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Abstract 

A brain organoid is a self-organizing three-dimensional tissue derived from human embryonic stem cells or pluripo-
tent stem cells and is able to simulate the architecture and functionality of the human brain. Brain organoid genera-
tion methods are abundant and continue to improve, and now, an in vivo vascularized brain organoid has been 
encouragingly reported. The combination of brain organoids with immune-staining and single-cell sequencing 
technology facilitates our understanding of brain organoids, including the structural organization and the diversity 
of cell types. Recent publications have reported that brain organoids can mimic the dynamic spatiotemporal process 
of early brain development, model various human brain disorders, and serve as an effective preclinical platform to 
test and guide personalized treatment. In this review, we introduce the current state of brain organoid differentia-
tion strategies, summarize current progress and applications in the medical domain, and discuss the challenges and 
prospects of this promising technology.
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Background
Determining the mystery of human brain development 
and neurological disorders has consistently been a fas-
cinating challenge in medical research for hundreds of 
years. The scientific communities have been making 
enormous efforts on this issue, and various in  vivo and 
in vitro models, such as cellular and animal models, have 
been established for medical research and have substan-
tially improved our understanding of the physiological 
and pathological processes in the human brain [1, 2]. 
Nevertheless, some preclinical findings acquired from 
those models failed to be translated into clinical prac-
tice successfully, partially due to differences in the sub-
tle structure and cellular composition across species 
existing between the brains of humans and those mod-
els [3]. Additionally, although the human brain is an ideal 

subject for studying neuropathology, the relative inacces-
sibility for research purposes and the difficulties in culti-
vation and manipulation limit its application.

Therefore, a new model that can better recapitulate the 
characteristics of the human brain is urgently needed. 
In recent decades, the tremendous potential of human 
PSCs to self-renew indefinitely and to differentiate in 
multiple directions has attracted great attention in the 
field of biological research and medical applications [4, 
5]. Publications have reported the availability of human 
PSCs in studying molecular mechanisms and therapeu-
tic approaches for neurodegenerative diseases such as 
Alzheimer’s disease and the practice of human PSCs in 
regenerative medicine for the traumatic injuries of the 
central nervous system [6, 7]. Furthermore, stem cell 
technology has progressed and focuses on the complete 
set of cell types of organs rather than merely pure popu-
lations of cell types, and a new remarkable model named 
brain organoids derived from human PSCs has been con-
structed and proven to be promising for biological and 
medical research.
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In this review, we summarize the existing generation 
methods, tissue structure, and functional neuronal activi-
ties of brain organoids. In addition, we introduce the 
current state of brain organoid applications in exploring 
human brain development, modeling neurological dis-
orders, and drug screening. Additionally, we also discuss 
the challenges and prospects of this promising technol-
ogy in the future. This review is beneficial for our under-
standing and utilization of this model.

Definition and history of organoid technology
An organoid is a self-organized 3D tissue with a collec-
tion of stem and organ-specific cell types derived from 
stem cells or organ progenitors to simulate the archi-
tecture and functionality of the native organ to some 
extent. Cell sorting and spatially restricted lineage com-
mitment have proven to be foundational processes of 
organoid self-organization. Three features character-
ize an organoid: containing multiple organ-specific cell 
types, recapitulating some specific function, and spatial 
organization similar to a human organ [8]. As a novel 
in vitro model, organoids hold multiple advantages over 
traditional two-dimensional (2D) cell cultures and animal 
models. Compared with 2D cell cultures, organoids pro-
vide physiologic conditions closer to the human organ-
ism and support cell–cell and cell–matrix interactions. 
Although both animal models and organoids are available 
for manipulation with genome editing technology and 
are equipped with the capability to provide a physiologic 
environment, organoids can be extensively expanded in 
culture and maintain genomic stability, making them 
suitable for high-throughput screening and building 
biobank. More importantly, there are differences in the 
structure between human and mouse brains; for example, 
(1) the inner fiber layer (IFL) and outer subventricular 
zone (OSVZ) in the human brain are absent in the mouse 
brain [9]; (2) the human cortex is expanded relative to the 
mouse with a > 1000-fold increase in the area and num-
ber of neurons [10]; and (3) some cell types, such as inter-
laminar astrocytes [11], and rosehip neurons [12], have 
specialized features in humans compared to mice. These 
differences are some of the reasons for the failures with 
the use of mice in preclinical studies of effective drug 
screening and the misunderstanding of human neurolog-
ical disorders [10].

In 1907, Wilson demonstrated the potential of dissoci-
ated sponge cells to self-organize to regenerate a whole 
organism, which is the earliest observation of the phe-
nomenon of reassembly of cleaved tissue [13]. In 1981, 
mouse pluripotent stem cells were isolated from early 
mouse embryos, and then human embryonic stem cells 
were isolated from human blastocysts in 1998, which laid 
the foundation for the emergence and development of 

organoid technology [14, 15]. A groundbreaking discov-
ery in the organoid field occurred in 2009, Clevers et al. 
generated gut organoids from adult intestinal stem cells 
upon 3D culture in Matrigel, which was the first time that 
the organoid had actually been constructed in history 
[16]. Since then, the field of organoids has been develop-
ing rapidly, and more other organoids have been gener-
ated and cultured, including the lung [17], kidney [18], 
prostate [19], and brain [9].

