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Modulation by aspirin of nuclear phospho–signal transducer
and activator of transcription 6 expression: Possible role in
therapeutic benefit associated with aspirin desensitization

John W. Steinke, PhD, Jeffrey A. Culp, MD, Elizabeth Kropf, BS, and Larry Borish, MD Charlottesville, Va
Background: Aspirin-exacerbated respiratory disease is
characterized by asthma, nasal polyps, and intolerance to
aspirin with overexpression of leukotriene (LT) C4 synthase and
cysteinyl leukotriene receptors. Through an unknown
mechanism, aspirin desensitization is an effective treatment.
Objective: We hypothesized that aspirin desensitization blocks
IL-4–induced expression of these LT activities through
inhibition of signal transducer and activator of transcription 6
(STAT6)–mediated transcription.
Methods: Nuclear extracts were derived from THP-1 and
normal human monocytes resting and cocultured with aspirin
before IL-4 stimulation. Quantitative PCRs were conducted.
Electrophoretic mobility shift assays were performed by using
oligomers for STAT6 sites within the LT receptor and synthase
promoters. Western blots of nuclear extracts were probed by
using anti–phospho-STAT6 antibodies.
Results: Upregulation of LT receptor mRNA by IL-4 was
negated by aspirin and ketorolac but not by sodium salicylate.
The STAT6 site in the LT receptor and synthase promoters was
confirmed by using mobility shift assays by competing with
unlabeled STAT6 consensus probes and supershifts with anti-
STAT6 antibodies. Aspirin and ketorolac decreased the IL-4–
inducible expression of nuclear STAT6 observed in mobility
shift assays and Western hybridization.
Conclusion: The LT receptor and synthase promoters have
STAT6-binding sites that are engaged by IL-4–induced nuclear
extracts and inhibited by aspirin. Assuming that normal
monocytes behave like monocytes from patients with aspirin-
exacerbated respiratory disease, inhibition of IL-4–STAT6
might explain a mechanism in aspirin desensitization daily
treatment, resulting in downregulation of production and
responsiveness to cysteinyl leukotrienes. This biologic activity of
aspirin likely reflects COX inhibition because it was shared with
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Aspirin-exacerbated respiratory disease (AERD) is a syndrome
characterized by asthma that is often severe and persistent and can
be associated with aggressive airway remodeling,1 extensive hy-
perplastic eosinophilic sinusitis with nasal polyp formation,2 and
intolerance to aspirin and other nonselective inhibitors of COX.3-5

AERD is associated with profound overproduction and overres-
ponsiveness to cysteinyl leukotrienes (CysLTs). Overproduction
of CysLTs reflects increased expression of the enzyme leukotri-
ene (LT) C4 synthase (LTC4S), which is especially upregulated
in the lungs6 and nasal polyps7 of subjects with AERD. Because
of their overexpression of LTC4S, subjects with AERD demon-
strate constitutive overproduction of CysLT, as can be demon-
strated in bronchoalveolar lavage fluid and exhaled breath
condensate,8 as well as through quantification of urinary LTE4.9

Upregulation of LTC4S permits the further profound surge in
CysLT production after the mast cell and eosinophil activation
that occurs when these patients ingest aspirin and other nonselec-
tive nonsteroidal anti-inflammatory drugs (NSAIDs).10,11

CysLTs function through their ability to interact with at least 2
receptors. CysLT type 1 receptors (CysLT1R) are prominently
expressed on airway smooth muscle, eosinophils, and other
immune cells,12 and these receptors primarily mediate the CysLT-
induced bronchospasm associated with aspirin reactions.13,14

Subjects with AERD also demonstrate profound increased sensitiv-
ity to CysLTs,15 reflecting their marked upregulation in
CysLT1R.16

Both the pathway responsible for CysLT synthesis and the
expression of CysLT receptors are tightly regulated by cytokines,
including, prominently, IL–4. Induction of LTC4S in mast cells is
a biologic activity of IL-4 (but not IL-13),17 and similarly, IL-4
induced CysLT1R on numerous target cells relevant to
AERD.18,19

