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Reduced expression of COXs and production of
prostaglandin E, in patients with nasal polyps with or
without aspirin-intolerant asthma
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Background: Researchers have debated whether regulation of
the COX enzymes (COX-1 and COX-2), which mediate
production of prostaglandins (PGs), affects the pathogenesis of
nasal polyps (NPs) and aspirin-intolerant asthma (AIA).
Objective: We investigated the roles of PGE,, COX-1 and COX-
2, and PGE, receptors in the development of NPs and AIA by
measuring their expression in fibroblasts derived from nasal
mucosa (NM) and NPs.

Methods: Fibroblasts were isolated from the NM of subjects
without asthma who had septal deviation, turbinate
hypertrophy, or both (control subjects, n = 7); NPs of aspirin-
tolerant nonasthmatic patients (n = 7); and NPs of patients with
asthma who were intolerant of aspirin (n = 7). Polyp samples
were collected during endoscopic surgery. Cultures were
stimulated with IL-1f3 (10 ng/mL) for 72 hours. We used ELISA,
immunoblotting, and immunofluorescence analyses to measure
secretion of PGE,, expression of COX-1 and COX-2, and
expression of the PGE, receptors EP1 to EP4.

Results: Compared with NM from control subjects, PGE,
concentrations were significantly lower in IL-1B-stimulated
fibroblasts from patients with NPs who were tolerant to aspirin
and even lower in polyps from patients with AIA. Similarly, IL-
1P exposure induced the expression of COX-1 and COX-2 in
fibroblasts from NM of control subjects, had only moderate
effects on fibroblasts from NPs of aspirin-tolerant nonasthmatic
patients, and almost no effect on fibroblasts from NPs of
patients with AIA. IL-1f also induced expression of EP2 in
fibroblasts from control NM but not in fibroblasts from NPs of
aspirin-tolerant nonasthmatic patients or those with AIA.
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Conclusion: Alterations in the COX pathway (ie, reduced
production of PGE, and lack of upregulation of COX-1, COX-2,
and EP2 under conditions of inflammation) are associated with
NPs in patients with or without AIA. (J Allergy Clin Immunol
2011 ;mum; NuN-NEN,)
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In mammalian cells activation of phospholipase A, results in
release of arachidonic acid (AA) from membrane phospholipids.
AA is in turn transformed by COX and lipoxygenase pathways
into eicosanoids. There are at least 2 isoforms of COX enzymes.
COX-1 is generally constitutively expressed and considered to be
a housekeeping enzyme,' whereas COX-2 is induced under
chronic inflammatory conditions, such as arthritis,2 periodonti-
tis,> cystic fibrosis,* and chronic obstructive pulmonary dis-
ease.>® COX-2 activation leads to synthesis of several
prostaglandins (PGs). Of these, PGE, seems to have an important
role in inflammatory processes. COX-1 and COX-2 are the targets
of classical nonsteroidal anti-inflammatory drugs (NSAIDs), and
there are selective inhibitors of COX-2."

Bronchial asthma is a chronic inflammatory disorder that,
unlike other inflammatory diseases, does not respond to the anti-
inflammatory effects of COX inhibitors, such as NSAIDs. In fact,
ingestion of NSAIDs even induces bronchoconstriction in some
patients,” which is called aspirin-intolerant asthma (AIA). The
pathogenic mechanism of AIA is believed to involve altered me-
tabolism of AA, although the putative biochemical defects have
not been completely elucidated.” Interestingly, selective inhibi-
tors of COX-2 appear to be well tolerated by patients with
AIA ®° These observations indicate that prostanoids are regulated
differently in patients with AIA than in those with other inflam-
matory diseases.”® Moreover, these abnormalities in AA metab-
olism might not occur in only the lower airways because these
patients typically have chronic rhinosinusitis with nasal polyps
(NPs).””

Many studies have reported increased production of cysteinyl
leukotrienes in bronchial mucosa and NPs of patients with AIA.?
Increased release of cysteinyl leukotrienes correlates with upre-
gulated expression of enzymes in the lipoxyenase pathway, par-
ticularly of leukotriene C, synthase.7 Altered expression of
COX has also been described in the airways of patients with
AIA. However, and in contrast to the reported findings in the li-
poxygenase pathway, altered regulation of COX enzymes has
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NP: Nasal polyp
NSAID: Nonsteroidal anti-inflammatory drug
PG: Prostaglandin
SFM: Serum-free media

been reported in some but not all studies; their role in the
pathogenesis of AIA is a matter of debate.”” Several studies that
assessed PGE, production in patients with AIA produced differ-
ent results, ranging from reduced production'®'® to normal pro-
duction'®'® or overproduction.'"” Because PGE, production
requires expression of COX-2 and the PGE, synthases, the
changes in levels of PGE, detected in patients with AIA might re-
sult from altered expression of these enzymes. Similar to the dis-
parate results reported in levels of PGE, in patients with AIA,
COX-2 expression has been reported to be downregulated in the
upper airways of these patients®*>* and upregulated in airway
mast cells??; other studies did not detect differences in COX-2 ex-
pression among patients with AIA, patients with aspirin-tolerant
asthma (ATA), patients with chronic rhinosinusitis, or control
subjects.“‘m’% Furthermore, decreased levels of PGE, synthase
1 were detected in nasal tissues of patients with chronic
rhinosinusitis.*’

