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Abstract

Umbilical cord mesenchymal stem cells (UCMSCs) have been proposed as an ideal source for cell-based therapy to
promote endometrial repair and regeneration. Furthermore, increasing evidence has indicated that UCMSC-derived
exosomes (UCMSC-exos) act as important paracrine mediators to recapitulate the features of MSCs and may play a
vital role in this process. UCMSCs and human endometrial stromal cells (ESCs) were isolated and characterized.
ESCs were cocultured with UCMSCs and further assessed by flow cytometry and EdU incorporation assays.
UCMSC-exos were extracted by differential ultracentrifugation and identified by western blots, transmission electron
microscopy, and nanoparticle tracking analysis. The internalization of UCMSC-exos by ESCs was observed under a
confocal microscope. ESCs were treated with UCMSC-exos at different concentrations and for different durations,
with cell viability evaluated by CCK-8 assays. The cell cycle analysis showed that the percentage of ESCs in S
phase significantly increased after coculture with UCMSCs, whereas it significantly decreased after inhibition of
UCMSC-exo secretions. EAU incorporation assays also showed a similar trend. The isolated UCMSC-exos had a
typical cup-shaped morphology with a monolayer membrane, expressed the specific exosomal markers Alix, CD63,
and TSG101 and were approximately 60 to 200 nm in diameter. The PKH26-labeled UCMSC-exos were incorporated into ESCs.
Moreover, UCMSC-exos enhanced the cell growth and viability of ESCs in a dose-dependent manner, and the effects occurred in
a short period of time. UCMSC-exos promote the proliferation of ESCs in a dose-dependent manner; thus, they could be used as a
potential treatment to promote endometrial repair.
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Intrauterine adhesions (IUAs), namely, Asherman syndrome,
are typically secondary to iatrogenic trauma of the basal layer
of the endometrium, resulting in the absence of a functional
endometrium, the formation of fibrotic tissues, and the oblit-
eration of the uterine cavity. These pathological changes trig-
ger various symptoms, such as oligomenorrhea, amenorrhea,
recurrent miscarriage, pelvic pain, and abnormal placentation,
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& Hysteroscopic adhesiolysis is commonly recommended under

Qian Xu these clinical conditions to restore the uterine cavity and facil-
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of adhesions after surgical intervention can reach up to 62.5%,
especially among moderate to severe IUA patients [4].
Multiple ancillary treatments, such as oral conjugated
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estrogen, amnion graft, intrauterine balloon, and hyaluronic
acid gel, are separately or synergistically applied postopera-
tively to improve the prognosis of patients [5-8].
Unfortunately, none of these treatments can completely pre-
vent de novo adhesions and effectively increase the regenera-
tion of the endometrium. Several recent studies have sug-
gested that endometrial stromal cells (ESCs) differenti-
ate and incorporate into the endometrial epithelium and
contribute to the regeneration of both the stromal and
epithelial cell compartments of the uterus, indicating the
important role of ESCs and mesenchymal—epithelial transition
(MET) in endometrial regeneration [9—13]. Thus, exploring
efficient methods to enhance the proliferation of ESCs may
be the key to addressing this difficult issue.

Circulating stem cells have been shown to home and infil-
trate into the endometrium in response to injury, and endome-
trium stroma may be the primary target during this process;
thus, stem cell therapy, particularly therapy based on mesen-
chymal stem cells (MSCs), has been considered a potential
treatment strategy for the reconstruction of the endometrium
following tissue damage and IUA formation [14-16].
Although several sources of MSCs are available and have
proven to be efficacious, umbilical cord MSCs (UCMSCs),
a type of neonatal MSCs, are regarded as an ideal source of
stem cells for endometrial repair both in vitro and in vivo
[17-19]. Compared with other types of MSCs, UCMSCs are
noninvasively isolated from medical waste and exhibit various
superior biological characteristics, including a greater capacity
for self-renewal and differentiation, lower immunogenicity,
and better separation efficiency [20]. Our team observed that
UCMSC transplantation reduced fibrosis and improved endo-
metrial regeneration in IUA rats, but the associated mecha-
nism remained unclear [18].

