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Abstract

Olfactory ensheathing cells (OECs) are promising seed cells for nerve regeneration. However, their application is limited by the hypoxic
environment usually present at the site of injury. Exosomes derived from human umbilical cord mesenchymal stem cells have the potential
to regulate the pathological processes that occur in response to hypoxia. The ability of OECs to migrate is unknown, especially in hypoxic
conditions, and the effect of OECs combined with exosomes on peripheral nerve repair is not clear. Better understanding of these issues
will enable the potential of OECs for the treatment of nerve injury to be addressed. In this study, OECs were acquired from the olfactory
bulb of Sprague Dawley rats. Human umbilical cord mesenchymal stem cell-derived exosomes (0-400 ug/mL) were cultured with OECs for
1248 hours. After culture with 400 pug/mL exosomes for 24 hours, the viability and proliferation of OECs were significantly increased. We
observed changes to OECs subjected to hypoxia for 24 hours and treatment with exosomes. Exosomes significantly promoted the survival
and migration of OECs in hypoxic conditions, and effectively increased brain-derived neurotrophic factor gene expression, protein levels
and secretion. Finally, using a 12 mm left sciatic nerve defect rat model, we confirmed that OECs and exosomes can synergistically promote
motor and sensory function of the injured sciatic nerve. These findings show that application of OECs and exosomes can promote nerve
regeneration and functional recovery. This study was approved by the Institutional Ethical Committee of the Air Force Medical University,
China (approval No. IACUC-20181004) on October 7, 2018; and collection and use of human umbilical cord specimens was approved by
the Ethics Committee of the Linyi People’s Hospital, China (approval No. 30054) on May 20, 2019.
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Introduction defect, spinal cord injury, Parkinson’s disease, and glioma
Olfactory ensheathing cells (OECs), a type of glial cell, (Gomes et al., 2018; Liu et al., 2018; Carvalho et al., 2019;
are specifically located in the olfactory system. Based on ~ Zhang et al., 2019a). However, a long-term hypoxic mi-
their capability to promote axon extension, express various ~ cro-milieu at the site of injury or disease greatly attenuates
neurotrophic factors, and modulate the immune response,  the therapeutic use of OECs, especially because their migra-
OECs have been applied to the treatment of peripheral nerve  tory ability is restricted, which limits their effective use for
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the treatment of peripheral nerve injury (Zhu et al., 2014;
Wang et al., 2016). Therefore, it is necessary to find a strategy
to enhance the migration efficiency of OECs in hypoxic con-
ditions to improve the therapeutic efficacy of OECs in nerve
regeneration.

Human umbilical cord mesenchymal stem cells (HUCM-
SCs) can improve neonatal memory, promote traumatic
brain injury repair, and prevent fibrosis pathology in a hy-
poxic microenvironment, indicating that HUCMSCs are
capable of ameliorating hypoxic conditions (Shi et al., 2016;
Zhang et al., 2017; Zhu et al., 2019a). However, limitations
of HUCMSCs, include phenotypic changes during cell pro-
liferation, a long incubation time, and decreased survival
of transplanted cells (Wang et al., 2018). Therefore, new
strategies have been introduced to eliminate these disad-
vantages. Recent studies have reported that exosomes from
HUCMSCs are capable of alleviating acute liver failure,
enhancing porcine islet resistance under hypoxia, and re-
ducing neuroinflammation in perinatal brain injury (Nie et
al., 2018; Jiang et al., 2019; Thomi et al., 2019). Exosomes
are artefactual cup-shaped membrane vesicles 40—150 nm in
diameter that are secreted from live cells. They act as com-
municators in cell-to-cell interaction and exert an important
influence on physiological and pathological processes (Zhang
et al., 2019b). However, the effect of HUCMSC exosomes on
the migratory ability of OECs is unknown, especially in hy-
poxic environments, and the synergistic effect of OECs and
exosomes on peripheral nerve injury repair is controversial.
Therefore, illumination of these issues will enable the biolog-
ical effects of OECs on nerve injury treatment to be resolved.

In this study, we first isolated exosomes from HUCMSCs
and characterized their features. Then, the viability and mi-
gration of OECs with exosomes under hypoxic conditions
were tested. Most importantly, the mechanism by which exo-
somes enhance OECs was analyzed. Finally, the promotion
of axon outgrowth and regeneration, and functional recov-
ery by OECs and exosomes was investigated.

