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Abbreviations used

CitH3: Citrullinated histone 3

CLC: Charcot-Leyden crystal

CRS: Chronic rhinosinusitis

CRSsNP: Chronic rhinosinusitis without nasal polyps

CRSwNP: Chronic rhinosinusitis with nasal polyps

EETosis: Eosinophil extracellular traps cell death

Gal10: Galectin-10

MBP: Major basic protein

NETosis: Neutrophil extracellular traps cell death
Background: Chronic rhinosinusitis with nasal polyps
(CRSwNP) is generally associated with severe type 2 immune
reactions in the white population. However, recent findings
suggest an additional role for neutrophils in severe type 2
inflammation.
Objective: This study aimed to characterize the neutrophilic
inflammation in CRSwNP and its relation to eosinophilic
inflammation in severe type 2 immune reactions.
Methods: The presence and activation of neutrophils and
eosinophils was analyzed in CRS without NP and CRSwNP by
measuring cell and activationmarkers via immunohistochemistry,
immunofluorescence, Luminex assay, ELISA, UniCAP,
fluorescence-activated cell sorting, and PCR. Differential
neutrophil migration was assessed via Boyden-chamber assay and
neutrophil survival was analyzed via flow cytometry.
Results: Both CRS without NP and CRSwNP displayed variable
degrees of eosinophilic and neutrophilic inflammation, with a
profound neutrophilic infiltration and activation in type 2
CRSwNP, associated with eosinophil extracellular traps cell
death and Charcot-Leyden crystals, but independent of IL-17.
Neutrophil extracellular traps cell death in CRSwNP was
associated with bacterial colonization, however, neutrophils
were less prone to undergo neutrophil extracellular traps cell
death in the tissue of patients with severe type 2 CRSwNP.
Neutrophils did not show increased migration nor survival in
the CRSwNP environment in vitro.
Conclusions: This study demonstrated a severe neutrophilic
inflammation associated with severe eosinophilic type 2
inflammatory CRSwNP, the role of which needs further study.
(J Allergy Clin Immunol 2020;nnn:nnn-nnn.)
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Chronic rhinosinusitis (CRS) is a chronic inflammation of the
sinonasal mucosa and paranasal sinuses that has a substantial
effect on quality of life and daily functioning of the patients. It is
an increasing upper airway health problem that currently affects
between 6% and 15% of thewhite population.1,2 CRS is clinically
subdivided in CRS with nasal polyps (CRSwNP) and CRS
without nasal polyps (CRSsNP). In the literature, CRSwNP is
generally the more severe phenotype and is typically character-
ized by a type 2 eosinophilic inflammation, while CRSsNP is
considered a type 1 neutrophilic inflammation.3 While this tradi-
tional type 2–type 1 classification in CRS is still valid in general,
recent reports in asthma suggest that the role of neutrophils in type
2 airway inflammation might be far more important than was
initially thought.4-6

Therapies for CRSwNP nowadays mainly focus on targeting
type 2 inflammation and considerable progress has been made in
endotyping and treatment.7-10 Typically, patients with CRSwNP
frequently suffer from recurrence after surgery or need repeated
oral corticosteroid courses with potential long-term risks.11 Non-
responsiveness to oral corticosteroids may partially be caused by
a coexisting neutrophilic inflammation, as described in both
asthma and CRSwNP.12,13

In asthma, the presentation of a mixed eosinophilic-
neutrophilic inflammation, associated with a mixed type 2–type
17 inflammation, is linked to a more severe and harder to control
phenotype.4 A recent cluster analysis from our group showed that
clusters with the most severe clinical phenotype were character-
ized by a severe type 2 inflammation, as well as by elevated levels
of neutrophilic marker proteins.14 On the other hand, the cluster
analysis showed a group of patients with CRSwNP with only
neutrophil markers elevated.14 During neutrophil extracellular
traps cell death (NETosis) and eosinophil extracellular traps cell
death (EETosis), cytosol and granule proteins are mixed with
condensed DNA and released in the extracellular space, where
they can affect the local inflammation.15 Recent studies described
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EETosis in CRSwNP tissue, associated with Charcot-Leyden
crystal (CLC) deposition; CLCs were found to be responsible
for the induction and maintenance of neutrophilic inflammation
in CRSwNP.15-18 We therefore sought to further characterize
the driving forces of neutrophilic inflammation and its relation-
ship to eosinophilic inflammation in severe type 2 immune
reactions.
METHODS

Sample collection
Tissue and blood samples were collected from patients of the

Department of Otorhinolaryngology at Ghent University Hospital

(Belgium) after receiving written informed consent for inclusion. Nasal

polyps and/or sinus mucosal tissue samples from patients undergoing

functional endoscopic sinus surgery for CRSwNP (n 5 56) or CRSsNP

(n 5 35) and inferior turbinate from healthy patients (undergoing surgery

for anatomical obstruction) (n 5 27) were collected at the Ghent

University Hospital between February 2012 and June 2018. Tissue samples

were either snap-frozen or fixed in paraformaldehyde and embedded in

paraffin. For the isolation of neutrophils from peripheral blood, 100 mL

blood was obtained from healthy volunteers and processed within 15

minutes after collection. None of the patients took oral or intranasal

glucocorticoids, nor antibiotics within 4 weeks before surgery. Clinical

data and symptom surveys were collected from all patients that were

enrolled in the study (Table I). The study was approved by the local Ethics

Committee of Ghent University Hospital.
Staining
Immunohistochemistry. To prepare tissue slides for immuno-

histochemistry and immunofluorescence, nasal polyp and control tissues were

fixed in 4% paraformaldehyde and embedded in paraffin. These 4 mm thick

slides were first deparaffinized in xylene and rehydrated in decreasing

concentrations of ethanol. Slides were blocked with 7.5% BSA in PBS and

incubated with primary antibodies (monoclonal mouse anti-human major

basic protein, BMK13 [MONOSAN, Sanbio, Uden, The Netherlands]; mono-

clonal mouse anti-human neutrophilic elastase, NP57 [Dako, Thermo Fisher

Scientific,Waltham,Mass]; polyclonal rabbit anti-human histone H3 [Abcam,

Cambridge, United Kingdom]) for 16 hours at 48C. The primary antibodies

were visualized via an alkaline phosphatase-linked secondary antibody kit ac-

cording to manufacturer’s instructions (Dako). Finally, the slides were coun-

terstained with hematoxylin for 1 minute and mounted with Aquatex

mounting medium (Merck, Kenilworth, NJ). Isotype controls were included

for all samples. Total number of positive cells were counted and expressed

as number of cells/mm2 tissue.

