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BACKGROUND AND PURPOSE
The discovery of DP2 as a second receptor for PGD2 has prompted the search for antagonists as potential novel therapies
based on the associations between PGD2 and disease. Here we describe the biochemical and pharmacological properties of
4-(acetylamino)-3-[(4-chlorophenyl)thio]-2-methyl-1H-indole-1-acetic acid (AZD1981), a novel DP2 receptor antagonist.

EXPERIMENTAL APPROACH
Binding to DP2, functional receptor pharmacology and selectivity were studied in both human and animal systems.

KEY RESULTS
AZD1981 displaced radio-labelled PGD2 from human recombinant DP2 with high potency (pIC50 = 8.4). Binding was
reversible, non-competitive and highly selective against a panel of more than 340 other enzymes and receptors, including DP1

(>1000-fold selective). AZD1981 inhibited DP2-mediated shape change and CD11b up-regulation in human eosinophils, shape
change in basophils and chemotaxis of human eosinophils and Th2 cells with similar potency. AZD1981 exhibited good
cross-species binding activity against mouse, rat, guinea pig, rabbit and dog DP2. Evaluation in mouse, rat or rabbit cell
systems was not possible as they did not respond to DP2 agonists. Agonist responses were seen in guinea pig and dog, and
AZD1981 blocked DP2-mediated eosinophil shape change. Such responses were more robust in the guinea pig, where
AZD1981 also blocked DP2-dependent eosinophil emigration from bone marrow.

CONCLUSIONS AND IMPLICATIONS
AZD1981 is a DP2 antagonist that blocks functional responses in eosinophils, Th2 cells and basophils. It exhibited similar
potency irrespective of the cell type, DP2 agonist or species used. This selective orally active agent is currently under clinical
evaluation as a potential therapeutic agent in respiratory diseases including asthma.

Abbreviations
DP2, chemoattractant receptor-homologous molecule expressed on Th2 cells; FEV1, forced expiratory volume in 1 s;
IC50, concentration of compound causing 50% inhibition of binding of [3H]PGD2 to the receptor; logD7.4, distribution
coefficient between 1-octanol and aqueous buffer at pH 7.4; PE, phycoerythrine; pIC50, negative logarithm of the IC50;
pKa, acid dissociation constant
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Introduction
PGD2 is a major product of the COX pathway and has long
been implicated in diseases such as asthma and allergic rhini-
tis. High levels are seen in the bronchoalveolar lavage fluid of
asthmatic patients, both constitutively and following acute
antigen challenge (Murray et al., 1986; Wenzel et al., 1989;
Liu et al., 1990; Crea et al., 1992; Nowak et al., 1993). Elevated
levels of PGD2 have also been measured in allergen-
challenged rhinitis patients (Horak et al., 1998). The major
source of PGD2 in allergic disease is thought to be the mast
cell that releases the prostanoid in response to allergen acti-
vation of high-affinity IgE receptors (Anhut et al., 1978; Lewis
et al., 1982). More recently, it has been reported that patients
with severe asthma have higher sputum PGD2 levels relative
to other steroid-treated asthmatic patients (Balzar et al.,
2011). Interestingly, accumulation of a particular subtype of
PGD2-producing mast cells in the airway submucosa and epi-
thelium is found in such patients (Balzar et al., 2011). Acti-
vation of these cells may therefore contribute to increases in
local PGD2 levels in severe asthmatic patients.

Two distinct receptors are activated by PGD2: DP1 and DP2.
DP1 was the first PGD2 receptor to be identified and has been
proposed as a target for therapy of allergic disease and asthma
(Matsuoka et al., 2000). Clinical trials of selective DP1 antago-
nists (laropiprant and S-5751) have so far failed to show any
benefit in asthma or rhinitis (Philip et al., 2009; Arimura,
2010). Suboptimal properties may be responsible for the poor
efficacy of S-5751 as a follow-up compound (S-555739) is still
in clinical development. However, this cannot be said for
laropiprant, which shows a clear benefit in niacin-mediated
flushing, a response dependent on systemic PGD2 (Sanyal
et al., 2010) and indicates that laropiprant achieved adequate
systemic exposure to fully inhibit the receptor. These findings
suggest that PGD2 activation of the DP1 receptor is not
involved in the pathogenesis of asthma or rhinitis. Indeed,
evidence has been presented indicating that DP1 rather than
being a pro-inflammatory receptor may mediate a number of
anti-inflammatory actions of PGD2 (Angeli et al., 2004; Spik
et al., 2005). However, the properties of the second high-
affinity receptor for PGD2, DP2 (chemoattractant receptor-
homologous molecule expressed on Th2 cells, also called DP2

or GPR44) (Hirai et al., 2001) suggest that it may be respon-
sible for pro-inflammatory activities of PGD2.

DP2 is a class A GPCR that, in humans, is expressed on the
surface of eosinophils, basophils and a subset of Th2 lym-
phocytes (Nagata et al., 1999a; 1999b; Hirai et al., 2001).
Activation of DP2 on these cells promotes shape change,
increased CD11b expression (a cell surface protein that facili-
tates cell adhesion to the vascular cell wall and movement of
cells from the circulation to the site of inflammation) and
chemotaxis (Monneret et al., 2001; Gyles et al., 2006). DP2

promotes additional responses besides chemotaxis including
cytokine production by Th2 lymphocytes (Xue et al., 2005;
2009a; Pettipher and Hansel, 2008), prevention of Th2 cell
apoptosis (Xue et al., 2009b) and priming/degranulation of
eosinophils (Gervais et al., 2001; Schuligoi et al., 2010).

