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1 Theophylline, a phosphodiesterase inhibitor and adenosine receptor antagonist, is used in asthma
and chronic obstructive pulmonary disease (COPD) treatment. However, the relatively low
effectiveness of theophylline have recently led to reduced usage. The goal of the present study was
to identify a theophylline-like compound with improved effectiveness.

2 We discovered CGH2466, which not only antagonised the adenosine A1, A2b and A3 receptors with
IC50 values of 1974, 2173 and 80714 nM, respectively, but also inhibited the p38 mitogen-activated
protein (MAP) kinases a and b and the phosphodiesterase 4D (PDE4D) isoenzyme with IC50 values of
187718, 400738 and 2275 nM, respectively.

3 Despite similar potencies on individual targets, CGH2466 inhibited the production of cytokines
and oxygen radicals by human peripheral blood leucocytes in vitro, more potently (IC50 values between
30 and 50 nM) than the standard p38 MAP kinase inhibitor SB203580 (30 nM to 41mM), the PDE4
inhibitor cilomilast (120–400 nM) and the broad spectrum adenosine receptor antagonist CGS15943
(410 mM).

4 When given either orally or locally into the lungs, CGH2466 (3 to 10mg kg�1) inhibited the
ovalbumin- or lipopolysaccharide-induced airway inflammation in mice more potently than the single
receptor antagonists or enzyme inhibitors used alone.

5 In conclusion, CGH2466 through its combined activities at multiple targets exerted a powerful
anti-inflammatory effect and therefore may have beneficial therapeutic value in diseases such as
asthma and COPD.
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Introduction

Asthma is a chronic inflammatory disorder of the airways

characterised by infiltration of the lung with inflammatory

cells such as eosinophils and lymphocytes, and by the presence

of bronchial hyper-responsiveness to a variety of stimuli.

Although effective therapies for the management of asthma,

such as inhaled glucocorticosteroids and b2 adrenoceptor

agonists, are available, they are limited by issues of side effects

and compliance (Barnes, 1997). A clear medical need exists,

therefore, for new therapies that match the effectiveness of

existing treatments but are easier to use and have a more

favourable side effect profile. New therapies are also required

for a group of asthma patients whose symptoms are

inadequately controlled or resistant to high dose of inhaled

glucocorticosteroids (Barnes et al., 1998). In these patients,

oral glucocorticosteroids are often employed despite the

associated systemic side effects, but even then, patients may

remain symptomatic. In contrast, currently available asthma

therapies are largely ineffective in chronic obstructive pul-

monary disease (COPD), characterised by slowly progressive

and irreversible airway obstruction, mucus hypersecretion and

infiltration of neutrophils and macrophages into the lungs

(Jeffery, 2000). An urgent need for novel therapies is thus

required to target all aspects of this disease.

Theophylline is being used in asthma and COPD treatment.

Originally, it was mainly used as a bronchodilator, but this

application has become less popular as b2 adrenoceptor

agonists are more effective. Nowadays, theophylline tends to

be added to these inhaled bronchodilators in patients with

more severe asthma and COPD, but at the doses that are

needed for bronchodilation, side effects are relatively common

(Barnes, 2003). Although its mechanisms of action remains

poorly understood, theophylline has been shown to inhibit
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different families of phosphodiesterases (PDE) as well as

adenosine receptors (Rabe & Dent, 1998; Page, 1999; Yasui

et al., 2000). At least some of the cardiovascular, gastro-

intestinal and central side effects seen with theophylline

treatment can be attributed to general inhibition of PDEs in

all tissues of the body. More recently, however, it has been

demonstrated that theophylline used at lower concentrations

to avoid many of the problems with side effects, still exert anti-

inflammatory benefits and steroid sparing effects in asthma.

This effect was attributed to adenosine receptor antagonism

rather than PDE inhibition since these low doses of theophyl-

line selectively blocked the adenosine monophosphate-induced

bronchoconstriction in asthmatics (Evans et al., 1997; Rabe &

Dent, 1998).

