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Background: Dupilumab, a mAb targeting IL-4Ra, improves
upper and lower airway symptoms in patients with aspirin-
exacerbated respiratory disease (AERD), but the mechanisms
leading to clinical improvement are not fully elucidated.
Objective: Our aim was to identify the mechanistic basis of
clinical improvement in patients with AERD treated with
dupilumab.
Methods: A total of 22 patients with AERD were treated with
dupilumab for 3 months for severe asthma and/or chronic
rhinosinusitis with nasal polyps. Clinical outcomes were
assessed at baseline and at 1 and 3 months after initiation of
dupilumab. Nasal fluid, urine, blood, and inferior turbinate
scrapings were collected at the 3 time points for determination
of mediator levels, cellular assays, and RNA sequencing.
Results: Participants had rapid improvement in clinical
measures, including sense of smell, sinonasal symptoms, and
lung function after 1 month of treatment with dupilumab; the
improvements were sustained after 3 months of dupilumab.
Baseline severity of smell loss was correlated with lower nasal
prostaglandin E2 levels. Dupilumab increased nasal
prostaglandin E2 level and decreased levels of nasal albumin,
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nasal and urinary leukotriene E4, and serum and nasal IgE.
Transcripts related to epithelial dysfunction and leukocyte
activation and migration were downregulated in inferior
turbinate tissue after treatment with dupilumab. There were no
dupilumab-induced changes in nasal eosinophilia.
Conclusion: Inhibition of IL-4Ra in AERD led to rapid
improvement in respiratory symptoms and smell, with a
concomitant improvement in epithelial barrier function, a
decrease in inflammatory eicosanoid levels, and an increase in
the anti-inflammatory eicosanoid prostaglandin E2 level. The
therapeutic effects of dupilumab are likely due to decreased IL-
4Ra signaling on respiratory tissue granulocytes, epithelial
cells, and B cells. (J Allergy Clin Immunol 2022;nnn:nnn-nnn.)

Key words: Aspirin-exacerbated respiratory disease, AERD, IL-
4Ra, IL-4, IL-13, nasal polyp, dupilumab, anosmia, leukotriene
E4, prostaglandin E2

The advent of targeted respiratory biologic therapies for the
treatment of asthma and chronic rhinosinusitis with nasal polyps
(CRSwNP) has yielded significant improvement in control of
these diseases and in patient quality of life.1 In aspirin-
exacerbated respiratory disease (AERD), the triad of asthma,
CRSwNP, and respiratory reactions to COX-1 inhibitors, the up-
per and lower airway inflammation is often difficult to treat, with
many patients failing first-line therapies.2,3

Dupilumab, a fully human mAb targeting IL-4Ra, inhibits
signaling of both IL-4 and IL-13. It is approved for both
moderate-to-severe eosinophilic asthma and inadequately
controlled CRSwNP,4-7 as well as for atopic dermatitis, and it is
also under investigation for other type 2 inflammatory diseases.8,9

Prior studies have shown that within 16 weeks of treatment, dupi-
lumab leads to robust improvements in upper and lower respira-
tory tract symptoms in patients with AERD, including
increased sense of smell, reduction in nasal polyp size, and im-
provements in lung function.10,11 In our experience, we have
noted an even more rapid onset of clinical improvement with du-
pilumab, often within the first month of initiating treatment.

Inhibiting the type 2 cytokines IL-4 and IL-13 has broad
impacts on chronic inflammation, including IgE class switching,
TH2 lymphocyte differentiation, mast cell activation, mucus
secretion, and airway smooth muscle proliferation.12-14 Indeed,
IL-4Ra is expressed on multiple cell types that are potentially
relevant to AERD, including mast cells, eosinophils, B cells,
and epithelial cells, and it is not yet known which of these cells
are causative effectors of the chronic disease in AERD or which
of them are most affected by dupilumab and underlie the mecha-
nism of benefit of IL-4Ra inhibition.15 Dupilumab is known to
1
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Abbreviations used
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spirin-exacerbated respiratory disease
CRSwNP: C
hronic rhinosinusitis with nasal polyps
CRTH2: C
hemoattractant receptor-homologous molecule ex-

pressed on TH2 cells
CysLT: C
ysteinyl leukotriene
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osinophilic cationic protein
FVC: F
orced vital capacity
5-LO: 5
-Lipoxygenase
LTE4: L
eukotriene E4
PGD2: P
rostaglandin D2
PGE2: P
rostaglandin E2
RNA-seq: R
NA sequencing
UPSIT: U
niversity of Pennsylvania Smell Identification Test
induce a decrease in both serum IgE6 and urinary leukotriene E4