PGD2 in the lungs of asthmatic patients acting through
DP2 may, therefore, play a central role in the pathogenic
inflammation that typifies asthma by promoting the accumu-
lation and activation of inflammatory cells, including Th2

lymphocytes, eosinophils and basophils (Pettipher and
Hansel, 2008; Schuligoi et al., 2010). Some support for this
hypothesis comes from preclinical models of airway inflam-
mation that show blockade of DP2 activation significantly
reduces experimental allergic airway inflammation (Ulven
et al., 2006; Uller et al., 2007; Lukacs et al., 2008; Stebbins
et al., 2010). However, there are contradictory reports in DP2

knock-out mice with Chevalier et al. (2005), concluding that
DP2 plays a restrictive role in IL5 production and eosinophil
recruitment; whereas a second group using independently
derived knock-out mice (Satoh et al., 2006), suggesting that
DP2 plays an essential role in chronic allergic inflammation.
Several DP2 antagonists have progressed into man (Norman,
2010; Ulven and Kostenis, 2010; Pettipher and Whittaker,
2012) and preliminary reports describe positive effects in
allergen induced eosinophil numbers in the lung (Singh et al.,
2012) and in asthma, improvements in forced expiratory
volume in 1 s (FEV1), quality of life and nighttime symptoms
(Barnes et al., 2012). Blockade of DP2 has therefore emerged as
an interesting oral non-steroidal therapeutic approach to the
treatment of asthma (Schuligoi et al., 2010).

Shortly after PGD2 was found to be a natural ligand for
DP2, several groups, including ourselves, independently made
the observation that indomethacin had partial agonist activ-
ity at this receptor (Hirai et al., 2002; Stubbs et al., 2002).
Using indomethacin as a chemical starting point, we
embarked on a programme to discover novel selective antago-
nists. Here we report the preclinical in vitro biochemical and
pharmacological properties of AZD1981, a novel DP2 receptor
antagonist currently under clinical evaluation as a potential
therapeutic agent in respiratory diseases including asthma.

Methods

AZD1981
AZD1981, 4- (acetylamino)-3- [ (4 - chlorophenyl) thio] - 2 -
methyl-1H-indole-1-acetic acid, was synthesized by the
Department of Medicinal Chemistry of AstraZeneca R&D
Charnwood, Loughborough, UK (Bonnert and Rasul, 2004;
Luker et al., 2011). Determinations of the physical properties
of the compound were made by the Department of Physical
Chemistry of AstraZeneca R&D Charnwood, Loughborough,
UK. The logD7.4 (distribution coefficient between 1-octanol
and aqueous buffer, logDO/W, at pH 7.4) was measured using a
method based on the traditional shake flask technique, but
with the modification of measuring compounds in mixtures
of up to five at a time using HPLC with quantitative MS to
measure the relative octanol and aqueous concentrations.
Plasma protein binding was determined using equilibrium
dialysis of the compound between plasma and buffer at 37°C.
The concentrations of compound in the plasma and buffer
were then determined using HPLC with UV quantification
and MS identification. Solubility was determined by genera-
tion of a saturated solution of the compound, followed by
assaying the solution using HPLC with UV quantification and
MS identification. A Sirius GLpKa instrument with dip probe
absorption spectroscopy (DPAS) attachment was used to
measure the acid dissociation constant (pKa).
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DP2 binding studies
A scintillation proximity assay (SPA) following 3H]PGD2

binding to membranes of HEK cells expressing recombinant
DP2 was used. The potency of AZD1981 as an antagonist was
determined by quantifying its ability to displace specific
radio-ligand binding (Royer et al., 2008). Briefly, membranes
from HEK293 expressing recombinant human DP2 were pre-
bound to Wheat Germ Agglutinin-coated PVT-SPA beads
(Amersham, Little Chalfont, UK) for 18 h at 4°C. Assays were
started by the addition of 25 mL of membrane-coated beads
(10 mg mL-1 of beads) to an assay buffer (50 mm HEPES
pH 7·4 containing 5 mm MgCl2) containing 2·5 nM [3H]PGD2

in the absence or the presence of increasing concentrations of
the tested compounds (50 mL final volume). Non-specific
binding was determined in the same conditions but in the
presence of 10 mM DK-PGD2. Plates were incubated for 2 h at
room temperature, and bead-associated radioactivity was
measured using a Wallac Microbeta counter (Perkin Elmer,
Beaconsfield, UK). The concentration of the compounds
causing 50% inhibition of binding of [3H]PGD2 to the recep-
tor was calculated (IC50). Ki values have not been derived
from IC50, as there is no evidence of a simple competitive
interaction with PGD2 (see below).

The same methodology was used for recombinant
human, murine, rat, guinea pig, dog and rabbit DP2. Revers-
ibility of binding to the human receptor was assessed by
recovery of [3H]PGD2 binding after removal of AZD1981
by washing of the membrane-coated SPA beads. HEK-
membrane-coated beads were incubated in the presence of
AZD1981 for 2 h at room temperature to bind the compound
to DP2. To remove the bound AZD1981, beads were centri-
fuged (1 min at 1300¥ g), and the pellet resuspended in 1 mL
of assay buffer. This was repeated four times. Aliquots (30 mL)
were transferred to 96-well plates, and [3H]PGD2 binding was
evaluated as above. Parallel samples containing (i) 10 mM
DK-PGD2 during the 2 h incubation and in the wash buffer;
(ii) AZD1981 at 2 mM in the wash buffer; and (iii) vehicle were
processed alongside to determine non-specific binding and
the ‘no wash’ condition whilst controlling for loss of beads
during the washing process. The time from first wash to end
of first reading was approximately 13 min.

Receptor and enzyme selectivity studies
The drug/molecular target nomenclature used below con-
forms to the British Journal of Pharmacology’s Guide to Recep-
tors and Channels (Alexander et al., 2011).

DP1 receptor binding. The potency of AZD1981 as an antago-
nist at the human DP1 receptor was determined by quantify-
ing its ability to displace specific binding of [3H]PGD2 from
membranes of HEK cells expressing recombinant human DP1

receptors, as described above for DP2.

General selectivity. The general selectivity of AZD1981 was
also assessed against enzymes or receptors at a single test
concentration of 10 mM by Ricerca Biosciences (formally MDS
Pharma, http://www.ricerca.com/discovery-pharmacology.
asp) and CEREP (http://www.cerep.fr/Cerep/Users/index.asp)
according to their standard protocols. IC50 determinations
were made where greater than 50% inhibition was seen at the
10 mM concentration.

