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ABSTRACT

The host response to SARS-CoV-2, the etiologic agent of the COVID-19
pandemic, demonstrates significant inter-individual variability. In addition to
showing more disease in males, the elderly, and individuals with underlying co-
morbidities, SARS-CoV-2 can seemingly render healthy individuals with profound
clinical complications. We hypothesize that, in addition to viral load and host
antibody repertoire, host genetic variants also impact vulnerability to infection.
Here we apply human induced pluripotent stem cell (hiPSC)-based models and
CRISPR-engineering to explore the host genetics of SARS-CoV-2. We
demonstrate that a single nucleotide polymorphism (rs4702), common in the
population at large, and located in the 3'UTR of the protease FURIN, impacts
alveolar and neuron infection by SARS-CoV-2 in vitro. Thus, we provide a proof-
of-principle finding that common genetic variation can impact viral infection, and
thus contribute to clinical heterogeneity in SARS-CoV-2. Ongoing genetic studies
will help to better identify high-risk individuals, predict clinical complications, and
facilitate the discovery of drugs that might treat disease.
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INTRODUCTION

A growing number of human genetic variants have been identified that contribute
to enhanced susceptibility or resistance to viral diseases (Kenney et al., 2017).
Genetic discoveries related to virus—host interactions implicate genes encoding
virus receptors, receptor-modifying enzymes, and a wide variety of innate and
adaptive immunity-related proteins in disease outcome. Such insights have been
made across a range of pathogenic viruses, including influenza A virus (Ciancanelli
et al., 2015; Everitt et al., 2012), respiratory syncytial virus (Everitt et al., 2012),
norovirus (Lindesmith et al., 2003), rotavirus (Payne et al., 2015), parvovirus
(Hellberg et al., 2002), and human immunodeficiency virus (Samson et al., 1996).

There is marked variability between individuals in response to SARS-CoV-2
infection, with outcomes ranging from asymptomatic (~15%), mild-moderate
(50%), severe (13.8%), and critical (6.1%) (Guan et al., 2020). There is an urgent
need to explore the molecular mechanisms underlying this unexpected clinical
heterogeneity. For viral infections, a range of possible explanations can impact
outcome: genetic predisposition (e.g. blood type (Ellinghaus et al., 2020; Zhao et
al., 2020b; Zietz and Tatonetti, 2020), HLA genotype (Dutta et al., 2018), ethnicity
(Das and Ghate, 2020)), immune repertoire (e.g. cross-reacting antibodies from
other coronaviruses (Yuan et al., 2020)) and/or viral load (Chu et al., 2004) (e.g.
reports of poor outcomes in infected medical workers). Clinical outcome is not
simply a result of the adaptive immune response, as evidence is mounting that
seroconversion can occur prior to symptom recovery (Wolfel et al., 2020) as well
as in asymptomatic cases (Okba et al., 2020). Although the host response to
SARS-CoV-2 has been defined in lung cultures and tissue (Karczewski et al.,
2020), it remains unclear the full extent to which this varies across cell types and
donors. The expression of a number of human genes likely modulates infection;
given the complicated host immune response to SARS-CoV-2 (Blanco-Melo et al.,
2020; Qin et al., 2020) and increased disease severity in patients with mutations
in immune signaling receptors (van der Made et al., 2020)(Cassanova Science, in
press), this likely includes genes involved in the innate immune system

In an effort to determine whether host variants that may influence viral entry might
contribute to the heterogeneity of COVID-19 symptoms, we assessed human
variants of FURIN. The spike glycoprotein that resides on the surface of the SARS-
CoV-2 virion facilitates viral entry into target cells by engaging host angiotensin-
converting enzyme 2 (ACE2) as the entry receptor, and host cellular serine
protease TMPRSS2 for spike protein priming (Hoffmann et al., 2020; Yan et al.,
2020). More controversial is the extent to which host CD147, a transmembrane
glycoprotein, serves as a secondary entry receptor (Shilts and Wright, 2020; Wang
et al., 2020). The SARS-CoV-2 spike protein incorporates a four amino acid
insertion that introduces a proposed cleavage site for FURIN, a host membrane-
bound proprotease convertase, potentially resulting in priming of spike protein
before viral exit from the cell (Coutard et al., 2020; Wrapp et al., 2020). In contrast
to SARS-CoV-2, the SARS-CoV spike protein lacks this FURIN-cleavage site, thus
requiring cleavage to facilitate subsequent cell entry (Belouzard et al., 2009; Walls
et al., 2020). This theoretical hijacking of host FURIN activity is one possible
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explanation for the increased infectivity of SARS-CoV-2. Not only do these host
genes show tissue-specific (Papatheodorou et al., 2020) and cell-type-specific
(Franzen et al., 2019) expression patterns, but each is associated with non-coding
common genetic variants thought to regulate expression of each gene (GTEx
Consortium et al.,, 2017). Here we test the hypothesis that variability in the
expression of host genes between cell types and individuals predicts susceptibility
to infection. Given that CRISPR (clusters of regularly interspaced short palindromic
repeats)-based allelic conversion of rs4702 in human induced pluripotent stem
cells (hiPSCs) from AA to GG decreased FURIN mRNA levels, reduced neurite
outgrowth, and altered neuronal activity in induced glutamatergic neurons
(Schrode et al., 2019), here we consider the impact of FURIN expression and
genotype on SARS-CoV-2 infection across hiPSC-derived lung, intestinal and
brain models. Our findings suggest that uncovering the genetic underpinnings of
SARS-CoV-2 outcomes may help predict susceptibility for COVID-19, as well as
facilitate precision treatment and prevention approaches.

RESULTS
Infection of neurons by SARS-CoV-2 in vivo and in vitro.

A subset of COVID-19 patients present with neurological symptoms (Mao et al.,
2020), including headaches, dizziness, and defects in smell and taste reported in
12-60% of patients (Chen et al., 2020). COVID-19 has been associated with acute
disseminated encephalomyelitis (ADEM) (Pilotto et al., 2020; Zhang et al., 2020),
mid- and long-term sequels including classical Guillain—Barré syndrome (Toscano
et al., 2020; Zhao et al., 2020a), and COVID-19-associated delirium (McLoughlin
et al., 2020). After hospital discharge, an alarmingly high fraction of patients, as
high as 33%, suffer from a dysexecutive syndrome consisting of inattention,
disorientation, or poorly organized movements in response to command (Helms et
al., 2020). It is critical to resolve whether potential SARS-CoV-2 pathological
mechanisms include direct infection of brain cells, consistent with reports of
neurotrophism and trans-synaptic spread by other coronaviruses (Desforges et al.,
2014; Li et al., 2020), or simply reflect endothelial injury, vascular coagulopathy,
and/or diffuse neuroinflammatory processes.

A variety of evidence reveals that human brain tissue and cultured neurons
express critical host genes required for viral entry. RNA transcripts and protein for
ACE2, FURIN, and CD147 were detected in post-mortem adult human brain
(prefrontal cortex (PFC) and midbrain substantia nigra (SN)) (Fig. 1A,B;
Supplemental Fig. 1). Likewise, RNA-sequencing data from hiPSC-derived
neural progenitor cells (NPCs) (Hoffman et al., 2017), NGNZ2-induced
glutamatergic neurons (Ho et al., 2016; Zhang et al., 2013), ASCL 1/DLX2-induced
GABAergic neurons (Barretto et al., 2020; Yang et al, 2017),
ASCL1/NURR1/LMX1A-induced dopaminergic neurons (Rehbach et al., 2020), as
well as differentiated forebrain neurons (FB, comprised of a mixture of neurons
and astrocytes), confirmed expression of many candidate host genes (Gordon et
al., 2020; Ou et al., 2020; Wruck and Adjaye, 2020) (Fig. 1A). Expression of
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FURIN, ACE2, CD147, and TMPRSS2 in NGNZ2-induced glutamatergic neurons,
in mock (uninfected) and SARS-CoV-2 infected populations, was confirmed by
gPCR, normalized to lung alveolosphere samples to facilitate inter-cell type
comparisons of expression, with FURIN and CD147 being most prominent (Fig.
1C).

