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ABSTRACT
Extensive characterization of adenosine receptors expressed by
human monocyte-derived dendritic cells (MDDCs) was performed
with quantitative polymerase chain reaction, radioligand binding,
and calcium signaling. Transcript for the A3 adenosine receptor
was elevated more than 100-fold in immature MDDCs compared
with monocyte precursors. A3 receptor transcript was substan-
tially diminished, and A2A receptor transcript increased, by lipo-
polysaccharide maturation of MDDCs. Saturation binding of N6-
(3-[125I]iodo-4-aminobenzyl)-adenosine-5�-N-methyluronamide
([125I]AB-MECA) to membranes from immature MDDCs yielded
Bmax of 298 fmol/mg of protein and KD of 0.7 nM. Competition
against [125I]AB-MECA binding confirmed the site to be the A3
receptor. Adenosine elicited pertussis toxin-sensitive calcium re-
sponses with EC50 values ranging as low as 2 nM. The order of
potency for related agonists was N6-(3-iodobenzyl)-adenosine-5�-
N-methylcarboxamide (IB-MECA) � I-AB-MECA � 2Cl-IB-
MECA � adenosine � 2-[p-(2-carboxyethyl)phenylethylamino]-5�-
N-ethylcarboxyamidoadenosine (CGS21680). The order of
efficacy was adenosine � CGS21680 � IB-MECA � I-AB-

MECA � 2Cl-IB-MECA. Calcium responses to 2Cl-IB-MECA and
CGS21680, and the lower range of adenosine concentrations,
were completely blocked by 10 nM N-(2-methoxyphenyl)-N-[2-(3-
pyridyl)quinazolin-4-yl]urea (VUF5574) but not by 7-(2-phenyl-
ethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4-triazolo[1,5-
c]pyrimidine (SCH58261) or 8-cyclopentyl-1,3-dipropylxanthine.
Pretreatment with 100 nM 2Cl-IB-MECA eliminated responses to
CGS21680 but not to monocyte inhibitory protein-1�. For com-
parison, dose-response functions were obtained from double-
recombinant human embryonic kidney 293 cells expressing the
human A3 receptor and a chimeric G�q-i3 protein, which was
required to establish A3-mediated calcium signaling. The pharma-
cological profile of calcium signaling elicited by adenosine-related
agonists in the double-recombinant cells was essentially identical
to that obtained from immature MDDCs. Our results provide an
extensive analysis of A3-mediated calcium signaling and unequiv-
ocally identify immature MDDCs as native expressers of the hu-
man A3 receptor.

Most of the physiological effects of extracellular adenosine
are known to be mediated by at least four G protein-coupled
receptors, the A1, A2A, A2B, and A3 receptors (Fredholm et
al., 2001a). Adenosine has long been implicated in regulation
of the immune system, and a considerable body of evidence
has accumulated indicating that the A3 receptor may play an
important role in modulation of several leukocytic functions.
For example, activation of the A3 receptor with selective
agonists has been shown to substantially diminish circulat-
ing levels of proinflammatory cytokines in rodent in vivo

models of inflammation (Hasko et al., 1996, 1998; Salvatore
et al., 2000). Similar anti-inflammatory effects have been
attributed to the A3 receptor in human leukocytes and leu-
kocytic cell lines. Selective A3 receptor agonists were found
to inhibit release of pro-inflammatory cytokines from mono-
cytic cells (Sajjadi et al., 1996), inhibit N-formyl-L-methionyl-
L-leucyl-L-phenylalanine-triggered oxidase activity in mono-
cytes (Broussas et al., 1999), inhibit degranulation of
eosinophils (Ezeamuzie and Phillips, 1999) and neutrophils
(Bouma et al., 1997), and induce apoptosis in peripheral
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blood mononuclear cells (Barbieri et al., 1998). However, the
concentrations of agonist used to obtain these effects were
well beyond the range of selectivity for the A3 receptor. It has
been argued that many of the anti-inflammatory effects of A3
receptor agonists observed in human leukocytes actually are
the result of A2A receptor activation (Sullivan and Linden,
1998). Thus, unequivocal association of the human A3 recep-
tor with a specific immunological response has yet to be
established.

