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Concentrated small extracellular vesicles from
menstrual blood-derived stromal cells improve
intrauterine adhesion, a pre-clinical study in a

rat modelf
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We previously reported that transplantation of menstrual blood-derived stromal cells (MenSCs) significantly
improved fertility restoration in intrauterine adhesion (IUA). However, it is difficult to obtain menstrual blood
samples in some severe |[UA patients who have amenorrhea or oligomenorrhea. Thus, a safe and effective
stem cell replacement therapy is necessary to promote endometrial regeneration. Recent studies demon-
strated that the effects of MenSCs are partly mediated in a paracrine manner via small extracellular vesicles
(sEVs). To explore this possibility, we performed a pre-clinical study to investigate whether concentrated
MenSC-derived sEVs (MenSCs-sEVs) are sufficient to repair IUA and the mechanisms underlying their
action. Rat IUA models were established by mechanical injury, followed by the administration of MenSCs or
MenSCs-sEVs through intrauterine transplantation. Consistent with the efficacy of MenSCs, MenSCs-sEVs
effectively recovered the morphology, promoted regeneration of the glands and angiogenesis, and reversed
endometrial fibrosis in the IUA uterus. The endometrial receptivity and pregnancy outcome significantly
improved after repeated MenSCs-sEVs transplantations. In addition, all rats in the MenSCs-sEVs group had
no hematological or biochemical abnormalities. Three-dimensional fluorescence imaging suggested that
MenSCs tended to migrate through the bloodstream, whereas MenSCs-sEVs had a better localized thera-
peutic effect. Moreover, MenSCs and MenSCs-sEVs inhibited the TGF1/SMAD3 pathway in the IUA endo-
metrium, while promoting the phosphorylation of SMAD1/5/8 and ERK 1/2 and upregulating the expression
of BMP7. Thus, MenSCs-sEVs safely and effectively enhanced endometrial restoration, suggesting a promis-
ing non-cellular therapy for endometrial regeneration and a key role in MenSC-mediated IUA treatment.

Introduction

“Center of Reproductive Medicine, Department of Obstetrics and Gynecology,
Shengjing Hospital of China Medical University, Shenyang 110022, China.

E-mail: tjczjh@163.com, zhangsiwenivy@foxmail.com, shelleychang1994@163.com,
lipingping0227@163.com, 547087434hxy@gmail.com, cmuzxdlucky@163.com;

Tel: +86 18940251868

bKey Laboratory of Reproductive Dysfunction Diseases and Fertility Remodeling of
Liaoning Province, Shenyang 110022, China

‘Department of Integrative Medicine and Neurobiology, School of Basic Medical
Sciences, Institutes of Brain Science, Brain Science Collaborative Innovation Center,
State Key Laboratory of Medical Neurobiology, Institute of Acupuncture and
Moxibustion, Fudan Institutes of Integrative Medicine, Fudan University, Shanghai
200032, China. E-mail: 17211010071 @fudan.edu.cn, fengyil7@fudan.edu.cn
dShanghai Key Laboratory of Acupuncture Mechanism and Acupoint Function,
Shanghai 200032, China

Key Laboratory of Health Ministry for Congenital Malformation, Shengjing Hospital
of China Medical University, Shenyang 117004, China.

E-mail: yuanzw@hotmail.com

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
donr08942g

{These authors contributed equally to this study.

7334 | Nanoscale, 2021,13, 7334-7347

Intrauterine adhesion (IUA), also called Asherman’s syndrome,
is a major cause of female secondary infertility. IUA is charac-
terized by hypomenorrhea, amenorrhea, infertility, and recur-
rent miscarriages, and is often linked to endometrial damage
caused by intrauterine operation." In patients with severe TUA,
it is difficult to restore fertility with conventional therapeutic
methods such as hysteroscopic adhesiolysis and hormone
supplementation.’

Recently, the therapeutic effects of mesenchymal stem cells
(MSCs) transplantation have been demonstrated for IUA. MSCs
derived from the bone marrow, umbilical cord, uterine endo-
metrium, and oral mucosa have been investigated for their
endometrial regeneration potential.®”®> Menstrual blood-
derived stromal cells (MenSCs) are endometrial MSCs derived
from menstrual blood shedding. These cells are readily avail-
able, non-invasively collected, and ethically sound. These
advantages indicate the potential for the widespread appli-
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cation of MenSCs in regenerative medicine.® In our previous
clinical study, seven patients with severe IUA achieved signifi-
cant endometrial restoration and morphological uterine recov-
ery after autologous MenSCs transplantation, and four of these
patients eventually became pregnant.” Moreover, we demon-
strated that MenSCs could markedly accelerate endometrial
repair and promote fertility restoration in IUA model rats.®

Notably, only a few green fluorescent protein (GFP)-positive
MenSCs were detected in the endometrium of the IUA rats,
suggesting that in addition to their autonomous proliferation
and differentiation into the tissue, MenSCs may also exert
their therapeutic effects on tissues through other biological
mechanisms. Recent studies further suggested that the under-
lying mechanism of MSC-based therapies may involve para-
crine secretion, mainly through the release of numerous extra-
cellular vesicles (EVs).” EVs are particles naturally released
from the cell that are delimited by a lipid bilayer without a
functional nucleus.'® EVs contain large amounts of proteins
and genetic materials (mRNAs, microRNAs, and other non-
coding RNAs) that are transferred and released into the target
cells, where they play key roles in cellular signaling. The lipid
bilayer membrane protects their contents and enables them to
travel long distances through tissues.'™'? Indeed, EVs have
been shown to participate in MSC-mediated tissue regener-
ation by delivering their contents to damaged cells or tissues.
The therapeutic potential of MSC-derived EVs in cell-free
regenerative medicine, including wound and liver repair, has
been demonstrated in multiple studies.'*"*

