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Abstract. Chronic rhinosinusitis with nasal polyps (CRSwNP)
refers to chronic inflammation of the sinonasal mucosa. It
can either be eosinophilic (ECRSwWNP) or non-eosinophilic
(mon-ECRSwNP). However, immune cell infiltration in the
microenvironment and pathogenesis of ECRSwWNP and
non-ECRSwNP are still unclear. The aim of the present study
was to assess the immune cell infiltration and molecular
mechanisms of ECRSWNP and non-ECRSwNP. In the present
study, 22 immune cell types in ECRSwNP and non-ECRSwNP
were investigated by CIBERSORT based on transcriptome
data. The core gene related pathophysiology of CRSwNP was
analyzed using Weighted Gene Correlation Network Analysis
according to the phenotype of the infiltrated eosinophils and
nasal polyps (NP). A total of four types of immune cells (mast
cells, activated dendritic cells, M2 macrophages and activated
natural killer cells) were demonstrated to have a direct and
indirect correlation with eosinophilic infiltration in ECRSwNP.
M1 macrophages and activated CD4* memory T cells were
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correlated with major immune cell types in non-ECRSwNP.
NP could affect the expression of ‘olfactory receptor activity’
and ‘channel activity’ genes to impair the olfactory signaling
pathway and neuroactive ligand receptor pathway. ‘Cell
adhesion molecule binding’, ‘cytokine receptor binding’ and
‘glucocorticoid receptor binding’ were significantly enriched
in ECRSwNP, whereas epithelial cell injury, autophagy and
the mTOR pathway (hsa04140 and hsa04150) may serve an
important role in the pathogenesis of non-ECRSwNP. There
were significantly different immune cell infiltration and related
core genes expression characteristics between ECRSwNP and
non-ECRSwNP. The results of the present study provide an
improved basis for elucidation of the mechanism and treatment
of CRSwNP.

Introduction

Chronic rhinosinusitis (CRS) is a multifactorial, heteroge-
neous inflammatory disease of the nose and paranasal sinuses
characterized by 12 weeks of persistent symptoms, such as
congestion, pain or facial pressure, stuffiness, cough, impair-
ment or loss of the sense of smell (anosmia), nasal discharge
and fatigue (1). CRS affects ~12% of the worldwide population
and severely impairs quality of life (2). Based on the absence
or presence of nasal polyps (NP), CRS can be categorized into
two main forms, CRS without NP (CRSsNP) and CRS with NP
(CRSwNP) (1). CRSwNP is the most commonly studied among
both types. Polyps are outgrowths of edematous inflammatory
tissues that have grown into the middle meatus (3). CRSwNP
causes anosmia more readily than CRSsNP and is less likely to
respond to antibiotics (1,4). CRSwNP can further be divided into
two subtypes based on the histological features: Eosinophilic
CRSwNP (ECRSwNP) and non-eosinophilic CRSwNP
(non-ECRSwNP). In Western countries, 67-88% of patients
with CRSwNP exhibit mucosal eosinophilic infiltration, which
is characterized by type II inflammation (5-7). However, in
East Asian countries, such as China, Korea and Japan, only
21.7-59.6% of patients exhibit mucosal eosinophilia, which is
characterized by T helper cell (Th)1/Th17-dominant inflam-
mation (7-11). There was a significant increase in the number
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of patients with ECRSWNP compared with non-ECRSwNP
from 1999 to 2011 in Thailand (12). ECRSwWNP is higher in
CT images and polyp scores compared with non-ECRSwNP
and has a poor response to medical and surgical therapy (9,13).
The pathogenesis and pathophysiological mechanisms of
ECRSwNP and non-ECRSwNP remain poorly understood.

