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Background: Increasing evidence has revealed that epithelia-mesenchymal transition
(EMT) and immunity play key roles in idiopathic pulmonary fibrosis (IPF). However,
correlation between EMT and immune response and the prognostic significance of
EMT in IPF remains unclear.

Methods: Two microarray expression profiling datasets (GSE70866 and GSE28221)
were downloaded from the Gene Expression Omnibus (GEO) database. EMT- and
immune-related genes were identified by gene set variation analysis (GSVA) and the
Estimation of STromal and Immune cells in MAlignant Tumors using Expression data
(ESTIMATE) algorithm. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were performed to investigate the
functions of these EMT- and immune-related genes. Cox and least absolute shrinkage
and selection operator (LASSO) regression analyses were used to screen prognostic
genes and establish a gene signature. Gene Set Enrichment Analysis (GSEA) and Cell-type
|dentification By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT) were used
to investigate the function of the EMT- and immune-related signatures and correlation
between the EMT- and immune-related signatures and immune cell infiltration. Quantitative
real-time polymerase chain reaction (QRT-PCR) was performed to investigate the mRNA
expression of genes in the EMT- and immune-related signatures.

Results: Functional enrichment analysis suggested that these genes were mainly involved
in immune response. Moreover, the EMT- and immune-related signatures were
constructed based on three EMT- and immune-related genes (IL1R2, S100A12, and
CCL8), and the K-M and ROC curves presented that the signature could affect the
prognosis of IPF patients and could predict the 1-, 2-, and 3-year survival well.
Furthermore, a nomogram was developed based on the expression of IL1R2,
S100A12, and CCLS8, and the calibration curve showed that the nomogram could
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Prognosis of IPF Based on EMT- and Immune-Reality Genes

visually and accurately predict the 1-, 2-, 3-year survival of IPF patients. Finally, we further
found that immune-related pathways were activated in the high-risk group of patients, and
the EMT- and immune-related signatures were associated with NK cells activated,
macrophages MO, dendritic cells resting, mast cells resting, and mast cells activated.
gRT-PCR suggested that the mRNA expression of IL1R2, S100A12, and CCL8 was
upregulated in whole blood of IPF patients compared with normal samples.

Conclusion: IL1R2, S100A12, and CCL8 might play key roles in IPF by regulating immune
response and could be used as prognostic biomarkers of IPF.

Keywords: idiopathic pulmonary fibrosis, epithelial-mesenchymal transition, immune, prognosis, marker

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial lung
disease of unknown etiology. IPF is the most common type of
idiopathic interstitial pneumonia (IIP), accounting for 25-30% of
patients diagnosed with interstitial lung disease (Richeldi et al.,
2017; Lederer and Martinez, 2018). IPF is characterized by
clinical symptoms of cough and dyspnea, limited lung
function, impaired gas exchange, and progressive pulmonary
scarring (Martinez et al., 2017; Richeldi et al., 2017; Lederer
and Martinez, 2018; Sgalla et al., 2018; Spagnolo et al., 2021). The
incidence, disability, and mortality of IPF are high; the annual
incidence is 3-18 million in North America and Europe, and it is
increasing year by year (Ley and Collard, 2013; Hutchinson et al.,
2015). Although the disease process varies greatly among
individuals, growing studies have found that the prognosis of
IPF patients is poor, with a median survival time of only 3-5 years
from the time of diagnosis (Raghu et al., 2006; Fernandez Pérez
et al,, 2010; Martinez et al., 2017). Unfortunately, the treatment
options for IPF patients are still limited. Lung transplantation
remains the only treatment, which significantly improves survival
in carefully selected patients. After more than a decade of
unsuccessful clinical trials, in 2014, the first two drugs for the
treatment of IPF were approved by the FDA in the United States,
namely, pirfenidone and nindanib. The advent of these two drugs
changed the situation that there was no cure for IPF and brought
a dawn for the treatment of IPF (King et al., 2014; Richeldi et al.,
2014). However, these drugs have been shown to slow the decline
in lung function in patients with IPF but do not improve the
survival rate of patients. Therefore, it is necessary to further
identify the prognostic markers and therapeutic targets of IPF.

