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Abstract

and trophoblast organoids.

A coordinated crosstalk between the maternal body and embryo is indispensable in a successful pregnancy. However, reliable
models to study the potential cellular and molecular mechanisms of maternal-fetal interaction have not been established. The
widely used research models including animal models and cell lines have significant limitations. Recently, the emergence and
advancement of organoids have aroused attention. Endometrial organoids and trophoblast organoids which recapitulate human
decidua and trophoblasts in three-dimensional cultures provide new opportunities to study the physiological or pathological
processes of decidualization and implantation. Furthermore, to recapitulate precise cell-cell communication in the decidual
microenvironment in vivo, the co-culture of multicellular organoids will be a potential optimal model for future investigations of
crosstalk at the maternal-fetal interface. Here, we focus on the latest development and advancement of endometrial organoids
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INTRODUCTION

In humans, the incidence of pregnancy loss is much higher
than in other mammal species, with only about 30% of
the natural pregnancies ending up with live birth.["
Even with the wide application of assisted reproductive
technology, the live birth rate of iz vitro fertilization is still
not optimistic.”! A large portion of such fetal losses occurs
in the initial period of pregnancy before being recognized
clinically."! To solve this tough question, investigating the
mysteries of maternal-fetal interaction in early pregnancy
is one of the key points.

The establishment of a coordinated dialogue between the
embryo and the maternal endometrium is indispensable

for a successful conception. Decidualization, a critical step
of pregnancy, refers to the process in which endometrial
stromal cells proliferate and differentiate into secreting
decidual cells. In humans, the transformation into the
decidua completes after the blastocyst is embedded in the
endometrium, because the success of embryo implantation
guarantees the further decidual reaction.”! In return, decidual
cells affect the growth and development of the placenta and
embryo by releasing some signals, like glandular secretions,
which contribute to nutritional support until maternal blood
penetrates into the intervillous space.*” The decidua also
regulates the maternal immune system which helps accept
the semi-allogeneic fetus. Besides, embryo implantation
is another essential procedure, which is divided into three
phases: apposition, adhesion and invasion. This complex
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physiological process requires receptive endometrium,
decidualization and communication between the uterus
and a healthy blastocyst.l! Accordingly, maternal-fetal
interaction is pivotal at the early stage of pregnancy, so
that any aberrant factors during the process can lead to the
termination of pregnancy or health risks to both maternal
body and fetus.

Despite the importance of maternal-embryo crosstalk
during decidualization, implantation and placentation,
reliable models to study the potential cellular and
molecular mechanisms have not been established. The
widely used research models involve animal models and
cell lines, both of which have significant limitations.
Rodents, popular animal models used in endometrium
and implantation research,’™ cannot recapitulate human
endometrium with accurate features and functions. For
instance, decidualization of endometrium in mice is
only triggered by implanting blastocyst or mechanical
stimulation, while a similar reaction is spontaneous and
cyclic in human."""" In addition, the primary syncytium
originated from trophectoderm begins to form after
complete embryo invasion, but this differentiation is
not observed in mice, making the murine embryo a
less suitable material for implantation study.!'>* The
deep invasion of the trophoblast cannot be realized in
murine placentation, which may cause the discrepancy
in experimental results.'”” Non-human primates with
menstrual cycles seem to be ideal for endometrial and
placental studies, however, the high cost, large labor,
specific experimental infrastructure, and ethics become
the main obstacles.""'! As for 7 vitro models, primary cells
are inferior due to their disability of long-term expansion.
Immortalized cell lines derived from endometrial cancer
including ECC1 and Ishikawa cells are eligible for embryo
implantation investigation, but they cannot recapitulate
the physiological state of endometrial epithelium with
transformed phenotypes."”'¥ Recently, an immortalized
endometrial stromal cell line that helped identify many genes
and chemical modulators in human decidualization has been
depicted."” There are also many types of trophoblast cell
lines that have been generated, such as BeWo, HPT-8,
JEG-3 and others. However, a common shortcoming of
these cell line systems is that they fail to mimic the cell-
cell interactions in three-dimensional (3D) structures and
microenvironments 7 vivo.