The goal of the present study was therefore to identify

selective adenosine receptor antagonists, which may demon-

strate the beneficial effects of theophylline but with an

improved effectiveness. In a search for such an improved

theophylline, we discovered CGH2466 a combined adenosine

receptor antagonist, PDE4 and p38 mitogen-activated protein

(MAP) kinase inhibitor, which demonstrated potent anti-

inflammatory activities in various in vitro and in vivo models,

suggesting that this compound might have therapeutic benefits

in multiple inflammatory diseases including asthma and COPD.

Methods

Adenosine receptor assays

To determine the potency and selectivity of the different

compounds at human adenosine receptor subtypes, the

following assays were used. A1 receptor binding assay: Chinese

hamster ovary cells expressing human A1 receptors (Novartis,

Horsham, U.K.) were cultured in Nut.Mix.F-12 medium

supplemented with 10% fetal calf serum, 2mM L-glutamine

and 200mgml�1 geneticin. Confluent cells were scraped from

the culture flasks and centrifuged at 1500� g for 5min. The

pellet was homogenised in a glass homogeniser and centrifuged

at 40,000� g for 25min. The final pellet was resuspended in

the assay buffer (20mM HEPES buffer containing 100mM

sodium chloride, 10mM magnesium chloride and 2Uml�1

adenosine deaminase, pH 7.4). The radioactive ligand,

[propyl-3H], 8-cyclopentyl-1,3,dipropylxanthine (2 nM) and

increasing concentrations of test compounds were added to

the resulting membrane preparation (0.4mg of protein ml�1)

and incubated for 90min at room temperature. Samples were

harvested onto glass filters, scintillation fluid was added and

counts per minute were measured using a Packard Topcount.

A1 receptor functional assay: This assay measures the ability of

A1 antagonists to inhibit I-AB-MECA-induced [35S]GTPgS
binding to cellular membranes. The assay was performed in a

white nonbinding surface 96-well Optiplate. Assay compo-

nents were added as follows: 25ml of assay buffer (20mM

HEPES, 10mM MgCl2, 100mM NaCl, 1mM EDTA,

10 mgml�1 saponin, 0.1% BSA, pH 7.4), 25ml of 10 mM GDP,

25 ml of 1.25 nM [35S]GTPgS, 25 ml of 100 nM I-AB-MECA and

25 ml of increasing concentrations of the compound or vehicle.

Membranes were diluted in assay buffer (100 ml, containing

10 mgml�1 of adenosine deaminase) to 25mgml�1 and mixed

with 50 ml of WGA SPA beads (5mgml�1) and added to each

well. After incubation at room temperature for 90min, the

plate was centrifuged at 850� g for 10min, and immediately

read on a Packard TopCount. A2a receptor binding assay:

HEK-293 A2a membranes were suspended in assay buffer

(50mM Tris-HCl, 120mM sodium chloride, 5mM potassium

chloride, 10mM magnesium chloride, 2mM calcium chloride,

2Uml�1 adenosine deaminase, pH 7.4). The radioactive

ligand, [3H]-ZM241385 (5 nM) and increasing concentrations

of test compounds were added to the membrane preparation

(0.4mg of protein ml�1) and incubated for 60min at room

temperature. Samples were harvested onto glass filters,

scintillation fluid was added and counts per minute were

measured using a Packard Topcount. A2b receptor functional

assay: A reporter gene assay using Chinese hamster ovary cells

transfected both with a luciferase-expressing reporter plasmid

and functional human adenosine A2b receptor (Novartis,

Horsham, U.K.) was used. Cells were grown to confluency

in Dulbecco’s minimal essential medium supplemented with

10% fetal calf serum, 2mM L-glutamine, 0.4mgml�1
L-proline,

1 nM sodium selenite, 0.5mgml�1 hygromycin B and 1mgml�1

geneticin. For the assay, 50,000 cells well�1 were seeded onto

96-well plates and incubated for 24 h at 371C, 5% CO2.