Epithelial mesenchymal transition (EMT) is a biological
process in which epithelial cells lose adhesion and
apical-basal polarity, change their shape, undergo great
cytoskeletal changes, and acquire some interstitial features,
such as invasion, migration, and production of the
extracellular matrix (Acloque et al., 2009; Jolly et al., 2018).
Although the detailed pathogenesis of IPF is not completely
clear, increasing evidence has revealed that there is a close
relationship between EMT and IPF (Chilosi et al., 2017; Yao
etal., 2019). For example, it has been found that the degradation
products of the extracellular matrix (matrikines) play a
signaling role in addition to their structure and function, and

these signaling molecules have been shown to play a central role
in the fibrotic response of IPF by regulating epithelial cell repair,
promoting fibroblast recruitment and myofibroblast activation
(Hewlett et al., 2018). Stromal cells in IPF are often found to
express both epithelial and stromal markers (Gjorevski et al.,
2012). In addition, there is increasing evidence that some
fibroblast growth factors are significantly upregulated in IPF
(Coffey et al, 2013; MacKenzie et al, 2015). Similarly,
calmodulin-positive pleural mesothelial cells (PMCs) were
found to exit in the removed lung tissues of IPF patients,
and the number of calmodulin-positive PMCs correlated with
the degree of fibrosis, suggesting that trafficking in PMCs may
play a pathogenic role in IPF through regulating
mesothelial-interstitial transformation and invasion of the
lungs (Mubarak et al., 2012; Batra and Antony, 2015). More
importantly, dysregulation of the activation of lung repair
processes by mechanical stress may lead to lung remodeling
of IPF through EMT (Morbini et al., 2011).

It has been found that the injury of lung epithelial cells and the
extracellular matrix leads to the release of cytokines, chemokines,
and growth factors (Selman et al., 2001), indicating that EMT
may also be related to IPF immune response. Gradually growing
evidence suggests that immune response plays an important role
in IPF. For instance, there is a significant increase in levels of pro-
inflammatory cytokines such as TNF-a and IL-8 in the lungs of
patients with IPF (Kapanci et al., 1995), and TNF-a has been
shown to be important in bleomycin-induced fibrosis (Ortiz et al.,
1998). On the other hand, in fact, the importance of immune
response in IPF has been shown by genetic studies, and the
polymorphism of immune-related genes, such as genes encoding
Toll-like receptor 3 (TLR3), Toll-interacting protein (TOLLIP),
and interleukin-1 receptor antagonist (IL-1RA) proteins, are
closely related to the risk or severity of IPF (Whyte et al,
2000; O’Dwyer et al., 2013). Moreover, bronchoalveolar lavage
fluid cells obtained from IPF patients during the onset of the
disease produced higher levels of IL-1RA, CCL18, and other M2-
related chemokines than cells obtained from the same patients
outside the onset of the disease, and the higher the content of
CCL18, the higher the seizure (Schupp et al., 1932). Furthermore,
some studies have found that the increase in IL-18 participates in
bleomycin-induced PF development by regulating EMT in a
Snail-1-dependent manner (Zhang et al, 2019). Therefore,
further research is needed to better clarify the mechanism of
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EMT in IPF and the correlation between EMT and immunity, so
as to provide a theoretical basis for the future development of
diagnosis and prognosis biomarkers or treatment.

In this study, we first found that EMT-related genes are mainly
involved in immune-related biological processes and pathways,
and further identified EMT- and immune-related genes.
Moreover, through univarjate Cox and least absolute shrinkage
and selection operator (LASSO) regression analyses, we
established the EMT- and immune-related gene signatures to
predict the prognosis of patients with IPF. Therefore, this study
may contribute to a better understanding of the relationship
between EMT and immunity and contributes to the treatment
of IPF.

METHODS

Acquisition and Correction of Datasets

Two microarray expression profiling datasets (GSE70866 and
GSE28221) were acquired from the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/). The dataset
of GSE70866 contains gene expression data of 176
bronchoalveolar lavage cells from IPF patients with survival
information, including gene expression data of 112 IPF
patients obtained by the GPL14550 platform (Agilent-028004
SurePrint G3 Human GE 8 x 60K Microarray, Agilent
Technologies) and gene expression data of 64 IPF patients
acquired by the GPL17077 platform (Agilent-039494 SurePrint
G3 Human GE v2 8 x 60K Microarray). The GSE28221 dataset
includes gene expression data of 119 peripheral blood
mononuclear cells of from IPF patients with survival
information, including gene expression data of 74 IPF patients
obtained by the GPL5175 platform (Affymetrix Human Exon 1.0
ST Array, Affymetrix), and gene expression data of 45 IPF
patients acquired by the GPL6480 platform (Agilent-014850
Whole Human Genome Microarray 4 x 44K G4112F).
Surrogate variable analysis (SVA) 3.14 package in R was
selected to eliminate the batch effect in each dataset by using
default parameters (Parker et al., 2014). After batch elimination,
the GSE70866 and GSE28221 datasets were defined as the
training set and the validation set, respectively. Moreover, the
200 epithelial-mesenchymal transition (EMT)-related genes
(Supplementary Material S1) in the “HALLMARK_
EPITHELIAL_MESENCHYMAL_TRANSITION” were
downloaded from the Molecular Signatures Database (MSigDB
version 6.0).