Defining a clear role for the A3 receptor in the human
immune system will largely depend on identifying the leuko-
cytes that express functional A3 receptors, a task that is best
accomplished through rigorous pharmacological methods.
Recently (Panther et al., 2001), adenosine was reported to
elicit pertussis toxin-sensitive calcium signals, chemotaxis,
and actin polymerization in human immature MDDCs. Be-
cause of the presence of transcript for all four known adeno-
sine receptors and limited pharmacological characterization,
the identity of the receptor(s) mediating these responses in
MDDCs was not clearly established. We have performed an
in-depth investigation by quantitative PCR, radioligand
binding, and extensive pharmacological characterization of
calcium signaling to determine whether MDDCs express
functional A3 receptors. A broad panel of selective adenosine-
related agonists and antagonists were tested across concen-
tration ranges using FLIPR, a high-throughput calcium im-
aging system. The resulting pharmacological profile obtained
in MDDCs was then compared with that obtained from a
double-recombinant HEK293 cell line engineered to stably
express a chimeric G protein that couples the human A3
receptor to calcium signaling. Our results demonstrate
strong expression of functional A3 receptors by immature
MDDCs. We further show that adenosine is considerably
more potent than previously appreciated and that the A2A-
selective agonist CGS21680 is a potent full agonist at the
human A3 receptor. Finally, we report that the highly selec-
tive A3 receptor agonist 2Cl-IB-MECA is a low efficacy par-
tial agonist of A3-mediated calcium signaling. Our approach
has unequivocally identified immature MDDCs as one of the
few primary cell types that natively express functional A3
receptors and also has yielded important information con-
cerning the pharmacology of the human A3 adenosine recep-
tor.

Materials and Methods
Materials. 2Cl-IB-MECA, IB-MECA, ZM241385, MRS1220, and

VUF5574 were purchased from Tocris Cookson Inc. (Ballwin, MO).
SCH58261 was obtained from Schering-Plough Corporation (Ken-
ilworth, NJ). I-AB-MECA, CGS21680, 5�-N-ethylcarboxamidoad-
enosine, 2-chloro-N6-cyclopentyladenosine, 8-cyclopentyl-1,3-dipro-
pylxanthine, adenosine, and pertussis toxin were purchased from
Sigma (St. Louis, MO). [125I]AB-MECA (2000 Ci/mmol) was pur-
chased from Amersham Biosciences (Piscataway, NJ). MIP-1� and
MIP-3� were purchased from R & D Systems (Minneapolis, MN).
Dulbecco’s phosphate-buffered saline, Hank’s balanced saline solu-
tion, fetal bovine serum (FBS), and all other cell culture medium and
components, unless otherwise noted, were obtained from Invitrogen
(Carlsbad, CA).

Cell Culture

MDDCs. Essentially, the method described by Bleharski et al.
(2001) for generating immature MDDCs of �95% purity was fol-

lowed. Human blood was obtained from donors or as buffy coat from
a blood bank. EDTA (1 mM) and Rosette Sep (Stem Cell Technolo-
gies, Vancouver, BC, Canada) antibody cocktail (50 �l/ml blood) were
added to the blood and incubated at room temperature for 10 min.
Blood was then diluted with an equal volume of buffer A (Dulbecco’s
phosphate-buffered saline with 2% FBS, 1 mM EDTA) and then
layered over Ficoll (Amersham Biosciences) and centrifuged at 800g
for 25 min. The resulting monocyte fractions were collected and
washed twice with buffer A then resuspended in ammonium chlo-
ride/potassium bicarbonate/EDTA buffer (Biosource International,
Camarillo, CA and incubated at room temperature for 10 min. The
monocyte suspension was then centrifuged and the resulting pellet
resuspended in growth medium (RPMI 1640 medium with 10% FBS,
penicillin/streptomycin, glutamine, nonessential amino acids, and
2-mercaptoethanol) to a density of 7.5 � 105 cells/ml. The monocyte
suspension was then decanted into a culture flask and placed in a
humidified incubator (5% CO2) for 2 h at 37°. After the incubation
period, the flask was gently shaken to remove nonadherent cells and
the medium was aspirated, then replaced with fresh medium sup-
plemented with 200 ng/ml granulocyte-macrophage colony stimulat-
ing factor and 10 ng/ml interleukin-4. Cells remained undisturbed in
the incubator until harvested at day 6 of incubation. Immature
dendritic cells were differentiated to a mature phenotype by inclu-
sion of LPS (10 ng/ml) in the culture medium for 48 h. Dendritic cell
phenotypes were confirmed by fluorescence-activated cell sorting
analysis of surface markers CD1a, CD11c, CD14, CD83, CD86, and
CD123 and by calcium responses to MIP-1� and MIP-3�. The per-
centages of immature MDDCs expressing CD1a, CD11c, CD14,
CD83, CD86, and CD123 were, respectively, 75, 99, 3, 3, 22, and 67
and for LPS-matured cells, respectively, 37, 48, 10, 87, 91, and 75.
Immature MDDCs responded with calcium signals to MIP-1�, but
not to MIP-3�; the converse was true for LPS-matured cells.

Recombinant HEK293 Cells. HEK293EBNA cells were ob-
tained from Invitrogen and maintained in DMEM containing 10%
FBS. Human A3 adenosine receptor DNA (GenBank accession no.
L22607) was cloned into the vector pCEP4 (Invitrogen) and trans-
fected into HEK293EBNA cells by electroporation. Stably trans-
fected human A3 adenosine receptor-expressing cells (hA3/293) were
selected by inclusion of 100 �g/ml hygromycin in the culture me-
dium. A chimeric G� protein (G�q-i3) was constructed by replacing
the five C-terminal residues of human G�q with the five amino acid
residues of human G�i3 (Conklin et al., 1993) and cloned into the
mammalian expression vector pCR3.1 (Invitrogen). The G�q-i3 con-
struct was transfected into HEK293EBNA and hA3/293 cells by
electroporation and stable transfectants (G�q-i3/293 and hA3/G�q-
i3/293, respectively) were selected by addition of puromycin (1 �g/ml)
to the culture medium.

