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Stem Cells from Early Mammalian Embryos 
& Stem Cell-Derived Embryo Models 



Stem Cells derived from Embryos



Saiz N. et al. JoVE 2016
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Derivation of embryonic stem (ES) cells from 
mouse blastocyst stage embryos

blastocyst

epiblast
pluripotent

self-renewal

ES cellsin vitro
culture



Xen cells
TS cells
ES cells

Stem cells 
from the mammalian blastocyst

+ LIF
(also can add FGF 
inhibitors)

§ Derived from the EPIBLAST of the mammalian blastocyst.
§ They approximate to the: 
 (1) Morphology of EPIBLAST cells
 (2) Gene expression profile 

 (3) Developmental potential of EPIBLAST
§ ES cells grow indefinitely while maintaining their developmental potential (pluripotency)

ES cells (ESCs)



Developmental potential In vitro Developmental potential In vivo

Taken from Tam and Rossant, 2003, Development 7:155.
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Testing developmental potential in vitro and in vivo



chimeras
§ From the Greek meaning "she-goat”

§ The Chimera was a mythical  fire-breathing creature with the 
body of a goat, the head of a lion and the tail of a serpent 

mouse chimeras
§ mouse chimeras can be generated by 
aggregation or injection

§ used as a  tool for investigating the 
developmental potential of cells in vivo

Testing developmental potential in vivo



ESC injection

adult mouse chimeras

E6.5

Embryonic stem cells (ESCs) form chimeras when injected into pre-implantation embryos



Morgani et al., 2017

Pluripotent stem cells representing different epiblast 
states can be isolated from mouse embryos

pre-implantation
development

post-implantation
development

pluripotency continuum



Brons et al., Nature 2007

Derivation of pluripotent epiblast stem cells (EpiSCs) from postimplantation mouse (& rat) epiblast
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Brons et al., Nature 2007

EpiSCs are pluripotent: capable of 
differentiating into the three primary germ layers 
in vitro and in vivo
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Tesar et al., Nature 2007

mESCs and mEpiSCs have distinct gene expression



Huang et al., Cell Reports 2012

In vivo differentiation potential of mEpiSCs revealed by chimeric embryo formation

• Epiblast stem cells (EpiSCs) form chimeras when injected into post-implantation epiblast

• Embryonic stem cells (ESCs) do not form post-implantation chimeras

• EpiSCs do not integrate if they are injected after gastrulation



pluripotency continuum





pluripotency continuum

Morgani et al., 2017



Furlan et al., Nature Comms. 2023
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~32-140 cells 

3-4 days in mice
(~1 week in human)

blastocyst

epiblast
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Embrynic Stem (ES) cells

Trophoblast Stem (TS) cells

eXtra-embryonic ENdoderm 
(XEN) cells

Derivation of stem cells from 
all 3 lineages of the mouse blastocyst stage embryos
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Tanaka et al., 1998. Science 282:2072

FGF4 + MEF-CM (ACTIVIN)



Niwa et al., 2005, Cell 123:917-929.

Overexpression of Cdx2 in ES cells directs them to a TS cell fate

+ Cdx2

+ Cdx2

+ Eomes

+ Eomes

Oct4 
knock-down

Gata6

TS cell morphology in ES cells expressing Cdx2

Placental contribution of ES-derived TS cells 
generated by expression of Cdx2



Overexpression of Tead4 in ES cells directs them to a TS cell fate

+ Cdx2

+ Cdx2

Nishioka et al., 2008, Dev Cell 16:398
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XEN cells

no factors added?
screen by morphology?

Kunath et al., 2005, 
Development 132:1649-61.



Fujikura et al., 2002, Genes and Development 123:917-929.
Niwa et al., 2007, BMC Developmental Biology 123:917-929.

