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Activation of the Prostaglandin D, Receptor DP2/CRTH2
Increases Allergic Inflammation in Mouse'

Isabelle Spik, Céline Brénuchon, Véronique Angéli, Delphine Staumont, Sébastien Fleury,
Monique Capron, Francois Trottein, and David Dombrowicz?

Allergic pathologies are often associated with IgE production, mast cell activation, and eosinophilia. PGD, is the major eicosanoid,
among several inflammatory mediators, released by mast cells. PGD, binds to two membrane receptors, D prostanoid receptor
(DP)1 and DP2, endowed with antagonistic properties. In humans, DP2 is preferentially expressed on type 2 lymphocytes, eosin-
ophils, and basophils and mediates chemotaxis in vitro. Although not yet supported by in vivo studies, DP2 is thought to be
important in the promotion of Th2-related inflammation. Herein, we demonstrate that mouse eosinophils express both DP1 and
DP2 and that PGD, exerts in vitro chemotactic effects on eosinophils through DP2 activation. Furthermore, 13,14-dihydro-15-
keto-PGD,, a specific DP2 agonist not only increases eosinophil recruitment at inflammatory sites but also the pathology in two
in vivo models of allergic inflammation: atopic dermatitis and allergic asthma. By contrast, DP1 activation tends to ameliorate the
pathology in asthma. Taken together, these results support the hypothesis that DP2 might play a critical role in allergic diseases

and underline the interest of DP2 antagonists in human therapy. The Journal of Immunology, 2005, 174: 3703-3708.

llergic reactions such as asthma or atopic dermatitis

(AD)? are inappropriate inflammatory responses that de-

velop against environmental allergens. These reactions
are usually associated with a Th2-polarized immune response, in-
cluding Ag-specific IgE production and local recruitment of in-
flammatory cells such as eosinophils and mast cells.

Mast cells indirectly participate in asthmatic reactions (1). IgE-
dependent mast cell activation exacerbates development of airway
hyperresponsiveness (AHR) (2). Presence of mast cells also po-
tentiates AD (3). Upon activation by IgE and multivalent Ag, mast
cells release several inflammatory mediators such as histamine,
proteases, cytokines, and eicosanoids, including leukotrienes and
PGs. Among the later, PGD, is the most abundantly produced.
During acute asthmatic episodes, PGD, is released by mast cells
into the lungs (4) and causes bronchoconstriction (5). PGD,, as
well as histamine, directly activates eosinophils (6), promotes
their recruitment (7), and affects other key parameters of lung
inflammation, in particular vascular permeability (1). The role
of PGD, in eosinophilia and lung allergic response has been
recently demonstrated using transgenic (Tg) mice that overex-
press PGD, synthase (8). Furthermore, PGD, nebulization be-
fore aerosol Ag challenge enhances Th2-type inflammatory re-

Unité 547, Institut National de la Santé et de la Recherche Médicale, Institut Fédératif
de Recherche 17, Institut Pasteur de Lille, Lille, France

Received for publication June 10, 2004. Accepted for publication December 30, 2004.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by the Institut National de la Santé et de la Recherche
Médicale and the Institute Pasteur de Lille. D.D. and F.T. are members of the Institut
National de la Santé et de la Recherche Médicale and the Centre National de la
Recherche Scientifique, respectively.

2 Address correspondence and reprint requests to Dr. David Dombrowicz, Unité In-
stitut National de la Santé et de la Recherche Médicale U547, Institut Pasteur de Lille,
1, rue du Professeur Calmette, BP 245, 59019 Lille cédex, France. E-mail address:
david.dombrowicz @pasteur-lille.fr

3 Abbreviations used in this paper: AD, atopic dermatitis; AHR, airway hyperresponsive-
ness; Tg, transgenic; DP, D prostanoid receptor; DC, dendritic cell; DK-PGD,, 13,14-
dihydro-15-keto-PGD,; BAL, bronchoalveolar lavage; MGG, May-Grunwald-Giemsa.

Copyright © 2005 by The American Association of Immunologists, Inc.

sponses, including eosinophilia, and leads to the development
of AHR by increasing bronchial expression of macrophage-
derived chemokines (9).

PGD, directly acts through the D prostanoid receptor (DP)1
(G, coupled) and DP2 (also known as chemoattractant receptor-
homologous molecule expressed on Th2 cells or CRTH2) (G,
coupled), two membrane-bound receptors that exert broadly an-
tagonistic effects. Within the immune system, DP1 activation af-
fects the maturation process and the migratory ability of human
and mouse dendritic cells (DC), a key cell population involved in
the initiation and the regulation of the immune response (10-12).
On the other hand, DP2 was identified in humans on type 2 po-
larized lymphocytes (Th2 and Tc2) (13), basophils, eosinophils
(14), and monocytes (12). Previous studies have revealed that
DP2 mediates eosinophil chemotaxis induced by mast cell prod-
ucts (14) and was later identified as a PGD, receptor (15). DP2
activation thus accounts for the PGD,-induced eosinophil che-
motaxis and degranulation, whereas DP1 activation delays their
apoptosis onset (16). Finally, the number of DP2™ cutaneous
lymphocyte Ag™" lymphocytes is increased in patients with AD
(17), whereas DP1 activation decreased inflammation in a mu-
rine model of AD (18).