To determine neuronal susceptibility to SARS-CoV-2 virus in vitro, human NGN2-
induced glutamatergic neurons derived from two independent donors were
infected with SARS-CoV-2 virus at low multiplicity of infection (MOI 0.05).
Glutamatergic neurons were susceptible to SARS-CoV-2 virus infection, rapidly
increasing expression of subgenomic viral RNA (VRNA) nucleocapsid transcript by
gPCR (148,124-fold, p-value <0.0001) within 24 hours (Fig. 1D) and protein
immunohistochemistry for SARS-CoV-2 nucleocapsid (N) within 48 hours of
infection (MOI of 0.05) (Fig. 1E). At higher titers (MOI 1, 24 hours), immunoblot
against N protein was consistent with SARS-CoV-2 replication in neurons (Fig.
1F).

To further explore the susceptibility of the in vivo brain to SARS-CoV-2, we
conducted RNA-sequencing of brains of 3-5 week old male Golden Syrian
hamsters infected intranasally with SARS-CoV-2 or a phosphate buffered saline
(PBS) control (Imai et al., 2020; Si et al., 2020). By RNA sequencing, we identified
high levels of SARS-CoV-2 host gene expression in hamster brain tissue, with
notably high levels of FURIN and BSG/CD147 (Fig. 2A). SARS-CoV-2 infection
resulted in widespread up- and downregulation of transcripts (Fig. 2B), notably
upregulation of interferon-associated genes within 24 hours, an effect that
subsided somewhat by day 8 (Fig. 2C). Gene set enrichment analysis of
differentially expressed genes was performed across a collection of 698 neural-
themed gene sets subdivided into 8 categories (Schrode et al., 2019). Notably,
significantly upregulated gene sets (false discovery rate (FDR) < 5%) included
those related to abnormal neuronal morphology and development, membrane
trafficking and abnormal synaptic transmission (clustered hierarchically by
significance in (Fig. 2D), while downregulated gene sets included ion channel and
neurotransmitter signaling pathways (Fig. 2E). Altogether, these analyses are
consistent not just with neuronal infection by SARS-CoV-2, but further suggest that
impaired neural function may occur as a result.

Host gene-dependent infection of brain, lung and intestinal cells by SARS-
CoV-2

SARS-CoV-2 infects hiPSC-derived lung alveolospheres (Abo et al., 2020; Han et
al., 2020; Huang et al., 2020) and intestinal organoids (Lamers et al., 2020; Yang
et al., 2020; Zhou et al., 2020), particularly after dissociation; here we similarly
apply published step-wise differentiation protocols for distal lung alveolar type 2-
like epithelium (hereafter “alveolar cells”) (Jacob et al., 2019) and intestinal
organoids (Koike et al., 2019; Zhang et al., 2018).

Alveolospheres formed after 30 days (Fig. 3A) express host genes associated with
SARS-CoV-2 infection (Fig. 3B). Consistent with other studies, we observed
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infection by SARS-CoV-2 of EPCAM and NKX2.1-positive lung alveolospheres
derived from two donors across three infections on protein level (MOI 0.5, 24
hours) (Fig. 3C) and on RNA level (MOl 0.1 and 0.5, 24 hours) (Fig.3D).
Dissociated alveolar cells showed detectable SARS-CoV-2 N protein (MOI of 0.1,
24 hours) (Fig. 3E). Similar to alveolospheres, d50 EPCAM-positive intestinal
organoids (one donor) also showed SARS-CoV-2 infection on protein level (MOI
0.5 and 1) (Fig. 4A) and on RNA level (MOI 0.05 and 0.5, 24 hours) (Fig. 4C).
Intestinal organoids express high levels of FURIN, ACE2 and CD147, but lower
levels of TMPRSS2, relative to alveolospheres (Fig. 4B). We optimized MOls
(neuron: 0.05, alveolosphere: 0.1, intestine: 0.05) and exposure times (neuron: 24
hours for RNA, 48 hours for protein; alveolosphere: 24 hours; intestine: 24 hours
for RNA, 48 hours for protein) for subsequent studies of host gene and variant
effects, towards maximizing cell viability and detection of SARS-CoV-2
nucleocapsid (N) protein.

Alveolospheres formed after 30 days (Fig. 3A) express host genes associated with
SARS-CoV-2 infection (Fig. 3B). Consistent with other studies, we observed
infection by SARS-CoV-2 of EPCAM and NKX2.1-positive lung alveolospheres
derived from two donors across three infections on protein level (MOI 0.5, 24
hours) (Fig. 3C) and on RNA level (MOl 0.1 and 0.5, 24 hours) (Fig.3D).
Dissociated alveolar cells showed detectable SARS-CoV-2 N protein (MOI of 0.1,
24 hours) (Fig. 3E). Similar to alveolospheres, d50 EPCAM-positive intestinal
organoids (one donor) also showed SARS-CoV-2 infection on protein level (MOI
0.5and 1, 48 hours) (Fig. 4A) and on RNA level (MOI 0.05 and 0.5, 24 hours) (Fig.
4C). Intestinal organoids express high levels of FURIN, ACE2 and CD147, but
lower levels of TMPRSSZ2, relative to alveolospheres (Fig. 4B). Dissociated
intestinal cells showed detectable SARS-CoV-2 N protein (MOI of 0.05, 48 hours)
(Fig. 4D). We optimized MOlIs (neuron: 0.05, alveolosphere: 0.1, intestine: 0.05)
and exposure times (neuron: 24 hours for RNA, 48 hours for protein;
alveolosphere: 24 hours; intestine: 24 hours for RNA, 48 hours for protein) for
subsequent studies of host gene and variant effects, towards maximizing cell
viability and detection of SARS-CoV-2 nucleocapsid (N) protein.

