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ABSTRACT Adenosine is an immunosuppressive nu-
cleoside, and adenosine A,, receptors inhibit T-cell acti-
vation. We investigated the role of A,, receptors in
regulating T helper (Th)1- and Th2-cell development and
effector function. A,,-receptor stimulation suppressed
the development of T-cell receptor (TCR) -stimulated
naive T cells into both Thl and Th2 cells, as indicated by
decreased IFN-y production by cells developed under
Thl-skewing conditions and decreased interleukin (IL) 4,
IL-5, and IL-10 production by cells developed under
Th2-skewing conditions. Using A,, receptor-deficient
mice, we demonstrate that A, , receptor activation inhibits
Thl- and Th2-cell development by decreasing the prolif-
eration and IL-2 production of naive T cells, irrespective
of whether the cells are expanded under Thl- or Th2-
skewing environment. Using in vivo established Thl and
Th2 cells, we further demonstrate the nonselective nature
of A,, receptor-mediated immunosuppressive effects,
because A,, receptor activation decreased IFN-y and
IL4 secretion and mRNA level of TCR-stimulated
effector Thl and Th2 cells, respectively. A,, receptor
mRNA expression in both Thl and Th2 effector cells
increased following TCR stimulation. In summary,
these data demonstrate that A,, receptor activation has
strong inhibitory actions during early developmental, as
well as late effector, stages of Thl- and Th2-cell re-
sponses.—Csoka, B., Himer, L., Selmeczy, Z., Vizi,
E. S., Pacher, P., Ledent, C., Deitch, E. A., Spolarics, Z.,
Németh, Z. H., Hasko, G. Adenosine A,, receptor
activation inhibits T helper 1 and T helper 2 cell
development and effector function. FASEB J. 22,
3491-3499 (2008)
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ADENOSINE IS a PURINE NUCLEOSIDE signaling molecule
that accumulates extracellularly at sites of hypoxia, isch-
emia, and immune response/inflammation (1-4). Aden-
osine controls multiple physiological responses by engag-
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ing G protein-coupled cell surface receptors, which are
the A, Ags, Aop, and Ag receptors (5, 6). Adenosine
regulates the function of both the innate and adaptive
immune systems through targeting virtually every cell type
that is involved in orchestrating an immune response:
adenosine receptors are expressed on monocytes and
macrophages (7, 8), dendritic cells (9, 10), mast cells
(11-14), neutrophils (15-17), endothelial cells (18-20),
eosinophils (21, 22), and epithelial cells (23, 24), as well as
lymphocytes (25-27), natural killer (NK) cells (28-30),
and NKT cells (31). Consistent with its multifaceted
regulatory action on immune cells, adenosine has been
shown to alter the course of a wide spectrum of infectious,
allergic, and autoimmune diseases (1-4).

One paradigm that has been at the forefront of immu-
nological research and that can explain susceptibility or
resistance to immune-mediated disease is the T helper
(Th)1/Th2 hypothesis (32). In response to microbial
pathogens, CD4" T cells differentiate into Th1 or Th2
cells; each of these subsets is responsible for activating
immune responses adapted to the type of infectious
agent. Thl cells secrete IFN-y and induce B cells to
produce antibodies of the immunoglobulin G2 isotype,
which are responsible for phagocyte activation and anti-
body-dependent cellular cytotoxicity and important for
defense against intracellular pathogens (33). Th2 cells
produce interleukin (IL) -4, IL-5, IL-10, and IL-13 and
induce production of immunoglobulin E antibodies,
which are responsible for immunity against parasitic infec-
tions (33). These mechanisms that are utilized to protect the
host by activating a Th1- or Th2-type antimicrobial response
can also be the source of significant tissue injury that is
associated with autoimmune or allergic diseases.

Despite the importance of the Th1l/Th2 paradigm as
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an overarching hypothesis that is currently driving our
understanding and exploration of tissue injury that is
associated with an immune response, there is a substan-
tial gap in our knowledge of the role that adenosine
and adenosine receptors have in governing Thl- and
Th2-cell development. Recent studies utilizing naive
mouse T cells stimulated short-term (up to 24 h) via the
T-cell receptor (TCR) in the absence of antigen-pre-
senting cells (APCs) or polarizing stimuli have demon-
strated that adenosine receptor activation decreases the
production of both Th1 and Th2 cytokines, effects that
were mediated by the Ay, receptor (34, 35). This is
consistent with the predominant expression of Ay,
receptors on murine T lymphocytes (25-27). Neverthe-
less, the fact that the secretion of Thl and Th2 cyto-
kines by naive T cells was inhibited by Ay, receptor
activation in short-term (24 h) cultures cannot be
interpreted as demonstration that Thl- and Th2-cell
development was decreased, because a true Thl/Th2
polarization requires several cell cycles (4-5 days) and
polarizing conditions to occur (36).

