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Introduction

The coronavirus disease 2019 (COVID-19) caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has many systemic complications (Zheng 2020). 
Besides prominent respiratory symptoms, COVID-19 
may also cause neurological manifestations (weakness, 
dizziness, headache, and hyposomnia) as well as neuro-
psychiatric symptoms (confusion, cognitive decline, anx-
iety, insomnia, and depression) that can be both short and 
long term (Ellul and others 2020; Fotuhi and others 2020; 
Taquet and others 2020; Wan and others 2020). A signifi-
cant proportion of hospitalized COVID-19 patients were 
found to have acute altered mental status (Varatharaj and 
others 2020). The risk of getting a psychiatric disorder 
was also found to be approximately two times higher 
after a COVID-19 diagnosis with patients having a sig-
nificantly higher incidence of mood disorders, anxiety, 
insomnia, and dementia (Taquet and others 2020).

The mechanism and pathophysiology of COVID-19 
CNS (central nervous system) involvement remain to be 
elucidated. Multiple hypotheses, including direct viral 
invasion of virus into neurons, para-infectious immune-
mediated processes, and systemic disease sequelae, have 
been proposed (Ellul and others 2020; Iadecola and oth-
ers 2020). Yet, evidence of direct viral invasion into the 
CNS, from cerebrospinal fluid (CSF) and postmortem 
histopathological studies, have not been consistent. Some 
studies detected SARS-CoV-2 RNA in postmortem brains 
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and CSF of patients with encephalitis (Moriguchi and 
others 2020; Solomon and others 2020) while others had 
not been able to replicate the findings (Bernard-Valnet 
and others 2020; Ye and others 2020).

Functional studies used to decipher the behavior and 
effects of SARS-CoV-2 at the cellular level have attracted 
attention. Studies using individual cell lines have shown 
that the SARS-CoV-2 has a spike protein that is primed 
by the serine protease-transmembrane serine protease 2 
(TMPRSS2; Ou and others 2020). The virus then uses the 
spike protein to interact with the angiotensin converting 
enzyme 2 (ACE2) receptor to facilitate entry into the host 
cell (Hoffmann and others 2020). The expression of 
ACE2 is, however, variable in human tissues due to the 
presence of different cell types within the tissue (Hikmet 
and others 2020). As a result, the susceptibility of human 
tissue to SARS-CoV-2 is not well addressed by in vitro 
studies using single type of human cell lines (Jacob and 
others 2020). Organoid models have increasingly been 
recognized to be potentially useful as they preserve cel-
lular heterogeneity and function of individual cell types 
(Jo and others 2016), thus improving the study of com-
plex physiological or pathological processes associated 
with COVID-19.

Brain Organoids

Brain organoids are derived from human pluripotent stem 
cells, which can be further differentiated into cerebral 
organoids or brain region-specific organoids through the 
use of patterning factors (Kelava and Lancaster 2016). 
Brain organoids have an organized architecture com-
posed of progenitors as well as neuronal and glial cell 
types (de Melo and others 2020; Qian and others 2019) 
and have proven to be an excellent model in the study of 
Zika virus (ZIKV) infections. For example, studies 
showed that ZIKV specifically infects forebrain cortical 
neural progenitor cells and, consequently, causes micro-
cephaly-like phenotypes (Ming and others 2016). Besides 
structural cranial abnormalities, ZIKV infection has also 
been associated with psychiatric symptoms such as 
depression and psychosis (Corrêa-Oliveira and others 
2017; Zucker and others 2017). A study using brain 
organoids found that ZIKV resulted in DNA methylation 
patterns that were associated with psychiatric disorders 
(Janssens and others 2018). In addition, researchers have 
used brain organoids to help identify drugs to reduce 
ZIKV-infection in cortical neural progenitor cells, thereby 
enabling the treatment of ZIKV infection (Xu and others 
2016). Likewise, other CNS viral infections including 
HIV (dos Reis and others 2020), herpes simplex virus 
(HSV; D’Aiuto and others 2019), and cytomegalovirus 
(CMV) infections (Sun and others 2020) have been stud-
ied using brain organoid systems.