In this study, we evaluated whether MenSC-derived EVs
(MenSCs-sEVs) are sufficient for MenSC-mediated IUA repair
and endometrial regeneration. The therapeutic effects of
MenSCs and MenSCs-sEVs were compared by pathological
staining, protein expression, endometrial receptivity assess-
ment, and fertility improvement in a rat model of IUA. The
safety of MenSCs-sEVs transplantation was further evaluated
based on blood test results. In addition, we used tissue clear-
ing technology and three-dimensional (3D) imaging to investi-
gate the mechanism by which MenSCs and MenSCs-SEVs
restore the endometrium. Our study provided a theoretical
basis for the use of MenSCs-sEVs as a cell-free treatment for
patients with IUA.

Materials and methods
Ethical approval

All protocols were approved by the Ethics Committee of the
Shengjing Hospital of China Medical University (2019PS349K)
and were consistent with the principles of the Declaration of
Helsinki.

Isolation and characterization of MenSCs and MenSCs-sEVs

In this study, the MenSCs were separated from menstrual
blood samples of three healthy female volunteers (aged 25-30
years old). They voluntarily provided menstrual blood samples
for this study and signed informed consent forms. Menstrual
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blood samples were collected after vaginal disinfection. The
isolation and culture of MenSCs were executed in the same
way as in our previous study;® P3-P6 MenSCs were used in this
study. EVs were isolated from the supernatant of cultured
MenSCs and characterized using different methods, including
transmission electron microscopy (TEM), nanoparticle track-
ing analysis (NTA), western blotting, shotgun proteomics and
gene ontology (GO) annotation. The enriched pathways were
visualized using Cytoscape (v3.5.0) and ClueGO (v.2.5.0),
associated with the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database.'® Detailed methods of isolation,
characterization, shotgun proteomic and bioinformatics ana-
lyses of MenSCs-sEVs are given in ESI 1.1 P3-P6 MenSCs were
labeled with GFP by lentiviral transfection (MOI 20) before
transplantation.

Rat IUA model establishment and treatment

Female Sprague-Dawley rats (200-220 g, 10-week-old) were pur-
chased from HFK Bioscience Co. (Beijing, China). The rats were
housed in an environment with a 12/12 h light/dark cycle, a
temperature of 22 + 1 °C, and a relative humidity of 50 + 1%.
The establishment and treatment of a rat IUA model were
carried out using a previously described method.® Briefly, 54
rats with regular estrous cycles were anesthetized by 3% sodium
pentobarbital (1 ml kg™"), and then an incision which could
pass through a 16-gauge syringe was performed on the uterus
using ophthalmic scissors. The uterine endometrium of both
laterals was scratched by the syringe until the uterine walls
became rough and pale. The uterine cavity was washed with
sterile normal saline before closing. After two estrous cycles
(about 9 days), all rats that received intrauterine mechanical
injury were randomly divided into three groups: Sham group,
MenSCs group, and MenSCs-sEVs group. After the mice are
anesthetized and the uterus is exposed, we use 30-gauge syr-
inges to inject 50 pl of the treatment liquid under the uterine
serous membrane at multiple points, carefully avoiding the
leakage of the liquid from the uterus. The MenSCs group
received 5 x 10° MenSCs suspended in 50 pl PBS per uterus.
The MenSCs-sEVs group received 2.125 x 10’ particles of
MenSCs-sEVs released from 5 x 10° MenSCs suspended in 50 pl
PBS (4.25 x 10° particles per mL, 300 pg mL™") per uterus. The
Sham group received the same volume of PBS (placebo) per
uterus. Six rats without operation constituted the normal group.
Rats were sacrificed 4.5, 9 or 18 days after treatment.

Hematology test and serum biochemical test

In the same method as in our previous study,'® freshly col-
lected rat peripheral venous blood after 4.5 days of treatment
in both MenSCs and MenSCs-sEVs was tested for hematology
composition (Procyte DX, IDEXX Laboratories, USA, n = 5). Red
blood cells, hematocrit, hemoglobin, average red blood cell
volume, average hemoglobin concentration, red blood cell dis-
tribution width, reticulocytes, white blood cells, neutrophils,
lymphocytes, monocytes, eosinophils, basophils, and platelet
related concentrations or percentages were evaluated. Freshly
separated serum was tested for urea, creatinine, total protein,
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albumin, globulin, alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatase, and sodium, potassium,
and chloride ion concentrations (Catalyst One, IDEXX
Laboratories, USA, n = 5). 5 healthy SD rats were assigned as
the normal group.

Fertility test

In contrast to the previous treatment usage, rats in the
MenSCs-sEVs group used in the pregnancy test were given
MenSCs-sEVs graft per estrous cycle for a total of four times.
Twenty-eight days after the first treatment, different groups of
IUA rats (n = 4) were mated with healthy male rats (2:1) at
21:00 p.m. each day, and vaginal smears were performed at
09:00 a.m. the following day. If the sperm was positive, the
female rats were considered to have successfully mated at E0.5
and were then housed separately. The pregnant female rats
were sacrificed on E13.5; the number and size of the embryos
were recorded.

