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Signals through CD40 play a critical role in the
pathophysiology of Schistosoma mansoni egg
antigen—induced allergic rhinitis in mice

Hisashi Hattori, M.D.,*# Mitsuhiro Okano, M.D..# Shin Kariya, M.D. # Kazunori Nishizaki, M.D.,#
and Abhay R. Satoskar, M.D.* (U.S., Japan)

ABSTRACT

Background: Interaction between CD40 and CD40L is thought to regulate inmmune responses in several allergic diseases. However, little
is known about its in vivo role in the pathophysiology of allergic rhinitis. We sought to determine whether the lack of signals through CD40
affects the pathophysiology of allergic rhinitis using a murine model.

Methods: Wild type (WT) and CD40-deficient BALB/c (CD40™/" ) mice were sensitized intranasally to Schistosoma mansoni egg antigen
(SEA). After repeated sensitization, histamine responsiveness, serum antibody titer including inumunoglobulin E (IgE), nasal eosinophilia,
and cytokine production by nasal mononuclear cells were determined in each group.

Results: Intranasal sensitization with SEA in WT mice elicited a strong Th2 response including SEA-specific IgE production, nasal
eosinophilia, and interleukin (IL)-4, and IL-5 production by nasal mononuclear cells after antigen challenge. Production of SEA-specific IgE
and 1gG1 was abolished in SEA-sensitized CD40™/~ mice. These mice showed impaired nasal eosinophilia and displayed markedly reduced
histamine-induced nasal hyperresponsiveness as compared with WT mice. Furthermore, reduced production of IL-4 and IL-5 by nasal

mononuclear cells was seen in CD40™/™ mice.

Conclusion: These results show that signals through CD40 play a critical role in not only IgE production but also pathophysiology of
allergic rhinitis such as nasal hyperresponsiveness and nasal eosinophilia. (Am ] Rhinol 20:165-169, 2006)

member of the tumor necrosis factor receptor superfamily,
CDA40 is expressed on thymic epithelial cells, B cells, and
a number of professional antigen-presenting cells. Many studies
have indicated that the interaction of CD40 with its ligand
CDA0L, which is expressed on activated T cells, plays a critical
role in induction of T-cell-dependent B-cell responses. Thus,
CDA40/CD40L interaction regulates B-cell proliferation, immuno-
globulin (Ig) production, isotype switching, and induction of
B-cell memory.!? Studies using both CD40™/~ and CD40L™/~
mice as well as blocking antibody (Ab) have shown that CD40/
CDAOL interaction also modulates inflammatory responses by
up-regulating production of proinflammatory cytokines and ni-
tric oxide from monocytes34
Allergic rhinitis is associated with the expansion of Th2-type
immune responses characterized by the production of allergen-
specific IgE, nasal eosinophilia, and nasal hyperresponsive-
ness.56 Several studies using CD40- or CD40L-deficient mice
have shown a role for CD40/CD40L interaction in the patho-
physiology of asthma, one of the most typical allergic diseases in
the lower airway.7-10 However, it remains unclear whether
CD40/CD40L interaction also is involved in pathogenesis of
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allergic rhinitis, and to date, no reports have established the in
vivo role of CD40 or CD40L in the initiation of allergic rhinitis.
We have developed a murine model of allergic rhinitis, which
received repeated intranasal administration of Schistosoma man-
soni egg antigen (SEA) in the absence of an adjuvant and conse-
quently showed Th2 response and nasal mucosa inflammation
with eosinophil infiltration.)* To determine whether CD40/
CDA40L interaction plays a role in pathogenesis of allergic rhinitis
in vivo, we compared nasal hyperresponsiveness, Ab produc-
tion, nasal eosinophilia, and nasal mononuclear cell cytokine
production in SEA-sensitized CD40™/~ mice with that in simi-
larly sensitized wild-type (WT) mice. We believe that this is the
first study showing the i vivo role of CD40 in nasal pathophys-
iology such as nasal eosinophilia and nasal hyperresponsiveness
in a murine model of rhinitis.

MATERIALS AND METHODS

Animals

Homozygous CD40-deficient BALB/c (CD40™/ ™) mice and
WT BALB/c mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME). Six- to 7-week-old female mice were
used in all of the experiments. These mice were maintained in
the specific pathogen-free condition in accordance with insti-
tuted guidelines.

Sensitization of Mice
We sensitized WT and CD40™/~ mice as previously de-
scribed.’? In brief, 5 ug of SEA was instilled into the anterior
nose once a week for 3 weeks (on days 1, 8, and 15). One week
later, mice were challenged intranasally with 1 ug of SEA for
+ 7 consecutive days (on days 22-28; nasal challenge). Mice
were bled by tail snipping on day 6 after the third sensitiza-
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tion and 18 hours after the final challenge. After 18 hours
following the final challenge, the mice were killed and nasal
monenuciear cells were obtained for further analysis as de-
scribed before.?

Measurement of Nasal Hyperreactivity

To assess nasal hyperreactivity in SEA-sensitized mice, re-
sponsiveness to intranasally administered histamine was
measured by determining the concentration of histamine that
causes nasal rubbing and sneezing. Briefly, 10 pL of histamine
{Sigma, St. Louis, MO) in different doses was administered
into the nostrils of SEA-sensitized CD40™/~ and WT mice.
Nasal symptoms (nasal rubbing and sneezing) were evalu-
ated by counting the number of nasal rubbings and sneezing
that were caused for 5 minutes after nasal administration of
histamine. The concentration of histamine at which mice
rubbed >40 times and also sneezed >5 times was identified
as the threshold concentration. This point was expressed to
the limiting concentration of histamine (logl0 M). The nasal
responsiveness was measured 1 day before both the first
sensitization and the death (day 0 and day 29, respectively).
The nose symptom assay was examined blindly.

Ab Enzyme-Linked Immunosorbent Assay

The levels of SEA-specific IgG, and IgG,, in the serum were
measured by enzyme-linked immunosorbent assay (ELISA) as
previously described.!? The serur total IgE and SEA-specific IgE
was determined also by ELISA as previously described.t?

Histological Examination

The heads were removed, fixed, and decalcified. Coronal
nasal sections were stained with Luna solution and the num-
ber of eosinophils in the posterior part of the nasal septum
was counted microscopically under a high-power field (10 X
40).12 This count was done blindly.

In vitro Culture of Nasal Mononuclear Cells and
Cytokine Determination

Nasal mononuclear cells from WT and CD40™/ ™ mice were
isolated by enzyme extraction, as previously described, with
slight modification.’? Cells were cujtured in 96-well flat-bot-
tom plates in 5% CO, at 37°C with and without plate-bound
purified hamster anti-mouse CD3e monoclonal Ab (1ug/mL;
Biosciences Pharmingen, San Jose, CA). After 72 hours of
culture, supernatants were harvested. Interleukin (IL)-4, IL-5,
and interferon (IFN) y production in culture supernatant were
measured by captured ELISA as previously described.'® The
detection limit for IL-4, IL-5, and IFN-v in this system was 10,
200, and 100 pg/mL, respectively.

Statistics

Nonparametric Mann-Whitney LI test was used to evaluate
the differences in the values obtained. A value of p < 0.05 was
considered significant. Values were given as mean = SEM.

RESULTS
Impaired Histamine-Induced Nasal Responsiveness

in SEA-Sensitized CD40™/~ Mice

Nasal allergic symptoms such as sneezing and nasal rub-
bing were determined before the sensitization (day 0) and

after the final nasal challenge (day 28). Before sensitization,
histamine responsiveness was not different between WT and
CD40™/~ mice. In WT mice, histamine responsiveness was
remarkably enhanced after the final challenge (p < 0.01).
However, histamine responsiveness was not changed in CD
407/~ mice after the final challenge, and the responsiveness
was significantly lower as compared with that of control mice

(Fig. 1).

SEA-Sensitized CD40™'~ Mice Show Reduced
Recruitment of Eosinophils into Nasal Mucosa

After intranasal sensitization with SEA, WT mice displayed
significant eosinophil infiltration into nasal mucosa (Fig. 24).
In contrast, only a few eosinophils were present in nasal
mucosa from SEA-sensitized CD40™/~ mice {p = 0.003, Fig.
2B). The number of eosinophils infiltrating into nasal septum
per field (10 X 40) was 26.5 + 6.0 and 8.0 = 5.5 (median value
with range) in WT (n = 6) and CD40™/~ mice (n = 8),
respectively. There were no significant differences in the num-
bers of infiltrating lymphocytes between the groups.

