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ABSTRACT

Timed initiation of apoptotic cell death followed by efficient removal mediated by professional
macrophages is a key mechanism in maintaining tissue homeostasis. Besides phagocytosis, clearance
of apoptotic cells also involves suppression of inflammatory responses by apoptotic cells mediated by
both direct inhibition of pro-inflammatory cytokine production and release of soluble anti-inflammatory
factors, which actin a paracrine or autocrine fashion to amplify or sustain the anti-inflammatory response.
Previous work has demonstrated that during engulfment of apoptotic cells adenosine is produced in suffi-
cient amounts to trigger both adenosine A, receptors (A2ARs) and As receptors (A3Rs). Adenosine bound
to A2ARs of macrophages activated the adenylate cyclase pathway to suppress the apoptotic-cell induced,
NO-dependent formation of neutrophil migration factors. Here we show by using A3R null engulfing
macrophages that the adenosine produced triggers the A3Rs as well, which attenuate the A2AR signaling
by inhibiting adenylate cyclase. As a result, the balance in the activation of A2ARs and A3Rs determines
the amounts of NO and consequently the levels of neutrophil chemoattractants formed. Since during
phagocytosis of apoptotic cells the expression of A2ARs increases, while that of A3Rs decreases, on long

term adenosine suppresses the proinflammatory responses in engulfing macrophages.

© 2014 Published by Elsevier B.V.

1. Introduction

Most cell types have a limited life span, which ends physio-
logically through the process of apoptosis, or programmed cell
death. In vivo, apoptotic cells are usually engulfed by neigh-
boring cells or professional phagocytes, such as macrophages to
reutilize their materials and to prevent the release of their intra-
cellular cell content which could harm the surrounding tissues
[1]. While the phagocytosis of a variety of pathogenic targets,
especially bacteria and virally-infected cells, normally triggers a
pro-inflammatory response in macrophages (including the gen-
eration of reactive oxygen-derived intermediates, the release of
proteolytic enzymes, and the production of numerous inflamma-
tory cytokines), ingestion of apoptotic cells by macrophages usually
induces an anti-inflammatory phenotype. Apoptotic cells do not

Abbreviations: A2AR, adenosine A5 receptor; A3R, adenosine Az receptor; KC,
cytokine-induced neutrophil-attracting chemokine; L-NAME, L-(G)-nitro-L-arginine
methyl ester; MIP, macrophage inflammatory protein.
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necessarily fail to provide pro-inflammatory signals; rather, they
caninitiate signaling pathways in macrophages, which can actively
interfere with the inflammatory program. For example, preincu-
bation of macrophages with apoptotic cells strongly suppresses
the inflammatory response induced via Toll-like receptor 4 by
lipopolysaccharide, a component of the cell wall of Gram-negative
bacteria [2-4]. This inhibitory property appears to be a com-
mon attribute acquired post-translationally by all cells undergoing
apoptotic cell death, regardless of the cell type or the particular
death stimulus [4-6].

The mechanism(s) by which apoptotic cells exert their inhibition
on phagocytes may vary over time. The earliest anti-inflammatory
activity of the apoptotic cell is manifest as an immediate-early
inhibition of macrophage pro-inflammatory cytokine gene tran-
scription and is exerted directly upon binding to the macrophage,
independent of subsequent engulfment and soluble factor involve-
ment [4]. Subsequently, soluble mediators are released from
macrophages, which act in a paracrine or autocrine fashion to
amplify and sustain the anti-inflammatory response [2,3,7].

Adenosine is a purine nucleoside that, following its release from
cells or after being formed extracellularly, diffuses to the cell mem-
brane of surrounding cells, where it binds to its receptors [8,9].
There are four adenosine receptors, all of which are G protein-
coupled receptors and are abundantly expressed by macrophages
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[10]. The genes for these receptors have been analyzed in detail and
are designated A1, A4, Agg and As. Adenosine A receptors are stim-
ulated by 10-1°-10-8 M concentrations of adenosine and mediate
decreases in intracellular cyclic AMP (cAMP) levels, adenosine Ajp
(A2AR) and A,p receptors are stimulated by higher (5 x 10-7 M and
1 x 10~> M, respectively) concentrations of adenosine and medi-
ate increases in cAMP levels, while adenosine A3 receptors (A3Rs)
are stimulated by 10~6 M concentrations of adenosine and mediate
adenylate cyclase inhibition [9].

