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The role of adenosine receptors in regulating
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Background and purpose: Adenosine is a major endogenous regulator of macrophage function, and activates four specific
adenosine receptors (A1, A2A, A2B and A3). Here, we have assessed in human lung macrophages the modulation of the expression
of adenosine receptor mRNA by lipopolysaccharide (LPS), and the relative contributions of the different adenosine receptors
to LPS-induced production of tumour necrosis factor (TNF)-a and chemokines.
Experimental approach: Lung macrophages isolated from resected lungs were stimulated with LPS and treated with
adenosine receptor agonists or/and antagonists. Adenosine receptor expression was assessed with qRT-PCR. Cytokines were
measured in lung macrophage supernatants with ELISA.
Key results: LPS increased (about 400-fold) mRNA for A2A adenosine receptors, decreased mRNA for A1 and A2B, but had no
effect on A3 adenosine receptor mRNA. The adenosine receptor agonist NECA inhibited TNF-a production concentration
dependently, whereas the A1 receptor agonist, CCPA, and the A3 receptor agonist, AB-MECA, inhibited TNF-a production only
at concentrations affecting A2A receptors. NECA also inhibited the production of CCL chemokines (CCL2, CCL3, CCL4, CCL5)
and CXCL chemokines (CXCL9 and CXCL10), but not that of CXCL1, CXCL8 and CXCL5. Reversal of NECA-induced inhibition
of TNF-a and chemokine production by the selective A2A adenosine receptor antagonist ZM 241385, but not the A2B receptor
antagonist, MRS 1754, or the A3 receptor antagonist, MRS 1220, indicated involvement of A2A receptors.
Conclusions and implications: LPS up-regulated A2A adenosine receptor gene transcription, and this receptor subtype
mediated inhibition of the LPS-induced production of TNF-a and of a subset of chemokines in human lung macrophages.
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Introduction

Adenosine is an endogenous purine nucleoside that is rapidly
released from all cells upon ATP degradation under conditions

of stress, hypoxia or chronic inflammation (Spicuzza et al.,
2006). Adenosine clearly plays a role in inflammatory lung
diseases, such as asthma and chronic obstructive pulmonary
disease (COPD) (Varani et al., 2006; Brown et al., 2008;
Wilson, 2008). The diverse effects of extracellular adenosine
are mediated through activation of four distinct G-protein-
coupled receptors: A1, A2A, A2B and A3 (nomenclature follows;
Alexander et al., 2008). Adenosine receptors are ubiquitously
expressed throughout the body with virtually all the cell types
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involved in airway inflammation expressing one or more
adenosine receptor subtypes (Varani et al., 2006; Brown et al.,
2008).

Adenosine receptors are expressed on monocytes and mac-
rophages, and, through activation of these receptors, adenos-
ine modulates monocyte and macrophage functions (Hasko
et al., 2007). Because adenosine is released under the same
conditions as those causing macrophage activation, adenos-
ine receptors may enable macrophages to fine-tune their
responses to stressful conditions, particularly acute or chronic
airway inflammation (Hasko et al., 2007). Tumour necrosis
factor (TNF)-a, a well-known pro-inflammatory cytokine with
a wide range of biological functions, is secreted primarily by
monocytes and macrophages. In addition to inhibition of
TNF-a production, adenosine can down-regulate interleukin
(IL)-12 production and up-regulate IL-10 release from mono-
cytes and macrophages (Hasko et al., 2007).

TNF-a production by monocytes and macrophages can be
inhibited by A1, A2A and A3 adenosine receptors, and IL-12
production by A2A and A3 adenosine receptors. The receptor
subtypes involved depend on cell origin, species and inflam-
matory stimulus (Hasko et al., 2007). On human monocytes,
activation of A2A receptors is predominantly responsible for
inhibition of lipopolysaccharide (LPS)-induced TNF-a produc-
tion by adenosine receptor agonists (Zhang et al., 2005; Ezea-
muzie and Khan, 2007; Hamano et al., 2008). A2A receptors are
coupled to Gs proteins, elevate intracellular levels of cAMP,
activate the protein kinase A (PKA) pathway involved in the
inhibition of LPS-induced TNF-a production in human
monocytes and macrophages (Bryn et al., 2006), thereby
explaining the A2A receptor-mediated inhibition of TNF-a pro-
duction (Palmer and Trevethick, 2008). In addition to TNF-a,
the production of IL-12 and of the chemokines, CCL-3 and
CCL-4, are also inhibited by cAMP-dependent pathways in
human blood monocytes and monocyte-derived macroph-
ages (Kimata et al., 1998; Bryn et al., 2006).

