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Abstract

Gastrulation is a fundamental and critical process of animal development whereby the mass of 

cells that results from the proliferation of the zygote transforms itself into a recognizable outline 

of an organism. The last few years have seen the emergence of a number of experimental models 

of early mammalian embryogenesis based on Embryonic Stem (ES) cells. One of this is the 

Gastruloid model. Gastruloids are aggregates of defined numbers of ES cells that, under defined 

culture conditions, undergo controlled proliferation, symmetry breaking, and the specification of 

all three germ layers characteristic of vertebrate embryos, and their derivatives. However, they lack 

brain structures and, surprisingly, reveal a disconnect between cell type specific gene expression 

and tissue morphogenesis, for example during somitogenesis. Gastruloids have been derived from 

mouse and human ES cells and several variations of the original model have emerged that reveal a 

hereto unknown modularity of mammalian embryos. We discuss the organization and development 

of gastruloids in the context of the embryonic stages that they represent, pointing out similarities 

and differences between the two. We also point out their potential as a reproducible, scalable and 

searchable experimental system and highlight some questions posed by the current menagerie of 

gastruloids.
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An embryo is a self-assembled, multicellular system that creates and develops the blueprint 

of an organism. It does so through controlled growth, the specification of diverse cell types 

and their spatial arrangement into tissues and organs. These events are tightly coordinated 

in space and time with reference to global and local coordinate systems that ensure the 

reproducible positioning of the different components of the organism into a functional 

whole. In animals, the first phase of this process is the generation of a body plan which 

follows a conserved sequence of events: the zygote divides to create a mass of seemingly 
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identical cells, followed by a transformation of this isotropic structure into an outline 

of the organism. The process through which this transformation is achieved is called 

“gastrulation”.

The term gastrulation was introduced by Ernest Haeckel in his studies of the development 

of sponges to describe the transformation of a hollow ball of cells into a structure with 

two layers - the ectoderm and the endoderm (Haeckel, 1874). Since then, gastrulation has 

become a general term for a stage between the morula and the neurula, responsible for 

the generation of the three germ layers and associated with the outline of a body plan 

(Stern, 2004). Historically, our understanding of these events has been centred on large scale 

movements of cellular ensembles, but over the last forty years there has been an increased 

focus on the activities of individual cells and how these are coordinated to generate the 

primordia of tissues and organs.

In many organisms, including amphibia and fish, germ layers are specified before 

gastrulation, while in others, including mammals, they arise in step with the increase of 

cellular mass characteristic of very early stages of development. These differences highlight 

a variety of strategies to attain a body plan which appears conserved across vertebrates 

(Slack et al., 1993) and have led to the suggestion that gastrulation should not be considered 

as a ‘stage’ but, more properly, as a ‘process’ whereby organisms establish a coordinate 

system to position the primordia of the different tissues and organs that is implemented in 

different ways in different organisms (Sheng et al., 2021; Steventon et al., 2021).

The emergence of a coordinate system is crucial for the development of an organism, as 

this is the reference for the placement of the primordia of the different organs. In many 

arthropods, the coordinate system is provided maternally in the organization of the egg, 

and is translated directly to the body plan by the embryonic cells, that simply follow the 

cues inherited in the blastoderm (van Eeden and St Johnston, 1999). This strategy contrasts 

with that of other species, including some vertebrates, where the initial coordinate system 

is established by the zygote over time. In some cases, like ascidians, frogs, and fish, it 

is influenced by some asymmetries in the organization of the egg (Tuazon and Mullins, 

2015). In amniotes, particularly in mammals, the coordinate system is generated de novo 

by the zygote, using interactions with and information provided by extraembryonic tissues 

(Takaoka and Hamada, 2012).

The emergence of model organisms during the XX century coincided with the 

implementation of two main approaches to study gastrulation. One, experimental 

embryology, is based on the interrogation of the organizational activities of groups of 

cells by physical manipulations of the embryo. Famously practiced on amphibia, it has 

provided many insights and fundamental principles of animal development (Hamburger, 

1988). A different - though not mutually exclusive - avenue of research was pioneered in 

C. elegans and D. melanogaster and is based on the analysis of genetic mutants. It has led 

to the discovery and cataloguing of the elements that drive the generation of cell fates and 

morphogenesis (Anderson and Ingham, 2003; Garcia-Garcia et al., 2005). In both cases, the 

central object of the approach is the organism.
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A different way of interrogating developmental processes was initiated by Ross Harrison 

in 1907. With an interest in the growth of axons during the development of the nervous 

system, he wondered whether this was a property of individual cells or of an ensemble of 

neural progenitors. To answer this question, Harrison felt he should try to observe cells 

dislodged from the organism and managed to maintain and develop in culture, blocks of 

embryonic nervous system taken out of a frog embryo (Harrison, 1907). In this context, 

he was able to follow the growth of individual axons in a manner that would not have 

been possible in the densely populated tissue embedded in the embryo. He showed that 

axons navigated as individual outgrowths with directional properties. With this very simple 

experiment, Harrison initiated cell culture and opened up new possibilities to ask questions 

such as, to what degree the development of an organism is reliant on intrinsic autonomous 

cues.

Harrison's work also provided a means to explore the properties of cells and tissues out of 

the context of the embryo, thus allowing experiments to test the ability of their component 

cells to recapitulate early, formative events in vitro. For instance, mammalian eutherian 

embryos present a special challenge to developmental studies because of their intrauterine 

development. In the case of human embryos there are added challenges because of ethical 

issues associated with their use for basic research (Cavaliere, 2017). Notwithstanding this, 

some aspects of the biology of very early mammalian embryos, such as the formation of the 

blastocyst, can be studied, because during the first week of development, the mammalian 

embryo is free-floating in the uterus which allows its study and, to a certain degree, 

experimentation (Gerri et al., 2020). Gastrulation, on the other hand, remains challenging to 

study and even observe since, in most mammalian species, it takes place after implantation, 

making its observation and experimentation very difficult.

Recently, advances in embryo culture and live-imaging techniques have opened a window 

into the multicellular dynamics of mammalian gastrulation (McDole et al., 2018). However, 

for the most part, research into the mechanisms of mammalian development has focussed on 

using genetic approaches to identify genes required for cell fates and cell movements and 

describing their phenotypes. This work is being expanded by the introduction of Embryonic 

Stem (ES) cell models of early mammalian development that allow experimental versatility 

and have revealed unforeseen experimental possibilities that, together with Genetics, are 

beginning to yield insights into how mammals put their body plan together (Fu et al., 2021; 

Shahbazi et al., 2019).

