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Abstract: Atherosclerosis is an important medical and
social problem, and the keys to solving this problem
are still largely unknown. A common situation in real
clinical practice is the comorbid course of atherosclerosis
with chronic obstructive pulmonary disease (COPD). Diseases
share some common risk factors and may be closely linked
pathogenetically. Methods: Bioinformatics analysis of data-
sets from Gene Expression Omnibus (GEO) was performed
to examine the gene ontology (GO) of common differentially
expressed genes (DEGs) in COPD and peripheral arterial
atherosclerosis. DEGs were identified using the limma R
package with the settings p < 0.05, corrected using the
Benjamini & Hochberg algorithm and llog 2FCl > 1.0. The
GO, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment, and the protein—protein interaction
(PPI) network analysis were performed with the detected
DEGs. Results: The biological processes and signaling path-
ways involving common DEGs from airway epithelial datasets
in COPD and tissue in peripheral atherosclerosis were identi-
fied. A total of 15 DEGs were identified, comprising 12 upre-
gulated and 3 downregulated DEGs. The GO enrichment
analysis demonstrated that the upregulated hub genes
were mainly involved in the inflammatory response, reac-
tive oxygen species metabolic process, cell adhesion, lipid
metabolic process, regulation of angiogenesis, icosanoid
biosynthetic process, and cellular response to a chemical
stimulus. The KEGG pathway enrichment analysis demon-
strated that the common pathways were Toll-like receptor
signaling pathway, NF-kappa B signaling pathway, lipid
and atherosclerosis, and cytokine—cytokine receptor inter-
action. Conclusions: Biological processes and signaling
pathways associated with the immune response may link the
development and progression of COPD and atherosclerosis.
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Introduction

Atherosclerosis and chronic obstructive pulmonary dis-
ease (COPD) are among the most important medical and
social problems of the modern society [1-3]. They are
characterized by high prevalence and are associated
with a high incidence of temporary and persistent dis-
ability and mortality. Both diseases often occur simulta-
neously in the same patient and are often not diagnosed
on time, and it is not possible to determine which one
developed first [4,5]. This may be due to several risk fac-
tors in common, with smoking playing a major role [5,6].
The pathogenesis of COPD is thought to be based on
chronic diffuse inflammation in the bronchi, which involves
many cells.

Interestingly, atherosclerosis is unevenly distributed
among patients with different clinical variants of COPD.
The full details of these relationships are not yet known,
but it is thought that COPD may predispose patients to
diffuse atherosclerotic lesions with worse clinical out-
comes [7]. In addition, the bronchial variant of COPD is
thought to be more often associated with atherosclerosis.
The significance of the problem can be emphasized by the
fact that cardiovascular diseases associated with athero-
sclerosis are the leading cause of death in COPD patients.
The paradoxical relationship between the prognosis of
COPD patients and obesity is also the subject of a sepa-
rate discussion [8]. Studies suggest that overweight and
obesity are associated with better clinical outcomes in
COPD, which seems interesting given the known role of
obesity in the course of cardiovascular disease. These
findings suggest that despite intensive research into the
pathogenesis of COPD and atherosclerosis, many links in
the complex chain of events that link both diseases still
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require research. In addition, the clinical heterogeneity of
COPD is both a cause and a consequence of the lack of
research into the links with atherosclerosis, as most stu-
dies do not consider the clinical heterogeneity of COPD
when conducting research.

In the complex history of the study of atherosclerosis,
several theories of its pathogenesis have emerged, in
which lipid metabolism disorders play a leading role,
underpinning the current therapeutic strategies. The invol-
vement of impaired immune processes also seems clear,
given the involvement of immune cells such as macro-
phages and the production of many cytokines and chemo-
kines by the cells. Low-density lipoproteins (LDL) accumu-
late in the arterial wall and are taken up by macrophages,
leading to activation of innate immunity [9]. Moreover,
macrophages play a crucial role in all stages of athero-
sclerotic lesion progression, releasing cytokines, chemo-
kines, and matrix metalloproteinases (MMPs) that degrade
extracellular matrix components, leading to plaque desta-
bilization [10,11].

Research in recent years has significantly increased
the understanding of the role of immune and metabolic
links in the pathogenesis of both COPD and athero-
sclerosis. Indeed, the lung is an organ with unique lipid
biology, and impaired lipid homeostasis in smoking is an
important part of the pathogenesis of COPD.

Thus, closely intertwined immunometabolic pathways
are characteristic of not only COPD but also atherosclerosis.
In this regard, it is of interest that common biological pro-
cesses and signaling pathways may link the development
and progression of COPD and atherosclerosis.

The aim of this research was to investigate the gene
ontology (GO) of common differentially expressed genes
(DEGs) in COPD and peripheral arterial atherosclerosis
using bioinformatics analysis. The data obtained in the
present study may be of research and clinical interest, as
the search for common links in pathogenesis will allow to
better understand the mechanisms of comorbid disease
course.

Materials and methods

Data collection

The analysis was performed on the previously studied data
sets (gene sets) obtained from The Gene Expression Omnibus
(GEO), The National Center for Biotechnology Information
(NCBI) [12]. The gene expression levels in the GSE5058
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[13,14], GSE11906 [15], GSE11784 [16,17], and GSE100927
[18] datasets were used for the analysis.

From the GSE5058 dataset, gene expression data in
bronchoscopy bronchial epithelial samples from 12 healthy
nonsmokers and 6 smokers with COPD were included in
the analysis. Data were obtained using the GPL570 [HG-
U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0
Array. Data normalization was performed using a Mas5
normalization method.

From the GSE11906 dataset, gene expression data in
bronchial epithelium samples of order 2-3 and bronchial
epithelium samples of order 10-12 obtained by broncho-
scopy in 42 healthy nonsmokers and 20 smokers with
COPD were included in the analysis. Data were obtained
using the GPL570 [HG-U133_Plus_2] Affymetrix Human
Genome U133 Plus 2.0 Array platform. Mas5 normaliza-
tion without log transformation was performed.

