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ABSTRACT

Human reproductive success relies on the intricate interplay between the developing embryo and the maternal
endometrium. These highly-coordinated interactions facilitate implantation, setting in motion a series of
developmental programs to establish a sustained fetal-maternal interface. Understanding endometrial function
and the early human embryo-maternal dialogue is thus an important prerequisite for refining clinical approaches
to alleviate implantation failure, early pregnancy loss and other obstetric complications. Yet, many mediators of
implantation remain elusive. Driven by endocrine factors, interactions at the embryo-maternal interface are
tightly regulated and highly complex. Coupled to the inaccessibility of the in vivo environment and scarcity of
research material, studying human implantation remains exceptionally challenging. Nevertheless, the field
continues to gain momentum. Cutting-edge omics technologies and high-resolution imaging have revealed
important structural and functional insights into endometrial biology, while emerging bioengineering tools are
enhancing our ability to model the synergies and individual features of the embryo-maternal environment. Novel
in vitro platforms using human cells and embryos are considerably more accessible and easier to manipulate
compared to in vivo approaches, enhancing our ability to capture specific stages of implantation. This review
aims to showcase current and emerging technologies used to study human endometrial biology and the early
embryo-maternal interface, including single cell omics approaches, bioengineered endometrial models and
embryo-endometrium co-culture platforms. We highlight the value of these approaches and provide our
perspective on the current challenges faced by the field. Recognizing the physiological scope of these emerging
technologies will be key for utilizing their full potential and driving future innovation.

1. Introduction

two-thirds of pregnancies are lost due to the failure of the embryo to
implant [3]. This figure remains remarkably consistent despite
tremendous progress in the field [4]. While a significant proportion of
preclinical losses may be attributed to embryonic chromosomal abnor-

Reciprocal molecular exchange between the human embryo and the
maternal environment is imperative for human reproductive success.
These intricate interactions require synchrony and active contribution
from both the mother and the embryo, equally indispensable for the
establishment and progression of a normal pregnancy. Accordingly,
disruptions to this early dialogue lead to poor pregnancy outcomes,
including implantation failure, placental insufficiency and other ob-
stetric complications [1]. Human implantation is highly precarious, with
fewer than 30% of all fertilization events resulting in a successful
pregnancy, even for young, fertile couples (reviewed in [2]). Stagger-
ingly, data gleaned from medically assisted reproduction indicate that

malities [5], implantation failure following the transfer of good-quality
euploid embryos remains an unresolved obstacle ([6,7], reviewed in
[8D.

Despite its fundamental and clinical significance, the cellular and
molecular mechanisms underlying this critical period of human devel-
opment remain poorly understood. For ethical and practical reasons,
human implantation cannot be adequately studied in vivo, while ex vivo
and in vitro studies also present significant challenges. Limited research
material, biological variation, and the inability to recapitulate the
morphology and molecular landscape of the embryo-maternal
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TE

Abbreviations

2D two-dimensional

3D three-dimensional

D days post fertilization
ECM extracellular matrix
EV extracellular vesicle
ICM inner cell mass

scRNAseq single cell RNA sequencing
trophectoderm

environment undoubtedly hamper success. Animal models, including

Placenta 125 (2022) 36-46

3D culture platforms for modelling human embryo implantation events.
Ultimately, the convergence of these approaches will be mutually
beneficial. By considering significant contributions in the field, we aim
to identify promising new tools for understanding the early embryo-
maternal microenvironment, whilst also providing a critical overview
of the current challenges faced by the field. While new technologies do
promise to improve the translational limitations of conventional animal
models and traditional in vitro culture systems, they too only capture
particular aspects of physiology. Understanding these inherent limita-
tions will be critical for driving meaningful progress in elucidating the
early embryo-maternal interface and generating accurate, predictive
and biologically relevant data.

2. Setting the stage: early human development and implantation

in vivo

rodents and non-human primates, have been valuable for inferring

certain aspects of human implantation (reviewed in [9,10]), but pose a

different set of trade-offs.