Aldose and aldehyde reductase. Inhibition of human recom-
binant aldose reductase and aldehyde reductase was deter-
mined by quantifying its effects on enzyme-catalysed
conversion of DL-glyceraldehyde to glycerol and D-glucuronic
acid to L-gulonic acid respectively. Human recombinant
enzymes were obtained from Dr K Bohren, Department of
Pediatrics, Baylor College of Medicine, Texas Children’s
Hospital, Houston, Texas, USA. Assays were performed in
UV clear 96-well plates in a final volume of 200 mL. Each
well contained AZD1981, recombinant human enzyme
(10 mg·mL-1 aldose reductase diluted in 5 mM sodium phos-
phate buffer pH 7.5 containing 5 mM 2-mercaptoethanol or
2.5 mg·mL-1 aldehyde reductase diluted in 5 mM sodium phos-
phate buffer pH 7.5), substrate (0.2 mM DL-glyceraldehyde for
aldose reductase or 2 mM D-glucuronic acid for aldehyde
reductase) and NADPH (0.2 mM) in 0.1 M sodium phosphate
buffer pH 7.0. The rate of reaction was measured by monitor-
ing the decrease in absorbance at 340 nm.

Functional activity studies
CD11b up-regulation on eosinophils in a mixed leukocyte prepa-
ration. Human leukocytes were prepared from blood taken
by venipuncture from healthy volunteers using Polymor-
phprep (Axis Shield, Oslo, Norway). Plasma was retained and
centrifuged at 725¥ g for 10 min at room temperature to
remove platelets and any contaminating red blood cells for
use during the cell fixation step later in the procedure. Granu-
locytes were washed in HBSS containing 20 mM HEPES
pH 7.4 (HBSS/HEPES), re-suspended at 3.5 ¥106 cells·mL-1 in
HBSS/HEPES and rested at room temperature for 30 min
before use.

Assays contained AZD1981 or vehicle control [2 mL at 50
times the required final concentration in HBSS/HEPES con-
taining 5% dimethyl sulphoxide (DMSO)], 78 mL of cell sus-
pension, 10 mL of antibody mix or isotype control and 10 mL
of agonist [13,14-dihydro-15-keto-PGD2 (DK-PGD2, Cayman
Chemical Co., Ann Arbor, MI, USA) in HBSS/HEPES con-
taining 0.1% DMSO]. The antibody mix was prepared by
diluting FITC-labelled murine anti-human CD11b antibody
(MHCD11b01 4, CALTAG Medsystems, Burlingame, CA,
USA) and PE-labelled murine anti-human CD16 antibody
(MHCD1604 4 CALTAG Medsystems) 1 in 5 in PBS contain-
ing 2 mM sodium azide and 0.5% w/v BSA. A solution of the
respective isotype control immunoglobulins (MG101 and
MG104 CALTAG Medsystems) was prepared by dilution in
the same buffer. AZD1981 was pre-incubated with cells for
15 min before addition of the antibody mix and agonist.
After incubation for 15 min at 37°C, cells were fixed by addi-
tion of 10 mL of ice-cold autologous plasma followed by
100 mL of ice-cold 0.05% formaldehyde in HBSS/HEPES and
left in the dark for 15 min at room temperature. Fixed cells
were transferred to tubes suitable for use with the flow cytom-
eter, red blood cell lysis solution (150 mM NH4Cl, 10 mM
KHCO3 1.27 mM EDTA pH 7.0, 800 mL) added, and the cells
were incubated at room temperature for 10 min. Cells were
finally pelleted by centrifugation (530¥ g for 5 min room
temperature) and re-suspended in 0.3 mL of PBS containing
0.1% v/v CellFIXTM (Beckton Dickinson, Cowley, UK). CD11b
expression was determined by flow cytometry. The eosi-
nophil population within the granulocytes was gated on the
basis of forward scatter/side scatter profile and low CD16
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expression. CD11b expression was measured as the median
peak fluorescence (MdX value) through FL-1.

Human eosinophil shape change assay. Human blood was
taken by venipuncture from healthy volunteers into lithium
heparin tubes and pre-treated at room temperature for
60 min with AZD1981 or vehicle by adding AZD1981 or
vehicle directly to the tube from 100-fold concentrated
stocks. Each well in a 96-well deep-well polypropylene plate
contained 15R-methyl PGD2 (10 mL at 10 times the required
final concentration) or vehicle (assay buffer containing 1.12%
DMSO) and 90 mL of blood pre-treated with compound or
vehicle. Plates were incubated for 15 min at 37°C, after which
cells were fixed by addition of 100 mL of Optilyse B (Beckman
Coulter, UK). After 10 min at room temperature, 1 mL of
de-ionized water was added to each well, the samples allowed
to stand at room temperature for 30 min and centrifuged for
5 min at 500¥ g at 15°C. Cells were finally re-suspended in
500 mL PBS containing 1% (v : v) Cyto-Chex (Alpha Labs,
Eastleigh, UK). Shape change was analysed using a Coulter
FC500 flow cytometer, and the eosinophil population within
the granulocytes was gated on the basis of Forward Scatter/
Side Scatter profile and high autofluorescence.

Human basophil shape change assay. Peripheral venous blood
was drawn from healthy volunteers of either sex aged 20 to 40
years, after written informed consent as approved by the
Institutional Review Board of the Medical University of Graz.
Samples of citrated whole blood were labelled with FITC-
conjugated HLA-DR and phycoerythrine (PE)-conjugated
CD123 monoclonal antibodies (1:50 each) and pre-incubated
with vehicle or AZD 1981 for 10 min at 37°C. Ninety-
microlitre aliquots of whole blood were stimulated with 10 mL
PGD2 for 4 min at 37°C. The samples were then transferred to
ice and fixed with 250 mL of fixative solution followed by
NH4Cl-induced lysis of red blood cells. Cells were then washed
and re-suspended in 250 mL of fixative solution. Samples were
immediately analysed on a FACSCalibur flow cytometer
(Becton Dickinson, Mountain View, CA, USA). Basophils
were gated as CD123-positive and HLA-DR-negative cells.
Responses were quantified as percent of cells that which
moved into a higher forward scatter gate initially defined to
contain <20% of basophils in a non-stimulated sample.

