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Abstract: The recently emerged SARS-CoV-2 virus is responsible for the ongoing COVID-19 pan-
demic that has rapidly developed into a global public health threat. Patients severely affected with
COVID-19 present distinct clinical features, including acute respiratory disorder, neutrophilia, cy-
tokine storm, and sepsis. In addition, multiple pro-inflammatory cytokines are found in the plasma
of such patients. Transcriptome sequencing of different specimens obtained from patients suffering
from severe episodes of COVID-19 shows dynamics in terms of their immune responses. However,
those host factors required for SARS-CoV-2 propagation and the underlying molecular mechanisms
responsible for dysfunctional immune responses during COVID-19 infection remain elusive. In
the present study, we analyzed the mRNA-long non-coding RNA (IncRNA) co-expression network
derived from publicly available SARS-CoV-2-infected transcriptome data of human lung epithelial
cell lines and bronchoalveolar lavage fluid (BALF) from COVID-19 patients. Through co-expression
network analysis, we identified four differentially expressed IncRNAs strongly correlated with
genes involved in various immune-related pathways crucial for cytokine signaling. Our findings
suggest that the aberrant expression of these four IncRNAs can be associated with cytokine storms
and anti-viral responses during severe SARS-CoV-2 infection of the lungs. Thus, the present study
uncovers molecular interactions behind the cytokine storm activation potentially responsible for
hyper-inflammatory responses in critical COVID-19 patients.

Keywords: IncRNA; co-expression network; COVID-19; cytokine storm

1. Introduction

COVID-19 is a severe acute respiratory disease caused by SARS-CoV-2, a recently
identified member of the Coronaviridae family [1,2]. The number of cases and deaths
due to COVID-19 is increasing daily and threatens global health. While several drugs
and vaccines are under clinical trial, to date, there is no effective strategy to control the
COVID-19 disease [3-5]. The clinical spectrum of COVID-19 is variable and can lead
to immune dysfunction, acute respiratory distress syndrome (ARDS), and multi-organ
failure [6-8]. Human coronaviruses, including SARS-CoV, MERS-CoV, and SARS-CoV-2,
have evolved strategies to delay or dampen interferon production, which sometimes
produces host inflammatory responses leading to ARDS [9,10]. Dysregulated host immune
responses and increased circulatory levels of pro-inflammatory cytokines, a phenomenon
known as a “cytokine storm,” is strongly associated with lung injury, multi-organ failure,
and poor prognosis of severe COVID-19 cases [11-13]. Recent studies demonstrated
that patients afflicted with severe SARS-CoV-2 infections present increased levels of pro-
inflammatory plasma cytokines, as opposed to mild cases, highlighting that the release of
inflammatory cytokines is central to COVID-19 severity [14-16]. The generation of pro-
inflammatory cytokines in severe COVID-19 infection is characterized by high expression of
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IL-6 and TNF-« [17]. When SARS-CoV-2 enters respiratory epithelial cells, the host immune
response is activated by TNF-o«, which mediates cytokine and chemokine production,
leading to systemic inflammatory responses [18]. Similarly, SARS-CoV-2 infection induces
higher expression of IL-6, which inhibits natural killer (NK) cell-mediated cytotoxicity and
down-regulates perforin and granzyme B expression, leading to the failure of NK cells
to destroy target cells [17,19]. Therefore, the survival of target cells facilitates enhancing
antigen stimulation and promotes the overproduction of pro-inflammatory cytokines.
Dysregulation of cytokine production elicits the delivery of various immune cells, such as
macrophages, neutrophils, and T cells, to the infection site to generate an inflammatory
response. This has a destructive effect on lung tissues, leading to ARDS [20]. However, the
underlying molecular mechanisms responsible for the aberrant inflammatory responses
and immune dysfunction seen during severe cases of COVID-19 are still unknown.

Immune cell development and activation depend on gene expression’s dynamic regu-
lation through complex transcriptional and post-transcriptional mechanisms [21]. Long
non-coding RNAs (IncRNAs) are transcripts 200 nucleotides or longer in length, which
play pivotal roles in regulating diverse biological processes [22]. Multiple studies based on
genome-wide association studies (GWAS) have identified numerous single nucleotide poly-
morphisms (SNPs) within various dysregulated IncRNAs associated with different human
diseases [23]. Indeed, IncRNAs have emerged as potential key regulators of inflammatory
genes and serve vital roles in regulating inflammatory responses [24-26]. For instance,
recent studies demonstrated that IncRNAs are involved in regulating gene expression in
immune cells [27]. However, those mechanisms employed by IncRNAs to regulate immune
function remain largely unknown.

Given the role(s) of IncRNAs in host cell anti-viral inflammatory response regula-
tion, we sought to identify IncRNAs that are co-expressed with human genes involved
in immune-related processes during SARS-CoV-2 infection in the lungs. We thus identi-
fied common differentially expressed (DE) mRNAs and IncRNAs from various publicly
available SARS-CoV-2 infected lung transcriptome datasets. We subsequently identified a
key IncRNA-mRNA module enriched for elements of different immune-related pathways
related to cytokine signaling based on weighted gene co-expression analysis (WGCNA).
Network analysis also revealed four IncRNAs as potential hubs, thereby pointing to the
possible association of these IncRNAs with cytokine signaling during SARS-CoV-2 infection
and potential involvement in hyper-inflammatory responses during SARS-CoV-2 infection
of the lungs. These findings could thus advance understanding of complex interactions
behind the immune dysfunction experienced in severe cases of COVID-19.