Materials and Methods

Isolation and cultivation of OECs

OECs were acquired from the olfactory bulb of male Sprague
Dawley (SD) rats (aged 28-35 days, weight 100-150 g, spe-
cific pathogen free) obtained from the Experimental Animal
Center of the Air Force Medical University, China [Xian,
Shaanxi Province, China; animal license No. SCXK (Army)
2012-0007]. All procedures were approved by the Institu-
tional Ethical Committee of the Air Force Medical University
(approval No. TACUC-20181004) on October 7, 2018. The
isolation and purification procedures were based on a previ-
ously described protocol (Zhu et al., 2014). Briefly, after deep
isoflurane anesthesia, rats were killed by decapitation and the
olfactory bulbs were harvested from the opened skull. One
caudal third of the bulb was removed and the white matter
was discarded. The tissue was gently minced and then incu-
bated in a sterile solution containing 0.75 mg/mL collagenase
A (Cat# 10103578001; Roche, Mannheim, Germany), 0.75
mg/mL collagenase D (Cat# 11088858001; Roche), and 12
U/mL papain (Cat# 10108014001; Roche) with cysteine for
25 minutes (37°C, 5% CO,). The tissue suspension was cen-
trifuged at 350 x g for 8 minutes, and the tissue precipitate
was re-suspended in Dulbecco’s modified Eagle’s medium/
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nutrient mixture F-12 (DMEM/F12; Cat# 11320033; Gibco,
Burlington Ontario, Canada) containing 20% fetal bovine
serum (FBS; Cat# 10099141; Gibco, Melbourne, Australia) for
termination of digestion. After centrifugation, the tissue pellet
was re-suspended in DMEM/F12 with 10% FBS and incubat-
ed for 18 hours to remove non-adherent cells. The cells were
re-suspended in DMEM/F12 with 10% FBS and incubated in
a CO, atmosphere at 37°C. The medium was exchanged every
2-3 days. The purity of the OECs was confirmed by the aver-
age ratio of glial fibrillary acidic protein (GFAP; 1:200; Cat#
ab7260; rabbit polyclonal; Abcam, Cambridge, MA, USA)
and nerve growth factor receptor p75 (NGFRp75; 1:200; Cat#
ab3125; mouse monoclonal, Abcam) double-immunopositive
cells to 4',6-diamidino-2-phenylindole (DAPI; 10 pg/mL; Cat#
MBD0015-1ML; Sigma-Aldrich, St. Louis, MO, USA)-labeled
cells. The primary GFAP and NGFRp75 antibodies were in-
cubated at 4°C for 12 hours. Then, they were stained for 60
minutes at room temperature with Alexa 488 goat anti-rabbit
IgG (1:250; Cat# ab150077; Abcam) and Alexa 594 goat an-
ti-mouse IgG (1:250; Cat# ab150116; Abcam).

Identification of HUCMSCs

Human umbilical cords were collected from two full-term
pregnant women after cesarean delivery with prior written
informed consent from the women and approval authorized
by the Ethics Committee of the Linyi People’s Hospital,
China (approval No. 30054) on May 20, 2019. The isola-
tion and cultivation methods were based on a previously
described protocol (Wang et al., 2018). In detail, the tissues
were washed with 75% ethanol and later with DMEM/F12
complete medium to remove excess blood. Then, the tissues
were divided into small tissue blocks (2.0 mm?®), placed in a
10-mm culture plate and incubated with complete medium
at 37°C in 5% CO,. When the cells were about 80% conflu-
ent, they were trypsinized for subculture. HUCMSC-specific
markers were evaluated by flow cytometry. Multi-cell differ-
entiation was conducted for osteogenesis, adipogenesis, and
chondrogenesis (Wang et al., 2018). The HUCMSCs used in
this study were passaged no more than five times. Images of
cells were obtained using a light microscope (Olympus Cor-
poration, Tokyo, Japan).

Isolation and characterization of exosomes

When HUCMSCs were approximately 80-85% confluent,
incubation was continued in cell culture medium without
FBS for 72 hours. Culture medium (40 mL/tube) was then
centrifuged at 300 x g for 15 minutes and then at 2000 x g
for 30 minutes at 4°C to remove debris and dead cells. The
supernatant was then ultra-centrifuged at 100,000 x g for 150
minutes at 4°C. The final pellet, which contained exosomes,
was re-suspended in 500 pL phosphate buffered saline (PBS).
The concentration of exosomes was determined using a bi-
cinchoninic acid method (Xu et al., 2020) and evaluated by
transmission electron microscopy (FEIL, Hillsboro, OR, USA)
and Zetasizer Nano ZS molecular size analysis (Malvern In-
struments, Worcestershire, UK). Specific markers of HUSM-
SCs exosomes, including heat shock protein 70 (Cat# ab2787;
mouse; Abcam), CD9 (Cat# ab2215; mouse; Abcam), and
CD63 (Cat No. ab59479; mouse; Abcam), were analyzed by
western blot assays. In detail, the protein extracts (10 pg per
sample) were boiled for 5 minutes, electrophoretically sep-
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arated in 15% sodium dodecyl sulfate-polyacrylamide gels,
and transferred to nitrocellulose membranes. Membranes
were blocked in 5% skimmed milk in TBTS buffer and then
incubated with mouse anti-heat shock protein 70 (1:1000),
anti-CD9 (1:1000), and anti-CD63 (1:1000) antibodies at 4°C
overnight. The membranes were washed gently three times
with TBTS and then immersed in HRP-conjugated goat an-
ti-mouse IgG (1:500; Cat# ab205719; Abcam) solution for
60 minutes at room temperature. The membranes were then
washed three times with PBS, immersed in an electrolumi-
nescence reagent (Pierce ECL™ Plus substrate, Cat# 32132,
1:1000, Thermo Scientific, Rockford, IL, USA) and photo-
graphed using a GS 800 Densitometer Scanner (GMI, Ram-
sey, MN, USA).

