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Abstract

Background: Schwann cell-like cells (SCLCs), differentiated from mesenchymal stem cells, have
shown promising outcomes in the treatment of peripheral nerve injuries in preclinical studies.
However, certain clinical obstacles limit their application. Hence, the primary aim of this study
was to investigate the role of exosomes derived from SCLCs (SCLCs-exo) in peripheral nerve
regeneration.

Methods: SCLCs were differentiated from human amniotic mesenchymal stem cells (hAMSCs) in
vitro and validated by immunofluorescence, real-time quantitative PCR and western blot analysis.
Exosomes derived from hAMSCs (hAMSCs-exo) and SCLCs were isolated by ultracentrifugation
and validated by nanoparticle tracking analysis, WB analysis and electron microscopy. A prefab-
ricated nerve graft was used to deliver hAAMSCs-exo or SCLCs-exo in an injured sciatic nerve rat
model. The effects of hAMSCs-exo or SCLCs-exo on rat peripheral nerve injury (PNI) regeneration
were determined based on the recovery of neurological function and histomorphometric variation.
The effects of hAMSCs-exo or SCLCs-exo on Schwann cells were also determined via cell prolifer-
ation and migration assessment.

Results: SCLCs significantly expressed the Schwann cell markers glial fibrillary acidic protein
and S700. Compared to hAMSCs-exo, SCLCs-exo significantly enhanced motor function recov-
ery, attenuated gastrocnemius muscle atrophy and facilitated axonal regrowth, myelin forma-
tion and angiogenesis in the rat model. Furthermore, hAMSCs-exo and SCLCs-exo were effi-
ciently absorbed by Schwann cells. However, compared to hAMSCs-exo, SCLCs-exo signifi-
cantly promoted the proliferation and migration of Schwann cells. SCLCs-exo also significantly
upregulated the expression of a glial cell-derived neurotrophic factor, myelin positive regulators
(SRY-box transcription factor 10, early growth response protein 2 and organic cation/carnitine
transporter 6) and myelin proteins (myelin basic protein and myelin protein zero) in Schwann
cells.
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Conclusions: These findings suggest that SCLCs-exo can more efficiently promote PNI regeneration
than hAMSCs-exo and are a potentially novel therapeutic approach for treating PNI.
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Highlights

* Exosomes derived from SCLCs serve as paracrine factors that regulate axon regeneration.
* SCLC-derived exosomes express Schwann cell markers and promote Schwann cell proliferation and migration.
* In a periphery nerve injury rat model, SCLC-derived exosomes attenuated gastrocnemius muscle atrophy and enhanced motor

function recovery.

* SCLC-derived exosomes also facilitated axonal regrowth, myelin formation and angiogenesis.

Background

Peripheral nerve injury (PNI) is a common chronic clin-
ical issue, typically caused by inflammation, tumors and
trauma, accounting for 3-10% of systemic trauma [1]. In fact,
~200,000 trauma-induced PNIs are reported in the USA and
300,000 in Europe each year. Moreover, patients with PNIs
often experience permanent sensory impairment and severe
motor dysfunction of the affected limb [2].

For PNI, particularly cases involving severe neurological
deficits, nerve autografts can achieve good results and are
widely considered the gold standard for PNI therapy [3].
However, the disadvantages of nerve autografts, including
lack of donor source, loss of function of the donor nerve, for-
mation of painful neuroma and mismatching of sensory axons

with motor axons, limit their application [4]. The further
development of nerve grafts should provide an alternative
therapeutic strategy to achieve improved PNI regeneration
effects [5]. Indeed, specific types of nerve grafts, such as nerve
conduits, have been successfully applied to bridge sciatic
nerve defects, yielding excellent therapeutic effects [6].

As an important component of the peripheral nervous sys-
tem, Schwann cells contribute significantly to the regenerative
capacity of peripheral nerves. After PNI, the loss of con-
tact with axons by chevron cells triggers de-differentiation,
leading to transformation from a myelin-forming to a repair
cell phenotype. The latter removes fragmented axonal debris
and degraded myelin and reuses it for myelin regeneration
[7,8]. Moreover, de-differentiated Schwann cells produce and
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secrete pro-inflammatory factors to recruit macrophages that
accelerate the clearance of axonal and myelin debris [9,10].
Following de-differentiation, Schwann cells proliferate and
extend longitudinally to form Biingner bands that help guide
axon regeneration and secrete various cytokines, growth fac-
tors, neurotrophic factors and extracellular matrix molecules
to promote neuronal survival and axon regeneration [10].
Hence, therapeutic strategies that combine Schwann cells
with nerve conduits significantly promote PNI regeneration
[11,12]. However, due to the difficulty in obtaining Schwann
cells in vitro, as well as their poor proliferative capacity, the
clinical application of Schwann cell transplantation for PNI
treatment has been limited [13,14].

Stem cells, which have self-renewal and multidirectional
differentiation potential, are now widely used as an alter-
native resource for Schwann cells [15,16]. Schwann cell-like
cells (SCLCs) can be differentiated from mesenchymal stem
cells and highly expressed Schwann cell markers, such as glial
fibrillary acidic protein (GFAP) and S100 [16]. For example,
mesenchymal stem cells (MSCs) derived from bone marrow
[17,18], adipose [19,20], amniotic membrane [21], amniotic
fluid [22], tonsils [23], dental pulp [24] and pluripotent stem
cells [25] can differentiate into SCLCs, which have exhibited
promising preclinical therapeutic potential for PNIs. How-
ever, various risks are associated with cell transplantation,
including immune rejection and tumorigenicity, among others
[26,27]. Nevertheless, the therapeutic effects of stem cell
transplantation may be attributed to their paracrine effects
[28,29]. In fact, exosomes, the main paracrine products of
stem cells, can mediate cell-to-cell contact by transporting
signaling molecules, such as bioactive proteins, lipids and
nucleic acids [30]. In this way, exosomes can regulate various
functions of recipient cells, including cytokine secretion, cell
proliferation, apoptosis and migration [31]. Compared with
stem cells, exosomes have the advantages of wide availability,
easy storage, functional stability and low tumorigenesis risk
[28]. Hence, nerve grafts comprising exosomes and nerve con-
duits may provide an efficient therapeutic strategy for PNIs.

