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Summary
ApoE4, a strong genetic risk factor for Alzheimer’s disease, has been associated with increased
risk for severe COVID-19. However, it is unclear whether ApoE4 alters COVID-19
susceptibility or severity and the role of direct viral infection in brain cells remains obscure. We
tested the neurotropism of SARS-CoV2 in human induced pluripotent stem cell (hiPSC) models
and observed low-grade infection of neurons and astrocytes that is boosted in neuron-astrocyte
co-cultures and organoids. We then generated isogenic ApoE3/3 and ApoE4/4 hiPSCs and found
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an increased rate of SARS-CoV-2 infection in ApoE4/4 neurons and astrocytes. ApoE4
astrocytes exhibited enlarged size and elevated nuclear fragmentation upon SARS-CoV-2
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infection. Finally, we show that remdesivir treatment prevents SARS-CoV2 infection of hiPSC-
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neurons and astrocytes. These findings suggest that ApoE4 may play a causal role in COVID-19
severity. Understanding how risk factors impact COVID-19 susceptibility and severity will help
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us understand potential long-term effects in different patient populations.

Introduction
The coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Coronaviridae Study Group of the International Committee on
Taxonomy of, 2020; Wu et al., 2020b; Zhu et al., 2020). The rapid and widespread outbreak of
SARS-CoV-2 poses a serious threat to global public health. Although SARS-CoV-2 primarily
affects the respiratory system, increasing studies have started to report neurological symptoms,
including headache, smell and taste disorders, dysexecutive syndrome, confusion, seizure, and
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encephalopathy (Giacomelli et al., 2020; Helms et al., 2020; Lechien et al., 2020; Mao et al.,
2020; Parma et al., 2020; Solomon et al., 2020). It has been reported that more than 30%
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hospitalized COVID-19 patients exhibited neurological manifestations (Mao et al., 2020).
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However, it remains to be determined whether the neurological symptoms are a direct result of
SARS-CoV-2 infection of brain cells or a consequence of systemic illness (Ellul et al., 2020).
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The detection of viral RNA and /or protein in brains of COVID-19 patients who exhibited

lP

neurological symptoms (Moriguchi et al., 2020; Paniz-Mondolfi et al., 2020; Puelles et al., 2020;
Solomon et al., 2020) suggests viral infection of human brains. Moreover, a neurochemical study

na

of 47 COVID-19 patients has shown that patients with severe COVID-19 exhibited elevated
plasma level of GFAP and NfL, indications of astrocytic activation and neuronal injury (Kanberg

ur

et al., 2020), further supporting the idea that SARS-CoV-2 could enter the brain and cause

Jo

neurological disturbance.

ApoE is a lipid binding protein that has three major isoforms. The ε4 allele of APOE is
associated with increased risk for AD, ε3 is neutral, and ε2 is associated with reduced risk for
AD (Bertram and Tanzi, 2008). ApoE is expressed in both astrocytes and neurons, with higher
levels in astrocytes (Liu et al., 2013). While it is well accepted that the ε4 allele of APOE is
associated with increased risk and accelerated onset of AD, a recent study demonstrated a
positive association between the ApoE4 genotype and risk for severe COVID-19 (Kuo et al.,
2020) using data from UK Biobank. Data from 451,367 participants with European ancestry in
UK biobank were included in the study. Among the participants, 9,022 individuals were
ApoE4/4 (3%), 90,469 were ApoE3/4 (28%), and 223,457 were ApoE3/3 (69%). There were 622
COVID-19 patients, including 37 ApoE4/4 and 401 ApoE3/3 individuals. The ApoE4/4
genotype was strongly associated with risk for severe COVID-19 (hospitalized patients),

independent of pre-existing comorbidities (Kuo et al., 2020). The association of ApoE4/4
genotype and the risk for COVID-19 is strong (OR > 2.3, 95% CI). However, there is no direct
evidence to pinpoint the causality of the ApoE ε4 allele in COVID-19 susceptibility or severity.

Human induced pluripotent stem cells (hiPSCs) have emerged as valuable in vitro platforms
to model human brain development and diseases for which human cells and tissues are not easily
accessible (Takahashi et al., 2007; Yu et al., 2007; Marchetto et al., 2011; Shi et al., 2017a; Li et
al., 2018a; Li and Shi, 2020). In response to COVID-19 pandemic, hiPSC-derived NPCs,
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neurons and brain organoids have been used to model SARS-CoV-2 neurotropism (Jacob et al.,
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2020; Mesci et al., 2020; Pellegrini et al., 2020; Ramani et al., 2020; Song et al., 2020; Zhang et
al., 2020). These studies all reported infection of neurons and/or astrocytes by SARS-CoV-2,

-p

however, different extents of infection have been reported. Some reported sparse infection of
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neurons and astrocytes (Jacob et al., 2020; Pellegrini et al., 2020), whereas other showed more

lP

extensive infection of these cell types in either 2D or 3D cultures (Mesci et al., 2020; Ramani et
al., 2020; Song et al., 2020; Zhang et al., 2020). The cause for this discrepancy remains to be

ur

na

explored.

Genetic risk factors could affect the susceptibility and severity of COVID-19. The generation
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of isogenic iPSC lines using genome editing technologies, with the edited gene as the sole
variable, allows identification of pathological phenotypes that are specific to the genetic risk
factors, without potential confusion resulted from distinct genetic or epigenetic background of
different iPSC donors (Hockemeyer and Jaenisch, 2016). Studying cells derived from isogenic
iPSCs with the ApoE genotype as the sole variable will allow us to identify phenotypes directly
caused by the specific ApoE isoform.

In this study, we generated isogenic hiPSCs that only differ in their ApoE genotype using
CRISPR/Cas9 gene editing. Because ApoE is expressed in both astrocytes and neurons, we
differentiated the isogenic hiPSCs with the ApoE3/3 or ApoE4/4 genotype into neurons and
astrocytes. Using the isogenic neurons and astrocytes, we were able to detect SARS-CoV-2

infection in both neurons and astrocytes. Moreover, we were able to see ApoE isoform-
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dependent SARS-CoV-2 neurotropism and cellular response.

