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Aspirin induces IL-4 production: augmented IL-4
production in aspirin-exacerbated respiratory disease

Su-Kang Kong!, Byung Soo Kim!, Tae Gi Uhm?, Hun Soo Chang’, Jong Sook Park?, Sung Woo Park?,
Choon-Sik Park* and Il Yup Chung!?

Aspirin hypersensitivity is a hallmark of aspirin-exacerbated respiratory disease (AERD), a clinical syndrome characterized by the
severe inflammation of the respiratory tract after ingestion of cyclooxygenase-1 inhibitors. We investigated the capacity of aspirin
to induce interleukin-4 (IL-4) production in inflammatory cells relevant to AERD pathogenesis and examined the associated
biochemical and molecular pathways. We also compared IL-4 production in peripheral blood mononuclear cells (PBMCs) from
patients with AERD vs aspirin-tolerant asthma (ATA) upon exposure to aspirin. Aspirin induced IL-4 expression and activated the
IL-4 promoter in a report assay. The capacity of aspirin to induce IL-4 expression correlated with its activity to activate mitogen-
activated protein kinases, to form DNA-protein complexes on P elements in the /L-4 promoter and to synthesize nuclear factor of
activated T cells, critical transcription factors for /L-4 transcription. Of clinical importance, aspirin upregulated IL-4 production
twice as much in PBMCs from patients with AERD compared with PBMCs from patients with ATA. Our results suggest that IL-4

is an inflammatory component mediating intolerance reactions to aspirin, and thus is crucial for AERD pathogenesis.
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INTRODUCTION

Aspirin-exacerbated respiratory disease (AERD) refers to
chronic rhinosinusitis, nasal polyposis and bronchoconstriction
in asthmatics following the ingestion of aspirin or other
cyclooxygenase-1 (COX-1) inhibitors.! AERD is an acquired
metabolic inflammatory disorder with adult onset that affects
~10% of all patients with asthma.>* Aspirin hypersensitivity is
the most specific marker for AERD and has aggressive airway
manifestations, such as chronic rhinosinusitis, nasal polyps,
frequent exacerbation and severe asthma. Moreover, the entire
respiratory tract mucosa in patients with AERD is intensely
infiltrated with eosinophils, mast cells and activated T cells.*©
A distinguishing feature of AERD is the overproduction of and
hyperreactivity to cysteinyl leukotrienes (CysLTs). The CysLT
level is elevated both at baseline’ and following aspirin
exposure in patients with AERD.® Patients with AERD also
express more LTC, synthase’ and CysLT receptors on their
inflammatory cells and respiratory tract mucosa compared with
healthy controls.!? Platelet adherence to leukocytes has been
implicated in excessive CysLT production in patients with
AERD.!! In addition, inhibition of COX-1 decreases the

production of inflammatory suppressive mediators such
as prostaglandin E2 (PGE,;).">? AERD is therapeutically
responsive to agents that block CysLT receptors or inhibit
CysLT synthesis.'"> Nonetheless, the precise role of CysLT
overproduction/hyperreactivity in AERD has been questioned.
Variable therapeutic responses have been observed among
asthmatics treated with CysLT receptor 1 antagonists.'®!>
Zileuton, a 5-lipoxygenase inhibitor, and montelukast and
zafirlukast, inhibitors of CysLT receptor 1, are only partially
effective at inhibiting the reaction to aspirin in patients with
AERD.!"1 Moreover, their therapeutic effects may not even
be related to aspirin hypersensitivity.

Interleukin-4 (IL-4) is abundantly produced by a subset of
leukocytes including T-helper type 2 cells, mast cells and
eosinophils.?! Increased IL-4 levels have been found in the
nasal mucosa of patients with chronic rhinosinusitis.®?>
IL-4 potentiates many pathophysiological features of AERD,
including the upregulation of LTC, synthase’> on mast cells
and of CysLT receptors 1 and/or 2 on immune cells.?*7 TL-4
also induces vascular adhesion molecules to facilitate eosinophil
extravasation,® decreases PGE, production by inhibiting
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COX-2 and microsomal PGE,*” and activates T-helper type 2
differentiation and inflammation.?® Thus, IL-4 is an important
mediator of the AERD phenotype.

