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Human implantation is a unique, ineffective, and difficult-to-model process, with a variety of in vivo, ex vivo, and in vitro models attempting to
simulate certain phases of human implantation and related events; the advanced 3D implantation surrogates/assembloids are promising avenues
for the future research of implantation.

ABSTRACT

BACKGROUND: Successful implantation is a critical step for embryo survival. The major losses in natural and assisted human repro-
duction appeared to occur during the peri-implantation period. Because of ethical constraints, the fascinating maternal-fetal cross-
talk during human implantation is difficult to study and thus, the possibility for clinical intervention is still limited.
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This review highlights some features of human implantation as a unique, ineffective and difficult-to-
model process and summarizes the pros and cons of the most used in vivo, ex vivo and in vitro models. We point out the variety of cell
line-derived models and how these data are corroborated by well-defined primary cells of the same nature. Important aspects related
to the handling, standardization, validation, and modus operandi of the advanced 3D in vitro models are widely discussed. Special at-
tention is paid to blastocyst-like models recapitulating the hybrid phenotype and HLA profile of extravillous trophoblasts, which are
a unique yet poorly understood population with a major role in the successful implantation and immune mother-embryo recogni-
tion. Despite raising new ethical dilemmas, extended embryo cultures and synthetic embryo models are also in the scope of
our review.

We searched the electronic database PubMed from inception until March 2024 by using a multi-stage search
strategy of MeSH terms and keywords. In addition, we conducted a forward and backward reference search of authors mentioned in
selected articles.

Primates and rodents are valuable in vivo models for human implantation research. However, the deep interstitial,
glandular, and endovascular invasion accompanied by a range of human-specific factors responsible for the survival of the fetus
determines the uniqueness of the human implantation and limits the cross-species extrapolation of the data. The ex vivo models are
short-term cultures, not relevant to the period of implantation, and difficult to standardize. Moreover, the access to tissues from
elective terminations of pregnancy raises ethical and legal concerns. Easy-to-culture cancer cell lines have many limitations such as
being prone to spontaneous transformation and lacking decent tissue characteristics. The replacement of the original human
explants, primary cells or cancer cell lines with cultures of immortalized cell lines with preserved stem cell characteristics appears
to be superior for in vitro modeling of human implantation and early placentation. Remarkable advances in our understanding of the
peri-implantation stages have also been made by advanced three dimensional (3D) models i.e. spheroids, organoids, and assem-
bloids, as placental and endometrial surrogates. Much work remains to be done for the optimization and standardization of these in-
tegrated and complex models. The inclusion of immune components in these models would be an asset to delineate mechanisms of
immune tolerance. Stem cell-based embryo-like models and surplus IVF embryos for research bring intriguing possibilities and are
thought to be the trend for the next decade for in vitro modeling of human implantation and early embryogenesis. Along with this re-
search, new ethical dilemmas such as the moral status of the human embryo and the potential exploitation of women consenting to
donate their spare embryos have emerged. The careful appraisal and development of national legal and ethical frameworks are cru-
cial for better regulation of studies using human embryos and embryoids to reach the potential benefits for human reproduction.

We believe that our data provide a systematization of the available information on the modeling of human
implantation and early placentation and will facilitate further research in this field. A strict classification of the advanced 3D models
with their pros, cons, applicability, and availability would help improve the research quality to provide reliable outputs.

Keywords: human implantation / animal models / ex vivo models / 2D and advanced 3D models / stem cell-based embryo-
like models

superiority of the ex vivo and in vitro models over the animal
models. We discuss the models derived from primary gestational
tissues and cells, cancer and immortalized cell lines, and stem
cells. Their corresponding advanced three-dimensional (3D) cul-
tures (spheroids, organoids, and assembloids) are thought to be
more valuable for in vitro modeling of human implantation and
early placentation since these recapitulate closely the in vivo en-
vironment. Emphasis is put on the extent to which these models
succeed in representing maternal-fetal contact during human
implantation and their study applications. Some aspects related
to the generation, handling, standardization, validation, and mo-
dus operandi are also considered. As perspectives, the urgent
need for systematization of the available 3D culture systems as
well as consistency of the terminology and methodology is
pointed out. The similarity of blastoid and gastruloid models to
human blastocysts/gastrula provides promising avenues for im-
plantation research, developmental biology, regenerative medi-
cine, and drug discovery. However, these synthetic embryo
models raise ethical and legal questions that affect future re-
search and widespread adoption in industry and clinical settings,
and need to be thoroughly discussed.

Successful interstitial implantation is a critical step for human
embryo survival. There are still many gaps in our knowledge of
the cell and molecular processes during implantation in humans.
As a unique feature of the species, the implantation of the hu-
man embryo is characterized by deep interstitial, glandular, and
endovascular invasion of the embryonic trophoblasts into specif-
ically prepared endometrium (decidua) providing early histotro-
phic nutrition (Bischof and Irminger-Finger, 2005; Moser et al.,
2010). The subsequent formation of the villous placenta ensures
sufficient hematotrophic nutrition of the human fetus until term
gestation. Trophoblasts (the fetal part of the placenta) comprise
the utmost border of the barrier between the fetal and the mater-
nal blood (the villous trophoblast) and the fetus and maternal tis-
sue (extravillous trophoblast, EVT). The unique transformation
of the decidual stromal cells together with the recruited immune
cells at the place of materno-fetal contact is of great importance
for the recognition of the developing embryo and the establish-
ment of immune tolerance towards its paternal alloantigens
(Harris et al., 2019; Muter et al., 2021). During implantation and
early placentation, the initially local maternal-fetal crosstalk is

further extended to the entire body and the whole immune sys-
tem of the mother comes into contact with fetal immunogens.
The most pregnancy losses appear to occur at the peri-
implantation stage or during the first week of implantation, the
period which is not accessible for in vivo and ex vivo research in
humans (Macklon et al., 2002). Consequently, the possibility of
clinical intervention is still limited. This review highlights human
implantation as a unique, ineffective, and difficult-to-study pro-
cess and summarizes the most used in vivo, ex vivo, and in vitro
models. The uniqueness of the process determines the

Human implantation and placentation in brief: a

unique, ineffective, and difficult-to-study process
During the first 7 days after fertilization, the embryo develops
from a zygote to an early blastocyst comprised of the inner cell
mass (ICM) (embryoblast) and trophectoderm (TE) and then to a
late blastocyst consisting of epiblast (precursor to the embryo
proper), the hypoblast (precursor to the yolk sac) and TE (precur-
sor of all trophoblasts) (ref. in Gerri et al., 2020). During the sec-
ond week of development, the TE of the blastocyst implants into
the decidua basalis (transformed endometrium), turning into
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trophoblast, and undergoes subsequent complex morphogenesis
and placentation (Enders, 2000). Human implantation is a highly
complicated and unique phenomenon consisting of three steps:
an apposition phase when an unstable contact of the blastocyst
to the uterine epithelium occurs, followed by firm adhesion of
the embryonic trophoblast to the endometrial epithelium, and an
invasion phase when the blastocyst penetrates the uterine epi-
thelium and embeds entirely within the decidua (Norwitz et al.,
2001). This is the beginning of the formation of the human villous
discoidal placenta. The invasive human implantation is preceded
and accompanied by significant tissue remodeling and a massive
endometrial reaction called decidualization. The latter prepares
the tissue to accommodate the embryo and involves the develop-
ment of new blood vessels, remodeling of the uterine glands, a
transformation of normal fibroblasts into secreting decidual stro-
mal cells (DSC), and recruitment of maternal immune cells
(Wagner et al., 2014). In humans, decidualization starts during
the latter half of each menstrual cycle and is therefore indepen-
dent of the conceptus (Emera et al., 2012). However, the deciduali-
zation peaks when the embryo is embedding into the
endometrium (Zhang et al., 2013). Successful implantation sup-
ports the decidual reaction; otherwise, the decidua is shed as
controlled menstrual bleeding (Cha et al., 2012; Fritz et al., 2014).
The endometrium becomes receptive to the embryo for a short
period of 2-4 days during the mid-secretory phase of each men-
strual cycle (Days 19-23), commonly known as the window of im-
plantation (WOI) (Bergh and Navot, 1992). For a long time, it was
assumed that the WOI is constant in time in all women but newly
published data has shown that it is personalized (Ruiz-Alonso
et al., 2013). The TE is the outer cell layer of the blastocyst-stage
embryo, attaching to the receptive endometrial luminal epithe-
lium to initiate implantation. The initial contact occurs via the
polar TE, cells located adjacent to the ICM (Lindenberg et al.,
1989; Aplin and Ruane, 2017). The TE-derived trophoblast is the
only fetal tissue coming into direct contact with maternal tissue
and blood during implantation, becoming the fetal part of the
placenta. Trophoblast consists of three types: cytotrophoblasts
(CT), syncytiotrophoblasts (ST), and EVTs. The CT are proliferat-
ing mononuclear cells, that function as stem cells-like progeni-
tors of ST and EVT. Recently, a multi-model approach showed
that the invasive multinucleate ST formation from TE is pro-
moted by attachment to the endometrial epithelium (Ruane
et al., 2022). Primary ST disrupts the basal lamina of the endome-
trial epithelium and invades the decidua, providing strong at-
tachment to the uterus. It is important to note that the primary
ST is highly invasive as compared with the secondary ST covering
the definitive placental villi (Ruane et al.,, 2022; Siriwardena and
Boroviak, 2022). By Day 12, the primary placental villi are formed
from CT covered with ST that invade the underlying decidual tis-
sue providing histotrophic nourishment of the embryo under low
oxygen conditions (Kojima et al., 2022). These villi will eventually
branch and acquire cores of mesenchyme with blood vessels and
connective tissue to form the definitive placental villi (Kojima
et al., 2022). As a result, the vascularization of the villi associated
with an initiation of the embryonic circulation will provide the ef-
fective basis for the establishment of a functional hemochorial
placenta (Hamilton and Boyd, 1960; Turco and Moffett, 2019).
Humans have a hemochorial type of placenta, in which the tro-
phoblast comes into direct contact with maternal blood to estab-
lish the most intimate relationship between the developing
embryo and the source of nutrition from the mother (Loke and
King, 1995; Benirschke and Kaufmann, 2000). In the villi that an-
chor the conceptus to the decidua (anchoring villi), CT forms a

continuous thick layer of trophoblast shell composed of highly
proliferative CT. The formation of the shell depends on the stim-
ulation of cytotrophoblast progenitors by histotrophs (Burton
and Jauniaux, 2017). Between 11-12 and 90days post-
fertilization, the anchoring villi are numerous and closely ap-
proximated together (Hamilton and Boyd, 1960). Cells towards
the outer surface of the shell undergo a partial epithelial-
mesenchymal transition (EMT) to form EVT. The trophoblast
shell is the source of highly invasive mononuclear EVT (Burton
and Jauniaux, 2017) invading deeply into decidua basalis (mater-
nal part of the future placenta) to reconstruct the uterine spiral
arterioles into highly conductive sinusoids and adapting the
blood supply to the site of implantation. At the end of pregnancy
EVT in the placental bed are stationary giant cells (Moffett and
Loke, 2006; Kojima et al.,, 2022). The floating placental villi are
bathed in maternal blood in intervillous spaces, where the ST
participates in the mother-fetus exchange of oxygen and
nutrients. ST secretes a variety of pregnancy-specific hormones
such as human placental lactogen (hPL), trophoblastic protein
pregnancy-specific g-glycoprotein (SP-1), and human chorionic
gonadotrophin (hCG) (Tal and Taylor, 2000). The initial adhesion
of the blastocyst to the uterine epithelium has never been ob-
served in vivo. Most information on human implantation and the
first weeks of placental development has been derived from a se-
ries of specimens collected in the 1950s, which have been de-
scribed extensively (Hertig et al., 1956). Some data on early
human embryo development, implantation, and early pre-villous
placenta (Carnegie stages 1-5) came from histological studies
with archived material, and from studies with non-human pri-
mates (Boyd, 1950; Leiser and Kaufmann, 1994; Enders and
Blankenship, 1999; Enders and Lopata, 1999). The available histo-
logical studies provided snapshots of events that occurred during
the implantation without insights into the dynamics of the pro-
cesses and possible alterations (West et al., 2019). Newer atlases,
based on examination of the archived specimens, examined with
modern techniques continue the enrichment of our knowledge of
human implantation and early embryo development (Yamada
et al., 2010). In Fig. 1, we show the maternal-fetal interface (MFI)
in the first trimester of pregnancy (6-12 gestational weeks, gw)
when both implantation and placentation are completed.
Although not relevant to the implantation, the 10-12 gw period
coincides with the second invasive wave of EVT and the main tro-
phoblast subpopulations (ST, CT, EVT) could be visualized in situ.
The decidualization of the endometrium is demonstrated by nu-
merous decidual glands, blood vessels, immune cell recruitment,
and fibroblasts transformed into DSC (Fig. 1A). Both parts of the
placenta, decidua and trophoblast, are still separated (Fig. 1B). In
such later specimens, the trophoblast shell becomes discontinu-
ous, persisting only where cytotrophoblast columns are attached
to the decidua basalis via anchoring villi (Fig. 1C). The distal end
of the anchoring villa (in contact with the decidua) contains a CT
column with highly proliferative CT giving rise to the EVT
population. Floating placental villi are composed of ST, CT, and
mesenchyme with numerous blood vessels (Fig. 1D). The EVT
migrate as a group into early pregnancy decidua (Fig. 1E) but
are the stationary giant cells in the placental bed in term
pregnancy (Fig. 1F).

Human implantation and the following growth and develop-
ment of the semi-allogeneic fetus in the uterus, without rejection
by the mature maternal immune system, is considered an
immune paradox (Medawar, 1953). Accumulating data on the im-
mune interaction between the mother’'s immune system and
trophoblasts showed that human implantation is probably not
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Figure 1. Maternal-fetal interface during early and term human pregnancy. Paraffin sections stained with hematoxylin and eosin were obtained
according to the published protocol (Terzieva et al., 2019). (A) decidualization of the endometrium, note numerous decidual glands and blood vessels.
(B) Both parts of the placenta—decidua and trophoblast. (C) Anchoring placental villus with a column of cytotrophoblasts. (D) Floating placental villus
with sincytio- (blue arrow) and cytotrophoblasts (yellow arrow). (E) Clusters of EVTs (blue arrows) remodeling blood vessel and decidual stromal cells
(yellow arrows) around. (F) Term placental villi bordering basal plate (maternal surface) with numerous EVTs (blue arrow). G, gland; BV, blood vessel,
D, decidua; Tr, trophoblasts; AV, anchoring villus; TrC, cytotrophoblast column; FV, floating villus; Syn(ST), syncytiotrophoblasts; CT, cytotrophoblasts;

EVT, extravillous trophoblasts; PL, placenta; BP, basal plate.

an immune paradox but rather ‘a fascinating example of a very
special challenge for the maternal immune system’ (Juch et al.,
2012). During implantation and placentation, the mother-embryo
contact is always mediated by the trophoblast and is dual: (i) be-
tween maternal blood and ST of the floating placental villi and
(ii) between maternal immune cells and EVT into decidua. The
EVT invades deeply into decidua to the inner one-third of the
myometrium to (i) establish immune tolerance via interaction
with decidua-based immune cells, (ii) remodel the uterine glands
to provide the early embryo with histotrophic nutrition, and (iii)
remodel the uterine spiral arteries for definitive hemochorial pla-
centa establishment. Probably different EVT populations are in-
volved in these processes and their function is crucial for the
success (or failure) of implantation. The invasion of the tropho-
blasts is a tightly regulated process by the maternal cells: the im-
mune cells and DSC (Xu et al, 2021). Shallow trophoblast
invasion and vascular remodeling result in poor placental blood
flow, causing common disorders of pregnancy, such as recurrent
miscarriage, preeclampsia, and fetal growth retardation (Roberts
and Escudero, 2012). Conversely, excessive invasion can lead to a
life-threatening complication (placenta percreta), where tropho-
blast cells can rupture the uterus (Jauniaux and Jurkovic, 2012).
Thus, the understanding of trophoblast differentiation and func-
tion is crucial to improving the management of implantation dis-
orders. The successful implantation is generally associated with
the downregulation of the adaptive immune system (conven-
tional T-cell responses), T-regulatory cell enrichment (Aluvihare
et al., 2004; Dimova et al., 2011), and specific adaptation of the in-
nate immune cell populations at the MFI (Robertson and
Moldenhauer, 2014; Alexandrova et al., 2022b; Manchorova et al.,
2022). Hence, local maternal immunity provides an immunosup-
pression of specific responses towards the fetus without mas-
sively compromising the ability to fight infection and tumor

transformation. The villous trophoblasts bathed in maternal
blood do not express HLA class I molecules (Blaschitz et al., 2001)
but EVT contacting with maternal immune cells in the decidua
express a unique pattern of HLA molecules non-classical (invari-
ant) HLA class I molecules such as HLA-G, HLA-E and HLA-F
(Apps et al., 2009; Yang et al., 2022) and the only classical poly-
morphic HLA-C molecule (Proll et al., 1999). EVT invading decid-
ual tissue interacts with maternal uterine natural killer (uNK)
cells, macrophages, and T cells (Moffett and Loke, 2006; Hanna
et al., 2006). Killer immunoglobulin-like receptors (KIRs) on the
maternal cytotoxic T and NK cells specifically recognize parental
HLA-C allotypes (Hiby et al., 2010). It seems that some maternal/
fetal KIR/HLA-C combinations might be favorable to implanta-
tion/placentation, while others could initiate allo-responses or
insufficient placental growth (Hiby et al., 2010).

