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Abstract

Severe endometrium damage causes pathological conditions such
as thin endometrium and intrauterine adhesion, resulting in uterine
factor infertility. Mesenchymal stem cell (MSC) therapy is a promis-
ing strategy in endometrial repair; yet, exogenous MSCs still raise
concerns for safety and ethical issues. Human adipose-derived mes-
enchymal stem cells (ADMSCs) residing in adipose tissue have high
translational potentials due to their autologous origin. To hamess
the high translation potentials of ADMSC in clinical endometrium re-
generation, here we constructed an ADMSCs composited porous
scaffold (CS/ADMSC) and evaluated its effectiveness on endometrial
regeneration in a rat endometrium-injury model. We found that

CS/ADMSC intrauterine implantation (i) promoted endometrial thickness and gland number, (i) enhanced tissue angiogenesis, (;
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fibrosis and (iv) restored fertility. We ascertained the pro-proliferation, pro-angiogenesis, immunomodulating and anti- ﬁbrotlc effects of
CS/ADMSC in vitro and revealed that the CS/ADMSC influenced extracellular matrix composition and organization by a transcriptomic analysis.
Our results demonstrated the effectiveness of CS/ADMSC for endometrial regeneration and provided solid proof for our future clinical study.
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Introduction

Endometrium plays an essential role in human reproduction. As
one of the most dynamic tissues in the female body, it undergoes
sequential proliferative phase, secretory phase and menstrual
phase in a normal menstrual cycle under the endocrine environ-
ment. The menstruation and the following repair signify a typical
natural injury and a scarless wound-healing process that occurs
about 400 times during women’s reproductive time span [1].
Severe endometrium damage causes pathological conditions such
as thin endometrium and intrauterine adhesion, resulting in uter-
ine factor infertility [2, 3]. Therefore, promotion of endometrial re-
generation can assist treatment of endometrium-related
infertility. Conventional treatments including hysteroscopic adhe-
siolysis followed by hormone replacement can improve endome-
trial regeneration, but most patients with moderate to severe

intrauterine adhesion still face a high risk of recurrence and poor
pregnancy outcomes [4].

Mesenchymal stem cells (MSCs) are a group of adult stem cells
found in many tissues including bone marrow, umbilical cord,
placenta and adipose tissue. MSCs maintain a unique undifferen-
tiated status and have multi-lineage differentiation potentials,
indicating that they participate in tissue regeneration [5]. MSCs
also display special paracrine profiles as they secrete a variety of
trophic and immunomodulatory factors including growth factors,
cytokines, chemokines and extracellular vesicles [6]. The trophic
and immunomodulation effects of MSCs have been widely used
in the treatment of degenerative diseases and tissue engineering
[7, 8] such as bone repair [9, 10], skin repair [11, 12] and endome-
trial regeneration [13-16]. Most of the previous researches using
MSCs in endometrium regeneration chose exogenous MSCs,
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which raised concerns for safety and accompanied ethical issues;
therefore, autologous MSCs were drawing more attentions [17].
Adipose-derived MSCs (ADMSCs) reside in adipose tissue and ex-
hibit better self-renewal ability compared with other MSC coun-
terparts and could be easily and safely obtained by outpatient
liposuction procedures [18]. The easy accessibility of ADMSCs
makes it possible to achieve an autologous stem cell transplanta-
tion with the least ethical issues and the lowest immunogenic
risks [19, 20]. Therefore, ADMSC is an ideal candidate for clinical
translation.

Because of the anatomical feature of uterine cavity, intrauter-
ine transplanted MSCs can easily be discharged out of the uterine
cavity, thus reducing the local retention and effects of MSCs. In a
murine model of endometrial injury, researchers observed only
0.045% of the transplanted MSCs engrafted into the endome-
trium 2 weeks after intrauterine injections [21]. The combined
use of biomaterials and MSCs has been reported to enhance stem
cell therapeutic effects [22-24]. Collagen is widely used and a nat-
urally derived biomaterial with good biocompatibility and biode-
gradability [25, 26]. The porous structure of collagen-based
scaffolds provides physical support for MSC adhesion and sur-
vival and enhances engraftment of MSCs at injury sites thus pro-
moting tissue repair outcomes [27, 28]. Moreover, our previous
clinical study using collagen-derived material proved the safety
of collagen-based biomaterial for human use [14].

To exploit the regenerative effects of autologous ADMSCs and
harness their high translational potential in future clinical use
for endometrial regeneration, we evaluated the efficacy of
ADMSCs on endometrial regeneration in a rat endometrium-
injury model. Moreover, we constructed a collagen scaffold and
loaded ADMSCs (CS/ADMSC) on it to deliver the stem cells into
the uterine cavity. Histological analysis of the endometrium and
fertility test revealed that the CS/ADMSC implantation signifi-
cantly improved endometrial repair and restored fertility. In vivo
and in vitro results validated the prominent anti-fibrotic and
anti-inflammatory effects of the CS/ADMSC. Besides, our
transcriptomic analysis revealed that the CS/ADMSC exerted its
anti-fibrotic effects by influencing the components and organiza-
tion of extracellular matrix (ECM).

Materials and methods
Culture and characterization of ADMSCs

ADMSCs were obtained from Re-Stem Biotech, Jiangsu, China. A
third-party company (Kingmed Diagnostics, Guangzhou, China)
confirmed the identity of the ADMSC using a flow cytometric
method using a panel of recognized ADMSC surface markers, in-
cluding positive expression for CD49d, CD73, CD90, CD105 and
negative expression for HLA-DR, CD14, CD34, CD45. The ADMSCs
were cultured in Dulbecco’s Modified Eagle Medium/Ham'’s F-12
(DMEM/F12) (Meilunbo, MA0214) supplemented with 10% fetal
bovine serum (FBS) (Cellmax, SA101.02), 100 U/ml penicillin
(Biosharp) and 100 mg/ml streptomycin (Biosharp) in an incuba-
tor (37°C, 5% CO,). The cells were trypsinized and passaged when
they reached 90-100% confluence. Cells at Passages 4-6 were
used for experimentation. The adipogenesis, osteogenesis and
chondrogenesis abilities of ADMSCs were verified using an adipo-
genic differentiation kit (CYAGEN, HUXMD-90031), an osteogenic
differentiation kit (CYAGEN, HUXMD-90021) and a chondrogenic
differentiation kit (CYAGEN, HUXMD-90041) according to manu-
facturer’s protocols.

Isolation and culture of primary human
endometrial stromal cells

The use of human tissue or cells was approved by the ethics com-
mittee of Sir Run Run Shaw Hospital, Zhejiang University School
of Medicine. Written informed consents were obtained from
women aged 25-40years old who underwent hysteroscopic ex-
amination of endometrium with biopsy 3-7 days after the com-
pletion of menstruation. Endometrial samples (about 0.3 g) were
collected from those having regular menstrual cycles and no evi-
dence of neither endometritis nor endometriosis. The tissue was
rinsed with sterile PBS for 3 times, then cut into <1-mm? pieces
before dispersion in DMEM/F12 medium supplemented with col-
lagenase III (0.5mg/ml, Worthington LS004182) and DNase
(0.2mg/ml, Worthington LS002139) at 37°C in a shaking water
bath for 60 min. Enzyme dispersion was terminated by adding an
equal volume of DMEM/F12 with 10% FBS. The isolated endome-
trial stromal cells were obtained by using a 70-pm sieve to filter
the undigested tissue pieces. The effluent was centrifuged at a
speed of 800rpm for 5min. The cells were seeded onto a 10-cm
dish. After 24h, the culture medium (DMEM/F12 with 10% FBS,
100 U/ml penicillin and 100 mg/ml streptomycin) was changed
and the adherent human endometrial stromal cells (HESCs) were
further cultured till 90-100% confluence for passages. Cells from
Passage 4 (P4)-P7 were used for experimentations.

