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ABSTRACT

The novel coronavirus SARS-CoV-2 is damaging the world’s social and economic fabrics seriously.
Effective drugs are urgently needed to decrease the high mortality rate of COVID-19 patients.
Unfortunately, effective antiviral drugs or vaccines are currently unavailable. Herein, we systematically
evaluated the effect of SARS-CoV-2 on gene expression of both lung tissue and blood from COVID-19
patients using transcriptome profiling. Differential gene expression analysis revealed potential core
mechanism of COVID-19-induced pneumonia in which IFN-o, IFN-B, IFN-v, TNF and IL6 triggered cyto-
kine storm mediated by neutrophil, macrophage, B and DC cells. Weighted gene correlation network
analysis identified two gene modules that are highly correlated with clinical traits of COVID-19 patients,
and confirmed that over-activation of immune system-mediated cytokine release syndrome is the under-
lying pathogenic mechanism for acute phase of COVID-19 infection. It suggested that anti-inflammatory
therapies may be promising regimens for COVID-19 patients. Furthermore, drug repurposing analysis of
thousands of drugs revealed that TNFa inhibitor etanercept and y-aminobutyric acid-B receptor
(GABABR) agonist baclofen showed most significant reversal power to COVID-19 gene signature, so we
are highly optimistic about their clinical use for COVID-19 treatment. In addition, our results suggested
that adalimumab, tocilizumab, rituximab and glucocorticoids may also have beneficial effects in restoring
normal transcriptome, but not chloroquine, hydroxychloroquine or interferons. Controlled clinical trials

of these candidate drugs are needed in search of effective COVID-19 treatment in current crisis.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

time to characterize the nature of this virus and find novel thera-
peutics for this virus [2,3]. The most striking drug in the current

Based on the situation report of World Health Organization
(WHO), as of December 8, 2020, the outbreak of coronavirus dis-
ease 2019 (COVID-19), caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has spread worldwide with a
total of 68,266,812 infections and 1,557,674 deaths [1]. The rapid
propagation of COVID-19 makes it difficult to tackle. No effective
drugs or vaccines also contributes to the uncontrollable situation.
Researchers and scientists all over the world are racing against
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COVID-19 crisis is remdesivir, a broad-spectrum antiviral medica-
tion with antiviral activity against several RNA viruses including
SARS coronavirus and middle eastern respiratory syndrome virus
(MERS) [4]. Significant outcome improvements were achieved for
severe COVID-19 patients after treatment with compassionate-
use of remdesivir [4]. However, another study from China with a
randomized, double-blind, placebo-controlled and multicenter
trial showed that remdesivir was not associated with statistically
significant clinical benefits for severe COVID-19 patients [5]. More-
over, large scale trials of vaccines are still ongoing though the vac-
cine must be the line of defense to eventually eliminate this
coronavirus. So how to reduce the mortality of infected patients
before vaccines are approved, is now the most urgent task of
researchers and physicians.
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Fortunately, one of the most efficient ways to identify effective
therapy is through repurposing existing clinic therapeutic drugs
using public data since bioinformatic prediction [6] and machine
learning [7] could provide novel biological insigths [8]. These drugs
can be divided into two broad categories, those that can directly
target the virus replication cycle, and those that can prevent the
cytokine release syndrome (CRS) and severe inflammatory
responses. In a recent study, researchers identified 11 possible
covalent drugs targeting the main protease (3CLpro) of SARS-
CoV-2 by a computer-aided drug discovery protocol [9]. In another
study, researchers identified 69 compounds targeting 66 druggable
human proteins or host factors from 332 high-confidence SARS-
CoV-2-human protein-protein interactions (PPIs) assayed by
affinity-purification mass spectrometry. According to the guideli-
nes published by National Institutes of Health (NIH), remdesivir
is the only drug recommended for the treatment of COVID-19 in
hospitalized patients with severe disease [1]. Apart from the
antiviral treatment strategy, targeting the inflammatory cascade
should be considered, particularly in the most severe cases with
acute respiratory distress syndrome (ARDS) and secondary
hemophagocytic lymphohistiocytosis (sHLH) caused by CRS. CRS-
induced ARDS and sHLH are commonly observed and associated
with high mortality in patients with SARS-CoV-2 and SARS-CoV
as well as in patients with MERS [10]. Several trials on evaluating
the safety and effectiveness of immunosuppressants commonly
used in rheumatic diseases are ongoing in patients with COVID-
19 and CRS, some of which are achieving promising results [11].
For example, interleukin-6 inhibitors (e.g., sarilumab and tocilizu-
mab) are potential immunosuppressive drugs for treatments of
COVID-19 patients although there are insufficient data from clini-
cal trials [1]. However, a systematic approach for drug repurposing
based on big data analysis are lacking although the world’s largest
clinical trial has launched to evaluate whether existing drugs work
to treat people hospitalized with COVID-19 [12].

In the current study, we systematically evaluated the effect of
SARS-CoV-2 on the transcriptome profiles of both blood and lung
tissue from COVID-19 patients. Differential gene analysis revealed
key pathways associated with SARS-CoV-2 infection. Moreover, we
applied weighted correlation network analysis (WGCNA) to iden-
tify gene modules that are highly correlated with clinical traits of
COVID-19 patients. Finally, we employed three state-of-the-art
methods to predict the potential therapeutic drugs which possess
rescue effect on COVID-19 gene signatures. Our results highlight
the potential of TNFa inhibitor etanercept and GABABR agonist
baclofen for COVID-19 treatment. We also suggest that adali-
mumab, tocilizumab, rituximab and glucocorticoids may have ben-
eficial effects for COVID-19 treatment.

