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Abstract

Eosinophilic chronic rhinosinusitis (ECRS) is a subtype of chronic rhinosinusitis (CRS) that is 
characterized by intractable nasal polyp formation. Eosinophil-derived neurotoxin (EDN) is an 
eosinophil granule protein that is closely related to allergic inflammation, but the pathological 
implications of EDN in ECRS remain unknown. In this study, we evaluated the function of EDN in 
ECRS pathogenesis and assessed its potential as a disease activity marker. Serum EDN levels 
were significantly higher in patients with ECRS than in those with other nasal and paranasal 
diseases, and were positively correlated with clinical disease activity. Production of EDN from 
isolated human eosinophils was induced by stimulation with IL-5 in vitro. Human nasal epithelial 
cells were stimulated with EDN, and the resultant changes in gene expression were detected by 
RNA sequencing. Pathway analysis revealed that the major canonical pathway affected by EDN 
stimulation was ‘regulation of the epithelial–mesenchymal transition pathway’; the only gene in 
this pathway to be up-regulated was matrix metalloproteinase 9 (MMP-9). Consistent with this, 
immunostaining analysis revealed intense staining of both EDN and MMP-9 in nasal polyps from 
patients with ECRS. In conclusion, our data demonstrate that serum EDN level is a useful marker 
for the evaluation of ECRS severity. Furthermore, EDN induces production of MMP-9 from the nasal 
epithelium, which may be involved in the pathogenesis of ECRS.
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Introduction

Chronic rhinosinusitis (CRS) is clinically classified into CRS with 
nasal polyps (CRSwNP) or without nasal polyps (CRSsNP). 
CRSwNP has a variable clinical course because several 
types of cells, including immune and epithelial cells, play key 
roles in its pathogenesis. Therefore, identifying the subtypes 
of CRSwNP based on the underlying molecular mechanisms, 

which classifies the disease into endotypes, is important for 
the individualization of therapy (1).

Because the phenotypes of CRSwNP are heterogeneous 
in East Asia, CRSwNP in this region is classified into eosino-
philic chronic rhinosinusitis (ECRS) and non-eosinophilic 
chronic rhinosinusitis (NECRS). ECRS is based on T-helper 
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type 2–driven inflammation (Th2 inflammation) and is asso-
ciated with strong nasal mucosal eosinophilic infiltration. In 
ECRS, nasal polyps are treatment resistant and frequently 
recur. Recurrent nasal polyp formation may be closely related 
to eosinophil effector functions, but most of the pathological 
mechanisms have not been clarified.

The eosinophil is a type of granulocyte that contains 
eosinophilic granule proteins (EGPs). There are four EGPs: 
major basic protein (MBP), eosinophilic cationic protein 
(ECP), eosinophil peroxidase (EPO), and eosinophil-derived 
neurotoxin (EDN). All EGPs have antiparasitic and antibac-
terial activity. Because EDN promotes an allergic reaction via 
dendritic cell activation, its levels are closely related with Th2 
inflammation. Many studies have suggested that EDN plays 
an important role in allergic disease, but only few studies 
have shown the association between EDN and ECRS.

In this study, we sought to clarify the mechanism of intract-
able nasal polyposis in ECRS by estimating the effects of 
EDN on nasal epithelial cells. Furthermore, we investigated 
whether serum EDN level is a useful marker for the evaluation 
of disease severity by assessing the relationship between 
serum EDN levels and clinical features.

Methods

Patients and control group
We included 115 patients with nose and paranasal sinus 
disease treated between 2014 and 2017 at the Department 
of Otorhinolaryngology–Head and Neck Surgery, Osaka 
University Graduate School of Medicine. CRS was diagnosed 
based on patient symptoms according to the guidelines in 
the European Position Paper on Rhinosinusitis and Nasal 
Polyps (2). CRSwNP was classified into two subtypes, ECRS 
and NECRS, according to the Japanese criteria (3).

Blood samples were obtained from 34 patients with ECRS, 
30 with NECRS, 31 with allergic rhinitis, 20 with other sinus 
diseases (choanal polyp, paranasal benign tumor, organ-
ized hematoma and postoperative sinus cyst) and 8 healthy 
controls. Clinical data and demographics are presented in 

Table 1. Patients receiving oral steroids were excluded from 
the study.

Tissue samples were obtained from patients undergo-
ing endoscopic sinus surgery. Nasal polyps were collected 
from five patients with ECRS and five with NECRS. The study 
was approved by the ethics committee of Osaka University 
(14463), and informed consent was obtained from each 
patient prior to sample collection.