Aspirin desensitization is an effective treatment for
AERD.3,20,21 The molecular mechanism of the beneficial effects
of aspirin has not been determined but could be related to the abil-
ity of this compound to inhibit the biologic activities of IL-4. Con-
sistent with this concept are the observations that successful
aspirin desensitization is associated with downregulation of
both CysLT1R expression15,16 and LT synthesis.22 Aspirin di-
rectly inhibits T-cell IL–4 expression.23 Alternatively, engage-
ment of the IL–4 receptor by IL-4 induces the activation of
signal transducer and activator of transcription 6 (STAT6) through
the Janus kinases.24-26 STAT6 activation is critical for many of the
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Abbreviations used
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spirin-exacerbated respiratory disease
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ysteinyl leukotriene type 1 receptor
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LT: L
eukotriene
LTC4S: L
eukotriene C4 synthase
mPGES-1: M
icrosomal prostaglandin E synthase 1
NF-kB: N
uclear factor kB
NSAID: N
onsteroidal anti-inflammatory drug
pSTAT6: P
hospho–signal transducer and activator of transcription 6
STAT6: S
ignal transducer and activator of transcription 6
biologic activities of IL–4, including induction of the IgE isotype
switch. A STAT6 site in the CysLT1R promoter has been
identified and shown to be critical for its IL-4–mediated tran-
scription regulation.27 Similarly, a putative STAT6 site has been
identified in the LTC4S gene (Bing Lam, unpublished data). Stud-
ies demonstrate that aspirin inhibits the activation of STAT6.28

This might not be specific to STAT6 but might reflect broader in-
fluences of aspirin (and other NSAIDs) on cell transduction path-
ways, including nuclear factor of activated T cells- and nuclear
factor kB (NF-kB)–dependent transcription.29-31 These observa-
tions suggested that aspirin might produce its clinical utility in
subjects with AERD through direct inhibition of the IL-4–acti-
vated STAT6 pathway. Anaphylactoid reactions reflect inhibition
of COX and, as such, also occur with other COX inhibitors.32

Although desensitization can be induced to other COX inhibitors,
it is not established whether the therapeutic benefit that follows
desensitization reflects COX inhibition or some of these other
off-target anti-inflammatory effects of NSAIDs and salicylates.
We therefore investigated the inhibition by aspirin and other
NSAIDs of the STAT6-mediated regulation of the CysLT1R and
LTC4S genes.
METHODS

Cell culture
THP-1 mononuclear phagocytic cells were purchased from American Type

Tissue Culture (Manassas, Va) and grown in complete RPMI 1640 medium

(Invitrogen, Carlsbad, Calif) supplemented with HEPES (10 mmol/L), peni-

cillin (100 U/mL)/streptomycin (100 mg/mL, Invitrogen), L-glutamine (2

mmol/L), sodium pyruvate (1 mmol/L), glucose (4.5 g/L), sodium bicarbonate

(1.5 g/L), b-mercaptoethanol (0.05 mmol/L), and 10% FBS (HyClone, Logan,

Utah). Cells were maintained at 37 8C in 5% CO2.
Aspirin/NSAID/salicylate modulation of gene

expression
THP-1 cells were evaluated for putative IL-4–inducible genes, including

CysLT1R, LTC4S, FceRIa, IL-4 receptor, and CCL11 (eotaxin-1). Cells (106)

were subsequently preincubated with or without aspirin (0.1-10 mmol/L), ly-

sine aspirin (10 mmol/L), ketorolac (10 mmol/L; Beford Laboratories, Beford,

Ohio), or sodium salicylate (10 mmol/L; Sigma, St Louis, Mo) for 15 minutes

and then exposed to IL-4 (10 ng/mL; BD Biosciences, San Jose, Calif) for 16

hours. Aspirin was solubilized as a 1 mol/L stock solution in ethanol and di-

luted into culture media, and all other NSAIDs were solubilized directly as

1 mol/L stock solutions in culture media. These concentrations were chosen

from preliminary studies involving dose-response curves that demonstrated

optimal activity or from published studies.28 Expression of CysLT1R and

FceRIa was determined by means of quantitative RT-PCR. Total RNAwas ex-

tracted from cells by using a SV Total RNA Isolation kit (Promega, Madison,
Wis). Conversion of the mRNA to cDNA was performed with a Taqman Re-

