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Abstract: Background: Extracellular Vesicle (EV)-based therapy has been identified as a leading
alternative approach in several disease models. EV derived from the Olfactory Ensheathing Cell
(OEC) has been documented for its strong neuro-regenerative capacity. However, no information
on its cargo that may contribute to its therapeutic effect has been available.

Objective: To report the first miRNA profile of human OEC (hOEC) -EV, and investigate the neu-
roprotective effects.

Methods: hOEC-EV was isolated and sequenced. We established in vitro experiments to assess the
therapeutic potential of hOEC-EVs with respect to insulted neural progenitor cells (NPCs), and the
angiogenesis effect. Secondary post-injury insults were imitated using t-BHP-mediated oxidative
stress.

Results: We noted a strong abundance of hOEC-EV-miRNAs, including hsa-miR148a-3p, has-
miR151a-3p and several members of let-7 family. The common targets of 15 miRNAs among the
top 20 miRNAs were  thrombospondin  1  and cyclin  dependent  kinase  6.  We demonstrated that
hOEC-EVs promote  normal  NPC proliferation  and  differentiation  to  neuron-like  morphologies
with prolonged axons. hOEC-EVs protect cells from t-BHP mediated apoptosis. We also found
that the migration rate of either NPCs or endothelial cells significantly improved with hOEC-EVs.
Furthermore, in vitro tube formation assays indicated that angiogenesis, an important process for
tissue  repair,  was  significantly  enhanced  in  human  umbilical  vein  endothelial  cells  exposed  to
hOEC-EVs.

Conclusion: Our results revealed that hOEC-EVs exert neuroprotective effects by protecting cells
from apoptosis and promoting in vitro biological processes that are important to neural tissue re-
pair, including neural cell proliferation, axonal growth, and cell migration, in addition to enhancing
angiogenesis.

Keywords: Human olfactory ensheathing cell, extracellular vesicle, miRNA, neural progenitor, neuro-regeneration, in vitro an-

giogenesis.

1. INTRODUCTION
Olfactory Ensheathing Cells (OECs) are specialized glia

found  in  the  lamina  propria  of  the  olfactory  mucosa  [1].
Their exceptional properties include active lifelong neuroge-
nesis and olfactory neuron guidance from peripheral regions
to  the  Central  Nervous  System (CNS)  [2-4].  Furthermore,
OECs have been shown to promote axonal regeneration and
functional  recovery  in  a  Spinal  Cord  Injury  (SCI)  model
[5-7]. In the demyelinated spinal cord model rat, transplanta-
tion of OECs or Schwann cells results in re-myelination [8].
Furthermore, the acute transplantation of OECs into the spi-
nal cords of transected rats showed that OECs can limit acti-
vation and infiltration of immune cells,  diminish  inhibitory
molecules in the lesion, and create a favorable  environment
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for axon regeneration and neuron survival  [9].  A previous
study also demonstrated that OECs not only promote neuron
sprouting through direct contact with the damaged neurons
but also act as a physical substrate for neuron regeneration
after injury. OECs also secrete soluble factors that assist in
post-injury neurite sprouting [10], including several impor-
tant molecules for axon regeneration, such as neuron growth
factor  neurotropic  factors  [11-13]  and extracellular  matrix
molecules  [10,  14,  15].  For  these  special  characteristics,
which are critical for neurogenesis and neural regeneration,
OECs have been recognized as an alternative promising tran-
splantation  tool  for  repairing  a  defective  CNS,  such  as  in
SCI [16-18], peripheral nerve injury (PNI) [19-22], glioma
[23], and Parkinson’s disease [24]. However, the outcomes
of cell transplantation-based therapies are variable and de-
pend not  only  on  the  immunological  response  but  also  on
cell survival after transplantation, and the integration of tran-
splanted cells [25].
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Recently, extracellular vesicles (EVs) have attracted at-
tention and been medically applied as a cell-free therapy and
drug delivery system. EVs are membrane-bound nanovesi-
cles released from the cell into the extracellular space [26].
These nanovesicles carry lipids, proteins, and various func-
tional RNA species such as microRNA (miRNA), contribut-
ing to intercellular communication [27]. The communication
between neural cells is essential for nervous system activity.
EVs  from  several  cell  types,  such  as  astrocytes  [28],  mi-
croglia  [29],  and  oligodendrocytes  [30],  modulate  cell-to-
cell or neuron-glia communication in both, healthy and dis-
eased  brains  [31].  EVs  have  emerged  as  essential  instru-
ments  of  neurogenesis  and  regeneration.  EVs  from  mes-
enchymal stem cells (MSCs) and Schwann cells enhance pe-
ripheral nerve regeneration [32]. In a rat stroke model [33],
systemic administration of MSC-derived exosomes could en-
hance  neurogenesis,  neurite  remodeling,  and  angiogenesis
and improve functional recovery. Recently, neural stem cel-
l-derived EVs were found to potentially attenuate neuronal
apoptosis, inhibit neuroinflammation, and enhance function-
al recovery in SCI rats [34]. Exosomes from bone MSCs are
also capable of suppressing neuroinflammation, attenuating
neuron apoptosis, and enhancing angiogenesis after traumat-
ic  SCI  [35].  Similarly,  EVs of  mesenchymal  stromal  cells
can  promote  primary  cortical  neuron  axonal  growth  [36].
Furthermore,  fibroblast-derived  EVs  promote  neurite  out-
growth, and their application can enhance optic nerve regen-
eration after injury [37].