Generation of the brain organoid
Based on stem cell technology and the principles of cell 
self-organization, brain organoids, in  vitro 3D culture 
systems resembling human brains, have been generated 
and sequentially improved. The earliest undertaking 
in achieving the generation of a brain organoid called a 
cerebral organoid was reported by Lancaster et  al. in 
2013. The method began with the generation of embry-
oid bodies (EBs) from PSCs or ESCs. Every EB contains 
three germ layers, including the endoderm, mesoderm, 
and ectoderm. Since that neural tissue develops from the 
ectoderm in the human body, EBs were placed in neu-
ral induction media to induce neuroectoderm forma-
tion [20]. Then, the differentiated EBs were embedded in 
droplets of Matrigel, which provided a scaffold support 
for the growth of complex organoid structures. After 
that, cultured tissues began to form clearly expanded 
neuroepithelial buds containing fluid-filled cavities 
reminiscent of brain ventricles. Finally, the embedded 
organoids were transferred into a spinning bioreactor 
to enhance oxygen and nutrient absorption for further 
maturation and preservation (Fig. 1). Cerebral organoids 
began to exhibit neuronal differentiation after 1 month of 
culture. Over the next 1 to 2 months, the cerebral tissue 
gradually expanded and thickened to form different brain 
regions, including the forebrain, choroid plexus, hip-
pocampus, ventral forebrain, and retina. The organized 
apical progenitor zone was surrounded by basally located 
neurons in a large continuous cortical tissue within an 
organoid, as evidenced by immunofluorescence staining 
for neurons (TUJ1) and progenitors (SOX2) [21]. Outer 
radial glial cells and inner radial glial cells are located in 
and undergo mitosis while residing outside and inside 
the ventricular zone, respectively. The growth of cerebral 
organoid tissues generated with this method stopped 
by 2  months and steadily diminished in size after 5 or 
6  months, but these organoids could be maintained for 
up to 1 year in the spinning bioreactor [21].

Recently, the development of 3D culture systems has 
led to the production of brain organoids similar to differ-
ent regions of the human brain [22–24]. Jo et al. reported 
a method for the generation of human midbrain-like 
organoids (hMLOs) by culturing hPSCs in media with 
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the addition of sonic hedgehog (SHH) and FGF8 (two 
factors that have been confirmed to promote stem cell 
differentiation toward a mesencephalic fate identity) [24]. 
Approximately 80% of the cells in 35-day-old hMLOs 
proved OTX2+ (marker of the midbrain) and 35% within 

neuroepithelia were double positive for EdU (marker of 
cell proliferation) and OTX2, revealing the identity of 
midbrain progenitors located in these organoids. The 
midbrain dopaminergic neuroprogenitor marker FOXA2 
was detected in 4-day-old hMLOs. Interestingly, the 

Fig. 1  Schematic of the generation and applications of brain organoids. ESCs from human embryonic tissues and PSCs from adult tissues first 
divide and aggregate into EBs, are placed in neural induction media to induce neuroectoderm formation, and are subsequently transferred into 
Matrigel droplets to expand the neuroepithelium. The cultures during this period are early brain organoids. Last, these tissues will be cultured in 
the spinning bioreactor to enhance nutrient absorption for further maturation and preservation. Brian organoids can be used to recapitulate the 
process of human brain development and to investigate the factors affecting neurogenesis. Brain organoid technology can be exploited to model 
a variety of human neurological disorders, such as tumors and microcephaly, to explore the pathogenic mechanism and identify an effective 
treatment for patients
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expression of FOXA2 was restricted to specific regions of 
neuroepithelia on the 14th day of cultivation, and these 
FOXA2-expressing cells began to migrate to the mantle 
zone (MZ), where tyrosine hydroxylase, the rate limiting 
enzyme for dopamine synthesis and a marker of mature 
midbrain dopaminergic neurons, was expressed. These 
facts demonstrated that hMLOs reproduced the time-
dependent differentiation of dopaminergic neurons in 
the midbrain, similar to the process of early development 
in human midbrains. In addition to the midbrain, the 
addition of WNT3A, SHH, and purmorphamine to the 
culture media contributed to the differentiation of iPSCs 
to the hypothalamic lineage, generating hypothalamic 
organoids [23]. The markers that are expressed during 
early human hypothalamus development, such as, RAX1, 
SOX2, and NESTIN, were positive in most cells of 8-day-
old hypothalamic organoids. The cerebellar organoid was 
also generated by culturing human ESCs with sequential 
addition of growth factors in Muguruma et al.’s work [9].

Some researchers have tried to combine these inde-
pendent brain regional organoids to explore the mecha-
nism and complex processes of brain development and 
neurological disorders [25–27]. Bagley et  al. cultured 
ventral and dorsal embryoid bodies (EBs) together within 
a single Matrigel droplet, generating a dorsal–ventral 
axis in the fusing ventral and dorsal cerebral forebrain 
organoid [25]. Cells positive for γ-aminobutyric acid 
(GABA)ergic markers (GAD1/VGAT) migrate from 
the ventral to the dorsal region in fused forebrain orga-
noids and exhibit a ventral forebrain-derived interneu-
ron identity supported by the lack of RELN expression, 
recapitulating the process of interneuron migration from 
the ventral to dorsal regions in the human forebrain [25]. 
Similarly, Xiang et al. cocultured medial ganglionic emi-
nence (MGE) and cortical organoids, generating fused 
MGE-cortical organoids (hfMCOs) [26]. Single-cell RNA 
sequencing and ATAC-seq revealed the great capacity 
of these hfMCOs to recapitulate fetal brain organization 
and transcriptomes. The process of human interneuron 
migration between MGE and cortical neurons can be 
reproduced in these fused organoids, providing deeper 
insight into the molecular dynamics in the develop-
ment of the human brain [26]. Xiang et al. modeled axon 
projections between the human thalamus and cortex in 
fused thalamic and cortical organoids [27]. Collectively, 
brain regional organoids can be harnessed in recapitulat-
ing the structure and function interaction between spe-
cific areas of human brains, exhibiting great potential in 
revolutionizing the study of human brain development, 
neural function pathway exploration, and central neuro-
logical disorders.

However, the cost and the required volume of incuba-
tor space of the Lancaster et  al. spinning bioreactor are 

relatively high, which limits its widespread use. Qian 
et  al. developed a miniaturized spinning bioreactor 
named Spin Ω, which matched the standard of a 12-well 
tissue culture plate and achieved a reduction in culture 
solution consumption. Furthermore, they treated human 
iPSCs with region-specific patterning factors in the 
medium and managed to generate brain-region-specific 
organoids, including the forebrain, midbrain, and hypo-
thalamic organoids [23]. Nevertheless, a visible defect of 
these models is the lack of vascularization, restricting the 
delivery of sufficient oxygen and nutrition to the internal 
organoids. In terms of this issue, Mansour et  al. trans-
planted human brain organoids onto the cortex of the 
adult mouse brain and induced impressive outgrowth of 
blood vessels into the organoid tissue. Vascularized brain 
organoids exhibit better neuronal survival and matura-
tion [28].

