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The Role of the Prostaglandin D, Receptor, DP, in Eosinophil
Trafficking’

Petra Schratl,* Julia F. Royer,* Evi Kostenis,* Trond Ulven,* Eva M. Sturm,*
Maria Waldhoer,* Gerald Hoefler,” Rufina Schuligoi,* Irmgard Th. Lippe,*
Bernhard A. Peskar,* and Akos Heinemann>*

Prostaglandin (PG) D, is a major mast cell product that acts via two receptors, the D-type prostanoid (DP) and the chemoat-
tractant receptor-homologous molecule expressed on Th2 cells (CRTH2) receptors. Whereas CRTH2 mediates the chemotaxis of
eosinophils, basophils, and Th2 lymphocytes, the role of DP has remained unclear. We report in this study that, in addition to
CRTH2, the DP receptor plays an important role in eosinophil trafficking. First, we investigated the release of eosinophils from
bone marrow using the in situ perfused guinea pig hind limb preparation. PGD, induced the rapid release of eosinophils from bone
marrow and this effect was inhibited by either the DP receptor antagonist BWA868c or the CRTH2 receptor antagonist ramatro-
ban. In contrast, BWA868c did not inhibit the release of bone marrow eosinophils when this was induced by the CRTH2-selective
agonist 13,14-dihydro-15-keto-PGD,. In additional experiments, we isolated bone marrow eosinophils from the femoral cavity and
found that these cells migrated toward PGD, We also observed that BWA868c inhibited this response to a similar extent as
ramatroban. Finally, using immunohistochemistry we could demonstrate that eosinophils in human bone marrow specimens
expressed DP and CRTH2 receptors at similar levels. Eosinophils isolated from human peripheral blood likewise expressed DP
receptor protein but at lower levels than CRTH2. In agreement with this, the chemotaxis of human peripheral blood eosinophils
was inhibited both by BWAS868c and ramatroban. These findings suggest that DP receptors comediate with CRTH2 the mobili-
zation of eosinophils from bone marrow and their chemotaxis, which might provide the rationale for DP antagonists in the

treatment of allergic disease.

during the allergic response (1) and substantial evidence

has accumulated that PGD, might be crucially involved in
the initiation and perpetuation of allergic inflammation. A signif-
icant contribution of PGD, to the late phase allergic reaction is
suggested by enhanced eosinophilic lung inflammation and cyto-
kine release in transgenic mice over-expressing PGD, synthase
(2). The biological effects of PGD, are principally mediated by
two distinct receptors, the D-type prostanoid (DP) receptor and the

P rostaglandin (PG)* D, is released by activated mast cells

chemoattractant receptor-homologous molecule expressed on Th2
cells (CRTH2) (3). Moreover, at higher concentrations PGD, is a
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ligand for the thromboxane receptor (TP), which mediates the
bronchoconstricting effect of PGD, (4).

CRTH2 is expressed on Th2-type T cells, eosinophils and ba-
sophils (5) and mediates their chemotaxis to PGD, (6). In addition,
CRTH2 is activated by several PGD, metabolites, including 13,14-
dihydro-15-keto-(DK)-PGD,, PGJ,, A'*PGJ,, and 15-deoxy-PGlJ,
(7, 8) and a thromboxane (TX) metabolite, 11-dehydro-TXB, (9).
Moreover, CRTH2 mediates the respiratory burst and degranula-
tion of eosinophils (8, 10), induces the production of proinflam-
matory cytokines in Th2 cells (11), and enhances the release of
histamine from basophils (12). In humans, CRTH2 is the most
reliable marker for Th2 cells (13), and in animal models, CRTH2
mediates eosinophil infiltration into the lungs and skin and aggra-
vates the pathology of allergic responses (14-16). Therefore,
CRTH2 antagonists are being considered as a potentially useful
approach for the treatment of asthma and allergic disease. The
cyclooxygenase inhibitor indomethacin was also found to be a po-
tent CRTH2 agonist (17, 18) and has thus provided a useful phar-
macophore for small molecule antagonists to CRTH2 (19).

The alternate PGD, receptor, DP, is expressed more widely,
including platelets, several types of leukocytes, the vasculature, the
CNS, retina, nasal mucosa, lungs, and intestine (6, 20-23). Func-
tionally, DP-mediated responses include inhibition of platelet ag-
gregation, induction of vasorelaxation, mucin secretion, and low-
ering intraocular pressure (23-25). DP agonists have been
suggested to inhibit neutrophil, basophil, and dendritic cell func-
tion (26-29). Eosinophils have been found to express the mRNA
for the DP receptor and to show delayed apoptosis after treatment
with supramaximal concentrations (1 uM) of the selective DP ag-
onist BW245¢ (10). In vivo, a DP antagonist blocks Ag-induced
rhinitis, conjunctivitis, and pulmonary inflammation in the guinea
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Table I. Compounds used in this study and their receptor selectivity

Receptor of Selectivity

and Rank Order of Reference

Name Affinity Activity No.
PGD, DP = CRTH2 > TP Agonist (6, 48)
DK-PGD, CRTH2 Agonist (6)
BW245¢ DP Agonist 6)
ZK110841 DP Agonist (49)
BWARS868c DP Antagonist (50)
SQ29548 TP Antagonist (51)
Ramatroban TP = CRTH2 Antagonist (52)

pig (30), and DP-deficient mice exhibit reduced pulmonary inflam-
mation in response to allergen (31). These in vivo studies hence
point to a proinflammatory role of DP but are difficult to explain
based on the known functional responses of DP receptor
activation.

We have previously shown that A'?PGJ, and PGD, markedly
prime eosinophils for chemotaxis toward other chemoattractants,
such as the CCR3 ligand eotaxin, and that A'*PGJ, is capable of
mediating the rapid mobilization of eosinophils from the isolated
hind limb of guinea pigs (8). These observations suggested novel
mechanisms by which PGD, or its metabolites generated at sites of
allergic inflammation could act as systemic signals for the supply
of eosinophils from the bone marrow and enhance their extrava-
sation to the tissue. Hence we set out to investigate the differential
roles of CRTH2 and DP in the mobilization of eosinophils from
the bone marrow and chemotaxis. Our data demonstrate that the
DP receptor plays an important modulator role in the recruitment
of eosinophils into the tissue. Thus, DP antagonists might be useful
to treat conditions associated with eosinophilic inflammation such
as asthma or other allergic diseases.

Materials and Methods

Animals

Adult Dunkin-Harley guinea pigs (either sex, 350—450 g body weight)
were obtained from the Research Institute for Laboratory Animal Breeding
(Medical University of Vienna, Himberg, Austria).