Preparation and characterization the ADMSC/
collagen scaffold construct (CS/ADMSC)

The collagen scaffold was constructed by dehydrothermal treat-
ment as previously reported [13]. Briefly, the collagen extracted
from fresh bovine tendon was dissolved in acetic acid solution
(3% w/v) at 37°C. The soluble extract was transferred into a
Teflon mold, followed by lyophilization, then the lyophilized scaf-
fold was crosslinked by vacuum dehydration at 105°C for 15h.
Additionally, the collagen scaffold was cut into uniform size
(2.5cm x 0.5 cm). CCKS8 (Cell Counting Kit 8) assay and in vitro bio-
degradation experiment proved good cytocompatibility and bio-
degradability of CS (Supplementary Figs S1 and S2). To prepare
CS/ADMSCs, 1 x 10° cultured ADMSCs in 50 ul were seeded on a
sterilized CS, and the composite was stabilized for 2h in an incu-
bator and then covered with culture medium for later use.

The morphologies and the microstructures of CS and CS/
ADMSCs were observed by hematoxylin and eosin (HE) staining
and by scanning electron microscope (SEM) (Hitachi S-4800,
Japan). Intrauterine biodegradation was evaluated by HE staining
the uterine horns (Supplementary Fig. S4).

Growth and stemness of ADMSCs cultured on CS

Pieces of CS (0.5 cm x 05cm) were placed into an ultra-low at-
tachment 96-well plate (Corning 7007). A total of 5000 live
ADMSCs in 200 ul of culture medium were seeded into the wells
with or without CS. CCK8 assays were performed at different
time points with three replicates in each group. The absorbance
was measured under a 450-nm wavelength.

To evaluate the stemness of ADMSCs on CS, 1 x 10° ADMSCs
were seeded on the CS. The composite was stabilized for 2h and
then transferred into an ultra-low attachment 24-well plate
(Corning 3473). After culture for 24h, the composite was digested
with collagenase III (0.5 mg/ml) in DMEM/F12 for 20 min. The cells
were collected by filtration and centrifugation. An RNeasy micro
kit (QIAGEN 74004) was used to extract RNA according to the
manufacturer’s protocol. After reverse transcription, real-time
qPCR was performed to detect the expression level of stemness-
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related genes Nanog, Sox2 and OCT4 (primers are listed in
Supplementary Table S1). ADMSCs cultured on a normal attach-
ment plate were used as a control.

Effects of CS/ADMSCs on T-HESC cell proliferation

A total of 20 000 live T-HESCs (human telomerase reverse
transcriptase-immortalized endometrial stromal cells, ATCC,
CRL-4003) were seeded in each well of a 24-well plate, and CS/
ADMSCs (0.25 cm x 0.25cm with 2000 ADMSCs) were placed on
the upper Transwell chamber (Labselect 14321). Blank upper
chambers were used as control. On Day 0, Day 1 and Day 3, the
upper chambers were removed for the CCK8 assays.

Tube formation assay in vitro

To evaluate the angiogenetic effects of CS/ADMSC, we performed
the tube formation assay. Human umbilical cord vein endothelial
cells (HUVECs, Procell Ltd, HTX2104, Wuhan, China) were seeded
onto 24-well plates precoated with Matrigel (Corning, 356231).
CS/ADMSCs were placed in the upper Transwell chambers
(Labselect 14321) and cocultured with HUVECs. Images were
taken at 6 and 12 h after coculture (4 fields/well) and the extent
of tube formation was analyzed using an ImageJ angiogenesis an-
alyzer (https://imagej.nih.gov/ij/macros/toolsets/).

Anti-fibrotic effects of CS/ADMSC in vitro

Using the CS/ADMSC and HESC coculture setup described above.
Human recombinant TGFB1l at a concentration of 10ng/ml
(PEPROTECH 100-21) was added to the culture medium to induce
cellular fibrosis [29]. HESCs were divided into three groups: (i) cul-
tured in normal medium; (ii) cultured with TGFpl; and (iii) cul-
tured with TGFB1 and CS/ADMSCs. The plates were placed in a
37°C incubator with 5% CO, for 48 h.

For western blotting, the lysate of HESCs was added into the
Bio-Rad loading buffer (BioRad 1610747) according to the manu-
facturer’s instruction. Protein solutions were run on 10% SDS-
PAGE gel and transferred to PVDF membrane. The membranes
were blocked in 5% skim milk before incubation with the follow-
ing primary antibodies at 4°C overnight: antibodies against colla-
gen [ (COLA1, 1:1000, Abcam ab138492), fibronectin (FN, 1:1000,
Sigma-Aldrich, F3648), a-smooth muscle actin (aSMA, 1:10 000,
Abcam, ab124964), phosphorated Smad3 (pSmad3, 1:1000, CST,
9520S) and glyceraldehyde-phosphate dehydrogenase (GAPDH,
1:5000, Proteintech, 10494-1-AP). The membranes were then in-
cubated with HRP-conjugated secondary antibodies (1:5000; BD
Pharmingen, 554021 and 554022) at room temperature for 1h. An
enhanced chemiluminescence reagent (Millipore) was added to
the membrane and the signal was immediately detected by a
BioRad ChemiDoc. GAPDH was used as the internal reference.

For RT-QPCR detection, the RNA of HESC was extracted using
an RNA extraction kit (ES Science RN001) and the manufacturer’s
protocol. Primers of target genes are listed in Supplementary
Table S1. The expression of each gene was standardized using
GAPDH expression as a reference.

Transcriptomic analysis of CS/ADMSC’s effects
on HESCs

HESCs were prepared as described in the ‘Anti-fibrotic effects of
CS/ADMSC in vitro’. For this study, HESCs were divided into three
groups in triplicate and were labeled as: CTRL (cultured in normal
medium), T (cultured with TGFf1) and T/C.A (cultured with
TGFB1 and CS/ADMSCs). TRIzol reagent was used to lyse the
HESCs and samples were preserved in —80°C refrigerator before
experimentation. RNA-sequencing was conducted using an

[llumina NovasegTM6000 (LC Bio Technology Co., Ltd. Hangzhou,
China). To evaluate gene expression levels of HESCs in different
groups, reference genome alignment was performed using
Hisat2, and Stringtie was used to reconstruct transcripts and cal-
culate the expression levels of all genes in each sample.
Fragments per kilobase million values were used to represent
and to compare the gene expression levels in different samples.
In differential gene expression analysis, DESeq2 and edgeR meth-
ods were applied to identify significant reads out differences, and
BH-adjusted P (P.adj) values <0.05 were considered significant for
the analyses. Gene ontology (GO) analysis was performed to eval-
uate the enriched biological terms and processes in different
groups.

Immunomodulatory effects of CS/ADMSC in vitro

We used murine abdominal macrophages to determine whether
CS/ADMSCs exerted immunomodulatory effects. To isolate mu-
rine abdominal cells, 2 ml of 4% thioglycolate broth was intraperi-
tonially injected into female C57BL/6 mice 72h before the mice
were sacrificed. 10 ml of sterile PBS was intraperitoneally injected
to flush out the macrophages. The cells were cultivated in RPMI-
1640 medium supplemented with 10% FBS with or without CS/
ADMSCs coculture for 48h. Lipopolysaccharide (LPS) (Invitrogen,
USA) (100ng/ml) was added 6 h before RNA extraction or flow cy-
tometry analysis.

The primers used for RT-QPCR are listed in Supplementary
Table S1. For flow cytometry tests, the cells were stained with
FITC-conjugated anti-F4/80 antibody (1:100, Invitrogen
11480182), PE-conjugated anti-CD86 antibody (1: 160, Invitrogen
12086282) and APC-conjugated anti-CD163 antibody (1: 80,
Invitrogen 17163182) for 30min and then detected using a
Beckman DXFLEX flow cytometer.

Rat model of acute endometrial injury and
implantation

The animal experiment was approved by the animal ethics com-
mittee, Zhejiang University, and the ethics committee of Sir Run
Run Shaw Hospital, Zhejiang University School of Medicine.
Female Sprague-Dawley (SD) rats of 8-10weeks old (220-250 g)
were purchased from the Experimental Animal Center of
Zhejiang Province, China, and were raised in a specific pathogen-
free environment with a day/night cycle of 12/12h at a room
temperature of 22-25°C. The animals were allowed free access to
water and food.