Human reproduction (native and assisted) is an ineffective
process and probably this is part of the price for the intimate co-
existence of two different genomes. Only around one-third of
natural human conceptions progress to a live birth, with the
others resulting in failed pregnancy (Chard, 1991; Clark, 2003;
Koot et al., 2012). Approximately half of all conception losses in
healthy couples are pre-clinical (i.e. lost before registration of
pregnancy) (Chard, 1991; Zinaman et al., 1996; Macklon et al.,
2002; Clark, 2003). Of these failures, around 30% are before im-
plantation, predominantly due to ‘abnormal’ embryos (e.g. chro-
mosome abnormalities). Another 30% are lost following
implantation, between the third and fourth week of gestation
(Zinaman et al., 1996; Macklon et al., 2002). Early clinical preg-
nancy loss shows significant variation with age and accounts for
10% of all conceptions (Wang et al., 2003; Ojosnegros et al., 2021).
Nowadays women tend to decide to conceive later in life and de-
lay motherhood. However, with aging, the chance of natural con-
ception and maintenance of pregnancy decreases, and an

G20z Alenuepr gz uo Jasn seues) seull\ 8 [eiepa apepisiaAlun Aq §89€z6//cc0aewp/pdnwiny/c60L 0L /1op/eo1ie-aoueape/pdnwny/woo dno-olwspese//:sdny woi) papeojumoq



assisted reproductive technology treatment might be needed.
IVE-ET (in vitro fertilization-embryo transfer) allows the compart-
mentalization of the treatment process so that it becomes possi-
ble to know when an embryo was transferred and if implantation
has occurred. Implantation failure or recurrent implantation fail-
ure (RIF) is one of the main reasons for the low success rate in
IVE-ET (Cha et al., 2012) as only 34.6% of the transferred embryos
successfully implant (European IVF Monitoring Consortium,
ESHRE et al., 2023). Even though the embryologists are equipped
with instrumentation to evaluate and choose top-quality em-
bryos for transfer, the impact of the maternal side on implanta-
tion remains to be evaluated. There is now considerable interest
in the role of the endometrium and peri-conceptus environment
on implantation and subsequent embryo development. Because
of ethical and practical constraints, the in vivo investigation of
implantation in humans is not possible and the law in many EU
countries also prohibits in vitro studies using human blastocysts
(Matthews and Morali, 2020).

In summary, the unique feature of human implantation is the
deep interstitial, glandular, and endovascular invasion providing
early histotrophic nutrition and subsequent formation of a
single-disk hemochorial villous placenta. The majority of losses
in natural and assisted human reproduction appear to occur at
the peri-implantation stage or early after implantation.
Unfortunately, this period is not accessible for in vivo and ex vivo
research in humans. Thus, human implantation is still a consid-
erable barrier and limiting step to natural and assisted reproduc-
tion, as the lack of detailed knowledge limits the possibilities for
clinical intervention.

In the next section of this review, we discuss the primates and
rodents as in vivo animal models for studying human implanta-
tion (Tables 1 and 2) as well as the ex vivo and in vitro models de-
rived from primary gestational tissues and cells, cancer and
immortalized cell lines, and stem cells (Table 3), as well as the
corresponding advanced 3D constructs such as spheroids and
organoids. The complex assembloid models (Table 4) recapitu-
late, to the highest extent, the MFI during human implantation.
Some of the models are schematically presented in Fig. 2.

In vivo (animal) models: primates and rodents

Although primates and rodents are valuable in vivo models for
human implantation research (Fig. 2A), one must bear in mind
that the mode of implantation and placenta type in humans are
different (Schmidt et al., 2015; Aghajanova, 2020). The main dif-
ferences in the implantation of humans, primates, and rodents
are summarized in Table 1. Evolutionarily, humans are classified
as one group with the great apes (gorillas, chimpanzees, orangu-
tans, bonobos), separate from the old world monkeys (macaques,
baboons) and new-world monkeys (marmosets) (Nakamura et al.,
2021). Primates (great apes, old and new world monkeys) have
been part of placental research for many years (Myers, 1972;
Enders, 1995, 2000; Carter and Pijnenborg, 2011; Carter et al,
2015). Great apes have the greatest structural similarity to hu-
man beings in terms of decidualization, routes, and depth of tro-
phoblast invasion, the timing of implantation, and placenta type
(discoidal villous) (Enders, 1993; Nakamura et al., 2021) (Table 1).
In chimpanzees, bonobos (pigmy chimpanzees), gorillas, old-
world monkeys, and humans, decidualization occurs before
implantation (mid-secretory phase of each cycle), and is linked to
the interstitial type of implantation (Dollar et al., 1982; James,

2014). It is driven by the progesterone of corpus luteum after ovu-
lation (Carp, 2020). The available single histological samples of
orangutans and gibbons have shown restricted interstitial inva-
sion and decidualization remains an uncertain process (Carter
and Pijnenborg, 2011). In other primates (new-world monkeys),
the decidualization only occurs after implantation (Siriwardena
and Boroviak, 2022). Chimpanzee and human embryos are en-
tirely buried into decidua basalis, whereas the embryos of cyno-
molgus and rhesus macaques are only partially buried in the
endometrium (Nakamura et al.,, 2016). It has been reported that
all trophoblast cell types among non-human primates and
humans are similar morphologically and functionally (Enders,
1995, 2000; Carter et al., 2015) but a species difference of central
importance is in the EVT invasion depth, which is smaller in pri-
mates other than chimpanzees (Schmidt et al., 2015; Nakamura
et al., 2021) (Table 1). Also, different kinetic gene expressions be-
fore and after implantation have been shown between humans
and monkeys (Nakamura et al., 2016). Humans and great apes
have a single placental disc, while macaques and marmosets
have a bi-discoidal placenta (Myers, 1972). The primitive syncy-
tium forming lacunae filled with maternal blood (Enders, 1989),
later becoming large intervillous spaces, is observed in humans
and non-human primates (Schlafke and Enders, 1975). Studying
implantation in different primate species is helpful to identify
conserved processes applicable to all primates including humans
and conversely, the differences in implantation will dissect
human-specific processes. Studies on the mechanisms control-
ling trophoblast invasion depth in primates of different implanta-
tion modes may elucidate early trophoblast invasion and the
molecular mechanisms underlying pathophysiological changes
in human placental development (Siriwardena and Boroviak,
2022). Future cross-species analysis of the recently generated
in vivo single-cell transcriptome datasets of post-implantation
trophoblast in humans, rhesus macaque, and marmoset will
facilitate the discovery of new regulators of EVT differentiation
(Ma et al., 2019; Bergmann et al., 2022; Chen et al., 2022).

In Table 2, we summarize most of the studies of primates and
rodents as in vivo models of human implantation and early pla-
centation emphasizing their advantages and disadvantages.
Large-scale experiments with non-human primates are difficult
because of higher expenses, longer life cycles and gestation time,
specific requirements for their housing, low fertility, and inability
to detect early pregnancy, as well as ethical considerations
(Lee and DeMayo, 2004) (Table 2). Given the embargo on invasive
procedures in apes, it seems that the best models available are
macaques, baboons, and marmosets (Carter et al., 2015).

From rodents, the most widespread models to study human
implantation are mice and rats (Fig. 2A) because of their low cost,
easy breeding, short maturation, available genetic information,
and the possibility of genetic modifications (Table 2). Although
rodent models can be highly informative, the translation and ap-
plicability of the findings to humans are under question because
of some important differences. Unlike spontaneous decidualiza-
tion in humans and some non-human primates in mice and
other rodents, the presence of an embryo triggers a decidual re-
sponse (Nakamura et al., 2021, Table 1). Mouse pregnancy is de-
pendent on the corpus luteum for the production of progesterone
through the whole gestation, while in humans at the beginning
of pregnancy (first trimester) it is the corpus luteum, but after
luteolysis the placenta is the main hormone producer (Malassiné
et al., 2003). Mice and rats have discoidal hemochorial placenta of
the labyrinth type (Malassiné et al., 2003; Burke et al., 2010;
Elmore et al., 2022) and the embryo is never entirely embedded
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Table 1. Main differences in implantation between humans, primates, and rodents.

Decidualization

Time and type of
implantation

Attachment

Trophoblast
subpopulations

Large intervillous
spaces
EVT invasion depth

Type of placenta

Human

Spontaneous cyclic
process independent
on the embryo

9 days post coitum,
Interstitial

Polar trophoblast
(ICM-adjacent)
adheres to and
breaches the
endometrial
epithelium

ST, CT and EVT

Yes

Decidua basalis and
the inner 1/3 of
the myometrium

Hemochorial,
villous,
discoidal

Primates (great apes, old and
new world monkeys)

Spontaneous cyclic process
independent
on the embryo

9 days post coitum,
Interstitial (great apes),
centric (cynomolgus,
rhesus macaques)

Polar trophoblast
(ICM-adjacent)
adheres to and breaches
the endometrial
epithelium

ST,CT and EVT

Yes

Decidua basalis mainly,
decidua basalis and
the inner 1/3 of the
myometrium
(chimpanzee)
Hemochorial, villous,
discoidal or bi-discoidal
(macaques
and marmosets)

Rodents (mice, rats,
guinea pigs, rabbits)

Dependent on an
embryonic stimulus

4 days post coitum,
interstitial (guinea pigs),
centric (rabbits), eccentric
(mice, rats)

Mural trophoblast
(non-ICM-adjacent)
adheres to the endome-
trial epithelium inducing
apoptosis or entosis

Two syncytial and a single
mononuclear layer of
unknown function,
spongiotrophoblasts

No, yes (guinea pigs)

Decidua basalis mainly,
deeper in rats, decidua
basalis and the inner 1/3
of the myometrium
(guinea pigs)

Hemochorial, labyrinth,
discoidal

EVT, extravillous trophoblast; ICM, inner cellular mass; ST, syncytiotrophoblast; CT, cytotrophoblast.
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Table 2. Advantages and disadvantages of the primates and rodents studied as models for human implantation.

Advantages

Disadvantages

Studies

Primates (great apes, old
and new world monkeys)

Decidualization, same or similar
type and time of implantation,
the same type of placenta

Rodents (mice, rats, guinea
pigs, rabbits)

Low-cost experiments

Easy breeding, short maturation,
available genetic information

Possibility of genetic
modifications

Expensive experiments long life
cycle and gestation time

Specific housing

Low fertility

Ethical considerations

Myers, 1972

Enders, 1993, 1995, 2000

Carter and Pijnenborg, 2011,
Carter et al., 2015

Different decidualization,

Different trophoblast

Schmidt et al., 2015
Nakamura et al., 2016, 2021
Schlafke and Enders, 1975
Enders and Schlafke, 1969
Enders, 1989

Caluwaerts et al., 2005
Simmons and Cross, 2005
Cross, 2005

Carter, 2007

Vercruysse et al., 2006
Burke et al., 2010
Ramathal et al., 2010
Aplin and Ruane, 2017
Elmore et al., 2022

substantial mechanistic
differences in implantation

subpopulations

(eccentric implantation). Thus, histotrophic nutrition is addition-
ally ensured by the formation of a second yolk sac (Ramathal
et al., 2010; Elmore et al., 2022). Moreover, the mouse placenta has
three (two syncytial and a single mononuclear layer of unknown
function) (Enders and Lopata, 1999). While in the chorionic villi of
the human placenta, there is a huge amount of proliferating CT,
the labyrinth zone of the mouse placenta does not have an exact
such layer. Nevertheless, the labyrinth zone is differentiated
from the intensively proliferative polar TE of the ectoplacental

cone, a structure specific for mice and rats (Enders and Lopata,
1999; Elmore et al., 2022). Spongiotrophoblasts are the putative
mouse counterparts of human CT and mouse trophoblast giant
cells and glycogen cells (analogous to human EVT) are their
derivatives but never reach the huge invasive capacity of human
EVT (Cross, 2005; Simmons and Cross, 2005; Soncin et al., 2018).
An EVT invasion depth in mice is restricted to the decidua basalis
(Schmidt et al., 2015; Nakamura et al., 2021) while rats show
deeper trophoblast invasion, involving both endovascular and

G20z Alenuepr gz uo Jasn seues) seull\ 8 [eiepa apepisiaAlun Aq §89€z6//cc0aewp/pdnwiny/c60L 0L /1op/eo1ie-aoueape/pdnwny/woo dno-olwspese//:sdny woi) papeojumoq



7

ation

lant

N

human im;y

ling o

Mod

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

(panunuod)

jx4or4 ..E hE] ESM@C@@MU
720z "1 12 suewg
020¢ “1v 12 TUOH

020z “p 32 seqQV

910 “1p 32 991

T110¢ W.E Jo A90BqURDH
000¢ ‘10 32 Sury

6861 v 12 I13YSL]

0661 “]p 12 UBWI[Y]

JuswILIadxa ydes

I0J UOTIBIOST 010U a(T dUT[ T[22 Ise[qoyd

-0 urwINY ‘191sawln T ‘Arewud aind

B SB PAUTULIS}SP 99 0} dUI[ B 10] BLIS}

-LID [ewituiw pa3dande A[[e1auas Jo Jo'T

‘o310 ut uonyerajrjoxd asead Arpider ‘ueds

aj11 paytwur] ‘uone[ndod paxiwu usljO

'51020301d UT 90USISHIP 2[qeISPISUOD
{SUOT}R]OST SUTWINSUOD-301IN0S PUE -UIL], :SU0D

uonemdodqgns isejqoyd

-01] 191SaWiLn] -1s1 1e[nonted e Jo uonep

-1[eA 10] sIa1ew 3utpod-utsjold-uou pue

urajoid jo uoneuIquiod apraoid {UOTIERIUS

-1931p uodn D-YTH pue D-VTH 9DBJINS JO

uone[ndaidn oyads ‘adfousyd otureu
-Ap ‘saInyea] nais uy/onln Ui Y3 03 3S9S0[D :S01d
:(1LD) s1sejqoydonoifn