Capturing the complexity of the cellular and molecular microenvi-
ronment at the early embryo-maternal interface will be paramount for
uncovering the landscape of events surrounding human embryo im-
plantation. This review aims to showcase current and emerging ap-
proaches to study these processes. We discuss recent insights into
endometrial biology gained through single cell omics, state-of-the-art
strategies to recapitulate the human endometrium, as well as 2D and

During the first days of human development, the fertilized zygote

undergoes a series of specialized cell divisions that ultimately lead to the
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formation of the blastocyst around 5 days post fertilization, D5. The D5
blastocyst consists of two main groups of cells: a smaller compact inner
cell mass (ICM) and an outer epithelial layer, the trophectoderm (TE)
(Fig. 1A). Prior to implantation, the ICM begins to differentiate into two
further lineages, pluripotent epiblast cells and hypoblast cells [11,12].
Cells of the ICM give rise to the fetus and several extraembryonic cell
types of the placenta, amnion, chorion, yolk sac and umbilical cord. TE

Fig. 1. Human implantation, the endometrium
and emerging technologies to study them. (A)
Phases of early human implantation as the human
blastocyst undergoes apposition, attachment and
invasion of the endometrium. During invasion, the
trophectoderm (TE) at the embryonic pole (polar
TE) is induced to proliferate and forms multinu-
cleated terminally differentiated syncytiotropho-
blast cells. The TE cells surrounding the blastocyst
cavity or blastocoel, remain mononucleated and
constitute the cytotrophoblast. (B) The endome-
trium is formed by a basal layer adjacent to the
myometrium, and a transient functional layer
closest to the uterine cavity. The functional layer is
further composed of a surface columnar endome-
trial epithelium overlying glands (glandular
epithelium), which extends into the underlying
stroma. The thickness of the functional layer is
determined by the phase of the menstrual cycle.
During menstruation, both the epithelial and stro-
mal compartments are shed. Regeneration begins
almost instantaneously driven by the rising levels of
estrogen, resulting from the growth of ovarian fol-
licles and the proliferative phase is marked by
proliferation of the endometrial epithelium, stroma,
glands and vasculature. The surge in follicle-
stimulating hormone (FSH) and luteinizing hor-
mone (LH) from the anterior pituitary subsequently
induce ovulation. This marks the beginning of the
secretory phase, which fosters a stable endome-
trium for blastocyst implantation. In the absence of
a competent blastocyst, the rapid decrease in pro-
gesterone resets the cycle, initiating menstruation.
(C) Cartoon illustrating different technologies used
to study the endometrium (top part) and the
different stages of early implantation (bottom part).
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cells do not contribute directly to the fetus, but are critical for implan-
tation as they give rise to the outer layers of the placenta: the cyto-
trophoblast (that contributes to the formation of the extravillous
trophoblast cells that anchor and invade the maternal endometrium)
and the syncytiotrophoblast (the multinucleated outer layer of the
placental villi that interfaces with the maternal blood). Together with
the maternal uterus, the invading TE-derived cells form the
fetal-maternal interface (reviewed in [13,14]). By D6, the blastocyst will
hatch out of the zona pellucida, interact with the endometrium, and
ultimately implant (Fig. 1A). Notably, the narrow window of endome-
trial receptivity, 7-10 days post-ovulation, restricts the period for
embryo-maternal interactions [15,16], beyond which the blastocyst
cannot implant.

The female reproductive cycle is influenced by a complex cascade of
fluctuating hormones allowing ovulation, fertilization and embryo im-
plantation. The unique dynamic endometrial microenvironment is
inherent to these cyclical changes (Fig. 1B). In preparation for implan-
tation, the endometrium undergoes the process of decidualization,
which involves morphological and biochemical reprogramming of the
endometrial stromal compartment [17]. During this process, endome-
trial stromal fibroblasts transform into epithelial-like secretory cells,
along with extracellular matrix (ECM), vascular remodeling, and local
immune response regulation (reviewed in [18]). As decidualization
proceeds, the uterine glands increase their production of uterine secre-
tions (also known as ‘uterine milk’) [19]. If an embryo implants suc-
cessfully, decidual cells promote the invasion of TE-derived cells,
facilitating spiral-artery remodeling and conferring maternal immuno-
tolerance towards the embryo. In the absence of implantation, the
decidua is shed during menstruation. Interestingly, decidualizing
endometrial stromal cells have been suggested to act as natural bio-
sensors of embryo quality [20-22] (Table 1). Notably, humans are one of
the few species in which decidualization is not triggered by the embryo.
In mouse, for instance, decidualization is blastocyst-dependent, how-
ever it can also be elicited by physical means or by locally applied
growth factors [23-25].

