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Abstract
Background Nonsteroidal anti-inflammatory drug (NSAID)-exacerbated respiratory disease (N-ERD)
comprises the triad of chronic rhinosinusitis with nasal polyps, asthma and intolerance to NSAIDs.
Dupilumab treatment, targeting the interleukin-4 (IL-4) receptor α, significantly reduces polyp burden as
well as asthma symptoms. Here we aimed to investigate the effect of dupilumab on aspirin intolerance,
burden of disease and nasal cytokine profiles in patients with N-ERD.
Methods In this open-label trial, adult patients with confirmed N-ERD were treated with dupilumab for
6 months. Clinical parameters (e.g. total polyp scores, quality of life questionnaires, smell test, spirometry),
oral aspirin provocation testing and blood, nasal and urine sampling were monitored at regular intervals for
up to 6 months after starting dupilumab therapy.
Results Of the 31 patients included in the study, 30 completed both aspirin provocation tests. After 6 months
of treatment with dupilumab, 23% of patients (n=7 of 30) developed complete aspirin tolerance and an
additional 33% of patients (n=10 of 30) tolerated higher doses. Polyp burden was significantly reduced (total
polyp score: −2.68±1.84, p<0.001), while pulmonary symptoms (asthma control test: +2.34±3.67, p<0.001)
and olfactory performance improved (University of Pennsylvania Smell Identification Test: +11.16±9.54,
p<0.001) in all patients after therapy. Patients with increased aspirin tolerance showed a significant
decrease in urinary leukotriene E4 levels and their improvement in clinical parameters was associated with
a reduction of eotaxin-1, C-C motif chemokine ligand 17, IL-5, IL-17A and IL-6.
Conclusion In this study, 57% of N-ERD patients tolerated higher doses of aspirin under dupilumab
therapy.

Introduction
Nonsteroidal anti-inflammatory drug (NSAID)-exacerbated respiratory disease (N-ERD) is characterised by
the presence of chronic rhinosinusitis with nasal polyps (CRSwNP), asthma and an intolerance towards
aspirin or other cyclooxygenase-1 (COX-1)-inhibiting NSAIDs [1]. The prevalence is between 0.3% and
0.9% in the general population, yet 7% of asthmatic patients and 10–21% of patients diagnosed with
CRSwNP also have N-ERD [2–4]. Affected patients have a severely reduced quality of life (QoL), with
chronic nasal obstruction, secretion and an impaired sense of smell being the most burdensome symptoms
[5, 6]. Upon ingesting NSAIDs that inhibit the COX-1 enzyme, N-ERD patients experience severe upper
and lower respiratory tract symptoms. These are caused by dysregulation of arachidonic acid metabolism
with an overproduction of cysteinyl leukotrienes and prostaglandin D2 accompanied by decreased levels of
the anti-inflammatory prostaglandin E2 (PGE2) [7].
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In recent years, biologicals targeting cytokines involved in type 2 inflammation have become available as
an important therapeutic option for refractory nasal polyps [8, 9]. Omalizumab, which binds to the Cε3
region of IgE and thus blocks binding of IgE to its receptor present on e.g. mast cells, was the first
biological shown to not only reduce nasal polyp burden, but also induce aspirin tolerance in N-ERD
patients [10–12]. Dupilumab, targeting the interleukin-4 receptor α (IL-4Rα) chain, has become a mainstay
therapy for patients with difficult-to-treat nasal polyposis. Treatment significantly reduces polyp size and
improves QoL, including improved olfactory function [13, 14]. This is accompanied by a reduction of
local eosinophil cationic protein (ECP), eotaxin-3, IL-5 and total IgE levels in nasal secretions [13]. In
phase 3 dupilumab studies, self-reported N-ERD patients were included as a subgroup and showed marked
improvement in total symptom score and Sino-Nasal Outcome Test-22 (SNOT-22) as compared to
aspirin-tolerant subjects [15]. However, the effect of dupilumab on aspirin tolerance has to date not been
thoroughly addressed with a prospective study design.

