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Abstract

Objective: Intrauterine adhesion (IUA) is one of the major causes of refractory secondary infertility,
especially in regions and countries with high abortion rates. In this study, we used the mouse |lUA model
to evaluate the feasibility of the organoids, a 3D cell structure derived from endometrial tissue, as grafts
for the treatment of post-traumatic endometrial regeneration disorders. Methods: The isolated and
cultured endometrial organoid was transplanted into the model IUA uterus by the hydrogel scaffold
method. Results: The cultured endometrial organoids were transplanted into the basal layer of the
damaged endometrium for 28 days. They were completely implanted and grew normally. They not only
reconstructed the structural integrity of the endometrial epithelium but also realized the functional repair
of the endometrium through differentiation cultures and secretory functions. Conclusion: For severe
IUA, this method may be better than stem cell transplantation. These findings provide useful insights into
the use of endometrial organoid regeneration in the treatment of injury repair.

Key words: Intrauterine adhesion (IUA); Three-dimensional culture; Endometrial organoids ansplantation; Endometrial
regeneration

Introduction

Endometrial trauma is the major cause of
Asherman syndrome or Intrauterine adhesion (IUA),
which may lead to a series of complications such as
abnormal menstrual bleeding, recurrent abortion and
secondary infertility[1] . The stem cell transplantation
that aimed to repair the endometrial tissue damage by
promoting the endometrial regeneration has been
proved as an efficient treatment method against IUA
in both basic research and clinical trials[2-4].
However, the low survival rate of stem cells after
transplantation and the unmanageable differentiation
status, which has the carcinogenic potentiall5],
limited its large-scaled clinical application. Therefore,

a new technique, which could meet the quality
demands of the stem cell sources and the
transplantation safety requirement is highly required.

The etiology of IUA is usually related to the
injury of endometrial basal layer, especially after
intrauterine surgery such as hysteroscopic surgery
and induced abortion. At the same time, a variety of
adjuvant treatment measures, such as IUD placement,
balloon placement and estrogen treatment, are
expected to improve the surgical efficacy and reduce
the incidence of postoperative adhesion. However,
the improvement of reproductive function hovered at
40-50% over the past decade[6-8]. Based on the
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experience of two months’ after operation and
B-ultrasound monitoring of endometrial thickness, we
found that it is very difficult for patients to conceive,
including the use of assisted reproductive technology,
regardless of whether the second look hyperscopic
detection indicates re adhesion and if the endometrial
thickness in the late proliferative stage monitored by
B-ultrasound is less than 7mm, these patients have
poor endometrial blood flow and poor response to
estrogen, which means that functional regeneration is
not achieved. The treatment of endometrial
regeneration by stem cells seems to be a new hope.
Ramyar Azizi et al. have shown that stem cell
transplantation has a positive effect on IUA
treatment[2]. However, it also has its defects in
application, such as the low survival rate of stem cells
after stem cell suspension transplantation and the
need to control the abnormal proliferation and
differentiation of stem cells, and there are
carcinogenic (IPSC) derivatives after differentiation. A
new emerged three-dimensional (3D) cell structure,
organoids are derived from stem cells, but the results
of in vitro culture and amplification can faithfully
reproduce the characteristics of primary organ, which
overcomes this obstacle[9-11]. Organoid is an 3D
cellular structure, could derived from either
pluripotent (embryonic or induced) or adult stem cells
from various organs. It is capable to form an 3D
ex-vivo structure that mimic the key structural and
functional features of desired organs under specific
culture conditions[12] and therefore has been widely
used to study the developmental biology and tissue
regeneration mechanism[13]. Unlike the traditional
two-dimensional primary stem cell culture, organoids
show higher amplification ability and could overcome
the limited availability and scalability of autologous
tissue and reshape the characteristics of the damaged
tissue[14]. Up to date, many tissue-specific organoids
culture models, including endometrial organoid
model, have been established[15-17]. Endometrial
organoid (EMO) derived from tissue stem cell has
been shown could expand long-term and are
genetically stable and differentiate following
treatment with reproductive hormones[18]. At
present, organoid as potential tissue repair tool has
been studied for diverse tissues, such as brain[13],
lung[19, 20], kidney[21], liver[22, 23]. However, the
potential tissue repair capability of endometrial
organoids was less investigated. In this study, we
have successfully cultured mature endometrial
organoids and established a murine IUA model.
Using this model, we have investigated the tissue
repair effect of endometrial organoids by
transplanting the organoids into IUA mice. Our
results shown that endometrial organoids promote

the endometrial tissue repair in the IUA mice and
provide preliminarily evidence that endometrial
organoids could have high guiding significance for
endometrial tissue regeneration.