Compounds were added to the cells and incubated for 30min

at 371C prior to addition of increasing concentrations of 50-N-

ethylcarboxyamideoadenosine. After an incubation period of

3 h at 371C, 5% CO2, 100 ml of Steady-Glo reagent was added

and luminescence was read on a Topcount. A3 receptor

binding assay: Chinese hamster ovary cells stably transfected

with human A3 receptor (Novartis, Basel, Switzerland) were

grown to confluency in Iscove’s modified Dulbecco’s medium

supplemented with 10% fetal calf serum and 2mM L-

glutamine. For the assay, 500,000 cells well�1 were seeded onto

96-well plates and incubated for 24 h at 371C, 5% CO2. The

radioactive ligand, [125I]N6-4-amino-3-iodobenzyladenosine-

50-N-methyluronamide (2 nM), and increasing concentrations

of test compounds were added to the cells and incubated for

120min at 41C. Samples from the assay plate were harvested

onto glass filters, scintillation fluid was added and counts per

minutes were measured using a Packard Topcount. A3 receptor

functional assay: This assay measures the ability of A3

antagonists to inhibit I-AB-MECA-induced [35S]GTPgS bind-

ing to cellular membranes. The assay was performed as

described for the A1 functional assay using Chinese hamster

ovary cells stably transfected with human A3 receptor

(Novartis, Basel, Switzerland).

Inhibition of nucleotide PDE isoenzymes

PDE1 was purified from human lung obtained from patients

undergoing surgery for lung cancer. PDE2 and 5 were purified

from platelet concentrates obtained from the local blood

transfusion centre (Trifilieff et al., 2002). Purification of

human PDE3 and cloning and expression of human PDE4A,

4D and rat PDE4B were performed as previously described

(Iwamura et al., 2001). PDE activity was determined using

cAMP or cGMP as substrate (Engels et al., 1995).

Kinase assays

A phosphorylated form of human His-p38a MAP kinase

(10 ngwell�1) was used to phosphorylate the immobilised

substrate GST-ATF-1 in the presence of 120mM cold ATP.

The phosphorylated GST-ATF-1 was detected by rabbit
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polyclonal antibodies, followed by biotin labelled goat anti-

rabbit IgG, streptavidin-alkaline phosphatase and substrate.

Phosphorylated form of His-p38ba, His-p38d, and His-JNK1

MAP kinases (30, 3 and 30 ngwell�1, respectively) of human

origin were used to phosphorylate the immobilised substrate

GST-ATF-2 in the presence of cold ATP (120mM) (Revesz

et al., 2000). The other kinase inhibition assays were

performed under conditions optimised for each kinase and

with ATP concentrations similar to the Km of the respective

enzyme toward ATP: 8mM (KDR-1, FGFR), 1mM (c-Kit,

c-Met), 13 mM (c-Abl), 2mM (Her-1, Her-2), 20mM (c-Src),

30 mM (IGF-1R) and 7.5 mM (CDK1). For tyrosine kinases,

filter binding assays using recombinant GST-fused kinase

domains of the receptors expressed in baculovirus and purified

over glutathione sepharose were employed. [33P]ATP was used

as the phosphate donor, and the polyGluTyr (4 : 1) peptide was

used as the acceptor (Vangrevelinghe et al., 2003).

Human leucocyte-based assays

All the assays were performed as previously described with

cells isolated from blood of normal individuals (Trifilieff et al.,

2002). Neutrophils were stimulated with formyl-Met-Leu-Phe

(1 mM) and the ability of the cells to generate superoxide anions

during an oxidative burst was measured using a cytochrome c

reduction assay. Mononuclear cells were stimulated either with

anti-CD3 monoclonal antibodies (100 ngml�1) or with LPS

(10mgml�1) and interferon-gamma (IFN-g) (50 ngml�1) for

IFN-g and TNF-a measurement, respectively. After an

incubation period of 20 h at 371C, 5% CO2, supernatants

were harvested and cytokine levels were measured by

commercially available sandwich enzyme-linked immuno-

sorbent assay.

Molecular modelling

Crystal structures of p38 MAP kinase (Wilson et al., 1996) and

human phosphodiesterase PDE 4B2B (Xu et al., 2000) were

downloaded from the Brookhaven Protein Data Bank

(Berman et al., 2000). The PDB accession numbers are 1WFC

(p38 MAP kinase) and 1F0J (PDE4B). The crystal structures

were loaded into Sybyl (Tripos Inc., St Louis, MO, U.S.A.)

and hydrogens added.

