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Stem cell-based embryo models open an unprecedented avenue for
modeling embryogenesis, cell lineage differentiation, tissue
morphogenesis, and organogenesis in mammalian development.
Experimentation on these embryo models can lead to a better
understanding of the mechanisms of development and offers op-
portunities for functional genomic studies of disease-causing
mechanisms, identification of therapeutic targets, and preclinical
modeling of advanced therapeutics for precision medicine. An im-
mediate challenge is to create embryo models of high fidelity to
embryogenesis and organogenesis in vivo, to ensure that the
knowledge gleaned is biologically meaningful and clinically rele-
vant.

Modeling embryonic development

Embryonic development begins with a single cell, the
zygote, and progresses through steps of establishing diverse
cell lineages, assembling the cells into an embryonic archi-
tecture in which increasingly complex cellular interactions
and developmental cues drive the generation and
patterning of the tissues and organs that make up the
whole body. Knowledge gleaned from experimental anal-
ysis of genetically modified mammalian embryos and
in vitro models of cell and tissue differentiation has pro-
vided an understanding of many of the key transcriptional
and signaling activities that underlie these processes. In the
embryonic setting, individual cells and groups of cells
respond to local and long-range signals that can be chemi-
cal in nature, such as growth factors, morphogens, ions,
and metabolites, as well as mechanobiological signals,
such as adhesion, stretch, and pressure. It was inferred
that integration of these signals would somehow result in
the generation of an embryo and its resultant tissues and
organs in a consistently organized manner. However, we
still have limited knowledge of how the size and shape of
tissues and organs are regulated and how the assembly
and proportionality of body parts can be achieved in the
stereotypic and reproducible manner typical of normal
development. While the early mammalian embryo itself
is in principle amenable for elucidating these mechanistic
attributes of embryogenesis in the biologically relevant
setting, the inaccessibility of peri- and postimplantation
stage embryos, the paucity of embryonic material, and
the technical difficulties in direct experimental manipula-
tion in vivo pose a significant barrier for undertaking the
embryological investigation. A compelling imperative is
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to develop ex vivo embryo culture systems (see Nakamura
et al. and Alberio et al. [this issue of Stem Cell Reports])
and in vitro embryo models that could replicate the events
of in vivo mammalian early embryogenesis. A critical pre-
requisite of the experimental models is that they present
an accurate reconstruction of the in vivo events of mamma-
lian embryogenesis, particularly at the early stages when
the basic body plan is laid down and when the embryo
in vivo is at its most inaccessible for experimentation.

The availability of embryo-derived and reprogrammed
pluripotent stem cells (PSCs) that capture the lineage pro-
pensity of early embryonic cell types and their later deriva-
tives has allowed the development of innovative stem
cell-based models to explore the underlying processes of
lineage differentiation and embryonic morphogenesis
(Baillie-Benson et al., 2020). PSCs of both mouse and hu-
man are deemed to be the surrogate of the epiblast of the
blastocyst at peri-implantation stages and they can be
driven to differentiate into multiple somatic cell types
and the germline cells of the fetus. Conventionally, most
differentiation protocols are designed to generate specific
cell types that are of clinical relevance for developing
regenerative medicine treatments, rather than organized
models of normal development. It has long been known
that PSCs, when grown in suspension, can form cellular ag-
gregates (embryoid bodies) with some degree of tissue orga-
nization (Martin et al., 1977). However, the inconsistent
tissue architecture and the variable admixture of cell types
in embryoid bodies offer limited opportunity to gain in-
sights into the mechanism of tissue morphogenesis and
embryogenesis. Recent advances in the design of in vitro
culture conditions have enabled the formation of organo-
typic structures—organoids or mini-organs—from PSCs
(Sahu and Sharan, 2020). However, the formation of orga-
noids seems to have bypassed the earlier phases of embryo-
genesis from implantation to gastrulation and beyond.
Therefore, neither embryoid bodies nor organoids are
appropriate experimental models for studying the initial
events of embryogenesis and morphogenesis.

The quest to build embryo-like entities (Sahu and Sharan,
2020) from PSCs for in vitro experimentation has been
facilitated by the availability of other embryo-derived stem
cells of more restricted lineage potential, for example,
trophoblast stem cells (TSCs) (Tanaka et al., 1998) and
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extraembryonic endoderm (XEN) cells (Kunath etal., 2005).
PSCs alone or in combination with these other cell types can
generate models to recapitulate the underlying develop-
mental events of embryonic-extraembryonic axis formation
and the establishment of the basic body plan at gastrulation
as well as the kinetics of embryonic patterning at early
organogenesis stages. These stem cell-based embryo models
are the focus of this commentary and this special issue.