To test the functional impact of decreasing expression of critical host genes, we
applied a shRNA strategy to knock down expression of ACE2, FURIN, CD147 and
TMPRSS2 in neurons (Fig. 1G: FURIN (expression reduced to 56.9%, p-value
<0.00045), ACEZ2 (expression reduced to 20%, p-value 0.0001), CD147
(expression reduced to 31.5%, p-value <0.0001) and TMPRSS2 (expression
reduced to 32.9%, p-value 0.002374)), lung alveolar cells (Fig. 3F: FURIN
(expression reduced to 14.5%, p-value 0.0208), ACEZ2 (expression reduced to
21.1%, p-value 0.002), CD147 (expression reduced to 16.5%, p-value <0.0001)
and TMPRSS2 (expression reduced to 13.8%, p-value <0.0001)) and intestinal
(Fig. 4E: ACEZ2 (expression reduced to 23.9%, p-value 0.0768), FURIN
(expression reduced to 31.3%, p-value 0.0898), and CD147 (expression reduced
to 14.2%, p-value 0.0732)). Observed knockdown did not significantly differ across
cell types or donors. Moreover, susceptibility to infection was quantified by gqPCR
for subgenomic VRNA nucleocapsid transcript and immunocytochemistry with
high-content imaging for N protein. By comparing VRNA nucleocapsid transcript
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expression in mock and SARS-CoV-2 infected neurons (Fig. 1H), dissociated
alveolosphere cells (Fig. 3G), and dissociated intestinal organoid cells (Fig. 4F)
expressing shRNAs against ACE2, TMPRSS2, CD147 and FURIN, as well as a
scrambled control, we demonstrate non-cell-type-specific requirements for ACEZ2,
CD147 and FURIN: (Fig. 1H: FURIN (vVRNA expression reduced to 37.7%, p-value
0.0005), ACE2 (vVRNA expression reduced to 26.6%, p-value 0.0011), CD147
(VRNA expression reduced to 61.1%, p-value 0.2162) and TMPRSS2 (VRNA
expression reduced to 38.7%, p-value 0.0053)), lung alveolar cells (Fig. 3G:
FURIN (vRNA expression reduced to 29.3%, p-value 0.0055), ACE2 (VRNA
expression reduced to 12.8%, p-value 0.0008), CD747 (vRNA expression reduced
to 17.2%, p-value 0.0009) and TMPRSSZ2 (VRNA expression reduced to 26.8%, p-
value 0.0067)) and intestinal (Fig. 4F: ACE2 (VRNA expression reduced to 53.3%,
p-value 0.0784), FURIN (VRNA expression reduced to 81.9%, p-value 0.4035), and
CD147 (VRNA expression reduced to 46.6%, p-value 0.2297)). These findings
were confirmed through quantification of fluorescence via high-content imaging in
dissociated alveolar cells for N protein, which revealed decreased total infected
cells compared to scrambled control (MOI of 0.1, 24 hours): shFURIN (N protein
reduced to 50.7%, p-value <0.0001), shACEZ2 (N protein reduced to 10.7%, p-
value <0.0001), shCD147 (N protein reduced to 20.1%, p-value <0.0001) and
TMPRSS2 (N protein reduced to 63.2%, p-value <0.0001) (Fig. 3H). Consistent
with this, knockdown of FURIN and ACEZ2 in dissociated organoid intestinal cells
led to a decreased number of N-positive SARS-CoV-2 infected cells through
quantification of fluorescence via high-content imaging (MOI 0.05 after 48 hours):
shFURIN (N protein reduced to 9.5%, p-value 0.0197), and shACEZ2 (N protein
reduced to 9.8%, p-value 0.0203) (Fig. 4G).

Critically, shRNA-mediated knockdown of host genes resulted in large changes in
their endogenous expression, which may not well model subtle changes in gene
expression resulting from common variation between individual people but can
serve here as positive controls to negatively affect SARS-CoV-2 entry and egress.

Host FURIN rs4702 genotype-infection by SARS-CoV-2

To achieve more physiologically relevant changes in gene expression, CRISPR-
based allelic conversion was used to generate isogenic hiPSCs that differed at a
single non-coding regulatory single nucleotide polymorphism (SNP) at the FURIN
locus (rs4702, NC_000015.10:9.90883330G>A). This SNP was predicted to be a
quantitative trait loci (eQTL) in the human brain (Fromer et al., 2016) and NGN2-
induced glutamatergic neurons (Forrest et al., 2017), and fine-mapping analysis
identified a single putative causal cis-eQTL (probability =0.94) (Schrode et al.,
2019). rs4702 was empirically validated to regulate FURIN expression, neuronal
outgrowth and neuronal activity following allelic conversion from AA to GG in
NGNZ2-induced glutamatergic neurons (Schrode et al., 2019). Here we evaluate
the regulatory effect of this common SNP, determining the extent to which rs4702
regulates FURIN expression and SARS-CoV-2 infection in lung cells and neurons
(Fig. 5).
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Strikingly, rs4702 GG alveolospheres exhibit a reduced FURIN expression (-
0.327-fold, p-value 0.0347) (Fig. 5B) and demonstrated reduced genotype-
dependent SARS-CoV-2 infection across both donors (-0.95-fold, p-value 0.0215)
(Fig. 5A,C). In 7-day-old CRISPR-edited rs4702 GG NGNZ2-induced glutamatergic
neurons, we observed decreased FURIN expression relative to AA neurons, from
two independent donors (-0.74-fold, p-value <0.0001) (Fig 5E), consistent with
(Schrode et al., 2019). Both rs4702 AA and rs4702 GG neurons were infected by
SARS-CoV-2 (MOI 0.05) at 48 hours (Fig. 5D), trending towards decreased SARS-
CoV-2 infection in GG neurons by qPCR for subgenomic VRNA nucleocapsid
transcript after 24 hours (-0.72-fold, p-value 0.0416) (Fig. 5F). Altogether, these
results indicate that reduced FURIN levels mediated by rs4702 result in decreased
SARS-CoV-2 infection.

Overall, these findings suggest not only that gross manipulations of host genes
can impact SARS-CoV-2 infection in lung and brain cells, but also that the more
subtle gene expression changes associated with genetic common variants are
sufficient to impact viral infection levels.

DISCUSSION

We apply a hiPSC-based model to explore the genetics of cell-type-specific host
response to SARS-CoV-2. First, we report infection of post-mitotic human neurons
by SARS-CoV-2. Second, we further demonstrate functional validation of the
impact of host genes (ACE2, FURIN, CD147, and TMPRSS2) and genetic
variation (rs4702) on SARS-CoV-2 infection in human neurons, lung and intestinal
cells. Our results highlight the importance of FURIN as a mediator for SARS-CoV-
2 infection and further demonstrate that a common variant, rs4702, located in the
3-UTR of the FURIN gene, and with allele frequency estimates from G=0.34 to
0.45 (Tryka et al., 2014), is capable of influencing SARS-CoV-2 infection in vitro.
More specifically, CRISPR/Cas9-mediated allelic conversion (from AA to GG) at
the common variant rs4702 resulted in decreased neuronal and alveolar
expression of the cis-gene target FURIN, and reduced SARS-CoV-2 infection. Our
isogenic hiPSC-based strategy provides a proof-of-principle demonstration that
common human genetic variation may directly impact SARS-CoV-2 infection.

The neuroinvasion and neurotrophism by SARS-CoV-2 observed here is
consistent with other pre-print studies, which include reports of infection of human
neurons and astrocytes using monolayer and organoid approaches (Jacob et al.,
2020; Ramani et al., 2020; Song et al., 2020), highlighting greater and productive
infection in choroid plexus epithelial cells (Jacob et al., 2020) and less infection in
NPCs (Ramani et al., 2020; Song et al., 2020). Consequences of neuronal
infection include transcriptional dysregulation indicative of an inflammatory
response (Jacob et al., 2020), missorted and phosphorylated Tau (Ramani et al.,
2020), and increased cell death (Jacob et al., 2020; Ramani et al., 2020; Song et
al., 2020).

