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Abstract

The study of human brain physiology, including cellular interactions in normal and disease conditions, has been a
challenge due to its complexity and unavailability. Induced pluripotent stem cell (iPSC) study is indispensable in the
study of the pathophysiology of neurological disorders. Nevertheless, monolayer systems lack the cytoarchitecture
necessary for cellular interactions and neurological disease modeling. Brain organoids generated from human
pluripotent stem cells supply an ideal environment to model both cellular interactions and pathophysiology of the
human brain. This review article discusses the composition and interactions among neural lineage and non-central
nervous system cell types in brain organoids, current studies, and future perspectives in brain organoid research.
Ultimately, the promise of brain organoids is to unveil previously inaccessible features of neurobiology that emerge
from complex cellular interactions and to improve our mechanistic understanding of neural development and
diseases.
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Introduction
Organoids are in vitro-derived structures that undergo
some level of self-organization and resemble, at least in
part, in vivo organs [1]. Organoid generation depends on
the outstanding ability of stem cells to self-organize to
sophisticated tissue structures. These self-organized
structures may contain areas recapitulating different re-
gions of the brain, often referred to as “brain organoids”
or “cerebral organoids,” mirroring the broad presence of
human brain regions in vivo. Alternatively, brain orga-
noids may exhibit a structural phenotype that mimics
specific brain regions, referred to as organoids of a

specific region [2, 3]. The further development of our
understanding of the development of the human nervous
system and elucidation of the mechanisms that lead to
brain disorders represent some of the most challenging
ongoing endeavors in neurobiology. Therefore, the gen-
eration of region-specific three-dimensional (3D) models
to study human brain development offers great promise
for the study of the nervous system in both healthy indi-
viduals and patients [4]. Modeling of neuropsychiatric
and neurological diseases with induced pluripotent stem
cell (iPSC)-derived organoids could find application in
the development of the new drugs (Fig. 1). Xenotrans-
planting of 3D organoids into mice unveiled the poten-
tial to restore the metabolic pressure caused by in vitro
cell culture [5].
In light of the current available knowledge, in this re-

view we discuss (i) cellular composition and interactions
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in brain organoids and (ii) the use of brain organoids as
a disease model. The term “brain organoid” in used in
reference to the entire structure; when referring to their
specific studies, the terms used by authors are used.

The development of 3D organoid system
contributes to the reiteration of neural structure
and cytoarchitecture
Technologies to derive brain organoids and assembloids
that comprise certain neural structures are increasingly
utilized to study cellular interactions between cell types
in neural development and disease. Different organoid
systems can be chosen for specific applications that
could be used to generate specific neural structure, the
desired cellular composition, and complex cellular inter-
actions (Table 1). Pluripotent stem cells (PSCs) were dif-
ferentiated, relying on intrinsic signaling and self-
assembly towards the ectodermal germ lineage to gener-
ate brain organoids. This technique unveiled the differ-
ent phases, namely embryoid body (EB) (Fig. 2),

induction, expansion, and maturation phases [16].
Therefore, reproducibility and consistency are essential
for the success of brain organoid protocols in a qualita-
tive and quantitative system to model disease and for
compound testing. Implantation of brain organoids into
the mouse cortex led to an increased population of as-
trocytes, oligodendrocytes, and microglial cells and pro-
longed tissue survival contrary to the reports of
organoids shrinking in size, probably due to progressive
neuronal cell loss [6].
Although less extrinsic interference enables PSCs to

follow their intrinsic program to grow and proliferate
similar to in vivo, unavoidably, tissue heterogeneity
arises, along with batch and iPSC line variability [10],
making it cumbersome to control experimental condi-
tions. To achieve a balance between intrinsic program-
ming and stochasticity, hiPSCs were driven towards a
homogeneous population of progenitors of specific brain
regions (dorsal forebrain [17], ventral forebrain [3], mid-
brain [18] and hypothalamus [19]), and switched to

Fig. 1 Brain organoid generation and therapeutic potential. Brain organoids can be generated from patient induced pluripotent stem cells (iPSCs)
derived from adult fibroblasts and can be used to model human neurological disease. Drug screening could be one of potential applications by
predicting drug efficacy before treatment of patients
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Fig. 2 Major technical applications for culturing and analyzing brain organoids. Brain organogenesis could begin from embryoid bodies (EBs)
generated from aggregates of iPSCs by centrifugation in U-bottomed wells. Brain organoids can be derived from EBs through undirected
differentiation methods that lack inductive signals, or by patterning through directed methods to resemble specific brain regions (e.g., forebrain,
midbrain, retina). These 3D cultures can be subsequently maintained by agitation culture, or spin bioreactor, or maintained in a multichannel
microfluid chip. Brain organoids that resemble specific regions of the nervous system can be fused to generate brain assembloids. ALI-COs were
maintained by organotypic slice culture at the air–liquid interface to improve oxygen supply, leading to improved neuronal survival and long-
range projection formation. Transplanting brain organoids provides a strategy to establish a vascularized and functional in vivo model. The
structure of functional neuronal networks and blood vessels in the grafts offers an unprecedented opportunity to model human brain
development and disease

Table 1 Approaches in the establishment of 3D brain organoids

Approaches Organoid
type

Tissue structure PROS CONS References

Xenotransplantation Forebrain Axonal projections,
synaptogenesis
mapping

Long-term culturing Lack of vascular
bed

Mansour et al., 2018
[6], Cakir, B. et al., 2019
[7], Wang, Z et al.,
2020 [8]

Air–liquid interface-
cerebral organoids
(ALI-COs)

Whole brain
organoid

Axonal tracts Proper neural tract formation, long-term
culturing

Devoid of
vascularity

Giandomenico et al.,
2019 [9]

Miniaturized
spinning
bioreactors

Forebrain,
midbrain and
hypothalamus

Defined oSVZ, and
human oRGC-like
NPCs, hypothalamic
neurons

Patterning into different brain-like subregions,
smaller volume of medium required, high
reproducibility

Expensive for
mass production
and lacks
vascularization

Qian, X et al., 2018
[10], Romero-Morales
et al., 2019 [11]

Assembloids Dorsal and
ventral
forebrain

Dorsal-ventral axis Robust directional GABAergic interneuron
migration, rough organization into cortical
layers

Lack of output
and input
systems

Bagley et al., 2017 [3],
Xiang, Y et al., 2019
[12]

Bioengineered
scaffolds

Forebrain Polarized cortical
plate and radial
units

Enhance tissue identity and architecture, and
establish organoid models for teratogenic
compounds Generation of patients’ specific
disease-relevant cell types

Poor spatial
orientation

Lancaster et al., 2016
[13], Sood et al., 2019
[14], Zafeiriou, et al.,
2020 [15]
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promote tissue proliferation and expansion with fewer
instructive signals. The culture of EBs in the spin bio-
reactor spinning system encourages proliferation and
differentiation into brain organoids representative of
specific brain regions. This technique is highly reprodu-
cible, improves efficiency, and reduced cost; however, it
presents challenges such as lack of vascularization, risk
of contamination, inability to control the number of
neural-tube-like structures generated from each EB, and
poorly generated organoids exhibiting irregular protru-
sions and crevices [10].
Interestingly, air–liquid interface (ALI) technique of

culturing cerebral organoids led to improved neuronal
survival (over 12 months) and axon outgrowth with vari-
ous morphologies and active neuronal networks, which
could innervate mouse spinal cord explants and evoke
contractions of adjacent muscle tissue in a manner
dependent on intact organoid-derived innervating tracts
[9]. Air–liquid interface-cerebral organoids (ALI-COs)
facilitate the study of neurodevelopmental conditions of
the corpus callosum, neuronal circuit imbalances, and
other defects where connectivity is thought to play a
role. Examples include spinal cord injury, white matter
stroke, amyotrophic lateral sclerosis [20], and the effects
of environmental damage [21].
Recently, Xiang et al. designed a protocol to differenti-

ate human embyonic stem cells (hESCs) to thalamic
organoids that can specifically recapitulate thalamus de-
velopment. Using a 3D system, the fusion of two distinct
region-specific organoids predicted the interaction be-
tween developing thalamus and cortex [12]. Besides,
brain organoid was generated using the one-stop micro-
fluidic technique presenting advantages of a simplicity,
scalability, and high reproducibility of the technique.
This technique is suggested to be useful in culturing of
other forms of organoid (liver, kidney, tumor, and eye),
and therefore presents a useful tool in the study of organ
development, developmental disorders, pharmacology
and toxicology, and drug screening studies [22].
Despite their advantages, brain organoids lack stroma,

tissue-resident immune cells, and in particular, vascula-
ture, an essential niche during human brain develop-
ment and disease conditions. Therefore, the generation
of brain organoids that closely resemble in vivo tissue
architecture requires the incorporation of connective tis-
sue and tissue tissue-resident immune cells, as well as
functional vasculature, which is essential in studying dis-
eases [23]. Xenotransplantation of human brain orga-
noids into the mouse brain revealed vascularization by
the host and microglia migration into the brain organoid
graft [10]. Although neural and stromal elements are not
of the same species, generation and co-culturing of brain
organoids and differentiated endothelial cells (ECs) from
iPSCs of a UC Davis patient showed blood vessel

generation, with capillary morphology inside the brain
organoid and no signs of discontinuity on confocal im-
aging. However, blood vessels were not solely peripheral
but penetrated their centre in xenotransplantation con-
dition [24].
Blood vessel components (ECs, pericytes, and adventi-

tial connective tissue) do not only receive contributions
from ECs, but also from mesodermal progenitor cells,
the angioblast, and the surrounding mesenchyme. The
generation of human vascularized organoids byco-
culturing mesodermal progenitor cells with mesodermal
aggregates derived thereof resulted in tumor organoids
with high uniformity in size, exhibiting a distribution of
the endothelial network with high plasticity [23]. The
generation of a neurovascular microenvironment similar
to the in vivo situation by co-culturing neuroepithelium
and embryonic mesenchyme revealed a defined inter-
action triggering the formation of the perineural vascular
plexus [23]. Mesenchyme generates vasculature and
hematopoietic cells. Therefore, early blood islands con-
tribute to the microglia pool, although microglia natur-
ally emerge from yolk sac blood islands [25]. Future
studies are necessary investigate the generation of a uni-
formly vascularized structure with long-term connection
to a circulatory system.

