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Abstract

There is increasing evidence to suggest that adenosine receptors can modulate the function of cells involved in the immune system. For

example, human dendritic cells derived from blood monocytes have recently been described to express functional adenosine A1, A2A and A3

receptors. Therefore, in the present study, we have investigated whether the recently established murine dendritic cell line XS-106 expresses

functional adenosine receptors. The selective adenosine A3 receptor agonist 1-[2-chloro-6[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-1-

deoxy-N-methyl-h-D-ribofuranuronamide (2-Cl-IB-MECA) inhibited forskolin-mediated [3H]cyclic AMP accumulation and stimulated

concentration-dependent increases in p42/p44 mitogen-activated protein kinase (MAPK) phosphorylation. The selective adenosine A2A

receptor agonist 4-[2-[[-6-amino-9-(N-ethyl-h-D-ribofuranuronamidosyl)-9H-purin-2-yl]amino]ethyl]benzene-propanoic acid (CGS 21680)

stimulated a robust increase in [3H]cyclic AMP accumulation and p42/p44 MAPK phosphorylation. In contrast, the selective adenosine A1

receptor agonist CPA (N6-cyclopentyladenosine) did not inhibit forskolin-mediated [3H]cyclic AMP accumulation or stimulate increases in

p42/p44 MAPK phosphorylation. These observations suggest that XS-106 cells express functional adenosine A2A and A3 receptors. The non-

selective adenosine receptor agonist 5V-N-ethylcarboxamidoadenosine (NECA) inhibited lipopolysaccharide-induced tumour necrosis factor-

a (TNF-a) release from XS-106 cells in a concentration-dependent fashion. Furthermore, treatment with Cl-IB-MECA (1 AM) or CGS

21680 (1 AM) alone produced a partial inhibition of lipopolysaccharide-induced TNF-a release (when compared to NECA), whereas a

combination of both agonists resulted in the inhibition of TNF-a release comparable to that observed with NECA alone. Treatment of cells

with the adenosine A2A receptor selective antagonists 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5ylamino]ethyl)phenol

(ZM 241385; 100 nM) and 5-amino-2-(2-furyl)-7-phenylethyl-pyrazolo[4,3-e]-1,2,4-triazolo[1,5c]pyrimidine (SCH 58261; 100 nM) and the

adenosine A3 receptor selective antagonist N-[9-chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-benzeneacetamide (MRS 1220; 100

nM) partially blocked the inhibitory effects of NECA on lipopolysaccharide-induced TNF-a release. Combined addition of MRS 1220 and

SCH 58261 completely blocked the inhibitory effects of NECA on lipopolysaccharide-induced TNF-a release. In conclusion, we have

shown that the mouse dendritic cell line XS-106 expresses functional adenosine A2A and A3 receptors, which are capable of modulating

TNF-a release.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There is increasing evidence to suggest that the purine

adenosine can modulate the function of cells involved in the

immune system (Di Virgilio et al., 1996). The physiological

responses to adenosine are mediated via the activation of
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specific cell surface receptors and, to date, four adenosine

receptors (A1, A2A, A2B and A3), belonging to the G protein-

coupled receptor superfamily, have been cloned and phar-

macologically characterised (Fredholm et al., 2001). Aden-

osine A2A and A2B receptors are positively coupled to

adenylyl cyclase via Gs proteins, whereas adenosine A1

and A3 receptors are negatively coupled to adenylyl cyclase

via pertussis toxin-sensitive Gi/Go proteins. Activation of the

adenosine A1 receptor promotes the phagocytic and chemo-

tactic responses of neutrophils, indicating that the adenosine

A1 receptor is pro-inflammatory (Cronstein et al., 1990;
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Zahler et al., 1994). In contrast, the anti-inflammatory

actions of adenosine are predominantly mediated through

the activation of adenosine A2 receptors. For example, in

human neutrophils, activation of the adenosine A2A receptor

mediates the inhibition of neutrophil superoxide generation,

adhesion and phagocytosis (Cronstein, 1994). Furthermore,

adenosine (probably via adenosine A2 receptors) has been

shown to inhibit the release of pro-inflammatory cytokines

such as tumour necrosis factor-a (TNF-a) from activated

human monocytes (a precursor of dendritic cells), human

endothelial cells and rat Kuppfer cells (an antigen-presenting

cell found in the liver) (Bouma et al., 1994, 1996; Reinstein

et al., 1994). It has also been reported that activation of the

adenosine A3 receptor inhibits TNF-a release from macro-

phages (McWhinney et al., 1996). The above findings

suggest that adenosine receptors represent potentially impor-

tant targets for therapeutic intervention in a wide variety of

inflammatory disorders such as asthma, rheumatoid arthritis

and inflammatory bowel disease.