Guinea pig and dog leukocyte shape change assays. Leukocyte
shape change assays using guinea pig blood were performed
as described in Royer et al. (2008). For shape change assays on
dog cells, dog blood (9 mL) was taken from the jugular vein
into Li-Heparin as an anticoagulant. AZD1981 (10 mL at 10
times the final required concentration) or vehicle, Dulbecco’s
PBS pH 7.4 containing 10 mM HEPES, 10 mM glucose, 0.1%
BSA (assay buffer) and 1% DMSO, was mixed with agonist
(10 mL at 10 times final concentration required) or vehicle
(assay buffer) and 80 mL blood. After incubation with shaking
at 37°C for 15 min, tubes were transferred to an ice bath and
cells fixed by the addition of 200 mL fixative (10 times Cell-
FIXTM diluted 1:10 in distilled water and then 1:4 in Isoton),
and erythrocytes were lysed by the addition of 1 mL of
ammonium chloride lysis solution (150 mM NH4Cl, 10 mM
KHCO3 and 1.27 mM EDTA pH 7.0) and left at room tempera-
ture for at least 20 min. The tubes were centrifuged at 375¥ g

for 5 min, the supernatant discarded and cells re-suspended
in 200 mL of cell fixative (a 1 in 25 dilution of CellFIXTM in
distilled water, then a 1 in 4 dilution in Isoton II). Within 1 h,
shape change was determined using a Becton Dickinson
FACScan. Eosinophils were identified as described for guinea
pig blood (Royer et al., 2008).

Chemotaxis assays. Eosinophil chemotaxis studies were per-
formed using purified human eosinophils as previously
described (Royer et al., 2008).

DP2
+ T-cell lines were expanded from the peripheral blood

of healthy volunteers. The initial step involved isolation of
DP2

+ cells from nylon wool purified human peripheral blood
T cells using anti-DP2-specific antibodies coupled to magnetic
beads (Anti-DP2 Microbead kit 130-091-274, Miltenyi Biotec,
Surrey, UK). Purified DP2

+ T cells were expanded in culture
using a non-specific stimulus [anti-CD3/anti-CD28-coated
microbeads, Dynabeads, Invitrogen, Paisley, Scotland in
RPMI 1640 medium containing 10% human AB serum
Penicillin (100 U·mL-1), streptomycin (100 mg·mL-1), 2 mM
L-glutamine and 20 U·mL-1 human recombinant IL-2].
Expanded cells had a type 2 phenotype as indicated by high
IL-4 production and low IFNg production after stimulation
with anti-CD3/anti-CD28 or PHA/PMA. DP2 expression was
monitored by flow cytometry using PE-labelled anti-DP2 anti-
bodies (clone BM16, Beckman Coulter) and was stable for at
least five rounds of expansion (data not shown). Chemotaxis
assays, cells were performed at least 5 days after the removal
of the anti-CD3/anti-CD28 beads. T cells in RPMI 1640
containing 20 mM HEPES pH 7.4 and 5% human AB serum
were applied to the upper surface of 96-well Chemo Tx™
microplates (101-5), 5 mm pore size, 3.2 mm diameter well
(Neuroprobe). The lower wells contained DK-PGD2. An equal
concentration of AZD1981 was also present in the upper and
lower solutions. After incubation for 1 h at 37°C/5% CO2,
migrated cells were transferred to a fresh 96-well plate and
quantified by cell-associated LDH using a commercially avail-
able kit (Cytotox 96, Promega, Southhampton, UK). A stand-
ard curve relating cell number to absorbance was constructed
on a separate 96-well plate.

In situ perfusion of the guinea pig hind limb. Eosinophil mobi-
lization in isolated perfused guinea pig hind limb was meas-
ured as described previously (Royer et al., 2008).

Data analysis
Agonist and antagonist concentration–effect curves were
fitted to a 4-parameter logistic equation to estimate [A]50 and
[IC]50 values, both of which were assumed to be log-normally
distributed and quoted as p[A]50 and pIC50 values. In experi-
ments investigating effects on CD11b up-regulation on
human eosinophils, agonist concentration effect (E/[A])
data was fitted to the following model of non-competitive
antagonism:

E
E [A]

B K A K A
m

n n

B A
n n n

=
+ + +

τ
τ(( [ ] )([ ] )) [ ]1

(1)

in which Em is the maximum possible effect; n determines the
steepness of the occupancy–effect relationship; KB is the dis-
sociation constant of the non-competitive antagonist; t is the
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efficacy of the agonist. The fitting procedure provides an
estimate of KB.

Equation (1) describes non-competitive antagonism (see
Kenakin, 2009) in terms of the operational model of agonism
(Black and Leff, 1983). It assumes that antagonist binding
precludes binding of the agonist.

In the shape changes assays, E/[A] curve data were fitted
to the following equation to estimate the affinity (pA2) of
AZD1981:

pA B2 10 10 1= − + −log [ ] log ( )r (2)

in which [B] is the concentration of AZD1981 and r is the
concentration ratio calculated from the [A]50 obtained in the
presence and absence of AZD1981. In circumstances where
there is a substantial receptor reserve such that there is meas-
urable dextral displacement of the E/[A] curves, the pA2 value
estimated from equation (2) is a reliable estimate of pKB for
non-competitive antagonists (Kenakin, 2009).

Curve fitting procedures were performed using Excel,
Graph Pad Prism or Origin graphics packages. All data are
expressed as mean � SEM.

Results

AZD1981
The structure of AZD1981 is shown in Figure 1. The com-
pound is an indole acetic acid with high aqueous solubility,
relatively high plasma protein binding and moderately low
logD (Table 1).

AZD1981 blocks PGD2 binding to
human DP2
The potency of AZD1981 at human DP2 was measured with a
radioligand binding assay using membranes from HEK 293
cells expressing recombinant receptor. AZD1981 produced a
concentration-dependent displacement of the [3H]PGD2-
specific binding with a mean pIC50 of 8.4 � 0.1 (n = 25,
geometric mean IC50 of 4 nM, Figure 2A). The displacement
curve had a Hill slope of unity with no evidence of more than
one binding site. Binding to human DP2 was fully reversible
as assessed by the recovery of [3H]PGD2 binding within
13 min (the shortest possible time period in which a meas-
urement could be made) after removal of the compound
(Figure 2B). The [3H]PGD2 concentration used in the binding
assay was 2.5 nM. This was two- to threefold below its pKd,
which we measured to be 8.3 � 0.1 (n = 4) (Carrillo et al.,
2005).

