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IFN-vy Up-Regulates the Ag Adenosine Receptor Expression in
Macrophages: A Mechanism of Macrophage Deactivatioh

Jordi Xaus,* Maribel Mirabet, T Jorge Lloberas,* Concepci6 Soler,* Carme Lluis!
Rafael Franco,” and Antonio Celada*

Adenosine is a potent endogenous anti-inflammatory agent released by cells in metabolically unfavorable conditions, such as
hypoxia or ischemia. Adenosine modulates different functional activities in macrophages. Some of these activities are believed to
be induced through the uptake of adenosine into the macrophages, while others are due to the interaction with specific cell surface
receptors. In murine bone marrow-derived macrophages, the use of different radioligands for adenosine receptors suggests the
presence of Ag and A; adenosine receptor subtypes. The presence of Areceptors was confirmed by flow cytometry using specific
Abs. The A,g receptor is functional in murine macrophages, as indicated by the fact that agonists of A receptors, but not agonists
for A, A,,, Or A, lead to an increase in cAMP levels. IFNy up-regulates the surface protein and gene expression of the,A
adenosine receptor by induction of de novo synthesis. The up-regulation of A receptors correlates with an increase in cAMP g
production in macrophages treated with adenosine receptor agonist. The stimulation of A receptors by adenosine or its ana- 3
logues inhibits the IFN-y-induced expression of MHC class Il genes and also the IFN-induced expression of nitric oxide synthase §
and of proinflammatory cytokines. Therefore, the up-regulation of the A,z adenosine receptor expression induced by IFN-could 8
be a feedback mechanism for macrophage deactivation.The Journal of Immunology,1999, 162: 3607-3614. g
g

denosine is a purine nucleoside produced and secretedeptors are characteristic of each cell type. Over the past years,

into the extracellular medium by cells in normoxic con- four adenosine receptor subtypes have been cloned in mary

ditions. Nevertheless, in stress situations such as ischerganisms (19-22). %
emia or hypoxia, massive ATP degradation increases the local We have analyzed the expression of adenosine receptors @
adenosine concentration to a micromolar range (1, 2). Adenosinmacrophages using murine bone marrow-derived macrophagés
modulates several functions of macrophages, such as the reguléBMDM),* which are homogeneous populations of nontransé
tion of nitrite production (3-7), the inhibition of LPS-induced formed primary cells. Our results suggest that BMDM mainly ex-3
TNF-a production (5, 8—10), the increase in IL-6 or IL-10 pro- press Ag and A, adenosine receptors. The interaction of thg A 9
duction (5, 10, 11), and the inhibition of proliferation induced by receptors with adenosine induces the production of cAMP. Th
macrophage-CSF, IL-3, or PMA (12). A, adenosine receptor expression is up-regulated byyFRNae

The intra- and extracellular pools of adenosine are regulated bgtimulation of A5 adenosine receptor inhibits the MHC class I

nucleoside transporters (13, 14) and by the activity of enzymeexpression induced by IFh-and also inhibits the IFN~induced
responsible for the metabolism of adenosine expressed either irxpression of INOS and modulates the expression of JFHN-
side the cells or associated with the cell surface (15, 16). To inducduced cytokines, such as TNFand IL-18. Therefore, the up-
the synthesis of molecules such as nitric oxide or to inhibit theregulation of Az adenosine receptors by IFeould be a nega-
induction of TNFe« by LPS, adenosine must be transported intotive feedback mechanism to regulate macrophage activation at t
the cell. In contrast, for other functions, adenosine interacts witlinflammatory foci.
specific cell surface receptors that are coupled to G proteins. Sev-
eral adenosine receptors have been described and naméd, A  Materials and Methods
Azg, and A; according to their functional ability to modulate Reagents

adenylate cyclase activity (17, 18). The number and type of re- ] ) ) )
Adenosine, 5’-N-ethyl-carboxamidoadenosine (NEQ¥)(R)-phenyliso-
propyl-adenosine (R-PIA), and 1,3-dipropyl-8-cyclopentylxanti{DEBCPX)