verse Transcription kit (Roche, Branchburg, NJ), as previously described.33

Briefly, 200 ng of RNA was added to each reaction along with oligo dT

primers, 5.5 mmol/L MgCl2, 2 mmol/L deoxyribonucleoside triphosphates,

RNasin, and reverse transcriptase. Reactions went through 1 cycle of 10 min-

utes at 25 8C, 30 minutes at 48 8C, and 5 minutes at 95 8C in a Bio-Rad iCycler

thermocycler (Bio-Rad, Hercules, Calif). The cDNA was amplified by means

of PCR with SYBR Green detection (Bio-Rad) by using primer pairs as pre-

viously described34 for CysLT1R and LTC4S, as well as the housekeeping

genes b-actin and EF-1a. Primer pairs for each reaction were synthesized

by Integrated DNATechnologies (Coralville, Iowa). Quantification of changes

in receptor expression induced by cytokines was performed by using the com-

parative cycle threshold (CT) method. Briefly, the amount of target, normal-

ized to an endogenous reference and relative to a calibrator was calculated

by 2–DDCT as follows:

DDCT 5 (Threshold cycle unstimulated gene of interest 2 Threshold

cycle unstimulated housekeeping gene) 2 (Threshold cycle stimulated

gene of interest 2 Threshold cycle stimulated housekeeping gene).

The comparative CT method was validated by showing that the efficiencies

of target and reference amplification were equal across a range of mRNA

concentrations.
Monocytes
Monocyteswereenrichedfrom healthy subjects whowere not aspirin sensitive

under a protocol approved by the Human Investigations Committee at the

University of Virginia and after informed consent was provided by the subject.

PBMCs were isolated through Ficoll-Hypaque density gradient centrifugation

from heparinized venous blood. CD141 monocytes were enriched (>90%) by

means of negative selection with magnetic bead affinity chromatography (Milte-

nyi Biotec, Auburn, Calif). Monocytes were resuspended in complete medium

with 10% autologous serum and stimulated as described for THP-1 cells.
Nuclear extracts
Relevant nuclear extracts were obtained from THP-1 mononuclear cells or

healthy donor monocytes. Cells were either left in a resting state or exposed to

aspirin, lysine aspirin, ketorolac, or sodium salicylate (10 mmol/L each) for 15

minutes followed by IL-4 (10 ng/mL for 30 minutes). Nuclear extracts were

prepared by using a commercial kit according to the manufacturer’s directions

(NuCLEAR extraction kit, Sigma).
Electrophoretic mobility shift assay
DNA oligomers containing the putative STAT6 sites within the CysLT1R

and the LTC4S promoters were synthesized (Integrated DNATechnologies) by

using the following sequences:

32P–deoxycytidine triphosphate internal radiolabeling of double-stranded

DNA probes was performed as previously described.35,36 Labeled probe was

electrophoresed on a 6% nondenaturing polyacrylamide gel to separate la-

beled probe from free nucleotide and unlabeled double-stranded oligonucleo-

tides that were incompletely extended. The probe was eluted from the gel and

isolated over a Centrisep separation column (Princeton Separations, Adelphia,

NJ), and each probe was counted to determine the radioactivity. From the



FIG 1. Modulation by aspirin and other NSAIDs of CysLT1R and FceRIa IL-4–induced transcript expression.

Gene expression was induced by IL-4 (10 ng/mL), and its inhibition by aspirin (ASA; 0.1-10 mmol/L), ketor-

olac (10 mmol/L), and sodium salicylate (10 mmol/L) was evaluated by means of quantitative PCR. Data are

expressed as the fold increase compared with unstimulated THP-1 cells. Dark gray bars, CysLT1R; light gray

bars, FceRIa. *P < .05 compared with IL-4 alone.
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counts, the femtomole of each probe was calculated. Electrophoretic mobility

shift assays (EMSAs) were electrophoresed on a 6% nondenaturing polyacry-

lamide gel. Specific binding of STAT6 to the CysLT1R and LTC4S promoters

was evaluated by means of competition with 30- to 1000-fold molar excess of

unlabeled STAT6 consensus double-stranded oligonucleotides derived from

the e heavy chain promoter (59-GTATTTCCCAGAAAAGGAAC-39) and mu-

tant (base changes are underlined) consensus probes (59-GTATTTCGGTT

AAAAGGAAC-39; Santa Cruz Biotechnology, Santa Cruz, Calif). Supershift

assays were performed with anti-STAT6, anti–phospho-STAT6 (pSTAT6),

and, as controls, anti-Stat4 and anti–NF-kB antibodies (Santa Cruz

Biotechnology).
Western hybridization of nuclear extracts
Nuclear extracts were obtained as previously described. Protein concen-

