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Abstract

BACKGROUND

Pelvic organ prolapse (POP) involves pelvic organ herniation into the vagina due
to pelvic floor tissue laxity, and vaginal structure is an essential factor. In POP, the
vaginal walls exhibit abnormal collagen distribution and decreased fibroblast
levels and functions. The intricate etiology of POP and the prohibition of trans-
vaginal meshes in pelvic reconstruction surgery present challenges in targeted
therapy development. Human umbilical cord mesenchymal stromal cells
(hucMSCs) present limitations, but their exosomes (hucMSC-Exo) are promising
therapeutic tools for promoting fibroblast proliferation and extracellular matrix
remodeling.

AIM
To investigate the effects of hucMSC-Exo on the functions of primary vaginal
fibroblasts and to elucidate the underlying mechanism involved.

METHODS

Human vaginal wall collagen content was assessed by Masson’s trichrome and
Sirius blue staining. Gene expression differences in fibroblasts from patients with
and without POP were assessed via RNA sequencing (RNA-seq). The effects of
hucMSC-Exo on fibroblasts were determined via functional experiments in vitro.
RNA-seq data from fibroblasts exposed to hucMSC-Exo and microRNA (miRNA)
sequencing data from hucMSC-Exo were jointly analyzed to identify effective
molecules.

RESULTS
In POP, the vaginal wall exhibited abnormal collagen distribution and reduced
fibroblast 1 quality and quantity. Treatment with 4 or 6 pg/mL hucMSC-Exo
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suppressed inflammation in POP group fibroblasts, stimulated primary fibroblast growth, and elevated collagen I
(Coll) production in vitro. High-throughput RNA-seq of fibroblasts treated with hucMSC-Exo and miRNA
sequencing of hucMSC-Exo revealed that abundant exosomal miRNAs downregulated matrix metalloproteinase 11
(MMP11) expression.

CONCLUSION

HucMSC-Exo normalized the growth and function of primary fibroblasts from patients with POP by promoting
cell growth and Coll expression in vitro. Abundant miRNAs in hucMSC-Exo targeted and downregulated MMP11
expression. HucMSC-Exo-based therapy may be ideal for safely and effectively treating POP.

Key Words: Pelvic organ prolapse; Exosomes; Fibroblasts; Human umbilical cord mesenchymal stromal cells; Extracellular
matrix; Collagen I

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our original article, titled “Exosomes derived from hucMSCs promote the growth and collagen production of
fibroblasts from pelvic organ prolapse through microRNAs” focused on a promising cell-free treatment for pelvic organ
prolapse (POP). Our study the first demonstrated that human umbilical cord mesenchymal stromal cell-derived exosome
(hucMSC-Exo) at certain concentrations could facilitate the growth and extracellular matrix remodeling of the primary
fibroblasts from POP. Morever, microRNA sequencing of hucMSC-Exos and high-throughput RNA sequencing of
fibroblasts exposed to hucMSC-Exos revealed that highly expressed exosomal microRNAs targeted and downregulated the
expression of matrix metalloproteinase 11 in fibroblasts, leading to the increased production of collagen I. These results
suggested that hucMSC-Exos could be a promising treatment for POP and may overcome current therapeutic difficulties.

Citation: Xu LM, Yu XX, Zhang N, Chen YS. Exosomes from umbilical cord mesenchymal stromal cells promote the collagen
production of fibroblasts from pelvic organ prolapse. World J Stem Cells 2024; 16(6): 708-727

URL: https://www.wjgnet.com/1948-0210/full/v16/i6/708.htm

DOI: https://dx.doi.org/10.4252/wjsc.v16.16.708

INTRODUCTION

Pelvic organ prolapse (POP) is characterized by the herniation of pelvic organs into the vagina due to laxity of the pelvic
supportive system. This disorder not only causes a wide range of physical symptoms, such as vaginal bulging sensation,
sexual dysfunction and obstructed defecation but also increases anxiety and decreases self-esteem, thereby imposing
heavy social and financial burdens on individuals with POP.

Several studies have reported that prolapsed pelvic tissue is aged and has exhausted collagen fibrils and a decreased
quantity and quality of fibroblasts, which results in a diminished ability to support pelvic tissues[1-7]. However, to date,
effective therapies for alleviating symptoms and achieving anatomical and functional resolution of POP have not been
established. The use of transvaginal polypropylene meshes in prolapse surgery was considered an effective treatment for
reducing the anatomic recurrence rate. However, in April, the Food and Drug Administration halted the use of surgical
mesh intended for the transvaginal repair of POP due to various severe complications[8-10], such as chronic pain and
especially mesh exposure and erosion[11]. Therefore, our effort to develop more effective medical treatments to increase
treatment options is warranted to facilitate the restoration of the biological function of fibroblasts from patients with POP.

Recently, mesenchymal stromal cell (MSC)-based therapy was introduced as a promising approach for regenerative
medicine due to its powerful functions, such as self-renewal, multipotency and immunoregulatory effects[12]. Among
other sources of MSCs, such as bone marrow, adipose tissue, and Wharton’s jelly, human umbilical cord MSCs
(hucMSCs) are usually regarded as medical waste and can be obtained without invasive operation or ethical disputes.
Thus, hucMSCs can be obtained safely and economically, and they are easy to produce in bulk[13]. Moreover, hucMSCs
show great potential to secrete cytokines and have been employed extensively in tissue repair in vivo and in vitro[14].
Notably, the role of hucMSCs in POP treatment has been investigated. For instance, the use of hucMSC-based
bioengineered grafts in sacrocolpopexy significantly improved the fiber content and mechanical properties of the vagina
in ovariectomized rhesus monkeys[15]. However, various unsolved problems, such as the heterogeneity of progeny stem
cells, potential tumorigenesis and immune rejection, limit the application of such grafts[16,17]. In addition, hucMSCs
were shown to promote tissue repair and regulate immunity primarily via paracrine factors rather than through hucMSC
differentiation[12,18]. In our previous study, we constructed an indirect coculture system that allowed the transfer of
soluble molecules instead of whole cells. The viability of primary vaginal fibroblasts was increased after coculture with
hucMSCs, which indicated that molecules secreted from hucMSCs promoted the growth of primary vaginal fibroblasts
from POP[19].
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Exosomes (Exos), as one of the main secretory mediators of hucMSCs, have garnered increasing interest as promising
cell-free treatments. Exos are nanosized (30-200 nm) cup-shaped extracellular vesicles containing small RNAs and
proteins and have bilayer membranes. These vesicles influence numerous biological processes of target cells[20] and lack
the risks of cell-based therapies mentioned previously. Several reports have suggested that Exo therapy can reduce mesh
exposure and promote the proliferation of capillaries at mesh implantation sites in vivo[21,22]. Furthermore, Exos derived
from MSCs were reported to induce extracellular matrix synthesis[23,24]. Since Valadi et al[25] first reported that
microRNAs (miRNAs) within Exos can be transferred to another cell and function at a new site, an increasing number of
studies have confirmed that Exo-containing miRNAs have major implications for intercellular communication.
Nevertheless, to date, the effects of hucMSC-derived Exos (hucMSC-Exo) on primary pelvic fibroblast function and the
underlying mechanisms are still not fully understood.