Macrophages play a critical role in the pathophysiology of
COPD and asthma (Barnes, 2008). However, the role of adenos-
ine receptors in the regulation of TNF-a production by human
lung macrophages has not been addressed previously. In addi-
tion to the release of inflammatory cytokines, like TNF-a,
macrophages orchestrate lung inflammation by releasing
chemokines to recruit leukocytes (Barnes, 2008). Therefore,
this study was designed to investigate the effect of LPS on the
expression of adenosine receptor mRNA, and to differentiate
the relative contributions of the different adenosine receptor
subtypes to the regulation of LPS-induced production of
TNF-a, CC chemokines [CCL2 (MCP-1), CCL3 (MIP-1a), CCL4
(MIP-1b), CCL5 (RANTES)] and CXC chemokines [CXCL1
(GRO-a), CXCL5 (ENA-78), CXCL8 (IL-8), CXCL9 (MIG),
CXCL10 (IP-10)], which are involved in the recruitment of
neutrophils, monocytes and lymphocytes within the airways.
We found that all four adenosine receptors were expressed on
lung macrophages, and that A2A adenosine receptor expression
was dramatically increased following LPS stimulation. We also
demonstrate that LPS-induced TNF-a and chemokine produc-
tion is inhibited mainly through activation of the A2A receptor
subtype, while other adenosine receptor subtypes do not seem
to play a role in regulating production of cytokines and
chemokines in lung macrophages.

Methods

Isolation and culture of human lung macrophages
The use of resected lung tissues for research purposes was
approved by the Regional Ethics Committee for Biomedical
Research. Lung tissues were obtained from 11 patients (age: 59
� 9 years, sex (M : F): 6:5, FEV1: 81 � 4% predicted, FEV1/FVC
ratio: 0.77 � 0.04, smokers/ex-smokers: 6/5, pack years: 49 �

8) undergoing surgical resection for lung carcinoma who had
not received preoperative anti-cancer chemotherapy or radio-
therapy. Lung macrophages were isolated as described previ-
ously (Jeyaseelan et al., 2005) with some modifications.
Briefly, peripheral tissues far from the tumour were separated
from their capsule, washed with sterile culture medium
[Roswell Park Memorial Institute (RPMI) 1640 supplemented
with 100 mg·mL-1 of streptomycin and 100 U·mL-1 of penicil-
lin], then finely minced with scissors and washed again with
RPMI 1640. The collected fluid was centrifuged (10 min,
300¥ g), and the cell pellet was resuspended in RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum
(FCS), L-glutamine (2 mM) and antibiotics (complete
medium). The cell suspension was adjusted to 106 viable
cells·mL-1, and 1 mL of cell suspension was deposited in each
well of 24-well plastic tissue culture plates and left at 37°C in
a 5% CO2 humidified atmosphere for at least 1 h. The non-
adherent cells were removed by three gentle washings with
warm medium, 1 mL of complete medium was then added to
each well and the remaining cells were maintained at 37°C
and 5% CO2 overnight. The adherent population of cells (160
� 16 ¥ 103 cells per well) were >95% pure macrophages using
light microscope cytological examination after May–
Grünewald–Giemsa staining (Coger, Paris, France) and using
CD68 immunocytochemistry (monoclonal mouse anti-
human CD68 antibody, KP1 clone, Dako, Trappes, France).
Cell viability exceeded 90% as assessed by trypan blue dye
exclusion.

Treatment of lung macrophages with adenosine receptor agonists
or antagonists
Stock solutions of 10 mM adenosine receptor agonists and
antagonists were prepared in dimethylsulphoxide (DMSO)
except for the A2B receptor antagonist, MRS 1754, solubilized
at 100 mM. All subsequent dilutions were prepared in com-
plete medium. The maximal DMSO concentration applied to
cells in culture did not exceed 0.1%, and had no major effect
on either cell viability or TNF-a production (data not shown)
as previously reported (Bshesh et al., 2002). The 24-well plates
containing lung macrophages were washed with warm
medium, and 1 mL of fresh medium supplemented with 1%
FCS was added. Lung macrophages were exposed to adenosine
receptor antagonists or their respective vehicles for 15 min
before being pre-incubated for 1 h (37°C, 5% CO2) with
adenosine receptor agonists or vehicles prior to LPS stimula-
tion (1 mg·mL-1) for 24 h. Antagonist concentrations for ZM
241385, MRS 1754 and MRS 1220 were chosen based on their
reported affinities for human recombinant adenosine recep-
tors (Fredholm et al., 2001). All wells were run in duplicate for
each series of experiments performed with lung macrophages
isolated from a resected lung. After incubation with LPS, lung
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macrophage culture supernatants were collected and stored at
-80°C prior to cytokine quantification. None of the treat-
ments used in this study altered cell viability.