2. Methods
2.1. Data sources

RNA-seq or microarray raw data of GSE147507, GSE36177,
GSE128101, GSE145918, GSE119939, GSE48027, GSE30351,
GSE74235, GSE76492, GSE112101, GSE40165, GSE18948,
GSE67368 and GSE54629 were downloaded from the GEO data-
base (https://www.ncbi.nlm.nih.gov/geo/). RNA-seq data of
CRA002390 were downloaded from the National Genomics Data
Center database (https://bigd.big.ac.cn/). NanoString nCounter
transcriptomic profiling from E-MTAB-8871, and microarray data
of E-TABM-116, E-TABM-642, E-GEOD-20272, and RNA-seq data
of E-MTAB-5921 were downloaded from Array Express (https://
www.ebi.ac.uk/arrayexpress/). Patients’ information was shown
in Supplementary Table 1.
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2.2. RNA-seq data analysis

According to our previous epigenetic study [13], the cutadapt
(https://cutadapt.readthedocs.org/en/stable/) and FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) tools
wrapped in Trim Galore (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/) were used to trim low-quality bases
(Q < 20) and adapter for raw sequences. Reads with
length < 20 bp were removed after trimming. Cleaned RNA-seq
reads were mapped to the hgl19 genome for human and the
mm10 genome for mouse using HISAT2 (v2.1.0) [14]. Duplicated
reads for pair-end data were removed by SAMtools (v1.5) [15].

2.3. Identification of differential expressed genes (DEGs)

RNA-Seq data (GSE147507) for two uninfected human lung
biopsies and two lung samples from COVID-19 deceased patient,
and RNA-Seq data (CRA002390) for three PBMC samples from
healthy donors and COVID-19 patients were analyzed by DESeq2
[16] to identify differentially expressed genes, respectively. Similar
to our previous study [17], false discovery rate (FDR g-value) was
calculated by adjusting P-values with the Benjamini-Hochberg
method. Genes with FDR g-value < 0.05 and |Log2 (Fold change) |
> 1 were considered as DEGs. The volcano plot was drawn using
the ggplot2 package by R language.

2.4. Gene ontology (GO) pathway enrichment analysis of DEGs

Pathway enrichment analysis was performed by Metascape
(https://metascape.org) [18]. Upregulated and downregulated
DEGs were analyzed in this study, respectively. Pathway with P-
value < 0.05 was considered significantly enriched pathway. Path-
waybubble plot was created by R package ggplot2.

2.5. Protein-protein interaction (PPI) network construction

STRING database version 11.0 (https://string-db.org/) was used
to construct the PPI network with 0.9 highest confidence interac-
tion score. Cytoscape (3.7.1) was used for visualizing the PPI net-
work. The Molecular Complex Detection (MCODE) was applied to
screen core modules in the PPI network with parameters as follow-
ing: node score cutoff = 0.2, k-core = 2, and max. depth = 100,
degree cutoff = 2.

2.6. Gene set enrichment analysis (GSEA)

To further identify the gene sets that were affected by COVID-19
infection, the whole gene expression profile of GSE147507,
CRA002390 and E-MTAB-8871 were analyzed by GSEA with the
curated gene sets (c2.all.v7.1.symbols.gmt) from Molecular Signa-
tures Database (MSigDB, https://www.gsea-msigdb.org/) and cell
markers of different cell types from CellMarker database (http://
biocc.hrbmu.edu.cn/CellMarker/) [19]. For enrichment of the rever-
sal effects of potential drugs, the gene signatures of GSE147507,
CRA002390 and E-MTAB-8871 were used as the reference gene
sets respectively. Gene sets with |[NES| > 1 and Nom P-
value < 0.05 were considered statistically significant. To directly
evaluate the reversal effect of potential drugs, we developed a scor-
ing system as showed below:

Reversal score = NES™" x (-LoglO(P“)) ~ NES™ x (—Log10(P*))
where NES™ and P* represent NES and P-value of downregulated

genes from COVID-19 gene signature while NES*? and P'? represent
NES and P-value of upregulated genes from COVID-19 gene signa-
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ture. Higher reversal score indicates a higher reversal capacity of
potential drugs.

2.7. WGCNA analysis

Similar to our previous study [20], the weighted correlation net-
work analysis (WGCNA) was used to construct the gene co-
expression network. In this study, whole blood RNA NanoString
nCounter transcriptomic profiling (E-MTAB-8871) from 10 healthy
donors and a total of 9 days from illness onset to remission of a
COVID-19 patient, with their clinic traits, were analyzed. We
selected the power = 8 as the soft threshold to ensure a scale-
free network. The topological overlap was calculated to measure
network interconnectedness, and then average linkage hierarchical
clustering was used to identify gene modules whose gene expres-
sion was highly correlated with the clinic traits from the gene co-
expression network. The minimum number of genes in a module
was set to 25. Throughout the analysis, we finally identified 6 mod-
ules. The expression of top 30 hub genes from brown and turquoise
modules across healthy donors (shown as an average) and each
day of illness progression of patients were shown in heatmap cre-
ated by the R package pheatmap, and their PPI network was drawn
by Cytoscape (v3.7.1).

2.8. Verify the utility of gene signature

The DEGs associated with the enriched pathway of GSE147507
and CRA002390, and genes from brown and turquoise modules of
E-MTAB-8871 were used as processed gene signature for further
analysis. Similar to our previous study [21], an over-
representation method in WebGestalt webserver (http://www.we-
bgestalt.org/) was used to enrich the gene signatures-related
diseases.

