International Journal of Chronic Obstructive Pulmonary Disease ~ DOvepress
Taylor & Francis Group

ORIGINAL RESEARCH
Identification of Dendritic Cell-Associated Genes
in COPD Based on Bioinformatics

Zengyu Huo, Jiawei Zou, Siyi Ou, Cunlai Xu@, Linlin Xiao, Feng Chen, Yang Yang, Siming Chen (),
Xiangyuan Cen, Yirao Qin, Jing Bai

Department of Respiratory and Critical Care Medicine, The First Affiliated Hospital of Guangxi Medical University, Nanning, Guangxi, People’s
Republic of China

Correspondence: Jing Bai, Department of Respiratory and Critical Care Medicine, The First Affiliated Hospital of Guangxi Medical University,
Nanning, Guangxi, People’s Republic of China, Email Bjl312005@sr.gxmu.edu.cn

Background: The activation of dendritic cells, which is atypical, is vital for triggering the acquired immune response in people
afflicted with chronic obstructive pulmonary disease (COPD). This research seeks to pinpoint significant genes linked to dendritic cells
within the lung tissues of COPD patients by utilizing bioinformatics predictions and experimental validation.

Methods: Differentially expressed genes of classical dendritic cells (cDCs) were identified using single-cell RNA sequencing
(scRNA-seq) data from GSE196638, and their biological functions and regulatory signaling pathways were thoroughly explored.
Additionally, RNA sequencing (RNA-seq) data from GSE26296 was utilized to analyze differentially expressed genes in myeloid
dendritic cells (mDCs) of emphysema patients. The RNA-seq data from GSE38974 underwent weighted gene co-expression network
analysis (WGCNA) along with differential analysis to pinpoint genes that are differentially expressed and modules linked to COPD.
Validation was performed using a mouse model of emphysema induced by cigarette smoke (CS) and bone marrow-derived dendritic
cells (BMDCs) exposed to 3% cigarette smoke extract (CSE).

Results: The genes that showed differential expression in ¢cDCs and mDCs were mainly associated with immune responses, the
reaction to interferon-gamma, the differentiation of Thl and Th2 cells, along with the signaling pathways of TNF and IL-17. The
WGCNA results revealed that the green-yellow and red modules exhibited the highest correlation coefficients with the COPD
phenotype. An assessment of the genes that are expressed differently between cDCs and mDCs, combined with the intersection of
GSE38974 module genes and differentially expressed genes, results in the identification of four dendritic cells (DCs)-related genes:
one upregulated signature gene (RASGRP3) and three downregulated signature genes (C1QB, BLOCI1S2, VSIG4). In both the lung
tissues of mice with CS-induced emphysema and in CSE-treated BMDCs, RT-qPCR validated the expression trends of these four
genes. Concomitantly, Western blot revealed a reduction in VSIG4 protein level in the lung tissues of emphysema mice compared with
the control group.

Conclusion: RASGRP3, C1QB, BLOCI1S2, and VSIG4 may represent DCs-related genes in the lung tissue of COPD patients,
potentially involved in the development and progression of emphysema.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a significant respiratory condition that is primarily marked by
persistent inflammation of the airways. This inflammation leads to a gradual narrowing of the air passages, which can
severely impact an individual’s ability to breathe. The chronic nature of this disease means that the inflammation does not
resolve over time, resulting in long-term respiratory issues that can significantly affect a person’s quality of life. The
intricate regulatory network involving various inflammatory mediators and immune cells adds to the complexity and
multiplicity of its pathogenesis.' Smoking and air pollution are the primary contributing factors to COPD, activating
immune cells in the lungs and triggering a sustained immune response, which includes the infiltration and abnormal

activation of dendritic cells.> ™ The rates of incidence and mortality associated with COPD are on the rise, leading to
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serious consequences for patients and considerable financial strains. Therefore, the discovery of new potential target
genes is crucial for advancing research into the pathogenesis and treatment of COPD.>*®

Dendritic cells (DCs), as one of the core antigen-presenting cell populations in the immune system, have garnered
significant attention due to their exceptional capabilities in antigen capture, processing, and presentation. They are indis-
pensable for initiating and managing immune responses throughout the body.”® DCs can be classified into two main types:
conventional dendritic cells (¢cDCs) and plasmacytoid dendritic cells (pDCs). Within the category of cDCs, two main subsets
can be identified: CD103+ cDCls and CD11b+ ¢DC2s. In humans, myeloid dendritic cells (mDCs) are mainly associated
with cDC2s, express myeloid markers, and are essential for T-cell activation.” Recent research showed a strong connection
between the pathophysiological mechanisms of COPD and the functional status of DCs, with their involvement substantiated
by multiple experimental data. Through interactions with various immune cells, DCs modulate inflammatory responses and
immune reactions, thereby influencing the progression of COPD.'®'? Cigarette smoke (CS) exposure can induce an
abnormal distribution of dendritic cell subsets within lung tissue. Following their migration to inflammatory regions, these
cells interact with CD4+ T lymphocytes, triggering dysregulation of immune homeostasis between Th1/Th17 cells and
regulatory T cells (Tregs). This dysregulation ultimately drives the inflammatory cascade and pathological progression of
COPD."* ' In the lung tissue of individuals suffering from COPD, there is notable proliferation observed in the CD8+ T cell
subset. In this disease, DCs trigger an overactivation of CD8+ T cells and facilitate their transformation into cytotoxic T cells
by means of antigen presentation and the overexpression of pro-inflammatory co-stimulatory molecules. Research has shown
that CD8+ T cells can induce programmed cell death during the progression of COPD, a process that directly contributes to
lung parenchymal injury and exacerbates the inflammatory response.'”'? In the pathological process of COPD, chemokines
such as CXCL3 and CXCL2, secreted by dendritic cells, play a significant role. These chemokines promote inflammatory
changes in lung tissue by mediating the migration of neutrophils and lymphocytes.>*' Our earlier studies have demonstrated
that exposure to CS significantly elevates the IL-27 expression in DCs within the lung tissues of emphysema model mice.
This effect has similarly been noted in bone marrow-derived dendritic cells (BMDCs) induced by cigarette smoke extract
(CSE). The study indicates that IL-27, recognized as an important cytokine, promotes the differentiation of IFN-y-positive
CD8+ T cells into the Tcl subset. This subset is essential in the inflammatory pathological processes associated with COPD,
resulting in persistent and uncontrolled inflammatory reactions.> Although existing research has identified several genes
related to dendritic cells in COPD, further exploration and elucidation are necessary.

