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Background: Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
interstitial lung disease with limited therapeutic options. Recent studies have
demonstrated that chemokines play a vital role in IPF pathogenesis. In the
present study, we explored whether the gene signature associated with
chemokines could be used as a reliable biological marker for patients with IPF.

Methods: Chemokine-related differentially expressed genes (CR-DEGs) in IPF
and control lung tissue samples were identified using data from the Gene
Expression Omnibus database. A chemokine-related signature of the
diagnostic model was established using the LASSO-Cox regression. In addition,
unsupervised cluster analysis was conducted using consensus-clustering
algorithms. The CIBERSORT algorithm was used to calculate immune cell
infiltration across patient subgroups. Finally, we established a mouse model of
bleomycin-induced pulmonary fibrosis and a model of fibroblasts treated with
TGFB1. Expression levels of chemokine-related signature genes were
determined using real-time quantitative polymerase chain reaction (RT-qPCR).

Results: We established a chemokine-related eleven-gene signature of a
diagnostic model consisting of CXCL2, CCRL2, ARRB1, XCL1, GRKS5, PPBP,
CCL19, CCL13, CCL11, CXCL6, and CXCL13, which could easily distinguish
between IPF patients and controls. Additionally, we identified two subtypes of
IPF samples based on chemokine-related gene expression. Pulmonary function
parameters and stromal scores were significantly higher in subtype 1 than in
subtype 2. Several immune cell types, especially plasma cells and macrophages,
differ significantly between the two subtypes. RT-qPCR results showed that the
expression levels of Cxcl2 and Ccl2 increased considerably in bleomycin-
induced mice. Meanwhile, Arrbl, Ccrl2, Grk5, and Ppbp expression was
significantly reduced. Furthermore, multiple chemokine-related genes were
altered in TGFB1 or TNFa-induced fibroblast cells.
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Conclusions: A novel chemokine-related eleven-signature of diagnostic model
was developed. These genes are potential biomarkers of IPF and may play
essential roles in its pathogenesis.
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1 Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
lung disease characterized by pulmonary scarring (1). The incidence
of IPF is increasing, and IPF is a leading cause of death in an aging
population (2). The prognosis for IPF is often poor, with an average
survival of 3-5 years after diagnosis (1). The incidence and
prevalence of IPF were analyzed as 0.09-1.30 per 10,000 and
0.33-4.51 per 10,000, respectively (3). The treatment options for
IPF are limited. Pirfenidone and nintedanib are currently FDA-
approved oral agents that reduce IPF progression (4, 5). Thus,
identifying specific biomarkers, especially for early stage and
prompt therapy, is vital for improving the prognosis of patients
with IPF.

The pathogenesis of IPF involves multiple environmental risk
factors and multi-gene alterations that contribute to epithelial cell
damage and apoptosis, recruit immune cells to the site of injury, and
activate fibroblasts to secrete extracellular matrix to initiate repair
(6). Chemokines play an essential role in injury and repair (7).
Chemokines are small-molecular-weight proteins secreted by
multiple cell types and are involved in the process of pulmonary
fibrosis (8-10). For example, alveolar epithelial cell (AECs) injury
increases the expression of both CCL2 and CCL12, and alveolar
epithelial cell-specific deletion of CCL12 prevents pulmonary
fibrosis in mice, but not in CCL12 null mice. Loss of CCLI12 in
AECs leads to decreased macrophage recruitment (10). During
pulmonary fibrosis, alveolar macrophages secrete multiple
chemokines such as CCL18 and CCL1, which directly activate
pulmonary fibroblasts and stimulate collagen production (8, 11).
CCL18 levels significantly increase in the serum and
bronchoalveolar lavage fluid (BALF) of patients with multiple
interstitial lung diseases, including IPF (12). Serum CCL18
concentrations >150 ng/mL significantly increased mortality in
patients with IPF, indicating that serum CCL18 concentrations
are a good predictor of IPF (13). Neutralizing CCL1 or inhibiting
CCLI signaling reduces pulmonary fibrosis in vitro and in vivo,
indicating that CCL1 is a potential therapeutic target for IPF (8). In
IPF, various cells express chemokines and chemokine receptors,
constituting a complex chemokine system that regulates the
pathogenesis of IPF. Thus, the role of chemokine system-related
genes in the diagnosis and prognosis of IPF remains unclear and
requires further investigation.

In the present study, we identified chemokine-related
differentially expressed genes (CR-DEGs) in the control and IPF
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samples. Based on the least absolute shrinkage and selection
operator (LASSO), eleven CR-DEGs were included to establish a
diagnostic model in the training and validation sets. In addition, IPF
samples were divided into two subgroups based on eleven genes and
characterized for each subgroup. Finally, we examined the
expression of eleven CR-DEGs in bleomycin-induced injury and
TGFB1-induced pulmonary fibroblasts.

2 Materials and methods
2.1 Data source and processing

The gene expression matrix and clinical data of IPF samples
were downloaded from the NCBI GEO database (http://
www.ncbi.nlm.nih.gov/geo/) (14). The training cohort consisted
of 122 IPF and 91 control samples from GSE47460 [GPL14550
platform]. The validation cohort comprised 112 IPF and 20 control
samples from GSE70866 [GPL14550 platform]. GSE47460
[GPL6480 platform] served as a validation cohort. One hundred
thirteen chemokine-related genes (CRGs) were extracted from
GeneCards (https://www.genecards.org/).

2.2 ldentification of the CR-DEGs

Differentially expressed genes (DEGs) were extracted between
the IPF and normal samples using the “limma” R package (the
absolute value of log2 fold change (log2FC) was more significant
than 1, and false discovery rate (FDR) was less than 0.05). We
compared the differences between DEGs and CRGs and retained the
pooled portion as CR-DEGs. The “pheatmap” R package and “cor”
functions were used to draw heatmaps and calculate the correlation
between the CR-DEGs. Protein-protein interactions (PPI) between
CR-DEGs were predicted using the STRING database. Cytoscape
Version 3.0.0 was used to visualize the PPI network (15). Next, we
enriched GO biological processes and KEGG signaling for genes in
the network using Cluster Profiler version 4.4.4 (16).

2.3 Construction of diagnostic models

Based on the expression levels of CR-DEGs in the GSE47460
[GPL14550 platform] cohort, “rms” R packages were used for
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univariable logistic regression. We then used LASSO to screen for
optimal CR-DEGs. For the GSE47460 [GPL14550 platform] cohort,
a CR-DEG-based diagnostic classifier was constructed using the
Support Vector Machine (SVM) method. The diagnostic model was
evaluated using the ROC curve method in the training cohort
(GSE47460 [GPL14550 platform]) and two independent
validation cohorts (GSE70866 and GSE47460 [GPL6480 platform]).