Materials and Methods

Subjects

This study was conducted in strict accordance
with the recommendations of the National Institutes
of Health guidelines for the care and use of laboratory
animals. The experimental protocol and animal
treatment procedure were approved by the Ethics
Committee of the General Hospital of Ningxia
Medical University. Female C57 were purchased from
the experimental animal center of Ningxia Medical
University. All animals were maintained in
accordance with the public health service policy
“Humane Care and Use of Experimental Animals,”
the US. Department of Health’s “Guidelines for
Humane Care and Use of Experimental Animals,”
and the provisions of the U.S. Department of
Agriculture.

Animal Experiment Design

Female C57 (6-8 weeks old, 150-200g) were
purchased from the experimental animal center of
Ningxia Medical University. The feeding temperature
was 20-26 °C; the humidity was 50-60%; and the
light/dark cycle was 12h. Every morning from 8:00 to
10:00, vaginal smears were taken to check the estrus.
Female mice were randomly divided into 3 groups
after 2 estrous cycles: control group (n = 12), after
abdominal cavity opening, uterine horn was exposed
to air for 30 minutes and then sutured; JTUA model
group (n = 12), the uterine horn was only mechanical
injured without any treatment (the uterus injury
status was checked at 7, 14, 21, and 28 days after the
operation); Transplantation group: one week after the
establishment of the IUA model, the organoid
suspension was prepared and transplanted into each
uterine cavity (the uterus injury status was checked at
7,14, 21, and 28 days after the operation).

Isolation And Culture of Mouse Endometrial
Organoids (EMOs)

After sacrifice the mouse, the abdominal cavity
was opened and the exposed uterus was taken out,
transferred into the culture dish. Subsequently, the
uterus was opened longitudinally and dissected into
small fragments, and enzymatically digested in 5 ml
enzyme digestion solution (0.4 mg/ml collagenase v
[sigma], 1.25 U/ml dispase II [sigma]) with gentle
shaking at 37°C for 40 - 50 minutes. 10 ml of
neutralizing medium (DMEM/F12, add 1% antibiotic)
was added to stop the digestion. The solution mix was
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centrifuged and the pellet was washed three times
with PBS (Phosphate Buffered Saline, without
Ca2+/Mg2+). After wash, the solution mix was
filtered through a 100 uM cell filter and the
flow-through was collected and centrifuged at 1200
R/g for 3 minutes. Next, the supernatant was
removed and the pellet was resuspended in Matrigel
(Corning) at a volume of 1:1.5-1:2 and 20uL drops of
Matrigel-cell suspension were transferred into a
preheated 24 well plate. After solidification, culture
medium was added and the endometrial organoids
were cultured in the 5% CO2 incubator at 37°C. The
culture medium was refreshed every 2-3 days.
Cultures were passaged from 1:2 to 1:3 every 7-10
days.

Hormone Therapy of Endometrial Organoids
(EMOs)

To determine the sensitivity of organoids to
hormones, 3-5 x 10° cells/matrix gel droplets were
plated in 12 well plates (3 droplets per well) and
cultured for 4 days. Subsequently, organoids were
treated with 10 nm estradiol (E2, sigma) for 2 days
and followed by 6 days combi-treatment with 10 nm
E2, 10 um P4 and 1 U cAMP (2'—dibutyl adenosine,
3', 5'—cyclic sodium phosphate; sigma) (E2 + P4 +
cAMP) . The morphology change of the organoids
was determined by taking photos under microscope
and histological assessment.

Establishment of IUA Model and
Transplantation of EMOs

The IUA model was established through the
mechanical damage method. Briefly, mice were
anesthetized by intraperitoneal injection of 5%
pentobarbital sodium (5mg/kg). After that, the
abdominal cavity was opened with sterile scissor to
expose the uterine horn. Subsequently, two 0.1 cm
incisions at the bottom of the uterus were made and n
two-thirds of the uterus was scraped with a 5 mm
uterine curette until the uterine wall was pale and
rough, both uterine horns were treated equally. After
that, the uterus and abdominal cavity were cleaned
and the wound was sutured and disinfected with
iodophor solution.

EMO transplantation was conducted one week
after the establishment of IUA model. Briefly, after
anesthetized, mice abdominal cavity was opened with
sterile scissor to expose the uterine horn. Next, 40 ul of
1 x 107 mature organoids resuspend in 15% hydrogel
were transplanted into each uterine cavity and the
uterine cavity was ligated on both sides. After that,
the uterus and abdominal cavity were cleaned and the
wound was sutured and disinfected with iodophor
solution.

Immunohistochemistry and Periodate Schiff
Staining

To collect organoids, we removed the organoid
from matrix gel and immobilized it overnight in
paraformaldehyde (PFA, 4% in PBS) at 4°C with
paraffin embedded.Monoclonal antibodies against CK
7, Ki67 and EpCAM were added at a working
concentration of 1:1 000. Immuno-stained sections
were counter stained with hematoxylin. If necessary,
antigen uncovering was performed in a sodium
citrate buffer (10 mm, pH 6) at 95°C for 30 minutes.

