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Abstract
Purpose: The fundamental cause of intrauterine adhesions (IUAs) is the destruction and reduction of
stem cells in endometrial basal layer, resulting in endometrial reconstruction very di�cult. The purpose of
this study was to investigate the effects and underlying mechanism of human umbilical cord blood
derived mesenchymal stem cells (hUCB-MSC) on the endometrial reconstruction after transplantation.

Methods: hUCB-MSCs were isolated and identi�ed successfully. The rabbit IUA models were established
and set �ve groups (control, 14/28th day after surgery, estrogen and hUCB-MSCs treatment).The number
of endometrial glands and the �brosis rate were evaluated using HE and Masson staining, respectively.
Endometrial proliferation, angiogenesis and in�ammation was evaluated by immunohistochemical
staining of ER, Ki-67and TGF-β1, respectively. Single-cell RNA sequencing (scRNA-seq) was applied to
explore the cell differentiation trajectory after hUCB-MSCs transplanted into IUA endometrium. Finally,
molecular mechanism of hUCB-MSCs repairing damaged endometrium was investigated by RNA
sequencing.

Results: After transplantation of the hUCB-MSCs, the increase of endometrial gland number, estrogen
receptor(ER) and Ki-67expression,and the decrease of �brosis rate and TGF-β expression(P 0.05),
suggested the endometrial repair, angiogenesis and in�ammatory suppression. The therapeutic effect of
hUCB-MSCs was signi�cantly improved compared with 28th day after surgery and estrogen group.
ScRNA-seq demonstrated that the transplanted hUCB-MSCs can trans-differentiate into endometrial cells:
epithelial, �broblast, and macrophage. RNA Sequencing of six IUA samples further revealed that hUCB-
MSCs may regulate Th17/Treg balance through NF-kB signaling, thus inhibiting the immune response of
damaged endometrium.

Conclusions: Our study demonstrated that hUCB-MSCs can repair damaged endometrium through trans-
differentiation, immunomodulatory capacities, and NF-κB signaling, suggesting the treatment value of
hUCB-MSCs in IUA.

Introduction
In women of reproductive age, severe injuries to the endometrium are often accompanied by intrauterine
adhesion (IUA), which can result in menstrual disorders, dysmenorrheal, amenorrhea, recurrent
spontaneous abortion, and infertility[1, 2]. Currently, the gold standard treatment for IUA is hysteroscopic
resection of the adhesions [3], followed estrogen therapy to stimulate regeneration of the endometrium
[4]. This treatment strategy is useful for patients with mild or moderate disease severity but not effective
for severe IUA[5]. The recurrence rate of severe IUA is up to 62.5% [1, 3], and the postoperative pregnancy
rate is only 33.3% [6].Current treatments can only temporarily restore the anatomy of the uterine, but
cannot restore the structure and function of the endometrium. Due to impaired revascularization and
ischemia in severe IUA [7],the clinical effects of these medications that promote blood perfusion such as
aspirin [8, 9],and granulocyte colony stimulating factor [5]are limited.
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The cellular and molecular pathogenesis of IUA remains obscure and controversial. Some studies
suggested that �broblasts are activated by CTGF(connective tissue growth factor) through TGF-β after
endometrial injury, then produce excessive �brillar collagen, which inhibit the normal regeneration of
endometrial mesenchymal stem cells [10, 11].Studies also found that the expression of NF-κB in IUA
endometrium was signi�cantly higher than that in normal endometrium, which can promote the
occurrence of endometrial in�ammation [12]. Besides, damaged endometrial cells can promote Th2
immune response to promote �brosis [13]. Thus, these cellular changes and molecular pathways may
provide potential clues for new treatment of IUA to reverse in�ammation and promote endometrial
regeneration.

Although many methods have been used to treat severe IUA, the high recurrence rate and endometrial
thinning limit the therapeutic effect. Therefore, how to regenerate the damaged endometrium and restore
its function is an important problem and great challenge for IUA treatment. Recently, cell therapy for IUA
is promising in the treatment of endometrial dysfunction [14]. Mesenchymal stem cells (MSCs) are
considered to be an ideal cell type for tissue regeneration due to their high potential differentiation, self-
renewal and immune regulation [15]. At present, the animal and clinical trials of MSCs in IUA treatment
have abundantly carried out, showing the ability of obvious endometrial repair and regeneration for MSCs
[16]. Although MSCs have demonstrated to be a promising cell therapy in IUA treatment, these studies are
still in the experimental research stage, and its advantages over estrogen therapy and the exact
mechanism of treatment are worthy of further investigation.