A further relevant question concerns the effect of
adenosine receptor activation on effector Thl and Th2
cells. This is important, because in addition to local
adenosine levels being increased in response to the insult
initiating the immune response, such as after an acute
episode of Escherichia coli infection (37), adenosine con-
centrations can remain elevated during later phases of
immune responses, even after the development of Thl or
Th2 effector cells (1, 12). For example, transgenic over-
expression of the Th2 cytokine IL-13 in the lung results in
chronic lung disease resembling the symptoms of chronic
obstructive pulmonary disease, and there is a gradual and
chronic increase in lung adenosine levels as the disease
process progresses (38). In turn, increased levels of aden-
osine can promote II-13 production, leading to an auto-
inductive cycle that amplifies and perpetuates inflammation.

In the current study, we addressed the hypothesis
that Ay, receptor activation can alter Thl- or Th2-cell
differentiation in a model, in which naive murine
CD4" cells were stimulated for 5 days via the TCR and
under truly polarizing conditions. In addition, we ex-
plored the effect of A,, receptor stimulation on the
activation of Th1 and Th2 effector cell clones that were
developed by in vivo immunization of mice.

MATERIALS AND METHODS
Experimental animals and drugs

Male BALB/c mice were purchased from Charles River
Laboratories (Bar Harbor, ME, USA) or the National Institute
of Oncology (Budapest, Hungary). Ay, receptor knockout
(KO) mice and their wild-type (WT) littermates (both on the
CD-1 background) were bred in a specific pathogen-free
facility, using founder heterozygous male and female mice
(39, 40). All mice were maintained in accordance with the
recommendations of the U.S. National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and the
experiments were approved by the New Jersey Medical School
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Animal Care Committee or the Animal Care Committee of
the Hungarian Academy of Sciences. The selective A, recep-
tor agonist 2-p-(2-carboxyethyl)phenethyl-amino-5'-N-ethyl-
carboxamidoadenosine (CGS21680) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The selective Ay, receptor
antagonist 4-(2-[7-amino-2-(24furyl) [1.2.4]triazolo[2.3-a][1.3.5]
triazin-5-ylamino] ethyl) phenol (ZM241385) was purchased
from Tocris Cookson (Ellisville, MO, USA). Stock solutions of
the various agents were prepared using dimethyl sulfoxide.

Isolation of CD4* cells and in vitro development of Thl/
Th2 cells

Splenocytes were harvested from 8- to 12 wk-old BALB/c or Ay,
adenosine receptor KO and WT littermate mice. Purified CD4 ™"
cells were obtained by positive selection using magnetic beads
coated with anti-CD4 Ab (Miltenyi Biotech, Auburn, CA, USA),
according to the manufacturer’s protocol. This procedure
yielded >98% pure CD4" T cells (data not shown), as tested by
flow cytometry using an anti-CD4" Ab (BD Biosciences, San
Jose, CA, USA). Purified CD4™" cells were resuspended in RPMI
1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% heat-inactivated FBS (Invitrogen), 100 U/ml penicil-
lin/100 pg/ml streptomycin (Cellgro; Mediatech, Herndon,
VA, USA), 50 mM HEPES (Invitrogen), and 50 uM -mercap-
toethanol (Sigma-Aldrich). Purified CD4" T cells were activated
in 24-well plates (10° cells/well) with soluble anti-CD3 Ab (3
pg/ml; BD Pharmingen, San Diego, CA, USA) and anti-CD28
Ab (2 pg/ml; BD Pharmingen). For Thl-polarizing conditions,
20 ng/ml IL-12 (PeproTech, Rocky Hill, NJ, USA) and 10
pg/ml anti-IL-4 Ab (BD Pharmingen) were added to the cul-
tures, whereas 40 ng/ml IL-4 (PeproTech) and 10 pg/ml
anti-IFN-y Ab (BD Pharmingen) were added to achieve Th2-
skewing conditions. CGS21680 (0.01-10 M) or its vehicle was
added to the cells 30 min before activation with anti-CD3/anti-
CD28. After 5 days, the cells were washed and restimulated with
plate-bound anti-CD3 Ab (3 pg/ml) and anti-CD28 Ab (2
pg/ml) for 24 h, following which supernatants were collected.
In other experiments, I1-2 concentrations were measured from
the supernatants at 0-24 h.