In this study, we aimed to investigate the effects of hucMSC-Exo on the functions of primary vaginal fibroblasts and to
elucidate the underlying mechanism involved. We confirmed the functional relevance of the collected hucMSC-Exo on
primary vaginal fibroblasts from different patients with POP. Fibroblasts cocultured with hucMSC-Exo exhibited
significantly increased cell viability and collagen I (Coll) production. Mechanistically, high-throughput miRNA
sequencing of hucMSC-Exo and RNA sequencing (RNA-seq) of fibroblasts exposed to hucMSC-Exo demonstrated that
highly expressed exosomal miRNAs downregulated the expression of matrix metalloproteinase 11 (MMP11) in
fibroblasts, contributing to the expansion of Coll. And Figure 1 is the graphical abstract of our study. Our findings may
lead to the development of promising approaches for normalizing the function of fibroblasts in patients with POP.

MATERIALS AND METHODS

Collection of vaginal tissue

After approval from the Obstetrics and Gynecology Hospital of Fudan University (No. 2023-106), full-thickness biopsy
samples of the prolapsed anterior vaginal wall (0.5 cm?) were obtained from patients who underwent laparoscopic-
assisted vaginal hysterectomy. Informed consent was obtained from all participants. The POP quantitative system[26]
was used for grouping: The POP group comprised participants with stages 3 and 4 POP (n = 10), and the non-POP group
consisted of patients with other benign gynecological diseases, such as hysteromyoma and adenomyosis. No patients had
a history of estrogen therapy, pelvic inflammation, serious systemic diseases associated with connective tissue or
malignant diseases. No differences in the clinical characteristics between the two groups were found (Table 1). To
maintain the consistency and viability of each collected sample, the tissues were separated by surgical scissors without
thermal injury and then transferred to the laboratory on ice to isolate fibroblasts aseptically within 20 min.

Histology

Tissue specimens were fixed in 10% buffered formalin and embedded in paraffin. The tissues were cut into 3-5-pm thick
sections and stained with Masson’s trichrome and Sirius Red. Collagen deposits were evaluated by brightfield and
polarized light microscopy.

Immunohistochemistry

Immunohistochemistry (IHC) was used to evaluate the expression of Coll in pelvic tissue and vimentin in both the
vaginal wall and primary fibroblasts. Paraffin-embedded sections and fixed cells were incubated with primary antibodies
(1:500, ab34710, Abcam, United States) overnight at 4 °C, followed by incubation with goat anti-polyvalent biotin-
streptavidin (HRP) (RCA054 Thermo Scientific, Waltham, MA, United States).

Primary fibroblast culture

Primary human fibroblasts were aseptically isolated from the vaginal wall following a previously described protocol[27].
The tissues were placed in sterile 100-mm culture dishes and washed 3 times with phosphate-buffered saline (PBS) (Cat.
no. B320K]; Basal Media, China) containing 1% penicillin-streptomycin-amphotericin B agent (Cat. no. C125C8; New Cell
& Molecular Biotech, China). Next, the tissues were cut into small pieces and digested in Dulbecco’s modified Eagle’s
medium (DMEM) (Cat. no. B320K], Basal Media, China) supplemented with 2% type IV collagenase (Cat. no. C5138-
500MG, Sigma-Aldrich, United States) at 37 °C for 45 min. Next, the mixture was centrifuged at 1000 rpm for 6 min at 4
°C, and the cell pellets were resuspended in DMEM supplemented with 10% fetal bovine serum (FBS) (Cat. no. 10099158,
Gibco, United States), which was replaced every 2-3 d, after which the cells were passaged at 90% confluence. The
primary fibroblasts were used within passage 7 for all experiments, and at least 3 independent specimens were used for
each experiment. Exos were isolated via ultracentrifugation at 120000 RCF for 18 h (overnight) (45Ti rotor, Beckman
Coulter, United States), after which the supernatant was collected as exosome-free FBS[28]. DMEM supplemented with
10% Exo-free FBS or hucMSC-Exo was used to culture fibroblasts until they reached 60% confluence for subsequent
functional experiments. All the incubations were performed at 37 °C with 5% CO.,.

Exo isolation, qualification and characterization

HucMSCs were purchased from Cyagen Company (Cat. no. HUXUC-01001, China) and expanded in basal medium (Cat.
no. HUXUB-90011, Cyagen, China) supplemented with 10% FBS + culture supplement (for hucMSCs) (FBS for hucMSCs,
Cat. no. HUXUB-05001, Cyagen, China) and 1% penicillin-streptomycin-amphotericin B agent (Cat. no. C125C8, New Cell
& Molecular Biotech, China). HucMSCs between passages 3 and 6 were used for subsequent experiments. Exo-free FBS
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Table 1 Clinical data of patients with and without pelvic organ prolapse

Parameters Non-POP POP Pvalue
Age (yr), mean + SD 52,5 +7.184 57.9 +11.03 Ns!
BMI (kg/m?), mean + SD 24.57 +3.655 23.3 +2.943 Ns!
Parity (1), mean + SD 1.8 £0.4216 1.2 £0.4206 NS
Menopause, 1 (%) 70% 50% NS’
POP stage, median (range) 0 3 (3-4) <0.0001

IIndependent sample ¢ test.

*Welch's ¢ test.

*Mann-Whitney test.

NS: Not significant; BMI: Body mass index; POP: Pelvic organ prolapse.

Exosomes derived from human umbilical mesenchymal stem cell promote
the proliferation and collagen1 production of fibroblasts

Optiaml hucMSC-Exo concentration Isolated from prolapsed vagina

[
[ O \ Prolapse
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Figure 1 Human umbilical cord mesenchymal stromal cell-derived exosome promote the growth and collagen production of primary
vaginal fibroblasts from patients with pelvic organ prolapse through microRNAs. hucMSC-Exo: Human umbilical cord mesenchymal stromal cell-
derived exosome; miRNA: MicroRNA; hucMSCs: Human umbilical cord mesenchymal stromal cells; IL: Interleukin.

(10%; Cat. no. HUXUB-90012; Cyagen, China) was used when the hucMSCs reached 70% confluence. Forty-eight hours
later, the conditioned medium was collected and processed according to the steps described in Supplementary Figure 1C.
The collected Exos were stored in a -80 °C freezer for subsequent experiments.

