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Comparative transcriptome 
analyses reveal genes associated 
with SARS‑CoV‑2 infection 
of human lung epithelial cells
Darshan S. Chandrashekar1*, Mohammad Athar2,3, Upender Manne1,3,5 & 
Sooryanarayana Varambally1,3,4,5*

During 2020, understanding the molecular mechanism of SARS-CoV-2 infection (the cause of COVID-
19) became a scientific priority due to the devastating effects of the COVID-19. Many researchers have 
studied the effect of this viral infection on lung epithelial transcriptomes and deposited data in public 
repositories. Comprehensive analysis of such data could pave the way for development of efficient 
vaccines and effective drugs. In the current study, we obtained high-throughput gene expression data 
associated with human lung epithelial cells infected with respiratory viruses such as SARS-CoV-2, 
SARS, H1N1, avian influenza, rhinovirus and Dhori, then performed comparative transcriptome 
analysis to identify SARS-CoV-2 exclusive genes. The analysis yielded seven SARS-CoV-2 specific 
genes including CSF2 [GM-CSF] (colony-stimulating factor 2) and calcium-binding proteins (such as 
S100A8 and S100A9), which are known to be involved in respiratory diseases. The analyses showed 
that genes involved in inflammation are commonly altered by infection of SARS-CoV-2 and influenza 
viruses. Furthermore, results of protein–protein interaction analyses were consistent with a functional 
role of CSF2 and S100A9 in COVID-19 disease. In conclusion, our analysis revealed cellular genes 
associated with SARS-CoV-2 infection of the human lung epithelium; these are potential therapeutic 
targets.

Infection of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the cause of human coronavirus 
disease 2019 (COVID-19). The recent pandemic has caused devastation due to rapid spread of this viral infec-
tion. As a respiratory illness, the disease is readily transmitted. It also has a long incubation and can be carried 
asymptomatically, thus spreading through communities1. The COVID-19 pandemic has affected almost every 
country, regardless of their medical infrastructure and economic status. It has caused a healthcare crisis and cre-
ated a devastating economic burden, including high unemployment, which exacerbates the effect of the disease2. 
At present, more than 70 million people from 213 countries have been infected with the virus (https://​www.​
world​omete​rs.​info/​coron​avirus/). The rapid spreading of this respiratory infection has forced millions to shelter 
in their homes and has led to death of more than 1,580,000 individuals. Additionally, in the U.S., COVID-19 has 
disproportionately affected patients, particularly minorities and those with chronic problems such as hyperten-
sion, lung disease, diabetes, and immunocompromised conditions.

In the last three decades, the world has witnessed zoonotic transmission of various viruses (from animals to 
humans) leading to severe respiratory complications. These include H1N1, avian influenza, severe acute respira-
tory syndrome (SARS), and Middle East respiratory syndrome coronavirus (MERS‐CoV)3,4. Although infections 
of these viruses are often fatal, their effect is generally restricted to geographic locations such as Africa, Asia, 
and South America. As the world awaits a vaccine for SARS-CoV-2, efforts are being made to understand the 
molecular mechanisms of these infections5–9.

High-throughput technologies such as RNA sequencing and microarrays are useful in the detection of respira-
tory virus infections and in understanding their molecular effect on human lung epithelial cells10. Extensive data 
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on corona virus sequences have been deposited in public repositories such as NCBI Gene Expression Omnibus 
(GEO) and EMBL Array Express11,12. Meta-analysis and mining of such data can aid in a) understanding the 
molecular impact of COVID-19, b) elucidating differences and similarities between SARS-CoV-2 and other 
respiratory virus infections, and c) identifying targets for drug development. In the current study, we performed 
comparative analysis of publicly available gene expression data related to human lung epithelial cells infected with 
a respiratory virus. The analyses identified genes specifically expressed by SARS-CoV-2 infections and those that 
are commonly altered due to infection of coronovirus-2 and/or other respiratory viruses. In particular, expression 
of CSF2 (colony-stimulating factor 2) appears to be involved in COVID-19 disease. Several COVID-19 clinical 
trials are currently focusing on inhibition of CSF2 [GM-CSF]13–15.

Results
RNA sequencing identified genes altered on SARS‑CoV‑2 infection of normal human lung epi‑
thelial cells.  Differential expression analysis was conducted separately using RNA-seq data from GSE147507 
and GSE153970. In total, 164 genes were up-regulated, and 76 genes were down-regulated on SARS-CoV-2 
infection of normal human bronchial epithelial cells [GSE147507] (Fig. 1a). Similarly, 405 genes were up-reg-

Up-regulated genes
(n=164)

Down-regulated genes
(n=76)

0

10

20

30

40

50

60

0 2 4-2-4
Log2Foldchange

-L
og

10
(a

dj
P-

va
lu

e)

a
Up-regulated genes
(n=405)

Down-regulated genes
(n=544)

0

10

20

30

40

50

60

-L
og

10
(a

dj
P-

va
lu

e)

0 2 4-2-4
Log2Foldchange

49 27 517

91 73 332

0 3 6 9 12 15

Inflammatory response

Immune response

Cell chemotaxis

Keratinization

Keratinocyte differentiation

Chemokine mediated signaling pathway

Neutrophil chemotaxis

Cellular response to lipopolysaccharide

Peptide cross-linking

-Log10(P-value)