Quantitative PCR

cDNAs were prepared from DNase-treated total RNA isolated from
human monocytes, immature MDDCs, and mature MDDCs. cDNA (50
ng; 10 ng/�l) was mixed with 15 �l of 2� Syber Green Mix (Applied
Biosystems, Union City, CA) and 10 �l of buffer containing 1 �M
concentrations of each of the following human adenosine receptor-spe-
cific primer sets: A3, forward primer, 5�- TACATCATTCGGAA-
CAAACTC-3�; reverse primer, 5�-GTCTTGAACTCCCGTCCATAA-3�;
A1, forward primer, 5�-TGCGAGTTCGAGAAGGTCATC-3�; reverse
primer, 5�-GAGCTGCTTGCGGATTAGGTA-3�; A2A, forward primer,
5�-CGAGGGCTAAGGGCATCATTG-3�; reverse primer, 5�-CTCCTTT-
GGCTGACCGCAGTT-3�; A2B, forward primer, 5�-CTCTTCCTCGC-
CTGCTTCGTG-3�; reverse primer, 5�-TTATACCTGAGCGGGACA-
CAG-3�. Adenosine receptor expression was analyzed using real-time
quantitative PCR with a 96-well GeneAmp PCR system 5700 (Applied
Biosystems). As an internal control for quantification of the total
amount of cDNA, a separate set of identical cDNAs was analyzed for the
expression of ubiquitin.
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Radioligand Binding

A crude membrane preparation was made from cell pellets of
immature MDDCs collected from eight donors. Membranes were
suspended in buffer B (50 mM Tris, pH 7.5, 10 mM MgCl2, 1 mM
EDTA, 2 U/ml adenosine deaminase) at a concentration of 0.25
mg/ml, then 50 �l of the membrane suspension was placed in each
well of a 96-well plate. For saturation binding, a range of [125I]AB-
MECA was added to each well in a volume of 50 �l for a final total
volume of 100 �l. MRS 1220 (500 nM) was used to determine non-
specific binding. After incubation for 2 h at room temperature, cell
membranes were retained and washed on a 96-well filter plate (Uni-
filter GF/B; PerkinElmer Life Sciences, Boston, MA). Scintillant (20
�l) was added to each well and radioactivity was counted by a
scintillation counter (TopCount; PerkinElmer Life Sciences). Similar
conditions were used for competition experiments, except that 0.5
nM [125I]AB-MECA was used to label 5 �g of cell membranes in 100
�l of buffer B in the absence or presence of increasing concentrations
of nonradioactive ligand. Nonspecific binding accounted for approx-
imately 10% of total [125I]AB-MECA binding in the competition
experiments. Data points were fitted by nonlinear regression for
saturation isotherms or one-site competitions (Prism 3.02; GraphPad
Software, San Diego, CA.

Calcium Signaling

MDDCs and recombinant HEK293 cells were incubated in 11 ml
(1 � 106 cells/ml) of their respective culture media containing 2.2 �M
Fluo-3AM and 0.022% pluronic acid (Molecular Probes, Eugene, OR)
at 37°, 5% CO2 for 30 to 45 min, mixing briefly after 20 min. After the
dye-loading incubation, cells were washed twice by centrifugation
and subsequent suspension in buffer C (Hanks balanced saline so-
lution, 25 mM HEPES, 0.1% FBS). The final washed cell pellet was
suspended in buffer C at a density of 6 � 105 cell/ml. Cell suspension
(40 �l; �25,000 cells) was added to each well of a 384-well poly-
lysine–coated clear bottom plate (BD Biosciences, Bedford, MA).
Plates were then centrifuged at room temperature at approximately
400g for 1 min and then left undisturbed for 15 min before being
placed into the stage of a FLIPR384 (Molecular Devices Corporation,
Sunnyvale, CA). Agonists were added in 20-�l volumes at t � 0.
Fluorescence measurements (488-nm excitation and 510–570-nm
bandpass emission) were recorded once per second for the first 60 s,
then every 6 s for the next 120 s. Antagonists were added in 20-�l
volumes 90 s before the addition of the agonists. Data were calcu-
lated as maximum fluorescence � minimum fluorescence. Dose-
response curves were fitted to the data points by nonlinear regres-
sion.