Periodic acid —Schiff (PAS) staining was able to
show the presence of mucin and was conducted
following the manufacturer’s instructions (sigma
Aldrich). In short, sections were dewaxed and
continuously cultured in periodate solution and Schiff
reagent. The sections were counterstained with
hematoxylin and fixed before dehydration.

Electron Microscope Analysis

Mice endometrioid organoids were fixed with
5% glutaraldehyde at 4°C for 4 hours and cut into
Imm x Imm x Imm fragments. After that, sections
were incubated in 1% cesium tetrachloride for 2
hours, followed by routinely dehydration, tissue
embedding and ultra-thin section. After 2% uranium
acetate and lead citrate staining, the ultra-thin sliced
sections were projected under transmission electron
microscopy and photos were taken.

RNA Extraction and Quantitative Polymerase
Chain Reaction

Total RNA was extracted using a Trizol reagent
(Invitrogen, Carlsbad, California, USA) and,
subsequently, reverse transcribed into cDNA using
the all-in-one first-strand c¢DNA synthesis kit
according to the manufacture (Genecopoeia,
Guangzhou, Guangdong, China). Real-time PCR was
conducted using the real-time PCR kit purchased
from Genecopoeia with the CFX 96 Real-time system
(BioRad, Hercules, CA USA). All used primers were
listed synthesized by Genecopoeia. The targeted gene
expression was relatively quantified using the
comparative threshold circulation (CT) method. This
value was used to plot gene expression with the
equation 2 AA CT and the final data for the target
samples were normalized against the internal control
GAPDH.

Statistical Analysis

Statistical analysis was performed using SPSS
20.0 (IBM, USA) and GraphPad Prism version 6.0
(USA). The data are presented as means = SD.
Statistical differences between two groups was
determined using T-test and statistical differences
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among multiple groups were determined by one-way
analysis of variance (ANOVA). P < 0.05 was
considered to be statistically significant.

Results

Established Mice Endometrial Organoids
(EMOs) Recapitulate Morphology Features of
Endometrial Tissue in vivo

To explore the tissue repair capability of
endometrial organoids (EMOs), we have established a
proper culture condition for mice endometrioid
organoids, which promote cellular differentiations
and self-renewals simultaneously. To generate
endometrial organoids, we wused tissue isolates
enriched for epithelial cells, and allowed these to
self-organize within Matrigel droplets with the basal

medium that supports development of other mice
tissue organoids[14], containing 80 ng/ml EGF; 150
ng/ml Noggin; 500 ng/ml R-spondin 1; 150 ng/ml
Wnt3a; 5 ng/ml FGF-10; 30 ng/ml KIAA1199; 100 nM
CHIR99021; 8pM A83-01, 8uM RKI-1477; B27, 1X;
N-acetylcysteine, 1.25mM; Nicotinamide, 10 mM;
HGF,50ng/ml; N2, 1X 100 ug/ml primary cell
antibiotic. Using this culture condition, endometrial
stem cell quickly started to reorganize into cell
clusters and began to expand (Figure 1A and B). The
generated organoids were composed of columnar
epithelium cells with cystic or vacuoles appearances,
and secretions were observed in the lumen of
organoids (Figure 1C). This observation indicates that
EMO may be composed of glandular epithelial cells
with secretory functions.
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Figure 1. Cultivation and characterization of mice endometrial organoids. The growth of endometrial organoids on different time points were captured under the
Light microscope (Fig. 1A) and the average diameter of endometrial organoids on indicated days was illustrated by the bar graph (EMOs) (Fig. 1B); The representative pictures
of Periodic acid—Schiff (PAS) staining of endometrial organoids and its parental tissue were shown (Fig. 1C). The representative pictures of immunohistochemical staining for
cytokeratin-7 (CK7), E-cadherin (E-cad), EpCAM, MUC-1 and SOX9 of endometrial organoid and its parental tissue were shown (Fig. ID) .
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To further clarify the consistence between EMO
and its parental tissue, the expression patterns of
diverse marker proteins including (secretory)
epithelial marker proteins and proliferation proteins
were analyzed. High expression level and similar
expression pattern of the structure and epithelial
markers were observed in EMO as compare to its
parental tissue (Figure 1D and 2A). This observation
indicates that EMO was derived from the epithelial
cell line of the endometrial tissue and it recapitulated
the structural feature of the tissue. In addition, the
observed expression of MUC-1 on the lumen surface
of EMO and columnar epithelium cell appearance
suggests that EMOs may maintain the secretory
ability of the endometrial glands. The periodic

J-\ DAPI

E-cad

acid —Schiff (PAS) staining showing the presence of
the secreted glycogen in the lumen of EMOs further
supported this hypothesis (Figure 1C). The presence
of Ki67 and SOX9 expressing cells within EMOs
indicate the fast-proliferating capability and stemness
feature of this organoids model[24]. Taken together,
we have established a fast-proliferating EMO model
that exhibits endometrial (glandular) epithelial and
stem cell phenotypical features and is capable to
secrete glycogen. Thus, the appearances are highly
similar to endometrial glands in vivo. Comparisons
were made between mouse organoid cultures
established between early passage (p) (2-4p) and late
culture (10-15p), and no histological differences were
found.