Chemotaxis

b

c d
Common down-regulated genes

Common up-regulated genes

GSE147507 GSE153970

GSE147507 GSE153970

Figure 1.   High throughput gene expression analysis of SARS-CoV-2 infection in human lung epithelial cells. 
(a,b) Volcano plots showing the proportion of differentially expressed genes on SARS-CoV-2 infection in 
human lung epithelial cells [from GSE147507 and GSE153970, respectively]. (c) Venn diagram depicting genes 
commonly up-/down-regulated as per both studies. (d) Top 10 biological processes associated with common 
differentially expressed genes on SARS-CoV-2 infection of human lung epithelial cells.
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ulated and 544 genes were down-regulated in SARS-CoV-2-infected human airway epithelium [GSE153970] 
(Fig. 1b). Gene list comparison identified 27 commonly down-regulated and 73 commonly up-regulated genes 
(Fig. 1c). Gene Ontology enrichment analysis of common differentially expressed genes showed “Inflammatory 
response”, “Neutrophil chemotaxis”, “Immune response”, “Cell chemotaxis”, and “Keratinization” as the top 5 
enriched biological processes (Fig. 1d).
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Figure 2.   Comparative transcriptome analysis of collected gene expression data. (a) Histogram showing the 
differentially expressed genes as determined by GEO2R analysis of respiratory viral infection microarray data. 
(b) Heatmap showing 7 genes exclusively altered on SARS-CoV-2 infection.



4

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16212  | https://doi.org/10.1038/s41598-021-95733-w

www.nature.com/scientificreports/

The impact of other viral infections on the human lung epithelial cell transcriptome was 
explored using publicly available microarray data.  A search of microarray datasets in the NCBI GEO 
database led to identification of five studies involving human lung epithelial cells subjected to viral infection. 
GEO2R analyses of each study were performed separately to identify differentially expressed genes. Figure 2a 
shows differentially expressed probes identified from each comparative analysis. From GSE71766, there were 574 
differentially expressed probes (281 genes) in H1N1-infected BEAS-2B cells compared to control; 166 probes 
(72 genes) were up-regulated by RV16 infection. The combined infection of RV16 and H1N1 altered expres-
sion of 589 probes (288 genes). In the case of GSE49840, there were 19,959 probes (14,892 genes) differentially 
expressed in H7N7-infected Calu-3 cells compared to mock infected cells; 20,155 (14,948 genes), 14,859 (11,362 
genes), and 17,496 probes (13,012 genes) were differentially expressed by H5N1, H3N2, or H7N9 infections, 
respectively. For GSE17400, DOHV or SARS-CoV infection of Calu-3 cells led to altered expression of 447 (344 
genes) and 221 probes (182 genes), respectively. Analysis of GSE48575 led to identification of 130 (99 genes) and 
9 (7 genes) differentially expressed probes on seasonal (sH1N1) or pandemic (H1N1pdm) influenza virus infec-
tion, respectively, of NHBECs. Lastly, the processing of GSE47962 resulted in discovery of 13,414 (7938 genes), 
1415 (997 genes), 7 (5 genes), and 8 (6 genes) differentially expressed probes after H1N1, SARS-CoV-dORF6, 
SARS-CoV-BAT, or SARS-CoV viral infections, respectively, of HAE cells.

Comparative analysis of DEGs resulted in identification of SARS‑CoV‑2 infection‑specific 
genes and those commonly affected by most of the viral infections.  In order to identify genes 
that are exclusively affected on SARS-CoV-2 infection, we compared common DEGs (98 protein-coding genes 
of 100) from RNA-seq studies with GEO2R analysis results of GSE47962, GSE17400, GSE48575, GSE49840, and 
GSE71766 (Supplementary Table S1). GEO2R results from each microarray study include lists of differentially 
expressed probes, gene symbols, fold change, and adjusted p-values. If multiple probes related to the same gene 
were differentially expressed, we considered the probe with highest fold change value. Comparative analysis 
showed 7 genes exclusively altered on SARS-CoV-2 infection, including 5 up-regulated genes (CSF2, S100A8, 
MRGPRX3, S100A9 and MAB21L4) and two down-regulated genes (CXCL14 and PCDH7) (Fig. 2b). However, 
microarray platforms showed the absence of probes related to MAB21L4 in all microarray studies (Table 1).

Inflammation-related genes (such as IL6, IL1A, IL1B, CXCL2, CXCL6, CCL20, TNIP1, VNN1, TNFAIP3 and 
NFKBIZ) were commonly affected due to infection of SARS-CoV-2 and other SARS or avian/human influenza 
viruses (Supplementary Figure S1c).

Validation of SARS‑CoV‑2 exclusive genes in human bronchial organoid RNA‑seq data.  Pro-
cessing and analysis of RNA-seq data related to SARS-CoV-2-infected human bronchial organoids (HBO) led 
to identification of 1532 differential expressed genes (861 up-regulated and 671 down-regulated genes) (Sup-
plementary Figure S1a). With the exception of MAB21L4, all SARS-CoV-2 exclusive genes from comparative 
transcriptome analysis showed the same expression pattern in HBO cells (Supplementary Figure S1b).