Results
SARS-CoV-2 infects hiPSC-derived NPCs, neurons and astrocytes
To determine the cell types in the brain that are susceptible for SARS-CoV-2 infection, we
generated neural progenitor cells (NPCs), neurons, astrocytes and oligodendrocyte progenitor
cells (OPCs) from hiPSCs using our established protocols (Li et al., 2018b; Feng et al., 2020)
with modifications. Brain microvascular endothelial cells (ECs) were also included in this study.
All types of cells were seeded onto 96-well plates at 20,000 cells per well. NPCs, neurons,
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astrocytes, and ECs were infected with SARS-CoV-2 virus at a multiplicity of infection (MOI)

ro

of 0.1 or 1, and then harvested at 24 hours or 72hours post infection (hpi) for analysis. OPCs
were seeded along with brain organoids and infected at MOI=1 and harvested at 144 hpi for

-p

analysis. Immunostaining using an antibody against the SARS-CoV-2 spike protein showed clear
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spike-positive cells in SARS-CoV-2-infected NPCs (Fig. S1A-C), neurons and astrocytes (Fig.
1A-E), with a percentage up to 3% in NPCs (Fig. S1B) and neurons (Fig. 1D) and up to 5% in

lP

astrocytes (Fig. 1E). In contrast, no spike+ cells were detected in OPCs or ECs (Fig. S1D-G).
RT-qPCR demonstrated substantially elevated level of the viral nucleocapsid (N) transcripts in

na

NPCs (Fig. S1C), neurons (Fig. 1D) and astrocytes (Fig. 1E), even at lower MOI (MOI=0.1),

ur

indicating that these cell types were susceptible to SARS-CoV-2 infection. It should be noted
that the decrease in percentage of spike+ cells in NPCs at 72 hpi (Fig. S1B) could be caused by a
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substantial increase in total cell number due to NPC proliferation, because the cell number of
NPCs at 72 hpi was about 3 times higher than that at 24 hpi (data not shown). Because the
percentage of spike+ cells showed a viral dose-dependent increase from MOI of 0.1 to MOI of 1
at 24 hpi (Fig. 1D and 1E), we selected viral dose at MOI of 1 for the following experiments.
ACE2 and TMPRSS2 are the main receptors for SARS-CoV-2 entry into human lung cells
(Hoffmann et al., 2020). To determine if brain cells may use the same receptors for SARS-CoV2 entry, we examined the expression levels of ACE2 and TMPRSS2 in human iPSC-derived
neurons and astrocytes, including human lung tissues as the positive control. Compared to
human lung tissues, the expression level of ACE2 and TMPRSS2 was very low in both neurons
and astrocytes (Fig. S2A). Instead, the expression level of NRP1, a receptor that has been shown
to facilitate SARS-CoV-2 infection in olfactory epithelium and CNS (Cantuti-Castelvetri et al.,
2020), showed high expression level in both neurons and astrocytes (Fig. S2A). This result

suggests that brain cells may use different receptor, for example NRP1, for SARS-COV-2 entry,
from lung cells that use ACE2 and TMPRSS2 as the receptors for SARS-CoV-2 entry.
Inducing astrocyte differentiation in brain organoids boosts SARS-CoV2 infection in
neurons
Inspired by our observation that hiPSC-derived neurons and astrocytes could be infected with
SARS-CoV-2 in a 2D culture system, we next used hiPSC-derived brain organoids to test the
neurotropism of SARS-CoV-2. Brain organoids were derived from hiPSCs following published
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protocols (Lancaster et al., 2013; Qian et al., 2016; Sun et al., 2020). We used brain organoids
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differentiated around day 60 for the study. These organoids contained NPCs and neurons that
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expressed typical NPC markers SOX2 and TBR2 and neurons markers βIII-Tubulin (TUJ1),
CTIP2 and SATB2, respectively (Fig. 1F). The brain organoids were infected with SARS-CoV-2

re

at MOI=1, and harvested at 24 hpi, 72 hpi and 144 hpi for analysis. Co-localization of the SARS-
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CoV-2 spike protein signal with the neuronal marker TUJ1 staining indicates that SARS-CoV-2
could infect neurons in brain organoids (Fig. 1G). The infection of brain organoids by SARS-

na

CoV-2 was further corroborated by substantially elevated level of viral nucleocapsid transcript
expression in SARS-CoV-2-infected brain organoids, compared to mock-treated brain organoids

ur

(Fig. 1H). The reduced viral RNA level at 144 dpi was presumably due to extensive cell death at
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this time point (data not shown).

Because astrocytes have been shown to be important for the production and spreading of
neurotropic virus in the central nervous system (Potokar et al., 2019), we next asked whether
astrocytes could enhance SARS-CoV-2 infection in brain organoids. In order to compare the
infection of brain organoids with or without astrocytes, we developed a method to induce
astrocyte differentiation in early stage brain organoids (e.g. day 50) that do not have spontaneous
astrocyte development using Matrigel treatment (Fig. 1I). We were able to detect GFAP+ and/or
S100+ astrocytes in Matrigel-treated brain organoids specifically, but not in control organoids of
the same stage (Fig. 1J). RT-qPCR analysis revealed similar levels of the NPC marker TLX (Shi
et al., 2004; Qu et al., 2010) and the neuronal markers TUJ1 and MAP2 in brain organoids with
or without Matrigel treatment, but increased level of the astrocyte marker GFAP in Matrigeltreated brain organoids (Fig. S2B), confirming enriched astrocyte population in Matrigel-treated

brain organoids. Of note, RT-qPCR analysis revealed that the viral nucleocapsid RNA level was
substantially higher in SARS-CoV-2-infected brain organoids with astrocytes than that in brain
organoids without astrocytes (Fig. 1K). To better quantify the effect of astrocytes on SARSCoV-2 infection in neurons, we conducted infections in 2D cultures of neurons alone and
neuron-astrocyte co-cultures with SARS-CoV-2. Quantification of the SARS-CoV-2-infected
neurons (MAP2+Spike+ cells) revealed that neurons co-cultured with astrocytes exhibited higher
infection rate compared to neurons cultured alone (Fig. 1L and 1M), indicating that astrocytes

of

could boost SARS-CoV-2 infection in neurons.

ro

ApoE4 neurons exhibited higher susceptibility to SARS-CoV-2 infection than ApoE3

-p

neurons

re

A recent study of COVID-19 patients in the UK Biobank revealed that individuals harboring the

lP

ApoE4/4 genotype were more likely to have severe COVID-19 (hospitalized) than individuals
with the ApoE3/3 genotype (Kuo et al., 2020). To investigate the role of ApoE4 in SARS-CoV-2

na

infection, we generated ApoE3/3 iPSCs from the parental ApoE4/4 iPSCs derived from an AD
patient (AG06869) by CRISPR/Cas9-based gene editing (Fig. 2A). Neurons were differentiated

ur

from isogenic ApoE3 and ApoE4 iPSCs and co-cultured with iPSC-derived astrocytes for 3
weeks for maturation. After viral infection, Spike+ neurons could be observed in both ApoE3
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and ApoE4 neurons at 24 hpi and 72 hpi (Fig. 2B). At 24 hpi, quantification of the
MAP2+Spike+ cells revealed a mild increase in the percentage of SARS-CoV-2-infected
neurons in ApoE4 neurons than in ApoE3 neurons (1.31%±0.14% vs 0.77%±0.09%), although
the difference was not statistically significant (Fig. 2C). At 72 hpi, both ApoE3 and ApoE4
neurons showed increased percentage of MAP2+Spike+ cells (Fig. 2C), suggesting virus
replication in the co-culture system. The percentage of the MAP2+Spike+ cells in ApoE4
neurons was significantly higher than in E3 neurons at 72 hpi (2.10%±0.19% vs 1.42%±0.17%)
(Fig. 2C), indicating that ApoE4 neurons are more prone to SARS-CoV-2 infection compared to
ApoE3 neurons. We observed that the localization of SARS-CoV-2 viral particles was mainly in
neuron cell body, but in some infected neurons, the viral particles could also be observed in the
MAP2+ dendrites (Fig. S3A), suggesting that SARS-CoV-2 may spread in neurons through
neurites. In addition, we observed syncytia formation, a typical cytopathic effect in cultured cells

