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medium three times, after which they were
mixed and cultured with the respective antigen
in the presence of an EP2 receptor agonist
(a,c) or an EP4 receptor agonist {bd) at a
concentration of 02 pm for 72 hr. Typical
proliferative responses are shown in mean
c.p.m. % SD from triplicate cultures. The base-
line proliferations in the absence of Cryjl1
were 69 £ 5, 56 & 14 and 66 * 38 for OG-JI
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Figure 6. PGE,/EP receptor-selective agonists-mediated inhibition of antigen-specific cytokine production by PBMCs. PBMCs from 12 patients
with Japanese cedar pollinosis were cultured with 10 pg/ml of Cry j 1 (2), or 2 pg/ml of PPD (b), in the presence of PGE, and an EP receptor
agonist or contro) buffer, each at 2 concentration of 1 ym for 72 hr. Following incubation, supernatant was collected and concentrations of IL-5
(a) and IFN-y (b) were determined in each sample using ELISA. P-values were obtained using Wilcoxon’s signed-rank test. The baseline produc-

tions of IL-5 and TEN-y in the absence of antigen were 0 & 0 and 0 + 0 pg/ml, respectively.

Effect of PGE, and EP receptor-selective agonists on
Cry j 1- and PPD-specific PBMC responses

Next, we ihvestigatecl the effect of PGE; on Cryj 1- and
PPD-specific T-cell responses in PBMCs. In patients with
Japanese cedar pollinosis 107° M PGE, significantly inhib-
ited IL-5 and IFN-y production by PBMCs in response to
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stimulation with Cryj 1 and PPD, respectively (Fig. 6).
Among four BP receptor-selective agonists, only the EPZ
receptor agonist significantly inhibited Cry j l-specific
IL-5 production (Fig. 6a). On the other hand, both
EP2 and EP4 receptor agonists significantly inhibited
PPD-specific IFN-y production (Fig. 6b). The EF1 and
EP3 receptor agonists bad no effects on antigen-specific

© 2006 Blackwell Publishing Ltd, Immunology, 118, 343-352
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Figure 7. Expression of EP receptors by human TCLs. Messenger
RNA was extracted from five Cry j 1-specific TCLs (lanes 1-5) and
five PPD-specific TCLs {lanes 6-10), after which levels of EP1, EP2,
EP3, EP4 and GAPDH were detected by RT-PCR as described in the
Materials and methods section. M, molecular marker; P, positive

control {genomic DNA).

cytokine production by PBMCs. PBMCs from control
subjects not sensitized with Japanese cedar pollen did not
produce IL-5 in response to Cryj 1 (data not shown).
However, those produced a significant amount of IFN-y
in respomse to PPD (mean 5953 pg/ml). Only the EP2
receptor agonist significantly inhibited PPD-specific IFN-y
production (mean 2558 pg/ml: P = 0-028).

Expression of the four EP receptors on Cry j 1- and .
PPD-specific TCLs

Finally, messenger RNA expression of the four EP recep-
tors was examined in five Cry j 1- and five PPD-specific
TCLs by RT-PCR. EP1 expression was almost undetecta-
ble in all TCLs. However, EPZ and EP4 mRNA were
clearly detected in all TCLs. EP3 expression varied among
the cells (Fig. 7). Relative expression levels of the four EP
receptors were not. observed to differ among Cry i 1- and
PPD-specific TCLs (EP2: P =0-148, EP3: P =.0-917,
EP4: P = 0-117, using Mann-Whitney’s U-test). However,
significantly increased expression of the EP2 receptor,
compared to the other subtypes, was observed in both
types of TCLs (Fig. 8).

Discussion

In the present study, we examined the effect of PGE; on
antigen-specific human T-cell responses. PGE, dose-
dependently inhibited Cryj 1- and PPD-induced T-cell
responses in cultured TCLs and freshly isolated PBMCs.
In addition, EP2 and EP4 receptor agonists also inhibited
these antigen-specific responses, and the inhibition was
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Figure §. Comparison of EP receptor expression among TCLs. The
expression levels of four EP receptors were determined in five
Cry j 1-specific TCLs (O) and five PPD-specific TCLs (&) using
real-time RT-PCR. Each bar represents the median expression level
of each messenger, P-values were obtained using Wilcoxon’s signed-
rank test,

restored by the addition of an adenylate cyclase inhibitor.
These results suggest that PGE, suppresses both Thl- and
Th2-polarized antigen-specific human T-cell responses via
a cAMP-dependent EP2 and/or EP4-mediated pathway.
Early reports showed inhibition of IFN-y and IL-2 pro-
duction from CD4" T cells by PGE,, however, no chan-
ges in IL-4. production were observed.'™'? More recent
reports, however, have revealed that the effects of PGE,
on cytokine production are highly influenced by external
stimuli,?**® For exampie, PGE, has been observed to
inhibit IL-4 gene expression in anti-CD3- plus anti-
CD28-activated T cells, however, not when. the cells are
stimulated with phorbol 12-myristate 13-acetate plus a
calcium ionophore.'® In addition, Dooper et al. recently
reported that PGE, inhibited concanavalin A-stimulated
IFN-y but not IL-2 production by PBMC.'® These results
suggest that the effect of PGE, on cytokine production
- may differ depending on whether T cells are stimulated
with MHC-mediated antigen-specific signals or nominal
T-cell receptor signals. Since most of what is known
about PGE, has been demonstrated in the presence of
nominal T-cell receptor signdls, we sought to determine
the role of PGE, alone in antigen-specific human T-cell
responses. To the best of our knowledge, this is the first
report to demonstrate the effect of PGE, and PGE, recep-
tor agonists on antigen-specific human T-cell responses.
In this study, antigen-induced production of IL-4 from
Cry j l-specific TCLs, and IFN-y from PPD-specific
TCLs, was suppressed by treatment with PGE,. This result
differs from the results of two previous studies.’ " How-
ever, our finding is consistent with a recent report by He
and Stuart indicating that PGE, inhibits the production
of IL-2 and IFN-y, as well as IL-4, IL-5, and IL-10, by
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human CD4" T-cell clones stimulated with anti-CD3
monoclonal antibody.*” The baseline production of IL-4
. by Cryj l-specific TCLs and of IFN-y by PPD-specific
TCLs in the absence of antigen were 00 and
203 + 314 pg/ml, respectively, and no additional prolifer-
ation or cytokine production over background was
observed with ovalbumin, the irrelevant antigen. In addi-
tion, endotoxin contamination was considered to be neg-
ligible because the result of an Endospec™ BS test was
negative. These results suggest that the cellular responses
presented here represent bona fide antigen-specific restim-
ulation of rested T cells.