2.4 Clinical relevance of CR-DEGs

Clinical information, including age, diffusion capacity of carbon
monoxide (dlco), forced vital capacity (fvc), and forced expiratory
volume in 1 s (fevl), was extracted from the GSE47460 dataset.
Fisher’s exact test was used for categorical variables to analyze the
distribution of clinical information in the samples. The Kruskal-
Wallis test was used to compare continuous data variables, and
correlations between the expression levels of CR-DEGs and clinical
parameters were calculated using the cor function.

2.5 Analysis of immune infiltration

We used CIBERSORT to estimate the proportional immune cell
types in the GSE47460 [GPL14550 platform] samples. We then
compared the variability of immune cell distribution in the IPF and
control groups using the Kruskal-Wallis test. Correlations between
the expression levels of CR-DEGs, which were used to construct
diagnosis models and immune cells, were calculated using a
cor function.

2.6 Prognostic relevance of
diagnostic CR-DEGs

We obtained survival information from the GSE70866 cohort to
observe the prognostic relevance of diagnostic CR-DEGs. The IPF
samples were divided into two groups (high- and low-expression
groups) according to the median gene expression value. The
prognostic difference between the high- and low-expression
groups was assessed using the Kaplan-Meier curve method
(survival package) in the R language, and the p-value was
calculated using the log-rank test.

2.7 Analysis of molecular subtype

Based on the expression levels of CR-DEGs constructed for
diagnostic models, we performed a consensus clustering analysis of
the IPF samples from the GSE47460 [GPL14550 platform] cohort
using the “Consensus ClusterPlus” package. The “GSVA” package
assessed the chemokine scores for each IPF sample, and then the
chemokine scores of the different subtypes were compared using the
Kruskal-Wallis test. As described above, we also compared the
differences in clinical parameters, immune infiltration, and stromal
scores between the subtypes.
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2.8 Pathway enrichment analysis
in subgroups

All KEGG data were downloaded from the GSEA database. We
then quantified each KEGG pathway using the “GSVA” package
based on the gene expression levels in the GSE47460 [GPL14550
platform] sample. We then used the “limma” package to screen for
differentially expressed genes between subgroups (FDR<0.05 and |
log2FC|>0.263). The ClusterProfiler” package was used to perform
Gene Ontology (GO), including biological processes (BP), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis.

2.9 Animal model

Eight-week-old male C57BL/6] mice were purchased from the
SLRC Laboratory Animal Company (Hunan, China). All animals
were kept in an SPF environment at China Three Gorges University.
The animal experimental protocol was approved by the Ethics
Committee of China Three Gorges University (Approval No.
2022B100A). The animal model of lung fibrosis was established by
a single intratracheal administration of bleomycin (2 U/kg, Hisun
Pharmaceutical, China) or an equal amount of saline as a control.
Mice were sacrificed 21 days after establishment of the mouse model.
The body and lung weights were measured. The left lung was
embedded in paraffin and stained with Masson’s trichrome. The
right lung was collected and frozen in liquid nitrogen for real-time
quantitative polymerase chain reaction (RT-qPCR).

2.10 Cells culture and treatment

The human embryonic lung fibroblast MRC-5 cell line was
purchased from Procell (Wuhan, China) and cultured in Minimum
Essential Medium (MEM, Procell) containing non-essential amino
acids, 10% fetal bovine serum (FBS, VivaCell) and 1% penicillin-
streptomycin (VivaCell) at 37°C with 5% CO,. MRC-5 cells were
treated with TGFf1 (5 ng/mL), and TNFa (10 ng/mL) for 24 h.

2.11 RT-qPCR

The expression of these core CR-DEGs in fibroblasts stimulated
with TGF-B1 and TNF-o or bleomycin-treated lung tissue was
further verified using RT-qPCR. Total RNA was isolated using
TRIZOL. The cDNA was synthesized using a cDNA synthesis kit
(Vazyme, Nanjing, China). RT-qPCR was performed using the Taq
Pro Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China).
GAPDH or ACTB was used as the reference gene. The relative fold-
change was calculated using the 27AAC method.

2.12 Western blot analysis

Western blot analysis was performed to detect protein level of
GRKS5, ARRBI, and CCRL2 in fibroblasts stimulated with TGF-p1
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and TNF-o. Briefly, MRC-5 cells were lysed on ice using
radioimmune precipitation assay (RIPA) lysis buffer (Servicebio,
Wuhan, China). Protein concentration was measured using BCA
protein assay kit. Protein extracts (20 ug) were separated by SDS-
polyacrylamide gels (SDS-PAGE), transferred to PVDF
membranes. Membranes were then incubated with primary
antibodies against o-SMA (1:1000, Cell Signaling Technology,
MA, USA), FN1 (1:2000, Proteintech, Wuhan, China), Tubulin
(1:2000, Santa Cruz, CA, USA), GRK5 (1:1000, Proteintech,
Wuhan, China), ARRB1 (1:1000, Proteintech, Wuhan, China),
CCRL2 (1:3000, Proteintech, Wuhan, China) overnight at 4°C.
Horseradish peroxidase (HRP)-conjugated anti-mouse or anti-
rabbit whole IgG secondary antibodies (1:5000, Birmingham, AL,
USA) was identify the primary antibody. Protein bands were
detected using Super ECL Star kit (US Everbright, Suzhou, China).

2.13 Statistical analysis

Statistical analysis was performed using the R software (version
3.6.1) and GraphPad Prism software (version 8.0). Different R
packages were used to analyze the gene expression profiles. Data
from RT-qPCR were presented as “mean + standard error of mean
(SEM)” or “mean + standard deviation (SD)”. An Independent
samples t-test was used to compare the treatment and control
groups. Statistical significance was set at p<0.05.

3 Results

3.1 Identification of chemokine-related
differentially expressed genes

The workflow is illustrated in Figure 1. We investigated the
DEGs in 122 IPF and 91 normal tissue samples (CTRL) from
GS47460 [GPL14550 platform]. These specimens were obtained
surgically and were diagnosed as having IPF or being controls by
clinical history, CT scan, or surgical pathology. The baseline
characteristics of the IPF and control individuals are shown in
Table 1. As shown in the volcano map, 891 DEGs (306
downregulated and 585 upregulated) were identified (Figure 2A).
In total, 113 CRGs were retrieved from the GeneCards database

TABLE 1 The baseline characteristics of the study subjects.

