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Abstract

The paradigm of central nervous system (CNS) drug discovery has mostly relied on traditional 

approaches of rodent models or cell-based in vitro models. Owing to the issues of species 

differences between humans and rodents, it is difficult to correlate the robustness of data for 

neurodevelopmental studies. With advances in the stem-cell field, 3D CNS organoids have been 

developed and explored owing to their resemblance to the human brain architecture and functions. 

Further, CNS organoids provide a unique opportunity to mimic the human brain physiology and 

serve as a modeling tool to study the normal versus pathological brain or the elucidation of 

mechanisms of neurological disorders. Here, we discuss the recent application of a CNS organoid 

explored for neurodevelopment disease or a screening tool for CNS drug development.

Teaser—3D cerebral organoids are a novel class of in vitro tool possessing a close resemblance 

to human brain architecture and function. They serve as a robust model to study early-stage 

neurodevelopment and CNS drug toxicity screening.
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Introduction

Stem cells are unspecialized cells that can give rise to various specialized cells and can 

remain undifferentiated and self-renew themselves for long periods. These cells can be used 
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to model human development and disease, in tissue replacement and for screening drug 

activity or toxicity. The various types of stem cells include embryonic stem cells (ESCs), 

somatic or adult stem cells (ASCs) and induced pluripotent stem cells (iPSCs) [1]. Stem 

cells, owing to their intrinsic ability, self-assemble into complex structures or organoids 

under suitable conditions. The growth factors modulate various signaling pathways and play 

an essential part in cell survival, proliferation and self-renewal; stem cells can be coaxed into 

forming organized clusters of cells or organoids [2]. Renewed interest in the field of 

pluripotent stem cells (PSCs) and near-physiological 3D organoid models has provided new 

prospects for studying organ and tissue development, regeneration and disease modeling and 

mechanisms.

Organoids are organ-like 3D multicellular structures that provide a more accurate 

representation of the natural microenvironment and thereby allow assessment and modeling 

of organ development, maintenance and repair of tissue structure ex vivo [3–5]. These 

organoid models provide the near-physiological system that can be efficiently used to model 

various diseases and study tissue responses to drugs, damage or mutation [3,6]. Organoids 

developed from disease-specific or mutated patient cells have helped understand the, 

previously unknown, underlying mechanism and pathophysiology in such cases. The 

development of organoids requires a detailed knowledge related to the induction of various 

germ-layer formation and subsequent lineage specification. Organoids can be derived not 

only from the PSCs, which include the ESCs and iPSCs, but also from organ-restricted 

ASCs [7]. Although PSCs can give rise to several different cell types, they are capable of 

generating cells characteristic of all three germ layers, and hence have the ability to 

proliferate into a number of organs. ASCs retain their organ identity and have the ability to 

self-renew and generate all the different cell types in that organ, thereby playing a key part in 

tissue homeostasis or repair [8]. Owing to the immense resemblance of the in vitro organoid 

system to the in vivo conditions, organoid cultures have become fundamental tools in 

research and clinical application [9].

Organoids derived from PSCs have been generated for various organs from mouse and 

human cells. They have been developed for many different mammalian organs and parts, 

including the brain [10,11], lung [12,13], heart [14] and liver [15]. The complexity of the 

human brain has always fascinated scientists. There has always been limited access to 

human brain tissue for experimental studies owing to ethical and practical issues, especially 

in utero. Scientists have utilized indirect noninvasive techniques, including ultrasound 

imaging, aborted material and animal models for exploring neurological diseases but, owing 

to various limitations, these cannot be employed or are difficult to model [16]. In 2009, Sato 

and colleagues made a major breakthrough by using Matrigel® to develop epithelial 

intestinal organoids from mouse stem cells [17]. In 2012, Sasai and colleagues designed 

SFEBq which was a serum-free floating culture of the embryoid body-like aggregates for 

quick aggregation and reported that the PSCs differentiated and polarized to form a 

continuous neuroectoderm-like epithelium that subsequently generated stratified cortical 

tissues containing cortical progenitors and neurons [18]. Later, in 2013, Lancaster and 

Knoblich embedded embryoid bodies (EBs), which are 3D aggregates of stem cells in 

Matrigel®, and were able to develop these small 3D structures that resembled an organ and 

Chhibber et al. Page 2

Drug Discov Today. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were referred to as cerebral or brain organoids [19]. Figure 1 highlights the most commonly 

used method for generating cerebral organoids.