Cytokine assays
Cytokine production was assessed by measuring their concen-
trations in the lung macrophage supernatants with ELISA

(Duoset Development System), according to the manufactur-
er’s instructions (R&D Systems Europe, Lille, France). The
supernatants were diluted with RPMI as appropriate, and the
optical density was determined at 450 nm with an MRX II
microplate reader from Dynex Technologies (Saint-Cloud,
France). Cytokine concentrations are expressed as pg or ng per
106 lung macrophages. The detection limits of these assays
were 8 pg·mL-1 for CCL3, 16 pg·mL-1 for TNF-a, CXCL5,
CXCL10, CCL2, CCL4 and CCL5, 32 pg·mL-1 for CXCL1 and
CXCL8, and 62 pg·mL-1 for CXCL9.

qRT-PCR analysis
Lung macrophages, treated or not with LPS (1 mg·mL-1) for
24 h, were harvested in RNAlater, and total RNA was extracted
with RNeasy Mini Kit (Qiagen, Courtabeuf, France). After
DNAse I treatment (DNAse set, Qiagen), 1 mg of total RNA was
used to generate single-stranded cDNA (cDNA Archive Kit,
Applied Biosystems, Courtabeuf, France). Reactions without
reverse transcriptase were systematically run in parallel.
Absence of contaminating genomic DNA was assessed by
amplifying 24 housekeeping genes (18S, ACTB, AGPAT1, B2M,
EEF1A2, GAPDH, GUSB, HDAC1, HMBS, HPRT1, ILF2, PMM1,
POLR2H, PPIA, PSMA1, RPL13, RPL37A, SDHA, TAX1BP1, TBP,
TPT1, UBC, VIL2, YWHAZ).

A specific TaqMan low-density array, based on pre-designed
reagents (Assay-on-Demand, Applied Biosystems), was set up
to evaluate adenosine receptor expression by qRT-PCR:
A1 receptor (ADORA1): Hs00181231_m1; A2A receptor
(ADORA2A): Hs00169123_m1; A2B receptor (ADORA2B):
Hs00386497_m1; A3 receptor (ADORA3): Hs00181232_m1.
qRT-PCR was carried out with 100 ng of cDNA in 2 mL of final
reaction volume in 384-well microfluidic plates pre-loaded
with probe and primers on the ABI PRISM 7900 Sequence
Detection System using TaqMan Universal PCR Master Mix
(Applied Biosystems). Gene expression fold changes were cal-
culated according to the DDCt method (Livak and Schmittgen,
2001). Sample profiles were obtained for the 24 housekeeping
genes to determine the best set of genes leading to the most
accurate normalization. The mean values of TPT1, PPIA and
UBC were selected for further normalization of data. Genes
were considered to be significantly expressed, and their tran-
script was measurable if their corresponding threshold cycle
(Ct) value was �35.

Statistical analysis
Data are expressed as means � SEM; n represents the number
of patients from whom lung macrophage preparations were
obtained. The concentration–effect curves were analysed
using non-linear regression GraphPad Prism Version 5.01
(GraphPad Software Inc., San Diego, CA, USA), and sigmoidal

curves were plotted to analyse the effects of the agonists (in
the absence or presence of antagonists) on cytokine produc-
tion. Statistical analyses used one-way repeated measures
ANOVA followed by Dunnett’s post-tests. Significance was
defined as P < 0.05.

The potency (pD2) of adenosine receptor agonists was
defined as the negative log10 of the agonist concentration
achieving 50% of the maximal response (EC50). The dissocia-
tion constant (KB) of the antagonist ZM 241385 at its respec-
tive adenosine receptor was estimated using the following
equation: KB = [B]/[DR - 1], where DR is the dose ratio (EC50 of
the agonist in the presence of the antagonist divided by the
EC50 of the same agonist in the absence of the antagonist) and
[B] = molar antagonist concentration (Arunlakshana and
Schild, 1959).

