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ARTICLE INFO ABSTRACT

Keywords: Aims: The recent outbreak of COVID-19 has become a global health concern. There are currently no effective
COVID-19 treatment strategies and vaccines for the treatment or prevention of this fatal disease. The current study aims to
SARS-CoV-2

determine promising treatment options for the COVID-19 through a computational drug repurposing approach.
Materials and methods: In this study, we focus on differentially expressed genes (DEGs), detected in SARS-CoV-2
infected cell lines including “the primary human lung epithelial cell line NHBE” and “the transformed lung
alveolar cell line A549”. Next, the identified DEGs are used in the connectivity map (CMap) analysis to identify
similarly acting therapeutic candidates. Furthermore, to interpret lists of DEGs, pathway enrichment and protein
network analysis are performed. Genes are categorized into easily interpretable pathways based on their bio-
logical functions, and overrepresentation of each pathway is tested in comparison to what is expected randomly.
Key findings: The results suggest the effectiveness of lansoprazole, folic acid, sulffamonomethoxine, tolnaftate,
diclofenamide, halcinonide, saquinavir, metronidazole, ebselen, lidocaine and benzocaine, histone deacetylase
(HDAC) inhibitors, heat shock protein 90 (HSP90) inhibitors, and many other clinically approved drugs as potent
drugs against COVID-19 outbreak.

Significance: Making new drugs remain a lengthy process, so the drug repurposing approach provides an insight
into the therapeutics that might be helpful in this pandemic. In this study, pathway enrichment and protein
network analysis are also performed, and the effectiveness of some drugs obtained from the CMap analysis has
been investigated according to previous researches.

Drug repurposing
Connectivity map
Transcriptomic profiling

www.who.int/emergencies/diseases/novel-coronavirus-2019/situa-
tion-reports/, 2020). Considering the urgency of identifying effective

1. Introduction

Coronavirus disease 2019 (COVID-19) is an emerging global health
concern. It initially appeared in December 2019 in China with cases of
unknown origin pneumonia. Subsequently, a novel betacoronavirus was
isolated from the throat sample of a patient, furtherly named 2019 novel
coronavirus (2019-nCoV) and formally Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) with 79 and 52% sequence simi-
larity with Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
and the Middle East Respiratory Syndrome coronavirus (MERS-CoV),
two other members of betacoronavirus family and leading causes of
global outbreaks in past two decades, respectively (Wang et al., 2020;
Ren et al., 2020; Paules et al., 2020).

As of 9 June 2020, there have been more than 7 million definite cases
of COVID-19 with approximately 404,000 deaths worldwide (https://

treatments for the COVID 19 outbreak, repositioning of available
approved drugs for other indications, is an alternative to de novo drug
development. Currently, many classes of United States Food and Drug
Administration (FDA)-approved drugs have been repurposed to mitigate
COVID-19 symptoms. Chloroquine, an antimalarial agent, was among
the first proposed drugs. Several clinical trials have been done to assess
its routine use for COVID-19 prophylaxis or treatment (Chowdhury
et al., 2020). However, the results were contradictory and finally, the
FDA emergency use authorization for hydroxychloroquine and chloro-
quine in the treatment of COVID-19 was revoked on 15 June 2020
(https://www.fda.gov/news-events/press-announcements/coronavi-
rus-covid-19-update-fda-revokes-emergency-use-authorization-chloro-
quine-and, 2020).
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One of the repurposed drugs is remdesivir, an adenosine triphos-
phate (ATP) analog, inhibiting the RNA-dependent RNA polymerase
(RdRp). It was initially described as an inhibitor of the Ebola virus and
its antiviral properties against the CoVs family were furtherly demon-
strated (Eastman et al., 2020). It was also proposed during the COVID-19
pandemic as a potential therapeutic agent, furtherly confirmed by in
vitro experiments (Wang et al., 2020). Although some clinical trials have
been conducted to evaluate its effectiveness for treating COVID-19 pa-
tients, the results were inconsistent (Wang and Guan, 2020). In a ran-
domized, double-blind, placebo-controlled clinical trial conducted by
Beigel et al. (2020), 1063 COVID-19 patients from 10 countries were
enrolled to receive remdesivir or placebo infusion. Results showed
remdesivir can significantly improve the clinical recovery of hospital-
ized patients (NCT04280705). However, another team (Wang et al.,
2020) has conducted a double-blind, multicenter trial at 10 hospitals in
China between Feb 6, 2020, and March 12, 2020. 237 confirmed COVID-
19 patients have participated in this trial and were randomly grouped in
a 2:1 ratio to cases receiving intravenous remdesivir and controls
receiving placebo infusions for 10 days. Results revealed prescribing
remdesivir for severe COVID-19 patients is not associated with signifi-
cant clinical benefits (NCT04257656).

Lopinavir-ritonavir combination (Kaletra), two HIV protease in-
hibitors, has been under investigation for COVID-19 treatment since this
pandemic. In a randomized open-label trial, 199 COVID-19 patients
were evaluated for the effects of lopinavir-ritonavir treatment in com-
parison to standard supportive care. Results showed no benefit with
lopinavir-ritonavir treatment beyond standard care (Chinese Clinical
Trial Register number: ChiCTR2000029308) (Cao et al., 2020). In
another exploratory randomized controlled trial, 86 COVID-19 patients
were assigned to receive lopinavir-ritonavir or arbidol or no antiviral
medication. Results revealed the little benefit of antiviral medications
over supportive care (NCT04252885) (Li et al., 2020).

Besides, some other antiviral, anti-inflammatory, antineoplastic, and
antiparasitic agents have been proposed and undergone in vitro and in
vivo experiments; however, results were inconsistent and controversial
(Heimfarth et al., 2020).

Different approaches are available for drug repurposing and one of
the most commonly used strategies is signature matching. It is based on
comparing the transcriptomic signature of a specific disease with the
unique signature of a drug resulting in the creation of a connectivity map
(CMap) (Pushpakom et al., 2019).

The CMap concept was initially presented by Lamb et al. (2006), in
2006. They generated a large-scale genomic signatures database to
translate gene functions, diseases, and drug actions into the same lan-
guage. It begins with identifying gene expression signature of a specific
disease that contains a list of differentially expressed genes (DEGs),
genes that are significantly up- or down-regulated in a specific disorder
in comparison to its control sample. This signature is then compared
with a collection of gene expression signatures of cell lines treated with
various small molecules. The result of signature matching for each pair is
shown with a connectivity score ranging from —1 to +1. A negative
connectivity score reflects the potential effect of that small molecule to
reverse the signature of a specific disorder. Therefore, it can be used as a
therapeutic option.

