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Abstract
Pluripotent stem cells derived from the early mammalian embryo offer a convenient model
system for studying cell fate decisions in embryogenesis. The last ten years has seen a boom in the
popularity of two-dimensional micropatterns and three-dimensional stem cell culture systems as a
way to recreate the architecture and interactions of particular cell populations during
development. These methods enable the controlled exploration of cellular organisation and
patterning during development, using cell lines instead of embryos. They have established a new
class of in vitro model system for pre- and peri-implantation embryogenesis, ranging from models
of the blastocyst stage, through gastrulation and towards early organogenesis. This review aims to
set these systems in context and to highlight the strengths and suitability of each approach in

modelling early mammalian development.

Introduction

Animal development is defined by the assemblage of cells into organs and tissues and their
coordinated association into a functionally integrated whole. Our understanding of these
processes has largely relied on two complementary approaches. On the one hand Genetics, the
isolation and characterization of mutants in organisms such as C. elegans, Drosophila, and more
recently zebrafish has revealed the molecular underpinning of developmental events [1]. Through
this molecular understanding, narratives have been built that define mechanisms involved in the
generation and patterning of cell diversity. Many have centred on notions like ‘morphogens’
(gradients of molecules that can lead to patterning cell fate decisions) and ‘Gene Regulatory
Networks’ (the organised interactions between gene products). A second approach, Experimental
Embryology, had its heyday in the early 20™" century using organisms like chickens and frogs, in
which Genetics is challenging. It focuses on the abilities of groups of cells to work together and has
yielded notions such as ‘organizers’ (a group of cells shown to be sufficient to induce neural fates),
‘induction’ (the ability of one tissue to influence another) and the ‘community effect’ (when the

ability of cells to respond to an induction is dependent on its neighbouring cells) [2]. This approach



can be used to explain how cellular interactions can structure the whole organism from the level
of the major body axes down to individual tissues. Although this approach lacks mechanistic
insights it has been an important reference for genetic analysis. In an ideal world one would like to

blend the two to provide biological understanding across scales.

Mammalian development presents a challenge for both approaches. The slow reproductive time
and, often, large size of mammalian organisms creates logistical problems for high-throughput
mutant genetic screens. In addition, mammalian embryos are difficult to access and manipulate
due to their internal development and their dependence on maternal interactions. Nevertheless,
careful experimentation has pieced together a picture of the molecular and cellular events
associated with early embryogenesis, with a particular focus on the mouse. These events highlight

adaptations to the embryo-maternal interactions necessary for post-implantation development.

Mammalian development begins at fertilization, after which the zygote divides and segregates two
lineages that will not primarily contribute to the embryo but create an interface with the mother:
the Trophectoderm (TE) generates the placenta and the Primitive Endoderm (PrEnd) the yolk sac
[3]. The embryo itself, specified after these lineages, is derived from the epiblast; a cellular
ensemble that is asymmetrically encased between the TE and the PrEnd. The epiblast then
undergoes gastrulation, a key developmental process that establishes the organised
differentiation of the three germ layers (see Figure 1) [4]. Genetic analysis has shown that a
sequence of interactions between the embryonic and extra-embryonic lineages creates an axial
reference for this process. The first sign of gastrulation is the expression of the T-box transcription
factor Brachyury (Bra) at the prospective posterior end of the embryo, and an Epithelial to
Mesenchymal Transition (EMT) that is propagated along the midline from posterior to anterior in
the form of a dynamic groove, the Primitive Streak. This leads to the specification of the endoderm
and the mesoderm. The body plan is laid out by the end of gastrulation with reference to three
orthogonal axes: an anteroposterior (AP) axis defined by the head and the brain and one end and
the primordium for the thorax at the other; a dorsoventral (DV) axis with the nervous system
dorsally and the endoderm ventrally; and the primordia for different mesodermal derivatives

organised with respect to a midline that defines a bilateral axis of symmetry (Figure 1) [5].

Embryonic Stem Cells (ESCs), clonal derivatives from early mammalian embryos that can be

propagated and differentiated in culture, have become an invaluable tool for the study of



mammalian development. In particular, the ability to direct their differentiation in culture has
provided significant insights into how signals and transcription factor networks interact during cell
fate decisions. Importantly, non-adherent cultures have revealed an intrinsic self-organizing ability
that has been used to develop three-dimensional mimics of embryonic and fetal organs
(organoids). These have expanded our understanding of tissue morphogenesis and created an
interesting platform for regenerative medicine [6]. This self-organizing ability of ESCs has also
been used to explore the early stages of development in what we could generically call
“embryonic organoids” (see Box 1). Here we focus on examples of embryonic organoids and
discuss how different systems that have emerged from pluripotent stem cell cultures can be used

to model different features of embryogenesis and what we are learning from them.