Single-cell RNA sequencing (scRNA-seq) technology has yielded breakthroughs in understanding the mechanisms
underlying inflammatory and autoimmune diseases. Certain studies have employed this approach to uncover previously
unknown genes and signaling pathways associated with DCs in inflammatory and autoimmune diseases.”> >> Consequently,
our study aims to investigate dendritic cell-related genes in COPD through bioinformatics analysis and experimental
validation. We utilized scRNA-seq data from GSE196638 to examine the functional differences of ¢cDCs in lung tissues
between control groups and patients with COPD, identifying differentially expressed genes. Concurrently, we screened for
differentially expressed genes in mDCs using RNA-seq data from GSE26296. Additionally, we integrated COPD-related
module genes and differentially expressed genes from GSE38974. By analysing the data collected, we pinpointed specific
genes related to DCs that are linked to COPD. We then quantified these genes by RT-qPCR in lungs of CS-induced
emphysema mice and CSE-treated BMDCs, and assessed VSIG4 protein in emphysematous lung tissue. This study offers
a thorough perspective by pinpointing genes that show significant differential expression in the lung tissues of patients with
COPD, as well as in ¢cDCs within the lung tissues, and in mDCs in the lung tissues of emphysema patients. By examining these
distinct subsets, the research uncovers crucial dendritic cell genes involved in the progression of COPD. Furthermore, this
investigation provides valuable insights that could inform the future development of innovative immunotherapeutic
approaches for COPD treatment.

Methods

Data Source
The data employed in this research were sourced from the publicly accessible genomic data repository known as Gene
Expression Omnibus. This repository, which can be found at the website http://www.ncbi.nlm.nih.gov/geo, serves as
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a comprehensive platform for the storage and sharing of genomic expression data. Specifically, three independent sequencing
datasets were integrated: the scRNA-seq dataset (GSE196638) comprises lung tissue samples from three controls and three
COPD patients, providing foundational data for gene expression analysis. Meanwhile, the RNA-seq dataset (GSE26296)
includes samples of mDCs isolated from the lung tissues of three controls and three emphysema patients. Additionally, the RNA-
seq dataset (GSE38974) offers a larger sample size, comprising nine control samples and eighteen COPD patient lung tissue
samples. All human datasets (GSE196638, GSE26296 and GSE38974) are publicly available and de-identified. The Medical
Ethics Committee of the First Affiliated Hospital of Guangxi Medical University formally reviewed and approved this research
(Approval No. 2025-E0752) in accordance with the Declaration of Helsinki and institutional guidelines for secondary use of
human data.

Single-Cell Sequencing Data Analysis

A systematic quality control screening was conducted on all samples from the GSE196638 dataset. The screening criteria
included retaining samples with total gene counts ranging from 300 to 5000, mitochondrial gene expression proportion
<10%, erythrocyte gene expression proportion <3%, and total unique molecular identifier (UMI) counts >1000.2° After
conducting quality control, we kept 18,646 cells within the control group and 26,958 cells in the COPD group.
Subsequently, we standardized the expression matrix of the higher-quality cells, identified and adjusted for batch effects,
and combined the six samples utilizing the Harmony algorithm. By invoking the three functional modules
“FindNeighbors”, “FindClusters”, and “RunUMAP”, we set the resolution to 0.6 to categorize the cells into distinct
clusters. Ultimately, we labeled the clusters of cells using established marker genes associated with specific cell types.
The “FindAllMarkers” function was employed to analyze the cDCs clusters in both the COPD and control groups,
identifying significantly differentially expressed genes with log2fc > 0.26 and P-value < 0.05. To further elucidate the
functional traits of the genes that are expressed differently, the analysis toolkit known as “clusterProfiler” was employed
to perform functional annotation and pathway enrichment analyses through Gene Ontology (GO) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG). Furthermore, to investigate the functional traits of these genes, gene
set enrichment analysis (GSEA) was carried out utilizing gene sets sourced from the Molecular Signatures Database
(MsigDB) to assess the enrichment of gene sets at both ends of the ranked gene list. The Seurat object was then
converted to a CellDataSet object in Monocle, where dimensionality reduction of cells was achieved through the
DDRTree method, followed by pseudotime analysis with the Monocle package to infer developmental trajectories.
Additionally, the CellChat package was utilized for cell communication analysis, which facilitated the identification of
intercellular interactions and the visualization of the cell communication network.?”>°

Differential Expression Gene Analysis and Functional Enrichment in the GSE26296
Dataset

