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Abstract: A novel coronavirus (SARS-CoV-2, formerly known as nCoV-2019) that causes an acute respiratory disease has emerged in
Wuhan, China and spread globally in early 2020. On January the 30th, the World Health Organization (WHO) declared spread of this
virus as an epidemic and a public health emergency. With its highly contagious characteristic and long incubation time, confinement
of SARS-CoV-2 requires drastic lock-down measures to be taken and therefore early diagnosis is crucial. We analysed transcriptome
of SARS-CoV-2 infected human lung epithelial cells, compared it with mock-infected cells, used network-based reporter metabolite
approach and integrated the transcriptome data with protein-protein interaction network to elucidate the early cellular response.
Significantly affected metabolites have the potential to be used in diagnostics while pathways of protein clusters have the potential to
be used as targets for supportive or novel therapeutic approaches. Our results are in accordance with the literature on response of IL6
family of cytokines and their importance, in addition, we find that matrix metalloproteinase 2 (MMP2) and matrix metalloproteinase
9 (MMP9) with keratan sulfate synthesis pathway may play a key role in the infection. We hypothesize that MMP9 inhibitors have
potential to prevent “cytokine storm” in severely affected patients.
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1. Introduction

In December 2019, a group of pneumonia patients have
been identified to be infected with a novel coronavirus,
SARS-CoV-2. Since then, SARS-CoV-2 has spread around
the globe and the World Health Organization (WHO)
declared COVID-19 as a public health emergency and an
epidemicc (Guo et al,, 2020). As of May 29th, 2020, the
number of confirmed cases approaches 6 million and
death toll is about 364 thousand according to WHO. The
other 2 strains of B-coronaviruses, severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East
respiratory syndrome coronavirus (MERS-CoV) have
zoonotic origins. Early patients in Wuhan, China were
also epidemiologically linked to a seafood and wet animal
wholesale market (Zhu et al., 2020).

The common symptoms of SARS-CoV-2 infections
are fever, cough and dyspnea according to early clinical
studies on confirmed patients. Global efforts towards
developing vaccine is in progress, however, according
to WHO, it is anticipated to be available in 18 months.
Currently, supportive antiviral agents, therapeutics such
as a malaria drug, chloroquine (Wang et al., 2020) and
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respiratory support systems are being used for treatment
of the patients (Guo et al., 2020; Jiang et al., 2020).

SARS-CoV-2 is genetically different from SARS-
CoV, and phylogenetic analyses suggested that it may
be originated from bats. Structural analyses indicated
that receptor protein for virus binding is angiotensin-
converting enzyme 2 receptor (ACE2) in humans (Lu et
al., 2020). Although lung epithelial cells are considered to
be the major host of SARS-CoV-2, single-cell RNA-seq
analyses identified potential host cell types in humans and
curiously lung epithelial cells had relatively low expression
levels of ACE2 (Zou et al., 2020).

In the response to pathogens, signals transmitted via
cytokines recruit immune cells to the site of infection.
In a positive feedback loop, cytokines activate immune
cells and stimulate them to produce more cytokines.
However, in some cases, the response is not moderated,
and excessive numbers of immune cells are recruited in
the microenvironment. In turn, extreme rally of immune
cells can cause local tissue and organ damage. Interferons,
interleukins, chemokines, colony-stimulating factors
(CSFs) and tumour necrosis factors (TNFs) are cytokine
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families that are associated with cytokine storm (Tisoncik
et al., 2012). The term “cytokine storm” was coined in
early 2000s to describe extreme elevation of inflammatory
elements and was observed in patients infected with a
diverse set of viruses including SARS-CoV and Epstein-
Barr viruses. Cytokine storm is excessive expression of
cytokines in response to an external signal, and it was
reported that patients with severe SARS-CoV-2 infection
also show symptoms of cytokine storm (Ye et al., 2020).
Cytokine storm may lead to complications such as systemic
inflammation, multi-organ failure and if not treated, loss
of the patient (Tisoncik et al., 2012).

The response of lung epithelial cells is crucial in
immune defence against SARS-CoV-2. The response in
signalling pathways, gene expression, protein levels and
metabolic profiles are regulated as a result of interactions
in multilayer biological networks, hence a holistic view of
the cellular response can be elucidated by an integrated
approach. Here, we provide an analysis of transcriptional
response after 24 h of infection, further, we integrated
transcriptome profile with metabolic and protein-protein
interaction networks to reveal multilayer mechanistic
details of the SARS-CoV-2 infection in NHBE cells. Our
analysis identified the genes, pathways, metabolites and
protein interactions that are markers of infected state. The
identified metabolites, and proteins and their interactions
have the potential to be used as biomarkers and drug
targets.

2. Material and methods
A public RNA-seq data (Blanco-Melo et al., 2020)
(GSE147507), from NCBI Gene Expression Omnibus
(GEO) (Barrett et al., 2013) was used in this study. Raw
read files (in fastq format) were downloaded from NCBI
Sequence Read Archive (SRA) (National Centre for
Biotechnology Information, 2015) and aligned with
Kallisto pseudo-aligner (Bray et al., 2016) using Ensembl
Homo Sapiens Transcriptome v96. Differential expression
(DE) analysis is done using DESeq2 (Love et al., 2014) and
visualized using enhanced volcano (Blighe, 2019) package.
Enrichment analyses are done using -clusterProfiler
package (Yu et al, 2012) based on pathways and terms
from Kyoto encyclopedia of genes and genomes (KEGG)
and gene ontology biological process (GO-BP) databases,
respectively. DE analysis results (P-values) are imported
to Matlab 2020a for reporter metabolite (RMA) (Patil
and Nielsen, 2005) and reporter pathway (RPA) (Cakur,
2015) analyses. For RMA and RPA, the metabolic network
of bronchus respiratory epithelial cell metabolic model
(based on Recon2) (Thiele et al., 2013) is used.
Significantly changed genes and their log2 fold change
(log2FC) values are integrated with protein-protein
interaction (PPI) network using Prize-collecting Steiner

forest algorithm in PCSF package (Akhmedov et al.,
2017) and STRING (Szklarczyk et al., 2015) human PPI
network. Integrated network is divided into communities
with maximum modularity using Louvain community
detection (Blondel et al., 2008) algorithm in igraph (Csardi
and Nepusz, 2006) package for R.

For identification of potentially active clusters in the
protein-protein interaction network, ClusterONE (Nepusz
et al,, 2012) algorithm is used in Cytoscape. Clusters with
the P-value lower than 0.1 and with more than 4 nodes
were considered for further analysis. All networks are
visualized in Cytoscape desktop application (Shannon et
al., 2003).

3. Results

3.1. Differential expression analysis results

DE analysis identified 217 significantly changed
(adjusted P-value < 0.01) genes (165 upregulated and 51
downregulated) (Supplementary Table 1) in the response
to SARS-CoV-2 infection (Figure 1). Of note, the gene
encoding the potential virus entry protein (angiotensin-
converting enzyme 2 gene, ACE2) did not change its
expression in NHBE cells in response to SARS-CoV-2,
indeed, expression values of ACE2 in all samples
are similar to each other (Supplementary Figure 1).
Enrichment analysis of the significantly changed genes in
KEGG pathways indicated that these genes are associated
with IL-17 signalling pathway, cytokine-cytokine receptor
interaction, TNF signalling pathway, NF-kappa B and
NOD-like receptor signalling (Figure 2). Analyses on GO-
BP terms indicated that inflammatory response, leukocyte
migration and response to lipopolysaccharide are the most
enriched terms (Figure 3). Extended enrichment analyses
for both upregulated and downregulated genes are shown
in Supplementary Figures 2-5.