Immunofluorescence. Paraffin slides were prepared and depar-

affinized as mentioned before. After antigen retrieval (EET-, citrullinated

histone 3 [CitH3]-, and galectin-10 [Gal10]-staining), slides were blocked

with 7.5% BSA in PBS and incubated with primary antibodies (monoclonal

mouse anti-human major basic protein, BMK13 [MONOSAN]; monoclonal

mouse anti-human neutrophilic elastase, NP57 [Dako]; polyclonal rabbit

anti-human histone H3 [Abcam]; monoclonal mouse anti-human galectin-

10, 561603 [R&D Systems, Minneapolis, Minn]) for 16 hours at 48C.
The primary antibodies were visualized via fluorescein isothiocyanate–

conjugated polyclonal goat anti-mouse or anti-rabbit IgG secondary

antibody (Thermo Fisher Scientific). Slides were mounted with 4’-6-

diamidino-2-phenylindole, dihydrochloride–containing mounting medium

for nuclear counterstain. The slides were analyzed with a confocal laser-

scanning microscope (Leica Microsystems, Wetzlar, Germany). For each pa-

tient, NETs, EETs and CLCs were counted in 10 random selected fields

throughout the tissue. The number of cells involved in NETor EET formation

were counted and normalized to the number of neutrophils or eosinophils,

respectively, and expressed as percentage of NET- or EET-generating neutro-

phils or eosinophils.
Cytokine and protein measurements
Snap frozen tissues were weighed, homogenized, and centrifuged as

described previously.19 The samples were assayed for IL-5, IL-6, IL-8, IL-

17, myeloperoxidase, and TNF-a using commercially available Luminex

kits from R&D, and IFN-g using a commercially available Quantikine ELISA

from R&D. Levels were measured on a Bio-Plex 200 Array Reader (Bio-Rad,

Hercules, Calif). Eosinophilic cationic protein, IgE, and Staphylococcus

aureus enterotoxin–specific IgE (staphylococcal enterotoxin A, staphylo-

coccal enterotoxin C, and toxic shock syndrome toxin-1) weremeasured using

the UniCAPmethod (Thermo Fisher Scientific, Phadia AB, Uppsala, Sweden)

according to the manufacturer’s instructions. Concentrations below detection

limit were considered negative and were given a value one-half of the detec-

tion limit.
Quantitative PCR
RNA was extracted from snap-frozen tissue samples as described previ-

ously.15 In summary, RNAwas isolated with the RNeasyMini Kit (QIAGEN,

Hilden, Germany), and subsequently cDNA was synthesized using the iS-

cript Advanced cDNA Synthesis Kit (Bio-Rad). Quantitative real-time

PCR was used to quantify mRNA levels of Gal10. The calibrated normalized

relative quantities were calculated with the qBase1 software (Biogazelle,

Zwijnaarde, Belgium). The primers were commercially purchased from

Bio-Rad.
Flow cytometry analysis
The fraction of activated neutrophils in tissue of patients with CRSsNP and

those with CRSwNP was analyzed via flow cytometry, based on reduced

expression of CD62L. Single-cell suspension was prepared as described

before.20 Cells were labeled with near-infrared live-dead dye (Invitrogen,

Thermo Fisher Scientific), PE-Cy7 anti-CD45 (BioLegend, San Diego, Calif),

PerCP-Cy5.5 anti-CD11b (BioLegend), Pacific blue anti-CD14 (BioLegend),

PE anti-CD15 (BioLegend), fluorescein isothiocyanate anti-CD16 (BD Phar-

mingen, BD, Franklin Lakes, NJ), and antigen presenting cell anti-CD62L

(BioLegend). Neutrophils were gated by subsequent gating for viable cells

(live-dead staining), single cells (forward scatter area/forward scatter height),

leukocytes (CD451), myeloid cells (CD11b1), granulocytes (CD14-/dim), and

neutrophils (CD161/CD151), based on fluorescence minus one controls,

included for each marker. Activated neutrophils are expressed as percentage

of CD62L2 neutrophils.
Neutrophil protease activity assays
Neutrophil elastase and cathepsin G activity were analyzed in tissues of

controls and patients with CRSsNP and those with CRSwNP. Homogenates

were obtained from frozen tissue as described before19 and dissolved in PBS1
Pen-Strep. Fluorometric neutrophil elastase activity assay kit (Sigma-Aldrich,

St Louis, Mo) and colorimetric cathepsin G activity assay kit (Abcam) were

used as instructed by the manufacturers. Duplicates and background controls

were included for all samples in both assays.
Boyden chamber assay
Peripheral blood neutrophils were collected from whole blood of healthy

volunteers as described before.16 Tissue homogenates of controls and patients

with CRSsNP and those with CRSwNP were obtained as described above and

dissolved in RPMI 1 Pen-Strep. Lower compartments were filled with

RPMI 1 2% FCS 1 Pen-Strep (tissue culture medium) as negative control

or 100mg/mL tissue homogenate of healthy controls or patients with CRSsNP

or CRSwNP. Subsequently, for each condition, 105 neutrophils were primed

for 20 minutes with 100 ng/mL GM-CSF (PeproTech, Cranbury, NJ) and

then allowed to migrate to the lower compartment through 5-mm pore size fil-

ters (VWR International, Secaucus, NJ) for 90 minutes at 378C. The migrated

neutrophils were collected, stained with a May Grunwald Giemsa stain and

quantified for each condition. Two independent experiments were performed



TABLE I. Patient characterization

Controls CRSsNP CRSwNP

Total cases 27 35 56

Sex

Female 7 12 19

Male 20 23 37

Age (y) 30 (20-58) 44 (18-67) 46 (19-92)