infected with SARS-CoV-2, in both ApoE3 and ApoE4 neurons (Fig. S3B and S3C), with higher
percentage of syncytia nucleus in E4 neurons than that in E3 neurons (Fig. S3C), suggesting that
SARS-CoV-2 may also spread in neurons through syncytia formation.
SARS-CoV-2 infection causes neuritic degeneration and synaptic loss in neurons
To determine whether SARS-CoV-2 could cause degenerative changes in neurons, we first
observed the morphology of the infected neurons. We stained neurons with the neuronal marker
MAP2, measured neurite length and quantified neurite number of mock-treated neurons as well

of

as spike+ and spike- neurons in the same dish of SARS-CoV-2-treated neurons. At 24 hpi, the

ro

MAP2+ neurite length of mock-treated neurons, and the spike- and spike+ neurons did not show
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much difference in ApoE3 and ApoE4 neurons (Fig. 2D and 2E). However, by 72 hpi, the
neurite length of the spike+ neurons decreased significantly in both ApoE3 and ApoE4 neurons

re

(Fig. 2D and 2E), compared to mock-treated neurons and spike- neurons. The decrease of neurite

lP

length in the ApoE4 spike+ neurons compared to the ApoE4 spike- neurons is more dramatic
(p<0.001) than the decrease in the ApoE3 spike+ neurons compared to the ApoE3 spike- neurons

na

(p<0.05). The neurite length of the ApoE4 Spike- neurons also showed a statistically significant
reduction compared to mock infected neurons at 72 hpi, whereas the ApoE3 Spike- neurons did

ur

not show a statistically significant difference from the mock-treated neurons (Fig. 2E). These
results together indicate that SARS-CoV-2 could cause a more dramatic effect on the infected
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ApoE4 neurons and their surrounding neurons. Consistent with shortened neurite length at 72
hpi, the neurite number of spike+ neurons also reduced significantly at 72 hpi, but not 24 hpi, in
ApoE 3 and ApoE4 neurons (Fig. 2D and 2F). Again, a more dramatic decrease in neurite
number was observed in spike+ ApoE4 neurons compared to mock-treated or spike- ApoE4
neurons (p<0.001), than the decrease in spike+ ApoE3 neurons compared to mock-treated or
spike- ApoE3 neurons (p<0.01), although a direct comparison of the neurite length and number
between the ApoE3 and ApoE4 neurons (mock, spike-, and spike+) did not reach statistically
significant difference. These results demonstrate that SARS-CoV-2 infection could result in
neurite degeneration in both ApoE3 and ApoE4 neurons, with a more dramatic deteriorative
effect on ApoE4 neurons than ApoE3 neurons.
Since viral infection caused shortened neuritic length and reduced neurite number in neurons, we
wondered whether SARS-CoV-2 infection could also cause synaptic loss. We stained neurons

with the synapse marker Synapsin 1 (Syn 1) and quantified the density of mock-treated and
SARS-CoV-2-treated spike+ neurons. By 72 hpi, the spike+ neurons showed significantly
decreased Syn 1-positive puncta density in both ApoE3 and ApoE4 neurons (Fig. 2G-J).
Differential susceptibility and response in ApoE3 and ApoE4 astrocytes upon SARS-CoV-2
infection
Because ApoE4 neurons showed a higher infection rate than ApoE3 neurons, we next asked
whether the ApoE genotype could affect SARS-CoV-2 infection in astrocytes. Two pairs of
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isogenic astrocytes were differentiated from isogenic ApoE3 and ApoE4 iPSCs following our
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established protocol (Li et al., 2018b), purified with MACS sorting of CD49f (Barbar et al.,
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2020), and then subjected to SARS-CoV-2 infection. Consistent with our findings in ApoE4
neurons, we observed a statistically significant increase in the percentage of spike+ cells in

re

ApoE4 astrocytes, compared to that in ApoE3 astrocytes (Fig. 3B and S4B). To compare the

lP

morphological change in SARS-CoV-2-infected ApoE3 and ApoE4 astrocytes, we measured the
astrocyte soma size. We found that the spike+ ApoE4 astrocytes exhibited increased cell size

na

(soma size and process length) compared to the spike+ ApoE3 astrocytes (Fig. 3A, 3C, S4A and
S4C), suggesting that the ApoE4 astrocytes react differently from the ApoE3 astrocytes upon

ur

SARS-CoV-2 viral infection. In addition, we found that the ApoE4 astrocytes showed more
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fragmented nuclei after viral infection compared to the ApoE3 astrocytes (Fig. 3D and S4D),
indicating that SARS-CoV-2 infection may cause a more severe cytopathogenic effect in ApoE4
astrocytes than in ApoE3 astrocytes. Similar with our observation in neurons, we have observed
the syncytia formation in astrocytes suggesting that one way of SARS-CoV-2 spreading in
astrocytes may through syncytia formation (Fig. 3A).
Recently, Daniloski et al screened host factors for SARS-CoV-2 infection by genome-wide
CRISPR knock out and identified about 40 genes that are involved in different steps of SARSCoV-2 infection, including receptor binding, endosomal entry, spike cleavage and membrane
fusion, endosomal recycling, spike protein cleavage, viral RNA transcription and translation, and
ER-Golgi trafficking (Daniloski et al., 2020). To explore mechanisms underlying the differential
susceptibility of ApoE3 and ApoE4 cells to SARS-CoV-2, we compared the expression level of
these host factors in isogenic ApoE3 and ApoE4 astrocytes by gene expression profiling. Among

the host genes examined, ACTR2 (endosomal entry), ATP6AP2 (spike protein cleavage,
endosomal acidification and processing), ERMP1 (ER) and CHST14 (Golgi) showed higher
expression levels in ApoE4 astrocytes than that in ApoE3 astrocytes (Fig. 3E and 3F). Of the
differentially expressed host factors, ACTR2 is an actin cytoskeleton-associated protein that is
involved in endosomal entry (Daniloski et al., 2020), while ATP6AP2 is a subunit of the
vacuolar-ATPase proton pump important for endosomal acidification and processing (Banerjee
and Kane, 2020). Indeed, increased number and size of early endosomes have been detected in
ApoE4 cells and brains compared to their ApoE3 counterparts (Cataldo et al., 2000; Lin et al.,
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2018). Our result suggests that ApoE4 may regulate SARS-CoV-2 infection through modulating

ro

the expression of factors involved in SARS-CoV-2 infection, such as endosomal entry,