Aspirin is believed to exert its anti-inflammatory effect,
which has typically been evaluated in the presence of potent
proinflammatory mediators such as phorbol myristate acetate,
calcium ionophores, cytokines and LPS.>* In these condi-
tions, the anti-inflammatory effects of aspirin are shown to be
mediated by the inhibition of PGE, synthesis and other
inflammatory signaling molecules®* such as NF-xB (nuclear
factor-kB),>* AP-1 (activator protein-1),> ERK1/2 (extracellu-
lar signal-regulated kinase 1/2)%® and STAT6 (signal transducer
and activator of transcription 6).33> These effects appear to be
independent of COX inhibition. Moreover, aspirin has been
reported to inhibit IL-4 transcription in activated CD4* T cells
via an unknown mechanism.*? Aspirin-mediated inhibition of
IL-4 synthesis has been hypothesized to explain the therapeutic
benefit of aspirin desensitization treatment.’” However, the
effect of aspirin itself on inflammatory responses in the absence
of inflammatory stimuli has rarely been evaluated. We pre-
viously demonstrated that aspirin stimulates IL-4 transcription
in some leukemic cell lines.*® This result was surprising, as
aspirin-induced IL-4 expression is in sharp contrast to the
reported inhibitory effect on IL-4 production.>®> However, our
results may provide an important perspective on aspirin
hypersensitivity, given the multifaceted roles of IL-4 in
generating the pathophysiological characteristics of AERD,
a T-helper type 2-type disease. In the present study, we
investigated whether aspirin induced IL-4 production and
examined the associated biochemical and molecular mechan-
isms. We also found that peripheral blood mononuclear cells
(PBMCs) from patients with AERD produce more IL-4 upon
exposure to aspirin compared with those from patients with
aspirin-tolerant asthma (ATA).

MATERIALS AND METHODS

Cell cultures

HMC-1, EoL-1, Jurkat and human cord blood (CB) eosinophils and
mast cells were cultured as described previously.>* The identity of
CB eosinophils was confirmed by intracellular staining with anti-
human MBP antibody (BD Pharmingen, San Diego, CA, USA), which
indicated >90% purity. The purity of the CB mast cells was also
>90%, as determined by staining with anti-human FceRIo (Millipore,
Bedford, MA, USA). The PBMCs were isolated using Ficoll-Paque
Premium 1.073 (GE Healthcare, Uppsala, Sweden).

Measurement of IL-4 mRNA expression

The cells were treated with aspirin (A2093) or celecoxib (PZ0008)
from Sigma-Aldrich (St Louis, MO, USA) for the indicated time
intervals. cDNA synthesis from total RNA and quantitative real-time
PCR (qPCR) were performed as described previously.’® The IL-4
mRNA levels were normalized to the PP1IA mRNA levels. The relative
expression was evaluated using the comparative cycle threshold
(2722CY method. The mean normalized gene expression +s.e.m.
was calculated from independent experiments. The following primers
were used: IL-4—forward, 5'-AACAGCCTCACAGAGCAGAAGAC-3';
5'-GCCCTGCAGAAGGTTTCCTT-3';  PP1A—forward,

reverse,
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5-TCCTGGCATCTTGTCCATG-3'; reverse, 5'-CCATCCAACCACT
CAGTCTTG-3'. The PCR product of the IL-4 gene was confirmed by
sequencing.

Flow cytometry

The cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for
15min at 4°C, stained intracellularly with either phycoerythrin-
conjugated mouse anti-human IL-4 monoclonal antibodies (mAbs)
(BioLegend, San Diego, CA, USA) or mouse IgG1l Abs (BD Pharmin-
gen), and analyzed with a FACSCalibur flow cytometer and CellQuest
software (Becton Dickinson, San Jose, CA, USA).