Results
Expression of Adenosine Receptors in MDDCs. MD-

DCs have previously been reported to express adenosine
receptors as indicated by RT-PCR (Panther et al., 2001). To
better assess the relative expression of the different adeno-
sine receptor subtypes, quantitative measurement of tran-
script by real-time PCR was performed on monocytes, and
immature and mature MDDCs (Fig. 1). Relatively low levels
of transcript were detected for A1, A2A, and A3 adenosine
receptors in monocytes. Transcript for the A3 receptor was
more than 100-fold elevated in immature MDDCs compared
with monocytes. In sharp contrast, levels of A3 receptor tran-
script were greatly diminished and A2A receptor message
predominated in LPS-matured MDDCs.

[125I]AB-MECA Binding to Membranes from Imma-
ture MDDC. Cell pellets of immature MDDCs were pooled
from multiple donors and used to make crude membranes. A
single high-affinity binding site for the A3/A1-selective radio-
ligand [125I]AB-MECA was detected in the membranes (Fig.

2). Saturation isotherms yielded a KD of 0.7 nM (95% confi-
dence interval, 0.6–0.9 nM), consistent with the published
affinity of [125I]AB-MECA for the human A3 receptor (Varani
et al., 1998, 2000), and Bmax of 298 fmol/mg of membrane
protein. The binding site was further characterized by com-
petition of a panel of selective ligands against [125I]AB-
MECA binding. Affinity estimates for the competing ligands
(Table 1) indicate that the [125I]AB-MECA binding site on
immature MDDCs is the A3 receptor (Varani et al., 1998;
Baraldi and Borea, 2000; Klotz, 2000).

Calcium Responses in MDDCs. Several selective and
nonselective adenosine receptor agonists were tested for
their ability to elicit calcium responses from immature MD-
DCs (Fig. 3). Adenosine elicited robust calcium responses and

Fig. 1. Expression of adenosine receptor transcript in human MDDCs.
Relative amount of transcript from monocytes (note difference in scale)
(A), immature MDDCs (B), and LPS-matured MDDCs (C). Monocytes
were obtained from individual donors and differentiated to immature
MDDCs and LPS-activated MDDCs as described under Materials and
Methods. cDNAs were obtained from total RNA and used for quantitative
PCR. Data are expressed as percent ubiquitin transcript and are the
average � S.E.M. (n � 6 donors).
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was unexpectedly potent, with EC50 values ranging as low as
2 nM among donors (Table 2). The A2A-selective agonist
CGS21680 was, depending on the donor, either equally effec-
tive or slightly less effective than adenosine, with EC50 val-
ues ranging between 23 and 175 nM. The A3-selective ago-
nists IB-MECA and 2Cl-IB-MECA were potent agonists.
However, the maximal responses to these agonists were at
most 50% that of adenosine (Fig. 3, Table 2). The A1-selective
agonist 2-chloro-N6-cyclopentyladenosine was without effect
at concentrations below 300 nM. Response to all adenosine-
related agonists was abolished by a 4-h pretreatment with
100 ng/ml pertussis toxin (not shown.) Furthermore, A3-
mediated calcium signaling was lost upon LPS-induced mat-
uration of MDDCs (not shown).

Effects of Selective Receptor Antagonists on Cal-
cium Responses to Adenosine and Adenosine Analogs.
The pharmacological profiles of the agonists used to stimu-
late calcium responses suggested the involvement of multiple
receptors. To determine which receptors were involved in the
adenosine-mediated calcium flux, dose-response curves were
obtained in the presence of several concentrations of antag-
onists selective for the various adenosine receptors. It has
now been well documented that high-affinity competitive
antagonists tend to depress the dose-response functions ob-

tained from calcium flux assays; therefore, traditional null
methods for characterizing receptors cannot be applied (Kuk-
konen et al., 1998; Christopoulos et al., 1999; Lew et al.,
2000). Nevertheless, use of multiple fixed concentrations of
selective antagonists against dose-response curves still can
provide a clear picture of the receptors involved in the cal-
cium response.

The potent A2A-selective antagonists SCH58261 acted as a
weak antagonist of both the adenosine- and CGS21680-elic-
ited calcium responses of MDDCs (Fig. 4, A and B). Appre-
ciable shifting of the dose-response curves was not observed
until antagonist concentrations of 0.3 to 3 �M were reached.
Similar results (not shown) were obtained with another A2A-
selective antagonist, ZM241385. Neither SCH58261 (Fig. 4C)
nor ZM241385 (not shown) had any effect on 2Cl-IB-MECA
dose-response curves. In contrast, low concentrations of the
A3-selective antagonist VUF5574 potently shifted the adeno-
sine dose-response curves (Fig. 4, D–F). Consistently among
donors, the A3-selective antagonists blocked the lower range of
the adenosine dose-response curve but were ineffective at
higher adenosine concentrations (Fig. 4D), suggesting the pres-
ence of another Ca2�-linked adenosine receptor. However, re-
sponses to 2Cl-IB-MECA and, surprisingly, CGS21680 were
completely eliminated by low concentrations of VUF5574. Es-
sentially identical results were obtained with MRS1220 (not
shown). The high-affinity A1-selective antagonist 8-cyclopentyl-
1,3-dipropylxanthine (100 nM) had no effect on responses to any
of the agonists (not shown).