(LTE4) levels,
16 but medications that target only IgE (omalizu-

mab) or only leukotriene production (zileuton) may be less effica-
cious than dupilumab in many patients with AERD, suggesting
that there are additional mechanisms by which IL-4Ra inhibition
affords therapeutic benefit.

Elucidating which dupilumab-induced cellular changes lead to
the drug’s dramatic clinical benefit in AERD will allow for
increased understanding of the underlying pathobiology of the
disease and may help teach us which effector cell(s) cause the
chronic inflammation in AERD. With this study we sought to
determine the impact of IL-4Ra blockade in AERD, with parallel
examination of early treatment time points (1 month and 3
months) for both clinical and mechanistic outcomes.
METHODS

Patient characterization
Participants between the ages of 18 and 75 years were recruited from the

Brigham and Women’s Hospital (Boston, Mass) Allergy and Immunology

Clinics from 2018 to 2020 (Table I). The Mass General Brigham Institutional

Review Board approved the study, and all participants provided written

informed consent. The patients with AERD all had asthma, CRSwNP, and a

diagnosis of AERD previously confirmed via a physician-observed oral chal-

lenge to aspirin, which induced objectively defined upper and/or lower respi-

ratory symptoms, including nasal congestion, rhinorrhea, sneezing, wheezing,

dyspnea, and/or fall in FEV1.

Patients with AERD who met criteria for the US Food and Drug

Administration–approved use of every-other-week dupilumab (300 mg sub-

cutaneously) for the treatment of moderate-to-severe eosinophilic asthma or

CRSwNP were prescribed dupilumab by their pulmonologist or allergist/

immunologist as part of their usual clinical care. Patients were recruited before

initiation of their first dose of dupilumab. Participants were followed for this

observational study at 3 visits: a baseline visit just before their first dose of

dupilumab (baseline), after 1 month (2 doses) of taking dupilumab (month 1),

and again after 3 months of taking dupilumab (month 3). Participants were

excluded if they had received any other biologic therapy within 6 months of

enrollment.
Clinical procedures and specimen procurement
At each of the 3 study visits, clinical parameters were collected, including

sense of smell (using the University of Pennsylvania Smell Identification Test

[UPSIT]), peak nasal inspiratory flow, nasal polyp size, as assessed with an

otoscope (a unilateral polyp score of 0 if not visible, 1 if visible above the

middle turbinate, and 2 if visible below the middle turbinate, for a total
maximum bilateral score of 4), spirometry (FEV1 and forced vital capacity

[FVC]), and patient-reported outcomemeasures (including 22-Item Sinonasal

Outcome Test and Asthma Control Questionnaire-6 scores). Biologic speci-

mens, including urine, blood, nasal fluid, and nasal cells from the inferior

turbinate, were collected at the same time points. All measurements for a sin-

gle participant were done together in the same batch. For full details, see the

Supplemental Methods section in this article’s Online Repository (at www.

jacionline.org).
Flow cytometry
Flow cytometry measurement of peripheral blood eosinophils, basophils,

neutrophils, and surface chemoattractant receptor-homologous molecule

expressed on TH2 cells (CRTH2) expression was performed as previously

described.17 The presence of platelet-adherent leukocytes was assessed as pre-

viously described.18 For full details, see the Supplementary Methods section

and Table E1 in this article’s Online Repository (at www.jacionline.org).
Mediator quantification
Nasal fluid and serum were measured for levels of total IgG (Invitrogen,