Differential gene expression results indicated
alterations in viral infection response pathways and
signalling  pathways.  Cytokine-cytokine  receptor
activation, IL-17 signalling (Tufan and Avanoglu Giiler,
2020) and TNF signalling (Zhang et al., 2020) are pathways
known to response to SARS-CoV-2 infection. Previously,
NF-kappa B signalling pathway activation is found to be
associated with the immune response activation in the
SARS coronavirus infection (Liao et al., 2005). Pathways
associated with infection of other viruses such as influenza
A, Epstein-Barr, measles, and nonviral disease-associated
pathways such as rheumatoid arthritis, AGE-RAGE
signalling pathway in diabetic complications were also
enriched in our analyses.

Transcriptional response of these pathways in NHBE to
SARS-CoV-2 infection were analysed previously together
with response in cancer cell lines, ferrets and serum
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Figure 1. Volcano plot of differential expression analysis results.

Figure 2. Dotplot of enrichment analysis results (KEGG).

samples (Blanco-Melo et al., 2020). Despite lack of a robust
IFN-I and -III response, high levels of a subset of cytokines
such as CCL20, CXCL1, CXCL3, CXCL5, CXCL6, CXCL2,
CXCL16, IL-6, IL1B and TNF was detected. It was
suggested that treatments for COVID-19 should be based
on controlling the inflammation rather than IFN response
as SARS-CoV-2 response is imbalanced with regard

170

to controlling virus replication versus activation of the
adaptive immune system. In a further analysis of response
in NHBE cells to SARS-CoV-2 infection, feedback loops
leading to cytokine expression was mapped on signalling
pathways to elucidate the mechanism of response and
IL1Band TNF were found to be central in crosstalk of IL-
17, TNF and NFkB pathways in cytokine production.
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Figure 3. Dotplot of enrichment analysis results (GOBP).

3.2. Reporter metabolite and pathway analysis
Comparison of gene transcription across conditions
provides an overview of the transcriptional response,
whereas mapping the transcriptome on biological
networks provides insights on potential impact on other
layers of cellular regulation. We aimed to investigate the
potential impact of SARS-CoV-2 infection on metabolism
and metabolites by mapping the significantly changed
genes on metabolic networks. Our analysis is based on
the assumption that if the level of a gene encoding the
enzyme of a metabolic reaction has significantly changed,
this transcriptional change will impose a change in the
reaction flux, therefore the relevant metabolite levels will
also be affected. Such metabolic alterations in the response
to SARS-CoV-2 infection have the potential to be used as
biomarkers in noninvasive test methods such as analysis
of blood samples.

Reporter metabolite analysis (RMA) and reporter
pathway analysis (RPA) identified 106 significantly
affected metabolites and 11 significantly affected pathways
(P-value < 0.05) in response to infection. The network
of significantly changed metabolites and pathways along
with differentially expressed gene connections is shown in
Figure 4. Only significantly altered genes and metabolites
on significantly altered pathways are shown for clarity,
which means that only connected nodes (degree equal or
more than 1) are shown, and significantly altered genes or
metabolites from nonsignificant pathways are omitted. All
results are shown in Supplementary Tables 2 and 3.

Keratan sulfate synthesis is the most significantly
affected pathway with the highest number of connected

metabolites. Keratan sulfates are a subclass of
glycosaminoglycans (GAG), class of complex-linear
polysaccharides which interact with various molecules
(Aquino and Park, 2016) and have been shown to bind a
wide range of pathogens including viruses (Jinno and Park,
2015; Chandraetal.,2019). Our analysis indicated that after
24 h of infection, the synthesis of keratan sulfate is altered
in NHBE cells. ALDHIA3, an enzyme from aldehyde
dehydrogenase 1 family is significantly upregulated in
NHBE cells and is the gene with highest degree in the
network. There is not any experimental evidence about the
regulation of this gene in viral infections but it is shown
that ALDHI1A3 regulates 2 matricellular proteins (TNC1
and ESM1) in vascular smooth muscle cell proliferation
(Xie et al., 2019). Enrichment analyses of downregulated
genes with GO-BP terms indicated that extracellular matrix
organization is downregulated with the viral infection. The
connection between extracellular matrix regulation and
significantly altered metabolites in RMA results indicate
that ALDH1A3 may take part in regulation of numerous
biological subsystems such as extracellular matrix, NAD
metabolism and fatty acid metabolism in the response.
As fatty acids can modulate the extracellular matrix,
ALDHIA3 may mediate extracellular matrix alteration
response with its dual metabolic and regulatory functions.

3.3. Integration with protein-protein interaction network
To extend our analysis to another layer of cellular
regulation, we mapped the transcriptome on protein-
protein interaction (PPI) network. PPI networks provide
a global view of cooperation between proteins in cellular
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Figure 4. Reporter metabolites and pathways (blue circles; genes, green triangles; metabolite, orange diamonds; pathways).

processes, therefore subnetworks of overexpressed proteins
may identify how the response to virus is orchestrated by
the cell. Thus, we attempted integration of transcriptome
data to protein-protein interaction networks with prize-
collecting Steiner forest (PCSF) algorithm. PCSF method
allows inclusion of non-responding genes (‘Steiner nodes’)
to the subnetworks, therefore non-responding genes that
connects the differentially expressed genes can also be
identified.

PCSF algorithm extracted an active PPI subnetwork
of 131 nodes (32 Steiner and 89 terminal nodes) and
143 edges in NHBE cells in response to virus infection.
Louvain community detection algorithm identified 10
communities within the active PPI subnetwork (Figure
5). Genes encoding the proteins in each community are
analysed for functional enrichment (Supplementary
Figures 6 and 7; Supplementary Tables 4 and 5). Further,
PPI network with communities are analyzed with
ClusterONE to identify potentially functional PP modules
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(clusters) in the network (Supplementary Figure 8). Each
cluster is separately analysed for functional enrichment
(Supplementary Figures 9 and 10).

Significant clusters identified via ClusterONE is
shown in Figure 6. Three of 5 significant clusters comes
from the 1 large community with 20 nodes and 27 edges
(Community 5) while other 2 comes from Communities
1 and 3 (Supplementary Figure 11). Enrichment results of
this community show significant association with metal-
ion sequestering, G2/M cycle, organelle localization
and phagosome. Neurodegeneration associated terms
(Huntington’s disease and Alzheimer’s disease) are also
found in the results. These results indicate that a wide
range of processes are affected from the infection, or
perhaps multifunctional genes which take part in above
mentioned processes also respond to viral infections.

Proteins in Communities 1, 3, and 4 are enriched in
signalling pathways and biological processes known to
respond to virus infections (Supplementary Figures 6 and
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Figure 5. PPI subnetwork obtained via PCSF with communities (Louvain algorithm) (bold labelled
nodes; terminal nodes).

Figure 6. Significant protein clusters (P-value < 0.1).
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7) which are potential drug target pathways. In addition
to community detection, clustering of PPI also highlights
functional interactions. Interleukin-6 (IL-6), Interleukin-6
receptor (IL6R), and Interleukin-6 signal (IL6ST)
constitute Cluster 3 together with LIF Interleukin 6 Family
Cytokine (also known as leukemia inhibitory factor, LIF).
Previously it was reported that LIF protects the lung
during respiratory syncytial viral infection (Foronjy et
al., 2014). Similar to IL-6 levels being a predictive factor
in respiratory failure (Herold et al., 2020), LIF levels may
indicate the severity of the infection in patients. C-X-C
motif chemokine ligands 2 and 5 (CXCL2 and CXCL5)
form the Cluster 2 with matrix metalloproteinases 1 and 9
(MMP1 and MMP9). Previously, it was shown that in cells
infected with respiratory syncytial virus (RSV) and human
immunodeficiency virus-1 (HIV-1), levels of CXCL2 and
CXCLS5 increase (Miller et al., 2004; Guha et al., 2015).

