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Abstract
Organoid technique has achieved significant progress in recent years, owing to the rapid development of the three-dimensional
(3D) culture techniques in adult stem cells (ASCs) and pluripotent stem cells (PSCs) that are capable of self-renewal and induced
differentiation. However, our understanding of human female reproductive system organoids is in its infancy. Recently, scientists
have established self-organizing 3D organoids for human endometrium, fallopian tubes, oocyte, and trophoblasts by culturing
stem cells with a cocktail of cytokines in a 3D scaffold. These organoids express multicellular biomarkers and show functional
characteristics similar to those of their origin organs, which provide potential avenues to explore reproductive system develop-
ment, disease modelling, and patient-specific therapy. Nevertheless, advanced culture methods, such as co-culture system, 3D
bioprinting and organoid-on-a-chip technology, remain to be explored, and more efforts should bemade for further elucidation of
cell–cell crosstalk. This review describes the development and applications of human female reproductive system organoids.
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Introduction

Organoids are extensions of two-dimensional (2D) biology
that present as multicomponent aggregations with tissue-
autonomous self-organization involved in homeostasis, regen-
eration, and development [1, 2]. In recent years, organoid
technique has been widely applied in multi-disciplinary re-
search fields, on the basis of more advanced stem cell and
three-dimensional (3D) culture skills. This thriving 3D tech-
nology provides a novel cell culture method, exhibiting more

intuitive spatial structure that makes the exploration of phys-
iological and pathological mechanisms more convenient.
Combination of 3D culture skills and stem cells, including
adult stem cells (ASCs) and pluripotent stem cells (PSCs),
allows self-organized and self-renewing “organoids” present
disease processes temporally. Organoids not only exhibit
characteristics of traditional 2D cell culture, such as bio-
markers and biofunctions, but also show multiple morpholog-
ical components as well as realize multicellular interactions
[1–5]. Up to date, organoids derived from the gut, lungs, pros-
tate, fallopian tube stem cells, and even more advanced struc-
tures such as brain, have been established. Organoids from
different cell origin can be widely applied in modelling human
diseases, understanding disease mechanisms, testing thera-
peutic or toxic compounds, cell transplantation [6–10], and
patient-specific therapies.

The term “organoid” was initially used in oncology to de-
scribe teratomas, such as dermoid cysts, and was reported as
early as 1946 [2]. Yoshiki Sasai [11] and Hans Clevers [12]
pioneered breakthroughs in organoid field with the successful
cultivation of optic cup organoids derived from PSCs and
intestinal organoids derived from ASCs, respectively.
Thereafter, widescale use of stem cells, including ASCs and
PSCs, for the formation of 3D organoids began [1, 5, 11, 12].
AsASCs can be only induced into specific cell types similar to
those in the origin organs, the cell diversity in an ASC-derived
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organoid is limited. This shortcoming was overcome by the
use of PSCs, which consist of embryonic stem cells (ESCs)
and induced PSCs (iPSCs) [2, 5], that can differentiate into
almost all cell types. This expanded the cellular diversity and
enabled the formation of multi-component cell culture sys-
tems. With the rapid progress in stem cell isolation and culture
techniques, currently, organoids derived fromASCs and PSCs
from several organs, including the brain, liver, retina, endo-
metrium, fallopian tubes, and trophoblast, have been generat-
ed for elucidating the mechanisms underlying organogenesis
and pathophysiological progression. Particularly, patient-
specific iPSC-derived organoids have the potential for signif-
icant contribution to personalized medicine.

Unlike other organs, the female reproductive system is di-
rectly regulated by multiple hormones that play different roles
in several physiological stages such as pregnancy and the
menstrual cycle. The application of organoids to the field of
female reproductive system research is still an emerging area,
even though the first report in this field was made in 1988 by
Rinehart et al. [13], which was prior to the emergence of the
general organoid research in 1989 [1]. Rinehart et al. de-
scribed an endometrial organoid derived from the human en-
dometrium epithelium without specific selection of cell types,
which contributed to the establishment of 3D stem cell struc-
ture from fallopian tube epithelial cells (FTECs), trophoblast
cells, and follicles. Recently, researchers have reported several
female reproductive organoids displaying a near-native and
hormone-regulated microanatomy with organ-specific differ-
entiated cell types and tissue compartmentalization; they ex-
hibit functionalities similar to those of in vivo organs owing to
their remarkable self-organizing properties [1, 2]. This finding
may solve several research-related issues, such as low sample
accessibility, ethical dilemmas, and homology issues in 2D
experiments, and realize structural polarity and differentiated
function in the study model. Above all, the 3D organoid tech-
nique can provide a promising strategy for further research on
female reproduction in areas investigating etiology of endo-
metrial disorders, carcinogenesis, drug screening, or implan-
tation issues. Nevertheless, organoid research on the reproduc-
tive system is new and few, and culture techniques are empir-
ical; furthermore, its applications are limited.