Thus, we conducted a prospective open-label trial in 31 N-ERD patients to investigate the effect of
dupilumab on aspirin tolerability before and 6 months after treatment by performing aspirin-challenge
testing to optimise recommendations on patients’ NSAID intake. We further sought to verify the impact of
dupilumab on polyp size, asthma and QoL in these patients. Additionally, we analysed the effect of
dupilumab on 33 different inflammatory biomarkers in nasal secretions of affected patients and on urinary
levels of metabolites of the arachidonic acid pathway, and sought to identify differences between patients
with dupilumab-induced aspirin tolerance and those who remained aspirin sensitive.

Methods
Study design and patients
This prospective open-label single-centre study was conducted at the Department of Otorhinolaryngology
and the Department of Dermatology at the Medical University of Vienna, Austria. It was approved by the
local ethics committee (EK 1044/2020) and registered at EudraCT (2019–004889–18) and ClinicalTrials.gov
(NCT04442256).

All patients signed an informed consent prior to study participation. Inclusion criteria included a minimum
age of 18 years and a diagnosis of N-ERD (CRSwNP, asthma, aspirin intolerance).

CRSwNP was diagnosed according to the European Position Paper on Rhinosinusitis and Nasal Polyps
2020 criteria [16]. Asthma was diagnosed based on the Global Initiative for Asthma guidelines [17].
N-ERD was diagnosed by patients’ medical history according to the European Academy of Allergology
and Clinical Immunology position paper on the diagnosis and management of N-ERD and was confirmed
by hypersensitivity reactions to oral aspirin provocation challenge before initiating treatment with
dupilumab [18]. For provocation testing, patients needed to have stable asthma and/or forced expiratory
volume in 1 s (FEV1) >70%. Patients were carefully monitored for 24 h in the hospital after a positive
reaction to aspirin.

Dupilumab was administered subcutaneously for a total of 6 months, dosed at 300 mg every 2 weeks after
a loading dose of 600 mg according to dosage for atopic dermatitis. Patients maintained their usual topical/
systemic asthma medication and nasal treatment regimen throughout the study. Concomitant aspirin
desensitisation or treatment with other biologicals for CRSwNP or asthma were not permitted.

Study measures
The primary study end-point was the proportion of patients developing tolerance to aspirin as examined at
baseline and after the 24-week treatment (supplementary figure E1). Key secondary end-points were
change of nasal polyp size (total polyp score (TPS)) [19], disease-specific QoL for CRSwNP measured
with SNOT-22 [20], total nasal symptom score (TNSS) and disease-specific QoL for asthma measured
with the Asthma Control Test (ACT) score from baseline up to 24 weeks after the start of dupilumab
treatment (baseline, 4 weeks, 12 weeks, 24 weeks). Sense of smell was evaluated using the University of
Pennsylvania Smell Identification Test (UPSIT) at baseline and after 24 weeks [21]. Respiratory parameters
were measured by spirometry and included FEV1, maximal expiratory flow at 50% of forced vital capacity
(MEF50) and maximal expiratory flow at 75% of forced vital capacity (MEF75) at baseline and after 12 and
24 weeks of therapy. For further information, please refer to the supplementary methods.

Aspirin provocation testing
Aspirin provocation testing was performed at baseline and after 24 weeks of dupilumab treatment by oral
exposure to aspirin. This was performed in accordance with previously established protocols, starting with
a dose of 125 mg that was increased to 250 mg after 2 h; if no reaction occurred, a maximum of 500 mg
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TABLE 1 Patient demographics and clinical characteristics

Characteristics Subjects
(n)

Baseline Subjects
(n)

Aspirin-intolerant after
6 months treatment
with dupilumab

Subjects
(n)

Aspirin-tolerant after
6 months treatment with

dupilumab

p-value#

Age, years 31 13 17 NS (p=0.87)
Min–max 26–70 33–63 26–70
Mean 46.13 45.92 46.65

Sex NS (p=0.25)
Male 17 (55%) 9 (69%) 7 (41%)
Female 14 (45%) 4 (31%) 10 (59%)