Cellular composition of brain organoid
The human brain is comprised of a great diversity of cell
types from the neuroectodermal lineage (progenitors,
neurons [about 250 neuronal sub-types [26], glial cells,
oligodendrocytes, microglia, and vascular cells), mainly
generated during embryonic development. Although
brain organoids are plagued by high organoid-to-
organoid variability, they comprise the same compen-
dium of cell types (Table 2) which are organized into the
anatomical structures in developmental processes of the
human brain (Fig. 3) [42]. Upon the generation of radial
glial cells (RGCs), intermediate progenitors (IPs), and
deep- and superficial-layer neurons in an ordered tem-
poral fashion, these different neuronal cell subclasses
displayed multilaminar grouping, although they did not
form the six distinct layers of the mammalian cortex and
the anatomical location of cells can be a poor indicator
of cell identity due to disorganization of organoid tissue
[21, 43]. In brain organoids, generation of an outer sub-
ventricular zone (oSVZ) containing an abundant popula-
tion of outer radial glia cell (oRGC) progenitor cells has
been reported [2, 16].
The characteristic mitotic behavior of oRGCs as ob-

served by time-lapse confocal microscopy of organoid
cells provided further evidence of their identity, and
single-cell transcriptome sequencing was conducted to
confirm the presence of cells with oRG gene expression
signatures [44, 45]. A report described expansion and
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surface folding of cerebral organoids following phosphat-
ase and tensin homolog (PTEN) deletion and enhance-
ment of the phosphoinositide 3-kinase (PI3K)–AKT
growth signaling pathway [46], suggesting that increased
neural progenitor proliferation may be a major contrib-
uting factor to expansion and gyrification of the human
brain. However, folding in the organoids was prominent
in the neuroepithelium, and the relationship of this fold-
ing phenotype to actual cortical folding remains unclear.
A 30-day organoid exhibited the presence of intermedi-
ate neurons and immature neurons; these neurons con-
tribute to the formation of the precortical plate, while
Cajal-Retzius cells play a vital role in the generation of
the cortical plate architectural structure [43]. Mature
neurons in brain organoids exhibited functionality
neural activity, as evidenced by calcium dye imaging to
detect calcium oscillations and synaptic formation [9].
The patterning of neural spheroids to the forebrain
established human cortical spheroids and human subpal-
lial spheroids; forming assembloids recapitulate the in-
teractions of glutamatergic and GABAergic neurons
seen in vivo. Astrocytes are also present in the human
forebrain-specific spheroids and undergo maturation
when the spheroids are cultured over 6 months [4, 6].
Microglia are resident histiocyte-type cells, constitut-

ing about one fifth of glial cells, which are

homogeneously distributed; microglia are vital innate
immune effectors of the central nervous system (CNS).
Embryologically, microglia are derivatives of yolk sac
cells that migrate to the developing brain, where they
mature [47]. Microglia are separately generated from hu-
man iPSCs and then embodied into brain organoids to
form multilineage assembloids, providing a suitable en-
vironment to study microglial morphology, migration,
and response to injury [37, 48]. Another approach uses
innately developed microglia within a cerebral organoid
model that display their characteristic ramified morph-
ology. The response of organoid-grown microglia
(oMGs) to inflammatory stimulation mimics the re-
sponse of adult microglia acutely isolated from post
mortem human brain tissue [25].

Interactions between neural lineage cells in
organoids
Understanding of human brain development is essential
for the study of cellular interactions within brain orga-
noids. The neural tube in humans comprises apico-
basally polarized neuroepithelial (NE) cells that surround
a fluid-filled lumen. After initial lateral expansion, NE
cells differentiate to RGC. The RGC later generates
more differentiated cell types that migrate basally out-
ward. Intermediate populations include IPs and basal

Table 2 Summary for cellular composition and tissue type in brain organoid

Cell or tissue
type

Organoid type Days of
differentiation

Characteristics Sources References

Neural
progenitor cells

Dorsal forebrain 7–28 days Located at ventricular zone hiPSC Lancaster & Knoblich, 2014 [27];
Qian et al.,2019 [28]; Wang, L et al.,
2020 [29]

Glutamatergic
neurons

Human cortical
spheroid

15 weeks Generated repetitive action potentials
at depolarization. vGLUT

hIPSC Yoon et al., 2019 [30]; Xiang et al.,
2020 [31]; Zafeiriou, M et al., 2020
[15]

GABAergic
neurons

Ventral forebrain 2 months GABA, GAD67 hiPSC Birey et al., 2017 [32]; Zafeiriou, M
et al., 2020 [15]

Cortical
interneurons

Forebrain
assembloids

1–1.6 months
post assembly

Migrate in a saltatory pattern and
integrate into cortical microcircuit.
SP8, GSX2

hiPSC Birey et al., 2017 [32]; Xiang et al.,
2017 [33]; Tanaka Y et al., 2020 [34]

Dopaminergic
neurons

Midbrain ≥ 3 months FOXA2, TH hiPSC Jo, J. et al 2016 [18]; Qian, X. et al.,
2018 [10]; Smits L M et al., 2019 [17];

Hypothalamic/
peptidergic
neurons

Hypothalamus ≥ 3 months Rax1, POMC, OTP hiPSC Qian, X. et al., 2018 [10]; Miura Y
et al.,2019 [19]

Astrocyte Asteroids 9–20months GFAP hPSC Sloan et al., 2017 [35]; Zafeiriou, M
et al., 2020 [15]; Yakoub 2019 [36]

Microglia Dorsal forebrain/
organoid-grown
microglia

13–52 days IBA-1, IL34, CSF1, and TGFB1 Mesodermal
progenitors

Ormel et al., 2018 [25]; Song, L et al.,
2019a [37]

Oligodendrocyte Oligocortical
spheroids

5–8 months OLIG2; MBP/CNP hPSC Madhavan et al., 2018 [38]; Zafeiriou,
M et al., 2020 [15]

Optic vesicle
(OV)-like
structures

Retinal organoids 4–23 weeks Possesses dense translucent
projections at the apical edge that
grow. OTX2, CRX

hiPSC-
derived
LCA4 patient

Lukovic et al., 2020 [39]; Brighi et al.,
2020 [40]; Takata N et al., 2017 [41]
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RGC (bRG), or oRG [49, 50]. The bRG exhibits an ex-
pression profile that is relatively similar to that of the
RGC [51], but shows heterogeneous morphologies [52],
often lacking the apical connection. While the RGC
maintains the cell body within a dense apical region
called the ventricular zone (VZ), IPs and bRG translo-
cate their cell bodies to a more basal territory termed
the subventricular zone (SVZ) [53]. Once neurons are
produced, they must migrate to their proper locations.
Neurons generated within the cortex rely on the long
basal fascicle of the RGC as a guide to translocate radi-
ally [54] from the VZ or SVZ through a cell-poor region
termed the intermediate zone to find their final destin-
ation within the outer cortical plate.

Progenitor cell interactions
Cortical cells are generated from neural progenitor cells
(NPCs) situated in the VZ and SVZ [55]. NPCs, at the
early stages of cortical formation, perform proliferation
and differentiate towards neurons. Neurons migrate in
an inside-out pattern to the developing cortex, acquiring
their final phenotype. NEs are the first neural stem cell
population to appear in the VZ of the newly developed
neocortex [56]. In the early stages of neurogenesis, apical
RGCs (aRGCs) proliferate to form the progenitor pool.

Thereafter, they switch to asymmetric divisions generat-
ing either other NPC types, such as the SVZ basal pro-
genitor cells, or neurons, which migrate away from the
VZ and occupy the newly formed cortical plate [57]. In
addition, aRGCs serve as a scaffold guiding the migra-
tion of newly formed neurons towards the developing
cortical layers. However, aRGC fibers spread the whole
depth of the developing cortex at the early stages of de-
velopment; after gestational week 17 (GW17), they dis-
play truncated morphologies with their basal process
terminating in the oSVZ [58].
Basal progenitor cells are a new class of progenitor

cells; these cells lose apical contact with the ventricular
surface and separates from the ventricles. In humans,
during the GW11 and GW13, bRGs are one of the most
abundant NPC populations in the developing cortex
when the distinction of the oSVZ from the inner sub-
ventricular zone (iSVZ) occurs [49]. bRGs are a leading
source of basal fibers; these fibers guide the migrating
neurons, and secondly, bRGs self-amplify their number
by performing several rounds of proliferative divisions
[59]. The difference in gene profile and morphology
among bRG cell types result in the great variety of neur-
onal types found in primates, thereby increasing the
complexity of the developing cortex, and can also

Fig. 3 Modelling cellular composition and their interactions in brain organoid. Brain organoids comprise a great diversity of cell types, such as
neural progenitors, neurons, astrocytes, and oligodendrocytes, which are organized into the same anatomical structures in developmental
processes of the human brain. Brain organoids are increasingly utilized to model human neurodevelopment and occurrence and development of
disease by studying the crosstalk between cell types in nervous system and non-central nervous system
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explain to some extent how some regions of the primate
cortex evolve into gyri and others into sulci [60]. Cap-
turing these interactions in human brain organoids al-
lows the study of disorders linked to alterations in early
neural development, such as Miller–Dieker syndrome.

Neuron-neuron interactions
Neuronal interactions are the most frequently reported
cellular interactions in brain organoids. Forebrain assem-
bled demonstrated that glutamatergic neurons are able
to generate synapses with GABAergic interneurons,
similar to that seen in vivo and also that the reproduci-
bility of brain organoids strongly depends on the hiPSC
lines used and the experimental protocol [15]. Formed
synaptic junctions of glutamatergic neurons and
GABAergic interneurons are synaptically embodied into
a microcircuit and increase morphological complexity
[30, 32]. The saltatory migration of interneurons is bet-
ter observed in brain organoids that in the 2D system.
The assembled technique was recently employed to
study the interaction of neurons between the cortex and
thalamus [12]. Furthermore, neurons derived from orga-
noids interacted not only with other organoid-derived
neurons but as well with host neurons when xenotrans-
planted into the adult mouse cortex, revealing synaptic
formation between host neurons and organoid neurons.
Organoid-derived neurons in hosts have indeed been
shown to differentiate, mature, and extend axonal pro-
jections posttransplantation [6, 61].

Astrocytic-neuronal interactions
Astrocytes contribute vitally to the blood–brain barrier
(BBB), exhibiting extensive neuronal interaction, thereby
influencing neuronal development, maturation, synapse
formation, and survival [62, 63]. RNA sequencing on
hCS-purified astrocyte lineage cells at different time-
points revealed astrocytic morphological changes, con-
sistent with transcriptome-level evidence of maturation,
and increases in astrocytic population and functionality
over time were reported [35]. The interactions of human
astrocytes (hAstros) and the high density of neurons in
3D tissue indicated complex astrocyte morphology. This
interaction showed hAstros were distributed into terri-
tories, displaying club-like bulbous endings, and pro-
duced long-projecting varicose processes through the
territories, similar to phenotypes observed in vivo. The
report showed that in contrast to axons only, neuron cell
bodies and dendrites promoted a more gray-matter-like
appearance of hAstros. Astrocytes derived from human
brain organoids were reported to generate synapses with
neurons and to take up glutamate and synaptosomes,
thereby increasing the amplitude of calcium dynamics in
human neurons [64].