Histological analysis

Uterus tissues from each group were fixed in 4% neutral
buffered formalin, dehydrated, and then embedded in
paraffin. Serial sections of 5 pm were sliced and then stained
with hematoxylin and eosin (H&E) for morphological assess-
ment under a light microscope (n = 6). Each slice was ran-
domly selected to measure endometrial thickness in 4 fields
using Image] software (National Institutes of Health, USA).
Annular structures containing intact cuboidal epithelium were
considered as glands. The total number of glands was counted
under a magnification of x100. Masson trichrome staining
(Solarbio, China, Cat#G1340) was utilized to assess fibrosis
and normal uterine sections were used as a negative control.
The percentage of blue staining area of fibrosis was measured
using Image] software.

Immunohistochemistry

To evaluate the cell proliferation of endometrium after treat-
ment of 4.5 days, the Ki-67 expression was identified by immu-
nohistochemistry (n = 6). Sections of the uterus were deparaffi-
nized and gradually dehydrated. Antigen retrieval was per-
formed in sodium citrate buffer using microwave heating.
After endogenous peroxidase was inhibited for 15 min and
protein blocking for 30 min at 37 °C, anti-Ki67 (1:100; Abcam,
UK, Cat#ab16667) was added and incubated at 4 °C overnight.
Then the sections were incubated with a secondary antibody
for 2 h at room temperature. The sections were exposed to
DAB to visualize the bound antibody before counterstaining
with Mayer’s hematoxylin. The slides were viewed and photo-
graphed under a microscope and the total nuclear staining
number of Ki67 was counted using Image-pro Plus (Media
Cybernetics, MD, USA).

Western blotting

Total protein of uterine tissue was extracted using RIPA lysis
buffer (Beyotime, China, Cat#P0013B), and the protein concen-
tration was quantified by BCA assay. Equal amounts of protein
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samples of 4.5 days were separated on SDS-PAGE gel
(Beyotime, China, Cat#P0012A), and then transferred onto
PVDF membranes (Millipore, Billerica, MA, USA). After block-
ing with 5% skimmed milk, the membranes were incubated
with primary antibodies against collagen I (1:1000, Abcam,
UK, Cat#ab34710), VEGFA (1:1000, Wanleibio, China,
Cat#fWL00009b), LIF (1:1000, Absin, China, Cat#abs110821),
ITGAV (1:1000, Absin, China, Cat#abs136335), bone morpho-
genetic protein 7 (BMP7, 1:500, Proteintech, China,
Cat#12221-1-AP), transforming growth factor (1 (TGFf1,
1:500, Proteintech, China, Cat#21898-1-AP), SMAD3 (1:500,
Proteintech, China, Cat#25494-1-AP), phospho-SMAD3 (1 : 500,
CST, USA, #9520), SMAD1/5/8 (1:500, Immunoway, China,
Cat#YT6085), phospho-SMAD1/5/8 (1:1000, CST, USA,
#13820), extracellular-regulated kinase 1/2 (ERK1/2, CST, USA,
#4695), phospho-ERK1/2 (CST, USA, #4370) and GAPDH
(1:2000, Goodhere, China, Cat#AB-P-R-00) overnight at 4 °C.
Then the membranes were incubated with HRP-conjugated
secondary antibodies (Beyotime, China, Cat#A0208) and
scanned with a Darkroom Eliminator (Azure Biosystems, USA,
Cat#C300) using ECL (Beyotime, China, Cat#P0018).

Tissue clearing, immunofluorescence staining and image
acquisition

After 4.5 days of MenSCs or MenSCs-sEVs treatment, bio-
luminescence imaging (BLI, MS FX Pro system, Carestream,
USA) was used to detect the fluorescence signals in the main
organs (brain, heart, lungs, liver, spleen, kidneys, uterus and
ovaries) of the IUA rat. For tissue clearing, we used the CUBIC
clearing method described by Ma et al.'” Rat uterus was care-
fully dissected and immersed in 4% PFA for 24 h at 4 °C.
Then the tissues were washed with shaking with PBS/0.01%
sodium azide for 4 h at 37 °C to remove PFA. The tissues were
cleared with diluted reagent 1 with shaking for 3 h at 37 °C
until a satisfying optical transparency was achieved. Then the
samples were washed with PBS/0.01% sodium azide for 2 h
and three times. For immunofluorescence staining, the
samples were incubated with primary antibodies (1:20,
PECAM1 and CK-18) for 48 h, washed in PBS for 24 h, and
then incubated with secondary antibodies for 48 h, all with
shaking at 37 °C. Next, the samples were cleared with diluted
reagent 2 with shaking at 37 °C and transferred to reagent 2
for at least 1 day until they turned totally clear. The cleared
samples were stored in reagent 2 at 4 °C until imaging. All
performance were in dark condition. For image acquisition,
we used an 18 light sheet illumination microscope (LS18,
Nuohai Life Science) to collect the raw images of the samples.
The data were saved in CZI format after scanning. Arivis soft-
ware (Arivis AG, Miinchen, Germany) was used to transform
the data into TIFF format. Imaris software (v.8.0, Bitplane,
Zurich, Switzerland) was used to analyse and rebuild the
digital images.