Notably, emerging studies have confirmed the crucial effect
of MSC-derived exosomes (MSC-exos) as a principal form of
cellular paracrine communication in the regeneration of mul-
tiple tissues, including the lungs, kidney, liver, spinal cord,
cartilage, bone, skin, and heart [21-28]. MSCs-exos are
nano-sized, lipid bilayer membrane-enclosed vesicles secreted
by MSCs that contain lipids, proteins, and various nucleic
acids; these components not only mediate intercellular com-
munication but also mimic the immunomodulatory function
and the regenerative capacity of MSCs [29, 30]. However,
whether MSC-exos promote the proliferation of endometrial
cells remains unclear.

Therefore, in this study, we established a coculture system
between primary ESCs and UCMSCs and performed flow
cytometry and EdU assays to investigate whether UCMSCs
stimulated the DNA synthesis and promoted the cell cycle in
allogeneic ESCs via secreted exosomes. In addition, through
exosomes uptake assays and CCK-8 assays, we investigated
whether ESCs could directly take up USMSCs-exos and
whether ESCs treated with USMSC-exos at different

concentrations and for different durations exhibited differ-
ences in cell viability. We thus demonstrated a novel therapeu-
tic approach for [UAs.

Materials and Methods

Endometrial Tissue Collection and Primary Culture
of ESCs

Proliferative phase endometrial tissues (n = 3) were obtained
from premenopausal patients who underwent laparoscopic or
laparotomic hysterectomy for uterine myomas or early-stage
cervical cancer and had no endometrial pathological changes,
which was verified by postoperative pathological diagnosis in
the Beijing Obstetrics and Gynecology Hospital. Patients with
a history of endometriosis, reproductive endocrine disorders,
and administration of any hormones or gonadotropin-
releasing hormone (GnRH) agonist therapy within 3 months
of surgery were excluded. This study complied with the terms
listed in the Declaration of Helsinki, and all participants pro-
vided informed consent in accordance with a protocol ap-
proved by the ethics committee of our hospital before speci-
men collection (No. IEC-B-03-V01-FJ1). All specimens were
separated under sterile conditions and immediately transferred
to the laboratory in normal saline.

After being rinsed with PBS several times to remove red
blood cells, the tissue was minced into pieces less than 1 mm’
and digested with 0.2% type I collagenase containing 0.005%
deoxyribonuclease in an incubator with 5% CO, at 37 °C for
1 h with continuous shaking. Subsequently, DMEM/F12 con-
taining 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin was added to an equal volume of cell suspension
to stop the digestion. After successive filtration through 100
and 40 uM cell strainers, ESCs were separated from the
resulting cell suspension and seeded in culture dishes [31].
After reaching 90% confluence, the primary ESCs were
trypsinized, reseeded, and passaged every 2 to 3 days. ESCs
within five passages were used for the subsequent
experiments.

Identification of ESCs

To identify the specific marker of ESCs and verify their purity,
we performed immunofluorescence of cells at the second pas-
sage. Briefly, ESCs (5 x 10° cells/well) were grown on cover
slides in a 6-well plate. Then, the cells were fixed with 4%
paraformaldehyde (PFA) for 30 min and permeabilized with
0.2% Triton X-100 for 10 min at room temperature.
Subsequently, the cells were blocked with 0.8% bovine serum
albumin at 37 °C for 30 min and incubated with a mixture of
primary antibodies against vimentin (mouse,1:100,
Proteintech, Wuhan, China) and pan cytokeratin (rabbit,
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1:100, Santa Cruz Biotechnology, USA) overnight at 4 °C.
Thereafter, the cells were incubated with the secondary anti-
bodies, donkey anti-mouse IgG, Alexa Fluor 488 (1:1000,
Invitrogen, USA) and donkey anti-rabbit IgG, Alexa Fluor
594 (1:1000, Invitrogen, USA), for 1 h at room temperature
and further immersed in FluoroShield with DAPI (Sigma-
Aldrich, USA) to visualize the nuclei. Images were scanned
and captured with a laser scanning confocal microscope (TCS
SP5, Leica, Germany).