10.3389/fimmu.2023.1159856

NCBI IPF data
(GSE47460 (91 Ctrl, 122 IPF)

limma

DEGs in IPF vs. Ctrl

Chemokine
related DEGs
Regression
LASSO

Optimized chemokine
DEGs identification

HIPF subtype
analysis

Chemokine
related genes

PPl interaction

Validation of the model
Immunoinfiltration
analysis

[ Analysis of diagnostic

KEGG pathway
analysis
Chemokine scores
assessment
qPCR

J [Validation ofdiagnosticJ [Prognoslicanalysis}
S|

Diagnostic model
construction

DEGs and clinical factor:
(GSE47460)

DEGs in cellular and of diagnostic DEGs
animal models (GSE70866)

FIGURE 1
Flow diagram of this study.

(Table S1). Thirty-four CR-DEGs were identified by investigating
the intersection of the DEGs and CRGs (Figure 2B). The heatmap
showed 34 CR-DEGs in IPF and control samples (Figure 2C).
Chemokine receptors often play an essential role in the binding of
specific chemokines. Based on this, we performed a correlation
analysis between the CR-DEGs (Figure 2D). Additionally, we
constructed a PPI network of CR-DEGs using the STING
database. Among these CR-DEGs, CCL13, CCL11, CCL7,
CXCL13, GRK5, ARRB1, CCRL2, and CXCL2 with the highest
degrees were considered hub genes in this network (Figure SI).
Biological processes of GO enrichment analysis revealed that CR-
DEGs were mainly involved in cell chemotaxis, response to
chemokines, chemokine-mediated signaling pathways, etc. (Figure
S2A). The enrichment analysis of KEGG pathways included the
chemokine signaling pathway, cytokine-cytokine receptor
interaction, and IL-17 signaling pathway (Figure S2B).

3.2 Construction of diagnostic model
based on chemokine-related hub genes

We performed univariate logistic regression analysis of 34 CR-
DEGs (Figure 3A). Next, we used LASSO to screen for optimal CR-
DEGs. Eleven CR-DEGs were subjected to LASSO Cox regression
analysis to construct a diagnostic model (Figures 3B, C). The

Clinical features IPF (N=122) CTRL (N=91) P value
Gender 0.0013
Female 41 51
Male 81 40
Age 64.51 + 8.40 63.79+11.49 0.615
Predicted dlco (%) 49.51+18.73 82.86+16.44 < 0.001
Predicted fevl (%) 71.05%17.51 94.58+12.97 < 0.001
Predicted fve (%) 64.28+14.62 94.46+13.11 < 0.001
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FIGURE 2

The differentially expressed chemokine-related genes (CRs) in IPF cohort. (A) Volcano plot of differentially expressed genes (DEGs). (B) Venn diagram
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of DEGs and CRs. (C) Heatmap of CR-DEGs in IPF samples. (D) Heatmap of correlation between CR-DEGs.

heatmap showed that eleven CR-DEGs in the diagnostic model had
significant differences in precision between the IPF and control
samples in the training cohort (GS47460 [GPL14550 platform])
(Figure 3D) and two external validation cohorts (GSE70866 and
GS47460 [GPL6480 platform]) (Figures 3E, F). Figures 3G-1 show
the ROC curves of the eleven CR-DEGs diagnostic models in the

GS47460 [GPL14550 platform],

GSE70866, and GS47460

[GPL6480 platform] datasets, respectively. Eleven CR-DEGs were
significantly associated with clinical parameters in patients, such as
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age, dlco, fevl, and fvc (Figure 4A). For example, ARRB1 expression
was significantly positively correlated with dlco, indicating that
higher ARRBI expression is associated with better lung function. In
contrast, CXCL6 expression was significantly negatively correlated
with dlco, suggesting that CXCL6 is a marker of poor lung function
(Figure 4A). Therefore, these results suggest that the eleven CR-
DEGs signatures may serve as potential diagnostic factors in IPF
patients. Based on the median values, patients with IPF from the
GSE70866 cohort were divided into two groups. The association
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FIGURE 3

Construction and validation of diagnostic models based on CR-DEGs. (A) The logistic regression analysis of CR-DEGs. (B) Diagnostic model
construction using a least absolute shrinkage and selection operator (LASSO) Cox regression model. (C) Coefficient distribution plots to select the
optimum lambda value. (D—F) Heatmap of the gene-expression profiles of model-related CR-DEGs in the training (D) and external validation cohorts
(E, F). (G—1) ROC curves of diagnostic models in training (G) and external validation cohorts (H, 1).

between gene expression and outcome was assessed using Kaplan-
Meier curves. Six genes (ARRB1, CCRL2, CXCL2, CCL13, PPBP,
and GRK5) showed a prognostic value. In bronchoalveolar lavage
(BAL) cells, high expression of CCRL2, CXCL2, CCL13, PPBP, and
GRK5 was significantly associated with shorter survival times. High
ARRBI1 expression was associated with better outcomes
(Figures 4B-G).

3.3 CR-DEGs and immune cell infiltration

The CIBERSORT algorithm was used to assess the immune
microenvironment of the GSE GS47460 [GPL14550 platform]
dataset. A boxplot indicated that the infiltration of multiple immune

Frontiers in Immunology

06

cells was significantly different between IPF and control samples
(Figure 5A). For example, plasma cells, naive CD4" T cells,
macrophages (MO and M2), and activated mast cells infiltrated
significantly higher levels in the IPF tissue (Figure 5A). Next, we
explored the relationship between eleven CR-DEGs and immune cell
infiltration. The results suggest that eleven CR-DEGs were significantly
associated with the infiltration level of immune cells (Figure 5B).