Protein–protein interaction analysis of altered genes on SARS‑CoV‑2 infection revealed hub 
genes.  The common 98 protein-coding, differentially expressed genes on SARS-CoV-2 infection were first 
queried in the STRING database to identify known/predicted interactions among them. The database returned 
a PPI network of 333 interactions (edges) between 72 genes (nodes) (Fig. 3). The PPI network was downloaded 
as a simple interaction format (SIF) file, visualized with Cytoscape, and analyzed with Cytohubba plugin to 
identify hub genes. The top 50 genes were obtained based on three network parameters: degree, closeness, and 
betweenness separately. The 43 genes featured in all three lists were considered as hub genes (Table 2). The hub 

Table 1.   List of probes associated with COVID-19 exclusive genes in microarray platforms related to selected 
gene expression studies.

Gene
Affymetrix human genome 
U133 plus 2.0 array

Affymetrix human genome 
U219 array

Agilent-014850 whole human 
genome microarray 4 × 44 K 
G4112F

Agilent-039494 SurePrint 
G3 human GE v2 8 × 60 K 
microarray

Illumina Human HT-12 
V4.0 expression beadchip

CSF2 210228_at
210229_s_at 11728876_at A_23_P133408 A_23_P133408 ILMN_1661861

S100A9 203535_at 11716523_at A_23_P23048 A_23_P23048 ILMN_1750974

S100A8 214370_at 11753823_a_at A_23_P434809 A_23_P434809 ILMN_1729801

MAB21L4

MRGPRX3 1553293_at 11738052_at A_23_P389371 ILMN_1773546

CXCL14 218002_s_at
11756059_a_at
11717910_at
11717911_x_at
11717912_s_at

A_23_P213745 ILMN_1748323

PCDH7
228640_at
205534_at
205535_s_at

11737384_at
11741722_at
11724981_at
11724982_s_at
11724983_at

A_23_P212888
A_23_P378364
A_24_P914638
A_23_P310921

A_33_P3509019 ILMN_1766668
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genes were IL6, IL1B, CXCL8, MMP9, CXCL1, CSF2, CCL20, ICAM1, IL1A, CXCL2, CSF3, SAA1, NFKB2, PI3, 
TNFAIP3, CXCL3, CXCL5, CXCL6, EDN1, HBEGF, BCL2A1, NFKBIZ, S100A12, PLAUR, BIRC3, IL36G, LIF, 
SERPINB2, SPRR1A, SPRR1B, IVL, DDX58, SPRR2A, ZC3H12A, S100A9, PDGFB, IL7R, MAP3K8, IKBKE, 
MAF, ADAM8 and GBP5. Among hub genes, most were affected by infection of human or avian influenza 
viruses such as H7N7, H1N1, H7N9, H3N2, and H5N1 (Fig. 4); CSF2 and S100A9 were exclusive to SARS-
CoV-2 infection.

Discussion
Microarray meta-analysis and comparative transcriptome analysis have been useful bioinformatic approaches 
for maximum utilization of publicly available gene expression data16,17. Since the advent of high-throughput 
technologies such as microarrays and RNA-seq, researchers have performed in-depth transcriptome analyses 
of various biological conditions, leading to various discoveries18. Data from thousands of such experiments are 
being deposited in public repositories such as GEO and ArrayExpress. Selection and combinatorial analysis 
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of such data can aid researchers in understanding the molecular mechanisms of a disease and in discovering 
biomarkers19–21. We observed the availability of various microarray studies related to human respiratory viral 
infection and sensed the opportunity to compare the effect of SARS-CoV-2 and other respiratory viral infections 
on the human lung transcriptome.

The comparative transcriptome analysis led to identification of genes that were altered exclusively after SARS-
CoV-2 infection. Among these genes, S100 calcium-binding protein A9 (S100A9) and S100 calcium-binding 
protein A8 (S100A8) are calcium- and zinc-binding proteins that are elevated in inflammatory lung disorders22. 
S100A8 and S100A9 form a heterodimer complex called Calprotectin (CLP). Elevated levels of CLP is found 
in bronchoalveolar lavage fluid (BALF), serum and lung tissue of pneumonia patients23. Serum CLP could be 
potential biomarker for COVID-19 and further research is required to test this hypothesis24. Colony stimulat-
ing factor 2 (CSF2) is a cytokine-coding gene associated with respiratory diseases such as pulmonary alveolar 
proteinosis25. CSF2 (GM-CSF) is known to be pro-inflammatory cytokine produced by wide variety of cells such 

Table 2.   Hub genes involved in SARS-CoV-2 infection of normal human bronchial epithelial cells.

