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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replication and host immune response
determine coronavirus disease 2019 (COVID-19), but studies evaluating viral evasion of immune response
are lacking. Here, we use unbiased screening to identify SARS-CoV-2 proteins that antagonize type | inter-
feron (IFN-1) response. We found three proteins that antagonize IFN-I production via distinct mechanisms:
nonstructural protein 6 (nsp6) binds TANK binding kinase 1 (TBK1) to suppress interferon regulatory factor
3 (IRF3) phosphorylation, nsp13 binds and blocks TBK1 phosphorylation, and open reading frame 6
(ORF®6) binds importin Karyopherin o 2 (KPNAZ2) to inhibit IRF3 nuclear translocation. We identify two sets
of viral proteins that antagonize IFN-I signaling through blocking signal transducer and activator of transcrip-
tion 1 (STAT1)/STAT2 phosphorylation or nuclear translocation. Remarkably, SARS-CoV-2 nsp1 and nsp6
suppress IFN-I signaling more efficiently than SARS-CoV and Middle East respiratory syndrome coronavirus
(MERS-CoV). Thus, when treated with IFN-I, a SARS-CoV-2 replicon replicates to a higher level than chimeric
replicons containing nsp1 or nsp6 from SARS-CoV or MERS-CoV. Altogether, the study provides insights on

SARS-CoV-2 evasion of IFN-I response and its potential impact on viral transmission and pathogenesis.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in Wuhan, China, in December 2019 and has led to a
global pandemic of coronavirus disease 2019 (COVID-19)
(Zhou et al., 2020; Zhu et al., 2020). As of July 4, 2020, there
have been more than 11 million confirmed cases and more
than 525,000 deaths in 6 months (Database: https://
coronavirus.jhu.edu/). Typical clinical symptoms of SARS-CoV-
2 infection range from mild-to-severe respiratory illness,
including fever, dry cough, breathing difficulties, and acute res-
piratory distress, which may lead to long-term reduction in
lung function and death (Wu and McGoogan, 2020). Before
SARS-CoV-2, two other highly pathogenic coronaviruses
emerged in the past two decades, including severe acute respi-
ratory syndrome coronavirus (SARS-CoV) and Middle East respi-
ratory syndrome coronavirus (MERS-CoV) (Assiri et al., 2013;
Huang et al., 2020). In addition, four endemic human coronavi-
ruses (i.e., OC43, 229E, NL63, and HKU1) cause common cold
respiratory diseases. SARS-CoV-2 is an enveloped f-coronavi-
rus from the Coronaviridae family. It has a positive-sense, sin-
gle-stranded RNA (Figure 1A) that encodes 16 nonstructural pro-
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teins (nsp1-16), 4 structural proteins (S [spike], E [envelop], M
[membrane], and N [nucleocapsid]), and 7 accessory proteins
(ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, and ORF10).
The nonstructural proteins make up the replicase, the structural
proteins form the virion, and the accessory proteins modulate
the host response to facilitate infection and pathogenesis. Un-
derstanding the molecular mechanisms of the virus and its
host interactions is key to comprehending COVID-19 pathogen-
esis and transmission as well as developing diagnosis and coun-
termeasures against these coronaviruses.

The innate interferon (IFN) response constitutes one of the first
lines of host defense against viral infections. Upon infection, viral
pathogen-associated molecular patterns (PAMPSs) are first recog-
nized by multiple host pattern recognition receptors (PRRs), such
as Toll-like receptors (TLRs), retinoic acid-inducible gene | (RIG-I)-
like receptors (RLRs), cytoplasmic DNA receptors, and nucleotide-
binding and oligomerization domain (NOD)-like receptors (NLRs)
(Acharya et al., 2020; Li et al., 2020; Meylan et al., 2006; Park
and lwasaki, 2020). Recognition of cognate ligands, such as viral
RNA, triggers RIG-I to expose the caspase activation and recruit-
ment domain (CARD), and the CARD domain of RIG-l interacts with
the CARD domain of the mitochondrial antiviral adaptor protein
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Figure 1. SARS-CoV-2 Proteins Inhibit IFN-I Production

(A) Genome structure of SARS-CoV-2.

(B) Expression of SARS-CoV-2 proteins. C-Terminally FLAG-tagged viral proteins were expressed in HEK293T cells and analyzed by western blotting using anti-
FLAG antibody. S protein was probed by anti-S antibody and is indicated by an arrow; an empty pXJ-plasmid-transfected cell lysate was included as a negative
control. EGFP was fused to the C terminus of nsp11 and probed by anti-GFP antibody. All viral proteins were cloned from SARS-CoV-2 strain 2019-nCoV/
USA_WA1/2020.

(C) IFN-B promoter luciferase assay. HEK293T cells were co-transfected with Firefly luciferase reporter plasmid pIFN-B-luc, Renilla luciferase control plasmid
phRIuc-TK, viral protein expressing plasmid, and stimulator plasmid RIG-I (2CARD). Empty plasmid and EGFP-encoding plasmid were used as controls. Cells
were assayed for luciferase activity at 24 hpt. The data were analyzed by normalizing the Firefly luciferase activity to the Renilla luciferase (Rluc) activity and then

normalized by non-stimulated samples to obtain fold induction. Empty vector control was set to 100%. Statistics were determined by comparing with EGFP
control and one-way ANOVA with Dunnett’s correction, ***p < 0.0001.

(legend continued on next page)
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(MAVS). The activation of MAVS recruits multiple downstream
signaling components to the mitochondria, leading to activation
of the inhibitor of k-B kinase ¢ (IKKe) and TANK binding kinase 1
(TBK1), which in turn phosphorylate the interferon regulatory factor
3 (IRF3). The phosphorylated IRF3 forms a dimer and translocates
to the nucleus, activating the transcription of type | IFN (IFN-I)
genes (Fitzgerald et al., 2003; Liu et al., 2015). IFN-I induces anti-
viral activity in cells to eliminate viral replication, by inducing dou-
ble-stranded RNA (dsRNA)-activated kinase (Protein kinase R,
PKR), 2/,5'-oligoadenylate synthetase (OAS), and RNase L (Bala-
chandran et al., 2000; Malathi et al., 2007; Samuel, 2001). The
secreted IFN-I (IFN-o. and IFN-B) binds to the IFN receptors
(IFNARs) and activates Janus kinase 1 (JAK1) and Tyrosine kinase
2 (TYK2), which phosphorylate signal transducer and activator of
transcription proteins (STAT1 and STAT2) (Levy and Darnell,
2002). Phosphorylated STAT1 and STAT2 form a heterodimer,
which associates with IRF9 to form the IFN-stimulated gene factor
3 (ISGFJ). ISGF3 translocates to the nucleus and binds to IFN-I-
stimulated response elements (ISREs), triggering the expression
of hundreds of ISGs with antiviral functions (Schneider et al.,
2014; Schoggins et al., 2015).

