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Since the beginning of clinical medicine, the human uterus has held the fascination of clinicians and re-
searchers, given its critical role in the reproduction of our species. The endometrial lining provides residence for
the embryo; however, this symbiotic interaction can be disrupted if the timing is not correct and the endo-
metrium is not receptive. Diseases associated with the endometrium interfere with the reproductive process and
cause a life-altering burden of pain and even death. With the advancement of technologies and new insights into
the biology of the endometrium, much has been uncovered about the dynamic and essential changes that need to
occur for normal endometrial function, as well as aberrations that lead to endometrial diseases. As expected, the
more that is uncovered, the more the complexity of the endometrium is made evident. In this study, we bring
together three areas of scientific advancement that remain in their infancy, but which together have the potential
to mirror this complexity and enable understanding. Studies on induced pluripotent stem cells, three-
dimensional tissue mimics, and microfluidic culture platforms will be reviewed with a focus on the endome-
trium. These unconventional approaches will provide new perspectives and appreciation for the elegance and
complexity of the endometrium.
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Impact Statement

The ability of the human endometrium to regenerate on a monthly basis for *4 decades of reproductive years exemplifies
its complexity as well as its susceptibility to disease. Restrictions on the types of research that can be done in the human
endometrium motivate the development of new technologies and model systems. The three areas of technological ad-
vancement reviewed here—induced pluripotent stem cells, three-dimensional model systems, and microfluidic culture
systems—will highlight some of the tools that can be applied to studying the human endometrium in ways that have not
been done before.

Introduction

There has been a keen interest in the uterus from the
beginning of medical practice given its essential role in

human reproduction. The writings of Plato and Hippocrates
described the uterus as being an ‘‘animal within an animal’’
that wanders inside a woman’s body, also known as the
‘‘wandering womb,’’ subjecting women to some unusual
medical practices.1,2 Early gynecologic theories assumed
that all disease in women originated from the uterus. With
advancements in science and medicine, it is known that the
uterus does not wander and is kept in place with ligaments.

Since then, much has been discovered concerning the
anatomy and physiology of the uterus and there is still more
biology to understand.

The human endometrium, which is the inner lining of the
uterus, is a complex, dynamic, regenerative tissue that is
essential for human reproduction. The normal function of
the endometrium is housing a developing fetus, but this
tissue is also subject to a multitude of diseases that range
from excessive, uncontrolled bleeding to cancer, most of
which require better treatment strategies. The essential
function of the uterus in reproduction limits the types of
studies that can be done on the endometrium. However,
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increased knowledge and advancement of technologies make
it possible to study the endometrium outside of a woman’s
body in a manner that resembles the in vivo situation.

Three key advances that provide a microphysiological
model of the endometrium will be reviewed in this study:
induced pluripotent stem cells (iPSCs) to regenerate endo-
metrial tissue, organoid models, and microfluidic culture
technologies. The iPSCs provide a source of stem cells that
retain the genetic makeup; organoids provide a three-
dimensional (3D) culture model that responds to external
cues in a physiological manner, some of which do not occur
in two-dimensional culture; and microfluidic culture plat-
forms provide an in vitro system through which culture
medium flows to promote interaction between cells and/or
tissues, replenishment of new media, and the mechanical
influences of flow. While these research areas are still in
their infancy, a review of studies will aid in the appropriate
design of experiments and use of the new technologies.

Endometrial Stem Cells

Stem cell populations in the human endometrium

The hypothesis of the existence of stem cells in the hu-
man endometrium due to its extraordinary and incessant
regenerative capability during the female reproductive life
was suggested years ago by Prianishnikov and Padykula
et al.3,4; since then, many efforts have been made in support
of this possibility. Although studies have described different
types of stem cells in the human endometrium, no consensus
has been reached as to the localization or established
markers of this population.5,6 Nevertheless, due to the
complexity of this tissue, a possible explanation for the
conflicting reports could be the existence of diverse stem
cell populations, as described in skin, hair, and cardiac tis-
sues.7–9 The identification and characterization of these stem
cells, along with the study of the mechanisms controlling
their regeneration, are expected to improve our under-
standing of the physiology and pathophysiology of the fe-
male reproductive tract.