Dendritic cells are professional antigen presenting cells

and, as such, they are vitally important in the activation of

the immune response (Banchereau et al., 2000). Understand-

ing basic dendritic cell biology and the signalling molecules

involved in their regulation is essential for the future

potential use of dendritic cell based therapies for the

treatment of cancer and infectious diseases (Banchereau et

al., 2000). Interestingly, it has recently been shown that

human dendritic cells derived from blood monocytes ex-

press functional adenosine A1, A2A and A3 receptors (Pan-

ther et al., 2001, 2003; Fossetta et al., 2003). We have

recently obtained a murine-derived dendritic cell line (XS-

106), which may represent a useful model system for

studying dendritic cells in culture. Therefore, in the present

study we have investigated whether the murine dendritic

cell line XS-106 expresses functional adenosine receptors.
2. Materials and methods

2.1. Cell culture

Murine XS-106 dendritic cells and murine NS46 fibro-

blasts were a generous gift from Dr.A.Takashima (Univer-

sity of Texas). XS-106 cells were cultured in RPMI 1640

medium supplemented with 2 mM L-glutamine, 10% (v/v)

foetal calf serum, 0.5 ng/ml murine recombinant granulo-

cyte-macrophage colony-stimulating factor and 5% (v/v)

NS46 fibroblast supernatant. Cells were maintained at 37

jC in a humidified 5% CO2 atmosphere and subcultured

by harvesting floating cells from confluent 75-cm2 flasks.

NS46 fibroblasts were maintained in RPMI 1640 medium

supplemented with 2 mM L-glutamine and 10% (v/v) foetal

calf serum and subcultured (1:5 split ratio) using trypsin

(0.05% w/v)/EDTA (0.02% w/v). NS46 fibroblast super-

natant was obtained by maintaining confluent cells in 75-

cm2 flasks in a minimal volume of RPMI 1640 medium
for four days. The supernatant was centrifuged and filtered

prior to use.

2.2. Measurement of [3H]cyclic AMP accumulation

XS-106 cells were grown in 24-well plate cluster dishes

and, when 80–90% confluent, were incubated for 2 h at 37

jC with 500 Al of Hanks/HEPES buffer (pH 7.4) containing

[3H]adenine (37 kBq/well). [3H]Adenine-labelled cells were

washed once and then incubated in 1 ml/well Hanks/HEPES

buffer containing the cyclic AMP phosphodiesterase inhib-

itor, rolipram (10 AM) for 15 min at 37 jC. Agonists were
added (in 10 Al of medium) 5 min prior to incubation with 3

AM forskolin (10 min). Incubations were terminated by the

addition of 50 Al concentrated HCl. [3H]Cyclic AMP was

isolated by sequential Dowex-alumina chromatography as

previously described (Donaldson et al., 1988). After elution,

the levels of [3H]cyclic AMP were determined by liquid

scintillation counting.

2.3. Western blot analysis of p42/p44 mitogen-activated

protein kinase (MAPK) activation

XS-106 cells were grown in 6-well plate cluster dishes and

when 80–90% confluent placed in RPMI 1640 medium

containing 0.1% bovine serum albumin for 16 h. Serum-

starved cells were then washed once with Hanks/HEPES

buffer, pH 7.4, and incubated at 37 jC for 30 min in 500 Al/
well of the same medium. Agonists were subsequently added

in 500 Al of medium and the incubation continued for 5 min

(unless otherwise stated) at 37 jC. Stimulations were termi-

nated by aspiration of the medium and the addition of 300

Al of ice-cold lysis buffer [150 mMNaCl, 50 mM Tris�HCl, 5
mM EDTA, 1% (v/v) IGEPAL CA-630, 0.5% (w/v) sodium

deoxycholate, 0.1% (w/v) SDS, 1mMNa3VO4, 1 mMNaF, 1

mM benzamidine, 0.1 mM phenylmethylsulphonylfluoride,

10 Ag/ml aprotinin and 5 Ag/ml leupeptin]. Cells were then

incubated on ice for 5 min, after which the cell lysates were

removed and placed into Eppendorf microcentrifuge tubes

and vortexed. Insoluble material was removed by centrifu-

gation and 250 Al of the cell lysate removed and stored at

� 20 jC until required. Protein determinations were made

using the method of Lowry et al. (1951) using bovine serum

albumin as the standard.