2.9. Drug predicted by CREEDS and WebGestalt webserver

Three COVID-19 gene signatures in this study were put into
WebGestalt webserver (http://www.webgestalt.org/), respectively
[22]. A GSEA method in WebGestalt webserver with the minimum
number of genes for a category = 4 was used to enrich potential
COVD-19 therapeutic drugs from Drugbank (https://www.drug-
bank.ca/), and higher enrichment score indicates a higher similar-
ity of the gene signature affected by the drug with our input
COVID-19 gene signature. CREEDS webserver (http://amp.pharm.
mssm.edu/creeds/) was further used for predicting the potential
COVD-19 therapeutic drugs, whose affected gene signatures were
opposite to our input COVID-19 gene signatures. Lower signed jac-
card index indicates a better reversal effect [23].

3. Results
3.1. Gene signature of COVID-19 lung samples

In order to get the gene signature of COVID-19, we first
screened the differentially expressed genes (DEGs) of the RNA-
seq transcriptome profiling from GSE147507 [24]. Two uninfected
lung biopsies from two healthy male were used as the control
group, and two lung biopsies derived from two male COVID19
deceased patient were used as the COVID-19 group. A total of
1052 genes were reserved with false discovery rate (FDR) g-
value < 0.05 and |Log2 (Fold change) | > 1, including 537 upregu-
lated DEGs and 515 downregulated DEGs (Fig. 1A and Supplemen-
tary Table 2). Pathway enrichment analyses showed that
upregulated genes upon COVID-19 infection were mainly enriched
in immune and inflammation-related pathways, such as cytokine-
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mediated signaling pathway, regulation of cytokine production,
neutrophil activation, granulocyte activation, interferon signaling,
and regulation of inflammatory response (Fig. 1B). This result
was consistent with other reports that severe COVID-19 patients
strongly associated with cytokine release syndrome (CRS), leading
to acute respiratory distress syndrome (ARDS) and secondary
haemophagocytic lymphohistiocytosis (sHLH), which are two of
main causes of mortality [25,26]. In contrast, downregulated genes
were mainly associated with blood vessel development and ner-
vous system development, suggesting that COVID-19 infection
can cause damage to blood vessels and nervous systems in lung tis-
sue (Supplementary Fig. 1A). Our gene set enrichment analysis
(GSEA) further confirmed that COVID-19 infection was signifi-
cantly enriched in cytokine-related gene sets, especially
interferon-induced antiviral, including IFN-o, IFN-B and IFN-y.
Notably, COVID-19 infection was significantly positively enriched
in neutrophil, eosinophil, macrophage and CDC1* B dendritic cell,
however, COVID-19 infection was negatively associated with mul-
tipotent progenitor cell, naive CD8 + T cell, ionocyte cell, endothe-
lial cell and leydig cell (Fig. 1C).

To increase the specificity of DEGs for following analysis, DEGs
associated with pathways in Fig. 1B and Supplementary Fig. 1A
was set as the gene signature of GSE147507 of which gene list
was shown in Supplementary Table 3. To verify the utility of our
processed gene signature, WebGestalt web tool was employed to
enrich the gene signature-related diseases [22]. Results showed
that our processed gene signature was highly related to influenza,
hypersensitivity, chronic obstructive airway disease and pneumo-
nia, indicating that this gene signature can fully represent whole
DEGs of COVD-19 infection for further analysis (Supplementary
Fig. 1B and Supplementary Table 4). Then, we constructed a pro-
tein-protein interaction (PPI) network of all genes of our processed
gene signature (Supplementary Fig. 1C) and the molecular complex
detections (MCODEs) clustering algorithm in Cytoscape was used
to identify core cluster in PPI network. Finally, five most significant
clusters were extracted, and pathway enrichment analysis of each
cluster showed that cluster 1 was mainly associated with response
to tumor necrosis factor (TNF), neutrophil degranulation, granulo-
cyte activation, cytokine production, IL-1 and IL-10 signaling; clus-
ter 2 was mainly associated with interferon signaling; cluster 3
was mainly associated with rRNA processing and ribosome biogen-
esis; cluster 4 and 5 were also mainly associated with neutrophil
degranulation and granulocyte activation (Supplementary Fig. 2).
Taken together, we identified a gene signature from two COVID-
19 lung samples, and speculated that neutrophil, macrophage, B
and DC cells mediated CRS, triggered specifically by IFN-a, IFN-B
and IFN-y, maybe the core mechanism of COVID-19-induced
pneumonia.

3.2. Gene signature of COVID-19 peripheral blood mononuclear cells
(PBMC) samples

To avoid data bias from a single data source, we analyzed RNA-
Seq data (CRA002390) containing three PBMC samples from
healthy donors and three PBMC samples from COVID-19 patients
[27]. We identified a total of 2145 DEGs, of which 1111 genes were
upregulated and 1034 genes downregulated (Fig. 2A and Supple-
mentary Table 5). Pathway enrichment analyses showed that
upregulated DEGs induced by COVID-19 infection were mainly
associated with following pathways: activation of immune
response, lymphocyte-mediated immunity, humoral immune
response, regulation of leukocyte activation, complement activa-
tion, B cell-mediated immunity, neutrophil activation, etc
(Fig. 2B). However, downregulated DEGs mainly enriched in path-
ways including cell morphogenesis involved in neuron differentia-
tion, axon development, T cell activation, Natural killer cell-
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mediated cytotoxicity, Th1 and Th2 cell differentiation, Th17 cell
differentiation, etc (Supplementary Fig. 3A). Consistent with the
results of pathway enrichment, our GSEA analysis further con-
firmed that COVID-19 infection was significantly enriched in the
initial triggering of complement, CD22-mediated B cell receptor
regulation, IL6 signaling, macrophage and granulocyte-monocyte
progenitor. In contrast, COVID-19 infection was significantly nega-
tively associated with the lymphoid cell, CD4 + cytotoxic T cell,
Th17, Th2, and NK cell (Fig. 2C).

