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I

nnate and adaptive immunity critically impacts acute and
chronic allograft rejection as well as ischemia-reperfusion
injury (IRI),4 and the ability to attenuate these effects could
consistently enhance long-term allograft survival. T cells play a
critical role in the pathogenesis of acute and chronic allograft rejection (1). Activation of T cells requires specific signaling by the
interaction between the TCR and Ag presented by APCs and is
also regulated by positive and negative costimulatory signals. B7
family ligands and receptors play an important role in controlling
the activation and proliferation of T cells. Interaction of B7-1
(CD80) and B7-2 (CD86) expressed on APCs with CD28 expressed on T cells promotes T cell expansion and cytokine secretion (2). In contrast, interaction of B7-1 and B7-2 with CTLA-4
expressed on T cells, which is up-regulated after T cell activation,
suppresses T cell activation (3, 4). Programmed death (PD)-1 expressed on T cells is another inhibitory molecule regulated by
IFN-␥, which binds to the APC ligands PD-L1 (B7-H1) and PD-L2
(B7-DC). PD-L1 shares 20 –38% aa identity with other B7 family
members (B7-1 and B7-2) expressed on APCs and nonlymphoid
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tissues. Upon T cell activation, up-regulation of PD-1 expression
also contributes to T cell homeostasis (5). Thus, the negative costimulatory pathways CTLA-4:B7 and PD-1:PD-L down-regulate
T cell-mediated alloimmunity, and studies in animals would support the concept that PD-1 and CTLA-4 can induce transplantation
tolerance.
Adenosine 2A receptors (A2ARs) are a subtype of the G proteincoupled receptor family of adenosine receptors, which also includes A1R, A2BR, and A3R (6, 7), and they have tissue protective
properties (8). Systemically administered A2AR agonists have
been shown to reduce tissue injury associated with ischemia-reperfusion (9 –12). Through a series of studies, we demonstrated that
the protective effect of A2AR agonists was mediated through bone
marrow-derived leukocytes (13). Furthermore, additional studies
indicate that A2AR agonists reduce kidney IRI through activation
of A2ARs expressed on CD4⫹ cells (14). A2AR agonists, including
ATL313, attenuate IFN-␥ and limit anti-CD3e mAb-induced T cell
activation (15). Delayed graft function is a form of IRI that is
thought to increase the immunogenicity of the transplanted allograft (8) in part due to an increase in MHC class I and II expression
leading to episodes of acute rejection and chronic graft loss. These
findings suggest that A2ARs may be uniquely suited to block T cell
activation associated with IRI and delayed graft function. Moreover, given the diverse effects of A2AR activation on T cell function, we considered the possibility that A2AR activation attenuates
allogenic recognition, thus rendering agonists of A2ARs useful in
attenuating rejection in transplantation.
In the current study, we sought to determine the effect of A2AR
agonists in vitro on alloantigen-induced T cell activation and proliferation as well as the effect of costimulatory molecules. We
studied the effect of A2AR activation on the MLR, an assay in
which the lymphocytes from two separate mouse strains are combined and cultured in vitro to initiate an alloimmune response. An
advantage of this approach is that T cell activation occurs under
physiological conditions that involve TCR activation and Ag presented by dendritic cells (DCs) and that are regulated by positive
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The current studies investigated the in vitro and in vivo effect of adenosine 2A receptor (A2AR) agonists to attenuate allogenic
immune activation. We performed MLRs with spleen T lymphocytes and APCs isolated from wild-type and A2AR knockout mice
of both C57BL/6 and BALB/c background strains. Two-way MLR-stimulated T cell proliferation was reduced by ATL313, a
selective A2AR agonist in a dose-responsive manner (⬃70%; 10 nM), an effect reversed by the A2AR antagonist ZM241385 (100
nM). By one-way MLRs, we observed that ATL313’s inhibitory effect was due to effects on both T cells and APCs. ATL313
suppressed the activation markers CD25 and CD40L and the release of inflammatory cytokines IFN-␥, RANTES, IL-12P70, and
IL-2. ATL313 also increased negative costimulatory molecules programmed death-1 and CTLA-4 expressed on T cells. In lymphocytes activated with anti-CD3e mAb, ATL313 inhibited the phosphorylation of Zap70, an effect that was reversed by the
protein kinase A inhibitor H-89. In skin transplants, allograft survival was enhanced with ATL313, an effect blocked by
ZM241385. These results indicate that A2AR agonists attenuate allogenic recognition by action on both T lymphocytes and APCs
in vitro and delayed acute rejection in vivo. We conclude that A2AR agonists may represent a new class of compounds for induction
therapy in organ transplantation. The Journal of Immunology, 2007, 178: 4240 – 4249.
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and negative costimulatory molecules. In vitro studies demonstrate
that, in response to T cell activation by alloantigens, A2AR agonists attenuate T cell activation and decrease secretion of proinflammatory cytokines through direct and independent effects on
both T cells and APCs. Importantly, the A2AR agonist increased
expression of negative costimulatory molecules PD-1 and CTLA-4
that are involved in peripheral tolerance. Lastly, we demonstrated
that the in vitro inhibitory effects of A2AR agonists on alloantigeninduced immune response likely contribute to the attenuation of
tissue rejection following skin transplantation. These results suggest that A2AR activation is a unique and potent strategy in attenuating IRI and delaying allograft rejection following organ
transplantation.

Materials and Methods
Animals

Harvesting of mouse splenocytes
Spleens were extracted from B6 and BALB/c mice and disrupted under
sterile conditions in PBS through 40-m BD Falcon cell strainers (Fisher
Scientific). Leukocytes were then isolated via density gradient centrifugation using Histopaque 1083 (Sigma-Aldrich) and washed in RPMI 1640
supplemented with 10% heat-inactivated FBS (Invitrogen Life Technologies)
and 1% antibiotic/antimitotic solution (Invitrogen Life Technologies). Cells
were resuspended (1 ⫻ 106 cells/ml) in the culture medium in the presence of
adenosine deaminase (1 U/ml; Roche Diagnostics).