Large-scale international consortia have assembled to identify host-genetic
associations with COVID-19 clinical outcomes (Initiative, 2020; Shelton et al.,
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2020; Tanigawa and Rivas, 2020), although cohorts remain under-powered by
genome-wide association study (GWAS) standards. To date, such studies have
only found a handful of loci to be genome-wide significant (Initiative, 2020; Kachuri
et al.,, 2020; Ramlall et al., 2020). The largest data-freeze to date
(https://www.covid19hg.org) does not include rs4702 within summary statistics;
however, we note an excess of nominally significant genetic variants within the
FURIN cis-region (Supplemental Table 1; binomial test p-value=3.57x103") when
comparing individuals hospitalized from COVID-19 to the general population
(Initiative, 2020). This indicates the necessity of expanding GWAS to more
comprehensively explore the polygenic architecture for COVID-19 clinical
outcome. Such discoveries could help to generate hypotheses for drug
repurposing, identify individuals at unusually high or low risk, and contribute to
global knowledge of the biology of SARS-CoV-2 infection and disease. Discovery-
based approaches to broadly identify all genes required for host infection and
survival across tissues and cell types are also necessary to inform in silico drug
repurposing screens (Han et al., 2020). Integration of ongoing clinical GWAS with
in vitro CRISPR-based forward genetic screening (e.g. Perturb-seq (Dixit et al.,
2016) and ECCITE-seq (Mimitou et al., 2019)) and pooled eQTL screens (e.g.
crisprQTL mapping (Gasperini et al., 2019) and Census-seq (Cuomo et al., 2020;
Jerber et al., 2020; Mitchell et al., 2020; Neavin et al., 2020)) approaches will more
rapidly identify host variants that impact the entry, replication and egress of SARS-
CoV-2, cellular survival, and immune response.

This study focused only on host genes known to mediate SARS-CoV-2 infection.
The broad requirement of ACE2 and TMPRSS2 expression for SARS-CoV-2
infection across cell types was consistent with established literature (Hoffmann et
al., 2020), whereas the observed impact of CD147 expression was more surprising
given recent evidence suggesting that CD147 is incapable of binding SARS-CoV-
2 (Shilts and Wright, 2020). Together with the data shown here, this suggests that
CD147 protein may enhance viral entry by means other than directly binding to or
modifying SARS-CoV-2, that it may require a secondary cofactor, and/or that
CD147 has cell-type-specific functions in vivo. The impact of FURIN expression
was not unexpected (Coutard et al., 2020; Wrapp et al., 2020); however, because
rs4702 lies in the binding site for microRNA-338 (Hou et al., 2018), this is a context-
dependent eQTL, and so dependent upon cell-type-specific and donor-dependent
expression of miR-338 (Schrode et al., 2019). Overall, it remains possible that our
in vitro findings will not predict clinical response because of the influence of other
genetic and/or environmental factors. For example, SARS-CoV-2 antagonism of
the immune response has been substantially defined (Konno et al., 2020; Lei et
al., 2020; Thoms et al., 2020), and so genetic variants that result in decreased
replication efficiency of SARS-CoV-2 in vitro may ultimately prove advantageous
for the virus in vivo, permitting low levels of virus to spread successfully while
remaining undetected by the immune system.

The expected clinical response to SARS-CoV-2 infection in the donors from whom
we derived hiPSCs is not known, therefore we cannot explore the extent to which
in vitro findings recapitulate clinical outcomes. Moreover, hiPSC-derived cells of
most (if not all) lineages are immature relative to those in adult humans (Hoffman
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et al., 2017; Jacob et al., 2019; Pavlovic et al., 2018), which may impact SARS-
CoV-2 infection/response, particularly since clinical outcomes in children are
generally mild (Ludvigsson, 2020). Given that clinical evidence suggests that
SARS-CoV-2 infection can lead to heterogeneous acute and chronic outcomes
across a range of tissues, future work should explore across the wider range of
cell types, both the cell autonomous response to infection as well as non-cell-
autonomous effects resulting from subsequent cytokine storms that occur as part
of response to infection. Moving forward, we should strive towards an expanded
and unbiased isogenic strategy, that will prove more broadly useful in exploring the
impact of host genome on SARS-CoV-2 infection across diverse cell types and
tissues.

In summary, we demonstrate that a single non-coding SNP is sufficient to impact
SARS-CoV-2 infection in human neurons and alveolar cells. This work supports
ongoing efforts to discover host genes associated with SARS-CoV-2 infection, both
in vitro and in the clinic. Our hope is that such efforts might better predict clinical
outcomes before the onset of symptoms and facilitate the discovery of drugs that
might prevent or treat COVID-19 disease.

MATERIALS AND METHODS

hiPSC lines and culture: Human induced pluripotent stem cells (hiPSCs) were
cultured in StemFlex media (Gibco, #A3349401) and passaged with EDTA (Life
Technologies #15575-020). All wildtype and shRNA experiments in lung
alveolosphere cells, as well as all CRISPR-engineered AA and GG experiments
were conducted in NSB3113 (female, 18 years old, European descent) and
NSB3188 (female, 14 years old, European descent) (Schrode et al., 2019). shRNA
experiments in neurons were conducted in control NSB553 (male, 31 years old,
European descent) and NSB2607 (male, 15 years old, European descent) hiPSCs
(Hoffman et al., 2017); wildtype and shRNA intestinal cell experiments were
conducted in 1383D6 (male, 36 years, Asian descent) (Takayama et al., 2017).

hiPSC-NPC culture:

hiPSC-NPCs were cultured in hNPC media (DMEM/F12 (Life Technologies
#10565), 1x N-2 (Life Technologies #17502-048), 1x B-27-RA (Life Technologies
#12587-010), 20 ng/mL FGF2 (Life Technologies)) on Matrigel (Corning,
#354230). hiPSC-NPCs at full confluence (1-1.5x107 cells / well of a 6-well plate)
were dissociated with Accutase (Innovative Cell Technologies) for 5 mins, spun
down (5 mins X 1000g), resuspended and seeded onto Matrigel-coated plates at
3-5x108 cells / well. Media was replaced every 24 days for 4 to 7 days until next
split.

NGNZ2-glutamatergic neuron induction (Ho et al., 2016; Zhang et al., 2013):

i) Neurons d21 (Fig.1B,C): hiPSCs were dissociated with Accutase Cell
Detachment Solution (Innovative Cell Technologies, # AT-104), counted and
transduced with rtTA (Addgene 20342) and NGN2 (Addgene 99378) lentiviruses
in StemFlex media containing 10 uM Thiazovivin (Millipore, #51459). They were
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subsequently seeded at 1x10° cells/well in the prepared 6-well plate. On day 1,
medium was switched to non-viral induction medium (DMEM/F12 (Thermofisher,
#10565018), 1% N-2 (Thermofisher, #17502048), 2% B-27-RA (Thermofisher,
#12587010)) and doxycycline (dox) was added to each well at a final concentration
of 1 pg/mL. At day 2, transduced hiPSCs were treated with 500 pg/mL G418
(Thermofisher, #10131035). At day 4, medium was replaced including 1 pg/mL dox
and 4 uM cytosine arabinoside (Ara-C) to reduce the proliferation of non-neuronal
cells. On day 5, young neurons were dissociated with Accutase Cell Detachment
Solution (Innovative Cell Technologies, # AT-104), counted and seeded at a
density of 1x10° per well of a Matrigel-coated 12-well plate. Medium was switched
to Brainphys neuron medium (Brainphys (STEMCELL, # 05790), 1% N-2, 2% B--
27-RA, 1 pg/mL Natural Mouse Laminin (Thermofisher, # 23017015), 10 ng/mL
BDNF (R&D, #248), 10 ng/mL GDNF (R&D, #212), 500 pg/mL Dibutyryl cyclic-
AMP (Sigma, #D0627), 200 nM L-ascorbic acid (Sigma, # A4403)). For seeding,
10 uM Thiazovivin (Millipore, #S51459), 500 pg/mL G418 and 4 yM Ara-C and 1
Mg/mLdox were added. At day 6, medium was replaced with Brainphys neuron
medium with 4 yM Ara-C and 1 pyg/mL dox. Subsequently, 50% of the medium was
replaced with fresh neuronal medium (lacking dox and Ara-C) once every other
day until the neurons were fixed or harvested at day 21.