Western blot analysis

Cell lysates were prepared in RIPA buffer as described previously.*
The blots were probed with anti-phospho-ERK1/2, anti-ERK, anti-
phospho-p38, anti-p38, anti-phospho-JNK (c-Jun N-terminal kinase)
and anti-JNK Abs (Cell Signaling Technology, Beverly, MA, USA).
Expression of nuclear factor of activated T cells (NFAT), which has a
crucial role in immune function, was monitored with anti-NFAT1 and
anti-NFAT2 Abs (Abcam, Cambridge, UK). The blots were probed
with anti-glyceraldehyde 3-phosphate dehydrogenase Abs (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) as a loading control.
Secondary anti-rabbit horse radish peroxidase-conjugated Abs and
anti-mouse horse radish peroxidase-conjugated Abs were obtained
from Cell Signaling Technology. Immunoreactive bands were visua-
lized using an ECL detection system (Amersham Biosciences,
Buckinghamshire, UK).

Luciferase reporter assay

The luciferase reporter vector consisting of the IL-4 promoter
sequence (from —649 to —1 relative to the translation start site)
subcloned into pGL3-Basic (Promega, Madison, WI, USA) has been
described previously.®® IL-4 promoter deletion constructs were
generated by PCR wusing the primers listed in Supplementary
Table S1. Transfection was performed with Lipofectamine 2000
(Invitrogen Life Technologies, Waltham, MA, USA) for HMC-1 cells
and Jurkat cells or with an Amaxa 4D-nucleofector (Lonza, Koln,
Germany) for EoL-1 cells. The luciferase activity was measured and
expressed as described previously.*

Nuclear extract preparation and EMSA

Nuclear extracts were subjected to electrophoretic mobility shift assay
(EMSA) analysis as described previously,® using probes for six P
elements*! and for an aspirin-targeted region (ATR), which was
previously implicated in the aspirin-induced inhibition of IL-4
production in activated T cells.>* The ATR extends from nucleotides
—164 to —200 in the IL-4 promoter. For supershift analysis,
the extracts were incubated with anti-NFAT Abs or control Abs
(Sigma-Aldrich) before reaction with the radiolabeled P4 probe.

Subjects

Written informed consent was obtained from all subjects. The
protocols used in this study were approved by the Ethics Committees
of Hanyang University (HYG-11-019-1), Soonchunhyang University
Bucheon Hospital (SCHBC_IRB_05_02 and schbc-biobank-2012-004)
and the Korean Red Cross, Korea. Patients with AERD (n=11)
or ATA (n=12) were recruited from the outpatient clinics of
Soonchunhyang University Bucheon Hospital. All patients were
diagnosed by physicians and met the definition of asthma from the
Global Initiative for Asthma guidelines.*? Questionnaires covered the
five specific elements of aspirin hypersensitivity (dyspnea, wheezing,



nasal blockage, skin eruption and loss of consciousness after aspirin
ingestion). To confirm aspirin hypersensitivity, oral aspirin challenges
with increasing doses of aspirin were performed with all asthmatics as
described.*>** The oral aspirin challenge reactions were categorized
into two groups: a 15% or greater decrease of forced expiratory
volume in 1s or the appearance of naso-ocular reactions (AERD)
and a decrease of <15% of forced expiratory volume in 1 s1 without
naso-ocular or cutaneous reactions (ATA). The clinical characteristics
of the AERD and ATA groups are compared in Table 1. Blood samples
for the control subjects were provided by the Korean Red Cross. These
subjects had no history of drug allergy, including aspirin hypersensi-
tivity. Therefore, the clinical parameters were considered not be to be
applicable because no measurement of these parameters was made.

Statistical analysis

All statistical analyses were performed using SPSS software, version
12.0 (SPSS, Chicago, IL, USA). Independent t-test was used to
compare the relative reporter activities between the experiments.
The Kruskal-Wallis and post hoc Mann—Whitney tests were used to
analyze the differences between the IL-4 mRNA levels in PBMCs in the
control, ATA and AERD groups. Differences with a P-value <0.05
were considered statistically significant. The results are expressed as
the means =+ s.e.m.

