that Schwann cells could pro-
mote the myelination of regenerated nerve fibers to some certain extent.

TEM images of distal segments from regenerated nerve in the five
experiment groups were demonstrated in Fig. 6A. The axon diameter
(AD) of HSPS-SC (VEGF) was similar to the AD of autografts, while the
AD of HSPS, HSPS-VEGF and HSPS-SC groups were significantly lower
than that of autograft. The AD of the HSPS-SC group was larger than that
of the HSPS and HSPS-VEGF groups, while there was no difference be-
tween HSPS and HSPS-VEGF groups (Fig. 6C). Moreover, the trend of
thicknesses of myelin sheaths was consistent with the trend of axon di-
ameters among groups (Fig. 6D). The G-ratio of the myelin sheath rep-
resents the ratio of inner diameter to outer diameter. As shown in
Fig. 6E, the G-ratio of HSPS-SC (VEGF) group was lowest in the conduit
groups, and the HSPS-SC(VEGF) group and autograft group didn’t show
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any differences. The G-ratio of other three conduit groups were all
higher than that of the Autograft group, while there was no difference
among the HSPS, HSPS-VEGF and HSPS-SC groups. These data implied
that Schwann cells and overexpressed VEGF-A could efficiently promote
the myelination of regenerated nerve fibers.

3.7. Immunofluorescence staining analysis

NF200 and S100 were detected to study the remediation efficiency of
regenerated nerve. The distal part of regenerated nerves was harvested
for immunofluorescence staining as shown in Fig. 7A. NF200 is the
specific biomarker for neurofilament and S100 is the biomarker for
myelin glial cells. Both NF200 and S100 could be detected in the re-
generated nerves in the five groups. The mean percentages of NF200/
S100 positive staining of autograft and HSPS-SC(VEGF) were higher
than that of HSPS, HSPS-VEGF and HSPS-SC, while the mean percentage
of NF200/S100 positive staining in the HSPS-SC was higher than that of
HSPS and HSPS-VEGF (Fig. 7B and C).

All in all, the NF200 and S100 immunofluorescence data suggested
that the nerve remediation efficiency of HSPS-SC(VEGF) group was the
highest one in the conduit groups. The combination of Schwann cells
and endogenous VEGF could effectively promote NF200 and S100
expression. Thus, this synergistic strategy promoted the neurofilament
and myelin regeneration.

3.8. Effect of Schwann cells overexpressed VEGF-A on angiogenesis

To evaluate angiogenesis in each group, histological and immuno-
histochemical studies were performed. H&E sections of the regenerated
nerve showed that more blood vessels and cells could be observed in the
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compared with the HSPS group; &: P < 0.05, compared with the HSPS-VEGF group; $: P < 0.05, compared with the HSPS-SC group.

autograft and the HSPS-SC (VEGF) group (Fig. 8A). Black polyaniline
(PANI) particles were found to be distributed in nerve of all conduit
groups, which indicated that the HSPS conduits were dispersed along
with the nerve regeneration.

CD31, also known as PECAM-1, is the key biomarkers of blood ves-
sels. The CD31 IHC-staining images are shown in Fig. 8B. The CD31%
stained cells of HSPS-SC and Autograft groups was more than that of
HSPS, HSPS-VEGF and HSPS-SC groups. CD34 is a transmembrane
protein marker in the vascular tissues [34], a-SMA is the important
biomarker of parietal cells in newborn blood vessels [35]. According to
the CD34/a-SMA co-immunofluorescence results (Fig. 8C), the neo-
vascularization density of each group was calculated. The neo-
vascularization density of HSPS-SC group was higher than that of HSPS
and HSPS-VEGF, while the neovascularization density of HSPS-SC
(VEGF) and autograft groups was higher than that of HSPS,
HSPS-VEGF and HSPS-SC groups (Fig. 8D).

In order to quantitatively analyze the relative expression levels of
CD31 in each group, Western blot analysis was also performed using
regenerated nerves (Fig. 8E). There was no difference in CD31 expres-
sion levels between autograft and HSPS-SC (VEGF), while CD31
expression levels in HSPS, HSPS-VEGF and HSPS-SC groups were lower
than those in autograft and HSPS-SC (VEGF) groups. Besides, the
expression levels of CD31 in HSPS-SC was higher than those in HSPS and
HSPS-VEGF groups.