Isolation and Identification of UCMSCs

The primary UCMSCs were generously provided by Lei
Wang, Ph.D. (Beijing Cord Blood Bank) and isolated by ex-
plant culture as previously described [32]. Briefly, the human
umbilical cords were collected from full-term healthy cesarean
deliveries and were immediately transferred to the laboratory
in sterile normal saline. After being washed with PBS several
times to remove blood and mucus, the surface membranes and
vessels were isolated and removed. Then, the remaining tis-
sues were dissected into 2 mm x 2 mm pieces and tiled in
culture dishes with DMEM/F12 containing 10% FBS and
1% penicillin-streptomycin with 5% CO, at 37 °C for 7—
10 days. Once reached 90% confluence, the supernatant and
remnant tissues were removed, and cells adhering to the
dishes were digested and passaged.

After the second passage, the differentiation abilities and
immunophenotype of the UCMSCs were assessed as follows.
For analysis of the adipogenic and osteogenic abilities of cells,
UCMSCs were cultured in adipogenic medium for 14 days
and osteogenic medium for 21 days following the manufac-
turer’s instructions (Biological Industries, Israel). Briefly, 6 x
10* UCMSCs at passage 3 were seeded in a 24-well plate and
then incubated with induction medium. Subsequently, the in-
duced UCMSCs were fixed with 4% PFA for 30 min at room
temperature and then stained with Oil Red O or Alizarin Red
solution (Sigma-Aldrich, USA). The cells were observed un-
der a phase-contrast microscope (Nikon, Japan).

For determination of the phenotypic markers of MSCs, the
UCMSCs were harvested at passage 3, and surface antigen
expression was examined by flow cytometry as previously
described [33]. Briefly, the UCMSCs were incubated with
mouse antihuman monoclonal antibodies against CD73,
CD90, CD105, CD19, CD34, CD45, CD11b, and HLA-DR
(Bio Legend, USA) at room temperature for 30 min before
flow cytometric analysis (Beckman Coulter, USA).

Coculture of ESCs and UCMSCs

ESCs were cocultured with UCMSCs, UCMSCs+GW4869
(Sigma-Aldrich, USA), or DMEM/F12 medium using a
transwell system with a 0.4 pM pore polyester membrane
(Costar, Coming, NY, USA) (Fig. 2a). Briefly, UCMSCs were
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seeded in 6-well plates (5 x 10° per well) or 24-well plates
(1 x10° per well) and incubated for cell adherence. Then,
the cell culture medium was changed to exosome-depleted
medium containing 20 uM GW4869 or an equal volume of
DMSO as a control. Meanwhile, matched transwell chambers
with ESCs were inserted into the 6-well plates (2.5 x 10° per
chamber) or 24-well plates (1.8 x 104 per chamber) and
cocultured with the UCMSCs for 24 h. Subsequently, the su-
pernatant in the upper chambers of the transwell system was
removed, and the ESCs were harvested for the following tests.

Cell Proliferation and Cell Cycle Assays

After the ESCs were cocultured with UCMSC:s, the cell pro-
liferation was evaluated by 5-ethynyl-2'-deoxyuridine (EdU)
incorporation assays and cell cycle analysis.

For the EdU incorporation assays, an EAU cell proliferation
kit with Alexa Fluor 488 (Beyotime, Shanghai, China) was
used to examine the DNA synthesis of the ESCs in the upper
inserts of 24-well plates according to the manufacturer’s in-
structions. Briefly, the ESCs were incubated with 10 uM EdU
for 2 h before the click reaction. Additionally, cell nuclei were
stained with 1 X Hoechst 33342 for 10 min before observation
under a fluorescence microscope (Nikon, Japan). The cells
were counted in three random fields per chamber, and the
percentage of EdU-positive cells was calculated using
Image] software.