In addition, Cakir et al. managed to generate a complex 
vascular-like network in human brain organoids [29]. It 
has been reported that the expression of ETS variant 2 
(ETV2) can directly reprogram human postnatal cells to 
functional, mature ECs after an intervening transgene-
free period [30]. Cakir et al. demonstrated that the over-
expression of ETV2 can induce the transformation from 
human dermal fibroblasts to endothelial cells [29]. There-
fore, they generated a special organoid comprising 20% 
human ETS variant 2 (ETV2)-infected hESCs and 80% 
untreated hESCs. Then, the infected cells were induced 
to express ETV2 on the 18th day of culture, and these 
ETV2-expressing hESCs in cortex organoids differenti-
ated into endothelial cells and then contributed to form-
ing a functional vascular-like network [29]. Functional 
vessels are beneficial to the growth of organoids, acceler-
ate the maturation of cortical neurons and promote the 
emergence of several blood–brain barrier characteristics, 
including an increase in the expression of tight junctions 
and transendothelial electrical resistance [29]. Therefore, 
vascularized brain organoids reflect the physiology of the 
human brain more accurately and present a robust model 
to study advanced brain functions in vitro. It is fascinat-
ing and worthwhile to investigate the developmental 
duration and maximum maturity of vascularized brain 
organoids in the future.

The composition of brain organoid
Currently, increasing emerging technologies such as 
single-cell sequencing have been widely applied in medi-
cal research [31]. Taking advantage of them to study 
brain organoids will help us to explore these models 
more deeply and achieve a better understanding of their 
practicality [32]. After 1  month of culture, cerebral tis-
sues in organoids expanded and showed early brain 
regionalization, including the forebrain, choroid plexus, 
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hippocampus and retinal zones [21]. Quadrato et  al. 
probed the composition of the cell and tissue structure of 
typical brain organoids generated by the modified proto-
col published by Lancaster et al. [33]. Over 80,000 indi-
vidual cells isolated from 31 human brain organoids at 
3 and 6 months were molecularly profiled with droplet-
based single-cell mRNA sequencing (Drop-seq). Clus-
tering all cells from the 6-month organoids identified 
six main transcriptionally distinct populations belong-
ing to the neuroectodermal lineage, such as astrocytes, 
progenitors, and neural retinas, which resembles the 
appropriate endogenous counterparts from the human 
fetal brain. Intriguingly, although some cell types can be 
found in both 6- and 3-month organoids, some presented 
only at 6  months including callosal projection neurons, 
Müller glial, and bipolar cells. Similarly, photoreceptor 
markers (CRX) and mature astrocyte markers (GFAP, 
AQP4, and AGT) were present only at 6 months. These 
results revealed that long-term culture enables the con-
tinuous development of brain organoids to expand cel-
lular diversity and to promote neuronal maturation [33]. 
In addition, synapses and dendritic spines, structural 
traits of mature neurons, were also found in organoids at 
8 months, suggesting that the mature brain organoid can 
be used to investigate advanced nervous function. More 
interestingly, neuronal activity within organoids could be 
controlled by stimulating photosensitive cells with light, 
indicating that a brain organoid may be a valid object to 
probe the functionality of individual neuronal circuits 
[33].

The doubt regarding whether brain organoids can 
achieve a degree of reproducibility in cell composi-
tion between different organoid cultures that is similar 
to the processes in the human embryo has always been 
of interest to scientific researchers [34]. Recently, Silvia 
Velasco et  al. quantify cellular composition across indi-
vidual organoids, promoting our understanding of the 
reproducibility of different brain organoid models [35]. 
They generated nine individual organoids by cultur-
ing HUES66 and PGP1, two separated stem cell lines, 
in the same spinner-flask bioreactors over a duration of 
3  months. The organoids derived from HUES66 stem 
cells were developed in one batch, and the organoids 
from PGP1 stem cells were divided into two independ-
ent batches in time. They performed high-throughput 
scRNA-seq analysis on a total of 78,379 cells from nine 
individual organoids (three organoids from PGP1 of 
batch 1; three organoids from PGP1 of batch 2; and 
three organoids from HUES66) and defined 11 main 
transcriptionally distinct cell types. Cocluster analysis 
of transcriptional signatures for cell types revealed that 
the cell composition of these nine brain organoids is 
highly reproduced across different stem cell sources and 

generation batches. In addition, immunohistochemis-
try results showed equal high consistent expression of 
cell type-specific markers, including MAP2 (neuronal), 
EMX1 (dorsal forebrain progenitor), SOX2 (radial glia), 
and Ki67 (proliferation) [35]. These facts indicated that 
human brain organoids could not only mimic the diverse 
cell types of developing human brains but also show good 
consistency in reproducing cell composition across indi-
vidual organoids and experiments. Furthermore, Gior-
gia Quadrato et  al. quantified the degree of variability 
between brain organoids across cultures from differ-
ent bioreactors [33]. Most of the 6-month-old cerebral 
organoids cultured in the No.4 bioreactor were less dif-
ferentiated and contained a large number of progenitor 
cells, but the same-aged and same-iPSC-derived orga-
noids cultured in the other three bioreactors had much 
higher proportions of differentiated cells. Ten transcrip-
tionally distinct populations were defined by clustering 
all cells from 6-month organoids with single-cell mRNA 
sequencing profiles. Most cell clusters were consistently 
present in all organoids developed in four different bio-
reactors, but one cell cluster (including radial glial cells, 
interneurons, intermediate progenitors, callosal neurons 
and corticofugal neurons) was only significantly enriched 
in the organoids developed in the NO. 3 bioreactor and 
exhibited low levels in organoids generated in the other 
three bioreactors [33]. These results suggest that the 
organoid growth environment plays a key role in the vari-
ability of cell composition among different organoid cul-
tures. The availability of brain organoids has opened up 
an avenue in modeling a variety of neural disorders and 
provided a wealth of opportunities for screening effec-
tive drugs. For example, several different kinds of GBM 
models derived from different kinds of brain organoids 
show great results in screening antitumor drugs [36, 37]. 
However, in view of the organoid-to-organoid variability, 
the results of testing drug efficacy with diverse organoids 
may be different. Therefore, to ensure that the drugs 
screened by organoids can be transformed into effective 
clinical applications, it is necessary to further explore the 
influence of the variability between organoids on drug 
efficacy [38].