Reaction to aspirin provocation before treatment Yes No Yes No Yes No
Upper respiratory tract 31 10 (32%) 21 (68%) 13 3 (23%) 10 (77%) 17 6 (35%) 11 (65%) NS (p=0.35)
Lower respiratory tract 31 2 (6%) 29 (94%) 13 2 (15%) 11 (85%) 17 0 (0%) 17 (100%) NS (p=0.75)
Both upper and lower respiratory tract 31 19 (61%) 12 (39%) 13 8 (62%) 5 (38%) 17 11 (65%) 6 (35%) NS (p=0.21)

Comorbidities Yes No Yes No Yes No
Allergy 30 22 (73%) 8 (27%) 13 10 (77%) 3 (23%) 16 11 (69%) 5 (31%) NS (p=0.94)
Asthma 31 30 (97%) 1 (3%) 13 12 (92%) 1 (8%) 17 17 (100%) 0 (0%) NS (p=0.89)

Number of previous surgeries 31 13 17 p=0.02
Min–max 0–6 0–3 0–6
Mean±SD 2.06±1.46 1.46±0.97 2.65±1.54

Scores (scale), mean±SD
TPS combined (0–8) 31 3.58±2.42 13 4.46±2.33 17 2.76±2.28 NS (p=0.06)
UPSIT score (0–40) 30 14.70±8.68 12 13.33±8.62 17 16.12±8.85 NS (p=0.24)
SNOT-22 (0–110) 30 41.43±23.27 13 46.85±22.34 16 37.12±24.54 NS (p=0.28)
ACT (0–25) 29 21.07±3.85 13 20.23±2.74 15 21.53±4.61 NS (p=0.09)

FEV1 (%) 29 13 15 NS (p=0.69)
Median (min–max) 71.09 (51.13–86.58) 71.09 (51.13–82.71) 71.77 (53.00–86.58)
Mean±SD 70.51±8.87 71.30±8.58 69.88±9.64

MEF50 (L·s
−1) 29 13 15 NS (p=0.60)

Median (min–max) 2.29 (0.86–4.31) 2.29 (0.86–3.33) 2.23 (1.01–4.31)
Mean±SD 2.40±0.81 2.29±0.70 2.46±0.93

MEF75 (L·s
−1) 23 9 13 NS (p=0.89)

Median (min–max) 4.85 (2.71–9.39) 4.75 (2.89–6.63) 4.85 (2.71–9.39)
Mean±SD 4.69±1.48 4.60±1.28 4.68±1.70

Biomarkers
Total IgE (kU·L−1) 30 12 17 NS (p=0.18)
Median (min–max) 194.5 (26.90–1051.00) 250.5 (62.3–1051.0) 146.0 (26.9–896.0)
Mean±SD 264.82±264.71 362.02±324.97 206.79±204.24

Total IgE from nasal secretion (ng·µL−1) 31 13 17 NS (p=0.06)
Median (min–max) 528.87 (65.18–6813.47) 1652.23 (81.26–6813.47) 293.60 (65.18–3728.98)
Mean±SD 1389.91±1845.84 2275.51±2343.61 786.31±1070.86

Eosinophils (%) 28 11 16 NS (p=0.49)
Median (min–max) 4.60 (0.70–12.00) 6.7 (1.9–9.7) 4.3 (0.7–12.0)
Mean±SD 5.67±3.00 6.30±3.15 5.27±3.02

ECP (μg·L−1) 23 10 12 NS (p=0.82)
Median (min–max) 39.9 (9.38–200.0) 47.7 (9.38–109.0) 38.5 (18.80–200.0)
Mean±SD 57.23±43.85 54.24±31.92 61.36±54.32

TPS: total polyp score; UPSIT: University of Pennsylvania Smell Identification Test; SNOT-22: Sino-Nasal Outcome Test-22; ACT: Asthma Control Test; FEV1: forced expiratory volume in 1 s; MEF50:
maximal expiratory flow at 50% of forced vital capacity; MEF75: maximal expiratory flow at 75% of forced vital capacity; ECP: eosinophil cationic protein; NS: nonsignificant. #: from comparison of
aspirin-intolerant and aspirin-tolerant patients at baseline.
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was given after another 2 h of observation [12]. Vital signs were monitored, and spirometry was performed
30 min before and after each drug intake. Reactions were evaluated by spirometry and/or documentation of
clinical nasal or extrapulmonary symptoms. Lower respiratory tract reactions were deemed positive if a
decrease in FEV1 >20% was observed. Upper respiratory tract reactions were categorised as positive when
symptoms of nasal congestion, rhinorrhoea, sneezing, nasal/eye itching or eye redness/tearing were
observed. Combined upper and lower respiratory reactions were categorised as positive when a decrease in
FEV1 by at least 20% in the presence of nasal congestion, rhinorrhoea, sneezing, nasal/eye itching or eye
redness/tearing occurred.