For cell cycle analysis, the ESCs were fixed and perme-
abilized with 70% cold ethanol at —20 °C overnight after they
were harvested from the upper inserts of 6-well plates.
Subsequently, a cell cycle kit (KeyGEN, Nanjing, China)
was used for the following procedures according to the man-
ufacturer’s instructions. Briefly, fixed cells resuspended in
500 pl of propidium iodide/ ribonuclease A (PI/RNase; 9:1)
buffer were incubated in the dark at room temperature for
40 min. The samples were analyzed by flow cytometry
(EPICS@XL, Beckman Coulter, USA), and debris and dou-
blets were gated out. The DNA contents in the GO/G1, S, and
G2/M phases of the cell cycles were estimated using ModFit
LT software, and the percentage of cells in the S phase was
calculated using the eq. S% = S/(G0/1 + S + G2M).

Isolation and Characterization of UCMSC-Exos

UCMSCs at passage 4 tol0 were used to produce exosomes
and were cultured in the standard medium until they reached
70-80% confluence. 36 to 48 h before supernatant collection,
the culture medium was changed to medium containing
exosome-depleted FBS, which was prepared by overnight ul-
tracentrifugation at 100,000xg and 4 °C. UCMSCs-exos were
isolated and purified from the culture supernatant by differen-
tial ultracentrifugation according to a previously published
protocol [34]. Briefly, the culture supernatant was
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successively centrifuged at 300xg for 10 min, 2000xg for
10 min, and 10,000xg for 30 min at 4 °C to remove dead cells
and cell debris. Then, the exosome pellets were collected by
ultracentrifugation at 100,000xg for 70 min at 4 °C and
washed with sterile PBS followed by another ultracen-
trifugation step (SW32Ti rotor, Beckman Coulter).
Finally, the pellet was resuspended in 100-200 pl PBS
and aliquoted for storage at —80 °C.

The quantity of exosomes was measured by total pro-
tein concentration using the BCA Protein Assay Kit
(Pierce, Thermo Scientific, USA) following the manu-
facturer’s instructions. The exosomes size was deter-
mined by nanoparticle tracking analysis (NTA) with
ZetaView (Particle Metrix, German). The exosomal spe-
cific markers TSG101 (Abcam, USA), Alix (Abcam,
USA), and CD63 (Abcam, USA) were examined by
western blotting. Furthermore, the exosome morphology
was observed via transmission electron microscopy
(TEM) (HT7700, Hitachi, Japan).

UCMSC-Exos Labeling and Internalization by ESCs

UCMSC-exos were labeled with the red fluorescent dye
PKH26 (Sigma-Aldrich, USA) according to the manufac-
turer’s instructions. Briefly, PKH26 was diluted in Diluent C
before being mixed with exosomes resuspended in sterile
PBS. After 10 min of incubation at 37 °C in the dark,
exosome-free medium was added to quench the dyeing reac-
tion. Then, the labeled exosomes were enriched by ultracen-
trifugation at 100,000 x g for 70 min at 4 °C and then washed
with sterile PBS followed by another ultracentrifugation
step (MLA-150 rotor, Beckman Coulter). Subsequently,
the labeled exosomes were added to the subconfluent
ESCs seeded in a confocal dish and incubated for
24 h at 37 °C. Finally, the ESCs were fixed with 4%
PFA for 10 min, and the cytoskeleton and nuclei of ESCs were
stained with Actin-Tracker Green (Beyotime, Shanghai,
China) and DAPI, respectively. Images were scanned and
captured with a laser scanning confocal microscope (TCS
SP5, Leica, Germany).

Cell Viability

ESCs (4 x 10° per well) were seeded in a 96-well plate and
incubated for cell adherence. Then, the cells were treated with
UCMSC-exos at different concentrations and for different du-
rations, after which the cell viability was measured using a
Cell Counting Kit-8 (CCK-8; Dojindo, Japan). Briefly, 10 ul
of CCK-8 reagent was added to each test well followed by an
incubation at 37 °C for 2 h. Finally, the absorbance was mea-
sured at 450 nm with a microplate reader (ELx800, BioTek
Instruments Inc., Highland Park, FL, USA).

Statistical Analysis

All experimental data are presented as the means + standard
deviation (SD). Statistical significance was evaluated by
Student’s (two-tailed) ¢ test or one-way ANOVA followed
by Tukey’s multiple comparison test using SPSS 23.0 and
GraphPad Prism 5 software. P < 0.05 was considered to indi-
cate a significant difference.

