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Exploring the pathogenesis and
immune infiltration in dilated
cardiomyopathy complicated
with atrial fibrillation by
bioinformatics analysis
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Background: Atrial fibrillation (AF) is a serious complication of dilated

cardiomyopathy (DCM), which increases the risk of thromboembolic events and

sudden death in DCM patients. However, the common mechanism of DCM

combined with AF remains unclear. This study aims to explore the molecular

mechanism and analyze immune infiltration in DCM complicated with AF through

comprehensive bioinformatics analysis.

Methods: The gene expression datasets of DCM (GSE141910) and AF (GSE41177

and GSE79768) were obtained from the Gene Expression Omnibus database. Gene

enrichment analyses were performed after screening the common differentially

expressed genes (DEGs) of DCM and AF. Protein-protein interaction network was

constructed in the STRING database and visualized in Cytoscape software, which

helped to further screen the central functional modules of DEGs and hub genes. In

addition, ImmuCellAI algorithm was performed to estimate immune infiltration

patterns, and Spearman correlation was conducted to investigate the correlation

between the abundance of multiple immune cells and the expression levels of hub

immune-related genes after obtaining hub immune-related genes from the

ImmPort database. The hub immune-related genes expression and immune

infiltration patterns were additionally verified in the validation datasets

(GSE57338, GSE115574, and GSE31821). The diagnostic effectiveness of hub

immune-related genes was evaluated through Receiver Operator Characteristic

Curve analysis.

Results: A total of 184 common DEGs in DCM and AF were identified for

subsequent analyses. The functions of hub genes were significantly associated

with immune responses. We identified 7 hub immune-related genes (HLA-DRA,

LCK, ITK, CD48, CD247, CD3D, and IL2RG) and a spectrum of immune cell subsets

including Monocyte, Neutrophil, and follicular helper T (Tfh) cells were found to be
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concurrently dysregulated in both DCM and AF. 7 hub immune-related genes

were predominantly favorably correlated with Tfh cells and were primarily

negatively correlated with Neutrophil infiltrations in DCM and AF. CD48

+CD3D were verified to diagnose DCM and AF with excellent sensitivity and

specificity, showing favorable diagnostic value.

Conclusions: Our study reveals that immune cells (Tfh cells) disorders caused

by hub immune-related genes (CD48 and CD3D) may be the common

pathogenesis of DCM combined with AF, which lays a foundation for further

immune mechanism research.
KEYWORDS

dilated cardiomyopathy, atrial fibrillation, bioinformatics, differentially expressed
genes, hub immune-related genes, immune infiltration
Introduction

Dilated cardiomyopathy (DCM) is defined as left ventricular or

biventricular systolic and dilation dysfunction without coronary

artery disease or abnormal load proportional to the degree of left

ventricular damage (1). DCM is one of the most common causes of

heart failure (HF) and the most frequent indication for cardiac

transplantation (2). Atrial fibrillation (AF) is a frequently sustained

arrhythmia in DCM, and they often complicate each other, jointly

increasing the risk of stroke and all-cause mortality, and seriously

jeopardizing cardiovascular health (3). Genetic variation, insufficient

knowledge of the underlying pathophysiology, under-diagnosis of AF

in DCM, and thromboembolic disease due to AF are considered to be

the main causes of poor prognosis. Therefore, it is urgent to explore

the potential molecular mechanism of the co-pathogenesis of DCM

and AF.

From a pathophysiological perspective, DCM contributes to an

increased risk of AF through several mechanisms, including excessive

atrial pressure, maladaptive gene expression, abnormal myocardial

conduction, and cardiac structural remodeling (4). Elevated atrial

pressure and atrial dilatation in DCM patients promote myocardial

fibrosis and scar formation, which eventually conduce to conduction

abnormalities and the occurrence and development of AF (4).

Furthermore, inflammation and immune responses are also

common features of many DCM and AF (5).