Ethnicity White White White

Previous surgeries

Yes 3 12 33

No 27 23 23

No. of surgeries 0-1 0-3 0-4

Allergy

Present 12 18 33

Not present 14 17 22

Missing cases 1 — 1

Asthma

Present 4 4 28

Not present 23 31 27

Missing cases — — 1

Tissue concentrations

IgE (U/g) 66.56 6 76.81 578.46 6 1688.78 932.26 6 1329.99

SE-IgE (UA/g) 1.07 6 2.72 0.18 6 2.27 4.16 6 5.43

IL-5 (pg/g) 4.84 6 10.21 89.72 6 122.83 537.32 6 680.13

ECP (mg/g) 0.46 6 0.67 5.67 6 5.41 41.29 6 123.88

IL-17 (pg/g) 52.27 6 81.37 55.83 6 89.83 42.59 6 89.58

TNF-a (pg/g) 7.99 6 15.51 18.65 6 23.94 22.99 6 23.88

MPO (mg/g) 103.43 6 54.16 344.85 6 270.22 559.48 6 379.88

ECP, Eosinophilic cationic protein; SE, Staphylococcus aureus enterotoxin–specific. Allergy was defined as present when the patient had a positive skin prick test for >_1 of the

inhalant allergens commonly tested in our region.

Values are n, median (range), range, or mean 6 SD.
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and results were expressed as migration index compared with tissue culture

medium.
Neutrophil survival assay
Peripheral blood neutrophils were isolated and tissue homogenates were

prepared as described before. We incubated 106 neutrophils in 100 mg/mL tis-

sue homogenate of healthy controls or patients with CRSsNP or CRSwNP for

8 hours at 378C. After incubation, apoptotic neutrophils were stained using an
Annexin Vapoptosis detection kit (BD Pharmingen) and analyzed using FACS

Canto II with FACS Diva software (BD Bioscience, San Jose, Calif).
Statistical analysis
Statistical analysis was performed using the Prism GraphPad version 8

software program (GraphPad Software, San Diego, Calif). Mann-Whitney U

test was used to evaluate statistical differences between 2 groups. Kruskal-

Wallis test followed by a multiple comparison test was used to evaluate statis-

tical differences among multiple groups. Correlations were analyzed with a

nonparametric Spearman correlation test. Significances were expressed as

*P < .05, **P < .01, ***P <.001, and ****P < .0001. P values <_ .05 were

considered as statistically significant.
RESULTS

Severe neutrophilic infiltration and inflammation in

CRSwNP versus CRSsNP
In line with previous reports, we found that CRSwNP is clearly

associated with type 2 inflammation, while CRSsNP is generally
more related with type 1 inflammation. Tissue levels of IL-5 were
significantly increased in patients with CRSwNP compared with
in those with CRSsNP (P < .0001) and in healthy controls (P
<.001) (see Fig E1, A, in this article’s Online Repository at
www.jacionline.org), and tissue levels of IFN-g were signifi-
cantly (P < .05) increased in patients with CRSsNP compared
with in those with CRSwNP and in healthy controls (Fig E1,
B). The characterization of the studied patients is presented in
Table I.

However, characterization of the tissue in terms of eosinophilic
or neutrophilic infiltration showed a more versatile image than
was anticipated based on cytokine profiles in both patients with
CRSwNP and those with CRSsNP. Both patient groups contained
cases with low granulocyte infiltration, predominantly neutro-
philic, predominantly eosinophilic, and mixed neutrophilic-
eosinophilic infiltration (Fig 1, A). Interestingly, most of the
patients with severe type 2 CRSwNP had a mixed neutrophilic-
eosinophilic inflammation.

Based on these observations in the tissue, we quantified the
number of eosinophils and neutrophils in both patient groups.
Numbers of eosinophils were significantly elevated in patients
with CRSwNP compared with in those with CRSsNP (P < .0001)
and in healthy controls (P < .001) (see Fig E2, A, in this article’s
Online Repository at www.jacionline.org). In line with this, we
found that tissue eosinophilic cationic protein levels were signif-
icantly increased in patients with CRSwNP compared with in
those with CRSsNP (P < .01) and in healthy controls (P <
.0001) (Fig E2, B). Numbers of neutrophils were significantly
elevated in patients with CRSwNP compared with in those with
CRSsNP (P < .05) and in healthy controls (P < .01) (Fig 1, B).
In line with this, we found tissue levels of myeloperoxidase
were significantly (P < .01) elevated in patients with CRSwNP
compared with in controls (Fig 1, C), and IL-8 and IL-6 were

http://www.jacionline.org
http://www.jacionline.org


FIG 1. Differential neutrophilic and eosinophilic infiltration in CRSsNP and CRSwNP, with increased

neutrophilic inflammation in CRSwNP. A, Inflammatory subgroups of CRSwNP and CRSsNP based on the

mean neutrophil counts (respectively, 65 and 28 cells/mm2) and the mean eosinophil counts (respectively,

811 and 16 cells/mm2). B, Quantification of neutrophils per mm2 in tissue of healthy controls and patients

with CRSsNP and those with CRSwNP. C-F, Myeloperoxidase (MPO), IL-8, IL-6, and IL-17 protein levels in

the tissue of healthy controls and patients with CRSsNP and those with CRSwNP, measured via UniCAP

and ELISA.G, Ratio of neutrophils in tissue of patients with CRSsNP and CRSwNPwith high and low protein

levels of IL-17, based on the median tissue concentration of IL-17 in both groups (respectively, 27.28 and

15.02 pg/mL). Levels of statistical significance are expressed as *P < .05 and **P < .01.
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significantly increased in patients with CRSwNP compared with
in those with CRSsNP (respectively, P < .05 and P < .01) and in
healthy controls (P< .01 andP<.05) (Fig 1,D andE). These find-
ings showed a profound neutrophilic inflammation, coexisting
with eosinophilic inflammation in patients with severe type 2
CRSwNP.