SARS-CoV-2 Neurotropism

With the increasing evidence of neurological symptoms 
associated with COVID-19, brain organoids have been 
utilized to study the potential neurotropic effects of 
SARS-CoV-2. In this review, we identified studies by 
searches on PubMed/MEDLINE using the search terms 
“SARS-CoV-2,” “COVID-19” in combination with the 
terms “organoid,” “brain,” “3D,” “iPSC.” Only articles 
published in English and articles up till March 31, 2021, 
were included.

We found a total of nine studies that used brain organ-
oids (neutrospheres were not included) to study SARS-
CoV-2 neurotropism. Both general and region-specific 
brain organoids were used to study the effects of SARS-
CoV-2. Song and others (2020), Pellegrini and others 
(2020), Tiwari and others (2021), and Wang and others 
(2021) cultured organoids without the addition of any 
signaling molecules, allowing the spontaneous develop-
ment of different brain regions within the same organoid. 
It has been shown that cerebral organoids are able to form 
complex brain architectures spontaneously using intrinsic 
signals (Benito-Kwiecinski and Lancaster 2020). The 
remaining five studies employed a variety of patterning 
factors and media that promoted regional specificity of 
brain organoids like the forebrain, midbrain, hippocam-
pus and hypothalamus organoids (Gleeson and others 
2021; Jacob and others 2020; Ramani and others 2020; Yi 
and others 2020; Zhang and others 2020). Particularly, 
the generation of choroid plexus containing organoids 
was interesting given that there were two recent studies 
that highlighted significant susceptibility of the choroid 
plexus organoid (CPO) to SARS-CoV-2 (Jacob and oth-
ers 2020; Pellegrini and others 2020). Notably, the use of 
patterning factors not only allowed the modelling of tar-
geted brain regions but also seemed to increase consis-
tency and reproducibility of the organoids (Qian and 
others 2019). However, one potential limitation of using 
this approach was that external patterning factors may 
alter the natural and intrinsic development of the organ-
oids, resulting in a loss of important brain features and 
characteristics (Benito-Kwiecinski and Lancaster 2020). 
We summarized the characteristics of the brain organoids 
used in COVID-19 studies in Table 1.

Neurotropic Effects of SARS-CoV-2

Among the nine studies, spiked-pseudotyped SARS-
CoV-2 virus was used in three studies while live virus 
was used in eight studies (two studies used both spiked-
pseudotyped and live virus). The organoids were ana-
lyzed at various time points ranging between 24 and 96 
hours post-infection (hpi). We summarized the infection 
protocols and main findings of these studies in Table 2.
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Zhang and others (2020) were the first to show evi-
dence of SARS-CoV-2 neurotropism in a brain organoid 
model. Using immunofluorescence staining, they demon-
strated the presence of SARS-CoV-2 nucleoprotein in 
TUJ1-positive(+) neurons as well as NESTIN+ neural 
progenitor cells (NPCs) within the cortical brain organ-
oid, suggesting direct infectivity of SARS-CoV-2 in both 
cortical neurons and NPCs (Zhang and others 2020). 
These findings have been replicated by subsequent stud-
ies (Song and others 2020). The percentage of invaded 
neurons seen in the organoids varied across the stud-
ies—10% at 48 hpi (Yi and others 2020) and 5% at 48 hpi 
(Ramani and others 2020). The studies used different 
neuronal lineage markers for immunostaining of the 
organoids. Collectively, this allowed for comparison and 
analysis of the preferential infectivity of SARS-CoV-2 in 
neuronal cells at different stages of neurogenesis and 
differentiation.

In contrast with ZIKV that directly targeted NPCs, 
SARS-CoV-2 has been shown to infect both NPCs and 
mature neurons (Zhang and others 2020; Song and others 
2020; Tiwari and others 2021). Ramani and others (2020) 
showed, in 15-day-old brain organoids, that SARS-CoV-2 
targeted early neurons in the cortical plate rather than the 
NPCs at the ventricular zones. When comparing the 15- 
and 60-day-old organoids, the 60-day-old organoid had a 
significantly greater number of SARS-CoV-2+ cells to 
the 15-day-old one (Ramani and others 2020). Similarly, 
Song and others (2020) and Tiwari and others (2021) 
observed that the majority of SARS-CoV-2 infected cells 
were the mature neurons rather than the neural progenitor 
cells (Song and others 2020; Tiwari and others 2021). 
Collectively, the studies demonstrated that SARS-CoV-2 
had a predilection for mature neurons over NPCs.

