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ABSTRACT

Purpose: This study investigated the clinical implications of neutrophil extracellular trap
(NET) formation (NETosis) and eosinophil extracellular trap (EET) formation (EETosis)
regarding refractoriness in chronic rhinosinusitis (CRS) with nasal polyps (CRSwNP).
Methods: Nasal polyp specimens were obtained from 117 patients with CRSWNP who received
endoscopic sinus surgery. Disease control status at postoperative 1 year was assessed.
Refractory cases were defined as partly controlled or uncontrolled cases according to the
EPOS 2020 guidelines. NETosis and EETosis were evaluated through immunofluorescence
staining (citrullinated histone H3-human neutrophil elastase and citrullinated histone-
galectin-10, respectively) followed by manual counting. The z-score of NET and EET counts
was used to define the following four groups: low extracellular trap formation (ETosis),
NETosis-predominant, EETosis-predominant, and high-ETosis.

Results: The refractory and non-refractory groups showed significant differences in the
tissue eosinophil count (P=0.005) and EET count (P = 0.029). The tissue neutrophil

count and the NET/neutrophil ratio were significantly different between the refractory and
non-refractory groups of patients with neutrophilic CRS (P = 0.045, 0.031, respectively).
Refractoriness significantly differed among the low-ETosis (30.77%), NETosis-predominant
(47.83%), EETosis-predominant (56.67%), and high-ETosis (83.33%) groups (P=0.005).
Conclusions: The results of this study suggest that tissue Eosinophilia and EETosis may play
a prognostic role, primarily in CRSWNP and thattissue neutrophilia and NETosis can play as
prognostic biomarkers in neutrophilic CRSWNP.

Keywords: Sinusitis; nasal polyps; extracellular DNA traps; eosinophils; neutrophils; allergy;
immunology; biomarker
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INTRODUCTION

Chronic rhinosinusitis (CRS) is a heterogeneous disease characterized by local inflammation
of the nasal cavity and sinuses that persists for at least 12 weeks.! CRS is classified into

two distinctive phenotypes: CRS with nasal polyps (CRSWNP) and without nasal polyps
(CRSsNP).! In Western countries, CRSWNP shows high eosinophilic infiltration.>* In
contrast, in Asia, CRSWNP has been predominantly associated with neutrophil infiltration.*”
Since the presence of mucosal eosinophilia is correlated with disease severity, endotyping has
been emphasized in both phenotypes.® However, type 2 CRS shows an even higher recurrence
rate in the presence of staphylococcal enterotoxin-specific immunoglobulin E (IgE), Charcot-
Leyden crystals (CLCs), and higher neutrophilic infiltration with neutrophil extracellular trap
formation (NETosis), as well as higher eosinophilic infiltration with eosinophil extracellular
trap formation (EETosis).>®° It is understood that neutrophils and eosinophils are recruited
at sites of damaged epithelium and capture pathogens at defect sites.”®" When a cell reaches
the limit of its phagocytic capacity, it instead tries to capture and immobilize pathogens by
releasing a mixture of DNA, histones, and granular enzymes, which forms a structure called
an extracellular DNA trap.'? Extracellular DNA traps were first reported in neutrophils,*

but this process has also been observed in other immune cells, including eosinophils.'*"> We
define the mechanism of neutrophil extracellular DNA trap (NET) formation as NETosis and
that of eosinophil extracellular trap (EET) formation as EETosis.>! The excess production of
DNA traps from either eosinophils or neutrophils increases the viscosity of the secretions.”®
Difficult-to-remove secretions with a high level of cytotoxic granular enzymes can further
damage the epithelium or impair the barrier repair, thereby exacerbating disease severity.'?
The clinical importance of EETosis and NETosis in CRS is increasingly emerging, but the
roles and relationships of these phenomena remain vaguely understood. Some previous
studies of NETosis or EETosis in CRS attempted to distinguish NETosis versus EETosis based
on the shapes of the formations. However, neutrophils and eosinophils have the ability to
change themselves into various shapes,* and their physical morphology can be affected by
the adjacent tissue environment and density.?** Therefore, we instead analyzed NETosis and
EETosis using citrullinated histone H3 staining. Since the anti-histone antibody does not
penetrate the preserved plasma membrane and nuclear envelope, citrullinated histone H3

is not stained in fixed, non-permeabilized eosinophils with intact nuclei.’ In this study, we
aimed to investigate the clinical role of citrullinated histone H3-positive NETosis and EETosis
in refractory CRSWNP.

