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SUMMARY

Type | interferons (IFNs) are our first line of defense against virus infection.
Recent studies have suggested the ability of SARS-CoV-2 proteins to inhibit
IFN responses. Emerging data also suggest that timing and extent of IFN produc-
tion is associated with manifestation of COVID-19 severity. In spite of progress in
understanding how SARS-CoV-2 activates antiviral responses, mechanistic
studies into wild-type SARS-CoV-2-mediated induction and inhibition of human
type | IFN responses are scarce. Here we demonstrate that SARS-CoV-2 infection
induces a type | IFN response in vitro and in moderate cases of COVID-19. In vitro
stimulation of type | IFN expression and signaling in human airway epithelial cells
is associated with activation of canonical transcriptions factors, and SARS-CoV-2
is unable to inhibit exogenous induction of these responses. Furthermore, we
show that physiological levels of IFNa detected in patients with moderate
COVID-19 is sufficient to suppress SARS-CoV-2 replication in human airway cells.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in December 2019 to cause a
global pandemic of coronavirus disease (COVID-19) (Zhou et al., 2020a). SARS-CoV-2 causes a respiratory
infection, along with acute respiratory distress syndrome in severe cases. Innate antiviral responses, which
include type | interferons (IFNs), are the first line of antiviral defense against an invading virus (Kawai and
Akira, 2006). Cellular pattern recognition receptors (PRRs) recognize viral nucleic acids and activate key
cellular kinases, such as inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKKe) and TANK-binding
kinase 1 (TBK1). These kinases phosphorylate and activate transcription factors such as interferon regula-
tory factor 3 (IRF3) to stimulate downstream production of type I/lll IFNs (Koyama et al., 2008). Type | IFNs
interact with interferon alpha/beta receptor (IFNAR) on cells to induce phosphorylation and activation of
downstream mediators, such as signal transducer and activator of transcription 1 and 2 (STAT1 and
STAT2), which leads to the production of antiviral interferon-stimulated genes (ISGs). Similarly, type |lI
IFNs interact with their cognate receptors, IL-10R2 and IFNLR1, to activate STAT1 and STAT2, followed
by the production of ISGs (Mesev et al., 2019).

Viruses encode proteins that can inhibit type | IFN production and signaling (Katze et al., 2002; Schulz and
Mossman, 2016). Emerging pathogenic human coronaviruses, such as SARS-CoV and Middle East respira-
tory syndrome (MERS)-CoV, have evolved multiple proteins that inhibit type | IFN responses in human cells
(Chen et al., 2014; de Wit et al., 2016; Lu et al., 2011; Siu et al., 2014; Yang et al., 2013). Thus, to better un-
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ORF9%b, can inhibit type | IFN responses in human cells (Gordon et al., 2020; Jiang et al., 2020; Lei et al.,
2020; Xia et al., 2020). However, limited studies have captured the dynamic interplay of viral-RNA-mediated
upregulation of type | IFN responses, followed by subsequent modulation of these responses by SARS-
CoV-2 proteins as they accumulate in infected cells. Understanding the mechanisms of IFN modulation
by SARS-CoV-2 proteins remains an area of intense research. In the meantime, intriguing observations
about SARS-CoV-2 proteins have been reported by different groups. For example, SARS-CoV-2 NSP15
has been reported as an IFN-modulating protein by Gordon et al. (Gordon et al., 2020), but Lei et al.
(Lei et al., 2020) were unable to identify NSP15 as an inhibitor of IFN promoter activation. In addition,
both Gordon et al. and Jiang et al. identified ORF9b as a modulator of IFN responses (Gordon et al.,
2020; Jiang et al., 2020; Lei et al., 2020), but the study by Lei et al. did not identify ORF9b as a modulator
(Lei et al., 2020). Furthermore, infection with wild-type SARS-CoV-2 in Caco-2 cells activated phosphoryla-
tion of TBK1 and IRF3, along with mild induction of ISGs (Shin et al., 2020). More recently, Yin et al. have
demonstrated that wild-type SARS-CoV-2 induces a delayed type | IFN response via melanoma differenti-
ation-associated protein 5 (MDAD) recognition (Yin et al., 2021). Thus, in-depth studies with clinical isolates
of SARS-CoV-2 are required to confidently identify type | IFN responses that are generated in infected hu-
man cells and to determine the dynamic induction and modulation of type | IFN responses by wild-type
virus infection.

Transcriptional data from in vitro and in vivo work have demonstrated the lack of induction of type | IFN
responses following SARS-CoV-2 infection (Blanco-Melo et al., 2020). In contrast, emerging data from pa-
tients with mild and moderate cases of COVID-19 have demonstrated the presence of type | IFN (Hadjad]
etal., 2020a; Trouillet-Assant et al., 2020). Subsequently, recent studies have identified type | IFN responses
in severe COVID-19 cases, which have been speculated to be associated with an exacerbated inflammatory
response (Zhou et al., 2020b). In addition, upregulation of ISGs was also identified in a single-cell RNA
sequencing study of peripheral blood mononuclear cells (PBMCs) from hospitalized COVID-19 patients
(Wilk et al., 2020). Studies with patient samples are critical to understand the pathogenesis of SARS-
CoV-2; however, the timing of sample collection, case definition of disease severity, and varying viral
load can lead to different observations related to IFN responses. An early and controlled IFN response
is preferable during virus infection. Excessive induction of type | IFN responses in COVID-19 patients is
associated with higher levels of damaging inflammatory molecules (Lucas et al., 2020). Thus, it is critical
to identify the extent to which SARS-CoV-2 can induce or inhibit human IFN responses using controlled
mechanistic studies.

In this study, we have identified global early transcriptional responses that are initiated during infection of
human airway epithelial (Calu-3) cells at 0, 1, 2, 3, 6, and 12 h post incubation with a clinical isolate of SARS-
CoV-2 from a COVID-19 patient in Toronto (Banerjee et al., 2020a). Data from our study demonstrate that
SARS-CoV-2 infection induces the expression of type | IFNs, along with the expression of downstream ISGs.
We also identified an increasing trend for type | IFN expression (IFN-a2) in sera from moderate cases of
COVID-19, relative to healthy individuals and severe cases of COVID-19. In vitro infection with SARS-
CoV-2 induced phosphorylation of canonical transcription factors that are involved in the type | IFN
response, such as IRF3, STAT1, and STAT2; exogenous activation of these transcription factors was not in-
hibited by wild-type SARS-CoV-2. In addition, we detected higher serum levels of anti-inflammatory cyto-
kines in moderate cases of COVID-19 than in severe cases. Severe cases of COVID-19 displayed higher
serum levels of pro-inflammatory cytokines. Data from our study suggest that replication-competent
SARS-CoV-2 induces type | IFN responses in human airway epithelial cells, and type | IFN (IFN-a2) level de-
tected in patients with moderate COVID-19 is sufficient to reduce SARS-CoV-2 replication in these cells.
Further mechanistic studies are warranted to identify host factors (Bastard et al., 2020; Zhang et al.,
2020) that contribute to varying disease severity during the course of COVID-19, along with the regulation
of inflammatory and anti-inflammatory cellular processes in SARS-CoV-2-infected cells.

RESULTS

Global cellular response in SARS-CoV-2-infected human airway epithelial cells

The replication cycle of CoVs is complex and involves the generation of sub-genomic RNA molecules,
which in turn code for mRNA that are translated into proteins (Banerjee et al., 2019; Sawicki et al., 2007).
To determine SARS-CoV-2 replication kinetics in human cells using RNA sequencing (RNA-seq), we in-
fected human airway epithelial cells (Calu-3) at a multiplicity of infection (MOI) of 2. After incubation
with virus inoculum for 1 h, media was replaced with cell growth media and RNA was extracted and
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Figure 1. Global response in SARS-CoV-2-infected human airway epithelial cells

Calu-3 cells were infected with SARS-CoV-2 at an MOl of 1 or 2. RNA was extracted at different times post incubation. Viral and cellular gene expression was
determined using time-series RNA-seq analysis or gPCR.

(A) SARS-CoV-2 gene expression over 12 h (n = 3/time point). The genome organization of SARS-CoV-2 is indicated above in pink.

(B) Major SARS-CoV-2 gene expression levels at different times post incubation (n = 3/time point).

(C) Cellular genes (n = 124) that are significantly up- or downregulated (FDR-adjusted p < 0.05; [log2FC| > 1) in SARS-CoV-2-infected cells, relative to mock-
infected cells at different times post incubation. Transcript levels are shown as Z score normalized expression (scaled by gene). See Figure S1E for a larger
figure.

(D) Cellular processes that are down- or upregulated at different times post incubation. The size of the circles represents the number of genes that are down-
or upregulated at different times after incubation (n = 3/time point).

E) Transcript abundance of type | and Il interferon (IFN) genes (IFNB and IFNA1-3) in mock-infected and SARS-CoV-2-infected Calu-3 cells at different times
n=23).

F) Transcript abundance of representative interferon-stimulated genes (ISGs) in mock-infected and SARS-CoV-2-infected Calu-3 cells at different times
n=23).

(G) IFNB transcript levels in Calu-3 cells infected with SARS-CoV-2 or mock infected for 12 h, normalized to GAPDH (n = 6). Transcript levels were determined
by gPCR.

(H) IRF7 transcript levels in Calu-3 cells infected with SARS-CoV-2 or mock infected for 12 h, normalized to GAPDH (n = 6). Transcript levels were determined
by gPCR.

(I) IFITT transcript levels in Calu-3 cells infected with SARS-CoV-2 or mock infected for 12 h, normalized to GAPDH (n = 6). Transcript levels were determined
by gPCR.

Data are represented as mean + SD, n = 3 or 6, p*<0.05, **<0.01, ***<0.001, and ****<0.0001 (Student’s t test). See also Star methods for details on
statistical analyses performed using R. See also Figures S1-S3, and Tables S1-S3. H and hpi, hours post incubation.