3D organoid method development

The inadequacy of stem-cell-derived monolayer or 2D cell culture systems encouraged 

efforts to develop a better 3D in vitro model that can reiterate the structural and functional 

intricacy of the human brain. Brain organoids are self-assembled 3D constructs generated 

from various neural and neuronal subtypes that resemble the human embryonic brain owing 

to their spatial organization and the ability to replicate the gene expression in vitro 
[16,20,21]. These mini-brains can summarize the cellular organization along with the 

epigenetic and transcriptional signature of the developing brain. Brain organoids are not the 

only 3D neural culture systems but other structures like neurospheres are also 3D clusters of 

the central nervous system (CNS) consisting of various cells like the neurons or glial cells, 

although they lack distinctive cytoarchitecture [22]. Brain organoids can mimic the 

cytoarchitecture and other developmental trajectories found in vivo owing to the ability of 

PSCs to self-organize. Hence, these organoids can be effectively used to study neurological 

diseases and defects, which are otherwise challenging to study in an animal model owing to 

the uniqueness of the human brain.

Brain organoids have been generated mainly by two different methodologies with one being 

unguided wherein the cells rely on spontaneous morphogenesis and intrinsic differentiation 

capacities within the stem-cell aggregates. In the case of unguided differentiation, the 

organoids are allowed to grow with minimum external interference and they exhibit various 

cell lineages including forebrain, midbrain, hindbrain, retina and choroid plexus [10,20,23]. 

The major challenge with organoids developed by this method is high variability and 

heterogeneity [20]. Also, human PSCs (hPSCs) are differentiated into desired lineages with 

the help of external patterning factors. Figure 2 highlights the difference between both 

methods. In these organoid structures, the PSCs are induced to form aggregates referred to 

as an embryoid body (EB) which, after ectoderm formation, is guided toward a neural or 

non-neural fate. In guided methods, the organoids developed are mostly brain-region-

specific, depending on the various growth factors that are used during the differentiating 

process [11]. These organoids exhibit less batch-to-batch variation owing to directed 

differentiation, which is capable of generating specific cell types with relative proportions 

[20]. The guided organoids have been shown to contain neural progenitor cells, neurons and 

astrocytes among other brain cells and have shown directed differentiation to develop brain-

region-specific organoids, including cerebral cortex [11], hippocampus [24], midbrain [5] 

and cerebellum [25], as shown in Figure 3.

Various groups have tried many different approaches for organoid development to study 

specific neurodevelopmental objectives. In the case of fused assembled organoids, different 

brain-region-specific organoids were developed separately and then fused together to 

generate organoids consisting of distinct regions, which improved interregional interaction 

modeling. Birey et al. developed fused ventral and dorsal brain organoids and demonstrated 

interneuron migration from one domain to another, which connected synaptically and 

formed microcircuits with the local excitatory neurons [26]. Lately, researchers have also 
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tried to recapitulate the normal brain tissue more closely by incorporating six cell types to 

develop spheroids including major cell types like neurons, microglia, astrocytes and 

oligodendrocytes, to have a better insight into various tight junctions and cell markers of the 

blood–brain barrier (BBB), which could be used for drug neurotoxicity assessments. To get 

comprehensive details about the BBB-based organoids and their application, please refer to 

references [27–29]. In another study, researchers explored human-specific brain evolution by 

studying the cortical development and gene expression and compared this with cerebral 

organoids developed from PSCs derived from humans, macaques and chimpanzees to 

explore the unique evolutionary differences during development [30]. Various other groups 

have also studied organoids over extended periods of time, allowing the development of 

various features, including dendritic spine formation, Ca2+ surge and active neuronal 

networks [31]. Knoblich and colleagues also demonstrated the presence of active neurons 

that were electrically active and spiked action potential, which was observed using calcium 

imaging [10].

Recent developments in CNS disease modeling using cerebral organoids

Cerebral organoids have been widely explored for studying the mechanism and 

pathophysiology of many diseases, especially those affecting neurodevelopment. They have 

also been employed for testing drug efficacy and toxic effects on neural cells. Below, we 

discuss the important diseases and pathological conditions for which cerebral organoids have 

been explored and Table 1 highlights the organoid role for disease modeling and drug 

screening.

Modeling of early-stage neurotoxicity screening

Ethical and practical concerns limit access to human embryos, leading researchers to rely 

heavily on model systems, such as the mouse, as a surrogate to understanding human brain 

development and disease. The brain organoids (derived from human stem cells) offer an in 
vitro model system for studying early-stage human brain development and neuronal 

disorders. The developing brain in the fetus is highly vulnerable to chemical exposure, 

which can lead to alteration in neural development compared with an adult brain [32]. 