Three methods were used to characterize the collected Exos. The morphology of the Exos was investigated by
transmission electron microscopy (Tecnai G2 Spirit, FEI, United States). NanoSight tracking analysis (NTA) was used to
determine the size distribution and concentration of the Exos with a NanoSight NS300 instrument (Malvern, United
Kingdom). Western blotting was also used to assess Exo surface markers, including heat shock protein (HSP)70, TSG101
and CD81 (1:1000 dilution, Cat. no. ab275018, Abcam, Cambridge, United Kingdom).

Internalization of hucMSC-Exo by fibroblasts

The hucMSC-Exo were labeled with a PKH26 red fluorescence kit (MINI26, Sigma-Aldrich, United States). Then, 400 pg/
mL Exos (40 pL) were resuspended in Diluent C solution (4 mL), and PKH26 ethanol dye solution (16 pL) was added to
Diluent C (4 mL) to prepare a 2 x dye solution. After coincubation for 5 min and mixing every minute by pipetting, an
equal volume of 10% Exo-depleted FBS was added to halt the staining. The labeled Exos were then ultracentrifuged at
100000 x g for 1 h and resuspended in DMEM supplemented with 10% Exo-free FBS (4 mL). The conditioned medium
was incubated with fibroblasts at 37 °C for 12 h. The fibroblasts were washed with prechilled PBS, fixed with 4% PFA,
and stained with F-actin (Cat. no. PF00001, Proteintech, China) and DAPI (Cat. no. P36935, Thermo, United States). The
internalization of Exos by fibroblasts was observed with a fluorescence microscope (ECLIPSE E80i, Nikon, Tokyo, Japan)
and a laser scanning confocal microscope (SP8, Leica, Germany).
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Cell viability

A Cell Counting Kit-8 (CCK-8) (Cat. no. C6005; New Cell & Molecular Biotech, China) was used to examine the viability
of primary vaginal fibroblasts. Fibroblasts were seeded in a 96-well plate (3 x 10° cells/well). After serum starvation for 12
h, the cells were treated with 4 or 6 pg/mL hucMSC-Exo for 0 h, 24 h, 48 h or 72 h and then incubated with 10 pL of CCK-
8 solution in 100 pL of fresh DMEM for 2 h. The optical density (OD450) was measured by a microplate reader, and the
results were analyzed manually using GraphPad Prism 9 (GraphPad Software 9.0, United States).

Gel contraction assay

The collected fibroblasts were digested with trypsin (Cat. no. C100C1; New Cell & Molecular Biotech, China),
resuspended in culture medium and then mixed with prepared cold rat tail collagen type I (354236; Corning, United
States), 1 N NaOH, 10 x PBS and sterile dH,O. The mixture was added to a 24-well plate with a volume of 500 pL and 1 x
10° cells in each well and then incubated at 37 °C and 5% CO, for 1 h. Next, 500 pL of 10% Exo-depleted medium
containing certain Exos was added to each well. A sterile needle was used to release the gel after 48 h, and images were
taken 4 h later. To determine the percent reduction in the gel area, images were taken with an ImageQuant™ LAS 4000
Luminescent Image Analyzer (GE Healthcare; Chicago, China) and analyzed with Image] software (National Institutes of
Health, Bethesda, MA, United States).

Western blot analysis

After hucMSC-Exo treatment for 48 h, primary vaginal fibroblasts were lysed in RIPA lysis buffer containing 1% protease
inhibitor (Cat. no. P002; New Cell & Molecular Biotech) after being washed twice with precooled PBS; then, the total
protein concentration was determined via a bicinchoninic acid assay (Cat. no. ZJ102, epiZyme). All protein samples were
separated via 10% sodium-dodecyl sulfate gel electrophoresis (Cat. no. PG212, epiZyme) and transferred to 0.22 pm
polyvinylidene difluoride membranes (Cat. no. ISEQ00010, Millipore, United States); the membranes were blocked with
5% milk for 1 h and subsequently incubated with primary antibodies (Coll, 1:750, Servicebio, China) overnight at 4 °C.
The next day, after being washed in Tris-buffered saline with Tween (TBST) 4 times for 8 min each, the membranes were
incubated with an HRP-labeled secondary antibody (1:3000; Abcam, ab34710, United States) at room temperature for 1 h.
Afterward, the membranes were washed with TBST 4 times for 8 min each, and the protein bands were detected on an
ImageQuant™ LAS 4000 Luminescent Image Analyzer (GE Healthcare; Chicago, China). The data were analyzed by
Image] for semiquantitative analysis.

Immunofiuorescence

Fibroblasts (3 x 10° per well) were seeded on sterile coverslips in a 24-well plate and incubated with different concen-
trations of hucMSC-Exo (0, 4, or 6 pg/mL) for 48 h. The cells were washed with PBS three times and then fixed with 4%
PFA for 15 min at room temperature. After being washed with PBS three additional times, the cells were treated with
0.1% Triton (Triton X-100; Cat. no. GC204003-100 mL; Servicebio, China) for 15 min and then blocked with goat serum for
1 h. Then, the cells were incubated with primary antibodies (1:500 dilution; Cat. no. ab34710; Abcam, United States)
overnight at 4 °C. On the second day, the cells were incubated with secondary fluorescent antibodies (Cat. no. SA5-10150;
Thermo Fisher Scientific, United States) and stained with DAPI. The stained cells were observed and photographed via
Nikon fluorescence microscopy (Nikon, Tokyo, Japan).

Cell cycle analysis

Cell cycle analysis was performed to evaluate proliferative activity. Fibroblasts were seeded in a six-well plate (1 x 10°
cells/well). After being cultured in serum-free medium for 12 h to ensure a synchronous cell cycle, the cells were exposed
to 4 or 6 pg/mL hucMSC-Exo for 48 h. Subsequently, the fibroblasts were collected and washed with prechilled PBS three
times before propidium iodide staining (Cat. No. CCS012; MultiSciences, China) for 30 min at room temperature in the
dark. The data were collected with a CytoFLEX (Beckman Coulter, United States) and analyzed with FlowJo 10 software
(Ashland, OR, United States).

Total collagen synthesis assay

Primary vaginal fibroblasts reached 90% confluence after being cultured in hucMSC-Exo for 48 h, and the cell culture
supernatant was collected. To determine the total secreted collagen content in the cell culture, which was generally lower
than the standard range of Sirius Red detection, a concentrating solution (Cat. no. 90626, Chondrex, United States) was
used first before the application of the Sirius Red Total Collagen Detection Assay Kit (Cat. no. 9062, Chondrex, United
States). The colorimetric assay was performed according to the manufacturer’s protocol. The absorbance was measured at
540 nm by a microplate reader. The collagen content in each group was calculated based on the collagen standard curve
and is presented as the percentage of the collagen content in the control group.