Analysis of Ab Response in SEA-Sensitized
CD40™~ and WT Mice

After the nasal sensitization, WT mice produced significant
amounts of Th2-associated total IgE and SEA-specific IgE and
IgG; but no Thl-associated IgG,, (Figs. 3 and 4). On the other
hand, similarly sensitized CD40™/~ mice abolished the pro-
duction of both total IgE and SEA-specific IgE during the
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Figure 1. Histamine-induced nasal responsiveness. WT mice and
CD40™/" mice were intranasally sensitized with SEA once a week
Jor 3 weeks. Then, 1 week later, all mice were challenged with SEA
for 7 consecutive days. The nasal hyperresponsiveness for histamine
was determined before sensitization (day 0) and after nasal challenge
(day 28). Histamine responsiveness of WT (open square) and
CD40™/~ mice (closed circle) was expressed by the strongest hista-
mine concentration that caused mice both >5 times sneezing and
>40 times nasal rubbing. Data shown are mean + SEM of five mice
per group. Data are representative of two separate experiments
(tp < 0.01 compared with the WT group).
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Figure 2. Nasal eosinophilia of mice intranasally sensitized with
SEA. WT and CD40™/~ mice were intranasally sensitized with
SEA. After nasal challenge, mice were killed, and coronal nasal
sections were fixed, decalcified, and stained with Luna solution.
Typical nasal sections are shown: (A} WT mouse and (B) CD40~/~
mouse.

period observed (Fig. 3). CD40™/~ mice also failed to produce
significant levels of SEA-specific IgG, and IgG,, (Fig. 4).

Analysis of Cytokine Production by Nasal
Mononuclear Cells in SEA-Sensitized CD40™'~ and
WT Mice

After in vitro stimulation with anti-CD3, nasal mononuclear
cells from WT mice produced significant levels of IL-4 and
IL-5. In contrast, nasal lymphocytes from CD40™/™ mice pro-
duced only basal levels of IL-4 or IL-5 (Fig. 5, A and B). As
regards IFN-v, there were no significant differences between
WT and CD40™/~ mice (Fig. 5C).

DISCUSSION

In this study, we showed that CD 40/~ mice sensitized
intranasally with SEA mount poor Th2 response, produce
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Figure 3. (A) Titers of SEA-specific IgE and (B) amount of total
IgE. WT mice and CD40™/~ mice were intranasally sensitized with
SEA once a week for 3 weeks. Then, 1 week later, all mice were
challenged with SEA for 7 consecutive days. WT (open column) and
CD40™/~ mice (closed column) were bled by the tail snipping on
day & after the third sensitization and 18 hours after the final
challenge. SEA-specific IgE and serum total IgE were detected with
sandwich ELISA. Results show (A) the mean optical density at 450
nm * SEM at 1:4 dilution and (B) the mean nanograms per

~milliliter * SEM of five serum samples from each group. Data are
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representative of two separate experiments (fp < 0.01 compared
with the WT group).

little or no IL-4 and IL-5 as well as SEA-specific IgG, and IgE.
Furthermore, CD40™/~ mice display markedly reduced nasal
eosinophilia and nasal hyperresponsiveness in response to
histamine. These findings indicate that CD40 plays a critical
role in the pathophysiology of SEA-induced murine allergic
rhinitis.

An engagement of CD40 with CD40L provides an essential
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Figure 4. SEA-specific {A) 1gGy and (B) I3G,, isotypes. After
boosting sensitization with SEA, WT mice and CD40™/~ mice were
intranasally challenged with SEA for 7 consecutive days. Sera were
taken from WT (open column) and CD40™/~ mice (closed colummn)
6 days after last boosting sensitization and 18 hours after last nasal
challenge. They were assayed for SEA-specific IgG, and IgG,, in
indirect ELISA. Results show the mean optical density at 450 nm =
SEM of five serum samples from each group gt 1:100 dilutions. Data
are representative of two separate experiments (fp < 0,01 compared
with the WT group).

costimulatory signal to the B cell that is required for T-cell-
dependent class switching for all Ig's except [gM.1 A previous
study has shown that CD40/CD40L interaction is required for
initiation of the immune response to antigens that inherently
induce a very strong Th2 response and production of IL-4,
which facilitates isotype switching to IgE and IgG;.71% On the
other hand, Ferlin et al. found that CD40 signaling causes
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Figure 5. Production of (A) IL-4, (B} IL-5, and (C) IFN-v by nasal
mononuclear cells from WT (open column) and CD40™/~ (closed
column) mice sensitized intranasally with SEA. Nasal mononuclear
cells were isolated and cultured in vitro for 72 hours without or with
plate-bound antimouse CD3e monoclonal Ab. Cytokines were mea-
sured by ELISA. Results were expressed the mean * SEM. Data are
representative of two separate experiments (tp < 0.05, tp < 0.01).
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IL-4-independent IgE switching in vive.5 We have previously
reported that SEA-sensitized [L-4-deficient mice fail to pro-
duce significant levels of IgE, suggesting that IL-4 is critical
for IgE production in SEA-induced rhinitis.6 Therefore, it is
perhaps not surprising that SEA-sensitized CD40™/~ mice,
which produced significantly less IL-4, displayed low titers of
SEA-specific IgE, IgG,, and total IgE. The lack of SEA-specific
IgE and IgG, production in CD40™ /"~ mice observed in this
study is also consistent with the similar observation reported
by others using these mice.1.27.9

IL-5 is a Th2-derived cytokine that and plays a central role
in the differentiation, proliferation, accumulation, and migra-
tion of eosinophils to the site of inflammation.1” In this study,
reduced production of IL-5 by nasal mononuclear cells was
seen in CD40™/ ™ mice that could contribute to reduced levels
of eosinophilia. The impaired infiltration of eosinophils in this
study is not simply caused by the lack of IL-4 or IgE produc-
tion because we have previously shown that IL-4-deficient
mice, which are unable to produce SEA-specific IgE, show
significant numbers of eosinophils in their nasal mucosa after
intranasal sensitization with SEA.16 The production of other
cytokines, such as granulocyte-macrophage colony-stimulat-
ing factor and IL-13 or chemokines, such as eotaxin, may
influence the inflammatory process.!® The present results to-
gether with our previous findings suggest that CD40-depen-
dent but IL-4/IgE-independent mechanism regulates eosino-
phil trafficking into nasal mucosa after SEA sensitization,

In this study, we found that histamine-induced nasal hy-
perresponsiveness was markedly reduced in SEA-sensitized
CD40™/~ mice. Although there are several reports investigat-
ing the role of CD40 in bronchial hyperresponsiveness,’9.10
this is the first report regarding the role of CD40 in the
hyperresponsiveness in the upper airway. In fact, our result is
not consistent with the previous reports focusing on bronchial
hypersensitivity.”210 Takahashi et al. showed that enhanced
bronchial hyperresponsiveness accompanied the increase of
lung eosinophilia in CD40™/~ mice.’? On the other hand,
Mehlhop et al. have suggested that CD40L but not CD40 is
central to bronchial hyperresponsiveness, although both
CD40™/~ mice and CD40L™/~ mice sensitized with Aspergil-
lus showed the same level of lung eosinophilia as WT mice
and produced no serum IgE.? These conflicting observations
may be caused by several factors such as the type of antigen
{(SEA, ovalbumin, or Aspergillus), the route for sensitization
(intranasal versus intraperitoneal), phase examined (induc-
tion or effector phase), or usage of adjuvants (e.g., alum).

In conclusion, CD40™/~ BALB/c mice fail to display re-
duced nasal hyperresponsiveness after repeated intranasal
challenge with SEA. These findings show that CD40 plays a
central role in pathophysiology allergic rhinitis. These results
have implications for future investigations on understanding
the underlying mechanism of allergic rhinitis and may have
therapeutical implication for this disease.
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Presence and characterization of prostaglandin D2-related
molecules in nasal mucosa of patients with allergic rhinitis
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ABSTRACT

Background: Prostaglandin D2 (PGD2) is the major prostanoid produced in the acute phase of allergic reactions. However, its
pathophysiological role in addition to the pathway of production in allergic rhinitis remains unclear. We sought to determine the expression
of synthases and receptors for PGD2 in human nasal mucoss. These expressions were compared between allergic and nonallergic patients.