Developmental neurotoxicity (DNT) refers to adverse reactions that alter the normal 

development of the CNS or its function owing to exposure to toxic substances or chemicals 

or new drug molecules [14]. It is highly important to screen chemicals that can potentially 

lead to neurodevelopmental disorders; however, there is a lack of data established for such 

potential toxicants. Additionally, DNT studies are currently entirely based on in vivo animal 

studies, which show a lot of variability in data along with the other limitations [33]. As 

mentioned earlier, 3D brain organoids serve as a platform technology for drug screening, can 

be used to study the toxic effects of chemicals and can provide a broad horizon for better 

evaluation of developmental neurotoxicants. In one of the recent studies by Pamies and 

colleagues, it was demonstrated that rotenone, a commonly used plant pesticide, could 

potentially lead to DNT using brain spheroids. The authors demonstrated that rotenone 

treatment (2 weeks) led to higher levels of reactive oxygen species, impaired neurite 

outgrowth, abnormal calcium reabsorption and synaptogenesis [33]. Similarly, Liu et al. also 

studied the neurotoxic effects if vincristine (anti-brain-tumor drug) using cerebral organoids. 
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They observed dose-dependent neurotoxicity and inhibited fibronectin and tubulin 

development in the cerebral organoid [34]. Placental exposure of heavy metals to a fetus can 

lead to various health effects such as neurological, developmental and endocrine disorders 

[35]. Yin and co-workers studied the effects of exposure to the heavy metal cadmium during 

prenatal stages, this has previously been shown to affect the developing brain in vivo owing 

to the long biological half-life of cadmium. The brain organoids were employed for studying 

the neural dysfunctions under cadmium exposure, which were engineered on array chips 

with octagon-shaped micropillars. Under exposure to the heavy metal, they observed 

increased cell death, impaired neurogenesis, skewed neural maturation and disturbed brain 

regionalization, suggesting impairment in the neurogenesis of fetal brain that could affect 

learning and cause behavioral defects that are generally observed after cadmium exposure 

[36].

Modeling of autosomal and Zika-associated microcephaly

Microcephaly is a birth abnormality where the baby’s head is smaller in circumference than 

normal. Autosomal recessive primary microcephaly (MCPH) is a neurodevelopmental 

disorder associated with a reduction in brain size along with nonprogressive mental 

retardation. Cerebral organoids have been extensively used for disease modeling and to 

study the drug efficacies for the MCPH. Scientists have used patient-derived iPSCs along 

with RNA interference for the formation of cerebral organoids, using them as a model tool 

to study the pathogenesis of MCPH [10]. Another group also studied MCPH using WDR62-

deficient cerebral organoids and mutant mouse models, comparing the results regarding 

brain size. They observed the reduction in the size of organoid and mouse brain caused by 

the disruption in neural progenitor cells (NPCs). Based on these observations, it was 

hypothesized that the WDR62/CEP170/KIF2A protein pathway is responsible for 

microcephaly owing to the disassembly and disruption of the cilium (the key regulator for 

the formation of normal brain) [37].

Another form of microcephaly results from Zika virus (ZIKV) infection (disease caused by 

virus transmission by Aedes mosquitoes). This viral infection during pregnancy can pass to 

the fetus, leading to microcephaly, other congenital or neurological malformations and birth 

defects in the infants [38]. Because cerebral organoids represent the fetal brain physiology, 

they provide an excellent opportunity to model Zika-virus-based microcephaly and study the 

underlying mechanisms. Gabriel et al. showed that two isolated strains of Zika virus readily 

infected the human iPSC-derived brain organoid and the early stage of infection triggered 

premature differentiation of NPCs, which led to a depletion of the progenitor cells and 

centrosomal structural defects [39]. Another study using cerebral organoids by Cugola et al. 
correlated the link between Zika virus with increased congenital brain malformations. They 

demonstrated that Zika virus infection led to the depletion of proliferative zones and 

disruptions in the cortical layers. They also recapitulated their organoid results in mice and 

showed that the virus was able to infect fetuses and cause intrauterine growth restrictions 

along with increased cell death owing to the virus infecting the human cortical progenitor 

cells. This study indicates that Zika virus can cross the placenta, inducing cell death by 

autophagy and apoptosis, causing microcephaly by targeting cortical progenitor cells and 

impairing neurodevelopment [40]. Similarly, Dang et al. also studied the relationship 
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between Zika virus and microcephaly using hESC-derived cerebral organoids. They showed 

that Zika virus prototype strain MR766 efficiently infected the organoids and decreased the 

overall size of the organoid along with upregulation of innate immune receptor Toll-like 

receptor 3 (TLR3) after Zika virus infection of human organoids. Their findings showed a 

link between Zika-virus-mediated TLR3 activation, perturbed cell fate and a reduction in 

organoid volume, which is reminiscent of microcephaly [41].