L — were all obtained from Sigma (St. Louis, MO). -{2-Carbonyl-ethyl)-
*Departament de Fisiologia (Group of Macrophage), Facultat de Biologia, and Fun-, S ATLE N ey ;
dacié August Pi i Sunyer, Campus Bellvitge, Barcelona, Spain;Begpartament de phenylethylamino]-5'-N-ethylcarboxamido-adenosine (CGS 21680) and

Bioquimica i Biologia Molecular, Facultat de Quimica, Universitat de Barcelona, NG-(3-|od0benzyl)-aden05|n_é-Bl-me_thyIuronamld_e (IB'MEC_A) werepur-
Barcelona, Spain chased3 from Research Biochemicals International (Natick, MZJIN-
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The costs of publication of this article were defrayed in part by the payment of pagenentech (San Francisco, CA). All other products were of the best grade
charges. This article must therefore be hereby maedertisemenin accordance  available and were purchased from Sigma (St. Louis, MO). Deionized wa-
with 18 U.S.C. Section 1734 solely to indicate this fact. ter further purified with a Millipore Milli-Q system (Bedford, MA) was

1 This work was supported by grants from the Comision Interministerial de Cienciaused throughout.

y Tecnologia (CICYT) (SAF98-102 and Fondo de Investigaciones Sanitarias de la
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and SAF 97/006, to R.F.). J.X. and M.M. are recipients of fellowships from the
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Abbreviations used in this paper: BMDM, bone marrow-derived macrophages;
iNOS, inducible nitric oxide synthase; NECA, adenosirtéNsethyl-carboxamidoad-
enosine; R-PIA N°-(R)-phenylisopropyl-adenosine; DPCPX, 1,3-dipropyl-8-cyclo-
2 Address correspondence and reprint requests to Dr. A. Celada, Departament gentylxanthine; CGS 21680 2{(2-carbonyl-ethyl)-phenyl-ethylamino]-8\-
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Cell culture Determination of cCAMP

BMDM were isolated as previously described (23). Six-week-old BALB/c Production of cAMP was evaluated using a standard procedure (CAMP
mice (Charles River Laboratories, Wilmington, MA) were killed by cer- EIA system, Amersham, Aylesbury, U.K.). Briefly, ifhacrophages were
vical dislocation, and both femurs were dissected free of adherent tissueultured in 24-well plates in normal medium. The cells were stimulated
The ends of the bones were cut off, and the marrow tissue was eluted byith the indicated adenosine agonists and antagonists for 15 min. The
irrigation with medium. The marrow plugs were dispersed by passingcAMP from the cells was extracted using a liquid phase extraction method.
through a 25-gauge needle, and the cells were suspended by vigorous pée-cold ethanol was added to the cell suspension to a final concentration
petting and washed by centrifugation. The cells were cultured in plastiof 65% (v/v) ethanol. After allowing the cells to settle, the supernatants
tissue culture dishes (150 mm) in 40 ml of DMEM containing 20% FBS were transferred to test tubes and centrifuged at 200§ for 15 min at
and 30% L cell-conditioned medium as a source of macrophage-CSF. Afte4°C. The supernatants were transferred to fresh tubes and dried using a
7 days of culture the macrophages are a homogeneous population of a8peed-Vac (Bio-Rad, Hercules, CA). The dried extracts were dissolved in
herent cells. The cells were incubated at 37°C in a humidified 5% CO assay buffer, and the amount of CAMP was analyzed using a nonacetylation
atmosphere. CAMP EIA system (Amersham). Each sample was made in triplicate, and
the results are presented as the meaSEM.