Statistical analysis

All data were presented as mean + standard deviation (SD),
and one-way analysis of variance (ANOVA) was utilized to

This journal is © The Royal Society of Chemistry 2021
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analyze the comparisons among rat groups. The recognized
statistically significant differences were assessed by Bonferroni
post hoc tests, and the analyses were performed using Prism 8
software (GraphPad, San Diego, USA). P < 0.05 was considered
to represent a statistically significant difference.

Results
Characterization and proteomic analysis of MenSCs-sEVs

EVs were isolated from the supernatant of cultured MenSCs
and characterized using different methods, including trans-
mission electron microscopy (TEM), nanoparticle tracking ana-
lysis (NTA), and western blotting. NTA and TEM revealed that
the EVs had a concentration of 1.7 x 10° particles per mL and
a peak diameter of 127 nm (Fig. 1A), and exhibited a typical
cup- or sphere-shaped morphology (Fig. 1B). Western blotting
confirmed that the protein markers of EVs, CD63 and CD81
were expressed in EVs derived from the culture supernatant of
MenSCs (Fig. 1C). These data were consistent with the descrip-
tion of small extracellular vesicles (sEVs) in MISEV2018."°
Therefore, in this study, we named the EVs obtained from the
MenSCs culture supernatant as MenSCs-SEVs.

Shotgun proteomics and Gene Ontology (GO) annotation
were performed on the obtained MenSCs-sEVs. A total of 1131
exosomal proteins were analyzed, which were predicted to be
involved in cellular components, biological processes, and
molecular functions. The top five GO categories for biological
processes were cellular process, biological regulation, meta-
bolic process, regulation of biological process, and response to
stimulus (Fig. 1D). To further explore the enriched pathways
associated with MenSCs-sEVs proteins, all proteins were
imported into the ClueGO app on the Cytoscape platform to
create a network of the over-represented GO terms. Only sig-
nificant terms (p-value < 0.05) were displayed, and were anno-
tated using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database as a reference. Multiple functions of these
proteins were identified, including those related to regulation
of growth (71), the Wnt signaling pathway (52), angiogenesis
(40), epithelium development (97), wound healing (76), col-
lagen fibril organization (18), extracellular matrix (ECM)-recep-
tor interaction (32), PI3K-Akt signaling pathway (43), and integ-
rin-mediated signaling pathway (37) (Fig. 1E).

MenSCs-sEVs exhibited more local retention in the uterus
compared to MenSCs

To enable tracing of the grafts, the MenSCs were transfected
with green fluorescent protein (GFP) and the MenSCs-sEVs
were labeled with CM-Dil. The fluorescence signal distri-
butions of the grafts in the uterus and other organs were then
observed by bioluminescence imaging. The GFP fluorescence
was distributed throughout the IUA uterus at 4.5 days after
MenSCs injection, and a high-intensity signal was detected in
the uterus near the vagina. In contrast, after MenSCs-sEVs
transplantation, Dil fluorescence was observed at multiple
points in the IUA uterus, and the high-density signal was con-
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fined to the region around the injection area (Fig. 2A). After
MenSCs transplantation, higher GFP signals were detected in
the brain and liver than in the uterus, whereas the Dil signal
of MenSCs-sEVs was much higher in the uterus than in other
organs of the rats (Fig. 2B).

Intrauterine transplantation of MenSCs-sEVs would not cause
hematological or biochemical abnormalities

To determine the safety of MenSCs-sEVs transplantation, we
collected peripheral blood from the IUA rats at day 4.5 post-
treatment for the examination of the blood cell composition
and serum biochemistry. Intrauterine transplantation of asep-
tically prepared MenSCs-sEVs did not cause any abnormalities
to the hematocrit of the IUA rats (Table 1). Likewise, the liver
and kidney metabolic parameters, as well as serum Na, K, and
Ca ion concentrations in the MenSCs-sEVs group were within
the normal reference range (Table 2). These results indicated
that intrauterine transplantation of MenSCs-sEVs was safe.

MenSCs-sEVs transplantation recovered the morphology and
promoted the proliferation of endometrial cells in the IUA
uterus

To examine whether MenSCs-sEVs have therapeutic effects for
IUA, we used the mechanically injured rodent model estab-
lished in our previous study.® The morphology of the rat
uterus was observed using hematoxylin and eosin staining
(Fig. 3A-C). The endometrial thickness was measured, and the
glands were counted at day 4.5, 9, and 18 after a single phos-
phate-buffered saline (PBS), MenSCs, or MenSCs-sEVs trans-
plantation (Fig. 3D and E). As compared to the Sham group,
significant increases in endometrial thickness were observed
after either MenSCs or MenSCs-sEVs transplantation on days
4.5, 9, and 18 (all p < 0.0001). Endometrial thickness steadily
and significantly increased throughout the evaluation period
in the MenSCs group. However, compared with that measured
on day 4.5, there were no further increases in endometrial
thickness observed on days 9 and 18 in the MenSCs-SEVs
group. By day 18, the endometrial thickness in the MenSCs
group was significantly higher than that in the MenSCs-sEVs
group (p = 0.0180). Similarly, as compared to the Sham group,
significantly increased gland numbers were detected in the
MenSCs and MenSCs-sEVs groups on days 4.5, 9, and 18 (both
p < 0.001). On day 18, the number of glands in the MenSCs
group was significantly higher than that in the MenSCs-sEVs
group (p = 0.0030).