Activation of lymphocytes by alloantigens by MLRs
In two-way MLR assays, 2 ⫻ 105 leukocytes from B6 mice in 0.1 ml were
cocultured with an equal number of leukocytes from BALB/c mice using
96-well flat-bottom tissue culture-treated plates. Appropriate compounds
were administered at the initiation of the two-way MLR assay. All compounds were diluted in 10 l of medium before being added to the appropriate wells, and cells were allowed to incubate at 37°C in the presence of
5% CO2. As controls, we added vehicle without compound to cell cultures.
Second, in two-way MLR assays, cells obtained from each murine strain
were cultured alone, i.e., without mixing, so as to calculate the added effect
obtained with cocultures.
For one-way MLR studies, cell cultures were prepared as described
previously (20). Stimulator cells were prepared from spleens of wild-type
(WT) (B6 background) or A2AKO (B6 background) mice. Spleens were cut
into small pieces and digested with 1 mg/ml collagenase type IA (SigmaAldrich) for 10 min at 37°C, which can increase the yield of APCs. Singlecell suspension was treated with mitomycin C (50 g/ml; Sigma-Aldrich)
for 20 min at room temperature and then washed twice with RPMI 1640.
Responder spleen T cells from spleens of WT (BALB/c background) or
A2AKO (BALB/c background) mice were harvested by negative isolation
using magnetic beads, according to the manufacturer’s protocol (Dynal T
Cell Negative Isolation kit; Invitrogen Life Technologies). The purity of
the CD3 T cells was measured by FACS (BD Biosciences), and T cells
with ⬎98% purity were used in this study. Responder (2 ⫻ 105) and stimulator (4 ⫻ 105) cells were added to round-bottom 96-well plates to a final

volume of 200 l of RPMI 1640 with 10% FCS/1% antibiotic/antiamitotic
solution and in the presence of adenosine deaminase (1 U/ml; Roche Diagnostics). Each experiment was performed in triplicate.
Vehicle or 4-[3-[6-amino-9-(5-cyclopropylcarbamoyl-3,4-dihydroxy-tetrahydro-furan-2-yl)-9H-purin-2-yl]-prop-2-ynyl]-piperidine-1-carboxylic acid
methyl ester (ATL313) was used in two-way (0.01–100 nM) and one-way (10
nM) MLRs. 4-(2-[7-Amino-2-[2-furyl][1,2,4]triazolo[2,3-a][1,3,5]triazin-5yl-amino]ethyl)phenol (ZM241385) (100 nM) was used to determine specificity of ATL313 for the A2AR.

Activation of lymphocytes by anti-CD3e
In these studies, leukocytes were activated with anti-CD3e mAb. Functional grade hamster anti-mouse CD3e mAb (clone 145-2C11; eBioscience) was used in an insoluble form (by precoating tissue culture-treated
plates) or in soluble form. Plates were coated by covering wells with Ab in
PBS (2 g/ml) for 4 h at 37°C, then rinsed twice with PBS before adding
cells. Soluble Ab was used at different concentrations at the initiation of the
culture. Controls were the same as the two-way MLR assay.

Proliferation assays
Lymphocytes activated in an MLR or by anti-CD3e mAb were allowed to
incubate up to 3 days before harvesting. [3H]Thymidine (0.5 Ci/well; MP
Biomedicals) was added 18 –24 h before harvesting (Skatron Instruments)
using Type A filter mats (PerkinElmer Life and Analytical Sciences) and
beta plate scintillation mixture (PerkinElmer). Disintegrations per minute
were determined using a liquid scintillation counter (1205 Betaplate;
PerkinElmer).

Multiplex bead array for quantitating cytokines
Multiplex bead array was performed on supernatants obtained on day 3 of
culture. Microbead labeling was performed using the Bio-Plex multiplex
cytokine assay kit (Bio-Rad) in accordance with manufacturer’s protocol,
and cytokine levels were analyzed on the Bio-Plex system (Bio-Rad).

ELISA for quantitating IFN-␥
ELISA was performed on supernatants obtained on day 3 of culture. The
ELISA for IFN-␥ (IFN-␥ Ready, Set, Go! ELISA kit; eBioscience) was
performed according to manufacturer’s protocol and analyzed on a Model
680 microplate reader (Bio-Rad).

Multiprobe RNase protection assay
Total RNA was prepared using RNAzol B (Leedo Medical Laboratories)
and analyzed by 1.5% agarose gel electrophoresis to assess the integrity of
RNA before solution hybridization. Cytokine mRNA expression was assessed by BD RiboQuant Multiprobe RNase protection system (BD Pharmingen), according to the manufacturer’s protocol. In brief, mRNA-specific
RNA probes were labeled with 32[P]UTP using multiprobe template sets
(mCK3b; BD Pharmingen) for cytokine genes. Total cellular RNA was
subjected to solution hybridization with each probe set. Hybridization was
performed at 56°C before RNase treatment. Following RNase treatment,
protected fragments were separated by gel electrophoresis on 5% polyacrylamide gels and exposed to Kodak X-Omat AR film at ⫺70°C with a
single intensifying screen. Band densities were quantitated using the
Personal Densitometry SI (GE Healthcare), and data were analyzed by
ImageQuant 5.2 (GE Healthcare).

Flow cytometry
All flow cytometry was performed on a BD FACSCalibur flow cytometer
(BD Biosciences), and data were analyzed with FlowJo software 4.2 (Tree
Star). Most of the Abs were purchased from eBioscience.

Apoptosis/Necrosis
An Annexin VFITC apoptosis detection kit (BD Pharmingen) was used to
analyze MLR-activated lymphocytes after 72 h of culture with the control
vehicle or ATL313 (10 nM) with or without ZM241385 (100 nM). Cultured cells (1 ⫻ 106 cells/ml) were washed with cold PBS and resuspended
in annexin V binding buffer. The cell suspension (100 l) was mixed with
annexin V (5 l) and propidium iodide (5 l) in a 5-ml culture tube and
incubated for 15 min in the dark at room temperature. A total of 400 l of
binding buffer was added to each sample before analysis by flow
cytometry.

CD4/CD25 and CD4/CD40L
Three-day two-way MLR-activated cells were washed with 1% BSA/PBS
and labeled with anti-mouse CD4-allophycocyanin (GK1.5; 4 g/ml) and
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All animals were handled and procedures were performed in adherence to
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and in accordance with the University of Virginia Animal Care
and Use Committee protocols. C57BL/6 (B6) and BALB/c mice were purchased from Charles River Laboratories. The source and derivation of congenic A2AR knockout (KO) mice was described previously (13, 16). To
generate Adora2anull (A2ARKO) mice congenic to BALB/c (17–19), a
mapping panel of 55 microsatellite loci informative for a (C57BL/6J ⫻
BALB/cByJ) cross was identified with coverage for every chromosome,
except X and Y, at a density of ⬍30 cM. The mapping panel is available
on request (mjm7e@virginia.edu). A single founder male was mated to
BALB/cByJ female mice. (BALB/c ⫻ B6.129-Adora2atm1jfc)F1 males carrying the Adora2a mutation were then mated to BALB/cByJ females in two
successive generations of backcrossing with breeders selected for maximal
BALB/cByJ homozygosity. The BALB/cByJ Y chromosome was introduced by crossing BALB/cByJ males to genotypically selected F1N3 females carrying the Adora2a mutation in the final backcross generation
before initiation of inbreeding with F1N4 mice of both sexes. Residual B6
or 129 alleles in the congenic line were detected only on mouse chromosome 10 between Adora2a and D10Mit35 (74.77–121.60 Mb, respectively;
NCBIm36).
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either anti-mouse CD25-PE (PC61.5; 4 g/ml) or anti-mouse CD40L-PE
(MR1; 4 g/ml) in 25 l of 0.2% BSA/PBS after blocking FcRs by
CD16/32 (2.4G2; eBioscience) for 30 min on ice. Isotype controls were
also performed. Samples were washed with 0.2% BSA/PBS and 2 g/ml
7-aminoactinomycin D (Invitrogen Life Technologies) before analysis by
flow cytometry.

