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Abstract

The endometrium is one of the most dynamic organs in the human body. Until now, cell lines have furthered the understanding of
endometrial biology and associated diseases, but they failed to recapitulate the key physiological aspects of the endometrium,
especially as it relates to its complex architecture and functions. Organoid culture systems have become an alternative approach to
reproduce biological functions of tissues in vitro. Endometrial organoids have now been established from stem/progenitor cells
and/or differentiated cells by several methods, which represents a promising tool to gain a deeper understanding of this dynamic
organ. In this review, we will discuss the establishment, characteristics, applications, and potential challenges and directions of

endometrial organoids.
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Introduction
Endometrium

The endometrium is a complex tissue that lines the inside of
the uterine cavity. It is morphologically divided into the
functionalis and basal layers. The functionalis layer contrib-
utes to two thirds of the endometrial thickness, and it com-
prises of several cell types including luminal and glandular
epithelial cells, stromal cells, immune cells, and vascular cells
forming the spiral arterioles [1-3]. In reproductive-aged wom-
en, the endometrium follows a precisely programmed series of
morphologic and physiologic events under the control of the
sex steroid hormones and paracrine-secreted molecules from
neighboring cells during the menstrual cycle [4]. It is charac-
terized by growth, secretory differentiation, and in the absence
of conception, degeneration, and regeneration. Proliferation,
secretion, and degeneration are confined to the upper
functionalis layer, while the regenerative capacity of this
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organ lies in the basal layers [1, 5]. This highly dynamic tissue
is cyclically shed, repaired, regenerated, and remodeled. Any
dysregulation in these processes can lead to the development
of various types of endometrial associated disorders which
affect the health and quality of life for a considerable number
of women. Those include infertility, pregnancy disorders, en-
dometriosis, and endometrial cancers as well as other endo-
metrial pathologies such as adenomyosis, endometrial hyper-
plasia, and a thin unresponsive endometrium [6—10].
Although much is known about the pathologies of these dis-
eases, the molecular and the cellular mechanisms associated
with these disorders are still not resolved. Thus, dissecting the
cellular and molecular mechanisms involved in both physio-
logical and pathological conditions of the endometrium could
help to understand this dynamic organ and its associated dis-
eases as well aid in the development of new therapeutics.

To study the cellular and molecular mechanisms related to
endometrial biology, both appropriate in vivo and in vitro
models are indispensable. For in vivo studies, the non-
human primates and rodents have been used most extensively
[11, 12]. Non-human primates offer a physiologically relevant
model and provide an opportunity to study the transformative
processes that are unique to menstruating species [13]. But the
high cost, technical skillset, and required infrastructure are the
major limitations associated with the use of non-human pri-
mate models [14]. Rodent species, which permit tissue-
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specific gene manipulation, are advantageous and are com-
monly used experimental models for studies on endometrial
receptivity and embryo implantation [15-18]. Rodent models
have been instrumental in contributing to our understanding of
endometrial biology [19-22]. However, these models cannot
accurately recapitulate all the characteristics of human endo-
metrial development and function. Take decidualization as an
example. In primates the endometrium undergoes spontane-
ous decidualization in a cyclic manner [13], whereas in ro-
dents decidualization of the endometrium occurs only in the
presence of an implanting embryo or in response to mechan-
ical injury [23]. Thus, findings obtained with rodent models
often cannot be directly translated to humans. Two-
dimensional (2D) monolayer cells cultures are used for
in vitro studies in most instances of cell biology research.
Primary endometrial stromal cells such as human uterine fi-
broblasts (HuF) cells are used extensively for in vitro
decidualization studies [24-26]. However, primary cells do
not expand in long-term culture, and endometrial biopsies
obtained are limited in size. Primary endometrial epithelial
cells grown in monolayer cultures do not passage efficiently
and easily and lose their columnar phenotype and polarity in
culture. Immortalized endometrial cell lines, such as Ishikawa
cells (derived from endometrial cancer epithelial cells) [27,
28] or 12Z cells (derived from endometriotic epithelial cells)
[29] are easily cultured for long periods, but these cell lines do
not faithfully mimic the in vivo situation, in particular because
of their transformed phenotype. Furthermore, the architecture
and cell-to-cell interactions that occur in three dimensions are
lost in 2D monolayer cultures, resulting in distorted cell func-
tion and cell phenotype. Taken together, these limitations en-
couraged biologists to find a more suitable model system of
the human endometrium. The emergence of three-
dimensional (3D) organoid culture systems has enabled re-
searchers to study endometrial cells in a context much closer
to normal physiology.

What Is an Organoid?