Cell proliferation in the endometrium was evaluated using
immunohistochemistry. At 4.5 days after MenSCs and
MenSCs-sEVs transplantation, the expression of the prolifer-
ation marker Ki-67 was detected in the TUA endometrium,
which was mainly concentrated in the epithelial cells (Fig. 3F),
particularly the luminal epithelial cells. Compared with the
Sham group, the number of Ki-67-positive cells was signifi-
cantly increased in the MenSCs and MenSCs-sEVs groups
(both p < 0.0001; Fig. 3G). The number of Ki-67-positive cells
was also higher in the MenSCs-sEVs group than that in the
MenSCs group (p = 0.0035). These results demonstrated that
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Fig. 2 Fluorescence localization of MenSCs and MenSCs-sEVs in the organs of IUA rats. (A) Location of MenSCs (GFP-green) and MenSCs-sEVs
(Dil-red) in the uterus and (B) location of MenSCs and MenSCs-sEVs in the main organs (1: brain; 2: heart; 3: lungs; 4: liver; 5: spleen; 6: kidneys;

7: uterus; and 8: ovary).

Table 1 Hematological values of rats

Parameters Normal MenSCs MenSCs-sEVs
RBC (x10" L) 7.20 £ 0.09 7.30 £ 0.19 7.26 £ 0.25
HCT (%) 39.32 % 0.74 37.76 + 0.87 40.74 + 0.56
MCV (fL) 54.64 + 0.54 52.76 + 0.88 55.06 + 2.60
MCH (pg) 18.66 + 0.11 18.28 + 0.54 18.18 + 0.51
MCHC (g dL™") 34.18 £ 0.53 34.60 + 0.52 3412+ 0.23
RDW (%) 16.18 + 0.33 17.30 + 0.60 17.78 £ 0.69
RETIC (K pL™") 3.86 + 0.09 3.64 + 0.61 3.76 + 0.96
RETIC 277.00 + 8.45 255 +31.51 283.70 + 70.93
WBC (x10" L) 7.64 +1.67 7.83 +1.36 9.44 + 0.63
NEU (%) 13.72 + 4.22 13.38 +3.53 14.14 + 3.38
LYM (%) 78.32 + 5.45 75.48 + 5.90 77.79 + 6.52
MONO (%) 5.18 + 0.83 7.44 + 0.64 6.54 + 1.07
EOS (%) 0.60 +0.12 0.90 + 0.35 0.58 +0.11
BASO (%) 0.14 + 0.11 0.32 +0.15 0.22 +0.16
NEU (x10° L") 1.02 + 0.29 1.37 £ 0.79 1.41 + 0.41
LYM (x10° L) 6.18 + 1.59 5.38 +2.78 7.72 +0.55
MONO (x10° L") 0.38 + 0.04 0.47 + 0.20 0.64 +0.12
EOS (x10° L) 0.05 + 0.01 0.06 + 0.01 0.06 + 0.02
BASO (x10° L) 0.01 +0.01 0.02 + 0.01 0.01 +0.01
PLT (K pL™") 1209 +26.66 1141 +206.00 1132 + 127.10
MPV (fL) 8.50 + 0.10 8.44 + 0.27 8.40 + 0.10
PDW (fL) 8.50 + 0.16 8.58 + 0.08 8.40 + 0.33
PCT (%) 0.91 + 0.03 0.96 + 0.14 0.95 +0.10

Values are expressed as mean + SD, n = 5 per group.

both MenSCs and MenSCs-sEVs significantly promoted endo-
metrial regeneration and increased gland numbers. MenSCs
exhibited a continuous repair effect in the damaged endome-
trium, whereas the MenSCs-sEVs released from an equal
amount of cells exhibited similar treatment efficacy within a
shorter treatment time.

MenSCs-sEVs promote endometrial gland formation and
angiogenesis in IUA rats

To gain a more comprehensive understanding of the roles of
MenSCs and MenSCs-sEVs in vivo, we investigated the 3D dis-
tribution of GFP-labeled MenSCs and CM-Dil-labeled MenSCs-

This journal is © The Royal Society of Chemistry 2021

sEVs in the IUA uterus by dissecting uterine fragments and
performing tissue clearing. In addition, we traced the uterine
glands and blood vessels using CK18 and cluster of differen-
tiation platelet and endothelial cell adhesion molecule 1
(PECAM1) as respective markers. In the Sham group, the
uterine cavity was narrow and adherent, with only a thin endo-
metrium observed containing few glands and blood vessels.
However, after either MenSCs or MenSCs-sEVs treatment, the
uterine cavity volume was expanded, the endometrium
thickened, and the number of endometrial glands increased
(Fig. 4A). In the MenSCs-sEVs group, labeled MenSCs-sEVs
aggregated at the injection site. A portion of the MenSCs-sEVs
specifically migrated to the regenerated glandular epithelium,
and newly formed glands were clustered around the injection
site (Fig. 4B). In addition, the distribution of blood vessels in
the endometrium and myometrium increased after MenSCs
and MenSCs-sEVs treatments, accompanied by an increased
expression level of PECAM1. PECAM1 was mainly expressed in
clusters in the MenSCs-sEVs group (Fig. 4C). Additionally, co-
localization of GFP and PECAM1 was detected in the MenSCs
group, with part of the GFP signal distributed along the blood
vessels that were PECAM1-positive. No obvious GFP-labeled
MenSCs aggregation was observed (Fig. 4D).