In order to review all the scientific reports on human female
reproductive organoids, we used the terms ‘“endometrium” or
“fallopian tubes” or “ovaries” or “trophoblast” or “female re-
productive system”’ as well as ‘“organoids” or “organotypic”
or “organogenesis” or “three-dimensional” or “polarization”’
as key words to search the PubMed database. To date, approx-
imately 26 articles on 3D modelling of the endometrium [3,
13–37] (except for tumoroids) have been published; these in-
vestigate organogenesis, simulate biological functions, and
even establish disease models to elucidate the etiology of en-
dometrial disorders, including endometriosis and carcinoma,
with five studies on fallopian tubes [38–42], three on

trophoblasts of the placenta [4, 43, 44] (except for animal
organoid models and embryogenesis), and only one on follicle
organoids [45] (Table 1). The organoids described in this re-
view are strictly defined as human ASC- and PSC-derived 3D
self-organized architectures grown in vitro. We excluded pa-
tient tumor-derived organoids because their biological behav-
ior is more similar to that of tumor cells. Additionally, as
ovarian surface epithelial (OSE) cell 3D models [46, 47] lack
stem cell origin and induced differentiation, they were also
excluded from this review.

Organoids of the Female Reproductive
System

Generally, the cultivation of organoids requires three main
components: original cells, extracellular matrix (ECM), and
endogenous and exogenous signals. The most common orig-
inal cells for female reproductive system organoids are the
organ-specific ASCs and iPSCs; only oocyte organoids are
derived from ESCs. ECM provides 3D support and
Matrigel, which is the most common 3D scaffold, plays a
key role in organoid culture system. Additionally, other 3D
scaffold materials, such as methacrylamide-functionalized
gelatine (GelMA) hydrogel [36] or scaffolds with collagen
[32] for endometrium, poly-2-hydroxyethyl methacrylate
(polyHEMA) for fallopian tubes [40], and co-culture systems
[20, 27, 32], that are suitable for various culture methods have
also been applied in reproductive organoids. A specific culture
medium containing a cocktail of growth factors to maintain
self-renewal capability or induce differentiation provides a
neutralizing environment.

Human Endometrial Organoids

The endometrium is distinct from other organs because of the
complex periodic changes it undergoes throughout the men-
strual cycle that correlate with hormonal changes. The func-
tional layer, mainly consisting of glands, undergoes regener-
ation, differentiation, secretion, and atrophy, which are under
the control of the hypothalamic–pituitary–ovarian axis and
respond to sexual hormones. During pregnancy, the endome-
trium transforms into the decidua, which provides a microen-
vironment essential for placentation of the conceptus [3, 29,
33]. Endometrial problems, such as endometriosis, endome-
trial cancer, or implantation issues, can all be attributed to
changes in endometrial physiological development under dif-
ferent hormone conditions [24, 27]. Thus, to study these, the
3D organoid technique, simulating endometrial development
in terms of morphology and biological functions, including
hormonal reactions and even pathological processes, is advan-
tageous [1–3, 13, 14, 35].
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There are three different types of endometrium organoids,
as described below, for different stem cell origins according to
the present reports: endometrial epithelium-derived, CD146+
mesenchymal stem cells-derived, and endometrial stromal
cell-derived organoids, among which the epithelium-derived
one is the most common.