Differential expression analysis was conducted on the expression matrix of mDC samples isolated from lung tissues of
controls (n = 3) and emphysema patients (n = 3) in the GSE26296 dataset using the limma package. The significance
threshold was set at p < 0.05 and | log2(fold change, FC) | > 0.5. To clarify the functional traits of the genes that are
expressed differently, analyses of GO and KEGG were conducted. GO analysis was used to thoroughly examine the
possible functions of the genes that were expressed differently in terms of cellular structure, molecular activities, and
biological processes. The KEGG analysis emphasized the specific enrichment characteristics of these genes in metabolic

pathways and signal transduction networks.>' >

GSE38974 Dataset WGCNA and Differential Expression Analysis

This study involved examining the GSE38974 dataset through weighted gene co-expression network analysis (WGCNA) to
create gene modules that display comparable expression patterns.’>~*® To begin with, a scale-free network was constructed by
identifying a suitable soft threshold. The hierarchical clustering algorithm was then applied to group genes exhibiting high co-
expression into the same module. Subsequently, the “blockwiseModules” function was utilized to identify gene modules,
while the “cor” function calculated the correlation between each module and COPD, thereby identifying gene modules
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significantly associated with COPD. To delve deeper into gene functionality, an analysis of differential expression was
performed, establishing a significance threshold of p < 0.05 and | log2(fold change, FC) | > 0.5 to pinpoint genes that are
significantly differentially expressed. Following this, these genes underwent GO and KEGG analysis.

Identify Common Differentially Expressed Genes

This research offers an extensive analysis of differentially expressed genes (DEGs) found in multiple datasets, including
GSE196638 c¢DCs, GSE26296 mDCs, GSE38974, and WGCNA module genes. By integrating the DEGs from each
dataset and utilizing an intersection approach, we identified genes that exhibited significant differential expression across
all datasets. To visually illustrate the overlap of DEGs among the various datasets, a Venn diagram was constructed.
Furthermore, we performed a Receiver Operating Characteristic (ROC) analysis on the identified common DEGs in the
GSE38974 dataset to evaluate their diagnostic potential.

CS-Induced Emphysema Mouse Model

C57BL/6 male mice, SPF-grade, aged 5 to 6 weeks and weighing approximately 14 + 2 g, were sourced from the Animal
Experiment Center of Guangxi Medical University for this study. Throughout the experiment, the subjects were
maintained in a controlled environment with a 12-hour light/dark cycle and had unrestricted access to food and water.
A randomized grouping strategy was employed, resulting in two cohorts, each consisting of 8 mice: a control group
exposed to normal air and a treatment group subjected to CS. CS exposure was facilitated within a specially constructed
smoke chamber, where exposure occurred four times daily, utilizing 5 cigarettes per session for 60 minutes, with a 30-
minute pause between sessions to maintain a consistent smoke concentration ranging from 140—160 mg/m?. This protocol
was implemented five days per week over a period of 24 weeks. For the control group, the animals were kept in a distinct
ventilated room where they inhaled clean, filtered air. Lung tissue samples were obtained 24 hours following the final
exposure for further examination. The Experimental Animal Ethics Committee of Guangxi Medical University approved
this study (No. 202503381), ensuring compliance with the institution’s guidelines for animal welfare and usage. All
procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, 8th ed. (2011, rev.
2023) and the ARRIVE 2.0 guidelines. Upon conclusion of the experiment, the mice were humanely euthanized via
intraperitoneal injection of pentobarbital to alleviate potential distress.

Histology

The right lung tissue from the mice was preserved in a 4% paraformaldehyde solution. Sample preparation was then
conducted using the standard paraffin embedding method, followed by hematoxylin and eosin (H &E) staining. During
the examination, five microscopic fields were randomly selected from each tissue section. The morphological alterations
of the alveolar structure were assessed by calculating the mean linear intercept (MLI), based on established techniques
from the literature.’” Image data were quantitatively analyzed using ImageJ software for processing and calculations.

Preparation of CSE

Based on the preparation methods described in previous literature reports.®®*® Collect the smoke from five cigarettes
using a bubble collection device and dissolve it in 5 mL of phosphate-buffered saline (PBS) to prepare the CSE solution.
Assess the absorbance of the CSE at a wavelength of 320 nm with a NanoDrop 2000 spectrophotometer to ascertain its
concentration. To obtain a sterile stock solution of CSE, filter the solution through a 0.22 pm microporous membrane for
sterilization.

Marrow-Derived Dendritic Cell Inducement

In this study, we utilized normal, healthy mice aged 6 to 10 weeks. The upper end of the femur and the lower end of the
ankle joint were severed while maintaining the integrity of the joint. The samples were then immersed in 75% alcohol for
5 minutes and washed three times with PBS. Subsequently, the tibia and femur were extracted, and the bones were
flushed with RPMI 1640 containing 10% fetal bovine serum to isolate bone marrow cells. Following the lysis of red
blood cells with a specific lysis buffer, the cells were then transferred to cell culture dishes for plating. To the culture
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system, we added 20 ng/mL of recombinant mouse IL-4 and recombinant mouse GM-CSF (Peprotech). After 4 hours of
plating, the medium was replaced, suspended cells were discarded, and adherent monocytes were retained. On the second
and fifth days of the culture process, a half-medium change was performed. On day 7, BMDCs were collected and
purified using Miltenyi CD11c MicroBeads UltraPure (130-125-835), followed by treatment with 3% CSE at the
concentrations referenced from our previous studies.”>***! All animal research followed the guidelines established by
the Council for the Care and Use of Animal subjects.

Western Blot (WB)

While BLOC1S2 showed the highest AUC among the candidate genes, this research centeres on validating the protein
expression of VSIG4. This selection is largely driven by the enrichment of VSIG4 in dendritic cells and macrophages,
along with its essential function in regulating T-cells and mediating COPD-related inflammatory responses. To confirm
the protein expression of VSIG4, total proteins were isolated from lung tissue with RIPA lysis buffer and subsequently
quantified using the BCA assay. Then, 50 pg of the protein samples were resolved by SDS-PAGE, and the proteins were
transferred to PVDF membranes through the wet transfer technique. After blocking the membranes with 5% skim milk at
room temperature for one hour, they were incubated overnight at 4 °C with anti-VSIG4 antibody (1:500, Bioss, China,
cat# bs-0479R) alongside the internal reference B-tubulin antibody (1:6000, Abways, China, cat# AB0039). The next day,
the membranes received DyLight™ 800-conjugated goat anti-rabbit IgG (1:10,000, CST, USA, cat# 5151) for one hour
at room temperature. f-tubulin acted as the internal reference for lung tissue. Ultimately, the protein bands underwent
grayscale analysis through Imagel software to evaluate the expression level of VSIG4 quantitatively.