To overcome the limitations of high cost, variability and tissue heterogeneity, Qian et al. 
developed forebrain-specific organoids, midbrain and hypothalamic organoids using 

miniaturized spinning bioreactors. They further used forebrain organoids to model Zika 

virus exposure during various stages of pregnancy and the observed results were consistent 

with the clinical findings with exposure to early-stage organoids leading to many defects 

including features mimicking microcephaly [5]. Cerebral organoids were also used to test 

drug efficacy (repurposing or new drugs) and toxicity screening for Zika virus 

microencephaly drugs. Xu and colleagues have repurposed the drug niclosamide (an FDA-

approved anthelmintic drug that inhibits Zika virus replication) and Emricasan (a pan-

caspase inhibitor), against the protected hNPCs they reduce caspase-3 activity. They have 

shown that their drug combination results in a reduction in Zika virus replication via the 

cyclin-dependent kinase pathway targeting and providing neuroprotection to the 

neuroprogenitor cells and astrocytes [42]. Another investigation by Li et al. established that, 

in response to Zika virus infection, cholesterol-25-hydroxylase (CH25H) was released and 

its enzymatic product: 25-hydroxycholesterol (25HC), had a protective effect against Zika 

virus for a diverse population (i.e., human neuronal cells, human cortical organoids, mice 

and macaques). Cerebral organoid treatment with 25HC suppressed Zika virus infection and 

reduced tissue damage and associated malfunctions (microcephaly); thus, it could be used as 

a natural antiviral agent for Zika virus treatment [43].

Modeling of neurodevelopmental and neurodegenerative disorders

Developing reliable, predictive animal models for complex neurodevelopmental and 

psychiatric disorders is essential to increase our understanding of the neurobiological basis 

of the disorder and for the development of novel drugs with improved therapeutic efficacy 

[44]. Autism spectrum disorder (ASD) is a brain developmental disorder associated with 

challenges related to social interaction, communication and behavior [45]. Mariani et al. 
studied neurodevelopmental alterations in patients with severe idiopathic ASD using patient- 

and related control-derived telencephalic organoids. They observed an accelerated cell cycle 

and synaptic growth in patient-derived organoids along with overexpression of GABAergic 

neurons [46]. Periventricular hypertropia (PH) is another neurodevelopmental disorder 

where the neurons fail to migrate to their proper position during cortical development from 

the ventricular zone to the cerebral cortex and form clusters around ventricles, leading to 

recurrent seizures along with mild intellectual disability [19,47]. Klaus et al. analyzed 

cerebral organoids for PH, which were derived from the iPSCs of patients with mutated 

cadherin-receptor–ligand pair for DCHS1, FAT4 and isogenic knockout lines and suggested 

that an altered progenitor cell morphology and navigation system for neurons were the cause 

for PH. They demonstrated a changed morphology of neural progenitor cells resulted in a 

defect of the neuronal migration dynamics and cortical heterotopia that could be linked to 

Chhibber et al. Page 6

Drug Discov Today. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PH. They also showed that a small number of mutated neurons along with the dysregulated 

genes were linked to the axon guidance, neuronal migration and patterning using single-cell 

RNA-sequencing data [48].

Schizophrenia is a chronic major psychotic disorder associated with cognitive impairment 

[49]. Although the etiology of schizophrenia remains contentious, it is a multifactorial 

neurodevelopmental disorder influenced by genetic and environmental factors that have been 

studied using in vitro or in utero cerebral tissue to overcome the shortcoming of existing 

animal models and improve disease understanding [50]. Stachowiak and colleagues modeled 

the first trimester of in utero brain development using cerebral organoids derived from 

control and schizophrenia patients. They studied the early stages of telencephalic 

development and observed abnormal dispersion of neural progenitor cells from the 

ventricular to cortical zones. They also observed that altered fibroblast growth factor 

receptor (FGFR)1 signaling pathways led to the progression of cortical malformation in 

schizophrenia [51]. Further, to understand the role disrupted in schizophrenia 1 (DISC1) and 

nuclear distribution element-like 1 (Ndel1) – key scaffolding proteins that regulate many 

distinct signaling pathways in cortical and hippocampal neurodevelopment – in vitro, Ye et 
al. developed schizophrenia patient-derived forebrain organoids with a DISC1 mutation and 

explored its role in the development of psychiatric disorders. They have observed that 

DISC1 mutation disrupted its interaction with Ndel1 and also showed the potential 

mechanistic understanding of how DISC1 mutation with its C-terminal deletion can affect 

neural developmental processes and how genetic insults can contribute to psychiatric 

disorders [52].