Applications of brain organoids
Brain organoids have been widely utilized across vari-
ous research disciplines and medical applications in the 
past few years, relying on the capacity to resemble physi-
ological tissue organization and to simulate brain func-
tion to some extent. These range from basic development 
research to personalized medicine, with research and 
data being widely presented. Here, we summarize the 
classic and latest brain organoid applications that refer to 
brain development, disorders, and drug screening.
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Exploring human brain development
Brain organoids have opened up a new avenue for inves-
tigating early human brain development. Tumor protein 
p53 (TP53), a well-known cancer suppressor gene, has 
been studied in carcinogenesis and cancer development, 
but its effect on human brain development is less under-
stood. Recently, Navarro et al. explored the role of TP53 
in human brain development with organoids [39]. Con-
trol short hairpin RNA (shCtrl) and short hairpin RNA 
against TP53 (shTP53) were transduced into human 
iPSCs, and then they were used to generate controls and 
TP53-knockdown (TP53KD) brain organoids, respec-
tively. After 30 days of culture, the immunohistochemis-
try results showed that the neural stem cell (NSC) layer 
was disorganized, and SOX2 + NSCs were distributed 
inside and outside the tubular region of TP53KD orga-
noids. In addition, the TBR1+ postmitotic neurons and 
TBR2+ intermediate progenitors were reduced signifi-
cantly in TP53KD organoids compared with controls. 
To probe whether the reduction in both neurons and 
progenitors was due to changes in the number of NSCs, 
Navarro et al. detected the proliferation and apoptosis of 
NSCs from TP53KD organoids and controls, and no sig-
nificant difference was found between them. Next, they 
investigated whether TP53 affected the cell cycle distri-
bution of cells in organoids. Indeed, an accumulation of 
cells in G1 phase and a reduction of cells in S phase were 
found in TP53KD organoids, revealing the negative effect 
of TP53KD on cell cycle and showing the vital function 
of TP53 in regulating proper human brain development.

Previous studies have reported that most G protein-
coupled receptors (GPCRs) can show activity even 
without ligand binding. This characteristic was termed 
receptor constitutive activity. Dopamine D1 receptor 
(DRD1), a typical GPCR, is copiously expressed in the 
human central nervous system [40]. Qinying Wang et al. 
probed the effect of dopamine D1 receptor (DRD1), a 
typical GPCR that is abundantly expressed in the human 
central nervous system, on the human brain develop-
ment process with brain organoids [41]. Given that the 
proliferation of NSCs affects the morphology of human 
brain organoids [42], Qinying Wang et  al. inhibited the 
constitutive receptor activity of DRD1 by treatment 
with inverse agonists or knockdown of the DRD1 gene 
in the organoid and found that DRD1 induced a signifi-
cant expansion and folding morphology appearance of 
the organoid [41]. Furthermore, the treatment of orga-
noids with PKC inhibitors lead the same consequences 
as above, demonstrating that the PKC-CBP pathway was 
involved in the regulation of normal brain development 
by DRD1 [41]. Taking advantage of brain organoids, a 
more detailed and abundant neural development process 
can be observed in vitro, including dynamic changes and 

distribution of nerve cells as well as the organization and 
morphology of brains. From this perspective, many genes 
or molecules whose functions have been studied in cell or 
animal experiments can be investigated deeply with brain 
organoids, which is a promising direction.

Modeling glioblastoma
Glioblastoma (GBM), the highest grade glioma (grade 
IV), is one of the most frequent malignant primary 
tumors in the central nervous system in adults [43]. 
Despite surgical resection followed by chemotherapy 
and radiotherapy, a patient’s median survival remains 
no more than 15 months after initial diagnosis [44]. Sev-
eral preclinical model systems for GBM research have 
been developed, including cancer cell lines [45], patient-
derived xenografts (PDXs) [46, 47], and genetically engi-
neered mouse models (GEMMs) [48]. Although these 
models have provided crucial insights into our under-
standing of the biological mechanisms underlying GBM 
pathogenesis, they fall short on account of their lengthy 
process, high costs, and lack of a physical environment 
similar to the human body (Table  1). Fortunately, the 
emergence of GBM organoid models provides research-
ers with an alternative tool to understand this aggressive 
brain tumor.

Genome-editing technology, such as the CRISPR/Cas9 
and Sleeping Beauty transposon system, has emerged as a 
powerful and reliable tool to elucidate gene function and 
to discover mechanisms of human diseases. The com-
bination of organoids and genome-editing techniques 
could promote human cancer research. Ogawa et  al. 
overexpressed the Ras oncogene and simultaneously 
disrupted the TP53 tumor suppressor with CRISPR/
Cas9 technology, successfully generating a genetically 
defined model of human GBM in 4-month-old cerebral 
organoids [49]. By analyzing the expression profiles of 
the tumor cells, organoid-derived tumors were proven 
to fall within the category of mesenchymal subtype 
GBMs. Sixteen weeks after model construction, the cer-
ebral organoid was composed of 86.8% tumor cells and 
showed marked buds that were never observed in healthy 
cerebral organoids, which was reminiscent of invasive 
edges in human GBM. Furthermore, patient-derived and 
organoid-derived tumor cells can spontaneously attach 
to and spread through intact organoids, which mim-
ics the invasive behavior of human GBM and suggests 
the possibility of testing the properties of human pri-
mary tumor explants in brain organoids. This technol-
ogy recapitulated the putative initiating genetic events 
and the natural history of tumor development of human 
GBM, processes that are ordinarily invisible in human 
patients. Additionally, Shan Bian et  al. combined Sleep-
ing Beauty transposon-mediated gene insertion and 
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CRISPR/Cas9-mediated gene mutagenesis technology 
to construct tumorigenic genes of brain tumors, includ-
ing 18 single-gene mutations or amplifications, as well as 
15 of the most common clinically relevant combinations 
observed in brain tumors, and then introduced them into 
EBs to generate neoplastic cerebral organoids [50]. Inter-
estingly, only four mutations worked in brain tumorigen-
esis after 1  month of culture, and three quarters of the 
mutation types contributed to GBM, which showed the 
capacity of cerebral organoids as a platform to test the 
tumorigenic capacity of different gene aberrations. The 
cell composition of organoid-derived tumors initiated 
with defined gene aberrations is homogeneous, which 
makes organoids suitable for studying the effects of spe-
cific genes on tumors. However, human GBM exhibits 
high inter- and intratumoral heterogeneity, and a model 
constructed using gene-editing technology cannot reca-
pitulate it well [51, 52].