Flow cytometry analysis of Col1 expression in fibroblasts

Cells (1 x 10° per well) were seeded in 6-well plates. After exposure to hucMSC-Exo for 48 h, the cells were harvested after
treatment with trypsin/ EDTA (Cat. no. C100C1, New Cell & Molecular Biotech, China) and washed twice with PBS. The
cells were subsequently fixed with fix solution (Cat. no. G1101-500mL, Servicebio, China) and then stained with 1:50
diluted APC-conjugated anti-Col1 (Cat. no. 180610. Absin, China) for 30 min at 4 °C in the dark. The cells were then
washed twice with Perm solution and suspended in staining buffer at a final volume of 300 pL. The data were acquired
on a CytoFLEX system (Beckman Coulter, United States) and analyzed using FlowJo v10.4.
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Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) kits (Cat. no. EH10268S, Cat. no. EH10270M, Cat. no. EH10291M, China)
were used to quantify the expression of inflammatory cytokines [interleukin (IL)-1B, IL-2 and IL-4] and transforming
growth factor (TGF)-B1 in the supernatants of cultured fibroblasts exposed to hucMSC-Exo. Briefly, the medium was
collected and centrifuged at 400 x ¢ for 20 min to remove cell debris. The subsequent procedures were performed
according to the manufacturer’s protocols. The absorbance was measured at 450 nm. The results were analyzed with
GraphPad Prism 9 (GraphPad Software, United States).

Quantitative real-time polymerase chain reaction analysis of gene expression in isolated primary fibroblasts

RNA extraction, cDNA synthesis and quantitative real-time polymerase chain reaction (RT-qPCR) were performed to
assess the effect of hucMSC-Exo on the expression of genes related to the extracellular matrix (ECM) in fibroblasts.
Briefly, total RNA was extracted from fibroblasts using an RNA purification kit (Cat. no. BOO04DP, EZBioscience, United
States), and a NanoDrop Spectrophotometer (Thermo Fisher Scientific) was used to determine the concentration of RNA.
cDNA synthesis was subsequently performed using a reverse transcription kit (Cat. no. A0010CGQ, EZBioscience, United
States) and mixtures of cDNA and SYBR Green qPCR master mix (Cat. no. A0012-R2, EZBioscience, United States) in a
QuantStudio Flex Real-Time PCR System (Thermo Fisher Scientific, United States). GAPDH was used as a housekeeping
gene for the normalization of expression, and the relative expression of the target genes was calculated by the 244
method. The sequences of the primers used in this study are shown in Table 2.

RNA-seq

Total RNA was extracted from POP and non-POP primary fibroblasts with TRIzol reagent (Cat. no. 15596026; Invitrogen,
United States). A NanoDrop 2000 spectrophotometer (Thermo Scientific, United States) was used to assess RNA purity
and to quantify RNA, and RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, United States). Then, libraries were constructed using the VAHTS Universal V6 RNA-seq Library Prep Kit in
accordance with the manufacturer’s instructions. Transcriptome sequencing and analysis were subsequently conducted
by OE Biotech Co., Ltd. (Shanghai, China) and Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). To ensure data
quality, data filtering was performed on the raw data before information analysis. First, fastp was utilized for quality
control of the raw reads generated from sequencing, filtering out low-quality data according to the criteria outlined
below, to obtain clean reads[29]. The steps for read filtering included removing reads containing adapters, reads with a N
ratio exceeding 10%, reads composed entirely of the A base and low-quality reads (bases with a Q-score < 20 constituting
more than 50% of the entire read length). The quality distribution of bases and per-base sequence content were
determined with filtered data. Then, sequencing randomness analysis was carried out for each sample.

mRNA sequencing analysis

The libraries were sequenced on an Illumina NovaSeq 6000 platform, and 150 bp paired-end reads were generated. The
clean reads were subsequently mapped to the reference genome using HISAT2 2. The FPKM3 value for each gene was
calculated, and the read counts for each gene were obtained from NCBI_GRCh38.p13. Differential expression analysis
was performed using DESeq2[30]. A P value < 0.05 and a fold change < 15 were set as the thresholds for identifying
significantly differentially expressed genes (DEGs). Hierarchical cluster analysis of DEGs was performed using R (v 3.2.0)
to assess the expression patterns of genes in different groups and samples. Based on the hypergeometric distribution,
Gene Ontology (GO)[31] and Reactome enrichment analyses of the DEGs were performed to screen for significantly
enriched terms using R. Gene set enrichment analysis (GSEA) was performed using GSEA software[32,33].

miRNA sequencing

Total RNA was extracted from three replicate samples of hucMSC-Exo using the QubitTM microRNA Assay Kit
(Q32880), and RNA integrity was assessed using a 2100 bioanalyzer (Agilent Technologies). An Illumina TruSeq Small
RNA Kit (Illumina, San Diego, CA, United States) was used to construct a sequence library, and a high-throughput
sequencing platform was used to sequence the enriched 18-32 nt small RNA fragments. Raw fastq-format data were first
processed through in-house Perl scripts, and clean reads were obtained by removing reads containing adapters, poly-N
sequences and sequences smaller than 15 nt or longer than 35 nt. The volume of sequencing data per sample fluctuated by
no more than 10%, and bases detected with an accuracy of at least 99.9% (Q-score 30) accounted for more than 85%. The
TargetScan, Ellmo, and Diana databases were used to predict the target genes of the miRNAs. GO enrichment analysis
was also conducted for the identified target genes.

Statistical analysis

All the data were analyzed by GraphPad Prism 9.0 (GraphPad Software, Inc., United States) and are displayed as the
mean * SD. All the experiments were performed independently at least three times. One-way analysis of variance
(ANOVA) was used for comparisons among multiple groups (*P < 0.05; *P < 0.01; °P < 0.001; ¢P < 0.0001).

