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SARS-CoV-2 targets glial cells in human cortical organoids
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SUMMARY

Coronavirus disease 2019 (COVID-19) patients have manifested a variety of neurological complications, and there is still much to reveal
regarding the neurotropism of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Human stem cell-derived brain organoids
offer a valuable in vitro approach to study the cellular effects of SARS-CoV-2 on the brain. Here we used human embryonic stem cell-
derived cortical organoids to investigate whether SARS-CoV-2 could infect brain tissue in vitro and found that cortical organoids could
be infected at low viral titers and within 6 h. Importantly, we show that glial cells and cells of the choroid plexus were preferentially tar-
geted in our model, but not neurons. Interestingly, we also found expression of angiotensin-converting enzyme 2 in SARS-CoV-2 infected
cells; however, viral replication and cell death involving DNA fragmentation does not occur. We believe that our model is a tractable plat-
form to study the cellular effects of SARS-CoV-2 infection in brain tissue.

INTRODUCTION

With the emergence of the novel coronavirus disease 2019
(COVID-19) global pandemic, caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), a wide range
of symptoms have been observed in infected patients. Fe-
ver, respiratory symptoms, and muscle pain were among
the initial indicators of COVID-19, but, more recently, up
to one-third of patients have manifested neurological com-
plications (Helms et al., 2020; Mao et al., 2020; Poyiadji
et al., 2020; Taherifard and Taherifard, 2020). Neurological
symptoms range from milder indicators, such as nausea,
headache, loss of smell and/or taste, to the more severe en-
cephalopathy, seizures, stroke, and Guillain-Barré syn-
drome (Chen et al., 2020b; Helms et al., 2020; Mao et al.,
2020; Poyiadji et al., 2020; Sedaghat and Karimi, 2020; Vir-
ani etal., 2020). All of these are suggestive of the neurotrop-
ism of SARS-CoV-2 (Baig et al., 2020; Conde Cardona et al.,
2020). In addition, other coronaviruses have been shown
to invade the brain (Arbor et al., 2000; Bleau et al., 2015;
Hao et al., 2019; McCray et al., 2007; Zhao et al., 2015)
and SARS-CoV-2 RNA has been detected in brain biopsies
from fatal cases of COVID-19 (Puelles et al., 2020). The en-
try receptor for SARS-CoV-2, angiotensin-converting
enzyme 2 (ACE2), is expressed throughout the brain
(Chen et al., 2020a), although at lower levels compared
with lung and other tissues (Li et al., 2020), so it is impor-
tant to investigate (1) if the brain is susceptible to infection
by SARS-CoV-2, (2) if the brain is a viable site of replication,
and (3) what the consequential effects of infection are on
the brain.

Due to the inaccessibility of human brain tissue for
research purposes, 3D in vitro models have proved to be a

valuable tool for studying the cellular and molecular effects
of a neurological SARS-CoV-2 infection. These models
allow for human-specific studies of particular regions and
cell types within the brain. Previous studies using brain or-
ganoids to investigate SARS-CoV-2 tropism have resulted in
conflicting reports regarding infectivity; some have shown
that SARS-CoV-2 does not readily infect neurons (Pellegrini
et al., 2020), while others suggest that the virus does, but
cannot replicate within them (Mesci et al., 2020; Ramani
et al.,, 2020). Another study demonstrated infection in
both neurons and neural progenitors with subsequent
replication (Ramani et al., 2020; Zhang et al.,, 2020).
SARS-CoV-2 tropism in other cell types of the brain has
been investigated, such as glia and cells of the choroid
plexus (ChP) (Pellegrini et al., 2020). These studies report
infection of the cells of the ChP, but not glial cells (Jacob
et al., 2020; Pellegrini et al., 2020). Notably, these studies
employed a wide range of viral titers and multiplicity of
infection (MOI) (Zhang et al., 2020). Because SARS-CoV-2
tropism in the CNS remains largely unclear, it is imperative
to identify the cellular targets of SARS-CoV-2 and the infec-
tious dose at which brain tissue is susceptible.