Measurement of cytokine levels

Supernatants were tested for IFN-y, IL-2, IL-4, IL-5, and IL-10
protein content using ELISA Duoset kits (R&D Systems),
according to the manufacturer’s instructions.

5-Carboxyfluorescein diacetate succinimidyl ester (CFSE)
proliferation assay

Purified CD4" T cells were resuspended at 10 X 10° cells/ml
in PBS/0.1% BSA and labeled with CFSE (Molecular Probes,
Eugene, OR, USA) by incubation for 10 min in 37°C/5% CO,
at a final concentration of 5 uM. Labeling was quenched with
5X volume ice-cold RPMI 1640 medium for 5 min, and the
cells were washed twice before culturing on 24-well plates
under Th1 or Th2-polarizing conditions, as described above.
After 3 days, flow cytometry analysis was performed using a
FACSCalibur flow cytometer (BD Biosciences).

Preparation of Thl and Th2 hybridomas

Eight- to 12-wk-old female BALB/c mice were immunized by
injecting them with 200 pg of hapten-carrier antigen FITC-
KLH (Keyhole limpet hemocyanin from Megathura crenulata
conjugated with fluorescein-5-isothyocianate; Sigma) emulsi-
fied 1:1 in CFA containing 1 mg/ml Mycobacterium tuberculosis
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(H37RA; heatkilled and dried; Sigma) into each hind foot-
pad (50-50 wl), tail base (100 pl), and intraperitoneally (800
wl), as we have described previously (41).

At 11 days after immunization, the inguinal and popliteal
lymph nodes were harvested, and erythrocytes were removed
with ACK lysis buffer (0.15 M NH,Cl, 1 mM KHCOg, and 0.1
mM EDTA disodium salt, pH 7.2). Lymph node cells (5X108/
ml) were differentiated into Thl cells by activation with 25
pg/ml FITCG-KLH and 1 pg/ml FITC-LPS in the presence of 0.2
pg/ml IFN-y and 5 pg/ml anti-IL4 or Th2 cells by incubation
with FITG-KLH and FITC-LPS in the presence of 0.2 pg/ml IL-4
and 5 pg/ml anti-IFN-y. After 3 days, CD8" and FcyRII/III™"
cells were removed from the mixture of cells by panning: the
cells were incubated with rat anti-CD8 and rat anti-FcyR, and
then placed onto goat anti-rat antibody-coated petri dish. Un-
bound CD4" cells were collected by carefully removing them
from the dish. All monoclonal antibodies and cytokines were
purchased from R&D Systems (Minneapolis, MN, USA).

BWaB ™ thymoma cells [American Type Culture Collection
(ATCC), Manassas, VA, USA] were added to CD4™" cells at a
ratio of 1:4 and incubated with fusion agent polyethylene-
glycol (PEG; Hybri-Max ready-to-use solution; Sigma) for a
few minutes, as we have previously described (41). Aggluti-
nated cells were then subjected to limiting dilution by care-
fully adding GKN buffer (11 mM bp-glucose, 5.5 mM KCl, 137
mM NaCl, 25 mM Na,HPO4, and 5.5 mM NaH,PO,2H,0,
pH 7.4). Diluted cells were cultured with feeder thymocytes in
96-well plates in HAT (hypoxanthine-aminopterin-thymidine-
containing RPMI 1640 medium, Sigma) selection medium.
After 10-12 days, when both the nonfused cells and feeder
thymocytes died, surviving fused hybridoma cells were placed
in normal RPMI 1640 medium, which contained 10% FCS.
Clones that were positive for both CD3 and CD4, as assessed
using flow cytometry, were used in later experiments. Hybrid-
omas that produced primarily IFN-y were designated as Thl
clones, and hybridomas producing high concentrations of
IL-4 were designated as Th2 clones.