Protein samples (20 Ag) were separated by sodium

dodecyl sulphate/polyacrylamide gel electrophoresis (SDS/

PAGE; 10% acrylamide gel) using a Bio-Rad Mini-Protean

III system (1 h at 200 V). Proteins were transferred to

nitrocellulose membranes using a Bio-Rad Trans-Blot sys-

tem (1 h at 100 V in 25 mM Tris, 192 mM glycine and 20%

MeOH). Following transfer, the membranes were washed

with Tri-buffered saline (TBS) and blocked for 1 h at room

temperature with 5% (w/v) skimmed milk powder in TBS.

Blots were then incubated overnight at 4 jC with primary

antibodies in 5% (w/v) skimmed milk powder dissolved in

TBS-Tween 20 (0.1% by volume). Primary antibodies were



Fig. 1. Adenosine A2A receptor-induced simulation of cyclic AMP

accumulation in XS-106 cells. Cells were stimulated with the indicated

concentrations of CGS 21680 for 15 min. Data represent meanF S.E.M. of

triplicate determinations in a single experiment. Similar data were obtained

in three other independent experiments.

Fig. 2. Effect of Cl-IB-MECA and CPA on forskolin-stimulated cyclic

AMP accumulation in XS-106 cells. Cells were initially pre-stimulated

for 5 min with the indicated concentrations of Cl-IB-MECA (closed

circles) and CPA (open circles) prior to stimulation with 3 AM forskolin

for 10 min in the continued presence of agonists. The histograms

represent basal and 3 AM forskolin-stimulated [3H]cyclic AMP

accumulation. Data represent meanF S.E.M. of triplicate determinations

in a single experiment. Similar data were obtained in three other independent

experiments.
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removed and the blot extensively washed with TBS/Tween

20. Blots were then incubated for 2 h at room temperature

with the secondary antibodies (swine anti-mouse or anti-

rabbit antibody coupled to horseradish peroxidase) at

1:1000 dilution in 5% (w/v) skimmed milk powder dis-

solved in TBS/Tween 20. Following removal of the sec-

ondary antibody, blots were extensively washed as above

and developed using the Enhanced Chemiluminescence

detection system (Amersham) and quantified using the

programme QuantiScan (BioSoft). The uniform transfer of

proteins to the nitrocellulose membrane was routinely

monitored by transiently staining the membranes with

Ponceau S stain (Sigma) prior to application of the primary

antibody.

2.4. Measurement of TNF-a release

XS-106 cells (1�105/well) in complete RPMI 1640

medium were plated in 24-well plate cluster dishes and left

for two days. Cells were then washed with serum-free RPMI

1640 medium and incubated with lipopolysaccharide (1 Ag/
ml) in the absence or presence of 5V-N-ethylcarboxamidoa-

denosine (NECA) or prostaglandin E1 for 18 h in RPMI

1640 medium containing 2 mM L-glutamine, 1% (v/v) foetal

calf serum and 5% (v/v) NS46 fibroblast supernatant. Where

appropriate, adenosine receptor antagonists were added 30

min prior to incubation with lipopolysaccharide and NECA.

Following stimulation, supernatants were collected and

analysed for TNF-a release using enzyme-linked immuno-

sorbent assay (ELISA) kits (R&D Systems) according to the

manufacturer’s instructions.

2.5. Data analysis

Agonist pEC50 values (� log EC50; concentration of drug

producing 50% of the maximal response) were obtained by
computer assisted curve fitting by use of the computer

programme Prism (GraphPAD, CA, USA). Statistical sig-

nificance was determined by Student’s unpaired t-test

(P < 0.05 was considered statistically significant). All data

are presented as mean + S.E.M. The n in the text refers to the

number of separate experiments.