Itis estimated that the infectious dose for SARS-CoV-2 may
be as low as a few hundred particles (Beggs, 2020); therefore,
we tested organoids for infection using viral titers from 10* to
10° plaque-forming units (PFU)/mL, approximating MOI of
0.00001-0.01. We found infection of cortical organoids at ti-
ters as low as 10% PFU/mL. Consistent with studies from Pel-
legrinietal., (2020) and Jacob etal., (2020), we saw little tono
infection of neurons but moderate infection of ChP cells.
Interestingly, however, we found that SARS-CoV-2 localized
to cells that expressed the glial marker glial fibrillary
acidic protein (GFAP) and the astrocytic marker aldehyde
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Figure 1. SARS-CoV-2 infects cortical organoids at various viral titers

(A) The experimental schematic.
(B) Representative confocal images from IHC of 180 DIV hESC-derived cortical organoids confirm the presence and localization of SARS-

CoV-2 NP (white) in infection groups. Nuclei are stained in DAPI. White arrows indicate regions of NP clusters.
(C) Quantification of viral infection by percentage NP-positive area over percentage DAPI-positive area.

(legend continued on next page)
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dehydrogenase 1 family member L1 (ALDH1L1), as well as
cells that co-expressed GFAP and nestin, indicative of radial
glia progenitor cells. This study marks the first demonstra-
tion of the glial tropism of SARS-CoV-2.

RESULTS

SARS-CoV-2 infects human cortical organoids at low
viral titers
To investigate the ability of SARS-CoV-2 to infect neural cell
types, we exposed 180 days in vitro (DIV) human embry-
onic stem cell (hESC)-derived cortical organoids to SARS-
CoV-2 at three viral titers, plus a mock infection group.
The organoids were maintained for a total of 14 days,
with media changes every 4-5 days, then fixed (Figure 1A).
During this period, we monitored the organoids daily with
bright field microscopy to look for morphology changes, al-
terations in media color, and/or external cellular integrity.
Infection was first confirmed using immunohistochem-
istry (IHC) to detect the nucleocapsid protein (NP) of
SARS-CoV-2 (Figures 1B and 1C); this protein is the most
abundant in coronaviruses and tends to be more immuno-
genic than other structural proteins (Shi et al., 2003; Tan
et al., 2004). Quantitative real-time PCR was also conduct-
ed to assess the number of viral particles in each organoid
and to determine the level of infection relative to the viral
titer (Figure 1D). We found that infection of cortical orga-
noids occurred at titers as low as 10> PFU/mL through pos-
itive SARS-CoV-2 NP signal and detection of SARS-CoV-2
genome equivalents (GE) from RT-qPCR (Figures 1B-1D).
We then investigated whether SARS-CoV-2 NP co-local-
ized with the putative entry receptor, ACE2 (Figure 1E).
IHC data revealed that NP-positive cells also expressed
ACE2, and, interestingly, that ACE2 expression appeared
to increase with higher viral load (Figures 1E and 1F).
Although there was not a significant increase in ACE2, we
observed a trend suggesting upregulation. Together, these
results indicate that SARS-CoV-2 does infect human brain
tissue, and that cortical organoids are a suitable model for
evaluating infection.

SARS-CoV-2 does not replicate in cortical organoids
within 4 days post infection

While previous experiments with 10> PFU/mL showed
infection, we performed subsequent experiments with

10® PFU/mL to increase the number of infected cells for
downstream analysis. We conducted a time-course assay
to determine whether infection of brain tissue could occur
within a shorter and more physiologically relevant time
span (Figure 2A). One-hundred and eighty DIV hESC-
derived cortical organoids were exposed to 10*> PFU/mL of
SARS-CoV-2 for 6 h. A complete media change was con-
ducted to remove any suspended viral particles. After fixa-
tion, IHC and RT-qPCR confirmed detection of SARS-CoV-2
in the organoids 6 h post infection (hpi) compared with a
mock infection control (Figure 2).

To determine if viral replication was occurring, we
continued incubation of the remaining organoids for
either 2 or 4 days post infection (dpi), then harvested
them for analysis. RT-qPCR data shows that viral RNA levels
slightly decreased at 2 dpi and plateaued at 4 dpi compared
with 6 hpi, suggesting that replication was not occurring.
To confirm this, we conducted RT-qPCR to detect subge-
nomic viral mRNA. Subgenomic mRNA is not contained
within virions but is transcribed only in infected cells, indi-
cating active viral replication (Wolfel et al., 2020); there-
fore, we compared subgenomic mRNA levels with the
genomic RNA levels of each group. The levels of subge-
nomic mRNA decreased after 6 hpi, indicating that viral
transcription can occur early after infection but slows
down by 2 dpi (Figure 2C) as viral load plateaus (Figure 2B).
In addition, the level of NP detection decreased after 6 hpi
(Figure 2D). Together, these results suggest that, while
SARS-CoV-2 can infect cortical organoids, SARS-CoV-2
replication does not occur within 4 dpi.

