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Functional landscape of SARS-CoV-2 cellular
restriction

Graphical abstract

Arrayed screen of interferon stimulated genes (ISGs)
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IFN-mediated restriction of SARS-CoV-2 relies on a subset of
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Eight of the ISGs inhibit SARS-CoV-1 and SARS-CoV-2 but no
unrelated viruses
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In brief

Deficient interferon responses to SARS-
CoV-2 infection have been associated
with severe COVID-19. Martin-Sancho

et al. utilized a gain-of-function screen to
identify interferon-stimulated effectors
that govern innate immune responses to
SARS-CoV-2. These factors could
underlie genetic predisposition to severe
COVID-19 and can serve as candidates
for development of antiviral therapies.
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SUMMARY

A deficient interferon (IFN) response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion has been implicated as a determinant of severe coronavirus disease 2019 (COVID-19). To identify the mo-
lecular effectors that govern IFN control of SARS-CoV-2 infection, we conducted a large-scale gain-of-func-
tion analysis that evaluated the impact of human IFN-stimulated genes (ISGs) on viral replication. A limited
subset of ISGs were found to control viral infection, including endosomal factors inhibiting viral entry, RNA
binding proteins suppressing viral RNA synthesis, and a highly enriched cluster of endoplasmic reticulum
(ER)/Golgi-resident ISGs inhibiting viral assembly/egress. These included broad-acting antiviral ISGs and
eight ISGs that specifically inhibited SARS-CoV-2 and SARS-CoV-1 replication. Among the broad-acting
ISGs was BST2/tetherin, which impeded viral release and is antagonized by SARS-CoV-2 Orf7a protein.
Overall, these data illuminate a set of ISGs that underlie innate immune control of SARS-CoV-2/SARS-
CoV-1 infection, which will facilitate the understanding of host determinants that impact disease severity
and offer potential therapeutic strategies for COVID-19.

INTRODUCTION 2020). While age and comorbidities, such as obesity and car-

diovascular disease, have been linked to COVID-19 severity,

The ongoing coronavirus disease 2019 (COVID-19) pandemic,
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), is responsible for a reported 126 million infec-
tions and over 2.76 million deaths worldwide as of this writing.
Following infection with SARS-CoV-2, COVID-19 clinical pre-
sentation ranges from asymptomatic or mild (suggested to ac-
count for ~80% of infections) to severe disease that typically
requires hospitalization and assisted respiration (Huang et al.,

2656 Molecular Cell 87, 2656-2668, June 17, 2021 © 2021 Elsevier Inc.

recent data suggest that innate immune responses to viral
infection are also a critical determinant of disease outcome
(Mathew et al., 2020). For instance, loss-of-function mutations
in the immune sensor TLR7 and downregulation of the type |
interferon (IFN) response have been associated with severe
COVID-19 (van der Made et al., 2020). In addition, two recent
studies that conducted an integrated immune analysis of
COVID-19 patients found impaired IFN responses in severe
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Figure 1. IFN-mediated restriction of SARS-CoV-2 relies on a limited subset of ISGs

(A) Schematic representation of the gain-of-function screen to identify ISGs that inhibit SARS-CoV-2 replication.

(B) Ranked log2FC of the percentage of infected cells (SARS-CoV-2 N* cells, blue shading) and normalized cell number (pink shading) after individual over-
expression of 399 human ISGs and controls. Values are relative to the negative control CAT. Dashed lines illustrate cut offs for antiviral ISG hit calling strategy; the
dotted blue line indicates log2FC infection = 4 x standard deviations (SDs) log2FC of CAT log2FC, and the dotted pink line indicates cell number = 70% of CAT.
Controls are shown (CAT, negative; LY6E, positive).

(C) Correlation plots between screens. r, Pearson correlation coefficient.

(D) 293T-ACE2 cells transduced with lentiviruses carrying each of the identified ISGs were infected with SARS-CoV-2 (MOI = 0.25) for 40 h prior to immuno-
staining for viral SARS-CoV-2 nucleoprotein (N). Data represent mean log2FC values (percentage of N* cells relative to parental control wells) from three in-
dependent experiments (n = 3).

(E) Representative images are shown. Scale bars, 10 um.

(F) Calu-3 cells transduced with lentiviruses encoding the indicated ISGs were infected with SARS-CoV-2 (MOI =1.5) for 48 h prior to immunostaining for viral N
protein. Data show mean + SEM normalized infection (percentage of infected cells relative to parental control wells) from one representative experiment in
quadruplicate (n = 4).

(legend continued on next page)
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and critically ill patients (Arunachalam et al., 2020; Hadjad]
et al., 2020). Further support for the role of type | IFN in
COVID-19 outcome comes from a study of 127 patients
receiving IFN beta-1b in combination with lopinavir-ritonavir
and ribavirin, which reported lower SARS-CoV-2 viral load
and shedding in the lungs and reduced length of hospitaliza-
tion (Hung et al., 2020). Taken together, these data under-
score an emerging role for IFN-mediated cellular responses
in the control of SARS-CoV-2 infection and COVID-19
severity.

Viral infection is sensed by pattern recognition receptors
(PRRs), which initiate a signaling cascade that produces cyto-
kines, including production of type | and lll IFNs. These IFNs pro-
mote the transcriptional activation of hundreds of IFN-stimulated
genes (ISGs), many of which exert antiviral activities (Schoggins
etal., 2011). Concerted expression and regulation of these PRRs
and downstream signaling molecules, transcription factors, and
effectors are necessary to mount a successful antiviral response.
Thus, viruses have developed various strategies to interfere with
and evade these antiviral programs (Garcia-Sastre, 2017).
Recent work has shown that SARS-CoV-2 infection is sensed
by the cytoplasmic sensor MDA5 and induces IFN production
(Yin et al., 2021). Accordingly, RNA sequencing (RNA-seq) of
COVID-19 patient samples and in vitro infection models revealed
upregulation of ISGs (Blanco-Melo et al., 2020; Emanuel et al.,
2020; Lamers et al., 2020; Overmyer et al., 2020; Sun et al.,
2020). In addition, SARS-CoV-2 is sensitive to IFN treatment (Lo-
kugamage et al., 2020) and the activity of several ISGs, including
LY6E, which inhibited replication of SARS-CoV-2 (Pfaender
et al.,, 2020), and the ISGs AXIN2, CH25H, EPSTI1, GBP5,
IFIH1, IFITM2, and IFITM3, which were found to block entry of
a pseudotyped vesicular stomatitis virus (VSV) harboring
SARS-CoV-2 spike (S) protein (Zang et al., 2020). Ultimately, a
comprehensive evaluation of ISGs that inhibit infection of
SARS-CoV-2 will be necessary to understand the cellular control
of viral infection and their potential impact on COVID-19
outcome.

To uncover the cellular antiviral response to SARS-CoV-2
infection, we conducted a gain-of-function screen using 399
human ISGs. These data revealed that restriction of SARS-
CoV-2 is mediated by a limited subset of 65 ISGs, mostly
endoplasmic reticulum (ER)- and Golgi-resident proteins that
are reported regulators of ER-associated protein degradation
(ERAD), lipid membrane composition, and vesicle transport
(Fitzgerald, 2011; Inoue et al., 2015; Mo et al., 2020). Among
the inhibitory ISGs was BST2, which was found to inhibit viral
egress and be antagonized by the SARS-CoV-2 accessory
protein Orf7a. These factors represent attractive targets for
therapeutic intervention and have the potential to provide
insight into the host molecular and genetic determinants of
early immune regulation that may contribute to COVID-19
outcome.

Molecular Cell

RESULTS AND DISCUSSION

IFN-mediated restriction of SARS-CoV-2 relies on a
limited subset of ISGs

To define the cellular effectors that act to limit SARS-CoV-2
infection, we first sought to determine which genes are activated
upon type | IFN stimulation (hereafter referred to as ISGs) in dis-
ease-relevant cell types. Human tracheobronchial epithelial
(HTBE) and human alveolar epithelial A549 cells were treated
with IFN for 8 h and then subjected to RNA-seq. Using cutoff
criteria of log, fold change (log2FC) > 1.5 and p value < 0.05,
we identified 139 ISGs upregulated in HTBE cells, 121 ISGs up-
regulated in A549 cells, and 152 ISGs upregulated in both HTBE
and A549 cells (Figure S1A). This dataset encompassed ISGs
with previously characterized broad-acting antiviral activities
that included MX1, OAS1, OASL, and IFI6 (Hubel et al., 2019).
In addition, Schoggins et al. previously assembled a list of 387
curated ISGs, of which 149 overlapped with the HTBE/A549 da-
taset (Figure S1B) (Schoggins et al., 2011). We combined these
experimental and published datasets and identified 399 ISGs
as available, validated, and full-sequence-length cDNA clones
(Figure S1B; Table S1).

Next, we evaluated the ability of these 399 ISGs to inhibit
SARS-CoV-2 replication using ectopic expression screening.
These studies were conducted using the human epithelial cell
line 293T, as these cells can be transfected with high efficiency,
support productive replication of SARS-CoV-2 when expressing
the viral entry factors ACE2 and TMPRSS2 (Hoffmann et al.,
2020), and respond to IFN treatment (Figure S1C). 293T cells
were transfected with individual ISGs along with ACE2 and
TMPRSS2 for 30 h and then challenged with SARS-CoV-2 at a
low multiplicity of infection (MOI = 0.0625). Cells were fixed at
40 h post-infection, and the percentage of infected cells was
determined using immunostaining for SARS-CoV-2 nucleopro-
tein (N) (Figure 1A). cDNA encoding chloramphenicol acetyl-
transferase (CAT) was included on each plate as negative con-
trol, and cDNA encoding the SARS-CoV-2 negative regulator
LY6E (Pfaender et al., 2020) was included as positive control
(Figures 1A and 1B). We first confirmed that cDNA transfection
of these controls did not stimulate IFN signaling per se, as cells
transfected with CAT, GFP, or LYBE expression plasmids show
comparable levels of IFN-induced /ISG54 mRNA as mock-
treated cells (Figure S1D). Screens were then conducted in
duplicate and showed good reproducibility, with a Pearson cor-
relation coefficient (r) of 0.81 (Figure 1C). After applying the cutoff
criteria for infection (log2FC lower than 4 x standard deviations
(SD) of CATlog2FC) and cell viability (at least 70% of CAT ), we
identified 65 ISGs that inhibited SARS-CoV-2 replication (Fig-
ure 1B). This list of antiviral factors includes upstream regulators
as well as downstream effectors of the IFN response. The former
include the signaling adaptor MYD88, signal transducers STAT1
and STAT2, helicase DDX60, and E3 ubiquitin ligase TRIM21, all

(G) Differentiated HTBE cells stably expressing the indicating ISGs or negative control GFP were infected with SARS-CoV-2 (MOI = 1) on the apical side. At 18 h
post-infection, supernatants were collected and the amount of SARS-CoV-2 focus-forming units per milliliter (FFU/mL) analyzed using Vero E6 cells. Data show

mean + SD and are representative from two sets of HTBE cells per ISG (n = 2).