In a separate set of experiments, we investigated the
potency of AZD1981 at different concentrations of [3H]PGD2.
The experimental binding windows at 0.5 and 50 nM
[3H]PGD2 were sevenfold and threefold respectively. At a
radioligand concentration of 0.5 nM the pIC50 value for this
displacement was 8.2 � 0.1 (n = 12 from six separate experi-
ments) (Figure 2C). A similar pIC50 value (8. 0 � 0.1, n = 12
from 6 separate experiments) was obtained at a 100-fold
higher radioligand concentration of 50 nM (Figure 2C), indi-
cating a non-competitive interaction. This behaviour was in
contrast to that seen with unlabelled PGD2 which was inves-
tigated in parallel. As expected, unlabelled PGD2 also pro-
duced a concentration-dependent displacement of [3H]PGD2

binding to human DP2. At the low radioligand concentration
of 0.5 nM the pIC50 value for this displacement was 8.3 � 0.2
(n = 12 from six separate experiments) (Figure 2D), but at the
higher radioligand concentration of 50 nM, the same prepa-
ration of unlabelled PGD2 generated a pIC50 value of 7.3 � 0.1
(n = 12 from six separate experiments). The difference in pIC50

values for unlabelled PGD2 were exactly in line with the
prediction by the Cheng–Prusoff relationship (Cheng and
Prusoff, 1973, using the KD valued for PGD2 quoted in
Table 3), suggesting that unlabelled PGD2 displaced the radio-
ligand competitively.

Selectivity of AZD1981
Activity against the other high-affinity receptor for PGD2 was
assessed in an identical binding assay where membranes from
HEK cells expressing recombinant human DP1 were used in

Figure 1
Structure ofAZD1981.

Table 1
Physical properties of AZD1981

Property Value

Molecular weight (free acid), Da 388.9

Log D7.4 -0.22

Plasma protein binding (% bound), human/rat/mouse/dog/rabbit/guinea pig 97.2/98.3/97.5/97.4/98.4/96.5

Solubility (in 10 mM sodium phosphate pH7.4 at 20°C) 1.87 mM

pKa 2.64
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place of DP2. AZD1981 had no significant affinity towards
recombinant human DP1 receptors with only a mean 27%
(range 14–50%; n = 4) displacement of [3H]PGD2-specific
binding observed at the highest concentration tested (10 mM)
(Figure 3A).

General selectivity was assessed against a panel of 338 in
vitro radioligand binding and enzyme assays, covering a
diverse range of receptors, ion channels, transporters and
enzymes, initially at a single concentration of 10 mM. This
included agents known to induce eosinophil and basophil
chemotaxis, CD11b up-regulation and shape change and
T-cell chemotaxis. Concentration–effect curves were gener-
ated for hits defined as >50% inhibition. Significant activity
was detected at two targets, rat aldose reductase and rat
steroid 5a-reductase (Table 2), while no activity was seen
against COX-1, COX-2 or the thromboxane A2 (TP) receptor.
Compared with the binding potency for DP2, AZD1981
showed 10-fold selectivity over rat aldose reductase and 1700-
fold selectivity over rat steroid 5a-reductase. Further charac-
terization of the activity of AZD1981 as inhibitor of human
recombinant aldose reductase and aldehyde reductase
enzyme activities revealed pIC50 values of 5.2 � 0.1 (n = 4)

and 5.8 � 0.1 (n = 3) respectively (Figure 3B). The correspond-
ing selectivity of AZD1981 for DP2 was, therefore, 1600-fold
for human aldose reductase and 400-fold for human alde-
hyde reductase.

AZD1981 blocks DP2-mediated CD11b
up-regulation in human eosinophils
Increasing concentrations of DK-PGD2 induced an increase in
expression of CD11b in eosinophils isolated from human

Figure 2
AZD1981 is a potent antagonist at DP2. (A) Displacement of specific binding of [3H]PGD2 (2.5 nM) to HEK cell membranes expressing recombinant
human DP2 by AZD1981. Values are mean � SEM (n = 25). (B) Reversibility of inhibition by AZD1981 of specific binding of [3H]PGD2 to HEK cells
transfected with human DP2. The inset shows the percentage recovery of [3H]PGD2 binding 13 min and 2 h after removal of AZD1981 compared
with control samples where membranes were washed in buffer containing AZD1981. Values are displayed as mean � SEM for duplicate values
from four separate experiments. The main panel shows results from one of the replicates contributing to the data in the inset and depicts [3H]PGD2

association to washed beads in comparison with control DP2 membrane-coated beads, which had not been treated AZD1981. The closed circles
show [3H]PGD2 association to beads washed with AZD1981 and define non-specific binding. (C) Displacement of specific binding of [3H]PGD2 (0.5
and 50 nM) to HEK cell membranes expressing recombinant human DP2 by AZD1981. (D) Displacement of specific binding of [3H]PGD2 (0.5 and
50 nM) to HEK cell membranes expressing recombinant human DP2 by unlabelled PGD2. For (C) and (D), values are displayed as mean � SEM
for duplicate values from six separate experiments.

Table 2
Hits from general selectivity testing

Target
% inhibition
at 10 mM pIC50 (mM)

Aldose reductase (rat) 98% 7.4

Steroid 5a-reductase (rat) 88% 5.2
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peripheral blood with a p[A]50 of 7.8 � 0.1 (n = 3, Figure 4A).
AZD1981 caused rightward shifts of the control DK-PGD2

concentration–effect curve and a depression of the maximum
responses at higher concentrations (Figure 4A). Analysis of
these data using a model of non-competitive antagonism
yielded an affinity (pKB) value for AZD1981 of 8.55 � 0.03,
(n = 3). This value was consistent with the potency
determined for displacement of 3H-PGD2 binding to human
recombinant DP2. Analysis of one of the replicates contribut-
ing to this data is shown in Figure 4B.