Cord blood contains both hematopoietic and non-hematopoietic cells, of which mesenchymal stem cells
are a very small percentage of non-hematopoietic cells. They can be considered as “very young” and have
the potential for multilineage differentiation [17].Human umbilical cord blood derived MSCs (hUCB-MSCs)
have been regarded as a favorable source for cell-based therapies because of their easy collection, low
immunogenicity, and high proliferative potential. hUCB-MSCshave been used in the treatment of type I
diabetes [18], osteoarthritis [19], acute graft-versus-host disease [20], et al. However, few studies have
reported the application of hUCB-MSCs in endometrial repair.

In present study, we used hUCB-MSCs to treat rabbit IUA model and explored the underlying therapeutic
mechanisms. We used scRNA-seq to determine whether hUCB-MSCs transplanted into endometrium
differentiate into endometrial cells, and used RNA sequencing to investigate the role of immunoregulation
and signaling pathway during hUCB-MSCs transplantation.

Materials And Methods
1. Ethics

This study was approved by Ethics Committee of Zhengzhou Central Hospital A�liated to Zhengzhou
University (ethics number: 202126).All experimental procedures in rabbits were conformed with the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH Publication No. 85-
23, revised 1996). Sexually mature female New Zealand Rabbit (2800-3000 g) at the age of 14-16 weeks
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were purchased from Pizhou Dongfang breeding Co., Ltd(permit number: SCXK(su)2017-0002), Jiangsu,
China. All rabbits were fed rabbit chow and water ad libitum under temperature controlled environment at
25℃ with a 12 h light and dark cycle for 1 week.

2. Isolation of hUCB-MSCs

Umbilical cord blood samples (about 50mL each) with anticoagulant (EDTA) were collected from
umbilical cord vein. Mononuclear cells (MNCs) were isolated by density gradient centrifugation for 30
minutes at 400 g and washed 3 times in PBS (Beyotime). The isolated MNCs were plated in 75cm2 cell
culture �ask containing mesenchymal stem cell basal medium (Yocon) and incubated at 37°C in a
humidi�ed atmosphere of 5% CO2. Non‐adhering cells were removed after adherence phenomenon, and
then medium was changed every 3 days. After expansion to 80~90% con�uence, the cells were harvested
by 0.25% trypsinization and subcultured for further experiments. Inverted microscope was used to
analyze the morphology of hUCB-MSCs. According to the International Society for Cellular Therapy, MSCs
have three characteristics: (1)plastic-adherent, (2)express CD105, CD73, and CD90 and not express CD45,
CD34, CD14, CD11b, CD79α, CD19, and HLA-DR surface antigen, (3)differentiate into osteoblasts,
adipocytes in vitro [21]. Thus hUCB-MSCs were analyzed by �ow cytometry, osteogenic and adipogenic
differentiation assays.

3. Flow Cytometric Analysis

Detached hUCB-MSCs were washed twice with ice-cold PBS, centrifuged, and �xed in 4%
paraformaldehyde. Then cells were incubated with mouse anti-human CD45-FITC, CD34-FITC, CD11b-
FITC, CD19-FITC, CD29-FITC, CD73-PE, CD105-APC-A750, CD90-APC and HLA-DR-FITC (all from
BioLegend) in dark for 20 minutes. Cells were analyzed by �ow cytometer (Beckman Coulter GmbH,
Krefeld, Germany).

4. Osteogenic and adipogenic differentiation

To investigate the osteogenic and adipogenic differentiation potential of hUCB-MSCs, third-passage cells
were plated at a concentration of 3´103cells/cm2and cultured with osteogenic and adipogenic medium
for 3 weeks with medium changes twice weekly, respectively. Osteogenic medium consists of IMDM
supplemented with 0.1mM dexamethasone, 10 mM β-glycerolphosphate (Sigma-Aldrich), and 0.2 mM
ascorbic acid. Adipogenic medium consists of IMDM supplemented with 0.5 mM 3-isobutyl-1-
methylxanthine (Sigma-Aldrich), 1mM hydrocortisone (Sigma-Aldrich), 0.1 mM in domethacin(Sigma-
Aldrich), and 10% rabbit serum (Sigma-Aldrich). At the end of differentiation, cells were stained with
Alizarin Red S and Oil Red O respectively.