Alzheimer’s disease (AD) is a progressive disease that worsens gradually and is the most 

common cause of dementia. Despite the development of many animal and in vitro models 

for AD, there is a lack of an experimental approach that fully recapitulates essential aspects 

of the disease in human cells. Recently, Gonzalez et al. modeled AD using the organoids 

produced from iPSCs derived from patients affected by familial AD and have shown that 

organoids showed all the pathological hallmarks of AD (including accumulation of amyloid 

plaques and neurofibrillary tangles) [53]. Padmanabhan et al. explored a similar approach to 

model age-related neurodegeneration for studying the AD-like pathology in an age-

dependent manner using neural organoids. They also reported that treatment with β- and γ-

secretase inhibitors on these organoids reduced the amyloid and tau levels [54]. Park and 

colleagues developed the 3D co-culture model of a brain cell (e.g., neurons, astrocytes and 

microglia) in a 3D microfluidic pattern to model AD. In another study, this group developed 

3D neurospheroids using the microfluidic chip for inducing a constant flow of fluid to 

closely recapitulate the in vivo brain microenvironment. These researchers studied the 

effects of amyloid-β (control vs treatment channel containing neurospheroids) using a 

parallel channel chip configuration for AD progression [55,56]. Pavoni et al. studied 

amyloid-β level fluctuations associated with AD using neuroectodermal organoids and 

demonstrated that these organoids displayed an increased Aβ42:Aβ40 ratio, after chemical 

induction with Aftin-5 (an Aβ42 inducer), which is similar to AD patient etiology and can 

be helpful to model the AD-associated phenotypes [57]. Further, to explore the potential of 

the CRISPR/Cas9 genome-editing technique, Seo et al. generated cerebral organoids using 

reprogrammed iPSC lines of a frontotemporal dementia patient to study AD. They have 
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shown that tau phosphorylation could be reduced with blockage of p25 and an increase in 

expression of synaptophysin can be increased using CRISPR gene-editing technology 

[56,58]. Thus, the above-mentioned investigation showed that the cerebral organoid 

technology could be applied to study healthy and diseased populations or could be explored 

to provide the mechanistic insight of the diverse neurodegenerative disorder pathologies at 

more-physiological levels, which is not possible with the pre-existing animal models and 

offers a new platform for discovery of novel targets and screening of drugs for therapeutic 

intervention. Furthermore, this technology could be extended to produce relevant models for 

other neurodegenerative diseases.

Genetic neurodevelopmental disease modeling

Down syndrome (also known as human trisomy 21) is a genetic neurodevelopmental 

disorder that occurs owing to a partial or full extra copy of chromosome 21, leading to 

intellectual disability and physical features [59]. Xu et al. demonstrated the overproduction 

of OLIG2+ forebrain neural progenitor in iPSCs derived from a down syndrome patient’s 

cerebral organoids. There was also excessive production of GABAergic interneurons 

observed in these organoids, along with memory impairment in chimeric mice [60].

Lissencephaly is another rare gene-linked neurological disorder caused by heterozygous 

deletion of chromosome 17p13.3, characterized by the absence of cortical folding with 

Miller–Dieker syndrome being its most severe form [18,21,26]. Bershteyn et al. analyzed the 

mutations associated with lissencephaly on biological processes and cell types using cerebral 

organoids to comprehend the first trimester of cortical development. They revealed cell-type-

specific defects over various stages of neuroepithelial cell expansion and migration of 

neurons during cortical development, which could be linked to lissencephaly [61]. In another 

study, Iefremova and colleagues also developed forebrain organoids to study the MDS-

associated changes. They observed a reduced expansion rate along with switching of cell 

division from symmetric to asymmetric for ventricular radial glial cells [62].

Rett syndrome is a rare postnatal neurodevelopmental disorder caused by X-linked 

mutations on methyl-CpG-binding protein 2 (MECP2) gene, mostly affecting females [63]. 

Mellios et al. investigated the functions of MeCP2 on prenatal brain development using 

control and MeCP2-deficient cerebral organoids. They observed significant alterations in 

neuronal development, neurogenesis and neuronal migration. They also hypothesized a 

novel miRNA-mediated molecular cascade downstream of MeCP2 based on two miRNAs, 

miR-199 and miR-214, which were found to be increased during early brain development 

[64].

Timothy syndrome is also a rare genetic disorder caused by a missense mutation in the L-

type calcium channel which is linked with developmental delay and autism and can affect 

the heart, digits (fingers and toes) and the nervous system [65]. Birey et al. developed human 

forebrain spheroids, which had functionally integrated glutamatergic and GABAergic 

neurons to study Timothy syndrome. They demonstrated interneuron migration in organoids 

developed from patient-derived cells, where they moved more frequently and less efficiently 

leading to abnormal cortical development [66].
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Modeling of prenatal alcohol and drug abuse as well as nicotine exposure

It is known that alcohol-related neurodevelopmental disorder (ARND) and alcohol-related 

birth defects (ARBD) are very common in the prenatal alcohol-exposed fetus (known as 

fetal alcohol spectrum disorders; FASD) [67]. Zhu et al. explored the 3D brain organoid 

model to examine the underlying mechanisms for neural dysfunctions in prenatal alcohol 

exposure. They observed the attenuated neurite outgrowth and skewed neural maturation in 

the ethanol-exposed brain organoids along with alteration in genes (GSX2, RSPO2) and 

various pathways (Hippo signaling pathway) important for the development of the healthy 

brain (i.e., neuronal differentiation, brain regionalization or cortical organization) [68].