tration was determined for each sample, and equal amounts of protein were

added to 2 3 Laemmli Sample Buffer (Bio-Rad) and heated for 3 minutes

at 95 8C. Samples were run on a 10% SDS polyacrylamide gel (ISC

BioExpress, Kaysville, Utah) and transferred to a nitrocellulose membrane

for 18 hours at 40 V. The membrane was blocked with TBST buffer (50

mmol/L Tris-HCl [pH 7.6], 150 mmol/L NaCl, and 0.05% Tween-20) with

5% nonfat dry milk before addition of anti-pSTAT6 antibodies (Santa Cruz

Biotechnology). The membrane was washed before addition of the goat

anti-rabbit horseradish peroxidase secondary antibody (Bio-Rad). Blots

were developed by using the Supersignal West Pico Chemiluminescent kit

(Pierce, Rockford, Ill).
Statistical analysis
Data for quantitative PCR are expressed as means 6 SEMs. Statistical

significance between resting and IL-4–stimulated cells (with and without
aspirin) was determined by using the Mann-Whitney test for nonparametric data

with JMP 6.02 software (SAS Institute, Inc, Cary, NC) on a Macintosh computer.

A P value of less than .05 was considered to indicate statistical significance.

RESULTS

Aspirin modulation of gene expression
Our initial studies were performed by using the human

mononuclear phagocytic cell line THP-1 as a representative cell
line known to express pSTAT6 in response to IL-4. We screened
our THP-1 cells for increased expression of CysLT1R, LTC4S,
FceRIa, IL-4 receptor, CD23, and CCL11 (eotaxin-1) transcripts
in response to IL-4 by means of quantitative PCR. In preliminary
experiments we optimized time course and dose response for IL-4
induction of gene expression. Subsequent experiments were per-
formed with 10 ng/mL IL-4 for 16 hours. IL-4–inducible expression
of CysLT1R and FceRIa mRNA was measured (Fig 1), and the up-
regulation of CysLT1R and FceRIa by IL-4 was significantly re-
duced in a dose-dependent fashion by aspirin. Data represent
means 6 SEMs of at least 3 replicate experiments. Although
LTC4S expression in mast cells17 has been shown to be induced by
IL-4, upregulation by IL-4 was not observed in the THP-1 cell line.
Modulation of gene expression by NSAIDs
Quantitative PCR results for FceRIa and CysLT1R transcripts

were also evaluated in the additional presence of lysine aspirin,
sodium salicylate, and ketorolac to determine whether modulation
of gene expression was specific to aspirin (Fig 1). Inhibition of



FIG 2. EMSA for the STAT6 site in the CysLTR1 promoter. A, Nuclear extracts were obtained from THP-

1 mononuclear cells under unstimulated, IL-4–stimulated (10 ng/mL), and IL-4–stimulated in the presence

of aspirin (ASA; 10 mmol/L) conditions. STAT6 binding was evaluated by means of competition with 30-

to 1000-fold molar excess of unlabeled STAT6 consensus but not a mutant probe, as well as by supershifting

with anti-STAT6, anti-pSTAT6, and anti-Stat4 antibodies. B, Relevance to normal tissue was evaluated by

using nuclear extracts derived from enriched peripheral blood–derived mononuclear phagocytes.
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transcript expression was limited to aspirin, lysine aspirin, and ket-
orolac. Data represent means 6 SEMs of 5 replicate experiments.
EMSAs
EMSAs were initially performed on the STAT6 site, which is