RT-gPCR Experimental Validation

RNA was isolated from BMDCs with the use of TRIzol reagent (Invitrogen). To guarantee the accuracy of the following
experiments, both the purity and concentration of the isolated RNA were assessed to verify the quality of the RNA
samples. Qualified samples were then reverse-transcribed into cDNA using the Promega kit. During the amplification
step, the PCR reaction was performed using the SYBR® Premix Ex Taq II kit from Takara. Primer design was based on
the Primer-BLAST platform provided by the National Center for Biotechnology Information (NCBI), with the final
synthesis conducted by Sangon Biotech (Shanghai). The specific primers used is listed in Table 1.

Statistical Analysis

The data analysis was performed utilising the R software (version 4.2.1) as well as the GraphPad Prism (version 8.0).
A two-tailed Student’s #-test was utilized to assess the variations between the two groups, with a significance threshold
established at 0.05. A p-value that falls below this limit signifies statistically significant results.

Table | The Sequences of RT-PCR Primers

RASGRP3: forward (5-GCAGAGCCATTACCCTGGTT-3’)

Reverse (5-CTGGGTGGCTTGACTAGTGG-3’)

CIQB: forward (5-CTGAGGACCATCAACAGCCC-3’)

Reverse (5°-CGTTGCGTGGCTCATAGTTC-3’)

BLOCIS2: forward (5’-ATGATTGAGGAGCAGGTGGC-3’)

Reverse (5-CATCGCTTCTCCAACTTCTTGTA-3)

VSIG4: forward (5-AATGGCTGGTAAGACACGGC-3)

Reverse (5°-GTGCAGGGTTGTAGGTGCTT-3)

B-ACTIN: forward (5-CTCGCTTCGGCAGCACATATACT-3)

Reverse (5’-ACGCTTCACGAATTTGCGTGTC-3)
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Results
scRNA-Seq GSEI96638 Identifies Dendritic Cells and Associated Genes

The process outlined in this study can be seen in Figure 1. Prior to analysis, we conducted quality control on the data, retaining

cells with a total gene count exceeding 300 but below 5000, a mitochondrial gene expression rate under 10%, an erythrocyte

gene expression rate below 3%, and a total of UMI counts greater than 1000 (Figure 2A). After normalizing the data, principal

component analysis (PCA) was utilized to achieve initial dimensionality reduction, as illustrated in Figure 2B. The Harmony
algorithm was utilized to integrate the six samples from the scRNA-seq GSE196638 dataset, with the UMAP clustering of the
samples depicted in Figure 2C, which demonstrates effective sample clustering with high consistency. Following the processes

of dimensionality reduction and clustering, the cells were grouped into 26 distinct clusters. Together with cell type classifica-

tion, the expression levels of frequently used marker genes were utilized to annotate these clusters, leading to the identification

scRNA-seq GSE196638 RNA-seq GSE26296 RNA-seq GSE38974
from GEO from GEO from GEO
Identification of Fs T 332 upregulated 1209 upregulated COPD related
differential genes in and communication and 324 and 2085 genes identied by
dendritic cells analysis of dendritic downregulated genes downregulated genes WGCNA
cells
GSEA, GO, KEGG GO, KEGG enrichment GO, KEGG enrichment
enrichment analysis analysis analysis

|
$

1 upregulated and 3

downregulated characteristic
genes

:

Key genes ROC curves in
GSE38974

:

Experimental verification of key
genes

Figure | Flowchart of this study.
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Figure 2 Dimensionality Reduction and Annotation of scRNA-seq GSEI196638. (A) Quality control, adjusting the proportions of mitochondrial and erythrocyte genes. (B)
PCA dimensionality reduction. (C) UMAP plot showing the distribution of 6 samples after batch effect removal. (D) Bubble plot depicting marker gene expression in control
and COPD sample cells.

of 13 unique cell types: NK, T, Monocyte/Neutrophil, Fibroblasts, Endothelial, Macrophage, AT2, B, Mast, cDC, AT1, pDC,
and Ciliated/Club (Figures 2D and 3A). Figure 3B depicts the distribution of various cell types within the two sample groups,
with specific numerical data available in Table 2. In the COPD cohort, the levels of NK, T, B, cDC, and pDC were higher in
comparison to the Control group, suggesting changes in the lung tissue microenvironment linked to the COPD disease state.
We focused our analysis on ¢cDCs, conducting a differential analysis that revealed a total of 2005 downregulated genes and
1184 upregulated genes (Figure 3C).

Enrichment Analysis and Pseudotime Analysis of cDCs

GO analysis for genes that are differentially expressed in ¢DCs indicated their main role in immune processes mediated by
lymphocytes. The cellular components were predominantly enriched in the secretory granule lumen, cytoplasmic vesicle lumen,
and vesicle lumen, indicating that these lineage cells possess robust secretory functions and are actively engaged in the formation
and transport of secretory granules. During the analysis of molecular function enrichment, the associated genes predominantly
showed enrichment in activities related to protein tyrosine/threonine phosphatases as well as MAP kinase tyrosine/serine/
threonine phosphatases. This indicates that these genes could be vital in essential phosphorylation and dephosphorylation
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the percentage of each cell type present in individual samples. (C) Volcano plot highlighting differentially expressed genes within ¢cDCs.

