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Introduction
Coronaviruses are enveloped viruses with a large plus-strand 
RNA genome1 that is capped and polyadenylated. Coronaviruses 
were identified in 2002 as pathogenic agents during the severe 
acute respiratory syndrome (SARS) outbreak that occurred in 
Guangdong province in China.2 There is evidence that the 
SARS-CoV virus originated from a nonhuman host, such as 
bats, can affect humans. Several pneumonia cases of unknown 
origin, named as SARS coronavirus 2 (SARS-CoV-2), first 
occurred in early December of 2019 and then worldwide in 
2020.3,4 Coronavirus disease 2019 (COVID-19) is the acute res-
piratory infectious disease that occurs following infection with 
novel SARS-CoV-2.4 Several studies have shown that SARS-
CoV-2 is similar to SARS-CoV and MERS-CoV viruses in 
genomic structure and pathogenesis, but it is more transmissible 
than SARS-CoV and Middle East respiratory syndrome coro-
navirus (MERS-CoV) viruses.5-8

A considerable proportion of individuals who have recov-
ered from COVID-19 suffer from persistent and prolonged 
symptoms, a condition known as long-COVID or postacute 

COVID-19 syndrome9-11 and defined as persistent symptoms 
for more than 6 months. Those symptoms include residual 
inflammation (convalescent phase), immune dysregulation, 
asthenia, dyspnea, and organ damage as well as nonspecific 
effects following hospitalization or prolonged ventilation 
(postintensive care syndrome), and social isolation.10-12

There is evidence that acute respiratory distress syndrome 
caused by SARS-CoV infection results in a cytokine storm that 
is readily followed by the immune system “attacking” the body.7 
Cytokine storms cause acute respiratory distress syndrome, mul-
tiple organ failure, and death in severe cases of SARS-CoV-2 
infection.13 The release of immune effector cells with abundant 
proinflammatory cytokines (interferon [IFN]α, IFNγ, interleu-
kin [IL]-18, IL-33, IL-1β, IL-6, IL-12, tumor necrosis factor 
[TNF]α, transforming growth factor β) and chemokines (C-C 
motif chemokine ligand [CCL]2, CCL3, CCL5, C-X-C motif 
chemokine ligand [CXCL]10, CXCL8, and CXCL9) results in 
an abnormal systemic inflammatory response.4,7

Although a few therapeutic agents for COVID-19 have 
been improved, there are no effective drugs for uncontrollable 
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infection.14 In this study, to identify the functional effect and 
targets of COVID-19 in blood cells, datasets and bioinformat-
ics approaches were conducted. Our results identified several 
genes associated with peroxisome and IFN response, thus pro-
viding potential biomarkers and targets for potential therapies 
against COVID-19.

Materials and Methods
Datasets

Differentially expressed genes in the transcription profile were 
identified in the National center for biotechnology informa-
tion (NCBI) Gene expression omnibus (GEO) archive15 and 
analyzed using the GEO2R tool.16 Gene expression data for 
COVID-19 were analyzed using the GSE180594 and 
GSE164805 datasets. Differentially expressed genes were 
characterized for each sample (P < .05) to identify enriched 
biological processes. The GSE180594 dataset was prepared 
from circulating monocytes from fresh blood samples in 
patients with confirmed COVID-19 at emergency room 
arrival, before receiving any treatment (acute COVID-19), in 
individuals who overcame COVID-19 6 months ago (post-
COVID-19), and in healthy controls (HCs). The GSE164805 
dataset contains information obtained using Peripheral blood 
mononuclear Cells (PBMCs) from patients with severe and 
mild COVID-19 along with 5 HCs.

Gene ontology and pathway enrichment analysis of 
differentially expressed genes

The 250 differentially expressed genes (DEGs) from GSE180594 
and GSE164805, identified using the GEO2R tool, were ana-
lyzed using the DAVID v6.8 (https://david.ncifcrf.gov/) online 
database. Differentially expressed genes were selected with a 
value of P < .05. Gene ontology and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analyses were performed 
for signaling pathway enrichment analysis, with a value of P < .05. 
For gene ontology (GO) and KEGG enrichment analysis, the 
background species were selected as Homo sapiens in DAVID.