WIJSC | https://www.wjgnet.com 713 June 26,2024 | Volume16 | Issue6 |

Jaishideng®



Xu LM et al. UCMSC-Exo repaired fibroblasts from POP

Table 2 The primers sequences utilized in this study

Gene Primer sequences

Col 1A1 FW GTGCGATGACGTGATCTGTGA

Col 1A1 RV CGGTGGTTTCTTGGTCGGT

Col 1A2 FW TTGAAGGAGGATGTTCCCATCT

Col 1A2 RV ACAGACACATATTTGGCATGGTT
Col 3A1 FW TTGAAGGAGGATGTTCCCATCT
Col 3A1 RV ACAGACACATATTTGGCATGGTT
MMP1 FW CTCTGGAGTAATGTCACACCTCT
MMP1 RV TGTTGGTCCACCTTTCATCTTC
TIMP1 FW AGAGTGTCTGCGGATACTTCC
TIMP1 RV CCAACAGTGTAGGTCTTGGTG
Elastin FW GCAGGAGTTAAGCCCAAGG

Elastin RV TGTAGGGCAGTCCATAGCCA

LOX FW CGGCGGAGGAAAACTGTCT

LOX RV TCGGCTGGGTAAGAAATCTGA
GAPDH FW TGACATCAAGAAGGTGGTGAAGCAG
GAPDH RV GTGTCGCTGTTGAAGTCAGAGGAG

MMP1: Matrix metalloproteinase 1; TIMP1: Tissue inhibitor of matrix metalloprotease 1; LOX: Lysyl oxidase.

RESULTS

Disordered collagen fibers in the POP vaginal wall

Pathological examination was performed to identify abnormal collagen deposition in vaginal tissues collected from
patients with and without POP by Masson and Sirius Red staining. Collagen was dyed blue by Masson’s trichrome stain
and stained red by Sirius Red dye. Both Masson’s trichrome and Sirius Red staining via bright field microscopy revealed
that the fibrotic area of the vaginal wall in the POP group was markedly smaller, more disorganized and looser than that
in the control group (Figure 2A and B), which is consistent with the previous studies[2,4]. The qualification of collagen
content in the vaginal wall determined by Masson’s trichrome and Sirius Red staining is shown in Figure 2C and D. In
addition, to evaluate the collagen composition, Sirius Red-stained vaginal tissue was scanned by polarized light
microscopy: Coll is shown in red, and Col3 is shown in green. As shown in Figure 2E, there was a pronounced loss of
Coll in the POP group, an effect that was accompanied by irregular and thinner collagen bundles; in contrast, the
collagen in the non-POP group was thicker, denser and more uniform. We subsequently evaluated the expression of Coll
via IHC and immunofluorescence (IF) (Figure 2F and G), and the results further confirmed that Coll expression was
notably decreased and that the structure was disrupted in POP-related vaginal tissues. Notably, primary fibroblasts in
tissues from patients with POP are strongly involved in maintaining the integrity of the pelvic support system by
regulating the catabolism and metabolism of collagen. The colocalization of vimentin with fibroblasts and Coll was
weaker in the POP-related abnormal pelvic environment than in the non-POP pelvic environment (Figure 2G). There was
no signal in the secondary antibody-only control group, which excluded the possibility of nonspecific staining (Supple-
mentary Figure 1A).

Differences in the gene expression profiles of human primary vaginal fibroblasts between the POP and non-POP

groups
Fibroblasts from the vaginal wall are highly important for connective tissue, and alterations in fibroblast quantity and
quality may contribute to the pathophysiology of POP and tissue regeneration after POP surgery[34]. And the tissue
viability was evaluated via FCM (Supplementary Figure 1D and E). Given the importance of primary fibroblasts, we
isolated these cells for in vitro experiments. First, human primary vaginal fibroblasts were identified by a typical spindle-
shaped morphology (Figure 3B). And the expression of vimentin in the fibroblasts was assessed using IHC and IF
(Figure 3A and C). Furthermore, the specific marker of a-smooth muscle actin and fibroblast specific protein-1 of
fibroblasts were assessed by IF (Supplementary Figure 1B). To verify the differences in the gene expression profiles of
human primary vaginal fibroblasts between patients with and without POP, RNA-seq was performed on fibroblasts from
both groups of patients. In each sample, filtered data with a Q-score of at least 30 accounted for more than 93%
(Supplementary Table 1), and a horizontal line in the base distribution indicated a balanced data composition (Supple-
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Figure 2 Differences in human vaginal collagen deposition between patients with and without pelvic organ prolapse. Disordered collagen
fibers in the pelvic organ prolapse vaginal wall. A: Masson'’s trichrome staining images of vaginal tissues; B: Images of vaginal tissues stained with Sirius Red were
collected by brightfield microscopy; C and D: Quantification of the collagen content in A and B; E: Sirius Red-stained tissues were scanned via polarized light
microscopy; F: Representative immunohistochemistry images showing the distribution of Col1 in the human vaginal wall; G: Immunofluorescence showing the
expression of Col1 and vimentin (a fibroblast marker) in the human vaginal wall. °P < 0.001; %P < 0.0001. POP: Pelvic organ prolapse.
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Figure 3 Differences in the gene expression profiles of human primary vaginal fibroblasts between the pelvic organ prolapse and non-
pelvic organ prolapse groups. A: Images of primary vaginal fibroblasts for immunofluorescence; B: Images of primary vaginal fibroblasts for brightfield
microscopy; C: Images of primary vaginal fibroblasts for immunohistochemistry; D: Number of differentially expressed genes (DEGs) between the pelvic organ
prolapse (POP) and non-POP groups (fold change > 1.5, P < 0.05); E: Transcriptomic data were analyzed by Gene set enrichment analysis (false discovery rate >
0.25, P < 0.05); F: The above DEGs were further analyzed using Gene Ontology analysis (P < 0.05); G: Heatmaps were generated to show the DEGs of the two
groups with respect to the previously mentioned terms. POP: Pelvic organ prolapse; GO: Gene Ontology.
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mentary Figure 2A-0O). Then sequencing randomness analysis of each sample was carried out, and the results revealed no
apparent bias toward the 3’ or 5" end (Supplementary Figure 3). All of these quality control checks suggested that the
filtered data met the criteria. GSEA was used to compare the two groups to reveal functionally essential pathways
involved in the occurrence and development of the disease; these pathways were related to the proliferation of cells, ECM
remodeling and inflammatory processes, such as degradation of the ECM, G2_M checkpoints and IL-4 and IL-13
signaling (Figure 3E). According to DESeq software, a total of 648 DEGs were identified between the POP and non-POP
groups, 303 of which were upregulated and 345 of which were downregulated (Figure 3D). Subsequently, GO enrichment
analysis was performed on the DEGs, and the enriched functions were strongly related to cell proliferation, the ECM and

inflammation (Figure 3F). A heatmap was generated to visualize the DEGs involved in these crucial processes
(Figure 3G).