Subsequent to positive reactions, aspirin provocation testing was stopped, and patients received appropriate
symptomatic treatment. Patients were observed for up to 8 h after the last dose of aspirin in order to
exclude late anaphylactic reactions.

ELISA, MSD measurements and statistics
Nasal cytokines were assayed via Meso Scale Discovery assays. Levels of nasal IgE and urine leukotriene
E4 as well as 11β-prostaglandin F2α were determined by ELISA (supplementary methods).

Results
Induction of aspirin tolerance in N-ERD patients after 24 weeks of dupilumab treatment
A total of 31 patients with a conclusive history of N-ERD and concomitant symptoms were enrolled, with
30 patients completing aspirin provocation tests both before and after dupilumab treatment (supplementary
figure E1b, table 1). At baseline aspirin provocation, the majority of patients (61%, n=19 of 31) presented
with a combination of both upper respiratory tract (e.g. nasal congestion, rhinoconjunctivitis or
rhinorrhoea) and lower respiratory tract reactions (e.g. pulmonary obstruction, coughing or dyspnoea). An
additional 32% of patients (n=10 of 31) showed isolated upper respiratory tract reactions and 6% (n=2 of 31)
showed only lower respiratory tract reactions (table 1, figure 1). At baseline, 74% of patients (n=23 of 31)
showed respiratory symptoms at a dosage of 125 mg of aspirin, 19% (n=6 of 31) tolerated a cumulative
dose of 375 mg and 6% (n=2 of 31) reacted at the highest cumulative doses of 875 mg (table 2). All
patients received dupilumab treatment for 6 months. While one patient, who reacted at a cumulative dose
of 875 mg of aspirin during the first provocation, was unwilling to perform the second aspirin challenge,
23% (n=7 of 30) of the patients attending the second provocation test tolerated the highest cumulative
dosage of 875 mg without showing any signs of hypersensitivity reaction (p<0.001, table 2), i.e. complete
aspirin tolerance. An additional 33% of patients (n=10 of 30) tolerated a higher dose at the second
challenge, i.e. partial aspirin tolerance. Thus, 57% of patients (n=17 of 30) had reduced NSAID
hypersensitivity after 6 months of dupilumab therapy. Of the patients completing a second aspirin
provocation test, 40% (n=12 of 30) showed symptoms at the same dosage as in the baseline visit and 3%
(n=1 of 30) tolerated less aspirin in the second challenge. In contrast to baseline findings, at the second
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FIGURE 1 Different respiratory symptoms in response to oral aspirin provocation before and 24 weeks after
dupilumab treatment. Number of patients at each visit and significance of changes between baseline and week
24 are indicated in individual graphs. ***: p<0.001; ****: p<0.0001.
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aspirin provocation patients mainly experienced isolated upper respiratory tract reactions (n=16 of 30,
figure 1) and fewer patients experienced both upper and lower respiratory tract reactions (n=6 of 30).

Clinical effectiveness of dupilumab in N-ERD patients
After 24 weeks of dupilumab treatment we observed an overall significant decrease in polyp size (TPS:
−2.68±1.84, p<0.001; figure 2a, supplementary table E1). This was accompanied by improved TNSS
(−3.46±3.39, p<0.001) and total SNOT-22 levels (−26.73±23.49, p<0.001) as compared to baseline
(figure 2b, c). Dupilumab treatment also resulted in better smell perception (UPSIT score: +11.16±9.54,
p<0.001, figure 2d) and improvement of asthma symptoms (ACT score: +2.49±3.66, p<0.001, figure 2e).
Furthermore, the spirometry-derived parameters FEV1 % predicted (+2.28±5.44%, p=0.01) and MEF50
(+0.26±0.79, p=0.02) showed a trend towards improvement (figure 2f, g). Patients performed better in
QoL scores in Patient Health Questionnaire-2 and the Euroqol EQ-5D-3L (supplementary figure E2a–c).