Coronaviruses use various approaches to evade the host im-
mune response, including antagonizing IFN production, inhibit-
ing IFN signaling, and enhancing IFN resistance (Channappana-
var and Perlman, 2017; Kindler et al., 2016; Totura and Baric,
2012). SARS-CoV nsp1, papain-like protease (PLpro), nsp7,
nsp15, ORF3b, M, ORF6, and N proteins were documented to
antagonize the IFN response (Frieman et al., 2009; Hu et al.,
2017; Kamitani et al., 2006; Kopecky-Bromberg et al., 2007; Nie-
meyer et al., 2018; Siu et al., 2009). Mutant SARS-CoVs with a
bat coronavirus PLpro substitution or ORF6 deletion were atten-
uated in IFN antagonism (Frieman et al., 2007; Niemeyer et al.,
2018). SARS-CoV-2 infection induces a delayed IFN-I response
(Leietal., 2020). Indeed, a number of SARS-CoV-2 proteins were
recently reported to antagonize the IFN response (Yuen et al.,
2020). However, the antagonistic mechanisms of these viral pro-
teins and their contributions to COVID-19 development and
transmission are poorly understood. To address these important
questions, we screened individual SARS-CoV-2 proteins for
suppressors of IFN-I production and signaling. Individual sup-
pressors were mapped to their inhibitory steps in the IFN-I pro-
duction/signaling pathways. Importantly, we found that suppres-
sors from MERS-CoV, SARS-CoV, and SARS-CoV-2 exhibited
different IFN-I inhibitory activities, leading to different levels of
viral replication. The results suggest that SARS-CoV and
SARS-CoV-2 use distinct antagonisms of IFN-I production and
signaling to affect disease course and transmission efficiency.

RESULTS

SARS-CoV-2 Proteins Antagonize IFN-f Production
We cloned all 27 genes of SARS-CoV-2 (Figure 1A) to a mamma-
lian expression plasmid pXJ. Individual viral proteins were ex-
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pressed with a C-terminal FLAG tag to facilitate the detection
of their expression (Figure 1B). Because of the small size of
nsp11 (1.5 kDa), an EGFP tag was fused to the C terminus of
nsp11. After being transfected into HEK293T cells, the plasmids
expressed viral proteins of expected sizes (Figure 1B). Nsp3 was
not sufficiently expressed and thus not included in the study
(data not shown). To screen for SARS-CoV-2 proteins that could
inhibit IFN-B production, we co-transfected HEK293T cells with
four plasmids: (1) a plasmid expressing an individual viral protein,
(2) a plasmid encoding a luciferase gene driven by the IFN- pro-
moter (pIFN-B-luc), (3) a plasmid expressing RIG-I-CARD (a
constitutively active form of RIG-I and a well-established inducer
of IFN production), and (4) a control plasmid pGL4.74[hRluc/TK]
(phRIuc-TK) for normalizing transfection efficiency. Empty pXJ-
plasmid and pXJ-plasmid expressing EGFP were included as
controls. At 24 h post-transfection (hpt), luciferase signals from
the transfected cells were measured to quantify the IFN-B pro-
moter activity (Figure 1C). Among the 26 viral proteins tested, 3
nonstructural proteins (nsp1, nsp6, and nsp13) and 1 accessory
protein (ORF6) significantly inhibited luciferase activities (Fig-
ure 1C). Nsp1 and ORF6 were more potent and suppressed
the luciferase activity by 98% and 91%, while nsp6 and nsp13
were weaker and suppressed the luciferase activity by 40%
and 48%, respectively (Figure 1C).

To identify which steps of IFN-B production are inhibited by
these four proteins, we screened distinct components of the
RIG-I pathway (Figure 1E). The experimental approach was the
same as described above, except that a plasmid expressing
MAVS, TBK1, IKKe, or IRF3/5D (a phosphor-mimic of the acti-
vated IRF3) was transfected to activate a particular step of the
RIG-I pathway. The results showed that nsp6 and nsp13 signifi-
cantly suppressed luciferase activity when IFN-$ promoter was
activated by MAVS, TBK1, or IKKe (Figure 1D). By contrast,
IRF3/5D led to significantly less suppression of luciferase
expression, restoring luciferase activity from 60% to 98% for
nsp6 and from 52% to 87% for nsp13. These results suggest
that nsp6 and nsp13 antagonize IFN-B production by targeting
IRF3 (before IRF3 activation) or another component upstream
of IRF3 (between TBK1/IKKe and IRF3).

When nsp1 was tested, the luciferase suppression trend was
similar to those observed with nsp6 and nsp13, except that
IRF3/5D only restored the luciferase activity from <2% to 23%
when MAVS, TBK1, or IKKe was used to activate the IFN promoter
(Figure 1D). The results suggest that nsp1 may inhibit IFN-B pro-
duction through multiple targets that are both upstream and
downstream of IRF3. ORF6 inhibited luciferase activity to similar
extents (~30%) regardless of which activator was used (Figures
1D and 1E), suggesting that ORF6 suppresses IFN-f production
through IRF3 or a component downstream of IRF3.

nsp6 and nsp13 Inhibit TBK1 and IRF3 Activation
The above-mentioned results prompted us to test whether nsp6,
nsp13, and ORF6 modulate TBK1 phosphorylation and IRF3

(D) MAVS-, IKKe-, TBK1-, or IRF3/5D-activated IFN-B promoter luciferase assay. The experiments were performed as in (C) except that the assay was activated
by MAVS, IKKe, TBK1, or IRF3/5D. Data were from three independent experiments in triplicate (mean + SD). Statistics were determined by comparing each
respective IRF3/5D-induction group using two-way ANOVA with Dunnett’s correction, ***p < 0.0001.

(E) Scheme of RIG-I-mediated IFN-I production pathway.
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Figure 2. SARS-CoV-2 Proteins Inhibit TBK1 and IRF3 Activation

(A) Analysis of IRF3 phosphorylation. HEK293T cells were transfected with viral protein-encoding plasmid (1 pg); treated with poly(l:C) (10 ng); and analyzed for
phosphorylated IRF3 (anti-pIRF3 at S396), total IRF3 (anti-IRF3), viral protein (anti-FLAG), and GAPDH (anti-GAPDH) by western blot.

(B) Analysis of TBK1 phosphorylation. HEK293T cells were co-transfected with TBK1-expressing plasmid and varying amounts of nsp6- or nsp13-encoding
plasmids. At 24 hpt, western blot was used to analyze the cell lysates for phosphorylated TBK1 (anti-pTBK1 at S172), total TBK1 (anti-TBK1), phosphorylated
IRF3 (S396; anti-pIRF3), total IRF3 (anti-IRF3), viral nsp 6 or nsp13 (anti-FLAG), and GAPDH (anti-GAPDH). Protein band intensity was quantitated using Image
Lab software.

(C) Co-immunoprecipitation (colP) of TBK1 and nsp6 or nsp13. HEK293T cells were co-transfected with plasmids expressing TBK1 and hemagglutinin (HA)-tagged
nsp6 or nsp13. At 24 hpt, whole-cell lysate (WCL) was incubated with anti-HA beads for immunoprecipitation and TBK1 was detected by western blot.

(D) Nuclear translocation of IRF3. A549 cells were transfected with ORF6-expressing plasmid. At 24 hpt, cells were treated with poly(l:C) and fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100. After blocking with PBS containing 2% fetal bovine serum (FBS) and 0.1% Tween 20, the cells were
probed with primary antibodies (anti-FLAG and anti-IRF3) and secondary antibodies (anti-Alexa Fluor 488 and anti-Alexa Fluor 568). Images were obtained using
a fluorescence microscope and analyzed by Imaged. Scale bar, 10 um.

(E) colP of ORF6 and KPNA1-6. HEK293T cells were co-transfected with FLAG-tagged ORF6-expressing plasmid and HA-tagged KPNA1-6 plasmid or empty
plasmid. At 24 hpt, colP was performed by incubating anti-HA antibody overnight, followed by addition of magnetic beads. After extensively washing, the eluate
was analyzed by western blot with indicated antibodies.