Exo identification and internalization

HucMSC-Exo were isolated and identified through TEM, NTA and western blotting, which were used to assess the
morphology, size and surface marker expression of the Exos, respectively. TEM revealed that the hucMSC-Exo exhibited
a cup-shaped morphology and obvious bilayer membrane structure (Figure 4A), and the particle size characteristically
ranged between 80 and 200 nm (Figure 4B). Western blotting was used to confirm that the Exos were positive for
appropriate surface markers, including HSP70, TSG101, and CD81 (Figure 4C). The above results showed that the Exos
were extracted successfully. Subsequently, hucMSC-Exo labeled with PKH26 were incubated with fibroblasts whose
cytoskeletons were then stained with F-actin-conjugated phalloidin. Fluorescence images demonstrated that hucMSC-Exo
were internalized by fibroblasts (Figure 4D). The negative control group exhibited no red signal, which excluded
nonspecific conjugation of PKH-26 dye and fibroblasts (Supplementary Figure 1F). Additionally, the 3D fluorescent
image of hucMSC-Exo internalized by fibroblasts presented that red-labeled hucMSC-Exo was not colocalized with
WGA-labeled cell membrane (Figure 4E). And the 3D videos of hucMSC-Exo internalization and the negative control
group were shown in Videos 1 and 2. Efficiency of primary fibroblasts internalizing hucMSC-Exo within 24, 48, and 72 h
were calculated with MFI via FCM which showed that hucMSC-Exo were internalized most at 48 h with 6 pg/mL
(Figure 4F and G).

HucMSC-Exo stimulate the growth and contractility of fibroblasts

Previous research has confirmed reduced cellularity and impaired contraction in tissues from patients with POP[35]. To
verify the effect of hucMSC-Exo on the function of fibroblasts, we performed a CCK-8 assay and cell cycle analysis to
measure cell viability and proliferation, and contraction was assessed via a gel contraction assay.

The CCK-8 assay results showed that, compared to those of the other groups treated with excessively low or high
concentrations of Exos, the viability of the fibroblasts treated with 4 or 6 pg/mL was substantially increased at 48 h. The
effect of hucMSC-Exo on fibroblast viability was calculated as a percentage of that in the control group (Figure 5A and B).
In addition, the cell cycle results were consistent with the CCK-8 assay results. Compared with those in the control group,
the proportions of S- and G2-phase cells in the hucMSC-Exo groups were greater (Figure 5C and D). These results
indicated that the cells exposed to hucMSC-Exo at an appropriate concentration were actively proliferating. Collagen gel
contraction is a suitable in vitro model for revealing the cellular contraction process in tissue in three dimensions. When
fibroblasts are cultured in a collagen gel, the gel contracts. As shown in Figure 5E and F, the collagen area in the groups
treated with 4 and 6 pg/mL hucMSC-Exo for 48 h gradually decreased, suggesting that hucMSC-Exo promoted the
contraction of fibroblasts in a dose-dependent manner. The expression of inflammatory cytokines (IL-1B, IL-2, and IL-4)
was reduced in the Exo-treated group (Figure 5G-I), as determined via ELISAs. Taken together, these results
demonstrated that huceMSC-Exo play a critical role in regulating the function of impaired fibroblasts from patients with
POP.

HucMSC-Exo increase collagen production in primary vaginal fibroblasts

Coll is an essential component of the ECM of connective tissues that is highly stretchable and resistant to tension.
However, aged, disordered and decreased collagen fibrils are predominant in the pelvic tissue of patients with POP. To
evaluate the expression of collagen in primary fibroblasts treated with UCMSC-Exo, multiple assays were carried out.
First, Sirius Red dye was used to quantify the total collagen secreted into the fibroblast culture medium after treatment
with hucMSC-Exo at different concentrations for 48 h. Fibroblasts exposed to hucMSC-Exo exhibited increased collagen
in a dose-dependent manner (Figure 6A). TGF-B1 is regarded as a trigger of myofibroblast differentiation and ECM
deposition[36]. Thus, we verified that the secretion of TGF-B1 from fibroblasts treated with hucMSC-Exo substantially
increased after hucMSC-Exo stimulation for 48 h (Figure 6B). Furthermore, the impact of hucMSC-Exo on the expression
of Coll was measured by RT-qPCR (Figure 6C-E), flow cytometry (Figure 6F and H), IF (Figure 6G) and western blotting
(Figure 6]), and the results were consistent with each other that the 6 pg/mL treatment had a greater capacity to stimulate
the production of Coll, despite statistically significant differences were also observed between the 4 pg/mL treatment
group and the control group (Figure 6F-I). For example, the median fluorescence intensity, mean gray value and Coll
expression were comparable in both the hucMSC-Exo-treated groups (4 and 6 pg/mL) and the control group;
nonetheless, the group exposed to 6 pg/mL HucMSC-Exo had higher Coll expression. In addition, Col1A1, Col1A2, and
Col3A1 mRNA expression significantly differed between the fibroblasts treated with 6 pg/mL hucMSC-Exo and those
from both the Exo-depleted group and the group treated with 10% FBS (the normal culture environment) (Figure 6C-E).
Briefly, these results indicated that hucMSC-Exo regulated the expression of Coll in primary vaginal fibroblasts.
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Figure 4 Identification and internalization of human umbilical cord mesenchymal stromal cell-derived exosomes. A: TEM was utilized to obtain
representative images of human umbilical cord mesenchymal stromal cell-derived exosome (hucMSC-Exo) (scale bar: 200 um); B: NTA of the size distribution and
concentration of hucMSC-Exo; C: Western blot analysis for the detection of the hucMSC-Exo surface markers heat shock protein 70, TSG101, and CD81; D:
Observation of PKH-26-hucMSC-Exo internalization by fibroblasts via both fluorescence microscopy and laser confocal microscopy; E: The 3D image of hucMSC-Exo
internalized by fibroblasts; F and G: The median fluorescence intensity (F) and quantification (G) of hucMSC-Exo uptaken by fibroblasts with 4 ug/mL and 6 pg/mL
after treatment for 24, 48, and 72 h via FCM. DAPI is blue, PKH26 is red, F-actin is green in D, Wheat germ agglutinin is green in E. Scale bars: 50 ym and 25 pym. 2P
<0.05;°P < 0.01; 9P < 0.0001. HSP: Heat shock protein; Exo: Exosome.
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Figure 5 Human umbilical cord mesenchymal stromal cell-derived exosome stimulated the growth and contractility of fibroblasts. A: A Cell
Counting Kit-8 (CCK-8) assay was used to detect the effect of human umbilical cord mesenchymal stromal cell-derived exosome (hucMSC-Exo) on the viability of
fibroblasts from 0 h to 72 h; B: Quantification of the CCK-8 results at 48 h; C and D: Flow cytometric analysis of the cell cycle distribution of fibroblasts exposed to
hucMSC-Exo and quantification of the results at 48 h; E and F: Representative images and quantification of gel contraction following incubation with hucMSC-Exo (4
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or 6 pg/mL) for 48 h. Gel contraction was measured as a percentage of the area of the control group; G-I: Culture supernatant was collected after fibroblasts from the
4 groups were treated for 48 h, and enzyme-linked immunosorbent assay was conducted to determine the levels of interleukin (IL)-1p, IL-2 and IL-4. The data were
analyzed by one-way ANOVA (means * SD). 2P < 0.05; °P < 0.01; °P < 0.001; 9P < 0.0001. Exo: Exosome; IL: Interleukin; FBS: Fetal bovine serum.