Interestingly, no intergroup differences were observed in
tissue levels of IL-17, a major driving force for the recruitment,
survival, and activation of neutrophils (Fig 1, F). To investigate
the possible involvement of a type 17 inflammation, IL-17
levels were related to the number of neutrophils in the tissue.
Interestingly, while the number of neutrophils was significantly
(P < .05) elevated in the patients with CRSsNP with high IL-17
levels compared with the group with low IL-17, we found no
significant increase in ratio of neutrophils in patients with
CRSwNP with high IL-17 compared with in the patients with
CRSwNP with low IL-17 levels (Fig 1, G).
Neutrophil infiltration associated with type 2

inflammation in CRSwNP
As was recently reported, the presence of CLCs—the crystal-

ized form of Gal10 protein—results from the process of EETosis
and is a hallmark of type 2 inflammation in airway immunity.17,18

Therefore, Gal10 mRNA expression levels were measured and
found to be significantly upregulated in patients with CRSwNP
compared with in healthy controls (P < .0001) and in patients
with CRSsNP (P < .05). In addition, Gal10 mRNA expression
was also significantly (P < .01) upregulated in patients with
CRSsNP compared with in healthy controls (Fig 2, A). No signif-
icant influence of comorbid asthma or allergy on Gal10 mRNA
levels was found in the patient groups (data not shown). The
numbers of CLCs were quantified and found to be significantly
(P < .01) upregulated in patients with CRSwNP compared with
in healthy controls (Fig 2, B). Interestingly, the number of neutro-
phils correlated positively with the relative fractions of EETs (P<
.001; r 5 0.8047) (Fig 2, C) and the numbers of CLCs (P < .01;
r 5 0.6504) (Fig 2, D) in patients with type 2 CRSwNP, but not
in patients with CRSsNP and in controls.
Increased neutrophil activation in type 2 CRSwNP
Because both neutrophils and its activating cytokines are

increased in CRSwNP, we analyzed and compared neutrophil
activity in both CRSsNP and CRSwNP tissue. Neutrophils are
known to shed CD62L on activation. Therefore, we studied the



FIG 2. Elevated CLC deposition in CRSwNP associated with neutrophilic infiltration. A, Relative Gal10 gene

expression in the tissue of healthy controls and patients with CRSsNP and those with CRSwNP, expressed

as calibrated normalized relative quantity (CNRQ) values. B, Quantification of CLCs per high power field

(hpf) in the tissue of healthy controls and patients with CRSsNP and those with CRSwNP. Scatter plots of

numbers of neutrophils per mm2 with ratios of EETs (C) and numbers of CLCs per mm2 in tissue of patients

with CRSwNP (D), showing significant correlations (P < .001; r 5 0.8047; and P <P < .01; r 5 0.6504), deter-

mined via Spearman correlation. Levels of statistical significance are expressed as *P < .05, **P < .01, and

****P < .0001.
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neutrophil activity directly by analyzing tissue-derived neutro-
phils on reduced CD62L expression via fluorescence-activated
cell sorting. The percentages of activated (CD62L2) neutrophils
were significantly (P < .05) increased in tissue of patients with
type 2 CRSwNP compared with in those with CRSsNP (Fig 3,
A). In addition, the proteolytic activity of cathepsin G was signif-
icantly (P < .01) increased in the tissue of patients with CRSwNP
compared with in controls, and the activity of neutrophil elastase
was significantly (P < .05) increased in patients with CRSwNP
compared with in controls and patients with CRSsNP (Fig 3, C
and D).
Neutrophils are more prone to go into NETosis in

CRSsNP tissue
Similar to eosinophils, neutrophils have the ability to generate

extracellular traps in a process called NETosis. We quantified
NETs in the tissue and found that NETosis was present in 67% of
all patients with CRSsNP and in 64% of the patients with
CRSwNP. The rate of NETosis was significantly (P < .05)
increased in patients with CRSsNP compared with in healthy con-
trols (Fig 4, A). Tissues were also stained for CitH3, an early
marker of NETosis, and the presence of CitH31 neutrophils
was quantified and found significantly (P < .01) increased in pa-
tients with CRSsNP compared with in controls (Fig 4,B). Elastase
was stained positive on the same spots as CitH3, which confirmed
the specificity of the CitH3 staining in neutrophils.

In CRSwNP tissue, NETosis was mainly found at the edges of
(denuded) epithelium (Fig 4,C) and was colocalized with signs of
bacterial colonization (Fig 4,D). In CRSsNP tissue, NETosis was
mainly found in the stroma and underneath a clear thickened base-
ment membrane associated with denuded epithelium (Fig 4, E).
Decreased neutrophil survival in CRSwNP cytokine

environment
Differential neutrophil migration among the different endo-

typical environments was studied via Boyden-chamber assays,
but did not reveal significant differences in neutrophil migration
between the different patient groups (Fig 5, A). To study the influ-
ence of the cytokine environment on neutrophil survival, periph-
eral blood neutrophils were cultured in tissue homogenates of the
different patient groups and the rate of apoptosis was analyzed af-
ter 24 hours of incubation via fluorescence-activated cell sorting
analysis. Neutrophils cultured in CRSsNP homogenates showed
significantly (P < .05) lower rates of apoptosis compared with
neutrophils cultured in homogenates of healthy controls and pa-
tients with CRSwNP (Fig 5, B).

To investigate the possible involvement of IL-17 in neutrophil
survival, the percentages of apoptotic neutrophils after incubation
with homogenates were related to levels of IL-17 in these



FIG 3. Increased neutrophilic activation in CRSwNP. A, Fluorescence-activated cell sorting analysis showed

significantly (P < .05) increased ratios of activated (CD62L2) neutrophils in mucosal tissue of patients with

CRSwNP compared with those with CRSsNP. Significantly increased activity of cathepsin G (P < .01) and

neutrophil elastase (P < .05) was observed in mucosal tissue of patients with CRSwNP compared

with the tissue of controls and patients with CRSsNP. Levels of statistical significance are expressed as

*P < .05 and **P < .01.
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homogenates. Interestingly, no correlation was found in CRSwNP
homogenates, while neutrophil apoptosis was significantly (P <
.05; r 5 0.5912) inversely correlated with levels of IL-17 in the
CRSsNP homogenates (Fig 5, C and D).
DISCUSSION
While we confirmed the general consideration that CRSsNP is

mainly mediated by non–type 2 and CRSwNP by a type 2
inflammatory pattern, we here demonstrate a very heterogeneous
image of neutrophilic and eosinophilic inflammation among all
patients with CRS.3,14,21 Both neutrophil tissue counts and
neutrophil-related protein levels demonstrated an increased
neutrophilic inflammation in the CRSwNP group of patients.
This is in linewith a previous cluster analysis showing a markedly
increased presence of neutrophilic marker proteins in the high
type 2 clusters containing the most severe and difficult to treat pa-
tients with CRSwNP.14 Some reports claim that the number of
neutrophils is elevated in CRSsNP compared with in CRSwNP,
while other studies find that the numbers are comparable or
elevated in CRSwNP.22-25 These contradicting results are more
than likely attributed to the existence of different CRS endotypes
of which some have a clear neutrophilic inflammation coexisting
with eosinophilia.