MATERIALS AND METHODS

Sample collection and clinical data

Sinonasal polyp tissues were obtained from CRSWNP patients during endoscopic sinus
surgery. All participants were included in the study after institutional review board (IRB)
approval and informed consent. Patients with 1) age younger than 18 years; 2) unilateral
rhinosinusitis, antrochoanal polyp, allergic fungal sinusitis, cystic fibrosis, or immotile
ciliary disease; 3) a history of antibiotics, systemic or topical corticosteroids, or other
immunomodulatory treatment within 4 weeks prior to surgery were excluded.

CRSwNP was diagnosed by clinical history, physical examination, and findings on nasal

endoscopy and ostiomeatal unit computed tomography (CT) of the sinuses according to
the guidelines of the European Position Paper on Rhinitis and Nasal Polyps 2020 (EPOS
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2020).! Disease control status at postoperative 1 year was assessed, as previously described.?

The clinical control involved symptoms, endoscopic findings, and the usage of rescue
medications as criteria. Non-refractory cases involved one who attained and maintained
clinical control described as follows. The symptoms including nasal blockage, rhinorrhea/
postnasal drip, facial pain/pressure, smell impairment, and sleep disturbance/fatigue should
be less than 5 points on the visual analog scale. Healthy mucosa showing no abnormality
such as nasal polyps, mucopurulent secretions, or swelling, should be observed under
nasal endoscopic exam.* In addition, rescue treatment should not be required for the last
6 months. Conversely, refractory patients have more than one of these problems and are
defined as partly controlled or uncontrolled according to the EPOS 2020 guidelines. Lund-
Mackay (LM) CT scores®, Global Osteitis Scoring Scale (GOSS) scores®, and olfactory cleft
opacification (OCO) scores” were calculated based on preoperative CT.

Immunohistochemical staining and endotyping

We measured tissue neutrophils and eosinophils using the previously described method.?
Nasal polyp tissues were fixed with 4% paraformaldehyde. Following ethyl alcohol
dehydration, tissues were embedded in paraffin and sectioned (4 pm). Fixed paraffin-
embedded tissue sections were then deparaffinized. After deparaffinization, 3% hydrogen
peroxidase incubation and heat-antigen retrieval were done with citrate buffer (pH 6.0).
The prepared tissue sections were incubated with rabbit anti-human neutrophil elastase
(HNE; 1:500, Abcam, Cambridge, UK) primary antibody, a broad antibody enhancer, and
polymerized horseradish peroxidase in order. The DAB detection system (Golden Bridge
International Labs, Bothell, WA, USA) was used for staining. Hematoxylin counterstaining
was then performed. The number of eosinophils and neutrophils were counted in the five
densest visual fields (x400) by two independent observers, and the average values were
calculated. Eosinophilic CRS was defined as > 55 tissue eosinophils (hematoxylin and eosin)
per high-power field (HPF)* and neutrophilic CRS as > 20 tissue neutrophils (HNE-positive
cells)/HPF*.

Immunofluorescence staining

Tissue sections were prepared as described above. Each slide for NETosis and EETosis
evaluation was prepared from immediately adjacent sections. The tissues were permeabilized
by treatment with 0.3% Triton-X100 for 15 minutes at room temperature (RT), followed

by blocking with 5% BSA solution (Bovogen Biologicals Pty Ltd., Kellor East, Australia)

for 1 hour at RT. The slides were then incubated overnight at 4°C with antibodies against
citrullinated histone H3 (cit-H3, 1:200, #ab174992, Abcam Inc., Cambridge, MA, USA),
elastase (1:300, #MAB-91671, R&D Systems, Minneapolis, MN, USA) for NETosis evaluation
and cit-H3, galactin-10 (gal-10, 1:100, #AF5447, R&D Systems) for EETosis evaluation.