200 um

Figure 2. Morphological identification of endometrial organoids. The representative pictures of immunofluorescence staining of the co-expression of CK7 and E-cad,
Ki67 and EpCAM, Vimentin and muc-1 in the endometrial organoids (20x) and its parental tissue (Fig. 2A). Ultrastructural observation of organoids. Transmission electron
microscopy showed that the tubular structure of endometrial organoids was pseudostratified columnar epithelial structure, without lumen or small lumen, and formed apical
microvilli (Fig. 2B-1). There were tight connections between the nuclei (Fig. 2B-Il). The cytoplasm was rich in rough endoplasmic reticulum and Golgi complex, and there were a
large number of secretory vesicles (Fig. 2B-lll). In addition, the nucleus was located at the base of the cell, The mitochondrial structure was clearly visible (Fig.2B-IV).
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To further illustrate the inner structure of
endometrial organoid structures, transmission
electron microscopy (TEM) was used to evaluate the
organoids structure on days 10 and 14. After taking
pictures, virtual slides using tiles of adjacent TEM
fields were made to provide a broad field of vision
with nano resolution. The wide-field nano-
microscope pictures demonstrated that the tubular
structure of endometrial organoids was a
pseudostratified columnar epithelial structure
without lumen (or small lumen), and there was
evidence of the formation of apical microvilli (Figure
2B-1). The nucleus was located at the base of the cell
and the basement membrane was kept intact. A tight
connection was observed between cells (Figure 2B-II).
The cytoplasm was rich in rough endoplasmic
reticulum and Golgi complexes, and there were a
large number of secretory vesicles (Fig. 2BIII and IV).
Taken together, we have shown that we could
provide detail structures of endometrial organoids
using transmission electron microscopy.

EMOs Showed Physiological and Periodic
Simulated Responses to Sex Hormones

During the menstrual cycle, the change of the
estrogen (E2) and progesterone (P4) level will
significantly = change the  proliferation and
differentiation status of the endometrium[18]. In
order to examine whether generated EMOs could
recapture the change of endometrium during the
menstrual cycle, especially in the proliferative and
secretory stages, the menstrual cycle were
reconstructed by adding E2 and subsequently,
progesterone P4 to the EMOs culture. An increased
expression and decreased expression of Ki67 were
observed after addition of the estrogen and
progesterone (Figure 3B and 3E), respectively. This
finding may indicate that the estrogen treatment
induced the proliferation stage during the menstrual
cycle, while the progesterone treatment promoted the
secretory function of EMOs. The latter finding is
consistent with the result of the PAS staining (Figure
3A). In addition, in line with the finding of Turco et
al.[18], E2-treated EMO epithelium was similar to
pseudostratified glandular epithelium in the
proliferative phase (Figure 3A and 3C). The
progesterone treatment led to morphology changes of
increased gland folding and bending, which resulted
in subnuclear vacuoles formation. Moreover,
real-time quantitative PCR showed that murine genes
involved in endometrial glandular development and
function (Foxa2, a-Sam and Pax8) also emerged
(Figure 3D), PAX8+ cells are responsible for long-term
maintenance of endometrial epithelium[25], Foxa2
has been shown to be expressed in the glandular

epithelium but not the luminal epithelium, stroma, or
myometrium of the mouse uterus[26].

Endometrial Organoids (EMO) have
Vascularization Function after
Transplantation in vivo

In this study, EMO transplantation was test to its
tissue damage repair effect in the mechanical injury
induced IUA model and a schematic experimental
flow was shown in Figure 4 A. C57 female mice with a
normal estrous cycle of 6-8 weeks were selected to
setup the mechanical injury induced IUA model
under anesthesia. After repeated mechanical
curettage, the diameter of the uterine cavity
decreased, the uterine cavity narrowed, and the
number of endometrial vascular glands decreased.
H&E (hematoxylin-eosin staining) staining showed
extensive distribution of the damaged endometrium
and disordered proliferation of dark blue collagen
fibers (Figure 4D-2). In order to accesses the effect of
EMO transplantation in vivo, a green fluorescent EMO
was generated to track the EMO in vivo after
transplantation (Figure 4B and C). Hydrogel
encapsulated organoid can promote the regeneration
and growth of endometrium in mice with uterine
injury[27]. In line with this finding, In vivo
fluorescence imaging result showed that hydrogel
scaffolds can retain the organoid in the injured site for
a longer period, probably due to its high temperature
sensitivity (Figure 4C). In line with this observation,
the expression of several genes including high growth
factor (VEGF) was found in the regenerative
endometrium near the transplant site. These results
show that organoid transplantation provides an
encouraging choice for clinical IUA treatment.
However, 4 weeks after transplantation, the glands of
the transplantation group were significantly higher
than those in the control group (Figure 4D-1).