Glial cells and ChP cells are targeted by SARS-CoV-2
We then identified which cell types within our organoids
were susceptible to SARS-CoV-2 infection. First, we investi-
gated whether neurons were vulnerable to infection using
doublecortin (DCX) as a marker for immature neurons
and MAP2 as a marker for mature neurons. We found
that SARS-CoV-2 only minimally infected neurons in
cortical organoids, with little to no co-localization of
DCX with NP, and low co-localization of MAP2 with NP
(Figures 3B, 3C, and 3H). Since previous literature has
found significant infection in ChP cells (Jacob et al.,
2020; Pellegrini et al., 2020), we next determined the level
of ChP infection using the marker 5-HT2C. We observed
modest co-localization with NP, consistent with other
studies (Figures 3D and 3H).

(D) Normalized number of GE/mL show significant differences among groups. Significant statistical differences are indicated among
samples (p < 0.05). N = 6 organoids from one independent experiment.

(E) Representative confocal images show ACE2 expression and co-localization to NP.

(F) ACE2 quantification by percentage ACE2-postive area over percentage DAPI-positive area. N = 3 organoids from one independent
experiment. Each data point in IHC images represents an average of three sections from three separate organoids.
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Figure 2. SARS-CoV-2 does not replicate in cortical organoids within 4 dpi

(A) Time course experimental schematic.

(B) RT-gPCR of organoids shows that viral load decreases after 6 hpi. Significant statistical differences are indicated among samples (p <

0.05). N = 3 organoids from one independent experiment.

(C) Subgenomic mRNA levels show decreasing viral transcription after 6 hpi (p <0.05). N = 3 organoids from one independent experiment.
(D) Quantification of percentage NP-positive area over percentage DAPI-positive area from IHC shows a decrease in NP detection. N =3

organoids from one independent experiment.

We then used GFAP as a marker for glial cells. SARS-CoV-2
NP co-localized with GFAP-expressing cells at significant
levels (Figures 3E and 3H). To classify the infected glial cells,
we first evaluated the expression level of an astrocytic
marker, ALDH1L1, and found moderate co-localization
with NP (Figures 3F and 3H). To determine the identity of
non-astrocytic GFAP-expressing cells, we then looked at
co-expression of GFAP with nestin to mark radial glia pro-
genitor cells. We found that NP also co-localized moder-
ately with cells expressing both GFAP and nestin (Figures
3G and 3H). Our IHC data also showed nestin-positive cells
that were GFAP negative, which is indicative of neural pro-
genitors (Figure 3F). Quantification of NP in these cells
revealed that there was also very little to no infection of
neural progenitors (Figure 3H). These data suggest that
SARS-CoV-2 selectively infects glial cells, including astro-
cytes and radial glial progenitors, and ChP cells, but only
modestly infects neurons and neural progenitors.

Apoptosis marker cleaved caspase-3 co-localizes with
SARS-CoV-2 NP at 14 dpi

We next sought to determine the cellular effects of a SARS-
CoV-2 infection. We used the marker cleaved caspase-3
(Asp175) (aCasp3) to indicate apoptotic activity in infected

cells. IHC of aCasp3 expression shows that cells demon-
strating viral infection also expressed this marker at 14
dpi, compared with the mock infection group (Figure 4A).
In addition, expression of aCasp3 co-localized with GFAP
expression at 14 dpi (Figures 4A and 4C). We also evaluated
aCasp3 expression at 4 dpi and saw little to no co-localiza-
tion with either NP or GFAP expression (Figures 4B and
4C). Interestingly, no DNA fragmentation was detected at
either time point. These results suggest that SARS-CoV-2-
infected cells may express markers of apoptosis but may
not be undergoing cell death as characterized by DNA
fragmentation.

