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Background: Although the potential of coronavirus disease 2019 (COVID-19) patients to develop pulmonary embolism (PE) is
widely recognized, the underlying mechanism has not been completely elucidated. This study aimed to identify genes common to
COVID-19 and PE to reveal the underlying pathogenesis of susceptibility to PE in COVID-19 patients.

Methods: COVID-19 genes were obtained from the GEO database and the OMIM, CTD, GeneCards, and DisGeNET databases; PE
genes were obtained from the OMIM, CTD, GeneCards, and DisGeNET databases. We overlapped the genes of COVID-19 and PE to
obtain common genes for additional analysis, including functional enrichment, protein—protein interaction, and immune infiltration
analysis. Hub genes were identified using cytoHubba, a plugin of Cytoscape, and validated using the independent datasets GSE167000
and GSE13535. The genes validated by the above datasets were further validated in clinical samples.

Results: We obtained 36 genes shared by PE and COVID-19. Functional enrichment and immune infiltration analyses revealed the
involvement of cytokines and immune activation. Five genes (CCL2, CXCL10, ALB, EGF, and MKI167) were identified as hub genes
common to COVID-19 and PE. CXCL10 was validated in both independent datasets (GSE167000 and GSE13535). Serum levels of
CXCL10 in the COVID-19 group and the COVID-19 combined with PE group were significantly higher than those in the healthy
control group (P<0.001). In addition, there were significant differences between the COVID-19 group and the COVID-19 combined
with PE group (P<0.01).

Conclusion: Our study reveals common genes shared by PE and COVID-19 and identifies CXCL10 as a possible cause of
susceptibility to PE in COVID-19 patients.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, remains an acute infectious disease of global pandemic proportions and is a public health disease that critically
endangers human health."> COVID-19 patients have multiple complications, including pulmonary embolism (PE).> PE
refers to the clinical and pathophysiological syndrome in which a thrombus occurs in the main trunk of the pulmonary
artery or its branches, causing blockage and pulmonary circulation disorders.*” PE, with high incidence, missed
diagnosis and mortality rates, is the third most common cause of cardiovascular death worldwide after stroke and
heart attack.®
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Accumulating evidence suggests that inpatients with COVID-19 more frequently develop PE events than inpatients
without COVID-19.”% A meta-analysis including 3342 COVID-19 patients showed that the incidence of PE events in
COVID-19 patients was 16.5%, considerably higher than that in patients without COVID-19.'® After a meta-analysis of
13 postmortem studies of COVID-19 patients, Zuin et al concluded that the possibility of acute PE events in COVID-19
patients has been underestimated in clinical practice.'' Recently, a large Swedish cohort study revealed that compared
with the control period, the risk ratio for a first PE during days 1-30 after COVID-19 was 33.05, and the increased risk
lasted for six months after COVID-19.'% Early in the COVID-19 epidemic, German researchers performed autopsies on
12 patients who died from the disease and found PE to be the direct cause of death in four of them (1/3)." Furthermore,
compared with the PE patients without COVID-19 infection, PE patients with COVID-19 had an increased risk of in-
hospital mortality, septic shock, respiratory failure, and a longer hospital stay.'*

PE is widely believed to be one of the forms of venous thrombosis. However, the idea that PE is the result of the
migration of blood clots from the venous system is questioned because no initial thrombus is found in many patients.'> "’
Histologic analysis of pulmonary vessels in patients with COVID-19 shows widespread thrombosis with
microangiopathy,'® and in situ immunothrombosis plays a role in the pathophysiology of COVID-19-associated
PE.'”° This perspective is supported by Katsoularis’ study in which risk ratios during days 1-30 after COVID-19
were 33.05, significantly exceeding that for deep-vein thrombosis (4.98)."> In one study, traditional risk factors for
venous thromboembolic disease were not associated with the occurrence of PE in COVID-19 patients.?' In addition,
prophylactic anticoagulation did not prevent the occurrence of PE in hospitalized patients.”> Therefore, it is necessary to
specifically study COVID-19-associated PE rather than treat it as a form of venous thrombosis.

