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A B S T R A C T   

Background: SARS-CoV2, the agent responsible for the current pandemic, is also causing respiratory distress 
syndrome (RDS), hyperinflammation and high mortality. It is critical to dissect the pathogenetic mechanisms in 
order to reach a targeted therapeutic approach. 
Methods: In the present investigation, we evaluated the effects of SARS-CoV2 on human bronchial epithelial cells 
(HBEC). We used RNA-seq datasets available online for identifying SARS-CoV2 potential genes target on human 
bronchial epithelial cells. RNA expression levels and potential cellular gene pathways have been analyzed. In 
order to identify possible common strategies among the main pandemic viruses, such as SARS-CoV2, SARS-CoV1, 
MERS-CoV, and H1N1, we carried out a hypergeometric test of the main genes transcribed in the cells of the 
respiratory tract exposed to these viruses. 
Results: The analysis showed that two mechanisms are highly regulated in HBEC: the innate immunity recruit-
ment and the disassembly of cilia and cytoskeletal structure. The granulocyte colony-stimulating factor (CSF3) 
and dynein heavy chain 7, axonemal (DNAH7) represented respectively the most upregulated and downregulated 
genes belonging to the two mechanisms highlighted above. Furthermore, the carcinoembryonic antigen-related 
cell adhesion molecule 7 (CEACAM7) that codifies for a surface protein is highly specific of SARS-CoV2 and not 
for SARS-CoV1, MERS-CoV, and H1N1, suggesting a potential role in viral entry. In order to identify potential 
new drugs, using a machine learning approach, we highlighted Flunisolide, Thalidomide, Lenalidomide, Des-
oximetasone, xylazine, and salmeterol as potential drugs against SARS-CoV2 infection. 
Conclusions: Overall, lung involvement and RDS could be generated by the activation and down regulation of 
diverse gene pathway involving respiratory cilia and muscle contraction, apoptotic phenomena, matrix 
destructuration, collagen deposition, neutrophil and macrophages recruitment.   

1. Introduction 

SARS-CoV2, a novel, human-infecting beta-coronavirus, provision-
ally named 2019 novel coronavirus (2019-nCoV), was identified using of 
next-generation sequencing. This virus is now pandemic [1]. Most of the 
infected patients have a high fever and some have dyspnea, with chest 
radiographs revealing invasive lesions in both lungs, accompanied by 
hyperinflammation, respiratory distress syndrome and death [2]. 

SARS-CoV2 infection (COVID-19) is characterized by high mortality 
especially in older and fragile individuals. This virus induces not only a 
systemic inflammatory response but also a vigorous lung inflammation 
that may lead to a difficult-to-treat RDS and death [3]. Human bronchial 
epithelial cells and pneumocytes express ACE2, the receptor used by the 
virus to enter the cells and perpetuate its viral life cycle [4]. The 
infection of such cells ignites molecular mechanisms of defense (cell 
death and apoptosis) along with the recruitment of the immune system. 
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Cell damage and repair mechanisms contribute to tissue restructuration. 
Furthermore, other anatomical, physiological and functional barriers (i. 
e. respiratory cilia) also contribute to viral clearance and tissue regen-
eration. Knowing the mechanism involved in the pathogenesis of coro-
navirus induced respiratory and systemic damage is essential to target 
therapeutic intervention. 

In the present study, we investigated the effect of SARS-CoV2 on 
human bronchial epithelial cells (HBEC). We found that the upregula-
tion and down-regulation of CSF3 and DNAH7, along with other genes 
overlapping the same paths, are the most modulated genes in NHBE cells 
infected with COVID-19. We hypothesized that respiratory cilia are 
impaired by SARS-CoV2 infection of epithelial cells, while apoptosis, 
matrix destructuration and collagen deposition do occur, potentially 
leading to respiratory distress syndrome (RDS). These pathogenetic factors 
could be critical to dissect future clinical and therapeutic interventions. 

2. Materials and methods 

2.1. Data selection 

The aim of our study was to investigate the effect of SARS-CoV2 
infection on the bronchial parenchyma. We hypothesized that SARS- 
CoV2 could modulate bronchial cells of COVID-19 patients at multiple 
anatomical and physiological levels and regulate the cytoskeletal 
structures. Furthermore, our hypothesis predicted that these changes 
were specific to COVID-19 infection and not common to other pandemic 
virus of airways such as SARS-CoV, MERS-CoV, and H1N1. 

In order to test our hypothesis we have collected and analyzed 
several microarray datasets available on NCBI Gene Expression Omnibus 
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/) [5–7]. Mesh 
terms “coronavirus”, “Human”, and “airway epithelial cells”, were used 
to identify human potential datasets of interest. Three datasets were 
selected (GSE147507, GSE47962, GSE81909) (Table 1). 