It is unclear why PGE, might inhibit the production of
both IL-4 and IFN-y by TCLs. It is possible that T cells
stimulated by specific antigens are more sensitive to inhi-
bition by PGE, than when stimulated by other stimulants,
including mitogens and antibodies against surface pro-
teins. PGE, has been reported to selectively inhibit human
CD4" T cells secreting small amounts of IL-2 and IL-4.
Although we have not yet determined the amount of IL-2
produced by the TCLs examined in this experiment, it
. doés not appear that low levels of cytokine production

resulted in an increased response to PGE; in the present
study. This was supported by the fact that Cry j 1-specific
TCLs almost failed to produce IL-4 in the presence
of 1 pm PGE, (9672 + 0-87% inhibition), regardless of
" the initial level of IL-4 production noted following anti-
gen stimulation (from -53-0 to 685-0 pg/ml, mean
322-2 * 228-3.pg/ml. Fig. 2). Again, this inconsistency

A few reports have demonstrated the role of EP receptor
isoforms in immune responses influenced by PGE,.®%!
Nataraj et al. observed that the EP2 receptor plays a
dominant role in PGE;-mediated inhibition of mixed
Iymphocyte reactions in mice.”® Walker and Rotondo

- recently reported that suppressive effects of PGE; on

IL-12 and IL-18-induced IFN-y synthesis by natural killer
cells are mediated via EP2 receptors.’® Among four EP
receptor-selective agonists, we observed the EP2 receptor
agonist to have the greatest inhibitory effect on both
Cry j 1-specific and PPD-specific cellular responses in
TCLs and PBMCs. The EP4 receptor agonist also had an
inhibitory effect; however, this effect was weak compared
with that of the EP2 receptor agonist and did not result
in inhibition of Cryj l-specific IL-5 production by

" PBMCs. EP1 and EP3 receptor agonists, on the other

hand, had no effect. Since BP2 and EP4, but not EP1 or
EP3, are Gs-coupled receptors, our results suggest that

- the inhibitory effect of PGE; on antigen-specific cellular

might be because of differences in exposure of the TCLs

to external stimuli in the two studies.

PGE, also inhibited the production of Cry j 1-induced
IL-5 production, as well as PPD-induced IFN-y produc-
tion, from PBMCs, respectively. It is well known that
PBMCs from patients with Japanese cedar pollinosis pro-
duce IL-5 in response to Cry j 1 but that PBMCs from
asymptomatice subjects do not.”® Thus we used IL-5 as a
marker of the Th2 response in PBMCs because, unlike
Cry j 1-specific TCLs, IL-4 production by PBMCs in
response to Cry j 1 is marginal.”> Together with the result
that the contamination of endotoxin in Cryj 1 is negli-
gible by endospec assay (SeiKagaku Kogyo Corporaﬁon,
Tokyo, Japan), it is suggested that IL-5 is indeed pro-
duced by PBMCs from the patients in an antigen-specific
manner. Since PGE,-induced cellular responses are known
to differ between cultured T cells and freshly isolated
PBMCs,"? the present results suggest that the inhibitory
- effect of PGE, on antigen-specific cytokine production
was also seen in a more physiological situation. In addi-
tion, the effect of PGE, on IL-5 production by human T
cells remains controversial.''™ Our results match a
" report by Snijdewint et al. demonstrating that IL-5 pro-
duction by PBMCs stimulated with anti-CD2 plus anti-
CD28 monoclonal antibodies is significantly inhibited by
the addition of 1 nm PGE,. '
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responses might be mediated by activation of the Gs pro-
tein through binding of EP2 and/or EP4.H It seems to be
a bimoda) distribution: high and low responders in the 12
patitents with allergic rhinitis especially for IL-5 produc-
tion. However, the EP2 receptor agonist significantly
inhibited Cry j 1-specific IL-5 production by PBMC from
both high (# =5 P=0043) and low (n=7: P=
0-028) responders.

Little is known about the expression of EP receptors on
human T cells. We detected messenger RNA expression of
EP2, EP3 and BP4, but not EPl, receptors in both
Cry j 1- and PPD-specific TCLs. This result differs from
the observations of Nataraj et al. who observed messenger

RNA. expression of EP1, EP2 and EP4, but not EP3,

receptors on splenic T cells in mice.?’ It is possible that
T-cell expression of the four subtypes- of EP receptors
varies among different species. In addition, more research
is needed to determine the expression of these receptors
on various T-cell subsets, such as naive and memory
T cells. However, the fact that we observed a predomi-
nance of EP2 receptors on TCLs is probably related to -
the marked inhibitory effect of the EP2 receptor agonist
on antigen-specific cellular responses. This predominance
may explain why signals through EP3, which can inhibit
adenylate cyclase, had litile effect on EP2-mediated sup-
pression (Fig. 2). : '
Pretreatment of both TCLs and APCs with SQ22536
completely reversed the inhibitory effects of EP2 and EP4
receptor agonists on antigen-specific cellular responses.
This result probably relates to the fact that EP2 and EP4
both stimulate adenylate cyclase.”’ These results are con-
sistent with a previous report indicating that the cAMP-
dependent signalling pathway inhibits the production of
Thl- and Th2-related cytokines.”” In addition, a recent
report has demonstrated that cAMP inhibits T-cell activa-
tion by triggering PKA type 1.>* This is supported by our

© 2006 Blackwell Publishing Ltd, Immunology, 118, 343-352
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finding that pretreatment of TCLs and/or APCs with
Rp-8-bromo-cAMP-phosphorothiate, 2 PKA type I anta-
gonist, partially reversed the inhibitory effects of EP2 and
EP4 receptor agonists on Cry j 1-specific and PPD-speci-
fic T-cell responses.

PGE, seems to influence the antigen-specific cellular
responses of both T cells ‘and APCs because reversal of
inhibition was seen by pretreatment of both with
$Q22536. Pretreatment of APCs with $Q22536 caused a

" more marked reversal of the PGE,-mediated response
than pretreatment of TCLs, suggesting that PGE, may
have a greater effect on the antigen-specific cellular
responses of APCs. PGE, is known to affect various other
APC functions, such as expression of MHC class Il mole-
cules and cytokine production of tumour necrosis factor-
o and IL-12.*** In addition, we have recently reported
that PGE, inhibits the expression of several costimulatory
molecules through EP2/EP4 in human monocytes.>

In conclusion, we have provided i vitro evidence that
PGE, inhibits both Th2- and Thl-polarized antigen-speci-
fic human T-cell responses. Stimulation of EP2 and EP4
and subsequent activation of adenylate cyclase and PKA
type I might mediate these effects. These observations
might provide a basis for future therapeutic approaches
in the management of diseases, such as type I allergy and
autoimmune diseases, in which antigen-specific T-cell
responses are involved. '

Acknowledgements

The authors would like to thank Ono Pharmaceutical
for providing ONO-DI-004, ONO-AE1-259-01, ONO-
AE-248, and ONO-AE1-329. They are also grateful to Dr
“Teruhiro Ogawa for his helpful advice and Yuko Okano
for her editorial assistance. This work was supported
in part by grants from Research on Allergic Disease
and Immunology of the Ministry of Health, Labour and
Welfare (no. 14210301 to M.O.).

References

1 Durham SR, Ying S, Varney VA, Jacobson MR, Sudderick RM,
Mackay IS, Kay AB, Hamid QA. Cytokine messenger RNA
expression for IL-3, IL-4, IL-5, and granulocyte/macrophage col-
ony-stimulating factor in the na$al mucosa after local ailerge‘n
provocation: relationship to tissue eosinophilia. J Immunol 1992;
148:2390-4.