GBM models constructed by combining patient tumor 
tissue with brain organoids can compensate for this. 
Silva et al. cocultured human GBM spheroids and mouse 
embryonic stem cell-derived early-stage cerebral orga-
noids and managed to model the process of GBM infiltra-
tion and invasion [53]. For the last few years, there has 
been much evidence that patient-derived glioma stem 
cells (GSCs) can well represent the phenotypic and physi-
ological characteristics of parental tumors [54]. Charac-
terized by the capacity for self-renewal and differentiation 
into multilineages, GSCs contribute to tumorigenesis, 
maintenance, and infiltration in vivo. It has been reported 
that the activity of GSCs is not completely autonomous 
in vivo, but rather considerably influenced by the interac-
tion with host cells as well as the support of the three-
dimensional extracellular matrix environment [55–57]. 
That, however, is what brain organoids can do. Based on 
this, Linkous et al. established a ‘‘GLICO’’ (cerebral orga-
noid glioma) model by coculturing patient-derived GSCs 

with human embryonic stem cell (hESC)-derived cer-
ebral organoids [36]. GFP-labeled GSCs were cocultured 
with individual, fully formed cerebral organoids for 24 h, 
and tumor-infiltrated organoids were monitored daily by 
immunofluorescence microscopy for evidence of tumor 
formation. The tumor take rate was 100% for GSC lines, 
and considerable tumor growth was detected 1  week 
after coculture. Subsequent neuropathological evaluation 
of tumor-bearing organoids revealed a hypercellular bulk 
tumor with an infiltrating edge of GSCs that invaded the 
normal tissue, thus recapitulating the tumor morphology 
observed in human patients with GBM [36]. In addition, 
tumor cells in GLICO derived from GSCs of different 
GBM patients exhibited different patterns of infiltration 
in the cerebral organoids. However, they highly copy the 
phenotypes of parental tumor samples, demonstrating 
that GLICO could recapitulate the patient-specific tumor 
invasive phenotype. In addition, GLICOs can preserve 
key patient-specific genetic and signaling components, 
such as EGFR amplification and phospho-RTK signaling. 
The gap junction mediated interconnecting tumor micro-
tube network is reported to be a structure of in situ GBMs 
that facilitates communication between tumor cells and 
is beneficial to their proliferation and invasion [58]. A 
similar microtube network was observed in GLICO, and 
these microtubes penetrated deeply into healthy cerebral 
organoid tissues and provided multicellular connections 
among various tumor cells. In addition, effective travel of 
a calcium signal was detected in these tumor microtubes 
with time-lapse imaging. Patient derived GLICO showed 
the biological behaviors and histopathological features 
of GBMs in a manner that closely phenocopies surgical 
and autopsy specimens, attesting to the model’s clinical 
relevance and patient specificity. However, an obvious 
drawback of this model is the lack of a vascular system, 
limiting the growth and application of GLICO. Recently, 
the vascularized brain organoids have been established 

Table 1  Comparison of preclinical glioblastoma models

NA not available, GEMM genetically engineered mouse model, PDX patient-derived xenograft model

Cancer cells GEMM Tumor organoid PDX

Physiologic representation No Great Good Great

Immune environment No Yes No No

Tumor heterogeneity No Bad NA Great

Oncogenesis time NA Long Medium NA

Tumorgenesis No Great Great No

Manipulability Great Limited Good Limited

Genome editing Yes Yes Yes No

Biobanking Yes No Yes No

High-throughput drug screening Yes Yes Yes No

Additional variables introduction No Yes No Yes
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[29]. Hence, the problem might be solved by coculturing 
the vascularized brain organoids with GSCs. In addition, 
Gladiola et  al. developed three different methods that 
allow assaying of GSC invasion behavior in brain orga-
noids, including simultaneous coculturing of GSCs dur-
ing brain organoid differentiation, supplementing GSCs 
as dispersed cells into brain organoids, and fusing GSC 
spheres to brain organoids. Their work provided con-
trolled and uncomplicated protocols to characterize GSC 
invasions and demonstrated the reliability of brain orga-
noids in modeling GBM [59].

Interestingly, Jacob et  al. reported a novel method 
to generate patient-derived GBMorganoids (GBOs), 
which differs from the conventional building method of 
the GBM organoid model based on the brain organoids 
that were constructed as mentioned above [37]. Fresh 
surgically resected GBM tissues without mechanical 
or enzymatic dissociation into single cells were cut into 
approximately 1-mm-diameter pieces and then cultured 
in optimized medium (serum-free, no exogenous EGF/
bFGF, and no extracellular matrix) on an orbital shaker. 
GBOs were generated within 1–2  weeks. Though this 
model is not “traditional”, which has several highlights. 
First, GBM tissues were not dissociated into single cells, 
maintaining the local tumor cytoarchitecture and the 
interaction between tumor cells. Second, GBOs can 
partially preserve the microvasculature and immune 
cell populations of parental tumor tissue, shedding light 
on a better understanding of the tumor microenviron-
ment. Nevertheless, on account of the limited lifespan of 
resident immune cells, a decreased abundance of mac-
rophage/microglia populations and lower expression of 
immune-related genes were detected in GBOs over time. 
Third, GBOs largely recapitulate the molecular features of 
their parental tumors, including inter- and intratumoral 
genomic and transcriptomic heterogeneity, represent-
ing a promising strategy for studying GBM pathogenesis 
and developing personalized therapy. Furthermore, an 
organoid biobank with 70 GBOs derived from different 
patients was established, which included abundant bio-
logical information of GBM, including histology, RNA-
seq, and whole-exome sequencing, and will be a valuable 
resource for medical studies in the future [37].