The GSE147507 dataset [8] was composed of Normal Human 
Bronchial Epithelial cells (NHBE) and transformed lung alveolar (A549) 
cells treated with MOCK or infected with SARS-CoV2 (USA-WA1/2020) 
at different MOI (NHBE: 2, A549: 0.2) for 24 h. The authors declared 
that cDNA libraries were sequenced using an Illumina NextSeq 500 
platform (Illumina, CA), following differential expression analysis using 
DESeq2. As for our investigation, we focused only on the effect of 
SARS-CoV2 on NHBE cells. The submitter-supplied pre-preprocessed and 
normalized expression matrix was used for this re-analysis. The 
GSE147507 RawReadCounts7, subsequently was used for the identifi-
cation of Differentially Expressed Genes (DEGs). 

From GSE47962 we downloaded the data of Human bronchial 
airway epithelium (HAE) cells, seeded in 6-well plates (1 � 10e6 cells/ 
well) two days prior to infection and then inoculated with wild type 
infectious clone derived SARS-CoV viruses (icSARS) (MOI ¼ 2) or H1N1 
(MOI ¼ 1) [9]. Mock-infected controls were inoculated with culture 
medium only. For our analysis, we sorted only the data of 24 h 
treatment. 

From GSE81909 we selected the transcriptome of primary human 
airway epithelial cells infected with a multiplicity of infection of 5 PFU 
per cell of wild type MERS-coronavirus (MERS-CoV) (icMERS). 
Furthermore, we sorted only the transcriptome corresponding to 24 h of 

treatment. Time-matched mocks were collected in parallel with infected 
samples. 

Complete experimental details are available in referenced publica-
tions or in the GEODatabase correspondent webpages (Table 1). 

2.2. Data processing and experimental design 

In order to process and identify Significantly Different Expressed 
Genes (SDEG) in all selected datasets, we used the MultiExperiment 
Viewer (MeV) software (The Institute for Genomic Research (TIGR), J. 
Craig Venter Institute, USA). In cases where multiple genes probes 
insisted on the same GeneID, we used those with the highest variance. 
The significance threshold level for all data sets was p < 0.05. Statisti-
cally significant genes were selected for further analysis. For GSE47962 
and GSE81909 datasets we performed a statistical analysis with GEO2R, 
applying a Benjamini & Hochberg FDR (False discovery rate) to adjust P 
values for multiple comparisons [10,11]. 

For the analysis of GSE147507, we used a conservative approach. We 
have set a filtering cutoffs of gene-level read counts �10, for differential 
gene expression analysis, in order to reduce artificial variance that re-
sults in differential expression or splicing calls, and then standardized 
the data with z-score transformation [12]. For the identification of the 
Differentially Expressed Genes (DEGs) in the HNBE cells, the LIMMA 
(Linear models for microarray data) (MeV) parametric test was used. An 
adjusted p-value < 0.05 was considered to indicate a statistically sig-
nificant difference. 

2.3. Gene ontology analysis 

The genes Ontology analysis was performed using the web utility 
GeneMANIA (http://genemania.org/, http://genemania.org/) [13] and 
the GATHER (Gene Annotation Tool to Help Explain Relationships) 
(http://changlab.uth.tmc.edu/gather/) [14]. The GeneMania was also 
used to built the weighted gene networks commonly modulated. The 
database assembles all available interaction data in the dataset by 
creating large networks, which captures the current knowledge on the 
functional modularity and interconnectivity of genes in a cell. Gene’s 
annotation was obtained by STRING software (https://string-db.org/). 
The STRING-combined score was based on data from neighborhood in 
the genome, gene fusions, co-occurrence across genomes, co-expression, 
experimental/biochemical data, and association in curated databases 
[15]. 

The genes overlapping was represented with Venn diagram using a 
public online tool (http://bioinformatics.psb.ugent.be/webtools/Venn 
/) and the images readapted for our data with CorelDraw. 

The Gene set enrichment analysis (GSE) and gene ontology (GO), 
were expressed in weighted percentage and graphically rendered in a 
circular diagram format using freely available CIRCOS software 
(http://circos.ca/) [7,16,17]. Ribbon size encodes gene number and 
FDR associated row/column segments with high significance. CIRCOS 
can be applied to the exploration of data sets involving complex re-
lationships between large numbers of factors. The FDR has been trans-
formed for graphic representation purposes into 2^ (-log10FDR). 

2.4. Drugs analysis prediction (DAP) 

In order to identify potential novel pharmacological strategies for the 
treatment of SARS-CoV2 infection, we used The L1000fwd, Large Scale 
Visualization of Drug Induced Transcriptomic Signatures web-based 
utility [18]. L1000fwd calculates the similarity between an input gene 
expression signature and the LINCS-L1000 data, in order to rank drugs 
potentially able to reverse the transcriptional signature [18]. The L1000 
transcriptomic database belonging to the Library of Integrated 
Network-based Cellular Signatures (LINCS) project, a NIH Common 
Fund program, that extended the Connectivity Map project and includes 
the large transcriptional profiles of approximately 50 human cell lines 

Table 1 
Datasets selected.  