3.4 Subtype based on the diagnosis
of CR-DEGs

To explore the biological characteristics of chemokine-related
genes, IPF samples were classified into two clusters (subtype 1 and
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the BALF of patients with IPF.

subtype 2) using the “ConsensusClusterPlus” package in R, according
to eleven CR-DEGs expression levels. Subtypes 1 and 2 contained 81
and 41 IPF samples, respectively (Figure 6A). The chemokine score
for each sample was assessed using the GSVA algorithm. As shown in
Figure 6B, the chemokine score was significantly higher for subtype 1
than for subtype 2. The heatmap shows the expression patterns of
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eleven CR-DEGs in subtypes 1 and 2 (Figure 6C). Pulmonary
function parameters (dlco, fevl, and fvc) and stromal scores were
significantly higher in subtype 1 than in subtype 2 (Figures 6D-G). In
addition, immune infiltration analysis showed that the levels of
infiltration of multiple immune cells differed significantly between
the two subtypes (Figure 6H).
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FIGURE 5

Immune cell infiltration. (A) Distribution of immune cells in normal and IPF lung tissue. (B) Correlation between eleven CR-DEGs expression levels

and levels of infiltration immune cells.

3.5 Functional enrichment analysis

To further investigate changes in biological function between
subtypes based on the expression levels of the eleven CR-DEGs, we
performed GSEA for subtypes 1 and 2. The significantly enriched
pathways in subtypes 1 and 2 are shown in Figure 7A. Subsequently,
GSEA was performed for these two subtypes. The results indicated
that the samples in subtype 1 were significantly enriched in
unsaturated fatty acid biosynthesis, glycosaminoglycan degradation,
and snare interactions in vesicular transport. Subtype 2 was
significantly enriched in ribosomes (Figure 7B).

3.6 Validation of model gene expression
in TGFB1- or TNFo.--treated lung
fibroblast cells

Upon stimulation with various cytokines, pulmonary fibroblasts
are transformed into myofibroblasts that synthesize large amounts
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of the extracellular matrix. TGF-B1 and TNF-o, well-known
profibrotic and proinflammatory cytokines, are widely used to
induce fibroblast-to-myofibroblast transformation (17, 18). The
mRNA levels of the eleven CR-DEGs were estimated using RT-
qPCR. Primer sequences are listed in Table S2. Treatment of MRC-
5 cells with TGF-B1 (5 ng/mL for 24 h) significantly upregulated
ACTA2 (encoding o-SMA) and ENI1 (encoding fibronectin)
expression (Figure 8A), suggesting that TGF-Bf1 promotes
fibroblast-to-myofibroblast transformation. Additionally, the
expression of several chemokines and receptors decreased,
including CXCL2, CCRL2, ARRB1, GRK5, CXCL6, CCL13
(human only), and CCLI1I. Stimulation of MRC-5 cells with
TNF-0. (10 ng/mL for 24 h) resulted in a significant increase in
CXCL2, CCRL2, and CXCL6 expression, whereas ARRBI, GRK5,
CCL13, CCL11, CCL19, and CXCL13 expression was significantly
decreased (Figures 8B-K). XCL1 was not detected in the MRC-5
cells. Western blot revealed elevated of a-SMA and FN1, as well as
down-regulated GRK5, ARRB1 in TGFB1-treated lung fibroblasts
(Figures 8L-P, Figure S3).
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FIGURE 6

Identify different subtypes based on eleven CR-DEGs. (A) Hierarchical map of subtype analysis. (B) The chemokine score between the two subtypes
(C) Distribution of the eleven CR-DEGs in GSE47460 cohorts in subtype, sex, and smoking. (D) The pulmonary function parameters, dlco (D), fevl
(E), and fvc (F) in two subtypes. (G) Stromal score in two subtypes. (H) The proportion of 22 types of immune cells in two subtypes.

3.7 Validation of model gene expression
in bleomycin induced-pulmonary
fibrosis model

Bleomycin-induced murine pulmonary fibrosis is the most
representative and commonly used experimental model for IPF
studies (19). We further validated model gene expression in BLM-
induced pulmonary fibrosis. We established a model of pulmonary
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fibrosis by intratracheal injection of bleomycin (2 U/kg). The mice
were sacrificed on day 21, and lung tissues were harvested
(Figure 9A). The lung index was significantly increased in mice
treated with bleomycin (Figure 9B). Masson staining showed that
bleomycin significantly increased collagen deposition (Figure 9C).
The fibrosis marker genes Collal, Acta2, and Fnl were also
significantly upregulated in bleomycin-induced mice (Figure 9D).
These results suggest that the pulmonary fibrosis model was
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successfully established. Next, validation of the model genes mRNA
levels was validated using RT-qPCR. Primer sequences are listed in
Table S2. The results demonstrated that Cxcl2 and Ccl2 (human
homolog CCL13) expression were significantly increased in
bleomycin-induced mice (Figures 9E, F). Meanwhile, Arrbl,
Ccrl2, Grk5, and Ppbp levels were significantly reduced
(Figures 9G-J). Cxcl13, Cclll, Ccl19, Xcll, and Cxcl5 (human
homolog CXCL6) mRNA levels did not change between the two
groups of mice (Figures 9K-0).

4 Discussion

Idiopathic pulmonary fibrosis is a chronic, progressive, and fatal
disease characterized by alveolar epithelial injury, immune cell
recruitment, and fibroblast activation despite the application of
anti-fibrotic therapy. Accumulating evidence indicates that injured
epithelial cells and abnormally activated macrophages secrete
chemokines that induce fibroblast expansion and activation (6).
Chemokine and chemokine receptor signals play a role in cell
migration, activation, and response to lung injury repair,
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including IPF (8, 10, 20, 21). Antibodies that neutralize
chemokines may contribute to treating IPF (8). In the lung
tissues, many cells secrete chemokines or express chemokine
receptors. The analysis of chemokines and receptors may be
conducive to diagnosing and treating IPF, even when evaluating
the prognosis of patients with IPF. Therefore, establishing a multi-
gene diagnostic model for patients with IPF based on the
chemokine system is necessary.

