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Abstract: Objectives: To determine the effects of immune-related genes (IRGs) and immune landscape of induced
sputum, and develop novel, non-invasive diagnostic molecular therapeutic targets for asthma. Methods: GSE76262
datasets were used to identify differentially expressed IRGs in asthma. Key IRGs were detected using a protein-
protein interaction network. Receiver operating characteristic (ROC) curves were analyzed to investigate the di-
agnostic value of key IRGs. Gene set enrichment analysis (GSEA) was performed with WebGestalt. Single-sample
gene set enrichment analysis and CIBERSORT were used to investigate the immune landscape of induced sputum.
Results: A total of 75 potential IRGs were associated with asthma, most of which were involved in the NF-kappa B
signaling pathway. ROC analysis showed AUC values for the hub pathway ranging from 0.676-0.767, with moderate
diagnostic value for asthma. We also identified IRGs-related cytokines (TNF-a, IL-183, IL-8 and IL-6) in 76 asthma and
91 control serum samples to further explore diagnostic efficacy, showing a cumulative AUC of 0.998 for these four
related cytokines. Analysis of immune cell infiltration levels showed that follicular helper T cells, activated dendritic
cells, activated mast cells and eosinophils were significantly higher and macrophages MO and macrophages M2
were significantly reduced in sputum from patients with asthma. Conclusions: IRGs-related cytokines and immune
infiltration may contribute to the diagnosis and immune classification of asthma.
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Introduction 7]. Therefore, development of novel asthma
biomarkers would improve diagnostic accuracy,

Asthma, a chronic inflammatory disease of the prognosis and effective use of healthcare re-

airways that affects both children and adults, is
characterized by variable airflow limitation, het-
erogeneous airway inflammation and remodel-
ing, and clinical symptoms [1, 2]. Asthma diag-
nosis relies on characteristic symptoms and
variable expiratory airflow limitation [3]. Despite
this, significant misdiagnosis still occurs due to
the heterogeneity of this clinical syndrome [4].
Misdiagnosis of other diseases as asthma may
lead to unnecessary side effects and costs due
to improper use of asthma treatments [5].
Failure to diagnose asthma can also lead to
poor disease prognosis and high mortality [6,

sources.

The immune microenvironment and immune-
related genes (IRGs) have been implicated in
asthma progression. In allergic asthma, aller-
gens can stimulate allergic-specific T helper 2
(Th2) cells to produce type 2 cytokines, includ-
ing IL-4, IL-5 and IL-13, which can cause the
accumulation of a large number of eosinophils
in the airway wall, excessive production of mu-
cus and synthesis of immunoglobulin E (IgE) by
allergen specific B cells, which can be detected
in serum [8]. Moreover, airway remodeling is
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closely related to chronic airway inflammation,
characterized by immune cell infiltration and
activation, such as mast cells, eosinophils,
dendritic cells (DCs), and innate lymphoid cells
(ILCs) [8, 9]. Although recent studies have also
shown that autophagy, carbocisteine and long
noncoding RNAs play important roles in asthma
development by promoting airway remodeling
and decreasing the lung function [10-12], many
other key genes remain to be identified to fur-
ther elucidate the pathophysiology of asthma.
Therapeutically targeting the immune-inflam-
matory responses has significantly changed
the treatment of patients with uncontrolled
asthma [13]. However, the molecular character-
istics describing IRGs interactions and immune
cell infiltration in asthma have yet to be fully
explained.

Herein, we explored differentially expressed
IRGs in patients with asthma, to identify poten-
tial diagnostic biomarkers, by analyzing the
microarray datasets for GSE76262. We also
tested differential gene-related cytokines in 76
asthma and 91 control samples to further con-
firm its diagnostic efficacy for asthma. More-
over, the CIBERSORT and single-sample gene
set enrichment analysis (ssGSEA) algorithm
were utilized to investigate the infiltrative im-
mune cells in induced sputum samples. The
immune-related gene signature may both im-
prove asthma diagnosis and further explain its
pathogenic mechanism.