2 Robinson DS, Hamid Q, Ying S et al. Predominant TH2-like
bronchoalveolar T-lymphocyte population in atopic asthma.
N Engl | Med 1992; 326:298-304. .

3 Smapper CM, Paul WE. Interferon-gamma and B cell stimulatory
factor-1 reciprocally regulate Ig isotype production. Science 1987;
236:944~7,

4 Okano M, Satoskar AR, Abe M et al Interleukin-4-independent
production of Th2 cytokines by nasal lymphocytes and nasal
eosinophilia in murine allergic thinitis. Allergy 2000; 55:723-31.

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 343-352

5 Lopez AF, Sanderson CJ, Gamble JR, Campbell HD, Young IG,
Vades MA. Recombinant human interleukin-5 is a selective acti-
vator of human eosinohil function. J Exp Med 1988; 167:219-24.

6 Okano M, Nagano T, Nakada M er al. Epitope analysis of HLA-
DR-restricted helper T-cell responses to Der p II, a major aller-
gen molecule of Dermatophagoides pteronyssinus. Allergy 1996;
51:29-35.

7 Okano M, Azuma M, Yoshino T et al. Differential role of CD8C

and CD86 molecules in the induction and the cffector phases of

allergic rhinitis in ‘mice. Am ] Respir Crit Care Med 2001;

164:1501-7.

Yamamoto T, Okano M, Ono T, Nakayama E, Yoshino T,

Satoskar AR, Harn DA, Nishizaki K. Sex-related differences in

the initiation of allergic rhinitis in mice. Allergy 2001; 56:525-31.

9 Hattori H, Okano M, Yamamoto T et al Intranasal application
of purified protein derivative suppresses the initiation but not
the exacerbation of allergic rhinitis in mice, Clin Exp Allergy
2002; 32:951-8.

10 Harris SG, Padilla J, Koumas L, Ray D, Phipps RP. Prostaglan-
dins as modulators of immunity. Trends Immunol 2002; 23:144~
50.

11 ‘Snijdewint FG, Kalinski P, Wierenga EA, Bos JD, Kapsenberg
ML. Prostaglandin E2 differentially modulates cytokine secretion
profiles of human T helper Jymphocytes. J Irmunol 1993;
150:5321-9.

12 Katamura K, Shintaku N, Yamauchi Y, Fukui T, Ohshima Y,
Mayumi M, Furusho K. Prostaglandin E2 at priming of naive
CD4+ T cells inhibits acquisition of ability to produce IEN-y
and IL-2, but not 1L-4 and IL-5. J Immunol 1995; 155:4604-12.

13 Hilkens CM, Snijders UA, Vermeulen H, van der Meide P,
Wierenga EA, Kapsenberg ML. Accessory cell-derived IL-12 and
prostaglandin E2 determine the IFN-y level of activated human
CD4+ T cells. ] Immunol 1996; 156:1722-7.

14 Demenre CE, Yang LP, Desjardins C, Raynauld P, Delespesse G.
Prostaglandin E2 primes naive T cells for the production of anti-
inflammatory cytokines. Eur J Immunol 1997; 27:3526-31.

15 Bloom D, Jabrane-Ferrat N, Zeng L, Wu A, Lo B, Turck CW,
An S, Goetzl EJ. Prostaglandin E2 enhancement of interferon-y
production by antigen-stimulated type 1 helper T cells. Cell

. Immunol 1999; 194:21-7.

16 Borger P, Vellenga E, Gringhuis S, Timmerman JA, Lummen C,
Postma DS, Kaufman HEF. Prostaglandin E2 differentially modu-
lates interleukin-5 gene expression in activated human’ T
lymphocytes depending on the costimulatbry signal. ] Allergy
Clin Immunel 1998; 101:231-40. '

17 Borger P, Postma DS, Vellenga E, Kauffman HF. Regulation of
asthma-related T-cell cytokines by the cyclic AMP-dependent
signalling pathway. Clin Exp Allergy 2000; 30:520-6.

18 Dooper MM, Wassink L, M'Rabet L, Grans YM. The modula-
tory effects of prostaglandin-E on cytokine production by
humean peripheral blood mononuclear cells are independent of
the prostaglandin subtype. Immunology 2002; 107:152-9.

19 Watabe A, Sugimoto Y, Honda A er al. Cloning and expression
of ¢<DNA for mouse EP1 subtype of prostaglandin E receptor.
J Biol Chem 1993; 268:20175-8.

20 Sugimoto Y, Namba T, Honda A, Hayashi Y, Negishi M, Ich-
ikawa A, Narumiya S. Cloning and expression of ¢cDNA for
mouse prostaglandin E receptor EP3 subtype. J Biol Chem 1992;
267:6463~6.

o

101



21

22

23

24

25

26

27

. Okano et al.

Nishigaki N, Negishi' M, Ichikawa A. Two Gs-coupled prosta-
glandin E receptor subtypes, EPZ and EP4, differ in desensitiza-
tion and sensitivity to the metabolic inactivation of the agonist.
Mol Pharmacol 1996; 50:1031-7. )
Yasueda H, Yui Y, Shimiza T, Shida T. Isolation and partial char-
acterization of the major allergen from Japanese cedar (Crypro-
meria japonica) Pollen ] Allergy Clin Immunol 1983; 71:77-86.
Okano M, Kino K, Takishita T, Hattori H, Ogawa T, Yoshino T,
Yokoyama M, Nishizaki K. Roles of -carbohydrates on Cry j 1,
the major allergen of Japanese cedar pollen, in specific T cell
responses, ] Allergy Clin Fnmunol 2001; 108:101-8,

Okano M, Kimura Y, Kino K et al. Roles of .oligosaccharides on
Cry j 1 in human immunogloblin E and T cell responses, Clin
Exp Allergy 2004; 34:770-8.

Kanaya S, Nemoto E, Ogawa T, Shimauchi H. Porphyromonas
gingivalis lipopolysaccharides induce maturation of dendritic
cells with CD14+CD16+ phenotype. Eur ] Immunol -2004;
34:1451-60,

Asano T, Shoda J, Ueda T et al. Expression of cyclooxygenase-2
and prostaglandin E-receptors in carcinoma of the gallbladder:
clinical role of arachidonate metabolism in tumor growth and
progression, Clin Cancer Res 2002; 8:1157-67.

He X, Stuart JM. Prostaglandin E2 selectively inhibits human
CD4+ T cells secreting low amounts of both IL-2 and IL-4.
J Immunol 1999; 163:6173-9.

102

28

29

30

31

32

33

34

Ohashi Y, Nakai Y, Tanaka A er al. Allergen-induced synthesis
of intedeukin-5, but not IgE, is a key mechanism linked to
symptomatic episodes of seasonal allergic rhinitis in sensitized
individuals. Scand J Immunol 1998; 47:596-602..

Nataraj C, Thomas DW, Tilley SL et al. Receptors for prosta-
glandin E2 that regulate cellular responses in mouse. ] Clin
Invest 2001; 108:1229-35. )

Takahashi HK, Iwagaki H, Yoshino T et al. Prostaglandin E(2)
inhibits IL-18-induced ICAM-1 and B7.2 expression through -
EP2/EP4 receptors in human peripheral blood mononuclear
cells. J Jmmunol 2002; 168:4446-54.

