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Schwann cells secrete extracellular vesicles to promote and
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1 | INTRODUCTION

Abstract

Objectives: Schwann cells (SCs) are the principal glial cells in peripheral nerve system,
involved in neuropathies with great regenerative potential. Dental pulp cells have
been reported to maintain neurogenic potential. In contrast, the regulatory role of SCs
on human dental pulp cells (nDPCs) development remains undefined.

Materials and methods: SC secretion and SC-derived extracellular vesicles (EVs) were
collected and used to treat hDPCs; and proliferation and multiple differentiation of
hDPCs were detected after EVs treatments. Finally, we analysed the proteomes of
SC-EVs and SCs through mass spectrum.

Results: In this study, we found SC secretion showed a predominantly regulatory role
on the development of hDPCs. Further, we identified EVs from SC secretion with simi-
lar function as SC secretion in regulating hDPCs proliferation and multipotency. And
expression of transcription factor Oct4 was upregulated after treatment of both SC
secretion and EVs, as well as Sox2 and Nanog. We detected abundant enrichment of
Oct4 in EVs, which might be responsible for the upregulation of stem cell-related
genes in hDPCs. Through proteome and western blot analysis, we found enriched
TGFBs in EVs, indicating that accelerated hDPCs proliferation may be mediated by
activated TGFp-Samd and TGFB-MAPK signalling.

Conclusions: In summary, our study sheds light on critical regulatory ability of SC-
derived EVs on hDPCs proliferation and multipotency, suggesting great implications

for seeding cells used in tissue engineering.

matter exchange with regenerating axons.*> Moreover, various re-

searches indicated that NTs which were abundantly secreted by neural

Schwann cells (SCs) are major glial cells in peripheral nervous system
(PNS), with great abilities in nerve repair and regeneration. SCs can
secrete various neurotrophins (NTs), including nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3
(NT3), neurotrophin 4/5 (NT4/5) and glial cell line-derived neuro-
trophic factor (GDNF), which function as nutrition support preventing
injured neurons from dying and promoting regeneration of axons."?
SCs also provide molecules involved in cell adhesion, as well as other
components in extracellular matrix, which can guide regenerated
axons to grow and function in specific organ.® In nerve grafting or re-

generation, SCs develop gap junctions and tight junctions to ensure

cells, regulated tooth innervation, and this showed a potential role on
promoting dental pulp cell differentiation and calcification.®” On the
contrary, transplanted dental pulp stem cells provide trophic supports
for SCs by secreting NGF, BDNF and GDNF in rat in peripheral nerve
regeneration.8 These evidences suggest a potentially reciprocal inter-
action between dental mesenchyme and neural cells.

For decades, it was admitted that dental papilla/pulp cells (DPCs)
and dental follicle cells were originated from cranial neural crest cells.”
Recently, Nina Kaukua and colleagues identified a population of dental
mesenchyme stem cells by lineage tracing, and it turned out these cells

were derived from peripheral nerve-associated glial cells. As the major
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population of nervous glial cells, the precursors of SCs generated den-

tal mesenchymal stem cells (MSCs), which differentiated into dental
pulp cells, and eventually into odontoblasts.'® These researches sug-
gest SCs and dental mesenchymal cells have strong connection during
tooth generation.

Extracellular vesicles (EVs) are a type of mixed vesicles, includ-
ing endosome-derived exosomes (with a diameter of 50-100 nm) and
cell membrane-derived ectosomes (with a larger diameter of 100-
1000 nm).** These bilipid-membrane vesicles are produced by cells
stimulated by pathology, apoptosis, hypoxia stress or experiencing qui-
escent state.'? They contain various types of cargoes, such as proteins,
liposomes, miRNAs and mRNAs. After fused with the membrane of tar-
get cells, inner cargoes are released into target cells. Due to the special
structure of EVs, luminal molecules are prevented from degradation,13
thus providing a crucial approach for cell to cell communication.* SCs
from peripheral nervous system have been thought to have favour-
able potential for nerve regeneration, and EVs secreted by SCs exhibit
similar function to increase axonal regeneration.*>®Recent researches
showed that human dental pulp cells (hDPCs) could be induced to dif-
ferentiate into neural cells, with implications for neural diseases ther-
apy.”'20 Peripheral SCs were recognized as an important therapeutic
cell resource for neurological diseases, and they consisted of the main
glial cells in the PNS, with great regenerated potential for myelination.?
Meanwhile, exosomes from MSC were recognized as significant contrib-
utors in MSC clinical therapy.?#?* However, whether SCs modulate den-
tal MSCs development is still unknown. In this study, we investigated
the regulatory potentials of SCs on hDPCs, and found that SC condi-
tioned culture medium (SCmd) showed significant regulating ability on
hDPCs proliferation and multipotency. We further identified EVs from
SCmd as the principal factors modulating hDPCs development. Finally,
the proteomes of EVs and SCs were analysed by mass spectrometry, and
937 common proteins (appeared in both EVs and SCs) were identified
between EVs and its maternal cell SCs, as well as 211 distinct proteins
from EVs and 1371 from SCs. Then, KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways and GO (Gene Ontology) terms were used to
analyse biological enrichment of these proteins. Through the consistent
proteins distribution in biological pathways and functions, our work in-
dicated EVs secreted by SCs (SC-EVs) have the potential to act as an