Determination of cytokine production by Thl and
Th2 hybridomas

To determine the role of Ay, receptors in regulating cytokine
production by Thl or Th2 cells, 5 X 107 cells/well were
placed in 96-well plates in L-glutamine-containing RPMI 1640
medium supplemented with 10% fetal calf serum, 100 U/ml
penicillin, and 100 pwg/ml streptomycin (Life Technologies,
San Diego, CA, USA). Cells were then treated with increasing
concentrations of CGS21680 followed by stimulation with 5
pg/ml anti-CD3 and 2.5 X 10* cells/well LK35 B-lymphoma
cells (ATCC) 30 min later. In antagonist experiments, cells
were treated with increasing concentrations of ZM241385
(1-1000 nM) and 30 min later with 100 nM CGS21680. The
cells were then activated 30 min later by treatment with 5
pg/ml anti-CD3 and 2.5 X 10" cells/well LK35 B-lymphoma
cells. The cells were incubated at 37°C in a humidified
atmosphere of 5% CO, and 95% air for 16—18 h. Thereafter,
the cells were centrifuged, and supernatants were collected
for measuring IFN-y or IL-4 levels using ELISA.

Real-time polymerase chain reaction (PCR) analysis of
IFN-y, IL4, and adenosine receptor mRNA levels in Thl
and Th2 hybridomas

Cells were treated in the same way as described for cytokine
production, and at the end of the incubation period, RNA
was extracted using TRIzol (Invitrogen), as we have described
before (42). Five micrograms of appropriately diluted RNA
per sample was reverse transcribed into cDNA using 0.5 pl of

A,» RECEPTORS AND TH1 AND TH2 CELLS

oligo (dT) g primer (0.5 pg/ul), 2 pl of 10X RT-PCR bulffer,
2 ul of 25 mM MgCl,, 4 pl of 5 mM dNTP and 0.3 ul of
Omniscript reverse transcriptase. This reaction mixture was
supplemented with diethyl pyrocarbonate (DEPC) water to
20 pl final volume and heated to 99°C for 5 min, and then
synthesis was continued for 15 min at 42°C using Eppendorf
Mastercycler (Eppendorf North America, Westbury, NY,
USA). ¢cDNA was stored at —20°C. Real-time PCR was per-
formed according to standard protocols using the LightCy-
cler DNA Master SYBR Green I Kit (Roche, Indianapolis, IN,
USA). cDNA samples were used as template, and data were
normalized for 18S (endogenous housekeeping gene) levels.
The following primers were used for cytokine mRNA detec-
tion: IL-4: 5'-CGA AGA ACA CCA CAG AGA GTG AGC T-3'
(forward), 5'-GAC TCA TTC ATG GTG CAG CTT ATC G-3’
(reverse); IFN-y: 5'-AGC GGC TGA CTG AAC TCA GAT TGT
AG-3' (forward), 5-GTC ACA GTT TTC AGC TGT ATA
GGG-3' (reverse); and 18S: 5'-GTA ACC CGT TGA ACC CCA
TT-3" (forward), 5'-CCA TCC AAT CGG TAG TAG CG-3’
(reverse). Primers for adenosine receptor mRNA detection
were described previously (41). PCR conditions were opti-
mized for primers, templates, and MgCl,.

Statistical analysis

Values in the figures are expressed as means * SE of n
observations. Statistical analysis of the data was performed by
Student’s ¢ test or one-way analysis of variance followed by
Dunnett’s test, as appropriate.