Desensitization with 2Cl-IB-MECA. The human A3 re-
ceptor is a substrate for G protein receptor kinases and
readily desensitizes as a result of prolonged agonist occu-
pancy (Ferguson et al., 2000; Trincavelli et al., 2000). Pre-
treatment with 2Cl-IB-MECA should therefore selectively
diminish or eliminate subsequent activity for all agonists

Fig. 2. Saturation of [125I]AB-MECA binding to membranes from human
MDDCs. Frozen pellets of MDDCs from 8 donors were thawed and com-
bined to make a crude membrane preparation as described under Mate-
rials and Methods. Isotherm was fitted, and KD and Bmax were derived by
nonlinear regression. Data points are mean of triplicate values � S.E.M.
MRS1220 (500 nM) was used to define nonspecific binding. Inset, Scat-
chard transformation of saturation data. Results representative of two
essentially identical experiments are shown.

TABLE 1
Affinities of adenosine receptor ligands determined by competition
against 0.5 nM 	125I
AB-MECA binding to MDDC membranes.

Ligand Ki

95%
Confidence

Interval

nM

2Cl-IB-MECA 1.5 1.1–2.0
IB-MECA 1.1 0.9–1.5
VUF5574 0.5 0.2–1.5
MRS1220 1.0 0.5–1.7
CGS21680 52 24–113
DPCPX 251 122–516
ZM241385 �10,000
SCH58261 �10,000

DPCPX, 8-cyclopentyl-1,3-dipropylxanthine.

Fig. 3. Calcium responses to adenosine-related agonists in human im-
mature MDDCs. Responses to multiple concentrations of adenosine,
CGS21680, IB-MECA, and 2Cl-IB-MECA were obtained by FLIPR as
described under Materials and Methods. Concentration-effect functions
and EC50 values for each agonist were obtained by nonlinear regression.
Data points are mean of triplicate values � S.E.M. Data shown are from
a single donor and are representative of five similar experiments.
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acting through the A3 receptor. Accordingly, immature
MDDCs were pretreated for 15 min with 100 nM 2Cl-IB-
MECA and then full dose-response curves were obtained for
adenosine, CGS21680, and IB-MECA. After the 2CL-IB-
MECA pretreatment, calcium responses to lower concentra-
tions of adenosine were eliminated; small responses still
were observed at higher adenosine concentrations (Fig. 5A).
Responding to CGS21680 (Fig. 5B) and IB-MECA (Fig. 5C)
was completely eliminated by the pretreatment. In contrast,
responding to MIP1�, an agonist of the CCR1 and CCR5
chemokine receptors, was unaffected by 2Cl-IB-MECA pre-
treatment (Fig. 5D).

Pharmacology of A3 Receptor-Mediated Calcium Re-
sponses in Recombinant Cells. The high potency of aden-
osine, the agonist activity of CGS21680, and the relatively
low maximal responses to 2Cl-IB-MECA were unexpected in
the context of what has been reported concerning A3 receptor
pharmacology. However, no detailed account of the pharma-
cology of A3-mediated calcium signaling that could be used
for comparison has yet appeared in the literature. We there-
fore carried out a similar analysis of calcium responses in
HEK293 cells transfected with the human A3 receptor. No
calcium responses to any of the adenosine-related agonists
were observed in single-recombinant hA3/293 cells. The ad-

TABLE 2
Potency and maximal activity (relative to adenosine) of adenosine-related agonists that elicited calcium responses from human immature MDDCs
(DC) and hA3/G �q-i3/293 recombinant cells (R)
MDDC values are means from at least five donors; range is given in parentheses. For recombinant cells, EC50 values (and in parentheses, 95% confidence interval) are
representative of four independent experiments. Max values are means � S.E.M. from four independent experiments.

Agonist
EC50 Max

DC R DC R

nM % %

Adenosine 18 (2–59) 28 (21–36) 100 100
CGS21680 87 (21–175) 81 (61–106) 77 (24–103) 98 � 10
IB-MECA 0.8 (0.6–3.0) 3 (2–5) 49 (32–67) 60 � 5
I-AB-MECA 3 (1–7) 3 (2–5) 40 (32–56) 55 � 6
2Cl-IB-MECA 7 (0.2–19) 15 (6–25) 25 (0–52) 33 � 6