In the present study, 34 CR-DEGs were screened from the
GSE47460 dataset, containing 112 IPF and 91 control samples.
Eleven CR-DEGs signatures were identified using the LASSO
regression model to construct a diagnosis IPF model. The
diagnosis model easily distinguished between IPF and control
samples, highlighting that the chemokine system differs between
patients with IPF and control individuals. In addition, we explored
the prognostic role of the eleven IPF genes in the GSE70866 dataset.
The results suggest that ARRB1, CCRL2, CXCL2, CCL13, PPBP,
and GRKS5 are better factors for determining the prognosis of IPF.
Furthermore, consensus clustering was used to classify patients with
IPF into two subgroups based on the expression levels of eleven CR-
DEGs. Finally, we evaluated the expression of eleven CR-DEGs in a
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ns, not significant difference

bleomycin-induced pulmonary fibrosis model and in TGFB1-
activated human lung fibroblasts. Although preclinical models of
bleomycin-induced pulmonary fibrosis are the most commonly
experimental models to investigate the mechanisms of pulmonary
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fibrosis, there are differences with IPF, such as recovery from
bleomycin-induced pulmonary fibrosis. Consistent with the
transcriptome data of IPF lung tissue, Arrbl, Ccrl2, and Grk5
mRNA levels are significantly reduced in a bleomycin-induced
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FIGURE 9

The expression of the eleven CR-DEGs in bleomycin-induced lung fibrosis. (A) Schematic diagram of bleomycin-induced lung fibrosis. (B) Lung
index (lung weight/body weight). (C) Representative images of Masson'’s trichrome staining of the lung section. (D) mRNA levels of Collal, Acta2,
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Cxcl5 (0) in control and bleomycin group.. Values were expressed as mean + SD (n = 4), *p < 0.05, **p < 0.01, ***p < 0.001. t test was used. Ctrl,

control; BLM, bleomycin; ns, not significant difference.

mouse model that should be investigated further. The lack of
changes in Cxcl13, Cclll, Ccl19, Xcll, and Cxcl5 mRNA levels
may be due to differences in bleomycin-induced pulmonary fibrosis
and IPF, although models of bleomycin-induced pulmonary fibrosis
are the most common experimental models for investigating IPF.
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A previous study reported that PADI4, IGFBP7, and
GADD45A serve as biomarkers for IPF, which may contribute to
the diagnosis of IPF (22). This is the first study to establish and
validate a diagnostic model using eleven chemokine-associated
genes (CXCL2, CCRL2, ARRBI, XCL1, GRK5, PPBP, CCL19,
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CCL13, CCL11, CXCL6, and CXCL13). Among the eleven CR-
DEGs, some have been studied in lung injury. CXCL2 is
significantly upregulated in mouse lung tissue in a bleomycin-
induced model of pulmonary fibrosis, and 5-azacytidine (a DNA
methyltransferase inhibitor) reduces CXCL2 expression (23). The
neutralization of CXCL2 reduced hydroxyproline in the lung tissue
of bleomycin-induced mice, but did not reduce lung neutrophil
infiltration. Interestingly, stimulation with CXCL2 did not promote
the proliferation of lung fibroblasts or collagen expression (20). In
our study, CXCL2 expression levels were inversely correlated with
lung function parameters. High expression of CXCL2 in alveolar
lavage fluid cells from patients with IPF suggests a poor prognosis.
Interestingly, CXCL2 expression is reduced in IPF lung tissue,
possibly due to different extents across cell types.

CCRL2 is a seven-transmembrane protein expressed in
epithelial cells, endothelial cells, and a variety of leukocytes.
CCRL2 is upregulated under inflammatory conditions and
recruits CXCR2-mediated neutrophils at sites of inflammation
(24). Additional studies have demonstrated that CCRL2
deficiency worsens obesity and insulin resistance by increasing
macrophage infiltration into adipose tissue (25). CCRL2 was
downregulated in IPF samples, bleomycin-induced pulmonary
fibrosis, and TGFP1-induced fibroblast. ARRBI, initially thought
to be a negative regulator of G-protein-coupled receptor signaling,
has been shown to regulate cellular functions and is involved in
various physiological processes, including inflammation, immune
responses, and tumorigenesis (26, 27).

Deletion of Arrbl significantly inhibited autophagy and
induced neuronal apoptosis and necrosis in a model of cerebral
ischemia (28). Autophagy is a highly conserved intracellular process
involved in cellular degradation and recycling that has been found
to delay the pathological progression of IPF (29). XCLI and its
receptor (XCR1) are significant regulators of dendritic and T-cell
immune responses. For example, T cell-derived XCL1 contributes
to intestinal XCR1™ DC activation and migration (30). Mice
deficient in XCL1 or XCRI have attenuated CD8" T-cell
responses and lack the ability to generate regulatory T cells.
However, the role of XCL1-mediated immune responses in IPF
has not been previously reported.

GRKS5 has been reported to be highly expressed in the cardiac
fibroblast. Nuclear translocation of GRKS5 results in fibroblast
activation. Fibroblast-specific deletion of GRK5 attenuates
myocardial fibrosis and hypertrophy after chronic Ang II infusion
or ischemic injury (31). GRK5 expression was significantly reduced
in fibroblasts from the IPF cohort and TGFp1-treated fibroblasts.
Thus, the role of RGK5 in IPF pathogenesis warrants further
investigation. PPBP, also known as CXCL7, is expressed by
multiple cells, including platelets, neutrophils, natural killer cells,
lymphocytes, and megakaryocytes (32). It has been found that
CXCL7 regulates various processes, including glucose metabolism,
mitogenesis, extracellular matrix and plasminogen activator
synthesis (33). Proteomic analysis of serum extracellular vesicles
showed that PPBP could represent a potential biomarker of liver
fibrosis in patients with chronic hepatitis C (34). Recent evidence
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suggests that PPBP is upregulated in the serum of COVID-19
patients compared to influenza and serves as a potential
biomarker for the severity of COVID-19 (35). The role of
increased PPBP in IPF pathogenesis remains to be determined.

Our findings were consistent with those previously reported.
CCL19 has been reported to be highly expressed in the lung tissue of
patients with IPF, which facilitates the recruitment and
accumulation of dendritic cells to fibrotic lung and sustains
chronic inflammation, driving IPF development (36). Plasma
CCL13 and CXCLI13 are prognostic markers of IPF, and a higher
concentration of CXCL13 is associated with higher all-cause
mortality (37). CXCL6 has been reported to be upregulated in
IPF-derived BAL. CXCL6 mRNA levels significantly increased on
day 1 after bleomycin treatment, and then gradually decreased to
normal levels. The inflammatory response induced by CXCL6
promoted the progression of pulmonary fibrosis. CXCL6 antibody
neutralization attenuates early lung inflammation and prevents
pulmonary fibrosis after bleomycin administration (38). Taken
together, our findings support the ongoing assessment of the
prognostic potential of chemokines as biomarkers in future
IPF trials.