Antibodies Northern blot analysis

The surface expression of adenosine receptor was analyzed using affinityf-otal cellular RNA (20ng), extracted by the acid guanidinium thiocya-
purified Abs anti-A and anti-Ag against human molecules developed by nate-phenol-chloroform method (29), was run in 1% agarose with 5 mM
our group (24, 53). These Abs were developed against peptides of humad[N-morpholino]propanesulfonic acid (MOPS) (pH 7.0) and 1 M formal-
adenosine receptors, which are highly conserved in murine cells. The peplehyde buffer. The RNA was transferred to a GeneScreen (Life Science
tide used for immunization corresponds to the deduced amino acid se”roducts, Boston, MA) nitrocellulose membrane overnight and fixed with
guence from the putative third extracellular loop (FQPAQGKNKPKWA) 150 mJ UV. As a probe, we used either a randomly primed human A
of the cloned human 4 adenosine receptor (25, 53). The specificity of adenosine receptor cDNA fragment (25) or the 18S ribosomal RNA probg
these receptors has been assessed using CHO cells transfected with {86) as a control for the amount of loaded RNA. To detect thgréceptor =
cDNA encoding each of the adenosine receptors (24, 53). FITC-labeled rahRNA and to ensure the recognition of the mouse mRNA by the humarg
anti-rabbit IgG Ab fluorescein-conjugated from Sigma was used as secprobe, hybridization was performed at low stringency in a rotating incu-8
ondary Ab. For surface staining of MHC class Il molecules we used Abbator at 42°C and 10% formamide for 18 h. For the analysis o8 IRNA, ]
34-5-3 (anti-I-A"; PharMingen, San Diego, CA). FITC-labeled sheep anti- a fragment of 1-A48X cDNA ranging from positions 1-230 of the open =
mouse IgG (Cappel, Turnhout, Belgium) was used as secondary Ab. Teeading frame was used. For leAwe used a fragment of the b& cDNA
block Fc receptors we used anti-CD16/CD32 Ab (PharMingen). For Westcovering positions 1-489 of the open reading frame. Both fragments werey
ern blot analysis, we used rabbit anti-mouse INOS Abs (Calbiochem, Sasubcloned into the pPGEM3 vector (Promega, Madison, WI) (27). The IFN-G
Diego, CA) and, as a control, mouse anti-moy&actin Abs (Sigma).  y-induced cytokine expression was analyzed using cDNA probes fo=
Peroxidase-conjugated rat anti-rabbit IgG or anti-mouse IgG were used aBNF-a and IL-18, which were provided by Dr. M. Nabholz (Institut Suisse gd
secondary Abs, respectively (Cappel). de Recherches Experimentales sur le Cancer, Epalinges, Switzerland) at
Dr. R. Wilson (Glaxo, Greenford, U.K.), respectively. The blots were se-=:
. . guentially washed in 1>X8SC/0.2% SDS twice at room temperature and 3
Binding experiments once at 65°C, exposed for 12—-72 h-aB0°C to Kodak film (Eastman

The experiments were performed in 24-well plates<(20° cells/well) at K;.daé’ dRochester, NY) and analyzed using a Molecular Analyst2
4°C in serum-free DMEM buffered with 20 mM HEPES and containing 2 (Bio-Rad).
U/ml adenosine deaminase (Boehringer Mannheim, Indianapolis, IN). Li-protein extraction and Western blot analysis
gand binding was measured by incubation of the cells with the radiolabeled
agonist in the presence or the absence of different displace?sfat4°C. The cells were washed twice in ice-cold PBS and lysed on ice with lysi§
Then, the cells were washed with ice-cold PBS (10 mM; pH 7.4) andsolution (1% Triton X-100, 10% glycerol, 50 mM HEPES (pH 7.5), 150 &
disrupted with 0.2% SDS. Aliquots of the suspension were transferred tanM NaCl, and protease inhibitors). The protein concentration of the sameg
scintillation vials containing 10 ml of formula 989 scintillation mixture ples was determined by the Bio-Rad protein assay. One hundred micrgx
(New England Nuclear), and radioactivity was measured using a Packargrams of the cell lysates were boiled at 95°C in Laemmli SDS loadingg.
1600 Tri-Carb scintillatiorcounter (Downers Grove, IL) with 50% ef- buffer, separated by 7.5% SDS-PAGE, and electrotransferred to nitroce-
ficiency. The amount of protein was determined by the bicinchonimiclulose membranes (Hybond-ECL, Amersham, Arlington Heights, IL). The®R
acid method as described previously (26). membranes were blocked for at least 1 h at room temperature in Tris®
buffered saline/0.1% Tween-20 (TBS-T) containing 5% nonfat dry milk ',
o . and then incubated with TBS-T containing the primary Ab. For iNOS andQ
Determination of Ag cell surface expression B-actin immunoblotting, incubation was performed foh atroom tem- ™
tx_)erature. After three washes of 15 min each in TBS-T, the membranes were
incubated with peroxidase-conjugated anti-rabbit or anti-mouse 1gG Abs,
respectively (Cappel), for 1 h. After three washes of 15 min with TBS-T,
enhanced chemiluminescence detection was performed (Amersham), and
the membranes were exposed to x-ray films (Amersham). The blots were
quantified by densitometric analysis.