Recent work in our laboratory has demonstrated that adenosine
is one of the soluble factors produced by macrophages engulf-
ing apoptotic cells, which is involved in the down-regulation of
pro-inflammatory responses [11]. Adenosine bound to the A2ARs
prevents the apoptotic cell-induced NO formation and the con-
sequent NO-dependent neutrophil chemoattractant production in
engulfing macrophages by activating the adenylate cyclase/protein
kinase A pathway. Since adenosine was found to be produced in a
sufficient amount to activate simultaneously both A2ARs and A3Rs
[11], in the present work the effect of A3Rs was studied on the
pro-inflammatory cytokine formation of macrophages engulfing
apoptotic cells by studying the apoptotic cell-induced suppression
of proinflammatory cytokine formation in macrophages isolated
from A3R null mice [12].

2. Materials and methods
2.1. Reagents

All reagents were obtained from (Sigma-Aldrich, Budapest)
except indicated otherwise.

2.2. Animals

The experiments were done using 3 months old wild type,
adenosine As receptor deficient mice developed and provided to
us by the Merck Co., NJ, USA [12] generated on an a C57BI/6 back-
ground. Some of the studies were carried out on adenosine Ajp
receptor deficient mice [13] generated on an FVB background. The
studies presented have been reviewed and approved by the review
committee of the University of Debrecen [DEMAB.

2.3. Macrophage isolation and culturing

Macrophages were obtained by peritoneal lavage with sterile
physiological saline. Cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 2 mM glutamine, 1 mM Na-pyruvate,
50 uM 2-mercaptoethanol, 100U/ml penicillin and 100 pg/ml
streptomycin at 37 °C in 5% CO, for 2 days before use. After 3-4h
incubation, the non-adherent cells were washed away. Before the
experiments the cells were cultured for 2 days replacing media
daily.

2.4. Thymocyte apoptosis induction in vitro

Apoptotic cells were prepared from 4 weeks old wild-type or
pannexin null mice [24]. The isolated thymocytes isolated were cul-
tured for 24 h (107 cells/ml) in RPMI 1640 medium supplemented
with penicillin/streptomycin in the absence of serum. This method
typically resulted in >80% apoptotic cells (as assessed by propidium
iodide/AnnexinV-FITC staining) [11]. Apoptotic cells were used at
a 10:1 (apoptotic cell:macrophage) ratio.

2.5. Determination of adenosine A3 receptor expression on the
cell surface

Wild type and A3R null peritoneal macrophages were coin-
cubated with apoptotic thymocytes for 1h in 1:10 ratio.

After replacing media and washing away the apoptotic cells,
macrophages were incubated for additional 1, 3 or 5h. After the
treatments macrophages were washed (1x PBS), collected, blocked
with 50% FBS for 30 min and labeled with anti-mouse A3R antibody
(Santa Cruz Biotechnology) or goat IgG isotype control (R&D Sys-
tems). For the detection cells were stained with FITC-conjugated
anti-goat IgG. Stained cells were analyzed on a FACSCalibur (BD
Biosciences). The results were analyzed by WinMDI 2.9 software.

2.6. Determination of adenosine A3 receptor mRNA expression

Wild-type peritoneal macrophages were coincubated with vari-
ous target cell types: apoptotic, living, heat killed (45 min, 55 °C) or
anti-CD3-pretreated (10 pg/ml, 20 min; R&D Systems) adenosine
A3 null thymocytes for 1h in 1:10 ratio. After washing away the
apoptotic cells and replacing media mRNA was collected 2 h later.

2.7. Determination of adenosine A3 receptor protein levels

Peritoneal macrophages were homogenized in ice-cold lysis
buffer containing 0.5% Triton X-100. Protein concentration of sam-
ples was diluted to 2 mg/ml, then the samples were boiled with an
equal volume of Laemmli buffer. Electrophoresis was performed in
10% SDS-polyacrylamide gel. Separated proteins were transferred
to an Immobilion-P transfer membrane (Millipore, Budapest, Hun-
gary) and were probed with anti-mouse A3R antibody (Santa Cruz
Biotechnology). To detect A3R signals HRP-labeled anti-goat anti-
bodies were used. Protein bands were visualized by Immobilon
Western Chemiluminescent HRP substrate (Millipore, Budapest,
Hungary).