Most of the studies on DP2 have been undertaken on human eo-
sinophils in vitro. Data on DP2 in mice are scarce. Mouse DP2 shares
a 77% homology with its human counterpart (19) and is activated by
PGD,, 13,14-dihydro-15-keto-PGD, (DK-PGD,), 15-deoxy-A'*'-
PGlJ,, and indomethacin (20). However, DP2 is not preferentially ex-
pressed on Th2-type cells, as it is in humans, and is found on both Th1
and Th2 clones (19 and our unpublished observations). DP2 function
might thus be different in mice and humans. Since no data are avail-
able so far on DP2 functions in vivo, the use of animal models is
required to delineate its role in both physiology and pathology. We
thus investigated DP2 involvement in allergic pathologies, in partic-
ular in eosinophilia, using two mouse models of allergic inflamma-
tion, faithfully mimicking the corresponding human diseases: asthma
and AD. In these models, we show that DP2 activation exacerbates
pathology.

0022-1767/05/$02.00
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Materials and Methods
Mice

Female BALB/cJ mice (6—8 wk old) were purchased from Charles River and
kept at the Institut Pasteur de Lille under specific pathogen-free conditions. Tg
mice expressing IL-5 under the control of human CD2 promoter (21) were
used for eosinophil purification. Experiments were performed according to
local ethical guidelines.

Cell preparation

Eosinophils were purified from IL-5 Tg mouse spleen by negative selec-
tion, as described (22), using anti-CD8¢, anti-CD90, and anti-B220 Abs
(BD Pharmingen). Purity was >90%.

RNA isolation and RT-PCR

Total RNA was isolated using RNAplus (Qbiogene). Reverse transcription
was performed with 1 ug of RNA using SuperScript RT. Mouse DP1- and
DP2-specific fragments and B-actin were amplified using the following
primers and conditions. DP1, 5'-GAAGTTCGTGCAGTACTGTCCAG-3'
(sense); 5'-TCCACTATGGAAATCACAGAC-3' (antisense). DP2, 5'-
CATGTGCTACTACAACTTGC-3' (sense); 5'-GCAGACTGAAGATGT
GGTAGG-3' (antisense). B-Actin, 5'-TCACCGAGGCCCCCCTGAAC-3’
(sense); 5'-GCACGCACTGTAATTCCTC-3' (antisense). Annealing temper-
ature was 54, 55, and 60°C for DP1, DP2, and fB-actin, respectively. Ampli-
fication was performed for 40 cycles for DP1 and DP2 and for 25 cycles for
B-actin. Amplicon size was 435, 262, and 324 bp for DP1, DP2, and S-actin,
respectively. To exclude potential amplification from contaminating genomic
DNA, control experiments, where the reverse transcription step was omitted,
were performed. Gel loadings of amplified products were normalized accord-
ing to the signal from B-actin. KmDP53 and KmB20 cells (K562 cells, re-
spectively, transfected by mouse DP1 and DP2 cDNA) were kindly provided
by Prof. K. Sugamura (Tohoku University, Japan).

Chemotaxis assay

Eosinophil chemotaxis assay was performed in Boyden chambers as de-
scribed (23). BW245C and DK-PGD, (Cayman Chemical) as well as
CCL11 (Preprotech) were used as chemoattractants. Except for CCL11,
stock solutions (10~2 M) were prepared in DMSO (Sigma-Aldrich). Cells
that had migrated and adhered to filter were counted from four fields for
each experimental condition.

Ag-induced AHR

Mice were sensitized by i.p. injection with 50 wg of OVA in 100 ul of
alum (Imject; Pierce) or received alum only and were challenged for 20
min, on days 14, 16, 18, 20, and 22 by aerosol nebulization with OVA (1%
in PBS) using an ultrasonic nebulizer (Systam). Groups of unsensitized or
sensitized animals were additionally nebulized with 50 uM DK-PGD, or
BW245C (stock 1072 M in ethanol) in PBS for 20 min immediately before
and during each OVA challenge (23), whereas the corresponding untreated
groups were nebulized with an equivalent amount of ethanol. Serum was
collected on day 23, and AHR to increasing concentrations of methacholine
was measured by whole body plethysmography (Emka) on day 24. Results
were expressed as Penh values (24). Lungs were used either for bronchoal-
veolar lavages (BAL) or for histological analyses and determination of
cytokine content in protein extracts. Cytokine content was determined in
lung protein extracts (250 ul per right lung) prepared as described (23)
using specific ELISA (R&D Systems) for IL-5. BAL were analyzed on
cytospin preparations following RAL 555 staining.