Materials and methods
Microarray data

Asthma clinical information and induced spu-
tum gene expression dataset were obtained
from GEO (https://www-ncbi-nim-nih-gov.ucc.
idm.oclc.org/geo/), and GSE76262 was down-
loaded for further analyses. Genes were select-
ed using the R (version 4.1.1) “limma” package
[14, 15] with criteria: adjusted p < 0.05 and
|[logFC| > 0.58. We also obtained IRGs dataset
of 1,793 genes from ImmPort Portal database,
which we intersected with GSE76262 to iden-
tify differentially expressed IRGs. The online
tool Venn Diagram (http://bioinformatics.psb.
ugent.be/webtools/Venn/) was used to gener-
ate a Venn diagram of overlapping genes
between differentially expressed genes (DEGS)
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and the IRGs, and a heatmap of overlapped
genes was drawn using the R heatmap
package.

Protein-protein interaction network and IRGs
correlation analysis

Protein-protein interaction (PPI) networks of dif-
ferentially expressed IRGs were predicted using
STRING (http://string-db.org) and Cytoscape
software (version 3.9.1) [16]. Correlation analy-
sis of the differentially expressed IRGs was per-
formed using Spearman correlation in the R
corrplot package.

Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis using gene set
enrichment analysis

Gene set enrichment analysis (GSEA) can be
used to study all genes to test for statistically
concordant differences between two groups.
Genes with logFC were imported into the
WebGestalt database for GSEA analysis [17]
(http://www.webgestalt.org/) with a false dis-
covery rate (FDR) < 0.05. KEGG enrichment
analyses were performed on the GSEA using
WebGestalt.

Receiver operating characteristic analysis

Receiver operating characteristic (ROC) curves
were used to diagnose the sensitivity and
specificity of asthma, and the diagnostic effi-
ciency of related molecules could be evaluated
according to the area under the curve (AUC),
reflecting the value of that molecule for asth-
ma. Cytokine assays that have been carried out
in the clinic include TNF-«, IL-13, IL-8 and IL-6,
which are closely related to asthma-related
IRGs (TNFAIP3, IL1R1, IL8 and IL6R). We also
assessed differential gene-related cytokines in
the clinical samples to explore their diagnostic
efficacy in asthma.

Clinical sample collection and cytokine test

Subjects with stable asthma were recruited
from the hospital. Asthma was diagnosed us-
ing the criteria: symptoms of wheezing, cough
and dyspnea; histamine that provokes a 20%
fall in forced expiratory volume in the first sec-
ond (FEV1) < 8 mg and/or > 12% increase in
FEV1 after inhalation of 200 ug salbutamol.
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Healthy controls without respiratory or inflam-
matory illness were also recruited. The medical
Ethics Committee of the First Affiliated Hospital
of Soochow University approved this study (ID:
2022352). Supernatants of the non-radioac-
tive cultures were analyzed by flow cytometry
in a FACS Canto™ Il (BD Biosciences, Heidel-
berg, Germany) using a cytometric bead array
(BD Biosciences, Heidel-berg, Germany) for
the presence of TNF-a, IL-1B3, IL-8 and IL-6.
Differences in asthma-related biomarker ex-
pressions between clinical and control samples
were analyzed with Student’s t-test.

Immune infiltration analysis

The ssGSEA score was calculated to explore
immune infiltration levels in samples from the
GSE76262 datasets; this was calculated ac-
cording to expression levels of immune cell-
specific marker genes [18]. In the immune cell-
related gene set, the enrichment scores of the
genes represents the number of infiltrating
immune cells [19]. The marker genes for 23
types of immune cells were descripted in the
Supplementary Table 1. The ssGSEA was ana-
lyzed using the R (version 4.1.1).

The proportion of 22 immune cells in the
induced sputum samples from the GSE76262
datasets were also calculated by CIBERSORT
algorithm [20]. We then compared immune in-
filtration levels between the asthma and con-
trol samples.

Statistical analysis

Data are described as mean + standard devia-
tion (SD). R software (version 4.1.1) was used
for all statistical analyses and the P < 0.05 was
considered statistically significant.