910¢ “p 32 ILIOH

910Z IV 32 BPNSEN
600¢ ‘UOTBIN

pue 3Inquarie L

#00¢ “p 32 UBYD

S661 v 12 AoT-unuag

6/61 v 32 dooremsef)es

JusWLIadXa UYDed 10] papasu
31e $91e(0SI [[92 ysayj ‘uonededoid pue
UOT}BZIPIEPURIS NOYJIP ‘SUOTIBULIO]
-suel} snoauejuods pajuBMUN I0] JSUL
JUBISUOD {AJIQBIA PIY}IUIL] {UOTIBTIUSIS]
-J1p pue Lyund ‘spatf S[qeLIBA (UOT}B[OST
10J S]000301d UT S9DUSIYIP 9]qeIaPISU0dD
{SUOT}R]OST SUTWINSUOD-30IN0S PUE -dUIL], :SUO0D
£1andadal [eLrswopua
JO s1ayIeW paje[ndai-auciaisadord ssaid
-X3 !S2IN1BJ NIIS U1/0N1A Ul Y3 03 1S3S0TD) :SOId
‘S[[9D [eLISWOpUS [eWwions pue [erpyiidy >

S92 Arewiig

910z "0 12 TUIOH
€10 “v 12 3Azdeg
5002 “Ip 32 I[N
9007 “"p 32 1A0dOJ
000¢ v 32 B1331UBD
G66T IV 32 DBAODIA
2661 1D 12 A9DRQURD

JusWILIadXa Yded 10J UOTIB[OSI 00U D
‘suawioads 0} SS90 PaIOLISAI {UOTIBZ
-IpIBPUEIS JNDYJIP (S2INI[ND WLISI-1I0YS :SU0D
2INIOTUIS SNOT[IA PaAaTasald
B UT SUWN{OD d1}se[qoydoriolAd a3 Woij
1A JO UOT}RURISJJIP PUE UONeI)I[01d)
uoneusde(d jo sadels Aj1es a3 Apnis
01 S9INIBJ NS UL/0N1A UL 33 O3 1SSOTD) :S0Id
ejusoe(d UBW

-ny m3 076 Jo 1red snoj[ia 3y} JO syuswdas >

010Z ‘v 32 123U1s1ag
6002 ‘UO[I2BIN

pue 31nquayRL
9661 v 12 USI3pUE]
2661 0 32 £31pnd
0661 1P 12 UBWIT]

JuswILIadXa UYDEeS 10J UOTIB[OSI 00U
a2 ‘Burpuey uswrads pue ‘satsdoiq
3 JO SUTWIN ‘UOTIBZIPIBPUERIS I[NOUJI
‘paa1asaid 10U ST WNLI}SWOPUS S}
JO UOTIBIUSLIO UL, {S2INI[ND ULISI-1I0YS SU0D
S30UBISQNS DATIOR
-01q ISY}0 PUE ‘SUI{0IAD PIAUISP-TELIIOW
-OpUS 93 JO UOnB[NSEaI pUue UonINPOId
U ‘S2IN1B3J NIIS Ul/0AlA Ul 33 O3 1S9S0]D :801d
(syead HT Y3 19338 sAep /%)
oseyd-TeoIng-21e1 Jo S1UDWISRS >

syuerdxa anssiy,

dUIY

‘sisoydode ‘(swistu
-eydaW D1U23019[01) SUOTIDBISIUI SUNWWII ‘UOISN
Juonezijenfouls ‘uoiseaur pue uoneidiur LAT ‘LS

10 AT 0ul UonenuaIsyIp ‘uonersjioid 1D Apms 01
:3sejqoydoui],

ERIEI EVEN

£f1andadal [eLnawopus pue
uonezienpoap Apnis o}
‘winRwopug adA,

‘uonyeyuedwil UBWINY APN3S 03 PISN S[SPOW 04314 Ul PUE 001 XT °€ I[qEL



Dimova et al.

8

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

(panunuod)

0T0C “|p 12 UBUUBH
000z “[p123uy

eiusoeld a3 Jo Jed Jou st 3eY3 UOLIOYD
913 Jo 1ed SNO[[IA-UOU 3} -9ABS] UOLL
-0UD a3 Wolj a1k s[[3d }se[qoydor) sy L, :suod
VNYUW D-VTH ss91dxa A[2ATININISUOD
‘win1RY3Ids [BLIISUWOPUS 0} SSOUSAISSUPY S01d
uoneidiu pue

€661 10 32 Uyof
00T “|p 12 ueg
020t v 32 sueaq
010z “[v 32 uBUUBH

uoneziptord4jod jo £ouanb
-31] %8 UE SeY PUE g DTWOSLI} SI JUI[ 9], :SU0D
S2IN3oNIS SNI[-pued
WLIOJ 0] PUE 31B[NWINIIE 0} AOUSPUS]
3uons ‘uonezuerod [eIaY3Ids Jo (B[
Y31 s[90 [etRyids 1einpue(3 aandadsy soid

000¢C “|p12juelf uorsaype LAJ [Spowr 0} LAT—88-INIDV > €861 1019 Kep ‘wmniEyds renpue3—z-S6 Ty
120C P12 1303/« Jueq (190 Aue ut pajisodap jou
/10T "0 12 I9NBQUIOY e UoIsnJ sUBRIqUISW - 966T 90UIS paINgLISIP Us3q SeY ¢ZT-H-€
9T0C " 12 sawe[ e IB[N[[92191UT pa1TWIT ‘pro(din -IesN D 3UOT qNS j'd’N ‘sedessedsy 03 dn a1qeIS :suoD
0T0C “|P 12 UBUURH -V'THS 9121098 10U PIp pue H-VTH pPue D 3ureudis auL
110z ‘12 sddy -V'TH JO SJUnouwle [eWIUIW 10 OU $s31dxq :Su0D -OpUS pUEB ‘UOTIOUNJ [BLIISUL
600z “p12sddy uonezienio 6102 “[v 12 018819 -0pUS [BULIOU ‘WINLIISWOPUS aAnds031
900¢ ‘v 12 AIISEN-TV  » -UAs 10J [9POUI UOISN] [[3D [BIISSED -UON 010Z ‘v 32 UBUURH © 10J [9pOUWI POOZ SE PaIaPISU0d A[SPIM SO1d
S00Z ‘1D 32 192MAUSH o ‘winIaY3lds [BUIISUWIOPUS 03 SSOUSAISIUPY :SOId /66T D 12 WINBQ[ISED ‘wniPyds [eu
0661 |0 30 SIBAOY  » “LS 10 LA O3UL 1BNIUSISIP 01 3[qR LO-¥V[ > C00C BPIYSIN -Twn{ + 1enpuels - s[[3> emeqIys]
20T “|p 12 SUBUIIT o
120C "D 12 199\ »
/10T "0 12 19NEBqUIOY e
910¢ "D 12 SSWE( 30Q Jo ain)
910C 10 12 ASUODIN o -XTUI B 10 ‘S[[9D I90UBD 1SeaIq /-IDN ‘OAT
9T0Z “|p 12 T{SO[Od  » UOISIJ SUBIqUISUI -BALISD ZT-H-€ BEMEBNIYS] UB 3¢ 0} UMOUS L
GI0Z “[P312NOZ o IRIN[[92I91UT PAITUWIIT ‘U0ISSaIdXa D-VIH a1e S[[9D T-DDJ d[qe[leAR A[3Ua1IND 2
900¢ ‘10 12 UBUUEH UM $91B[2LI0D UDTYMm projder}a) TeaN :suod "}SO[ U93q SeY aul] [eUISL0 3YL {'d'N :SuU0D g
110¢ ‘3o sddy . uonezienfouss 020z [0 32 ueg adfyousyd aan 2
600¢ “[p32sddy 10} [9pOW UOIST] [[99 [BOISSED -UON "WNI] 0¢0C “'|v 12 sueay -dsda1 e axmboe 03 £310edEeD o
066T |12 S1EAOY o -ay1de [RLISWOPUS 01 SSSUSAISSYPE ‘D 900¢ v 12 ON I 9DBLINS JUSWYDEIIY "UONRIRS DNIN
1/61 ‘uospLg -VTH 932199 pUE H-V'TH ‘D-VH ssa1dx] :soid 1661 ‘USpeZqIqe], 9A1sU0dSa1-P10191S ‘PaIeTIURISIIP-[[9 M\ :SOId
puUeIS[YOY "LS 10 LAT OUI 91BNUSISJJIP 01 91qe 1D - €-DI > pue dooremseies ‘wnipEyide reurwing - T-091
€20C "IDITT o
120C P12 1303\«
0c0z “p12ueg o uonezuelod [e1[aY31da 0] SNP SSIUDAIS
/10T "0 12 19NBqUI0Y e -oype [ed1de 1004 ‘WS[0qeIaU U930131S9
910C “|P 12 SOUWIE[ Uo1sSa1dxa UT 9DUSISJIP 9]rISPISUOD) :SU0D
010 0 12 UBUUEH passaidxa jou st O-yTH ‘plo(dLi-IeaN :suoD WNLI2WOPUD
/00T ‘U0SIapuy uonezienfduLs 10 a1qenS “wnipyda 2A13d2291-UOU 10] [9POUI B SE Pas() ‘UoT}
pueleyqg e [BLI}SUWIOPUS 01 SSAUIAISIYPY ‘DHDY NP STOZ ‘Iouzry -ejuerdwr ur punoj 6o pue ‘sioydadal
9007 ‘v 12 AIISEN-TV o -01d ‘YNJW D-YTH pue D-VTH ssa1dxq :soid DUE 92U -11A9H usdoIpue pue auoia}sadord ‘usdorsa
0661 “|P12 S1BAOY o LS 10 010¢C v 12 UBUUBH ure}al pue ‘gT pue ¢ UNeIa01Ld ssa1dx] :soid
8961 “|P 12 O[[Ed LA OJUI 91BTIUSISJJIP 01 9[qE LD —OM39 > 900¢ "'V 12 ON ‘wniPylds feurun| - §/V1-DIH
uonewIojsuel} snosuejuods payuemun 10J A1Iqissod JUBISUOD ‘S2INILS] [[9D IOWN ], :SU0D
o1e8edoid o3 Ases pue [el10WIW] :SO1d
20UIJY 1sejqoydou1], ERLESEIEN | wnawopuy adAL

(penunuod) ‘g a[qel



9

human implantation

5

Modeling o

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

(panunuod)

910z “v 30 sauue(

0T0T “Iv 12 UBUUEH
6002 1P 12 {PTWI0DIN
200z ‘10 12 1ySumIIR)
666T I 12 1ySLMIIRD
8661 ‘BPUOAUERIY

[e}IOWIWI UBYY PIAL[-3UO] ISIEY :SU0D
uonemdruewt
OT19UR3 2[qE)s 0} S[qRUSWE ‘UNE[a3 pue
‘UndaU0IqY ‘US3B[0d U0 UMOI3 Usym
/31D ssa1dxa pue HOY 9121098 ‘YNJW
D-yTH ssai1dxa A[2AnnInsuod (AT
£rewud £oueuSaid A(1es w01 paAUR( :SOId
*f1anoe onfoodeyd ‘sis

6T0C v 12 BWIYSEYEN
/10T v 32 TYSRUEBAEL

UISLIO 973 SUIULISISP O] I[NIYYI( :SU0D
adfjokiey
projdip-I1esN ‘921Ul 9pNU Ul OTUS3
-LIOWIN}-UON "9AnIS0d URUSWIA “9Antsod
60D PUe ‘O-VTH /3D "eiusde(d (m3/)
Aoueudaid A[1es [eWIOU WO] PAALIR( :S0Id
wisTuRy9W aando1d e se

pue £oyD -oidode pue uonduny LAT—(b-DIN) ¥-1dHDS > 600C 1030 TWO £3eydone ‘uvondury 1AT—(LAT) q10dIUDH
€20z "0 12 YydIalg
120z “'1p 12 Y2ydsnised
qzeot v 12 5
BAOIPUBXIY g
€207 “Ip 12 projdejuad 1eau ‘uotssaidxa 9
BAOIPUEBXIY /3D 10 H-YTH ou pajiodai SIOYINE SUWOS :SU0D i
020z v 12 ueg uononpur 4-NJJ uodn Sa[nd3[OUW I| N
610C 32 SSe[d -y'TH pu® ‘g-¥'TH pue v-y'TH ssaid a
oUINUIH-UBWZNY -x9 ued "A[snoauejuods asnj 03 L1[1qe Y3 220C 10 12 UBPLIDYS e UOT}D9JUI SULIDINEBIIUL JO ApNis o
€207 “Ip 12 NOX Ure3aI 0S[e ‘HDY JO S[2A] MO PUER UNDSU 7707 v 1o sUBWIIT o 33 I0j 91qeMNS 9q 10U Aewr ‘profdir} =
120 “|P 12 NOX -01qQYy [B19] 9121035 ‘LAT Arewid o] od£y /10T P 12 I_YY-NOQY e TEB3N ‘S[[9D [BEWAYDUSSIW +WIIA PUB m.
6107 1D 12 NOX -ouayd +9-yTH/+D -VTH ‘+WIA/+/3D 9107 “|p 12 SOUIR[ sysejqoydon +/31D jo uonendod paxiy :su0D ®
/10T 0 12 19119y PUQgAY ‘SSaUWIS PaAlasald ‘syse[qoydony ST0Z P12 NOZ e uondNpUI 4-NJI
$10g “'p 32 100108y Krewiud sy3 01 850[ SIVI[IQR UOISBAUL T20C “|P 12 I19QB/N uodn ss[noa[oul ] SSed -V'TH pue 9-VTH
Z10Z “1v 32 819qUI[OH PUE ‘UONBISIUI ‘S1030B] Y3MOIS PUB SSULY €10C “|D 12 193\ ‘V-VTH ssa1dxa UeD {S10108] PIJRIDOSSE
600¢ “']v 12 [[o1edORI] -0145 ‘s1as1ew 1se[qoydon Jo uolssaidxq :s01d 600¢ “p12sddy e -SSaUW)S $s21dXT "9D1W SpNU 0IUL DU
6002 ‘v 32 sddy sisoydode pue 6007 1D 12 BATEJ o -LIOWN3-UoU “HDY 932103s ‘9An1sod /3D :s01d
600 10 12 ‘SUOT}OBISIUT SUNWUII ‘S[9POW UOISBAUT PUE 0007 “1p123UTY o IAT 01
ZIARYD-TSMIZSENS uoneidtu ‘odfjousyd LAT - (TZmS) T/uems  » €667 |12 WBUERID) 04310 Ul 9}BT}USISIIP O 3] LD - OSUAS/8-MIH >
‘uonejuerdurt

18 UBY} UOI}BNUSISHIP S}se[qoydor) Jo a8e}s padUBADE Ue WOJ PIDINOS (S2INJea] [[9D [BNIUL 19)[8 ABW JBY} UOND9JSuer] pruiseld 10 UOnONPSUeI) [BIIA SSPNOUL UOI}BZI[BIIOWUI] :SUOD
ssauuIals paAlasald jo sudts ‘sarnies) (90 [eyusde(d Ayiresy oyededord o3 Ases asejqoydory Arewnid Aoueudaid A[1ea [EULIOU W01 PIAUIS( :SOId

sauf| [[92 1se[qoydoui,

a[qeuIRISNS .