MenSCs-sEVs restore endometrial receptivity and improve the
fertility of IUA rats

At 4.5 days after treatment, we examined the levels of endo-
metrial receptivity markers by western blot analysis (Fig. 5A).
MenSCs and MenSCs-sEVs transplantation resulted in signifi-
cant increases in the protein levels of leukemia inhibitory
factor (LIF; p = 0.0445 and p = 0.0189, respectively) and integ-
rin subunit alpha V (ITGAV; p = 0.0251 and p = 0.0003, respect-
ively) as compared to those of the Sham group. The expression
level of ITGAV was significantly higher in the MenSCs-sEVs
group than that in the MenSCs group (p = 0.0087). Notably,
the expression level of vascular endothelial growth factor A
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Table 2 Serum biochemical values of rats
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Parameters Normal MenSCs MenSCs-sEVs Standard reference
UREA 6.22 + 0.51 6.52 + 0.48 6.00 £ 0.76 3.20-7.50 mmol L™*
CREA 27.60 +5.13 35.60 +4.29 29.00 + 6.89 4-57 mmol L™"
BUN/CREA 55.80 +11.71 46.20 + 4.49 51.60 + 8.99 —
TP 60.80 + 4.09 64.00 + 6.75 60.40 + 4.34 53-69 g L
ALB 31.80 + 2.68 33.20 £ 5.02 31.60 + 3.21 30-48 gL'
GLOB 29.40 +1.82 31.00 + 2.00 28.60 + 2.07 15-28 g L
ALT 35.00 £ 6.04 38.20 £ 3.83 31.20 + 4.87 20-61UL™"
AST 73.40 +11.84 61.40 + 11.37 71.80 +15.64 39-111UL™"
ALKP 143.80 + 14.45 135.00 + 30.31 99.80 + 16.24 16-302 U L™"
Na 143.20 +£1.48 141.20 £ 2.95 141.60 £ 1.14 137-154 mmol L™"
K 5.38 £0.58 5.62 £0.19 4.84 +0.23 4.10-6.50 mmol L ™"
CL 103.80 + 2.39 106.80 + 2.78 105.60 + 3.98 96-107 mmol L™"
Values are expressed as mean + SD, n = 5 per group.
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Fig. 3 MenSCs-sEVs promoted the morphological recovery of the endometrium. H&E staining of the uteri from the normal rat model (A) and the
IUA rat model (B); (C) representative H&E staining of the uterus from the three groups after treatment for 4.5, 9 and 18 days, scale bars = 200 um; (D)
comparison of endometrial thickness (n = 6); (E) comparison of the number of glands (n = 6); (F) representative immunohistochemical staining of Ki-
67 in the rat endometrium after treatment for 4.5 days, scale bars = 200 pm (upper images) and 50 pm (lower images); and (G) comparison of the

nuclear staining number of Ki-67 (n > 6).
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and PECAM]1, scale bars = 100 pm.

(VEGFA) was also significantly higher in the MenSCs-sEVs
group (p = 0.0396; Fig. 5B).

To assess fertility after MenSCs and MenSCs-sEVs treat-
ments, the number of embryos and their sizes were examined
at E13.5. Compared with the Sham group (2.75 * 0.85), there
were significantly more embryos after either a single MenSCs
intrauterine injection (11.75 + 1.18, p = 0.0008) or four
MenSCs-sEVs intrauterine transplantations (12.50+ 1.32, p =
0.0008) (Fig. 5C and E). There were no differences in the live
embryo size among the groups (Fig. 5D and F). These results
indicated that both MenSCs and MenSCs-sEVs treatments
could restore endometrial receptivity. In addition, repeated
transplantation of MenSCs-sEVs could markedly improve ferti-
lity in IUA rats.

This journal is © The Royal Society of Chemistry 2021

MenSCs-sEVs inhibit TGFf1/SMAD3-mediated endometrial
fibrosis by upregulating BMP7 expression and SMAD1/5/8 and
ERK1/2 phosphorylation

Masson’s trichrome staining was performed to assess fibrosis
in the IUA-affected endometrium (Fig. 6A). Fibrosis was signifi-
cantly reduced 4.5 days after the treatment in both the
MenSCs (p = 0.0002) and MenSCs-sEVs (p = 0.0001) groups
compared with that of the Sham group (Fig. 6B); there was no
significant difference in fibrosis between the MenSCs-sEVs
and MenSCs groups (p = 0.1421). Western blotting (Fig. 6C)
showed that the collagen I expression level was significantly
decreased in the MenSCs and MenSCs-sEVs groups as com-
pared to the Sham group (both p < 0.0001; Fig. 6D). No signifi-
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Fig. 5 MenSCs-sEVs improved endometrial receptivity and fertility of IUA rats. (A) Western blot analysis of the protein expression of LIF, ITGAV and
VEGFA in the groups after treatment for 4.5 days; (B) statistical analysis of western blot (n > 6); (C) the rat uterus with embryo implantation at E13.5;
(D) the embryo of the groups; (E) comparison of the number of embryos (n = 4); and (F) comparison of the size of the embryos (n = 4).