Statistical significance was calculated using one-way ANOVA with Sidak’s multiple comparison post hoc test (D) or one-way ANOVA with Dunnett’s post hoc test

(F and G).

2658 Molecular Cell 81, 2656-2668, June 17, 2021
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of which were shown to stimulate /ISG54 production upon
expression (Figure S1E). Conversely, we found several down-
stream effectors, including BST2, IFITM2, and IFITM3, which
likely harbor direct antiviral activities and accordingly did not
result in ISG54 stimulation (Figure S1E). Cross-comparison of
these 65 factors with published datasets of upregulated genes
from COVID-19 patient samples and in-vitro-infected lung cell
models revealed a small but significant overlap (Figure S1F),
suggesting that a subset of these factors are also stimulated in
response to SARS-CoV-2 infection (Blanco-Melo et al., 2020;
Emanuel et al., 2020; Overmyer et al., 2020; Sun et al., 2020).
The full list of identified ISGs and their activities are shown in Ta-
ble S2.

To further validate the antiviral activity of the ISGs identified
in this screen, we generated stable cell lines expressing each
of these 65 ISGs fused with a C-terminal V5 affinity tag and as-
sessed their ability to inhibit SARS-CoV-2 replication. Upon
transduction of 293T-ACE2 cells with lentiviruses carrying
these 65 factors, 7 cell lines did not survive antibiotic selection,
so stable lines could only be generated for the remaining 58
ISGs. These lines were then evaluated for their ability to sup-
port SARS-CoV-2 replication, as well as for ISG expression.
Of the 58 lines tested, 37 showed statistically significant reduc-
tions of SARS-CoV-2 replication compared to parental cells
(log2FC < 4 x SDs of parental cells, and p value < 0.05) (Fig-
ures 1D and 1E; Table S3), all of which showed detectable
levels of each ISG as measured by V5 immunostaining (average
percentage of V5* cells = 68.86%; Figure S1G). Among the
ISGs that resulted in the highest reduction of SARS-CoV-2
replication was the transcription factor ELF1 (normalized per-
centage of infection compared to control = 0.059, p value <
0.0001; Table S3). Previous work showed that ELF1 governs
a complex transcriptional antiviral program of over 300 genes
and restricts replication of several viruses (Seifert et al.,
2019). To further evaluate if the identified antiviral ISGs exert
direct antiviral activities or transcriptionally induce an antiviral
response, we measured if their expression stimulate ISG54 pro-
duction. In addition to ELF1, overexpression of C-type lectin
CLECA4D, the E3 ubiquitin ligase TRIM21, and the transcription
factor RECS8 resulted in a significant increase in ISG54 mRNA
levels (Figure S1H), suggesting that these factors likely exert in-
direct antiviral activities.

Next, to assess if these ISGs inhibit viral replication in cell
types more relevant for SARS-CoV-2 infection, we generated
epithelial lung Calu-3 cells stably expressing a subset of these
validated ISGs selected based on their reported function and
their antiviral potencies (Table S3). From the 11 lines generated,
9 showed a significant reduction in SARS-CoV-2 replication
compared to parental cells (Figure 1F). Subsequently, we used
nine of these ISG-encoding lentiviruses to transduce primary
HTBE cells. Each line was then differentiated at an air-liquid
interface to produce a mucociliary epithelium similar to that of
the native human airway (Rayner et al., 2019; Zaderer et al.
2019). Cells transduced with CLEC4D, DNAJC6, B4GALTS5,
BST2, and UBD showed reduced viability after antibiotic selec-
tion and so were excluded from further analysis. Cells expressing
the remaining four ISGs (CNP, APOL2, IFIT3, and RAB27A) were
infected with SARS-CoV-2 and evaluated for their ability to sup-

¢ CellP’ress

port viral growth. All these four lines showed a significant reduc-
tion in viral growth relative to control cultures transduced with
GFP (Figure 1G). Together, these results suggest that a subset
of these factors exert antiviral activities in several cellular
backgrounds.

A network model of SARS-CoV-2 antiviral effectors

ISGs are a heterogenous group of genes with encoded func-
tions ranging from inflammatory pathway signaling to intracel-
lular trafficking, energy metabolism, and nuclear transport
(Schoggins et al., 2011). To better understand the biochemical
and functional context by which these 65 ISGs exert antiviral
activities, we conducted a supervised network propagation
leveraging high-confidence protein-protein interactions and hi-
erarchical relationships (Figure 2; see STAR Methods). These
network propagation studies are an important exercise to iden-
tify and highlight biological signals within a dataset. Thus, these
analyses were included in this study to enable interpreting the
proteins that showed antiviral activities in the context of other
cellular components or molecular networks in which they might
function during viral infection (Table S4). Using these analyses,
we identified densely interconnected protein clusters that have
significant enrichment in specific cellular biological processes
(Raudvere et al., 2019). As expected, we found strong associ-
ation with pathways that stimulate IFN signaling, including cyto-
solic PRRs (p value = 8.553 x 107%) and regulators of STAT
phosphorylation (p value = 1.542 x 1072%), as well as pathways
linked to the type | IFN response (p value = 1.573 x 1072%), the
cellular response to viral infection (p value = 8.891 x 107'9),
and cytokine signaling (p value = 1.588 x 107°) (Figure 2A,
blue boxes). We also observed an enrichment of RNA helicases
(p value = 5.430 x 10~ and regulators of cell death (p value =
9.754 x 1078) (Figure 2A). These include DDX60, which exhibits
antiviral activity against hepatitis C virus (HCV) and VSV
(Schoggins et al., 2011); ZBP1, which was recently identified
as a sensor of influenza A virus (IAV) Z-RNA motifs; and
MKLK, a ZBP1 binding partner and downstream activator of
necroptosis in response of viral infection (Figure 2B) (Zhang
et al., 2020). Additional enriched clusters included regulation
of transport at the Golgi network or the ER (p value =
7.423 x 1075, 3.574 x 1074 (Figures 2C and 2D), nucleotide
metabolism (p value = 8.633 x 10~ '%), and regulators of sphin-
golipid metabolism (p value = 2.093 x 107°), including the ISGs
B4GALT5 and ST3GAL4 (Figure 2E). Additional ER/Golgi-resi-
dent factors identified as potent restrictors of SARS-CoV-2
replication included the apolipoprotein APOL2, previously
shown to be important for lipid metabolism (Monajemi et al.,
2002; Page et al., 2001); and RSAD2/Viperin, which is involved
in lipid synthesis and control of ER membrane curvature and lo-
calizes to lipid droplets (Hinson and Cresswell, 2009; Seo and
Cresswell, 2013), and has been suggested to inhibit HCV repli-
cation by altering the lipid composition at the ER compartment
and disrupt lipid rafts to inhibit IAV growth (Fitzgerald, 2011).
This suggests that regulation of the membrane composition
at sites relevant for viral replication or trafficking could be a crit-
ical host strategy for the control of SARS-CoV-2 replication.
However, additional work will be required to characterize how
these ISGs inhibit SARS-CoV-2 replication. Taken together,

Molecular Cell 87, 2656-2668, June 17, 2021 2659
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Figure 2. Network model of SARS-CoV-2 antiviral effectors

(A) The network containing the 65 identified antiviral ISGs was propagated to include a total of 343 high-confidence protein interactors (score > 0.7 STRING) and
subjected to supervised community detection (Carlin et al., 2017; Shannon et al., 2003). The resultant hierarchy is shown. Here, each node represents a
community of densely interconnected proteins, and each edge (arrow) denotes containment of one community (edge target) by another (edge source). Enriched
biological processes are indicated. The percentage of each community that corresponds to the 65 antiviral ISGs is shown in dark blue.

(B-E) Zoom-in insets from selected protein communities are indicated with an asterisk (*) in the hierarchy. Nodes indicate proteins, and edges indicate in-
teractions from STRING. Blue nodes indicate ISGs that restricted SARS-CoV-2 replication.

this network model illuminates the diversity of cellular activities
that likely function to mount an antiviral response to SARS-
CoV-2 replication. Further investigation of these molecular
pathways that underlie innate immune control of viral infection
can provide further insight into cellular strategies designed to
inhibit viral replication and growth.

Restriction of SARS-CoV-2 entry

To understand how these antiviral effectors impact viral repli-
cation, the 37 validated ISGs (Figure 1D) were tested for their
ability to inhibit specific stages of the SARS-CoV-2 infectious
cycle. First, we used a pseudotyped VSV expressing SARS-
CoV-2 S protein (VSV-S), alongside a second VSV expressing
its natural glycoprotein (VSV-G), to measure viral entry (Fig-
ure 3A). Second, we assessed viral translation and RNA repli-
cation by measuring viral RNA at 8 h post-infection (Figure 3B).
Lastly, we infected naive cells with viral supernatants that were
collected at 18 h post-infection to assess late-stage activity,
which encompasses viral assembly and egress (Figure 3C).
These experimental data were integrated with manually
curated bioinformatic resources that provide information on
subcellular localization and membership to biological path-
ways in order to establish a visual model that predicts the

2660 Molecular Cell 81, 2656-2668, June 17, 2021

impact of these ISGs on the SARS-CoV-2 infectious cycle
(Figure 4).