wioJ

unw
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Cell surface staining was conducted using specific Abs and cytofluorome
ric analysis as described previously (27). Cells®j@ere harvested and
washed in cold PBS. After fixation with 2% paraformaldehyde during 30
min at 4°C, the cells were resuspended ind0of PBS containing 5%
FBS. They were then incubated at 4°C withu@/1(f cells of anti-CD16/
CD32 mADb to block the Fc receptors. After 15 min, the primary Ab was
added, and the cells were further incubated for 1 h. Thg-9pecific Ab
(MPE1) was used at hg/1( cells, and the anti-I-A Ab was used at 1 Results

wg/1C cells. Then, the cells were washed by centrifugation through anye used macrophages obtained from bone marrow cultures, since

FBS cushion. Finally, they were incubated with FITC-conjugated second- . -
ary Ab for another hour at 4°C. Stained cell suspensions were analyzeHﬁey represent a normal population of resting macrophages. Al-

using an EPICS XL flow cytometer (Coulter, Hialeah, FL). FITC excitation though BMDM were incubated with L cell-conditioned medium,
was obtained by a 488-nm argon laser lamp, and its fluorescence wafiey were washed extensively and incubated in the absence of L
collected using a 525-nm band-pass filter. The parameters used to selegg||l-conditioned medium for 24 h before any treatment or mea-
cell populations for analysis were forward and side light scatter. As a5urement was performed. This procedure was designed to mini-

control, we used an unrelated Ab. . . i, . .
To analyze the level of expression induced by IFNLCP cells were ~ MiZe any possible effects of the L cell-conditioned medium, which

cultured in plastic dishes (60 mm) and activated with 300 U/ml of lFN- contained CSF-1, on the regulation of Aadenosine receptors.
for the indicated times; then, A expression was measured as described.  To characterize adenosine receptors in BMDM we measured the
To permeabilize macrophages, "Iills were resuspended in 1p00f  hinding of adenosine analogues specific to each type of receptor.

PBS containing 0.5% saponin (Sigma) for 20 min at room temperatur . . . . )
(28). Then, the cells were washed by centrifugation through an FBS cush- MDM were incubated with NECA, a nonselective adenosine re

ion and resuspended in 30 of PBS containing 5% FBS to incubate with Ceptor agonist (31); CGS 21680, a specifigAadenosine receptor
the appropriate Abs. agonist (32); R-PIA, a specific fadenosine receptor agonist (33);
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FIGURE 1. Displacement offH]NECA binding by different adenosine
analogues. Macrophages were incubated at 4°C with 503HJNECA, 3 i ;
nM [*H]R-PIA, and 50 nM fH]CGS 21680 in serum-free DMEM in the j] !
absence or the presence of 7&Bl of the indicated reagents as a compet- 8 ”‘V

itors. After 2 h ofincubation, free radioligand was separated from bound pjﬁ m
radioligand as indicated iNaterials and Methods. The data are the mean H T %& ?g”ﬂzv

of triplicate determinations from a representative experiment. Higher con- M&W A “mm
centrations of some of the compounds could not be achieved due to solu- ® i AL
bility problems. '

a6

Count

FITC Fluorescence
and IB-MECA, a specific Aadenosine receptor agonist (34). The )
competition experiments between radiolabeled and cold ligand§/CURE 2. Macrophages express,Aadenosine receptors. The analy-

. ; sis of expression of the receptor in BMDM was conducted using flow=
showed that macrophages bouAid]NECA, a synthetic adenosine cytometry and affinity-purified Abs against human &nd A,z adenosine g

analogue recognized by all four subtypes of adenosine rece'ptorrc‘eceptors. As secondary Abs we used FITC-labeled anti-rabbit IgG Abs=

DL!e to the low affinity of the Ag receptors for any of the aden- “The control histogram corresponds to macrophages labeled with a nonr
osine analogues, there was a considerable amount of nonspecifiGant Ab.