Therefore, the emergence and advancement of organoid
have aroused attention. Endometrial organoids and
trophoblast organoids in 3D cultures offer new
opportunities to study maternal-fetal interactions during
crucial steps in pregnancy.

EMERGENCE OF ORGANOIDS

The term “organoid” originally referred to a cellular
cluster cultured from stem/progenitor cells, induced
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pluripotent stem cells or embryonic stem cells, which could
organize into a 3D model with abilities of self-renewing
and genetical stability.”” Generally, the broader definition
involves organoids derived from differentiated cells, such
as epithelial cells. Until now, the three main approaches
to establish organoid models include Matrigel medium,
gas-liquid interface culture and rotating bioreactor.”"
Due to the rapidly improving culture technique since the
2010s, organoids from various types of tissues, like colon,
pancreas, liver, fallopian tube, and prostate, have been
developed.?*>

In two-dimensional (2D) cultures, complicated
microenvironments with cell-cell interactions cannot be
reconstructed, which results in a decrease in accuracy
in experimental results. Compared with 2D models, 3D
organoids closely recapitulate the anatomic structure and
physiological function of original tissues. Thus, organoids
can be widely applied in the investigation of organ
development, disease and treatments.

Endometrial organoids

The endometrium is the mucous membrane that covers
the inner wall of the uterus and plays a vital role in
reproduction. It consists of functional layer shedding
monthly with the fluctuation of ovarian hormones
and basal layer without periodic change. At present,
organoids from human and murine endometrium have
been established, presenting long-term expandability and
epithelium characteristics.””~*! Many kinds of endometrial
epithelia can be the primary source of organoids, including
one in the secretory, proliferative, and postmenopausal
phase as well as decidua. The most widely used culture
system of endometrial epithelial organoids (EEO) is the
Matrigel. The endometrial specimens were minced and
digested by enzyme and thus generated glandular pellets,
which were subsequently embedded into different Matrigel
as extracellular matrix. The Matrigel medium containing
growth and signal factors, such as WNT activators
(WNT3A, R-spondin 1), epithelial-cell mitogens (epidermal
growth factor, fibroblast growth factor and hepatocyte
growth factor), Noggin, Nicotinamide and so on, enabled
endometrial tissue fragments to proliferate and form
organoid structures.”**! After dissociated and re-seeded,
the organoids could reconstitute and propagate for more than
14 consecutive passages, achieving long-term culture.” EEO
organized a glandular-like structure, a spheroid with a central
lumen and surrounding polarized columnar epithelium.
Since the function of endometrium usually depends on
the interaction between epithelial and stromal cells which is
hard to model in human,?*? the porous collagen scaffolds
and micro-molded agarose gel have been used to co-culture
endomettial stromal and epithelial cells.”**¥ In the former
culture system with the porous collagen scaffolds created
using controlled lyophilization, stromal cells and EEO
were seeded into the scaffold successively to form the
multicellular organoid that exhibited apicobasal polarized
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epithelial layer on the surface and adjacent stromal cells.’

The micro-molded agarose gel is another system that can
establish such organoids. Two types of endometrial cells
were cultured on the base of a micro-molded agarose gel
plate instead of an exogenous scaffold and developed into
organoids showing the spherical surface composed of
polarized epithelial cells and the inner side full of stromal
cells.P Therefore, 3D endometrial models recapitulating
epithelial-stromal microenvironment 7z vivo have been
established by combining collagen scaffolds or agarose
gel with EEO. One of the greatest characteristics of
endometrial organoids is that they closely reflect the
original source, with the specific markers and gene profiles
of original cells.?**"?%34% Besides, endometrial organoids
are sensitive to different hormonal treatments and thus
show variant physiological responses.?"2%334

