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Background: With an increasing number of patients experiencing infertility due to
chronic salpingitis after Chlamydia trachomatis (CT) infection, there is an unmet
need for tissue repair or regeneration therapies. Treatment with human umbilical
cord mesenchymal stem cell-derived extracellular vesicles (hucMSC-EV) provides
an attractive cell-free therapeutic approach.

Methods: In this study, we investigated the alleviating effect of hucMSC-EV on
tubal inflammatory infertility caused by CT using in vivo animal experiments.
Furthermore, we examined the effect of hucMSC-EV on inducing macrophage
polarization to explore the molecular mechanism.

Results: Our results showed that tubal inflammatory infertility caused by
Chlamydia infection was significantly alleviated in the hucMSC-EV treatment
group compared with the control group. Further mechanistic experiments
showed that the application of hucMSC-EV induced macrophage polarization
from the M1 to the M2 type via the NF-«kB signaling pathway, improved the local
inflammatory microenvironment of fallopian tubes and inhibited tube
inflammation.

Conclusion: We conclude that this approach represents a promising cell-free
avenue to ameliorate infertility due to chronic salpingitis.

KEYWORDS

chronic salpingitis, macrophage polarization, NF-kB signaling pathway, mesenchymal
stem cell (MSC), extracellular vesicles

Abbreviations: CT, Chlamydia trachomatis; MSCs, Mesenchymal stem cells; MSC-EV, Mesenchymal stem
cells-derived extracellular vesicles; MSC-CM, Mesenchymal stem cells-conditional medium; hucMSC-
EV, human umbilical cord mesenchymal stem cell-derived extracellular vesicles; WHO, World Health
Organization; MST1, Mammalian sterile 20-like kinase 1
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GRAPHICAL ABSTRACT

1 Introduction

Having a healthy and happy baby is vital to the wellbeing of
millions of families; however, ~15% of couples worldwide
(~50 million couples) experience infertility (Tsevat et al., 2017).
In 2013, the World Health Organization (WHO) estimated that 25%
of couples in developing countries could not meet their fertility
needs, with female infertility accounting for ~50% of infertility cases
(Newman et al.,, 2015). Tubal factor (fallopian tubes) infertility
accounts for ~10%-30% of female infertility (Tsevat et al., 2017).

Chlamydia trachomatis (CT) infection is the main cause of
fallopian tube obstruction and infertility, responsible for ~43% of
cases (Ruijin Shao et al, 2012). The infection persists in many
patients who received treatment, causing pathological damage and
ultimately leading to fibrosis and scar formation, damage to the
normal function of fallopian tubes, and, in serious cases, fallopian
tube obstruction and infertility (Haggerty et al., 2010).

The mechanism of fallopian tube injury caused by CT infection
remains unclear and may be related to ontogenetic factors, cytokine
activation, immune escape, and co-infection (Brunham, 2022). The
formation of fallopian tube scars is not only due to the destruction of
the fallopian tube epithelial cells by CT but also due to the
accumulation of inflammatory cells, release of cytokines, and
complement immune

activation of the system in the

microenvironment (Murthy et al., 2018). Macrophages play a
crucial role in the occurrence and development of inflammatory
diseases and are classified into two main types: M1, generated by

classical activation, and M2, generated by selective activation
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(Shapouri-Moghaddam et al.,
et al., 2021).
Mesenchymal stem cells (MSCs) are adult stem cells derived

2018; Galipeau, 2021; Pouyanfard

from mesoderm with high self-renewal ability and multidirectional
differentiation potential (Dominici et al., 2006; Andrzejewska et al.,
2019).

At present, MSCs are rarely used in the treatment of tubal factor
infertility, especially tubal infertility. Tubal infertility is closely
2022). The
formation of inflammatory adhesions is a mechanism that

related to inflammatory adhesions (Ling et al,

protects the body against external stimuli (Medzhitov, 2008). It
can limit inflammation, which is conducive to the repair of tissue
damage (Cooke, 2019; Yuan et al,, 2021; Li-Tao Shao et al., 2022);
however, under certain conditions, it can cause adhesion and
infertility (Hafner, 2015). MSCs exert their functions through the
paracrine pathway. In vitro and in vivo studies have confirmed that
the culture supernatant of MSCs can inhibit the abnormal activation
of T cells after co-culture in vitro (Negi and Griffin, 2020; Markov
et al., 2021). Injections of the culture supernatant of MSCs into a
mouse model of renal injury effectively reduced the area of injured
tissue (Erpicum et al., 2017). This suggests that factors in the culture
supernatant of MSCs exert functions similar to those of MSCs
themselves.

Treatments based on umbilical cord derived mesenchymal stem
cells (MSCs) have shown some promising achievements (V Yeung
etal, 2019). Our previous study showed that MSCs transplantation
can markedly reduce inflammation in salpingitis caused by CT
infection 2019). However, their

(Liao et al, potential
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tumorigenicity (Webber et al., 2015), low perfusion, low retention
and other limitations are still controversial, which limit the clinical
application of MSCs. In contrast, hucMSC-EV exhibit a similar
function to their source cells and are expected to overcome these
limitations. EV are tiny vesicles (40-100 nm in diameter) secreted
out of cells by membrane fusion (Pegtel and Gould, 2019). EV
contain active substances, such as nucleic acids and proteins, which
are transferred to target tissues to perform their functions (Simons
and Raposo, 2009; Pluchino and Smith, 2019). MSC-extracellular
vesicles (MSC-EV) participate in tissue-damage repair (Yin et al.,
2019; Vincent Yeung et al., 2022), immune regulation (Harrell et al.,
2019; Farhat et al, 2022), and reshaping of the immune
microenvironment (Seo et al., 2019). In addition, compared with
MSC treatment, exosome components are relatively simple, and
their structural characteristics enable them to reach the target tissues
with high efficiency, likely avoiding the risk of long-term abnormal
differentiation and tumor formation caused by stem-cell
transplantation in the host (Vizoso et al., 2017; Ning et al., 2018).