According to H&E-staining, CD31 IHC-staining, CD34/a-SMA IF-
staining and Western Blot analysis, exogenous VEGF-A cannot effec-
tively promote angiogenesis during nerve regeneration process because
it may drift away from the HSPS conduit, while Schwann cells over-
expressing VEGF-A could significantly improve the angiogenesis via
slow release of VEGF-A.
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3.9. Possible molecular mechanism of angiogenesis

The possible molecular mechanism for the improved angiogenesis in
HSPS-SC(VEGF) group were further explored. Total proteins were
extracted from the regenerated nerve for Western blot analysis (Fig. 9).
There was no significant difference in VEGFR2 and ERK expression
levels among the five experiment groups. However, there were signifi-
cant differences of phosphorylated VEGFR2 and ERK proteins among the
five groups. p-VEGFR2/VEGFR2 relative expression levels were signifi-
cantly lower in the four conduit groups than in the Autograft group. The
p-VEGFR2/VEGFR2 relative expression levels in HSPS-SC(VEGF) group
was higher than those in HSPS, HSPS-VEGF and HSPS-SC groups, while
those in HSPS-SC group were dramatically higher than those in HSPS
and HSPS-VEGF groups. Meanwhile, the p-ERK/ERK relative expression
levels in autograft and HSPS-SC(VEGF) were the highest among the five
groups, and there was no difference between them. The relative
expression levels of p-ERK/ERK were dramatically elevated in the HSPS-
SC group comparing to those in the HSPS and HSPS-VEGF groups.

These data together revealed that Schwann cells could efficiently
promote the activation of VEGF/VEGFR2/ERK signaling pathway.
VEGF-A overexpressed by Schwann cells could elevate the activation of
VEGF/VEGFR2/ERK signaling even greater, which may contribute to
the accelerated angiogenesis in the corresponding groups in sciatic
nerve repair.

4. Discussion

In our previous work, the cell viability and cell contact experiments
of HSPS, and systemic toxicity assessment all proved the good biocom-
patibility of HSPS [27,28]. In this research, a comprehensive strategy for
peripheral nerve repair is put forward by combination of the flexible
HSPS conduits, Schwann cells as seed cells, and VEGF-A. Most of the



P. Wu et al.

HSPS-SC |
(VEGF) §

Bioactive Materials 6 (2021) 3515-3527

20000

=

2 #8$
® £ #8
£ 3
cE * *
32
£z
e 2
£3
> < O Q
& L &£ ¢
& o
S S
Q"o
Qf.)
- #8&$
g
= “H&
8
g
K] * =
°
[
o
2
o) O Q
& € & &
A )
& o
L3 &
Qfo

~N

o

o - “a
o

Thickness of myelin sheath (pm)
(-]

Fig. 6. Myelinated nerve analysis of regenerated nerve. (A) Toluidine blue (TB) staining and TEM images of regenerated nerves; (B, C, D and E) Analysis of the
myelinated nerve fibers based on toluidine blue staining and TEM images, n = 5, *: P < 0.05, compared with the Autograft group; #: P < 0.05, compared with the
HSPS group; &: P < 0.05, compared with the HSPS-VEGF group; $: P < 0.05, compared with the HSPS-SC group.

parameters of nerve regeneration in the HSPS-SC (VEGF) group showed
no difference from those in the autograft group, except the electro-
physiological result. In our previous study, cellulose/SPI conduits
combined with Schwann cells could support some extent nerve regen-
eration, but it still far from the recovery efficiency of the autograft group
[12]. Moreover, chitosan conduits containing engineered Schwann cells
overexpressing GDNF could not effectively promote nerve regeneration
[16]. Altogether, the choice of conduit, seed cells and factors and the
combination could be critical to meet the high requirements of nerve
regeneration. Angiogenesis, myelin regeneration and axon regeneration
occur in sequence in the process of nerve regeneration, and the angio-
genesis is the initial and crucial stage for nerve regeneration. VEGF-A is
the key growth factor in angiogenesis, and Schwann cells themselves can
secrete VEGF-A which may be not sufficient to effectively promote
angiogenesis. Therefore, the strategy in our study followed the process
of the nerve regeneration, which could dramatically elevate the effi-
ciency of nerve repair.