Only a few direct observations of early human peri-implantation
have been made, with the collection from the Carnegie Department of
Embryology [26], still serving as the foundation. The process of im-
plantation has been described to involve sequential steps of apposition,
attachment, and invasion (reviewed in [27]) (Fig. 1A). During apposi-
tion, the polar TE cells of the hatched human blastocyst initiate a weak
interaction with the luminal epithelium of the endometrium. ECM
proteins and adhesion molecules, such as L-selectin have been suggested
to initiate implantation [28,29]. It is generally accepted that most
human blastocysts attach to the endometrial epithelium around D7
through the mediation of bridging ligand interactions. During the
adhesion phase, the competent blastocyst induces breakdown of the
endometrial mucin layer at the implantation site to promote attachment
[30]. Endometrial-derived factors at the embryo-maternal interface
activate TE differentiation required for attachment and invasion of the
underlying endometrial stroma. On the other hand, in response to sig-
nals derived from the invasive TE-derived cells, the endometrium un-
dergoes local remodeling (reviewed in [31]).

3. Transcriptomics technologies to study the human
endometrium

The endometrium is composed of multiple cell types and undergoes
profound morphological regeneration and remodeling in response to
cyclic hormonal changes [32,33] (Fig. 1B). Over the past two decades,
investigations on the transcriptional signature of endometrial biopsies
(bulk RNA-sequencing) have provided insights into the repertoire of
molecules expressed throughout the menstrual cycle, in both physio-
logical and pathological conditions [34-47]. Nevertheless, reproduc-
ibility has proven challenging, leading to discrepancies in gene
expression profiles amongst studies [48,49]. Indeed, in bulk RNA
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In vitro platforms for studying human implantation.

Compartment

Human Embryo

Human Embryo Implantation
Proxy Process

Human primary
endometrial
epithelial cells

Human endometrial
proxy

Human primary
endometrial
stromal cells

Lindenberg et al.
1985

Simon et al.
1999

Gonzalez et al.
2000

Galan et al. 2000
Meseguer et al.
2001

Cabelloeri-
Campo et al.
2002
Dominguez et al.
2003
Horcajadas et al.
2005

Berger et al.
2015
Boggavarapu

et al. 2016

Le Saint et al.
2019

Kang et al. 2014
Aberkane at el.
2018

Ruane et al.
2020

Carver et al.
2003

Grewal et al.
2008
Teklenburg et al.
2010

Weimar et al.
2012

Brosens et al.
2014

Wang etal. 2012  Apposition and
Wang et al. 2015  Attachment

Hohn et al. 2000
Heneweer et al.
2003, 2005
Uchida et al.
2007

Harduf et al.
2009
Aboussahoud

et al. 2010

Liu et al. 2011
Ho et al. 2012
Holmberg et al.
2012

Wei et al. 2012
Bhagwat et al.
2014

Xie et al. 2014,
2015

Buck et al. 2015
Cheng et al.
2017

Huang et al.
2017

Jiang et al. 2014,
2017

Yang et al. 2017
Yu et al. 2017
Chen et al. 2018
Miyazaki et al.
2018
Kakar-Bhanot

et al. 2019
Vergaro et al.
2019, 2021
Harun et al. Invasion
2006

Gonzalez et al.
2011

Estella et al.
2012

Holmberg et al.
2012

Gellersen et al.
2010, 2013
Schwenke et al.
2013
Tapia-Pizarro

et al. 2013
Wang et al. 2015
Cheng et al.
2017

(continued on next page)
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Table 1 (continued)

Compartment Human Embryo Human Embryo Implantation
Proxy Process
3D model, Bentin-Ley et al. Evron et al. 2011
endometrial 2000 Wang et al. 2012
epithelial & Berger et al. Nishiguchi et al.
stromal cells 2015 2018

You et al. 2019

studies, the proportions of each cell type in the endometrium biopsy
inherently influence transcriptomics data.

More recently, single-cell analyses have endeavored to identify
transcriptional signatures and different cell states in the human endo-
metrium. Using single cell RNA-sequencing (scRNAseq), Krjutskov et al.
identified differences in gene expression relating to cell cycle, trans-
lational and metabolic processes between in vitro cultured and uncul-
tured endometrial biopsies [50]. In a landmark study, Wang et al. used
endometrial biopsies from 29 healthy women to map cell-specific and
time-dependent transcriptomic signatures across the menstrual cycle,
providing novel insights into cell transitions and interactions [33]. The
authors identified a less abundant transcriptionally-distinct ciliated
epithelial cell population in the luminal and glandular endometrial
compartments. The study also revealed crosstalk between stromal fi-
broblasts and lymphocytes in the decidualizing endometrium, suggest-
ing direct interplay between these two cell types, just before the window
of implantation. The authors suggest that the abrupt and discontinuous
transcriptional activation of the endometrial epithelia, followed by
widespread decidualization in the stromal fibroblasts may be used to
predict the window of implantation [33].