DISCUSSION

Using hESC-derived cortical organoids allowed us to
examine cellular effects of in vitro brain tissue infection
by SARS-CoV-2. With NP staining and qPCR, we showed
that SARS-CoV-2 can infect cortical organoids at titers as
low as 10% PFU/mL (~MOI = 0.00001), although replication
does not occur within 4 dpi. We also confirmed that the vi-
rus can infect these organoids within 6 h of initial expo-
sure. Previous reports of SARS-CoV-2 infection in brain or-
ganoids have been contradictory, and the neurotropism is
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Figure 3. SARS-CoV-2 targets glial cells and ChP cells in cortical organoids

(A) Representative confocal images of mock infected cortical organoids.

(B) Images show little to no co-localization of DCX and NP within cortical organoids.
(C) MAP2 modestly co-localizes with NP.

(D) 5-HT2C showed moderate co-localization with NP.

(E) NP highly co-localized with GFAP.

(F) Moderate co-localization of ALDH1L1 with NP.

(legend continued on next page)
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unresolved. Here, we reveal a previously unreported prefer-
ence of SARS-CoV-2 to glial cells within our organoids, spe-
cifically astrocytes and radial glial progenitor cells. Astro-
cytes are important for neuron survival and maintenance
of the blood-brain barrier (Abbott, 2002; Abbott et al.,
2006; Domingues et al., 2016), and preferential targeting
of astrocytes by SARS-CoV-2 may offer an additional entry
route into the brain. Other studies have reported only
modest infection of glial cells in their models but have
found that SARS-CoV-2 selectively targets cells of the ChP
(Jacob et al., 2020; Pellegrini et al., 2020). In our study,
we found moderate infection of ChP cells, similar to the
level of glial cell infection.

Furthermore, we investigated the co-localization of NP to
the putative entry receptor for SARS-CoV-2, ACE2. We
found that NP highly co-localized with ACE2, and, interest-
ingly, we observed a trend of increasing ACE2 expression
with increased viral load. The lack of statistical significance
may be a result of the limited number of organoids used in
this study. Future studies involving more organoids would
be interesting but this is beyond the scope of the current
work. Other studies have found that ACE2 is upregulated
after infection, particularly in tissues where ACE2 normally
has low expression (Chua et al., 2020; Garvin et al., 2020;
Zamorano Cuervo and Grandvaux, 2020).

Our protocols differed from previous studies in several
ways that may account for the discrepancy between results.
We utilized a protocol adapted from Birey et al. (2017) to
generate cortical organoids, whereas organoids in other
studies represented different regions of the brain. Secondly,
GFAP-expressing cells constitute ~20% of the organoids af-
ter 180 DIV, but this percentage is much lower at earlier
time points (Pasca et al., 2015). Since the organoids used
in our study were 180 DIV, this may explain why we have
seen more astrocyte infection than other studies that
used younger organoids. In addition, our organoids were
derived from embryonic stem cells rather than induced
pluripotent stem cells, which may also contribute to vari-
ability between studies (Jacob et al., 2020; Mesci et al.,
2020; Ramani et al., 2020; Zhang et al., 2020). Our finding
that SARS-CoV-2 does not have tropism for neurons but
does infect cells of the ChP is consistent with other studies,
however (Jacob et al., 2020; Pellegrini et al., 2020).

We also found co-expression of aCasp3 with SARS-CoV-2
NP in cells, suggestive of increased cleaved caspase-3 activ-
ity 14 dpi but not 4 dpi. Furthermore, these cells did not

display DNA fragmentation. Further studies using a higher
number of organoids is still needed to determine signifi-
cance. Previous studies have found that activation of cas-
pase-3 can be associated with growth stimulation under
certain conditions (Huang et al., 2011; Liu et al., 2015).
Thus, the lack of DNA fragmentation may indicate that in-
fected cells are not undergoing cell death, but rather that
SARS-CoV-2 may have the potential to induce proliferation
of infected cells. Further investigation is necessary to un-
cover the role of activated caspase-3 in infected cells, and
the extent and mechanisms of viral infection-induced
cell death in cortical organoids.