Self-renewing ASCs derived from the endometrial epithe-
lium, several types of 3D support, and empirical culture media
are essential for endometrial epithelial organoid performance
(Fig. 1). Because of the unknown identities and locations of
stem cell groups in the human endometrium, original cells for
endometrial organoids are often isolated from the unselected
endometrial epithelium at specific physiological or patholog-
ical stages. The primary gland-like organoid was first
established using endometrial epithelium in 1988 by
Rinehart et al. [17]. Its structure indicated that a small popu-
lation of clonogenic epithelial cells, with high proliferative
potential that are within the human endometrium, can differ-
entiate into large gland-like structures. Since this discovery,
self-renewing cells for endometrium organoids have been ob-
tained from the decidua, proliferative and secretory endome-
trium, and atrophic endometrium [3, 25, 26, 33]. Several 3D
supporting structures have been applied to epithelial cells,
such as Matrigel droplets, GelMA hydrogel [36], scaffolds
with collagen or fibrin [32], or cocultured stromal cells [14,
20, 27]. Moreover, the use of specific organoid expansion
medium containing epidermal growth factor (EGF), Noggin,
and R-spondin-1 (ENR) provided strong evidence of en-
hanced clonogenic capability [3, 13, 14, 16, 33]. A total of

3–4 weeks were required for the formation and polarization of
spheroid-like structures as well as the appearance of stromal
cells that produce and secrete collagen in the center [20]. The
established organoids could be expanded at passage ratios of
1:2 or 1:3 every 7–10 days for >6 months.

Organoids of the endometrial epithelium recapitulate sev-
eral structural or functional characteristics of human endome-
trial gland-like epithelial tissue, including cell morphology,
proliferation and differentiation, secretory properties, sexual
hormone responsiveness as well as gene expression patterns
similar to that of the origin tissue [3, 13, 16, 22, 25, 26, 33].
Under electron microscope, the organoid glands present endo-
metrial epithelium-like polar columnar cells facing a central
lumen along with junctional complexes/desmosomes and mi-
crovilli; cytoplasm containing abundant rough endoplasmic
reticulum, Golgi bodies, and numerous secretory vesicles
showed evidence of secretory activity identifying the endome-
trial characteristics [3, 13, 33, 48]. Turco et al. [3, 13–15] and
Yang et al. [30] demonstrated the expression of original en-
dometrial protein markers, such as epithelial markers and ep-
ithelial progenitor markers, in endometrial organoids; they
described a more detailed profile of endometrium organoid
from epithelial progenitors. Moreover, the gene expression
profiles and gene ontology (GO) analysis revealed the glan-
dular epithelium signatures of these organoids [3, 18, 33].
Response to sexual hormones such as estrogen (E2) and pro-
gesterone (P4) in endometrial organoids is considered to be
characteristic of a successful organoid. Specifically, such ex-
cellent responses can be induced in endometrial organoids

Fig. 1 Endometrium organoid modelling and applications
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where multiple biomarkers, such as estrogen or progesterone
receptors, and proliferative marker-antigen KI67 (Ki67) have
been identified [3, 19, 24, 33]. Moreover, Turco et al. [3]
reported that estrogen along with progesterone and cyclic
adenosine monophosphate (cAMP) induced downregulation
of SOX9, a marker of progenitor cells expressed in the base of
endometrial glands, as well as growth factor-binding protein-1
(IGFBP1) and prolactin (PRL), which indicates the occur-
rence of decidual reaction when simulating pregnancy in the
organoids [3, 19, 20, 24, 29, 32, 33]. In the presence of another
kind of progesterone, medroxyprogesterone acetate, a signifi-
cant decrease in cell proliferation was detected by Bläuer et al.
[14]. According to Kamelle et al., such cells can be manipu-
lated with retinoids and steroids to assume the histological
features of the proliferative and secretory phases [24]. In sum-
mary, endometrial 3D organoids can recapitulate the original
gland structures and biological functions.