Atopic dermatitis

AD was induced by epicutaneous sensitization with OVA as described
(25). Two paper disc inserts of a Finn Chamber (Promedica) were applied
on abdominal skin 24 h after shaving after soaking with 25 ul of OVA
solution (2 mg/ml in PBS) or with PBS. Patches were secured to the skin
with a bioocclusive dressing (Visulin; Hartmann), itself protected with an
elastic bandage (Optiplaste; Smith & Nephew). Patches were left on for
three 1-wk periods (with patch renewal at mid-week) with a 2-wk interval
between application. Immediately before patch application, abdomens
were topically treated with 25 ul of 50 uM DK-PGD, (stock 1072 M in
DMSO) in acetone/olive oil (4:1 v/v), whereas the corresponding untreated
mice were receiving an equivalent volume of DMSO. Blood was collected
on day 49, at the time of last patch removal, and animals were sacrificed on
the next day by cervical dislocation. Skin samples were collected for his-
tological analyses.

DP2/CRTH2 ACTIVATION IN ALLERGIC INFLAMMATION

Histology

Samples were fixed in ImmunoHistoFix (Intertiles) for 7 days at 4°C, then
included in ImmunoHistoWax (Intertiles) after ethanol dehydration. Serial
5-pm transversal sections were prepared, dewaxed in acetone, and stained
with May-Grunwald-Giemsa (MGG) for general histology and eosinophil
counts and with acidic toluidine blue for mast cell counts. For each skin
section, 10 random fields were examined at 1000-fold magnification. The
various cell types in dermis were enumerated using an eyepiece equipped
with a calibrated grid. Results were expressed as cell number per square
millimeter. Epidermal thickness was determined at 200-fold magnification
with an ocular micrometer. The average of 10 measures was calculated for
each sample. For lung sections, the number of eosinophils was determined
by counting the total number of eosinophil present in a whole lung section
and by measuring the total surface of the lung section (three non-serial
sections were used for each sample). Results were expressed as cell number
per square millimeter.

Measurement of Ig concentrations

Serum anti-OVA IgG, were measured by ELISA, using OV A-coated plates
and HRP-conjugated anti-mouse IgG, (Southern Biotechnologies) (23).
Serum anti-OVA IgE was measured by ELISA using anti-IgE (BD Pharm-
ingen) as previously described (23). Biotinylated Ab and biotinylated OVA
and HRP-conjugated streptavidin (Amersham Biosciences) were used for
detection. Serial dilutions (2-fold) were prepared (starting dilution 1/25 for
IgE and 1/5000 for IgG, titrations). Ab titers were calculated as the dilution
corresponding to twice the mean absorbance value obtained for non-sen-
sitized mouse sera. Total IgE concentrations were measured by ELISA
using two monoclonal anti-IgE Abs (BD Pharmingen) as previously de-
scribed (26).

Statistical analyses

Statistical significance was determined with the Statview software using
Student’s ¢ test except for chemotaxis and plethysmography data for which
ANOVA for repeated measures was used. Results were expressed as
mean = SEM; p < 0.05 was considered significant.
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FIGURE 1. Expression and function of DP1 and DP2 on mouse eosin-
ophils. A, RT-PCR amplification of DP2, DP1, and B-actin mRNA from
mouse eosinophils and transfected K562 cells expressing DP1 (KmDP53)
or DP2 (KmB20). PCR reactions were performed following (+) or in the
absence of (—) a RT step. B, Dose-dependent chemotaxis of mouse eosin-
ophils toward PGD,, DK-PGD,, BW245C, and CCL11 as assessed in Boy-
den chamber. Each data point represents quadruplicate experiments. *, p <
0.05 (compared with vehicle).
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FIGURE 2. DK-PGD, exacerbates lung inflammation in a mouse model
of asthma. Mice were sensitized by i.p. injection of OVA in alum and
challenged by repeated OVA nebulizations together with DK-PGD, (50
uM), BW245C (50 uM), or vehicle. Unsensitized control mice received
alum only and were challenged with OVA and treated with DK-PGD,,
BW245C, or vehicle as for sensitized mice. Mice were sacrificed 48 h after
the last nebulization. A, Total number of macrophages, eosinophils, lym-
phocytes, and neutrophils in BAL at the time of sacrifice (n = 3-8 animals
per group). B, MGG staining of lung sections from sensitized and chal-
lenged mice treated with ethanol, DK-PGD,, or BW245C or from PBS-
sensitized but challenged animals treated with ethanol (original magnifi-
cation X100). Inset, arrows indicate eosinophils (original magnification
X630). C, Number or eosinophils per surface of lung section (n = 3-5
animals per group). D, IL-5 concentrations in lung protein extracts (n =
3-5 animals per group). #, p < 0.05 vs OV A-sensitized and ethanol-treated
mice. $, p < 0.05 vs PBS-sensitized and ethanol-treated mice.

Results

DPI and DP2 transcripts are expressed in mouse eosinophils

Since DP2 is expressed on human eosinophils and basophils, be-
sides Th2 and Tc2 lymphocytes (15), we first intended to deter-
mine whether this was also the case for mouse eosinophils. We
thus analyzed, by RT-PCR, DP1 and DP2 steady-state mRNA lev-
els in purified eosinophils, isolated from IL-5 Tg mice. Cells trans-
fected with mouse DP1 (KmDP53) and DP2 (KmB20) cDNA were
used as positive controls. Expression of both receptors was de-
tected in eosinophils (Fig. 1A). Eosinophils appear to express
greater amounts of DP1 mRNA compared with DP2 mRNA. Thus,
although the lack of specific Abs did not allow us to confirm these

3705

data at the protein levels, PGD, might act on eosinophils through
activation of either DP1 or DP2.