Common transcriptional characteristics may offer a new way of

thinking for the co-pathogenesis of DCM and AF. Our study aimed to

identify the hub genes associated with the pathogenesis of DCM

complicated with AF. We comprehensively analyzed three datasets

(GSE141910, GSE41177, and GSE79768) obtained from the Gene

Expression Omnibus (GEO) database. A combination of

bioinformatics and gene enrichment analyses was applied to

identify common differentially expressed genes (DEGs) of DCM

and AF and explore the shared signaling pathways of DEGs, which

initially revealed the potential molecular mechanisms. Subsequently,

protein-protein interaction (PPI) network was established using the

STRING database, and the central functional modules of DEGs and

hub genes were identified by Cytoscape software. Moreover, we
02
identified seven important hub immune-related genes and analyzed

the landscape of immune cell infiltration in DCM and AF by

ImmPort database and ImmuCellAI. In addition, we further

analyzed the relevance between the abundance of immune cells and

the expression levels of hub immune-related genes. Finally, we

verified the trend of hub immune-related gene expression and their

correlation with immune cell infiltration in the independent

validation datasets (GSE57338, GSE115574, and GSE31821).

Receiver Operator Characteristic Curve (ROC) analysis was applied

to predict the diagnostic effectiveness of hub immune-related genes.

The hub immune-related genes identified here between DCM and AF

and the immune cell disorders caused by them are expected to lay the

foundation for the study of the pathogenesis of these two diseases.
Methods

Data acquisition and pre-processing

The GSE141910, GSE41177, and GSE79768 gene expression

datasets were obtained from the GEO database(https://www.ncbi.

nlm.nih.gov/geo/) (6). The dataset GSE141910 was acquired using the

GPL16791 Illumina HiSeq 2500 (Homo sapiens) from a cohort

comprised of 366 samples, including left ventricle tissue samples

from 166 DCM patients, 28 Hypertrophic cardiomyopathy (HCM)

patients, 6 Peripartum cardiomyopathy (PPCM) patients, and 166

healthy controls. Only healthy samples and DCM samples were

included for bioinformatics analysis in this study. The datasets

GSE41177 and GSE79768 were acquired using the GPL570

Affymetrix Human Genome U133 Plus 2.0 Array. The dataset

GSE41177 included left atrial-pulmonary vein and left atrial

appendage tissue samples from 3 sinus rhythm patients and 16

atrial fibrillation patients. The dataset GSE79768 included left atrial

and right atrial tissue samples from 6 sinus rhythm patients and 7

atrial fibrillation patients. Only left atrial tissue samples were included

for bioinformatics analysis in this study. R software (R 4.2.0) was used

to analyze the obtained datasets. The probes are converted into gene

symbols using platform annotation profiles. Probes without
frontiersin.org
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corresponding gene symbols were eliminated, and the average value

of multiple probes of a gene was taken. The abnormal samples were

removed by hierarchical clustering analysis. After merging datasets

(GSE41177 and GSE79768), the R package “sva” was used to

eliminate heterogeneity due to different batches and platforms (7).
Identification of DEGs

The R package “limma” was applied to identify DEGs between

control groups and diseased groups (8). By Benjamini and Hochberg

method to adjust P-values, only the genes with adjusted P-value < 0.05

and |logFC (fold change) | > 0.6 were identified as DEGs. The

common DEGs in DCM and AF were obtained by the online Venn

diagram tool.
Enrichment analyses of DEGs

The R package “clusterProfiler” (9) was used to perform Gene

Ontology analysis (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analysis to investigate the

biological functions of DEGs. Adjusted P-values < 0.05 were considered

significant. The results were displayed by the R package “ggplot2”.
Protein-protein interaction network
construction and module analysis

The PPI network of DEGs with a filtering condition (score>0.4)

was constructed by STRING (https://string-db.org) (10) and

visualized by Cytoscape (version 3.9.1, http://www.cytoscape.org)

(11). The plugin molecular complex detection technology

(MCODE) of Cytoscape was utilized to identify central functional

modules. Filtering criteria were performed with default values. Then

the R package “clusterProfiler” were applied to perform GO and

KEGG enrichment analysis of the module genes involved.
Identification and enrichment analysis of
hub genes

The plugin cytoHubba in Cytoscape was utilized to score each node

gene by 7 algorithms, including MNC (Maximum Neighborhood

Component), Degree, EcCentricity, EPC (Edge Percolated

Component), Closeness, MCC (Maximal Clique Centrality), and

Radiality. The R package “UpSet” was conducted to identify hub

genes in the top 30 node genes scored by each algorithm.