While exosomes injected intravenously or directly into a
nerve-injury site tend to be rapidly cleared from the body,
continuous delivery at the injury site via a vehicle facilitates
their maximum utilization [32,33]. Matrigel, also known as
Englebreth—-Holm-Swarm gel, is a mixture of extracellular
factors extracted from Englebreth-Holm—-Swarm mouse sar-
comas. Matrigel is enriched with growth factors and extra-
cellular proteins, including type IV collagen and laminin
[34,35], and has good biocompatibility and physicochemical
properties [36]. As such, it is widely used in tumor therapy
and tissue engineering to construct slow-release systems for
cells and drug delivery [37]. Silicone catheters, which are
hollow devices made of biologically inert materials with high
mechanical strength, stability and biocompatibility [38,39],
are also widely used in the treatment of PNIs [40].

Previously, we reported that SCLCs induced by human
amniotic mesenchymal stem cells (hAMSCs) exhibit superior
effects for treating PNIs [21,41]. Hence, in the current study

we sought to investigate the role of SCLC-derived exosomes
(SCLCs-exo) in PNI regeneration. To this end, SCLCs-exo
were generated through ultracentrifugation; their purity was
then assessed via electron microscopy, nanoparticle tracking
analysis (NTA) and western blot (WB) analysis. Subsequently,
SCLCs-exo were mixed with Matrigel and used to fill silicone
tubes to construct nerve grafts, which were then applied
to treat PNIs in an injured sciatic nerve rat model. After
6 weeks of observation, SCLCs-exo significantly promoted
PNIs regeneration in vivo, as well as Schwann cell pro-
liferation, migration and release of neurotropic factors in
vitro. Collectively, these findings suggest that the applica-
tion of SCLCs-exo represents a potential therapeutic strategy
for PNIs.

Methods

Extraction and identification of exosomes

Exosomal fetal bovine serum (FBS) was generated by cen-
trifuging FBS at 100,000 x g for 16 h, as described previ-
ously [42]. Exosomes were obtained from the supernatant of
hAMSCs or SCLCs at ~80% confluence after replacing the
complete medium with exosomal FBS for 24 h. The super-
natants were then centrifuged at 300 x g for 10 min, 2000 x g
for 10 min and 10,000 x g for 30 min. Subsequently, exo-
somes were collected by ultracentrifugation at 100,000 x g
for 70 min, resuspended in phosphate-buffered saline (PBS)
and stored at —80°C. Exosome morphology and size were
examined using a transmission electron microscope and a
nanoparticle tracking analyzer (ZetaView_Particle Metrix,
Germany), respectively. Expression of exosome protein mark-
ers was determined via WB analysis using antibodies against
CDY9, CD63 and TSG101 (Abcam, USA).

Primary cell extraction and culture
This study was approved by the Biomedical Research
Ethics Committee of the Affiliated Hospital Zunyi Medical
University (approval number: KLLY-2020-037). hAMSCs
were extracted using a previously published protocol
with minor modifications [21]. Uncontaminated amniotic
membranes separated by cesarean section were selected,
rinsed with PBS and shredded. The amniotic membrane was
digested with 0.05% trypsin—~EDTA solution (CAS:9001-12-
1, Solarbio, Beijing, China) containing 0.75% collagenase II
(CAS:9002-07-7, Solarbio, Beijing, China) for 40 min. Cells
were resuspended with Dulbecco’s modified Eagle’s medium
(DMEM; 11885084, Gibco, USA) containing 10% FBS
(1099-141C, Gibco, USA), 1% penicillin (P1400, Solarbio,
Beijing, China) and 20 ng/ml basic fibroblast growth factor
(450-33, Peprotech, USA) and then incubated at 37°C
with 5% CO;. Third-generation hAMSCs were identified
by flow cytometry and hAMSC lipogenic, osteogenic
and chondrogenic differentiation kits (Chembio, China)
according to the manufacturer’s instructions.

For the extraction of Schwann cells, the sciatic nerve was
collected from Sprague Dawley (SD) rats on day 1 postnatal;
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the outer membrane of the nerve was stripped microscopically
and the nerve was then clipped [43]. The nerve was digested
with 0.03% collagenase IT (CAS:9002-07-7, Solarbio, Beijing,
China) and 0.25% trypsin—EDTA solution (CAS:9001-12-1,
Solarbio, Beijing, China) at 37°C for 25 min, with shaking
every 5 min. Finally, the Schwann cells were seeded into
culture dishes and incubated at 37°C with 5% CO,.

Production of SCLCs

SCLCs were produced according to a previously published
protocol with minor modifications [21]. Third-generation
hAMSCs, at 80% confluence, were cultured for 24 h with
DMEM low-sugar complete medium (11885084, Gibco,
USA) containing 1 mM B-mercaptoethanol. The medium
was then replaced with DMEM low-sugar complete medium
containing 35 ng/ml all-trans retinoic acid (ATRA, R2625,
Sigma, USA) and cultured for 72 h. The medium was then
replaced with DMEM low-sugar complete medium contain-
ing 14 mmol/l forskolin (66575-29-9, Sigma, USA), 10 ng/ml
basic fibroblast growth factor (AF-100-18B, PEPROTECH,
USA), 5 ng/ml platelet-derived growth factor-aa (PDGF-AA,
07-1436, Sigma, USA) and 200 ng/ml heregulin (H7660,
Sigma, USA) and cultured for 2 weeks. The medium was
replaced every 3 days.