Brain organoid-derived astrocytes enhanced neurite
growth and survival of mouse embryonic cortical neu-
rons in a co-culture model with murine embryonic cor-
tical neurons. Human astrocytes were isolated from BR1
and H9 cerebral organoids, these astrocytes were shown
to have a phenotype similar to that of human adult as-
trocytes, exhibiting activity of the same 13 major repre-
sentative pathways observed in adult human astrocytes,
using proteomic assay. These astrocytes responded to an
ATP stimulus with asynchronous calcium waves a hall-
mark of the biological functionality of astrocytes [65].
Unfortunately, live imaging of astrocytic-neuronal inter-
actions remains a challenge; improvements in biotechno-
logical methods and imaging instrumentation may help
in establishing astrocytic-neuronal interactions in detail.
Finally, it remains to be determined whether postnatal
astrocytes are able to produce mature calcium responses
in human neurons and whether this is due to direct cell-
cell interactions or secreted factors.

Microglial-neuronal interactions
In order to study phagocytosis, the release of chemo-
kines and cytokines, synaptic junction formation, and re-
moval of microglia in vitro, the generation of microglial
in brain organoids is paramount [66]. In utero electro-
poration of 14–15-day-old embryos (E14–E15) to inves-
tigate microglia–dendrite interactions showed
microglia–neuron contacts in 8–10-day-old pups, estab-
lished in the developing somatosensory cortex. Micro-
glia–dendrite contacts were frequently followed by the
formation of new dendritic filopodia. Also, it revealed
local neuronal calcium responses in dendrites following
microglial contacts that were frequently followed by filo-
podia formation [67]. Mesodermal progenitors gave rise
to microglia-like cells that physically interacted with
neurons and were able to phagocytose synaptic struc-
tures in brain organoids [25].
Interestingly, oMGs at day 31 were located in close

proximity to neurites upon further investigation, these
oMGs and their processes became more intertwined
with neuronal processes at day 52, and the distribution
of microglia showed significant overlapping between
IBA-1 and PSD-95 signals. In addition, the migratory be-
havior, calcium dynamics, and the response to proin-
flammatory stimuli of microglia differ in diverse regions
of brain organoids [68]. However, improving microglia
generation in brain organoid will allow analysis of the
pathophysiology of disorders such as HIV-associated de-
mentia, Alzheimer’s disease, and Parkinson’s disease.

Oligodendrocyte-neuronal interactions
The study of oligodendrocytes using monolayer cell cul-
tures presents the challenge of reduced myelination abil-
ity [69]. Earlier reports of brain organoid protocols were
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devoid of oligodendrocyte constituents. Recently, alter-
native protocols have been developed to generate oligo-
dendrocytes in organoid cultures, providing interaction
with neuronal processes and the formation of compact
myelin [70].
Oligodendrocyte progenitor cells (OPCs) and myeli-

nating oligodendrocytes in hPSC-derived cortical spher-
oids induce oligodendrocyte differentiation and
ultimately myelination upon a timed exposure to defined
oligodendrocyte lineage growth factors and hormones.
Oligocortical spheroids (OCS) revealed concentric, but
often unorganized, wrapping of human axons with mul-
tiple layers of uncompacted myelin, with further matur-
ation and deep and superficial layer-marked neuron
populations organized into distinct cortical layers with
MYRF+ oligodendrocytes present at both layers. These
axons formed a distinct layer adjacent to the deep-layer
neurons, oligodendrocyte processes co-localized with
neurofilament-expressing neuronal axons [71].
Human oligodendrocyte spheroids (hOLSs) contain ol-

igodendrocytes, astrocytes, and neurons. Oligodendro-
cyte lineage cells mature transcriptionally. Investigation
of electrophysiological maturation of oligodendrocytes
using whole-cell current clamp recordings from bipolar
and multipolar Sox10+ cells in slices of hOLSs exhibited
interaction of oligodendrocyte processes and nearby
axons and showed various stages of myelination, includ-
ing lamellae of compact myelin surrounding axons [70].
Intriguingly, a report of an accelerated maturation of

oligodendrocyte in brain organoids compared to the
in vivo situation revealed a shorter culturing time. The
resemblance of oligodendrocyte lineage cells in orga-
noids mimics closely primary adult oligodendrocyte pro-
genitor cells and myelinating oligodendrocytes following
transcriptional profiling [32].

Vascular cell interactions
Reports of brain organoid vascularization improved the
quality of brain organoids (via nutrients transport, re-
duce apoptosis, and stress) and resemblance to the hu-
man brain [6, 23]. Endothelial cells and pericytes are
major endodermal components of the brain vasculature,
influencing the movement of molecules into the brain
parenchyma from the blood.
The BBB is an essential component in the

vascularization of the human brain. An attempt to
model the BBB mimicking an in vivo environment that
incorporated endothelial cells, astrocytes, neurons, and
pericytes on a microfluidic platform to create a micro-
physiological system [72]. Another attempt was reported
of xenotransplantation of brain organoids to the cortex
of a mature mouse, resulting in the vascularization of
brain organoid by the invasion of host blood vessels,
allowing the interactions between the cells forming

blood vessels and the surrounding brain organoid graft,
demonstrating the development of functional vascula-
ture networks inside the grafts [6]. In addition, at 90
days postimplantation, bundles of axons had grown out
of the organoids through the cortical layers, and the cor-
pus callosum, the amygdalar nucleus, and the striatum,
as well as human axons with lower fiber density, were
observed ipsilaterally in the hippocampus, hypothalamus,
and thalamus, and in contralateral regions of the host
brain. Grafted organoids did not only exhibit the ability
to produce long-distance axonal projections to distant
targets in the host brain but also possess the capacity to
form synapses with host brain neurons. They showed
synchronized activity, rather than sparse, isolated activ-
ity, suggesting an active neuronal network in the graft
[6].
Endothelial-astrocytic interactions were investigated by

analyzing vascularization through hPSC-derived blood
vessel-like-structures along with human mesenchymal
stem cells (hMSCs), incorporated into brain organoids.
By fusion of cortical neural progenitor cell spheroids
and endothelial cell spheroids, genes of cell-cell commu-
nications were highly expressed [68]. Interestingly, endo-
thelial cells have also been generated in brain organoids
by genetically modifying hPSCs to express ETV2, gener-
ating vasculature-like structures, expressing tight
junction-related genes, and exhibiting trans-endothelial
electrical resistance (TEER) [7]. The generation of the
BBB in future protocols may consider the features of
brain microvascular endothelial cells (BMECs), which
could increase TEER expression due to tight junctions
[73] in developing vascular structures.

Brain organoids as a model for disease
The environment best suited for disease studies would
be an in vivo or samples directly isolated from patients.
Unfortunately, these samples are often not readily avail-
able or their availability is restricted, subject to ethical
approvals. However, brain organoids have provided
insight and improved our sympathetic understanding of
the developing human brain, but beyond this, studies in-
volving brain organoids have also aimed at using the
brain organoid to model disease conditions in humans
(Fig. 4). In this session, we discuss (i) the roles of neural
lineage cells and their interactions in brain-related dis-
ease that have been successfully modeled using brain
organoids and (ii) examples of disease models with their
respective phenotype (Table 3).

Diseases related to virus infection
Microcephaly and ZIKV
The modeling of microcephaly using brain organoids
from fibroblast-derived iPSCs of microcephaly patients
revealed the relatively smaller size of brain organoids
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Fig. 4 Brain organoids in disease modelling. Non-central nervous system-derived entities including microglia, blood vessels, and viruses can be
added to brain organoids to model infected disease and vascular disease, which could help to study their interactions with cells in organoids.
Brain organoids derived from patients or that are genetically engineered by CRISPR-Cas9 system to carry genetic variants associated with disease
can be used to investigate disease pathogenesis in the nervous system

Table 3 Current application of cerebral organoids for cellular components and their interaction in disease model

Disease
modelled

Organoid type Cell type Phenotype References

Timothy
syndrome

Assembloids
(dorsal and
ventral forebrain)

GABAergic
interneuron

Abnormal saltation frequency and shorter saltation
length

Birey et al., 2017 [32]

Miller–Dieker
syndrome

Forebrain Ventricular zone
radial glial cells
(vRGCs)

Decreased neuroepithelial loops with distorted cortical
niche, abnormal vRG cell division, reduced size of
organoids

Iefremova et al., 2017 [74],
Bershteyn, M. et al., 2017 [44],
Karzburn et al., 2018 [75]

Zika virus
infection (ZIKV)

Forebrain Neuronal
progenitors

Smaller size organoids with larger ventricular lumen
and reduced neuronal cell-layer thickness, increase
ZIKV-induced cell apoptosis

Qian et al., 2017 [76], Xu, Y et al.,
2019 [77]

Cytomegalovirus
infection (CMV)

Dorsal forebrain Neuronal
progenitors

Decreased cellular proliferation, marred cortical
lamination necrosis, induced-vacuolar and cystic
degeneration

Brown, R. M. et al., 2019 [78], Sun,
G. et al., 2020 [79]

Herpes simplex
virus (HSV)

Neurosphere Neurons Vulnerability of matured neurons (MAP2 +) to
destruction via lysis of HSV-1

D’Aiuto et al., 2019 [80]

Autism spectrum
disorder

Dorsal forebrain GABA/Glutamate
neuron

Increased generation of NPCs and GABAergic neurons,
overexpression of FOXG1

Mariani et al., 2015 [81], Wang, P.
et al., 2017 [82]

Alzheimer’s
disease (AD)

Dorsal Forebrain Neurons Induced amyloid aggregation, hyperphosphorylated
tau protein and endosome abnormalities

Raja et al., 2016 [83], Pavoni, S.
et al., 2018 [84], Papaspyropoulos,
A. et al., 2020 [85]

Tuberous
sclerosis complex
(TSC)

Forebrain Neuronal
progenitors,
neurons

A strong bias astro-glial fate generation, altered cellular
morphology, activation of Mtorc1 signaling

Blair, J. D.et al., 2018 [86]

Agboola et al. Stem Cell Research & Therapy          (2021) 12:430 Page 9 of 16



compared to normal brain organoids, which serves as a
control. The reduced size was suggestive of premature
differentiation in neural progenitor regions [43]. Re-
cently, scientific progress uncovered that asparaginyl-
tRNA synthetase1 (NARS1) plays a significant role in
microcephaly. Patient-derived organoid show reduced
proliferation of RGCs, leading to smaller organoids [29].
In addition, microcephaly is suggested to be a result of
viral infections [87]. Zika virus (ZIKV) infection caused
a reduction in the size of brain organoids, with the virus
targeting regions rich in NPCs initiating premature dif-
ferentiation of NPCs, consistent with a previous report
[21]. The activation of the innate immune receptor Toll-
like receptor-3 (TLR3) by ZIKV infection caused cellular
dysregulation and apoptosis; this phenotype was reversed
when TLR3 was inhibited [88].
Most ZIKV cases are asymptomatic but associated

with severe neurological abnormalities include Guillain-
Barre syndrome, microcephaly [89]. The importance of
3D cultures in investigating the mechanisms inducing
NPC death and reducing the overall growth of organoids
upon ZIKV infection have been revealed. ZIKV exhibits
a unique tropism towards SOX2+-NPCs and causes a de-
crease in neuronal cell-layer volume, resembling micro-
cephaly- and lissencephaly-like phenotype in brain
organoids [46, 76, 87]. ZIKV also disturbs centrosome
function by promoting an incorrect orientation of the
mitotic plane, resulting in NPC depletion, as has been
reported in human neurospheres [90]. AXL receptor
tyrosine kinase is considered a vital virus receptor in
NPCs in 2D- and 3D-based studies. Interestingly, genetic
ablation of AXL does not protect human NPCs and
cerebral organoids from ZIKV [91], whereas inhibitors
of AXL (R428) reduced the effects of virus-induced dis-
ruption in neurogenesis [92]. JMX0207 inhibited the
interaction between NS3 and NS28, increasing antiviral
efficiency and significantly reducing the effects of ZIKV
infection on 3D brain organoids and animal models [93].