Identification of Epithelial-Mesenchymal
Transition-Related Genes

First, gene set variation analysis (GSVA) was performed using
GSVA 1.36.3R 4.1.2 package by using default parameters to
obtain EMT scores of all IPF patients in the training set
(Hanzelmann et al, 2013). Next, patients were divided into
the high-EMT score and low-EMT score groups based on the
optimal cutting point of the EMT score acquired by survminer R
package. Unified Manifold Approximation and Projection

Prognosis of IPF Based on EMT- and Immune-Reality Genes

(UMAP), a non-linear dimensionality reduction algorithm that
can divide or condense a group of patients into a series of distinct
clusters, according to the given hallmarks or signatures, was
applied to observe the distribution of IPF patients based on
the expression levels of 200 EMT-related genes. Moreover,
Kaplan-Meier (K-M) survival analysis was used to further
investigate the correlation between the EMT score and the
prognosis of IPF patients, and the log rank test was used to
perform statistical analysis (p val < 0.05). Finally, differentially
expressed genes (DEGs) between the high-EMT score and low-
EMT score groups were identified using limma 3.44.3 package in
R (doi: 10.1093/nar/gkv007) and were defined as EMT-related
genes. The screening criterion for DEGs was [log2 (fold change)|
> 1 and adj. p val < 0.05. The volcano plot and heatmap of the
DEGs were visualized using ggplot2 3.3.2 package (Hdnzelmann
et al., 2013) and pheatmap 0.7.7 package (Hanzelmann et al,
2013) in R.

Identification of Epithelial-Mesenchymal

Transition- and Immune-Related Genes

Immune scores of all IPF patients in the training set were
calculated using the Estimation of STromal and Immune cells
in MAlignant Tumors using Expression data (ESTIMATE)
algorithm 1.0.13 (Yoshihara et al, 2013). According to the
optimal cutting point of the immune score acquired using
survminer 0.4.9R package by setting minprop = 0.3 (Li et al,
2021a), patients were divided into the high-immune score and
low-immune score groups. Next, K-M survival analysis was used
to investigate the correlation between the immune score and the
prognosis of IPF patients, and the log rank test was used to
perform statistical analysis (p val < 0.05). DEGs between the high-
immune score and low-immune score groups were identified
using limma package in R and were defined as immune-related
genes. The screening criterion for DEGs was [log2 (fold change)|
> 1 and adj. p. val < 0.05. The volcano plot and heatmap of the
DEGs were visualized using ggplot2 package (Yoshihara et al.,
2013) and pheatmap package (Yoshihara et al, 2013). Finally,
EMT- and immune-related genes were identified using Venn
diagram by overlapping EMT- and immune-related genes.

Functional, Pathway, and Disease Ontology

Enrichment Analysis

clusterProfiler 3.14 package in R was selected to perform Gene
Ontology (GO), including biological processes (BP), molecular
function (MF), cellular component (CC), functional annotation,
disease ontology (DO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis (Yu et al., 2012).
p val < 0.05 and Q val < 0.05 were regarded as significant.

Construction and Validation of a
Epithelial-Mesenchymal Transition- and the

Immune-Related Gene Signature
First, prognosis-associated genes were screened from EMT- and
immune-related genes in the training set (p val < 0.05) using
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univariate Cox regression analysis by using survival 3.2-3R
package. Next, least absolute shrinkage and selection operator
(LASSO) regression analysis was selected to remove false positive
genes in the training set by using glmnet 4.1-3R package
(Friedman et al., 2010). Moreover, multivariate Cox regression
was used to construct an optimal EMT- and immune-related gene
signature in the training set. Thus, the risk score of each IPF
patient in the training set and validation set was calculated based
on gene expression and corresponding coefficient acquired from
the multivariate Cox regression model, separately. According to
risk scores, IPF patients in the training set and validation set were
classified into low-risk and high-risk groups based on optimal
cutting point of the risk score in the training and validation set,
separately. Furthermore, K-M and time-dependent receiver
performance (ROC) curves were used to assess the validity
and applicability of the EMT- and immune-related gene
signatures applying survival (Yoshihara et al, 2013) and
survivalROC 1.0.3 (Heagerty and Zheng, 2005) R package.

To better predict the prognosis of IPF patients, we established
a nomogram for predicting 1-, 2- and 3-year survival of IPF
patients using in the training set. First, based on the previously
constructed gene signature, the prediction days were set to 365,
730, and 1,095 days. Next, the nomogram function was selected to
construct the nomogram by setting lp = T. Next, the calibration
curve was selected to access the predictive efficiency of the
nomogram.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA), a method for assessing
whether a set of genes exhibit a statistically significant, and
concordant difference between two different biological
conditions (Damian and Gorfine, 2004) was performed based
on the genes expression matrix of all genes between low-risk and
high-risk groups in the training set by GSEA V4.1.0 using default
parameters, and pathways in “c2.cp.kegg.v7.2.symbols.gmt” were
used as the reference gene set. p val was considered significant
enrichment.