The techniques of 3D cell culture are boosted by a deeper
understanding of materials that have been developed main-
ly related to extracellular matrix (ECM) biology and a bio-
engineering approach. The terminology “organoid” has
previously been used for a range of 3D culture systems that
resemble the modelled organ. The organoid was initially
defined as an in vitro 3D cellular cluster derived from
stem/progenitor cells, embryonic stem cells (ESCs), or in-
duced pluripotent stem cells (iPSCs) capable of self-
renewal and self-organization that recapitulates the func-
tion of the tissue of origin [30-33]. The definition was
extended by combining differentiated cells, often epithelial
cells, or including other types of cells [34-36]. Many
organoids contain both differentiated cells and tissue-

specific stem or progenitor cells [37]. In vivo, cells are in
complex microenvironments and are subject extensive sig-
naling communications and interactions which are key in
establishing, maintaining, and regulating cellular pheno-
types and functions [33]. Conversely, interactions are lim-
ited to the horizontal plane in 2D monolayer cultures, and
cells are exposed to a uniform concentration of factors
because of direct contact with the culture medium. These
examples partly explain the failure of 2D cell culture sys-
tems to recapitulate drug screening outcomes that are ob-
served in vivo [33, 38, 39]. Compared with the 2D cell
culture system, the cells in the 3D organoid culture system
more closely resemble architectural and functional charac-
teristics of in vivo tissues. Thus, organoids represent a
promising model system that may bridge the gap between
2D culture and in vivo models [40]. They provide a reduc-
tionist model of in vivo biology which makes it possible to
study tissue function in diverse contexts and to conduct
high-throughput screens, drug testing, and biobanking
[41].

Endometrial Organoids
Establishment of Endometrial Organoids

Endometrial organoids (EO), as the name suggests, are self-
organizing 3D aggregations of endometrial cells that represent
the structure and function of endometrium. According to the
number of cell types included, endometrial organoids can be
divided into two categories: monocellular endometrial
organoids and multicellular endometrial organoids (Fig. 1).

Monocellular Endometrial Organoids

The monocellular endometrial organoid is developed by em-
bedding endometrial epithelial cells or progenitor/stem cells in
Matrigel [34, 35, 44, 45]. The first monocellular organotypic
model of the endometrium can be traced back to 1986[46].
Endometrial gland fragments were isolated and embedded
within a collagen gel which resulted in glandular structures
consisting of a single, polarized layer of epithelial cells which
could respond to steroid hormone treatments [46].
Subsequently, in 1988, monocellular endometrial organoid
models began to take shape. Rinehart et al. [47] developed a
method by suspending gland fragments in Matrigel and cul-
tured in Matrigel precoated dishes. The cells eventually
formed glandular structures consisting of polarized columnar
epithelial cells surrounding a lumen. These organoid struc-
tures could produce secretory vesicles and could be passaged
for up to 6 months. However, what was first considered as true
endometrial organoid were published independently by Turco
et al. and Boretto et al. in 2017 (Fig. 1) [34, 35]. The protocol
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Fig. 1 Establishment of endometrial organoids. Monocellular
endometrial organoid is developed by embedding endometrial epithelial
cells in Matrigel[34, 35]. EEO forms a glandular-like organization with
apicobasal polarized columnar epithelium. Multicellular endometrial
organoids are developed by co-culturing stromal cells and EEO fragments
in the porous collagen scaffolds [42]. The organoid shows apicobasal
polarized epithelial cells lining the outer surface surrounded by stromal

using Matrigel was established as follows. Briefly, the tissue
samples were minced and dissociated by collagenase and me-
chanical agitation. Following centrifugation, washing, and fil-
tration, the glandular pellets were gently resuspended in a mix
of 70% Matrigel in medium. The suspension was plated in

cells. Multicellular endometrial organoids can be also developed by
seeding both epithelial and stromal cells into micro-molded agarose gel
plate [43]. The organoid exhibits distinct organization with polarized
epithelial cells lining the outer surface and stromal cells in the center of
the organoid. Images are created with BioRender. EEO endometrial epi-
thelial organoid

pre-warmed 48-well plates and after solidification, culture me-
dium containing growth factors and other components were
added (Table 1). Medium was refreshed every 2-3 days, and
organoids were enzymatically dissociated and passaged every
7—-10 days. For freezing organoids, Matrigel was removed