Increasing evidence suggests that immune cells are involved in
the pathogenesis of IPF (39-42). Immune cells produce
chemokines and cytokines that regulate fibroblast phenotypes.
Alveolar macrophages and CD4" T cells secrete CCL1, which
promotes the differentiation of lung fibroblasts into
myofibroblasts and contributes to pulmonary fibrosis (8). High
levels of CD138 plasma cells have been demonstrated in the lung
tissues of IPF patients and in mouse models of bleomycin-induced
pulmonary fibrosis. Treatment of mice with bortezomib resulted
in the depletion of plasma cells, which attenuated the development
of bleomycin-induced pulmonary fibrosis, suggesting that plasma
cells are essential effector cells in the pathogenesis of pulmonary
fibrosis (43). In the current study, we also observed higher levels of
plasma and macrophages (M0 and M2) in the IPF cohort than in
the control cohort. Subtype analysis showed a decrease in dlco,
fevl, and fvc in subtype 2, which indicated that patients with
subtype 2 had more severe disease. Immune cell infiltration
revealed increased levels of plasma cells and MO macrophages in
subtype 2 tumors. Further research is required to determine the
exact mechanism by which plasma cells and macrophages
promote IPF progression.

Despite this, several limitations of this study still exist. First,
lung tissue specimens from patients with IPF were not available to
validate the analysis, despite using a bleomycin-induced lung
fibrosis model and a TGFB1-induced cell model. Second, not only
do the mRNA levels of hub genes need to be verified, but the
expression levels of these genes also need to be confirmed to further
understand the molecular mechanisms of IPF. Third, to gain a
comprehensive understanding of the nature of chemokines and
their receptors in IPF, especially their unique roles in different cell
types, further functional and mechanistic investigations are
necessary to determine the potential role of chemokine-associated
genes in IPF pathogenesis.
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In conclusion, our study established and validated a chemokine
system-related eleven-gene signature in a diagnostic model for IPF.
The model could serve as a diagnostic biomarker and contribute to
a better understanding of the role of chemokines in IPF
pathogenesis. Moreover, we validated hub gene expression levels
by RT-qPCR in bleomycin-induced pulmonary fibrosis and a
TGFp1-induced cell model. Further studies are required to clarify
these findings.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Ethics
Committee of China Three Gorges University (Approval
No. 2022B100A).

Author contributions

TZ developed the concept and designed this study. TZ and XW
carried out the data analysis. TZ, XW, and XZ contributed to animal
and cell experiment. TZ, KY, XL and JN wrote and edited the
manuscript. All authors contribute to the article and approved the
submitted version.

Funding

This work has been supported by Natural Science Foundation of
Hubei Province (2019CFB745), Health Commission of Hubei
Province scientific research project (WJ2021M067).

References

1. Martinez FJ, Collard HR, Pardo A, Raghu G, Richeldi L, Selman M, et al. Idiopathic
pulmonary fibrosis. Nat Rev Dis Primers (2017) 3:17074. doi: 10.1038/nrdp.2017.74

2. Henderson NC, Rieder F, Wynn TA. Fibrosis: From mechanisms to medicines.
Nature (2020) 587(7835):555-66. doi: 10.1038/s41586-020-2938-9

3. Maher TM, Bendstrup E, Dron L, Langley J, Smith G, Khalid JM, et al. Global
incidence and prevalence of idiopathic pulmonary fibrosis. Respir Res (2021) 22(1):197.
doi: 10.1186/s12931-021-01791-z

4. LiR,Jia Y, Kong X, Nie Y, Deng Y, Liu Y. Novel drug delivery systems and disease
models for pulmonary fibrosis. J Controlled release Off ] Controlled Release Soc (2022)
348:95-114. doi: 10.1016/j.jconrel.2022.05.039

5. Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK, Costabel U, et al. Efficacy
and safety of nintedanib in idiopathic pulmonary fibrosis. New Engl ] Med (2014) 370
(22):2071-82. doi: 10.1056/NEJMoal1402584

6. Moss BJ, Ryter SW, Rosas I0. Pathogenic mechanisms underlying idiopathic
pulmonary fibrosis. Annu Rev Pathol (2022) 17:515-46. doi: 10.1146/annurev-pathol-
042320-030240

7. Strieter RM, Gomperts BN, Keane MP. The role of cxc chemokines in pulmonary
fibrosis. J Clin Invest (2007) 117(3):549-56. doi: 10.1172/jci30562

8. Liu SS, Liu C, Lv XX, Cui B, Yan J, Li YX, et al. The chemokine Ccl1 triggers an
amfr-Spryl pathway that promotes differentiation of lung fibroblasts into

Frontiers in Immunology

14

10.3389/fimmu.2023.1159856

Acknowledgments

We sincerely thank the researchers who created and maintained
GEO data.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1159856/
full#supplementary-material

SUPPLEMENTARY FIGURE 1
PPI network of CR-DEGs using the STING database.

SUPPLEMENTARY FIGURE 2
GO and KEGG enrichment analysis of CR-DEGs. (A) GO enrichment analysis
of CR-DEGs, including BP. (B) KEGG enrichment analysis of CR-DEGs.

SUPPLEMENTARY FIGURE 3
Independent experiments of treatment of MRC-5 with TGFB1 or TNFa
for 24 h.

myofibroblasts and drives pulmonary fibrosis. Immunity (2021) 54(9):2042-56.e8.
doi: 10.1016/j.immuni.2021.06.008

9. Affandi AJ, Carvalheiro T, Ottria A, de Haan JJ, Brans MAD, Brandt MM, et al.
Cxcl4 drives fibrosis by promoting several key cellular and molecular processes. Cell
Rep (2022) 38(1):110189. doi: 10.1016/j.celrep.2021.110189

10. Yang J, Agarwal M, Ling S, Teitz-Tennenbaum S, Zemans RL, Osterholzer JJ, et al.
Diverse injury pathways induce alveolar epithelial cell Ccl2/12, which promotes lung
fibrosis. Am ] Respir Cell Mol Biol (2020) 62(5):622-32. doi: 10.1165/rcmb.2019-02970C

11. Prasse A, Pechkovsky DV, Toews GB, Jungraithmayr W, Kollert F, Goldmann T, et al.
A vicious circle of alveolar macrophages and fibroblasts perpetuates pulmonary fibrosis Via
Ccl18. Am ] Respir Crit Care Med (2006) 173(7):781-92. doi: 10.1164/rccm.200509-15180C

12. Cai M, Bonella F, He X, Sixt SU, Sarria R, Guzman J, et al. Ccl18 in serum, bal
fluid and alveolar macrophage culture supernatant in interstitial lung diseases. Respir
Med (2013) 107(9):1444-52. doi: 10.1016/j.rmed.2013.06.004