We then assumed DEGs associated with pathways in Fig. 2B and
Supplementary Fig. 3A as the gene signature of CRA002390, of
which gene list was shown in Supplementary Table 6. By using
the WebGestalt webserver to verify its utility [22], we found that
our processed gene signature was highly related to human T-
lymphotropic virus 2 infections, bronchopneumonia, rheumatoid
pneumoconiosis, lupus Erythematosus, arthritis, macrophage acti-
vation syndrome and anaphylaxis, indicating this gene signature
has the transcriptome feature of virus-associated pneumonia (Sup-
plementary Fig. 3B and Supplementary Table 4). We further con-
structed the PPI network of all genes in this gene signature
(Supplementary Fig. 3C), and four most significant clusters were
identified by the MCODEs clustering algorithm. Among them, clus-
ter 1 was mainly associated with cytokine production, inflamma-
tory response, platelet degranulation, IFN-y signaling, TNF
superfamily, IL-10; cluster 2, 3 and 4 were all significantly associ-
ated with neutrophil degranulation and activation (Fig. 2D and
Supplementary Fig. 4). Taken together, the feature of the PBMC
gene signature was similar with the gene signature from lung sam-
ples, and suggested that TNF, I[FN-v, IL-10 and IL6 secreted by neu-
trophil and macrophage, not T and NK cell, may play a critical role
in the pathogenesis of COVID-19 infection.

3.3. WGCNA revealed gene-network modules associated with COVID-
19

The weighted gene correlation network analysis (WGCNA) has
been widely used to identify gene modules that highly correlated
with clinical traits of patients [28-30]. A whole blood RNA Nano-
String nCounter transcriptomic profiling (E-MTAB-8871) from 10
healthy donors and total of 9 days from illness onset to remission
of a COVID-19 patient (case 1) was downloaded and first analyzed
by GSEA for quality evaluation [31]. Consistent with the GSEA data
of COVID-19 lung samples of GSE147507 in Fig. 1C, the COVID-19
infection of this patient was also significantly enriched in IFN-a,
IFN-B and IFN-yinduced antiviral pathway, inflammatory response
lection/LPS, and apoptosis by serum deprivation (Supplementary
Fig. 5A). Then, we applied WGCNA to analyze this transcriptomic
profiling with patients’ clinical traits. Genes were assigned to five
modules by hierarchical clustering of the weighting coefficient
matrix, and unassigned genes were categorized into the grey mod-
ule (Fig. 3A). Module-trait relationships were calculated by corre-
lating the module’s eigengene to the clinical traits of the patient.
And we found that the genes in brown module with the highest
Pearson correlation with tachycardia (R = 0.852, P = 1.4e-5) and
positive COVID-19 diagnosis, while brown module genes were sig-
nificantly negatively correlated with oxygen saturation of patient
(R=-0.868, P = 3.0e-6, Fig. 3B and Supplementary Table 7). In con-
trast, genes in the turquoise module were negatively correlated
with tachycardia (R = —0.79, P = 1.6e-4) and positive COVID-19
diagnosis, and positively correlated with oxygen saturation of
patient (R = 0.833, P = 1.8e-5, Fig. 3B and Supplementary Table 7).
This result indicated that genes in the brown module were the
driving genes of COVID-19 infection and mediated severe dyspnea,
while genes in the turquoise module were the protective genes
against COVID-19 infection.

Computational and Structural Biotechnology Journal 19 (2021) 1-15

Hub genes in each module were analyzed by weight analysis
(Supplementary Table 8), and the expression of the top 30 hub
genes in brown and turquoise modules across healthy donors
(shown as an average) and each day of illness progression of
patient case 1 were shown in the heatmap (Fig. 3C, D). Interest-
ingly, the expressions of all 30 hub genes in the brown module
were increased with the dyspnea symptoms reached a nadir on
day 4 and 5 post-illness onset, whereas these highly expressed
genes gradually returned to normal level with the restoration of
respiratory function from day 7 to day 18 (Fig. 3C, E and Supple-
mentary Fig. 5B). Conversely, the expressions of all 30 hub genes
in the turquoise module were markedly decreased with the dysp-
nea symptoms reached a nadir on day 4 and 5, and then gradually
increased as the patient recovered from day 7 to day 18 (Fig. 3D, E
and Supplementary Fig. 5B). Similar results were also found in
another COVID-19 patient case 2 (Supplementary Fig. 5D-E), and
his clinic traits of illness progression were shown in Supplemen-
tary Fig. 5C. Furthermore, the hub-gene-network analysis of gene
signature revealed a hierarchical organization of highly connected
genes in brown and turquoise modules. And we found ITGB2,
ITGAM and IL2RG were the top 3 hub genes with the highest
weight in the brown module network, which are highly expressed
on neutrophils, and contribute to neutrophil activation and inflam-
mation [32-34] (Fig. 3F). On the other hand, CD22, CCR6 and IL19
were found to be the top 3 hub genes in the turquoise module,
and all these three genes are anti-inflammation genes and func-
tionally important for preventing over-activation of the immune
system and the development of autoimmune diseases [35-37]
(Fig. 3G). We then assumed the genes in brown and turquoise
modules as the gene signature of E-MTAB-8871 (Supplementary
Table 7), and WebGestalt analysis also showed that this gene sig-
nature was highly related to juvenile rheumatoid arthritis, C-
reactive protein increased, recurrent bronchitis, hypersensitivity,
pneumonia, pulmonary fibrosis, fever, etc (Supplementary Fig. 6
and Supplementary Table 4). Therefore, our results extracted a
powerful gene signature of E-MTAB-8871, and confirmed that
over-activation of immune system-mediated CRS is the underlying
pathogenic mechanism of the acute phase of COVID-19 patients,
and suggest that anti-inflammatory therapies may benefit those
patients.