CGH2466 was docked manually into the ATP-binding

pocket of p38 MAP. The ligand and surrounding residues were

relaxed to a gradient of 0.05 kcalmol�1 Å�1 to resolve any bad

contacts using the Tripos force field. The compound CGH2466

was manually docked into the PDE4 active site followed by a

50 ps molecular dynamics simulation and relaxation of the

ligand and surrounding residues to 0.05 kcalmol�1 Å�1 using

the Tripos force field.

In vivo models

Female BALB/C mice or C57BL/6 (8 weeks old) were

purchased from Harlan (Oxon, U.K.). The animals were

housed in plastic cages in an air-conditioned room at 241C.

Food and water were available ad libitum. The studies reported

here conformed to the U.K. Animals (scientific procedures)

Act 1986. All the in vivo procedures has been described

previously in detail (Trifilieff et al., 2000; Corteling et al.,

2002).

For the ovalbumin-induced eosinophilic airway inflamma-

tion, actively sensitised C57BL/6 mice were challenged with an

aerosol of ovalbumin and killed after 48 h for bronchoalveolar

lavage. At 15min before and 24 h after the challenge, mice

were intranasaly treated with compounds suspended in sterile

phosphate-buffered saline (PBS) containing 2% dimethyl

sulphoxide (50 ml). Control mice received 50 ml of vehicle. In

some experiments, mice were orally treated 1 h before and 24 h

after the challenge. The vehicle used for the oral treatment was

Neorals placebo containing 2% dimethyl sulphoxide (200ml).
For the LPS-induced airway neutrophilic inflammation,

BALB/c mice were intranasally challenged with 0.3mgkg�1 of

LPS and killed after 3 h for bronchoalveolar lavage. Mice were

intranasaly treated, half an hour before the challenge, with

compounds suspended in sterile PBS containing 2% dimethyl

sulphoxide (50 ml). Control mice received 50 ml of vehicle. In

some experiments, mice were orally treated 1 h before the

challenge. The vehicle used for the oral treatment was Neorals

placebo containing 2% dimethyl sulphoxide (200 ml).
The doses for cilomilast (Griswold et al., 1998; Souza et al.,

2001), SB203580 (Escott et al., 2000) and CGS15943 (Lappe

et al., 1992; Hannon et al., 2002) were chosen from previous

studies demonstrating activity in vivo.

Materials

CGH2466 and cilomilast were synthesised by The Department

of Chemistry (Novartis, Horsham, U.K.). WGA SPA beads

and the radiolabelled ligands were purchased from Amersham

Biosciences (Chalfont, St Giles, U.K.). Cell culture reagents

were from Invitrogen Ltd (Paisley, U.K.). HEK-293 A2a

membranes were from Tocris Cookson (Bristol, U.K.). IFN-g
and TNF-a ELISAs were from R&D Systems (Abingdon,

U.K.). All other reagents were obtained from Sigma-Aldrich

(Gillingham, U.K.).

In vivo data analysis

Data are expressed as mean7s.e.mean (s.e.m.) Statistical

comparisons were performed using Kruskal–Wallis test with

Bonferroni correction for multiple comparison and a P-value

of less than 0.05 was considered significant.

Results

In vitro effects of CGH2466

CGH2466 (2-amino-4-(3,4-dichlorophenyl)-5-pyridin-4-yl-

thiazol, Figure 1) was evaluated as an adenosine receptor

antagonist by binding and functional assays. The results

showed that the compound was a potent binder of the

adenosine A1 and A3 receptors, with no binding activity at

the A2a receptor. Cell-based functional assays show that

CGH2466 behaved as an antagonist at the A1, A2b and A3

receptors (Table 1). Since CGH2466 was structurally related to

the well-known p38 MAP kinase inhibitor SB203580 (Figure 1)

(Boehm et al., 1996), it was therefore tested on these enzymes

and shown to be a potent inhibitor of the p38 MAP kinases a
and b (Table 1). In order to further investigate a potential

crossreactivity with other kinases, CGH2466 was screened in

a number of other kinase assays (JNK1, CDK1, Her-1, Her-2,
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c-Abl, KDR1, c-Met, FGFR, c-Kit, IGF-1R, c-Src) and was

found to be inactive (IC50410,000 nM). In addition, screening

against a panel of other selectivity assays revealed that the

compound was also a powerful and rather selective PDE4D

inhibitor (Table 1) with no or significantly lower potency on

other members of the phosphodiesterase family, including

PDE1, 2, 3, 5, 6 and 7.