Schwann cells transfected with control lentivirus adhered to the
HSPS nerve guide conduits (HSPS-SC group), were used as one of the
control groups. The results of SFI, electrophysiology, gastronomic
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muscle recovery, toluidine blue staining, TEM, NF200/S100 staining
and angiogenesis effect were lower in the HSPS-SC group than those in
the HSPS-SC (VEGF) group. These data indicate that VEGF-A has
excellent effects on nerve repair, since VEGF-A is reported one of the
most potential growth factors to promote the formation of new blood
vessels [36]. It is reported that BMSCs-transfected VEGF could signifi-
cantly improve vascularization and osteogenesis for in vivo bone healing
[37]. Moreover, the intramuscular gene transfer of VEGF encoding
plasmid enhances motor and sensory functions in a rabbit model of
ischemic peripheral neuropathy [38].

Schwann cells are the primary inducers of regeneration in the pe-
ripheral nervous system. Schwann cells can be isolated from adult pe-
ripheral nerves, expanded in large numbers, and genetically transduced
by viral vectors in vitro prior to their use in vivo [24]. VEGF-A is a key
component of successful blood vessels and nerves regeneration [18].
Therefore, VEGF-overexpressing-Schwann cell loaded HSPS showed a
good potential for clinical application. As many literatures reported that
lentivirus-infected hematopoietic stem cells showed excellent thera-
peutic effect and good safety performance for clinical therapy [26,39].
Moreover, lots of strategies are developed to mitigate the risks of using
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Fig. 7. Immunofluorescence analysis of the regenerated nerves. (A) Images of NF200 and S100 immunofluorescence staining; The statistical results of percentage of
positive NF200 staining (B) and percentage of positive S100 staining (C), n = 5, *: P < 0.05, compared with Autograft; #: P < 0.05, compared with the HSPS group;
&: P < 0.05, compared with the HSPS-VEGF group; $: P < 0.05, compared with the HSPS-SC group.

lentivirus plasmid in medical therapy [26].

The GFP-labeled Schwann cells could be detected at 3 months after
transplantation, which demonstrated the in vivo activity of allogeneic
Schwann cells. This is supported by the report that GFP-labeled Schwann
cells could survive after 16 weeks’ transplantation [24]. The immuno-
fluorescent co-staining of GFP/VEGF-A, Ki67 and MBP showed that the
VEGF-A overexpressing Schwann cells could promote the proliferation,
migration and differentiation of Schwann cells as the VEGF-A was
secreted from the VEGF-A overexpressing Schwann cells. This is
consistent with the report that VEGF-A can promote the proliferation,
migration and differentiation of Schwann cells through the endocrine
loop [21].

Our data together with these reports revealed that the deliver
method of VEGF is also critical to enhance the nerve repairing efficiency.
The routine strategies for depositing nerve growth factors in nerve tissue
engineering scaffolds include physical adsorption and the chemical co-
valent binding. The posterior physical strategies are more stable in
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accomplishing predictive drug release. But they involve complicated
procedures during scaffold fabrication which may compromise protein
bioactivity and receptor binding ability [40]. It is a simple and direct
method to adsorb the growth factor in the as-prepared scaffolds. Hence,
the flexible and porous HSPS conduits adsorbing VEGF-A growth factor
were worked as a control group (HSPS-VEGF group) in our study. At the
same time, HSPS-SC(VEGF) conduits may provide sustained delivery of
VEGF-A during the nerve regeneration process as endogenous secretion
group. The angiogenesis, SFI, electrophysiology, gastronomic muscle
recovery, toluidine blue staining, TEM and NF200/S100 staining was
much better in the HSPS-SC(VEGF) group (endogenous secretion group)
than that in the HSPS-VEGF group (exogenous secretion group).