Overexpression of Gata6  (or Gata4) in ES cells directs them to a XEN cell fate
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Anderson et al., Nature Cell Biol 2017

Wnt3a and Activin (Nodal) drive primitive endoderm (PrE) differentiation of naive pluripotent cells (ESCs)





Mouse & human embryonic & extra-embryonic stem cells & their corresponding developmental potencies

Fu et al., Nature Materials 2020



Stem Cell-derived Embryo Models



Blastocyst-derived stem cells: applications

•  Directed differentiation

• Synthetic embryo-like structures
ES cells

cardiac

neural

directed differentiation



Mimicking the in vivo signals driving gastrulation initiation 

BMP, NODAL, WNT & FGF 
converge on posterior epiblast 

driving formation of PRIMITIVE STREAK 
& initiation of GASTRULATION



Micropatterned differentiation of pluripotent stem cells: MOUSE

Morgani et al., eLife 2018

transverse section

gastrulation in the mouse embryo
pluripotent stem cell differentiation

micropattern differentiation 
of mouse pluripotent stem cells



Mimicking the in vivo signals driving gastrulation initiation 

BMP, NODAL, WNT & FGF 
converge on posterior epiblast 

driving formation of PRIMITIVE STREAK 
& initiation of GASTRULATION



Micropatterned (2D) differentiation of pluripotent stem cells

Warmflash  et al., Nature Methods 2014



EpiLCs correlate to the pre-gastrulation epiblast

Morgani S. et al., eLife 2018



Does in vitro differentiation of pluripotent stem cells on micropatterns 
employ comparable morphogenetic mechanisms as the embryo?

Epithelial 
(E-CADHERIN)

Mesenchymal
(N-CADHERIN)

PRIMITIVE
STREAK

EMT

Epithelial 
(E-CADHERIN)

MET



Differentiating EpiLCs undergo EMT

Posterior Epi à PS à  Cell fates
Epithelial    Mesenchymal

EMT



Activin/Nodal signaling inhibition affects EMT 
(as it does in the embryo)

Accumulation of cells 
at micropattern edge



Micropatterned differentiation of pluripotent stem cells: HUMAN 2D GASTRULOIDS

Warmflash et al., Nature Methods 2014
Heemserk & Warmflash et al., Dev Dynamics 2016

Liu et al., Nature Comms. 2022
Chen et al., Nature Methods 2025



Warmflash et al., Nature Methods 2014

Micropatterned differentiation of pluripotent stem cells: HUMAN 2D GASTRULOIDS



Extended culture of 2D gastruloids to model human mesoderm development

Chen et al., Nature Methods 2025



Etoc et al., Developmental Cell 2016

Differential receptor availability drives micropatterned differentiation



Mechanical Tension Promotes Formation of Gastrulation-like 
Nodes and Patterns Mesoderm Specification in HESCs

Muncie et al., Developmental Cell 2020
Schwarz & Hadjantonakis Developmental Cell 2020



Turner et al., Bioessays 2015

Different differentiation protocols for different ESC-based embryo models



3D GASTRULOIDS: MOUSE

Van den Brink et al., Development 2014

ESCs
= Wnt agonist



Becari et al., Nature 2018

Multi-axial self-organization properties of mouse ESCs into 3D gastruloids

https://www.nature.com/articles/s41586-018-0578-0
https://www.nature.com/articles/s41586-018-0578-0
https://www.nature.com/articles/s41586-018-0578-0
https://www.nature.com/articles/s41586-018-0578-0
https://www.nature.com/articles/s41586-018-0578-0
https://www.nature.com/articles/s41586-018-0578-0


Becari et al., Nature 2018

Collinear Hox gene expression in mouse 3D gastruloids

Krumlauf et al., 2013



3D Gastruloids generate cardiac structures

Article

Capturing Cardiogenesis in Gastruloids

Graphical Abstract

Highlights
d Gastruloids generate cardiovascular progenitors and form a

vascular-like structure

d Both first and second heart field-like progenitors are

specified

d Cardiac progenitors self-organize into crescent and heart

tube-like beating domains

d Cellular diversity and tissue-tissue interactions mimic

embryonic development

Authors

Giuliana Rossi, Nicolas Broguiere,

MatthewMiyamoto, ..., Robert G. Kelly,

Chulan Kwon, Matthias P. Lutolf

Correspondence
matthias.lutolf@epfl.ch

In Brief
Rossi et al. describe an embryonic

organoid model that mimics the early

development of the heart, from the

generation of cardiovascular precursor

cells to the specification of the first and

second heart fields. These axially

patterned organoids support the

formation of cardiac crescent and early

cardiac tube-like structures while

reproducing the cell diversity and tissue-

tissue interactions typical of embryos.