-p

acidification and processing.
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The antiviral drug remdesivir inhibits virus infection in neurons and astrocytes

lP

The antiviral drug remdesivir has been granted emergency use authorization (EUA) by the FDA
for the treatment of COVID-19 (Kujawski, 2020). However, whether it has any effect on

na

neurological manifestations remains unknown. Here, we tested the anti-SARS-CoV-2 effect of
remdesivir on neurons and astrocytes. iPSC-derived neurons and astrocytes were pre-treated with

ur

vehicle or remdesivir for 2 h prior to SARS-CoV-2 infection. Then the cells were infected with
SARS-CoV-2 (MOI=1). Subsequently, remdesivir treatment was continued for 72 h. Remdesivir
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treatment reduced detectable spike+ neurons (Fig. 4A) and astrocytes (Fig. 4E, 4G and S4E)
substantially. The level of viral transcripts was also reduced dramatically in remdesivir-treated
neurons (Fig. 4B) and astrocytes (Fig. 4F). To determine if remdesivir treatment could rescue
neuronal phenotypes caused by SARS-CoV-2 infection, we quantified neurite length and number
in SARS-CoV-2 infected neurons (spike+) and SARS-CoV-2 plus remdesivir-treated neurons
(spike-, no spike+ cells were detected in this group). Significantly increased neurite length was
detected in remdesivir-treated neurons compared to SARS-CoV-2-infected neurons without
remdesivir treatment (Fig. 4C). The neurite number of remdesivir-treated neurons was also
increased compared to the SARS-CoV-2-infected neurons, although the increase did not reach
statistical significance (Fig. 4D). The effect of remdesivir treatment on astrocyte phenotype
rescue was evaluated by quantifying fragmented nuclei in SARS-CoV-2 only or SARS-CoV-2
plus remdesivir-treated astrocytes. Treatment with remdesivir reduced fragmented nuclei in

ApoE4 astrocytes significantly (Fig. 4H and S4F). The percentage of fragmented nuclei was also
reduced by remdesivir treatment in ApoE3 astrocytes, but the reduction did not reach statistical
significance, presumably because the increase of fragmented nuclei by SARS-CoV-2 was mild in
ApoE3 astrocytes (Fig.4H and S4F). These results together indicate that remdesivir could
effectively inhibit SARS-CoV-2 infection and rescue disease phenotypes in neurons and
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astrocytes, therefore can be used to manage neurological infection by SARS-CoV-2.

Discussion
Although SARS-CoV-2 RNA was detected at high levels in the respiratory system, it is also
found in other organs including the brain, albeit with lower levels, indicating that multiple organs
including the brain can be susceptible to SARS-CoV-2 infection. Due to the difficulty in
accessing patient brain tissues, hiPSC-derived neural cells and organoids have been used to
model SARS-CoV2 neurotropism (Bullen et al., 2020; Jacob et al., 2020; Mesci et al., 2020;
Pellegrini et al., 2020; Ramani et al., 2020; Song et al., 2020; Yang et al., 2020; Zhang et al.,

of

2020).
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SARS-CoV-2 infection of hiPSC-derived NPCs, neurons, and/or astrocytes has been reported
in 2D cultures and 3D brain organoids (Jacob et al., 2020; Mesci et al., 2020; Pellegrini et al.,
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2020; Ramani et al., 2020; Song et al., 2020; Zhang et al., 2020). Although these studies all
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reported infection of neurons and/or astrocytes by SARS-CoV-2, the degree of infection was

lP

different, ranging from sparse infection (Jacob et al., 2020; Pellegrini et al., 2020) to more
extensive infection of these cell types in either 2D or 3D cultures (Mesci et al., 2020; Ramani et

na

al., 2020; Song et al., 2020; Zhang et al., 2020). In this study, we detected a SARS-CoV-2
infection rate up to 3% in NPCs and neurons and up to 5% in astrocytes. One reason for the

ur

difference in SARS-CoV-2 infection rate could be different genetic background of subjects from
whom iPSCs are derived. We show here that neurons and astrocytes derived from iPSCs with
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ApoE4/4 genotype exhibited significantly higher SARS-CoV-2 infection rate than neurons and
astrocytes derived from iPSCs with ApoE3/3 genotype. Moreover, we demonstrate that coculture of neurons with astrocytes in either 2D cultures or 3D organoids could boost SARS-CoV2 infection rate. Increased death of infected cells has been reported in 2D NPC and neuronal cells
and 3D brain organoids (Jacob et al., 2020; Mesci et al., 2020; Ramani et al., 2020; Song et al.,
2020; Zhang et al., 2020). We show here that SARS-CoV-2 infected neurons undergo
degeneration, including shortened neurite length and reduced synapses, presumably before they
die.

ApoE4 is the greatest genetic risk factor for Alzheimer’s disease (Bertram and Tanzi, 2008).
The human APOE gene encodes three isoforms, ApoE2, ApoE3, and ApoE4, which has allele

frequency of 8.4%, 77.9%, and 13.7%, respectively, in general population (Farrer et al., 1997;
Liu et al., 2013). The ApoE4 frequency reaches nearly 40% in the AD patient population (Farrer
et al., 1997; Liu et al., 2013). In this study, using ApoE3/3 and ApoE4/4 neurons and astrocytes
derived from isogenic iPSCs prepared using CRISPR/Cas9 gene editing, we provided clear
evidence that ApoE4 could lead to increased SARS-CoV-2 susceptibility in both neurons and
astrocytes. Moreover, the ApoE4 astrocytes exhibited an exacerbated cellular response, including
enlarged size, reminiscent of reactive astrocytes, and increased fragmentation of the nucleus, an
indication of cell death, which could contribute to the severity of disease in COVID-19.

of

Astrocytes are the most abundant glial cells in the brain and are essential for proper function of
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the central nervous system (CNS). It has been shown that ApoE4 in glial cells may aggravate
neurodegeneration (Shi et al., 2017b). We show here that SARS-CoV-2 infection preferentially
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activates astrocytes and induces astrocytic death in ApoE4 astrocytes. The ApoE isoform-
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dependent effect could contribute to elevated risk for severe COVID-19 in the ApoE4/4

lP

population. This study thus provides a plausible explanation for why some (e.g. ApoE4/4
subjects) but not all COVID-19 patients have neurological manifestations.