reported to be present within the CysLT1R promoter and critical
for transcription activity.27 We evaluated the presence of activated
STAT6 within nuclear extracts derived from THP-1 mononuclear
phagocytic cells. Nuclear extracts from IL-4–stimulated (10 ng/
mL for 30 minutes) but not from resting THP-1 cells produced
a mobility shift (Fig 2, A). That this was produced by the presence
of STAT6 within these nuclear extracts was confirmed by the abil-
ity of a molar excess of unlabeled DNA derived from the STAT6
sequence within the e heavy chain promoter, but not a mutant
form of this consensus sequence, to compete for binding of this
nuclear extract–derived factor. The IL-4–inducible presence of
STAT6 was confirmed by means of supershifting the protein-
DNA complex with an anti-STAT6 antibody and by means of in-
hibition of STAT6 binding with an anti-pSTAT6 antibody that
binds to the DNA-binding domain of STAT6. No change in bind-
ing was observed with the control anti-Stat4 antibody. The addi-
tion of aspirin (10 mmol/L) 15 minutes before stimulation with
IL-4 precluded expression of activated STAT6 within the nuclear
extracts (Fig 2, A). Induction of STAT6 by IL-4 and prevention of
its expression within the nucleus by aspirin was confirmed in
monocytes derived from a healthy donor to confirm the physio-
logic relevance of these observations (Fig 2, B). Although there
is no reason to believe that monocytes from subjects with
AERD and those from non–aspirin-sensitive asthmatic subjects
would behave differently, such experiments have not been per-
formed by us. In separate experiments (a representative result
of 3 similar experiments is displayed in Fig 3) inhibition of nu-
clear pSTAT6 expression was shown for aspirin and ketorolac
but less so with lysine aspirin and sodium salicylate. Similarly,
we demonstrated induction by IL-4 of STAT6 within nuclear ex-
tracts capable of binding to the putative STAT6 site defined within
the LTC4S gene promoter and prevention through preincubation
with aspirin (Fig 4). Identity as STAT6 was again confirmed
both by means of competition with a STAT6 consensus sequence
and by the supershifting observed with anti-STAT6 antibody.
Western hybridization
Western blots of the nuclear extracts used for the EMSA studies

probed with anti-pSTAT6 confirmed that IL-4 treatment of THP-1
cells induced expression of pSTAT6 protein and directed its
migration into the nucleus (Fig 5). Similar to what was observed
with the EMSAs, coculture of THP-1 cells with aspirin, lysine as-
pirin, or sodium salicylate for 15 minutes before IL-4 stimulation
markedly reduced the appearance of pSTAT6 protein within the
nuclear extracts. With ketorolac, pSTAT6 was no longer detect-
able in the nuclear extract by means of immune staining.
IL-4 modulation of prostaglandin pathway
It is possible that COX products from monocytes could act in an

autocrine or paracrine manner and that this might explain the lack



FIG 3. Modulation of STAT6 EMSA results by aspirin (ASA) and other

NSAIDs. EMSAs were performed as previously described. Nuclear extracts

(NE) were obtained from THP-1 mononuclear cells in the resting state, stim-

ulated with IL-4 (10 ng/mL), and stimulated with IL-4 in the additional pres-

ence of aspirin (10 mmol/L), lysine aspirin (10 mmol/L), sodium salicylate

(10 mmol/L), or ketorolac (10 mmol/L).
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of effect observed with sodium salicylate. The effect of IL-4 on
basal expression of COX-1, COX-2, and microsomal prostaglan-
din E synthase 1 (mPGES-1) mRNA in monocytes was examined
(see Methods in this article’s Online Repository at www.jacionline.
org). IL-4, but not IL-13, was able to decrease expression of COX-2
and mPGES-1 (see Table E1 in this article’s Online Repository at
www.jacionline.org). When monocytes were stimulated with LPS
or IL-1b, mPGES-1 mRNA levels increased significantly, and
this increase was again inhibited by IL-4 (see Fig E1 in this article’s
Online Repository at www.jacionline.org). The net result was that
addition of IL-4 to monocytes prevented basal or stimulated release
of prostaglandin E2 (see Fig E2 in this article’s Online Repository at
www.jacionline.org).
DISCUSSION
Aspirin desensitization is an effective treatment for AERD

and has been associated with diminished need for nasal endo-
scopic surgery, improved sense of smell, fewer bouts of acute
sinusitis, reduced need for oral corticosteroids, and less severe
asthma.3,20,21 However, the mechanism underlying this efficacy
is not understood. Severity of AERD is associated with the
marked overproduction of CysLTs, reflecting in large part
overexpression of LTC4S,6,7 and, similarly, the marked overres-
ponsiveness to these proinflammatory mediators, reflecting in
large part overexpression of CysLT1R.15,16 This is a central
mechanism of AERD, as shown by the clinical efficacy of LT
pathway inhibitors in these patients.37 Successful aspirin desen-
sitization is associated with downregulation of CysLT sensitivity
and both CysLT1R expression15,16 and LT synthesis.22

The mechanism by which aspirin might block these LT effects
is not immediately obvious. Aspirin (and other NSAIDs) is known
to have off-target effects, including modulation of nuclear
trafficking of numerous transcription factors, including nuclear
factor of activated T cells, NF-kB, and STAT6.29-31 Many of these
off-target effects of aspirin only occur at significantly higher con-
centrations than those required for COX-1 or COX-2 inhibition.30