Fertality Assessment

The ultrastructure after organoid transplantation
showed that compared with normal mouse uterus
(Figure 5A), mechanical damage caused defects in
mouse endometrium and muscle layer (Figure 5B).
After transplantation, organoid cells spread along the
basement membrane and inside the nucleus.
Containing a large number of lysosomes (Figure
5C-D), the tubular structures in the transplanted
organoids also mature over time, resulting in the
polarization of the epithelium into a single layer, and
the formation of a developed brush-like top edge area
(Figure 5E-H), mature organoids The extensive
evidence is very promising. Unfortunately, the
arrangement of the organoid structure is uneven, and
it has not yet reached the structural state of the
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orderly arrangement of the glandular tissue in the
body (Figure 5I), which may be caused by the
difference between the circulation of the organoids
outside the body. Therefore, it is necessary to further
observe and optimize the experimental device.

In order to detect the effect of emo
transplantation on fertility, endometrium of
mechanically injured mice (Figure 5]), 4 organoid
treated mice and 4 untreated mice were mated with

healthy fertile male mice in the ratio of 21,
respectively. The date of vaginal obstruction was
designated as day 0 of pregnancy. On the 15th day of
pregnancy, female mice were euthanized. The
embryos in the uterine cavity were counted and
photographed. IUA model mice treated with EMO
transplantations 3/4 were successfully pregnant
(Figure 5L), while model mice without emo
transplantation were not pregnant (Figure 5K).
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Figure 3. Endometrial organoids respond to sex hormones. progesterone treatment simulated the characteristics of endometrial maturation during secretory phase,
especially the increase of gland folding and bending, and columnar cells showed subnuclear vacuoles. E2 treated emo epithelium was similar to pseudostratified glandular
epithelium in proliferative phase (Fig. 3A). Immunohistochemistry for Kié7 on organoids under EMO, EMO+E2 and EMO+E2+P4+cAMP, and proliferative and secretory
endometrium.(Fig. 3B).Immunohistochemistry for ERa and PR on organoids after hormonal stimulation. In ExM expression of ERa is weak, but some cells are either ERahigh or
Era negative. After E2 and P4 treatment, levels of ERa and PR are higher(Fig.3C). Real time quantitative PCR showed that mouse genes were involved in the development and
function of endometrial glands (Foxa2 a-Presence of Sam and Pax8) (Fig.3D).The expression level of Kié7 after induction by estrogen and progesterone was semi-quantitatively

analyzed by the area of positive staining.(Fig.3E)
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Figure 4. Establishment of IUA Model and Transplantation of EMOs. GFP organoids transplantation (Fig. 4A) and schematic diagram of GFP mouse organoids culture
(Fig. 4B); Expression pattern of asyn GFP in uterus after homozygous (sncagfp /GFP) organ transplantation. Endogenous GFP fluorescence (red) is displayed(Fig. 4C); After
organoids transplantation for uterine injury, uterine horns were collected and stained with hematoxylin and eosin (H & amp; amp; E) (Fig. 4D 1-2);4D-2 Endometrial morphology
was observed by hematoxylin staining (magnification 20%, scale bar 100 um). 4D-1 Statistical comparison of endometrial glands in the visual field of each group.Data are reported

as means*SD. *P<0.05, **P<0.01.

Endometrial Organoids (EMO) Mature
Gradually

Vascularization of the graft is a key determinant
for successful integration into host tissue. In order to
determine the effect of EMO transplantation in the
mechanical injury induced IUA model, the expression

of the angiogenesis marker (vascular endothelial
growth factor, VEGF) and the progenitor cell marker
(Sox9) were examined at 1, 2, 3 and 4 weeks after
transplantation. Increased trends of expression of
both proteins were observed after transplantation
over the time (Figure 6A-C).Newly formed
endometrial tissue was measured by evaluating the
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expression of Ki67 in proliferating cells. Ki67 is a
nuclear antigen at different stages of cell proliferation,
and its expression reflects the regeneration of the
damaged  endometrium. Immunohistochemical
staining showed that Ki67 was expressed in all
groups, and the expression of Ki67 was the highest in
epithelial cells 4 weeks after transplantation, which
confirmed the improvement in the repair efficiency of
endometrial injury 4 weeks after transplantation
(Figure 6A and B). Immunohistochemical and qPCR
analysis showed that the expression of VEGF and
adipocyte-specific =~ adhesion  factor  increased

significantly after transplantation, (Figure 6D). The

) 2

expression of SMA and other growth factors was
up-regulated. Additionally, the deposition of the
extracellular matrix (ECM) is associated with the
down-regulation of COL1A1 expression after
transplantation. =~ Fourteen = days  after  the
transplantation, the results of projection electron
microscopy showed that porous special endothelial
structures appeared in organoid, and tight junctions
migrated from the top to the bottom. These
observations were in line with the previous findings
of podocyte maturation during glomerular capillary
ring formation[28].