020C “Ip1oueqg ST UOT}RZI[BNPIDSP 9] JI 183D 10N :SU0D P

€0z "I 12 uoneZI[ENpPIOap 031apun 03 A11[Iqe o, m

NOA ‘1Z0Z ‘v 32 9} UTBII ‘SPIOISIS UBLIBAO UM JUSW UOIBISa1 190UBD 0] 9SN [B1}USIDJ21d :SUOD Ea

NOX ‘6707 “[PI2NOX -}eany 0} uonoeal reqrurs ‘odAjousyd pue Spue[3 [eLI}dWOP s
2107 v 12 312qUI[OH e adfyohrey ‘“A3oroydiows ewonys [ed1d£ ], :so1d 1207 112 pP[e1ad8zil -US JO SOTISLI9IDEIBYD [BINJEU S} UIRIDY :S0Id a

00z P12 UNUY o (rewons) DsaH > €007 [0 120K o (renpuer3 ‘renayyids) 1¥AL//3/93-NT >

asnedouswu UT USWOM 10 s3utod awm S[DAD JUSISJJIP UIOIJ PAJINOS {S2INJESJ [[9D [BIIUI 1918 ABUI JBY} UOND9)SURT) pruiseld 10 UOTONpsUeI) [B1IA SOPN[DUT UOT}BZI[BIIOWUI] :SU0D
SSOUUIRIS PaA1asald jo sudis ‘sa1niedj 90 [erusdeld Ayireay ‘o1ededoid 03 Ases ‘wninawopus Adureudaid A[1es [BULIOU WOI] PIALID( SO01d
S[[99 [ELIISWIOPUS [euwons pue [erPyida

ERIEIEIEN 1sejqoydoi], R EEIEN | wntnawopug adAL,

(penunuod) 'g AqeL



Dimova et al.

10

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

‘WINISS JTeD [8319] ‘SDJ 10308] YMOoI3 [RULISplda ‘DT ‘ewtues UoISiIaiul ‘A-N4] ¢/ une1asolfd /3D ‘urdonjopeuoduoliyd uewny ‘HoY 3sejqoydonolfd ‘1D ‘isejqoydononduss ‘1S ‘3sejqoydor] snofraenxa ‘AT

120C "0 32 199 M\
T20C “Ip 12 ¥aydsnised
020z v 32 ueg

£10¢ “'Ip 12 19anequioy
£00C “'1v 32 USpTH

projdena) 1eaN
{LA7 pue snoy[ia jo uonieindod paxiN
‘S][9 J120UeD [ejUaied a3 JO Sk awWn
3urqnop pue ‘sonauadolfd ‘A3ojoydioly :suoD
sysejqoydon Arewud ay3
0} 95072 awo}dLIDSueI} PUE SINIIGE UOTS
-BAUI ‘sIaIeW }se[qoydor) Jo uotssaidxd :soid
S][92 BUIOUIDIBIOLIOND
3 Ise[qoydor) WLn-1siy [eul
-I0U JO UOISNJ I9}Je PRALIRJ "UONQR[NSSI SULLD
-e1ed pue SULIDOINE JO SULIS) Ul UONDUNJ pue
uonenuatdPIp LAT—(LAT 03 (1D) LA) dE-HOV

120 “1p 12171
010z I3 nd
900¢ ‘v 12 SuBM

WNIPaW 991J-SDJ ‘pojusl
-91ddns 197 saamnbai uoneRUSILYIP LAT :SUOD
wWNNADUAS SPIEMO] UOTIBI}USISIJIP 10]
£111qe ‘uonelsasd jo syeam A[Ies a3 Sur
-Inp JAJ [EULIOU JO SI9318WOIq SNOLIBA

£00¢ "I 12 ynyodspueHy
£00C ‘v 32 uBAR]

DY JO UOMI103s OU ‘sades
-sed 3utoduo uo uorssaidxs /D JO SSOT
pue H-YTH Jo uotssaidxa yeam AIsA v :sU0D
aantsod 60D PUe ‘O-VTH /3D "LAT
£rewud 193
-SOWILI}-1S1Y [BULIOU WL} PALID( :SO1d
uonduny LAT - (LAF) §9 DIdIH

€102 “v 32 Suom
1T0Z 10 12 SuepM\
600¢ ‘v 12 sddy
800¢ ‘MOZ pue usy)
500 v 12 3uag

2onpoid 921w SpnuU UT DTUSZUOUWINI-UON] :SOId 5
(uorsny [132) 3
1S 10 (uonduny LAT) AT O} 04310 Ul 911U m
-I9J31p 03 2[qe LO—(LAT 03 (1D) 1A) T-12198 > £
pa110dal JON :SU0D 2
uononpur 4 2
-NdI uodn sa[nda[owW I] SSe2-VTH Pue g =
-V'IH pue y-yH ssa1dxa ued ‘odK1ohrey m‘
projdip-I1eau (90T SpNU UT DTUS3LIOUIN v
-uou ‘aantsod 6D pue D-yIH /3D :s01d
suondeIANUI
sunwiwil pue uonduny LAT - (LAJ) T-A3L >
saui [[90 3sejqoydoi], adAl,

(ponunuod) ‘g a[qelL



tation | 11

man implar

Modeling of hu

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

(panunuod)
020z “v 32 sueaq SproIayds PaALISpP-[[90 WIS +
adfyousyd aandsdar paimnboe yim si1a0 [ersyds [eLIRWOPUS 01 Sploiayds Jo JUSWIYDeY
210C " 32 SI9qUI[OH STdTLMS + SI°° 1-004
S[[92 [e1e3Ida [ELIISUWIOPUS JO SSAUSAISIYPY
000z “|p 12 URIBIN ofiquia asnoy  +
S[[92 Te1RY3Ida [ELIISUWIOPUS JO SSAUDAISIYDPY
¢00Z ‘19us( PUB AL,
IaKe[ououl [[32 [el[ay}1ds SULISIN 0] proisyds JO JUSWYIBIY
€661 "[pI2UYO[ . sprotayds ¢-Daf109v(  + S[[®° V1-D3IH &
k!
uonejue(dull SULIND SE S22 [BLISWOPUS Pale[NUIns A[[RUOULIOY 0] Uydelle A[[euonoallp o) Aydeded sy 2
Yim spioise[q Summopus ‘4, 1ejod U3 Jo UOTBINIBW [D0] padnpul-1se[qids pue A1andadal [euswopug IaKeIOUOW UI S[[2D [EI[dY =
2207 “p 12 BME3EY . sploiseld  + -1ds [eLSWOPUS uBWNY A1BWIL] .m
©
120 [ereyatds emawopus Arewud ay3 0 10e1U0d uodn 71, 9Y3 JO UOTIRIIUSISIP PUE UOISIYPY =
020C “[p 12 sUBAT o @
UoISaype pue g
uonisodde 3uunp g1, paAURp-0A1quua 93 Y3l 1081U0D uodn S[[9d [er[ayitda [eLrawopua ay; Jo sisoidody =
000Z “|p 12 UETED e o
uonenRULIAIP 1sejqoydon ‘Aandsdar wintpyds [ernawWopul I2£e[OUOUI UT ST[2D [eT[aY} a
010Z v 32 zendurwo( ‘Z00g v 32 odureD-oIs([eqeD T00Z 1P 12 19N33SIN ‘866T 0 32 UOWIS  » sof1quia JAI + -1ds [eLSWOPUS UBWNY A1BWL] ml
[0}
UOISEAUT BUIONS PUE WNIDYIIdD [ELISWOPUS a3 Jo uonenauad oA1quig =S
966T I 12 USISpUET] sof1quua JAI +
‘uonOeISIUL (syead HT oy 193JE sAep /—¥)
[eLnawopus-}se[qoydor) Jo 2INJONISen [N ‘BWOINS 33 01 uoisaype isejqoydon ‘Aandsdal [euiswopud s[192 1sejqoydon Arew aseyd-1esy
0667 ‘P12 UBWIY « -Ud I9}SOWILL-DPITY}/PUODSS/ASIT  + -n[-91e] Jo syue[dxa [eUISUWIOPUT
QduLIRgRY 1sejqoydorl,  + wnrawopuy aseyq

S92IN0salI aAIsuadxa pue asniadxs Y31y aixmbai ‘Ydo1essal 10§ soAIquis uewny puy o} pIey ‘sanssi/s[[8d PadInos Y} JO Sk SWes JY L, :SU0D

uolseaur/uoneiiwi [ewons ‘wniayiids

[ELIAWOPUS 31 Jo SuIydealq “oe1uod [eLnawopud-ijsejqoydon Jo arnionnsenn 3yl Apnis o} a[qelns ‘uonejuadeld Aj1es pue uonejuejdur uewny SuLInp }1>€IUOD [€19)-[EUIS}eW 0} AJLIB[IWIS 1S3SO[D :S0Id

‘uonyejusoeld Afres pue uonejue[dwl UBWINY SULINP 9DBIISIUL [EI2]—[BUISIBW }e[N}IdBISI O S[9POUL PI[UISSSY “# S[qE.L



Dimova et al.

12

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

(panunuod)

S[[9D [BLIISWOPUS Pa1e[NWnS A[[RUOWLIOY 01 ydoenie A[feuondaiip 01 A1oeded oyl Yiim ploIse[q Smopua
3.1 1efod a3 JO UOT}BINIEW [BD0] padnpul-1se[qids ‘Wniayitds [BLIISWOopUs SATIdad3I 913 UO JUSWYILNY
2207 ‘v 12 emedey e

ONT woj 19Ke]

spioiselg  + [eulawopus padej-uado “1310

"UOTISBAUT UAS puE ‘uoisaype ‘uonisodde syeniidedsi oy
JI0MI3U [RI[2YI0PUS PIULIO]-J[3S B PUR ‘S[[9D [BUIOIIS dSULD ‘@0eins winiayiide [eoide pasodxe yaim [9PON
$Z0C “Ip 12 BIRQIUS .

spioise[q
10

sof1qus JAT  + OWNA-(0V) no-reardy

9NSST] [BLIISWOPUS Ul Us3S 18] 0} IR[IWIS ‘9IN}03)
-TUDIE [[BISA0 3T/ TUIS}SAS SINJ[ND SI[-WNLISWOPUS (¢ B 03 sprorayds 1sejqoydor} uewny jo JUaWydey
Z10C “p 12 SUBN e

sproayds gv( +

‘uonjejue[dwil 9Y3 UO BWOIIS 93 Ul pUE WNI[3Y3Ida 1e[nNPUE[S Ul 9DUDSaUSS 33 JO 9[01
puUE eUIONS pue spue[d yioq ul suoneindodgns 1usdsauss pue palenuaiajiip Jo sorwoldLdsuen [[90-913Uls
120 “[p 3o s3unmey e
juswIydeIIe 11, pue A11andadal [eUauwIopud
£00T “[D 32 TRWN{IET o

wniEyids a3 Jo uonenauad Yim A[snosueinuars pado[aasp ‘S22 9I-1SB[q

-oydononAouss rernyed £q Ajurewuud passiyoe sem uonenauad (erpyidl ‘uoneisusldap onsejqoydony

JO [ELIISWOPUSD OU Y3M SU0D UoneIauad e JO UOT}BWLIO) PUE ‘S[9D [el[oy3ide [BLIaWOopUS Jo Juswade[dsip
e 3UIMOYS UOISEAUT PUE JUSWYDENE SULIND SUONDEBISIUL [BLIIOWOPUS-}SAD0ISE[q UBWINY JO 9INIONIISBI)
000¢ “|p12 AoT-unuag .

(ON3) S7[22 TRWONS

soA1quia Al + pue reray3ida pappaquuia-XUeN

juawyoelle 3sejqoydoly,
0T0Z “Iv 32 pNOYRSSNOQY s

wﬁwopwﬂgm av( + BIICERSEERARERRS)

S[[o0 [eray3tda (et
-9WOPUR UBWINY 0} JUsWydelle P1oIayds JO JUSUISSISSE DLIIDWOION]] 10] [9potl 04314 ul Indy3noIiy3-ysdy v
7107 “p120H
spro1ayds gv[ yiim 10e3U0d £q LQ1urejod [eseqodide pUE SSOUSAISAYPE [eI[aY}ds JO UOTIB[NPON
S00Z |p 12 I99MAURH
UOTIBNUSISHIP ST pue wint=ay3ids 01 3sejqoydon) a3 Jo UOISSYpPE a3 Usamiaq diysuonelai ay],
000C “[P 12 UYOH
saul] 192 [BI[eYIdS [BLIISWOPUS Jo sueIquiawl euised [ed1de 93 JO SSAUSAISIYPY
8661 "0 12 3L 00T ‘19 us PUB SIYL

sproxayds Y[ 10 ¢-D7( ‘0Mag + S[1°2 ¢-S6Td

uonejur[dWl UT PSAJOAUL SHIOMIDU SUS3 U3 PUE WNIRYIIds a3 Jo SUTYdeal1q 0AIqUS UBWINH
2202 ‘020 “[p1aaueny e

sprorayds pasu
-9p-[[90 WAls 10 sok1quia JAT  +

saur [[2 [erRy3ids [enawopus 03 spro1ayds sy} JO UOISIYPY
0C0T “|p12 SUBAT s
sau 1[92 WnIEyide [BLISWOopUS
(VT-D3IH) 2andada1-uou ‘sa 9a1Idada1 3 S1Se[qoydor) 93 JO UOT}DBISIUT U3 JO SISATeur d1uro}diIosuer],
6107 “|p 12 01313/ o

sprosayds g-DI(109V[  + S[[80 BMENIYS]

jusWIYOeIIEe ‘UoIsaype ‘uonisoddy

SaUT] 122 [e[2y31da [eLIISWOpUS 243 01 Sproiayds a3} Jo UOISSypY

ERIVEIEIE)§

1sejqoydoiy, + wnawopug

aseyq

$92IN0saI aaIsuadxa pue asniadxs Y31y aixmbai ‘Ydo1essal 10f soLIquis uewny puy o} pIey ‘sanssi/s[[8d PadInos sy} JO Sk SWes JY L, :SU0D
uolseAur/uoneidiw [ewons ‘wnipyyds
[eLnSWOPUS 3y} Jo Surydeslq ‘10eIuod [eLIswopus-1sejqoydon Jo axmpninsenin syl Apnis 01 s[qelns ‘uonejusderd Apres pue uonejuerdur uewny SuLNp 10BIUOD [B19)-[RUISIEW 0] AJLIB[IWIS 1S9SO[D :S01d

(penunuod) ‘¥ 3qeLl



13

tation

man implar

Modeling of hu

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmae033/7923688 by Universidade Federal De Minas Gerias user on 28 January 2025

'S[[9D [EWOAIS [ENPIDAP ‘DS ‘SPIOULSIO [BLIIDUIOPUS ‘ONT 9INIONIIS 3¥I[-1SAD0ISe[q ‘STd ‘DuouULIoy SUTZIUIIN] ‘HT {UOTIBZI[IIS] 04310 Ul ‘JAT