From the GSE11784 dataset, gene expression data in
10-12-order bronchial epithelium from 63 healthy non-
smokers and 22 patients with COPD were included in the
analysis. Data were obtained using the GPL570 [HG-
U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0
Array platform. Mas5 normalization without log transfor-
mation was performed.

Gene expression data in 29 samples of atherosclerotic
lesions of carotid arteries, 26 samples of atherosclerotic
lesions of femoral, and 14 samples of atherosclerotic lesions
of infra-popliteal arteries and samples from control arteries
without atherosclerotic lesions from 12 carotid, 12 femoral,
and 11 infra-popliteal from patients undergoing carotid,
femoral, or infrapopliteal endarterectomy were included
in the analysis from GSE100927 dataset. Data were obtained
using a GPL17077 Agilent-039494 SurePrint G3 Human GE
v2 8x60K Microarray 039381 (Probe Name version). Data
normalization was performed using a locally weighted
scattered plot smoother analysis (LOWESS).

Data extraction

The following information was extracted for the COPD
datasets: the number of COPD patients and healthy non-
smokers and preprocessed gene expression data. Compar-
ison groups were formed to analyze the gene expression
data: healthy nonsmokers and COPD patients.

For the data set with atherosclerosis, the following
information was extracted: the number of samples obtained
from patients with atherosclerosis and healthy individuals
and preprocessed gene expression data. For gene expres-
sion data analysis, comparison groups were formed:
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samples obtained from patients with atherosclerosis of var-
ious localizations and a control group of samples from
healthy individuals.

Differential expression analysis

To assess the DEGs, bioinformatic analysis was performed
in the comparison groups using the limma package in R
(v. 4.0.2) and the GEO2R and Phantasus application (v. 1.11.0)
[19]. Normalization (log 2 transformation followed by quan-
tile normalization) was performed in the analysis. The Ben-
jamini & Hochberg (false discovery rate (FDR)) algorithm
was used to adjust the statistical significance level for mul-
tiple comparisons. The conditions for screening for DEGs
were an absolute value of llogFCl > 1 and p values satisfying
the FDR condition <5%. The Volcano plots were constructed
using the SangerBox tool. Common DEGs were determined
using the Functional Enrichment analysis tool (FunRich v.
3.1.3) with the construction of Venn diagrams [20]. DEGs
that changed in the same direction in all data sets (were
upregulated in all data sets or downregulated in all data
sets) were considered to be common.

GO analysis

To further investigate the expression patterns of indivi-
dual genes in the context of specific biological processes
or molecular pathways, GO analysis and the identification
of signaling pathways by the Kyoto Encyclopedia of Genes
and Genomes (KEGG) were performed using GEO2Enrichr
[21], ShinyGO (v. 0.741) [22], and GOnet [23], and their func-
tional enrichment and visualization was done. The p < 0.05
value corrected using the Benjamini & Hochberg algorithm
was set as the threshold for identifying biological processes
and pathways.

Protein—protein interactions (PPIs) of protein pro-
ducts of common DEGs were evaluated using the online
Search Tool for the Retrieval of Interacting Genes data-
base (STRING v. 11.5). An interaction score of at least 0.4
(medium confidence score) was considered significant. PPIs
were visualized using Cytoscape (v. 3.8.2). Interactions
between DEGs were analyzed using the Network Analyzer
plug-in module of Cytoscape software. In addition, mole-
cular complex detection (MCODE) was used to search for
gene clusters in the PPI network [24]. The cut-off criteria
were “degree cutoff = 2,” “node score cutoff = 0.2,” “k-core =
2,” and “max depth = 100.”
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In addition, the most important genes in the network
were identified using the cytoHubba plugin tool in the
Cytoscape software [25]. The Cytoscape cytoHubba plugin
was used to rank the nodes in the network according to
their network characteristics. The Maximal Clique Cen-
trality (MCC) topological analysis algorithm was used to
analyze, predict, and visualize key proteins in molecular
PPI interaction networks.

Results

Identification of DEGs

The bioinformatics analysis performed showed the pre-
sence of DEGs in the comparison groups. Volcano plots
were used to visualize the identified DEGs (Figure 1).

In the GSE100927 set, 399 upregulated DEGs and 160
downregulated DEGs were identified using selected cut-
off criteria (Figure 1, Table S1). Further analysis showed
the presence of common DEGs in the GSE5058, GSE11784,
and GSE11906 datasets studied (Figure 2). In the three
COPD sets, 137 common upregulated DEGs and 92 down-
regulated DEGs were identified (Table S2).

Enrichment analysis of DEGs
Enrichment analysis of DEGs in COPD

The results of the GO biological process (BP) analysis
revealed that the upregulated DEGs of COPD datasets
were mainly enriched in the cellular response to chemical
stimulus, cell adhesion, cell motility, unsaturated fatty
acid metabolic process, arachidonic acid metabolic pro-
cess, icosanoid metabolic process, reactive oxygen spe-
cies (ROS) metabolic process, angiogenesis, and blood
vessel morphogenesis (Figure 3, Table S3). Upregulated
DEGs in COPD have been enriched by KEGG pathways
such as arachidonic acid metabolism, metabolism of
xenobiotics by cytochrome P450, ECM-receptor interaction,
glycerolipid metabolism, phagosome, Toll-like receptor sig-
naling pathway, lipid and atherosclerosis, chemical carci-
nogenesis, and metabolic pathways (Figure 3, Table S4).
The findings confirm the importance of immune processes,
including those associated with the Toll-like receptor sig-
naling pathway, in the pathogenesis of COPD. Of interest is
the involvement of metabolic pathways, including those
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Figure 1: Volcano plots characterizing DEGs in selected sets. Colored dots in the graph indicate genes showing differential expression with
|log 2FC| > 1and p < 0.05, while black dots do not meet these criteria. The red dots indicate upregulated DEGs and are displayed on the right
side of the graph, and the blue dots indicate downregulated DEGs - they are displayed on the opposite side.

related to the metabolism of arachidonic acid, which is at
the intersection of pro- and anti-inflammatory pathways,
being the metabolite for the synthesis of inflammatory med-
iators and specialized pro-resolving mediators [26,27].