Chemicals

All laboratory reagents were obtained from Sigma-Aldrich, unless speci-
fied. Assay buffer as used in the shape change and chemotaxis experiments
was made from Dulbecco’s modified PBS (with 0.9 mM Ca®* and 0.5 mM
Mg”; Invitrogen Life Technologies), 0.1% BSA, 10 mM HEPES, and 10
mM glucose (pH 7.4). For the perfusion of the guinea pig hind limb, mod-
ified Krebs-Ringer bicarbonate buffer was prepared with 10 mM p-glucose,
3.33 mM CaCl,, 0.49 mM MgCl,-6H,0, 4.56 mM KCI, 120 mM NacCl, 0.7
mM Na,HPO,, 1.5 mM NaH,PO4, and 24 mM NaHCO;, and supple-
mented with 0.1% BSA. Recombinant human eotaxin and synthetic guinea
pig eotaxin were purchased from PeproTech and Cell Sciences, respec-
tively. PGD,, DK-PGD,, BW245¢, LTB,, ramatroban, SQ29458, and
BWARS68c (for receptor selectivity and references, see Table I) were pur-
chased from Cayman Chemical. Drugs were dissolved in ethanol or DMSO
and further diluted in assay buffer to give a final concentration of the
solvents <0.1%. [3H]PGD2 was obtained from PerkinElmer Life and An-
alytical Sciences.

Cell culture

The sequence of guinea pig DP (32) was amplified by PCR from guinea pig
lung ¢cDNA and inserted via 5" HindIIl and 3’ BamHI into pcDNA3.1%.
The sequence identity of the inserts was verified by restriction endonucle-
ase digestion and sequencing in both directions. HEK293 or 1321N1 cells
expressing guinea pig DP were cultivated in DMEM containing 10% FBS,
100 IU/ml penicillin, 100 pwg/ml streptomycin, I mM sodium pyruvate, and
400 pg/ml G418.

Binding experiments

HEK?293 cells expressing guinea pig DP receptors were seeded into 96-
well plates at a density of 30,000 cells/well. Competition binding experi-
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ments on whole cells were then performed ~18—24 h later using [*H]PGD,
(PerkinElmer; 172 Ci/mmol) as a radiotracer in a binding buffer consisting
of HBSS and 10 mM HEPES (pH 7.5); 0.6 nM [PH]PGD, was used for
guinea pig DP equilibrium competition binding. Competing ligands were
diluted in DMSO that was kept constant at 1% (v/v) of the final incubation
volume. Total and nonspecific binding were determined in the absence and
presence of 10 uM PGD,. Binding reactions were routinely conducted for
3 h at 4°C to exclude receptor internalization and terminated by two washes
(100 pl each) with ice-cold binding buffer. Radioactivity was determined
by liquid scintillation counting in a Topcount (Packard Instruments) fol-
lowing overnight incubation in Microscint 20.

cAMP accumulation assays

1321N1 cells expressing guinea pig DP were metabolically labeled with 2
wCi of [*H]adenine (Amersham; TRK311) in 24-well plates for 1824 h at
37°C. They were then washed twice with PBS and stimulated with increas-
ing concentrations of PGD, in HEPES-buffered saline supplemented with
1 mM isobutylmethylxanthine for 30 min at 37°C. The reaction was
stopped by adding 5% (w/v) ice-cold trichloroacetic acid supplemented
with 0.1 mM cAMP and 0.1 mM ATP. [’H]cAMP was separated from the
remaining nucleotides using anion exchange chromatography, and radio-
activity was counted after addition of HiSafe3 scintillation fluid
(PerkinElmer Life and Analytical Sciences).

Leukocyte shape change assay

This study was approved by the Ethics Committee of the Medical Univer-
sity of Graz. Eosinophil shape change was recorded using human blood
sampled from healthy volunteers or guinea pig blood obtained by cardiac
puncture after an overdose of pentobarbital sodium (8). Ninety-microliter
aliquots of citrated whole blood were stimulated with 10 ul of agonists for
4 min at 37°C. The samples were then transferred to ice and fixed with 250
wl of fixative solution followed by NH,Cl-induced lysis of RBC (33). Cells
were then washed and resuspended in 250 ul of fixative solution. Samples
were immediately analyzed on a FACSCalibur flow cytometer (BD Bio-
sciences). Eosinophils were distinguished from other cells by means of
their autofluorescence in the FL-1 and FL-2 fluorescence channels (8).
Shape change was determined as the increase of forward scatter compared
with vehicle stimulation. The forward scatter values are shown as dimen-
sionless arbitrary units.

Chemotaxis of human eosinophils

Preparations of polymorphonuclear leukocytes (PMNL) were prepared by
dextran sedimentation and Histopaque gradients, and eosinophils were fur-
ther purified by negative magnetic selection using an Ab mixture directed
against CD2, CD14, CD16, CD19, CD56, glycophorin A from StemCell
Technologies. The purity of the eosinophil preparations was usually above
97%, the contaminating cells being mononuclear cells. The viability of the
cells was >98%. Thirty microliters of assay buffer or agonists were placed
into the bottom wells of a 48-well micro-Boyden chemotaxis chamber
(NeuroProbe). Eosinophils were suspended in assay buffer at 2 X 10°/ml,
and 50 ul of the suspension were placed into the top wells of the plate,
which was separated from the bottom wells by a 5-um pore size polyvi-
nylpyrrolidone-free polycarbonate filter. Baseline migration was deter-
mined in wells containing only assay buffer. The chamber was incubated at
37°C in a humidified CO, incubator for 1 h and the membrane was care-
fully removed. Cells that had migrated to the bottom wells were enumer-
ated by flow cytometry (FACSCalibur, BD Biosciences), and contaminat-
ing cells were gated out by side scatter and autofluorescence as previously
described (8).