Methods: The expression and localization of hematopoietic-type (h)-PGD2 synthase (PGDS) and lipocalin-type (I)-PGDS were detected
by immunohistochemistry. The expression of D prostanoid (DP) receptor and chemoattractant receptor—homologous molecule expressed on
Th2 cells (CRTH2) was determined by quantitative real-time PCR.

Results: The #-PGDS but not 1-PGDS was clearly expressed in nasal mucosa. The expression of h-PGDS in allergic patients was
significantly higher than in control patients without mucosal hypertrophy. A variety of infiltrating cells including mast cells, eosinophils,
macrophages, and lymphocytes as well as constitutive cells such as epithelial cells and fibroblasts expressed h-PGDS. The expression of both
DP and CRTH2 was confirmed also. Although either the amount of DP or the amount of CRTH2 was not correlated with serum levels of
IgE, the amount of CRTH2 but not DP was highly and significantly correlated with the number of eosinophils infiltrating info nasal musosa.

Conclusion: These results suggest that PGD2 is released via the action of h-PGDS from various cells, and the expression of i-PGDS may
be associated with the hypertrophic inflammation in the nose. In addition, ligation of PGD2 to CRTH2 appears o be selectively involved in

eosinophil recruitment into the nose regardless of atopic status.
(Am J Rhinol 20, 342-348, 2006; doi: 10.2500/ ajr.2006.20.2865)

rostaglandins are known to regulate immune responses.!
Among these, prostaglandin D2 (PGD?2) is thought to be
involved in allergic reactions.2 Levels of PGD2 increase after
allergen provocation in lavage fluids from both upper and
lower airways,?4 and it shows a variety of biological activities
such as vasodilation6 Indeed, nasal challenge with PGD2
induces a sustained nasal obstruction.” In several experimen-
tal models, PGD2 induces eosinophil infiltration and Th2-type
cytokine release into airways.5°
Two ligands for PGD2, D prostanoid receptor (DP) and
chemoattractant receptor-homologous molecule expressed on
Th2 cells (CRTH2) have been isolated and characterized.1011
The expression of DP.is observed in not only the central
nervous system (CNS) but also inflammatory cells such as
eosinophils.’212 Deletion of DP leads to a reduction in eosin-
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ophil inflammation and Th2 cytokine production in mice.1*
On the other hand, CRTH2 is originally found in Th2 cells,
eosinophils and basophils,!* and recent investigations re-
vealed that the expression is also observed in organs such as
lung.’ Ligatjon of PGD2 to CRTH2 promotes chemotaxis, and
also leads to a dose- and time-dependent increase of the
number of blood leukocytes, 116

PGD2 is formed from arachidonic acid by successive
enzyme reactions: oxidation of arachidonic acid to PGH2,
catalyzed by cyclooxygenase, and isomerization to PGD2
by PGD2 synthases (PGDSs). To date, two distinct types
of PGDSs have been cloned: one is lipocalin-type PGDS
(I-PGDS), and the other is hemopoietic-type PGDS
(h-PGDS).1718 The 1-PGDS is found mainly in the CNS
and also is localized in other organs such as the cochlea
and male epididymis.1”1%20 On the other hand, h-PGDS
is widely distributed in the peripheral tissues such as
the lungs and also is localized in antigen-presenting cells,
mast cells, and Th2 cells.21-22 However, the expression
and localization of these two PGDSs in airways remains
unclear.

In this study, we sought to determine the expression and
localization of PGDS and receptors for PGD2 in human nasal
mucosa and compared these expressions between allergic and
nonallergic subjects. In addition, we analyzed the correlation
of the amount of PGDS and these receptors with pathophys-
iological parameters. We believe that the results presented
here may provide insights into the role of local interaction
between PGD2 and its receptors in the pathophysiology of
allergic rhinitis.
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MATERIALS AND METHODS

Patients and Samples

Eleven Japanese patients (20-52 years old; mean, 30.5 =
13.1 years; eight men and three women) with perennial ailer-
gic rhinitis were studied. All of them had severe nasal ob-
struction graded according to the criteria outlined by Okuda
et al.?%, and showed high levels of nasal resistance on inspira-
tion determined by active anterior rhinomanometry (MPR-
2100; 0.410-2.014; mean, 0.793 % 0.512 Pa/s per em® at 100 Pa;
Nihon Kohden, Tokyo, Japan). All the patients exhibited pos-
itive titers of IgE to Dermatophagoides farinae ranging from 2.13
to 99.26 unit allergin (UA)/mL when assayed by the capsu-
lated hydrolic carrier polymer (Pharmacia, Tokyo, Japan).
Eleven patients (19-62 years old; mean, 36.7 * 15.6 years;
seven men and four women) with nonallergic hypertrophic
rhinitis and seven patients (33-62 years old; mean, 43.3 + 9.5
years; four men and three women) with mucocele of the
paranasal sinus were selected as controls. None of the control
subjects had a history of allergic diseases, and no subjects
exhibited positive titers of IgE to D. farinae (<0.35 UA/mL).
Patients with nonallergic hypertrophic rhinitis showed high
levels of nasal resistance (0.402-1.000; mean, 0.587 = 0.176
Pa/s per cm®). On the other hand, none of the patients with
mucocele had hypertrophy of the inferior turbinates, and all
exhibited normal levels of nasal resistance (0.088~0.208; mean,
0.148 = 0.039 Pa/s per cm®). Informed consent for participa-
tion in the study was obtained from each subject, and the
study was approved by the Human Research Comumittee of
Okayama University Graduate School of Medicine and Den-
tistry. None of the patients received immmunotherapy or used
immunosuppressive drugs during this study.

Primary Antibodies

Rabbit polyclonal antibodies against human h-PGDS and
1-PGDS were generated as described previously.?526 Puri-
fied antihuman c-kit (104D2; mouse IgGl), lymphocyte
common antigen (LCA; 2B11 + PD7/26; mouse IgGl),
CD68 (PG-M1; mouse IgG3), and vimentin (Vim3B4; mouse
Ig(:2a) mAbs were purchased from Dako (Kyoto, Japan).
Purified anti-human eosinophil cationic protein/eosinophil
protein X (ECP/EPX; EG2; mouse IgGl) mAb was pur-
chased from Pharmacia. Rabbit and mouse IgG (Sigma, St.
Louis, MO) were used as a negative control for each specific
primary antibody.

Immunohistochemistry

'Immunohistochemical staining for PGDSs was described
previously.202526 The specificity of staining was checked by
incubating sections with the polyclonal antibody that had
been preabsorbed with excess amounts of purified recom-
binant human PGDS. The numbers of positive cells were
counted in four fields of high power (10 X 40), and the
average was determined.

To determine the cells expressing h-PGDS, double-stain-
ing immunohistochemistry was performed. The nasal sec-
tions were incubated with rabbit anti-human h-PGDS anti-
body or control rabbit IgG. After washing, the sections
were incubated with goat anti-rabbit immunoglobulins
conjugated to peroxidase-labeled amino acid polymer
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(Histofine Simple Stain MAX-PO [R]; Nichirei Co., Tokyo,
Japan) followed by reaction with AEC (Simple Stain 3-
amino-9-ethylcarbazole solution; Nichirei Co.). In this con-
dition, cells expressing h-PGDS are stained as red.’ The
sections were further incubated with mouse mAbs against
human c-kit, LCA, CD68, vimentin, and EG2 or control
mouse IgG overnight at 4°C. After washing, the sections
were incubated with goat anti-mouse immunoglobulins
conjugated to alkaline phosphatase-labeled amino acid
polymer (Histofine Simple Stain MAX-PO [M]; Nichirei
Co.) followed by reaction with fast blue (Fast Blue Sub-
strate Kit; Nichirei). In this condition, cells bearing c-kit,
LCA, vimentin, or EG2 are stained as blue. Percentages of
cells coexpressing h-PGDS and surface markers are calcu-
lated as follows: cells stained with both h-PGDS (red) and
surface markers {(blue)/cells stained with surface markers
(blue) X 100 (%). Preliminary experiment revealed that goat
anti-mouse immunoglobulins conjugated to alkaline phos-
phatase-labeled amino acid polymer did not react with
rabbit anti-human h-PGDS antibody, and vice versa, goat
anti-rabbit immunoglobulins conjugated to peroxidase-la-
beled amino acid polymer did not react with mouse mAbs
against human c-kit, LCA, CD68, vimentin, and EG2.