Prenatal cocaine exposure leads to neurological and behavioral changes along with impaired 

attention in the infants. It also leads to premature birth, reduced bodyweight and increased 

seizure risk [69]. Lee et al. explored the 3D neocortical organoids to study the effect of 

cocaine exposure on neurodevelopment and showed an increase in reactive oxygen species, 

interruption in the development of neural tissue and induction of premature neuronal 

differentiation [67]. Another study by Wang et al. used the organoid-on-a-chip system to 

model neurodevelopmental disorders under early stages of prenatal nicotine exposure. The 

organoids were developed by the self-organized controlled approach under continuous 

perfused cultures. The study revealed that nicotine exposure leads to premature neuronal 

differentiation, expression of neuronal marker TUJ1 and disruption in cortical and brain 

regionalization development. Their data suggested that prenatal nicotine exposure leads to 

impaired neurogenesis and human brain organoids provided a platform for investigating 

effects of abused substances or alcohol on CNS development [70].

Modeling of brain tumor

Despite a lot of research, brain tumors are still is one of the deadliest forms of cancer with 

metastatic brain tumors affecting almost 150 000 people a year, which nearly accounts for 

one in four people detected with cancer in the USA (according to the American Association 

of Neurological Surgeons; AANS) [71]. It is very difficult to generate a robust brain tumor 

model and another challenge is the cellular and genetic heterogeneity or transcriptional 

heterogeneity within or between the tumor models. Owing to the unique human cerebral 

microenvironment, 3D cerebral organoids have been explored to study tumor biology and to 

overcome the challenges and limitations posed by the current preclinical mouse cancer 

models. The brain tumor glioblastoma multiforme (GBM) is considered a dreadful form of 

cancer, which needs to be further studied in detail to determine the factors leading to its 

cause. Linkous et al. developed a cerebral organoid glioma (GLICO) model system for high-

throughput drug screening and to overcome the limitations of the present preclinical model 

systems for GBM by retro-engineering patient-specific GBMs using patient-derived glioma 

stem cells (GSCs) or cerebral organoids derived from hESCs. They demonstrated that the 

GSCs from the tumor in the cerebral organoid closely resemble the patient’s GBMs, by 

deeply invading and proliferating within the host tissue with the support of invasion by the 

interconnected network of tumor microtubles [72]. In another study, Bian et al. recapitulated 

tumorigenesis in the brain by introducing oncogenic mutations via transposon (DNA 

sequence that can change its position within a genomek) and CRISPR/Cas9-mediated 

mutagenesis in a 3D in vitro model referred to as neoCOR (neoplastic cerebral organoid). 
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They also reported that neoCOR could serve as a suitable model for preclinical 

investigations for studying the tumor biology owing to the presence of the tumor and normal 

cell populations within the same culture. This model is very useful for examining the 

interactions between transformed and nontransformed cells or for drug screening (i.e., 

analysis of antitumor effects in the same system along with a biosafety test) [73]. da Silva et 
al. also established hybrid organoids using human GBM spheroids, which could infiltrate 

into early-stage cerebral organoids. This model could serve as a basis for modeling and 

quantification of GBM infiltration and be used for identification of anti-GBM invasion 

strategies. Their investigation showed that these organoids had an invasive tumor phenotype, 

which was distinct from noncancerous (adult neural progenitor derived spheroid) in the 

cerebral organoid [74]. Ogawa and colleagues developed cerebral organoids with genetic 

modification using CRISPR/Cas9 technology, which showed invasive features within the 

organoids and were transplanted into immunodeficient mice. These mice exhibited an 

invasive phenotype along with disease pathology [75]. Thus, all these studies showed that 

the cerebral organoid model is an innovative tool to study brain tumor biology similar to the 

human brain environment ex vivo and could serve as a high-throughput platform for drug 

screening.

Ethical concerns and current challenges of CNS organoid development

The brain organoid has emerged as a powerful tool for studying human brain development 

but it has also raised ethical concerns and sociolegal concerns [76,77]. The major concerns 

relating to organoid generation relate to their potential to become sentient by attaining 

sensory inputs or the cultivation of cognitive processes owing to their human origin and their 

ability to recapitulate the human brain [76]. Another concern is the generation of human–

animal chimeras following the transplantation in the animals, which has been an ongoing 

topic for discussion for a long time. For example, studies from Mansour et al. have presented 

evidence of anatomic integration generating mature and functional brain tissues after 

transplantation of brain organoids into an adult mouse [78]. In the case of brain organoids, 

the major points for discussion include which animals can be subjected to transplantation 

(which also involves sociolegal concerns), to what level can the animal’s brain be enhanced 

and the societal place for the developed chimeras including research protection as a result of 

enhanced brain function [76,79]. Classical ethical issues pertaining to stem cell use 

including the type of donor consent, storage and feedback to the patient on the relevant 

clinical findings remain to be discussed [76].