Immune cell infiltration is the characteristic manifesta-
tion of chronic inflammation. A histological study on a large
sample of CRS tissues demonstrated that CRSwNP presented
a higher amount of immune cell infiltration compared with
CRSsNP, and there were higher levels of cell infiltration of
cytotoxic CD8* T cells, B cells and macrophages in CRSwNP,
as determined by immunohistochemistry (14). In addition,
ECRSwNP has been reported to be associated with fewer
M1 macrophages and more M2 macrophages compared with
non-ECRSwNP, and the number of IL-10*CD68* macrophages
was decreased in ECRSwWNP (15). Specific chemokines and
cytokines, such as MIP-1a, IL-5 and RANTES, are crucial to
eosinophil recruitment, survival and differentiation (16-18).
Based on gene expression profiles, Th2-related molecules
(IL-4 and colony-stimulating factor 2), cell cycle regulators
(cyclin dependent kinase inhibitor 1A and cyclin D1), and
tissue fibrosis-related molecules (TGF-f}) are upregulated in
ECRSwNP; on the other hand, interferons (IFNs) and acute
inflammatory cytokines are upregulated innon-ECRSwNP (19).
The long non-coding RNA XLOC_010280 was demonstrated
to be specifically expressed in ECRSwNP and found to
regulate chemokine (C-C motif) ligand 18 (CCL18), which
may explain the markedly higher expression of CCLI18 in
ECRSwWNP compared with that in non-ECRSwNP (20).

To reveal the immune cell infiltration and key genes of
CRSwNP, 22 immune cell types and the pathophysiology of
CRSwNP were analyzed by CIBERSORT (21) and Weighted
Gene Correlation Network Analysis (WGCNA) (22) methods
according to eosinophilic pathology characteristics. The
combined analysis of immune cell infiltration and key genes
of CRSwNP provided a deeper understanding of the immune
and inflammatory response exhibited in CRS.

Materials and methods

Acquisition and processing of transcriptome and gene expres-
sion profile data. The transcriptome gene expression profile
data used in the present study were obtained from a public
domain. The expression matrix and sample information
(GSE72713) (20) were downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/geo/). Genes with similar names were merged and homog-
enized using the limma package (version 3.11; https://www.
bioconductor.org/packages/release/bioc/html/limma.html).
Genes that were not expressed in all samples were omitted;
a total of 21,014 expressed genes were further analyzed in all
samples.

Evaluation of immune cell infiltration in CRSWNP. The nine
samples obtained from GSE72713 was used to investigate the
22 immune cell types in CRSWNP by CIBERSORT (20,21).
CIBERSORT is an analytical tool in which 547 gene expres-
sion signatures were used to quantify the 22 immune cells.
The expression data were submitted to the CIBERSORT

official website (https:/cibersort.stanford.edu/). The algorithm
used a signature matrix at 2,500 permutations to improve the
accuracy of the deconvolution. Kruskal-Wallis test was used
to analyze the differences among the three groups (Normal
control, ECRSWNP and non-ECRSwNP) using R software
(version 3.6.3; https:/www.r-project.org/). The correlation
of infiltrated immune cells was analyzed by a Pearson's test
using corrplot R package (Version 0.84; https://github.
com/taiyun/corrplot) (22).

Construction of the WGCNA phenotype co-expression
network. The nine samples obtained from GSE72713 were
divided into four groups: Normal control (CTRL; n=3;
GSM1868859; GSM1868860; GSM1868861), ECRSWNP (n=3;
GSM1868853; GSM1868854; GSM1868855), non-ECRSWNP
(n=3; GSM1868856; GSM1868857; GSM1868858), and NP,
which included ECRSWNP and non-ECRSwNP samples.
The tissue eosinophil number per high power field (HPF) of
ECRSwWNP was >20, counted in the lamina propria of the
polyps in five random microscopic HPFs at x400 magnifica-
tion. Subjects who did not fulfill the criteria were categorized
as non-ECRSwNP. Overall, 21,014 genes from nine samples
were analyzed by WGCNA (23). The samples were clustered
and the pickSoftThreshold was calculated (24). Power value
16 was used to construct the block-wise modules (24). The
color row beneath the dendrogram illustrates the 28-module
assignment obtained using the dynamicTreeCut package
(version 1.63) (25). The correlation between phenotype and
block-wise modules was then analyzed using Pearson's test.