RT-PCR

Surgically excised inferior turbinates were immediately
soaked into RINAlater RNA stabilization reagent (Qiagen, To-
kyo, Japan) and stored at —30°C until used. Total cellular .
RINA was extracted by RNeasy mini kit (Qiagen) according to
the manufacturer’s instructions. The extracted material was
treated with amplification grade deoxyribonuclease I {Sigma)
for 15 minutes at room temperature. Reverse transcription of
the samples to ¢DNA. was done using a first-strand cDNA
synthesis kit (Toyobo, Osaka, Japan) according to the manu-
facturer’s instructions. :

Real-time quantitative PCR assay was performed as de-
scribed elsewhere.?” In brief, the assay was performed on
GeneAmp 5700 Sequence Detection System (Applied Biosys-
tems, Foster City, CA) using QuantiTect SYBR Green PCR
{Qiagen). The primers used for PCR had the following se-
quences and product size: CRTHZ, forward 5-CTACAATGT-
GCTGCTCCTIGAA -3’ and reverse 5'-CAGGTGAGCACGTA-
GAGC-3" (375 bp); DP, forward 5'-GCAACCTICTATGCG-
ATGCA-3' and reverse 5'-CAAGGCTCGGAGGTCTTCT-3'
(260 bp); and GAPDH, forward 5-ACCACAGTCCATGC-
CATCAC-3' and reverse 5'-TCCACCACCCTGTTGCTGTA-3'
(452 bp [556 bp in genomic DNAJ).1! GAPDH from serially
diluted human genomic DNA was amplified as template, and
the standard curve was plotted. The amount of DP and
CRTH2 was estimated by dividing the signals into that of
GAPDH. :

Statistical Analysis

Dunn’s procedure as a multiple comparison procedure or
Student’s  test was used to defermine the significance of the
values obtained. Pearson’s correlation coefficient was ana-
lyzed using StatView software {(Abacus Concepts Inc., Berke-
ley, CA). A level of p < .05 was considered statistically sig-
nificant. Values were given as means = SD.
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RESULTS

Expression of h-PGDS But Not 1-PGDS in
Nasal Mucosa

Using anti-human h-PGDS polyclonal antibody, expression
of h-PGDS was clearly detected in nasal mucosa of patients
with perennial allergic rhinitis (Fig. 1 A). This signal was
completely lost when the antibody had been preabsorbed
with excess amounts of purified recombinant human PGDS
(Fig. 1 B). Cells expressing h-PGDS were widely located in
both the layers of the epithelium and the lamina propria. On
the other hand, expression of I-PGDS was merely detected in
the mucosa (data not shown). Negligible reaction with irrel-
evant rabbit IgG was seen in this study.

The expression of h-PGDS in nasal mucosa was similar in
patients with allergic and nonallergic hypertrophic rhinitis.
However, the expression in allergic patients was significantly
higher than in patients with mucoceles (p = 0.023; Fig. 2 A).
The mean numbers = SD of cells expressing h-PGDS per field
(10 X 40) were 140.1 + 78.2, 98.1 * 884, and 51.1 = 413 in
patients with allergic rhinitis, nonallergic hypertrophic rhini-
tis, and mucoceles, respectively.

Phenotype Analysis of Cells Expressing h-PGDS

We analyzed the phenotypes of nasal cells expressing h-
PGDS by double staining immunohistochemistry. Majority of
c-kit™, CD68*, and ECP/EPX™ cells expressed h-PGDS (Fig.
3, H-J}. In addition, several LCA™ and vimentin+ cells also
expressed h-PGDS (Fig. 3, K and L). Among the c-kit*, ECP/
EPX*, CD68%, LCA™, and vimentin+ cells, 86.9 £ 6.9, 77.5 =
97, 833 * 106, 17.1 * 8.6, and 28.4 * 13.7% coimmunos-
tained for h-PGDS, respectively. There is no cross-reactivity of
secondary antibodies when we used rabbit and mouse IgG as
negative controls for each specific primary antibody.

Expression of Messengers for DP and CRTH2 in
Nasal Mucosa :

The expression of CP and CRTH2 mRNA in nasal mucosa
was analyzed from 11 patients with allergic rhinitis and 11
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patients with nonallergic hypertrophic rhinitis. The expres-
sion of DP was clearly detected in all the nasal mucosa,
whereas the expression of CRTH2 varied among the subjects
(Fig. 4). In general, the expression of DP was significantly
higher than that of CRTH2 (p = 0.003, Student’s paired t-test).
The mean amounts of DP/GAPDH and CRTH2/GAPDH =+
SD in nasal mucosa were 0.0042 *+ 0.0050 and 0.0011 = 0.002,
respectively. There is no difference in expression of DP/
GAPDH or CRTH2/GAPDH comparing the two rhinitic
groups. However, the expression of CRTH2 but not DP was
significantly higher in patients with allergic rhinitis as com-
pared with control subjects {Fig. 5).

The amount of DP in nasal musosa was not correlated with
either the level of serum total IgE or the number of eosinophil
in nasal mucosa (Fig. 6, A and B). In addition, the amount of
the CRTH2 did not correlate with the level of serum total IgE
(Fig. 6 C). However, analysis with Pearson’s correlation coef-
ficient revealed that the amount of CRTH2 highly (r = 0.824)
and significantly {(p < 0.001) correlated with the number of
eosinophils infiltrating into nasal musosa (Fig. 6 D). In addi-
tion, the positive correlation was found in both allergic (r =

-0.551; p = 0.079) and nonallergic (r = 0.949; p < 0.001) patients

but not controls (r = 0.552; p = 0.214).

DISCUSSION

Qur results revealed that h-PGDS but not -PGDS was
detected in the human nose. There have been a few reports
indicating the expression of PGDS in human airway -5 Sey-
mour et al. examined the expression of PGDS in bronchial
mucosa but did not describe whether they analyzed the ex-
pression of h-PGDS or -PGDS2 Miwa et al. reported that
nasal mast cells were positive for h-PGDS in rats, but it is
known that h-PGDS genes are expressed in a highly species-
specific manner, 230 and, more recently, Nantel ef al. showed
that h-PGDS was only detected in few resident mast cells in
normal human mucosa, but they did not describe the expres-
sion of 1-PGDS.3! Thus, we believe that this is the first report
establishing selective expression of h-PGDS in the human
upper airway.

A variety of cells in the human nose express h-PGDS. More

i S

Figure 1. Immunohistochemical staining of h-PGDS in human nasal mucosa. Sections of inferior turbinates were regcted with rabbit (A)
polyclonal Ab against h-PGDS or (B) the Ab preabsorbed with excess amounts of purified recombinant human PGDS, and then stained using
Vectastain Elite avidin-biotin-peroxidase kit with diaminobenzidine substrate, as described in the Methods section (bar = 200 wm).