Chemotaxis of guinea pig bone marrow eosinophils

The femoral bone cavity was flushed, erythrocytes were lysed by hypotonic
shock, and PMNLs were prepared by Histopaque gradients. The cells were
resuspended in RPMI 1640 (1% FCS) at 10 X 10°/ml, and 100-ul aliquots
of the suspension were placed into Transwell inserts with 5-um pore size
polyvinylpyrrolidone-free polycarbonate filters (Corning). The cells were
allowed to migrate toward 600 ul of assay buffer or agonists in the bottom
wells of 24-well tissue culture plates for 1 h at 37°C in a humidified CO,
incubator. Baseline migration was determined in wells containing only
assay buffer. Cells that had migrated to the bottom wells were enumerated
by flow cytometry (FACSCalibur), and eosinophils were distinguished
from neutrophils by side scatter and autofluorescence (34). To compare the
migration of eosinophils and neutrophils, responses were expressed as the
chemotactic index (i.e., relative to baseline migration).
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In situ perfusion of the guinea pig hind limb

The guinea pig hind limb was perfused as previously described (8, 34). The
external iliac artery and vein were exposed and the caudal abdominal ar-
tery, superficial iliac circumflex artery, and pudendoepigastric trunk along
with their satellite veins were ligated. Polyethylene cannulas (0.8 mm out-
side diameter) were inserted into the external iliac artery and vein. Mod-
ified Krebs-Ringer bicarbonate buffer (gassed with 95% O, and 5% CO,,
37°C) was infused at 4 ml/min via the arterial cannula and removed from
the venous cannula using a peristaltic pump. After an equilibration period
of 20 min, the perfusate fractions were collected every 10 min and centri-
fuged at 300 X g for 10 min. The cell pellet was resuspended in Kimura’s
stain and nucleated leukocytes and Kimura-positive eosinophils were
counted in a Neubauer hemacytometer.

Immunofluorescence microscopy

The DP and CRTH2 receptors were visualized on human peripheral blood
eosinophils by immunofluorescence following a double antibody staining
protocol. For visualization of the CRTH2 receptor, a suspension of unfixed
1 X 107 PMNL in PBS was blocked with human IgG (Sigma-Aldrich) for
30 min at 4°C. Cells were washed once with PBS by centrifugation at
400 X g for 5 min and then incubated with rat mAb against CRTH2 (clone
BM16; BD Biosciences) diluted 1/25, or the isotype control rat [gG2a (BD
Biosciences) in PBS for 30 min at 4°C. Following a washing step, cells
were incubated for 30 min in the dark at 4°C with the secondary Ab (Cy3-
conjungated goat anti-rat secondary Ab; Chemicon; dilution 1/250). PMNL
were washed twice with PBS, and cells were cyto-spinned on cover slips.
Subsequently, PMNL were fixed with 3.7% formaldehyde in PBS at 4°C
over night. After washing, the cells were blocked with powdered milk and
human IgG (Sigma-Aldrich) in PBS for 60 min at room temperature. Cells
were washed twice with PBS and then incubated with rabbit polyclonal Ab
against the DP receptor (Sigma-Aldrich) diluted 1/125 or rabbit IgG (Sigma-
Aldrich) as negative control in PBS with powdered milk. After incubation
with primary Ab, PMNL were washed six times with PBS and then
incubated for 30 min in the dark at room temperature with secondary Ab
(AlexaFluor 488 goat anti-rabbit IgG; Invitrogen Life Technologies; dilution
1/500). Finally, after six washes with PBS, the nuclei were stained with
4',6'-diamidino-2-phenylindole (DAPI; Invitrogen Life Technologies).
The fluorescent signal was recorded with an Olympus IX70 fluorescence
microscope and an Olympus UPlanApo - 60X/1.20 lens, using Olympus
DP50-CU digital camera and Olympus CellP software. Images were further
processed also with CellP for contrast and brightness adjustments.

Immunohistochemistry

The expression of DP and CRTH2 receptors was investigated in human
bone marrow. Sections (3 uwm) were prepared from EDTA decalcified ma-
terial, deparaffinized by xylene, rehydrated in graded alcohols, and sub-
mitted to microwave epitope retrieval (10 min at 750 W using pH 9.0 Ag
retrieval buffer S2367 obtained from Dako). After treatment in 3% H,O,
for 10 min, sections were incubated for 30 min using goat polyclonal Ab
against eosinophil peroxidase (EPX; Santa Cruz Biotechnology) diluted 1/25,
rabbit polyclonal Ab against the DP receptor (Sigma-Aldrich) diluted
1/200 and rat mAb against CRTH2 (clone BM16; BD Biosciences) diluted
1/10 in Dako Ab diluent. After enhancement using MultiLink (Dako
E0453) diluted 1/100 and biotinylated StreptABComplex (Dako K5001) or
alkaline phosphatase red (Dako K5005) diluted 1/100 for 30 min each,
detection was performed using peroxidase substrate chromogen ready-to-
use (Dako K5001) or alkaline phosphatase (fast red) under microscopic
control. After each development procedure, blocking was performed for 5
min using 3% H,O, with extensive rinsing using Tris-HCI buffer (pH 7.6)
in between. Images were taken on a Nikon Eclipse E600 microscope with
a Nikon Plan 40X/0.65 lens using Nikon DS-5M-U1 digital camera and
Nikon Digital Sight DS-U1 software. Images were further processed with
Adobe Photoshop CS, used for additional white balance, contrast, and
brightness adjustments.

Calculations and data analysis

IC5, and ECs, values were determined by nonlinear regression analysis
using the Prism 3.0 software (GraphPad Software). Antagonistic potencies
in functional assays are given as pICs, values that were obtained by com-
peting with increasing concentrations of inhibitor compound for an agonist
concentration required to elicit ~75—-80% of the maximal agonist efficacy.
ICs, values generated by this procedure are very closely matching the true
affinity of antagonists determined by the analysis according to Arunlaks-
hana and Schild (35).

Data are shown as the mean * SEM except where otherwise stated.
Statistical comparisons of groups were performed using two-way ANOVA

DP RECEPTORS AND EOSINOPHIL TRAFFICKING
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FIGURE 1. In vitro characterization of selective PGD, receptor ligands

on recombinant guinea pig DP receptors. A, competition binding analysis
in HEK293 cells expressing guinea pig DP. Values are the mean = SD of
three to six independent experiments performed in duplicate. Data are ex-
pressed as percentage of the maximal binding of [*H]PGD, obtained in the
absence of the indicated competitor compounds. B, cAMP production of
1321NT cells transfected with guinea pig DP. Values are the mean = SD
of two independent experiments performed in duplicate and are normalized
to the maximal cAMP production achieved by PGD,.

for repeated measurements or the Mann-Whitney U test. Probability values
of p < 0.05 were considered statistically significant.