After being washed with 1x phosphate-buffered saline, the section slides were incubated
with Cy3-conjugated IgG (1:1,000, #ab97035, Abcam; #ab6939, Abcam) and Alexa Fluor®
488-conjugated IgG (1:1,000, #ab150113, Abcam; A-11008, Invitrogen, Waltham, MA, USA).
The cell nucleus was stained with Hoechst (1:1,000, #H1399, Invitrogen). Each slide was
analyzed by CELENA® S Digital Cell Imaging System (Logos Biosystems, Anyang, Korea).
Acquired images were merged using Image J (version 1.8.0; Bharti Airtel Ltd, New Delhi,
India) for the quantification. For neutrophil and NETosis analysis, positivity for both DNA
(blue) and elastase (red) staining was used to identify a neutrophil. Co-expression of

cit-H3 (green) and elastase (red) indicated NETosis. For eosinophil and EETosis analysis,
eosinophils were determined with DNA (blue) and gal-10 (green) double positivity, and
EETosis was defined as cit-H3 (red) and gal-10 (green) positivity (Fig. 1). The average count
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Neutrophil elastase Neutrophil elastase

Citrullinated histone H3

Fig. 1. Representative images of the neutrophils, NETosis, eosinophils, EETosis are shown. (20x Magnification,
Scale bars = 50 pm). (A) Neutrophils are stained with DNA (blue) and elastase (red). (B) NETosis is stained with
citrullinated histone H3 (green) and elastase (red). (C) Eosinophils are stained with DNA (blue) and galactin-10
(green). (D) EETosis is stained with citrullinated histone H3 (red) and galactin-10 (green).

NET, neutrophil extracellular trap; EET, eosinophil extracellular trap.

of neutrophils, eosinophils, NETs and EETs in three representative fields containing the
greatest cell infiltration throughout the tissue was analyzed by two independent observers.
We held a consensus meeting to resolve controversies by inviting third independent observer.
The average number of NETs (or EETs) was divided by the average number of neutrophils (or
eosinophils) which analyzed in the same field; these parameters were described as the NET/
neutrophil (%) and EET/eosinophil (%) ratios. Negative and healthy controls are indicated in
the Supplementary Figs. S1and S2.

Measurement of cytokines and IgE levels in tissue homogenates

We measured various tissue homogenate cytokine levels from 25 patients with CRSWNP using
a previously described method.? Protein concentrations of tissue extracts were determined
using the Pierce 660 nm Protein Assay Kit (Thermo Fischer Scientific Inc., Waltham, MA,
USA). Multiplex cytokine assay analysis kits of interleukin (IL)-5, IL-6, IL-la, IL-1B, IL-1Ra,
IL17a, IL-18, IL-22, IL-23, IL-33, platelet-activating factor, B cell-activating factor (BAFF),
matrix metallopeptidase (MMP)-9, myeloperoxidase (MPO), C-X-C motifligand (CXCL)1,
CXCL-8, granulocyte-macrophage colony-stimulating factor, interferon-y, oncostatin M,
plasminogen activator inhibitor-1, tumor necrosis factor (TNF)-a, and vascular endothelial
growth factor from R&D Systems were used. The data were measured using a Luminex 100
reader (Luminex, Austin, TX, USA) and analyzed using MasterPlex QT version 2.0 (MiraiBio,
Alameda, CA, USA). Human neutrophil elastase (DY9167-05; R&D Systems), al anti-trypsin
(DY1268-15; R&D Systems), IL-36a, B, y (DY1078-05, DY1099-05, DY2320-05; R&D Systems),
and IL38 (DY9110-05; R&D Systems) measurements were performed using commercially
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available enzyme-linked immunosorbent assay (ELISA) kits. IgE levels were measured using
the Human IgE ELISA kit (K3231066: KOMA, Seoul, Korea). All assays were performed in
duplicate, and protein levels were normalized to the concentration of total protein.

Statistical analyses

Continuous variables are presented with medians with interquartile ranges. The y* test was
used for categorical data. Nonparametric methods (the two-tailed Mann-Whitney U test and
the Kruskal-Wallis test) are performed for multiple independent samples. The correlations
between variables were assessed using the Spearman correlation test. Target values were
normalized by applying log(1+x) data transformation. Linear regression analysis was
performed, using the least-squared method. Multivariate linear regression was performed
with the stepwise selection method. Values that were statistically significant in the univariate
analysis for potential prognostic factors were included in the binary logistic regression
analysis for multivariate analysis. The z-score was calculated to evaluate the relationship
between NET and EET counts, and the following groups were defined using the z-score: low
extracellular trap formation (ETosis), NETosis-predominant, EETosis-predominant, and
high-ETosis. P < 0.05 were considered significant. Missing values were pairwise deleted.