Although COX-1 is not considered to be involved in inflam-
matory responses,1 some studies found altered expression in air-
ways of patients with aspirin sensitivity,''""*® and other studies
did not report differences.”® PGE, signals through 4 G protein—
coupled receptors (prostaglandin E receptors 1-4 [EP1-EP4]).%
Expression of EP2 has been reported to be reduced in nasal
mucosal inflammatory cells of patients with AIA.*°

There are no clear explanations for the reported discrepancies
in regulation of COX enzymes in patients with asthma and NPs;
they might be caused, at least in part, by differences in study
methods.”! Regulation of multiple factors in the COX pathway
(ie, PGs, enzymes, and PG receptors) has not been assessed in pa-
tients with NPs and AIA, and therefore the relationships among
different components of the metabolic pathways have not been
determined for this disorder. We investigated the levels of the
COX enzymes, PGE,, and EP1 through EP4 in nasal fibroblasts
from patients with polyps and from patients with NPs and AIA.
Previous studies have shown that alterations in the production
of PGE, in NPs can occur in the absence of associated
asthma.?'*> However, isolated nasal polyposis in patients with
aspirin intolerance is rarely seen because it is almost always asso-
ciated with asthma.’

METHODS

Nasal mucosa (NM) specimens were obtained from 7 subjects without
asthma who had septal deviations, turbinate hypertrophy, or both and
underwent corrective surgery (control-NM). All the control subjects had
taken normal doses of aspirin or NSAIDs without adverse reactions (asthma,
rhinitis, urticaria, angioedema, or anaphylaxis). NP specimens were collected
from 7 patients with asthma, chronic rhinosinusitis, and aspirin intolerance
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TABLE I. Epidemiologic characteristics of control subjects and
patients with NPs

Control-NM NP-AT NP-Al
Characteristics fibroblasts fibroblasts  fibroblasts
Fibroblast cultures (no.) 7 7 7
Age (y) 339 +29 441 £ 16.6 48.1 £2.7
Female sex, no. (%) 1(14.3) 2 (28.6) 4 (57.1)
Asthma (%) 0 0 100
Aspirin intolerance (%) 0 0 100
Atopy, no. (%) 3 (42.8) 2 (28.6) 0 (0)
Blood eosinophilia (%) 20 =12 47 = 3.6 10.0 = 1.8
Intranasal corticosteroid, 0 (0) 6 (85.7) 7 (100)

no. (%)

(NP-AI) who were treated with endoscopic surgery. NP samples were also
collected, by using the same procedure, from 7 patients without asthma who
tolerated aspirin (NP-AT). The diagnosis of aspirin intolerance was confirmed
by means of lysine-aspirin nasal challenge, as previously described.’' None of
the subjects received oral or intranasal corticosteroids for at least 1 week be-
fore the operation or had upper airway infections in the 2 weeks before the op-
eration. All patients provided informed consent to participate in the study,
which was approved by the scientific and ethics committee of our institution.
Demographic and clinical characteristics of subjects are shown in Table I.

For more information on tissue handling and cell culture; experimental
protocols; PGE, and COX-2 ELISA, immunoblotting, and immunofluores-
cence; and statistical analysis, see the Methods section in this article’s Online
Repository at www.jacionline.org.

RESULTS
Culture characterization

Cultures of control-NM, NP-AT, and NP-AI fibroblasts incu-
bated with serum-free media (SFM) for 24 hours did not contain
cytokeratin-positive cells, whereas all cells were positive for
vimentin (Fig 1). No significant differences were observed in the
percentages of myofibroblasts in these cultures (control-NM,
1.5% [25th-75th interquartile, 1.3% to 3.0%]; NP, 4.7%
[25th-75th interquartile, 2.4% to 8.7%]; and NP-AIA, 4.5%
[25th-75th interquartile, 2.2% to 5.7%]; n = 5).

PGE, production

There were no significant differences in the production of PGE,
at baseline in cultured fibroblasts isolated from control-NM or NP
samples. Quiescent cells were incubated with SFM in the pres-
ence or absence of 10 ng/mL IL-1f for 24 hours, and PGE, secre-
tion was analyzed in culture supernatants collected after 4 and 24
hours. Compared with cells in only SFM, control-NM cells incu-
bated with IL-1f had an increased ratio of PGE,/total protein af-
ter 4 and 24 hours. In contrast, the ratio of PGE,/total protein did
notincrease in NP-AT or NP-Al cells after 4 hours incubation with
IL-1B, and there was a slight increase after 24 hours. The lowest
ratio of PGE,/total protein was observed in cells from NP-AI tis-
sues; values were significantly different from those of control-
NM cells at 4 and 24 hours and from those of NP-AT cells at 4
hours (Fig 2).