With the developed culture systems, it has been proved
that endometrial organoids exert a huge impact on
understanding the undetlying mechanism of maternal-
embryo interaction. Pregnant endometrium, also known
as decidua, has been isolated and successfully generated
organoids, which may contribute to the study on
decidualization. In the same research, scientists found that
human endometrial organoids cultured with additional
hormones from decidualized stroma and placenta
(prolactin, human chorionic gonadotropin, and human
placental lactogen) as well as signal molecule (cAMP) have
undergone further differentiation and acquired a decidual
phenotype.” Similar findings were seen in a co-culture
system of porous collagen scaffolds, in which hormones
induced stromal cells to decidualize and transform into the
secretory state.” Besides, Virginia ¢f a/. cocultured EEOs
from decidual glands and endometrial stromal fibroblasts
differentiated from human pluripotent stem cells (PSC-
ESFs) in Matrigel.’¥ Then, they observed that the
cocultures of PSC-ESFs and EEOs could exhibit decidual
characteristics in both gene expression and cell morphology
in response to hormonal signals, self-organizing a 3D
model of the human decidua. Collectively, appropriate
treatment of hormones can stimulate the endometrial
organoids to differentiate towards decidua, mimicking
the biological process of human decidualization iz vive
to some extent. Therefore, these endometrial organoids
become potential 7z vitro models to study how decidual
cells regulate the development of the placenta and how
they interact with blastocyst.

In addition, endometrial organoids can be used to research
on embryo implantation and the endometrium-embryo
crosstalk at the implantation site. With the change in
hormonal treatment, EEOs established by Luddi ef a/.
demonstrated the distinct features of corresponding phases
of the menstrual cycle in terms of both morphology
and function.’” Significantly, EEOs in the mid-secretory
phase displayed the luminal cell surface with large
protrusions named pinopodes, which is one of the critical

markers of the implantation window. The expression
of genes related to endometrial receptivity including
progestagen associated endometrial protein (PAEP),
vascular endothelial growth factor, insulin like growth
factor 1 and matrix metallopeptidase 26 increased in EEOs
of the mid-secretory phase compared to the proliferative
phase, making them suitable indicators of the implantation
window. Meanwhile, EEOs expressed a larger quantity of
glycodelin A encoded by PAEP in the secretory phase,
reflecting the physiological changes in the window of
uterine receptivity z vivo. Furthermore, based on the prior
knowledge that mechanosensitive ion channels participate
in interactions between the endometrium and the blastocyst,
expression of the PIEZO1 channel was described in
endometrial organoids and primary endometrial epithelial
cells Strong calcium responses wete observed in EEOs
under chemical and mechanical stimulation, which
provided further evidence for the functional expression
of mechanosensitive PIEZO1 channels in endometrial
epithelial cells. Consequently, the role of the PIEZO]1
channel in maternal-fetal crosstalk at the implantation
interface was validated. All these factors mentioned above
are important in the dialogue between the maternal uterus
and blastocyst.

In general, the results of these studies confirm that
endometrial organoids could closely recapitulate the
characteristics of decidua and a receptive endometrium.
Therefore, this novel kind of 3D model becomes an
effective tool to investigate the physiological or pathological
processes of decidualization and implantation, which can
help understand maternal-embryo interactions.