2. Materials and Methods
2.1. Acquisition of Transcriptome Dataset

Several sets of raw sequence reads were retrieved from Gene Expression Omnibus
(GEO) datasets. GEO dataset GSE147507 contains data from cell lines infected with SARS-
CoV-2, including Calu-3 adenocarcinoma cells and A549 cells supplemented with a vector
expressing ACE2. GEO dataset GSE139516 contains data from the Calu3 cell line infected
with Middle East respiratory syndrome coronavirus (MERS-CoV), while GEO dataset
GSE148729 contains data from the Calu3 cell line infected with SARS-CoV-1 and SARS-
CoV-2. Raw sequence data from BALF of COVID-19 patients were retrieved from the
Genome Sequence Archive (https://bigd.big.ac.cn/, accessed on 2 February 2021), Bei-
jing Institute of Genomics (accession number CRA(002390) [28]. RNA-seq data for BALF
from healthy control samples were downloaded from the NCBI SRA database (accession
numbers SRR10571724, SRR10571730, and SRR10571732). Data from mock-treated cells
were provided for each in vitro group (N = 3 per group). The raw reads were retrieved and
converted to FASTQ using the SRA toolkit, version 2.10.7.
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2.2. Read Mapping and Differential Expression Analysis

Raw reads were aligned to the latest human genome build (GRCh38.p13), using
reference annotations derived from GENCODE release 35 by STAR, v2.7.5 [29]. To increase
alignment specificity, STAR was run in the 2-pass mode using the “—twopassMode” basic
command. The transcripts were assembled with StringTie, v2.1.2 [30] using the reference
annotation. Raw read counts of the mRNAs and annotated IncRNAs were determined by
featureCounts, while differential expression analysis was performed using edgeR [31]. The
Benjamini-Hochberg method for controlling the false discovery rate (FDR) was used for
adjusting p-values. Genes with FDR < 0.05 and fold-change > 2 were considered as being
differentially expressed.

2.3. Co-Expression Network Analysis

WGCNA approaches [32] were used to determine the correlation between DE IncR-
NAs and mRNAs. The WGCNA method identifies network modules consisting of highly
correlated genes in terms of expression that are likely to be involved in the same biological
process(es). Co-expression analysis was performed as follows. Initially, a co-expression
network was constructed by evaluating the connection strength between mRNAs and
IncRNAs. Next, co-expression modules were identified based on hierarchical clustering
and dynamic tree cut. Finally, hub nodes were identified in the co-expression module.
Cytoscape 3.8.0 (http://www.cytoscape.org/, accessed on 2 February 2021) [33] was used
to visualize mRNA and IncRNA co-expression networks in WGCNA modules. The cyto-
Hubba [34] plug-in of Cytoscape was used to identify hub nodes from the co-expression
modules. The top ten hub nodes were ranked according to the method of maximal clique
centrality (MCC) [35].

2.4. Gene Ontology and Pathway Enrichment Analysis

After identifying the different modules in the co-expression network, gene set enrich-
ment and pathway enrichment analysis were performed to explore functional categories
associated with modules. Gene ontology (GO) and pathway enrichment analyses were per-
formed using ShinyGO [36], Metascape [37], and Parametric Gene Set Enrichment Analysis
(PGSEA) [38] with a p-value cutoff <0.05. KEGG and REACTOME pathway databases were
consulted during pathway enrichment analysis. Fisher’s exact test followed by Benjamini—
Hochberg multiple testing correction was employed for selecting the GO category and the
relevant pathway.

3. Results
3.1. Identification of Common DE mRNAs and IncRNAs in Response to SARS-CoV-2 Infection of
the Lungs

To understand host transcriptional dynamics in response to SARS-CoV-2 infection of
the lungs, we employed the publicly available RNA-seq datasets from BALF samples from
COVID-19 patients [28] and SARS-CoV-2-infected lung epithelium cell lines (Calu3 and
A549-ACE2) [39]. DE genes from each individual datasets (FDR < 0.05; fold-change > 2)
were identified. Protein-coding genes and IncRNAs found to be consistently up-/down-
regulated in all individual datasets were selected for further analysis. This revealed
285 common DE genes that included 12 IncRNAs which were consistently up-/down-
regulated in BALF samples from COVID-19 patients and in the SARS-CoV-2-infected lung
epithelium cell lines (Table S1). Average-linkage hierarchical clustering was performed,
applying Euclidian distances for the 285 genes of interest. A detailed representation of the
sample cluster dendrogram is presented in Figure 1.
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Figure 1. Hierarchical clustering with Euclidean distance of common differentially expressed genes and IncRNAs across

all samples.