Figure 5. Ultrastructural evaluation showed that endometrial organoids matured in vitro over time. Ultra-structure of endometrium in normal mice (Fig. 5A);
The results of mouse IUA injury model showed that basal layer defect (Fig. 5B), glandular structure disappeared (Fig. 5C), nucleus lost morphology and a large number of
lysosomes were released (Fig.5D); Low-magnifification electron microscopy (TEM) tile scan of endometrial organoids transplanted for 14 days showed the structural interface of
columnar epithelium of glands (Fig.5E-]). Exposing the bicornate uterus of C57 mice (Fig.5J); Fertility evaluation experiment found that compared with [UA model group (Fig.5K),

organoid transplantation was helpful to improve the pregnancy rate (Fig.5L).
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Figure 6. Histology of experimental Asherman syndrome in mice. Immunohistochemical staining showed representative images of Ki67, Sox9, Pax8, VEGF and PCNA
localization in endometrial tissues of each group(magnification 20%, scale bar 100 pm) (Fig. 6A). The expression levels of Ki67, Sox9, Pax8, VEGF and PCNA were semi quantified
by positive staining area. The data were reported as mean * standard deviation * P < 0.05, * * P < 0.01 (Fig. 6B-C). Gene expression was analyzed by Q-PCR at each time after

organoid transplantation (Fig. 6D).

Discussion

A reliable endometrial model is the key to better
understand the interaction between endometrial cells
and the environment, which is also an important tool
to study endometrial related diseases. In this study,
we have demonstrated that endometrial organoids
(EMO) recapitulate the morphology and molecular
change of the function lining of endometrium in vitro
and could promote the tissue repair in a tissue
damage induced IUA mice model.

In contrast to 2D primary stem cell culture, EMO
has been shown to exhibits the phenotypical
characteristics of stem cells and could differentiate
into multiple cell types. In this study, we have
generated the EMO from the proliferative uterus of

6-8-week-old mice using a EMO specific culture
medium updated from previous report[14]. We have
found that the generated EMO composed of ciliated
luminal epithelial cells and secretory glandular
epithelial cell. Moreover, a detailed morphology of
these cells such as pseudostratified columnar
epithelium without cavity (or small cavity) and the
apical microvilli were demonstrated using electron
microscope. These findings were in line with previous
reports that demonstrated the organoids models
could represent the key structural features of its
original tissue[9, 29-32]. In addition, exposing EMOs
periodic to sex hormones, we have shown that the
generated EMOs could recapitulate the morphology
changes and physiological status of the endometrium
during the menstrual cycle. Taken together, in line
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with previous reports we have generated an ex-vivo
EMO model that exhibits the phenotypical
characteristics of the primary endometrium tissue and
can recapitulate the function of the original tissue.

In this study, we have setup a mouse IUA model
to access the tissue repair effect of EMOs. Although it
is difficult to monitor the endometrial thickness of
mice, reproductive outcome is the best proof of
whether the endometrium recovered from the tissue
damage both on morphology level and functional
level. Rescued reproduce capability of the mice after
EMO  transplantation  indicate = that EMO
transplantation promotes the regeneration ability of
endometrium. In addition, increased host blood
vessels penetration and the expression level of
vascular growth factors (including VEGF) in
endometrial progenitor cells of the grafts were found
in mice two weeks after EMO transplantation. This
observation suggests that the EMO transplantation
promote the tissue repair by improving the
vascularization among the damaged tissue, although
the precise mechanisms still need to be investigated.

In this study, we have mixed the EMOs with a
temperature controlled hydrogel prior transplanta-
tion[33], since several cases have been reported that
organoids were fragmented after transplantation.
After transplantation, the transplantation mix
containing EMOs can gradually form a jelly like
bio-scaffold in the uterine cavity under the influence
of body temperature. It would not oppress the
endometrium and affect the blood flow under the
endometrium since it becomes soft at body
temperature. In addition, its unique properties allow
it to release EMOs gradually and it will degrade
spontaneously during the release process. Moreover,
the hydrogel mix containing EMOs is closely linked to
organ wall and preserves the tissue structure of the
organ. Summarized, this hydrogel - transplantation
mix can protect the donor cells from the harmful
microenvironment of the graft and keep the EMO in
the injured area for a long time. These unique
characteristics make a good potential candidate for
treatment against IUA.