alternative of SCs in the application of tooth regenerative engineering.

2 | METHODS

2.1 | Primary cell isolation and cell culture

hDPCs were isolated and derived from extracted tooth of patients as pre-
viously described.?* For all the experiments involving human subject were
in accordance with guidelines of the Ethics Committee of West China
College of Stomatology (Sichuan University) as well as informed consent
had been obtained from the participants. And all experimental protocols
were approved by the Committee of Ethics of Sichuan University. Tissues
were cut into patches, transferred into centrifuge tubes and washed twice
with PBS. And then Pipetted out PBS, added 1 mL trypsin, incubated the
tissue at 37°C for 20 minutes and shook gently to mix well, terminated

the digestion with 1 mL a minimum essential medium (x-MEM)/10%
foetal bovine serum (FBS) (10% a-MEM) medium, consisted of a-MEM
(Gibco, Gaithersburg, Md, USA) supplemented with 10% FBS (Biowest,
Riverside, MO, USA) and 1% penicillin/streptomycin (Sigma, St. Louis,
MO, USA). After that, the tube was centrifuged at 200g for 5 minutes;
the supernatant was removed and the cell pellet was re-suspended with
10% oa-MEM. Then, tissues were plated into the dishes pre-coated with
poly-L-lysine and shook gently to distribute the tissues evenly. Cells were
incubated in normal culture environment (37°C, 5% CO2).

Rat cell lines of SCs (RSC96) were commercially purchased from
CAS (Chinese Academy of Sciences, China) and cultured in a-MEM/2%
FBS (2% a-MEM). Culture medium of SCs was collected every 24 hours
followed by 600g centrifuge and filter using 0.22 um filter unit. Then,
collected media were equally mixed with 2% a-MEM to be prepared as
SCmd for the following experiments. hDPCs were cultured with SCmd

while 2% a-MEM serves as control.

2.2 | Immunofluorescence

Cells were immobilized with 4% paraformaldehyde and 0.5% tritonX-
100 treated for 15 minutes, blocked with goat serum for 30 minutes,
incubated with primary antibody overnight in 4°C. Then, incubated
with secondary antibody away from light for no more than 1 hour and
DAPI for 5 minutes. The following antibodies were used: GFAP (1:500;
Abcam ab7260), S100 (1:1000, Abcam ab868), Nestin (1:200, ab6142,
Abcam, Cambridge, MA, USA), Vimentin (1:200, OMA1-06001,
Thermo Scientific, Waltham, MA, USA), CK14 (1:200, MAB3232,
Millipore, Billerica, MA, USA).

2.3 | Flow cytometry

Cells were digested with trypsin and harvested into 1.5 mL tube, fixed
with 70% cold methanol for 4 hours. RNase A treated for 30 minutes
in 37°C and then added propidium iodide (PI) to stain for 30 minutes in
4°C. Finally, assayed with flow cytometry system (Cé; BD Biosciences,
Franklin Lakes, NJ, USA).

hDPC surface antigens were analysed by flow cytometry. In total,
1 x 10° cells were collected and re-suspended in PBS containing 2%
FBS and divided into aliquots. The following conjugated antibodies
(BD Biosciences) were used at the concentrations recommended by
the manufacturer: CD3-FITC, CD29-PE, CD44-FITC, CD45-FITC,
CD90-FITC, CD105-PE, CD166-PE. After two washes in 1% BSA, the
cells were re-suspended in 200 pL of 1% BSA and analysed by the C6
system. Black histograms represent controls, and the red solid peaks

represent indicated markers.