The results of the GO biological process (BP) analysis
revealed that the downregulated DEGs of COPD datasets were

mainly enriched in the lung-associated mesenchyme develop-
ment, mesenchymal cell proliferation involved in lung develop-
ment, positive regulation of transmembrane transport, positive
regulation of blood vessel endothelial cell proliferation involved
in sprouting angiogenesis, response to mechanical stimulus,
and cell differentiation (Figure 4, Table S5).
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Figure 2: Venn diagrams with common DEGs of the GSE5058,
GSE11784, and GSE11906 datasets. (a) Upregulated common DEGs
(b) downregulated common DEGs.
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Enrichment analysis of DEGs in atherosclerosis

The results of the GO biological process (BP) analysis
revealed that the upregulated DEGs of atherosclerosis
datasets were mainly enriched in the immune response,
immune system process, cell activation, cell activation
involved in immune response, cytokine production, leu-
kocyte degranulation, leukocyte migration, myeloid leu-
kocyte activation, myeloid leukocyte-mediated immu-
nity, and myeloid cell activation involved in immune
response (Figure 5, Table S6). Upregulated DEGs in
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Figure 3: GO enrichment analysis by biological processes (a) and KEGG pathways (b) for common upregulated DEGs from GSE5058,

GSE11784, and GSE11906 datasets. Biological processes and KEGG pathways are ranked by fold enrichment values. The most significant
processes are highlighted in red, and the less significant processes are highlighted in blue according to log10(FDR) values. Larger dots in
the graph indicate a greater number of genes involved.
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atherosclerosis have been enriched by KEGG pathways
such as chemokine signaling pathway, leukocyte transen-
dothelial migration, phagosome, lipid and atherosclerosis,
cell adhesion molecules, and cytokine—cytokine receptor
interaction (Figure 5, Table S7). The findings confirm the
known evidence that atherosclerosis is a disease with sig-
nificant immune system involvement.

The results of the GO biological process (BP) analysis
revealed that the downregulated DEGs of atherosclerosis
datasets were mainly enriched in the regulation of the
muscle system process, blood circulation, muscle struc-
ture development, smooth muscle cell proliferation, acto-
myosin structure organization, actin filament organiza-
tion, regulation of cellular component movement, and
anatomical structure morphogenesis (Figure 6, Table S8).
The data obtained are in accordance with the known infor-
mation about the role of impaired structure and the func-
tion of vascular smooth muscle cells in the pathogenesis
of atherosclerosis. In addition, the role of actin filaments
in providing structural and functional characteristics of
endothelial cells and their association with the impaired
nature of the blood flow in the development and progres-
sion of atherosclerosis is known [28].

The data suggest an important role for impaired
metabolic and immune processes in the pathogenesis of
COPD and atherosclerosis.
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Identification of the most important genes
and pathways using DEG PPI network
analysis

Identification of the most important genes in COPD

A PPI network was constructed for the DEGs GSE5058,
GSE11784, and GSE11906 using the STRING online database.
From the resulting PPI network, two clusters were identified
using the MCODE plugin for Cytoscape (Figure 7). For the
GO analysis, functionally related meaningful clusters from a
common subnetwork were used with MCODE >5 and the
number of nodes >6. The following hub genes were identi-
fied using the cytoHubba plugin (Figure 7).

The functional enrichment analysis of these hub genes
in the modules was mainly related to the immune system,
including Toll-like receptor signaling pathway, NOD-like
receptor signaling pathway, TNF signaling pathway, cyto-
kine—cytokine receptor interaction, IL-17 signaling pathway,
lipid metabolism disorders — lipid and atherosclerosis (Figure 8).

Identification of the most important genes in
atherosclerosis

A PPI network was constructed for DEGs from the GSE130927
dataset using the STRING online database. From the
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Figure 4: GO enrichment analysis by biological processes for common downregulated DEGs from GSE5058, GSE11784, and GSE11906
datasets. Biological processes are ranked by fold enrichment values. The most significant processes are highlighted in red, and the less
significant processes are highlighted in blue according to log10(FDR) values. Larger dots in the graph indicate a greater number of genes

involved.
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Figure 5: GO enrichment analysis by biological processes (a) and KEGG pathways (b) for common upregulated DEGs from data set
GSE100927. Biological processes and KEGG pathways are ranked according to the fold enrichment values. The most significant processes
and KEGG pathways are highlighted in red, and the less significant processes are highlighted in blue according to log10(FDR) values. Larger
dots in the graph indicate a greater number of genes involved.
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are ranked according to the fold enrichment values. The most significant processes are highlighted in red, and the less significant ones in
blue according to log10(FDR) values. Larger dots in the graph indicate a greater number of genes involved.

resulting PPI network, seven clusters were identified using
the MCODE plugin for Cytoscape, of which four were
selected for further analysis based on MCODE >5 and the
number of nodes >6. (Figure 9). Hub genes for each cluster
were identified using the cytoHubba plugin (Figure 9).
The functional enrichment analysis of these hub genes
in clusters was mainly related to the myeloid leukocyte-
mediated immunity, macrophage activation, phagocytosis,
neutrophil activation involved in immune response, immune
response, cell surface receptor signaling pathway, interferon-
gamma-mediated signaling pathway, antigen processing and
presentation, activation of immune response, innate immune
response, and response to cytokine (Figure 10, Table S9).

Identification of common hub genes in
COPD and atherosclerosis

Further analysis showed the presence of common DEGs in
the GSE5058, GSE11784, GSE11906, and GSE100927 data-
sets. Twelve common upregulated DEGs and three down-
regulated DEGs were identified (Figure 11). As only three
common downregulated DEGs (MT1M, ITLN1, and C3) were
identified, they were not functionally annotated.