Blood atlas

Single-cell data for peroxiredoxin 1 (PRDX1), carnitine 
O-acetyltransferase (CRAT), and peroxisomal membrane pro-
tein 4 (PXMP4) were obtained from the Human Protein Atlas 
ver20.0 (Available from http://www.proteinatlas.org/, accessed 
November 3, 2021).

Data for the single-cell atlas of the peripheral immune 
response in patients with severe COVID-19 were obtained 
from Wilk data17 which was obtained using single-cell RNA 
sequencing to profile PBMCs from 7 patients hospitalized for 
COVID-19 and 6 HCs.

The online tool Venn Diagram (http://bioinformatics.psb.
ugent.be/webtools/Venn/) was used to sketch a Venn diagram 

to identify genes common to GSE180594, GSE164805, 
CD14+ monocytes, or CD16+ monocytes in patients with 
severe COVID-19 based on Wilk data.17

Protein-protein interaction network analysis

After identified genes common to GSE180594 and CD14+ 
monocytes or CD16+ monocytes in patients with severe 
COVID-19 using Wilk data, a protein-protein interaction net-
work was drawn using the STRING database (https://string-
db.org/) to evaluate the interactions between genes.

Results
Gene ontology analysis

Gene ontology and KEGG analyses were performed to deter-
mine the functions of the DEGs from GSE180594 and GSE 
164805 using the DAVID tool. Common biological processes 
from GSE180594 and GSE164805 are shown in Figure 1A. 
Significant enrichment was found in GO:0030335: positive 
regulation of cell migration, GO:0000187: activation of mito-
gen-activated protein kinase (MAPK) activity, GO:0008284: 
positive regulation of cell proliferation, and GO:0000165: 
MAPK cascade. Fibroblast growth factor 1 (FGF1) from 
GSE164805 and MAPK1 from GSE180594 are involved in 
these 4 signaling pathways. Fibroblast growth factor 1 is highly 
expressed in patients with mild and severe COVID-19 com-
pared with HCs (Figure 1A). Mitogen-activated protein kinase 
1 was slightly downregulated in patients with acute and post-
COVID-19 compared with HCs (Figure 1B).

Based on KEGG analysis, the enriched pathways of DEGs 
from GSE164805 were related to Hsa04810: regulation of actin 
cytoskeleton, Hsa04916: melanogenesis, and hsa04146: peroxi-
some (Figure 2A). The top 10 enriched pathways of DEGs 
from GSE180594 based on the P value were hsa05323: rheu-
matoid arthritis, hsa04668: TNF signaling pathway, hsa05164: 
influenza A, hsa04060: cytokine-cytokine receptor interaction, 
has05321: inflammatory bowel disease, hsa05145: toxoplasmo-
sis, hsa04010: MAPK signaling pathway, hsa05133: pertussis, 
has05142: Chagas disease (American trypanosomiasis), and 
hsa04620: Toll-like receptor signaling pathway (Figure 2B).

Peroxisomes genes are associated with COVID-19

PRDX1, CRAT, and PXMP4 from GSE164805 are involved 
in peroxisomes, which have not been well studied in COVID-
19. Therefore, we evaluated the levels of these genes in patients 
with mild and severe COVID-19 based on GSE164805. As 
shown in Figure 3A, PRDX1, CRAT, and PXMP4 were highly 
increased in patients with mild and severe COVID-19.

To determine the role of PRDX1, CRAT, and PXMP4 in 
peripheral immune cells, single-cell data for the blood were 
obtained from the human protein atlas. As shown in Figure 3B, 
CRAT and PXMP4 were highly expressed in endothelial cells, 

https://david.ncifcrf.gov/
http://www.proteinatlas.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
https://string-db.org/
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whereas PRDX1 was expressed in all immune cells such as 
monocytes, T cells, dendritic cells, and B cells but not endothe-
lial cells.

Next, to identify the DEGs from GSE180594 and 
GSE164805 in peripheral immune cells from patients with 
COVID-19, Wilk data,17 which were obtained using single-
cell RNA sequencing to profile PBMCs from 7 patients hospi-
talized for COVID-19, were analyzed. The Venn diagrams in 
Figure 4A indicate that 19 genes (CCR2, CD163, CD4, CFL1, 
FOS, HLA-DRB1, HLA-DRA, IFI44, IFIT3, IL6R, IRF7, 
JUN, MAPK14, MX1, MX2, OAS2, OASL, TLR2, and 
TNFAIP3) overlapped genes between GSE180594 and 
CD4+ monocytes in peripheral immune cells from COVID-
19. Three genes (GNAS, CRAT, and SLC7A7) overlapped 

between GSE180594 and CD4+ monocytes in peripheral 
immune cells from COVID-19 (Figure 4A).