CD4/P-Zap70
Spleen cells were isolated from B6 mice as described above, then incubated
with soluble anti-CD3e mAb (145-2C11; 10 g/ml) to stimulate lymphocytes (1 ⫻ 106) for 5 min with or without ATL313 (10 nM) or with or
without ZM241385 (100 nM). Due to the short reaction time in the presence of soluble anti-CD3e mAb, the cells were pretreated with the compounds for 30 min before stimulation with the Ab. Adding 4 volumes of
cold PBS terminated the reaction. Cells were collected by centrifugation
and then fixed with 2% formaldehyde for 10 min at room temperature,
centrifuged again, and rinsed once with PBS. The supernatant was discarded, and the tubes were chilled on ice for 1 min. Ice-cold methanol
(90%) was added slowly during gentle vortexing before incubating the
suspension for 30 min on ice. Cells were centrifuged and resuspended in
0.5% BSA/PBS and anti-mouse CD16/32 (2.4G2; 10 g/ml) for 10 min at
room temperature to block nonspecific binding. Rabbit anti-human
P-Zap70 (1/100; Cell Signaling Technology) was added and incubated for
30 min at room temperature. Cells were rinsed as before in blocking buffer,
centrifuged, and resuspended in goat anti-rabbit IgG-PE (1/2000; Southern
Biotechnology Associates) in blocking buffer for 30 min at room temperature, rinsed, resuspended in 200 l of cold PBS, and analyzed by flow
cytometry. Isotype and secondary Ab controls were also performed at the
same time.

PD-1 and CTLA-4
Cells activated for 3 days with soluble anti-CD3e mAb (145-2C11; 10
g/ml) were washed with 0.2% BSA/PBS, incubated with rat anti-mouse
CD16/32 (2.4G2; 10 g/ml) to block FcRs, and added hamster anti-mouse
CD3e-Alexa 647 (500A2, 4 g/ml; Invitrogen Life Technologies) and PD1-PE (RMP1–30; 4 g/ml), CD4-allophycocyanin (GK1.5), or PD-1-PE
(RMP1–30; 4 g/ml) for 30 min on ice. Appropriate isotype control (hamster IgG-Alexa 647, rat IgG2b-PE, rat IgG2a; 4 g/ml each) was used. For
intracellular T cell CTLA-4 staining, cell surface was stained with hamster
anti-CD3-Alexa 647 (500A2, 4 g/ml; Invitrogen Life Technologies),
washed, fixed, and permeabilized for 30 min using the BD Cytofix/Perm kit
(BD Biosciences). Cells were then washed using 1⫻ permeabilization
buffer, and hamster anti-mouse CTLA-4-PE (UC10-4B9; 4 g/ml) was
added on ice for 30 min. Isotype controls using hamster IgG-Alexa 647 and
hamster IgG-PE were also performed accordingly. Cells were washed and
suspended in 0.2% BSA/PBS before running the sample on FACSCalibur.

Skin transplantation
Experiments were conducted in B6 mice (recipient) and BALB/c mice
(donor) (7– 8 wk of age; Charles River Laboratories) and were allowed free

access to food and water until the day of surgery. Mice were anesthetized
with a regimen that consisted of ketamine (100 mg/kg, i.p.) and xylazine
(10 mg/kg, i.p.) and were placed on a thermoregulated pad to maintain
body temperature at 37°C. Full-thickness tail skin (1 cm2) from donor mice
was grafted on the dorsal flank area of recipient mice. The skin grafts were
secured with paraffin-embedded gauze and with adhesive tape for 5 days.
Graft survival was assessed by visual inspection from day 6 to day 9 in a
masked fashion. The measured parameters were 1) necrosis, 2) loss of
viable tissue, and 3) hair growth. Rejection was diagnosed when the graft
loss was ⱖ70%. At the end of the experimental period, animals were euthanized, and skin graft was removed for H&E staining. Sections were
viewed using a Zeiss AxioSkop microscope, and digital images were taken
using a SPOT RT Camera (software version 3.3; Diagnostic Instruments).
A semiquantitative score was assigned based on the masked reading for
thickness of the epidermis (0 –2) in which 2 ⫽ normal; 1 ⫽ loss of ⬍50%
thickness; and 0 ⫽ loss of ⬎50% thickness and the degree of inflammation
(0 –5) in which score 0 ⫽ normal; 1 ⫽ ⬍20%; 2 ⫽ 20 – 40%; 3 ⫽ 40 – 60%;
4 ⫽ ⬎60 – 80%; and 5 ⫽ ⬎80% inflammation. Skin allograft recipients
were treated with vehicle or ATL313 (1 ng 䡠 kg⫺1 䡠 min⫺1) alone or combined with ZM241385 (5 ng 䡠 kg⫺1 䡠 min⫺1) via osmotic pump (ALZA)
(n ⫽ 8 for each group).

Statistical analysis
Statistical analysis of all dose-response curves was analyzed by two-way
ANOVA. Tukey or Bonferroni post hoc analysis was performed to assess
significance at specific concentrations in these curves as well as for mean
channel fluorescence (MCF) comparisons. Least significant difference post
hoc analysis and paired and unpaired Student’s t tests were also used in
some analyses. All curves were fit by nonlinear regression, sigmoidal doseresponse parameters. Kaplan-Meier survival curve was used to assess the
difference between allograft survival. All statistical analyses were performed using GraphPad Prism version 4.0 (GraphPad). A value of p ⬍ 0.05
was used to determine significance.