Gene set enrichment analysis was next conducted using Coronascape (a special-
ized version of the Metascape platform (http://coronascape.org, accessed on 2 February
2021)) [37] to reveal expression patterns of the common DE genes identified in transcrip-
tomic data of other available SARS-CoV-2-infected samples. Such analysis showed that a
significant proportion of genes and IncRNAs were consistently differentially expressed in
COVID-19 patient-derived samples and various SARS-CoV-2-infected cell lines (Figure 2).
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Figure 2. Summary of gene enrichment in COVID-19 analysis. Terms with a p-value < 0.01, a minimum count of 3, and an
enrichment factor >1.5 (the enrichment factor is the ratio between the observed counts and counts expected by chance) were
collected and grouped into clusters based on membership similarities.
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3.2. Pathway Enrichment Analysis of Common DE Genes Highlight Potential Roles in
Cytokine Signaling

Genes involved in the same pathway or that participate in similar biological processes
often present correlated gene expression patterns [40]. To identify those pathways most
altered upon SARS-CoV-2 infection of the lungs, pathway enrichment analysis was per-
formed based on ShinyGO [36] and PGSEA [38] using the Reactome and KEGG databases
with an FDR cutoff of 0.05. Pathway enrichment analysis using the KEGG database high-
lighted the set of DE genes enriched for several immune-related pathways, including
cytokine—cytokine receptor interactions, TNF signaling, and the IL-17 pathway, all of which
are crucial for the production of various inflammatory cytokines (Figure 3a). Pathway
analysis using the Reactome database revealed that cytokine signaling in immune systems
(R-HSA-1280215) was the most enriched pathway that was consistently up-regulated in
all SARS-CoV-2-infected cell samples and COVID-19 patient samples (Figure 3b. Further
analysis of the expression patterns of DE genes associated with cytokine signaling processes
across all samples revealed most of these genes to be up-regulated in SARS-CoV-2-infected
samples compared to control samples (Figure 3c). These findings thus elucidate gene
expression patterns involved in activating cytokine signaling during SARS-CoV-2 infection
of the lungs.
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Figure 3. (a) Pathway enrichment analysis of common differentially expressed (DE) genes using the KEGG database.

(b) Parametric Gene Set Enrichment Analysis (PGSEA) analysis of common DE genes using the Reactome database. Red

and blue indicate activated and suppressed pathways, respectively. (c) Patterns of expression of genes involved in cytokine

signaling in the immune system in SARS-CoV-2-infected and control datasets.

3.3. Co-Expression Analysis and Identification of a Key Module Associated with
Cytokine Signaling

To identify potential IncRNA-mRNA interaction networks among DE genes crucial
for cytokine signaling during SARS-CoV-2 infection, co-expression analysis based on
WGCNA was performed [32]. Module detection analysis of the common DE datasets
consisting of mRNA and IncRNAs was initially conducted. Using WGCNA [32], the soft
threshold power of B was 12 when the scale-free topology model fit R was maximized.
Co-expression modules were then determined by the dynamic tree cut procedure using
the dynamic branch-cutting algorithm with a robust measure of interconnectedness, using
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DynamicTreeCut and the WGCNA R library. A total of three modules were identified
in the network, with each module being assigned a unique color label (blue, brown, or
turquoise), as represented in Figure 4. In the blue module, four IncRNAs that produce a
co-expression network of 105 protein-coding genes were found. In the turquoise module,
eight IncRNAs that co-expressed with 104 protein-coding genes were detected. Sixty-three
protein-coding genes were found to be co-expressed in the brown module, which did not
contain IncRNAs.

Gene dendrogram and module colors

1.0

Height

0.7

0.6

0.5

Dynamic Tree Cut

Figure 4. Cluster dendrogram and module assignment for modules from WGCNA. Branches of the
dendrogram group contain densely interconnected, highly co-expressed genes and IncRNAs.

To explore the biological functions of the three modules, functional enrichment anal-
ysis based on GO biological processes and the KEGG and Reactome pathways was per-
formed using ShinyGO [36] (with an FDR cutoff of 0.05) (Table S2). The results of the
topmost enriched pathways for each module are depicted in Figure 5. Interestingly, we
found only the blue module to be enriched in genes for several immune-related processes
and pathways associated with cytokine and interferon signaling and involved in the TNF,
IL-17, and NF-kappa B signaling pathways. This indicates that the co-expression net-
work based on this module might be associated with the cytokine storms during severe
SARS-CoV-2 infection of the lungs.

3.4. Analysis of Hub Nodes from IncRNA-mRNA Co-Expression Networks Reveals the Potential
Involvement of IncRNAs in Cytokine Signaling

Based on the above analysis and considering the importance of the blue co-expression
module for cytokine signaling, a sub-network based on this co-expression module was con-
structed. Four IncRNAs (WAKMAR?2, EGOT, EPB41L4A-AS1, and ENSG00000271646) in
this module were significantly up-regulated in the SARS-CoV-2-infected samples. To under-
stand the IncRNAs expression profiles and assess their relationships with protein-coding
genes within this module, the co-expression network was constructed, and hub nodes in
this module were analyzed. A sub-network of the four IncRNAs and 105 protein-coding
genes which were strongly co-expressed in the blue module, was assembled (Figure 6a).
Those nodes which are highly connected and essential in this sub-network were identified
using the cytoHubba plug-in [34] of Cytoscape [33]. The top 10 hub nodes were identified
based on the MCC algorithm. According to the MCC algorithm ranking, the four IncRNAs
were the top hub nodes (Figure 6b). To further verify the MCC algorithm results, hub node
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(a)

analysis was repeated using two other popular topological analysis methods: maximum
neighborhood component (MNC) analysis and the density of maximum neighborhood
component (DMNC) analysis. As with the MCC algorithm, such efforts also found the
four IncRNAs to be the top-ranking hub nodes. As such, it would appear that these four
IncRNAs are associated with cytokine signaling during severe SARS-CoV-2 infection of
the lungs.
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Figure 6. (a) mRNA-IncRNA co-expression network of the blue module. IncRNAs are represented by diamond shapes. The
genes highlighted in purple belong to the enriched biological process “response to cytokines.” The genes represented by

large octagon shapes represent the enriched KEGG pathway “cytokine-cytokine receptor interaction.” (b) Sub-network of
the top ten hub nodes. Increasingly red color represents higher-scoring nodes.

