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SUMMARY
The host response to SARS-CoV-2, the etiologic agent of the COVID-19 pandemic, demonstrates significant interindividual variability. In

addition to showingmore disease inmales, the elderly, and individuals with underlying comorbidities, SARS-CoV-2 can seemingly afflict

healthy individuals with profound clinical complications. We hypothesize that, in addition to viral load and host antibody repertoire,

host genetic variants influence 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 and located in the 30 UTR of the protease FURIN, influences alveolar and neuron infection by

SARS-CoV-2 in vitro. Thus, we provide a proof-of-principle finding that common genetic variation can have an impact on viral infection

and thus contribute to clinical heterogeneity in COVID-19. Ongoing genetic studies will help to identify high-risk individuals, predict

clinical complications, and facilitate the discovery of drugs.
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 en-

zymes, and a wide variety of innate and adaptive immu-

nity-related proteins in disease outcome. Such insights

have been made across a range of pathogenic viruses,

including influenza A virus (Ciancanelli et al., 2015), noro-

virus (Lindesmith et al., 2003), and human immunodefi-

ciency virus (Samson et al., 1996).

There is marked variability between individuals in

response to SARS-related coronavirus 2 (SARS-CoV-2) infec-

tion, with outcomes ranging from asymptomatic to critical

(6.1%) (Guan et al., 2020). There is an urgent need to
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explore the molecular mechanisms underlying this unex-

pected clinical heterogeneity. A range of factors in addition

to viral load can have an impact on outcomes, from genetic

predisposition (e.g., blood type, Ellinghaus et al., 2020;mu-

tations in immune signaling receptors, van der Made et al.,

2020; or inborn errors of type I interferon immunity, Zhang

et al., 2020) to immune repertoire (e.g., cross-reacting anti-

bodies from other coronaviruses, Yuan et al., 2020, or auto-

antibodies to interferon, Bastard et al., 2020). Although the

host response to SARS-CoV-2 has been defined in lung cul-

tures and tissue (Karczewski et al., 2020), it remains unclear

the full extent to which this varies across cell types and do-

nors. Given the complicated host immune response to

SARS-CoV-2 (Blanco-Melo et al., 2020), the expression of

a number of human genes likely modulates infection.

In an effort to determine whether host variants that may

influence viral entry might contribute to the heterogeneity
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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 prote-

ase TMPRSS2 for spike protein priming (Hoffmann et al.,

2020; Yan et al., 2020). More controversial is the extent

to which host BSG, a transmembrane glycoprotein, serves

as a secondary entry receptor (Shilts et al., 2021; 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 pro-pro-

tease 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

(Walls et al., 2020). This theoretical hijacking of host

FURIN activity is one possible explanation for the

increased infectivity of SARS-CoV-2. Not only do these

host genes show tissue-specific and cell-type-specific

expression patterns, but each is associated with non-cod-

ing common genetic variants thought to regulate the

expression of each gene (GTEx Consortium et al., 2017).

Here we test the hypothesis that variability in the expres-

sion of host genes between cell types and individuals

predicts susceptibility to infection. Given that CRISPR

(clusters of regularly interspaced short palindromic re-

peats)-based allelic conversion of rs4702 in human

induced pluripotent stem cells (hiPSCs) from AA to GG

decreased FURINmRNA 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 to COVID-19, as well as facilitating 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). COVID-19 has been associ-

ated with acute disseminated encephalomyelitis (Pilotto

et al., 2020); mid- and long-term sequelae, including clas-

sical Guillain-Barré syndrome (Toscano et al., 2020); and

COVID-19-associated delirium (McLoughlin et al., 2020).

After hospital discharge, an alarmingly high fraction of pa-

tients, as high as 33%, suffer from a dysexecutive syndrome

consisting of inattention, disorientation, or poorly orga-

nized movements in response to command (Helms et al.,
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2020). It is critical to resolve whether potential SARS-

CoV-2 pathological mechanisms include direct infection

of brain cells, consistent with reports of neurotropism

and transsynaptic spread by other coronaviruses (Li et al.,

2020), or simply reflect endothelial injury, vascular coagul-

opathy, and/or diffuse neuroinflammatory processes.