Results
ATL313 attenuates T cell proliferation
In the two-way MLR assay, maximum proliferation of cells was
observed by day 3 of culture. Hence, we used this time point to
evaluate the effect of various compounds on two-way MLR-induced cell proliferation.
Two-way MLRs were performed in the absence or presence
of ATL313 (0.01–100 nM). ATL313 reduced proliferation in a
dose-dependent manner with maximum inhibition achieved at a
dose of 10 nM (33% of vehicle control, p ⬍ 0.001, n ⫽ 8). The
addition of the A2AR antagonist ZM241385 (100 nm) attenuated the effect of ATL313 (10 nm; 83% of vehicle control, p ⬍
0.001, n ⫽ 6; Fig. 1a).
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FIGURE 1. ATL313 activates A2ARs and reduces lymphocyte proliferation. a, The effect of ATL313 on the proliferative response in two-way MLRs
was examined in the absence (solid line, n ⫽ 8) and presence (dashed line, n ⫽ 6) of ZM241385 (100 nm). Values are means ⫾ SEM and are calculated
as percent increase in proliferation of cells compared with control vehicle-treated cells. Under vehicle conditions, [3H]thymidine incorporation in two-way
MLRs, a measure of cell proliferation, ranged from 10,000 to 20,000 dpm/well. b, Reduction of proliferation by ATL313 in anti-CD3e mAb-activated
lymphocytes. The effects of ATL313 on lymphocyte proliferation were examined after 24 h of activation by plate-bound anti-CD3e mAb in both WT (solid
line, n ⫽ 4) and A2ARKO (dotted line, n ⫽ 4) B6 background splenocytes. Values depict mean normalized percentages between control anti-CD3e
mAb-induced proliferation (vehicle-treated) and nonactivated lymphocytes (0%) ⫾ SEM. Activated lymphocytes under vehicle treatment demonstrated a
range of ⬃20,000 –30,000 dpm/well.
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The effect of ATL313 was not the result of an increase in apoptosis/necrosis as revealed by annexin V and propidium iodide
labeling, markers for apoptosis and necrosis, respectively. There
was no significant difference in the level of apoptosis or necrosis
when cells were cultured without alloantigen activation (control)
or when cells were activated in a two-way MLR. Similarly, the
addition of ATL313 and/or ZM241385 did not increase apoptosis/
necrosis (data not shown).
To confirm that the attenuation by ATL313 on lymphocyte proliferation was due to activation of A2ARs, we performed anti-CD3e
mAb-induced T cell proliferation by using leukocytes obtained
from WT B6 and A2AKO mice (B6 background). In splenocytes
obtained from WT B6 mice and stimulated for 24 h with antiCD3e mAb, ATL313 (0.01–100 nM) reduced lymphocyte proliferation. The effect was maximal at 10 nM (51% of control, p ⬍
0.001, n ⫽ 4). In splenocytes obtained from A2ARKO mice,
ATL313 (0.01–100 nM) had no effect (Fig. 1b). These results indicate that lymphocyte proliferative responses induced by alloantigens or anti-CD3e mAb are markedly attenuated by specific activation of A2ARs.

ATL313 inhibits lymphocyte proliferation by action on both
T lymphocytes and APCs in one-way MLRs
The ATL313-specific effect on T cell and APC A2ARs was examined by using A2AR KO mice. In this one-way MLR system, T
cells were harvested from BALB/c background WT and/or A2AR
KO mice; APCs were harvested from B6 background WT and/or
A2aR KO mice. The purity of the negative isolation T cells was
⬎98%. We performed four groups of one-way MLRs: responder
WT ⫻ stimulator WT (T cell BALB/c ⫻ APC B6), responder
KO ⫻ stimulator KO (T cell BALB/c KO ⫻ APC B6 KO), responder KO ⫻ stimulator WT (T cell BALB/c KO ⫻ APC B6),
and responder WT ⫻ stimulator KO (T cell BALB/c ⫻ APC B6
KO). In one-way MLRs in which both responder and stimulator
cells expressed A2ARs (T cell BALB/c ⫻ APC B6), ATL 313
reduced T cell proliferation by 95% ( p ⬍ 0.01; n ⫽ 4; Fig. 2a).
This result is consistent with the two-way MLR result observed in
Fig. 1a. When both responder and stimulator cells lacked A2ARs
(T cell BALB/c KO ⫻ APC B6 KO), ATL313 had no significant
effect on T cell proliferation ( p ⫽ NS; n ⫽ 4; Fig. 2b). When

Table I. Effects of A2AR agonists on two-way MLR-induced cytokine releasea

IFN-␥
IL-2
IL-12(p70)
IL-12(p40)
RANTES

A (vehicle)

B (ATL)

C (ATL⫹ZM)

A vs Con

A vs B

B vs C

A vs C

17.44
21.87
2.15
2.14
2.16

3.64
13.12
0.67
2.14
1.44

13.84
21.22
1.44
1.97
1.95

p ⬍ 0.001
p ⬍ 0.001
p ⬍ 0.001
p ⬍ 0.001
p ⬍ 0.001

p ⬍ 0.001
p ⬍ 0.05
p ⬍ 0.001
NS
p ⬍ 0.001

p ⬍ 0.01
p ⬍ 0.05
p ⬍ 0.05
NS
p ⬍ 0.001

NS
NS
NS
NS
NS

a
Data indicate fold of two-way MLR-induced cytokine and chemokine release over unstimulated control levels. A, vehicle; B,
ATL313 (ATL, 10 nm); and C, ATL313 (10 nm) ⫹ ZM241385 (ZM, 100 nm). Significance columns assess differences between
vehicle and control (A vs Con), vehicle and ATL313 (A vs B), ATL313 and ATL313 ⫹ ZM241385 (B vs C), and vehicle and
ATL313 ⫹ ZM241385 (A vs C), respectively. Values are means, n ⫽ 3.
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FIGURE 2. ATL313 inhibits lymphocyte proliferation by action on both
T lymphocytes and APCs in one-way
MLRs. One-way MLRs were performed as described in Materials and
Methods. Stimulator cells were prepared from spleens of WT (B6 background) or A2ARKO (B6 background)
mice and responder spleen T cells
were from WT (BALB/c background)
or A2ARKO (BALB/c background)
mice. We performed four groups of
one-way MLR: responder WT ⫻ stimulator WT (T cell BALB/c ⫻ APC B6)
(a), responder KO ⫻ stimulator KO (T
cell BALB/cKO ⫻ APC B6 KO) (b),
responder KO ⫻ stimulator WT (T
cell BALB/c KO ⫻ APC B6) (c), and
responder WT ⫻ stimulator KO (T
cell BALB/c ⫻ APC B6 KO) (d).
One-way MLRs were performed in the
presence of vehicle, ATL313 (10 nM),
ATL313 ⫹ ZM241385 (100 nM), and
ZM 241385 alone. Experiments were
performed in triplicate, n ⫽ 4 for each
group. Values are mean ⫾ SE and are
normalized to vehicle group.
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responder cells (T cell BALB/c KO ⫻ APC B6) or stimulator cells
(T cell BALB/c ⫻ APC B6 KO) lacked A2ARs, ATL313 reduced
T cell proliferation by 38% ( p ⬍ 0.05, n ⫽ 4; Fig. 2c) or 53%
( p ⬍ 0.001, n ⫽ 4; Fig. 2d), respectively. The effect of ATL313
on T cell proliferation was blocked by the A2AR antagonist
ZM241385 (Fig. 2, a, c, and d). It is interesting to note that the full
effect of ATL313, apparent when both responder and stimulator
cells expressed A2AR (Fig. 2a), represented an additive effect of