Our previous study showed that MSC transplantation can
markedly reduce inflammation in salpingitis caused by CT
infection (Liao et al., 2019). The role of MSCs in the repair and
reconstruction of inflammatory adhesions may be related to the
of different
inflammatory cells (Shi et al, 2018). In wvitro studies have

regulation inflammatory  environments and
confirmed that MSCs can promote the transformation of
macrophages into the M2 type through the paracrine pathway,
suggesting that MSC-induced M2 macrophages are important
components in the treatment of oviduct inflammatory injury
(Liao et al, 2019). Based on the results of our previous in vivo
and in vitro studies and literature reports, we propose the following
hypothesis: MSCs regulate macrophage polarization to the M2 type
by secreting extracellular vesicles and change the level of cytokines
secreted by macrophages, reducing local inflammatory responses in
the oviduct and promoting tissue-damage repair.

The aim of this study was to use hucMSC-EV to treat CT
salpingitis and explore the relationship between hucMSC-EV and
macrophage polarization in vitro and in vivo, as well as the
regulation of cytokine levels secreted by macrophages, to
provide new ideas for the treatment of salpingitis caused by
CT infection.

2 Methods
2.1 In vitro experiments

We collected fresh umbilical cords from full-term, cesarean
section puerperae. The puerperae had tested negative for
gestational diabetes mellitus, infection, fever, and autoimmune or
other diseases. The acquisition of the human umbilical cords (hucs)
was approved by the Ethics Committee of the Seventh Affiliated
Hospital, Sun Yat-sen University (KY-2022-007-01). The puerperae
were fully informed and consented.

The fresh umbilical cords were processed in a biosafety cabinet
within 6 h. First, the cords were rinsed twice with 1xPBS containing
100 U/mL penicillin and 100 mg/mL streptomycin (BL505A;
Biosharp, Hefei, China). Arteries, veins, blood vessels, and
epithelial cells were removed under aseptic conditions to obtain
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Wharton’s jelly, which was cut into 1 mm® pieces and placed at the
bottom of T25 culture flasks. The flasks were incubated at 37°C with
5% CO, for 30 min. Next, 1.5 mL DMEM/F12 medium containing
15% FBS (164210; Procell, Wuhan, China), 100 U/mL penicillin, and
100 mg/mL streptomycin was added to fully soak the pieces. The
flasks were placed in a 37°C incubator with 5% CO,, and the medium
was gently replaced every 3 days. Approximately 10 days later,
fibroblast-like MSCs were observed around the umbilical cord
pieces. The umbilical cord pieces were removed, and the cells
were marked as passage zero.

To investigate the capacity of the isolated MSCs to adhere to
plastic in standard culture conditions, we used an inverted phase-
contrast microscope (ECLIPSE Cl; Nikon, Japan). MSCs were
identified using flow-cytometric analysis (FACSCalibur™;
Becton Dickinson) to detect cell surface markers (CD19,
CD34, CD45, CD73, CD90, CD105, and HLA-DR). When
90%-100% confluency was reached, we used trypsin to prepare
cell suspensions at a concentration of 1 x 106 cells/mL. Cells were
incubated with antibodies on ice under dark conditions for
30 min. Cells were washed thrice with 1 x PBS to remove the
uncombined antibodies and analyzed using a flow cytometer
within 1 h.

2.2 Differentiation of HucMSCs

To evaluate differentiation capacity, MSCs were cultured with
osteogenic (PD-003; Procell, Wuhan, China) or adipogenic media
(PD-004; Procell, Wuhan, China) according to protocols. The
medium was replaced with a fresh differentiation medium every
3 days. After 3 weeks, the medium was removed, and the cells were
washed thrice with 1 x PBS, fixed with 4% neutral formalin for
15 min, and washed thrice with 1 x PBS. The osteogenic and
adipogenic cells were stained with alizarin red S (ARS) and oil
red O, respectively, for 30 min at 22-25°C and washed thrice with
PBS, and observed under a microscope.

2.3 Extraction of hucMSC-EV

We used ultracentrifugation to collect extracellular vesicles
from the culture supernatant of hucMSCs (3rd-5th passage cells).
When cell density reached 70%-80%, we removed the medium,
washed the cells thrice with 1xPBS, and added serum-free DMEM/
F12 for 48 h to exclude the influence of EV from fetal blood serum.
We collected the culture supernatant and collected EV
immediately or froze them at —80°C. The culture supernatant
was centrifuged at 10 000 x g for 45min at 4°C to remove
unwanted cells and cell debris. To obtain higher-purity EV, the
collected supernatant was filtered through a 0.22-pm filter
(SLGP033RB-0.22; Merck Millipore, United States) and
ultracentrifuged (JXN-30; Beckman, United States) at 108 000 x
g for 70 min at 4°C (Optima L-90K; Beckman, United States). The
supernatant was discarded, and the pellet was resuspended in
I1xDulbecco’s phosphate-buffered saline (DPBS) to remove
unwanted proteins. The samples were ultracentrifuged at
108 000 x g for 70 min at 4°C and resuspended in 200 pL of
1xDPBS to obtain high-density, pure EV.
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2.4 ldentification of hucMSC-EV

2.4.1 Electron microscopy

Twenty microliters of extracellular vesicles suspension were
transferred onto a copper grid with a carbon film for 3-5 min. A
2% phosphotungstic acid solution was added to the copper grid.
After 1-2 min to allow for staining, excess liquid was blotted using
filter paper, and the grid was left to dry at room temperature. The
cuprum grids were observed under TEM (HT7800; HITACHI,
Japan), and images were captured.