Rossi et al., 2021, Cell Stem Cell 28, 230–240
February 4, 2021 ª 2020 Elsevier Inc.
https://doi.org/10.1016/j.stem.2020.10.013 ll

Rossi et al., Cell Stem Cell 2021

- Gastruloids generate cardiovascular 
progenitors and form a vascular-like 
structure 

- Both first and second heart field-like 
progenitors are specified 

- Cardiac progenitors self-organize into 
crescent and heart tube-like beating 
domains 

- Cellular diversity and tissue-tissue 
interactions mimic embryonic development 



Gastruloids organize into trunk-like structures including neural tube and somites

Veenelevet et al., Science 2020

RESEARCH ARTICLE SUMMARY
◥

DEVELOPMENTAL BIOLOGY

Mouse embryonic stem cells self-organize into
trunk-like structures with neural tube and somites
Jesse V. Veenvliet*†, Adriano Bolondi†, Helene Kretzmer‡, Leah Haut‡, Manuela Scholze-Wittler,
Dennis Schifferl, Frederic Koch, Léo Guignard, Abhishek Sampath Kumar, Milena Pustet,
Simon Heimann, René Buschow, Lars Wittler, Bernd Timmermann,
Alexander Meissner*, Bernhard G. Herrmann*

INTRODUCTION: Vertebrate development com-
prises multiple complex morphogenetic pro-
cesses that shape the embryonic body plan
through self-organization of pluripotent stem
cells and their descendants. Because mamma-
lian embryogenesis proceeds in utero, it is dif-
ficult to study the dynamics of these processes,
includingmuch-needed analysis at the cellular
andmolecular level. Various three-dimensional
stem cell systems (“embryoids”) have been de-
veloped to circumvent this impediment. The
most advanced models of post-implantation
development achieved so far are gastruloids,
mouse embryonic stem cell (mESC)–derived

aggregates with organized gene expression
domains but lacking proper morphogenesis.

RATIONALE: To advance the current models,
we explored the usage of Matrigel, an extra-
cellular matrix (ECM) surrogate. During em-
bryonic development, the ECM provides
essential chemical and mechanical cues. In
vitro, lower percentages of Matrigel can drive
complex tissue morphogenesis in organoids,
which led us to use Matrigel embedding in
various media conditions to achieve higher-
order embryo-like architecture inmESC-derived
aggregates.

RESULTS:We found that embedding of 96-hour
gastruloids in 5% Matrigel is sufficient to in-
duce the formation of highly organized “trunk-
like structures” (TLSs), comprising the neural
tube and bilateral somites with embryo-like
polarity. This high level of self-organizationwas
accompanied by accumulation of the matrix
protein fibronectin at the Matrigel-TLS inter-
face and the transcriptional up-regulation of
fibronectin-binding integrins and other cell
adhesion molecules. Chemical modulation of
signaling pathways active in the developing
mouse embryo [WNT and bone morpho-
genetic protein (BMP)] resulted in an excess
of somites arranged like a “bunch of grapes.”
Comparative time-resolved single-cell RNA
sequencing of TLSs and embryos revealed that
TLSs follow the same stepwise gene regulatory
programs as the mouse embryo, comprising
expression of critical developmental regula-
tors at the right place and time. In particular,
trunk precursors known as neuromesodermal
progenitors displayed the highest differentia-
tion potential and continuously contributed to
neural and mesodermal tissue during TLS for-
mation. In addition, live imaging demonstrated
that the segmentation clock, required for rhyth-
mic deposition of somites in vivo, ticks at an
embryo-like pace in TLSs. Finally, a proof-of-
principle experiment showed thatTbx6-knockout
TLSs generate ectopic neural tubes at the expense
of somite formation, mirroring the embryonic
phenotype.

CONCLUSION: We showed that embedding of
embryonic stem cell–derived aggregates in
an ECM surrogate generates more advanced
in vitro models that are formed in a process
highly analogous to embryonic development.
Trunk-like structures represent a powerful tool
that is easily amenable to genetic, mechanical,
chemical, or other modulations. As such, we
expect them to facilitate in-depth analysis of
molecular mechanisms and signaling networks
that orchestrate embryonic development as well
as studies of the ontogeny ofmutant phenotypes
in the culture dish. The scalable, tractable, and
highly accessible nature of the TLS makes it
a complementary in vitro platform for decipher-
ing the dynamics of the molecular, cellular, and
morphogenetic processes that shape the post-
implantation embryo, at an unprecedented
spatiotemporal resolution.▪