processes occurring within the cell, thereby playing a role in cellular signal transduction and regulatory mechanisms (Figure 4A).
The differentially expressed genes in cDCs are also primarily involved in KEGG enrichment analysis of coronavirus-COVID-19,
apoptosis, Thl and Th2 cell differentiation, and the NOD-like receptor signaling pathway. cDCs may play a role in the
progression of COPD through their regulation of T cell differentiation and apoptosis, and activation of inflammatory pathways
(Figure 4B). Following this, we assessed the gene set enrichment scores for cDCs using the marker gene sets sourced from the
MsigDB database (Figure 4C). In summary, the gene sets associated with cytokine-cytokine receptor interactions and the
differentiation of Th17 cells were identified as being enriched in cDCs. To gain a deeper understanding of the developmental
trajectory of ¢cDCs under disease conditions, we conducted a pseudotime analysis on these cells. The results indicated the
presence of a node in the myeloid developmental trajectory of the Control group (Figure SA and B), where cDCs were observed
in the early developmental stage. In contrast, the COPD samples exhibited three nodes, with ¢cDCs appearing in the early
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Table 2 Proportions of Various Cell Types Within
Both the Control and the COPD Group

Cell Type Control COPD

NK 10.59308962 | 20.25169438
T 9.741410774 | 18.52657839
Monocyte/Neutrophil | 21.88007757 | 14.1295389
Fibroblasts 11.61558072 | 15.42500326
Endothelial 16.54627599 | 7.339893508
Macrophage 9.784331818 | 3.614908733
AT2 1043429119 | 4.505319094
B 4.443744389 | 7.030157823
Mast 1.211682766 | 5.510000744
c<DC 1.257366662 | 1.620549615
ATI 1.67269116 1.266266281
pDC 0.188358618 | 0.709753844
Ciliated/Club 0.631098728 | 0.070335427

developmental stage; however, a concentration of cDCs and pDCs was noted in the late developmental stage (Figure 5C and D),
a phenomenon that was not observed in the Control group samples.

Interpretation of the Biological Functions of cDCs

DCs influence various immune cells through intercellular interactions to exert biological functions involved in the
COPD disease process. In the control group samples, cDCs primarily interact with AT2, macrophages, and
endothelial cells, exhibiting strong connections (Figure 6A—C). In the COPD samples, they are closely associated
with macrophages, monocytes/neutrophils, and pDCs. The significant activation signals between these cells are
mainly related to antigen presentation (Figure 6D—F). Additionally, we observed that compared to the control group
samples, the IL1B-(ILIR1+IL1RAP) signaling between cDCs and AT2 cells was significantly enhanced in COPD
samples, the ANXA1-FRR1/FRR2 signaling between cDCs and macrophages was significantly enhanced, the HLA-
A-CD8A/B, HLA-B-CDS8A/B, and HLA-C-CD8A/B signaling between cDCs and T cells was enhanced, and the
expression of HLA-D region genes between c¢DCs and pDCs was significantly enhanced in COPD samples
(Figure 7A and B).

GSE26296 Differential Expression Analysis and Functional Enrichment

Utilizing the expression matrix data from mDCs obtained from lung tissues of individuals suffering from emphysema as
well as control subjects, an analysis of differential expression was performed, uncovering a total of 656 genes that
exhibited significant differences in expression. Among these, 332 genes exhibited upregulated expression levels, while
324 genes displayed downregulated expression levels (Figure 8A). GO analysis of these differentially expressed genes
revealed their primary involvement in fatty acid metabolic processes, immune response cell activation, cellular lipid
catabolic processes, and response to interferon-gamma. The external surfaces of the plasma membrane, vacuolar
membrane, and secretory granule membrane were identified as the primary locations for the enrichment of these genes
concerning cellular components. Furthermore, amide binding and peptide binding emerged as the predominant molecular
functions in which these genes were enriched (Figure 8B). Furthermore, we performed KEGG enrichment analysis on the
genes exhibiting differential expression. The findings indicated that genes with heightened expression were notably
connected to anticoagulant resistance, the TNF signaling pathway, and the IL-17 signaling pathway. In contrast, the
downregulated genes were mainly associated with complement and coagulation cascades, as well as the NOD-like
receptor signaling pathway (Figure 8C and D).
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Figure 4 Enrichment analyses of DEGs in ¢cDCs from scRNA-seq GSE196638. (A) GO enrichment analysis of DEGs in cDCs. (B) KEGG enrichment analysis of DEGs in
cDCs. (C) GSEA enrichment analysis of DEGs in cDCs.

GSE38974 Weighted Gene Co-Expression Network Analysis and Differential

Expression Analysis
The dataset underwent WGCNA to construct a sample clustering tree, which demonstrated robust sample clustering without
any outlier samples (Figure 9A). Through the assessment of the scale-free fit index and the average connectivity at different
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thresholds, it was concluded that a soft threshold of 8 is ideal for the construction of the network that follows (Figure 9B).
Genes were clustered employing hierarchical clustering methods, and based on their co-expression characteristics, these genes
were categorized into 15 distinct modules (Figure 9C). Correlation analyses between modules and traits related to COPD
indicated that both the green-yellow and red modules were significantly associated with COPD (p < 0.001, r = 0.92; p < 0.001,
r=0.75) (Figure 9D). Furthermore, the correlation of the green-yellow and red modules with specific genes was calculated (p <
0.001, cor =0.92; p < 0.001, cor = 0.77) (Figure 9E and F). Consequently, the genes within the green-yellow and red modules
were identified as key genes associated with COPD for further analysis. Differential analysis of GSE38974 identified 1209
upregulated and 2085 downregulated differentially expressed genes. The analysis of GO enrichment for these genes primarily
emphasized leukocyte migration along with the homeostasis of cellular divalent inorganic cations. These genes were largely
enriched within the cellular components associated with cell-substrate junctions and the collagen-containing extracellular
matrix. Regarding molecular function, they exhibited significant enrichment in cadherin binding and constituents that are
structural components of the extracellular matrix (Figure 10A). Furthermore, the KEGG analysis uncovered several pathways,
such as the interaction between cytokines and their receptors, the NF-kB signaling pathway, the IL-17 signaling pathway, the
TNF signaling pathway, the Toll-like receptor signaling pathway, and the JAK-STAT signaling pathway (Figure 10B).