In 1954, the first evidence of a multipotent endometrial
resident stem-like cell population located in the endometrial-
myometrial junction came from observations in malignant
mixed Müllerian tumors.10,11 Most of the tumors arose from
the stroma, which under the appropriate neoplastic stimulus
gave rise to all the histological elements seen in these tu-
mors: proof of endometrial multipotent differentiation po-
tential. Other studies subsequently described the existence of
a resident stem-like cell population in the human endome-
trium, present in the endometrial-myometrial junction, with
highly regenerative capabilities (Table 1).3,4,12,13

Distinct stem cell populations have been described as
regenerating the cells of endometrial lineages, located in
different niches, theoretically suggesting a spatiotemporal
contribution to the regeneration of the endometrium. The
first endometrial stem cell population isolated was the
mesenchymal stem-like cell population, consisting of peri-
cytes or endothelial-like cells in the basalis and functionalis
layers with mesenchymal stem cell characteristics.14–17 This
population enabled stromal and vascular renewal during
each menstrual cycle.

Epithelial replacement is carried out by the less-
characterized endometrial epithelial stem-like cells, described

in the literature with various markers that most likely identify
different states of stem cell proliferation,18–21 rather than one
single stem cell population. These distinct endometrial stem
cell populations were isolated using flow cytometry and the
Hoechst methodology of isolating side population stem
cells.15,22–25 As a proof of concept, these cells were re-
presented in the menstrual blood stem cell population.26 More
recently, in vivo lineage tracing in mice demonstrated the
existence of endometrial epithelial progenitors, which self-
renewed during development, growth, and regeneration, with
distinct activity from stromal cell renewal.27

All the aforementioned populations of progenitor/stem
cells highlight the complexity of endometrial regeneration
and growth. As stated by Padykula,28 the resident stem-like
cell population migrates and gives rise to a group of pro-
genitor cells that become committed to specific types of cell
differentiation, for example, epithelial, stromal, and vascular
cells, within certain microenvironments.29 Studies of the
various endometrial progenitor/stem cells and their markers
have been reviewed by others5,30–32 and are outlined in
Table 1. Endometrial stem cells have been described as a
powerful tool for clinical and therapeutic applications. En-
dometrial mesenchymal stem cells are considered a good
source for stem cell therapy in several gynecological dis-
eases, especially those related to tissue damage, based on
in vitro and in vivo models.33

Induced pluripotent stem cells for building
the human endometrium

The use of iPSCs as a progenitor pool for generating
endometrial cells has gained attention in recent years, given
the increased interest in personalized medicine and in un-
derstanding the genetics of reproductive diseases. The
generation of human iPSCs from dermal fibroblasts was a
breakthrough that provided an alternative to embryonic stem
cell (ESC) research.34 Induction of four transcription factors
referred as the Yamanaka factors (OCT3/4, SOX2, c-MYC,
and KLF4) enabled the reprogramming of differentiated so-
matic cells into an embryonic/undifferentiated-like state.35

These iPSCs have the ability to self-renew indefinitely and
can differentiate into all three germ layers, similar to ESCs.
Dermal fibroblasts, adipocytes, peripheral blood cells, nasal
epithelial cells, keratinocytes from hair, and renal tubular
epithelial cells found in urine are all examples of somatic cell
sources that have been used to generate iPSCs.

Since the introduction of human iPSCs in 2007, they have
been utilized for drug development, disease modeling, and
regenerative medicine. Due to their differentiation and
proliferation capacities, iPSCs are a promising platform for
cell-based therapies. Clinical trials based on iPSCs have
been initiated for the treatment of macular degeneration,
diabetes mellitus, and spinal cord injury in humans (re-
viewed in Guhr et al.36).