Biomarker changes in serum, urinary and nasal secretions upon dupilumab treatment
Dupilumab treatment in N-ERD patients was associated with a reduction in total serum IgE levels
(−165.13±184.06 kU·L−1, p<0.001; figure 3a, supplementary table E1) and an increase in serum
ECP levels (+49.02±48.82 μg·L−1, p<0.001; figure 3b, supplementary table E1) as well as absolute
(+0.21±0.35 G·L−1, p=0.003; figure 3c) and percentage (+1.71±4.07%, p=0.01; figure 3d) eosinophil

TABLE 2 Cumulative dose for aspirin provocation at baseline and 24 weeks after dupilumab treatment

Patient ID Sex Age (years) Cumulative provoking
aspirin dose (mg)

Baseline Week 24

Complete aspirin tolerance
001 M 54 375 875
002 F 43 125 875
003 F 47 125 875
004 F 31 125 875
005 F 49 375 875
006 F 33 125 875
007 F 48 125 875

Partial aspirin tolerance
008 M 50 125 375
009 F 27 125 375
010 F 70 125 375
011 M 36 375 875
012 M 43 125 375
013 M 38 125 375
014 F 67 125 375
015 M 68 125 375
016 F 33 125 375
017 M 65 125 375

No aspirin tolerance
018 M 40 125 125
019 M 36 125 125
020 M 51 125 125
021 F 47 125 125
022 M 56 375 375
023 M 63 375 375
024 M 33 375 125
025 M 35 125 125
026 F 42 125 125
027 M 51 125 125
028 M 56 125 125
029 F 47 875 875
030 F 45 125 125

No second provocation
031 M 40 875 NA

M: male; F: female; NA: not applicable.
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FIGURE 2 Changes in clinical responses from baseline over time in nonsteroidal anti-inflammatory
drug-exacerbated respiratory disease patients during 24 weeks of dupilumab treatment. a) Mean of total polyp
score (TPS), b) mean difference from baseline in total nasal symptom score (TNSS), c) mean difference from
baseline in Sino-Nasal Outcome Test-22 (SNOT-22), d) mean score of University of Pennsylvania Smell
Identification Test (UPSIT), e) mean difference from baseline in Asthma Control Test (ACT), f ) mean %
predicted forced expiratory volume in 1 s (FEV1) and g) mean score of maximal expiratory flow at 50% of forced
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blood levels after 24 weeks. In addition, after 6 months of treatment, we observed a drop in total IgE levels
in nasal secretions (−1195.77±1777.02 ng·µL−1, p<0.001; figure 3e). Urinary levels of 11β-prostaglandin
F2α (−488.56±943.07 pg·mL−1, p=0.03) as well as leukotriene E4 (−295.19±655.45 pg·mL−1, p=0.02)
were also significantly reduced (figure 3f, g, supplementary table E1). Of the 33 biomarkers assessed in
nasal secretions, we observed a significant decrease (supplementary table E2) in type 2-associated
cytokines such as thymic stromal lymphopoietin (TSLP) (figure 4a), C-C chemokine motif ligand 17
(CCL17) (figure 4b), IL-5 (figure 4c) and IL-13 (figure 4d) as well as eotaxin-1 (figure 4e) and eotaxin-3
(figure 4f). The inflammatory cytokines IL-12p40 (figure 4g), tumour necrosis factor-α (TNF-α) (figure
4h) and IL-6 (figure 4i) as well as T-cell subset-associated cytokines IL-17A (figure 4j) and IL-22 (figure
4k) also decreased over time. For all the other cytokines assessed, no significant differences were observed
between week 0 and week 24 of treatment (supplementary figure E3, supplementary table E2).