Modeling human neurodegenerative diseases
Neurodegenerative diseases (NDDs) encompass a 
group of conditions that are pathologically and clini-
cally diverse, including Parkinson’s disease (PD) [60], 
Alzheimer’s disease (AD) [61], amyotrophic lateral scle-
rosis (ALS) [62] and other neurological disorders [63] 
characterized by the accumulation of misfolded pro-
teins and the loss of functional neurons in the affected 
regions of human brains [64]. NDD is a common and 

growing cause of mortality and morbidity worldwide, 
particularly in the elderly [65]. To improve upon the 
current situation in which there are few therapies for 
NDDs and the treatment effect is not significant, the 
mechanisms underlying neurodegeneration and an 
effective drug-screening system are required for NDD 
treatment. Although traditional 2D cell culture and ani-
mal model systems have provided valuable insights into 
the main pathophysiological pathways related to these 
diseases, they have not been well translated into clinical 
applications [66, 67]. Fortunately, 3D brain organoids 
provide revolutionary tools for the study of human 
NDDs, allowing noninvasive analysis of patient-derived 
human tissues [68–70].

Alzheimer’s disease (AD) is a common NDD that 
causes dementia, which is characterized by abnormally 
folded amyloid-β (Aβ) peptide deposition and intracel-
lular neurofibrillary tangles, caused by the aberrant pro-
cessing and polymerization of normally soluble proteins 
[71]. AD currently affects more than 40 million people 
worldwide, and patients suffer from varying degrees of 
cognitive decline and severe memory impairment [72]. 
Researchers have been committed to understanding the 
pathological process of Alzheimer’s disease and develop-
ing effective drugs [73, 74]. Mutations in the amyloid-β 
precursor protein (APP) [75] and presenilin (PS) 1 genes 
[76] have been found to contribute to familial AD (FAD). 
Hoon Choi et al. reported an AD brain organoid derived 
from human neural stem cells that overexpressed human 
familial AD mutations in the APP and PS1 [77]. These 
familial AD organoids exhibited distinct deposition of 
Aβ and hyperphosphorylated tau protein that was char-
acteristic of human AD brain tissues. In addition, treat-
ment with β- or γ-secretase inhibitors could attenuate 
tauopathy and decrease the level of Aβ in organoids. 
This unique 3D brain organoid successfully recapitulated 
the key features of AD pathology, and was proven to be 
an available and effective in vitro model to promote the 
process of NDD research [77]. Furthermore, Cesar Gon-
zalez et al. reported the generation of an AD brain orga-
noid produced directly from iPSCs derived from patients 
who developed familial AD, and pathological abnor-
mal features including amyloid plaques and neurofibril-
lary tangles, were also detected in these organoids [78]. 
This research demonstrated the feasibility of developing 
patient-specific in vitro AD models with patient somatic 
cells, and provided a new platform for the discovery of 
target drugs and effective therapeutic intervention. Fur-
thermore, Swagata Ghatak et al. found that the increased 
excitatory bursting activity was connected with the 
decrease in neurite length, which provided mechanistic 
insight into the hyperexcitability during the initial stages 
of AD [79].
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Parkinson’s disease (PD) is the second most common 
NDD after AD, with a prevalence of approximately 2 
per 1000 individuals worldwide [80, 81]. PD is charac-
terized by the loss of dopamine in the substantia nigra 
and the dysregulation of fine motor control localized 
in the basal ganglia, which leads to the clinical parkin-
sonian symptoms, including bradykinesia, muscular 
rigidity, and resting tremors [82]. The LRRK2 G2019S 
gene mutation was reported to be associated with the 
progressive loss of dopamine neurons in the PD path-
ological process [73]. Recently, Kim et  al. generated 
3D midbrain organoids derived from iPSCs with the 
LRRK2 G2019S mutation to gain a deeper understand-
ing of the role of the LRRK2 mutation in the patho-
genic mechanisms of PD [69]. Compared with the 
control group (midbrain organoids without the LRRK2 
G2019S mutation), the expression of dopaminergic 
neuron markers (TH, AADC, VMAT2 and DAT) in 
organoids with the LRRK2 G2019S mutation was sig-
nificantly reduced on the 60th day. PD-like pathologi-
cal features can also be detected in these organoids, 
including the abnormal location of pS129 a-synuclein 
vesicles and mitophagy with autophagy markers. In 
addition, after treatment with an LRRK2 kinase inhibi-
tor, the accumulation of phosphorylated a-synuclein 
and the death of dopaminergic neurons were allevi-
ated, indicating that brain organoids are a promising 
platform for drug screening [69].

Amyotrophic lateral sclerosis (ALS) also remains 
a common progressive neurodegenerative disease 
characterized by the loss of motor neurons and mus-
cle atrophy [83]. Familial ALS accounts for approxi-
mately 10% of cases and is related to specific genetic 
mutations including TAR DNA-binding protein 43 
(TDP-43) [84], and TANK-binding kinase 1 (TBK1) 
[85]. Tatsuya Osaki et  al. developed neuromuscular 
junctions in a fusion 3D organoid model using human 
iPSC-derived muscle bundles and human motor neu-
ron spheroids derived from sporadic ALS patients 
[70]. Compared with the control group, the expression 
of ISL1, choline acetyltransferase (ChAT) and synap-
tophysin I in motor neurons in organoids decreased 
significantly, revealing that increased motor neuron 
degradation and apoptosis, weakness of synaptic func-
tion, and impaired motor features were reproduced in 
these organoids. Moreover, muscle contractions were 
increased and neuronal survival was improved after 
treating these ALS organoids with the potential target 
drug candidates, bosutinib and masitinib, indicating 
that the treatment not only improved motor neuron 
neuroprotection but also suppressed miscommunica-
tion between neurons and muscles in fused organoids 
[70].