DP?2 activation mediates mouse eosinophil migration in vitro

Since PGD, is involved in cell chemotaxis (12, 15, 27, 28), we
next examined the effects of DP1 and DP2 agonists on eosinophil
migration in vitro. PGD,, BW245C (a specific DP1 agonist) or
DK-PGD, (a specific DP2 agonist) were tested for their ability to
attract eosinophils. As represented in Fig. 1B, eosinophils were not
only attracted by the chemokine CCL11 (used as a positive con-
trol) but also by PGD, and DK-PGD, in a dose-dependent manner.
On the other hand, BW245C was without effect. Therefore, DP2 is
functional in mouse eosinophils and promotes, as is the case in
humans, eosinophil chemotaxis in vitro.

DP?2 activation increases inflammation and eosinophilia in an
asthma model

Having established that DP2 exerts a chemotactic activity on
mouse eosinophils in vitro, we next intended to study its role in
two in vivo models of allergic reactions associated to eosinophilia,
namely asthma and AD. Due to the apparently antagonistic role of
DP1 and DP2 (for instance on cell migration), we also studied the
effect of DP1 activation in experimental asthma.

BALB/c mice were sensitized with OVA and treated by nebu-
lization with DK-PGD, or BW245C at the time of each Ag chal-
lenge and were compared with vehicle (DMSO)-treated animals.
OVA sensitization and challenge induced eosinophilia in BAL and
lung tissue, mainly in perivascular areas, compared with control
animals (Fig. 2, A-C). In sensitized and challenged animals, treat-
ment with DK-PGD, further increased both BAL and tissue eo-
sinophilia, whereas treatment with BW245C did not affect BAL
eosinophilia but slightly decreased tissue inflammation and eosin-
ophilia (Fig. 2, A-C). Interestingly, among the cytokines tested
(IL-4, -5, -6, -10, -13, and IFN-v), the decreased eosinophilia ob-
served in BW245C-treated animals was accompanied by a signif-
icant decrease in lung IL-5 content (Fig. 2D), whereas the increase
in lung IL-5 content induced by DK-PGD, was not statistically
significant.

Along the same lines, lung function was also affected by OVA
sensitization and challenge. Indeed, AHR to increasing doses of
methacholine, monitored by whole body plethysmography on con-
scious unrestrained animals 48 h after the last Ag challenge, was
increased compared with PBS-sensitized animals, as evidenced by
higher Penh value, a dimensionless parameter reflecting the inten-
sity of airway response (Fig. 3). Interestingly, DK-PGD,-treated
animals displayed increased AHR compared with DMSO-treated,

1-0- PBS + DMSO
61 .0- OVA + DMSO *
5| - OVA + DK-PGD,
4 | % OVA+BW245C

Penh

Baseline [ 1.5 3 6 12
Methacholine (mg/ml)

FIGURE 3. DK-PGD, exacerbates lung inflammation AHR in a mouse
model of asthma. Mice were treated as described in Fig. 2 and AHR to
increasing methacholine concentrations was measured by whole body
plethysmography 48 h after the last nebulization. (n = 6—13 animals per
group). *, p < 0.05 vs OVA-sensitized and ethanol-treated mice. $, p <
0.05 vs PBS-sensitized and ethanol-treated mice.

GZ0Z UdJel Lg uo 1senb Aq ypd'€0.£/68886 1 L/E0LE/9/YLL/sPpd-ajoie/ounwwi/Bioiee sjeuinol//:dpy wouy papeojumoq



3706

A

PBS + DMSO

OVA + DMSO

w

120
ODMSO *

W DK-PGD,
80 - $

100 -

60 +

20 4

Epidermal thickness (um)

PES ovA

400 1 EPBS + DMSO
MPBS + DK-PGD,
300 { DJOVA + DMSO
EOVA + DK-PGD,
*

200 4

100 A

Cell number in dermis/ mm 2 (2]

e Mast cell Eosinophil

FIGURE 4. DK-PGD, exacerbates skin inflammation in a mouse model
of AD. Mice were sensitized by three 1-wk periods of epicutaneous OVA
or PBS application, each 2 wk apart, and topically treated with 50 uM
DK-PGD, or vehicle at the time of each sensitization. Mice were sacrificed
24 h after the end of the last sensitization period. A, MGG staining of skin
sections from OV A-sensitized or PBS-treated mice treated with DMSO or
DK-PGD, (original magnification X 100). Insets, thick arrow indicates an
eosinophil, thin arrows indicate mast cells (original magnification X630).
B, Epidermal thickness. C, Eosinophil and mast cell numbers in dermis at
the site of sensitization and treatment. Enumeration was performed on
MGG-stained sections for eosinophils and on acidic toluidine blue staining
for mast cells. (n = 6-13 animals per group). *, p < 0.05 vs OVA-sen-
sitized and DMSO-treated mice. $, p < 0.05 vs PBS-sensitized and
DMSO-treated mice.

but similarly sensitized and challenged, animals, whereas treat-
ment with BW245C had the opposite effect and reduced AHR (Fig.
3). It is worth mentioning that, whatever the parameters analyzed,
DK-PGD, and BW245C treatments were without significant effect
in PBS-sensitized, OVA-challenged animals thus suggesting that
they are only active in Ag-sensitized animals in which an inflam-
matory response takes place.