Using brain organoids with choroid plexus (ChP) and 
cortical tissue, Pellegrini and others (2020) found that 
that 13% of ChP epithelial cells were infected and neuro-
nal regions of the organoids were not (Pellegrini and oth-
ers 2020). The limited infection in neuronal cells was 
only observed after the viral MOI was increased by 10 
times (Pellegrini and others 2020). Jacob and others 
(2020) used region-specific brain organoids (cortical, 
hippocampal, hypothalamic, and midbrain) and found 
only minimal infection of neurons (0.6% at 24 hpi and 
1.2% at 72 hpi), while a greater density of infected cells 
in the choroid plexus regions was observed (Jacob and 
others 2020). When exposing choroid plexus organoids 
directly to SARS-CoV-2, 12.6% of transthyretin positive 
(TTR+) choroidal epithelial cells were infected at 24 hpi 
and 18.6% of TTR+ choroidal epithelial cells were 
infected at 72 hpi (Jacob and others 2020). The findings 
of Pellegrini and others (2020) and Jacob and others 
(2020) showed that while neuronal invasion by SARS-
CoV-2 was possible, the extent of neuron infection was 

relatively limited as compared to choroid epithelial cells 
infection.

Cellular Receptors

As ACE2 was known to be an important receptor in 
SARS-CoV-2 infection, some of the authors further 
examined the expression of ACE2 in brain organoids to 
evaluate the reasons behind the differing neurotropic 
findings. Immunofluorescence staining of ACE2 in brain 
organoids showed significant expression of ACE2 pro-
tein in both mature neurons and cells in neural tube-like 
structures of the organoids (Song and others 2020). Song 
and others (2020) further demonstrated the role of ACE2 
in SARS-CoV-2 infection. After incubating the organoids 
with an anti-ACE2 blocking monoclonal antibody, sig-
nificant inhibition of SARS-CoV-2 infection was noted 
compared with the isotype control, indicating the impor-
tant role of ACE2 for infection of brain organoids.

Yi and others (2020) and Tiwari and others (2021) 
found that ACE2 was predominantly expressed in differ-
entiated neurons rather than undifferentiated neural stem 
cells which corresponded to the findings before that 
SARS-CoV-2 preferentially infected mature neurons (Yi 
and others 2020; Tiwari and others 2021).

ACE2 expression in neurons was, however, relatively 
low when compared to other cell types. In comparison to 
human respiratory epithelial cells, ACE-2 expression was 
12.5 and 50 times lower in brain organoids and neurons, 
respectively (Ramani and others 2020). This corre-
sponded with Tiwari and others’ (2021) finding that 
SARS-CoV-2 infection was six times higher in a lung 
organoid as compared to a cortical brain organoid. Jacob 
and others (2020) found expression of ACE2 and 
TMPRSS2 to be at a much higher level in CPOs than in 
hippocampal organoids. Pellegrini and others (2020) 
demonstrated that infection matched ACE2 expression in 
CPOs, with the infected ChP epithelial cells being the 
ones that co-stained for ACE2.

Virus Replication

SARS-CoV-2 viral replication was also studied using 
the brain organoids. Zhang and others (2020) analyzed 
supernatant samples from infected brain organoids to 
evaluate SARS-CoV-2 viral particle release. They 
found that SARS-CoV-2 RNA-dependent RNA poly-
merase (RdRp) gene copies in the supernatant increased 
over time, suggesting that the infected cells could 
release viral particles (Zhang and others 2020). 
Similarly, Song and others (2020), Tiwari and others 
(2021), and Gleeson and others (2021) showed evi-
dence of SARS-CoV-2 replication in a brain organoid. 
Furthermore, viral particles and regions of budding 



Ng et al.	 35

from endoplasmic reticulum-like structures were 
observed in the organoids using electron microscopy, 
suggesting that SARS-CoV-2 could even replicate 
within neurons (Song and others 2020). In contrast, 
Ramani and others (2020) did not observe an increase 
in SARS-CoV-2+ cells in the brain organoids nor viral 
RNA levels in the organoid supernatants from 48 hpi to 
96 hpi.