May~June 2006, Vol. 20, No. 3



A h-PGDS
Cells/field] | e p=0,023 -
400+ [~-p=0.205~] [--p=0.212~-|
o
300+ _
©
200+ ©
© o)
100+ g %
.- 4

PAR NAR C

B 1-PGDS
S T S
400+ =p=0.767| [--p=0.262--|
300
2004
100
§ R a1 a7

PAR NAR C

Figure 2. Number of cells expressing (A) h-PGDS and (B} I-PGDS in nasal mucosa of patients with perennial allergic rhinitis (PAR),
nonallergic hypertrophic rhinitis (NAR), and mucocele of paranasal sinuses as a control (C). Bar represents mean number of positive cells.
Values of p were obtained by Dunn's procedure as a multiple comparison procedure.
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Figure 3. Expression of h-PGDS in infiltrating c-kit* (H), ECP/
EPX (EG2)* (I), CD68™ (), LCA™ (K), and vimentin+ (L) cells in
nasal nucosa. As controls, sections were stained with anti-h-PGDS
polyclonal Ab alone (A, B) or anti-c-kit (C), ECP/EPX (EG2) (D),
CD68 (E), LCA (F), and vimentin (G) mAb alone. Arrows indicate
double immunostained cells (bar = 50 um).

than 80% of mast cells (c-kit*} and macrophages (CD68™)
expressed h-PGDS, and this result may be consistent with
previous reports that these cells are major sources of PGD2
+ production in various organs.??? In addition, 17.1 = 8.6% of
LCA™ lymphocytes expressed h-PGDS. H-PGDS is preferen-
tially expressed in human Th2 but not Thl cells.2? Thus, our
result may undertake the possibility that a subset of lympho-
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Figure 4. Expression of DP, CRTH2, and GAPDH in nasal mu-
cosa of patients with perennial allergic rhinitis (lanes 1-5) and
nonallergic hypertrophic rhinitis (lanes 6~10). mRNA was extracted
Sfrom the inferior turbinates, and then the levels of DP, CRTH2, and
GAPDH were detected by RT-PCR as described in the Methods
section (M, molecular marker; N, distilled water).

cytes bearing h-PGDS in the nose were Th2 cells. Interest-
ingly, most ECP/EPX™ eosinophils also expressed h-PGDS.
Although it is known that eosinophils can produce PGE2, little
is known whether eosinophils can produce PGD2.3? Our re-
sult suggests that eosinophils have the potential to produce
PGD2.

In addition to the infiltrating cells, constitutive cells in the
nose, particularly epithelial cells, also expressed h-PGDS (Fig.
1). The fact that airway epithelial cells can produce PGD2
supports our finding.3® Vimentin+ cells also express h-PGDS.
A recent investigation revealed that bronchial fibroblasts
spontaneously release PGD2, and the production increases
dramatically in response to the mixture of LPS, IL-18, and
TNF-a.34¢

The expression of h-PGDS was similar in patients with
allergic and nonallergic rhinitis, both showing hypertrophy in
nasal mucosa, as determined by rhinemanometry. However,
the expression was lower in patients with mucoceles, those
without mucosal hypertrophy. These results suggest that
PGD2 produced via the action of h-PGDS may be involved in
the nasal hypertrophic inflammation regardless of allergic
status.
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The expression of DP was found to be similar in all nasal
samples tested regardless of the presence of allergic rhinitis.
Qur results suggest that nasal mucosa may constitutionally
express DP and support the report that the ligation of PGD2 to
DP can affect airway inflammation and function.™* In fact,
Nantel ef al. recently showed that DP is expressed in epithelial
goblet cells, serous glands, and vascular endothelium in nasal
polyps as well as normal nasal mucosa.3! On the other hand,
the amount of CRTH2 was varied among the patients and
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significantly lower than that of DP as a whole. However, it
may be possible that the expression of CRTH2 displays down-
modulation in inflamed tissues.®

Interestingly, the amount of CRTHZ, but not DP, positively
and significantly correlated with the number of infiltrating
eosinophils, suggesting that CRTH2 is selectively involved in
eosinophil recruitment at inflammatory sites in vivo. Gervais
et gl. reported that eosinophil chemokinesis was induced by
CRTH2-selective agonist but not DP-selective agonist in vitro,

May-dune 2006, Vol. 20, No. 3



although both molecules are detectable on circulating eosin-
ophils.”® On the contrary, the amount of CRTH2 did not
correlate with the level of serum total IgE. Together with the
finding that the amount of CRTH2 in the nose was similar in
allergic and nonallergic patients, these results suggest that the
nasal expression of CRTH2 may be independent of atopic
status.

In conclusion, we showed the expression of synthases and
receptors for PGD2 in nasal mucosa. In particular, we suggest
an important role of CRTH2-PGD?2 interaction in the eosino-
philic inflammation in the nose that may be associated with
the high expression of h-PGDS. These observations may pro-
vide a basis for future therapeutic approaches in the manage-
ment of allergic rhinitis by inhibiting the interaction between
PGD2 and its receptors.

ACKNOWLEDGMENTS

The authors thank Shigeko Matsumoto, Yoshihiro Michigami, and
Sinji Sakamoto for excellent technical assistance for immunohisto-
chemistry, Dr. Kinya Nagata for providing BM16 mAb, Dr. Hiroyuki
Hirai for his comments during preparation of the article, and Yuko
Okano for editorial assistance.

REFERENCES

L. Harris 5G, Padilla J, Koumas L, et al. Prostaglandins as a
modulators of immunity. Trends Immunol 23:144-150, 2002.

2. Lewis RA, Soter NA, Diamond PT, et al. Prostaglandin D2
generation after activation of rat and human mast cells with
anti-JgE. J Immunnol 129:1627-1631, 1982.

3. Naclerio RM. Allergic rhinitis. N Engl J Med 325:860-869,
1991.

4. Miadonna A, Tedeschi A, Brasca C, et al. Mediator release
after enddbronchial antigen challenge in patients with respi-
ratory allergy. J Allergy Clin Immunol 85:906-913, 1990.

5. Walch L, Labat C, Gascard JP, et al. Prostacid receptors
involved in the relaxation of human pulmonary vessels. Br ]
Pharmacol 124:859-866, 1999.

6. Sampson SE, Sampson AP, and Costello JF. Effect of inhaled
prostaglandin D2 in normal and atopic subjects, and pre-
treatment with leukotriene D4. Thorax 52:513-518, 1997.

7. Doyle W], Boehm S, and Skoner DP. Physiologic responses
to infranasal dose-response challenges with histamine,
methacholine, bradykinin, and prostaglandin in adult vol-
unteers with and without nasal allergy. ] Allergy Clin Im-~
munol 86:924-935, 1990.

8. Emery DL, Djokic TD, Graf PD, et al. Prostaglandin D2
causes accumulation of eosinophils in the lumen of the dog
trachea. ] Appl Physiol 67:959-962, 1989.

9. Fujitanj Y, Kanaoka Y, Aritake K, et al. Pronouced eosino-
philic lung inflammation and Th2 cytokine release in human
lipokalin-type prostaglandin D synthase transgenic mice.
J Immunol 168:443-449, 2002.

10. Hirata M, Kakizuka A, Aizawa M, et al. Molelcular charac-
terization of a mouse prostaglandin D receptor and func-
tional expression of the cloned gene. Proc Natl Acad Sci USA
91:11192-11196, 1994.

11. Hirai H, Tanaka K, Yoshie O, et al. Prostaglandin D2 selec-

tively induces chemotaxis in T helper type 2 cells, eosino-

phils, and basophils via seven-transmembrane receptor
CRTH2. | Exp Med 193:255-261, 2001.

12. Mizoguchi A, Eguchi N, Kimura K, et al. Dominant local-
ization of prostaglandin D receptors on arachnoid trabecular
cells in mouse basal forebrain and their involvement in the
regulation of non-rapid eye movemernt sleep. Proc Natl Acad
Sci USA 98:11674-11679, 2001.

American Journal of Rhinology

13.

14.

15.

16.

17.
18.
19.

20.
2L
22,
23.
24,

25.

26.
27.
28.
29.

30.

31.

91

Gervais FG, Cruz RPG, Chateauneuf A, et al. Selective mod-
ulation of chemokinesis, degranulation, and apoptosis in
eosinophils through the PGD2 receptors CRTH2 and DP. |
Allergy Clin Immunol 108:982-988, 2001.

Matsuoka T, Hirata M, Tanaka H, et al. Prostaglandin D2 as
a mediator of allergic asthma. Science 187:2013-2017, 2000.
Sawyer N, Cauchon E, Chateauneuf A, et al. Molecular
pharmacology of the human prostaglandin D2 receptor,
CRTH2. Br ] Pharmacol 137:1163-1172, 2002.

Shichijo M, Sugimoto H, Nagao K, et al. CRTH2 activation in
vivo increases blood leukocyte counts and its blockade ab-
rogates 13,14-dehydro-15-keto PGD2-induced eosinophilia
in rats. ] Pharmacol Exp Ther 307:518-525, 2003.

Urade Y, Fujimoto N, and Hayaishi O. Purification and
characterization of rat brain prostaglandin D synthetase.
J Biol Chem 260:12410-12415, 1985.

Kanaoka Y, Ago H, Inagai E, et al. Cloning and crystal
structure of hematopoietic prostaglandin D synthase. Cell
90:1085-1095, 1997.