Nomenclature: what are these embryo-like structures?
The popular terms, such as “artificial embryos” or “synthetic
embryos”, have been used to describe various forms of stem
cell-based embryo models (see Matthews et al. [this issue of
Stem Cell Reports]). However, there is nothing artificial about
the aggregates of living stem cells that make up the models.
Nor are they synthetic, since no new genetic switches or
synthetic pathways have been programmed into the start-
ing cells at this time. Synthetic biology and genome engi-
neering approaches may well provide effective ways of
generating novel/atypical cells, tissues, and structures
from stem cells in the future (see Morsut [this issue of Stemn
Cell Reports]). Such experimental manipulations may delib-
erately disrupt the intrinsic gene regulatory networks to
reconstruct the development of the embryo from compo-
nent parts in a synthetic manner. However, current non-
synthetic stem cell models are based on known properties
of stem cells and embryos and are designed to accurately
inform the cellular and tissue behavior and mechanistic at-
tributes of the morphogenetic process in vivo.

An emerging consensus in the field is that all stem cell-
derived models aimed at modeling early embryonic devel-
opment should be termed stem cell-based embryo models
(Hyun et al., 2020; Rivron et al., 2018a; Sahu and Sharan,
2020) (Figure 1). Under this heading, a distinction should
be made between models that contain all the integral parts
of the whole conceptus, including its extraembryonic tis-
sues, and models that use PSCs exclusively to focus on a
selected/specific developmental process, such as gastrula-
tion, development of the embryo axis and laterality, neural
tube formation, or somitogenesis. Models that mimic the
whole conceptus would be regarded as integrated stem cell-
based embryo models. They would include the blastoid (Riv-
ron et al., 2018b) and the ETX embryoid assembled from
TSCs, PSCs, and XEN cells (Sozen et al., 2018). Models
that shed light on selected morphogenetic events (e.g.,
gastrulation) or developmental processes (e.g., germ layer
differentiation) would be non-integrated stem cell-based
embryo models, and would include gastruloids (Beccari
et al., 2018; Martyn et al., 2018) and amniotic sac models
(Zheng et al., 2019). This distinction is important because
of the ethical and regulatory concerns that integrated
stem cell-based embryo models could in future be endowed
with the potential to form a viable embryo with full devel-
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opmental potential, in contrast to the non-integrated
models that are restricted to the formation of specific
body parts of the embryo (Hyun et al., 2020). Currently,
integrated models displaying extended potential for post-
implantation development have not been generated for
laboratory mice or humans.

Non-integrated PSC-based models of embryonic
patterning and morphogenesis
Recent advances in the optimization of culture media and
customization of the physiological and biophysical proper-
ties of the extracellular matrix and niche have enabled the
generation of complex and sophisticated embryonic struc-
tures from human and mouse PSCs in vitro. Plating human
and mouse PSCs on a micro-structured matrix substrate
and treating the culture with signaling factors led to the
generation of 2D regionalized patterns of germ layer deriv-
atives reminiscent of the primitive streak of the gastrulat-
ing embryo. These cultures can recapitulate the local
delamination of the mesodermal cells and the specification
of germ layer derivatives (see Liu and Warmflash [this issue
of Stem Cell Reports]) (Britton et al., 2019; Deglincerti et al.,
2016b; Martyn et al., 2018; Morgani et al., 2018; Muncie
et al., 2020; Tewary et al., 2017; Xue et al., 2018). PSCs
can also be forced to initiate morphogenetic processes
downstream of gastrulation by modulation of the property
of the scaffold matrix and the extrinsic signaling activity to
generate 3D elongated “gastruloids” that partially resemble
the posterior elongating body axis. In the mouse, these
structures have been shown to display the posterior
patterning of the neural tube (Beccari et al.,, 2018) and
the meristic morphogenesis of paraxial mesoderm derived
from the posterior neuromesodermal progenitors (van
den Brink et al., 2020). Similar but less well-defined struc-
tures can also be derived from human PSCs (Moris et al.,
2020). By blocking WNT signaling activity, gastruloids
comprising anterior structures can be generated (Girgin
and Lutolf, 2020; Rossi et al., 2020). Control of the niche
factors (e.g., matrix materials) and the dynamic and spatial
distribution of signaling molecules in a microfluidic setting
can replicate the graded pattern of morphogenetic cues for
the formation of neural structures spanning the whole
cranio-caudal axis (Rifes et al., 2020). Another microflui-
dic-controlled environment can generate amniotic sac-
like structures from human PSCs with evident polarization
of the amniotic epithelium and the embryonic tissues
(embryonic disc) that is characteristic of human and non-
human primate embryos (Zheng et al., 2019). Transcrip-
tome data indicate the possible presence of mesoderm
and germ cell lineages in these structures.