Identification of Common Differentially Expressed Genes

The results of differentially expressed gene analysis of GSE196638 ¢cDCs, GSE26296 mDCs, GSE38974, and WGCNA module
genes were compared and intersected. This analysis revealed one upregulated characteristic gene (RASGRP3) and three
downregulated characteristic genes (C1QB, BLOCI1S2, VSIG4) that were shared among the four groups (Figure 11A and B).
Utilizing the expression data from the GSE38974 dataset for these genes, we developed ROC curves that link gene expression to
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Figure 7 Cell-cell communication: Control vs COPD. (A) Bubble plot of cell-cell communication in control samples. (B) Bubble plot of cell-cell communication in COPD
samples.

disease status. The AUC values were found to be 0.7866 for RASGRP3, 0.7413 for C1QB, 0.8889 for BLOC1S2, and 0.7988
for VSIG4, indicating that these genes exhibit significant diagnostic capability for the disease (Figure 11C—F).

Experimental Validation of Common Differentially Expressed Genes
H &E-stained lung sections showed CS-exposed mice had dilated alveolar spaces and a higher MLI than controls
(Figure 12A and B). The results of RT-qPCR conducted on lung tissue from mice showed an elevated mRNA expression
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of RASGRP3 in the CS cohort, whereas the expression levels of C1QB, BLOCI1S2, and VSIG4 were reduced
(Figure 12C). We chose VSIG4 for subsequent validation via Western Blot (WB), which indicated a reduction in its
protein expression in the lung tissue of the CS cohort compared to the control group (Figure 12D and E). Furthermore,
RT-qPCR assessments indicated an increase in RASGRP3 mRNA levels in BMDCs exposed to CSE, while the levels of
C1QB, BLOCI18S2, and VSIG4 mRNA were found to be lower (Figure 12F). These results are consistent with those from

the bioinformatics analysis conducted.

International Journal of Chronic Obstructive Pulmonary Disease 2025:20

3526



Huo et al

Height
50

80

70

60

40

30

GSMe53106
GSMe53101
GSMg53100

GSM953103

GSM953098

GSM953102
GSM53112

Height
04 05 06 07 08 09 10

Module colors

GSMe53116

GSMg53099

GSM53091
GSM53090

GSM953095
GSM953096

GSMg53115

GSM953118

GSMe53097
GSMe53105

GSM953089
GSM953093
GSM953088

GSM953092
GSM953094

cor=0.92, p=5.7e-47

GSM53119

GSM953110
GSM953108

GSMg53114

GSM53107

GSMe53109
GSMe53117

GSM53113,

E
«@ ]
o
8
j=
©
O
g o |
5 °
w
3
c
3
o
<
o
o
S T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9
Module Membership in greenyellow module
cor=0.77, p=1.4e-74
F
o
o o
© g & o8
S A 0l 0 030 8
XD e, 0
o )
oo o °° 00 ?0 o0
o ® 0 @ %® ®
g © o0 38,20% 0 RS
S oS o Ve °% @05 0 ©°
s ° 0° % o & 8 98 a0
§ 5 oo°0 %200 0050 & o8 ©
g S X oq B 8D 289
S 8, %o © RD "o
7 o 0%, ¢ 03’9 Q;"% gcoos ®°
80'_ ¢ O%g%@moﬁ%&OOOQO
8 ) %% o 8
o @0° © °
? ogooo o 000 © 000 8
0% 09, 0000°% 0%
T e )
o 8 o 8 4 o
8o
o o
o | ]
S M T T T T T T
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Module Membership in red module

= 12 14 1618 20 22 24 26 28 30 § 1
10 -
g . ®
2
g o z 8
T < 3
E £ o
g . s &
g < § _ |-
; = ¢
E g 7 o
3 &7
(2] 4
g n o 5678910 12 14 16 18 20 22 24 26 28 30
T T T T T T T T T T T
10 15 20 25 30 0 5 10 15 20 25 30
Soft Threshold (power) Soft Threshold (power)
D
MEyellow
MEmagenta T
MEbrown
MEpink
A 6]
MEturquoise o
MEgreen
MEsalmon
MEcyan - o
MEgreenyellow
MEred
0]
MEblue o
1
MEpurple
MEblack
-

Figure 9 WGCNA analysis of the GSE38974 dataset. (A) Sample hierarchical clustering to detect outliers. No outliers were found, and all clusters were selected for
subsequent analysis. (B) Construction of a scale-free co-expression network, selection of the optimal soft threshold power, with a threshold of 8. (C) Gene clustering
dendrogram based on the dissimilarity measure (I1-TOM). (D) Correlation between module eigengenes and disease phenotypes. (E) Scatter plot of module membership
versus gene significance for the green-yellow module. (F) Scatter plot of module membership versus gene significance for the red module.