Tachibana M, Fex J, Urade Y, et al. Brain-type prostaglandin
D synthetase occurs in the rat cochlea. Proc Natl Acad Sci
USA 84:7677-7680, 1987.

Gerena RL, Eguchi N, Urade Y, et al. Stage and region-
specific lacalization of lipocalin-type prostaglandin D syn-
thase in the adult murine testis and epididymis. J Androl
21:848--854, 2000.

Urade Y, Ujihara M, Horiguchi ¥, et al. The major source of
endogenous prostaglandin D2 production is likely antigen-
presenting cells. Localization of glutathione-requiring pros-
taglandin D synthetase in histiocytes, dendritic, and Kupffer
dells in various rat tissues. ] Immunol 143:2982-2989, 1989.
Urade Y, Ujihara M, Horiguchi Y, et al. Mast cells contain
spleen-type prostaglandin D synthetase. J Biol Chem 265:
371-375, 1990. '

Tanaka K, Ogawa K, Sugamura K, et al. Differential produc-
tion of prostaglandin D2 by human helper T cell subsets.
J Immunol 164:2277-2280, 2000.

Okuda M, Okamoto M, Nomura Y, et al. Clinical study on
beclomethasone dipropionate powder preparation (TL-102)
in perennial nasal allergy. Riunology 24:113~123, 1986.
Ueno N, Murakami M, Tanioka T, et al. Coupling between
cyclooxygenase, terminal prostanoid synthase, and phos-
pholipase A2. ] Biol Chem 276:34918-34927, 2001.

Lazarus M, Kubata BK, Eguchi N, et al. Biochemical charac-
terization of mouse microsomal prostaglandin E synthase-1
and its colonization with cyclooxygenese-2 in peritoneal
macrophages. Arch Biochem Biophys 397:336-341, 2002.
Kanaya 5, Nemoto E, Ogawa T, et al. Porphyromonas gin-
givalis lipopolysaccharides induce maturation of dendritic
cells with CD14+CD16+ phonotype. Eur ] Immuncl 34:
1451-1460, 2004.

Seymour ML, Rak S, Aberg D, et al. Leukotriene and pro-
stanoid pathway enzymes in bronchial biopsies of seasonal
allergic asthmatics. Am ] Respir Crit Care Med 164:2051~
2056, 2001.

Kanaoka Y, Fujimori K, Kikuno R, et al. Structure and chro-
mosomal localization of human and mouse genes for hema-
topoietic prostaglandin D synthase. Eur ] Biochem 267:3315~
3322, 2000.

Miwa M, Iwata 5, Niwa K, et al. Immunohistochemical
localization of spleen-type prostaglandin D synthetase in rat
nasal mucosa. Ann Otol Rhinol Laryngol 100:665-667, 1991.
Nantel F, Fong C, Lamontagne 5, et al. Expression of pros-
taglandin D synthase and the prostaglandin D2 receptors DP
and CRTH2 in human nasal mucosa. Prostaglandins Other
Lipid Mediat 73:87-101, 2004.



32.

33.

Raab Y, Sundberg C, Haligren R, et al. Mucosal synthesis
and release of prostaglandin E2 from activated eosinophils
and macrophages in ulcerative colitis. Am J Gastroenterol
90:614-620, 1995.

Levasseur-Acker GM, Molimard M, Regnard ], et al. Effect of
furosemide on prostaglandin synthesis by human nasal and

92

34.

bronchial epithelial cells in culture. Am J Respir Cell Mol
Biol 10:378-383, 1994.

Pierzchalska M, Szabo Z, Sanak M, et al. Deficient prosta-
glandin E2 production by bronchial fibroblasts of asthmatic
patients, with special reference to aspirin-induced asthma. J
Allergy Clin Immunol 111:1041-1048, 2003. O

May-June 2006, Vol. 20, No. 3



E prostanoid 2 (EP2)/EP4-mediated suppression of antigen-specific
human T-cell responses by prostaglandin E;

Mitsuhiro Okano,! Yuji Sugata,'
Tazuko Fujiwara,' Rie Matsumoto,'
Masahiro Nishibori,* Kenji
Shimizu,® Megumi Maeda,’
Yoshinobu Kimura,* Shin Kariya,l
Hisashi Hattori,' Minehiko
Yokoyama,” Kosuke Kino® and
Kazunori Nishizaki'

Deparsments of ' Orolaryngology-Head & Neck
Surgery, *Pharmacalogy, and *Molecular
Genetics, Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical
Sciences, Okayama, Japan, *Division of
Biomolecular Science, The Graduate School of
Natural Science and Technology, Okayama
University, Okayama, Japan, and *Meiji Co.,
Odawara, Japan

doi:10.1111/}.1365-2567.2006.02376.x

" Received 3 November 2005; revised

6 January 2006; accepted 6 March 2006.
Correspondence: Dr Mitsuhiro Okano,
Department of Otolaryngology-Head and
Neck Surgery, Okayama University Graduate
School of Medicine, Dentistry and
Pharmaceutical Sciences, 2-5-1 Shikatacho,
Okayama 700-8558, Japan.

Email: mokano@cc.okayama-u.ac.jp
Senior author: Mitsuhiro-Okano,

email: mokano@cc.okayama-u.ac.jp

Introduction

Summary

Prostaglandin E, (PGE,) is a lipid. mediator that displays important
immunomodulatory propefties, such as polarization of cytokine produc-
tion by T cells. Recent investigations have revealed that the effect of PGE,
on cytokine production is greatly influenced by external stimuli; however,
it is unclear whether PGE, plays a significant role in major histocompati-
bility complex-mediated antigen-specific T-cell responses via binding to
one of four subtypes of E prostanoid (EP) receptor alone or in combina-
tion. In the present study, we sought to determine the effect of PGE,
on antigen-specific CD4* T-cell responses in humans, especially in terms
of receptor specificity. We used purified protein derivative (PPD) and
Cryj 1 as T helper type 1 (Thl) and Th2-inducing antigens, respectively.
We generated several different Cryj 1- and PPD-specific T-cell. lines
(TCLs). PGE, significantly and dose-dependently inhibited the prolifer-
ation and subsequent production of interleukin-4 by Cry j 1-specific TCLs
and of ‘interferon-y by PPD-specific TCLs upon antigen stimulation.
Administration of EP2 receptor agonist and EP4 receptor agomist sup-
pressed .(hese responses in an adenylate cyclasc-dependent manner, while
EP1 and EP3 receptor agonists did not. Messenger RNA for EP2, EP3 and
EP4, but not EPI, receptors were detected in Cry j 1- and PPD-specific

TCLs, and no differences in EP receptor expression were observed

between them. Furthermore, PGE, and EP2 receptor agonist significantly
inhibited interleukin-5 and interferon-y production by peripheral blood
mononuclear cells in response to Cry j 1 and PPD stimulation, respect-
ively. These results suggest that PGE, suppresses both Thl- and Th2-
polarized antigen-specific human T-cell responses via a cAMP-dependent
EP2/EP4-mediated pathway. :

Keywords: antigen; E prostanoid; human; prostaglandin Ep; T cells

(IgE}, and is suppressed by interferon-y (IEN-y) derived
from Thl cells.>® In addition, IL-5 derived from Th2

The induction and exacerbation of allergic diseases, such
as allergic rhinitis, are mediated by allergen-specific CD4"
T cells, particularly T helper type 2 (Th2) cells.'?
Interlenkin-4 (JL-4) derived from Th2 cells up-regulates
the production of allergen-specific immunoglobulin E

cells plays an important role in allergic inflammation
because it selectively promotes the chemotaxis, activa-
tion and survival of eosinophils.”> Antigen-specific T cells
require two distinct signals for functional activation. The
first signal results from interaction of the antigen/major

Abbreviations: APC, antigen-presenting cell; bp, base pair; cAMP, cyclic adenosine-3'5'-; c.p.m., counts’ per minute;

EP, E prostanoid; IFN, interferon-v; IgE, immunoglobulin E; IL-4, interleukin-4; MHC, major histocompatibility complex;
PBMC, peripheral blood mononuclear cell; PGE,, prostaglandin Ey; PKA, protein kinase A; PPD, purified protein derivative;
RT-PCR, reverse transcription-polymerase chain reaction; TCL, T-cell line; Thl, T helper type 1.

