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Novel signaling pathways
 regulate SARS-CoV and
SARS-CoV-2 infectious disease
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Meng-Chi Yen, PhDf,g, Chien-Fu Chen, MDe, Jui-Hsiang Hung, PhDh, Jia-Zhen Jiang, MDi,
Zhengda Sun, MDj, Chih-Yang Wang, PhDk,l , Hui-Ping Hsu, MDm,n,∗

Abstract
Severe acute respiratory syndrome coronavirus (SARS-CoV)-2 induces severe infection, and it is responsible for a worldwide disease
outbreak starting in late 2019. Currently, there are no effective medications against coronavirus. In the present study, we utilized a
holistic bioinformatics approach to study gene signatures of SARS-CoV- and SARS-CoV-2-infected Calu-3 lung adenocarcinoma
cells. Through the Gene Ontology platform, we determined that several cytokine genes were up-regulated after SARS-CoV-2
infection, including TNF, IL6, CSF2, IFNL1, IL-17C, CXCL10, and CXCL11. Differentially regulated pathways were detected by the
Kyoto Encyclopedia of Genes and Genomes, gene ontology, and Hallmark platform, including chemokines, cytokines, cytokine
receptors, cytokinemetabolism, inflammation, immune responses, and cellular responses to the virus. A Venn diagramwas utilized to
illustrate common overlapping genes from SARS-CoV- and SARS-CoV-2-infected datasets. An Ingenuity pathway analysis
discovered an enrichment of tumor necrosis factor- (TNF-) and interleukin (IL)-17-related signaling in a gene set enrichment analysis.
Downstream networks were predicted by the Database for Annotation, Visualization, and Integrated Discovery platform also revealed
that TNF and TNF receptor 2 signaling elicited leukocyte recruitment, activation, and survival of host cells after coronavirus infection.
Our discovery provides essential evidence for transcript regulation and downstream signaling of SARS-CoV and SARS-CoV-2
infection.

Abbreviations: CoV = coronavirus, COVID 19 = coronavirus disease 2019, CXCL = C-X-C motif chemokine ligand, GO = gene
ontology, GSEA = gene set enrichment analysis, HCoV-EMC =Human CoV EMC, IL = interleukin, IPA = Ingenuity pathway analysis,
SARS-CoV = Severe acute respiratory syndrome coronavirus, TNF = tumor necrosis factor, TNFR = tumor necrosis factor receptor.
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1. Introduction

Coronavirus (CoV) disease 2019 (COVID-19) is causing
hundreds of thousands of deaths globally. This infectious disease
is caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2, also named novel CoV, 2019-nCoV). CoVs
possess a group of spike-like proteins on their surface and belong
to a larger family of enveloped positive-stranded RNA viruses.
CoVs induce severe infection on both animals and humans
primarily through the respiratory tract.[1–3] SARS-CoV-2, as
SARS-CoV responsible for the pandemics in 2003, has caused
large-scale infection since December 2019. According to
statistical reports from World Health Organization (https://
www.who.int/emergencies/diseases/novel-coronavirus-2019),
the number of confirmed cases and deaths worldwide caused by
the 2019-nCoV/SARS-CoV-2 outbreak have exceeded
54,771,888 and 1,324,249 deaths, respectively, until November
17, 2020. In addition to aerosol transmission, viral transmission
also occurs between individuals in close physical contact.[4]

Nevertheless, there is currently no effective treatment for
COVID-19. It is imperative and urgent to explore effective
therapeutic strategies against CoVs.
Low levels of SARS-CoV-2 RNAs are detected in culture

supernatants from human lung adenocarcinoma epithelial cells
(Calu-3 and A549) at 48hours after infection. Between these 2
cell lines, Calu-3 is more sensitive to SARS-CoV-2 with a 500-
fold higher viral entry rate than the mock-infected control in
luciferase activity.[5] Calu-3 is also susceptible to entry driven by
SARS-CoV.[6] The reason for susceptibility to these viruses is the
expression of angiotensin-converting enzyme 2 (ACE2) mem-
brane receptor. ACE2 is a cellular entry receptor for SARS-CoV-
2.[7] Calu-3 cell is an ideal model for investigating and studying
SARS-CoV/SARS-CoV-2 infection. Therefore, we selected Calu-
3 cells as SARS-CoV-2 infection model for the present study.
High-throughput technology is a robust tool for large-scale