(
(
(
(

sequenced (poly(A) enriched RNA) at 0, 1, 2, 3, 6, and 12-h post incubation (hpi). SARS-CoV-2 genome, sub-
genomic RNA, and transcripts were detected in infected samples; viral transcript expression clustered
based on post-incubation time using principal component analysis (PCA) (see Figure STA). In our RNA-
seq analysis, we detected high levels of expression of SARS-CoV-2 structural and accessory genes at the
3’ end of the genome as early as 0 hpi (Figure 1A). Significant expression of ORF1ab, relative to 0 hpi
was detected at 6 hpi (Figure 1B). SARS-CoV-2 nucleocapsid (N) gene was highly expressed relative to
other genes as early as 0 hpi (Figure 1B), with relative expression significantly increasing over time (p =
1.4 x 107'; Figure 1B). The absolute expression of other genes increased over time with levels of N >
M > ORF10 > S > ORF1ab > ORF7a > ORF8 > ORF3a > ORFé > E > ORF7b > ORF1a at 12 hpi (Figure 1B
and Table S1).

To determine SARS-CoV-2-infection-mediated host responses, we extracted total cellular RNA at different
times post infection and analyzed gene expression in infected and mock-infected Calu-3 cells using RNA-
seq. Gene expression levels in these cells clustered based on time points via PCA (see Figure S1B). One
hundred twenty-four genes were significantly differentially expressed in infected cells (FDR-adjusted p <
0.05), relative to mock-infected cells in at least one time point post infection (|log2FC| > 1), including genes
involved in type | IFN production and signaling (Figure 1C; see Table S2 and Figures S1C and S1E). The
extent of antiviral gene expression at 12 hpi correlated with an increase in viral transcripts (see Figure S1C).
Interestingly, at early time points of 2 and 3 hpi, pathway enrichment analysis revealed numerous cellular
processes that were significantly downregulated in SARS-CoV-2-infected cells, relative to mock-infected
cells (FDR-adjusted p < 0.05). Downregulated processes included RNA splicing, apoptosis, ATP synthesis,
and host translation, whereas genes associated with viral processes, cell adhesion, and double-stranded
RNA binding were upregulated in infected cells relative to mock-infected cells at 2 and 3 hpi (Figure 1D;
see Figures S1D and S2, and Table S3). Cellular pathways associated with type | IFN production and
signaling, along with OAS/TRAF-mediated antiviral responses, were significantly upregulated at 12 hpi
(Figures 1D and S2). Consistent with other reports (Blanco-Melo et al., 2020), transcript levels for IFNG1
and IFNAT were significantly upregulated at 12 hpi with SARS-CoV-2 (Figure 1E). Transcript levels of
IFNA2 and IFNA3 were elevated at 6 and 12 hpi, but the levels did not reach significance relative to
mock-infected cells at these time points (Figure 1E).

IFN production alone is not sufficient to protect cells from invading viruses. IFNs function through I1SG
expression, which in turn confers antiviral protection in infected (autocrine mode of action) and neigh-
boring (paracrine mode of action) cells (Schoggins, 2019; Schoggins and Rice, 2011). Nineteen antiviral
ISGs were upregulated in infected cells, relative to mock-infected cells at 12 hpi, including interferon-
induced protein with tetratricopeptide repeats 1 (IFIT1), interferon regulatory factor 7 (IRF7), 2’-5-oligoade-
nylate synthetase 2 (OAS2), and MX dynamin GTPase 1 (MX1) (Figure 1F; see Figure S3A and Table S2).
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Figure 2. SARS-CoV-2 infection does not inhibit type | IFN expression
To determine if SARS-CoV-2 can modulate IFNB gene expression and downstream stimulation of ISGs, Calu-3 cells were infected with SARS-CoV-2 for

varying times, following which cells were mock transfected or transfected with poly(l:C). Mock-infected and mock-transfected cells served as controls.
Transcript levels were quantified using gPCR. Protein expression was observed and quantified using immunoblot analysis.

(A) Calu-3 cells were infected with SARS-CoV-2 (MOI 1) for 0, 24, 48, and 72 h. Cells were fixed and stained to visualize the nucleus and SARS-CoV-2
nucleocapsid (N) protein. Scale bar indicates 300 pm.

(B) SARS-CoV-2 genome (UpE) levels in Calu-3 cells infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h and transfected with 100 ng of poly(I:C) or
mock transfected for 6 h (n = 6). Primers for the UpE region were designed to quantify SARS-CoV-2 genome levels (see methods). 1/dCT values are
represented after normalizing Ct values for SARS-CoV-2 genome levels at 18 hpi with Ct values observed at O hpi (immediately after removal of virus
inoculum). Gel (below): UpE gPCR amplicons were visualized on an agarose gel.

(C) IFNB transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h. Twelve hpi, cells were either transfected with
100 ng of poly(l:C) or mock transfected for 6 h. IFNg transcript levels were normalized to GAPDH transcript levels (n = 6).

(D) IFIT1 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h. Twelve hpi, cells were either transfected with
100 ng of poly(l:C) or mock transfected for 6 h. IFITT transcript levels were normalized to GAPDH transcript levels (n = 6).
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Figure 2. Continued

(E) IRF7 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h. Twelve hpi, cells were either transfected with
100 ng of poly(l:C) or mock transfected for 6 h. IRF7 transcript levels were normalized to GAPDH transcript levels (n = 6).

(F) IFIT1, SARS-CoV-2 N, and ACTB protein expression in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi,
cells were either transfected with 1,000 ng of poly(l:C) or mock transfected for 24 h (n = 3).

(G) IFNB transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 0.1 or 1) or mock infected for 24 h. Twenty-four hpi, cells were transfected
with 10 ng of poly(l:C) or mock transfected for 12 h. IFNB transcript levels were normalized to GAPDH transcript levels (n = 3).

(H) IFIT1 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 0.1 or 1) or mock infected for 24 h. Twenty-four hpi, cells were transfected
with 10 ng of poly(l:C) or mock transfected for 12 h. IFIT1 transcript levels were normalized to GAPDH transcript levels (n = 3).

(1) IFNB transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were either transfected
with varying concentrations of poly(l:C) or mock transfected for 12 h. IFNg transcript levels were normalized to GAPDH transcript levels (n = 3).

(J) IFITT transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were either transfected
with varying concentrations of poly(l:C) or mock transfected for 12 h. IFIT1 transcript levels were normalized to GAPDH transcript levels (n = 3).

(K) IRF7 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were either transfected
with varying concentrations of poly(l:C) or mock transfected for 12 h. IRF7 transcript levels were normalized to GAPDH transcript levels (n = 3).

(L) pTBK1-S172, TBK1, pIRF3-5396, IRF3, SARS-CoV-2 N, and ACTB protein expression in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock
infected for 24 h. Twenty-four hpi, cells were either transfected with 1,000 ng of poly(l:C) or mock transfected for an additional 24 h (n = 3).

(M) Calu-3 cells were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h, followed by transfection with 1,000 ng of rhodamine-labeled poly(l:C) or
mock transfection for 3 h. Cells were fixed and stained to visualize SARS-CoV-2 nucleocapsid (N) protein and rhodamine-labeled poly(l:C). SARS-CoV-2 N
and poly(l:C)-rhodamine containing cells are indicated by arrows. Cells that only contained detectable levels of poly(l:C)-rhodamine are indicated by arrow
heads. Scale bar indicates 150 pm.

Data are represented as mean + SD, n = 3 or 6, p**<0.01, ***<0.001, and ****<0.0001 (Student's t test and Tukey’s multiple comparisons test). pTBK1-5172
and pIRF3-5396 protein expression levels are expressed as ratios of pTBK1-5172/TBK1 and pIRF3-S394/IRF3 levels, respectively. Blots were quantified using
Image Studio (Li-COR) (n = 3). Ct, cycle threshold. See also Figure S3.

Genes associated with structural molecule activity, cell adhesion, and exocytosis were downregulated in
SARS-CoV-2-infected cells, relative to uninfected cells at 12 hpi (see Figure S2).

Coronaviruses, such as those that cause SARS and MERS, have evolved multiple proteins that can inhibit
type | IFN expression (Chen et al., 2014; Lu et al., 2011; Lui et al., 2016; Niemeyer et al., 2013; Siu et al.,
2014; Yang et al., 2013). To confirm our RNA-seq observations that SARS-CoV-2 infection alone is sufficient
to induce type | IFN and ISG responses in Calu-3 cells, we infected cells with SARS-CoV-2 and assessed
transcript levels of IFNG, IRF7, and IFIT1 by quantitative polymerase chain reaction (gPCR). IFNg induction
was observed at 12 hpi in SARS-CoV-2-infected cells, relative to mock-infected cells (Figure 1G). Consistent
with the upregulation of IFNg transcripts in SARS-CoV-2-infected cells, transcript levels for ISGs, such as
IRF7 and IFIT1, were also significantly upregulated at 12 hpi relative to mock-infected cells (Figures 1TH
and 11).

SARS-CoV-2 is not adept at inhibiting exogenous stimulation of type | IFN expression

To determine if SARS-CoV-2 is able to inhibit type | IFN responses mounted against an exogenous stimulus,
we infected Calu-3 cells with SARS-CoV-2 for 12 h at an MOl of 1 and stimulated these cells with exogenous
double-stranded RNA [poly(l:C)] for 6 h. We confirmed SARS-CoV-2 replication in Calu-3 cells over 0, 24, 48,
and 72 h of infection by staining for the nucleocapsid (N) protein (Figure 2A). We quantified SARS-CoV-2
replication by gPCR using primers designed to amplify genomic RNA by targeting a region between
ORF3a and E genes. We called this region “upstream of E” (UpE). SARS-CoV-2 UpE levels were higher in
SARS-CoV-2-infected cells and in SARS-CoV-2-infected + poly(l:C)-treated cells, relative to UpE levels at
0 hpi immediately after removing the inoculum (Figure 2B). We also measured the levels of IFNS transcripts
inthese cells by gPCR. Poly(I:C) transfection alone induced higher levels of IFNg transcripts relative to mock-
transfected cells (Figure 2C). SARS-CoV-2 infection alone also induced higher levels of IFNB transcripts rela-
tive to mock-infected cells (Figure 2C). Interestingly, there was no significant difference in IFNg transcript
levels between poly(l:C)-transfected and SARS-CoV-2-infected + poly(l:C)-transfected cells (Figure 2C).