Herpes simplex virus (HSV) and cytomegalovirus (CMV)
Brain organoids were reported to model both herpes
simplex virus (HSV) and cytomegalovirus (CMV) infec-
tions in vitro. Infection of HSV-1 in brain organoids to
study HSV-1 latency and reactivation in brain organoids
revealed the vulnerability of matured neurons to de-
struction via lysis of HSV-1. Consistent with animal
model studies, brain organoids showed difficulty in the
reactivation of HSV-1 in the central nervous system, in
contrast to monolayer study [80].
In addition, brain organoids from CMV-infected iPSCs

revealed reduced valid cell count and increased number
of cysts and vacuoles and necrosis. Aberrant β- tubulin
III expression is associated with a disruption of neural
projections and lamination within the cortical layers;

these phenotypes are consistent with observations of hu-
man patient samples [94, 95]. However, brain organoid
studies are not a complete substitute for in vivo studies
of HSV and CMV due to the current limitations of dif-
ferentiation of immune and inflammatory cells within
the brain organoid architecture. Nevertheless, brain
organoids have been able to recapitulate aspects of host-
pathogen interaction in HSV and CMV infections.

Neurodevelopmental and neurogenerative
diseases
Autism spectrum disorders (ASD)
Brain organoids have been modeled along with autism
spectrum disorders (ASD), and the transcriptome of
ASD has been compared with a control dataset of post-
mortem human brain transcriptomes from embryonic
age to adulthood [96]. iPSCs alone with a CRISPR-cas9-
induced heterozygote mutation of CDH8 have been used
to model a form of non-idiopathic ASD in brain orga-
noids, revealing upregulated expression of genes in-
volved in differentiation of GABAergic neurons [82].
Similarly, brain organoid models with hyperactive
mTOR were generated by deleting RAB39b, inducing
the formation of enlarged organoids due to proliferation
of NPCs and GABAergic neurons, consistent with an in-
creased presence of a specific sodium channel isoform in
ASD organoids [81, 97]. ASD organoids showed upregu-
lation of FOXG1, an important regulator of forebrain
differentiation linked to ASD-like neurodevelopmental
syndromes [92]. However, the inhibition of FOXG1 by
shRNA reverses the abnormally abundant GABAergic
neurons [81]. iPSC-derived organoids from Angelman
syndrome patients exhibited early silencing of paternal
UBE3A, and topoisomerase inhibitors can rescue the
protein level of UBE3A [98]. These reports are suggest-
ive of how brain organoid coupled with gene editing
techniques may be explored to study the molecular basis
of genetically heterogeneous disorders and distorted dy-
namics in idiopathic ASDs.

Diseases related to ASD
Rett syndrome (RTT) is a non-inherited disease caused
predominantly by mutations in the X-linked gene
methyl-CpG-binding protein 2 (MECP2) encoding epi-
genetic regulator [99]. The interaction between MECP2
and microRNA was studied in RTT patient-derived
iPSCs, revealing upregulation of miR199 and miR214
and associated modulation of extracellular signal-
regulated kinase (ERK) and AKT signaling pathway
[100]. Brain organoid modeled in RTT exhibited an in-
crease in the expansion of VZ as a result of increased
NPC proliferation, although neurogenesis and neural
maturation were disabled [101].
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Timothy syndrome (TS) is a rare autosomal-dominant
disorder caused by mutation of the l-type calcium chan-
nel (CACNA1C). Normal cortical development requires
coordinated interaction between GABA interneurons
and glutamatergic neurons [102, 103]. TS was modeled
in brain organoid from iPSC-derived assembled recre-
ated an environment for the integration of GABA inter-
neurons into functional microcircuits to allow a leaping
migration into the cortical plate as observed in vivo [32].
However, TS exhibited a distorted saltatory pattern, cul-
minating in delayed neuronal migration, and also
showed increased residual calcium in response to
depolarization and the presence of functional synapsis
between neural networks [104]. The blockage of CACN
A1C using nimodipine or roscovitine re-established phe-
notypes of diseased assemblies [32].

The Miller–Dieker syndrome (MDS)
MDS is a contiguous gene deletion syndrome of
chromosome 17p13.3, characterized by abnormally
smooth cortical surface and lack of folding structure in
the brain (lissencephaly), as well as microcephaly. The
smoother the cortical surface, the more severe associated
symptoms are [105]. Brain organoids generated from
iPSC-derived from MDS patients unveiled asymmetric
phenotype of the RGCs of the VZ and the distortion of
cytoskeletal (microtubule) structure of RGCs. Also, in-
creased apoptosis of progenitor cells, limited migration
of neurons, and an extended time of the mitotic process
of oRGCs were observed [44, 74].

Aicardi–Goutieres syndrome (AGS)
AGS is a rare autosomal recessive encephalopathy as a
likely result of mutations in three-prime repair exonucle-
ase 1 (TREX1), characterized by acquired microcephaly,
cerebral calcification, leukodystrophy, and cerebral atro-
phy [103]. Brain organoids built using iPSCs deficient in
TREX1 and/or organoids co-cultured in astrocyte devoid
of TREX1-preconditioned medium led to reduced size
and increased neuronal apoptosis [106]. The effects of
astrocyte dysfunction on neurons in AGS remain
unclear.

Vanishing white matter disease (VWML)
Brain organoids were developed to mimic myelin forma-
tion, or interactions between oligodendrocytes and other
cell types of the brain. Studies suggest that oligodendro-
cytes develop abnormally due to altered astrocyte devel-
opment [107]. An environment for the co-culturing of
astrocyte and oligodendrocytes in a single microunit
which may be provided by brain organoid may help in
solving mysteries related to vanishing white matter
leukodystrophy.

Tuberous sclerosis complex (TSC)
Tuberous sclerosis complex (TSC) is a rare multi-
systemic autosomal-dominant genetic disease caused by
activation of mammalian target of rapamycin (mTOR)
complex by mutation of TSC1 and TSC2 genes, charac-
terized by benign tumor growth [108]. Brain organoids
can be used to model TTSC by CRISPR-cas9 editing in
hESCs and by using patient-derived iPSCs mutant for
TSC1and TSC2 [86]. The reaction of the cellular pheno-
type of TSC in brain organoids was achieved by the dele-
tion of the TSC1 gene and heterozygosity of TSC2.
However, the combined deletion of TSC1 and TSC2 did
not result in abnormal proliferation and differentiation
of neurons or glial cells, whereas brain organoids with
either of TSC1 and TSC2 displayed a phenotype similar
to human patients [109].

Neurodegenerative disease
Alzheimer’s disease (AD)
The application of brain organoids in modeling AD
showed great promise in exhibiting amyloid-β deposition
and hyperphosphorylation of tau protein [85, 110, 111].
An AD phenotype occurred as the organoid advanced in
age, and treatment with β- or γ-secretase inhibitor re-
duced the level of amyloid-β deposition and hyperpho-
sphorylation of tau protein in brain organoid [112, 113].
Recently, evidence has pointed towards glial cell dys-
function in association with AD pathogenesis. Using
organoid biotechnology, hiPSC-derived neural cells were
used for therapeutic target identification and as a rele-
vant platform for drug screening in AD [114].

Parkinson’s disease (PD)
Parkinson’s disease (PD) a long-term neurodegenerative
disease that affects mainly the motor system. The neuro-
degeneration of dopaminergic neurons (DA neurons) lo-
cated at the midbrain is the critical pathophysiology of
PD [18]. A PD model was generated using midbrain
organoids from leucine-rich repeat kinase 2 (LRRK2)-
mutant iPSCs, characterized by a declined in DA neuron
and mature neuron marker expression and abnormal in-
crease in co-localization of α-synuclein and thioredoxin-
interacting protein (TXNIP) [115]. Using a PD-specific
PARK7-linked in vitro model, it was identified that U1
splice-site mutations are enriched in sporadic PD pa-
tients [116].

Future research directions
The complexity of the human brain is associated with
diverse cellular constitute and sophisticated interactions
between cells and brain regions. The development of
brain organoids has contributed immensely to our un-
derstanding of the functional interactions in the brain
down to histological levels. However, at present, several
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challenges are associated with the generation of a brain
organoid that closely mimics the human brain; one of
such challenges is the generation of anterior-posterior
and dorsal-ventral axis [3, 32]. Researchers have
attempted to mimic this axis by generating assemblies,
but this strategy is not ideal for mimicking the spatio-
temporal axes; an alternative idea could be the microflui-
dic system [117] to produce the spatiotemporal
concentration gradients. Interestingly, interactions be-
tween cortical neurons and thalamus have been estab-
lished in hESC-derived thalamic organoids when fused
with cortical organoids [12]; it will be exciting to see if
future studies will consider cellular interactions in basal
ganglia and the midbrain.
Furthermore, the generation of brain organoids is

faced with the difficulty of having to be able to locate
certain cell types and differentiate between the cell-
autonomous and non-cell-autonomous effects in orga-
noids as a result of a variety of cellular constitute gener-
ated in brain organoids [118]. Indirect protocols
employed the generation of forebrain organoids pat-
terned with a Sonic Hedgehog (SHH) gradient to investi-
gate positional identities of internal cellular structures in
forebrain organoids and assemblies. Further research is
needed to investigate whether many brain regions could
be assembled as an in vitro representative of the human
brain and if these assemblies can be maintained over a
prolonged time.
Irrespective of the challenges encountered in the pro-

duction of brain organoids, a protocol had been reported
for the generation of brain organoids to mimic the hu-
man fetal brain at the mid-gestational stage [2]. Recently,
a study using electroencephalography showed the simi-
larity between brain organoids and preterm neonatal
brains, which is indicative that the development of struc-
tured network activity in a human neocortex model may
follow stable genetic programming [119]. However, brain
organoids are a vital foundation for the study of cellular
interaction and circuit dysfunction, allowing for the in-
vestigation of (i) the pathogenetic roles of disease-
causative mutations and (ii) potential therapeutic com-
pounds through genetically manipulated brain orga-
noids. Moreso et al. [35] reported the culturing of brain
organoids for 20 months. It is expedient that brain orga-
noids be cultured for a much longer period to generate
mature cells to mimic the cellular composition of the
adult human brain.
In addition, brain organoids are important alterna-

tive platforms in drug screening with high-throughput
approaches [120]. For example [121], Hou et al. re-
ported the development of primary pancreatic orga-
noid tumor models for high-throughput phenotypic
drug screening in modeling epithelial cancers. More-
over, high-throughput automation enhances kidney

organoid differentiation from hPSC and enables
multidimensional phenotypic screening [122]. Add-
itionally, a team of researchers proposed the use of
iPSC-derived organoids as a feasible tool for probing
neurological complications of SARS-CoV-2 [123]. In
all of these reports, well-established and validated
protocols in exploiting brain organoids as an efficient
drug screening tool remain lacking.
Finally, in addition to promoting cellular maturation

and sustainability, organoid analysis tools (single-cell
profiling [124], cutting-edge imaging, and functional in-
terrogation methods) need to be enhanced; this will im-
prove the provision of assays to facilitate disease
modeling studies. Collectively, patient-derived organoids,
assembloids, and technological advances in cell biology
will uncover the cellular interactions in human neural
development and diseases.