(F) Summary of antagonism of IFN-I production. The inhibitory steps are indicated for individual viral proteins.
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Figure 3. SARS-CoV-2 Proteins Block IFN-I Signaling

(A) ISRE promoter luciferase assay. HEK293T cells were co-transfected with an ISRE promoter-driven Firefly luciferase reporter plasmid pISRE-luc, Renilla
luciferase control plasmid phRIuc-TK, and viral protein expressing plasmid. At 24 hpt, cells were treated 1,000 U/mL IFN-a. for 8 h, followed by dual-luciferase
reporter assays. Data processing was the same as described in Figure 1. Error bars indicate SDs from three independent experiments. Statistical values were
determined by comparing with EGFP control and one-way ANOVA with Dunnett’s correction, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

(legend continued on next page)
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phosphorylation, which are two key steps in the IFN-f induction
pathway (Kato et al., 2006). We did not include nsp1 in this set of
experiments because it has been well documented that SARS-
CoV nsp1 suppresses host gene expression (including IFN-I)
through mRNA degradation and translation inhibition (Huang
et al.,, 2011; Kamitani et al., 2006, 2009; Narayanan et al.,
2008). For analyzing IRF3 phosphorylation, HEK293T cells
were transfected with a plasmid expressing nsp6, nsp13, or
ORF6. At 24 hpt, cells were treated with poly(l:C) (a dsRNA
mimic) and analyzed for IRF3 phosphorylation (Figure 2A).
Nsp6 and nsp13 inhibited 57% and 75% of the IRF3 phosphor-
ylation, respectively. By contrast, ORF6 did not significantly sup-
press the IRF3 phosphorylation (Figure 2A).

Next, we examined the effect of nsp6 and nsp13 on TBK1
phosphorylation. HEK293T cells were co-transfected with one
plasmid expressing TBK1 and another plasmid encoding either
nsp6 or nsp13. At 24 hpt, cells were analyzed for TBK1 phos-
phorylation. Nsp13, but not nsp6, inhibited TBK1 phosphoryla-
tion in a dose-dependent manner (Figure 2B). In agreement
with the results from Figure 2A, both nsp6 and nsp13 sup-
pressed IRF3 phosphorylation (Figure 2B). Furthermore, we
examined whether nsp6 or nsp13 interacts with TBK1. Co-
immunoprecipitation showed that both nsp6 and nsp13 could
pull down TBK1 (Figure 2C). Collectively, the results indicate
that (1) nsp6 binds to TBK1 without affecting TBK1 phosphoryla-
tion, but the nsp6/TBK1 interaction decreases IRF3 phosphory-
lation, which leads to reduced IFN-B production; and (2) nsp13
binds and inhibits TBK1 phosphorylation, resulting in decreased
IRF3 activation and IFN-B production (Figure 2F).

ORF®6 Inhibits Nuclear Translocation of IRF3

The results from Figure 1C suggest that ORF6 inhibits IFN- pro-
duction through IRF3 or a component downstream of IRF3.
Thus, we examined the effect of ORF6 on IRF3 nuclear translo-
cation. Upon poly(l:C) treatment, IRF3 translocated to the cell
nucleus in the absence of ORF6, whereas the expression of
ORF6 blocked its nuclear translocation (Figure 2D). Karyopherin
o 1-6 (KPNA1-6) are importing factors for nuclear translocation
of cargos, including IRF3, IRF7, and STAT1 (Chook and Blobel,
2001). Co-immunoprecipitation showed that ORF6 selectively
interacted with KPNA2, but not the other KPNAs (Figure 2E), sug-
gesting that ORF6 inhibits IFN- production by binding to KPNA2
to block IRF3 nuclear translocation (Figure 2F).

SARS-CoV-2 Proteins Antagonize IFN-I Signaling

Although SARS-CoV-2 was reported to be highly sensitive to
IFN-I inhibition (Xie et al., 2020a), it remains to be determined
which viral proteins antagonize IFN-I signaling. We screened
SARS-CoV-2 proteins in an IFN-I signaling assay using a plasmid
(pISRE-Iluc) that contains a luciferase reporter driven by an ISRE

Cell Reports

promoter. HEK293T cells were co-transfected with three plas-
mids: (1) a reporter plasmid pISRE-luc, (2) a plasmid encoding
an individual SARS-CoV-2 protein, and (3) a plasmid phRluc-
TK for normalizing transfection efficiency. An empty plasmid or
an EGFP-expressing plasmid was included as a negative con-
trol. At 24 hpt, cells were treated with IFN-o for 8 h and assayed
for luciferase signals to quantify the activation of ISRE. Ten pro-
teins significantly suppressed IFN-a signaling: nsp1, nsp6, nsp7,
nsp13, nsp14, ORF3a, M, ORF6, ORF7a, and ORF7b (Figure 3A).

We examined viral suppression of STAT1 and STAT2 phos-
phorylation. We analyzed nsp1, nsp6, nsp13, ORF3a, M,
ORF6, ORF7a, and ORF7b because these proteins suppressed
>40% of ISRE promoter activity (Figure 3A). HEK293T cells
were transfected with a plasmid encoding each respective
SARS-CoV-2 protein, treated with IFN-o, and then analyzed for
STAT1 and STAT2 phosphorylation (Figure 3B). The results indi-
cate that (1) nsp1, nsp6, nsp13, ORF3a, ORF7b, and M inhibited
STAT1 phosphorylation by 33%-46%, whereas ORF6 and
ORF7a only marginally suppressed STAT1 phosphorylation;
and (2) nsp6, nsp13, ORF7a, and ORF7b inhibited STAT2 phos-
phorylation by 33%-50%, whereas nsp1, ORF6, ORF3a, and M
marginally suppressed STAT2 phosphorylation (Figure 3B). The
collective data indicate that nsp1, nsp6, nsp13, ORF3a, M,
ORF7a, and ORF7b suppress STAT1 and/or STAT2 phosphory-
lation, whereas ORF6 may inhibit a step downstream of STAT1/
STAT2 phosphorylation.

Once phosphorylated STAT1 and STAT2 form a heterodimer
that interacts with IRF9, the STAT1/STAT2/IRF9 complex (i.e.,
ISGF3) translocates to the nucleus and activates the transcrip-
tion of ISGs (Au-Yeung et al., 2013). Since SARS-CoV-2 ORF6
could bind to nuclear import KPNA2 (Figure 2E), we tested the
hypothesis that ORF6 inhibits IFN-I signaling through blocking
ISGF3 nuclear translocation. Vero cells were transfected with
ORF6-expressing plasmid, treated with IFN-o, and analyzed by
immunofluorescence. With neither ORF6 expression nor IFN-a
treatment, STAT1 resided in the cytoplasm (Figure 3C, top
panels); without ORF6 but with IFN-a treatment, STAT1 translo-
cated to nucleus (middle panels); and with both ORF6 expres-
sion and IFN-o treatment, STAT1 remained in the cytoplasm
(bottom panels). These results suggest that ORF6 inhibits IFN-I
signaling by suppressing STAT1 nuclear translocation through
ORF6/KPNA2 interaction.