Materials
The following chemicals were used: penicillin–streptomycin
stabilized solution, DMSO, L-glutamine, FCS, RNAlater,
trypan blue dye and LPS (from Escherichia coli serotype
0111:B4) were purchased from Sigma (St Louis, MO, USA).
RPMI 1640 medium, phosphate-buffered saline and
BSA were from Eurobio Biotechnology (Les Ulis, France).
NECA (5′-N-ethyl-carboxamidoadenosine), CCPA (2-chloro-
N6-cyclopentyladenosine), ZM 241385 (4-(2-[7-amino-2-
(2-furyl)[1,2,4]triazolo-[2,3-a][1,3,5]triazin-5-yl-amino]ethyl)
phenol), MRS 1754 (N-(4-cyano-phenyl)-2-[4-(2,6-dioxo-1,
3-dipropyl-2,3,4,5,6,7-hexahydro-1H-purin-8-yl)-phenoxy]
acetamide) and MRS 1220 (9-chloro-2-(2-furanyl)-5-
[(phenylacetyl)amino][1,2,4]-triazolo[1,5-c]quinazoline) were
purchased from Tocris Bioscience (Bristol, UK). AB-MECA
(4-aminobenzyl-5-N-methylcarboxamidoadenosine) was
obtained from Sanofi-Aventis (Montpellier, France). All cell
culture plastics were from TPP (Trasadingen, Switzerland).

Results

LPS changes adenosine receptor mRNA expression in human lung
macrophages
In unstimulated cells, gene expression results indicated that
lung macrophages preferentially expressed A1 and A2B adenos-
ine receptors, and only weakly expressed the other two
adenosine receptors. Exposure of lung macrophages to LPS for
24 h evoked about a 400-fold increase of A2A receptor mRNA,
and about a 10-fold decrease of A1 and A2B receptor mRNA, but
had no effect on A3 receptor mRNA (Table 1). Therefore, the
ratios of expression of A1 : A2A : A2B : A3 receptors by unstimu-
lated cells were approximately 11:1:32:1 and, after LPS stimu-
lation, were 1:360:3:1.

Effects of adenosine receptor agonists and antagonists on TNF-a
production by LPS-stimulated human lung macrophages
The effects of serial concentrations of the non-selective
adenosine receptor agonist NECA, the A1 receptor agonist,
CCPA and the A3 receptor agonist, AB-MECA, were investi-
gated on LPS-stimulated TNF-a production by human lung
macrophages. LPS stimulation of human lung macrophages
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induced a mean 20-fold increase of TNF-a production (to
2083 � 303 pg 10-6 cells). NECA inhibited LPS-stimulated
TNF-a production in a concentration-dependent manner
(Figure 1), reaching its maximal inhibition of approximately
80% at the highest concentration evaluated (10 mM). NECA
had no influence on the low TNF-a production (112 �

21 pg 10-6 cells) by unstimulated lung macrophages (n = 5).
Neither CCPA nor AB-MECA inhibited TNF-a production at

concentrations up to and including 100 nM (Figure 1). But at
higher concentrations, both compounds were able to interact
with the other adenosine receptors (Fredholm et al., 2001;
Cappellacci et al., 2008), and thus the maximal inhibition of
TNF-a production by AB-MECA was 26 � 6% at 10 mM (n = 5),
whereas the maximal effect of CCPA was 56 � 5% at 10 mM
(n = 5).

The A3 adenosine receptor antagonist, MRS 1220, at a selec-
tive concentration of 10 nM (Jacobson et al., 1997) did not
reverse NECA inhibition of LPS-induced TNF-a production,
thereby excluding the participation of the A3 receptor [NECA
alone: pD2 = 7.3 � 0.2; NECA + MRS 1220, pD2 = 7.1 � 0.1
(n = 5)].

To elucidate the roles of A2 adenosine receptor subtypes in
LPS-induced TNF-a production, selective A2A and A2B receptor
antagonists were evaluated for their abilities to block the
NECA-induced inhibition. Notably, the A2A adenosine recep-

tor antagonist, ZM 241385 (30 nM) caused a major rightward
shift of the NECA concentration–response curve (Figure 2A).
The apparent KB value is consistent with the reported affinity
of ZM 241385 for the human recombinant A2A receptor (Fred-
holm et al., 2001). That value and the strong expression of A2A

receptors suggest that this adenosine receptor subtype is the
predominant receptor responsible for NECA inhibition of
LPS-induced TNF-a production. TNF-a production did not
rise when the A2A receptors were blocked by ZM 241385 in the
presence of LPS, suggesting that endogenous adenosine
release did not down-regulate TNF-a production via the A2A

receptor under our experimental conditions. On the other
hand, pretreatment of human lung macrophages with MRS
1754 (100 nM), an A2B receptor antagonist, failed to prevent
NECA inhibition of TNF-a production (Figure 2B). In addi-
tion, TNF-a production remained unchanged when the A2B

or A3 receptors were blocked by MRS 1754 or MRS 1220
respectively.