Cell proliferation and migration

Cell proliferation assays were performed using a S-ethynyl-
2-deoxyuridine (EdU) cell proliferation assay kit (R11053.9,
RiboBio, Guangzhou, China) according to the manufacturer’s
instructions. Schwann cells were cultured in 96-well plates
and spiked with 40 pg/ml of hAMSCs-exo or SCLCs-exo or
an equal volume of PBS. After 6 h, the cells were observed
under an inverted fluorescence microscope (Olympus, Tokyo,
Japan).

Cell migration experiments were performed using 8-um-
pore Transwell migration chambers (Corning, NY, USA). A
total of 2 x 10° Schwann cells in 200 pl of serum-free medium
were inoculated in the upper chamber of the Transwell plate.
Subsequently, 40 pg/ml of hAMSCs-exo or SCLCs-exo or
an equal volume of PBS was added to the upper chamber,
while the lower chamber was filled with complete medium.
The plates were incubated for 24 h before removing non-
migrated cells from the upper chamber with a cotton swab.
The migrated cells were stained with 0.1% crystalline vio-
let (Beyotime, Nantong, China) for 30 min, photographed
and counted under a light microscope (Olympus, Tokyo,

Japan).

Transmission electron microscopy observation

For the transmission electron microscopy (TEM) observation
of regenerating nerve myelin, the middle portion of the nerve
was cut into 70-nm ultrathin sections along the cross-section
and placed on a copper groove grid. The samples were stained
with lead citrate and UO, acetate and observed via TEM.
Five samples were randomly selected for each group and three

fields of view were selected for each sample. The thickness
and G-ratio of the myelin sheath were calculated using Image]
software.

Flow cytometry

Third-generation hAMSCs were adjusted to a density of
1 x 107 cells/ml with PBS; flow-through tubes were filled
with 100 ul of cell suspension and incubated with antibodies
against CD29, CD44, CD105, CD34, CD45 and HLA-DR
for 30 min at 4°C. Cells incubated with PBS were used as a
control. After incubation, cells were washed thrice with PBS
and the cells were resuspended in 300 ul of PBS and assessed
via flow cytometry (Beckman coulter, CA, USA).

WB analysis

Total proteins were extracted from cells using high-efficiency
radioimmunoprecipitation assay buffer lysis solution (R0010,
Solarbio, China). Then, 20 ug of proteins were separated
by 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis gel (PG112, Yamei, China) and transferred to a
polyvinylidene difluoride membrane (Millipore, USA). After
30 min of blocking with 5% protein-free blocking solution
(PS108, Yamei, China), the membranes were incubated
overnight with primary antibodies against S100 (ab52642,
Abcam, USA), GFAP (ab7260, Abcam, USA) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH, ab8245, Abcam,
USA). The membranes were then incubated with secondary
antibodies (ab6721, Abcam, USA) for 2 h and exposed
with a fully automated gel-imaging system (BIO-RAD,
USA).

Quantitative real-time PCR

Total cellular RNA was extracted from cultured cells using
a FastPure Cell/Tissue Total RNA Isolation Kit (RC101,
Vazyme, Nanjing, China). cDNA synthesis was performed
using HiScript®III RT SuperMix (R323-01, Vazyme) accord-
ing to the manufacturer’s instructions [44]. Finally, amplifica-
tion reactions were performed using ChamQ Universal SYBR
qPCR Master Mix (Q711-03, Vazyme, Nanjing, China).
c¢DNA was amplified for 40 cycles using the QuantStudio™
Design & Analysis Software real-time PCR system (ABI,
USA). GAPDH was used as the reference gene, and the relative
gene expression was calculated using the 2724% method. The
relevant primer sequences are provided in Table 1.

Detection of Matrigel-packed exosomes

Matrigel inside the silicone tube was dehydrated, crushed
and coated with gold. The Matrigel microstructure was
then observed using scanning electron microscopy (SEM).
Exosomes were labeled with the exosomal dye PKH67
(UR52303, Umibio, China) according to the manufacturer’s
protocol. After centrifugation at 100,000 x g for 70 min at
4°C, the labeled exosomes were encapsulated in Matrigel.
The distribution of exosomes in Matrigel was assessed by
confocal laser scanning microscopy (CLSM).
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Table 1. Primer sequences

Primer name Type Sequence Length
NRG1 Forward primer AGAGCCTGTTAAGAAACTCGC 21
Reverse primer GTCCACTTCCAATCTGTTAGCA 22
GAPDH Forward primer CTGGGCTACACTGAGCACC 19
Reverse primer AAGTGGTCGTTGAGGGCAATG 21
ERBB3 Forward primer AAAAGGGCTATGAGACGCT 19
Reverse primer AGTTCCAAAGACGCCAGA 18
JUN Forward primer GGAGCCAACCAACGTGA 17
Reverse primer GTCCCCGCTTCAGTAACAA 19
NCAM1 Forward primer CCAAGGAGAAATCAGCGT 18
Reverse primer CATCATCGTTCCACACCA 18
BDNF Forward primer CTCTGCTCTTTCTGCTGGA 19
Reverse primer TATCTGCCGCTGTGACC 17
GDNF Forward primer AGGGAAAGGTCGCAGAG 17
Reverse primer TCACAGGAACCGCTACAA 18
SOX10 Forward primer CCTGACTGAGCTGGCAAA 18
Reverse primer TCCCACCCTACCCTTTTCT 19
EGR2 Forward primer GGTTGCGACAGGAGGTT 17
Reverse primer GGATGTGAGTGGTGAGGTG 19
VEGF-A Forward primer TCTGGGCTCTTCTCTCTCC 19
Reverse primer CCCCTCTCCTCTTCCTTCT 19
OCT6 Forward primer TTCTCAAGTGTCCCAACGCC 20
Reverse primer GGTCATGCGCTTCTCCTT 18
NGF Forward primer CCAAGCTCACCTCAGTGTC 19
Reverse primer GTACGGTTCTGCCTGTACG 19
MBP Forward primer AAATCGGCTCACAAGGGA 18
Reverse primer GGATTCGGGAAGGCTGA 17
MPZ Forward primer GATGAGGTGGGGACCTTC 18
Reverse primer ACTATGTCCGGTGGGTTTT 19