GeneMANIA (http://www.genemania.org) (12) was devoted to

establishing a co-expression network for these hub genes, which

allows the prediction of gene interactions and analysis of gene function.
Hub immune-related genes in DCM and AF

A list of immune-related genes was downloaded from the

ImmPort database (https://www.immport.org) (13), and hub
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immune-related genes were obtained by intersecting immune-

related genes with hub genes by drawing a Venn diagram.
Immune infiltration analyses

The Immune Cell Abundance Identifier (ImmuCellAI, http://

bioinfo.life.hust.edu.cn/web/ImmuCellAI) (14) is an immune

infiltration scoring tool that provides a comprehensive prediction for

the ratio of 24 immune cell types based on the gene expression data,

including 18 T-cell subtypes and 6 other immune cells (macrophages, B

cells, dendritic cells, natural killer cells, neutrophils, and monocytes).

Wilcoxon rank-sum test was used to calculate differences in immune cell

abundance between diseased and control groups. Spearman correlation

was applied to investigate the relevance between the abundance of

immune cells and the expression levels of hub immune-related genes.

The results of immune infiltration analyses were visualized by the R

packages “reshape2”, “ggplot2”, “dplyr”, and “ggpubr”.
Validation of hub immune-related genes
and immune infiltration

The expressions of the hub immune-related genes were extracted

from independent datasets (DCM: GSE57338; AF: GSE115574 and

GSE31821). The differences in the expressions of these hub immune-

related genes between diseased and control samples were calculated

byWilcoxon rank-sum test and visualized by R package “ggplot2” and

“ggpurb”. Similarly, immune cell abundance in the validation datasets

was predicted by ImmuCellAI and the correlation between the

abundance of immune cells and the expression levels of hub

immune-related genes was investigated by Spearman correlation.

We then obtained dataset (GSE86569) of AF without HF and AF

with HF to analyze the immune infiltration patterns and verify the

expression of immune-related genes (CD48 and CD3D). P-values <

0.05 were considered significant.
Analysis of the predictive value of hub
immune-related genes

The R package “pROC” was applied to ROC analysis to predict

the diagnostic effectiveness of hub immune-related genes. The area

under the ROC curve (AUC) value was applied to estimate the

diagnostic validity in differentiating DCM and AF from control

samples in the training datasets (GSE141910, GSE41177, and

GSE79768) and validation datasets (GSE57338, GSE115574,

and GSE31821).
Results

Identification of DEGs from patients with
DCM and AF

The research flowchart of this bioinformatics analysis is shown in

Figure 1. We merged the GSE41177 and GSE79768 (AF) gene
frontiersin.org
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expression datasets and then removed inter-batch differences using

the R package “sva”. We utilized the R package “limma” to identify

DEGs between controls and disease patients with DCM or AF. The

results presented that 921 genes were significantly down-regulated

and 1678 genes were significantly up-regulated in DCM (Figure 2A),

whereas 40 genes were down-regulated, and 1601 genes were up-

regulated in AF (Figure 2B). After genes with opposite expression

trends were removed, we obtained 184 DEGs ultimately (Figure 2C,

D, Supplementary Table S1).
Functional enrichment analysis of DEGs

GO and KEGG enrichment analyses were conducted to analyze

the biological functions involved in the 184 DEGs. As shown in

Figure 3A, GO analysis results indicated that the biological pathways

of these 184 DEGs were significantly enriched in leukocyte-mediated

immunity, immune response-regulating pathway, positive regulation

of cytokine production, and lymphocyte-mediated immunity. As

shown in Figure 3B, KEGG enrichment showed several biological

pathways, including Th1 and Th2 cell differentiation, Th17 cell

differentiation, and Intestinal immune network for IgA production,

etc. Collectively, the function of 184 DEGs was markedly associated

with immune response.
PPI network construction and module
analysis

The PPI network of the 184 DEGs was established through

STRING database (score > 0.4), containing 170 nodes and 518

interaction pairs (Figure 3C). TOP three key gene modules, which

included 33 common DEGs (Supplementary Table S2) and 132

interaction pairs (Figures 4A–C), were obtained using the MCODE

plugin of Cytoscape. GO analysis presented that these genes were
Frontiers in Immunology 04
related to immune response, antigen processing, and cell killing