2.6. Materials

[2,8-3H]Adenine was from Amersham International

(Aylesbury, Bucks). Aprotinin, bovine serum albumin,

N6-cyclopentyladenosine (CPA), 8-cyclopentyl-1,3-

dipropyl xanthine (DPCPX), foetal calf serum, forskolin,

leupeptin, NECA, prostaglandin E1 and RPMI 1640 medi-

um were obtained from Sigma (Poole, Dorset, UK). 4-[2-

[[-6-Amino-9-(N-ethyl-h-D-ribofuranuronamidosyl)-9H-

purin-2-yl]amino]ethyl]benzene-propanoic acid (CGS

21680), 1-[2-chloro-6[[(3-iodophenyl)methyl]amino]-9H-

purin-9-yl]-1-deoxy-N-methyl-h-D-ribofuranuronamide (2-

Cl-IB-MECA), 4-(2-[7-amino-2-(2-furyl)[1,2,4]tria-

zolo[2,3-a][1,3,5]triazin-5ylamino]ethyl)phenol (ZM

241385) and N-[9-chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-

c]quinazolin-5-benzeneacetamide (MRS 1220) were from

Tocris Cookson (Bristol, UK). Rolipram was purchased

from Calbiochem (Nottingham, UK). Phospho-specific

p42/p44 MAPK (Thr202/Tyr204) and total (unphosphory-

lated) p42/p44 MAPK antibodies were purchased from

Sigma. 5-Amino-2-(2-furyl)-7-phenylethyl-pyrazolo[4,3-e]-

1,2,4-triazolo[1,5c]pyrimidine (SCH58261) was a kind gift

from Dr. Silvio Dionisotti, Schering-Plough, Milan, Italy.

All other chemicals were of analytical grade.
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3. Results

3.1. Effect of adenosine receptor agonists on cyclic AMP

accumulation

In order to establish whether the murine dendritic cell

line XS-106 expresses functional adenosine A1, A2A and A3

receptors we determined the effects of selective adenosine

receptor agonists on intracellular cyclic AMP levels. The

selective adenosine A2A receptor agonist CGS 21680 stim-

ulated a robust increase in [3H]cyclic AMP accumulation in

XS-106 cells (p[EC50] = 7.9F 0.1; n = 4; Fig. 1) suggesting

functional expression of adenosine A2A receptors. The

selective adenosine A3 receptor agonist Cl-IB-MECA eli-

cited a concentration-dependent inhibition of forskolin-
Fig. 3. Adenosine A2A receptor-induced increases in p42/p44 MAPK

phosphorylation in XS-106 cells. Cell lysates (20 Ag) were analysed for

p42/p44 MAPK activation by Western blotting using a phospho-specific

p42/p44 MAPK antibody. Representative Western blots for each experi-

ment are shown in the upper panels. (A) Time-course profile for CGS

21680-induced p42/p44 MAPK phosphorylation in XS-106 cells treated

with vehicle (time zero) or CGS 21680 (1 AM) for the indicated periods of

time. (B) Concentration– response curve for CGS 21680 in XS-106 cells

treated with vehicle (control) or the indicated concentrations of CGS 21680

for 10 min. Combined results represent the meanF S.E.M. from five

independent experiments.

Fig. 4. Adenosine A3 receptor-induced increases in p42/p44 MAPK

phosphorylation in XS-106 cells. Cell lysates (20 Ag) were analysed for

p42/p44 MAPK activation by Western blotting using a phospho-specific

p42/p44 MAPK antibody. Representative Western blots for each experi-

ment are shown in the upper panels. (A) Time-course profile for Cl-IB-

MECA-induced p42/p44 MAPK phosphorylation in XS-106 cells treated

with vehicle (time zero) or Cl-IB-MECA (100 nM) for the indicated periods

of time. (B) Concentration–response curve for Cl-IB-MECA in XS-106

cells treated with vehicle (control) or the indicated concentrations of Cl-IB-

MECA for 10 min. Combined results represent the meanF S.E.M. from

five independent experiments.
stimulated [3H]cyclic AMP accumulation in XS-106 cells

(p[EC50] = 9.1F 0.2; n = 4; Fig. 2). Cl-IB-MECA (1 AM)

inhibited 55F 7% (n = 4) of the cyclic AMP accumulation

induced by 3 AM forskolin. In contrast, the selective

adenosine A1 receptor agonist CPA had no significant effect

on forskolin-induced [3H]cyclic AMP accumulation in XS-

106 cells (Fig. 2). Overall, these data indicate that the

murine dendritic cell line XS-106 expresses functional

adenosine A2A and A3 receptors.