HucMSC-Exo affect the gene expression profile of human primary vaginal fibroblasts

The mRNA expression levels of tissue inhibitor of matrix metalloprotease 1 (TIMP1), MMP1, lysyl oxidase (LOX) and
elastin were measured via RT-qPCR. Both groups exposed to hucMSC-Exo exhibited increased expression of TMP1
(Figure 7A), while only fibroblasts treated with 6 pg/mL hucMSC-Exo exhibited decreased expression of MMP1
(Figure 7B). Elastin is another important component of the ECM, and LOX is responsible for the maturation of collagen
and elastin and the crosslinking of collagens and elastin in the ECM. After treatment with 6 pg/mL hucMSC-Exo, the
cells produced more elastin and LOX than did the control cells (Figure 7C and D). RNA was extracted from human
primary vaginal fibroblasts from the control group and from fibroblasts exposed to hucMSC-Exo (4 or 6 pg/mL) for
RNA-seq analysis to explore the underlying mechanisms by which hucMSC-Exo protect against the degeneration of
fibroblasts in POP. The sequencing data quality preprocessing results are presented in Supplementary Table 2. The distri-
bution of bases exhibits a horizontal line, which suggests qualified filtered data (Supplementary Figure 4A-O). The results
of the randomness analysis for the filtered data suggested no apparent bias toward the 3’ or 5" end (Supplementary
Figure 5A-0). All these results guarantee the quality of the filtered data. Thus, further analysis was carried out with clean
data. Pairwise Venn analysis revealed 203 overlapping DEGs between fibroblasts treated with 4 pg/mL and fibroblasts in
the Exo-depleted group and between fibroblasts exposed to 6 pg/mL and fibroblasts in the Exo-depleted group
(Figure 7E). Next, we focused on the above 203 DEGs, which are critical candidate genes involved in normalizing the
function of impaired fibroblasts. These genes were subjected to bioinformatics analysis, including Reactome pathway
analysis and GO analysis. As shown in Figure 7F, in the Reactome analysis, 8 biological processes were significantly
enriched; these processes involved the regulation of inflammatory processes and, importantly, ECM remodeling, such as
ECM organization, degeneration of the ECM and activation of MMPs. In addition, the GO analysis results suggested that
hucMSC-Exo had regulatory effects on inflammatory processes and the ECM, findings that were consistent with the
results of the Reactome analysis (Figure 7F). In addition, GO analysis indicated that hucMSC-Exo regulate proliferation,
which is essential for fibroblasts; however, no differences were observed in the CCK-8 or cell cycle assay results
(Figure 7G). Next, a Venn diagram was drawn to visualize the downregulated DEGs (Figure 7H). Moreover, a heatmap
was constructed to show the mRNA expression of DEGs related to inflammatory processes and ECM organization
(Figure 7I). Among the genes, MMP11 was expressed at lower levels in fibroblasts treated with hucMSCs and, according
to the GO and Reactome analyses, was enriched in terms associated with the ECM.

Characterization of miRNA profiles in hucMSC-Exo and identification of beneficial targeted miRNAs

The miRNAs carried by MSC-Exos are highly important and function as messengers to mediate cell-cell communication
[37,38]. Consequently, miRNA sequencing of hucMSC-Exo further elucidated the mechanisms underlying their biological
functions. The base calling errors are presented in Supplementary Figure 6 and Supplementary Table 3, which show the
quality control of the raw data and the filtered data, which were used for further analysis. Firstly, our main aim was to
identify the miRNAs that were expressed stably and at high abundance, which was defined by taking the intersection of
the top 30 miRNAs from three hucMSC-Exo samples (Figure 8A) and the top 10 miRNAs, as depicted in Figure 8B. We
subsequently focused on the downregulated DEGs in Exo-treated fibroblasts that were strongly correlated with the
regulation of the ECM, identifying MMP11 as a candidate mRNA. Subsequently, three databases (TargetScan, Elmond,
Diana) were utilized to predict the target miRNAs of MMP11 among the top 27 miRNAs in hucMSC-Exo. GO analysis
was also conducted on the target miRNAs of the downregulated mRNA, MMP11, which showed that the miRNAs
contained in hucMSC-Exo significantly promoted ECM remodeling (Figure 8C). Next, the RT-qPCR results indicated that
fibroblasts had reduced MMP11 expression, which validated the previous RNA-seq results (Figure 8D).

DISCUSSION

The results of our study verified that the vaginal tissue of patients with POP displayed an abnormal collagen fiber distri-
bution and that hueMSC-Exo promoted POP-related connective tissue repair. These findings demonstrated that hucMSC-
Exo not only stimulated fibroblast growth by promoting cell viability and the cell cycle but also promoted the expression
of Coll in vitro. Herein, we clarified the therapeutic potential of hucMSC-Exo for POP fibroblasts, providing a prospective
approach for treating POP.

POP is distinguished by the descent of pelvic organs into or out of the vagina and has a relatively high prevalence and
recurrence rate[39,40]. This disorder results in severe discomfort, mental health issues and financial burdens on both
individuals and society. Unfortunately, to date, treatments for POP involve physical and surgical methods, none of which
achieve satisfactory curative effects. The application of transvaginal meshes in pelvic reconstruction surgery is prohibited
due to the risk of severe complications. Recently, the application of stem cell-based therapy has attracted increased
interest because of the powerful abilities of MSCs, such as self-renewal, multipotency and immunoregulation[41-43]. In
addition, hucMSCs can be obtained in large quantities from medical waste and umbilical cord tissue, thus avoiding
ethical issues. Moreover, Ma et al[15] reported that hucMSC transplantation can restore weak vaginal tissue by enhancing
neovascularization and smooth muscle formation in vivo. Furthermore, our previous study showed that hucMSCs can
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Figure 6 Human umbilical cord mesenchymal stromal cell-derived exosome promote the production of collagen in primary vaginal
fibroblasts. A: A Sirius Red collagen staining kit was used to determine the total secreted collagen level in the fibroblasts’ supernatant; B: Enzyme-linked
immunosorbent assays were conducted to quantify the expression level of transforming growth factor-p1 in the cell culture supernatant; C-E: Quantitative real-time
polymerase chain reaction was performed to evaluate the mRNA levels of Col1A1, Col1A2 and Col3A1; F-H: Representative histogram overlay showing the median
fluorescence intensity of each group (F) and quantification of these values (H), the expression level of Col1 was also detected by immunofluorescence. Green
indicates Col1; blue indicates DAPI-stained nuclei. Scale bar: 100 um (G); I: The protein expression of Col1 was determined by western blot, and the results were
quantified, which was in line with the previous results of Sirius Red staining, real-time polymerase chain reaction, FCM and immunofluorescence. The data are
presented as the means + SEMs. Statistical analysis was performed with one-way ANOVA. 2P < 0.05; °P < 0.01; °P < 0.001; “P < 0.0001. FBS: Fetal bovine serum;
TGF: Transforming growth factor; Exo: Exosome.

inhibit the inflammatory response of human vaginal wall fibroblasts from patients with POP[19]. Thus, we selected
hucMSCs from among other MSC sources.