Embryonic Stem Cells and Micropatterns — models of germ layer organisation

The embryo is a combination of different cell types in specific proportions that interact to increase
complexity over time in creating tissues and organs. However, when ESCs are subject to directed
differentiation in culture, they display heterogeneities in gene expression that are dependent on
the signalling environment. Heterogeneity in gene expression, particularly of members of the core
pluripotency network, produces a dynamic mix of cell states in an ESC culture, with local
differences in the spatial organisation and movement of the cells. These heterogeneities are
transferred to differentiation choices [7, 8] and have provoked discussions of whether such
heterogeneities exist in the embryo and play a role in fate assignments and pattern formation,
even at the earliest stages of development [9]. The question remains open but the answer needs
to address whether the spatial and geometric constraints of cells in the embryo restrict cellular
heterogeneity in gene expression across space and time. These constraints are missing in adherent
cultures where cells are free to move and able to make colonies of various sizes. This point can be
addressed by seeding ESCs onto micropatterns of adhesive surfaces that constrain the movement
of the cells and allow a more homogeneous, controlled differentiation in a high-throughput

manner.

Subjecting micropatterned mouse and human PSCs to different signalling environments has
reproduced early fate decisions including the emergence of germ layers and their subdivisions
[10-13] and an organiser-like population [14, 28] that expresses the marker GSC and can induce
the formation of secondary axial structures on xenotransplantation to a recipient embryo. In these

experiments, cells develop as coherent groups in defined relative proportions, with few



heterogeneities; often organised into concentric rings of different cell types. Micropatterned
cultures are a useful tool to decipher the signalling logic associated with the early spatial
organization of tissue primordia [15] and have highlighted the importance of signal dynamics [16—
18], boundary conditions [11], mechanics, geometry [13,19,20] and community [21] in cell fate
decisions. In an extension of this work, the radial symmetry observed with circular micropatterns
could be broken by applying an asymmetric flow of signals and inhibitors in a situation that mimics

the embryo [22].

In attempting to model gastrulation [12,13], micropatterned PSCs can undergo a regionalised EMT
to form a multi-layered ring within the pattern [10,13] that appears to move centrally over time
[12]. While the local arrangement of cells in the T/BRA expressing region may be reminiscent of
those at the primitive streak, the resulting mesodermal and endodermal subpopulations are
locally clustered in a manner inconsistent with an overall body plan [12]. Adherent ESC and
micropattern differentiation systems can help us to understand the local cell dynamics at
gastrulation but they do not capture the overall migration and resolution of germ layer
subpopulations or morphogenesis of the embryo. Micropatterns are an excellent model to explore
the phase space of response of intrinsic Gene Regulatory Networks (GRNs) to signals (mechanical
and chemical) but they are limited by their inability to evolve over time and their intrinsic
tendency towards radial symmetry. This has been recently shown by changing the mechanical
properties of the cellular substrate. Most micropatterned cultures are grown on Laminin-coated
glass surfaces, but changing the cellular substrate to compliant polyacrylamide hydrogels
generates local gastrulation-like nodes instead of a ring structure [23]. Compliant substrates
permit local changes to cell density and adhesion, with the initiation of a gastrulation-like process
at sites of highest cell adhesion tension. While signalling influences the proportions of different
germ layers in this system, the local mechanical environment can determine the degree and
localisation of gastrulation-like events. Overall, a greater understanding of the influence of

mechanics and geometry on these GRNs will extend their utility as a model system.

Blastoids and Peri-implantation Organoids — models of pre-gastrulation development

While differentiation in adherent culture has revealed the roles of chemical, physical and
geometrical constraints on early development, it does not reflect the three-dimensional
organization of the embryo. Indeed, micropatterned cultures have raised the question of whether

a non-adherent culture environment would provide further insights on cell fate decisions and



patterning when these constraints are relaxed. Embryoid bodies, resulting from the differentiation
of ESC aggregates in suspension have been used to explore this aspect of differentiation [24,25].
While EBs may show ordered phases of gene expression [26] and in some instances patterning
asymmetries [27], these events are not accompanied by changes in gross morphology as in the
embryo. Furthermore, subsequent differentiation is chaotic and produces spatially disordered
groups of cell types. Nevertheless, these models have highlighted the importance of their
dimensions as T/Bra can be seen to localise to one pole in a size-dependent manner [26,27]. An
example that should not be overlooked is the formation of organiser-like cells in EBs formed from
human ESCs that can induce the formation of a secondary body axis on transplantation to the frog
embryo [28]. The observation of patterning asymmetries in three-dimensional ESC cultures is
remarkable since signals from the extra-embryonic tissues are thought to direct symmetry-

breaking in vivo.