Other than ORF6, we also tested nsp1, nsp6, nsp13, ORF3a,
M, ORF7a, and ORF7b for STAT1 nuclear translocation. Consis-
tent with their suppression of STAT1 and STAT2 phosphoryla-
tion, all these viral proteins suppressed nuclear translocation of
STAT1 during IFN-I signaling (Figure S1). Taken together,
SARS-CoV-2 inhibits IFN-I signaling through three approaches
(Figure 3D): (1) nsp1, nsp6, nsp13, ORF3a, M, and ORF7b sup-
press STAT1 phosphorylation; (2) nsp6, nsp13, ORF7a, and

(B) Inhibition of STAT1 and STAT2 phosphorylation. HEK293T cells were transfected with viral protein expressing plasmids. At 24 hpt, cells were treated with
1,000 U/mL IFN-o for 30 min and analyzed by western blot using anti-phosphorylated STAT1 at Y701, anti-total STAT1, anti-phosphorylated STAT2 at Y690, and
anti-total STAT2 antibodies. Protein band intensity was quantitated using Image Lab software.

(C) Nuclear translocation of STAT1. Vero cells were transfected with ORF6 expressing plasmids for 24 h, treated with 1,000 U/mL IFN-o for 30 min, fixed and
permeabilized, and probed with anti-STAT1 and anti-FLAG as primary antibodies and anti-Alexa Fluor 488 and anti-Alexa Fluor 568 as secondary antibodies.
Images were obtained through fluorescence microscope and analyzed using ImagedJ. Scale bar, 10 pm.

(D) Summary of antagonism of IFN-I signaling. The inhibitory steps are indicated for individual viral proteins.
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Figure 4. Comparison of IFN-I Inhibition by Different Coronaviruses

(A) IFN-B promoter luciferase assay. Viral proteins from SARS-CoV-2 (2019-nCoV/USA_WA1/2020, GenBank: MN985325), SARS-CoV (SARS MA15 strain,
GenBank: DQ497008), and MERS-CoV (MERS EMC/2012 strain, GenBank: JX869059) were compared for their inhibition of IFN-I production. RIG-I-induced IFN-
B promoter luciferase assay was performed by co-transfection of HEK293T cells as described in Figure 1.

(B) ISRE promoter luciferase assay. HEK293T cells were co-transfected with pISRE-luc luciferase reporter plasmid, phRluc-TK control plasmid, and viral protein
expressing plasmid. At 24 hpt, the cells were treated with 1,000 U/mL IFN-o and assayed for luciferase activities after 8 h. Error bars represent mean + SD from
three independent experiments. Statistical significance was determined by comparing with SARS-CoV-2 and two-way ANOVA with Dunnett’s correction, *p <

0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

(C) Western blot of phosphorylated STAT1 and STAT2. HEK293T cells were transfected with viral protein expressing plasmid and then treated with 1,000 U/mL
IFN-a. at 24 hpt for 30 min. Western blot was performed to analyze the cell lysates using anti-phosphorylated STAT1 (Y701) and STAT2 (Y690), and anti-total
STAT1 and STAT2 antibodies. Protein band intensities were quantitated by Image Lab software.

ORF7b inhibit STAT2 phosphorylation; and (3) ORF6 blocks
STAT1 nuclear translocation.

Comparison of SARS-CoV-2, SARS-CoV, and MERS-CoV
Proteins in Antagonizing IFN-I Response

We compared the ability of SARS-CoV-2, SARS-CoV, and MERS-
CoV proteins to antagonize IFN-I production and signaling. We
focused on the corresponding antagonizing proteins (identified
from SARS-CoV-2) in SARS-CoV and MERS-CoV. For IFN-I pro-
duction, nsp1, nsp6, nsp13, and ORF6 from all three viruses (Fig-
ure S2; note that MERS-CoV does not encode ORF6) inhibited
IFN-B promoter activation to comparable levels, except that
MERS-CoV nsp6 did not show any inhibition (Figure 4A).

For IFN-I signaling, we compared the inhibition by nsp1, nsp6,
nap13, ORF6, ORF7a, and ORF7b among SARS-CoV-2, SARS-
CoV, and MERS-CoV (Figure 4B). These proteins were chosen
because they suppressed >50% of the IFN-a signaling in
SARS-CoV-2 (Figure 3A). Compared with nsp1 and nsp6 of
SARS-CoV-2, those of SARS-CoV and MERS-CoV were signifi-
cantly weaker in inhibiting IFN-o. signaling, whereas comparable
inhibition was observed for the other viral proteins among the
three viruses (Figure 4B). Notably, SARS-CoV nsp6 did not sup-
press IFN-I signaling (Figure 4B). To confirm these results, we
compared the effects of nsp1 and nsp6 from the three viruses
on STAT1 and STAT2 phosphorylation (Figure 4C). The nsp1 of
SARS-COV-2 was more efficient in suppressing STAT1 and
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STAT2 phosphorylation than that of SARS-CoV or MERS-CoV,
whereas the nsp6 of SARS-CoV was less efficient in suppressing
STAT1 and STAT2 phosphorylation than that of SARS-CoV-2 or
MERS-CoV.

Altogether, the results suggest that (1) SARS-CoV-2 nsp6 in-
hibits IFN-I production more efficiently than MERS-CoV nsp6;
(2) SARS-CoV-2 nsp1 is more efficient than those of SARS-
CoV and MERS-CoV to inhibit IFN-I signaling by blocking
STAT1 and STAT2 phosphorylation; and (3) SARS-CoV nsp6
does not efficiently inhibit IFN-I signaling.

A Transient Luciferase Replicon for SARS-CoV-2

Because SARS-CoV-2 is a biosafety level 3 (BSL-3) pathogen,
we developed a luciferase replicon to facilitate studies of viral
replication in BSL-2 laboratories. The replicon deleted nucleo-
tides 21,563-28,259 from the viral genome, which was replaced
with a gene cassette of Renilla luciferase (Rluc), foot-and-mouth
disease virus 2A (FMDV 2A), and neomycin phosphotransferase
(Neo; Figure 5A). The deleted region includes S, E, M, and acces-
sory genes ORF3a, ORF3b, ORF6, ORF7a, ORF7b, and ORFS8.
The engineered Rluc/FMDV 2A/Neo reporter was under the con-
trol of transcription regulatory sequence (TRS) of the deleted S
gene (Figure 5A). Six sequential cDNA fragments were ligated
to assemble the replicon DNA. A T7 promoter was engineered
to transcribe the Rluc replicon (RlucRep-SARS-CoV-2) RNA
in vitro. The sequence of RlucRep-SARS-CoV-2 is shown in Fig-
ure S3. After electroporating the RlucRep-SARS-CoV-2 RNA into
Huh-7 cells, luciferase activity exponentially increased up to 12
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hpt (Figure 5B), indicating robust viral replication. The luciferase
signals plateaued at ~8 x 10%-fold above the background from
12 to 24 hpt and decreased after 24 hpt due to replicon-medi-
ated cytotoxicity.

To demonstrate the utility of the replicon, we treated replicon-
electroporated Huh-7 cells with remdesivir or chloroquine, two
known inhibitors of SARS-CoV-2 in cell culture (Wang et al.,
2020). Remdesivir inhibited Rluc activities in a dose-dependent
manner, with a 50% effective concentration (ECso) value of
0.086 uM (Figure 5C). This ECsq value is within the range of a pre-
viously reported ECsq value of 0.115 uM when testing A549 lung
carcinoma cells that express human ACE2 receptor (Xie et al.,
2020b) and 0.01 uM when using human airway epithelial culture
(Pruijssers et al., 2020). Since the replicon does not contain viral
proteins used for entry or assembly, the result confirms that re-
mdesivir inhibits viral RNA synthesis. By contrast, chloroquine
exhibited an EC5q > 13 uM in the replicon assay (Figure 5C),
which contrasts with the EC5q value of 1.3 uM when tested in a
luciferase reporter virus infection assay (Xie et al., 2020b). The re-
sults suggest that chloroquine does not exert its antiviral activity
through suppression of viral RNA synthesis. Altogether, the data
suggest that RlucRep-SARS-CoV-2 could be used as a tool to
study viral replication and drug discovery at a BSL-2 facility.