RESULTS

Ay, receptor activation inhibits the development of
Thl and Th2 cells

CD4™ T cells obtained from BALB/c mice grown under
Th1l-polarizing conditions produced high amounts of
IFN-y on restimulation (1052*201 ng/ml; n=4),
whereas IFN-y production by Th2-differentiated restim-
ulated cells was negligible (68=6 ng/ml; n=4). In
contrast, CD4™ T cells cultured under Th2-polarizing
conditions secreted high quantities of IL-4 (103223
ng/ml; n=4), IL-5 (349%18 ng/ml; n=4), and IL-10
(162=11 ng/ml; n=4), but Thl-differentiated cells
released low levels of these cytokines (IL-4: 0.2%0.02
ng/ml; IL-5: 1.17+0.24 ng/ml; I1L-10: 11.7+1.87 ng/
ml; n=4). Differentiating BALB/c Thl cells in the
presence of increasing concentrations of the selective
Ay, receptor agonist CGS21680 inhibited, in a concen-
tration-dependent manner, IFN-y production by these
cells when measured 24 h after restimulation (Fig. 1).
Cells that were polarized toward the Th2 direction and
exposed to CGS21680 throughout the differentiation
period produced less IL-4, IL-5, and IL-10 on restimu-
lation than vehicle-treated cells (Fig. 1). Again, the
effect of CGS21680 was concentration dependent; how-
ever, CGS21680 was less efficacious in suppressing
Th2-cell than Thl-cell cytokine production. These ef-
fects of CGS21680 on both Th1 and Th2 cytokines were
reproduced using cells isolated from CD-1 mice (data
not shown). We conclude that Ay, receptor stimulation
inhibits both Thl- and Th2-cell development.
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Figure 1. A,, receptor activation with CGS21680 decreases Thl- and Th2-cell development, as indicated by decreased
production of IFN-y (A) by restimulated Th1 cells and decreased production of IL-4 (B), IL-5 (C), and IL-10 (D) by restimulated
Th2 cells. Thl-cell development of naive BALB/c splenic CD4 " cells was induced by TCR activation using anti-CD3/anti-CD28
in the presence of exogenous IL-12 and anti-IL-4 Ab, and Th2-cell development was elicited by TCR stimulation in the presence
of exogenous IL-4 and anti-IFN-y Ab. CGS21680 or its vehicle was added to the cells 30 min before TCR activation prior to
inducing Thl- or Th2-cell development. After 5 days, the cells were washed and restimulated with anti-CD3/anti-CD28 for 24 h,
following which supernatants were collected, and cytokine concentrations were measured using ELISA. Results are means * sk
from one experiment representative of three separate experiments; n = 4 wells/group. *P < 0.05; **P < 0.01.

Ay, receptor activation inhibits the proliferation of
CD4™ T cells during development toward Thl
or Th2 direction

Because CGS21680 decreased the number of both Thl
and Th2 cells when counted at the end of the 5-day
differentiation period (data not shown) and because
CGS21680 has been shown to decrease the prolifera-
tion rate of naive CD4™ T cells (43), we next addressed
the hypothesis that CGS21680 would suppress Thl/
Th2 development by decreasing the proliferation of
cells irrespective of the nature of the polarizing condi-
tion. Using CFSE staining of naive CD4 " T cells isolated
from Ao, receptor WT mice that were subsequently
polarized toward a Thl or Th2 profile, we found that
CGS21680 decreased the proliferation rate of cells
developing toward both Thl and Th2 directions, as
determined using flow cytometry (Fig. 2). We con-
firmed that CGS21680 acted on A,, receptors in decreas-
ing both Thl- and Th2-cell proliferation, because
CGS21680 failed to inhibit the proliferation of both Thl
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and Th2 cells that were developed from naive CD47 cells
isolated from A,, receptor KO mice (Fig. 2).

Ay, receptor activation inhibits IL-2 production by
developing Thl or Th2 cells

Since IL-2 is a pivotal autocrine mediator in inducing
proliferation of activated T cells, we next investigated the
possibility that Ay, receptor activation decreases Th1- and
Th2-cell proliferation by reducing IL-2 production by
developing Thl and Th2 cells. Treatment of TCR-stimu-
lated lymphocytes undergoing differentiation into Th1 or
Th2 cells with CGS21680 markedly decreased IL-2 pro-
duction by both developing Thl and Th2 cells (Fig. 3).

Ay, receptor activation inhibits IFN-y and IL-4
production by established Thl- and Th2-cell

clones, respectively

Having established that A,, receptor activation decreases
Thl- and Th2-cell development, a process that occurs at
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Figure 2. CGS21680 (CGS) decreases the proliferation of
TCR-activated CD4" T cells developing toward Thl (A) and
Th2 (B) directions in Ay, receptor WT but not KO mice, as
assessed using CFSE staining and flow cytometry. Thl- and
Th2-cell development was induced as described in Fig. 1, and
proliferation was examined 3 days after commencement of
Thl or Th2 development. CGS (100 nM) or its vehicle (veh)
was added to the cells 30 min before TCR activation prior to
inducing Th1- or Th2-cell development. Results are means *
SE from one experiment representative of three separate
experiments; n = 4 wells/group. **P < 0.01.