Immune Cell Infiltration Related to the
Epithelial-Mesenchymal Transition- and

Immune-Related Gene Signature

Cell-type Identification By Estimating Relative Subsets Of RNA
Transcripts (CIBERSORT) was used to analyze the immune cell
composition of all patients in the low-risk and high-risk groups
based on a validated leukocyte gene signature matrix, which
includes 547 genes and 22 human immune cell subpopulations
in the training set (Newman et al., 2015). Moreover, the Wilcoxon
test was applied to test whether there were significant differences
of 22 immune cells between low-risk and high-risk groups, and p
val < 0.05 was regarded as a statistical difference. Moreover, we
also investigated the correlation between immune cells and genes
in the EMT- and immune-related gene signatures based on

Frontiers in Genetics | www.frontiersin.org

April 2022 | Volume 13 | Article 865052


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Zheng et al. Prognosis of IPF Based on EMT- and Immune-Reality Genes
A e — T IE C G . e E5 i E5 v
f[i $iq il - o EMT-DEGs  Immune-DEGs o . .
F‘ 1 f ! 1, o Transcriptional misregulation in cancer-
=l I | I Bladdercancer - K
'_E + padjust c
= y T it -}
[‘Eg i / [ : - - \‘ Cytokine-cylokine receptor inferaction - gm
i i { 4 : | 0t g
= ey ; o A ] e it / IL-17 signaling pathway - 4
= [l w8
‘é 3 | ‘ g / Prostate cancer | - %5
= : | - o
= ! i | A Viral proten interacfion ith cylokine and cylokine receptor -
=i [ 0
| A Amoebiasis - AN N A B
f : §888 735598
= . D 01 2 3 ¢ g °
= ammgmmahmmmwn:::ﬂu:::n::;o:m 3 F '
B A $ i - H type 1 ih £ fow
i oo O |y |00 | w s owm m om s e o g s
; . 8 o [
0
s == 8l e
: E—— : ool d 2
= e or L] L3 yonephs - . g
g Significant - o .
S v b e nen 0 - i 2
T - nm pyels $
gv Not ol 0 w [
T PP —— q
mwm::m : vaginal disease- -
oyiokine acivy (]
sullorcompound biging [ ] vaginis -
PrAT———
e it o
shospholpase actiee sty |0 bacteral vaginosis: -
0 pase actvator actviy {0 N - T T v
5 £ ai0ois o o35 030 [ I R
' og2FC ! Seht
FIGURE 4 | Identification of EMT- and immune-related genes and functional enrichment analysis in the training set. (A) Heatmap of DEGs between patients of the
immune score-high group and patients of the immune score-low group. (B) Volcano plot of DEGs between patients of the immune score-high group and patients of the
immune score-low group. (C) Venn diagram to identify EMT- and immune-related genes (D) GO enrichment analysis of EMT- and immune-related genes. (E) KEGG
enrichment analysis of EMT- and immune-related genes. (F) DO enrichment analysis of EMT- and immune-related genes. (G) Differences of 13 genes in
G-GSE70866 between high- and low-EMT score groups. (H) Differences of 13 genes in H-GSE70866 between high- and low-immune score groups.

Pearson correlation analysis, and p val < 0.05 was considered as
statistical difference.

Patient and Tissue Preparation

We selected the blood of 10 IPF patients and 10 healthy people to
perform quantitative PCR detection on the genes screened in this
study. Blood samples were donated anonymously from patients
with confirmed IPF in the Third Provincial Hospital of Shandong
Province and Jining People’s Hospital. The experimental
validation data were obtained from the sample database of the
Pediatric Research Institute of Tianjin Children’s Hospital, and
there were no samples directly from patients, so the approval of
the Institutional Ethics Committee of the hospital was not
required. All experimental operations were carried out in
accordance with relevant guidelines and regulations and were
repeatedly verified by professional laboratory researchers.

RNA Isolation and Quantitative Real-Time

Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (QRT-PCR) was
performed to detect IL1R2, S100A12, and CCL8 expression using
American Bio-Rad Bole T100 gradient PCR instrument. After
total RNA extraction with TRIzol reagent (TaKaRa), cDNA
reverse transcription and qRT-PCR were performed. The

primer sequence and annealing temperature are summarized
in Supplementary Table S1.