Waltham, Mass), IgA (Invitrogen), IgE (Invitrogen for serum level and

Abcam, Waltham, Mass, for nasal secretions) and IgG4 (eBioscience, San

Diego, Calif) by ELISA, and for total tryptase level (at Virginia Common-

wealth University). Nasal secretions were further analyzed for albumin

(Abcam) and eosinophilic cationic protein (ECP) by ELISA (Lifespan

Biosciences, Seattle, Wash). Urinary eicosanoids (Vanderbilt University,

Nashville, Tenn) and nasal eicosanoids (University of California San Diego)

were measured by mass spectrometry.19
Inferior nasal turbinate epithelial cell bulk RNA-seq
For bulk RNA sequencing (RNA-seq), cells were scraped from the inferior

turbinate and immediately preserved in RNAprotect (Qiagen, Germantown,

Md). Sequencing libraries were generated by using a modified low-input bulk

RNA-seq pipeline, as described.17 Differential expression analysis was con-

ducted with DESeq2.20 The WebGestalt online tool was used to identify the

distribution of preranked DEGs involved in specific signaling pathways in

the Gene Ontology Biological Processes database. The R package ggplot2

was used to plot pathways with a false discovery rate less than 0.01 in either

of the comparisons. For full details, see the Methods section in this article’s

Online Repository.
Statistical analysis
Mixed effect analysis was used to assess change over time for numeric

clinical outcomes. The model included a fixed categoric effect of visit as

month and random intercept. An unstructured covariance structurewas used to

model thewithin-participant errors.P values were reported for overall time ef-

fect, month 1 compared with baseline, and month 3 compared with baseline.

TheP values for 2 pairwise comparisons (month 1 comparedwith baseline and

month 3 compared with baseline) were Tukey-Kramer–adjusted. Categorical

clinical outcomes were analyzed by using the generalized estimating equa-

tions model. Wilcoxon signed rank tests were used for biomarker analysis.

A reduced P value of 2.5% was used to test significance level for biomarker

analyses because of analysis of multiple biomarkers. Correlation between bio-

markers was assessed by using the Pearson and/or Spearman correlation coef-

ficient. Analysis was performed by using SAS, version 9.4 (SAS Institute,

Cary, NC), and figures were prepared in GraphPad Prism, version 9.2.0

(GraphPad, La Jolla, Calif).
RESULTS

Study population and demographics
A total of 22 patients with physician-diagnosed AERD who

initiated treatment with dupilumab as an add-on asthma or

http://www.jacionline.org
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TABLE I. Patient characteristics (N 5 22)

Characteristic Value

Age (y), mean 6 SD 52.6 6 13.4

Female sex, no. (%) 12 (54.5%)

White race, no. (%) 19 (86.4%)

Lifetime endoscopic sinus surgeries, mean 6 SD 2.4 6 1.1

Prior use of a respiratory biologic, no. (%)* 3 (13.6%)

Current use of daily aspirin therapy at study

entry, no. (%)�
8 (36.3%)

Current use of montelukast, no. (%) 11 (50%)

FEV1 % predicted, mean 6 SD 75.7 6 19.6

Baseline SNOT-22, mean 6 SD 48.7 6 22.3

Baseline ACQ-6, mean 6 SD 1.6 6 1.3

Baseline UPSIT score, mean 6 SD 15.5 6 9.6

ACQ-6, Asthma Control Questionnaire-6; SNOT-22, 22-Item Sino-Nasal Outcome

Test.

*Participants previously treated with a respiratory biologic had a minimum of a

6-month washout period.

�Aspirin therapy was administered in a dose of either 650 mg daily or 1300 mg daily.
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CRSwNP therapy participated in this observational study (Table
I). No patients were taking systemic corticosteroids, 11 of 22 pa-
tients were taking montelukast, and 15 of 22 patients used nasal
budesonide irrigations, with the remaining patients using over-
the-counter intranasal steroid sprays for at least 1 month before
entering the study. Of the 22 participants, 8 were taking daily
aspirin therapy after desensitization for 6 months or more before
starting dupilumab, but they did not achieve sufficient control of
asthma or CRSwNP with aspirin therapy and thus elected to pur-
sue treatment with dupilumab. Therewere no baseline differences
in number of endoscopic sinus surgeries, patient-reported rate of
polyp regrowth, or FEV1 % predicted between participants who
were taking high-dose daily aspirin and those who were not. All
participants had previously undergone endoscopic sinus surgery.
All baseline medications were kept consistent through the study
period.
Dupilumab-induced changes in clinical outcomes
UPSIT score was significantly improved after 1 and 3 months