RESULTS

Aspirin-mediated induction of IL-4 mRNA expression and
protein production

We first examined whether primary cells, including PBMCs,
CB eosinophils and CB mast cells, expressed IL-4 in response
to aspirin. Aspirin induced IL-4 mRNA in a dose-dependent
manner (Figure 1). Next, we examined IL-4 expression in
HMC-1 mast cells, EoL-1 eosinophilic cells and Jurkat T cells,
which were chosen because they are representative of cells that
express high levels of IL-4 in vivo?! and are relevant to AERD
pathogenesis.*® Aspirin induced a similar, dose-dependent

Table 1 Clinical characteristics of the study subjects

ATA AERD P-value?
N 12 11 -
Age (years)P 53.4+14.0 42.6+14.8 0.089
Gender (male, %) 27.3 25.0 0.901
Smoking status 9.1 8.3 0.865
(smoker, %)
Height (cm)P 159.6 +10.3 164.0+10.4 0.317
Weight (kg)P 63.6+9.1 63.6+11.4 0.990
Body mass index (kg m-2)°  250+25 23.7+3.7 0.354
Decline in FEV1 by aspirin 5.3+5.3 26.5+8.0 <0.001
provocation (%)P
Blood eosinophils (%)° 83x17.4 6.8+4.7 0.785
FEV1 (% predicted)? 87.7+14.6 84.7+29.3 0.760
PC20 methacholine 11.0+11.1 55+7.6 0.218
(mgml-1)P
Total IgE (IUmI-1)° 175.0+£279.7 391.3+463.2 0.191
Skin test (positive, %) 54.5 50.0 0.827

Abbreviations: AERD, aspirin-exacerbated respiratory disease; ATA, aspirin-tolerant
asthma; FEV1, forced expiratory volume in 1's; Ig, immunoglobulin.

aThe P-values were obtained using 42 test and independent t-test.

bPresented as mean +s.d.
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pattern of IL-4 transcription in each cell line (Figure 2a).
Kinetic experiments showed that IL-4 expression reached
a peak 2-4h after stimulation and declined thereafter
(Figure 2b). Aspirin also activated the IL-4 promoter in all
three cell lines (Figure 2c¢). The intracellular IL-4 protein levels
also increased in a dose-dependent manner upon exposure to
aspirin for 24 h (Figure 2d). No cytotoxic effects of 0.2-5 mm
aspirin were observed in any of these cells for the indicated
period of time, as evaluated by Trypan blue exclusion.
Celecoxib, a selective COX-2 inhibitor,> which has no
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Figure 1 Aspirin induces interleukin-4 (/L-4) mRNA expression in
cord blood (CB) eosinophils, CB mast cells and peripheral blood
mononuclear cells (PBMCs). CB eosinophils and CB mast cells were
differentiated from CD34* CB cells for 24 and 42 days,
respectively. PBMCs were isolated from normal subjects. The cells
were treated with aspirin for 4 h, and /L-4 mRNA expression was
measured by quantitative real-time PCR (gqPCR). The data are
presented as the mean+s.e.m. for eosinophils (n=3), mast cells
(n=3) and PBMCs (n=6; **P<0.01 compared with unstimulated
cells at 4 h).
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Figure 2 Aspirin induces interleukin-4 (/L-4) mRNA expression and protein production. (@) HMC-1, EolL-1 and Jurkat cells were treated
with various concentrations of aspirin for 4 h. /L-4 expression was measured by quantitative real-time PCR (qPCR); n=4-6. The [L-4
mRNA levels (means+s.e.m.) are expressed relative to the PPIA expression levels (**P<0.01 compared with unstimulated cells at 4 h).
(b) Kinetics of /L-4 expression in the presence of 5mm aspirin; n=2. (c) Cells were transfected with an /L-4 promoter reporter (-649).
After 24 h, the transfected cells were stimulated with aspirin for 4 h; n=4 (*P<0.05 and **P<0.01 compared with unstimulated cells at
4 h). (d) Cells were treated with aspirin for 24 h, and the levels of intracellular IL-4 were analyzed by FACS (fluorescence activated cell

sorting).