Entry of SARS-CoV-2 into the host cell is facilitated by viral S
protein binding to the ACE2 cellular receptor promoting endo-
cytosis. Upon entry, SARS-CoV-2 viral particles escape the en-
dosome to initiate viral replication (Hoffmann et al., 2020). Six
ISGs reduced entry of the pseudotyped VSV-S by more than
50% compared to parental cells, including LY6E, CLEC4D,
UBD, ELF1, FAM46C, and RECS8 (Figures 3A and 4). Of these,
CLEC4D, ELF1, and REC8 promoted induction of /ISG54
expression (Figure S1H). Both ELF1 and CLEC4D have been
shown to inhibit pathogen replication by controlling production
of ISGs and cytokines ((Seifert et al., 2019; Wilson et al., 2015).
Thus, these data suggest that these factors act as indirect
negative regulators of viral infection through a secondary anti-
viral transcriptional cascade that acts to inhibit SARS-CoV-2
entry and potentially other stages of the viral life cycle. Interest-
ingly, all three factors also affected entry of VSV-G (Figure S2A),
suggesting that the antiviral programs they control likely affect
replication of other RNA viruses.

ISGs that also reduced entry of VSV-S were LY6E, UBD, and
FAMA46C (Figure 3A). Overexpression of these factors did not
significantly induce ISG54 production (Figure S1H), suggesting
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A Figure 3. SARS-CoV-2 antiviral effectors
Receptor inhibit discrete viral replication steps
(A-C) 293T-ACE2 cells stably expressing each of
>1 the indicated ISGs were subjected to (A) infection
1€ %W'% FAM46C with SARS-CoV-2 pseudotyped VSV luciferase
i UBD 20 virus for 16 h prior to measurement of luciferase
Binding RECS8 0.8 &  signal. In parallel, cells were subjected to syn-
and entry T ELF1 = chronized infection with SARS-CoV-2 (MOl = 4) for
l CLEC4D c 6 h prior to measurement of viral RNA (B), or su-
LYBE 0.6 % pernatants at 18 h post-infection were used to
o infect naive Vero E6 cells. The percentage of in-
_— SPATS2L O  fected cells was then determined at 18 h post-
B ZBP1 0.4 g) infection using immunostaining for viral N protein
DNAJC6 'g (C). In parallel to these experiments, the impact of
IFIT3 ° these ISGs on SARS-CoV-2 replication at 24 h
Translation and 02 post-infection was evaluated (full life cycle). Re-
RNA replication RGS22 sults are summarized in the heatmap and show the
Ve %W%V\ LOC152225 mean (n = 2) of relative activities compared to
A B4GALTS5 parental cells.
c g ISG20
Vi GNB4
g e SPATA13
NRN1 Cellular inhibition of SARS-CoV-2
Assembly L ERLIN1 translation and RNA replication
APOL2 Following SARS-CoV-2 release into the
RAB27A cytosol, the transcription and translation
%g% FZD5 of the replicase gene from the viral
Budding C90rf91 genomic RNA generates nonstructural
and release NT5C3 proteins (nsps). These nsps coordinate
J TAGAP the assembly of the replicase-transcrip-
| |HSPAS tase complex (RTC) at the ER, which en-
f CNP ables viral RNA replication and protein
§ Q% ETV6 synthesis (Fehr and Perlman, 2015).
G MSR1 Seven ISGs were found to reduce
BST2 SARS-CoV-2 RNA levels by more than
@% N 50% (Figure 3B), including [FIT3,
g:: SL8$0 SPATS2L, DNAJC6, RGSS2, and
1y ‘4/\@"’ > LOC152225, as well as ZBP1 and
im kQ § B4GALT5, which were found to be core
@ 44 components of the cell death and sphin-
N golipid metabolism networks shown in
Figures 2B and 2E.

The IFIT family includes five members
(IFIT1, IFIT1B, IFIT2, IFIT3, and IFIT5),

they might directly inhibit viral entry. FAM46C showed no effect
on VSV-G (Figure S2A), indicating it could target a specific
feature of S-mediated entry. Notably, LY6E and UBD showed
a contrasting ability to reduce entry of VSV-S but increase
that of VSV-G (Figure S2A). LYBE was previously shown to
restrict entry of live SARS-CoV-2 by inhibiting viral S protein
fusion at the membrane (Pfaender et al., 2020) and to act as
a proviral entry factor for other RNA viruses, including 1AV or
flaviviruses (Hackett and Cherry, 2018; Mar et al., 2018). Simi-
larly, UBD/FAT10 is recruited to the incoming Salmonella-con-
taining vacuole (SCV) together with the autophagy cargo recep-
tor p62 (Spinnenhirn et al., 2014), which serve as signals for
lysosomal targeting and pathogen clearance, but acts as a pro-
viral factor for 1AV replication (Nguyen et al., 2016). More work
will be required to investigate how UBD interferes with SARS-
CoV-2 entry.

which prevent active viral RNA replication by detection and
sequestering of single-stranded 5'-ppp or 2'O-unmethylated
RNA (Metz et al., 2013). In this study, we identified three mem-
bers of this family, IFIT1, IFIT3, and IFIT5, to inhibit SARS-CoV-
2 replication (Figure 3B), suggesting this family plays an impor-
tant role in the restriction of SARS-CoV-2. Viral RNA levels
were also reduced by the RNA binding protein SPAT2SL (Fig-
ure 3B). Following stress stimuli, SPAT2SL is recruited to cyto-
plasmic stress granules, where viral RNA can be sequestered
to reduce viral genome synthesis (Miller, 2011; Zhu et al,
2008). Finally, the ISG DNAJC6, a member of the heat shock pro-
tein 40 (HSP40) family, was also determined to impact the SARS-
CoV-2 replicative stage (Figure 3B). HSP40 family members are
known to play critical roles in protein transport, folding, and
structural disassembly and have been found to bind the 3’ un-
translated region of the mouse hepatitis virus (MHV) coronavirus
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Figure 4. Integrated model of SARS-CoV-2 cellular restriction mechanisms

ISGs that inhibited SARS-CoV-2 replication were placed at specific positions along the viral infectious cycle based on experimental data generated in Figure 3 in
conjunction with Gene Ontology, KEGG, and Reactome databases and the literature (see STAR Methods). Human ISGs are represented in blue circles and SARS-
CoV-2 proteins in yellow circles. ISGs in bold indicate those ISGs that were validated using lentiviral transduction (Figure 1D). Dashed lines (edges) represent
indirect interactions between these ISGs and the indicated viral proteins based on reported ISG interactors (Hubel et al., 2019) and SARS-CoV-2 interactors

(Gordon et al., 2020).

(Nanda et al., 2004; Rosenzweig et al., 2019). Overall, these data
suggest that molecular recognition and targeting of viral RNA
could be a critical host defense strategy used to interfere with
SARS-CoV-2 translation or genome synthesis (Figure 4).

ER- and Golgi-resident ISGs inhibit late-stage SARS-
CoV-2 replication

Transcription and translation of SARS-CoV-2 subgenomic
mRNAs at the ER membrane generate accessory, as well as
the structural proteins S, envelope (E), membrane (M), and N.
S, E, and M are then inserted into the ER and transit through
the secretory pathway to commence viral assembly in the ER-
Golgi intermediate compartment (ERGIC). Specifically, M, S,
and E associate with viral genomes encapsidated by the N pro-
tein to form virions that bud from the ERGIC. Virions traffic in ves-
icles through the trans-Golgi network and are subsequently
released by exocytosis. Notably, we found that the majority of
ISGs in this assay (16/35, 55%) restricted late stages of viral
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replication (Figure 3C). These late-stage ISGs were then clus-
tered based on their known impact on ERAD and vesicle traf-
ficking pathways.

ERAD. Accumulation of viral proteins during virion assembly at
the ER-Golgi interface can trigger ERAD. Accordingly, we found
that the ERAD regulator ERLINT (Pearce et al., 2009) strongly
attenuated late stages of SARS-CoV-2 replication (Figure 3C).
Two additional factors, RETREG1 and FNDC4, also involved in
this pathway with roles as a ER-phagy receptor and association
with the aggresome (Mo et al., 2020; Wilkinson, 2019), were also
found to restrict SARS-CoV-2 replication (Figures 3C and 4),
suggesting that factors associated with the ERAD pathway could
act as inhibitors of SARS-CoV-2 infection.

Vesicle trafficking.Trans-Golgi vesicle budding was found to
be an enriched pathway involved in SARS-CoV-2 restriction (Fig-
ure 2C). Proteins within this network include the heat shock pro-
tein HSPAS8 and the 2/,3'-cyclic nucleotide 3’ phosphodiesterase
CNP; both mapped to late-stage viral replication (Figure 3C).
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Figure 5. BST2 inhibits release of SARS-CoV-2 and is antagonized by Orf7a

(A and B) 293T and Huh7 cells transfected with BST2 along with ACE2 and TMPRSS2 were infected with SARS-CoV-2 at the indicated MOls for 48 h prior to
immunostaining for viral N protein. Shown is mean + SEM normalized infection (percentage of SARS-CoV-2 N* cells) relative to empty vector control from three
independent experiments (n = 3) (A) and representative images of Huh7 cells infected at MOI 0.03 (B).

(C) HeLa-ACE2 parental or BST2 KO cells were infected with SARS-CoV-2 (MOI = 2). At the indicated hours post-infection, supernatants were collected and
analyzed by plaque assay in Vero E6 cells. LoD, limit of detection. Data show mean + SD from one representative experiment in triplicate (n = 3) of two inde-
pendent experiments.

(D) Calu-3 cells were transfected with siRNAs targeting BST2 or IRF9 or the negative control scrambled siRNA. At 48 h post-transfection, cells were treated with
18 IU/mL IFN for 6 h and then infected with SARS-CoV-2 (MOI = 0.75). At indicated times post-infection, supernatants were collected and analyzed by plaque
assay in Vero E6 cells. Data show mean + SD and are representative from one experiment in quadruplicate (n = 4).