Modeling microcephaly and neuroinflammation
Autosomal recessive primary microcephaly (MCPH) is a 
neurodevelopmental disorder characterized by a mark-
edly reduced size of the cerebral cortex, but with nor-
mal architecture [86, 87]. Several gene mutations, such 
as CDK5RAP2, have been identified in MCPH patients, 
and most of which encode centrosomal proteins [88, 
89]. Primary microcephaly mouse models with MCPH-
related gene mutations have revealed the role of these 
genes in impacting the proliferation of neural progenitors 
but failed to recapitulate a severe reduction in brain size, 
as observed in human patients [90, 91]. Lancaster et  al. 
modeled human microcephaly and managed to explain 
the disease phenotype partly with cerebral organoids 
[9]. They reprogrammed fibroblasts with heterozygous 
truncating mutations in CDK5RAP2 obtained from a 
microcephaly patient to be human iPSCs as the source 
of a patient-derived microcephaly organoid model [88, 
89]. Immunohistochemical staining results showed that 
patient-derived microcephaly organoids displayed only 
occasional neuroepithelial regions. Additionally, orga-
noid tissues exhibited decreased radial glial stem cells 
(RGs), and increased neurons at an earlier stage (22 days) 
of culture, indicating premature neural differentia-
tion. In addition, the exclusively horizontal orientation, 
which is necessary for the early symmetric expansion of 
NSCs, was disrupted within patient organoids [92]. This 
research recapitulates the small-size brain phenotype and 
reveals the critical role of CDK5RAP2 in MCPH patho-
genesis with brain organoids.

Some publications reported that Zika virus (ZIKV) 
infection was connected with a significant increase in 
newborns suffering from microcephaly and neurological 
diseases [93]. Previous studies have shown that Zika virus 
can induces stress response in organoids and human neu-
rons [94, 95], and mechanistic studies have correlated 
microcephaly and cerebral cortex development deficits 
to increased unfolded protein response [96–98], a pro-
teostasis failure rescue pathway. Tang et al. indicated that 
ZIKV infected human embryonic cortical neural pro-
genitor cells (NPCs) in a 2D culture, leading to cell death 
and dysregulation of the cell cycle [99]. Moreover, several 
research groups infected immature cerebral organoids 
with ZIKV and found an overall decrease in organoid 
size, including ventricular and cortical plate thickness 
[100, 101]. These results observed in organoids are con-
sistent with the clinical finding from the ZIKV-infected 
human fetal brain [102]. Intriguingly, Dang et  al. found 
that Toll-like-receptor 3 (TLR3), which has been associ-
ated with neurodegeneration and neuroinflammation, 
was upregulated in organoids after ZIKV infection and 
that severe cell apoptosis and size shrinkage in ZIKV-
treated organoids were relieved after treatment with a 
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TLR3 competitive inhibitor [103, 104]. Furthermore, 
transcriptomic analysis showed that a few genes regu-
lated by TLR3, including NTN1 and EPHB2, were related 
to neurogenesis and apoptosis in developing organoids. 
Brain organoids helped us recover the pathogenesis of 
microcephaly in which ZIKV disturbed neurodevelop-
ment by perturbing a TLR3-regulated network.

Methamphetamine (METH) is a potent stimulant that 
induces a temporary euphoric state but also commonly 
leads to central nervous system disorders, such as psy-
chosis, mental damage, and neurodevelopmental deficits 
[105]. In recent years, METH use has remained a sig-
nificant public health concern worldwide. Publications 
report that approximately 1.3 million people over the age 
of 12 in the United States have used METH [106]. Clini-
cal studies have shown that short- and long-term METH 
abuse affects a wide range of biological processes, includ-
ing oxidative stress, apoptosis in dopaminergic cell lines, 
endoplasmic reticulum stress, and microtubule deacety-
lation [107]. Dang et  al. treated cerebral organoids with 
METH to investigate the effects of drugs on fetal brain 
development [32]. Differential gene expression analysis 
showed that METH treatment resulted in the upregu-
lated expression of genes related to inflammation/
immune and oxidative stress responses and the down-
regulated expression of genes involved in neurogenesis 
and development in cerebral organoids. Additionally, 
activated astrocytes and a high content of factors related 
to inflammation and immunity, such as IL-6 and NLRP1, 
were detected in METH-treated organoids. These results 
proved that METH treatment could induce neuroinflam-
mation in brain organoids and showed how effectively 
brain organoids represent a model system for studying 
complex neuroinflammatory diseases [108]. The appear-
ance of the immune environment in brain organoids will 
further expand their application in the study of neuroin-
flammation and immunity.

Screening antitumor drugs
In recent years, a variety of antitumor treatments have 
developed rapidly, such as chemotherapy [44], targeted 
therapy [109], and immunization therapy [110], hav-
ing brought positive effects on patient survival. How-
ever, different responses to the same treatment can be 
observed between patients with gliomas in clinical prac-
tice, mainly due to the heterogeneity of tumors. The 3D 
organoids derived from PSCs showed success in mod-
eling neurological disorders, especially GBM, suggesting 
the potential to be a robust preclinical model for effective 
antitumor drug screening and to develop personalized 
treatment strategies for GBM patients.

Shan Bian et  al. initiated tumorigenesis by introduc-
ing three defined gene aberrations into brain organoids. 

They treated these three different GBM organoids with 
the EGFR inhibitor, afatinib, which is currently in a 
clinical trial for GBM, to examine the potential of GBM 
organoids in targeted drug testing. After 40 days of treat-
ment, three kinds of GBM organoids exhibited different 
levels of tumor cell reduction, and the organoid with 
EGFR overactivation showed the most effective reduc-
tion result. This demonstrated that organoids are suit-
able for the evaluation of drug effects in the context of 
specific DNA aberrations [50]. Similarly, Jacob et  al. 
treated GBOs, a patient-specific GBM model mentioned 
above, with the postsurgical standard treatment of GBM 
(chemotherapy combined with radiotherapy) and tar-
geted therapy [37]. For each treatment, the responses of 
GBOs derived from different GBMs were heterogeneous, 
and the effectiveness of the treatments is primarily asso-
ciated with genetic mutations and pathway enrichment in 
the patient’s tumor, demonstrating the value of a patient-
specific GBM organoid model in developing personalized 
treatment strategies for GBM patients. Immunotherapy 
achieved significant success in blood tumors and gradu-
ally expanded to solid tumor treatment [111]. Recently, 
CAR-T cells have been used to target the epidermal 
growth factor receptor variant III (EGFRvIII) commonly 
found in GBM [112, 113]. Among GBOs derived from 
six parental GBMs, CAR-T therapy showed a significant 
therapeutic effect on GBOs with high percentages of 
EGFRvIII: the CAR-T cell expansion was increased and 
EGFRvIII-positive tumor cells were decreased.