Conclusion

In this study, we have generated an ex-vivo
EMO model that represents the key phenotypical- and
functional characteristics of the endometrium tissue.
In addition, we have shown that transplantation of
EMO-hydrogen mix could promotes the tissue repair
and rescue the reproduce capability of tissue injury
induced IUA in mice. This study is of great
significance to clarify the mechanism and safety of
organoid transplantation in the treatment of IUA. It
not only provides a theoretical basis for clinical

application, but also focuses on the safety of
organoids, application methods, and the preparation
of related biological products. As such, we believe
that organoids transplantation could be a potential
tool that could support the treatment of IUA.

Acknowledgments

The authors thank Accurate International
Biotechnology Limited Company, Guangzhou for the
experimental technical support.

Fund Support

National Natural Science Foundation of China
(No: 81860264); Key R &amp; D projects of Ningxia
Autonomous Region (No.: 2020BFG02018); Open
project of clinical medicine research center of General
Hospital of Ningxia Medical University.

Author Contributions

Huixing Zhang was involved in experimental
design and performed the data analysis. Huixing
Zhang contributed to this work and considered as
first authors. Dabao Xu, Yan Lj, Jiangiang Lan and Yu
Zhu were equally involved in experimental design,
performing the experiments, and data analysis. Jia
Cao, Mingyue Hu, He Jin, and Juanjuan Yuan
participated in the animal experiments and
tissue collection. Dan Liu and Gang Li contributed
scientific ideas and edited the manuscript. Dan Liu
and Gang Li led the entire study as a
co-corresponding author. All authors read and
approved the final manuscript.

Ethical statement

Animal experiments were reviewed and
approved by the Ethics Committee of Laboratory
Animal Center of Ningxia Medical University, China.
All the animal experiments complied with relevant
guidelines of the Chinese government and regulations
for the care and use of experimental animals.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Chen X, Sun J, Li X, Mao L, Cui L, Bai W. Transplantation of oral mucosal
epithelial cells seeded on decellularized and lyophilized amniotic membrane
for the regeneration of injured endometrium. Stem Cell Res Ther. 2019; 10: 107.

2. Azizi R, Aghebati-Maleki L, Nouri M, Marofi F, Negargar S, Yousefi M. Stem
cell therapy in Asherman syndrome and thin endometrium: Stem cell- based
therapy. Biomed Pharmacother. 2018; 102: 333-43.

3. Beltrami AP, Alawadhi F, Du H, Cakmak H, Taylor HS. Bone
Marrow-Derived Stem Cell (BMDSC) Transplantation Improves Fertility in a
Murine Model of Asherman's Syndrome. PLoS ONE. 2014; 9.

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

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18 2638

5. GaoY,WuG, XuY, Zhao D, Zheng L. Stem Cell-Based Therapy for Asherman 33. Yi X, Liu F, Gao K, Chen F, Wang Y, Li H, et al. Reconstructable
Syndrome: Promises and Challenges. Cell Transplant. 2021; 30: Uterus-Derived Materials for Uterus Recovery toward Efficient Live Births.
9636897211020734. Adv Mater. 2022; 34: 2106510.

6. Wallach EE, Schenker JG, Margalioth EJ. Intrauterine adhesions: an updated
appraisal. Fertility and Sterility. 1982; 37: 593-610.

7. Tam WH, Lau WC, Cheung LP, Yuen PM, Chung TK-H. Intrauterine
Adhesions after Conservative and Surgical Management of Spontaneous
Abortion. The Journal of the American Association of Gynecologic
Laparoscopists. 2002; 9: 182-5.

8. YuD, Wong Y-M, Cheong Y, Xia E, Li T-C. Asherman syndrome —one century
later. Fertility and Sterility. 2008; 89: 759-79.

9. Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of human
development and disease. Nat Cell Biol. 2016; 18: 246-54.

10. Grassi L, Alfonsi R, Francescangeli F, Signore M, De Angelis ML, Addario A,
et al. Organoids as a new model for improving regenerative medicine and
cancer personalized therapy in renal diseases. Cell Death Dis. 2019; 10: 201.

11. Drost J, Clevers H. Organoids in cancer research. Nat Rev Cancer. 2018; 18:
407-18.

12. Gao D, Velal, Sboner A, Iaquinta PJ, Karthaus WR, Gopalan A, et al. Organoid
cultures derived from patients with advanced prostate cancer. Cell. 2014; 159:
176-87.

13. Chen HI, Wolf JA, Blue R, Song MM, Moreno JD, Ming GL, et al
Transplantation of Human Brain Organoids: Revisiting the Science and Ethics
of Brain Chimeras. Cell Stem Cell. 2019; 25: 462-72.