3.5. Expression Profiling of IncRNAs and Their Interactors in the SARS and MERS-Infected Calu3
Cell Line

We analyzed the expression patterns of four IncRNAs (WAKMAR?2, EGOT, EPB41L4A-
AS1, and ENSG00000271646) and their interactors in the SARS and MERS-infected Calu3
cell line to understand the degree of similarity of interactions mediated by these IncRNAs
during other human coronavirus infections. We observed that among these four IncRNAs,
EGOT was found to be significantly differentially expressed in both SARS (logFC = 3.216,
FDR = 3.2 x 1073%) and MERS-infected (logFC = 5.547, FDR = 9.6 x 1021%) Calu3 cells.
WAKMAR?2 was found to be differentially expressed only in MERS-infected (logFC = 4.846,
FDR = 6.06 x 10~°) Calu3 cells, while ENSG00000271646 was found to be differentially
expressed only in SARS-infected (logFC = 1.815, FDR = 2.05 x 10~7) Calu3 cells. Further-
more, we analyzed how many interactors of these four IncRNAs from the co-expression
network derived from the blue module are also differentially expressed in SARS and
MERS-infected cells. Among the 105 protein-coding interactors from the blue module, we
observed 74 DE protein-coding genes in SARS-CoV-infected cells and 58 DE protein-coding
genes in MERS-infected cells (Table S3). This analysis indicates that SARS-CoV-2 evolved
a different strategy to induce the host immune response, different from other previous
human coronavirus infections.

4. Discussion

The dysregulated release of pro-inflammatory cytokines referred to as a “cytokine
storm” has been reported as one of the critical factors behind poorer outcomes resulting
from COVID-19 [12,16,41,42]. A cytokine storm produces an aberrant inflammatory and
immune response in the lungs, resulting in acute respiratory distress, pulmonary edema,
and multi-organ failure [12,17]. Yet, the host factors required for the SARS-CoV-2 propaga-
tion in the lungs and the underlying molecular mechanisms for cytokine storm generation
during severe SARS-CoV-2 infection remain unknown.



Viruses 2021, 13, 402

10 of 13

Analysis of co-expression networks provides an essential framework for identifying
sets of protein-coding genes and IncRNAs that respond to a pathogenic condition in a
coordinated manner, highlighting their potential regulatory relationship. To understand
host transcriptional dynamics in dysregulated immune system function in severe SARS-
CoV-2-mediated lung infection, co-expression networks involving common differentially
expressed mRNAs and IncRNAs from BALF samples of COVID-19 patients [28], and ex-
pression data of SARS-CoV-2-infected human lung epithelium cell lines were analyzed [39].
Using the WGCNA approach [32], a key module consisting of four IncRNAs and 105 mR-
NAs enriched for different immune-related processes related to cytokine and interferon
signaling was identified. The top three enriched KEGG pathways associated with this key
module were TNF signaling, IL-17 signaling, and cytokine—cytokine receptor interactions.
Recent studies demonstrated that severe cases of COVID-19 exhibit increased plasma levels
of TNF-« and IL-17 compared to mild cases [43,44]. Both TNF and IL-17 signaling are
associated with activation of the nuclear factor kB (NF-«B) pathway, leading to the release
of various inflammatory cytokines that generate the cytokine storm seen during severe
COVID-19 infection [41,45,46]. Previous studies demonstrated that the SARS-CoV spike
protein induces shedding of the extracellular ACE2 receptor domain, resulting in a loss of
ACE?2 function and production of TNF-«, which stimulates the NF-«B pathway [47]. Other
studies of SARS-CoV-2 showed that the combined production of TNF-a and IFN-y specif-
ically induced inflammatory cell death and associated lung damage [48]. However, the
molecular interactions behind the dysregulation of the TNF and IL-17 signaling pathways
seen in severe cases of COVID-19 are still unknown.