Identifying potential biomarkers of the receptive endometrium is
currently an intense area of research. Given that endometrial receptivity
is critical for the establishment of pregnancy, substantial efforts have
been directed towards developing a clinical diagnostic assay to better
synchronize the embryo and the uterus [51-59]. While compelling, such
approaches remain controversial, as the dynamic nature of the endo-
metrium, and considerable individual and menstrual inter-cycle vari-
ability present an inherent limitation [49,60-62]. Nevertheless, more
refined knowledge of the genetic and molecular transitions of the
endometrium may determine more precise indicators of endometrial
receptivity for the prediction of successful pregnancy.

Understanding the cyclic regeneration of the endometrium will also
deliver important opportunities for elucidating normal endometrial
physiology, as well as subfertility disorders characterized by dysregu-
lated endometrial repair, including endometriosis, adenomyosis and
Asherman’s syndrome. While several stem/progenitor cells have been
suggested to drive the regenerative process, their exact identity and
location remain unclear [63-65]. Using scRNAseq on endometrial bi-
opsies in the proliferative stage (between the menstrual and secretory
stage), Queckborner et al. identified multiple stromal populations sug-
gestive of specific stromal niches with the ability to regulate inflam-
mation and ECM composition. They further characterized vascular
smooth muscle cells, pericytes, endothelial and immune cells [66].

Single cell transcriptomic studies have undoubtedly provided
important insights into the genetic and functional complexities of the
human endometrium. However, accurate interpretation of scRNAseq
data remains a significant challenge. As findings are fundamentally
restricted to the material that can be assessed, biological interpretations
are ultimately hindered by low capture efficiency and poor-quality data
following tissue dissociation. As such, lowly abundant cell populations
and weakly expressed genes are often missed (reviewed in [67]).
Furthermore, difficulties in obtaining endometrial material ultimately
limit the statistical power of transcriptomic datasets, while logistical
challenges in sample acquisition may introduce further technical vari-
ability due to batch effects. Moving forward, the unique nature of the
endometrium may require additional efforts to standardize dissociation
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methods, harmonize cell ontology nomenclature and optimize compu-
tational algorithms to ensure greater reproducibility.

Novel technologies allowing localization of gene expression of many
genes in a small tissue area (spatial transcriptomics) have also been
applied to endometrial biopsies to investigate the molecular mecha-
nisms driving epithelial differentiation in the luminal and glandular
microenvironments [68]. Notably, this led to the discovery of a novel
population of fibroblasts (fibroblasts C7) restricted to the endometrium
basal layer, as well as a pre-ciliated population that appears in response
to estrogen and is dependent on WNT signalling. By mapping cell
transcriptional signatures into tissues, the authors were also able to
allocate epithelial cells into the main endometrial layers: functional and
basal [68]. While future innovation will rely on novel computational
tools and mathematical modeling, as the resolution and sensitivity of
spatial transcriptomic technologies improves, the systematic analysis of
larger tissue areas will certainly drive progress in our understanding of
endometrial physiology (reviewed in [69]). Interestingly, recent 3D
imaging studies have revealed complex gland branching networks
spanning the basal and functional layer of the endometrium [70,71].
This approach further enabled lineage tracing of glandular cell types
[70]. 3D imaging technologies undoubtedly offer valuable opportunities
for understanding the anatomical and histological features of the human
uterus. However, large uterine tissue samples (including the endome-
trium and myometrium) are required to capture the morphological
complexities of the uterus. As this material can only be obtained from
hysterectomies, sampling bias remains inevitable, as histological sam-
ples from young women are incredibly scarce [71].

4. Omics technologies to study the embryo-maternal interface
during implantation

The analysis of the composition of uterine secretions may be key in
resolving embryo-maternal interactions. Proteomic analyses of uterine
fluid aimed at identifying signatures of endometrial receptivity [72-76],
have provided valuable insights into the composition of secretions
promoting implantation and placental development (reviewed in ([771]).
Accordingly, essential ions, lipids, glycoproteins (glycodelin-A, osteo-
pontin, uteroglobin), glycogen and growth factors (leukaemia inhibitory
factor, epidermal growth factor and vascular endothelial growth factor)
may have multiple potential effects at the maternal-placental interface
(reviewed in [19]).