Jacob and others (2020) and Pellegrini and others 
(2020) showed viral replication in the choroid plexus 
organoids (CPOs). Both studies demonstrated increase in 
viral titers in the CPO supernatant and lysates over time 
(Jacob and others 2020; Pellegrini and others 2020).

Host-Virus Interaction

Neuronal cell death has been consistently observed after 
SARS-CoV-2 infection. By staining the brain organoids 
with terminal deoxynucleotidyl transferase dUTP nick 
end labelling (TUNEL), a marker of DNA fragmentation 
and cell death, Ramani and others (2020) detected the 
presence of cell death in SARS-CoV-2-exposed organ-
oids at 48 hpi. Majority of the SARS-CoV-2+ cells were 
found to be TUNEL+ as well. Interestingly, while Song 
and others (2020) also noted extensive neuronal cell 
death in regions of SARS-CoV-2 infection, the majority 
of dead cells were not infected with SARS-CoV-2 and 
only approximately 15% of the cells infected with SARS-
CoV-2 were TUNEL+. Song and others (2020) hypothe-
sized that the infected cells may have promoted cell death 
of adjacent noninfected cells.

Abnormal Tau phosphorylation was noted in some of 
the SARS-CoV-2+ cells that displayed Caspase-3, an 
important protease for apoptosis (Ramani and others 
2020). The downstream implications are not clear and it 
remains to be seen if the Tau phosphorylation is directly 
caused by the virus or an effect of neuronal stress. The 
possibility for neurodegeneration after SARS-CoV-2 
infection was further demonstrated in vitro by Wang and 
others (2021), who showed a reduction in neurite length 
and increased synaptic loss in SARS-CoV-2 infected 
neurons.

Song and others (2020) also performed single-cell 
RNA sequencing to investigate the transcriptional 
changes that occurred after SARS-CoV-2 infection of the 
cells within the organoid. Infected brain organoid cells 
displayed abnormal expression of genes related to cellu-
lar reproduction and upregulated metabolism while non-
infected cells showed pathways related to hypoxia-induced 
cellular response. Song and others (2020) thus hypothe-
sized that the hypermetabolic state in SARS-CoV-2 
infected cells may cause a hypoxic microenvironment for 
surrounding cells and consequently inflict damage on 
them. Single-cell RNA sequencing also showed extensive 

transcriptional dysregulation within choroid plexus 
organoids after SARS-CoV-2 infection (Jacob and others 
2020). The upregulated genes were found to be related to 
inflammation and cytokine release, while the downregu-
lated genes were important for allowing the choroid 
plexus to function and secrete CSF. Jacob and others 
(2020) hypothesized that the downregulation of genes 
important for maintaining cell junctions in the choroid 
plexus suggested a remodeling or breakdown of normal 
CSF-blood barrier function (Jacob and others 2020). 
Indeed, Pellegrini and others (2020) demonstrated a 
decrease in fluid volume within the CPO and a concomi-
tant dilution of media surrounding the organoid after 
infection, suggesting a leak of CSF-like fluid from the 
CPO after infection (Pellegrini and others 2020). This 
observation may offer a possible mechanism for how 
SARS-CoV-2 may contact brain parenchyma as the dis-
ruption of the choroid epithelial cell lining allows viral 
particles in the choroid capillaries to filter across the epi-
thelial lining to enter CSF adjacent to the brain paren-
chyma (Bodnar and others 2021).

Discussion

At present, studies have highlighted some differing neu-
rotropic properties of SARS-CoV-2, possibly contributed 
by the intrinsic heterogeneity of PSC-derived brain 
organoids (Shou and others 2020) and the use of different 
organoids with varying degrees of maturity. The different 
infection protocols used likely also played a role in the 
differing results. Viral MOI used, for example, was incon-
sistent among the studies and ranged widely from 8.8 × 
10−5 to 20. The duration that the organoid was exposed to 
the virus was also not clearly stated in many studies.