Results
Pharmacological characterization of BWAS868c¢

While BWAS868c has been investigated before with respect to its
affinity and selectivity toward human DP and CRTH2 receptors
(36), guinea pig DP has been characterized so far only in func-
tional assays. Thus we expressed the guinea pig DP receptor in
HEK?293 and 1321N1 cells for binding experiments and assay of
cAMP accumulation, respectively. As expected, BWA868c and
the DP-selective agonist BW245¢ exhibited high affinity for the
guinea pig DP receptor, with log K, values of —7.95 *= 0.08 and
—8.95 * 0.06, respectively, and displaced PGD, from the receptor
(Fig. 1A). In assays of cAMP accumulation, BW245c was a full
agonist of DP comparable with PGD,, with pECs, values of
—8.89 = 0.11 and —8.48 = 0.09, respectively. In contrast,
BWAS868c caused a minute degree of cAMP accumulation at
higher concentrations (Fig. 1B), which was compatible with partial
agonism already reported for human DP (20).

The selectivity of BWA868c against guinea pig CRTH2 was
investigated in eosinophils, which naturally express CRTH2, using
the shape change assay. Stimulation with chemoattractants results
in immediate responses of granulocytes including reorganization
of the cytoskeleton and shape change, which can be detected by
flow cytometry (8). PGD, was a potent and highly effective in-
ducer of eosinophil shape change of guinea pig eosinophils, al-
though with a 3- to 10-fold lower potency than in human whole
blood (Fig. 2). Ramatroban inhibited the PGD,-induced shape
change of human and guinea pig eosinophils (Fig. 2), but had no
effect on eotaxin-induced shape change (data not shown, n = 4). In
contrast, BWA868c had no effect on shape change responses of
guinea pig and human eosinophils, irrespectively of the stimulant
used (PGD,, Fig. 2; eotaxin, data not shown, n = 4). Since the DP
agonist BW245¢ did not cause shape change (data not shown, n =
4), it seems that eosinophil shape change responses to PGD, are
exclusively mediated by CRTH2.

Mobilization of eosinophils from the guinea pig femoral
bone marrow

Using BWAS868c and ramatroban as potent and selective antago-
nists for DP and CRTH2, respectively, we investigated which of
the PGD, receptors was mediating the mobilization of mature eo-
sinophils from bone marrow in the in situ perfused guinea pig hind
limb preparation. PGD, caused an immediate increase of eosino-
phils in the perfusate when added during the period of 20—40 min
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FIGURE 2. Selectivity of the DP antagonist BWAS868C is demonstrated
by the lack of effect on PGD,-induced shape change of human and guinea
pig eosinophils. Samples of human or guinea pig whole blood were pre-
treated with the CRTH2 antagonist ramatroban, BWA868c or vehicle at the
concentrations indicated and stimulated with PGD,. Shape change was
measured by flow cytometry as increase in forward scatter. Data are shown
as mean = SEM, n = 4-10.

after the start of the experiments, whereas the vehicle of the pro-
stanoid alone had no effect (Fig. 34); 10 nM of PGD, caused a
similar degree of eosinophil release as 1 nM eotaxin. The release
of noneosinophilic cells from the bone marrow was not increased
by PGD, or eotaxin, whereas LTB, nonselectively induced the
release of both eosinophils and other nucleated cells (Fig. 3A).
To determine the role of CRTH2, DP, and TP receptors in eo-
sinophil mobilization from bone marrow, PGD, antagonists or
their vehicle were infused throughout the experiment, and PGD,
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FIGURE 3. PGD, selectively induces the mobilization of eosinophils
from guinea pig femoral bone marrow (A), and the DP antagonist
BWARS868c and the CRTH2 antagonist ramatroban, but not TP antagonist
SQ29548, inhibit this response (B). The antagonists were infused into the
in situ perfused hind limb preparation throughout the experiments, while
the agonists were infused for 20 min as shown (<>). Data are shown as
mean = SEM. *, p < 0.05 versus vehicle, n = 5-13.
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FIGURE 4. The DP agonists BW245¢c and ZK110841 do not induce
eosinophil release from guinea pig femoral bone marrow (A), but BW245c¢
inhibits the response to PGD, (B). The antagonists were infused into the in
situ perfused hind limb preparation throughout the experiments, whereas
the agonists were infused for 20 min as shown (<>). Data are shown as

mean = SEM. #, p < 0.05 versus vehicle, n = 6-9.

was added to the perfusate for the period of 20—40 min after the
start of the perfusion. The ability of PGD, to increase the release
of eosinophils from bone marrow was not altered by the TP-
selective antagonist SQ29548 (100 nM), but it was inhibited by the
CRTH?2 antagonist ramatroban (1 uM) by 70—80%, and also by
the DP antagonist BWA868c (100 nM) to a similar extent (Fig.
3B). In contrast, the DP antagonist BWA868c did not inhibit the
response to DK-PGD, (Fig. 3B). Therefore, these data show that
PGD,-induced release of eosinophils is mediated both by CRTH2
and DP receptors, while in agreement with its known selectivity
for CRTH2, DK-PGD, mobilized eosinophils solely via CRTH2.

Unexpectedly, the DP agonists BW245c or ZK110841 did not
induce eosinophil release by themselves and the addition of
BW?245c to the infusion of DK-PGD, did not enhance the response
of bone marrow eosinophils when compared with DK-PGD, alone
(Fig. 4A). Hence, these findings raised the question whether
BW245c¢ was inactive on DP receptors in this preparation or might
even behave as a DP antagonist. When infused throughout the
experiment, BW245¢ (100 nM) in fact reduced the ability of PGD,
to release eosinophils from the bone marrow, whereas the response
to DK-PGD, was not affected (Fig. 4B). From these observations
it may be inferred that BW245c¢ behaves as an antagonist of DP
receptors in guinea pig bone marrow.

Chemotaxis of eosinophils

To further investigate the mechanisms by which CRTH2 and DP
activation induce the release of eosinophils from bone marrow, we
harvested the leukocytes from the cavity of the guinea pig femoral
bone to determine their migration. Bone marrow eosinophils
showed a chemotactic response to PGD, (3-300 nM) similar to

202 INdy 61 U0 1s8n6 Aq Jpd Z6.700.06 L OWIZ/Z8E6HZ /261 L6 L/3Pd-Blonie/ounwwif/Bio jounwwil mmm//:diy woy pepeojumoq



4796

—0O— Vehicle
—a— BWABESC 1pM
—w— Ramatroban 1M

A —@— Eosinophils
—&— Neutrophils

g
1

~
o
1

o
(=}
1
*
*

*

[1+]
5
1

1 o=

Ifi Il
LI I | 1 il 1 I
Veh 10 100 1000 Veh 10 30 100

Bottom: PGD, (nM) Bottom: PGD, (nM)

Chemotaxis
(Chemotactic index)
w
|
Eosinophil chemotaxis
% of maximal response)