A variety of studies reveal that human brain tissue and

cultured neurons express critical host genes required for

viral entry. RNA transcripts and protein for ACE2, FURIN,

and BSG were detected in post-mortem adult human brain

(prefrontal cortex and midbrain substantia nigra) (Figures

1A and 1B; Figure S1). Likewise, RNA-sequencing data

from hiPSC-derived neural progenitor cells (NPCs) (Hoff-

man et al., 2017), NGN2-induced glutamatergic neurons

(Zhang et al., 2013), ASCL1/DLX2-induced GABAergic neu-

rons (Yang et al., 2017), and ASCL1/NURR1/LMX1A-

induced dopaminergic neurons (Dobrindt et al., 2020), as

well as differentiated forebrain neurons (comprising a

mixture of neurons and astrocytes), confirmed expression

of many candidate host genes (Figure 1A). Although

induced GABAergic and dopaminergic neurons expressed

higher levels of some host genes, NGN2-induced glutama-

tergic neurons were used for all neuronal infections

because the expression quantitative trait loci (eQTL) effect

associated with the common variant rs4702 is best charac-

terized in NGN2-induced glutamatergic neurons (Schrode

et al., 2019). Expression of FURIN, ACE2, BSG, and

TMPRSS2 in NGN2-induced glutamatergic neurons, in

mock- (uninfected) and SARS-CoV-2-infected populations,

was confirmed by qPCR, normalized to lung alveolosphere

samples to facilitate inter-cell-type comparisons of expres-

sion, with FURIN and BSG being most prominent and

ACE2 being very low and almost undetectable (Figure 1C).

Todetermineneuronal susceptibility to SARS-CoV-2virus

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 the

subgenomic viral RNA (vRNA) nucleocapsid (N) transcript

by qPCR (148,124-fold, p < 0.0001) within 24 h, as well as

increasing interferon b (IFNB1), a type I interferon canoni-

cal of the innate immune response to viral infection (Fig-

ure 1D). In addition, protein immunohistochemistry for

SARS-CoV-2 N was detected within 48 h of infection (MOI

of 0.05) (Figure 1E). It is important to note that the qPCR

primers used assay for subgenomic transcript sequences

only and do not detect the initial inoculum (see Experi-

mental procedures for explanation). At higher titers (MOI

1, 24 h), an immunoblot against N protein was consistent

with SARS-CoV-2 replication in neurons (Figure 1F).

To further explore the susceptibility of the in vivo brain to

SARS-CoV-2,weanalyzedRNA-sequencingdatasetsofbrains
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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 (log2 RNA-seq, CPM medians) of post-mortem human prefrontal cortex (PFC), human induced pluripotent
stem cells (IPSC), neural progenitor cells (NPC), and four hiPSC-derived neuronal cell types: induced glutamatergic (GLUT), differentiated
forebrain (FB) populations (comprising glutamatergic neurons, GABAergic neurons, and astrocytes), induced GABAergic (GABA), and
induced dopaminergic (DOPA).
(B) Immunoblot showing ACE2, FURIN, and BSG protein in post-mortem human adult substantia nigra (SN) and PFC.
(C) Baseline host gene expression in day 21 NGN2-induced glutamatergic neurons, uninfected or infected with SARS-CoV-2 (MOI 0.5),
normalized relative to alveolospheres, to ensure comparability across cell types. Data are presented as mean ± SEM from two independent
donors from two independent experiments, one or two replicates each.
(D) qPCR analysis of relative change in subgenomic vRNA nucleocapsid (N) transcript and interferon b (IFNB1) in mock- and SARS-CoV-2-
infected day 21 NGN2-induced glutamatergic neurons (MOI of 0.05, 24 h). Data are presented as mean ± SEM from two donors from two
independent experiments, one or two replicates each. ****p < 0.0001.
(E) Representative immunostaining for SARS-CoV-2 N protein (magenta), neuronal marker b-III-tubulin (green), and DAPI (blue) in day 7
NGN2-induced glutamatergic neurons infected with SARS-CoV-2 (MOI of 0.05, 48 h). Scale bar: 50 mm.
(F) Immunoblot against SARS-CoV-2 N protein shows replication in NGN2-induced glutamatergic neurons at an MOI of 1 after 24 h.
of 3–5week oldmaleGolden Syrian hamsters infected intra-

nasallywithSARS-CoV-2oraphosphate-bufferedsalinecon-

trol (GSE161200) (Hoagland et al., 2021). 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 (Figure 2A). SARS-CoV-2