2.8. Determination of cytokine production

Wild-type and A3R null peritoneal macrophages were plated
onto 24-well plates at a density of 1 x 106 cells/well. To determine
cytokine production by macrophages exposed to apoptotic cells,
macrophages (A3R*/* or A3R~/~) were exposed to apoptotic cells for
1 hinthe presence or absence of the A3R-selective agonist IB-MECA
(10 wM) or the A3R-selective inhibitor MRS1523 (10 wM). Apop-
totic cells than were washed away, the compounds were readded
and the macrophages were cultured for an additional 5h. At the
end of culture cell culture media were analyzed by Mouse Cytokine
Array (Proteome Profile Array from R&D Systems). The pixel density
in each spot of the array was determined by Image ] software. Alter-
natively, cytokine-induced neutrophil-attracting chemokine (KC),
and macrophage inflammatory protein-2 (MIP-2) cytokine levels
were measured with R&D Systems ELISA Kkits.

2.9. Phagocytosis assay

For visualizing apoptotic cells in macrophages, macrophages
were plated in 2-well chamber slides in a concen-
tration of 5x10°/well and cultured for 48h before
staining overnight with10 M 5-(and 6-)-(((4-chloromethyl)
benzoyl)amino)tetramethylrhodamine (CMTMR) (Invitrogen),
while thymocytes were labeled overnight with 6 wM 6-carboxy-
3/,6’-diacetylfluorescein (CFDA) (Invitrogen). After coculturing
macrophages with CFDA labeled apoptotic cells for 30 min, cells
were washed and fixed in ethanol/acetone (1:1) for 10 min at
—20°C. Images were taken with an Olympus FV1000 confocal
laser scanning microscope. Five hundred cells were counted for
apoptotic cell uptake in each individual experiment.
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Fig. 1. Apoptotic cell recognition inhibits the cell surface expression and the de novo adenosine A; receptor synthesis in peritoneal macrophages. Wild-type peritoneal
macrophages were exposed for 1h to A3R null apoptotic thymocytes and cell surface A3R (A) and A3R mRNA and protein levels (B) were determined by flow cytometry,
quantitative PCR and Western Blot, respectively, at the indicated time periods following washing away of apoptotic cells. (C) Blocking of apoptotic cell recognition abolishes
the decrease of A3 receptor level. Phagocytosis was inhibited by pretreating macrophages with 50 mM cytochalasin D or by masking the phosphatidylserine on the apoptotic
cell surface with recombinant annexin V (10 ug/10° apoptotic cell). After 1h co-incubation apoptotic cells were washed away and macrophages were further cultured for
3 h. Adenosine As; receptor mRNA and protein levels were determined by quantitative PCR and Western Blot, respectively. (D) Only apoptotic cell recognition decreases the
de novo adenosine Az receptor synthesis in peritoneal macrophages. Macrophages were coincubated with apoptotic, living, heat killed (45 min, 55 °C) or anti-CD3-pretreated
(10 pg/ml, 20 min) A3R null thymocytes for 1h. Thymocytes were then washed away and macrophages were further incubated for 3 h. The gene expression and protein
levels were measured by quantitative PCR and Western Blot, respectively. MFI: mean fluorescence intensity. Results are expressed as mean =+ SD of three or four independent
experiments (*P<0.05).

are expressed as mean=+SD. P values were calculated by using
two-tailed Student’s t-test for two samples of unequal variance.

2.10. Determination of NO production of macrophages engulfing The analysis of cytokine array experiments was carried out by
apoptotic cells ANOVA test. Statistical significance is indicated by a single asterisk
(P<0.05).

Wild-type or A3R null macrophages were exposed to apoptotic
cells for 1 h. Media were replaced and macrophages were incubated
for an additional 1 h. Cell culture supernatants were analyzed for
NO production by measuring nitrite, a stable oxidation product of
NO, using the Griess-Ilosvay method [14].