In vitro studies in human astrocytic and microglial
cells with human coronavirus showed an increase in the
levels of MMP2 and MMP9 in infection. In addition, IL-6
and TNF-a are inducers of MMP expression (Marten
and Zhou, 2005). In another study, MMP9 levels were
increased with RSV infection in the mice lungs and
knockout mutants had increased RSV-induced airway
hyperresponsiveness and reduced clearance (Dabo et al.,
2015). NHBE transcriptome data analysed in this study
is in accordance with these observations. Further, PPI
integrated with transcriptome indicated that MMP2 and
MMP9 activity are connected to CXCL2 and CXCL5
as mentioned above and this relationship may have a
significant function in SARS-CoV-2 infection.

MMP family regulates cytokine processing, leucocyte
migration and matrix remodelling. These proteins were
found to be associated with viral, bacterial, fungal and
parasitic infections and it was reported that extreme
activity of MMPs may cause host morbidity (Elkington et
al., 2005). Significant upregulation in expression of matrix
metalloproteinase 9 (MMP9) in NHBE cells indicates that
drugs which target MMP9 have potential uses in SARS-
CoV-2 infection.

4. Discussion

We presented a multilayer analysis of cellular response
to SARS-CoV-2 infection, that spans from gene
regulation to protein-protein interaction and metabolic
networks. Nonviral diseases that appear on our list of
enriched pathways indicate that virus response and gene
dysregulation in other diseases are intertwined, partly
explaining the success of drug repositioning currently being
applied in treatment of COVID-19 patients. JAK-STAT
inhibitors such as baricitinib, fedratinib, and ruxolitinib
are approved drugs for rheumatoid arthritis treatment and
currently used for the treatment of COVID-19 patients
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through the suppression of elevated cytokine levels
(Stebbing et al.,, 2020). Hydroxychloroquine, a known
antimalaria drug and has potential use in rheumatoid
arthritis is used in patients (Colson et al., 2020) with
promising results. Interactions between advanced
glycation end product (AGE) and its receptor (RAGE) have
arole in the pathogenesis of pneumonia (Van Zoelen et al.,
2011) and have potential use as biomarker or treatment
method in inflammatory diseases (Hudson and Lippman,
2018). To best of our knowledge, any direct evidence
about SARS-CoV-2 and RAGE receptor relation is not yet
reported in the literature. This pathway also shares ligands
with Toll-like receptor family (Chavakis et al., 2004). In
addition to these pathways and genes, enriched GO-BP
terms indicated that significantly changed genes are highly
associated with response to lipopolysaccharide. Previous
studies indicated that AGEs and lipopolysaccharides
stimulate interleukin-6 (IL-6) secretion via the RAGE/
TLR4-NF-kB-ROS pathways in mice (Ohtsu et al., 2017).
Levels of IL-6 found to have potential to predict respiratory
failure in patients (Herold et al., 2020). Thus far, specific
signalling pathway associated drugs are used for SARS-
CoV-2 patients to suppress the symptoms. This complex
network structure between signalling pathways indicated
that RAGE receptor targeting drugs have the potential to
be used in SARS-CoV-2 patients to suppress symptoms.

Previously, it was reported that deficiency of matrix
metalloproteinase 9 (MMP9) reduce severity of IAV
infection in mice. Further, increased levels of host
proteinases including trypsin, which can activate pro-
MMPY, was associated with cytokine storm (Rojas-
Quintero et al., 2018). Processing of CXCL5 by MMP2 and
MMP9 promotes neutrophil recruitment demonstrating
the regulatory effect of matrix metalloproteinases on
chemokines (Song et al., 2013). In our PPI clusters, the
neutrophil chemoattractant chemokines CXCL2 and
CXCL5 clustered together with MMP2 and MMP9,
indicating coexpression and a functional interaction
between these proteins. Taken together, in SARS-CoV-2
infection, increased MMP9 may regulate CXCL protein
family. Early recruitment of neutrophils may lead to
the cytokine storm observed in SARS-CoV-2 infection.
Therefore, we hypothesize that MMP inhibitors can be
used for SARS-CoV-2 infected patients to suppress the
cytokine storm. DrugBank (Wishart et al, 2008) lists
inhibitors of MMP9 such as marimastat and minocycline,
which can be considered for treatment of COVID-19.

In addition, it was previously reported that MMP
activity is regulated via glycosaminoglycans (GAG)
(Ruiz-Gémez et al., 2019). Keratan sulfate synthesis along
with connected metabolites is 1 of the most statistically
significant results of our RMA/RPA analyses. In literature,
there is no direct evidence of a connection between
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MMPs and keratan sulfates but since keratan sulfates
are members of sulfated glycosaminoglycan family,
their regulation in SARS-CoV-2 infection may influence
the activity of MMP2 and MMP9. DrugBank suggests
glucosamine, an intermediate metabolite in the synthesis
of glycosaminoglycans, as an approved antagonist of
MMP9.

MMP9 was identified to be significant in various
diseases, particularly in infectious diseases. Few examples
are; MMP9 promotes Zika virus entry into testes (Hui et
al., 2020), facilitates West Nile Virus entry to brain (Wang
et al., 2008) and expression of MMP9 is enhanced by
Epstein-Barr virus (Yoshizaki et al., 1998) and Japanese
encephalitis virus (Yang et al., 2012). Also, neutralization
of MMP9 increased the oncolytic efficiency of tanapox
virus for melanoma (Zhang et al., 2017). As mentioned
before, MMP9 knock-out mice compared to wild type mice
revealed that MMP9 enhances neutrophil recruitment and
cytokine production in RSV infection (Dabo et al., 2015).
Effect of MMP9 on neutrophil recruitment, cytokine and
chemokine regulation strengthens our hypothesis that
inhibition of MMP9 may suppress the cytokine storm in
severe Covid-19 patients. Future studies are needed to
confirm effectiveness of MMP9 inhibitors on progress of
the disease.

5. Conclusions

SARS-CoV-2 is likely to bind nasal epithelial cells
via ACE2 and migrate down to lungs after the initial
replication period. More robust immune response is
triggered in the lungs (Mason, 2020). Transcriptome data
analyses confirmed relevance of known viral infection

References

Akhmedov M, Kedaigle, A, Chong, RE, Montemanni, R, Bertoni,
F et al. (2017). PCSF: an R-package for network-based
interpretation of high-throughput data. PLoS Computational
Biology 13 (7): €1005694. doi: 10.1371/journal.pcbi. 1005694

Aquino RS, Park PW (2016). Glycosaminoglycans and infection.
Frontiers in Bioscience - Landmark 21: 1260-1277. doi:
10.2741/4455

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF et al. (2013).
NCBI GEO: archive for functional genomics data sets - update.
Nucleic Acids Research 41 (D1): 991-995. doi: 10.1093/nar/
gks1193

Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D et
al. (2020). Imbalanced host response to SARS-CoV-2 drives
development of COVID-19. Cell 181 (5): 1036-1045. doi:
10.1016/j.cell.2020.04.026

Blighe, K (2019). Publication-ready volcano plots with enhanced
colouring and labeling. R-Package.Bioconductor doi: 10.18129/
B9.bioc.EnhancedVolcano

pathways and potential drug target pathways which
are in the experimental testing phase for COVID-19
response and treatment. To best of our knowledge, any
potential drug or study about the roles of AGEs and RAGE
receptor in the infection of SARS-CoV-2 is not reported
in the literature. Our analysis indicates that a complex
interaction between RAGE receptor signalling pathway
and other virus-response related pathways such as Toll-
like receptor signalling pathway and IL-6 levels may exist.
Taken together, advanced glycation end products (AGEs)
and their connected pathways have potential to be used as
drug targets.

Further, transcriptome data integration with protein-
protein interaction network, followed by community
detection and clustering of the subnetwork, identified
potentially important protein interaction motifs in the
infection. For example, rheumatoid arthritis-associated
proteins found in the clustering and community detection
results may be the targets of rheumatoid arthritis drugs
being used in treatment of SARS-CoV-2 patients. Our
analyses also indicate that metalloproteinases (MMP1 and
MMP9) have potential importance in the SARS-CoV-2
infection and could be tested as drug targets.

Conflict of interest
The authors declare no conflict of interest.