infection resulted in widespread up- and downregulation

of transcripts (Figure 2B), notably upregulation of inter-

feron-associated genes within 24 h, an effect that subsided

somewhat by day 8 (Figure 2C). Gene set enrichment anal-

ysis of differentially expressed genes was performed across
a collection of 698 neural-themed gene sets subdivided

into eight categories (Schrode et al., 2019). Notably, signifi-

cantly upregulated gene sets (false discovery rate < 5%)

included those related to abnormal neuronal morphology

and development, membrane trafficking, and abnormal

synaptic transmission (clustered hierarchically by signifi-

cance in Figure 2D),while downregulated gene sets included

ion channel and neurotransmitter signaling pathways (Fig-

ure 2E). Nonetheless, alignment of the transcriptomic data

to the SARS-CoV-2 genome failed to detect reads for virus

beyond background, suggesting that inflammatory changes
Stem Cell Reports j Vol. 16 j 505–518 j March 9, 2021 507
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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. Data are derived from at least two animals each.
(B) Volcano plot highlighting the top 50 significantly differentially expressed genes after a high plaque-forming unit challenge with SARS-
CoV-2.
(C) Interferon response over the course of infection, expression shown in log2 CPM, 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).
ingeneexpressionpersistwithSARS-CoV-2 exposuredespite

a lack of robust viral replication in vivo.

Altogether, these analyses suggest that although

neuronal infection by SARS-CoV-2 can occur in response

to highMOI in vitro, itmay occur less frequently under clin-

ically relevant conditions in vivo, but might still lead to up-

regulation of inflammatory pathways.

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., 2021; Huang et al., 2020)
508 Stem Cell Reports j Vol. 16 j 505–518 j March 9, 2021
and intestinal organoids (Lamers et al., 2020; Yang et al.,

2020; Zhou et al., 2020), particularly after dissociation;

here we similarly apply published stepwise 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 (Figure 3A) robustly

express the endothelial marker EPCAMaswell as prosurfac-

tant protein C (SFTPC) and NKX2-1 (Figures 3B and 3D).

Alveolar cells were also shown to express host genes associ-

ated with SARS-CoV-2 infection (Figure 3C), including

ACE2 (Figure 3B). Consistent with other studies, we



Figure 3. Infection of lung alveolospheres by SARS-CoV-2 in vitro
(A) Representative bright-field image of alveolosphere cultures on day 30. Scale bar: 100 mm.
(B) Representative immunofluorescence staining against surfactant protein C (SFTPC) and ACE2. Scale bars: 50 mm.
(C) Baseline SARS-CoV-2 host gene expression in alveolospheres. Data are presented as mean ± SEM from two donors, from three inde-
pendent experiments, with approximately 15 organoids per sample.
(D) Representative immunofluorescence staining against SARS-CoV-2 nucleocapsid (N) (magenta), 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 h). Scale bar: 100 mm.
(E) qPCR analysis of relative change in subgenomic vRNA N transcript in mock- and SARS-CoV-2-infected day 34 alveolospheres from two
donors (MOI of 0.1 or 0.5, 24 h). Data are presented as mean ± SEM from two donors, from three independent experiments, with
approximately 15 organoids per sample. t test, relative to respective mock, *p < 0.05, **p < 0.01.
(F) Dissociated alveolar cells after SARS-CoV-2 infection on day 34 are positive for SARS-CoV-2 N protein (magenta). Scale bar: 100 mm.
observed infection by SARS-CoV-2 of EPCAM- and NKX2-

1-positive lung alveolospheres derived from two donors

across three infections on the protein level (MOI 0.5, 24

h) (Figure 3D) and on the RNA level (MOI 0.1 and 0.5, 24

h) (Figure 3E). Dissociated alveolar cells showed detectable

SARS-CoV-2 N protein (MOI of 0.1, 24 h) (Figure 3F). A pla-

que assay confirms effective viral production from the al-

veolospheres 24 h post-infection at an MOI of 0.1

(Figure S2).

Intestinal organoids form within 24 days and express

CDX2 and KRT20 protein, as well as ACE2 (Figure 4A).