Endometrial lineages have been generated from human
ESCs,37–39 with only one study confirming the expression of
Müllerian Duct markers during differentiation from meso-
derm.38 Moreover, only one study has demonstrated the
generation of endometrial stromal cells from iPSCs.40 This
was accomplished by understanding the developmental pro-
cess of the uterus during embryogenesis. The human female
reproductive tract develops from the intermediate mesoderm
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(IM).41–43 Shortly after gastrulation, the IM differentiates
into the urogenital tract with primary kidneys that transiently
form, as well as the Wolffian (mesonephric) and Müllerian
(paramesonephric) ducts. In females, the mesonephric ducts
degenerate as the paramesonephric ducts elongate and dif-
ferentiate into the uterus, cervix, and upper vagina. While
still in utero, at 16 weeks of age, the endometrium is lined
with a single layer of columnar epithelial cells, and by week
18, the glands elongate and branch throughout the stro-
ma.42,43 At birth, the uterine corpus remains underdeveloped,
reaching functional and anatomical maturity at puberty.43,44

By puberty, the endometrium comprises a basal region (ba-
salis) from which the endometrium regenerates, and an upper
region that is shed (functionalis).

Miyazaki et al. differentiated iPSCs into endometrial
stromal cells.40 The treatment regimen consisted of stimu-
lating pathways that were previously demonstrated to dif-
ferentiate cells from the IM into the Müllerian duct. Over
the course of 4 days, iPSCs cultured as embryoid bodies
were treated with a potent GSK3B inhibitor/CTNNB1
pathway agonist (CHIR99021) to create the day 2.5 primi-
tive streak,45 followed by treatment with retinoic acid46,47

and fibroblast growth factor 2.48 To differentiate IM to
coelomic epithelium, the cells were treated with a cocktail
of CHIR, NOGGIN, and PDGF-BB over an additional
4 days.39,40,49 Finally, to generate endometrial stromal fi-
broblasts, D8 embryoid bodies were cultured for 6 days with
5¢-aza-2¢-deoxycytidine,50 CHIR99021, 17b-estradiol,
FGF9,51 and PDGF-BB. Day-14 embryoid bodies showed
endometrial stromal fibroblast lineage characteristics and
markers supporting endometrial stromal identity, and did not
contain any epithelial gland.

Thus, a stepwise differentiation protocol using customized
cocktails was used to generate endometrial stromal fibroblasts
from human iPSCs for the first time.40 Furthermore, the de-
cidualization capacity of these endometrial stromal fibroblasts
was confirmed after treatment with estradiol, medrox-
yprogesterone acetate, and 8-bromoadenosine 3¢–5¢-cyclic
monophosphate. Generation of endometrial epithelial cells
has yet to be done.

The generation of endometrial cells from iPSCs can ul-
timately be applied to clinical medicine. The genetic origins
of reproductive diseases, including endometriosis and
polycystic ovarian syndrome (PCOS), can be studied with
this approach, as iPSCs can be generated on a patient-to-
patient basis. As the pathogenesis of endometriosis and
PCOS involve multiple tissues and organs, iPSCs can be
used to understand whether the defects occur in nonrepro-
ductive tissues as well. The possibility of regenerating the
endometrium from iPSCs in cases like Asherman’s syn-
drome, where fibrosis of the endometrium occurs following
endometrial trauma, could also be investigated.52

Human Endometrial Organoids: Recapitulating Native
Tissues with Tissue Mimics

Organs function in three dimensions and are comprised of
multiple cell types. Recapitulating the architecture and
composition of organs ex vivo would permit scientists to
understand their physiology. Historically, in vitro studies of
the human endometrium have primarily been done using
monolayer cultures, which preserve some characteristics of

tissue function, for example, decidualization of the stromal
fibroblasts. However, the architecture and cell-to-cell con-
tacts that occur in three dimensions are lost in monolayer
culture, resulting in suboptimal function, including a loss of
hormone responsiveness.53,54 In particular, endometrial ep-
ithelial cells grown in monolayer cultures are short-lived,
lose their columnar phenotype and polarity, and are prone to
senescence.53 Furthermore, when endometrial epithelial and
stromal cells are combined, the stromal cells quickly over-
take the culture, making it difficult to study the important
interactions between epithelial and stromal cells.