Dataset Virus Treatment Exp. Up Down Citation 

GSE147507 SARS-CoV2 2 MOI 24 h 40 56 [8] 
GSE47962 SARS-CoV 

(icSARS) 
1 MOI 24 h 393 329 [9] 

GSE47962 H1N1 1 MOI 24 h 5216 7258 [9] 
GSE81909 MERS-CoV 

(icMERS) 
5 PFU x 
cells 

24 h 7039 6838 npaa  

a npa: no publication available. 
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upon exposure to about 20,000 compounds, over a range of concentra-
tions and time [18]. An adjusted p-value (q-value) of 0.05 has been 
considered as threshold for statistical significance. Combined score is 
calculated by multiplying the logarithm of the p-value from the Fisher 
exact test and the Z-score as a composite index: 

C¼ z⋅log 10ðpÞ

2.5. Statistical analysis 

For statistical analysis, Prism 8.0.2 software (GraphPad Software, 
USA) was used. Based on Shapiro-Wilk test, almost all data were normal, 
so parametric tests were used. Significant differences between groups 
were assessed using the Ordinary one-way ANOVA test, and Tukey’s 
multiple comparisons test was performed to compare data between all 
groups. Correlations were determined using Pearson correlation. All 
tests were two-sided and significance was determined at P < 0.05. All 
MD selected were transformed for the analysis in Z-score intensity 
signal. Z score is constructed by taking the ratio of weighted mean dif-
ference and combined standard deviation according to Box and Tiao 
(1992) [19]. The application of a classical method of data normaliza-
tion, z-score transformation, provides a way of standardizing data across 
a wide range of experiments and allows the comparison of microarray 
data independent of the original hybridization intensities. The z-score it 
is considered a reliable procedure for this type of analysis and can be 
considered a state-of-the-art methods, as demonstrated by the numerous 
bibliography [20–31]. 

Differential expression analysis was performed using the MeV 4.9 
TM4 software, which used R v.2.11.1 and LIMMA v3.4.5. 

Principal Component Analysis (PCA) was performed to evaluate the 
segregation of the genes according to the cells treatment. The PCA was 
performed with PAST-4 a free software for scientific data analysis (http 
s://folk.uio.no/ohammer/past/), with functions for data manipulation, 
plotting, univariate and multivariate statistics, ecological analysis, time 
series and spatial analysis, morphometric and stratigraphy. The effi-
ciency of each biomarker was assessed by the receiver operating char-
acteristic (ROC) curve analyses. The area under the ROC curve (AUC) 
and its 95% confidence interval (95% CI) indicate diagnostic efficiency. 
The accuracy of the test with the percent error is reported [32]. 

3. Results 

3.1. Extracellular matrix, collagen metabolism, actin cytoskeleton and 
muscle contraction are highly modulated by SARS-CoV2 infection 

In order to identify a specific gene signature characterizing bronchial 
epithelial cells (NHBE) infected with SARS-CoV2 for 24 h, we first 
interrogated the GSE147507 dataset. We identified 105 DEGs in NHBE 
cells infected with SARS-CoV2 as compared to MOCK controls (40 
upregulated and 56 downregulated genes) (Table S1). By carrying out a 
restrictive analysis (gene-level read counts �10, pvalue<0.01), we 
highlighted 13 upregulated and 18 downregulated genes (Fig. 1a) 
(Table S1). Among these genes, we have excluded for future analysis the 
c17orf67, ANKAR, LOC401109, and DBIL5P genes, currently without a 
characterized function. 

GO analysis revealed a partial overlapping of enriched biological 
processes among the upregulated DEGs in NHBE cells infected with 
SARS-CoV2, that included, among the first six significant one, the 
“collagen metabolic process”, “multicellular organismal macromolecule 
metabolic process”, “extracellular matrix disassembly”, “multicellular 
organismal metabolic process”, “collagen catabolic process”, and 
“multicellular organismal catabolic process” (Fig. 1b/c/d) (Table S2). As 
regard the downregulated DEGs in NHBE cells infected with SARS-CoV2, 
we highlighted several biological overlapped processes, among which 
the first six significant were “extracellular matrix organization”, “actin 
cytoskeleton”, “muscle contraction”, “contractile fiber part”, “muscle 

system process”, and “extracellular matrix disassembly” (Fig. 1e/f/g) 
(Table S2). 

3.2. CSF3 upregulation and DNAH7 down-regulation may induce 
granulocytes, the monocytes-macrophages differentiation, and the 
reduction of function of respiratory cilia, respectively 

The MeV Performed SDEGs analysis showed 12 genes high modu-
lated in NHBE cells infected with SARS-CoV2 (RNA count >10 reads, p 
< 0.01). Among these genes, granulocyte colony-stimulating factor 
(CSF3) was the top up modulated. Its expression is linked to the pro-
duction, differentiation, and function of two related white cell pop-
ulations of the blood, the granulocytes, and the monocytes- 
macrophages. As regards the 17 most downregulated genes, dynein 
heavy chain 7, axonemal (DNAH7) was the top down-modulated. This 
gene produces force towards the minus ends of microtubules, and 
consequently generate the force of respiratory cilia. 