3. Results

3.1. The expression of adenosine As receptors is decreased on the
cell surface of macrophages during engulfment of apoptotic cells
2.11. Statistical analyses
Previous studies have shown that adenosine A3Rs are expressed
All the data are representative of at least three indepen- by macrophages and contribute to the directed migration of
dent experiments carried out on three different days. Values these cells [15]. Since our studies have shown that macrophages
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Fig. 2. Adenosine A; receptor-deficient macrophages respond to apoptotic cells with decreased MIP-2 and KC production. (A) The map of the 40 cytokines detected on
the membranes. (B) Cytokine panel of control and apoptotic cell treated wild-type and adenosine As receptor null peritoneal macrophages. Peritoneal macrophages were
co-incubated with apoptotic thymocytes for 1 h (MPh:APO = 1:10) followed by removal of apoptotic cells and addition of fresh medium. Supernatants were collected 5 h later
and cytokine levels were determined by cytokine array. Arrows highlight KC, MIP-2, IP-10, IL-1 and IL-1ra neutrophil chemoattractants, the production of which is significantly
downregulated by A3R null macrophages. (C) Cytokines, which levels were significantly different (P<0.05) in the supernatants analyzed by cytokine array. (D) Wild-
type and A3R null macrophages were exposed to apoptotic thymocytes for 1 h (MPh:APO = 1:10). 5 h after the removal of apoptotic cells supernatants were collected. The levels
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engulfing apoptotic cell produce adenosine and express increasing
levels of A2ARs [11], we decided to test whether the expression
levels of the A3R are altered during phagocytosis of apoptotic cells.
As shown in Fig. 1A, we could confirm the expression of the cell
surface adenosine Az receptors in mouse peritoneal macrophages,
but this expression is significantly decreased following incubation
with apoptotic cells. The inhibition partially involved transcrip-
tional regulation, since not only the cell surface expression of A3R,
but its mRNA and total protein levels also decreased during long
term phagocytosis (Fig. 1B). However, the decrease in the cell sur-
face expression could be detected much earlier than that of the
mRNA and the protein, indicating that fast posttranslational mech-
anisms might also be involved in the downregulation of A3R.

Cytochalasin D does inhibit the engulfment process, but it does
not influence the recognition of apoptotic cells [4]. Binding of phos-
phatidylserine on the surface of apoptotic cells plays a key role
in their recognition and subsequent uptake by macrophages, and
this recognition can be inhibited by preincubation of apoptotic cells
with recombinant annexin V (which binds to phosphatidylserine;
ref. 16). While recombinant annexin V prevented the downreg-
ulation of AR mRNA and protein expression by apoptotic cells
(Fig. 1C), cytochalasin D had no effect on it, suggesting that not the
engulfment, but the recognition per se triggers the decrease in the
A3R mRNA and protein expression. Inhibition of A3R expression
during phagocytosis was specific for the engulfment of apop-
totic cells, as uptake of neither necrotic nor antibody-coated cells
affected it (Fig. 1D).

3.2. Loss of adenosine As receptor influences the
pro-inflammatory cytokine production by macrophages engulfing
apoptotic cells

Evaluation of the cytokine secretion profile of unstimulated
macrophages was performed using a highly sensitive cytokine
antibody array method, enabling the simultaneous detection of
low concentrations of multiple cytokines in one assay (picogram
per milliliter range). The map of the 40 cytokines detected on
the membranes is diagrammed in Fig. 2A. The cytokines in our
experimental systems were first evaluated by experiments using
untreated wild-type and A3R™/- macrophages in vitro. The results
reported in Fig. 2B show that the loss of the A3R did not affect
significantly the composition of the cytokines released. In the lev-
els of the cytokines we found individual animal variations, but
when the MIP and KC levels were determined in many sam-
ples by ELISA, no significant difference could be detected in their
basal levels when we compared the wild type and the A3R-/~
(Fig. 2D). However, as shown in Fig. 2C, when macrophages
were exposed to apoptotic cells, we found four cytokines whose
production was increased by wild-type macrophages engulfing
apoptotic cells compared to their non-engulfing counterparts,
but decreased in A3R~/~ macrophages. These cytokines include
the cytokine-induced neutrophil-attracting chemokine (KC), and
the macrophage inflammatory protein-2 (MIP-2), which act as
chemoattractants for neutrophils and/or other cell types [17-19],
the pro-inflammatory cytokine IL-1a [20] and the antagonist of
the IL-1 receptor (IL-1ra). The modification in the levels of these
cytokines was not due to a difference in the extent of phagocy-
tosis, as a similar rate of engulfment by wild-type and A3R~/~
macrophages was observed by counting the number of apoptotic
cells taken up by 500 individual macrophages (Fig. 2E). Among
the cytokines released in altered amounts in the supernatant by