3.2. Effect of adenosine receptor agonists on p42/p44

MAPK phosphorylation

Previous studies have reported coupling of adenosine A1,

A2A and A3 receptors to p42/p44 MAPK signalling in a



Fig. 5. Effect of the selective adenosine A1 receptor agonist CPA on p42/

p44 MAPK phosphorylation in XS-106 cells. Cell lysates (20 Ag) were

analysed for p42/p44 MAPK activation by Western blotting using a

phospho-specific p42/p44 MAPK antibody. Representative Western blots

for each experiment are shown in the upper panels. (A) Time-course profile

for the effects of CPA on p42/p44 MAPK phosphorylation in XS-106 cells

treated with vehicle (time zero) or CPA (1 AM) for the indicated periods of

time. (B) Concentration–response curve for CPA in XS-106 cells treated

with vehicle (control) or the indicated concentrations of CPA for 10 min.

Combined results represent the meanF S.E.M. from four independent

experiments.

Fig. 6. Effect of prostaglandin E1 and the non-selective adenosine receptor

agonist NECA on lipopolysaccharide-induced TNF-a release from XS-106

cells. Cells were incubated with lipopolysaccharide (1 Ag/ml) in the absence

or presence of the indicated concentrations of NECA (closed circles) or

prostaglandin E1 (open circles) for 18 h. Following stimulation supernatants

were collected and analysed for TNF-a release using an ELISA kit. The

results represent meanF S.E.M. of four independent experiments each

performed in duplicate.
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variety of cell types (Seidel et al., 1999; Dickenson et al.,

1998; Graham et al., 2001; Schulte and Fredholm, 2002).

Therefore, the functional expression of adenosine A1, A2A

and A3 receptors in XS-106 cells was also explored by

measuring levels of p42/p44 MAPK phosphorylation fol-

lowing stimulation of cells with selective adenosine receptor

agonists. Increases in p42/p44 MAPK phosphorylation were

monitored by Western blot analysis using a phospho-spe-

cific p42/p44 MAPK (Thr202/Tyr204) antibody. Stimulation

of XS-106 cells with the selective adenosine A2A receptor

agonist CGS 21680 produced a rapid and transient increase

in p42/p44 MAPK phosphorylation (Fig. 3). The response

to CGS 21680 was time-dependent with peak activation

occurring at 10 min (Fig. 3A) and concentration-dependent

(p[EC50] = 7.7F 0.1; n= 5; Fig. 3B). Similarly, the selective
adenosine A3 receptor agonist Cl-IB-MECA also stimulated

a robust increase in p42/p44 MAPK phosphorylation. The

response to Cl-IB-MECA was time-dependent with peak

activation occurring at 10 min (Fig. 4A) and concentration-

dependent (p[EC50] = 8.9F 0.2; n = 5; Fig. 4B). Finally, no

significant increases in p42/p44 MAPK phosphorylation

were observed using the selective adenosine A1 receptor

agonist CPA (see Fig. 5). These observations confirm that

the murine dendritic cell line XS-106 expresses functional

adenosine A2A and A3 receptors. This is in contrast to

human dendritic cells derived from blood monocytes, which

express functional adenosine A1, A2A and A3 receptors

(Panther et al., 2001).