2.4.2 Western blot

The adherent cells were scraped off the dish using trypsin or a
plastic cell scraper, and the cell pellet was collected after
centrifugation. To acquire cell lysates, RIPA buffer (P0013B;
Beyotime, Shanghai, China) was added to the cell pellet on
ice. After 30 min, the cell lysate was centrifuged at 4°C for
10 min to remove the dissolved pellet. A BCA kit (P0012;
Beyotime, Shanghai, China) was used to quantify protein.
After adding the appropriate loading buffer, each cell lysate
was boiled at 100°C for 10min. A 10% SDS-PAGE was
prepared using a PAGE gel fast preparation kit (PG112;
EpiZyme, Shanghai), and equal amounts of protein were
loaded into the wells, along with a molecular weight marker
(26616; Thermo Fisher, United States). The gel was run for
50 min at 150V. Proteins were transferred to PVDF
membranes (IPVH00010; Merck Millipore, United Statesa)
and blocked for 1h in 5% skim milk (LP0033B; Oxoid,
United Kingdom) at room temperature. The membranes were
incubated overnight at 4°C with primary antibodies from
Proteintech (Rosemont, IL, United States) against CD81
(27855-1-AP, rabbit; 1:1000), Tsgl01 (28283-1-AP, rabbit; 1:
2000), calnexin (10427-2-AP, rabbit; 1:20000), P65 (10745-1-
AP, rabbit; 1:1000), TLR4 (19811-1-AP, rabbit; 1:1000),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 10494-
1-AP, rabbit; 1:1000), and tumor necrosis factor receptor-
associated factor 6 (TRAF6) (#67591, rabbit; 1:1000) (Cell
Signaling Technology, Beverly, MA, United States). The
membranes were washed thrice with PBST (10 min per wash),
re-probed with HRP-conjugated Affinipure Goat Anti-Rabbit
IgG (SA00001-2; 1:10,000, Proteintech) at room temperature
for 1 h, and washed thrice with PBST (10 min per wash). The
membranes were covered with chemiluminescent HRP substrate
(WBKLS0100; Merck Millipore, United States), and images were
acquired using a ChemiDoc Touch Imaging System (1708370;
Bio-Rad, United States). The gray value of the target protein
bands was quantified using Image]J 1.53k software, using GAPDH
for normalization.

2.4.3 Nanoparticle Tracking Analysis

To measure the particle size of purified hucMSC-EV, we chose
Nanoparticle Tracking Analysis using NanoSight (NS300; Malvern,
United Kingdom). The hucMSC-EV suspension (20 pL) was diluted
to 1 mL using 1xDPBS, and the diluent was pumped into the
NanoSight device avoiding air bubbles.

Frontiers in Physiology

10.3389/fphys.2023.1131701

2.5 Animal experiments

2.5.1 Establishment and treatment of the murine
chronic salpingitis model

Four-week-old male and female C3H mice were obtained
from VITAL RIVER (Beijing, China) and housed in an SPF
barrier system in appropriate facilities (certificate number:
SYXK [Guang-dong] 2015-0102), attached
Supplementary Figure S1 for the flow chart of the experiment.

seeing  the

All animal experiments were conducted according to the
of the Institutional Animal Care and Use
Committee at Sun Yat-sen University Cancer
(Certificate Number: KY-2022-007-01).

The 24 female C3H mice were subcutaneously injected with
2.5 mg of medroxyprogesterone at days 3 and 7. After 1 week, the
female mice were transvaginally injected with 1 x 107 inclusion-
forming units MoPn chlamydia (ATCC VR-123TM; United States).
To prevent chlamydia flow out of the vagina, the mice were hung

regulations
Center

upside down for 1 min after injection.

After 2 weeks, the female mice were randomly divided into
three groups—hucMSC-EV, DPBS, and DMEM—of eight mice.
The mice in the hucMSC-EV group were transvaginally injected
with 25 pL of 100 pg/mL hucMSC-EV three times every 3 days.

After 2 weeks, three mice from each group were randomly
selected to be sacrificed. The enterocoelia were exposed to
observe the fallopian tubes and acquire images. The fallopian
tubes were dissected in a 4% paraformaldehyde solution or liquid
nitrogen for subsequent detection. To test the fertilization capacity
of female mice, the remaining five female mice of each group were
cohoused with two male mice in a cage for 2 weeks. When the
vaginal plug was observed, the female mouse was considered
fertilized; feeding continued for 7 days to determine the presence
of embryos in the uterus, whereby, female mice were marked as
pregnant.

2.5.2 Histology and immunofluorescence

Fresh fallopian tubes were fixed in 4% paraformaldehyde
(BL539A; Biosharp, Hefei) for >24 h, and then was dehydrated,
paraffin-embedded, and cut into 4-um-thick sections, The sections
were deparaffinized, rehydrated using Xylene and alcohol gradients,
and stained with Hematoxylin and Eosin (H&E). The stained
were dehydrated and sealed with neutral gum.
Observation, image acquisition, and analysis were performed

sections

under a microscope.

We used immunofluorescence to identify macrophages in
the fallopian tubes. The slides were deparaffinized, rehydrated,
and immersed in EDTA antigen retrieval buffer (pH 8.0). After
blocking with serum, the slides were incubated with
CD206 primary antibody (GB13438, Rabbit; Servicebio; 1:
500), followed by CY3-conjugated Affinipure Goat Anti-
Rabbit IgG secondary antibody (GB21303; Servicebio; 1:300).
DAPI was used for nuclear staining. The slides were
coverslipped using an antifade mounting medium. Images
were obtained using fluorescent microscopy (ECLIPSE Cl;
Nikon, Japan).