cultured A3R-/~ macrophages, MIP-2 showed the most dynamic
change in response to apoptotic cell exposure, and MIP-2 and
KC levels were detected in the highest amounts (Fig. 2B and C).
These observations correlate with those found in the A2AR null
macrophages, in which the loss of the A2AR affected the production
of the same cytokines in the presence of apoptotic cells[11], but the
direction of the alteration was the opposite: the loss of A2ARs lead
to an increase in the production of these cytokines. To confirm fur-
ther the effect of A3Rs on the expression of the above cytokines
during apoptotic cell engulfment, we decided to test the effect
of A3R on the pro-inflammatory cytokine production by exposing
wild-type macrophages either to the highly specific A3R agonist IB-
MECA or to the A3R antagonist MRS1523. As shown in Fig. 3, using
wild-type macrophages we could confirm the decreased expres-
sion of the proinflammatory cytokines in the presence of the A3R
antagonist, indicating that altered cytokine response of engulfing
A3R null macrophages is not due to an altered differentiation of
the cells. In addition, the presence of the A3R agonist enhanced the
expression of these cytokines indicating that A3R signaling indeed
negatively regulates the engulfment-dependent apoptotic cell sup-
pression of inflammation, at least if these cytokines are concerned.
The same compounds had no effect on the apoptotic cell-induced
proinflammatory cytokine production, when they were adminis-
tered to A3R~/~ macrophages (data not shown) indicating that
they indeed act via the A3Rs. To confirm the results, MIP-2 and
KC protein levels also were assessed by ELISA. In harmony with the
cytokine array results, while the production of MIP-2 and KC was
enhanced by wild-type macrophages exposed to apoptotic cells as
compared to non-engulfing macrophages, the release of both MIP-
2 and KC by A3R~/~ macrophages was decreased under the same
conditions (Fig. 2D).

3.3. The apoptotic cell-mediated decrease in MIP-2 and KC
production by A3R~/~ macrophages is related to an enhanced
protein kinase A signaling by A2ARs

Since among the neutrophil chemoattractants, the release of
which was simultaneously altered by the loss of both the A2AR
and the A3R, the production of MIP-2 and KC was studied in our
previous experiments in details, we decided to investigate further
the regulation of the expression of these two cytokines. Previously
we have shown [11] that the production of these two cytokines
would be triggered by the uptake of apoptotic cells, but simulta-
neous activation of the adenylate cyclase pathway triggered by the
A2ARs attenuated the response. Since A3Rs are known to inhibit
adenylate cyclase activity via stimulating Gi [9], we speculated
that if adenosine is produced by engulfing macrophages in an
amount that can trigger A3Rs, loss of A3R signaling would lead
to enhanced adenylate cyclase signaling by A2ARs in A3R null
macrophages. If it is so, enhanced adenylate cyclase signaling could
explain the more effective inhibition of KC and MIP-2 production by
engulfing A3R null macrophages. Indeed, addition of SCH442416, a
selective A2AR antagonist, H89, a protein kinase A inhibitor, or Rp-
cAMPS triethylamine, a specific membrane-permeable inhibitor
of activation by cAMP of cAMP dependent protein kinase I and
Il [21], all significantly enhanced the production of MIP-2 and
KC in apoptotic cell-triggered A3R null macrophages (Fig. 4A). In
contrast, addition of forskolin, an adenylate cyclase activator [22]
decreased the MIP-2 and KC production in wild-type macrophages.
The same concentration of forskolin, however, was ineffective in

of MIP-2 and KC were determined by ELISA. Results are expressed as mean =+ SD of 10 independent experiments (*P<0.05). (E) The number of engulfed fluorescently labeled
apoptotic cells within WT or A3R-null macrophages counted by confocal microscopy following 1 h of phagocytosis. Results are expressed as mean + SD of three independent

experiments.
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wild-type macrophages. (B) MIP-2 and KC production of control, apoptotic cell exposed non-treated, IB-MECA (A3R-specific agonist)-treated or MRS1523 (A3R-specific
antagonist)-treated wild-type macrophages determined by ELISA. Peritoneal macrophages were pre-incubated with 10 wM IB-MECA or with 10 uM MRS1523 for 30 min,
then they were exposed to apoptotic thymocytes for 1 h (MPh:APO=1:10). 5h after the removal of apoptotic cells supernatants were collected and cytokine levels were
determined by cytokine array. Arrows highlight KC, MIP-2 and IL-1(3 overproduced by IB-MECA-treated macrophages. Results are expressed as mean + SD of three independent

experiments (*P<0.05).