Here we discuss existing models of gastrulation with a special focus on ‘gastruloids’, a 

model of early mammalian development based on ES cells that reproduces many of the 

features of gastrulation. For this reason, it might be useful to first provide a brief account 

of the process as it happens in the embryo so that we can judge better the behaviour of ES 

cell-based models of gastrulation (Fig. 1).

1. Mammalian gastrulation: a primer

Most of what we know about gastrulation in mammals is based on the mouse embryo and 

we refer the reader to some excellent reviews for details of the process e.g (Arnold and 
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Robertson, 2009; Bardot and Hadjantonakis, 2020; Tam and Gad, 2004; Tam and Behringer, 

1997). Although the geometry of the pre-gastrulation mouse embryo, a cylinder, is different 

from the flat disc characteristic of most other mammalian species, including humans (Eakin 

and Behringer, 2004; Ghimire et al., 2021), the principles that have been established from 

the mouse are very likely to apply to other mammalian embryos. In all cases, mammalian 

gastrulation becomes evident with the appearance of the primitive streak, a dynamic cellular 

structure that outlines the anteroposterior axis at the midline of the organism (Ramkumar 

and Anderson, 2011; Sheng et al., 2021).

In the mouse, during implantation, the mass of cells in the blastocyst is transformed into 

a radially symmetric epithelial cylinder with a lumen, wrapped by a layer of Visceral 

Endoderm (VE) and attached to the uterus through the extraembryonic ectoderm, which is 

a derivative of the trophectoderm (TE). This organization creates a cup-shaped structure 

with a proximal-distal axis, where proximal is defined by the position of the extraembryonic 

ectoderm (Fig. 1A and (Rossant and Tam, 2009; Takaoka et al., 2007)). Genetic studies 

have shown how signalling from the two extraembryonic lineages (Visceral Endoderm, VE 

and Trophectoderm, TE) and their derivatives induce asymmetries on the epiblast (Fig. 

1B). Thus, at E6.0, the VE exhibits an asymmetry that will impact the organization of 

the embryo: on one side, a specialized group of cells, the Anterior VE or AVE, secretes 

antagonists of BMP, Nodal and Wnt signalling into the epiblast. At about the same time, 

BMP4 from the extra-embryonic ectoderm initiates the expression of Wnt3 and Nodal that 

signal in the epiblast but, because of the antagonists secreted by the AVE, their signalling 

becomes restricted to the opposite side of the epiblast that becomes the posterior region of 

the embryo (Rivera-Perez and Hadjantonakis, 2014). The combined activities of Nodal and 

Wnt3 induce a localized source of Brachyury (T/Bra) expression in the proximal region of 

the embryo that initiates gastrulation by promoting EMT. At the opposite end, underneath 

the AVE, the embryonic cells remain epithelial.

The main role of T/Bra is, together with Wnt signalling, to propagate an EMT along 

the midline of the epiblast from proximal to distal, laying down the antero-posterior 

(AP) axis of the embryo. At this stage (E6.5-E7.5) the embryo is growing at a fast rate 

(Mathiah et al., 2020; Snow, 1977) and the constraints of the extraembryonic tissues and 

the fluidity of the cells in the posterior epiblast, push many of the new cells from the 

epiblast towards the primitive streak (Williams et al., 2012). Throughout this process, cells 

traversing the streak evaginate and crawl over the epiblast, circumnavigating it towards the 

anterior region. Thus, as gastrulation proceeds there are two orthogonal large scale cell 

movements simultaneously in action: a proximo distal EMT wave that defines the AP axis 

and a posterior to anterior migration around the cylinder (Nowotschin and Hadjantonakis, 

2010) (Fig. 1C). The coordination of these movements shapes the outline of the embryo's 

body plan. Fate mapping studies have shown that these movements are associated with 

an ordered assignment of cell fates that follows the proximo distal axis in the streak 

(Kinder et al., 1999, 2001). The first cells to express T/Bra move into the Extra Embryonic 

Ectoderm region and give rise to extraembryonic mesoderm derivatives (Allantois, yolk 

sac and primitive blood) and the Primordial Germ Cells (Saykali et al., 2019). Then, as 

the streak progresses distally, cells become specified sequentially as cranial, cardiac, lateral 

plate, intermediate, paraxial and axial mesoderm. It appears that this is not a clean sequence 
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but that there are overlaps between fate assignments, meaning that feedback and additional 

influences can fine-tune the plastic embryonic cells at this stage of development (Fig. 1C) 

(Kinder et al., 1999, 2001).

As well as the emergence of the mesoderm at gastrulation, the VE also becomes gradually 

replaced by Definitive Endoderm (DE), an embryonic derivative of the epiblast (Kwon et 

al., 2008). The precise origin of the DE has been elusive, and it was previously believed 

that a precursor with bipotent potential towards both mesoderm and endoderm, so called 

‘mesendoderm’, might mediate this lineage in mammalian gastrulation. However, recent 

evidence casts doubt on this hypothesis, and instead it appears that the endoderm emerges 

from a pool of cells that is distinct and separate from the mesoderm (Probst et al., 2021; 

Scheibner et al., 2021).

The first stage of gastrulation, which we refer to as ‘Primary gastrulation’ (to distinguish it 

from the events associated with the primitive streak during axial extension), ends when the 

Primitive streak reaches the most distal region of the epiblast where the node will appear 

at E7.5. During this time, opposite to the Primitive streak in the area under the influence 

of the AVE, the epiblast has been acquiring neuroectodermal fate, while the mesoderm that 

reaches the anterior proximal side of the embryo is fated towards cardiac mesoderm and, at 

this stage, lies at the most anterior position of the embryo.

