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Abstract

Scientists have been fascinated by the human brain for centuries, yet knowl-
edge of the cellular and molecular events that build the human brain during
embryogenesis and of how abnormalities in this process lead to neurological
disease remains very superficial. In particular, the lack of experimental mod-
els for a process that largely occurs during human in utero development, and
is therefore poorly accessible for study, has hindered progress in mechanistic
understanding. Advances in stem cell-derived models of human organogen-
esis, in the form of three-dimensional organoid cultures, and transformative
new analytic technologies have opened new experimental pathways for in-
vestigation of aspects of development, evolution, and pathology of the hu-
man brain. Here, we consider the biology of brain organoids, compared and
contrasted with the endogenous human brain, and highlight experimental
strategies to use organoids to pioneer new understanding of human brain

pathology.
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THE VALUE AND LIMITATIONS OF ANIMAL EMBRYOS AS MODELS
OF THE DEVELOPING HUMAN BRAIN

The essential framework for the cells and tissues of the body is laid down during embryonic
development in a process known as organogenesis, ultimately resulting in anatomically defined
and functionally integrated organs. This process is highly invariant, producing nearly identical
cell types and tissue architecture across individuals. Over a century of work has investigated the
mechanisms that build organs and how defective organogenesis leads to developmental disease.
However, in the majority of these studies, animals have served as models for understanding human
organogenesis. This has led to an impressive body of work on evolutionarily shared biology, but
there remain species differences that prevent a full understanding of human development from
other model systems; as a result, large gaps in knowledge persist (Figure 14).

Perhaps no other organ embodies these limitations as uniquely as the brain (Pasca et al. 2014,
Quadrato et al. 2016). Building experimental models of human brain development has been chal-
lenging. Our brains are different from even our closest primate relatives (Lui et al. 2011, Sousa
et al. 2017), and the developing human brain cannot be accessed experimentally (Farahany et al.
2018) (Figure 1a). The availability of embryonic tissue is largely limited to a short and early
phase of development, which, given the length of human gestation, can only provide a snapshot
of a much more extensive process. Consequently, human brain development, functionality, and
disease remain incompletely understood. New experimental models are acutely needed to move
forward (Figure 15).

HUMAN MODELS FOR HUMAN DISEASE: BRAIN DEVELOPMENT
IN THE DISH

The need for dynamic cellular models of the developing human brain extends beyond investiga-
tion of basic aspects of brain formation and evolution; it also directly affects the study of human
diseases originating in neurodevelopmental abnormalities (Figure 15). For example, nonhuman
models are poorly suited to replicating the genetic bases of prominent human neurodevelopmen-
tal and neuropsychiatric disorders, such as autism spectrum disorder (ASD) and schizophrenia
(SCZ). Sequencing studies have revealed the polygenic architecture of these pathologies: most
patients have genetic risk states representing the combined effect of many common variants of
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Figure 1

The need for experimental models of the developing human brain. (#) The human brain is largely inaccessible during embryonic
development, limiting the ability to investigate its development in vivo. Model organisms such as rodents share many biological features
with humans and have been very powerful in providing insights about the development of the mammalian brain. However, there are
numerous intrinsic interspecies differences that result in large gaps of knowledge about unique aspects of human brain development.
() Brain organoids are a novel tool to observe and perturb selected processes of the developing human brain.

small effect, compared to a much smaller proportion of cases associated with monogenic changes,
i.e., rare loss-of-function mutations in specific genes (Geschwind & Flint 2015, Gratten et al.
2014). Knowledge of the genetic underpinnings of these disorders can be used experimentally as a
handle to identify the neurobiological substrates of pathology: the cell types and circuits affected,
the developmental events that go awry, and the molecular mechanisms involved. Yet, this type
of polygenic contribution cannot be easily studied in animal models; while much knowledge has
emerged from analysis of single-gene loss-of-function mutations, it is experimentally infeasible to
create transgenic models bearing variable combinations of precise edits across many genes. Hu-
man experimental models of the developing brain are therefore essential platforms to complement
work in animals.

This goal of generating models of the developing human brain raises the question of which, if
any, aspects of brain development can be recapitulated outside of in vivo embryogenesis, and of
what parts of such a precisely orchestrated process can be experimentally induced and controlled
in vitro. To pursue this aim, over decades the field has developed ever-improving cell culture mod-
els of brain development; the recent emergence of human brain organoids represents a major ad-
vance in modeling the cellular complexity and structural features of the embryonic human brain in
vitro.

The ability to induce differentiation of pluripotent stem cells (PSCs) along specific develop-
mental pathways has been used to derive a wide variety of cell types of many tissues (Murry &
Keller 2008). Classically, these experiments have primarily relied on externally patterned mod-
els in which sequential exposure to exogenously provided instructive cues such as growth factors
directs development toward a preselected cell fate (Wichterle et al. 2002). However, such exter-
nally patterned models generally produce relatively homogenous cultures consisting mostly of a
single cell type or a few closely related cell types; in addition, they have typically employed two-
dimensional (2D) monolayer culture systems, which limit the degree of architectural complexity
and cell—cell interaction that can develop.
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Over the past several years, new models have emerged that take advantage of the remarkable
robustness of cell-intrinsic developmental programs to produce more complex in vitro tissues.
In these models, collectively termed organoids, minimally patterned cells grown in three-
dimensional (3D) culture spontaneously develop some of the cellular diversity and architectural
features of the endogenous organ through a process of self-organization (Sasai et al. 2012,
Simunovic & Brivanlou 2017, Turner et al. 2016). Organoid models have been produced for a
variety of tissues, suggesting that the ability for multilineage differentiation and spatial organi-
zation to emerge under permissive conditions without direct instruction is broadly shared across
organs (Clevers 2016). These self-organizing organoid systems represent a significant advance
in in vitro models; compared to externally patterned models, they ultimately produce tissues that
more closely replicate the cellular and architectural complexity of the endogenous tissue and
allow study of the developmental processes leading to this complexity without the constraints
imposed by extensive external instruction.