Infection of glia by SARS-CoV-2 marks a significant peril,
because glia are essential for normal brain function. One
neurological manifestation of COVID-19 is the demyelin-
ating form of Guillain-Barré syndrome (Domingues et al.,
2016; Hadden et al., 1998; Helms et al., 2020), which is
largely associated with astrocyte dysfunction (Domingues
et al., 2016; Sher et al., 2019). In all, our study suggests a
mechanism for neurological complications in COVID-19
patients: that SARS-CoV-2 preferentially targets glial cells
in a way that does not result in the cells’ death.

EXPERIMENTAL PROCEDURES

SARS-CoV-2 infection

To infect organoids, we used viral titers rather than MOI due to the
variability in organoid size and cell count. Each 180 DIV hESC-
derived organoid consisted of an average of 10,000,000 cells, accord-
ing to our cell count, which approximates an MOI of 0.00001-0.01
when using 10% to 10° PFU/mL of SARS-CoV-2 per organoid. The
optimal number of viral particles used to infect cortical organoids
was determined by comparing different plaque-forming units of vi-
rus and was stopped at 10* PFU/mL based on data from the first
experiment. The number of viral particles used to infect cortical or-
ganoids was 10% PFU/mL for all experiments thereafter. Cortical or-
ganoids were maintained in a 24-well plate at 37°C with 5% CO,.
Each well contained one organoid and 1 mL of neural medium. To
exclude effects not induced by SARS-CoV-2, the control organoids
were treated with only neural medium (mock infection). For the
time point assays, the medium was removed from the organoids
at 6 hpi and replaced with fresh neural medium. The organoids
were then harvested at their respective time points.

Statistical analysis
All data are shown as mean + SEM. Differences were considered sta-
tistically significant when p < 0.05 and are signified by *p < 0.05,

(G) Little to no NP co-localization is seen in GFAP-negative nestin-positive cells (arrows), but there is moderate co-localization with cells

that co-express GFAP and nestin (arrowheads).

(H) Quantification shows low NP co-localization with neuronal markers DCX, MAP2, and GFAP-negative, nestin-positive cells. NP and GFAP
co-localization is significant, and there is moderate co-localization with ChP marker 5-HT2C, astrocytic marker ALDH1L1, and radial glial
progenitor markers co-expressed nestin and GFAP. Significant statistical differences are indicated among samples (p <0.05). N =3 sections

from three organoids from two independent experiments.
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**p<0.01, **p <0.001, and ****p <0.0001, and not statistically sig-
nificant when p > 0.05, signified by n.s. In all cases, the stated n
value represents individual organoids. No statistical methods
were used to pre-determine sample sizes. For IHC, compared sam-
ples were processed in parallel, and the same settings and laser po-
wer were used for confocal microscopy. To compare the mean +
SEM values from the mock infected control and infected organo-
ids, an unpaired two-tailed Student’s t test was used with Welch's
correction when the F-test indicated significant differences be-
tween the variances of both groups. All analyses were conducted
using GraphPad Prism software (version 8.3.0).

Quantitative analysis of immunostained sections

Quantification was conducted using Leica LAX software and Im-
ageJ Fiji (NIH). To analyze the amount of marker expression in
cortical organoids, we used Image] Fiji software to trace and calcu-
late the total DAPI-positive area in three immunostained sections
per organoid, then determined the percentage of each marker-pos-
itive area out of the total DAPI-positive area. We used Image] Fiji

1162 Stem Cell Reports | Vol. 16 | 11561164 | May 11, 2021

Figure 4. Apoptosis marker cleaved cas-
pase-3 co-localizes with NP at 14 dpi

(A) Representative confocal images of in-
fected cells show co-localization of NP with
cleaved caspase-3 (Asp175) (aCasp3) 14
dpi. In addition, aCasp3 co-localizes with
GFAP. DNA fragmentation is not seen.

(B) There is low co-localization of aCasp3
with NP or GFAP 4 dpi.

(C) Quantification of aCasp3 co-localization
with NP or GFAP at 4 and 14 dpi. Each point
represents the mean of three sections from
three organoids. Significant statistical dif-
ferences are indicated among samples (p <
0.05). N = 3 organoids from two indepen-
dent experiments.

software to calculate co-localization by quantifying percentage
marker-positive area over percentage NP-positive area or percent-
age cleaved caspase-3-positive area. The number of organoids
used for marker quantification is included in the figure legends.
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