The 12 genes significantly upregulated in NHBE infected cells, has 
been segregated according to the gene functional characteristics, 
returned by STRING and GeneMania (Table S2). The groups obtained 
were heterogeneous. Several mechanisms appear to be related to the 
infection of SARS-CoV2 virus on NHBE cells. In particular, we have 
targeted our investigation on the cluster that included CSF3. This gene 
cluster has been identified as “innate immunity recruitment” group. 
Three genes out of 12 belong to this group, and were: the CSF3 (Fig. 2a), 
the transcriptional and immune response regulator (c8orf4) (Fig. 2b), 
and the carcinoembryonic antigen-related cell adhesion molecule 7 
(CEACAM7) (Fig. 2c). 

When we segregated the 15-downregulated genes highlighted during 
NHBE cell infection, mechanisms were consistent with the GO analysis 
previously carried out. We selected a genes cluster composed by the 
Dynein heavy chain 7 (DNAH7) (Fig. 3a), the P21 (RAC1) activated ki-
nase 5 (PAK7) (Fig. 3b), the thrombospondin type-1 domain-containing 
protein 7A (THSD7A) (Fig. 3c), and the RCSD domain containing 1 
(RCSD1) genes (Fig. 3d), belonging to the “mechanisms of cytoskeletal 
organization” (Table S2). 

The 27 SDEG identified were used to perform a PCA analysis on 
samples of NHBE cell, MOCK treated or infected with SARS-CoV2, ob-
tained from the GSE147507 dataset. As shown in Fig. 3a and b, strong 
separation of samples from MOCK and infected SARS-CoV2 was 
observed. We highlighted in red CEACM7, CSF3, DNAH7 and c8orf4, 
which were strongly modulated in our analysis. In order to evaluate the 
potential diagnostic ability of these genes to discriminate against the 
SARS-CoV2 virus infection, we performed a Receiver operating charac-
teristic (ROC) analysis. We confirmed the diagnostic ability of CSF3 (p ¼
0.04) (Fig. 3c), DNAH7 (p ¼ 0.04) (Fig. 3d), CEACAM7 (p ¼ 0.04) 
(Fig. 3e), and c8orf4 (p ¼ 0.04) (Fig. 3f) to discriminate the NHBE cells 
infected by SARS-CoV2 from MOCK treated. 

3.3. Gene signature similarity between SARS-CoV2, SARS-CoV, MERS- 
CoV and H1N1 

In order to identify possible common strategies among the main 
pandemic viruses, such as SARS-CoV2, SARS-CoV1, MERS-CoV, and 
H1N1, we carried out a Venn analysis of the main genes transcribed in 
the cells of the respiratory tract exposed to these viruses. We have 
downloaded two further datasets from GEO, GSE47962 composed of the 
transcriptome of Human bronchial airway epithelium cells (HAE) 
exposed to SARS-CoV (MOI 1 for 24 h) or H1N1 (MOI 1 for 24 h), and the 
GSE81909 composed of HAE infected cells with the MERS-CoV virus (5 
PFU x cells for 24 h) (Table 1). The statistical analysis with GEO2R of 
GSE47962 highlighted 393 upregulated genes and 329 downregulated 
genes in HAE cells exposed to the SARS-CoV virus, and 5216 upregu-
lated genes and 7258 downregulated genes in HAE cells infected with 
H1N1 (Table 1) (Table S3) (Fig. 4a and b). 

As regards the effect of MERS-CoV on HAE cells transcriptome, we 
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Fig. 1. GSEA of NHBE infected by SARS-CoV2. Heatmap of most upregulated and downregulated genes in NHBE infected with SARS-CoV2 MOI 2, for 24 h. 
Highlighted in red bold the genes c8orf4, CEACAM7, CSF3, and DNAH7, highly and significantly modulated by the invention (a). GO analysis of 13 and 17 genes 
statistically significantly upregulated (b) and downregulated (c) in NHBE cells infected with SARS-CoV2. Among these genes, we have excluded for future analysis the 
c17orf67, ANKAR, LOC401109, and DBIL5P genes because they do not yet have characterized functions. Data are expressed as a string network (GeneMania), Circos 
graph and Line chart. 
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showed 7039 genes upregulated and 6838 genes downregulated 
(Table 1) (Table S3) (Fig. 4a and b). The Venn diagrams (Fig. 4a/b) 
showed that the upregulated transcriptome of the cells infected with 
SARS-CoV2 uniquely overlapped to that of MERS-CoV (10%, 4 genes), 
H1N1 (15%, 6 genes), and SARS-CoV (2.5%, one gene). Only one gene, 
c8orf4, was in common between SARS-CoV, H1N1, MERS-CoV, and 
SARS-CoV2 (Fig. 4a and c). Globally, considering all interactions, SARS- 
CoV2 had the highest number of genes upregulated in common with 
H1N1 (45%, 18 genes) (p < 5.18e-0.4, RF ¼ 2.2). As regards with the 
downregulated transcriptome of NHBE cells under SARS-CoV2 infection, 
we showed an overlapping to MERS-CoV (19.6%, 11 genes), H1N1 
(25%, 14 genes), and SARS-CoV (1.79%, one gene). Also for the 
downregulated genes, COVID-19 had the highest number of genes in 
common with H1N1 (35.71%, 20 genes) (p ¼ 0.007, RF ¼ 1.7). 