ii) ShRNA treated neurons (Fig.1H.l): On day -1 NPCs were dissociated with
Accutase Cell Detachment Solution (Innovative Cell Technologies, # AT-104) for
5min at 37°C, counted and seeded at a density of at 5x10° cells/well on Matrigel
coated 24-well plates in hNPC media (DMEM/F12 (Life Technologies #10565), 1x
N-2 (Life Technologies #17502-048), 1x B-27-RA (Life Technologies #12587-010),
20 ng/mL FGF2 (Life Technologies)) on Matrigel (Corning, #354230). On day O,
cells were transduced with rtTA (Addgene 20342) and NGN2 (Addgene 99378)
lentiviruses as well as desired shRNA viruses in NPC media containing 10 puM
Thiazovivin (Millipore, #51459) and spinfected (centrifuged for 1 hour at 1000g).
On day 1, media was replaced and dox was added with 1ug/mL working
concentration. On day 2, transduced hNPCs were treated with corresponding
antibiotics to the lentiviruses (1 pg/mL puromycin for shRNA, 1 mg/mL G-418 for
NGN2-Neo). On day 4, medium was switched to Brainphys neuron medium
(Brainphys (STEMCELL, # 05790), 1% N-2, 2% B-27-RA, 1 yg/mL Natural Mouse
Laminin (Thermofisher, # 23017015), 10 ng/mL BDNF (R&D, #248), 10 ng/mL
GDNF (R&D, #212), 500 pug/mL Dibutyryl cyclic-AMP (Sigma, #D0627), 200 nM L-
ascorbic acid (Sigma, # A4403) and 1 pg/mL dox. Medium was replaced every
second day until SARS-CoV-2 infection on day 7.

iii) rs4702 neurons (Fig. 5): On day 0, hiPSCs were transduced with rtTA (Addgene
20342) and NGN2 (Addgene 99378) lentiviruses. hiPSCs were infected in a
conical tube in low volume StemFlex media and high virus concentration and
subsequently seeded onto 6-wells at 1x10° cells/well and spinfected. On day 1,
Medium was switched to non-viral neurobasal neuron medium (Neurobasal
(Thermofisher Scientific, #21103049), 1x N-2 (Life Technologies #17502-048), 1x
B-27-RA (Life Technologies #12587-010), 1 ug/mL Natural Mouse Laminin (Life
Technologies), 20 ng/mL BDNF (Peprotech #450-02), 20 ng/mL GDNF (Peprotech
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#450-10), 500 pg/mL Dibutyryl cyclic-AMP (Sigma #D0627), 200 nM L-ascorbic
acid (Sigma #A0278)) and Doxycycline (dox) was added to each well at a final
concentration of 1 pg/mL. On day 2, transduced hiPSCs were treated with
corresponding antibiotics to the lentiviruses (1 mg/mL G-418). On day 4, medium
was replaced including 1 pg/mL dox and 4 pM cytosine arabinoside (Ara-C) to
reduce the proliferation of non-neuronal cells along with antibiotic withdrawal. On
day 6 medium was replaced (including 1 pg/mL dox). At day 7, neurons were
infected.

Differentiation of lung alveolospheres (Jacob et al., 2019): Alveolospheres,
composed of distal lung epithelial cells, were generated from hiPSCs cultured in
mTeSR Plus medium (STEMCELLTechnologies, #05825) through a sequential
directed differentiation protocol (Jacob et al., 2019). Developmental lung epithelial
lineage differentiation was initiated by dissociating hiPSCs with Accutase Cell
Detachment Solution (Innovative Cell Technologies, # AT-104) and seeding 2x10°
cells onto one well of a matrigel-coated 6-well plate in mTeSR Plus medium with
10 uM THX. For the next three days, cells were patterned into definitive endoderm
using the StemDiff Definitive Endoderm kit (STEMCELL Technologies, #05110).
On day 3, cells were dissociated with Gentle Cell Dissociation Reagent
(STEMCELL Technologies 07174 and passaged 1:4 (C1) or 1:6 (C2) and seeded
in DS/SB Media (cSFDM Base (Jacob et al., 2019), 10 uM SB43152 (Tocris 1614),
2 yM Dorsomorphin (Stemgent 04-0024)) plus 10 uM THX. Followed by patterning
into anterior foregut endoderm (until day 6) using inhibition of BMP/TGFB
signaling. Specification of lung lineage was achieved by using three factors
(CHIR99021, BMP4, and retinoic acid) to produce primordial lung progenitors
which were enriched by sorting using the cell-surface markers CD47hi/CD26lo
(Jacob et al., 2019; McCauley et al., 2018) and then plated in Matrigel for 3D
culture on day 15. These progenitors were then differentiated into distal lung
epithelium using CHIR99021, keratinocyte growth factor, dexamethasone, cyclic
AMP, and 3-isobutyl-1-methyxanthine). After day 25, monolayered epithelial
spheres (“alveolospheres”) emerged, and were infected and harvested as
specified, typically ~day 30.

For shRNA experiments, lung progenitors were collected, dissociated and seeded
as single cells in the presence of ROCK inhibitor THX at day 14. The following day,
these cells were infected with lentiviral shRNAs against SARS-CoV-2 host genes,
followed by 2 days of puromycin selection. One day after withdrawal of antibiotic
selection for dissociated alveolar cells (or media change for control 3D
alveolospheres), cells were infected with SARS-CoV-2 (MOI 0.1-0.5) on day 33
and harvested 24 hours later.

Differentiation of intestinal organoids (Koike et al., 2019; Zhang et al., 2018):
Human posterior gut endoderm can be generated from hiPSCs through a stepwise
differentiation protocol adapted from (Koike et al., 2019; Zhang et al., 2018). The
first step is patterning to definitive endoderm by initial treatment with activin A and
Whnt3a (2 days), followed by BMP4, FGF2, VEGF, and activin A treatment (through
day 6). Definitive endoderm is re-plated and matured with FGF2, A83-01 and
CHIR99021 into CDX2+ posterior gut endoderm progenitor cells. Gut progenitors
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can be expanded (FGF2, VEGF, EGF, A83-01 and CHIR99021) and differentiated
into gut organoids, simply by treating with CHIR 99021 and FGF4 for 3 days until
dissociated intestinal cell sheets started budding off and formed floating hindgut
spheroids. After 7 additional days embedded in Matrigel, spheroids differentiate
and protrude into the lumen. Hindgut organoids comprise a polarized epithelium
that includes absorptive enterocytes (VILLIN+) and hindgut epithelial cells (E-
CAD+). On day 20, intestinal organoids were collected and dissociated and
seeded as single cells. The next day, cells were infected with shRNA viruses
against SARS-CoV-2 receptor targets, followed by 2 days of puromycin selection.
One day after selection withdrawal for dissociated intestinal cells and regular
feeding for 3D intestinal organoids, cells were infected with SARS-CoV-2 (MOI
0.05-1) on day 25 or day 50 and harvested 24 or 48 hours later.

Lentivirus generation: Third-generation VSV.G pseudotyped HIV-1 lentiviruses
were produced by polyethylenimine (PEI, Polysciences #23966- 2)-transfection of
HEK293T cells and packaged with VSVG-coats using established methods. Used
shRNA against ACE2 (SHCLNG-NM_021804), CD147 (SHCLNG-NM_001728),
TMPRSS2 (SHCLNG-NM_005656) were obtained from Sigma.