Results
Characterization of ESCs and UCMSCs

The primary ESCs adhered to the plastic culture dishes after
24 h; short, spindle-shaped and fibroblast-like cells, which
reached 90% confluence 1 to 2 days later, were observed
(Fig. 1a). The phenotype and purity of the ESCs was detected
by immunofluorescence double staining of the intermediate
filaments. The primary ESCs expressed the stromal cell mark-
er vimentin and did not express the epithelial cell marker pan-
cytokeratin (Fig. 1b).

Phase-contrast microscopy showed that the primary
UCMSCs exhibited a fibroblast-like morphology, a long spin-
dle shape, a whirlpool arrangement, and adherent growth
(Fig. 1c¢). To evaluate the multipotency of these cells, we in-
cubated UCMSCs in differentiation induction medium. The
cells incubated in osteogenic medium developed calcified
nodules and showed Alizarin Red staining, whereas the cells
incubated in adipogenic medium accumulated lipid droplets in
the cytoplasm and showed Oil Red O staining (Fig. 1d).
Furthermore, flow cytometric analysis showed that the cells
had high expression of CD73, CD90, and CD105 and low
expression of CD19, CD34, CD45, CD11b, and HLA-DR
(Fig. le). All of these characteristics were consistent with
those of MSCs [35].

UCMSCs Regulate the Proliferation of ESCs Via
Exosomes

To explore the ability of UCMSCs-derived exosomes to en-
hance ESC proliferation, we cocultured ESCs with UCMSCs,
UCMSCs with 20 pM GW4869, or medium in a transwell
system that only allowed the passage of molecules with a
diameter < 0.4 pum, such as exosomes (Fig. 2a).
Subsequently, cell cycle analysis and EdU incorporation as-
says were conducted on ESCs harvested from transwell inserts
after 24 h of coculture. The cell cycle analysis results showed
that the proportion of ESCs in S phase after coculture with
UCMSCs significantly increased from 2.75 +0.38% to 19.26
+0.85% compared to that of cells cultured without UCMSCs
(P <0.01, Fig. 2b, c), whereas this value significantly de-
creased from 19.26 £0.85% to 16.91 + 1.26% after coculture
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with UCMSCs and GW4869 (P < 0.05, Fig. 2b, c). Moreover,
the EdU incorporation assays showed a similar trend; the
EdU-labeled cells in the UCMSCs group increased from
9.31£0.09% to 23.35+0.97% compared with those of the
nil control group (P <0.01, Fig. 2d, e), while this percentage
decreased from 23.35 +0.97% to 19.86 = 1.58% after addition
of GW4869 (P <0.05, Fig. 2d, e). In general, these results
indicated that UCMSCs promote the proliferation of ESCs at
least partly through exosomes.

Characterization and Internalization of UCMSC-Exos
To investigate the direct communication between UCMSC-
exos and ESCs, we extracted exosomes from the culture su-

pernatant of UCMSCs through differential ultracentrifugation
and identified them by western blot analysis, TEM, and NTA.

a b  Vimentin

Pan-cytokeratin

As expected, the western blot results demonstrated that the
specific exosomal marker proteins Alix, CD63, and TSG101
were present in these exosomes (Fig. 3a). The TEM revealed
that the purified UCMSC-exos had a typical cup-shaped mor-
phology with a monolayer membrane and a diameter of
approximately 100 nm (Fig. 3b). Additionally, the NTA
showed that the particle size mainly ranged from 60 to
200 nm in diameter, representing 99.3% of isolated
exosomes in the tested sample, and the main peak of
particle size was in the typical size range of exosomes
(Fig. 3c). Finally, the scanning confocal microscopy
analysis showed that UCMSC-exos labeled with PKH26 were
incorporated into ESCs after incubation for 24 h (Fig. 3d). In
summary, these results confirmed that the particle preparations
derived from UCMSCs were exosomes, and could be inter-
nalized by ESCs.
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Fig. 1 Characterization of ESCs and UCMSCs. a Morphological
characteristics of ESCs. Scale bar=200 um. b The isolated ESCs were
stained with anti-vimentin antibody, anti-cytokeratin antibody, and DAPI to
detect the origin of the cells. Merged images showing that the cells
displayed ESC features. Scale bar = 75 um. ¢ Morphological characteristics
of UCMSCs. Scale bar=200 wm. d Multidifferentiation potential of
UCMSCs toward osteogenic and adipogenic lineages. Adipogenesis was
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determined by the formation of lipid droplets and staining with Oil Red-O.
Osteogenesis was determined by the formation of calcium nodules and
staining with Alizarin Red. Scale bar = 100 um. e Flow cytometry analysis
of UCMSC surface markers. The cells were positive for CD73, CD90, and
CD105 (>95%) and negative for CD19, CD34, CD45, CD11b, and HLA-
DR (< 5%)
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UCMSC-Exos Promote the Proliferation of ESCs
in a Dose-Dependent Manner