Hub node analysis was conducted to identify the top nodes in the co-expression
network, which are strongly associated with the aberrant release of pro-inflammatory
cytokines and dysregulation of immune systems during SARS-CoV-2 infection in the lungs.
Such analysis revealed that all of the four IncRNAs in the WGCNA-identified module
(WAKMAR?2, EGOT, EPB41L4A-AS1, and ENSG00000271646) correspond to the top nodes
in this sub-network. This finding suggests that these four IncRNAs are strong interactors of
cytokine-related genes in the network and their potential interactions are crucial for gener-
ating dysfunctional immune responses. Recent studies demonstrated that low expression
of WAKMAR? up-regulates NF-«B signaling and enhances inflammatory cytokine produc-
tion by keratinocytes in chronic wounds [49]. In response to SARS-CoV-2 infection of lung
cells, a consistently higher expression of WAKMAR2 was noted, suggesting that aberrant
cytokine release could be the major driver of higher WAKMAR?2 expression, which could
in turn negatively affect the anti-viral response. Similarly, the EGOT IncRNA was also
consistently up-regulated in SARS-CoV-2-infected samples. Previous studies showed that
EGOT is induced by NF-«B and functions as a negative regulator of the type I interferon
response [50]. Therefore, increased expression of WAKMAR?2 and EGOT might favor viral
replication in SARS-CoV-2-infected cells. However, the roles of the other two IncRNAs
(EPB41L4A-AS1 and ENSG00000271646) in anti-viral responses and cytokine signaling are
not known. Since IncRNAs are involved in epigenetic and post-transcriptional regulation,
we hypothesize that aberrant cytokine release is the driver for up-regulation of these four
IncRNAs, which could negatively affect anti-viral responses that might lead to immune
dysfunction during severe COVID-19 infection.

Overall, our results suggest that these four DE IncRNAs are associated with cytokine
signaling and hyper-inflammatory responses during severe SARS-CoV-2 infection of the
lungs. Furthermore, our study reveals that the molecular mechanisms of dysregulated
immune responses due to the SARS-CoV-2 infection are different from SARS and MERS,
leading to the severity of the response to SARS-CoV-2. This study reveals potential associa-
tions of IncRNAs in cytokine signaling during the response to severe SARS-CoV-2 infection
in the lungs, which indicates the translational potential of those IncRNAs. Our analysis
provides novel insight in the search for potential mechanisms underlying immune dysfunc-
tion in response to cytokine storms during severe SARS-CoV-2 infection and could also
shed light on how cytokine inhibitors could be useful for treating acute cases of COVID-19.
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5. Conclusions

The results reported here provide novel transcriptomic insight into host responses
upon severe SARS-CoV-2 infection. Comprehensive IncRNA and mRNA transcriptomes in
SARS-CoV-2-infected human lung epithelial cell lines and BALF from COVID-19 patients
were profiled. Through co-expression network analysis, four DE IncRNAs were identified
as hub nodes that strongly correlated to the protein-coding genes in this network and
enriched for different immune-related processes related to cytokine and interferon signaling.
These findings reveal the potential role of IncRNAs in regulating anti-viral responses during
severe SARS-CoV-2 infection. This study could thus provide valuable transcriptomic
insight into pro-inflammatory cytokine production and the hyper-inflammation caused by
severe SARS-CoV-2-induced infection of the lungs. Still, further experimental studies are
necessary to elucidate the specific functions of these IncRNAs in COVID-19 pathogenesis.
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GO biological processes and pathway enrichment analysis for co-expression modules, Table S3:
Differentially expressed mRNAs and IncRNAs in SARS and MERS infected Calu3 cell-line.

Author Contributions: Conceptualization, S.M. and M.E-M.; methodology, S.M., B.B. and M.E-M.;
software, S.M. and B.B.; validation, S.M., B.B., D.K. and M.FE-M.; formal analysis, S.M. and B.B.;
investigation, S.M., B.B. and M.E-M.; resources, S.M., B.B. and M.F-M.; data curation, S.M. and
B.B.; writing—original draft preparation, S.M., B.B., D.K. and M.E-M.; writing—review and editing,
SM., B.B.,, D.K. and M.F-M,; visualization, S.M., B.B. and M.E-M.; supervision, M.F.-M.; project
administration, M.F-M.; funding acquisition, M.F.-M. All authors have read and agreed to the
published version of the manuscript.

Funding: S.M. was supported by the Israeli Council for Higher Education through the PBC fellowship
program for outstanding postdoctoral researchers from China and India. M.E-M. was supported
by the Israel Innovation Authority (Kamin grant #66824, 2019-2020) and COVID-19 Data Science
Institute (DSI) grant, Bar-Ilan University (#247017, 2020).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank members of the Cancer Genomics and Biocomputing of
Complex Diseases Lab for multiple discussions at different stages of this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wu, F; Zhao, S.; Yu, B.; Chen, YM.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W,; Tian, ].H.; Pei, Y.Y,; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265-269. [CrossRef]

2. Lai, C.C,; Shih, T.P; Ko, W.C,; Tang, H.J.; Hsueh, P.R. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
coronavirus disease-2019 (COVID-19): The epidemic and the challenges. Int. ]. Antimicrob. Agents 2020, 55, 105924. [CrossRef]

3. Dong, Y; Dai, T.; Wei, Y.; Zhang, L.; Zheng, M.; Zhou, F. A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduct.
Target. Ther. 2020, 5, 237. [CrossRef] [PubMed]

4. Tworowski, D.; Gorohovski, A.; Mukherjee, S.; Carmi, G.; Levy, E.; Detroja, R.; Mukherjee, S.B.; Frenkel-Morgenstern, M.
COVID19 Drug Repository: Text-mining the literature in search of putative COVID19 therapeutics. Nucleic Acids Res. 2020.
[CrossRef]