Currently, research on COVID-19-associated PE is dominated by observational studies of incidence, prognosis, and
imaging characteristics, whereas few studies have been conducted to investigate the mechanisms of COVID-19-
associated PE. Bioinformatics analysis provides a means to explore the genetic relationship between two diseases.
Previous studies have indicated that SARS-CoV-2 infection can cause a myriad of complications because there are
common genes between COVID-19 and these complications.Bf26 Therefore, this study aimed to explore the possible
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genetic relationship between COVID-19 and PE through bioinformatics to reveal the underlying pathogenesis of
susceptibility to PE events in COVID-19 patients.
In this study, we used COVID-19 transcriptome data from the GEO (https://www.ncbi.nlm.nih.gov/geo/) database and

COVID-19-related genes and PE-related genes from disease-related databases to perform bioinformatics analyses and
then validated common key genes between COVID-19 and PE. This is the first genomics study of COVID-19 and PE.

Materials and Methods

Collection of COVID-19 and PE Genes

By searching the OMIM (http://omim.org/), CTD (http://ctdbase.org/), GeneCards (https://www.genecards.org/), and
DisGeNET (https://www.disgenet.org/) databases, we collected genes related to COVID-19 and PE. In addition, micro-
array expression data of COVID-19 patients were obtained from the GEO database. GSE157103 was selected, which
consisted of 126 samples, including 100 patients with COVID-19 and 26 patients without COVID-19, consisting of both
ICU and non-ICU patients. Unfortunately, as no human data are available in the GEO database, we only obtained PE

genes through the four disease-related databases mentioned above.

We collected the top 500 genes in each database according to each database scoring rule. If there were fewer than 500
genes in the database, all of them were included. The GSE157103 dataset was analyzed using the DESeq2 package, and
an adjusted p-value (false discovery rate) <0.05 andllog,FoldChangel>1 were used as the screening criteria for important
differentially expressed genes (DEGs).

Subsequently, we obtained COVID-19 genes by taking the intersection of the COVID-19-related genes in the disease-
related database and the DEGs of GSE157103. We then overlapped the genes of COVID-19 and PE to obtain common
genes for further analysis. We accessed these websites on 4 March 2022.

Gene Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were used
to investigate biological activities and pathways. To understand the functional characteristics of the common genes of
COVID-19 and PE, we executed GO and KEGG enrichment analyses using R’s cluster profile package, with a p-value
<0.05 as the cutoff.

Protein—Protein Interaction (PPl) Network Analysis and Screening for Common Hub

Genes
We constructed a PPI network based on the STRING database (https://string-db.org/), with a medium confidence score of

> (0.4, and the PPI network was visualized via Cytoscape (Version 3.9.1).%” Furthermore, we identified hub genes through
five algorithms (BottleNeck, Closeness, Radiality, Betweenness, Stress) of the cytoHubba plugin of Cytoscape. Common
hub genes of COVID-19 and PE were obtained by taking the intersection of the top 10 genes in each of the five
algorithms.

Immune Infiltration Analysis and Correlations Between Hub Genes and Immune Cell

Infiltration
Immune infiltration analysis was performed via the CIBERSORTX tool,”® a deconvolution algorithm that evaluates the
expression of related genes based on gene expression, to calculate the ratio of COVID-19 samples. Correlations between

each immune cell and hub genes were calculated using the Sangerbox online tool.?’

Validation of Hub Genes in External Datasets

To reduce the possibility of false positives, we validated hub genes separately using other COVID-19 and PE datasets
from the GEO database. For COVID-19, we selected GSE167000 for validation, which includes 65 SARS-CoV-
2-positive patients and 30 SARS-CoV-2-negative patients. Additionally, we used the rat PE model dataset GSE13535
for PE. GSE13535 includes 6 control rats and 16 PE model rats. Models with mild PE were established at 2 hours after
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modeling and models with severe PE were established at 18 hours later. Expression data for the hub genes were obtained
using the GEOquery package.