Despite the differences, study findings suggest that 
while SARS-CoV-2 may have the ability to infect neu-
rons, replicate within them and cause cell death, the sus-
ceptibility of neurons to SARS-CoV-2 infection was not 
high. Comparing between neural progenitor cells and 
mature neurons, NPCs demonstrated an even lower sus-
ceptibility to SARS-CoV-2 invasion which was consis-
tent with findings of lower ACE2 receptor expression in 
the progenitor cells. In contrast with neurons, the choroi-
dal epithelial cells have consistently shown high suscep-
tibility to SARS-CoV-2 infection, which likewise was 
consistent with the greater expression of ACE2 receptors 
in choroidal epithelial cells.

Neuronal invasion has been demonstrated in vitro 
using brain organoids and downstream effects of hyper-
metabolism and cell death were observed. This corrobo-
rates postmortem findings that SARS-CoV-2 proteins 
were identified in the brain cells of some patients with 
COVID-19 (Matschke and others 2020). However, in 
view of the relatively low susceptibility of neurons to 
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SARS-CoV-2 infection, it is likely that other mecha-
nisms for neuroinflammation are present as well. The 
same autopsy study noted that neuropathological find-
ings of microglia and T-cell infiltration were present 
regardless of whether SARS-CoV-2 was detected in the 
CNS, suggesting that the neuropathological changes and 
neuronal damage may be immune mediated rather than 
as a result of direct viral invasion. The use of CPO organ-
oids has drawn attention to the possible role of the cho-
roid plexus in contributing to the pathophysiology of 
neuropsychiatric complications. The breakdown of the 
blood-CNS barrier with infection of the choroid plexus 
epithelial cells could facilitate and introduce SARS-
CoV-2 particles into the CNS (Fig. 1). Besides the direct 
introduction of viral particles, a breakdown in 

blood-CNS barrier may possibly also introduce systemic 
immune cells and cytokines into the CNS (Pellegrini and 
others 2020). Many studies have shown increased levels 
of pro-inflammatory factors and cytokines in the CSF of 
patients with chronic fatigue syndrome (Yang and others 
2019), a condition with symptoms similar to “post-acute 
COVID-19 syndrome” (Nalbandian and others 2021). 
While current brain organoid studies have not fully 
uncovered the neuroinflammatory processes caused by 
SARS-CoV-2, the possibility of CNS cytokine storm 
causing neuropsychiatric symptoms of “post-acute 
COVID-19 syndrome” is intriguing (Fotuhi and others 
2020) as Jacob and others (2020) demonstrated that cho-
roid plexus organoids expressed higher levels of cyto-
kines and pro-inflammatory factors after SARS-CoV-2 

Figure 1.  Brain organoid findings of SARS-CoV-2 effect on human brain. Neurons demonstrated a relatively low susceptibility to 
SARS-CoV-2 as compared to choroid epithelial cells. SARS-CoV-2 showed a predilection for mature neurons at the cortical plate 
over the NPCs at the ventricular zone (Right). This corresponded with greater expression of ACE2 receptors in mature neurons 
as compared to NPCs. Neuronal cell death was observed in neurons adjacent to the infected cells. Break down of choroidal 
epithelial cell junction and CSF-blood barrier was observed in the choroid plexus following SARS-CoV-2 infection (Left).
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infection. Collectively, the brain organoid studies dem-
onstrated the possibility that neuropsychiatric manifes-
tations of COVID-19 may be contributed by both direct 
neuronal invasion and indirect consequences of neuro-
inflammation facilitated by the breakdown of support 
cells.

Challenges and Future Directions

Current published studies have several limitations. First, 
the direct exposure of the SARS-CoV-2 virus to the brain 
organoid does not represent physiological conditions, 
especially when the viral mode of entry to the brain 
remains elusive, with numerous pathways including 
hematogenous, transneuronal, and meningeal-lymphatic 
routes (Bostancıklıoğlu 2020; Kumar and others 2020). 
Second, there is no established optimal MOI or duration 
of viral exposure on neuronal cells. Third, brain organ-
oids currently lack physiological properties such as 
blood-brain barrier and innate immune cells that are most 
critical to model process of viral infection. Last, due to 
limited culture time in vitro, brain organoids largely 
resemble fetal brain tissue rather than adult brains (Sun 
and others 2018). These limitations should be addressed 
with modifications and improvements of organoid proto-
cols in the near future.