At E7.5, the expression of Nodal disappears from the Primitive streak and becomes 

concentrated only at the node (Fig. 1). At this time, the endodermal and some mesodermal 

cells coalesce into an anterior projection of the node, the anterior mesendoderm, that 

mediates neural induction on the overlying anterior epiblast (Andoniadou and Martinez-

Barbera, 2013; Camus et al., 2000). The effects of this process are the specification of 

the anterior epiblast into Fore- Mid- and Hind-Brain (FB, MB and HB) and a burst of 

proliferation in this region associated with the emergence of the neural folds that push 

the cardiac primordium posteriorly and inwards. Between 7.5 and 8.5, a sequence of 

multicellular movements transforms the cylinder into an elongated structure by convergent-

extension. Coincident with these movements, the first somites appear and neurulation begins 

in the spinal cord. Also, the Primitive streak closes into the midline, except posterior to 

the node, in a region called the Caudal Epiblast (CE), where proliferation and ordered 

morphogenesis will fuel axial extension through to E10/E10.5 in association with what we 

suggest calling ‘Secondary Gastrulation’. This term accounts for the presence of a primitive 

streak throughout this process that acts a source of progenitors for lateral, intermediate and 

paraxial mesoderm as well as spinal cord. A special population of bipotential progenitors for 

the paraxial mesoderm and the spinal cord lies in the CE behind the node; this population 

is known as Neuromesodermal progenitor population (Wymeersch et al., 2021). This process 

of axial extension is associated with the progressive expression of Hox genes that act as 

positional markers and mediators of cellular identity along the anteroposterior axis and are 

laid down as spatial and temporal rulers of embryogenesis (Deschamps and Duboule, 2017).

The events associated with laying down the mammalian body plan can therefore be 

summarized in the following sequence of events: establishment of a multiaxial coordinate 

system, emergence of tissue and organ primordia with reference to the axial system, 
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and subsequent axial extension. However, not much is known about the details of this 

process outside the mouse, whose cup-shaped epiblast might have specific effects on the 

morphogenesis of gastrulation that are likely to be absent in the flat epiblast of most other 

mammals. For example, gastrulation in rabbits, cows and pigs is initiated by a posterior 

extension of the epiblast associated with Bra expression that precedes the appearance of the 

Primitive Streak (Guillomot et al., 2004; Hassoun et al., 2009; Hue et al., 2001; Viebahn et 

al., 2002). In the case of humans, our knowledge is scant, mostly derived from anatomical 

studies of extant embryo collections (Ghimire et al., 2021) with a recent addition of gene 

expression analysis of one exceptional, gastrulation-stage embryo (Tyser et al., 2020). These 

studies suggest that, while many principles of gastrulation are likely to be general, details of 

gene expression, multicellular dynamics and morphological outcomes are likely to vary from 

one species to another.

2. Embryonic stem cells as models of early mammalian development

ES cells are clonal derivatives of mammalian epiblasts that self renew in culture and, under 

controlled conditions, can be differentiated into any cell type of the organism (Smith, 2001). 

Over the last twenty years, they have become a useful system to study the relationship 

between signals and cell fate assignments and, together with genetic approaches in the 

mouse, have created a framework to understand mammalian development.

One of the remarkable features of ES cells is how they recapitulate in vitro many events that 

occur in vivo. For instance, mouse ES cells in adherent culture that are differentiated into 

various mesodermal derivatives will follow the pattern that they would in the embryo and 

go through a transient phase of Bra expression as they exit pluripotency (Gadue et al., 2005; 

Kouskoff et al., 2005; Kubo et al., 2004; Turner et al., 2014b, 2014c). These differentiation 

events follow autonomous schedules of gene expression that mimic those of the embryo. On 

the other hand, the unconstrained growth of the cells in adherent culture leads to a lack of 

proportional control of the different cell types that is a significant characteristic of embryos.

If, instead of differentiating on top of substrates coating a flat dish, large numbers of ES 

cells (usually more than 1000) are placed in non-adherent conditions in the presence of 

Serum, they generate Embryoid Bodies (EBs) - unstructured three dimensional ensembles 

of different cell types that grow in a disorganized manner (Brickman and Serup, 2017). It is 

not rare to observe localization of T/Bra expression in these aggregates, a pattern that can 

be made more reliable by exposure to Wnt signalling (Boxman et al., 2016; ten Berge et al., 

2008). EBs do not evolve further patterning, but become a useful source of some cell types 

that are not easy to obtain from adherent culture suggesting that cells gather information 

from their three-dimensional environment. Under more defined culture conditions, EBs are 

the starting point for neural patterned structures, including optic cups (Eiraku et al., 2011; 

Nakano et al., 2012) and brain organoids (Lancaster et al., 2013).

These observations suggest that the initial starting conditions, signalling exposure and 3D 

coordination between cells are crucial for the patterning and organization of germ layers 

and their derivatives that are the essence of gastrulation. This notion is reinforced by the 

behaviour of ES cells differentiated in high density on size-controlled adherent patterns that 

Arias et al. Page 6

Dev Biol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



develop a concentric ring-like germ layer organization reminiscent of that in the embryo 

(Warmflash et al., 2014). Nevertheless, these cultures do not establish the full body plan 

organisation as they do in the embryo, leaving open the question of how the embryo 

achieves this goal.

3. Mouse gastruloids

The capacity of ES cells to integrate into a blastocyst and contribute to the development of 

a normal and fertile mouse, contrasts with their inability to organize a minimal body plan 

in culture, even when aggregated into EBs. This might be due to the lack of interactions 

between the ES cells and the extraembryonic tissues that play such a central role in the 

patterning of the epiblast in the embryo. To explore this possibility, a number of models have 

been developed combining ES cells with stem cells of extraembryonic lineages. Controlled 

combinations of ES and Trophoblast stem (TS) cells in suspension generate structures that 

resemble blastocysts, called blastoids, but these do not progress beyond an early epiblast 

stage and do not implant properly (Rivron et al., 2018) (Fig. 3). In the presence of either 

Matrigel, XEN or PrEnd cells, ES Cells can form epiblast like structures that develop an 

anteroposterior (AP) polarity and, at a low frequency, initiate gastrulation like movements 

but do not progress to a complete body plan (Amadei et al., 2021; Girgin et al., 2021a; 

Sozen et al., 2018). Occasionally these structures exhibit the initiation of a primitive streak 

(Fig. 3).

Surprisingly, when mouse P19 embryo carcinoma cells are aggregated in Serum, they 

undergo a Wnt signalling-dependent polarized extension, with cells expressing Bra at 

one end, and patterns of gene expression characteristic of paraxial mesoderm along 

the extending domain (Marikawa et al., 2009). This tantalizing observation led to the 

development of an experimental protocol to explore the potential of mouse ES cells to 

form comparable structures (van den Brink et al., 2014).