Since the introduction of CMap, this method has been applied in
pharmacological research to define drug-disease connections (Qu and
Rajpal, 2012; Musa et al., 2018). In 2016, So et al. (2016) used the CMap
concept to identify available approved drugs for seven common psy-
chiatric disorders associated with promising results. Several other re-
searchers have applied this approach to find potential novel therapies
for different cancers (e.g. small cell lung carcinoma, gastric cancer, etc.)
as well as rare disorders such as Hirschsprung disorder (HD) (Jahchan
et al., 2013; Zhang et al., 2019; Xiao et al., 2018).

In this study, we set out to use a drug repurposing approach based on
the CMap concept to identify possible treatments for COVID 19.
Furthermore, to help interpret lists of DEGs, pathway enrichment and
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protein network analysis are performed. Genes are categorized into
easily interpretable pathways based on their biological functions and
overrepresentation of each pathway in the selected gene list is tested in
comparison to what is expected randomly. The basic idea of this work
was taken from Vidovik (2020). She conducted a CMap-based drug
repurposing approach on available icSARS-CoV data on mouse models
and suggested valproic acid as a therapeutic option. However, consid-
ering the genomic diversity of SARS-CoV-2 from icSARS-CoV and unique
features of COVID-19 infection makes the study results less reliable and
highlights the need for conducting further studies on SARS-CoV-2 data
with Homo sapiens origin.

2. Materials and methods
2.1. Dataset selection and analysis

The NCBI (National Center for Biotechnology Information) Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.
gov/geo/) was used to identify microarray datasets (Barrett et al.,
2007). The GEO database was manually searched using the terms
“SARS-CoV-2” or “COVID-19”. The collected datasets were further
selected if they met the following inclusion criteria: (a) whole-genome
transcriptome profiling, and (b) species of origin were “Homo sapiens”.
Finally, the GSE147507 (Blanco-Melo et al., 2020) dataset was selected.

Briefly, the GSE147507 dataset included independent biological
triplicates of “primary human lung epithelial cell line NHBE”, “trans-
formed lung alveolar cell line A549” and “transformed lung-derived
Calu-3 cells” which were mock-treated or infected with SARS-CoV-2
for 24 h in addition to 4 months old ferrets infected with SARS-CoV-2
and lung biopsies of COVID-19 patients (supplementary file 1). For the
generation of this dataset, total RNA from infected and mock-treated
cells were extracted. Subsequently, mRNA enriched libraries were pre-
pared from total RNA using TruSeq Stranded mRNA LP. cDNA libraries
were sequenced using an Illumina NextSeq 500 platform. Raw
sequencing reads were then aligned to the human genome (hg19) using
the RNA-Seq Alignment App on Basespace (Illumina, CA, USA) (Blanco-
Melo et al., 2020). For the differential expression analysis of the
GSE147507 dataset, DESeq2 (Love et al., 2014) was used. Resulting p-
values were adjusted for multiple testing using Benjamini and Hoch-
berg’s method of False Discovery Rate (FDR) (Benjamini and Hochberg,
1995). Studies have shown that statistical cut-offs for the selection of
DEGs can significantly modulate the results of microarray analysis. That
means applying more stringent cut-offs can select only the genes which
vary significantly among the others and genes with subtle changes are
not considered (Dalman et al., 2012). Therefore, we aimed to conduct a
microarray study with different criteria. First, genes with an adjusted p
value < 0.05 irrespective of the fold-change were identified as DEGs and
selected for further analysis. Then, more stringent criteria for selection
of the DEGs were applied (i.e., adj. p value < 0.05 and Ifold-changel >
2).

2.2. CMap analysis

The CMap library is a collection of gene-expression profiles of drug-
treated human cancer cells, which has been widely used for investiga-
tion of polypharmacology and drug repurposing (Lamb et al., 2006;
Lamb, 2007). In this study, PharmacoGx (Smirnov et al., 2016), an R
package for analysis of large pharmacogenomic datasets, was used. The
pre-processed CMap data (build 02), available in the PharmacoGX
package, was used for further analysis. This current version (build 02;
https://portals.broadinstitute.org/cmap/) of CMap collects more than
7000 gene-expression profiles representing 1309 compounds. Because
most CMap compounds are the FDA-approved drugs, this database has
become a powerful tool for drug repurposing (Montero-Melendez and
Perretti, 2014). Gene expression signatures of SARS-CoV-2 infected cell
lines, lists of significantly up- and down-regulated genes, resulting from
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the GSE147507 dataset were used as the input data and compared with
gene expression signatures of available CMap drugs by using a pattern-
matching algorithm based on the non-parametric rank-ordered Kolmo-
gorov-Smirnov statistics (Hollander et al., 2013) to determine connec-
tivity scores (Cheng et al., 2014). Connectivity scores were analysed for
each drug-disease pair to investigate the correlation between the drug
and the COVID-19 signature. Drugs with significant negative connec-
tivity scores can potentially reverse the gene expression profile of SARS-
CoV-2 infection and can be used as therapeutic options.

2.3. Enrichment analysis

Pathway enrichment analysis was performed with the Metascape
web tool (http://metascape.org) to determine whether the identified
DEGs are enriched for specific biological functions. Metascape is a web-
based portal integrating over 40 bioinformatic knowledgebases within
one portal, implementing an automated analysis workflow including
conversion, gene annotation, membership, and enrichment analysis
(Zhou et al., 2019). Pathway enrichment analysis was carried out for up-
regulated and down-regulated genes of NHBE and A549 cell lines
separately using Metascape with the following ontology sources: KEGG
Pathway, GO Biological Processes, Reactome Gene Sets, Canonical
Pathways, and CORUM. Terms with a p-value < 0.01, a minimum count
of 3, and an enrichment factor > 1.5 were grouped into clusters based on
their membership similarities. Kappa scores (Cohen, 1960) are used as
the similarity metric and sub-trees with a similarity of >0.3 are
considered a cluster. Each cluster was represented by the most statisti-
cally significant term. Enrichment factor (EF) showed how many folds
more given pathway members are included in our gene list in compar-
ison to what would have been expected by chance (http://metascape.
org/blog/?p=122, 2019). The p-value is defined as the probability of
obtaining the observed or more pathway members in our gene list and is
calculated based on the cumulative hypergeometric distribution (Zar,
1999).