SARS-CoV-2 virus propagation and infections: SARS-related coronavirus 2
(SARS-CoV-2), isolate USA-WA1/2020 (NR-52281) was deposited by the Center
for Disease Control and Prevention and obtained through BEI Resources, NIAID,
NIH. SARS-CoV-2 was propagated in Vero E6 cells in DMEM supplemented with
2% FBS, 4.5 g/L D-glucose, 4 mM L-glutamine, 10 mM Non-Essential Amino
Acids, 1 mM Sodium Pyruvate and 10 mM HEPES. Virus stock was filtered by
centrifugation using Amicon Ultra-15 Centrifugal filter unit (Sigma, Cat #
UFC910096) and resuspended in viral propagation media. All infections were
performed with either passage 3 or 4 SARS-CoV-2. Infectious titers of SARS-CoV-
2 were determined by plaque assay in Vero E6 cells in Minimum Essential Media
supplemented with 4 mM Lglutamine, 0.2% BSA, 10 mM HEPES and 0.12%
NaHCO3 and 0.7% Oxoid agar (Cat #0XLP0028B). All SARS-CoV-2 infections
were performed in the CDC/USDA-approved BSL-3 facility of the Global Health
and Emerging Pathogens Institute at the Ilcahn School of Medicine at Mount Sinai
in accordance with institutional biosafety requirements.

RNA-seq of SARS-CoV-2 infected hamster brains: 3-5-week-old male Golden
Syrian hamsters (Mesocricetus auratus) were obtained from Jackson
Laboratories. Hamsters were acclimated to the CDC/USDA-approved BSL-3
facility of the Global Health and Emerging Pathogens Institute at the Ilcahn School
of Medicine at Mount Sinai for 2-4 days. Before intranasal infection, hamsters were
anesthetized by intraperitoneal injection with 200 pl of a ketamine
HCl/xyalzine (4:1) solution. Inoculum at the referenced doses (high and low,
100pfu and 10,000 pfu, respectively) were resuspended in PBS to a total volume
of 100 pL. All hamsters analyzed by RNA-seq were perfused with PBS before
brains were harvested. The brain was cut in half longitudinally after removing
hindbrain and half was used for RNA extraction and analysis. Brain tissues were
homogenized for 40 seconds at 6.00 m/s for 2 cycles (MP Biomedicals, Cat#: SKU
116005500) in Lysing Matrix A homogenization tubes (MP Biomedicals, Cat#6910-
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100). All tissues for RNA-seq analysis were homogenized directly
in TRIzol (Invitrogen, Cat#15596026). RNA was isolated by phenol/chloroform
extraction according to manufacturer’s instructions.

RNA-seq libraries were prepared using the TruSeq Stranded mRNA Library Prep
kit (Illumina) according to the manufacturer’s instructions. cDNA libraries were
sequenced and single-end sequencing reads were aligned using an lllumina
NextSeq 500 platform. Reads were aligned to Mesocricetus auratus Ensembl
MesAur1.0 using STAR aligner, and mappid using CustomDESeq2.

RNA sequencing analysis was performed in R v.3.6.0. Differential expression
analysis was performed using edgeR (v3.26.8) (Robinson et al., 2010), limma
(v3.40.6) (Ritchie et al., 2015) and Glimma (v1.12.0) (Su et al., 2017) packages.
Raw read counts were transformed into log2 CPM using the edgeR package. The
limma voom function was used to compute the weights for heteroscedasticity
adjustment by estimating the mean variance trend for log2 counts. Linear models
were fitted to the expression values of each gene using the ImFit function.
Empirical Bayesian moderation was applied using the eBayes function to obtain
more precise estimates of gene-wise variability. P values were adjusted for
multiple hypotheses testing using FDR estimation; DEGs were determined as
those with an estimated FDR <5%. Enrichment analysis was performed using
WebGestaltR (0.4.4) using custom neural gene sets of interest (Schrode et al.,
2019) and interferon gene sets (Blanco-Melo et al., 2020). Genes of interest were
ranked by —log10(P) and enrichment was performed against a background of all
expressed genes.

Molecular and biochemical analysis:

i. Real time-quantitative PCR: Cell were harvested with TRIzol and total RNA
extraction was carried out following the manufacturer’s instructions. Quantitative
transcript analysis was performed using a QuantStudio 7 Flex Real-Time PCR
System with the Power SYBR Green RNA-to-Ct Real-Time gqPCR Kit (all
ThermoFisher). Total RNA template (25 ng per reaction) was added to the PCR
mix, including primers. gPCR conditions were as follows; 48°C for 15 min, 95°C
for 10 min followed by 45 cycles (95°C for 15 s, 60°C for 60 s). All gPCR data is
collected from at least 3 independent biological replicates of one experiment. If not
otherwise stated, obtained Ct values were normalized against 18S one super-
control (C1 alveolosphere MOI 0.1) to ensure comparability across plates,
experiments and cell types (except for shRNA experiments, which were
normalized to either infected or uninfected scrambled control). Data analyses were
performed using GraphPad PRISM 8 software.

Primers were used as follows:

Oligo name Oligo sequence (5' to 3')

FURIN gPCR fw ACAGTGTGGCACGGAAGCATGG
FURIN gPCR rev AGGGACCGCTTCGTCACTCCTC
ACE2 gPCR 1 fw TAACCACGAAGCCGAAGACC
ACE2 gPCR_1 rev CAGACCATTTGTCCCCAGCA

CD147_BSG_gPCR_1_fw CTGACTGGGCCTGGTACAAG
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CD147_BSG_gPCR_1_rev AATGTGTAGCTCTGACCGGC
18S fw ACACGGACAGGATTGACAGA
18S rev GGACATCTAAGGGCATCACAG
TMPRSS2_F1 AGGTGAAAGCGGGTGTGAGG
TMPRSS2_R1 ATAGCTGGTGGTGACCCTGAG
DPP4_F2 GGAATGCCAGGAGGAAGGAATC
DPP4_R2 CAGGACCGGAACATCTCAGC
SARS-CoV-2_TRS-L CTCTTGTAGATCTGTTCTCTAAACGAAC
SARS-CoV-2_TRS-N GGTCCACCAAACGTAATGCG
h_IFNb_QF GTCAGAGTGGAAATCCTAAG
h_IFNb_QR ACAGCATCTGCTGGTTGAAG

ii. Fluorescent in situ hybridization (FISH): RNA FISH was performed on post-
mortem brain (74-year-old male donor, post-mortem interval 87 hours) using the
RNAscope Multiplex Fluorescent v2 protocol (Advanced Cell Diagnostics) after
fixation with 4% formaldehyde for 6 hours at 4°C, followed by incubation in 30%
sucrose overnight. Immediately after the in situ labeling was completed,
endogenous background was reduced using TrueBlack Lipofuscin
Autofluorescence Quencher (Biotium). Sections were Mounted with Vectashield
antifade medium and images were acquired on a Zeiss LSM780 inverted confocal
microscope.

iii. Immunostaining and microscopy: Cells were washed with ice-cold PBS and
fixed with 4% PFA solution at pH 7.4 overnight at 4°C. Then, fixative solution was
replaced with PBS (Ca/Mg++). Alveolar and intestinal cells were permeabilized
and blocked with 0.1% Triton-X in PBS (Ca/Mg++) + 2% donkey serum for 1 hour
at room temperature. Neurons were permeabilized and blocked with 0.05% Tween
in PBS (Ca/Mg++) + 2% donkey serum for 1 hour at room temperature. The
blocking solution was aspirated and replaced with the same solution with primary
antibodies. Mouse monoclonal anti-SARS-CoV-2 Nucleocapsid [1C7C7] protein
(1:1000, a kind gift by Dr. T. Moran, Center for Therapeutic Antibody Discovery at
the Icahn School of Medicine at Mount Sinai) and rabbit anti-B-Ill-tubulin
(Convence, PRB-435P, 1:2000) or goat anti-EpCAM, (R&D Biosystems #AF960,
1:500) overnight at 4°C. Cells were washed 3x for 5 min with PBS (Ca/Mg++) and
subsequently incubated with secondary antibodies, prepared in blocking solution,
for 1 hour at room temperature, followed by 300 nM DAPI staining for 3-4 min and
washed 2x for 5 min with PBS (Ca/Mg++).