All statistical analyses were performed using R (version 3.6.1; R Foundation for Statistical
Computing, Vienna, Austria).

Study approval

This study was performed according to the Helsinki Declaration. The study was approved
by the Ethical Committee of Boramae Medical Center, Seoul, Korea (IRB No0.20-2019-100).
Written informed consent was obtained from all participants before sample collection.

RESULTS

EETosis plays a prognostic role in CRSWNP
The clinical characteristics of the 117 CRSWNP patients enrolled in this study are listed in
Table 1. The majority of the participants (76.07%) were men, and the median age was 52 years

Table 1. Patient demographics

Characteristics Values (n=117)
Sex (male:female) 89 (76.07):28 (23.93)
Age (yr) 59.00 (60.00-37.00)
Comorbidity
Asthma 15(12.82)
AR 52 (44.44)
Lab
Total IgE (IU/mL) 118.0 (286.00-48.20)
Blood eosinophil (%) 3.40 (6.40-1.80)
Absolute eosinophil count (cell/uL) 236.7 (391.60-119.30)
Type 2 CRS (2 55 eosinophils/HPF) 32(27.35)
Tissue eosinophil (/HPF) 13.00 (70.00-3.50)
Tissue neutrophil (/HPF) 16.00 (38.00-6.00)
EET count (/x200) 10.00 (32.00-1.67)
NET count (/x200) 13.33 (32.00-5.33)
EET/eosinophil (%) 79.29 (88.61-38.46)
NET/neutrophil (%) 58.06 (83.14-35.28)

Values were stated as numbers (percentages) or median (Q3-Q1).
CRSWNP, chronic rhinosinusitis with nasal polyp; AR, allergic rhinitis; Ig, immunoglobulin; EET, eosinophil
extracellular trap; NET, neutrophil extracellular trap; HPF, high power field.
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(interquartile range [IQR] = 23.00 years). Asthma was present as a comorbidity in 12.82%.
There were 63 (53.85%) refractory cases and 54 (46.15%) non-refractory cases (Supplementary
Table S1). Their median follow-up period was 23.50 (mean = 25.96, IQR = 26.00) and 16.00
(mean =23.42, IQR = 23.25), respectively. The patients’ tissues were analyzed for neutrophils,
eosinophils, NET counts, and EET counts. Eosinophilic CRS (> 55 tissue eosinophils/HPF)

was present in 27.35% of patients. The median EET count was 10.00 (mean = 21.56, IQR =
30.33) and the median percentage of EET/eosinophil ratio was 72.22% (mean = 60.27%, IQR =
50.15%). The median NET count was 13.33 (mean = 13.33, IQR = 26.67) and the median NET/
neutrophil ratio was 58.06% (mean = 57.34%, IQR = 47.86%). Fifteen cases (12.82%) were
revision surgery and included in this study.

We investigated the factors correlated with refractoriness. As expected, type 2 biomarkers
(tissue eosinophils/HPF: p = 0.261, P= 0.004; absolute blood eosinophil count: p = 0.275, P=
0.003; asthma: p =0.209, P=0.024), LM CT score (p = 0.333, P< 0.001), GOSS (p =0.295, P=
0.001), and OCO score (p = 0.217, P=0.019) showed statistically significant correlations with
refractoriness. Age showed a negative correlation (p = -0.272, P=0.003) (Supplementary
Table S2).