Along with the diverse advantages, organoids still possess several limitations, which include 

the absence of all physiological neural cell types (especially microglia), crosstalk with other 

tissues in the developing embryo, organoid-to-organoid variability and lack of 

reproducibility. The major limitation with organoids is lack of vascularization, which is 

mainly the result of lack of nutrient supply. Organoids only grow up to a few millimeters in 

diameter. Lack of vasculature leads to inadequate diffusion through the dense tissues, which 

leads to necrosis at the organoid core and limits the viable thickness [20,80]. However, 

recently, many groups have tried to overcome this by using various approaches. Lancaster et 
al. used spinning bioreactors to improve nutrient exchange [10] and Park and colleagues 

overcame the issue by inducing the expression of hETV2 (a gene associated with the 

Chhibber et al. Page 10

Drug Discov Today. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



formation of vasculature in the developing embryo) within hESC-derived organoids. 

Notably, the presence of vasculature-like structures led to improved functional maturation of 

the organoids [81]. In another study, Giandomenico et al. demonstrated that improving 

oxygen supply by generating the air–liquid interface in cerebral organoids can lead to better 

neuronal survival and generation of active neuronal networks [82]. Alternatively, it was also 

shown that implanting the brain organoids into an adult mouse brain can lead to 

vascularization in vivo and organoids able to show functional neuronal networks, synaptic 

connectivity and blood vessels in the graft [78].

Another issue with current cerebral or other body type organoids is the high variability in 

developing organoids. Upon examining the organoids at various stages of development, 

inconsistent neural induction, or neural ectoderm formation, was observed. It has also been 

hypothesized that this variability can be linked to the low surface-area:volume ratio during 

organoid development. For improving tissue architecture and increasing the reproducibility, 

various groups have developed novel strategies, for example Lancaster and colleagues have 

generated microfilament-engineered cerebral organoids consisting of poly(lactide-co-

glycolide) (PLGA) fiber microfilaments to generate elongated embryoid bodies, which 

showed improved cortical development and increased neuroectoderm formation [83]. It was 

assumed that cerebral organoids mainly consisted of differentiated cells from 

neuroectodermal lineages (which included neurons, oligodendrocytes and astrocytes) and 

lacked cells derived from other lineages such as microglia [84,85]. However, Ormel et al. 
demonstrated that microglia were also innately developed within a cerebral organoid [86].

Concluding remarks and future perspectives

Development of brain organoids has revolutionized the study of human brain evolution, 

disease and development. The use of patient-specific iPSCs or genetically modified cells has 

helped in exploring diseases that could previously not be modeled, or the mechanisms that 

were not clear, and has also helped in developing potential therapeutic strategies. Current 

brain organoid protocols only model neurological defects during the early stages of fetal 

development. However, organoids that could model aging neurons might provide an insight 

into neurological diseases like AD and Parkinson’s disease, which have a late onset. Using 

brain organoids for testing drug efficacy and toxicity would help in screening for safe and 

effective treatment options and reduce the number of animals required for the development 

of CNS therapeutics. During the early stages of screening, the drugs showing toxic or 

undesirable effects could be removed. Cerebral organoids can also provide an opportunity 

for exploring the possibility of repurposing the already existing drugs. The use of a patient’s 

own cells can derive organoids to provide new prospects for drug testing and genetic 

screening to aid in identifying the target drugs or their combination for precision therapy 

[87]. These individual-derived organoids provide opportunities to develop patient-specific 

therapeutic strategies, which can be employed to test efficacy or resolve issues associated 

with the proposed therapy and provide the most suitable treatment options for the patient. 