The emergence of organoid systems has enabled biologists
to study cells in a more physiologic context. Although
different definitions exist,55 organoids can be generally
described as 3D models that reproduce the architecture,
histology, and functions of an organ or tissue.5,54,56–59 Or-
ganoids may consist of a single cell type, often epithelial
cells, or may include other types of cells.54,56,59 They can be
generated from either somatic or stem cells, including ESCs,
pluripotent stem cells, or adult stem cells.57,59 Many orga-
noids contain both differentiated cells and tissue-specific
stem or progenitor cells.5,56 Organoids self-organize to mi-
mic in vivo tissue physiology and are often embedded in a
matrix.5,57,59 They can be propagated and expanded, and are
genetically stable.5,54,56–59

Organoids are appropriate for studying tissue functions in
diverse contexts using various experimental techniques.57

Importantly, organoids are also suitable for conducting high-
throughput screens, drug testing, and biobanking.57,59 Some
limitations include the inability to reproduce some important
aspects of the tissue microenvironment, such as circulating
immune cells, and for many organoid systems, the depen-
dence on artificial extracellular matrix components.57

The first approach to an organotypic model of the endo-
metrium was undertaken in 1986 by Kirk and Alvarez
(Fig. 1).58 Endometrial gland fragments were isolated and
grown in low-attachment conditions. These glandular
structures consisted of a single, polarized layer of epithelial
cells, and could respond to hormone treatments.58 A 1988
study was the first to show that endometrial epithelial cells
could invade a Matrigel layer to form large glandular
structures, consisting of polarized columnar epithelial cells
surrounding a lumen.53 These epithelial cells contained se-
cretory vesicles, reflecting their in vivo function. Further-
more, these structures could be passaged for up to 6 months.

Later, Bentin-Ley et al. established the first endometrial
culture system to combine endometrial epithelial and stro-
mal cells.60 Stromal cells were plated in a collagen matrix
and overlaid with Matrigel, and the endometrial cells were
cultured in a monolayer on top of the Matrigel, creating a
physiologic model. The epithelial cells had a polarized,
columnar epithelial phenotype, and displayed functional
characteristics, including glycogen production. Another or-
ganotypic model of the endometrium was developed in
2005, in which endometrial glands were grown in Matrigel
inside a tissue culture insert, while stromal cells were grown
in 2D on the plate beneath the insert.61 These epithelial cells
responded to hormone treatments by proliferating. This
model was also used to test the effects of tamoxifen treat-
ment on the endometrium.62

However, what were considered the first two true benign
endometrial organoid models were published independently
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in May 2017 by Boretto et al.54 and Turco et al.63 Both
models were derived from isolated endometrial epithelial
cells embedded in Matrigel, resulting in organoids com-
prising polarized columnar epithelial cells surrounding a
lumen. Both organoid models recapitulated important en-
dometrial characteristics, including glycogen production and
response to hormone treatment. In both cases, the organoids
could be passaged long term, for more than 4–6 months. In
addition, endometrial epithelial organoids were genetically
stable and could be frozen and thawed, which would be im-
portant for tissue biobanking.63

Recently, a multicellular endometrial organoid model that
contains both endometrial epithelial and stromal cells was
established.64 These organoids were scaffold free and con-
sisted of polarized epithelial cells on the outer surface,
surrounding stromal cells in the center. The organoids dis-
played functional characteristics such as secretion of colla-
gen and mucins. Because it includes both epithelial and
stromal cells, this model allows for the investigation of
paracrine actions between these two different cell types. A
timeline of these studies is shown in Figure 1.

In addition to benign endometrial organoid models, or-
ganoids have also been derived from endometrial cancer
tissues, and used for drug testing.65–68 These endometrial
cancer organoids recapitulated genetic and phenotypic
characteristics of endometrial tumors, and could be an ef-
ficient way of testing therapies.66–68 Organoids have also

been derived from the endometrium of patients with other
diseases, including endometrial hyperplasia, Lynch syn-
drome, and endometriosis.65 Endometrial organoids have
provided an alternate physiologic model of the endometrium
that can be adapted to biobanking, drug screenings, and
investigation of endometrial physiology and pathology.