The experimental design is shown in Fig. 2A. Briefly, pregnant
mere serum gonadotropin was administrated intraperitonially at
a dosage of 200 U/kg to synchronize the animals’ uterine cycles
48h before surgery. An acute endometrial injury model was
established as previously described with a few modifications [15].
Rats were anesthetized with 2% phenobarbital sodium (50 mg/kg)
intraperitonially. A 3-cm longitudinal excision was made at the
midline of the lower abdominal area to expose the uterine horns.
A small incision of 0.2 cm was made at the cervical junction site
of the right horn and a hemostatic clap was placed at the distal
end of the horn to protect the oviduct opening. A 1-ml syringe
was used to inject ~200 pl of 95% ethanol into the horn through
the cervical junction cut, which was then clamped for 2min be-
fore flushing the ethanol out with PBS (20 ml). To implant the CS
or CS/ADMSC, a pair of thin tweezers were used to insert and
spread the CS or CS/ADMSC into the uterine horn through the in-
cision and the wound opening was stitched with 6-0 absorbable
suture. The left horm remained intact as the normal control.
Benzylpenicillin potassium was then given intraperitonially for
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3 days for prophylaxis. The rats were randomly divided into three
groups: natural repair (NR) group (damage without treatments),
CS group (damage and CS implantation) and CS/ADMSC group
(damage and CS/ADMSC implantation).

Histological staining and immunohistochemistry

On postoperation Day 14 and Day 28, the rats were sacrificed,
and the treated horns were fixed in 4% paraformaldehyde (PFA)
solution, dehydrated and embedded in paraffin. The paraffin-
embedded samples were sliced into 7-um sections for staining.

HE and Masson trichrome staining were performed with stan-
dard protocols. Images of 4 high-power fields (HPF) for each slide
were captured using an optical microscope (ZEISS, Scope.Al). The
endometrial thickness and the proportion of fibrotic area were
analyzed by the FIJI software (https://fiji.sc/).

For immunohistochemistry (IHC) staining, the slides were sub-
jected to routine deparaffination, rehydration and antigen re-
trieval at 100°C in 10mM citrate sodium buffer. Endogenous
peroxidase activity was blocked with 3% H,O, and, then, the
slides were blocked in 5% bovine serum albumin (BSA) for 1h at
room temperature. The slides were incubated with primary anti-
bodies against Ki67 (1:200, ab15580, Abcam) and CD31(1:50,
ab281583, Abcam) in 5% BSA at 4°C overnight and then rinsed
and subjected to incubation with HRP-conjugated secondary an-
tibody for 1h before being exposed to a DAB solution. The slides
were observed under an optical microscope and 4 HPF on each
slide were captured for analysis.

Immunofluorescence

Female SD rats were divided into three groups as described
above. On Day 3 and Day 7 postoperation, the rats were sacri-
ficed, and the right uterine horns were collected and fixed in 4%
PFA solution. After dehydration and paraffin embedding, the
samples were sliced into 7-pum sections for immunofluorescence
staining. The slides were subjected to deparaffination, rehydra-
tion and antigen retrieval and washed with PBS for three times.
They were then blocked with 5% BSA for 1h at room tempera-
ture. Subsequently, primary antibodies diluted in 5% BSA were
added on the slides and incubated overnight at 4°C. The slides
were rinsed with PBS 3 times, and then, DAPI was added to stain
the nuclei. The primary antibodies used were anti-F4/80 antibody
(1:500, Abcam, ab300422), PE-conjugated anti-CD86 antibody
(1:50, Biolegend, 200307) and anti-CD163 antibody (1:200, Abcam,
ab182422). The slides were observed under a laser confocal fluo-
rescence microscopy (ZEISS, LSM800). Images were captured un-
der uniform laser excitation and imaging conditions.

Fertility assessment

A total of 40 female rats (including non-pregnant ones) were used
for fertility assessment. The rats were assigned into three groups
and treated as described above. On Day 28 post-surgery, female
rats were allowed to mate with male rats at a F/M ratio of 2/1. On
Day 18 after mating, the female rats were sacrificed, and the
uterine horns were exposed. The presence of embryos in the left
and/or the right horns indicated successful pregnancy and the
rats were included in the fertility test analysis. Right horn preg-
nancy rate and relative embryo implantation ratio compared to
the left horn were calculated.

Statistical analysis

Experiment data were presented in mean * standard deviation.
One-way analysis of variance tests with multiple comparisons
were performed to determine the significance among groups

when the data fit normal distribution. The Kruskal-Wallis test
was used to compare groups with non-normal distribution of
results. Pregnancy rates and relative embryo implantation ratios
were compared using Chi-square test or Fisher’s exact test where
appropriate. Statistical differences were considered significant
when P < 0.05.

Results

Multilineage differentiation and surface marker
expression of ADMSCs

ADMSCs express surface markers of typical MSCs as well as
unique surface signatures [30]. Flow cytometry verified that al-
most all the isolated ADMSCs expressed CD49d (99.69%), CD73
(100%), CD90 (99.97%) and CD105 (100%) but with minimal ex-
pression of HLA-DR (0.02%), CD14 (0.01%), CD34 (0.16%) and
CD45 (0.09%) (Supplementary Fig. S3). Multi-lineage differentia-
tion experiments demonstrated that the ADMSCs could undergo
osteogenesis, chondrogenesis and adipogenesis when cultured in
the respective differentiating media (Supplementary Fig. S3). The
results demonstrated that the ADMSCs fulfilled the criteria of
The International Society for Cellular Therapy suitable for stem
cell therapy [31].

Morphological characterization of CS and CS/
ADMSC

The CS showed a porous structure under HE staining and SEM
with a mean pore size of ~110 um. (Fig. 1A and C). When ADMSCs
were loaded onto the CS, the porous structure provided essential
sites for the cells to adhere and to grow to spindle shape as those
on culture plates (Fig. 1B and D).

Cell growth and stemness of ADMSCSs on CS

Adherent cells need to attach to a solid surface to grow and pro-
liferate in vitro. Therefore, we evaluated whether CS could provide
the physical support for ADMSCs. CCK8 assays indicated that the
ADMSCs exhibited poor growth when cultured on ultra-low at-
tachment plates (Fig. 1E). However, the ADMSCs showed remark-
able proliferation in the presence of CS as indicated by the
ascending CCK8 absorbance after 72 and 96 h of culture (Fig. 1E).
Moreover, the ADMSCs cultured on CS expressed higher levels of
stemness-related genes (Fig. 1F) compared to those cultured on
conventional plates. These results indicated that CS could be an
ideal vector for stem cell transplantation in vivo because it sup-
ported the growth and retained stemness of ADMSCs.

Effects of CS/ADMSC on endometrium-related
cells in vitro

MSCs promote cell growth by their paracrine actions. A coculture
system was used to evaluate whether CS/ADMSC promoted en-
dometrial stromal cell growth (Fig. 1G). T-HESCs showed ascend-
ing CCK8 absorbance when cultured in the presence or absence
of CS/ADMSC (Fig. 1I). On Day 0 and Day 1, the absorbance values
in the two groups were similar. On Day 3, the T-HESCs in cocul-
ture with CS/ADMSC showed significantly higher absorbance
compared to the control group. The expression of proliferating
cell nucleus antigen (PCNA) was also higher in the cocultured T-
HESCs (Fig. 1H). The results proved that the CS/ADMSC promoted
endometrial cell growth. The result of in vitro tube formation as-
say also indicated that the CS/ADMSC increased the tube forma-
tion abilities of HUVEC; the total branch length and junction
number of HUVEC were both higher in the presence of CS/
ADMSC (Fig. 1)).
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HE staining and Ki67 IHC staining

In normal menstrual cycles, endometrium undergoes prolifera-
tion under the influence of rising serum estradiol levels to reach
a certain thickness before transforming into the secretory phase.
Although rodents do not have a typical menstrual phase, their
endometrium thickens in a similar pattern [32]. Adequate prolif-
eration is an important endometrial feature to ensure the

retention of substantial tissue after menstruation for the subse-
quent cycle. Therefore, proliferation is an important process in
endometrial regeneration.