COX expression
PGE, secretion requires COX-1 and COX-2 activity, and there-
fore we measured the expression of both enzymes in quiescent
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FIG 1. Characterization of cultured cells. Representative images from immunofluorescence analysis of
quiescent control-NM fibroblasts. A, Presence of vimentin fibers (green) confirms the fibroblast phenotype
of cells in culture. B, Absence of staining for cytokeratins demonstrates the lack of epithelial cells. C, Detec-
tion of a-smooth muscle actin fibers confirms the presence of myofibroblasts. D, Positive control for cyto-
keratin in NM epithelial cells (original magnification X200).
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FIG 2. Time course of IL-18 on secretion of PGE; protein. Fibroblasts were
incubated with 10 ng/mL IL-18. The concentration of PGE, (n = 7) was mea-
sured by means of ELISA. *P < .05 compared with control media. P < .05
compared with control-NM fibroblasts incubated with IL-18. #P < .05
compared with NP-AT fibroblasts incubated with IL-1p3.

fibroblasts incubated in SFM in the presence or absence of 10 ng/
mL IL-1B. Previous studies used various methods to measure
COX-2 expression in NP samples and had varying results, and
therefore we used several different techniques to quantify expres-
sion of COX-2: ELISA, immunoblotting, and immunofluores-
cence analyses. Measured by means of ELISA, exposure of
control-NM fibroblasts to IL-1f3 increased expression of COX-2
after 4 and 24 hours. In contrast, the cytokine had a slight nonsig-
nificant effect on the induction of COX-2 in NP-AT and NP-AI fi-
broblasts. Compared with control-NM samples, the mean increase
in the expression of COX-2 protein was significantly lower in NP-
AT fibroblasts after 24 hours and in NP-AI fibroblasts after 4 and

24 hours. The lowest expression level of COX-2 was observed in
fibroblasts from patients with NP-AI, which was significantly
lower than that from NP-AT tissue at 24 hours (Fig 3, A).

In immunoblot analyses, compared with fibroblasts cultured in
SEM, IL-1p increased the ratio of COX-2/f3-actin in only control-
NM fibroblasts. COX-2 expression was significantly higher in
IL-1B3-stimulated control-NM fibroblasts than in NP-AT or
NP-AI fibroblasts at 24 hours (Fig 3, B). Immunofluorescence
analysis demonstrated a significant increase in the number of
COX-2—positive fibroblasts from all tissues after incubation
with IL-1 compared with cells incubated in SFM. However,
the percentage of COX-2 control-NM fibroblasts was signifi-
cantly greater than that of NP-AT or NP-AI fibroblasts after 24
hours incubation with IL-1$ (Fig 3, C and D).

Although COX-1 is considered a noninducible enzyme, its
expression can increase moderately in proinflammatory condi-
tions. In contrast with COX-2, COX-1 protein is very stable and
remains in cultured cells for several hours after its synthesis. We
measured the effect of 10 ng/mL IL-13 on expression of COX-1
protein at 24, 48, and 72 hours. Compared with control-NM cells
cultured in SFM, control-NM cells incubated with IL-1$
expressed significantly higher levels of COX-1 protein after
72 hours. However, fibroblasts from NP-AT or NP-AI tissues did
not alter expression of COX-1 during incubation with IL-1(3
(Fig 4).

EP expression
There were no differences in baseline expression levels of EP1
through EP4 among fibroblasts from control-NM, NP-AT, or



4 ROCA-FERRER ET AL

J ALLERGY CLIN IMMUNOL
mmm 2011

A B
e 2 * o 3
Q =
8 5 | x
a8 1.5 ¥
5 % 24 T
28 i X
o
c2 ! < 9
q 2 +
5 05 & i
o + —
> F# 0
0 Control o AT NP-AI
0 2 4 24
Time (hours) Cox-2 s & o
B-actin | e em——

Control-NM NP-Al

C D

80

— *

R ™

@ 6ol

3

0 s e

= 40 T

@ *

S 30 f

o= *

(;I\l( 20- ?

Q

@] 10 ——
0

Control NP-AT NP-Al
NM

FIG 3. Effect of IL-1B on expression of COX-2 protein. Fibroblasts were incubated with 10 ng/mL IL-18 (n =
7). A, ELISA analysis of COX-2 protein expression in control-NM (white circles), NP-AT (gray triangles), and
NP-AI (black triangles) fibroblasts. B-D, Immunoblot (Fig 3, B) and immunofluorescence (Fig 3, C and D)
analyses of COX-2 protein (red) after fibroblasts were incubated for 24 hours with IL-18. *P < .05 compared
with control media. 1P <.05 compared with control-NM fibroblasts incubated with IL-1B. #P < .05 compared

with NP-AT fibroblasts incubated with IL-18.

NP-AI tissues cultured in SFM (Table II). However, the ratio of
EP2/3-actin increased during incubation of control-NM fibro-
blasts with 10 ng/mL IL-1 for 24, 48, and 72 hours. However,
this ratio did not increase in fibroblasts from NP-AT or NP-AI tis-
sues compared with that seen in cells cultured in SFM (Fig 5). Ex-
pression of EP1, EP3, and EP4 protein did not change in any
fibroblast culture during incubation with IL-13 (data not shown).

DISCUSSION

We investigated secretion of PGE, and expression of COX en-
zymes and EP1 through EP4 in cultured fibroblasts isolated from
control NM and NP samples from patients without asthma who
are tolerant to aspirin and patients with asthma who are intolerant
to aspirin.