of dupilumab treatment (Fig 1, A; mean change of 11.3 and 11.9,
respectively; P < .0001 at both time points). On the basis of their
UPSIT scores, 16 of 22 participants were classified as anosmic
(UPSIT score <19) at baseline, but after 1 month of treatment
only 4 participants were still anosmic (Fig 1, B; odds ratio 5
0.12; 95% CI 5 0.04-0.36; P 5 .0002), and this effect was sus-
tained after 3 months of dupilumab treatment (odds ratio 5
0.08; 95% CI 5 0.02-0.28; P < .0001). Improvement in 22-Item
Sino-Nasal Outcome Test score beyond the minimal clinically
important difference of 8.9 points21 was observed after 1 month
of dupilumab therapy (mean change –34.4; P < .0001) and was
sustained at the 3-month time point (mean change –34.5; P <
.0001) (Fig 1, C). The peak nasal inspiratory flow was increased
after 1 and 3 months of dupilumab (Fig 1, D; mean change 31.4
mL (P 5 .0023) and 36.5 mL (P 5 .0007), respectively). Nasal
polyp scores also improved with dupilumab, with significant
reduction in nasal polyp burden identified after just 1 month of
treatment (Fig 1, E; P < .0001).

Lower airway assessments also showed improvements in lung
function and asthma control. The FEV1% predicted values
improved by a mean of 12.6% (P 5 .0002) and 12.1%
(P 5 .0015) at months 1 and 3, respectively (Fig 2, B), and there
were also significant improvements in the total liters of FEV1 and
FVC values at both visits (Fig 2, A and C). Patient-reported
asthma control, assessed by Asthma Control Questionnaire-6,
improved significantly after 1 month of dupilumab treatment
(mean change –1.3; P < .0001), which was sustained after 3
months of treatment (Fig 2, D).
Effects of dupilumab on nasal and urinary

eicosanoid levels
Urinary levels of LTE4 decreased significantly after 1 and 3

months of dupilumab treatment (Fig 3, A; P < .0001 and P 5
.0095, respectively), and nasal LTE4 level decreased by more
than 7-fold from baseline to month 1 (P5 .0256) and even further
at month 3 (P 5 .0020) (Fig 3, D). There were no significant
changes in urinary levels of the prostaglandin D2 (PGD2) metab-
olite tetranor PGD-M, although there was a trend toward a
decrease at month 1 (Fig 3, B), and there were no dupilumab-
induced changes in nasal levels of the PGD2 metabolite
DHKPGD2 (Fig 3, E). Urinary PGE-M levels did not change
with dupilumab (Fig 3, C). However, there was a significant
dupilumab-induced increase in level of nasal fluid prostaglandin
E2 (PGE2), with a nearly 2-fold increase after 1 and 3 months
of treatment (Fig 3, F; P5 .0103 and .0063, respectively). There
was no significant difference in baseline levels of urinary LTE4,
urinary PGE-M, nasal DHKPGD2, or nasal PGE2 in the partici-
pants taking or not taking high-dose daily aspirin (data not
shown). However, patients taking high-dose aspirin at the start
of the study had lower baseline urinary PGD-M levels than did
those patients not taking high-dose aspirin (mean 1.1 ng/mL vs
3.1 ng/mL; P < .01).