(Figure 4D). KEGG Pathway enrichment analysis revealed that they

were mainly enriched in the Th1 and Th2 cell differentiation pathway,

Th17 cell differentiation pathway, and Natural killer (NK) cell-

mediated cytotoxicity (Figure 4E).
Identification and analysis of hub genes

We acquired the top 30 hub genes from 184 DEGs through the

seven algorithms of plugin cytoHubba (Supplementary Table S3). We

screened 14 hub genes (LCK, HLA-DRA, ITK, CD2, CD52, GZMK,

CD48, SLAMF7, CD247, KIT, IL2RG, NKG7, CD3D, and GZMA) by R

package “UpSet” and visualized them with the histogram in

Figure 5A. We constructed the co-expression network and

predicted the functions of these genes through the GeneMANIA

database. These 14 hub genes presented a complex PPI network with a

co-expression of 63.41%, co-localization of 6.57%, physical

interactions of 4.77%, predicted of 18.03%, and pathway of 4.50%

(Figure 5B). As revealed by GO analysis, these genes played a

significant role in T cell differentiation, lymphocyte differentiation,

mononuclear cell differentiation, NK cell activation, immune

response, and leukocyte-mediated cytotoxicity (Figure 5C). In

addition, KEGG enrichment analysis revealed that they were mainly

enriched in the Th1 and Th2 cell differentiation pathway, Th17 cell

differentiation pathway, T cell receptor signaling pathway, and NK

cell-mediated cytotoxicity pathway (Figure 5D).
Screening of hub immune-related genes
and analyses of immune infiltration in DCM
and AF

Enrichment analysis showed that multiple immune-related

biological functions were simultaneously abnormal in DCM and AF.

Therefore, we considered that the pathogenesis of DCM combined with

AF was related to immune disorders. Subsequently, we identified hub

immune-related genes and analyzed immune cell infiltration in patients

with DCM and AF. 1793 immune-related genes were obtained from the

ImmPort database (Supplementary Table S4), among which 7 common

genes (HLA-DRA, LCK, ITK, CD48, CD247, CD3D, and IL2RG)

intersected with hub genes in the immune-related gene list. These 7

immune-related genes were significantly elevated in DCM and AF

patients compared with controls. We employed ImmuCellAI

algorithms to evaluate the immune infiltration patterns in DCM and

AF. The abundance of Macrophage, Neutrophil, Monocyte, and NKT

cells was markedly decreased in DCM patients compared with controls,

whereas the abundance of CD4+T cells, NK cells, Gamma_delta cells, B

cells, CD8+T cells, Th2 cells, Tfh cells, Tr1 cells, iTreg cells, nTreg cells,

Th1 cells, entral_memory cells, and CD4+naive cells was markedly up-

regulated (Figure 6A). The abundance of Neutrophil and Th17 cells was

significantly down-regulated in patients with AF compared with

controls, whereas the abundance of Monocyte and Tfh cells was

significantly up-regulated (Figure 6B). These results suggest that

patients with DCM and AF share some of the same regulated

immune cells. Moreover, we investigated the relevance between the

expression levels of hub immune-related genes and immune cell
FIGURE 1

Flowchart of the bioinformatics data analysis.
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abundance in DCM and AF patients. The results indicated that the

identified hub immune-related genes were significantly associated with

immune cells simultaneously dysregulated in DCM and AF patients.

For example, the abundance of Tfh cells was significantly reduced in

both DCM and AF patients, and hub immune-related common genes

were predominantly favorably correlated with Tfh cells, CD4+T cells,

iTreg cells, and Th2 cells infiltration and primarily negatively correlated

with Neutrophil, Th17 cells, and NKT cells infiltration in DCM and AF

patients (Figure 7).
Validation of hub immune-related
expression and immune infiltration

Independent datasets (GSE57338, GSE115574, and GSE31821) were

used to validate the results of hub immune-related expression and

immune infiltration. In the same way, the expression data of 7 hub

immune-related genes were extracted from validation datasets, and two

of them were in accordance with the tendency in the training datasets,

including CD48 and CD3D (Figures 8A, B). Immune cell infiltration

analysis presented that Tfh cells were also significantly increased in DCM

and AF patients in the validation datasets (Figures 9A, B). Overall, the

results of the training datasets and the validation datasets were consistent

(Figures 10A, B). AF mediated cardiomyopathy (also termed tachycardia
Frontiers in Immunology 05
mediated cardiomyopathy) is a newly described syndrome in which AF is