RESEARCH

Veenvliet et al., Science 370, 1291 (2020) 11 December 2020 1 of 1

The list of author affiliations is available in the full article online.
*Corresponding author. Email: veenvlie@molgen.mpg.de
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mpg.de (B.G.H.)
†These authors contributed equally to this work.
‡These authors contributed equally to this work.
Cite this article as J. V. Veenvliet et al., Science 370,
eaba4937 (2020). DOI: 10.1126/science.aba4937

READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.aba4937

“Bunches of grapes”

Engineering the embryonic trunk in a dish. Embedding of mouse embryonic stem cell (mESC) aggregates
in an extracellular matrix (ECM) enables generation of trunk-like structures (TLSs) with an in vivo–like
architecture including gut, and neuromesodermal progenitor (NMP)–derived neural tube and somites.
Comparative single-cell RNA sequencing revealed that TLS cell states and differentiation dynamics match
those of the embryo. Chemical modulation and genetic manipulation highlight the utility of the TLS as a
scalable, tractable, and accessible model for investigating mid-gestational embryogenesis. FN1, fibronectin.
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(RNA-seq) analysis (fig. S6A) and found that
the TLS models the postoccipital embryo,
similar to gastruloids (Fig. 2A) (3). Relative
to TLS, both TLSC and TLSCL showed signi-
ficant up-regulation of genes involved in
(pre)somitic development [e.g., Tbx6, Msgn1,
Hes7 (8, 10, 12)] at the expense of NE marker

genes [e.g., Sox1, Pax6, Irx3 (13)], corroborat-
ing the flow cytometry and imaging results
(Fig. 2A and fig. S6, B and C). The analysis of
marker gene sets for NMPs, for their direct
descendants undergoing lineage choice (NMP
ME and NMPNE), and for committed NE and
ME cells substantiated this finding. Moreover,

TLSC and TLSCL displayed reduced expression
of markers in all clusters, including ME, rela-
tive to TLS (Fig. 2B). In contrast, on average
(pre)somiticmesoderm [(P)SM]–specificmarkers
were up-regulated, whereas intermediate ME
(IM) and lateral plateME (LPM)markers were
down-regulated in TLSC and further reduced

Veenvliet et al., Science 370, eaba4937 (2020) 11 December 2020 2 of 7

Fig. 1. Generation of trunk-like structures (TLSs) with somites and a
neural tube. (A) Schematic overview: 200 to 250 mESCs were aggregated in
ultralow-attachment plates; Wnt agonist CHIR99021 (CHIR) was added
between 48 and 72 hours (3). At 96 hours, aggregates were (i) cultured as
gastruloids (3), (ii) embedded in 5% Matrigel (TLS), and (iii) treated with WNT
signaling activator CHIR99021 (CHIR) alone (TLSC), or (iv) treated with CHIR
and the BMP signaling inhibitor LDN193189 (TLSCL). The two compounds have
been reported to induce a (pre-)somitic mesoderm fate in 2D and 3D
differentiation protocols (8). (B) 3D volumetric renderings (top) and confocal
sections (bottom) of a gastruloid, TLS, TLSC, and TLSCL. Scale bars, 100 mm.
Each image is representative of at least 10 biological replicates with similar
morphology and expression patterns. (C) Segments in TLS are TmCH+ and are
positioned adjacent to the neural tube. In TLSC and TLSCL the segments are

arranged in “bunches of grapes.” Scale bars, 25 mm. Red arrowhead, neural tube;
white arrowheads, somites. (D) Quantification of morphogenetic features
in gastruloids, TLSs, TLSC, and TLSCL (see supplementary materials for scoring
criteria). (E) Segments express somitic markers Uncx and Tcf15 as shown by
whole-mount in situ hybridization. Note the characteristic stripe-like expression
pattern of Uncx in TLS due to posterior restriction, whereas Tcf15 is expressed
throughout the segments (as in the embryo). Scale bars, 100 mm. (F) In TLSC and
TLSCL, Uncx is detected throughout the segments, indicating loss of anterior-
posterior polarity. Scale bars, 100 mm. (G and H) Confocal sections showing that
cells of somites and neural tube display apical-basal polarity with NCAD and
F-actin (phalloidin) accumulating at the apical surface. Inset represents an optical
section of the neural tube shown in the main panel. Scale bars, 50 mm (G),
10 mm (H). White arrowheads, somites; red arrowheads, neural tubes.
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TLS cell states are embryo-like and Tbx6–/– TLSs recapitulate the embryonic knockout phenotype

Veenelevet et al., Science 2020

assembly play an important role in somite and
neural tube formation (21,22),we askedwhether
FN1, which is highly expressed in TLSs, was
retained byMatrigel, as recently shown in 2D
culture (fig. S7C) (23). FN1 protein clearly ac-
cumulatedat theTLS-Matrigel interface; thiswas
not observed in gastruloids, where FN1 likely
diffuses into themedium (Fig. 2G, fig. S7D, and
movie S10). Taken together, our data suggest
that the activation of morphogenetic programs
by Matrigel embedding is driven by ECM as-
sembly involving integrins and fibronectin.