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1131701

Zhang et al.

2.6 RAW264.7 macrophage uptake of
membrane components

RAW?264.7 (Donated by Professor Deng Wuguo from Sun Yat-
Sen University Cancer Center) cells were To verify that macrophage
RAW264.7 cells could uptake membrane components of the
hucMSC culture supernatant, the PKH67 Green Fluorescent Cell
Linker Mini Kit (MINI67-1KT; Sigma, Germany) was used. Twenty
microliters of PKH67 solution were mixed with 10 mL of hucMSC
culture supernatant. RAW264.7 cells were plated in 6-well culture
dishes; when 70%-80% confluency was reached, the cells were
washed thrice with 1xPBS. For nuclear staining, DAPI (C0065-
10; Solarbio, Beijing) was added to the wells for 10 min at room
temperature. After washing thrice with 1xPBS, the PKH67 working
solution was added; the plates were incubated at 37 °C and 5% CO,
for 1h. After washing thrice with 1xPBS, observation and image
collection were performed using fluorescent microscopy.

2.7 Cell culture

The mouse RAW264.7 macrophages were cultured in DMEM
(Gibco, United States) with 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin and maintained under standard culture
conditions.

2.8 RAW264.7 macrophages uptake
hucMSC-EV

We used live-cell imaging to verify hucMSC-EV uptake by
RAW264.7 macrophages. First, a working solution was prepared
by mixing 100 pg hucMSC-EV, 0.1 mL Alexa Fluor 488 dye, and
10 mmol sodium carbonate in 1 mL 1xPBS, followed by incubation
with RAW264.7 cells. Images were obtained at 3 h using confocal
microscopy (FV300; Olympus, Japan).

CellTracker™ Red CMTPX Dye (C34552, ThermoFisher,
United States) can enter and stay in live cells, and can emit
602 nm light excitated by 577 nm excitating light. Incubated EV
with CellTracker™ Red CMTPX Dye for 30 min at 37°C, and
centrifuged the EV to remove the uncombined CellTracker™
working solution. Added the labeled EV into RAW264.7 cells
and took images with inverted fluorescence microscope (DMi8,
Leica, Germany). If RAW264.7 cells could uptake exosoems, we
can see red light in RAW264.7 cells.

2.9 Quantitative PCR

RAW264.7 cells (1 x 10°) were seeded in 6-well dishes. When
40% confluency was reached, the medium was replaced with
complete DMEM (containing 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin), and, for the LPS group, 100 ng/mL LPS.
After 8 h, the medium was replaced with fresh complete DMEM, in
which 20 uL DMEM or DPBS or 1 mg/mL hucMSC-EV solution was
added. Cells were collected after 12 h. Total RNA was extracted
using a RaPure Total RNA Micro Kit (R4012-02; Magen, Shanghai)
according to standard protocols. cDNA (from 1 pg mRNA) was
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generated using the Fast All-in-One RT Kit (RT001; ES Science,
Shanghai). mRNA expression was assessed using quantitative
(qRT)-PCR with SYBR qPCR Mix (Q311; Vazyme, Nanjing) in
Bio-Rad CFX996 and analyzed using the Bio-Rad manager software
(Bio-Rad, Hercules, CA, United States) normalized to GAPDH.
Results were calculated using the 27**“T method. cDNA was then
amplified via PCR using the primer sequences listed in
Supplementary Table S1.

2.10 ELISA

We used an ELISA kit to measure the levels of TNF-a, IL-1B, and
IL-10 (KE10002, KE10003, KE10008; Proteintech, United States of
America) in the culture supernatant. The experimental method follows
that described for qRT-PCR. After adding hucMSC-EV for 48 h, the
culture supernatant was collected. Following centrifugation at 500 x g
for 5 min, the culture supernatant was stored at —20°C. The microplate
strips were removed, and the microwells were placed in the strip holder.
One hundred microliters of each sample were added to the appropriate
wells, and the plate was incubated for 2h at 37°C in a humid
environment. After washing the wells 4 times with 1 x Wash Buffer,
100 pL of 1 x antibody detection solution was added, followed by
incubation for 1h at 37°C in a humid environment. After washing,
100 uL of 1 x HRP-conjugated antibody was added to each well,
followed by incubation for 40 min at 37°C in a humid environment.
After washing, 100 uL of TMB substrate solution was added to each
well, followed by incubation for 15 min at 37°C in the dark. Stop
solution (100 puL) was added, and absorbance at 450 nm was read
immediately on a microplate reader. (BioTek, Synergy HIM) Cytokine
concentrations were calculated according to the standard curve.

2.11 Statistical analysis

Data were processed using SPSS 20.0 statistical software (IBM,
Armonk, NY, United States). The data are shown as the mean +
standard deviation from at least three independent experiments.
Comparisons among multiple groups were performed using one-
way analysis of variance (ANOVA) and Tukey’s test. Data between
two groups were compared using the unpaired t-test or
Kruskal-Wallis test. Statistical significance was set at p < .05.