Table 1 Composition for the

culture of organoids from human/ Product Final concentration Species References
mouse endometrium
N2 supplement 1% Human, mouse [34, 35]
B27 supplement minus vitamin A 1% Human, mouse [34, 35]
N-Acetyl-L-cysteine 1.25 mM Human [34, 35]
L-glutamine(T)/Glutamax (B) 2 mM Human, mouse [35]
Nicotinamide ImM, 10 nM Human, mouse [34, 35]
Recombinant human EGF 50 ng/ml Human, mouse [34, 35]
Recombinant human Noggin 100 ng/ml Human, mouse [34, 35]
Recombinant human Rspondin-1 500 ng/ml Human [35]
Recombinant human FGF-10 100 ng/ml Human, mouse [34, 35]
Recombinant human HGF 50 ng/ml Human [35]
Insulin-transferrin-selenium (ITS) 1% Human, mouse [34]
ALK-4, -5, -7 inhibitor, A83-01 500 nM Human, mouse [34, 35]
WNT3A and RSPO!1 conditioned medium 25 viv Human, mouse [34]
WNT activators (recombinant WNT3A 200 ng/ml Human, mouse [34]
and RSPO1)
ROCK inhibitor (Y27632) 9 uM Human, mouse [34]
p38 inhibitor SB202190 10 uM Human [34]
173-estradiol(E2) 2nM Human [34]

The basal medium components such as DMEM/F12 and antibiotics are not listed.

*Y27632 was only added during seeding after organoid dispersion and the first subsequent medium refreshment.
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using cell recovery solution, and organoids were resuspended
in recovery cell culture freezing medium and then frozen
down following a cell freezing protocol. This protocol is suit-
able for single-cell types, especially for endometrial epithelial
cells, because the primary endometrial epithelial cells are very
difficult to maintain in primary culture and their polarity is lost
in 2D monolayer cultures. Recently, this protocol was also
successfully used to develop trophoblast organoids with vil-
lous cytotrophoblasts from placental tissues to recapitulate the
developmental program of the early human placenta [36, 48].

Multicellular Endometrial Organoids

Both epithelial and stromal cells are the main components of
endometrium. Generation of more complex endometrial
organoids including both cell types may enable the study of
stromal—epithelial interactions and communication and their
roles in endometrial biological functions. The first 3D endo-
metrial culture system combining endometrial epithelial and
stromal cells was established by Bentin-Ley et al. [49]. In this
model, endometrial stromal cells were embedded in a collagen
matrix and separated from the endometrial epithelial cells by
Matrigel. The epithelial cells when grown on top of the
Matrigel had a polarized columnar epithelial phenotype and
displayed functional characteristics. Another organotypic cul-
ture system consisting of both epithelial and stromal cells was
developed in 2005 [50]. In this study, endometrial stromal
cells were grown on the plate in monolayer while epithelial
cells were cultured as organoids within Matrigel in tissue cul-
ture inserts. This model was useful to study the effects of
steroids on epithelial cell proliferation in the presence or ab-
sence of stromal cells. However, the first complete endome-
trial organoid containing both epithelial and stromal cells was
generated by Wiwatpanit et al. in 2020 (Fig. 1) [43]. One
unique feature of this endometrial organoid system is that no
exogenous basement membrane matrix was used but endome-
trial organoids were generated in micro-molded agarose gel
instead. Briefly, both epithelial and stromal cells were isolated
from endometrial tissues and then resuspended in
MammoCultTM growth medium at similar densities.
Epithelial and stromal cells were mixed at a 3:1 ratio by vol-
ume and 50 uL of epithelial-stromal cell suspension was seed-
ed into 1.5% (w/v) micro-molded agarose gel. Cells were
cultured in MammoCultTM growth medium for at least 7 days
to allow organoid formation prior to further treatment. These
organoids exhibited distinct organization with polarized epi-
thelial cells lining the outer surface and stromal cells in the
center of the organoids. The scaffold-free multicellular endo-
metrial organoids hold promise for studying endometrial pro-
cesses and diseases where the crosstalk between epithelial and
stromal cells occurs.

Soon after another group [42] published a method to de-
velop multicellular endometrial organoids based on the