The derivation of stem cells for the extra-embryonic lineages has enabled 3D in vitro modelling of
peri-implantation development through self-organisation alongside ESCs. The trophectoderm has
been captured in cell lines called Trophoblast Stem cells (TSCs [29]) and the primitive endoderm as
Extra-Embryonic Endoderm cells (XEN, mouse [30]; nEnd, human [31]). When ESCs are combined
with TS cells, they form structures reminiscent of early blastocysts, called blastoids. Within the
blastoid environment, the TS cells convert into more TE-like cysts and ESCs progress to epiblast-
like and small PrEnd subpopulations [32—34]. Blastoids form more efficiently when the TS-cell
population has been pre-cultured in an environment favouring a pre-implantation polar

trophoblast-like state [35].

When mouse ESCs are combined with TSCs within Matrigel®, they adopt an architecture and a bias
of Brachyury expression in a manner reminiscent of the embryo [36]. However, they lack anterior
fates such as neural ectoderm and the axial mesoderm of the head process, and they do not
progress beyond a peri-gastrulation morphology (ie. a cup-shaped epithelium). By adding XEN cells
to the TS/ESC combination, similar peri-gastrulation structures can develop in the absence of
Matrigel® and they are more complex, with specification of anterior fates such as anterior visceral

endoderm-like cells in the XEN cell layer and posterior endoderm in a spatially organised way [37].

Collectively, these PSC co-culture systems recreate the dynamics of cell sorting in the first two fate

decisions of mouse embryogenesis and later in the formation of the gastrulation-stage embryonic



architecture. They reflect a more complex configuration of cells than in micropatterned cultures
through the use of both embryonic and extra-embryonic cell types and their three-dimensional
organisation. Cellular dynamics are similar in both formats, with the occurrence of movement,
sorting and localised emergence of mesoderm reminiscent of gastrulation. Implanting blastoids
into the uterus or extending the culture of ETX-embryos does not, however, enable further
development [38]. This intriguing shortcoming invites investigation into the importance of uterine
factors and the mechanical microenvironment in establishing and maintaining post-implantation
development. Recent work with blastoid culture in chemically defined conditions suggests that the
barriers preventing further blastoid development beyond implantation, might soon be overcome
[33,34,39]. Notable examples include the use of extended pluripotent stem cells [33, 34] and
chemically inductive culture conditions [39] to achieve a range of extra-embryonic cell types and

an architecture that is consistent with the post-implantation embryo.

While much of this work has been conducted with mouse cells, a variety of organoid systems now
exist that model the peri-implantation human embryo. Human ESCs cultured in hydrogels can
actively break symmetry in a cell density-dependent manner to form 3D asymmetric cysts known
as post-implantation amniotic sac embryoids (PASEs) [40]. They can develop a primitive streak-like
phenotype in a manner that is regulated by BMP-SMAD signalling to produce structures similar to
the day 10 human epiblast [41]. This approach has been further refined by incorporating the
controlled environment of a microfluidic chip, enabling more robust symmetry breaking and the
emergence of primitive streak derivatives such as primordial germ cells [42]. Advances in this field
have revealed the capacity for stem cell cultures to recapitulate peri-implantation embryogenesis

and enable in vitro investigation of this otherwise intractable stage of mammalian development.

Gastruloids — models of body plan specification

In 2009, Yusuke Marikawa reported that aggregates of small numbers of Embryonal Carcinoma
cells self-organized polarized structures with mesodermal characteristics that are reminiscent of
exogastrulae [43]. Extending these experiments to mouse ESCs, with an experimental design
derived from differentiation in adherent culture [44] led to the development of gastruloids: free-
floating aggregates of defined numbers of PSCs that undergo symmetry breaking, germ layer
specification and axial organization ([453—-48]). Gastruloids develop on a similar time course to the
embryo until the equivalent of midgestation and generate derivatives of the mesoderm and

endoderm. They are devoid of brain tissue but include cell fates associated with the spinal cord



[47]. Spatial transcriptomics has shown that gene expression in gastruloids is very similar to that in
mouse embryos, with the most marked difference being the lack of gene expression associated
with anterior neuronal cell types [48]. Variation of the culture conditions around the equivalent of
gastrulation stages promotes interactions between tissues and the development of a cardiac
primordium [49].