studies of functional genomics and biological systems. It
facilitates research by providing thousands of gene expression
profiles in a single experiment. The advantage of this technology
could be applied in studying CoV systematically and compre-
hensively.[7] Several researchers use RNA sequencing or tran-
scriptomes to study viral infection and search for predictive
biomarkers or potential therapies.[8–12] However, a comprehen-
sive approach to distinguish significant differences in gene
expressions between SARS-CoV-2- and SARS-CoV-infected
Calu-3 cells is still lacking until now. Taken together, we aimed
to investigate gene expression profiles in SARS-CoV-/SARS-CoV-
2-infected Calu-3 models using a bioinformatics approach in the
present study. Regulatory networks were predicted and evaluated
for their potential role as therapeutic biomarkers for SARS-CoV-/
SARS-CoV-2-infected disease. These valuable evidence-based
findings from the present study illustrate the essential roles of
novel transcript regulation in SARS-CoV-/SARS-CoV-2-infected
diseases.
2. Materials and methods

The National Center for Biotechnology Information GEO
database was used to query all publicly available datasets
related to SARS-CoV- or SARS-CoV-2-infected human lung
adenocarcinoma cell models. The GSE17400 and GSE147507
datasets were downloaded for further analysis, the information
of ethics committee or institutional review board were
2

described in the original article.[13,14] The GSE17400 dataset
contained SARS-CoV-infected cells and mock-infected con-
trols. Bronchial epithelial cell lines derived from Calu-3 cells
were infected by SARV-CoV ormock control for 24hour. Total
RNAs were extracted from infected cells, and purified RNAs
were sequenced with an Affymetrix Human Genome U133 Plus
2.0 Array.[13] The GSE147507 dataset included SARS-CoV-2-
infected cells and mock-infected controls. Calu-3 cells were
infected by the SARS-CoV-2 or a mock control for 24 hour. The
sequencing platform was the Illumina NextSeq 500 system.[14]

The GSE45042 dataset was used as external validation and it
collected data from Human CoV EMC 2012 (HCoV-EMC) or
mock infected Calu-3 cells. The high throughput platform was
the Agilent-014850WholeHumanGenomeMicroarray 4x44K
G4112F system.[15] The analytical methods are briefly summa-
rized. The biomaRt package v. 2.26.1 (https://bioconductor.
org/packages/release/bioc/html/biomaRt.html) was utilized to
convert gene IDs to gene symbols using the ENSEMBL database
with a dataset named mpfuro_gene_ensembl. The Gene
Ontology (GO) Elite and pheatmap (v. 1.0.12) platforms were
employed for gene clustering based on messenger (m)RNA
expression profiles.[16–18] Signals were processed and normal-
ized with the methodology we previously described.[19–21] All
these packages and procedures were included in R studio vers.
1.2.1335 and R vers. 3.6.3 (https://rstudio.com/). The top 10%
highly differentially expressed genes in SARS-CoV-/SARS-
CoV-2-infected groups relative to mock-infected controls were
computed as previously described.[22–24] Both P values< .05
and adjusted false discovery rates were utilized to screen for
significantly different genes. The final gene lists were uploaded
to the GO Elite platform for constructing biological networks,
processes, and diseases using the Database for Annotation,
Visualization, and Integrated Discover version. 6.8.[25–28] A
gene set enrichment analysis (GSEA) platform was applied to
enrich the viral- and immune-related pathways from the list of
genes.[29] A P value of< .05 was set as a significant cutoff point
of enrichment. The Ingenuity pathway analysis (IPA) was
adopted to discover interaction networks and pathways related
to SARS-CoV-/SARS-CoV-2-infected models. Furthermore, we
also introduced the IPA platform to compare average expres-
sion levels of the highest top 10% of genes with significantly
expressed differences between SARS-CoV- and SARS-CoV-2-
infected models. A P value of< .05 indicated a statistically
significant difference.
3. Results