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

93



M. Okano et al.

histocompatibility complex (MHC) complex with the
T-cell receptor.’ The second requires costimulatory sig-
nals.” In addition, the external and internal microenvi-
ronment, including various bacterial products and sex
hormones, can affect T-cell function.®’

PGE, is a major prostanoid released from a variety of
immune cells, including macrophages, via activation of
cyclooxygenase enzymes and PGE; synthase.' PGE, is
known to affect the production of cytokines by CD4™ T
cells. In general, PGE, has either no effect or enhances
the production of Th2 cytokines, such as IL-4 and IL-5,

while dramatically inhibiting the production of Thl

cytokines, such as IFN-y and IL-2. 10-14 However, recent
investigations suggest that this effect of PGE, on cytokine
production is highly subject to external influence.'*®
Surprisingly, most information was based on nominal
T-cell receptor signals including mitogens, antibodies to
membrane receptors, or other surface proteins, phorbol
. esters and ionophoreé. It is currently not known whether
‘PGE, plays a significant role in the MHC-mediated, anti-
gen-specific proliferation and cytokine production of
"CD4" T cells in humans.

PGE, acts upon binding to one of four subtypes of ‘

receptor, E prostanoid 1 (EP1), EP2, EP3 or EP4, alone
or in combination.'® The EP1 receptor is coupled to a
Gq/p protein, resulting in phosphatidylinositol ' pro-
duction and increased intracellular concentrations of
Ca®* 2% The EP3 receptor is mostly coupled to a Gi
protein, by which it inhibits adenylate cyclase’®*® EP2
and EP4 receptors, on the other hand, are coupied to a
Gs protein that stimulates adenylate cyclase.”! Although
the production of T-cell-derived cytokines is known
to be regulated by a cyclic-adenosine monophosphate
(cAMP)-dependent pathway'’, the specific role of each
PGE, receptor subtype in antigen-specific human T-cell
responses is not fully understood.

The present study was performed to determine whe-
ther PGE, affects antigen-specific CD4" human T-cell
responses using purified protein derivative (PPD) and
Cryj 1 as Thl- and Th2-inducing antigens, respectively.
In addition, we examined the expression of four subtypes
of EP receptors by antigen-specific T cells, and sought to
detefmine which receptor subtypes ate involved in the
action of PGE,. We believe that the findings presented in
this study might provide new insight into the physiologi-
cal role of PGE, in human antigen-specific T-cell
responses and inspire novel approaches to the treatment
of allergic diseases, '

Materials _and methods

Subjects

Twelve Japanese patients (five men and seven women; age
18—49 years, mean 32-5 years) with Japanese cedar polli-

nosis were examined. Written informed consent was
obtained from each subject. The patients showed eleva-
tions of serum IgE specific for Japanese cedar pollen
using a radioallergosorbent test (capsulated hydrolic car-
rier polymer (CAP-RAST); Pharmacia, Uppsala, Sweden),
with sensitivities ranging from 1-81 to 50-90 UA/mi
(méan 19-40 UA/ml). None of the patients used immuno-
suppressive drugs or underwent immunotherapy during
this study. As a control, six healthy Japanese volunteers
not sensitized with Japanese cedar pollen as determined
by skin scratch test were enrolled (three men and three
women; age 1846 years, mean 30-7 years).

Amntigens and reagents

Cry j 1 was purified from crude extracts of Cryptomena
japonica pollen using a well-established procedure.”

Endotoxin contamination was consideréd to be negligible
because an Endospec™ ES test was negative (Seikagaku
Kogyo Corporation, Tokyo, Japan). PPD was purchased
from Nihon BCG Seizo Co. (Tokyo, Japan). Ovalbumin
was purchased from Sigma (St Louis, MO). Protein

" concentration was determined using a bicinchoninic
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acid assay, according to the manufacturer’s instructions
{Pierce, Rockford, IL). PGE, was purchased from Cayman
(Ann Arbor, MI). The receptor-selective agonists for EP1
(ONO-DI-004), EP2 (ONO-AE1-259-01), EP3 (ONO-AE-
248) and EP4 (ONO-AE1-329) were provided by Ono
Pharmaceuticals (Osaka, Japan). PGE, and the agonists
were dissolved to stock concentrations of 107 M in
dimethylsulphoxide (DMSO; Sigma) and stored at —80°
until use. $Q22536 and RP-8-Br-cAMPS were purchased
from Sigma and Biclog Life Science (San Diego, CA),
respectively.

Isolation and culture of PBMCs

Peripheral blood mononuclear cells (PBMCs) were iso-
lated and cultured as described previously.” In -brief,
1x 10%ml cells were incubated in the presence or
absence of either 10 pg/ml Cry j 1,-10 pg/ml ovalbumin
or 2 pg/ml PPD, along with PGE, and the receptor-select-
ive agonists at 37° in a 5% CO,/air mixture. Culture
supernatant was collected after 72 hr and stored at —80°
until the time of cytokine production assay.

Generation and culture of antigen-specific T-cell lines

The CD4” Cry.j 1 and PPD-specific T-cell lines (TCLs)

-used were generated using a procedure described previ-

ously.? In flat-bottomed microtitre plates (Corning Inc,,
Corning, NY), 2 x 10* cells from the TCLs were mixed with
1% 10° jrradiated autologous PBMCs (PBMCx) as anti-
gen-presenting cells (APCs). Following this, the cells were
cultured in the presence or absence of either 10 pg/ml

© 2006 Blackwell Publishing Ltd, Immunology, 118, 343-352
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Cryj 1, 10 pg/ml ovalbumin or 2 pg/ml PPD in -2 ml
of culture medium containing serial concentrations
of PGEy/receptor-selective agonists or control buffer
{DMSO). Culture supernatant was collected to perform
cytokine production assays and to-harvest cells for prolif-
eration assays, as previously described.”

To determine adenylate cyclase and protein kinase A

type I activity, TCLs and/or APCs were incubated with.

5022536, an inhibitor of adenylate cyclase, or RP-8-
Br-cAMPS, a protein kinase A (PKA) type I inhibitor, at
37° for 1 hr. Following this, the cells were washed with
culture medium three times, after which they were mixed
and cultured in the same manner described above,

Cytokine determination

Levels of IL-4, IL-5 and IFN-y were measured in the culture
supernatant by means of Opt EIA sets (BD Biosciences, San
Jose, CA), according to the manufacturer’s instructions.*
The detection limit of these assays was 3 pg/ml for IL-4,
20 pg/ml for IL-5 and 20 pg/ml for IEN-v. :

Reverse transcription—polymerase chain reaction

{RT-PCR)

Cry j 1- and PPD-specific TCLs were immediately soaked.

in RNAlater™ RNA stabilization reagent (Qiagen, Tokyo,
Japan) and stored at —30° until use. Total cellular RNA

was extracted wusing the Rneasy™ mini kit (Qiagen),

according to the manufacturer’s instructions. The extrac-
ted material was then treated with amplification grade
deoxyribonuclease I (Sigma) for 15 min at room tempera-
ture. Reverse transcription of the samples to generate
cDNA was performed using a first-strand ¢<DNA synthesis
kit (Toyobo, Osaka, Japan), according to the manufac-
turer’s instructions. ‘
Real-time quantitative PCR assays were performed as
described elsewhere.” In brief, the assays were performed
using a GeneAmp 5700 Sequence Detection System
(Applied Biosystems, CA, USA) with QuantiTect SYBR
Green PCR (Qiagen). The PCR primer sequences and
product sizes were as follows: EPI, onrwafd 5-CGCGC
TGCCCATCTTCTCCAT-3' and reverse 5'-CCCAGGCC
GATGAAGCACCAC-3" [(471 base pairs  (bp)}; EP2,
forward  5-GCTGCTGCTTCTCATTGTCTCG-3' and
reverse 5'-TCCGACAACAGAGGACTGAACG-3 (392 bp);
EP3, forward 5'-GGACTAGCTCTTCGCATAACT-3 and

reverse  5-GCAGTGCTCAACTGATGTCT-3' (293 bp);
_EP4, forward 5-ATCTTACTCATTGCCACC-3' and
reverse  5'-TCTATTGCTTTACTGAGCAC-3" - (212 bp);

and glyceraldehyde 3-phosphate hydrogenase (GAPDH),
forward 5'-ACCACAGTCCATGCCATCAC-3' and reverse
5'-TCCACCACCCTGTTGCTGTA-3 (452 bp).?® The ex-
pression level of EP1, EP2, EP3 and EP4 was estimated by
dividing each signal into the signal for GAPDH.