Significant differences were also found between the refractory and non-refractory polyp groups
in the tissue eosinophil count (P=0.005) and EET count (P = 0.029) (Fig. 2A-C). The median
tissue eosinophil counts of refractory and non-refractory groups were 28.20/HPF and 8.60/HPF.
The mean values were 56.05/HPF and 27.99/HPF, respectively, and the IQRs were 91.22/HPF and
24.10/HPF each. The median, mean, and IQR EET counts for the refractory group were 19.50/
HPF, 28.08/HPF, and 37.25/HPF, respectively. In the non-refractory group, the median, mean,
and IQR values for the EET count were 8.67/HPF, 15.97/HPF, and 19.83/HPF, respectively. The
median EET/eosinophil ratio was 75.00% and 69.23% for the refractory and non-refractory
groups (mean values: 65.71% and 55.61%; IQR: 40.45% and 73.19%). However, the tissue
neutrophil count was not significantly different (P= 0.088) between the refractory and non-
refractory polyp groups using the Mann-Whitney test (Fig. 2D-F). The median tissue neutrophil
count was 20.00/HPF and 13.80/HPF for the refractory and non-refractory groups (mean: 35.81/
HPF and 21.68/HPF; IQR: 46.38/HPF and 21.75/HPF, respectively). The median NET count was
14.83/HPF and 12.67/HPF for the refractory and non-refractory groups (mean: 30.98/HPF and
18.65/HPF; IQR: 39.75/HPF and 18.33/HPF, respectively). The median NET/neutrophil ratio was
67.86% and 56.52% in the refractory and non-refractory groups (mean: 60.56% and 54.58%;
IQR: 49.38% and 45.93%, respectively). The y* test was performed to check whether there

was a significant difference in prognosis between the eosinophilic and non-eosinophilic CRS
groups or between the neutrophilic and non-neutrophilic CRS groups. A significant difference
in refractoriness was found between the eosinophilic and non-eosinophilic groups (P=0.010),
but not between the neutrophilic and non-neutrophilic groups (P= 0.196) (Supplementary
Table $3). Regarding the prognosis of CRSWND, the results pointed to eosinophils as the most
important main effector cells. EETosis was also found to play a prognostic role in CRSWNP.

The Spearman correlation analysis confirmed that EET count was related to refractoriness, the
blood eosinophil count, and the Japanese Epidemiological Survey of Refractory Eosinophilic
Chronic Rhinosinusitis (JESREC) classification (Table 2).

NETosis plays a prognostic role in neutrophilic CRSWNP

As mentioned above, there was no significant difference in the prognosis according to whether
polyps were neutrophilic or not. However, among non-eosinophilic CRSWNP patients (< 55
tissue eosinophils/HPF), the tissue neutrophil and NET counts were higher in the refractory
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Fig. 2. Comparison of refractory and non-refractory groups regarding tissue eosinophils, EETs, EETs/eosinophil (%), neutrophils, NETs, and NET/neutrophil (%).
(A) Tissue eosinophil counts (eosinophils per high-power field) were significantly different between the refractory and non-refractory chronic rhinosinusitis with
nasal polyps (CRSWNP) groups (P = 0.005). (B) EET counts were significantly higher in the refractory CRSWNP group (P = 0.029). (C) The percentage of EET-
forming eosinophils (%) was not different between the refractory and non-refractory CRSWNP groups (P = 0.210). (D) Tissue neutrophil counts (neutrophils per
high-power field) in refractory and non-refractory groups (P = 0.088). (E) Neutrophil extracellular trap (NET) counts in the refractory and non-refractory groups

(P =0.250). (F) The percentage of NET-forming neutrophils in the refractory and non-refractory groups (P = 0.240).

EET, eosinophil extracellular trap; NET, neutrophil extracellular trap; CRSWNP, chronic rhinosinusitis with nasal polyp.
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Table 2. EET count and clinical data correlations

Pvalue

Variables p

Tissue eosinophil (/HPF) 0.809
EET/eosinophil (%) 0.629
Tissue neutrophil (/HPF) -0.252
NET count -0.129
NET/neutrophil (%) 0.017
Refractoriness 0.197
Blood eosinophils (%) 0.465
Absolute blood eosinophil count 0.482
JESREC classification 0.467
Lund-Mackay score 0.010
Global Osteitis Score Scale -0.032
Olfactory cleft opacification score 0.091
Smoking (pack-yr) -0.119
Alcohol (g/mon) -0.055

<0.001"
<0.001"
0.006"
0.167
0.856
0.033"
<0.001"
<0.001"
<0.001"
0.918
0.735
0.329
0.200
0.559

EET, eosinophil extracellular trap; HPF, high power field; NET, neutrophil extracellular trap; JESREC, Japanese
Epidemiological Survey of Refractory Eosinophilic Chronic Rhinosinusitis.