2.4. Protein-protein interaction

The protein-protein interaction (PPI) network was constructed,
visualized, and analysed with the Metascape tool. Analysing DEGs in the
context of protein interaction networks provides a framework for a
better understanding of transcriptome and functional mechanisms un-
derlying diseases. For each gene list, the PPI network was constructed
using Metascape with the following protein interaction databases: Bio-
Grid, InWeb_IM, and OmniPath. After constructing the network, the
Molecular Complex Detection (MCODE) method was applied to identify
closely connected network components (Bader and Hogue, 2003).
Furthermore, pathway enrichment analysis was applied to each MCODE
components independently. Terms were then ranked based on the p-
value and the three best-scoring terms by p-value were shown as the
functional description of the corresponding components.

3. Results
3.1. Drug prediction analysis using CMap

We aimed to study the genes differentially expressed upon SARS-
CoV-2 infection, in NHBE cells and A549 cells separately. First, all
genes with adjusted p-value<0.05, irrespective of the fold-change were
considered as DEGs. For NHBE, a total of 548 genes were found to be
modulated by SARS-CoV-2 (378 up-regulated and 170 down-regulated
genes) and for A549, a total of 119 genes were found to be modulated
by SARS-CoV-2(100 up-regulated and 19 down-regulated genes) (sup-
plementary file 2). Then, a more stringent selection of the DEGs was
applied (i.e., adj. p-value < 0.05 and Ifold-changel > 2). Applying these
two criteria, a set of 72 genes (64 genes were up-regulated and 8 genes
were down-regulated) from NHBE cells, and 46 genes (44 genes were up-
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regulated and 2 genes were down-regulated) from A549 cells were
identified that showed evidence for differential expression. (supple-
mentary file 3). These identified lists of DEGs were further analysed
through CMap study separately.

For the CMap analysis, PharmacoGx was used. Lists of DEGs identi-
fied in the previous step were applied as the input data and compared
with CMap compounds library. Compounds with p-value < 0.05 and
negative connectivity scores were selected and analysed. First, based on
genes with adjusted p-value < 0.05, 57 and 25 compounds were shown
to significantly reverse genomic signatures of SARS-CoV-2 infected
NHBE and A549 cells, respectively. After applying a more stringent se-
lection of DEGs, results were limited to 8 and 6 effective compounds
against infected NHBE and A549 cells, respectively. Table 1 summarizes
the results of the CMap analysis.

3.2. Enrichment analysis

To analyse the biological process of identified DEGs in SARS-CoV-2
infected cells, the Metascape tool was used. Pathway enrichment anal-
ysis was carried out for each gene list separately. Figs. 1 and 2 show top
clusters with their representative enriched terms for each gene list.

Interestingly, up-regulated genes in SARS-CoV-2 infected NHBE cells
were mainly enriched in “cytokine-mediate signaling pathway”,
“response to virus” and “regulation of cytokine production”. Further-
more, the most enriched pathways in up-regulated genes of infected
A549 cells were “defense response to virus”, “response to interferon-
gamma” and “antiviral mechanisms by IFN-stimulated genes” as well as
“response to interferon-beta” and “response to interferon-alpha”.

However, down-regulated genes of infected NHBE cells were
enriched in “kidney development”, “response to growth factor” and
“inner ear development”. Down-regulated genes of A549 cells were

mainly enriched in the “macroautophagy” pathway.
3.3. Protein-protein interaction

PPI enrichment network was constructed for each gene list with
Metascape online tool. Figs. 3, 4 and Tables 2, 3 show the PPI network
and detailed proteins involved in each MCODE subcluster with their
corresponding biological pathways based on up-regulated genes of
infected NHBE and A549 cell lines separately. Down-regulated genes did
not show a significant PPI network.

The results of PPI were compatible with the results of the pathway
enrichment analysis mentioned above. In the PPI network constructed
based on up-regulated genes of infected NHBE cells, 24 densely con-
nected proteins were grouped as MCODE1 mainly associated with the
“chemokine receptors bind chemokines” pathway. PPI network of A549
up-regulated genes also showed similar results; seven proteins including
CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, CCL20, and C3 were grouped as
MCODE]1. Pathway and process analysis showed that these seven pro-
teins mainly belong to chemokine related pathways. Other MCODE
subclusters were mainly associated with the regulation of interferon
(IFN) production, IFN signaling pathways, and antiviral mechanisms by
IFN-stimulated genes (ISG).

4. Discussion

The newly emerged COVID-19 has become a major global public
health concern. However, complete life cycle details of SARS-CoV-2 and
host response are not properly known yet. As long as our knowledge of
this virus is limited, designing effective novel treatments are almost
impossible. Transcriptome analysis of SARS-CoV-2 infected cells can aid
our understanding of this virus and accelerate the discovery of novel
therapies.
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Table 1
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Top-scoring CMap study results. Highlighted compounds are resulted from applying the more stringent criteria (i.e.
DEGs with adjusted p-value < 0.05 and fold change > 2). Compounds are ranked based on connectivity score, ranging
from —1 (indicating the exactly reverse correlation of signatures between the compound and the disease) to +1.
Resulting investigational molecules have been omitted from this table.