RESULTS

Identification of Epithelial-Mesenchymal

Transition-Related Genes

Clearly, PCA cluster showed that all samples in the training and
validation sets were available for subsequent analyses after batch
effect treatment (Supplementary Figure S1). The optimal cutting
point analysis suggested that the optimal cutting point of the
EMT score was equal to -0.05 in the training set (Figure 1A).
Thus, according to the optimal cutting point, 176 IPF patients in
the training set were divided into EMT score-high and EMT
score-low groups, including 92 and 84 IPF patients in the EMT
score-high and EMT score-low groups, separately. UMAP cluster
also revealed that 176 patients could be divided into two clusters,
and each patient was assigned to the nearest EMT score-high and
EMT score-low groups (Figure 1B). Interestingly, the difference
of survival between these two groups was statistically significant
(p < 0.0001), and the prognosis of patients in the EMT score-high
group was poorer than those in the EMT score-low group
(Figure 1C). Next, a total of 230 DEGs (Supplementary
Material S2), including 228 upregulated genes and two
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TABLE 1 | Results of multivariate Cox regression analysis.
id Coef HR

IL1R2 0.177105131
S100A12 0.18550844
CCL8 0.12467842

1.193756587
1.20383036
1.132784113

downregulated genes in patients of the EMT score-high group
compared with patients in the immune score-low group, were
identified and defined as EMT-related genes (Figures 2A,B). In
addition, functional enrichment analysis revealed that these
DEGs were mainly involved in immune-related BPs and
signaling pathways, such as monocyte chemotaxis, leukocyte
migration, IL-17 signaling pathway, and cytokine-cytokine
receptor interaction signaling pathway (Figures 2C,D).

Identification of Epithelial-Mesenchymal

Transition- and Immune-Related Genes

To further investigate the influence on immune of these EMT-
related genes in IPF patients and screen EMT and immune-
related genes, we calculated the immune scores of all IPF
patients in the training set using the ESTIMATE algorithm.
We examined the correlation between the EMT and immune
scores and found that they were positively correlated
(Figure 3A). The optimal cutting point analysis suggested
that the optimal cutting point of the immune score was equal
to 2,962.31 in the training set (Figure 3B). Thus, according to
the optimal cutting point, 176 IPF patients in the training set
were divided into the immune score-high and immune score-
low groups, including 109 and 67 IPF patients in the immune
score-high group and immune score-low group, separately.
UMAP cluster also showed that 176 patients could be
divided into two clusters, and each patient was assigned to
the nearest immune score-high and EMT score-low groups
(Figure 3C). Pleasingly, the difference of survival between
these two groups was markedly significant (p = 0.015), and
the prognosis of patients in the immune score-high group was
worse than that in the immune score-low group (Figure 3D).
Notably, we also found that patients with the high EMT and
immune scores had the lowest prognosis, while patients with
low EMT and immune scores had the best prognosis
(Figure 3E). Subsequently, a total of 199 DEGs
(Supplementary Material S3), including 195 upregulated
genes and four downregulated genes in patients of the
immune score-high group compared with patients in the
immune score-low group, were identified and defined as
immune-related genes (Figures 4A,B). After overlapping
EMT-and immune-related genes, 13 EMT- and immune-
related genes were identified (Figure 4C, Supplementary
Table S2). Finally, GO annotation suggested that these 13
EMT- and immune-related genes were mainly involved in
antimicrobial humoral response, cellular response to
interleukin-1, neutrophil chemotaxis-related BPs, secretory
granule lumen, and cytoplasmic vesicle lumen-related CCs,
and G protein-coupled receptor binding and chemokine

Prognosis of IPF Based on EMT- and Immune-Reality Genes

HR.95L HR.95H p value
1.039919913 1.370350517 0.011867388
1.039012538 1.394793116 0.01353368
1.001368767 1.281445847 0.047512265

activity (Figure 4D). On the other hand, KEGG enrichment
analysis showed that these 13 EMT- and immune-related genes
were mainly associated with cytokine-cytokine receptor
interaction and IL-17 signaling pathway (Figure 4E). DO
enrichment analysis suggested that these 13 EMT- and
immune-related genes were mainly correlated with
inflammation-related diseases, such as meningitis, pyelitis,
and periodontitis (Figure 4F). Interestingly, we found that
these 13 genes were upregulated both in the high EMT and
immune groups (Figures 4G,H). Thus, these 13 EMT- and
immune-related genes might affect IPF by regulating immune
response.