Cell Counting Kit 8 (CCK-8) assay

The viability of OECs in the presence of different concen-
trations (0, 50, 100, 200, and 400 pug/mL) of exosomes was
quantified by CCK-8 assays (Cat# CK04-01; Dojindo, Ku-
mamoto, Japan). To standardize the cell quantity, the same
number of OECs (about 1 x 10° cells/well) was incubated in
a 6-well plate for each group. The OECs were then incubated
with different concentrations of exosomes. At 12, 24 and 48
hours, OECs were rinsed three times with PBS and then di-
gested with a 0.05% trypsin solution, washed, re-suspended
in DMEM/F12 and cultured in a 96-well plate (100 uL/well).
Ten microliters of CCK-8 solution were dropped gently into
each well and incubated for 4 hours. The absorbance at 492
nm was calculated using a multi-mode reader (CLARIOstar
plus, BMG LABTECH, Cary, NC, USA). Cells were cultured
with PBS as a negative control.

5-Ethynyl-2'-deoxyuridine assays

The proliferation of OECs in the presence of different con-
centrations of exosomes was analyzed by 5-ethynyl-2'-deoxy-
uridine (EdU) assays (Cat# C10310; RiboBio; Guangzhou,
China). To standardize the cell quantity, the same number
of OECs (about 1 x 10° cells/well) was incubated in a 24-
well plate for each group. Twenty-four hours after exosome
administration, EAU was added and the OECs were fixed
4 hours later. The EdU solution was then removed and the
OECs were gently rinsed with PBS three times. Finally, DAPI
was used to stain the cell nuclei, and the EdU-labeling index
was determined by comparing the number of EdU-stained
nuclei and DAPI-stained nuclei. Cells were cultured with PBS
as a negative control.

Immunostaining of OECs and exosomes under hypoxia

After co-cultivation with PKH-26-labeled (Cat# MI-
DI26-1KT; Sigma-Aldrich) exosomes, OECs were cultured
in a humidified hypoxic incubator (OECs + hypoxia + Exos
group; 37°C, 0.5% O,, 5% CO,) for 24 hours. Cells were
then immunofluorescence stained. All procedures were
performed in a dark room. In detail, cells were fixed with
4% paraformaldehyde for 15 minutes, incubated with 0.2%
Triton X-100 solution for 10 minutes, and then treated with
10% goat serum blocking solution for 30 minutes at room
temperature. Cells were then incubated with an anti-GFAP
(1:200; rabbit polyclonal; Abcam) primary antibody over-
night at 4°C. The following day, DAPI was used to stain cell
nuclei. Quantification of OECs was then performed. OECs

with exosomes (OECs + Exos group) or without exosomes
(OECs group) in normal oxygen conditions were also quan-
tified. OECs without exosomes in hypoxic conditions (OECs
+ hypoxia group) were used as a control group.

Cell migration assay

The migration of OECs was evaluated using a Transwell
chamber (Cat# MCEP24H48; Millipore, St. Louis, MO, USA).
One hundred microliters of the OECs (1 x 10’ cells/mL) were
placed in the top chamber. After incubation for 12, 24 or 48
hours under hypoxic conditions, cells on the top chamber
membrane were gently removed and cells adhered on the
lower chamber membrane were stained with hematoxylin-eo-
sin. The cells were then observed under a light microscope

(Olympus).

Gene-expression assay

OECs (1 x 10° cells/well) were cultured for 24 hours and
were then incubated for a further 24 hours in hypoxic con-
ditions. The OECs were then homogenized in Trizol reagent
(Cat# 93289; Sigma-Aldrich) and total RNA was harvested.
Brain-derived neurotrophic factor (Bdnf) mRNA was ana-
lyzed by quantitative real-time polymerase chain reaction
(qRT-PCR). Primer sequences for Bdnf and S-actin were:
Bdnf, 5'-AGT GCC GAA CTA CCC AGT CGT A-3' (forward)
and 5'-CTT ATG AAT CGC CAG CCA ATT C-3' (reverse);
B-actin, 5'-GAG ACC TTC AAC ACC CCA G-3' (forward)
and 5'-GAG ACC TTC AAC ACC CCA G-3' (reverse) (Zhao
etal., 2011; de Farias et al., 2012). The PCR was performed as
follows: denaturation at 95°C for 40 seconds; primer anneal-
ing at 60°C for 35 seconds; elongation at 65°C for 40 seconds.
The data were analyzed using the 27**“ method.