Considering both upregulated and downregulated genes, the tran-
scriptome induced by SARS-CoV2 on HNBE cells was overlapped for 
39.6% (p ¼ 0.027, RF ¼ 0.8) with that induced by H1N1, for the 33.3% 
(p ¼ 8.155e-22, RF ¼ 0.4) with that of MERS-CoV, and 2.1% (p ¼ 0.241, 
RF ¼ 0.5) with that of SARS-CoV (Table 2). Furthermore, 11 genes were 
in common between COVID-19, H1N1, and MERS-CoV, among which 
we highlighted CSF3 (Fig. 4a and d) (Table S3). DNAH7 together with 
other 13 genes, was in common between SARS-CoV2, SARS-CoV, and 
H1N1-induced transcriptomes (Fig. 4a and e). Instead, CEACAM7 was 
one of the 62 genes in common between SARS-CoV, H1N1, and MERS- 
CoV-induced transcriptomes (Fig. 4b and f) (Table S3). 

Fig. 2. Innate immunity recruitment and Cytoskeleton-related genes modulated in NHBE cells infected with SARS-CoV2. Three genes out of 12 belong to the “innate 
immunity recruitment” group, namely the CSF3 (a), the transcriptional and immune response regulator (c8orf4) (b), and the carcinoembryonic antigen-related cell 
adhesion molecule 7 (c). Four gene out of 15 belong to the “mechanisms of cytoskeletal organization”, and were Dynein heavy chain 7 (DNAH7) (d), the P21 (RAC1) 
activated kinase 5 (PAK7) (e), the thrombospondin type-1 domain-containing protein 7A (THSD7A) (f), and the RCSD domain containing 1 (RCSD1) genes (g). Data 
are expressed as RNA Read count and presented as violin plots. P values < 0.05 were considered to be statistically significant (*p < 0.05). 
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3.4. Prediction of Novel drugs for SARS-CoV2 infection 

Anti-signature perturbation analysis was performed using the DEGs 
(GSE147507) identified for the HNBE cells infected with SARS-CoV2 
(Fig. 5a and b) (Table S3). 

Among the significantly predicted drugs, we only highlighted those 
that are already in clinical use (Launched) (Table 3). We chose to list in 
Table 3 the potential six anti- SARS-CoV2 drugs identified by the 
L1000FWD analysis using the HNBE cell model infection. The complete 
list can be retrieved in Table S3. 

Among them: Flunisolide, a cytochrome P450 inhibitor, used for the 
allergic rhinitis; Xylazine, a α2 class of adrenergic receptor agonist, used 
as an anesthetic; Salmeterol, an adrenergic receptor agonist, used for 
asthma, chronic obstructive pulmonary disease (COPD), bronchospasm; 
Thalidomide, a tumor necrosis factor production inhibitor, used as an 
immunomodulatory agent; Lenalidomide, an anticancer agent, used in 
multiple myeloma, in mantle cell lymphoma (MCL), and in myelodys-
plastic diseases (MDS); Desoximetasone, a glucocorticoid receptor 
agonist, used in corticosteroid-responsive dermatoses (Table S3) 
(Table 3) (Fig. 5b). 

4. Discussion 

The human respiratory epithelium is the primary target of SARS- 
CoV2, SARS-CoV, MERS-Cov, and influenza viruses H1N1. The direct 
and indirect effects of SARS-CoV2 on the respiratory epithelium, and the 
severity of such process may lead to detrimental anatomical and 

structural damages, respiratory distress syndrome and death. Viral 
replication induces a variety of transcriptional events, which patho-
physiological consequences need to be dissected. 

The integrity of the bronchial epithelium is fundamental for the 
maintenance of respiratory functions, as well as for limiting the traffic of 
the immune system locally. Alterations of the bronchial parenchyma 
cause devastating effects on respiratory functions, [33]. 

In our investigation, we focused our attention on two main processes, 
the immuno-cells recruitment and structure and function perturbation of 
muscles and bronchial cilia. 

We found that SARS-CoV2 induces the modulation of CSF3, DNAH7, 
CEACAM7 and c8orf4. CSF3 is involved in granulocytes and the 
monocytes-macrophages differentiation and recruitment to the 
damaged area, while the other genes contribute to the rearrangement of 
the extracellular matrix and collagen metabolism. Moreover, actin 
cytoskeleton and muscle contraction are highly down regulated by 
SARS-CoV2 infection. 

The immunological, structural and physiological perturbations 
induced by SARS-CoV2 critically contribute to the respiratory distress 
that characterizes COVID-19. Indeed, tissue destruction, cell recruit-
ment and the inflammatory response, the altered processes of matrix and 
collagen deposition, and tissue regeneration along with cilia impairment 
impede the primary function of the respiratory system, namely, to take 
in oxygen and eliminate carbon dioxide. 

We highlighted that three genes, belonging to the processes of im-
mune cells recruitment (CSF3, c8orf4, and CEACAM7), were signifi-
cantly highly expressed in NHBE cells infected by SARS-CoV2. 