Fig. 4. Selective antagonism of calcium responses to adenosine-related agonists in human immature MDDCs. Effect of SCH 58261 (A–C) and VUF5574
(D--F) on calcium responses to adenosine (A and D), CGS21680 (B and E), and 2Cl-IB-MECA (C and F) in human immature MDDCs. Concentrations
of SCH58261 are 0 (Œ), 300 (�), and 3000 (f) nM. Concentrations of VUF5574 are 0 (f), 10 (�), 100 (�), and 1000 (F) nM in D and 0 (f), 1 (Œ), 10
(�), and 100 (�) nM in E and F. Concentration-effect functions were obtained by nonlinear regression. Data points are mean of triplicate values �
S.E.M. Data in each are from a single donor and are representative of at least three similar experiments. Ranges of relative fluorescence varied
considerably across donors.
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ditional transfection of a chimeric G protein, G�q-i3, was
required to couple the human A3 receptor to calcium signal-
ing in HEK293 cells. All agonists were effective at eliciting
calcium responses from double-recombinant hA3/G�q-i3/293
cells (Fig. 6). Only adenosine, at concentrations of 3 �M and
above, produced calcium signals in single-recombinant G�q-
i3/293 cells (not shown).

The pharmacology of the A3-mediated calcium responses
in double-recombinant hA3/G�q-i3/293 cells was strikingly
similar to that of the immature MDDCs (Table 2). Adenosine
was potent and maximally effective. CGS21680 produced
responses that were comparable in magnitude with those of
adenosine. IB-MECA, I-AB-MECA, and 2Cl-IB-MECA were
all potent but produced submaximal responses compared
with those elicited by adenosine or CGS21680. Similar to the
results obtained with MDDCs, SCH 58261 had little effect,
whereas low concentrations of VUF5574 strongly antago-
nized responses to adenosine-related agonists (Fig. 7, A–C).

2Cl-IB-MECA Is a Partial Agonist of A3-Mediated
Calcium Signaling. The relatively low maximal effect of
2Cl-IB-MECA observed in both the recombinant cells and in
MDDCs suggested that 2Cl-IB-MECA was a partial agonist.
Low-efficacy partial agonists are capable of antagonizing the
responses to higher efficacy full agonists (Kenakin, 1997b).
We therefore tested the effects of 2Cl-IB-MECA simulta-
neously added with CGS21680 on the calcium responses of
MDDCs. Increasing concentrations of 2Cl-IB-MECA progres-
sively depressed the CGS21680 dose-response curve (Fig.
8A). In the presence of 100 nM 2Cl-IB-MECA, the maximal
response to CGS21680 was no greater than that of 2Cl-IB-
MECA alone. In contrast, the effects of 2Cl-IB-MECA where
additive with MIP-1�, resulting in an upward shift in the
MIP-1� dose-response curves (Fig. 8B).

Discussion
A key step in establishing a role for the A3 receptor in the

regulation of human immune system function is identifica-
tion of the cells that express the receptor. To date, few human
primary cells or tissues have been identified as expressing
the A3 receptor. Presence of transcript has been demon-
strated by nonquantitative RT-PCR in various human cell
types. However, RT-PCR can amplify negligible amounts of
transcript, resulting in misleading conclusions about the
likelihood of the presence of receptor protein on the surface of
cells. Evidence for expression of A3 receptor protein by ra-
dioligand binding previously has been shown only for eosin-
ophils (Kohno et al., 1996) and neutrophils (Gessi et al.,
2002).

We now show that, in addition to eosinophils and neutro-
phils, MDDCs are native expressers of the A3 receptor. Im-
mature MDDCs express relatively high levels of A3 receptor
as evinced both by quantitative PCR and by radioligand
binding. Expression of the receptor seems to be highly depen-
dent on the state of differentiation, because A3 transcript is
considerably lower in monocyte precursors and in MDDCs
pushed to a mature phenotype by LPS-activation. In contrast
to previous results (Panther et al., 2001), our quantitative
PCR data indicate that the A3 receptor is the predominant
receptor expressed by immature MDDCs, with much lower
levels of A1, A2A, and A2B transcript. The apparent discrep-
ancy is likely to have resulted from our use of quantitative
real-time PCR instead of nonquantitative RT-PCR. Data gen-
erated by quantitative PCR give a better indication of rela-
tive amounts of transcript and, consequently, the likelihood
of protein expression. Similarly, Broussass et al. (1999) have
provided evidence of A3 receptor expression in human mono-
cytes by RT-PCR; however, our results show that the level of
A3 receptor transcript in monocytes is quite low compared
with that of immature MDDCs, suggesting that the actual

Fig. 5. Effect of 2Cl-IB-MECA pretreatment on subsequent calcium re-
sponses to adenosine-related agonists and MIP-1� in immature MDDCs.
Responses to agonists are shown as control (F) or as pretreated for 15 min
with 100 nM 2Cl-IB-MECA (E). Data points are mean of triplicate val-
ues � S.E.M. Data shown are representative of three similar experi-
ments.

Fig. 6. Calcium responses to adenosine-related agonists in hA3/G�q-i3/
293 double-recombinant cells. Data shown are representative of 4 similar
experiments and each point is the mean of triplicate values � S.E.M.
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expression of receptor protein is negligible. Definitive sub-
stantiation of receptor expression is obtained through radio-
ligand binding and functional pharmacology.