Interestingly, neutrophils are also more activated, and neutro-
philic proteases elastase and cathepsin G have increased activity
in type 2 CRSwNP. This indicates that neutrophils are not only
more frequent in a type 2 environment, but they also have a higher
potential to affect local inflammation via increased proteolytic
activity. Elastase and cathepsin G are known to enhance secretion
and activation of IL-1 family cytokines as IL-1b and IL-33.26

These cytokines are key players in the induction of type 2 re-
sponses as they function as chemoattractant for TH2 cells and
stimulate the production of type 2 cytokines in eosinophilic nasal
polyps.27-29 In addition, neutrophil elastase itself has a major
impact on airway inflammation as it enhances goblet cell hyper-
plasia and mucus production.30

Despite the elevated number of neutrophils and increased
neutrophil activity in patients with CRSwNP, no elevated
neutrophil migration nor survival in CRSwNP tissue homoge-
nates could be found in vitro. We speculate that neutrophil clear-
ance is affected in CRSwNP tissue or that the active recruitment
of neutrophils into CRSwNP tissue requires intact tissue. In se-
vere asthma, a mixed neutrophilic-eosinophilic inflammation is
associated with a mixed type 2/17 inflammation. Despite of the
observed similarities in mixed airway inflammation, no remark-
able elevation of IL-17 was observed in patients with CRSwNP,
nor was there any correlation between IL-17 levels and number
of neutrophils in these patients. This is in linewith a recent cluster
analysis by Tomassen et al14 showing increased levels of neutro-
phil related proteins, but no elevated levels of IL-17 in patients
with high type 2 CRSwNP. We recently showed that CLCs,



FIG 4. Increased NETosis in CRSsNP.A,Quantification of NETs in the tissue of healthy controls and patients

with CRSsNP and those with CRSwNP, expressed as percentage of neutrophils generating NETs. B, Quan-

tification of CitH3-positive neutrophils in the tissue of healthy controls and patients with CRSsNP and those

with CRSwNP, based on immunohistochemistry staining. C-E, Immunofluorescent staining of CitH3 and

elastase, showing the presence of NETosis in CRSwNP and CRSsNP. C, NETosis at the edges of denuded

epithelium in CRSwNP, and (D) colocalized with signs of bacterial colonization (arrowhead). E, NETosis un-

derneath a clear thickened basement membrane in CRSsNP; white line represents the putative epithelial

layer. Levels of statistical significance are expressed as *P < .05.
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prominently present in patients with severe CRSwNP, can evoke a
neutrophilic inflammation.16 In addition, increased neutrophilic
influx was observed in murine lungs on injection with CLCs.17

In line with these findings, we showed here that the number of
neutrophils in the tissue was correlated with the extent of EETosis
and CLC deposition in CRSwNP. Despite the presence of CLCs in
patients with CRSsNP, however, no correlation with neutrophil
infiltration was found.31 This could possibly be attributed to the
differences in CLC-size we observed in both groups, because
the size of extracellular pathogens is also known to affect mech-
anism of clearance by neutrophils.32 Staphylococcus aureus colo-
nization—another hallmark of CRSwNP—is also linked to
increased neutrophil migration in CRSwNP and could therefore
have a prominent role in vivo triggering neutrophilia in
CRSwNP.33-35 Because the general bacterial load does not differ
between CRSsNP and CRSwNP, we believe that the increased
neutrophil inflammation observed in CRSwNP is not only caused
by bacterial colonization.36 However, variations in the composi-
tion of sinus bacterial microbiota were previously shown to be
linked to CRS heterogeneity and may therefore also contribute
to differences in neutrophilic activation and NETosis.36,37 In
this study, differences in local bacterial composition in relation
to neutrophilic inflammation were not analyzed, but it would be
interesting to do so for future studies.

A considerable fraction of neutrophils was found to undergo
NETosis in both the CRSsNP and CRSwNP groups of patients.
Both relative and absolute numbers of neutrophils undergoing
NETosis were increased in CRSsNP. This was in line with our
finding of increased neutrophil survival in CRSsNP. NETosis has
been proposed as a type of slow programmed cell death that is
prone to occur in neutrophils with increased survival.38 While
CitH3 is an early and consistent marker of NETosis, NETs them-
selves can be quite fragile. Extracellular traps can be disintegrated
in a relatively fast manner, especially in a severe type 2 environ-
ment with increased numbers of macrophages and bacterial
DNases.39-41 Multiple stimulants can induce NET formation
and even the type of NETosis—vital or suicidal—is dependent
on its environmental incentives.42 It has recently been reported
that CLCs could induce NETosis and neutrophilic inflammation
in CRSwNP, and that NETosis could induce a type 2 response
via release of extracellular double-stranded DNA.5,16 In
CRSwNP, NETosis was mainly located at sites of sometimes
denuded epithelium. Interestingly, neutrophilic mediators such
as cathepsin G and elastase are extensively released during



FIG 5. Decreased neutrophil apoptosis in CRSsNP. A, Quantification of neutrophils migrated to tissue ho-

mogenates of healthy controls and patients with CRSsNP and those with CRSwNP. B, Ratios of apoptotic

neutrophils after 24-hour culturing in tissue homogenates of healthy controls and patients with CRSsNP

and those with CRSwNP. C, D, Scatter plots of neutrophil apoptosis (%) and levels of IL-17 in homogenates,

showing a significant (P < .05; r 5 20.5912) inversely correlation in CRSsNP (C) and no correlation

in CRSwNP (D), determined via Spearman correlation. Levels of statistical significance are expressed as

*P < .05 and **P < .01.
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NETosis and stimulate type 2 immune responses as described
above.26,43