We observed that IL-1f3 stimulates production of PGE, in fibro-
blasts from control-NM tissues but has a lower stimulatory effect
on fibroblasts from NP-AT tissues and hardly any effect in fibro-
blasts from NP-AI tissues. Expression of COX-2 protein in-
creased after incubation of fibroblasts from control-NM tissues

with IL-1$ but only slightly in fibroblasts from NP-AT tissues
and hardly at all in fibroblasts from NP-AI tissues. IL-1[3 stimu-
lation increased COX-1 protein expression in fibroblasts from
control-NM tissue and to a smaller extent in fibroblasts from
NP-AT tissue but did not alter COX-1 expression in fibroblasts
from NP-AI tissues. IL-1B—upregulated EP2 in fibroblasts from
control-NM tissues did not induce significant changes in levels
of EP2 in fibroblasts from NPs. These results indicate that the
COX pathway of AA metabolism is altered in fibroblasts from
NPs of patients without asthma and those of patients with AIA.
Altered production of PGE, is a characteristic of nasal polyp-
osis and AIA; in vitro studies have reported reduced production
of PGE, in epithelial cells from NPs of patients with AIA,'* bron-
chial fibroblasts from patients with AIA,'' and peripheral blood
leukocytes from patients with AIA," as well as in NP samples
from patients tolerant to aspirin or from patients with AIA.'**?
In vivo studies have, however, reported varying results, with
higher,8 similar,'®'7 or lower,10 levels of PGE, in nasal or bron-
choalveolar fluids from patients with AIA compared with patients
with ATA or healthy control subjects. These discrepancies
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FIG 4. Effect of IL-18 on COX-1 protein expression. Fibroblasts were incubated with 10 ng/mL IL-18 for 72
hours (n = 7). A, COX-1 protein expression analyzed by means of immunoblotting. B, Representative immu-
noblot. *P < .05 compared with control media (COX-1/B-actin ratio, 1). 1P < .05 compared with control-NM

fibroblasts incubated with IL-183.

TABLE Il. Baseline levels of EP1 to EP4 in cultured fibroblasts

PG receptor Control-NM NP-AT NP-AIl

subtypes fibroblasts (n = 7) fibroblasts (n = 7) fibroblasts (n = 7)
EP1 0.86 (0.66-1.22) 1.44 (0.91-1.91) 1.22 (0.86-1.82)
EP2 0.83 (0.55-1.02) 1.84 (0.62-2.19) 1.11 (0.29-1.39)
EP3 0.88 (0.63-0.96) 1.16 (0.73-1.44) 1.10 (0.82-1.50)
EP4 1.01 (0.91-1.45) 0.95 (0.80-1.54) 1.20 (1.00-1.24)

Data are represented as medians (25th-75th interquartiles) of the EP receptor/B-actin
ratio. The Mann-Whitney U test was used for between-group comparisons. No
significant differences were found.

probably result from limitations in bronchoalveolar and nasal la-
vage methodologies and the varying effects of dilution of lavage
fluids. The presence of airway obstruction and inflammation in
patients compared with control subjects could also affect collec-
tion of fluid samples. Studies that quantified levels of PGE, in
urine had discrepant results: 1 study reported significantly lower
concentrations of PGE, in urine from patients with AIA compared
with those with ATA,'® whereas another study reported no differ-
ences.'® Studies that measured prostanoid production by using
concentrated, exhaled air methodologies reported that patients
with ATA and AIA had levels of PGE, that were similar to healthy
control subjects.”

Findings of similar levels of PGE, among patients with AIA or
ATA and healthy subjects have been used to argue against dysre-
gulated PGE, synthesis in asthma.’>** However, production of
PGE, should increase under conditions of inflammation; the sim-
ilar production of PGE; in patients with asthma and healthy con-
trol subjects is an anomaly rather than a normal finding. PGE,
release is increased, however, in other airway inflammatory dis-
eases, such as cystic fibrosis®* and chronic obstructive pulmonary
disease.® The prostanoid pathway is therefore abnormally regu-
lated in patients with NPs, especially among those with AIA.

We found that expression of COX-2 increased significantly in
NM fibroblasts stimulated with a proinflammatory cytokine
(IL-1B), but this response was reduced in fibroblasts from
NP-AT tissue and almost undetectable in fibroblasts from
NP-AI tissue. This observation concurs with the findings of
Pérez-Novo et al*? and Pujols et al,21 who also observed reduced

levels of COX-2 mRNA in NPs, especially from those of patients
with AIA. Other studies, however, did not report abnormal regu-
lation of COX-2 in the airways of patients with ATA or AIA. How
can these discrepancies be explained? Pierzchalska et al'' re-
ported very low production of PGE, in bronchial fibroblasts
from patients with AIA but did not detect differences in COX-2
expression in fibroblasts isolated from the same patients, control
subjects, or patients with ATA. However, they measured COX-2
levels at only 1 time point (4 hours). Our study and other studies
showed the importance of collecting samples at a number of time
points to detect changes in levels of COX-2 in patients with AIA,;
the fact that Pierzchalska et al'' did not use this approach could
contribute to their findings.

Studies that used immunohistochemistry to quantify COX-2
expression have yielded contradictory results. In one study COX-
2 was reportedly upregulated in mast cells from airways of
patients with AIA,>> whereas other studies reported no differ-
ences in expression of COX-2 in cells from upper®>*° or lower
airways®* of patients with AIA, patients with ATA, or patients
with chronic rhinosinusitis compared with healthy control sub-
jects. The static characteristics of immunohistochemical analyses
used in these studies?®>® might account for their discrepancies
with findings from studies that measured COX-2 kinetics levels
by means of immunoblotting or RT-PCR assays.*'**> Discrep-
ancies might also result from the use of polyclonal versus
mADbs to quantify levels of COX-2.%°The accuracy of immunohis-
tochemical analyses can also be limited by histological differ-
ences among tissues; COX-2 is located in the nuclear
membrane, and antibodies used to detect it might penetrate the
cells of the NM differently cells from NPs. To overcome these
technical limitations, we studied COX-2 expression in isolated
and stimulated fibroblasts using ELISA and immunoblot analyses
and used immunostaining to confirm observed alterations in
COX-2 expression in NP-AT and NP-AI tissues.