Interestingly, new forms of embryo-maternal communication via the
exchange of extracellular vesicles (EVs) have been identified in the
uterine fluid [78-81]. EVs regulate the microenvironment by selectively
packaging molecules and transferring them between cells. A recent
study performed quantitative mass spectrometry-based proteomic
profiling of EVs obtained from uterine fluid and showed that antioxidant
activity was enriched in uterine EVs from fertile women [82]. Indeed,
exogenous supplementation of culture medium with antioxidants (ace-
tyl-L-carnitine, N-acetyl-L-cysteine and alpha-lipoic acid) has been
shown to significantly improve the development of mouse preimplan-
tation embryos in vitro [83]. While currently being trialed for the in vitro
culture of human embryos (NCT02999958), these findings may also
have important implications for improving current in vitro models of
implantation. Interestingly, EVs may also mediate communication
within the blastocyst itself. Embryonic stem cells derived from the
blastocyst ICM have been shown to shed EVs, which can interact directly
with the TE, activating pathways that promote trophoblast migration
and support implantation [84]. Moreover, Evans et al. revealed that
uptake of endometrial EVs enhance adhesion and invasion of human
TE-spheroids [80]. While the low number of EVs in individual uterine
fluid samples remains a major limitation for robust proteomic profiling,
further studies may lead to interesting discoveries in understanding
protein expression regulating human embryo-endometrial interactions.
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5. Modelling the human endometrium in 2D and 3D

Traditionally, in vitro studies of the human endometrium have
largely involved two-dimensional (2D) cell culture approaches. These
have included primary endometrial epithelial and stromal cells, as well
as immortalized cell lines derived from endometrial adenocarcinoma,
such as Ishikawa [85], HEC-1-A [86] and RL95-2 [87]. Compared to
immortalized cells, primary cell lines are thought to be physiologically
more similar to endometrial cells in vivo and have been used for studying
molecules associated with endometrial receptivity and recurrent
miscarriage [20]. Nevertheless, in vitro models employing primary cell
lines have largely focused on the stromal compartment, as stromal cells
can be maintained in culture long-term. Conversely, endometrial
epithelial cells are generally limited in their yield and do not grow well
in culture. Moreover, the use of primary endometrial cells can introduce
experimental variability, due to patient heterogeneity and culture ar-
tefacts [50]. The Ishikawa immortalized epithelial cell line has been
useful for modelling the endometrial epithelium. It responds to estrogen
and progesterone [88,89] and expresses known endometrial markers
([90,91], reviewed in [72]). As such, it has been used to study endocrine
signalling in the endometrium, in addition to trophoblast adhesion and
attachment in vitro (Table 1). RL95-2 and HEC-1A model high and low
endometrial receptivity, respectively. These lines have been used for
characterizing cell-surface proteins relevant for embryo adhesion [92]
(Table 1). Immortalized human endometrial stromal cell lines have also
been used to model the endometrium, to study genetic and chemical
modulators of the human decidual response [93], as well as processes
involved in trophoblast invasion [94] (Table 1). Established cell lines
certainly offer flexibility and high throughput, delivering convenient
and practical systems for straightforward hypothesis driven research
(reviewed in [95]). However, 2D models are limited in capturing the full
complexity of the in vivo endometrial microenvironment, restricting
appropriate cell-cell interactions, whilst also lacking cellular heteroge-
neity. To this end, the establishment of tissue-derived three-dimensional
(3D) culture systems, including endometrial organoids and
organ-on-chip technologies, constitutes a promising way forward.

Early efforts to generate a 3D model of the human endometrium
involved embedding endometrial tissues and glands in Matrigel to form
spheroid structures [96,97]. The spheroids displayed similar properties
to endometrial glands, and contained polarized columnar epithelium
surrounding a lumen. Adopting a similar approach, two groups recently
generated  endometrial  epithelial cell  organoids  using
chemically-defined medium [98,99]. Glandular epithelial fragments
were cultured in Matrigel droplets, in medium containing growth factors
and activators of the WNT and MAPK signalling pathways to promote
proliferation, while inhibitors of TGFp and BMP signaling were used to
prevent differentiation. Endometrial organoids were composed of a
central lumen surrounded by a single layer of polarized epithelial cells.
They could be cultured long-term and responded to hormonal stimula-
tion, recapitulating changes of the luminal epithelium across the men-
strual cycle [68]. Notably, endometrial organoids have also recently
been derived from gland fragments recovered from menstrual fluid
[100], post-menopausal women, as well as a broad spectrum of diseased
endometrial tissues, including endometriosis, endometrial carcinomas,
endometrial hyperplasia and Lynch syndrome [98]. While organoids do
provide a more standardized approach to modeling endometrial physi-
ology and disease, they lack the complete complement of endometrial
cell types. Current endometrial organoids do not contain stromal or
immune cells, and thus cannot be used for studying cellular interactions
underlying proliferation, differentiation, and decidualization. Interest-
ingly, hydrogels generated from decellularized pig endometrium have
been suggested to provide a more favourable system for culturing
endometrial organoids, as they allow interactions between the endo-
metrial epithelial cells and soluble ECM molecules [101].
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6. Bioengineering approaches to mimic the human
endometrium