To understand how CS/ADMSC help in preserving endometrial
functions after induced injury, we compared the morphology of
the endometrium of rat in each experimental group shown in
Fig. 2A. On Day 14, the endometrial thickness of the CS/ADMSC
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group and the CS group were significantly higher than that of the
NR group. The higher endometrial thickness of the CS/ADMSC
group continued till Day 28 (P < 0.05 vs the NR group, P < 0.01 vs
the CS group), while the overall size of the endometrium was re-
duced remarkably in the CS group on Day 28 (Fig. 2B and C).
Besides endometrial thickness, endometrial glands are also re-
sponsible for endometrial functions and therefore, their number
can also indicate endometrial regeneration outcomes. As shown
in Fig. 2B and D, the gland numbers of the CS/ADMSC group were
significantly higher than those of the NR and the CS group (0
glands observed under microscopy) on both Day 14 and Day 28.
Ki67 is a protein involved in mitosis and is a marker for cell prolif-
eration [33]. The number of ki67 positive cells was high in the CS/
ADMSC group (Fig. 2E and F), indicating active proliferation in the
endometrium. However, the ki67 positive cells were sparse in the
NR and CS groups (Fig. 2E and F). The result showed that the CS/
ADMSC retained the proliferative capacity and promoted the re-
generation outcomes of the injured endometrium.

Effects of CS/ADMSC on endometrial
angiogenesis and fibrosis

Intact blood vessel networks are required for nutrients and oxy-
gen supply, as well as waste removal. Therefore, the reconstruc-
tion of blood vessel networks is a pivotal step for successful
tissue repair. CD31 is highly expressed in vascular endothelial
cells and is commonly regarded as an indication of active angio-
genesis [34].

Based on CD31 IHC, the endometrium of the CS/ADMSC group
showed a higher newly formed microvessel density than the NR
and CS groups on both Day 14 and Day 28 (Fig. 3A and B), demon-
strating that the CS/ADMSCs implantation enhanced the angio-
genesis of the endometrium post-damage.

Abnormal deposition of excessive ECM characterizes one of
the pathological features of intrauterine adhesion. The transfor-
mation of stromal fibroblasts to myofibroblasts severely sabo-
taged the normal function of endometrial stromal cells
(fibroblasts). Moreover, the deposition of ECM would stiffen the
tissue, leading to the replacement of normal endometrial tissue
by dysfunctional fibrotic tissue. Therefore, preventing tissue fi-
brosis post-trauma is crucial for functional tissue regeneration.

To evaluate whether CS/ADMSCs could reduce ECM deposi-
tion and ameliorate endometrial fibrosis, Masson trichrome
staining was performed on tissue samples collected on Day 14
and Day 28 post-surgery and the collagen-positive area (in blue)
was semi-quantified (Fig. 3C and D). On Day 14, both the NR and
CS groups showed severe tissue fibrosis with fibrosis ratios of
0.72 +0.26 and 0.97 = 0.03, respectively. In the CS/ADMSC group,
the fibrosis ratio was 0.24 = 0.13, which was significantly lower
than that of the NR group (P < 0.001) and the CS group (P <
0.0001). Similar outcomes were observed on Day 28; the fibrosis
ratio of the CS/ADMSC (0.18 = 0.08) was lower than that of the NR
group (0.86 +0.09 P < 0.001) and the CS group (0.94+0.09 P <
0.0001). These results indicated that the CS/ADMSC reduced ab-
normal ECM deposition and prevented endometrial fibrosis. We
also noticed that the fibrosis was more pronounced in the CS
group than the NR group. This phenomenon could be explained
by the foreign body reaction of host tissue to solid implants.
Uncontrolled foreign body reaction could result in lasting inflam-
mation, excessive fibrosis and failure of tissue repair [35].

Immunomodulation effects of CS/ADMSC in vitro
and in vivo

After tissue injury, the immune system initiates an acute inflam-
matory response to clear tissue debris and to fight against patho-
gens [36]. Macrophages are recruited to the injured sites soon
after neutrophils to participate in the pro-inflammatory phase,
mainly to clear debris by efferocytosis. Prolonged inflammation
not only sabotages regeneration but also leads to tissue fibrosis
[37]. A timely resolution of inflammation and phenotype switch
of macrophages from pro-inflammatory to pro-regenerative are
indispensable for following tissue regeneration [37-40].

We evaluated the macrophage phenotypes in situ by immuno-
fluorescence staining. On Day 3 post-operation, F4/80" macro-
phages were observed in all three groups (Supplementary Fig. S5),
indicating recruitment of macrophages to the damaged site.
However, we observed a significant difference of the macrophage
phenotypes among the three groups. On Day 3, the pro-
inflammatory CD86" macrophages were observed in all groups.
They were the most prominent macrophages in the CS group (P <
0.0001 vs the NR group, P < 0.001 vs the CS/ADMSC group), and
this prevalence of pro-inflammatory macrophages in the CS
group continued till Day 7 when the pro-inflammatory macro-
phages in the NR group began to accumulate (Fig. 4A and C). The
CS/ADMSC group showed significantly lower levels of the pro-
inflammatory macrophages compared with the other groups
(Fig. 4A and C). However, the anti-inflammatory and pro-
regenerative CD163" macrophages prevailed in the CS/ADMSC
group on Day 3 (P < 0.0001) and Day 7 (P < 0.0001) compared with
the NR and the CS group (Fig. 4B and D). The in vivo results
showed that the CS/ADMSC implantation inhibited polarization
of the pro-inflammatory macrophages, but promoted that of the
pro-regenerative macrophages. The anti-inflammatory effects of
CS/ADMSC were validated by flow cytometry and RT-QPCR. LPS-
induced increase of the CD86"CD163~ macrophage proportion
was suppressed by CS/ADMSC preconditioning (Fig. 4E and F),
and the mean fluorescence intensity was also reduced in the CS/
ADMSC preconditioned macrophages. Though the fluorescence
intensity of CD163 showed no statistical significance, the propor-
tion of CD1637CD86~ macrophages was remarkably higher in the
CS/ADMSC preconditioned macrophages than that of the non-
preconditioned macrophages after LPS stimulation (Fig. 4E and
F). Macrophages also modulate the surrounding cells and inflam-
matory microenvironment by secreting cytokines. Pro-
inflammatory cytokines, including IL1B, IL6 and TNFa, were re-
markably downregulated, and the anti-inflammatory marker
Arginase 1 was more highly expressed in the CS/ADMSC precon-
ditioned macrophages than the non-preconditioned macro-
phages. These results demonstrate that CS/ADMSC exerted anti-
inflammatory and macrophage modulatory effects in vitro and
in vivo.

Effects of CS/ADMSC on fibrotic marker
expression of HESCs

TGFB1 expression is correlated with the pathogenesis of intra-
uterine adhesion and other fibrotic diseases [41, 42]. When stimu-
lated by TGFB1, HESCs manifest a fibrotic phenotype similar to
intrauterine adhesion [29]. We established a cell model of endo-
metrial fibrosis by conditioning HESCs with rcTGFp1. Increased
expressions of fibrotic markers of collagen I and fibronectin were
verified by RT-QPCR (Fig. 5A) and western blotting (Fig. 5B) when
the HESCs were exposed to rcTGFB1 only. However, when cocul-
tured with CS/ADMSC, the expression of these fibrotic markers
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Figure 3. CS/ADMSC implantation promoted angiogenesis and ameliorated fibrosis in vivo. (A) CD31 immunohistochemistry of uteri. (B) Quantification and
statistical analysis of CD31-positive microvessels among groups. (C) Masson trichome staining of uteri. (D) Semi-quantification and statistical analysis of the
positive ratio of blue-stained area on each image. N > 3, 4 high power fields were captured on each slide. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001.

was reversed (Fig. SA and B). aSMA is expressed in activated myo-
fibroblasts, which are the culprit of ECM deposition in tissue fibro-
sis [43]. In HESCs, aSMA was upregulated by TGFB1, indicating a
fibroblast-to-myofibroblast transformation (Fig. 5A and B). This ef-
fect was restrained by coculture with CS/ADMSC (Fig. SA and B),
implying that the CS/ADMSC could inhibit the TGFB1 induced
fibroblast-to-myofibroblast transformation. Smad3 serves as a sig-
nal transduction molecule in the canonical TGFp signal pathway,
and the phosphorylated smad3 forms a heterotrimer complex that
is translocated to nucleus for activation of the fibrosis-related gene
expression [44]. We observed lower smad3 phosphorylation levels
in the control HESCs and the CS/ADMSC cocultured HESCs than
the HESCs upon exposure to TGFB1 (Fig. 5C and D). This result
illustrated that CS/ADMSC exerted anti-fibrotic effects through
suppression of smad3 phosphorylation.