Walker W, Rotondo D. Prostaglandin E2 is a potent regulator

of interfeukin-12 and interleukin-18-induced natural killer cell

interferon-y synthesis. Immunology 2004; 111:298-305.

Aandahl EM, Moretto WY, Haslett PA et al. Inhibition of anti-
gen-specific T cell proliferation and cytokine production by pro-
tein kinase A type L. J Immunol 2002; 169:802-8.

van der Pouw Kraan T, Boeije L, Smeenk R, Wijdenes J, Aarden
1. Prostaglandin-E2 is a potent inhibitor of human interleukin
12 production. J Bxp Med 1995; 181:775-9.

Snyder DS, Beller DI, Unanue ER. Prostaglandins modulate
macrophage la expression. Nature 1982; 299:163~5.

© 2006 Blackwell Publishing Ltd, Immunology, 118, 343-352



ORIGINAL PAPER]

Clinical and Experimental Allergy, 36, 1028-1038
© 2006 The Authors
Journal compilation ® 2006 Blackwell Publishing Ltd

Role of prostaglandin D, and E, terminal synthases in chronic rhinosinusitis
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Summary

Background Prostaglandin (PG)D, and E,, two major cyclooxygenase (COX) products, are
generated by PGD, synthase (PGDS) and PGE, synthase (PGES), respectively, and appear to
mediate airway inflammation.

Objective We sought to determine the role of PGDS and PGES in the pathophysiology of
chronic rhinosinusitis (CRS}.

Meéthods The study examined the expression of PGDS and PGES in nasal polyps of 22 CRS

patients. As controls, uncinate process mucosae were obtained from 12 CRS patients not
having nasal polyps and five subjects without sinusitis. Imimunohistochemistry and
quantitative real-time PCR were used to evaluate the expression.

Results Both PGDS and PGES were detected in nasal polyps by immunobistochemistry.
Significantly greater levels of PGDS mRNA and lesser levels of PGES mRNA were observed in
the nasal polyps as compared with uncinate process mucosae, and an inverse correlation
hetween PGDS and PGES expression was observed. Levels of PGDS mRNA in nasal polyps
were positively correlated with degree of infiltration by EG2+ eosinophils, whereas the levels
of PGES were inversely correlated. Significantly increased levels of PGDS and conversely
decreased levels of PGES were observed in asthmatics as compared with non-asthmatics. In
addition, PGDS and PGES levels were posmvely and inversely correlated with the radiological
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eosinophilic mﬂammanon

severity of sinusitis, respectively.

Conclusions These results suggest that PGDS and PGES dlsplay an opposite and important role
in the pathophysiology of CRS such as polyp formation, and more specifically, a biased-
expression of these synthases might contribute to the development of CRS by affecting -
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Introduction

Prostaglandins (PGs) are lipid mediators that regulate
immune function {1]. Among these, PGD, and PGE, are

thought to mediate airway inflammation [2]. PGD, med-

iates a variety of biological activities, including vasedila-
tion and bronchoconstriction [3}. Overproduction of PGD,
induces eosinophilic lung inflammation, and deletion
of DP, a PGD, receptor, reduces eosinophilic' inflam-
mation in murine models of asthma [4, 5]. PGE, has a
pro-inflammatory role by enhancing eosinophil survival
and mucin gene expression {6-8]. However, PGE; also has
anti-inflammatory activity and halts the uncontrolled

synthesis and release of cysteinyl leukotrienes from mast

- cells and inhibits airway smooth muscle cell proliferation

[9-12]. Thus, it remains unclear whether PGE; are deleter-
ious or beneficial in the pathogenesis of airway inflamma-
tion.

PGD, and PGE, are derived from arachidonic acid (AA).
AA is mobilized from membrane phospholipids by phos-
pholipases and is converted to PGH; by cyclooxygenase
(COX) enzymes. PGH, is acted upon by PGD, synthase
(PGDS) and PGE, synthase (PGES) to produce PGD, and
PGE,, respectively [1]. Two distinct types of PGDS exist:
lipocalin-type PGDS (1-PGDS} and haemopoietic-type
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PGDS (h-PGDS) [13, 14]. A number of PGES enzymes also

exist [15). Among these, microsomal PGES-1 {m-PGES-1) .

preferentially combines with the inducible form of COX-2
and is believed to generate PGE2 under a range
of inflammatory conditions [15, 16]. Although informa-
tion regarding the role of COX in the pathogenesis
of respiratory allergy is accumulating [17-20], it is
not yet clear whether these synthases regulate airway
inflammation. '

Chronic rhinosinusitis (CRS) is one of the most common
chronic inflammatory diseases, which has been defined as
a disease of the nasal and paranasal sinus mucosa present
for greater than 3 months, with mucosal changes ranging
from inflammatory thickening to nasal polyps [21]. Accu-
mulations of activated eosinophils within tissues are the
hallmark of this condition; however, the aetiology and
pathophysiology of CRS are poorly understood [22, 23].
CRS is frequently seen in patients with astbma, and the
two diseases share a number of pathological features, such

as activation of T-helper type 2 (Th2}-like lymphocytes .

and eosinophils secreting IL-3, IL-5, IL-13, eotaxin and
GM-SCF especially in an autocrine fashion. Thus, CRS is
otherwise known as ‘asthma of the upper airways’ [22, 23].
The production of PGs by cultured cells from nasal polyps
has previously been investigated [24, 25]. And the amount
of PGs from polyp specimens has been quantified in a few
reports [26, 27]. However, little is known.with regard to
the expression of terminal synthases responsible for PG
production of patients with CRS despite the fact that PG
synthase levels are often closely associated with the levels
of the PGs they produce [28].

In the present study, we focused on the role of PGDS
and PGES along with COX-1 and COX-2, the upstream
regulators of PG synthesis, in the pathophysiology of CRS.
We believe that the findings presented here provide new
insight into the pathogenesis of CRS such as nasal polyp
formation, and a basis for future therapeutic approaches
aimed at synthase regulation to limit eosinophilic airway
inflammation.