Matrigel endometrial epithelial organoids (EEO). They used
3D porous collagen scaffolds produced with controlled lyoph-
ilization to direct cellular organization of both EEO and stro-
mal cells [42]. Briefly, the process was as follows. Firstly,
porous collagen scaffolds were produced by lyophilization.
The internal pore structure of the scaffold was optimized for
stromal cells with an optimal average pore size of 101 um.
Next, the stromal cells and EEO were co-cultured in scaffolds.
Scaffolds were first seeded with stromal cells by the following
process. Specifically, the scaffolds were cut with an 8-mm
biopsy punch and sectioned into 750-pum thick slices. Each
scaffold was submerged in Eppendorf tube using 250 ul
Advanced DMEM/F-12 containing 500,000 stromal cells.
The tube was placed in a hybridizer oven at 37 °C for
45 min with continuous rotation. The scaffolds were trans-
ferred to a 24-well plate, covered with 1 ml of stromal cell
medium, and were incubated for 2 days. Subsequently, scaf-
folds were washed and EEO fragments were seeded on the
center of each scaffold and cultured up to 10 days. EEO orga-
nized to form a luminal-like epithelial layer on the surface of
the scaffold. Epithelial cells polarized with their apical surface
facing the pore cavities and their basal surface attached to the
scaffold. It was also demonstrated that both cell types could be
easily removed from the scaffold for downstream analysis.
This model can potentially be used to study stromal—
epithelial interactions.

Collectively, each of the three methods has its own advan-
tages. The Matrigel culture system has been the most exten-
sively used, and it is suitable for epithelial biology study and
bio-banking. The porous collagen scaffolds combined with
the Matrigel culture system can be used to study stromal—
epithelial interactions. The micro-molded agarose gel culture
system does not require any exogenous scaffold materials, and
different cell types can specifically organize themselves. In
the future, the complexity of endometrial organoids could be
eventually expanded to integrate with other cell types, includ-
ing endothelial, immune, and myometrial cells to truly mimic
human endometrium physiology.

Characterization of Endometrial Organoids (EO)

EOs Express Specific Makers of the Original Tissue The EOs
generated with endometrial epithelium strongly expressed ep-
ithelial cell markers (such as E-cadherin, EPCAM, FOXA2,
MUCT1) and steroid hormone receptors like estrogen receptor
o (ER) [34, 35]. In the organoids which combined epithelial
and stromal cells [43], E-cadherin, pan-Cytokeratin, and
FOXA2 were found on the periphery of the organoids, while
cells in the center were positive for the stromal cell marker
vimentin.

EOs Reveal a Glandular-like Morphology The mouse EOs
showed a lumen surrounded by an epithelial (pan
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Cytokeratin and E-cadherin positive) layer. These cells were
polarized in an apicobasal manner with the microvilli towards
the lumen and mucus in the lumen [34]. Similarly, human EOs
generated from the endometrium [34, 35] formed a glandular-
like organization with apicobasal polarized columnar epithe-
lium having microvilli as well as cilia in the apical side. A
major component of endometrial glandular secretions, glyco-
gen, was visualized in the lumen of EOs. In the porous colla-
gen scaffolds combined with the Matrigel culture system, the
epithelial cells polarized with their apical surface carrying
microvilli and cilia that face the pore cavities and their basal
surface attaching to the scaffold with the formation of extra-
cellular matrix proteins [42]. In the micro-molded agarose gel
culture system when epithelial cells were cultured with stro-
mal cells, organoids exhibited distinct organization with epi-
thelial cells lining the outer surface and stromal cells in the
center of the organoids [43]. Epithelial cells were polarized
with nuclei localized at the basolateral end of the cell closest to
the stroma and could secrete mucins towards outside, while
the stromal cells in the center of the endometrial organoid
could secrete collagen [43].

EOs Show Physiological Responses to Hormone Treatment In
mouse EOs, in response to estradiol (E2), the number of pro-
liferating cells increased and E2 responsive markers (such as
Epidermal growth factor, Insulin-like growth factor 1 and
lactoferrin) were significantly upregulated [34]. Treatment
with progesterone (P) downregulated Estrogen receptor 1
(ESR1) expression in organoids as it does in vivo. Mouse
EOs, transplanted under the kidney capsule of ovariectomized
immunodeficient nonobese diabetic/severe combined immu-
nodeficiency (NOD/SCID) Gamma mice, expanded and as-
sembled into an organized structure with glandular type pro-
tuberances when treated with E2 and P[34]. The results de-
scribed above demonstrate that mouse EOs are responsive to
hormonal regulation in a manner that resembles the behavior
of the endometrial epithelium in vivo. The human EOs also
respond to steroid hormones to mimic the menstrual cycle
[34]. Characteristics of the proliferative phase such as in-
creased epithelial cell proliferation and expression of specific
markers such as thyrotropin-releasing hormone (TRH) are
reproduced in the EOs after E2 treatment. Subsequent P ex-
posure induces features of the secretory phase, as occurs
in vivo, including enhanced folding and tortuosity, formation
of columnar epithelium with subnuclear vacuolation, mucus
production, ciliogenesis, downregulation of ER, and expres-
sion of secretory phase-specific markers such as progestogen-
associated endometrial protein (PAEP). Finally, hormone
withdrawal triggers a phenotype that is reminiscent of the
menstrual phase, including disruption of tissue structure and
shedding of dying cells. Moreover, Turco et al. [35] found that
high expression of both ERx and progesterone receptor
(PGR) in most organoids after exposure to E2 and P and the
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addition of cyclic adenosine monophosphate (CAMP) treat-
ment could enhance the expression of differentiation markers
such as PAEP and Human Osteopontin (SPP1). Moreover,
human EOs could be further stimulated by differentiation me-
dium containing E2+P+cAMP, chorionic gonadotropin, and
human placental lactogen prolactin or conditioned media from
decidualized stromal cells in vitro, which mimic signals from
the placenta and decidualized stroma in vivo.