To elucidate the mechanism of UCMSC-exos-stimulated ESC
growth, we performed CCK-8 assays after the ESCs were
directly treated with UCMSC-exos. First, the ESCs were treat-
ed with UCMSC-exos at different concentrations (0, 2.5, 5,
10, 20, and 40 pg/ml) for 24 h. The absorbance values at
450 nm were 0.94+0.02, 0.95+0.07, 0.98+0.04, 1.00 +
0.06, 1.04 +0.03, and 1.09 +0.03, showing that the viability
of ESCs in the group treated with high doses (20 or 40 pg/ml)

—transwell insert

of UCMSC-exos significantly increased compared with that
of the negative control and low-dose groups (0, 2.5 or
5 ng/ml) (Fig. 4a). Next, 20 pug/ml was chosen as the concen-
tration for the UCMSC-exos treatment group and the viability
of the ESCs was determined at six different time points
(0, 12, 24, 36, 48, and 60 h). The absorbance values at
450 nm in the UCMSC-exos group were 0.44+0.02,
0.79+0.02, 1.08+0.13, 1.31+£0.10, 1.66+0.02, and
1.70£0.06, while the control group exhibited values
of 0.44+0.03, 0.68+0.05, 0.84+0.10, 1.12+0.03,
1.42+0.13, and 1.34+0.10. Thus, the effect of
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Fig. 2 UCMSCs regulate the proliferation of ESCs via exosomes. a
Diagrams of the coculture system of ESCs with UCMSCs, UCMSCs+
GW4869, or nil control medium. b Flow cytometry for cell cycle analysis
of ESCs from the upper inserts of the coculture system. ¢ Percentages of

the cell population in the GO/G1, S, and G2/M phases of the cell cycle. d
EdU incorporation assays to assess the cell proliferation of ESCs from the
upper inserts of the coculture system. e Percentages of EAU positive cells.
Bars =the means + SD, n =3. * P <0.05, **, P <0.01
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Fig. 3 Characterization and internalization of UCMSC-derived
exosomes. a Detection of specific exosomal marker proteins, including
Alix, CD63, and TSG101, via western blot analyses of UCMSC-
exosomes; whole cell lysate was used as a control. b Representative
morphology of UCMSC exosomes by transmission electron microscopy.
Scale bar = 100 nm. ¢ UCMSC-exosomes concentration and particle size

UCMSC-exos was detected at 12 h and continued to
60 h, resulting in a significant improvement in the pro-
liferation potential of ESCs compared with that of the
control group (Fig. 4b). These findings revealed that
UCMSC-exos rapidly promoted the proliferation of ESCs af-
ter they were added to the culture system and that the effect
lasted for 60 h. Additionally, UCMSCs might play a key role
in activating ESC growth through their secreted exosomes in a
dose-dependent manner.
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Fig. 4 UCMSC-derived exosomes promote proliferation of ESCs in a
dose-dependent manner. a The viability of the ESCs was measured by
CCK-8 assays after treatment with UCMSC-exosomes (UCMSCs-exos)
at different concentrations for 24 h. The absorbance values at 450 nm in
the control group and group treated with the 2.5, 5, 10, 20, and 40 pg/ml
UCMSCs-exos were 0.94+0.02, 0.95+0.07, 0.98+0.04, 1.00+0.06,
1.04+0.03, and 1.09+0.03, respectively. Bars =the means + SD, n =
4. %, P<0.05, **, P<0.01. b The viability of ESCs was measured by a
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distribution were determined by nanoparticle tracking analysis. d
UCMSC-exosomes were labeled with PKH26 (red), and the cytoskeleton
and nuclei of ESCs were stained with Actin-Tracker Green and DAPI,
respectively. Merged images showing that the UCMSC-exosomes were
internalized by ESCs after 24 h incubation. Bar =50 pm