Hub nodes Degree Closeness Betweenness

GSE147507 GSE153970

Absolute FC P-value Absolute FC P-value

IL6 39 52.66 1061.909 7.59 6.59E−20 5.87 4.78E−14

IL1B 35 50.16 715.3514 2.11 9.62E−25 1.67 5.66E−11

CXCL8 34 49.66 382.1511 5.28 2.6E−112 2.38 5.98E−24

MMP9 30 47.91 832.9246 5.50 4.86E−23 2.41 1.51E−14

CXCL1 26 43.95 143.7859 2.64 2.27E−38 2.63 3.04E−19

CSF2 23 43.83 194.193 7.63 8.01E−09 3.97 6.06E−05

CCL20 22 43.16 99.528 9.31 1.37E−71 3.44 1.25E−51

ICAM1 21 42.83 130.012 3.66 1.24E−38 1.53 6.44E−05

IL1A 19 40.28 23.204 2.14 8.95E−16 1.71 5.09E−10

CXCL2 19 40.45 39.909 2.65 9.33E−15 2.15 1.75E−09

CSF3 18 39.61 18.700 32.18 7.74E−18 9.36 1.77E−61

SAA1 17 38.95 142.325 5.04 8.62E−48 1.56 1.53E−06

NFKB2 17 39.61 122.589 2.01 1.82E−15 1.78 3.29E−08

PI3 17 40.75 1217.573 3.72 4.64E−07 1.93 2.59E−07

TNFAIP3 17 38.56 46.582 3.11 3.38E−47 1.73 1.11E−08

CXCL3 17 39.28 22.292 4.67 2.38E−14 3.67 9.64E−15

CXCL5 15 38.11 8.458 11.70 6.87E−27 4.18 4.61E−35

CXCL6 14 37.61 7.723 3.26 0.016423 2.74 5.63E−13

EDN1 13 39 122.702 2.13 1.19E−08 1.88 1.94E−10

HBEGF 11 35.95 144.650 2.52 8.02E−27 2.75 2.78E−15

BCL2A1 11 36.11 139.405 4.97 6.48E−10 3.30 4.38E−20

NFKBIZ 11 35.4 139.988 1.82 5.76E−12 2.28 7.37E−29

S100A12 11 37.5 25.471 2.21 0.0438 5.28 2.45E−14

PLAUR​ 9 35.2 74.008 1.65 2.5E−06 2.25 2.30E−16

BIRC3 9 34.53 8.979 3.36 5.7E−21 1.60 2.55E−05

IL36G 9 34.95 0.821 6.79 9.54E−49 14.64 1.43E−88

LIF 9 34.56 3.828 2.52 1.05E−26 2.60 8.75E−10

SERPINB2 8 34.45 0.689 1.68 4.64E−07 4.55 2.23E−33

SPRR1A 8 29.28 86.666 1.67 0.00927 5.88 1.43E−14

SPRR1B 8 29.28 86.666 1.53 0.001373 3.48 1.15E−38

IVL 8 29.11 136 2.02 2.08E−11 2.97 3.49E−20

DDX58 8 33.9 109 1.50 0.0088 1.55 2.54E−05

SPRR2A 8 29.28 86.666 3.57 4.3E−20 18.08 1.04E−152

ZC3H12A 7 33.56 4.0976 3.24 5.01E−30 1.92 3.20E−12

S100A9 7 33.78 0.333 2.21 7.38E−35 2.97 6.39E−27

PDGFB 7 33.78 138.966 2.06 6.93E−07 1.95 3.74E−08

IL7R 7 33.4 4.91 1.83 0.013 2.48 0.0414

MAP3K8 6 32.73 0.44 2.22 0.005 2.25 1.96E−11

IKBKE 6 31.98 3.31 1.71 0.00017 1.68 9.13E−07

MAF 3 30.48 136 − 1.73 3.26E−06 − 1.81 0.00755

ADAM8 3 29.11 268 2.18 3.26E−06 2.33 3.83E−15

GBP5 3 29.73 31.94 3.84 0.02372 4.26 4.21E−10
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as macrophages, T-cells, fibroblast, tumor cells, endothelial cells, and with primary production at the inflamma-
tion site26,27. GM-CSF influences activation and proliferation of immune cells such as macrophages, monocytes, 
dendritic cells, neutrophils, eosinophils28. Although GM-CSF plays important role in maintaining immune home-
ostasis, its over-expression in lung could lead to fibrotic reactions and severe immune cell infiltrations29. Recent 
reports show that a) COVID-19 patients requiring intensive care unit (ICU) have increased level of GM-CSF 
in China and b) drugs targeting CSF2 (GM-CSF) or its receptor (such as lenzilumab, namilumab, gimsilumab, 
and otilimab) are being evaluated in clinical trials with COVID-19 patients13–15,30. MAS-related GPR family 
member X3 (MRGPRX3), a member of the mas-related/sensory neuron specific subfamily of G protein coupled 
receptors, is down-regulated in human airway epithelial cells exposed to smoke from electronic cigarettes31. In 
oral cancers, lung cancers, and head and neck cancers, C-X-C Motif chemokine ligand 14 (CXCL14) functions 
as a tumor suppressor; it also induces growth of prostate and breast cancers32–36. Protocadherin 7 (PCDH7) is 
involved in cell–cell recognition and adhesion37. Mab-21-like 4 (MAB21L4) has no known association with lung 
disorders or respiratory virus infections.

The PPI analysis of genes differentially expressed by SARS-CoV-2 infection identified 43 hub genes. CSF2 and 
S100A9 were the only hub genes to show a SARS-CoV-2-exclusive gene expression pattern. Almost all other hub 
genes were affected by infection of other respiratory viruses. In conclusion, both PPI analysis and comparative 
transcriptome analysis point to a role of CSF2 in the molecular mechanism of SARS-CoV-2 infections of human 
lung epithelium. The current study also highlights the exclusivity of known lung inflammation disorder genes 
such as S100A8 and S100A9 with respect to SARS-CoV-2 infection.