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

Statistical analysis

Statistical comparisons were ‘performed using the Bartlett
test, followed by Wilcoxon’s signed-rank test and Mann-
Whitney’s U-test. A level of P < 0-05 was considered sta-
tistically significant. Values were. given as means *stan-
dard deviation (SD).

L Results

Effect of PGE, on Cry j 1- and PPD~speciﬁc cellular
responses by TCLs ‘

We generated a panel of both Cry j 1- and PPD-specific
TCLs from three patients with Japanese cedar pollinosis.
All six Cry j 1-specific TCLs proliferated in response to
Cryj 1, and predominantly produced IL-4 (Fig. la—c).
PGE, significantly inhibited the Cryj l-induced pro-
liferative response, as well as IL-4 production, in a
dose-dependent manner (Fig. 1a,b). As a whole, IL-4
production was significantly inhibited by 47-01 + 18-92%

" (P = 0028 by Wilcoxon’s signed-rank test), -87-96 &
11:61% (P = 0-028) and 96-72 % 0-87% (P = 0-028), upon
exposure to 0-01 pum, 0-1 pM and 1 pM of PGE,, respect-
ively, compared to the buffer control (Fig. 2).

All six PPD-specific TCLs proliferated in response to
PPD and predominantly produced IFN-y (Fig. 1d-f). As
observed in the Cryj l-spetific TCLs, PGE, significantly
inhibited the PPD-induced proliferative response and
[FN-y production in'a dose-dependent manser (Fig. 1d,f).
As a whole, IFN-y production was significantly inhi-
bited by 2593 +2-18% (P = 0-028), 5310 £ 1.12%
(P = 0-028) and 66-56 £ 1-48% (P = 0-028) upon expo-
sure to 0-01 pM, 0-1 uM and 1 pM of PGE,, respectively,
compared to the buffer control (Fig. 3). The baseline pro-

" duction of IL-4 by Cryj 1- specific TCLs and IFN-y by
PPD-specific TCLs in the absence of antigen was 0 0
and 203 % 314 pg/ml, respectively, and no additional
proliferation or cytokine production over background
was observed with ovalbumin, the irrelevant antigen (data
not shown). PGE, also significantly inhibited the PPD-
induced proliferative response and IFN-y production by
PPD-specific TCLs from non-allergic healthy donors in a
dose-dependent manner {data not shown).

Effect of EP receptor-selective agonists on
antigen-specific cellular responses by TCLs

To determine which PGE, receptor subtypes might medi-
ate the inhibitory effect of PGE, on antigen-specific cellu-'
lar responses by TCLs, we used four .EP receptor-selective
agonists. Treatment with EP1 and EP3 receptor agonists
did not affect the Cry j 1-specific proliferative response or
I1-4 production. However, treatment with an EP2 recep-
tor agonist strongly inhibited these responses especially
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Figure 1. Inhibition of antigen-specific human T-cell responses by PGE;. TCLs specific for Cry j 1 (a—c) and PPD (d-f) were cultured with 8PC
and the respective antigen in the presence of serial concentrations of PGE, () or contro} buffer (DMSO: O). Proliferation (a,d), IL-4 produc-
tion (b,e), and JEN-y production (c,f) were determined, The experifnents were repeated at Jeast six times using different TCLs. Typical resulis are
shown in mean count per minutes (c.p.m.) £ SD from triplicate cultures for proliferation and mean concentration % SD from triplicate cultures
for cytokine pmduction.' Background proliferation and IL-4 production in the absence of Cry j 1 was 132 = 25 c.p.m. and 0 pg/ml in YO-1, the
Cry j 1-specific TCL (a—c), and the background proliferation and TFN-y production in the absence of PPD was 155 & 16 c.p.m. and 83 pg/ml in

YO-P, the PPD-specific TCL {a—).
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. Figure 2, PGE,-mediated inhibition of Cry j 1-induced [L-4 production by TCLs. Six Cry j I-specific TCLs were mixed with APCs and cultured
with 10 pg/ml of Cry j 1 for 65 hr in the presence of the following concentrations of PGE; or contro} buffer: 0-01 pm {a),-0-1 pm (b)), or I pm (c).

Following in

cubation, supernatarit was collected and the IL-4 concentration of each sample was determined by ELISA. P-values were determined

using Wilcoxon’s signed-rank test. Data on each TCLs are representative of two separate experiments.

" the proliferation. Treatment with an EP4 receptor agonist
also inhibited these responses, although to a much lesser

degree. Combined treatment with EP2 and EP4 receptor -

agonists had an additive effect. Treatment with® EP1 or
EP3’ receptor agonists did not alter the inhibitory effects
of the EP2 or EP4 receptor agonists (Fig. 4a,b). EP2 and
EP4 receptor agonists bad similar inhibitory effects on the
PPD-specific proliferative response and [EN-y production
by PPD-specific TCLs although the inhibitory effect
seemed to be modest compared with the effect on
Cry j 1- specific responses (Fig. 4c,d).

Reversal of EP2/EP4-induced inhibition of
antigen-specific T-cell responses by an inhibitor
of adenylate cyclase that acts on APCs and T cells

EP2 and EP4 are coupled to a Gs protein that stimulates
adenylate cyclase®® Thus, we sought to determine whe-
ther the inhibitory effect of PGE; mediated by EP2/EP4,
is dependent on the activity of adenylate cyclase. Pretreat-
ment of Cryj l-specific TCLs alone with 5Q22536, an
inhibitor of adenylate cyclase, followed by the coculture
with intact APC partially suppressed inhibition of the

©® 2006 Blackwell Publishing Ltd, immunology, 118, 343-352
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Figure 3. PGE,-mediated inhibition of PPD-induced IFN-y production by TCLs. Six PPD-specific TCLs were mixed with APCs and cultured
“with 2 pg/ml of PPD for 65 hr in the presence of the following concentrations of PGE, or control buffer: 0-01 pm (a), 0-3 pm (b), or 1 pm {c).
Following incubation, supernatent was collected and the JFN-y concentration of each sample was determined by ELISA. P-values were deter-
mined using Wilcoxon’s signed-rank test. Data on each TCLs are representative of two separate experiments.
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Figure 4. Effect. of EP receptor-selective agonists on antigen-specific human T-cell responses. TCLs specific for Cry j 1 (a,b} and PPD (c,d) were
cultured with APC and the respective antigen in the presence of PGE,, an EP receptor-selective agonist or control buffer, each at a concentration
of 0-2 ym. Experiments were also perforined to examine the effects of 0-1 um of each EP receptor agonist in combination. Proliferation (a,c),
{L-4 production (b} and IFN-y production {d) were determined. Typical results are shown in mean c.p.m. = SD from triplicate cultures for
proliferation and mean concentration £ SD from triplicate cultures for cytokine production. The baseline proliferation and IL-4 production by
Cry j 1-specific TCLs in the absence of Cry j 1 were 83 + 14 c.p.m. and 0 pg/ml, respectively and the baseline proliferation and IFN-v production
by PPD-specific TCLs in the absence of antigen were 1250 % 96 c.p.m. and 17 pg/ml, respectively. Data are representative of at least three separ-
ate experiments. Similar results were seen when EP receptor agonists were added into the culture at 1 pm.

Pretreatment with 5Q22536 was also ob_served to inhibit

Cry j l-specific proliferative response by EP2 and EP4
EP2- and EP4-induced PPD-specific T-cell responses

receptor agonists. Marked inhibition was observed when

APCs alone were pretreated with SQ22536 followed by
the coculture with intact TCL. In addition, pretreatment
of both TCLs and APCs with S5Q22536 completely
reversed the inhibitory effects of EP2 and EP4 recep-
tor agonists.on the Cry j 1-specific response (Fig. 5a,b).
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(Fig. 5¢,d). In addition, pretreatment of TCLs andfor
APCs with RP-8-Br-cAMPS, a PKA type I inhibitor, parti-
ally reversed the EP2 and EP4 receptor agonist-induced
inhibition of both Cryj 1- and PPD-specific responses
(data not shown).
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