Verification of Genes by Clinical Samples

To further verify the genes validated above, we collected 6 blood samples from COVID-19 combined with PE inpatients.
COVID-19 was determined by a positive polymerase chain reaction test for SARS-CoV-2 and PE was diagnosed by
computed tomography pulmonary angiography. In addition, we collected 6 blood samples from COVID-19-alone
inpatients and 4 healthy individuals who were negative for anti-SARS-CoV-2 IgM/IgG. The COVID-19-alone patients
and the healthy controls were matched with the COVID-19 combined with PE patients for age and sex. Blood samples
were obtained from Henan Provincial People’s Hospital (Henan, China) and centrifuged at 1000xg for 10 min. Levels of
CXCLI10 in serum were measured using a human ELISA kit (Elabscience, Wuhan, China). This study was approved by
the ethics committee of Henan Provincial People’s Hospital (Ethical Review 2023(97)), and written informed consent
from all participants was provided for the use of their blood samples.

Statistical Analysis
GraphPad Prism version 8.0.2 was used to analyze the data. The results are displayed as the mean + SD. Differences between the
two groups were compared by an unpaired Student's #-test. A two-tailed p-value < 0.05 was considered statistically significant.

Results

Collection of COVID-19 and PE Genes

We obtained 880 DEGs from GSE157103 and 500, 500, 500 and 3 COVID-19-related genes from the GeneCards, DisGeNET,
CTD and OMIM databases, respectively. Seventy-two COVID-19 genes were obtained by merging and deduplicating the results
collected from four databases and taking the intersection with DEGs from GSE157103. Similarly, after merging and deduplicating
500, 93, 500, and 207 PE-related genes from the GeneCards, DisGeNET, CTD, and OMIM databases, respectively, we obtained
1069 PE genes. By taking the intersection of 72 COVID-19 genes with 1069 PE genes, we obtained 36 genes common to both
COVID-19 and PE. The screening procedure and results are shown in Table 1 and Figure 1.

Gene Enrichment Analysis

The top 10 GO terms and KEGG pathways are summarized in Figure 2. GO annotation includes three terms: biological
process, cell component, and molecular function. For biological processes, the common genes were enriched in response
to chemical and cytokine-mediated signaling pathways (Figure 2A). Cell component items were mainly enriched in the
endomembrane system and protein-containing complex (Figure 2B). The molecular function category was mainly
enriched in anion binding and carbohydrate derivative binding (Figure 2C). KEGG pathway enrichment analysis included
focal adhesion, the cell cycle, and the p53 signaling pathway (Figure 2D).

Table | Collection of COVID-19 and PE Genes

Disease Database Data Sources Amount of | Filter Condition Amount of Data Merge | Common
or GEO Raw Data After Filtering and Genes
Deduplication
COVID-19 GEO GSEI57103 8109 If the raw data are greater than 500, then 500 | 880 72 36
Database GeneCards 6050 are taken; if the raw data are less than 500, 500
DisGeNET 4018 then all are included. 500
CTD 9893 500
OMIM 3 3
PE Database GeneCards 1378 FDR < 0.05 and llog,FoldChangel>1 500 1069
DisGeNET 93 93
CTD 24200 500
OMIM 207 207

Abbreviations: PE, pulmonary embolism; FDR, false discovery rate.
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Figure | Common gene representation through a Venn diagram.

Abbreviation: PE, pulmonary embolism.
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Figure 2 GO and KEGG pathway enrichment analyses of 36 common genes between COVID-19 and PE. (A) Biological process of GO. (B) Molecular function of GO. (C)
Cellular component of GO. (D) KEGG pathway.
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PPl Network Analysis and Screening of Common Hub Genes
To explore protein interactions, we constructed a PPI network of 36 common genes using the STRING database. There

were a total of 36 nodes and 152 edges in the network, which was visualized by Cytoscape (Figure 3A). We screened the
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Figure 3 Protein—protein interaction (PPI) network analysis. (A) The PPl network of 36 common genes. (B) Five common hub genes were identified by five algorithms
(BottleNeck, Closeness, Radiality, Betweenness, Stress) of the cytoHubba plugin.

top 10 hub genes with five algorithms from the cytoHubba plugin. Five hub genes (CCL2, CXCL10, ALB, EGF, and
MKI67) were obtained by taking the intersection of the top 10 genes in the five algorithms (Figure 3B). CCL2, CXCL10,
EGF, and MKI67 were upregulated in GSE157103; ALB, encoding the most abundant protein in human blood, was
downregulated (Table 2).