AZD1981 blocks DP2-mediated shape change
in human eosinophils and basophils in blood
The activity of AZD1981 was also investigated in whole
blood. In these experiments, DP2-mediated shape change
was chosen as the readout (Heinemann et al., 2003) as this
response is more suited for use as a clinical biomarker than
the CD11b assay relying on isolated leukocytes. In eosi-
nophils, a single concentration of 1 mM, AZD1981 caused a
large (20-fold) rightward parallel shift in the 15R-methyl
PGD2 E/[A] curve with no evidence of a decrease in the
maximal response (Figure 5A). Estimation of a pA2 from this
data (equation 2) gave a value of 7.3 � 0.02 (n = 4). In
basophils, 1 mM AZD1981 caused a slightly larger (70-fold)
rightward parallel shift in the PGD2 E/[A] curve with no
evidence of a decrease in the maximal response (Figure 5B).
Estimation of a pA2 from this data (equation 2) gave a value
of 7.5 � 0.47 (n = 5). As can be seen from the larger SEM
value, the response in basophils was not as robust as that seen
in eosinophils.

AZD1981 blocks DP2-mediated chemotaxis of
human Th2 cells and eosinophils
The ability of AZD1981 to block chemotaxis was investigated
in Th2 cells and eosinophils. PGD2 induced a concentration-
dependent chemotaxis of eosinophils isolated from human

Figure 3
AZD1981 is a selective DP2 antagonist: (A) Effect of AZD1981 on
specific binding of [3H]PGD2 to HEK cells transfected with human DP1

receptors. Values are displayed as mean � SEM (n = 4). (B) Effect of
AZD1981 on human recombinant aldose reductase and aldehyde
reductase enzyme activities. Values are displayed as mean � SEM
(n = 4).

Figure 4
AZD1981 blocks DP2-mediated up-regulation of CD11b expression in human eosinophils in vitro in the absence of plasma. (A) Effect of increasing
concentrations of AZD1981 on DK-PGD2-stimulated CD11b expression on partially purified human eosinophils in vitro. Values are mean � SEM
(n = 3). (B) Data from one of the replicates in (A) fitted to the equation for non-competitive antagonism (equation 1). The estimated pKB was 8.5.

BJP JA Schmidt et al.

1632 British Journal of Pharmacology (2013) 168 1626–1638



peripheral blood, but as typical of such systems, the E/[A]
curve was bell shaped (data not shown). The effect of
AZD1981 was therefore investigated using a single sub-
maximal concentration of agonist (1 mM). AZD1981 pro-
duced a concentration-dependent inhibition of eosinophil
migration with a pIC50 value of 7.6 � 0.1 (n = 4) (Figure 6A).
A similar bell-shaped E/[A] curve was obtained with chemo-
taxis of Th2 cells (data not shown) so as with human eosi-
nophils, a single submaximal concentration of DK-PGD2

(330 nM) was used to investigate the effects of AZD1981.
Using this format, the pIC50 of AZD1981 for inhibition of
chemotaxis of DP2

+ T-cell lines was 7.5 � 0.1 (n = 5)
(Figure 6B). This value is in close agreement with the value
obtained with human eosinophil chemotaxis.

AZD1981 blocks binding to mouse, rat,
rabbit and dog DP2
Saturation binding experiments showed that the dissociation
constant (pKd) for [3H]PGD2 binding to mouse, rat, guinea
pig, rabbit and dog recombinant DP2 was similar to
the pKd for binding to human DP2 (Table 3). AZD1981

Figure 5
AZD1981 blocks DP2-mediated shape change in (A) human eosinophils and (B) human basophils in blood in vitro. Effect of 1 mM AZD1981 on
the E/[A] curve for 15R-methyl-PGD2 is shown in panel A and on the E/[A] curve for PGD2 in panel B. Values are mean � SEM (n = 4 for eosinophils,
n = 5 for basophils).

Table 3
In vitro profile of AZD1981 across species

Species

[3H]PGD2 binding AZD1981

pKd pIC50

Human 8.3 � 0.1 (n = 4)1 8.4 � 0.1 (n = 25)

Rat 8.3 � 0.0 (n = 2)1 8.5 � 0.1 (n = 4)

Mouse 8.1 � 0.2 (n = 2)1 8.1 � 0.2 (n = 4)

Dog 8.2 � 0.1 (n = 3)1 8.1 � 0.2 (n = 4)

Guinea pig 8.3 � 0.4 (n = 2)1 7.8 � 0.2 (n = 6)

Rabbit 8.0 � 0.1 (n = 3) 8.7 � 0.1 (n = 8)

1Data from Carrillo et al. (2005).

Figure 6
AZD1981 blocks DP2-mediated chemotaxis. (A) Human eosinophils.
Increasing concentrations of AZD1981 were investigated against a
single concentration of PGD2 (1 mM), generating a pIC50. Values are
mean � SEM (n = 4). (B) Human Th2 cells. Increasing concentrations
of AZD1981 were investigated against a single concentration of
DK-PGD2 (330 nM), generating a pIC50. Values are mean � SEM
(n = 5).
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displaced [3H]PGD2 binding from all the species tested with
similar pIC50 values (Table 3).

DP2-mediated functional response in
non-human cells
Neither PGD2 nor DK-PGD2 induced an increase in CD11b or
shape change in mouse, rat or rabbit eosinophils (data not
shown). Functional responses in Th2 cells could only be
evaluated in mice as these cells could not be isolated from
any other preclinical species. However, no PGD2 or DK-PGD2

induced Ca2+ or chemotactic responses could be demon-
strated in murine Th2 cells, even though they expressed DP2

mRNA (data not shown).
In contrast, a positive shape change response was seen in

eosinophils in guinea pig whole blood and in eosinophils in
dog blood using either DK-PGD2 or 15R-methyl PGD2 stimu-
lation (Figure 7A,B). The rank order in potency and the p[A]50

values for both DK-PGD2 and 15R-methyl PGD2 were consist-
ent with that seen with human cells (Hirai et al., 2001; Mon-
neret et al., 2003); but, as can be seen from the large SEM
values obtained in dog whole blood, the response in guinea
pig blood was more robust.

AZD1981 blocks DP2-mediated shape change
in guinea pig and dog granulocytes and
DP2-mediated ex vivo induced release of
eosinophils in guinea pig hind limb
In guinea pig blood, AZD1981 induced a rightward shift
of the DK-PGD2 E/[A] curve (Figure 7C). The pA2 value gen-
erated from this data using equation (2) was 6.9 � 0.12
(n = 5).