Molecular modelling of CGH2466 at the P38 MAP
kinase and PDE4 active site

Since we were quite surprised by the multiple effects of

CGH2466, we used molecular modelling in order to dock this

compound in both the P38 MAP kinase (Wilson et al., 1996)

and the PDE4 (Xu et al., 2000) active sites.

CGH2466 was docked into p38 MAP kinase using the

coordinates of the ATP in the complex as a template. The

ATP was then removed and the ligand relaxed to

0.05 kcal�1mol�1 Å to resolve any bad contacts using the

Tripos force field in SYBYL (Tripos Inc., St Louis, MO,

U.S.A.). The overall orientation of CGH2466 is very similar to

the published crystal structures of the pyridinylimidazoles

(Wilson et al., 1997; Wang et al., 1998). As shown in Figure 2,

the pyridine forms the expected hydrogen bond with the

backbone carbonyl of Met109. The compound is, however,

slightly twisted allowing for the formation of a hydrogen bond

between the NH2 of the aminothiazole and the carbonyl of

Asp168 (B2 Å length). At the same time, this allows for space

in the hydrophobic cleft to accommodate the rather bulky

dichlorophenyl group.

Our modelling work on the PDE4 active site is unable to

account for the PDE4 subtype selectivity of our compound,

since all the active site residues in PDE4A–D are identical.

Nevertheless, docking of CGH2466 into the PDE4 active site

followed by a 50 ps molecular dynamics simulation and

relaxation of the ligand and surrounding residues to

0.05 kcal�1mol�1 Å using the Tripos force field lead to a

convincing fit of the compound into the narrow active site. The

dichlorophenyl group is buried in a hydrophobic pocket

formed by Ile410 and Tyr233. The pyridyl group forms a

hydrogen bond to a water molecule bound to Thr345 and

His389 (Figure 3).

CGH2466 is a more potent anti-inflammatory compound
than individual p38 MAP kinase and PDE4 inhibitors
or adenosine receptor antagonist in vitro

In order to get a better understanding of its potential as

an anti-inflammatory drug candidate, the in vitro profile of

CGH2466 was compared with a standard PDE4 inhibitor

cilomilast (Christensen et al., 1998), the prototypical p38 MAP

kinase inhibitor SB203580 (Boehm et al., 1996) and the broad

spectrum adenosine antagonist CGS15943 (Kim et al., 1998).

Table 1 summarises the activity of all four compounds at the

key enzymes or receptors and in functional assays such as the

LPS-induced TNF-a production by human peripheral blood
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CGH2466 SB203580

Figure 1 Structure of CGH2466 (2-amino-4-(3,4-dichlorophenyl)-
5-pyridin-4-yl-thiazol) and SB203580 (4-(4-Fluorophenyl)-2-(4-
methylsulfonylphenyl)-5(4-pyridyl) imidazole).

Table 1 Antagonist and inhibitor profiles of CGH2466 and comparator compounds in in vitro assays

IC50 (nM)
CGH2466 SB203580 Cilomilast CGS15943

(p38MAP kinase
inhibitor)

(PDE4 inhibitor) (adenosine
receptors

antagonist)

Adenosine A1 binding assay 3979 410,000 NDa 19711
Adenosine A1 functional assay (GTP-g-S binding assay) 1974 ND ND ND
Adenosine A2a binding assay 410,000 251745 NDa 971
Adenosine A2b functional assay (reporter gene asssay) 2173 410,000 410,000 872
Adenosine A3 binding assay 38711 410,000 NDa 4174
Adenosine A3 functional assay (GTP-g-S binding assay) 80714 NDa NDa NDa

p38a 187718 152745 410,000 812471454
p38b 400738 NDa NDa NDa

PDE4A 6337254 410,000 132724 410,000
PDE4B 12877356 410,000 98711 410,000
PDE4D 2275 410,000 1472 410,000
TNF-a production from monocytes 26710 34725 3927230 410,000
IFN-g production from T cells 49727 6227313 3377147 410,000
Neutrophils oxidative burst 30722 41,000 121749 410,000