TROPHOBLAST ORGANOIDS

In human, the placenta is closely associated with decidua
and connects the mother and fetus. It is a temporary
extraembryonic organ that provides nutrients, secretes
hormones and protects the fetus to support gestation.
Trophoblasts, derived from the trophectoderm of the
blastocyst, constitute a large part of the placenta and
become one of the unique components. The trophoblast
lineages of the placenta include three subtypes: villous
cytotrophoblast (VCT) which can differentiate into the
other two subtypes of trophoblasts, syncytiotrophoblast
(SCT) with the responsibility for exchanging nutrients
and producing pregnancy hormones and extravillous
trophoblast (EVT) which makes the placenta attached by
invading into the decidua and helps the transformation
of spiral arteries.***! To make up for the deficiencies of
animal models and cell lines, trophoblast organoids have
been developed and become a promising model of placental
villi.?”* The original tissue of trophoblast organoids is
the placenta in the first few weeks of pregnancy. Similar
to the medium used in human trophoblast stem cells,*?
Matrigel medium containing growth factors and signaling
inhibitors is used in the culture of trophoblast organoids.
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Different conditions of WNT signaling determine the
lineage specification and differentiation of these organoids.**!
Treatment with exogenous WNT activators maintains the
growth of cytotrophoblast organoids, while the inhibition
of the WNT signaling stimulates the organoids to develop
into HLA-G' EVT. Moreover, the long-term expandability,
the common nature of organoids, is also guaranteed,
with sustainable passaging for more than a year."'! Hence,
the study on discrete procedures of EVT formation in
sequence will be conducted with this model. Since both the
maternal and fetal tissue existed in the placental material,
it is necessary to ensure the fetal origin of trophoblast
organoids. Researchers verified the derivation of organoids
through Human leukocyte antigen (HLA) typing and
confirmed their identities according to previous criteria
of trophoblast.*

Literature indicates that trophoblast organoids display
structural and functional characteristics of the human
first-trimester placenta and showed genetic stability.?**!
Pregnancy hormones and peptides, such as human
chorionic gonadotropin, growth differentiation factor,
pregnancy-specific glycoprotein, aldose reductase, and
so on, were detected in the cultures, demonstrating
the metabolic and endocrine function of trophoblast
organoids. The HLA-G* EVT differentiated from the
organoids vigorously migrated and invaded into the 3D
cultures, resembling the process of trophoblast invasion.
Besides, the similarity between the trophoblast organoids
and villous placenta was also proved through analysis of
the methylome.P” As a novel 3D model recapitulating the
human first-trimester placenta, it provides an alternative
approach allowing researchers to study the trophoblast
differentiation and placentation. Because this i vitro
model closely mimicked the formation of cytotrophoblast
cells and the differentiation of EVT, it will promote
the investigation of the mutual effects of trophoblast
and decidual microenvironment.”” In summary, these
studies indicate the potential applications of trophoblast
organoids. The interaction between the decidua and
placenta after implantation will be explored in depth with
this powerful tool.

FUTURE PERSPECTIVES

Co-culture models

To reproduce precise cell-cell communications of native
organs and tissues iz vivo, co-culture of multicellular
organoids is required. Reports show that leukocytes are
highly represented in decidual cells, with a percentage
of 30%—40%, at the carly stage of pregnancy.[***! The
decidual immune microenvironment consists of multiple
kinds of immune cells, like lymphocytes (B cells and
T cells), natural killer (NK) cells, dendritic cells and
macrophages.i! Decidual stromal cells, trophoblasts and
immune cells contact with each other, developing a vast
cellular network to maintain the conception.’! However,
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there are still many unsolved questions about how maternal
immune system coordinates with conceptus. Combining
organoids with immune cells will be an effective method
to illuminate the underlying mechanism. Research on
intestinal homeostasis, digestive diseases, pulmonary
disease and breast neoplasms has been conducted by
coculturing the corresponding epithelial organoids and
immune cells.* Recently, Dolat ¢f a/. cocultured infected
endometrial organoids with neutrophils to build a primary
immune cell response in a study of Chlamydia infections,
showing evidence for the generation of the coculture
system.[*) Furthermore, to understand the exact function
of uterine natural killer (uNK) cells which are the major
subsets of leukocytes within the decidua, it is possible to
coculture the trophoblast organoids with uNK cells to
identify related factors.”” Therefore, endometrial organoids
or trophoblast organoids cocultured with immune cells,
such as NK cells, macrophages and so on, can potentially
be used to explore how immune cells mediate the maternal-
fetus tolerance in eatly pregnancy. Establishment of the
multicellular organoids which better recapitulate the
microenvironment at the maternal-fetal interface will be a
tremendous advance.

