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Abstract 
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Michael Gale Jr. 
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Previous work has implicated a dysregulated IFN signaling pathway in severe cases of COVID-

19 and found that treatment of IFNs in severe patients can decrease viral load. Here, we 

characterize the response to type I interferon to reveal the ISG signature of Calu-3 and 

ACE2/HSAEC1-KT cells after IFN-β treatment to identify specific ISGs as putative antiviral 

effector genes that may impart antiviral properties to inhibit SARS-CoV-2 replication. Treatment 

of IFN-β prior to SARS-CoV-2 infection regulated the expression of hundreds of ISGs resulting 

in early clearance of SARS-CoV-2 viral RNA. On the other hand, treatment of IFN-β after 

SARS-CoV-2 infection results in only minor changes in gene expression, owing to virus-directed 

blockades to the interferon signaling pathway and is not correlated with a decrease in SARS-

CoV-2 RNA. Thus, early induction of the IFN signaling pathway indicates the ability for ISGs to 

quickly control SARS-CoV-2 infection whereas establishing the viral blockade to interferon 

signaling allows the virus to escape interferon actions later in the infection cycle. These studies 

show that after 24 hours of SARS-CoV-2 infection, the IFN signaling pathway is not able to 

overcome virus-controlled gene regulation, setting the stage for infection progression and 

disease. Thus, early ISG expression is essential for the control of SARS-CoV-2 infection. 
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I. Introduction 

Introduction to COVID-19 

Coronavirus disease-2019 (COVID-19) was first reported in Wuhan, China in December 2019 

and was declared a pandemic by the World Health Organization in March 2020. The causative 

pathogen of COVID-19, severe acute respiratory syndrome coronarivus-2 (SARS-CoV-2) is the 

third highly pathogenic coronavirus of global concern in recent decades. Individuals with 

COVID-19 present a wide range of clinical features from mild respiratory illness to severe acute 

respiratory disease syndrome (ARDS). Similar to severe acute respiratory syndrome coronavirus 

(SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV-2 

triggers the excessive production of proinflammatory cytokines known as a “cytokine storm” in 

severely ill patients (Huang et al., 2005; Huang et al., 2020; Mahallawi et al., 2018). These data 

suggest that SARS-CoV-2 may be dysregulating innate immune signaling pathways which can 

lead to tissue damage, multi-organ failure, and death (Ragab et al., 2020). Previous research has 

shown that SARS-CoV and MERS-CoV utilize a variety of mechanisms to evade the host 

immune response including reducing viral exposure to pathogen recognition receptors (PRRs) 

and antagonizing the interferon (IFN) pathway (Kindler et al., 2016; Moleaei et al., 2021). The 

exact role of the innate immune system in the pathogenesis of SARS-CoV-2 has yet to be fully 

understood. However, characterizing the host innate immune response to SARS-CoV-2 may 

elucidate antiviral drug targets.  

 

Introduction to innate immunity  

The innate immune system is the first line of defense against invading pathogens. During virus 

infection, PRRs detect conserved molecular patterns found in pathogens. These non-self 



molecular motifs, known as pathogen associated molecular patterns (PAMPs), are essential to a 

pathogen’s survival and accumulate within infected cells. PAMP recognition by PRRs activates 

an intracellular signaling cascade that alerts the host to a pathogenic infection and initiates the 

expression of genes whose products function to upregulate the innate immune response and 

inhibit viral replication. While the exact mechanism of PRR activation after SARS-CoV-2 

infection is not yet fully understood, canonical viral PAMP sensing by PRRs, such as RIG-I and 

MDA5, activate the mitochondrial antiviral signaling protein (MAVS). MAVS then recruits the 

downstream kinases TBK1 and IKKi (Liu et al., 2015). These kinases phosphorylate and activate 

the transcription factors interferon regulatory factor (IRF) 3 and nuclear factor- κ B (NF- κ B) 

which in turn translocate to the nucleus to upregulate type I IFNs and other cytokines 

(McWhirter et al., 2003; Pomerantz and Baltimore, 1999). Type I IFNs consist of a family of 

cytokines that are essential to the innate immune response for their ability to mediate the 

expression of hundreds of genes with antiviral properties.  

 

Introduction to Type I IFN signaling  

After virus infection, PRR signaling leads to the production and secretion of type I IFNs and type 

III IFNs from an infected cell. While all cell types can produce and respond to type I IFNs, only 

a subset of tissues and cells can respond to type III IFNs. Type I IFNs are the largest class of 

IFNs and play a major role to control virus infection in vertebrate species. In mammals, the type 

I IFN family consists of IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω. IFN-α, and IFN-β are the most 

widely expressed type I IFNs and are well known for regulating the host innate immune response 

to viruses. The type I IFN receptor (IFNAR) is ubiquitously expressed and consists of the 

IFNAR1 and IFNAR2 subunits. Binding of the secreted type I IFN to the IFNAR of a 



neighboring cell activates Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). Thereby, 

activated JAK1 and TYK2 phosphorylate signal transducer and activator of transcription 1 

(STAT1) and STAT2. Phosphorylated STAT1 and STAT2 dimerize and join the interferon 

regulatory factor 9 (IRF9) to form the complex ISGF3. Activated ISGF3 translocates to the 

nucleus where it acts as transcription factor that binds to interferon-stimulated response elements 

(ISREs) upstream promoter regions of interferon-stimulated gene (ISGs) (Schindler et al., 2007). 

The IFN and JAK-STAT signaling pathway modulates the transcriptional regulation of hundreds 

of ISGs that collectively play a role in antiviral host immunity.  

 

IFN responses by SARS-CoV-2 

The response to SARS-CoV-2 infection has been defined by low levels of type I and III IFNs 

compared to other respiratory viruses (Blanco-Melo et al., 2020). A recent study found that 1 out 

of 5 critically ill COVID-19 patients had an impaired IFN-I response, including reduced ISG 

expression (Trouillet-Assant et al., 2020). Additionally, the same study was unable to detect 

IFΝ-β in mild to severe cases of COVID-19. Several studies have sought to address the 

molecular mechanisms underlying the IFN-signaling block after SARS-CoV-2 infection. The 

Nsp1, Nsp3, ORF3b, and ORF6 SARS-CoV-2 viral proteins have been implicated in its ability to 

inhibit type I IFN signaling and production (Lei et al., 2020; Konno et al., 2020; Shin et al., 

2020; Thoms et al., 2020). However, only a minority of individuals infected with SARS-CoV-2 

become severely ill suggesting the ability for most people to control infection through canonical 

innate immune pathways. Thus, IFN signaling likely has a critical role in the early control of 

SARS-CoV-2 and decreased severity of COVID-19, however the regulation of ISGs in response 

to SARS-CoV-2 is not well-defined. This study aims to address that knowledge gap.  



Defining ISGs 

For this research, the definition of an ISG is any gene that is responsive to IFN-β, including 

genes that are stimulated (upregulated) or repressed (downregulated) in response to IFN 

signaling. A substantial amount of research has been done to characterize ISGs and identify 

antiviral restriction factors. However, microarray and deep sequencing-based studies have 

yielded thousands of different ISGs (De Veer et al., 2001; Liu et al., 2018; Sarasin-Filipowicz et 

al., 2008). Additionally, ISG expression is highly complex and dependent on cell type, IFN dose, 

and type of infection. Previous work has identified the function of several ISGs known to 

antagonize viral replication including TRIM21, MX1, and RSAD2 (Crosse et al., 2017). 

However, the molecular functions of most ISGs in antiviral innate immunity remains widely 

unknown.  