Results

Identification of immune-related genes in
asthma

Downloading the gene sets of induced sputum
from 21 healthy controls and 118 patients with
asthma revealed 848 DEGs, including 256
upregulated and 569 downregulated genes
that met criteria (i.e., |log2FC| > 0.58, adjusted
p < 0.05) (Figure 1A). A Venn diagram was con-
structed to show the DEGs that overlapped with
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IRGs (Figure 1B). A total of 75 asthma-related
IRGs were identified for subsequent evalua-
tion; a gene expression heatmap was shown in
Figure 1C. The top 10 upregulated genes we-
re: ILA8R1, VEGFA, IL18RAP, IL1R2, CCL22,
TNFAIP3, IL1R1, MMP12, IL2RA and CCR7. The
top 10 downregulated genes were: FAM3B,
TLR7, CXCR7, COLEC12, MARCO, S100A13,
RBP4, TGFBR2, IREB2 and PDGFC.

PPI network of asthma-related IRGs

PPl analysis were performed to identify the
interactions among asthma related IRGs. The
results showed that 75 asthma-related IRGs
were found to interact (Figure 2A), including a
significant number of major genes (Figure 2B):
CD4, TLR2, VEGFA, NFKBIA, IL2RA, IL1R1 and
IL6R. There IRGs may thus be key diagnostic
biomarkers of asthma.

Pathway enrichment analyses using WebGe-
stalt

Pathway enrichment analyses of the whole
gene as a rank gene list based on log2FC were
performed using WebGestalt (http://www.web-
gestalt.org/). NF-kappa B, TNF, JAK-STAT and
IL-17 signaling pathways were activated in the
gene sets, while citrate cycle and oxidative
phosphorylation were inhibited (Figure 3A-D).
Notably, NF-kappa B signaling pathway was the
major functional pathway involved. The main
IRGs involved in the pathway were: TNFAIP3,
ILAR1, PLAU, NFKBIA, NFKB1, and ICAM1.

Correlation analysis of asthma-related IRGs
involved in NF-kappa B pathway

To explore the dynamic regulation mechanism
of NF-kappa B pathway and IRGs characteristic
of asthma progression, correlation analysis of
the core genes was performed. As previous
studies have shown that IL8 and IL6R play
essential roles in asthma pathogenesis [21-
23], we also included these genes in the corre-
lation analysis. The results showed that 8 IRGs
were positively correlated (Figure 4A), suggest-
ing these genes together promote asthma
development. Differentially expression and PPI
analyses showed that IL1R1 is significantly
increased in patients with asthma and that its
dysfunction may accelerate asthma develop-
ment. Our investigation also revealed that
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Figure 1. IRGs in patients with asthma and I|
healthy controls. A. Volcano plot of IRGs |
based on the criteria of |logFC| > 0.58
and adjusted p < 0.05. Blue dot indicates
downregulated genes, and red dot indi-
cates upregulated genes. B. Venn diagram
constructed to show overlapping DEGs and
IRGs. C. 75 asthma-related IRGs were shown

via heatmap.
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Figure 2. PPI network of differentially expressed IRGs. A. PPl network among IRGs-related DEGs. B. Number of inter-
actions for each IRGs-related DEG.
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Figure 3. Gene set enrichment analysis of WebGestalt. A. Pathway enrichment analysis showed that NF-kappa B,
TNF, JAK-STAT and IL-17 signaling pathway were activated in the gene sets, whereas citrate cycle and oxidative phos-
phorylation were inhibited. B. NF-kappa B signaling pathway was activated. C. TNF signaling pathway was activated.

D. IL-17 signaling pathway was activated.

TNFAIP3, PLAU, NFKBIA, NFKB1, ICAM1, IL8
and IL6R were significantly, positively correlat-
ed with IL1R1 expression levels (Figure 4B-H).