Nerve graft preparation and rat sciatic nerve
transection model establishment

Male SD rats (6-8 weeks old, 180-220 g) were purchased
from Chongqing Tengxin Biotechnology Company and
housed in the SPF-grade animal facility of Zunyi Medical
University Animal Center. All animal experiments conformed
to the national animal ethics-related regulations and were
approved by the Ethics Committee of the First Affiliated
Hospital of Zunyi Medical University (Ethics Review No.
KLLY(A)-2020-023). Briefly, 24 SD rats were randomly
divided into three groups (n = 8/group). The rats were
anesthetized by intraperitoneal injection of 3% sodium
pentobarbital solution (2.5 mg/100 g of body weight) and
the left sciatic nerve was then exposed. A 3-mm-long sciatic
nerve segment was excised, creating a 5-mm-long nerve defect
after natural retraction. The prefabricated nerve graft was
implanted into the nerve defect using a 9-0 nerve suture.
Finally, the wounds were sutured and routine feeding was
continued. The nerve grafts were prepared by combining
hAMSCs-exo (hAMSCs-exo group), SCLCs-exo (SCLCs-exo
group) or PBS (Control group) with Matrigel ata 1 : 1 volume
ratio to form a 1 ug/ul mixture, which was then injected
into a commercial silicone conduit (¢2 x 3 mm, length
12 mm, Shanghai, China), followed by incubation at 37°C
for 30 min.

Walking-track analysis

As described previously [45],a narrow 8.2 cm wide and 42 cm
long walkway with white paper underneath was constructed.
Rats with pigmented feet traveled through the walkway,
leaving footprints on the white paper. The sciatic function
index (SFI) was calculated using the following equation:

SFI = —38.3 x (EPL — NPL)/NPL + 109.5 x (ETS — NTS)/
NTS + 13.3 x (EIT — NIT)/NIT — 8.8,

where PL represents the distance from the heel to the third
toe, TS is the distance from the first toe to the fifth toe, IT is
the distance from the second to the fourth toe, E is the exper-
imental side, and N is the normal side. An SFI of —100 indi-
cates complete impairment, while an SFI of 0 indicates normal
function. Weekly tests were performed by two observers
outside this study from week 1 to week 6 post-surgery.

Immunohistochemistry and immunofluorescence

Rats were euthanized via sodium pentobarbital overdose,
and the regenerated nerves were removed along with the
entire silicone tube. For hematoxylin—eosin (HE) staining, the
middle portion of the regenerated nerve was cross-sectionally
sliced into 7-um-thick sections using an ultrathin sectioning
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machine. Sections were stained using an HE staining kit
(Solarbio, China). For toluidine blue (TB) staining, the middle
portion of the regenerated nerve was cross-sectionally sliced
into 1-um-thick sections and stained with TB solution. For
each group of five samples, the density of myelinated nerve
fibers was calculated using NIH Image] software.

Cultured cells or tissue sections were sequentially fixed
with 4% paraformaldehyde for 30 min, incubated with 0.1%
Triton X-100 for 10 min and incubated with 5% bovine
serum albumin for 30 min. The samples were then incu-
bated with the corresponding primary antibodies overnight
at 4°C and subsequently rinsed and incubated with the cor-
responding secondary antibodies at room temperature for
2 h. Finally, the samples were stained with the nuclear stain
4/,6-diamidino-2-phenylindole (DAPI) for 5 min and pho-
tographed using an ortho-fluorescence microscope.

Wet weight and histological evaluation of the
gastrocnemius muscle

After the rats were euthanized, the gastrocnemius muscles on
both sides were stripped and their wet weight was measured
with an electronic scale. The muscles from all eight rats in
each group were weighed. Five rat gastrocnemius muscles
were randomly selected from each group, fixed with 4%
paraformaldehyde, paraffin-embedded and cut into 10-um-
thick slices along the cross-section. After dewaxing, they
were stained using a Masson trichrome staining kit (Solarbio,
China). Images of the muscle tissue were captured microscop-
ically and five random fields of view were selected for each
group. Muscle fiber diameter was measured using Image ]
software.

6E+6

Exosome uptake experiment

To determine whether exosomes were internalized by
Schwann cells, exosomes were labeled with PKH67 (UR52303,
Umibio, China) according to the manufacturer’s protocol.
Exosomes labeled with PKH67 at a concentration of 40 ug/ml
were incubated with Schwann cells and observed under a laser
confocal microscope (Carl Zeiss, Germany).

Statistical analysis

GraphPad Prism software (version 9.0) was used for graphing
and statistical analysis. All data obeyed a normal distribu-
tion. Two samples were compared using the independent
samples t-test, whereas comparisons involving three sample
groups were performed using one-way ANOVA. The least
significant difference test was used for homogeneity of vari-
ance and Dunnett’s test was used for non-homogeneity of
variance. Two-way ANOVA was used to analyze differences
in SFI values over six consecutive weeks between the control,
hAMSCs-exo and SCLCs-exo groups. All data are presented
as mean =+ standard error of the mean; p < 0.05 was consid-
ered statistically significant.

Results

Production and identification of hAMSCs-exo and
SCLCs-exo

As hAMSC:s are a type of MSC, they express MSC surface-
specific antigen markers. P3 generation hAMSCs were
identified by flow cytometry, immunofluorescence and
differentiation capacity. The results revealed that hAMSCs
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Figure 2. Characterization of neural graft material. (a) Gross observation of nerve grafts with exosomes encapsulated in Matrigel filling silicone tubes.
(b) Characterization of Matrigel under SEM (low magnification, scale bar: 10 xm; high magnification, scale bar: 5 um). (c) Distribution of SCLCs-exo and hAMSCs-
exo in Matrigel observed under confocal laser scanning microscopy. hAMSCs-exo human amniotic mesenchymal stem cells exosomes, SCLCs-exo Schwann
cell-like cells exosomes, SEM scanning electron microscopy
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exosomes, SF sciatic function index
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neurofilament 200

positively expressed CD29 (99.6%), CD44 (99.8%) and
CD105 (99.8%), but negatively expressed CD34 (0.2%),
CD45 (0.1%) and HLA-DR (0.0%; Figure Sla, see online
supplementary material). hAMSCs also positively expressed
the MSC surface marker vimentin but did not express
CK19, a surface marker of amniotic epithelial cells (Figure
S1b, see online supplementary material). Furthermore,
hAMSC:s efficiently demonstrated osteogenic, lipogenic and
chondrogenic differentiation capacity in vitro (Figure Slc, see
online supplementary material).