5. The establishment of IUA model

Rabbit IUA models were constructed according to Liu et al [22]. Rabbits (n =9) were randomly subdivided
into 3 groups, including control group (n = 3, rabbits without any treatment), 14 days after surgery group
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(n = 3, rabbits underwent IUA modeling surgery, sacri�ced on 14th day), 28 days after surgery group (n =
3, rabbits underwent IUA modeling surgery, sacri�ced on 28th day). 

All rabbits in model group were anesthetized with urethane (1.5g/kg) through ear venous. They were then
placed in a supine position and the lower abdomen was shaved and sterilized with 70% ethanol on the
operating table. A vertical incision (2.5-3 cm) was performed and the bilateral uterine horns were
exposed (Fig.1E). A 0.5-cm longitudinal incision was scissored in the uterus to scrape the inner
endometrium with a small curette until feeling rough. After curettage, a LPS surgical suture placed in the
uterine cavity (Fig.1F).The uterine cavity and peritoneal cavity were thoroughly rinsed with physiological
saline, then the abdomen was sutured (Fig.1G). The LPS surgical suture was removed at 48 hours after
surgery. On 14thand 28thdayafter surgery, 3 rabbits were sacri�ced for the collection of uterine tissue in
model group, respectively.

6. Treatment for IUA model

The rabbits (n = 6) were randomly assigned to two groups, including estrogen treatment group (n = 3,
rabbits underwent surgery of intrauterine adhesions, estradiol benzoate (0.5mg/kg) was administered
intramuscularly every 4 days) and hUCB-MSCs treatment group (n = 3, rabbits underwent surgery of
intrauterine adhesions, 1 weeks after surgery, a relaparotomy was performed and the rabbits were
injected with 1´106 hUCB-MSCs in each of the uterine).After 28days of treatments, all rabbits were
sacri�ced for the collection of uterine tissue. 

7. Histological analysis

The endometrial gland number and �brosis rate were examined via hematoxylin-eosin (HE) and Masson
staining respectively. The excised uteri were �xed in 4% paraformaldehyde, then embedded in para�n,
sliced into 5-mm thick sections, and routinely stained with HE and Masson stains according to standard
protocols. Sections were examined under an inverted microscope (Leica, German, DMIL-PH1). Four high-
power �elds (HPF) were selected on each HE-stained slice to count the number of glands. Four high-
power �elds (HPF) were selected on each Masson-stained slice to calculate the degree of endometrial
�brosisusing Image J software.

8. Immunohistochemistry

In order to evaluate expressions of endometrial receptivity related estrogen receptor (ER),
angiogenesis related Ki-67, and in�ammation related transforming growth factor-β1 (TGF-β1),
immunohistochemistry was used. The transverse para�ned uterine sections were depara�nized,
rehydrated, and then incubated in 5% bovine serum albumin (Beyotime) for 30 min at 37℃ to block the
nonspeci�c antibody. Sections of the uterus were depara�nized and gradually dehydrated. Slides were
incubated with rabbit anti-Ki-67 (1:200 dilution) anti-ER (1:200 dilution), and anti-TGF-β1 (1:200 dilution)
monoclonal antibody at 4℃ overnight. And then the sections were incubated with goat anti-rabbit
secondary antibodies for 60 min at room temperature and the reaction was stopped with 3,3-
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diaminobenzidine. Image J software (National Institutes of Health) was used to evaluate the expression
of Ki-67, ER, and TGF-β1-positive cells, respectively, at a magni�cation of 400´. Five �elds were randomly
selected from each slide to determine the mean optical density (MOD).