Transcriptome-sequencing analysis
To gain a deeper insight into the regenerative effects of CS/ADMSC,
we applied mRNA transcriptome sequencing. Gene differential

expression analysis identified 193 differentially expressed genes
(130 up, 63 down) between the T/C.A and the T groups; 1191 differ-
entially expressed genes (463 up, 728 down) between the T/C.A and
the CTRL groups, 796 differentially expressed genes (285 up, 511
down) between the T and the CTRL group (Fig. 6A). The top 100 dif-
ferentially expressed genes are shown in the heatmap (Fig. 6B). GO
analysis revealed that 4 out of the top 5 enriched GO terms were re-
lated to ECM components and organization (Fig. 6C), namely GO:
0005201|extracellular matrix structural constituent, GO:003019
8|extracellular matrix organization, GO:0062023|collagen-contain-
ing extracellular matrix and GO:0031012|extracellular matrix. The
top enriched biological process was ‘extracellular matrix organiza-
tion’ (Fig. 6D). These genes were investigated and found to be highly
related to the matrix metalloproteinase (MMP) family. MMPs are a
family of proteinases that participate in ECM degeneration. Our
observations suggested that the CS/ADMSCs had significant
influences on ECM formation and organization, thus exerting
anti-fibrotic effects to surrounding tissue when transplanted in vivo.
MMPs and tissue inhibitors of MMPs (TIMPs) are involved in the
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Figure 4. The immunomodulation effects of CS/ADMSC in vivo and in vitro. Immunofluorescence staining of (A) pro-inflammatory (CD86+)
macrophages and (B) anti-inflammatory macrophages (CD163") in endometrium on Day 7, N > 3. (C and D) Statistical results of the number of pro-
inflammatory and anti-inflammatory macrophages. (E) Flow cytometry results of surface markers of macrophages with different treatments. (F)
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Statistical analysis of CD86 and CD163 relative fluorescence intensity, the proportion of CD86 single positive and CD163 single positive macrophages

with different treatments. (G) Gene expression levels of macrophages in different groups. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.
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Figure 5. Anti-fibrotic effects of CS/ADMSC on primary HESCs. (A) Real-time qPCR analysis of the expression levels of fibrotic genes collagen 1 (COLA1),
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0.001, ***P < 0.0001.

pathogenesis of fibrosis [45]. Though MMPs show contradicting
contributions to fibrosis progression or resolutions [46], the differen-
tiated expression of MMPs in HESCs indicates that the CS/ADMSC
may exert its ECM modulatory functions via modulating MMPs
(Fig. 6E).

We also noted that the biological processes of GO:004
2060|wound healing, GO:0007049|cell cycle, GO:0042127|regulation
of cell population proliferation and GO:0043066[negative regulation
of cell apoptosis were also remarkably enriched, consistent with the
endometrial cell growth and proliferation effect of CS/ADMSC
shown in Figs 1H and I and 2. The biological process
GO:0001525]angiogenesis was also notably enriched (Fig. 6C). Other
enriched cell processes involved in cell migration and cell adhesion
might also played a role in endometrial repair (Fig. 6C and D).

CS/ADMSC implantation restored fertility in rats

On the 18th day after mating, female rats were sacrificed and
their uteri were exposed. Representative images of the uteri from
each group are displayed in Fig. 7. The pregnancy rate and rela-
tive embryo implantation ratio of the right uterine horn are sum-
marized in Table 1. In the NR group, only 1 out of 11 rats had

implantation sites in the right uterine horn. In the CS group, no
implantation site was observed in right uterine horns. In the CS/
ADMSC group, 50.00% of the rat had implantation site (P < 0.05
vs NR; P < 0.01 vs CS) and the relative embryo implantation ratio
was 28.4% (P < 0.01 vs NR; P < 0.0001 vs CS). The results indicated
that the CS/ADMSC implantation facilitated restoration of endo-
metrial function and fertility after acute endometrial damage.

Discussion

Healthy endometrium possesses remarkable regenerative capacity
and is an ideal model for studying the natural tissue repair process
[47, 48]. However, endometrium can suffer severe damage as a re-
sult of surgical abortion, intrauterine procedures or infection [3].
The basal layer of endometrium is responsible for post-
menstruation or postpartum endometrial regeneration. When the
basal layer is damaged, the endometrium fails to regenerate, caus-
ing pathophysiological conditions such as intrauterine adhesion or
thin endometrium [3, 49].

Biomaterial-based delivery of stem cells has been reported to
be effective in promoting endometrium regeneration [50-53]. To
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Figure 6. CS/ADMSC influenced ECM components and organization. (A) Gene differential expression in different groups. (B) Heatmap of top 100
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‘extracellular matrix organization’ as the top enriched biological process. (E) Differential expression levels of MMPs and TIMP3. *P < 0.05, **P < 0.01,
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our best knowledge, most previous stem cell researches in endo-
metrium regeneration applied exogenous MSCs. However, the
use of exogeneous MSCs faces multiple concerns including im-
munogenicity, oncogenicity and ethical issues [17]. Therefore, we
sought to find an autologous resource of MSCs. ADMSCs are a
kind of MSCs derived from adipose tissue and possess typical
MSC properties. The stable resource and easy accessibility mean
that ADMSCs could be conveniently acquired when needed, thus
exempted from rigorous long-time preservation requirements.
The autologous origin makes ADMSCs without immunogenic or
ethical concerns. Moreover, single-cell analysis identified

ADMSCs as a more controllable and advantageous option for
stem cell therapy [54]. Collagen is among the most widely used
biomaterials and shows favorable biocompatibility and biodegra-
dation [S5, 56]. As the first comprehensive research which inte-
grated ADMSCs with biomaterials for endometrium regeneration,
we observed better endometrium regeneration outcomes in the
CS/ADMSC group, including higher endometrium thickness,
more endometrial glands, less collagen deposition, denser micro-
vessels and better fertility restoration.

Enough endometrial thickness is a prerequisite for successful
embryo implantation and development as thin endometrium (<7
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Table 1. Summary table of pregnancy rate and embryo implantation ratio of different groups

Groups Total pregnant Right uteri Right uteri Number of Number of Relative
animal number pregnant animal pregnant implantation sites implantation sites percentage of
number percentage (%) in left uteri in right uteri embryo
implantation (%)

NR 11 1 9.1 81 6 7.4
cs 11 0 0 76 0 0
CS/ADMSC 14 7 50.0%P 102 29 28.4%4

& P <0.05CS/ADMSC vs NR.

P P <0.01CS/ADSMC vs CS.

z P < 0.01 CS/ADMSC vs NR.

P < 0.0001CS/ADSMC vs CS.

mm) in humans is associated with low pregnancy rates [57].
Estrogen supplement therapy and other methods have been used
in clinical practice to regenerate endometrium but with very lim-
ited success [58]. In our study, the sectional endometrial thick-
ness and number of ki67" proliferating cells of the CS/ADMSC
group were higher than the other two groups. These results demon-
strate that the CS/ADMSC can promote tissue growth after injury
and thus retain tissue size. The predominance of ki67-positive cells
in the CS/ADMSC group indicates that there is active proliferation
even after a relatively long period (28 days). Endometrial glands also
play an indispensable role in successful implantation [59].
The secretion of endometrial glands is crucial for stromal cell
decidualization and lack of endometrial glands causes peri-
implantation loss in mice [60]. Ethanol injury greatly reduced the
number of endometrium glands while the gland number increased
in the uterine horns with CS/ADMSC transplantation.