To determine if IFNB expression in SARS-CoV-2-infected and/or poly(l:C)-transfected cells is associated
with ISG expression, we additionally quantified the levels of IFIT1 and IRF7. Poly(l:C) transfection alone
induced significantly higher levels of IFIT1 and IRF7 transcripts relative to mock-transfected cells (Figures
2D and 2E). SARS-CoV-2 infection alone also induced higher levels of IFITT and IRF7 transcripts relative to
mock-infected cells (Figures 2D and 2E). Notably, IFITT and IRF7 transcript levels in SARS-CoV-2-infected +
poly(l:C)-transfected cells were higher than levels in cells that were transfected with poly(l:C) alone (Figures
2D and 2E), suggesting an additive effect of SARS-CoV-2 infection on poly(l:C)-mediated gene expression.
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To validate our gene expression observations, we examined SARS-CoV-2 N, IFIT1, and beta-actin (ACTB)
protein expression. Poly(l:C) transfection induced higher levels of IFIT1 in Calu-3 cells, whereas SARS-CoV-
2 infection did not induce higher observable levels of IFIT1 by immunoblot analysis at 48 hpi, relative to
mock-infected cells (Figure 2F); however, at 72 hpi, SARS-CoV-2 infection induced higher observable levels
of IFIT1 protein expression relative to mock-infected cells (see Figure S4). We confirmed SARS-CoV-2 infec-
tion in these cells by detecting N protein in the samples (Figure 2F).

To determine if the MOI of SARS-CoV-2 would influence its ability to modulate exogenous stimulation of
interferon responses, we infected Calu-3 cells with two different MOls of 0.1 and 1 for 24 h, followed by
exogenous stimulation of cells with 10 ng of poly(l:C) for 12 h. Both MOls of SARS-CoV-2 were unable to
suppress the expression of IFNG and IFITT in poly(l:C)-stimulated cells (Figures 2G and 2H). Furthermore,
a high MOl of 1 had an additive effect on the expression levels of IFNB and IFITT in poly(l:C)-stimulated cells
(Figures 2G and 2H). Next, to determine if high concentrations of poly(l:C) in Figures 2C-2E may have over-
whelmed the ability of SARS-CoV-2 to suppress IFN responses, we infected Calu-3 cells with SARS-CoV-2
for 24 h, followed by stimulation with a range of concentrations of poly(I:C) for 12 h (Figures 21-2K). Even at
the lowest poly(l:C) concentration of 1 ng, SARS-CoV-2 was unable to suppress IFNG, IFIT1, and IRF7 gene
expression. Indeed, SARS-CoV-2 infection displayed an additive effect on the expression levels of IFNg at
all concentrations of poly(l:C), whereas the additive effect of SARS-CoV-2 infection on IFIT1 and IRF7
expression levels reached significance at concentrations of 1 ng and 10 ng of poly(l:C) (Figures 21-2K).

Type | IFN production is primarily mediated by the phosphorylation and activation of TBK1, which in turn
phosphorylates and activates IRF3 (Janeway and Medzhitov, 2002; Kawai and Akira, 2006). Activation of
TBK1 is associated with phosphorylation of serine 172 (Larabi et al., 2013), whereas activation of IRF3 in-
volves phosphorylation of serine 396, among other residues (Chen et al., 2008). To determine SARS-
CoV-2 infection-induced phosphorylation of TBK1 and IRF3, we infected Calu-3 cells for 24 h followed
by poly(l:C) or mock stimulation for another 24 h and performed immunoblot analysis to detect levels of
TBK1 (pTBK1-5172) and IRF3 (pIRF3-5396) phosphorylation. Only modest increases in phosphorylation of
TBK1 were observed in SARS-CoV-2-infected and poly(l:C)-treated cells relative to untreated cells at the
time of sampling (Figure 2L). Phosphorylation of IRF3 was observed in both SARS-CoV-2-infected and
poly(l:C)-treated cells relative to untreated cells, with similar levels of pIRF3-S396 observed following all
infection and treatment conditions (Figure 2L).

Titrating different concentrations of poly(I:C) in Figures 21-2K demonstrated that SARS-CoV-2 infection has
an additive effect on poly(l:C)-mediated upregulation of IFN responses. In addition, we also determined if
poly(l:C) was delivered to infected cells (Figure 2M). We infected Calu-3 cells with SARS-CoV-2 for 24 h, fol-
lowed by transfection with rhodamine-labeled poly(l:C) for 3 h. At 24 h post infection, we could detect
visible levels of SARS-CoV-2 N and poly(l:C) in Calu-3 cells (Figure 2M; arrows). Few uninfected cells (Fig-
ure 2M; arrow heads) also contained detectable levels of poly(l:C); however, as identified in Figures 21-2K,
these cells are not sufficient to mount an overwhelming IFN response, because SARS-CoV-2 infection had
an additive effect on IFN and ISG expression in poly(l:C)-treated cells.

SARS-CoV-2 infection is unable to suppress downstream type | IFN signaling

SARS-CoV and MERS-CoV proteins can also inhibit downstream IFN signaling to restrict the production of
ISGs (de Wit et al., 2016). To evaluate if SARS-CoV-2 can inhibit type | IFN signaling in response to exog-
enous IFNB treatment, we infected Calu-3 cells for 12 h at an MOl of 1 and stimulated these cells with re-
combinant human IFNB for 6 h. We monitored gene expression levels of IRF7 and IFIT1 in these cells by
gPCR. Validation of the antiviral efficacy of our recombinant IFNB1 was carried out in human fibroblast
(THF) cells that were pretreated with IFNB1, followed by RNA and DNA virus infections. Pre-treatment of
THF cells with recombinant IFNB1 inhibited the replication of herpes simplex virus (HSV), vesicular stoma-
titis virus (VSV), and H1N1 in a dose-dependent manner (see Figure S3B).

SARS-CoV-2 genome levels were significantly higher in infected cells relative to mock-infected cells (Fig-
ure 3A). Although SARS-CoV-2 UpE levels displayed a lower trend in SARS-CoV-2-infected + IFNB-treated
cells relative to SARS-CoV-2-infected-only cells, UpE levels were not significantly different after 6 h of IFNB
treatment (Figure 3A). Exogenous IFNB treatment significantly upregulated transcript levels of IRF7 and
IFIT1 relative to mock-treated Calu-3 cells (Figures 3B and 3C). Consistent with our RNA-seq
data, SARS-CoV-2 infection induced mild but significant levels of IRF7 and IFIT1 transcripts relative to
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Figure 3. SARS-CoV-2 is unable to inhibit type I IFN signaling

To determine if SARS-CoV-2 can inhibit IFNB-mediated stimulation of ISGs, such as IFIT1, Calu-3 cells were infected with SARS-CoV-2 for 12 or 24 h, following
which cells were mock treated or treated with recombinant IFNB. Mock-infected and mock-treated cells served as controls. Transcript levels were quantified
using qPCR, and protein expression was observed using immunoblots.

(A) SARS-CoV-2 genome (UpE) levels in Calu-3 cells infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h and treated with recombinant IFNB or mock
treated for 6 h (n = 6). 1/dCT values are represented after normalizing Ct values for SARS-CoV-2 genome levels at 18 hpi with Ct values observed at 0 hpi
(immediately after removal of virus inoculum). Gel (below): UpE gPCR amplicons were visualized on an agarose gel.

(B) IRF7 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h. Twelve hpi, cells were either treated with
recombinant IFNPB or mock treated for 6 h. IRF7 transcript levels were normalized to GAPDH transcript levels (n = 6).

(C) IFITT transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h. Twelve hpi, cells were either treated with
recombinant IFNB or mock treated for 6 h. IFIT1 transcript levels were normalized to GAPDH transcript levels (n = 6).

(D) SARS-CoV-2 N, IFIT1, and GAPDH protein expression in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 12 h. Twelve hpi,
cells were either treated with recombinant IFNB or mock treated for 6 h (n = 3).

(E) pSTAT1-Y701, STAT1, pSTAT2-Y690, STAT2, SARS-CoV-2 N, and ACTB protein expression in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or
mock infected for 24 h. Twenty-four hpi, cells were either treated with recombinant IFNB or mock treated for 30 min (n = 3).

(F) IFIT1 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 0.1 or 1) or mock infected for 24 h. Twenty-four hpi, cells were mock treated or
treated with recombinant IFNB containing media (20 pg/mL total protein) for 12 h. IFITT transcript levels were normalized to GAPDH transcript levels (n = 3).
(G) IRF7 transcriptlevels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 0.1 or 1) or mock infected for 24 h. Twenty-four hpi, cells were mock treated or
treated with recombinant IFNB-containing media (20 pg/mL total protein) for 12 h. IRF7 transcript levels were normalized to GAPDH transcript levels (n = 3).
(H) IFITT transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were either treated with
varying concentrations of recombinant IFNB or mock treated for 12 h. IFIT1 transcript levels were normalized to GAPDH transcript levels (n = 3).

(1) IRF7 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were either treated with
varying concentrations of recombinant IFNB or mock treated for 12 h. IRF7 transcript levels were normalized to GAPDH transcript levels (n = 3).

Data are represented as mean + SD, n = 3 or 6, ns: not significant, p*<0.05, p**<0.01, ***<0.001, and ****<0.0001 (Student’s t test and Tukey’s multiple
comparison'’s test). Ct, cycle threshold. pSTAT1-Y701 and pSTAT2-Y490 protein expression levels are expressed as ratios of pSTAT1-Y701/STAT1 and
pSTAT2-Y690/STAT2 levels, respectively. Blots were quantified using Image Studio (Li-COR) (n = 3). For IFNB treatment, cell culture supernatant containing
recombinant IFNB was used. Cell culture supernatant containing 2 mg/mL of total protein, including IFNB, was used in A-E. A range of concentrations was
used for other figures as indicated. Ct, cycle threshold. See Star methods for recombinant IFNB generation. See also Figures S3 and S4.
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mock-infected cells (Figures 3B and 3C). IFNB-mediated induction of IRF7 and IFIT1 was not dampened by
SARS-CoV-2 infection (Figures 3B and 3C).