(E) 293T cells were transfected with the indicated constructs for 24 h. Cell lysates and supernatants (VLPs) were then analyzed using SDS-PAGE and im-
munoblotted with indicated antibodies. Only blot lanes 2-4 and 6 (shown in boxes) are relevant to this experiment and included in the figure.

(F) HeLa-ACE2 cells transfected with M-FLAG, E, and N were subjected to immunostaining for BST2 and FLAG, as indicated. Shown are deconvolved widefield
microscopic images revealing colocalization of BST2 and M (arrows). Scale bars, 10 um.

(G) HeLa-ACE2 cells transfected with Orf7a-FLAG were subjected to immunostaining for BST2 and FLAG, as indicated. Shown are confocal images revealing
colocalization of BST2 and Orf7a (arrows). Scale bars, 10 um.

(H) Top two ClusPro docking models of Orf7a interaction with the BST-2 ectodomain dimer. BST-2 is shown in gray, and the two Orf7a molecules are green and
yellow.

(legend continued on next page)
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HSPAS8 is known to be involved in vesicle uncoating, whereas
CNP was reported to inhibit release of human immunodeficiency
virus 1 (HIV-1) (Wilson et al., 2012). Notably, these ISGs were
found in a protein complex with NAPA (Figure 2C), also identified
as restriction factor for soluble NSF-attachment protein receptor
(SNARE) complex, and a reported member of the soluble NSF-
attachment protein receptor (SNARE) complex that functions
to dock and fuse vesicles to target membranes (Inoue et al.,
2015). Finally, the GTPase Rab27a also impeded late stages of
replication. Rab27a controls exocytic transport through fusion
of multivesicular endosomes to the plasma membrane (Ostrow-
ski et al., 2010), further underscoring the role of factors involved
in vesicular trafficking as critical negative regulators of SARS-
CoV-2 replication.

BST2 inhibits release of SARS-CoV-2 and is antagonized
by Orf7a

The bone marrow stromal antigen 2 (BST2; also known as CD317
or tetherin) was identified as a potent inhibitor of SARS-CoV-2
replication (Figure 3C). BST2 traffics through the ER and Golgi
and localizes at the plasma membrane and in endosomes. It
has been shown to inhibit viral release of several enveloped vi-
ruses, including HIV-1, human coronavirus 229E, and SARS-
CoV-1, that either bud at the plasma membrane or at the ERGIC,
by tethering their virions to the cell surface or intracellular mem-
branes (Neil et al., 2008; Taylor et al., 2015; Van Damme et al.,
2008; Wang et al., 2014).

BST2 restriction of SARS-CoV-2 replication was further
confirmed in ACE2/TMPRSS2-expressing 293T and Huh7 cells
at 24 and 48 h post-infection (Figures 5A, 5B, and S3A). We
next conducted loss-of-function studies in Hela cells, as these
cells constitutively express BST2 (Neil et al., 2008; Van Damme
et al., 2008), and found that cells depleted for BST2 released
significantly more infectious viruses over time (Figures 5C and
S3B). We further validated this observation using human lung
epithelial cells, since knockdown of BST2 in Calu-3 cells resulted
in a significant increase in SARS-CoV-2 titers at 24 and 38 h
post-infection (Figures 5D, S3C, and S3D). Overall, these data
strongly support a role for BST2 in the restriction of SARS-
CoV-2 replication.

Notably, BST2 expression reduced SARS-CoV-2 RNA replica-
tion (563% reduction compared to control cells) followed by a
more potent reduction of viral release (74% reduction) (Figures
3B and 3C). To further characterize the impact of BST2 on
late-stage replication, we evaluated viral egress in the presence
or absence of BST2 using a virus-like particle (VLP) system that
bypasses viral entry and viral RNA replication (Siu et al., 2008).
We confirmed that this system can recapitulate virus egress,
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as transfection of viral M, N, and E, but not E and N or M and
N, resulted in secreted N protein (Figure S3E). Using this system,
we detected a strong reduction of VLP release in the presence of
BST2, evidenced by loss of secreted N, corroborating that BST2
acts to inhibit egress of SARS-CoV-2 (Figure 5E). We next inves-
tigated if BST2 colocalizes with SARS-CoV-2 structural proteins.
Notably, we detected colocalization of BST2 and structural pro-
teins M (Figure 5F) and S (Figure S3F) at intracellular foci.
Together, these data indicate that BST2 spatially associates
with SARS-CoV-2 structural proteins.

Several viruses have developed evasion strategies to over-
come restriction by BST2, including HIV-1 via its accessory
protein Vpu and SARS-CoV-1 via its Orf7a and S proteins
(Neil et al., 2008; Taylor et al., 2015; Van Damme et al., 2008;
Wang et al., 2019). Notably, we found that both HIV-1 Vpu
and SARS-CoV-2 Orf7a expression partially rescued BST2-
mediated inhibition of SARS-CoV-2 release (Figure 5E) and
that both Orf7a and BST2 were incorporated into VLP particles
(Figure 5E) (Fitzpatrick et al., 2010). Notably, Orf7a-mediated
antagonism of BST2 activity did not involve reduction of
BST2 cell surface expression, in contrast to HIV-1 Vpu (Fig-
ure S3G). We further investigated the location of BST2 and
Orf7a in the cell and observed that BST2 and Orf7a colocalized
in the perinuclear region (Figure 5G). In silico docking of SARS-
CoV-2 Orf7a and BST2 revealed a potential interface at the
N-terminal region of BST2 ectodomain (Figures 5H and 5I), sug-
gesting that these two proteins could physically interact. To
evaluate this hypothesis, we assessed BST2 and Orf7a interac-
tion through immunoprecipitation studies. These were con-
ducted using wild type (WT) or a BST2 mutant defective for
N-linked glycosylation (N2Q), as a previous report suggested
that the interaction between SARS-CoV-1 Orf7a and BST2
was glycosylation dependent (Taylor et al., 2015). In contrast
to SARS-CoV-1, these data revealed an association between
SARS-CoV-2 Orf7a and BST2 independently of BST2 glycosyl-
ation status (Figure 5J).

To further investigate Orf7a antagonism of BST2, we infected
parental or 293T-ACE2 cells stably expressing BST2 with either
WT SARS-CoV-2 or a recombinant SARS-CoV-2 that was engi-
neered to replace Orf7a with nanoluciferase (dOrf7a) (kindly pro-
vided by Ralph Baric) (Hou et al., 2020). While WT and dOrf7a vi-
ruses grew similarly in parental cells (Figure 5K) and showed
comparable levels of SARS-CoV-2 N protein (Figure S3H), the
replication of dOrf7a virus was significantly attenuated in
BST2-expressing cells at 48 h post-infection (Figure 5K). Overall,
these data establish BST2 as a potent inhibitor of SARS-CoV-2
egress and demonstrate that viral Orf7a protein enables immune
evasion through the antagonism of BST2 restriction.

(I) Close-up of the interface circled in H. Left: electrostatic surface of BST2 (blue, positive; red, negative). Beta strands A and G of Orf7a (green) are involved in the
interaction. Selected interaction residues are labeled. Right: electrostatic surface of Orf7a. The beta strands A and G form an electrostatic ridge on the sur-

face (boxed).

(J) 293T cells were transfected with BST2 expression plasmid (WT or N2Q mutant) and empty plasmid, Orf7a-FLAG, or HIV-1 Vpu-FLAG expression plasmid.
Immunoprecipitation (IP) was carried out using FLAG M2 magnetic beads. Inputs and IP samples were analyzed by SDS-PAGE using indicated antibodies. Blot is
representative from two independent experiments. The asterisks (*) denote the 25-kDa anti-FLAG (M2) light chain.

(K) Parental 293T-ACE2 or BST2 stable cells were infected with WT or dOrf7a (MOI = 1). At indicated times post-infection, supernatants were collected and
analyzed by plagque assay in VeroE6 cells. Data show mean + SD from one representative experiment in triplicate (n = 3) of two independent experiments.
Statistical significance was calculated using one-way ANOVA with Dunnett’s post hoc (A and D), Student’s t test (C), or Tukey’s multicomparison test (K).
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Comparative antiviral activities of SARS-CoV-2
restriction factors

Finally, to understand if discrete cellular defense strategies are de-
ployed to inhibit SARS-CoV-2 replication, the restriction dataset
was cross-referenced with published single ISG overexpression
studies that covered 20 different RNA and DNA viruses, including
IAV (FIUAV), West Nile virus (WNV), HCV, and HIV-1 (Schoggins
etal.,, 2011, 2014) (Figure 6). In addition, we experimentally evalu-
ated if expression of these factors could inhibit the replication of
SARS-CoV-1 (Figure 6). Ten anti SARS-CoV-2 ISGs were found
to reduce replication of four or more viruses (Figure 6). These
include well-described IFN signaling transducers, signaling mole-
cules, and innate immune sensors, including STAT2 and MYD88,
the inhibitors of viral entry IFITM2 and IFITM3 (Brass et al., 2009),
and the viral nucleic acid binders ZBP1 and IFIT1. Conversely, a
cluster of eight ISGs harbored selective activities for SARS-CoV-
2 (Figure 6), all of which also inhibited SARS-CoV-1 replication
and include the ER/Golgi-resident proteins NAPA, APOL2, and
ERLIN1. Notably, significant enrichment in ISGs that regulate ER
homeostasis and Golgi transport suggest that these organelles
are critical sites for the cellular control of SARS-CoV replication.
Surprisingly, many of these antiviral factors have not been reported

Normalized infection [%)]

Virus family

. Orthomyxoviridae
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Figure 6. Comparative antiviral activities of
SARS-CoV-2 restriction factors
Heatmap showing normalized infection upon

=100 overexpression of indicated ISGs across 21 vi-
ruses. Data for SARS-CoV-2 were generated
75 within this study (see Table S2). Data for the re-

maining 20 viruses were obtained from previously
published work (Schoggins et al., 2011, 2014).
50 Data for SARS-CoV-1 were generated by infecting
293T-ACE2 stably expressing each of the indi-
cated ISGs with SARS-CoV-1 (MOI =0.01). At48 h
25 post-infection, supernatants were collected and
used to calculate the median tissue culture infec-
tious dose (TCID50). Data show TCID50/mL rela-
0 tive to parental control wells. Data show mean +
SD from one representative experiment in tripli-
cate (n = 3) of two independent experiments. Virus
families are indicated. Virus full names and ab-
breviations are described in STAR Methods.
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and assembily, including flavi-, toga-, ar-
teri-, and bunyaviruses, suggesting that
these cellular defense mechanisms target
unique aspects of coronavirus replication,
assembly, and egress.