Dynamic Microfluidics: Interactions
Between Reproductive Tissues

To successfully recreate the cyclical reorganization and
functional changes of the endometrium under influence of
female sex hormones, another technology has shown much
promise, namely microfluidics and by extension organs-on-
chips, also referred to as microphysiological systems
(MPS).69–72 Microfluidics encompass technologies where
small amounts of fluid are controlled with great precision,
commonly using channels with diameters ranging from
1 mm to tens of micrometers.73 The main advantage of
microfluidic systems is that physiological environments at
tissue or organ level are recapitulated by accurately con-
trolling fluid shear force, concentration gradients, dynamic
mechanical shear stress, and cell patterning.69,74 The role of
microfluidics in investigations in reproductive medicine is
illustrated in Figure 2.

The complexity of these microfluidic environments can
vary69: from simple microfluidic chambers with one cell

FIG. 1. Timeline of the development of three-dimensional organotypic models of the endometrium. Six studies from
1986 to 2019 that demonstrate novel three-dimensional models of the endometrium are highlighted: (1) a complex, free-
floating endometrial epithelial structure (Kirk and Alvarez58), (2) an endometrial epithelial structure that invaded a
Matrigel matrix (Rinehart et al.53), (3) polarized endometrial epithelial cells overlaid endometrial stromal cells embedded
in collagen gel (Bentin-Ley et al.60), (4) endometrial organoids cultured in Matrigel in a tissue culture insert on top of
endometrial stromal cells grown on plastic (Bläuer et al.61), (5) endometrial epithelial organoids embedded in Matrigel
(Turco et al.63, and Boretto et al.54), (6) matrix-free endometrial organoids in which endometrial epithelial cells surround
an inner cluster of endometrial stromal cells (Wiwatpanit et al.64). Images are created with BioRender.
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type,75 to multicellular setups that recapitulate parenchymal-
vascular interactions,76,77 to entire organ systems.72,78 Re-
productive MPS are of particular interest because of their
potential to recapitulate the complex hormonal feedback and
feedforward signals between reproductive tissues and or-
gans.70,71 As a result, MPS of different reproductive organs,
including the endometrium,75–77 placenta,79–81 oviduct,82,83

amnion and fetal membrane,84–86 as well as a multiorgan
microfluidic framework of the female reproductive tract,78

have been built.
Gnecco et al. created a microfluidic system to investigate

cellular interactions in the perivascular endometrial stroma.
The design uses two orthogonal microfluidic chambers sep-
arated by a semipermeable membrane.75–77 Human primary
umbilical vein endothelial cells were subjected to a dynamic
flow and cocultured with a static culture of human primary
endometrial stromal cells. The importance of shear stress was
demonstrated by the polarization of the endothelial cells.
Furthermore, the model permitted decidualization of stromal
cells after treatment with cAMP. This endothelial-stromal
crosstalk and the importance of laminar shear stress were
further investigated in a following publication.77

Dynamic culture conditions enhanced stromal deciduali-
zation, measured by higher levels of prolactin and insulin-

like growth factor binding protein 1. This mechanosensing-
dependent modulation was the result of increased produc-
tion of prostaglandin E2 and prostacyclin from endothelial
cells.77 A single-chamber version of this model was also
used to recapitulate host-microbial interactions in vitro and
elucidate the role of the decidual stromal cells on macro-
phages.75

The main advantage of these microfluidic systems is their
ability to reproduce physiologic conditions, such as dynamic
flow, shear stress, and cell-to-cell communication. However,
these models are limited because they contain only certain
cell types and cell lines cultured in two dimensions, and they
do not account for other important organs that can influence
the endometrium.

Currently, the only model combining multiple repro-
ductive tissues and microfluidic technology was published
by Xiao et al.,78 allowing the investigation of organ-organ
interactions of the female reproductive tract during the
human menstrual cycle. In this study, the female repro-
ductive tract tissues (murine ovary, human fallopian tube,
endometrium, and ectocervix) and liver were integrated
in a new platform called EVATAR. Specifically, endo-
metrial cells were grown in decellularized uterine scaf-
folds and were subjected to a 28-day menstrual cycle