In terms of the development of EOs with epithelial and
stromal cells in the micro-molded agarose gel [43], only a
small portion of organoids displayed distinct organization in
the absence of hormones. In most cases, without hormones,
stromal and epithelial cells were intermingled randomly with-
in the organoids. However, when organoids were exposed to
stepwise E2 and testosterone treatments mimicking the follic-
ular phase of the menstrual cycle, the majority of the
organoids exhibited distinct structural architecture with a clear
demarcation of epithelial and stromal layers. The findings
demonstrated the important role that hormones play in pro-
moting the organization of the organoids containing both ep-
ithelial and stromal cells. While in the porous collagen scaf-
folds with co-culturing both epithelial and stromal cells on the
scaffold, hormone stimulation resulted in epithelial differenti-
ation and stromal cell decidualization [42]. Collectively, both
monocellular and multicellular EOs are physiologically re-
sponsive to hormones.

EOs Recapitulate Genomic Signatures of the Tissue of Origin
The global gene expression profiles were analyzed to assess
the similarity between organoids and the tissue of origin [35].
The global gene expression profiles were compared between
the established organoid lines, initial glandular digests, and
cultured stromal cells from the same biopsy. Hierarchical clus-
tering analysis based on 15,475 probes showed that the
organoid cultures cluster more closely to glands than to stro-
ma, confirming their glandular epithelial nature. The genomic
characteristics of EOs were also explored by Fitzgerald et al.
[51] highlighting the composition of epithelial cell types.
They performed a comprehensive analysis of EEO under the
influence of E2 and P in an unbiased approach using both bulk
RNA-seq and single-cell RNA-seq technologies. Importantly,
the organoids expressed similar gene patterns compared with
that of uterine glands and consisted of the different epithelial
cell types found in the in vivo endometrium.

In summary, EOs closely recapitulate the molecular and func-
tional characteristics of the tissue of origin and serve as an effec-
tive in vitro model system for studying the endometrium.

Applications of Endometrial Organoids
Organoids allow cell-cell and ECM interactions in three di-

mensions and can more accurately recapitulate the structural
and the functional properties of the in vivo tissue compared to
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2D monolayer cell culture. EOs have provided an alternate
physiologic model of the endometrium that can be adapted
to the investigation of endometrial physiology and pathology
in vitro.

Endometrial Development

The human endometrium, which is mainly composed of en-
dometrial stromal and epithelial cells, undergoes dynamic cy-
clic tissue remodeling which is critical for reproduction. Our
knowledge of its molecular and cellular regulation has been
ascertained primarily from in vivo studies, primarily due to the
lack of appropriate in vitro models. This is especially true with
regard to our knowledge about the function of epithelial cells
in vitro since they are limited in their ability to robust expan-
sion in monolayer cell culture. The ability to reliably produce,
maintain, and expand physiologically relevant epithelial
organoids from the human endometrium opens exciting new
avenues for endometrial biology research. The endometrial
epithelium consists of secretory and ciliated epithelial cells
and how changes during the menstrual cycle control the bal-
ance between the two cell types remains unclear. EOs were
used by Haider et al. [52] to dissect the molecular mechanisms
underlying the generation of ciliated cells. They found that
generation of ciliated cells in the endometrial epithelium was
orchestrated by the coordinated action of E2 and NOTCH
signaling. E2 was the primary driver, but the inhibition of
NOTCH signaling provided a permissive environment; how-
ever, this alone was not sufficient to trigger ciliogenesis. This
study proposed that EOs are a powerful model for studying
ciliogenesis in vitro. EOs were also applied to study
progenitor/stem cells in regulating glandular stemness and
differentiation during uterine gland development. Seishima
et al. [44] identified the role of Wnt-dependent, Lgr5-
expressing stem/progenitor cells in the developing uterus.
They first sorted the single EPCAM-positive cells from
Lgr5-2A-EGFP mice and cultured them following the
established Matrigel organoid culture protocol. The cells effi-
ciently generated organoids that exhibited a spherical pheno-
type and could be continually passaged in defined Rspol/
Whnt3a-supplemented media. Next, organoids were cultured
from EPCAM-—positive cells isolated from the uterus of
Lgr5-DTR-EGFP mice which expresses an LgrSpostive-cell-
driven Diphtheria toxin (DT) receptor-EGFP fusion gene. The
addition of DT ablates the resident Lgr5-positive cells. A com-
plete inhibition of organoid outgrowth following DT treat-
ment was observed. Coincidentally, Syed and colleagues
[45] employed the same method to study Axin2, a classical
Whnt reporter gene, expressed in epithelial cells to regulate
homeostasis and regeneration. They found that Axin2-
expressing glandular cells could form fully functional EOs
and ablation of Axin2 positive cells impaired endometrial re-
generation. These studies suggest that the endometrial