The gene expression levels of related modules were veri-
fied by quantitative PCR (QPCR). GAPDH was as the reference
gene. The mRNA expression for the selected 12 genes was
measured using SYBR® Premix Ex Taq™ (Takara Bio, Inc.)
under the following thermocycling conditions: Initial denatur-
ation at 95°C for 5 min, followed by 40 cycles at 95°C for 10 sec
and 55°C for 30 sec. The expression levels in the samples were
determined by the relative quantity curve method 2444 (26).
Primer sequences are listed in Table SI. The new collected
gPCR verified samples (non-eosinophil polyps, eosinophil
and nasal mucosa tissues), which are distinct from the nine
samples aforementioned, were collected by the Department of
Otolaryngology, Head and Neck Surgery, Tongde Hospital of
Zhejiang Province (Zhejiang, China) between April 2018 and
December 2019. The Ethics Committee of Tongde Hospital of
Zhejiang Province (approval no. XMSB2018013) approved the
present study and written informed consent was obtained from
nine patients (mean age: 34+5 years; age range: 25-40 years;
nine males and three females). The RNA was extracted from
the nine tissue samples of patients using RNeasy Mini Kit
(Qiagen GmbH) according to manufacturer's protocol and
cDNA was synthesized using First Strand cDNA Synthesis Kit
(cat. no. K1612; Thermo Fisher Scientific, Inc.). The 12 related
genes were amplified by gPCR using Roche LightCycler®
480II (Roche diagnostics).

Module gene function analysis. The gene functions of
modules that were found to be significantly related to the
phenotypes (CTRL, ECRSWNP, non-ECRSwNP and NP) were
enriched in Gene Ontology (GO; http:/geneontology.org/)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
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Figure 1. Composition of infiltrated immune cells among CTRL, ECRSwWNP and non-ECRSwWNP specimens as obtained via CIBERSORT used at a signature
matrix of 2,500 permutations. (A) Bar plot of proportions of 22 immune cell infiltrated in CTRL, ECRSWNP and non-ECRSwWNP groups. (B) Heatmap and
cluster of 22 immune cell types infiltrated in CTRL, ECRSWNP and non-ECRSwNP. (C) Violin plot of the proportions of 17 immune cells infiltrated in the
CTRL (blue), ECRSWNP (green) and non-ECRSwNP (red) groups. The horizontal axis shows the clustering information of the samples. ECRSWNP, eosino-
philic chronic rhinosinusitis with nasal polyps; non-ECRSwNP, non-eosinophilic chronic rhinosinusitis with nasal polyps; CTRL, control.

(https://www.kegg.jp/). P<0.05 was set as the cut-off value.
Connections between the significant GO and KEGG terms
were visualized using a clusterProfiler package with a network
diagram (27). The heatmap was drawn using the pheatmap
package (version 1.0.12; https://cran.r-project.org/web/pack-
ages/pheatmap/index.html).

Results

Composition of immune cells in CRSWNP. Initially, the frac-
tions of infiltrated immune cells among the CTRL, ECRSwNP
and non-ECRSwNP groups were investigated based on the
gene expression profile data by CIBERSORT. The percentage
of infiltrated cells was shown and 17 types of immune cells
were found to infiltrate the nasal mucosa and NP tissues

(Table SII). A total of five types of immune cells (memory B
cells, naive CD4+ T cells, follicular helper T cells, regulatory
T cells and resting NK cells) were not found in the CTRL,
ECRSwNP and non-ECRSwNP groups (Fig. 1 and Table SII).
A notable difference was observed in eosinophil infiltration
among the CTRL, ECRSwWNP and non-ECRSwNP groups
(Fig. 1). In addition, the heatmap depicted plasma and CD4*
memory resting cells as the major cell groups using the
pheatmap package (Fig. 1B). The percentage of eosinophils in
the infiltrated cells was 12.26+5.08% in the ECRSwWNP group,
but no eosinophils infiltrated the CTRL and non-ECRSwNP
groups (Fig. 1 and Table SII). The activated natural killer
(NK) cells were also only present in the ECRSWNP group
(Fig. 1B). Although the number of infiltrated resting CD4* T
cells in CTRL tissues (45.86+1.67%) was higher compared
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Figure 2. Correlation matrix of the proportion of 22 immune cells in the CTRL, ECRSWNP and non-ECRSwNP groups. Variables are ordered in the heatmap
matrix. Eosinophils were significantly positively correlated with activated mast cells, activated NK cells and M2 macrophages. The M2 macrophages were
significantly positively correlated with eosinophils, activated NK cells and activated dendritic cells, and significantly negatively correlated with yoT cells
and M1 macrophages. The M1 macrophages were significantly positively correlated with ydT cells and activated CD4* T cells. In the heatmap, the blue color
represents low adjacency (negative correlation), while the red represents high adjacency (positive correlation). ECRSwWNP, eosinophilic chronic rhinosinusitis
with nasal polyps; non-ECRSwWNP, non-eosinophilic chronic rhinosinusitis with nasal polyps; CTRL, control; NK, natural killer.