The concentration of aspirin known to be effective after aspirin
desensitization (1300 mg/d) is somewhat higher than that re-
quired to inhibit COX-1 or COX-2, which is consistent with the
concept that the aspirin could be acting through one of these
COX-independent pathways. The expression of both CysLT1R
and LTC4S is mediated by IL-417-19 in a STAT6-dependent fash-
ion (Bing Lam, unpublished data).27 We therefore investigated
the ability of aspirin to block the STAT6-dependent IL-4–induc-
ible expression of CysLT1R and LTC4S.

These studies confirmed the IL-4–dependent induction of
CysLT1R on THP-1 cells (Fig 1). However, in contrast to mast
cells, we did not see induction of LTC4S. Although mononuclear
phagocytic cells can synthesize and secrete CysLTs, in compari-
son with mast cells, basophils, and eosinophils, they are consid-
ered only minor sources38; however, monocytes from subjects
with AERD might show enhanced induction of LTC4S. In sub-
jects with AERD, mast cells and eosinophils are considered the
major source of the surge of CysLTs observed,11 and monocytes
are not known to be specifically targeted by aspirin. As cancerous
cells, THP-1 might not be reflective of physiologic mononuclear
phagocytic cells. Thus our failure to demonstrate IL-4–inducible
LTC4S in THP-1 cells might reflect either specific inhibitors or the
absence of relaxed chromatin in these cells, which are capable of
responding to the induced pSTAT6. The more general signifi-
cance of inhibition of IL-4–inducible activities by aspirin can
be deduced, however, from our observation regarding reduced
FceRIa expression.

Our EMSA studies confirm the presence of these STAT6 sites
within both the CysLT1R and LTC4S promoters (Figs 2 and 4).
The presence of a mobility shift specifically mediated by
STAT6 was confirmed by the ability of a molar excess of unla-
beled DNA probes comprising the STAT6 site within the e heavy
chain promoter to block binding but not a mutated version of this
STAT6 probe. That this shift was produced by pSTAT6 was fur-
ther confirmed by using anti-STAT6 and anti-pSTAT6 antibodies.

The mechanism by which aspirin blocks STAT6 expression is
not known but has been suggested to involve nuclear trafficking
and recycling of transcription factors.30 The current studies do not
distinguish whether aspirin acts to block either induction of
pSTAT6 or trafficking of newly activated pSTAT6 into the nu-
cleus. Our Western hybridization data do confirm the absence
of functional pSTAT6 protein within the nuclei of aspirin-treated
cells (Fig 4). These results were extended to other NSAIDs, in-
cluding ketorolac, but not sodium salicylate. Ketorolac has been
successfully used in the diagnosis of aspirin intolerance,32 and
these observations suggest a plausible basis for it to have clinical
efficacy in subjects with AERD.

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


FIG 4. EMSAs for the STAT6 site in LTC4S promoter. EMSAs were performed as described for CysLT1R.

Confirmation of STAT6 engagement of consensus promoter sequence was confirmed by means of compe-

tition with 30- to 1000-fold molar excess of unlabeled STAT6 consensus but not a mutant probe, as well as

by supershifting with anti-STAT6 but neither of the control (NF-kB or Stat4) antibodies. ASA, Aspirin.

FIG 5. Western hybridization of nuclear extracts. Nuclear extract proteins were separated on an SDS

polyacrylamide gel and transferred to a nitrocellulose membrane. The presence of pSTAT6 was determined

by means of probing with an anti-pSTAT6 antibody and chemiluminescent detection.
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Countering the argument that aspirin might function in subjects
with AERD as an IL-4–STAT6 antagonist is the lack of an obvious
recognition of its utility in aspirin-tolerant asthma or even allergic
rhinitis, disorders that also involve IL-4 and STAT6 expression. It
could be disputed that if aspirin is an effective anti–IL-4 agent, it
should be effective in all asthmatic subjects. A subset of asthmatic
subjects who have aspirin-responsive asthma is recognized,39 and
aspirin might have efficacy in patients with chronic sinusitis
without aspirin intolerance (Donald Stevenson, unpublished
data). Intriguingly, aspirin is reportedly protective against the
development of asthma, as shown in a randomized clinical trial
of apparently healthy adult women, in which the administration
of 100 mg of aspirin on alternate days reduced the relative risk
of a newly reported diagnosis of asthma.40 AERD is a distinct dis-
order from aspirin-tolerant asthma, and these subjects are unique
in their production of and sensitivity to LTs. Efficacy of aspirin
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use in subjects with AERD might therefore reflect the heightened
importance of these LT-dependent and plausibly aspirin-respon-
sive mechanisms in subjects with AERD in comparison with sub-
jects with aspirin-tolerant asthma.