Characterizing the type I IFN response  

In this study, we used functional genomics to define the ISG signature of two human airway 

epithelial cell lines treated with human recombinant IFN- β to better elucidate the role of IFN-β 

signaling during SARS-CoV-2 infection. After establishing baseline ISGs for each cell line, we 

interrogated their ISG signature under the following conditions: SARS-CoV-2 infection, IFN-β 

treatment before SARS-CoV-2 infection (“IFN- β pretreatment”), and IFN-β treatment after 

SARS-CoV-2 infection (“IFN-β posttreatment”). We investigated the ISG signatures of each 

treatment group to understand the ability of SARS-CoV-2 to dysregulate the IFN signaling 

pathway. Our study also reveals putative antiviral effector genes that evade viral suppression and 

may impart antiviral activity. Lastly, we found that treating Calu-3 and ACE2/HSAEC1-KT cells 

with IFN-β prior to SARS-CoV-2 infection results in early viral clearance and a down regulation 

of several proinflammatory cytokines during infection.   



II. Materials and Methods.  

Experimental design 

The experiments reported in this study were performed in both Calu-3 and Human Small Airway 

Epithelial Cell (HSAEC1-KT) cell lines using an identical protocol. Cells were obtained from 

ATCC. Prior to the experiment, human ACE2 gene was stably introduced into parental 

HSAEC1-KT cells using a lentivirus system followed by cell sorting. SARS-CoV-2 Isolate 

USA-WA1/2020 was derived from BEI Resources. Viral infections were performed as 

previously described (Marchiano et al., 2020). For each treatment group, three biological 

replicates were harvested at each time point. Supernatant was collected from each sample for 

transcriptomic analysis. The following treatment groups are described below: IFN- β treatment, 

IFN- β pretreatment, and IFN- β posttreatment. Each treatment group has their own unique 

control that is matched according to time and IFN-β dose that is used as a comparator for 

bioinformatic analyses.  

 

IFN-β treatment  

Cells were first incubated for 24 hours at which point they were treated with either 10, 100, or 

1,000 IU/mL of human recombinant IFN-β. IFN-β treatment signifies time zero. Samples were 

harvested at 6, 12, 24, and 48 hours post IFN-β treatment. To characterize the effect of IFN-β 

treatment on these samples, a control group was needed. For the IFN-β control group, cells were 

incubated for up to 72 hours. No treatment was provided, and samples were harvested at 24, 30, 

36, 48, and 72 hours.  

 

 



IFN-β pretreatment 

Cells were incubated with 10, 100 or 1000 IU/mL of IFN-β for 24 hours. Three samples from 

each dose were harvested immediately after incubation which signifies time zero. The remaining 

samples were inoculated with SARS-CoV-2 at an MOI of 5. The cells were washed, given fresh 

medium, and placed back in the incubator. Samples were harvested at 6, 12, 24, and 48 hours 

post infection. To compare the effect of IFN-β pretreatment on SARS-CoV-2 ISG expression, an 

infection control group was needed. For the infection control, cells were incubated for 24 hours. 

Samples were harvested immediately after incubation which signifies time zero. The remaining 

cells were inoculated with SARS-CoV-2 at an MOI of 5. The cells were then washed and given 

fresh medium. These samples were placed back in the incubator and samples were collected at 6, 

12, 24, and 48 hours post infection.   

 

IFN-β posttreatment 

Cells were inoculated with SARS-CoV-2 at an MOI of 5. Cells were then washed, given fresh 

medium, and incubated for 24 hours. After incubation, samples were treated with 10, 100, or 

1000 IU/mL of IFN-β treatment which signifies time zero. Samples were collected at 6, 12, 24, 

and 48 hours after treatment. To compare the effect of IFN-posttreatment on SARS-CoV-2 ISG 

expression, an additional infected control group was needed. For this infection control, cells were 

first inoculated with SARS-CoV-2 at an MOI of 5. Cells were placed back in the incubator and 

samples were collected at 24, 30, 36, 48, and 72 hours post infection.  

 

 

 



RNA sequencing  

Bulk mRNA-seq data from Calu-3 cells were generated by constructing mRNA-seq libraries 

using the KAPA mRNA HyperPrep kit (Kapa Biosystems) and 250 ng of RNA. Bulk mRNA-seq 

data from ACE2/HSAEC1-KT cells were also generated by constructing mRNA-seq libraries 

using the mRNA HyperPrep kit and 180 ng of RNA. The RNA and resulting libraries were 

quality controlled and quantified using a 4200 TapeStation System (Agilent Technologies, Inc.) 

and a Qubit Fluorometer (Invitrogen). Libraries were sequenced on an Illumina NovaSeq using 

S2 v1.5 200 cycle flow cell which generates paired-end reads of 100 nucleotides. Each sample 

was sequenced to a minimum of 20 million mapped reads.  

 

Preparation for differential expression analysis  

Identical bioinformatic analyses were completed individually on the Calu-3 and 

ACE2/HSAEC1-KT samples using R (v 4.1.0)/Bioconductor (v 3.13) (Huber et al., 2015; R Core 

Team, 2021). Genes with less than 10 raw read counts averaged across all samples were 

removed. Raw read counts were transformed into log2-counts per million (logCPM) using the 

voom function (Law et al., 2014) in the R library limma (Ritchie et al., 2015). The logCPM were 

normalized using the trimmed means of means (TMM) method in the R library edgeR (Robinson 

and Oshlack, 2010). Principle component analysis (PCA) was performed on the log2(CPM) 

values of all expressed genes using the prcomp function in R (R Core Team, 2021). After 

visualization of the PCA plots, five samples from the Calu-3 cells did not cluster with their 

respective treatment groups and were removed from subsequent analyses (Fig S1) .  

 

 



Differential expression analysis  

To determine the significantly differentially expressed (DE) genes between each treatment group 

and its unique control, we used the lm function in the R library stats (R Core Team, 2021). Genes 

that had a false discovery rate (FDR)-adjusted p≤ 0.01 and absolute log2(FC) > 2 were 

considered significantly DE. The following DE comparisons were performed: IFN-β Treatment 

versus Control, Infected versus Control, IFN-β Pretreatment versus Infected Pretreatment 

Control, and IFN-β Posttreatment versus Infected Posttreatment Control. Within this list of ISGs 

(DE genes from the IFN-β Treatment versus Control), we identified genes that are differentially 

regulated by SARS-CoV-2 among the IFN-β pretreatment and IFN-β posttreatment DE genes. 

Differentially regulated ISGs from the IFN-β pretreatment and IFN-β posttreatment groups 

compared to their infected controls were defined as significantly differentially DE (DDE). Genes 

with a (FDR)-adjusted p≤ 0.01 and absolute log2(FC) >2 were determined to be DDE.  

 

Data visualization  

Viral load data was plotted using ggplot2 (Wickham, 2016). For visualization of the number of 

DE genes between treatment groups, bar plots were also generated using ggplot2. Venny was 

used to create venn diagrams illustrating the number of overlapping DE genes in each treatment 

group (Oliveros, 2015). To create co-expression heatmaps, we first used the cutree function in 

the R library stats (R Core Team, 2021) to define co-expression gene modules (Langfelder et al., 

2007). We then used the heatmap.2 function in the R library gplots (R Core Team, 2021) to 

perform hierarchical clustering of the co-expression modules. Gene set enrichment analysis 

(GSEA) was conducted using the Over-Representation Analysis (ORA) method from the R 

library WebGestaltR (Liao et al., 2019). Pathway enrichment and upstream regulator analyses 



were performed using Ingenuity Pathway Analysis (IPA) (Kramer et al., 2013). Interaction 

networks were built using Cytoscape software (Shannon et al., 2003).  

 

III. Results  

Baseline ISGs 

To characterize the ISG signature of IFN-β treatment, we compared the gene expression response 

of IFN-β treated cells compared to their control. We identified genes that were statistically 

significantly DE at any IFN-β treated time point compared to the control in any of the three IFN-

β doses (10, 100, 1000 IU/mL). Using bioinformatic analyses and linear modeling, we identified 

652 and 2,766 DE genes in the Calu-3 cells and ACE2/HSAEC1-KT cells, respectively. These 

gene lists represent the baseline ISGs for each cell type (S2 Table and S3 Table). Among the 

ISGs identified, 383 genes were DE in both cell types (S4 Table). Differential regulation occurs 

immediately after IFN-β treatment and persists for at least 48 hours (Fig 1A). In both cell types, 

the number of DE genes increases as time elapses and the IFN-β dose increases. To further 

investigate these ISGs, we ran GSEA on co-expression modules from the heatmap. For both cell 

types, the upregulated clusters are mainly associated with innate immune signaling including 

IFN signaling, response to virus, and cytokine production. In contrast, the downregulated gene 

clusters are mainly associated with cell cycle progression and translational initiation.  