with that in ECRSwNP (25.83+2.32%) and non-ECRSwNP
(29.62+3.56%), the infiltrated percentage of activated CD4*
T cells in the non-ECRSwWNP group (6.46+1.84%) was higher
compared with that in the ECRSWNP (2.68+1.11%) and CTRL
(2.74+2.18%) groups (Fig. 1C and Table SII). Among infiltrated
macrophages (MO, M1 and M2), the number of infiltrated
M2 macrophages in the ECRSwWNP group (12.56+0.77%)
was higher compared with that in the CTRL (4.12+1.98%)
and non-ECRSwNP (3.24+1.21%) groups. Additionally, the
number of infiltrated M1 macrophages in the non-ECRSwNP
group (7.06+£0.9%) was higher compared with that in the
CTRL (2.58+1.43%) and ECRSwWNP (0.31+0.26%) groups.
MO macrophage infiltration was found in lesser amounts in
the CTRL group, but not in the other two CRSWNP groups.
Furthermore, the activated dendritic cells (2.06+0.72%) and
resting mast cells (12.86+£5.92%) in the ECRSwWNP group
were higher compared with those in the CTRL (activated
dendritic cells 0.56+0.78%; resting mast cells 6.29+2.81%) and
non-ECRSwWNP groups (activated dendritic cells 6.79+2.86%;
resting mast cells 0.43+0.31%; Fig. 1 and Table SII).

Correlation among infiltrated immune cells in CRSWNP. A
total of five immune cell types, including eosinophils, acti-
vated NK cells, activated dendritic cells, resting mast cells
and M2 macrophages, were found in higher fractions in the
ECRSwNP group compared with those in the CTRL and
non-ECRSwNP groups (Fig. 1C and Table SII). The corre-
lation between these infiltrated cells was further analyzed.
Eosinophils were found to be significantly positively corre-
lated with activated mast cells, activated NK cells and M2
macrophages (r>0.75; Fig. 2). The M2 macrophages were
significantly positively correlated with eosinophils, activated
NK cellsand activated dendritic cells (r>0.75),but significantly
negatively correlated with ydT cells and M1 macrophages
(r<-0.75; Fig. 2). The M1 macrophages were significantly
positively correlated with yOT cells and activated CD4* T
cells (r>0.75; Fig. 2). These three cell types mostly infiltrated
the non-ECRSwNP group (Fig. 1 and Table SII). Thus, these
results suggested that ECRSWNP and non-ECRSwWNP may
differ significantly in immune cell infiltration and core gene
expression profiles.
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Figure 3. Gene expression module analysis in the CTRL, ECRSWNP and non-ECRSwNP groups. (A) CTRL, ECRSWNP and non-ECRSwNP groups were
clustered by hierarchical cluster analysis. The three groups of samples showed good expression clustering. (B) Gene dendrogram obtained by average linkage
hierarchical clustering in the CTRL, ECRSWNP and non-ECRSwWNP groups. The color row beneath the dendrogram illustrates the 28-module assignment
obtained by the dynamicTreeCut package. (C) Hierarchical clustering and correlation of 27 gene modules that summarizes the modules found in clustering
analysis. Branches of the dendrogram (the meta-modules) group eigengenes that are positively correlated. ECRSWNP, eosinophilic chronic rhinosinusitis with
nasal polyps; non-ECRSwWNP, non-eosinophilic chronic rhinosinusitis with nasal polyps; CTRL, control.

Core gene expression modules in CRSwWNP. To detect different
core genes in ECRSWNP and non-ECRSwNP, gene expression
profiles of the three group samples (CTRL, ECRSwNP and
non-ECRSwNP) involving ~21,014 genes were clustered by
hierarchical cluster analysis. Good expression clustering was
observed in all three groups (Fig. 3A). In addition, power value
16 was used to construct block-wise modules using WGCNA.
The 21,014 expressed genes were divided into 28 modules
according to expression (Fig. 3B and C). The grey module was
the unknown module. The expression levels of each module
gene were clustered and correlated. All gene modules were
clustered into three big clades (Fig. 3B and C). The gene
expression modules and clades may be closely related to the
phenotype of CRSWNP.