International Journal of Chronic Obstructive Pulmonary Disease 2025:20

https:

3527



Huo et al

A B
leukocyte migration . Cytokine-cytokine receptor interaction _
Viral protein interaction with cytokine and cytokine receptor| | NGGcTcGENINGE
cellular divalent inorganic cation homeostasis ® IL17 signaling pathway | [N
NF-kappa B signaling pathway _
extracellular matrix organization o 3 TNF signaling pathway | [
Malaria _
extracellular structure organization O African trypanosomiasis | [
Toll-like receptor signaling pathway -
external encapsulating structure organization ® Coronavirus disease - covio-19 | [N
Rheumatoid arthritis -
Count apoptosis | | EGNG
collagen-containing extracellular matrix { d ; » measies | | I
0 Transcriptional misregulation in cancer -
cell-substrate junction o ® v JAK-STAT signaling pathway | [ I
. 100 g Lipid and atherosclerosis -
focal adhesion . 8 adiust E Epstein-Barr virus infection -
Pl g Chemokine signaling pathway -
I band 005 E NOD-like receptor signaling pathway -
0.02 p53 signaling pathway -
Z disc o 0.01 Tuberculosis -
Necroptosis -
Apoptosis - multiple species -
cadherin binding | . Osteoclast differentiation -
Chagas disease -
extracellular matrix structural constituent ® Hematopoietic cell lineage -
Cytosolic DNA-sensing pathway | [l
integrin binding| @ = viral life cycle - HIV-11 [l
Olfactory transduction -
callagen binding |-@ Mmineral absorption{ [l
Influenza A -
extracellular matrix binding 1® B cell receptor signaling pathway -
Nicotine addiction -

0.01 0.02 0.03 0.04

GeneRatio 50 7.5 10.0

-log10Pvalue

=)
=)
g
«»

Figure 10 GO and KEGG enrichment of DEGs (GSE38974). (A) GO enrichment analysis. (B) KEGG enrichment analysis.

Discussion
The main pathological characteristics of COPD mainly consist of ongoing airway blockage, damage to lung tissue, and

extended inflammatory reactions in the lungs. The prevalence and mortality rates associated with this disease have
significantly increased on a global scale. Its pathogenesis is closely linked to the abnormal expression of various
immune-related cytokines and inflammatory regulatory substances. As research into the immune regulatory mechanisms
of COPD progresses within the medical community, novel treatment strategies based on immunomodulatory principles
have gradually emerged as a significant focus in the field of COPD management.** DCs are crucial in the pathophysiol-
ogy associated with chronic inflammation in COPD, playing a significant part in both the onset of the condition and its
ongoing presence during the disease progression. Therefore, identifying genes associated with dendritic cells in COPD is
essential for elucidating the disease’s pathogenesis and developing targeted immunotherapies.

This research performed an in-depth examination of scRNA-seq and RNA-seq datasets to pinpoint four genes specific to
DCs that are linked to COPD. To evaluate the diagnostic significance of these genes, ROC curves were created. RT-qPCR then
quantified RASGRP3, C1QB, BLOC1S2 and VSIG4 mRNA in lungs of CS-induced emphysema mice and in CSE-treated
BMDCs, while Western blot assessed VSIG4 protein in the lung tissue. This research effectively combined multi-omics data
analysis with experimental validation to uncover a group of essential genes involved in the development of COPD that are
vital in the regulation of dendritic cell activities. The results not only deepen our comprehension of the immune regulatory
processes associated with COPD but also emphasize possible therapeutic targets for creating immunotherapy strategies
centered on dendritic cells.

DCs are antigen-presenting cells that perform multiple immune regulatory functions. Compared to macrophages, DCs
display a more robust capability to present antigens to B and T cells, thereby establishing a link between adaptive and innate
immunity.** This research involved scRNA-seq examination of lung tissues obtained from both control and COPD groups,
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which demonstrated a notable increase and enhancement of pathways related to inflammatory responses in the DCs of
individuals with COPD. The trajectory analysis indicated that the developmental pathway of myeloid cells in COPD patients is
more complex. While cDCs emerged in the early developmental stages in both groups, a higher concentration of late-stage
¢DCs and pDCs was exclusively observed in the COPD group. The changes in dendritic cell states during COPD progression
may correlate with disease advancement. Research has shown that during COPD development, the abnormal activation and
infiltration of dendritic cells are positively correlated with disease severity and the exacerbation of inflammation.**
Communication analysis revealed enhanced interactions between cDCs and macrophages, monocytes/neutrophils, and
pDCs in COPD samples. The interactions between these cells are crucial in enhancing and speeding up the inflammatory
response associated with COPD.'***" Improving these interactions could be vital in the inflammatory response and the
advancement of COPD-related diseases.

The signaling of HLA-A-CD8A/B, HLA-B-CD8A/B, and HLA-C-CD8A/B between cDCs and T cells is significantly
enhanced. cDCs present antigenic peptides through their HLA-A, HLA-B, and HLA-C surface molecules, while CD8+ T cells
recognize these molecules via their CDSA and CD8B surface molecules. This improved interaction promotes the growth and
specialization of T cells. Additionally, there is a significant rise in the expression of HLA-D region genes observed in ¢cDCs and
pDCs from samples taken from individuals with COPD, potentially aiding in the swift activation of CD4+ T cells. Our earlier
research demonstrated that the levels of Th1 and Th17 cells are elevated in individuals with COPD as well as in mice suffering
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from emphysema caused by CS. This imbalance between Thl and Th17 cells contributes to the ongoing and worsening
pulmonary inflammation associated with COPD.*"*34% In COPD patients, serum levels of IFN-y and the supernatant of LPS-
stimulated alveolar macrophages are elevated, leading to the upregulation of TLR2 and TLR4 expression in alveolar
macrophages, thereby exacerbating the inflammatory response. Additionally, IFN-y-induced STAT-1 signaling represents
one of the mechanisms through which alveolar macrophages develop corticosteroid resistance, complicating anti-
inflammatory treatment in COPD.?" In the enrichment analysis, we noted a marked increase in the activity of inflammatory
pathways. These include responses to interferon-gamma, differentiation of Th1/Th17 cells, as well as IL-17 and TNF signaling
pathways, all of which are essential in the context of pulmonary inflammation. The unusual activation of these signaling
pathways could result in an overproduction of inflammatory mediators, which in turn may cause ongoing inflammation in lung
tissue and impair pulmonary function. These observations highlight the crucial importance of DCs within the immune
microenvironment associated with COPD.