2.4 | Cell proliferation assay

Cells were seeded on 96-well plates (1500 cells/well) and cultured
with SCmd and 2%a-MEM (control) for indicated time lengths. To
measure cell proliferation, the Cell Counting Kit-8 (Sigma) was applied
and absorbance of form azan dye produced by living cells was meas-
ured with Microplate Reader (Thermo scientific).
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Colony-forming unit (CFU) assay was conducted to measure the
self-renewal ability of hDPCs. hDPCs were seeded at concentration
of 100 cells in 60 mm plate. And cultured for 10 days and stained with
Wright-Giemsa. Colonies containing over 20 cells were counted under
microscope. Cells cultured with 2% a-MEM were recognized as control
in all the experiments. All experiments were conducted in triplicate.

2.5 | RNA preparation and real time gPCR

RNA extraction was performed using RNAiso (Takara, Biotechnology,
Tokyo, Japan). RNAs were reversely transcribed into cDNAs using RT
first strand cDNA synthesis kit (Thermo). Real time gPCRs were per-
formed using SYBR Green | kit (Thermo) and specific primers which
are listed in Tables S1 and Table S2, and all Ct values were normalized
by GAPDH level.

2.6 | Protein and western blot

Protein extraction was conducted using total Protein extraction kit
(KEYGEN). Protein samples were treated with 4X loading buffer and
incubated 8 minutes at 100°C for denaturation. The antibodies used
for western blot are the following, Sox2 (1:1000; Abcam ab%97959),
Oct4 (1:1000; BBI D121072), Nanog (1:500; Santa Cruz sc-33760),
TGFp2 (1:1000; Abcam ab66045), Smad4 (1:1000; Abcam ab40759),
p-Smad2/3 (1:500; Abcam ab63399), JNK (1:1000; CST 9258), p-JNK
(1:1000; CST 4668), Erk1/2 (1:1000; CST 4695), p-Erk1/2 (1:2000;
CST 4370), P38 (1:1000; CST 9212), p-P38 (1:1000; CST 9211), CD9
(1:1000; Zen 220642), TSG101 (1:500; Zen 341000), Hsp70 (1:1000;
Zen 200304), GFAP (1:2000; Abcam ab7260), GAPDH (1:5000; Zen
200306-7E4), and anti-mouse, anti-rabbit and anti-goat secondary
antibodies (1:10 000) were used.

2.7 | EVsisolation and morphology and size
identification

EVs were isolated from rat SC supernatant as previously described.?
Briefly, 70-80% confluent cells were cultured for 48 hours in DMEM/
F12 (Gibco) without FBS. The culture medium was collected and cen-
trifuged at 2000 g for 15 minutes and the cell supernatant was filtered
by 0.45 and 0.22 pm filter sterilize Steritop™ (Millipore) to remove cells
and debris. Afterwards, the supernatant was transferred to the Amicon
Ultra-15 Centrifugal Filter Units (Millipore) for concentration. The con-
centrated medium was transferred into 1.5 ml tube and total exosome
isolation agent was added (4478359; Invitrogen), mixed well, incu-
bated at 4°C overnight And centrifuged at 10 000 g for 1 hour at 4°C.
The precipitates were washed immediately with PBS. The precipitates
at the bottom of the tube containing EVs were diluted in PBS or 2% o-
MEM. EVs were stored at —80°C or used for downstream experiments.
Transmission electron microscopy (TEM) was used to identify the
morphology and size of EVs. Firstly, EVs sample was suspended in PBS
and added one drop onto carbon-support film grid and visualized with
2% ammonium molybdate. EVs were observed on a Hitachi H-7650
transmission electron microscope (Hitachi, Tokyo, Japan).

.Prolife'ratigh ,
2.8 | hDPC multilineage differentiation

hDPC was treated with SCmd or EVs for 7 days before refreshed
with differentiation induction medium and continued to culture for
7-10 days. Osteogenic induction medium was commercially pur-
chased from Cyagen Biosciences and adipogenic and neurogenic in-
duction medium were prepared as previously described.?® And then
cells were collected for stain or RNA isolation. Cells for staining were
immobilized with 4% paraformaldehyde and then stained with alizarin

red for further observation.

2.9 | Mass spectrometry

2.9.1 | Protein sample preparation

Cell pellets and EV pellets were respectively suspended in SDT lysis
buffer?” containing 4% SDS, 100 mmol/L Tris-HCl and 1 mmol/L DTT
(PH 7.6). The lysates were denatured at 100°C for 10 minutes and
centrifuged to remove the debris. The sample was quantified by BCA
Protein Assay Kit (Bio-Rad, Hercules, CA, USA) and stored at —-80°C.