cant difference was observed between the MenSCs and
MenSCs-sEVs groups (p = 0.0812). We next assessed the
expression of proteins in the uterus by western blotting.
MenSCs and MenSCs-sEVs transplantation resulted in
decreases in TGFf1 (p = 0.0434 and p = 0.0334, respectively)
and phospho-SMAD3 (p = 0.0398 and p = 0.0432, respectively).
The expression of ERK1/2 (pgrks = 0.0117, pgri, = 0.0036, and
Perk1 = 0.0117, prrio = 0.0183, respectively), and phospho-
ERK1/2 (pperis = 0.0286, Pperie = 0.0379, and pgry; = 0.0286,
respectively) were increased in the IUA uterus (Fig. 6E and F).
After MenSCs and MenSCs-sEVs transplantation, there were
significant increases in BMP7 (p = 0.0348 and p = 0.0075,
respectively) and phospho-SMAD1/5/8 (p = 0.026 and
p = 0.0396, respectively) in the IUA uterus (Fig. 5G and H).
These results suggested that both MenSCs and MenSCs-sEVs
reduced endometrial fibrosis by regulating BMP7, TGFf1/SMAD
signaling, and ERK signaling.

Discussion

In this study, we demonstrated that intrauterine transplan-
tation of MenSCs-sEVs effectively restored the impaired endo-
metrium by increasing its thickness, gland numbers, and vas-
culature in the IUA rat model. MenSCs-sEVs displayed injury

7342 | Nanoscale, 2021,13, 7334-7347

tropism, as they migrated to the endometrial lesions to
promote angiogenesis and gland regeneration. Moreover,
repeated transplantation of MenSCs-sEVs significantly
enhanced endometrial receptivity and improved the fertility of
IUA rats. No death and hematological or biochemical abnorm-
alities were observed after intrauterine transplantation of
MenSCs-sEVs. Both the MenSCs and MenSCs-sEVs treatments
significantly upregulated BMP7 expression and inhibited
endometrial fibrosis mediated by the TGF1/SMAD3 pathway.
In addition, increased phosphorylation of SMAD1/5/8 and
ERK1/2 was detected after MenSCs and MenSCs-sEVs treat-
ments. To the best of our knowledge, this is the first evidence
demonstrating the therapeutic effects and safety of in vivo
applications of MenSCs-sEVs in a rat model of IUA. In
addition, this is the first attempt to detect the 3D distribution
of labeled sEVs in the IUA rat uterus.

MSCs from different tissues, such as menstrual blood
(MenSCs), the bone marrow (BMSCs), and the umbilical cord
(UC-MSCs), have been extensively studied for their potential in
tissue regeneration.”” Transplantation of UC-MSCs and
BMSCs has demonstrated excellent therapeutic outcomes in
IUA models and clinical studies.'®'? However, UC-MSCs are
allogeneic and have ethical limitations, and the invasive retrie-
val process of BMSCs is associated with an increased risk of
pain and infection. In contrast, MenSCs may be more suitable

This journal is © The Royal Society of Chemistry 2021
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SMAD3, p-ERK1/2 and ERK1/2 in the groups after treatment for 4.5 days; (F)
protein expression of BMP7, p-SMAD1/5/8 and SMAD1/5/8 in the groups
(n>6).

for clinical applications, with the advantages of high cloning
efficacy, non-invasive collection, ethical rationale, and immu-
nomodulatory potential.>*>?**' Our phase 1 clinical study
confirmed that autologous MenSCs effectively promoted endo-
metrial repair and improved pregnancy outcomes in patients
with severe IUA.” Recently, we reported that intrauterine trans-
plantation of MenSCs is safe and free of organ toxicity and
tumorigenicity."®

This journal is © The Royal Society of Chemistry 2021

(E) western blot analysis of the protein expression of TGFp1, p-SMAD3,
statistical analysis of western blot (n > 6); (G) western blot analysis of the
after treatment for 4.5 days; and (H) statistical analysis of western blot

In clinical practice, we have observed that some patients
with severe TUA have amenorrhea or scanty menstruation,
making it difficult to obtain menstrual blood samples for the
extraction of autologous MenSCs. Thus, stem cell product
transplantation was suggested as a promising biological
therapy. The paracrine effects of MSCs affect their main bio-
logical processes through the release of numerous EVs and

soluble factors."™**> In murine models, the therapeutic effects
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of MSC-derived exosomes (SEVs) have been demonstrated on
liver fibrosis, hindlimb ischemia, retinal ischemia, nerve
damage, and skin burns.'***"*” In this study, we demonstrated
that the major functional proteins enriched by MenSCs-sEVs
were clustered in signaling pathways (Wnt, ECM interaction,
phosphatidylinositol 3-kinase-Akt, and integrin), and are
involved in the regulation of cell proliferation and differen-
tiation, epithelial development, angiogenesis, collagen fiber
organization, and other biological processes. These results are
consistent with the established mechanism of MSCs in the
treatment of endometrial injuries.®>%3°

As of 2020, there are 14 clinical trials investigating the
safety and efficiency of EVs from BMSCs, adipose-derived
MSCs, and UC-MSCs in type I diabetes mellitus, bronchopul-
monary dysplasia, periodontitis, chronic ulcer, and other con-
ditions such as for wounds, acute type A aortic dissection, pul-
monary infection, and Alzheimer’s disease.*’ Most of these
clinical trials are still in progress and no specific information
can be obtained. As a preclinical study, this study confirmed
the efficacy and safety of MenSCs-sEVs in the treatment of IUA.
Intrauterine transplantation of MenSCs-sEVs restored endo-
metrial function and fertility in rat models without causing
changes in the blood cell composition or kidney and liver
function abnormalities, suggesting that MenSCs-sEVs have
potential clinical application in the treatment of endometrial
injury.