Our current study utilizes exclusively the transcriptomic data. Similar comparative analysis as well as inte-
grative analysis with proteomics and other “omic” data will be useful as more data becomes public. The current 
bioinformatics approach makes use of available data to identify potential molecular targets for treatment of 
COVID-19. Future studies will focus on experimental validation to establish the exclusive association of CSF2, 
S100A8 and S100A9 with SARS-CoV-2 infections in lung epithelial cells.
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Methods
RNA sequencing data analysis.  The NCBI GEO database was searched for microarray or RNA-sequenc-
ing data related to SARS-CoV-2 infections of human lung epithelial cells. We evaluated two studies, GSE147507 
and GSE1539706,38. GSE147507 included normal human bronchial epithelial cells subjected to mock treatment 
(n = 3) or to SARS-CoV-2 infection (n = 3); GSE153970 included primary human airway epithelial cultures 
infected with mock (n = 3) or SARS-CoV-2 (n = 3). For the purpose of validation, we also selected RNA-seq data 
related to SARS-CoV-2-infected human bronchial organoids [GSE150819].

Raw sequencing data related to selected samples were downloaded from Sequence Read Archive (SRA) using 
fastq-dump of sratoolkit v2.9.6 (http://​ncbi.​github.​io/​sra-​tools/). First, raw sequencing reads were trimmed to 
remove adapter sequences and low-quality regions using Trim Galore! (v0.4.1) (http://​www.​bioin​forma​tics.​
babra​ham.​ac.​uk/​proje​cts/​trim_​galore/). Trimmed reads were subjected to quality control analysis using FastQC 
(https://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc/). Tophat v2.1 was used to map trimmed raw reads 
to the human reference genome (hg38)39. All bam files from multiple runs related to the same samples were 
merged and sorted using SAMtools (Version: 1.3.1)40. Finally, raw read counts were enumerated for each gene in 
each sample using GTF (gene transfer file) from Ensembl [Homo.sapiens_GRCh38.82.gtf] and HTSeq-count41.

Analysis of differential expression was performed using DESeq2 according to a standard protocol (https://​
bioco​nduct​or.​org/​packa​ges/​relea​se/​bioc/​vigne​ttes/​DESeq2/​inst/​doc/​DESeq2.​html)42. Genes with adj.P-
value < 0.05 and absolute fold change ≥ 1.5 were considered as significantly differentially expressed. Common 
up-regulated and down-regulated genes from GSE147507 and GSE153970 were obtained using the Venny online 
tool (https://​bioin​fogp.​cnb.​csic.​es/​tools/​venny/).

Gene ontology enrichment analyses of the common Differentially Expressed Genes (DEGs) were accom-
plished by use of the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 online 
tool43. Gene ontology (GO) biological processes with P-values < 0.05 and gene counts > 2 were considered as 
significantly enriched.

Table 3.   Summary of publicly available, high-throughput experimental data considered in the current study.

GEO accession number Cell line
Virus infection studied after 24 h (along with 
GSM ids) Platform considered

GSE147507 Normal Human Bronchial Epithelial (NHBE)
SARS-CoV-2 (GSM4432381, GSM4432382, 
GSM4432383), Mock treatment (GSM4432378, 
GSM4432379, GSM4432380)

Illumina NextSeq 500 (Homo sapiens)

GSE153970 Human airway epithelium (HAE)
SARS-CoV-2 (GSM4661083, GSM4661084, 
GSM4661085), Mock treatment (GSM4661080, 
GSM4661081, GSM4661082)

Illumina NovaSeq 6000 (Homo sapiens)

GSE47962 Human airway epithelium (HAE)

SARS-CoV (GSM1163617, GSM1163618, 
GSM1163619), H1N1 (GSM1163602, 
GSM1163603, GSM1163604), SARS-CoV-
BatSRBD (GSM1163543,GSM1163544), 
SARS-CoV-dORF6 (GSM1163569, 
GSM1163570, GSM1163571), Mock treatment 
(GSM1163650,GSM1163651, GSM1163652)

Agilent-014850 whole human genome microarray 
4 × 44 K G4112F

GSE49840 Polarized Calu3

H7N7 (GSM1208108, GSM1208109, 
GSM1208110, GSM1208111), H5N1 
(GSM1208139, GSM1208140, GSM1208141, 
GSM1208142), H3N2 (GSM1208124, 
GSM1208125, GSM1208126, GSM1208127), 
H7N9 (GSM1208076, GSM1208077, 
GSM1208078, GSM1208079), Mock treatment 
(GSM1208092, GSM1208093, GSM1208094, 
GSM1208095)

Agilent-039494 SurePrint G3 human GE v2 
8 × 60 K microarray

GSE17400 Calu3 subclone 2B4
SARS-CoV (GSM432332, GSM432333, 
GSM432360), DOHV (GSM432398, GSM432399, 
GSM432400), Mock treatment (GSM432033, 
GSM432034, GSM432209)

Affymetrix human genome U133 Plus 2.0 array

GSE71766 Human bronchial epithelial (BEAS-2B)

H1N1 (GSM1844862, GSM1844863, 
GSM1844864, GSM1844865, GSM1844866), 
RV16 (GSM1844907, GSM1844908, 
GSM1844909, GSM1844910, GSM1844911), Con-
trol (GSM1844817, GSM1844819, GSM1844820, 
GSM1844818, GSM1844821), H1N1 + RV16 
(GSM1844952, GSM1844953, GSM1844954, 
GSM1844955, GSM1844956)