The results of the GO biological process (BP) analysis
revealed that the upregulated common DEGs were mainly
enriched in the inflammatory response, cytokine produc-
tion, cytokine-mediated signaling pathway, ROS metabolic

process, regulation of response to stress, cellular response
to chemical stimulus, lipid metabolic process, positive reg-
ulation of lipid localization, regulation of response to stress,
regulation of cell adhesion (Figure 12, Table S10). Common
upregulated DEGs GSE5058, GSE11784, GSE11906, and
GSE100927 datasets have been enriched by KEGG path-
ways such as lipid and atherosclerosis, cytokine—cytokine
receptor interaction, NF-kappa B signaling pathway, Toll-
like receptor signaling pathway, NOD-like receptor signaling
pathway, phagosome, necroptosis, and ECM-receptor inter-
action (Figure 12, Table S11). The findings confirm the sig-
nificant role of immune processes and lipid metabolism in
the pathogenesis of both COPD and atherosclerosis.

A network of PPIs was constructed for common upre-
gulated DEGs using the STRING online database. The fol-
lowing hub genes were identified using the cytoHubba
plugin in Cytoscape (Figure 13). The functional roles
and general information about the nine upregulated hub
genes are presented in Table 1.

The functional enrichment analysis by biological pro-
cesses of these hub genes in the modules was mainly
related to the regulation of response to external stimuli,
regulation of angiogenesis, inflammatory response, ROS
metabolic process, cell adhesion, lipid metabolic process,
icosanoid biosynthetic process, cellular response to che-
mical stimulus, and anatomical structure morphogenesis
(Figures 14 and 15, Table S12). For the GO molecular func-
tion analysis, the upregulated hub genes were significantly
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Figure 7: The most important clusters selected from the PPI network (a) cluster 1; (b) cluster 2. A node in the PPl network denotes a protein
and an edge denotes an interaction. The most important genes evaluated in the PPl network using the MCC algorithm in CytoHubba,
Cytoscape (c) cluster 1; (d) cluster 2. The most important genes are ranked as follows: the most important genes are highlighted in red, the
less important genes in orange, and even less important genes in yellow.

enriched in interleukin-1 binding, cytokine activity, cyto-
kine receptor binding, arachidonate 5-lipoxygenase activity,
and phospholipase A2 activity (Figure 14, Table S13). The
analysis of the KEGG pathways involved in the most signif-
icant shared genes of GSE5058, GSE11784, GSE11906, and
GSE100927 sets showed enrichment along NF-kappa B sig-
naling pathway, Toll-like receptor signaling pathway, necrop-
tosis, lipid and atherosclerosis, cytokine—cytokine receptor
interaction (Figure 14, Table S14).

The findings showed that NF-kappa B signaling pathway,
Toll-like receptor signaling pathway, NOD-like receptor sig-
naling pathway, and lipid metabolism disorders are involved
in the pathogenesis of both COPD and atherosclerosis.

Discussion

In the present study, an integrated bioinformatics ana-
lysis of human gene chip data in sets obtained from the GEO
database was performed to examine key pathways asso-
ciated with the comorbid development of COPD and ather-
osclerosis. Investigation of potential common mechanisms

of COPD and atherosclerosis seems to be an urgent clinical
task, given the wide prevalence of both diseases and the
fact that diseases are often combined in one patient and
mutually aggravate the clinical picture and prognosis.

DEGs were searched for and compared in the airway
epithelium of COPD compared to normal controls and in
atherosclerotic plaques of different localizations compared
to the normal peripheral arterial wall. Statistically signifi-
cant differences in gene expression levels were taken into
account and corrected using the Benjamini & Hochberg
algorithm. Common DEGs for COPD and peripheral ather-
osclerosis were subjected to the bioinformatics analysis.
Their gene ontology was assessed for biological processes
(GO-BP), molecular function (GO-MF), and involvement in
the KEGG pathways. The analysis was then performed
using STRING and Cytoscape tools to search for the most
significant common genes and their functional analysis.

The most significant common upregulated DEGs were
IL1b, CYBB, ILIRN, MMP12, BCL2A1, SPP1, ALOX5, IGSF6,
and PLA2G7.

The findings support the evidence that the immune
system is involved in the pathogenesis of both COPD and
atherosclerosis [29-33]. A number of recent studies show
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genes in common are grouped. Bigger dots indicate larger values of statistical differences (p).

that in a proportion of COPD patients, inflammation may
generalize through the circulatory system and cause sys-
temic inflammatory organ damage. In this context, COPD
is often considered as a disease with not only pulmonary
but also extrapulmonary clinical manifestations, which may
have a major impact on severity and prognosis. According
to this concept, the increased severity of systemic inflam-
mation may contribute to concomitant chronic comorbid-
ities often seen in patients with COPD, such as cardiovas-
cular diseases associated with atherosclerosis and which
are associated with poor clinical outcomes.

According to the current thinking, atherosclerosis is
a chronic inflammatory disease of large and medium-
sized arteries caused by an innate immune response
involving myeloid cells such as monocytes and macro-
phages [34]. Atherosclerosis is characterized by a suben-
dothelial accumulation of cholesterol, immune cells, and

extracellular matrix, leading to the formation of athero-
sclerotic plaque [35-38]. Macrophages play a crucial role
in all stages of atherosclerotic lesion progression [39,40].
Macrophages differentiate into foamy cells after recogni-
tion and internalization of oxidized LDL (oxLDL). In addi-
tion, oxLDL stimulates TLR in macrophages, exacerbating
inflammation in the plaque. Activated macrophages release
cytokines, chemokines, and MMPs, the latter destroying
components of the extracellular matrix and thus leading
to plaque destabilization.

Although the full details of comorbid disease develop-
ment and course are still unknown, studies have shown
that systemic inflammation and oxidative stress are con-
sidered to be key pathophysiological factors linking COPD
and atherosclerosis.