vital capacity (MEF50) are displayed at baseline as well as 4, 12 and 24 weeks after treatment where applicable.
Number of patients at each visit and significance of changes between baseline and week 24 are indicated in
individual graphs. *: p<0.05; ***: p<0.001; ****: p<0.0001.
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Aspirin-tolerant but not aspirin-intolerant patients show an associated change in clinical parameters
with biomarkers
Baseline characteristics of patients who tolerated higher levels of aspirin during the second provocation
after 6 months of dupilumab treatment (referred to as aspirin-tolerant) did not differ from those who
remained intolerant for aspirin (referred to as aspirin-intolerant) except for the number of previous
surgeries at week 0 (meanaspirin−tolerant: 2.65±1.54, meanaspirin-intolerant: 1.46±0.97, p=0.02) (table 1).
Dupilumab treatment resulted in a comparable reduction of clinical parameters in both groups after
6 months (figure 5a, b, supplementary figure E2d and data not shown). With regards to biomarkers, the
aspirin-tolerant but not the aspirin-intolerant groups showed a significant reduction in urinary leukotriene E4
(meanaspirin-intolerant=−441.81±703.33 pg·mL−1, p=0.02, figure 5c) and 11β-prostaglandin F2α levels
(meanaspirin-intolerant=−681.62±1003.91 pg·mL−1, p=0.03, figure 5d) at 24 weeks. Surprisingly, the change
in nasal secretion biomarker levels after 6 months of dupilumab administration between groups was
comparable, with IL-17A, IL-5 and IL-6 showing a trend towards a stronger reduction in aspirin-intolerant
patients and CCL17 showing a trend towards a more pronounced decrease in the aspirin-tolerant patients
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FIGURE 4 Analysis of selected biomarkers in nasal secretions of nonsteroidal anti-inflammatory drug-exacerbated respiratory disease (N-ERD)
patients in response to dupilumab treatment. Levels of a) thymic stromal lymphopoietin (TSLP), b) C-C motif chemokine ligand 17 (CCL17), c)
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diamond-shaped points are outliers. Significance of changes between baseline and week 24 are indicated in individual graphs. *: p<0.05; **: p<0.01;
***: p<0.001; ****: p<0.0001.
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(figure 5e, supplementary figure E4, supplementary table E2). In an additional analysis differentiating
between patients who developed complete aspirin tolerance and those who developed partial aspirin
tolerance, as compared to those who remained aspirin-intolerant, we found no difference in TPS or smell
performance between the groups (supplementary figure E5). While cytokine levels confirmed previous
observations (supplementary figure E6), the patients with partial aspirin tolerance had a trend
towards higher baseline leukotriene E4 and 11β-prostaglandin F2α levels and were the only group showing
a significant reduction in urinary leukotriene E4 (meanpartial aspirin tolerance=−644.77±773.33 pg·mL−1,
p=0.03, supplementary figure E5c) and 11β-prostaglandin F2α levels (meanpartial aspirin tolerance=
−951.07±1053.47, p=0.01, supplementary figure E5d) at 24 weeks. However, the statistical results need to be
carefully evaluated with regards to the small sample size in the three-group comparison.

The decrease in nasal but not urine-derived biomarkers is associated with clinical improvement in
aspirin-tolerant patients
Last, we assessed the association of changes in nasal TPS and UPSIT score with changes in nasal and
urinary biomarkers in both the aspirin-tolerant and aspirin-intolerant group after dupilumab treatment. We
noted that the decrease in percentage change between end of treatment and baseline for nasal eotaxin-1
(paspirin-tolerant=0.02, paspirin-intolerant=0.62, figure 6a) and IL-6 (paspirin-tolerant=0.05, paspirin-intolerant=0.91,
figure 6b) showed an association with the change of TPS from baseline in the aspirin-tolerant group only.
This was not the case for the other parameters assessed, namely nasal IL-5 (figure 6c), IL-17A (figure 6d)
and CCL17 (figure 6e) or urinary leukotriene E4 (figure 6f) and 11β-prostaglandin F2α (figure 6g) levels.
Although no association was found for change in nasal derived eotaxin-1 (figure 6h) or IL-6 (figure 6i)
with change in UPSIT score, a moderate negative correlation was observed for change in UPSIT with
decreases in nasal-derived IL-5 (paspirin-tolerant=0.01, paspirin-intolerant=0.65, figure 6j), IL-17A
(paspirin-tolerant=0.05, paspirin-intolerant=0.53, figure 6k) and CCL17 (paspirin-tolerant=0.02, paspirin-intolerant=0.25,
figure 6l) in the aspirin-tolerant group but not the aspirin-intolerant group. Again, urinary biomarkers
leukotriene E4 (figure 6m) and 11β-prostaglandin F2α (figure 6n) did not correlate with change in UPSIT
levels in any of the two patient groups.