These aspects may cause the failure of accelerating angiogenesis in
HSPS-VEGF group: The exogenous VEGF-A growth factor absorbed by
the porous HSPS scaffolds suffers from a short half-life and the VEGF-A
growth factor may be sensitivite to the in vivo microenvironment; The
quick release of VEGF-A (in two days) have side effects such as
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Fig. 8. Evaluation of angiogenesis. (A) Images of HE-stained longitudinal sections of the regenerated nerve; Images of CD31 IHC-stained (B) and CD34 (green)/
a-SMA (red) IF-stained (C) Longitudinal sections of the regenerated nerve; (D) The neovascularization density of the regenerated nerve, n = 5; (E) Western blot
analysis of CD31 proteins expression of the regenerated nerve, n = 3, *, P < 0.05, compared with the Autograft group; #: P < 0.05, compared with the HSPS group; &:
P < 0.05, compared with the HSPS-VEGF group; $: P < 0.05, compared with the HSPS-SC group.

vasodilation and inadequate vascularization [41]. Unlike exogenous
VEGF-A groups, the engineered Schwann cells in HSPS-SC (VEGF) group
could secrete many nerve factors besides VEGF, such as gliotrophic and
neurotrophic factors. These growth factors may perform many func-
tions: protecting the survive of motor and sensory neurons, and stimu-
lating the neurons or glia cells to proliferate and migrate in an autocrine
loop model [21]. On the other hand, VEGF-A secreted by the Schwann
cells loaded in HSPS-SC(VEGF) conduits could bind to VEGF receptor
(VEGFR2) to induce proliferation, adhesion and migration of both
vascular endothelial cells and Schwann cells, thereby enhancing the
activation of downstream angiogenic signaling pathway [42].

In our study, no significant difference of VEGFR2 protein expression
was shown among the five groups, while the expression levels of p-
VEGFR2 in HSPS-SC(VEGF) group was significantly higher than that in
the HSPS-VEGF group, implying that VEGF-A proteins secreted by
Schwann cells were bioactive and promoted the phosphorylation of
VEGFR2 protein. ERK is a downstream molecule regulated by VEGF
signaling cascades [43], and the activation of ERK in the HSPS-SC
(VEGF) group is prominently higher than that in HSPS-VEGF group,
suggesting that VEGF-A mediated activation of VEGFR2 may contribute
to the enhanced intracellular ERK protein activation. Together with the
significant regulatory effect of HSPS-SC(VEGF) conduits on angiogen-
esis, it was speculated that the HSPS-SC (VEGF) nerve conduits may
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regulate the angiogenesis during nerve regeneration via the VEG-
FR2/ERK signaling pathway. The above mechanism is one potential
pro-angiogenic molecular mechanism in nerve regeneration. In the
future research, more efforts will be taken to identify critical molecular
mechanisms that control angiogenesis, which is of great significance for
peripheral nerve regeneration.

5. Conclusions

The VEGF-A overexpressing Schwann cells could be combined with
HSPS conduits for efficient sciatic nerve repair. The VEGF-A over-
expressing Schwann cells had improved proliferation, migration and
differentiation ability. Effects of HSPS-SC(VEGF) conduits on nerve
regeneration were assessed in vivo, and the results showed excellent
functional and morphological recovery. This may elevate angiogenesis
and then promote the nerve regeneration by synergistic effects of VEGF-
A and Schwann cells. The possible molecular mechanism might be
related to elevated activation of the VEGFR2/ERK signaling pathway.
Therefore, the Schwann cells mediated, VEGF-A modified microenvi-
ronment and HSPS conduit guided nerve regeneration provide an
excellent comprehensive strategy of peripheral nerve regeneration,
which may afford a new avenue to enhance proangiogenic and nerve
regeneration capacity in nerve injury repair.
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Fig. 9. Western Blot analysis. (A) Western Blot of the regenerated nerve in each group; (B) Western Blot analysis of p-VEGFR2/VEGFR2 proteins expression; (C)
Western Blot analysis of VEGFR2/B-actin proteins expression; (D) Western Blot analysis of p-ERK/ERK proteins expression; (E) Western Blot analysis of ERK/f-actin
proteins expression; (F) Possible mechanisms of VEGF-A overexpressing Schwann cells to nerve regeneration, n = 3, *: P < 0.05, compared with the Autograft group;
#: P < 0.05, compared with the HSPS group; &: P < 0.05, compared with the HSPS-VEGF group; $: P < 0.05, compared with the HSPS-SC group.
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