Informed consent
The authors declare that all reported results are obtained
computationally. No novel experimental data is reported
in this publication.

Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E (2008). Fast
unfolding of communities in large networks. Journal of
Statistical Mechanics: Theory and Experiment 2008 (10). doi:
10.1088/1742-5468/2008/10/P10008

Bray NL, Pimentel H, Melsted P, Pachter L (2016). Near-optimal
probabilistic RNA-seq quantification. Nature Biotechnology
34 (5): 525-527. doi: 10.1038/nbt.3519

Cakar T (2015). Reporter pathway analysis from transcriptome data:
metabolite-centric versus reaction-centric approach. Scientific
Reports 5: 1-10. doi: 10.1038/srep14563

Chandra N, Liu Y, Liu JX, Frangsmyr L, Wu N et al. (2019). Sulfated
glycosaminoglycans as viral decoy receptors for human
adenovirus type 37. Viruses 11 (3): 247. doi: 10.3390/v11030247

Chavakis T, Bierhaus A, Nawroth PP (2004). RAGE (receptor for
advanced glycation end products): a central player in the
inflammatory response. Microbes and Infection 6 (13): 1219-
1225. doi: 10.1016/j.micinf.2004.08.004

175



KARAKURT and PIR / Turk J Biol

Colson P, Rolain JM, Lagier JC, Brouqui P, Raoult D (2020).
Chloroquine and hydroxychloroquine as available weapons
to fight COVID-19. International Journal of Antimicrobial
Agents 55 (4). doi: 10.1016/j.jjantimicag.2020.105932

Csardi G, Nepusz T (2006). The igraph software package for complex
network research. InterJournal Complex Systems 1695: 1-9.

Dabo AJ, Cummins N, Eden E, Geraghty P (2015). Matrix
metalloproteinase 9 exerts antiviral activity against respiratory
syncytial virus. PLoS One 10 (8): e0135970. doi: 10.1371/
journal.pone.0135970

Elkington PTG, O’Kane CM, Friedland JS, (2005). The paradox of
matrix metalloproteinases in infectious disease. Clinical and
Experimental Immunology 142 (1): 12-20. doi: 10.1111/§.1365-
2249.2005.02840.x

Foronjy RE Dabo AJ, Cummins N, Geraghty P (2014). Leukemia
inhibitory factor protects the lung during respiratory syncytial
viral infection. BMC Immunology 15 (1): 41. doi: 10.1186/
s12865-014-0041-4

Guha D, Klamar CR, Reinhart T, Ayyavoo V (2015). Transcriptional
regulation of CXCL5 in HIV-1-infected macrophages and
its functional consequences on CNS pathology. Journal
of Interferon and Cytokine Research 35 (5): 373-384. doi:
10.1089/jir.2014.0135

Guo YR, Cao QD, Hong ZS, Tan YY, Chen SD et al. (2020). The
origin, transmission and clinical therapies on coronavirus
disease 2019 (COVID-19) outbreak - an update on the status.
Military Medical Research 7 (1): 1-10. doi: 10.1186/s40779-
020-00240-0

Herold T, Jurinovic V, Arnreich C, Lipworth BJ, Hellmuth JC et
al. (2020). Elevated levels of interleukin-6 and CRP predict
the need for mechanical ventilation in COVID-19. The
Journal of Allergy and Clinical Immunology. doi: 10.1016/j.
jaci.2020.05.008

Hudson BI, Lippman ME (2018). Targeting RAGE signaling in
inflammatory disease. Annual Review of Medicine 69: 349-
364. doi: 10.1146/annurev-med-041316-085215

Hui L, Nie Y, Li S, Guo M, Yang W et al. (2020). Matrix
metalloproteinase 9 facilitates Zika virus invasion of the testis
by modulating the integrity of the blood-testis barrier. PLoS
Pathogens 16 (4): €1008509. doi: 10.1371/journal.ppat.1008509

Jiang F, Deng L, Zhang L, Cai Y, Cheung CWet al. (2020). Review
of the clinical characteristics of coronavirus disease 2019
(COVID-19). Journal of General Internal Medicine 382 (18):
1708-1720. doi: 10.1007/s11606-020-05762-w

Jinno A, Park PW (2015). Role of Glycosaminoglycans in Infectious
Disease. In: Balagurunathan K, Nakato H, Desai U (editors).
Glycosaminoglycans. Methods in Molecular Biology, Vol 1229.
New York, NY, USA: Humana Press.

Leinonen R, Sugawara H, Shumway M, on behalf of the International
Nucleotide Sequence Database Collaboration (2010). The
sequence read archive. Nucleic Acids Research 39 (suppl_1):
D19-D21. doi: 10.1093/nar/gkq1019

176

Liao QJ, Ye LB, Timani KA, Zeng YC, She YL et al. (2005). Activation
of NF-«B by the full-length nucleocapsid protein of the SARS
coronavirus. Acta Biochimica et Biophysica Sinica 37 (9): 607-
612. doi: 10.1111/j.1745-7270.2005.00082.x

Love MI, Huber W, Anders S (2014). Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2.
Genome Biology 15 (12). doi: 10.1186/s13059-014-0550-8

LuR,ZhaoX,LiJ,NiuP, Yang B etal. (2020). Genomic characterisation
and epidemiology of 2019 novel coronavirus: implications for
virus origins and receptor binding. The Lancet 395 (10224):
565-574. doi:10.1016/50140-6736(20)30251-8

Marten NW, Zhou J (2005). The Role of Metalloproteinases in
Corona Virus Infection. In: Lavi E, Constantinescu CS
(editors). Experimental Models of Multiple Sclerosis (839-848).
Boston, MA, USA: Springer, pp. 839-848. Mason RJ (2020).
Pathogenesis of COVID-19 from a cell biology perspective.
The European Respiratory Journal 55 (4): 2000607. doi:
10.1183/13993003.00607-2020

Miller AL, Bowlin TL, Lukacs NW (2004). Respiratory syncytial
virus-induced chemokine production: linking viral replication
to chemokine production in vitro and in vivo. The Journal of
Infectious Diseases 189 (8): 1419-1430. doi: 10.1086/382958

Nepusz T, Yu H, Paccanaro A (2012). Detecting overlapping protein
complexes in protein-protein interaction networks. Nature
Methods 9: 471-472. doi: 10.1038/nmeth.1938

Ohtsu A, Shibutani Y, Seno K, Iwata H, Kuwayama T et al.(2017).
Advanced glycation end products and lipopolysaccharides
stimulate interleukin-6 secretion via the RAGE/TLR4-
NF-kB-ROS pathways and resveratrol attenuates these
inflammatory responses in mouse macrophages. Experimental
and Therapeutic Medicine 14 (5): 4363-4370. doi: 10.3892/
etm.2017.5045

Patil KR, Nielsen J (2005). Uncovering transcriptional regulation of
metabolism by using metabolic network topology. PNAS 102
(8): 2685-2689. doi: 10.1073/pnas.0406811102

Rojas-Quintero J, Wang X, Tipper J, Burkett PR, Zuiiga ] et al.
(2018). Matrix metalloproteinase-9 deficiency protects mice
from severe influenza A viral infection. JCI Insight 3 (24):
€99022. doi: 10.1172/jci.insight.99022

Ruiz-Gémez G, Vogel S, Méller S, Pisabarro MT, Hempel U (2019).
Glycosaminoglycans influence enzyme activity of MMP2
and MMP2/TIMP3 complex formation - insights at cellular
and molecular level. Scientific Reports 9: 1-15. doi: 10.1038/
541598-019-41355-2

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT et al. (2003).
Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Research 13 (11):
2498-2504. doi: 10.1101/gr.1239303

Song J, Wu C, Zhang X, Sorokin LM (2013). In vivo processing of
CXCL5 (LIX) by mMatrix metalloproteinase (MMP)-2 and
MMP-9 promotes early neutrophil recruitment in IL-1p-
induced peritonitis. The Journal of Immunology 190 (1): 401-
410. doi: 10.4049/jimmunol.1202286