Finally, serum Ag-specific IgE and IgG, were measured follow-
ing OVA sensitization and challenge. DK-PGD, or BW245C treat-

DP2/CRTH2 ACTIVATION IN ALLERGIC INFLAMMATION
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FIGURE 5. DK-PGD, exacerbates Th2 humoral response in a mouse
model of AD. Mice were treated as described in Fig. 4. Blood was collected
24 h before sacrifice. Serum concentrations of total IgE, Ag-specific IgE,
and IgG, were determined (n = 6—13 animals per group). *, p < 0.05 vs
OV A-sensitized and DMSO-treated mice. $, p < 0.05 vs PBS-sensitized
and DMSO-treated mice.

ments did not significantly affect anti-OVA IgE concentrations.
However, BW245C reduced anti-OVA IgG, titers (by 40%, not
shown).

DP?2 activation increases inflammation and eosinophilia in a
model of AD

We next assessed the effect of DK-PGD, in a model mimicking
human AD and based on Ag sensitization by repeated epicutane-
ous OVA applications in the absence of an adjuvant. This sensi-
tization not only leads to the development of skin inflammation
(Fig. 4A), characterized by epidermal thickening (Fig. 4B), hyper-
keratosis, spongiosis, and dermal inflammatory infiltrates (Fig.
4C), but also to Ag-specific IgE and IgG, production. DK-PGD,,
topically delivered at the time of each sensitization, significantly
exacerbated the pathology but had little if any effect in non-sen-
sitized mice. Indeed, DK-PGD, treatment increased OV A-induced
inflammation (Fig. 4A), epidermal thickening (Fig. 4B), and der-
mal infiltrates of mast cells and eosinophils (Fig. 4C), compared
with untreated sensitized mice. Likewise, compared with untreated
animals, DK-PGD, significantly increased the Th2-associated hu-
moral response as reflected by higher levels of total and OVA-
specific IgE and OV A-specific IgG, (Fig. 5).

Discussion

Several studies have shown that PGD, participates in the devel-
opment of Th2-type inflammatory reactions, including allergic
asthma (8, 9). In vivo, the contribution of DP1 in promoting or
inhibiting lung eosinophilia and inflammation is controversial,
whereas that of DP2 remains totally unexplored. In a similar way,
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the role of DP2 activation in AD has never been investigated,
whereas the protective role of DP1 in AD has recently been evi-
denced (18). Recent studies performed in vitro on human cells,
inferred that DP2 might be an important promoter of Th2-related
inflammatory reactions, particularly through its ability to mediate
the recruitment of some inflammatory cells into peripheral sites
and/or through its capacity to modulate their effector functions (15,
16, 29-31). However, although DP2 is a potential therapeutic tar-
get in humans to limit Th2-related inflammation, this assumption
needs to be supported by in vivo studies. Herein, we show that
DP2 is functional in mouse eosinophils and that it exerts promot-
ing effects on eosinophilia and inflammation in both asthma
and AD.

We have first demonstrated that mouse eosinophils express DP2
mRNA and provided evidences that DP2 activation induces their
migration in vitro. This confirms data obtained with human cells
(15, 16, 30, 31) but contrasts with a recent study claiming that DP2
is inactive in murine eosinophils, at least in terms of cell migration
(32). This discrepancy might be explained by differences in the
animals models (IL-5 Tg mice) used for eosinophil purification
(cadmium-induced metallothionein-driven ubiquitous expression
(33) vs CD2-driven T cell-specific expression in this study (21))
and/or in cell purification protocol (positive selection vs negative
selection in our case). Nevertheless, mouse DP2 signal transduc-
tion pathways and biological effects appear similar to those in-
volved in the workings of human DP2 (32). Indeed, ligand binding
to the mouse DP2 induces Ca”>* mobilization and activation is
sensitive to Bordetella pertussis toxin but not to cholera toxin, thus
pointing toward receptor coupling to G; proteins (32).

More importantly, we show for the first time that DP2 activation
in vivo promotes eosinophilia and exacerbates pathology in two
models of Th2-related inflammation: allergic asthma and AD.

The mechanisms accounting for DK-PGD, action in vivo re-
main unclear, although they likely involve a direct chemotactic
effect on eosinophils. This direct effect is of particular relevance in
asthma since it has recently been demonstrated, using two strains
of eosinophil-deficient mice, that this cell type was crucial to the
development of airway remodeling (34, 35) and, according to one
report, to airway hyperreactivity (34). As various cell types ex-
press DP2 in mouse, DK-PGD, might also act on other cell pop-
ulations such as T lymphocytes, as suggested by the slight increase
in IL-5 in the lungs. Indeed, in humans, DP2 engagement appears
to promote T cell activation and Th2-type cytokine release (36).
However, such a finding has not yet been formally demonstrated in
mice. Moreover, PGD, has recently been shown to activate airway
epithelial cells to produce macrophage-derived chemokine, which
in turn favors pulmonary eosinophilia and AHR (36). DP2 activa-
tion in airway epithelial cells might possibly account for this phe-
nomenon. Finally, mast cells express DP2 mRNA (data not
shown), and their number is increased by DK-PGD, in the AD
model. It is possible that DP2 is active in cutaneous mast cells.
Production of Ag-specific Abs is another key parameter of allergic
pathologies that was increased by DK-PGD, treatment in the AD
model but not in asthma. This probably reflects the fact that ani-
mals were treated over the entire duration of the experimental pro-
tocol in AD and only during the challenge phase in asthma. DP2
activation during the early phases of the immune response might
indeed impact on DC functions and/or promote the recruitment of
DC progenitors to peripheral sites, as recently suggested (12).