organoid culture system is a powerful tool in conjunction with
transgenic mouse models to understand uterine development.

Endometrium-Embryo Crosstalk

In women the average chance of pregnancy is only 15% per
cycle during their reproductive lifespan [53]. Of the pregnan-
cies that are lost, 75% fail to implant and are not recognized
clinically [54]. A successful implantation requires a competent
blastocyst, a receptive endometrium, and a precise dialogue
between them during a specific window of time [55]. Until
now, most of the knowledge on mechanisms underlining these
processes have been derived from animal models [17], but
these findings cannot always be transferred to humans.
Therefore, the development of an in vitro model of a receptive
endometrium is essential. Luddi et al. [56] validated endome-
trial organoids as a suitable 3D model to study the epithelial
endometrial interface for embryo implantation. They showed
that EEOs developed in the Matrigel culture system responded
to hormones by recapitulating morphological and ultrastruc-
tural features of the different phases of the menstrual cycle.
Interestingly, EEOs mirrored the early secretory phase show-
ing the development of pinopodes, a reliable marker of the
implantation window and the expression of PAEP, a cycle-
dependent marker of the endometrial receptivity. In addition,
mechanosensitive ion channels are considered as one of the
molecules involved in the early communication process be-
tween the blastocyst and receptive endometrium. Hennes et al.
[57] found that EEOs retain a comparable ion channel expres-
sion pattern as observed in primary endometrial epithelial
cells. Mechanical and chemical stimulation of EEOs induced
strong calcium responses. Collectively, the present results
from both studies support the fact that endometrial organoids
can recapitulate the molecular and functional characteristics of
the receptive endometrium, which suggest that endometrial
organoids could be feasibly used to develop a 3D in vitro
model for the investigation of embryo-endometrial interac-
tions. These studies are a prerequisite for the improvement
of assisted reproduction outcomes and for understanding the
causes of early pregnancy loss.

A Model for Studying Extracellular Vesicles in Endometrial
Biology

Extracellular vesicles (EVs) are a heterogeneous mixture of
membranous structures released from cells and contain pro-
teins, lipids, and RNAs of'the cells of origin [58, 59]. They are
taken up by distant cells, where they can affect cell function
and behavior. Intercellular communication through EVs
seems to be involved in both normal physiology and patho-
logical conditions [60]. In the female reproductive tract, EVs
act as vehicles for embryo-endometrial cross-talk and have
potential roles in regulating pathological conditions [61, 62].
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EVs recovered from uterine flushings and a cervical brush
express endometrial makers like steroid hormone receptors
and PAEP, express transcripts associated with the endometri-
um, and recapitulate the variability in gene expression during
the menstrual cycle [63]. This study suggests that EVs from
liquid biopsies can be used identify expression profiles in
endometrial tissues. Given the roles of EVs in reproductive
biology, an in vitro system to model EV-mediated cell com-
munication is needed. Studies have shown that EVs isolated
from 3D cultures proved to have higher similarity to the EVs
isolated from patient plasma compared with the same cancer
cells cultured as 2D monolayers [64, 65]. In addition, Ke et al.
[66] demonstrated the ability of organoids to incorporate and
respond to EVs. They demonstrated that human gastric
organoids could acquire a neoplastic phenotype after exposure
to tumor-derived EVs. These studies suggest that organoids
could be utilized for studying EVs secretion and uptake.
Interestingly, EO culture systems integrated with EVs could
offer a new opportunity for exploring the role of intercellular
communication in endometrial biology in vitro.