To visually observe the roles of MenSCs and MenSCs-sEVs
in endometrial regeneration, we first performed 3D fluo-
rescence imaging of IUA uteruses using hydrophilic tissue
clearing technology, which enabled the visualization of
specific markers expressed in the 3D organ architecture.*>?
Recent studies have demonstrated that MSC-derived EVs
display injury tropism, concentrating in the damaged tissues
in the murine models of acute kidney and spinal cord
injury.>**> Similarly, our results indicated that MenSCs-SEVs
effectively promoted the regeneration of glands and blood
vessels around the transplant sites. In this study, the blood
vessels regenerated after MenSCs or MenSCs-sEVs treatment,
indicating their pro-angiogenic properties. We also observed
co-localization of GFP and PECAM1 in the MenSCs group,
which suggested that the injected MenSCs migrated to the
nearby uterine endothelium, entered the bloodstream, and tra-
veled along the uterine blood vessels. Higher fluorescence
signals were detected in the brains and livers of IUA rats after
GFP-MenSCs transplantation, indicating the vascular tropism
of MenSCs. According to Kalionis et al,’® MSCs cross the
endothelial barrier in a manner similar to that of leukocytes,
and the transmigrated cells remain close to the endothelium.
According to our recent study,"® this spontaneous migration of
MenSCs does not cause tumors or hypofunction in other
organs.

Progressive fibrosis is a characteristic of IUA.>” Recent
studies demonstrated that MSC-derived EVs facilitate collagen
degradation after renal ischemia-reperfusion injury and
hepatic collagen deposition in vivo."**® Our results indicate
that MenSCs-sEVs significantly suppressed collagen deposition
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and reduced endometrial fibrosis at 4.5 days after treatment,
consistent with the observations of a previous study that used
human UC-MSC-derived EVs to treat IUA in rats.>® The upregu-
lation in the expression of the inflammation-related profibrotic
molecule TGFP1 has been shown to be positively correlated
with the degree of IUA both in clinical endometrial samples
and animal models.**** Increased TGFP1 expression is
believed to be directly related to the occurrence and develop-
ment of fibrosis, which may aggravate endometrial fibrosis
through the SMAD3 signaling pathway.**** Yao et al. reported
that BMSC-derived EVs reversed endometrial fibrosis via inhi-
biting TGFP1 activation and EMT in vitro.*> In addition,
studies on vitreoretinopathy and skin scars showed that upre-
gulation of ERK1/2 has regulatory effects on TGFp1-mediated
fibrosis.’®"” In the present study, we found that the phos-
phorylation of ERK1/2 was improved after MenSCs-SEVs treat-
ment. In our previous study, RNA sequencing data revealed
that BMP7 expression was significantly upregulated after
MenSCs transplantation.® BMP7 plays roles in fibrosis rever-
sion and EMT inhibition in a variety of tissues.”*”° In pul-
monary and renal fibrosis, BMP7 facilitates scar repair by regu-
lating SMAD1/5.°"** In this study, we confirmed that the
protein expression of BMP7 and phosphorylation of SMAD1/5/
8 were significantly increased after both MenSCs and MenSCs-
sEVs transplantation. Guo et al. also indicated decreased
expression of BMP7 and SMAD1/5 in the uterus of the IUA rat
model, suggesting that BMP7 may be a potential target for [UA
treatment.>

There are three limitations to our present study. First, our
findings suggest that MenSCs-sEVs should be administered
multiple times for therapeutic applications; thus, methods for
improving the productivity or in vivo stability of MenSCs-sEVs
warrant further research. Second, we locally injected the
MenSCs-sEVs into the uterus; thus, the optimal route for
exosome administration will require further exploration.
Third, we did not conduct health and development testing of
live-born cubs after MenSCs and MenSCs-sEVs treatments.
Moreover, careful attention to the sterile production and
storage of MenSCs-sEVs will be necessary to minimize risks.
Owing to their biocompatibility and stability, MenSCs-sEVs
offer a promising, cell-free, MSC-based therapy for IUA. Future
studies on the clinical application of MenSCs-sEVs can focus
on identifying their effective contents and improving their
efficacy by administering them in combination with additional
treatments.

In summary, our study demonstrated that transplantation
of MenSCs-sEVs safely and effectively promoted the regener-
ation of endometrial glands and blood vessels, and improves
fertility in TUA rats. Furthermore, treatment with MenSCs and
MenSCs-sEVs increased BMP7 levels and activated the SMAD1/
5/8 and ERK1/2 pathways in vivo, thereby alleviating endo-
metrial fibrosis vie inhibiting TGFP1/SMAD3 signaling.
Therefore, MenSCs-sEVs have therapeutic effects on endo-
metrial injuries, suggesting an important role in the repair of
IUA by MenSCs. Our findings provide insight into the mecha-
nisms underlying the effects of MenSCs in endometrial regen-

This journal is © The Royal Society of Chemistry 2021
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eration and provide a theoretical basis for the use of MenSCs-
sEVs in IUA treatment.
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