In the case of the brain, it was determined some time ago that stem cell-derived neural progen-
itor cells (NPCs) in 2D culture can exhibit largely self-guided organization into structures resem-
bling the neural tube (i.e., rosette-like structures where a lumen is surrounded by NPCs) (Elkabetz
& Studer 2008). The later demonstration that stem cell-derived cultures were similarly able to
give rise to 3D polarized structures replicating more complex aspects of the nervous system (Sasai
2013) affords new opportunities to use PSCs to model early steps of brain development in the dish.

The seminal work of Yoshiki Sasai and colleagues (Eiraku et al. 2011, Nakano et al. 2012)
showed the remarkable ability of stem cells to generate an optic cup-like structure through cell-
intrinsic programs alone. In these experiments, dissociated PSCs cultured in the presence of min-
imal factors could spontaneously give rise to the primordium of an optic cup, in which neural
retinal tissue develops surrounded by retinal pigmented epithelium. Remarkably, this cellular sys-
tem produced some of the distinctive cell types of the retina and could organize into layers resem-
bling the endogenous early retina. Sasai and colleagues’ work indicated the presence of an intrinsic
self-organizing program in retinal progenitor cells, which emerged in vitro under permissive con-
ditions, without the influence of neighboring tissues such as the surface ectoderm and lens. Within
the nervous system, it is clear that this not only is a property of retinal tissue but also extends to
other brain regions, including the cerebral cortex (Kadoshima et al. 2013, Lancaster et al. 2013,
Mariani et al. 2012, Pasca et al. 2015, Qian et al. 2016, Quadrato et al. 2017, Sloan et al. 2017,
Velasco et al. 2019), midbrain (Jo et al. 2016, Monzel et al. 2017, Qian et al. 2016), hippocampus
(Sakaguchi et al. 2015), hypothalamus (Qian et al. 2016), and cerebellum (Muguruma et al. 2015).

DIFFERENT STRATEGIES FOR INDUCING BRAIN TISSUE
DEVELOPMENT IN VITRO

Brain organoids are complex 3D structures, derived from in vitro stem cell cultures that are able
to replicate some of the cell type— and tissue-specific features of the brain (Figure 24). Within
this broad definition, brain organoids have been produced following many different protocols,
which generally contain sequential phases of culture conditions designed to promote neural in-
duction, regionalization, and long-term growth. Early examples include human 3D structures re-
sembling the dorsal forebrain and containing distinct neuronal and progenitor zones organized
in the same apicobasal order as in the human fetal cortex, which were described by Yoshiki Sa-
sai’s group (Eiraku et al. 2008, Kadoshima et al. 2013). The emergence of brain structures from
PSCs in vitro was concomitantly reported by the group of Jurgen Knoblich (Lancaster etal. 2013),
which showed that by combining PSC-derived embryoid bodies with artificial extracellular matrix
(Matrigel), large 3D structures containing multiple distinct brain regions could be formed even in
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Figure 2

Challenges and current limitations of human brain organoids. (#) Human brain organoids can generate most of the cell types present in
the developing cerebral cortex with potentially high reproducibility; however, anatomical structures are not fully recapitulated in brain
organoids, and well-defined circuits are also not formed. Differences in the maturation of circuits may be influenced by the lack of
experience-dependent stimulation of developing networks, which is an important influence in vivo but absent in organoids. ()) Some of
the cell types of the brain do not spontaneously develop in brain organoids. Current approaches to integrate missing cell types include
generation of chimeric organoids (by combining organoids patterned to form different brain regions), coculture with absent cell types
(such as microglia), and provision of exogenous vasculature. Abbreviations: DIV, day in vitro; PCW, postconception week. Organoids in
figure adapted with permission from Quadrato et al. (2016).

the absence of regionalizing factors. Histological analysis revealed a complex heterogeneous tissue
containing regions resembling the cerebral cortex, choroid plexus, and retina. Importantly, these
studies indicated that species-specific features could be replicated in culture. For example, both of
these organoid types formed outer radial glia ()0RG) progenitors, a cell type that is virtually absent
in rodents but characteristic of the developing human cortex (Hansen et al. 2010) and potentially
involved in its evolutionary expansion (Fish et al. 2008, Lui et al. 2011, Pollen et al. 2015). This
finding suggests that brain organoids may become a valuable model for studying species-specific
developmental events in experimentally intractable species.
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Since then, countless other brain organoid protocols have been established to address specific
needs for more extensive development, reproducibility, and scalability (Arlotta & Pasca 2019, Di
Lullo & Kriegstein 2017, Kelava & Lancaster 2016, Pasca 2018, Quadrato et al. 2016). Some of
these methods rely largely on principles of self-assembly and self-patterning (Lancaster et al. 2013,
Quadrato et al. 2017). These models are characterized by the presence of broad regional identi-
ties and are therefore termed whole-brain organoids. Other systems rely on the use of signaling
molecules to direct the formation of specific brain regions, and can be referred to as patterned
brain organoids (Kadoshima et al. 2013, Mariani et al. 2012, Pasca et al. 2015, Qian et al. 2016,
Sloan et al. 2017, Velasco et al. 2019).