The endometrial epithelium 3D organoids can provide a
biological structure or disease model for identifying molecular
signals, exploring disease etiology, and carcinogenesis [23].
Hennes et al. demonstrated and validated the functional ex-
pression of the mechanosensitive PIEZO1 channel in an en-
dometrial organoid; PIEZO1 channel was identified as an im-
portant signal pathway that is a potential target for the devel-
opment of novel treatments to further improve the success of
implantation processes [31]. In terms of disease simulation,
genetic profiles, transcriptional differentiation, marker identi-
fication, and pathogen interactions, organoids can be used to
model the development of recurrent miscarriage, endometri-
osis, endometrial carcinoma, or other endometrial disorders
[23, 28]. For instance, endometriotic organoids with a
basalis-like phenotype in the ectopic functionalis layer sug-
gested that abnormally located SSEA1+/SOX9+ endometrial
epithelial cells may contribute to the pathogenesis of endome-
triosis as reported by Hapangama et al. [34]. Additionally,
Valentijn et al. applied this spheroid formation technique for
detecting human endometrial epithelial telomerase, which is
important for epithelial proliferation and glandular formation
and has potential implications for endometriosis [17]. To de-
termine the hormone reaction within endometrial organoids,
Wiwatpanit et al. [27] employed androgens to observe patho-
logical endometrial development consistent with that resulting
in polycystic ovarian syndrome (PCOS). Boretto et al. [28]
successfully established organoids from precancerous pathol-
ogies, including endometrial hyperplasia and Lynch syn-
drome, to observe inherited gene mutations so as to further
investigate carcinogenesis. Bishop et al. [21] proved the pos-
itive effect of insulin in promoting proliferation and carcino-
genesis in endometrial cells within organoids. Further,
Łaniewski et al. [22, 35] suggested the application of this
3D endometrial epithelial cell model to study host interactions
with vaginal bacteria and Neisseria gonorrhoeae for improv-
ing treatment strategies. However, problems during

implantation and the secretion of uterine histotrophs during
early pregnancy remain to be investigated.

Further, the first successful construction of endometrial-
like epithelium in a 3D culture system using CD146+ mesen-
chymal stem cells derived from human endometrium has been
reported [25, 26]. This kind of organoid was embedded in a
collagen–Matrigel scaffold on top of smooth muscle cells and
was cultured with complete DMEM/F12 with 10% fetal bo-
vine serum. Despite the unpopularity of CD146+ cell isolation
compared to epithelial stem cells for generating endometrium
organoids, this culture method provided a new direction to
explore more complete endometrial organoid generation. It
also demonstrated the potential application of such cultures
in regenerative medicine, for example, construction of endo-
metrium in patients with endometrial deficiencies such as
Asherman syndrome and endometrial atrophy. Such culture
systems may also play a role in human embryo implantation-
related studies. In addition, the type of stem cell used in this
system may serve as a bridge between undifferentiated endo-
metrial epithelial cells and organoid genesis.

Moreover, 3D endometrial stromal cell models could also
be established as another key part of endometrium organoids.
Normally, either stromal fibroblasts (EMSFs) derived from
iPSCs through staged induction or human endometrial stromal
cells (HESCs) can be used origin cells. iPSC-derived EMSFs
cultured with multi-hormones containing E2, progestin and 8-
bromoadenosine 3′,5′- cAMP were found to simulate hor-
mone responsiveness of the endometrial stroma. Markers for
decidualization, such as Forkhead box O1 (FOXO1),
HAND2, IGFBP, and PRL, were found to be up-regulated.
Moreover, RNA sequencing (RNAseq) analysis of these
EMSFs confirmed a transcriptional signature similar to that
in human endometrial stroma [37]. Similarly, HESCs cultured
in GelMA hydrogel and exposed to hormonal cues also ex-
hibited decidual response similar to that of the human endo-
metrial stroma, as indicated by the secretion of two decidual
proteins, PRL and IGFBP1. In addition, an HESC plus human
umbilical vein endothelial cell (HUVEC) coculture system
mimicked the endometrial angiogenesis network, as indicated
by CD31 staining [36]. Thus, these two methods provided a
more convenient and sufficiently powerful means to study
decidualization, human embryonic implantation, and vessel
remodeling.

Human Fallopian Organoids

The fallopian tube epithelium (FTE), which is lined by simple
columnar epithelium containing secretory and ciliated cells, is
critical for human reproduction and has been implicated as a
site of origin for high-grade serous ovarian cancer (sHGSC)
[38, 39, 49, 50]. Therefore, organoids derived from the FTE
may aid in exploring the etiology of infertility in infection
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models, induction of tumor growth by specific stimulators,
and simulation of changes in the plasma concentrations of
drugs.