Diagnostic value of asthma related IRGs

To explore the diagnostic value of 8 asthma-
related IRGs above, ROC curves were drawn;
the range of AUCs for these hub genes was
0.676-0.767 (Figure 5A). The cytokine tested
clinically include TNF-a, IL-1B3, IL-8 and IL-6,
which are closely related to 4 asthma-related
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IRGs (TNFAIP3, IL1R1, IL8 and IL6R, respec-
tively). We evaluated that the collective ROC of
the combined diagnosis of these 4 genes was
0.802 (Figure 5B). We also tested the differen-
tial gene-related cytokines in samples from 76
patients with asthma and 91 controls to fur-
ther confirm diagnostic efficacy. These results
showed that TNF-a, IL-1B3, IL-8 and IL-6 were
significantly upregulated in the samples from
patients with asthma (Figure 5C), with AUCs
ranging from 0.518-0.997 (Figure 5D). The
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significantly positively correlated with ILAR1 expression levels.

cumulative AUC for these 4 related cytokines
was 0.998 (Figure 5E).

Immune cell subtypes differences between
asthma and control groups

Applying the ssGSEA algorithm identified 23
immune cell subtypes. As shown in Figure 6A,
the infiltration levels of activated B cell, acti-
vated CD4 T cell, CD56 dim natural killer cell,
eosinophil, gamma delta T cell, MDSC, macro-
phage, mast cell, monocyte, regulatory T cell
and type 17 T helper cell were clearly higher in
the asthma group. Furthermore, to validate the
infiltrating immune cells in the ssGSEA algo-
rithm, CIBERSORT analysis was performed. As
shown in Figure 6B, CD8 T cells, follicular help-
er T cells, activated DCs, activated mast cells
and eosinophils were significantly higher in the
asthma group, whereas macrophages MO and
macrophages M2 were significantly reduced in
the asthma group. We also found that IL1R1
expression was positively correlated with the
infiltration levels of mast cells and eosinophil (a
master immune cell subtype essential for asth-
ma development) and negatively correlated
with macrophages M2, indicating that cytokine
and immune cells together promote chronic air-
way inflammation and participate in asthma
progression (Figure 6C-E).
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Discussion

Herein, we identified the essential genes in-
volved in IRGs and further explored their value
for asthma diagnosis and the related potential
pathogenic mechanisms. These analyses were
performed with 75 potential asthma-related
IRGs from the intersection of the GSE76262
and ImmPort databases. Pathway enrichment
analysis showed that the NF-kappa B signaling
pathway was the major functional pathway
involved. We then performed a comprehensive
correlation analysis of asthma-related IRGs
involved in the NF-kappa B pathway and other
essential asthma-related IRGs (IL8, IL6R), ex-
ploring their values for diagnostic potential.
The cumulative AUC for the combined diagnos-
tic accuracy among these 4 genes (TNFAIP3,
IL1R1, IL8 and IL6R) was 0.802. We also tested
genes-related cytokines used for routine clini-
cal detection samples from 76 patients with
asthma and 91 healthy controls to further con-
firm their potential clinical diagnostic efficacy.
Furthermore, we analyzed the infiltration levels
of immune cell subtypes to identify whether the
key IRGs work together to promote asthma pro-
gression. This study may provide new insight
into the pathogenic mechanisms of asthma
and may improve the asthma diagnosis pro-
cedures.

Am J Transl Res 2023;15(2):1052-1062
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from 0.676-0.767. B. The cumulative AUC of the combined diagnostic accuracy for 4 genes (TNFAIP3, IL1R1, IL8 and
IL6R) was 0.802. C. TNF-¢, IL-1B, IL-8 and IL-6 were significantly upregulated in samples from patients with asthma.
D. The AUCs of these cytokine (TNF-q, IL-1B, IL-8 and IL-6) ranged from 0.518-0.997. E. Cumulative AUCs of these 4
related cytokines (TNF-a, IL-13, IL-8 and IL-6) was 0.998.
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Figure 6. Immune cell subtypes differences between asthma and control groups. A. Differences in immune infiltra-
tion levels between asthma and control groups by ssGSEA algorithm analysis. B. Distribution of the immune cells
by CIBERSORT analysis. C-E. ILAR1 expression was positively correlated with infiltration levels of mast cells and
eosinophil, and negatively correlated with macrophages M2.