S11°2 ¥-1dHDS

UOISBAUL ITB[NDSBAOPUS PUER UOISBAUL [BI}ISIIUL APNIS O], 10 sa1sdoiq [eU}aWOAUT
200Z “10 12 WYSUMUIBD o syserqoydon Arewud + wolj SJuUsWISas sarraiie (eads
BUWOIS [RLI}SWOPUS 0JUI UONRISIWI PUE UOISeAUT 3se[qoydor],
€20C ‘120¢ ‘610C [P 12 NOX o
BUIOI}S [ELIISUWIOPUS 03Ul uonjeidiwu 3sejqoydorr,
2107 10 12 819QUI[OH sproiayds isejqoydon 1/ms  + DSAH
+ spro1oyds z-56Td
+ sproroyds emexIys]
spro1ayds [BLIISWOPUS 91[-PUe[3 OJUT UOISEAUL 3SB[qOYdO1]} 10] UI21SAS [9POIN
120 ‘ST0Z "[P12¥oNgd » SIe2 88NT-DV  + sproreyds V1-D3IH
uonejue[dwl SULINP S[[30 [BWOI}S [BLI}SWOPUS 33 JO UOIssa1dxs aua3 pue juswiydele sysejqoydoi], S][92 [BRUIONS
9007 ‘v 12 1A0dOg e + [eLaWopUS aseyd-aAneIS)I[01d
sageydoioeu pue S[22 NN JO 301 puER SUI[PPOWAI [35S9A POOI] [BNPIDAP pajeIpawi-1se[qoydol],
010 “|p12 UBZRH 5
ulepouIal [95S9A poolq [eNpIOap pajerpaw-i1seiqoydol], sjuerdxa 1se[q S
€007 “pi2yung e  -oydoil SNOT[A 19}SOWILI-ISId  + sjuedxa sifelatred enpioag z
=i
SUWI0SOWOIYD X @
ejuared jo uoneanoeul oyads-a3eaul] e ‘uonesa13as }se[qodAy pue -1ds pue Juswdoraaap a3eaur] 3
C10¢ [ 32 3INqQUIRL e 8
BUWOIS [RLIISWOPUS U3 01Ul 0AIqUUS UBRWINY Y3 JO —
(1.AF Jo uonjeISIWI pUE UOISEAUT) UOT EIURIdWI I9YLN] PUB BUIOI}S [ELIISUIOPUS 0} JUSWIYDEIIE Ise[qoydol], 3
€007 “|p 12 I9ATED o 5]
a8eLLIRdSTW w
JUSLINDAI UM USWOM SI[UN SOAIqIS AJ1enb-mo] pue -yS1y usamiaq 31 UTWLIDSIP USWOoM S[1HI] JO DS =1
2107 1D 12 TEUITON o sofiquis JAT + =N
=
uonejueidwi 0AIquIs [NJSS00NS m
10 [B21ILID 8¢ AW JuLWIedUIOD [[92 [BWOI}S [ELIISUWIOPUS 3} JO SUl[apoulal Juspuadap-z311d-9sed.lD oUy =
0T0C “[0 192 [BMBID o S.
uotseaur 3sejqoydor; ay} ut s1eddnred 9seULY UOISSYPE [BD0] pUE ULIZ91UI-1q [ENPIOSP UBWNH <
€007 1D 12 TYSBUBH soA1quio 9SNON  +
s1sejqoydor) JO UOT}BIUSIDIIP ‘UOTIDEISIUL BUIOI}S-1se[qoydol],
G66T P12 0BAODIA o  Sise[qoydoi} SNOT[IA WL 3SId  +
steusis saunuoered £q uotseaut 3sejqoydony sytoddns DS
1T0Z “']D 12 Z[BZUOD
1sejqoydon o1 ssuodsai A101e131W 1931 ABY 93BILIBISTUI JUSLINDSL YIIM USUIOM JO DS
C10C “|p 12 IEWRM o
‘uotseaut 3sejqoydony syioddns enpioap a3 snadaouod a3 jo uonensdedus Aq ‘S[eusts PaALl
-ap-1se[qoydon; Aq pue uonezijenpiosp Aq pajowold S[[aD [BWOI}S [ELI}SUIOPUS UBUINY JO SSOUSAISBAUL 9., sproiayds 10 19KBIOUOW S][2D [BUIOIS
0107 ““|D 12 USSID[OD) S[[P2 88NT-DOV  + [eLnaWOpUS UBWINY ATRWIL]
ERLEIEIEN 1seqoydorl,  + wnnswopus aseyq

$921n0sa1 aA1suadxa pue asnradxa Y3y airnbai ‘Yoresssi 10] soAiquus uewny puij 01 piey ‘SsNss/s[[9d pIdINos Y1 JO Se dWes YL, :SU0D
uorseaur/uoneisiui fewons ‘wnifyiids
[eLnawopus 3y} Jo Surydealq 10BIU0d [eLIdWOpUS-1se[qoydon Jo ainjonnsenin syl Apnis o1 s[qelins “uonejusderd Aj1es pue uonejuejdwr uewiny SULIMp 15€IUOD [L19J-[LUISIBW 0} AJLIR[IWIS 1S9SO[D :SOId

(penunuod) ¥ 3[qeL



14 | Dimova etal.

A In Vivo models

‘ Primates and rodents ‘
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C In Vitro models
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Trophoblast
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Figure 2. Modeling of human implantation. The range of in vivo, ex vivo, and conventional (2D) and advanced (3D) in vitro models, used to recapitulate
trophoblast or/and decidua behavior in the peri-implantation period. (A) In vivo (animal) models: primates and rodents. (B) Ex vivo models: placental
explants, representing the fetal part of the placenta. (C) In vitro conventional (2D) models: (1) primary cells (isolated from the maternal or fetal part of
the placenta); (2) cancer (2.1) and immortalized (2.2) cell lines of maternal or fetal origin); (3) stem cells; (4) advanced 3D models: 4.1. spheroids of

maternal or fetal origin, 4.2. self-organized organoids or assembloids, 4.3.

synthetic embryos (blastula/gastrula) and 4.4. extended embryo culture. The

scheme is created on Biorender.com. The microscope images are the authors’ property and have not been published before.

interstitial invasion (Caluwaerts et al., 2005; Vercruysse et al.,
2006). In guinea pigs, the invasion involves decidua basalis and
the inner third of the myometrium like in humans, thus, it is the
only rodent model for intervillous space formation (Schlafke and
Enders, 1975; Enders, 1989).

Because of the short-term pregnancy and fast apposition, at-
tachment, and invasion of the luminal epithelium, the mice and
rats cannot model the mechanisms of early implantation in
humans. However, they are a good model for studying deciduali-
zation because the decidual response can be elicited without tro-
phoblastic attachment (Lee and DeMayo, 2004), highlighting the
potential other factors, such as hormonal or environmental stim-
uli, as triggers of the decidual response. Of note, guinea pigs
might serve as an efficient model for apposition and attachment,
trans-epithelial penetration, and deep endovascular invasion but
there are other limitations such as longer estrous and hidden im-
plantation sites (Hennessy, 2014). Although many substantial dif-
ferences between mouse and human implantation, gene ablation
techniques in the mouse have proven to be a powerful tool in elu-
cidating gene function during implantation (Table 2). For in-
stance, the key transcriptional regulators of human TE
specification and development (Cdx2, Tead4, and Gcml) were
first identified in mice (Baczyk et al., 2013; Blakeley et al., 2015).

In summary, although the experiments on animals are contro-
versial due to a deficiency in cross-species extrapolation, the pri-
mates and rodents are valuable in vivo models for human

implantation research and have already shed some light on the
‘black box’ of human implantation. As early human implantation
stages are not accessible, non-human primate models are imper-
ative for our understanding of embryo implantation. The com-
prehensive analysis of the expressed genes in mouse, monkey
and human embryos is important for understanding trophoblast
specification. It must be taken into account that human TE es-
tablishment differs in terms of the expression of some crucial
genes during early development (Soncin et al., 2018; Hemberger
et al., 2020; Shibata et al., 2020). The formation of the human blas-
tocyst is regulated differently as well (Niakan and Eggan, 2013;
Rossant and Tam, 2018). The difference of central importance,
however, is the deep interstitial, glandular, and endovascular in-
vasion of EVT into the inner third of the human myometrium
which is extremely important for the survival of the fetus. This
invasion depth is accompanied by a range of human-specific fac-
tors and is responsible for the difference in the supplied blood
volume. We accept the statement of Schmidt et al. in their review
from 2015, that ‘only humans have human placentas’ and conse-
quently, an animal model that exactly reflects human placenta-
tion does not exist (Schmidt et al., 2015).

Ex vivo models: endometrial and

trophoblast explants

The maternal-fetal crosstalk during human implantation
involves the emergence of different, constantly changing
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decidual and trophoblast cell phenotypes (Hannan et al., 2010).
These two principal compartments should be present in any
model mimicking human implantation as a whole. However,
some scientists rely on in vitro culture or full reconstruction of
the ‘pregnant’ endometrium, while others rely on de novo con-
struction of blastocyst-like models from explanted gestational
tissue, stem cells, or cell lines. Since human endometrial tissue is
often biopsied due to abdominal or menstrual pain or infertility,
these endometrial explant cultures have been used as deciduali-
zation models for many years (Bersinger et al., 2010) (Table 3).
The idea for endometrium culture emerged in the late 1960s
(Csermely et al., 1969; Schatz et al., 1985), and an endometrial ex-
plant system was described in the early 1990s by Dudley et al.
(1992) where segments of late-luteal-phase endometrium were
obtained aseptically, cut into small pieces, and cultured for a few
days. These explants remained viable and responsive for about 5
days. Although useful in the study of the production of cytokines
and other bioactive substances, the orientation of the endome-
trium in this model is not preserved and thus the investigation of
the blastocyst-endometrium interactions cannot be guaranteed
(Lindenberg et al., 1989; Kliman et al., 1990; Dudley et al., 1992).

By using this model, it has been shown that the addition of
progesterone initiates decidualization and prolongs the survival
of the primary endometrial stromal cells of the explant
(Bersinger et al., 2010) (Table 3). Nevertheless, a later detailed
study pointed out that human endometrial explants are a com-
plex model due to limited viability and difficult standardization
(Schéfer et al., 2011; Teklenburg and Macklon, 2009).

Human trophoblast explants are valuable ex vivo models for
the fetal part of the embryo-endometrial interaction that mimics
the in vivo situation as closely as possible (Aghajanova, 2020).
Table 3 shows the main reports using villus placenta explants as
a model of CT proliferation and bi-potency differentiation.
Genbacev et al. (1992) described a model to study the differentia-
tion of EVT through a culture of first and second-trimester hu-
man chorionic villi explants on Matrigel and proved that the
EVTs differentiation was restricted to first-trimester villous
tissue. Accumulating data noted the great importance of the
trophoblasts explants, containing both anchoring and floating
first-trimester chorionic villi to study early stages of placentation
like the reconstitution of cell columns and CT to EVT differentia-
tion in vitro (Vicovac et al., 1995; Caniggia et al., 2000; Miller et al.,
2005; Popovici et al., 2006; Baczyk et al., 2013) (Table 3). Previous
results from our laboratory showed that after 48-72h in culture,
near the villous explants abundant cytotrophoblast clusters con-
taining HLA-C positive EVTs emerged. Explants remained vital
for at least a week (Alexandrova et al., 2022b) (Fig. 2B-1).

In summary, although the placental explants closely reflect
peri-implantation placental development, they are short-term
cultures, and difficult to standardize. Of note, the access to tis-
sues from elective terminations of pregnancy is often limited by
ethical and/or legal constraints. All the pros and cons of explants
and extended culture of human embryos as ex vivo models of hu-
man implantation are summarized in Table 3.

In vitro models: primary cells, cell lines, stem
cells, and 3D models

Most of the models currently being used do not recreate the en-
tire implantation process but rather certain steps of implantation
or implantation-related events. These include the conventional
2D mode of cultured endometrial or trophoblast cells or their 3D
derivatives such as spheroids and organoids. The endometrial or
trophoblast cells can be sourced either from early pregnancy ges-
tational tissues or established cancerous, normal immortalized

cells and stem cells. Table 3 lists the available endometrial and
trophoblast primary and established cell lines used as models in
the studies of decidualization and receptivity of human endome-
trium as well as of apposition, attachment, and invasion phases
of implantation, respectively, alongside their pros and cons.

Primary endometrial (epithelial and stromal) and
trophoblast cell cultures

Early pregnancy-derived gestational tissues allow the isolation of
relatively pure primary cell cultures to model either endometrial
receptivity status near implantation (Satyaswaroop et al.,, 1979;
Bentin-Ley et al., 1995; Chan et al., 2004; Masuda et al., 2016) or
early differentiation and function of ready-to-implant tropho-
blasts (Kliman et al., 1986; Fisher et al., 1989; Lee at al., 2016) (Fig.
2C-1, Table 3). Of note, primary endometrial epithelial cells fall
into senescence within 2 weeks when cultured on plastic dishes
(Kyo et al., 2003). Moreover, primary endometrial (epithelial and
stromal) cells showed reduced biological activities and dimin-
ished response towards sex hormones after several passages.
Therefore, results could not be directly extrapolated to the in vivo
situation (Liet al., 2023). The same is valid for the primary tropho-
blasts. CT after isolation could be differentiated into EVT or ST
but due to their primary nature and limited life span, rapidly
cease proliferation in vitro (Genbacev et al., 2011; Horii et al.,
2020). Another important aspect is that the nature and purity of
isolated populations must be confirmed with a panel of pheno-
typic markers. Unfortunately, the lack of generally accepted min-
imal criteria for a line to be determined as a pure primary, first-
trimester, human trophoblast cell line obscures the trophoblast
research. This is determined partly by the preserved stemness of
these cells and their dynamic phenotype (Lee et al., 2016; West
et al., 2019; Abbas et al., 2020; Greenbaum et al., 2023). For exam-
ple, the relatively specific trophoblast markers such as hCG, hPL,
HLA-G, and cytokeratin-7 (CK-7) are also expressed by a range of
malignant cells (Loke, 1978; Heyderman et al.,, 1985; Cabestre
etal., 1999; Real et al., 1999). Lack of Vimentin (Vim) is mostly con-
sidered normal for the trophoblast lineage, but it is expressed to
varying extents by EVT in EMT or vice versa (MET, mesenchymal-
epithelial transition) (Loke, 1988; Aboagye-Mathiesen et al., 1996;
Alexandrova et al., 2023). While the HLA class I expression pat-
tern is null in villous trophoblast and ST, the EVTs are HLA-G+
and HLA-C+ (Papuchova et al., 2019; Salvany-Celades et al., 2019;
Eikmans et al, 2022; Alexandrova et al,, 2023). Eikmans et al.
(2022) published a detailed characterization of HLA profiles and
immune cell interactions of their primary trophoblast cultures.
For trophoblast isolation, they used enzymatic digestion of first-
trimester placental tissue (6-9 gw) and subsequent Percoll gradi-
ent separation and trophoblast enrichment by magnetic bead re-
traction. These primary trophoblasts were easily maintained for
several passages with upregulated trophoblast markers (GATA3,
TFAP2C, chromosome-19 microRNAs). Cultured CT was differen-
tiated into EVT in a Matrigel-containing medium expressing HLA-
C and HLA-G with HLA-G1 predominance and secreting soluble
HLA-G. The CT fraction abundantly secreted the cytokines TNF-a
and IL-8, which levels were minimal in EVT cultures. In their
hands, 3 days of co-culturing of EVT and peripheral immune cells
led only to a decreased HLA-DR expression on CD4 T cells
(Eikmans et al., 2022). The EVT-conditioned media alone had no
such effect, while other authors reported the same effect but
with conditioned media from first-trimester placental explants
(Svensson-Arvelund et al., 2015). The EVT-conditioned medium is
composed 1:1 mixture of EVT medium (DMEM/F-12
supplemented  with 0.1mM  2-mercaptoethanol, 0.5%
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Penicillin-Streptomyecin, 0.3% BSA, 1% ITS-X supplement, 7.5 uM
A 83-01, 2.5uM Y-27632, 100ng/ml of NRG1, and 4% KnockOut
Serum Replacement) (Okae et al., 2018) with RPMI medium with
supplements. In our hands, the trophoblasts, gained through en-
zymatic digestion and subsequent Percoll gradient separation (to
reduce fibroblast contamination) (Stengvist et al., 2008), showed
a tendency to form CT clusters with varying morphology and ST-
like fragments abundant in the mixture. The cell passaging led
CT clusters to self-organization of spheroid-like structures. The
EVTs expanded from such structures showed preserved strong
migration capacity and HLA-G+/HLA-C+ profile (Alexandrova
et al., 2023). New technologies constantly add novel markers cor-
responding to the dynamics of trophoblast differentiation during
peri-implantation (West et al., 2019; Greenbaum et al., 2023).