3.3. Effect of adenosine receptor agonists on TNF-a release

Having established that XS-106 cells express functional

adenosine A2A and A3 receptors, we then investigated

whether activation of these receptors modulates lipopoly-

saccharide-induced TNF-a release. Previous studies have

shown that increasing intracellular cyclic AMP levels with

prostaglandin E2 inhibits lipopolysaccharide-stimulated re-

lease of TNF-a and interleukin-12 from human monocyte-

derived dendritic cells (Gantner et al., 1999; Rieser et al.,

1997). In agreement with previous reports, prostaglandin

E1 profoundly inhibited lipopolysaccharide-induced TNF-a

release from XS-106 cells in a concentration-dependent

fashion (p[EC50] = 8.0F 0.1; n= 4; see Fig. 6). Similarly,

the non-selective adenosine receptor agonist NECA

(p[EC50] =6.4F 0.2; n = 4) also inhibited TNF-a release

in a concentration-dependent manner (Fig. 6). Selective

adenosine receptor agonists were then used in order to



Fig. 8. Effect of selective adenosine receptor antagonists on lipopolysac-

charide-induced TNF-a release from XS-106 cells. Cells were pre-treated

for 30 min (100 nM each; alone or in combination) with the following

adenosine receptor antagonists: DPCPX (A1 receptor selective), ZM

241385 and SCH 58261 (A2A receptor selective), MRS 1220 (A3 receptor

selective) and XAC (non-selective). Cells were then exposed to NECA (1

AM) in the presence of lipopolysaccharide (1 Ag/ml) for 18 h. The results

represent meanF S.E.M. of three independent experiments each performed

in duplicate.
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determine which adenosine receptor subtype(s) are in-

volved in the inhibition of lipopolysaccharide-induced

TNF-a release by NECA. The selective adenosine A1

receptor agonist CPA (1 AM) had no effect on lipopoly-

saccharide-induced TNF-a release (Fig. 7). In contrast, Cl-

IB-MECA and CGS 21680, selective adenosine A3 and

A2A receptor agonists, respectively, partially inhibited

lipopolysaccharide-induced TNF-a release (see Fig. 7).

When combined Cl-IB-MECA and CGS 21680 completely

blocked lipopolysaccharide-induced TNF-a production. We

also investigated the effects of selective adenosine receptor

antagonists on NECA-mediated inhibition of lipopolysac-

charide-induced TNF-a release. As shown in Fig. 8, the

selective adenosine A1 receptor antagonist DPCPX had no

significant effect on the inhibition of lipopolysaccharide-

induced TNF-a release by NECA. In contrast, the adeno-

sine A2A receptor selective antagonists ZM 241385 (100

nM) and SCH 58261 (100 nM) and the adenosine A3

receptor selective antagonist MRS 1220 (100 nM) partially

blocked the inhibitory effects of NECA on lipopolysac-

charide-induced TNF-a release. The non-selective adeno-

sine receptor antagonist XAC also partially blocked the

effects of NECA on lipopolysaccharide-induced TNF-a

release. Finally, a combination of MRS 1220 (100 nM)

and SCH 58261 (100 nM) completely blocked the inhib-

itory effects of NECA on lipopolysaccharide-induced TNF-

a release. These data indicate that adenosine A2A and A3

receptors mediate the inhibitory effects of NECA on
Fig. 7. Effect of selective adenosine receptor agonists on lipopolysacchar-

ide-induced TNF-a release from XS-106 cells. Cells were exposed to

lipopolysaccharide (1 Ag/ml; 18 h) alone or in the presence of the following

adenosine receptor agonists NECA (1 AM; non-selective), CPA (1 AM; A1

receptor selective), Cl-IB-MECA (1 AM; A3 receptor selective) and CGS

21680 (1 AM; A2A receptor selective). The results represent meanF S.E.M.

of three independent experiments each performed in duplicate.
lipopolysaccharide-induced TNF-a release from XS-106

cells.
4. Discussion

Adenosine is an endogenous immunomodulator that has

been shown to exhibit anti-inflammatory and immunosup-

pressive properties via the activation of adenosine receptors.

Four subtypes of adenosine receptor (A1, A2A, A2B and A3)

have been cloned and are variably expressed on immune

cells including neutrophils, lymphocytes, eosinophils,

monocytes/macrophages and mast cells (Sullivan and Lin-

den, 1998). However, to date, very few studies have

addressed the role of adenosine receptors in modulating

dendritic cell function. Dendritic cells are antigen-present-

ing cells specialised to activate naı̈ve T-lymphocytes and

initiate primary immune responses (Banchereau et al.,

2000). At present, the vast majority of investigations

employing dendritic cells involve the use of cells harvested

from spleen or bone marrow of rats and mice or alternatively

human blood monocytes differentiated in vitro with inter-

leukin-4, granulocyte-macrophage colony-stimulating factor

and TNF-a to produce a dendritic cell phenotype (Romani

et al., 1994; Inaba et al., 1992). Unfortunately, these time-

consuming methods impose severe constraints upon the

amount of information that can be generated concerning
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dendritic cell function. Interestingly, recent studies have

shown that human monocyte-derived dendritic cells express

functional adenosine A1, A2A and A3 receptors (Panther et

al., 2001, 2003; Fossetta et al., 2003).