3 Results
3.1 Extraction and identification of HucMSCs

The high quality of the extracted hucMSCs was identified based
on three properties: adherence capacity, differentiation ability, and
presence of surface markers, according to the criteria proposed by
the mesenchymal and tissue stem cell Committee of the
International Society for Cellular Therapy. As shown in
Figure 1A, MSCs climbed outward from the central umbilical
cord block and could adhere to the wall for growth. Osteogenic
and adipogenic experiments verified the differentiation potential of
the cells. After a 3-week induction and culture in an osteogenic

differentiation medium, MSCs successfully differentiated into
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FIGURE 1

Comp-FL6-H : APC-H Comp-FL1-A : FITC-A

Identification of hucMSCs. (A) HucMSCs were isolated and purified through their physical adherence to the plastic cell culture plate. (B) Alizarinred S
staining demonstrated that mineralized nodules were formed in the hucMSCs 3 weeks after osteogenic induction. (C) Oil-red-O staining showed lipid-
rich vacuole formation in the mouse BM-MSCs after 3 weeks of adipogenic induction. (D—F) Flow cytometry analysis showed that these cells were
positive for MSC markers CD73 (D), CD90 (E), and CD105 (F). (G—J) Cells were negative for B cell marker CD19 (G), endothelial cell marker CD34 (H),
pan-leukocyte marker CD45 (l), and stimulated immune cell marker HLA-DR (J).

osteoblasts (Figure 1B); calcium deposition could be observed using
ARS staining. After a 3-week induction and culture with an
adipogenic medium, MSCs  successfully
differentiated into adipocytes (Figure 1C). Using oil red O
staining, red lipid droplets in the cells were observed.

We further verified that our isolated and cultured cells were
MSCs using flow cytometry. As shown in Figures 1D-F, the positive
markers, CD73, CD90, and CD105, on the surface of MSCs were
expressed in >99% of the cells. Figures 1G-] shows that the
expression rate of MSC negative markers and exclusion proteins,
CD19, CD34, CD45, and HLA-DR, on the cell surface was <1%.

differentiation

3.2 Identification of hucMSC-derived EV

To evaluate whether the extracted EV conformed to
international standards, we separated and extracted extracellular
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vesicles using ultracentrifugation. Figures 2A-D showed size
distribution and schematic illustration of hucMSC-EV measured
from NanoSight and then we observed isolated structures using
projection electron microscopy. The results are shown in Figure 2E.
We observed a double concave disc-shaped vesicle structure with a
diameter of ~100 nm. Using NTA, the peak particle size of
extracellular vesicles was estimated at 142 nmj; particle size was
within the 40-100 nm range and complied with international
standards (Figure 2C). Further verification using western blotting
(WB) showed that the extracellular vesicle structure expressed the
membrane protein CD81 and intracellular protein TSG101 but not
calnexin (located in the endoplasmic reticulum). In contrast,
hucMSCs expressed TSG101 and calnexin, and the expression of
CD81 was substantially lower than that of the extracted MSC
extracellular vesicle structure (Figure 2F). Therefore, we
successfully  extracted hucMSC-EV  that
international standards.

conformed to

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1131701

Zhang et al.

Particle Size Distribution

0 400 500 600 700 800 900 1000
Diameter (nm)

c NTA Result

42

142nm

= Lons »
(=] w (=]

Concentration (particles / mL)

o
n

1
0 B 495 ses 770 50935 g0s

0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

5 —? 7 100.um

FIGURE 2

10.3389/fphys.2023.1131701

Particle Size Distribution in 3D

Diameter (nm)

Item Mean + SE
Concentration o 8
(Particles / mL) 1.78%10°+ 1.08x10
Average Particles
N Gant) 1602+ 1.1
Modal Particles
Size (nm) 1419+3.4
Particles Size 10% (nm) 1255+ 1.5
Particles Size 50% (nm) 152.1+1.2
Particles Size 90% (nm) 197.4+3.2

hucMSC hucMSC-EV

CD81 ‘ 25 kDa
Tsgl01| S— - 44 kDa
Calnexin - 90 kDa

Identification of hucMSC-EV. (A, B) Size distribution and schematic illustration of hucMSC-EV measured from NanoSight. (C) NanoSight measure of
the particle diameter of hucMSC-EV. (D) A table for particle concentration, average particle size and modal particle size. (E) Transmission electron
micrographs of hucMSC-EV. (F) Western blotting identified the positive exosome protein markers CD81 and Tsg101 and negative exosome protein

marker Calnexin

3.3 hucMSC-EV alleviated tubal factor
infertility caused by CT infection and
increased the pregnancy rate of nude mice

We successfully induced a mouse model of tubal inflammatory
infertility caused by CT infection. To verify that hucMSC-EV can
alleviate salpingitis and improve the pregnancy rate in pathogenic
animals, mice were first divided into hucMSC-EV, DPBS, and
DMEM groups, as shown in Figures 3A-F. After hucMSC-EV
treatment, local hyperemia and the inflammatory hydrosalpinx in
the mouse oviduct and uterus were considerably reduced compared
with those in the control group. In contrast, local hyperemia and
hydrosalpinx were observed in the DPBS and DMEM groups. H&E
tissue staining showed that the structure of oviduct villi in the
hucMSC-EV group was complete, while the villi structure in the
DPBS and DMEM groups almost disappeared, with evident tissue
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expansion due to ponding (Figure 3G-L). The above results showed
that hucMSC-EV can significantly improve reproductive tract
congestion and the inflammatory response in pathogenic mice.

In the next experiment, we examined whether the pregnancy
rate in these mice could be improved. As shown in Figures 3M, N, all
five mice in the hucMSC-EV group were pregnant, compared with
none in the DPBS group and one in the DMEM group. The above
results further verified that the application of hucMSC-EV could
significantly improve the reproductive tract congestion and
inflammatory response of pathogenic mice, thereby improving
the pregnancy rate.