Materials and methods

Patients

Thirty-four Japanese patients (13-77 years old, mean
49.4--18.4, 21 males and 13 females) with CRS were
studied [21]; Among these, 22 patients had nasal polyps
endoscopically visualized in middle meatus (CRS-NP:
13-77 years old, mean 48.4: 19.0, 13 males and nine
females). The rest of the CRS patients (n=12) had no
visible polyps in middle meatus (CRS: 19-70 years old,
mean 51.4 4 17.9, eight males and four females) [29]. All
patients were resistant to medical treatment, including
macrolide therapy, and thus had endonasal sinus surgery
-(ESS) [30]. Nine patients were asthmatic, and all of them

© 2006 The Authors

had nasal polyps. Among the nine asthmatic patients, two
were thought to have aspirin sensitivity based on a clear-
cut history of asthma attacks precipitated by non-steroi-
dal anti-inflammatory drugs. None of the participants
received systemic steroids for a period of at least 8 weeks
before surgery, and none received pharmacotherapy for
sinusitis, such as macrolide antibiotics or intranasal
steroids, for a period.of at least 3 weeks before surgery.
Before surgery, serum total IgE levels (Pharmacia, Uppsa-
la, Sweden), blood eosinophil counts and forced expira-
tory volume in 1s (FEVy; percent of predicted) were
examined in each patient. A radiological assessment of
the severity of sinusitis was also performed according to
the Lund-MacKay system for each patient [31]. In addi-
tion, five non-CRS patients with normal uncinate process
at inspection were enrolled (19-58 years old, mean
43.6 £ 18.6, two males and three females): two suffering
from blowout fracture, two from optic canal fracture and
one from orbital tumour. Twelve of 39 subjects showed
elevation of serum total IgE levels (>170IU/mL), and
were thus considered as atopic. The clinical characteristics
of groups of patients are shown in Table 1. Informed
consent for participation in the study was obtained from
cach patient, and the study was approved by the Human
Research Committee of the Okayama University Graduate
School of Medicine and Dentistry.

Tissue sampling

ESS was performed under general anaestliesia. The nasal
polyps from 22 CRS patients were excised and cut into
small pieces. Half of the samples were immediately soaked
in an RNAlater™ RNA stabilization reagent {Qiagen,

‘Hilden, Germany) and stored at —30°C until use, The

remaining samples were fixed with 4% paraformaldehyde
and embedded in paraffin blocks. In 12 CRS patients not
having nasal polyps and five non-CRS patients, uncinate
process was excised and mucosae were removed from
bone, and then immediately soaked in RNAlater™,

Table 1. Subject characteristics

CRS-NP. CRS Control

Number 22 12 5
Sex {male: female) . 13:9 8:4 2:3
Age (years] 48,44 19.0 51.4+£179 43.6%18.56
Age range (years) 13-77 19-70 19-58
Serum IgE {IJ/mL) 315:£ 656" 1634262 116 £ 106
Atopic patients . 8 . 3 1

(serum IgE > 170 IU/mL)
Patients with bronchial asthma 9 0 o]
Blood eosinophil {x lozluL) 4553+ 492 1.36:x£0.96 2.163%1.65
CT grading score

13.4+6.4 58:£3.2 0+0

CRS, chronic rhinosinusitis.
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Immunohistochemistry

Immunohistochemical staining for h-PGDS, 1-PGDS and
m-PGES-1 was performed as previously described
[32, 33]. In brief, paraffin-embedded polyp tissue was
sectioned into 3 um slices, deparaffinized, rehydrated and
retrieved with trypsin (h-PGDS and 1-PGDS) or pepsin
{m-PGES-1) (Wako Pure Chemicals, Osaka, Japan). Endo-
genous peroxidase activity was quenched with 3% H,0,,
and non-specific protein binding was blocked with 10%
normal goat serum for 60min. After this, the tissue
sections were incubated with primary antibodies (anti-h-
PGDS and anti-I-PGDS: rabbit poly; anti-m-PGES-1:
guinea-pig poly) or control antibodies (rabbit IgG; Sigma,
St Louis, MO, USA, or guinea-pig IgG; Inter-cell technol-
ogies Inc., Jupiter, FL, USA). A Vectastain Elite avidin-
biotin-peroxidase kit {Vector Laboratories, Burlingame,
CA, USA) with a diaminobenzidine subsirate was used
according to the manufacturer’s instructions. In addition,
sections were stained with haematoxylin/eosin to detect
tissue eosinophils. In arder to detect activated eosinophils,
sections were reacted with anti~human eosinophil catio-
nic proteinfeosinophil protein X (ECP/EPX) (EG2; mouse
IgG1) monoclonal antibody (Pharmacia), followed by goat
anti-mouse immunoglobulin conjugated with a peroxi-
dase-labelled amino acid polymer (Histofine Simple Stain
MAX-PC (M), Nichirei Co., Tokyo, Japan), in accordance
with the manufacturer's instructions. Positive cells
were counted in two fields at high power (10 x 40) where
the highest cellular infiltration was seen, from which the
average - number of positive cells was determined. Ini this

study, we did not perform immunohistochemistry of -

uncinate process mucosae due to the small amount of
tissue.

RT-PCR

Total cellular RNA was extracted using an RNeasy™™ mini
kit (Qiagen) in accordance with the manufacturer's in-
" structions. The extracted material was treated with ampli-
fication grade deoxyribonuclease I (Sigma) for 15 min at
room temperature. Reverse transcription of the samples to
cDNA was performed using a first-strand cDNA synthesis
kit (Toyobo, Osaka, Japan) in accordance with the manu-
facturer’s instructions. :
Real-time quantitative PCR assay was performed as
described elsewhere [34]. In brief, the assay was performed
using a GeneAmp 5700 Sequence Detection System
{Applied Biosystems, Foster City, CA, USA) with Quanti-

Tect SYBR Green PCR (Qiagen). The primers used for PCR -

had the following sequences and product sizes: h-PGDS,
forward 5'~-GAGAGCAGAAATTATTCGTTAC-3’ and rever-
se 5'-CCAGAGTGTCCACAATAGCA-3' (248 bp); ma-PGES-
1, forward 5-CTCTGCAGCACGCTGCTGG-3! and reverse
5'-GTAGGTCACGGAGCGGATGG-3' {339 bp); COX-1, for-

ward 5’-TGC CCA GCT CCT GGC CCG CCG CTT-3' and

" reverse 5'-GTG CAT CAA CAC AGG CGC CTC TTC-3'

(303bp); COX-2, forward 5'-TGCCCAGCACTICA
CGCATC-3’ and reverse 5'-CTTTGACTGTGGGAGGATAC-
3’ (200 bp); and GAPDH, forward 5'-ACCACAGTCCATGC
CATCAC-3’ and reverse 5/-TCCACCACCCTGTTIGCTGTA-
3/ (452 bp) [18, 35]. The 25 pL reaction mixture contained
300nmM each of forward and reverse primers, as well as
QuantiTect SYBR Green PCR Master Mix (Qiagen}, and 1p

* L cDNA from a 20uL volume of RT reaction mixture.

Amplification was performed as follows: initial denatura-
tion at 95 °C for 15min, 40 cycles of denaturation at 94 °C
for 15, annealing at 56 °C for 30 s and extension at 72 °C
for 30s. The amplified material was verified as single by
examining the dissociation curve and ensuring it was of
appropriate molecular weight by electrophoresis using
1.5% agarose gel, followed by sequencing. GAPDH from
serially diluted plasmid DNA was amplified and used as a
template, and ‘a standard curve was plotted. The same
method was used to quantify the genes of interest. The
amount of GAPDH was used as an internal control. And
each amount of the mRNA level was converted into
numerical data by dividing their fluorescent signal by
GAPDH level using the standard curve.

Statistical analysis

Values were given as median and inter-quartile range
(IQR). Non-parametric Mann-Whitney's U-test was used
for comparing data between groups, and the Wilcoxon’s
signed-ranks test was used for analysis within the group.
Correlation analysis was performed using Spearman’s
correlation coefficient by rank. A level of P < 0.05 was
considered to be statistically significant. Statistical ana-
lyses were performed using StatView™ software (version
4.5, Abacus Concepts Inc., Berkeley, CA, USA).