Unequivocal evidence of cell surface expression of the A3
receptor by immature MDDCs was obtained from [125I]AB-
MECA binding experiments. Saturation isotherms indicated
a Bmax of approximately 300 fmol/mg membrane protein, and
competition of the radioligand with a variety of adenosine
receptor ligands categorically identified the binding site as
the A3 receptor. The Bmax obtained with the agonist radioli-
gand [125I]AB-MECA is likely to underestimate the actual
receptor concentration, because agonist binding is highly
sensitive to the coupling state of the A3 receptor (Varani et
al., 2000). Therefore, expression of the A3 receptor by imma-
ture MDDCs seems to be relatively robust.

The highly selective A3 receptor agonist 2Cl-IB-MECA has
been used in a variety of cell types to demonstrate functional
coupling of the human A3 receptor to calcium signaling
(Kohno et al., 1996; Gessi et al., 2001, 2002; Merighi et al.,
2001). However, the concentrations of 2Cl-IB-MECA used for
eliciting calcium responses in these reports typically exceeds
10 �M, which is well beyond the range of selectivity for the
A3 receptor (Klotz, 2000; Fredholm et al., 2001a). Therefore,
association of the A3 receptor with calcium signaling in any
cell type remained unsubstantiated. Ours is the first article
to describe detailed pharmacological characterization of cal-
cium signaling mediated through the human A3 receptor.
Because no such analysis previously existed, we generated a
recombinant system to serve as a standard for comparing the
data we obtained from MDDCs. Although our recombinant
hA3/HEK293 cells express high amounts of human A3 recep-
tors (3 pmol/mg of membrane protein; data not shown), 2Cl-
IB-MECA (up to 10 �M) failed to elicit calcium signals from
these cells. As evinced by our double-recombinant hA3/G�q-
i3/293 cells, A3-mediation of calcium signaling required the
additional transfection of a chimeric G� protein, G�q-i3, that
has been used extensively to establish a link between Gi-
coupled receptors and calcium signaling (Conklin et al.,
1993). Evidently, all the necessary components for constitut-
ing calcium signaling through the A3 receptor exist naturally
in MDDCs. The magnitude of MDDC calcium signaling var-
ied considerably across donors. Some of this variability seems

to have resulted from donor-dependent differences in the
ability of the MDDCs to take up and maintain Fluo-3. Be-
cause Fluo-3 is not a ratiometric calcium indicator, differ-
ences in loading of dye can greatly affect the quantum out-
put. Response magnitude was relatively constant for a given
agonist across experiments when using the double-recombi-
nant hA3/G�q-i3/293 cells. We have also observed donor-
dependent differences in the magnitude of calcium signaling of
MDDCs loaded with the ratiometric dye Fura-2 (R. K. Palmer,
unpublished observations) that are likely to be more physio-
logical in origin.

In agreement with previous findings (Panther et al., 2001),
we were able to completely abolish A3-mediated calcium
signaling in immature MDDCs with pertussis toxin pretreat-
ment. This result and the requirement of the chimeric G
protein for calcium signaling in the hA3 recombinant cells
strongly indicate that the human A3 receptor does not nor-
mally couple to Gq.

The FLIPR-based analysis has revealed several previously
unrealized aspects of A3 receptor pharmacology. First, aden-
osine is much more potent at the A3 receptor than has been
appreciated. Generally, adenosine has been regarded as a
low potency agonist of the A3 receptor, with apparent affin-
ities ranging from �300 nM to 1 �M (Fredholm et al., 2001a).
We have demonstrated that adenosine can activate the A3
receptor at concentrations in the low nanomolar range. A
variety of enzymatic activities, such as adenosine deaminase
(Franco et al., 1997) and uptake mechanisms (Fredholm et
al., 2001b), are known to tightly regulate extracellular aden-
osine concentrations and are likely to account for the low
potency of adenosine commonly observed. For example, in-
clusion of the uptake inhibitor nitrobenzylthioinosine in a
cAMP accumulation assay using recombinant A3 receptor-
expressing Chinese hamster ovary cells was found to de-
crease the EC50 of adenosine from �300 to 60 nM (Fredholm
et al., 2001b). Cellular activities that effectively decrease the
concentration of exogenous adenosine should have greater
impact on assays requiring longer periods of time. In this
regard, measurement of calcium signals has an advantage
over most biochemical assays of functional pharmacology
because the calcium responses are detected within seconds

Fig. 7. Selective antagonism of calcium responses to adenosine-related agonists in hA3/G�q-i3/293 double-recombinant cells. Effect of 100 nM SCH
58261 (�) and 100 nM VUF5574 (F) on calcium responses to adenosine (A), CGS21680 (B), and 2Cl-IB-MECA (C). f, data for agonist in the absence
of antagonist. Data shown are representative of three similar experiments and each point is the mean of triplicate values, � S.E.M.
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after addition of agonist, leaving little time for enzymatic
modification of exogenous adenosine.