Inhibition of IFN-I Signaling Affects Coronavirus
Replication

To examine the biological relevance of the differences of nsp1
and nspé6 in inhibiting IFN-I signaling among three coronaviruses
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(Figures 4B and 4C), we prepared four chimeric RlucRep-SARS-
CoV-2 constructs in which either nsp1 or nsp6 was replaced by
that of SARS-CoV or MERS-CoV (Figure 6A). For the chimeric
nsp1 replicons, RlucRep-SARS-CoV-2-SARS-nsp1 (containing
SARS-CoV nsp1) produced a Rluc profile similar to that of Rlu-
cRep-SARS-CoV (Figure 6B), indicating that the chimeric repli-
con is fully replicative. However, only background levels of
Rluc were detected from cells electroporated with RlucRep-
SARS-CoV-2-MERS-nsp1 (containing MERS-CoV nsp1; Fig-
ure 6B), indicating that MERS-CoV nspi1 cannot support
SARS-CoV-2 replication. This is not surprising because only
26% amino acid homology exits between SARS-CoV-2 and
MERS-CoV nsp1 (Figure S4). Next, we examined the effect of
chimeric nsp1 on viral replication when treated with IFN-o. After
baby hamster kidney strain 21 (BHK-21) cells were electropo-
rated with replicon RNA, cells were immediately treated with
IFN-a and assayed for Rluc activity at 24 hpt. RlucRep-SARS-
CoV-2 produced significantly higher Rluc activity than Rlu-
cRep-SARS-CoV-2-SARS-nsp1 (Figure 6C), consistent with
the finding that the former inhibited IFN-I signaling more effi-
ciently than the latter (Figure 4B).

For the chimeric nsp6 replicons, RlucRep-SARS-CoV-2, Rlu-
cRep-SARS-CoV-2-SARS-nsp6, and RlucRep-SARS-CoV-2-
MERS-nsp6 produced similar Rluc profiles in BHK-21 cells (Fig-
ure 6D), indicating that heterologous nsp6 proteins did not affect

each respective virus to inhibit IFN-I
signaling (Figure 4B).

Collectively, the results show that nsp1
and nsp6 from three coronaviruses inhibit IFN-I signaling at
different efficiency. In SARS-CoV-2, the potent inhibition of
IFN-I signaling by nsp1 and nsp6 leads to higher viral replication
than for SARS-CoV or MERS-CoV.

DISCUSSION

The goals of this study are (1) to identify SARS-CoV-2 proteins
that suppress IFN-I response; (2) to determine at which step in-
hibition occurs in the IFN-I production and signaling pathways;
(8) to compare the inhibitory activity among MERS-CoV,
SARS-CoV, and SARS-CoV-2 of IFN-I production and signaling;
and (4) to evaluate the biological relevance of these coronavirus
differences in the context of SARS-CoV-2 replication. These
studies are important because IFN-I is being considered as a
COVID-19 treatment (Mantlo et al., 2020; Sallard et al., 2020).
Our results indicate that SARS-CoV-2 proteins antagonize
distinct steps in IFN-I production and signaling. Figure 2F sum-
marizes the antagonism of IFN-I production: nsp6 and nsp13
binds to TBK1 to suppress IRF3 and TBK1 phosphorylation,
respectively; and OFR6 blocks IRF3 nuclear translocation. Fig-
ure 3D summarizes the suppression of IFN-I signaling: nsp1,
nsp6, nsp13, ORF3a, M, and ORF7b block STAT1 phosphoryla-
tion; nsp6, nsp13, ORF7a, and ORF7b suppress STAT2 phos-
phorylation; and ORF6 inhibits nuclear translocation of STAT1.
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Consistent with our results, Yuen et al. (2020) recently reported
that nsp13 and ORF6 of SARS-CoV-2 antagonize IFN-I
response. In addition, they found that nsp14 and nsp15 also sup-
pressed IFN-B production, which was not observed in our study.
After submission of our study, Lei et al. (2020) reported SARS-
CoV-2nsp1, nsp3, nsp12, nsp14, ORF3, ORF6, and M protein in-
hibited >50% IFN-I induction when activated through RIG-I.
These discrepancies could be due to different experimental sys-
tems. We transfected a low amount of protein expression
plasmid (20-80 ng) in our screen assay. In the screen assay, a
viral protein is expressed in isolation and its expression level
could differ from that in SARS-CoV-2-infected cells. It is there-
fore important to validate the screen findings in the context of
viral replication. Future effort could first focus on the common
proteins (e.g., ORF6) that have been consistently identified
from different studies.

Several SARS-CoV-2 proteins antagonize multiple steps in the
IFN-I production/signaling pathways, including nsp6, nsp13, and
ORF6. Further studies are needed to define the regions of each
protein that are responsible for distinct functions of IFN-I produc-
tion and/or signaling. SARS-CoV nsp6 is a transmembrane
protein that rearranges the cellular membrane to form double-
membrane vesicles for viral replication (Angelini et al., 2013).
Nsp13 is an RNA helicase that is conserved among coronavi-
ruses. Similarly, hepatitis C virus (HCV) helicase was also shown
to bind TBK1 and block TBK1/IRF3 interaction (Otsuka et al.,
2005). Experiments are underway to examine whether the heli-
case activity of SARS-CoV-2 nsp13 is required for IFN-I antago-
nism. For nsp6 and nsp13, the molecular mechanisms of their
dual activities to bind TBK1 and to suppress STAT1/STAT2
phosphorylation remain to be determined. Our results, together
with a recent study (Cai et al., 2020), indicate that ORF6 binds
to importin KPNA2 to block nuclear translocation of IRF3 and
ISGF3, leading to suppression of both IFN-I production and
signaling, respectively. Our SARS-CoV-2 ORF6 results are
consistent with those of previous studies showing that SARS-
CoV ORF6 inhibits both IFN production and STAT1 signaling
by interacting with KPNA2 and altering nuclear import (Frieman
et al., 2007; Kopecky-Bromberg et al., 2007).

Nsp1 and nsp6 of SARS-CoV-2 suppress IFN-I signaling more
efficiently than those of SARS-CoV and MERS-CoV. The biolog-
ical relevance of this finding was evaluated through a reporter re-
plicon of SARS-CoV-2. Consistent with the greater inhibition of
IFN-I signaling by SARS-CoV-2 nsp1 and nsp6, chimeric repli-
cons containing SARS-CoV nsp1 or nsp6 or MERS-CoV nsp6
were more sensitive to IFN-« inhibition. Without IFN-« treatment,
the chimeric replicons replicated to the wild-type SARS-CoV-2
replicon level; however, chimeric replicon containing MERS-
CoV nsp1 was lethal (Figures 6B and 6C). The replication capa-
bility of chimeric replicons correlated with the relative degree of
protein sequence homology of nsp1 or nsp6 among the three vi-
ruses (Figure S4).