na

In a recent study, it has been shown that the ApoE E4/4 genotype increases the risk for severe
COVID-19, compared to the ApoE3/3 genotype, independent of preexisting comorbidities, such

ur

as dementia, cardiovascular disorders, and type-2 diabetes, using genetic and health data from
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the UK biobank (Kuo et al., 2020), suggesting an association of ApoE4 with COVID-19. Of
interest, the ApoE isoform-specific effect has also been observed in herpes simplex virus type I
(HSV-1) latent infection. The HSV-1 neuroinvasiveness depends on the presence of the ApoE4
isoform. Higher viral loads were detected in brains of ApoE4 mice than that in the ApoE3 mice
(Burgos et al., 2006). The ApoE4/4 genotype is also associated with increased Human
Immunodeficiency Virus type I (HIV-1) infection and accelerates disease progression, especially
progression to death, in HIV-infected patients, compared to the ApoE3/3 genotype (Burt et al.,
2008). Our study together with the association study between the ApoE4 genotype and severe
COVID-19 disease (Kuo et al., 2020) broadens the role of ApoE4 in infectious diseases, besides
its well-known risk effects on Alzheimer’s disease.
Remdesivir, an inhibitor of viral RNA polymerase (Warren et al., 2016), has been granted
emergency use authorization (EUA) by the FDA for the treatment of COVID-19, because of its

effect on reduced time to recover in treated patients in a clinical trial (Kujawski, 2020). In this
study, we tested the effect of remdesivir on inhibition of SARS-CoV-2 infection in hiPSCderived brain cells and detected dramatically reduced viral RNA levels in remdesivir-treated
neurons and astrocytes. These results further support the anti-SARS-CoV-2 potential of
remdesivir and provide evidence that remdesivir can be used to treat neurological complications
in COVID-19 patients. Moreover, this study demonstrates that hiPSC-derived cells and brain
organoids could provide human cellular platforms for COVID-19 drug discovery and validation.
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Limitations of the Study

ro

This study provides clear evidence for an ApoE4 isoform-specific effect on the susceptibility and
severity of SARS-CoV-2 infection. However, there are several limitations that remain to be
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addressed in the future. Firstly, because hiPSC-derived cells are phenotypically young (Studer et

re

al., 2015), a general concern for using the hiPSC platform is whether iPSC-derived cells may

lP

accurately reflect the scenario of SARS-CoV-2 infection in adults. Although we believe that
infection of iPSC-derived cells with SARS-CoV-2 could induce stress to mimic cellular

na

environment in adults and elderly, thus allowing modeling of symptoms in adults, it is worth
noting that aspects of the innate immune response to viral infection can be age-dependent (Baas

ur

et al., 2008). Therefore, there could be difference between the observation in hiPSC-derived
brain cells and that in adult patient brains. Secondly, to explore mechanisms underlying

Jo

differential susceptibility to SARS-CoV-2 infection, we identified host factors for SARS-CoV-2
that showed differential expression in ApoE3 and ApoE4 astrocytes. However, further functional
studies are needed to provide unequivocal evidence for whether and how these host factors
regulate differential susceptibility to SARS-CoV-2 in ApoE3 and ApoE4 cells. Thirdly, current
hiPSC-derived cultures lack blood stream and blood-brain-barrier (BBB), therefore prevent us
from exploring the contribution of BBB breakdown to neurological manifestations in COVID-19
patients. It has been proposed that SARS-CoV-2 could enter the brain through the olfactory
nerves in the nasal cavity or through cytokine storm-induced blood-brain barrier (BBB)
disruption to cause neurological complications (Mao and Jin, 2020). In addition, SARS-CoV-2
may induce neurological symptoms in COVID-19 patients through indirect effects resulted from
BBB breakdown or microvascular damage without direct infection of brain cells. For example,
severely ill COVID-19 patients have been shown to have cytokine storm (Wu et al., 2020a; Ye et

al., 2020), which can cause BBB breakdown (Azkur et al., 2020). Consequently, cytokines can
cross the damaged BBB to the brain to affect neural function (Erickson and Banks, 2018).
Further studies of COVID-19 patients could provide added insights into how SARS-CoV-2
induces neurological manifestations. Last but not the least, we examined remdesivir effects in an
ApoE isoform-dependent manner in astrocytes but not neurons, because we observed ApoE
isoform-specific phenotypes mainly in astrocytes, where ApoE is expressed with higher level
(Liu et al., 2013). Future studies can be extended to confirm whether remdesivir will rescue
neuronal phenotypes in ApoE3 and ApoE4 neurons similarly or in an ApoE isoform-specific

of

manner. In summary, although with limitations, this study provides intriguing insights into why

ro

some but not all COVID-19 patients exhibit neurological manifestations and demonstrates that
hiPSC-derived neurons and astrocytes could serve as a human cellular platform for COVID-19
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mechanistic study and drug development.
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Figure 1. SARS-CoV-2 infects hiPSC-derived neurons, astrocytes and brain organoids.
Cells were infected with SARS-CoV-2 at a multiplicity of infection (MOI) at 0.1 or 1 and
analyzed 24 or 72 hours post infection (hpi). Organoids were analyzed 24, 72 or 144 hpi.
(A) Schematic for testing SARS-CoV-2 infection of hiPSC-derived neurons and astrocytes.
(B) Infection of neurons by SARS-CoV-2. Representative images of mock and infected neurons
stained for the SARS-CoV-2 spike protein and the neuronal marker MAP2.
(C) Infection of astrocytes by SARS-CoV-2. Representative images of mock and infected
astrocytes stained for the SARS-CoV-2 spike protein and the astrocyte marker SOX9.
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(D and E) The percentage of SARS-CoV-2 spike+ cells and the log10 fold change of viral N

ro

gene RNA level in infected neurons (D) and astrocytes (E) at 24 and 72 hpi. n=8 (D) or 5 to 7 (E)
image fields per group for spike+ cells. n=3 (D and E) experimental repeats for viral RNA RT-
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qPCR.
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(F) Immunostaining of brain organoids. Brain organoids around day 60 were stained with NPC

lP

markers SOX2 and TBR2, neuronal markers TUJ1, BRN2, CTIP2, and SATB2.
(G) SARS-CoV-2 infection of neurons in brain organoids. Mock or SARS-CoV-2-infected

na

organoids were stained for TUJ1 and SARS-CoV-2 spike protein at 144 hpi.
(H) Relative viral N gene RNA level by RT-qPCR in mock and SARS-CoV-2-infected brain

ur

organoids at 24, 72 and 144 hpi. n=3 experimental repeats.
(I) Schematic of brain organoids (BO) treated with Matrigel to induce astrocyte differentiation.
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(J) control and Matrigel-treated brain organoids were stained for GFAP and S100β.
(K) Relative viral N gene RNA level by RT-qPCR in mock and SARS-CoV-2-infected control (AS) and Matrigel-treated (+AS) brain organoids at 24 hpi. n=3 experimental repeats.
(L) Schematic for neuron and astrocyte co-culture.
(M) The percentage of MAP2+spike+ cells in SARS-CoV-2 (MOI= 1)-infected neurons with
(N+AS) or without (N) astrocyte co-culture at 24 hpi. n=8 image fields for each group.

Scale bar: 20 µm for panels B, C, G, J; 50 µm for panel F. Error bars are SEM of the mean.
*p<0.05; **p<0.01, ***p<0.001, ns: p>0.05 by one-way ANOVA followed by Turkey’s
multiple comparison test.
Also see Fig. S1 and S2.