Whole-brain organoids (pioneered in Lancaster et al. 2013) are produced largely by self-
organization and with minimal external patterning signals, offering a unique platform to investi-
gate the endogenous capacity of neural stem cells to generate appropriate cell types and geometry
and how subsequent steps of brain development emerge from these earlier structures. Simplisti-
cally, one can think of these organoids as less artificially induced models and thus possibly more
reflective of endogenous principles of brain development. However, one of the main limitations
of this type of organoid system is the high degree of variability in cell type distribution and over-
all morphology both between individual organoids and across experimental batches. This lack of
reproducibility poses major challenges to the use of organoids as experimental systems for the
investigation of biological and pathological processes.

Patterned brain organoids can produce select parts of the brain through the use of exogenous
signals to direct formation of specific regional identities (e.g., cortex or basal ganglia) and show
promise in many respects, including organoid-to-organoid reproducibility. Organoids containing
tissue representing multiple brain regions, which would be difficult to produce within the same 3D
system, can instead be assembled via fusion of separate organoids patterned to different regions
(Bagley et al. 2017, Birey et al. 2017, Xiang et al. 2017) (Figure 25b). A similar approach could
potentially be used to incorporate cell types that would not otherwise self-emerge within a single
organoid system (Pasca 2019) (Figure 25).

3D BRAIN ORGANOIDS: WHAT IS MADE AND WHAT IS MISSING

In recent work, organoid cultures have been optimized to grow for extended time periods, which
has provided an opportunity to examine how far development of the brain can progress outside
the embryo and to investigate later stages of brain formation, including cellular diversification
and maturation (Quadrato et al. 2017, Trevino et al. 2020). Many studies have shown that over
time organoids can progressively generate a variety of cell types appropriate for endogenous brain
regions (Eiraku et al. 2008, Kadoshima et al. 2013, Lancaster et al. 2013, Quadrato et al. 2017,
Velasco etal. 2019). Some studies in particular have used single-cell RNA sequencing (scRINAseq)
to profile large numbers of cells from long-term cultures of both whole-brain organoids (Camp
et al. 2015, Quadrato et al. 2017) and patterned organoids (Velasco et al. 2019). More recently,
scATACseq (single-cell assay for transposase-accessible chromatin followed by high-throughput
sequencing) of organoids has also provided highly resolved maps of DNA accessibility and primed
the field for understanding the gene regulatory networks that govern organoid development
(Trevino et al. 2020). The results of these studies jointly support three main conclusions.

First, both whole-brain and patterned organoids can generate many of the major cell types of a
complex brain region, the cerebral cortex; in whole-brain organoids, most cell types of the retina
are also generated (Quadrato et al. 2017).

Second, the cell types produced in these different organoid models have transcriptional iden-
tities that are correlated to those of the corresponding cell types in the endogenous brain (Camp
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etal. 2015, Quadrato et al. 2017, Velasco et al. 2019). This is true despite the fact that molecular
signatures of metabolic stress can emerge in culture (Bhaduri et al. 2020). These studies also show
that cell types appropriate for a given species (e.g., oORG cells that are characteristic of the devel-
oping human cortex) can spontaneously emerge in vitro, offering an opportunity to study such
species-specific cell types in an experimentally tractable system (Kadoshima et al. 2013, Lancaster
etal. 2013, Pollen et al. 2019, Quadrato et al. 2017, Sloan et al. 2017, Velasco et al. 2019).

Third, across many cell classes, the temporal sequence in which cell types appear mimics the
endogenous order (e.g., radial glia are made before corticofugal neurons, which in turn precede
callosal neurons and astrocytes). This is in agreement with a body of prior work in other sys-
tems showing that cortical neural progenitors cell-intrinsically control the temporal sequence of
generation of their cellular progeny, even when cultured outside the cortex (Qian et al. 2000).

"This is not to say that cells made in vitro are fully identical to the ones made in vivo, nor that the
same degree of similarity will be observed across different analytic modalities (e.g., morphology,
physiology). However, the data to date suggest that the process by which cell types are generated
may be mechanistically so highly constrained that it is relatively insensitive to the growth envi-
ronment (e.g., a variety of organoid models and the endogenous brain). This in turn suggests that
genetically encoded instructions are sufficient, at least for the cerebral cortex, to drive progenitor
cells to generate a certain compendia of cell types without the context of the embryo.

Likewise, certain organizational features of the developing nervous system spontaneously
emerge in a reliable, highly stereotyped manner. Neural tube-like structures (i.e., rosettes) can
emerge from unspecified stem cells with minimal instruction. Regionally patterned germinal
zones can emerge from unspecified sheets of neuroepithelia and subsequently produce region-
ally and species-appropriate cell types (e.g., o0RG), following a predefined temporal sequence.
These properties are therefore likely built into the system, and offer a unique opportunity for
mechanistic investigation of aspects of human brain development that would not otherwise be
accessible.