In contrast to our results, Lokugamage et al. (2020) found that
complete SARS-CoV-2 was more sensitive to IFN-I inhibition
than SARS-CoV. This discrepancy may result from two sources:
(1) differences in IFN-I antagonism from other viral proteins
among different coronaviruses (which remain to be determined)
and (2) lack of viral structural and accessory proteins in the repli-
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con system. Regarding the latter source, ORF7a and ORF7b,
located at the endoplasmic reticulum (ER)-Golgi intermediate
compartment, are assembled into SARS-CoV virions (Dedeur-
waerder et al., 2014); the antagonistic activities of those acces-
sory proteins may facilitate viral replication at the early stage of
viral infection. The collective effect from all modulating proteins
determines the final antagonism for each virus (Totura and Baric,
2012). Different levels of viral replication and immune antago-
nism could dictate viral transmission and disease development.
In support of this notion, when infecting human lung tissues,
SARS-CoV-2 produced significantly more virus but less IFN
and pro-inflammatory cytokines/chemokines than SARS-CoV,
providing an explanation for asymptomatic transmission and de-
layed disease onset of COVID-19 (Chu et al., 2020). Besides
innate immunity, pre-existing cross-protective T cell immunity
(derived from previous exposures with closely related f-corona-
viruses) may also protect disease development (Le Bert et al.,
2020).

We have developed a reporter replicon of SARS-CoV-2 suit-
able for studying viral replication at BSL-2 laboratories. The repli-
con system is particularly useful when studying factors that
could lead to gain of function in the complete virus. We demon-
strated the utility of replicon for drug discovery by testing two
known SARS-COV-2 inhibitors, remdesivir and chloroquine
(Wang et al., 2020). Only remdesivir, not chloroquine, inhibited
SARS-CoV-2 replicon replication. This result supports distinct
antiviral mechanisms of the two inhibitors: remdesivir inhibits
viral replication through RNA chain termination (Pruijssers
et al., 2020), whereas chloroquine blocks virus entry/fusion
through increasing endosomal pH (Vincent et al., 2005).

In summary, we have identified SARS-CoV-2 proteins that
antagonize IFN-I production and signaling. The antagonizing
steps for each identified protein have been mapped to distinct
components in the IFN-I production/signaling pathways. The
collective activity from these proteins determines the overall
antagonism against IFN-I restriction in infected hosts. The inhib-
itory potencies of the antagonizing proteins may differ among
different coronaviruses, which could account for the outcome
of viral replication, transmission, and pathogenesis. Additionally,
we have developed a reporter replicon for studying SARS-CoV-2
replication and antiviral discovery.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit IgG anti-HA Sigma-Aldrich Cat#H6908; RRID: AB_260070
Rabbit IgG anti-Flag Sigma-Aldrich Cat#F7425; RRID: AB_439687
Rabbit IgG anti-GAPDH Sigma-Aldrich Cat#G9545; RRID: AB_796208

Mouse IgG anti-HA

Mouse IgG anti-Flag

Mouse IgG anti-IRF3

Rabbit IgG anti-pIRF3 (S396)

anti-pTBK1 (S172)

Rabbit IgG anti-TBK1

anti-STAT1

pSTAT1 (Y701)

anti-STAT2

anti-pSTAT2 (Y690)

Mouse IgG anti-GFP

Mouse IgG1 anti- SARS-CoV-2 spike
Goat anti-mouse IgG conjugated with HRP
Goat anti-rabbit IgG conjugated with HRP

Goat anti-mouse IgGs conjugated with
Alexa 488

Goat anti-mouse IgGs conjugated with
Alexa 568

Goat anti-rabbit IgGs conjugated with Alexa
488

Goat anti-rabbit IgGs conjugated with Alexa
568

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
GeneTex

Sigma-Aldrich
Sigma-Aldrich
ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

Cat#2367S; RRID: AB_10691311
Cat#8146S; RRID: AB_10950495
Cat#10949; RRID: AB_2797733
Cat#29047; RRID: AB_2773013
Cat#5483; RRID: AB_10693472
Cat#3504; RRID: AB_2255663
Cat#14994S; RRID: AB_2737027
Cat#7649S; RRID: AB_10950970
Cat#72604S; RRID: AB_2799824
Cat#88410S; RRID: AB_2800123
Cat#2955; RRID: AB_1196614
Cat#GTX632604; RRID: AB_2864418
Cat#A5278; RRID: AB_258232
Cat#AP307P; RRID: AB_11212848
Cat#A-11001; RRID: AB_2534069

Cat#A-11004; RRID: AB_2534072

Cat#A-11008; RRID: AB_143165

Cat#A-11011; RRID: AB_143157

Bacterial and Virus Strains

E. coli strain Top10 ThermoFisher Scientific Cat#C404006
SARS-CoV strain 2019-nCoV/USA_WA1/ Xie et al., 2020a N/A

2020 (WAT1)

Chemicals, Peptides, and Recombinant Proteins

Recombinant human a-interferon Millipore Cat#IF007
Interferon-2A/D human Sigma-Aldrich Cat#14401
poly (1:C) Sigma-Aldrich Cat#P9582
Pierce Anti-HA Magnetic Beads ThermoFisher Scientific Cat#88837; RRID: AB_2861399
Renilla Luciferase Assay System Promega Cat#E2810
Dual-Luciferase Reporter Assay System Promega Cat#E1980
T7 mMessage mMachine kit ThermoFisher Scientific Cat#AM1344

Deposited Data

Unprocessed western blot and original IFA
images

Mendeley Data

https://data.mendeley.com/datasets/
324cs9ymc2/draft?a=5ce749f3-
2e33-4a3b-892f-2f9eb2dc60de

Experimental Models: Cell Lines

HEK293T cell
Vero cell

ATCC
ATCC

Cat#CRL-3216; RRID: CVCL_0063
Cat#CCL-81; RRID: CVCL_0059
(Continued on next page)

Cell Reports 33, 108234, October 6, 2020 el


https://data.mendeley.com/datasets/324cs9ymc2/draft?a=5ce749f3-2e33-4a3b-892f-2f9eb2dc60de
https://data.mendeley.com/datasets/324cs9ymc2/draft?a=5ce749f3-2e33-4a3b-892f-2f9eb2dc60de
https://data.mendeley.com/datasets/324cs9ymc2/draft?a=5ce749f3-2e33-4a3b-892f-2f9eb2dc60de

¢? CellP’ress Cell Reports

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
BHK-21 cell ATCC Cat#CCL-10; RRID: CVCL_1915
Huh-7 cell Giraldo et al., 2020 RRID: CVCL_0336
A549 cell Giraldo et al., 2020 N/A
Oligonucleotides