CGS21680, regarded as selective for the A2A receptor, has
been used extensively to identify A2A-mediated responses.
However, recent evidence has indicated appreciable affinity
of CGS21680 for the human A3 receptor, with reported Ki

values of 67.1 (Klotz et al., 1998) and 82 nM (Murphree et al.,
2002). Our binding data are in complete agreement with
these reports, and we further show that CGS21680 is a
strong agonist at the human A3 receptor. These results un-
derscore the notion that CGS21680 can no longer be consid-
ered useful for distinguishing among the human adenosine
receptor subtypes.

A final unexpected aspect of the pharmacology of the A3-
mediated calcium signaling was the lower intrinsic activity of
2Cl-IB-MECA relative to that of CGS21680 and adenosine.
The maximal responses to 2Cl-IB-MECA varied across do-
nors, ranging from nonexistent to 50% of the responses to
adenosine or CGS21680. These results suggest that 2Cl-IB-
MECA is a partial agonist at the human A3 receptor. Con-
sistent with this notion is the finding that simultaneous
addition of 2Cl-IB-MECA depressed the maximal calcium
responses to CGS21680 in MDDCs. No evidence has yet
appeared in the literature indicating that 2Cl-IB-MECA is a
partial agonist. It is possible that the lower efficacy of 2Cl-
IB-MECA is specific to calcium responses, occurring as a
result of less efficient coupling between the A3 receptor and
phospholipase C (Kenakin, 1997a; Yang and Lanier, 1999). A
structurally related compound, N6-(4-amino-3-iodobenzyl)
adenosine, also has been characterized as a partial agonist of
the human A3 receptor (Salvatore et al., 1993). Similarly, our
results suggest that IB-MECA and I-AB-MECA are probably
partial agonists as well. Relatively low intrinsic efficacy at
the human A3 receptor therefore might be a general property
of N6-benzyl-substituted adenosine derivatives. Alterna-
tively, differences in the observed maximal activity could
result from the activation of other adenosine receptors. It is
important to note that the nonselective agonists adenosine
and CGS21680 generated the largest responses. Small re-
sponses to high concentrations of adenosine in the immature
MDDCs were not blocked by the A3-selective antagonist
VUF5574, indicating the presence of an additional calcium-
linked adenosine receptor. Also, SCH 58261 weakly antago-
nized both adenosine and CGS21680 responses but was in-

effective against 2Cl-IB-MECA. Although VUF5574 completely
antagonized the adenosine and CGS21680 dose-response func-
tions in the double-recombinant hA3/G�q-i3/293 cells, we
cannot yet rule out the possibility that simultaneous activa-
tion of endogenous cAMP-linked A2B receptors (Cooper et al.,
1997) could influence the magnitude of the A3-mediated cal-
cium signals.

Dendritic cells play a central role in directing the activities
of the immune system (Banchereau et al., 2000). They are
potent antigen-presenting cells; a single dendritic cell has the
capacity to activate hundreds or even thousands of T cells
(Banchereau and Steinman, 1998). Furthermore, dendritic
cells are known to participate in a variety of important ac-
tivities, such as elimination of self-recognizing T cells in the
thymus (Zal et al., 1994) and activation of B cells (Dubois et
al., 1999) and natural killer cells (Siegal et al., 1999). Various
subsets of dendritic cells reside in tissues as an immature
phenotype, where they serve as sentinels efficiently taking
up antigens (Banchereau et al., 2000; Lipscomb and Masten,
2002). Antigen capture and other signals can initiate changes
in phenotype that result in a mature antigen-presenting
dendritic cell capable of migrating to lymphatic tissues to
interact with T cells (Caux et al., 2000). The immature phe-
notype expresses the A3 receptor. Panther et al. (2001) dem-
onstrated that adenosine can initiate actin polymerization
and can also serve as a mild chemotactic agent. Our data
indicate that these activities are probably mediated through
the A3 receptor.

The A3 receptor was previously thought to be active only
under conditions in which high extracellular concentrations
of adenosine would be expected, such as sites of inflamma-
tion, ischemia, or tissue damage. We have shown that the
human A3 receptor can be stimulated by low nanomolar
concentrations of adenosine that are likely to be encountered
by the receptor under normal conditions. Adenosine, there-
fore, could act in a paracrine or autocrine manner on den-
dritic cells, possibly serving a homeostatic function. The
strict dependence of A3 receptor expression on the immature
cells suggests that A3 also could be involved in the mainte-
nance of the immature phenotype, and its abrupt disappear-
ance may be crucial for transition to a fully activated den-
dritic cell.

In summary, we have firmly established the expression of
functional A3 adenosine receptors by human immature MD-
DCs and have presented the first detailed pharmacological
analysis of calcium signals mediated through the human A3
receptor. Our results show that adenosine and CGS21680 are
potent full agonists, and that 2Cl-IB-MECA is a low-efficacy
partial agonist at the human A3 adenosine receptor.
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