The human A1, A2b and A3 receptors were expressed in Chinese hamster ovary cells. The human A2a receptor was expressed in HEK-293
cells. For the enzymatic assays, recombinant human p38a, p38b, PDE4A, PDE4D and rat PDE4B were used. Leucocyte-based assays were
performed on cells isolated from human blood. Data are expressed as mean7s.e.m. of at least three different determinations.
aNot done.
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mononuclear cells, the anti-CD3 antibody-induced IFN-g
production by human peripheral blood lymphocytes as well

as the formyl-Met-Leu-Phe-induced oxidative burst from

human peripheral blood neutrophils. As expected, cilomilast

selectively inhibited PDE4 isoenzymes with no activity on p38

MAP kinase or adenosine receptors. The monocyte TNF-a
and T-cell IFN-g release as well as the oxidative burst in

neutrophils were also inhibited by cilomilast. The standard p38

MAP kinase inhibitor SB203580 exhibited no PDE4 inhibitor

activity but showed some binding activity at the adenosine A2a

receptor. This compound also potently inhibited TNF-a
secretion by monocytes. However, the inhibition of the IFN-

g production was much less pronounced and no activity in the

oxidative burst assay was observed. The standard adenosine

receptor antagonist CGS15943 demonstrated the expected

profile on adenosine receptor subtypes and had no activity on

p38 MAP kinase or PDE4 and showed no inhibitory effect in

the cellular assays. Compared to these compounds, CGH2466

is similar in potency to SB203580 as a p38 MAP kinase

inhibitor, is similarly active to cilomilast as a PDE4D inhibitor

and showed a similar profile on A1, A2b and A3 adenosine

receptors compared to CGS15943. In contrast to CGS15943,

CGH2466 was inactive at the A2a receptor. However, despite

the similarity between the different compounds with regard to

their activity on selected enzymes or receptors, CGH2466 was

the most potent inhibitor in all three leucocyte-based assays.

In vivo anti-inflammatory activities for CGH2466
in comparison with single individual p38 MAP kinase
and PDE4 inhibitors or adenosine receptor antagonist

Based on the in vitro data, we were very much interested to

analyse whether this broad anti-inflammatory potential of

CGH2466 also translates into better efficacy in in vivo murine

models of eosinophilic or neutrophilic lung infiltration. As

shown in Figure 4, aerosol challenge of ovalbumin to sensitised

mice increased eosinophil numbers recovered by bronchoal-

veolar lavage 48 h after the allergen challenge compared to

vehicle-treated mice. Intranasal administration of CGH2466 in
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Figure 2 (a) Model of CGH2466 docked in the active site of p38
MAP kinase. The ligand is drawn in a ball and stick representation,
and protein and water molecules in a wire frame representation. The
surface of the binding site is shown in yellow. Parts of the surface
have been removed for clarity. (b) Schematic representation of the
binding mode of CGH2466 in p38 MAP kinase.
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Figure 3 (a) Model of CGH2466 docked in the PDE4 active site
looking from the solvent into the binding pocket. The ligand is
drawn in a ball and stick representation, protein and water
molecules in a wire frame representation and the metal ions as
spheres. The surface of the binding site is shown in yellow. Parts of
the surface have been removed for clarity. (b) Schematic representa-
tion of the binding mode of CGH2466 in PDE4.
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this animal model of asthmatic inflammation, 15min before

and 24 h after the challenge, inhibited the ovalbumin-induced

airway eosinophilia in a dose-dependent manner, reaching

significant levels at a dose of 3 and 10mg kg�1 (Figure 4a).

Similar results were found by analysing the numbers of

lymphocytes and neutrophils (3477 and 2373% of control

at 10mg kg�1, respectively, data not shown). In contrast, none

of the other compounds tested reached statistically significant

inhibitions at a dose of 3mg kg�1 on any cell type analysed.

Significant but less pronounced inhibitions were obtained

following treatment with 10mgkg�1 cilomilast or SB203580

whereas CGS15943 was without significant effect. The three

active compounds were also tested after oral administration.

When given at a dose of 10mg kg�1, 1 h before and 24 h after

the challenge, CGH2466 completely inhibited the ovalbumin-

induced bronchoalveolar lavage eosinophilia (Figure 4b). The

p38 MAP kinase inhibitor also significantly suppressed the

allergen-mediated eosinophilia but again to a lesser extent

whereas cilomilast had no inhibitory effect at this dose.