2.9.2 | Filter-aided sample preparation

The filter-assisted sample preparation (FASP Digestion) method was
based on procedures described previously.?” Each sample contain-
ing 200 pg of proteins was incorporated into 300 pL SDT buffer (4%
SDS, 100 mmol/L DTT, 150 mmol/L Tris-HCI pH 8.0). The detergent,
DTT and other low molecular weight components were removed
using UA buffer (8 mol/L urea, 150 mmol/L Tris-HCI pH 8.0) by re-
peated ultrafiltration (Microcon units, 10 kDa). Then, proteins were
alkylated with 100 pL iodoacetamide (100 mmol/L IAA in UA buffer,
30 minutes, in the dark). The samples were washed three times with
100 pL UA buffer and subsequently twice with 100 pL 25 mmol/L
NH,HCO, buffer. Finally, the protein suspensions were digested
with 4 g trypsin (Promega, Madison, WI, USA) in 40 pL 25 mmol/L
NH,HCO, buffer (overnight, 37°C) and the resulting peptides were
collected as a filtrate. The peptides of each sample were desalted
on C18 Cartridges (Empore™ SPE Cartridges C18 [standard den-
sity], bed I.D. 7 mm, volume 3 mL; Sigma), concentrated by vacuum
centrifugation and reconstituted in 40 uL of 0.1% (v/v) formic acid.
The peptide content was estimated by UV light spectral density at
280 nm using an extinctions coefficient of 1.1 of 0.1% (g/L) solution
that was calculated on the basis of the frequency of tryptophan and

tyrosine in vertebrate proteins.

2.9.3 | Liquid chromatography and tandem mass
spectrometry (LC-MS/MS)

Each fraction was injected for nano LC-MS/MS analysis. The pep-
tide mixture was loaded onto a reverse phase trap column (Thermo
Scientific Acclaim PepMap100, 100 um*2 cm, nanoViper C18)
connected to the C18-reversed phase analytical column (Thermo

Scientific Easy Column, 10 cm long, 75 pm inner diameter, 3 um resin)
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in buffer A (0.1% Formic acid) and separated with a linear gradient
of buffer B (84% acetonitrile and 0.1% Formic acid) at a flow rate of

300 nL/min controlled by IntelliFlow technology.

LC-MS/MS analysis was performed on a Q Exactive mass spec-
trometer (Thermo Scientific) that was coupled to Easy nLC (Proxeon
Biosystems, now Thermo Fisher Scientific) for 120 minutes. MS
data were acquired using a data-dependent top 10 method dynam-
ically choosing the most abundant precursor ions from the survey
scan (300-1800 m/z) for HCD fragmentation. The instrument was
run with peptide recognition mode enabled. Each sample pool con-
tained three biological replicates and was measured in two technical
replicates.

2.9.4 | Data analysis

The raw data were analysed using MaxQuant software version 1.3.0.5
(Max Planck Institute of Biochemistry in Martinsried, Germany).?8 All
the peptides were referred to the UniProt database.?’ Unique proteins
identified on the basis of two or more peptides were included in the
analysis. The following parameters were used for the search: trypsin
with maximum two missed cleavages, mass tolerance were £20 ppm;
fixed modification by carbamidomethyl (C), oxidation (M) and acetyl
(protein N-term) as variable modifications. Proteins below the 1%
false discovery rate were considered. Gene ontology (GO) analysis

()100 p

was performed using FatiGO.%° We use intensity-based absolute-
protein-quantification method (iIBAQ) to calculate the abundance of

each protein/peptide.31:32

2.10 | Statistics analysis

Independent two-tailed Student’s t test was performed for all the sta-
tistical analyses.®® Experiments were performed in triplicate. *P<.05

were considered as statistically significant.