The role of DP1 in Th2-related inflammatory reactions remains
controversial. DP1-deficient mice have been shown to display de-
creased eosinophilia in an asthma model (37) and a new DP1 an-
tagonist has been shown to decrease eosinophilia in a guinea pig
model of allergic rhinitis (38). By contrast, our present results
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show that DP1 activation decreases eosinophilia and AHR in mu-
rine asthma. These apparently conflicting results on DP1 functions
in the control of Th2-associated inflammation might be due to
differences between animal species or mouse strain and/or between
experimental approach to study DP1 (genetic inactivation in the
whole animal vs airway targeting by aerosol treatment with ago-
nist/antagonist). Finally, timing of DP1 activation might be of par-
ticular importance in the subsequent development of local im-
mune-inflammatory response. Indeed BW245C treatment during
the sensitization phase reduced the ability of Ag-loaded DCs to
locally activate Ag-specific T cells in both AD (18) and asthma (H.
Hammad, unpublished observations) models. Whether or not DP1
activation by BW245C during the challenge phase in the present
asthma model alters DC functions still needs to be addressed.
Moreover, DP1 activation might also inhibit the function of other
cell types as demonstrated, at least in vitro, for eosinophils, whose
CCL11-driven chemotaxis was also inhibited by BW245C (data
not shown).

Taken together, our data reveal an important role of DP2 in
promoting Th2-associated skin and lung inflammatory responses
in mouse, whereas DP1 activation leads to the opposite outcomes
and contributes to counter-regulate Th2 inflammation. This sug-
gests that DP2 antagonists might be of therapeutic interest in dis-
eases where eosinophilia has to be prevented. The consequences of
DP2 activation by endogenously produced PGD, await further
studies using DP2-deficient mice.

Acknowledgments

We are grateful to M. Bracher for critical reading of the manuscript,
Dr H. Cotten for histological work, and Prof. K. Sugamura for providing us
with the DP-expressing cell lines. We also thank P. Marquillies,
J. Fontaine, and C. Vendeville for outstanding technical assistance.

Disclosures
The authors have no financial conflict of interest.

References

1. Hart, P. H. 2001. Regulation of the inflammatory response in asthma by mast cell
products. Immunol. Cell Biol. 79:149.

2. Mayr, S. I, R. I. Zuberi, M. Zhang, J. de Sousa-Hitzler, K. Ngo, Y. Kuwabara,
L. Yu, W. P. Fung-Leung, and F. T. Liu. 2002. IgE-dependent mast cell activa-
tion potentiates airway responses in murine asthma models. J. Immunol.
169:2061.

3. Alenius, H., D. Laouini, A. Woodward, E. Mizoguchi, A. K. Bhan, E. Castigli,
H. C. Oettgen, and R. S. Geha. 2002. Mast cells regulate IFN-y expression in the
skin and circulating IgE levels in allergen-induced skin inflammation.
J. Allergy Clin. Immunol. 109:106.

4. Murray, J. J.,, A. B. Tonnel, A. R. Brash, L. J. Roberts, 2nd, P. Gosset,
R. Workman, A. Capron, and J. A. Oates. 1986. Release of prostaglandin D, into
human airways during acute antigen challenge. N. Engl. J. Med. 315:800.

5. Hardy, C. C., C. Robinson, A. E. Tattersfield, and S. T. Holgate. 1984. The
bronchoconstrictor effect of inhaled prostaglandin D, in normal and asthmatic
men. N. Engl. J. Med. 311:209.

6. Raible, D. G., E. S. Schulman, J. DiMuzio, R. Cardillo, and T. J. Post. 1992. Mast
cell mediators prostaglandin-D, and histamine activate human eosinophils. J. Im-
munol. 148:3536.

7. Emery, D. L., T. D. Djokic, P. D. Graf, and J. A. Nadel. 1989. Prostaglandin D,
causes accumulation of eosinophils in the lumen of the dog trachea. J. Appl.
Physiol. 67:959.

8. Fujitani, Y., Y. Kanaoka, K. Aritake, N. Uodome, K. Okazaki-Hatake, and
Y. Urade. 2002. Pronounced eosinophilic lung inflammation and Th2 cytokine
release in human lipocalin-type prostaglandin D synthase transgenic mice. J. Im-
munol. 168:443.