[®*HINECA binding. For this reason the binding competition anal-

ysis with 750uM cold NECA only showed a competition of 45%.

The specific binding of eithePH]R-PIA at low concentrations (3  production. Similar results were obtained when we used®1a
nM) or [*H]CGS21680 was negligible, thus suggesting the absenc®&-PIA or 10> M IB-MECA. As selective agonists for A A,,,
of A, or A,, receptors (Fig. 1). The binding offlNECA was  and A, adenosine receptors did not induce cAMP production, thé&&
competed by high amounts (7pMM) of R-PIA and IB-MECA. At increase in CAMP production obtained with adenosine or NECAS
high concentrations, R-PIA bound to theAreceptors, and IB- may be mediated through interaction with thggAadenosine re- =
MECA bound to the Areceptors. The displacement SHJNECA ceptor. Furthermore, DPCPX at a concentration CL0/) that &
binding induced by high concentrations of R-PIA indicated thatblocked A,z receptor (38) inhibited completely the increase in S
NECA binding was not due to adetonine-like molecules (35).cAMP induced by 10° M NECA. Although we could not exclude 8
Therefore, these results suggest the presence of bgitaid Ay the presence of Aadenosine receptors, the cAMP-mediated re-3

W01} pepeojumoq

10" jounuutut [ mAR

receptors in macrophages. sponses in macrophages seemed to be mediated through Ai
Due to the very low affinity of Ag receptors and the lack of a receptors. =
specific agonist for this receptor type, the expression gf #&den- The natural ligand adenosine gave a lower response than NEC;%

osine receptors was confirmed using flow cytometry and a specifiprobably due to the presence of adenosine-degrading ecto aders-
Ab (MPEL1) against an extracellular epitope of humaj, Aden-  sine deaminase at the surface of macrophages (39, 40). Therefore,
osine receptor that is highly conserved in human and mouse cellsve used NECA in all subsequent experiments. The production of
The specificity of these receptors has been assessed by using CHi@racellular cAMP in BMDM induced by NECA was dose- and
cells transfected with the cDNA encoding for humaggfAdeno-  time-dependent (Fig.B) with an EQy, of 5 uM, which is similar
sine receptor (see Footnote 4). This Ab was able to detect theo that reported for other model systems (17). The induction of
murine A, adenosine receptor at the cell surface (Fig. 2). BMDM cAMP by NECA showed biphasic kinetics (FigC} it increased
stained with the MPE-1 Ab contained two cell populations, onequickly during the first 30 min of stimulation and then it decreased,
lacking and the other (76.4 4.8%) expressing the A adenosine  reaching basal levels 5 h later.
receptors. As a control we used an Ab against theadlenosine Macrophage activation has been defined as a series of functional
receptor (24), which did not result in cell surface staining (Fig. 2).and biochemical modifications in macrophage populations that are
The biological relevance of the receptor was confirmed by asinduced by several lymphokines. IFNean activate macrophages
sessing the relationship between the ligand-receptor interactioand may be the major macrophage activator produced by T cells
and the induction of a functional response to adenosine mediate@1). The treatment of macrophages with saturating amounts of
through the receptor. Since adenosine receptors are linked to atFN-y (300 U/ml) induced an up-regulation of the expression of
enylate cyclase (36, 37), we used this property to stimulate macA g adenosine receptors at the cell surface (FAJ. Zhis increase
rophages with different ligands and measure the intracellular prowas a late event and was not measurable until 24—48 h after the
duction of cAMP. The treatment of BMDM for 15 min with & treatment. The permeabilization of the macrophages with 0.5%
10~° M adenosine or 10° M NECA, resulted in a marked in- saponin also allowed measurement of the intracellular receptors.
crease in intracellular cAMP levels (FigAR The treatment of We observed that in these conditions the up-regulation of the A
macrophages with I M CGS 21680 did not increase cAMP adenosine receptors took place not only at the cell surface but also
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R-PIA, 10°° M IB-MECA, 10~° M CGS 21680, or 10° M DPCPX plus 10° M NECA. The cultures were liquid phase extracted (Staterials and :