FIGURE 5. Effect of ATL313 on cell surface expression of CD40L on
CD4⫹ T cells in two-way MLRs. a– c, Cell surface expression of CD40L
(y-axis) was measured by gating on CD4⫺-expressing T cells (x-axis) following treatment with vehicle (a) or 10 nM ATL313 in the absence (b) and presence of 100 nM ZM241385. Levels of CD40L or CD4, as analyzed by flow
cytometry, are expressed as MCF of PE and APC, respectively. d, Quantitative
assessment of CD40L expression. Results represent mean of percentage of
control values for unstimulated lymphocytes (100%) ⫾ SEM; n ⫽ 3.

ATL313 expressed individually on stimulator (Fig. 2c) and
responder (Fig. 2d) cells. These results indicate that A2ARs expressed on both T cells and APCs mediate the inhibitory effect of
lymphocyte proliferation following alloantigen immune activation.
ATL313 inhibits IFN-␥ and cytokine release

FIGURE 4. Effect of ATL313 on cell surface expression of CD25 on
CD4⫹ T cells in two-way MLRs. a– c, Cell surface expression of CD25
(y-axis) was measured by gating on CD4⫹-expressing T cells (x-axis) after
treatment with vehicle (a) or 10 nM ATL313 in the absence (b) and presence of 100 nM ZM241385. Levels of CD25 and CD4, as analyzed by flow
cytometry, are expressed as MCF of PE and APC, respectively. d, Quantitative assessment of CD25 expression. Results represent mean of percentage of control values for unstimulated lymphocytes (100%) ⫾ SEM;
n ⫽ 4; ⴱ, p ⬍ 0.001 compared with vehicle or ATL313 ⫹ ZM241385.

The effects of ATL313 on two-way MLR-induced cytokine release
are summarized in Table I. Using ELISA, the supernatants of twoway MLRs showed a 17-fold increase of IFN-␥ over unstimulated
lymphocytes that were not mixed in an MLR ( p ⬍ 0.001, n ⫽ 3).
The increase of IFN-␥ release was significantly reduced in a dosedependent manner by ATL313, an effect that was inhibited by the
addition of ZM241385 ( p ⬍ 0.0001, n ⫽ 3). Maximum inhibition
of IFN-␥ release was observed with 10 nM ATL313 (21% of vehicle, p ⬍ 0.001, n ⫽ 3). ZM241385 reduced the response observed with 10 nM ATL-313 to 79% of vehicle (Table I). mRNA
from the cultured lymphocytes was harvested at day 3 of culture
and analyzed for steady-state IFN-␥ mRNA expression by RNase
protection assay. Two-way MLRs produced an increase in IFN-␥
mRNA expression, an effect that was reduced with 10 nM
ATL313. The effect of ATL313 on IFN-␥ mRNA expression was
blocked by ZM241385 (Fig. 3). Quantitative analysis of band densities, corrected for loading (GAPDH), demonstrated that IFN-␥
mRNA increased in MLRs to 10.8-, 5.5-, and 10.5-fold over unstimulated cultured lymphocytes following incubation with vehicle, ATL313, and ATL313 plus ZM241385, respectively (n ⫽ 2).
Supernatant levels of IL-2, IL-12(p70), IL-12(p40), and
RANTES were measured simultaneously by multiplex bead array
(Table I). In these studies, cytokines in supernatants obtained from
day 3 of two-way MLR cultures were compared with baseline
cytokine release from unstimulated cultured lymphocytes. IL-2
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FIGURE 3. Effect of ATL313 on IFN-␥ mRNA expression. Total RNA
was isolated from cells of two-way MLRs and subjected to RNase protection assay analysis of IFN-␥. A representative photograph of this result is
shown. Each lane represents solution hybridization with a radiolabeled
probe for IFN-␥ and RNA derived from two-way MLRs. GAPDH is shown
as a control for loading. Veh, vehicle; unstim, unstimulated; ATL,
ATL313; ZM ZM241385.
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levels in two-way MLRs (69.5 ⫾ 10.0 pg/ml) were 2200%
greater than those obtained from supernatants of unstimulated
lymphocytes ( p ⬍ 0.001, n ⫽ 3). ATL313 reduced this alloantigen activated response in a dose-dependent manner with the
maximum reduction observed at a concentration of 10 nM
ATL313 (60% of vehicle; p ⬍ 0.001, n ⫽ 3). This inhibitory
effect was completely abrogated by the addition of ZM241385
(98% of vehicle; p ⫽ NS, n ⫽ 3).
IL-12(p70) increased 215% in MLRs (5.7 ⫾ 0.1 pg/ml) when
compared with unstimulated lymphocytes ( p ⬍ 0.001, n ⫽ 3).
ATL313 (10 nM) produced a dose-dependent reduction to 31% of
vehicle ( p ⬍ 0.001, n ⫽ 3). The addition of ZM241385 negated
the inhibitory effect of ATL313 (67% of vehicle, p ⫽ NS, n ⫽ 3).

ATL313 had no inhibitory effect on IL-12(p40) that had increased
214% in the two-way MLR (36.2 ⫾ 1.2 pg/ml). Similarly, the
chemokine RANTES, increased by 216% in the two-way MLR
(1376.9 ⫾ 82.8 pg/ml) when compared with unstimulated lymphocytes ( p ⬍ 0.001, n ⫽ 3). ATL-313 (10 nM), reduced this
effect to 67% of vehicle ( p ⬍ 0.001, n ⫽ 3). ZM241385 significantly reversed this effect (90% of vehicle, p ⫽ NS, n ⫽ 3).
ATL313 inhibited not only cytokines produced primarily from activated T cells (IFN-␥, IL-2, RANTES) but also from activated
DCs (IL-12(p70)).
We also analyzed the effect of ATL313 on a Th2 cytokine profile consisting of IL-6, IL-4, and IL-10. Over the course of 3 days,
ELISA showed IL-6 steadily increased in two-way MLRs, but