A3R null cells indicating that adenylate cyclase is fully activated
in these cells. When the adenylate cyclase pathway inhibitor Rp-
cAMPS triethylamine was applied to A2AR or A3R null macrophages
and their wild-type counterparts, a similar MIP-2 and KC produc-
tion was found in the paired macrophages indicating that in the
absence of adenylate cyclase signaling, the difference in apoptotic
cell triggered-MIP-2 and KC production disappears (Fig. 4C). At
the same time a significant strain difference was detected in the
apoptotic cell-induced pro-inflammatory cell response. However,

because at the moment we do not know how apoptotic cells induce
the adenosine-controlled pro-inflammatory response, we cannot
identify the molecular determinants for the observed difference
between the mouse strains. All together these data indicate that in
wild-type macrophages the adenylate cyclase pathway is not fully
activated, and a balance in the A2AR and A3R signaling, which reg-
ulates the activity of the adenylate cyclase pathway in an opposite
way, will decide the outcome of MIP-2 and KC production in the
presence of apoptotic cells.
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Fig. 4. Altered cytokine production of A3R null engulfing macrophages is related to an enhanced adenylate cyclase signaling induced by A2ARs. (A) A3R null macrophages
were preincubated in the presence of 10 nM SCH442416, an A2A receptor antagonist, 100 wM Rp-cAMP triethylamine or 10 wM H89, inhibitors of protein kinase A for 30 min
then exposed to apoptotic thymocytes for 1 h (MPh:APO = 1:10). (B) Wild type and A3R null macrophages were preincubated in the presence of 10 wM forskolin, an adenylate
cyclase activator for 30 min, than exposed to apoptotic thymocytes for 1h (MPh:APO=1:10). (C) A3R and A2AR null macrophages and their wild-type counterparts were
preincubated in the presence of 100 WM Rp-cAMP triethylamine for 30 min, than exposed to apoptotic thymocytes for 1 h (MPh:APO =1:10). 5 h after the removal of apoptotic
cells supernatants were collected in all the above experiments and the levels of MIP-2 and KC were determined by ELISA. The different basal levels of cytokines might be
related to the fact that the mice were on different genetic background. Results are expressed as mean =+ SD of three independent experiments (*P<0.05).

3.4. Altered MIP-2 and KC production by A3R null macrophages is
a consequence of altered NO production

Our previous studies have shown that upregulation of NO pro-
duction in macrophages exposed to apoptotic cells contributes
to MIP-2 release [11]. To confirm that regulation of NO produc-
tion is involved in the altered MIP-2 and KC response of A3R null
macrophages as well, macrophages were exposed to the nitric
oxide synthase (NOS) inhibitor L-(G)-nitro-L-arginine methyl ester
(L-NAME) before the addition of apoptotic cells. While, as we pre-
viously reported [11], addition of L-NAME attenuated apoptotic
cell-induced MIP-2 protein expression by wild type macrophages
(Fig. 5A), L-NAME had no effect on the MIP-2 production produced
by A3R null macrophages. In accordance with these results, wild-
type macrophages produced detectable NO levels upon apoptotic
cell exposure, while A3R null macrophages did not (Fig. 5B). In