Affymetrix human genome U219 array

GSE48575 Normal human bronchial epithelial cells 
(NHBECs)

H1N1pdm (GSM1181433, GSM1181434, 
GSM1181435), sH1N1 (GSM1181442, 
GSM1181443, GSM118144), Control for 
H1N1pdm (GSM1181427, GSM1181428, 
GSM1181429), Control for sH1N1(GSM1181436, 
GSM1181437, GSM1181438)

Illumina Human HT-12 V4.0 expression beadchip

GSE150819 Human bronchial organoids
Uninfected human bronchial organoid 
(GSM4559193, GSM4559194, GSM4559195), 
SARS-CoV-2 infected human bronchial orga-
noid (GSM4559196, GSM4559197, GSM4559198)

Illumina NovaSeq 6000

http://ncbi.github.io/sra-tools/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://bioinfogp.cnb.csic.es/tools/venny/
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Microarray data collection and analysis.  The NCBI GEO database was queried for microarray data 
related to SARS-CoV infections of human lung epithelial cells. A query (SARS-CoV) AND "Homo sapiens"[porgn] 
AND ("gse"[Filter] AND ("Expression profiling by array"[Filter])) led to 15 search results. After screening, two 
studies (GSE47962, GSE17400) were selected. To find microarray data related to SARS-CoV infections of human 
lung epithelial cells, the GEO database was queried using (((Human lung epithelium) OR (Human bronchial 
epithelial) AND "Homo sapiens"[porgn] AND ("gse"[Filter] AND "Expression profiling by array"[Filter]))) AND 
(viral infection AND ("gse"[Filter] AND "Expression profiling by array"[Filter])) AND ("gse"[Filter] AND "Expres-
sion profiling by array"[Filter]) AND ("Expression profiling by array"[Filter]). This led to 38 search results, three 
of which (GSE49840, GSE71766, and GSE48575) were selected for analysis. Table 3 provides sample, platform, 
and cell line details for all five studies.

Since SARS-CoV-2 RNA-seq data included transcriptome profiling after 24 h of infection, in all microarray 
studies, we considered only samples after 24 h of viral infection.

GSE47962 included samples from human airway epithelium (HAE) cells infected with SARS-CoV, influ-
enza virus (H1N1), or variants of SARS-CoV (SARS-dORF6 and SARS-BatSRBD)44. GSE71766 comprised 
human bronchial epithelial cells (BEAS-2B) infected with rhino virus (RV), influenza virus (H1N1), or both 
(RV + H1N1)45. Bronchial epithelial cell line 2B4 (a clonal derivative of Calu-3 cells) infected with SARS-CoV 
or Dhori virus (DOHV) was part of GSE1740046. GSE49840 included polarized calu-3 (cultured human airway 
epithelial cells) infected with human influenza virus (H3N2) or avian influenza viruses (H7N9, H5N1, and 
H7N7)47. GSE48575 consisted of normal human bronchial epithelial cells (NHBEC) infected with seasonal 
H1N1 influenza A (sH1N1) or pandemic H1N1 influenza A (H1N1pdm)48. GEO2R was used to identify differ-
entially expressed genes for each of these studies independently12. Probes with adj. P-value < 0.05 and absolute 
fold change ≥ 1.5 were considered as statistically significant and were compared with DEGs of SARS-CoV-2 
infection from RNA-seq data.

Protein–protein interaction analysis.  STRING, a database of known or predicted protein–protein 
interactions (PPIs) was used to obtain interactions between genes altered on SARS-CoV-2 infection49. Output 
from the STRING database was uploaded to Cytoscape v3.7.2 in simple interaction format, and the Cytohubba 
app was employed to identify hub genes50–52. The top 50 genes were obtained separately from the PPI network 
based on three network parameters (closeness, degree, and betweenness) then common genes among these 
were selected as hub genes. We also checked the DrugBank database to determine if a drug is available to target 
them53.

Received: 22 December 2020; Accepted: 1 July 2021

References
	 1.	 Carvalho, A. et al. Epidemiology, diagnosis, treatment, and future perspectives concerning SARS-COV-2: A review article. Rev 

Assoc Med Bras. (1992) 66(3), 370–374 (2020).
	 2.	 Nicola, M. et al. The socio-economic implications of the coronavirus pandemic (COVID-19): A review. Int. J. Surg. 78, 185–193 

(2020).
	 3.	 Singh, S. K. Respiratory viral infections. Semin. Respir. Crit. Care Med. 37(4), 485–486 (2016).
	 4.	 Afrough, B., Dowall, S. & Hewson, R. Emerging viruses and current strategies for vaccine intervention. Clin. Exp. Immunol. 196(2), 

157–166 (2019).
	 5.	 Wang, C. et al. A human monoclonal antibody blocking SARS-CoV-2 infection. Nat. Commun. 11(1), 2251 (2020).
	 6.	 Blanco-Melo, D. et al. Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell 181(5), 1036-1045e9 

(2020).
	 7.	 Messina, F. et al. COVID-19: Viral-host interactome analyzed by network based-approach model to study pathogenesis of SARS-

CoV-2 infection. J. Transl. Med. 18(1), 233 (2020).
	 8.	 Kumar, N., Mishra, B., Mehmood, A., Mohammad, A. & Mukhtar, M. S. Integrative network biology framework elucidates molecu-

lar mechanisms of SARS-CoV-2 pathogenesis. iScience. 23(9), 101526 (2020).
	 9.	 Yue, Z. et al. PAGER-CoV: A comprehensive collection of pathways, annotated gene-lists and gene signatures for coronavirus 

disease studies. Nucleic Acids Res. 49, D589–D599 (2020).
	10.	 Zhang, N. et al. Recent advances in the detection of respiratory virus infection in humans. J. Med. Virol. 92(4), 408–417 (2020).
	11.	 Parkinson, H. et al. ArrayExpress—A public database of microarray experiments and gene expression profiles. Nucleic Acids Res. 