Organoids were fixed with 4% PFA and incubated in 20% sucrose overnight, then
frozen in OCT. Frozen organoids were cryosectioned to 10um sections and
mounted on VWR Superfrost Plus slides. Slides were washed and permeabilized
with 0.01% Triton-X PBS and incubated with blocking solution (2% donkey serum
in PBS) for 1 hour. Then slides were incubated with primary antibody (EpCAM,
1:50, R&D Biosystems #AF960; Villin, Abcam, ab130751, COV2-NP 1:100, ACE2
1:100) overnight. Slides were then incubated with corresponding anti-mouse, anti-
rabbit, and anti-goat secondary antibodies (1:200, 2 hrs) and DAPI (1:2000, 10
mins) and mounted with ImmuMount.
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Cells and organoids were imaged with a Zeiss LSM 780, Nikon C2 confocal
microscope or ThermoFisher HCS CX7 microscope. The images were quantified
using the CellProfiler software. Data points represent at least 100 cells or one 96-
well each.

iv. Immunoblot: For the Western Blot Analysis of COVID-19 receptors in human
brain, 100 mg (1-volume) of brain tissue was Dounce homogenized in 1 mL (10
volumes) of ice-cold protein extraction buffer (50 mM-Tris-HCI, pH 8; 20 mM-NacCil,;
2 mM-MgClI2; 4 M-Urea, 0.35% Triton-X100; 0.35% Sodium deoxycholate; 0.05%
SDS; supplemented with protease and phosphatase inhibitors). Benzonase was
added to eliminate viscosity of the sample for 10 min on ice, then sonicated and
centrifuged at 20,817 x g for 15 minutes at 4°C. Clarified total lysates were
quantified using a BCA Protein Assay kit (Pierce). Western blot analysis was
performed using 100 ug of total protein using anti-ACE2
(Abcam/ab239924/EPR4435(2)), anti-CD147 (Abcam/ab666/MEM-M6/1), anti-
FURIN (Abcam/ab183495/EPR14674) or anti-B-ACTIN (Cell Signaling/#4970S/
13ES5) primary antibodies (1:5000, 1-hr) followed by autoradiographic detection
using corresponding anti-mouse (Cell Signaling/#7076S) or anti-rabbit (Cell
Signaling/#7074S) secondary antibodies conjugated with HRP (1:5000, 1-hr). For
cell cultures, weight of the harvested cell pellet was used to prepare the extracts
and followed the rest of the protocol as described above.

V. Data analysis: Data from all phenotypic assays above were first organized in a
Microsoft Excel spreadsheet and analyzed using GraphPad PRISM 8 software or
R. For gPCR data analysis, values are expressed as mean + SEM. Statistical
significance was tested using either one-sided student T-test or two-way ANOVA
with Tukey’s post-hoc test for comparison of all sample means.
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Figure 1. Infection of neurons by SARS-CoV-2 in vitro.

A. Expression of host genes associated with SARS-CoV-2 infection (Gordon et al.,
2020; Ou et al., 2020; Wruck and Adjaye, 2020) examined by RNA-sequencing
(Log 2 RNA-seq, CPM medians) of post-mortem human prefrontal cortex (PFC),
human induced pluripotent stem cells (hiPSCs), neural progenitor cells (NPCs) and
four hiPSC-derived neuronal cell types: induced glutamatergic (GLUT),
differentiated forebrain (FB) populations (comprised of glutamatergic neurons,
GABAergic neurons and astrocytes), induced GABAergic (GABA) and induced
dopaminergic (DOPA). B. Immunoblot showing ACE2, FURIN and CD147 protein
in post-mortem human adult substantia nigra (SN) and PFC. C. Baseline host gene
expression in d21 NGNZ2-induced glutamatergic neurons, uninfected or infected
with SARS-CoV-2 (MOI 0.5), normalized relative to alveolospheres, to ensure
comparability across cell types. D. gPCR analysis of relative change in
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subgenomic VRNA N transcript and Interferon  (IFNf) in mock and SARS-CoV-2
infected d21 NGNZ2-induced glutamatergic neurons (MOI of 0.05, 24 hours). E.
Representative immunostaining for SARS-CoV-2 nucleocapsid (N) protein (red),
neuronal marker B-lll-tubulin (green) and DAPI (blue) in d7 NGNZ2-induced
glutamatergic neurons infected with a SARS-CoV-2 (MOI of 0.05, 48 hours). Scale
bar: 50um F. Immunoblot against SARS-CoV-2 nucleocapsid (N) protein shows
replication in NGN2-induced glutamatergic neurons at a MOI of 1 after 24 hours.
G. shRNA knock down of FURIN, ACE2, CD147, and TMPRSSZ2 host genes,
normalized to 18S levels and scrambled, in d7 NGNZ2-induced glutamatergic
neurons. T-test, **p < 0.01, ***p < 0.001, ****p < 0.0001. H. Subgenomic vVRNA
nucleocapsid transcript in infected NGNZ2-induced glutamatergic neurons (MOI of
0.05 for 24 hours) treated with shRNAs against SARS-CoV-2 receptors. T-test, **p
<0.01, **p < 0.001.
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Figure 2. RNA-sequencing analysis of expression changes in hamster brain
after SARS-CoV-2 infection in vivo.

A. Expression of relevant host genes associated with SARS-CoV-2 infection in
hamster brain after mock infection, 1 or 8 days following SARS-CoV-2 infection. B.
Volcano plot highlighting the top 50 significantly differentially expressed genes
after a high pfu challenge with SARS-CoV-2. C. Interferon response over course
of infection, expression shown in log2CPM, gene set from (Blanco-Melo et al.,
2020). D. Gene set enrichment for upregulated pathways using the MAGMA gene
set. E. Gene set enrichment for downregulated pathways using curated gene sets
(Schrode et al., 2019).
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Figure 3. Infection of lung alveolospheres by SARS-CoV-2 in vitro

A. Representative brightfield image of alveolosphere cultures on d30. 100um. B.
Baseline SARS-CoV-2 host gene expression in alveolospheres. Scale bar: 100um.
C. Representative immunofluorescence staining against SARS-CoV-2
nucleocapsid (N) (red), epithelial marker EPCAM (green), Nkx2.1 (blue, left) and
DAPI (blue, right) in alveolospheres with mock or SARS-CoV-2 infection (MOI 0.5,
24 hours). Scale bar: 100um. D. gPCR analysis of relative change in subgenomic
VRNA N transcript in mock and SARS-CoV-2 infected d34 alveolospheres from
two donors (MOI of 0.1 or 0.5, 24 hours). E. Dissociated alveolar cells after SARS-
CoV-2 infection on day 34 are positive for SARS-CoV-2 N protein (red). Scale bar:
100um. F. shRNA knock down of FURIN, ACE2, CD147, and TMPRSS2 host
genes, normalized to 18S levels and C1 alveolosphere (MOI 0.1, 24 hours). T-test,
**p < 0.01, *™**p < 0.0001, error bars show SEM. G. qPCR analysis of relative
change in subgenomic VRNA N transcript in mock and SARS-CoV-2 infected
dissociated alveolar cells expressing shRNAs against ACE2, TMPRSS2, CD147
and FURIN, as well as a scrambled control, **p < 0.01, ***p < 0.001, error bars
shown as SEM. H. Quantification of high-content imaging of for SARS-CoV-2
nucleocapsid (N) protein in mock and SARS-CoV-2 infected dissociated alveolar
cells expressing shRNAs against ACE2, TMPRSS2, CD147 and FURIN, as well
as a scrambled control. SARS-CoV-2 infected at MOI of 0.1 and 0.5 for 24 hours.
Each data point represents at least 100 cells. 2-way ANOVA; ****p < 0.0001.
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Figure 4. Infection of intestinal organoids by SARS-CoV-2 in vitro