the presence of RpcAMP, however, apoptotic cell exposed A3R~/~
macrophages were capable of producing similar amounts of NO
as wild-type macrophages indicating that their NO production is
suppressed by the adenylate cyclase pathway. Previous studies
have shown that addition of sodium nitropusside, a potent NO
donor, alone did not induce MIP-2 production, but significantly
enhanced apoptotic cell-induced MIP-2 production in wild-type
macrophages[11]. Interestingly, sodium nitropusside, had no effect
on MIP-2 production in A3R null engulfing macrophages (Fig. 5C).
When, however, sodium nitropusside was applied to them together
with RpcAMP, an enhanced MIP-2 production could be detected by
A3R~/~ engulfing macrophages as well. These data indicate that
enhanced adenylate cyclase signaling in A3R null macrophages
must inhibit simultaneously not only NO production, but also other
signaling element(s) which contribute to the apoptotic cell-induced
MIP-2 production.
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Fig. 5. Altered MIP-2 production by A3R null macrophages engulfing apoptotic cells is related to an altered NO production. (A) L-NAME, an inhibitor of nitric oxide synthetase,
prevents apoptotic cell-induced MIP-2 production in wild-type engulfing macrophages, but has no effect on it in A3R null engulfing macrophages. Macrophages were
preincubated in the presence of 5 wM L-NAME for 30 min prior to exposure to apoptotic cells for 1 h. MIP-2 mRNA levels were determined 2 h after the removal of apoptotic
cells. (B) Engulfing A3 null macrophages do not produce NO, unless the adenylate cyclase pathway is inhibited. Macrophages were preincubated with 100 wuM Rp-cAMP
triethylamine for 30 min, than exposed to apoptotic thymocytes for 1h (MPh:APO=1:10). NO levels were determined 1h later. (C) Exogenously produced NO stimulates
apoptotic cell-triggered MIP-2 production in A3R null macrophages only if the adenylate cyclase pathway is simultaneously inhibited. Wild type and A3R null peritoneal
macrophages were exposed to the indicated concentrations of the NO donor sodium nitropusside in the presence or absence of apoptotic cells. In some cases macrophages
were pretreated with 100 wM Rp-cAMP triethylamine for 30 min prior to exposure to apoptotic cells. Apoptotic cells were washed away after 1 h. MIP-2 mRNA levels were
determined 2 h later. Results are expressed as mean + SD of five independent experiments (*P<0.05).

4. Discussion

Acute inflammation normally resolves by preprogrammed
mechanisms which are initiated in the first few hours after
an inflammatory response begins. Among many others, these
mechanisms involve phagocytosis of apoptotic neutrophils by
macrophages leading to clearance of the dead neutrophils and
release of anti-inflammatory and reparative cytokines [23]. We
have shown recently that adenosine is one of the soluble
mediators released upon engulfment, which contributes to the
engulfment-dependent apoptotic cell suppression of inflammation
[11]. Engulfing macrophages enhance their expression of A2ARs.
Adenosine bound to A2ARs attenuates the apoptotic cell-induced
NO formation and the consequent neutrophil chemoattractant
induction, such as MIP-2 and KC, by activating the adenylate cyclase
pathway. As a result, in an in vivo peritonitis model in the absence
of A2AR signaling, A2AR~/~ macrophages engulfing apoptotic cells
produced enhanced amounts of MIP-2 and KC, and this was accom-
panied by a MIP-2- and KC-dependent neutrophil migration which
was not seen in wild-type mice. Since adenosine was produced by
engulfing macrophages in sufficient amount to trigger A3Rs as well
[11], in the present study we investigated whether the A3R could
be involved in the regulation of the anti-inflammatory response
induced in macrophages by apoptotic cells. Here we report that
in contrast to A2ARs engulfing macrophages downregulate A3Rs
during phagocytosis. While upregulation of A2ARs involves activa-
tion of the nuclear lipid sensing receptors following phagocytosis