Despite  the  long-term application  of  OEC transplanta-
tion to neuron regenerative therapy, and the evidence of neu-
rological function recovery [38], the effects of OEC-EVs on
neurogenesis or neural regeneration are still not well unders-
tood.  The  first  available  report  of  OEC-derived  EVs  and
their effect on neuro-regeneration was a study conducted on
a rat model [39]. Rat OEC-derived EVs were found to pro-
mote the axonal growth of the dorsal root ganglion and im-
prove axon regeneration in the damaged sciatic nerve. Previ-
ously, we reported the very first characterization of human
OEC (hOEC)-derived EVs [40]. However, their potential ef-
fect on neuro-regeneration for further applications remains
to be investigated. Overall, the evidence demonstrated that
miRNAs were enriched in EV from various cells that carry
potential effects for neuro-regeneration [32, 41]. To better
understand the function and application of hOEC-EV in neu-
ro-regeneration, enriched miRNA profiling is essential. To
date, the miRNA profile of hOEC-EV has not been uncov-
ered.  Therefore,  the  aim  of  this  study  was  to  characterize
miRNA profile  of  hOEC-EV and  investigate  the  effect  of
hOEC-EVs on neurogenesis and repair potential based on an
in vitro model of neuron progenitor damage.

2. MATERIALS AND METHODS

2.1. OEC Cell Cultivation

hOECs were isolated from the Olfactory Mucosa (OM)
tissue. The OM was endoscopically collected under general
anesthesia after signed informed consent was obtained from
the donor. OEC primary culture was performed as described

previously [36]. Briefly, the collected OM was first placed
in  cold  Phosphate  Buffered  Saline  (PBS).  The  tissue  was
washed three times in cold PBS and incubated in a dispase II
enzyme solution at 37°C for 20 min. The lamina propria was
dissected under a microscope and cut into small pieces with
sterile instruments. The suspension was centrifuged at 200 ×
g for 3 min to pellet the dissociated cells. The pellet was re-
suspended  in  Dulbecco’s  modified  Eagle’s  medium  (D-

MEM/F12;  Gibco
®
,  ThermoFisher  Scientific)  plus  supple-

ments  and cultured at  37°C in an incubator  with 5% CO2.

The fresh medium was replaced every other day. Before con-
ditional medium was collected for EV isolation, cells were
cultured in the serum-free medium.

2.2. Immunocytochemistry

Cells  (2  ×  10
4
)  were  seeded  in  each  well  of  a  48-well

plate and maintained under optimized conditions. Once cell
density  reached  80% confluence,  the  culture  medium was
discarded. The cells were rinsed in PBS and fixed with 4%
paraformaldehyde  (PFA)  for  15  min.  Cells  were  washed
three times in PBS prior to permeabilization by incubating
them in 0.1% tritonX-100 for 15 min at room temperature.
After  three  washes  in  PBS,  cells  were  blocked  with  3%
bovine serum albumin (BSA) for 1 h. Cells were incubated
overnight with an optimized dilution of primary antibody in
1%  BSA  at  4°C.  As  OEC  characteristic  markers,  S100β
(1:250;  ab52642,  Abcam),  Vimentin  (1:250;  ab8978,  Ab-

cam), and p75
NTR

 (1:100; ab52987, Abcam) antibodies were
used  in  this  study.  For  NPC  labelling,  a  Tuj1  (1:500;
ab7751, Abcam) antibody was utilized. On the second day,
cells were washed three times in 1% BSA and incubated for

1 h with secondary antibody (goat anti-rabbit AlexaFluor
®

488; ab150081, Abcam or Goat anti-mouse AlexaFuor
®
 594;

ab150116, Abcam). DAPI mounting medium was used to la-
bel the cell nucleus. Cell imaging was performed with an in-
verted fluorescence microscope (Olympus, CKX53).

2.3. EVs Isolation and Characterization

hOEC-EVs were isolated by sequential ultracentrifuga-
tion.  Briefly,  the  culture  medium was  decanted.  The  cells
were rinsed in PBS and then cultured in the serum-free medi-
um (13 mL/T75 flask) for 72 h. The culture medium was har-
vested into 50-mL centrifuge tubes and centrifuged at 2,000
× g for 10 min at 4°C to first remove large cell debris. The
supernatant  was  then  transferred  to  a  new  tube  and  cen-
trifuged at 10,000 × g for 10 min to remove the remaining
small cell debris. The supernatant was then transferred to an
ultracentrifuge tube and centrifuged at  100,000 × g  for 70
min at 4°C. The supernatant was discarded, and the EV pel-
let was washed in PBS with final centrifugation at 100,000
× g for 70 min at 4°C. The isolated EVs were resuspended
in PBS for further characterization and subsequent cell ex-
periments. For western blot-based EVs characterization, ly-
sis buffer was directly added to the EV pellet. The EVs were
immediately used or stored at 4°C for <1 week until use or
at −80°C for longer storage. The morphology of the isolated
hOEC-EVs was characterized with a transmission electron
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microscope  (TEM;  Hitachi  HT7700  (100  kV)).  The  TEM
analysis was performed by MA-tek Material Analysis Tech-
nology Inc. The nanovesicle size distribution was analyzed
by Nanoparticle Tracking Analysis (NTA) (Zetaview Parti-
cle  Metrix,  Germany).  The  expression  of  EV surface  pro-
teins was identified by western blotting.

2.4. miRNA Sequencing and Data Analysis

Total  RNA  was  collected  from  hOEC-EVs  by  adding

TRIzol
TM

 reagent (Invitrogen) directly to the EV pellet after
PBS washing. The solution was then stored at -80°C. Three
replicates of RNA samples were pooled and sent for RNA
extraction, RNA library preparation and sequencing by Top-
Gen Biotechnology Co., Ltd. (Taiwan). After raw sequenc-
ing  data  was  obtained,  the  adaptor  and  primer  sequences
were trimmed using CLIP v1.0.3. Filter FASTQ v1.1.5 was
used as the filter  platform. The sequence data in fastq file
format was quality checked by FastQC v0.11.8. miRNA se-
quences  mapped  and  annotated  on  miRbase  v.22.1  [42].
DIANA-mirPath  v3  [43]  was  utilized  to  identify  enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways and gene ontology (GO) categories. Enrichment p-val-
ues were corrected for false discovery rate (FDR), and were
considered significant for values of p ≤ 0.05. To predict the
putative mRNA target and related pathway of the top abun-
dant miRNAs, different algorithms (experimentally support-
ed Tarbase v7.0 and predicted interaction microT-CSD) pro-
vided in mirPath v3 package were considered. We predicted
the interaction network of identified miRNAs and their tar-
gets using miRNet, a miRNA-centric network visual analyt-
ics platform [44].