As a result of the increased variability in the DP2 mediated
response in dog blood a Schild-type analysis of AZD1981 was
not practical. A pIC50 for AZD1981 was therefore generated
using a single submaximal concentration of (1 nM) of 15R-
methyl PGD2 (Figure 7D) yielding a value of 7.5 � 0.4
(n = 6).

Using the previously described guinea pig hind limb
model (Royer et al., 2008), 10 nM AZD1981 significantly
inhibited DK-PGD2-induced eosinophil mobilization by
approximately 50%, and the response was completely inhib-
ited with 100 nM AZD1981 (Figure 8). This level of inhibition
is consistent with the measured affinity of AZD1981 for dis-
placement of [3H]PGD2 binding to guinea pig recombinant
DP2 (see above).

Figure 7
AZD1981 blocks DK-PGD2-mediated shape change in guinea pig and dog blood granulocytes. (A,B) Induction of a shape change response with
the selective DP2 agonists DK-PGD2 and 15R-methyl PGD2 in whole blood taken from (A) guinea pigs and (B) dogs. (C) Effect of 100 nM and 1 mM
AZD1981 on the E/[A] curve for DK-PGD2-stimulated shape change of eosinophils in guinea pig blood in vitro. (D) Effect of increasing
concentrations of AZD1981 on 15R-methyl PGD2 (1 nM)-stimulated shape change of eosinophils in dog blood in vitro. Values are mean � SEM
(n = 5–11).
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Discussion

Our pharmacological studies have demonstrated that
AZD1981 is a potent, selective and reversible DP2 antagonist.
However, the observation that the pIC50 for AZD1981 dis-
placement of [3H]PGD2 was the same at 0.5 nM as at 50 nM
radioligand demonstrates that it is not behaving as a simple
competitive antagonist. The insurmountable antagonism
that AZD1981 exhibited in the eosinophil CD11b assay
(Figure 4) supports this finding. Limited data exist on the
mode of action of other DP2 antagonists, but there are two
publications (Mathiesen et al., 2006; Gervais et al., 2011) that
highlight potential insurmountable antagonist profiles. Both
have attributed their compound profiles to slow dissociation
kinetics and hence equilibrium not being achieved in the
time frame of their experiments. Data from our reversibility
studies with AZD1981 highlight that the compound rapidly
dissociates and hence issues of hemi-equilibrium are unlikely
to explain the data. In addition, we were able to confirm with
the SPA binding format that steady-state conditions had been
achieved, indicating that the non-competitive profile of
AZD1981 in this system cannot be the result of hemi-
equilibrium. The simplest interpretation of our data is that
AZD1981 binds to a site distinct from PGD2 that precludes
agonist binding and activation. Further studies are required
to confirm this hypothesis, but such a mode of action has
potential advantages in pathophysiological situations where
agonist concentrations are high, as the effects of the antago-
nist are less likely to be overcome.

Having characterized the mode of action of AZD1981 in
binding studies against DP2, we next evaluated binding at
DP1, the other high-affinity receptor for PGD2. DP1 has also
been proposed as a target for therapy of allergic disease and
asthma (Matsuoka et al., 2000), so understanding selectivity

was important for interpretation of functional responses with
AZD1981. AZD1981 had no significant activity at DP1 and
hence has a different profile from the dual DP2/DP1 antago-
nist AMG853 (Banfield et al., 2010).

The starting point for identification of reversible DP2

antagonists was an observation we made that the NSAID
indomethacin had partial agonist activity at DP2. This finding
was subsequently published by two other independent
groups (Hirai et al., 2002; Stubbs et al., 2002), which rein-
forced the view that this pharmacophore was a strong chemi-
cal starting point. Since indomethacin is a potent inhibitor of
COX, the optimization programme leading to the discovery
of AZD1981 involved removal of this activity at the same
time as converting agonist properties into antagonist activity
and maintaining favourable drug-like features. In agreement
with our previously published DP2 antagonists derived from
indomethacin (Birkinshaw et al., 2006), AZD1981 showed no
inhibition of COX activity.

During the chemical programme leading to AZD1981, we
identified that related structures had the potential to be
inhibitors of aldose and/or aldehyde reductases. A general
feature of many tight-binding aldose or aldehye reductase
inhibitors is a polar group, usually a carboxylate, attached to
a hydrophobic core consisting of one or more ring structures
(Petrash, 2004), such as found in AZD1981 and indometh-
acin. Indeed, indomethacin itself has been reported to be a
weak inhibitor of aldose reductase (Chaudhry et al., 1983).
These two enzymes play important roles in osmoregulation
and detoxification of endogenous and exogenous metabolites
including alcohols and aldehydes (Petrash, 2004; Jin and
Penning, 2007; Barski et al., 2008). AZD1981 showed high
selectivity (400-fold) against these human enzymes although
the selectivity margin against rat aldose reductase was only
10-fold. This reinforces the importance of evaluating activity
against this family of enzymes using human counterparts
(Chaudhry et al., 1983).

Broader selectivity testing revealed only one other signifi-
cant hit (>50% activity). This was steroid 5a-reducase, but
with a 1700-fold selectivity margin relative to DP2 binding,
potency this was not seen as a concern. Interestingly, steroid
reductases are NADPH-dependent enzymes forming part of
the aldo-keto reductase superfamily (Barski et al., 2008),
which may account for the weak activity. In summary, selec-
tivity profiling of AZD1981 demonstrated it is a highly selec-
tive DP2 antagonist.

To characterize the profile of AZD1981 at the cellular
level, we focused on physiologically relevant cell types that
have the potential to be incorporated into clinical studies.
None of our functional experiments revealed any evidence of
agonist activity with this compound. Although we did not
directly assess the selectivity of AZD1981 in the various func-
tional assays our general selectivity testing revealed no sig-
nificant affinity at other targets (e.g. CCR3, CCR4) known to
induce eosinophil CD11b up-regulation, shape change or
chemotaxis, basophil shape change and T-cell chemotaxis.
Accordingly, it seems reasonable to assume that AZD1981
behaved as a selective DP2 antagonist in these assays.