Construction and Validation of
Epithelial-Mesenchymal Transition- and

Immune-Related Gene Signature

To establish a gene signature for predicting the prognosis of IPF
patients, we first performed univariate Cox regression analysis
based on expression and survival data of 13 EMT- and immune-
related genes in the training set. Interestingly, we found that 13
EMT- and immune-related genes were related to the prognosis of
IPF patients (Figure 5A). Moreover, six EMT- and immune-related
genes, including DEFA3, IL1R2, ADORA2A, S100A12, PROK2,
and CCL8, were screened at a lambda.min of 0.06 (Figure 5B).
Finally, the EMT- and immune-related gene signatures were
established based on IL1R2, S100A12, and CCL8 expression and
their corresponding coefficient obtained from multivariate Cox
regression analysis (Figure 5C and Table 1). The risk score of
each IPF patients in the training and validation sets was calculated
using the following formula: risk score = (0.012) x ILIR2 expression
+ 0.014 x SI00A12 expression + 0.048 x CCL8 expression.
Subsequently, patients in the training set were divided into high-
risk and low-risk groups according to the optimal cutoff value
(3.342592) of risk score. As shown in Figure 5D, the K-M survival
curve showed a significant difference of survival for IPF patients
between the high and low-risk groups (p val < 0.001), and patients
in the high-risk group had a lower survival rate in the training set.
The area under ROC curves for predicting 1-, 2-, and 3-year survival
were greater than 0.7 in the training set (Figure 5F). Notably, ILIR2,
S100A12, and CCL8 presented higher expression in patients of the
high-risk group than patients in the low-risk group in the training
set (Figure 5H). Furthermore, patients in the low-risk group also
showed a better prognosis than patients in the high-risk group in
the validation set (Figure 5E). The area under ROC curves for
predicting 1-, 2-, and 3-year survival were also greater than 0.6
validation set (Figure 5G), and IL1R2, S100A12, and CCL8 also
presented higher expression in patients of the high-risk group than
patients in the low-risk group (Figure 5I). Therefore, the EMT- and
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immune-related gene signatures were a good predictor of prognosis
for IPF patients. Finally, to predict the prognosis of patients more
intuitively, we constructed a nomogram for predicting 1-, 2- and 3-

year survival of IPF patients in the training set based on IL1R2,
S100A12, and CCL8 (Figure 6A), and the calibration curves
showed that the observed and true values coincide well
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(Figure 6B). Thus, the nomogram based on IL1IR2, S100A12, and
CCLS8 presented a good accuracy for predicting 1-, 2- and 3-year
survival of IPF patients.

GSEA of the Epithelial-Mesenchymal
Transition- and Immune-Related Gene
Signature

To further investigate the function of the EMT- and immune-
related gene signatures, GSEA was performed based on the
expression matrix of all genes between the high-risk and the
low-risk groups. As expected, we found that immune-related

pathways,  including  chemokine  signaling  pathway,
cytokine-cytokine receptor interaction, B-cell receptor
signaling pathway, and natural killer cell-mediated

cytotoxicity, were activated in the high-risk group of patients
(Figure 7). Therefore, we speculated that IL1R2, S100A12, and
CCL8 may play key roles in IPF by affecting immune response.

Immune Cell Infiltration Related to the
Epithelial-Mesenchymal Transition- and

Immune-Related Gene Signature

To further explore the effect of the EMT- and immune-related
gene signatures on immunity, CIBERSORT was used to
investigate the immune cell infiltration between patients in the
high-risk and low-risk groups. Just as expected, we found that NK
cells activated, macrophages M0, dendritic cells resting, mast cells

resting, and mast cells activated were significantly different
between patients in the high-risk and low-risk groups
(Figure 8A). Clearly, NK cells activated and mast cells
activated were infiltrated more in the high-risk group, while
macrophages MO, dendritic cells resting, and mast cells resting
infiltrated more in the low-risk group (Figure 8A). In addition,
IL1R2, S100A12, and CCL8 were positively associated with NK
cells activated and mast cells activated but negatively associated
with macrophages MO, dendritic cells resting, and mast cells
resting (Figure 8B). Thus, IL1R2, S100A12, and CCL8 might
affect IPF by regulating NK cells activated, macrophages MO,
dendritic cells resting, mast cells resting, and mast cells activated.

The mRNA Expression of IL1R2, S100A12,

and CCL8

To explore the expression of ILIR2, SI00A12, and CCLS in IPF,
we first compared the expression of IL1R2, S100A12, and CCL8
between normal samples and IPF patients in GSE708066 and
GSE28221 datasets. Interestingly, we found that IL1R2 and
S100A12 significantly upregulated in peripheral blood
mononuclear cells and bronchoalveolar lavage cells (Figures
9A,B). Although there was no significant difference for CCL8,
it was more highly expressed in IPF (Figures 9A,B). Moreover,
we collected the whole blood of 10 IPF patients and 10 healthy
individuals and analyzed the mRNA expression levels of ILIR2,
S100A12, and CCL8 by qRT-PCR. The results suggested that the
expression levels of IL1R2, S100A12, and CCLS8 in IPF patients
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FIGURE 8 | Analysis of immune infiltrating cells in high- and low-risk groups in the training set. (A) Comparison of infiltrated immune cells in high- and low- risk
groups. (B) Correlation between IL1R2, S100A12, and CCL8 and infiltrated immune cells.

were higher than those in healthy people (Figure 9C). Therefore,
IL1R2, S100A12, and CCL8 might play key roles in IPF.