2.5. Western Blot Analysis

Lysis buffer containing radioimmunoprecipitation assay

buffer (Pierce
TM

 RIPA buffer, Invitrogen) plus 1× protease

inhibitor (Halt
TM

 Protease and Phosphatase Inhibitor cock-
tail,  Invitrogen)  was  applied  to  harvest  total  protein  from
cells. To extract total exosomal protein from EV pellets, the
lysis buffer was added directly to the ultracentrifuge tube af-
ter washing with PBS. The dissolved EV or cell pellet was
vortexed and centrifuged at 13,000 × g for 5 min. The super-
natant was then transferred to a new tube. The protein con-
centration  was  quantified  using  the  BCA kit  (Pierce  BCA
protein assay, Invitrogen), and 25 μg of isolated protein was
loaded into  each well  for  SDS-PAGE.  Proteins  on  the  gel
were transferred onto polyvinylidene difluoride membranes.
After blocking the membrane in 5% skim milk in TBST buf-
fer  (tris-buffered  saline,  0.1% Tween  20)  for  1  h  at  room
temperature, the membrane was incubated with primary anti-
bodies  at  4°C overnight  with  gentle  shaking.  Then,  it  was
washed  three  times  in  TBST  and  incubated  for  1  h  with
horseradish peroxidase-conjugated secondary antibodies at
room temperature with gentle shaking. Finally, three washes
in  TBST  were  then  conducted.  Enhanced  chemilumines-
cence reagent was used to detect immunoreactive bands ac-
cording to the manufacturer’s instructions (Millipore). Pri-
mary antibodies used in this study were as follows: CD81
(1:1000;  GTX31381,  GeneTex,  Inc.),  CD9  (1:1000;

GTX66709,  GeneTex,  Inc.),  CD63  (1:1000;  EXOAB-
CD63A-1,  System  Biosciences,  Inc.),  TSG101  (1:1000;
GTX70255,  GeneTex,  Inc.),  BCl-2  (1:1000;  GTX100064,
GeneTex,  Inc.),  Bax (1:1000;  GTX109683,  Genetex,  Inc.)
caspase 3 cleaved Asp175 (1:800; GTX86952, GeneTex, In-
c.), and beta-actin (1:20000; GTX109639, GeneTex, Inc.).

2.6. Induced Pluripotent Stem Cell (iPSC)-NPC Differen-
tiation and Cultivation

We differentiated iPSCs to neural progenitor cells (NPC)
following  a  previously  described  protocol  with  minimum
modifications [37]. In summary, iPSCs were reprogrammed
from fibroblasts via transfection with viral vectors express-
ing the transcription factors Sox2, c-Myc, Klf4, and Oct4.
The  generated  iPSCs  were  then  maintained  in  mTeSRTM
(Stem Cell Technologies). Selected iPSC colonies were then
transferred to a new Matrigel pre-coated plate and cultured
in  mTeSRTM1  medium.  To  differentiate  NPCs,  iPSC
colonies were cultured in a PSC induction medium, contain-

ing Neurobasal
®

 medium and 2% neural induction supple-
ment,  for  4-6 days.  Thereafter,  the  PSC selection medium
was  replaced  with  a  neural  expansion  medium  containing
1:1 Neurobasal:DMEM/F12 and 2% neural induction supple-

ment (Gibco
®
 Neural Induction Medium, ThermoFisher Sci-

entific).

2.7. Cell Viability Assay (CCK-8)

Cell  proliferation  of  NPCs  was  evaluated  using  a  Cell
Counting kit-8 (CCK-8) assay (Dojindo Molecular Technolo-
gies,  Inc.)  following  the  manufacturer’s  instructions.  In

brief, 1 × 10
4
 cells were seeded in a 96-well plate with 100

μL medium/well and incubated for 24 or 48 h with or with-
out hOEC-EVs. Each well was then incubated with CCK-8
working solution at 37°C for 3 h. Optical density at 490 nm

was  measured  on  a  microplate  reader  (BioTek
®

 800™ TS
Absorbance Reader).

2.8.  Tert-Butyl  Hydroperoxide (t-BHP) Treatment  and
Lactate Dehydrogenase (LDH) Cytotoxicity Assay

NPCs were exposed to 150 μM t-BHP for 1.5 h. Next,
the supernatant was discarded, cells were washed with PBS,
and replated with fresh medium with or without hOEC-EVs.
Cell cytotoxicity or injury was quantified by performing an
LDH assay (Dojindo Molecular Technologies, Inc.) accord-
ing to the manufacturer’s instructions.

2.9. Apoptosis (Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labelling (TUNEL) Assay)

NPCs (2.5 × 10
4
 per well) were seeded in a 48-well plate

and treated with t-BHP as described previously herein. After
treatment, cells were fixed in 4% PFA for 10 min. Cell apop-
tosis was evaluated using a TUNEL assay kit HRP-DAB (ab-
cam206386, Abcam) according to the manufacturer’s instruc-
tions. The brown stained cells were evaluated as apoptotic
cells under a microscope.
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2.10. Migration Assay

The silicone inserts  (2-well  culture-insert,  ibidi
®
)  were

utilized for cell migration assay. NPCs or Human Umbilical

Vein Endothelial Cells (HUVECs) were diluted to 7 × 10
5

cells/mL, and 70 μL of cell suspension was plated per insert
chamber. After a 24-h incubation, the inserts were removed,
and the cells were rinsed in PBS. Medium with or without
hOEC-EVs was supplied to each well, and cells were incu-
bated for 24 h. Images around the gaps were acquired at 0,
12, and 24 h of incubation. The gap width and number of mi-
grating cells were quantified from the images.