 

ISG network analysis 

To understand the molecular mechanisms driving the response to IFN-β, we used IPA to 

interrogate our list of ISGs to identify the top upstream regulators in each heatmap cluster from 

Figure 1. Among the upregulated clusters, the top transcription factors that best explain the 



observed gene expression changes include NONO, STAT1, NKX2-3, and IRF3 (S1 Table). To 

identify the interaction between the transcription factors and ISGs, we built interaction networks 

around NONO, STAT1, NKX2-3, and IRF3 using the DE genes from each cluster (Fig 2 and Fig 

3).  While STAT1 and IRF3 are well known for their role in antiviral immunity, the role of 

NONO and NKX2-3 in the IFN signaling pathway has yet to be elucidated. The interaction 

networks built around these transcription factors demonstrate a considerable amount of crosstalk 

between NONO, NKX2-3, STAT1, and IRF3 in IFN signaling (Fig 2 and Fig 3).  

 

ISG signature of SARS-CoV-2 

After identifying genes that are statistically significantly DE in response to IFN-β treatment 

(ISGs), we wanted to visualize their gene expression signature after SARS-CoV-2 infection. To 

do this, we first obtained the log2FC gene expression values in the infected group compared to 

baseline. This gene signature was defined as the viral induced gene signature. We then removed 

all viral induced genes that were not from the original ISG list. We now had the viral induced 

gene expression values of the ISGs. In Figure 1, we saw immediate changes in gene expression 

of ISGs after IFN-β treatment. However, the same set of genes have a delayed response after 

SARS-CoV-2 infection (Fig 4). SARS-CoV-2 appears to elicit IFN signaling by 24 hours which 

is when we see a stark change in the gene expression profile of the ISGs. GSEA of the co-

expression modules indicated that upregulated clusters were associated with defense responses to 

other organisms and IFN-gamma responses in both cell lines. The downregulated clusters were 

associated with protein localization to the ER and cell cycle progression in the Calu-3 and the 

ACE2/HSAEC1-KT cells, respectively (Fig 4).  

 



IFN-β pretreatment  

In order to understand the effect of IFN-β pretreatment on SARS-CoV-2 induced gene 

expression, we first identified genes that are DE between the IFN-β pretreatment group and its 

infected control. The 2,995 DE genes in the Calu-3 cells (Table S5) and 5,830 DE genes in the 

˙ACE2/HSAEC1-KT cells (Table S6) were defined as genes differentially regulated by the IFN-

β pretreatment. Next, we wanted to determine the effect of the IFN-β pretreatment on ISG 

activity in response to SARS-CoV-2 infection. To do this, we identified genes showing 

significant variation in baseline ISG expression compared to the effect of IFN-β treatment before 

infection. The genes that were significantly differentially DE across the time course in any of the 

three IFN-β doses were defined as DDE genes. The 2,911 DDE genes in the Calu-3 cells (Table 

S7) and 6,398 DDE genes (Table S8) in the ACE2/HSAEC1-KT cells represent genes whose 

response to IFN-β treatment is differentially regulated by treatment with IFN-β before SARS-

CoV-2 infection (Fig 5). In the Calu-3 and ACE2/HSAEC1-KT cells, the genes that are 

significantly upregulated in response to IFN-β treatment (ISGs) are initially upregulated in the 

IFN-β pretreatment compared to infection. However, by 24 hours, the same clusters of ISGs are 

downregulated in the IFN-β pretreatment group compared to infection alone (Clusters 1-3). 

Genes within these clusters were associated with defense response to other organisms, IFN 

signaling, and receptor ligand activity. In contrast, genes that are downregulated by IFN-β 

treatment are upregulated in the IFN-β pretreatment group after 24 hours of infection in both cell 

types (Cluster 4). Genes within these clusters were associated with drug metabolism and mitotic 

cell cycle phase transition.  

 

 



IFN-β posttreatment  

To elucidate the effect of IFN-β posttreatment on SARS-CoV-2 induced gene expression, we 

first identified genes that are DE between the IFN-β posttreatment group and its infected control. 

The 65 DE genes in the Cau-3 cells (Table S9) and 15 DE genes in the ACE2/HSAEC1-KT cells 

(Table S10) were defined as genes responding to virus that are differentially regulated by 

treatment of IFN-β post infection. This analysis suggests that SARS-CoV-2 infection is 

controlling gene expression by the time the cells were treated with IFN-β as indicated by the 

minimal differences seen in gene expression levels. Next, we wanted to determine the effect of 

IFN-β posttreatment on ISG activity after SARS-CoV-2 infection. To do this, we identified 

genes showing significant variation between the baseline ISG expression compared to the effect 

of IFN-β treatment after infection. The genes that were significantly differentially DE across the 

time course in any of the three IFN-β doses were defined as DDE genes. The 810 DDE genes in 

the Calu-3 cells (Table S11) and 2,097 DDE genes in the ACE2/HSAEC1-KT cells (Table S12) 

represent genes whose response to IFN-β treatment is differentially regulated when treated with 

IFN-β after SARS-CoV-2 infection (Fig 6). All three clusters in the Calu-3 cells show a 

remarkable dysregulation of genes responsive to IFN-β. There is a slight dose response 

relationship at the 30-hour time point (directly after IFN-β posttreatment) where we see an 

increase in the upregulation of ISGs as IFN-β dose increases (Cluster 1 and 2). However, by 36 

hours, IFN signaling appears to again be dysregulated. In the ACE2/HSAEC1-KT cells, the gene 

expression signature of ISGs next to IFN-β posttreatment illustrates a stark contrast. Genes 

upregulated and downregulated by IFN-β treatment (Clusters 1-4) show little variation in their 

gene expression profile in the IFN-β posttreatment group compared to its infected control.  

 



IFN-β pretreatment anti-viral effectors  

After establishing ISGs and characterizing their gene signature across the pretreatment and 

posttreatment conditions, we next wanted to identify potential antiviral effector genes. For our 

purposes, anti-viral effectors are defined as ISGs that retain their expression in the presence of 

infection and may impart antiviral actions to suppress viral RNA replication. For the IFN-β 

pretreatment group, an antiviral effector was thought to be initially upregulated by the IFN-β 

treatment and retain expression once infected with SARS-CoV-2. To identify these genes in the 

pretreatment samples, we started with the genes that were DE when treated with IFN-β before 

infection compared to infection. These are the genes responding to virus that are differentially 

regulated by treatment of IFN-β prior to infection. Among these DE genes, we identified genes 

that were upregulated (log2(FC) >2) after being treated with IFN-β for 24 hours compared to 

control. We further interrogated this list of DE genes by defining genes that retained expression 

(log2(FC) >2) 48 hours post infection in any of the three doses. These genes were considered 

potential antiviral effectors for their ability to escape viral suppression for 48 hours at which 

point gene expression is widely regulated by the virus. This analysis elucidated 23 genes in the 

Calu-3 cells (Table 1) and 118 genes in the ACE2/HSAEC1-KT (Table 2) that escape viral 

suppression. None of the putative antiviral genes identified were seen in both the Calu-3 and 

ACE2/HSAEC1-KT IFN-β pretreatment samples.  