The data from the study support the evidence that the
immune system is involved in the pathogenesis of both
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COPD and atherosclerosis [30-33]. The most significant
DEGs for both diseases was IL-1B. IL-1p is a typical cyto-
kine of innate immunity that is involved in the initiation
and maintenance of inflammation [41-43]. It is a key
mediator of neutrophilic airway inflammation in COPD,
and its levels are significantly elevated in small airway
epithelial cells in COPD [43,44]. Smokers have elevated
levels of IL-1B in bronchoalveolar lavage fluid compared

with nonsmokers [45,46]. In addition, serum IL-1p levels
are significantly increased during exacerbation of COPD
and correlate positively with serum C-reactive protein
levels, neutrophil counts, and smoking history, but cor-
relate negatively with predicted FEV1%. These findings
suggest that elevated serum IL-1fB levels can be consid-
ered as a bhiomarker of persistent neutrophilic airway
inflammation and COPD exacerbation [47].



DE GRUYTER

Microglial cell mediated cytotoxicity =
. Regulation of microglial cell mediated cytotoxicity =
Positive regulation of microglial cell mediated cytotoxicity =
Regulation of neutrophil deqranulalion -

" i eigulation of neutrophil activation
Positive regulation of myeloid leukocyte mediated immunity
Superoxide anion generation
) . Microglial cell activation
Regulation of myeloid leukocﬁle mediated immunity
lacrophage activation

(a)

2 agoc¥lo§|s

. Neutrophil degranulation
Neutrophil activation involved in immune response
Neutrophil mediated immunity

Neutrophil activation

Granulotgtte activation

Leukocyte degranulation

Myeloid cell activation involved in immune response
Myeloid leukocyte mediated immunity

yeloid leukocyte activation

Leuko%(te activation involved in immune response
ell activation involved in immune response
egulated exocytosis

Leukocyte mediated immunity

Exocytosis

Immune effector process

Defense response

Immune response

Response to external stimulus

Cell surface receptor signaling pathway

Analysis of differentially expressed genes and signaling pathways

Synapse pruning =
Cell junction disassembly =

(b)

Neaati

Jot of Bcell
Complement activation, classical pathway
1 immune

B cell mediated immunity =

Activation of immune response =

Myeloid leukocyte activation =

Adaptive immune response =

Positive regulation of immune response
Leukocyte activation

Leukocyte mediated immunity

Positive regulation of immune system process
Immune effector process

Cell activation

Regulation of immune response
Immune response

Response to biotic stimulus

Regulation of imlmune system process
Immune system process

(c)

[ 0 '
0 500 1000 1500

Fold Enrichment

-0
-e
-0
-e
-e
-0
' '
0 100

2(.)0 3(.)0 4(.)0
Fold Enrichment

Homeostasis of number of cells within a tissue = .

Antigen processing and presentation of peptide or polysaccharide antigen via MHC class Il =

Interferon-gamma-mediated signaling pathway =
peptide antigen via MHC class Il =
Antigen processing and presentation of peptide antigen via MHC class Il =

Antigen and p of

Antigen processing and presentation = @

T cell receptor signaling pathway =

Antigen and of peptide antigen =
Homeostasis of number of cells =
Antigen and of antigen =

Response to interferon-gamma =
Antigen processing and presentation of peptide antigen =
Adaptive immune response =

Positive regulation of immune system process = @
Positive regulation of immune response = ®
Cellular response to cytokine stimulus = @

Response to cytokine =

Regulation of immune system process =

Immune response =
Immune system process =@
v

Regulation of T cell proliferation

Regulation of T cell activation

Leukocyte cell-cell adhesion

Immune response-activating cell surface receptor signaling pathway
Immune resp g signal

Positive regulation of cell adhesion

Regulation of lymphocyte activation

Immune response-regulating cell surface receptor signaling pathway

Immune response-regulating signaling pathway

T cell activation

Lymphocyte activation

Activation of immune response

Leukocyte differentiation

Regulation of leukocyte activation

Regulation of cell adhesion

Positive regulation of iImmune system process

Leukocyte activation

Cell activation

Regulation of inmune system process

Immune system process

(d)

0 5.0 I(.)O 150
Fold Enrichment

- L
- °
- °
- °
- °
- °
- L]
- °
- °
- °
- °
- °
- L]
- °
- [ ]
bt
L= }
-0
-0
' ' ' '
10 20 30 40

Fold Enrichment

45

-log10(FDR)

-log10(FDR)
5
4

-log10(FDR)
3.5
3.0
2.5

N. of Genes

L XX B
©osN

-log10(FDR)
5.

Pt el i
[SXS K- RN

N. of Genes

00000 -
woNou~ O

Figure 10: GO enrichment analysis by biological processes for common upregulated DEGs from the four most significant clusters of the
GSE100927 dataset (a) cluster 1, (b) cluster 2, (c) cluster 3, (d) cluster 4. Biological processes are ranked according to the fold enrichment
values. The most significant processes are highlighted in red, and the less significant processes are highlighted in blue according to

log10(FDR) values. Larger dots in the graph indicate a greater number of

genes involved.



46 —— Stanislav Kotlyarov DE GRUYTER

(a) GSE5058  GSE11906 (b) GSE5058 GSE11906
GSE11784
GSE100927 GSE100927 GSE11784
3779 24 4822 63
82 24 183 25
281 125 80 114 89 58
0 12 115 0 3 106
1 4 / 1 1 /
5 2

Figure 11: Venn diagrams with common DEGs from the GSE5058, GSE11784, GSE11906, and GSE100927 datasets: (a) upregulated DEGs and
(b) downregulated DEGs.