Endometrial fibrosis is one of the commonest pathological condi-
tions causing uterine factor infertility and usually results in the for-
mation of fibrotic adhesions [2, 61]. The major histological features
of intrauterine adhesion include substitution of non-vascularized fi-
brotic tissue for endometrial stroma and loss of endometrial glands
[61]. In the NR group, most endometrial area was replaced by colla-
gen fibers (stained blue by Masson trichrome staining), mimicking
the pathological features of intrauterine adhesion. Single CS im-
plantation aggravated fibrosis, which might be due to the host for-
eign body reaction against solid implantations [35], and this

phenomenon inspired us to search for and test more tissue-
compatible materials and methods in future study [62, 63]. On the
other hand, the CS/ADMSCs significantly ameliorated endometrial
fibrosis, indicating that the ADMSCs exerted anti-fibrotic effects.
TGFB1 is the hub of fibrosis formation in pathological conditions
such as intrauterine adhesion. TGFB1 activates transformation of fi-
broblast to myofibroblasts, and it acts through smad2/3 phosphory-
lation to promote the expression of the ECM components such as
Collagens I, IIT and V [44]. We performed in vitro experiments to in-
vestigate the mechanisms of the CS/ADMSCs anti-fibrotic effects.
HESCs manifested fibrotic phenotype with increased expression of
ECM components and myofibroblast transformation upon TGFp1
stimulation (Fig. 5). The phosphorylation level of smad3 was upre-
gulated by TGFBl but was brought down by
CS/ADMSCs. This result indicated that the anti-fibrotic effect of
CS/ADMSC was partially attributed to the suppression of smad3
phosphorylation.

Blood vessel networks are responsible for nutrient and oxygen
supply, as well as removing metabolic wastes. Therefore, blood
vessels play an essential role in tissue hemostasis. Sufficient an-
glogenesis after tissue injury is crucial for reconstruction of tissue
organizations. The lack of blood supply would not only cause tis-
sue hypoxia but also lead to fibrosis. Deposition of excessive ECM
in extracellular space make the tissue stiffen and the tissue blood
vessels would be obstructed in return [64]. Therefore, promoting
angiogenesis is a major target in tissue repair [65]. Our results
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showed that the endometrium of the CS/ADMSC group exhibited
the highest vessel density, while the endometrium in the other
two groups were mainly fibrotic tissue with few vessels. Tube for-
mation assay is widely used to evaluate the angiogenic effects
in vitro. In the presence of CS/ADMSC, HUVECs exhibited high
tube formation capacity. These results demonstrate the CS/
ADMSC play an important role in promoting angiogenesis during
endometrial repair.

Macrophages are the principal immune cells in the tissue in-
flammation microenvironment. After tissue injury, the coordina-
tion of inflammation and regenerative processes is essential for
functional recovery [37, 39]. The phenotype switch of macro-
phages is a vital step in this coordination. Though the nomencla-
ture of macrophage phenotypes can be complicated, a simplified
M1/M2 dichotomy of macrophage phenotypes is widely accepted
[40]. The M1 macrophages, also referred as classically activated
macrophages are pro-inflammatory, expressing CD86 and secret-
ing multiple pro-inflammatory cytokines, while the alternatively
activated M2 macrophages are anti-inflammatory, expressing
CD163 and secreting pro-regenerative cytokines. Here we ob-
served that macrophages were recruited into the endometrium.
Without treatments or with only collagen scaffold, the macro-
phages exhibited mainly pro-inflammatory M1 phenotype and ig-
nited prolonged inflammation up to 7 days after tissue damage
(Fig. 4). Although early inflammation after tissue damage is con-
sidered necessary for wound healing, excessive and prolonged in-
flammation could lead to disastrous consequences such as
insufficient tissue proliferation, poor angiogenesis and abnormal
fibrosis [37]. Our results showed that the CS/ADMSC implanta-
tion inhibited excessive M1 macrophage polarization and en-
hanced M2 polarization in situ, thereby suppressing local
inflammatory microenvironment to favor endometrial regenera-
tion. Flow cytometry also demonstrated CS/ADMSC suppressed
M1 polarization (Fig. 4E and F). Cytokines secreted by M1 or M2
macrophages are also crucial mediators of local inflammation.
IL1, IL6 and TNFa were pro-inflammatory cytokines mostly se-
creted by M1 macrophages and are reported to influence tissue
regeneration [66, 67]. When stimulated by LPS, CS/ADMSC pre-
conditioned macrophages expressed lower levels of all these
three pro-inflammatory cytokines. We also observed discrepant
levels of IL10 expression in the preconditioned and non-
preconditioned macrophages after LPS stimulation, but the dif-
ference was relatively slight. Another M2-related cytokine TGFB
did not manifest disparity in LPS-stimulated macrophages, but
arginase 1 was remarkably higher in the preconditioned macro-
phages even after LPS stimulation. These results indicated that
CS/ADMSCs had robust anti-inflammatory effect by halting M1
polarization and preventing secretion of pro-inflammatory cyto-
kines.

From an overall perspective, tissue regeneration involves mul-
tiple processes. Rapid closure of wound surface provides an early
protection to the injured tissue, and the following robust prolifer-
ation is the cornerstone for maintaining original tissue size [68].
On top of that, guiding tissue cells to the right differentiation
fates cannot be neglected [69]. For example, uncontrolled myofi-
broblast transformation would result in tissue fibrosis. Moreover,
fibrosis, inflammation and poor angiogenesis are interrelated.
Our study showed that the CS/ADMSC manifested multifaceted
regenerative effects that were evidenced by in vitro and in vivo
experiments and these results provided significant pre-clinical
proof for our future clinical study using CS/ADMSC for endome-
trium repair.

Conclusion

As the first study applying ADMSCs in endometrium regenera-
tion, we constructed an ADMSCs composited collagen scaffold
(CS/ADMSC) and proved its regenerative and immunomodulatory
effects by in vitro and in vivo experiments; intrauterine implanta-
tion of CS/ADMSCs preserved fertility in a rat model. A transcrip-
tome analysis revealed that the CS/ADMSC enriched biological
processes involved in ECM components and organization, cell
proliferation and wound healing in endometrial cells. Autologous
ADMSCs hold great translational potential for regenerative medi-
cine. Our study provided good evidence for the use of autologous
ADMSC in subsequent clinical studies.
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Supplementary data are available at Regenerative Biomaterials on-
line.

Acknowledgement

We thank Re-Stem Biotech, Jiangsu, China, for the results of
ADMSC surface markers and multi-lineage differentiation.

Author contributions

All authors helped read and review the submitted manuscript
and agreed with the publication. Y.D.: conceptualization, investi-
gation, writing—original draft & review; L.X.: conceptualization,
investigation, writing—review & editing; S.H.: resources, investi-
gation, writing—review & editing; S.X.: methodology, investiga-
tion; D.H,, J.C. and XJ.: resources, writing—review & editing.
RW.S.C,, EH.Y.N. and W.S.B.Y.: writing—review & editing; L.M.:
project administration, writing—review & editing; S.Z.: project
administration, supervision, writing—review & editing.

Funding

This research was supported by the National Natural Science
Foundation of China (82061160494); the Department of Science
and Technology of Zhejiang Province (2023c03033); and the
National Health Commission of China (WK]J-ZJ-2301).

Conflicts of interest statement. None declared.

Data availability

Data would be made available on request.

References

1. Ludwig H, Spornitz UM. Microarchitecture of the human endo-
metrium by scanning electron microscopy: menstrual desqua-
mation and remodeling. Ann N'Y Acad Sci 1991;622:28-46.

2. Foix A, Bruno RO, Davison T, Lema B. The pathology of postcur-
ettage intrauterine adhesions. Am ] Obstet Gynecol 1966;96:
1027-33.