3.1. Gene enrichment analysis of SARS-CoV-/SARS-CoV-
2-infected human lung adenocarcinoma models

The scheme of the present study was designed to explore
differentially expressed genes in cell models of human lung
adenocarcinomas between SARS-CoV- or SARS-CoV-2-infected
cells and mock-infected controls. Up-regulated genes from both
SARS-CoV- or SARS-CoV-2-infected human lung Calu-3 cells
were merged together through a Venn diagram to identify shared
genes. These commonly up-regulated genes were analyzed with a
series of bioinformatics platforms, inluding the IPA to find
protein-protein interactions, GO to search for associated path-
ways, Database for Annotation, Visualization, and Integrated
Discovery to investigate related functions, and GSEA to explore
downstream-regulated networks (Fig. 1).

https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
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Figure 1. Schematic illustration of the study design. High-throughput data of severe acute respiratory syndrome coronavirus (SARS-CoV-)/SARS-CoV-2-infected
human lung adenocarcinoma models were acquired from National Center for Biotechnology Information database with the accession number GSE17400 and
GSE147507 datasets. Differentially expressed genes in the top 10% compared to mock-infected controls from (SARS-CoV) and SARS-CoV-2 were merged by the
Venn diagram to find shared genes between these 2 groups. Furthermore, gene annotation and gene ontology were done using the Database for Annotation,
Visualization, and Integrated Discovery database. Finally, gene set enrichment analysis, and Ingenuity pathway analysis were used for enrichment and downstream
pathways analyses. DAVID = the Database for Annotation, Visualization, and Integrated Discovery, GEO =Gene Expression Omnibus, GO = gene ontology, GSEA
= gene set enrichment analysis, IPA = Ingenuity pathway analysis, NCBI = National Center for Biotechnology Information.
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3.2. GO analysis of SARS-CoV-2-infected human lung
adenocarcinoma models

To investigate up-regulated genes in human lung adenocarcino-
ma cells after infection, we compared sequencing results from
SARS-CoV-2-infected cells with mock-infected controls
(Fig. 2A). Several cytokine genes were highly expressed in this
model of acute infection (24 hour), including IL6 (protein:
interleukin (IL)-6), CXCL11 (protein: C-X-C motif chemokine
ligand 11 (CXCL11)), CXCL10 (protein: CXCL10), TNF
(protein: tumor necrosis factor (TNF)), and IL17C (protein:
IL-17C) (Fig. 2B). GO-enriched pathways were categorized into 2
clusters, according to P values. Several immune-related pathways
were significantly enriched in SARS-CoV-2-infected cells,
including defense response to virus (GO:0051607), immune
response (GO:0006955), cytokine-mediated signaling pathway
(GO:0019221), etc (Fig. 3 and Supplementary Table 1, http://
links.lww.com/MD/F592).

3.3. GSEA of SARS-CoV-2 infected human lung
adenocarcinoma

To verify the significance of the pathways identified in Figure 3
and Supplementary Table 1, http://links.lww.com/MD/F592, up-
regulated genes were analyzed with relevant regulatory networks
using a GSEA with Kyoto Encyclopedia of Genes and
Genomes,[30–32] GO,[33] and the Hallmark platform.[34] Multiple
chemokines, cytokines, cytokine receptors, or inflammation-
related pathways were identified (Fig. 4A-E, K, L). Highly
differentiated expressed cytokines included INF-a, INF-g, TNF-
a, IL-6, and transforming growth factor-b (Fig. 4F, G, H, I, J).
Defense responses of host cells to viral infection or biotic stimuli
and intracellular machinery for viral reproduction were simulta-
neously activated, reflecting reactions of the host (Supplementary
Fig. 1, http://links.lww.com/MD/F587). Active intracellular
signal pathways were also detected, including p53, hypoxia,
and signal transducer and activator of transcription signaling
(Supplementary Fig. 2A-C, http://links.lww.com/MD/F588). The
3

response of infected cells also mimicked other cells or other
diseases; for example, hematopoietic cells, complement system,
and type I diabetes (Supplementary Fig. 2D-F, http://links.lww.
com/MD/F588).