The tumor microenvironment plays a vital role in 
tumor growth and metastasis and helps tumor cells fight 
against stress and damage from antitumor drugs and 
radioactive rays [57, 114]. In addition, a lack of a tumor 
niche remains one of the reasons for the poor predictive 
value of in vitro drug screening in clinical practice. Link-
ous et al. performed cytotoxicity assays with brain orga-
noids, aiming to investigate whether a different response 
to chemotherapeutics exists between 3D cerebral tumor 
organoids and 2D GSCs [36]. The 827 and 923 glioma 
stem cells, which are patient-derived glioma stem cells, 
were used as 2D cultures in the experiments. They cocul-
tured 827 and 923 glioma stem cells with cerebral orga-
noids, generating 827 and 923 GLICOs, respectively, 
which can provide a 3D tumor microenvironment [36]. 
Next, they developed cytotoxicity assays and observed 
cell viability in 2D glioma stem cell culture and 3D GBM 
models. One week posttreatment, temozolomide (TMZ, 
1  mM) reduced cell viability by more than 80% in both 
827 and 923 2D GSCs. Similarly, bis-chloroethylnitro-
sourea (BCNU, 100  mM) reduced cell viability by more 
than 90% in both GSC lines. Despite this dramatic effect 
in  vitro, TMZ (1  mM) treatment in 827 and 923 GLI-
COs resulted in only 24% and 43% reductions in tumor 
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growth, respectively. Moreover, BCNU (100  mM) treat-
ment attenuated tumor growth by 91% in 827 GLICOs 
but only by 5% in 923 GLICOs [36]. This result indicated 
that isogenic GSC lines are significantly more resistant 
to the chemotherapeutic drug when grown within the 
microenvironment provided by the cerebral organoid 
than when grown under the condition of traditional 2D 
culture. A report summarized that the overall approval 
rate of phase I–III clinical trials of preclinical drugs was 
no more than 13.8%, particularly low for antitumor drugs 
(3.4%), and that the most common reason for the failure 
of clinical trials was the lack of efficacy (52%) [115, 116]. 
Brain organoids may bridge the gap between traditional 
two-dimensional cell line culture and clinical trials to 
improve the efficiency and accuracy of drug screening by 
providing the tumor microenvironment.

Prospects and challenges
Promising brain organoids have made many achieve-
ments in the research of brain development, disease 
modeling, and regenerative medicine, and have pro-
vided a palette for developing personalized therapies, 

but challenges and limitations still exist (Fig. 2). First, cell 
diversity in organoids remains to be further enriched. 
Previous experiments have demonstrated that extended 
periods of growth and development of organoids pro-
mote more cell type generation [33]. Nonetheless, 
microglial cells, which are derived from hematopoietic 
stem cells, are still hard to reproduce in brain organoids 
[117, 118]. Scientists try to coculture the organoids with 
hemopoietic progenitor cells or combine gene-editing 
technology to overcome this problem [119]. Second, the 
lack of blood vessels and the immune environment have 
been significant obstacles to the use of brain organoids. 
Recently, vascularized cerebral organoids have been 
generated, but an immunologic niche remains hard to 
establish in organoids [28, 29]. It is known that immuni-
zation activities maintain a crucial body defense system 
and interact with almost all kinds of disorders, such as 
intracranial infection and neurodegenerative diseases 
[120–122]. Moreover, cancer cells have evolved different 
mechanisms to simulate peripheral immune tolerance to 
avoid tumoricidal attack in the process of tumor devel-
opment [123, 124]. Therefore, overcoming this issue will 

Fig. 2  The applications of organoids in GBM modeling and antitumor drug screening. GBM organoid models can be generated by manipulating 
genes related to tumors with gene editing techniques, or coculturing the glioma stem cells (GSCs) and GBM spheroids derived from human 
tumors with brain organoids. GBM models can also be constructed by culturing freshly surgically removed tumor samples in optimized medium. 
In addition, the GBM organoid models have shown tremendous potential in screening effective antitumor drugs and developing the personal 
treatment for cancer patients
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greatly expand the application scope of brain organoids. 
Third, a recent study revealed that the brain organoid 
environment activates cellular stress pathways, which 
will impair cell-type specification in organoids [38]. In 
addition, although neuronal populations in organoids 
include various layer molecular signatures of the corti-
cal plate, they cannot recapitulate a six-layered spatial 
organization similar to that in human brains [21]. There-
fore, the fidelity of organoid models should be consid-
ered seriously when probing the developmental process 
and cell-type-specific diseases of human brains. Last, 
brain organoids have brought great promise as a cure to 
patients suffering from neurological disorders, but some 
significant ethical challenges have arisen, including legal 
and moral issues [125]. In particular, although brain orga-
noids currently resemble the early embryonic brain, with 
the development of organoid technology, fine and sophis-
ticated brain organoids may become conscious, such as 
evoking emotion or developing memories. Hence, the 
establishment of relevant guidelines and oversight bodies 
is necessary for the field of brain organoid studies [126].

Conclusions
As an emerging 3D in vitro model, organoids have played 
an essential role in promoting medical research and clini-
cal settings. In this review, we provided an overview of 
the current state of brain organoid differentiation strat-
egies, summarized current applications in the medical 
domain, and discussed the challenges and prospects. 
While many points remain to be enhanced, there is no 
doubt that brain organoids have improved our under-
standing of the neurodevelopmental process and neuro-
logical disorder pathogenesis, and have opened the door 
to the development of more effective targeted therapies. 
Increasing emerging technology will inevitably promote 
the continuous optimization of organoid technology so 
that it can better serve scientific research.
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