Embedding gastruloids in diluted Matrigel® promotes their segmentation to form patterned
somite-like structures and an ordered posterior neural tube [48,50]. The initial arrangement of
tissues is quite different to the gastrulation-stage embryo; early gastruloids are solid spheroids of
ESCs rather than a cup-shaped epithelium like the epiblast and they are not covered by the extra-
embryonic tissues as in the embryo. Nevertheless, gastruloids develop a topology and gene
expression profile consistent with the embryo at early organogenesis; especially when grown in a
supportive extracellular matrix. Notably, they have been observed to form populations of
primordial germ cell-like cells and tracts of gut endoderm [47,48,50]. Histological organisation
likely occurs through large-scale cell migration and wholescale morphogenesis, taking mechanical
cues from the extracellular matrix. Collectively, gastruloid cultures reveal an intrinsic capacity for
mouse ESCs to self-organise when cultured in suspension at defined numbers in the absence of
structured external signalling. The relationship between genetics and mechanics in this system
remains to be investigated further and it will be particularly exciting to see how 3D cultures of
human ESCs can be used to model features of early human development and teratology (see [51,

52]: HESCA-CSR and neuronal organoids).

Altogether, these cultures offer appropriate model systems to study the mechanisms mediating
pattern formation and cellular interactions throughout development. These insights will be
particularly important in the realm of human embryology, where both the availability of
embryonic sample material and the capacity for experimentation are restricted. Adherent cultures
of PSCs have informed us about the regulation and process of cell-fate specification, exploiting the
highly controlled micropattern platform to tease apart the influences of geometry and
confinement in this process. Blastoids and peri-implantation organoids have shown how the
different compartments of the pre-gastrulation embryo interact with one another to establish its
three-dimensional architecture and invite investigation into the role of uterine factors in
regulating early development. Gastruloids add to this picture by revealing the capacity for the
embryonic component to develop its own body plan, undergo morphogenesis and to establish the

tissue interactions that allow for the segregation and subdivision of the germ layers.



These approaches complement conventional embryology, but it is also important to be aware of
their limitations to be able to learn from them. The constrained growth environment of
micropatterned cell cultures may limit their potential to form complex tissues, but it is exactly this
constraint that has made them so informative about how their patterning emerges. Gastrulation-
like cell emergence is observed at a low frequency in ETX-embryos, but this may underline the
importance of achieving a balanced presence and interaction of the extra-embryonic components
in the conceptus. Gastruloids may be an abstracted system with a different morphology to the
gastrula, but they reflect the result of development in an unconstrained environment and the
intrinsic capacity for ESC self-organisation. We can learn from these constructed systems as long
as they are robust and reproducible. These models demonstrate the ways in which cultures of
pluripotent stem cells can be used to gain different perspectives on embryonic development in a

way that greatly extends what we can learn from observations of the embryo alone.
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Note for Figure 1:

Developmental timelines were approximately aligned with reference to Dr Mark Hill’s online
Embryology resource (UNSW, Australia; last retrieved

from https://embryology.med.unsw.edu.au/embryology/index.php/Main_Page, April 8th 2020).
Mouse embryo schematics were drawn with reference to the Medical Research Council’s EMAP
Anatomy Atlas (last retrieved from http://www.emouseatlas.org/emap/ema/home.php, April
8th 2020) and Dr Hill’s Embryology resource. Human embryo schematics were prepared with
reference to Dr Hill’s Embryology resource and an online course in embryology produced by the
Universities of Fribourg, Lausanne and Bern (last retrieved

from http://www.embryology.ch/anglais/iperiodembry/carnegie01.html, April 8th 2020). The
schematics for the model systems were prepared with reference to figures from: [32,33], mouse
blastoids; [10,12], micropatterns; [37] mouse ETX-Embryos; [48,50], Gastruloids & TLS; [41,42],
human epiblast-like cysts; [51] HESCA-CSR.

[BOX 1] A Note on Nomenclature: The term organoid is generic and refers to stem cell-derived
structures that resemble those in the organism. The term has led to naming particular structures
with the suffix -oid. In the case of embryonic structures, several terms (blastoids, EPS-blastoids,
ETS-embryos, ETX-embryos etc.) are used to reflect the similarity to embryonic structures and the
difference with embryoid bodies. The term gastruloid was initially coined for three-dimensional
free-floating structures that progress through a gastrulation-like process and have an axial
extension. However, it is often also used in the context of two-dimensional micropatterned PSC
cultures. We would suggest that, to avoid confusion, the structures derived from micropatterns
are termed 2D-gastruloids or ‘germ layer organoids’ to reflect the difference with gastruloids.
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Figure 1: An Overview of Mouse and Human Embryonic Development and Corresponding In
Vitro Models.

Schematic representations of the developing mouse and human embryos are shown on the top
two rows. The bottom two rows represent corresponding in vitro systems for modelling equivalent
stages of embryonic development from cultures of mouse and human pluripotent stem cells.



Embryonic components are coloured in pink throughout; extra-embryonic components in blue.
Key developmental stages and processes are indicated with green text. The schematics are

simple representations and are not drawn to scale. The Carnegie Stage (CS) 6 human

embryo schematic is drawn from a posterior view and CS8 from a dorsal view; all other schematics
represent transverse sections with anterior on the left (where appropriate). See Note For Figure 1

for references and abbreviations.