FIGURE 5. PGD, selectively induces the migration of guinea pig bone
marrow eosinophils (A), and the DP antagonist BWA868c and the CRTH2
antagonist ramatroban inhibit this response (B). Eosinophils and neutro-
phils were isolated from the femoral bone cavity. Cells were placed on
Transwell filter inserts and allowed to migrate toward PGD,. In A, re-
sponses are expressed as the chemotactic index (i.e., relative to migration
toward vehicle). In B, data are shown as percentage of the maximal control
response (i.e., 100 nM PGD,). Data are shown as mean * SEM. *, p <
0.05 versus vehicle, n = 5-7.

human peripheral blood eosinophils, whereas neutrophil chemo-
taxis was not stimulated by PGD, (Fig. 5A). Migration of bone
marrow eosinophils was significantly inhibited by the CRTH2 an-
tagonist ramatroban and, to a larger extent, also by the DP antag-
onist BWAS868c (Fig. 5B). Human eosinophils purified from pe-
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FIGURE 6. The PGD,-induced migration of human peripheral blood
eosinophils is inhibited by the DP antagonist BWA868c and the CRTH2
antagonist ramatroban but not the TP antagonist SQ29548. In A, purified
eosinophils were pretreated with the antagonists, were then loaded into the
top wells of a microBoyden chamber and allowed to migrate toward PGD,
or eotaxin. In B, the migration of eosinophils toward the DP agonists
ZK110841 and BW245c was determined. In C, eosinophils were pretreated
with BW245c and were then allowed to migrate toward PGD,. Cells that
had migrated into the bottom wells were enumerated by flow cytometry
and the counts of eosinophil events gathered for 30 s are shown as mean *
SEM. *, p < 0.05 versus vehicle, n = 4-6.
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—_ -

FIGURE 7. Human bone marrow eosinophils express DP and CRTH2
receptors. In A, eosinophil peroxidase-positive cells are stained brown by
immunohistochemistry and DP-positive eosinophils (arrows) appear in red.
In B, cells positive for eosinophil peroxidase are stained red, CRTH2-
positive eosinophils and eosinophil precursors appear in brown (arrows).

ripheral blood likewise migrated toward PGD,, and this response
was inhibited by ramatroban but not SQ29548 (Fig. 6A).
BWAS868c (100 nM) also attenuated the migration of human eo-
sinophils by causing a 3- to 6-fold shift of the PGD, concentration-
response curve to the right (Fig. 6A). The inhibitory effect of
BWAS868c was unrelated to nonspecific attenuation of eosinophil
responsiveness, because BWA868c pretreatment did not alter the
migration toward eotaxin (Fig. 6A) or LTB, (n = 5, data not
shown). The DP-selective agonists BW245¢ (3-300 nM) or
ZK110841 (10-30 nM) did not stimulate the chemotaxis of eo-
sinophils, neither alone (Fig. 6B) nor in combination with DK-
PGD, or eotaxin (data not shown). However, pretreatment of eo-
sinophils with BW245c¢ (100 nM) significantly attenuated the
migratory response toward PGD, (Fig. 6C). This suggests again
that, in contrast to PGD,, conventional DP agonist do not activate
chemotactic pathways in eosinophils, but might even act as antag-
onist at DP-mediated eosinophil responses.

Expression of CRTH2 and DP in human eosinophils

To further substantiate our findings of DP being involved in eo-
sinophil release from bone marrow and eosinophil chemotaxis, we
attempted to visualize the expression of DP and CRTH2 in human
peripheral blood eosinophils and eosinophils in bone marrow bi-
opsy specimens. Using immunohistochemistry, we identified DP
and CRTH2 in normal bone marrow specimens of three different
individuals (data not shown) and one patient suffering from hy-
pereosinophilia of the bone marrow. In these samples, DP was
located in mature eosinophils with typical bi-lobed nuclei that also
stained positive for eosinophil peroxidase (Fig. 7A). CRTH2 could
be observed in mature eosinophils and also in cells with larger,
nonsegmented nuclei consistent with eosinophil precursors (Fig.
7B). Using double-staining immunofluorescence microscopy, we
observed that eosinophils from peripheral blood expressed both
DP and CRTH2, whereas neutrophils expressed DP only, although
at higher levels than eosinophils (Fig. 8). In contrast, cells incu-
bated with the respective isotype-matched primary control Abs
followed by the secondary Abs did not exhibit positive staining.
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Control
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CRTH2 + DP
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FIGURE 8. Human peripheral blood eosinophils express DP and
CRTH2 receptors. In D, double-staining immunofluorescence shows an
eosinophil (Eo) and a neutrophil (N) stained positive for DP (green),
whereas B demonstrates that the same eosinophil also expresses CRTH2
(red). A and C are images taken with the respective control Abs. E and F
show overlay-images of A and C, and B and D, respectively.

Discussion

In the current study, we show for the first time that the DP receptor
plays an important role in eosinophil trafficking, i.e., chemotaxis
and mobilization of eosinophils from the bone marrow. Hence, our
data provide a rationale for the use of DP receptor antagonists or
mixed CRTH2/DP antagonists in the treatment of allergic disease.
In this study, we observed that PGD, induced the release of mature
eosinophils from the bone marrow and that this effect was inhibited
by either the CRTH2 antagonist ramatroban or the DP antagonist
BWAS868c, but not the TP antagonist SQ29548. The CRTH2-se-
lective agonist DK-PGD, also mobilized eosinophils from the
bone marrow, but BWA868c did not inhibit this response, which
demonstrates the DP selectivity of this antagonist. The mobiliza-
tion of eosinophils from the bone marrow was apparently linked
with the chemotactic activity of PGD, as the prostanoid induced
the in vitro migration of eosinophils isolated from the guinea pig
femoral cavity. One possible mechanism underlying the inhibitory
effect of BWA868c on eosinophil mobilization from bone marrow
might be the blockade of DP receptors on endothelial cells, the
activation of which by PGD, may support the release of bone
marrow cells to the blood stream when the eosinophils are stim-
ulated through CRTH2. However, both DP and CRTH2 seem to be
involved in the migration of bone marrow eosinophils at the cel-
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lular level, because either BWA868c or ramatroban inhibited the in
vitro chemotaxis of isolated bone marrow eosinophils. This was
unexpected because the DP receptor has not been implicated in the
chemotactic response of eosinophils to PGD, before. Therefore we
further investigated the role of DP in the migration of human eo-
sinophils purified from peripheral blood. As expected, the CRTH2
antagonist markedly attenuated the PGD,-induced chemotaxis of
human eosinophils purified from peripheral blood, whereas the TP-
selective antagonist SQ29548 had no effect. However, the DP an-
tagonist BWAS868c also significantly reduced the migration toward
PGD,, by inducing a 6-fold rightward shift of the concentration
response curve to PGD, without altering the maximal response.