Despite these considerable advantages of MSCs, their extensive application is limited by several notable factors, such
as heterogeneity, potential tumorigenesis and thrombosis[16,17,44,45]. The therapeutic function of MSCs in tissue is
dependent on their paracrine activity[46,47]. As one of the paracrine products of MSCs, Exos are potential candidates for
medical application because of their safety and efficacy. Therefore, we aimed to isolate Exos from hucMSC culture media
and hypothesized that hucMSC-Exo could be effective at restoring POP tissue.

Fibroblasts are predominantly responsible for remodeling POP connective tissue, which is mainly composed of
collagen[48]. Coll has a high stretching ability and resistance to tension. However, POP is characterized by a reduced
quantity and impaired functionality of fibroblasts and collagen[1]. Surprisingly, our CCK-8 and cell cycle analysis results
indicated that hucMSC-Exo increased cell viability and growth, consistent with the findings of previous studies[49].
Moreover, the expression of Coll in fibroblasts increased after the application of hucMSC-Exo, as determined by western
blotting, flow cytometry and IF via the use of a specific primary antibody against Coll. Collagen is a complex three-
dimensional and highly dynamic structure. Thus, Sirius Red dye was utilized to assess the assembly of a collagen-specific
site on three-dimensional structures because it can specifically bind to the [Gly-X-Y]n helical structure on fibrillar
collagen. We found that the total collagen secreted by fibroblasts treated with hucMSC-Exo was much greater than that
secreted by fibroblasts in the control group.

The ECM in connective tissues is a highly dynamic structure that plays a critical role in the balance between MMPs and
TIMPs. MMPs are zinc-dependent proteolytic enzymes that contribute to the remodeling of the ECM environment by
cleaving ECM proteins[50,51]. MMP11, a member of the MMP family, is expressed transiently in mesenchymal cells and
is associated with tissue remodeling[51,52]. POP tissue has been reported to have higher MMP and lower TIMP
expression, indicating that the degradation of connective tissue exceeds its synthesis. Our results indicated that treatment
with hucMSC-Exo increased the expression of TIMP1 and decreased the expression of MMP11 in primary fibroblasts.

miRNAs, which originate from stem-loop regions of longer RNA transcripts, are small regulatory RNAs of approx-
imately 22 nt with a high degree of sequence conservation throughout evolution. The abundant miRNAs in MSC-derived
Exos are highly important because they function as messengers to mediate cell-cell communication and subsequently
regulate important biological processes by inducing target mRNA degradation and translational repression[38]. The
highly expressed miRNAs in MSC-derived Exos are considered regulatory elements in the balance of the ECM[20,53,54].

Hence, we hypothesized that some of the top miRNAs expressed in hucMSC-Exo target MMP11 to promote collagen
deposition in fibroblasts. Based on these findings, miRNA sequencing was carried out in hucMSC-Exo. Six of the top 17
enriched miRNAs in hucMSC-Exo were hsa-let-7a-5p, hsa-let-7c-5p, hsa-let-7e-5p, hsa-miR-29a-3p, hsa-let-7b-5p and hsa-
miR-125a-5p, which all specifically targeted MMP11. As a result, we preliminarily speculated that hucMSC-Exo may play
a critical role in the process of remodeling the ECM microenvironment by releasing miRNAs targeting MMP11. However,
further studies are urgently needed to determine the impact of hucMSC-Exo in vivo. In addition, suitable Exo delivery
methods should be developed in the future to improve the biocompatibility, cytotoxicity and degradation potential of
these nanoparticles. In conclusion, we first demonstrated that hucMSC-Exo at certain concentrations facilitate fibroblast
growth and ECM remodeling. These results suggested that hucMSC-Exo are a promising treatment for POP and may
overcome current therapeutic difficulties.
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vaginal fibroblasts. A-D: Quantitative real-time polymerase chain reaction was performed to evaluate the mRNA levels of tissue inhibitor of matrix metalloprotease
1, matrix metalloproteinase 1, elastin and lysyl oxidase; E: Venn diagrams were generated to show the shared differentially expressed genes (DEGs) from the
comparison of the group treated with 4 ug/mL versus the Exo-depleted group and the other group exposed to 4 ug/mL versus the Exo-depleted group [fold change
(FC) > 1.5, P < 0.05]. F and G: Reactome analysis (F) and Gene Ontology (G) analysis of the 203 overlapping genes; H: Venn diagrams showed DEGs about
extracellular matrix (ECM) and inflammatory (FC > 1.5, P < 0.05); I: The heatmap depicting the 11 genes most related to inflammatory and ECM organization
processes. 2P < 0.05; °P < 0.01. TIMP1: Tissue inhibitor of matrix metalloprotease 1; MMP1: Matrix metalloproteinase 1; LOX: Lysyl oxidase; GO: Gene Ontology;

FBS: Fetal bovine serum; Exo: Exosome.
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Figure 8 Characterization of microRNA profiles in human umbilical cord mesenchymal stromal cell-derived exosome and verification of
beneficial targeted microRNAs. A: Venn diagram of the top 27 shared microRNAs (miRNAs) in human umbilical cord mesenchymal stromal cell-derived
exosome (hucMSC-Exo) (n = 3); B: Pie charts showing the abundances of different miRNAs in hucMSC-Exo; C: The regulatory network depicting the predicted
miRNAs of the gene of interest matrix metalloproteinase 11 (MMP11) in the top 27 list and the enrichment terms of these miRNAs in the Gene Ontology analysis; D:
Quantitative real-time polymerase chain reaction was performed to evaluate the mRNA levels of MMP11. °P < 0.01. MMP: Matrix metalloproteinase; FBS: Fetal

bovine serum; Exo: Exosome.

CONCLUSION

Our study demonstrated that hucMSC-Exo increased the growth and function of POP primary fibroblasts by increasing
cell viability, the cell cycle, and the expression of Coll in vitro. HueMSC-Exo-based therapy may be an ideal approach for

treating POP safely and efficiently.
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