KARAKURT and PIR / Turk ] Biol

Stebbing J, Phelan A, Griffin I, Tucker C, Oechsle O et al. (2020).
COVID-19: combining antiviral and anti-inflammatory
treatments. The Lancet Infectious Diseases 20 (4): 400-402.
doi: 10.1016/S1473-3099(20)30132-8

Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D et al.
(2015). STRING v10: Protein-protein interaction networks,
integrated over the tree of life. Nucleic Acids Research 43:
D447-D452. doi: 10.1093/nar/gku1003

Thiele I, Swainston N, Fleming RMT, Hoppe A, Sahoo S et al.
(2013). A community-driven global reconstruction of human
metabolism. Nature Biotechnology 31: 419-425. doi: 10.1038/
nbt.2488

Tisoncik JR, Korth MJ, Simmons CP, Farrar J, Martin TR et al. (2012).
Into the eye of the cytokine storm. Microbiology and Molecular
Biology Reviews 76 (1): 16-32. doi: 10.1128/mmbr.05015-11

Tufan A, Avanoglu Giiler G, Matucci-Cerinic M (2020). COVID-19,
immunesystem response, hyperinflammation and repurposing
antirheumatic drugs. Turkish Journal of Medical Sciences 50:
620-632. doi: 10.3906/sag-2004-168

Van Zoelen MAD, Achouiti A, Van der Poll T (2011). The role of
receptor for advanced glycation endproducts (RAGE) in
infection. Critical Care 15 (2): 208. doi: 10.1186/cc9990

Wang M, Cao R, Zhang L, Yang X, Liu J et al. (2020). Remdesivir
and chloroquine effectively inhibit the recently emerged novel
coronavirus (2019-nCoV) in vitro. Cell Research 30: 269-271.
doi: 10.1038/s41422-020-0282-0

Wang P, Dai ], Bai F, Kong KF, Wong SJ et al. (2008). Matrix
metalloproteinase 9 facilitates West Nile virus entry into the
brain. Journal of Virology 82 (18): 8978-8985. doi: 10.1128/
jvi.00314-08

Wishart DS, Knox C, Guo AC, Cheng D, Shrivastava S et al. (2008).
DrugBank: a knowledgebase for drugs, drug actions and
drug targets. Nucleic Acids Research 36 (Database issue):
D901-D906. doi: 10.1093/nar/gkm958

Xie X, Urabe G, Marcho L, Stratton M, Guo LW et al. (2019).
ALDHI1A3 regulations of matricellular proteins promote
vascular smooth muscle cell proliferation. iScience 19: 872-
882. doi: 10.1016/.i5¢1.2019.08.044

Yang CM, Lin CC, Lee IT, Lin YH, Yang CM et al. (2012). Japanese
encephalitis virus induces matrix metalloproteinase-9
expression via a ROS/c-Src/PDGFR/PI3K/Akt/MAPKs-
dependent AP-1 pathway in rat brain astrocytes. Journal of
Neuroinflammation 9 (12). doi: 10.1186/1742-2094-9-1

Ye Q, Wang B, Mao ] (2020). Cytokine storm in COVID-19 and
treatment. The Journal of Infection 80. doi: 10.1016/j.
jinf.2020.03.037

Yoshizaki T, Sato H, Furukawa M, Pagano JS (1998). The expression
of matrix metalloproteinase 9 is enhanced by Epstein-Barr
virus latent membrane protein 1. PNAS 95 (7): 3621-3626. doi:
10.1073/pnas.95.7.3621

Yu G, Wang LG, Han Y, He QY (2012). ClusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS:
A Journal of Integrative Biology 16 (5): 284-287. doi: 10.1089/
omi.2011.0118

Zhang C, Wu Z, Li JW, Zhao H, Wang GQ (2020). The cytokine
release syndrome (CRS) of severe COVID-19 and Interleukin-6
receptor (IL-6R) antagonist Tocilizumab may be the key to
reduce the mortality. International Journal of Antimicrobial
Agents 55 (5): 105954. doi: 10.1016/j.jjantimicag.2020.105954

Zhang T, Suryawanshi YR, Szymczyna BR, Essani K (2017).
Neutralization of matrix metalloproteinase-9 potentially
enhances oncolytic efficacy of tanapox virus for melanoma
therapy. Medical Oncology 34 (7): 129. doi: 10.1007/s12032-
017-0988-0

Zhu N, Zhang D, Wang W, Li X, Yang B et al (2020). A novel
coronavirus from patients with pneumonia in China, 2019. New
England Journal of Medicine. doi: 10.1056/NEJM0a2001017

Zou X, Chen K, Zou ], Han P, Hao J et al. (2020). Single-cell RNA-
seq data analysis on the receptor ACE2 expression reveals
the potential risk of different human organs vulnerable to
2019-nCoV infection. Frontiers of Medicine 14: 185-192. doi:
10.1007/s11684-020-0754-0

177



KARAKURT and PIR / Turk ] Biol

Supplementary Table 1. Differentially expressed genes.

Gene Log? fold change | P-value | Adjusted P-values
CXCL8 2.38 1.47E-71 |2.16E-67
CCL20 3.04 8.46E-59 |6.24E-55
SAA1 2.18 2.55E-48 |1.25E-44
TNIP1 1.28 3.15E-39 |1.16E-35
SAA2 242 4.57E-39 | 1.35E-35
CXCL1 1.48 2.61E-37 |6.40E-34
S100A8 1.91 1.48E-36 |3.13E-33
SPRR2D 3.20 2.30E-36 [4.23E-33
ICAM1 1.92 3.24E-36 |5.32E-33
INHBA 1.78 1.30E-33 | 1.92E-30
KRT6B 1.51 5.41E-32 |7.26E-29
TNFAIP3 1.52 5.49E-31 |6.75E-28
C3 1.46 491E-30 |5.57E-27
IL36G 2.40 8.13E-30 |8.56E-27
Cl150rf48 1.24 9.09E-28 |8.94E-25
SOD2 1.56 3.37E-27 |3.10E-24
S100A9 1.27 7.94E-27 |6.89E-24
CXCL5 3.45 1.68E-25 | 1.38E-22
IF127 2.86 7.59E-25 |5.89E-22
HBEGF 1.28 2.40E-24 |1.77E-21
SLC6A14 1.26 2.61E-24 |1.84E-21
SPRR2A 2.00 7.43E-24 |4.98E-21
IL6 2.84 2.37E-22 | 1.52E-19
ZC3HI2A |1.54 3.25E-22 |2.00E-19
RHCG 1.36 2.28E-21 |1.34E-18
IL32 1.18 4.64E-20 |2.63E-17
MMP9 2.26 8.19E-20 |4.47E-17
SERPINA3 |1.48 9.69E-19 |5.10E-16
MX1 1.98 1.84E-18 |9.34E-16
LIF 1.36 1.09E-17 |5.34E-15
OAS2 1.34 1.22E-17 |5.82E-15
IRF9 1.37 3.21E-17 |1.48E-14
OAS1 1.57 1.15E-16 |5.13E-14
CXCL3 2.19 1.44E-16 |6.25E-14
PDZKI1IP1 |2.34 1.62E-16 |6.81E-14
CXCL2 1.36 3.03E-15 |1.24E-12
IRAK2 1.59 3.28E-15 [1.31E-12
PGLYRP4 |1.88 6.73E-15 |2.61E-12