3.4. Distinguishing the co-regulated interactions network
in SARS-CoV-/SARS-CoV-2-infected models

Next, in order to explore the universal effect between SARS-CoV-
and SARS-CoV-2-infected models, up-regulated genes in SARS-
CoV-infected cells were compared to mock-infected controls, and
5466 genes were acquired. Highly expressed genes among SARS-
CoV-2-infected genes were compared to mock-infected controls,
and 2180 genes were obtained. Then, we recognized 441
common genes that overlapped between the 2 gene lists (Fig. 5A).
In order to perform external validation and further confirm the
significance of these 441 up-regulated genes in Figure 5A, we
investigated their expression levels in HCoV-EMC-infected Calu-
3 cells in the GSE45042 dataset. Up-regulated genes in HCoV-
EMC-infected cells included FNDC3A, NR3C1, GEM, LRIG2,
ERBB4, DLG4, IDI2-AS1, DUSP1, BACH1, BACH2 (Supple-
mentary Fig. 3, http://links.lww.com/MD/F589 and Supplemen-
tary Table 2, http://links.lww.com/MD/F593). According to the
analysis from these datasets, we confirmed that cellular response
to different CoVs infection was similar.
The IPA platform analyzed these 441 genes from Figure 5A and

the most highly enriched pathways were discovered (Fig. 5B). The
“tumor necrosis factor receptor 2 (TNFR2) signaling”, “IL-17A
signaling in gastric cells”, and “role of macrophages, fibroblasts,
and endothelial cells” were the top 3 most highly enriched
pathways in both SARS-CoV- and SARS-CoV-2-infected Calu-3
cells. IL-17-associated signal pathways were discovered in 7 of
the top 50 pathways and were ranked 2, 5, 17, 24, 34, 40, and 48
(Supplementary Table 3, http://links.lww.com/MD/F594). Fur-
thermore, we predicted these downstream signaling pathways.
Activation of TNFR2 promoted phosphorylation of the inhibitor
of kB (IkB) protein and released nuclear factor (NF)-kB. Nuclear

http://links.lww.com/MD/F592
http://links.lww.com/MD/F592
http://links.lww.com/MD/F592
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Figure 2. Gene enrichment analysis and heatmap visualization of severe acute respiratory syndrome coronavirus (SARS-CoV)-2-infected human lung
adenocarcinoma models from the GSE147507 dataset. (A) Hierarchical clustering heatmap for comparing gene expression between mock and SARS-CoV2. The
heatmap could distinctly cluster mock and SARS-CoV-2 groups. SARS-CoV-2-infected cells (n = 3) were compared to mock-infected controls (n = 3). Up-regulated
genes are shown in red and downregulated genes in blue on the heatmap. The names of genes are listed from the lower right corner with the lowestP values and to the
upper right cornerwith higherP values. (B) Volcano plot displays the gene expression comparingmock andSARS-CoV-2.Under-expressedgenes and overexpressed
geneswere plotted in the upper left and upper right cornerwith a threshold ofP value> .05 and absolute fold-change larger than 1.5.Most genesplay important roles in
the immunesystemsuchas interleukin (IL)17C, IL6, tumornecrosis factor,CSF2,TFNL1,CXCL11, andCXCL10werehighlightedwith abigger bubble size. Thex-axis is
log2 of themultiple changes of SARS-CoV-infected cells compared tomock-infected controls. The y-axis is –log10 ofP values. A higher Y valuemeans a lowerP-value.
Critical genes are listed in the figure. CSF2 = colony-stimulating factor 2, CXCL10 = C-X-C motif chemokine ligand 10, CXCL11 = C-X-C motif chemokine ligand 11,
IFNL1 = interferon-alpha 1, IL6 = interleukin-6, IL17C, interleukin-17C, TNF = tumor necrosis factor.
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Figure 3. Gene ontology enrichment analysis and heatmap visualization of severe acute respiratory syndrome coronavirus-2-infected human lung
adenocarcinoma. SARS-CoV-2-infected 24 hour cells (n=3) were compared to mock-infected controls (n=3) from from GSE147507 database, Enriched
pathways were grouped into 2 clusters. Pathways in cluster 1 were closely related to SARS-CoV-2 infection with lower P values than those in cluster 2. The highly
differentially expressed genes were classified by Gene Onology and expressed as a heatmap. Up-regulated genes are in red, and downregulated ones are in blue.