2.11. Invasion (Transwell Assay)

NPCs  or  HUVECs  were  seeded  in  12-well  transwell

inserts, 0.8-μm pore size (JET Biofil
®
), with 300 μL serum-

free  NPC  or  HUVEC  medium.  The  lower  chamber  was
filled with 750 μL of 10% FBS-containing medium. hOEC-
Evs or PBS were added to each insert well. Cells were cul-
tured for 24 h, the medium was discarded, and the lower sur-
faces of inserts were dipped in 4% PFA for 10 min. After
washing  by  dipping  in  PBS,  the  lower  surfaces  of  inserts
were dipped in crystal violet solution (0.5%) for 30 s. The in-
ner  surfaces  of  inserts  were  gently  cleaned  with  cotton
swabs. The lower surfaces of inserts were placed on a glass
slide and observed under a microscope.

2.12. In vitro Angiogenesis (Tube Formation Assay)

The Cultrex
®In vitro Angiogenesis Tube Formation As-

say kit (Trevigen Inc.) was used in this study. Here, 50 μL

of gel was coated on each well of a pre-cooled 96-well plate
and incubated at 37°C for 30 min. HUVECs were plated at a

cell density of 2 × 10
4
 cells/100 μL/well. hOEC-Evs or PBS

were added into each well, and tube formation was observed
at 0, 6, 12, and 24 h after seeding.

2.13. Statistical Analysis

Statistical  analyses  were  performed  using  GraphPad
Prism 8 (GraphPad Software, Inc. San Diego, CA, USA). To
compare the differences between groups, one-way or two-
way ANOVA was utilized. Statistical significance was pre-
sented as *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars
represent the standard error of the mean.

3. RESULTS

3.1. hOEC-EV Isolation, Characterization, and Quantifi-
cation

Primary hOECs were characterized by immunocytochem-
istry (Fig. 1). Primary hOECs extensively expressed S100β

and  Vimentin,  while  p75
NTR

,  which  is  recognized  as  an
OEC-specific marker in several species, was undetectable in
this study (Fig.  1A).  hOECs were incubated in the serum-
free medium for 72 h prior to conditioned medium harvest-
ing. The isolated EVs were characterized based on TEM im-
ages, western blotting, and NTA. TEM images revealed the
cup-shaped structure typical of EVs (Fig. 1B). The size dis-
tribution of hOEC-Evs measured by NTA showed a peak at
114.2 nm, indicating the size of the major detected popula-
tion  (Fig. 1C). Western blot analysis  indicated the express-

Fig. (1). Human olfactory ensheathing cell (hOEC)- EV characterization. (A) Immunocytochemistry for specific OEC markers (S100β, Vi-

mentin, p75
NTR

) in primary cultured hOECs at passage 1. Scale bars: 100 μm. (B) Transmission electron microscopy (TEM) images of isolat-
ed hOEC-EVs (scale bar, 500 nm.) (C) Nanoparticle Tracking Analysis results demonstrating the particle size distribution of the isolated
hOEC-EVs. (D) Western blot results indicating the expression of EV surface markers (CD9, CD63, CD81, and TSG101) on hOEC-EVs. (A
higher resolution / colour version of this figure is available in the electronic copy of the article).
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ion of EV markers, specifically CD9, CD63, CD81, and TS-
G101 (Fig. 1D). Prior to EV treatment analysis, the concen-
tration of isolated EVs was quantified by ELISA. Consistent
with western blot results, CD9, CD63, and CD81 were de-
tected.  For  the  further  ELISA-based  quantification  of
hOEC-EVs isolated from different batches before the next
cell treatment, we employed CD63-based analysis.

3.2. miRNA Sequencing Result

We sought to uncover novel information on hOEC-EV
to further investigate its therapeutic potential. Here, we pro-
vide  the  first  report  of  the  miRNA  profile  of  hOEC-EVs.
Next-generation  sequencing  data  showed  a  total  of
6,280,260  qualified  reads,  of  which  234,191  reads  were
mapped  to  a  reference  miRNA database  (miRBase  v22.1)
and 145 miRNAs were identified.  The identified miRNAs
profile was provided as a supplementary file. The five most
enriched miRNAs were hsa-miR-148a-3p, hsa-miR-151-3p,
hsa-let-7b-5p, hsa-let-7i-5p and hsa-miR-143-3p. Five mem-
bers  of  the  let-7  family  (let-7a-5p,  let-7b-5p,  let-7c-5p,
let-7f-5p  and  let-7i-5p)  were  identified  among  the  top  20
miRNAs.  In  this  list,  we  identified  the  miRNA  related  to
neurogenesis and differentiation or neuro-regeneration as in-
dicated in previous studies, namely, let-7b and miR-25 [45],
miR-21 [46], miR-27 [47], miR-148b, let-7i,  and miR-26a
[48].

A GO analysis using a microT-CSD algorithm suggested
that the top 20 miRNA targets were enriched in several bio-
logical processes, including but not limited to cellular nitro-
gen compound, biosynthetic process, cellular protein modifi-
cation process, and the neurotrophin tropomyosin-related ki-
nase  (TRK)  receptor  signaling  pathway.  Cellular  nitrogen
compounds  and  the  neurotrophin-TRK  receptor  signaling
pathway were predicted by both microT-CSD and Tarbase
algorithms as high p-value GO categories.  A KEGG path-
way analysis using a microT-CSD algorithm indicated that
these abundant miRNAs of hOEC-EC were involved in ex-
tracellular matrix (ECM)-receptor interaction, prion disease,
mucin type O-glycan biosynthesis, signaling pathways regu-
lating pluripotency of stem cells, and proteoglycans in can-
cer. Proteoglycans in cancer, ECM-receptor interaction, and
prion diseases were both outcomes of the microT-CSD and
Tarbase  predictions  of  the  roles  of  the  top  20  miRNAs.
Heatmaps of the GO annotation and KEGG pathway analys-
es  of  the  top  20  abundant  miRNAs by  microT-CSD algo-
rithms of mirPath v3.0 are presented in Fig. (2A and B), re-
spectively.