Generally, self-renewing FTECs that are considered ASCs
and a 3D support system with conditioned culture media is
required for generation of the fallopian tube organoids
(Fig. 2). FTECs isolated from patients and seeded to form
3D organoids was initially reported by Lawrenson et al. in
2013 [40]. Matrigel or PolyHEMA is normally used as a 3D
support [38, 40] supplemented with a cocktail of growth fac-
tors to modulate theWnt/Notch pathway, which contributes to
stemness [38]. Co-culture with fallopian mesenchymal stem
cells (FTMSCs) and HUVECs in Matrigel [42] was found to
provide a more supportive 3D scaffold for a contracted
organoid. The progeny cells were passaged at a 1:3 ratio every
2–3 weeks and could be expanded over a long period
(>3 months); they consisted of both secretory and ciliated
cells, demonstrating the bipotential of the progenitor unciliat-
ed cells, which did not appear to have cilia in the first 2 weeks
of culture.

Fallopian organoids replicate the mucosal fold architecture
and exhibit several biological functions similar to those of the
origin tissue. Morphologically, FTE organoids exhibit highly

polarized columnar cells and high-order epithelial tissue ar-
chitecture analogous to that of the origin FTE. In particular,
they exhibit precisely aligned nuclei, similar functional tight
junctions, restricted localization of the main epithelial adhe-
sion molecule E-cadherin (CDH1) to the lateral membrane,
and the orientation of the apical pole to the luminal side [38,
40, 42]. Moreover, 3D-cultured FTE consistently clustered
with luteal phase fallopian tube epithelium as observed by
Lawrenson et al. [40]. Secretory epithelial markers, such as
vimentin, FOXJ1, PAX8, and detyrosinated tubulin, as well as
the hallmark carbohydrate antigen 125 (CA125) [42] were
detected in the FTE organoids, which were similar to the or-
igin cells with respect to their function. With respect to cell
differentiation in the organoid, the loss of PAX8 expression
[42] coincided with the ciliated phenotype. Moreover, the
downregulation of Wnt/Notch pathway was observed in the
gene profile of FTE organoid, which is essential for differen-
tiation. Fallopian organoids showed a good response to sexual
hormones in terms of upregulation of related genes such as
those associated with the menstrual period or pregnancy,
which was similar to the expression pattern observed in the
human fallopian tube epithelium [38]. In addition, the perfor-
mance of 3D organoids was reportedly more similar to that of

Fig. 2 Fallopian epithelium
organoid modelling and
applications. FTSECs: fallopian
tube secretory epithelial cells;
FTMSCs: fallopian tube
mesenchymal stem cells;
HUVECs: human umbilical vein
endothelial cells; iPSCs: induced
pluripotent stem cells
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human fallopian tube tissue, and presented different gene pro-
files compared with those in 2D cell lines, such as a higher
gene expression during proliferation [40].

In addition to FTE-derived organoids, fallopian tube
organoids can also be derived from iPSCs, which accurately
simulate the organogenesis of the urogenital system [39] (Fig.
2). Three different iPSC lines (87iCTR-n3, 01iMEC-n4, and
14iCTR-n6) were used to induce mesoderm formation, but
only 87iCTR-n3 cell line was verified to be effective.
During the organoid construction, determining the expression
and location of markers at each step was necessary for verify-
ing the correct differentiation into fallopian tubes rather than
nephric ducts and uretic buds; for example, activin A with
CHIR99021 for inducing mesoderm development, stepwise
addition of BMP4 for regulating the intermediate mesoderm
fate, followed by Wnt4 and follistatin to replicate the
Mullerian duct were carefully monitored. Matrigel served as
a 3D scaffold with pro-Mullerian growth factors that promot-
ed FTE precursor function. However, the preferred mediums
were different depending on the sequential stages. E2, P4, and
conditional media isolated from patient tissue stimulated the
anatomic formation of tubes that were identified by the ex-
pression of ciliated FTE marker tubulin beta 4A (TUBB4A),
secretory cell markers oviductal glycoprotein 1 (OVGP1) and
PAX8, and epithelial cell marker CDH1, similar to that ob-
served in the primary tissue. Interestingly, iPSC-derived FTE
organoids closely mimicked the precise physiology and anat-
omy of the human FTE.

FTE organoids provided a disease model for chronic chla-
mydia infection by demonstrating the role of epithelial ho-
meostasis in the defense against this pathogen as reported by
Kessler et al. [41]. However, problems related to long-term
culturing and functional maturity need to be resolved for fu-
ture investigations regarding the origin of sHGSC.