DISCUSSION

IPF is the most common subtype of interstitial lung disease in the
world (1). However, among the various interstitial lung disease
subtypes, its prognosis is the worst, with the median survival time
after diagnosis is 3-5 years (Raghu et al., 2006; Ferndndez Pérez
et al., 2010; Martinez et al., 2017). The treatment of IPF has been
hindered by the lack of understanding of the pathophysiology and
true natural history of the disease. Currently, there are only two
FDA-approved drugs for IPF (pirfenidone and nindanib), which
do not prevent or reverse the progression of the disease or reduce
mortality; they can only moderately reduce the rate of
deterioration of lung function (King et al., 2014; Richeldi
et al., 2014). In addition, IPF is a highly heterogeneous disease
with a great change in its natural history (Kim et al., 2006; Kim
et al., 2015). Thus, the course of individual patients is difficult to
predict (Ley et al., 2011; Mura et al., 2012). For example, some
patients with IPF deteriorate rapidly, while others develop much
more slowly (Ley et al., 2011; Raghu et al., 2011). For a long time,
due to the lack of effective prognostic indicators, it is difficult to
accurately track and evaluate the prognosis of IPF, which to a
certain extent led to the poor prognosis of IPF. Therefore, the

development of suitable prognostic markers is an urgent need for
clinical treatment of IPF.

In this study, we first found that the EMT and immune scores
affect the prognosis of patients with IPF. Moreover, we identified
230 EMT- and 199 immune-related genes. Notably, we found that
most EMT-related genes were upregulated in the high-EMT
group, and most immune-related genes were upregulated in
the high-immune group, indicating that upregulated EMT-
and immune-related genes may be positively associated with
EMT and immunity, separately. Furthermore, 13 EMT- and
immune-related genes were screened by overlapping EMT-
and immune-related genes. Thus, we speculated that these 13
genes may be linked to both immune and EMT in IPF. Finally,
through univariate Cox and LASSO regression analyses, we
constructed an EMT- and immune-related gene signatures
based on IL1R2, S100A12, and CCL8 by using their expression
in bronchoalveolar lavage cells of IPF patients, and K-M and
ROC analyses revealed that the EMT- and immune-related gene
signatures could well predict the 1-, 2-, and 3-year survival of IPF
patients. Similarly, we found that this signature also can predict
patient prognosis based on peripheral blood data, indicating its
wide applicability. Therefore, the signature based on IL1R2,
S100A12, and CCL8 may help clinical prediction of prognosis
for IPF patients by detecting the expression of these three genes in
peripheral blood. Comparing with previous signatures (Li et al.,
2021b; Qiu et al., 2021), we developed a nomogram that directly
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predicts patient prognosis based on the expression of IL1R2,
S100A12, and CCL8.

Interleukin-1 receptor type 2 (ILIR2), through competitive
binding with IL1 f, prevents it from binding to IL1R1, thus
blocking the signal transduction of IL1 B in inflammatory
diseases and acting as a bait receptor (Molgora et al,, 2018). In
aseptic inflammation caused by necrosis, IL1R2 can also be used as
an inhibitor of intracellular pro-IL1 a (Zheng et al, 2013).
Consistent with our results, ILIR2 was found to be upregulated
in IIP lung tissues compared with normal lung tissues, and in
different IIP subtypes (Chen et al., 2014). In addition, ILIR2 can
impair the ability of endometrial epithelial cells to counteract the
local effects of IL-1 (Herrmann-Lavoie et al, 2007). ILIR2
expressed by epithelial cells acts as a homeostatic regulator in
the remission of ulcerative colitis (Mora-Buch et al., 2016).
Therefore, we speculated that IL1IR2 may play an important
role in IPF by regulating immune response.

It has been found that S100A12 expression in lungs,
bronchoalveolar lavage fluid, and serum of patients with acute
respiratory distress syndrome (ARDS) is higher than that in
healthy controls (Lorenz et al, 2008; Kikkawa et al., 2010).
S100A12 is widely expressed in the local inflammatory site of
cystic fibrosis. It is a serum marker of acute exacerbation of
infection. The local expression of S100A12 indicates that the
protein can promote inflammation during airway inflammation
and may be a new target of anti-inflammatory therapy (Foell
et al, 2003). SI00A12 has the function of pro-inflammatory
cytokines, which is related to the fibrotic process of skin scar,

and can be used as a potential therapeutic target for skin scar
(Zhao et al., 2017). Consistent with our study, SI00A12 has been
reported to be associated with neutrophil recruitment and
activation and is associated with a significant deterioration of
IPF, which is upregulated and a prognostic factor (Lu et al., 2021)
in patients with IPF. It was also found that S1I00A12 affected the
prognosis of patients with IPF (Lu et al., 2021). The high level of
S100A12 protein in serum is related to the poor prognosis of
overall survival, non-transplant survival, and progression-free
survival in patients with IPF (Richards et al., 2012). Therefore,
our study further confirms that SI00A12 affects the prognosis of
patients.