We constructed the miRNA-target network of these 20
miRNAs to  observe  common interactions  that  may  play  a
key  role  in  hOEC-EV function  by  using  miRNet  2.0.  The
network revealed that the highest degree of interaction was
in the let-7 family (28-34 degree). The common targets (ex-
tracted from Tarbase v8.0 and miRTarBase v8.0) with the
three  highest  degrees  of  interaction  included  throm-
bospondin 1 (THBS1), cyclin dependent kinase 6 (CDK6),
CDK  inhibitor  1A  (CDKN1A),  and  cyclin  D2  (CCND2)
(Fig. 2C). Most of these genes were related to the p53 signal-
ing pathway or cell cycle.

3.3. hOEC-EVs Enhance NPC Proliferation and Axonal
Growth

In our previous study [40], we demonstrated that hOEC-
EVs could significantly stimulate NPCs’ proliferation after
72-h incubation. However, we suspected that the concentra-
tion of hOEC-EVs might affect their potential. In the present
study,  we  incubated  NPCs  with  various  concentrations  of

EVs (10
8
 or 10

9
 particles/mL) for 24 or 48 h (Fig. 3A). CCK-

-8 assay results indicated that hOEC-EVs promoted cell pro-
liferation/survival  in  a  dose-dependent  manner  (Fig.  3B).

EVs at 10
9
 particles/mL significantly enhanced NPC’s prolif-

eration rate after 24 h incubation. However, at 48 h of incu-
bation, the proliferation stimulating effect was insignificant.
A recent report revealed that rat OEC-derived EVs promote
axonal growth of the dorsal root ganglion [39]. In this study,
we sought  to determine whether  hOEC-EV could enhance
neurogenesis by promoting NPC differentiation to neurons
with axon elongation. We performed immunostaining to la-
bel NPCs with an antibody for TUJ1, a specific neuron mark-
er (Fig. 3C). Axon length was measured and averaged per
random field.  We showed that  the  average  axon length  of
NPCs exposed to hOEC-EVs was significantly longer than
that  of  controls  (Fig.  3D).  These  results  confirmed  that
hOEC-EVs enhance NPC proliferation and differentiation to
neuron-like morphology with elongated axons.

3.4. hOEC-EVs Ameliorate NPC Apoptosis

Traumatic injuries to the nervous system, such as SCI,
consist of two mechanisms, including a primary mechanical
injury and secondary insults  associated with inflammation
and apoptosis. Long-term neurological deficits due to these
secondary  insults  lead  to  the  expansion  of  damage  and
worsen paralysis. We sought to establish new approaches to
prevent or treat neuronal inflammation and apoptosis using
hOEC-EVs. NPCs were exposed to 150 μM t-BHP to acti-
vate oxidative stress damage. After 1.5 h incubation, a fresh
medium was added and hOEC-EVs were administered to the
cells. Notably, we found that the cell number was drastically
decreased  in  t-BHP-treated  groups,  indicating  that  t-BHP
causes cell  death and detachment (Fig.  4A).  However,  the
number of surviving cells was increased in the EV-treated
group, suggesting that hOEC-EVs protect the cells from t-
BHP-induced  cell  death  (Fig.  4A and  B).  We  further  em-
ployed TUNEL staining to evaluate cell death. TUNEL-posi-
tive  (apoptotic)  cells  were  abundant  in  the  t-BHP-treated
group and significantly decreased in the hOEC-EV-treated
group (p<0.05) (Fig. 4C). LDH assay results indicated that
NPC  cytotoxicity  was  remarkably  increased  after  t-BHP
treatment. This result is consistent with the low cell viability
and decreased cell number observed in Fig. (4A). However,
cell cytotoxicity mediated by t-BHP was significantly abol-
ished in the hOEC-EV treatment group (p<0.05) (Fig. 4D).
To determine the effect of hOEC-EVs on NPC’s apoptotic
protein  expression,  western  blot  analysis  was  performed.
The representative blotting results and quantification of blot
densitometry  are  depicted  in  Fig.  (4E  and  F)  and  showed
that hOEC-EV administration was able to upregulate  expre-
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Fig. (2). Pathway analysis of hOEC-EV- miRNA profile. (A) Gene Ontology categories of top 20 hOEC-EV-miRNAs constructed in the
DIANA-mirPath v3. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of top 20 hOEC-EV-miRNAs constructed in
the DIANA-mirPath v3. (C) The minimum interaction network of top 20 hOEC-EV-miRNAs and their targets built in the miRNET 2.0.
Square nodes represented the miRNA queries. Circle nodes represented predicted targets. The color key bar indicated the degree of interac-
tion. The highly connected targets (high degree of interaction) were located in the middle of the network. The nodes of targets related to the
p53 pathway were labelled with a yellow line (A higher resolution / colour version of this figure is available in the electronic copy of the arti-
cle).
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Fig. (3). Human olfactory ensheathing cell (hOEC)-EVs stimulate neural progenitor cell (NPC) proliferation and axon elongation. (A) Image
of NPCs after incubation for 24 h in medium with hOEC-EV supplementation or PBS, or of mock controls. Scale bars: 200 μm. (B) CCK-8

results in the bar graph are based on optical density (O.D.) values at 24 or 48 h of incubation. hOEC-EVs at either 10
8
 or 10

9
 particles/mL

(*p<0.05). (C) Immunostaining for Tuj1, a neuron marker, to label cell body and axon. D. Axon length was measured using Image J. The av-
erage axon lengths from two random fields (40×) of three replications each are presented in the graph. Significantly increased average axon
length was found in the hOEC-EV-treated group (*p<0.05, ** p<0.01) (A higher resolution / colour version of this figure is available in the
electronic copy of the article).