9. Single-cell RNA sequencing (scRNA-seq) 

A rabbit IUA sample with hUCB-MSCs transplantation was utilized to single-cell RNA sequencing and
bioinformatics analysis. The dually edited Mel-RM (Mel-RM.DE) cells were serum starved for 96 h and the
endometrial quiescent cells were sorted, washed twice and re-suspended in cold PBS (calcium and
magnesium free) with 0.04% FBS. Cell number and viability were determined using hemocytometer and
Trypan Blue staining and 1´105 cells were subjected to10´ Genomics sequencing according to the
manufacturer’s protocol by Shanghai OE Biotech co., LTD (Shanghai, China). Brie�y, viable endometrial
cells isolated from dually edited Mel-RM cells after serum starvation were analyzed using the 10
´ Genomics Chromium Droplet platform with unique transcript counting through barcoding with unique
molecular identi�ers (UMIs). Cell Ranger 3.1.0 and Seurat 3.1.1 were used to analyze the sequencing
results. 

Considering that the rabbit IUA sample was treated with hUCB-MSCs, we mapped the sequenced reads to
the human and rabbit reference genomes respectively, obtaining 4363 human derived cells and 10,599
rabbit derived cells. After quality �ltering to remove cells expressing high mitochondrial gene signatures
and excluding doublets, 4097human derived cells and 8792 rabbit derived cells were retained for further
analysis. Upon gene expression normalization for read depth, cells were subjected to t-distributed
stochastic neighbor embedding (t-SNE) and several unsupervised cell clusters were obtained and
visualized using Loupe Browser. The cluster-speci�c markers were identi�ed by detecting the differentially
expressed genes between the given cluster and the other clusters. 

Pseudotime trajectories were constructed with MONOCLE (version 2.6.4) (Qiu et al., 2017). Brie�y, we �rst
selected a set of ordering genes which showed differential expression between clusters. Then, Monocle
uses reversed graph embedding, a machine learning technique to learn a parsimonious principal
graph, reduces the given high-dimensional expression pro�les to a low-dimensional space. Single cells
are projected onto this space and ordered into a trajectory with branch points. As called in Monocle, cells
in the samesegment of the trajectory have the same ‘state’.

10. RNA Expression Pro�ling by RNA Sequencing

The rabbit IUA samples with and without treated with hUCB-MSCs were used for transcriptome
sequencing (3 vs 3). Firstly, total RNAs were extracted by Trizol method, RNA purity was detected by
spectrophotometer, RNA integrity was analyzed by agarose gel electrophoresis and Agilent 2100
BioAnalyzer. The Library was constructed using Illumina’s NEBNext® UltraTM RNA Library Prep Kit. Then,
Illumina platform was used for library sequencing and 150 bp paired terminal reading was generated to
obtain the sequence information of the fragment to be measured. After quality control and sequence
alignment based on reference genome, DESeq2 software [23] was used to analyze the differentially
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expressed genes (DEGs) between the two groups. Finally, the DEGs was used for gene enrichment
analysis based on gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).

11. Western Blot

Proteins were extracted from endometrium samples with RIPA buffer containing proteinase inhibitors.
The protein concentrations were quanti�ed using BCA Protein Assay Kit (Beyotime, Shanghai,
China) and separated in SDS-PAGE gel (Solarbio, Beijing), then they were transferred onto the PVDF
membrane. The membranes were incubated with anti-NF-kB-p65 and anti-GADPH for overnight at 4℃,
followed by secondary antibodies for 1 h at room temperature. The blots were visualized using ECL
chemiluminescence kit (enhanced), and the band intensity was quanti�ed with Image J software.

12. Statistical Analysis 

Statistical analysis was performed with SPSS 20.0 software. Numerical data were indicated as means
standard deviation. For nonparametric statistics, data were analyzed using the Mann Whitney U test and
presented as populations with median values indicated by bars. For parametric statistics, data were
analyzed using unpaired Student Ttest. Data was presented as a mean value with 95% con�dence
interval (CI). P values <0.05 were considered to be statistically signi�cant.

Results
1. Identi�cation and characterization of hUCB-MSCs

We observed that hUCB-MSCs were adherent, with a �broblast-like shape under optical microscope (Fig
1A) .The results of �ow cytometry showed that the cells were positive for CD73, CD90 and CD105, but
negative for CD34,CD45,CD11b,CD19, and HLA-DR(Fig.1D),indicating that these cells were MSCs, not
hematopoietic stem cells or macrophages.