3.4. A GSEA method to predict COVID-19 potential therapeutic drugs

Currently, there are no effective drugs and vaccines for COVID-
19 treatment or prevention. It is very urgent to find potential drugs
to treat COVID-19 and save the patients. In this study, we utilized
the targeting gene sets of 5825 drugs from drugBank and analyzed
the similarity between drug targeting genes and COVID-19 gene
signatures to predict potential therapeutic drugs. The drug targets
were used as the reference gene sets, and three gene signatures,
GSE147507, CRA002390 and E-MTAB-8871, were processed and
analyzed by WebGestalt webserver using the GSEA enrichment
method. Predicting results showed that targets affected by two
TNFa inhibitors, etanercept and adalimumab, were positively cor-
related with gene signature of GSE147507, and several T cell or B
cell inhibitors including alefacept, rituximab, basiliximab, muro-
monab, ibritumomab tiuxetan, tositumomab, alemtuzumab and
daclizumab were also positively enriched (Fig. 4A and Supplemen-
tary Table 9). We also identified abciximab, a platelet aggrega-
tion inhibitor and palivizumab, a preventive drug for respiratory
syncytial virus (RSV) infection, shared gene targets with COVID19
gene signature; Moreover, calcium citrate and calcium phosphate
were also enriched (Fig. 4A and Supplementary Table 9). Analysis
of the gene signature of CRA002390 revealed a very similar result
with GSE147507, in which inhibitors of TNFa, T cell and B cell were
enriched, and zinc, polaprezinc also shared similar COVID19 signa-
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Fig. 3. Gene-network modules associated with COVID-19 revealed by WGCNA. Whole blood transcriptomic profiling (E-MTAB-8871) by RNA NanoString nCounter for 10
healthy donors and a total of 9 days from illness onset to remission of a COVID-19 patient, with their clinic traits were analyzed. A. Hierarchical cluster dendrogram showing
different modules based on the unsupervised hierarchical clustering. B. Heatmap of the correlation between modules and clinical traits. Red indicates positive correlation, and
blue indicates negative correlation. Person correlation value and P-value were shown in each heatmap. C-D. Expanded view of the expression of top 30 hub genes (weight
analysis) in brown and turquoise modules across healthy donors (shown as an average) and each day of illness progression of patient case 1. E. Tachycardia and oxygen saturation
traits of 2 to 11 day after illness onset of patient case 1. F-G. PPl network of top 30 hub genes in brown and turquoise modules. Node color intensity indicates the weight value in
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Fig. 4. Predicting potential therapeutic drugs by a GSEA method with drugBank in WebGestalt webserver for COVID-19 gene signature. A. Enriched drugs for gene signature
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modules of E-MTAB-8871. A high enrichment score indicates a higher similarity of the gene signature affected by the drug with our input COVID-19 gene signature.

ture (Fig. 4B and Supplementary Table 9). Simultaneously, targets treatment: glucosamine, idiopathic pulmonary fibrosis treatment

of TNFa inhibitors etanercept and adalimumab were also posi- medication: nintedanib and a T cell inhibitor: muromonab also
tively correlated with gene signature of E-MTAB-8871, and an IL1 shared similar COVID19 signature (Fig. 4C and Supplementary
inhibitor: rilonacept, an anti-inflammation drug for osteoarthritis Table 9).
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3.5. The predicted drugs may reverse COVID-19 gene signature

Since the WebGestalt webserver only analyzed the similarity
between drug targets and COVID-19 gene signatures, whether
these drugs can reverse COVID-19 gene signatures remains
unknown. To solve this issue, we used CREEDS webserver to iden-
tify drugs that induce reciprocal changes to COVID-19 gene signa-
ture from a total of 6100 drugs. Drugs were ranked by the signed
jaccard index, and a lower signed jaccard index indicates a poten-
tially better reversal effect of COVID-19 gene signature [23]. We
found that the expression of genes affected by TNFa inhibitor etan-
ercept had the most opposite feature with the COVID-19 gene sig-
natures, which ranked first in GSE147507 and CRA002390, and
ranked middle in E-MTAB-8871 (Fig. 5). Notably, Baclofen, a y-
aminobutyric acid-B receptor (GABABR) agonist for muscle spastic-
ity and multiple sclerosis treatment, was also found to be markedly
opposite to three COVID-19 gene signatures [38,39] (Fig. 5 and
Supplementary Table 10). In contrast, drugs which are currently
widely used by clinic or recommended by treatment guidelines,
such as chloroquine, ritonavir, interferon and vitamin ¢, only
showed modest counter effect to COVID-19 signatures (Fig. 5 and
Supplementary Table 10). Glucocorticoids such as fluticasone, dex-
amethasone and methylprednisolone, also showed moderate coun-
ter effects (Fig. 5 and Supplementary Table 10).