While NETosis in CRSwNP was mainly found subepithelially
and closely collocated with signs of bacterial infection, whereas
NETosis in CRSsNP was mainly found deeper in the tissue. It
remains to be clarified whether the NETosis is activated via
similar pathways in the different endotypes. NETosis in CRSwNP
may be driven by type 2–related mediators or may be related to
the increased bacterial colonization and biofilm formation at sites
of denuded epithelium. In CRSsNP, NETosis is mainly found in
the stroma and underneath a clearly thickenedmembrane, without
a clear association with bacterial colonization. This might
indicate that other mediators such as IFN-g or IL-12, both known
inducers of NETosis and specifically elevated in those patients,
might initiate the NETosis in the CRSsNP tissue.44,45

Due to predominant TH2 inflammatory pattern, therapies treat-
ing chronic airway diseases nowadays—as anti-IL5(Ra), anti-
IL4R/IL13R, or glucocorticoids—mainly focus on targeting the
eosinophilic TH2 inflammation.7-10,13 With the establishment of
these therapies, considerable advances have been made, but still
some patients do not respond to the treatment.11,46,47 We here
showed that the contribution of neutrophils—by themselves via
increased activity, and via increased influx and NETosis or in
combination with eosinophilic inflammation—could be far
more important than initially thought, especially in a TH2 context.
Interestingly, as CLCs are highly stable and remain present at
sites of inflammation for months, they could still affect neutro-
philic inflammation long after the start of treatment.16,17 In
addition, recent studies showed reduced responsiveness to corti-
costeroids in neutrophilic asthma and CRSwNP.12,13 All this indi-
cates that neutrophilic inflammation is currently overlooked
in assignments of therapies targeting the eosinophilic TH2 inflam-
mation and may need more attention to enable further improve-
ment of treatments of the patients. Therefore, we speculate that
the identification of increased neutrophil activationmarkers in pa-
tients with CRS may evolve as one of the critical parameters in
determining treatment response in patients with CRS. The devel-
opment and coadministration of novel drugs targeting CLC-
activated neutrophils may complete the response to the type 2
cytokine antagonists in patients with a mixed eosinophilic-
neutrophilic inflammation.

Overall, the behavior of neutrophils observed in CRSwNP is
comparable to neutrophilic behavior in infections or other chronic
type 2–mediated airway diseases. At sites of infection, neutro-
phils also induce NET formation and secrete proteases to promote
bacterial clearance.48 In asthma, neutrophils display a life span
that is 5 days longer through decreased apoptosis.30 This
increased life span may set the basis for increased activation
and development of NETosis, which could contribute to the
severity of the disease. Also in nasal turbinate samples of patients
with allergic rhinitis, the percentage of activated neutrophils was
significantly higher than the percentage of non-activated
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neutrophils, while this was not the case in the tissue of patients
who were not allergic.49 The difference between regular infec-
tions and infections in chronic type 2 diseases seems to be the trig-
gers of the local neutrophilic inflammation. Migration of
neutrophil to sites of infections are mainly mediated by dam-
mage-associated molecular pattern, IL-8, and leukotrienes, while
in type 2 inflammations, this traditional way of neutrophilic
migration seems to be overruled by mediators of eosinophilic
type 2 inflammation such as CLCs.16,17,48 Also at sites of infec-
tion, neutrophils release proteins and form NETs in direct
response to bacterial invasion, while in CRSwNP, these functions
are not exclusively triggered by bacterial infection, but also by
type 2 mediators such as eosinophils and CLCs.

In conclusion, we here demonstrated a profound involvement
of neutrophils in severe type 2 CRSwNP, induced by products of
eosinophilic inflammation, and independent of IL-17. Neutro-
phils have a high potential to affect local inflammation in
CRSwNP through an increased activation status, increased pro-
teolytic activity of elastase and cathepsin G, the formation of
NETs, and finally to aggravate the type 2 inflammation. These
mechanisms could result in a circle of aggravation of inflamma-
tion in patients with the most severe CRSwNP with mixed
eosinophilic-neutrophilic inflammation, leading to the insensi-
tivity to glucocorticosteroids and type 2 biologics; this hypothesis
needs to be further supported.

Key messages

d Type 2 CRSwNP displays a severe neutrophilic inflamma-
tion, characterized by increased neutrophil infiltration
and activation.

d The presence of CLCs is associated with neutrophilic infil-
tration in CRSwNP.

d Neutrophils are less prone to generate NETs in CRSwNP
tissue and NETosis in CRSwNP is associated with bacte-
rial colonization.
REFERENCES

1. Khan A, Vandeplas G, Huynh TMT, Joish VN, Mannent L, Tomassen P, et al. The

Global Allergy and Asthma European Network (GALEN) rhinosinusitis cohort: a

large European cross-sectional study of chronic rhinosinusitis patients with and

without nasal polyps. Rhinology 2019;57:32-42.

2. Dietz de Loos D, Lourijsen ES, Wildeman MAM, Freling NJM, Wolvers MDJ, Re-

itsma S, et al. Prevalence of chronic rhinosinusitis in the general population based

on sinus radiology and symptomatology. J Allergy Clin Immunol 2019;143:

1207-14.

3. Van Zele T, Claeys S, Gevaert P, Van Maele G, Holtappels G, Van Cauwenberge P,

et al. Differentiation of chronic sinus diseases by measurement of inflammatory

mediators. Allergy 2006;61:1280-9.

4. Ray A, Kolls JK. Neutrophilic inflammation in asthma and association with disease

severity. Trends Immunol 2017;38:942-54.

5. Toussaint M, Jackson DJ, Swieboda D, Guedan A, Tsourouktsoglou TD, Ching

YM, et al. Host DNA released by NETosis promotes rhinovirus-induced type-2

allergic asthma exacerbation. Nat Med 2017;23:681-91.

6. Moore WC, Hastie AT, Li X, Li H, Busse WW, Jarjour NN, et al. Sputum neutro-

phil counts are associated with more severe asthma phenotypes using cluster anal-

ysis. J Allergy Clin Immunol 2014;133:1557-63.e5.

7. Bachert C, Han JK, Desrosiers M, Hellings PW, Amin N, Lee SE, et al. Efficacy

and safety of dupilumab in patients with severe chronic rhinosinusitis with nasal

polyps (LIBERTY NP SINUS-24 and LIBERTY NP SINUS-52): results from

two multicentre, randomised, double-blind, placebo-controlled, parallel-group

phase 3 trials. Lancet 2019;394:1638-50.
8. Bachert C, Zhang N, Hellings PW, Bousquet J. Endotype-driven care pathways

in patients with chronic rhinosinusitis. J Allergy Clin Immunol 2018;141:

1543-51.