Generating a more complex multicellular model of the endometrium,
Bentin-Ley et al. combined endometrial epithelial and stromal cells by
embedding stromal cells in a collagen matrix, separated from the
epithelial cells by Matrigel [102] (Table 1). Notably, this model was
applied for testing a wide variety of contraceptives on implantation
[103,104], highlighting the translational potential of such in vitro
endometrial systems. Nevertheless, the 3D model could not be main-
tained in culture long-term. To this end, Wiwatpanit et al. recently
constructed human endometrial organoids using primary endometrial
epithelial and stromal cells from endometrial biopsies. This model was
used to investigate the effects of polycystic ovary syndrome on androgen
levels [105]. One unique feature of this endometrial organoid system is
that no exogenous basement membrane matrix was used. The
epithelial-stromal cell suspension was seeded into agarose and the
organoids organized into distinct layers by responding to cues from each
cell type. This promoted polarization of the epithelial cells with the
basolateral side in contact with the stromal cells [105]. Abbas et al.
adopted an alternative approach, by developing 3D porous collagen
scaffolds tailored for seeding stromal cells and endometrial epithelial
organoid fragments. The authors confirmed apical polarization of the
epithelial cells to the outside surface, with their basal surface attached to
the scaffold [106].

Interestingly, Cheung et al., generated endometrial epithelial-
stromal cell organoids by combining human pluripotent stem cell-
derived endometrial stromal fibroblasts with endometrial epithelial
cells derived from the placenta [107]. The co-cultures displayed specific
endometrial markers, appropriate organization and cell polarity, as well
as hormone responsiveness of both cell types. Such models may be
particularly valuable for studying stromal-epithelial interactions, and
for mechanistic studies of cyclic endometrial responses. In a further
report, Rawlings et al., modified the gland-like organoid model by
combining purified endometrial stromal cells with organoid glandular
cells in a hydrogel matrix [108]. When treated with hormones, the
so-called “assembloids” mimicked gene expression patterns of endo-
metrial cells during implantation. Interestingly, this model was further
used to establish co-cultures with human blastocysts to model different
pathological states associated with implantation failure and early
pregnancy loss.

While these studies constitute an important step towards bioengi-
neering the human endometrium, they also highlight the limitations of
organoids for capturing the complex nature of distinct endometrial en-
vironments during human implantation. In particular, the absence of
key cellular constituents, including innate immune cells and vascular
endothelial cells, as well as the lack of surface epithelium, limit the use
of these platforms for studying implantation. Pregnancy-related com-
plications and endometrial pathologies are closely related to immune
cell and vasculature dysfunctions (reviewed in [109,110]). Incorpo-
rating these cell types will thus be critical for capturing the endometrial
histoarchitecture more closely, in both healthy and diseased states.
Future efforts to fine tune the development and vascularization of
multilineage human endometrial organoids, may benefit from ongoing
optimization of organoids derived from other organs, such as kidney and
liver [111,112]. These approaches may provide valuable clues for
improving endometrial co-culture efficiency and long-term expansion.

Bioengineering approaches promise to capture the full structural and
functional properties of the in vivo endometrium. A bioengineered
endometrium may provide important opportunities for investigating
implantation, placentation and embryo-maternal interactions during
early human development. Such a model should capture mechanical
cues of the ECM and integrate epithelial, stromal and immune cells in
order to recapitulate tissue interfaces and appropriate signalling gradi-
ents. One of the most explored bioengineering strategies has been the
generation of ECM scaffolds. The ECM preserves the tissue architecture
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and maintains signaling responsible for proliferation, differentiation,
and cell migration [113]. ECM scaffolds can be obtained through the
process of decellularization or using (synthetic or natural) hydrogels, a
more flexible culture matrix. Nevertheless, both approaches require
extensive optimization and more importantly uterine decellularized
material has largely been obtained from animal models [114-118].
Olalekan et al. generated a 3D in vitro model of the endometrium from
decellularized human endometrial tissue repopulated with primary
endometrial cells. After 28 days of hormonal treatment, the cells within
the recellularized scaffolds expressed both estrogen and progesterone
receptors, providing a promising experimental strategy for studying
endometrial biology and clinical drug testing [119].