Figure 2. SARS-CoV-2 infects hiPSC-derived ApoE3 and ApoE4 neurons with different
efficiency. Isogenic ApoE3 (E3) and ApoE4 (E4) iPSC-derived neurons were infected with
SARS-CoV-2 (MOI=1) and analyzed at 24 or 72hpi.
(A) Schematic for CRISPR/Cas9 editing to switch ApoE4 to ApoE3 in iPSCs. Sanger
sequencing confirms the APOE genotype of the parental (ApoE4/4) and edited (ApoE3/3) iPSCs.
(B and C) E4 neurons exhibit higher SARS-CoV-2 infection rate. Mock or SARS-CoV-2infected E3 or E4 neurons at 24 or 72 hpi were stained for the neuronal marker MAP2 and the
SARS-CoV-2 spike protein (B). The percentage of MAP2+Spike+ cells in E3 or E4 neurons at

of

24 or 72 hpi. n= 8 image fields per group (C).
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(D) Reduced neurite length and complexity in SARS-CoV-2 infected neurons. Mock or SARSCoV-2-infected E3 or E4 neurons at 24 or 72 hpi were stained for MAP2 and the spike protein.
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(E) Quantification of the total MAP2+ neurite length of mock, spike-, or spike+ neurons at 24 or

re

72 hpi. n= 131 E3 neurons (n=22 for 24 h mock, 24 hpi spike+, 72 h mock, 72 hpi spike- and 72
hpi spike+ neurons each, and n= 21 for 24 hpi spike- neurons), n=198 E4 neurons (n= 34 for 24

lP

h mock and 72 h mock neurons, n=26 for 24 hpi spike- neurons, n=35 for 24 hpi spike+ neurons,
n=31 for 72 hpi spike- neurons, and n=38 for 72 hpi spike+ neurons).
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(F) Quantification of the total MAP2+ neurite number of mock, spike- or spike+ neurons at 24 or

ur

72 hpi. n=130 E3 neurons (n=21 for 24 h mock and 24 hpi spike- neurons, n=22 for 24 hpi
spike+, 72 h mock, 72 hpi spike- and 72 hpi spike+ neurons), n= 198 E4 neurons (n=34 for 24 h
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mock and 72 h mock neurons, n=26 for 24 hpi spike- neurons, n=35 for 24 hpi spike+ neurons,
n=31 for 72 hpi spike- neurons, and n=38 for 72 hpi spike+ neurons).
(G and I) Reduced synaptic puncta in SARS-CoV-2-infected neurons. Synapsin 1 (Syn1)positive puncta in mock or SARS-CoV-2-infected spike+ E3 (G) or E4 (I) neurons at 72 hpi.
(H and J) Quantification of the number of Syn1+ puncta per 50 µm of neurites in mock or
SARS-CoV-2-infected spike+ E3 (H) and E4 (J) neurons at 72 hpi. n=15 E3 neurons or 18 E4
neurons per group.

Scale bar: 50 µm for panel B and D; 10 µm for panels G and I. Error bars are SEM of the mean.
*p<0.05; **p<0.01, ***p<0.001, ns: p>0.05 by one-way ANOVA followed by Turkey’s
multiple comparison test.
Also see Fig. S3.

Figure 3. ApoE3 and ApoE4 astrocytes exhibit differential SARS-CoV-2 infection rate and
response. Isogenic ApoE3 (E3) and ApoE4 (E4) hiPSC-derived astrocytes were infected with
SARS-CoV-2 (MOI=1) and analyzed at 72 hpi.
(A) Mock or SARS-CoV-2-infected E3 or E4 astrocytes at 72 hpi were stained for the SARSCoV-2 spike protein and the astrocyte marker S100β (green). Scale bar: 20 µm.
(B) The percentage of SARS-CoV-2 spike+ cells in SARS-CoV-2-infected E3 or E4 astrocytes
at 72 hpi. n= 5 image fields per group.
(C) Quantification of the S100β+ astrocyte size in longitudinal length (soma + process) in mock
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or SARS-CoV-2-infected spike+ astrocytes in E3 or E4 astrocytes at 72 hpi. n=5 image fields per

ro

group.

(D) The percentage of fragmented nuclei in total nuclei of SARS-CoV-2-infected E3 or E4
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astrocytes at 72 hpi. n= 5 image fields per group.
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(E) Schematic for SARS-CoV-2 virus entry, transcription, translation and packaging. Genes with

lP

elevated expression level in E4 astrocytes were labeled with upward red arrows.
(F) RT-qPCR validation of DEGs (ACTR2, ATP6AP2, EMPR1 and CHST14) in E3 and E4
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astrocytes. n=3 experimental repeats.
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Also see Fig. S4.
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Error bars are SEM of the mean. *p < 0.05, **p<0.01, ***p < 0.001 by unpaired two-sided t test.

Figure 4. The antiviral drug remdesivir (RDV) inhibits SARS-CoV-2 infection in neurons
and astrocytes
(A) RDV inhibits SARS-CoV-2 infection in neurons. Mock or SARS-CoV-2-infected neurons
treated with vehicle or RDV were stained for MAP2 and SARS-CoV-2 spike.
(B) Relative viral N gene RNA level by T-qPCR in mock or SARS-CoV-2-infected neurons
treated with vehicle or RDV (B). n=3 experimental repeats.
(C and D) RDV rescues neurite length in SARS-CoV-2 infected neuron. Quantification of the
total MAP2+ neurite length (C) and neurite number (D) in mock or SARS-CoV-2-infected

of

spike+ neurons or infected neurons treated with RDV. n=18 per group.
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(E) RDV inhibits SARS-CoV-2 infection in astrocytes. Mock or SARS-CoV-2-infected neurons
treated with vehicle or RDV were stained for S100β and SARS-CoV-2 spike.
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vehicle or RDV (F). n=3 experimental repeats.
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(F) Relative viral N gene RNA level in mock or SARS-CoV-2-infected astrocytes treated with

lP

(G) Quantification of SARS-CoV-2 spike+ cells in mock or SARS-CoV-2-infected E3 or E4
astrocytes treated with vehicle or RDV. n= 5 image fields per group.
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(H) RDV rescues astrocytic phenotype induced by SARS-CoV-2 infection. Quantification of
spike+ fragmented nuclei in mock or SARS-CoV-2-infected E3 or E4 astrocytes treated with

ur

vehicle or RDV. n= 5 image fields per group.
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Scale bar: 20 µm for panel A and 50 µm for panel E. Error bars are SEM of the mean. **p<0.01,
***p<0.001, ns: p>0.05 by one-way ANOVA followed by Turkey’s multiple comparison test.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Generation of isogenic iPSC lines
Fibroblasts AG06869 (E4/4) and AG14048 (E3/3) were obtained from Coriell and
reprogrammed to pluripotent stem cells as previously described (Li et al., 2018b; Feng et al.,
2020). After generation of human iPSC lines, the AG06869 (E4/4) iPSCs were converted into
E3/3, and the AG14048 (E3/3) iPSCs were converted into E4/4 iPSCs using CRISPR/Cas9
nickase as previously described (Ran et al., 2013; Li et al., 2018b).
Cell lines
Vero-E6 cell line was obtained from the American Type Culture Collection (ATCC) cell line
catalog, under catalog number VERO C1008 [Vero 76, clone E6, Vero E6] (ATCC