Discussion

In this study, for the first time, we demonstrated that UCMSCs
could accelerate the proliferation of ECSs via secreted
exosomes by enhancing DNA synthesis and promoting the
cell cycle. Moreover, we observed that UCMSC-exos could
be internalized by ESCs directly and stimulate ESC growth in
a dose-dependent manner, with the effects occurring in a short
period of time.
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CCK-8 assay at different time points after treatment with 20 pg/ml
UCMSC-exos. The absorbance values at 450 nm in UCMSC-exos group
after 0, 12, 24, 36, 48, 60 h were 0.44+0.02, 0.79+0.02, 1.08 £0.13,
1.31+0.10, 1.66 £0.02, and 1.70+0.06. The absorbance values at
450 nm in control group after 0, 12, 24, 36, 48, 60 h were 0.44 £ 0.03,
0.68+£0.05,0.84+0.10,1.12+0.03, 1.42+0.13, 1.34 £ 0.10, respective-
ly. Bars = the means + SD, n=4. *, P <0.05, **, P <0.01
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Over the past decade, MSCs have been proposed to be an
ideal source for cell-based therapy to promote the scar-free
healing of injured endometrium during the acute stage and
the chronic phase of [UAs [18, 36]. A pilot clinical trial using
MSCs was recently conducted, but the underlying mechanism
associated with their efficacy is still unclear [19]. At present,
the paracrine effects, differentiation capacity, and
immunomodulation potential of MSCs are believed to be the
main therapeutic mechanisms through which they support the
regenerative processes in injured tissues [37]. Alawadhi et al.
reported that bone marrow MSCs were recruited to endome-
trium in response to injury and improved fertility outcomes of
TUA mice for the first time, but only a small number of exog-
enous MSCs were detected in the endometrium of the
transplanted mice [38]; in addition, several studies have indi-
cated that stem cell engraftment of non-hematopoietic line-
ages did not contribute to endometrial cell lineages in rodent
models [15, 39]. Hence, the previous studies excluded the
differentiation and clonal expansion of MSCs in the injured
endometrium and highlighted MSCs as site-specific producers
of trophic factors in endometrial regeneration. Although Shi
et al. reported that MSCs could differentiate into endometrial-
like cells inducing them in conditioned medium containing
173-estradiol and 8-Br-cAMP, this study did not confirm that
allogeneic MSCs could spontaneously differentiate into func-
tional endometrium [40], and the paracrine effects of MSCs
that might impact the proliferation of endometrial cells should
be investigated in further detailed analyses. Thus, we used a
coculture system that only allowed for the passage of small
molecules and confirmed that UCMSCs could promote ESC
growth mainly via paracrine factors, not by direct replacement
of ESCs.

Recently, mounting evidence has shown that exosomes se-
creted from MSCs, acting as paracrine mediators, could reca-
pitulate some of the features of MSCs [29, 30]. Thus, to ex-
plore the function of UCMSC-exos, we used GW4869, a
known inhibitor of neutral sphingomyelinase, which is re-
quired for exosome biogenesis, to disturb the exosomes secre-
tion of UCMSCs [41]. The results revealed that the DNA
synthesis and cell cycle progression of ESCs was inhibited
in the coculture system, whereas the proliferation of ESCs in
the exosome-depletion group was significantly greater than
that in the control group. These results indicated that
UCMSC-exos secretion might not be completely blocked by
an inhibitor of neutral sphingomyelinase, and other methods,
such as Rab GTPase knockout, should be applied to inhibit
exosome biogenesis if necessary [42]; in addition, other solu-
ble trophic factors (growth factors, cytokines, and
chemokines, etc.) secreted by UCMSCs might simultaneously
affect ESC growth simultaneously during this process [37].