Correlation of gene expression modules with the phenotype of
CRSwNP. To clarify the correlation between the gene module
and phenotype, the obtained samples were divided into four
groups (CTRL, ECRSwWNP, non-ECRSwWNP and NP groups).
Two gene modules (pink and turquoise) were found to be
significantly negatively correlated with the nasal polyp pheno-
type (P<0.05; r<-0.80; Fig. 4). The gene function clusters of
the two modules were analyzed by clusterProfiler for GO and
KEGG. The pink module showed no significant enrichment
of GO functions and KEGG pathways. The turquoise module
was significantly enriched (P<0.05) in 64 GO terms and
seven KEGG pathways (Fig. 5 and Table SIII). The ‘olfactory
receptor activity’ (GO:0004984) and ‘olfactory transduc-
tion’ (hsa04740) were major functional enrichments (Fig. SA
and C). The G protein-coupled receptor activity and channel
proteins activity in turquoise module have extensive networks
of shared genes (Fig. 5B). The expression of the olfactory
related genes, including OR10A3 and OR1A1, was higher in
CTRL groups compared with that in the NP group, especially
in ECRSwNP (Figs. 5D and S1). These results revealed the
molecular mechanism by which CRSwNP affects olfaction.

Correlation of gene expression modules with ECRSwNP and
non-ECRSwNP. The gene module and phenotype correlation

analysis showed that the brown module was significantly posi-
tively correlated with ECRSwNP (P=0.003; r=0.86; Fig. 4).
In the brown module, 20 GO terms and 16 KEGG pathways
were significantly enriched (P<0.05; Fig. 6 and Table SIV).
The ‘CCR chemokine receptor binding’ (G0O:0048020),
‘cytokine activity’ (GO:0005125), ‘cytokine receptor binding’
(GO:0005126), ‘receptor ligand activity’ (GO:0048018),
‘growth factor receptor binding’ (GO:0070851) and ‘epidermal
growth factor receptor binding’ (GO:0005154) function
(Fig. 6A) formed a functional network that was significantly
positively associated (Figs. 4 and 6B). In the brown module,
many genes, including CDHS5, SHC1 and ITGAS, were found
to be associated with ‘cytokine receptor binding’ and ‘growth
factor receptor binding’ double GO function (Fig. 6C).
Multiple inflammatory-related signaling pathways, including,
PI3K-Akt signaling, JAK-STAT signaling, TNF and IL-17
signaling, were significantly enriched in the brown module
(Fig. 6D). The gene expression of the brown module in the
ECRSwNP group was higher compared with that in the CTRL
and non-ECRSwNP groups (Fig. 6E and F). The GO function
and enriched pathways illustrated the molecular mechanism of
ECRSwNP formation.

The correlation analysis did not demonstrate the significant
positive correlation of a gene module with non-ECRSwNP,
although it justified the significant negative correlation of
the blue module with non-ECRSwNP (P<0.05; r<-0.80;
Fig. 4). The GO analysis revealed that genes correlated with
non-ECRSwWNP mainly involved a variety of transferases
(G0O:0034212, GO:0004674, GO:0018024, GO:0019787
and GO:0004842), GTPases (G0:0031267, GO:0030695,
GO0:0017016 and GO:0005096) and receptor binding functions
(GO:0046965, GO:0046966, and GO:0035257; Fig. 7A and
Table SV). These functional genes formed four major func-
tional networks (Fig. 7B). Numerous cell proliferation-related
and cancer signaling pathways, such as the ‘M APK signaling
pathway’, ‘Wnt signaling pathway’, ‘mTOR signaling
pathway’, ‘hepatocellular carcinoma’ and ‘breast cancer’
in the blue module and some suppressor genes (such as P53
and DUSPS) involved in these pathways were downregulated
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Figure 4. Heatmap plot showing correlation of the gene module with phenotypes of CRSWNP. Each row in the heatmap corresponds to one gene module
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represents high adjacency (positive correlation). ECRSwWNP, eosinophilic chronic rhinosinusitis with nasal polyps; CTRL, control; NP, nasal polyps; ME,

module eigengene.

in non-ECRSwNP group compared with those in the CTRL
and ECRSwNP groups (Fig. 7C and E). There were extensive
networks of interactions between these gene signaling path-
ways (Fig. 7D). These results suggested that the formation of
non-ECRSwNP was similar to the growth of tumors (Fig. 7E).
However, the ‘autophagy’ (hsa04136, hsa04140 and hsa04150)
was found to be negatively associated with non-ECRSwNP
(Figs. 4 and 7C), where some autophagy-related genes (such
as CAMKK?2, ATG2A and MAPKY9) were downregulated
in non-ECRSwWNP compared with those in the CTRL and
ECRSwNP groups (Fig. 7F). The dysfunction of autophagy in
nasal mucosa may be the primary cause of non-ECRSwNP.