crossreactivity with aspirin and thus is tolerated,® did not
induce IL-4 expression at concentrations within or above its
respective COX-inhibitory range (1-100 pm)* in any cell type
examined (Supplementary Figure S1). In summary, aspirin
induced IL-4 production in all of the cell types examined.
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Activation of ERK, p38 and JNK in aspirin-induced IL-4
expression

Aspirin can activate, inhibit or have no effect on mitogen-
activated protein kinase (MAPK) family members.>* Thus, we
examined the effects of aspirin on various MAPK family
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Figure 3 Interleukin (/L-4) mRNA expression requires the activation of mitogen-activated protein kinases (MAPKs). (a) HMC-1 cells were
treated with aspirin or celecoxib for 4 h. Activation of MAPKs was then assessed by western blotting. The blots were probed with anti-
phospho-MAPK antibodies (Abs). Replica blots were probed for total MAPKs as loading controls. (b) HMC-1 cells were treated with aspirin
(5 mm) for 4 h following pretreatment with U0126 (10 pm), SB203580 (10 um) or SP600125 (20 pum) for 30 min. The blots were probed
with anti-phospho-ERK1/2 Ab and reprobed with anti-total ERK Ab as a loading control. (c) HMC-1 cells were treated with aspirin (5 mm)
for 4 h following pretreatment with increasing doses of U0126 or for 30 min. IL-4 expression was then assessed by quantitative real-time
PCR (gPCR). (d) HMC-1 cells were pretreated with U0126 (10 pm), SB203580 (10 um) or SP600125 (20 um) for 30 min before treatment
with aspirin for 4 h. [L-4 expression was then quantified by qPCR. The data (mean=+s.e.m., n=3) are expressed relative to the PPIA
mRNA levels (**P<0.01 compared with aspirin-treated cells). ERK1/2, extracellular signal-regulated kinase 1/2; JNK, c-Jun N-terminal

kinase.

members. The treatment of HMC-1 cells with aspirin for 4 h
resulted in a dose-dependent activation of ERK1/2 (Figure 3a).
Aspirin at 5-20 mm concentrations has been shown to inhibit
ERK1/2 activation in cells under stress conditions.***” Because
the latter observation conflicted with our findings, we used
U0126, an ERK inhibitor. In the presence of U0126, ERK1/2
phosphorylation (Figure 3b) and IL-4 mRNA levels (Figure 3c)
were decreased. Moreover, phospho-p38 and phospho-JNK
levels were elevated with increased concentrations of aspirin,
and the inhibitors of these two MAPKs almost completely

blocked IL-4 transcription in a dose-dependent manner
(Figure 3d). In contrast, celecoxib did not activate ERK1/2 or
p38; in fact, the compound reduced JNK phosphorylation at high
doses (Figure 3a). These results indicate that activation of each
MAPK member is necessary for aspirin-induced IL-4 expression.

Aspirin responsiveness does not map to any particular
region within the IL-4 proximal promoter

We next investigated which cis-acting elements or sequences
within the IL-4 promoter are aspirin-responsive. At least six P

)
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Figure 4 Aspirin augments interleukin (/L-4) promoter activity.
(@) The /L-4 proximal promoter. (b) HMC-1 cells were transfected
with reporter constructs. After 24 h, the cells were stimulated with
aspirin (5mwm) for an additional 4 h. Reporter activity was then
analyzed. The data (meanz+s.e.m., n=3) are presented as fold
increase compared with unstimulated cells (**P<0.01 compared
with unstimulated cells). ATR, aspirin-targeted region.

elements (PO-P5) and other sequence elements in the IL-4
proximal promoter have been shown to have a critical role in
IL-4 transcriptional activation.*® NFAT binds to most, if not all,
P elements through interactions with AP-1*' or other
transcription factors.*’ To study the responsiveness of the
P elements, serially deleted IL-4 promoter reporters were
constructed (Figure 4a). HMC-1 cells were transfected with
these constructs and then treated with aspirin. Aspirin respon-
siveness was well conserved in the three largest constructs
(—649, —584 and —330), which retained all or most of the P
elements. The —210 promoter reporter, which lacked the P5,
P4 and P3 elements, was no longer aspirin-responsive.
The — 177 construct, which lacked two-thirds of the ATR but
contained the PO and P1 elements, retained aspirin respon-
siveness (Figure 4b). Identical response patterns were observed
in Jurkat and EoL-1 cells (data not shown). These results
suggest that the aspirin-responsive sequence of the IL-4
proximal promoter is not confined to a particular region.