Nasal polyp score
Nasal polyps were evaluated in each patient by endoscopy. 
Polyps were graded into five stages as described by Meltzer 
et al. (4). Mean values were used as polyp scores.

Enzyme-linked immunosorbent assay and cytometric 
bead array
Serum interleukin 5 (IL-5) levels were measured by flow 
cytometric bead assay using the Cytometric Bead Array 
Human IL-5 Flex Set (BD Bioscience, Tokyo, Japan). Matrix 
metalloproteinase 9 (MMP-9) levels in serum and cell cul-
ture supernatants were measured with the Human MMP-9 
Quantikine enzyme-linked immunosorbent assay  (ELISA) 
kit (R&D Systems, Minneapolis, MN, USA), and EDN lev-
els in serum and cell culture supernatants were measured 
with the EDN ELISA kit (MBL, Nagoya, Japan). Serum ECP 
levels were measured using the human eosinophil cationic 
protein ELISA kit (MyBioSource, San Diego, CA, USA). 
Serum EPO levels were measured using the human eosino-
phil peroxidase ELISA kit (MyBioSource).

Isolation of eosinophils
Human polymorphonuclear cells were separated from hep-
arinized venous blood collected from healthy donors by using 
Ficoll-Plaque Plus (GE Healthcare Japan, Tokyo, Japan). 
Eosinophils were isolated from polymorphonuclear cells by 
negative selection using the Human Eosinophil Isolation kit 
(Miltenyi Biotec, Tokyo, Japan).

Table 1. Clinical data and demographics of patients and healthy controls

ECRS NECRS AR Others Healthy 
control

No. of 
subjects

34 30 31 20 8

Age 
(years)

57.5 ± 13.5 59.4 ± 16.8 54.7 ± 18.1 60.7 ± 13.7 61.5 ± 7.0

Sex (male/ 
female)

18/16 15/15 18/13 10/10 3/5

White 
blood cell 
count (μl−1)

6841 ± 1485 6866 ± 2141 6434 ± 1529 6462 ± 1729 –

Eosinophil 
count 
(μl−1)*

613.5 ± 346.1 220.8 ± 184.3 215.1 ± 234.0 177.3 ± 105.8 –

Characteristics of 34 patients with ECRS, 30 with NECRS, 31 with AR, 20 with other paranasal diseases and 8 healthy controls. AR, allergic 
rhinosinusitis.
*P < 0.01. Kruskal–Wallis test.
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Eosinophil degranulation
Separated eosinophils were incubated with various cytokines 
for 4 h at 37°C, and then the supernatant was collected. The 
medium was RPMI 1640 supplemented with 10% fetal calf 
serum and 1% penicillin–streptomycin solution (Pen-Strep) 
(Thermo Fisher Scientific, Yokohama, Japan). Human recom-
binant IL-4, IL-5, IL-10 and IL-13 (Peprotech, Rocky Hill, NJ, 
USA) were used for stimulation, at a final concentration of 10, 
100 or 1000 ng ml−1.

EDN stimulation of human nasal epithelial cells
Primary human nasal epithelial cells (HNEpCs; PromoCell, 
Heidelberg, Germany) were cultured at 37°C, 5% CO2, using 
an airway epithelial cell growth medium with supplements 
(PromoCell). After the monolayer reached to 90% confluence 
in 6-well plate, the cells were treated for 24 or 48 h with rEDN 
(2  μg ml−1) (Abcam, Tokyo, Japan). Supernatants and cell 
pellets were collected and preserved at −80°C.

RNA extraction and reverse transcription
Total RNA from HNEpCs stimulated with EDN was extracted using 
QIAzol (Qiagen, Osaka, Japan) and the RNeasy Mini Kit (Qiagen). 
The collected RNA was evaluated on a NanoDrop 2000c spec-
trophotometer (Thermo Fisher Scientific). Complementary DNA 
(cDNA) was synthesized using the PrimeScript™ RT Reagent Kit 
with gDNA Eraser (Takara Bio, Kusatsu, Japan).

Reverse transcription–polymerase chain reaction
Using the TaqMan PCR protocol, quantitative reverse tran-
scription–polymerase chain reaction (qRT–PCR) was per-
formed on a 7900HT Fast Real-time PCR system (Thermo 
Fisher Scientific). Assay numbers of the TaqMan primers were 
as follows: tenascin C, Hs01115665; vimentin, Hs00958111; 
and fibronectin, Hs01549976. The mRNA level of each gene 
was normalized to that of ACTB (Hs01060665) using the cali-
bration curve method.