Ether metabolic process

Regulation of reactive oxygen species biosynthetic process
Positive regulation of'lipid localization
Reactive oxygen species biosynthetic process
(a) Regulation of response to wounding
Regulation of lipid localization

Reactive oxygen species metabolic process
Hormone secretion

Hormone transport

Signal release

Inflammatory response

Response to peptide

Regulation of cell adhesion

Regulation of cytokine production

Cytokine production

Cytokine-mediated sli:?naling pathway
esponse to lipid

Response to organic cyclic compound
Regulation of response to external stimulus
Secretion by cell

Export from cell

Lipid metabolic process

Secretion

Cell adhesion

Biological adhesion

Defense response

Regulation of response to stress

Cellular response to stress

Cellular response to chemical stimulus
Response to stress

-log10(FDR)
3.6
3.2
2.8
2.4

N. of Genes

o000 -
00O PLPN

0'660000000000000000...

1 1
50 100

Fold Enrichment

(b) Valine, leucine and isoleucine biosynthesis = °
2-Oxocarboxylic acid metabolism = °
Pantothenate and CoA biosynthesis = -|Og1 O(FDR)
Malaria= @
Leishmaniasis = @ 1.8
ECM-receptor interaction = @ 1.6
Hematopoietic cell lineage = @
AGE-RAGE signaling pathway in diabetic complications = @ 1.4
Toll-like receptor signaling pathway = @
NF-kappa B signaling pathway = @
Lipid and atherosclerosis = @ N. Of Genes
Phagosome = @
Necroptosis = @ S
NOD-like receptor signaling pathway = @ *
Diabetic cardiomyopathy = @ ®
Coronavirus disease =@ :
Prion disease =@

Cytokine-cytokine receptor interaction =@
L} L} L} L} L}
0 100 200 300 400

Fold Enrichment

Figure 12: GO enrichment analysis by biological processes (a) and KEGG pathways (b) for common upregulated DEGs from GSE5058,
GSE11784, GSE11906, and GSE100927 datasets. Biological processes and KEGG pathways are ranked according to fold enrichment values.
The most significant processes are highlighted in red, and the less significant processes are highlighted in blue according to log10(FDR)
values. Larger dots in the graph indicate a greater number of genes involved.



DE GRUYTER
SPP1
_ MMP12
IL1RN
BCL2A1
ALOX5
PLA2G7 IGSF6

Figure 13: The most important common upregulated DEGs (hub
genes) of the GSE5058, GSE11784, GSE11906, and GSE100927
datasets. Hub genes are ranked as follows: the most important
genes are highlighted in red, the less important in orange, and even
less important in yellow.

IL-1p is known to be involved in the development of
atherosclerosis by promoting increased expression of
adhesion factors and chemokines [48-50]. It is involved
in the inflammatory response in endothelial cells and
contributes to the invasion and accumulation of inflam-
matory cells in the intima of blood vessels [50,51].

The significance of IL-1B in atherogenesis is demon-
strated by the results of clinical trials of canakinumab, a
therapeutic monoclonal antibody targeting interleukin-
1B. The use of canakinumab resulted in a significantly
lower incidence of recurrent cardiovascular events than
placebo, regardless of the reduction in lipid levels [52].

The importance of IL-13 in the pathogenesis of these
diseases may also be related to the fact that this cytokine
may be associated with the induction of MMP production
[50,53-55]. Increased production of MMP-12, MMP9, and
various neutrophil chemoattractants was found in trans-
genic mice overexpressing IL-1B, which resulted in airway
remodeling and emphysema [45]. Emphysema is one of
the leading morphological and clinical features of COPD,
and MMPs are involved in its development. MMP12 levels
in sputum have been shown to be elevated in COPD
patients compared to nonsmokers and healthy smokers
[56]. Similar data were obtained in alveolar macrophages
in the bronchoalveolar lavage fluid [57-59]. However, data
on the role of MMP12 in the development of emphysema in
humans require clarification.

ALOX5 encodes 5-lipoxygenase, a key enzyme in the
biosynthesis of leukotrienes and lipoxins, thus contributing
to the regulation of innate immunity. 5-Lipoxygenase meta-
bolizes the arachidonic acid to 5-hydroperoxyacosatetraenoic
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acid (5-HpETE), providing the first steps in the synthesis of
leukotriene A4 (LTA4), a powerful mediator of inflammation
[60-68]. Hence, ALOX5 contributes to an increased acute
inflammatory response and also promotes the development
and progression of chronic inflammation. In contrast, ALOX5
is involved in the formation of some pro-resolving mediators,
such as lipoxin and the resolvin subfamily, which provide
the resolution phase of inflammation [69-71]. The finding
that ALOX5 is among the most important DEGs is of interest,
as it allows increased attention to the cross-linkages
between lipid metabolism and the immune response.
Arachidonic acid is an important participant in inflam-
mation in COPD, as it is involved in the synthesis of both
pro- and anti-inflammatory mediators. In addition, ara-
chidonic acid metabolism is associated with infectious
exacerbations of COPD. Arachidonic acid is stored in cell
membranes as part of phospholipids, but when stimu-
lated by phospholipase A2 (PLA2), it is mobilized for
further metabolism into bioactive mediators involved
in inflammation.

PLA2G7 (phospholipase A2 group VII) is a gene that
encodes the protein platelet-activating factor acetylhy-
drolase (PAF-AH) or lipoprotein-associated phospholi-
pase A2 (Lp-PLA 2). Platelet-activating factor (PAF) is a
biologically active phospholipid mediator of inflamma-
tion, and PAF-AH is an enzyme that is involved in its
inactivation [72]. In addition, PAF-AH can exhibit phos-
pholipase A2 activity by hydrolyzing the ester complex of
the fatty acyl group attached at the sn-2 position of phos-
pholipids [73,74]. It can hydrolyze phospholipids with
long fatty acyl chains only if they carry oxidized func-
tional groups [73,75]. Most circulating PAF-AH is bound
to LDL, and the remainder is bound to high-density lipo-
proteins (HDLs) [76]. Lp-PLA 2 levels are associated with
atherosclerosis [76]. Its high activity is associated with an
increased risk of coronary heart disease [77].

PLA2G?7 levels correlate with BMI and lung function
and were increased in blood and alveolar macrophages of
patients with COPD compared with never smokers. In
addition, Lp-PLA2 is considered a promising biomarker
for predicting poor exercise tolerance in patients with
COPD [78].