How the different stem cell-based embryo models are
generated through the constrained biological activities pre-
sented in vitro, however, remains unclear. The presumption
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that they are formed by the same “self-organization” princi-
ples involved in generating specific body parts and fetal or-
gans in vivo reflects our present ignorance of the intrinsic
mechanisms of morphogenesis. However, these models
can be powerful tools for both validating prior knowledge
of the molecular mechanisms of organogenesis and for
testing the functional impact of the topological constraint
of molecular and mechanobiological signals on cell lineage
development and organogenesis. These bioengineering-
based approaches may provide an entry point to elucidate
the black box of “self-organizing” activity in morphogenesis
(see Raspopovic and Marcon [this issue of Stemn Cell Reports]).
While there is much to be learnt from studying tissue
morphogenesis in these non-integrated models, they do
not replicate the full range of cell lineage interactions seen
in the preimplantation and immediate postimplantation

ETX/iETX
embryoid

Blastoid

Blastoid with

Primitive endoderm

embryo. This has limited their utility for modeling in vivo
embryogenesis, the first steps of lineage development and
implantation (see Posfai et al. [this issue of Stemn Cell Re-
ports]). Therefore, it is crucial to validate and interrogate
the findings from these experimental models, especially
those related to “non-canonical” morphogenetic events
and “novel” function of molecular drivers of lineage differ-
entiation and morphogenesis in settings that are of closest
approximation to the embryo in vivo, such as the integrated
stem cell-based embryo models.

Integrated stem cell-based embryo models for
modeling early embryogenesis

PSC-based embryo models have generally not been able to
recapitulate all the features of the implanting embryo,
most notably the formation of the trophoblast and the
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yolk sac derivatives. This is related to the restricted ability
of pluripotent embryonic stem cells (ESCs) to generate
these two tissue types. The trophectoderm of the blastocyst
is essential for attachment and invasion of the conceptus
into the uterus at implantation. In addition, extraembry-
onic cell types, both trophectoderm and primitive endo-
derm, are key sources of signals to drive patterning and dif-
ferentiation of the epiblast at gastrulation. Thus, current
PSC-based models are not ideal for modeling peri- and post-
implantation events in the intact embryo. These are the
time points where we still know least about normal human
development and yet where problems of early embryo loss
in humans are prevalent. While advances have been made
in extended in vitro culture of human blastocysts (Deglin-
certi et al.,, 2016a; Shahbazi et al.,, 2016; Xiang et al.,
2020; Zhou et al., 2019), and there are new initiatives to
collect data directly from early postimplantation human
embryos (Li et al., 2020; Tyser et al., 2020), there are still
practical and ethical issues in generating enough data
from these restricted and limited sources. Thus, it would
be particularly empowering to generate integrated stem
cell-based embryo models in the human system.