Western blotting

OECs (1 x 10° cells/well) were cultured for 24 hours, in-
cubated in hypoxic conditions for another 24 hours, and
then lysed with lysis buffer for protein extraction. Then
protein extracts (30 pg per sample) were boiled for 5 min-
utes, electrophoretically separated on 15% sodium dodecyl
sulfate-polyacrylamide gels, and then transferred to ni-
trocellulose membranes. Membranes were then blocked
with 5% skimmed milk in TBTS buffer and then incubated
with a rabbit anti-BDNF (1:1000; Cat# ab108319; Abcam)
monoclonal antibody at 4°C overnight. Membranes were
washed gently three times with TBTS and then immersed in
HRP-conjugated goat anti-rabbit IgG (1:500; Cat# ab205718;
Abcam) solution for 60 minutes. Membranes were washed
three times with PBS, immersed in an electroluminescence
reagent and photographed using a GS 800 Densitometer
Scanner (GMI, Ramsey, MN, USA).

Enzyme-linked immunosorbent assay

OECs (1 x 10° cells/well) were cultured for 24 hours and
then incubated in hypoxic conditions for another 24 hours.
OECs were then counted and the amount of BDNF secreted
into the culture medium determined. The assay was per-
formed by using a commercial enzyme-linked immuno-
sorbent assay (ELISA) kit (Cat# ABIN5609809; Antibodies
Online, Limerick, PA, USA) and a microELISA reader
(Multiscan MK3; Thermo Scientific, Waltham, MA, USA)
according to the manufacturers’ instructions. The quantity of
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BDNF secreted by OECs was normalized to the cell number.

Animal surgical procedures

All animal experiments were conducted with the ethical
approval of the Institutional Ethical Committee of the Air
Force Medical University. Chitosan-collagen conduits were
fabricated as previously described (Zhu et al., 2014) and used
to carry cells. Male SD rats (aged 42-56 days, weight 220-250
g, specific pathogen free) from the Experimental Animal
Center of the Air Force Medical University were randomly
divided into five groups (n = 10 per group) to evaluate sciatic
nerve regeneration in vivo. The groups included autograft,
conduits (non-filled), OECs [conduits filled with 10 uL. OECs
(5 x 10°)], Exos [conduits filled with 10 uL exosomes (400
pg/mL)], and OECs + Exos groups [conduits filled with 10 yL
OECs (5 x 10°) and exosomes (400 pg/mL)]. All animals were
anesthetized with 3.5% isoflurane gas. A 12 mm excision was
made in the left sciatic nerve as described previously (Wang
et al., 2013). In the autograft group, the severed sciatic nerve
was turned through 180° and sutured back into the sciatic
nerve. In the other four groups, the conduits with different
contents were implanted and both the proximal and distal
ends of the sciatic nerve were sutured using 10-0 Prolene su-
tures with a depth of 1 mm into the conduits.

Immunohistochemistry

Twelve weeks post-surgery, the middle portions of the har-
vested conduits with regenerative nerves were longitudinally
sectioned. The sections were incubated with anti-S-100 (for
Schwann cells; 1:250; Cat# ab183979; rabbit monoclonal;
Abcam), and anti-neurofilament 200 (for regenerated axons;
1:250; Cat# ab82259; mouse monoclonal; Abcam). at 4°C for
12 hours and then with Alexa 594 goat anti-rabbit IgG (1:250;
Cat# ab150080; Abcam) and Alexa 488 goat anti-mouse IgG
(1:250; Cat# ab150117; Abcam) secondary antibodies 60
minutes. Sections were observed using a fluorescence micro-
scope (DM6000, Leica, Buffalo Grove, IL, USA).

Functional assessment

At 4, 8, and 12 weeks post-surgery, evaluation of animals’
motor function was assessed using the walking track test as
previously described (Hare et al., 1992). The hind paws of
rats were daubed with nontoxic dye and footprints produced
by the walking test were photographed. The sciatic function-
al index (SFI) was analyzed with the following parameters:
(1) toe spread (TS), the distance between the first and fifth
toes; (2) intermediary toe spread (IT), the distance between
the second and the fourth toes; (3) print length (PL), the dis-
tance between the heel and the top of the third toe. The SFI
formula was: SFI = —38.3 x (EPL — NPL)/NPL + 13.3 x (EIT
— NIT)/NIT + 109.5 x (ETS — NTS)/NTS - 8.8. N is the non-
surgical foot, and E is the experimental foot. A score of —100
represents total dysfunction.

Sensory functional recovery of the animals was conducted
after the SFI experiment using the plantar assay according
to previously described protocols (Song et al., 2017; Mon-
tagne-Clavel and Oliveras, 1996). The left hind paw of the
animal was stimulated using radiant heat (about 46.5°C).
The latency time until a hind paw lick or shake/jump was
recorded. The stimulation was conducted only once at each
time point to prevent sensitivity and was suspended to avoid
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heat injury if the heat time was up to 30 seconds. The normal
group was non-injured rats and provided the latency base
line.