Fig. (4). Human olfactory ensheathing cell (hOEC)-EVs protect neural progenitor cells (NPCs) from apoptosis. (A) Appearance of NPCs
with different treatments. t-BHP caused a large amount of cell death. Scale bars: 200 μm. (B) The cell number was counted to evaluate cell
damage after t-BHP treatment. (C) TUNEL assays were performed to count apoptotic cells after treatment. Quantification of TUNEL-posi-
tive cells was calculated as a percentage. (D) Lactate dehydrogenase (LDH) assay indicating cytotoxicity after t-BHP treatment and the allevi-
ating effect of hOEC-EVs. (E) Representative western blot images of apoptotic protein expression. (F) Densitometric bar graph quantified
from the three western blot replicates. *p<0.05, **p<0.01, ***p<0.001 (A higher resolution / colour version of this figure is available in the
electronic copy of the article).
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administration was able to upregulate expression of the an-
ti-apoptotic protein BCl-2 in NPCs. Treatment with t-BHP
reduced BCl-2 expression, an effect significantly attenuated
by hOEC-EVs (p<0.01). Expression of pro-apoptotic protein
Bax and cleavage form of caspase 3 was reduced by hOEC-
EV in t-BHP treated groups. Furthermore, Pro-caspase 3 in
NPCs  was  significantly  induced  by  t-BHP  treatment  and
ameliorated by hOEC-EV administration. Overall, this result
revealed  that  t-BHP  activates  NPC  apoptosis,  whereas
hOEC-EV  treatment  mitigates  the  effect.

3.5. hOEC-EVs Stimulate NPC Migration and Invasion

The migration of neuron precursor cells was previously
shown to be an important process during wound healing in
SCI repair in zebrafish [49].  Herein, we sought to investi-
gate  the  effect  of  hOEC-EVs  on  the  migration  ability  of
NPC. We evaluated the migration ability of NPCs based on
the culture-insert 2-well method. We observed the migrating
cell under a microscope at 0, 12, 24 h incubation. The num-
ber of cells exhibiting migration activity was counted per 4×
magnification  field.  Consistently,  we  demonstrated  that
NPCs cultured in a medium with hOEC-EV showed signifi-
cantly  higher  migration  rates  at  12  h  (p<0.01)  and  24  h
(p<0.001) (Fig. 5A and B). Furthermore, we evaluated the in-

vasion ability of NPCs. Here, NPCs were cultured on the up-
per surface of a transwell insert and incubated in a medium
with or without hOEC-EVs. We found that NPCs cultured in
a medium with hOEC-EVs migrated to the lower surface of
the  insert  at  a  significantly  higher  rate  (p-value  <  0.001)
than  those  in  the  other  groups  (Fig.  5C  and  D).  This  evi-
dence consistently supported the hypothesis that hOEC-EVs
can probably promote the repair of injured neural tissue by
enhancing neural cell migration and wound healing.

3.6. hOEC-EVs Promote In vitro Angiogenesis and HU-
VECs’ Migration

Angiogenesis is another important process required for
damaged tissue repair. A previous study demonstrated that
EVs derived from bone MSCs stimulate in vitro angiogene-
sis and in vivo vascularization [35]. Therefore, we conduct-
ed in vitro angiogenesis tests. HUVECs were seeded in gel-
pre-coated 96-well plates and incubated with PBS or hOEC-
EVs. Tube formation was observed and the number of tubes
per well was directly counted under a microscope. Represen-
tative  images  of  tube  formation  at  6  h  are  shown  in  Fig.
(6A). We demonstrated that hOEC-EV-treated cells formed
significantly more complete tubes per  well than  cells of the

Fig. (5). Human olfactory ensheathing cell (hOEC)-EVs stimulate the migration of neural progenitor cells (NPCs). (A) Cell migration ability
confirmed by the culture-insert method. hOEC-EVs significantly promoted NPCs’ cell migration ability. (B) The average number of migrat-
ing cells per area was counted and is shown in the bar graph. (C) NPCs’ invasion ability was assessed using the transwell method. hOEC-
EVs significantly increased NPCs’ invasion ability. (D) The number of invading cells in each group was counted and averaged and is depict-
ed in the bar graph. **p<0.01, ***p<0.001. Scale bars: 200 μm (A higher resolution / colour version of this figure is available in the electron-
ic copy of the article).
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Fig. (6). Human olfactory ensheathing cell (hOEC)-EVs promote in vitro angiogenesis and HUVECs’ migration. (A) In vitro angiogenesis as-
say showing the tube formation ability of HUVECs at 6 h with different treatments. (B) Average number of tubes formed in each group. (C)
HUVEC migration ability at different time points evaluated by culture-inserts. (D) Gap width as a percentage of the initial size. (E) HUVEC
invasion ability assessed using the transwell method. (F) Quantification of the invasion assay. *p<0.05, ***p<0.001. Scale bars: 200 μm (A
higher resolution / colour version of this figure is available in the electronic copy of the article).

other groups (Fig. 6B). At 24 h, formed tubes partially dis-
connected in every group. However, the number of remain-
ing tubes in the hOEC-EV-treated group was higher than in
the others. Furthermore, HUVECs’ migration ability was al-
so  evaluated  by  the  aforementioned  2-well  culture-insert
method.  Here,  the gap was only completely filled by HU-
VECs exposed to hOEC-EVs after 24-h incubation (Fig. 6C
and  D).  This  result  indicated  that  hOEC-EV-treated  HU-
VECs display a higher migration rate. Finally, similarly to
NPCs, the invasion ability of HUVECs was also determined
using  transwells.  We  proved  that  HUVECs  exposed  to
hOEC-EVs migrated to the lower surface of transwells at a
higher rate than control cells (Fig. 6E and F). In summary,
hOEC-EVs stimulate in vitro vessel formation, and endothe-
lial cell migration and invasion, which are hallmarks of an-
giogenesis.