We then assessed for a relationship between PGE2 and LTE4

levels and sense of smell and identified an association between
baseline nasal PGE2 level and UPSIT score, but not between
LTE4 level and UPSIT score. At baseline, 6 of 22 participants
had anUPSIT score of 19 or higher andwere classified as normos-
mic or hyposmic, whereas 16 of 22 participants had an UPSIT
score less than 19 and were classified as anosmic. The anosmic
participants had significantly lower nasal PGE2 levels at baseline
than did the hyposmic and normosmic participants, with a mean
nasal PGE2 level of 1.60 ng/mL versus 5.11 ng/mL (P 5 .0168)
(Fig 4, A). Further, we observed a positive correlation between
baseline UPSIT score and nasal PGE2 levels (r 5 0.503; P 5
.0171) and a trend toward a positive correlation between the
dupilumab-induced change in nasal PGE2 level between baseline
and month 1, and the corresponding change in UPSIT score (Fig
4, B and C).
Effects of dupilumab on nasal albumin, ECP, and

nasal and serum tryptase levels
Nasal albumin levels fell significantly after 1 month of

dupilumab treatment (Fig 5, A; P 5 .0149), which was sustained
at the 3-month time point (P 5 .0160). There was a slight trend
toward decreased nasal ECP levels after 1 and 3 months of dupi-
lumab treatment (Fig 5, B), and there was no significant
dupilumab-induced change in serum or nasal tryptase level
(data not shown).
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FIG 1. Dupilumab-induced changes in clinical upper respiratory outcomes. Smell identification level as

measured by UPSIT is shown as raw scores (A) or as summarized levels of anosmia, hyposmia, and nor-

mosmia (B) at the pre-dupilumab baseline, and after 1 and 3 months of treatment with dupilumab. Patients’

22-Item Sino-Nasal Outcome Test (SNOT-22) scores (C), peak nasal inspiratory flow (PNIF) (D), and oto-

scopically scored bilateral nasal polyp scores (E) are shown for the same time points. Data in (A) and

(C-E) are shown as Tukey box-and-whisker plots (N 5 22 participants).
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Effects of dupilumab on nasal and serum antibody

levels
Both serum and nasal IgE levels decreased after 1 month of

dupilumab treatment (P < .0001 and P 5 .0003, respectively),
with the decreases sustained after 3 months (Fig 6, A and B;
P < .0001). There were no significant changes in nasal IgA, total
nasal IgG, or nasal or serum IgG4 levels measured at these time
points (data not shown).
Blood granulocyte levels, their CRTH2 expression,

and the levels of leukocyte-platelet aggregates are

unchanged by dupilumab
Dupilumab did not significantly change the peripheral blood

levels of eosinophils, basophils, or neutrophils measured as a
percentage of total CD451 cells (see Fig E1, A-C in the Online
Repository at www.jacionline.org), and it did not change the per-
centages of any platelet-adherent leukocyte subsets (see Fig E1,
D-G). Dupilumab did not significantly change the surface expres-
sion of CRTH2 on either blood eosinophils or basophils, calcu-
lated as a median fluorescence intensity (see Fig E2 in the
Online Repository at www.jacionline.org).
Inferior turbinate RNA-seq
Analysis of the inferior turbinate scraping RNA-seq samples

revealed that after 1 month of dupilumab treatment there were 32
upregulated and 25 downregulated transcripts, and after 3 months
there were 34 upregulated and 86 downregulated transcripts that
passed the false discovery rate with an adjusted P value less than
.05 (Fig 7, A and B and see Table E2 in the Online Repository at
www.jacionline.org) when long noncoding RNA was included.
Two transcripts related to mucus overproduction and epithelial
dysfunction (MUC5B22-24 and PTHLH25) were significantly
downregulated after the first month of dupilumab treatment. On
the basis of prior single-cell RNA-seq, we recover mostly basal,
secretory, and ciliated epithelial cells, but we also capture some
lymphocytes, granulocytes, and myeloid cells from inferior turbi-
nate scrapings.15 Gene Ontogeny analyses of the data suggest
downregulation of 24 pathways and upregulation of 4 pathways
after 1 or 3 months of treatment with dupilumab (Fig 7, C).
Among other pathways, there was dupilumab-induced downregu-
lation of Gene Ontogeny pathways involved in leukocyte activa-
tion and migration, differentiation, and cell-cell adhesion (see
Table E3 in the Online Repository at www.jacionline.org).
Notably, there were no differences in epithelial transcripts known
to be upregulated or downregulated by topical corticosteroid
use26 in patients who used intranasal budesonide irrigations
versus fluticasone nasal spray.
DISCUSSION
Consistent with previous studies,10,16 our open-label observa-