FIGURE 7. Flow cytometric analysis of PD-1 expression on CD3⫹ and CD4⫹ cells in two-way MLRs. PD-1 levels in CD3⫹ (a– d)- and CD4⫹
(e– h)-gated events are expressed as MCF of PE. The effect of vehicle (a and e), ATL313 (10 nM; b and f), and ATL313 in the presence of ZM241385
(100 nM; c and g) on the cell surface expression of PD-1 (y-axis) and CD3⫹ (MCF of Alexa 647; n ⫽ 9) or CD4⫹ (MCF of APC; n ⫽ 3) (x-axis) is shown.
Quantitative assessment of PD-1 expression is shown (d and h). Results represent mean of control values for unstimulated lymphocytes (100%) ⫾ SEM.
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FIGURE 6. Flow cytometric analysis of Zap70 phosphorylation in CD3e mAb-activated lymphocytes. a, Histogram overlays depict a rightward shift in
levels of phosphorylated Zap70 (as measured by MCF of PE-labeled after activation with CD3e mAb (anti-CD3) under vehicle (veh) treatment compared
with nonactivated cells, which is reversed through the addition of 10 nm ATL313 (ATL). b, In the same experiment (overlays separated for clarity), the
addition of either ZM241385 (ZM; 100 nm) or the protein kinase A inhibitor, H89 (100 nm), to the ATL313-treated group causes a rightward shift of
phosphorylated Zap70 compared with ATL313 alone. c, Quantitative assessment of the effect of ATL313 on phosphorylated Zap70 is shown. The graph
depicts the mean of MCF, expressed as percentage of levels in nonactivated cells (100%), of phosphorylated Zap70 after 5 min of activation with soluble
anti-CD3e mAb ⫾ SEM, n ⫽ 3.
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ATL313 did not affect the production of IL-6. IL-4 and IL-10
never reached levels detectable by ELISA over 3 days (data not
shown).
ATL313 inhibits expression of CD25 and CD40L on CD4⫹
T cells activated in two-way MLRs
We next sought to determine the effect of A2AR agonists on the
CD4⫹ T cell activation markers CD25 (the ␣-chain of the IL-2R;
Fig. 4) and CD40L (a costimulatory molecule expressed on active
CD4⫹ cells; Fig. 5). The increase in cell surface expression of
CD25 on day 3 of two-way MLR (330 ⫾ 19%, n ⫽ 4) compared
with unstimulated lymphocytes was attenuated with ATL313 (10
nM; 146 ⫾ 12%, p ⬍ 0.001 compared with vehicle, n ⫽ 4).
ZM241385 (100 nM) reversed this effect of ATL313 on surface
expression of CD25 (317 ⫾ 26% of baseline, p ⬍ 0.001 compared
with ATL313, NS compared with vehicle, n ⫽ 4; Fig. 4).
Similarly, CD40L expression on the cell surface of CD4⫹ T
lymphocytes increased to 161 ⫾ 7% compared with unstimulated
cells on day 3 of two-way MLR ( p ⬍ 0.01, n ⫽ 3), and this
increase in CD40L was reduced with ATL313 (10 nM; 74 ⫾ 12%
of control, p ⬍ 0.01 compared with vehicle, n ⫽ 3). The inhibitory
effect of ATL313 was reversed with ZM241385 (186 ⫾ 17% of
baseline, p ⬍ 0.01 compared with ATL313, p ⫽ NS compared
with vehicle, n ⫽ 3) (Fig. 5).
ATL313 inhibits anti-CD3e mAb-induced phosphorylation of
Zap70
Zap70 is an intracellular tyrosine kinase that is involved in the
proximal TCR signaling pathway for the T cell activation. Acti-

vation of Zap70 is coupled to downstream signaling cascades,
which regulate some critical immune regulatory transcriptional
gene. We reasoned that blocking the initial TCR signaling pathway
with an A2AR agonist may depress the T cell immune response.
Thus, we sought to determine the effect of A2AR activation on
Zap70 phosphorylation. After 5 min of T cell activation by soluble
anti-CD3e mAb, MCF levels of phosphorylated Zap70 increased
by 186 ⫾ 8% when compared with nonactivated cells ( p ⬍ 0.001,
n ⫽ 3), an effect that was reduced to 94 ⫾ 10% of nonactivated
cells by ATL313 (10 nM, p ⬍ 0.001, compared with vehicle n ⫽
3). This inhibition of phosphorylated Zap70 by ATL313 was reversed by ZM241385 (100 nM) to 190 ⫾ 10% of nonactivated
cells ( p ⬍ 0.001 from ATL313, p ⫽ NS from vehicle, n ⫽ 3).
Also, the addition of H-89 (100 nm), a protein kinase A (PKA)
inhibitor, blocked the effect of ATL313 by restoring the levels to
155 ⫾ 8% of nonactivated cells ( p ⬍ 0.001 from ATL313, p ⫽ NS
from vehicle, n ⫽ 3). One representative example of three experiments can be seen in Fig. 6, a and b, and a summary of the MCF
is illustrated in Fig. 6c.
ATL313 induces PD-1 and CTLA-4 expression
We next sought to determine whether ATL313 could up-regulate
PD-1 (Fig. 7, a– d) and CTLA-4 (Fig. 8) expression, costimulatory
molecules that are important in inhibiting T cell activation. As
shown in Fig. 7, a– d, on day 3 of two-way MLR, the CD3 cell
surface expression of PD-1 increased compared with control unstimulated cultured cells (136 ⫾ 10% of control, n ⫽ 9, p ⬍
0.001). The addition of ATL313 further increased T cell PD-1
expression (192 ⫾ 14% of control; n ⫽ 9; p ⬍ 0.001 compared
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FIGURE 8. Flow cytometric analysis of CTLA-4 expression on CD3⫹
cells in two-way MLRs. CTLA-4 levels in CD3⫹-gated events are expressed as MCF of PE. The effect of
vehicle (a), ATL313 (10 nM; b), and
ATL313 in the presence of ZM241385
(100 nM; c) on the cell surface expression of CLTA-4 (y-axis) and CD3⫹
(MCF of Alexa 647; n ⫽ 8 (x-axis))
is shown. Quantitative assessment
(MCF of PE) of CTLA-4 expression
is shown (d). Results represent mean
of control values for unstimulated
lymphocytes (100%) ⫾ SEM.
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FIGURE 9. ATL313 attenuates skin
allograft rejection. Kaplan-Meier curve
(left panel) for vehicle (black line),
ATL313 (red line; ATL; 1 ng 䡠 kg⫺1 䡠
min⫺1) and ATL313 ⫹ ZM243185
(blue line; ZM; 5 ng 䡠 kg⫺1 䡠 min⫺1).
n ⫽ 8 for each group; p ⬍ 0.05. Photographs (right panels) are shown for recipient mice receiving skin allografts.
Photographs of transplanted skin (a, c,
and e) and H&E sections (b, d, and f) are
shown for vehicle (a and b), ATL313 (c
and d), and ATL313 ⫹ ZM241385 (e
and f). Arrowhead, donor epithelium.