When defined numbers of mouse ES cells are sown in small volumes of basal culture 

medium, they form spherical aggregates. After two days in culture, as they grow, some 

aggregates express low levels of Bra in a crescent shape domain at one pole. Further culture 

leads to a variety of structures, mostly with neural identity but some retaining polarized Bra 

expression, with a small number displaying irregular extensions (van den Brink et al., 2014) 

(Fig. 2). However, if, during the third day of culture, the aggregates are exposed to Wnt 

agonists e.g Chiron or Wnt3a, more than 80% of the aggregates display expression of Bra 

at one end, become teardrop shape and proceed to undergo elongation led by the group of 

cells with defined expression of Bra(Turner et al., 2014a, 2017b). After five days in culture 

these structures have an organization that resembles the mammalian body plan and, for this 

reason, we called them ‘gastruloids’ (Turner et al., 2017b; van den Brink et al., 2014) (Fig. 

2). However, gastruloids do not exhibit any obvious morphological evidence of a primitive 

streak and, moreover, their cells do not undergo an EMT since they are not initially epithelial 

(van den Brink et al., 2014).

The difference between the organization of gastruloids and the disorderly arrangement of 

cell types in EBs is striking. The difference appears to lie in the initial number of cells 
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which is critical for the polarization and elongation of the gastruloids; with too few cells 

they remain spherical and exhibit little growth while if the initial aggregates are made up 

of too many, they develop multiple foci of Bra expression, more than one elongation and 

eventually, for very large numbers, a disorganization similar to that seen in EBs(van den 

Brink et al., 2014). It is worth pointing out that the number of initial cells that gives rise to 

unipolar gastruloids is around 300, a number that is not far from the number of cells in an 

epiblast at the onset of gastrulation.

A survey of gene expression during the development of gastruloids reveals that the 

aggregates follow a schedule of gene expression that, in the embryo, is associated with 

the transition of the blastocyst to the epiblast and then through gastrulation to the emergence 

of the body plan (Beccari et al., 2018; Rossi et al., 2021a; Turner et al., 2017b). This 

suggests that the exposure to Wnt signalling on the third day of culture is mimicking the 

requirement for this activity during gastrulation where it plays a role coordinating and 

sustaining the expression of T/Bra(Tortelote et al., 2013). By 120 h in culture, the aggregates 

have developed a spatial organization of gene expression that is reminiscent of that in the 

E8.5 embryo (Beccari et al., 2018; van den Brink et al., 2014; Veenvliet et al., 2020). It is 

these features that led to the term ‘gastruloid’ for these structures.

Analysis of the cell types present in the gastruloid, in terms of gene expression signatures, 

reveals derivatives of all germ layers, including PGCs, neural crest, pharyngeal mesoderm 

and endoderm, endothelium, hematopoietic progenitors and, even some cells with placodal 

progenitor identify (Rossi et al., 2021a; Rossi et al., 2021b; van den Brink et al., 2020; 

Veenvliet et al., 2020). Most of these cell types are axially organized in a manner that 

mirrors the embryo, with a more robust and clear organization in the posterior, elongating 

region (Beccari et al., 2018; Veenvliet et al., 2020). At the anterior end, there is a clear 

signature of the cardiopharyngeal progenitors that will give rise to the heart tube and the 

anterior paraxial mesoderm (Rossi et al., 2021a) and, at the other end, a region very similar 

to the Caudal Lateral Epiblast harbouring a population of Neuromesodermal progenitors. 

Furthermore, longer culture reveals spatiotemporally organized expression of the four Hox 

clusters in a manner and with time scales comparable to mouse embryos (Beccari et al., 

2018). Analysis of the early events of gastruloid formation reveals that they use similar 

Gene Regulatory Networks to break symmetry and polarize as embryos do (Beccari et al., 

2018; Cermola et al., 2021; Turner et al., 2017b). Altogether these observations show that 

gastruloids faithfully execute spatial and temporal programs of gene expression associated 

with the emergence of the body plan.

A striking feature of gastruloids is that their multiaxial organization develops in the absence 

of any extraembryonic cell types that play a key role in this process in the embryo. This 

suggests the existence of an intrinsic symmetry-breaking ability of pluripotent cells in three 

dimensions that might then be further controlled by extraembryonic cues (Girgin et al., 

2021a; Turner et al., 2017a). Two additional features of gastruloids are the absence of 

anterior neural (brain) cell types and of a primitive streak, both of which are probably 

linked to the lack of extraembryonic tissues. The AVE is a source of antagonists of Wnt and 

Nodal signalling which promote anterior neural development in the epiblast (Rivera-Perez 

and Hadjantonakis, 2014; Takaoka and Hamada, 2012) and the absence of VE in gastruloids 

Arias et al. Page 8

Dev Biol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leaves the cells in the aggregate unprotected to the posteriorizing effects of Chiron, thus 

suppressing the development of anterior neural structures. This interpretation is supported by 

the observation that exposure of the early aggregates to Wnt inhibitors in epiblast medium 

- FGF and Activin - elicits the appearance of anterior neural structures, though not of 

forebrain (Girgin et al., 2021b). Furthermore, culture of ES cells with VE stem cells, XEN 

cells, during gastruloid formation transforms the fate map and leads to a polarized but 

truncated body plan with anterior neural structures (Bérenger-Currias et al., 2020) (Fig. 3).

The absence of a primitive streak might also be a consequence of the lack of extraembryonic 

tissues as it has been suggested that this iconic structure is a consequence of interactions 

between extraembryonic membranes and the epiblast and reflects a pre-existing midline 

(Sheng et al., 2021). Gastruloids have a midline, reflected in the bilateral organization of the 

mesodermal derivatives, the gut tube and, significantly, a node region at the posterior end 

(Beccari et al., 2018; Xu et al., 2021), but they do not have any evidence of a morphological 

primitive streak.

Gastruloids have been validated by comparison with embryos in terms of single cell gene 

expression profiles (Rossi et al., 2021a; van den Brink et al., 2020; Veenvliet et al., 2020) 

and spatial organization of gene expression (van den Brink et al., 2020; Xu et al., 2021). 

Gastruloids not only recapitulate significant events of normal mouse development but they 

also are able to reproduce the effects of loss of gene function: Nodal (Turner et al., 2017b), 

Cripto (Cermola et al., 2021) and Tbx6 (Veenvliet et al., 2020). For this reason, they 

are likely to prove to be a good model system to explore aspects of early mammalian 

development in-depth with numbers that would not be easy to obtain from mice.