COX-1 is considered a constitutively expressed enzyme that
responds to the physiological needs of cells but is not involved in
inflammatory responses.! Some studies, however, reported small
increases in its expression in inflamed tissues.’” COX-1 was re-
ported to be substantially upregulated in NPs from patients with
chronic rhinosinusitis associated with cystic fibrosis, indicating
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FIG 5. Time course of IL-18 on EP2 protein expression. Fibroblasts were incubated with 10 ng/mL IL-18 for
72 hours (m = 7). EP2 protein expression in control-NM (white circles), NP-AT (gray triangles), and NP-Al
(black triangles) fibroblasts was analyzed by means of immunoblotting. Representative immunoblots are

shown. *P < .05 compared with control media.

that airway COX-1 is sensitive to inflammatory stimuli,* but stud-
ies of the regulation of COX-1 in NPs of patients with and without
Al have yielded contradictory results. Some studies reported no
differences in COX-1 expression between NM and NPs from pa-
tients with ATA or AIA,?%%® whereas others found higher levels of
COX-1 in NPs from patients with AIA compared with healthy
NM.?! Pierzchalska et al'"**® found significantly lower levels of
COX-1 mRNA in bronchial epithelial cells and fibroblast from
asthmatic patients compared with healthy subjects, and this dif-
ference was greater in patients with AIA. Kinetic studies have
shown that COX-1 is upregulated, either spontaneously or after
stimulation with cytokines, in samples of NM but not NPs from
AT subjects.35

We used stimulated fibroblasts to investigate the regulation of
COX-1 in NPs from patients with AIA. Previous studies found a
delay between transcription of mRNA and increased levels of
COX-1 protein.38’39 Interestingly, and in contrast to COX-2 pro-
tein, COX-1 protein has a very long half-life.**>° On the basis
of these observations, we measured COX-1 protein levels up to
72 hours after fibroblast stimulation with IL-1@ and found in-
creased levels of COX-1 protein in control NM tissue but not in
NP-ALI tissue. Altered regulation of COX-1, along with the lack
of upregulation of COX-2, might contribute to the low levels of
PGE, detected in NPs from patients with AIA in this and other
studies.

PGE, has functions in the lung that limit inflammatory
responses and control tissue repair.*” The ability of PGE, to in-
duce or suppress various mechanisms involved in inflammatory
responses indicates the complex activities of its receptors.>® EP1
through EP4 each signal through distinct pathwayszg; some re-
quire cell activation,”® and therefore we studied their levels in
fibroblasts stimulated with IL-1p. IL-1[ increased the expres-
sion of EP2, but not EP3, EP4, or EP5, in control-NM fibro-
blasts. In contrast, IL-13 had no significant effect on EP2
expression in NP-AI fibroblasts, which is in agreement with
the results of a previous study reporting a reduced number of
eosinophils that express EP2 in NP-AI samples.’® Most of the
anti-inflammatory effects of PGE, are reportedly mediated by
stimulation of EP2.%*%° We speculate that reduced release of
PGE, (which has anti-inflammatory properties in airways) and
lower expression of its EP2 receptor increases the inflammatory
process in the airways of patients with AIA. Studies are needed
to determine whether regulation of EP2 expression contributes
to AIA.

In summary, we have demonstrated alterations in the COX
pathway of fibroblasts isolated from NPs, especially in those
derived from patients with AIA. Observed alterations include
very low production of PGE,, lack of the expected upregulation of
COX-2 on stimulation with a proinflammatory cytokine, and dif-
ferences in the regulation of COX-1 and EP2 in IL-1B-stimulated
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fibroblast from patients with AIA. Alterations in the COX
pathway might be involved in the pathogenesis of NPs, asthma,
and Al

Key messages

o Reduced production of PGE,, which can have anti-

inflammatory and tissue-repairing effects, might contrib-

ute to the development of NPs.

o Deficient regulation of COX-1 and COX-2 might be
involved, at least in part, in the predisposition of some
asthmatic patients to exacerbations induced by NSAIDs.

REFERENCES

1.

2.

Simmons DL, Botting RM, Hla T. Cyclooxygnease isozymes: the biology of pros-
taglandin synthesis and inhibition. Pharmacol Rev 2004;56:387-437.

Siegle I, Klein T, Backman JT, Saal JG, Niising RM, Fritz P. Expression of cyclo-
oxygenase 2 in human synovial tissue. Differential elevation of cyclooxygenase 2
in inflammatory joint diseases. Arthritis Rheum 1998;41:122-9.

. Lohinai Z, Stachlewitz R, Székely AD, Fehér E, Dézsi L, Szabé C. Evidence for

the expression of cyclooxygenase-2 enzyme in periodontitis. Life Sci 2001;70:
279-90.

. Roca-Ferrer J, Pujols L, Gartner S, Moreno A, Pumarola F, Mullol J, et al. Upre-

gulation of COX-1 and COX-2 in nasal polyps in cystic fibrosis. Thorax 2006;61:
592-6.

. Xaubet A, Roca-Ferrer J, Pujols L, Ramirez J, Mullol J, Marin-Arguedas A, et al.

Cyclooxygenase-2 is up-regulated in lung parenchyma of chronic obstructive pul-
monary disease and down-regulated in idiopathic pulmonary fibrosis. Sarcoidosis
Vasc Diffuse Lung Dis 2004;21:35-42.