Methods), and the cAMP content was measured with an EIA system (Amersham, AylesburyBJTKag. production of cAMP in BMDM stimulated with
NECA is dose dependent. The cells were treated at the indicated concentrations for £3 fiime course of cCAMP production in macrophages treated3
with 107> M NECA at the indicated times. All data points are represented as the me8BEM of triplicate determinations from one representative 5
experiment.
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inside the cell (Fig. A). This suggested that the up-regulation of surface only 24—-72 h after stimulation (27). cAMP represses at th&
the A,z adenosine receptors was not caused by the expression tfanscriptional level the expression of MHC class Il induced by%
an internal pool of receptors, but probably by de novo synthesis ofFN-y on macrophages (42—44). The activation of thg, Aden- g
receptors. This was confirmed by Northern blotting; BMDM ini- osine receptor by NECA produced enough cAMP to inhibit by 3
tially expressed little Ag receptor mRNA, which suggested that 66% the expression of class Il molecules at the surface of macrog
the half-life of the Ay receptor protein is very high in resting phages (Fig. 6). The inhibition was higher when the macrophageg§
macrophages (Fig.B). After treatment with IFNy, an increase in  were treated for a long time with IFN; i.e., when the up-regu-
the mRNA levels of Ag adenosine receptor became evident afterlation of A,z adenosine receptors was higher. Therefore, it seem§’
24 h and especially after 48 h. This demonstrated that the upthat the up-regulation of adenosine receptors is a mechanism
regulation of Az adenosine receptors both inside and at the celldeactivation of macrophages. The inhibitory effect of NECA was™
surface was due to the induction of de novo synthesis by JFN- receptor mediated, since it was blocked by the antagonist DPCPX.
This is the first time that a heterologous regulation of adenosine After 24 h of treatment, IFNy induced the expression of A
receptors by a cytokine has been demonstrated, and it is crucial @nd IAB mRNA (Fig. 6C). The addition of the adenosine agonist
understand the relationship between the anti-inflammatory effect oNECA inhibited almost completely the expression otdAnd 1A
adenosine on the different components of the immune system andRNA induced by IFNy (Fig. 6C). As IAx and IAB mRNAs are
the resolution of the immune response. very stable (45), this suggested that inhibition by cAMP of MHC

To study the functional consequences of the up-regulation otlass Il production takes place at the transcriptional level. The
A, adenosine receptors by IF{-we measured the production of inhibition by adenosine analogues of class Il mRNA expression
cAMP induced by agonists. The IFjHnduced increase in 4 induced by IFNy took place through the production of cAMP,
receptor expression is time-dependent (Fi). A\fter the addition  since only NECA, forskolin, or 8-bromo-cAMP, but not the
of adenosine or NECA to IFN~activated macrophages, we ob- control drug R-PIA, repressed the induction of mMRNA (Fig\).7
served that production of cAMP increased in a time-dependenFEinally, only drugs that activate A receptors inhibited the induc-
manner (Fig. 5B). The increase in cAMP correlated with the up-tion of IA«a or IAB mRNA by IFN-y (Fig. 7B). Therefore, the
regulation by IFNy of the A,z adenosine receptors. This sug- inhibition of class Il expression is mediated through the production
gested that up-regulation of A adenosine receptors in activated of cCAMP by the interaction of adenosine and its analogues with the
macrophages is physiologically relevant. A, receptors. Thus, the activation of up-regulateg, Aeceptors