The BCL2A1 gene encodes Bcl-2-related protein Al,
which is a highly regulated nuclear factor kB (NF-kB)
target gene. BCL2A1 is an anti-apoptotic member of the
Bcl-2 family that is predominantly expressed in hemato-
poietic and endothelial cells and promotes the cell survival.
In endothelial cells, Bcl-2-related protein Al is induced by
inflammatory cytokines, tumor necrosis factor-alpha, and
interleukin-1 beta. Given that Bcl-2-related protein Al is
induced by inflammatory cytokines, it is suggested that it



DE GRUYTER

Stanislav Kotlyarov

48

Sulpulq unsajul ‘A)Ande aupoih) uguodoaisQ 1-V13 ‘IdS9 ‘dSNg ‘NdO T udjosdoydsoyd pajaidag 1ddS
s|xejowayd
91Ac0uow jo uoijen8ai annisod ‘asuodsal
Aojewwe)yul jo uoiyein8al aanisod ‘ssadoud asejolpAyjhieoe
J110qe3ed aunjoydjApiieydsoyd ‘Sunjapowal 103oe) Suljeai}de
a)o11ed urajosdodi) Ayisuap-mo) ‘uonepixo pidi -1919381d Tv1d-1d1 ‘e¥1d-d1 ‘Hv4vd ‘avdvd IIA dnois zy asedijoydsoyd /9Tv1d
ul3auoIqy BIA UOISAYpe
X1JJew—]]32 |eljayjopus jo uolje|nSal aazesSau
‘Juawdo)anap snjoaaje Sun) ‘uoijeziuesio asejse|ao)elpw
X1jew Jen)jadeixa ‘Juswdolansp ajoiyduoig aSeydoseyy ZI-dWW “IWW “IWH ‘W 71 asepnidadojjelaw xujep ZIdWW
urajoud
ssad04d djj0qejaw pidi) jsiuoSejue
‘snnwys J1uasiue o) asuodsal Alojewwe)yul 101dadal VvdT-11D1 ‘€RIT-1)
‘asuodsal Alojewweyu] ‘asuodsal sunww| T-up|najialu| JsiuoSejue 103dadas T upjnajialu| ‘RUT-T1 NYT-TI ‘“PADAW “VITTI ‘€411 ‘dVdl ‘vdid NYTTI
asuodsai Alojewwe)yur ‘asuodsal
aunwuwy ‘apueyddeshjododi) 03 asuodsal
1en)1ad ‘Suljeuss 1133-192 ‘ssadoid di30idody ©]19q T-upnajau| ©13q T Up|Na)IalY] v139-T71 ‘eRxqrl ‘2411l ‘17 arl
9 Jaquiaw
Aemyied Suneusis Ajweyadns
103da331 @2e)INs 1197 ‘@suodsal sunww| unngojSounwuwy| 9 Jaqwaw Ajjweyladns ujnqojSounww| vi0a 94SD)|
ssazoud
J1j0qejaw apixosadns ‘Aemyied Suljeusis
eydjer-103aey 3)q1dnpul-eixodAy ‘esuodsal ureyd Aaeay sz XOHd-16dD ‘XOHd-16d ‘XOHdT6d9
Alojewwe)yul ‘asuodsal sunwwi ajeuu| -q awolyd03Ah) uieyd e}aq G ¢-q awoiydo0ih) ‘T-16dD ‘TXIIWY ‘PEAWI ‘TXON Xd9D ‘9D adA)
v uidjoud S1z109
ssad04d d1jo3dode jo uofje|nsal anneSaN pajejdl-¢-12g9 TV uldjoid pajejal-z1dg ‘IVdEH ‘2-20V ‘T-20V ‘1149 ‘7IIV ‘TJIV ‘S¥D A Zabl:]
asuodsai Alojewwepjul jo aseuasAxodi)
uojiengal ‘ssadoid d138yjuhsolq y ausalijoyna) -G p1oe Ajjey
‘ss9204d d1j0geIDW pIdR djUopIYIRIY pajesnjesunijod aseuasAxodil-g ajeuopiyoely X01-$ ‘6901 ‘9d1S ‘01-$ SX01V
uoijduny uigloid aweu J)ng4 saweu I1aylQ 1oquAs auan

sauag qny pajeinSaidn ay} jo uoljewlojul |eIBUIS puUR S3]0J [RUOIdIUNS T d)qe]



DE GRUYTER

(a)
Ether metabolic process - .
Regulation of heterotypic cell-cell adhesion - .
Embryo implantation - L]
Icosanoid biosynthetic process -
Acute-phase response - o
Insulin secretion -
Hormone secretion -
Hormone transport -
Peptide hormone secretion -
Regulation of hormone secretion -
Regulation of angiogenesis -
Reactive oxygen species metabolic process -
Regulation of vasculature development -
Signal release -
Regulation of hormone levels -
Inflammatory response -
Regulation of cell adhesion -
Regulation of defense response -
Regulation of response to external stimulus -
Secretion by cell -
Export from cell -
Lipid metabolic process -
Defense response -
Secretion -
Cell adhesion -
Biological adhesion -
Regulation of response to stress -
Anatomical structure morphogenesis -
Cellular response to chemical stimulus -
Response to stress -

-log10(FDR)
3.0

25

20

N. of Genes

o-
..0.000..00......
000000 -
© N O O s N

50 100 150

Fold Enrichment
(b)
Interleukin-1, type | receptor binding - o
Interleukin-1, type Il receptor binding - .
Arachidonate 5-lipoxygenase activity - o
Interleukin-1 receptor antagonist activity - .
Arachidonate 8(S)-lipoxygenase activity - )
Arachidonate 12(S)-lipoxygenase activity - o
Calcium-independent phospholipase A2 activity - .
Interleukin-1 receptor binding - L
1-alkyl-2-acetylglycerophosphocholine esterase activity - .
Superoxide-generating NAD(P)H oxidase activity - o
BH domain binding -
Interleukin-1 binding - ®
Growth factor receptor binding -
Integrin binding -
Cytokine activity -
Cytokine receptor binding -
Receptor ligand activity -
Signaling receptor activator activity -
Receptor regulator activity -
Protein-containing complex binding @
0 500 1000
Fold Enrichment