To further explore the molecular mechanism and signaling
pathway of hucMSC-EV in alleviating the inflammatory response
in pathogenic mice, we detected the proteins p65 and TLR4 related
to the inflammatory signaling pathway. We prepared protein
samples and carried out WB analysis using oviduct tissues from
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FIGURE 3

The therapeutic effect of hucMSCs on a murine model of chronic salpingitis and molecular mechanism. (A—L) Representative photographs and H&E
microphotographs of mice fallopian tubes in the murine chronic salpingitis model. (M, N) The pregnancy rate table and graph of each group. (O, P)
Representative western blots of P65 and TLR4 in the mice fallopian tubes from each group (O) and the relative protein expression (P); band intensities
were normalized against the corresponding GAPDH.
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FIGURE 4

Immunofluorescence of CD206 showing M2 macrophages in the murine fallopian tubes in each experimental group (A-1). Immunofluorescence of
CD206 (red) showing M2 macrophages in the murine fallopian tubes in hucMSC-EV group (A, D, G), DPBS group (B, E, H), and DMEM group (C, F, 1).

the three mice groups (Figures 30, P). The expression levels of
p65 and TLR4 in the hucMSC-EV group were significantly lower
than those in the DPBS and DMEM groups. These results suggest
that p65 and TLR4 may play an important role in the hucMSC-EV-
mediated alleviation of oviduct inflammation.

3.4 hucMSC-EV induced macrophage
polarization from M1 to M2

To explore whether hueMSC-EV play a crucial role in tubal factor
infertility by regulating macrophage polarization, we labeled CD206 with
immunofluorescence to show the distribution of M2 macrophages in
tubal tissue. The results revealed (Figure 4) that the number of
M2 macrophages in the hucMSC-EV group was considerably higher
than that in the DPBS and DMEM groups, suggesting that hucMSC-EV
may inhibit the oviduct inflammatory response caused by chlamydia
infection by inducing macrophage polarization from the M1 to M2 type.

3.5 Macrophages ingest membrane
components of HucMSC culture
supernatant and hucMSC-EV in vitro

How do hucMSC-EV induce macrophages to polarize from M1 cells
to M2 cells to alleviate salpingitis? To further explore the molecular
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mechanism of the macrophage program, we conducted the following
experiments. As shown in Figures 5A-C, we first labeled membrane
components in the hueMSC culture supernatant using PKH67 (green
fluorescence) and nuclei using DAPI (blue fluorescence). After fusion, we
found that the green fluorescence signal (model component) surrounded
the blue nuclei, indicating that macrophage RAW264.7 cells can swallow
membrane components in the hucMSC culture supernatant.

Additionally, we used CellTracker™ Red CMTPX Dye to label
EV. Fluorescent microscopy showed that the red signal coincided
with macrophages, verifying that macrophages could phagocytose
EV (Figures 5D,E).

Next, we explored whether hucMSC-EV could reverse the M1-
type macrophages to the M2 type.

We first treated macrophages separately with LPS and hucMSC-
EV and detected the surface marker proteins of M1 and
M2 macrophages using RT-PCR to verify the role of hucMSC-
EV. As shown in Figures 5F-H, after treatment with 100 ng/ml of
LPS, the transcription level of iNOS in M1 macrophages increased
significantly, while that of CD206 in M2 macrophages decreased
When hucMSC-EV  and LPS were present
simultaneously, the iNOS in
M1 macrophages was not significantly different from that in the

significantly.
transcription  level  of
untreated group, while the transcription level of CD206 in
M2 macrophages was significantly different from that in the
other three groups. LPS and hucMSC-EV had no significant
effect on the expression of macrophage general marker F4/80.
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FIGURE 5

hucMSC-EV uptake by mouse RAW264.7 macrophages and hucMSC-EV-mediated polarization of RAW264.7 cells. (A—C) Immunofluorescence
image showing the uptake of membrane components of hucMSC culture supernatant by RAW264.7 cells. (D, E) Immunofluorescence image indicating
RAW264.7 cell uptake of hucMSC-EV. (F-H) Gene expression profiles of macrophage subtype markers in RAW264.7 cells in each group (n = 3). Data are
expressed as the mean + SD. Statistical significance was determined using one-way ANOVA followed by an unpaired t-test or Kruskal-Wallis test.

*p < .05, **p < .01, ***p < .001

The above results indicate that hucMSC-EV can reverse LPS-
induced macrophage transformation and promote the conversion
of M1-type to M2-type macrophages.

3.6 hucMSC-EV reverse p65 and

TRAF6 expression in LPS-induced
macrophages and promote IL-10
transcription

To further explore the molecular mechanism by which
hucMSC-EV polarization, we treated
macrophages with hucMSC-EV and LPS in vitro cell experiments
and verified the expression of p65 and TRAF6 proteins using WB.
As shown in Figures 6A,B, LPS significantly upregulated the
expression levels of p65 and TRAF6, while simultaneous
treatment of macrophages with LPS and hucMSC-EV did not

induce macrophage
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result in significant increases in the expression levels of p65 and
TRAF6. These results indicate that hucMSC-EV can reverse these
processes through the p65/TRAF6 pathway.