Results

Expression of h-PGDS, I-PGDS and m-PGES-1 in nasal
polyps ‘

Immunchistochemical staining revealed a marked expres-
sion of h-PGDS in the nasal polyps of patients with CRS.
The expression was mainly seen in inflammatory cells and

fibroblasts (Fig. 1a). On the other hand, minimal expres-
sion of 1-PGDS was observed (Fig. 1b). Expression of

'm-PGES-1 was also noted. The expression was mainly

seen on inflammatory cells (Fig. 1c). Thus, we sought to
determine the relative amounts of h-PGDS and m-PGES-1
mRNA in nasal polyps using real-time PCR.

Gel image analysis provided the additional evidence
that RT-PCR was working properly and that the enzymes
were actually expressed in nasal polyps (Fig. 2). Real-
time PCR revealed significantly greater amounts of
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(a) h-PGDS (b)

rabbit 1gG

{c) m-PGES-1

guinea pig |

oG

Fig. 1. Immunohistochemical staining of h-PGDS (a}, 1-PGDS (b} and m-PGES-1 (c) in nasal polyps. Sections of nasal polyps were reacted with rabbit
polyclonal Ab against h-PGDS (a), rabbit polyclonal Ab against 1-PGDS {b), guinea-pig polyclonal Ab against m-PGES-1{c), rabbit IgG (d) or guinea-pig
IgG {¢), after which they were stained using a Vectastain Elite avidin-biotin-peroxidase kit with a diaminobenzidine substrate, as described in Materials
and methods. Ab, antibody; h-PGDS, haemaopoictic-type prostaglandin D; synthase; 1-PGDS, lipocalin-type~prostaglandin D, synthase; m-PGES-1,

microsoimal prostagiandinE2 synthase-1.

M 123456 7 8 8101112

GAPDH
(452 bp)

Fig. 2. Expression of mRNA specific for h-PGDS, m-PGES-1 and GAPDH
in nasal polyps of CRS patients with {lanes 1-6) and without (lanes 7-12)
asthma. mRNA was cxtracted from the nasal polyps, after which h-PGDS
(248 bp}, m-PGES-1 (339 bp) and GAPDH (452 bp} mRNA were detected
by RT-PCR, as described in Materials and methods. M, molecular weight
marker; h-PGDS, haemopoietic-type prostaglandin D, synthase; m-
PGES- 1, microsomal prostaglandin E; synthase-1; CRS, chronic rhinosi-
nusitis.

1-PGDS mRNA than m-PGES-1 mRNA within the polyps
(P < 0.0001, Fig. 3).

© 2006 The Authors

Comparison of the relative amounts of h-PGDS and
m-PGES-1 between nasal polyps and uncinate process
mucosa

Levels of h-PGDS mRNA in nasal polyps were signifi-
cantly higher than that in uncinate process mucosae
(P < 0.0001, Fig. 4a). Conversely, levels of m-PGES-1 in
nasal polyps were significantly lower than that in unci-
nate process mucosae (P < 0.0001, Fig. 4b). On the other
hand, the presence or absence of CRS did not affect the
levels of either h-PGDS (P=0.9161} or m-PGES-1
(P=0.5982) in uncinate process mucosae. In addition, a
significant inverse coirelation between h-PGDS and
m-PGES-1 levels was observed in nasal polyps
{p =~ 0.557, P=0.0101) but not uncinate process mucosae
(p=0.228, P=0.3619) {Fig. 5). GAPDH values between
nasal polyps {median: 179867, IQR: 184 582 molecules
per 50 ng of RNA sample) and uncinate process mucosae
(median: 215860, IQR: 174458 molecules per 50ng of
RNA sample) are not different (P=0.4789).

Clinical significance of differences in the relative amounts
of h-PGDS and m-PGES-1 in CRS

Among 34 CRS patients, significantly greater amounts of
h-PGDS mRNA (P < 0.0001}) and conversely lesser
amounts of m-PGES-1 mRNA (P < 0.0001) in tissues were
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1E~05 T 9,
h-PGDS m-PGES-1

Fig. 3. Relative amounts of h-PGDS and m-PGES-] mRNA in nasal
polyps of patients with CRS (n=22}. h-PGDS and m-PGES-1 levels were
estimated using real-time quantitative PCR. A log scale was used in the
Y-axis. Each bar represents the median amount of mRNA for each
protein. P-values were determined by Wilcoxon’s signed-rank test.
h-PGDS, haemopoictic-type prostaglandin D, synthase; m-PGES-1,
microsomal prostaglandin E, synthase-1; CRS, chronic rhinosinusitis.

observed in those with nasal polyps compared with those

without nasal polyps (Figs 6a and b). Significantly greater i

amounts of h-PGDS mRNA. in tissues were observed in
asthmatic patients (median: 0.0174, IQR: 0.0136) as com-
pared with non-asthmatic patients {median: 0.0051, IQR:
0.0082, P=0.0036). Significantly lesser -amounts of
m-PGES-1 were observed in asthmatic patients (median:
0.00003, IQR: 0.00009), compared with non-asthmatic
patients (median: 0.00043, 1QR: 0.00159, P=0.0006).
In detail, significantly lesser amounts of m-PGES-1
mRNA (P=0.0060) but not h-PGDS {P=0.1166) were
observed in asthmatic patients compared with non-asth-
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Fig. 5. Inverse relationship between h-PGDS and m-PGES-1 mRNA
Jevels in sinonasal tissue from the following: A, non-CRS patients; A,
CRS patients without nasal polyps; o, CRS patients with nasal polyps
without asthma; e, CRS patients with nasal polyps and asthma. h-PGDS,
haemopoietic-type prostaglandin D, synthase; m-PGES-1, microsomal
prostaglandin E, synthase-1; CRS, chronic rhinosinusitis.

matic patients in the NP group (Figs 6c and d). On the
other hand, the presence or absence of atopic status did
not affect the amounts of h-PGDS or m~-PGES-1 {data not
shown). In addition, a significant positive correlation
between h-PGDS levels and radiological severity of sinu-
sitis was observed (p=0.573, P=0.0010, Fig. 7a), while a
significant inverse correlation between m-PGES levels
and the severity was observed (p=— 0.585, P=0.0006,
Fig. 7b). Levels of either h-PGDS or m-PGES-1 mRNA
were not correlated with blood eosinophil counts,
serum total IgE levels or FEV, (percent of predicted} {data
not showny.