Taken together, this comprehensive
analysis of the ISGs that act to impede
SARS-CoV-2 revealed that the IFN
response to SARS-CoV-2 infection relies
on a limited subset of ISGs that govern a
diverse set of cellular functions, including
endocytosis, nucleotide biosynthesis, and
sphingolipid metabolism. Further dissec-
tion of these critical host-pathogen interac-
tions, as well as potential viral evasion stra-
tegies, will enable insights into the molecular determinants of
innate immune control of SARS-CoV-2 replication and their role
in clinical disease outcome.

Limitations of study

This study investigated the cellular innate immune control of
SARS-CoV-2 replication by evaluating the ability of ISGs to inhibit
viral replication. These ISGs were selected based on RNA-seq
analysis of human lung cells treated with IFN. However, we cannot
exclude that IFN treatment in vivo can induce an additional subset
of ISGs that were not evaluated in this study. From the 399 ISGs
tested, 65 were found to control viral infection in human cells.
Since the expression levels of the remaining 334 ISGs were not re-
corded, it is possible that the cellular restriction of SARS-CoV-2
relies on additional ISGs that were not illuminated in this study.
Future studies should evaluate whether these ISGs act to inhibit
viral replication in vivo and their role during clinical infection.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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Rabbit anti-SARS-CoV-2 N Gift from Kwok-Yung Yuen N/A

mouse anti-HM1.24 (BST2) Gift from Chugai Pharmaceutical Co., N/A

mouse monoclonal anti-Orf7a
rabbit polyclonal anti-BST2

mouse monoclonal anti-V5

mouse monoclonal anti-GAPDH
mouse monoclonal anti-FLAG M2
rabbit monoclonal anti-B-actin
rabbit monoclonal anti-CoxIV

rat anti-FLAG-AlexaFluor-488
mouse anti-HA-AlexaFluor-594
donkey anti-mouse-AlexaFluor-488
donkey anti-mouse-Rhodamine-Red-X

Kanagawa, Japan
GeneTex

NIH AIDS

Thermo Fisher Scientific
GeneTex

Sigma

Cell Signaling

Cell Signaling

Biolegend

Biolegend

Jackson ImmunoResearch
Jackson ImmunoResearch

Cat# GTX632602; RRID:AB_2888320
Cat# 11721

Cat# R960-25; RRID:AB_2556564
Cat# GTX627408; RRID:AB_11174761
Cat# F1804; RRID:AB_262044

Cat# 4970; RRID:AB_2223172

Cat# 4850; RRID:AB_2085424
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Cat# 901511; RRID:AB_2565073
Cat# 715-545-150; RRID:AB_2340846
Cat# 715-295-150; RRID:AB_2340831

Bacterial and virus strains

SARS-CoV-2 USA-WA1/2020
SARS-CoV-1 icGFP
dOrf7a SARS-CoV-2

BEI resources

Yount et al., 2003

Gift from Ralph S. Baric,
University of North Carolina

at Chapel Hill; Hou et al., 2020

Cat# NR-52281
N/A
N/A

Chemicals, peptides, and recombinant proteins

Universal type | IFN
Fugene 6

Cas9

DAPI

Lipofectamine RNAIMAX transfection
reagent

R&D Systems
Promega

UC-Berkeley Macrolab
KPL

Thermo Fisher

Cat# 11200-2
Cat# E2691

N/A

Cat# 5930-0006
Cat# 13778150

Critical commercial assays

GrowDex UPM Biomedicals N/A

Transwells Corning Cat# CLS3470
PneumaCult-ALI StemCell Cat# 05001
High-Capacity cDNA Reverse Thermo Fisher Cat# 4368813
Transcription Kit

Power SYBR Green Master Mix Thermo Fisher Cat# 4368708
PneumaCult-Ex Plus Medium StemCell Cat# 05040
Deposited data

RNA-seq data GEO GEO: GSE156295

Supplemental Items

Mendeley Data

https://doi.org/10.17632/743ty4chyz.2

Experimental models: Cell lines

Vero E6
293T
Hela
Calu-3

ATCC
ATCC
ATCC
ATCC

Cat# CRL-1586; RRID:CVCL_0574
Cat# CRL-3216; RRID:CVCL_0063
Cat# CRL-1586; RRID:CVCL_0574
Cat# HTB-55; RRID:CVCL_0609
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Huh7 Apath Cat# LLC

BHK-21/WI-2 Kerafast Cat# EH1011; RRID:CVCL_HB78

HelLa-ACE2 Gift from Thomas Rogers N/A

293T-ACE2 This study N/A

HelLa-ACE2 BST2 KO This study N/A

Experimental models: Organisms/strains

HTBE (RNAseq) ATCC Cat# PCS-300-010

HTBE (infection studies) Lonza Cat# CC2540S

Oligonucleotides

1ISG54 primer IDT Fwd: CAG CTG AGA ATT GCA CTG CAA
Rev: GTA GGC TGC TCT CCA AGG AA

TBP primer IDT Fwd: CCA CTC ACA GAC TCT CAC AAC
Rev: CTG CGG TAC AAT CCC AGA ACT

ActinB CTRL Mix primer Applied Biosystems 4352341E

SARS-CoV-2 N primer Applied Biosystems Fwd: TTACAAACATTGGCCGCAAA Rev:
GCGCGACATTCCGAAGAA

scrambled siRNA Ambion AATCGATCATAGGACGAACGC

IRF9 siRNA Ambion CAACAAGAGTTCTGAATTTAA

BST2 siRNA Ambion Cat# AM16708 - 14490

BST2 gRNA Dharmacon Cat# CM-011817-01 to CM-011817-05

Non-targeting negative control gRNA Dharmacon Cat# U-007501

Recombinant DNA

pLX304 V5-tagged human ORFs ORFeome library http://horfdb.dfci.harvard.edu

psPAX2 Addgene Cat# 12260; RRID:Addgene_12260

pMD2.G Addgene Cat# 12259; RRID:Addgene_12259

pCG1-COV2-S-HA Gift from Prof. Stefan N/A

Pohlmann; Hoffmann et al., 2020

SARS-CoV-2 expression vectors This study N/A

Software and algorithms

Prism 8 Graphpad https://www.graphpad.com/scientific-
software/prism/

Slidebook software V.6 Imaging Innovations, Inc N/A

ClusPro Kozakov et al., 2017 N/A

Cytoscape v3.8.0 N/A https://cytoscape.org

CDAPS Singhal et al., 2020; Zheng et al., 2021 https://apps.cytoscape.org//apps/

cycommunitydetection
Interferome Rusinova et al., 2013 N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sumit K.
Chanda (schanda@sbpdiscovery.org).

Materials availability
Stable cell lines and expression constructs generated for this study can be obtained upon request from the lead contact. Commer-
cially available reagents are indicated in the key resources table.

Data and code availability

The accession number for the A549 and HTBE RNA-seq data reported in this paper is GEO: GSE156295. In addition, original data
have been deposited to Mendeley Data: https://doi.org/10.17632/743ty4chyz.2
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Viruses, cell lines, and primary cultures

SARS-CoV-2 USA-WA1/2020, isolated from an oropharyngeal swab from a patient with a respiratory illness who developed clinical
disease (COVID-19) in January 2020 in Washington, USA, was obtained from BEI Resources (NR-52281). SARS-CoV-1 icGFP has
been previously described (Yount et al., 2003). The recombinant dOrf7a SARS-CoV-2 was kindly provided by Ralph Baric (Hou
et al., 2020). These viruses were propagated using Vero E6 cells and stored at —80°C. Plague forming unit (PFU) assays were per-
formed to titrate the cultured virus. All experiments involving live SARS-CoV-2 followed the approved standard operating procedures
of the Biosafety Level 3 facility at the Sanford Burnham Prebys Medical Discovery Institute. All work with SARS-CoV-1 was performed
in a Biosafety Level 3 laboratory and approved by the University of Maryland Institutional Biosafety Committee.

Vero E6 (ATCC CRL-1586), 293T (ATCC CRL-3216), HeLa (ATCC CRL-1586), Calu-3 (ATCC HTB-55), and Huh7 (Apath LLC,
Brooklyn) cells were maintained in cell growth media: Dulbecco’s modified eagle medium (DMEM, GIBCO) supplemented with
10% heat-inactivated fetal bovine serum (FBS, GIBCO), 50 U/mL penicillin - 50 pg/mL streptomycin (Fisher Scientific), 1 mM sodium
pyruvate (GIBCO), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, GIBCO), and 1X MEM non-essential amino
acids solution (GIBCO). BHK-21/WI-2 cells (Kerafast, MA) were maintained in DMEM (GIBCO) supplemented with 10% heat-inacti-
vated FBS (GIBCO) and 50 U/mL penicillin - 50 pg/mL streptomycin. For the SARS-CoV-1 experiments, Vero E6 cells were cultured in
DMEM (Quality Biological), supplemented with 10% (v/v) fetal bovine serum (FBS; GIBCO), 1% (v/v) penicillin/streptomycin (pen/
strep, 10,000 U/ml / 10 mg/ml; Gemini Bio-Products) and 1% (v/v) L-glutamine (GIBCO), and 293T-ACE2 cells were cultured in
DMEM supplemented with 10% FBS and 1% pen/strep. Cells were maintained at 37°C and 5% CO2. Human tracheobronchial
epithelial (HTBE) cells (ATCC PCS-300-010) for the RNAseq experiment were cultured in commercially available airway epithelial
cell basal medium following manufacturer’s protocol (ATCC). HTBE cells were derived from one donor and all tissues used for isola-
tion of these cells were obtained under informed consent and conform to HIPAA standards to protect the privacy of the donors’ per-
sonal health information. For the ISG overexpression experiment, HTBE cells from a single donor (Lonza CC2540S) were expanded in
PneumaCult Ex Plus medium and differentiated in PneumaCult ALI medium (Stemcell 05040, 05001). 293T and Hela cells stably ex-
pressing ACE2 (293T-ACE2/HelLa-ACE2) were generated by transducing HEK293T or Hela cells with human ACE2-expressing len-
tiviruses, followed by selection of resistant cells with puromycin (InvivoGen) at 2 pg/ml for 14 days. The resistant cells were then main-
tained in cell growth media supplemented with 1 pg/ml puromycin. ACE2 expression was confirmed by western blot analysis. All cells
were tested and were confirmed to be free of mycoplasma contamination.