The expression of MHC class Il molecules is necessary for Agwould lead to an inhibition of the IFN~induction of MHC class
presentation to CD& T cells by macrophages. The expression of Il molecules.
MHC class Il molecules is very slow even with saturating amounts Regarding the effect of adenosine on the Iifkduced expres-
of IFN-v, and these proteins are expressed at the macrophage csibn of class II| MHC genes, we wanted to analyze the effects of
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FIGURE 4. IFN-y up-regulates the 4 adenosine receptor expression. . _;E_, 1000 %
A, BMDM (10°) cells were treated with 300 U/ml IFNHor 48 h, and Ag % g 8
adenosine receptor surface expression was analyzed by flow cytometry in e [ T T T T T 8
nonpermeabilized and permeabilized cells. The continuous line histogram 0 12 24 36 48 72 3
shows basal A; expression in nonstimulated cells, whereas the noncon- IFNy treatment (hours) 3
tinuous line histogram corresponds tggAreceptor expression in cells . =)
treated with IFNy. The Fc receptors were blocked using a specific Ab FIGURE 5. The number of Ag adenosine receptors correlates with '@

(anti-CD16/CD32) B, Northern blot analysis of 4 adenosine receptor. CAMP production.A, Time course of IFNy-induced Ag adenosine re-
Twenty micrograms of total RNA from BMDM treated with 300 U/m| Ceptor surface expression. Macrophage§)(mre treated with 300 U/ml
IFN-v at the indicated times was probed with a randomly primed humaref IFN-v for the |nQ|cated times, and the IFfdinduced surface expression
A, adenosine receptor cDNA fragment. A unique 1.6-kb transcript wasOf the Ay adenosine receptor was analyzed by flow cytomesryCells

detected in BMDM. The amount of loaded RNA was corrected by ribo- (10°) pretreated with 300 U/ml of IFNfor the indicated times were stim-
somal 18S RNA gene expression. ulated with 10° M NECA or 5 X 10~°> M adenosine for 15 min, and

CAMP production was measured with an EIA system (Amersham
Aylesbury, U.K.).

adenosine analogues on other aspects of FiNduced macro-

phage activation. IFNyinduces the expression of NOS, regulates
the productl(_)n of nitric oxide in _macrophages (4), ?”d mOOIUI‘euesagonist for A, receptors, was ineffective. The activation of A >
the expression of several proinflammatory cytokines, such as

. eceptors does not seem to be involved in cAMP production, sincg
TNF-a and IL-18 (41). The treatment of macrophages with NECA :
inhibited the IFNy-induced expression of INOS (FighB More- A, receptors are negatively coupled to the adenylate cyclase, arg

over, NECA also inhibits the expression of TNFand IL-18 in- DPCPX, which does not interact with /Aeceptors, blocks the

duced by IFNy (Fig. 8B). Thus, the inhibitory effect of adenosine
and its analogues is not specific for IFNinduced class Il MHC

0 159N6 Aqg /610" j[ounwiwi I ["mammyy

2 B

presence of the 4, and A; subtypes, but not Aor A, , receptors, §
in macrophages. The presence gfrAceptors in cells of the mono- ™
ggte/macrophage lineage has been previously reported (8, 9). In
contrast, this is the first report demonstrating the presence,@f A
. . receptors in macrophages.
Discussion IFN-v is the major activator of macrophages, and over 200
This report shows that 4 adenosine receptors are preferentially genes are now known to be regulated by this cytokine (46, 47).
expressed on murine macrophages. It also demonstrates that i&N-y modulates the expression of many receptors. In some cases,
ceptor engagement is a necessary first step in the modulation of #N-vy induces the expression of receptors such as the high affinity
least some of the functional activities of macrophages. IgG receptor (Fg-RI) (48) and also down-regulates the expression
The role of the adenosine,A receptors was demonstrated using of other receptors, such as the CSF-1 receptdm@&- (49). A
BMDM, which are primarily quiescent nontransformed cells (23), time-course analysis showed that IFNnduced an increase in the
and was supported by several observations. First, the low affinitpumber of Az adenosine receptors on the cell surface. This is the
binding of radiolabeled NECA, an agonist of the four types of first time that a modulation of the adenosine receptors by a cyto-
adenosine receptors that is not displaced by low concentrations &ine has been described. This progressive increase was due to de
agonists specific for either Lor A,, adenosine receptors; this is novo synthesis of the receptor, and it correlated with the higher
consistent with the presence of thegAadenosine receptor. Sec- capacity of adenosine to induce an increase in cAMP levels, thus
ond, a specific Ab against A receptors, but not against, Ae- suggesting that the newly synthesized receptors were functional.
ceptors, stained a high percentage of the macrophages; this is thelt has been shown that the expression of MHC class Il molecules
first time that specific Abs against the,Areceptors have been induced by IFNy is down-regulated by several mediators, such as
used. Third, the effects of NECA on cAMP levels are probably LPS, PGs, and glucocorticoids (42). The mechanism of repression
mediated by Ag receptors, since CGS 21680, which is a selectiveby which some of these agents operate has been described recently.