Similar to alveolospheres, EPCAM-positive intestinal orga-

noids (one donor) also showed SARS-CoV-2 infection on

the protein level (MOI 0.5 and 1, 48 h) (Figure 4B) and on

the RNA level (MOI 0.05 and 0.5, 24 h) (Figure 4D). Intesti-

nal organoids express high levels of FURIN, ACE2, and BSG,

but lower levels ofTMPRSS2, relative to alveolospheres (Fig-

ure 4C). Dissociated intestinal cells showed detectable

SARS-CoV-2 N protein (MOI of 0.05, 48 h) (Figure 4E).

We optimized MOIs (neuron, 0.05; alveolosphere, 0.1;

intestine, 0.05) and exposure times (neuron, 24 h for
RNA, 48 h for protein; alveolosphere, 24 h; intestine,

24 h for RNA, 48 h for protein) for subsequent studies of

host gene and variant effects, toward maximizing cell

viability and detection of SARS-CoV-2 N protein.

To test the functional impact of decreasing expression of

critical host genes, we applied a short hairpin RNA (shRNA)

strategy to knock down expression of ACE2, FURIN, BSG,

and TMPRSS2 in neurons (Figures 5A and 5B: FURIN expres-

sion reduced to 56.9%, p < 0.00045; ACE2 expression

reduced to 20%, p = 0.0001; BSG expression reduced to

37.8%, p < 0.0001; and TMPRSS2 expression reduced to

32.9%, p = 0.002374), lung alveolar cells (Figure 5D: FURIN

expression reduced to 14.5%, p = 0.0208; ACE2 expression

reduced to 21.1%, p = 0.002; BSG expression reduced to

16.5%, p < 0.0001; and TMPRSS2 expression reduced to

13.8%, p < 0.0001), and intestinal cells (Figure 5G: FURIN

expression reduced to 27.6%, p = 0.0063; ACE2 expression

reduced to 28.4%, p = 0.0323; and BSG expression reduced

to 13.4%, p = 0.0434). TMPRSS2 knockdown in intestinal

cells was inconsistent due to extremely low host transcript

expression and could not be included. Otherwise, observed
Stem Cell Reports j Vol. 16 j 505–518 j March 9, 2021 509



Figure 4. Infection of intestinal organoids by SARS-CoV-2 in vitro
(A) Representative immunofluorescence staining of intestinal organoids for the intestinal markers CDX2 (red) and KRT20 (green) and the
SARS-CoV-2 host factor ACE2. Scale bar: 100 mm.
(B) Immunofluorescence staining of intestinal organoids against 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 h). Scale bar: 100 mm.
(C) Baseline SARS-CoV-2 host gene expression in mock-treated intestinal organoids days 24 and 50. Data are presented as mean ± SEM from
one donor, from two independent experiments, with approximately 15 organoids per sample.
(D) qPCR analysis of relative change in subgenomic vRNA N transcript in mock- and SARS-CoV-2-infected intestinal organoids (MOI of 0.05
or 0.5, 24 h). Data are presented as mean ± SEM from one donor, from two independent experiments, with approximately 15 organoids per
sample. t test, relative to mock, *p < 0.05, **p < 0.01.
(E) Representative immunofluorescence staining of dissociated intestinal cells after SARS-CoV-2 infection on day 25 (MOI of 0.05, 48 h),
positive for SARS-CoV-2 N protein (red), EPCAM (green), and DAPI (blue). Scale bar: 50 mm.
knockdown did not significantly differ across cell types or

donors. Moreover, susceptibility to infection was quanti-

fied by qPCR for subgenomic vRNAN transcript and immu-

nocytochemistry with high-content imaging for N protein.

By comparing vRNA N transcript expression in mock- and

SARS-CoV-2-infected neurons (Figure 5C), dissociated al-

veolosphere cells (Figure 5E), and dissociated intestinal or-

ganoid cells (Figure 5H) expressing shRNAs against ACE2,

TMPRSS2, BSG, and FURIN, as well as a scrambled control,

we demonstrate non-cell-type-specific requirements for

ACE2, BSG, and FURIN in neurons (Figure 5C: FURIN,

vRNA expression reduced to 37.7%, p = 0.0005; ACE2,

vRNA expression reduced to 26.6%, p = 0.0011; BSG,

vRNA expression reduced to 48.4%, p = 0.0177; and

TMPRSS2, vRNA expression reduced to 38.7%, p =

0.0053), lung alveolar cells (Figure 5E: FURIN, vRNA expres-

sion reduced to 29.3%, p = 0.0055; ACE2, vRNA expression

reduced to 12.8%, p = 0.0008; BSG, vRNA expression

reduced to 17.2%, p = 0.0009; and TMPRSS2, vRNA expres-

sion reduced to 26.8%, p = 0.0067), and intestinal cells (Fig-

ure 5H: FURIN, vRNA expression reduced to 49.7%, p <
510 Stem Cell Reports j Vol. 16 j 505–518 j March 9, 2021
0.0001; ACE2, expression reduced to 33.3%, p < 0.0001;