This study identified an elevated expression of RASGRP3 in dendritic cells within lung tissues from patients with
COPD, suggesting its potential involvement in the development of emphysema. RASGRP3 is essential for processes such
as cell growth, differentiation, and immune responses by activating the Ras-MAPK signaling pathway. During the initial
phases of T cell maturation, it has a crucial function and additionally influences B cell growth by enhancing Ras signaling
through the B cell receptor.’* In the past few years, there has been a growing interest in the function of RASGRP3
concerning lung diseases, particularly noting its amplification in cases of lung cancer.’® Nevertheless, the precise
contribution of RASGRP3 to the progression of COPD is still not well understood. Our research indicates that
RASGRP3 is elevated in DCs derived from lung tissue samples of individuals suffering from COPD. Our experiments
further demonstrated an upregulation of RASGRP3 in both CSE-treated BMDCs and lung tissues of CS-induced
emphysema mice. RASGRP3 could play a role in the inflammatory response by regulating the development and activity
of DCs, which in turn impacts their ability to present antigens.

C1QB, BLOCI1S2, and VSIG4, identified as downregulated signature genes, may contribute to the development of
COPD through the loss or inhibition of their functions. C1QB, the  subunit of complement Clq, is a crucial component
of the classical complement pathway and plays a significant role in immune regulation and inflammatory responses.
Stimulation by CS leads to a reduction in Clq levels, thereby promoting emphysema. The downregulation of Clq
expression in lung CDla+ antigen-presenting cells isolated from emphysema patients and from mice with CS-induced
emphysema results in an increase in Th17 cells, which amplifies pulmonary inflammation.”> BLOC1S2 is involved in
lysosome biogenesis and transport.’® In patients with COPD, the lung tissues and pulmonary epithelium exhibit abnormal
activation of autophagy, which results in the degradation of lysosomes.”’ Individuals diagnosed with Parkinson’s disease
receiving nicotinamide riboside supplementation show heightened levels of BLOC1S2 expression in peripheral blood
mononuclear cells, subsequently leading to a reduction in inflammatory cytokine levels.’® In addition, BLOC1S2
regulates the growth and maturation of hepatic stellate cells. Moreover, fetal liver hematopoietic stem cells that do not
express BLOC1S2 exhibit deficiencies in both lymphoid and myeloid differentiation.”® The specific role of BLOC1S2 in
pulmonary diseases has yet to be elucidated. Our research revealed that the levels of expression for C1QB and BLOC1S2
in DCs obtained from the lung tissues of patients with COPD are notably reduced. Additionally, experimental validation
revealed reduced expression of C1QB and BLOC1S2 in both CSE-treated BMDCs and lung tissues of CS-induced
emphysema mice. While the candidate gene BLOC1S2 exhibited the highest AUC in our receiver operating characteristic
(ROC) assessment, it was not selected for validation because experimental reports concerning immune regulation were
lacking in databases such as UniProt, ImmPort, and PubMed. In contrast, VSIG4 provides more direct evidence related to
immune regulation. Recognized as a restrictive immune checkpoint receptor, VSIG4’s expression has been documented
on conventional dendritic cells type 2 (¢cDC2) and macrophages, where it acts to inhibit T cell proliferation as well as the
secretion of IL-2 and IFN-y. Belonging to the B7 family, VSIG4 (V-set immunoglobulin domain-containing protein 4) is
primarily found on the surfaces of macrophages and dendritic cells in the immune system. Research has demonstrated
that this immunoregulatory molecule is essential for maintaining immune homeostasis. In the pathological context of
COPD, the expression level of VSIG4 in alveolar macrophages is significantly diminished, which inhibits its anti-
inflammatory function and contributes to the progression of COPD.*° Co-culturing 293FT cells with increased expression
of VSIG4 with CD8+ T cells results in reduced proliferation as well as decreased secretion of cytokines such as IL-2 and

International Journal of Chronic Obstructive Pulmonary Disease 2025:20 hetps: 3531



Huo et al

IFN-y in lung cancer.®’ Experiments revealed a reduction in VSIG4 expression in CSE-exposed BMDCs and lung tissues
from CS-induced emphysema mice, with protein levels confirmed by Western blot. Based on bioinformatics data, it is
hypothesized that this phenomenon may stimulate the proliferation and activation of CD8+ T cells and CD4+ T cells,
thereby inhibiting anti-inflammatory effects and enhancing the inflammatory response. The evaluation results of the ROC
curve indicate that the four intersecting genes possess high accuracy in diagnosing COPD and may serve as potential
diagnostic markers. Additionally, the results of the study indicate a strong connection between RASGRP3, C1QB,
BLOCI1S2, and VSIG4 and the inflammatory processes occurring in DCs. However, the precise mechanisms by which
these factors influence inflammation in DCs related to COPD require more in-depth exploration.

This research has uncovered important insights related to the immune response linked to COPD. While our study
provides valuable insights, it is crucial to acknowledge some inherent limitations. A key limitation is the absence of
clinical samples to clarify how these genes drive COPD onset and progression in DCs. Additionally, interactions with
other immune cells require further experimental verification to elucidate their potential immune mechanisms. Despite
these limitations, our study may provide new targets for addressing dendritic cell inflammation in COPD and offer fresh
insights and theoretical foundations for future in-depth research.

Conclusion
To summarize, integrating scCRNA-seq/RNA-seq and experimental validation, we identified four DC-linked genes
(RASGRP3, C1QB, BLOC1S2 and VSIG4) in COPD lung tissue that can serve as early diagnostic biomarkers and
provide therapeutic targets for precision therapy for COPD, while also offering new insights into DC-driven inflamma-
tion mechanisms.
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