OAS3 1.17 8.64E-15 |3.27E-12
IL1B 0.92 2.64E-14 |9.73E-12
1F144L 2.72 4.88E-14 |1.75E-11
CSF3 4.22 6.22E-14 |2.18E-11
TNFAIP2 |1.41 1.72E-13 |5.91E-11
CFB 2.29 2.48E-13 |8.32E-11
MAFF 1.13 4.51E-13 |1.48E-10
IFITM1 1.82 7.46E-13 |2.39E-10
BPGM 0.97 1.32E-12 |4.13E-10
HEPHL1 1.30 1.77E-12 |5.43E-10
BIRC3 1.48 3.24E-12 |9.74E-10
CIQTNF1 |1.88 3.71E-12 |1.09E-09
KRT15 -0.93 4.87E-12 | 1.41E-09
SPRR2E 3.28 8.39E-12 |2.38E-09
IL1A 1.06 1.10E-11 |3.07E-09
IVL 1.02 4.92E-11 |1.34E-08
GGT1.1 1.14 6.17E-11 | 1.65E-08
PLAT 1.17 7.23E-11 |1.90E-08
CSF2 3.19 7.56E-11 |1.96E-08
IFI6 2.24 1.08E-10 |2.74E-08
GO0S2 0.84 1.39E-10 |3.47E-08
NFKBIZ 0.84 1.91E-10 |4.68E-08
NFKB2 0.91 2.06E-10 |4.98E-08
NFKBIA 0.99 2.34E-10 |5.57E-08
EFNA1 0.73 3.39E-10 |7.93E-08
GPNMB -0.84 3.66E-10 |8.43E-08
MXRA5 -0.92 3.99E-10 |9.05E-08
XAF1 1.69 6.71E-10 | 1.50E-07
TGM2 0.74 8.70E-10 |1.92E-07
OLFML2A |-0.97 8.99E-10 |1.95E-07
BCL2A1 2.28 1.02E-09 |2.19E-07
TFCP2L1 -0.64 1.82E-09 |3.83E-07
EDN1 1.08 5.90E-09 |1.23E-06
TUBAIC 0.61 6.32E-09 |1.29E-06
C18orf32 -2.11 1.64E-08 |3.31E-06
TYMP 1.05 1.69E-08 |3.37E-06
TSC22D3  |-0.74 1.89E-08 |3.68E-06
ALDHIA3 |0.53 1.90E-08 |3.68E-06
THBD -0.98 2.02E-08 |3.87E-06
CPA4 -0.62 2.25E-08 |4.26E-06
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Supplementary Table 1. Continued.

Gene Log?2 fold change | P-value | Adjusted P-values
KRT17 0.50 3.67E-08 |6.84E-06
SAA2-SAA4|2.06 4.72E-08 |8.69E-06
CLCA2 -0.59 5.83E-08 |1.06E-05
GPSM3 4.69 6.73E-08 |1.21E-05
KYNU 0.86 8.20E-08 |1.46E-05
PI3 1.79 1.04E-07 |1.82E-05
IFITM3 0.79 1.43E-07 |2.48E-05
TUBAIA 0.57 1.59E-07 |2.73E-05
XDH 0.74 1.76E-07 |2.98E-05
PARP9 0.68 1.87E-07 |3.11E-05
KRT4 1.05 1.88E-07 |3.11E-05
NEDD9 0.64 2.27E-07 |3.71E-05
MMP1 0.78 2.30E-07 |3.72E-05
IFITM10 -1.80 2.33E-07 |3.74E-05
FSBP -1.50 2.55E-07 [4.05E-05
MAST4 0.53 2.96E-07 [4.63E-05
STAT1 0.52 3.15E-07 [4.90E-05
DUSP4 0.65 3.45E-07 |5.23E-05
HDGF 0.45 3.47E-07 |5.23E-05
ADRB2 0.70 3.43E-07 |5.23E-05
SERPINB2 |0.71 3.88E-07 |5.78E-05
CSTB 0.66 4.11E-07 |6.06E-05
SLPI 0.58 5.38E-07 |7.86E-05
STC1 0.74 5.67E-07 |8.19E-05
PRODH -2.20 6.83E-07 [9.77E-05
S100P 0.80 8.08E-07 |1.15E-04
FAMS83A 0.49 9.18E-07 |1.29E-04
MTSS1 0.57 9.33E-07 |1.30E-04
GJB2 0.48 1.48E-06 |2.03E-04
SOCS3 1.01 1.49E-06 |2.03E-04
PLSCR1 0.83 1.65E-06 |2.23E-04
PLAU 0.51 1.74E-06 |2.33E-04
CCDC9B 0.62 1.78E-06 |2.36E-04
ASH2L -0.60 1.86E-06 |2.44E-04
SGPP2 0.80 2.16E-06 |2.82E-04
KCTD11 0.45 2.22E-06 |2.87E-04
IF144 0.82 2.28E-06 |2.93E-04
VNNI1 1.57 2.47E-06 |3.13E-04

ALOX15B |0.56 2.48E-06 |3.13E-04
FOSL1 0.57 2.57E-06 |3.21E-04
ZBED2 0.63 2.80E-06 |3.47E-04
LCN2 0.74 3.16E-06 |3.88E-04
RHOV 0.64 3.30E-06 |4.02E-04
SERPINB1 |0.67 3.66E-06 |4.38E-04
LYN 0.66 3.63E-06 |4.38E-04
ITGA5 0.45 3.88E-06 |4.61E-04
NANOS1 -1.99 3.95E-06 |4.66E-04
SELENOP |-0.92 4.05E-06 |4.74E-04
TGM1 0.71 4.18E-06 |4.85E-04
MAF -0.70 4.32E-06 |4.97E-04
CXCL14 -1.34 4.60E-06 |5.25E-04
VTCN1 -1.05 4.65E-06 |5.27E-04
ENDOD1 |-0.48 4.85E-06 |5.46E-04
NFKB1 0.59 5.07E-06 |5.66E-04
TMF1 -0.53 5.99E-06 |6.64E-04
MYLK -1.11 6.05E-06 |6.66E-04
MAP7D2  |-1.54 6.59E-06 |7.20E-04
ANGPTL4 |0.56 6.83E-06 |7.40E-04
SESN3 -0.76 7.35E-06 |7.91E-04
BCL3 0.79 7.45E-06 |7.96E-04
PDGFB 0.87 7.62E-06 |8.08E-04
IFIH1 0.74 8.79E-06 |9.26E-04
LDLR 0.43 9.39E-06 |9.82E-04
SPRR1B 0.81 1.07E-05 |1.11E-03
DTX2 0.73 1.65E-05 |1.70E-03
NID1 -1.30 1.77E-05 | 1.81E-03
CYP27B1 1.24 1.80E-05 | 1.82E-03
HELZ2 0.89 1.80E-05 |1.82E-03
EFCAB7 -0.92 1.89E-05 |1.90E-03
SLITRK6 -0.60 2.21E-05 |2.20E-03
ZNF253 -1.13 2.51E-05 |2.49E-03
DUSP10 -0.58 2.76E-05 [2.71E-03
RAB7B -0.50 2.95E-05 |2.88E-03
FLOT1 -1.48 3.11E-05 |3.01E-03
SERPINB13 | -0.53 3.15E-05 |3.04E-03
PIP4K2C 0.54 3.24E-05 |3.10E-03
ZRANBI1 -0.55 3.35E-05 [3.19E-03
DRAM1 0.56 3.42E-05 |3.23E-03
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Supplementary Table 1. Continued.