the initial phases of an immune response, we next inves-
tigated the effect of Ay, receptor activation on responses
of established Th1 and Th2 cells, representing later stages
of the immune response. We first examined the effect of
CGS21680 on cytokine production by established Th1- or
Th2-cell clones (41). Stimulation of the Th1 or Th2 clone
with anti-CD3 and LK35 B-lymphoma APCs resulted in a
predominant IFN-y or IL4 response, respectively. Stimu-
lated Th1 cells produced 302 * 40 pg/ml IFN-y and 65 =
4 pg/ml IL-4 (n=>5), whereas nonstimulated cells pro-
duced less than 10 pg/ml of both cytokines. Stimulated
Th2 cells produced 540 £ 12 pg/ml IL4 and 60 = 5
pg/ml IFN-y (n=>5). CGS21680 almost completely abol-
ished the production of IFN-y by the Thl clone, with a
halfmaximal inhibitory concentration of ~10 nM (Fig.
4A). CGS21680 also decreased I1-4 production, although
with a lower potency, by the Th2 clone (Fig. 4B). The
effect of CGS21680 on both IFN-y and IL-4 production
was completely prevented by the selective Ay, antagonist
ZM241385 (Fig. 4C, D), confirming involvement of Ay,
receptors. Finally, none of the agonists or antagonists had
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Figure 3. CGS21680 (CGS) decreases IL-2 production by TCR-
activated CD4" T cells developing toward Th1 (A) and Th2 (B)
directions, as assessed using ELISA. Thl- and Th2-cell develop-
ment was induced as described in Fig. 1, and IL-2 levels in
cell-free supernatants were measured 0—24 h after commence-
ment of Thl or Th2 development. CGS (100 nM) or its vehicle
(veh) was added to the cells 30 min before TCR activation prior
to inducing Th1- or Th2-cell development. Results are means +
SE from one experiment representative of three separate exper-
iments; n = 4 wells/group. **P < 0.01.

any toxic effect on either clone as determined using the
MTT assay (data not shown).

Ay, receptor activation decreases IFN-y and IL-4
mRNA accumulation in established Thl- and Th2-cell
clones, respectively

To begin to understand the intracellular mechanism of
the inhibitory effect of Ay, receptor stimulation on cyto-
kine production by established Thl and Th2 cells, we
evaluated the effect of CGS21680 on steady-state levels of
IFN-y and IL-4 mRNA in Thl and Th2 cells, respectively.
Figure 5 shows that pretreatment of Thl and Th2 cells
with CGS21680 decreased the steady-state levels of IFN-y
and IL-4 mRNA, respectively.
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Figure 4. The A,, receptor agonist CGS21680 (CGS) decreases IFN-y production by stimulated Th1 hybridoma cells (A) and
IL-4 production by stimulated Th2 hybridoma cells (B). Basal IFN-y production by Th1 cells was 3.4 = 0.07 pg/ml (n=>5) and
basal IL-4 production by Th2 cells was 3.2 * 0.27 pg/ml (n=>5). Pretreatment of the cells with the A,, receptor antagonist
7ZM241385 (ZM) 30 min before adding CGS (100 nM) prevents the inhibitory effect of CGS on IFN-y (C) and IL-4 (D)
production. Cells were stimulated with anti-CD3 Ab and LK35 B-lymphoma cells (APCs) for 16-18 h in the presence or absence
of CGS. CGS21680 or its vehicle was added to the cells 30 min before stimulation. Cytokine levels were determined from the
supernatants using ELISA. Results are means * St from three separate experiments; n = 6 wells/group. **P < 0.01 vs. 0 pM
CGS21680; #P < 0.05 vs. vehicle+CGS; ##P < 0.01 vs. vehicle+CGS.

Stimulation using anti-CD3 and LK35 cells augments A,,
mRNA accumulation in established Thl and Th2 cells

We then sought to determine the expression level of Ay,
receptor mRNA in Thl and Th2 cells both before and
after stimulation with anti-CD3 and LK35 cells. Our
results revealed that Ay, receptor mRNA levels increase
markedly at 4 h after stimulation in both Thl and Th2
cells and remain elevated in Th2 but not Thl cells at 8 h
following stimulation (Tables 1 and 2). In addition, the
level of A,y and Ay mRNA increases markedly following 8 h
of stimulation in both Th1 and Th2 cells (Tables 1 and 2).