There is now available a murine derived dendritic cell line

(XS-106), which is capable of processing and presenting

antigen to lymphocytes. Previous studies have shown that

XS-106 cells express major histocompatibility complex class

II antigen as well as CD40, CD80 and CD86 (Matsue et al.,

1999). In addition, XS-106 cells express the dendritic cell

marker CD11C and induce a robust proliferation of alloge-

neic T cells. Furthermore, when pulsed with antigen, XS-106

cells induce antigen specific humoral and T cell-mediated

immune responses (Timares et al., 1998; Hayashi et al.,

2000). Finally, their adhesive properties and cytokine pro-

files are consistent with dendritic cells, resembling closely

‘‘mature’’ dendritic cells such as cultured Langerhans cells or

CD11C+ splenic dendritic cells (Mummert et al., 2000).

Therefore, the aim of the present study was to determine

whether the murine dendritic cell line XS-106 expresses

functional adenosine A1, A2A and A3 receptors using recep-

tor selective agonists. The selective adenosine A2A receptor

agonist CGS 21680 induced concentration-dependent

increases in [3H]cyclic AMP accumulation (EC50 = 12 nM)

and p42/p44 MAPK phosphorylation (EC50 = 19 nM) in XS-

106 cells. These EC50 values are comparable to values

previously reported for human adenosine A2A receptor-

mediated stimulation of adenylyl cyclase (32 nM) and p42/

p44 MAPK (circa 10 nM) in transfected Chinese hamster

ovary cells (Seidel et al., 1999). Furthermore, the EC50

values for CGS 21680 mediated increases in [3H]cyclic

AMP and p42/p44 MAPK phosphorylation are similar to

Ki values obtained from CGS 21680 binding to rat and

human adenosine A2A receptors, 15 and 27 nM, respectively

(Klotz, 2000). Unfortunately, although all four adenosine

receptor subtypes have been cloned from the mouse (Mar-

quardt et al., 1994), very little is known about their pharma-

cology. However, these observations indicate that XS-106

cells express functional adenosine A2A receptors.

The selective adenosine A3 receptor agonist Cl-IB-

MECA was used to determine the functional expression of

adenosine A3 receptors in XS-106 cells. Measurements of

intracellular [3H]cyclic AMP clearly revealed that Cl-IB-

MECA inhibited forskolin-induced [3H]cyclic AMP accu-

mulation suggesting presence of functional adenosine A3

receptors. In addition, Cl-IB-MECA stimulated increases in

p42/p44 MAPK phosphorylation, which is in agreement

with previous studies showing coupling of the adenosine A3

receptor to p42/p44 MAPK signalling (Graham et al., 2001;

Schulte and Fredholm, 2002). The EC50 values for Cl-IB-

MECA-mediated inhibition of forskolin-induced [3H]cyclic

AMP accumulation (0.8 nM) and stimulation of p42/p44

MAPK phosphorylation (1.2 nM) are similar to the EC50

value recently reported for Cl-IB-MECA-induced Ca2 +

responses (circa 1 nM) in human immature monocyte-

derived dendritic cells (Fossetta et al., 2003). The EC50
values for Cl-IB-MECA-mediated functional responses dif-

fer from the Ki value of 11 nM reported for Cl-IB-MECA

binding to human adenosine A3 receptors (Klotz, 2000).

However, on the basis of published sequences, it is apparent

that the mouse adenosine A3 receptor shows much greater

identity with the rat receptor than the human receptor. Blast

(http://www.ncbi.nlm.nih.gov/blast/) comparison of the pro-

tein sequences (excluding N- and C-termini since ligand

binding has been modelled to the intramembrane regions of

the adenosine A3 receptor (Van Galen et al., 1994) indicates

94% identity for mouse:rat receptor comparisons, while

mouse/human comparison indicates a much lower degree

of homology (76% identity). Thus, although not directly

assessed, it is likely that the pharmacology of the mouse

adenosine A3 receptor more closely resembles the rat

receptor than the human receptor. Cl-IB-MECA binds to

the rat adenosine A3 receptor with a Ki value of 0.33 nM

(Fredholm et al., 2001). Overall, these data clearly indicate

that XS-106 cells express functional adenosine A3 receptors.