Discussion

CRS is defined as inflammation of the nasal mucosa; CRSwNP
represents 20-25% of all cases worldwide (3). The two main
histological types of CRSWNP (ECRSwNP and non-ECRSwNP)
have been identified based on eosinophil infiltration, geograph-
ical location and ethnicity (5-11). The immune cell infiltration
of CRSwNP is higher compared with that of CRSsNP (14);
however, the rate of infiltration of different types of immune
cells, other than eosinophils and macrophages, is still unclear
in ECRSWNP and non-ECRSwNP (15). In the present study,

the proportion of 22 immune cell types in immune microen-
vironment of ECRSwWNP and non-ECRSwNP was analyzed by
CIBERSORT based on the gene expression profile.

The resting CD4*" memory T cells were found in the
highest proportion in the CTRL group, whereas the activated
CD4* T cells were mainly infiltrated in the non-ECRSwNP
group. Memory T cells are essential components of immu-
nological memory, and memory CD4 cells could help
protect against infections (28). The memory CD4* T cells
also outnumber memory CD8* T cells in the lung, skin and
mucosal surfaces, and function to direct protective responses
in addition to coordinating the recruitment of immune cells
to tissue sites (29-31). The resident CD4* memory T cells
remodel epithelial responses to accelerate neutrophil recruit-
ment during pneumonia (32). These findings indicated that
the occurrence of non-ECRSwWNP may be closely related
to the activation of CD4" cells. The activated CD4* T cells
were positively correlated with M1 macrophages and y0T
cells. Non-ECRSwNP has been reported to be characterized
by Th1/Thl7-dominant inflammation, and infiltration by a
greater number of neutrophils and M1 macrophages (1,14,15).
IFN-v, which promotes the polarization of M1 macrophages,
is highly expressed in non-ECRSwNP (33). The functionality
of yOT cells is induced upon the recognition of stress antigens,



SPANDIDOS
J PUBLICATIONS

A olfactory receptor activity - . B

channel activity- ®
passive transmembrane transporter activity - .
metal ion transmembrane transporter activity - .
substrate-specific channel activity - . padjust
ion channel activity - [ ] 6.0e-08
1.0e-07
gated channel activity - . i
1.5¢-07
ion gated channel activity - [&]
cation channel activity - . Count
100
neurotransmitter receptor activity - @ o
@
odorant binding- @ . 300

extracellular ligand-gated ion channel activity

-9

transmitter-gated ion channel activity - @
transmitter-gated channel activity - @
-e

G protein-coupled amine receptor activity

0.01 002 0.03 004 005
GeneRatio

C D

Olfactory transduction .
Herpes simplex virus 1 infection .
p.adjust
Neuroactive ligand-receptor interaction @ 001
002
003
004
Taste transduction L]

Count
@
Nicotine addiction{ @ @ o
@

Phototransduction{ ®

Maturity onset diabetes of the young{ @

0025 0050 0075 0100 0.125
GeneRatio

EXPERIMENTAL AND THERAPEUTIC MEDICINE 20: 180, 2020 7

neuropeptide re?eplor activity

postsynaptic neurotransmitter receptor activity
ismitter-gated ion channel activilinvolved in regulation of postsynaptic membrane potential
extracelldfir ligand-gated iolrmﬁndmﬁgmembra ansporter activity S

[} ubstrate-specific cha activity @
neurotransmitter receptor.activity involved;in xlaﬁon of iptic

neurotransmitter hi‘ivmar—getsdcsaﬂ channg) i mnmi aivi()’ : ZZ:

n channel activif
ligand-gated anibganingRirgdRiighannel e transporteradlBly p adjust

i ion transmer
n channel wvi!y

transmitter-gated ion channel adlvltyl"ga“?d Chaﬂﬂzl{a 0 1ty
rotransmitter ré r a sand
gprotans e cation'cfiannel activity 2e-04