RNA sequencing
Total RNA extracted from HNEpCs stimulated with EDN (2 μg 
ml−1) for 24  h was evaluated by RNA sequencing. Library 
preparation was performed using the TruSeq stranded mRNA 
sample prep kit (Illumina, San Diego, CA, USA). Sequencing 
was performed on an Illumina HiSeq 2500 platform in 75-base 
single-end mode. The Illumina CASAVA 1.8.2 software was 
used for base calling. Sequenced reads were mapped to the 
human reference genome sequence (hg 19) using TopHat ver. 
2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAMtools 
ver. 0.1.19. Fragments per kilobase of exon per million 
mapped fragments (FPKMs) were calculated using Cuffnorm 
ver. 2.2.1. Ingenuity Pathway Analysis (IPA) was used to iden-
tify canonical pathways from differentially expressed genes. 
Access to data concerning this study can be found under 
GEO experiment accession number (GSE111634).

Immunohistochemical staining
After deparaffinizing paraffin-fixed tissue, antigen retrieval 
was performed by autoclaving for 15  min at 125°C in 

an ethylenediaminetetraacetate buffer solution (pH 9). 
Endogenous peroxidase activity was blocked with REAL 
Peroxidase Blocking Reagent (Dako, Carpinteria, CA, USA). 
Sections were reacted overnight at 4°C with EDN antibody 
(1:200 Novus Biologicals, Littleton, CO, USA) or anti-MMP-9 
antibody (1:500 Abcam). After incubating with peroxidase-
labeled polymer conjugated to secondary anti-rabbit immu-
noglobulins (Dako EnVision+ System-HRP Labelled Polymer, 
Dako), slides were developed using 3,3-diaminobenzidine 
as the chromogen. Rabbit IgG, polyclonal-Isotype Control 
(Abcam) was used as the primary antibody in the negative 
control.

Statistical analysis
All statistical analyses were performed with GraphPad Prism 
ver. 7 (GraphPad Software, San Diego, CA, USA). Data were 
expressed as means ± SD. The Shapiro–Wilk test was used 
to examine continuous variables. Comparisons between two 
groups were performed by nonparametric Mann–Whitney 
U-test or Student’s t-test. Kruskal–Wallis tests were used to 
compare several groups. Correlations were expressed as the 
Spearman’s rank correlation coefficient. A P value <0.05 was 
considered to indicate statistical significance.

Results

Correlation of serum EGP levels with clinical findings
To validate serum EGP levels as a biomarker for disease pro-
gression, we measured serum ECP, EPO and EDN levels in 
patients with nasal and paranasal diseases. We then evalu-
ated the correlations between blood eosinophils (counts and 
percentages), polyp score, Japanese Epidemiological Survey 
of Refractory Eosinophilic Chronic Rhinosinusitis (JESREC) 
score, stage, serum IL-5 levels, serum MMP-9 levels and 
serum EGP levels in 34 patients with ECRS.

Serum EDN levels were significantly higher in patients with 
ECRS than those in patients with other sinus diseases or in 
healthy individuals (P < 0.01) (Fig. 1). Serum EDN levels were 
positively correlated with JESREC score, stage, polyp score 
and blood eosinophils (counts and percentages) (Fig. 2).

Serum ECP levels were also elevated in patients with ECRS 
(P < 0.01), but were not correlated with any clinical disease 
marker. Serum EPO levels were not elevated (Supplementary 
Figures 1 and 2). These data imply that EDN somehow con-
tributes to the ECRS pathogenesis.

Effect of cytokines on eosinophil EDN degranulation
Previous reports suggested that IL-5 induces eosinophil acti-
vation and degranulation. Hence, we investigated whether 
IL-5 enhanced the production of EDN. In addition, we evalu-
ated the capacity of other cytokines involved in Th2 inflamma-
tion to induce EDN production.

After stimulation of human eosinophils with 1000 ng ml−1 of 
IL-5 or IL-13, the levels of EDN in the supernatant were sig-
nificantly elevated. In particular, the concentrations of EDN 
from IL-5-treated eosinophils were significantly higher than 
those from cells stimulated with other cytokines (P < 0.01). 
Even at lower concentrations (10 ng ml−1 or 100 ng ml−1), IL-5 
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could induce EDN degranulation (Supplementary Figure 3). 
EDN levels were positively correlated with IL-5 levels in 
patients with ECRS (r = 0.51, P < 0.01) (Fig. 3) and serum 
IL-5 levels were positively correlated with some markers of 
clinical disease activity (Supplementary Figure  4). These 

results show that IL-5 induces eosinophil activation and EDN 
degranulation.