 

 

IFN-β posttreatment anti-viral effectors  

To establish antiviral effectors from the IFN-β posttreatment samples, we identified ISGs that 

can be induced by IFN-β after 24 hours of SARS-CoV-2 infection. These genes are putative 



antiviral effector genes for their ability to be activated by IFN and overcome SARS-CoV-2 

regulated gene expression. To identify these genes in the posttreatment samples, we started with 

the genes that were DE when treated with IFN-β after infection compared to infection. These are 

the genes that are responding to virus that are differentially regulated when treated with IFN-β 

post infection. Among these genes, we identified genes that can be activated 72 hours after 

infection (log2(FC) >0) while being treated with IFN-β. These genes are putative antiviral 

effectors for their ability to become activated by IFN-β treatment after SARS-CoV-2 has already 

begun to dysregulate IFN signaling. This analysis elucidated 33 genes in the Calu-3 cells (Table 

3) and 14 genes in the ACE2/HSAEC1-KT cells (Table 4) that are still inducible by IFN-β 72 

hours post SARS-CoV-2 infection. Only two putative antiviral effectors, GMPR and CXCL10, 

were identified in both the Calu-3 and ACE2/HSAEC1-KT IFN-β posttreatment samples.  

 

IV. Discussion.  

This study provides novel insights into the IFN signaling pathway in response to SARS-CoV-2 

infection. The hyperinflammatory response and cytokine storm seen in severely ill COVID-19 

patients has drawn attention to the IFN signaling pathway of the innate immune response. 

Previous work has reviewed the role of IFNs during SARS-CoV-2 infection (Shibabaw et al., 

2020), but ISG regulation in response to IFN signaling is not fully understood. Recently, IFNs 

have been evaluated as treatments to COVID-19 due to their inherent ability to induce hundreds 

of ISGs that collectively inhibit viral replication. The use of IFNs to treat COVID-19 patients has 

resulted in decreased viral load, inflammatory markers, and mortality (Davoudi-Monfared et al., 

2020; Zhou et al., 2020). This study uses bioinformatic analyses to characterize the gene 



signature of IFN signaling during SARS-CoV-2 infection and treatment of IFN-β on two human 

epithelial cell lines.  

 

DE analysis of IFN-β treatment compared to control revealed thousands of genes that are 

differentially regulated in response to IFN-β in Calu-3 and ACE2/HSAEC1-KT cells. While the 

ACE2/HSAEC1-KT cells had more DE genes, both cell types had remarkably similar gene 

expression signatures (Fig 1). We found that IFN-β treatment results in immediate changes in 

ISG expression and persists until at least 48 hours post treatment. Additionally, we show that 

increasing doses of IFN-β is correlated with an increase in DE gene expression. The ISG 

signature in both cell types include the upregulation of genes associated with IFN signaling and 

the downregulation of genes associated with cell cycle progression and translation.  

 

We further characterized the functional modules identified from the cluster analysis by building 

networks around common upstream regulators from our ISG list. Among the top upstream 

regulators for each cluster, STAT1, IRF3, NONO, and NKX2-3 were of interest for building the 

interaction networks. STAT1 and IRF3 are well known for their role in inducing the IFN 

signaling pathway. However, the transcription factors, NONO and NKX2-3 have not been 

definitively linked to IFN signaling during RNA viral infections. The gene NONO (non-POU 

domain containing octamer binding) encodes an RNA-binding protein involved in transcriptional 

regulation and RNA splicing. NONO has been linked to the negative regulation of HIV infection 

in CD4+T cells, but little is known about the mechanism behind this interaction (St. Gelais et al., 

2015). NKX2-3 (NK2 Homeobox 3) encodes a homeodomain-containing transcription factor that 

regulates B-cell receptor signaling and is linked to B-cell lymphoma (Robles et al., 2016). 



Among the upstream regulators used as central nodes, STAT1 was DE between IFN-β treatment 

and the control in both the Calu-3 and ACE2/HSAEC1-KT cells and remained activated 

throughout the time course. The interaction networks collectively demonstrate the upregulation 

of STAT1 signaling in response to IFN-β treatment. Recent evidence that SARS-CoV-2 

suppresses the phosphorylation and nuclear localization of STAT1 (Mu et al., 2020) was not 

validated in this analysis. STAT1 was also significantly upregulated by 24 hours in both cell 

types after SARS-CoV-2 infection (S1 Table). NONO was only DE in the ACE2/HSAEC1-KT 

cells (S1 Table) and exhibited decreasing expression in response to IFN-β treatment throughout 

the time course. While IRF3 and NKX2-3 were not themselves statistically significant in our 

dataset (S1 Table), the interaction networks indicate substantial crosstalk between the 

transcription factors and their targets (Fig 2 and Fig 3). NONO and NKX2-3 appear to play an 

important role the regulation of ISGs, despite the fact that NONO is gradually downregulated, 

and NKX2-3 is not differentially regulated by IFN. The role of NONO and NKX2-3 in the 

activation of ISGs warrants further exploration.  

 

Our analysis of ISGs in response to SARS-CoV-2 infection shows that IFN signaling is delayed 

until approximately 24 hours post-infection (Fig 4). Next, we analyzed the effect of IFN-β 

treatment before infection and post infection on SARS-CoV-2 induced ISG expression. Our 

analysis of the IFN-β pretreatment DDE genes shows that genes initially upregulated by IFN-β 

treatment before infection are downregulated in the pretreatment samples compared to infected 

samples from 24-48 hours. This may be evidence that the the virus is mitigating IFN signaling 

around 24 hours post infection, which correlates with the viral induced gene expression signature 

initiated at the same timepoint (Fig 3). Viral load data demonstrates a dramatic decrease in viral 



replication in cells that are treated with IFN-β treatment before infection (Fig 7). While IFN 

signaling appears to be mitigated in the pretreatment Calu-3 and ACE2/HSAEC1-KT samples by 

48 hours post infection, the initial upregulation appears to be sufficient in controlling viral 

replication. Furthermore, genes associated with the cytokine storm phenotype seen in severely ill 

patients including IL-6, TNF-α, and IL-8 (Darif et al., 2021) demonstrate this same expression 

profile and are downregulated compared to infection starting at 24 hours post infection. We 

hypothesize that IFN-β treatment prior to infection may impart protection against severe disease 

by restricting the production of proinflammatory cytokines associated with COVID-19 disease 

progression. Additional studies evaluating this relationship may provide insights into using IFN-

β treatment as a preventative measure in individuals at high risk for severe illness.  

 

To identify genes that may impart antiviral activity against SARS-CoV-2, we interrogated the 

genes that were differentially regulated by IFN-β pretreatment compared to infection. Among the 

thousands of DE genes in the IFN-β pretreatment samples, we identified 22 and 118 potential 

antiviral effector genes in the Calu-3 cells and ACE2/HSAEC1-KT cells, respectively (Table 1 

and Table 2). These ISGs show promising capabilities to be induced by IFN-β and maintain their 

expression in the presence of SARS-CoV-2 infection for up to 48 hours. Several genes identified 

between the two cell types are known to be induced by IFN and antagonize viral replication, 

including MX1 and MX2, OAS, TRIM22, GBP2, and MOV10 and should be looked at closely 

in additional studies.  

 

While SARS-CoV-2 patients have shown to be responsive to IFN-β treatment after infection, our 

analysis provided evidence that in vitro, Calu-3 and ACE2/HSAEC1-KT cells are insensitive to 



IFN-β treatment post infection. Cells treated with IFN-β post infection showed increasing viral 

replication for up to 30 hours post treatment in the ACE2/HSAEC1-KT samples and up to 36 

hours post treatment in the Calu-3 samples (Fig 7). Unlike the pretreatment analysis, this 

suggests that IFN-β treatment is unable to inhibit SARS-CoV-2 replication after 24 hours of 

infection (when IFN-β treatment was given). This finding is supported by the relatively small 

handful of genes that are differentially regulated by IFN-β treatment post infection compared to 

infection. The DDE analysis further illustrated the inability to enhance IFN signaling after 

infection (Fig 6). A small subset of ISGs from Cluster 1 in the ACE2/HSAEC1-KT cells exhibit 

a slight increase in expression at the highest IFN dose immediately following treatment, but by 

12 hours this gene signature is lost (Fig 6). Taken together, this data indicates that overall, IFN-β 

treatment post infection is unable to enhance IFN signaling and control viral replication.  