The NF-kappa B signaling pathway is a crucial
mediator of asthma inflammation, and inhibi-
tion of this pathway by targeted molecules can
attenuate airway inflammation [24]. In allergic
asthma, patients with high group 2 ILC2s can
show activation of eosinophils, mast cells,
fibroblasts and epithelial cells through cyto-
kines to initiate and amplify airway inflamma-
tion, requiring NF-kappa B signaling to fully acti-
vate and stably produce type 2 cytokines [25].
In this study, six IRGs were involved in this pa-
thway; namely, TNFAIP3, IL1R1, PLAU, NFKBIA,
NFKB1, and ICAM1 were upregulated in the
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asthma samples. It has been reported that the
activation of IL-1 signaling, including IL1R1 in
sputum, is associated with airway inflamma-
some activation and asthma exacerbation [26].
PLAU, the uPA-encoding gene, interacts with its
receptor and play essential roles in inflamma-
tory cell activation, cell adhesion and extracel-
lular matrix degradation in the asthma [27, 28].
These cumulative findings suggest that the six
IRGs involved in NF-kappa B signaling pathway
participate in asthma progression via different
mechanisms related to allergic inflammation
and barrier dysfunction.
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We also assessed the diagnostic value of the
NF-kappa B pathway IRG-characteristic genes
and other asthma-related IRGs (IL8, IL6R). As
expected, all of these IRGs had moderate diag-
nostic value in patients with asthma based on
analysis of the GSE76262 gene expression
datasets, while the diagnostic value of IL8 was
relatively lower. Routine clinical cytokine assays
for TNF-¢, IL-1B, IL-8 and IL-6 are closely relat-
ed to 4 asthma-related IRGs (TNFAIP3, IL1R1,
IL8 and IL6R, respectively). We also tested the
cytokines in serum samples to further confirm
their diagnostic efficacies. TNF-«, IL-1 and IL-6
had moderate diagnostic values, whereas the
diagnostic value of IL-8 was significantly.

An essential feature of asthma is chronic air-
way wall inflammation, characterized by the
immune infiltration and activation, including
mast cells, neutrophils, eosinophils, lympho-
cytes, and DCs [29]. The complex interactions
among these immune cell types promotes as-
thma progression. By analyzing their expres-
sions from asthma datasets using the ssGSEA
algorithm and CIBERSORT analysis, we were
able to provide deep insights into the regula-
tory network among immune cells in asthma.
Indeed, we found that follicular helper T cells,
activated DCs, activated mast cells and eo-
sinophils were significantly higher in asthma,
whereas macrophages MO and macrophages
M2 were significantly reduced, in sputum sam-
ples from patients with asthma, suggesting
that M2-like polarization of macrophages may
reduce the asthma progression via inhibition of
inflammatory response cells.

This study had several limitations. We identified
the diagnostic values of only some IRGs-related
cytokines in serum. Analysis of larger, prospec-
tive samples will be required to strengthen the
evidence for a diagnostic value of these IRGs in
asthma. Functional experiments are also need-
ed to further describe the pathogenesis of
asthma.

In summary, through bioinformatics analysis
we were able to identify 75 potential IRGs that
are associated with asthma, most of which are
involved in the NF-kappa B signaling pathway.
These findings also identified hub genes in the
pathway with moderate diagnostic value for
asthma. We also identified IRGs-related cyto-
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kines (TNF-q, IL-1B, IL-8 and IL-6) in serum sam-
ples to further confirm their diagnostic efficacy,
finding that the cumulative AUC of these 4 relat-
ed cytokines for asthma diagnosis was 0.998.
Infiltration levels of immune cell subtypes were
also identified to elucidate the associations
between asthma and its immune environment.
Cumulatively, these newly identified hub genes
and immune infiltration provided clues about
the mechanisms underlying asthma develop-
ment.
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