In human eosinophils, we demonstrated suppression of
CD11b expression and inhibition of migration towards DP2

agonists in both eosinophils and Th2 cells. CD11b expression
has been shown to be important in the adhesion of DP2 cells

Figure 8
Effect of AZD1981 on the release of eosinophils from the isolated
perfused guinea pig hind limb in response to 30 nM DK-PGD2.
AZD1981 or vehicle was present in the perfusate throughout the
experiment while DK-PGD2 was added during the 20 to 40 min
period. Values are mean � SEM (n = 5–7). *P < 0.05 versus vehicle by
two-way ANOVA for repeated measurements.

BJPAZD1981, an oral selective DP2 antagonist

British Journal of Pharmacology (2013) 168 1626–1638 1635



to the vasculature, an important first step for these cells in
leaving the circulation and migrating into inflamed tissue
(Gyles et al., 2006). The profile of AZD1981 in the CD11b
assay highlighted a depression of the maximal response. This
feature coupled with the data from the binding assay led us to
estimate the functional potency using a model of non-
competitive antagonism (Figure 4). Importantly, the potency
estimate obtained was identical to that generated in the
binding assay. Equivalent analyses could not be undertaken
in the eosinophil and Th2 cell chemotaxis assays as the
agonist E/[A] curves were typically bell shaped. Nevertheless,
pIC50 estimates in these assays were consistent with estimates
obtained with both the binding and isolated eosinophil
CD11b assays (taking into account the plasma protein
binding of AZD1981; see Table 1).

Shape change in eosinophils and basophils was used to
investigate the profile of AZD1981 in blood as it had the
potential to be applied to clinical studies. Interestingly, the
profile of AZD1981 did not show depression of the maximum
response. This is not inconsistent with the mode of action
described above as it can be explained by a higher receptor
reserve related to either the assay system or the agonists
employed (15R-methyl PGD2 and PGD2). These data demon-
strate that AZD1981 is potent in whole blood systems and the
pA2 values obtained are consistent with the values calculated
from the binding potency adjusted for plasma protein
binding.

In summary, in these human functional studies, which
used several agonists across different cellular systems, we
have demonstrated that the potency of AZD1981 is inde-
pendent of the agonist, cell type or cell function. The profile
described for AZD1981 suggests it will inhibit other published
DP2-mediated responses in human cells including Th2 cell
cytokine production (Xue et al., 2005), PGD2-mediated Th2
cell apoptosis (Xue et al., 2009b), basophil chemotaxis (Hirai
et al., 2001) and eosinophil activation (Gervais et al., 2001;
Schuligoi et al., 2010).

The insurmountable antagonism that AZD1981 exhibited
in the eosinophil CD11b assay (Figure 4) supports the finding
in binding studies that AZD18981 does not behave as a
simple competitive antagonist. Although the surmountable
antagonism observed in the human shape change assays
(Figure 5) may appear at odds with this hypothesis, such
behaviour can be explained by the use of a higher efficacy
agonist (15R-methyl PGD2) in eosinophils and the presence of
a higher receptor reserve in basophils. Other explanations for
the pharmacological profile of AZD1981 across assays, such as
the presence of different affinity states of DP2 seem less likely
as our 3H]PGD2 saturation curves were monophasic and the
eosinophil CD11b data revealed no evidence of complex
AZD1981 binding, across a wide concentration range. Fur-
thermore, to our knowledge, there is no literature evidence
suggesting the existence of multiple receptor states of DP2 in
functional assays. Thus, both binding and functional studies
highlight AZD1981 is not a simple competitive antagonist,
but further work will be required to determine the exact MoA
of AZD1981.

Having assessed the profile of AZD1981 in human systems
we went on to evaluate species cross-over. The affinity of
AZD1981 for recombinant DP2 for mouse, rat, guinea pig,
rabbit and dog was similar to that observed for human.

However, despite clearly being able to show similar responses
in the human counterparts, we were unable to show DP2-
dependent responses in vitro in native cells (eosinophils
and/or Th2 cells) from rats, mice or rabbits (data not shown).
The reason for this is unknown but it is unlikely to be due to
non-recognition of the receptor by DP2 agonists as we can
clearly demonstrate binding of PGD2 and the selective ago-
nists DK-PGD2 and 15R-methyl PGD2 to murine or rat recom-
binant receptor. Interestingly, there is only one paper that
demonstrates an in vitro activity on rodent cells, isolated from
IL-5 transgenic mice (Spik et al., 2005). Coupled with the
observation that in mice DP2 is also expressed in Th1 cells
(Abe et al., 1999) the relevance of rodent species in evaluating
the activity of DP2 antagonists is unclear. As a result, we were
therefore unable to characterize AZD1981 in murine, rat or
rabbit cell systems.

In contrast, in vitro functional responses were seen with
DP2 agonists in guinea pig and dog cells. The rank order of
potency for the two selective DP2 agonists used (DK-PGD2 and
15R-methyl PGD2) supports that these responses are mediated
through DP2. The potency of AZD1981 in these assay systems
were similar to those seen in human systems. Based on the
greater variability in the dog shape change assay and addi-
tional dog functional studies in vivo (Marshall et al., 2005;
2006) the guinea pig was chosen as the species for further
evaluation of the role of AZD1981.

Eosinophil mobilization from guinea pig bone marrow
can be elicited with DP2 agonists (Heinemann et al., 2003),
and this response is sensitive to a selective DP2 antagonist
(Royer et al., 2008). Here we show that AZD1981 also blocks
DP2-dependent eosinophil emigration from bone marrow.
The potential importance of this activity relates to the obser-
vation that in response to inflammatory signals in the lung,
eosinopoiesis occurs in the bone marrow, and mature eosi-
nophils migrate from this compartment via the blood to the
bronchial mucosa (Foster, 1999). Although the guinea pig
appears to have the most robust DP2-mediated responses, lack
of tools available to characterize Th2 cells in this species
precludes robust evaluation of DP2 antagonists in in vivo
models. The potential therapeutic role of DP2 antagonists has,
therefore, relied heavily on human studies.

In summary, AZD1981 is a selective reversible DP2 antago-
nist which in human systems consistently blocks DP2 func-
tional responses independently of agonist, cell type or output
measured. AZD1981 is a representative of a novel class of
non-steroidal oral agents with an apparent distinct mode of
action, which provides an ideal opportunity to study the
pathophysiological role of DP2 in human disease.
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