Chemokine C-C motif ligand 8 (CCL8), also known as
monocyte chelating protein (MCP)-2, is expressed by
monocytes/macrophages in inflammatory tissues stimulated by
T-cell accessory pathways of interferon (IFN) and other pro-
inflammatory cytokines, or through innate mechanisms (Ragno
et al,, 2001; Van Damme et al., 1994) when exposed to fungi,
viruses, and bacteria. CCL8 can recruit gamma/delta T cells,
which preferentially express IL-17F and synergistically enhance
neutrophil chemotaxis (Gouwy et al., 2004) in the presence of IL-
8. In addition, Lee et al. (2017) through the analysis of
transcriptome data of patients with IPF, it is also found that
CCL8 is upregulated in IPF and can be used for the diagnosis and
survival prediction of IPF. Therefore, the role of CCL8 in IPF is
worthy of further study.

In addition, functional enrichment analysis in high- and low-
risk groups showed that immune-related pathways, such as the

Frontiers in Genetics | www.frontiersin.org

13

April 2022 | Volume 13 | Article 865052


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Zheng et al.

chemokine signaling pathway, cytokine-cytokine receptor
interaction, B-cell receptor signaling pathway, and natural
killer cell-mediated cytotoxicity, were significantly activated in
high-risk groups, and there were significant differences in
infiltration between the high- and low-risk groups (NK cells
activated, macrophages MO, dendritic cells resting, mast cells
resting, and mast cells activated). In addition, ILIR2, SI00A12,
and CCL8 were positively correlated with NK cell activation and
mast cell activation but negatively correlated with macrophage
MO, dendritic cell quiescence, and mast cell quiescence. Studies
have shown that alveolar macrophages play a key role in lung
balance by removing apoptotic cells and fragments, regulating
wound healing, and helping to initiate immune responses
(Hussell and Bell, 2014). Pulmonary macrophages have been
shown to produce several fibrogenic mediators. A number of
studies have shown that pulmonary macrophages produce TGF-
(Khalil et al., 1989; Khalil et al., 1991) in the context of bleomycin-
induced fibrosis and in lung sections of patients with IPF. In
addition, pulmonary macrophages are not completely suitable for
the M1/M2 model, but this model is still helpful to understand the
role of macrophages in IPF (Mitsi et al, 2018). Alveolar
macrophages from lung transplant donors are relatively
homogeneous, but the populations found in IPF patients are
highly heterogeneous, and alveolar macrophages from fibrotic
lungs express higher levels of fibrosis-related genes (Reyfman
etal., 2009). Salonen et al. (1573) found that the mast cells density
in the fibrotic area of IPF patients was related to several clinical
parameters, and the significant decrease in mast cell count
affected the acute deterioration of IPF patients. Shimbori et al.
(2019) found that mast cells may be involved in the progression of
pulmonary fibrosis. Studies have shown that the proportion and
activity of natural killer cells in the lungs of patients with IPF are
decreased (Cruz et al, 2021), and cell type analysis based on
single-cell transcriptome data also shows that natural killer cells
are involved in the progression of IPF (Huang et al., 2021).
Dendritic cells can secrete a variety of chemokines and attract
different cell types (Piqueras et al., 2006) at different stages of
immune response. Therefore, we speculate that ILIR2, SI00A12,
and CCL8 may affect the development of IPF by regulating
these cells.

In conclusion, this study developed and validated the EMT-
and immune-related gene signatures based on ILIR2, SI00A12,
and CCL8. Moreover, we found that ILIR2, SI00A12, and CCL8
might regulate IPF pathology by affecting immune response.
Furthermore, qRT-PCR suggested that the mRNA expression
of IL1R2, S100A12, and CCL8 was upregulated in whole blood of
IPF patients compared with normal samples. Therefore, IL1R2,
S100A12, and CCL8 may play key roles in IPF. However, this
study also has some limitations. Our prognostic model is
constructed from public datasets. Although it has been verified
by PCR expression test, there are still limited factors such as small
sample size, and more prospective studies are needed to verify its
predictive ability. In the future, we should continue to pay
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attention to the role of these three genes in the pathology of
IPF through experimental and clinical studies.
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