tional trial of dupilumab in 22 adult patients with AERD showed
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that inhibition of IL-4Ra led to significant improvement in sense
of smell, nasal congestion, nasal polyp size, asthma symptoms,
and lung function. Our nasal polyp scoring system was limited
in that it was done by otoscopic examination rather than by nasal
endoscopy, but we identified significant changes in polyp size
nonetheless.We saw near-universal improvement in our well phe-
notyped AERD cohort, whereas studies of severe asthma and
CRSwNP show more variability in response, likely reflecting
the heterogeneity of those patient populations and non–type 2
mechanisms of disease. Ours is the first study to show that the ma-
jority of the clinical benefit afforded by dupilumab in AERD,
including the striking olfactory improvement, actually occurs
within the first month of treatment (Figs 1 and 2) and is sustained
at 3 months, suggesting that 3 months is an adequate time for trial
of dupilumab in patients with AERD. Given the widespread
expression of IL-4Ra on multiple potentially relevant cell types,
we suspect that the rapid clinical improvement noted in this study
is likely due to several concomitant mechanistic changes,
including a reduction in cysteinyl leukotriene levels (cysLTs),
an increase in local nasal PGE2 levels, an improvement in airway
epithelial barrier integrity, and transcriptional changes in epithe-
lial cell dysfunction and leukocyte differentiation and prolifera-
tion pathways within the sinus tissue.

Changes in eicosanoids, specifically, the increases in nasal
PGE2 level and decreases in LTE4 level (Fig 3)may underlie ama-
jor portion of the clinical benefit seenwith dupilumab treatment in
AERD. PGE2, which is generated dominantly by macrophages,
epithelial cells, and other stromal cells through the COX-2
pathway,27 with some contribution from COX-1, plays a critical
protective role in AERD and is considered to function largely
as an anti-inflammatory mediator in the airway. COX-2 mRNA
expression is diminished in nasal polyp epithelial cells from pa-
tients with AERD, and subsequent PGE2 production is also
reduced.28 Of note, high levels of IL-4 within the tissues may
be a direct cause of the reduction in COX-2 and PGE2 levels in
AERD, as IL-4 can inhibit PGE2 production through selective in-
hibition of COX-2 mRNA,29,30 although the specific enzymatic
pathways that were affected by dupilumab and led to the increase
in PGE2 level are not yet clear. Deficient levels of PGE2 likely
have a major role in AERD disease pathogenesis, as PGE2
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signaling inhibits 5-lipoxygenase (5-LO) function, preventing the
synthesis of cysLTs,31 and PGE2 also has direct protective effects
onmast cells.32 Thus, the rise in nasal PGE2 levels and subsequent
restoration of respiratory tissue levels of PGE2 that we observed
with dupilumab treatment could contribute to the significant
decrease seen in nasal and urinary LTE4 through suppression of
mast cell activation and through 5-LO inhibition of cysLT-
producing granulocytes (Fig 3, A and D). However, IL-4 also
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directly induces expression of leukotriene C4 synthase by human
mast cells and primes them for cysLT generation33; therefore,
direct inhibition of mast cell IL-4Ra could account for
the dupilumab-induced decrease in LTE4 level. Whether
the decreases in LTE4 are due to direct (inhibition of IL-4Ra on
5-LO– and leukotriene C4 synthase–expressing granulocytes) or
indirect (inhibition of IL-4Ra on respiratory epithelial cells, al-
lowing for increased PGE2 production and 5-LO inhibition) ef-
fects of dupilumab cannot be determined by this study but
warrant further investigation with single-cell analysis techniques.
Although there was a trend toward a dupilumab-induced decrease
in level of PGD2 metabolites (Fig 3, B), this was not statistically
significant. Whether IL-4 or IL-13 signaling onmast cells directly
regulates their production of PGD2 is not known, and there are
tissue-specific mast cell differences (mucosal mast cells vs con-
nective tissue–type mast cells) in their metabolism of arachidonic
acid to leukotrienes or prostaglandins.34 Nonetheless, PGD2 is the
primary eicosanoid product of mast cells, and considering the dra-
matic dupilumab-induced decrease in LTE4 level but lack of
change in tryptase or PGD2 level, we suspect that dupilumab
led either to selective changes in mast cell phenotype or activation
or to changes in other cysLT-producing granulocyte activation
levels. CysLTs are known to mediate much of the chronic inflam-
mation and the acute aspirin-induced reactions in AERD,35,36 and
PGE2 has an additional role in limiting eosinophil migration and
enhancing smooth muscle relaxation through EP2 receptor
signaling,37-39 both of which have important pathogenic implica-
tions in AERD. Therefore, the changes that we noted in this study
in both PGE2 and LTE4 levels likely underlie much of the clinical
benefit afforded by dupilumab, including the improvements in
lung function and asthma control (Fig 2).