Morphologic changes in cells as well as the formation of lipid droplets were noticeable as early as 10 day
after induction and visualized by oil-red O staining, demonstrating that hUCB-MSCs could differentiate
into adipogenic cells (Fig.1B). Calci�ed extracellular matrix was detected by Alizarin Red S staining,
con�rming hUCB-MSCs could differentiate into osteogenic cells (Fig.1C). These �ndings are concordant
with the characteristics of mesenchymal stem cells.

2. The gland number and �brosis rateof endometrium after hUCB-MSCs transplantation

We found that normal endometrial surface was covered with simple high columnar epithelial cells, and
endometrial glands were primarily located in submucosa and basal layer. On 14/28th day after surgery,
the endometrium showed �at low columnar epithelial cells (Fig.2A).Compared with control group, the
glands number markedly reduced, and the �brosis rate was obviously elevated in 14/28th day after
surgery(P < 0.05, Fig.2A-D). The situation did not improve on 28th day after surgery compared with 14th
day after surgery, which indicated that the rabbit IUA models were successfully established. 
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After the hUCB-MSCs transplantation, the glands number was statistically increased and the �brosis rate
was decreased compared with28th day after surgery (P < 0.05, Fig.2A-D).While no signi�cant difference
was seen on the two indexes between the estrogen treatment group and 28th day after surgery (P >
0.05,Fig. 2A-D).These results suggested that hUCB-MSCs could be superior to estrogen in IUA treatment.

3. Expression of ER, Ki-67 and TGF-β1 of endometrium afterhUCB-MSCs transplantation

To further explore the hUCB-MSCs contributor on �brosis endometrium, we detected the Ki-67, ERandTGF-
β1 expression in endometrial issues. After the hUCB-MSCs transplantation, there is an obvious increase in
Ki-67and ER expression compared to 28th day after surgery (P < 0.05, Fig.3A-B, D-E). Compared to 28th
day after surgery, there is obvious reduction inTGF-β1 expression in hUCB-MSCs transplantation group (P
< 0.05, Fig. 3C, F). While no signi�cant difference was seen on the expression of three proteins between
the estrogen treatment group and 28th day after surgery (P > 0.05, Fig.3A-F). These results further
validated that hUCB-MSCs have advantages over estrogen for IUA treatment.

4. ScRNA-seq revealed hUCB-MSCs trans-differentiate into endometrial cells

To investigate the cellular architecture and cell differentiation trajectory of IUA from single cell level, a
rabbit IUA sample with hUCB-MSCs transplantation was utilized to scRNA-seq and bioinformatics
analysis (Fig.4A). After quality control, 4097 human derived cells were used to performed t-SNE analysis
and 8 cell clusters were obtained (Fig.4B). By analyzing the differential expressed genes across the
clusters and combining with classical markers of human cell types from a previous study [24], the
relationship of the clusters and cell types was displayed (Fig.4C-D).After puri�cation and re-annotation
manually, four main cell types including MSCs (68 cells, 1.66%), �broblasts (664 cells, 16.21%), epithelial
cells (2770 cells, 67.61%) and macrophages (595 cells, 14.52%) were revealed (Fig.4E). The MSCs
annotated were the residual transplanted hUCB-MSCs, which did not take long enough to transform into
any other cell types, while the remaining three cell types (�broblasts, epithelial cells and
macrophages) could be the result of endometrial reconstruction after hUCB-MSCs transplantation for IUA
treatment.

Since MSCs displayed stem cell-like signatures and have potential to differentiate into other cell types, we
speculated that pseudotime series analysis based on the four cell types may capture the main
differentiation processes of MSCs during treatment of IUA using hUCB-MSCs. A cell trajectory was
reconstructed by Monocle, which mainly contained 3 branches (Fig.5A). Notably, the trajectory’s root was
MSCs, which trans-differentiate into epithelial cells throughout the whole process. And some MSCs trans-
differentiate into �broblasts �rstly, while some followed to trans-differentiate into macrophages (Fig.5B).
The results suggested that hUCB-MSCs can trans-differentiate into endometrial tissues, which will bene�t
for the mechanism understanding and clinical treatment of MSCs transplantation in uterine
in�ammatory injury.