Most work on such models has been performed to date in
the mouse. Three lineage-specific stem cell lines have been
derived that represent the three lineages of the blastocyst:
trophectoderm, epiblast, and primitive endoderm. ESCs
originate from the epiblast of the blastocyst and represent
the pluripotent lineage. When placed back in a chimera,
they contribute to the fetus but usually not to the tropho-
blast of the placenta or to the yolk sac endoderm (Bedding-
ton and Robertson, 1989). TSCs arise from the trophecto-
derm and have a different growth factor requirement that
enables them to self-renew in culture; they contribute
only to placental tissues later in development (Tanaka
et al., 1998). Primitive endoderm-derived (XEN) cell lines
can be passaged in culture and contribute only to yolk
sac endoderm (Kunath et al., 2005). These three cell types
can be assembled into 3D aggregates, the so-called ETX em-
bryoids, in which the three cell types sort out to generate
structures resembling those present in the peri-implanta-
tion embryo, but without the outer layers that are required
for implantation (Sozen et al., 2018) (Figure 1). The ETX ag-
gregates have been used for in vitro experimentation to
model early interactions between the lineages that are crit-
ical in later development, particularly up to the onset of
gastrulation and germline formation (Sozen et al., 2018).
Assembling ESCs and TSCs in a more controlled manner al-
lows them to form an aggregate, the blastoid, in which
TSCs form an outer trophectoderm layer enclosing
the ESCs and a blastocoel-like cavity indicating a close
resemblance to the mouse blastocyst (Rivron et al,
2018b) (Figure 1). Blastoids can potentially form all the
later embryonic and extraembryonic lineages and they
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can elicit a decidual response when transferred to the
uterus of a recipient mouse. However, to date there was
no further development of the epiblast into an embryo.
One underpinning factor for the developmental defi-
ciencies of the blastoid may be that the ESC, TSC, and
XEN cell types are not completely equivalent to the three
cell types of the blastocyst. TSCs that express higher levels
of Cdx2 can be isolated from TSC cultures and may be closer
to the polar trophectoderm than postimplantation tropho-
blasts. They are thus more likely to contribute cells that
reconstitute a blastoid (Aldeguer et al., 2019). This may
not be the case for XEN cells, which predominantly give
rise to the parietal endoderm and rarely to the visceral
endoderm in the chimera. In this regard, a way forward
may be to incorporate XEN cells that have been modified
by extrinsic signaling activity (Julio et al., 2011) or nEND
cells (from ESCs) that may be closer to the primitive endo-
derm than XEN cells (Anderson et al., 2017). Several labo-
ratories have derived extended potential stem cells (EPSCs)
that may have enhanced capacity to generate extraembry-
onic tissues directly (Li et al., 2019; Yang et al., 2017a,
2017b), although their full potential to generate trophecto-
derm lineages has been challenged (Posfai et al., 2021).
When combined with TSCs they can generate both epiblast
and primitive endoderm to make a blastoid that may be
more comparable with the in vivo blastocyst (Sozen et al.,
2019) (Figure 1). EPSCs have also been claimed to make
complete blastoids without need for additional cell types
(Li et al., 2019). Monitoring the early steps in the genera-
tion of these blastoids has revealed that the EPSC descen-
dants display morphogenetic behavior of compaction,
segregation of inside and outside, inner cell mass forma-
tion, and blastocyst cavitation. It has also been reported
that mouse ESCs alone could make cyst-like structures
with some properties similar to the blastocyst (Kime
et al., 2019). At this time, none of these blastoid models
can develop far after embryo transfer, so caution should
be exercised in the interpretation of their in vivo equiva-
lence (see Posfai et al. [this issue of Stem Cell Reports]).

Human integrated stem cell-based embryo models

Extension of the approaches of using naive ESC-, TSC-, and
XEN-type cells for generating the mouse models into the
human system would provide a powerful avenue to explore
the key stages of human development around the time of
implantation and immediate postimplantation. Utility of
these stem cell-based models may overcome the ethical
and logistical limitations of working directly with human
embryos. To date, no such integrated models have been re-
ported with human cell lines. In part this reflects that, until
recently, stem cell lines reflecting all three lineages of the
blastocyst were not available in the human. It is also a
consequence of uncertainties about the regulatory
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principles for scientific research on human embryos and
stem cell models and the funding environment for such
models (Hyun et al., 2020). In particular, there are potential
legal, regulatory, and ethical concerns posed by the inte-
grated stem cell-based embryo models, with regard to the
possibility that they could be endowed with the potential
to form a whole organism (Pereira Daoud et al., 2020).
While these concerns may not apply to those models that
are restricted to the formation of specific parts of the em-
bryo, the developmental attributes of the integrated
models may place them under the regulatory framework
for human embryo research in some jurisdictions (Mat-
thews and Morali, 2020).

Although the morphological events leading up to blasto-
cyst formation are not dissimilar between mouse and hu-
man, there are differences in the timing of the different
stages as well as both similarities and differences in gene
expression trajectories (Rossant and Tam, 2018; Shahbazi,
2020). Experimental investigation directly in early human
embryos has shown conservation of Hippo signaling func-
tion in establishing the separation of inner cell mass and
trophectoderm (Gerri et al., 2020). In contrast, CRISPR-
based knockout of the key pluripotency factor, OCT4,
showed an earlier phenotype in human versus mouse em-
bryos (Fogarty et al., 2017) and fibroblast growth factor
(FGF) signaling is required for segregation of epiblast and
primitive endoderm in mouse but apparently not in hu-
man (Kuijk et al., 2012; Roode et al., 2012). These and other
differences have been reflected in differences reported in
the properties of embryo-derived stem cells between mouse
and human.