One significant feature of this experimental system is how robust the different events 

(symmetry breaking, localization of T/Bra expression and elongation) are in terms of 

timing and, by and large, spatial organization. In contrast, gastruloids do however exhibit a 

degree of variability in the degree of patterning of different germ layers. For example, the 

patterning, and in some instances the representation, of different mesodermal derivatives, the 

endoderm and the spinal cord can vary from 20% to 80% (Beccari et al., 2018; Veenvliet 

et al., 2020; Xu et al., 2021). While in some instances this can be ascribed to the cell 

line of origin used (Ortmann et al., 2020; van den Brink et al., 2020), it is likely that 

some of the variability is a consequence of the self-organizing nature of the patterning 

events. This possibility is supported by a recent adjustment in the protocol to generate 

gastruloids. This new method involves the juxtaposition of two aggregates at different 

developmental stages that, together, mimic the pre-gastrulation epiblast (Xu et al., 2021). 

First, a small aggregate is exposed to BMP4 which, similarly to the embryo, leads to the 

expression of Nodal and Wnt3. When this smaller aggregate is allowed to fuse with a 

larger one made up of pluripotent stem cells that have not experienced exogeneous BMP4 

signalling. The combination recreates the body plan with less variability than the original 

gastruloids. Moreover, in this system, the more anterior cells express markers of midbrain 

and hindbrain, though they still lack forebrain tissue. It has been suggested that this is due 

to the presence of VE cells in the aggregate (Xu et al., 2021) but the evidence is lacking 

and this is not likely to be the case. It is not easy to distinguish visceral and definitive 

Endoderm and Gastruloids have been shown to lack this extraembryonic lineage (Turner et 
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al., 2017b). Furthermore, ES cells do not generate VE spontaneously (Schroter et al., 2015) 

and the evidence presented by the authors relies on a Leptin that is not specific to VE (see 

(Vianello, 2021) for a discussion). Thus, the appearance of anterior neural structures in these 

gastruloids is unlikely to be due to any VE but, most likely, to the fact that these cells remain 

naïve and are not exposed to Wnt signalling, as they are in the standard gastruloid protocol. 

This allows them to develop these fates under the influence of an anterior notochord that is 

also present in this model. One interpretation of the observations from this model is that the 

Nodal/Wnt signalling centre creates an influence on the naïve cells that mimics, functionally, 

the primitive streak. For this reason, we refer to these structures as Directed gastruloids 

(D-gastruloids) to distinguish them from the original, self-organizing (SO-gastruloids).

4. Morphogenesis and gastruloids

A surprising feature of gastruloids is the contrast between their precise and proportioned 

spatial patterning of gene expression at the level of the body plan and, for the most part, the 

lack of morphogenesis and detailed patterning at the level of specific tissues (Fig. 4). This 

is particularly obvious in the neural progenitors in gastruloids, where their characteristic DV 

patterning is absent. This is probably due to the absence of a notochord, the source of Sonic 

Hedgehog that acts as a morphogen for this process (Sagner and Briscoe, 2017). Gastruloids 

display evidence of motorneuron progenitors, but they appear spatially jumbled (Beccari et 

al., 2018), a phenotype that has been described in Shh mutants (Bai et al., 2004). It will be 

interesting to see if the spinal cord in D-gastruloids, which have a notochord, exhibit some 

DV organization.

The paraxial mesoderm provides an intriguing example of the relationship between fate 

specification and morphogenesis. The T/Bra expressing domain in gastruloids exhibits an 

organization, in terms of gene expression, that is comparable to that of the tail bud in 

embryos (Beccari et al., 2018). Anterior to it, there is a clear signature of somitogenesis 

with sequential expression of Tbx6, Msgn, Ripply2, Tcf15, Pax3. Two features of this 

pattern are striking. One is that the relative proportions of the domains of gene expression 

correspond, approximately, to those in the embryo; most clearly seen in the localized 

expression of Ripply2 demarcating a narrow boundary between presomitic and somitic 

mesoderm. The second one is that there are no morphological differences between groups 

of cells: although gene expression identifies territories of paraxial (Tbx6) and somitic (Pax3, 
Tcf15) mesoderm, the cellular organization of these territories appears to be the same. 

Most strikingly, the domain expressing Tcf15 and Pax3 is not organized into somites. 

This suggests a disconnect between cell fate and morphogenesis in this tissue (Beccari et 

al., 2018; van den Brink et al., 2020; Veenvliet et al., 2020). Embedding gastruloids in 

Matrigel elicits segmentation in a significant number of cases (van den Brink et al., 2020) 

and, in some cell lines, to the appearance of somites that differentiate dermomyotome and 

sclerotome (Veenvliet et al., 2020). It is worth pointing out that the emergence of somites 

in gastruloids is associated with the presence of a relatively well-developed spinal cord like 

structure (Veenvliet et al., 2020).

As Matrigel provides a combination of mechanical and chemical signals (Kleinman and 

Martin, 2005), only further experiments with synthetic matrices functionalized chemically 
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in different ways will resolve the contribution of each of these inputs to the morphogenesis 

of this tissue. In the meantime, this experiment suggests gastruloids represent a valuable 

system to probe the individual mechanochemical components of morphogenesis. As a proof 

of concept, analysis of the gene expression patterns in gastruloids reveals an upregulation 

of integrin signalling in the presence of matrigel that is consistent with an involvement of 

mechanochemical signalling in somite formation (Veenvliet et al., 2020).

In contrast with the patterning of the spinal cord and somite progenitors, morphogenesis 

of other tissues and organs may happen in gastruloids even in the absence of matrigel. 

For example, the formation of a cardiac primordium with directed interactions between the 

endoderm and the primary and the secondary fields (Rossi et al., 2021a). One example is 

the development of the endoderm, which exhibits a cell line dependent differentiation in 

adherent culture (Ortmann et al., 2020) and in gastruloids (van den Brink et al., 2020). In 

older gastruloids, e.g. 160 hrs, an endoderm derived gut tube can be observed ventral to 

the paraxial mesoderm and the neural progenitors, partially patterned along the AP axis. 

The formation of this tube can be followed from small islands of Cdh1/FoxA2 expressing 

cells at 72/96 h that coalesce into a continuous epithelium during the elongation of the 

gastruloids (Vianello, 2021). This process has not been described in the embryo although 

there is evidence for the presence of small clusters of FoxA2 expressing cells emerging from 

the posterior region of the epiblast and contributing to the endoderm (Probst et al., 2021; 

Scheibner et al., 2021). The formation of a gut tube in gastruloids furnishes an opportunity 

to study the emergence of this structure in a system that can be manipulated experimentally. 

In this regard, it is of interest that the proportion of gastruloids developing the endoderm can 

be stimulated by a hypoxic environment (López-Anguita et al., 2021).