Trophoblast Organoids

Trophoblasts from early pregnancy play essential roles in ear-
ly placenta formation and implantation, especially in the inva-
sion process involved in spiral artery remodeling. Impaired
trophoblast function is the underlying reason for pregnancy
complications such as preterm delivery, recurrent abortion,
and preeclampsia [4, 43]. Cytotrophoblasts (CTBs), are
bipotent ASCs that exist in the placenta in the first trimester
and have been identified as progenitors of different cell sub-
types such as syncytiotrophoblasts (STBs) and invasive
extravillous trophoblasts (EVTs). Therefore, a 3D self-
renewing model of CTB-derived trophoblast organoids may
be valuable for imitating implantation and exploring the etiol-
ogy of placental diseases.

Normally, CTBs are considered stem cell origin for tropho-
blast organoids, which are cultured in trophoblast organoid

medium (TOM) with the analogous defined growth factors
mentioned above, an essential and empirical culture medium
[4, 43] (Fig. 3a). CTB organoids (CTB-ORGs) generally orig-
inated from proliferative cell clusters [4, 43] that were obtain-
ed by enzymatic digestion of 6–9-week-old placentas contain-
ing different trophoblast types. NeutralizingMatrigel with low
levels of growth factors provided 3D scaffold for isolated
trophoblasts cultured in TOM containing EGF, fibroblast
growth factor 2 (FGF2), CHIR99021 (a Wnt activator),
A83-01 [a tumor growth factor beta (TGFβ) and Sma-Mad
(SMAD) inhibitor], and R-spondin 1. The cluster expanded
quickly and could be passaged for approximately 1 week.

CTB-ORGs significantly simulated the multicomponent
morphology, differentiation ability, and specific trophoblast
gene expression patterns found in human placental villi [4,
43]. Morphologically, hematoxylin and eosin staining and im-
munofluorescence staining of CTB-ORGs revealed densely
packed cell clusters of epithelial origin with fused regions in
the centers, similar to that of villous CTBs (vCTBs) in first-
trimester placenta. Moreover, representative electron trans-
mission microscopy images of a CTB-ORG showed a stippled
line indicating the boundary between CTBs and STBs, which
indicated its differentiation potential as reported by Haider
et al. [4]. In terms of biofunctions, CTB-ORGs showed
vCTB characteristics such as stemness, proliferation, fusion,
with staining of epithelial cell adhesion molecule, CDH1,
Ki67, and tumor protein 63 (TP63). Fusion between
hormone-secreting STBs was also observed in CTB-ORGs,
along with staining of CD46 and CD71, a characteristic of
vCTBs [4, 43].By adapting the EVT differentiation protocol
with EVT medium lacking Wnt signaling [8] for verifying
organoid differentiation function, it was found that human
leucocyte antigen-G (HLA-G+) cells emerged as outgrowths
of the organoids, digested the Matrigel to form tracks, and
eventually adhered to the plastic base [43]. Expression of
functional genes in CTB-ORGs have been detected through
mRNA sequencing or more completely through RNAseq. To
investigate the overlap of gene expression in CTB-ORGs and
vCTBs, genetic profiling was performed, and more than 40%
of upregulated genes were identified [4].

However, Li et al. [44] described an entirely different meth-
od to develop trophoblast cystic structures form human iPSCs
(hiPSCs) using the ChiPSC22 cell line (Fig. 3b). I-Matrix-551
and empirical medium were used to support the cysts in a
limited culture area. The cysts were observed to have charac-
teristics in common with trophectoderm (TE), including a
hemispherical shape, a clear interior cavity, and a thin
enclosing wall. The expression of key pluripotency genes
and trophoblast lineage-specific genes, such as TP67, was
analyzed through mRNA detection. Immunostaining of
TP63 and E-cadherin provided evidence for trophoblast cyst
formation; the presence of human chorionic gonadotropin in
the cytoplasm was confirmed, indicating that the
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multinucleated cells were STBs, which contributed to the cell
diversity of TE-like organoid. Thus, the TE-like organoids
showed potential as a newmethod for implantation exploration.