Immune Infiltration Analysis and Correlations Between Hub Genes and Immune Cells
There is evidence that immune cell infiltration is involved in the development of COVID-19.>° The CIBERSORTx
algorithm has been applied to investigate the landscape of immune infiltration in COVID-19. The proportions of 22
immune cell types in COVID-19 are shown in Figure 4A. Specifically, the types of immune cells in COVID-19 were
B cells, plasma cells, naive CD4+ T cells, activated memory CD4+ T cells, regulatory T cells, monocytes, and resting
mast cells. In addition, we analyzed the correlation between each immune cell and the 5 hub genes. As shown in
Figure 4B, CCL2 expression was associated with resting memory CD4+ T cells, gamma delta T cells, and neutrophils;
CXCL10 correlated with activated memory CD4+ T cells and activated dendritic cells; ALB correlated with naive CD4+
T cells; EGF correlated with activated memory CD4+ T cells and Tregs; and MKI67 correlated with plasma cells and
activated memory CD4+ T cells. In summary, these results suggest that CCL2, CXCL10, ALB, EGF, and MKI67 may
contribute to the immune microenvironment of COVID-19.

Validation of Hub Genes in External Datasets

To validate the reliability of the five hub genes, we first verified the expression of these genes in the GSE167000 dataset.
As shown in Figure 5A, CXCL10, EGF, and MKI67 in this dataset were significantly upregulated in the SARS-CoV-

Table 2 Hub Genes

Disease | Description BottleNeck | Closeness | Radiality | Betweenness | Stress | LogFCGSEI57103
CCL2 C-C Motif Chemokine Ligand 2 2.00 26.58 4.57 172.97 828.00 1.35

CXCLIO | C-X-C Motif Chemokine Ligand 10 | 2.00 22.58 4.34 89.13 526.00 1.47

ALB Albumin 8.00 28.83 4.80 364.53 1472.00 | —1.28

EGF Epidermal Growth Factor 4.00 25.67 4.60 138.57 930.00 1.33

MKI67 Marker Of Proliferation Ki-67 7.00 23.00 437 151.98 994.00 2.55

Abbreviation: LogFC, log,FoldChange.
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Figure 4 Immune infiltration analysis. (A) The ratio of 22 immune cells in COVID-19 samples. (B) Correlation between each of the immune cells and five hub genes. *p <
0.05; *p < 0.01; ***p < 0.005; ****p < 0.001; - p>0.05.

2-positive group compared with the SARS-CoV-2- negative group. In the GSE13535 dataset, the expression levels of
CCL2 and CXCL10 were significantly increased in the PE model group compared with the control group, both at 2 and
18 hours after modeling. The results are shown in Figure 5B and C. In summary, only CXCL10 was discrepant in both
external datasets. Therefore, we consider CXCL10 to be the most likely key gene involved in COVID-19 and PE.

Verification of Serum CXCLI0 Levels in Human Samples

To verify whether CXCL10 is a key gene involved in COVID-19 associated with PE, we validated CXCL10 with blood
samples. The protein encoded by CXCL10 is a secreted protein, also known as interferon-inducible protein 10 (IP-10),
which belongs to the CXC chemokine family of chemokines and is present in serum and plasma. We measured serum
levels of CXCL10 in 4 healthy controls, 6 COVID-19 patients, and 6 COVID-19 patients with PE. Levels of CXCL10 in
the COVID-19 and the COVID-19 combined with PE groups were significantly higher than those in the healthy control
group (p <0.001). In addition, there were significant differences between the COVID-19 group and the COVID-19
combined with PE group (p <0.01), as shown in Figure 6.
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Figure 5 Validation of the hub genes in the external datasets. (A) The expression of CCL2, CXCLI0, ALB, EGF, and MKI67 in the COVID-19 dataset (GSEI6700). (B) The
expression of CCL2, CXCLI0, ALB, EGF and MKI67 in the PE dataset (GSE|3535) at 2 hours after modeling. (C) The expression of CCL2, CXCLI0, ALB, EGF and MKI67
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Figure 6 Verification of serum CXCLI0 levels in human samples (4 healthy controls, 6 COVID-19 patients, and 6 COVID-19 patients with PE). **p < 0.01, ****p < 0.001.