In summary, many studies utilize primary isolated and cul-
tured endometrial epithelial and/or stromal cells, and human
trophoblasts as simple monolayer models or as a part of more
complex 3D constructs or assembloids to study human implanta-
tion (discussed later). Although they closely represent the in vivo
or in situ features, the isolations are time- and source-consuming
with unpredictable outcomes (variable yields, purity, differentia-
tion). Fresh cell isolates are needed for each new experiment to
keep the initial characteristics that obscure their standardiza-
tion. In addition, the primary cells are difficult to propagate in
long-term culture.

Endometrial (epithelial and stromal) and trophoblast cell
lines: cancer and immortalized cells

The limitations of primary cultures have forced researchers to
turn towards the use of established cancer (Hannan et al., 2010)
and immortalized non-cancer human cell lines, of which multi-
ple have been generated over the years (Horii et al., 2020) (Fig. 2C-
2, Table 3). Since cancer cell lines are relatively easy to obtain
and maintain (Mirabelli et al., 2019), it is not surprising that most
endometrial epithelial cell lines originate from endometrial
adenocarcinomas. For example, the HEC-1A cells widely used for
endometrium research were isolated from a well-defined human
endometrial adenocarcinoma (Kurarmoto et al., 2002; Hannan
et al., 2010) (Fig. 2C-2.1, Table 3). The ECC-1line closely represents
luminal epithelial cells since expresses CK-13 and -18, and
retains estrogen, progesterone, and androgen receptors, while
HES cells express the adhesion molecule mucinl (MUC1) and
have embryotrophic potential (Satyaswaroop and Tabibzadeh
1991; Mo et al., 2006; Ban et al., 2020; Evans et al., 2020). MUC1-
expressing Ishikawa cells (mixed glandular and luminal epithe-
lium characteristics) are considered a good model for endome-
trium receptivity (Castelbaum et al,, 1997; Nishida, 2002). The
epithelioid RL95-2 cells, isolated from moderately differentiated
adenosquamous carcinoma, are generally used as a model for re-
ceptive glandular epithelial cells, as these are highly adhesive to
trophoblast cell lines (Way et al., 1983; John et al., 1993).
Trophoblast-derived choriocarcinoma cell lines have been
used extensively as an alternative to primarily trophoblasts for
elucidation of the biology and functionality, and to model the
early placental formation/development (King et al., 2000; Hannan
et al., 2010) (Table 3). By the year 2000, there was already data
from 14 cell lines originating from malignant tissue and five cell
lines from embryonal carcinomas which have evidence of tro-
phoblast differentiation (King et al., 2000). Of them, BeWo (1968),
JAR (1971), and JEG-3 (1971) are still popular trophoblast model
systems and are widely used to study in vitro trophoblast cell fu-
sion, migration, and invasion (Table 3). BeWo and JEG-3 cells are
capable of fusing to form ST, retaining the ability to secrete

specific hormones, and are used to study syncytialization, adhe-
sion, proliferation, and early placental endocrine function (Zhou
et al., 2021), whereas JAR is mostly used to model differentiation
of CT to EVT (Table 3).

It is important to mention that both the choriocarcinoma cell
lines and primary trophoblastic cells are already at a later devel-
opmental stage than TE/trophoblasts in implantation and thus,
do not perfectly recapitulate the multipotent early trophoblasts.
Choriocarcinoma cells show an abnormal chromosome number,
a substantially different transcriptomic profile from EVT, and
genome-wide DNA methylation patterns that are different from
primary trophoblast (Abbas et al, 2020; Nikitina and Lebedev,
2022). Moreover, cancer cells have HLA status differing consider-
ably from primary tissues (Bilban et al., 2010). The advantages
and disadvantages of cancer cell lines are highlighted in Table 3.

The use of immortalized endometrial cell lines in implanta-
tion models is not common. Researchers prefer to use instead en-
dometrial biopsies containing both epithelial and stromal cells
for a short time to represent the receptive or non-receptive hu-
man endometrium (Fitzgerald et al., 2021). However, Desai et al.
(1994) generated spontaneously immortalized human endome-
trial epithelial cell line with excellent embryotrophic potential
for mice embryos (Desai et al., 1994). Human endometrial glandu-
lar EM-E6/E7/TERT cells were established in 2003 as useful tools
for various experimental models including the implantation
model. EM-E6/E7/TERT cells maintain responsiveness to sex ste-
roids, such as estrogen and progesterone, lack a transformed
phenotype, and have an unlimited life span (Kyo et al., 2003).
Krikun et al. (2004) created a new immortalized human endome-
trial stromal cell line (HESC) with a normal progestational re-
sponse and no clonal chromosomal structural or numerical
abnormalities (Fig. 2C-2.2, Table 3). Barbier et al. (2005) elaborated
the stromal cell line SHT290 used as a model for endometrium
decidualization. This cell line is similar to the parental strain re-
garding proliferation and karyotype as well as basal gene expres-
sion (Barbier et al., 2005).

Nowadays, several immortalized trophoblast cell lines derived
from healthy human placentas are in use (Table 3). These were
created from first-trimester CT/EVTs by genetic manipulation, vi-
rus transfection, or fusion with choriocarcinoma cells. These in-
clude B6-TERT1 (Rong-Hao et al., 1996; Wang et al., 2006), HTR8/
SVneo (Graham et al., 1993), HPT-8 and its HBV transfected vari-
ant (Zhang et al., 2011), ACH-3P (Hiden et al., 2007), HChEpC1b
(Omi et al., 2009), Swan 71 (Straszewski-Chavez et al., 2009), TEV-
1 (Feng et al., 2005), and HIPEC6S (Pavan et al., 2003). Of them, the
HIPEC6S cells that do not endogenously secrete hCG and express
the luteinizing hormone/choriongonadotropin receptor were
used to study the effect of hCG on the invasion process in vitro
(Handschuh et al., 2007). The HTR-8/SVneo cell line was widely
used to study trophoblast cell fusion, migration, and invasion
(Bacenkovd et al., 2022) (Table 3). It was developed from primary
EVT and interestingly expresses the pluripotency markers OCT4
and NANOG. Such expression of stemness-associated factors is a
sign of self-renewal and repopulation activity of these cells
(Weber et al., 2013). However, some authors question their homo-
geneity (Abou-Kheir et al., 2017) raising doubt about whether they
are truly representative of either villous or extravillous normal
trophoblast (Abbas et al., 2020). Interesting data from Abbas et al.
(2020) on first-trimester trophoblast models used in human im-
plantation research between 2015 and 2020 showed that from
1044 studies only 76 used primary human EVT and another 629
used the cancer JEG-3, BeWo, or JAR cell lines. The other 339
studies used the immortalized HTR-8/Svneo and Swan-71 (Sw71)
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pointing out their accumulating popularity. Of note, the Sw71
line was from the newest established immortalized normal hu-
man trophoblast cell lines explaining its still limited usage (only
31 of the listed studies) (Abbas et al., 2020). Sw71 cells exhibit EVT
characteristics, preserve stemness, and an ability to attach to the
endometrium, migrate, and invade in ECM and between endome-
trial stromal cells (Straszewski-Chavez et al., 2009; Holmberg
et al., 2012; Hackmon et al., 2017; You et al., 2019; Alexandrova
et al., 2022b) (Fig. 2C-2.2). This cell line is amenable to gene edit-
ing, and a gene-specific knockout clone targeting the TWIST1
gene, which is involved in the regulation of mesenchymal differ-
entiation and cell motility was recently created (You et al., 2023).
This line was established more than 10years ago and has been
used in several models over the years to test different factors cru-
cial for human implantation. For example, it was used to test
EVT invasion properties (You et al, 2021; Alexandrova et al,
2022), the impact of maternal-fetal immune interactions on tro-
phoblast migration and invasion as well as the reciprocal effect
of Sw71 cells on the degranulation of the cytotoxic immune cells
(Racicot et al., 2014; Grasso et al.,, 2018). The Sw71 line was suc-
cessfully validated by primary trophoblast in the context of their
hybrid phenotype (CK7+/Vim+) and HLA pattern (HLA-G+/HLA-
C+) (Straszewski-Chavez et al., 2009; Alexandrova et al., 2023) un-
like cancer trophoblast cell lines JEG-3 and JAR which do not spe-
cifically upregulate HLA-C and HLA-G on their surface (Eikmans
et al., 2022). On the contrary, some authors reported no HLA-G or
CK7 expression by Sw/1 cell line (Apps et al., 2009; Pastuschek
etal., 2021; Dietrich et al., 2023).

In summary, while carcinoma cells are easy to culture, there
are many limitations including their nature of being prone to
spontaneous transformation and their lack of decent tissue char-
acteristics. Therefore, it is not surprising that parallel research
with immortalized, non-cancer human endometrial and tropho-
blast cell lines has been done over the years. Altogether, mono-
layer cell cultures from human immortalized endometrium and
trophoblast are an important part of the implantation research
since aspects of the very early microenvironment during peri-
implantation and early placentation can be investigated at the
level of a single cell type. The source and characteristics of the
cancer and immortalized cell lines and their potential as models
of human implantation are shown in Table 3.

Stem cells (embryonic and trophoblast)-derived models

Human pluripotent embryonic (ESC) and induced (iPSC) stem
cells as well as trophoblast stem cells are another possible source
for the generation of human implantation models (Fig. 2C-3). The
potential of ESC or iPSC to generate 3D advanced models to study
embryogenesis and/or implantation is discussed thoroughly in
the section below. The report of the first human ESC lines that
emerged from outgrowths of peri-implantation human blasto-
cysts dates from 1998 (Thomson et al., 1998). Within the next few
years, it was defined that the pluripotent ESC can differentiate
into trophoblast cells when induced with bone morphogenetic
protein-4 (BMP4) or in specific culture conditions (Xu et al., 2002;
Gerami-Naini et al., 2004). Currently, the conversion of ESC and
iPSC to trophoblast-like cells by BMP4 treatment, alone or in
combination with small important molecules is a common
method (Takahashi et al., 2007; Amita et al., 2013; Horii et al,
2016, 2020; Wei et al., 2017; Li et al., 2019; Castel et al., 2020;
Cinkornpumin et al.,, 2020; Dong et al., 2020; Liu et al., 2020;
Kobayashi et al., 2022). The resulting cells show bi-potency: some
express ST-specific markers and secrete placental hormones,
such as hCG, progesterone, and hPL, while others are capable of
differentiating to invasive HLA-G+ EVT-like cells (Horii et al,

2016). Whether the cells obtained from BMP4-treated iPSC corre-
spond to the trophoblast is still under discussion, since different
protocols may result in a mixture of trophoblast and mesoderm
cells and further separation or purification may be needed (Horii
et al., 2019; Tsuchida et al.,, 2020; Nikitina and Lebedev, 2022).
Amita et al. (2013) introduced the so-called BAP protocol to inhibit
mesoderm induction and accelerate trophoblast differentiation
of hESC to terminally differentiated ST or EVT, compared to
BMP4 treatment alone. The main limitation of this approach is
the lack of self-renewal, short-time proliferation, and quick dif-
ferentiation. Importantly, even though many TE- and
trophoblast-associated genes are induced in this system, BMP4-
treated PSCs do not fully resemble primary trophoblast based on
marker expression (Li et al, 2013; Aghajanova, 2020).
Nevertheless, the use of iPSC as a cell source offers the possibility
to generate patient-specific trophoblast-like cells and to perform
genetic manipulations (Shpiz et al., 2015; Horii et al., 2016; Ahern
et al., 2022; Nikitina and Lebedev, 2022). The possibility of reprog-
ramming cells of a full-term placenta to iPSC and then differenti-
ating them into trophoblast could be a key to overcome the need
for first-trimester specimens and would give models for primary
trophoblasts from cells with known pregnancy outcomes (Horii
et al., 2020). Another approach is to obtain trophoblast cells by
establishing culture conditions for the growth and expansion of
human trophoblast stem cells (hTSC) (Okae et al., 2018). In 2018,
the first derivation of self-renewing trophoblast stem cells from
human blastocyst TE and first-trimester placental isolates was
implemented. These hTSCs use a combination of WNT (Wingless
and Int-1) activation and transforming growth factor beta (TGF)
inhibition to self-renew, giving rise to long-term expanding CT
that can differentiate into ST and EVT and can be cryopreserved
for later usage. Of note, Okae et al. (2018) proved that hTSC has
similar transcriptomes and methylomes to the primary tropho-
blast cells and mimic trophoblast invasion during implantation.
The exact location of trophoblast stem cells within the placenta
remains unknown but they probably reside in a specific niche
within the first-trimester placenta, since they could not be de-
rived from later gestation placental tissues. Recently, Wei et al.
(2021) obtained hTSC from primed pluripotent stem cells (hESC
lines H1 and HN10) and revealed that BMP4 treatment signifi-
cantly enhanced the efficiency of the process. These cells are
named hTS™ cells and share identical features with primary
blastocyst-derived hTSC, including morphological characteris-
tics, gene expression profiles, and the capacity for differentiation
toward EVT and ST cells. Endometrial stem/progenitor cells were
discovered 10years ago (Chan et al., 2004) and studied mainly in
the context of endometrium regeneration, rather than modeling
of human implantation.

In summary, the work with ESC is labor-intensive and highly
restricted, and the generation of iPSC has varying success and re-
producibility. Although embryonic and trophoblast stem cells
could be a valuable source for the generation of patient-specific
models suitable for genetic manipulations, they may remain of
limited value due to the ethical and legal challenges against
their use.

Advanced 3D cultures: spheroids, organoids, IVF embryos
and embryoids, and assembloids

A single endometrial or trophoblast culture system is unlikely to
address all of the biological questions related to human implan-
tation but is the first step towards this is complex 3D models and
assembloids. In the last decade, the researchers turned to
3D spheroid and organoid systems using most of the
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above-mentioned cells: primary, cancerous, immortalized or
stem cells (Fig. 2C-4, Table 3). In these systems, cells benefit from
cell-to-cell and cell-to-ECM contacts. Moreover, the cells exist in
a more biochemically relevant state with gradients of oxygen,
nutrients, and metabolites. There are two ways of constructing
3D models of human implantation: (i) self-organizing cultures to
model early blastocyst/TE differentiation and migration (sphe-
roids, organoids), and (i) controlled assembly approaches to
model embryo attachment and trophoblast invasion. De novo
construction of both the pregnant endometrial wall (endometrial
organoids) and implanting blastocyst (blastocyst-like structures,
BLS) is based on the use of scaffold-dependent or matrix-free cell
culture techniques to facilitate self-organization of the cells in
organoid-like structures. A fundamental requirement is the cor-
relation to clinical outcomes. The more closely certain 3D model
represents receptive endometrium, blastocyst, or early placenta
as well as maternal-fetal interface as a whole, the more likely it
can provide accurate results. With the implication of 3D cell cul-
tures worldwide, the terminology about the types of 3D cultures
gets more and more complicated. For example, while the defini-
tion of spheroids, as self-assembling cell aggregates in an envi-
ronment preventing their attachment to a flat surface
(Biatkowska et al., 2020), is common for laboratories working with
healthy and cancer cell models, the definition of organoids is
more unspecified. Some authors have determined organoids as
3D cultures that contain more than one type of differentiated
cells and their progenitors (Mulaudzi et al., 2024). Organoids
might be derived from ESC or adult progenitor cells that self-
organize in particular culture conditions and recapitulate the dif-
ferentiation and function of the organ of origin (Clevers, 2016;
Abbas et al., 2020). Others have stated that organoids are geneti-
cally stable, 3D culture systems containing both progenitor
(stem) and differentiated cells (Cui et al., 2020). A third party de-
scribed the organoids just as 3D multicellular tissue models that
mimic their corresponding in vivo tissue (Francés-Herrero et al.,
2021). On the other hand, assembloids are 3D cultures created by
the combination of two or more distinctly patterned organoids or
an organoid plus additional cells or tissues that are used to
model usually cell migration, invasion, and attachment during
implantation (Levy and Pasca, 2023). In the current review, we
consider the spheroids as single-cell type-based, self-assembling
3D cultures, the organoids as self-organizing 3D co-cultures of
two or more cell types independent of the origin of the cell lines,
and the assembloids as controlled organoids co-culture or an
organoid along additional types of cell or tissue.