Discussion
In this single-centre prospective open-label study, we demonstrated that treatment with dupilumab in
N-ERD patients leads to a significant reduction in polyp size accompanied by an improvement in QoL and
smell perception. Importantly, 23% of patients (n=7 of 30) developed a complete tolerance and 33% (n=10
of 30) tolerated higher doses of NSAID after 6 months of dupilumab therapy. Patients showed diminished
levels of urinary leukotriene E4 and prostaglandin F2 as well as nasal type 2 response-associated
biomarkers after 6 months of treatment. In aspirin-tolerant patients, the improvement in clinical parameters
was associated with a reduction in nasal-derived eotaxin-1, CCL17, IL-5, IL-17A and IL-6.

After 6 months of treatment with dupilumab, a reduction in polyp score of −2.68±1.84 points was observed,
which is comparable to data from the large multicentre placebo-controlled trials SINUS-24 and SINUS-52 for
treatment of CRSwNP with dupilumab [13]. A sub-analysis of the latter studies in N-ERD patients and trials in
other N-ERD cohorts also proved the significant impact of dupilumab on polyp burden in this difficult-to-treat
patient group [15, 22, 23]. Consistent with previous data we also observed better control of lower airway
disease with an improvement in MEF50 (+0.26±0.79 L·s

−1) and the ACT score (+2.49±3.66) [24, 25].

Smell perception after 6 months of therapy as measured by UPSIT score improved significantly
(+11.16±9.54), which was comparable to results obtained in previous studies with dupilumab in CRSwNP
and in N-ERD patients [13, 26, 27]. Although the underlying mechanism is not yet fully understood, it is
thought that both the impaired nasal airflow and the direct effect of inflammatory processes on the mucosa
and olfactory neurons play a role in olfactory loss in chronic rhinosinusitis [28]. In fact, cytokines
associated with type 2 inflammation, which are known to be elevated in N-ERD patients [9, 29], as well as
TNF-α have been shown to have a direct negative impact on olfactory neurogenesis and regeneration [30,
31]. In accordance with previous observations in CRSwNP patients without aspirin sensitivity [13, 14], we
observed a significant decrease of eotaxin-3 and IL-5 in nasal secretions of dupilumab-treated patients.
This reduction was accompanied by an increase in eosinophil levels in the blood, which may be explained

25th percentile and top border the 75th percentile of the data. Whiskers extend 1.5 times the interquartile range and diamond-shaped points are
outliers. e) Median percentage change from baseline of selected biomarkers (cytokines) in nasal secretions. All analyses performed in patients
showing aspirin tolerance (orange) or no aspirin tolerance (blue) at the second provocation after 24 weeks of treatment. Significance of changes
between baseline and week 24 are indicated in individual graphs. NS: nonsignificant; IL: interleukin; CCL17: C-C motif chemokine ligand 17; TNF-α:
tumour necrosis factor α; TSLP: thymic stromal lymphopoietin. *: p<0.05; **: p<0.01.
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by the effect of dupilumab in reducing eosinophil-attracting cytokines, and thus eosinophil migration, into
tissue while not affecting production of these cells in the bone marrow [13]. Other type 2
response-associated molecules such as TSLP, CCL17 and IL-13 as well as TNF-α were also decreased
after treatment. Interestingly, the reduction of CCL17 and IL-5 showed a significant direct association with
smell improvement in patients developing aspirin tolerance during therapy. Our results indicate that the
observed ameliorated smell perception after dupilumab therapy may not only be explained by improved
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nasal patency due to reduced polyp size, but also by the reduction of relevant biomarker levels in nasal
secretions.