One of the most impressive properties of embryonic development is the robustness with which
each step of organogenesis proceeds, ensuring that each embryo generates the same compendium
of cell types, organized in similar anatomical and functional structures (Silbereis et al. 2016). Such
robustness does not necessarily emerge in organoids, and one of the greatest limitations in the
field has been organoid-to-organoid and batch-to-batch variability. Several groups have investi-
gated the reproducibility of organoid models, initially using bulk transcriptional profiles or mea-
surements of morphological features (Mariani et al. 2015, Qian et al. 2016, Watanabe et al. 2017).
In a recent study, Sergiu Pasca’s group (Yoon et al. 2019), by comparing single-cell transcrip-
tional profiles of cortical organoids across multiple human PSC lines and experiments, showed
that organoids could show high reliability of differentiation, independently of the stem cell line
of origin. Other studies also employed scRNAseq to investigate organoid cellular composition in
pooled organoids (Bershteyn et al. 2017, Sloan et al. 2017, Xiang et al. 2017). Two other stud-
ies profiled individual organoids via scRNAseq, allowing the first quantification of organoid-to-
organoid and batch-to-batch variability. The first showed that, in whole-brain organoids, cells of
the forebrain were only produced by a subset of organoids and that even these successful organoids
presented variability in the specific forebrain cell types generated (Quadrato et al. 2017). How-
ever, a more recent study showed that under specific growth conditions, cellular diversification of
a complex brain region like the cerebral cortex can occur in organoids with extremely high lev-
els of organoid-to-organoid, line-to-line, and batch-to-batch reproducibility, comparable to the
variability observed between individual brains in vivo (Velasco et al. 2019). Moreover, cell types
in individual organoids are generated following highly reproducible developmental trajectories,
resembling the endogenous temporal order, across lines and batches (Velasco et al. 2019).
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While the formation of cell types from patterned neuroepithelia can spontaneously occur in
organoids, it is becoming clear that other features of the endogenous brain do not self-emerge.
Noticeable omissions include the organization of cells into defined anatomical structures (e.g.,
cortical lamina, thalamic nuclei), regional patterning, and the formation of cell type—specific long-
distance and local connectivity (e.g., the formation of specific commissures) (Figure 24).

The in vivo processes that lead from patterning of germinal zones to the formation of higher-
order anatomy are complex. The formation of cortical layers, for instance, is correlated to both
the birth order of the neurons and the presence of a radial glia scaffold; early-born cells occupy
the inside layers (apical), while each wave of later-born neurons migrates along radial glial cells
to increasingly basal positions, thus leading to an inside-out arrangement (Angevine & Sidman
1961, Gaspard & Vanderhaeghen 2011, Greig et al. 2013, Molyneaux et al. 2009). In 2008, Eiraku
et al. (2008) demonstrated for the first time the self-formation of a stratified cortical tissue within
organoids. Generation of embryoid bodies under low—growth factor conditions allowed the for-
mation of a remarkable apicobasally polarized tissue, with the presence of four distinct zones (ven-
tricular, early and late cortical plate, and Cajal-Retzius) never observed before in neurosphere
cultures. However, in all of the cortical organoid models to date, cell layering is limited to the
formation of separate germinal zones and a distinct cortical plate. The cortical plate has never
been reported to achieve a clear morphological separation of the six cortical layers formed in vivo
(Eiraku et al. 2008, Kadoshima et al. 2013, Lancaster et al. 2013, Quadrato et al. 2017, Velasco
et al. 2019) (Figure 24). This suggests that the proper formation of cortical lamina may require
additional factors that are missing in current organoid models.

Regional patterning of organoids has to date largely focused on protocols that confer a specific
regional identity upon the whole culture, although organoids containing tissue representing
multiple brain regions have been successfully created by fusion of individual differently patterned
organoids (Bagley etal. 2017, Birey et al. 2017, Xiang et al. 2017) (Figure 254). During endogenous
brain development, the division of neurogenic regions into functional domains is regulated by
gradients of morphogens and gene expression (Sansom & Livesey 2009); in the cortex, organizing
centers are one of the main sources of such regionalizing morphogens (Tiberi et al. 2012).
Recently, Lorenz Studer’s lab (Cederquist et al. 2019) developed a strategy to introduce an
artificial organizing center into forebrain organoids in order to enable self-organization along
the dorsoventral and anteroposterior positional axes: By embedding a cluster of cells expressing
inducible Sonic Hedgehog (SHH) at one pole of the organoid, the authors created a SHH protein
gradient that was capable of inducing consistent spatial separation of tissue expressing regional
markers.

Finally, although various brain organoid models can generate a broad compendia of cell types
after extended periods in culture, not all of the cell types found in the human cortex are present
in brain organoids. In particular, cell types that normally originate from other germ layers, such
as endothelium, pericytes, and microglia, do not emerge in most organoid protocols. Yet, there
is increasing evidence that these cell types influence important aspects of cortical development,
from morphogenesis to circuit refinement, and there are ongoing efforts to incorporate them into
brain organoid systems (Abud et al. 2017, Song et al. 2019) (Figure 2b).

For the future, recapitulating morphogenesis of complex organ structures such as the cerebral
cortex will likely require modulating both molecular signals and physical context. Microfabricated
culture environments may provide control over factors such as morphogen gradients, cell attach-
ment or migration (such as replicating the pial basement membrane to allow attachment and radial
orientation of radial glia), or dynamic mechanical signals (such as tension or pressure) that may
contribute to morphological organization.
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DEVELOPMENT AND MATURATION OF NEURAL CIRCUITS
IN BRAINS AND ORGANOIDS