Altogether, these examples highlight that because of their self organizing features and 

experimental versatility, gastruloids can be a useful tool to explore the connections between 

intrinsic and extrinsic influences in morphogenesis. One further example of this is the 

observation that D-gastruloids develop, at a low frequency, a neural plate and an extensive 

notochord which have never been observed in SO-gastruloids, thus making them ideal 

experimental subjects to unravel the mechanisms of morphogenesis.

4.1. A comparison with embryos

In addition to characterizing gastruloids in terms of their cell type composition and 

organization into different primordia, it is important to establish their relationship with 

embryos. The initial state of the ES cells, probably around E4.0, and the global patterns of 

gene expression throughout culture, suggest that by 48 h, the aggregates are at a stage very 

similar to E6.0, right at the onset of gastrulation (Beccari et al., 2018) (Fig. 4). This is likely 

to be the reason why the exposure to Wnt signaling at this time has such an impact on the 

progression of the aggregate. During the next 48 h (48–96 h), the gastruloid goes through 

stages that, from the perspective of gene expression, are very similar to those associated with 

gastrulation (see above and (Beccari et al., 2018; Rossi et al., 2021a; Veenvliet et al., 2020) 

(Fig. 4). It is very likely that the period of elongation (between 72 and 120 h, depending 

on the initial culture conditions) corresponds to the transformation of the initial cup-shaped 

structure into a recognizable outline of the organism in the embryo that takes place between 
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E7.5 and E8.5 in the embryo. This correspondence is underpinned by the progressive onset 

of Hox gene expression. It is not clear at the moment what the timing and correspondence 

of events is later, but by 166 h, the Hox complexes are completely open which occurs in the 

mouse embryo by about E10 (Deschamps and Duboule, 2017).

Single cell analysis and spatial transcriptomics of gastruloids reveal a suite of cell types 

and organization of gene expression that, in the posterior region, closely resembles that 

of the embryo (Beccari et al., 2018; Rossi et al., 2021a; van den Brink et al., 2020; 

Veenvliet et al., 2020). Derivatives of the three germ layers, but particularly the different 

classes of mesoderm, can be seen organized along the AP and DV axes in the extending 

posterior region, with an even bilateral asymmetry across a clear midline. At the anterior 

end, the absence of neural cells results in the extension of somitogenesis to the most 

anterior limit where one can also find the heart primordium. In addition, during the early 

stages of gastruloid development, the anterior region displays a crescent of Tbx1 expression 

(Rossi et al., 2021a), a marker of the second heart field that also contains progenitors for 

the cranial mesoderm. Single cell analysis corroborates the presence of cardiopharyngeal 

mesoderm and also of a population of neural crest cells that tomo-sequencing allocates to 

the anterior region of the gastruloid. This regions also contain patches of genes defining 

placodal territory (Rossi et al., 2021a; van den Brink et al., 2020). This is a surprising 

finding as gastruloids lack brain cells which are thought to be closely associated with 

placodal development. Although the organization of the anterior region needs to be analyzed 

in more detail, there is an impression of a greater disorganization than in the extending end 

of the gastruloid. Perhaps this is due to the absence of anterior neural structures that play a 

central role in the organization of this part of the organism.

5. Human gastruloids

Early human embryos raise technical and, significantly, ethical issues that limit their use 

in research. The development of In Vitro Fertilization (IVF) (Johnson, 2019) opened up 

these studies by developing methods to culture fertilized eggs in vitro until the time of 

implantation. This was later used to maintain early embryos, thus enabling the study of the 

very early stages of development in humans and other primates. These studies, often done 

with surplus IVF embryos after consent, have provided valuable information about the first 

week of development, in particular, about the segregation of extraembryonic lineages and 

blastocyst formation (Gerri et al., 2020). However, studies beyond implantation have been 

restricted by our limited knowledge of the biology of human implantation and the difficulty 

of obtaining material for analysis.

Over the last few years, advances in human embryo culture have opened up the possibility 

of growing primate embryos ex vivo through the early stages of implantation and, maybe, 

even through gastrulation (Deglincerti et al., 2016; Popovic et al., 2019; Shahbazi et al., 

2016; Xiang et al., 2020). However, in the case of humans, this is tightly regulated by the 

14 day rule that limits human embryo culture to the initiation of gastrulation, approximately 

on the 14th day of development (Warnock, 1984). These advances have led to a discussion 

about the need to consider lifting the existing regulation, in certain circumstances, with an 

emerging consensus that this should be the case (Hyun et al., 2016; Lovell-Badge et al., 
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2021). While there is a swell of opinion in this direction and an understanding that the lifting 

of the rules represents a positive step for research, we also need to acknowledge that, at the 

moment, the evidence that such cultures can be implemented productively is feeble. After 

day 7, cultures of human embryos do not fare well ex vivo and the few embryos that reach 

day 14 are (in terms of numbers/frequencies) not in a healthy state. Studies with non-human 

Primates are an interesting alternative, though they present many of the same ethical issues 

as work with humans and for now, they suffer from similar drawbacks of low numbers of 

success and unclear state of the embryos at the end of the protocol (Ma et al., 2019; Niu et 

al., 2019).

The development of human blastoids provides a promising alternative to blastocysts as a 

subject of study that could be used to explore perigastrulation stages in vitro (Kagawa et 

al., 2021; Liu et al., 2021; Yanagida et al., 2021; Yu et al., 2021). However, so far, and 

despite large publicity surrounding these entities, what has been reported only partially 

reflects the natural blastocysts (Zhao et al., 2021). In the context of postimplantation studies, 

micropatterns have provided insights into the role of signals in the organization of early 

fate decisions (Camacho-Aguilar and Warmflash, 2020; Liu and Warmflash, 2021) but they 

lack a higher level of dynamic organization required for studies of gastrulation. Attempts to 

obtain this are being attempted by the assembly of a postimplantation epiblast from ES, TS 

and XEN cells but are still preliminary (Zhu et al., 2021).

An alternative line of enquiry is provided by the observation that, under controlled culture 

conditions, human ES cells develop structures that mimic the formation of the amnion 

and the initiation of gastrulation (Shao et al., 2017; Zheng et al., 2019). Although these 

structures collapse after a polarized initiation of gastrulation, they are providing useful 

information about the formation of the epiblast and highlighting the differences between 

primates and mouse embryos.