NCCRP1 0.57 9.88E-05 |7.47E-03
MX2 1.63 1.02E-04 |7.68E-03
SULF2 -0.39 1.03E-04 |7.68E-03
ANXA3 0.50 1.07E-04 |7.92E-03
AL160269.1 | -2.36 1.07E-04 |7.92E-03
CCT5 0.41 1.13E-04 |8.33E-03
ETS1 0.51 1.14E-04 |8.35E-03
CDC42EP2 (0.79 1.16E-04 |8.37E-03
CIR 1.11 1.15E-04 |8.37E-03
AC073610.3|2.17 1.15E-04 |8.37E-03
FIGN -1.28 1.19E-04 |8.54E-03
TUBB 0.44 1.20E-04 |8.61E-03
TUBB4B 0.42 1.22E-04 |8.70E-03
RPL36A -0.52 1.25E-04 |8.84E-03
LRMP -1.13 1.26E-04 |8.89E-03
AL589880.1 | -1.22 1.32E-04 |9.26E-03
VEGFA 0.41 1.35E-04 |9.40E-03
CD109 -0.45 1.35E-04 |9.40E-03
PRSS23 -0.42 1.39E-04 |9.63E-03
IDI1 0.40 1.41E-04 |9.68E-03
F3 0.45 1.43E-04 |9.82E-03
DDR1 0.40 1.44E-04 |9.83E-03
IFNGR1 0.50 1.46E-04 |9.89E-03

Gene Log?2 fold change | P-value | Adjusted P-values
PPARGCIA |-1.20 3.45E-05 |3.24E-03
FDPS 0.47 3.90E-05 |3.64E-03
KRT23 0.61 3.99E-05 |3.70E-03
CDRT1 1.14 4.10E-05 |3.77E-03
TNEFSF14 1.69 4.14E-05 |3.79E-03
BMP2 0.77 4.20E-05 |3.82E-03
ASS1 0.43 4.42E-05 |3.95E-03
PDPN 0.47 4.41E-05 |3.95E-03
KRT24 1.85 4.41E-05 |3.95E-03
OTUB2 0.59 4.47E-05 |3.97E-03
SLC25A37 |0.62 4.67E-05 |4.12E-03
SEMA7A  |0.54 4.70E-05 |4.13E-03
HSD11B1 |0.55 4.89E-05 |4.24E-03
MUC4 0.93 4.88E-05 |4.24E-03
DEK -0.51 5.47E-05 [4.72E-03
PLAUR 0.58 6.32E-05 |5.42E-03
TNC 0.40 6.39E-05 |5.44E-03
USP9X -0.57 6.44E-05 |5.46E-03
TUBB3 0.68 6.50E-05 |5.48E-03
EHD1 0.66 6.69E-05 |5.60E-03
CLPB 0.59 6.80E-05 |5.60E-03
SPTLC3 -0.78 6.79E-05 |5.60E-03
HYI 0.56 6.74E-05 |5.60E-03
NRDE2 -0.69 6.90E-05 |5.66E-03
RWDD1 -0.71 7.31E-05 |5.95E-03
PDCD4 -0.42 7.34E-05 |5.95E-03
AC005154.5-1.01 7.52E-05 |6.06E-03
PFKFB3 0.49 7.83E-05 |6.27E-03
ARPP19 -0.66 7.96E-05 |6.35E-03
NEURL1B |0.49 8.19E-05 |6.49E-03
HAS3 0.45 8.26E-05 [6.51E-03
VPS52 1.35 8.44E-05 [6.61E-03
CDCP1 0.37 8.64E-05 |6.74E-03
FXYD5 0.41 8.75E-05 [6.78E-03
CCDC14 -0.58 8.79E-05 |6.78E-03
PRELID1 0.47 8.99E-05 [6.90E-03
PTGS2 0.62 9.23E-05 |7.05E-03
SLC9A7 0.55 9.71E-05 |7.38E-03
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Supplementary Table 2. Reporter metabolites.

Metabolites P-values Number of
edges
Prenyl diphosphate(3-) 7.41E-05 |2
Isocitrate(3-) 1.39E-04 | 1
Isopentenyl diphosphate(3-) 4.73E-04 |3
Hydrogen peroxide 5.66E-04 | 8
L-proline 1.89E-03 |2
Cysteaminium 2.09E-03 | 4
(4-hydroxyphenyl)acetaldehyde 2.28E-03 |6
Farnesyl pyrophosphate(3-) 2.73E-03 | 1
Geranyl diphosphate(3-) 2.73E-03 | 1
3’-dephospho-CoA(2-) 2.77E-03 |6
N2-Formyl-N1-(5-phospho-D-ribosyl)glycinamide 3.57E-03 | 2
N1-(5-Phospho-D-ribosyl)glycinamide 6.95E-03 | 1
L-phenylalanine 7.01E-03 |10
GDP 7.96E-03 | 13
3,4-Dihydroxymandelate 8.38E-03 | 4
3,4-Dihydroxyphenylacetaldehyde 8.38E-03 | 4
(3,4-dihydroxyphenyl)acetate 8.38E-03 | 4
3-methoxy-4-hydroxyphenylglycolaldehyde 8.38E-03 | 4
3-Methoxy-4-hydroxymandelate 8.38E-03 | 4
4-hydroxyphenylacetate 8.38E-03 | 4
4-nitrophenolate 8.38E-03 | 4
4-nitrophenyl phosphate(2-) 8.38E-03 | 4
Glycochenodeoxycholate 8.38E-03 | 4
Nicotinate D-ribonucleotide 8.38E-03 | 4
D-ribitol 8.38E-03 | 4
Core 4 8.63E-03 | 5
(5)-2,3-epoxysqualene 8.84E-03 | 2
UDP-D-glucuronate 9.02E-03 | 5
Keratan sulfate I biosynthesis, precursor 36 9.49E-03 | 6
Keratan sulfate II biosynthesis, precursor 10 9.49E-03 | 6
Keratan sulfate II biosynthesis, precursor 10 9.49E-03 | 6
L-cysteine 9.90E-03 | 14
L-cysteine 1.03E-02 |9
Pantetheine 4’-phosphate(2-) 1.04E-02 |5
L-leucine 1.16E-02 | 10
Cholesta-5,7-dien-3beta-ol 1.18E-02 |2
7-dehydrodesmosterol 1.18E-02 |2
Uridine 1.23E-02 |7
dCMP(2-) 1.27E-02 | 2
UDP(3-) 1.27E-02 |2
UTP(4-) 1.27E-02 |2
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Supplementary Table 2. Continued.

Metabolites P-values Number of
edges
Deamino-NAD+ 1.30E-02 | 5
Clupanodonyl CoA 1.37E-02 |2
Gamma-linolenoyl-CoA(4-) 1.37E-02 |2
Hydrogenphosphate 1.58E-02 | 74
{[galactosyl-(1,4)-N-Acetyl-glucosaminyl-(1,2)-mannosyl-(1,3)-],[N-acetyl-glucosaminyl-(1,2)-
mannosyl-(1,6)-]mannosyl-(1,4)-N-acetyl-glucosaminyl-(1,4)-[fucosyl-(1,6)]-N-acetyl-glucosaminyl} 1.64E-02 |5
asparagine
3-methylimidazoleacetic acid 1.66E-02 |5
D-ribulose 5-phosphate(2-) 1.73E-02 |1
Diphosphate 1.81E-02 | 10
2-(formamido)-N1-(5-phospho-D-ribosyl)acetamidine 1.83E-02 |2
Keratan sulfate I biosynthesis, precursor 11 1.86E-02 | 8
Keratan sulfate I biosynthesis, precursor 14 1.86E-02 | 8
Keratan sulfate I biosynthesis, precursor 17 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 20 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 23 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 26 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 29 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 32 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 35 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 5 1.86E-02 |8
Keratan sulfate I biosynthesis, precursor 8 1.86E-02 |8
Keratan sulfate II biosynthesis, precursor 6 1.86E-02 |8
Keratan sulfate II biosynthesis, precursor 9 1.86E-02 |8
Keratan sulfate II biosynthesis, precursor 6 1.86E-02 |8
Keratan sulfate II biosynthesis, precursor 9 1.86E-02 |8
UDP-D-galactose(2-) 2.06E-02 |9
Hydrogenphosphate 2.10E-02 |30
Ethamp|c] 2.16E-02 |5
Acetyl-CoA 2.19E-02 |5
(R)-Pantothenate 2.20E-02 |7
Keratan sulfate II biosynthesis, precursor 1 2.42E-02 |7
Keratan sulfate II biosynthesis, precursor 1 2.42E-02 |7
GTP 2.68E-02 |12
Protoheme 2.81E-02 |3
4,8 dimethylnonanoyl-CoA 2.84E-02 | 1
1-pyrroline-5-carboxylate 3.01E-02 |3
ps_hs[m] 3.17E-02 | 3
5-phospho-beta-D-ribosylamine 3.52E-02 |2
S-succinyldihydrolipoamide 3.84E-02 |2
CDP(3-) 3.99E-02 | 1
CMP(2-) 3.99E-02 | 1
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Supplementary Table 2. Continued.