Although many organoid models have shown varying degrees of neuronal activity and synaptic
connectivity, they have not yet demonstrated the ability to replicate the well-defined local and
long-distance connectivity and circuit architecture of the endogenous brain (Figure 24). In one
of the first mouse brain organoid models, Eiraku et al. (2008) showed that oscillatory Ca?* waves
synchronously activated neurons over long distances, as observed in the early postnatal mouse
cortex. More recently, using a human brain organoid model that supports the differentiation of
photoreceptor-like cells in addition to forebrain neuron subtypes, Quadrato et al. (2017) showed
that after 8 months of differentiation, 4 out of 10 organoids had light-responsive units displaying
attenuated firing rates and upregulation of cFos (an activity-dependent gene) after light exposure.
"To improve neuronal survival and axon outgrowth, Lancaster and colleagues (Giandomenico et al.
2019) developed a new strategy to artificially model the formation of circuits with functional neu-
ronal output by culturing cerebral organoids in an air-liquid interface system. The authors were
able to show active neuronal networks and extensive axon outgrowths reminiscent of nerve tracts,
which were able to innervate spinal cord tissue and induce coordinated muscle contractions in co-
cultured mouse spinal cord—muscle explants (Giandomenico et al. 2019). Another study reported
that while the majority of cerebral organoids in their model showed some spontaneous neural
activity, robust synchronized network activity only emerged after organoid-derived neurons were
dissociated and replated in adherent culture (Sakaguchi et al. 2019). Collectively, these findings
demonstrate that while brain organoids have the ability to establish spontaneously active neuronal
networks, which may serve as useful systems to observe and modulate aspects of circuit formation,
connectivity pattern, and cellular maturation, none of the described models present robust and
reproducible circuit organization.

It is likely that stereotypical circuit formation does not occur naturally in the current models
in part due to the lack of defined tissue architecture, the absence of relevant cell types, and the
relative immaturity of neurons and neural circuits, even upon long periods of growth and matu-
ration in vitro. In addition, in vivo, coordinated neuronal activity across networks (spontaneous
waves of synchronized neuronal activity during prenatal development and temporally synchro-
nized activity induced by sensory stimuli after birth) is involved in both neuronal maturation and
the development and refinement of synaptic connectivity (Kirkby et al. 2013) (Figure 24). To
date, no organoid model has incorporated the ability to induce this type of coordinated activity,
although it is possible to imagine designs that apply optogenetic techniques to enable synchro-
nized stimulation of neurons or subsets of neurons to foster maturation and circuit refinement.

ORGANOIDS AS EXPERIMENTAL SYSTEMS OF HUMAN
NEUROLOGICAL DISEASE

While today brain organoids remain primitive replicas of the endogenous brain, they provide a
unique opportunity to investigate mechanisms underlying human neurological diseases. Despite
the great medical and societal impact of neurodevelopmental and neuropsychiatric pathologies
such as ASD, SCZ, and bipolar disorder, many basic questions remain unanswered. We currently
have only partial knowledge of the cell types and neural circuits that develop abnormally and of
the cell types and circuits that risk-associated genes affect. These issues are vital to understanding
the etiology of these disorders and to identifying cellular and molecular targets for therapeutic
progress.

Many neurodevelopmental and neuropsychiatric disorders have been shown to have a strong
genetic basis, which could be leveraged to define their neurobiological substrates by probing the
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role of disease risk—associated genes in human brain development. However, these pathologies are
genetically complex, and the majority of patients present polygenic states characterized by large
numbers of variants of individually small effect (Geschwind & Flint 2015, Gratten et al. 2014).
These types of genetic effects cannot feasibly be studied in animal models; however, human brain
organoids grown from patient-derived PSC lines enable modeling such genetic states (Figure 3).
Given the importance of genetic background for the phenotypic manifestation of even rare de
novo mutations, organoids can also serve as unique models for the effect of risk-associated alleles in
the context of human genetic variation. Furthermore, gene engineering can be used to correct mu-
tated alleles in patient-derived lines, or to introduce targeted mutations into control lines, provid-
ing otherwise genetically identical pairs of experimental and control organoid cultures (Figure 3).

Although the field is still developing progressively more sophisticated organoid model systems,
some early examples of using organoids to identify neurobiological mechanisms of disease have
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been published. For example, organoids have been used to identify mitotic defects in oRG derived
from patients with a form of lissencephaly called Miller-Dieker syndrome (Bershteyn et al. 2017,
Iefremova et al. 2017). A pioneering study investigated early events of ASD using brain organoids
generated from inducible PSC lines derived from patients with idiopathic ASD with macrocephaly,
demonstrating overproliferation of neural progenitors and expansion of GABAergic interneurons
in patient-derived organoids (Mariani et al. 2015). Brain organoid systems also allow study of dy-
namic processes that are difficult to capture in static tissue samples; for instance, a chimeric system
fusing dorsal and ventral forebrain organoids was used to reveal defects in interneuron migration
kinetics associated with Timothy syndrome, a monogenic neurodevelopmental disease character-
ized by ASD and epilepsy (Birey etal. 2017). Other studies have used brain organoids to investigate
brain pathologies, including CDKSRAP2-dependent microcephaly (Lancaster et al. 2013), tuber-
ous sclerosis (Blair & Bateup 2020), and Zika virus infection (Ming et al. 2016). These types of
studies are only bound to grow as organoid models improve in sophistication and robustness.

The potential utility of brain organoids to understand human neurological disease is also being
enabled by transformative advancements in analytic technology, in particular new tools for unbi-
ased molecular assays, across multiple modalities (e.g., transcription, epigenetics, genetics), with
single-cell resolution, and with capacity for scalability. These technologies have been critical for
the study of organs that are highly cellularly diverse such as the brain, where bulk tissue analysis
fails to be informative because of the large number of different cell types and states that are present.