CRL1586). Vero E6 cells were cultured in DMEM growth media (10% fetal bovine serum, 2
mM L-glutamine, penicillin (100 units/ml), streptomycin (100 units/ml), and 10 mM HEPES).
Primary human brain microvascular endothelial cells were purchased from Cell Systems (Cat#
ACBRI 376) and cultured in CSC complete medium (CultureBoost, Bac-Off). Medium was
changed every other day.
Viruses
SARS-CoV-2, isolate USA-WA1/2020, was obtained from the Biodefense and Emerging

of

Infections (BEI) Resources of the National Institute of Allergy and Infectious Diseases. All

ro

procedures involving SARS-CoV-2 infection were conducted within a Biosafety Level 3 facility
at UCLA. SARS-CoV-2 was passaged once in Vero E6 cells and viral stocks were aliquoted and

METHODS DETAILS
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Differentiation of NPCs from hiPSCs
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stored at -80℃. Virus titer was measured in Vero E6 cells by TCID50 assay.
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NPC differentiation from hiPSCs was performed according to an established method (Li et al.,
2018b; Feng et al., 2020) with modifications. Briefly, hiPSCs were first induced with 0.1 µM

ur

retinoic acid (RA), 4 µM CHIR99021, 3 µM SB431542, 2 µM Dorsomorphin for 2 days. Then
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Dorsomorphin was removed and the induction was continued for 5 days.
Differentiation of neurons from hiPSCs
For neuronal differentiation, UNA virus containing Tet-On NGN2 and ASCL1 was prepared as
previously described (Mertens et al., 2015). NPCs from the isogenic lines were seeded onto
Matrigel-coated culture vessels at 2x104/cm2 and UNA virus was added the next day. Forty-eight
hour (h) after viral infection, cells were subjected to puromycin selection for 5 days. After
selection, cells were induced with neural induction medium (DMEM/F12, 1xN2, 1xB27,
1xNEAA, 1xGlutamax, 2ug/ml Doxycycline). After 10 days of induction, cells were dissociated
with TrypLE and seeded at 5x104 cells/cm2 in neural maintenance medium (Brainphys, 1xN2,
1xB27, 1xNEAA, 1xGlutamax, 100 µg/ml dibutyryl cAMP, 10ng/mL GDNF and 10ng/mL
BDNF). Medium was change 50% every two days.
Differentiation of astrocytes from hiPSCs

Astrocyte differentiation from hiPSCs was performed using our established protocol (Li et al.,
2018b). NPCs were derived from hiPSCs as described above and further differentiated by
treatment with 10 µM RA and SAG for 5 days. NPC spheres were split into single cells by
accuse. Cells were plated into Matrigel-coated plates at 1x105 cells per well in 6-well plates.
Cells were kept in N2B27 medium (DMEM/F12, 1xN2, 1xB27, 1xNEAA, 1xGlutamax) plus 0.1
µM RA and 1 µM SAG for another 10 days, then switched to PDGF medium (1X N2, 1XB27,
10 ng/ml PDGFAA, 5 ng/ml HGF, 10 ng/ml IGF-1, 10 ng/ml NT3, 100 ng/ml Biotin , 60 ng/ml
T3, 1 µM cAMP and 25 µg/ml insulin) for another 20 days. For astrocyte maturation, cells were

of

switched into astrocyte maturation medium (DMEM/F12, 1xN2, 1xB27, 1xNEAA, 2 mM

ro

GlutaMAX, and10 ng/ml CNTF) for another 7 days.
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Differentiation of OPCs from hiPSCs
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We followed OPC differentiation protocol as we previous described (Li et al., 2018b; Feng et al.,
2020). Briefly, hiPSCs were dissociated into single cells and treated with SB434542, LDN-
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193189 and RA for 8 days. From day 8 to day 12, cells were further induced by RA and SAG.
After RA and SAG induction, pre-OPCs were lifted up to form spheres. Pre-OPC spheres were
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cultured in RA and SAG-supplemented medium for another 8 days, then switched to PDGF
medium. 10 days after switching to PDGF medium, spheres were attached onto Matrigel coated

Jo

days.
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plates to allow OPCs to migrate out of the spheres and expand. Medium was changed every 2

Derivation of brain organoid from hiPSCs
We followed brain organoid derivation protocol described previous with modification (Lancaster
et al., 2013; Qian et al., 2016; Sun et al., 2020). Briefly, hiPSCs were dissociated with EDTA
and seeded in a low adherent 6-well plate to form embryoid bodies (EBs) in E8 medium with
ROCK inhibitor Y-27632. EBs were cultured in E8 medium for 4 days. Medium was changed
daily. On day 5, E8 medium was switched to neural induction medium (NIM, DMEM/F12, 1xN2,
1xB27, 1xNEAA, 1xGlutamax, 2 µg/ml Heparin). After 3 days of induction, spheres were
embedded in NIM with 25% Matrigel and transferred to a low adherent 12-well plate. The
spheres were incubated at 37ºC for 4-6 hours and then 2 ml of NIM was added. On day 9,
another 2.5 mL of NIM was added and medium was changed daily. On day 12, brain organoids
with neural rosettes were transferred to a new low adherent 6-well plate cultured in NIM for

another 4-8 days with daily medium change. Brain organoids were then transferred to a low
adherent T25 flask in differentiation medium (DMEM/F12 basal medium, 1× N2 supplement, 1×
B27, 2.5 µg/ml Insulin, 1× Glutamax, 0.5× MEM-NEAA, and 3.5 µl/L (V/V) 2-Mercaptoethanol)
on an Orbi-Shaker (Benchmark Scientific). Medium was changed every 2-3 days. Organoids
with multiple neural rosettes were kept for further culture. For Matrigel treatment, brain
organoids were cultured in differentiation medium with 1% Matrigel for 7-14 days.
Cell sorting
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The O4+ OPCs and CD49f+ astrocytes were sorted using magnetic-activated cell sorting (MACS)
following manufacturer’s instruction (Miltenyi Biotech) (Li et al., 2018b; Barbar et al., 2020).
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OPCs were dissociated into single cells using accutase. These cells were incubated with O4-
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microbeads at 4℃ for 15 min. Cell suspension was loaded onto LS Magnetic Column (Miltenyi
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Biotech) placed in the field of a magnetic MACS Separator. The O4-negative cells were washed
off, while the O4-positive OPCs were retained, and eluted into a collection tube. For astrocyte
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purification, CNTF-treated astrocytes were dissociated into single cells using accutase, and
incubated with rat anti-CD49f antibody at 1 to 100 dilation at 4 ℃ for 15 min followed by
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incubation with anti-mouse IgG beads at 4 ℃ for 15 min. Cell suspension was loaded onto LS
Magnetic Column placed in the field of a magnetic MACS Separator. The CD49f-negative cells
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tube.
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were washed off, while the CD49f-positive astrocytes were retained and eluted into a collection