Similarly, 8792 rabbit derived cells were annotated to four main cell types: endothelial cells (2431
cells, 27.65%), �broblasts (5721 cells,65.07%), epithelial cells (208 cells,2.37%) and macrophages (312
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cells,3.55%)) and three rare cell types (Fig.5C). Integrated human with rabbit derived cells, we observed
that the proportion of endothelial cells (2431 cells, 18.7%) and �broblasts (6385 cells, 49.54%) was
elevated, while the proportion of epithelial cells (2978, 23.1%) and macrophages (907 cells, 7.04%) was
decreased (Fig.5D). By analyzing the percentage of normal uterine tissue cells in a previous study [24], we
found that the distribution of merged cell types was more similar to that of normal endometrium
compared with that of rabbit derived cell types (Fig.5D). This indicates that MSCs can differentiate
endometrial tissue cells and restore the damaged endometrial environment to normal, which re�ects the
value of mesenchymal stem cell transplantation in the treatment of IUA. With the prolongation of action
time after MSC transplantation and the initiation of body self-repair, the proportion of cells in the
damaged endometrial tissue may tend to be more and more normal.

5. RNA Sequencing revealed hUCB-MSCs regulate Th17/Treg balanceand NF-κB signaling in treating IUA

To clarify the biological role of treatment with hUCB-MSCs in IUA, RNA sequencing of 6 samples (3 for
28th day after surgery and 3 for hUCB-MSCs treatment) was performed to observe the molecular
expression changes in IUA samples before and after hUCB-MSCs transplantation. We found that hUCB-
MSCs treatment caused 2188 genes to be up-regulated and 1193 genes to be down-regulated (Fig.6A-B).
GO and KEGG pathway enrichment analysis was performed based on these differential expressed genes.
GO result showed that treatment-associated genes were mainly enriched in cell proliferation and cell
migration (Fig.6C). KEGG analysis depicted that hUCB-MSCs treatment may participate in the pathways
related to immune cell (Th1, Th2, Th17) differentiation, T cell receptor signaling and NF-κB signaling
pathway (Fig.6D). 

NF-κB signaling has been reported to be possible involved in MSCs transplantation to treat IUA [11], thus
becoming to our focus. NFKB1 mRNA expression were signi�cantly decreased after treatment (Fig.6E).
WB assay also con�rmed that NF-κB protein level indeed reduced compared with pre-treatment (Fig.6F-G),
indicating that NF-κB signaling may play a crucial role in hUCB-MSCs regulating in�ammatory
microenvironment of endometrium. According to previous studies [24, 25], MSCs can regulate the
polarization of naive T cells into anti-in�ammatory regulatory T cells (Treg) and reduce the ratio of
Th17/Treg cells to exert immunomodulatory function, which can mediate through the activation of NF-κB
signaling pathway. Thus we believed that hUCB-MSCs can regulate Th17/Treg balance and NF-κB
signaling in treating IUA, which promoting the mechanism understanding and potential clinical
application for treating IUA with hUCB-MSCs transplantation.

Discussion
The components of endometrial tissue include epithelial cells, stromal cells, vascular smooth cells, and
vascular endothelial cells. The healthy endometrium with regenerative capacity can divide into two zones:
the upper functional layer and lower basal layer. During a menstrual cycle, the functional layer shed, while
the permanent basal layer can regenerate into new functional layer every menses as well as postpartum
[26–28]. It has become evident that endometrial stem cells are responsible for endometrial regeneration
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[29], while their number of endometrial stem cells decreases and their function was weaken in IUAs due to
the damaged basal layers [1]. Exogenous MSCs transplantation maybe compensate for this endogenous
reduction to exert the role of regeneration.

MSCs have effects on tissue repair by homing to the injured site, secreting chemokines, modulating the
immune function, differentiating into other types of cells, and potentially having antimicrobial ability.
They can suppress in�ammation by secreting immunomodulatory factors, such as, IL-6, IL-8, MCP-1,
CCL5, and TLR-4, thereby decreasing proliferation and activation of CD4+ T cells [30, 31]. Clinical trials
have demonstrated the initial safety and e�cacy of mesenchymal stem cells derived from bone marrow,
umbilical cord, menstrual blood and adipose tissue in restoring menstruation, fertility outcomes, and
endometrial regeneration. Studies have showed transplantation with the MSCs promoted endometrial
regeneration and collagen resurgery, enhanced the expression of estrogen receptor of IUA model [31].
Animal experiments have corroborated that MSC transplanted into uterine cavity of mice can exert
immunomodulatory effects by secreting anti-in�ammatory cytokines IL-6 [32].Current knowledge on IUA
pathogenesis was mostly derived from tissue studies without considering the multicellular structures and
their orchestration, thus it’s quite essential for in-depth mechanistic investigations, such as trans-
differentiation, immunoregulation and signaling pathway.