. Togo S, Holz O, Liu X, Sugiura H, Kamio K, Wang X, et al. Lung fibroblast repair

functions in patients with chronic obstructive pulmonary disease are altered by
multiple mechanisms. Am J Respir Crit Care Med 2008;178:248-60.

. Stevenson DD, Sczceklik A. Clinical and pathologic perspectives on aspirin sensi-

tivity and asthma. J Allergy Clin Immunol 2006;118:773-86.

. Gyllfors P, Bochenek G, Overholt J, Drupka D, Kumlin M, Sheller J, et al. Bio-

chemical and clinical evidence that aspirin-intolerant asthmatic subjects tolerate
the cyclooxygenase 2-selective analgesic drug celecoxib. J Allergy Clin Immunol
2003;111:1116-21.

. Picado C. Mechanisms of aspirin sensitivity. Curr Allergy Asthma Rep 2006;6:

198-202.

. Langmack EL, Wenzel SE. Mast cell and eosinophil response after indomethacin in

asthmatics tolerant and intolerant to aspirin. In: Sczceklik A, Gryglewski RJ, Vane
J, editors. Eicosanoids, aspirin and asthma. New York: Marcel Dekker, Inc; 1998.
p. 337-50.

. Pierzchalska M, Szabd Z, Sanak M, Soja J, Szczeklik A. Deficient prostaglandin E,

production by bronchial fibroblasts of asthmatic patients, with special reference to
aspirin-induced asthma. J Allergy Clin Immunol 2003;111:1041-8.

. Kowalski ML, Pawliczak R, Wozniak J, Siuda K, Poniatowska M, Iwaszkiewicz J,

et al. Differential metabolism of arachidonic acid in nasal polyp epithelial cells cul-
tured from aspirin-sensitive and aspirin-tolerant patients. Am J Respir Crit Care
Med 2000;161:391-8.

. Jedrzejczak-Czechowicz M, Lewandowska-Polak B, Bienkiewicz B, Kowalski

ML. Involvement of 15-lipoxygenase and prostaglandin EP receptors in aspirin-
triggered 15-hydroxyeicosatetraenoid acid generation in aspirin-sensitive asth-
matics. Clin Exp Allergy 2008;38:1108-16.

. Yoshimura T, Yoshikawa M, Otori N, Haruna S, Moriyama H. Correlation between

the prostaglandin D2/E2 ratio in nasal polyps and the recalcitrant pathophysiology
of chronic rhinosinusitis associated with bronchial asthma. Allergol Int 2008;57:
429-36.

. Higashi N, Mita H, Ono E, Fukutomi Y, Yagamuchi H, Kajiwara K, et al. Profile of

eicosanoids generation in aspirin-intolerant asthma and anaphylaxis assessed by
new biomarkers. J Allergy Clin Immunol 2010;125:1084-91.

. Picado C, Ramis I, Rosello J, Prat J, Bulbena O, Plaza V, et al. Release of peptide

leukotriene into nasal secretions after local instillation of aspirin in aspirin-
sensitive asthmatic patients. Am Rev Respir Dis 1992;145:1028-9.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

31.

32.

33.

34.

36.

37.

38.

39.

40.

ROCA-FERRER ET AL 7

Sczceklik A, Sladek K, Dworski R, Nizankowska E, Soja J, Sheller J, et al. Bron-
chial aspirin challenges causes specific eicosanoid response in aspirin-sensitive
asthmatics. Am J Respir Crit Care Med 1996;154:1608-14.

Mastalerz L, Sanak M, Gawlewicz-Mrocka A, Gielicz A, Cmiel A, Sczceklik A.
Prostaglandin E, production in patients with asthma and without aspirin hypersen-
sitivity. Thorax 2008;63:27-34.

Sladek K, Dworski R, Soja, Sheller JR, Nizankowska E, Oates JA, et al. Eicosa-
noids in bronchoalveoalar lavage fluid of aspirin-intolerant patients with asthma af-
ter aspirin challenge. Am J Respir Crit Care med 1994;149:940-6.

Picado C, Fernandez-Morata JC, Juan M, Roca-Ferrer J, Fuentes M, Xaubet A,
et al. Cyclooxygenase-2 mRNA is downexpressed in nasal polyps from aspirin-
sensitive asthmatics. Am J Respir Crit Care Med 1999;160:291-6.

Pujols L, Mullol J, Alobid I, Roca-Ferrer J, Xaubet A, Picado C. Dynamics of
COX-2 in nasal mucosa and nasal polyps from aspirin-tolerant and aspirin-
intolerant patients with asthma. J Allergy Clin Immunol 2004;114:814-9.
Pérez-Novo CA, Watelet JB, Claeys C, Van Cauwenberge P, Bachert C. Prostaglan-
din, leukotriene, and lipoxin balance in chronic rhinosinusitis with and without
nasal polyposis. J Allergy Clin Immunol 2005;115:1189-96.

Sousa A, Pfister R, Christie PE, Lane SJ, Nasser SM, Schmitz-Schumann M, et al.
Enhanced expression of cyclo-oxygenase isoenzyme 2 (COX-2) in asthmatic air-
ways and its cellular distribution in aspirin-sensitive asthma. Thorax 1997;52:
940-5.

Cowburn AS, Saldek K, Soja J, Adamek L, Nizankowska E, Lam BK, et al. Over-
expression of leukotriene C4 synthase in bronchial biopsies from patients with
aspirin-intolerant asthma. J Clin Invest 1998;15:834-46.