the primary cause of HF which can be reversible after successful

treatment of AF. The relationship between these two from a

mechanistic perspective is largely unknown. We then obtained dataset

(GSE86569) of AF without HF and AF with HF to analyze the immune

infiltration patterns and verify the expression of immune-related genes

(CD48 and CD3D). We found a significant decrease in the proportion of

Exhausted cells and B cells and an increase in the proportion of

Central_memory cells, Th2 cells, CD4_naive cells, iTreg cells, Tr1 cells,

and nTreg cells in the cardiac tissue samples of AF patients with HF

compared with AF patients without HF. These results showed that the

pattern of immune infiltration in the cardiac tissue of patients with AF

and HFwas mainly characterized bymultiple T cells disorders.CD48was

significantly increased in the cardiac tissues of AF patients with HF

compared with AF patients without HF. These results are in partial

agreement with our results in the DCM and AF analyses

(Supplementary File).
ROC analysis of biomarkers

The ROC analysis was applied to predict the diagnostic efficacy of the

hub immune-related genes (CD48 and CD3D) for DCM and AF in the

training and validation datasets. In the DCM training dataset, the AUC
B

C

A

D

FIGURE 2

Volcano diagram and Venn diagram. (A) The volcano map of GSE141910 (DCM). (B) The volcano map of GSE41177 and GSE79768 (AF). Downregulated
genes are marked in light red; upregulated genes are marked in light blue. (C) The DCM and AF datasets showed an overlap of 276 DEGs. (D) 184 DEGs
were obtained after excluding genes with opposite expression trends.
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A

B

C

FIGURE 3

Protein-protein interaction (PPI) network and common DEGs enrichment analysis results. (A, B) The enrichment analysis results of GO and KEGG
Pathway. Adjusted P-value < 0.05 was considered significant. (C) PPI network of the DEGs (score > 0.4) contained 170 nodes and 518 interaction pairs.
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values of CD48, CD3D, and the two together were 0.8, 0.84, and 0.85,

respectively (Figure 10C). In the AF training datasets, the AUC values of

CD48, CD3D, and the two together were 0.86, 0.8, and 0.81, respectively

(Figure 10D). In the DCM validation dataset, the AUC values of CD48,

CD3D, and the two together were 0.72, 0.63, and 0.72, respectively
Frontiers in Immunology 07
(Figure 10E). In the AF validation dataset, the AUC values of CD48,

CD3D, and the two together were 0.71, 0.75, and 0.8, respectively

(Figure 10F). Therefore, CD48+CD3D could diagnose DCM and AF

with excellent specificity and sensitivity, respectively, showing excellent

diagnostic value.
B C

D

E

A

FIGURE 4

TOP 3 closely connected gene modules and enrichment analysis of the modular genes. (A–C) Three significant gene clustering modules. (D) Barplot of
GO enrichment analysis of the modular genes. (E) Circular path diagram of KEGG enrichment analysis of the modular genes.
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Discussion

DCM complicated with AF is one of the common causes of heart

failure and sudden death (4). Nevertheless, the etiology of DCM
Frontiers in Immunology 08
complicated with AF has not been fully elucidated. In this

bioinformatics research, we token advantage of comprehensive and

effective bioinformatics analysis methods to investigate the hub genes

of DCM complicated with AF, analyze immune infiltration patterns
B

C D

A

FIGURE 5

Identification, co-expression network and enrichment analysis of the hub genes. (A) The Venn diagram showed that seven algorithms have screened out
14 overlapping hub genes. (B) Hub genes and their co-expression genes were analyzed via GeneMANIA. (C, D) GO and KEGG enrichment analysis of the
hub genes.
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in the DCM and AF, and explore the possible molecular mechanism

of DCM complicated with AF. In addition, we assessed the diagnostic

efficacy of the biomarkers by ROC analysis.

DCM and AF might have overlapping pathogenic pathways. In

this research, we identified 184 common DEGs between them, of

which 14 were defined as hub genes, including LCK, HLA-DRA, ITK,

CD2, CD52, GZMK, CD48, SLAMF7, CD247, KIT, IL2RG, NKG7,
Frontiers in Immunology 09
CD3D, and GZMA. Some of the above hub genes have been reported

to play significant roles in DCM and AF. For example, T-cell genes

CD3D significantly increased diagnostic thresholds of DCM (15). GO

and KEGG Pathway enrichment analysis indicated that these hub

genes were mainly involved in immune response pathways, especially

in Th1 cell differentiation, Th2 cell differentiation, and Th17 cell

differentiation. Inflammation and immune response are significant
B

A

FIGURE 6

Identifying the significantly different infiltrates of immune cells in DCM and AF. (A) Boxplot of immune cell ratio in DCM. (B) Boxplot of immune cell ratio
in AF. Wilcoxon test: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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pathogenesis of DCM and AF (1, 16). In the pathogenesis of viral