3 | RESULTS

3.1 | Cellisolation and characterization

SCs appeared fusiform morphology and showed two neurites and
small cell body, positively expressing S100 (Figure 1A). hDPCs were
obtained from extracted teeth of patients, which positively expressed
GFAP and strongly expressed Nestin (Figure 1B). Flow cytometry
results indicated hDPCs significantly expressed canonical MSC sur-
face markers CD29, CD44, CD90, CD105, CD166, but negatively ex-
pressed CD3 (T-cells antigen), CD34 and CD45 (haematopoietic cell
surface antigens)®*%° (Figure 1C). Meanwhile, hDPCs displayed pre-
dominant potential differentiating into osteoblasts after osteogenic
induction for 10 days (Figure 2E).
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FIGURE 1 Characterization of human dental pulp cells (hDPCs). A, Morphology of Schwann cells (SCs). SCs were positively stained with
Schwann cells marker S100. B, Morphology of hDPCs. hDPCs are fusiform, similar to fibroblasts. And hDPCs positively expressed GFAP, partially
expressed Nestin. C, FACS analysis of hDPCs indicated they strongly expressed mesenchyme surface markers CD29, CD44, CD90, CD105,
CD166 and were negative for CD3, CD34, and CD45. Scale bars: A, 100 pm; B, 100 pm
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3.2 | SC secretion significantly promoted the
proliferation and enhanced multipotency of hDPC

Here, we analysed the regulation of SCs on hDPCs. And we found
that SCmd promoted hDPCs proliferation, and elevated their multi-
potency. Cell proliferation curve showed that cells treated with SCmd
significantly proliferated, compared with control (Figure 2A). And CFU
assay (Figure 2B), as well as osteogenic differentiation induction assay
(Figure 2E,F), indicated that hDPCs cultured with SCmd showed more
predominant self-renewal and osteogenic differentiation abilities.
In CFU assay, more cell colonies formed in SCmd group (Figure 2D).
Moreover, cells showed no morphogenic differences from normal cul-
tured primary cells in SCmd group; however, in control group, colonies
were much smaller than SCmd group, and cells appeared abnormal
morphology, rough edges and flat body shape (Figure 2C). We detected
stem cell-related genes and proteins expression at distinct time points
(day 3, day 7, day 14). Results showed that transcription factors Nanog,
Oct4 and Sox2 upregulated after induced by SCmd, especially Oct4
(Figure 3). At the mRNA level, upregulation effect was more significant
when treated with SCmd for a long period (Figure 3C). And at the pro-

tein level, Sox2 showed obvious upregulation at day 14 (Figure 3D).

3.3 | Schwann cell EVs promoted hDPCs
proliferation and self-renewal

To investigate the specific components in SC secretion, which func-

tioned in promoting cell proliferation, we isolated and collected EVs

()
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from SC culture medium without FBS. TEM data showed EVs mostly
exhibited 50-120 nm in diameter (Figure 4A) which were widely de-
fined as exosomes; while, a small population were 120-500 nm in
diameter which were defined as ectosomes.!* And EV lysates were
positive for exosome markers, CD9, Hsp70, and low expression level
of TSG101, and negative for GAPDH (Figure 4B). EVs were used to
treat hDPCs to detect regulatory roles on cell proliferation and we
found SC-EVs enhanced cell proliferation which was consistent with
SCmd treatment at a concentration-dependent manner (Figure 4D).
To verify whether EVs were the functional components in SCmd
that maintained hDPCs' precursor characteristics, we treated hDPCs
with SC-EVs at a concentration of 15 pg/mL. The expression of stem
cell-related genes, Nanog, Oct4 and Sox2, were significantly upreg-
ulated, especially for 7-day treatment (Figure 4E). In the result of
western blot, Nanog, Oct4 and Sox2 upregulated after a 14-day-EV
treatment (Figure 4F). And CFU assay revealed that EVs enhanced
hDPCs self-renewal capacity (Figure 4H). Interestingly, hDPCs be-
came more stereoscopic and homogeneous when treated with SC-EVs
for 3 days. But in control, substantial cells appeared flat and irregular

in morphology (Figure 4C).

3.4 | SCmd and SC-EVs enhanced hDPCs
multipotency

Further, we detected whether EVs mediated differentiation compe-
tence of hDPCs and the result also came out consistently as SCmd