In organoids, high-throughput, single-cell molecular profiling is particularly powerful, since,
in addition to containing a variety of cell types and states, they carry the additional challenge
of lacking anatomical reference points and of potentially high organoid-to-organoid variability
(Figure 3). For example, high-throughput scRNAseq approaches have been applied to investigat-
ing the cellular composition of brain organoids with unprecedented molecular detail (Birey et al.
2017, Camp et al. 2015, Giandomenico et al. 2019, Pollen et al. 2019, Quadrato et al. 2017, Sloan
et al. 2017, Velasco et al. 2019, Yoon et al. 2019). The arsenal of single-cell molecular tools has
grown exponentially in the past years, and multimodal integration of transcriptomic, genomic,
epigenomic and proteomic data collected from the same single cell will soon provide a compre-
hensive picture of cell identity and state, allowing disease comparisons on a more finely resolved
level. Moreover, the spatial information provided by techniques for transcriptomic profiling of sec-
tioned tissue, such as seqFISH (Shah et al. 2016), MERFISH (Chen et al. 2015, Moffitt et al. 2016),
or Slide-seq (Rodriques et al. 2019), will link single-cell molecular profiles to high-resolution
spatial mapping of the local cellular context, leading from the analysis of cell-intrinsic effects of
disease states on cells to the effects of cellular neighborhood and the local tissue environment.

The use of single-cell biology approaches in 3D brain organoid systems has great potential to
shed light on the molecular mechanisms that underpin complex neurodevelopmental disorders,
for instance, by identifying the cell types, cell states, or developmental trajectories that are affected
by risk-associated genes. Techniques that combine scRNAseq with pool-screening techniques for
introducing gene edits, such as Perturb-seq (Adamson et al. 2016, Dixit et al. 2016, Jaitin et al.
2016), can become particularly powerful in organoids as a means to assay the functional effect of
larger panels of risk genes in the same genetic and experimental background.

CONCLUSIONS

For centuries, scientists have been fascinated by the human brain and how development generates
its myriad cell types, complex connectivity patterns, and refined higher-order structures to
ultimately enable function. Yet, most of what we know today about the development of the human
brain comes from the study of animal models, and thus emphasizes shared biology. However, the
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human brain is different from that of rodents, for example, and many aspects of its development
reflect species-specific events that cannot be fully investigated in other organisms. As a result, the
science of human brain development has remained relatively descriptive and fragmented.

The advent of transformative technologies in high-resolution genomic and imaging analyses,
combined with progress in stem cell biology, opens the door to the experimental exploration of
the human brain in both healthy and pathological states. For as primitive as brain organoids still
are, there is growing understanding of their properties, and more concrete approaches are being
evolved to improve anatomical organization, the formation of defined circuits, and the acquisition
of more mature properties of neurons and networks. The application of these systems reaches
beyond the study of human brain development and evolution into broader science and medicine.
Rapid progress in the field is advancing organoid systems toward more robust and reproducible
cellular models, which may soon enable applications in industry for therapeutic screening and in
the clinic as diagnostic tools for better patient classification and treatment. These approaches hold
great promise, justifying growing investments into the study of organoid biology. Organoid mod-
els represent one of the best current opportunities to investigate aspects of the biology and patho-
biology of the human developing brain that were never before accessible to science and medicine.

DISCLOSURE STATEMENT

P.A. is a consultant for System1 Biosciences Inc. and Foresite labs.

ACKNOWLEDGMENTS

We thank Juliana Brown for editing the manuscript and her thoughtful input.

LITERATURE CITED

Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, et al. 2017. iPSC-derived human microglia-
like cells to study neurological diseases. Neuron 94:278-93.¢9

Adamson B, Norman TM, Jost M, Cho MY, Nunez JK, etal. 2016. A multiplexed single-cell CRISPR screen-
ing platform enables systematic dissection of the unfolded protein response. Ce// 167:1867-82.e21

Angevine JB, Sidman RL. 1961. Autoradiographic study of cell migration during histogenesis of cerebral cortex
in the mouse. Nature 192:766-68

Arlotta P, Pasca SP. 2019. Cell diversity in the human cerebral cortex: from the embryo to brain organoids.
Curr. Opin. Neurobiol. 56:194-98

Bagley JA, Reumann D, Bian S, Levi-Strauss J, Knoblich JA. 2017. Fused cerebral organoids model interactions
between brain regions. Nat. Methods 14:743-51

Bershteyn M, Nowakowski T], Pollen AA, Di Lullo E, Nene A, et al. 2017. Human iPSC-derived cerebral
organoids model cellular features of lissencephaly and reveal prolonged mitosis of outer radial glia. Ce//
Stem Cell 20:435-49.e4

Bhaduri A, Andrews MG, Mancia Leon W, Jung D, Shin D, et al. 2020. Cell stress in cortical organoids impairs
molecular subtype specification. Nature 578:142-48

Birey F, Andersen J, Makinson CD, Islam S, Wei W, et al. 2017. Assembly of functionally integrated human
forebrain spheroids. Nature 545:54-59

Blair JD, Bateup HS. 2020. New frontiers in modeling tuberous sclerosis with human stem cell-derived neu-
rons and brain organoids. Dev. Dyn. 249:46-55

Camp JG, Badsha F, Florio M, Kanton S, Gerber T, et al. 2015. Human cerebral organoids recapitulate gene
expression programs of fetal neocortex development. PNAS 112:15672-77

Cederquist GY, Asciolla JJ, Tchieu J, Walsh RM, Cornacchia D, et al. 2019. Specification of positional identity
in forebrain organoids. Nat. Biotechnol. 37:436-44

Velasco o Paulsen o Arlotta



Chen KH, Boettiger AN, Moffitt JR, Wang S, Zhuang X. 2015. Spatially resolved, highly multiplexed RNA
profiling in single cells. Science 348:aaa6090

Clevers H. 2016. Modeling development and disease with organoids. Cel/ 165:1586-97

Di Lullo E, Kriegstein AR. 2017. The use of brain organoids to investigate neural development and disease.
Nat. Rev. Neurosci. 18:573-84