35(database issue), D747–D750 (2007).
	12.	 Barrett, T. et al. NCBI GEO: Archive for functional genomics data sets–update. Nucleic Acids Res. 41(database issue), D991–D1005 

(2013).
	13.	 Mehta, P. et al. Therapeutic blockade of granulocyte macrophage colony-stimulating factor in COVID-19-associated hyperinflam-

mation: Challenges and opportunities. Lancet Respir. Med. 8, 822–830 (2020).
	14.	 Lang, F. M., Lee, K. M., Teijaro, J. R., Becher, B. & Hamilton, J. A. GM-CSF-based treatments in COVID-19: Reconciling opposing 

therapeutic approaches. Nat. Rev. Immunol. 23, 1–8 (2020).
	15.	 Temesgen, Z. et al. GM-CSF neutralization with lenzilumab in severe COVID-19 pneumonia: A case-cohort study. Mayo Clin. 

Proc. 95(11), 2382–2394 (2020).
	16.	 Ramasamy, A., Mondry, A., Holmes, C. C. & Altman, D. G. Key issues in conducting a meta-analysis of gene expression microarray 

datasets. PLoS Med. 5(9), e184 (2008).
	17.	 Hamid, J.S., Hu, P., Roslin, N.M., Ling, V., Greenwood, C.M., & Beyene, J. Data integration in genetics and genomics: Methods 

and challenges. Hum. Genomics Proteomics. 2009 (2009).
	18.	 Cahan, P. et al. Meta-analysis of microarray results: Challenges, opportunities, and recommendations for standardization. Gene 

401(1–2), 12–18 (2007).
	19.	 Chen, J. A. et al. Low microRNA-139 expression associates with poor prognosis in patients with tumors: A meta-analysis. Hepa-

tobiliary Pancreat. Dis. Int. 18(4), 321–331 (2019).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16212  | https://doi.org/10.1038/s41598-021-95733-w

www.nature.com/scientificreports/

	20.	 Sherafatian, M. et al. MicroRNA expression profiles, target genes, and pathways in intervertebral disk degeneration: A meta-analysis 
of 3 microarray studies. World Neurosurg. 126, 389–397 (2019).

	21.	 Huang, W., Ran, R., Shao, B. & Li, H. Prognostic and clinicopathological value of PD-L1 expression in primary breast cancer: A 
meta-analysis. Breast Cancer Res. Treat. 178(1), 17–33 (2019).

	22.	 Gomes, L. H. et al. S100A8 and S100A9-oxidant scavengers in inflammation. Free Radic. Biol. Med. 58, 170–186 (2013).
	23.	 Kotsiou, O. S., Papagiannis, D., Papadopoulou, R. & Gourgoulianis, K. I. Calprotectin in lung diseases. Int. J. Mol. Sci. 22(4), 1706 

(2021).
	24.	 Mahler, M., Meroni, P. L., Infantino, M., Buhler, K. A. & Fritzler, M. J. Circulating calprotectin as a biomarker of COVID-19 sever-

ity. Expert Rev. Clin. Immunol. 17(5), 431–443 (2021).
	25.	 Ito, M. et al. Elderly-onset hereditary pulmonary alveolar proteinosis and its cytokine profile. BMC Pulm. Med. 17(1), 40 (2017).
	26.	 Griffin, J. D. et al. The biology of GM-CSF: Regulation of production and interaction with its receptor. Int. J. Cell Cloning. 8(Suppl 

1), 35–44 (1990) (discussion 5).
	27.	 Shiomi, A. & Usui, T. Pivotal roles of GM-CSF in autoimmunity and inflammation. Mediators Inflamm. 2015, 568543 (2015).
	28.	 Hamilton, J. A. Colony-stimulating factors in inflammation and autoimmunity. Nat. Rev. Immunol. 8(7), 533–544 (2008).
	29.	 Xing, Z., Ohkawara, Y., Jordana, M., Graham, F. & Gauldie, J. Transfer of granulocyte-macrophage colony-stimulating factor gene 

to rat lung induces eosinophilia, monocytosis, and fibrotic reactions. J. Clin. Invest. 97(4), 1102–1110 (1996).
	30.	 Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395(10223), 497–506 

(2020).
	31.	 Solleti, S. K. et al. MicroRNA expression profiling defines the impact of electronic cigarettes on human airway epithelial cells. Sci. 

Rep. 7(1), 1081 (2017).
	32.	 Ozawa, S. et al. BRAK/CXCL14 expression suppresses tumor growth in vivo in human oral carcinoma cells. Biochem. Biophys. 