Although this organoid modelling strategy has been widely
applied in spiral artery remodeling by trophoblast invasion
in vitro, its practical application in placental diseases is lack-
ing. (Fig. 3c). Researchers have reportedly embedded human
primary EVTs in Matrigel to observe the effects of
granulocyte-macrophage colony-stimulating factor (GM-
CSF) on trophoblast invasion capability via microfluidics as-
says [51]. Additionally, maternal–fetal interactions attributed
to tubulogenesis were identified through co-culturing of de-
cidual natural killer (dNK) cells inducing CTBs and HUVECs
[51, 52]. Nonetheless, it is essential to further optimize the
culture conditions to improve trophoblast self-renewal,
specificity, and differentiation in CTB-ORGs, and more
efforts are required towards establishment of such dis-
ease models [4, 43].

Additionally, several cell lines, such as the Bewo, JEG3,
HTR8, and Sw.71 cell lines, were previously utilized to form
3D structures within collagen gel types and corresponding
culture media prior to the development of CTB-ORGs. The
resulting models were applied to recapitulate placental STB
development and microbial resistance [53], evaluate the effi-
cacy of different types of ECM [54], assess the distinctions
between 3D structures and 2D cells [55], and help establish
invasion models together with HUVECs [51, 52, 56].
However, these 3D models were not considered “organoids”
because of their improper cell origins.

Ovarian 3D Modelling and Oocyte Organoids

Human ovaries are covered with a monolayer of flat/cuboidal
mesothelial-type cells referred to as the ovarian surface epi-
thelium (OSE) [46], which represents the origin of approxi-
mately 90% of all malignant ovarian tumors including epithe-
lial ovarian cancers [46, 47]. Therefore, 2D or 3D modelling
[46, 47] of primary OSE has been a research focus for a long
time. Although 3D culturing of normal OSE [46] could be
applied to explore the etiology of endometriosis [47], the
stemness of the OSE has not been assessed for constructing
organoids. Hence, we have not described this in detail as a
conventional organoid in the present review.

Human oocytes play a key role in fertility; however, few
studies have provided evidence for constructing 2D or 3D
structures of human oocyte-like cells in vivo. The first
follicle-like cell (FLC) structure was established from human
ESCs (hESCs), which can differentiate into germ cell line-
ages, in 2017 by Jung et al. [45]. The hESC lines H9 and
HSF6 (female XX lines) were seeded in neutralizing
Matrigel with three different types of differentiated media.
Upregulation of DAZL and BOULE pathway promoted entry
into meiosis, and growth differentiation factor 9 (GDF9) and
bone morphogenetic protein (BMP15) were applied as stimu-
lators for FLC formation. Immunofluorescent staining of
PRDM9, gH2AX, SC, and SYCP3 identified the occurrence
of meiosis similar to that observed in an oocyte. The FLC
transcriptome indicated a primordial follicle identity, as evi-
denced by the presence of the oocyte-specific markers, such as

Fig. 3 Trophoblast organoid modelling and applications. (a) Origin
tissue from human villi; (b) Inducing trophectoderm from iPSCs in
limited area; (c) Maternal–fetal interface model for trophoblast invasion

and cross-talks. pM placental macrophages, pSC placental stromal cells,
pEC placental endothelial cells, STB syncytiotrophoblast, EVT extra vil-
lous trophoblast, CTB cytotrophoblasts, dNK decidual natural killer cell

1180 Stem Cell Rev and Rep (2020) 16:1173–1184



spermatogenesis and oogenesis-specific basic helix-loop-
helix 2 (SOHLH2), zona pellucida glycoprotein 2 (ZP2), ho-
meobox protein (NOBOX), and H1FOO, as well as ex-
pression of genes encoding cytochrome P450/family 19/
subfamily A (CYP19A) and R-spondin-1 (RSPO1) in
granulosa cells. Moreover, FLCs transplanted into
mouse k idney capsu l e s showed more oocy t e
biofunctions with upregulated biological markers such
as anti-Müllerian hormone (AMH), enhanced cuboidal
morphology of the surrounding cells, and germinal
vesicle-like staining in the oocyte-like cells. This system
may assist in investigating genes or mechanisms in-
volved in human germ cell development, including long
noncoding RNAs (lncRNAs), which have a low degree
of conservation among species.