To validate our transcriptional responses, we repeated our experiments with exogenous IFNB treatment
and determined if SARS-CoV-2 could inhibit type | IFN-mediated upregulation of IFIT1 at the protein level.
SARS-CoV-2 infection alone failed to induce detectable levels of IFIT1 at 12 hpi (Figure 3D). IFNB treatment
with or without prior 12 h of SARS-CoV-2 infection induced robust expression of IFIT1 (Figure 3D). We
confirmed SARS-CoV-2 infection in these cells by immunoblotting for N protein (Figure 3D).

Binding of IFNs to their receptors activates a series of downstream signaling events, which involves phos-
phorylation of STAT1 at tyrosine 701 (oSTAT1-Y701) and STAT2 at tyrosine 690 (pSTAT2-Y690) (Pilz et al.,
2003; Steen and Gamero, 2013). To determine if SARS-CoV-2 can inhibit phosphorylation of STAT1 and
STAT2 proteins, we infected Calu-3 cells with SARS-CoV-2 for 24 h followed by 30 min of stimulation
with or without recombinant IFNB. SARS-CoV-2 infection alone induced mild pSTAT1-Y701 and pSTAT2-
Y690 levels relative to mock-infected cells, albeit lower than levels observed in exogenous IFNB-treated
cells (Figure 3E). Importantly, SARS-CoV-2 infection was unable to inhibit pSTAT1-Y701 and pSTAT2-
Y690 levels in cells treated with IFNB (Figure 3E).

To determine if the MOI of SARS-CoV-2 would influence its ability to suppress exogenous stimulation of
interferon responses, we infected Calu-3 cells with two different MOls of 0.1 and 1 for 24 h, followed by
exogenous stimulation of cells with IFNB for 12 h. Infection with both MOls of SARS-CoV-2 was unable
to suppress the expression of IFIT1 and IRF7 on IFNB treatment (Figures 3F and 3G). Furthermore, high
MOI 1 of SARS-CoV-2 had an additive effect on the expression of IFITT and IRF7 in IFNB-treated cells (Fig-
ures 3F and 3G). Next, to determine if high concentrations of IFNB in Figures 3A-3D may have over-
whelmed the ability of SARS-CoV-2 to suppress IFN-mediated responses, we infected Calu-3 cells with
SARS-CoV-2 for 24 h, followed by stimulation with a range of concentrations of IFNp for 12 h (Figures 3H
and 3l). SARS-CoV-2 was unable to suppress IFITT and IRF7 gene expression. MOI 1 of SARS-CoV-2 had
an additive effect on the expression of IFITT and IRF7 in IFNB-treated cells at all concentrations of IFNB
(Figures 3H and 3l).

Cytokine levels in COVID-19 patients and effect of type | IFNs on SARS-CoV-2 replication

To evaluate type | IFN and other infection-associated cytokines in COVID-19 patients, we analyzed acute
sera (<21 days from symptom onset) from 20 COVID-19 positive patients, of whom 10 were categorized as
"moderate” cases requiring hospital admission but not admission to intensive care unit (ICU). The remain-
ing 10 samples were from “severe” cases that required ICU admission or died. For severe cases, 6/10 pa-
tients died, and 10/10 moderate cases were discharged (see Table S4). We also included sera from five
healthy, uninfected individuals. Sera from moderate cases of COVID-19 displayed significantly higher levels
of platelet-derived growth factor AA (PDGF-AA) and PDGF-AB/BB relative to uninfected individuals (Fig-
ure 4). Patients with severe COVID-19 displayed higher levels of PDGF-AA, PDGF-AB/BB, GROa (CXCL-1),
CXCL-9, MIP-1B, and vascular endothelial growth factor A (VEGF-A) relative to healthy individuals (Figure 4).
In addition, severe cases of COVID-19 displayed an increasing trend for levels of interleukin-6 (IL-6), IL-5,
macrophage colony stimulating factor 1 (M-CSF), IL-8, tumor necrosis factor alpha (TNFa), TNFB, and gran-
ulocyte colony stimulating factor 1 (G-CSF) relative to healthy individuals and moderate cases of COVID-19.
In addition, both moderate and severe cases of COVID-19 displayed an increasing trend for IL-7 and IP-10
relative to healthy controls, although the data were not significant due to wide within-patient variation in
acute serum samples. Moderate cases of COVID-19 displayed an increasing trend for levels of IFN-a2
and IL-10 relative to healthy individuals and severe cases of COVID-19 (Figure 4 and see Tables S4 and S5).

To determine if exogenous IFN treatment can inhibit SARS-CoV-2 replication, we infected Calu-3 cells for
1 h, following which we either mock treated or treated the cells with recombinant IFNB for 72 h. Exogenous
IFNB treatment reduced SARS-CoV-2 genome (UpE) and N protein levels in these cells (Figure 4B), consis-
tent with an increase in IFIT1 levels (Figures 4B and S4).

Next, to determine if levels of IFN-a2 that were detected in sera from patients who developed moderate
COVID-19 (Figure 4A and see Table S5) were sufficient to induce an IFN response, we tested a range of
concentrations of IFN-a2 against SARS-CoV-2. Calu-3 cells contained higher levels of IFITT transcripts in
the presence of medium (1 ng/mL) and high (10 ng/mL) concentrations of IFN-a2, whereas IRF7 transcript
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Figure 4. Cytokine proteinlevels in human sera from moderate and severe cases of COVID-19 relative to healthy controls and effect of type | IFNs
on SARS-CoV-2 replication

(A) To determine protein levels of cytokines in sera from moderate and severe cases of COVID-19 relative to healthy controls, we analyzed protein levels in
sera using a 48-plex human cytokine and chemokine array. Mean log;, fold-change in serum cytokine protein levels in patients with moderate (n = 10) or
severe (n = 10) case of COVID-19, relative to levels in healthy donors (n = 5) are represented here.

(B) SARS-CoV-2 genome (UpE) levels in Calu-3 cells infected with SARS-CoV-2 (MOI 1) or mock infected for 1 h followed by treatment with recombinant IFNB
or mock treatment for 72 h (n = 6). 1/dCT values are represented after normalizing Ct values for SARS-CoV-2 genome levels in infected cells (with or without
recombinant IFN treatment) with Ct values observed in mock-infected cells. Blot (below): IFIT1, SARS-CoV-2 N, and ACTB protein expression in Calu-3 cells
that were infected with SARS-CoV-2 or mock infected for 1 h, followed by treatment with recombinant IFNB or mock treatment for 72 h (n = 3). For IFNB
treatment, cell culture supernatant containing 2 mg/mL of total protein, including IFNB was used.

(C) IFITT transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were treated with varying
concentrations of recombinant IFN-a2 or mock treated for 6 h. IFITT transcript levels were normalized to GAPDH transcript levels (n = 3).

(D) IRF7 transcript levels in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 24 h. Twenty-four hpi, cells were treated with varying
concentrations of recombinant IFN-a2 or mock treated for 6 h. IRF7 transcript levels were normalized to GAPDH transcript levels (n = 3).

(E) SARS-CoV-2 genome (UpE) levels in Calu-3 cells infected with SARS-CoV-2 (MOI 1) or mock infected for 1 h followed by treatment with recombinant IFN-
o2 (1 ng/mL or 10 ng/mL) or mock treatment for 72 h (n = 3). 1/dCT values are represented after normalizing Ct values for SARS-CoV-2 genome levels in
infected cells (with or without recombinant IFN-a2 treatment) with Ct values observed in mock-infected cells.

(F) IFIT1, SARS-CoV-2 N, and ACTB protein expression in Calu-3 cells that were infected with SARS-CoV-2 (MOI 1) or mock infected for 1 h, followed by
treatment with recombinant IFN-a.2 (1 ng/mL or 10 ng/mL) or mock treatment for 72 h (n = 3).

Data are represented as mean + SD, n = 5 for healthy human controls, and n = 10 each for moderate or severe cases of COVID-19, n = 3 or 6 for in vitro
experiments. p*<0.05, p**<0.01, p***<0.001, and p****<0.0001 (Student's t tests with Benjamini-Hochberg multiple testing correction, Student’s t tests and
Tukey’s multiple comparison test). See also Tables S4 and S5, and Figure S3.

levels were higher in Calu-3 cells treated with low (0.1 ng/mL), medium, or high concentrations of IFN-a2
(Figures 4C and 4D). Furthermore, consistent with our data for IFNB, SARS-CoV-2 infection was unable to
suppress IFN-a2-mediated expression of ISGs, such as IFITT and IRF7 (Figures 4C and 4D). Finally, to deter-
mine if IFN-a.2 was capable of suppressing SARS-CoV-2 replication, we infected Calu-3 cells with SARS-
CoV-2 and treated the cells with two concentrations of IFN-a2 (1 ng/mL and 10 ng/mL) for 72 h. Both
concentrations of IFN-a.2 significantly reduced SARS-CoV-2 replication (Figures 4E and 4F).