9. Honda, K., M. Arima, G. Cheng, S. Taki, H. Hirata, F. Eda, F. Fukushima,
B. Yamaguchi, M. Hatano, T. Tokuhisa, and T. Fukuda. 2003. Prostaglandin D,
reinforces Th2 type inflammatory responses of airways to low-dose antigen
through bronchial expression of macrophage-derived chemokine. J. Exp. Med.
198:533.

10. Angeli, V., C. Faveeuw, O. Roye, J. Fontaine, E. Teissier, A. Capron,
I. Wolowczuk, M. Capron, and F. Trottein. 2001. Role of the parasite-derived
prostaglandin D, in the inhibition of epidermal Langerhans cell migration during
schistosomiasis infection. J. Exp. Med. 193:1135.

11. Faveeuw, C., P. Gosset, F. Bureau, V. Angeli, H. Hirai, T. Maruyama,
S. Narumiya, M. Capron, and F. Trottein. 2003. Prostaglandin D, inhibits the

6Z0Z Yole Lz uoisanb Aq pd-€0.£/68886 1 L/€0LE/9/¥ . L/3Pd-ldiMe/jounwwil/Bio e sjeunolj/:dny woy papeojumoq



3708

14.

16.

19.

20.

21.

22.

23.

24.

production of interleukin-12 in murine dendritic cells through multiple signaling
pathways. Eur. J. Immunol. 33:889.

. Gosset, P., F. Bureau, V. Angeli, M. Pichavant, C. Faveeuw, A.-B. Tonnel, and

F. Trottein. 2003. Prostaglandin D, affects the maturation of human monocyte-
derived dendritic cells: consequence on the polarization of naive Th cells. J. Im-
munol. 170:4943.

. Cosmi, L., F. Annunziato, M. I. G. Galli, R. M. E. Maggi, K. Nagata, and

S. Romagnani. 2000. CRTH2 is the most reliable marker for the detection of
circulating human type 2 Th and type 2 T cytotoxic cells in health and disease.
Eur. J. Immunol. 30:2972.

Nagata, K., H. Hirai, K. Tanaka, K. Ogawa, T. Aso, K. Sugamura, M. Nakamura,
and S. Takano. 1999. CRTH2, an orphan receptor of T-helper-2-cells, is ex-
pressed on basophils and eosinophils and responds to mast cell-derived factor(s).
FEBS Lett. 459:195.

. Hirai, H., K. Tanaka, O. Yoshie, K. Ogawa, K. Kenmotsu, Y. Takamori,

M. Ichimasa, K. Sugamura, M. Nakamura, S. Takano, and K. Nagata. 2001.
Prostaglandin D, selectively induces chemotaxis in T helper type 2 cells, eosin-
ophils, and basophils via seven-transmembrane receptor CRTH2. J. Exp. Med.
193:255.

Gervais, F. G., R. P. Cruz, A. Chateauneuf, S. Gale, N. Sawyer, F. Nantel,
K. M. Metters, and G. P. O’Neill. 2001. Selective modulation of chemokinesis,
degranulation, and apoptosis in eosinophils through the PGD, receptors CRTH2
and DP. J. Allergy Clin. Immunol. 108:982.

. Iwasaki, M., K. Nagata, S. Takano, K. Takahashi, N. Ishii, and Z. Ikezawa. 2002.

Association of a new-type prostaglandin D, receptor CRTH2 with circulating T
helper 2 cells in patients with atopic dermatitis. J. Invest. Dermatol. 119:609.

. Angeli, V., D. Staumont, A.-S. Charbonnier, H. Hammad, P. Gosset,

M. Pichavant, B. N. Lambrecht, C. Capron, D. Dombrowicz, and F. Trottein.
2004. Activation of the D prostanoid receptor 1 regulates immune and skin al-
lergic responses. J. Immunol. 172:3822.

Abe, H., T. Takeshita, K. Nagata, T. Arita, Y. Endo, T. Fujita, H. Takayama,
M. Kubo, and K. Sugamura. 1999. Molecular cloning, chromosome mapping and
characterization of the mouse CRTH2 gene, a putative member of the leukocyte
chemoattractant receptor family. Gene 227:71.

Hata, A. N., R. Zent, M. D. Breyer, and R. M. Breyer. 2003. Expression and
molecular pharmacology of the mouse CRTH2 receptor. J. Pharmacol. Exp Ther.
306:463.

Dent, L. A., M. Strath, A. L. Mellor, and C. J. Sanderson. 1990. Eosinophilia in
transgenic mice expressing interleukin 5. J. Exp. Med. 172:1425.

Kayaba, H., D. Dombrowicz, G. Woerly, J. P. Papin, S. Loiseau, and M. Capron.
2001. Human eosinophils and human high affinity IgE receptor transgenic mouse
eosinophils express low levels of high affinity IgE receptor, but release IL-10
upon receptor activation. J. Immunol. 167:995.

Woerly, G., K. Honda, M. Loyens, J. P. Papin, J. Auwerx, B. Staels, M. Capron,
and D. Dombrowicz. 2003. Peroxisome proliferator-activated receptors a and y
down-regulate allergic inflammation and eosinophil activation. J. Exp. Med.
198:411.