Application of Female Reproductive System
Organoids

As previously described, organoids have important applica-
tions in investigations regarding tissue homeostasis, regener-
ation, and development [1, 2]. ASC-derived organoids are
capable of structural and functional regeneration of the organ,
and thus play an important role in tissue repair in vivo
and in vitro [9]. Organoids established from differenti-
ated hESCs could potentially identify gene targets for
new drugs [10]. Moreover, iPSCs derived from somatic
cells by direct reprogramming provides an effective or-
igin cell for establishing patient-specific 3D organoids
[6–8]. Combining CRISPR/Cas9, the most popular gene
editing technique, with patient-specific iPSC-derived
organoids may mimic the disease process, phenotype,
and micro-environment in vitro for studying gene disor-
ders. Particularly, they may provide an opportunity to
repair gene defects ex vivo. Furthermore, iPSC-derived
organoids also offer a novel method to study sporadic
diseases [7].

Rebuilding the functional layer of the endometrium or
fallopian epithelium may contribute to tissue repair and pre-
vent infertility and early-onset of menopause [3]. In addition,
organoids would be useful for the exploration of carcinogen-
esis, drug efficiency, dysfunctions and etiology of endometri-
osis, metabolism pathways, pathogen interactions, and hor-
mone reactions. By inducing the progeny of organoids to dif-
ferentiate into various subtypes, such as CTB-ORG-derived
STBs and EVTs [4, 43], physiological cell lines can be
established to explore organogenesis, biological func-
tions such as hormone secretion, spiral artery remodel-
ing, maternal–fetal interactions, and the putative devel-
opment of diseases, such as ischemic placental diseases
and implantation disorders. Owing to the benefits of
empirical coculture methods with proper combination

of different cell types in the preferred ECM, it would
also be possible to imitate a whole physiological system
with multi-organoid coculturing for further investigation
of pathological interactions. Moreover, 3D organoids
raise fewer ethical concerns and may be considered a
better replacement of animal models or even clinical
trials, thereby making them more suitable for drug tests
and factor induction due to their similarities with prima-
ry lesions [57, 58].

Limitations in the Development of Human
Female Reproductive System Organoids

Compared to different kinds of gel scaffolds used in conven-
tional organoids, bioprinting and organoid-on-a-chip technol-
ogy provide more specific 3D biomimetic structures for stem
cell-derived organoids. A few miniaturized organs have been
established through these two methods, such as bioprinting
bone marrow cells within bio ink [59], heart-on-a-chip with
adult heart-like functions [60], and cancer metastasis models
[61]. These leading engineering approaches allow precise cus-
tomization of culture systems enabling them to be more sim-
ilar to the human physiology for drug discovery as well as
exploration in cancer bio behavior. Further, they may help
realize multiorgan coculture to manufacture organ environ-
ment [62]. For instance, embedding JEG3 on a chip can pre-
cisely interact with HUVECs, which acts as a placenta unit in
the maternal–fetal interface for placental disorder re-
search [62]. Since no innovative progress has been re-
ported in the human reproductive system till date, the
potential to generate human female reproductive system
organoids with 3D bioprinting and organoid-on-a-chip
technology has great significance. In future, organ co-
culture systems may be constructed using these technol-
ogies to represent multi system disorders, such as pre-
eclampsia and hormone related diseases, in a micro vi-
sion for female reproductive system.

Despite the progress in this area, all the methods associated
with organoids are empirical. Most organoids cannot replicate
the complete architecture of native organs in terms of
stemness preservation and maturation, especially PSC-
derived organoids. Crosstalk and immunological reactions be-
tween different compartments have not been widely realized.
Moreover, there have been only a few successful cases of
human ovary organoids with hormone secretion. We still lack
the evidence necessary to construct models of diseases such as
preeclampsia and HELLP syndrome, that indicate the insuffi-
cient invasion of trophoblasts during implantation and preg-
nancies. Furthermore, organoids with gene editing technique
like CRISPR/Cas9, may cause complications such as inser-
tional inactivation of tumor suppressor genes or activation of
oncogenes [9].
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Conclusions

Overall, organoids are capable of mimicking the cell
type composition and functionality of native organs,
and thus serve as better tumor models for drug screen-
ing. In case of the human female reproductive system,
there is a wide range of potential for precise cancer
treatment and etiological exploration. However, we still
need to focus on improving culture conditions for the
cost effectiveness, multi-organoid coculturing methods,
and vessel modelling as well as further co-culture
models including immune cells. Additionally, we need
to expand not only-organ derived organoids but also
include stem cell-derived organoids as a model system.
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