Effect of NECA on CCL and CXCL chemokines produced by
LPS-stimulated lung macrophages
Screening with human cytokine antibody arrays (RayBio
Human Cytokine Antibody Array V, RayBiotech, Le Perray en

Table 1 Levels of expression of mRNA for adenosine receptor sub-
types and their modulation by LPS in human lung macrophages

Receptor Expression levels (2-DCt) Fold change

Control LPS LPS versus Control

A1 3.8 0.3 -14.0 (-5.9, -100.0)
A2A 0.3 100.7 359.7 (115.4, 1038.8)
A2B 10.7 0.9 -12.6 (-3.8, -33.3)
A3 0.3 0.3 -1.2 (-50.0, 7.1)

Data are mean relative quantifications (min, max) (n = 5 different preparations)
expressed as 2-DCt, where DCt is the difference between target Ct and mean Ct
of the pool of reference genes.
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Figure 1 Effects of NECA, a non-selective adenosine receptor
agonist; CCPA, an A1 receptor agonist; and AB-MECA, an A3 receptor
agonist, on the production of TNF-a by LPS-stimulated human lung
macrophages. Values are means � SEM of five experiments.
*P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2 Effects of the selective A2A adenosine receptor antagonist
ZM 241385 (A) and A2B receptor antagonist MRS 1754 (B) on the
inhibition of TNF-a production by the adenosine receptor agonist
NECA. Cells were pretreated with the antagonists or vehicle for
15 min, followed by incubation with NECA for 1 h before being
stimulated with LPS (1 mg·mL-1). Values are means � SEM of five
experiments.
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Yvelines, France, and Proteome Profiler Array, R&D Systems)
of the LPS-dependent accumulation of chemokines in human
lung macrophage supernatants indicated that the main CC
chemokines were CCL2, CCL3, CCL4 and CCL5, and the
main CXC chemokines were CXCL1, CXCL5, CXCL8, CXCL9
and CXCL10 (data not shown). Unstimulated lung macroph-
ages produced variable amounts of chemokines with CXCL5
and CXCL8 having the highest basal production. LPS stimu-
lation also induced variable increases of chemokine produc-
tion, with the highest increases being observed for CXCL10,
CCL3 and CCL5 (Table 2). After 24 h of exposure to LPS,
CXCL5 and CXCL8 were the predominant CXC chemokines,
and CCL3 and CCL4 were the predominant CCL chemokines
in lung macrophage supernatants.

NECA inhibited the LPS-stimulated production of CCL2,
CCL3, CCL4, CCL5, CXCL9 and CXCL10 in a concentration-
dependent manner (Table 2). Maximal NECA inhibitions (at
10 mM) of LPS-stimulated chemokine productions were 52 �

8% for CCL2, 43 � 3% for CCL3, 42 � 7% for CCL4 and 36 �

5% for CCL5; and 53 � 7% for CXCL9 and 63 � 8% for
CXCL10. The pD2 for NECA inhibition of CCL5 and CCL2
productions were 7.4 � 0.5 and 6.2 � 0.4 respectively. LPS-
induced CXCL1 and CXCL8 productions were barely affected
by NECA, which had no effect on CXCL5. NECA did not alter
the basal production of CCL2, CCL3 and CCL4 by unstimu-
lated lung macrophages (n = 3–4).

Because A2A adenosine receptors were involved in NECA
inhibition of LPS-induced TNF-a production by human lung
macrophages, we investigated the possible contribution of
these adenosine receptors to the modulation of chemokine
production. As shown in Figure 3A–D, respectively, the A2A

adenosine receptor antagonist, ZM 241385 (30 nM), shifted
to the right the concentration–response curves of NECA as
an inhibitor of production of CCL3, CCL4, CXCL9 and
CXCL10, whereas the A2B receptor antagonist, MRS 1754
(100 nM), did not change NECA inhibition of chemokine
production (data not shown). ZM 241385 also antagonized
NECA inhibition of CCL5 and CCL2 productions with
respective estimated KB of 0.8 and 2.7 nM. Chemokine pro-
duction was not increased when the A2A receptors were
blocked by ZM 241385 in the presence of LPS. Chemokine

production was also unchanged when the A2B adenosine
receptors were blocked by MRS 1754.