Discussion

During the COVID-19 pandemic, several studies have described an increased risk of developing PE, which contributes to
a significant increase in mortality among COVID-19 patients. However, the underlying pathogenesis of susceptibility to
PE in COVID-19 is not yet fully understood. In this study, we first performed a genomics analysis of COVID-19 and PE
to reveal genetic interrelations between the two diseases.

We identified 36 common genes shared in COVID-19 and PE. In a sense, these common genes suggest that there are
relationships between COVID-19 and PE. Enrichment analysis showed that these genes were involved in cytokine-
mediated signaling pathways, and immune infiltration analysis indicated that immune activation was involved in COVID-
19. SARS-CoV-2 can continuously activate the body’s natural immune system and, as a result, cause the release of
inflammatory cytokines.*>*! Cytokines play critical roles in the pathogenesis of COVID-19.*>* In particular, uncon-
trolled cytokines could lead to a systemic inflammatory response syndrome and release “messenger substances”, which
cause thrombosis and blood vessel blockage.'* This is consistent with clinical studies in which histologic analysis of the
lung in patients with COVID-19 showed infiltration of multiple immune cells and widespread microthrombosis.'®>3¢
Inflammation may be a major contributor to PE in the context of COVID-19.

We then performed a comprehensive analysis to construct the PPI network, and a strong genetic, protein-based
relationship was found among common genes shared in COVID-19 and PE. CCL2, CXCL10, ALB, EGF, and MKI67
were identified as hub genes, with CXCL10 validated by external datasets and human samples. These results suggest that
CXCLI10 is a key gene common to both COVID-19 and PE and that it may be responsible for susceptibility to PE in
COVID-19 patients.

CXCL10, also termed IP-10, is secreted after interferon-gamma production by a wide variety of cell types, such as
endothelial cells, fibroblasts, monocytes, and T lymphocytes.>’” CXCL10 is a key regulator of the “cytokine storms”
caused by SARS-CoV-2 infection®® and tends to be elevated earlier in COVID-19 patients than other inflammatory
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cytokines.>® There is sufficient evidence that in COVID-19 patients, CXCL10 levels are significantly elevated and
associated with adverse clinical outcomes.**** Consistent with these findings, our study showed elevated levels of
CXCL10 in the COVID-19 group with or without PE compared with healthy controls.

The role of CXCL10 in atherosclerosis and myocardial infarction has been extensively described.**** However, it is not
clear whether CXCL10 plays a role in the development of PE. Studies have shown that CXCL10 induces not only
chemoattraction of inflammatory cells but also migration and proliferation of endothelial cells and vascular smooth muscle
cells.****® CXCR3, the receptor for CXCL10, has been reported to be expressed in pulmonary artery endothelial cells (PAECs),
and CXCL10 can lead to PAEC dysfunction.*” Improved endothelial healing prevents arterial thrombosis, but CXCL10 can
inhibit endothelial healing.*® Therefore, CXCL10 may be involved in the formation of arterial thrombosis. In our study, the
CXCL10 levels in the COVID-19 combined with PE group were significantly higher than those in the COVID-19 group.

In summary, we hypothesize that CXCL10, as an early upregulated inflammatory factor in COVID-19, plays a dual
role by recruiting diverse inflammatory cells to infiltrate and release “messenger substances”, promoting thrombosis,
while also potentially causing dysfunction of PAECs and contributing to pulmonary thrombosis in COVID-19 patients. In
the future, we will focus on elucidating the underlying mechanisms by which CXCL10 may contribute to the develop-
ment of pulmonary artery thrombosis in COVID-19 patients.

Limitations of the Study

The study has several limitations, which must be acknowledged. Given the paucity of available human datasets for PE,
we used the dataset from rats to validate hub genes. However, CXCL10 has also been validated in clinical samples. In
addition, limited clinical samples were available for this study, and we only compared CXCL10 levels in 4 healthy
controls, 6 COVID-19 patients, and 6 COVID-19 patients with PE. We will further validate our conclusions by
expanding the sample size.

Conclusion

In this study, we obtained 36 common genes, established a coexpression network between COVID-19 and PE, and
identified and validated CXCL10 as a common key gene in both diseases that may be responsible for susceptibility to PE
events in COVID-19 patients. Consequently, our research first describes the possible genetic relationship between
COVID-19 and PE to further reveal the mechanisms of COVID-19-associated PE.
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