13. Prasse A, Probst C, Bargagli E, Zissel G, Toews GB, Flaherty KR, et al. Serum cc-
chemokine ligand 18 concentration predicts outcome in idiopathic pulmonary fibrosis.
Am ] Respir Crit Care Med (2009) 179(8):717-23. doi: 10.1164/rccm.200808-12010C

14. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
Ncbi geo: Archive for functional genomics data sets—update. Nucleic Acids Res (2013)
41(Database issue):D991-5. doi: 10.1093/nar/gks1193

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1159856/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1159856/full#supplementary-material
https://doi.org/10.1038/nrdp.2017.74
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1186/s12931-021-01791-z
https://doi.org/10.1016/j.jconrel.2022.05.039
https://doi.org/10.1056/NEJMoa1402584
https://doi.org/10.1146/annurev-pathol-042320-030240
https://doi.org/10.1146/annurev-pathol-042320-030240
https://doi.org/10.1172/jci30562
https://doi.org/10.1016/j.immuni.2021.06.008
https://doi.org/10.1016/j.celrep.2021.110189
https://doi.org/10.1165/rcmb.2019-0297OC
https://doi.org/10.1164/rccm.200509-1518OC
https://doi.org/10.1016/j.rmed.2013.06.004
https://doi.org/10.1164/rccm.200808-1201OC
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.3389/fimmu.2023.1159856
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

15. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: A software environment for integrated models of biomolecular
interaction networks. Genorme Res (2003) 13(11):2498-504. doi: 10.1101/gr.1239303

16. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An r package for comparing
biological themes among gene clusters. Omics ] Integr Biol (2012) 16(5):284-7.
doi: 10.1089/0mi.2011.0118

17. Frangogiannis N. Transforming growth factor-B in tissue fibrosis. J Exp Med
(2020) 217(3):¢20190103. doi: 10.1084/jem.20190103

18. Zhang C, Wu Z, Li JW, Tan K, Yang W, Zhao H, et al. Discharge may not be the
end of treatment: Pay attention to pulmonary fibrosis caused by severe covid-19. ] Med
Virol (2021) 93(3):1378-86. doi: 10.1002/jmv.26634

19. D'Alessandro-Gabazza CN, Yasuma T, Kobayashi T, Toda M, Abdel-Hamid
AM, Fujimoto H, et al. Inhibition of lung microbiota-derived proapoptotic peptides
ameliorates acute exacerbation of pulmonary fibrosis. Nat Commun (2022) 13(1):1558.
doi: 10.1038/541467-022-29064-3

20. Keane MP, Belperio JA, Moore TA, Moore BB, Arenberg DA, Smith RE, et al.
Neutralization of the cxc chemokine, macrophage inflammatory protein-2, attenuates
bleomycin-induced pulmonary fibrosis. J Immunol (Baltimore Md 1950) (1999) 162
(9):5511-8. doi: 10.4049/jimmunol.162.9.5511

21. Ma Z, Ma C, Zhang Q, Bai Y, Mu K, Liu X, et al. Role of Cxcl16 in blm-induced
epithelial-mesenchymal transition in human A549 cells. Respir Res (2021) 22(1):42.
doi: 10.1186/s12931-021-01646-7

22. Li K, Liu P, Zhang W, Liu X, Tanino Y, Koga Y, et al. Bioinformatic
identification and analysis of immune-related chromatin regulatory genes as
potential biomarkers in idiopathic pulmonary fibrosis. Ann Trans Med (2022) 10
(16):896. doi: 10.21037/atm-22-3700

23. Lu CH, Chen CM, Ma J, Wu CJ, Chen LC, Kuo ML. DNA Methyltransferase
inhibitor alleviates bleomycin-induced pulmonary inflammation. Int Immunopharmacol
(2020) 84:106542. doi: 10.1016/j.intimp.2020.106542

24. Del Prete A, Martinez-Muoz L, Mazzon C, Toffali L, Sozio F, Za L, et al. The
atypical receptor Ccrl2 is required for Cxcr2-dependent neutrophil recruitment and
tissue damage. Blood (2017) 130(10):1223-34. doi: 10.1182/blood-2017-04-777680

25. Xu M, Wang YM, Li WQ, Huang CL, Li J, Xie WH, et al. Ccrl2 deficiency
deteriorates obesity and insulin resistance through increasing adipose tissue macrophages
infiltration. Genes Dis (2022) 9(2):429-42. doi: 10.1016/j.gendis.2020.08.009

26. DeWire SM, Ahn S, Lefkowitz R], Shenoy SK. Beta-arrestins and cell signaling.
Annu Rev Physiol (2007) 69:483-510. doi: 10.1146/annurev.physiol.69.022405.154749

27. Lei Y, Xu X, Liu H, Chen L, Zhou H, Jiang J, et al. Hbx induces hepatocellular
carcinogenesis through Arrbl-mediated autophagy to drive the G(1)/S cycle.
Autophagy (2021) 17(12):4423-41. doi: 10.1080/15548627.2021.1917948

28. Wang P, Xu TY, Wei K, Guan YF, Wang X, Xu H, et al. Arrbl/B-Arrestin-1
mediates neuroprotection through coordination of Becnl-dependent autophagy in
cerebral ischemia. Autophagy (2014) 10(9):1535-48. doi: 10.4161/auto.29203

29. Yue YL, Zhang MY, Liu JY, Fang L], Qu YQ. The role of autophagy in idiopathic

pulmonary fibrosis: From mechanisms to therapies. Ther Adv Respir Dis (2022)
16:17534666221140972. doi: 10.1177/17534666221140972

Frontiers in Immunology

15

10.3389/fimmu.2023.1159856

30. Ohta T, Sugiyama M, Hemmi H, Yamazaki C, Okura S, Sasaki I, et al. Crucial
roles of Xcrl-expressing dendritic cells and the Xcr1-Xcll chemokine axis in intestinal
immune homeostasis. Sci Rep (2016) 6:23505. doi: 10.1038/srep23505

31. Eguchi A, Coleman R, Gresham K, Gao E, Ibetti ], Chuprun JK, et al. Grk5 is a
regulator of fibroblast activation and cardiac fibrosis. Proc Natl Acad Sci USA (2021)
118(5):€2012854118. doi: 10.1073/pnas.2012854118

32. Wu Q, Tu H, Li J. Multifaceted roles of chemokine c-X-C motif ligand 7 in
inflammatory diseases and cancer. Front Pharmacol (2022) 13:914730. doi: 10.3389/
fphar.2022.914730