Next, we successfully isolated and purified exosomes from
UCMSC culture supernatants, and UCMSCs-exos showed
several potential advantages compared to MSC-based cell

therapy [30, 43]. First, NTA showed that their diameters were
much smaller than those of UCMSCs, which allowed them to
circulate easily and avoided capillary blockage by MSCs.
Second, TEM revealed that UCMSC-exos were encapsulated
in a monolayer membrane, which could protect their integrity
and contents and confer pharmacokinetic advantages versus
purified cytokine administration. Third, UCMSC-exos could
be quantified by BCA assays after extraction and purification,
allowing for an accurate and convenient measurement of the
exosome dosage and demonstrating their potential as off-the-
shelf products in the future. Furthermore, we observed that the
UCMSC-exos stained with PKH26, a lipophilic membrane
dye, were taken up by ESCs after incubation, supporting the
direct effects of UCMSC-exos on proliferation of ECSs. In
summary, all the above features would be conducive to
UCMSC-exos participating in endometrial healing and
reconstruction.

Finally, we showed that UCMSCs-exos enhanced ESC vi-
ability and growth in a dose-dependent manner, with the ef-
fects occurring rapidly and lasting at least 60 h. This mecha-
nism of UCMSC-exos was consistent with the findings of
several previous studies that examined exosome efficacy
[44-47]. Notably, multiple studies have reported that the stro-
mal region might be the major target when MSCs migrate to
the endometrium in response to injury, and ESCs support the
regeneration of both the stromal and epithelial cell compart-
ments of the uterus [9—13, 15]. These results suggested that
the proliferation of ESCs and MET might be responsible for
the mechanisms underlying the MSCs involvement in endo-
metrial regeneration. Furthermore, recent studies have dem-
onstrated that MSC-derived exosomes could reverse
epithelial-mesenchymal transition (EMT) and ameliorate fi-
brosis in IUA rodent models [48, 49]. Therefore, the ability of
UCMSC-exos to promote ESC proliferation in vitro will help
elucidate the novel mechanisms associated with MSC-exo
therapy in damaged endometrium repair and provide a new
alternative for [UA therapy.

Although this is the first study showing that allogeneic
UCMSC-exos promote the proliferation of ESCs in vitro, this
study had several limitations. Initially, the primary ESCs
expressed vimentin, indicating that these cells are originated
from mesenchyme of endometrium, but it was insufficient to
distinguish them from endometrial mesenchymal stem cells
(eMSCs). The eMSCs are a specific subpopulation of ESCs,
which function as pericytes and might be the principal com-
ponent of ESCs that participate in MET and promote endome-
trial repair and regeneration [9, 50]. Thus, immunofluores-
cence and flow cytometry sorting using specific markers of
eMSCs, such as CD146, PDGFR-[3, and SUSD2, should be
carried out to isolate them from the primary ESCs for further
study on this topic in the future. What is more, because our
study only focused on in vitro experiments, further in vivo
experiments should be conducted to explore whether

@ Springer



1380

Reprod. Sci. (2020) 27:1372-1381

UCMSC-exos stimulate the proliferation of ESCs in situ and
whether MET occurs after UCMSC-exos treatment in future
studies. Finally, UCMSC-exos predominantly function via
horizontal transfer of mRNAs, miRNAs, and proteins that
subsequently modulate the expression of various genes in tar-
get cells and result in multiple phenotypes [43].
Consequently, sequencing and analysis of the tran-
scriptome in both UCMSCs and ESCs is necessary to
identify the specific signaling pathways and molecular
mechanisms involved in this process.

Taken together, our findings suggested that UCMSCs
could promote the proliferation of ESCs via secreted
exosomes and that UCMSCs-exos could be internalized
by ESCs and enhance their viability and growth in a
dose-dependent manner with a rapid onset. These results
might represent a promising strategy for endometrial
repair and regeneration.
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