and BSG, expression reduced to 11.1%, p < 0.0001). These

findings were confirmed through quantification of fluores-

cence via high-content imaging in dissociated alveolar cells

for viral N protein, which revealed decreased total infected

cells compared with scrambled control (MOI of 0.1, 24 h):

shFURIN, N protein reduced to 50.7%, p < 0.0001; shACE2,

N protein reduced to 10.7%, p < 0.0001; shBSG, N protein

reduced to 20.1%, p < 0.0001; and TMPRSS2, N protein

reduced to 63.2%, p < 0.0001 (Figure 5F). Consistent with

this, knockdown of FURIN, ACE2, and BSG in dissociated

organoid intestinal cells led to a decreased number of N

protein-positive SARS-CoV-2-infected cells through

quantification of fluorescence via high-content imaging

(MOI 0.5 after 48 h): shFURIN, N protein reduced

to 0.42%, p < 0.0001; shACE2, N protein reduced to

10.05%, p < 0.0001; and shBSG, N protein reduced to

12.87%, p < 0.0001 (Figure 5I). It is possible that the

reduced percentage of N-positive cells in the scrambled

controls with higher SARS-CoV-2 infection (MOI 0.5) re-

sulted from increased cell death in alveolar cells, perhaps



Figure 5. Downregulation of SARS-CoV-2 host genes and the impact on infection
(A) Schematic of the experimental setup (created with BioRender.com).
(B) shRNA knockdown of FURIN, ACE2, BSG, and TMPRSS2 host genes, in day 7 NGN2-induced glutamatergic neurons, normalized to 18S
levels and scrambled.
(C) Subgenomic vRNA nucleocapsid (N) transcript in infected NGN2-induced glutamatergic neurons (MOI of 0.05 for 24 h) treated with
shRNAs against SARS-CoV-2 receptors. t test, relative to scrambled shRNA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are
presented as mean ± SEM from two donors, from three independent experiments, one or two replicates each.
(D) shRNA knockdown of FURIN, ACE2, BSG, and TMPRSS2 host genes in dissociated alveolar cells, normalized to 18S levels and scrambled.
(E) qPCR analysis of relative change in subgenomic vRNA N transcript in mock- and SARS-CoV-2-infected dissociated alveolar cells (MOI
0.1, 24 h) treated with shRNAs against SARS-CoV-2 receptorstt. t test relative to scrambled shRNA, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. Data are presented as mean ± SEM from two donors, from two independent experiments, with one or two replicates each.

(legend continued on next page)
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due to increased cellular stress from the combination of

SARS-CoV-2 infection, shRNA transduction, and antibiotic

selection. The SARS-CoV-2 alone control (not shown) did

indeed exhibit a higher infection rate at MOI 0.5. Since

the infection rate of neurons by immunocytochemistry

was extremely low, high-content imaging analysis of neu-

rons could not be included.

Critically, shRNA-mediated knockdown of host genes re-

sulted in large changes in their endogenous expression,

which may not well model subtle changes in gene expres-

sion resulting from common variation between individual

people but can serve here as positive controls to negatively

affect SARS-CoV-2 entry and replication.

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-cod-

ing regulatory single-nucleotide polymorphism (SNP) at

the FURIN locus (rs4702, NC_000015.10:g.90883330G>A).