Metabolites P-values Number of
edges
dCDP(3-) 3.99E-02 | 1
dCTP 3.99E-02 |1
dCTP 3.99E-02 |1
dGDP(2-) 3.99E-02 | 1
dGTP 3.99E-02 |1
dGTP 3.99E-02 |1
GDP(3-) 3.99E-02 |1
GTP(4-) 3.99E-02 |1
UMP(2-) 3.99E-02 |1
N4-{N-acetyl-beta-D-glucosaminyl-(1,2)-alpha-D-mannosyl-(1,3)-[N-acetyl-beta-D-glucosaminyl-(1,2)-
alpha-D-mannosyl-(1,6)]-beta-D-mannosyl-(1,4)-N-acetyl-beta-D-glucosaminyl-(1,4)-[alpha-L-fucosyl- | 4.03E-02 |5
(1,6)]-N-acetyl-beta-D-glucosaminyl}asparagine
dGDP 4.26E-02 |2
Pantetheine 4.28E-02 |5
(6R)-5,10-methenyltetrahydrofolate 4.39E-02 | 6
Hexadecenoyl-CoA (n-C16:1CoA) 4.52E-02 |2
Vaccenyl coenzyme A 4.52E-02 |2
Apocarboxylase (Lys residue) 4.66E-02 |1
Apocarboxylase (Lys residue) 4.66E-02 | 1
Holocarboxylase (biotin covalent bound to Lys residue of apoC) 4.66E-02 |1
Holocarboxylase (biotin covalent bound to Lys residue of apoC) 4.66E-02 |1
Biotinyl-5-AMP 4.66E-02 | 1
Biotinyl-5’-AMP 4.66E-02 | 1
Dephospho-CoA 4.70E-02 | 5
L-leucine 4.74E-02 | 11
Globoside 4.94E-02 | 2
UMP 5.00E-02 |1

Supplementary Table 3. Reporter pathways.

Pathways P-values | Number of edges
Nucleotide interconversion 3.00E-09 |113
Keratan sulfate synthesis 8.15E-07 |70
Keratan sulfate degradation 4.97E-06 |76
CoA synthesis 2.02E-04 |34
Fructose and mannose metabolism | 3.81E-04 |27
Purine synthesis 6.13E-03 |25
Fatty acid synthesis 1.16E-02 |54
NAD metabolism 1.61E-02 |23
Squalene and cholesterol synthesis | 2.67E-02 |6
CoA catabolism 3.33E-02 |14
Phenylalanine metabolism 3.79E-02 |20
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Supplementary Table 4. Enrichment results of communities (KEGG).

Community

Term

JAK-STAT signalling pathway

EGEFR tyrosine kinase inhibitor resistance

Cytokine-cytokine receptor interaction

Viral protein interaction with cytokine and cytokine receptor

Th17 cell differentiation

Complement and coagulation cascades

Fluid shear stress and atherosclerosis

Prostate cancer

Hematopoietic cell lineage

NEF-kappa B signalling pathway

IL-17 signalling pathway

Viral protein interaction with cytokine and cytokine receptor

Chemokine signalling pathway

Rheumatoid arthritis

TNF signalling pathway

Measles

RIG-I-like receptor signalling pathway

Influenza A

NOD-like receptor signalling pathway

Epstein-Barr virus infection

Gap junction

Phagosome

Pathogenic Escherichia coli infection

Huntington disease

Alzheimer disease

NEF-kappa B signalling pathway

C-type lectin receptor signalling pathway

Osteoclast differentiation

Apoptosis

Epstein-Barr virus infection

Focal adhesion

PI3K-Akt signalling pathway

ECM-receptor interaction

Human papillomavirus infection

Fluid shear stress and atherosclerosis

TNF signalling pathway

IL-17 signalling pathway

NF-kappa B signalling pathway

Cytokine-cytokine receptor interaction

Transcriptional misregulation in cancer

C-type lectin receptor signalling pathway

O (WO [0 | ||| |IN(N|IN(N ([N an|jvn|xvjfun|G |G |[U U | | (B[R]0 [W W [W | DN (N[N [N ] =

Kaposi sarcoma-associated herpesvirus infection
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Supplementary Table 4. Continued.

Community |Term

9 Leishmaniasis

9 Osteoclast differentiation

9 Necroptosis

10 TGF-beta signalling pathway

10 Signalling pathways regulating pluripotency of stem cells
10 Staphylococcus aureus infection

10 Cytokine-cytokine receptor interaction

10 Tuberculosis

Supplementary Table 5. Enrichment results of communities (GO-BP).

Community

Term

Positive regulation of tyrosine phosphorylation of STAT protein

Regulation of tyrosine phosphorylation of STAT protein

Tyrosine phosphorylation of STAT protein

Positive regulation of JAK-STAT cascade

Positive regulation of STAT cascade

Regulation of wound healing

Regulation of response to wounding

Regulation of blood coagulation

Regulation of hemostasis

Regulation of coagulation

Chemokine-mediated signalling pathway

Response to chemokine

Cellular response to chemokine

Neutrophil chemotaxis

Neutrophil migration

Negative regulation of type I interferon production

Activation of innate immune response

Positive regulation of innate immune response

Pattern recognition receptor signalling pathway

Regulation of innate immune response

Sequestering of metal ion

Ciliary basal body-plasma membrane docking

Organelle localization by membrane tethering

Membrane docking

Regulation of G2/M transition of mitotic cell cycle

Regulation of type I interferon production

Type I interferon production

Regulation of intrinsic apoptotic signalling pathway

NIK/NEF-kappa B signalling

Al ||| |G R R R W W W W W NN [ === =

Intrinsic apoptotic signalling pathway
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Supplementary Table 5. Continued.

Community | Term

Positive chemotaxis

Vascular endothelial growth factor receptor signalling pathway

Extracellular matrix organization

Positive regulation of peptidyl-tyrosine phosphorylation

Extracellular structure organization

Cellular response to tumour necrosis factor

Response to tumour necrosis factor

Regulation of endopeptidase activity

Cellular response to lipopolysaccharide

T cell migration

Type I interferon signalling pathway

Cellular response to type I interferon

Response to type I interferon

Response to virus

O[O |0 [0 |WO || [ |®|[C|N |||

Response to interferon-gamma

—_
(=]

Activin receptor signalling pathway

—_
(=]

Positive regulation of pathway-restricted SMAD protein phosphorylation

—_
=]

Regulation of pathway-restricted SMAD protein phosphorylation

—_
(=]

Pathway-restricted SMAD protein phosphorylation

—_
(=]

Regulation of transmembrane receptor protein serine/threonine kinase signalling pathway

Supplementary Figure 1. ACE2 expression.
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Supplementary Figure 2. Dotplot of enrichment results of upregulated genes (KEGG).

Supplementary Figure 3. Dotplot of enrichment results of downregulated genes (KEGG).
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Supplementary Figure 4. Dotplot of enrichment results of upregulated genes (GO-BP).

Supplementary Figure 5. Dotplot of enrichment results of downregulated genes (GO-BP).
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Supplementary Figure 6. Heatmap of enrichment results of communities (KEGG).

Supplementary Figure 7. Heatmap of enrichment results of communities (GO-BP).
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Supplementary Figure 8. Clustering pattern of protein-protein
interaction network (ClusterONE).

Supplementary Figure 9. Heatmap of enrichment results of protein clusters (KEGG).
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Supplementary Figure 10. Heatmap of enrichment results of protein clusters (GO-BP).

Supplementary Figure 11. Communities of clustered protein modules.