3.6. Validate counter effects of potential drugs on COVID-19 gene
signature

To further confirm the reversal effects of potential drugs, the
transcriptome profiling of drugs was downloaded and then ana-
lyzed by GSEA. Enhancement or reduction of gene signatures of
GSE147507, CRA002390 and E-MTAB-8871 were used as reference
gene sets respectively. Two summary plots of GSEA results were
shown the average NES and average normalized P value of each
drug enriched with three COVID-19 gene signatures (Fig. 6A and
B). Reversal score of each drug was calculated by a scoring system
based on NES and normalized P value. Consistent with the results
in Fig. 4 and Fig. 5, etanercept was the most effective drug that
we screened out to reverse the COVID-19 gene signatures. Etaner-
cept significantly decreased expression of genes that were upregu-
lated in all three COVID-19 gene signatures, and significantly
increased the expression of the downregulated genes in all three
COID-19 gene signatures (Fig. 6A, B and D). Pathway enrichment
analysis strongly confirmed that etanercept had a very desirable
reversal effect on COVID-19-affected signaling pathway. The path-
ways enriched by etanercept downregulated genes were almost
identical to the pathways enriched by COVID-19 upregulated genes
(Fig. 6E, Fig. 1B and Fig. 2B). Etanercept upregulated genes mainly
enriched in RNA metabolism, ribonucleoprotein complex biogene-
sis, mitochondrion organization, T cell activation, etc, which were
also found to be enriched by COVID-19 downregulated genes
(Fig. 6E, Supplementary Fig. 1A and Supplementary Fig. 3A). Baclo-
fen was another potential drug which can significantly reverse the
upregulated genes in three COVID-19 gene signatures, and
increased the expression of the downregulated genes in gene sig-
natures of GSE147507 (Supplementary Fig. 7A). These results sug-
gest etanercept and baclofen are two promising drugs for COVID-
19 treatment. In addition, another TNFa inhibitor, adalimumab
was also found had significantly reversal effects on downregulated
genes of all three COVID-19 gene signatures and on upregulated
gene signature of GSE147507 (Supplementary Fig. 7B).

Severe COVID-19 cases may benefit from IL6 inhibitors and its
controlled clinical trials are still ongoing [1]. We found that tocili-
zumab had significantly reversal effects on upregulated genes of
three COVID-19 gene signatures (Supplementary Fig. 7C), but no
efficacy on downregulated genes of COVID-19 gene signatures.
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However, siltuximab was found no reversal effects on COVID-19
gene signatures (Supplementary Fig. 7D). Rituximab is an anti-
CD20 antibody approved for treating lymphoma and rheumatoid
arthritis. Rituximab has recently been reported to suppress the
cytokine storm and is beneficial to COVID-19 patient [40]. We
found rituximab had desirable reversal effect on upregulated genes
of three COVID-19 gene signatures, while it would further decrease
the expression of downregulated genes in gene signatures of
CRA002390 and E-MTAB-8871 (Supplementary Fig. 8A). In addi-
tion, the application of glucocorticoids in COVID-19 treatment is
also a controversial issue. Herein, we found that both methylpred-
nisolone and prednisolone had desirable reversal effect on COVID-
19 gene signatures, especially for reversing the upregulated genes
of COVID-19 gene signatures (Supplementary Fig. 8B-C). Ritonavir
has been reported for COVID-19 treatment by several articles [41-
43] while we found ritonavir only had a very slight reversal effect
on downregulated genes of E-MTAB-8871 gene signature, and
there was no effect on the upregulated genes of COVID-19 gene
signatures (Supplementary Fig. 8D). Moreover, Atorvastatin, a drug
for treating high cholesterol, was also found to have the reversal
effects for upregulated genes in three COVID-19 gene signatures
(Supplementary Fig. 9A). However, atorvastatin further reduced
the expression of COVID-19 downregulated genes (Supplementary
Fig. 9A). Rilonacept (an IL-1 inhibitor) and pyrazinamide (an anti-
tuberculous agent), were found only significantly reversed the
expression of genes in the turquoise module of E-MTAB-8871 (Sup-
plementary Fig. 9B-C).

However, chloroquine and hydroxychloroquine, the most con-
troversial COVID-19 treatment drugs [44-47] had no obvious effect
to reverse COVID-19 gene signature. Actually, they may be harmful
to COVID-19 treatment supported by evidence that chloroquine
would exhaust the COVID-19 downregulated genes in GSE147507
gene signature, and hydroxychloroquine further increased the
expression of COVID-19 upregulated genes in CRA002390 gene sig-
nature (Supplementary Fig. 9D and 10A). Consistently, our results
strongly supported the COVID-19 treatment guidelines issued by
USA NIH [1] that recommended against the use of interferons for
the treatment of COVID-19. We found that IFN-ywas potentially
harmful to COVID-19 treatment, evidenced by that it significantly
exacerbated the expression of upregulated genes and decreased
the expression of downregulated genes of GSE147507 gene signa-
ture (Supplementary Fig. 10B). Finally, alemtuzumab, an antibody
binding to CD52 on mature lymphocytes and approved for chronic
lymphocytic leukemia and multiple sclerosis treatment, and ale-
facept, a psoriasis treatment drug via interfering with CD2 to inhi-
bit T cell activation, both of them have been found to further
increase the upregulated genes of COVID-19 gene signature and
may be harmful to COVID-19 treatment (Supplementary Fig. 10C-
D). Collectively, through the GSEA analysis of drug’s transcriptome
profiling, we are highly optimistic about the TNFo inhibitor etaner-
cept and GABABR agonist baclofen for COVID-19 treatment, and
suggest that adalimumab, tocilizumab, rituximab and glucocorti-
coids may also be potential drugs for COVID-19 treatment
(Fig. 7). Controlled clinical trials of these candidate drugs for
COVID-19 treatment are urgently needed. Nevertheless, our data
suppose chloroquine, hydroxychloroquine and interferons should
not be used for COVID-19 treatment.

4. Discussion

In this study, we identified three gene signatures from COVID-
19 patients, and found the upregulated genes upon COVID-19
infection were mainly enriched in immune and inflammation-
related pathway which related to IFN-a, IFN-B, IFN-y, TNF and
IL6 triggered cytokine storm mediated by neutrophil, macrophage,
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reversal effect.