DISCUSSION

SARS-CoV-2 emerged in December 2019 to cause a global pandemic of COVID-19 (Dong et al., 2020; Zhou
et al., 2020a). Clinical observations and emerging data from in vitro and in vivo studies have demonstrated
the ability of SARS-CoV-2 to induce type | IFNs (Blanco-Melo et al., 2020; Rebendenne et al., 2021; Yin et al.,
2021). However, a recent review summarized studies that suggest that antiviral IFN responses are damp-
ened in COVID-19 patients (Acharya et al., 2020). Emerging data also suggest that timing and extent of
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interferon production is likely associated with manifestation of disease severity (Zhou et al., 2020b). In spite
of some progress in understanding how SARS-CoV-2 activates antiviral responses, mechanistic studies into
SARS-CoV-2-infection-mediated induction and modulation of human type | IFN responses are lacking. To
understand SARS-CoV-2-infection-induced pathogenesis during the clinical course of COVID-19, it is
imperative that we understand if and how replicating SARS-CoV-2 interacts with type | IFN responses.
These observations can be leveraged to develop drug candidates and inform ongoing drug trials,
including trials that involve type | and Il IFNs.

In this study, a time-series RNA-seq analysis of poly(A))-enriched RNA from SARS-CoV-2-infected human
airway epithelial cells allowed us to map the progression of SARS-CoV-2 replication and transcription.
As observed with other coronaviruses (Fehr and Perlman, 2015; Lai, 1990; Perlman and Netland, 2009),
SARS-CoV-2 replicated and transcribed sub-genomic RNA and mRNA in a directional manner (Figures
1A and 1B). Thus, our data demonstrate that SARS-CoV-2 replication strategy is consistent with other co-
ronaviruses. Furthermore, our data demonstrate that Calu-3 cells support SARS-CoV-2 replication and that
these cells represent a good in vitro model to study SARS-CoV-2-host interactions, as reported by others
(Blanco-Melo et al., 2020; Yin et al., 2021).

Studies have demonstrated that ectopically expressed SARS-CoV-2 proteins can suppress type | IFN re-
sponses. Low SARS-CoV-2-induced type | IFN responses may be associated with (1) the virus’ ability to
mask the detection of viral RNA by cellular PRRs and/or (2) the ability of viral proteins to inactivate cellular
mechanisms involved in type | IFN induction (Shin et al., 2020). Data from our studies show that infection
with wild-type and replication competent SARS-CoV-2 is capable of inducing a type | IFN response in hu-
man airway epithelial cells, including upregulation of IFN expression (Figures 1C, 1E and 1G) and down-
stream IFN signaling genes (Figures 1C, 1F, 1H, 11 and S4). Our observations corroborate and expand
upon recent data from Lei, Rebendenne, and Yin et al.’s studies where the authors have demonstrated
that SARS-CoV-2 infection is capable of upregulating type | IFN responses in multiple human cell types
(Lei et al., 2020; Rebendenne et al., 2021; Yin et al., 2021).

The physiological relevance of an existing but dampened type | IFN response to SARS-CoV-2 remains to be
identified. Emerging data suggest that prolonged and high levels of type | IFNs correlate with COVID-19
disease severity (Lucas et al., 2020). Thus, a dampened yet protective early type | IFN response against
SARS-CoV-2 may in fact be beneficial for humans (Park and lwasaki, 2020). However, questions remain
about how a low-type | IFN response against SARS-CoV-2 could play a protective role during infection.
One possibility is that low levels of type | IFN production is sufficient to control SARS-CoV-2 replication
(Figure 4E). This may explain the large number of asymptomatic cases of SARS-CoV-2 where an early
IFN response may control virus replication and disease progression. Indeed, in one study, type | IFN
(IFNa) levels were higher in asymptomatic cases relative to symptomatic cases (n = 37) (Long et al.,
2020). Further studies are required to identify regulatory mechanisms behind the protective role of a
controlled and early IFN response during SARS-CoV-2 infection versus the delayed and potentially
damaging long-term IFN response observed in some severe cases of COVID-19.

In one study, SARS-CoV was demonstrated to inhibit poly(l:C)-mediated upregulation of IFNB (Lu et al.,
20711). Our data show that infection with SARS-CoV-2 is unable to inhibit poly(l:C)-mediated upregulation
of IFNB transcripts and downstream ISGs, such as IFITTand IRF7 (Figures 2C-2E). Indeed, SARS-CoV-2 infec-
tion, followed by poly(l:C) transfection induced higher levels of IFNS and ISG (IFIT1 and IRF7) transcripts
relative to poly(:C) alone, indicating that wild-type infection partially augments poly(l:C)-mediated upregu-
lation of type | IFN signaling (Figures 2C-2E and 2G-2K) in Calu-3 cells. Furthermore, low or high MOI of
SARS-CoV-2 was unable to suppress IFN responses stimulated by poly(l:C) (Figures 2G and 2H). A high
MOI of SARS-CoV-2 was also unable to suppress IFN responses stimulated by a range of poly(l:C) concen-
trations (Figures 21-2K). Thus, it is important to identify the kinetics and landscape of virus infection, tran-
scription and translation, and how that may regulate human type | IFN responses. Although multiple studies
have demonstrated that ectopically expressed SARS-CoV-2 proteins can suppress type | IFN responses,
there is a need to study the dynamic interplay between viral RNA-mediated induction of IFN responses, fol-
lowed by subsequent dampening of these responses, as viral proteins accumulate in infected cells. It is also
important to identify SARS-CoV-2-host interactions in different human cell types to discern cell-type-spe-
cific differences in IFN responses. Furthermore, as multiple SARS-CoV-2 variants continue to evolve, it is
important to assess the ability of these emerging variants to modulate human type | IFN responses.
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Coronaviruses, including highly pathogenic SARS-CoV, MERS-CoV, and porcine epidemic diarrhea vi-
rus (PEDV) have evolved proteins that can efficiently inhibit type | IFN responses (Chen et al., 2014;
Ding et al., 2014; Lu et al., 2011; Lui et al., 2016; Niemeyer et al., 2013; Siu et al., 2014; Xing et al,,
2013; Yang et al., 2013). In spite of observing statistically significant upregulation of type | IFNs
and ISGs at 12 hpi with SARS-CoV-2 (Figure 1), in preliminary studies we were unable to observe
detectable levels of pIRF3-S396 prior to accumulation of antiviral mMRNAs. We have previously shown
that antiviral responses can be induced in the absence of prototypic markers of IRF3 activation such
as dimerization and hyperphosphorylation, even when IRF3 was shown to be essential (Noyce et al,,
2009). The simplest interpretation is that early activation of IRF3-mediated IFN responses requires
low (or even undetectable) levels of pIRF3-S396, which accumulate to detectable levels over time
(Figure 2L).

SARS-CoV and MERS-CoV can inhibit phosphorylation and activation of STAT1 and STAT2, which
blocks global IFN-induced antiviral responses (de Wit et al., 2016). Our data demonstrate that SARS-
CoV-2 infection induces phosphorylation of STAT1 and STAT2 (Figure 3E), along with upregulation
of I1SGs, such as IRF7 and IFIT1 (Figures 3B and 3C). In addition, SARS-CoV-2 infection is unable to
inhibit the activation of STAT1 and STAT2 by exogenous type | IFN (Figure 3E), along with the expres-
sion of downstream ISGs, such as IRF7 and IFIT1 (Figures 3B and 3C and see Figure S4). Although
SARS-CoV-2 infection alone induced low levels of type | IFN (Figures 1E and 2B), it was sufficient to
activate STAT proteins (Figure 3E) and downstream ISG expression (Figures 2B, 2C, 3B and 3C; see Fig-
ures ST and S3). Thus, the dampened ability of SARS-CoV-2 to inhibit downstream type | IFN responses
compared with other zoonotic CoVs extends support to our hypothesis that the pathogenic conse-
quences of a dampened type | IFN response may be largely negated by the sensitivity of SARS-CoV-
2 to this response. Indeed, in our studies, exogenous type | IFN (IFNB1 and IFN-a2) treatment signif-
icantly reduced SARS-CoV-2 replication in human airway epithelial cells (Figures 4B, 4E and 4F), consis-
tent with a recent study that compared the susceptibility of SARS-CoV and SARS-CoV-2 to type | IFNs
(Lokugamage et al., 2020). Recent studies have identified the role of an impaired type | IFN response in
COVID-19 disease severity (Bastard et al., 2020; Zhang et al., 2020), which support our conclusion that
SARS-CoV-2 is capable of inducing a type | IFN response, and perhaps the inability of the host to
mount this response contributes to disease severity. In addition, our data provide promising support
for ongoing clinical trials that include type | IFN treatment.

Studies have demonstrated that COVID-19 patients mount a dysregulated immune response, which is
associated with a poor clinical outcome (Lucas et al., 2020). In our study, we observed that patients with
moderate or severe case of COVID-19 had elevated serum levels of growth factors PDGF-AA and
PDGF-AB/BB relative to healthy controls (Figure 4A and Tables S4 and S5). The role of PDGFs in driving
disease pathology has been described previously (Andrae et al., 2008), and therapeutic use of PDGF
antagonists has also been recommended (Grimminger and Schermuly, 2010; Sadiq et al., 2015).
PDGF-BB has also been introduced in the clinic as a wound-healing therapy (Yamakawa and Hayashida,
2019). The physiological impact of elevated PDGF levels and cellular factors that regulate the expres-
sion of PDGF in COVID-19 patients remains to be understood.

Sera from patients with moderate case of COVID-19 contained higher levels of IL-10 relative to severe
cases, which is suggestive of an anti-inflammatory response (Couper et al., 2008; Pripp and Stanisic,
2014) (Figure 4A and Tables S4 and S5). On the contrary, sera from patients with severe case of COVID-
19 displayed a higher trend for levels of IL-6, IL-8, and TNFa relative to moderate cases, which is suggestive
of a pro-inflammatory response (Figure 4A and Tables S4 and S5) (Lucas et al., 2020; Mandel et al., 2020;
Pripp and Stanisic, 2014). Observations from our study (Figure 4A), along with other recent reports
(Long et al.,, 2020; Lucas et al., 2020), warrant further investigations into mechanistic regulation of pro-
and anti-inflammatory processes in SARS-CoV-2-infected human airway cells. Identifying regulatory pro-
teins, such as transcription factors that contribute to a pro-inflammatory cytokine response or “cytokine
storm” in SARS-CoV-2-infected individuals, will inform the selection and utilization of anti-inflammatory
drugs.