P3 generation hAMSCs were successfully induced into
SCLCs, as immunofluorescence results revealed that SCLCs
highly expressed the Schwann cell-specific surface markers
S100 and GFAP (Figure S2a, see online supplementary
material). Moreover, SCLC morphology changed from
long shuttle-shaped to oval with bipolar or multiple poles,
resembling that of normal Schwann cells (Figure S2b, see
online supplementary material). WB and qPCR analyses
further revealed that the Schwann cell surface markers
GFAP and S100 were significantly upregulated in SCLCs
(Figure S2c—e, see online supplementary material).

After exosomes were extracted from hAMSCs and SCLCs
through ultracentrifugation, we identified hAMSCs-exo
and SCLCs-exo by TEM, NTA and WB analysis. TEM
observation showed that both hAMSCs-exo and SCLCs-
exo had a cup-shaped morphology (Figure 1a). Through
NTA analysis, we found that the sizes of hAMSCs-exo
and SCLCs-exo were mainly distributed in the range
30-150 nm, which is consistent with the expected exo-
some particle size range (Figure 1b). Exosomal surface
markers, such as CD9, CD63 and TSG101, were also
highly expressed in both hAMSCs-exo and SCLCs-exo
(Figure 1c).

SCLCs-exo are uniformly encapsulated in Matrigel

To efficiently deliver exosomes to the site of nerve injury
and provide biocompatible extracellular matrix, we encapsu-
lated exosomes with Matrigel (Figure 2a). The Matrigel was
observed under SEM as a porous and sparse 3D structure
(Figure 2b). Under CLSM, PKH67-labeled hAMSCs-exo and
SCLCs-exo were observed to be homogeneously suspended in
the Matrigel at a high density (Figure 2c¢).
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exosomes, TEM transmission electron microscopy

SCLCs-exo significantly promote functional recovery of
injured sciatic nerves in rats

To evaluate the effects of SCLCs-exo in PNI regeneration,
nerve grafts comprising silicone catheters and Matrigel-
coated SCLCs-exo were used to treat PNI in a rat model
with bridging 5-mm-long sciatic nerve defects (Figure 3a,
b). Gait analysis was performed from week 1 to week 6
post-operatively to assess the recovery of motor function in
the injured hind limb. Due to the sciatic nerve injury, the
SFI values in all three groups of rats reached ~100 post-
operatively (Figure 3c). However, a slightly increasing trend
was observed in SFI values for each group from the third week
onward. At weeks 4, 5 and 6, the SFI values in the SCLCs-exo
group were significantly higher than those in the hAMSCs-
exo or control groups; the SFI values in the hAMSCs-exo
group were also significantly higher than those of the control
group (Figure 3d). Our results indicated that SCLCs-exo
could significantly promote the recovery of neurological
function.

SCLCs-exo significantly promote axonal regeneration
of injured sciatic nerves in rats

At week 6 post-surgery, the regenerated sciatic nerve
was dissected from the silicone tubes in the rats of each
group. The regenerated nerve was found to be thick in the
SCLCs-exo group and thin in the hAMSCs-exo and control
groups (Figure 4a). At week 6 post-surgery, HE staining
confirmed that the sciatic nerve diameter of the rats in
the SCLCs-exo group was thicker than that of rats in the
hAMSCs-exo or control groups (Figure 4b, c). Moreover,
the regenerated nerve fibers in the rats of the SCLCs-
exo group were evenly arranged and dense, with an outer
nerve membrane thicker than that of the hAMSCs-exo or
control groups. In contrast, in the hAMSCs-exo and control
groups, the regenerated nerve fibers were loosely arranged,
the nerve bundles were widely spaced, the morphology was
disorganized and the outer nerve membrane was incomplete
(Figure 4b, c). To further characterize axonal regeneration, we
performed neurofilament 200 (NF200) immunofluorescence
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staining of the regenerated sciatic nerves in rats 6 weeks
post-surgery (Figure 4d). We observed that the number of
NF-200-positive axons in the rats of the SCLCs-exo group
were significantly higher than that of the control or hAMSCs-
exo groups (Figure 4e).

SCLCs-exo significantly promote myelin formation of
injured sciatic nerves in rats

To further characterize the effects of SCLCs-exo on injured
sciatic nerves, TB staining was used to evaluate myelin for-
mation. At week 6 post-surgery, the rats in the SCLCs-exo
group had more myelinated nerve fibers with a uniform distri-
bution than the control or hAMSCs-exo groups (Figure 5a).
Moreover, the regenerated myelinated nerve-fiber density was
significantly higher in the SCLCs-exo group compared with
the control or hAMSCs-exo groups (4090.00 £+ 104.09,
1809.97 + 28.65 and 3057.79 + 73.90/mm’, respectively;
Figure 5b). To further characterize the myelin regeneration of
sciatic nerves, we observed the regenerated nerve myelin in
the rats of each group by TEM at week 6 post-surgery. The
regenerated nerve myelin in the SCLCs-exo group was thicker

(1.12 £ 0.03 um) than that of the control (0.34 & 0.01 um)
or hAMSCs-exo (0.65 £ 0.03 pum) groups, with a regular
morphology and neat arrangement (Figure 5c, d).

The G-ratio of myelin is commonly used to quantify regen-
erated myelin, where a high G-ratio indicates poor myelin
formation. The G-ratio of regenerated myelin in the SCLCs-
exo group was significantly lower than that of the control or
hAMSCs-exo groups (Figure Se).