Thirteen genes (C1QB, C3AR1, CD163, CFL1, HSPB1, 
IFI44, IFIT3, IL1B, MX1, MX2, OAS2, OASL, and 
TNFAIP3) overlapped between the GSE180594 and CD16+ 
monocytes in peripheral immune cells from COVID-19 
(Figure 4B). MX1, MX2, IFI44, CD163, IFIT3, and OASL 
were highly expressed in acute COVID-19, whereas these 
genes were not changed in post-COVID-19 individuals based 
on GSE180594 (Figure 5).

Furthermore, to understand the roles of overlapping genes 
between GSE180594 and CD4+ monocytes in COVID-19 
pathophysiology, 19 overlapping genes between GSE180594 
and CD4+ monocytes were evaluated using STRING. 

Figure 1. Gene ontology analysis of differentially expressed genes (DEGs) in patients with COVID-19. (A) Gene ontology analysis of DEGs from 

GSE164805 and GSE180594. (B) FGF1 is upregulated in patients with mild and severe COVID-19 (left). MAPK1 is slightly downregulated in patients with 

acute and COVID-19 (right). COVID-19 indicates coronavirus disease 2019; FGF1, fibroblast growth factor 1; GO, gene ontology; MAPK1, mitogen-

activated protein kinase 1.
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Interferon-induced protein 44 (IFI44), 2′-5′-oligoadenylate 
synthetase-like (OASL), 2′-5′-oligoadenylate synthetase 2 
(OAS2), IFIT3, myxovirus resistance genes (MX)1, MX2, and 
IFN regulatory factor 7 (IRF7) were mainly associated with 
CD4, Toll-like receptor 2 (TLR2), JUN, FOX, major histo-
compatibility complex, class II, DR alpha (HLA-DRA), major 
histocompatibility complex, class II, DR beta 1 (HLA-DRB1), 
and MAPK14 (Figure 6A). As shown in Figure 6B, in CD16+ 
monocytes in COVID-19, overlapping genes (OAS, IFI44, 
MX2, MX1, OASL, IFIT3, TNFAIP3, IL1B, HSPB1, CFL1, 
CD163, C3AR1, and C1QB) between GSE180594 and 
CD16+ monocytes in COVID-19 were mainly interacted.

Discussion
We integrated 2 publicly available GEO datasets and used 
multiple bioinformatics tools to identify functional targets in 
patients with COVID-19. Gene ontology analysis revealed 
positive regulation of cell migration, activation of MAPK 
activity, positive regulation of cell proliferation, and MAPK 
cascade. It is well known that the MAPK pathway is activated 
during viral infections18 and regulates apoptosis,19 immune 

response.20 In addition, human SARS-CoV-1 infection acti-
vates the p38 MAPK pathway and enhances phosphorylation 
of its downstream-regulated proteins, particularly kinases.21 In 
this study, FGF1 from GSE164805 and MAPK1 from 
GSE180594 were found to be involved in these 4 signaling 
pathways. Fibroblast growth factor 1 is highly expressed in 
patients with mild and severe COVID-19 compared with 
HCs. Mitogen-activated protein kinase 1 was slightly down-
regulated in patients with acute and post-COVID-19 com-
pared with HCs. There is evidence that FGF1, an acidic FGF, 
is a cellular growth factor and strong angiogenic factor that 
controls the development of new blood vessels.22 Fibroblast 
growth factor 1 and MAPK1 may be effective therapeutic 
agents for COVID-19.

A recent study reported that peroxisomes are associated 
with COVID-19, in which the small viral protein encoded by 
ORF14 binds to the critical peroxisome biogenesis factor 
PEX14.23 Peroxisomes play a role in metabolizing lipids and 
reactive oxygen species24 and are involved in proinflammatory 
and immune pathways.25 Our data showed that peroxisome-
related genes such as CRAT, PRDX1, and PXMP4 were highly 
expressed in patients with mild and severe COVID-19. Thus, 
our data suggest that the peroxisome is important in 
COVID-19.