A further approach involves the use of biomaterials, such as collagen-
based or collagen-containing compounds. Several studies have provided
encouraging results for uterine regeneration using this approach
[120-125]. In some cases, mesenchymal stem cells have been used to
repopulation the scaffold [121,125]. Notably, two clinical studies
explored the regeneration of endometrium in patients with Asherman’s
syndrome and recurrent intrauterine adhesions. Zhao et al. successfully
treated five patients with Asherman’s syndrome by transplanting a
collagen scaffold seeded with autologous bone marrow and mono-
nuclear cells [126]. Similarly, Cao et al. used umbilical cord-derived
mesenchymal stromal cells loaded onto a collagen scaffold to treat 26
patients with recurrent intrauterine adhesions, leading to 8 live births
[127].

Future research will certainly aid in determining the most optimal
biomaterials and cells for bioengineering uterine tissues. The in vivo
characteristics of both biomaterials and decellularized scaffolds will be
critical for future clinical applications (reviewed in [128]). At present,
the low efficiency of recellularization of the scaffolds remains a signif-
icant challenge. Future applications of 3D bioprinting techniques for
uterine bioengineering may provide a promising strategy for capturing
the spatial architecture of uterine tissues more precisely. Nevertheless,
progress will ultimately rely on a greater understanding of uterine
tissues.

To this end, organ-on-chip strategies and microfluidics provide a
promising way forward. Notably, Gnecco et al. developed a human
“endometrium-on-chip” model to study interactions between human
perivascular stroma and endothelial cells [129]. The authors were able
to capture several physiological changes associated with the in vivo
reproductive cycle within their microengineered compartmentalized
chip. Notably, microfluidics allowed the recreation of shear stress able to
induce endothelial cell polarization. Xiao et al. used an integrated
organ-on-chip platform (termed EVATAR) to model the in vivo female
reproductive tract [130]. Using different microengineered units with
sustained circulating flow, the authors simulated an endocrine loop
between the ovary, fallopian tube, uterus, cervix and liver. While both
mouse and human tissues were used, replicating these hormonal events
in vitro, highlights the potential of organ-on-chip technologies for
studying organ-organ integrations and endocrine signalling pathways.
More recently, Ahn et al. micro-engineered a 3D vascularized
endometrium-on-chip. The device captured the endometrial environ-
ment including the three distinct layers of epithelium, stroma and blood
vessels. Moreover, the authors demonstrated appropriate responsiveness
to pro-angiogenic factors and hormonal stimulation [131]. Further
research will be required to measure the efficiency of such models to
recapitulate the in vivo environment, as well as their variability
depending on tissue and patient characteristics. The complexity of the
endometrium remains a major limitation for developing an integrated
model. It is still not possible to mimic the multifaceted interactions
between various cell types that occur in vivo. Nevertheless,
organ-on-chip microfluidic approaches hold great promise for person-
alized treatment of infertility, including disease modeling, toxicological
studies and drug discovery.
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7. Modelling the embryo-maternal interface during
implantation

In an effort to overcome the inaccessibility of the human implanta-
tion environment in vivo, several approaches have been developed to
model human embryo-endometrial interactions in vitro (Table 1). These
combine human embryos and endometrial cells or their proxies, to
recapitulate apposition, attachment and invasion. While no single sys-
tem captures the entire process of implantation, these platforms have
been valuable for studying the endometrial environment (as aforemen-
tioned) and identifying molecular cues that govern different stages of
implantation. Models combining human embryos and primary endo-
metrial epithelial cells [30,132-141] or Ishikawa cells [29,142,143]
have been used to study embryo-endometrial interactions. Such models
have provided evidence for the embryonic regulation of endometrial
epithelial cell surface molecules and signalling pathways required for
successful apposition and attachment. Interestingly, co-culture of
endometrial cells with human embryos has also been applied in a clin-
ical context. Le Saint et al. recently demonstrated that the culture of
preimplantation embryos with autologous endometrial cells improved
the number of good-quality blastocysts, compared to embryos cultured
in conventional culture medium [141]. Similarly, Ruane and colleagues
co-cultured human blastocysts with Ishikawa cells to evaluate the effects
of EmbryoGlue, a hyaluronate-containing transfer medium, widely
offered to patients undergoing IVF treatment [143].