Demoly P, Crampette L, Lebel B, Campbell AM, Mondain M, Bousquet J. Expres-
sion of cyclo-oxigenases 1 and 2 proteins in upper respiratory mucosa. Clin Exp
Allergy 1998;28:278-83.

Adamjee J, Suh YJ, Park HS, Choi JH, Penrose JF, Lam BK, et al. Expression of 5-
lipoxygenase and cyclooxygenase pathway enzymes in nasal polyps of patients
with aspirin-intolerant asthma. J Pathol 2006;209:392-9.

Okano M, Fujiwara T, Yamamoto M, Sugata Y, Matsumoto R, Fukushima K, et al.
Role of prostaglandin D2 and E2 terminal synthases in chronic rhinosinusitis. Clin
Exp Allergy 2006;36:1028-38.

Pierzchalska M, Soja J, Wo$ M, Szabé Z, Nizankowska-Mogielnicka E, Sanak M,
et al. Deficiency of cyclooxygenases transcripts in cultured primary bronchial ep-
ithelial cells of aspirin-sensitive asthmatics. J Physiol Pharmacol 2007;58:207-18.
Sugimoto Y, Narumiya S. Prostaglandin E receptors. J Biol Chem 2007;282:
11613-7.

. Ying S, Meng Q, Scadding G, Parikh A, Corrigan CJ, Lee TH. J Aspirin-sensitive

rhinosinusitis is associated with reduced E-prostanoid 2 receptor expression on na-
sal mucosal inflammatory cells. J Allergy Clin Immunol 2006;117:312-8.
Casadevall J, Ventura PJ, Mullol J, Picado C. Intranasal challenge with aspirin in
the diagnosis of aspirin intolerant asthma: evaluation of nasal response by acoustic
rhinometry. Thorax 2000;55:921-4.

Antczak A, Montuschi P, Khaaratinov S, Gorski P, Barnes PJ. Increased exhaled
cysteinyl-leukotrienes and 8-isoprostane in aspirin-induced asthma. Am J Respir
Crit Care Med 2002;166:301-6.

Farooque SP, Lee TH. Aspirin-sensitive respiratory disease. Annu Rev Physiol
2009;71:465-87.

Zakrzewski JT, Barnes NC, Piper PJ, Costello JE. Detection of sputum eicosanoids
in cystic fibrosis and in normal saliva by bioassay and radioimmunoassay. Br J Clin
Pharmacol 1987;23:19-27.

. Mullol J, Fernandez-Morata JC, Roca-Ferrer J, Pujols L, Xaubet A, Benitez P, et al.

Cyclooxygenase 1 and cyclooxygenase 2 expression is abnormally regulated in
human nasal polyps. J Allergy Clin Immunol 2002;109:824-30.

Sampson AP. Aspirin-intolerant asthma. New insights from bronchial mucosal
biopsies. In: Sczceklik A, Gryglewski RJ, Vane J, editors. Eicosanoids, aspirin
and asthmaNew York: Marcel Dekker, Inc; 1998. p. 371-89.

McAdam BF, Mardinin IA, Habid A, Burke A, Lawson A, Kapoor A, et al. Effect
of regulated expression of human cyclooxygenase isoforms on eicosanoid produc-
tion in inflammation. J Clin Invest 2000;105:1473-82.

Bunimov N, Smith JE, Gosselin D, Laneuville O. Translational regulation of
PGHS-1 mRNA: 5’ unstraslated region and first two exons conferring negative reg-
ulation. Biochim Biophys Acta 2007;1769:92-105.

Kang YJ, Mbonye UR, DeLong CJ, Wada M, Smith WL. Regulation of intracelular
cyclooxygenase levels by gene transcription and protein degradation. Prog Lipid
Res 2007;46:108-25.

Vancheri C, Mastruzzo C, Sortino MA, Crimi N. The lung as a privileged site for
the beneficial actions of PGE,. Trends Immunol 2004;25:40-6.



7.e1 ROCA-FERRER ET AL

METHODS

Tissue handling and cell culture

NM and NP samples were cut into 3 X 3—-mm fragments and placed in
6-well plates (NUNC, Wiesbaden, Germany) containing Dulbecco
modified Eagle medium supplemented with 10% FBS, 100 IU/mL penicillin,
100 pg/mL streptomycin (Invitrogen, Carlsbad, Calif), and 2 pg/mL
amphotericin B (Sigma, St Louis, Mo). Cultures were kept in a 5% CO,
humidified incubator at 37°C. When fibroblasts began to proliferate and cov-
ered 50% of the well surface, tissue fragments were removed, and the first
passage was performed by adding 0.05% trypsin/0.02% EDTA (Invitrogen)
for 5 minutes. The reaction was stopped with 10% FBS-supplemented me-
dia, and cells were centrifuged (400g for 5 minutes), seeded in 75-cm? flasks
(NUNC), and grown to 80% confluence. At passages 3 to 7, fibroblasts were
cultured to subconfluence in CultureSlides and 150-cm? flasks (NUNC, Ro-
chester, NY) to perform culture characterization and experimental protocols.
Culture characterization was performed by means of immunofluorescence
for vimentin (fibroblasts), cytokeratins (epithelial cells), and a-smooth mus-
cle actin (myofibroblasts) in CultureSlides incubated with SFM for 24 hours.
The same batch of FBS was used for the whole experimental period, and
mycoplasma contamination was tested by means of PCR in all cultures;
none were found to be positive.