“Statistically significant (P < 0.05).

group. The tissue neutrophil counts were significantly different between the refractory and non-
refractory groups of patients with non-eosinophilic CRSWNP (median: 37.00/HPF and 15.95/HPF,
mean: 47.06/HPF and 24.54/HPF, IQR: 45.60/HPF and 18.78/HPF, respectively; P=0.019) The
NET count in the refractory group tended to be higher than in the non-refractory group (median:
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Fig. 3. Comparison of refractory and non-refractory groups in non-type 2 CRS (non-eosinophilic, < 55 eosinophils/HPF) and neutrophilic CRS (2 20 neutrophils/HPF).
(A) Comparison of tissue neutrophil counts comparison in non-type 2 CRS (P = 0.019). (B) Comparison of neutrophil extracellular trap (NET) counts in non-type 2
CRS (P = 0.079). (C) Comparison of the NETs/neutrophil ratio (%) in non-type 2 CRS (P = 0.100). (D) Comparison of tissue neutrophil counts in neutrophilic CRS (P =
0.045). (E) Comparison of NET counts comparison in neutrophilic CRS (P = 0.140). (F) Comparison of the NETs/neutrophils ratio (%) in neutrophilic CRS (P = 0.031).
NET, neutrophil extracellular trap; CRS, chronic rhinosinusitis; HPF, high-power field.

22.33/HPF and 13.33/HPF, mean: 40.07/HPF and 19.81/HPF, IQR: 59.00/HPF and 19.00/HPF; P
=0.079) (Fig. 3A-C). Among neutrophilic CRSWNP patients (> 20 tissue neutrophils /HPF), the
tissue neutrophil count and the NET/neutrophil ratio were significantly different between the
refractory group and the non-refractory group (P=0.045, 0.031, respectively) (Fig. 3D-F).

NETosis was found to be related to the LM CT score (Spearman correlation p = 0.207, P=
0.025; linear regression P =0.040) and GOSS (Spearman correlation p = 0.287, P=0.002;
linear regression P=0.002) (Table 3, Supplementary Table S4)

The possibility that NETosis had the greatest effect on the GOSS or LM score was supported
via modeling the tissue eosinophil count, neutrophil count, NET count, EET count, NET/
neutrophil proportion, and EET/eosinophil proportion variables by using multivariate linear
regression analysis (Supplementary Table S4). We infer from these findings that not only
NETosis would affect the LM score and GOSS, but also the proportion of NETosis occurrence
would predict a poor prognosis in neutrophilic CRS.

CRSWNP showing high extracelluar trap formation is strongly associated
with refractoriness

Summarizing the previous analysis, refractoriness in CRSWNP was found to be significantly
correlated to the tissue eosinophil and EET counts (Fig. 2). Tissue neutrophil and NET counts
were also correlated with refractoriness in non-eosinophilic or neutrophilic CRSwNP patients
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Table 3. NET count and clinical data correlations

Variables p Pvalue
Neutrophil count (/HPF) 0.576 <0.001"
NET/neutrophil (%) 0.505 <0.001"
Eosinophil count (/HPF) -0.103 0.268
EET count -0.129 0.167
EET/eosinophil count (%) 0.004 0.964
Refractoriness 0.108 0.248
Lund-Mackay score 0.207 0.025"
Global Osteitis Score Scale 0.287 0.002"
Olfactory cleft opacification score 0.113 0.225
Blood eosinophil (%) -0.251 0.006*
Absolute blood eosinophil count -0.204 0.027*
JESREC classification -0.235 0.012*
Smoking (pack-yr) 0.147 0.114
Alcohol (g/mon) 0.071 0.447

NET, neutrophil extracellular trap; HPF, high power field; EET, eosinophil extracellular trap; JESREC, Japanese
Epidemiological Survey of Refractory Eosinophilic Chronic Rhinosinusitis.
*Statistically significant (P < 0.05).

(Fig. 3). Since both eosinophils and neutrophils affect the pathophysiology of CRSWNP, we
drew a scatter plot to visualize the relationship between tissue eosinophils and neutrophils
(Fig. 4A) and a scatter plot for z-scored NETosis versus z-scored EETosis (Fig. 4B). Both
scatter plots showed inverse correlations. When we normalized the distribution of NET
and EET counts showing the relationship to mean values and classified the results into four
groups according to a z-score of O (Fig. 4B, Table 4), the proportion of refractoriness was
higher in high-ETosis group than in any other groups (refractory rate: 30.77% in the low-
ETosis group, 47.83% in the NETosis-prominent group, 56.67% in the EETosis-prominent
group, and 83.33% in the high-ETosis group; P= 0.005).
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Fig. 4. Scatter plot for (A) tissue leukocyte counts (/HPF). (B) z-scores of EET and NET counts.
*HPF, high-power field; EET, eosinophil extracellular trap; NET, neutrophil extracellular trap.