Aspirin alters DNA—protein complex formation at the IL-4

proximal promoter

HMC-1 cells were treated with aspirin or celecoxib for 4 h.
Nuclear extracts were generated and subjected to EMSA
analysis. In unstimulated cells, few or no protein complexes
were formed with the PO, P2 and ATR probes. In contrast, the
P1, P3, P4 and P5 probes all bound to protein(s) (Figure 5a).
The treatment of HMC-1 cells with aspirin resulted in a slightly
increased amount of DNA—protein complexes with the P0, P2
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Figure 5 Aspirin induces the formation of DNA-protein complexes
on P elements in the interleukin-4 (/L-4) promoter. (a) HMC-1 cells
were treated with aspirin or celecoxib for 4 h. Nuclear extracts were
incubated with 32P-labeled oligonucleotides, as indicated.
Representative results are shown (n=3). (b) Nuclear extracts from
aspirin-treated HMC-1 cells were incubated with the 32P-labeled P4
probe in the presence or absence of its cold probe. (c) Nuclear
extracts from aspirin-treated HMC-1 cells were incubated with the
32p_|abeled P4 probe following reaction with anti-NFAT1, anti-
NFAT2 or isotype-control antibodies (Abs). The arrow and the
arrowhead indicate the major DNA-protein complex and the
supershifted band, respectively. ATR, aspirin-targeted region; NFAT,
nuclear factor of activated T cell.

and ATR probes and a substantial increase with the P1 and P3
probes. Moreover, a slower-migrating species appeared with
the P4 and P5 probes. Each cold probe efficiently outcompeted
the augmented or newly formed DNA-protein complexes
(data not shown), indicating that these bands are specific. In
contrast, celecoxib failed to induce DNA—protein complex
formation with the PO, P1, P2 or ATR probes. Furthermore,
this compound considerably reduced DNA-protein complex
formation with the P3, P4 and P5 probes.

Synthesis of NFATs by aspirin and celecoxib

NFAT1 and NFAT2 are both required for IL-4 expression in
T cells.®® Treatment of HMC-1 cells for 4 h with aspirin, but
not celecoxib, stimulated NFAT1 and NFAT2 production
(Figure 6). EMSA analysis showed that the P4—protein complex
that disappeared following treatment with a P4 cold probe
(Figure 5b) and was increased by aspirin treatment was
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Figure 6 Aspirin induces the synthesis of nuclear factor of activated
T cells (NFATs). HMC-1 cells were treated with aspirin or celecoxib
for 4h. The levels of NFAT1 and NFAT2 were then analyzed by
western blotting. Images are representative of three independent
experiments. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

supershifted by incubation with anti-NFAT1 or anti-NFAT2
Abs but not with isotype-control Abs (Figure 5¢). This result
indicates that aspirin induces IL-4 expression at least, in part,
through the increased synthesis of NFATs. This conclusion is
also supported by a collection of the IL-4 promoter deletion
experiments, the formation of DNA—protein complex and the
upregulation of NFAT synthesis. The —330 or longer con-
structs, all of which contain most P elements, were aspirin-
responsive. This could be because aspirin increased or induced
the formation of the DNA-protein complexes, presumably
including NFAT1 or NFAT2, on these elements. The —210
construct, which contains PO, P1 and the ATR, was not aspirin-
responsive (Figure 4). In this construct, the ATR represses IL-4
expression in a dominant manner, despite the presence of P1,
which appears to act as a positive element. Finally, the —177
construct, which contains PO and P1 but lacks the ATR,
restored the aspirin response because of the presence of PI,
which has previously been shown to interact with NFAT1 and
NFAT2.°! Thus, both P elements and the ATR appear to
regulate the aspirin-mediated expression of I1L-4.