EDN pathophysiology in nasal epithelial cells
To determine the pathological role of EDN in ECRS, we used 
RNA sequencing to analyze gene expression in HNEpCs 
stimulated with EDN. A  total of 87 differentially expressed 
genes were detected (Supplementary Table  S1). Pathway 
analysis revealed that the major canonical pathway affected 
by stimulation was ‘regulation of the epithelial–mesenchymal 
transition (EMT) pathway’. Four genes were included in this 
pathway. MMP9 was the only gene with a normalized FPKM 
value >1.0. Consistent with this, the MMP-9 protein concen-
tration in the supernatant was significantly elevated in the 
EDN-stimulated group at 24 and 48 h (P < 0.05). Serum EDN 
levels were positively correlated with MMP-9 levels in patients 
with ECRS (r = 0.34, P < 0.05) (Fig. 4). After 24 or 48 h of EDN 
stimulation, expression of EMT marker mRNA was higher in 
HNEpCs stimulated with EDN than in control cells (P < 0.01) 
(Fig. 5).

Expression of EDN and MMP-9 in nasal polyps
To monitor the expression of EDN and MMP-9 proteins in 
nasal tissue, we conducted immunohistochemical ana-
lysis. In nasal polyp tissue from ECRS patients, tissue-
infiltrated eosinophils stained intensely with anti-EDN 
antibody, while epithelial cells and inflammatory cells 
stained positively for MMP-9. EDN and MMP-9 were 
expressed in polyps from NECRS patients; however, the 
levels were lower than those in ECRS patients (Fig. 6 and 
Supplementary Figure 5).

Fig. 2. Serum EDN levels are positively correlated with severity of clinical disease. Correlations of serum levels of EDN with ECRS disease activ-
ity. Positive correlations were observed between serum EDN levels and JESREC score, stage, polyp score and blood eosinophils (counts and 
percentages) in ECRS patients (n = 34). Correlations are expressed as Spearman’s rank correlation coefficient.

Fig.  1. Serum EDN levels are significantly higher in patients with 
ECRS than in patients with other sinus diseases or in healthy controls. 
Serum EDN levels were determined in 34 patients with ECRS, 30 with 
NECRS, 31 with allergic rhinosinusitis (AR), 20 with other paranasal 
diseases (choanal polyp, paranasal benign tumor, organized hema-
toma and postoperative sinus cyst) and 8 healthy controls. *P < 0.01, 
Kruskal–Wallis test.
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Fig. 3. IL-5 induces eosinophil degranulation. Correlations between serum EDN levels and serum IL-5 levels in patients with ECRS. (A) Isolated 
eosinophils were stimulated with recombinant IL-4, IL-5, IL-10 or IL-13 (1000  ng ml−1). The EDN concentration was significantly higher in 
supernatant of cells stimulated with rIL-5 than in supernatants of cells stimulated with other interleukins (n = 3, technical triplicates). *P < 0.01, 
Kruskal–Wallis test. (B) Recombinant IL-5 stimulation was performed at concentrations of 10 and 100 ng ml−1. EDN concentration increased in 
a dose-dependent manner (n = 3, technical triplicates). *P < 0.05, **P < 0.01, Student’s t-test. (C) A positive correlation was observed between 
serum EDN levels and serum IL-5 levels in ECRS patients (n = 34, r = 0.51, P < 0.01). Correlation is expressed as Spearman’s rank correlation 
coefficient.

Fig. 4. EDN induces MMP-9 secretion from nasal epithelial cells. HNEpCs were stimulated with EDN, and gene expression was analyzed by 
RNA sequencing. (A) Pathway analysis of differentially expressed genes revealed that the major canonical pathway affected by treatment was 
‘regulation of the EMT pathway’. (B) Four genes were included in the ‘regulation of the EMT pathway’. MMP9 (encoding matrix metalloprotease 
9) was the only gene with a normalized value of FPKMs >1.0. (C) MMP-9 levels in the supernatant were increased by EDN stimulation (n = 3, 
technical triplicate). *P < 0.01, Student’s t-test. (D) A positive correlation was observed between serum EDN levels and serum MMP-9 levels in 
patients with ECRS (n = 34, r = 0.34, P < 0.05). Correlation is expressed as Spearman’s rank correlation coefficient.
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Discussion

In this study, we examined the clinical implications of EDN 
in ECRS. The ECRS concept was originally proposed based 
on the diversity of CRSwNP in East Asia. ECRS is similar to 
CRSwNP in Europe, although there are slight differences 
(5). ECRS is characterized by formation of intractable nasal 
polyps with a thick basal membrane and significant infiltra-
tion of eosinophils, similar to the phenotypes of lower airway 
remodeling in asthma (6, 7). Although eosinophils are closely 
associated with remodeling, many aspects of the underlying 

mechanism remain unclear. We revealed the function of EDN, 
a type of EGP, in this mechanism. EGPs react against foreign 
antigens and promote inflammation, thereby causing signifi-
cant damage to surrounding structures (8–11). EDN, which 
belongs to the ribonuclease A superfamily, is less cytotoxic 
than other EGPs, but it was originally identified as a factor that 
causes neurotoxic damage (12).