Hamelmann, E., J. Schwarze, K. Takeda, A. Oshiba, G. L. Larsen, C. G. Irvin,
and E. W. Gelfand. 1997. Noninvasive measurement of airway responsiveness in
allergic mice using barometric plethysmography. Am. J. Respir. Crit. Care Med.
156:766.

DP2/CRTH2 ACTIVATION IN ALLERGIC INFLAMMATION

25.

26.

217.

28.

29.

Spergel, J. M., E. Mizoguchi, J. P. Brewer, T. R. Martin, A. K. Bhan, and
R. S. Geha. 1998. Epicutaneous sensitization with protein antigen induces local-
ized allergic dermatitis and hyperresponsiveness to methacholine after single ex-
posure to aerosolized antigen in mice. J. Clin. Invest. 101:1614.

Dombrowicz, D., V. Flamand, I. Miyajima, J. V. Ravetch, S. J. Galli, and
J. P. Kinet. 1997. Absence of FceRIa chain results in upregulation of FcyRIII-
dependent mast cell degranulation and anaphylaxis: evidence of competition be-
tween FceRI and FcyRIII for limiting amounts of FcR B and vy chains. J. Clin.
Invest. 99:915.

Hirai, H., K. Tanaka, S. Takano, M. Ichimasa, M. Nakamura, and K. Nagata.
2002. Cutting edge: agonistic effect of indomethacin on a prostaglandin D, re-
ceptor, CRTH2. J. Immunol. 168:981.

Heinemann, A., R. Schuligoi, I. Sabroe, A. Hartnell, and B. A. Peskar. 2003.
A'-Prostaglandin J,, a plasma metabolite of prostaglandin D,, causes eosinophil
mobilization from the bone marrow and primes eosinophils for chemotaxis. J. Im-
munol. 170:4752.

Michimata, T., H. Tsuda, M. Sakai, M. Fujimura, K. Nagata, M. Nakamura, and
S. Saito. 2002. Accumulation of CRTH2-positive T-helper 2 and T-cytotoxic 2
cells at implantation sites of human decidua in a prostaglandin D,-mediated man-
ner. Mol. Hum. Reprod. 8:181.

30. Monneret, G., C. Cossette, S. Gravel, J. Rokach, and W. S. Powell. 2003. 15R-

31.

34.

3s.

36.

38.

Methyl-prostaglandin D, is a potent and selective CRTH2/DP, receptor agonist
in human eosinophils. J. Pharmacol. Exp. Ther. 304:349.

Sugimoto, H., M. Shichijo, T. lino, Y. Manabe, A. Watanabe, M. Shimazaki,
F. Gantner, and K. B. Bacon. 2003. An orally bioavailable small molecule an-
tagonist of CRTH2, ramatroban (BAY u3405), inhibits prostaglandin D,-induced
eosinophil migration in vitro. J. Pharmacol. Exp. Ther. 305:347.

32. Hirai, H., H. Abe, K. Tanaka, K. Takatsu, K. Sugamura, M. Nakamura, and

K. Nagata. 2003. Gene structure and functional properties of mouse CRTH2, a
prostaglandin D, receptor. Biochem. Biophys. Res. Commun. 307:797.

. Tominaga, A., S. Takaki, N. Koyama, S. Katoh, R. Matsumoto, M. Migita,

Y. Hitoshi, Y. Hosoya, S. Yamauchi, Y. Kanai, et al. 1991. Transgenic mice
expressing a B cell growth and differentiation factor gene (interleukin 5) develop
eosinophilia and autoantibody production. J. Exp. Med. 173:429.

Lee, J. J., D. Dimina, M. P. Macias, S. I. Ochkur, M. P. McGarry, K. R. O’Neill,
C. Protheroe, R. Pero, T. Nguyen, S. A. Cormier, et al. 2004. Defining a link with
asthma in mice congenitally deficient in eosinophils. Science 305:1773.
Humbles, A. A., C. M. Lloyd, S. J. McMillan, D. S. Friend, G. Xanthou,
E. E. McKenna, S. Ghiran, N. P. Gerard, C. Yu, S. H. Orkin, and C. Gerard. 2004.
A critical role for eosinophils in allergic airways remodeling. Science 305:1776.
Tanaka, K., H. Hirai, S. Takano, M. Nakamura, and K. Nagata. 2004. Effects of
prostaglandin D, on helper T cell functions. Biochem. Biophys. Res. Commun.
316:1009.

. Matsuoka, T., M. Hirata, H. Tanaka, Y. Takahashi, T. Murata, K. Kabashima,

Y. Sugimoto, T. Kobayashi, F. Ushikubi, Y. Aze, et al. 2000. Prostaglandin D,
as a mediator of allergic asthma. Science 287:2013.

Arimura, A., K. Yasui, J. Kishino, F. Asanuma, H. Hasegawa, S. Kakudo,
M. Ohtani, and H. Arita. 2001. Prevention of allergic inflammation by a novel
prostaglandin receptor antagonist, S-5751. J. Pharmacol. Exp. Ther. 298:411.

GZ0Z UdJel Lg uo 1senb Aq ypd'€0.£/68886 1 L/E0LE/9/YLL/sPpd-ajoie/ounwwi/Bioiee sjeuinol//:dpy wouy papeojumoq