This is, to the best of our knowledge, the first study reporting the effect of dupilumab on aspirin tolerance
in a prospective study design within a representative group of 31 patients with well-defined N-ERD as
confirmed by aspirin provocation testing [18]. Overall, we found that 57% of patients tolerated more
aspirin after dupilumab therapy, with some of them (23% of all patients) bearing the highest dose. These
results are similar to those of a recent small study in five patients, which showed increased (40% of
patients) or complete (60% of patients) aspirin tolerance in N-ERD patients after at least 3 months of
dupilumab treatment [32]. Furthermore, patients becoming aspirin-tolerant after 6 months showed a trend
towards lower baseline TPS score before the start of treatment. Though it did not reach significance, this
observation warrants further studies to investigate the influence of the baseline TPS score on patients’
outcome with regards to aspirin tolerance development. Patients who developed dupilumab-induced aspirin
tolerance showed a significant reduction in urinary mast cell-derived arachidonic acid metabolites and a
trend towards a stronger decrease in nasal CCL17 levels from baseline as compared to subjects who
remained aspirin sensitive. The observation that leukotriene C4 synthetase in human mast cells can also be
activated by IL-4 may explain the beneficial effect of dupilumab on aspirin sensitivity [33]. However, we
can only speculate on why this beneficial effect is only observed in a subset of patients: it is conceivable
that the IL-4R-mediated augmentation of leukotriene synthesis may be more prevalent in some of our
patients showing dupilumab-induced aspirin tolerance while in others cysteinyl leukotriene synthesis may
be more dependent on e.g. IL-3 or IgE receptor-mediated pathway activation [33, 34]. This may also
explain the differential results regarding development of full aspirin tolerance with omalizumab, where
56% [12] and 62.5% [11] of patients successfully managed the highest aspirin dose during the challenge
after treatment. Omalizumab directly targets activation of mast cells, which are known to be in a
hypersensitive state and to play an important role in acute aspirin reactivity in N-ERD patients [11, 12, 35,
36], which ultimately results in a better therapeutic outcome with regards aspirin tolerance using the
strategy of IgE inhibition.

The observed reduction in nasal polyp scores with an average TPS of −2.68±1.84 points is more
pronounced than the reduction observed with omalizumab in N-ERD patients (TPS −1.9±0.3) [12]. These
results are consistent with previous studies suggesting that dupilumab has a stronger effect on polyp size
reduction than omalizumab [10, 13, 22, 37, 38]. Furthermore, in a recent comparison of different
biological therapies in N-ERD patients, dupilumab led to higher rates of both subjective and objective
symptom improvements than anti-IL5/IL-5Rα or anti-IgE therapy [39]. Targeting IL-4Rα, shared by IL-4
and IL-13, might result in a broad inhibition of multiple traits of type 2 responses important in CRSwNP
pathogenesis, such as activation of eosinophils, mucus secretion and airway remodelling and,
consequently, lead to more pronounced clinical improvement.

The major limitation of this study is the lack of a placebo group. However, because all patients included in
this study had a long disease duration, were experiencing poor QoL and had previously unsuccessfully
tried other treatment strategies, we felt that it was ethically not justifiable to potentially deny them access
to any treatment with biologicals for a period of 6 months. Furthermore, at the time of the study dupilumab
was already licensed as treatment for CRSwNP and there is substantial evidence of the effectiveness of
dupilumab over placebo in N-ERD [15].

In summary, we show that inhibition of IL-4Rα signalling results in a strong reduction in polyp burden in
CRSwNP patients with comorbid N-ERD. This was accompanied by increased aspirin tolerance in 57% of
patients. Because dupilumab-induced aspirin tolerance was not achieved in all patients, aspirin challenge is
recommended prior to NSAID prescription to determine sensitivity status in N-ERD patients receiving
dupilumab. Although the development of aspirin tolerance led to a significant reduction in urine-derived
arachidonic acid metabolites involved in N-ERD, biomarkers clearly identifying patients who will respond
with aspirin tolerance to different biologicals are still missing and warrant further investigation.
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