Fig. 3. Gene segregation according to the NHBE cells treatment. Scatterplot of Principal Component Analysis (PCA) using the DEGs highlighted in NHBE treated with 
COVID-19 from the GSE147507 dataset with (a) and without (b) genes depicted. ROC curve of CSF3 (c), DNAH7 (d), CEACAM7 (e), and c8orf4 (f). 
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Furthermore, we showed that four genes that play a fundamental role in 
the structuring of bronchial cilia, and therefore in the processes of muco- 
ciliary movement, were significantly downregulated by the effect of 
viral infection. In addition, these genes were able to discriminate the 
viral infection compared to controls. The transcriptome overlapping 
analysis induced on bronchial epithelium cells infected with SARS-CoV2, 
SARS-CoV, MERS-CoV, and H1N1 has shown that the c8orf4 gene 

represents a common point of the virus diseases induced in our analysis 
and that CEACAM7 gene expression is exclusive of SARS-CoV2 infection. 
Using the new prediction systems L1000FWD has allowed us to highlight 
that several drugs, already in clinical use (flunisolide, xylazine, salme-
terol, thalidomide, lenalidomide, and desoximetasone) for the treatment 
of other diseases, may have an effect on SARS-CoV2 viral infection. 

Paroxysmal immune activation triggered during SARS-CoV2 infec-
tion is one of the causes of mortality of this disease. The dysregulation of 
the immune response allows the development of viral hyper- 
inflammation. The uncontrolled immuno-activation, in particular the 
one triggered by innate immunity, mainly represented by the neutro-
phils and alveolar macrophages, is supported by the genes with 
chemotactic function. In this light, genes such as CSF3, CEACAM7 and 
c8orf4 represent a hot spot in this process. In particular, CSF3 is a 
modulator of neutrophil activation during the antiviral responses to 
human respiratory syncytial virus (hRSV), a major human pathogen that 
primarily targets the respiratory epithelium [34]. It is very interesting to 
note that in a cohort of 452 patients with COVID-19, 286 were diagnosed 
as severe infections, these patients tended to have lower lymphocytes 

Fig. 4. Gene signature similarity between SARS-CoV2, SARS-CoV, MERS-CoV and H1N1. Overlap of upregulated genes by SARS-CoV2, SARS-CoV, MERS-CoV, and 
H1N1 in NHBE and HAE. The analysis showed that c8orf4 was the gene commonly regulated in NHBE and HAE under the infection of the four viruses (a and c). 
Eleven genes, including CSF3, were commonly modulated by SARS-CoV2, MERS-CoV, and H1N1 (a and d). As regards the overlap of downregulated genes, we 
showed that no genes were modulated by the four viruses. Fourteen genes were shared between SARS-CoV2 and H1N1, including DNAH7 (b and e). 62 genes were 
identified in common between H1N1, MERS-CoV, and SARS-CoV, including CEACAM7 (b and f). Data are expressed as RNA Read count and presented as violin plots. 
P values < 0.05 were considered to be statistically significant (*p < 0.05). 

Table 2 
The overlapped HEC transcriptomes induced by the infection of SARS-Cov2, 
MERS-CoV, SARS-CoV, and H1N1.  

Overlapping with 
SARS-CoV2 

n�

Genes 
% common Up 
genes 

N�

Genes 
% common 
Down genes 

MERS-CoV 4 10.00 11 19.64 
MERS-CoV/H1N1 11 27.50 5 8.93 
SARS-CoV/H1N1/ 

MERS-CoV 
1 2.50 0 0.00 

H1N1 6 15.00 14 25.00 
SARS-CoV/H1N1 0 0.00 1 1.79  
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counts, higher leukocytes count, and neutrophil-lymphocyte-ratio 
(NLR). This data could indicate that the recruitment of Neutrophils 
during SARS-CoV2 infection could be due to production of CSF3 from the 
cells of the bronchial epithelium [35]. In our investigation, it emerged 
that MERS-CoV and H1N1 could use CSF3 for the recruitment of the 
immune system. This data is in agreement with the percentages of 
genomic overlap that we found in our analysis. SARS-CoV did not result 
in modulation of CSF3. These results surprised us. We would have ex-
pected a common line of SARS-CoV2, with MERS-CoV and SARS-CoV 
and not with H1N1. This high transcriptional overlap with H1N1 
(almost 40) and with MERS-CoV (33.3%), represents an important point 
to explore in the future. 

In endothelial cells, the c8orf4 expression (also known as TCIM) 
gene, it would seem to enhance key inflammatory mediators and in-
flammatory response through the modulation of NF-kappaB transcrip-
tion [36]. In addition, the TCIM protein enhances inflammatory 
parameters such as monocyte-endothelial adhesion and endothelial 
monolayer permeability, mechanisms present in virus airway infection 
and most likely in the respiratory tract of COVID-19 patients [37]. These 
key features in cellular recruitment processes could explain why its 
expression is the only one in common among the four pandemic viral 
infections analyzed. 