TE-spheroids have extensively been used as an embryo proxy,
employed to study the first steps of trophoblast adhesion and attachment
[92,144-152]. TE-spheroids and immortalized cell lines (such as JEG-3)
are amenable to gene manipulation techniques, providing a valuable
platform for mechanistic studies, overexpression assays and fluores-
cence microscopy [153,154]. Using TE-spheroids, Vergaro et al. recently
showed that TE attachment induced a wave of transcriptional changes in
the endometrial epithelium [155].

To recapitulate embryo invasion events, in vitro models using stromal
cells and human embryos and respective proxies have been used
(Table 1). For example, transwell culture wells have been used to model
paracrine signalling between the endometrial stromal cells and the
trophoblast, while co-cultured separately, but remaining in the same
medium [156-158] (Table 1). Transwell culture has provided direct
evidence of early embryo-maternal interactions, allowing the identifi-
cation of several molecules involved in this process.

Multilayered co-culture models including both primary endometrial
epithelial and stromal cells or proxies have also been used to study
trophoblast invasion. Wang et al. used a fibrin-based scaffold to layer
epithelial endometrial cells on top of stromal cells, embedded into a
hydrogel. The endometrial epithelial cells polarized on top of the stro-
mal layer, resulting in the spontaneous formation of epithelial glands.
Time-dependent experiments demonstrated a high rate of attachment of
TE-spheroids to the epithelium [159] (Table 1). A similar system was
employed by You et al. to determine the impact of endometrial factors
on trophoblast cell function. Endometrial stromal cells, covered in a
layer of Matrigel, promoted the migration and invasion of TE-spheroids
[160]. Such models will serve as useful tools for studying the molecular
mechanism of embryo-maternal interactions. Nevertheless, their repro-
ducibility and flexibility to integrate additional components, such as
immune cells, will be an essential factor for further applications.

Models incorporating an endometrial perivascular niche for studying
blastocyst adhesion and invasion are still profoundly lacking. To
examine trophoblast interactions with maternal vasculature, Cartwright
et al. developed a 3D in vitro model using spiral artery explants, extra-
villous trophoblast cell lines and primary cytotrophoblasts [161]. The
platform demonstrated that trophoblasts are capable of interacting with
maternal blood vessels, as cells attached to the vessel surface and
invaded into the vessel wall. While a variety of in vitro models using
explant cultures have been developed to study cellular interactions at
the embryo-maternal interface [162-164], tissue degradation generally
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limits the utility of these platforms, rendering them unsuitable for
long-term studies. Moreover, evaluation of individual cell components
remains a challenge.

In an effort to define interactions between the endometrial peri-
vascular niche, endometrial stromal cells and trophoblasts, several
groups have generated “placenta-on-a-chip” models of chorionic villus
to study cell-cell interaction at the fetal-maternal interface [165-172].
Nishiguchi et al. recapitulated the complexity of the placental barrier by
culturing TE cells with an underlying network of fibroblast stroma and
endothelial cells. While previous studies generally used immortalized
cell lines, Nishiguchi et al. incorporated primary cytotrophoblasts in
their model. Overall, placenta-on-chip technology promises to overcome
the drawbacks of conventional in vitro platforms, with the potential to
deliver more physiologically relevant insights. Nevertheless, capturing
the full dynamics of the placental barrier remains a challenge. Moving
forward, compatibility with high-throughput analysis platforms will be
important for ensuring greater characterization and standardization of
bioengineered models.

8. Conclusion

Emerging technologies have unlocked important opportunities for
addressing essential research questions surrounding the early embryo-
maternal interface (Fig. 1C). Technologies at the crossroads of bioen-
gineering, developmental and stem cell biology provide greater control
of culture conditions, delivering platforms for studying specific stages of
human implantation. Boosted by cutting-edge omics technologies, the
field is certainly gaining momentum. These robust high-throughput
approaches have revealed important insights into early developmental
programs, as well as the endometrial milieu. Omics studies have played
a critical role in identifying new cell types, specific marker genes and
exploring novel molecular mechanisms regulating the embryo-maternal
crosstalk. Moreover, 3D high-resolution imaging techniques have
enhanced morphological studies, providing valuable insights into the
spatial architecture of endometrial cell types. Such insights have laid
important groundwork for further fine-tuning of the in vitro culture
environment. Accordingly, novel in vitro platforms using human cells
and embryos are becoming increasingly more complex, enhancing our
ability to capture specific stages of implantation. While certainly a
challenging field of study, future efforts shaped to include an interdis-
ciplinary approach will certainly drive significant change in under-
standing  implantation and the early  embryo-maternal
microenvironment. We are likely to encounter great advances in this
field of research, ultimately supporting the quest towards personalized
medicine approaches for the treatment of infertility.
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