Our data suggested for the first time that, in addition to CRTH2,
the alternate PGD, receptor DP might also be involved in eosin-
ophil chemotaxis and mobilization of eosinophils from the bone
marrow. This conclusion was based on the observation that
BWAS868c¢ inhibited the chemotaxis and mobilization from bone
marrow of eosinophils that had been stimulated with PGD,.
BWARB68c has previously been characterized as a highly selective
antagonist at human DP receptors with virtually no affinity for
human CRTH2 (36). The same seems to hold true for the guinea
pig, since BWA868c potently inhibited the binding of PGD, to
recombinant guinea pig DP, but it did not inhibit the PGD,-in-
duced shape change of guinea pig eosinophils, a response solely
mediated by CRTH2. Moreover, BWAS868c¢ did not inhibit the che-
motaxis of human eosinophils toward eotaxin and LTB,. Finally,
the selectivity of the DP antagonist was also demonstrated by its
lack of effect when eosinophil mobilization from bone marrow was
induced by the selective CRTH2 agonist, DK-PGD,.

Whether eosinophils express the corresponding DP receptor
protein has not been investigated before. Using immunohistochem-
istry we found that eosinophils in human bone marrow and in
peripheral blood express both CRTH2 and DP receptors, which
further emphasizes the importance of DP in eosinophil trafficking.
BW245c and ZK110841 have previously been described as selec-
tive DP agonists, which can potently mimic those PGD, effects
that are mediated by the DP receptor, such as inhibition of platelet
aggregation, vasodilation and ocular hypotension (24, 37, 38).
BW?245c¢ has been reported to delay eosinophil apoptosis at supra-
maximal (1 uM) concentration (10). In this study, we found that
BW245c and ZK110841 were not chemotactic for eosinophils, and
none of the DP agonists induced the mobilization of eosinophils
from in the in situ perfused guinea pig hind limb preparation. On
the contrary, BW245¢ actually inhibited the responses to PGD,,
i.e., the chemotaxis of peripheral blood eosinophils and eosinophil
release from bone marrow. However, eosinophil mobilization in-
duced by DK-PGD, was not attenuated by BW245c.

These observations suggest that the DP receptor, that is involved
in eosinophil locomotion, behaves differently than the DP recep-
tors in the vasculature or platelets: although BWA868c is a DP
antagonist in all these cell types (38, 39), BW245c is a DP agonist
in platelets and vascular smooth muscle (39, 40), but it does not
activate chemotactic pathways in eosinophils and even might act
as a DP antagonist in eosinophil responses. Similar disparities had
been observed in the conjunctiva, where PGD, increased conjunc-
tival microvascular permeability in a BWA868C-sensitive manner,
despite the fact that BW?245c failed to evoke a plasma exudation
response (25). These findings might be explained by unique cou-
pling of the DP receptor in eosinophils: previous studies by others
and our own data suggest that activation of CRTH2 in eosinophils
leads to shape change through G, G-proteins, phospholipase C,
Ca®>* mobilization from intracellular stores, MAP kinases, and
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actin polymerization (17, 41), while the CRTH2-mediated chemo-
taxis of eosinophils depends on G;,, (36). By contrast, DP is cou-
pled to G, and activation of adenylyl cyclase (3, 41). From our data
it appears that the events leading to PGD,-stimulated shape change
are solely mediated by CRTH2 without an involvement of DP.
Monneret et al. (41) have shown that both PGD, and BW245¢
stimulate cAMP formation in eosinophils in a BWA868c-sensitive
manner. However, an increase of cAMP is likely to attenuate eo-
sinophil chemotaxis (42) and blockade of DP with BWA868c am-
plifies the PGD,-induced up-regulation of CD11b (41). Therefore,
DP must be linked to additional yet unknown mechanisms that
positively control eosinophil locomotion. Our data with chemo-
taxis of human eosinophils and release of bone marrow eosinophils
suggest that this additional mechanism is not activated by
BW245c. But since BW245c has the same binding site to the DP
receptor as PGD, (Fig. 1), it acts as an antagonist with respect to
this putative novel mechanism. This is reminiscent of a recent
observation made by our group showing that some CRTH2 antag-
onists can selectively block PGD,-induced arrestin translocation
but not the activation of heterotrimeric G-proteins (43). Gervais
et al. (10) have suggested that PGD, can delay the onset of apo-
ptosis in cultured eosinophils through activation of DP. However,
during the course of the chemotactic response (1 h of incubation at
37°C) we did not observe an anti-apoptotic effect of PGD, nor a
proapoptotic or toxic effect of the DP antagonist BWA868c as
investigated using annexin-V/propidium iodide staining (n = 6,
data not shown). This demonstrated that the reduced migratory
response toward PGD, after pretreatment with the DP antagonist
cannot be attributed to reduced cell viability. Thus, further studies
are needed to define the mechanisms by which DP activation pos-
itively modulates the PGD,-induced locomotion of eosinophils.
Eosinophil influx to sites of allergic reactions is associated with
tissue injury and airway hyperresponsiveness (44). In animal mod-
els of allergy, mice genetically deficient in eosinophils show re-
duced tissue damage and airway hyperresponsiveness (45, 46).
Asthmatic patients that had been medicated with respect to eosin-
ophil counts in sputum have significantly fewer severe asthma ex-
acerbations than patients receiving conventional therapy (47). The
magnitude of eosinophil infiltration at inflammatory sites is deter-
mined both by the supply of eosinophils from the bone marrow and
the rate of cell extravasation into the tissue. Our current data sug-
gest that CRTH2 is involved in the rapid mobilization of eosino-
phils from the bone marrow. In addition, previous in vivo studies
have also suggested a proinflammatory role for the second PGD,
receptor, DP; antagonists of DP were found to block Ag-induced
inflammation in the guinea pig (30), and DP-deficient mice re-
sponded to allergen challenge with reduced pulmonary inflamma-
tion (31). However, the pharmacological mechanisms that underlie
these observations have remained unclear. Here we have demon-
strated for the first time that eosinophils in the bone marrow and in
peripheral blood express the DP receptor and that DP is substan-
tially involved in eosinophil recruitment. This notion applies both
to eosinophil release from the bone marrow and chemotaxis. Our
current data provide novel insights into the roles of PGD, in eo-
sinophil function and hence add further evidence for the potential
usefulness of DP antagonists in the treatment of allergic disease.