Discussion and conclusions

The results of this study confirmed the expression of mRNA
for all adenosine receptors in human lung macrophages, and
demonstrated the LPS-induced modulation of their expres-
sion. We evaluated, for the first time with this human cell
type, the adenosine receptors involved in the inhibition of
LPS-induced TNF-a production, and extended these results to
chemokines involved in airway inflammation.

All four adenosine receptors are expressed by monocytes
and macrophages. However adenosine receptor expression is
relatively low in quiescent monocytes, but increases during
their differentiation into macrophages and also appears to
change upon inflammatory activation (Bours et al., 2006).
Immunohistochemical localization of adenosine receptors in
human peripheral lung parenchyma revealed the expression
of A2 and A3 receptors and, to a lesser degree, A1 receptors on
lung macrophages (Varani et al., 2006). But neither the rela-
tive expressions of the four adenosine receptor types nor the
modulation of their expression by LPS on human lung mac-
rophages had been addressed previously. Our results are the
first to demonstrate the expression of all four adenosine
receptor mRNA on freshly isolated human lung macrophages
with A2B receptor mRNA predominance on unstimulated cells.
The very strong induction of A2A receptor mRNA elicited by
LPS in lung macrophages is in line with that reported for the
mouse myelomonocytic leukemia cell line WEHI-3, mouse
intraperitoneal macrophages and human monocyte-derived
macrophages, but was much greater than that observed for
human blood monocytes (Suzuki et al., 2000) or the human
monocyte leukemia cell line THP-1 (Bshesh et al., 2002). Our
findings also demonstrated that A2A receptors had the highest
mRNA expression followed by those of A2B, A1 and A3 recep-
tors on LPS-stimulated lung macrophages with more than
10-fold decreases of A2B and A1 receptor transcripts in response
to LPS. These results contrast with the increase of A2B receptor
transcripts elicited by LPS on both WEHI-3 cells and mouse

Table 2 The effect of NECA on chemokine production in culture supernatants of human lung macrophages, with or without LPS

Chemokine (n) NECA (M)

Basal LPS only LPS + 10-9 LPS + 10-8 LPS + 10-7 LPS + 10-6 LPS + 10-5

CXCL1 (6) 1.5 � 0.4 22.3 � 5.2 22.7 � 5.2 22.0 � 5.0 22.5 � 5.6 20.9 � 5.3 17.8 � 4.7**
CXCL5 (6) 25.1 � 7.8 196.8 � 72.1 180.1 � 53.0 189.8 � 62.4 195.4 � 65.1 212.9 � 75.2 190.7 � 71.4
CXCL8 (6) 22.4 � 5.8 181.5 � 43.8 186.5 � 44.6 190.8 � 47.8 173.2 � 54.2 170.3 � 55.0 158.1 � 50.3*
CXCL9 (5) 0.7 � 0.3 6.9 � 0.4 6.8 � 0.6 5.3 � 0.7* 4.5 � 0.4** 3.9 � 0.2*** 3.5 � 0.2***
CXCL10 (7) 0.03 � 0.01 5.0 � 1.4 4.7 � 1.5 4.1 � 1.3 3.2 � 1.0* 2.7 � 0.9** 2.4 � 0.9***
CCL2 (6) 2.4 � 1.1 7.0 � 1.7 6.5 � 1.6 5.9 � 1.6* 5.8 � 1.7* 5.4 � 1.7** 4.6 � 1.7***
CCL3 (6) 2.2 � 1.1 55.3 � 11.7 54.3 � 11.2 54.0 � 11.7 44.8 � 9.4* 39.2 � 9.3** 32.5 � 7.5***.
CCL4 (8) 5.7 � 1.9 72.5 � 8.0 69.0 � 8.0 66.9 � 6.8 59.1 � 6.5*** 51.4 � 5.6*** 43.4 � 6.2***
CCL5 (6) 0.05 � 0.01 1.8 � 0.7 1.3 � 0.4 1.3 � 0.4 1.4 � 0.5 1.2 � 0.4* 1.1 � 0.5*

Macrophages were treated with medium (basal) only or LPS (1 mg·mL-1) in the absence (LPS only) or presence (LPS +) of a range of concentrations (10-9–10-5 M)
of the non-selective adenosine receptor agonist NECA. Supernatants were harvested at 24 h, and analysed for chemokine levels by ELISA. Results are expressed in
ng 10-6 cells. Number of different preparations of macrophages in parentheses. Asterisks indicate significant effects of NECA on cytokine production, compared
to the control experiments (LPS only) (*P < 0.05; **P < 0.01; ***P < 0.001).
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intraperitoneal macrophages (Murphree et al., 2005). Expres-
sion of the A3 adenosine receptors was unaffected by LPS, and
remained low, as reported for WEHI-3 and THP-1 cells, and
mouse intraperitoneal macrophages (Murphree et al., 2005).