Genetic modification using genetic-engineering techniques helps in exploring the mutations, 

analyzing cellular phenotypes and repairing the risk alleles from the target gene to develop 

effective therapeutic strategies [88].
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Highlights

• 3D CNS organoids share architecture and functions resembling the human 

brain

• Recapitulating key features of the early-stage brain under a controlled 

microenvironment

• Modeling tool to study CNS drug development, toxicity and personalized 

screening

• Mimicking the human brain physiology to study unique neurodevelopmental 

disorders
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Figure 1. 
Schematic of cerebral organoid development. Organoids developed from the embryoid 

bodies using induced pluripotent stem cell (iPSC)-derived cells that were grown in neural 

induction medium to generate neuroectoderm that were embedded in Matrigel® and allowed 

to grow in a spinning bioreactor or orbital shaker for better diffusion to obtain the 3D 

cerebral organoids. On exposure to retinoic acid, cerebral organoids self-organize through 

self-patterning mechanisms to display diverse populations of neural progenitors including 

radial glia, which expand forming cerebral structures [24].
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Figure 2. 
Approaches for developing organoids. (a) Unguided approach. Organoids can be developed 

by relying on the self-organizing properties of the stem-cell aggregates producing cerebral or 

whole organoids. The resulting cerebral organoids often contain heterogeneous tissues 

resembling various brain regions. (b) Guided approach. Organoids can be differentiated into 

brain-region-specific organoids by guided differentiation in the presence of external 

patterning factors. Two or more guided brain organoids can also be fused together to model 

the interaction between different brain regions.
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Figure 3. 
Compilation of different methods used for developing different brain regions in central 

nervous system (CNS) organoids. The illustration represents the different modeling methods 

established to produce region specific CNS organoids. Reproduced, with permission, from 

[89].
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Figure 4. 
Modern applications of cerebral organoids. (a) Interspecies evolution. Organoids have 

provided much opportunity to study human brain evolution in comparison with other species 

such as apes, where very limited brain models are available. (b) Congenital brain 

deformation. They have also provided a unique opportunity to model disorders with cerebral 

malformations such as microcephaly caused by infectious diseases or genetic alterations. (c) 
Neurodegenerative disease. The current organoid model only recapitulates fetal brain, 

various groups have also used them to model neurodegenerative disorders like Alzheimer’s 

disease and schizophrenia. (d) Gene editing. Researchers have developed organoids from 

reprogrammed induced pluripotent stem cells (iPSCs) using genome-editing techniques such 

as CRISPR/Cas9 to model neurodegenerative disorders, disorders with genetic defect or to 

study brain tumors by inducing mutations. (e) Drug compound screening. Organoids have 

also been used for high-throughput drug screening to carry out drug efficacy and toxicity 

studies to evaluate drug exposure defects on fetal brain. (f) Disease pathology. Organoids 
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have also been used to study infectious diseases such as Zika virus and its associated fetal 

brain defects.
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Table 1.

Current application of cerebral organoids for the disease modeling and drug toxicity screening

Disease state Brain region Organoid type Cell line Refs

Autosomal recessive 
primary microcephaly 
(MCPH)

Whole brain Cerebral organoid Single human induced pluripotent stem cell (iPSC) line 
(H9) and mouse A9 embryonic stem (ES) cells

[10]

MCPH Whole brain Cerebral organoids WDR62-deficient iPSC and ES cells [37]

Zika virus Whole brain Cerebral organoids Two independent human iPSC lines [39]

Zika virus Hypothalamus Hypothalamic 
organoids

Multiple iPSC lines [5]

Zika virus Forebrain Forebrain organoids Multiple iPSC lines [5]

Zika virus Midbrain Midbrain organoid Multiple iPSC lines [5]

Zika virus Forebrain Forebrain-specific 
organoids

Human iPSC line [42]

Schizophrenia Whole brain Cerebral organoids Two HESC and seven iPSC lines derived from different 
control individuals and from individuals diagnosed with 
schizophrenia at different ages

[51]

Alzheimer’s disease Whole brain Cerebral organoids Five iPSC lines derived from control individual and from 
individuals diagnosed with Alzheimer’s disease, Down 
syndrome and Creutzfeldt–Jakob disease

[53]

Alzheimer’s disease (AD) 
and frontotemporal 
dementia (FTD)

Whole brain Cerebral organoids FTD patient (tau P301L carrier) and related healthy 
individual

[58]

AD Whole brain Cerebral organoids Six iPSC lines derived from control individual and from 
individuals diagnosed with familial AD of which two 
carried duplications in the gene for amyloid precursor 
protein

[54]

Glioblastoma Whole brain Cerebral organoids Single ES cell line (H9) [75]

Glioblastoma Whole brain Cerebral organoids Two hESCs (H1 and H9) and single iPSC (H6) [72]

Prenatal cocaine exposure Neocortex Neocortical organoid Six hPSC lines including H1, H9, H14, CT2, NIH-i5 and 
NIH-i7

[67]

Neonatal hypoxic stress Whole brain Cerebral organoids Single hES cell line (H9) [90]

Down syndrome Forebrain Ventral forebrain 
organoids

Six hiPSC lines including three from control and three 
derived from Down syndrome patient

[60]

Miller–Dieker syndrome 
(MDS)

Forebrain Forebrain organoids Two control and two MDS-patient-derived skin fibroblasts [62]
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