As regards to CEACAM7, this gene belongs to the immunoglobulin 
superfamily and in epithelial cells plays a role with innate immunity 
[38]. Noteworthy, the MERS-CoV virus uses the CEACAM5 (belonging to 
the same family of CEACAM 7) protein to infect the cells of the bronchial 
epithelium [39]. The entry of MERS-CoV is increased when CEACAM5 is 
overexpressed in target cells, suggesting that CEACAM5 could facilitate 
MERS-CoV entry in conjunction with DPP4 despite not being able to 
support MERS-CoV entry, independently. This result would suggest that 
CEACAM7 could play the same role in SARS-CoV2 infection. Further-
more, the fact that in the infections caused by SARS-CoV, MERS-CoV, 
and H1N1 the expression of CEACAM7 was downregulated, would 
suggest that the action of CEACAM7 is exclusive of the infection caused 
by SARS-CoV2. 

The bronchial epithelium cells mechanisms of cytoskeletal rear-
rangement could represent a fundamental element in SARS-CoV2 
infection. In particular, cytoskeletal changes could significantly under-
mine the ability of these cells to activate ciliary movement. To confirm 
this hypothesis, our analysis revealed that the expression levels of the 
DNAH7, PAK7, THSD7A, and RCSD1 genes were significantly down-
regulated in the NHBE cells treated with the SARS-CoV2, compared to 
the MOCK control. These genes could be linked to the “mechanism of 
respiratory Cilia regulation”. In particular, as stated above the DNAH7 

Fig. 5. Drugs prediction against SARS-CoV2 infection. L1000FDW visualization of drug-induced signature. Input genes are represented by the significantly upre-
gulated and downregulated genes obtained from the analysis of the GSE147507 dataset. Blue and red circles identify drugs with similar and anti-similar signatures. 
Dots are color-coded based on the Mode of Action (MOA) of the respective drug (a). The drugs with a high significance pvalue (qvalue) and a high combined score 
(flunisolide, xylazine, thalidomide, lenalidomide, desoximetasone, and salmeterol) were selected (b). 

Table 3 
Potential anti-AD drugs identified by the L1000FWD analysis.  

n DRUGS similarity 
score 

p-value Z- 
score 

combined 
score 

Target(s) Indication(s) 

1 flunisolide � 0.102 1.33E- 
03 

1.87 � 5.37 cytochrome P450 inhibitor allergic rhinitis 

2 xylazine � 0.102 1.43E- 
03 

1.87 � 5.31 Xylazine HCl is α2 class of adrenergic 
receptor agonist. 

anesthetic 

3 salmeterol � 0.102 1.91E- 
03 

1.82 � 4.95 adrenergic receptor agonist asthma, chronic obstructive pulmonary disease (COPD), 
bronchospasm 

4 thalidomide � 0.102 1.91E- 
03 

1.79 � 4.88 tumor necrosis factor production 
inhibitor 

immunomodulatory agent 

5 lenalidomide � 0.102 1.99E- 
03 

1.8 � 4.86 anticancer agent multiple myeloma, mantle cell lymphoma (MCL), 
myelodysplastic diseases (MDS) 

6 desoximetasone � 0.102 1.93E- 
03 

1.74 � 4.74 glucocorticoid receptor agonist corticosteroid-responsive dermatoses  
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gene plays important role in the movement of bronchial cilia [40], and 
its reduction is linked to ciliary dysmotility [41]. Interesting to note that 
in respiratory syncytial virus infection, a major cause of respiratory 
disease, there is increased ciliary dyskinesia combined with ciliary loss 
and epithelial damage, likely to result in reduced mucociliary clearance 
[42]. This condition resembles that caused by SARS-CoV2 [43]. It is 
interesting to note that DNAH7A expression levels were significantly 
downregulated in both NHBE cells infected with SARS-COV-2 and in 
those infected with MERS-CoV and H1N1. Indeed, it has been shown 
that MERS-CoV, H1N1, but not SARS-CoV, rapidly induces apoptosis of 
Human Bronchial Epithelial Cells [44,45]. 

As regards PAK7, it is known that it is involved in a variety of 
different signaling pathways including cytoskeleton regulation by 
microtubule protein phosphorylation, cell migration, proliferation or 
cell survival [46]. The repression of PAK7 expression triggers the 
apoptotic cascade that leads to apoptosis through the inhibition of BAD 
phosphorylation [47]. 

The expression of THSD7A gene, promotes endothelial cell migration 
and filopodia formation [48]. It is plausible, given its role, that the 
reduction of THSD7A is associated with a reduction of Bronchial 
Epithelial Cell Migration Dynamics. 

As regards to RCSD1, it may regulate the ability of F-actin-capping 
protein to remodel actin filament assembly (Fig. 3e) [49]. The impor-
tance of actin filaments for the integrity of the epithelial barrier has long 
been recognized [50]. 