This SNP was predicted to be an eQTL in the human brain

(Fromer et al., 2016) and in NGN2-induced glutamatergic

neurons (Forrest et al., 2017), and fine-mapping analysis

identified a single putative causal cis-eQTL (p = 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 NGN2-induced glutamatergic neurons (Schrode

et al., 2019). Here we evaluate the regulatory effect of this

common SNP, determining the extent to which rs4702 reg-

ulates FURIN expression and SARS-CoV-2 infection in lung

cells and neurons (Figure 6).

rs4702 GG alveolospheres exhibited a reduced FURIN

expression (�0.327-fold, p = 0.0347) (Figure 6B) and

demonstrated reduced genotype-dependent SARS-CoV-2

infection across both donors (�0.95-fold, p = 0.0215) (Fig-

ures 6A and 6C). In 7 day old CRISPR-edited rs4702 GG

NGN2-induced glutamatergic neurons, we observed

decreased FURIN expression relative to AA neurons, from

two independent donors (�0.74-fold, p < 0.0001) (Fig-

ure 6E), consistent with Schrode et al. (2019). Both
(F) Quantification of high-content imaging for SARS-CoV-2 N protein i
at MOI of 0.1 and 0.5 for 24 h. Each data point represents the mean fr
experiments. Two-way ANOVA, relative to scrambled shRNA; ***p < 0
(G) shRNA knockdown of FURIN, ACE2, and BSG host genes in dissociat
control.
(H) qPCR analysis of relative change in subgenomic vRNA N transcript
0.05, 24 h) treated with shRNAs against SARS-CoV-2 receptors. t test,
Data are presented as mean ± SEM from one donor, from three indep
(I) Quantification of high-content imaging for SARS-CoV-2 N protein
fected at MOI of 0.05 and 0.5 for 48 h. Each data point represents a
periments. Two-way ANOVA, relative to respective scrambled shRNA c
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rs4702 AA and rs4702 GG neurons were infected by

SARS-CoV-2 (MOI 0.05) at 48 h (Figure 6D), trending

toward decreased SARS-CoV-2 infection in GG neurons

by qPCR for subgenomic vRNA N transcript after 24 h

(�0.72-fold, p = 0.0416) (Figure 6F). Altogether, these re-

sults indicate that reduced FURIN levels mediated by

rs4702 result in decreased SARS-CoV-2 infection.

Overall, these findings suggest not only that gross ma-

nipulations of host genes can have an impact on SARS-

CoV-2 infection in lung and brain cells, but also that the

more subtle gene expression changes associated with ge-

netic common variants are sufficient to influence viral

infection levels.
DISCUSSION

We applied an hiPSC-based model to explore the genetics

of cell-type-specific host response to SARS-CoV-2. First,

we reported infection of post-mitotic human neurons by

SARS-CoV-2. Second, we further demonstrated functional

validation of the impact of host genes (ACE2, FURIN,

BSG, and TMPRSS2) and genetic variation (rs4702) on

SARS-CoV-2 infection in human neurons, lung, and intes-

tinal cells. Our results highlight the importance of FURIN as

a mediator for SARS-CoV-2 infection and further demon-

strate that a common variant, rs4702, located in the 30

UTR of the FURIN gene and with allele frequency estimates

from G = 0.34 to G = 0.45 (Tryka et al., 2014), is capable of

influencing SARS-CoV-2 infection in vitro. More specif-

ically, 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 demon-

stration that common human genetic variation may

directly affect SARS-CoV-2 infection.

The ability of SARS-CoV-2 to infect neurons observed

here is consistent with other studies, which include reports

of infection of human neurons and astrocytes using

monolayer and organoid approaches (Jacob et al., 2020;
n mock- and SARS-CoV-2-infected dissociated alveolar cells infected
om at least 100 cells from an individual well, from two independent
.001, ****p < 0.0001.
ed intestinal cells, normalized to 18S levels and infected scrambled

in mock- and SARS-CoV-2-infected dissociated intestinal cells (MOI
relative to scrambled shRNA, *p < 0.05, **p < 0.01, ****p < 0.0001.
endent experiments, one or two replicates each.
in mock- and SARS-CoV-2-infected dissociated intestinal cells in-
n independent well presented as mean, from two independent ex-
ontrol; ****p < 0.0001.