SCLCs-exo significantly promote angiogenesis of
injured sciatic nerves in rats

CD31, also known as PECAM-1, is a key blood-vessel marker
[46]. Considering that neovascularization is essential for
nerve regeneration [46], at 6 weeks post-surgery we per-
formed CD31 immunofluorescence staining of the neonatal
nerves for rats in each group (Figure 6a). Significantly more
CD31-positive cells were observed in the SCLCs-exo and
hAMSCs-exo groups compared with the control group.
All CD31-positive cells in the single axon cross-sections
of regenerated nerve sections from each group, in the low-
magnification view, were counted (five samples per group).
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The neovascular density was significantly higher in the
SCLCs-exo and hAMSCs-exo groups compared with the
control group; however, the SCLCs-exo and hAMSCs-exo
groups had comparable effects on promoting neurovas-
cular regeneration (Figure 6b). These data suggested that
SCLCs-exo significantly promoted angiogenesis of the injured
sciatic nerve in rats.

SCLCs-exo significantly reduce the atrophy rate of
denervated gastrocnemius muscles in rats

At week 6 post-surgery, the gastrocnemius muscles of both
hind limbs were dissected from each rat. The gastrocnemius
muscles from rats of the SCLCs-exo group exhibited no
obvious atrophy, with their appearance found to be similar
to that of normal gastrocnemius tissues. In contrast, in the
control and hAMSCs-exo groups, the gastrocnemius muscles
showed severe atrophy (Figure 7a). Moreover, the wet weight
of the gastrocnemius muscles in the rats of the SCLCs-exo
group was significantly heavier than that of the control
or hAMSCs groups (Figure 7b). Using Masson staining to
evaluate the midpoint cross-sections of the gastrocnemius

muscles in each rat, the gastrocnemius muscles of the rats
in the SCLCs-exo group were observed to have the thickest
and densest muscle fibers with minimal collagen intervals,
while in the control or hAMSCs-exo groups, the muscle
fibers were thinned with collagen growth (Figure 7a). The
cross-sectional area of individual muscle fibers was statis-
tically calculated for each group, and those of the SCLCs-
exo group were much higher than those of the control or
hAMSCs-exo groups (3157 + 329.9, 1724 £+ 97.86 and
793.3 + 32.98 um?, respectively; Figure 7c).

SCLCs-exo promote the proliferation and migration of
Schwann cells in vitro

Schwann cells are the key cell population associated with
PNI regeneration [46]. Hence, to evaluate the effects
of SCLCs-exo on Schwann cells, primary Schwann cells
were isolated from rats and assessed for expression of
the surface marker S100 by immunofluorescent staining
(Figure S3, see online supplementary material). After
co-culturing PKH67-labeled hAMSCs-exo or SCLCs-exo
with Schwann cells for 6 h, hAMSCs-exo and SCLCs-exo
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were both absorbed by Schwann cells and enriched around
the nucleus, as evidenced by CLSM (Figure 8a). We then
investigated the effects of SCLCs-exo on Schwann cell
proliferation and migration. After co-incubation of hAMSCs-
exo or SCLCs-exo with Schwann cells for 6 h, significantly
more EdU-positive cells were detected in the SCLCs-exo
group compared with the control or hAMSCs-exo group
(Figure 8b); after co-incubating hAMSCs-exo or SCLCs-
exo with Schwann cells for 24 h, more cells migrated
across the Transwell membrane in the hAMSCs-exo and

SCLCs-exo groups compared with the control group
(Figure 8c).

Next, a Transwell assay was employed to assess the effect
of SCLCs-exo on Schwann cell migration. After co-incubating
hAMSCs-exo or SCLCs-exo with Schwann cells for 24 h,
more cells migrated across the membrane in the hAMSCs-
exo and SCLCs-exo groups compared with the control group
(Figure 8c). Statistical analysis showed more EdU-positive
cells were also observed in the hAMSCs-exo group com-
pared with the control group (Figure 8d); and the number
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Figure 10. Evaluation of neurotrophic factors in Schwann cells stimulated by SCLCs-exo. (a—d) Relative expression of BDNF, NGF, GDNF and VEGFA mRNA in
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of Schwann cells that crossed the membrane per unit area
revealed 605.3 £ 45.13, 612.1 & 30.15 and 235.6 & 47.08
cells/mm? in the SCLCs-exo group, hAMSCs-exo group and
the control group, respectively (Figure 8e).

SCLCs-exo promote the expression of myelin-positive
regulatory genes in Schwann cells
SRY-box transcription factor 10 (SOX10), organic cation/car-
nitine transporter 6 (OCT-6), early growth response protein
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2 (EGR2), neuroregulinl (NRG1), Erb-b2 receptor tyro-
sine kinase 3 (ERBB3), Jun proto-oncogene (JUN), neural
cell adhesion molecule 1 (NCAM1), myelin basic protein
(MBP) and myelin and protein zero (MPZ) are common genes
expressed by Schwann cells and are closely related to periph-
eral nerve myelin formation and maintenance [47]. After co-
incubating hAMSCs-exo or SCLCs-exo with Schwann cells,
qPCR was used to determine the mRNA levels of these genes.
The myelin regulatory genes SOX10, OCT-6 and EGR2,
and the myelin proteins MBP and MPZ were significantly
up-regulated in the SCLCs-exo group compared with the
hAMSCs-exo group (Figure 9).

SCLCs-exo promote the expression of neurotrophic
factors in Schwann cells

Nerve growth factor (NGF), brain-derived neurotrophic fac-
tor (BDNF) and GDNF are the main neurotrophic factors
secreted by Schwann cells and contribute to nerve regener-
ation and repair [48]. Moreover, vascular endothelial growth
factor A (VEGF-A) is a common factor that promotes vascu-
lar regeneration and is secreted by Schwann cells to promote
the vascular regeneration of peripheral nerves [46]. There-
fore, we assessed the mRNA expression of these factors in
Schwann cells following incubation with SCLCs-exo. SCLCs-
exo promoted the expression of GDNF and NGF, but not
BDNEF (Figure 10). Moreover, GDNF was significantly up-
regulated in the SCLCs-exo group compared with the con-
trol or hAMSCs-exo groups (Figure 10). Both hAMSCs-exo
and SCLCs-exo failed to promote VEGF-A expression in
Schwann cells.