Primers for plasmid construction This paper Table S1
Recombinant DNA

pXJ-SARS-CoV-2-nsp1 This paper N/A
pXJ-SARS-CoV-2-nsp2 This paper N/A
pXJ-SARS-CoV-2-nsp3 This paper N/A
pXJ-SARS-CoV-2-nsp4 This paper N/A
pXJ-SARS-CoV-2-nsp5 This paper N/A
pXJ-SARS-CoV-2-nsp6 This paper N/A
pXJ-SARS-CoV-2-nsp7 This paper N/A
pXJ-SARS-CoV-2-nsp8 This paper N/A
pXJ-SARS-CoV-2-nsp9 This paper N/A
pXJ-SARS-CoV-2-nsp10 This paper N/A
pXJ-SARS-CoV-2-nsp11-EGFP This paper N/A
pXJ-SARS-CoV-2-nsp12 This paper N/A
pXJ-SARS-CoV-2-nsp13 This paper N/A
pXJ-SARS-CoV-2-nsp14 This paper N/A
pXJ-SARS-CoV-2-nsp15 This paper N/A
pXJ-SARS-CoV-2-nsp16 This paper N/A
pXJ-SARS-CoV-2-E This paper N/A
pXJ-SARS-CoV-2-M This paper N/A
pXJ-SARS-CoV-2-N This paper N/A
pXJ-SARS-CoV-2-ORF3a This paper N/A
pXJ-SARS-CoV-2-ORF3b This paper N/A
pXJ-SARS-CoV-2-ORF6 This paper N/A
pXJ-SARS-CoV-2-ORF7a This paper N/A
pXJ-SARS-CoV-2-ORF7b This paper N/A
pXJ-SARS-CoV-2-ORF8 This paper N/A
pXJ-SARS-CoV-2-ORF10 This paper N/A
pXJ-SARS-CoV-nsp1 This paper N/A
pXJ-MERS-CoV-nsp1 This paper N/A
pXJ-SARS-CoV-nsp6 This paper N/A
pXJ-MERS-CoV-nsp6 This paper N/A
pXJ-SARS-CoV-nsp13 This paper N/A
pXJ-MERSS-CoV-nsp13 This paper N/A
pXJ-SARS-CoV-ORF6 This paper N/A
pXJ-SARS-CoV-ORF7a This paper N/A
pXJ-SARS-CoV-ORF7b This paper N/A
pUC57-CoV2-F1 Xie et al., 2020a N/A
pUC57-CoV2-F2 Xie et al., 2020a N/A
pUC57-CoV2-F3 Xie et al., 2020a N/A
pUC57-CoV2-F4 Xie et al., 2020a N/A
pUC57-CoV2-F5A This paper N/A
pUC57-CoV2-F6A This paper N/A
pXJ-empty-vector Xia et al., 2018 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pXJ-EGFP Xia et al., 2018 N/A
pIFN-B-luc Xia et al., 2018 N/A
phRluc-TK Promega Cat#E6921
PISRE-luc Agilent Technologies Cat#219089-51
RIG-I 2CARD) Xia et al., 2018 N/A
MAVS Xia et al., 2018 N/A

TBK1 Xia et al., 2018 N/A
IRF3/5D Xia et al., 2018 N/A

IRF3 Xia et al., 2018 N/A
pXJ-KPNA1-HA This paper N/A
pXJ-KPNA2-HA This paper N/A
pXJ-KPNA3-HA This paper N/A
pXJ-KPNA4-HA This paper N/A
pXJ-KPNA5-HA This paper N/A
pXJ-KPNAB-HA This paper N/A
Software and Algorithms

Prism 8.0 software GraphPad N/A
ImageJ NIH N/A
Photoshop Adobe 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, Pei-Yong
Shi (peshi@UTMB.edu).

Materials Availability

The cDNA plasmids for making the SARS-CoV-2 reporter replicon have been deposited to the World Reference Center for Emerging
Viruses and Arboviruses (https://www.utmb.edu/wrceva) at UTMB for distribution. Plasmids generated in this study are available
upon request from the Lead Contact.

Data and Code Availability
The results presented in the study are available upon request from the corresponding authors. Original data have been deposited to
Mendeley Data: https://doi.org/10.17632/324cs9ymc2.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T, Vero, BHK-21 and Huh-7 cells were purchased from the America Type Culture Collection (ATCC, Bethesda, MD), and main-
tained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS, HyClone Laboratories, Lo-
gan, UT) and 1% penicillin/streptomycin (Invitrogen) at 37°C with 5% CO.. A549 cells were grown in minimum essential medium, supple-
mented with 1% nonessential amino acids, 1% sodium pyruvate, 10% FBS, 1% penicillin/streptomycin at 37°C with 5% CO.. All culture
medium and antibiotics were purchased from ThermoFisher Scientific (Waltham, MA). All cell lines were tested negative for mycoplasma.

Plasmids and Reagents

CMV promoter-driven expression vector, pXJ, was used to express individual viral proteins by cloning corresponding SARS-CoV-2
genes (Xia et al., 2018). Each gene was derived from PCR using infectious cDNA clone plasmids (Xie et al., 2020a), and fused with a
Flag-tag at C-terminal. The reporter plasmid pIFN-B-luc and expression plasmids for RIG-I 2CARD), MAVS, TBK1, IKKe, and IRF3
were reported previously (Bharaj et al., 2016; Xia et al., 2018). The reporter plasmid pISRE-luc was purchased from Agilent Technol-
ogies (Cat: 219089-51, Santa Clara, CA) and pGL4.74[hRIuc/TK] (phRluc-TK) was purchased from Promega (Cat: E6921, Madison,
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WI). KPNA1-6 genes were amplified from mRNA of HEK293T cells, and fragments were constructed to pXJ vector with an HA-tag at
C-terminal. All primers used for plasmid construction are listed in Table S1.

Recombinant human a-interferon (Cat: IFO07) was purchased from Millipore (Darmstadt, Germany). Interferon-«A/D human (Cat:
14401), and poly (I:C) (Cat: P9582) were purchased from Sigma-Aldrich (St. Louis, MO). The following antibodies were used in this
study: rabbit anti-HA (Cat: H6908, 1:1000), rabbit anti-Flag (Cat: F7425, 1:1000),and anti-GAPDH (Cat: G9545, 1:1000) antibodies
were from Sigma-Aldrich; mouse anti-HA (Cat: 2367S, 1:1000), mouse anti-Flag (Cat: 8146S, 1:1000), anti-IRF3 (Cat: 10949,
1:1000), anti-pIRF3 at Ser-396 (Cat: 29047, 1:1000), anti-TBK1 (Cat: 3504, 1:1000), anti-pTBK1 (S172) (Cat: 5483, 1:1000), anti-
STAT1 (Cat: 14994S, 1:1000), anti-pSTAT1 (Y701) (Cat: 7649S, 1:1000), anti-STAT2 (Cat: 72604S, 1:1000), anti-pSTAT2 (Y690)
(Cat: 884108, 1:1000) and anti-GFP (CST: 2955, 1:1000) antibodies were from Cell Signaling Technology (Danvers, MA); SARS-
CoV-2 spike antibody (Cat: GTX632604, 1:1000) was from GeneTex (Irvine, CA); anti-mouse IgG conjugated Alexa 488, anti-mouse
IgG conjugated Alexa 568, anti-rabbit IgG conjugated Alexa 488, and anti-rabbit IgG conjugated Alexa 568 antibodies in goat were
from ThermoFisher Scientific.

METHOD DETAILS

Expression of individual SARS-CoV-2 proteins

HEK293T cells (1 x 10° cells/well) were seeded in 6-well plates for overnight incubation. Cells were transfected with 0.5-2 pg of viral
protein expression plasmid using X-treme-GENE™ 9 transfection reagent (Roche, Mannheim, Germany) according to the manufac-
turer’s instructions. At 36 hpt, the cells were harvested and lysed in immunoprecipitation (IP) lysis buffer [20 mM Tris, pH 7.5, 100 mM
NaCl, 0.05% n-Dodecyl B-D-maltoside (Anatrace, Maumee, OH), and EDTA-free protease inhibitor cocktail (Roche)] with rotation at
4°C for 1 h. After clarification, samples were analyzed by western blot.