Single-cell RNA-seq demonstrates embryo-like
dynamics of cell differentiation

Wenext focused on the TLS condition because
it produced the most in vivo–like structures.
After confirming reproducibility at the molec-
ular level (fig. S8, A to C), we performed a
time-resolved single-cell RNA-seq (scRNA-seq)
analysis on a total of 20,294 postprocessed cells
sampled from TLSs at 96, 108, and 120 hours

(fig. S9A). Clustering analysis identified 14 dif-
ferent cell states. The larger clusters corre-
sponded to derivatives of the PSM and NE that
flank putative NMPs, whereas smaller clusters
comprised endoderm, endothelial cells, and
primordial germ cell–like cells (PGCLCs) (fig.
S9B). The main clusters organized into a con-
tinuum of states recapitulating spatiotemporal
features of the developing postoccipital embryo
(Fig. 3A). Across the three time points sampled,
progenitor cells gradually decreased in favor
of more mature neural and somitic cells as
development progressed (Fig. 3B and fig. S9C).
Putative NMPs coexpressing T and SOX2, or
TmCH, Sox2VE, and CDX2, were located at the
posterior end at 96 and 120 hours (Fig. 3C
and fig. S10, A to C) (10, 24). TLS-NMPs thus
display an in vivo–like NMP signature and
have the highest differentiation potential, as
they give rise to differentiating cells of both
neural and mesodermal lineages (Fig. 3C and
fig. S10, D to F).

RNA velocity analysis revealed neural and
somitic trajectories rooted in theNMPs, further
suggesting that the TLS recapitulates the de-
velopmental dynamics observed in the mid-
gestational embryo (Fig. 4A and fig. S11A) (25).
In vivo, NMPs and their descendants are ar-
ranged in order of progressive maturity along
the posterior-to-anterior axis (8). Accordingly,
ordering of TLS-derived cells along a pseudo-
temporal trajectory showed that the somitic
trajectory reflects the genetic cascade observed
in the embryo (Fig. 4B and fig. S12A). For
example, the trajectory from Fgf8+ NMPs and
PSM, through the determination front marked
by Mesp2, to Meox1+ somites, was faithfully
recapitulated, and the embryo-like spatial ar-
rangement was confirmed by whole-mount in
situ hybridization (Fig. 4C) (8). Likewise, the
genetic cascade from NMPs to neural progen-
itors reflected the in vivo differentiation path
in space and time (Fig. 4D). Subclustering of the
neural cells demonstrated that TLSs generate

Veenvliet et al., Science 370, eaba4937 (2020) 11 December 2020 5 of 7

Fig. 5. TLS cell states are embryo-like and Tbx6–/– TLSs recapitulate the
embryonic knockout phenotype. (A) Schematic of our comparative tran-
scriptome analysis of TLSs with postoccipital E7.5 and E8.5 embryos at the
single-cell level. (B) TLS UMAP colored by assigned embryonic cell states. TLS
clusters are projected as corresponding colored contours. Blue font, TLS
clusters; red font, embryo clusters. (C) Split heatmap with percentage of
assigned cells (dark gray) and certainty score (orange) for TLS cells from
the indicated cluster upon unbiased mapping to the in vivo counterpart. Font
colors as in (B). (D) Alluvial plot of percentage of cells assigned to the indicated

in vivo clusters in 96-, 108-, and 120-hour TLSs. (E) Simplified schematics of
Tbx6–/– in vivo phenotype and knockout/reporter constructs. (F) Quantification
of segmentation phenotype in TLS-Tbx6–/–. Data represent three different
experiments performed with two independent mESC lines of each genotype.
(G) Formation of ectopic neural tubes in TLS-Tbx6–/–. Ectopic neural tubes are
identified as SOX2+/Tbx6VE+ tubular structures flanking the main SOX2+-only
neural tube. Green, SOX2; magenta, Tbx6VE. White arrowheads indicate
Tbx6VE+ somites in the wild type (WT) and Tbx6VE+/SOX2+ ectopic neural tubes
in Tbx6–/–. Scale bars, 50 mm.
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TLS = tail like structure 



3D GASTRULOIDS: HUMAN

Comparison between a 20 day old human embryo and a human gastruloid. 
Left; False-colored Carnegie Stage 9 human embryo, with additional brain/neural folds and extraembryonic tissues (not colored). 
Right; False-colored 72h human gastruloid. Coloring indicates estimated similarity of gene expression profiles.