CGH2466 was also tested in a LPS-induced neutrophilic

lung inflammation model (Figure 5). The intranasal adminis-

tration of LPS to BALB/c mice induced a significant increase

in neutrophil numbers present in bronchoalveolar lavage fluid

within 3 h following the challenge. Half an hour pretreatment

with CGH2466, via the intranasal route, significantly inhibited

this LPS-induced neutrophil accumulation at doses of 3 and

10mgkg�1. None of the other compounds tested showed any

significant inhibition up to 10mgkg�1. When given orally, half

an hour before the LPS challenge, the compounds showed a

similar efficacy profile. CGH2466 significantly inhibited the

neutrophils influx at doses of 3 and 10mg kg�1, whereas

SB203580 and cilomilast were inactive up to 10mg kg�1

(Figure 5).

Discussion

The results of the present study clearly demonstrate the

effectiveness of the novel and potent combined adenosine A1,

A2b and A3 receptors antagonist, PDE4D and p38 MAP kinase

inhibitor CGH2466 in reducing proinflammatory cytokine

production in vitro and eosinophilic and neutrophilic pulmon-

ary inflammation in vivo. The major findings of this study

include: (1) the demonstration of potent antagonism of

CGH2466 at the A1, A2b and A3 adenosine receptors, and

inhibitory action at PDE4D and p38 MAP kinases; (2) potent

and superior inhibition of proinflammatory cytokines produc-

tion and release of oxygen radicals by human leucocytes

compared to the nonselective adenosine receptor antagonist

or enzyme inhibitors used alone and (3) more potent in vivo

inhibition of ovalbumin-induced pulmonary eosinophilia and

LPS-induced pulmonary neutrophilia compared to standard

blockers of single proteins used alone.

Adenosine affects the functioning of a wide variety of cells

by interacting with one or more of the G-protein coupled

receptor subtypes, A1, A2a, A2b and A3 (Klotz, 2000). The two

receptors that are believed to be central to the role of

adenosine in the pathophysiology of asthma are the A2b and

A3 receptors (Kohno et al., 1996; Feoktistov et al., 1998).

However, the importance of these receptor types varies with

the species studied (Fozard & Hannon, 2000). In human mast

cells, it is the A2b receptor which facilitates allergen-induced

preformed mediator and cytokine release when activated and

A3 receptors appears to play a role in eosinophil activation and

survival (Kohno et al., 1996). CGH2466 was found to have

equal antagonist effects on A1, A2b and A3 but no antagonism

on A2a. Indeed, the blockade of A2a receptors could be

disadvantageous since the anti-inflammatory effects of en-

dogenous adenosine are mediated by this site and this receptor

is also associated with cardiovascular side effects (Thomas

et al., 2000; Fozard & McCarthy, 2002). On this basis, an

adenosine receptor antagonist such as CGH2466 without A2a

activity would represent an improved theophylline since the

beneficial effects should be maintained, or even enhanced, but

the therapeutic index widened.

CGH2466 is not only a potent adenosine receptor antago-

nist but was also a PDE4 inhibitor. No inhibition of PDE1,

2, 3, 5, 6, 7 was found and within the PDE4 family, the

Figure 4 Effect of compounds on ovalbumin-induced bronchoalveolar lavage eosinophilia. Sensitised C57BL/6 mice were
challenged with an aerosolised solution of either phosphate-buffered saline (PBS) or ovalbumin (OA). Compounds or vehicle were
given (a) intransally 15min before and 24 h after the ovalbumin challenge or (b) orally, at a dose of 10mgkg�1, an hour before and
24 h after the challenge. Animals were killed 48 h after the challenge. Data are expressed as the mean7s.e.m. of two different
experiments, each included six to eight mice per group. Significance versus vehicle-treated mice and ovalbumin-challenged animals is
indicated by *(Po0.05).
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compound was quite selective on PDE4D with about 30-fold

less inhibition on PDE4A and 60-fold selectivity over PDE4B.