M1 macrophages usually secrete proinflammatory cytokines and
IL-1B, while M2 macrophages usually secrete anti-inflammatory
cytokine IL-10. Could hucMSCs promote the expression of anti-
inflammatory cytokine IL-10? The results show (Figures 6C-H) that
LPS treatment significantly increased macrophage TNF-a and IL-1f
mRNA transcription and secretion levels, whereas treatment with
hucMSC-EV downregulated the transcription and expression levels
of both factors. Furthermore, LPS significantly reduced the mRNA
transcription and secretion level of IL-10 in macrophages, while
hucMSC-EV  significantly upregulated the transcription and
expression level of IL-10. The above results show that hucMSC-
EV can reverse the expression of p65 and TRAF6 proteins in
macrophages induced by LPS and promote the transcription and
secretion of IL-10.
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FIGURE 6

hucMSC-EV regulate p65, TRAF6, and cytokine transcription and expression. (A, B) Representative western blots of p65 and TRAF6 in RAW264.7 cells
from each group (A) and the relative protein expression (B); band intensities were normalized against the corresponding GAPDH. (C—E) mRNA expression
levels of cytokine genes in RAW264.7 cells treated with LPS for 8 h and hucMSC-EV for 12 h (n = 3). (F=H) Concentration of cytokines TNF-a (F), IL-1p (G),
and IL-10 (H) in the culture supernatant of RAW264.7 cells treated with LPS for 8 h and hucMSC-EV for 48 h (n = 4). Data are expressed as the
mean + SD. Statistical significance was determined using one-way ANOVA followed by an unpaired t-test or Kruskal-Wallis test. *p < .05, **p < .01,

**5p < 001,

4 Discussion

WHO has predicted that infertility will become the third major
disease in the 21st century (Mascarenhas et al., 2012). The most
common cause of infertility is salpingitis caused by CT, with up to
70% of patients being asymptomatic (Yonke et al., 2022); lack of
appropriate treatment in undiagnosed cases can lead to infertility
(Hafner, 2015). Here, we demonstrated the functional significance of
hucMSC-derived EV in infertility caused by CT-induced salpingitis
in vitro and in vivo and the possible mechanisms of hucMSC-EV.
hucMSC-EV reduced the congestion and inflammation in fallopian
tubes caused by the CT infection and increased the pregnancy rate of
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nude mice. Regarding the molecular mechanism, we found that
hucMSC-EV, through the NF-«B signaling pathway, can induce
macrophages to transform from the M1 to the M2 type and inhibit
tubal factor infertility (Figure 7). These results lay a solid foundation
for the future clinical applications of EV to inhibit CT inflammatory
infertility.

EV can be obtained from a variety of specimens, including cell
culture supernatants and various body fluids, such as blood and
urine (Logozzi et al., 2020). MSC-derived EV play an increasingly
important role in intracellular communication and tissue repair (Joo
etal,, 2020; Lin et al., 2022). Compared with living cells, their clinical
application may offer significant advantages because they may
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FIGURE 7

hucMSC-EV treat salpingitis by promoting macrophage

polarization from M1 to M2 and inhibiting the TLR4 signaling pathway
hucMSC-EV downregulated M1 macrophages and cytokines TNF-a
and IL-1p and upregulated M2 macrophages and cytokine IL-10.
hucMSC-EV downregulated the TLR4, TRAF6, and p65 proteins to
treat salpingitis and upregulated the pregnancy rate.

reduce adverse side effects after application, as well as infusion
toxicity, uncontrolled cell growth, and possible tumor formation
(Liang et al.,, 2014; Qiu et al., 2019; Weng et al., 2021).

The use of hucMSC-EV has shown beneficial effects in a variety
of diseases, such as lung disease (Willis et al., 2020; Willis et al.,
2021), oxygen-Induced multi-organ disease (Fernandez-Gonzalez
et al,, 2021), preeclamptic lung Injury (Taglauer et al., 2022),
various detrimental sequalae of hyperoxia exposure (Reis et al.,
2021), cornea disease (McKay et al., 2021), hepatic fibrosis (Rong
etal., 2019), etc. In rat calvarial defects, miR-196a (Qin et al., 2016),
miR-27a, and miR-206 (Lai et al.,, 2022) positively regulate the
expression of osteogenic genes and osteoblast differentiation to
stimulate bone formation (Liu et al., 2018). In a mouse model of
Alzheimer’s disease, miR-21 and miR-181c effectively reduced
amyloid-p accumulation and increased synaptic protein
expression and miR-21 levels in the brains of APP/PS1 mice
(Cui et al, 2018). EV inhibited the hypoxic activation of
STATS3 signaling and upregulation of miR-204 and miR-17 in a
mouse model of suppressed pulmonary hypertension (Lee et al.,
2012). Inhibition of the IL-6-related signaling pathway by miR-
455-3p in a mouse model of acute liver injury suppressed
monocyte/macrophage overactivation and reduced injury (Shao
M et al.,, 2020). In a rat model of acute kidney injury, the renal
injury was suppressed by improving oxidative stress and apoptosis,
and cell proliferation was promoted by activation of ERK1/2 in
vivo and in vitro (Ullah et al., 2020). Inhibition of myofibroblast
formation and TGF by miR-21, miR-23a, miR-125b, and miR-145
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in a mouse model of skin disease- p 2, TGF- p R2 and
Smad2 pathways, thereby inhibiting a-SMA expression and
decreasing collagen I deposition (Hu et al., 2020). EV act on
TRAF1-mediated macrophage polarization, thereby treating
severe steroid-resistant asthma. Treatment of cerebral ischemic
injury with miR-542-3p prevented ischemia-induced glial
inflammatory response by inhibiting TLR4 (Cai et al., 2021).
Many studies have also explored the use of hucMSC-EV or
their secretomes to treat COVID-19 infection with promising
results (Meng et al., 2020; Sengupta et al,, 2020; Tang et al,
2020; Hashemian et al., 2021).