 

Among the 65 genes in the Calu-3s and 15 genes in the ACE2/HSAEC1-KT cells that were 

found to be statistically significantly regulated by IFN-β treatment post infection, we identified 

33 and 14 potential antiviral effector genes, respectively (Table 3 and Table 4). These genes 

were able to escape viral suppression and maintain positive gene expression signatures (log2(FC) 

>0) for 48 hours post treatment (72 hours post infection). Additional research is needed to 

characterize the antiviral properties imparted by these genes that allow them to escape viral 

suppression. Furthermore, genes identified to have antiviral properties can be defined as potent 

anti-SARS-CoV-2 restriction factors and investigated as potential immunotherapeutic targets.  

 

This study had several limitations. The experimental design of the study did not include time 

points beyond 48 hours in the IFN-β treatment samples. For this reason, we cannot conclusively 



determine if IFN signaling in the pretreatment group is suppressed by the virus beyond 48 hours 

post treatment or if the down regulation is occurring as a result of IFN-β treatment wearing off. 

However, the effects of the IFN-β treatment on viral load in the pretreatment samples suggests 

that early clearance of the virus is the reason for a downregulated ISG signature in the later time 

points. Additionally, five outliers were removed from the Calu-3 cells to limit variability among 

the samples which may have increased the risk for spurious associations in those treatment 

groups. 

 

V. Conclusion 

It is critical to understand the innate immune response to SARS-CoV-2 in order to identify 

therapeutic targets. The hyperimmune response seen in severe cases of COVID-19 suggest the 

ability of SARS-CoV-2 to dysregulate the innate immune response. Since IFN signaling is the 

first line of defense against RNA viruses, understanding the molecular mechanisms by which 

SARS-CoV-2 can be targeted by ISGs could be crucial in combating this pandemic. Here, we 

define genes that are induced by IFN-β in two cell types from the lower respiratory tract that 

overall, show similar gene expression signatures. We found that early induction of the IFN 

signaling pathway prior to infection in Calu-3 and ACE2/HSAEC1-KT cells lead to early 

clearance of SARS-CoV-2 and subsequent downregulation of IFN signaling that may protect 

against the cytokine storm seen in severe cases of COVID-19. We also found that Calu-3 and 

ACE2/HSAEC1-KT cells establish a viral blockade that inhibits IFN signaling that allows the 

virus to escape IFN signaling later in infection. Thus, cells treated with IFN-β post-infection had 

a delayed ability to clear SARS-CoV-2 RNA and the IFN signaling pathway was not able to 

overcome virus-controlled gene regulation. Our results indicate the importance of early induction 



of IFN signaling to control SARS-CoV-2 infection. This result seems to contradict reports that 

IFNs used to treat both SARS (Loutfy et al., 2003) and COVID-19 (Zhou et al., 2020) in vitro 

are effective. Therefore, the putative antiviral effector genes that we identified may be the key to 

understanding the relationship between ISG regulation and ability of IFN signaling to suppress 

SARS-CoV-2 infection.  
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Figures.  

Fig 1. Baseline ISG signature 

A. Heatmap showing all DE genes in the Calu-3 cells after IFN-β treatment. Over-representation 

analysis was performed on the six clusters defined by hierarchal clustering. B. Number of DE 

genes per time point in each dose in the Calu-3 cells. C. Heatmap showing all DE genes in the 

ACE2/HSAEC1-KT cells after IFN-beta treatment. Over-representation analysis was performed 

on the six clusters defined by hierarchical clustering. D. Number of DE genes per time point in 

each dose in the ACE2/HSAEC1-KT cells. E. Venn diagram of the DE genes from the Calu-3 

and ACE2/HSAEC1-KT cells.  

 

 

     



Fig 2. Interaction networks of the top upstream regulators of IFN signaling in Calu-3 cells 

A-F. Interaction networks between IRF3, STAT1, NKX2-3, and NONO regulated genes within 

the Calu-3 DE genes from Cluster 1 (A), Cluster 2 (B), Cluster 3 (C), Cluster 4 (D), Cluster 5 

(E), and Cluster 6 (F) of the Calu-3 heatmap in Fig 1. Expression values for each transcription 

factor represent the log2(FC) of 1000 IU/mL IFN-β at 6, 12, 24, and 48 hours post treatment 

from left to right. Arrows indicate direct transcription factor-target interactions (Ingenuity).  

 

 

 



Fig 3. Interaction networks of the top upstream regulators of IFN signaling in 

ACE2/HSAEC1-KT cells.  

A-G. Interaction networks between IRF3, STAT1, NKX2-3, and NONO regulated genes within 

the ACE2/HSAEC1-KT DE genes from Cluster 1 (A), Cluster 2 (B), Cluster 3 (C), Cluster 4 

(D), Cluster 5 (E), Cluster 6 (F), and Cluster 7 (G) of the ACE2/HSAEC1-KT heatmap in Fig 1. 

Expression values for each transcription factor represent the log2(FC) of 1000 IU/mL IFN at 6, 

12, 24, and 48 hours post treatment from left to right. Arrows indicate direct transcription factor-

target interactions (Ingenuity).  

 

 

 



 

 

 

 

 

 

 

 

 

 

 



Fig 4. SARS-CoV-2 induced ISG signature. 

 A. Heatmap showing all DE genes in the Calu-3 cells after infection with SARS-CoV-2 

(MOI:5). Over-representation analysis was performed on the four clusters defined by hierarchal 

clustering. B. Heatmap showing all DE genes in the ACE2/HSAEC1-KT cells after infection 

with SARS-CoV-2 (MOI:5). Over-representation analysis was performed on the four clusters 

defined by hierarchical clustering.  

 

 

 

 

 



Fig 5. ISGs differentially regulated by IFN treatment before SARS-CoV-2 infection.  

A. Heatmap showing all DDE genes in the Calu-3 cells. Three clusters were defined using 

hierarchical clustering. Over-representation analysis was performed on the three clusters defined 

by hierarchal clustering. B. Heatmap showing all DDE genes in the ACE2/HSAEC1-KT cells. 

Over-representation analysis was performed on the four clusters defined by hierarchal clustering 

 

 

 



Fig 6. ISGs differentially regulated in response to IFN-β treatment post SARS-CoV-2 

infection.  

A. Heatmap showing all DDE genes in the Calu-3 cells. Three clusters were defined using 

hierarchical clustering. Over-representation analysis was performed on the three clusters defined 

by hierarchal clustering. B. Heatmap showing all DDE genes in the ACE2/HSAEC1-KT cells. 

Over-representation analysis was performed on the four clusters defined by hierarchal clustering 

 

 



Fig 7. SARS-CoV-2 viral load. 

 A-C. SARS-CoV-2 viral loads across the time points for each treatment group in the Calu-3 

cells.  D-F. SARS-CoV-2 viral loads across the time points for each treatment group in the 

ACE2/HSAEC1-KT cells.  

 

 

 

 

 

 

 

 

 

 



Table 1. Putative antiviral restriction factors identified in the Calu-3 pretreatment samples.  

Among the IFN-pretreatment DE genes in the Calu-3 cells, 22 ISGs maintained their expression 

in the presence of SARS-CoV-2 48 hours post infection.  