In conclusion, the CysLT1 receptor and LTC4S promoters have
STAT6-binding sites that are engaged by IL-4–induced nuclear
extracts and inhibited by aspirin. Aspirin desensitization might
provide effective therapy for AERD, at least in part, through mit-
igation of STAT6 expression, thereby downregulating LT path-
ways. In the future, it will be interesting to study monocytes
from subjects with AERD and compare the responses with those
seen in healthy subjects and see whether there are inherent differ-
ences in the responses to aspirin and other NSAIDs or whether
this is a general phenomenon of all monocytes.

Clinical implications: Aspirin desensitization is an effective
treatment for AERD. Our studies demonstrated that aspirin
inhibits the IL-4–activated STAT6 pathway and suggest that
this might be the basis for its clinical utility in subjects with
AERD.
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Cytokine/chemokine determination
Prostaglandin E2 (Cayman Chemical, Ann Arbor, Mich) levels were mea-

sured in supernatants from cell cultures by using ELISA kits, according to the

manufacturer’s instructions. The sensitivity of this assay was less than 7.8 pg/

mL. Concentrations were calculated on the basis of standard curves by using

the KC4 Kineticalc for Windows software (Bio-Tek, Winooski, Vt).

Reverse transcription of mRNA
Total RNAwas extracted from cells as described. Primers for COX-1, COX-

2, and mPGES-1 are as follows: COX-1 forward, 59-GTAGACCTCGGCCA
CATTTATG-39; COX-1 reverse, 59-GGGGTAGTGCATCAACACAG-39;

COX-1 probe, 59-FAM-CTGGAGCGTCAGTATCAACTGCGGCTC-

BHQ1-39; COX-2 forward, 59-GTGGACTTAAATCATATTTACGGTGAA-

39; COX-2 reverse, 59-ATCATCTCTGCCTGAGTATCTTTG-39; COX-2

probe, 59-CY5-AAACTCTGGCTAGACAGCGTAAACTGCG-BHQ2-39;

mPGES-1 forward, 59-CTTCCTCGTGGGCCGTGT-39; and mPGES-1

reverse, 59-TGGGCCAGGGTGTAGGTC-39

Detection of products for mPGES-1 and b-actin was performed by

using syber-green supermix (Bio-Rad), whereas detection of COX-1 and

COX-2 was performed by using fluorescently labeled probes. Primer pairs

and probes for each reaction were synthesized by Integrated DNA

Technologies.



FIG E1. IL -4 inhibition of stimulated mPGES-1 mRNA expression. IL-4 was

added to monocytes (10 ng/mL) alone or with either LPS (1 mg/mL) or IL-1b

(10 ng/mL). Cells were incubated for 16 hours before RNA was collected.

After reverse transcription of 200 ng of RNA, PCR was performed with

primers specific for mPGES-1 and the housekeeping gene b-actin as a

positive control. Products were quantified by using real-time PCR with

syber-green detection and reported as a fold change in comparison with
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unstimulated monocytes.



FIG E2. IL-4 inhibits monocyte prostaglandin E2 (PGE2) secretion. IL-4 was added to the cells (10 ng/mL)

alone or with either LPS (1 mg/mL) or IL-1b (10 ng/mL). Cells were incubated for 24 hours before superna-

tants were collected. Prostaglandin E2 levels were measured by means of ELISA and reported as picograms

per milliliter.
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TABLE E1. Quantitative PCR expression of COX-1/COX-2/mPGES-1: modulation by IL-4 and IL-13

IL-4 IL-13

Cell type COX-1 COX-2 mPGES-1 COX-1 COX-2 mPGES-1

Monocytes 1.1 6 0.7 0.3 6 0.2* 0.2 6 0.1* 1.4 6 0.6 1.5 6 0.9 1.5 6 0.8

Data are presented as a fold change in comparison with unstimulated cells, the value of which was set at 1.

*P < .01.
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