At present, MSCs are rarely used in the treatment of tubal
factor infertility. Our previous study showed that MSC
transplantation significantly the degree of
inflammation in salpingitis caused by CT infection (Liao et al,,
2019). In this study, we demonstrate that hucMSC-EV can reduce
salpinx congestion and inflammatory reactions caused by CT

can reduce

infection and improve the pregnancy rate of nude mice.
Therefore, we speculate that the role of MSCs in the repair
and reconstruction of inflammatory adhesions may be related
to the immunoregulatory effects of MSCs under different
inflammatory environments and on other inflammatory cells.
Some studies have confirmed that MSCs can promote the
transformation of M1 macrophages to the M2 type through the
paracrine pathway (Xin et al., 2020; Li et al., 2022; Teng et al,,
2022; Zhang et al., 2022), suggesting that M2-type macrophages
are important in the MSC-mediated treatment of salpingitis.
used CT
inoculation to generate a mouse model of salpingitis.
hucMSC-EV  were used to treat CT salpingitis, and the
therapeutic effects were evaluated. We found that membrane

Based on previous studies, we intravaginal

components in the supernatant of hucMSCs could be engulfed by
M1 macrophages, inducing M2-type polarization. Furthermore,
the number of M2 macrophages in the hucMSC-EV group was
substantially higher than that in the other groups, suggesting that
hucMSC-EV  can inhibit tubal caused by
chlamydial infection by inducing macrophage polarization

inflammation

from the M1 to M2 type. However, the molecular mechanism
by which hucMSC-EV induce macrophage polarization remains
unknown.

NF-«B is a major transcription factor with a key role in the
immune response (Xu et al., 2019; Barnabei et al., 2021; Luo et al.,
2022). Strict regulation of the NF-kB signaling pathway is
essential for maintaining immune homeostasis (Mitchell and
Carmody, 2018; Yu et al., 2020). Uncontrolled hyperactivation
of this pathway may lead to excessive inflammation and
ultimately to various pathological conditions (Taniguchi and
Karin, 2018).

NEF-kB acts via two signaling pathways: a typical pathway that
mediates inflammatory responses (Barnabei et al, 2021) and an
atypical pathway that participates in the differentiation and
maturation of immune cells (Hayden and Ghosh, 2011) and
secondary lymphoid organogenesis (Hahn et al, 2016; Sun,
2017). Inhibition of NF-«kB
immunosuppression in inflammation and tumors (Li et al,

activation can  promote
2020); in contrast, stimulation of NF-kB activation promotes
immunity and activates CD8" T cell cytotoxicity (Yatim et al,

2015). In patients with multiple sclerosis, related gene alterations
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led to the enhancement of the NF-«B signaling pathway, enhancing
the inflammatory response (Leibowitz and Yan, 2016). The
degradation of NF that induces autophagy « B-rela cells,
restoring NF k After B activity, tumor-associated macrophages
can be seen to polarize toward M2 (Qian M et al, 2020;
Korbecki et al.,, 2021; Zhang et al.,, 2022).

Inhibition of the nuclear translocation of NF-kB leads to
decreased transcriptional activity (Yu et al, 2020); when its
phosphorylation is inhibited, the inflammatory response is
suppressed (Baldwin, 2012). Valsartan is the latest generation
of angiotensin II receptor antagonists, which can reduce NF-kB
nuclear translocation, decrease its expression, inhibit NF-kB-
related inflammatory pathways, and reduce the expression of the
inflammatory end products COX-2 and IL-1 (Dandona et al,
2003; Sun et al., 2018). In addition, inhibition of the NF-«xB
p65 signaling pathway can inhibit TNF-a-induced expression of
inflammatory mediators (Deng et al., 2010). The LPS-induced
NEF-kB signaling pathway can be selectively regulated to inhibit
the expression of proinflammatory genes, thereby inhibiting the
inflammatory response (Gao et al, 2022). In addition,
Mammalian sterile 20-like kinase 1 (MST1) attenuates NF-kB-
dependent inflammatory gene expression by phosphorylating
HOIP thus,
mechanism, promoting the regression of inflammation and

and, functions as a negative regulatory
preventing unnecessary tissue damage (In Young Lee et al., 2019).

To further explore the molecular mechanism and signaling
pathways of hucMSC-EV in reducing inflammation in pathogenic
mice, we detected the proteins p65 and TLR4, associated with the
inflammatory signaling pathway. The results show that the protein
expression levels of p65 and TLR4 were significantly downregulated
in hucMSC-EV, suggesting that p65 and TLR4 may play an
in the hucMSC-EV-mediated treatment of

salpingitis. Subsequently, we found that hucMSC-EV can reverse

important role
the expression of p65 and TRAF6 proteins in LPS-induced
macrophages and promote the transcription and secretion of IL-
10; therefore, hucMSC-EV can regulate the NF-kB signaling
pathway and induce macrophage-polarization from M1 to M2,
improving the local inflammatory microenvironment of fallopian
tubes.

Although we found that hucMSC-EV can downregulate the
NF-«B inflammatory signaling pathway, contributing to the
reduction of inflammation, several factors remain unknown: 1)
identification of the upstream molecules in the TLR4 signaling
pathway; 2) secretions comprise several substances, including
RNA, proteins, and other biological molecules, with yet
unresolved roles. In this regard, future investigations using
chip technology and bioinformatics may be useful; 3) the
potential anti-inflammatory effects and synergistic actions of
substances in the culture supernatant of hucMSCs, such as
growth factors and other types of cell vesicles, require
investigation; 4) in addition, application of hucMSC-EV to
studies of infertility caused by other factors, such as
endometritis caused by CT (Yang et al., 2021), remains open.
The above issues remain the direction and goal of our future
studies, and our efforts will be toward designing appropriate

experiments.
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5 Conclusion

CT infection can cause chronic salpingitis and infertility.
hucMSC-EV can induce macrophage polarization from the M1 to
M2 type through the NF-kB signaling pathway, thus improving
the local inflammatory microenvironment of the fallopian tube,
treating chronic salpingitis caused by CT infection, and
the Thus,
hucMSC-EV can be a promising, cell-free method to treat

ultimately improving reproductive outcome.

infertility due to chronic salpingitis.
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