Res. Commun. 348(2), 406–412 (2006).
	33.	 Augsten, M. et al. CXCL14 is an autocrine growth factor for fibroblasts and acts as a multi-modal stimulator of prostate tumor 

growth. Proc. Natl. Acad. Sci. U S A. 106(9), 3414–3419 (2009).
	34.	 Ozawa, S. et al. Restoration of BRAK/CXCL14 gene expression by gefitinib is associated with antitumor efficacy of the drug in 

head and neck squamous cell carcinoma. Cancer Sci. 100(11), 2202–2209 (2009).
	35.	 Tessema, M. et al. Re-expression of CXCL14, a common target for epigenetic silencing in lung cancer, induces tumor necrosis. 

Oncogene 29(37), 5159–5170 (2010).
	36.	 Augsten, M. et al. Cancer-associated fibroblasts expressing CXCL14 rely upon NOS1-derived nitric oxide signaling for their 

tumor-supporting properties. Cancer Res. 74(11), 2999–3010 (2014).
	37.	 Nakamura, H. et al. Global epigenomic analysis indicates protocadherin-7 activates osteoclastogenesis by promoting cell-cell 

fusion. Biochem. Biophys. Res. Commun. 455(3–4), 305–311 (2014).
	38.	 Vanderheiden, A. et al. Type I and type III interferons restrict SARS-CoV-2 infection of human airway epithelial cultures. J. Virol. 

94(19), e00985 (2020).
	39.	 Kim, D. et al. TopHat2: Accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome 

Biol. 14(4), R36 (2013).
	40.	 Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter 

estimation from sequencing data. Bioinformatics 27(21), 2987–2993 (2011).
	41.	 Anders, S., Pyl, P. T. & Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 

31(2), 166–169 (2015).
	42.	 Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome 

Biol. 15(12), 550 (2014).
	43.	 Dennis, G. Jr. et al. DAVID: Database for annotation, visualization, and integrated discovery. Genome Biol. 4(5), P3 (2003).
	44.	 Mitchell, H. D. et al. A network integration approach to predict conserved regulators related to pathogenicity of influenza and 

SARS-CoV respiratory viruses. PLoS ONE 8(7), e69374 (2013).
	45.	 Kim, T. K. et al. A systems approach to understanding human rhinovirus and influenza virus infection. Virology 486, 146–157 

(2015).
	46.	 Yoshikawa, T. et al. Dynamic innate immune responses of human bronchial epithelial cells to severe acute respiratory syndrome-

associated coronavirus infection. PLoS ONE 5(1), e8729 (2010).
	47.	 Josset, L., Zeng, H., Kelly, S. M., Tumpey, T. M. & Katze, M. G. Transcriptomic characterization of the novel avian-origin influenza 

A (H7N9) virus: specific host response and responses intermediate between avian (H5N1 and H7N7) and human (H3N2) viruses 
and implications for treatment options. MBio 5(1), e01102-e1113 (2014).

	48.	 Paquette, S. G. et al. Pandemic H1N1 influenza A directly induces a robust and acute inflammatory gene signature in primary 
human bronchial epithelial cells downstream of membrane fusion. Virology 448, 91–103 (2014).

	49.	 von Mering, C. et al. STRING: Known and predicted protein-protein associations, integrated and transferred across organisms. 
Nucleic Acids Res. 33(Database issue), D433–D437 (2005).

	50.	 Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 
13(11), 2498–2504 (2003).

	51.	 Su, G., Morris, J. H., Demchak, B. & Bader, G. D. Biological network exploration with Cytoscape 3. Curr. Protoc. Bioinform. 47, 
8131–8224 (2014).

	52.	 Chin, C. H. et al. cytoHubba: Identifying hub objects and sub-networks from complex interactome. BMC Syst. Biol. 8(Suppl 4), 
S11 (2014).

	53.	 Wishart, D. S. et al. DrugBank: A knowledgebase for drugs, drug actions and drug targets. Nucleic Acids Res. 36(Database issue), 
D901–D906 (2008).

Acknowledgements
This study was supported by UAB impact funds to UM and SV. We thank Dr. Donald Hill, of the UAB Compre-
hensive Cancer Center, for editing this manuscript.

Author contributions
D.S.C. and S.V. conceived, designed and supervised the research. D.S.C. performed all in silico data analysis. 
D.S.C. prepared figures and tables. D.S.C., S.V., U.M. and M.A. drafted and critically revised the manuscript.

Competing interests 
The authors declare no competing interests.



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16212  | https://doi.org/10.1038/s41598-021-95733-w

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​95733-w.

Correspondence and requests for materials should be addressed to D.S.C. or S.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-95733-w
https://doi.org/10.1038/s41598-021-95733-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative transcriptome analyses reveal genes associated with SARS-CoV-2 infection of human lung epithelial cells
	Results
	RNA sequencing identified genes altered on SARS-CoV-2 infection of normal human lung epithelial cells. 
	The impact of other viral infections on the human lung epithelial cell transcriptome was explored using publicly available microarray data. 
	Comparative analysis of DEGs resulted in identification of SARS-CoV-2 infection-specific genes and those commonly affected by most of the viral infections. 
	Validation of SARS-CoV-2 exclusive genes in human bronchial organoid RNA-seq data. 
	Protein–protein interaction analysis of altered genes on SARS-CoV-2 infection revealed hub genes. 

	Discussion
	Methods
	RNA sequencing data analysis. 
	Microarray data collection and analysis. 
	Protein–protein interaction analysis. 

	References
	Acknowledgements