{b) m-PGES-1
. 0.01 Jee--P < 0.0001--]
AA
o
0.001 - @
- g_
0.0001 r@
L3
A (( @]
uncinate nasal
process polyps
mucosae

" Fig. 4. Relative amounts of h-PGDS (a} and m-PGES-1 (b) mRNA in uncinate process mucosae {#=17) and nasal polyps (n=22). Uncinate process
mucosae from non-CRS paticnts and CRS patients without nasal polyps are indicated as open and filled triangles, respectively. And nasal polyps from
CRS patients with and without asthma are'indicated as » and o, respectively. Each bar represents the median amount of mRNA for each protein. P-values
were determined by Mann-Whitney's U-test. h-PGDS, haemopoietic-type prostaglandin D, synthase; m-PGES-1, microsomal prostaglandin E;

synthase-1; CRS, chronic rhinosinusitis.
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Fig. 6. Comparison of local h-PGDS {a, ¢) and m-PGES-1 (b, d) mRNA levels between CRS patients with and without nasal polyps {a, b} or between
asthmatic and non-asthmatic patients in the NP group {c, d). The rectangle includes the range from 25th to 75th percentiles, the horizontal line indicates
the median and the vertical line indicates the range from 10th to 90th percentiles. P-values were determined by Mann-Whitney's U-test. h-PGDS,
haemopoictic-type prostaglandin D, synthase; m-PGES-1, microsomal pi'ostaglandin E, synthase-1; CRS, chronic thinosinusitis.
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Fig. 7. Relationship between relative amounts of h-PGDS {a) arid m-PGES-1 (b) mRNA in sinonasal tissues and radiological severity of sinusitis in 34
CRS patients. The radiological severity of sinusitis was scored according to the Lund-MacKay system. Twenty-two nasal polyps and 12 uncinate process
- murosae are indicated as .« and o, respectively. h-PGDS, haemopoietic-type prostagiandin Dj synthase; m-PGES-1, microsomal prostaglandin E;

synthase-1; CRS, chironic rhinosinusitis.

Association between PG synthase levels and degree of local
eosinophil infiltration

We sought to determine whether h-PGDS and m-PGES-1
levels might be associated with local eosinophil accumu-
lation. The degree of eosinophil infiltration into nasal

© 20086 The Authors

polyps, as determined by haematoxylin/eosin staining,
was weakly correlated with h-PGDS (p=0.482,
P=00273, Fig. 8a) and m-PGES-1 (p=-0.401,
P=0.0635, Fig. 8¢} levels. Furthermore, the numbers of
activated eosinophils, as determined by reactivity with
EG2, were strongly and positively correlated with h-PGDS
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Fig. 8. Relationship between h-PGDS (a, b) and m-PGES-1 (¢, d) cxpréssion in nasal polyps and number of infiltrating eosinophils (a, ¢) and EG2+
activated eosinophils (b, d). Positive cells were counted in two fields at high power (10 x 40) where the highest cellular infiltration was seen, from which
the average number of positive cells was determined. h-PGDS, haemopoietic-type prostaglandin D, synthase; m-PGES-1, microsomal prostaglandin E,

synthase-1.

levels {p=0.647, P=0.0030, Fig. 8b}. Conversely, the
numbers of EG2 + activated eosinophils were strongly and
inversely correlated with m-PGES-1 levels {p=- 0.589,
P=0.0065, Fig. 8d). .

Relationship between COX and PG synthase levels

Finally, we examined the role of COXs, upstream regula-
tors of the prostanocid pathway, in polyp formation and the
severity of CRS. No difference in COX-1 expression was
observed between uncinate process mucosae and nasal
polyps (P=0.2569, Fig. 9a). However, significantly higher
levels of COX-2 expression were observed in nasal polyps
as compared with uncinate process mucosa {P=0.0414,
Fig. 9b). Among 34 CRS patients, significantly lower
levels of COX-2 (P=0.0443) but not COX-1 (P=0.3190)
were observed in asthmatic patients (COX-1: median:
0.00060, IQR: 0.00063, COX-2: median: 0.00110, IQR:
0.00158), compared with non-asthmatic patients (COX-1:

median: 0.00091, IQR: 0.00096, COX-2: median: 0.00302,
IQR: 0.00752). On the other hand, neither the levels of
C0X-1 {P=0.5173) nor COX-2 (P=0.6948) correlated
with radiological severity of sinusitis. In addition, a trend
in inverse correlation between the COX-2 levels and
degree of infiltration into nasal polyps by both eosino-
phils (P=0.0691) and EG2+ activated eosinophils
(P=0.0555) was observed. In contrast, the levels of COX-
1 did not correlaté with the degree of infiltration by
eosinophils (P=0.7414) or EG2+ cells (P=0.4005).

Discussion

In the present study, we examined the expression and
amount of terminal synthase enzymes that catalyse the
synthesis of PGD2 and PGE2 in sinonasal tissues from
patients with different conditions. It may be easier .and
more reliable to measure synthase, rather than PG, levels
in nasal tissues as PGs can be easily inactivated by
15-hydroxyprostaglandin dehydrogenase within nasal
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Fig. 9. Relative amounts of COX-1 (a} and COX-2 (b) mRNA in uncinate process mucosae (n=17) and nasal polyps {n = 22). Uncinate process mucosae
from non-CRS patients and CRS patients without nasal polyps are indicated as open and filled triangles, respectively. And nasal polyps from CRS
patients with and without asthma are indicated as o and o, respectively. Each bar represents the median amount of mRNA for each protein, P-values were
determined by Mann-Whitney's U-test. COX, cyclooxygenase; CRS, chronic rhinosinusitis. :

mucosa [36]. To the best of our knowledge, this is the first
report to demonstrate an inverse relationship between
PGD2 and PGE2 terminal synthase levels and airway
inflammation. , :

Significantly greater levels of h-PGDS mRNA and
conversely lesser levels of m~PGES-1 mRNA were ob-
served in the nasal polyps as compared with uncinate
process mucosae. This result is consistent, in part, with the
recent observation that PGE2 concentration is signifi-
cantly decreased in nasal polyp tissue as compared with
control sinonasal mucosae [28]. We believe that uncinate
process mucosae are suitable as control for nasal polyps
rather than inferior turbinate mucosae in order to inves-
tigate the pathophysiology of polyp formation as the
polyps are usually developed from the osteomeatal com-
plex including the process (18, 28, 37]. Together with the
finding that the presence or absence of CRS did not affect
the levels of either h-PGDS or m-PGES-1 in uncinate
process mucosae, these results suggest that changes in the
levels of PG synthase expression in osteomeatal complex
play a critical role in the formation of nasal polyps. In fact,
uncinate process mucosae from CRS patients without
nasal polyps contain significantly lower levels of h-PGDS
(P < 0.0001} and higher levels of m-PGES-1 (P < 0.0001}
as compared with nasal polyps from CRS patients.

The level of h-PGDS mRNA was positively correlated
with the degree of infiltration of the polyps by activated
eosinophils and further correlated with radiclogical se-
verity of sinusitis positively. It is known that marked
eosinophil infiltration is associated with increased radi-
ological severity of CRS [38]. This result is consistent with
a prior observation that overexpression of PGDS promotes
eosinophilic lung inflammation in a murine model of
asthma [4]. And direct application of PGD2 induces

@ 20086 The Authors

eosinophilia within airways [39]. Together with the find-~
ing that significantly greater amounts of h-PGDS mRNA
in tissues were observed in asthmatic patients, our results
suggest that h-PGDS displays a pro-inflammatory role in
the pathophysiology of CRS. And increased expression of
h-PGDS might enhance PGD2 production, thereby di-
rectly or indirectly inducing eosinophilic inflammation
following interaction of PGD2 with DP and/or CRTH2
receptors on the surface of eosinophils [5, 40, 41]. Unlike
h-PGDS, immunchistochemical staining could not detect
]1-PGDS in nasal polyps {Fig. 1b}.