4. DISCUSSION

In this study, we focused on characterizing hOEC-EVs,
miRNA profiling, and their effect on neuroprotection or neu-
ro-regeneration. We first isolated OECs from human nasal
tissue.  We  demonstrated  that  these  cells  exclusively  ex-
pressed  OEC  characteristic  markers,  such  as  S100β,  Vi-
mentin, GFAP, and SOX10 both here and in our preliminary

report [40]. However, p75
NTR

, expressed in OECs of several
species,  including  rats  [39],  was  not  positively  immunos-
tained in our study. This is consistent with a previous report

revealing that human OECs do not express P75
NTR

, whereas
the perineural olfactory nerve fibers that surround OECs do
[50, 51]. Characterization by TEM, NTA, and western blot
analysis confirmed that hOEC-derived EVs were successful-
ly prepared.
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In  this  study,  we  reported  the  first  miRNA  profile  of
hOEC-EV.  The  most  abundant  miRNA  in  hOEC-EV  was
hsa-miR-148a-3p,  hsa-miR-151a-3p,  and  let-7  family.  Re-
cently, miR-148a/b-3p has been reported as an angiogenesis
regulator [52] and a tumor suppressor in several cancers, in-
cluding ovarian cancer  [53].  hsa-miR-151a-3p,  the second
enriched miRNA in this study, was found to be upregulated
in patients with Alzheimer’s disease (AD) [54]. Inconsistent-
ly, it was reported for its decrease in the plasma EV of AD
patient  respect  to  those  of  control  [55].  Another  study
showed  that  miR-151a-3p  enhances  anti-apoptotic,  an-
ti-oxidative,  and  neuroprotective  effects  of  dexmedetomi-
dine [56]. Our miRNA profile demonstrated that there were
several members of the let-7 family enriched in hOEC-EV,
including let-7b-5p and let-7i-5p. Let-7 family is well-recog-
nized as a tumor suppressor [57]. A previous report showed
that let-7 miRNA is highly expressed in new-born olfactory
bulb neurons, and its suppression impairs the radial migra-
tion [58]. Let-7b can promote neurogenesis, regulating neu-
ral stem cell proliferation and differentiation through target-
ing nuclear receptor and cell cycle regulator cyclin D1 [59].
Let-7i, as well as miR-148b, is also indicated as miRNA spe-
cifically related to neuron cell generation [48].

GO category and KEGG pathway analyses revealed that
these abundant miRNAs are involved in several biological
processes, such as the cellular nitrogen compound metabolic
process and ECM-receptor interaction. Some evidence has
demonstrated the association of nitrogen with neurogenesis.
Meanwhile, the ECM pathway has been widely mentioned
in  the  context  of  neural  development.  The  ECM  provides
structural support, regulates proliferation, promotes the dif-
ferentiation of neural progenitors, and regulates neuronal mi-
gration [60]. Neurotrophin-TRK receptor signaling was also
predicted  as  a  pathway related  to  the  hOEC-EV-miRNAs.
The neurotrophin-TRK receptor interaction is critical for the
long-distance  communication  between  axon  terminals  and
cell  bodies, in addition to neural circuit  maintenance [61].
These prediction results pointed to the potential of hOEC-
EVs in light of neurological applications.

Based  on  the  predicted  miRNA-target  interaction  net-
work in miRnet 2.0, THBS1, CDK6, CDN1A, and CCND2,
were highly connected target genes. THBS1 is found in the
brain and is primarily expressed by astrocytes [62]. THBS1
has been reported as a controller of synaptogenesis [63], re-
lated to angiogenesis [64, 65], inflammation [66], and cell-
type  specific  axon  regeneration  [67].  Elevated  THBS1  is
found in glioma and its silencing inhibits tumor growth [68].
CDK6 is an essential protein regulating the cell cycle in the
G1 phrase; CDK6 controls the switching between cell prolif-
eration and neuronal differentiation [69]. CDKN1A or p21
is a cell cycle inhibitor and downstream protein of p53. The
inhibition of p21 improves the cell proliferation ability of in-
testinal progenitor cells and the self-renewal of hematopoiet-
ic stem cells of mice with dysfunctional telomeres without
accelerating cancer development [70]. A part of the cyclin
family,  CCND2,  is  mainly  involved  in  the  regulation  of
G1/S  transition  [71].  Most  of  these  common  targets  were
linked to the p53 signaling pathway, an important pathway

regulating cell cycle arrest, senescence or apoptosis. By an
overall  miRNA  profile  analysis,  these  identified  miRNAs
probably contribute to the neuroregulatory effect of hOEC-
EV by promoting or inhibiting target cell proliferation, neu-
ronal differentiation, migration, and apoptosis.

While rat OEC-EVs were proven to have the ability to
promote axonal growth of dorsal root ganglion (DRG) neu-
rons [39], our study is the first showing that hOEC-EVs sig-
nificantly augmented cell proliferation and axon growth of
NPC. In vertebrate mammals, NPCs are found lining along
the spinal cord canal in a quiescent state [72], and in rodent
models, NPCs increase active proliferation and differentia-
tion, and migrate to the lesion after SCI [73]. The manipula-
tion of endogenous NPC activity may offer potential bene-
fits  for  neuron  regeneration  after  SCI  [74].  Accumulating
evidence has also shown that transplanted NPCs could ex-
tend large numbers of axons into the caudal part of a host
spinal  lesion,  and the host  axons may also regenerate  into
the  cell  grafts  to  form  new  synapses  and  improve  neural
function  [75-78].  Thus,  our  finding  suggested  that  hOEC-
EV may support the neuron regeneration after injury by acti-
vating NPC proliferation and axon growth.