METHOD DETAILS

Antibodies

The antibodies used in this study include: Immunofluorescence: rabbit-anti-SARS-CoV-2 N antibody (gift from Kwok-Yung Yuen,
University of Hong Kong), mouse anti-HM1.24 (BST2) (a gift from Chugai Pharmaceutical Co., Kanagawa, Japan), rat anti-FLAG-
AlexaFluor-488 (Biolegend, #637317), mouse anti-HA-AlexaFluor-594 (Biolegend, #901511), donkey anti-mouse-AlexaFluor-488
(Jackson ImmunoResearch, #715-545-150), donkey anti-mouse-Rhodamine-Red-X (Jackson ImmunoResearch, #715-295-150),
and mouse anti-V5 tag (Invitrogen, R960-25). Western blotting: mouse monoclonal anti-Orf7a (GeneTex #GTX632602), rabbit poly-
clonal anti-BST2 (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Anti-BST-2 Polyclonal (cat #11721) from Drs. Klaus Stre-
bel and Amy Andrew), mouse monoclonal anti-V5 tag (Invitrogen, #R960-25), mouse monoclonal anti-GAPDH (GeneTex,
#GTX627408), mouse monoclonal anti-FLAG M2 (Sigma, #F1804), rabbit monoclonal anti-B-actin antibody (Cell Signaling, #4970)
and rabbit monoclonal anti-CoxIV antibody (Cell Signaling #4850).

Plasmids

Lentiviral constructs: pLX304 V5-tagged human ORFs constructs for each of the ISGs, and GFP and CAT negative controls were ob-
tained from the ORFeome library. psPAX2 (Addgene, #12260), and pMD2.G (Addgene, #12259). SARS-CoV-2 constructs: dsDNA
gene fragments (gBlocks) encoding human-codon-optimized SARS-CoV-2 proteins M, M-FLAG, E, E-V5, N, N-V5, and Orf7a N-
or C-terminally tagged with 3xFLAG tag, corresponding to the SARS-CoV-2 Wuhan-Hu-1 isolate (GenBank MN908947.3), were syn-
thesized by Integrated DNA Technologies (IDT). The gene fragments were inserted into the pcDNA3.1(-) backbone between Notl and
EcoRl restriction sites using an In-fusion seamless cloning strategy (Takara Bio). The mammalian expression vector encoding COV2
S, pCG1-COV2-S-HA, was obtained from Prof. Stefan Pohimann (Infection Biology Unit, German Primate Center - Leibniz Institute for
Primate Research, University Géttingen; Hoffmann et al., 2020).

Primers

Primers used for this study include ISG54 Forward: 5’ CAG CTG AGA ATT GCA CTG CAA 3/, ISG54 Reverse: 5 GTA GGC TGC TCT
CCAAGG AA 3/, TBP Forward: 5’ CCA CTC ACA GAC TCT CAC AAC 3, and TBP Reverse: 5' CTG CGG TAC AAT CCC AGAACT 3.
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RNA-seq experiments

HTBE and A549 cells were seeded overnight and then treated with 100 IU/ml universal type | interferon (IFN, R&D Systems), or left
untreated. At 8 h post-treatment, cell were lysed in Trizol (Thermo Fisher) and RNA was extracted using RNeasy Mini Kit (QIAGEN).
Strand-specific ribosomal RNA-depleted sequencing libraries were produced according to standard lllumina protocols, and
sequencing was carried out on an lllumina HiSeq 2500. The human hg38 reference genome and RefSeq gene annotation were
used for spliced read alignment and gene assignment. Experiments were conducted in duplicate and 412 genes were defined as
ISGs based on average log2FC > 1.5 and p value < 0.05.

Overexpression cDNA screen

A targeted overexpression cDNA screen was carried out in human epithelial cells to identify ISGs that restrict the replication of SARS-
CoV-2. 399 ISGs were selected for this gain-of-function screen based on experimental RNA-seq data (see Figure S1A), published
data (see Figure S1B), and availability as full-length, sequence-validated cDNA clones. These cDNAs were hand-picked from the OR-
Feome collection, which contains ~17,000 full-length, sequenced, V5-epitope tagged human ORFs in the lentiviral expression vector
pLX304. Each of these 399 cDNAs were individually arrayed in 384-well plates at a concentration of 40ng/well along with human
ACE2 and TMPRSS2 (10 ng), and 0.25 ulL of the transfection reagent Fugene 6 (Promega, #E2691). After 20 min incubation at
room temperature, 3,000 293T cells diluted in cell growth media (see cells and viruses section) were seeded per well and incubated
at 37°C, 5% CO.,. At 30 h post-transfection, cells were mock-treated or infected with SARS-CoV-2 (USA-WA1/2020) at a MOI 0.0625
for40h at37°C, 5% CO,. Cells were then fixed with 5% PFA (Boston BioProducts) for 4 hours at room temperature and then washed
twice with 1xPBS. Cells were permeabilized with 0.5% Triton X-100 for 20 min, followed by two washes with 1xPBS and blocking with
3% BSA (Sigma) for 1 h at room temperature. Anti-SARS-CoV-2 N rabbit serum was added for 1 h at room temperature, followed by
three washes with 1xPBS and a 1-h incubation with Alexa Fluor 568-conjugated anti-rabbit secondary antibody (Thermo Fisher Sci-
entific) diluted in 3% BSA. Following three washes with PBS, cells were stained with DAPI (4,6-diamidine-2-phenylindole, KPL), and
plates were sealed and stored at 4°C until imaging.

High-content imaging and data analysis

Viral replication was assessed using high-throughput microscopy. The assay plates were imaged using the IC200 imaging system
(Vala Sciences) located at the Conrad Prebys Center for Chemical Genomics (CPCCG). The analysis software Columbus v2.5 (Perkin
Elmer) was used to calculate % infection (number Alexa 568+ objects/number DAPI+ objects). Screens were run in duplicate and the
% infection values for each well were normalized to the median of the negative control CAT, and used to calculate the log2FC. The hit
calling strategy was based on log2FC. Factors with a corresponding log2FC < 4 x the standard deviation (SD) of CAT log2FC, and cell
number > 70% of CAT were considered restriction factors.

Interferon treatment

293T cells that were transfected with human ACE2 and TMPRSS2 (10 ng) for 30 h were then mock-treated or treated with increasing
doses of universal type | interferon (IFN, R&D Systems, #11200-2). After 6 h of incubation at 37°C, 5% CO,, cells were infected with
SARS-CoV-2 (MOI 0.0625) for 40 h at 37°C, 5% COs.. Cells were then fixed and subjected to DAPI staining and anti-SARS-CoV-2 N
rabbit serum staining to determine % of infected cells.

Generation of lentiviruses

Lentiviruses were generated for each of the 65 ISGs that were found to restrict SARS-CoV-2 replication. Briefly, 293T cells at passage
10 were cultured in monolayer on matrigel-coated plates. After reaching 90% of density, three plasmids, including pLX304-ISG/GFP,
psPAX2 (Addgene), and pMD2.G (Addgene), were co-transfected into cells at a ratio of 3:2:1 using PEI (VWR). After 16 h incubation,
transfection media were replaced with fresh DMEM supplemented with 10% FBS. Viral supernatants were collected at 48 h post-
transfection with an estimated transduction unit of 2x10* lentiviral particles.

Generation of the 293T-ACE2-ISG/GFP and Calu-3-ISG/GFP cells

Lentiviruses were used to transduce 293T-ACE2 or Calu-3 cells (MOI = 3) pre-treated with 10 ug/ml Polybrene (Life Technologies),
followed by selection of resistant cells with Blasticidin (InvivoGen) at 10 ug/ml (293T-ACE2) and 8 pg/ml (Calu-3) for 14 days. 293T-
ACE2-ISG/GFP and Calu-3-ISG/GFP resistant cells were maintained in cell growth media supplemented with 2 ng/ml Blasticidin.

Generation and infection of HTBE cells stably expressing GFP/ISG

Cells generation. HTBE cells at passage 2 were trypsinized and resuspended in a mixture of expansion medium (Stemcell 05040), 0.5%
GrowDex® (UPM Biomedicals), and 4 pg/mL polybrene. ISG/GFP lentiviruses generated following the described protocol (see Gener-
ation of lentiviruses) were added at MOI = 2, and the suspension was then seeded in permeable supports (Corning CLS3470). After
allowing cells to attach to the support overnight, excess GrowDex® mix was removed. Upon confluence, apical medium was removed
to establish an air-liquid interface and basal medium was switched to PneumaCult ALI (Stemcell 05001). Cultures differentiated at air-
liquid interface for 30 days before infection. Medium was supplemented with 2 ng/ml Blasticidin from 48 hours post transduction. Trans-
duction efficiency of these cultures was determined based on GFP imaging of the GFP-transduced cells (average GFP* cells = 74.46%).
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SARS-CoV-2 infection studies. HTBE cells stably expressing the indicating ISGs, or negative control GFP, were washed twice with
warm PBS prior to viral infection. Subsequently, 1x106 pfu SARS-CoV-2 per well diluted in PBS (equivalent to MOI = 1) were added to
the apical side of each cell chamber. After 1 h incubation at room temperature, the viral inoculum was removed, cells were washed
twice with warm PBS, and 150 uL PBS were added to the apical side. At 18 h post-infection, supernatants were collected, and the
amount of SARS-CoV-2 focus forming units per ml (FFU/ml) analyzed using Vero E6 cells.