Cheng et al. Medicine (2021) 100:7 www.md-journal.com
localization of NF-kB initiates the transcription of targeted genes
and supports host cells’ survival (Fig. 5C). Other interacting
networks were constructed through analyzing these 441 up-
regulated genes on the Kyoto Encyclopedia of Genes and
Genomes platform (Supplementary Table 4, http://links.lww.
com/MD/F595). There were multiple up-regulated genes associ-
ated with TNF signaling pathways, and the corrected P value was
1.36�10�9. The interaction between TNF-a and TNF-2R is
described in Figure 6. We predicted that TNF-associated
signaling pathways in SARS-CoV- and SARS-CoV-2-infected
cells were responsible for leukocyte recruitment, leukocyte
activation, and survival of host cells. Interactions between
5

cytokines and cytokine receptors were also constructed (Fig. 6).
Up-regulated genes in SARS-CoV-2-infected cells were marked
with a red star. Increased expressions of chemokines, class I
helical cytokines, IL-1-like cytokines, the TNF family, and the
TNFR family were detected (Supplementary Fig. 4, http://links.
lww.com/MD/F590).Meanwhile, in order to compare the genetic
differences between SARS-CoV- and SARS-CoV-2-infected lung
adenocarcinoma cells, we also analyzed the genetic signatures in
SARS-CoV-infected cell model (Supplementary Fig. 5, http://
links.lww.com/MD/F591 and Supplementary Table 5, http://
links.lww.com/MD/F596). The enriched GO terms include
multicellular organismal process (GO:0032501), anatomical

http://links.lww.com/MD/F595
http://links.lww.com/MD/F595
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Figure 4. Gene enrichment analysis by Kyoto Encyclopedia of Genes and Genomes, gene ontology, and Hallmark to obtain immune-related networks. Differentially
expressed genes in severe acute respiratory syndrome coronavirus (SARS-CoV)-2-infected cells (n=3) were compared to mock-infected controls (n=3), and
immune-related pathways were selected. (A) Chemokine signaling pathway. (B) Cytokine-cytokine receptor interactions. (C) Adipocytokine signaling pathway. (D)
Cytokine receptor binding. (E) Chemokine activity. (F) Response to type I interferon. (G) Iinterferon-g response. (H) Tumor necrosis factor-a signaling via nuclear
factor-kB. (I) Interleukin-6/Janus kinase/signal transducer and activator of transcription signaling. (J) Transforming growth factor-b signaling. (K) Cytokine metabolic
process. (L) Inflammatory response. The green line over the upper third of each graph is the enrichment score and a score of> 0was defined as upregulation. Y-axis
was enrichment score to reflect the increased degree of associated genes in SARS-CoV-2-infected model. Y=1 indicated those genes possitively correlated with
SARS-CoV-2 infection. Y=0 implicated those genes negatively correlated with SARS-CoV-2 infection. We computed the density of genes in dataset to get the
normalized enrichment score. The false discovery rate was used to estimate probability value with a given normalized enrichment score. Each solid bar represented
the rank of genes in the ordered dataset in the middle third of graph. Redmeans a positive correlation, and blue means a negative correlation. The distribution of the
ranked list along the gene list is shown as the gray part in the lower third of each graph.
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structure development (GO:0048856), and transmembrane
receptor protein serine/threonine kinase signaling pathway
(GO:0007178). These signatures were completely different from
those in SARS-CoV-2-infected cells (Fig. 3).

4. Discussion

Since traditional drug development is time-consuming, drug
repurposing, also known as drug repositioning, through
bioinformatics is emerging as a crucial experimental approach
in drug research and development fields.[35–38] In the present
study, we used large amounts of high-throughput data to analyze
the genetic signatures of SARS-CoV- and SARS-CoV-2-infected
human lung Calu-3 cells compared to mock-infected control
groups. By integrating these high-throughput data, we strength-
6

ened lines of evidence for certain gene candidates using their
genomic as well as transcriptomic datasets. Consequently, multi-
omics from public datasets supply a comprehensive analysis for
selecting targets. In the present study, we included mRNA
expressions from SARS-CoV- and SARS-CoV-2-infected human
lung Calu-3 cells. The essential regulatory downstream networks
were predicted and evaluated for their potential as therapeutic
targets for SARS-CoV- and SARS-CoV-2-infected disease.
Previous studies demonstrated that infection with CoVs

induces a cytokine storm and severe inflammation.[39,40] For
SARS-CoV-2 infection, several signaling pathways are reported
to be potential drug targets for therapy, SARS-CoV-2 relies on
ACE2 and TMPRSS2 to enter cells.[6,8] IL family members,
including IL-6, IL-1, IL-1b, TNF, and CCL2, are profoundly
released by the immune system after SARS-CoV-2 infection[41,42]