14. Boretto M, Cox B, Noben M, Hendriks N, Fassbender A, Roose H, et al.
Development of organoids from mouse and human endometrium showing
endometrial  epithelium  physiology and long-term expandability.
Development. 2017; 144: 1775-86.

15. Sato T, Stange DE, Ferrante M, Vries RG], van Es JH, van den Brink S, et al.
Long-term Expansion of Epithelial Organoids From Human Colon, Adenoma,
Adenocarcinoma, and Barrett's Epithelium. Gastroenterology. 2011; 141:
1762-72.

16. Lewis A, Keshara R, Kim YH, Grapin-Botton A. Self-organization of organoids
from endoderm-derived cells. ] Mol Med (Berl). 2021; 99: 449-62.

17. Fitzgerald HC, Dhakal P, Behura SK, Schust DJ, Spencer TE. Self-renewing
endometrial epithelial organoids of the human uterus. Proc Natl Acad Sci U S
A.2019; 116: 23132-42.

18. Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez M]J, Farrell L, et
al. Long-term, hormone-responsive organoid cultures of human endometrium
in a chemically defined medium. Nat Cell Biol. 2017; 19: 568-77.

19. Tan Q, Choi KM, Sicard D, Tschumperlin DJ. Human airway organoid
engineering as a step toward lung regeneration and disease modeling.
Biomaterials. 2017; 113: 118-32.

20. Kim M, Mun H, Sung CO, Cho EJ, Jeon HJ, Chun SM, et al. Patient-derived
lung cancer organoids as in vitro cancer models for therapeutic screening. Nat
Commun. 2019; 10: 3991.

21. Koning M, van den Berg CW, Rabelink TJ]. Stem cell-derived kidney
organoids: engineering the vasculature. Cell Mol Life Sci. 2020; 77: 2257-73.

22. Broutier L, Mastrogiovanni G, Verstegen MM, Francies HE, Gavarro LM,
Bradshaw CR, et al. Human primary liver cancer-derived organoid cultures
for disease modeling and drug screening. Nat Med. 2017; 23: 1424-35.

23. Broutier L, Andersson-Rolf A, Hindley CJ, Boj SF, Clevers H, Koo BK, et al.
Culture and establishment of self-renewing human and mouse adult liver and
pancreas 3D organoids and their genetic manipulation. Nat Protoc. 2016; 11:
1724-43.

24. Gonzalez G, Mehra S, Wang Y, Akiyama H, Behringer RR. Sox9
overexpression in uterine epithelia induces endometrial gland hyperplasia.
Differentiation. 2016; 92: 204-15.

25. Fu DJ, De Micheli AJ, Bidarimath M, Ellenson LH, Cosgrove BD,
Flesken-Nikitin A, et al. Cells expressing PAX8 are the main source of
homeostatic regeneration of adult mouse endometrial epithelium and give rise
to serous endometrial carcinoma. Dis Model Mech. 2020; 13.

26. Jeong JW, Kwak I, Lee KY, Kim TH, Large MJ, Stewart CL, et al. Foxa2 is
essential for mouse endometrial gland development and fertility. Biol Reprod.
2010; 83: 396-403.

27. D'Costa K, Kosic M, Lam A, Moradipour A, Zhao Y, Radisic M. Biomaterials
and Culture Systems for Development of Organoid and Organ-on-a-Chip
Models. Ann Biomed Eng. 2020; 48: 2002-27.

28. van den Berg CW, Ritsma L, Avramut MC, Wiersma LE, van den Berg BM,
Leuning DG, et al. Renal Subcapsular Transplantation of PSC-Derived Kidney
Organoids Induces Neo-vasculogenesis and Significant Glomerular and
Tubular Maturation In Vivo. Stem Cell Reports. 2018; 10: 751-65.

29. Kim YK, Refaeli I, Brooks CR, Jing P, Gulieva RE, Hughes MR, et al.
Gene-Edited Human Kidney Organoids Reveal Mechanisms of Disease in
Podocyte Development. Stem Cells. 2017; 35: 2366-78.

30. Campaner E, Zannini A, Santorsola M, Bonazza D, Bottin C, Cancila V, et al.
Breast Cancer Organoids Model Patient-Specific Response to Drug Treatment.
Cancers (Basel). 2020; 12.

31. Miura S, Suzuki A. Generation of Mouse and Human Organoid-Forming
Intestinal Progenitor Cells by Direct Lineage Reprogramming. Cell Stem Cell.
2017; 21: 456-71 €b.

32. Hibaoui Y, Feki A. Organoid Models of Human Endometrial Development
and Disease. Front Cell Dev Biol. 2020; 8: 84.

https://www.ijbs.com