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene Name Category Description
NRIR Negative regulator of interferon response RNA gene Negative regulator of the IFN response
XAF1 XIAP Associated Factor 1 Protein Coding Counteracts the inhibitory effect of a member of the IAP family
AP001610.1 Novel transcript RNA gene lncRNA
OR52K3P Olfactory Receptor Family 52 Subfamily K Member 3 Pseudogene Psuedogene Interacts with odorant molecules in the nose to trigger smell
IFI44L Interferon Induced Protein 44 Like Protein Coding Low antiviral activity against hepatitis C
TRIM22 Tripartite Motif Containing 22 Protein Coding Down-regulates transcription from the HIV-1 LTR promoter region
ZBP1 Z-DNA Binding Protein 1 Protein Coding Binds to foreign DNA and induces the type-I interferon production
MX1 MX Dynamin Like GTPase 1 Protein Coding Antagonizes the replication of several DNA and RNA viruses
MMP13 Matrix Metallopeptidase 13 Protein Coding Breakdown of extracellular matrix
MX2 MX Dynamin Like GTPase 2 Protein Coding IFN induced dynamin-like GTPase with potent antiviral activity against HIV
OAS2 2'-5'-Oligoadenylate Synthetase 2 Protein Coding Activates Rnase L which results in viral RNA degradation
IFI6 Interferon Alpha Inducible Protein 6 Protein Coding Inhibiting EGFR signaling pathway required for entry of virus into cells 
SLAMF6 SLAM Family Member 6 Protein Coding SLAM receptors trigger activation and differentiation of immune cells 
AC008079.2 Family with sequence similarity 230 member D RNA gene lncRNA
CNTN4 Contactin 4 Protein Coding Mediate cell surface interaction during nervous system development 
THSD7B Thrombospondin Type 1 Domain Containing 7B Protein Coding Metabolism of proteins
IL33 Interleukin 33 Protein Coding Cytokine
GC GC Vitamin D Binding Protein Protein Coding Transports vitamin D and its plasma metabolites to target tissues
HLA-DPB1 Major Histocompatibility Complex, Class II, DP Beta 1 Protein Coding Presents peptides derived from extracellular proteins
RN7SL834P RNA, 7SL, Cytoplasmic 834, Pseudogene Psuedogene -
CRAT37 Cervical cancer-associated transcript 37 RNA gene lncRNA
HLA-DQA1 Major Histocompatibility Complex, Class II, DQ Alpha 1 Protein Coding Presents peptides derived from extracellular proteins
HSD17B14 Hydroxysteroid 17-Beta Dehydrogenase 14 Protein Coding Metabolism of steroids



Table 2. Putative antiviral restriction factors identified in the ACE2/HSAEC1-KT 

pretreatment samples. 

Among the IFN-pretreatment DE genes in the ACE2/HSAEC1-KT cells, 118 ISGs maintained 

their expression in the presence of SARS-CoV-2 48 hours post infection. 

 

Symbol ID Gene Name Category Description
DHRS2 Dehydrogenase/Reductase 2 Protein Coding NAPH-dependent dicarbonyl reductase acitivity 
AC139493.2 Novel Transcript RNA gene lncRNA
PYHIN1 Pyrin And HIN Domain Family Member 1 Protein Coding HIN-200 family of IFN inducible proteins
SPINK4 Serine Peptidase Inhibitor Kazal Type 4 Protein Coding Serine protease inhibitor
FYB1 FYN Binding Protein 1 Protein Coding Involved in platelet activation and expression of IL2
AL606500.1 RNA gene RNA gene lncRNA
CLEC7A C-Type Lectin Domain Containing 7A Protein Coding Necessary for the TLR2-mediated inflammatory response
H1-0 H1.0 Linker Histone Protein Coding Replication-independent histone
GBP2 Guanylate Binding Protein 2 Protein Coding Delivers antimicrobial peptides to autophagolysosomes 
DCN Decorin Protein Coding Collagen fibril assembly
SLC2A5 Solute Carrier Family 2 Member 5 Protein Coding Fructose transporter 
CCDC144NL-AS1CCDC144NL Antisense RNA 1 RNA gene lncRNA
TMSB4XP1 TMSB4X Pseudogene 1 Pseudogene Proposed to participate in cytoskeleton organization
APLN Apelin Protein Coding G protein coupled receptor binding; coreceptor for HIV
OLR1 Oxidized Low Density Lipoprotein Receptor 1 Protein Coding Its association with oxLDL induces the activation of NF-κB
FABP5P11 Fatty Acid Binding Protein 5 Pseudogene 11 Pseudogene Regulates somitogenesis
SLC5A10 Solute Carrier Family 5 Member 10 Protein Coding Sodium/glucose transporter
ADH5P4 ADH5 Pseudogene 4 Pseudogene tRNA splicing
PPIAP19 Peptidylprolyl Isomerase A Pseudogene 19 Pseudogene NADH dehydrogenase complex assembly
ANXA2P1 Annexin A2 Pseudogene 1 Pseudogene Proteasome assembly
AC114801.3 Novel Transcript Pseudogene -
PGAM4 Phosphoglycerate Mutase Family Member 4 Protein Coding Glucose metabolism
AC069528.2 - uncategorized -
RPL36A Ribosomal Protein L36a Pseudogene Pseudogene Ribosomal component of the 60S subunit
SULT1B1 Sulfotransferase Family 1B Member 1 Protein Coding Catalyzes the sulfate conjugation of hormones 
TENT5A Terminal Nucleotidyltransferase 5A Protein Coding Non-canonical poly(A) RNA polymerase
ADAM28 ADAM Metallopeptidase Domain 28 Protein Coding Lymphocyte-expressed ADAM protein
RAB19 RAB19, Member RAS Oncogene Family Protein Coding GTPase activity 
RPL13P6 Ribosomal Protein L13 Pseudogene 6 Pseudogene Ribosomal small subunit assembly
CLCA4 Chloride Channel Accessory 4 Protein Coding Mediates calcium-activated chloride conductance 
STC1 Stanniocalcin 1 Protein Coding Homodimeric glycoprotein with autocrine or paracrine functions 
LINC00519 Long Intergenic Non-Protein Coding RNA 519 RNA gene -
CDH10 Cadherin 10 Protein Coding Calcium ion binding
TMEM266 Transmembrane Protein 266 Protein Coding Voltage-sensor protein
PPFIA4 PTPRF Interacting Protein Alpha 4 Protein Coding Disassembly of focal adhesions
CLEC2B C-Type Lectin Domain Family 2 Member B Protein Coding Roles in inflammation and immune response
GPM6A Glycoprotein M6A Protein Coding Differentiation and migration of neuronal stem cells 
HCP5 HLA Complex P5 (lncRNA) RNA gene lncRNA
GMPR Guanosine Monophosphate Reductase Protein Coding Catalyzes damination of GMP to IMP
CALHM5 Calcium Homeostasis Modulator Family Member 5 Protein Coding ATP-releasing channel 
APOL4 Apolipoprotein L4 Protein Coding Lipid exchange and transport
BTN3A3 Butyrophilin Subfamily 3 Member A3 Protein Coding MHC-associated genes
ERG ETS Transcription Factor ERG Protein Coding Key regulators of inflammation
FABP5P1 Fatty Acid Binding Protein 5 Pseudogene 1 Pseudogene -
CCRL2 C-C Motif Chemokine Receptor Like 2 Protein Coding Chemokine receptor-like protein
GCNT2 Glucosaminyl (N-Acetyl) Transferase 2 (I Blood Group) Protein Coding Formation of blood group I antigen
AC124319.1 Novel Transcript RNA Gene lncRNA
PLAAT4 Phospholipase A And Acyltransferase 4 Protein Coding Retinoid-inducible gene 
SELL Selectin L Protein Coding Cell surface adhesion molecule
TAPBPL TAP Binding Protein Like Protein Coding Member of the Ig superfamily associated with antigen processing
AL671277.1 HLA Complex Group 4 Pseudogene 5 Pseudogene -
RASSF10 Ras Association Domain Family Member 10 Protein Coding Regulates embryonic neurogenesis 
H2BC21 H2B Clustered Histone 21 Protein Coding Has broad antibacterial activity
PSMB8-AS1 PSMB8 Antisense RNA 1 (Head To Head) RNA gene lncRNA
PSME2P2 Proteasome Activator Subunit 2 Pseudogene 2 Pseudogene DNA deamination 
MMP12 Matrix Metallopeptidase 12 Protein Coding Breakdown of extracellular matrix 
MDK Midkine Protein Coding Cctivation of cAMP-dependent PKA and Akt signaling
BTN3A2 Butyrophilin Subfamily 3 Member A2 Protein Coding Member of immunoglobulin family
PFKFB4 DEPP1 Autophagy Regulator Protein Coding Bifunctional kinase/phosphatase 



Table 2 continued. 