All functional assessments were conducted before surgery
to determine the baseline data.

Electrophysiological evaluation

Electrophysiological analysis was conducted on rats before
the histological experiments at 4, 8, and 12 weeks post-sur-
gery. Rats were anesthetized and the operated sciatic nerve
was gently exposed. A bipolar stimulatory electrode (BL-
420F; Taimeng Science and Technology Co., Ltd., Chengdu,
China) was placed beneath the sciatic nerve at a distance of
10 mm from the nerve graft. The recording electrode was
located within the gastrocnemius muscle. The nerve con-
duction velocity and latency were recorded for quantitative
analysis as previously described (Suzuki et al., 1999).

Statistical analysis

All data are presented as the mean * standard error of mean
or standard deviation. Bonferroni’s test was used to analyze
the effects of time and treatments for paired comparisons.
One-way analysis of variance was conducted to evaluate
mean values using SPSS 20.0 software (IBM, Armonk, NY,
USA). P < 0.05 represents statistical significance.

Results

Identification of OECs

Figure 1 shows OECs with a spindle-shaped morphology.
The purity of OECs was analyzed by double-immunofluores-
cence staining with GFAP (green) and P75 (red). The num-
bers of GFAP and P75 double-positive cells and DAPI-dyed
cells were compared. The purity of OECs was more than 96%
for the following experiments.

Characterization of HUCMSCs and exosomes

HUCMSC surface markers were characterized by flow cy-
tometry. The profiles of CD44, CD49, CD73, CD90, CD105,
and CD146, and human leukocyte antigen-A, B, and C were
positive, with a high level of expression > 97%. The profiles
of CD14, CD31, CD34, and CD45, and human leukocyte
antigen-DR were negative, with a low level of expression < 1%
(Figure 2A). HUCMSCs were observed under a light micro-
scope (Figure 2B). The multiple differentiation capacities of
HUCMSCs were confirmed for osteogenesis, adipogenesis,
and chondrogenesis (Figure 2C-E). These characteristics
determined that the cells were HUCMSCs. The morpho-
logical appearance of exosomes from HUCMSCs was then
performed by transmission electron microscopy. The typical
artefactual cup-shaped membrane of exosomes was observed
(Figure 2F). Their dimensions ranged from 30 to 160 nm,
and their average diameter was 75.28 nm (Figure 2G). In ad-
dition, the specific exosomal markers, heat shock protein 70,
CD9, and CD63, were detected by western blot assays (Figure
2H).

Exosomes from HUCMSCs increase the viability of OECs

Different concentrations of exosomes from HUCMSCs were
applied to OECs. The CCK-8 test (Figure 2I) showed that an
exosome concentration was 400 pg/mL produced the high-
est absorbance at 492 nm after incubation for 12, 24, and 48
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hours. Meanwhile, the EdU-labeling index (Figure 2J) showed
that the proliferation rate of OECs with 400 pg/mL exo-
somes was significantly higher after incubation for 24 hours
compared with other exosome concentrations. Therefore, an
exosome concentration of 400 ug/mL was used in subsequent
experiments.

HUCMSC exosomes increase the number of OECs under
hypoxia

To track exosomes with OECs, exosomes were stained with
PKH26 before combining with OECs. Under hypoxic condi-
tions, the number of OECs was significantly lower compared
with that in normal conditions (Figure 3A-H and Q). With
the administration of exosomes, the number of OECs was
1.76- and 4.62-fold higher compared with that in normal
and hypoxic conditions, respectively (Figure 3A-L and Q).
Intriguingly, exosomes were able to rescue the negative effect
of hypoxia on OECs, with a 3.83-fold higher number com-
pared with that in hypoxic conditions (Figure 3E-H and M-
Q). Moreover, the number of OECs in the OECs + hypoxia
+ Exos group was 1.47-fold higher than that in the OECs
group (Figure 3A-D and M-P).

HUCMSC exosomes enhance the migration of OECs in
hypoxic conditions by promoting BDNF

The migration capability of OECs was analyzed by calculat-
ing the number of OECs that migrated through Transwell
chambers. As shown in Figure 4, when incubated in hypox-
ic conditions without exosomes, the numbers of migrated
OECs were 0.35-, 0.35-, and 0.38-fold lower than those un-
der normal conditions at 12, 24, and 48 hours, respectively
(Figure 4B, C, and F). Meanwhile, the number of migrated
OECs was significantly increased in the OECs + Exos group
in comparison with other groups (Figure 4D and F). Con-
versely, migrated OECs were significantly increased by exo-
somes under hypoxic conditions, indicating that exosomes
were able to enhance the migration ability of OECs under
hypoxia (Figure 4E and F). Moreover, the gene expression,
protein level and secretion of BDNF were evaluated by qRT-
PCR, western blotting, and ELISA, respectively, and the re-
sults showed that exosome treatment significantly promoted
the gene expression, protein level and secretion of BDNF in
OECs under hypoxic conditions (Figure 4G-J), indicating
that the increased migration of OECs by exosomes under
hypoxic conditions was partly attributed to enhanced BDNF
expression and secretion.