Astrocytes-neuron co-cultures
Astrocytes derived from AG14048 iPSCs were used in the co-culture system. After CNTF
treatment, astrocytes were seeded onto Matrigel-coated coverslip at 0.5x105/slip and maintained
in N2B27 medium (DMEM/F12, 1xN2, 1xB27, 1xNEAA, 1xGlutamax). Neurons were split at
day 10 of induction and seeded onto astrocytes at 1x105/slip in N2B27 medium supplemented
with 0.5% FBS and 100 µg/ml dibutyryl cAMP. Ara-C (2 µM) was added into medium for 24 h
to remove proliferating cells. Neuron and astrocytes were co-culture for 3 weeks before
subjected to SARS-CoV-2 infection.
SARS-CoV-2 infection and remdesivir treatment

SARS-CoV-2 infection was performed as previously described (Sharma et al., 2020). For SARSCoV-2 infection, viral inoculum (MOI of 0.1 and 1) was prepared using serum-free medium.
Culture medium was removed and replaced with 250 µL of prepared inoculum in each well. For
mock infection, serum-free medium (250 µL/well) alone was added. The inoculated plates were
incubated at 37°C with 5% CO2 for 1 hour. The inoculum was spread by gently tilting the plate
sideways at every 15 minutes. At the end of incubation, the inoculum was replaced with fresh
medium. Cells remained at 37°C with 5% CO2 for 24,72, or 166 hours before analysis.
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For remdesivir treatment, cells were pretreated with 10 µM remdesivir prior to SARS-CoV-2

ro

infection and remdesivir treatment was continued for 72 hours.
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Immunostaining

Cells were fixed in 4% paraformaldehyde (PFA) for 15 min, washed with PBS, followed by

re

permeabilization and blocking in blocking buffer (PBS containing 0.1% Triton-X100 and 5%

lP

donkey serum) for 1 h at room temperature. Primary antibodies were diluted in blocking buffer
and incubated with cells at 4℃ for overnight. The next day, cells were washed with PBS and

na

incubated with secondary antibodies for 1 h at room temperature. Secondary antibodies were
diluted in 1xPBS at 1:500 dilution. After incubation, cells were washed with PBS, incubated

ur

with Dapi (1:10,000) for 15 min, and mounted with Fluoromount-G™ reagent. The primary

Jo

antibodies used include chicken anti-MAP2, 1:1000; goat anti-SOX9, 1:200; rabbit anti-Synapsin
1, 1:200; rabbit anti-S100β, 1:200; mouse anti-Nestin, 1:500; rabbit anti-Olig2, 1:200; mouse
anti-CD31, 1:200; mouse anti SARS-CoV-2 Spike, 1:200; rabbit anti-SARS-CoV-2 Spike, 1:200.
Brain organoids were fixed in 4% PFA for 30 min, and then transferred into 30% sucrose
solution and kept at 4℃ for overnight. After sinking to the bottom of the container, organoids
were embedded with OCT and sectioned to slides at 50 µm thickness. Sections were
permeabilized and blocked in blocking buffer (PBS containing 0.1% Triton-X100 and 5%
donkey serum) for 1 h at room temperature, then incubated with primary antibody diluted in PBS
containing 5% donkey serum at 4℃ for overnight. Secondary antibodies diluted in PBS were
incubated with sections for 1 h at room temperature the next day. Sections were incubated with
Dapi for 15 min before mounting with Fluoromount-G™ reagent. The primary antibodies used
include rabbit anti-TUJ1, 1:20,000; goat anti-SOX2, 1:500; rat anti-CTIP2, 1:300; mouse anti-

SABT2,1:300; rabbit anti-TBR2, 1:300; mouse anti-GFAP, 1:500; rabbit anti-S100β, 1:200;
mouse anti-SARS-CoV-2 Spike, 1:200.
Measurement of astrocyte size, percentage of astrocyte fragmented nuclei, neurite length
and number, and the number of synaptic puncta
Images were collected by Nikon Eclipse Ti2 microscope. Measurement of astrocyte size was
performed using Neuron J plugin in Fiji software, astrocyte longitudinal axis (soma and process)
was measured. 12~13 fields were quantified. Fragmented nuclei were counted base on the nuclei

of

morphology and calculated into percentage by using (number of fragmented nuclei / total DAPI
number) × 100%. Measurement of neurite length and neurite number was carried out using

ro

Neuron J plugin in Fiji software. For E3 neurons, mock-treated and spike- neurons were chosen

-p

randomly from 10~15 fields for the measurement of neurite length and neurite number, and

re

spike+ neurons were chosen from 18~20 fields. For E4 neurons, mock-treated and spikeneurons were chosen randomly from 13~19 fields, and spike+ neurons were chosen from 28~33

lP

fields. For quantification of Syn1+ puncta, mock-treated neurons were chosen randomly from
10~16 fields and spike+ neurons were chosen from 16~17 fields. MAP2-positive neurite length

na

was measured using Neuron J plugin in Fiji software, and Syn1+ puncta along the neurites were
counted. The Syn1+ puncta density was calculated by dividing the Syn1+ puncta number with

RT-qPCR

Jo

ur

neurite length. Data were analyzed using Graphpad Prism8.

RNA was extracted using Trizol reagent (Thermo Fisher). Complementary DNA (cDNA) was
synthesized using Tetro™ cDNA Synthesis Kit (Thomas Scientific). qRT-PCR was performed
using SYBR Green Master Mix (Thermo Scientific) on the Step One Plus Real-Time PCR
Instrument (Applied Biosystems). ACTIN was used as the reference gene. qPCR primers
nCOV_N1 for SARS-CoV-2 detection was purchased from IDT (Integrated DNA Technologies).
qPCR primers for ACE2, TMPRSS2, NRP1, ACTR2, ATP6AP2, ERMP1, CHST14, TLX,
GFAP,

MAP2

and

TUBB3

were

designed

using

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

online

primer

design

tool

Statistical significance was analyzed using GraphPad Prism 8 by one-tailed Student’s t test or
non-paired one-way ANOVA as reported in each figure legend. When comparing two
experimental groups, unpaired Student’s t test was used. When comparing multiple experimental
groups, data were analyzed using one-way ANOVA, followed by Tukey’s post hoc test when
ANOVA has p < 0.05. For all test, p values were presented as *p < 0.05, **p < 0.01, and ***p <
0.001. Error bar stands for SD if not stated otherwise. Statistical details of each experiment can
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be found in the figure legends.
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Highlights
•

SARS-CoV-2 infects hiPSC-derived neurons, astrocytes and brain organoids

•

ApoE4 neurons and astrocytes are more susceptible to SARS-CoV-2 infection

•

APOE4-astrocytes exhibit a more severe response to SARS-CoV-2 infection

•

RDV inhibits SARS-CoV-2 infection in neurons and astrocytes

In brief
Shi and colleagues used hiPSC-derived neurons, astrocytes and brain organoids to model SARS-
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CoV-2 neurotropism. They found that ApoE4/4 genotype led to increased rate of SARS-CoV-2
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infection in both neurons and astrocytes, and ApoE4 astrocytes exhibited a more severe
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response. Moreover, remdesivir could inhibit SARS-CoV-2 infection in neurons and astrocytes.
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