The idea for a 3D model of the human endometrium dates
from the 1980s, and organoid-like structures from endometrial
epithelial cells were first derived from primary gland fragments
seeded into Matrigel (Rinehart et al., 1988). The endometrial orga-
noids (EMO) with primary endometrial epithelial cells as 3D en-
dometrial models are promising tools for recapitulation of the
receptivity of maternal tissue in human implantation (Bentin-Ley
et al., 1995). Despite being relatively complex to generate and
maintain, EMOs originate from more easily obtainable specimens
and can be manipulated in various ways. To generate and main-
tain human EMOs, Matrigel droplets with enzymatically dissoci-
ated primary endometrial tissue or iPSCs-derived endometrial
fibroblasts were cultured in a defined medium (Turco et al., 2017;
Miyazaki et al., 2018). The defined medium includes activators of
WNT signaling (WNT ligands and R-respondin-1), growth factors
(epidermal growth factor, EGF, fibroblast growth factor 10,
FGF10), TGFp inhibitors (A83-01), BMP inhibitor (Noggin), and nic-
otinamide. Importantly, the organoids could be generated from

biopsies obtained from cycling and non-cycling (pregnant or
post-menopausal) endometrium. Moreover, these can be exten-
sively cultured (more than 6 months) and cryopreserved showing
stable genotypes and phenotypes, (Turco et al.,, 2017; Turco and
Moffett, 2019). EMOs are an unprecedented opportunity to study
the human endometrium in terms of normal endometrial devel-
opment and menstrual cycle, and their remarkable aspects have
been comprehensively discussed (Hibaoui and Feki, 2020).
However, the cystic structure and reversed apico-basal polarity
of conventional EMOs limit their utility in studying interactions
with embryo surrogates during implantation (Bergmann et al.,
2021). To reconstitute normal apico-basal polarity, Shibata et al.
created apical-out EMOs (AO-EMO) that expose the apical surface
of the epithelium to be available for interaction with trophoblasts
(Shibata et al., 2024). In the same year, Francés-Herrero broadly
discussed the importance of mimicking a favorable native micro-
environment for the development of human EMO and proposed
supplementations based on hydrogels from pig endometrium
(Francés-Herrero et al., 2021). Fraser et al. presented a 3D endo-
metrial organotypic model simulating the acute inflammatory
decidualization initiation phase characterized by epithelial in-
duction of the key endometrial receptivity marker integrin aVg3
as a new concept to investigate endometrial receptivity.
Accumulating data show a continuous tendency for the genera-
tion of closer-to-the-natural settings models to serve as irre-
placeable tools for studying human implantation (Fraser
etal., 2021).

Trophoblast spheroids (Fig. 2C-4.1) constructed from either
primary immortalized trophoblasts or choriocarcinoma cell lines
are commonly used as blastocyst surrogates for implantation
studies. Their greatest advantage is that they do not include the
use of human stem cells and they lack an ICM so they could not
potentially give rise to an organism. This lifts many of the ethical
constraints related to human stem cell usage (Caulfield et al,
2015; Matthews and Morali, 2020; Matthews et al, 2021).
Meanwhile, this kind of embryo surrogate contains trophoblast
cells that, in particular settings, sufficiently represent TE devel-
opment and differentiation during peri- and early implantation.
Therefore, the trophoblast spheroid models have been used for
many years to assess embryo attachment (Tacey et al., 1988;
Wang et al., 2012), trophoblast migration and invasion during im-
plantation (Holmberg et al., 2012; Gao et al., 2019; You et al., 2019)
(Table 4). Mor's group created spheroid models from the immor-
talized, non-cancer, seventh gestational week derived tropho-
blast Sw71 cell line. As mentioned above this line has an EVT
nature, and preserved stemness so the models effectively resem-
ble the human blastocyst during the peri-implantation period.
Sw71 spheroids were proven to migrate between endometrial
stromal cells in appropriate conditions and by numerous protru-
sions to digest and invade Matrigel, which resembles the behav-
ior of the invasive EVT in vivo (Holmberg et al., 2012; You et al.,
2019). Recently, we extended these data showing over 70% pro-
duction efficiency, closer to hatched or implanting blastocyst
morphology and behaviors or functions that describe the 3D
Sw71 spheroids as destined to be implanting structures, able to
survive and migrate in serum-free media (Alexandrova et al,
2022b). Most importantly, we validated the Sw71 blastocyst-like
model by direct comparison to primary trophoblasts regarding
their hybrid (Vim+/CK7+) phenotype and HLA-G+/HLA-C+ pat-
tern as well as by their ability to generate differentiated and
functional spheroid models (Alexandrova et al., 2023). After the
significant compactization during their 48h of differentiation,
these BLS lacking inner cellular mass have a blastocoel-cavity,
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Figure 3. Suitability of the 3D Sw71 spheroid model as a blastocyst-like surrogate to study trophoblast migration and invasion during human
implantation. (A) Overall view of an implanting human blastocyst (Day 7-9 post-fertilization). (B) Upper panel (light microscopy, ECHO Revolve
microscope RVL-100-M, Echo, San Diego, CA, USA, magnification 10x): Left—Sw71 spheroid (yellow) placed on human endometrial stromal cells (HESC)
monolayer (grey), covered with Matrigel as a substitute for ECM. Note the invading trophoblast cells from the spheroid periphery (blue arrowheads,
purple zone). Right—Sw71 spheroid trophoblast cells (blue arrowheads, purple zone), migrating between the stromal endometrial cells (HESC in red).
Middle—HLA-G and HLA-C expression (in green) by Sw71 spheroid’s trophoblast cells. The staining is performed with antibodies against HLA-G (rabbit,
polyclonal, E-AB-18031, Elabscience) and HLA-C (mouse, monoclonal, sc-166088, Santa Cruz Biotechnology), and cell nuclei are counterstained with
Hoechst (in blue); B. Lower panel (confocal microscopy, Nikon AX/AX R Confocal Microscope System): Blastocoel-like cavity (white arrow) of the Sw71
spheroid. Left and right—The nuclei of Sw71 cells are visualized with Hoechst staining (blue and magenta, respectively); middle—Sw71 trophoblast

cells are stained for HLA-G molecule (green).

proven by confocal imaging (Fig. 3B, lower panels). Both events
compactization and cavitation are specific for early blastocyst
development in vivo. The comparison of the Sw71 spheroids to
implanting human blastocyst confirms the invasion and migra-
tion of HLA-G- and HLA-C-positive trophoblast cells from a dif-
ferentiated Sw7/1 spheroid, placed on endometrial stromal
monolayer with or no ECM (Fig. 3B, upper panels).

The trophoblast is a functional bridge between the embryo
and the mother and an important player in the establishment of
immune tolerance during implantation. The trophoblast Sw71
cells express/produce both HLA-G and HLA-C molecules
(Hackmon et al., 2017; Alexandrova et al., 2022b) as ligands for
maternal KIRs on both NK cells and T cells. Thus, the Sw71
spheroid model may be a key structure for the evaluation of the
immune interactions via the KIR/HLA axis at the MFI during im-
plantation and early placentation (Alexandrova et al., 2022a). The
inclusion of immune components in our model would be an asset
to delineate mechanisms of immune tolerance, albeit at the ex-
pense of increased complexity. Sw71 blastocyst surrogate is a
promising model for studying human implantation either in the
presence or absence of partner endometrial cells.

In addition to immortalized and cancer trophoblast cell lines,
an embryonic stem cell line VAL3 was differentiated into solely
trophoblastic cells that were cultured in a AggreWell plate to
form a human embryonic stem cell-derived trophoblastic spher-
oid implantation model, cultured in BAP differentiation medium
(Lee et al., 2015; Yue et al., 2020). BAP differentiation medium is
mouse embryonic fibroblast conditioned medium (MEF-CM), sup-
plemented with 10ng/ml BMP4, 1uM of an ALK4/5/7 inhibitor,
and 0.1uM of an FGF2-signaling inhibitor (PD173074). BAP-
induced differentiation leads to reduced OCT4 expression and

upregulation of trophoblastic markers HLA-G, g-hCG, and CK7.
Moreover, the BAP-treated VAL3 cells showed enhanced capacity
for invasion and migration in vitro, consistent with their tropho-
blastic properties. Their mRNA resembled that of the TE of blas-
tocyst before implantation (Yue et al., 2020). Compared to the
classic trophoblast spheroids, BAP spheroids are derived from
ESC, enabling long-term culture with an unlimited supply, but an
ethical issue needs to be considered. BAP spheroids possess a
blastocoel-like cavity, resembling the human blastocyst at a
more physiological extent, and selectively attach to the receptive
endometrial cells (Liet al., 2022).

The establishment of trophoblast organoids sourced from
first-trimester placental villi (Fig. 2C-4.2) was a major advance-
ment in the trophoblast research field. Early placenta-derived vil-
lous CT proved to differentiate to hCG-secreting ST and/or HLA-
G+ invading EVT could serve as a sophisticated 3D model for tro-
phoblast differentiation, invasion and migration studies. For
more than 20years, Moffet’s team strived to grow a human pla-
cental model for the first few weeks of pregnancy (King et al,
2000; Moffett and Loke, 2006; Moffett and Shreeve, 2023). In 2018,
they reported the generation of a human, single donor-based
long-term, genetically stable trophoblast organoids that grow as
complex 3D structures with the fusion of villous trophoblasts to
hCG-secreting ST or differentiate to HLA-G+ EVT cells that vigor-
ously invade and digest Matrigel, and anatomically and function-
ally resemble the villous placenta in vivo (Turco et al., 2018). By
ameliorating culture conditions for these ‘mini-placentas’, they
stated that the organoid culture system provides a translational
model for early placentation that may be passaged for more than
a year and also may be frozen (Turco et al., 2018; Sheridan et al.,
2020, 2022). Concurrently, Knofler's group reported the
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establishment of long-term living human CT organoids from pu-
rified from pooled early placental tissues, expressing markers of
human CT stemness, and proliferation, and with gene expression
profiles highly similar to those of the primary human tropho-
blasts. The authors succeeded in establishing 16 different orga-
noid cultures with 100% efficiency, that could be cryopreserved
and re-cultivated (Haider et al., 2018). Both groups suggested that
the activation of Wnt and EGF signaling and inhibition of the
TGFb pathway could be sufficient for the derivation and long-
term expansion of human trophoblast organoids (Nikitina and
Lebedev, 2022). These reports remain highly debated as effective
ways to derive trophoblast organoids from primary cells to model
both normal and pathological human placenta in Horii et al.,
(2020), Li et al. (2022), Nikitina and Lebedev (2022), James et al.
(2022). However, much work remains to be done to translate
these models in the research of implantation-based complica-
tions (Nishiguchi et al., 2019; Horii et al., 2020; Li et al., 2022). For
example, these ‘mini-placentas’ need further optimization like
reversing the polarity since they have internal ST covered by EVT
(Sheridan et al., 2020; James et al., 2022) or the treatment should
be consistent with these features (Sheridan et al., 2022).

Recent studies have highlighted the potential of ESC or iPSC to
generate 3D BLS called ‘blastoid’ or ‘iBlastoid’ respectively (Yu
et al., 2021; Kagawa et al., 2022; Karvas et al., 2022) (Fig. 2C-4.3).
These structures have many names such as blastoids (Rivron
et al., 2018), iBlastoids, BLS (Nikitina and Lebedev, 2022), embry-
oid bodies (Li et al., 2022), embryoids (Nicolas et al., 2021), and
stem cell-based embryo models (SCB-Ems). Synthetic human em-
bryo models show functional, molecular and morphological simi-
larities to the human blastocysts at Days 6-10 post-fertilization
in vivo consisting of epiblast, hypoblast and TE layers (Ball, 2023).
These structures are derived from naive hESC (Yu et al., 2021) or
iPSC (Liu et al., 2021) exposed to designated differentiation media
ensuring sequential lineage differentiation and self-organization.
Up to now, human blastoids have been successfully generated
using hESC in both the naive (Yanagida et al., 2021; Yu et al., 2021;
Kagawa et al, 2022; Karvas et al, 2022; Yu et al., 2023) and
primed-to-naive intermediate pluripotency states (Tu et al., 2023)
as well as from iPSCs (Fan et al., 2021; Liu et al., 2021; Sozen et al.,
2021; Mazid et al., 2022; Yu et al., 2022). These studies exploit
single-cell transcriptome analyses to confirm the segregation of
TE, hypoblast, and epiblast. By mimicking the interaction be-
tween the epiblast and TE, the crucial role of the epiblast was
revealed as an inductor of the local maturation of polar TE and
its attachment to the endometrial epithelium (Kagawa et al.,
2022). They might serve as embryo surrogates in modeling nor-
mal and impaired implantation as well as genetic and other
manipulations (Morris, 2017). Blastoids cultured on three-
dimensional (3D) extracellular matrix undergo early post-
implantation events, including epiblast lumenogenesis, rapid ex-
pansion, and diversification of trophoblast lineages, and robust
invasion of EVT by Day 14. By Day 21, the extended blastoid cul-
ture shows localized activation of the markers of the primitive
streak and the emergence of embryonic germ layers. This struc-
ture is called a gastruloid (post-implantation model) (Karvas
et al., 2022, 2023) (Fig. 2C-4.3). So far, there have been no reports
of human blastoid formation using human trophoblast cells
(Okae et al., 2018) probably due to the closer similarity of human
trophoblasts to post-implantation cytotrophoblasts rather than
TE (Okae et al., 2018; Castel et al., 2020; Mischler et al., 2021).