In this study, MX1, IFI44, CD163, IFIT3, and OASL 
were highly expressed in acute COVID-19, although these 
genes were not changed in post-COVID-19 (Figure 5). In 
addition, these genes were expressed in COVID-19 CD4+ 
and CD16+ monocytes. Previous studies showed that MX1 
and MX2 expression was significantly higher in patients with 
COVID-19 than in a non-COVID-19 group. MX1 is an 
IFN-inducible protein associated with viral infections such as 
influenza and viral encephalitis26 and is triggered by SARS-
CoV-2.27 MX2 is also essential for type I IFN-induced pos-
tentry inhibition of HIV-1 infection.28 Overexpression of 
IFI44 is necessary for restricting respiratory syncytial virus 
infection at an early time postinfection.29 OASL, an IFN-
stimulating gene, plays a role in antiviral defense mecha-
nisms30 and in the inflammatory response to SARS-CoV-2.31 
CD163, a scavenger receptor, plays a role as of inflammation 
and a marker of anti-inflammatory (M2) macrophages.32 
After SARS-CoV-2 infection, immune cells are activated and 
secrete a large number of inflammatory cytokines, resulting in 
a cytokine storm that can result in death.13,33 Analyzing bio-
informatics data from peripheral blood samples revealed that 
MX1, IFI44, IFIT3, and OASL are associated with IFN 
responses. Determining the changes in IFN response genes in 
the human blood after SARS-CoV-2 infection can improve 
our understanding of the mechanism, diagnosis, and treat-
ment of COVID-19.

Conclusions
We comprehensively analyzed the blood cell gene expression 
profile data of patients with COVID-19 using bioinformatics 

Figure 2. Kyoto Encyclopedia of Genes and Genomes pathways 

enriched by differentially expressed genes (DEGs) from (A) GSE164805 

and (B) GSE180594.
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Figure 3. Peroxisome-related genes (PRDX1, CRAT, and PXMP4) associated with COVID-19. (A) Upregulation of peroxisome-related genes (PRDX1, 

CRAT, and PXMP4) in patients with mild and severe COVID-19. (B) Single-cell distribution of peroxisome-related genes (PRDX1, CRAT, and PXMP4) in 

PBMC. Single-cell data from the blood for PRDX1, CRAT, and PXMP4 were obtained from the Human Protein Atlas ver20.0 (available from http://www.

proteinatlas.org/, accessed on November 3, 2021). COVID-19 indicates coronavirus disease 2019; CRAT, carnitine O-acetyltransferase; PRDX1, 

peroxiredoxin 1; PXMP4, peroxisomal membrane protein 4.

http://www.proteinatlas.org/
http://www.proteinatlas.org/
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Figure 4. Venn diagram showing overlap between differentially expressed genes (DEGs) from GSE164805, GSE180594, and single-cell atlas of the 

peripheral immune response in patients with severe COVID-19 based on Wilk data.17 (A) Intersection of DEGs from GEO2R was identified from 

GSE164805, GSE180594, and genes expressed in CD14+ monocytes of patients with COVID-19 (Wilk data). (B) Intersection of GSE164805, GSE180594, 

and genes expressed in CD16+ monocytes of patients with COVID-19 (Wilk data). COVID-19 indicates coronavirus disease 2019

Figure 5. Relative expression of MX1, MX2, IFI44, CD163, IFIT3, and OASL in healthy controls and patients with acute and post-COVID-19. COVID-19 

indicates coronavirus disease 2019.
*P < .05 by unpaired t test.
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methods to preliminary understand the functions and associ-
ated targets of DEGs in the blood cells of these patients. Our 
results suggest that positive regulation of cell migration, activa-
tion of MAPK activity, positive regulation of cell proliferation, 
and MAPK cascade are associated with COVID-19. 
Peroxisome-associated genes such as CRAT, PRDX1, and 
PXMP4 were highly expressed in patients with mild and severe 
COVID 19. In addition, MX1, IFI44, CD163, IFIT3, and 
OASL are highly expressed in patients with acute COVID 19 
and CD14+ and CD16+ monocytes in patients with COVID-
19. Thus, these genes may be useful as diagnostic markers and 
therapeutic targets for COVID-19.
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