A. Representative immunofluorescence staining of intestinal organoids for SARS-
CoV-2 nucleocapsid (N) (red), the epithelial marker EPCAM (green) and DAPI
(blue), following mock or SARS-CoV-2 infection (MOI of 0.5 or 1, 48 hours). Scale
bar: 100um. B. Baseline SARS-CoV-2 host gene expression in mock treated
intestinal organoids day 24 and d50. C. qPCR analysis of relative change in
subgenomic VRNA N transcript in mock and SARS-CoV-2 infected intestinal
organoids infected (MOl of 0.05 or 0.5, 24 hours). D. Representative
immunofluorescence staining of dissociated intestinal cells after SARS-CoV-2
infection on day 25 (MOI of 0.05, 48 hours), positive for SARS-CoV-2 N protein
(red), EPCAM (green), DAPI (blue). Scale bar: 50um. E. shRNA knock down of
FURIN, ACE2, and CD147 host genes in dissociated intestinal cells, normalized
to 18S levels and infected scrambled control. F. gPCR analysis of relative change
in subgenomic VRNA N transcript in mock and SARS-CoV-2 infected dissociated
intestinal cells expressing shRNAs against ACE2, CD147 and FURIN, as well as
a scrambled control, error bars shown as SEM. G. Quantification of high-content
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imaging for SARS-CoV-2 nucleocapsid (N) protein in mock and SARS-CoV-2
infected dissociated intestinal cells expressing shRNAs against ACE2 and FURIN,
as well as a scrambled control. (SARS-CoV-2 infected at MOI of 0.05 and 0.5 for
48 hours.) Each data point represents one 96-well. 2-way ANOVA,; *p < 0.05.
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Figure 5. Allelic conversion at FURIN rs4702 in alveolospheres and neurons
impacts SARS-CoV-2 infection.

A. Representative immunofluorescence staining against SARS-CoV-2
nucleocapsid (N) protein (red), epithelial marker EPCAM (green), and DAPI (blue).
Alveolospheres were generated from C2 FURIN rs4702 AA and GG lines and
infected with mock or a MOI of 0.5 SARS-CoV-2 for 24 hours. Scale bar: 100 uym.
B. FURIN RNA expression in rs4702 alveolospheres, relative to isogenic AA
alveolospheres, in two control donors. Unpaired t-test (-0.327-fold, p-value
0.0347), *p < 0.05, error bars shown as SEM. C. gPCR analysis of relative change
in subgenomic VRNA N transcript in mock and SARS-CoV-2 infected GG and AA
alveolospheres from two control donors. Unpaired t-test (-0.95-fold, p-value
0.0215), *p < 0.05, error bars shown as SEM. D. Representative
immunofluorescence staining of NGN2-induced glutamatergic FURIN rs4702 AA

DAPI -
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and GG neurons against nucleocapsid (N) protein (red), p-1ll-tubulin (green), and
DAPI (blue), after infection SARS-CoV-2 (MOI of 0.05, 48 hours). Scale bar: 50um.
E. FURIN RNA expression in d7 rs4702 GG NGNZ2-induced neurons, relative to
isogenic AA neurons. Unpaired t-test (-0.74-fold, p-value <0.0001) ****p < 0.0001,
error bars shown as SEM. F. qPCR analysis of relative change in subgenomic
VRNA N transcript in mock and SARS-CoV-2 infected d7 NGNZ2-induced neurons
(MOI of 0.05, 24 hours). Unpaired t-test (-0.72-fold, p-value 0.0416), *p < 0.05,
error bars shown as SEM.
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Supplemental Figure 1 (related to Figure 1). ACEZ2 in situ hybridization RNA
staining over post-mortem human ventral midbrain cell with neuronal nucleus-like
morphology in DAPI stain. Scale bar: 20pum.
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Supplemental Table 1. Excess of nominally significant GWAS variants within the SARS-CoV-2 host gene cis-regions when
comparing individuals with COVID-19 to the general population.

N SNPs in

% reaching

Gene Study name Phenotype gsrsneber gs::lt';z: cis-region :‘l 23 ra1;r)1al nominal bi\r::lr: lal
(+/- 1e06) p<E. significance P
ACE? COVID19_HGI_ANA B2 | hospitalized covid vs. population 3199 | 897488 4839 480 9.919405 | 3.28E-44
ACE2 COVID19_HGI_ANA_C2 | covid vs. population 6696 | 1073072 5281 497 9.411096 | 1.02E-39
CD147 COVID19_HGI_ANA D1 | Predicted covid from self-reported symptoms 1865 | 29174 6456 584 9.045849 | 2.54E-41
vs. predicted or self-reported non-covid

FURIN COVID19_HGI_ANA B2 | hospitalized covid vs. population 3199 | 897488 11556 869 7.519903 | 3.57E-31
TMPRSS2 | COVID19_HGI_ANA B2 | hospitalized covid vs. population 3199 | 897488 14047 919 6.542322 | 1.00E-15
TMPRSS2 | COVID19_HGI_ANA C1 | covid vs. lab/self-reported negative 3523 | 36634 20141 1104 5.481356 | 0.00201
FURIN COVID19_HGI_ANA_C1 | covid vs. lab/self-reported negative 3523 | 36634 17346 921 5.309581 | 6.00E-02
TMPRSS2 | COVID19_HGI_ANA C2 | covid vs. population 6696 | 1073072 21814 4.776749

TMPRSS2 | COVID19_HGI_ANA D1 | Predicted covid from seif-reported symptoms 1865 | 29174 12030 4.763092

vs. predicted or self-reported non-covid

CD147 COVID19_HGI_ANA C2 | covid vs. population 6696 | 1073072 14419 4.722935

CD147 COVID19_HGI_ANA B2 | hospitalized covid vs. population 3199 | 897488 9554 4.406531

CD147 COVID19_HGI_ANA B2 | hospitalized covid vs. population 3199 | 897488 9554 4.406531

CD147 COVID19_HGI_ANA_C1 covid vs. lab/self-reported negative 3523 36634 13358 3.960174

FURIN COVID19_HGI_ANA C2 | covid vs. population 6696 | 1073072 19136 3.88796

ACE? COVID19_HGI_ANA D1 | Predicted covid from self-reported symptoms 1865 | 29174 532 3.383459

- - - vs. predicted or self-reported non-covid )
ACE2 COVID19_HGI_ANA_C1 covid vs. lab/self-reported negative 3523 36634 4098 3.29429
FURIN COVID19_HGI_ANA_D1 | Predicted covid from self-reported symptoms 1865 | 29174 9432 3.042833

vs. predicted or self-reported non-covid
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