B and DC cells. Our findings are highly consistent with accumulat-
ing evidence suggesting that disease severity of COVID-19 was cor-
related with hypercytokinaemia which are characterized by
increased IL-1B, IL-7, IL-10, IL6, TNFa, IFN-vy, granulocyte colony-
stimulating factor (G-CSF), IP10/CXCL10, monocyte chemoattrac-
tant protein 1 (MCP-1) and macrophage inflammatory protein 1-
o (MIP-1) [48,49]. Neutrophil count in blood was reported remark-
ably higher in COVID-19 severe patients than that in mild cases
[50]. An autopsy study also reported that the cell types of infil-
trated immune cells in alveolar space and septa of COVID-19
patient were predominantly infiltrating CD68* macrophages and

10

CD20" B cells [51]. CRS was found to be the major cause of severe
pneumonia and morbidity in COVID-19 patients [52]. Thus,
immunosuppressive and anti-inflammatory therapies were consid-
ered to be potentially effective COVID-19 treatment strategies [10].
In contrast, our study revealed that COVID-19 downregulated
genes were mainly associated with blood vessel development, ner-
vous system development, ionocyte cell, endothelial cell, leydig
cell, T cell activation, NK cell-mediated cytotoxicity, Th1, Th2 and
Th17 cell differentiation. COVID-19 causes pulmonary blood vessel
damage which is usually manifested in severe endothelial injury
and widespread thrombosis with microangiopathy [53]. The ner-
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Fig. 6. GSEA validation of the potential COVD-19 therapeutic drugs. A. GSEA summary plot of reversal effects of potential therapeutic drugs on upregulated gene signature of
COVID-19. B. GSEA summary plot of reversal effects of potential therapeutic drugs on downregulated gene signature of COVID-19. NES > 1 means genes affected by drugs was
positively correlated with COVID-19 gene signatures while NES < -1 means genes affected by drugs was negatively correlated with COVID-19 gene signatures. C. Reversal
scores for predicting potential therapeutic drugs. Microarray profiling of whole blood leukocyte from15 healthy donors who pretreated with etanercept or placebo then
received an intravenous injection of endotoxin challenge (GSE36177) was analyzed by GSEA, Over-expression (Up) or down-expression (Down) genes in gene signatures of
GSE147507, CRA002390 and E-MTAB-8871 were used as reference gene sets. D. Reversal effect of etanercept on gene signatures of COVID-19. E. Metascape pathway
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Fig. 7. Graph abstract of our findings.

vous system and the male fertility damage have also been reported
in COVID-19 patients [54-57]. In addition, our foundings also sup-
port the observations by previous reports that the CD8* T cell and
NK cell were decreased significantly in blood and CD4" T were
barely detectable in the pulmonary biopsy of COVID-19 patients,
suggesting that the functional exhaustion of cytotoxic lymphocytes
is another critical underlying mechanism of COVID-19 infection
[50,51,58]. Furthermore, CD4"* T cells were activated to turn into
pathogenic Th1l cells and generate granulocyte-macrophage
colony-stimulating factor, augmenting expression of IL6 in CD14"
CD16" monocytes on the SARS-CoV-2 infection [48]. Hence,
SARS-CoV-2 infection may break down antiviral immunity at an
early stage.

Aside from uncovering the pathogenic mechanism of COVID-19,
another goal of this study is finding the potential drugs to decrease
the high mortality rate of COVID-19 patients. However, the devel-
opment of a novel drug will take over 10 years from target identi-
fication, target validation, hit discovery, lead optimization to
preclinical and clinical trials [9]. Therefore, it seems impossible
to develop novel drugs in the time frame needed to rescue the cur-
rent SARS-CoV-2 crisis. Hence, our study tried to find potential
therapies from existing clinical drugs by drug repurposing. Based
on our bioinformatic analysis, we are highly confident that TNFa
inhibitor etanercept and GABABR agonist baclofen would signifi-
cantly benefit COVID-19 patients. Anti-tumor necrosis factor
(TNF) antibodies have been approved for more than 20 years in
severe cases of autoimmune inflammatory disease and anti-TNF
therapies have previously been shown protective effects in lethal
SARS-CoV infection [59,60]. A recent case report also suggested
that the use of etanercept before the viral infection was disassoci-
ated with a severe evolution of the COVID-19 [61]. TNF acts
upstream of IL6, both of them are produced in most types of
inflammation, especially in the acute phase, and anti-TNF therapy
was postulated that the earlier the better after hospital admission
of COVID-19 patients [60]. On the other hand, baclofen, a drug for
muscle spasticity and multiple sclerosis treatment, has also been
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reported in recent years to attenuate basal and IFN-y/LPS-
induced release of the pro-inflammatory cytokines IL6 and TNFo
in both in vitro and in vivo studies, suggesting that baclofen is a
promising anti-inflammatory and immunomodulatory treatment
[38,39]. However, there are currently no sufficient clinical trial
tests for TNFa inhibitors and baclofen so that we propose associ-
ated clinical trials should be initiated as early as it is practicable.

Our study also suggests that IL6 inhibitors, especially tocilizu-
mab may be a potential drug for COVID-19 treatment. Consistent
with our observations, tocilizumab was shown to immediately
improve the clinical outcome of severe COVID-19 patients [62],
and several clinical trials on the use of tocilizumab in patients with
COVID-19 are ongoing [63]. Our results also found rituximab had
significantly reversal effects on upregulated genes of three
COVID-19 gene signatures, but it would further decrease the
expression of downregulated genes of COVID-19 gene signatures.
Recently, a case report speculated that rituximab may limit the
cytokine storm and delay the worsening and need for mechanical
ventilation [40], but another case report concluded that rituximab
is responsible for long-lasting B-cell depletion and associated with
high-risk fatal outcome of two COVID-19 patients [64]. Thus, more
evidence is needed to settle the debate. In addition, our data sup-
ported the latest clinical trial results that no benefit was observed
with lopinavir-ritonavir treatment for COVID-19 patients [65].
Pyrazinamide and atorvastatin were also high-ranked in CREEDS
webserver results. Their anti-inflammatory and immune modula-
tion activities have been discovered for many years [66,67]. Nota-
bly, statins have been reported to reduce hospitalization rate and
mortality caused by flu, and they have also been found to decrease
the fatality rate of MERS [68,69] infection. Most recently, molecular
docking analysis revealed statins can directly bind to the SARS-
CoV-2 main protease (Mpro), and suggested that statins could be
efficient SARS-CoV-2 Mpro inhibitors although further experimen-
tal and clinical validations are needed [70,71].