NHBE

A549

Rank Connectivit P-value

y score

Compound

Rank

Compound Connectivity | P-value

score

saquinavir -0.56532 0.007435467
lomustine -0.55598 0.019594195
ebselen -0.50165 0.027388767
molindone -0.346195 0.003667894
benzethonium -0.344755 0.038870062 2,6- -0.48938 0.029438883
chloride dimethylpiperidine
11 monorden -0.33464 0.013722457 | 11 aminocaproic acid -0.47111 0.012364051
12 sodium -0.31816 0.013801023 12 propylthiouracil -0.46929 0.020724117
phenylbutyrate
13 cinchonine -0.312205 0.003082633 | 13 6-azathymine -0.46812 0.012742531
14 alpha- -0.31004 0.003831323 | 14 iodixanol -0.4673 0.014734297
ergocryptine
15 ambroxol -0.307535 0.003182858 | 15 procaine -0.46708 0.021523513
16 oxolinic acid -0.307145 0.003319676 | 16 propantheline -0.45344 0.012814118
bromide
17 Budesonide -0.306965 0.003667894 | 17 canavanine -0.45256 0.013249204
18 Benzamil -0.30674 0.012863849 | 18 piperlongumine -0.44261 0.046508896
19 Piretanide -0.299785 0.016762662 | 19 simvastatin -0.43633 0.027487493
20 Phenelzine -0.29952 0.006201045 | 20 arecoline -0.43464 0.036092982

4.1. Drug repurposing

In this study, we conducted a drug repurposing strategy based on
CMap to identify therapeutic candidates for COVID-19. Transcriptional
profiling of NHBE and A549 cell lines infected with SARS-CoV-2 were
prepared. Drugs tending to reverse transcriptional response to SARS-
CoV-2 infection were considered as therapeutic options. Interestingly,
many of the top-scoring drugs are justified by the available evidence and
can be proposed as available therapeutic candidates for COVID-19. Since
the publication of transcriptomic profiling of SARS-CoV-2, some re-
searchers have analysed this data to better understand SARS-CoV-2
pathogenesis, host responses, and evaluate the efficacy of possible
treatments. Fagone et al. (2020) have analysed and compared this data
with the transcriptome profile of SARS-CoV from the 2003 pandemic as
well as predicting potential drugs. They proposed Mitogen-activated
protein kinase (MEK), serine-threonine kinase (AKT), mammalian
target of rapamycin (mTOR), and I kappa B Kinase (IKK) inhibitors as
candidate drugs.

Taguchi and Turki (2020) have applied the tensor decomposition
(TD)-based unsupervised feature extraction (FE) method to gene
expression profiles of COVID-19 infected cells summarized in this data to
identify important genes and furtherly identify drug candidates that
altered the expression of the genes selected by TD-based unsupervised
FE.

However, our work differs from these studies. First, considering the
urgency of the COVID-19 pandemic, repurposing already approved
drugs with known pharmacokinetics/pharmacodynamics aspects would
be more beneficial than investigational compounds. Therefore, the
current version of the CMap dataset (build 02) was selected since

available approved drugs account for a higher percentage of this dataset
than investigational molecules, compatible with our results. Most of the
connectivity map-based drug repurposing studies for COVID-19 have
been done based on another dataset, the LINCS dataset, and some
investigational compounds have been resulted as potential therapeutic
options. However, these compounds need further preclinical and clinical
experiments to assess their safety, appropriate timing and dosage,
limiting their efficacy in controlling COVID-19 pandemic.

Second, as the previous studies showed, the consistency between
prioritization results from the CMap dataset and other connectivity map
libraries such as the LINCS library is low (Lim and Pavlidis, 2019).
Therefore, LINCS does not reproduce CMap dataset drug prioritization.
Since most of the connectivity map drug repurposing studies for COVID-
19 have been done based on another dataset, the LINCS dataset, it would
be reasonable to conduct a study based on the CMap dataset (build 02).

Besides, we have used a different tool, PharmacoGX, for our CMap
analysis. Since the introduction of the CMap concept, perturbation
datasets such as CMap and LINCS L1000 were created. However, lacking
standard frameworks for annotation, storage, access, and analysis
challenged the use of these datasets. Therefore, unifying integrative
platforms could remove biases of different sources, profiling platforms,
and cell-specific differences. PharmacoGx is one of the few or even only
integrative platforms developed for this reason.

Some of the top-scoring compounds resulting from the CMap analysis
have been discussed:

4.1.1. Lansoprazole
Lansoprazole, a proton pump inhibitor (PPI), is another candidate.
Watanabe et al. (2020) have published an article in 2020, confirming
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Fig. 1. Bar graph of top clusters with their representative enriched terms (one per cluster) across input gene lists, colored by p-values. “Log10(P)” is the p-value in log
base 10. (A) top enriched functional pathways based on upregulated genes in SARS-CoV-2 infected NHBE cells. (B) same as (A) for downregulated genes in SARS-CoV-

2 infected NHBE cells.

potential antiviral properties of prazoles against different viruses such as
HIV, Ebola virus (EBOV), and Epstein-Barr virus (EBV). Bojkova et al.
(2020) have conducted in vitro experiments to identify novel inhibitors
of SARS-CoV-2 replication and they showed the potential of omeprazole,
another PPI, to increase the antiviral activity of remdesivir. It is known
that inhibiting ATPase proton pumps with medications such as PPI may
interfere with the acidification of endosomal pathways that seems an
essential step for coronavirus infectivity. Chloroquine and hydroxy-
chloroquine also are shown to have the same effects as prazoles to in-
crease lysosomal PH (Touret et al, 2020). Besides this, other
mechanisms should also be considered.

4.1.2. Folic acid

Folic acid is another option. Some previous studies have suggested
folic acid as an adjunctive therapy (Sharma, 2020). Besides immune-
boosting properties, folic acid can be used as an inhibitor of furin ac-
tivity, an enzyme responsible for SARS-CoV-2 spike protein cleavage
(Sheybani et al., 2020). Therefore, it can be considered as a prophylactic
or therapeutic candidate for COVID-19, especially in initial phases. In
silico studies have also proposed folic acid as a potential inhibitor of
SARS-CoV-2 main protease (Serseg et al., 2020).

4.1.3. Sulfamonomethoxine

Another top-scoring compound is sulfamonomethoxine, a long-
acting sulfonamide antibiotic (https://pubchem.ncbi.nlm.nih.gov/
compound/Sulfamonomethoxine, 2019). Sulfonamides possess a wide
spectrum of biological activities such as anti-bacterial, anti-inflamma-
tory, anti-neoplastic, and antioxidant properties. A large number of
sulfonamide derivatives have shown significant antiviral activities
against HIV, HCV, HSV, influenza virus, coxsackie virus, etc. based on in
vitro and in vivo studies (Khan et al., 2018). Some of the known antiviral
compounds contain sulfonamide moieties in their structures (Supuran
et al., 2003). As summarized in a study conducted by Supuran et al.
(2004), sulfonamide derivatives have been synthesized and used as HIV
protease inhibitors (amprenavir), non-nucleoside HIV reverse tran-
scriptase inhibitors, HIV integrase inhibitors, and HIV entry inhibitors.
Besides, they can inhibit the replication of retroviruses by targeting the
ejection of zinc ions from viral zinc finger proteins.