Disclosures
The authors have no financial conflict of interest.

References
1. Schleimer, R. P., C. C. Fox, R. M. Naclerio, M. Plaut, P. S. Creticos,
A. G. Togias, J. A. Warner, A. Kagey-Sobotka, and L. M. Lichtenstein. 1985.
Role of human basophils and mast cells in the pathogenesis of allergic diseases.
J. Allergy Clin. Immunol. 76: 369-374.

20.

21.

22.

23.

24.

DP RECEPTORS AND EOSINOPHIL TRAFFICKING

. 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. fm-
munol. 168: 443-449.

. Kostenis, E., and T. Ulven. 2006. Emerging roles of DP and CRTH2 in allergic

inflammation. Trends Mol. Med. 12: 148—-158.

. Hamid-Bloomfield, S., A. N. Payne, A. A. Petrovic, and B. J. Whittle. 1990. The

role of prostanoid TP- and DP-receptors in the bronchoconstrictor effect of in-
haled PGD, in anaesthetized guinea-pigs: effect of the DP-antagonist BW
A868C. Br. J. Pharmacol. 100: 761-766.

. 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: 195-199.

. 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: 255-261.

. Monneret, G., H. Li, J. Vasilescu, J. Rokach, and W. S. Powell. 2002. 15-De-

oxy-6 12,14-prostaglandins D, and J, are potent activators of human eosinophils.
J. Immunol. 168: 3563-3569.

. Heinemann, A., R. Schuligoi, I. Sabroe, A. Hartnell, and B. A. Peskar. 2003.

812-prostaglandin J,, a plasma metabolite of prostaglandin D,, causes eosinophil
mobilization from the bone marrow and primes eosinophils for chemotaxis. J. Im-
munol. 170: 4752-4758.

. Bohm, E., G. J. Sturm, I. Weiglhofer, H. Sandig, M. Shichijo, A. McNamee,

J. E. Pease, M. Kollroser, B. A. Peskar, and A. Heinemann. 2004. 11-Dehydro-
thromboxane B2, a stable thromboxane metabolite, is a full agonist of chemoat-
tractant receptor-homologous molecule expressed on TH2 cells (CRTH2) in hu-
man eosinophils and basophils. J. Biol. Chem. 279: 7663-7670.

. 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 PGD2 receptors CRTH2
and DP. J. Allergy Clin. Immunol. 108: 982-988.

. Xue, L., S. L. Gyles, F. R. Wettey, L. Gazi, E. Townsend, M. G. Hunter, and

R. Pettipher. 2005. Prostaglandin D, causes preferential induction of proinflam-
matory Th2 cytokine production through an action on chemoattractant receptor-
like molecule expressed on Th2 cells. J. Immunol. 175: 6531-6536.

. Yoshimura-Uchiyama, C., M. likura, M. Yamaguchi, H. Nagase, A. Ishii,

K. Matsushima, K. Yamamoto, M. Shichijo, K. B. Bacon, and K. Hirai. 2004.
Differential modulation of human basophil functions through prostaglandin D,
receptors DP and chemoattractant receptor-homologous molecule expressed on
Th2 cells/DP2. Clin. Exp. Allergy 34: 1283-1290.

. 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: 2972-2979.

. Almishri, W., C. Cossette, J. Rokach, J. G. Martin, Q. Hamid, and W. Powell.

2005. Effects of prostaglandin D,, 15-deoxy-812,14-prostaglandin J,, and selec-
tive DP1 and DP2 receptor agonists on pulmonary infiltration of eosinophils in
Brown Norway rats. J. Pharmacol. Exp. Ther. 313: 64—69.

. Shiraishi, Y., K. Asano, T. Nakajima, T. Oguma, Y. Suzuki, T. Shiomi,

K. Sayama, K. Niimi, M. Wakaki, J. Kagyo, et al. 2005. Prostaglandin D,-in-
duced eosinophilic airway inflammation is mediated by CRTH2 receptor.
J. Pharmacol. Exp. Ther. 312: 954-960.

. Spik, 1., C. Brenuchon, V. Angeli, D. Staumont, S. Fleury, M. Capron,

F. Trottein, and D. Dombrowicz. 2005. Activation of the prostaglandin D, re-
ceptor DP2/CRTH?2 increases allergic inflammation in mouse. J. Immunol. 174:
3703-3708.

. Stubbs, V. E., P. Schratl, A. Hartnell, T. J. Williams, B. A. Peskar,

A. Heinemann, and I. Sabroe. 2002. Indomethacin causes prostaglandin D,-like
and eotaxin-like selective responses in eosinophils and basophils. J. Biol. Chem.
277: 26012-26020.

. 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: 981-985.

. Ulven, T., and E. Kostenis. 2006. Targeting the prostaglandin D, receptors DP

and CRTH2 for treatment of inflammation. Curr. Top. Med. Chem. 6: 1427-1444,
Boie, Y., N. Sawyer, D. M. Slipetz, K. M. Metters, and M. Abramovitz. 1995.
Molecular cloning and characterization of the human prostanoid DP receptor.
J. Biol. Chem. 270: 18910—18916.

Gerashchenko, D., C. T. Beuckmann, Y. Kanaoka, N. Eguchi, W. C. Gordon,
Y. Urade, N. G. Bazan, and O. Hayaishi. 1998. Dominant expression of rat
prostanoid DP receptor mRNA in leptomeninges, inner segments of photorecep-
tor cells, iris epithelium, and ciliary processes. J. Neurochem. 71: 937-945.
Nantel, F., C. Fong, S. Lamontagne, D. H. Wright, A. Giaid, M. Desrosiers,
K. M. Metters, G. P. O’Neill, and F. G. Gervais. 2004. Expression of prosta-
glandin D synthase and the prostaglandin D2 receptors DP and CRTH2 in human
nasal mucosa. Prostaglandins Other Lipid Mediat. 73: 87-101.

Wright, D. H., A. W. Ford-Hutchinson, K. Chadee, and K. M. Metters. 2000. The
human prostanoid DP receptor stimulates mucin secretion in LS174T cells.
Br. J. Pharmacol. 131: 1537-1545.

Woodward, D. F., S. B. Hawley, L. S. Williams, T. R. Ralston, C. E. Protzman,
C. S. Spada, and A. L. Nieves. 1990. Studies on the ocular pharmacology of
prostaglandin D2. Invest. Ophthalmol. Visual Sci. 31: 138-146.