myocarditis, the Th2 immune response induces ventricular

remodeling and promotes the progression of myocarditis to DCM

and heart failure, whereas the Th1 response alleviates viral

myocarditis but increases acute myocardial inflammation by

inhibiting Th2 responses (17). Th17 cells increase tissue

inflammation and promote autoimmune activation by secreting

large amounts of proinflammatory cytokines, while Treg cells can

inhibit the body’s immune response and active tolerance to self-

antigens through intercellular contact and secretion of inhibitory

cytokines in various immune cell subsets, so as to avoid the

occurrence of autoimmune diseases (18). Thus, the imbalance of

Th17/Treg cells in the body has been proposed as a major mechanism

of autoimmune diseases (18, 19). Notably, our study found that T cell

differentiation plays a significant role in the pathogenesis of DCM

complicated with AF. Nevertheless, there are few studies on the role of

T cell-induced immune responses in AF. At present, a matched case-

control study showed that elevated plasma levels of Th17-related

cytokines were related to an increased risk of AF, suggesting that

Th17-related cytokines may participate in the pathogenesis of AF

(20). Further studies are required to explore the role and mechanism

of the immune response in AF. By reason of the foregoing, these

results suggested that inflammatory response and immune disorders

regulated by hub genes play a significant role in the co-pathogenesis

of DCM and AF.

In the present study, we obtained a list of 1796 immune-related

genes from the Immport database and intersected them with hub

genes to obtain 7 hub immune-related genes, including HLA-DRA,

LCK, ITK, CD48, CD3D, CD247, and IL2RG. These 7 immune-related

genes were significantly elevated in DCM and AF patients compared

with controls. HLA-DRA is an MHC II antigen, which plays a

significant role in cell-cell interactions in immune response (21).

LCK, which is an Src kinase family member, plays an essential role in

T cell receptor (TCR) signaling and T cell development and activation
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(22). CD48 is the ligand for CD2 that facilitates interaction between

activated lymphocytes (23). CD3D is part of the TCR-CD3 complex

present on the T-lymphocyte cell surface that is mainly involved in T

cell development and signal transduction (24). ITK is a tyrosine

kinase that plays a significant role in the regulation of proximal TCR

signaling (25). CD247, which encodes the CD3 zeta chain, is mainly

involved in the assembly of the TCR complex and signal transduction

after antigen activation (26). IL2RG is a cytokine receptor common

subunit gamma, which is mainly involved in T cell and NK cell

development (27). Collectively, these hub immune-related genes are

closely related to T cell function and immune response.

Subsequently, we applied ImmuCellAI to analyze immune

infiltration between different tissues and investigated the correlation

between the abundance of immune cells with the expression levels of

hub immune-related genes. The research results suggested that

Neutrophil and Tfh cells as hub immune cells were simultaneously

dysregulated in DCM and AF patients’ cardiac tissues. The infiltration

level of Tfh cells was significantly up-regulated in DCM and AF.

Furthermore, the Spearman correlation between immune cells

abundance and hub immune-related genes showed that 7

significantly upregulated immune-related genes (HLA-DRA, LCK,

ITK, CD48, CD247, CD3D, and IL2RG) were predominantly

favorably correlated with Tfh cells, CD4+T cells, iTreg cells, and

Th2 cells infiltrations and primarily negatively correlated with

Neutrophil cells, Th17 cells, and NKT cells infiltrations in DCM

and AF patients. Tfh cells are a specialized subtype of CD4+T cells,

which provide the relevant B-T cell interactions and cytokines to

promote germinal center (GC) formation, promote GC B cell

differentiation into memory B cells or plasma cells, and drive the

development of high-affinity antibodies (28). Deregulation of Tfh

cells’ activity promotes the production of pathogenic autoantibodies

and plays an important role in promoting autoimmune diseases (29).