Discussion

This study is the first to investigate the function of hRAMSC-
derived SCLCs-exo in PNI regeneration in a rat sciatic
nerve transection model. In this study, SCLCs were derived
from hAMSCs in vitro, and the exosomes of hAMSCs
and SCLCs were isolated by differential centrifugation.
Immediately thereafter, animal experiments were conducted
to further confirm the pro-neural regenerative function
of hAMSCs-exo and SCLCs-exo. SCLCs-exo were found
to promote the functional recovery of sciatic nerves in a
superior manner to hAMSCs-exo. Further morphological
observations of the regenerated nerves revealed that SCLCs-
exo significantly promoted axonal growth, myelin formation
and angiogenesis. Although the axonal regeneration and
myelin formation of rats in the hAMSCs-exo group were
inferior to those in the SCLCs-exo group, their pro-vascular
regenerative capacity was comparable and their overall pro-
neural regenerative effect was superior to that of the control
group. Similarly, Ching et al. reported that exosomes derived
from Schwann cell-like differentiated adipose stem cells
at a concentration of 1 ug/ul promoted axonal growth
in cultured neurons in vitro; however, complementary in
vivo studies were not performed to confirm the promotive
effect on neural regeneration [20]. Meanwhile, Chen et al.

reported that exosomes from human adipose-derived stem
cells at a concentration of 1 ug/ul promoted the regeneration
of transected sciatic nerves in rats. However, their study
evaluated nerve regeneration outcomes only in terms of the
number of regenerated axons, myelination and recovery of
atrophied gastrocnemius muscle [49]. Additionally, Yu et al.
found that injecting exosomes from skin-derived precursor
Schwann cells (2 x 10" exosomes in 16 ul of PBS) with
Matrigel, at a 1 : 1 volume ratio, into nerve grafts made
from commercial silicone catheters significantly promoted
the recovery of motor, sensory and electrophysiological
functions, while also promoting axonal growth, myelin
formation and recovery of atrophied gastrocnemius muscles
in a rat sciatic nerve transection model [50]. Thus, the
more comprehensive assessment of regenerated nerves in Yu
et al.’s study is consistent with our findings in promoting the
regeneration of transected sciatic nerves in rats. Furthermore,
a study by Lopez-Leal e al. revealed that Schwann cell-
derived exosomes promote axonal regeneration by mediating
neuron—glia communication [51]. Similarly, a study by Lopez-
Verrilli et al. reported that Schwann cell-derived exosomes
can promote axonal regeneration by communicating with
neighboring axons [43]. Although our findings suggest that
SCLCs-exo have similar pro-neural regenerative effects to
Schwann cell exosomes, we were unable to provide an
in-depth investigation of this mechanism. Hence, given
that previous studies have defined the specific components
of Schwann cell exosomes [52], further investigation is
warranted to ascertain whether SCLCs-exo have similar
components.

In this study, we used Matrigel-filled silicone tubes as
a carrier for exosomes as the systemic administration of
exosomes is limited by rapid clearance from the organism,
thereby reducing the exosomal action efficiency. Therefore,
the topical delivery of exosomes encapsulated in the Matrigel
may enhance their ability to repair PNIs. Matrigel is a hydro-
gel with a morphology that is affected by temperature, such
that it is a liquid at 4°C but forms a cross-linked solid
network via polymerization at 37°C, thus allowing it to
simulate an in vivo 3D microenvironment [53]. Indeed, many
studies have reported the use of Matrigel as a suitable carrier
for exosomes in nerve regeneration. For example, encap-
sulation of human adipose stem cell-derived exosomes in
Matrigel effectively improves PNI regeneration [49]. Mean-
while, Matrigel co-transplantation with Schwann cells in
spinal cord hemisections and complete transection models
of nerve injuries, enhances the survival and migration of
Schwann cells [54,55]. By transplanting exosomes from skin-
derived precursor Schwann cells encapsulated in Matrigel
into rat sciatic nerve defects, a slow-release system was pre-
viously generated, and nerve regeneration was significantly
promoted [50]. In fact, SKP-SC-Evs are efficiently released
from Matrigel and taken up by nerve cells proximal and distal
to the injured sciatic nerve, with fluorescently labeled exo-
some particles consistently accumulating around the injured
nerve. Herein, we observed that Matrigel is a sparse gel with
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porosity that allows good exosome attachment. CLSM results
further revealed that hAMSCs-exo and SCLCs-exo were uni-
formly distributed in the Matrigel. Based on these results, we
developed artificial nerve grafts by filling silicone tubes with
Matrigel-coated SCLCs-exo and confirming the promotion of
PNI regeneration in a rat sciatic nerve transection model.

Exosomes exert biological roles in myriad ways, such
as activating cell-surface receptors by delivering ligands,
including proteins and lipids, or by directly delivering their
contents, such as proteins or RNA, into recipient cells [41].
As such, the key to our SCLCs-exo exerting their pro-
neural regenerative effects may be their internalization by
recipient cells. Indeed, previous studies have demonstrated
that exosomes derived from SCLCs, via stem cell-induced
differentiation, can be internalized by Schwann cells in
injured nerves, thereby regulating the function of Schwann
cells and promoting nerve regeneration [49,50]. Therefore,
to further understand the mechanism by which SCLCs-
exo promotes neural regeneration, we conducted in vitro
experiments on the Schwann cell uptake of SCLCs-exo.
Using the exosomal dye PKH67, labeled hAMSCs-exo or
SCLCs-exo were co-cultured with, and taken up by, Schwann
cells. Both hAMSCs-exo and SCLCs-exo were concentrated
around the nucleus, confirming that Schwann cells internalize
hAMSCs-exo and SCLCs-exo. Following PNI, mature
Schwann cells dedifferentiate, proliferate, migrate and
form Biingner bands, which become axonal regeneration
channels [56,57]. Therefore, we further evaluated whether
the proliferation and migration capacity of Schwann cells
changed following internalization of exosomes. Using EdU
and Transwell assays, we confirmed that, although hAMSCs-
exo and SCLCs-exo both promoted the proliferation and
migration of Schwann cells, the proliferative effect elicited
by SCLCs-exo was stronger. This is consistent with the
observation by Chen ef al. who reported that ASC-Exos
promote Schwann cell proliferation and migration [49].
However, the underlying mechanisms remain unclear.