Finally, the selective adenosine A1 receptor agonist CPA did

not inhibit forskolin-stimulated [3H]cyclic AMP accumula-

tion or increase levels of p42/p44 MAPK phosphorylation

indicating that murine XS-106 cells do not express func-

tional adenosine A1 receptors. These data contrast to those

obtained using immature human (monocyte-derived) den-

dritic cells, which do express adenosine A1 receptors (Pan-

ther et al., 2001).

In order to determine the effect of adenosine receptor

activation on XS-106 cell function, we measured TNF-a

release from the cells in response to a challenge with

lipopolysaccharide. Previous studies have shown that in-

creasing intracellular cyclic AMP levels with prostaglandin

E2 inhibits lipopolysaccharide-stimulated release of TNF-a

and interleukin-12 from human monocyte-derived dendritic

cells (Gantner et al., 1999; Rieser et al., 1997). In this study,

stimulation of XS-106 cells with the non-selective adeno-

sine receptor agonist NECA inhibited lipopolysaccharide-

stimulated release of TNF-a. Furthermore, Cl-IB-MECA

and CGS 21680, selective adenosine A3 and A2A receptor

agonists respectively, partially blocked lipopolysaccharide-

induced TNF-a release, whereas when combined Cl-IB-

MECA and CGS 21680 inhibited TNF-a release compara-

ble to that observed with NECA alone. These observations

suggest that the inhibitory effects of the non-selective

adenosine receptor agonist NECA are mediated via the

activation of adenosine A3 and A2A receptors. The inhibi-

tory effects of NECAwere partially reversed by the selective

adenosine A2A receptor antagonists ZM 241385 and SCH

58261 and the adenosine A3 receptor antagonist MRS 1220.

It is notable that the combined addition of MRS 1220 and

SCH 58261 completely blocked the effects of NECA. These

observations are in agreement with previous studies that

have reported adenosine A2A receptor-mediated inhibition

of pro-inflammatory cytokines such as TNF-a, interleukin-6

and interleukin-8 (Bouma et al., 1994, 1996; Reinstein et al.,

1994). The inhibitory effects of the adenosine A2A receptor
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stimulation on TNF-a release from XS-106 cells presum-

ably reflect coupling of this receptor to increases in the

immunosuppressive second messenger cyclic AMP. The

studies of Panther et al. (2001) showed that adenosine

A2A receptor activation inhibited interleukin-12 release from

human monocyte-derived dendritic cells.

The results presented indicate that adenosine A3 receptor

activation also inhibits lipopolysaccharide-induced TNF-a

release from XS-106 cells. The adenosine A3 receptor has

also been shown to inhibit TNF-a release from macrophages

(McWhinney et al., 1996). At present, the signal transduction

pathway involved in adenosine A3 receptor-mediated inhi-

bition of TNF-a release from XS-106 cells (this study) and

macrophages (McWhinney et al., 1996) is unclear. As

mentioned previously, inhibition of TNF-a release is usually

associated with Gs-protein-coupled receptor-mediated cyclic

AMP production. Interestingly, adenosine A3 receptors have

been shown to induce an increase in intracellular calcium and

potentiate Ca2 + currents via protein kinase A activation in

A6 renal cells (Reshkin et al., 2000) and hippocampal CA3

pyramidal neuronal cells (Fleming and Mogul, 1997). In

addition, the adenosine A3 receptor stimulates cyclic AMP

production in human eosinophils (Ezeamuzie and Philips,

2003). However, in this study, we did not observe any

stimulatory effects of Cl-IB-MECA on [3H]cyclic AMP

accumulation (data not shown) indicating that the adenosine

A3 receptor is not directly coupled to Gs-protein/cyclic AMP

accumulation in XS-106 cells. The molecular mechanisms

responsible for adenosine A3 receptor-mediated inhibition of

TNF-a release remain to be established.

In conclusion, this study has shown that the murine

dendritic cell line XS-106 expresses functional adenosine

A2A and A3 adenosine receptors. XS-106 cells may there-

fore represent a useful model system cell line for studying

further the role of adenosine receptors in modulating den-

dritic cell function.
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