Discussion

ATL313 attenuates skin allograft rejection
Our in vitro data provide support that ATL313 inhibits T cell activation, results previously reported (15), and increases negative
costimulation. We next tested the hypothesis that ATL313 can
block allograft rejection in vivo in a skin transplant mouse model
(Fig. 9, Table II). Skin transplants were performed in which full
thickness skin grafts from BALB/c donor mice were grafted on the
dorsal flank of C57BL/6 mice and treated with vehicle, ATL313 (1
ng 䡠 kg⫺1 䡠 min⫺1) alone, or ATL313 combined with ZM241385 (5
ng 䡠 kg⫺1 䡠 min⫺1) via osmotic pump (n ⫽ 8 for each group). Graft
survival was assessed by visual inspection from day 6 to day 9 in
a masked fashion. As shown by a Kaplan-Meier survival curve
(Fig. 9, left panel), 9 days after transplantation, the graft survival
rate was 12.5, 62.5, and 12.5% for vehicle, ATL313, and ATL313
Table II. Skin transplant histological score with H&E staina

Vehicle
ATL313
ATL313 ⫹ ZM

plus ZM241385, respectively (n ⫽ 8 for each group; p ⬍ 0.05). At
the end of the experimental period (day 9), skin grafts were harvested and prepared for histology. Photographs of representative
skin transplants are shown for vehicle, ATL313, and ATL313 plus
ZM241385 (Fig. 9, a, c, and e). There was loss of epidermal skin
thickness as well as inflammation in the vehicle group; effects that
were reduced with ATL313 treatment. The effects of ATL313
were reversed with ZM241385. Fig. 9, b, d, and f, shows representative H&E staining of the donor skin in vehicle, ATL313, and
ATL313 plus ZM241385, and Table II shows semiquantitative
scoring of skin thickness and inflammation.

Epidermal
Thickness

Degree of
Inflammation

0.71 ⫾ 0.14
1.57 ⫾ 0.17**
0.81 ⫾ 0.13⫹⫹

3.71 ⫾ 0.71
1.57 ⫾ 0.6*
3.5 ⫾ 0.60⫹

a
Sections were examined at the end of the experimental period (day 9) in a
masked fashion under ⫻400 magnification by light microscopy. The assessment was
based on the thickness of the donor epidermis (0 –2 score) with 0 ⫽ loss of epidermal
thickness and 2 ⫽ full epidermal thickness, and the degree of inflammation (0 –5
score) with 0 ⫽ no inflammation and 5 ⫽ severe inflammation. Values represent
mean ⫾ SEM (ⴱ, p ⬍ 0.05, and ⴱⴱ, p ⬍ 0.001 to vehicle; ⫹, p ⬍ 0.05, and ⫹⫹, p ⬍
0.005 to ATL313 alone). n ⫽ 8/group.