Dixit A, Parnas O, Li B, Chen J, Fulco CP, et al. 2016. Perturb-seq: dissecting molecular circuits with scalable
single-cell RNA profiling of pooled genetic screens. Cell 167:1853-66.€17

Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, etal. 2011. Self-organizing optic-cup morphogenesis
in three-dimensional culture. Nature 472:51-56

Eiraku M, Watanabe K, Matsuo-Takasaki M, Kawada M, Yonemura S, et al. 2008. Self-organized formation
of polarized cortical tissues from ESCs and its active manipulation by extrinsic signals. Cell Stem Cell
3:519-32

Elkabetz Y, Studer L. 2008. Human ESC-derived neural rosettes and neural stem cell progression. Cold Spring
Harb. Symp. Quant. Biol. 73:377-87

Farahany NA, Greely HT, Hyman S, Koch C, Grady C, et al. 2018. The ethics of experimenting with human
brain tissue. Nature 556:429-32

Fish JL, Dehay C, Kennedy H, Huttner WB. 2008. Making bigger brains—the evolution of neural-progenitor-
cell division. 7. Cell Sci. 121:2783-93

Gaspard N, Vanderhaeghen P. 2011. Laminar fate specification in the cerebral cortex. F1000 Biol. Rep. 3:6

Geschwind DH, Flint J. 2015. Genetics and genomics of psychiatric disease. Science 349:1489-94

Giandomenico SL, Mierau SB, Gibbons GM, Wenger LMD, Masullo L, et al. 2019. Cerebral organoids at
the air-liquid interface generate diverse nerve tracts with functional output. Naz. Neurosci. 22:669-79

Gratten J, Wray NR, Keller MC, Visscher PM. 2014. Large-scale genomics unveils the genetic architecture
of psychiatric disorders. Nat. Neurosci. 17:782-90

Greig LC, Woodworth MB, Galazo MJ, Padmanabhan H, Macklis JD. 2013. Molecular logic of neocortical
projection neuron specification, development and diversity. Nat. Rev. Neurosci. 14:755-69

Hansen DV, Lui JH, Parker PR, Kriegstein AR. 2010. Neurogenic radial glia in the outer subventricular zone
of human neocortex. Nature 464:554-61

Iefremova V, Manikakis G, Krefft O, Jabali A, Weynans K, et al. 2017. An organoid-based model of cortical
development identifies non-cell-autonomous defects in Wnt signaling contributing to Miller-Dieker
syndrome. Cell Rep. 19:50-59

Jaitin DA, Weiner A, Yofe I, Lara-Astiaso D, Keren-Shaul H, et al. 2016. Dissecting immune circuits by linking
CRISPR-pooled screens with single-cell RNA-seq. Cel/ 167:1883-96.¢15

JoJ, Xiao Y, Sun AX, Cukuroglu E, Tran HD, et al. 2016. Midbrain-like organoids from human pluripotent
stem cells contain functional dopaminergic and neuromelanin-producing neurons. Cell Stem Cell 19:248—
57

Kadoshima T, Sakaguchi H, Nakano T, Soen M, Ando S, et al. 2013. Self-organization of axial polarity, inside-
out layer pattern, and species-specific progenitor dynamics in human ES cell-derived neocortex. PNAS
110:20284-89

Kelava I, Lancaster MA. 2016. Stem cell models of human brain development. Cell Stem Cell 18:736-48

Kirkby LA, Sack GS, Firl A, Feller MB. 2013. A role for correlated spontaneous activity in the assembly of
neural circuits. Neuron 80:1129-44

Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, et al. 2013. Cerebral organoids model human
brain development and microcephaly. Nature 501:373-79

Lui JH, Hansen DV, Kriegstein AR. 2011. Development and evolution of the human neocortex. Ce// 146:18—
36

Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, et al. 2015. FOXG1-dependent dysregulation of GABA/
glutamate neuron differentiation in autism spectrum disorders. Ce// 162:375-90

Mariani ], Simonini MV, Palejev D, Tomasini L, Coppola G, et al. 2012. Modeling human cortical develop-
ment in vitro using induced pluripotent stem cells. PNAS 109:12770-75

Ming GL, Tang H, Song H. 2016. Advances in Zika virus research: stem cell models, challenges, and oppor-
tunities. Cell Stem Cell 19:690-702

www.annualreviews.org o 3D Brain Organoids

387



388

Moffitt JR, Hao J, Wang G, Chen KH, Babcock HP, Zhuang X. 2016. High-throughput single-cell gene-
expression profiling with multiplexed error-robust fluorescence in situ hybridization. PNAS 113:11046—
51

Molyneaux BJ, Arlotta P, Fame RM, MacDonald JL, MacQuarrie KL, Macklis JD. 2009. Novel subtype-
specific genes identify distinct subpopulations of callosal projection neurons. 7. Neurosci. 29:12343-54

Monzel AS, Smits LM, Hemmer K, Hachi S, Moreno EL, et al. 2017. Derivation of human midbrain-specific
organoids from neuroepithelial stem cells. Stenz Cell Rep. 8:1144-54

Muguruma K, Nishiyama A, Kawakami H, Hashimoto K, Sasai Y. 2015. Self-organization of polarized cere-
bellar tissue in 3D culture of human pluripotent stem cells. Cel/ Rep. 10:537-50

Murry CE, Keller G. 2008. Differentiation of embryonic stem cells to clinically relevant populations: lessons
from embryonic development. Cel/ 132:661-80

Nakano T, Ando S, Takata N, Kawada M, Muguruma K, et al. 2012. Self-formation of optic cups and storable
stratified neural retina from human ESCs. Cell Stemn Cell 10:771-85