The effects of aspirin on IL-4 expression in PBMCs from
patients with AERD or ATA

We next examined IL-4 expression in PBMCs from patients
with AERD or ATA (Table 1). Aspirin upregulated IL-4
expression in PBMCs from both groups compared with the
untreated controls. Of particular note, aspirin upregulated IL-4
mRNA expression twice as much in PBMCs from patients with
AERD compared with those from patients with ATA
(450+0.32, n=11 vs 2.25+0.18, n=12, respectively;
P=0.00004), as seen in Figure 7a. In contrast, celecoxib did
not upregulate IL-4 expression in any group. Aspirin, also
induced IL-4 expression in PBMCs from control subjects
(Figure 7a). The fold induction in control PBMCs
(1.94+0.17) was significantly lower compared with that in
PBMCs from patients with AERD (P=0.00003) but was
comparable with that in the PBMCs of patients with ATA
(Figure 7a). Similarly, a significantly higher IL-4 protein
expression was observed in aspirin-treated PBMCs from AERD
patients compared with that in ATA patients (P=0.0002;
Figure 7b).
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Figure 7 Aspirin upregulates interleukin-4 (IL-4) production to a
greater extent in peripheral blood mononuclear cells (PBMCs) from
patients with aspirin-exacerbated respiratory disease (AERD)
compared with those from patients with aspirin-tolerant asthma
(ATA). (@) PBMCs were treated with aspirin (5mwm) or celecoxib
(100 pm) for 4 h. /L-4 expression was then measured by quantitative
real-time PCR (qPCR). The data are presented as the mean +s.e.m.
(patients with AERD, n=11; patients with ATA, n=12; control
subjects, n=8; **P<0.01 compared with unstimulated cells within
each group at 4h). (b) PBMCs were treated with the two
compounds for 24h, and the levels of intracellular [L-4 were
analyzed by FACS (fluorescence activated cell sorting). The data are
presented as the mean+s.e.m. (patients with AERD, n=11;
patients with ATA, n=12; **P<0.01 compared with unstimulated
cells within each group at 4h). fComparisons of aspirin-treated
PBMCs from patients with AERD vs patients with ATA.

DISCUSSION

The primary mechanism of AERD pathogenesis is believed to
be the aspirin-mediated relief of negative inhibition of CysLT
production. However, agents that modify or blunt CysLT
metabolism partially eliminate respiratory reactions in patients
with AERD,'*1? suggesting alternative and/or complementary
pathways driving AERD pathogenesis. IL-4 potentiates many
pathophysiological aspects of AERD.®?272% We have previously
demonstrated that aspirin induces IL-4 transcription in some
leukemic cells,*® raising the possibility that IL-4 is an inflam-
matory mediator of aspirin hypersensitivity. This observation is
intriguing considering that AERD is considered to be a
T-helper type 2-mediated disorder. The present study indicates
that aspirin is directly linked with IL-4 production in the
context of AERD pathogenesis as (i) aspirin induced IL-4
expression and activated the IL-4 promoter in cell types
relevant to AERD pathogenesis, indicating that IL-4 may be a
direct target of aspirin; (ii) aspirin-induced IL-4 production
was accompanied by the activation of biochemical and
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molecular pathways leading to IL-4 transcription; (iii) aspirin-
induced higher levels of IL-4 transcription in PBMCs from
patients with AERD compared with those from patients with
ATA. Based on these results, we suggest that IL-4 serves as an
important inflammatory mediator for intolerance reactions to
aspirin.