 

 

 

Symbol ID Gene Name Category Description
SIRPB2 Signal Regulatory Protein Beta 2 Protein Coding Protein tyrosine phosphatase 
ROS1 ROS Proto-Oncogene 1, Receptor Tyrosine Kinase Protein Coding Receptor tyrosine kinase
STAT5A Signal Transducer And Activator Of Transcription 5A Protein Coding STAT family of TFs
PATL2 PAT1 Homolog 2 Protein Coding Oocyte-specific RNA-binding protein
DEPP1 DEPP1 Autophagy Regulator Protein Coding Protein encodes a t-SNARE that activates ELK1
AC105749.1 - Uncategorized -
IL15 Interleukin 15 Protein Coding Cytokine that regulates T and NK cell activation and proliferation
RPL23AP37 Ribosomal Protein L23a Pseudogene 37 Pseudogene -
CCR3 C-C Motif Chemokine Receptor 3 Protein Coding Receptor for C-C type chemokines
CDK18 Cyclin Dependent Kinase 18 Protein Coding Protein tyrosine kinase activity 
CD74 CD74 Molecule Protein Coding Chaperone that regulates antigen presentation for immune response
PPP2R2B Protein Phosphatase 2 Regulatory Subunit Bbeta Protein Coding Ser/Thr Phosphatases implicated in negative cell growth
C3 Complement C3 Protein Coding Activates complement system 
AC009133.1 - RNA Gene lncRNA
LINC01358 Long Intergenic Non-Protein Coding RNA 1348 RNA gene lncRNA
NFASC Neurofascin Protein Coding L1 family immunoglobulin cell adhesion molecule
TSPAN33 Tetraspanin 33 Protein Coding Role in normal erythropoiesis
GJA5 Gap Junction Protein Alpha 5 Protein Coding Component of gap junctions
EGLN3 Egl-9 Family Hypoxia Inducible Factor 3 Protein Coding Prolyl hydroxylase 
GALM Galactose Mutarotase Protein Coding Important for normal galactose metabolism
C2orf66 Chromosome 2 Open Reading Frame 66 Protein Coding -
RET Ret Proto-Oncogene Protein Coding MAPK signaling
KRT6C Keratin 6C Protein Coding Filament protein important for structural integrity of cells
ERAP1 Endoplasmic Reticulum Aminopeptidase 1 Protein Coding Class I MHC mediated antigen processing and presentation
NPAP1L Nuclear Pore Associated Protein 1 Like Pseudogene Nuclear pore-associated protein
ABCD1 ATP Binding Cassette Subfamily D Member 1 Protein Coding ATP-binding cassette transporters 
STARD5 StAR Related Lipid Transfer Domain Containing 5 Protein Coding Involved in trafficking lipids and cholesterol 
MT-TE Mitochondrially Encoded TRNA-Glu (GAA/G) RNA Gene tRNA aminoacylation 
APOL3 Apolipoprotein L3 Protein Coding Lipid transporter activity 
AQP9 Aquaporin 9 Protein Coding Glycerol channel activity 
ACSL5 Acyl-CoA Synthetase Long Chain Family Member 5 Protein Coding Lipid biosyntehsis and fatty acid degradation
AL356056.2 Uncategorized RNA Gene ncRNA
HCAR2 Hydroxycarboxylic Acid Receptor 2 Protein Coding Nicotinic acid receptor activity 
HLA-A Major Histocompatibility Complex, Class I, A Protein Coding Presents peptides derived from ER to cytotoxic T cells
MRGPRX3 MAS Related GPR Family Member X3 Protein Coding Sensory neuron regulation and modulation of pain
ALMS1P1 ALMS1 Pseudogene 1 Pseudogene -
MOV10 Mov10 RISC Complex RNA Helicase Protein Coding Exhibits antiviral activity against dengue virus
TPM3P8 Tropomyosin 3 Pseudogene 8 Pseudogene -
PDGFRL Platelet Derived Growth Factor Receptor Like Protein Coding Platelet activating factor receptor activity 
TEK TEK Receptor Tyrosine Kinase Protein Coding Prevents leakage of proinflammatory plasma proteins from blood vessels
H2BU1 H2B.U Histone 1 Protein Coding Component of nucleosome 
CES3 Carboxylesterase 3 Protein Coding Metabolizes xenobiotics 
C1S Complement C1s Protein Coding Complement pathway
AL139351.3 lncRNA RNA Gene -
TNFRSF14 TNF Receptor Superfamily Member 14 Protein Coding Member of the TNF receptor superfamily.
RN7SL3 RNA Component Of Signal Recognition Particle 7SL3 RNA Gene Component of the SRP 
H2AW H2A.W Histone Protein Coding Component of the nucleosome 
HMGCS1 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 Protein Coding Protein homodimerization and isomerase activity
PSME2P1 Proteasome Activator Subunit 2 Pseudogene 1 Pseudogene -
LINC02542 Long Intergenic Non-Protein Coding RNA 2542 RNA gene lncRNA
SLC16A4 Solute Carrier Family 16 Member 4 Protein Coding Monocaroxylate transporter
SAA1 Serum Amyloid A1 Protein Coding Acute phase protein highly expressed in response to inflammation
UBA7 Ubiquitin Like Modifier Activating Enzyme 7 Protein Coding Member of the E1 uniquitin-activating enzyme family
TMPRSS11D Transmembrane Serine Protease 11D Protein Coding Trypsin-like protease; type II integral membrane protein 
APOBEC3F Apolipoprotein B MRNA Editing Enzyme Catalytic Subunit 3F Protein Coding DNA deaminase; antiviral activity against HIV
LGALS3BP Galectin 3 Binding Protein Protein Coding Modulates cell-cell and cell-matrix interactions 
HCAR3 Hydroxycarboxylic Acid Receptor 3 Protein Coding G protein coupled receptor binding activity 
CARD16 Caspase Recruitment Domain Family Member 16 Protein Coding Induces NF-κΒ activation during pro-inflammatory cytokine response
HLA-C Major Histocompatibility Complex, Class I, C Protein Coding Presents peptides derived from ER to cytotoxic T cells



Table 3. Putative antiviral restriction factors identified in the Calu-3 posttreatment 

samples. 

Among the IFN-posttreatment DE genes, 33 ISGs are inducible by IFN-β (log2(FC) >0) 72 hours 