3D GASTRULOIDS: HUMAN

Noris et al., Nature 2020



Lineage contributions of the mammalian blastocyst
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INTEGRATED SYSTEMS 
(comprising more than 1 stem cell type co-cultured)

In vitro reconstituted
Blastoids
Rivron et al., Nature 2018
Li et al., Cell 2019

In vitro reconstituted
ETS & ETX ‘embryos’
Harrison et al., Science 2017
Sozen et al., Nature Cell Bio. 2019

aggregation of 
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XEN cells
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~32-140 cells 

3-4 days in mice
(~1 week in human)

blastocyst

epiblast
pluripotent

ES cells

TS cells

Stem cells representing epiblast (ESC) & trophectoderm (TE) 
of the mammalian blastocyst stage embryo



BLASTOIDS: Stem cell-derived blastocyst stage embryo-like structures

ES cells + TS cells



Rivron N. et al., Nature 2018

ES & TS cells can be combined to form a mouse blastocyst-like structure in vitro



Mouse blastoids implant in utero & trigger the formation of deciduae

Rivron N. et al., Nature 2018



Human blastoids model blastocyst development & implantation

Kagawa et al., Nature 2022

Fig. 1 | Triply inhibited naive hPSCs efficiently form human blastocyst-like 
structures comprising analogs of the three founding lineages.  
a. A schematic of the time window of human peri-implantation development 
hereby modeled. M / MC / B = Morula / Morula Compacted / Blastocyst.  
b. One-step protocol of human blastocyst-like structure formation. N2B27: 
serum-free medium. PALLY: PD0325901, A83-01, LPA, hLIF, Y-27632.  
c. Phase-contrast image of human blastocyst-like structures formed on a 
non-adherent hydrogel microwell array after 96 hours. Each microwell is  
200 µm in diameter. Scale bars: 400 µm. d. Phase-contrast image of 
representative human blastocyst-like structures harvested from microwells. 
Scale bars: 200 µm (top) and 100 µm (bottom). e. Quantification of the 
percentage of microwells including a human blastocyst-like structure for 
different naive hPSC lines cultured in PALLY condition with optimized LPA 
concentration as compared to a H9 control (Ctr.) deprived of the 3 inhibitors 

(yield of blastocyst-like structures (%); also see morphometric definition of a 
blastocyst-like structures in Methods. n=3 microwell arrays; mean± S.D.  
f, g. Immunofluorescence stainings for the epiblast (EPI) markers (Yellow) 
NANOG (f) and OCT4 (g); the TE markers (Cyan) CDX2 (f) and GATA3 (g); and 
the primitive endoderm marker (Magenta) SOX17 (f) and GATA4 (g) in human 
blastocyst-like structures. Scale bar: 100 µm. h. Quantification of the absolute 
number of cells positive for OCT4, GATA3 and GATA4 (left) and of the ratios of 
cells belonging to individual lineages represented as percentage of total 
number of cells (right) in blastocyst-like structures (96 hours) based on 
immunofluorescence stainings. i. Representative immunofluorescence 
stainings for the tight junction molecule ZO-1 (Yellow), the adherence junction 
molecule CDH1 (Magenta), and the apical domain molecule aPKC (Cyan) in a 
representative human blastocyst-like structure. Scale bars: 50 µm.