Another model is provided by the human equivalent of SO-gastruloids that has been 

developed from human ES cells using mouse gastruloids as a reference (Marikawa et 

al., 2020; Moris et al., 2020a). Human gastruloids are strikingly similar to their mouse 

counterparts: they lack anterior neural and extraembryonic cell types but include a cardiac 

primordium at one end and a signature of the caudal lateral epiblast with a node, at the other. 

Detailed analysis of the spatial expression of the genome reveals the outline of a genetic 

body plan with many similarities to the mouse and also some differences.

Human gastruloids appear to be extremely sensitive to the initial culture conditions, but 

they recapitulate some of the known germ layer interactions that have been described in 

the mouse e.g loss of endoderm due to loss of Nodal signalling results in a loss of early 

cardiac mesodermal differentiation (Moris et al., 2020a). Significantly, after 72 h in culture, 

human gastruloids exhibit a spatially patterned gene expression signature of somitogenesis, 

though as in the case of the mouse gastruloids, without somites. This suggests that, at this 

time, human gastruloids have started the process of somitogenesis, a feature that can be used 

to map them onto embryos from the Carnegie collection. With this in mind, it has been 

suggested that 72 h old human gastruloids are at a stage equivalent to Carnegie stage 9 or 

19-21-day-old embryos, which contain 3/4 somites that are absent in Carnegie stage 8 (Fig. 
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6) (Moris et al., 2020a). This is not incompatible with ‘normal’ developmental timing in 

vitro since, despite being derived from blastocysts around day 6 or 7 of development, hES 

cells appear to be in a heterogeneous state but biased towards day 13–15, as they react to 

Wnt signalling with an immediate expression of gastrulation-associated genes (Loh et al., 

2016). Thus, taking 13/15 days as the average starting age of hES cells and the formation of 

human gastruloids starting with pretreatment day as day 1, 72 h from aggregation would be 

18/19 days of development, consistent with their being at CS9 (Fig. 5).

It is early days, but human gastruloids have the potential to serve as a model to explore 

the causes of miscarriages and birth defects arising around the stage of gastrulation. In this 

regard, they have been shown to be effective as a test for teratology that bypasses animal 

testing (Kirkwood-Johnson et al., 2021; Mantziou et al., 2021; Marikawa et al., 2020). 

Furthermore, it will be interesting to explore their sensitivity to starting conditions, and 

whether they can, like their mouse counterparts, be exploited to generate organ-specific 

gastruloids as was recently shown in a model of posterior neural development and 

interactions between the peripheral nervous system and the gut (Olmsted and Paluh, 2021).

6. What is (and what is not) a gastruloid?

The above discussions and the ever-increasing number of embryonic structures derived from 

PSCs require a rationalization. Here we want to focus on gastruloids. Not to suggest any 

umbrella terminology for them, which should be done by wide discussion and consensus, 

but to provide an overview of current existing models and to express our view of what we 

understand to be a gastruloid.

We see gastruloids as three dimensional aggregates of PSCs which recapitulate what we 

perceive as the essence of gastrulation: symmetry breaking, multiaxial organization, germ 

layer specification and the laying down of a vertebrate body plan (van den Brink et al., 

2014). This would, in principle, exclude the micropatterned 2D structures that display 

radially symmetrical germ layer organisation, but no axial organisation. However, these 

structures exhibit some features of gastrulation and have already adopted the term gastruloid 
(Simunovic and Brivanlou, 2017) For this reason, and in agreement with an emerging 

trend, we suggest the name 2D-gastruloid for them. We also propose a further subdivision 

within the overall definition of a gastruloid that we have used here between the original 

Self Organized (SO) model (van den Brink et al., 2014) and what we have called here 

a ‘directed’ (D) model (Xu et al., 2021). As for the other structures described that use 

gastruloids as a starting state, e.g TLS or cardiac-biased gastruloids, we see them as 

specialized subsets of (SO-)gastruloids (Fig. 3).

Gastruloids are not embryos, nor do they aim to fully reproduce the development and 

organization of embryos as, for example, blastoids do. Gastruloids are models of early 

mammalian development that allow us to set probing questions about how cells build 

tissues and organs outside an embryonic context. They are a way to explore multicellular 

self-organization; the relationship between genes and cells as well as between cells and 

tissues, and an opportunity to do experimental embryology in mammals by combining it 

with Genetics (Moris et al., 2020b; Steventon et al., 2021). For these reasons, it is important 
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to always ensure that we understand what aspect(s) of embryos are being modelled in our 

experiments, and to chose a model that is suitable for the questions we are asking.

The notion that one can learn from deconstructing and reconstructing organs and tissues 

may be alien to modern developmental geneticists but this is the gist of the experiments 

of Driesch, Spemann and Mangold, Holtfretter and others, which have been profoundly 

insightful for our understanding of the mechanisms of animal development (Hamburger, 

1988). For this approach to be as useful as related ones have been in the past, we need a 

combination of quantification and reproducibility, because we do not want to simply learn 

that something happens, we also want to know why and how it happens. Towards this, 

numbers provide statistical power and represent one of the advantages of the ES cell-based 

models, together with the high reproducibility of the experiments. After all, the reason we 

have learnt so much from embryos is because they have a higher than 90% rate of success 

and, for the most part and for a given species and batch, they look like each other; this 

allows us to pick on subtle differences and learn from them, which is the basis of mutant 

screens. Gastruloids fulfil many of these requirements for an experimental system.

7. Lessons and questions for the future

Gastruloids can be considered as complex, cell-based reagents to ask questions about 

how genes and cells interact to build embryos. From this perspective, it is important 

to acknowledge that it is early days and that there is much room for improvement in 

the technical development of the system. For example, we need to acknowledge that the 

current protocols to make gastruloids, particularly those from human ES cells, are open to 

modification and protocol improvement and we should explore those possibilities. Examples 

of this can be found in the D-gastruloids (Xu et al., 2021) and in the combinations with 

extraembryonic progenitors (Bérenger-Currias et al., 2020; Girgin et al., 2021a) (see Fig. 3). 

What these variations highlight is the modularity and versatility of the system that, we hope, 

will be explored to address specific questions.

In this exploration of the ‘phase space’ of what can be construed as a gastruloid, we 

should bear in mind two details. One, that we are dealing with cells which, as the complex 

system that they are, have many variables that we cannot control; for this reason, the 

current work is very much empirical. Also, and most importantly, when comparing results 

across laboratories we need to bear in mind that no embryonic stem cell line is a tabula 

rasa. Different cell lines have been shown to exhibit biases in differentiation potential 

(Ortmann et al., 2020), and this is most obvious in the case of iPSCs(Cuomo et al., 

2020; Schwartzentruber et al., 2018). This is likely to be reflected in the development 

of gastruloids and organoids at large but is rarely acknowledged and yet, it is essential 

information when transferring protocols from one lab to another.