9. Bachert C, Sousa AR, Lund VJ, Scadding GK, Gevaert P, Nasser S, et al. Reduced

need for surgery in severe nasal polyposis with mepolizumab: randomized trial.

J Allergy Clin Immunol 2017;140:1024-31.e14.

10. Pauwels B, Jonstam K, Bachert C. Emerging biologics for the treatment of chronic

rhinosinusitis. Expert Rev Clin Immunol 2015;11:349-61.

11. Van Zele T, Holtappels G, Gevaert P, Bachert C. Differences in initial immunopro-

files between recurrent and nonrecurrent chronic rhinosinusitis with nasal polyps.

Am J Rhinol Allergy 2014;28:192-8.

12. Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw AJ, Pavord ID. Anal-

ysis of induced sputum in adults with asthma: identification of subgroup with iso-

lated sputum neutrophilia and poor response to inhaled corticosteroids. Thorax

2002;57:875-9.

13. Wen W, Liu W, Zhang L, Bai J, Fan Y, Xia W, et al. Increased neutrophilia in nasal

polyps reduces the response to oral corticosteroid therapy. J Allergy Clin Immunol

2012;129:1522-8.e5.

14. Tomassen P, Vandeplas G, Van Zele T, Cardell LO, Arebro J, Olze H, et al. Inflam-

matory endotypes of chronic rhinosinusitis based on cluster analysis of biomarkers.

J Allergy Clin Immunol 2016;137:1449-56.e4.

15. Gevaert E, Zhang N, Krysko O, Lan F, Holtappels G, De Ruyck N, et al. Extracel-

lular eosinophilic traps in association with Staphylococcus aureus at the site of

epithelial barrier defects in patients with severe airway inflammation. J Allergy

Clin Immunol 2017;139:1849-60.e6.

16. Gevaert E, Delemarre T, De Volder J, Zhang N, Holtappels G, De Ruyck N, et al.

Charcot-Leyden crystals promote neutrophilic inflammation in patients with nasal

polyposis. J Allergy Clin Immunol 2020;145:427-30.e4.

17. Persson EK, Verstraete K, Heyndrickx I, Gevaert E, Aegerter H, Percier J-M, et al.

Protein crystallization promotes type 2 immunity and is reversible by antibody

treatment. Science 2019;364:eaaw4295.

18. Ueki S, Tokunaga T, Melo RCN, Saito H, Honda K, Fukuchi M, et al. Charcot-Ley-

den crystal formation is closely associated with eosinophil extracellular trap cell

death. Blood 2018;132:2183-7.

19. Zhang N, Van Crombruggen K, Holtappels G, Lan F, Katotomichelakis M, Zhang

L, et al. Suppression of cytokine release by fluticasone furoate vs. mometasone fu-

roate in human nasal tissue ex-vivo. PLoS One 2014;9:e93754.

20. Derycke L, Zhang N, Holtappels G, Dutre T, Bachert C. IL-17A as a regulator of

neutrophil survival in nasal polyp disease of patients with and without cystic

fibrosis. J Cyst Fibros 2012;11:193-200.

21. Ahern S, Cervin A. Inflammation and endotyping in chronic rhinosinusitis-a para-

digm shift. Medicina (Kaunas) 2019;55:95.

22. Polzehl D, Moeller P, Riechelmann H, Perner S. Distinct features of chronic rhino-

sinusitis with and without nasal polyps. Allergy 2006;61:1275-9.

23. Shi LL, Xiong P, Zhang L, Cao PP, Liao B, Lu X, et al. Features of airway remod-

eling in different types of Chinese chronic rhinosinusitis are associated with

inflammation patterns. Allergy 2013;68:101-9.

24. Soler ZM, Sauer D, Mace J, Smith TL. Impact of mucosal eosinophilia and nasal

polyposis on quality-of-life outcomes after sinus surgery. Otolaryngol Head Neck

Surg 2010;142:64-71.

25. Tokunaga T, Sakashita M, Haruna T, Asaka D, Takeno S, Ikeda H, et al. Novel

scoring system and algorithm for classifying chronic rhinosinusitis: the JESREC

Study. Allergy 2015;70:995-1003.

26. Clancy DM, Henry CM, Sullivan GP, Martin SJ. Neutrophil extracellular traps can

serve as platforms for processing and activation of IL-1 family cytokines. FEBS J

2017;284:1712-25.

27. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al. IL-

33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related pro-

tein ST2 and induces T helper type 2-associated cytokines. Immunity 2005;23:

479-90.

28. Teufelberger AR, Nordengrun M, Braun H, Maes T, De Grove K, Holtappels G,

et al. The IL-33/ST2 axis is crucial in type 2 airway responses induced by Staph-

ylococcus aureus-derived serine protease-like protein D. J Allergy Clin Immunol

2018;141:549-59.e7.

29. Kato A. Immunopathology of chronic rhinosinusitis. Allergol Int 2015;64:

121-30.

30. Silvestre-Roig C, Hidalgo A, Soehnlein O. Neutrophil heterogeneity: implications

for homeostasis and pathogenesis. Blood 2016;127:2173-81.

31. Delemarre T, Holtappels G, De Ruyck N, Zhang N, Nauwynck H, Bachert C, et al.

Type 2 inflammation in chronic rhinosinusitis without nasal polyps: another rele-

vant endotype. J Allergy Clin Immunol 2020;146:337-43.e6.