5. Mukherijee, S.; Tworowski, D.; Detroja, R.; Mukherjee, S.B.; Frenkel-Morgenstern, M. Immunoinformatics and structural analysis
for identification of immunodominant epitopes in SARS-CoV-2 as potential vaccine targets. Vaccines 2020, 8, 290. [CrossRef]
[PubMed]

6. Channappanavar, R.; Perlman, S. Pathogenic human coronavirus infections: Causes and consequences of cytokine storm and
immunopathology. Semin. Immunopathol. 2017, 39, 529-539. [CrossRef] [PubMed]

7. Fan, E; Beitler, ].R.; Brochard, L.; Calfee, C.S.; Ferguson, N.D.; Slutsky, A.S.; Brodie, D. COVID-19-associated acute respiratory
distress syndrome: Is a different approach to management warranted? Lancet Respir. Med. 2020, 8, 816-821. [CrossRef]

8. Berlin, D.A.; Gulick, R.M.; Martinez, FJ. Severe Covid-19. N. Engl. ]. Med. 2020, 383, 2451-2460. [CrossRef] [PubMed]


https://www.mdpi.com/1999-4915/13/3/402/s1
https://www.mdpi.com/1999-4915/13/3/402/s1
http://doi.org/10.1038/s41586-020-2008-3
http://doi.org/10.1016/j.ijantimicag.2020.105924
http://doi.org/10.1038/s41392-020-00352-y
http://www.ncbi.nlm.nih.gov/pubmed/33051445
http://doi.org/10.1093/nar/gkaa969
http://doi.org/10.3390/vaccines8020290
http://www.ncbi.nlm.nih.gov/pubmed/32526960
http://doi.org/10.1007/s00281-017-0629-x
http://www.ncbi.nlm.nih.gov/pubmed/28466096
http://doi.org/10.1016/S2213-2600(20)30304-0
http://doi.org/10.1056/NEJMcp2009575
http://www.ncbi.nlm.nih.gov/pubmed/32412710

Viruses 2021, 13, 402 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ortiz-Prado, E.; Simbaria-Rivera, K.; Gémez-Barreno, L.; Rubio-Neira, M.; Guaman, L.P.; Kyriakidis, N.C.; Muslin, C.; Jaramillo,
AM.G,; Barba-Ostria, C.; Cevallos-Robalino, D.; et al. Clinical, molecular, and epidemiological characterization of the SARS-CoV-2
virus and the Coronavirus Disease 2019 (COVID-19), a comprehensive literature review. Diagn. Microbiol. Infect. Dis. 2020, 98,
115094. [CrossRef] [PubMed]

Rockx, B.; Kuiken, T.; Herfst, S.; Bestebroer, T.; Lamers, M.M.; Munnink, B.B.O.; De Meulder, D.; Van Amerongen, G.; Van Den
Brand, J.; Okba, N.M.A ; et al. Comparative pathogenesis of COVID-19, MERS, and SARS in a nonhuman primate model. Science
2020, 368, 1012-1015. [CrossRef]

Hu, B.; Huang, S.; Yin, L. The cytokine storm and COVID-19. J. Med. Virol. 2021, 93, 250-256. [CrossRef] [PubMed]

Vaninov, N. In the eye of the COVID-19 cytokine storm. Nat. Rev. Immunol. 2020, 20, 277. [CrossRef] [PubMed]

Mangalmurti, N.; Hunter, C.A. Cytokine Storms: Understanding COVID-19. Immunity 2020, 53, 19-25. [CrossRef] [PubMed]
Henderson, L.A.; Canna, S.W.; Schulert, G.S.; Volpi, S.; Lee, P.Y.; Kernan, K.E; Caricchio, R.; Mahmud, S.; Hazen, M.M.; Halyabar,
O.; et al. On the Alert for Cytokine Storm: Immunopathology in COVID-19. Arthritis Rheumatol. 2020, 72, 1059-1063. [CrossRef]
[PubMed]

Mehta, P.; McAuley, D.E; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. COVID-19: Consider cytokine storm syndromes
and immunosuppression. Lancet 2020, 395, 1033-1034. [CrossRef]

Coperchini, F; Chiovato, L.; Croce, L.; Magri, F.; Rotondi, M. The cytokine storm in COVID-19: An overview of the involvement
of the chemokine/chemokine-receptor system. Cytokine Growth Factor Rev. 2020, 53, 25-32. [CrossRef] [PubMed]

Fara, A.; Mitrev, Z.; Rosalia, R.A.; Assas, B.M. Cytokine storm and COVID-19: A chronicle of pro-inflammatory cytokines:
Cytokine storm: The elements of rage! Open Biol. 2020, 10, 200160. [CrossRef] [PubMed]

Pearce, L.; Davidson, S.M.; Yellon, D.M. The cytokine storm of COVID-19: A spotlight on prevention and protection. Expert Opin.
Ther. Targets 2020, 24, 723-730. [CrossRef]

Chen, L.Y.C,; Hoiland, R.L.; Stukas, S.; Wellington, C.L.; Sekhon, M.S. Confronting the controversy: Interleukin-6 and the
COVID-19 cytokine storm syndrome. Eur. Respir. |. 2020, 56, 2003006. [CrossRef]