The two A2 adenosine receptor subtypes, along with the
other adenosine receptor types, have been implicated in the
suppression of LPS-induced cytokine production by mouse
monocytes/macrophages, depending on the cell origin and
species, whereas for human monocytes, A2A receptors appear
to be mainly involved (Bours et al., 2006; Hasko et al., 2007;
Takahashi et al., 2007; Kreckler et al., 2009).

In this study, the involvement of A2A adenosine receptors in
the inhibition of cytokine production by LPS-stimulated
human lung macrophages was clearly indicated by three fea-
tures of our results. First, the mRNA for the A2A receptor was
markedly up-regulated by LPS, whereas A1 and A2B receptor
mRNAs were clearly decreased, with A3 receptor mRNA at a
constantly low level. Second, the A1 and A3 receptor agonists
were only mildly inhibitory on TNF-a production in response
to LPS. Last, the selective A2A receptor antagonist ZM 241385,
but not the A2B receptor antagonist MRS 1754 or the A3 recep-
tor antagonist MRS 1220, reversed the NECA-induced inhibi-
tion of LPS-induced TNF-a and chemokine production.
Although NECA did not inhibit basal production of cytokines

in unstimulated lung macrophages, we cannot suggest a
direct relationship between LPS-induced up-regulation of A2A

adenosine receptor mRNA and the inhibitory effect of A2A

receptor stimulation on LPS-induced cytokine production in
the absence of time-course experiments. Pertinently, for these
in vitro studies, we selected a clinically relevant concentration
of endotoxin (1 mg·mL-1). Endotoxin concentrations as high
as 1–100 ng·mL-1 have been detected in bronchoalveolar
fluids from patients with acute respiratory distress syndrome
or pneumonia (Martin et al., 1997). Because bronchoalveolar
lavage in humans has been reported to dilute lung fluids by
~100-fold, lung fluid endotoxin concentrations in those
patients had been estimated to be as high as 0.1–10 mg·mL-1

(Goodman et al., 1998). In addition, those authors estimated
endotoxin concentrations in the lung fluids of rabbits with E.
coli-induced experimental pneumonia to be ~1 mg·mL-1,
similar to the concentration we have used.

It is widely accepted that activated macrophages play a
central role in the regulation of immune and inflammatory
activities, and tissue remodelling. Bacterial LPS or cigarette
smoke activates lung macrophages to release pro-
inflammatory chemokines that recruit and activate blood-
derived leukocytes through binding to chemokine receptors.
The chemokine receptors CXCR3 and CCR5 are strongly

NECA alone
NECA+ ZM241385 (30 nM)

A B

DC

–10 –9 –8 –7 –6 –5

40

60

80

100

120

pD2 = 6.9 ± 0.3

KB = 0.9 nM

0

 [NECA], log M

C
C

L
3
 p

ro
d

u
c
ti

o
n

(%
 o

f 
m

a
x
im

a
l 
re

s
p

o
n

s
e
)

–10 –9 –8 –7 –6 –5
0

20

40

60

80

100

120

pD2 = 7.6 ± 0.4

KB = 0.7 nM

 [NECA], log M

C
X

C
L

1
0
 p

ro
d

u
c
ti

o
n

 (
%

 o
f 

m
a
x
im

a
l 
re

s
p

o
n

s
e
)

–10 –9 –8 –7 –6 –5
0

20

40

60

80

100

120

pD2 = 8.1 ± 0.3

KB = 0.7 nM

 [NECA], log M

C
X

C
L

9
 p

ro
d

u
c
ti

o
n

(%
 o

f 
m

a
x
im

a
l 
re

s
p

o
n

s
e
)

–10 –9 –8 –7 –6 –5
0

40

60

80

100

120

pD2 = 6.6 ± 0.2

KB = 1.5 nM

[NECA], log M

C
C

L
4
 p

ro
d

u
c
ti

o
n

(%
 o

f 
m

a
x
im

a
l 
re

s
p

o
n

s
e
)

Figure 3 Effects of the selective A2A receptor antagonist ZM 241385 on the inhibition of CCL3 (A), CCL4 (B), CXCL9 (C) or CXCL10 (D)
production by the adenosine receptor agonist NECA. Cells were pretreated with the antagonist or vehicle for 15 min, followed by incubation
with NECA for 1 h before being stimulated with LPS (1 mg·mL-1). For each chemokine, the pD2 of NECA in the absence of ZM 241385, and
the dissociation constant (KB) of the antagonist ZM 241385 are indicated in the graph. Values are means � SEM of six to eight experiments.
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expressed on lung CD8+ T cells and monocytes, and CCL3 and
CXCL9 expressions in whole lung tissues from COPD patients
were also correlated with disease activity (Freeman et al.,
2007).