Disease Modeling

Endometriosis Patient-derived EOs can be developed for
modeling endometriosis, which is characterized by the presence
of endometrial-like tissue outside of the uterine cavity [67].
Endometriosis affects between 10 and 15% of all women of
reproductive age, 70% of women with chronic pelvic pain,
and 20-50% women with infertility [68, 69]. Current treatments
provide only a temporary but not permanent cure primarily as a
result of limited information of its etiology and pathogenesis.
Boretto et al. [70] first established long-term expandable
organoids from patient-matched eutopic endometrium and ec-
topic lesions from each of the different clinical stages (I-IV)
based on the American Society for Reproductive Medicine re-
vised staging system. Compared wtih organoids from eutopic
and control endometrium, ectopic organoids also exhibited ER o
and PGR expression, microvilli, and cilia directed towards the
lumen and secreted mucus into the lumen. However, ectopic
organoids contained a thicker lumen-bordering cell layer with
stratified epithelium and displayed epithelial cell invasion that
was not observed in normal organoids. In addition, ectopic
organoids could generate implants that reproduce endometriotic
features by both subrenal transplantation and peritoneal cavity
injection in the NOD/SCID mice. Furthermore, ectopic
organoids showed endometriosis-associated traits and cancer-
linked mutations. They exhibited altered pathways and biologi-
cal terms that have been previously associated with
endometriotic patient samples. Signaling pathways such as
integrin, PI3K—AKT, WNT and Hippo, ECM-receptor interac-
tions, hormonal responses genes, and adhesion and invasion
pathways showed altered expression levels compared with the
organoids from the healthy endometrium. Finally, endometrial
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cancer-associated driver genes such as KRAS were identified in
ectopic organoids from advanced stages of endometriosis. More
recently, another group developed organoids from the eutopic
endometrium of patients with endometriosis, and the organoids
expressed the endometrial receptivity maker PAEP in a manner
similar as that in endometrial tissues of patients [56]. The find-
ings from both studies suggest that organoids developed in a
Matrigel culture system recapitulates endometriosis heterogene-
ity and maintains key features of the primary tissue. Thus,
endometriotic organoid biobanks will be valuable in deciphering
disease-specific pathogenesis. Epithelial-stromal interactions
and the crosstalk between the endometrial cells and immune
cells are proposed to play important roles in endometriosis de-
velopment but the underlying mechanisms are still far from
understood[19, 71]. Recently, Wendel et al. developed a 3D
biofabrication model of endometriosis and the endometriotic
microenvironment [72]. In these 3D biofabricated constructs,
the heterotypic spheroids composed of 12Z and T-HESC, an
immortalized endometrial stromal cell line, self-assembled into
a biologically relevant pattern, consisting of epithelial cells on
the outside of the spheroids and stromal cells in the core. This
study provides another novel model to study the complex inter-
actions of multiple cell types within a biologically relevant mi-
croenvironment which promotes the development of endometri-
osis. Wiwatpanit et al. [43] and Abbas et al.[42] consecutively
developed organoids containing both epithelial and stromal
compartments for studying endometriosis. By taking advantage
of the multicellular organoid culture systems, researchers have
the ability to study the role of cell-cell interactions and commu-
nication in lesion development in vitro. Cell invasion is one of
the key processes that are involved in endometriosis develop-
ment and progression. Currently, wound healing assays and
transwell assays of a single-cell type are still the primary
methods to study invasion of endometrial cells in vitro. In future
studies it may be possible to develop a 3D endometrial organoid
invasion model based on multicellular organoid culture systems
and thus more accurately simulate the cell invasion process that
occurs in vivo. Collectively, endometrial organoids could be
very helpful for dissecting the mechanisms associated with en-
dometriosis development and evaluating the efficacy of thera-
peutic agents for endometriosis.

Endometrial Cancer Endometrial cancer is one of most com-
mon gynecological cancers [73]. The clinical management
involves surgical resection with chemotherapy and/or adju-
vant radiotherapy, but the cancer often recurs [74]. The under-
lying pathobiology remains largely unknown, and therapeutic
efficiency and overall survival rates are not substantially im-
proving, mainly due to a lack of reliable preclinical models to
study the disease [70, 75]. Turco et al. have successfully de-
rived organoids from samples of endometrial cancer and the
normal adjacent endometrium from post-menopausal women
[35]. These organoids recapitulated the morphology of the
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primary tumor (FIGO Grade I Endometrioid Cancer) showing
pleomorphic cells with hyperchromatic nuclei and disorga-
nized epithelium, supporting the idea that this model recapit-
ulates the histological organization and phenotype of the en-
dometrial cancer. In addition, this model allows for the com-
parison of the endometrial cancer tissue to the normal adjacent
endometrium providing an isogenic control tissue, without the
biological “noise” that could result from the variability of an
individual’s genetic background [35]. Recently, Boretto et al.
[70] derived organoids from patients with low-to-high—grade
endometrial cancers. Interestingly, these organoids accurately
captured the heterogeneity and mutational landscape of the
tumors, recapitulated disease phenotype, and displayed
patient-specific drug responses. These endometrial cancer-
derived organoids may be used in the future to build a biobank
for drug screening and investigating the mutational changes
and could possibly replace the use of patient derived xeno-
grafts (PDX) mouse models and decrease the overall costs
associated with in vivo models.