Experimental protocols

It was reported that COX expression, in response to exogenous stimuli, is
more robust in quiescent cells than in proliferating cells,®' and therefore ex-
perimental protocols were started when cultures were subconfluent and after
incubation with SFM for 24 hours. Then the culture media were changed,
and the cells were incubated with SFM in the presence or absence of
10 ng/mL IL-18 (R&D Systems, Minneapolis, Minn) for different times.
Cell lysates were used to analyze COX-1, EP1, EP2, EP3, and EP4 receptor
protein expression by means of immunoblot analysis; COX-2 protein
expression was measured by using ELISA and immunoblot analyses. In ad-
dition, COX-2 protein was studied with immunofluorescence by using
CultureSlides.

Culture supernatants and cell lysates

Culture supernatants were collected, centrifuged at 400g for 10 minutes at
4°C, sterilized through 0.22-pm filters, and stored at —80°C until PGE, con-
centrations were measured. Total protein was obtained by collecting the cells
after 2 washes with ice-cold PBS. The cells were centrifuged (1500g for 5 min-
utes at 4°C) and resuspended in 0.4 mL of ice-cold lysis buffer (Complete pro-
tease inhibitor cocktail tablet in 50 mL of 0.05 mol/L Hepes buffer solution,
0.05% vol/vol Triton X-100, and 625 wmol/L phenylmethylsulfonyl fluoride).
Cells were sonicated twice for 15 seconds in a sonifier (Branson, Danbury,
Conn) and centrifuged (12,000g for 10 minutes at 4°C).

ELISAs for PGD,, PGE,, and COX-2

Concentrations of PGE; in supernatants were measured with enzyme im-
munoassay kits (Cayman Chemical, Ann Arbor, Mich). The assay range
was 7.81 to 1000 pg/mL. COX-2 protein concentrations were measured
with an enzyme-linked immunosorbent sandwich assay (Zymed Laboratories,
San Francisco, Calif). The assay range was 2.15 to 275 ng/mL. Concentrations
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of PGE, and COX-2 were normalized to the total protein content in the cell
lysate from corresponding samples.

Immunoblot analysis

Thirty micrograms of protein extract in loading buffer (NuPAGE LDS
sample buffer) was denaturalized in a thermocycler (70°C for 10 minutes),
loaded in 7% TRIS-acetate gels, and run at 125 V for 90 minutes in a Novex
XCell IT Mini-Cell (Invitrogen) to quantity expression of COX-1, COX-2, and
PG receptors (EP1-EP4). The proteins were transferred (20 V for 2 hours) to a
0.45-pwm pore-size nitrocellulose membrane, and nonspecific binding sites
were blocked with blocking buffer (5% nonfat dry milk and 0.1% Tween 20 in
10 nmol/L PBS) for 1 hour at room temperature in an orbital shaker.
Membranes were incubated with the primary antibody against COX-1 (SC-
1752, Santa Cruz), COX-2 (SC-1745, Santa Cruz), EP1 (101740, Cayman),
EP2 (101750, Cayman), EP3 (101760, Cayman), or EP4 (45863; Abcam, Inc,
Cambridge, Mass) in blocking buffer (1:1000); washed 4 times in 0.5% Tween
20 in 10 nmol/L PBS; and incubated with peroxidase-conjugated secondary
antibody in blocking buffer (1:3000). After 4 washes, immunoreactive bands
were visualized by using a chemiluminiscent method (Supersignal West Pico
Chemiluminescent Substrate, Rockford, IllI), and light emissions were
detected with the CCD Camera System LAS 3000 (Fujifilm, Tokyo, Japan).
Band intensities were quantified with Fujifilm Image Gauge 4.0 Software and
normalized to intensities of 3-actin and assessed from the same samples.

Immunofluorescence analysis

CultureSlides were washed with PBS, fixed with paraformaldehyde 4% for
15 minutes, and permeabilizated with 0.2% Triton for 10 minutes. Nonspecific
binding sites were blocked with 1% BSA-PBS for 1 hour. Antibodies against
a-smooth muscle actin (M0851; DAKO, Glostrup, Denmark) diluted 1:500,
vimentin diluted 1:100 (V5255; Sigma, Saint Louis, Mo), pancytokeratin
diluted 1:200 (C2562, recognizing human cytokeratins 1,4, 5, 6, 8, 10, 13, 18,
and 19; Sigma), or COX-2 (SC-1745, Santa Cruz Biotechnology) were added
for 1 hour at 37°C. After 3 washes, a fluorescent secondary antibody was added
for 1 hour. Nuclei were stained with 4’-6-diaidino-2-phenylindole dihydro-
chloride (1/10,000 dilution). Finally, slides were mounted with Prolong gold
antifade reagent (Invitrogen). Percentages of positive cells were quantified by
using fluorescence microscopy.

Statistical analyses

Immunofluorescence data are expressed as medians (25th-75th interquar-
tiles) of positive-cell percentage among total cells. ELISA results are shown as
medians (25th-75th interquartiles) of picograms of PG or nanograms of COX-
2 per microgram of total proteins. Finally, immunoblot results are depicted as
medians (25th-75th percentiles) of band intensities normalized for B-actin.
The nonparametric statistical Mann-Whitney U test was used for between-
group comparisons, and the Wilcoxon test was used for paired comparisons
after confirming differences with the Friedman test. Statistical significance
was set at a P value of less than .05.
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