-log10(FDR)
275
250
225
2.00
1.75

N. of Genes

000000 o
o000 o
PN

(c)

Leishmaniasis- [ ]
AGE-RAGE signaling pathway in diabetic complications- [}

Toll-like receptor signaling pathway - o
-log10(FDR)

NF-kappa B signaling pathway - o 19

Necroptosis- [ ]

NOD-like receptor signaling pathway- @

N. of Genes
e 2

Lipid and atherosclerosis- @
Coronavirus disease- @
Prion disease- @

Cytokine-cytokine receptor interaction-@
20 30 40 50 60
Fold Enrichment

Figure 14: GO enrichment analysis by biological processes (a),
molecular functions (b), KEGG pathways (c) for upregulated hub
genes from the GSE5058, GSE11784, GSE11906, and GSE100927
datasets. Biological processes, molecular functions, and KEGG
pathways are ranked according to fold enrichment values. The most
significant processes are highlighted in red, and the less significant
processes in blue according to log10(FDR) values. Larger dots in the
graph indicate a greater number of genes involved.
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may play a protective role during inflammation [79,80].
Monocytes can induce BCL2A1 upregulation in endothelial
cells to protect them from death [81]. It seems possible
that because inflammasome formation can induce BCL2A1
expression, this may contribute to the survival of pro-
inflammatory cells during the immune response [82]. In
chronic inflammatory disorders, regulation of BCL2A1 gene
expression leads to myeloid cell recruitment and stabiliza-
tion [83]. This mechanism may have a pro-inflammatory
character by improving the survival of leukocytes, such
as differentiating and mature neutrophils [82,84]. These
data are of interest given the role of neutrophilic chronic
inflammation in COPD.

Secreted phosphoprotein 1 (SPP1), also called osteo-
pontin (OPN), is a secreted phosphorylated acidic glyco-
protein. It can act as an extracellular matrix molecule and
as a cytokine and plays an important role in physiological
and pathophysiological processes [85-87]. SPP1 may be
involved in the pathogenesis of COPD as it is associated
with neutrophilic inflammation and emphysema [87,88].
It has been shown that cigarette smoking can increase
SPP1 expression in induced sputum, and its levels are
increased in induced sputum and lung tissue of patients
with COPD [87,89,90]. Recent studies have shown that
upregulation of SPP1 may be associated with an increased
risk of lung cancer in patients with COPD [87].

Arteries under physiological conditions show low
levels of SPP1 expression, which is essential for normal
arterial biomechanics because SPP1 acts as a physiolo-
gical inhibitor of vascular calcification [91]. This damage
causes activation of SPP1, which promotes cell adhesion,
proliferation, migration, and survival. These processes
promote the healing process, and SPP1 expression usually
decreases over time [92,93]. Activation of SPP1 is facili-
tated by ischemia, which is seen in stroke [94,95], myo-
cardial infarction [96,97], and peripheral arterial disease
[98,99]. Thus, OPN may be involved in the immune
response under ischemic conditions, as evidenced by
its involvement in macrophage infiltration in vivo [100,101].
The cells in the vascular wall that activate and secrete SPP1
are endothelial cells, vascular smooth muscle cells, and
macrophages [85,92,102].

CYBB encodes the NOX2 protein (cytochrome b-245 -
chain), which constitutes the large transmembrane sub-
unit of the gp91phox NADPH-oxidase complex. NOX2 is
involved in the generation of large amounts of ROS in
phagocytic cells such as neutrophils, monocytes, and
macrophages [103]. NADPH oxidase, in turn, is an enzyme
complex that plays a crucial role in innate immunity by
generating ROS, which are key components of the bacter-
icidal activity of phagocytes [104,105].
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Figure 15: Schematic showing GO term annotation on the biological processes of the common upregulated differentially expressed hub
genes from the GSE5058, GSE11784, GSE11906, and GSE100927 datasets.

Thus, the findings indicate that COPD and peripheral
atherosclerosis are closely linked to the immune system in
their development. In addition, the increasing focus in recent
years on the links between lipid metabolism and immune
response is also reflected in the results of this analysis.

The novelty of the findings is related to the fact that
the data obtained may expand the understanding of some
issues related to the pathogenesis of the comorbid course
of COPD and atherosclerosis. Both diseases have been
shown to be characterized by the involvement of common
DEGs related to the innate immune system and lipid
metabolism. The reciprocal links between the innate
immune system and disorders of lipid metabolism is a
promising area for future research. Further studies may
clarify the role of individual links in the common processes
that are associated with the identified DEGs. These data
will be useful for understanding the mechanisms under-
lying the comorbidity and clinical heterogeneity of COPD
and atherosclerosis.

It should be noted that the present study has some
limitations, which are generally characteristic of bioin-
formatics analysis. The limitations of this study are the

insufficient sample due to the availability of data. In
addition, the data were obtained at different times and
using different platforms. Data on the clinical character-
istics of the diseases, the presence of comorbidities, and
the drug therapy received by the patients are not taken
into account. In addition, the data are limited to gene
expression only, without considering proteins, which
does not allow to build a complete picture of the processes
that occur in COPD and atherosclerosis. However, the pre-
sent study has analyzed a large number of genes and may
be of interest in planning future studies.

Conclusion

Thus, the results obtained in this study confirm the
importance of the innate immune system in the patho-
genesis of COPD and atherosclerosis, including those
related to the Toll-like receptor signaling pathway. The
findings on the involvement of several immune and
metabolic processes may contribute to the increasing
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attention to the role of impaired lipid metabolism in the
comorbid course of these diseases.
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