Polycystic Ovary Syndrome Polycystic ovary syndrome
(PCOS) is a complex multifactorial disorder in 5-20% repro-
ductive aged women and is associated with a number of en-
docrine and metabolic complications, including the increased
risk of endometrial cancer [76]. It is believed that the endo-
metrium of PCOS women becomes hyperplastic due to the
absence of a complete menstrual cycle resulting from oligo
or anovulation [77]. But it remains unclear as to how risk
factors, like PCOS, affect the normal endometrium and con-
tribute towards neoplastic transformation [43]. Recently,
Wiwatpanit and colleagues established scaffold-free EOs
comprising of epithelial and stromal cells from human endo-
metrial tissues [43]. These organoids exhibited functional
characteristics of the normal endometrium in response to fol-
licular phase E2 and testosterone. Treatment with hormones
(excess androgens mimicking PCOS) increased cell prolifera-
tion and dysregulated genes associated with proliferation and
migration in EOs. By taking advantage of this scaffold-free
endometrial organoid, they revealed new mechanisms of
PCOS-associated risk of endometrial neoplasia.

In summary, studies described above suggest that
organoids developed from tissues associated with endometrial
diseases can recapitulate disease diversity and provide prom-
ising research models for deciphering disease pathogenesis
and drug screening.

Future Directions, Challenges,
and Conclusions

In the past few years, EOs have been developed from
monocellular to multicellular model systems. They allow the
researchers the possibility for studying endometrial

development and modeling diseases in vitro. There are some
promising avenues for the use of EOs for future studies. One
avenue is the ability to genetically modify the cells, which is a
significant benefit compared with the cost, time, and energy
required to create transgenic mouse models, for example. The
EOs can be manipulated genetically through various methods
such as CRISPR-Cas9. The CRISPR-Cas9 technology has a
series of applications including DNA base editing, RNA
targeting, epigenome editing, and gene expression manipula-
tion [78, 79]. Previous studies have successfully used
CRISPR-Cas9 technology to edit the genome in organoids
[78]. However, the efficiency of genome editing in organoids
is still not ideal due to experimental limitations. Thus, it is
necessary to find ways to select and enrich positive organoids
after CRISPR-Cas9 editing. Recently, Ringel et al. developed
a genome-wide pooled-library CRISPR screen approach by
capturing single-guide RNA integrations in human intestinal
organoids to dissect oncogenic signaling pathways [80]. This
screening method would be applicable to EOs and enable
researchers to improve the efficacy to understand the genetic
basis and the molecular mechanisms associated with the pa-
thology of endometrial diseases. Another avenue for the use of
EOs is the possibility to screen for markers of endometrial
diseases and identify novel therapeutic targets. EOs from dis-
eased tissues offer a powerful model for drug screening and
toxicology testing. Indeed, patient-specific-derived EOs may
be a potential model for personalized drug screening and ef-
ficacy predication before treating the patient.

There are some obstacles that still need to be resolved re-
garding the efficacy of EOs. Firstly, a common obstacle in
organoid research is to overcome the variability and improve
the utility; secondly, to develop a culture system that can
integrate other cell types that are present in the uterus, includ-
ing immune, endothelial, and myometrial cells; and, thirdly, to
mimic the special features of the endometrium in organoids
in vitro, since the endometrium has specialized anatomical
features including the basalis and functionalis layer.

In conclusion, EOs are opening new avenues for endome-
trial research and providing excellent opportunities to study
the endometrium in an unprecedented manner, which will
accelerate our understanding of the molecular and cellular
mechanisms involved in endometrial development and dis-
ease. EOs will be promising tools for a wide range of biomed-
ical applications, from disease modeling to personalized med-
icine. Although there remain significant challenges related to
the development of a complex endometrial organoid which
truly mimics endometrial physiology, there should be opti-
mism that close multidisciplinary collaboration between biol-
ogists, bioengineers, and clinicians will certainly promote fur-
ther understanding as to how this dynamic tissue functions.
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