In vivo, we observed a significant myelin regeneration
capacity of nerves in the SCLCs-exo group rats. That is, we
first examined the expression of pro-myelinogenesis genes fol-
lowing the Schwann cell internalization of exosomes. SOX10,
EGR2, OCT-6, NRG1, ERBB3, NCAM1 and JUN are com-
mon myelin regulators, whereas MBP and MPZ are associ-
ated with myelin formation [47]. We found that SCLCs-exo
promoted the expression of SOX10, EGR2, OCT-6, MBP and
MPZ in Schwann cells.

After nerve injury, dedifferentiated Schwann cells secrete
various neurotrophic factors, including NGE, BDNF and
GDNEF, to form a microenvironment conducive to axon
growth, axon regeneration and myelin formation [58,59].
Therefore, we further examined the expression of NGEF
BDNF and GDNF following internalization of exosomes
by Schwann cells. SCLCs-exo promoted the expression of
GDNEF in Schwann cells but not NGF or BDNF. Meanwhile,
hAMSCs-exo did not alter the expression of BDNF, NGF
nor BDNF in Schwann cells. However, this is not consistent

with the findings of Chen et al. [49]. This discrepancy may
be caused by the differential regulation of neurotrophic
factors by SCLCs-exo and hAMSCs-exo, although this theory
requires further investigation.

Angiogenesis is also particularly important during rein-
nervation as it initiates nerve regeneration; VEGF-A is a key
biological factor in angiogenesis [60,61]. Along with secreting
neurotrophic factors, Schwann cells secrete VEGF-A [46],
which promotes neurovascular development and maturation
and has the potential to protect motor and sensory neurons.
Moreover, VEGF-A is thought to protect Schwann cells
and promote their proliferation and migration [62]. In
vivo, we also observed the pro-neuroangiogenic effects of
hAMSCs-exo and SCLCs-exo. Therefore, we further assessed
the expression of VEGF-A mRNA following internalization
of exosomes by Schwann cells. Neither hAMSCs-exo nor
SCLCs-exo were found to significantly impact VEGFA
expression. This is inconsistent with the pro-neuroangiogenic
phenomenon observed in the pathological sections of nascent
nerves in the rats of the hAMSCs-exo and SCLCs-exo
groups. We speculate that this may be due to the effect of
other pro-angiogenic factors. Alternatively, SCLCs-exo and
hAMSCs-exo may have been taken up by other cells besides
Schwann cells. Therefore, we suggest that the SCLCs-exo
promotion of PNI regeneration may be related to its induced
expression of pro-neural factors. Meanwhile, the pro-neural
regenerative ability of hAMSCs-exo may be attributed to
their pro-Schwann cell proliferative and migratory abilities.
However, further research is required to determine whether
hAMSCs-exo or SCLCs-exo are internalized by cells other
than Schwann cells, such as macrophages or neuronal cells.

This study had certain limitations. First, we did not con-
duct a controlled study using autologous nerve grafts or com-
mercial synthetic catheters. As autologous nerve grafts are
considered the gold standard for treating PNIs, it is essential
to further improve the efficacy of our fabricated nerve grafts
prior to comparison. We used exosomes of hAMSCs, the
source cells of induced SCLCs, as a control, along with simple
PBS and Matrigel-filled nerve grafts constructed from silicone
tubes. Although the role of MSCs and their exosomes in PNI
regeneration has been demonstrated, the role of hAMSC-
derived exosomes in PNI regeneration remains unknown.
If the pro-PNI regeneration effect of hAMSCs-exo is better
than that of SCLCs-exo, then there is no need to induce
the differentiation of hAMSCs into SCLCs. However, our
study confirmed that the pro-neural regenerative effect of
SCLCs-exo was greater than that of hAMSCs-exo. Therefore,
in future work, we will further optimize our prefabricated
nerve grafts and compare them with autologous nerve grafts.
Second, our experimental design involved a shorter 5-mm
nerve gap as we deemed it was more important to achieve
reliable nerve regeneration in a shorter nerve gap than less
reliable results in a longer and more challenging gap. We
have demonstrated that our fabricated nerve grafts can sig-
nificantly promote regeneration of 5-mm long sciatic nerve
defects in rats. In future experiments, we will investigate
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regeneration in nerve defects with longer gaps and use larger
animal models.

Conclusions

Our findings suggest that the integration of exosomes from
hAMSC-derived SCLCs into neural grafts represents a
promising paradigm for PNI regeneration. We successfully
generated nerve grafts by encapsulating SCLCs-exo in
Matrigel, which was used to fill silicone tubes to bridge 5-
mm-long sciatic nerve defects in rats. Nerve grafts containing
SCLCs-exo significantly promoted the functional recovery
of the sciatic nerves, attenuated atrophy of the innervated
gastrocnemius muscle, and promoted axonal growth and
myelin formation. Moreover, SCLCs-exo, when internalized
by Schwann cells, promoted Schwann cell proliferation,
migration, myelin formation and secretion of neurotrophic
factors. Although this is postulated to represent the main
mechanism for promoting neural regeneration, the specific
molecular mechanism underlying this phenomenon requires
further exploration.
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