FIG. 2. Microfluidic systems for reproductive biology. In vitro modeling of reproductive tissues and organs, require
several design aspects. Cell source: cell sources, including cell lines, tissue biopsies, and iPSCs are valid options, each with
their own pros and cons (reproducibility, availability, ease of use, costs, etc.) with different ideal use cases. Cellular
organization: once isolated, these cells are cultured as monolayers or three-dimensional organoids, or maintained as tissue
explants. Microphysiological systems: within a microfluidic device, cells are subjected to mechanical stresses, concentration
gradients, and, depending on the design, paracrine factors between tissue types. On the left is a system conceptually similar
to the one used by Gnecco et al.76,77 On the right is EVATAR, the Quintet-Microfluidic Platform, combining five modules
to recreate the endocrine signaling in the female reproductive tract. Future applications: when combined with high-
throughput technologies enabling parallelization, standardization, and automation, microfluidics can possibly become a
powerful tool to analyze in vitro pathological models, drug testing, and toxicological testing. Images are created with
BioRender. iPSC, induced pluripotent stem cell.
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simulated by microfluidic cultures. Endometrial stromal
cells expressed estrogen and progesterone receptors as
well as markers of proliferation and decidualization at the
end of the 28-day culture, indicative of active cell pro-
liferation and endometrial cell function. Overall, this in-
vestigation demonstrated as proof of concept that
interactive cultures of multiple organ systems can be de-
veloped for basic and translational research in reproduc-
tive medicine (Fig. 2).87

Microfluidic systems could change the design of experi-
ments and allow the query of new research questions. Pri-
mary human cells in 3D tissue constructs can share
paracrine signals with other tissue types in a system that
provides continuous replenishment of nutrients, prolonged
culture periods, and mechanical flow. These systems are
especially useful in reproductive science where recapitu-
lating the unique biology of sex hormone action over a
period of a month of fluctuating levels of hormones in vitro
or in animal models is extremely challenging. These sys-
tems can also be implemented in a scalable high-throughput
MPS setup, facilitating the discovery of new drugs, toxi-
cology screenings, and the study of complex multiorgan
pathologies in a reproducible manner with high biological
relevance.88

Conclusions and Perspectives

New advances in technology have changed the way
research is done, introducing endless possibilities for in-
vestigating the biology of the endometrium and its asso-
ciated diseases. The ability to generate stem cells from
somatic cells, while retaining their genetic makeup, gives
clues to the biology of differentiated cells in a personal-
ized manner and within a particular disease. For example,
can inherent defects in the genetic makeup of a woman
with endometriosis promote a phenotype in endometrial
stromal, immune, endothelial, or other cells that arises
from iPSCs that is different from a woman without en-
dometriosis? As clinical trials are underway for testing
iPSCs to treat spinal cord injury, Parkinson’s disease, di-
abetes, and others,89 the possibility of regenerating an
injured endometrium from iPSCs can also be considered.

The hormone response of the human endometrium can be
studied ex vivo using 3D mimics that closely resemble the
tissue in vivo. Organoids can be manipulated and insulted
with an experimental stimulus to study the direct influence
of risk factors for reproductive cancers and other diseases.
Increasing the complexity of organoids to include other cell
types, including blood vessels and immune cells, would be
an exciting direction to pursue and would provide a model
centered around these new cell types.

Microfluidic platforms allow cells or tissues to mimic phys-
iology with regard to flow, conditions for long-term viability,
and interactions with other tissues, which increases the com-
plexity of the experimental system, but in a controlled manner.
A number of microfluidic systems have been and continue to
be developed, each with its unique features and designs,90–95

diversifying the types of research that can be done.
Throughout history, the types of discoveries made were

limited to the tools that were available. Imagine what Plato
and Hippocrates could have done with microfluidics, or-
ganoids, and iPSCs. Because of breakthrough technologies

like these, we are poised on the cusp of a new set of pro-
found discoveries that will once again reshape our story of
the uterus.
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61. Bläuer, M., Heinonen, P.K., Martikainen, P.M., Tomás, E.,
and Ylikomi, T. A novel organotypic culture model for
normal human endometrium: regulation of epithelial cell
proliferation by estradiol and medroxyprogesterone acetate.
Hum Reprod 20, 864, 2005.
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