Chronic upper airway symptoms and loss of smell contribute
deeply to quality of life impairment in AERD.40 Patients with
AERD have even more severe anosmia than aspirin-tolerant pa-
tients with CRSwNP do,41 but the underlying etiology of the ab-
normality in olfaction is not known. We found that the baseline
nasal fluid PGE2 levels of participants who were anosmic were
more than 4-fold lower than those of participants who were
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FDR, false discovery rate;NES, normalized enrichment score;NS, not significant; Padj, adjusted P value.
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normosmic or only hyposmic (Fig 4,A) and that the baseline nasal
fluid PGE2 level was positively correlated with the number of
scents that each participant could identify (Fig 4, B). In our study,
sense of smell improved dramatically for most patients after just 1
month of dupilumab treatment (Fig 1, A and B), with the improve-
ment sustained at the 3-month visit. There were 4 patients who re-
mained anosmic after treatment with dupilumab, possibility due
to permanent damage to olfactory neurons or pathways. Nasal
PGE2 levels also increased during this time frame (Fig 3, F),
with a trend toward a positive correlation with improvement in
sense of smell (Fig 4, C). To our knowledge, there is no known
direct link between PGE2 and either olfaction or the function of
olfactory receptor neurons or sustentacular supporting cells, and
olfactory neurons have not been shown to express any PGE2 re-
ceptors. Further, administration of high-dose aspirin may reduce
PGE2 production, although paradoxically it is a treatment that has
been shown to improve sense of smell in some patients with
AERD. Therefore, our findings could be correlative but not
causative, as perhaps a dupilumab-induced restoration of
epithelial-derived PGE2 is a reflection of overall improvement
in the epithelial health within the sinuses, an improvement that
may extend to the olfactory epithelium.
CRSwNP tissue has abnormal expression of epithelial intra-
cellular junction proteins, driven in part by high local levels of IL-
4 and IL-13, leading to a ‘‘leaky’’ epithelial barrier and subse-
quent exudation of plasma proteins into nasal secretions.42,43

Nasal fluid albumin levels, a marker of plasma exudation and
edema, are higher in patients with CRSwNP than in patients
without nasal polyps, and are reduced by corticosteroids.44,45

In vivo administration of IL-4 causes nasal congestion and edema,
which may be due to an induction of epithelial permeability.46We
found that after just 1 month of treatment, dupilumab decreased
nasal albumin levels (Fig 5, A) and downregulated transcripts
related to glandular cell hyperplasia (MUC5B, encoding a mem-
ber of the mucin family, and PTHLH, encoding parathyroid
hormone–like hormone)22-25 as it concurrently improved nasal
airflow and decreased congestion (Fig 1, D), suggesting an
improvement in the ‘‘leakiness’’ of the epithelial barrier.

The treatment-induced decrease in serum and nasal IgE levels
confirms previous findings that inhibition of IL-4/IL-4Ra
signaling on antibody-secreting cells reduces IgE production,
possibly by inhibiting IgE class switching (Fig 6).47 Rates of
clinical atopy in AERD are on par with those in the general
population, and many patients with AERD are skin test
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result–negative in response to all common environmental aller-
gens.48 Furthermore, the nonsteroidal anti-inflammatory drug–
induced reactions are not associated with drug-specific IgE.
Nonetheless, IgE inhibition with omalizumab has some effect
as a treatment for AERD, leading to reductions in urinary levels
of both LTE4 and PGD2 metabolites,49 and pretreatment with
omalizumab can inhibit or lessen aspirin-induced reactions.50

The role that the dupilumab-induced reduction in local and sys-
temic IgE levels plays in the improvement in clinical symptoms
is unclear, but given that IgE receptor crosslinking induces mast
cell release of cysLTs,51 dupilumab may help to indirectly reduce
mast cell cysLT release through downregulation of IgE synthesis.