Previous studies showed MSC-induced functional improvement of injured tissues by paracrine effect
rather than direct differentiation [33, 34]. However, our study revealed the potential of differentiation for
MSC in tissue repair. The annotation analysis of human derived cell types from scRNA-seq showed that
hUCB-MSCs maybe differentiate �broblasts, epithelial cells and macrophages (Fig. 4E), suggesting the
potential of endometrial repair and regeneration after hUCB-MSCs transplantation in IUA treatment.
(1)Previous studies demonstrated MSC transplantation can affect the composition and morphology of
endometrial epithelial cells, and promote the regeneration of endometrial epithelial cells[35, 36]; (2)MSCs
were considered as one of the sources for �broblasts and even immature �broblasts, which could
regenerate during the repair of in�ammatory damage [37]; (3) MSCs were reported to promote
macrophage polarization inhibit in�ammatory progression, and increased anti-in�ammatory responses in
vivo and in vitro [38]. These evidences also provide clues of the differentiation possibility into the three
cell types during IUA treatment after MSCs transplantation. In our study, the pseudotime series analysis
also showed MSCs can trans-differentiate into epithelial cells, �broblasts and macrophages throughout
the differentiation process or in different periods(Fig. 5A-B). The results suggested that scRNA-seq could
reveal the cellular architecture and evolution of IUA from single cell level.

Excitingly, compared with rabbit derived cell types, we found that the distribution of merged cell types
was more similar to that of normal endometrium (Fig. 5D).The merged cell types represent IUA
endometrium after hUCB-MSCs transplantation, while the rabbit derived cell types roughly represent IUA
endometrium without treatment. This indicates that MSCs can differentiate endometrial tissue cells and
restore the damaged endometrial environment to normal. Of course, the proportion of merged cell types
were still slightly different with normal endometrium. This could be due to the in�uence of distinct
sample sources and processing methods, as well as the diversity of cell type annotations. On the other
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hand, we speculated that, the proportion of cells in the damaged endometrial tissue maybe tend to be
completely normal as MSCs continue to function as well as body self-repair.

MSCs can regulate the polarization of naive T cells into anti-in�ammatory regulatory T cells (Treg) and
reduce the ratio of Th17/Treg cells to exert immunomodulatory function [24, 39, 40]. The
immunomodulatory effect of MSCs is proved to mainly communicate with T cell through IL-6-mediated
paracrine way [41]. The interaction between lymphocytes and MSCs also depends on the induction of IL-6
expression by MSCs [42]. IL-6 has been demonstrated to regulate Th17/Treg balance [43], and inhibit its
expression could signi�cantly impair the immunomodulatory function of MSCs [44]. On the other hand,
MSC transplantation can mediate T cell response through the activation of NF-κB signaling pathway [25],
which may rely on LAT to exhibit T-cell regulatory function [45, 46]. The inhibition of LAT reduced CTLA-4
and CD25 expression in Treg cells and impairs their immunosuppression capacity [47]. These evidence
indicates the key role of cellular molecules and signaling pathways in in�ammation and immune
regulation after MSCs transplantation [48]. In our study, functional enrichment analysis based on
differential expressed genes showed that MSC transplantation may treat IUA through T cell
differentiation and NF-kappa B signaling pathway. The expression of IL-6 related genes (IL6R and IL6ST)
and LAT detected RNA sequencing by were signi�cantly elevated compared with pre-treatment. Therefore,
we speculate that except for NFKB1, IL-6 and LAT may also be the key factors in the action mechanism of
MSC transplantation in the treatment of IUA, which needs to be further investigation in future studies.