Figure 6. Allelic conversion at FURIN rs4702 in alveolospheres and neurons influences SARS-CoV-2 infection
(A) Representative immunofluorescence staining against SARS-CoV-2 nucleocapsid (N) protein (magenta), epithelial marker EPCAM
(green), and DAPI (blue). Alveolospheres were generated from C2 FURIN rs4702 AA and GG lines and infected with mock or an MOI of 0.5
SARS-CoV-2 for 24 h. Scale bar: 100 mm.
(B) FURIN RNA expression in rs4702 alveolospheres, relative to isogenic AA alveolospheres, in two control donors. Unpaired t test
(�0.327-fold, p = 0.0347), *p < 0.05. Data are presented as mean ± SEM from three independent experiments, with approximately 15
organoids per sample.
(C) qPCR 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 = 0.0215), *p < 0.05. Data are presented as mean ± SEM from three independent
experiments, approximately 15 organoids per sample.
(D) Representative immunofluorescence staining of NGN2-induced glutamatergic FURIN rs4702 AA and GG neurons against N protein
(magenta), b-III-tubulin (green), and DAPI (blue), after infection with SARS-CoV-2 (MOI of 0.05, 48 h). Scale bar: 50 mm.
(E) FURIN RNA expression in day 7 rs4702 GG NGN2-induced neurons, relative to isogenic AA neurons. Unpaired t test (�0.74-fold, p <
0.0001), ****p < 0.0001. Data are presented as mean ± SEM from three independent experiments, with two or three replicates each.

(legend continued on next page)

Stem Cell Reports j Vol. 16 j 505–518 j March 9, 2021 513



Ramani et al., 2020; Song et al., 2021), 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., 2021). One study comparing

different hiPSC-derived cell types was able to detect infec-

tion in dopaminergic, but not cortical, neurons, using an

MOI of 0.01 on the protein level (Yang et al., 2020), thus

a lower titer and a less sensitive detection method than

used in our study, which are potentially less clinically rele-

vant. Although it remains possible that neurons and/or glia

in the brain do become infected in vivo, we see no evidence

that infected brain cells consistently produce mature vi-

rions in our hamster model. The inflammatory signature

we observe might be triggered by viral products and debris

that make their way into the circulatory system and/or sys-

temic cytokines. The consequences of neuronal infection

include transcriptional dysregulation indicative of an in-

flammatory 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., 2021).

Large-scale international consortia have assembled to

identify host-genetic associations with COVID-19 clinical

outcomes (Initiative, 2020; Shelton et al., 2020; Tanigawa

and Rivas, 2020), although cohorts remain underpowered

by genome-wide association study (GWAS) standards. To

date, such studies have found only 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 its summary statistics; however, we note an excess

of nominally significant genetic variants within the FURIN

cis-region (Table S1; binomial test p = 3.57 3 10�31)

comparing individuals hospitalized from COVID-19 with

the general population (Initiative, 2020). This indicates

the necessity of expanding GWAS to more comprehen-

sively explore the polygenic architecture for COVID-19

clinical outcome. In addition to FURIN and components

of the immune system, variants in ACE2, TMPRSS2, and

BSG harbor genetic variants that are significantly enriched

in COVID-19 patients and are predicted to influence sus-

ceptibility to SARS-CoV-2 infection (Benetti et al., 2020;

Pairo-Castineira et al., 2020; Russo et al., 2020). Such dis-

coveries could help to generate hypotheses for drug repur-

posing, identify individuals at unusually high or low risk,

and contribute to the global knowledge of the biology of

SARS-CoV-2 infection and disease. Discovery-based ap-

proaches to broadly identify all genes required for host

infection and survival across tissues and cell types are
(F) qPCR analysis of relative change in subgenomic vRNA N transcript in
of 0.05, 24 h). Unpaired t test (�0.72-fold, p = 0.0416), *p < 0.05. Dat
with two or three replicates each.
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also necessary to inform in silico drug-repurposing screens

(Han et al., 2021). Integration of ongoing clinical GWASs

with in vitro CRISPR-based forward genetic screening (e.g.,

Perturb-seq, Dixit et al., 2016) and pooled eQTL screens

(e.g., crisprQTL mapping, Gasperini et al., 2019, and

Census-seq, Mitchell et al., 2020) approaches will more

rapidly identify host variants that have an impact on the

entry, replication, and egress of SARS-CoV-2, cellular sur-

vival, and host immune response.