post SARS-CoV-2 infection in the Calu-3 cells. 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene Name Category Description
TMEM14B-DT TMEM14B Divergent Transcript RNA gene lncRNA
NACA3P NACA Family Member 3, Pseudogene Pseudogene -
PRORSD1P Prolyl-TRNA Synthetase Associated Domain Containing 1, Pseudogene Pseudogene Aminoacyl-tRNA editing ability 
DBI Diazepam Binding Inhibitor, Acyl-CoA Binding Protein Protein Coding Lipid metabolism
AL359232.1 Novel transcript RNA gene lncRNA
SNRPF Small Nuclear Ribonucleoprotein Polypeptide F Protein Coding mRNA splicing
PDCD5 Programmed Cell Death 5 Protein Coding Regulator of DNA damage response and cell cycle control
SNHG6 Small Nucleolar RNA Host Gene 6 RNA gene lncRNA
CXCL10 C-X-C Motif Chemokine Ligand 10 Protein Coding Key regulator of the 'cytokine storm' immune response to SARS-CoV-2 infection.
ACOT13 Acyl-CoA Thioesterase 13 Protein Coding Catalyzes hydrolysis of acyl-CoA
IDO1 Indoleamine 2,3-Dioxygenase 1 Protein Coding Modulates immune tolerance and prevents autoimmunity 
TRIM22 Tripartite Motif Containing 22 Protein Coding IFN-induced antiviral protein; ubiquitination of viral proteins 
GMPR Guanosine Monophosphate Reductase Protein Coding Catalyzes deamination of GMP to IMP
SEC61G SEC61 Translocon Subunit Gamma Protein Coding Involved in protein translocation across ER membrane 
RPL26 Ribosomal Protein L26 Protein Coding Ribosomal protein that is a component of the 60S subunit of the ribosome
CCL20 C-C Motif Chemokine Ligand 20 Protein Coding Cytokine activity
GOLT1A Golgi Transport 1A Protein Coding Fusion of ER-derived transport vesicles with golgi 
DYSF Dysferlin Protein Coding Involved in muscle contraction and Ca++ mediated membrane fusion events
E2F2 E2F Transcription Factor 2 Protein Coding DNA binding transcription factor activity
WSCD1 WSC Domain Containing 1 Protein Coding Sulfotransferase activity 
ZBP1 Z-DNA Binding Protein 1 Protein Coding Binds to foreign DNA and induces the type-I interferon production
TBC1D25 TBC1 Domain Family Member 25 Protein Coding Vesicle-mediated transport 
HSPA12A Heat Shock Protein Family A (Hsp70) Member 12A Protein Coding Cellular response to heat stress
RBP5 Retinol Binding Protein 5 Protein Coding Retinol binding protein highly expressed in the kidney and liver
AKNA AT-Hook Transcription Factor Protein Coding Centrosomal protein that regulates microtubule orgnaization 
RNASE4 Ribonuclease A Family Member 4 Protein Coding Ribonuclease activity 
UBD Ubiquitin D Protein Coding Regulates TNF-alpha-induced and LPS-mediated activation of NF-κΒ
CD38 CD38 Molecule Protein Coding Hydrolase activity 
IGF2R Insulin Like Growth Factor 2 Receptor Protein Coding Acts as a positive regulator of T-cell coactivation by binding DPP4 
CEBPZOS CEBPZ Opposite Strand Protein Coding -
AC017104.5 Novel transcript RNA gene lncRNA
GBP4 Guanylate Binding Protein 4 Protein Coding Induced by IFN to hydrolyze GTP
SYNPO2 Synaptopodin 2 Protein Coding Actin binding and actin bundling activity important for cell migration 



Table 4. Putative antiviral restriction factors identified in the ACE2/HSAEC1-KT 

posttreatment samples. 

Among the IFN-posttreatment DE genes, 14 ISGs are inducible by IFN-β (log2(FC) >0) 72 hours 

post SARS-CoV-2 infection in the Calu-3 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol ID Gene Name Category Description
PCDH17 Protocadherin 17 Protein Coding Establishes specific cell-cell connections in the brain
SLC15A3 Solute Carrier Family 15 Member 3 Protein Coding Involved in the detection of microbial pathogens by TLRs and NLRs
BATF2 Basic Leucine Zipper ATF-Like Transcription Factor 2 Protein Coding AP-1 family TF that controls the differentiation of lineage-specific cells in the immune system
GMPR Guanosine Monophosphate Reductase Protein Coding Catalyzes deamination of GMP to GIP
AC083862.1 Novel Transcript, Antisense to C7orf49 RNA gene lncRNA
PARD3B Par-3 Family Cell Polarity Regulator Beta Protein Coding Asymmetrical cell division and cell polarization processes 
CDKN1C Cyclin Dependent Kinase Inhibitor 1C Protein Coding Negative regulator of cell proliferation
RSAD2 Radical S-Adenosyl Methionine Domain Containing 2 Protein Coding IFN-inducible antiviral protein that belongs to the SAM superfamily of enzymes
IFIT2 Interferon Induced Protein With Tetratricopeptide Repeats 2 Protein Coding IFN-induced antiviral protein which inhibits expression of viral mRNAs lacking 2'O-methylation of the 5' cap
CXCL10 C-X-C Motif Chemokine Ligand 10 Protein Coding Key regulator of the 'cytokine storm' immune response to SARS-CoV-2 infection.
CXCL11 C-X-C Motif Chemokine Ligand 11 Protein Coding Antimicrobial gene of the CXC chemokine superfamily
XAF1 XIAP Associated Factor 1 Protein Coding Mediates TNFα induced apoptosis 
C11orf96 Chromosome 11 Open Reading Frame 96 Protein Coding -
RNF175 Ring Finger Protein 175 Protein Coding Ubiquitin protein ligase activity 



Supporting Information 

Fig S1. Principal component analysis (PCA)  

A. PCA performed on the log2(CPM) values of all expressed genes in the Calu-3 cells. Samples 

inside the black box were determined to be outliers and were excluded from subsequent analyses. 

B. PCA performed on the log2(CPM) values of all expressed genes in the ACE2/HSAEC1-KT 

cells.  

 

 

 

S1 Table. Gene expression of central transcription factors in interaction networks. 

Gene expression of STAT1, IRF3, NONO, and NKX2-3 transcription factors that are used as 

central nodes in the interaction networks. Dataset includes log fold-changes from baseline after 

IFN-β treatment and SARS-CoV-2 infection at all the time points and doses. The (-) indicates 

genes that had less than 10 raw read counts averaged across all samples and were removed from 

analyses. The (*) indicates genes that were statistically significantly DE ((FDR)-adjusted p≤ 0.01 

and absolute log2(FC) >2).  

 

 



S2 Table. IFN-treatment DE genes in Calu-3 cells.  

Baseline ISGs identified from DE analysis in the Calu-3 cells treated with IFN-β. Dataset 

includes log fold-changes from baseline for all the time points and doses.  

S3 Table. IFN-treatment DE genes in ACE2/HSAEC1-KT cells.  

Baseline ISGs identified from DE analysis in the ACE2/HSAEC1-KT cells treated with IFN-β. 

Dataset includes log fold-changes from baseline for all the time points and doses.  

S4 Table. IFN-treatment DE genes in Calu-3 and ACE2/HSAEC1-KT cells. 

The shared baseline ISGs identified from DE analysis in both the Calu-3 and ACE2/HSAEC1-

KT cells treated with IFN-β. 

S5 Table. IFN-β pretreatment DE genes in the Calu-3 cells.  

Genes identified to have differential expression between the IFN-β pretreatment group and its 

infected control. The dataset includes log fold-changes from the infected control for all the time 

points and doses.  

S6 Table. IFN-β pretreatment DE genes in the ACE2/HSAEC1-KT cells. 

Genes identified to have differential expression between the IFN-β pretreatment group and its 

infected control. The dataset includes log fold-changes from the infected control for all the time 

points and doses.  

S7 Table. IFN-β pretreatment DDE genes in the Calu-3 cells.  

Dataset includes all DDE genes, defined as genes significantly differentially DE across the time 

course in any of the three doses, with log fold-changes indicating the difference in DE gene 

expression in IFN-β treated cells compared to IFN-β pretreated cells.  

S8 Table. IFN-β pretreatment DDE genes in the ACE2/HSAEC1-KT cells.  



Dataset includes all DDE genes, defined as genes significantly differentially DE across the time 

course in any of the three doses, with log fold-changes indicating the difference in DE gene 

expression in IFN-β treated cells compared to IFN-β pretreated cells.  

S9 Table. IFN-β posttreatment DE genes in the Calu-3 cells.  

Genes identified to have differential expression between the IFN-β posttreatment group and its 

infected control. The dataset includes log fold-changes from the infected control for all the time 

points and doses.  

S10 Table. IFN-β posttreatment DE genes in the ACE2/HSAEC1-KT cells.  

Genes identified to have differential expression between the IFN-β posttreatment group and its 

infected control. The dataset includes log fold-changes from the infected control for all the time 

points and doses.  

S11 Table. IFN-β posttreatment DDE genes in the Calu-3 cells.  

Dataset includes all DDE genes, defined as genes significantly differentially DE across the time 

course in any of the three doses, with log fold-changes indicating the difference in DE gene 

expression in IFN-β treated cells compared to IFN-β post treated cells.  

S12 Table. IFN-β posttreatment DDE genes in the ACE2/HSAEC1-KT cells.  

Dataset includes all DDE genes, defined as genes significantly differentially DE across the time 

course in any of the three doses, with log fold-changes indicating the difference in DE gene 

expression in IFN-β treated cells compared to IFN-β post treated cells.  

 

 

 

 