First, we considered whether serum EGP levels are use-
ful for evaluating the severity of ECRS. Many reports have 
suggested that serum EDN levels are useful for evaluating 

Fig. 6. EDN and MMP-9 are expressed in nasal polyps from ECRS patients. Hematoxylin/eosin and immunohistochemical staining for EDN and 
MMP-9. Scale bars, 100 um. Images are representative of samples from seven ECRS patients and seven NECRS patients. In nasal polyps from 
patients with ECRS, EDN expression was observed in eosinophils, and MMP-9 expression was observed in epithelial cells and inflammatory 
cells.

Fig. 5. EDN exacerbates airway remodeling. EDN stimulation increased expression of fibronectin, tenascin C and vimentin in nasal epithelial 
cells. Results are representative of three independent experiments. *P < 0.01, Student’s t-test.
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eosinophilic inflammation such as atopic dermatitis, asthma 
and eosinophilic esophagitis (13–19). However, no reports 
have assessed the usefulness of EDN levels for determining 
ECRS disease activity. We found that serum EDN levels were 
significantly higher in patients with ECRS than in other groups. 
Moreover, serum EDN levels were positively correlated with 
clinical disease activity in ECRS patients. Some studies sug-
gested that other EGPs may be relevant ECRS (20); hence, 
we evaluated serum levels of ECP and EPO in our patients. 
Serum ECP levels were elevated in ECRS patients, but were 
not correlated with any clinical disease activity markers, and 
serum EPO levels were not elevated in ECRS patients. These 
findings indicate that measurements of serum EDN levels are 
useful for diagnosing ECRS and assessing its severity.

Next, to identify the EDN degranulation factor, we stimulated 
eosinophils with various cytokines. Previous reports showed 
that IL-5 induced EDN degranulation, but other cytokines 
were not validated (21–23). In this study, we showed that IL-5 
and IL-13 induced EDN degranulation from eosinophils; IL-5 
induced degranulation of EDN to a greater extent than did 
other cytokines. Serum IL-5 levels were positively correlated 
with serum EDN levels in ECRS patients. Some clinical dis-
ease activity markers were correlated with serum IL-5 levels, 
whereas others were not.

Finally, we considered the role of EDN in the pathogenesis 
of ECRS. EDN increases Th2 inflammation through dendritic 
cells, and it is also closely associated with exacerbation of 
allergic disease (24–26). However, no reports have described 
the function of EDN in the nasal epithelium or its role in nasal 
polyp remodeling. RNA sequencing of nasal epithelial cells 
following EDN stimulation revealed that the treatment affected 
the EMT pathway and that MMP-9 production from nasal epi-
thelial cells was significantly increased by EDN stimulation. 
MMP-9 affects epithelial regeneration and can break down 
the extracellular matrix, and is thus closely associated with 
tissue remodeling in asthma and CRS (7, 27–30). In this study, 
we observed that the levels of multiple EMT markers were 
elevated in nasal epithelial cells following EDN stimulation.

These data imply that EDN degranulation from eosino-
phils activated by IL-5 promotes secretion of MMP-9 from the 
nasal epithelium. This mechanism ultimately may cause nasal 
remodeling followed by intractable nasal polyposis in ECRS.

This study had some limitations: the patients’ backgrounds 
differed between disease groups and the sample sizes were 
small. However, the study has two novel features: we inves-
tigated the usefulness of serum EDN levels for the diagno-
sis of ECRS, and performed RNA sequencing to examine the 
role of EDN in recurrent nasal polyposis. EDN induces the 
formation of intractable nasal polyps, implying that blocking 
EDN could promote recovery from the disease. To date, how-
ever, no studies have examined EDN as a therapeutic target. 
Therefore, studies with larger sample sizes, as well as clinical 
tests of EDN-blocking therapies, should be pursued in the 
future.

In conclusion, our results suggest that serum EDN levels 
are helpful for diagnosis of ECRS as other allergic diseases, 
and may be useful for predicting the severity of ECRS. EDN 
induces MMP-9 production from the nasal epithelium, result-
ing in epithelial remodeling, which may be involved in forma-
tion of intractable nasal polyps. It seems likely that inhibiting 

production of MMP-9 by neutralizing EDN therapy would 
be useful for ECRS management. Further studies of EDN-
blocking therapy are required.
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