This study focused only on host genes known tomediate

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 BSG expres-

sion was more surprising, given recent evidence suggesting

that BSG is incapable of binding SARS-CoV-2 (Shilts et al.,

2021). Together with the data shown here, this suggests

that BSG 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 BSG 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 environ-

mental 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;

Xia 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,wecannotexplore theextent towhich invitrofind-

ings recapitulateclinicaloutcomes.Moreover,hiPSC-derived

cells of most (if not all) lineages are immature relative to

those in adult humans (Hoffman et al., 2017; Jacob et al.,

2019; Pavlovic et al., 2018), which may affect 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 the wider range
mock- and SARS-CoV-2-infected day 7 NGN2-induced neurons (MOI
a are presented as mean ± SEM from three independent experiments,

https://www.covid19hg.org


of cell types, both the cell autonomous response to infection

and the non-cell-autonomous effects resulting from subse-

quent cytokine storms that occur as part of the response to

infection. Moving forward, we should strive toward an

expanded and unbiased isogenic strategy that will prove

more broadly useful in exploring the impact of host genome

onSARS-CoV-2 infectionacrossdiverse cell types and tissues.

In summary, we demonstrate that a single non-coding

SNP is sufficient to influence SARS-CoV-2 infection in hu-

manneuronsandalveolarcells. Thiswork supportsongoing

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.
EXPERIMENTAL PROCEDURES

See also the supplemental information.

Donors

hiPSC lines and culture

hiPSCs were cultured in StemFlexmedium (Gibco, A3349401) and

passaged with EDTA (Life Technologies, 15575-020). All wild-type

and shRNA experiments in lung alveolosphere cells, as well as all

CRISPR-engineered AA and GG experiments, were conducted in

NSB3113, here C1 (female, 18 years of age, European descent),

and NSB3188, here C2 (female, 14 years of age, European descent)

(Schrode et al., 2019). shRNA experiments in neurons were con-

ducted in control NSB553 (male, 31 years of age, European

descent) and NSB2607 (male, 15 years of age, European descent)

hiPSC-derived NPCs (Hoffman et al., 2017); wild-type and shRNA

intestinal cell experiments were conducted in 1383D6 (male, 36

years of age, Asian descent) (Takayama et al., 2017).

Cell culture and differentiations
See the supplemental information.

SARS-CoV-2 virus propagation and infections

SARS-CoV-2, isolate USA-WA1/2020 (NR-52281), was deposited by

the Centers 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,

1mMsodiumpyruvate, and 10mMHEPES. Virus stockwas filtered

by centrifugation using an Amicon Ultra-15 centrifugal filter unit

(Sigma, UFC910096) and resuspended in viral propagation me-

dium. All infections were performed with 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 Medium supple-

mented with 4 mM L-glutamine, 0.2% BSA, 10 mM HEPES, and

0.12% NaHCO3 and 0.7% Oxoid agar (OXLP0028B). All SARS-

CoV-2 infections were performed in the CDC/USDA-approved

BSL-3 facility of the Global Health and Emerging Pathogens Insti-

tute at the Icahn School of Medicine at Mount Sinai in accordance

with institutional biosafety requirements.
Molecular and biochemical analysis
Additional details in supplemental information.

SARS-CoV-2 qPCR

Primers were used as in the supplemental experimental proced-

ures. The SARS-CoV-2 genome comprises two long open reading

frames that encode non-structural polyproteins, followed by a se-

ries of largely structural genes. For these latter genes to be produced

in the quantities necessary to manufacture mature virions, the

replicase/transcriptase complex that is formed by the protein prod-

ucts of the long polyproteins recombines the "leader sequence,"

which initiates transcription with different lengths of the 30 end
of the genome, generating "subgenomic" vRNA. The N primer se-

quences were designed so that the forward primer is specific to

the leader sequence and the reverse primer is specific to N. In

this way, the primers should amplify only subgenomic vRNA,

which should be detected only when the viral replication cycle

has been initiated, as it is not present in packaged virions.

Data analysis
Data from all the phenotypic assays above were first organized in a

Microsoft Excel spreadsheet and analyzed using GraphPad PRISM

8 software or R. For qPCR data analysis, values are expressed as

the mean ± SEM. Statistical significance was tested using either

one-sided Student’s t test or two-way ANOVA with Tukey’s post

hoc test for comparison of all sample means.
Data and code availability
All donor-derived and CRISPR-edited hiPSCs are available at the

NIMH repository at RUCDR. Hamster brain SARS-CoV-2 RNA-

sequencing datasets are available at theGene ExpressionOmnibus:

GSE161200.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.02.010.
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