The aim of the present study is threefold: to examine
aspirin-induced IL-4 production, to analyze its biochemical
and molecular mechanisms and to corroborate the differential
response to aspirin by comparing IL-4 production in primary
cells from patients with AERD and ATA. We used both human
leukemic cell lines and their primary counterparts, which are
more relevant to the pathogenesis of aspirin sensitivity.
We found that aspirin induced IL-4 expression in nearly all
of the cells examined, whereas celecoxib did not. Their ability
or inability to induce IL-4 expression was consistent with
their ability to activate the three MAPK members, form
DNA-protein complexes with P elements and the ATR in
the IL-4 promoter, and upregulate production of NFATs,
which are critical transcription factors for IL-4.8 EMSA
analysis showed that the DNA-protein complexes included
both NFAT1 and NFAT2. Notably, aspirin itself has been
shown to increase intracellular Ca?" levels, transiently upregu-
late protein kinase C in T cells®®> and activate p38 and
JNK,*#>435 all of which are required for IL-4 production by
CD4" T cells.*® Our data are in agreement with these findings.
In contrast, aspirin has also been reported to suppress ERK1/2
activity;*®*” however, ERK1/2 was activated by UV or phorbol
myristate acetate before treatment with aspirin in these studies.
Our data demonstrate unequivocally that aspirin activates
ERK1/2, supporting the involvement of ERK1/2 in aspirin-
mediated IL-4 induction (Figure 3). Overall, aspirin-induced
IL-4 production appears to rely on signaling pathways and their
subsequent molecular events (see below). Celecoxib can also
mobilize these signaling molecules in some epithelial cells.”®>’
However, this inhibitor did not activate pathways associated
with IL-4 expression, at least in the cell types examined in our
study. We therefore conclude that the capacity of aspirin to
induce IL-4 expression is consistent with its ability to initiate
biochemical and molecular processes leading to the induction
of IL-4 production.

Our data conflict with a previous report concluding
that aspirin inhibits IL-4 transcription in phorbol myristate
acetate/ionomycin-stimulated peripheral blood CD4" T cells,>
a result that has not been confirmed to date. Additionally,
aspirin has been shown to mediate anti-inflammatory
responses by inhibiting numerous signaling molecules,
including NF-kB.30-32353¢ These studies all involved placing
cells under strong inflammatory conditions. However, there are
also a few studies demonstrating the proinflammatory effects of
aspirin itself, including the upregulation of nuclear NFAT
expression®® and the activation of NF-kB.* Thus, aspirin can
exert both proinflammatory and anti-inflammatory functions
depending on the inflammatory context.

We found that IL-4 mRNA and protein levels were
significantly higher in aspirin-treated PBMCs from AERD
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patients compared with that in aspirin-treated PBMCs
from ATA patients (Figure 7). This result is consistent
with a previous study, in which lysine aspirin induced Ca?*
mobilization in eosinophils isolated from AERD patients.®
Furthermore, Steinke et al®! showed that nasal polyps from
patients with AERD had significantly elevated IL-4 and inter-
feron-y expression compared with polyps from patients with
an aspirin-tolerant disease. However, it is not yet known
whether high IL-4 concentrations induced by aspirin elicit
the characteristic phenotypes of AERD, including CysLT
overproduction/hyperreactivity and reduced PGE, synthesis.
Nonetheless, as our data show that aspirin induces IL-4
production at a much higher level in PBMCs from AERD
compared with that in ATA patients, it would be critically
informative for the diagnosis of AERD to compare aspirin-
induced IL-4 production between larger cohorts of patients.

It has been shown that aspirin has both inhibitory and
stimulatory effects on notable signaling molecules, especially at
high doses. These include NF-kB,*° ERK1/2,¢ STAT6,3!*2
p38,% and JNK.%? These effects are exerted by single- to
two-digit millimolar concentrations of aspirin. It has recently
been shown that lysine aspirin at 3—10 mm provokes Ca’*
mobilization and degranulation of eosinophil-derived neuro-
toxin in peripheral blood eosinophils from AERD patients and
in CB eosinophils.®® Therefore, the concentrations of aspirin
used in this study appear to be comparable to those in most
other in vitro studies.

In summary, here, we reveal a previously unrecognized
transcriptional target of aspirin, IL-4. Aspirin-induced IL-4
production exploits known biochemical and molecular path-
ways involved in IL-4 transcription. Of particular note, much
higher IL-4 levels are produced in aspirin-treated PBMCs from
patients with AERD compared with those from patients with
ATA. Thus, IL-4 functions as a new inflammatory mediator
that might drive AERD pathogenesis.
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