DISCUSSION

Prior to the current study, the direct effect of Ay, receptor
activation on Th1/Th2 responses had not been addressed
in detail. Adenosine via A, receptors had been shown to
diminish IFN-y production by naive (nonpolarized) mu-
rine CD4" T cells (34), and we previously documented
that inosine, a purine able to activate adenosine receptors,
suppresses IFN-y production by anti-CD3-stimulated
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splenocytes, under nonpolarizing conditions (44). Also,
Ay, receptor activation was recently shown to limit 114
and IL-10 secretion by naive murine CD4™" T cells (35). In
addition, Sitkovsky and coworkers detected decreased
IFN-y and IL4 expression in Ay, receptor-expressing
human Th cells that were stimulated with phorbol 12-
myristate 13-acetate when compared to stimulated T cells
that did not express Ay receptors (25), suggesting an Ay,
receptor-mediated down-regulation of cytokine produc-
tion. However, because in these previous studies, the role
of adenosine was studied in short-term cultures (24 h), in
which T-cell receptor stimulation by anti-CD3 Ab induces
both Thl and Th2 cytokine production, and T-cell re-
sponses are not polarized toward secretion of only Thl or
Th2 cytokines, a clear role for adenosine in regulating
Thl- and Th2-cell development could not be established.

In the current study, we polarized naive T cells for 5
days in the presence of polarizing stimuli (IL-12 for Thl
and IL4 for Th2 development), a procedure that clearly
established Th1 or Th2 responses, where Thl cells pro-
duced only IFN-y and Th2 cells only IL4. Our results
using this truly polarizing system demonstrate that direct
activation of A,, receptors on CD4" lymphocytes uni-
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Figure 5. The A,, receptor agonist CGS21680 (CGS) de-
creases IFN-y mRNA levels in stimulated Th1 hybridoma cells
(A) and IL-4 mRNA levels in stimulated Th2 hybridoma cells
(B). Cells were stimulated with anti-CD3 Ab and LK35 B-
lymphoma cells (APCs) for 16-18 h in the presence or
absence of CGS (100 nM). CGS or its vehicle was added to the
cells 30 min before stimulation. IFN-y and IL.-4 mRNA levels
were determined using real-time PCR. Results are means * Sk
of n = 3 samples/group of one representative experiment
from three separate experiments. **P < 0.01.

formly blocks the in vitro development of both Thl and
Th2 cells, and this effect is achieved by preventing expan-
sion of naive T cells, irrespective of whether they are
exposed to Thl- or Th2-polarizing conditions. Previous

studies have indicated that adenosine inhibits TCR- or
IL-2-triggered lymphocyte proliferation (43, 45, 46). The
current results extend these observations by providing
genetic evidence that Ay, receptor activation can potently
down-regulate CD4" lymphocyte expansion: CGS21680
inhibited the proliferation of CD4" cells that were iso-
lated from Ay, receptor WT mice but failed to block the
proliferation of cells obtained from Ay, KO mice. We also
found that Ay, receptor activation suppressed IL-2 pro-
duction by T cells, again, independently of whether the
cells were expanded under Th1- or Th2-polarizing condi-
tions. Because IL-2 is critical for TCR-induced T-cell
proliferation (45), the early inhibition of T-cell IL-2
production provides mechanistic insight, explaining the
antiproliferative action of CGS21680.

Although our data suggest that A,, receptor activa-
tion on T lymphocytes decreases both Thl- and Th2-
cell development, A,, receptor activation can, indi-
rectly, skew Thl/Th2 development toward a Th2
phenotype. Specifically, stimulating Ay, receptors on
dendritic cells has recently been shown to drive a
predominantly Th2-type response, because naive T cells
primed with dendritic cells that had been exposed to
adenosine produced decreased amounts of IFN-y and
increased amounts of IL-5 (10), indicating that adeno-
sine can indirectly affect Thl/Th2 development by
interfering with APC function. On the basis of these results,
it was suggested that this preferential Th2-cell-development
skewing effect of adenosine was secondary to Ay, receptor-
mediated suppression of the production of IL-12, a major
Thl-inducing cytokine, by dendritic cells.