Since the COVID-19 pandemic, some studies have shown sulfon-
amide derivatives as potential therapeutic candidates for COVID-19
infection. Batra et al. (2020) have applied machine learning-based
models and docking simulations to automatically screen potential
therapeutic molecules for the COVID-19 pandemic. Two of the resulting
top candidates, sulfaperine and Succinylsulfathiazole, were among sul-
fonamide derivatives. In another study conducted by Cavasotto and Di
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Filippo (2020), indisulam, another sulfonamide derivative with anti-
neoplastic functions, was found as a potential inhibitor of SARS-CoV-2
papain-like protease (PLpro). This evidence highlights the need for
further in vitro and in vivo experiments.

4.1.4. Tolnaftate

Another option is tolnaftate, a synthetic over-the-counter antifungal
agent that inhibits ergosterol biosynthesis (https://go.drugbank.com/
drugs/DB00525, 2018). Sultan et al. (2020) have conducted a drug
repurposing study based on the genomic signature of the SARS family of
coronaviruses (SARS-FCoVs)-infected patients, convalescent patients,
and healthy controls. Tolnaftate was obtained as one of the potential
effective agents. In another study, Mukundan Satyanarayanan (2020)
used LIGANN, a drug design tool, to generate new ligands for SARS-CoV-
2 main protease (MP™) and the new ligands were evaluated with docking
score, free binding energy, and binding probability and the top ligands
were matched with already known drugs with structural similarity as-
sessments. Tolnaftate was resulting in sharing a similar structure with
one of the resulting new ligands.

Besides, some studies have introduced already known antifungal
agents as antiviral drugs for COVID-19 treatment. Al-Khikani (2020)
suggested amphotericin B, an antifungal drug, as a potential antiviral
agent against enveloped viruses. Terbinafine, another antifungal agent
with the same mechanism of action with tolnaftate (https://go.drugban
k.com/drugs/DB00857, 2020), was also reported as a COVID-19 ther-
apeutic option in some available literature. Blaess et al. (2020) believed
that compounds with lysosomotropic properties such as terbinafine can
be used as promising candidates for COVID-19 prevention and treat-
ment. Lysosomotropic molecules can affect viral entry into host cells and
inflammatory cytokines expression. Arya et al. (2020) also showed a
significant binding affinity of terbinafine to SARS-CoV-2 PLpro.

Besides, SARS-CoV-2 infected patients are at increased risk of fungal
co-infections such as pulmonary aspergillosis or candidiasis (Verweij
et al., 2020; Al-Hatmi et al., 2020). Repurposing a drug with both

antifungal and antiviral properties would be a more promising option.

4.1.5. Diclofenamide

Another top-scoring compound is diclofenamide with connectivity-
score = —0.59, a carbonic anhydrase inhibitor used in the treatment of
glaucoma (https://go.drugbank.com/drugs/DB01144, 2018). Some
recent studies have suggested carbonic anhydrase inhibitors such as
acetazolamide as adjunctive treatments in the management of COVID-
19. Solaimanzadeh (2020) has reviewed features of COVID-19 pneu-
monia in parallel to high altitude pulmonary edema (HAPE) and
revealed substantial similarities between these two conditions leading to
ARDS. Therefore, it was hypothesized that medications commonly used
in HAPE including acetazolamide, nifedipine, etc., can be effective for
COVID-19 symptomatic therapy. In another study, Geier and Geier
(2020), have also provided some evidence consistent with the previously
mentioned study to confirm the potential effectiveness of carbonic
anhydrase inhibitors for COVID-19 treatment. However, further in-
vestigations on the effectiveness of these compounds are needed.

4.1.6. Halcinonide

One of the other top-scoring compounds is halcinonide (https://go.
drugbank.com/drugs/DB06786, 2018), a topical corticosteroid with
70% structural similarity with budesonide, another resulting compound
in our analysis. Including two classes of corticosteroids, a topical steroid
with one inhaled corticosteroid (ICS), highlights the need for further
investigations on the effectiveness of these compounds for COVID-19
treatment. Although still some paradoxes about their effects on viral
infections and in particular COVID-19 exist, some studies have revealed
promising results.

In a retrospective cohort study conducted at Wuhan Jinyintan Hos-
pital between December 25, 2019, and January 26, 2020, 201 confirmed
COVID-19 patients were evaluated for risk factors associated with dis-
ease severity. They found that patients treated with methylprednisolone,
another corticosteroid, had reduced risk of death (HR, 0.38; 95%CI,


https://go.drugbank.com/drugs/DB00857
https://go.drugbank.com/drugs/DB00857

S.Z. Mousavi et al.

QFDPEI7R
QTUFIV'| A |

3848
Qcers 7y BB2

©soD2

(ORRP1

A
Q 0nor2

ONFKBb’Mvc /—506eNM
Otusc1 OOGDH

Infection, Genetics and Evolution 86 (2020) 104610

ONFKBIE

(ONFKBIA

ONFKB2
| (ODDX58
QIKBKE
s T OTRAF3

Ore7 N}

"~ QIFIHL
OTRIM2

Fig. 3. PPI network and MCODE components analysis identified for upregulated genes of infected NHBE cells. (A) The resultant protein interaction network for the
given gene list containing the subset of proteins that form physical interactions with at least one other member in the list. (B) three most densely connected network

components based on MCODE clustering.

0.20-0.72) (Wu et al., 2020).

In another study, Fadel et al. (2020) performed a quasi-experiment in
Michigan from March 12 to March 27, 2020, on moderate to severe
COVID-19 confirmed patients to evaluate the effect of methylpredniso-
lone on the course of the disease. They showed a significant reduction of
the need for ICU admission or mechanical ventilation and also the
incidence of developing ARDS in patients receiving methylprednisolone.

In the Randomized Evaluation of COVID-19 therapy (RECOVERY)
trial (The RECOVERY Collaborative Group, 2020), aimed to evaluate the
effects of some possible treatments in comparison to usual care in
COVID-19 patients, treatment with dexamethasone, another steroid,
showed a significant reduction of death rates in COVID-19 patients with
some degree of respiratory distress that need supplemental oxygen
therapy or mechanical ventilation. Studies conducted to evaluate the
effects of corticosteroids on COVID-19 patients have been reviewed by
Singh et al. (2020).