treatment did (Figure 2E,F). Alizarin red positive cells predominantly
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FIGURE 2 Cell proliferation of human dental pulp cells (hDPCs) by SCmd treatment. (A) Proliferation of hDPCs after treated with Schwann
cells (SC)md by CCK8. (B) CFU assay was conducted to compare the colony formation rate between SCmd treatment and control hDPCs.
Purple dots refer to cell colonies. (C) Morphology of colony. (D) Counting of cell colonies formed in SCmd-treated and control groups, and only
the colonies with more than 20 cells were counted. General diagram (E) and partial enlargement (F) of alizarin red stained hDPCs. hDPCs were
treated with SCmd for 7 d and followed by 10 d osteogenic stimuli. Ctrl, control, hDPC cultured with a-MEM/2% FBS; SCmd, hDPC cultured
with Schwann cell conditioned medium. Error bar, +SD (n=3), *P<.05. Scale bars: 100 pm
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FIGURE 4 Schwann cell extracellular vesicles (SC-EVs) treatment on human dental pulp cells (hDPCs). A, Morphology and size of EVs. White
spots represent EVs. B, Specific proteins expressed in EVs and SC lysates. C, hDPCs morphology with EVs treated for 3 d. D, Proliferation of
hDPCs after treated with SCmd (left) and different concentration of EVs. Black asterisk presents statistic for all the groups and colourful asterisk
presents statistic for respective groups. E, Stem cell-related genes expression in hDPCs after EVs treated for 3 and 7 d. F, Stem cell-related
proteins expression in hDPCs after EVs treated for 3, 7 and 14 d. G, Alizarin red staining of 7 d EV-treated hDPCs followed by osteogenic
induction for 10 d. H, CFU assay was conducted to compare the colony formation rate between EVs treatment and control hDPCs. Purple dots
refer to cell colonies. SC, Schwann cell; Ctrl, control, hDPC cultured with a-MEM/2% FBS; SCmd, hDPC cultured with Schwann cell conditioned
medium; EVs, hDPC cultured with a-MEM/2% FBS containing Schwann cell derived extracellular vesicles. Error bar, £SD (n23), *P<.05, **P<.005.
Scale bars: A, 500 nm; C and G, 200 pm
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FIGURE 5 Multilineage differentiation of human dental pulp cells (hDPCs) by SCmd and EVs treatments. A, Osteogenesis-related genes
expression in 7 d osteogenic differentiation induction of hDPCs. B, Adipogenesis-related genes expression in 7 d adipogenic differentiation
induction of hDPCs. C, Neurogenesis-related genes expression in 1 d neurogenic differentiation induction of hDPCs. All the groups were treated
with Ctrl, SCmd and EVs for 7 d before differentiation induction. Ctrl, control, hDPC cultured with a-MEM/2% FBS; SCmd, hDPC cultured with
Schwann cell conditioned medium; EVs, hDPC cultured with a-MEM/2% FBS containing Schwann cell-derived extracellular vesicles. Error bar,

+SD (n=3), *P<.05, **P<.005
increased in SC-EVs-treated hDPCs compared with control
(Figure 4G). Both in the SCmd and SC-EVs-treated groups, the expres-
sion of osteogenic differentiation-related genes, Alp, Sp7 and Runx2,
as well as matrix protein genes, Bsp and Dmp1, increased (Figure 5A).
And adipogenic differentiation-related genes C/EBP«, Adiponectin,
LPL, FABP4 and PPARy upregulated (Figure 5B) and neurogenic genes
Gfap, Nestin and tubb3 statistically upregulated (Figure 5C). Thus,
SCmd and SC-EVs increased the multiple differentiation competences

of hDPCs, including osteogenesis, adipogenesis and neurogenesis.

3.5 | Comparison of SC proteome and SC-
EV proteome

Both SC proteome and SC-EV proteome were analysed by LC-MS/
MS. Totally, we detected 1148 proteins/peptides in the EV sample,
among which 937 were common proteins shared with SC sample,
while there were 1371 differential proteins appeared only in the SC
proteome (Figure 6A). GO terms analysis result exhibited highly simi-
lar distribution between SC and EV proteome in cellular component
(Figure 6B), molecular function (Figure 6C) and biological process
(Figure 6D). Their cellular component mainly concentrated on certain
terms including cell and organelle, molecular function mainly concen-
trated on binding and catalytic activity, and biological process mainly
included cellular process, single-organism process, metabolic process
and biological regulation.

As indicated by consistent regulation role of SCmd and EVs, we
focused on the common proteins that EV vs SC enrichment folds
above 10, and conducted KEGG pathway and GO terms analysis with
them. All the relatively enriched proteins covered in the pathways in-
cluding ECM-receptor interaction, lysosome, PI3K-Akt pathway and
focal adhesion (Figure 7A). Molecular function mainly lied in bind-
ing (Figure 7B), biological process mainly contained cellular process,
single-organism process, biological regulation etc. (Figure 7C), and
cellular component mainly distributed in cell, extracellular region and
organelle (Figure 7D).