PDE4 is the predominant family of PDEs in inflammatory

cells including mast cell, eosinophils, T cells and monocytes,

suggesting that PDE4 inhibitors would be useful as an anti-

inflammatory treatment in allergic diseases such as asthma

(Torphy, 1998). Indeed, multiple PDE4 inhibitors were tested

in animal models of asthma and were found to potently reduce

Figure 5 Effect of compounds on lipopolysaccharide-induced bronchoalveolar lavage neutrophilia. BALB/c mice were
intranasally challenged with either phosphate-buffered saline (PBS) or lipopolysaccharide (LPS). Compounds or vehicle were
given, intranasally or orally, 30min or 1 h before the LPS challenge, respectively. Animals were killed 3 h after the challenge. Data
are expressed as the mean7s.e.m. (n¼ 8–10 mice per group). Significance versus vehicle-treated mice and LPS-challenged animals is
indicated by *(Po0.05). Doses are in mgkg�1.
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the eosinophil infiltration and the bronchial hyper-reactivity

response to allergen (Teixeira et al., 1997). However, most of

the PDE4 inhibitors tested in the clinic have had side effects, in

particular nausea and vomiting, side effects that also limit the

use of theophylline (Page, 1999). It is possible that the side

effects observed with these types of PDE4 inhibitor is due to

inhibition of particular subtypes of PDE4 and it is expected

that subtype selective inhibitors may preserve the anti-

inflammatory effect while having less propensity to side

effects. It has indeed been suggested that PDE4D inhibition

is likely to be responsible for emesis (Robichaud et al., 2002).

The data supporting this hypothesis were generated in

genetically modified mice using a surrogate marker for emesis

(i.e. reversing of a-2-adrenoceptor-mediated anaesthesia). In

man, however, the situation appears to be different, since

cilomilast a relatively selective PDE4D inhibitor is only one of

two PDE4 inhibitors that are currently in phase III studies for

COPD. Although cilomilast showed some side effects in

clinical studies, the adverse events have been generally mild

to moderate, transient and self-limiting (Zussman et al., 2001;

Gamble et al., 2003). Thus, CGH2466 based on its profile of

antagonism at adenosine receptor and selective inhibition of

PDE4D might prove to be a considerably improved theophyl-

line.

Owing to the structural similarity of the compound class

with the known p38 MAP kinase inhibitor SB203580,

CGH2466 was also tested for inhibition of p38 MAP kinase

and other kinases. CGH2466 showed inhibition of p38a and

p38b but no inhibition for the other kinases tested. Two of the

four known p38 MAP kinase isoforms (a, b, g, d) are

considered important in processes critical to the inflammatory

response and tissue remodelling. The prominent p38 MAP

kinases in monocytes and macrophages are p38a and p38b and

are best known for their effects in TNF-a production and

signalling. Moreover, the production and action of many of

the potential mediators of airway inflammation have been

shown to be dependent upon the p38 MAP kinase cascade

(Herlaar & Brown, 1999). In addition, p38 MAP kinase

inhibitors have also been shown to reduce persistent airway

eosinophilia and enhance eosinophil apoptosis, activities that

provide additional mechanisms by which p38 MAP kinase

inhibitors may provide a therapeutic benefit in chronic airway

inflammation (Underwood et al., 2000). CGH2466 is indeed a

potent inhibitor of TNF-a and IFN-g production, however,

most likely through a combination of inhibition of p38 MAP

kinase and PDE4 inhibition. Moreover, this compound was

also more active than the p38 MAP kinase inhibitor SB203580

in both in vivo models of eosinophilic and neutrophilic airway

infiltration.

In conclusion, in a search for an improved theophylline with

higher effectiveness, we discovered a compound which

combines adenosine receptor antagonism, p38 MAP kinase

and PDE4 inhibition and demonstrated potent anti-inflam-

matory effects in vitro and in vivo. This combination of activity

appears to be far more efficacious as CGH2466 has a more

pronounced anti-inflammatory response compared to the

more selective enzyme inhibitors or nonselective adenosine

receptor antagonist, used alone. Moreover, due to its

selectivity for specific subtypes of adenosine receptors and

PDE4 isoenzymes, CGH2466 might exhibit a better side effect

profile than that of theophylline. Thus, CGH2466, by

targeting key mechanisms known to be involved in chronic

airway inflammatory responses, may have therapeutic utility in

lung diseases such as asthma and COPD.
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