@erotonin receptor. activity

gated channel act¥ity - a B dot4
voltage—gated ion chamel activity
. Be-04
G flidtein=coupled neurotransmitter receptor activity
G protein—cowled amine receptor activity
° i
G protein-coupled serotonin receptor activity
solute:sodium symporter activity@
olfactory rgmeptor activity
odorant binding
e
1 Type
CTRL
08 LUNP

G Za o &y i a4 (0 it
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which promotes cytokine production, and regulates pathogen
clearance, inflammation and tissue homeostasis (34).

In the ECRSWNP group, the eosinophil infiltration was
significantly correlated with the infiltration of M2 macrophages,
activated mast cells and activated NK cells. Enhanced accumu-
lation of M2 macrophages has previously been demonstrated
in ECRSWNP compared with in non-ECRSwNP (15,35).
The crucial role of mast cells was evident in a mouse model
of eosinophilic CRS, where none of the mast cell-deficient
mice subjected to chronic allergen challenge developed cystic
changes or polypoid changes in the nose or sinuses (36,37).
Furthermore, in a previous study, patients with CRS presented
a significant decrease in eosinophil apoptosis mediated by NK
cells compared with healthy controls; eosinophilic inflammation
and NK cell dysfunction were responsible for this decrease (38).

Gene expression was correlated with phenotype to
obtain gene expression modules for NP, ECRSwNP and
non-ECRSwWNP groups in the present study. One previous

study revealed that olfactory dysfunction is very frequent
(~90%) in CRSwWNP and does not depend on nasal obstruction,
as assessed by both polyp size and nasal airflow limita-
tion (39). A previous study established that superior turbinate
eosinophilia is correlated with an olfactory deficit in patients
with CRS (40). The enriched results of olfactory and channel
activity genes suggested that NP may affect the expression of
olfactory receptors and channel activity genes to impair the
olfactory signaling and neuroactive ligand-receptor pathways.
To the best of our knowledge, this is the first time that NP have
been linked to the expression of olfactory genes.

The present study showed that in ECRSwNP, func-
tions including the ‘binding of cell adhesion molecules’
(GO:0050839), ‘DNA-binding transcription activator activity’
(GO:0001228), ‘cytokine receptor binding’ (GO:0005126),
‘cytokine activity’ (GO:0005125), ‘growth factor receptor
binding’ (GO:0005154) and ‘glucocorticoid receptor binding’
(G0O:0035259), and ‘inflammatory signaling pathways’
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Figure 6. Functional annotation and expression of the brown gene module that is significantly positively correlated with eosinophilic chronic rhinosinusitis
with nasal polyps. (A) Significantly enriched GO terms in the brown gene module. (B) The network of gene overlap enriched GO terms in brown gene module.
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focal adhesion pathway. GO, Gene Ontology.

(hsa04151, hsa04630 and hsa04668) were enriched and
expressed a positive correlation. Cytokines are involved in
the pathogenesis of CRS (41). IL-5 serves an important role in
regulating eosinophil development, and is essential for its matu-
ration and release into circulation (42-44). IL-13 can increase

the levels of B-catenin, which contributes to cell-cell adhesion
in CRS (@5). The C-C chemokines, RANTES/CCLS, monocyte
chemotactic protein-4 (MCP-4/CCL13), and eotaxin/CCL26
have also been found to be increased in atopic dermatitis skin
lesions, and likely contribute to the chemotaxis of eosinophils
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Figure 7. Functional annotation and expression of the blue gene module of the non-ECRSwWNP group in Fig. 4 that is significantly negatively correlated
with the eosinophilic chronic rhinosinusitis with nasal polyps, using the threshold of P<0.05 and r<-0.80. (A) Significantly enriched GO terms in blue gene
module. (B) The network of gene overlap enriched GO terms in the blue gene module. (C) Significantly enriched KEGG pathways in the blue gene module.
(D) The network of gene overlapping enriched KEGG terms in the blue gene module. The vertical items represent the GO term name, whereas the length of
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signaling pathway. (F) The gene expression heatmap of the autophagy-animal pathway. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and