IFN-I production and signaling luciferase reporter assays

The IFN-I production assay was performed as described previously (Xia et al., 2018). Briefly, HEK293T cells (1 x 10° cells per well in a
24-well plate) were co-transfected with 10 ng of IFN-f promoter reporter plasmid, 4 ng of Renilla luciferase plasmid, 20-80 ng of viral
protein expression plasmid using X-treme-GENE™ 9 transfection reagent with a ratio 1:2. Empty pXdJ vector was used to ensure the
same total amount (100 ng) of plasmids in each well. Cells were induced by co-transfection with 4 ng/well of stimulator expressing
plasmids [(RIG-I 2CARD), MAVS, TBK1, IKKe, or IRF3)], same amount of empty pXJ vector was used as non-stimulated control. At
24 h post-transfection, the cells were assayed for dual-luciferase activities according to the manufacturer’s instructions (Promega).
For the IFN-I signaling, HEK293T cells (1 x 10° cells/well, 24-well plate) were co-transfected with 250 ng of ISRE promoter reporter
plasmid, 20 ng of Renilla luciferase plasmid, and 230 ng of viral protein expression plasmid. At 16 h post-transfection, the transfected
cells were treated with 1,000 units/ml of human IFN-a (Millipore). After another 8 h incubation, the cells were lysed and performed
dual-luciferase reporter assays according to the manufacturer’s instructions (Promega). Luciferase signals were read by Cytation
5 (Bio Tek, Winooski, VT).

Co-immunoprecipitation and western blot

Transfected HEK293T cells were harvested and lysed in IP lysis buffer (250 pl) with rotation at 4°C for 1 h and the lysates were clarified
by centrifugation (20,000 x g for 20 min at 4°C). Clarified lysates (25 pl) was mixed with 4 x lithium dodecyl sulfate buffer (LDS, Ther-
moFisher Scientific) containing 100 mM 1,4-dithiothreitol, samples were heated at 70°C for 10 min, and stored at —20°C or analyzed
by western blot as input whole cell lysis (WCL). For the rests of the lysates, immunoprecipitation was performed by using specific
antibodies, extra NaCl was added to a final concentration of 300 mM. Subsequently, the immune complexes were captured by pro-
tein G-conjugated magnetic beads (Millipore) according to the manufacturer’s instructions. After extensively washing, beads were
eluted by denaturation in 2 x LDS buffer at 70°C for 10 min.

Protein samples were resolved by SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride (PVDF)
membrane using Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA), followed by blocking for 1 h and probing with an indi-
cated primary antibody and an anti-Rabbit/Mouse IgG-Peroxidase antibody (Sigma-Aldrich, 1:20,000). The proteins were visualized
using SuperSignal Femto Maximum Sensitivity Substrate (ThermoFisher Scientific) and ChemiDoc Imaging Systems (Bio-Rad).

Indirect immunofluorescence assays

Cells were seeded in a 4-well Lab-Tek Chamber slide (ThermoFisher Scientific). At given time points, transfected cells (with or without
treatment) were washed three times with phosphate-buffered saline (PBS), then fixed in PBS containing 4% paraformaldehyde
(Sigma-Aldrich) at room temperature for 20 min, and permeabilized with 1% Triton X-100 (Sigma-Aldrich) in PBS at room temperature
for 20 min. After three washes, cells were treated with PBS containing 2% FBS for blocking at room temperature for 1 h, followed by
1 hincubation with primary antibody and secondary antibody (anti-mouse or anti-rabbit IgG conjugated with Alexa Fluor 488 or 568).
Cells were washed for three times, and counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame,
CA). Images were obtained by using Eclipse Ti2 inverted fluorescence microscope (Nikon).
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DNA assembly and RNA transcription of a luciferase replicon for SARS-CoV-2

A full-length SARS-CoV-2 cDNA infectious clone has been engineered by our lab recently (Xie et al., 2020a). The transient luciferase
replicon for SARS-CoV-2 was designed through replacing the nucleotides 21,563 to 28,259 from the viral genome, including S, E, M,
and accessory genes (ORF3a, 3b, 6, 7a, 7b and 8), with a gene cassette encoding the Renilla luciferase, an FMDV 2A and a neomycin
phosphotransferase (Neo). The engineered Rluc/FMDV-2A/Neo reporter was under the control of transcription regulatory sequence
(TRS) of the S gene, and genes N were driven by the TRS-N. The SARS-CoV-2 transient luciferase replicon was assembled through
in vitro ligation of six contiguous fragments (F1, F2, F3, F4, F5A and F6A; Figure 5A). F1-4 were obtained by digesting the correspond-
ing plasmids with enzyme Bsal as previously described (Xie et al., 2020a). An Esp3I restriction cleavage site was engineered at nucle-
otide 21,213 in F5A and F6A was constructed by overlap PCR. Therefore, both of F5A and F6A could be obtained by Esp3l digestion.
To assemble the SARS-CoV-2 transient luciferase replicon DNA, equimolar amounts of six contiguous cDNA fragments (totally 5 nug)
were in vitro ligated in a 100-ul reaction with T4 ligase (NEB, Ipswich, MA). The ligated production was identified by agarose gel, fol-
lowed by purification using phenol/chloroform, isopropanol precipitation, and resuspended in nuclease-free water.

SARS-CoV-2 luciferase replicon RNA was in vitro synthesized using MMESSAGE mMACHINE T7 Transcription Kit (ThermoFisher
Scientific) according to the manufacturer’s instruction. After incubation 6 h at 37°C, DNA template (2 ng) was removed by DNase, the
RNA was purified through phenol/chloroform extraction and isopropanol precipitation. The N gene mRNA was obtained through T7
RNA in vitro transcription as previously described (Xie et al., 2020a).

Replicon RNA electroporation and luciferase reporter assay

SARS-CoV-2 luciferase replicon antiviral compound test was performed in Huh-7 cells, and replicon IFN-o inhibition assay was per-
formed in BHK-21 cells. RNA transcripts were electroporated into Huh-7 cells or BHK-21 cells using protocols previously reported
(Xie et al., 2020a). Briefly, 20 pg of SARS-CoV-2 luciferase replicon RNA and 20 nug of N gene transcripts were mixed in to a 4-mm
corvette containing 0.8 mL cells (1 x 107 cells/ml) in Ingenio Electroporation Solution (Mirus, Madison, WI). For antiviral drug test,
replicon RNA and N mRNA were co-electroporated into Huh-7 cells, single electrical pulse was given with GenePulser apparatus
(Bio-Rad) at setting of 270 V at 950 pF. After 10 min recovery at room temperature, electroporated cells were resuspended in
DMEM without phenol red. Fifty microliters of cell suspension seeded into each well of a white opaque 96-well plate (Corning, Corn-
ing, NY). Antiviral drugs were two-fold diluted from 2 mM in DMSO, and the same amount of compound dilutions (50 pl) were mixed
with electroporated cells aliquots. At 24 hpt, luciferase activity was quantified using ViviRen Live Cell Substrate (Promega). For inter-
feron inhibition test, the replicon RNA and N mRNA were co-electroporated into BHK-21 cells, GenePulser apparatus (Bio-Rad) was
used with setting at 850 V at 25 pF and pulsing three times, with 3 s intervals. After 10 min recovery, electroporated cells were re-
suspended in DMEM and seeded in to 48-well plate. Cells were immediately treated with serial dilutions of antiviral compounds
or IFN-a. Cells were harvested at various time points or at 24 h post treatment for measuring luciferase signals using Renilla luciferase
assay system (Promega). The luciferase signal was read by Cytation 5 (Bio Tek) according to the manufacturer’s protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were analyzed with GraphPad Prism 8 software. Data are expressed as the mean + standard deviation (SD). Comparisons of
groups were performed using one-way ANOVA or two-way ANOVA, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. The 50% effec-

tive concentration (ECso) was determined by nonlinear regression curve using GraphPad Prism 8 software, the bottom and top were
constrained to 0% and 100%, respectively.
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