Table 4. Refractoriness related to ETosis

ETosis Low ETosis NETosis predominant EETosis predominant High ETosis P value
Non-refractory 36 (69.23) 12 (52.17) 13 (43.33) 2 (16.67)

Refractory 16 (30.77) 11 (47.83) 17 (56.67) 10 (83.33) 0.005*
Total 52 23 30 12

Four groups are classified into low ETosis (negative z-score of NETosis count and EETosis count), high NETosis (positive z-score of NETosis count and negative
z-score of EETosis count), high EETosis (positive z-score of EETosis count and negative z-score of NETosis count), high ETosis (positive z-score of NETosis count

and EETosis count).

ETosis, extracellular trap formation; NETosis, neutrophil extracellular trap formation; EETosis, eosinophil extracellular trap formation.

“Statistically significant (P < 0.05).
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Cytokine correlations

To find potential substances affecting NETosis, a multiplex cytokine assay was performed
from 25 samples to identify associations (Supplementary Table S5). The EET count showed
significant correlations with IL-5 (p = 0.524, P=0.007) and IgE (p = 0.547, P=0.005) levels.
The NET count showed significant correlations with elastase/serpinal (p = 0.662, P < 0.001),
BAFF (p = 0.641, P=0.001), MMP-9 (p = 0.494, P=0.012), CXCL-1 (p = 0.464, P=0.020), and
TNF-o (p = 0.508, P= 0.010).

DISCUSSION

The importance of the effects of NETosis and EETosis on clinical outcomes in CRS is increasingly
recognized, but these relationships have not yet investigated on large-scale. This study is valuable
in that it analyzed a relatively large number of patient samples using clinical data.

Our data showed that the tissue eosinophil and EET counts were the most important
prognostic factors. The tissue eosinophil and EET counts seemed to have a similar tendency
in correlation to clinical indicators such as the JESREC score and type 2 cytokines, including
IL-5, and IgE.*"* Eosinophils make up a relatively small percentage of circulating white
blood cells (about 0.0—-4.0%).3 The majority of eosinophils reside within mucosal tissues,
identifying and responding rapidly to pathogens.® Eosinophils have phagocytic capabilities
similar to those of neutrophils, but are less efficient.®® Eosinophils in the tissue are regarded
as highly active with certain immune responses, and it is thought that a high proportion

of tissue eosinophils shows a tendency for EETosis. Previous studies have investigated the
presence of EETosis in eosinophilic mucin secretions and raised the possibility that EETs
may further damage the epithelium or prevent barrier repair by remaining around the tissue
for a long time with a high level of cytotoxic granular enzymes.'®° We expect highly active
eosinophils and EETosis to play a similar role within the tissue and to be involved in disease
and tissue damage pathogenesis.

In non-eosinophilic CRS (= S5 tissue eosinophils/HPF), neutrophils were related to
refractoriness. In patients with a high tissue neutrophil count (neutrophilic CRS, > 20 tissue
neutrophils/HPF), a higher tissue neutrophil count and a higher NET/neutrophil ratio were
associated with a worse prognosis. Unlike eosinophils, neutrophils maintain a precise
balance of about 70% of all white blood cells and mainly patrol in the blood.?* Neutrophils
display various phenotypes and have a high degree of functional heterogeneity determined
by particular stimuli or various organs.*?* Terminally migrated mucosal neutrophils have

a hyperactive phenotype with increased adhesion and internalization of microbes and NET
formation capacities.’”* In 2014, Branzk and colleagues reported that neutrophils sensed
pathogen size and regulated NETosis.* Phagocytosis is a rapid process capable of engulfing
pathogens within hours,® but NETosis is a slow process.* Therefore, phagocytosis, which
can quickly remove pathogens, plays a major role when fewer and smaller pathogens have
invaded, and NETosis seems to function as an alternative defense mechanism that occurs
when a cell’s phagocytic capacity is overwhelmed.>?