Besides, previous in vitro models have shown significant inhibitory
effects of ICS including budesonide on different members of the coro-
navirus family (Halpin et al., 2020; Yamaya et al., 2020; Matsuyama
et al., 2020). Considering COVID-19 patient’s comorbidities such as
asthma or COPD, this evidence suggests continuing ICS in course of
coronavirus infection.

4.1.7. Saquinavir

An approved drug with one of the highest connectivity scores is sa-
quinavir, an HIV protease inhibitor (https://go.drugbank.com/drugs/
DB01232, 2018). Virtual screening of clinically approved drugs has
shown saquinavir as a potential inhibitor of SARS-CoV-2 main protease,

RNA-dep RNA polymerase, and other non-structural proteins (nsp) (Hall
and Ji, 2020; Ruan et al., 2020). Saquinavir can also suppress SARS-CoV-
2 replication based on in vitro models in less than 10 pM concentration
(Yamamoto et al., 2020). Other drugs of this group such as lopinavir and
ritonavir are currently used as COVID-19 treatment.

4.1.8. Metronidazole

Another important drug is metronidazole, a commonly used anti-
biotic. Some recent studies have proposed metronidazole as an addition
to the COVID-19 treatment regimen due to its immunomodulatory ef-
fects. Metronidazole can decrease the level of inflammatory cytokines
which are increased during COVID-19 infection (Gharebaghi et al.,
2020). Chakraborty and Das (2020) have proposed adding anaerobe-
specific antibiotics such as metronidazole to COVID-19 treatment due
to evidence of overexpression of anaerobic bacteria in COVID-19
patients.

4.1.9. Ebselen

Another top-scoring drug is ebselen. Ebselen is a small molecule with
antioxidant, anti-inflammatory, and cytoprotective features (https://go.
drugbank.com/drugs/DB12610, 2018). Previous computer-aided
studies have revealed ebselen as a strong inhibitor of SARS-CoV-2 main
protease, furtherly was approved through cell-based studies (Jin et al.,
2020). It is also known that ebselen can covalently bind to the Zn-
bound/catalytic cysteines in SARS-CoV-2 papain-like protease (PLpro)
and nspl0, two critical proteins for viral replication, to inhibit them
(Yang and Lim, 2020). In the last two decades, different analogs of
ebselen were synthesized as antiviral agents (Wojtowicz et al., 2004).
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Fig. 4. PPI network and MCODE components analysis identified for upregulated genes of infected A549 cells. (A) The resultant protein interaction network for the
given gene list containing the subset of proteins that form physical interactions with at least one other member in the list. (B) densely connected network components
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Table 2

Pathway enrichment analysis applied to MCODE 1-3 components represented in Fig. 3 independently, and the three
most significant terms by p-value represent the functional description of the corresponding components.

Color MCODE GO Description Logl0(P)
MCODE_1 R-HSA-380108 Chemokine receptors bind chemokines -12.9
MCODE_1 R-HSA-375276 Peptide ligand-binding receptors -12.7
MCODE_I R-HSA-373076 Class A/1 (Rhodopsin-like receptors) -12.4
MCODE_2 R-HSA-69275 G2/M Transition -10.9
MCODE_2 R-HSA-453274 Mitotic G2-G2/M phases -10.9
MCODE_2 R-HSA-380320 Recruitment of NuMA to mitotic centrosomes -10.8
MCODE_3 R-HSA-168928 DDX58/IFIH1-mediated induction of interferon-alpha/beta -18.4
MCODE_3 R-HSA-918233 TRAF3-dependent IRF activation pathway -17.6
MCODE_3 G0:0032479 regulation of type I interferon production -16.7

These data strongly emphasize the clinical potential of ebselen for
treating COVID-19 patients.

4.1.10. Lidocaine and benzocaine

Two resulting compounds are lidocaine and benzocaine, local anes-
thetics with the same mechanisms of action (https://go.drugbank.com/
drugs/DB12610, 2018; https://go.drugbank.com/drugs/DB01086,
2018). In a review article published by Cassuto et al. (2006), local an-
esthetics have been shown to inhibit different steps of the inflammatory
cascade including leukocyte adhesion, migration, activation, and
phagocytosis besides inhibitory effects on the release of inflammatory
cytokines. Since COVID-19 is associated with a hyperinflammatory state

known as “cytokine storm”, these compounds could be suggested as
candidates for further in vitro and in vivo experiments.

In a recently published article, Ali and El-Mallakh (2020) have
reviewed available evidence suggesting anti-inflammatory properties of
local anesthetics and proposed nebulized lidocaine as a beneficial
adjunctive treatment for COVID-19 associated hyperinflammatory state.

In another article, Finnerty and Buggy (2020) have discussed the role
of neutrophil extracellular traps (NETs), web-like structures of DNA and
proteins produced by neutrophils as an alternative way to kill circulating
pathogens, in COVID-19 pathogenesis. Excessive production of NETs in
COVID-19 patients would be associated with a hypercoagulable state,
myocardial infarction, sepsis, respiratory distress, and contributing to
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Pathway enrichment analysis applied to MCODE 1-3 components presented in Fig. 4 independently, and the three most
significant terms by p-value represent the functional description of the corresponding components.

Color MCODE GO description Logl0(P)
MCODE_1 R-HSA-380108 Chemokine receptors bind chemokines -14.9
MCODE_1  R-HSA-375276 Peptide ligand-binding receptors -14.6
MCODE_1 GO:0070098 chemokine-mediated signaling pathway -13.9
MCODE_2 R-HSA-1169408 ISG15 antiviral mechanism -12.7
MCODE_2  R-HSA-1169410 Antiviral mechanism by IFN-stimulated genes -12.4
MCODE_2  GO0:0032479 regulation of type I interferon production -11.4
MCODE_3  R-HSA-918233 TRAF3-dependent IRF activation pathway 9.8
MCODE_3 R-HSA-933541 TRAF6 mediated IRF7 activation -8.8
MCODE_3  GO:0039528 cytoplasmic pattern recognition receptor signaling pathway in -8.8

response to virus

cytokine storm. Since previous evidence has shown that local anes-
thetics can inhibit the production of NETs in patients undergoing sur-
gery, they can be proposed as novel candidates to reduce COVID-19
severity and further complications. More studies are needed to confirm
this hypothesis.