[11], expression of A3Rs seems to be downregulated via cell sur-
face macrophage receptors recognizing phosphatidylserine on the
surface of apoptotic cells. Interestingly, while the cell surface
expression of A3Rs decreased within 1 h, both its mRNA and protein
levels increased first and then they decreased. The mechanism of
this transient upregulation was not investigated in our study, but
A3Rs were shown to be required for proper macrophage chemo-
taxis [24]. It is interesting to speculate that one of the apoptotic
cell released ‘find me’ signals promote the expression of A3Rs dur-
ing migration, while interaction with the apoptotic cells results
in a fast disappearance of the receptor from the cell surface. Dur-
ing the past decade a number of macrophage phagocyte receptors
were identified, which recognize phosphatidylserine either directly
like BAI, TIM-4 and stabilin-2, or indirectly by using bridging
molecules such as integrin-33, which utilizes MFG-8, or Mer tyro-
sine kinase, which utilizes Gas6 for phosphatidylserine binding
[25]. Thus triggering any of these receptors alone or in synchrony
might initiate the downregulation of A3Rs during phagocytosis
of apoptotic cells. Similar to A2ARs, loss of adenosine A3Rs did
not affect the rate of phagocytosis. However, when exposed to
apoptotic cells, A3R~/~ macrophages notably produced decreased
amounts of MIP-2 and KC acting as chemoattractants for various
cell types, especially for neutrophils. We could confirm these data
by using a specific A3R antagonist indicating that lack of the actual
A3R signaling rather than altered macrophage differentiation in
the absence of A3R explains the phenomenon. Interestingly, the
production of a similar set of cytokines, namely the neutrophil
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chemoattractants, was affected by the loss of A3Rs as that of the
loss of A2ARs, but in an opposite direction indicating that A3R
receptor signaling in wild-type macrophages might inhibit the
A2AR signaling. Indeed, the data presented indicate that in A3R
null macrophages the loss of A3Rs, which would normally nega-
tively regulate the adenylate cyclase activity during engulfment [9],
results in an enhanced adenylate cyclase signaling by A2ARs lead-
ing to full suppression of the apoptotic cell-induced NO production
and the consequent neutrophil chemoattractant formation. As a
result, neither addition of the forskolin, which could further acti-
vate adenylate cyclase, nor inhibition of NO synthesis, since no NO
production was detected, had an effect on the amount of MIP-2 pro-
duced by A3R null macrophages engulfing apoptotic cells. Previous
studies have shown that ingestion of apoptotic cells is accompanied
also by a release of PGE; [3] which acting via EP,_4 receptors [26]
could also activate adenylate cyclase. However, when we inhibited
adenylate cyclase signaling by Rp-cAMPS triethylamine, we found
no difference in the apoptotic cell-induced neutrophil chemoat-
tractant formation between A3R or A2AR null macrophages and
their wild-type counterparts indicating that the main receptor
that triggers adenylate cyclase activity and inhibits neutrophil
chemoattractant formation in the absence of A3R signaling must
be the A2AR. This observation is further supported by the find-
ing that inhibition of A2AR by signaling in A3R null engulfing cells
results in similar amount of proinflammatory cytokine formation
as the inhibition of the adenylate cyclase pathway by Rp-cAMPS.
Our data also indicate that the main receptor that inhibits the
adenylate cyclase pathway is the A3R. Previously we have shown
that exogenously added NO alone is not sufficient to trigger neu-
trophil chemoattractant formation in macrophages, but enhances
it, when it is administered to engulfing wild-type macrophages.
This observation indicated that apoptotic cells induce neutrophil
chemoattractant formation not only via inducing NO formation,
but also simultaneously triggering additional signaling pathway(s).
Since in A3R null engulfing macrophages, in which the adeny-
late signaling pathway is strongly activated, exogenous NO could
enhance neutrophil chemoattractant formation only when it was
added together with Rp-cAMPS triethylamine, our data indicate
that the enhanced adenylate cyclase signaling must interfere with
the additional pathway(s) as well. NO has been known to influ-
ence the expression of various pro-inflammatory cytokines for
a long time, and it does so very likely by regulating the activ-
ity of various intracellular signaling molecules and transcription
factors, which contain critical cysteine residues that undergo S-
nitrosylation and denitrosylation. While low concentrations of it in
mice, like in our case, stimulate MIP-2 and KC production, high con-
centrations were found to be anti-inflammatory [27]. Though it is a
debate, human macrophages seem also to express inducible nitric
oxide synthetase and can produce NO [28], but their NO produc-
tion and the involvement of it in the regulation of proinflammatory
cytokine formation during engulfment of apoptotic cells have not
been studied yet. Altogether these observations indicate that apop-
totic cells are capable of triggering proinflammatory responses in
macrophages during engulfment, but these responses are coun-
teracted by the adenosine produced. Our data demonstrate that
in wild-type macrophages engulfing apoptotic cells initially both
A2ARs and A3Rs are activated by adenosine, and a balance between
the activities of the two receptors decides the strength of the adeny-
late cyclase signaling and the consequent degree of suppression
of apoptotic cell-induced chemoattractant formation. But because
A2ARs are upregulated, while A3Rs disappear from the cell surface
of engulfing macrophages, adenosine on long term will mediate
suppression of inflammation when macrophages engulf apoptotic
cells.
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