We did not identify changes in blood or nasal eosinophilia (as
measured by nasal ECP levels [Fig 5, B]) induced by dupilumab.
Given that dupilumab is efficacious in patients with CRSwNP
regardless of patient eosinophilic status52 and that near-
complete depletion of eosinophils fromwithin the blood and nasal
polyp tissue does not necessarily provide symptomatic improve-
ment or reduction in nasal polyp size in patients with CRSwNP,53

eosinophils are likely not the main effector cells that drive inflam-
mation in AERD. Unlike our recent finding that mepolizumab
treatment in AERD leads to decreased levels of nasal and urinary
PGD2 metabolites and a subsequent increase of the surface
expression of the PGD2 receptor CRTH2,

17 we did not observe
a significant dupilumab-induced decrease in PGD2 metabolite
levels or a change in granulocyte CRTH2 expression, reflecting
the divergent mechanistic consequences of inhibition of IL-5
versus IL-4Ra. However, we do see transcriptional changes in
the nasal tissue, showing a decrease in pathways involved in the
activation and migration of leukocytes as well as B-cell activation
(Fig 7), which may underlie some of the benefit afforded by dupi-
lumab, allowing for decreased recruitment of activated inflamma-
tory leukocytes to the respiratory tissues. The limited number of
differentially expressed genes was due in part to patient heteroge-
neity, batch effect, and depth of sequencing reads. Highly pow-
ered studies and/or single-cell RNA-seq will help to address
patient-to-patient heterogeneity. Additionally, by sampling the
accessible and relatively normal inferior turbinate tissue rather
than the inflamed nasal polyp tissue, we may have obscured our
ability to see changes in the type 2 gene signaturewith dupilumab.
Future studies focused specifically on the highly inflamed nasal
polyp tissue will allow for greater understanding of dupilumab-
induced changes.

Major limitations of our study are that it was an open-label
observational study without a placebo arm. However, the
efficacy of dupilumab in patients with asthma and CRSwNP
is well established.4,7 Further, the longitudinal clinical and
mechanistic repeated measures allowed for each of the partici-
pants to serve as their own control, as our goal was to under-
stand the early dupilumab-induced mechanistic changes.
Dupilumab leads to rapid improvement in both upper and lower
airway symptoms, sense of smell, and lung function, and to
reduction in nasal polyp burden in patients with AERD.
Although there are multiple potential mechanisms by which du-
pilumab may lead to clinical improvement in patients with
AERD, we cannot yet determine which mechanistic changes
are the principal drivers of disease resolution, nor which are
the result of direct versus indirect effects of IL-4Ra blockade.
We conclude that the mechanistic changes underlying the clin-
ical improvements in IL-4Ra inhibition with dupilumab treat-
ment primarily involve effects on tissue mast cells, and
possibly, other granulocytes, B cells, and epithelial barrier
dysfunction.

Key messages

d In an open-label trial of 22 patients with AERD treated
with dupilumab for 3 months, dramatic improvements
in sense of smell, nasal congestion, nasal polyp size, lung
function, asthma control, and quality of life were seen
within the first month of therapy.

d Baseline loss of smell was correlated with lower nasal
PGE2 levels. Dupilumab treatment increased nasal
PGE2 levels; decreased inflammatory eicosanoid levels;
improved the nasal epithelial barrier; and downregulated
nasal transcripts involved in epithelial dysfunction, which
paralleled the rapid time course of the therapeutic
benefits.

d The therapeutic effects of dupilumab in AERD are likely
due to decreased IL-4Ra signaling on local respiratory
tissue granulocytes and epithelial cells.
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