On the other hand, glucocorticoids are recommended to treat
COVID-19 patients in the acute phase in China FDA guideline
[72] while are against the routine use for critically ill patients with
COVID-19 by USA FDA guideline [1]. According to our findings,
methylprednisolone and prednisolone showed moderate reversal
effect on COVID-19 gene signatures, especially for reversing the
upregulated genes of COVID-19 gene signatures. These immuno-
suppressive agents could likely reduce hyper-inflammation in con-
current COVID-19 patients with rheumatic diseases by inhibiting
gene expression of the cytokine factors [73]. Moreover, a recent
study showed that an early short course of methylprednisolone
in patients with moderate to severe COVID-19 reduced escalation
of care and improved clinical outcomes [74]. The above facts are
all in support of the China FDA guideline. However, the use of glu-
cocorticoids therapy is still debated, and a common side effect of
glucocorticoids is the increasing risk of infections, especially facil-
itating the worsening of a SARS-CoV-2 infection into severe acute
respiratory distress syndrome [75]. Moreover, it has also been
reported that glucocorticoids used in SARS and MERS patients
did not improve mortality and resulted in delayed viral clearance
[10]. Taken together, glucocorticoid regimens in COVID-19 treat-
ments require more evidence-based validations.

Several herbal compounds were also enriched out by CREEDS
webserver analysis, such as chlorogenic acid, quercetin, curcumin,
genistein and resveratrol. Chlorogenic acid is one of the most
bioactive compounds rich in the honeysuckle which is an antiviral
herb widely used in Chinese medicine [76]. Molecular docking
showed that chlorogenic could stably combine with GIn42/Asp38
in ACE2, which hindered the combination between SARS-CoV-
2 S-protein and ACE2 [77]. Quercetin, a strong antioxidant and
anti-inflammatory agent, has also been reported to inhibit the pro-
teases of SARS and MERS [78], and a clinical trial (NCT04377789) to
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evaluate the preventive and therapeutic effect of quercetin on
COVID-19 is also found on ClinicalTrials.gov. Moreover, curcumin
was found to have a dual binding affinity of both SARS-CoV-2 S-
protein and ACE2 [79], and can inhibit the release of numerous
cytokines including IL1B, IL8, TNFa and MCP1 in a mouse model
of virus-induced acute respiratory distress syndrome [80]. Simi-
larly, genistein and resveratrol are both anti-inflammatory drugs
and have also been shown significant interaction with the SARS-
CoV-2 proteins by forming hydrogen bonds [81-83].

Aside from alleviating damage induced by the CRS, another
effective treatment is to boost innate antiviral immune responses
to SARS-CoV-2. Calcium, zinc and vitamin C were found in Web-
Gestalt or CREEDS analysis. Undoubtedly, they are all widely
reported to play key roles in the regulation of immunity and
inflammation [84-86]. According to a new report, dietary supple-
ments containing micronutrients (zinc and omega-3 fatty acid)
and vitamins C and D are a safe, low-cost, and effective way of
helping the immune system fight off COVID-19 and other acute
respiratory tract diseases [87]. In contrast, our results suggest
chloroquine, hydroxychloroquine and interferons should not be
used for COVID-19 treatment, which is supported by the COVID-
19 treatment guidelines from USA NIH who recommends against
the use of chloroquine/hydroxychloroquine and interferon [1].

In conclusion, our study reveals that CRS mediated by neu-
trophil, macrophage, B and DC cells is the underlying pathogenic
mechanism of the SARS-CoV-2 infection, especially when it is
highly related to the symptoms of the acute phase, and suggests
that the anti-inflammatory therapies may benefit COVID-19
patients. Our study also highlights the power of TNFa inhibitor
etanercept and GABABR agonist baclofen in the reversal of
COVID-19 genes signature, so we are highly optimistic about their
clinical use for COVID-19 treatment and achieving a good clinical
outcome. In addition, our results suggest that adalimumab, tocili-
zumab, rituximab and glucocorticoids may also be potential drugs,
but our data suggests that chloroquine, hydroxychloroquine and
interferons may not be beneficial to COVID-19 patient. We provide
the therapeutic prospects from an integrated transcriptional anal-
ysis of COVID-19 patients and we believe validations of these can-
didates are urgently needed in the near future.

5. Key points

e Neutrophil, macrophage, B and DC cells mediated IFN-a, IFN-8,
IFN-y, TNF and IL6 release is the underlying pathogenic mecha-
nism of the SARS-CoV-2 infection.

o Cytokine release syndrome is highly related to the acute phase
pneumonia and suggests that the anti-inflammatory therapies
may benefit COVID-19 patients.

e Drug repurposing analysis revealed that etanercept and baclo-
fen may be two promising drugs for the treatments of severe
COVID-19 patients.

Adalimumab, tocilizumab, rituximab and glucocorticoids may
also have beneficial for COVID-19 patients, but our results suggest
thatchloroquine, hydroxychloroquine and interferons may not be
beneficial to COVID-19 patient.
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