3.6 | TGFp-Smad and TGFB-MAPK signalling were
activated in SCmd and EVs treatments

hDPC was treated with SCmd and SC-EVs for 7 days, and the results
indicated both TGFf-Smads signalling and MAPKs were predomi-
nantly upregulated after SCmd treatment. TGFB2 was detected in
the SC-EVs (Figure 8C). Smad2, Smad4, P38, Erk1/2 and JNK, as well
as their corresponding phosphorylated proteins p-Smad2/3, p-P38,
p-Erk1/2 and p-JNK, were prominently upregulated by SCmd treat-
ment (Figure 8A,B). And P38 and Erk1/2 showed no apparent changes
in EVs treatment; instead, JNK significantly increased by EVs treat-
ment, and p-JNK and p-Erk1/2 were somewhat activated (Figure 8B).
At mRNA level, it revealed a consistent upregulation trend in Smad2,
Smad4 and Mapk1 (Figure 8A).

Particularly, we checked the stem cell-related genes and proteins
expression in SC-EVs, and found Oct4 was predominantly expressed
and no obvious Sox2 was detected (Figure 8C). And in SC-EVs mRNA,
we detected expression of Sox2, Nanog and Oct4, while GAPDH, Col1
served as a negative control was not detected (Figure 8D), suggesting
there is stem cell-related genes and proteins expression in SC-EVs.

4 | DISCUSSION

Schwann cell originates from neural crest cell along with MSC.1°
Although SC morphology is different from MSC, there are simi-
larities between them. They both provide great potential for injury
therapy and tissue regeneration. On gene expression level, GFAP and
Nestin, which are markers of neural precursor cells or SC5,36’37 pre-
dominantly expressed in hDPCs (Figure 1). On the other hand, SC-EVs
regulated target cell in a similar manner as MSC exosomes, promoting
cell growth and survival.¢% MSC-derived EVs or exosomes (MSC-
EVs) were extensively studied for the great clinical therapy potential
of MSCs. SC-EVs significantly promoted hDPCs proliferation which

was indicated by our results, and MSC-EVs promote axonal growth,40
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FIGURE 6 Proteome analysis of extracellular vesicles (EVs) and Schwann cells (SCs) by mass spectrometry. (A) Total numbers of common
and unique proteins identified in EV and SC samples. Gene ontology (GO) terms characterized by the most enriched for cellular component (B),
molecular function (C) and biological process (D) for proteins in the samples. EV, extracellular vesicle; SC, Schwann cell

SC-EVs elevated the expression of Sox2, Oct4 and Nanog in hDPCs.
Similarly, placenta MSC-derived exosomes increased the expression
of stem cell-related genes Oct4 and Nanog in target cells.** All these
together may suggest the homology between SCs and dental mesen-
chymal cells.

In this study, we demonstrated that SCmd, as well as SC-EVs, pre-

dominantly promoted hDPC proliferation. Accumulated data indicated

EVs were significant mediators for intercellular communication, trans-
porting various molecules, including trophic factors, transcription
factors, cytokines and chemokine.*?*3 Earlier investigation revealed
exosomes could be ingested by target cells through membrane fusion
or endocytosis.** And all cargo released into the target cells, and then
modified corresponding regulatory signalling. Further, we found that
hDPCs treated with both SCmd and EVs increased the TGFf/Smad
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FIGURE 7 Bioinformatics analysis of co-expression proteins with enrichment fold above 10 in extracellular vesicles (EV) vs Schwann cells
(SC). (A) KEGG pathway analysis of co-expression proteins enrichment (protein number above 3). GO terms (level 2) characterized by the most
enriched for molecular function (B), biological process (C) and cellular component (D) for co-expression proteins with 10-fold change in EV vs SC