Patients with moderate COVID-19 demonstrated an increasing trend for type | IFN (IFN-a.2) relative to

severe cases and healthy controls (Figure 4A). In a separate study, IFN-a levels were also higher in
asymptomatic patients relative to symptomatic COVID-19 patients (Long et al., 2020). The presence
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of type | IFN in moderate cases of COVID-19 in our study, along with a recent study by Lucas et al.,
suggest that SARS-CoV-2 infection is capable of inducing a type | IFN response in vivo, however,
emerging clinical data suggest that the extent and duration of type | IFN response may dictate the clin-
ical course of COVID-19 (Hadjad] et al., 2020b; Lucas et al., 2020). In our study, sera from COVID-19
patients were collected at admission (all <21 days post symptom onset). Early induction of IFN-a2 in
moderate cases of COVID-19 may provide an antiviral advantage. Indeed, we were able to demonstrate
that a range of physiologically detected concentrations of IFN-a2 was capable of inducing an antiviral
response in human airway epithelial cells and that SARS-CoV-2 was unable to suppress ISG expression
induced by physiologically detected concentrations of IFN-a2 (Figures 4C and 4D). Furthermore, two
different concentrations of IFN-a2 (1 and 10 ng/mL) were able to reduce SARS-CoV-2 replication in hu-
man airway epithelial cells (Figure 4E). Thus, extrapolating from our in vitro testing of a range of IFN-a.2
concentrations, we speculate that the levels of IFN-a.2 detected in sera from moderate cases of COVID-
19 would be sufficient to suppress SARS-CoV-2 replication. We were unable to detect IFN-a.2 in severe
COVID-19 patients at the time of sample collection (<21 days from first symptom onset). Thus, early
upregulation of type | IFN responses such as IFN-a2 may be a predictor of moderate COVID-19 disease
severity. Additional studies with later samples from severe COVID-19 patients will identify if there is a
late and prolonged induction of type | IFNs as reported recently by Lucas et al. (Lucas et al., 2020). In
spite of recent progress in understanding type | IFN responses in COVID-19 patients, factors associated
with early or delayed and short-acting versus prolonged type | IFN induction in COVID-19 patients are
poorly understood. Our in vitro experiments are not sufficient to capture SARS-CoV-2-IFN interactions
in a model of severe COVID-19. There is a need to develop appropriate animal models to accurately
represent and study the full spectrum of COVID-19 disease severities.

In conclusion, our study demonstrates that SARS-CoV-2 is a weak stimulator of type | IFN production in in-
fected human airway epithelial cells, relative to poly(I:C). However, our data suggest that low levels of type |
IFN response in SARS-CoV-2-infected cells is sufficient to activate downstream expression of antiviral ISGs.
In addition, our data demonstrate that SARS-CoV-2 is unable to inhibit downstream IFN responses that are
mediated by STAT proteins, which is promising for the development of type | IFNs as treatment or post-
exposure prophylactics (Hoagland et al., 2021; Pereda et al., 2020). Clinical trials for combination IFNB
therapy against MERS-CoV are currently ongoing (Arabi et al., 2020). IFNB, in combination with lopina-
vir-ritonavir and ribavirin, has been used with promising results in COVID-19 patients (Hung et al., 2020).
Nebulized IFNB is part of the standard of care for COVID-19 patients in China (Xu et al., 2020). Furthermore,
we also demonstrate that levels of IFN-a.2 detected in sera from patients with moderate COVID-19 can (A)
induce an antiviral ISG response in human airway epithelial cells and (B) inhibit SARS-CoV-2 replication.
Thus, our study highlights the dynamic nature of virus-host interaction during the course of SARS-CoV-2
infection and raises intriguing questions about the role and timing of IFN responses in predicting the likely
severity of COVID-19.

LIMITATIONS OF THE STUDY

Although recent studies have demonstrated the ability of SARS-CoV-2 to induce IFN responses (Re-
bendenne et al., 2021; Yin et al., 2021), other studies have demonstrated the ability of SARS-CoV-2 pro-
teins to suppress IFN responses (Jiang et al., 2020), along with inducing a delayed type | IFN response
in SARS-CoV-2-infected cells (Lei et al., 2020). In our study, we demonstrate that SARS-CoV-2 can
induce a type | IFN response in human airway epithelial cells. The human respiratory tract is made
up of more than one cell type that can be infected with SARS-CoV-2, thus it is important to characterize
type | IFN responses in the full range of susceptible human airway and lung cell types. In this study, we
did not assess the ability of SARS-CoV-2 to mount a more potent IFN response in the absence of known
IFN modulating viral proteins that have been identified in other studies. Future studies will need to
assess the full potential of IFN responses in cells infected with wild-type and deletion variants of
SARS-CoV-2. More work is also needed to identify the detailed kinetics of IFN induction by SARS-
CoV-2 RNA in human cells, followed by subsequent modulation of IFN responses by viral proteins.
This will be particularly important to understand why some patients mount a detectable IFN response,
whereas others do not. Timing, intensity, and duration of type | IFN responses will be important to un-
derstand the range of disease outcomes in COVID-19 patients. Other members of Betacoronavirus
continue to infect humans, along with infections with emerging variants of SARS-CoV-2. Thus, it is
important to assess the efficacy of IFN responses against a range of human coronaviruses to determine
differences in pathogenesis and disease severity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GAPDH EMD Millipore Catalogue number: AB2302; RRID:

mouse anti-SARS/SARS-CoV-2 N

Human anti-SARS-CoV-2 N

rabbit anti-IFIT1

rabbit anti-beta-actin

rabbit anti-IRF3

rabbit anti-plRF3-S396
rabbit anti-TBK1

rabbit anti-pTBK1-5172

rabbit anti-STAT1
rabbit anti-pSTAT1-Y701
rabbit anti-STAT2
rabbit anti-pSTAT2-Y690

donkey anti-rabbit 800

goat anti-mouse 680

ThermoFisher Scientific

GenScript

ThermoFisher Scientific

Abcam

Abcam

Cell Signaling
Abcam

Abcam

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

LI-COR Biosciences
LI-COR Biosciences

AB_10615768

Catalogue number: MA5-29981; RRID:
AB_2785780

Catalogue number: A02039S; RRID:
unavailable

Catalogue number: PA3-848; RRID:
AB_1958733

Catalogue number: ab8227; RRID:
AB_2305186

Catalogue number: ab68481; RRID:
AB_11155653

Catalogue number: 4947; RRID: AB_823547

Catalogue number: ab40676; RRID:
AB_776632

Catalogue number: ab109272; RRID:
AB_10862438

Catalogue number: 9172; RRID: AB_2198300
Catalogue number: 9167; RRID: AB_561284
Catalogue number: 72604; RRID: AB_2799824

Catalogue number: 88410S; RRID:
AB_2800123

Catalogue number: 926-32213; RRID: 621848

Catalogue number: 925-68070; RRID:
AB_2651128

Rat anti-human FITC BioLegend Catalogue number: 410719; RRID:
AB_2721575

Goat anti-mouse Texas Red-X ThermoFisher Scientific Catalogue number: T-6390; RRID:
AB_2556778

Virus Strain

SARS-CoV-2/SB3 Laboratory of Samira Mubareka (Banerjee et al., 2020a)

VSV-GFP Laboratory of Brian Lichty (Leveille et al., 2011)

H1N1-mNeon Laboratory of Matthew Miller (Harding et al., 2017)

HSV-KOS-GFP Laboratory of Karen Mossman (Minaker et al., 2005)

Chemicals

Poly(l:C) InvivoGen Catittlrl-pic

Lipofectamine Invitrogen Cat#L.3000015

IFN-alpha 2 Sigma-Aldrich SRP4594-100UG

ProLong Gold Antifade Mountant with DAPI ThermoFisher Scientific P36931

Poly(l:C)-Rhodamine InvivoGen Cat#tlrl-piwr

Critical commercial assays

RNeasy Mini Kit Qiagen Cat No./ID: 74106

Drosophila Expression System
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REAGENT or RESOURCE SOURCE IDENTIFIER
iScript gDNA Clear cDNA synthesis kit Bio-Rad 172-5035
Tagman Gene Expression assays ThermoFisher Scientific 4331182
Ssofast EvaGreen supermix Bio-Rad 1725201

Oligonucleotides

IFNb1
IRF7
IFIT1
GAPDH
UpE

GAPDH

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

This study

Laboratory of Vikram Misra

catalog no. #4331182
catalog no. #4331182
catalog no. #4331182
catalog no. #4331182

SARS2 UpE F - ATTGTTGATGAGCCTGAAG
and SARS2 UpE R—- TTCGTACTCATCAGCTTG

(Banerjee et al., 2017)

Experimental models: Cell lines

Vero E6

Calu-3 cells

THF cells
Drosophila S2 cells

Laboratory of Samira Mubareka
ATCC
Laboratory of Victor DeFilippis

ThermoFisher Scientific

(Banerjee et al., 2020a)
HTB-55

(DeFilippis et al., 2010)
K5130-01

Software and algorithms

Prism software
Image Studio
Adobe lllustrator

BioRender

R Scripts

DESeq2 normalized transcript counts for all

genes with RNA-Seq data

GraphPad
LI-COR Biosciences
Adobe

BioRender

This study

This study

https://www.graphpad.com
https://www.licor.com/bio/image-studio/
https://www.adobe.com/products/illustrator.
htm|?promoid=PGRQQOLFS&mv=other
https://biorender.com
https://github.com/danieljrichard/Code-
scripts-used-for-Banerjee-et-al.-2021

Gene Expression Omnibus (GEO) database;
NCBI GEO accession number GSE151513

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
lead contact, Dr. Karen Mossman (mossk@mcmaster.ca).

Materials availability

This study generated recombinant human IFNB. The reagent will be made available on request as we are
currently trying to secure a commercial partner to commercialize our recombinant proteins.