202 INdy 61 U0 1s8n6 Aq Jpd Z6.700.06 L OWIZ/Z8E6HZ /261 L6 L/3Pd-Blonie/ounwwif/Bio jounwwil mmm//:diy woy pepeojumoq



The Journal of Immunology

25.

26.

217.

28.

29.

34.

35.

36.

37.

38.

Woodward, D. F., C. S. Spada, S. B. Hawley, L. S. Williams, C. E. Protzman, and
A. L. Nieves. 1993. Further studies on ocular responses to DP receptor stimula-
tion. Eur. J. Pharmacol. 230: 327-333.

Wheeldon, A., and C. J. Vardey. 1993. Characterization of the inhibitory prosta-
noid receptors on human neutrophils. Br. J. Pharmacol. 108: 1051-1054.
Rossi, A. G., J. M. Cousin, I. Dransfield, M. F. Lawson, E. R. Chilvers, and
C. Haslett. 1995. Agents that elevate cAMP inhibit human neutrophil apoptosis.
Biochem. Biophys. Res. Commun. 217: 892—899.

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—-4952.

Fitzpatrick, F. A., and M. A. Wynalda. 1983. Albumin-catalyzed metabolism of
prostaglandin D,: identification of products formed in vitro. J. Biol. Chem. 258:
11713-11718.

. 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:
411-419.

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

Y. Sugimoto, T. Kobayashi, F. Ushikubi, Y. Aze, et al. 2000. Prostaglandin D2
as a mediator of allergic asthma. Science 287: 2013-2017.

. Parkar, A., P. August, T. Kuntzweiler, M. A. Ardati, and N. Baskaran. 2005.

Nucleic acid encoding a novel prostaglandin receptor protein and methods of use
thereof. WO 2005-0662209 Al.

. Sturm, G. J., R. Schuligoi, E. M. Sturm, J. F. Royer, D. Lang-Loidolt,

H. Stammberger, R. Amann, B. A. Peskar, and A. Heinemann. 2005. 5-oxo-
6,8,11,14-eicosatetraenoic acid is a potent chemoattractant for human basophils.
J. Allergy Clin. Immunol. 116: 1014-1019.

Palframan, R. T., P. D. Collins, T. J. Williams, and S. M. Rankin. 1998. Eotaxin
induces a rapid release of eosinophils and their progenitors from the bone mar-
row. Blood 91: 2240-2248.

Arunlakshana, O., and H. O. Schild. 1959. Some quantitative uses of drug an-
tagonists. Br. J. Pharmacol. Chemother. 14: 48-58.

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: 347-352.

Giles, H., P. Leff, M. L. Bolofo, M. G. Kelly, and A. D. Robertson. 1989. The
classification of prostaglandin DP-receptors in platelets and vasculature using
BW A868C, a novel, selective and potent competitive antagonist.
Br. J. Pharmacol. 96: 291-300.

Sharif, N. A., J. Y. Crider, S. X. Xu, and G. W. Williams. 2000. Affinities,
selectivities, potencies, and intrinsic activities of natural and synthetic prosta-

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

4799

noids using endogenous receptors: focus on DP class prostanoids. J. Pharmacol.
Exp. Ther. 293: 321-328.

Walch, L., C. Labat, J. P. Gascard, V. de Montpreville, C. Brink, and X. Norel.
1999. Prostanoid receptors involved in the relaxation of human pulmonary ves-
sels. Br. J. Pharmacol. 126: 859—866.

Whittle, B. J., S. Moncada, K. Mullane, and J. R. Vane. 1983. Platelet and car-
diovascular activity of the hydantoin BW245C, a potent prostaglandin analogue.
Prostaglandins 25: 205-223.

Monneret, G., S. Gravel, M. Diamond, J. Rokach, and W. S. Powell. 2001. Pros-
taglandin D, is a potent chemoattractant for human eosinophils that acts via a
novel DP receptor. Blood 98: 1942-19438.

Kaneko, T., R. Alvarez, I. F. Ueki, and J. A. Nadel. 1995. Elevated intracellular
cyclic AMP inhibits chemotaxis in human eosinophils. Cell. Signal. 7: 527-534.
Mathiesen, J. M., T. Ulven, L. Martini, L. O. Gerlach, A. Heinemann, and
E. Kostenis. 2005. Identification of indole derivatives exclusively interfering with
a G protein-independent signaling pathway of the prostaglandin D, receptor
CRTH2. Mol. Pharmacol. 68: 393—402.

Bousquet, J., P. Chanez, J. Y. Lacoste, G. Barneon, N. Ghavanian, I. Enander,
P. Venge, S. Ahlstedt, J. Simony-Lafontaine, P. Godard, et al. 1990. Eosinophilic
inflammation in asthma. N. Engl. J. Med. 323: 1033-1039.

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:
1776-1779.

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: 1773-1776.
Green, R. H., C. E. Brightling, S. McKenna, B. Hargadon, D. Parker,
P. Bradding, A. J. Wardlaw, and 1. D. Pavord. 2002. Asthma exacerbations and
sputum eosinophil counts: a randomised controlled trial. Lancet 360: 1715-1721.
Coleman, R. A., and R. L. Sheldrick. 1989. Prostanoid-induced contraction of
human bronchial smooth muscle is mediated by TP-receptors. Br. J. Pharmacol.
96: 688—-692.

Ney, P., and K. Schror. 1991. PGD, and its mimetic ZK 110.841 are potent
inhibitors of receptor-mediated activation of human neutrophils. Eicosanoids 4:
21-28.

Trist, D. G., B. A. Collins, J. Wood, M. G. Kelly, and A. D. Robertson. 1989. The
antagonism by BW A868C of PGD, and BW245C activation of human platelet
adenylate cyclase. Br. J. Pharmacol. 96: 301-306.

Ogletree, M. L., D. N. Harris, R. Greenberg, M. F. Haslanger, and M. Nakane.
1985. Pharmacological actions of SQ 29,548, a novel selective thromboxane
antagonist. J. Pharmacol. Exp. Ther. 234: 435-341.

Ulven, T., and E. Kostenis. 2005. Minor structural modifications convert the dual
TP/CRTH2 antagonist ramatroban into a highly selective and potent CRTH2
antagonist. J. Med. Chem. 48: 897-900.

20z Iidy 61 U0 3s8nb Aq Jpd'Z6.700.06 L OWIZ/Z8E6HZ /261 LI6.LL/Pd-8oiE/oUNWWI/BI0 jounwwil mmm//:diy woly papeojumoq