OECs and exosomes synergistically promote nerve
regeneration

The morphology of regenerated nerves was observed using
double neurofilament 200/S-100 immunofluorescence stain-
ing of the middle sections of the harvested tissues. Figure
5M-O shows that at 12 weeks post-surgery the regenerated
axons and migrated Schwann cells were evenly distributed
in the OECs + Exos group, similar to those in the autograft
group (Figure 5A—C). The regenerative nerve appearance
was better in the OECs + Exos group and the autograft group
compared with that in the conduits (Figure 5D-F), OECs
(Figure 5G-I), and Exos groups (Figure 5J-L).

OECs and exosomes synergistically improve functional
recovery of injured sciatic nerve

Motor and sensory functional recovery was observed in all
groups (Figure 6A-C) at 4, 8, and 12 weeks post-operation.
Better functional motor recovery with higher SFI index and
higher nerve conduction velocity was found in the OECs +
Exos group compared with that in the conduits, OECs, and
Exos groups (P < 0.05; Figure 6A and B). Moreover, animals
in the OECs + Exos group showed better sensory functional
recovery with faster latency compared with that in the con-
duits, OECs, and Exos groups (P < 0.05; Figure 6C).

Discussion

In this study, we demonstrated the effect of HUCMSC exo-
somes on the viability of OECs and we then evaluated the
improvement that exosomes make on OEC migration under
hypoxic conditions. In addition, we show that BDNF was
partly responsible for the promotion of OEC migration in
hypoxic conditions. The combination of OECs and exosomes
improved nerve regeneration and functional recovery. These
findings highlight the potential for exosome-modified OECs
in peripheral nerve injury regeneration.

Long-term low oxygen levels in sites of injury are a major
hindrance in cell transplantation and tissue repair, espe-
cially for sciatic nerve defects. Wang et al. (2013) and Zhu
et al. (2014) reported low oxygen levels within nerve grafts
that significantly limited nerve regeneration and functional
recovery after nerve injury; however, increasing oxygen con-
centration in the sciatic nerve long-gap (> 10 mm) model
using oxygen carrier biomaterial increased viability of the
transplanted cells and promoted nerve regeneration in vivo.
Therefore, we chose the 12 mm sciatic nerve defect in rats to
create long-term hypoxic conditions in vivo.

OECs are a specific class of glial cell in the olfactory system
with multiple properties, such as promoting axonal growth,
and expressing neurotrophic factors (Beecher et al., 2018; Gu
et al., 2019). Recent studies have shown that OEC transplan-
tation is a promising strategy for treating peripheral nerve
injury (Zhang et al., 2019a), spinal cord injury (Gomes et al.,
2018), brain disease (Liu et al., 2018), and glioma (Carvalho et
al., 2019), in part because of the enhanced migratory potential
of OECs (Riggio et al., 2013). In these complex environments,
OECs have to migrate from transplanted sites to injured sites,
and must interact with various surrounding cells and factors.
To enhance the migratory capability of OECs and to over-
come the effect of hypoxia on OECs, new strategies are being
developed, including the application of exosomes.

In recent years, exosomes derived from HUCMSCs have
been shown to modulate several diseases and injury process-
es, especially in hypoxic conditions (Nie et al., 2018; Jiang
et al., 2019; Thomi et al., 2019). Therefore, the exosomes
used in the present study were isolated from HUCMSCs. To
optimize the concentration of exosomes for use with OECs,
CCK-8 assays were performed to analyze cell viability. When
the exosome concentration was 400 pg/mL, CCK-8 values
at 12, 24, and 48 hours were significantly higher than with
other exosome concentrations. In addition, EdU-labeling
indicated significantly higher proliferation of OECs with
400 pg/mL exosomes compared with lower concentrations.
The exosome concentration used in the present experiment
was consistent with that in previous studies (Sun et al., 2018;
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Figure 2 Effect of HUCMSC-derived exosomes on OECs.
(A) Surface markers of HUCMSCs were analyzed by flow cytometry. (B) Representative image of HUCMSCs detected by light microscopy. (C-
E) Representative images of osteocyte differentiation (C), adipocyte differentiation (D), and chondrocyte differentiation (E) of HUCMSCs. Ar-
rowheads indicate the characteristic morphology. (F) Transmission electron microscopy image of a HUCMSC exosome. (G) Particle distribution
of HUCMSC exosomes was evaluated using a Zetasizer Nano ZS. (H) HUCMSC exosomes were analyzed by western blotting. Quantification of
HSP70, CD9, and CD63 is shown in Additional Figure 1. (I) Cell Counting Kit 8 values of viable OECs (n = 5 for each group). (J) EdU-labeling
index of OECs (n = 10 for each group). All data represent the mean + SEM. *P < 0.05, **P < 0.01 (one-way analysis of variance followed by Bon-
ferroni’s test). EAU: 5-Ethynyl-2'-deoxyuridine; HSP70: heat shock protein 70; HUCMSCs: human umbilical cord mesenchymal stem cells; n.s.: not
significant; OECs: olfactory enshealting cells.
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Figure 1 Characterization of OECs.