Abbreviations
iPSCs: Induced pluripotent stem cells; 3D: Three-dimensional;
PSCs: Pluripotent stem cells; EB: Embryoid body; ALI: Air–liquid interface;
hESCs: Human embyonic stem cells; ALI-COs: Air–liquid interface-cerebral
organoids; ECs: Endothelial cells; RGCs: Radial glial cells; IPs: Intermediate
progenitors; oSVZ: Outer subventricular zone; oRGCs: Outer radial glia cells;
PTEN: Tensin homolog; PI3K: Phosphoinositide 3-kinase; CNS: Central nervous
system; oMGs: Organoid-grown microglia; NE: Neuroepithelial; bRG: Basal
RGC; VZ: Ventricular zone; SVZ: Subventricular zone; NPCs: Neural progenitor
cells; GW17: Gestational week 17; iSVZ: Inner subventricular zone;
MDS: Miller–Dieker syndrome; BBB: Blood–brain barrier; hAstros: Human
astrocytes; E14-E15: 14–15-day-old embryos; OPCs: Oligodendrocyte
progenitor cells; OCS: Oligocortical spheroids; hOLSs: Human
oligodendrocyte spheroids; TEER: Trans-endothelial electrical resistance;
BMECs: Brain microvascular endothelial cells; NARS1: Asparaginyl-tRNA
synthetase1; ZIKV: Zika virus; TLR3: Toll-like receptor-3; HSV: Herpes simplex
virus; CMV: Cytomegalovirus; ASD: Autism spectrum disorders; RTT: Rett
syndrome; TS: Timothy syndrome; CACNA1C: l-type calcium channel;
MDS: The Miller–Dieker syndrome; AGS: Aicardi–Goutieres syndrome;
TREX1: Three-prime repair exonuclease 1; VWML: Vanishing white matter
disease; TSC: Tuberous sclerosis complex; AD: Alzheimer’s disease;
PD: Parkinson’s disease; LRRK2: Leucine-rich repeat kinase 2;
TXNIP: Thioredoxin-interacting protein; SHH: Sonic Hedgehog

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13287-021-02369-8.

Additional file 1.

Acknowledgements
This work is supported by the Natural Science Foundation of Heilongjiang
Province (LH2019C045), Heilongjiang Postdoctoral Foundation (313000602),
University Nursing Program for Young Scholars with Creative Talents in
Heilongjiang Province (UNPYSCT-2018056), and National Natural Science
Foundation of China (Project number:31671545). We thank LetPub (www.
letpub.com) for its linguistic assistance during the preparation of this
manuscript.

Authors’ contributions
AOS, ZS, YW, and LL designed the conceptualization of the article. AOS, XH,
and YW contributed in writing the manuscript. AOS and YW designed the
concept of the figures. The author(s) read and approved the final
manuscript.

Agboola et al. Stem Cell Research & Therapy          (2021) 12:430 Page 12 of 16

https://doi.org/10.1186/s13287-021-02369-8
https://doi.org/10.1186/s13287-021-02369-8
http://www.letpub.com
http://www.letpub.com


Funding
This work is supported by the Natural Science Foundation of Heilongjiang
Province (LH2019C045). Heilongjiang Postdoctoral Foundation (313000602)
and National Natural Science foundation of China (Project
number:31671545).

Availability of data and materials
Not applicable as “Brain organoid: A 3D technology for investigating cellular
composition and their interactions in human neurological development and
disease models in vitro” is a “Review Article”.

Declarations

Ethics approval and consent to participate
Not applicable as “Brain organoid: A 3D technology for investigating cellular
composition and their interactions in human neurological development and
disease models in vitro” does not involve human and animal subjects.

Consent for publication
Not applicable as “Brain organoid: A 3D technology for investigating cellular
composition and their interactions in human neurological development and
disease models in vitro” does not involve human and animal subjects.

Competing interests
There are no competing interests to report.

Author details
1Department of Histology and Embryology, Basic Medical Science College,
Harbin Medical University, 194 Xuefu Rd, Nangang District, Heilongjiang
Province, Harbin 150081, People’s Republic of China. 2Key Laboratory of
Preservative of Human Genetic Resources and Disease Control in China,
Harbin Medical University, Ministry of Education, Harbin, China.

Received: 13 January 2021 Accepted: 3 May 2021

References
1. Lullo ED, Kriegstein AR. The use of brain organoids to investigate neural

development and disease. Nature Reviews Neurosci. 2017;18(10):573–84.
https://doi.org/10.1038/nrn.2017.107.

2. Kadoshima T, Sakaguchi H, Nakano T, Soen M, Ando S, Eiraku M, et al. Self-
organization of axial polarity, inside-out layer pattern, and species-specific
progenitor dynamics in human ES cell-derived neocortex. Proc National
Acad Sci USA. 2013;110(50):20284–9. https://doi.org/10.1073/pnas.131571011
0.

3. Bagley JA, Reumann D, Bian S, Lévistrauss J, Knoblich JA. Fused dorsal-
ventral cerebral organoids model complex interactions between diverse
brain regions. Nature Methods. 2017;14(7):743–51. https://doi.org/10.1038/
nmeth.4304.

4. Sloan SA, Jimena A, PașCa AM, Fikri B, PașCa SP. Generation and assembly
of human brain region–specific three-dimensional cultures. Nature
Protocols. 2018;13(9):2062–85. https://doi.org/10.1038/s41596-018-0032-7.

5. Bhaduri A, Andrews MG, Leon WM, Jung D, Shin D, Allen D, et al. Cell stress
in cortical organoids impairs molecular subtype specification. Nature. 2020;
578(7793):142–8. https://doi.org/10.1038/s41586-020-1962-0.

6. Mansour AF, Gonalves JT, Bloyd CW, Hao L, Gage FH. An in vivo model of
functional and vascularized human brain organoids. Nature Biotechnol.
2018;36(5):432–41.

7. Cakir B, Xiang Y, Tanaka Y, Kural MH, Park IH. Engineering of human brain
organoids with a functional vascular-like system. Nature Methods. 2019;
16(11):1169–75. https://doi.org/10.1038/s41592-019-0586-5.

8. Wang Z, Wang S-N, Xu T-Y, Hong C, Cheng M-H, Zhu P-X, Lin J‐S, Su D‐F,
Miao C‐Y. Cerebral organoids transplantation improves neurological motor
function in rat brain injury. CNS Neurosci Ther. 2020;26(7):682–97.

9. Giandomenico SL, Mierau SB, Gibbons G, Wenger L, Masullo L, Sit T, et al.
Cerebral organoids at the air–liquid interface generate diverse nerve tracts
with functional output. Nature Neuroence. 2019;22(4):669–79.

10. Qian X, Jacob F, Song MM, Nguyen HN, Song H, Ming GL. Generation of
human brain region–specific organoids using a miniaturized spinning
bioreactor. Nature Protocols. 2018;13(3):565–80. https://doi.org/10.1038/
nprot.2017.152.

11. Romero-Morales AI, O'Grady BJ, Balotin KM, Bellan LM, Lippmann ES, Gama
V. Spin∞: an updated miniaturized spinning bioreactor design for the
generation of human cerebral organoids from pluripotent stem cells.
HardwareX. 2019;6:e00084.

12. Xiang Y, Tanaka Y, Cakir B, Patterson B, Kim KY, Sun P, et al. hESC-derived
thalamic organoids form reciprocal projections when fused with cortical
organoids. Cell Stem Cell. 2019;24(3):487–97 e7.

13. Lancaster MA, Corsini NS, Burkard TR, Knoblich JA. Guided self-organization
recapitulates tissue architecture in a bioengineered brain organoid model.
bioRxiv 049346. https://doi.org/10.1101/049346.

14. Sood D, Cairns DM, Dabbi JM, Ramakrishnan C, Deisseroth K, Black LD,
Santaniello S, Kaplan DL. Functional maturation of human neural stem cells
in a 3D bioengineered brain model enriched with fetal brain-derived matrix.
Sci Rep. 2019;9(1).

15. Zafeiriou MP, Bao G, Hudson J, Halder R, Blenkle A, Schreiber MK, et al.
Developmental GABA polarity switch and neuronal plasticity in
Bioengineered Neuronal Organoids. Nat Commun. 2020;11(1):3791. https://
doi.org/10.1038/s41467-020-17521-w.

16. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, et al.
Cerebral organoids model human brain development and microcephaly.
Nature. 2013;501(7467):373–9. https://doi.org/10.1038/nature12517.

17. Smits LM, Reinhardt L, Reinhardt P, Glatza M, Monzel AS, Stanslowsky N,
et al. Modeling Parkinson’s disease in midbrain-like organoids. NPJ
Parkinson s Disease. 2019;5(1):5. https://doi.org/10.1038/s41531-019-0078-4.

18. Junghyun J. Yixin, Xiao, AlfredXuyang, Sun, et al. Midbrain-like organoids
from human pluripotent stem cells contain functional dopaminergic and
neuromelanin-producing neurons. Cell Stem Cell. 2016;19(2):248–57.

19. Miura Y, Pașca SP. Polarizing brain organoids. Nature Biotechnol. 2019;37(4):377–8.
20. Cesar G, Enrique A, Javiera BA, Andrea BC, Mays CE, Claudio S. Modeling

amyloid beta and tau pathology in human cerebral organoids. Mol
Psychiatry. 2018;23(12):2363–74.

21. Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, Hammack C, et al.
Brain-region-specific organoids using mini-bioreactors for modeling ZIKV
exposure. Cell. 2016;165(5):1238–54. https://doi.org/10.1016/j.cell.2016.04.032.

22. Ao Z, Cai H, Havert D, Wu Z, Guo F. One-stop microfluidic assembly of
human brain organoids to model prenatal cannabis exposure. Analytical
Chemistry. 2020;92(6):4630–8. https://doi.org/10.1021/acs.analchem.0c00205.

23. Sweeney M, Kisler K, Montagne A, Toga AW, Zlokovic BV. The role of brain
vasculature in neurodegenerative disorders. Nature Neurosci. 2018;21(10):
1318–31. https://doi.org/10.1038/s41593-018-0234-x.

24. Pham MT, Pollock KM, Rose MD, et al. Generation of human vascularized
brain organoids. Neuroreport. 2018;29(7):588–93.