Data and code availability

The DESeq2 normalized transcript counts for all genes with RNA-Seq data, significant or otherwise, plus the
raw sequencing FASTQ reads have been deposited into the Gene Expression Omnibus (GEO) database
with NCBI GEO accession number GSE151513. R scripts can be accessed using https://github.com/
danieljrichard/Code-scripts-used-for-Banerjee-et-al.-2021.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and viruses

Vero E6 cells (African green monkey cells; ATCC) were maintained in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 1x L-Glutamine, and Penicillin/
Streptomycin (Pen/Strep; VWR) (Banerjee et al., 2020a). Calu-3 cells (human male lung adenocarcinoma
derived; ATCC) were cultured as previously mentioned (Aguiar et al., 2019). THF cells (human telomerase
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life-extended cells; from Dr. Victor DeFilippis’ lab, (Bresnahan et al., 2000; DeFilippis et al., 2010)) were
cultured as previously mentioned (Banerjee et al., 2020c). Drosophila S2 cells (ThermoFisher Scientific)
were cultured in Schneider’s Drosophila medium supplemented with 10% FBS (Sigma-Aldrich) as recom-
mended by the manufacturer and cells were incubated at 28°C. Sex of THF, Vero E6, and S2 cells are
unknown as commercial vendors or collaborators did not have that information. Stocks of genetically en-
gineered vesicular stomatitis virus (VSV-GFP) carrying a green fluorescent protein (GFP) cassette (Leveille
etal, 2011; Noyce et al., 2011) were stored at —80°C. H1N1 (A/Puerto Rico/8/1934 mNeon - 2A-HA) stocks
were obtained from Dr. Matthew Miller’s laboratory (Harding et al., 2017). HSV-GFP stocks were generated
and maintained as mentioned previously (Minaker et al., 2005). Clinical isolate of SARS-CoV-2 (SARS-CoV-
2/SB3) was propagated on Vero E6 cells and validated by next-generation sequencing (Banerjee et al.,
2020a). Virus stocks were thawed once and used for an experiment. A fresh vial was used for each exper-
iment to avoid repeated freeze-thaws. VSV-GFP, HSV-GFP, and H1N1 infections were performed at a mul-
tiplicity of infection (MOI) of 1. SARS-CoV-2 infections were performed at MOls of 0.1, 1, or 2. Experiments
with SARS-CoV-2 were performed in a BSL3 laboratory, and all procedures were approved by institutional
biosafety committees at McMaster University and the University of Toronto.

Subject details

Acute patient sera (<21 days from symptom onset) were acquired from moderate (hospital admission, but
no ICU admission) and severe (ICU admission or death) cases of COVID-19 in Toronto, Canada, along with
samples from uninfected, healthy individuals (see Table S4 for details). Work with patient sera was
approved by the Sunnybrook Research Institute Research Ethics Board (amendment to 149-1994, March
2, 2020) (Nasir et al., 2020).

METHOD DETAILS

RNA-Seq

RNA was isolated from cells using RNeasy Mini kit (Qiagen). Sequencing was conducted at the McMaster
Genomics Facility, Farncombe Institute at McMaster University. Sample quality was first assessed using a
Bioanalyzer (Agilent), then enriched (NEBNext Poly(A) mRNA Magnetic Isolation Module; NEB). Library
preparations were conducted (NEBNext Ultra Il Directional RNA Library Prep Kit; NEB), and library frag-
ment size distribution was verified (Agilent TapeSection D1000; Agilent). Libraries were quantified by
gPCR, pooled in equimolar amounts, and gPCR and fragment size distribution verification were conducted
again. Libraries were then sequenced on an lllumina HiSeq 1500 across 3 HiSeq Rapid v2 flow cells in 6 lanes
(Illumina) using a paired-end, 2x50 bp configuration, with onboard cluster generation averaging 30.8M
clusters per replicate (minimum 21.9M, maximum 46.0M).

Cytokine levels in COVID-19 patient sera

Sera were analyzed using a 48-plex human cytokine and chemokine array by the manufacturer (Evetechnol-
ogies). Samples with an observed cytokine concentration (pg/ml) below the limit of detection (OOR<) were
floored to the lowest observed concentration for that cytokine. Average log,FC for moderate patients
(n=10) versus healthy patients (n=5) and severe patients (n=10) versus healthy patients (n=5) was plotted
using the pheatmap() R package (version 3.2.1) for all of the 48 cytokines. Cytokine expression levels
were tested for significant differences via unpaired Student's t tests with Benjamini-Hochberg multiple
testing correction using the stats R package (version 3.6.1).

Poly(l:C) transfection and IFN treatment

Calu-3 cells were mock transfected with 4 ul or 8 pl of lipofectamine 3000 (ThermoFisher Scientific) in Opti-
MEM (ThermoFisher Scientific) only or transfected with varying concentrations of poly(I:C) (InvivoGen) or
poly(l:C)-rhodamine (InvivoGen). Recombinant human IFNB1 was generated using Drosophila Schneider
2 (S2) cells following manufacturer’’s recommendation and by using ThermoFisher Scientific's Drosophila
Expression system (ThermoFisher Scientific). Recombinant IFNB1 was collected as part of the cell culture
supernatant from S2 cells, and total protein was measured using Bradford assay. Total protein concentra-
tion was used for subsequent experiments. To demonstrate that S2 cell culture media did not contain non-
specific stimulators of mammalian antiviral responses, we also generated recombinant green fluorescent
protein (GFP) using the same protocol and used the highest total protein concentration (2 mg/ml) for
mock-treated cells (Figure S3B). S2 cell culture supernatant containing GFP did not induce an antiviral
response in human cells (Figure S3B). For VSV-GFP, HSV-GFP, and H1N1-mNeon infections, cells were
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treated with increasing concentrations of IFNB1 or GFP (control) containing cell culture supernatant. SARS-
CoV-2-infected cells were treated with supernatant containing IFNB1 or GFP. Commercially bought recom-
binant IFN-a2 (Sigma-Aldrich) was used for experiments that utilized IFN-a.2.

Quantitative PCR

Calu-3 cells were seeded at a density of 3 x 10° cells/well in 12-well plates. Cells were infected with SARS-
CoV-2 for 12 h. Twelve hours post incubation, mock-infected or infected cells were mock stimulated or
stimulated with poly(l:C) or IFNB for 6 h. RNA extraction was performed using RNeasy Mini Kit (Qiagen) ac-
cording to manufacturer’s protocol . Two hundred nanograms of purified RNA was reverse transcribed us-
ing iScript gDNA Clear cDNA Synthesis Kit (Bio-Rad). Quantitative PCR reactions were performed with Tag-
Man Universal PCR Master Mix (ThermoFisher Scientific) using pre-designed Tagman gene expression
assays (ThermoFisher Scientific) for IFNB1 (catalog no. #4331182), IRF7 (catalog no. #4331182), IFIT1 (cata-
log no. #4331182), and GAPDH (catalog no. #4331182) according to manufacturer’s protocol. Relative
mRNA expression was normalized to GAPDH and presented as 1/ACt. To quantify SARS-CoV-2 genome
levels, primers were designed to amplify a region (UpE) between ORF3a and E genes. Primer sequences
used were SARS2 UpE F — ATTGTTGATGAGCCTGAAG and SARS2 UpE R - TTCGTACTCATCAGCTTG.
gPCR to determine UpE levels was performed using SsoFast EvaGreen supermix (Bio-Rad) as previously
described (Banerjee et al., 2017).

Agarose gel electrophoresis

UpE gPCR gene products were also run on agarose gels (Invitrogen) as previously mentioned to visualize
qPCR amplicons (Banerjee et al., 2020b).

Immunoblots

Calu-3 cells were seeded at a density of 3 x 10° cells/well in 12-well plates. Cells were infected with SARS-
CoV-2 at an MOl of 1. Control cells were sham infected. Twelve to twenty-four hours post incubation, cells
were transfected or treated with poly(l:C) or IFNB, respectively for indicated times. Cell lysates were har-
vested for immunoblots and analyzed on reducing gels as mentioned previously (Banerjee et al., 2020¢).
Briefly, samples were denatured in a reducing sample buffer and analyzed on a reducing gel. Proteins
were blotted from the gel onto polyvinylidene difluoride (PVDF) membranes (Immobilon, EMD Millipore)
and detected using primary and secondary antibodies. Primary antibodies used were as follows: 1:1000
mouse anti-GAPDH (EMD Millipore; Catalogue number: AB2302; RRID: AB_10615768), 1:1000 mouse
anti-SARS/SARS-CoV-2 N (ThermoFisher Scientific; Catalogue number: MA5-29981; RRID: AB_2785780),
1:1000 rabbit anti-IFIT1 (ThermoFisher Scientific; Catalogue number: PA3-848; RRID: AB_1958733),
1:1000 rabbit anti-beta-actin (Abcam; Catalogue number: ab8227; RRID: AB_2305186), 1:1000 rabbit
anti-IRF3 (Abcam; Catalogue number: abé8481; RRID: AB_11155653), 1:1000 rabbit anti-pIRF3-S396 (Cell
Signaling; Catalogue number: 4947; RRID: AB_823547), 1:1000 rabbit anti-TBK1 (Abcam; Catalogue num-
ber: ab40676; RRID: AB_776632), 1:1000 rabbit anti-pTBK1-S172 (Abcam; Catalogue number: ab109272;
RRID: AB_10862438), 1:1000 rabbit anti-STAT1 (Cell Signaling; Catalogue number: 9172, RRID:
AB_2198300), 1:1000 rabbit anti-pSTAT1-Y701 (Cell Signaling; Catalogue number: 9167; RRID:
AB_561284), 1:1000 rabbit anti-STAT2 (Cell Signaling; Catalogue number: 72604; RRID: AB_2799824),
and 1:1000 rabbit anti-pSTAT2-Y690 (Cell Signaling; Catalogue number: 88410S; RRID: AB_2800123). Sec-
ondary antibodies used were: 1:5000 donkey anti-rabbit 800 (LI-COR Biosciences; Catalogue number: 926-
32213; RRID: 621848) and 1:5000 goat anti-mouse 680 (LI-COR Biosciences; Catalogue number: 925-68070;
RRID: AB_2651128). Blots were observed and imaged using Image Studio (LI-COR Biosciences) on the Od-
yssey CLx imaging system (LI-COR Biosciences).