32. Warnatsch A, Tsourouktsoglou TD, Branzk N, Wang Q, Reincke S, Herbst S, et al.

Reactive oxygen species localization programs inflammation to clear microbes of

different size. Immunity 2017;46:421-32.

http://refhub.elsevier.com/S0091-6749(20)31275-6/sref1
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref1
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref1
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref1
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref2
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref2
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref2
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref2
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref3
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref3
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref3
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref4
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref4
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref5
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref5
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref5
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref6
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref6
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref6
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref7
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref7
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref7
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref7
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref7
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref8
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref8
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref8
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref9
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref9
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref9
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref10
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref10
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref11
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref11
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref11
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref12
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref12
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref12
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref12
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref13
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref13
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref13
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref14
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref14
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref14
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref15
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref15
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref15
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref15
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref16
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref16
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref16
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref17
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref17
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref17
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref18
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref18
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref18
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref19
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref19
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref19
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref20
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref20
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref20
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref21
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref21
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref22
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref22
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref23
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref23
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref23
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref24
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref24
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref24
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref25
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref25
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref25
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref26
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref26
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref26
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref27
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref27
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref27
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref27
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref28
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref28
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref28
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref28
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref29
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref29
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref30
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref30
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref31
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref31
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref31
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref32
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref32
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref32


J ALLERGY CLIN IMMUNOL

nnn 2020

10 DELEMARRE ET AL
33. Wang X, Du J, Zhao C. Bacterial biofilms are associated with inflammatory cells

infiltration and the innate immunity in chronic rhinosinusitis with or without nasal

polyps. Inflammation 2014;37:871-9.

34. Van Zele T, Gevaert P, Watelet JB, Claeys G, Holtappels G, Claeys C, et al.

Staphylococcus aureus colonization and IgE antibody formation to entero-

toxins is increased in nasal polyposis. J Allergy Clin Immunol 2004;114:

981-3.

35. Huvenne W, Callebaut I, Reekmans K, Hens G, Bobic S, Jorissen M, et al. Staph-

ylococcus aureus enterotoxin B augments granulocyte migration and survival via

airway epithelial cell activation. Allergy 2010;65:1013-20.

36. Chalermwatanachai T, Zhang N, Holtappels G, Bachert C. Association of mucosal

organisms with patterns of inflammation in chronic rhinosinusitis. PLoS One 2015;

10:e0136068.

37. Cope EK, Goldberg AN, Pletcher SD, Lynch SV. Compositionally and functionally

distinct sinus microbiota in chronic rhinosinusitis patients have immunological and

clinically divergent consequences. Microbiome 2017;5:53.

38. Gray RD, Hardisty G, Regan KH, Smith M, Robb CT, Duffin R, et al. Delayed

neutrophil apoptosis enhances NET formation in cystic fibrosis. Thorax 2018;73:

134-44.

39. Farrera C, Fadeel B. Macrophage clearance of neutrophil extracellular traps is a

silent process. J Immunol 2013;191:2647-56.

40. Thammavongsa V, Missiakas DM, Schneewind O. Staphylococcus aureus degrades

neutrophil extracellular traps to promote immune cell death. Science 2013;342:

863-6.
41. Storisteanu DML, Pocock JM, Cowburn AS, Juss JK, Nadesalingam A, Nizet V,

et al. Evasion of neutrophil extracellular traps by respiratory pathogens. Am J Re-

spir Cell Mol Biol 2017;56:423-31.

42. Yipp BG, Kubes P. NETosis: how vital is it? Blood 2013;122:2784-94.

43. Lefrancais E, Roga S, Gautier V, Gonzalez-de-Peredo A, Monsarrat B, Girard JP,

et al. IL-33 is processed into mature bioactive forms by neutrophil elastase and

cathepsin G. Proc Natl Acad Sci U S A 2012;109:1673-8.

44. Martinelli S, Urosevic M, Daryadel A, Oberholzer PA, Baumann C, Fey MF, et al.

Induction of genes mediating interferon-dependent extracellular trap formation

during neutrophil differentiation. J Biol Chem 2004;279:44123-32.

45. Keeter WC, Moriarty A, Butcher MJ, Ma KW, Nadler JL, Galkina E. IL-12

induced STAT4 activation plays a role in pro-inflammatory neutrophil functions.

J Immunol 2018;200(suppl 1):166.59.

46. Calus L, Van Bruaene N, Bosteels C, Dejonckheere S, Van Zele T, Holtappels G,

et al. Twelve-year follow-up study after endoscopic sinus surgery in patients with

chronic rhinosinusitis with nasal polyposis. Clin Transl Allergy 2019;9:30.

47. DeConde AS, Mace JC, Levy JM, Rudmik L, Alt JA, Smith TL. Prevalence of

polyp recurrence after endoscopic sinus surgery for chronic rhinosinusitis with

nasal polyposis. Laryngoscope 2017;127:550-5.

48. De Oliveira S, Rosowski EE, Huttenlocher A. Neutrophil migration in infection

and wound repair: going forward in reverse. Nat Rev Immunol 2016;16:378-91.

49. Arebro J, Ekstedt S, Hjalmarsson E, Winqvist O, Kumlien Georen S, Cardell LO. A

possible role for neutrophils in allergic rhinitis revealed after cellular subclassifi-

cation. Sci Rep 2017;7:43568.

http://refhub.elsevier.com/S0091-6749(20)31275-6/sref33
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref33
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref33
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref34
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref34
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref34
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref34
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref35
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref35
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref35
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref36
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref36
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref36
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref37
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref37
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref37
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref38
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref38
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref38
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref39
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref39
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref40
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref40
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref40
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref41
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref41
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref41
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref42
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref43
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref43
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref43
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref44
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref44
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref44
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref45
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref45
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref45
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref46
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref46
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref46
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref47
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref47
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref47
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref48
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref48
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref49
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref49
http://refhub.elsevier.com/S0091-6749(20)31275-6/sref49


FIG E1. Cytokine levels in different patient groups. A, IL-5 protein levels in the tissue of healthy controls and

patients with CRSsNP and those with CRSwNP, measured via Luminex assay. B, IFN-g protein levels in the

tissue of healthy controls and patients with CRSsNP and those with CRSwNP, measured via ELISA. Levels of

statistical significance are expressed as *P < .05, ***P < .001, and ****P < .0001.
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FIG E2. Increased eosinophilia in CRSwNP. A, Quantification of eosinophils per mm2 in tissue of healthy

controls and patients with CRSsNP and those with CRSwNP. B, ECP levels in the tissue of healthy controls

and patients with CRSsNP and those with CRSwNP, measured via UniCAP. Levels of statistical significance

are expressed as **P < .01, ***P < .001, and ****P < .0001.
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