Figure 5. Common gene signatures in severe acute respiratory syndrome coronavirus (SARS-CoV)- and SARS-CoV-2-infected cells. A Venn diagram was used to
illustrate common overlapping genes fromSARS-CoV- and SARS-CoV-2-infectedmodels, and ngenuity pathway analysis discovered the co-regulated interactions
network in these coronavirus infected models. (A) Upregulated genes in SARS-CoV-infected cells (n=3) compared to mock-infected controls (n=3) which
overlapped with highly expressed genes in SARS-CoV-2 cells (n=3) compared to mock-infected controls (n=3). Common genes were explored with a Venn
diagram. (B) The Ingenuity pathway analysis platform was used to analyze commonly up-regulated genes of SARS-CoV- and SARS-CoV-2-infected cells. Enriched
pathways are shown with the P-value on each bar. (C) Through the Ingenuity pathway analysis platform, downstream tumor necrosis factor-2 recpetor signling was
predicted. IL-10 = interleukin-10, IL-17 = interleukin-17, MAPK = mitogen-activated protein kinase, NF-kB = nuclear factor-kB, TNFR1 = tumor necrosis factor
receptor 1, TNFR2 = tumor necrosis factor receptor 2.
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SARS-CoVwas also found to regulate collagen expression via the
transforming growth factor-b1 signaling pathway.[43] The
response of host cells after SARS-CoV-2 infection induces
cytokine-related acute respiratory distress, and cytokine release is
associated with worse outcomes. Imbalance of the INF response
exacerbates the dysregulation of innate and adaptive immunity
after SARS-CoV infection.[44,45] Markedly increased levels of IL-
2R, IL-6, IL-10, and TNF-awere detected in patients with serious
SARS-CoV-2 infection. Those results are consistent with the
results of the present study. Chemokine, cytokine, cytokine
receptor, cytokine metabolism, and inflammation-related path-
ways were enriched (Figs. 3 and 4). Highly expressed genes in
acute infection of Calu-3 lung adenocarcinoma cells with SARS-
CoV-2 included IL-6 and TNF (Fig. 2). Activation of TNFR2
signaling and TNF downstream signaling was discovered in
7

conjunction with 2 different datasets, SARS-CoV infection and
SARS-CoV-2 infection of Calu-3 cells (Fig. 5). These 2 highly
pathogenic CoVs have similar structures and genomes. Patients
with SARS-CoV and those with SARS-CoV-2 infection also have
similar clinical manifestations. Our results confirmed the
importance of TNF and the immune system in CoV infection.
In the present study, we also detected several new targeting

cytokines. IL-17-associated signaling was discovered in 7 of the
top 50 pathways and was ranked 2, 5, 17, 24, 34, 40, and 48
(Supplementary Table 3, http://links.lww.com/MD/F594). The
“IL-17A signaling in gastric cells” pathway was enriched in the
combined SARS-CoV- and SARS-CoV-2-infected datasets ana-
lyzed by the IPA platform (Fig. 5). The upregulation of IL-17C
was detected in SARS-CoV-2-infected cells (Fig. 2). Activation of
IL-17 signaling was reported in cell-infection models of SARS-

http://links.lww.com/MD/F594
http://www.md-journal.com


Figure 6. Interaction between tumor necrosis factor and tumor necrosis factor receptor 2 signaling. Up-regulated genes were extracted from the intersection of
severe acute respiratory syndrome coronavirus (SARS-CoV)- and SARS-CoV-2-infected cells. These genes were examined by an Ingenuity pathway analysis for
interacting networks. Downstream molecules are shown on the right side. Up-regulated genes in SARS-CoV-2-infected cells are marked with a red star, including
multiple cytokines and intracellular proteins. CCL=C-C chemokine ligands, CSF= colony-stimulating factor, CXCL=C-X-Cmotif chemokine ligand, IkB= inhibitor
of kB, IL = interleukin, NF-kB = nuclear factor-kB, PTGS2 = prostaglandin-endoperoxide synthase 2, TNFR1 = tumor necrosis factor receptor 1, TNFR2 = tumor
necrosis factor receptor, TRAF1 = tumor necrosis factor receptor-associated factor 1.
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CoV and the Middle East respiratory syndrome-CoV. The
synergy of IL-17 and IL-6 mediates the cytokine storm after
SARS-CoV-2 infection.[46] IL-17 is also overproduced during
other viral infections. IL-17C modulates the response of
respiratory epithelial cells. It establishes a complex network
with other IL-17 family proteins to regulate the innate immune
response.[47] Our study further proved the overactivity of IL-17
signaling in host cells after SARS-CoV and SARS-CoV-2
infection. Based on our knowledge, this is the first comprehensive
analysis to study correlations of SARS-CoV/SARS-CoV-2
infection with IL-17A signaling. Therefore, IL-17-targeted
therapy may provide another opportunity for treating CoV
infection.
An inflammatory response is elicited by SARA-CoV and SARS-