(A, B) The expression of GFAP and p75 in OECs, respectively. (C)
DAPI nuclear counterstaining. (D) Merged figure of A-C. Cells were
more than 96% OECs. DAPI: 4',6-Diamidino-2-phenylindole; GFAP:
glial fibrillary acidic protein; OECs: olfactory enshealting cells.
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Figure 3 The effect of HUCMSC exosomes on OECs under
hypoxic conditions for 24 hours.

(A-D) Representative images of OECs in normal conditions. (E—
H) Representative images of OECs under hypoxic conditions.
The number of OECs in the OECs + hypoxia group was the least
among the groups. (I-L) Representative images of OECs and exo-
somes in normal conditions. The number of OECs in the OECs +
Exos group was more than that in other groups. (M—P) Represen-
tative images of OECs and exosomes under hypoxic conditions.
The number of OECs in the OECs + hypoxia + Exos group was
more than that in the OECs + hypoxia group. (Q) Quantification
of OECs in each group (n = 10 for each group). All data represent
the mean + SEM. **P < 0.01 (one-way analysis of variance fol-
lowed by Bonferroni’s test). Exos: Exosomes; HUCMSCs: human
umbilical cord mesenchymal stem cells; OECs: olfactory enshealt-
ing cells.
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Figure 4 Effect of HUCMSC exosomes on the migration of OECs under hypoxic conditions.

(A-E) Transwell experiment. (A) Representative photos of migrating OECs in the PBS group at 24 hours. The number of migrating OECs in the PBS group
was 15.4 + 2.22. (B) Representative photos of migrating OECs in normal conditions at 24 hours. The number of migrating OECs in the OECs group was 23.3
+ 3.02. (C) Representative photos of migrating OECs under hypoxic conditions at 24 hours. The number of migrating OECs in the OECs group was 8.1 +
1.52, which was the least among the five groups. (D) Representative photos of migrating OECs in the exosomes group at 24 hours. The number of migrating
OECs in the OECs group was 29.6 + 3.86, which was more than other groups. (E) Representative photos of migrating OECs under hypoxic conditions in the
exosomes group at 24 hours. The number of migrating OECs in the OECs group was 24.7 + 2.87, which was similar to that in the OECs group. (F) The quan-
tification of migrating OECs in each group (n = 10 for each group). (G) Relative Bdnf mRNA level detected by qRT-PCR (# = 3 for each group). (H) Western
blotting of BDNF in each group (n = 3 for each group). (I) Relative protein level of BDNF in each group (n = 3 for each group). (J) Secretion level of BDNF
detected by ELISA (n = 10 for each group). All data represent the mean * standard error of the mean. *P < 0.05, **P < 0.01 (one-way analysis of variance
followed by Bonferroni’s test). BDNF: Brain-derived neurotrophic factor; ELISA: enzyme linked immunosorbent assay; Exos: exosomes; HUCMSCs: human
umbilical cord mesenchymal stem cells; OECs: olfactory enshealting cells; qRT-PCR: quantitative real-time polymerase chain reaction.
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Jiang et al., 2019), indicating 400 pg/mL to be the optimal
concentration.

We then analyzed exosome distribution and cell numbers
under hypoxic conditions by immunofluorescence labeling.
We found that the number of GFAP- and DAPI-stained
OECs was significantly increased in the OECs + Exos group
compared with that in the OECs group, indicating that exo-
somes were capable of enhancing the number of OECs in
normal conditions. When OECs were exposed to a hypoxic
environment, the number of fluorescence-labeled cells was
significantly decreased, indicating that hypoxia was delete-
rious to OECs. Moreover, PKH26-labeled exosomes were
cytoplasmically distributed in OECs under hypoxic condi-
tions, and the number of OECs was significantly enhanced
compared with that in the OECs + hypoxia group. However,
exosomes had a partial effect on OEC survival in hypoxic
conditions, because the number of OECs in the OECs + Exos
group was higher than that in the OECs + hypoxia + Exos
group. Together, these findings demonstrate that exosomes
can promote the survival of OECs under hypoxic conditions.