25. Ormel PR, Sá R, Bodegraven E, Karst H, Pasterkamp RJ. Microglia innately
develop within cerebral organoids. Nat Commun. 2018;9(1):4167.

26. Mckenzie AT, Wang M, Hauberg ME, Fullard JF, Alexey K, Alexandra K, et al. Brain
cell type specific gene expression and co-expression network architectures. Sentific
Reports. 2018;8(1):8868. https://doi.org/10.1038/s41598-018-27293-5.

27. Lancaster MA, Knoblich JA. Generation of cerebral organoids from human
pluripotent stem cells. Nat Protoc. 2014;9(10):2329–40.

28. Qian X, Song H, Ming G. Brain organoids: advances, applications and
challenges. Development. 2019;146(8).

29. Wang L, Li Z, Sievert D, Smith D, Mendes MI, Chen DY, et al. Impairs
progenitor proliferation in cortical brain organoids and leads to
microcephaly. Nature Commun. 2020;11(1):4038.

30. Yoon SJ, Elahi LS, Paca AM, Marton R, Pașca SP. Reliability of human cortical
organoid generation. Nat Methods. 2019;16(1):75–8.

31. Xiang Y, Tanaka Y, Patterson B, Hwang S-M, Hysolli E, Cakir B, Kim K-Y, Wang W,
Kang Y-J, Clement EM, Zhong M, Lee S-H, Cho YS, Patra P, Sullivan GJ, Weissman
SM, Park I-H. Dysregulation of BRD4 function underlies the functional abnormalities
of MeCP2 mutant neurons. Mol Cell. 2020;79(1):84–98.e9.

32. Birey F, Andersen J, Makinson CD, Islam S, Wu W, Huber N, et al. Assembly
of functionally integrated human forebrain spheroids. Nature. 2017;
545(7652):54–9. https://doi.org/10.1038/nature22330.

33. Xiang Y, Tanaka Y, Patterson B, Kang Y-J, Govindaiah G, Roselaar N, Cakir B,
Kim K-Y, Lombroso AP, Hwang S-M, Zhong M, Stanley EG, Elefanty AG,
Naegele JR, Lee S-H, Weissman SM, Park I-H. Fusion of regionally specified
hPSC-derived organoids models human brain development and
interneuron migration. Cell Stem Cell. 2017;21(3):383–98.e7.

34. Tanaka Y, Cakir B, Xiang Y, Sullivan GJ, Park I-H. Synthetic analyses of single-
cell Transcriptomes from multiple brain organoids and fetal brain. Cell Rep.
2020;30(6):1682–9.e3.

Agboola et al. Stem Cell Research & Therapy          (2021) 12:430 Page 13 of 16

https://doi.org/10.1038/nrn.2017.107
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1038/nmeth.4304
https://doi.org/10.1038/nmeth.4304
https://doi.org/10.1038/s41596-018-0032-7
https://doi.org/10.1038/s41586-020-1962-0
https://doi.org/10.1038/s41592-019-0586-5
https://doi.org/10.1038/nprot.2017.152
https://doi.org/10.1038/nprot.2017.152
https://doi.org/10.1101/049346
https://doi.org/10.1038/s41467-020-17521-w
https://doi.org/10.1038/s41467-020-17521-w
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/s41531-019-0078-4
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1021/acs.analchem.0c00205
https://doi.org/10.1038/s41593-018-0234-x
https://doi.org/10.1038/s41598-018-27293-5
https://doi.org/10.1038/nature22330


35. Sloan SA, Darmanis S, Huber N, Khan TA, Birey F, Caneda C, et al. Human
astrocyte maturation captured in 3D cerebral cortical spheroids derived
from pluripotent stem cells. Neuron. 2017;95(4):779–90. https://doi.org/10.1
016/j.neuron.2017.07.035.

36. Yakoub AM. Cerebral organoids exhibit mature neurons and astrocytes and
recapitulate electrophysiological activity of the human brain. Neural Regen
Res. 2019;14(5):757.

37. Song L, Yuan X, Jones Z, Vied C, Li Y. Functionalization of brain region-
specific spheroids with isogenic microglia-like cells. Sci Rep. 2019;9(1):11055.

38. Madhavan M, Nevin ZS, Shick HE, Garrison E, Clarkson-Paredes C, Karl M,
Clayton BLL, Factor DC, Allan KC, Barbar L, Jain T, Douvaras P, Fossati V,
Miller RH, Tesar PJ. Induction of myelinating oligodendrocytes in human
cortical spheroids. Nat Methods. 2018;15(9):700–6.

39. Lukovic D, Castro AA, Kaya KD, Munezero D, Gieser L, Davó-Martínez C,
Corton M, Cuenca N, Swaroop A, Ramamurthy V, Ayuso C, Erceg S. Retinal
organoids derived from hiPSCs of an AIPL1-LCA patient maintain
cytoarchitecture despite reduced levels of mutant AIPL1. Sci Rep. 2020;10(1).

40. Brighi C, Cordella F, Chiriatti L, Soloperto A, Angelantonio SD. Retinal and
brain organoids: bridging the gap between in vivo physiology and in vitro
micro-physiology for the study of alzheimer’s diseases. Front Neurosci. 2020;
14.

41. Takata N, Abbey D, Fiore L, Acosta S, Feng R, Gil HJ, Lavado A, Geng X,
Interiano A, Neale G, Eiraku M, Sasai Y, Oliver G. An Eye Organoid Approach
Identifies Six3 Suppression of R-spondin 2 as a Critical Step in Mouse
Neuroretina Differentiation. Cell Rep. 2017;21(6):1534–49.

42. Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Yang SM, Berger DR,
et al. Cell diversity and network dynamics in photosensitive human brain
organoids. Nature. 2017;545(7652):48–53. https://doi.org/10.1038/nature2204
7.

43. Hernandez D, Rooney LA, Daniszewski M, Gulluyan L, Liang HH, Cook AL, et al.
Culture variabilities of human iPSC-derived cerebral organoids are a major
issue for the modelling of phenotypes observed in Alzheimer’s disease. Stem
Cell Rev Rep. 2021. https://doi.org/10.1007/s12015-021-10147-5.

44. Bershteyn M, Nowakowski TJ, Pollen AA, Lullo ED, Nene A, Wynshaw-Boris
A, et al. Human iPSC-derived cerebral organoids model cellular features of
lissencephaly and reveal prolonged mitosis of outer radial glia. Cell Stem
Cell. 2017;20(4):435–449.e4. https://doi.org/10.1016/j.stem.2016.12.007.

45. Ostrem B, Lullo ED, Kriegstein A. oRGs and mitotic somal translocation — a
role in development and disease. Curr Opinion Neurobiol. 2017;42:61–7.
https://doi.org/10.1016/j.conb.2016.11.007.

46. Li Y, Muffat J, Omer A, Bosch I, Lancaster MA, Sur M, et al. Induction of
expansion and folding in human cerebral organoids. Cell Stem Cell. 2016;
20(3):385–96.

47. Nayak D, Roth TL, Mcgavern DB. Microglia development and function. Ann
Review Immunol. 2014;32(32):367–402. https://doi.org/10.1146/annurev-
immunol-032713-120240.

48. Pașca S. Assembling three-dimensional models of the brain to study human
development and disease. Eur Neuropsychopharmacol. 2019;29:S1062–S3.
https://doi.org/10.1016/j.euroneuro.2018.07.086.

49. Hansen DV, Lui JH, Parker P, Kriegstein AR. Neurogenic radial glia in the
outer subventricular zone of human neocortex. Nature. 2010;464(7288):554–
61. https://doi.org/10.1038/nature08845.

50. Johnson M, Wang P, Atabay K, et al. Single-cell analysis reveals
transcriptional heterogeneity of neural progenitors in human cortex. Nature
Neurosci. 2015;18(5):637–46.

51. Pollen A, Nowakowski T, Chen J, Retallack H, Sandoval-Espinosa C, Nicholas C,
et al. Molecular identity of human outer radial glia during cortical
development. Cell. 2015;163(1):55–67. https://doi.org/10.1016/j.cell.2015.09.004.

52. Camino D, Borrell V. Coevolution of radial glial cells and the cerebral cortex.
Glia. 2015;63(8):1303–19.

53. Kelava I, Lancaster MA. Stem cell models of human brain development. Cell
Stem Cell. 2016;18(6):736–48. https://doi.org/10.1016/j.stem.2016.05.022.

54. Evsyukova I, Plestant C, Anton ES. Integrative mechanisms of oriented
neuronal migration in the developing brain. Ann Review Cell Dev Biol. 2013;
29(1):299–353. https://doi.org/10.1146/annurev-cellbio-101512-122400.

55. Miyata T. Asymmetric production of surface-dividing and non-surface-
dividing cortical progenitor cells. Development. 2004;131(13):3133–45.
https://doi.org/10.1242/dev.01173.

56. Bystron I, Blakemore C, Rakic P. Development of the human cerebral cortex:
Boulder Committee revisited. Nature Reviews Neuroscience. 2008;9(2):110–
22. https://doi.org/10.1038/nrn2252.

57. Haubensak W, Attardo A, Denk W, Huttner WB. Neurons arise in the basal
neuroepithelium of the early mammalian telencephalon: a major site of
neurogenesis. Proceedings of the National Academy of Sciences of the
United States of America. 2004;101(9):3196–201. https://doi.org/10.1073/pna
s.0308600100.

58. Nowakowski T, Pollen A, Sandoval-Espinosa C, Kriegstein A. Transformation
of the radial glia scaffold demarcates two stages of human cerebral cortex
development - ScienceDirect. Neuron. 2016;91(6):1219–27. https://doi.org/1
0.1016/j.neuron.2016.09.005.

59. Kyrousi C, Cappello S. Using brain organoids to study human
neurodevelopment, evolution and disease. Wiley Interdisciplinary Reviews:
Dev Biol. 2019;9(3):e347.

60. Ortega JA, Memi F, Radonjic N, Filipovic R, Bagasrawala I, Zecevic N, et al.
The subventricular zone: a key player in human neocortical development.
Neuroscientist Review J Bringing Neurobiol Neurol Psychiatry. 2017;24(2):
156–70.

61. Daviaud N, Friedel RH, Zou H. Vascularization and engraftment of
transplanted human cerebral organoids in mouse cortex. eNeuro. 2018;5(6):
ENEURO.0219-18.2018.

62. Kucukdereli H, Allen NJ, Lee AT, Feng A, Ozlu MI, Conatser LM, et al. Control
of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and
SPARC. Proc Natl Acad Sci U S A. 2011;108(32):12983–4.

63. Chung WS, Clarke LE, Wang GX, Stafford BK, Sher A, Chakraborty C, et al.
Astrocytes mediate synapse elimination through MEGF10 and MERTK
pathways. Nature. 2013;504(7480):394–400. https://doi.org/10.1038/nature12
776.