The ability of stem cells to generate functional ETX em-
bryos or blastoids will depend on their developmental
equivalence. Human PSCs in standard culture systems are
more like mouse primed ESCs and early postimplantation
epiblast and not the naive ESCs derived from the epiblast
of the blastocyst (Nichols and Smith, 2009; Rossant,
2008). However, naive human ESCs (hESCs) have been
derived and are transcriptionally closer to the epiblast of
the blastocyst (Guo et al., 2016; Theunissen et al., 2014),
although epigenetically distinct (Pastor et al., 2016). They
could be a good starting material for generating human in-
tegrated stem cell-based embryo models. Permanent XEN-
like cell lines have not been reported in human, but human
nEND cells can be derived from ESCs in customized culture
conditions. These cells are proposed to mimic the primitive
endoderm and can be cultured indefinitely (Linneberg-
Agerholm et al., 2019). Human TSCs cannot be derived
from blastocysts in humans under the active FGF signaling
conditions used for mouse TSCs (Kunath et al., 2014).
However, potent TSCs can be isolated from human blasto-
cysts and early villus structures using different signaling
pathways and they display many properties of early cyto-

trophoblast cells (Okae et al., 2018). Human expanded po-
tential cells that are reported to produce trophectoderm
and primitive endoderm have been reported, using culture
conditions similar to the mouse (Gao et al., 2019). Several
pieces of evidence suggest that hESCs themselves may
have more potential to generate trophectoderm than their
mouse equivalents, beginning with early evidence of
trophoblast gene expression in hES cultures (Xu et al,,
2002). Recently several groups have shown that human
naive ESCs have the potential to generate TS-like cells
in vitro (Castel et al., 2020; Cinkornpumin et al., 2020;
Dong et al., 2020; Guo et al., 2020). Furthermore, it has
been shown that the pathway to reprogramming human fi-
broblasts to iPSC may pass through a window where tro-
phectoderm-like gene expression can be discerned and
TS-like cells can be isolated (Liu et al., 2020). It is plausible
that other stem cell types, such as naive PSCs and XEN
cells, may be present at intermediate stages of cellular re-
programming. Stem cells representing the three blastocyst
lineages, iPSCs, iTSCs, and iXEN cells can be induced
directly from the mouse fibroblasts (Benchetrit et al.,
2019). Direct induction of these stem cells from human
somatic cells may provide a ready cellular recipe for the
generation of blastoids, without the need to isolate or
assemble different stem cell types. The stage may be set
soon for advances in both mouse and human integrated
stem cell-based embryo models.

The future

There is still an ongoing requirement to investigate the
human embryo per se to establish the benchmarks for as-
sessing developmental milestones and the elucidation of
the identity and trajectory of cell lineages in the stem
cell-based models. Knowledge of the developmental pro-
file of non-human primate embryos, such as the cyno-
molgus monkey and the marmoset, can provide some
useful indicators of embryonic development based on
the premise of conservation of mechanism of develop-
ment among the primates (see Nakamura and Saitou
and Alberio et al. [this issue of Stem Cell Reports]).
However, there are differences in the details of the devel-
opmental processes among the embryos of different
primate species that may have to be considered for
cross-species extrapolation of information. The knowl-
edge of the developmental potential of the different
embryo models is critical for the consideration of their
compliance with the ethical and legal framework of hu-
man embryo research.

To make the best models in both mouse and human,
there is an ongoing need to enhance the lineage relatedness
of the starting stem cells to the lineage events or interac-
tions of interest and to improve the development of inte-
grated stem cell-based embryo models (Figure 2). Modeling
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Figure 2. The Path to the Generation of

Body Parts Stem Cell-Based Embryo Models
Morphogenesis The production of the embryo models would
Model require the integration of multi-disciplinary
Complex knowledge to build an in silico model, fol-
Organoids lowed by translating the digital information

Multi-disciplinary approach
In vitro

the early phases of body patterning and organogenesis in
non-integrated embryo models will ensure that later orga-
noid models are high-fidelity reflections of in vivo organo-
genesis. The experimental approaches need not be limited
to modulation of the in vitro culture conditions to enhance
normal morphogenesis. Bioengineering approaches will be
key to improving the development of embryo models by
providing engineered in vitro niches that mimic the mecha-
nobiological input as well as the chemical signaling envi-
ronment of the embryo (Liu and Warmflash and Sonnen
et al. [this issue of Stem Cell Reports]). In the longer term,
an interdisciplinary approach that encompasses systems
biology, cell and developmental biology, biophysics,
mechanobiology, bioengineering, machine learning, data
science, and computational modeling will enable the redi-
rection of stem cells into new functional forms. The inte-
grated knowledge will be used to design an embryo model
in silico (Levin et al., 2020; Libby et al., 2019), followed by
the experimental generation of this digital twin in reality
(Figure 2). This then will launch truly the era of synthetic
embryogenesis and morphogenesis.
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