CoV-2 infection. Treatment with low-dose glucocorticoids can
control symptoms of the most-severe patients.[48] The combina-
tion of thalidomide and low-dose glucocorticoids is administrat-
ed to patients with lung injury and immunological stress caused
by COVID-19 pneumonia.[49] Monoclonal anti-IL-6 antibody
(tocilizumab) treatment ameliorates serum levels of IL-6 and C-
reactive protein; however, overall survival does not improve. A
persistent and dramatic increase in serum IL-6 was detected in
critically ill patients, and tocilizumab is only effective in a certain
8

type of patient. In the present study, SARS-CoV-2 infection-
induced gene expressions of multiple cytokines (Fig. 2) and
elicited a complex network of immune responses (Figs. 3 and 4).
IL-6 is not the only up-regulated gene. From combining the
SARS-CoV and SARS-CoV-2 datasets, TNF and TNFR2
downstream signaling were elevated (Fig. 5). Increased expres-
sion of IL-17C and enrichment of multiple IL-17-associated
signaling pathways were detected and are illustrated in Fig. 2 and
Supplementary Table 3, http://links.lww.com/MD/F594. These
pathways could provide potential targets for further treatment of
patients with CoV infection.
External validation data in Supplementary Figure 3, http://

links.lww.com/MD/F589 and Supplementary Table 2, http://
links.lww.com/MD/F593 also indicate that these genes are up-
regulated during different coronavirus infection, and these data
were consistent with previous studies. Cardiac infection associa-
tion with SARS-CoV-2 is confirmed via autopsy cases and
circular RNA Fndc3b can modulate cardiac repair.[50] NR3C1
and neutrophil axis determines the severity of COVID-19.[51]

GEM is a member of the small GTP-binding proteins within the
Ras superfamily to increase cellular migration of human T-
lymphotropic virus 1-infected cells.[52] LRIG2 is associated with
prognosis in relation to Human Papillomavirus-DNA and

http://links.lww.com/MD/F594
http://links.lww.com/MD/F589
http://links.lww.com/MD/F589
http://links.lww.com/MD/F593
http://links.lww.com/MD/F593
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p16INK4a status.[53] HCV induces a substantial reduction of
ErbB3 and ErbB4 expression.[54,55] DUSP1 regulates respiratory
Syncytial virus and Sendai virus infection.[56] BACH1 knock-
down reduces BZLF1 expression and further Epstein-Barr virus
(EBV) infection.[57] BACH2 triggers viral reservoir in T
regulatory cells in HIV-1 models.[58] Plasma concentration of
CXCL2 and CXCL10 is increased in COVID-19 patients.[59]

NFKBIA is a key regulator of immune responsiveness implicated
in the SARS and HIV infected model.[60] PTX3 plays a crucial
role in coronaviral infection-induced acute lung injury.[61] The
elevation of plasma IL-6 in patients is closely correlated with
COVID-19 disease.[62] These up-regulated genes in our study
provided sufficient evidence for further research of SARS-CoV-2-
infected disease.
Collectively, the current study aimed to identify signal

pathways related to gene signatures of human lung adenocarci-
noma with CoV infection, which could provide potential targets
for future treatments. Furthermore, our research revealed
regulatory pathways played by several novel genes, which could
reduce the gap between bench research and clinical applications.
Overactivation of TNF-associated and IL-17-related signaling
was explored in the present study. Several cytokine genes were
up-regulated in SARS-CoV-2-infected cells, including TNF, IL6,
CSF2, IFNL1, IL-17C, CXCL10, and CXCL11. These genes
may guide future experimental directions to combat the COVID-
19 pandemic.
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