Nature | www.nature.com | 5
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Fig. 1 | Triply inhibited naive hPSCs efficiently form human blastocyst-like 
structures comprising analogs of the three founding lineages.  
a. A schematic of the time window of human peri-implantation development 
hereby modeled. M / MC / B = Morula / Morula Compacted / Blastocyst.  
b. One-step protocol of human blastocyst-like structure formation. N2B27: 
serum-free medium. PALLY: PD0325901, A83-01, LPA, hLIF, Y-27632.  
c. Phase-contrast image of human blastocyst-like structures formed on a 
non-adherent hydrogel microwell array after 96 hours. Each microwell is  
200 µm in diameter. Scale bars: 400 µm. d. Phase-contrast image of 
representative human blastocyst-like structures harvested from microwells. 
Scale bars: 200 µm (top) and 100 µm (bottom). e. Quantification of the 
percentage of microwells including a human blastocyst-like structure for 
different naive hPSC lines cultured in PALLY condition with optimized LPA 
concentration as compared to a H9 control (Ctr.) deprived of the 3 inhibitors 

(yield of blastocyst-like structures (%); also see morphometric definition of a 
blastocyst-like structures in Methods. n=3 microwell arrays; mean± S.D.  
f, g. Immunofluorescence stainings for the epiblast (EPI) markers (Yellow) 
NANOG (f) and OCT4 (g); the TE markers (Cyan) CDX2 (f) and GATA3 (g); and 
the primitive endoderm marker (Magenta) SOX17 (f) and GATA4 (g) in human 
blastocyst-like structures. Scale bar: 100 µm. h. Quantification of the absolute 
number of cells positive for OCT4, GATA3 and GATA4 (left) and of the ratios of 
cells belonging to individual lineages represented as percentage of total 
number of cells (right) in blastocyst-like structures (96 hours) based on 
immunofluorescence stainings. i. Representative immunofluorescence 
stainings for the tight junction molecule ZO-1 (Yellow), the adherence junction 
molecule CDH1 (Magenta), and the apical domain molecule aPKC (Cyan) in a 
representative human blastocyst-like structure. Scale bars: 50 µm.
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Stem cell based human blastoid and endometrial (implantation) models

Heidari Kohei et al., Nature Protocols 2023



trophoblastprimitive 
endoderm

zygote
(fertilized egg)

 
~32-140 cells 

3-4 days in mice
(~1 week in human)

blastocyst

epiblast
pluripotent

ES cells

TS cells

XEN cells

Derivation of stem cells from 
all 3 lineages of the mouse blastocyst stage embryos



ETX embryos: Synthetic embryos comprised of ES-TS-XEN cells 
that develop to post-implantation

Harrison S. et al., Science 2017
Sozen B. et al., Nature Cell Biology  2018

Zygote 2-cell 4-cell 8-cell
16-32 cell

morula
32-64 cell
blastocyst

64-100 cell
blastocyst

>100 cell
blastocyst

Time after 
fertilization in
embryonic days (E)

E0.5 E1.5 E2.5 E3.5 E4.5

PrE

EPI

TE

ICM

OviductInfundibulum Uterus
Isthmus

Implantation Gastrulation

E5.5

ParE
TGCs

ExE

EPC

EPI

Primitive 
streak

VE

E6.5



INTEGRATED SYSTEMS: ETX embryos

Zhang et al., Nature 2019



Do ETX embryos employ comparable morphogenetic mechanisms as the 
natural embryo?

Epithelial 
(E-CADHERIN)

Mesenchymal
(N-CADHERIN)

PRIMITIVE
STREAK

EMT

Epithelial 
(E-CADHERIN)

MET



EMT events in ‘gastrulating’ 
ETX embryos

Sozen B. et al., Nature Cell Biology  2018



Transcriptional 
profiling of 
‘gastrulating’ ETX 
embryos reveals 
global similarity of 
anterior–posterior 
patterning to 
gastrulating 
natural embryos



Tarazi S. et al., Cell 2022
Niwa H. et al., Cell Stem Cell 2022

Post-gastrulation synthetic embryos generation ex utero from mouse naïve ESCs 



Tarazi S. et al., Cell 2022
Niwa H. et al., Cell Stem Cell 2022

Post-gastrulation stem cell-derived embryo-like models generated ex utero from 
mouse naïve ESCs 



Amadei J. et al., Nature 2022

Stem cell-derived embryo-like models complete gastrulation to neurulation & 
organogenesis (i.e. later development)



Amadei J. et al., Nature 2022

Stem cell-derived embryo-like models complete gastrulation to neurulation and 
organogenesis (i.e. later development)

synthetic embryo
(ETiX embryoid)

natural embryo



Embryoid models recapitulate different stages of mouse & human development

Fu et al., Nature Materials 2020



Zernicka-Goetz et al., Nature Methods 2023

Mouse and human embryogenesis



Zernicka-Goetz et al., Nature Methods 2023

3D stem cell-based embryo humans in mouse and human