33. Hristov M, Zernecke A, Bidzhekov K, Liehn EA, Shagdarsuren E, Ludwig A,
et al. Importance of cxc chemokine receptor 2 in the homing of human peripheral
blood endothelial progenitor cells to sites of arterial injury. Circ Res (2007) 100(4):590—
7. doi: 10.1161/01.res.0000259043.42571.68

34. Shirai K, Hikita H, Sakane S, Narumi R, Adachi ], Doi A, et al. Serum amyloid p
component and pro-platelet basic protein in extracellular vesicles or serum are novel
markers of liver fibrosis in chronic hepatitis ¢ patients. PloS One (2022) 17(7):€0271020.
doi: 10.1371/journal.pone.0271020

35. Wismans LV, Lopuhai B, de Koning W, Moeniralam H, van Oosterhout M,
Ambarus C, et al. Increase of mast cells in covid-19 pneumonia may contribute to
pulmonary fibrosis and thrombosis. Histopathology (2023) 82(3):407-19. doi: 10.1111/
his.14838

36. Marchal-Somme J, Uzunhan Y, Marchand-Adam S, Kambouchner M, Valeyre
D, Crestani B, et al. Dendritic cells accumulate in human fibrotic interstitial lung
disease. Am J Respir Crit Care Med (2007) 176(10):1007-14. doi: 10.1164/rccm.200609-
13470C

37. Neighbors M, Cabanski CR, Ramalingam TR, Sheng XR, Tew GW, Gu C, et al.
Prognostic and predictive biomarkers for patients with idiopathic pulmonary fibrosis
treated with pirfenidone: Post-hoc assessment of the capacity and ascend trials. Lancet
Respir Med (2018) 6(8):615-26. doi: 10.1016/s2213-2600(18)30185-1

38. Besnard AG, Struyf S, Guabiraba R, Fauconnier L, Rouxel N, Proost P, et al.
Cxcl6 antibody neutralization prevents lung inflammation and fibrosis in mice in the
bleomycin model. ] Leukocyte Biol (2013) 94(6):1317-23. doi: 10.1189/j1b.0313140

39. Heukels P, Moor CC, von der Thiisen JH, Wijsenbeek MS, Kool M.
Inflammation and immunity in ipf pathogenesis and treatment. Respir Med (2019)
147:79-91. doi: 10.1016/j.rmed.2018.12.015

40. She YX, Yu QY, Tang XX. Role of interleukins in the pathogenesis of pulmonary
fibrosis. Cell Death Discov (2021) 7(1):52. doi: 10.1038/s41420-021-00437-9

41. Fraser E, Denney L, Antanaviciute A, Blirando K, Vuppusetty C, Zheng Y, et al.
Multi-modal characterization of monocytes in idiopathic pulmonary fibrosis reveals a
primed type I interferon immune phenotype. Front Immunol (2021) 12:623430.
doi: 10.3389/fimmu.2021.623430

42. Serezani APM, Pascoalino BD, Bazzano JMR, Vowell KN, Tanjore H, Taylor CJ,
et al. Multiplatform single-cell analysis identifies immune cell types enhanced in
pulmonary fibrosis. Am ] Respir Cell Mol Biol (2022) 67(1):50-60. doi: 10.1165/
rcmb.2021-04180C

43. Préle CM, Miles T, Pearce DR, O'Donoghue RJ, Grainge C, Barrett L, et al.
Plasma cell but not Cd20-mediated b-cell depletion protects from bleomycin-induced
lung fibrosis. Eur Respir J (2022) 60(5):2101469. doi: 10.1183/13993003.01469-2021

frontiersin.org


https://doi.org/10.1101/gr.1239303
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1002/jmv.26634
https://doi.org/10.1038/s41467-022-29064-3
https://doi.org/10.4049/jimmunol.162.9.5511
https://doi.org/10.1186/s12931-021-01646-7
https://doi.org/10.21037/atm-22-3700
https://doi.org/10.1016/j.intimp.2020.106542
https://doi.org/10.1182/blood-2017-04-777680
https://doi.org/10.1016/j.gendis.2020.08.009
https://doi.org/10.1146/annurev.physiol.69.022405.154749
https://doi.org/10.1080/15548627.2021.1917948
https://doi.org/10.4161/auto.29203
https://doi.org/10.1177/17534666221140972
https://doi.org/10.1038/srep23505
https://doi.org/10.1073/pnas.2012854118
https://doi.org/10.3389/fphar.2022.914730
https://doi.org/10.3389/fphar.2022.914730
https://doi.org/10.1161/01.res.0000259043.42571.68
https://doi.org/10.1371/journal.pone.0271020
https://doi.org/10.1111/his.14838
https://doi.org/10.1111/his.14838
https://doi.org/10.1164/rccm.200609-1347OC
https://doi.org/10.1164/rccm.200609-1347OC
https://doi.org/10.1016/s2213-2600(18)30185-1
https://doi.org/10.1189/jlb.0313140
https://doi.org/10.1016/j.rmed.2018.12.015
https://doi.org/10.1038/s41420-021-00437-9
https://doi.org/10.3389/fimmu.2021.623430
https://doi.org/10.1165/rcmb.2021-0418OC
https://doi.org/10.1165/rcmb.2021-0418OC
https://doi.org/10.1183/13993003.01469-2021
https://doi.org/10.3389/fimmu.2023.1159856
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identification and validation of chemokine system-related genes in idiopathic pulmonary fibrosis
	1 Introduction
	2 Materials and methods
	2.1 Data source and processing
	2.2 Identification of the CR-DEGs
	2.3 Construction of diagnostic models
	2.4 Clinical relevance of CR-DEGs
	2.5 Analysis of immune infiltration
	2.6 Prognostic relevance of diagnostic CR-DEGs
	2.7 Analysis of molecular subtype
	2.8 Pathway enrichment analysis in subgroups
	2.9 Animal model
	2.10 Cells culture and treatment
	2.11 RT-qPCR
	2.12 Western blot analysis
	2.13 Statistical analysis

	3 Results
	3.1 Identification of chemokine-related differentially expressed genes
	3.2 Construction of diagnostic model based on chemokine-related hub genes
	3.3 CR-DEGs and immune cell infiltration
	3.4 Subtype based on the diagnosis of CR-DEGs
	3.5 Functional enrichment analysis
	3.6 Validation of model gene expression in TGFβ1- or TNFα-treated lung fibroblast cells
	3.7 Validation of model gene expression in bleomycin induced-pulmonary fibrosis model

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