In addition, the combination of different types of organoids
might provide a novel model for some research. For
example, organoids of the trophoblast and endometrium
could be cultured together to study interactions of
trophoblast cells with the maternal environment during
the trophoblast differentiation and invasion.”® Another
literature pointed out that the coculture of endometrial
models with trophoblast organoids and blastoids
(blastocyst organoids) could develop into an 7n vitro
model specific for implantation study.”" However, ethical
implications must be considered before the creation of
these coculture systems, and strict scrutiny is required.F>*!
Although there are many challenges in the coculture of
multiple organoids, this kind of multicellular model will
provide incredible opportunities to investigate the eatly
events of pregnancy in human.

Microfluidics

Recently, a new technology named microfluidics has been
developed to improve the co-culture of organoids and
other cell types. Microfluidics is a tool to operate fluids
through submillimeter channels to further manipulate
the location of cells and tissues, fluid flow parameters,
gradient parameters and mechanical cues.”* Microfluidic
organ-on-a-chip models which can co-culture living cells
ideally mimic organs in physiological or pathological
state at micrometer diameters.”” Furthermore, it has been
proved that microfluidics can be applied in cancer studies by
recapitulating interactions between immune cells and cancer cells
and metastatic microenvironment."** Similarly, with the
support of a microfluidics tool, co-culturing endometrial
or trophoblast organoids with decidual immune cells will
become a potential approach to investigating the maternal-
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fetal microenvironment. Therefore, the combination of
microfluidics technology and organoids provides a novel
model for future study in many fields.

Genome engineering

With the rapid development of gene technology, the
application of genetic engineering in organoid models will
enable scientists to study physiological and pathological
phenomena with higher accuracy. CRISPR/Cas9 gene
editing system can be used to disrupt or modify the targeted
genetic locus. With such a technique, the chloride channel
function of intestinal stem cell organoids from patients
with cystic fibrosis has been repaired, retaining the normal
function of organoids.” Besides, Kopper ¢z 4/. introduced
the fallopian tube organoids genetically modified for
the investigation of ovarian cancer.[ In the future, as
an efficient bioengineering tool, genome engineering
might be combined with organoids of endometrium or
trophoblast to further analyze the outstanding questions
of pregnancy.

Tissue engineering

Although organoids recapitulate human tissue ex vvo, the
morphogenesis process which exists in internal developing
tissues is not reproduced in organoids.l" ¥ Morphogenesis
is regulated by biophysical and biochemical factors which
coordinate the cellular composition and structure of 7 vivo
tissues spatiotemporally.[’l Therefore, tissue engineering
methodologies have been developed to regulate these
factors and instruct morphogenesis in organoids. The
novel methodologies include engineered hydrogel scaffolds,
controlling organoid assembly, spatiotemporal regulating
of morphogen gradients as well as artificial gene circuits
through genetic engineering.!*’ To precisely establish
models recapitulating the microenvironment of embryo
development and maternal-fetal crosstalk, integrating tissue
engineering methods and endometrial and trophoblast
organolds is necessary to control morphogenesis iz
vitro. Such integrated models with organoids and tissue
engineering will become optimal approaches in wild fields.

CONCLUSION

Maternal-fetal crosstalk affects the entire process of
early pregnancy, including decidualization, embryo
implantation, placental development and so on. It is very
challenging to study pregnancy physiology in human,
considering specimen accessibility and ethical factors.
Although much research has been done, much is unknown
about the underlying cellular and signaling mechanism
of these events. Recently, endometrial organoids and
trophoblast organoids that both closely recapitulate the
microenvironment at the maternal-fetal interface have been
reported as novel 3D models to investigate the dialogue
between the decidua and blastocyst or embryo. However,
there are also some common questions about organoid
models to be solved. Thus, it is necessary to take into

account the reproducibility, standardization, and validation
of organoids to further improve this culture system.*”]
Moreover, when establishing the implantation model,
ethical issues should not be ignored.”” In conclusion,
organoids of endometrium and trophoblast are opening
new avenues for the investigation of maternal-fetal
interactions, which will make huge contributions to female
reproductive health.
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