Pasca AM, Sloan SA, Clarke LE, Tian Y, Makinson CD, etal. 2015. Functional cortical neurons and astrocytes
from human pluripotent stem cells in 3D culture. Naz. Methods 12:671-78

Pasca SP. 2018. The rise of three-dimensional human brain cultures. Nature 553:437-45

Pasca SP. 2019. Assembling human brain organoids. Science 363:126-27

Pasca SP, Panagiotakos G, Dolmetsch RE. 2014. Generating human neurons in vitro and using them to un-
derstand neuropsychiatric disease. Annu. Rev. Neurosci. 37:479-501

Pollen AA, Bhaduri A, Andrews MG, Nowakowski TJ, Meyerson OS, et al. 2019. Establishing cerebral
organoids as models of human-specific brain evolution. Cel/ 176:743-56.e17

Pollen AA, Nowakowski TJ, Chen J, Retallack H, Sandoval-Espinosa C, et al. 2015. Molecular identity of
human outer radial glia during cortical development. Ce// 163:55-67

Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, et al. 2016. Brain-region-specific organoids using
mini-bioreactors for modeling ZIKV exposure. Cell 165:1238-54

Qian X, Shen Q, Goderie SK, He W, Capela A, et al. 2000. Timing of CNS cell generation: a programmed
sequence of neuron and glial cell production from isolated murine cortical stem cells. Neuron 28:69-
80

Quadrato G, Brown J, Arlotta P. 2016. The promises and challenges of human brain organoids as models of
neuropsychiatric disease. Nat. Med. 22:1220-28

Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Yang SM, etal. 2017. Cell diversity and network dynamics
in photosensitive human brain organoids. Nature 545:48-53

Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, et al. 2019. Slide-seq: A scalable technology for
measuring genome-wide expression at high spatial resolution. Science 363:1463-67

Sakaguchi H, Kadoshima T, Soen M, Narii N, Ishida Y, et al. 2015. Generation of functional hippocampal
neurons from self-organizing human embryonic stem cell-derived dorsomedial telencephalic tissue. Naz.
Commun. 6:8896

Sakaguchi H, Ozaki Y, Ashida T, Matsubara T, Oishi N, et al. 2019. Self-organized synchronous calcium
transients in a cultured human neural network derived from cerebral organoids. Sterz Cell Rep. 13:458-
73

Sansom SN, Livesey FJ. 2009. Gradients in the brain: the control of the development of form and function in
the cerebral cortex. Cold Spring Harb. Perspect. Biol. 1:a002519

Sasai Y. 2013. Next-generation regenerative medicine: organogenesis from stem cells in 3D culture. Cell Stem
Cell 12:520-30

Sasai Y, Eiraku M, Suga H. 2012. In vitro organogenesis in three dimensions: self-organising stem cells.
Development 139:4111-21

Shah S, Lubeck E, Zhou W, Cai L. 2016. In situ transcription profiling of single cells reveals spatial organi-
zation of cells in the mouse hippocampus. Neuron 92:342-57

Silbereis JC, Pochareddy S, Zhu Y, Li M, Sestan N. 2016. The cellular and molecular landscapes of the devel-
oping human central nervous system. Neuron 89:248-68

Simunovic M, Brivanlou AH. 2017. Embryoids, organoids and gastruloids: new approaches to understanding
embryogenesis. Development 144:976-85

Velasco o Paulsen o Arlotta



Sloan SA, Darmanis S, Huber N, Khan TA, Birey F, et al. 2017. Human astrocyte maturation captured in 3D
cerebral cortical spheroids derived from pluripotent stem cells. Neuron 95:779-90.e6

Song L, Yuan X, Jones Z, Vied C, Miao Y, et al. 2019. Functionalization of brain region-specific spheroids
with isogenic microglia-like cells. Sci. Rep. 9:11055

Sousa AMM, Meyer KA, Santpere G, Gulden FO, Sestan N. 2017. Evolution of the human nervous system
function, structure, and development. Cel/ 170:226-47

Tiberi L, Vanderhaeghen P, van den Ameele J. 2012. Cortical neurogenesis and morphogens: diversity of cues,
sources and functions. Curr: Opin. Cell Biol. 24:269-76

Trevino AE, Sinnott-Armstrong N, Andersen ], Yoon SJ, Huber N, et al. 2020. Chromatin accessibility dy-
namics in a model of human forebrain development. Science 367(6476):eaay1645

Turner DA, Baillie-Johnson P, Martinez Arias A. 2016. Organoids and the genetically encoded self-assembly
of embryonic stem cells. Bioessays 38:181-91

Velasco S, Kedaigle AJ, Simmons SK, Nash A, Rocha M, et al. 2019. Individual brain organoids reproducibly
form cell diversity of the human cerebral cortex. Nature 570:523-27

Watanabe M, Buth JE, Vishlaghi N, de la Torre-Ubieta L, Taxidis J, et al. 2017. Self-organized cerebral
organoids with human-specific features predict effective drugs to combat Zika virus infection. Cel/ Rep.
21:517-32

Wichterle H, Lieberam I, Porter JA, Jessell TM. 2002. Directed differentiation of embryonic stem cells into
motor neurons. Ce// 110:385-97

Xiang Y, Tanaka Y, Patterson B, Kang Y], Govindaiah G, et al. 2017. Fusion of regionally specified hPSC-
derived organoids models human brain development and interneuron migration. Ce// Stem Cell 21:383—
98.e7

Yoon SJ, Elahi LS, Pasca AM, Marton RM, Gordon A, et al. 2019. Reliability of human cortical organoid
generation. Nat. Methods 16:75-78

www.annualreviews.org o 3D Brain Organoids

389