64. Krencik R, Seo K, Asperen JV, Basu N, Cvetkovic C, Barlas S, et al. Systematic
three-dimensional coculture rapidly recapitulates interactions between
human neurons and astrocytes. Stem Cell Reports. 2017:
S2213671117304812.

65. Dezonne RS, Sartore RC, Nascimento JM, Saia-Cereda VM, Romão LF, Alves-
Leon SV, et al. Derivation of functional human astrocytes from cerebral
organoids. Rep. 2017;7:45091.

66. Paolkelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al.
Synaptic pruning by microglia is necessary for normal brain development.
Science. 2011;333(6048):1456–8. https://doi.org/10.1126/science.1202529.

67. Miyamoto A, Wake H, Ishikawa AW, Eto K, Shibata K, Murakoshi H, et al.
Microglia contact induces synapse formation in developing somatosensory
cortex. Nature Communications. 2016;7(1):12540. https://doi.org/10.1038/
ncomms12540.

68. Song L, Yuan X, Jones Z, et al. Assembly of human stem cell-derived cortical
spheroids and vascular spheroids to model 3-D brain-like tissues. Sci Rep.
2019;9(1):5977.

69. Wang S, Bates J, Li X, Schanz S, Chandler-Militello D, Levine C, et al. Human
iPSC-derived oligodendrocyte progenitor cells can myelinate and rescue a
mouse model of congenital hypomyelination. Cell Stem Cell. 2013;12(2):
252–64. https://doi.org/10.1016/j.stem.2012.12.002.

70. Marton RM, Miura Y, Sloan SA, Li Q, Revah O, Levy RJ, et al. Differentiation
and maturation of oligodendrocytes in human three-dimensional neural
cultures. Nature Neuroence. 2019;22(3):484–91.

71. Mayur M, Nevin ZS, Elizabeth SH, Eric G, Cheryl CP, Molly K, et al. Induction
of myelinating oligodendrocytes in human cortical spheroids. Nature
Methods. 2018;15(9):700–6.

72. Phan DT, Bender R, Andrejecsk JW, Sobrino A, Hachey SJ, George SC, et al.
Blood-brain barrier-on-a-chip: microphysiological systems that capture the
complexity of the blood-central nervous system interface. Exp Biol Med.
2017;1535370217694100.

73. Liebner S, Dijkhuizen RM, Reiss Y, Plate KH, Agalliu D, Constantin G.
Functional morphology of the blood–brain barrier in health and disease.
Acta Neuropathologica. 2018;135(3):311–36. https://doi.org/10.1007/s00401-
018-1815-1.

74. Iefremova V, Manikakis G, Krefft O, Jabali A, Weynans K, Wilkens R, et al. An
organoid-based model of cortical development identifies non-cell-
autonomous defects in Wnt signaling contributing to Miller-Dieker syndrome.
Cell Reports. 2017;19(1):50–9. https://doi.org/10.1016/j.celrep.2017.03.047.

75. Karzbrun E, Kshirsagar A, Cohen SR, Hanna JH, Reiner O. Human brain
organoids on a chip reveal the physics of folding. Nat Phys. 2018;14(5):515–
22.

76. Qian X, Nguyen HN, Jacob F, Song H, Ming GL. Using brain organoids to
understand Zika virus-induced microcephaly. Development. 2017;144(6):
952–7. https://doi.org/10.1242/dev.140707.

Agboola et al. Stem Cell Research & Therapy          (2021) 12:430 Page 14 of 16

https://doi.org/10.1016/j.neuron.2017.07.035
https://doi.org/10.1016/j.neuron.2017.07.035
https://doi.org/10.1038/nature22047
https://doi.org/10.1038/nature22047
https://doi.org/10.1007/s12015-021-10147-5
https://doi.org/10.1016/j.stem.2016.12.007
https://doi.org/10.1016/j.conb.2016.11.007
https://doi.org/10.1146/annurev-immunol-032713-120240
https://doi.org/10.1146/annurev-immunol-032713-120240
https://doi.org/10.1016/j.euroneuro.2018.07.086
https://doi.org/10.1038/nature08845
https://doi.org/10.1016/j.cell.2015.09.004
https://doi.org/10.1016/j.stem.2016.05.022
https://doi.org/10.1146/annurev-cellbio-101512-122400
https://doi.org/10.1242/dev.01173
https://doi.org/10.1038/nrn2252
https://doi.org/10.1073/pnas.0308600100
https://doi.org/10.1073/pnas.0308600100
https://doi.org/10.1016/j.neuron.2016.09.005
https://doi.org/10.1016/j.neuron.2016.09.005
https://doi.org/10.1038/nature12776
https://doi.org/10.1038/nature12776
https://doi.org/10.1126/science.1202529
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1016/j.stem.2012.12.002
https://doi.org/10.1007/s00401-018-1815-1
https://doi.org/10.1007/s00401-018-1815-1
https://doi.org/10.1016/j.celrep.2017.03.047
https://doi.org/10.1242/dev.140707


77. Xu Y-P, Qiu Y, Zhang B, Chen G, Chen Q, Wang M, Mo F, Xu J, Wu J, Zhang
R-R, Cheng M-L, Zhang N-N, Lyu B, Zhu W-L, Wu M-H, Ye Q, Zhang D, Man
J-H, Li X-F, Cui J, Xu Z, Hu B, Zhou X, Qin C-F. Zika virus infection induces
RNAi-mediated antiviral immunity in human neural progenitors and brain
organoids. Cell Res. 2019;29(4):265–73.

78. Brown RM, Rana PSJB, Jaeger HK, O’Dowd JM, Balemba OB, Fortunato EA,
Sandri-Goldin RM. Human cytomegalovirus compromises development of
cerebral organoids. J Virolo. 2019;93(17).

79. Sun G, Chiuppesi F, Chen X, Wang C, Tian E, Nguyen J, Kha M, Trinh D,
Zhang H, Marchetto MC, Song H, Ming G-L, Gage FH, Diamond DJ, Wussow
F, Shi Y. Modeling human cytomegalovirus-induced microcephaly in human
iPSCDerived brain organoids. Cell Rep Med. 2020;1(1):100002.

80. D'Aiuto L, Bloom A, Naciri B, Smith AA, Edwards A. Modeling Herpes
simplex virus 1 infections in human central nervous system neuronal cells
using two- and three- dimensional cultures derived from induced
pluripotent stem cells. J Virol. 2019;93(9):e00111–9.

81. Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini L, et al.
FOXG1-dependent dysregulation of GABA/glutamate neuron differentiation
in autism spectrum disorders. Cell. 2015;162(2):375–90. https://doi.org/10.101
6/j.cell.2015.06.034.

82. Wang P, Mokhtari R, Pedrosa E, Kirschenbaum M, Bayrak C, Zheng D, et al.
CRISPR/Cas9-mediated heterozygous knockout of the autism gene CHD8
and characterization of its transcriptional networks in cerebral organoids
derived from iPS cells. Molecular Autism. 2017;8(1):11. https://doi.org/10.11
86/s13229-017-0124-1.

83. Raja WK, Mungenast AE, Lin Y-T, Ko T, Abdurrob F, Seo J, Tsai L-H,
Padmanabhan J. Self-organizing 3D human neural tissue derived from
induced pluripotent stem cells recapitulate alzheimer’s disease phenotypes.
PLOS ONE. 2016;11(9):e0161969.

84. Pavoni S, Jarray R, Nassor F, Guyot A-C, Cottin S, Rontard J, Mikol J,
Mabondzo A, Deslys J-P, Yates F, Ginsberg SD. Small-molecule induction of
Aβ-42 peptide production in human cerebral organoids to model
Alzheimer's disease associated phenotypes. PLOS ONE. 2018;13(12):
e0209150.

85. Papaspyropoulos A, Tsolaki M, Foroglou N, Pantazaki AA. Modeling and
targeting Alzheimer’s disease with organoids. Front Pharmacol. 2020;11:396.
https://doi.org/10.3389/fphar.2020.00396.

86. Blair JD, Dirk H, Bateup HS. Genetically engineered human cortical spheroid
models of tuberous sclerosis. Nature Med. 2018;24(10):1568–78. https://doi.
org/10.1038/s41591-018-0139-y.

87. Garcez PP, Loiola EC, Da Costa RM, Higa LM, Trindade P, Delvecchio R, et al.
Zika virus impairs growth in human neurospheres and brain organoids.
Science. 2016;352(6287):816–8. https://doi.org/10.1126/science.aaf6116.

88. Dang J, Tiwari SK, Lichinchi G, Qin Y, Patil VS, Eroshkin AM, et al. Zika virus
depletes neural progenitors in human cerebral organoids through
activation of the innate immune receptor TLR3. Cell Stem Cell. 2016;19(2):
258–65. https://doi.org/10.1016/j.stem.2016.04.014.

89. Maria D, Vanessa VDL, Brainer-Lima AM, Coeli RR, Rocha MA, Paula S, et al.
Clinical features and neuroimaging (CT and MRI) findings in presumed Zika
virus related congenital infection and microcephaly: retrospective case
series study. Bmj. 2016;353:i1901.

90. Gabriel E, Ramani A, Karow U, Gottardo M, Natarajan K, Gooi LM, et al.
Recent Zika virus isolates induce premature differentiation of neural
progenitors in human brain organoids. Cell Stem Cell. 2017;20(3):397–406.
https://doi.org/10.1016/j.stem.2016.12.005.

91. Nowakowski T, Pollen A, Di Lullo E, Sandoval-Espinosa C, Bershteyn M,
Kriegstein A. Expression analysis highlights AXL as a candidate Zika virus
entry receptor in neural stem cells. Cell Stem Cell. 2016;18(5):591–6. https://
doi.org/10.1016/j.stem.2016.03.012.

92. Watanabe M, Buth JE, Vishlaghi N, Luis TU, Taxidis J, Khakh BS, et al. Self-
organized cerebral organoids with human-specific features predict effective
drugs to combat Zika virus infection. Cell Reports. 2017;21(2):517–32.
https://doi.org/10.1016/j.celrep.2017.09.047.

93. Li Z, Xu J, Lang Y, Fan X, Li H. JMX0207, a niclosamide derivative with
improved pharmacokinetics, suppresses Zika virus infection both in vitro
and in vivo. ACS Infect Dis. 2020;6(10):2616–28. https://doi.org/10.1021/a
csinfecdis.0c00217.

94. L., Gabrielli, M., P., Bonasoni, . D, et al. Congenital cytomegalovirus infection:
patterns of fetal brain damage. Clin Microbiol Infection. 2012;18(10):E419-
EE27, DOI: https://doi.org/10.1111/j.1469-0691.2012.03983.x.

95. Sun G, Chiuppesi F, Chen X, Wang C, Tian E, Nguyen J, et al. Modeling
human cytomegalovirus-induced microcephaly in human iPSC-derived
brain organoids. Cell Rep Med. 2020;1(1):100002. https://doi.org/10.1016/j.
xcrm.2020.100002.

96. Kang HJ, Kawasawa YI, Feng C, Zhu Y, Sestan N. Spatio-temporal
transcriptome of the human brain. Nature. 2011;478(7370):483–9. https://doi.
org/10.1038/nature10523.