Network analyses

Rationale. To understand the biochemical and functional context by which the identified antiviral ISGs function, we built a model that
places these hits in the context of known protein-protein interactions. Each cluster of interacting proteins are then organized in a hi-
erarchy where larger clusters are composed of smaller ones (Kramer et al., 2014; Yu et al., 2016). Unlike the human-curated Gene
Ontology (GO), the structure is derived by the use of a multi-scale clustering algorithm applied to a reference protein-protein inter-
action network, in this case, a high-confidence subset of the STRING database. To focus the model on the experimental data, it is
built using the ISGs found to inhibit SARS-CoV-2 replication in this study (the “hits”) and their close neighbors. The interpretation of
the experiment is performed by projecting the hits onto the clusters in the model, analogous to mapping them to GO terms (Dutkowski
etal., 2013). Candidate names are proposed for each cluster by performing functional enrichment, finding the closest matching path-
ways and GO terms. Comparing this model to the result of a GO analysis, it has the advantages that its terms (clusters) are algorith-
mically derived from protein interactions that are in a sense “proximal” to the hits so that the hits can be then investigated in the
context of their underlying interactions.

Approach. To explore the highest confidence interactions of “hit” proteins, we selected the STRING - Human Protein Links - High
Confidence (Score > = 0.7) protein-protein interaction network available on NDEXx as the “background” network (link provided below).
We then performed network propagation to select a neighborhood of 343 proteins ranked highest by the algorithm with respect to
these seeds (Carlin et al., 2017). This “neighborhood” network (including all edges among the 343 proteins) was extracted from the
background network. We then identified densely interconnected regions, i.e., “communities” within the neighborhood network, using
the community detection algorithm HiDeF via the Community Detection APplication and Service (CDAPS) (Singhal et al., 2020; Zheng
et al., 2021) (app available at http://apps.cytoscape.org/apps/cycommunitydetection). The result of HiDeF from CDAPS was a
“hierarchy” network where each node represented a community of proteins, and edges denoted containment of one community
(the “child”) by another (the “parent”). Finally, the hierarchy network was styled, communities were labeled by functional enrichment
using gProfiler (via CDAPS), p values were calculated based on the accumulative hypergeometric distribution, and a layout was
applied. The STRING - Human Protein Links - High Confidence (Score > = 0.7) network is available in the Network Data Exchange
(NDEXx) at http://ndexbio.org/#/network/275bd84e-3d18-11e8-a935-0ac135e8bacf.

Evaluation of factors in network with ISGs

The 44 factors found to be associated with the identified antiviral ISGs (displayed in Figures 2B-2E), were evaluated for their respon-
siveness to IFN and SARS-CoV-2 infection, as well as their expression in relevant cell types. These factors were therefore cross-
compared with RNAseq datasets of IFN-treated A549 and HTBE cells conducted within this study, as well as a public database
of IFN stimulated genes (Interferome) (Rusinova et al., 2013). In addition, factors were cross-referenced with RNAseq datasets of
293T and A549 cells (Rodriguez-Frandsen et al., 2020), single cell RNAseq data of human lung cells (Deprez et al., 2020), and pub-
lished RNAseq datasets of various cell types infected with SARS-CoV-2 (Blanco-Melo et al., 2020; Emanuel et al., 2020; Sun et al.,
2020). Data are shown in Table S4.

Generation of pseudotyped SARS-CoV-2 virus

VSV pseudotyped with spike (S) protein of SARS-CoV-2 was generated according to a published protocol (Whitt, 2010). Briefly, BHK-
21/WI-2 cells (Kerafast, MA) transfected with SARS-CoV-2 S protein were inoculated with VSV-G pseudotyped AG-luciferase VSV
(Kerafast, MA). After a 2 hour incubation at 37°C, the inoculum was removed and cells were treated with DMEM supplemented with
5% FBS, 50 U/mL penicillin, and 50 ng/mL streptomycin. Pseudotyped particles were collected 24 h post-inoculation, then centri-
fuged at 1,320 x g to remove cell debris and stored at —80°C until use.

Mapping into SARS-CoV-2 infectious cycle studies

Mapping studies were conducted in parallel using 293T-ACE2-ISG/GFP cells. Briefly, multiple 96-well plates were seeded with
50,000 293T-ACE2-ISG/GFP cells/well and incubated overnight at 37°C, 5% CO,. To determine the effect of the identified ISGs
onviral entry, 293T-ACE2-ISG/GFP cells were infected with VSV-S-luciferase or VSV-G-luciferase and incubated for 16 h. The activity
of firefly luciferase was then measured using the bright-Glo luciferase assay (Promega) for quantitative determination. To measure
RNA replication and late stages, cells were infected with SARS-CoV-2 (USA-WA1/2020) at a MOI 4 for 1 h on ice. Viral inoculum
was removed and cells were washed twice with 1xPBS and supplemented with cell growth media (see cells and viruses section).
At 6 h post-infection, SARS-CoV-2 RNA replication was measured. Briefly, intracellular viral RNA was purified from infected cells us-
ing the TurboCapture mRNA Kit (QIAGEN) in accordance with the manufacturer’s instructions. The purified RNA was subjected to
first-strand cDNA synthesis using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Inc). Real-time quantitative
PCR (RT-gPCR) analysis was then performed using TagPath one-step RT-gPCR Master Mix (Applied Biosystems, Inc) and, ActinB
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CTRL Mix (Applied Biosystems, Inc) for housekeeping genes, and the following primers and probe for gPCR measurements of viral
genes: N-Fwd: 5-TTACAAACATTGGCCGCAAA-3’; N-Rev: 5'-GCGCGACATTCCGAAGAA-3’; N-Probe: 5'-FAM-ACAATTTGCCCC-
CAGCGCTTCAG-BHQ-3'. To evaluate /ate stages, supernatants collected at 18 h post-infection were used to infect naive Vero E6
cells. At 18 h post-infection cells were then fixed with 5% PFA (Boston BioProducts) for 4 hours at room temperature and then sub-
jected to immunostaining and imaging for SARS-CoV-2 N protein and DAPI (described in Overexpression cDNA screen section).

Generation of the integrated model of SARS-CoV-2 cellular restriction mechanisms

ISGs that were found to inhibit SARS-CoV-2 replication in this study were evaluated for pathway enrichment using the following
ontology sources: KEGG Pathway, gene ontology (GO) biological processes, Reactome Gene Sets, Canonical Pathways, CORUM,
TRRUST, DisGeNET, PaGenBase. These data were reviewed and refined manually using published literature so factors were clus-
tered into functional categories that are shown in light blue boxes and labeled accordingly. These clusters were then placed at the
position likely to be affecting viral replication using SARS-CoV-2 life cycle as reference and the experimental data generated in Fig-
ure 3. SARS-CoV-2 protein interactors are shown in yellow (Gordon et al., 2020). Dotted lines denote virus-host protein interactions.

Generation of CRISPR-Cas9 BST2 KO HeLa-ACE2 cells

Detailed protocols for RNP production have been previously published (Hultquist et al., 2019). Briefly, lyophilized guide RNA (QRNA)
and tracrBNA (Dharmacon) were suspended at a concentration of 160 uM in 10 mM Tris-HCL, 150 mM KCI, pH 7.4. 5 uL of 160 uM
gRNA was mixed with 5 pL of 160 uM tracrRNA and incubated for 30 min at 37°C. The gRNA:tracrRNA complexes were then mixed
gently with 10 pL of 40 uM Cas9 (UC-Berkeley Macrolab) to form CRISPR-Cas9 ribonucleoproteins (crRNPs). Five 3.5 pL aliquots
were frozen in Lo-Bind 96-well V-bottom plates (E&K Scientific) at —80°C until use. BST2 gene was targeted by 5 pooled gRNA
derived from the Dharmacon pre-designed Edit-R library for gene knock-out. BST2 (g1:TGCATCCAGGGAAGCCATTA, CM-
011817-01; g2:TTGGGCCTTCTCTGCATCCA, CM-011817-02; g3:TTGAGGAGCTTACCACAGTG, CM-011817-03; g4:
TCACTGCCCGAAGGCCGTCC, CM-011817-04; g5: CACCATCAAGGCCAACAGCG, CM-011817-05). Non-targeting negative con-
trol gRNA (Dharmacon, U-007501) was delivered in parallel. Each electroporation reaction consisted of 2.5x10/5 HeLa-ACE2 cells,
3.5 uL crBNPs, and 20 pL electroporation buffer. HeLa-ACE2 cells were grown in fully supplemented MEM (10% FBS, 1xPen/Strep,
1x non-essential amino acids) to 70% confluency, suspended and counted. crRNPs were thawed and allowed to come to room-tem-
perature. Immediately prior to electroporation, cells were centrifuged at 400 x g for 3 minutes, supernatant was removed by aspira-
tion, and the pellet was resuspended in 20 pL of room-temperature SE electroporation buffer plus supplement (Lonza) per reaction.
20 pL of cell suspension was then gently mixed with each crRNP and aliquoted into a 96-well electroporation cuvette for nucleofec-
tion with the 4-D Nucleofector X-Unit (Lonza) using pulse code EO-120. Immediately after electroporation, 80 pL of pre-warmed me-
dia was added to each well and cells were allowed to rest for 30 minutes in a 37°C cell culture incubator. Cells were subsequently
moved to 12-well flat-bottomed culture plates pre-filled with 500 pL pre-warmed media. Cells were cultured at 37°C /5% CO2 in a
dark, humidified cell culture incubator for 4 days to allow for gene knock-out and protein clearance prior to downstream applications.

siRNA transfection in Calu-3 cells

Transfections were carried out in 24-well plates: 0.6 uL siRNA (at 20nM) was diluted in 149.4 L of Optimem and mixed with 1 uL
Lipofectamine RNAIMAX transfection reagent diluted in 149 uL Opti-MEM media (both reagents Thermo Fisher Scientific). After
an incubation period of 20 min at room temperature to enable the formation of siRNA-transfection reagent complexes, Calu-3 cells
were then seeded on top of the complexes and incubated for 48 h at 37°C, 5% CO.,. Cells were then mock-treated or treated with 18
IU/ml universal type | interferon (IFN, R&D Systems) for 6 h at 37°C, 5% CO, and then infected with SARS-COV-2 (MOI 0.75). Aftera 1-
h incubation at room temperature, the inoculum was removed and replaced with 300 uL of fresh cell media and cells were incubated
at 37°C, 5% CO,. At indicated time points, supernatants were collected and subjected to SARS-CoV-2 viral growth assays. All
siRNAs are from Ambion. Target sequences custom siRNAs: scrambled siRNA (5'-AATCGATCATAGGACGAACGC-3'), and IRF9
siRNA (5'-CAACAAGAGTTCTGAATTTAA-3'). BST2 siRNA (AM16708 #14490).