We then investigated the migratory capability of OECs
using Transwell chamber assays. Significantly increased
numbers of migrated OECs were observed with exosomes
in normal conditions, indicating that exosomes promoted
the migration of OECs. In addition, the number of migrated
OECs in hypoxic conditions were significantly decreased.
Interestingly, exosomes were able to enhance the number of
migrated OECs under hypoxic conditions, indicating that
exosomes from HUCMSCs can promote the intrinsic migra-
tory ability of OECs, especially in hypoxic conditions.

Next, we evaluated the mechanism by which the in vitro
migratory effect of OECs is enhanced. BDNF is a secreted
neurotrophic factor that is crucial for development of the
mammalian nervous system and that promotes survival
of motor neurons following nerve injury (Liu et al., 2014;
Wang et al.,, 2016). BDNF can promote the migration of
OECs through transient receptor potential cation channels
(Wang et al., 2016). Moreover, HUCMSC exosomes can en-
hance the migration ability of several types of cells, such as
skin dermal fibroblasts (Bakhtyar et al., 2018), human um-
bilical vein endothelial cells (Zhang et al., 2015), and cardiac
fibroblasts (Zhao et al., 2015) via various signaling path-
ways. In the present experiment, exosome administration
increased the gene expression, protein level and secretion of
BDNF in OECs under hypoxic conditions, indicating that
exosomes might trigger the inherent mechanism that acti-
vates BDNF signaling to improve the migratory capability of
OECs in hypoxia.

Although the mechanism by which exosomes promote
BDNF expression and secretion from OECs under hypoxic
conditions is unclear, a few possibilities can be discussed.
Exosomes from HUCMSCs can undertake functions via
microRNAs. Exosome-mediated transfer of microRNAs had
been reported to improve therapeutic efficacy in sepsis (Song
et al., 2017), promote the cell cycle and inhibit apoptosis (Zhu
et al., 2019b), and attenuate burn-induced inflammation (Li
et al., 2016). Therefore, it is possible that HUCMSCs release
exosomal microRNAs, which cross the OEC membrane to
promote BDNF signaling and improve OEC migration in
hypoxic conditions. Further studies are needed to confirm
the intrinsic mechanism that is crucial for the therapeutic
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effect of exosomes.

To analyze the combined effect of OECs and exosomes
on peripheral nerve repair, a 12 mm sciatic nerve defect
model was used, which models a severe peripheral nerve
injury (Wang et al., 2013). Double NF-200/S-100 immuno-
fluorescence staining of regenerated nerves revealed that
OECs combined with exosomes had more evenly distributed
regenerating axons and migrated Schwann cells compared
with OEC or exosome treatment alone, indicating that exo-
somes might enhance the survival and migration of OECs
in vivo to create a tunable micro-milieu for the regeneration
of the severed axons (Deumens et al., 2006). The combina-
tion of OECs and exosomes was able to improve the SFI and
nerve conduction velocity for functional motor recovery
and the latency time of hind paw withdrawal for sensory
functional recovery, suggesting that more regenerated nerve
fibers might successfully migrate through the conduits from
the proximal to the distal end because of the neurotrophic
function of OECs and exosomes (Liu et al., 2018; Shiue et al.,
2019).

Although the intrinsic mechanism underlying the en-
hanced regenerative performance of Schwann cells and ax-
ons was not clear, several possibilities can be discussed. Pre-
vious studies have reported that endogenous Schwann cells
are the main facilitators of the peripheral nervous system
and when a nerve injury, such as nerve transection, occurs,
they retract from damaged axons and subsequently show
low expression levels of several molecules, including nerve
growth factor, BDNF, and p75 nerve growth factor receptor,
which are crucial for axonal regeneration (Radtke and Koc-
sis, 2012). However, Wright et al. (2018) demonstrated that
transplanted OECs were capable of expressing these factors
following transplantation. Moreover, cut axons exert a ‘die-
back’ phenomenon, which is retraction from the original
site by several millimeters. Transplanted OECs can instantly
provide neurotrophic factors for the regenerating axons to
reduce the ‘die-back’ and to direct the proximal nerve stump
for improved regeneration (Radtke and Kocsis, 2012; Kabiri
et al,, 2015). In addition, Shiue et al. (2019) reported that
HUCMSC exosomes can prevent neuroinflammation and
enhance the level of anti-inflammatory cytokines (such as
interleukin 10) and neurotrophic factors (such as BDNF and
glial cell line-derived neurotrophic factor), which is bene-
ficial for nerve regeneration. Therefore, the combination of
OECs and HUCMSC exosomes can synergistically improve
the micro-environment, support the survival of Schwann
cells and axons, and promote sciatic nerve regeneration.

Taken together, our results indicate that HUCMSC exo-
somes (400 pg/mL) can improve the viability and migration
of OECs in hypoxic conditions by activating BDNF signal-
ing. The synergism of OECs and exosomes promoted nerve
regeneration and functional recovery. This study highlights
a potential therapeutic strategy using OECs for severe nerve
injury, which often has to overcome a hypoxic environment.
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