97. Zhang W, Ma L, Yang M, Shao Q, Chen JF. Cerebral organoid and mouse
models reveal a RAB39b–PI3K–mTOR pathway-dependent dysregulation of
cortical development leading to macrocephaly/autism phenotypes. Genes
Development. 2020;34(7-8).

98. Sen D, Voulgaropoulos A, Drobna Z, Keung AJ. Human cerebral organoids
reveal early spatiotemporal dynamics and pharmacological responses of
UBE3A. Stem Cell Rep. 2020;15(4):845–54.

99. Castro J, Mellios N, Sur M. Mechanisms and therapeutic challenges in autism
spectrum disorders: insights from Rett syndrome. Curr Opinion Neurol. 2013;
26(2):154–9. https://doi.org/10.1097/WCO.0b013e32835f19a7.

100. Mellios N, Feldman DA, Sheridan SD, Ip J, Kwok S, Amoah SK, et al. MeCP2-
regulated miRNAs control early human neurogenesis through differential
effects on ERK and AKT signaling. Mol Psychiatry. 2018;23(4):1051–65.
https://doi.org/10.1038/mp.2017.86.

101. Mellios N, Feldman DA, Sheridan SD, Ip J, Kwok S, Amoah SK, et al. Human
cerebral organoids reveal deficits in neurogenesis and neuronal migration
in MeCP2-deficient neural progenitors. Mol Psychiatry. 2018;23(4):791.
https://doi.org/10.1038/mp.2018.5.

102. Kepecs A, Fishell G. Interneuron cell types: fit to form and formed to fit.
Nature. 505:318–26. https://doi.org/10.1038/nature12983.

103. Crow YJ, Shetty J, Livingston JH. Treatments in Aicardi-Goutières syndrome.
Dev Med Child Neurol. 2020;62(1):42–7. https://doi.org/10.1111/dmcn.14268.

104. PașCa SP, Portmann T, Voineagu I, Yazawa M, Shcheglovitov A, Paşca AM,
et al. Using iPSC-derived neurons to uncover cellular phenotypes associated
with Timothy syndrome. Nature Med. 2011;17(12):1657.

105. Dobyns WB, Stratton RF, Parke JT, Greenberg F, Ledbetter DH. Miller-Dieker
syndrome: Lissencephaly andmonosomy 17p. J Pediatr. 1983;102(4):552–8.
https://doi.org/10.1016/S0022-3476(83)80183-8.

106. Thomas CA, Tejwani L, Trujillo CA, Negraes PD, Herai RH, Mesci P, et al.
Modeling of TREX1-dependent autoimmune disease using human stem
cells highlights L1 accumulation as a source of neuroinflammation. Cell
Stem Cell. 2017;21(3):319–31. https://doi.org/10.1016/j.stem.2017.07.009.

107. Dooves S, Bugiani M, Postma NL, Polder E, Knaap M. Astrocytes are central
in the pathomechanisms of vanishing white matter. J Clin Investig. 2016;
126(4):1512–24. https://doi.org/10.1172/JCI83908.

108. Sabatini DM. Twenty-five years of mTOR: Uncovering the link from nutrients
to growth. Proc Natl Acad Sci U S A. 2017:11818–25.

109. Mühlebner A, Van Scheppingen J, Hulshof HM, Scholl T, Iyer AM, Anink JJ,
et al. Novel histopathological patterns in cortical tubers of epilepsy surgery
patients with tuberous sclerosis complex. Plos One. 2016;11(6):e0157396.
https://doi.org/10.1371/journal.pone.0157396.

110. Hernández D, Rooney LA, Daniszewski M, Gulluyan L, Pébay A. Culture
variabilities of human iPSC-derived cerebral organoids are a major issue for
the modelling of phenotypes observed in Alzheimer’s disease. Stem Cell
Reviews Reports. 2021;10:1–14.

111. Fan W, Sun Y, Shi Z, Wang H, Deng J. Mouse induced pluripotent stem
cells-derived Alzheimer’s disease cerebral organoid culture and neural
differentiation disorders. Neurosci Letters. 2019;711:134433. https://doi.org/1
0.1016/j.neulet.2019.134433.

112. D'Avanzo C, Aronson, Jenna HY, Choi SH, et al. Alzheimer’s in 3D culture:
challenges and perspectives. Bioessays. 2015;37(10):1139-48.

113. Self-organizing 3D human neural tissue derived from induced pluripotent
stem cells recapitulate Alzheimer’s disease phenotypes. Plos One. 2016;11(9):
e0161969.

114. Garcia-Leon JA, Caceres-Palomo L, Sanchez-Mejias E, Mejias-Ortega M,
Gutierrez A. Human pluripotent stem cell-derived neural cells as a relevant
platform for drug screening in Alzheimer’s disease. International J Mol Sci
2020;21(18):6867. https://doi.org/10.3390/ijms21186867.

115. Kim H, Park HJ, Choi H, Chang Y, Kim J. Modeling G2019S-LRRK2 sporadic
Parkinson’s disease in 3D midbrain organoids. Stem Cell Reports. 2019;12(3):
518–31. https://doi.org/10.1016/j.stemcr.2019.01.020.

116. Boussaad I, Obermaier CD, Hanss Z, Bobbili DR, Krüger R. A patient-based
model of RNA mis-splicing uncovers treatment targets in Parkinson’s

Agboola et al. Stem Cell Research & Therapy          (2021) 12:430 Page 15 of 16

https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1186/s13229-017-0124-1
https://doi.org/10.1186/s13229-017-0124-1
https://doi.org/10.3389/fphar.2020.00396
https://doi.org/10.1038/s41591-018-0139-y
https://doi.org/10.1038/s41591-018-0139-y
https://doi.org/10.1126/science.aaf6116
https://doi.org/10.1016/j.stem.2016.04.014
https://doi.org/10.1016/j.stem.2016.12.005
https://doi.org/10.1016/j.stem.2016.03.012
https://doi.org/10.1016/j.stem.2016.03.012
https://doi.org/10.1016/j.celrep.2017.09.047
https://doi.org/10.1021/acsinfecdis.0c00217
https://doi.org/10.1021/acsinfecdis.0c00217
https://doi.org/10.1111/j.1469-0691.2012.03983.x
https://doi.org/10.1016/j.xcrm.2020.100002
https://doi.org/10.1016/j.xcrm.2020.100002
https://doi.org/10.1038/nature10523
https://doi.org/10.1038/nature10523
https://doi.org/10.1097/WCO.0b013e32835f19a7
https://doi.org/10.1038/mp.2017.86
https://doi.org/10.1038/mp.2018.5
https://doi.org/10.1038/nature12983
https://doi.org/10.1111/dmcn.14268
https://doi.org/10.1016/S0022-3476(83)80183-8
https://doi.org/10.1016/j.stem.2017.07.009
https://doi.org/10.1172/JCI83908
https://doi.org/10.1371/journal.pone.0157396
https://doi.org/10.1016/j.neulet.2019.134433
https://doi.org/10.1016/j.neulet.2019.134433
https://doi.org/10.3390/ijms21186867
https://doi.org/10.1016/j.stemcr.2019.01.020


disease. Sci Transl Med. 2020;12(560):eaau3960. https://doi.org/10.1126/scitra
nslmed.aau3960.

117. Kratochvil MJ, Seymour AJ, Li TL, Paşca S, Heilshorn SC. Engineered materials
for organoid systems. Nature Reviews Materials. 2019;4(9):606–22. https://
doi.org/10.1038/s41578-019-0129-9.

118. Cederquist GY, Asciolla J, Tchieu J, Walsh RM, Cornacchia D, Resh M, et al.
Specification of positional identity in forebrain organoids. Nature
Biotechnology. 2019;37(4):1.

119. Trujillo CA, Gao R, Negraes PD, Gu J, Muotri AR. Complex oscillatory waves
emerging from cortical organoids model early human brain network
development. Cell Stem Cell. 2019;25(4).

120. Jacob F, Salinas RD, Zhang DY, Nguyen P, Schnoll JG, Wong S, et al. A
patient-derived glioblastoma organoid model and biobank recapitulates
inter- and intra-tumoral heterogeneity. Cell. 2020;180(1):188–204. https://doi.
org/10.1016/j.cell.2019.11.036.

121. Hou S, Tiriac H, Sridharan BP, Scampavia L, Madoux F, Seldin J, et al.
Advanced development of primary pancreatic organoid tumor models for
high-throughput phenotypic drug screening. SLAS Discov. 2018;23(6):574–
84. https://doi.org/10.1177/2472555218766842.

122. Czerniecki SM, Cruz NM, Harder JL, Menon R, Annis J, Otto EA, et al. High-
throughput screening enhances kidney organoid differentiation from
human pluripotent stem cells and enables automated multidimensional
phenotyping. Cell Stem Cell. 2018;22(6):929–40 e4.

123. Mao XY, Jin WL. iPSCs-derived platform: a feasible tool for probing the
neurotropism of SARS-CoV-2. ACS Chem Neurosci. 2020;11(17):2489–91.
https://doi.org/10.1021/acschemneuro.0c00512.

124. Zeng Z, Miao N, Sun T. Revealing cellular and molecular complexity of the
central nervous system using single cell sequencing. Stem Cell Res Ther.
2018;9(1):234. https://doi.org/10.1186/s13287-018-0985-z.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Agboola et al. Stem Cell Research & Therapy          (2021) 12:430 Page 16 of 16

https://doi.org/10.1126/scitranslmed.aau3960
https://doi.org/10.1126/scitranslmed.aau3960
https://doi.org/10.1038/s41578-019-0129-9
https://doi.org/10.1038/s41578-019-0129-9
https://doi.org/10.1016/j.cell.2019.11.036
https://doi.org/10.1016/j.cell.2019.11.036
https://doi.org/10.1177/2472555218766842
https://doi.org/10.1021/acschemneuro.0c00512
https://doi.org/10.1186/s13287-018-0985-z

	Abstract
	Introduction
	The development of 3D organoid system contributes to the reiteration of neural structure and cytoarchitecture
	Cellular composition of brain organoid
	Interactions between neural lineage cells in organoids
	Progenitor cell interactions
	Neuron-neuron interactions
	Astrocytic-neuronal interactions
	Microglial-neuronal interactions
	Oligodendrocyte-neuronal interactions
	Vascular cell interactions
	Brain organoids as a model for disease
	Diseases related to virus infection
	Microcephaly and ZIKV
	Herpes simplex virus (HSV) and cytomegalovirus (CMV)

	Neurodevelopmental and neurogenerative diseases
	Autism spectrum disorders (ASD)
	Diseases related to ASD
	The Miller–Dieker syndrome (MDS)
	Aicardi–Goutieres syndrome (AGS)
	Vanishing white matter disease (VWML)
	Tuberous sclerosis complex (TSC)

	Neurodegenerative disease
	Alzheimer’s disease (AD)
	Parkinson’s disease (PD)

	Future research directions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