We also feel that the main aim of working with gastruloids and other ES cell-based embryo-

like model systems, should not be to make them look as similar to embryos as possible, 

but to notice the differences and ponder the reasons for them. It might well be that they are 

experimental artifacts, but they could also reflect some fundamental property of the embryo 

revealed by the ES cell-based system. A good example relates to the disconnect between 
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cell fate specification and morphogenesis observed during somitogenesis in gastruloids 

(see above). If we do this, we shall learn much about the engineering of mammalian 

development, and maybe even vertebrate embryos in general.

At present, Gastruloids have already raised a number of questions related to fundamental 

features of embryos that cannot be observed, and much less explored, with more classical 

experimental approaches and require deep investigation. For example the dissociation of 

morphogenesis and patterned gene expression during somitogenesis. Here are we want to 

highlight some others:

• The requirement for a defined number of cells in the initial aggregate to form 

a proper gastruloids. Addressing this observation is will provide insights into 

the general question of the relationship between the size of tissue and organ 

primordia and competence to differentiate.

• The emergence of a body plan in the absence of a primitive streak. On 

this, gastruloids represent a promising experimental system to investigate the 

requirement and role for this structure in organizing the germ layers and laying 

down the primordia for tissues and organs.

• The de novo multiaxial organization of gastruloids, provides a unique ground to 

explore the origin of the coordinate systems that serve as a central reference for 

the organization and development of an embryo.

• The observed disconnect between fates and morphogenesis in certain tissues 

in gastruloids represents a useful experimental ground to probe the role of 

mechanochemical signalling and geometry, as separate from that of GRNs, 

in morphogenesis. This should allow the identification of the gene and cell 

regulatory networks mediating morphogenesis.

• The synchronicity of individual gastruloid development and, as we gather 

information, the comparison between their ‘developmental time’ and that of 

embryos, should allow an in-depth investigation of the basis for these dynamics.

• The differential response of epithelial and non-epithelial gastruloids to the same 

signal will allow the study of the relationship between cell organization and 

signal interpretation in fate assignments and morphogenesis.

• The causes for the differences in organization between SO- and D-gastruloids.

In summary, we believe Gastruloids are a useful model to understand normal mammalian 

development. In the case of human gastruloids they represent the only currently available 

window into gastrulation and the construction of the body plan. The robustness, 

reproducibility and scalability of the system will empower these studies, as these features 

makes gastruloids a suitable substrate for genetic, phenotypic and drug screens. At this, it is 

important to emphasize that gastruloids are not a substitute for embryo work but a useful and 

complementary tool, particularly where large numbers of embryos would need to be used to 

get the same dataset e.g molecular studies or genetic and drug screens, with implications for 

the 3Rs principles.
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In the long term, and in addition to being tools for basic research, we also see gastruloids 

as a vehicle for the development of new organoid systems. Often, the emergence of an 

organ, a tissue or a stem cell niche, requires the interactions of several cell types and even 

germ layers. These interactions can be engineered successfully in the lab (Eicher et al., 

2022; Koike et al., 2019) but they occur ‘for free’ in gastruloids. It will be interesting to 

see whether and how this fundamental feature of gastruloids can be harnessed for organ 

construction. However, for these endeavours to be successful, we need to remain critical of 

the system, acknowledge that gastruloids are not embryos but that they are models, minimal 

cellular models, and use them to answer specific questions concerning the emergence of 

tissues and organs.
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Fig. 1. Schematic overview of mouse gastrulation.
(A) Mouse embryo development from fertilisation through implantation, and the 

establishment of the body plan through gastrulation. (B) Signalling gradients and biases 

from the extraembryonic ectoderm and visceral endoderm set up the localisation of 

the Primitive Streak in the proximal-posterior epiblast. T, Brachyury. (C) The ordered 

emergence of mesoderm from the primitive streak, in both a proximodistal and 

circumnavigation from posterior-to-anterior. Al, Allantois; YS, Yolk Sac; PGCs, Primordial 

Germ Cells; CM, Cardiac Mesoderm; LPM, Lateral Plate Mesoderm; IM, Intermediate 

Mesoderm; PM, Paraxial Mesoderm; AM, Axial Mesoderm.
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Fig. 2. Making Gastruloids.
(A, B) Schematic protocol for generating mouse and human gastruloids. Pluripotent stem 

cells are dissociated to a single cell suspension, and an particular cell number (typically 

300–500 cells) are added to each well of a 96-well plate with rounded bottoms (A). The 

cells will settle and aggregate to form a 3D spherical structure that, over time, begins to 

break symmetry, polarize its gene expression, and undergo axial elongation. The timing 

of exposure to agonists of Wnt signalling differs for mouse and human ES cells (B). (C) 

Representative microscopy images of a developing mouse gastruloid timeline between about 

72 and 126 h after aggregation. Images from a light sheet movie of a gastruloid bearing 

ubiquitously expressed GPI linked GFP (U.Fiuza unpublished). Scale bar: 100 μm. (D, E) 

Sample ollections of 120m hrs old gastruloids from E14 ES (D) and P19 embryo carcinoma 

(E) cells.
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Fig. 3. Relationship between mouse embryo (A) and gastruloid (B) development.
Gastruloids exhibit the emergence and polarization of Bra and Nodal gene expression in the 

extending domain.
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Fig. 4. Relationship between different embryo-like models and gastruloids.
Pictorial diagram of the relationship between various stem cell-based embryo-like models 

and the 3D gastruloids. ESC, Embryonic Stem Cells; TS, Trophoblast Stem cells; XEN,; 

Chi, Chiron; Epi, Epiblast-like Stem Cells; Mtg, Matrigel; WNTi, WNT signalling 

inhibition.

Arias et al. Page 27

Dev Biol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Relationship between mouse embryos and gastruloids.
Outline of a mouse embryo at E8.5 with axial organization and germ layer derivatives 

indicated (A) compared to a 120 h old gastruloid (B and see text for details). (C) Examples 

of patterns of gene expression in 120 hrs old gastruloids. TLC2 is a reporter for canonical 

Wnt signalling.
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Fig. 6. Human embryos and human gastruloids.
Comparison of human embryogenesis and human gastruloid development (see text for 

details).
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