In contrast to k-PGDS, a negative correlation between
levels of m~-PGES-1 mRNA. and degree of infiltration of
nasal polyps by activated eosinophils was observed. Radi-
ological severity of sinusitis also correlated inversely with
m-PGES-1 levels in CRS patients. To date, it remains
unclear whether PGE2 synthesis in airway disease has
deleterious or beneficial effects [6-12]. The present find-
ings are in agreement with a report by Pavord et al
[42], who found an inverse correlation between PGE2
concentrations and percentage of eosinophils within asth-
ma-induced sputum. Together with the finding that sig-
nificantly lesser amounts of m-PGES-1 mRNA in tissues
were observed in asthmatic patients, our results suggest
that m-PGES-1 displays an anti-inflammatory role in the
pathophysiology of CRS. And in fact, inhalation of PGE2
attenuates allergen-induced increases in the relative pro-
portions of sputum eosinophils and EG2+ cells [43]. PGE2
also suppresses the production of human airway smooth
muscle celi-derived RANTES, a potent chemokine for
eosinophils [44].

Furthermore, a significant inverse correlation between
h-PGDS and m-PGES-1 expression was observed in the
present study. We observed that the h-PGDS/m-PGES-1
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ratio was strongly correlated (P=0.0009} with the degree
of infiltration of EG2+ activated eosinophils. These re-
sults suggest that an imbalance of h-PGDS and m-PGES-1
expression s critically associated with the pathophysiol-
ogy of CRS. In fact, recent investigations suggest that the
balance between PGD2 and PGE2 production contributes
to the pathogenesis of several diseases [45, 46). In athero-
sclerotic plaque formation, a switch from I-PGDS to
m-PGES-1 expression by plaque macrophages is asso-
ciated with cerebral ischaemia [45]. Another report sug-
gests that increased secretion of PGDS by IL-1B is
completely inhibited by exposure to PGE2 [46]. Thus,
decreased production of PGE2, combined with an in-
creased production of PGD2, might synergistically aug-
ment eosinophilic airway inflammation.

Nasal polyps showed significantly higher levels of
COX-2 but not COX-1 expression as compared with
uncinate process mucosae. This is not surprising as up-
regulation of COX~2 is usually found under inflammatory
conditions [47]; however, this result differs from the
previous reports showing the down-regulation of COX-2
in nasal polyps especially of aspirin-sensitive patients
[28, 48]. This discrepancy may be due to different con-
trols. Nasal mucosae were used as a control for nasal
polyps in the previous reports, whereas we chose uncinate
process mucosae as a control. Nasal polyps are mostly
‘outgrown from uncinate process mucosae. We believe that
uncinate process mucosae are more suitable than nasal
mucosae as a control especially in order to investigate the
pathogenesis of nasal polyp formation. On the other hand,
another finding of ours that asthamtic patients showed
reduced COX-2 levels as compared with non-asthmatics
supports the previous reports [18, 28, 48], and suggests
that the presence of asthma is closely associated with a
selective impairment of COX-2 expression in CRS. In
addition, PG terminal synthases rather than COXs appear

to display a crucial role in the pathogenesis of CRS as the -

levels of h-PGDS and m-PGES-1 were more significantly
correlated with local eosinophila and radiological severity
than the levels of COX.

C0X-2 levels within uncinate process mucosae were not
significantly correlated with m-PGES-1 levels (p =0.400,
P=0.1100). However, COX-2 levels within nasal polyps
were significantly and positively correlated with m-
PGES-1 levels {p=0.548, P=0.0122). This result seen in
the inflamed polyp tissue is reasonable -as m-PGES-1 and
COX-2 are co-localized upon stimulation {15, 49]. And it
is further suggested that impaired COX-2 generation,
together with decreased m-PGES-1 expression, might
strongly limit the production of PGE2 in nasal polyps,
especially in asthmatic patients. A marked deficiency in
PGE2 production might augment eosinophilic alrway
inflammation [9~12].

In conclusion, the present study shows an inverse
relationship between h-PGDS and m-PGES-1 expression

and pathophysiology in CRS. These results suggest that
pathways involved in PGD2 and PGE2 generation are
potential therapeutic targets for the treatment of CRS. In
particular, asthmatic patients demonstrate greater ab-
pormalities of COX-2/h-PGDS/m-PGES-1 expression.
Thus the therapeutic potential of ensuring adequate
CO0X-2/h-PGDS/m-PGES-1 signalling might be extended
to the treatment of asthma, as CRS is also known as
‘asthma of the upper airway’ due to similarities in the
pathogenesis of the two conditions [23].
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Collaborative Action of NF-kB and p38 MAPK Is Involved in
CpG DNA-Induced IFN-a and Chemokine Production in
Human Plasmacytoid Dendritic Cells

Youko Osawa,* Sumiko Iho,”" Rumiko Takauji,* Hisakazu Takatsuka,® Saburo Yamamoto,!
Takayuki Takahashi,| Satomi Horiguchi,* Yoshimasa Urasaki,® Takasumi Matsuki,” and

Shigeharu Fujieda*

CpG DNA induces plasmacytoid dendritic cells (pDC) to produce type I IFN and chemokines. However, it has not been fully
elucidated how the TLR9 signaling pathway is linked to these gene expressions. We examined the mechanisms involving the TLRS
and type I IFN signaling pathways, in relation to CpG DNA-induced IFN-a, IFN regulatory factor (IRF)-7, and chemokines
CXCL10 and CCL3 in-human pDC. In pDC, NF-«B subunits p65 and p50 were constitutively activated. pDC also constitutively
expressed IRF-7 and CCL3, and the gene expressions seemed to be regulated by NF-«B. CpG DNA enhanced the NF-«B p65/p50
activity, which collaborated with p38 MAPK to up-regulate the expressions of IR¥-7, CXCL10, and CCL3 in a manner inde-
pendent of type I IFN signaling. We then examined the pathway through which IFN-« is expressed. Type I IFN induced the
expression of IRF-7, but not of IFN-¢, in a NF-kB-independent way. CpG DNA enabled the type I IFN-treated pDC to express
IEN-a in the presence of NF-«B/p38 MAPK inhibitor, and chloroquine abrogated this effect. With CpG DNA, IRF-7, both
constitutively and newly expressed, moved to the nuclei independently of NF-«xB/p38 MAPK. These findings suggest that, in CpG
DNA-stimulated human pDC, the induction of IRF-7, CXCL10, and CCL3 is mediated by the NF-xB/p38 MAPK pathway, and
that IRF-7 is activated upstream of the activation of NF-«B/p38 MAPK in chloroquine-sensitive regulatory machinery, thereby
leading to the expression of IFN-«. The Journal of Immunology, 2006, 177: 4841-4852.
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in response to inflammatory stimuli, including the ligands for ated CpG motifs (CpG DNA) (4-6). They also produce chemo-
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