4.1.11. Aminocaproic acid

Another drug is aminocaproic acid, a plasminogen activator inhibitor
(PAI) (https://go.drugbank.com/drugs/DB00513, 2018). It is known
that PAIs can inhibit other membrane-anchored serine proteases such as
transmembrane serine protease 2 (TMPRSS2), a critical factor for cell
entry of SARS-CoV-2 (Jankun, 2020). Therefore, they can be used as a
therapeutic or even prophylactic agent for COVID-19. Shen et al. (2013)
have shown the potential effect of aminocaproic acid for inhibiting the
influenza virus through suppressing the cleavage of hemagglutinin (HA)
precursor, a critical glycoprotein for viral binding and entry. Besides,
our results would suggest other unknown antiviral mechanisms for
aminocaproic acid.

4.1.12. Molindone

One of the resulting compounds is molindone, an indole derivative
acting as dopamine D2 receptors antagonist, serotonin 5-HT1A, 5-HT2,
and 5-HT2A receptors antagonist that has been used as an antipsychotic
agent (https://go.drugbank.com/drugs/DB01618, 2018). Some litera-
ture hypothesized the role of dopamine in COVID-19 infection. Sen
(2020) hypothesized that using dopamine antagonists can boost innate
and adaptive immune systems by increasing the serum level of prolactin
to combat COVID-19 infection. Prolactin, the lactogenic hormone with
other biological activities, is produced from the anterior pituitary gland
as well as other sites such as immune cells. Interestingly, prolactin plays
a significant role in immune hemostasis. Hypoprolactinemia can cause
lymphocytic depletion leading to nosocomial infections. Using dopa-
mine antagonists to enhance serum prolactin levels has been shown
effective for HIV control by increasing lymphocyte proliferation. It can
also boost the innate immune response by stimulating NK cells, neu-
trophils, and macrophages. Chlorpromazine, another dopamine antag-
onist, has also been suggested as a therapeutic candidate for COVID-19
with unknown antiviral mechanisms (Liu et al., 2020).

4.1.13. Benzethonium chloride

Two other top-scoring compounds are benzethonium chloride
(https://go.drugbank.com/drugs/DB11125, 2018) with surfactant,
antiseptic, and broad-spectrum antimicrobial properties and ambroxol

(https://go.drugbank.com/drugs/DB06742, 2018), a secretolytic agent
used in respiratory diseases and stimulant of surfactant synthesis.
Angiotensin-converting enzyme 2 (ACE2), SARS-CoV-2 receptor, is
expressed in type 2 alveolar pneumocytes, cells producing surfactant,
and infection of these cells with SARS-CoV-2 leads to down-regulation of
surfactant synthesis and release, contributing to acute respiratory
distress syndrome (ARDS) (Bombardini and Picano, 2020). Therefore,
these medications and other drugs with the same mechanisms would be
potent adjunctive therapies for COVID-19.

4.1.14. Monorden

Monorden or radicicol is a heat shock protein 90 (HSP90) inhibitor
(https://go.drugbank.com/drugs/DB03758, 2018). Connor et al. (2007)
showed that HSP90 is essential for viral replication and its inhibitors
such as radicicol or geldanamycin could block the replication of RNA
viruses. A recent study conducted by Wyler et al. (2020) has examined
the effect of HSP90 inhibitors on SARS-CoV-2 based on in vitro models
and proposed this group as potent antiviral and anti-inflammatory
agents.

4.1.15. Sodium phenylbutyrate

Sodium phenylbutyrate is a histone deacetylase (HDAC) inhibitor
(https://go.drugbank.com/drugs/DB06819, 2018). They act as epige-
netic modulators and regulate expression of genes involved in the cell
cycle, proliferation, differentiation, and also inflammation (Seto and
Yoshida, 2014). A number of these compounds have been suggested for
SARS-CoV-2. In vitro experiments have shown an inhibitory effect of
valproate, an HDAC inhibitor, on the NF-KB pathway, and subsequently
suppressing TNF-o and IL 6 (Bhargava et al., 2020). Besides, they can be
used as antifibrotic agents in pulmonary fibrosis (Lyu et al., 2019).

Some previous studies have also shown the effectiveness of some of
the other resulting drugs (e.g. propylthiouracil, simvastatin, etc.)
(Shrivastava-Ranjan et al., 2018; Reiner et al., 2020; Santos-Beneit et al.,
2020). These mentioned drugs can be utilized for further in vitro and in
vivo experiments to better examine their efficacy.

4.2. Enrichment analysis

Regarding the results of pathway enrichment analysis, analysing the
transcriptome of SARS-CoV-2 infected cells has identified significant up-
regulation of pathways involved in cytokine production and signaling
pathways. Cytokines are small proteins, secreted by various cell lines
and in particular macrophages and helper T cells as part of the immune
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response to infections with both pro-inflammatory and anti-
inflammatory properties (Dinarello, 2000; Zhang and An, 2007).
Although the immune response is the main line of defense against viral
infections, the dysregulated immune response to infections and other
stimuli can cause multi-organ damage leading to increased morbidity
and mortality. Available evidence has suggested a maladaptive immune
response in COVID-19 severely ill patients with a high level of pro-
inflammatory cytokines such as IL-1B, IL-6, TNF, and chemokines
(CCL-2, CCL-3, CCL-5, etc.) named as “cytokine storm” (Ye et al., 2020).

The results of our study have confirmed this evidence. Most of the up-
regulated enriched pathways shown in Figs. 1 and 2 belong to cytokine
stimulation, production, and signaling mechanisms. These results can
also guide further drug repurposing studies and propose therapeutic
candidates to alleviate disease severity.

As a result, compounds with immunosuppressive properties would
be beneficial in COVID-19 patients with signs of hyperinflammatory
responses. Some have been already evaluated; however, further clinical
trials should be conducted to confirm their effectiveness (Henderson
et al., 2020; Bhaskar et al., 2020). Commonly used anti-inflammatory
and immunosuppressive compounds with potential therapeutic effects
are listed below:

1. Corticosteroids: a class of steroids with anti-inflammatory and
immunosuppressive features. Results of our CMap analysis have also
confirmed their effectiveness. However, appropriate timing and
dosage of corticosteroids are critical and should be limited to criti-
cally ill patients (Wu et al., 2020; Fadel et al., 2020; The RECOVERY
Collaborative Group, 2020; Singh et al., 2020).