The outcomes of neutrophil responses are mostly context-dependent.***° We previously
suggested that a high ratio of neutrophil elastase to ol anti-trypsin (a potent inhibitor of
neutrophil elastase) may play a role in refractoriness in Asian CRSwNP patients.? This
study showed that the ratio of elastase to ol anti-trypsin was correlated with the NET count,
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suggesting that NETosis may influence refractoriness in Asian patients with CRSwNP.
Moreover, the DNA, histones, and contents of NETs are highly detrimental to tissues, but
they also have beneficial effects in certain conditions. For example, MPO diminishes toxic
effects and protects the host from lipopolysaccharide-induced tissue injury.* Aggregated
NETs promote the resolution of neutrophilic inflammation by degrading cytokines and
chemokines via serine proteases (including neutrophil elastase) and disrupting neutrophil
recruitment and activation.* Therefore, it seems that an imbalance between NET and
neutrophils leads to tissue damage and play a prognosis-related role.

We expected that there might be some additive or synergistic effects between eosinophils
and neutrophils. However, the scatter plot showed an inverse correlation between tissue
eosinophil and neutrophil count, as well as between NETosis and EETosis. The same trend
was reported in previous studies conducted in China.* EETosis is known to be the basis

of CLCs, which are found at the site of eosinophil infiltration and promote neutrophilic
inflammation as well as NETosis.'®** This is a possible explanation of why most patients
with severe type 2 CRS show mixed neutrophilic-eosinophilic inflammation, and the
formation of NETs ultimately aggravates type 2 inflammation.*® A previous study described
positive correlations of tissue neutrophils with EETosis and the number of CLCs in patients
with type 2 CRSWNP.* Hexagonal bipyramidal autocrystallized CLCs are known to be
formed from a galectin-10 (gal-10) base.” In order to examine distinctive autocrystallized
CLCs, we stained for gal-10, but CLCs were not observed. This likely occurred because there
were few severe type 2 CRS cases in our study sample. In our study, the proportion of mixed
eosinophilic and neutrophilic CRS cases was 5.13%. Bachert et al. reported that 40% of
Western patients had severe type 2 CRSWNP.’ Studies in Asia reported that the prevalence
of severe type 2 CRS was generally less than 10% (4.4%-11.2%), and our results are similar
to those of previous studies.?®* When investigating mixed eosinophilic-neutrophilic CRS in
Asia, it is necessary to find causes of mixed inflammation other than autocrystallized CLCs.

Our study has several limitations. We could not adopt quantitative methods measuring
EETosis or NETosis. Future prospective studies including in vitro experiments or collection of
fresh tissues would be required and valuable for this topic. Furthermore, we demonstrated
the potential interaction between EETosis and NETosis by describing high refractoriness in
the high ETosis group, but we could not prove synergistic or additive effects between EETosis
and NETosis. Further mechanistical studies are needed.

In summary, the results of this study suggest that tissue eosinophilia and EETosis primarily

may affect refractoriness in CRSWNP patients, and that tissue neutrophilia and NETosis can
affect the prognosis of non-eosinophilic CRSWNP or neutrophilic CRSWNP.
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Supplementary Table S1
Demographic characteristics of refractory and non-refractory patients
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Supplementary Table S2
Factors correlated with refractoriness
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Supplementary Table S3

Refractoriness difference between each endotypes of chronic rhinosinusitis with nasal polyps
(CRSwNP)
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Supplementary Table S4
Regression analysis of LM score and GOSS versus NET count
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Supplementary Table S5
Cytokine profile correlation
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Supplementary Fig. S1

Negative control (20x magnification, scale bars = 50 pm). (A) Negative control of Fig. 1A. (B)
Negative control of Fig. 1B. (C) Negative control of Fig. 1C. (D) Negative control of Fig. 1D.
Click here to view

Supplementary Fig. S2

The NETosis and EETosis staining in healthy control (20x magnification, scale bars =50
um). (A) Tissue eosinophils. (B) EETs. (C) Negative control of Supplementary Fig. S2A. (D)
Negative control of Supplementary Fig. S2B. (E) Tissue neutrophils. (F) NETs. (G) Negative
control of Supplementary Fig. S2E. (H) Negative control of Supplementary Fig. S2F.
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