SARS-CoV-2 viral growth assays

To evaluate SARS-CoV-2 viral growth, the amount of released infectious particles was measured by plaque assay. Briefly, superna-
tants from SARS-CoV-2 infected cells were collected at indicated time points and stored at —80°C until used. 600,000 Vero E6 cells
were seeded and incubated overnight at 37°C / 5% CO2 in 12-well plates. Confluent Vero E6 cells were then washed once with
1xPBS and infected with 100 ul of virus-containing supernatants that were serially diluted 1:10. Plates were incubated 1 h at
room temperature, followed by inoculum removal and addition of 1ml overlay media (2xMEM and 2.5% Avicel (FMC BioPolymer,
RC-591 NF) at 1:1 ratio). 2xMEM contains 100 mL 10x MEM (GIBCO), 10 mL 100x penicillin-streptomycin (Fisher Scientific),
10 mL 100x L-Glutamine, 6 mL 35% BSA, 10 mL 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, GIBCO),
24 mL 5% NaHCO3 (GIBCO) and 340 mL water. Plates were incubated 3 days at 37°C, 5% CO,, and then fixed and stained using
0.1% Crystal Violet and 5% PFA (Boston BioProducts) overnight at 4°C.

e6 Molecular Cell 87, 2656-2668.e1-e8, June 17, 2021



Molecular Cell ¢? CellPress

VLP assays

2983T cells seeded in 6-well plates were transfected using Lipofectamine 2000 (Thermo-Fisher) with 625 ng each of plasmids encod-
ing M-FLAG, E-V5, N-V5 (Figure 5E), or 500 ng of M, E, and N-V5 (Figure S3E), with or without 625 ng 3xFLAG-Orf7a or human codon-
optimized HIV-1 Vpu (pVpHu from Klaus Strebel) with or without 75 ng BST2 (pcDNAS3.1-BST-2 from Autumn Ruiz and Edward Ste-
phens). After 24 hours, supernatants were collected and clarified of cell debris then pelleted through 20% sucrose at 23,500 x g for
1 hr at 4°C. Pelleted VLPs and cells were lysed in 2X Laemmli SDS-PAGE buffer, then run on 12% SDS-PAGE gels, transferred to
PVDF membranes and blotted with the indicated antibodies.

Colocalization studies

Immunofiuoresce staining. 1x10° HeLa-ACE2 cells were seeded on 12 mm glass coverslips in 24-well plates, 24 h prior to transfec-
tion. The cells were transfected with 800 ng total plasmid DNA, using Lipofectamine 2000 (Invitrogen), diluted in Optimem, according
to manufacturer’s instructions. HeLa-ACE2 cells were either transfected with equal amounts (200 ng) of SARS-CoV-2 structural pro-
teins M, E, N, S-HA, or M-FLAG, E, N, and empty plasmid (pcDNAS3.1). HeLa-ACE2 cells were also transfected with 800 ng Orf7a-
3xFLAG. 24 h post-transfection, cells were washed briefly in 4°C PBS before incubation with ice-cold 4% paraformaldehyde
(PFA, diluted in PBS, pH 7.4). The PFA was allowed to warm to RT as the cells were fixed for 20 minutes, the PFA was removed
and cells washed 3x in 1XPBS (5 min per wash). The fixed cells were quenched with 50 mM Ammonium chloride (in PBS) for 5 minutes
RT, washed 3 x in PBS, and permeabilized with 0.2% Triton X-100 for 7 minutes RT. The cells were washed before incubation with 2%
bovine serum albumin (BSA) in PBS for 30 minutes, prior to incubation with primary antibodies overnight at 4°C. Cells transfected with
M, E, N and S-HA were stained overnight with mouse anti-HM1.24 (BST-2) antibody (diluted 1:300 in 1% BSA in PBS) at 4°C. The
following day, the cells were washed 3x PBS and incubated with donkey anti-mouse-AlexaFluor-488 (1:400) for 2hr RT. The cells
were washed 3x PBS (10 min per wash) and blocked with 2% BSA in PBS supplemented with 5% normal mouse serum for 1 hr
RT, briefly washed in 2% BSA, and incubated with mouse anti-HA-Alexa-594 (1:200) and 4’,6-diamidino-2-phenylindole (DAPI),
diluted to 1 pg/ml for 2 hr RT. Cells transfected with M-FLAG, E and N were stained overnight with mouse anti-BST-2 (diluted
1:300 in 1% BSA in PBS). The following day the cells were washed 3x PBS and incubated with donkey anti-mouse-Rhodamine-
Red-X (1:400) for 2 hr RT. The cells were washed 3x PBS (10 min per wash) and blocked with 2% BSA in PBS supplemented with
5% normal mouse serum for 1 hr RT, briefly washed in 2% BSA, and incubated with rat anti-FLAG-Alexa 488 (diluted 1:200) and
1 ng/ml DAPI for 2 hr RT. Cells transfected with Orf7a-3xFLAG were stained overnight with mouse anti- HM1.24 (diluted 1:300).
The following day the cells were washed 3x PBS and incubated with donkey anti-mouse-Rhodamine-Red-X (1:400) for 2 hr RT.
The cells were washed 3x PBS (10 min per wash) and blocked with 2% BSA in PBS supplemented with 5% normal mouse serum
for 1 hr RT, briefly washed in 2% BSA, and incubated with rat anti-FLAG-Alexa 488 (diluted 1:200) and 1 ug/ml DAPI for 2 hr RT.
Following immunostaining, the cells were washed extensively in PBS, and briefly in distilled-water, before mounting in Mowiol (Poly-
vinyl alcohol) mounting medium (prepared in-house).

Microscopy. Images were captured at 100x magnification (1344 x 1024 pixels) using an Olympus IX81 widefield microscope fitted
with a Hamamatsu CCD camera. For each field, a Z series of images was collected, deconvolved using the nearest-neighbor algo-
rithm (Slidebook software V.6, Imaging Innovations, Inc) and presented as Z stack projections. Inset images are deconvolved single z
section images. Arrow heads indicate areas of colocalization, scale bar = 10 um. Image brightness was adjusted using Adobe Photo-
shop CS3.

Evaluation of surface BST2 levels

293T cells in 6-well plates were transfected with 625 ng each of plasmids encoding M, E and N, 400 ng of GFP-encoding plasmid
pcgGFP as a transfection control and 75 ng pcBST2-WT with or without 625 ng Orf7a-FLAG or HIV-1 Vpu. After 36 hours, cells
from duplicate wells were harvested, stained for surface BST2 with Alexa Fluor 647-conjugated mouse anti-BST2 antibody (Bio-
legend, RS38E), fixed, and analyzed for GFP and surface BST2 expression by flow cytometry.

In silico docking of Orf7a and BST2 ectodomain by ClusPro

Based on the structures of BST2 (3MQC) and Orf7a (1XAK), we explored the potential interaction mechanism by recently developed
protein docking tool ClusPro (Kozakov et al., 2017). ClusPro utilizes a comprehensive docking method, which combines rigid-body
docking by the Fast Fourier Transform-based PIPER algorithm (Kozakov et al., 2006), RMSD-based clustering to find largest clusters
representing the most likely models, and refinement using energy minimization by CHARMM (Brooks et al., 2009). The docking be-
tween Orf7a and the BST2 dimer generated a very clear solution, where the top 2 hits (related by a 2-fold symmetry) have cluster sizes
(237 and 220) significantly larger than the rest (all < 60), thus suggesting a most likely binding mode.

Orf7a co-immunoprecipitation studies

293T cells were seeded in 6-well plates and then transfected with 1 pg of BST2 expression plasmid (WT or the N2Q mutant, both
plasmids previously described at (Tokarev et al., 2013)) and 3 pg either empty plasmid, Orf7a-FLAG or HIV-1 Vpu-FLAG expression
plasmid. After 24 hours, the cells were harvested, lysed, then immunoprecipitated using anti-FLAG M2 magnetic beads (Sigma), and
eluted with 2X Laemmli SDS-PAGE buffer. Cell lysates and FLAG IP were run on 12% SDS-PAGE gels, transferred to PVDF mem-
branes, and blotted with mouse anti-GAPDH, rabbit anti-BST2 and mouse anti-FLAG antibodies.
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SARS-CoV-1 infection

293T-ACE2 cells stably expressing indicated ISGs were cultured to reach ~70%-80% confluency in 96-well plates. Cells were in-
fected at MOI 0.01 for 48 hours at which time supernatant was collected. Infectious virus release from the cells was calculated by
median tissue culture infectious dose (TCID50) assay using Vero E6 cells.

Virus names and abbreviations

Chikungunya virus (CHIKV), O’nyong’nyong virus (ONNV), Sindbis virus (SINV), Venezuelan equine encephalitis virus (VEEV), Yellow
fever virus (YFV), Human parainfluenza virus type 3 (PIV3), Human metapneumovirus (HMPV), Newcastle disease virus (NDV), Res-
piratory syncytial virus (RSV), Measles virus (MV), Equine viral arteritis (EVA), Bunyamwera virus (BUNV), poliovirus (PV), coxsackie-
virus (CBV), vaccinia virus (VV).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters including the exact value of n, dispersion and precision measures (mean + SD or SEM), and statistical signif-

icance are reported in the figures and figure legends. Statistical significance between groups was determined using GraphPad Prism
8.0 (GraphPad, San Diego, CA), and the test used is indicated in the figure legends.
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