NECA or adenosine down-regulated the LPS-induced pro-
duction of CXCR3-activating chemokines (CXCL9 and
CXCL10) and CCR5-activating chemokines (CCL3, CCL4 and
CCL5) through activation of A2A adenosine receptors, as
deduced from the reversal by ZM 241385 of NECA-induced
inhibition of their production and the lack of activity of MRS
1754. The production of these chemokines was previously
reported to be regulated by cAMP-dependent pathways in
monocytes, macrophages, airway epithelial cells or airway
smooth muscle cells. (Delgado and Ganea, 2001; Hallsworth
et al., 2001; Takayama et al., 2002; Bryn et al., 2006; Ayer et al.,
2008; Reddy et al., 2008). The A2A adenosine receptor couples
to Gs proteins, and stimulates adenylate cyclase and intracel-
lular cAMP accumulation. (Bshesh et al., 2002; Nemeth et al.,
2003; Fotheringham et al., 2004; Palmer and Trevethick,
2008). In human monocytes and monocyte-derived macroph-
ages, cAMP inhibits LPS-induced TNF-a and CCL4 production
through the PKA pathway (Bryn et al., 2006). In addition to
the PKA pathway, cAMP can activate the exchange protein
directly activated by cAMP (Epac) pathway in various cell
types including monocytes and macrophages (Bryn et al.,
2006; Palmer and Trevethick, 2008). However, the inhibition
of LPS-induced cytokine production by cAMP was not regu-
lated by the Epac pathway in human monocytes and mac-
rophages (Bryn et al., 2006). In thioglycollate-elicited mouse
peritoneal macrophages, activation of A2A adenosine receptors
inhibits LPS-induced TNF-a production at the level of gene
transcription through a unique cAMP-dependent, but PKA-
and Epac-independent signalling pathway involving protein
phosphatase activity without inhibition of nuclear transloca-
tion and DNA binding of NF-kB (Kreckler et al., 2009). In
contrast, activation of A2A receptors has been shown to inhibit
either nuclear translocation of NF-kB or its transcriptional
activation in different myeloid, lymphoid and epithelial cell
lines (Palmer and Trevethick, 2008). The intracellular
pathway mediating the inhibitory effect of A2A receptor acti-
vation on cytokine production appears to depend on the cell
type and the stimulating agent, and will require specific inves-
tigation in LPS-stimulated human lung macrophages. CXCL1,
CXCL5 and CXCL8 are mainly involved in the local recruit-
ment of neutrophils (Palmqvist et al., 2007; Viola and Luster,
2008). CXCL8 is not only produced in high quantities, but is
also a more effective chemo-attractant than either CXCL1 or
CXCL5, and is responsible for almost all neutrophil chemot-
actic activity in the supernatants of LPS-stimulated alveolar
macrophages (Goodman et al., 1998). NECA had only mild or
no inhibitory effect on CXCL1, CXCL5 and CXCL8. That
finding is consistent with the observation that the production
of these chemokines is weakly affected or unaffected by
agents that increase cAMP intracellular concentrations (e.g.
b2-adrenoceptor agonists, forskolin, phosphodiesterase IV
inhibitors) in human monocytes/macrophages or sputum
cells (Zhong et al., 1995; Yoshimura et al., 1997; Hallsworth
et al., 2001; Pozo et al., 2002; Profita et al., 2003; Reddy et al.,
2008). However, A2A adenosine receptors are expressed on
neutrophils, and their activation not only inhibits adhesion

and recruitment, but also inhibits degranulation of activated
neutrophils (Spicuzza et al., 2006).

Taken together, our results suggest that Toll-like receptor 4
stimulation of human lung macrophages initiates a down-
regulatory pathway to control inflammation by the induction
of the anti-inflammatory A2A adenosine receptor. These recep-
tors are fairly resistant to adenosine-induced desensitization
(Zezula and Freissmuth, 2008), and may act as a regulatory
mechanism to orchestrate the production of cytokines, like
TNF-a, and of a subset of chemokines involved in the lung
recruitment of inflammatory cells.
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