Chen, L.D.; Zhang, Z.Y.; Wei, X.].; Cai, Y.Q.; Yao, W.Z.; Wang, M.H.; Huang, Q.F.; Zhang, X. Bin Association between cytokine
profiles and lung injury in COVID-19 pneumonia. Respir. Res. 2020. [CrossRef] [PubMed]

Ganeshan, K.; Chawla, A. Metabolic regulation of immune responses. Annu. Rev. Immunol. 2014, 32, 609-634. [CrossRef]
[PubMed]

Mercer, T.R.; Dinger, M.E.; Mattick, J.S. Long non-coding RNAs: Insights into functions. Nat. Rev. Genet. 2009, 10, 155-159.
[CrossRef] [PubMed]

Castellanos-Rubio, A.; Ghosh, S. Disease-associated SNPs in inflammation-related IncRNAs. Front. Immunol. 2019, 10, 420.
[CrossRef]

Taft, R.J.; Pang, K.C.; Mercer, T.R.; Dinger, M.; Mattick, J.S. Non-coding RNAs: Regulators of disease. J. Pathol. 2010, 220, 126-139.
[CrossRef] [PubMed]

Geng, H,; Tan, X. Di Functional diversity of long non-coding RNAs in immune regulation. Genes Dis. 2016, 3, 72-81. [CrossRef]
[PubMed]

Chen, J.; Ao, L.; Yang, J. Long non-coding RNAs in diseases related to inflammation and immunity. Ann. Transl. Med. 2019.
[CrossRef] [PubMed]

Heward, J.A.; Lindsay, M.A. Long non-coding RNAs in the regulation of the immune response. Trends Immunol. 2014, 35, 408-419.
[CrossRef] [PubMed]

Xiong, Y.; Liu, Y; Cao, L.; Wang, D.; Guo, M,; Jiang, A.; Guo, D.; Hu, W,; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761-770. [CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, ].T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290-295. [CrossRef]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2009, 26, 139-140. [CrossRef] [PubMed]

Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008. [CrossRef]
[PubMed]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software Environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Chin, C.H.; Chen, S.H.; Wu, H.H.; Ho, CW.; Ko, M.T,; Lin, C.Y. cytoHubba: Identifying hub objects and sub-networks from
complex interactome. BMC Syst. Biol. 2014, 8, S11. [CrossRef] [PubMed]

Banerjee, B.; Koner, D.; Karasik, D.; Saha, N. Genome-wide identification of novel long non-coding RNAs and their possible roles
in hypoxic zebrafish brain. Genomics 2021, 113, 29-43. [CrossRef]

Ge, S.X,; Jung, D.; Jung, D.; Yao, R. ShinyGO: A graphical gene-set enrichment tool for animals and plants. Bioinformatics 2020, 36,
2628-2629. [CrossRef] [PubMed]


http://doi.org/10.1016/j.diagmicrobio.2020.115094
http://www.ncbi.nlm.nih.gov/pubmed/32623267
http://doi.org/10.1126/science.abb7314
http://doi.org/10.1002/jmv.26232
http://www.ncbi.nlm.nih.gov/pubmed/32592501
http://doi.org/10.1038/s41577-020-0305-6
http://www.ncbi.nlm.nih.gov/pubmed/32249847
http://doi.org/10.1016/j.immuni.2020.06.017
http://www.ncbi.nlm.nih.gov/pubmed/32610079
http://doi.org/10.1002/art.41285
http://www.ncbi.nlm.nih.gov/pubmed/32293098
http://doi.org/10.1016/S0140-6736(20)30628-0
http://doi.org/10.1016/j.cytogfr.2020.05.003
http://www.ncbi.nlm.nih.gov/pubmed/32446778
http://doi.org/10.1098/rsob.200160
http://www.ncbi.nlm.nih.gov/pubmed/32961074
http://doi.org/10.1080/14728222.2020.1783243
http://doi.org/10.1183/13993003.03006-2020
http://doi.org/10.1186/s12931-020-01465-2
http://www.ncbi.nlm.nih.gov/pubmed/32727465
http://doi.org/10.1146/annurev-immunol-032713-120236
http://www.ncbi.nlm.nih.gov/pubmed/24655299
http://doi.org/10.1038/nrg2521
http://www.ncbi.nlm.nih.gov/pubmed/19188922
http://doi.org/10.3389/fimmu.2019.00420
http://doi.org/10.1002/path.2638
http://www.ncbi.nlm.nih.gov/pubmed/19882673
http://doi.org/10.1016/j.gendis.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/27617274
http://doi.org/10.21037/atm.2019.08.37
http://www.ncbi.nlm.nih.gov/pubmed/31700930
http://doi.org/10.1016/j.it.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25113636
http://doi.org/10.1080/22221751.2020.1747363
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1038/nbt.3122
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1186/1752-0509-8-S4-S11
http://www.ncbi.nlm.nih.gov/pubmed/25521941
http://doi.org/10.1016/j.ygeno.2020.11.023
http://doi.org/10.1093/bioinformatics/btz931
http://www.ncbi.nlm.nih.gov/pubmed/31882993

Viruses 2021, 13, 402 13 of 13

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019. [CrossRef]

Kim, S.Y.; Volsky, D.J. PAGE: Parametric analysis of gene set enrichment. BMC Bioinform. 2005, 6, 144. [CrossRef]

Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Meller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.;
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036-1045. [CrossRef]
Prieto, C.; Risuefio, A.; Fontanillo, C.; De Las Rivas, ]. Human gene coexpression landscape: Confident network derived from
tissue transcriptomic profiles. PLoS ONE 2008, 3, e3911. [CrossRef]

Hojyo, S.; Uchida, M.; Tanaka, K.; Hasebe, R.; Tanaka, Y.; Murakami, M.; Hirano, T. How COVID-19 induces cytokine storm with
high mortality. Inflamm. Regen. 2020, 40, 37. [CrossRef]

Leisman, D.E.; Ronner, L.; Pinotti, R.; Taylor, M.D.; Sinha, P.; Calfee, C.S.; Hirayama, A.V.; Mastroiani, F; Turtle, C.J.; Harhay,
M.O,; et al. Cytokine elevation in severe and critical COVID-19: A rapid systematic review, meta-analysis, and comparison with
other inflammatory syndromes. Lancet Respir. Med. 2020, 8, 1233-1244. [CrossRef]

Del Valle, D.M.; Kim-Schulze, S.; Huang, H.H.; Beckmann, N.D.; Nirenberg, S.; Wang, B.; Lavin, Y.; Swartz, T.H.; Madduri, D;
Stock, A; et al. An inflammatory cytokine signature predicts COVID-19 severity and survival. Nat. Med. 2020, 26, 1636-1643.
[CrossRef] [PubMed]

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X,; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

Hariharan, A.; Hakeem, A R.; Radhakrishnan, S.; Reddy, M.S.; Rela, M. The Role and Therapeutic Potential of NF-kappa-B
Pathway in Severe COVID-19 Patients. Inflammopharmacology 2021, 29, 91-100. [CrossRef]

Shibabaw, T. Inflammatory cytokine: II-17a signaling pathway in patients present with covid-19 and current treatment strategy.
J. Inflamm. Res. 2020, 13, 673-680. [CrossRef]

Tobinick, E. TNF-« inhibition for potential therapeutic modulation of SARS coronavirus infection. Curr. Med. Res. Opin. 2004, 20,
39-40. [CrossRef] [PubMed]

Karki, R.; Sharma, B.R.; Tuladhar, S.; Williams, E.P.; Zalduondo, L.; Samir, P.; Zheng, M.; Sundaram, B.; Banoth, B.; Malireddi, R.S.;
et al. COVID-19 cytokines and the hyperactive immune response: Synergism of TNF-« and IFN-v in triggering inflammation,
tissue damage, and death. bioRxiv 2020. [CrossRef]

Herter, EK,; Li, D.; Toma, M.A.; Vij, M.; Li, X; Visscher, D.; Wang, A.; Chu, T.; Sommar, P.; Blomqvist, L.; et al. WAKMAR?2, a Long
Noncoding RNA Downregulated in Human Chronic Wounds, Modulates Keratinocyte Motility and Production of Inflammatory
Chemokines. |. Investig. Dermatol. 2019, 139, 1373-1384. [CrossRef] [PubMed]

Carnero, E.; Barriocanal, M.; Prior, C.; Pablo Unfried, J.; Segura, V.; Guruceaga, E.; Enguita, M.; Smerdou, C.; Gastaminza, P;
Fortes, P. Long noncoding RNA EGOT negatively affects the antiviral response and favors HCV replication. EMBO Rep. 2016, 17,
1013-1028. [CrossRef] [PubMed]


http://doi.org/10.1038/s41467-019-09234-6
http://doi.org/10.1186/1471-2105-6-144
http://doi.org/10.1016/j.cell.2020.04.026
http://doi.org/10.1371/journal.pone.0003911
http://doi.org/10.1186/s41232-020-00146-3
http://doi.org/10.1016/S2213-2600(20)30404-5
http://doi.org/10.1038/s41591-020-1051-9
http://www.ncbi.nlm.nih.gov/pubmed/32839624
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1007/s10787-020-00773-9
http://doi.org/10.2147/JIR.S278335
http://doi.org/10.1185/030079903125002757
http://www.ncbi.nlm.nih.gov/pubmed/14741070
http://doi.org/10.1101/2020.10.29.361048
http://doi.org/10.1016/j.jid.2018.11.033
http://www.ncbi.nlm.nih.gov/pubmed/30594489
http://doi.org/10.15252/embr.201541763
http://www.ncbi.nlm.nih.gov/pubmed/27283940

	Introduction 
	Materials and Methods 
	Acquisition of Transcriptome Dataset 
	Read Mapping and Differential Expression Analysis 
	Co-Expression Network Analysis 
	Gene Ontology and Pathway Enrichment Analysis 

	Results 
	Identification of Common DE mRNAs and lncRNAs in Response to SARS-CoV-2 Infection of the Lungs 
	Pathway Enrichment Analysis of Common DE Genes Highlight Potential Roles in Cytokine Signaling 
	Co-Expression Analysis and Identification of a Key Module Associated with Cytokine Signaling 
	Analysis of Hub Nodes from lncRNA-mRNA Co-Expression Networks Reveals the Potential Involvement of lncRNAs in Cytokine Signaling 
	Expression Profiling of lncRNAs and Their Interactors in the SARS and MERS-Infected Calu3 Cell Line 

	Discussion 
	Conclusions 
	References