COVID-19 patients can continue to complain of per-
sistent symptoms after the acute-phase of the illness, 
leading to “post-acute COVID-19 syndrome” (Baig 2020, 
Nalbandian and others 2021). The potential impact of this 
syndrome is attracting considerable attention from the 
medical community and will only be clarified in the com-
ing years. A wide range of neurological related symptoms 
such as fatigue, cognitive difficulties, dysautonomia, and 
“brain fog” have been reported (Nath and Smith 2020). It 
is not clear if some of these chronic symptoms may be 
related to early neurodegeneration, even though there 
have been case reports of Parkinson’s disease following 
COVID-19 infection (Li and others 2020). The findings 
of abnormal Tau phosphorylation in some SARS-CoV-2 
infected cells (Ramani and others 2020) is an intriguing 
observation and may potentially provide a link between 
chronic neurologic symptoms and subsequent neurode-
generation. Brain organoids are useful for further investi-
gation of the pathophysiology behind “post-acute 
COVID-19 syndrome” and the longer term neuropsychi-
atric effects of COVID-19. Region-specific brain organ-
oids may be used to study the susceptibility of the basal 
ganglia and limbic system to the SARS-CoV-2 virus and 
single-cell RNA may be used to elucidate the downstream 
effects of SARS-CoV-2 in these brain regions.

Besides shedding light on the pathophysiology of 
long-term neuropsychiatric effects, brain organoids can 

also be used as screening and validation tools for poten-
tial therapeutic agents, as seen in the case of ZIKV where 
compounds identified from a high-content chemical 
screen in hiPS cell-derived hNPCs were tested on brain 
organoids (Amin and Paşca 2018). Wang and others 
(2021) found that the antiviral drug remdesivir not only 
effectively inhibited SARS-CoV-2 infection in hiPSC-
derived neurons but also resulted in a significant improve-
ment in neurite lengths of the infected neurons (Wang and 
others 2021). Such studies may be furthered using the 
brain organoid platform to evaluate the downstream cel-
lular effects of the medication.

Other future directions to further develop brain organ-
oids as models for neuro-COVID-19 (Fig. 2) include the 
development of high throughput evaluation to analyze the 
transcriptomes, epigenetics, and proteomics of infected 
brain organoids and the use of patient-derived organoids 
for different stages of COVID-19 infection and recovery 
to draw correlation between pathophysiology and neuro-
psychiatric clinical findings. Gleeson and others (2021) 
integrated perivascular cells into cortical organoids and 
found that cortical organoids with the pericyte-like cells 
had more extensive SARS-CoV-2 infection than the tra-
ditional cortical organoids. It would be interesting to 
evaluate SARS-CoV-2 infection in choroid plexus organ-
oids with perivascular cells. The advent of such “assemb-
loids” would facilitate the modelling of more sophisticated 
brain functions and the “cross-talk” between different 
brain regions to study neuropsychiatric symptoms seen as 
a sequelae of COVID-19.

Conclusions

While the field of organoid technology is still at an 
infant stage of development, brain organoid models 
have provided several crucial pieces of evidence on the 
effects of SARS-CoV-2 on the brain. Current studies 
have identified neurotropic properties, highlighted 
potential mechanism for cellular entry, and also demon-
strated the ability of the virus in replicating and inter-
acting with neurons, resulting in several downstream 
cellular effects. However, these studies are still not able 
to explain specific clinical manifestations of neuro-
COVID-19, and further study to investigate selective 
tropism and molecular pathways is required to identify 
the pathophysiology underpinning the neuropsychiatric 
complications of COVID-19. With advancement of 
organoid technology, the use of brain organoids offers a 
promising tool for unravelling novel pathophysiologic 
clues and potential therapeutic options for the neuro-
logical and psychiatric complications of COVID-19 
and provides a better understanding and functional 
characterization of chronic COVID-19 syndrome.
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