Genomes; ECRSWNP, eosinophilic chronic rhinosinusitis with nasal polyps.

inflammation in ECRSwWNP (20). Nevertheless, controversy
remains concerning IL-6 function because IL-6 has been
predicted as an upstream regulator in non-ECRSwNP (19).

and Th2 lymphocytes into the skin (46). Oncostatin M, a
member of the IL-6 family, and IL-6, have been reported to
serve an important role in the pathophysiology of eosinophilic
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Figure 8. Significantly different immune cell infiltration and core genes of phenotypes between ECRSWNP and non-ECRSWNP were observed in the study.
Four types of immune cells (activated mast cells, activated dendritic cells, M2 macrophages and activated NK cells) were directly and indirectly corre-
lated with eosinophil infiltration in ECRSWNP. M1 macrophages and activated CD4" memory T cells were correlated with major immune cell types in
non-ECRSwNP. NP could affect the expression of olfactory receptor and channel activity genes to impair the olfactory signaling pathway and neuroactive
ligand-receptor pathway. The cell adhesion molecule, cytokine and glucocorticoid receptors were significantly enriched in ECRSwWNP, while the epithelial cell
injury and autophagy may serve an important role in the pathogenesis of non-ECRSwNP. ECRSwNP, eosinophilic chronic rhinosinusitis with nasal polyps;
non-ECRSwNP, non-eosinophilic chronic rhinosinusitis with nasal polyps; NK, natural killer.

The aforementioned cytokines were expressed in higher
amounts in ECRSwWNP compared with those in the CTRL
and non-ECRSwWNP groups. Topical corticosteroids have
been demonstrated to exert a beneficial effect on ECRS and
nasal polyposis, and the mechanism of action of nasal steroids
appears to be multi-factorial, being initiated by their binding to
the glucocorticoid receptor (47,48). Glucocorticoid resistance
to glucocorticoids may be the major cause of therapy failure in
ECRSwNP (49).

Previous studies have demonstrated that in non-ECRSwNP,
serum amyloid A (SAA) levels were significantly upregulated
compared with those in ECRSWNP (19,20); SAA triggers the

production of cytokines associated with neutrophilic inflam-
mation and improves neutrophil chemotaxis (50,51). In the
present study, the blue gene module was negatively correlated
with non-ECRSwNP and established that genes correlated with
non-ECRSwNP were mainly associated with a variety of trans-
ferases (GO:0034212,G0O:0004674, GO:0018024, GO:0019787
and GO:0004842), GTPases (G0O:0031267, GO:0030695,
G0:0017016 and GO:0005096) and receptor binding functions
(GO:0046965, GO:0046966, and GO:0035257) and cancer cell
pathways (hsa05224, hsa05213, hsa05217 and hsa05215). These
results suggested that the formation of non-ECRSwNP may be
closely related to epithelial cell injury. Besides, it was identified
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that the autophagy pathway was negatively associated with
non-ECRSwNP, and some autophagy genes were downregu-
lated. It has recently been established that deficient autophagy
in myeloid cells exacerbates CRS and that IFN-y-induced insuf-
ficient autophagy adds to p62-dependent apoptosis of epithelial
cells in CRSwNP (52,53). Thus, these results suggested the
significance of autophagy in non-ECRSwNP.

The composition and characteristics of infiltrated immune
cells in the immune microenvironment of ECRSwWNP and
non-ECRSwNP were systematically analyzed in the present
study (Fig. 8). A total of four types of immune cells (resting
mast cells, activated dendritic cells, M2 macrophages and
activated NK cells) were found to have a direct and indirect
correlation with eosinophils in ECRSwNP. Notably, M1 macro-
phages and activated CD4* memory T cells were correlated in
non-ECRSwNP. The findings suggested that NP may affect
the expression of olfactory receptors and channel activity
genes to impair olfactory signaling pathways and neuroac-
tive ligand-receptor pathways. In addition, the cell adhesion
molecules, cytokines and glucocorticoid receptors may serve a
vital role in ECRSwWNP. On the other hand, epithelial cell injury
and autophagy may serve an essential role in non-ECRSwNP.
These results provided a good basis for the elucidation of the
underlying mechanism and treatment of CRSwNP. However, the
findings of this study were limited, as only a few high-quality
sequencing samples were available in the public database. Thus,
further analysis involving a large clinical sample is required.
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