Immunofluorescent microscopy

Calu-3 cells were infected with SARS-CoV-2 (MOI 1) for different times, followed by fixation in 10%
neutral buffered formalin (Sigma) for 1 h. After fixation, cells were washed, permeabilized, and stained
as mentioned previously (Banerjee et al., 2020b). Primary antibodies used were mouse anti-SARS/
SARS-CoV-2 N (ThermoFisher Scientific; Catalogue number: MA5-29981; RRID: AB_2785780) and human
anti-SARS-CoV-2 N (GenScript; Catalogue number: A02039S). Secondary antibodies used were goat anti-
mouse Texas Red-X (ThermoFisher Scientific; Catalogue number: T-6390; RRID: AB_2556778) and rat
anti-human FITC (BioLegend; Catalogue number: 410719; RRID: AB_2721575). Images were acquired us-
ing an EVOS M5000 imaging system (ThermoFisher Scientific).
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Antiviral bioassay

THF cells were pre-treated or mock treated with recombinant human IFNB, followed by VSV-GFP, HSV-
GFP, or HIN1-mNeon infection at an MOI of 1. Infected cells were incubated at 37°C for 1 h with gentle
rocking every 15 min. After 1 h, virus inoculum was aspirated, and Minimum Essential Medium (MEM)
with Earle’s salts (Sigma) containing 2% FBS and 1% carboxymethyl cellulose (CMC; Sigma) was added
on the cells. Cells were incubated for 19 h at 37°C, and green fluorescent protein (GFP) or mNeon levels
were measured using a typhoon scanner (Amersham, Sigma).

QUANTIFICATION AND STATISTICAL ANALYSIS
Transcript quantification and differential expression analysis

Sequence read quality was checked with FastQC (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), with reads subsequently aligned to the human reference transcriptome (GRCh37.67) obtained
from the ENSEMBL database (Hunt et al., 2018) , indexed using the “index” function of Salmon (version
0.14.0) (Patro et al., 2017) with a k-mer size of 31. Alignment was performed using the Salmon ‘quant’ func-
tion with the following parameters: “-| A —-numBootstraps 100 —gcBias —validateMappings”. All other pa-
rameters were left to defaults. Salmon quantification files were imported into R (version 3.6.1) (RCoreTeam,
2017) using the tximport library (version 1.14.0) (Soneson et al., 2015) with the “type” option set to
"'salmon.” Transcript counts were summarized at the gene level using the corresponding transcriptome
GTF file mappings obtained from ENSEMBL. Count data were subsequently loaded into DESeq2 (version
1.26.0) (Love et al., 2014) using the "DESegDataSetFromTximport” function. In order to determine time/
treatment dependent expression of genes, count data were normalized using the “estimateSizeFactors”
function using the default “median ratio method"” and output using the “counts” function with the “normal-
ized"” option.

For subsequent differential-expression analysis, a low-count filter was applied prior to normalization,
wherein a gene must have had a count greater than five in at least three samples in order to be retained.
Using all samples, this resulted in the removal of 12,980 genes for a final set of 15,760 used. Principal
component analysis (PCA) of samples across genes was performed using the “vst” function in DESeqg2
(default settings) and was subsequently plotted with the ggplot2 package in R (Wickham, 2009). Differential
expression analyses were carried out with three designs: (a) the difference between infection/control status
across all timepoints, (b) considering the effects of post-infection time (i.e. the interaction term between
time and infection status), and (c) the difference between infection/control status at individual timepoints.
(a) and (b) were performed using the “DESeq” function of DESeq2 using all samples, with results subse-
quently summarized using the “results” function with the “alpha” parameter set to 0.05; p-values were
adjusted using the Benjamini-Hochberg FDR method (Benjamini and Hochberg, 1995), with differentially
expressed genes filtered for those falling below an adjusted p-value of 0.05. For (c), infected/mock samples
were subset to individual timepoints, with differential expression calculated using DESeq as described
above. In addition, given the smaller number of samples at individual time points, differential-expression
analysis was also performed with relaxation of the low-count filter described above, with results and p-value
adjustments performed as above.

Viral transcript quantification

Paired-end sequencing reads were mapped to CDS regions of the SARS-CoV-2 genomic sequence (As-
sembly ASM985889v3 - GCF_009858895.2) obtained from NCBI, indexed using the “index” function of
Salmon (version 0.14.0) (Patro et al., 2017) with a k-mer size of 31. Subsequently, reads were aligned using
the Salmon “quant” function with the following parameters: “-I A -numBootstraps 100 —gcBias —validate-
Mappings”. All other parameters were left to defaults. Salmon quantification files were imported into R
(version 3.6.1) (RCoreTeam, 2017) using the tximport library (version 1.14.0) (Soneson et al., 2015) with
the ‘type’ option set to 'salmon’. All other parameters were set to default. Transcripts were mapped to their
corresponding gene products via GTF files obtained from NCBI. Count data were subsequently loaded
into DESeq2 (version 1.26.0) (Love et al., 2014) using the 'DESegDataSetFromTximport’ function. Principal
component analysis (PCA) of samples across viral genes was performed using the 'vst’ function in DESeq2
(default settings) and was subsequently plotted with the ggplot2 package in R (42) (Figure 1A). As viral tran-
script levels increased over time post infection, we first converted non-normalized transcript counts to a
log, scale and subsequently compared these across time points (Figure 1B and Table S1). To look at the
changes in the expression of viral transcripts relative to total viral expression as a function of post-infection
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time, normalized transcript counts were used to perform differential-expression analysis with DESeg2. Re-
sults and p-value adjustments were performed as described above.

In order to compare host/viral expression patterns, normalized transcript counts from infected samples
were compared with either normalized or non-normalized viral transcript counts (from the same sample)
across time points. For each viral transcript (n = 12), all host genes (n = 15,760, after filtering described
above) were tested for correlated expression changes across matched infected samples (n = 18, across
5 time-points) using Pearson’s correlation coefficient (via the cor.test function in R). Correlation test p-
values were adjusted across all-by-all comparisons using the Benjamini-Hochberg FDR method, and
gene-transcript pairs at adjusted p< 0.05 were retained. To account for possible effects of cellular response
to plate incubation, viral transcript abundance was averaged at each time point and compared with host
transcript abundance similarly averaged at each time point for non-infected samples; correlation testing
was done all-by-all for n = 5 data points. Host genes that correlated with viral transcription in mock samples
across time were removed from subsequent analyses; to increase stringency, mock correlation was defined
using un-adjusted p< 0.05. Host genes were sorted by correlation coefficient (with any given viral tran-
script), with the top 100 unique genes retained for visualization. Normalized host transcript counts were
z-score transformed per-gene using the ‘scale’ function in R, with normalized/un-normalized viral transcript
counts similarly transformed per-transcript. Resulting z-score expression heatmaps were generated using
the ComplexHeatmap library in R (version 2.2.0) (Gu et al., 2016). Heatmaps were generated for normal-
ized/un-normalized viral transcript counts, given the different information revealed by absolute and rela-
tive viral expression patterns.

Viral genome mapping

Paired-end RNA-seq reads were filtered for quality control with Trim Galore! (version 0.6.4_dev) (Krueger,
2019) and mapped to the SARS-CoV-2 reference sequence (NC_045512.2) with the Burrow-Wheeler Aligner
(Li and Durbin, 2009), using the BWA-MEM algorithm (Li, 2013). Output SAM files were sorted and com-
pressed into BAM files using Samtools (version 1.10) (Li et al., 2009). Read coverage visualization was per-
formed from within the R statistical environment (version 4.0.0) (RCoreTeam, 2017) using the “scanBam”
function from the Rsamtools R package (version 1.32.0) to extract read coverage data and the ggplot2 R
package (version 3.3.0) (Wickham, 2009) to plot read coverage histograms (using 300 bins across the
SARS-CoV-2 sequence).

Cellular pathway enrichment analysis

To determine cellular pathways that were associated with differentially expressed genes (DEGs), the Ac-
tivePathways R (version 1.0.1) (Paczkowska et al., 2020) package was utilized to perform gene-set based
pathway enrichment analysis. DEGs at each time point were treated as an independent set for enrichment
analysis. Fisher's combined probability test was used to enrich pathways after p-value adjustment using
Holm-Bonferroni correction. Pathways of gene-set size less than 5 and greater than 1000 were excluded.
Only pathways enriched at individual time-points were considered for downstream analysis; pathways en-
riched across combined timepoints as determined by ActivePathways Brown's p-value merging method
were filtered out. Visualization of enriched pathways across timepoints was done using Cytoscape (version
3.8.0) (Shannon et al., 2003) and the EnrichmentMap plugin (version 3.2.1) (Merico et al., 2010), as outlined
by Reimand et al. (Reimand et al., 2019). Up-to-date Gene-Matrix-Transposed (GMT) files containing infor-
mation on pathways for the Gene Ontology (GO), Molecular Function (MF), GO Biological Process (BP) (The
Gene Ontology, 2019), and REACTOME (Jassal et al., 2020) pathway databases were utilized with Active-
Pathways. Only pathways that were enriched at specific time points were considered. Bar plots displaying
top ActivePathway GO terms and REACTOME enrichments for infection versus mock were plotted using
the ggplot2 R package (version 3.2.1) for 1-, 2-, 3-, and 12-h time points. Zero and 6-h time points were
omitted due to a lack of sufficient numbers of differentially expressed genes required for functional enrich-
ment analysis.

Statistical analysis
Statistical analyses for RNA-seq data were performed in R and are mentioned under the respective RNA-
seq analyses sections. All other statistical calculations were performed in GraphPad Prism (version 8.4.2;

www.graphpad.com). Significance values and statistical tests used are indicated in the figures and figure
legends. p*<0.05, **<0.01, ***<0.001, and ****<0.0001.
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