The current studies investigated the potential for A2AR agonists to
attenuate alloantigen recognition and transplant rejection. We performed MLRs in which splenocytes were isolated from B6 and
BALB/c mice and combined in vitro for 3 days with or without
ATL313, a selective A2AR agonist. MLR-stimulated T cell proliferation was reduced by ATL313 in a dose-dependant manner with
a maximum inhibitory response (⬃95%) at a dose of 10 nM, an
effect reversed by 100 nM of the A2AR antagonist ZM241385.
ATL313 attenuated the release from activated T cells and DCs of
IFN-␥, RANTES, IL-12(p70), and IL-2 but had no effect on IL12(p40). ATL313 also inhibited the cell surface expression of T
cell activation marker CD25 and CD40L induced by two-way
MLRs. In contrast, ATL313 increased surface expression of negative costimulatory molecules PD-1 and CTLA-4 in two-way
MLRs. In anti-CD3e mAb-activated lymphocytes, ATL313 still
blocked proliferation and inhibited the phosphorylation of Zap70
induced after TCR stimulation, an effect that was reversed by the
PKA inhibitor H-89. Lastly, ATL313 attenuated allograft rejection
in skin transplants from donor to recipient mice. These results
demonstrate that A2A agonists attenuated allogenic recognition by
action on T lymphocytes and APCs in vitro, and these effects likely
contribute to the attenuation of allograft rejection in vivo. Given
our previous observation that A2AR agonists protected kidneys
from IRI (12, 14), we believe that A2AR agonists represent a novel
class of compounds ideally suited for induction therapy in organ
transplantation.
The effect of A2AR agonists to attenuate T cell proliferation in
two-way MLRs may be due to effects on CD4⫹ cells or APCs. To
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with control or vehicle), an effect that was reversed by ZM241385
(134 ⫾ 13% of control, n ⫽ 8; p ⬍ 0.05 compared with ATL313;
p ⫽ NS compared with vehicle). ATL313 also had a similar effect
on PD-1 expressed on CD4⫹ (Fig. 7, e– h) and CD8⫹ T cells (data
not shown). Intracellular CTLA-4 expression on activated CD3
cells increased on day 3 of two-way MLR (587 ⫾ 40% of control
cells; n ⫽ 7; p ⬍ 0.001; Fig. 8). ATL313 induced expression of
CLTA-4 in alloantigen-stimulated T cells (820% of unstimulated
control cells, n ⫽ 7, p ⬍ 0.001 compared with control or vehicle).
ZM241385 partially reversed this enhancing effect (681% of control, n ⫽ 7; p ⬍ 0.001 compared with control, p ⬍ 0.05 compared
with ATL313).
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subsequent signaling cascade, activates MAPK-induced phosphorylation events and a wide variety of transcription factors (see Ref.
32 for a review).
To determine the effects of A2AR agonists on the signaling cascade induced by TCR stimulation, we chose to analyze the phosphorylation of Zap70 in CD4⫹ T cells. We determined by flow
cytometric analysis that anti-CD3e mAb activation over a period
of 5 min increases levels of phosphorylated Zap70, and the addition of ATL313 significantly reduces those levels. Because the
A2AR agonists are believed to increase levels of intracellular
cAMP and consequently the activation of PKA (33), we added a
PKA inhibitor, H-89, to the assay along with ATL313 and found
that levels of phosphorylated Zap70 were restored. These results
provide evidence that A2AR agonists inhibit CD4⫹ T cell activation by inhibiting the phosphorylation of Zap70 through activation
of PKA.
Naive T cells are fully activated after receiving signal 1 through
TCR-MHC plus antigenic peptide complex and signal 2 through
positive costimulatory molecules (34). CD28:B7 signaling is the
best characterized and an important costimulatory pathway for naive T cell activation, including cytokine production, clonal expansion, and prevention of anergy and T cell survival (34, 35). However, blocking CD28:B7 pathway wasn’t effective in inducing
tolerance to murine skin and islet transplantation (36, 37). The
negative regulatory signal CTLA-4, which is induced after T cell
activation, also can bind both B7-1 and B7-2 molecule and play an
important role in down-regulating T cell response in organ transplantation (38, 39). New B7 family ligands PD-L1 and PD-L2 are
broadly expressed in nonlymphoid tissues, which are important for
regulating the effect of memory T cell responses at the site of
inflammation. The finding of accelerated allograft rejection by
PD-L1 blockade with Abs confirmed that PD-L1 expression is important for inhibiting the rejection process. We used two-way
MLR as an in vitro model to investigate the effect of ATL313
effect on these two negative regulatory costimulatory molecules.
We found ATL313 induced PD-1 and CTLA-4 expression on
CD3/CD4 T cells. Importantly, T cell activation was not necessary
for ATL313 to enhance expression of both PD-1 and CTLA-4.
These results suggest that ATL313 inhibits T cell activation, proliferation, and cytokine production by activating the cAMP/PKA
pathway to reduce IL-2-induced clonal expansion and to induce
the negative regulatory molecules CTLA-4 and PD-1.
These results in vitro suggest potent mechanisms by which
A2AR agonists can block alloantigen induced immune responses,
responses that mediate transplant rejection. Therefore, we tested
whether A2AR agonists can block transplant-mediated tissue rejection. We performed full-thickness skin grafts and found that
allograft survival was enhanced following ATL313 administration,
an effect reversed by ZM241385. These results provide in vivo
evidence that A2AR agonists improved graft survival and can delay
transplant rejection.
Our previous studies have shown that A2AR-selective agonists
attenuate IRI (12), an effect mediated through CD4⫹ cells (14).
Rag-1 KO mice, deficient in lymphocytes, are protected from IRI,
whereas the same animals display the effects of IRI when reconstituted with WT CD4⫹ T lymphocytes, suggesting that these cells
contribute to the initiation of the ischemia-reperfusion-induced inflammatory response. The selective adenosine agonist, ATL146e,
a compound that is similar to ATL313 but shorter acting, is unable
to inhibit IRI when these mice are reconstituted with A2AR KO
CD4⫹ T lymphocytes (14). These data implicate the CD4⫹ T lymphocyte as an important target through which A2ARs inhibit IRI.
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determine the contribution of A2ARs expressed on T cells or APCs,
we performed one-way MLRs. In one-way MLRs, when A2ARs
were expressed on both responder and stimulator cells, near maximal inhibition of lymphocyte proliferation was achieved. However, when A2ARs were expressed only on responder or on stimulator cells, only partial inhibition of lymphocyte proliferation was
achieved. These results indicate that A2ARs expressed on both T
cells as well as APCs are necessary to maximally inhibit alloantigen recognition.
Clonal expansion of T cells is mediated by the Th1 cytokine
IL-2. The production of this cytokine, in conjunction with the
␣-chain of the IL-2R, CD25, determines whether a naive T cell
will become an armed effector T cell and proliferate (21). Lymphocyte proliferation peaked in two-way MLRs at 3 days, and at
this same time point, IL-2 levels increased 14-fold in two-way
MLR assays over control unstimulated cultured cells. ATL313,
when administered to the two-way MLR assays, reduced IL-2 production, CD25 expression, and, subsequently, proliferation. The
A2AR antagonist significantly reversed the effects of ATL313 in all
instances. These data imply that ATL313 is a potent anti-T cell
proliferative agent. ATL313 also inhibits IFN-␥ expression, a cytokine that activates macrophages (22), and increases cell surface
expression of MHC molecules and Ag-processing components integral to the recognition of foreign Ags (23).
IL-12(p70), the heterodimeric cytokine formed from covalently
linked chains of IL-12(p40) and IL-12(p35) (24), is responsible for
activation of NK cells and differentiation of CD4⫹ T cells to Th1like cells (25). The monomer IL-12(p40) is known to act as an
antagonist to the IL-12R (26). Although both IL-12(p70) and IL12(p40) were increased in two-way MLRs as compared with unstimulated control cells, ATL313 only reduced the active heterodimer, IL-12(p70), and did not affect the monomer IL-12(p40).
RANTES, a chemokine released primarily by T cells, is known to
activate T cells, is responsible for chronic inflammation, and is a
powerful chemoattractant for monocytes, NKT and T cells, basophils, eosinophils, and DCs (27–29). Our results show that
ATL313 attenuates secretion of RANTES.
In addition to reducing the release of these cytokines and the
expression of CD25, we determined that ATL313 also reduced the
cell surface expression of CD40L on CD4⫹ T cells. CD40L is a
costimulatory marker expressed by activated T cells that binds to
CD40 on macrophages, working in conjunction with IFN-␥ to induce macrophage activation (30, 31). The reduction of both
CD40L expression on the cell surface and IFN-␥ release from T
cells implies that ATL313, in turn, inhibits the activation of monocyte/macrophages. CD40-CD40L is also an important signal pathway for DC and T cell cross-talk, and more important for the
initiation of T cells activation, differentiation.
To analyze the mechanisms through which ATL313 mediates
CD4⫹ T cell activation, we stimulated the lymphocytes of a single
animal with anti-CD3e mAb to synthetically mimic TCR/CD3 ligation with alloantigens without the dependence on costimulatory
markers required by the two-way MLR. In this system, we determined that ATL313 consistently inhibits anti-CD3e mAb-induced
proliferation. This suggests that the agonist is able to target the T
cell directly and that ATL313 must inhibit a signaling cascade
originating with T cells.
Upon binding of TCR/CD3 to its ligand, CD4 and CD45 migrate
proximally to the TCR, initiating phosphorylation of the TCR
-chain ITAMs by receptor-associated Src-family kinases, such as
Fyn. The tyrosine kinase Zap70 binds to the phosphorylated
-chain ITAMs and is then phosphorylated by Lck, another Src
family kinase bound to the CD4 molecule. Activated Zap70 in turn
phosphorylates the linker for activation of T cells and, through a
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In the current study, we found that A2AR agonists attenuate
alloantigen recognition through effects mediated by A2ARs expressed not only on T cells but on APCs as well. Furthermore,
A2AR agonists have direct inhibitory effects on CD4⫹ T cell activation. Thus, these in vitro and in vivo results indicate that A2AR
agonists attenuate alloantigen recognition and could induce peripheral T cell tolerance, resulting in improved graft survival. Furthermore, to our knowledge, this is the first demonstration that A2AR
agonists delay transplant rejection. The marked efficacy of A2AR
agonists in protecting kidneys from IRI in prior studies and allograft rejection in the current studies makes these compounds ideal
candidates for induction therapy following organ transplantation.
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