Our analysis also showed that drugs currently used to treat other 
diseases could modulate the gene transcription mechanisms activated by 
the SARS-CoV2 virus on NHBE cells. The finding of novel indications for 
already approved drugs allows their quick use due to the broad 
knowledge of toxicity, pharmacokinetic and pharmacodynamics. 
Recently, the use of computational studies has made it possible to 
investigate the pharmacological response to a determined disease in a 
faster way and reducing experimental laboratory costs [24]. Platforms 
such as L1000FWD are based on the evaluation of the anti-similarity 
between drugs and disease. Several studies have been carried out 
based on these procedures [51–54]. Unfortunately, this type of approach 
has several limitations. The variation of the transcriptome alone cannot 
accurately predict the effects of the drug on the disease and vice versa. It 
is also true that the pandemic viral infection we are affected by has 
prompted us to speed up the investigation time. Even if full of limita-
tions, computational analysis can show new strategies in order to 
counter the infection. Interestingly, in our study, the thalidomide and 
lenalidomide (two immunomodulatory drugs) were predicted to be a 
potential anti- SARS-CoV2 drug, when using in NHBE cells. This is in line 
with recent evidence [55,56] showing that thalidomide and lenalido-
mide could reduce the immuno-activation. The flunisolide is a cortico-
steroid prescribed for the treatment of allergic rhinitis. The flunisolide’s 
main action mechanism is to activate glucocorticoid receptors, and as a 
consequence, an anti-inflammatory action. Furthermore, the inhibitory 
effect of inhaled flunisolide on inflammatory functions of alveolar 
macrophages has already been demonstrated [57]. Interestingly, the 
HFA-flunisolide effectively suppress eosinophilic inflammation in pe-
ripheral and central airways, and these changes are accompanied by 
improvement in lung function [58]. 

In addition, our analysis identified salmeterol, xylazine, and desox-
imetasone, as potential anti- SARS-CoV2 drugs. Salmeterol is used by 
inhalation to reduce bronchospasm in some pathological conditions 
such as asthma and other obstructive respiratory diseases [59]. 
Furthermore, an anti-inflammatory action has been observed at the level 
of the bronchial epithelium [60]. As regard to desoximetasone, this is a 
synthetic glucocorticoid receptor agonist with metabolic, 
anti-inflammatory and immunosuppressive activity. It is used in the 
treatment of many conditions, including rheumatic problems, severe 
allergies, asthma, chronic obstructive lung disease, and along with an-
tibiotics in tuberculosis [61]. Among the predictions was xylazine. Most 
likely, this has been called into question by prediction analysis for its 

muscle relaxant effect, against bronchospasms caused by respiratory 
infection. Its choice is extremely controversial, by virtue of the side ef-
fects it could cause, including respiratory depression [62]. 

It is conceivable that, in line with the results obtained in our inves-
tigation, during the course of SARS-CoV2 infection, the virus descends 
the respiratory tract and interacts with the cells of the bronchial 
epithelium through a surface receptor, which could be couple with 
CEACAM7 as a co-receptor. Once entered, the virus triggers an inflam-
matory response that passes through several viral containment mecha-
nisms. A series of genes are transcribed that deal with the rearrangement 
of the extracellular environment, and the recall of innate immunity cells 
(CSF3 and c8orf4). Alveolar macrophages and neutrophils are recalled 
locally and activate the paroxysmal response, which results paren-
chymal destruction and edema. The bronchial epithelium changes its 
structure. The cytoskeleton of epithelial cells is deconstructed, due to the 
downregulation of genes such as DNAH7, PAK7, TSHD7A, and RCSD1. 
The ciliary movement of the bronchial epithelium is lost. Mechanisms of 
apoptosis are triggered which lead to total ineffectiveness of the respi-
ratory system (Fig. 6). 

A weakness of our study is that it is based on an experiment in vitro 
performed in bronchial cell epithelial obtained from 1 subject (female, 
79 years old). The age of this subject is critical because age could 
dramatically influence response to the virus. It is also true that our study 
represents a “picture” of a currently evolving event in which all infor-
mation can make a difference in the idea of a therapeutic strategy. The 
strength of our manuscript is to be the first to identify the potential genes 
responsible for muco-ciliary atheration and the potential drugs that can 
reverse this process. 

5. Conclusions 

In our analysis, we provided the basis for the identification of po-
tential gene targets for the SARS-CoV2 infection. Both immune recruit-
ment and the destruction of the ciliary parenchyma could represent the 
two key points of the disease triggered by the SARS-CoV2 infection. 
Future studies are now warranted in order to further confirm our results 
in a clinical setting. Furthermore, single and combined administration of 
potential anti- SARS-CoV2 drugs deserves to be taken into consideration 
for more in-depth investigations. 
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Fig. 6. Graphical representation of the main process 
predicted in NHBE cells infected with SARS-CoV2. 
Panel A and B show our hypothesis of key events in 
SARS-CoV2 pathogenesis, which is based on 
extremely limited observations on an in vitro model 
of NHBE cell infected with SARS-CoV2 at MOI 2 for 
24 h. After the inoculation of SARS-CoV2, the NHBE 
cells were infected. We hypothesize that viral entry 
could be facilitated by another cell-surface protein, 
carcinoembryonic antigen-related cell-adhesion 
molecule 7 (CEACAM7), which is also expressed in 
gastrointestinal tract. This mechanism could be 
similar to that used by the MERS-CoV virus. In that 
case, the virus uses the CEACAM5 protein to infect 
the cells of the bronchial epithelium. Inflammatory 
signaling molecules that are released by infected cells 
(CSF3, c8orf4), recruits.   
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