Advanced assisted reproduction requires the maintenance of
human gametes, fertilization, and optimal development of the
zygote to the blastocyst stage ex utero, permitting an evaluation

of embryo quality before transfer. Although ethically controver-
sial, the extended cultures of human embryos bring remarkable
advances in our understanding of the peri-implantation stages of
human development (Fig. 2B-4.4). In 2016, the successful growth
of human embryos up to Day 14 post-fertilization (start of gastru-
lation, the legal limit of human embryo culture) (Warnock, 1884)
was reported and approved for replication of the in vivo transition
from pre- to post-implantation stages (Morris, 2017). These ex-
tended embryo cultures reveal self-organization of the human
embryo after attachment in the absence of maternal influence as
well as the early TE and subsequent trophoblast differentiation
(Deglincerti et al., 2016; Shahbazi et al., 2016; Popovic et al., 2019;
West et al., 2019; Xiang et al., 2020; Zhou et al., 2021; Greenbaum
et al., 2023). By using single-cell RNA sequencing, plenty of tro-
phoblast lineages from peri-implantation embryos in culture
were assessed to gain insights into events driving early placental
emergence (Blakeley et al.,, 2015; Petropoulos et al., 2016). The
transcriptome dynamics in trophoblast cells occurring between
D8 and D12 post-fertilization, a time that, in vivo, corresponds to
the first Sdays after the embryo begins to implant into the uter-
ine wall, were successfully captured (West et al, 2019;
Greenbaum et al.,, 2023). Zhou et al. (2021) made a great parallel
between data obtained from the 13th day post-fertilization hu-
man embryo culture and from the Cambridge and Carnegie col-
lections of in situ developing human embryos.

The perfect in vitro implantation model would present the in-
teraction between endometrial epithelial, stromal, endothelial,
and immune cells and embryos (or surrogates). But this complex
model is still hypothetical. In their efforts to reach the complete
recapitulation of maternal-fetal contact during implantation, the
researchers turned to different assembloid (layered) models. As
shown in Table 4, these two-part assembloids could be less or
more complex.

These assembloids combine primary or cancer endometrial
(epithelial and/or stromal cells) or endometrial segments/tissue
or EMO organoids with genuine human embryos or embryo sur-
rogates (mouse embryo, trophoblast spheroid or organoid) to
study embryonic adhesion and attachment, trophoblasts differ-
entiation, and migration/invasion (Table 4) (Kliman et al., 1990;
Galdn et al., 2000; Hohn et al., 2000; Heneweer et al., 2003, 2005;
Harun et al., 2006; Uchida et al., 2007; Aboussahoud et al., 2010;
Gonzalez et al., 2011; Liu et al.,, 2011; Ho et al.,, 2012; Holmberg
etal., 2012; He et al., 2019; Kinnear et al., 2019).

Assembling of extended embryo cultures with maternal tissue
is an optimal system allowing modeling of the in vivo
endometrium-conceptus crosstalk in norm and pathology
(Menezo et al., 1995; Cartwright et al., 1999, 2002; Carver et al.,
2003; Teklenburg and Macklon, 2009; Teklenburg et al.,, 2012;
Zhou et al., 2021). Rawlings et al. (2021b) assembled endometrial
organoids with human IVF embryos to study the impact of the se-
nescence of decidual stromal cells on embryo invasion. Buck
et al. (2015) used an original approach to develop a novel 3D
assembloid cell culture system consisting of trophoblast chorio-
carcinoma monolayer (AC-1M88) co-cultured with spheroids
from endometrial epithelial cell lines HEC-1A, Ishikawa, or RL95-
2 cells to mimic trophoblast invasion into endometrial glands
(Table 4). In this model, three differently differentiated and po-
larized endometrial adenocarcinoma cell lines formed gland-like
structures in a reconstituted basement membrane with apico-
basal polarization towards their well-developed internal lumen,
for studying the impact of the epithelial junction on trophoblast-
endometrium interaction and trophoblast invasion of endome-
trial glands (Buck et al., 2015). By the same approach, an Ishikawa
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cell spheroid culture served as an experimental model system to
prove the effect of hormonal changes during the window of im-
plantation (Buck et al., 2021).

The invasion of the decidual vessels by endovascular tropho-
blasts and the role of uNK cells and macrophages in this process
was followed by an in vitro co-culture system of first-trimester
villous explants and decidua parietalis embedded in paraffin
(Dunk et al., 2003; Hazan et al.,, 2010). Earlier, the uterine biopsy
embedded in fibrin gel and seeded with fluorescence-tagged
trophoblasts (SGHPL-4 line) was used as an assembloid model for
evaluation of the interstitial and spiral artery invasion
(Cartwright et al., 1999, 2002).

To evaluate the attachment potential of recently created blas-
toids, these were placed onto an open-faced endometrial layer
(OFEL) obtained from endometrium organoids (Kagawa et al.,
2022). These models are promising tools for the study of peri-
implantation and early (post-implantation) events (Sozen et al.,
2021; Kagawa et al.,, 2022; Li et al., 2022). For example, they may
provide important insights into the validation of the expression
profile of the primary ST (Sheridan et al., 2022).

A relatively complete in vitro model of maternal-fetal contact
during human implantation was recently created by Shibata et al.
(2024). In their complex assembloid, they co-cultured AO-EMO
(containing endometrial epithelial and stromal cells), and an en-
dothelial network with human blastoids or human embryos.
Although lacking the immune cells, this feto-maternal assem-
bloid successfully recapitulated all stages of implantation. The
direct interaction between fetal and maternal cells could be ob-
served, including the breaching of the endometrial epithelial bar-
rier by ST as well as the subsequent invasion between stromal
cells (Shibata et al., 2024).

Of note, the 2021 guidelines of the International Society for
Stem Cell Research were updated to ban the transfer of human
research embryos, human-animal chimeric embryos, or human
embryo models into an animal or human uterus. However, this
restriction did not apply to blastoids or gastruloids. Recently it
has been shown that blastoids can induce decidualization upon
transfer into the uteri of pseudo-pregnant mice, and they showed
improved differentiation into post-implantation embryo-like
structures both in vitro and/or in utero (Li et al., 2019; Sozen et al.,
2019; Oura et al., 2023). In the primate study, the authors stated
that the results reveal the capacity of cynomolgus monkey blas-
toids to implant although the pregnancies all aborted spontane-
ously (Li et al, 2023). In their press statement, the team
recognized that the work may be controversial but they noted
that discussions between the scientific community and the pub-
lic are needed for progress to be made in this field of research
(https://www.wired.com/story/stem-cells-monkey-synthetic-em
bryos/). These results raise active discussion on the findings as
well as the ethical aspects in recent scientific publications
(Conroy, 2023) and numerous public-oriented science communi-
cations (Devlin, 2023; Hamzelou, 2023). We would like to note
that although they could bring valuable findings on the implan-
tation processes, the studies confronting the published rules and
guidelines raise ethical concerns.

In summary, for accurate results with the endometrial 3D cul-
tures, researchers should carefully control the maturation pro-
cess of endometrial and trophoblast spheroids or organoids,
while also being critical in discriminating true phenotypes from
the observations of sporadic events in a dish. Another hurdle is
the limited size and the appearance of necrotic central zones due
to insufficient internal oxygen and nutrient supply. Although all
these facts question reproducibility and sustainability, the

advanced 3D models and especially assembloids are valuable
and very promising tools for fundamental research in peri-
implantation and early placentation events. Since the interaction
of the immune cells with trophoblasts is a readout for successful
implantation, key steps forward would be the selective incorpo-
ration of components of the immune system. The extended cul-
tures of human embryos as well as the embryoid models are
considered only the beginning of the full discovery of the peri-
implantation stages in humans. However, the use of such models
is still restricted by the specific culturing conditions, and the re-
quirement for expertise, as well as the ethical and legal concerns
raised. There has been an ongoing discussion on the appropriacy
of the extension of these cultures beyond the legal 14days
(Hurlbut et al., 2017).

As Rivron has noted, ‘embryos teach us everything about how we
are formed and how we fail’. Therefore, we must profit from the
highly advanced 3D models to study and understand implanta-
tion and to employ the findings in favor of infertile couples
(Rivron et al., 2018; Powell, 2021). Since the terminology still lacks
systematization, it would be of great value if a robust classifica-
tion of all the available 3D endometrial, embryo culture systems,
and assembloids is produced. The existing type of models should
be defined under certain designations. After determining the best
models, they should be implemented in practice, their handling
should be mastered, and they should be proved reliable in paral-
lel with natural settings (primary cells, extended embryo cul-
tures, possible in vivo observations). Thus, scientists all over the
world could use standardized protocols for generation and main-
tenance, as well as strict guidelines to work with 3D human MFI
surrogates. New sources for information about human implanta-
tion are the extended human embryo cultures and the synthetic
embryo models. Both models raise controversies and ethical
questions. To date, none of the synthetic embryos can biologi-
cally produce a fetus. Since some artificial models could originate
from iPSC, they could even escape the use of ESC but ‘as they get
more sophisticated, with the potential to form recognizable
structures or even organs, they enter their ethical grey area’
(Powell, 2021). Their similarity to human blastocysts/gastrula
provides promising avenues of research and treatment for devel-
opmental biology, regenerative medicine, drug discovery, and re-
productive health, but they still raise social, ethical, and legal
questions that will affect future research and widespread adop-
tion in industry and clinical settings. Moreover, such cultures are
not widely accessible. A very recent comment on the artificial
embryo models in Nature presented data for a pair of studies with
the most advanced to date lab-grown human embryo models.
The main message was that those most advanced synthetic hu-
man embryos spark controversy provoking many arguments
about the merits of claims made, and raising ethical concerns
and legal questions (Ball, 2023). New ethical dilemmas such as
the moral status of the human embryo and whether we should
treat synthetic embryos in the same way as natural ones or
whether, because of their laboratory origin, we have no moral re-
sponsibility. As Foreman et al. stated recently, it would be of ben-
efit for scientists to voluntarily and proactively strive for efficient
regulation and consistent ethical guidelines for research on hu-
man embryoids in collaboration with members of the public,
clinicians, patients, bioethicists, sociologists, legal experts, and
funding organizations (Nicolas et al., 2021; Foreman et al., 2023).
The embryos generated through ART but not used for
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reproductive purposes are at disposal (where this is allowed by
the country’s ART regulation) as donated human embryos for re-
search (spare embryos, surplus embryos). The usage of such em-
bryos also raises moral unease about the instrumentalization of
human life (Scully et al., 2012), whether the donation of the em-
bryo could be an act of possible coercion ‘wrapped’ in altruism,
and whether is acceptable for the embryo to be ‘a gift’. The state-
ment that synthetic embryos will eliminate the need to use natu-
ral human embryos is controversial because, their creation
involves the extraction of a stem cell from a natural embryo,
which could reduce, but not eliminate, the use of natural em-
bryos at this stage. On the other hand, there are great uncertain-
ties about their comparability with natural embryos and how
well they can show actual early embryonic development. If the
synthetic embryos created from manipulated somatic cells de-
velop into full-grown humans, it will confront us with the ethical
dilemma of access to this technology for reproductive purposes
in same-sex couples. It will lead us to the questions of genetic
parentage in the background of genetic manipulation and the
moral justification of asexual reproduction as a whole. The op-
portunity of synthetic embryos to replace donated human em-
bryos provokes the question of ‘what’s next for lab-grown human
embryos?’ (Powell, 2021) or even ‘what is an embryo’? Although
the potential of the new artificial human embryo models to in-
duce a pregnancy is yet unknown (Ball, 2023), some researchers
speculate that it is time to change the definition of the human
embryo and include embryo models with the potential to develop
into a fetus (Rivron et al., 2023) They propose the embryo to be de-
fined as ‘a group of human cells supported by elements fulfilling
extraembryonic and uterine functions that, combined, have the
potential to form a fetus’. We and others remain conservative,
stating that it is too soon to start formalizing such distinctions
(Ball, 2023). We state that genuine donated-for-research or syn-
thetic embryos should not in any circumstances complete this
cycle since it will exceed any ethical tolerance and would highly
impact society in a negative way. Also, natural and model human
embryos used in science should be classified under a single term
like ‘human research embryo’ or another term, to distinguish
them from human embryos that will eventually develop into
humans. Surplus embryos should be replaced with BLS for re-
search and used only in the final validation steps under
strict regulation.

The human implantation process is still obscure and remains a
limiting step for the success of in vivo and in vitro fertilization.
Conventional animal and 2D culture models have had an impor-
tant role in the first steps of revealing the uniqueness of this pro-
cess, helping to define the stages, and suggesting important
study targets. Tissue explants and extended human embryo cul-
tures as well as primary, cancer, and immortalized cell line mod-
els, with all their pros and cons, have given crucial results in
human implantation research. Of them, the normal immortal-
ized cell lines promise to model the closest to the in situ process.
The advanced 3D models might be the key to widening the
knowledge of the intimate maternal-embryo contact at the very
beginning of pregnancy. From the already available models, the
endometrium spheroids or organoids are a powerful tool for
assessing the impact of different factors on implantation/early
placentation with increased physiological relevance. The relative
autonomy in early trophoblast development makes trophoblast
spheroids relevant models for studying their implantation

potential independently of the embryoblast and/or maternal sig-
nals. Since these models comprise a single cell line (independent
of the origin), they overcome all the legal and ethical constraints
for work with ESC and are more accessible and affordable for lab-
oratories all over the world. However, such models need to be
validated with similar constructs from primary cells and con-
fronted with small decidua biopsies recapitulating the MFI. For
example, the Sw71 spheroids are useful and biologically relevant
embryo surrogates for the evaluation of TE behavior during hu-
man implantation, including maternal-fetal immune recognition
at peri-implantation. The natural or induced pluripotent stem
cell-derived embryoids could be used in studies on human im-
plantation/placentation and embryogenesis. For epiblast re-
search, the trophoblast stem cells or stem cells generated from
iPSC should be preferentially used to avoid the use of ESC. The
complex assembloids including organoid-based 3D culture endo-
metrial and trophoblast models can better recapitulate the
trophoblast-endometrium interaction for the investigation of the
successful (and failed) human implantation. Patient-derived en-
dometrial organoids/assembloids are a new avenue for develop-
ing novel treatment strategies. Much work remains to be done
for the optimization and standardization of these integrated and
complex models. Given their diversity as well as the frequent
lack of validation with primary cultures or in vivo observations, it
is preferable that findings from studies on human implantation,
using a particular model are confirmed with others and/or veri-
fied in vivo. We believe that the proposed consecutive approach
including systematization of the available information and crea-
tion of strict classification with denomination of the 3D models
with their advantages, limitations, preferred use, and methodol-
ogy for modeling of a particular event, would tremendously aid
the modeling of human implantation. When combined with con-
temporary molecular techniques such as genomic microarrays,
RT-PCR, multiplex assays, and proteomics, these models could
provide reliable and important data about human implantation.
This would be a key for reproductive science providing an oppor-
tunity to investigate fundamental pathways of human implanta-
tion as well as to evaluate the impact of many factors, new
therapies, and treatments related to women'’s health, IVF suc-
cess, and embryo development. Last but not least, it would be
ideal if the legislation and regulations on the 3D embryo models
were unified and applicable worldwide to ensure the same stand-
ards and practices, equalize research quality, and provide reli-
able output. Synthetic embryo research presents scientists with
the dilemma of how both science and ethics can go hand in
hand. Warnock’s report (1884) as a regulatory framework for the
oversight of experiments with human embryos was questioned
and new guidelines relaxing the ‘14-day rule’ about human em-
bryo culture took away the hard barrier for researchers (Powell,
2021). Some research groups admired such an extension envisag-
ing possible scientific and clinical advances and determining an
ethical basis for such an extension (Williams and Johnson, 2020;
McCully, 2021), while others denied it (Blackshaw and Rodger,
2021; Nicolas et al., 2021). Warnock herself was concerned that
the extension would put at risk the whole field of embryo re-
search (Hurlbut et al., 2017). We support Warnock’s opinion that
itis too soon to continue past Day 14 for human embryo cultures.
Moreover, extended human embryo cultures have to be used as a
last resort tool for in vivo confirmation purposes only.
Nevertheless, the careful appraisal and development of national
legal and ethical frameworks are crucial for better regulation of
studies using human embryo models to obtain all the potential
benefits for human reproduction.
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