Conclusion
Transplantation of hUCB-MSCs promoted structural reconstruction and regulated in�ammatory
environment in IUA endometrium through NF-κB signaling. We �rstly demonstrated that hUCB-MSCs can
differentiate into normal endometrial tissue in rabbit. It was proved that hUCB-MSCs may be a promising
therapy for humans with IUA. Of course, more research is needed on the long-term safety pro�le and
effectiveness for patients with IUA.

Abbreviations
hUCB-MSC
Human umbilical cord blood derived mesenchymal stem cells
ER
Estrogen receptor
H&E
Hematoxylin and eosin
WB
Western blot
IUA
Intrauterine adhesion
TGF



Page 13/19
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Figures

Figure 1

Characterization of hUCB-MSCs and establishment of IUA model. (A) Representative image of hUCB-
MSCs. Scale bar:100mm. (B) Representative image of hUCB-MSCs adipogenic differentiation. Scale bar:
100mm. (C) Representative images of hUCB-MSCs osteogenic differentiation. Scale bar: 200mm. (D)
Surface antigens of hUCB-MSCs detected by �ow cytometry assay. Cells were positive for CD73, CD90
and CD105, but negative for CD34, CD45, CD11b, CD19and HLA-DR. (E) Normal uterus after laparotomy
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without treatment. (F) Uterus after IUA surgery. A LPS surgical suture places in the uterine cavity after
curettage. (G) The abdomen after suture.

Figure 2

Histological analysis of uterine transverse section. (A) Micrographys representing HE stained endometrial
tissue from 5 groups, i.e. rabbits without surgery (control), 14/28th day after surgery, and treated with
estrogen/hUCB-MSCs. Original magni�cation at 400 ´. (B) Endometrial gland number in 5 groups. (C)
Micrographys representing Masson stained endometrialtissue from 5 groups. Original magni�cation at
400´. (D) Endometrial �brosis in 5 groups. Each group has three independent experiments.

Figure 3

Immunohistochemistry of ER, Ki-67 and TGF-β1. (A-C) Micrographys of ER,Ki-67 and TGF-β1 expression
from 5 groups, i.e. rabbits without surgery (control), 14/28th day after surgery, and treated with
estrogen/hUCB-MSCs. (D-F) The expression of ER,Ki-67 and TGF-β1 in endometrium in 5 groups. All
original magni�cation at 400´. Each group has three independent experiments. 

Figure 4

Identi�cation of endometrium populations with single-cell transcriptomic analysis. (A) The work�ow
shows the collection and processing of obtained endometrium sample for scRNA-seq. (B) t-distributed
stochastic neighbor (t-SNE) visualization of all human derived cells displayed with different colors for
clusters. (C) A heatmap revealed the expression levels of the indicated genes for human derived cells. (D)
The heatmap represents the corresponding relationship of 8 cell clusters and human derived cell types;
red (or blue) color indicates a high (or low) proportion. (E) t-SNE visualization of four main human derived
cell types after re-annotation.

Figure 5

Cell differentiation trajectory of hUCB-MSCs and the cell type proportion of rabbit derived cells (A) The
trajectory with 3 branches identi�ed by pseudotime analysis. (B) The speci�c cell distribution of four cell
types in differentiation trajectory. (C) Four mainly cell types and three rare cell types identi�ed in rabbit
derived cells. (D) The proportion of four mainly cell types in IUA rabbit derived cells, merged (human and
rabbit) endometrial cells and normal human endometrial cells from a reference literature.
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Figure 6

RNA sequencing and bioinformatics analysis reveal biological pathways involved in IUA treated with
hUCB-MSCs. (A) The volcano plot of differential expressed genes in IUA before and after hUCB-MSCs
transplantation. Red (or blue) color indicates up-regulated(or down-regulated) genes. (B) The heatmap of
representative differential expressed genes. (C) The enriched GO terms in GO enrichment analysis. (D)
The enriched KEGG pathways in pathway enrichment analysis. (E) The NF-KB mRNA expression level
measured by RNA sequencing in two groups, each group has three samples. (F) The representative WB
image of NF-kB p65 protein expression. (G) The NF-kB p65 protein expression level measured by WB in 5
groups, i.e. rabbits without surgery (control), 14/28th day after surgery, and treated with estrogen/hUCB-
MSCs.