Our  data  also  suggested  that  hOEC-EVs protect  NPCs
from apoptosis in t-BHP-mediated oxidative stress. We de-
monstrated that the anti-apoptotic protein BCl-2 was upregu-
lated in hOEC-EV-treated cells either under normal or t-BH-
P-mediated stress conditions. Expression of cleaved caspase
3 and Bax was reduced insignificantly after hOEC-EV treat-
ment under t-BHP-mediated stress condition. Therefore, the
anti-apoptotic activity of hOEC-EVs might be partially relat-
ed to BCl-2 upregulation and pro-caspase 3 downregulation.
Despite  the  insignificant  effect  of  hOEC-EVs on  Bax  and
cleaved caspase 3 expression, the number of surviving cells
in the t-BHP+EV treatment group was higher than in the t-
BHP only group. Furthermore, the number of TUNEL-posi-
tive cells in the hOEC-EVs treated group was significantly
lower.  Consistently,  LDH  assay  results  demonstrated  the
lower cytotoxicity and increased number of surviving cells
in the EV-treated group. Taken together, hOEC-EVs had a
protective  effect  on  NPC  viability  under  t-BHP-mediated
stress by BCl-2 upregulation. Similar results have been re-
cently reported in several studies using different EV sources.
EVs derived from neural stem cells can attenuate apoptosis
after  traumatic  SCI  and  in  vitro  glutamate-induced  neuro-
toxicity by reducing cleaved caspase 3 and elevating BCl-2
expression  [34].  Bone  MSC-derived  EVs  could  exert  an-
ti-apoptotic effects on in vitro glutamate-induced apoptosis
and in an in vivo SCI model [35]. Astrocyte-derived EVs are
also capable of inhibiting neuron apoptosis in vitro  and in
vivo [79]. The characterization of these different EV cargos,
such as RNA sequencing, may provide informative data to
identify the essential miRNAs that regulate the anti-apoptot-
ic effect, thereby informing the further development of EV-
based therapy.

One  of  our  most  significant  findings  was  the  effect  of
hOEC-EVs on cell migration. We demonstrated that hOECs
stimulated the migration ability of either NPCs or HUVECs.
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hOEC-EV treatment remarkably stimulated NPC migration
in  a  2-well  culture-insert  method.  Furthermore,  transwell
methods confirmed that both the migration and invasion abil-
ities of NPCs were significantly improved by hOEC-EVs. In
zebrafish, the early migration of neuron precursors initiates
neuron regeneration following SCI [49]. Furthermore, previ-
ous research indicates that NSPC migration is essential for
CNS development  and  neurogenesis  [80,  81].  In  addition,
NSPC migration to the injured CNS sites is an adaptive re-
sponse to limit and repair damage in various types of brain
injury, such as those involving ischemia and trauma [82-85].
NSPC proliferation can be activated after injury, and NSPCs
might differentiate into neurons or glia [86]. Thus, NSPCs’
migration to  the  lesion is  critical  to  promote tissue repair.
Consequently, we think that, by activating neuron precursor
migration, hOEC-EVs probably have potential benefits for
the repair and regeneration of neuronal tissue after traumatic
injury.

Previous evidence indicates that SCI causes vascular de-
conditioning below the injured area, including vascular de-
struction and disorganization, microcirculation loss, endothe-
lial cell death, and vascular remodeling [87]. The devastated
vasculature consequently enhances secondary injury follow-
ing the primary mechanical injury to the spinal cord. Given
that blood supply is critical for cell/tissue survival and func-
tionality,  inadequate  blood  supply  due  to  ischemic  condi-
tions exacerbates neuronal cell death [88, 89]. In an SCI rat
model, the delivery of angiogenic microspheres into the in-
jury  site  promotes  angiogenesis  and  recruitment  of  neural
precursors, stimulates axon growth, reduces white matter vol-
ume loss, and enhances neurologic recovery [90]. Thus, re-
vascularization  is  another  important  process  for  tissue  re-
pair. In the present report, we demonstrated that hOEC-EVs
can  stimulate  HUVECs’  in  vitro  tube  formation.  Further-
more, they also increased their migration and invasion abili-
ty, important processes involved in vascularization. These re-
sults are similar to those of a previous study showing that
EVs from bone MSCs can promote angiogenesis in vitro and
in  vivo  in  an SCI model  [35].  Our study is  the first  report
highlighting hOEC-EVs’ pro-angiogenic functions and their
possible capacity of stimulating tissue repair through revas-
cularization. However, in vivo study is required to validate
the potential of hOEC-EVs in neuron regeneration and revas-
cularization after injury.

CONCLUSION

In  conclusion,  we  isolated,  characterized  and  reported
the  first  miRNA  profile  of  hOEC-EVs.  hsa-miR-148a-3b,
hsa-miR-151a-3p,  hsa-miR143-3p,  and  let-7  family  were
found abundantly in hOEC-EVs. The most common targets
connected among the 20 most enriched miRNAs were THB-
S1 and CDK6, both of which are related to the p53 signaling
pathway. The miRNA data provided useful information for
the future study of hOEC-EV applications. The novel miR-
NAs profiled in this study require validation of their specific
function in specific target cell types. We revealed that isolat-
ed hOEC-EVs harbored promising potential for the protec-
tion and repair of damaged NPCs. Specifically, hOEC-EVs

stimulated NPC proliferation and axon elongation. Under t-
BHP-mediated oxidative stress, hOEC-EVs protected NPCs
from  apoptosis  by  upregulating  the  anti-apoptotic  protein
BCl-2, while suppressing pro-caspase 3 expression. In this
study, we uncovered the significant effect of hOEC-EVs on
NPC  and  HUVEC  cell  migration  and  invasion,  both  of
which represent important processes of neuron tissue repair.
Furthermore,  HUVEC in vitro  angiogenesis was enhanced
by hOEC-EV treatment.  Taken together,  hOEC-EVs are  a
promising therapeutic tool to alleviate neuronal damage due
to secondary insults such as oxidative stress, while promot-
ing biological  processes  related to  tissue repair.  Since our
study was an in vitro study, the effect of hOEC-EVs in neu-
rodegenerative  diseases,  such  as  traumatic  brain  injury  or
SCI, remains to be verified in vivo.
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