In addition to demonstrating a negative impact of Ay,
receptor activation on the development of Th1l and Th2
cells, our results also revealed that A, receptor activation
reduces IFN-y and IL.4 production by in vivo established
Thl and Th2 cells, respectively. It is noteworthy that
although ZM241385 completely reversed the suppressive
effect of CGS21680 on both IL4 and IFN-y production,
clearly indicating a role for Ay, receptors, CGS21680 was
less efficacious in inhibiting IL-4 production. Supporting
a predominant role for A,, receptors in mediating the
suppressive effect of CGS21680 on cytokine production is

TABLE 1. mRNA expression of adenosine receptors in a Thl hybridoma cell line

Receptor 0h 4h 8h 16 h
Ay
Control 141 = 22.7 111 = 10.6 141 = 9.7 190 = 43
Activated 119 £ 19 86.2 = 7.8 236 * 40.9% 132 + 13.4
Aga
Control 13366 = 887 10809 = 1000 6851 = 892 4648 = 1564
Activated 14598 + 2777 43527 *+ 5640%* 8710 = 1837 2213 * 537
Agp
Control 2442 + 572 3126 * 401 1730 + 159 2424 * 666
Activated 2075 = 139 2857 = 271 4984 + 1030* 4311 = 1044
Ag
Control 8005 = 644 7585 = 884 5350 * 479 3614 = 904
Activated 7233 = 717 6353 *+ 663 12998 + 25771 3213 *+ 259

mRNA levels of adenosine receptors and housekeeping gene 18S were determined using real-time PCR. Data are expressed as arbitrary units of ratio
of expression of adenosine receptors and 18S. Results are expressed as means = SE (n=12-14 from 3 separate experiments). *P << 0.05, **P < (.01 vs. control.
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TABLE 2. mRNA expression of adenosine receptors in a Th2 hybridoma cell line

Receptor 0h 4h 8h 16 h
A
Control 97.1 £ 18.6 132 + 18.7 128 = 16 133 = 16.3
Activated 107 = 18 136 = 21.9 130 = 13.9 144 = 13.7
Aga
Control 11209 = 2314 9006 = 1406 5602 = 621 9930 = 1154

Activated 10464 = 1519 44249 * 7401%* 30292 * 5157%* 3765 = 547
Agg

Control 1260 = 344 1201 = 166 1732 = 235 2706 = 718

Activated 1714 = 291 1644 + 126 5154 + 447%% 4547 *+ 782
Ay

Control 5701 = 148 5755 *+ 631 5671 * 531 6950 = 183

Activated 5169 = 745 5152 = 714 10312 * 838%* 7075 = 769

mRNA levels of adenosine receptors and housekeeping gene 18S were determined using real-time PCR. Data are expressed as arbitrary units of ratio
of expression of adenosine receptors and 18S. Results are expressed as means * sE (n=12-14 from 3 separate experiments). **P < (.01 vs. control.

the observation that Ay, receptor expression is highest
when compared to all other adenosine receptors. In
addition, A, , receptor expression rapidly increases follow-
ing both Th1- and Th2-cell stimulation, while Ay and Ag
receptor expression increases to a lesser degree and in a
more delayed fashion. One caveat with these results is that
we only measured receptor expression at the mRNA level
and these mRNA levels may not reflect the expression of
functional receptors on the cell membrane. Nevertheless,
our demonstration of increased Ay, mRNA expression
following T-cell stimulation is in agreement with results of
previous studies (34, 47).

The mechanism behind these inhibitory actions of Ay,
receptors on IL-4 and IFN-y production appears to be
pretranslational, as A, receptor activation reduced
mRNA levels of IFN~y and IL4 in Thl and Th2 cells,
respectively. A recent study showed that adenosine inhib-
ited cytokine production by Thl and Th2 effector cells
(48), but Ay, receptors were only marginally implicated.
Because the suppressive activity of adenosine on IFN-y
production by Th1 cells was abrogated by an A, , receptor
antagonist, it was proposed that the effect of adenosine on
IFN-y production by Thl cells was mediated by Ay,
receptors (48); however, the role of Ay, receptors in
producing the effect of adenosine on IL-4 production by
Th2 cells was not investigated.

In summary, these data demonstrate that Ay, recep-
tor activation has strong inhibitory actions on both Thl
and Th2 cells during early and late stages of lymphocyte
activation. These inhibitory effects of A,, receptor
activation on Thl- and Th2-cell activation can also be
extended to another inflammation-inducing Th subset,
Th17 cells (47). In contrast, A,, receptor activation
increases the induction of various subsets of anti-inflam-
matory T-regulatory cells (47), indicating that A, ,-recep-
tor activation promotes an overall anti-inflammatory T-
cell environment. Further advances in understanding the
immunosuppressive effects of Ags-receptor agonists may
help develop therapeutic approaches to target inflamma-
tory, autoimmune, and neoplastic disorders (1-4, 49).[f]
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