Many studies have shown that Tfh cells disorders are related to

multiple autoimmune diseases, including rheumatoid arthritis,
FIGURE 7

Correlation between 7 hub immune-related genes and 24 differential immune cells in DCM and AF.
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systemic lupus erythematosus, Sjogren’s syndrome, vasculitis,

systemic sclerosis, and so on (29, 30). Our study showed that Tfh

cell disorder caused by hub immune-related genes might be the

common pathogenesis of DCM and AF. In the validation datasets,

the expression levels of CD3D and CD48 were consistent with the

trend in the training datasets, so we selected CD3D and CD48 as
Frontiers in Immunology 11
biomarkers for the diagnosis of DCM and AF. AF is a common

persistent arrhythmia in patients with DCM, which is often

complicated with each other. Cardiomyopathy induced by AF can

contribute to the progression of HF. We found that the immune

infiltration patterns in the cardiac tissues of AF patients with HF were

mainly manifested as the disorder in the proportion of multiple T
B

A

FIGURE 8

Validation of hub immune-related genes. (A, B) Detailed expressions of 7 hub immune-related genes were validated in datasets GSE57338 (DCM),
GSE115574, and GSE31821(AF).
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cells, which may be related to the dysregulated expression of immune-

related genes. These findings were partially consistent with our study

in DCM and AF. In the ROC analysis, we found that CD48+CD3D

could diagnose DCM and AF with excellent specificity and sensitivity

in the training datasets and validation datasets, respectively. The

above findings have significant implications for the field of

cardiovascular disease, suggesting that future researches focus on

explaining the functional roles of the identified hub immune-related

genes and the corresponding immune cell disorders mechanism in

DCM complicated with AF.

The study has shown that absence of recurrent atrial

tachyarrhythmia after ablation of AF in patients with DCM is

associated with improvement in HF within 3 years (but not more

than 3 years) after ablation of AF (31). It can be concluded that the

recovery of sinus rhythm is very important for the improvement of
Frontiers in Immunology 12
prognosis in patients with DCM and AF. However, there is no

evidence that the disorder of immune-related genes in patients with

DCM and AF is related to heart rate, which will be the direction of

future research. We found that the immune cell disorders mediated by

hub immune-related genes may be the common pathological

mechanism of DCM and AF. In clinical practice, genetic testing

should be carried out in patients with early DCM. If genetic testing

suggests an increase in hub immune-related genes, it means that the

patients with DCM have a higher risk of AF. It is recommended that

patients with regular electrocardiogram and 24-hours Holter

detection, timely diagnosis of AF and corresponding blocking

treatment are helpful to improve the prognosis of patients with DCM.

Some studies have identified the core pathogenic genes of DCM

(32) and AF (33), respectively. However, at present, fewer studies

have elucidated the common pathogenesis between them. Due to the
B

A

FIGURE 9

Validating the significantly different infiltrates of immune cells in DCM and AF. (A) Boxplot of immune cell ratio in DCM. (B) Boxplot of immune cell ratio
in AF. Wilcoxon test: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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high comorbidity rate between DCM and AF, we identified for the

first time the common DEGs and hub immune-related genes in

DCM and AF, and analyzed immune infiltration between them,

which is helpful to further elucidate the common pathogenesis of

DCM and AF. Of course, some limitations should be noted in our

study. First of all, this is a bioinformatics study that requires

confirmatory experiments to demonstrate our results. Secondly,

the study lacks clinically relevant information, including cardiac

function and inflammatory biomarkers, etc. Finally, we lack

experimental data on the regulatory mechanisms of dysregulated

hub immune-related genes and immune cells. Thus, further studies

are required to investigate the role and regulatory mechanism of the
Frontiers in Immunology 13
immune-related genes induced immune cell disorder in DCM

complicated with AF.
Conclusion

In summary, we applied the bioinformatics analysis method to

identify hub immune-related genes concurrently involved in DCM and

AF, explore their association with immune infiltration, and evaluate the

diagnostic value of hub immune-related genes in DCM and AF. The

above findings lay a foundation for future studies to elucidate the

pathogenesis of immune responses in DCM complicated with AF.
B

C D

E F

A

FIGURE 10

Validation of correlation between hub immune-related genes and 24 immune cells and ROC analysis of biomarkers in DCM and AF. (A, B) The
correlation between hub immune-related genes and 24 immune cells in datasets GSE57338 (DCM), GSE115574, and GSE31821(AF). (C) ROC analysis of
each hub immune-related genes in the training dataset (DCM). (D) ROC analysis of each hub immune-related genes in the training dataset (AF). (E)The
GSE57338 dataset was used to validate the diagnostic effectiveness of the biomarkers for DCM by ROC analysis. (F)The GSE115574 and GSE31821datasets
were used to validate the diagnostic effectiveness of the biomarkers for AF by ROC analysis.
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