3. Lee WL, Liu CH, Cheng M, Chang WH, Liu WM, Wang PH. Focus
on the primary prevention of intrauterine adhesions: current
concept and vision. IntJ Mol Sci 2021;22:5175.

4. Ma ], Zhan H, Li W, Zhang L, Yun F, Wu R, Lin J, Li Y. Recent
trends in therapeutic strategies for repairing endometrial tissue
in intrauterine adhesion. Biomater Res 2021;25:40.


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbad080#supplementary-data

14

| Regenerative Biomaterials, 2023, Vol. 10, rbad080

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in
health and disease. Nat Rev Immunol 2008;8:726-36.

Samsonraj RM, Raghunath M, Nurcombe V, Hui JH, van Wijnen
AJ, Cool SM. Concise review: multifaceted characterization of
human mesenchymal stem cells for use in regenerative medi-
cine. Stem Cells Transl Med 2017;6:2173-85.

Brown C, McKee C, Bakshi S, Walker K, Hakman E, Halassy S,
Svinarich D, Dodds R, Govind CK, Chaudhry GR. Mesenchymal
stem cells: cell therapy and regeneration potential. J Tissue Eng
Regen Med 2019;13:1738-55.

Cao D, Ding J. Recent advances in regenerative biomaterials.
Regen Biomater 2022;9:1bac098.

FuJ, WangY,JiangY, DuJ, XuJ, Liu Y. Systemic therapy of MSCs
in bone regeneration: a systematic review and meta-analysis.
Stem Cell Res Ther 2021;12:377.

Wu S, Chen Z, Yu X, Duan X, Chen]J, Liu G, Gong M, Xing F, Sun]J,
Huang S, Xiang Z. A sustained release of BMP2 in urine-derived
stem cells enhances the osteogenic differentiation and the po-
tential of bone regeneration. Regen Biomater 2022;9:rbac015.
Zhang M, Zhang C, Li Z, Fu X, Huang S. Advances in 3D skin bio-
printing for wound healing and disease modeling. Regen Biomater
2023;10:rbac105.

Jo H, Brito S, Kwak BM, Park S, Lee MG, Bin BH. Applications of
mesenchymal stem cells in skin regeneration and rejuvenation.
IntJ Mol Sci 2021;22:2410.

XinL, Lin X, Pan'Y, Zheng X, Shi L, Zhang Y, Ma L, Gao C, Zhang
S. A collagen scaffold loaded with human umbilical cord-
derived mesenchymal stem cells facilitates endometrial regen-
eration and restores fertility. Acta Biomater 2019;92:160-71.
Zhang, ShiL, Lin X, Zhou F, Xin L, Xu W, Yu H, LiJ, Pan M, Pan
Y, Dai Y, Zhang Y, Shen J, Zhao L, Lu M, Zhang S. Unresponsive
thin endometrium caused by Asherman syndrome treated with
umbilical cord mesenchymal stem cells on collagen scaffolds: a
pilot study. Stem Cell Res Ther 2021;12:420.

Zhang L, Li Y, Guan CY, Tian S, Lv XD, Li JH, Ma X, Xia HF.
Therapeutic effect of human umbilical cord-derived mesenchy-
mal stem cells on injured rat endometrium during its chronic
phase. Stem Cell Res Ther 2018;9:36.

CaoY, Sun H, Zhu H, Zhu X, Tang X, Yan G, Wang]J, Bai D, Wang
J, Wang L, Zhou Q, Wang H, Dai C, Ding L, Xu B, Zhou Y, Hao J,
DaiJ, Hu Y. Allogeneic cell therapy using umbilical cord MSCs
on collagen scaffolds for patients with recurrent uterine adhe-
sion: a phase I clinical trial. Stem Cell Res Ther 2018;9:192.
Volarevic V, Markovic BS, Gazdic M, Volarevic A, Jovicic N,
Arsenijevic N, Armstrong L, Djonov V, Lako M, Stojkovic M.
Ethical and safety issues of stem cell-based therapy. Int] Med Sci
2018;15:36-45.

Hoang VT, Trinh QM, Phuong DTM, Bui HTH, Hang LM, Ngan
NTH, Anh NTT, Nhi PY, Nhung TTH, Lien HT, Nguyen TD,
Thanh LN, Hoang DM. Standardized xeno- and serum-free cul-
ture platform enables large-scale expansion of high-quality
mesenchymal stem/stromal cells from perinatal and adult tis-
sue sources. Cytotherapy 2021;23:88-99.

Jacobs SA, Roobrouck VD, Verfaillie CM, Van Gool SW.
Immunological characteristics of human mesenchymal stem
cells and multipotent adult progenitor cells. Immunol Cell Biol
2013;91:32-9.

Qi Y, Ma], Li S, Liu W. Applicability of adipose-derived mesen-
chymal stem cells in treatment of patients with type 2 diabetes.
Stem Cell Res Ther 2019;10:274.

LiuY, Tal R, Pluchino N, Mamillapalli R, Taylor HS. Systemic ad-
ministration of bone marrow-derived cells leads to better

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

uterine engraftment than use of uterine-derived cells or local
injection. J Cell Mol Med 2018;22:67-76.

ZhangL, Xiong N, Liu Y, Gan L. Biomimetic cell-adhesive ligand-
functionalized peptide composite hydrogels maintain stemness
of human amniotic mesenchymal stem cells. Regen Biomater
2021;8:rbaal57.

Bai Z, HuK, Shou Z, YuJ, Meng H, Zhou H, Chen L, Yu T, LuR, Li
N, Chen C. Layer-by-layer assembly of procyanidin and collagen
promotes mesenchymal stem cell proliferation and osteogenic
differentiation in vitro and in vivo. Regen Biomater
2023;10:rbac107.

Liu F, Hu S, Wang S, Cheng K. Cell and biomaterial-based
approaches to uterus regeneration. Regen Biomater 2019;6:141-8.
LiY, Mo Z, Wenzhuo Z, Jianying Y, Nan J. Scaffold-based tissue
engineering strategies for soft-hard interface regeneration.
Regen Biomater 2023;10:rbac091.

Timorshina S, Popova E, Osmolovskiy A. Sustainable applica-
tions of animal waste proteins. Polymers (Basel) 2022;14:1601.
Samiei M, Alipour M, Khezri K, Saadat YR, Forouhandeh H,
Abdolahinia ED, Vahed SZ, Sharifi S, Dizaj SM. Application of
collagen and mesenchymal stem cells in regenerative dentistry.
Curr Stem Cell Res Ther 2022:17:606-20.

Ferreira AM, Gentile P, Chiono V, Ciardelli G. Collagen for bone
tissue regeneration. Acta Biomater 2012;8:3191-200.

Liu L, Chen G, Chen T, Shi W, Hu H, Song K, Huang R, Cai H, He
Y. si-SNHG5-FOXF?2 inhibits TGF-B1-induced fibrosis in human
primary endometrial stromal cells by the wnt/f-catenin signal-
ling pathway. Stem Cell Res Ther 2020;11:479.

Mushahary D, Spittler A, Kasper C, Weber V, Charwat V.
Isolation, cultivation, and characterization of human mesen-
chymal stem cells. Cytometry A 2018;93:19-31.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F,
Krause D, Deans R, Keating A, Prockop D, Horwitz E. Minimal cri-
teria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement.
Cytotherapy 2006;8:315-7.

Hawkins SM, Matzuk MM. Menstrual cycle: basic biology. Ann N
Y Acad Sci 2008;1135:10-8.

Sobecki M, Mrouj K, Camasses A, Parisis N, Nicolas E, Lleres D,
Gerbe F, Prieto S, Krasinska L, David A, Eguren M, Birling M-C,
Urbach S, Hem S, Déjardin J, Malumbres M, Jay P, Dulic V,
Lafontaine DL, Feil R, Fisher D. The cell proliferation antigen ki-
67 organises heterochromatin. Elife 2016;5:€13722.
Lertkiatmongkol P, Liao D, Mei H, Hu Y, Newman PJ. Endothelial
functions of platelet/endothelial cell adhesion molecule-1
(CD31). Curr Opin Hematol 2016;23:253-9.

Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to
biomaterials. Semin Immunol 2008;20:86-100.

Gao Y, Ma Q. Bacterial infection microenvironment-responsive
porous microspheres by microfluidics for promoting anti-infec-
tive therapy. Smart Med 2022;1:e20220012.

Wynn TA, Vannella KM. Macrophages in tissue repair, regenera-
tion, and fibrosis. Immunity 2016;44:450-62.

Sousa AB, Aguas AP, Barbosa MA, Barbosa JN.
Immunomodulatory biomaterial-based wound dressings ad-
vance the healing of chronic wounds via regulating macrophage
behavior. Regen Biomater 2022;9:rbac065.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi
M, Esmaeili SA, Mardani F, Seifi B, Mohammadi A, Afshari JT,
Sahebkar A. Macrophage plasticity, polarization, and function
in health and disease. J Cell Physiol 2018;233:6425-40.

Spiller KL, Koh TJ. Macrophage-based therapeutic strategies in
regenerative medicine. Adv Drug Deliv Rev 2017;122:74-83.



Regenerative Biomaterials, 2023, Vol. 10, tbad080 | 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Abudukeyoumu A, Li MQ, Xie F. Transforming growth factor-p1
in intrauterine adhesion. AmJ Reprod Immunol 2020;84:€13262.
Hu HH, Chen DQ, Wang YN, Feng YL, Cao G, Vaziri ND, Zhao YY.
New insights into TGF-B/Smad signaling in tissue fibrosis. Chem
Biol Interact 2018;292:76-83.

Frangogiannis NG. Transforming growth factor-f in tissue fibro-
sis. ] Exp Med 2020;217:€20190103.

Derynck R, Budi EH. Specificity, versatility, and control of TGF-b
family signaling. Sci Signal 2019;12:eaav5183.

Mahalanobish S, Saha S, Dutta S, Sil PC. Matrix metalloprotei-
nase: an upcoming therapeutic approach for idiopathic pulmo-
nary fibrosis. Pharmacol Res 2020;152:104591.

Craig VJ, Zhang L, Hagood JS, Owen CA. Matrix metalloprotei-
nases as therapeutic targets for idiopathic pulmonary fibrosis.
Am ] Respir Cell Mol Biol 2015;53:585-600.

Critchley HOD, Babayev E, Bulun SE, Clark S, Garcia-Grau I,
Gregersen PK, Kilcoyne A, Kim JYJ, Lavender M, Marsh EE,
Matteson KA, Maybin JA, Metz CN, Moreno I, Silk K, Sommer M,
Simon C, Tariyal R, Taylor HS, Wagner GP, Grifith LG.
Menstruation: science and society. Am ] Obstet Gynecol
2020;223:624-64.

Gargett CE, Nguyen HPT, Ye L. Endometrial regeneration and
endometrial stem/progenitor cells. Rev Endocr Metab Disord
2012;13:235-51.

Malhotra N, Bahadur A, Kalaivani M, Mittal S. Changes in endo-
metrial receptivity in women with Asherman’s syndrome un-
dergoing hysteroscopic adhesiolysis. Obstet
2012;286:525-30.

Hellstrém M, Moreno-Moya JM, Bandstein S, Bom E, Akouri RR,
Miyazaki K, Maruyama T, Brdnnstrém M. Bioengineered uterine
tissue supports pregnancy in a rat model. Fertil Steril
2016;106:487-96.e1.

Li X, Lv HF, Zhao R, Ying MF, Samuriwo AT, Zhao YZ. Recent
developments in bio-scaffold materials as delivery strategies for

Arch  Gynecol

therapeutics for endometrium regeneration. Mater Today Bio
2021;11:100101.

Yao Q, Zheng YW, Lan QH, Kou L, Xu HL, Zhao YZ. Recent devel-
opment and biomedical applications of decellularized extracel-
lular matrix biomaterials. Mater Sci Eng C 2019;104:109942.
Francés-Herrero E, Rodriguez-Eguren A, Goémez-Alvarez M, de
Miguel-Gémez L, Ferrero H, Cervell6 I. Future challenges and
opportunities of extracellular matrix hydrogels in female repro-
ductive medicine. Int ] Mol Sci 2022;23:3765.

ZhouW, Lin], ZhaoK, Jin K, He Q, Hu 'Y, Feng G, Cai Y, Xia C, Liu
H, Shen W, Hu X, Ouyang H. Single-cell profiles and clinically
useful properties of human mesenchymal stem cells of adipose
and bone marrow origin. AmJ Sports Med 2019;47:1722-33.
Rethinam S, Vijayan S, Aruni AW, Basaran B, Alagumuthu T,
Ramamoorthy R. Enhanced tissue regeneration using an nano-

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

bioactive scaffold—a novel perspective. Mater Chem Phys
2020;240:122303.

Senthil R, Kavukcu SB, Lakshmi T, Gllgah T, Arife Candas AZ.
Collagen/physiologically clotted fibrin-based nanobioscaffold
supported with silver nanoparticles: a novel approach. Int J Artif
Organs 2022;45:1021-7.

Kasius A, Smit JG, Torrance HL, Eijkemans MJC, Mol BW,
Opmeer BC, Broekmans FJM. Endometrial thickness and preg-
nancy rates after IVF: a systematic review and meta-analysis.
Hum Reprod Update 2014;20:530-41.

Senturk LM, Erel CT. Thin endometrium in assisted reproduc-
tive technology. Curr Opin Obstet Gynecol 2008;20:221-8.

FilantJ, Spencer TE. Endometrial glands are essential for blasto-
cyst implantation and decidualization in the mouse uterus. Biol
Reprod 2013;88:93.

Dhakal P, Fitzgerald HC, Kelleher AM, Liu H, Spencer TE. Uterine
glands impact embryo survival and stromal cell decidualization
in mice. FASEB] 2021;35:€21938.

HuJ, Zeng B, Jiang X, Hu L, Meng Y, Zhu Y, Mao M. The expres-
sion of marker for endometrial stem cell and fibrosis was in-
creased in intrauterine adhesious. Int J Clin Exp Pathol
2015;8:1525-34.

Senthil R, Kavukcu SB, Vedakumari WS. Cellulose based bio-
polymer nanoscaffold: a possible biomedical applications. Int J
Biol Macromol 2023;246:125656.

Zhang D, Li W, Shang Y, Shang L. Programmable microfluidic
manipulations for biomedical applications. Eng Regen
2022;3:258-61.

Kreuger J, Phillipson M. Targeting vascular and leukocyte com-
munication in angiogenesis, inflammation and fibrosis. Nat Rev
Drug Discov 2016;15:125-42.

Ellermann E, Meyer N, Cameron RE, Best SM. In vitro angiogene-
sis in response to biomaterial properties for bone tissue engi-
neering: a review of the state of the art. Regen Biomater
2023;10:rbad027.

Cao X, Sun L, Luo Z, Lin X, Zhao Y. Aquaculture derived hybrid
skin patches for wound healing. Eng Regen 2023;4:28-35.

Lin X, Cai L, Cao X, Zhao Y. Stimuli-responsive silk fibroin for
on-demand drug delivery. Smart Med 2023;2:e20220019.

Martin P, Nunan R. Cellular and molecular mechanisms of re-
pair in acute and chronic wound healing. Br ] Dermatol
2015;173:370-8.

Foster DS, Januszyk M, Yost KE, Chinta MS, Gulati GS, Nguyen
AT, Burcham AR, Salhotra A, Ransom RC, Henn D, Chen K,
Mascharak S, Tolentino K, Titan AL, Jones RE, da Silva O, Leavitt
WT, Marshall CD, des Jardins-Park HE, Hu MS, Wan DC, Wernig
G, Wagh D, Coller ], Norton JA, Gurtner GC, Newman AM, Chang
HY, Longaker MT. Integrated spatial multiomics reveals fibro-
blast fate during tissue repair. Proc Natl Acad Sci U S A
2021;118:€2110025118.



	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgement
	Data availability
	References