which fulfilled P value <.05 are shown
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MAPK signalling. A, Smads and Mapk1
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signalling and MAPK signalling. TGFps and MAPKs were extensively
studied cytokines that modulated cell survival, proliferation, inflam-
mation and apoptosis.“S’48 Non-myelinating SC exclusively produced
active TGF to sustain dormant haematopoietic stem cells in bone
marrow niche.** Schwann cell highly expressed TGFp2 (Figure 8C).
In parallel, TGFB2 was detected in SC-EVs, and TGFp1 and TGFp2
showed high iBAQ level in SC-EVs mass spectrometry results (data
not listed) which might implicate that SCmd and EVs activated the
TGFp signalling in hDPC to regulate cell growth. TGFp-Smad signal-
ling was well-documented to arrest cell proliferation, and it potentially
indicated that TGFp regulated hDPCs proliferation mainly through
Smad-independent pathway in our study.’® Meanwhile, we found
three classic MAPKs—Erk1/2, P38, JNK and their respective acti-
vate forms—p-Erk1/2, p-P38, p-JNK—were upregulated, especially in
SCmd treatment. MAPKSs were recognized to be tightly connected to
cell survival and growth pathways.*” These might suggest TGF from
SCmd and EVs participate in both Smad-dependent and -independent
signallings to mediate hDPC proliferation. In addition, the slight differ-
ential expression in TGFf signalling between the SCmd and EVs treat-
ments may be caused by other growth factors or NTs secreted by SCs.

Here, we demonstrated that hDPCs maintained strong self-

renewal ability and elevated the multidifferentiation capability in

gel electrophoresis to detect PCR result
of stem cell-related genes in SC-EVs
mRNA, the white lanes indicated genes.
C, Ctrl- control, hDPC cultured with o-
MEM/2% FBS; S, SCmd- hDPC cultured
with Schwann cell conditioned medium;
E, EV- hDPC cultured with a-MEM/2%
FBS containing Schwann cell-derived
extracellular vesicles; SC, Schwann cell.
Error bar, £SD (n=3), *P<.05, **P<.005

the case of osteogenic/adipogenic/neurogenic differentiation stim-
uli when treated with SCmd and SC-EVs. Three canonical stem cell-
related genes or proteins Sox2, Nanog and Oct4 which were proved
to contribute to cell multipotency and self-renewal were significantly
upregulated.®*~>3

Earlier data conclude two possible mechanisms that EVs regu-
late recipient cells. One is that EVs membrane proteins directly or
indirectly interact with target cells and activate intracellular signal-
ling. The other way is that EVs fuse with target cell membrane or
are endocytosed by target cells and release their component into
target cells in a non-selective way.>* Subsequently, we detected a
relatively high level of Sox2, Nanog and Oct4 expression in SC-EVs
mRNA and abundant Oct4 enrichment in SC-EVs proteins (Figure 8).
In consistent with this, Oct4 expression in hDPCs was upregulated
throughout EVs treatment (Figure 3). Based on these results, we hy-
pothesized that EVs regulated hDPCs multipotency and self-renewal
by membrane fusion or endocytosis and directly transferred Sox2,
Nanog and Oct4. EVs-originated Sox2, Nanog and Oct4 enhanced
endogenous transcription in target cells. These three transcription
factors were widely expressed in embryonic stem cells (ESCs), and
recognized as the core transcription factors in regulating and main-

taining ESCs self-renewal and multipotency.”” It has been clearly
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clarified that Oct4 served as one crucial inducer in generating in-
duced pluripotent stem cell, and showed a master regulating role
in stem cell maint:aining.s“”59 In this study, we proved that all the
SCmd- and EV-treated groups (d3, d7, d14) showed upregulated
and abundant Oct4 expression in EVs. It suggested that horizontal
transfer of Oct4 was responsible for the enhanced self-renewal and
multipotency of hDPCs.

From SC proteome and SC-EV proteome analysis, various pro-
teins involved in cell survival were identified. Through KEGG path-
ways and GO terms, proteins localized in extracellular region and
participated in endocytosis showed high rates in EVs (Figures 6 and
7), which was in accordance with the biogenesis of EVs.'* Among
the relatively enriched proteins in SC-EVs, three TGFp signalling
molecules (TGFp1, TGFB2 and TGFB3) highly expressed, contribut-
ing to our conclusion that TGFp ligands from EV activated growth-
related signalling in hDPCs, and modulated cell proliferation and
differentiation.

Our study implicated a novel function for SC-EVs that regulated
dental MSCs proliferation and maintained the multipotency and self-
renewal capacities, especially hDPCs, which are widely used seeding
cells in tooth regeneration. In terms of the high accordance in GO
terms analysis between SC-EVs and SCs proteomes, as well as the
similar regulating roles on hDPCs, we hypothesize that SC-EVs are
promising materials to be used for tooth regenerative engineering and
clinical therapy. Compared to cell therapy, EVs eliminate appropriate
immune reaction, carcinogenic risk, stem cell differentiation in vivo,
and can be easily delivered to injured tissues in vivo for their char-
acterization of small nanometre size, thus providing great application
potential for tissue regeneration.
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