2. Intravenous immunoglobulin (IVIG): an immunomodulating agent
with various indications. Xie et al. (2020) have conducted a retro-
spective study on 58 severe COVID-19 confirmed cases admitted at
Wuhan Third Hospital from January to February 2020 to evaluate
the effect of IVIG utilization. They showed that prescribing IVIG
within 48 h of admission can substantially reduce the need for me-
chanical ventilation, ICU admission and ultimately reducing 28-day
mortality.

3. IL-1 antagonists: In a retrospective study conducted at the San Raf-
faele Hospital in Milan, Italy on COVID-19 patients with signs of
ARDS, effects of adjunctive therapy with anakinra, an IL-1 antago-
nist, were evaluated. Results confirmed clinical effectiveness and
safety of high-dose anakinra administration (Cavalli et al., 2020). In
another prospective cohort study conducted by Huet et al. (2020)
(the Ana-COVID study) at Groupe Hospitalier Paris Saint-Joseph
(Paris, France), treatment with subcutaneous anakinra reduced
both mortality rates and the need for mechanical ventilation in se-
vere COVID-19 cases without serious side-effects.

4. IL-6 antagonists: Guaraldi et al. (2020) have conducted a retro-
spective, observational cohort study to evaluate the role of tocili-
zumab, an IL-6 antagonist, on COVID-19 severity and mortality.
Results showed intravenous or subcutaneous tocilizumab can
significantly reduce mortality rates and the risk of invasive me-
chanical ventilation. Some other studies have also confirmed the
effectiveness of tocilizumab for COVID-19 disease (Luo et al., 2020;
Xu et al., 2020).

5. Other immunosuppressive agents such as TNF inhibitors, JAK in-
hibitors, etc. should also be considered.

4.3. Protein-protein interaction

PPI analysis revealed some densely connected proteins including
CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, CCL20, and C3, that are mainly
involved in chemokine related pathways. Chemokines are a subset of
cytokines, produced by various cell lines. Binding chemokines to their
receptors, a class of G protein-coupled receptors mainly on leukocytes,
leads to migration of immune cells to the site of infection known as
chemo-attractant property. Besides chemotaxis, previous literature
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showed the role of two well-known chemokines, CXCL10 and CXCLS, in
respiratory tract infections. CXCL10 and CXCL8 levels in serum or
bronchoalveolar lavage fluid (BALF) correlate with the severity of res-
piratory symptoms. Some clinical studies have shown the relationship
between chemokine dysregulation and COVID-19 severity (Coperchini
et al., 2020). However, related evidence is scant and more experiments
are needed. Considering this evidence, compounds targeting the
chemokine/receptor-related immune response would be appropriate
candidates to limit SARS-CoV-2 induced ARDS.

Some scientists are conducting studies to evaluate the effect of two C-
C chemokine receptor type 5 (CCR5) antagonists, leronlimab and mar-
aviroc, on COVID-19 infection. Another study has evaluated the effect of
anti-CXCL8 agent BMS-986253 on cancer patients with COVID-19. Be-
sides, inhibiting CXCR2, a cytokine receptor, has improved pulmonary
inflammatory disease in an influenza-induced lung injury mouse model
(Koenig et al., 2020). Therefore, more studies should be conducted to
evaluate usage of CXCR1 and CXCR2 antagonists (e.g. navirixin, dan-
ixirin, etc.) for COVID-19 related hyperinflammatory response.

In addition, the inflammatory response is a double-edged sword. On
the one hand, it is critical to limit viral replication. On the other hand,
exaggerated responses can lead to multiorgan failure including ARDS.

Moreover, the results of SARS-CoV-2 infected cells confirm a robust
IFN response with significant expression of ISGs pathway with known
antiviral, inflammatory, and immune regulatory functions. However,
previous analysis has shown impaired type 1 IEN production in severe
COVID-19 cases and proposed different hypotheses whether IFN pro-
duction is exhausted after the initial overexpression or SARS-CoV-2 can
evade immune pathways (Li et al., 2020b; Hadjadj et al., 2020; Sallard
et al., 2020). However, COVID-19 immunopathology is not properly
known and more comprehensive studies are needed to clarify dynamic
immune response to SARS-CoV-2.

It is promising that the CMap strategy has identified a number of
therapeutic candidates that could be repurposed for COVID-19. Since
SARS-CoV-2 infection can change host transcriptome in the way opti-
mized for viral replication, transcriptome profiling and further CMap
analysis can help better understand virus pathophysiology and may
discover new unknown genes and pathways. However, data used in this
study was obtained 24 h post-infection with SARS-CoV-2 and further
studies should be conducted in variable time points to assess the dy-
namics of virus pathogenesis and host response. Furthermore, although
CMap libraries have been improved since its introduction in 2006, all
available small molecules are much more than current CMap libraries.

5. Conclusion

The newly emerged COVID-19 pandemic is the major global health
crisis of our time affecting more than 217 countries and territories
around the world. Several studies are ongoing to find effective therapies
in particular through drug repurposing approaches. In the present study,
we suggested potential antiviral candidates based on the CMap concept.
Available gene expression profiles of SARS-CoV-2 infected NHBE and
A549 cell lines were analysed to identify DEGs. Subsequently, these
signatures were compared with genomic signatures of cell lines treated
with variable compounds available in CMap databases. Among these
compounds, lansoprazole, folic acid, sulfamonomethoxine, tolnaftate,
diclofenamide, halcinonide, saquinavir, metronidazole, ebselen, lido-
caine and benzocaine, histone deacetylase (HDAC) inhibitors, heat
shock protein 90 (HSP90) inhibitors, and many other clinically
approved drugs showed promising results to reverse gene expression
profiles of SARS-CoV-2 infected cells. Pathway enrichment and PPI
analysis also revealed that early immunomodulatory interventions
might prevent severe cases and the need for invasive ventilation. Further
in vitro and in vivo studies should be conducted to test potential anti-
viral effects of these suggested compounds against SARS-CoV-2.
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