activation induced by IFNy.
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FIGURE 6. Inhibition of IFN-y induction of MHC class Il expression by adenosine analogdieMacrophages (f) were treated with IFNy for 72 h
in the presence or the absence of 10 NECA and 10 ® M DPCPX plus 10° M NECA, and the cell surface expression of MHC Il was analyzed by &
flow cytometry using mAbs against 1%as primary Abs and detection with a FITC-labeled secondary Ab as describdatémials and MethodsThe N
continuous line histogram corresponds to untreated cells, whereas the noncontinuous line histogram shows samples treatadinitielpiésence or
the absence of adenosine analogues, as indicBteQuantification of MHC class Il surface expression after 24, 48, and 72 h in the same conditionst3s
those described i\. The quantification of MHC class Il molecule expression was conducted using the Immuno4 computer p@drambition of N
IFN-vy-induced MHC class Il mRNA expression by NECA. For the Northern blotting analysis @faidd I1A8 mRNA, 20 ug of total RNA from BMDM

was used. The amount of loaded RNA was corrected by the ribosomal 18S RNA gene expression. BMDM were treated with 30 U/mifof (k-

indicated times in the presence or the absence of M NECA. D, Quantification of Northern blotting analysis using a Molecular Analyst system.
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Dexamethasone decreases MHC class Il expression in macrsuch as the induction of INOS and the regulation of the expression
phages at the level of transcription by inhibiting the transcriptionof proinflammatory cytokines such as TN¥Fer IL-13. Moreover,
factors that bind to the X box of the promoter (50). The additionadenosine inhibits some LPS-induced functions in macrophage
of cCAMP to the culture medium reduces the expression of MHCactivation (3, 5, 9).
class Il. It was originally found that the effect of cCAMP was me-  The induction of adenosine receptors by IfpNeould be clinically
diated at the transcriptional level by conserved promoter elementelevant. The expression of adenosine receptors is very slow, requir-
(43, 44). More recently, it has also been described that an increaseg the synthesis of new receptors that seem to be very stable. This
in intracellular cAMP levels inhibits STAT1 activity in mononu- period of time correlates with the time course of expression of MHC
clear cells (51), which is necessary for MHC class Il gene expreselass Il molecules, which begins 12 h after IFNreatment, reaches
sion (52). Our results show that adenosine, interacting through tha maximum after 48 h, and then begins to decrease (27). The release
A,g receptor and probably through the production of cAMP, in- of adenosine during the inflammatory process would lead to the ac-
hibits the IFN+ induction of MHC class Il molecules. The mech- tivation of A,g receptors and the production of cAMP. It is likely that
anism of inhibition probably acts at the transcriptional level. the IFN-y-activated macrophages at the inflammation sites express
Adenosine and its analogues inhibited the MHC class Il expresmore A, receptors, and then activation by adenosine would lead to
sion induced by IFNy as well as other activities induced by IFN-  the cAMP-mediated down-regulation of MHC class Il molecules and
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FIGURE 7. Inhibition of IFN-y-induced MHC class Il mRNA expres-
sion by adenosineA, The inhibition of IFNy-induced mRNA of 1Ax or
IAB is mediated through the production of cAMP. BMDM were treated
with 30 U/ml of IFN-y for 24 h in the presence or the absence of NECA
(107° M), forskolin (10> M), 8-bromo-cAMP (10 M), or R-PIA (10 ¢

M). B, The inhibition of IFNy-induced IAx or IAB mRNA is specific for
drugs that activate 4 receptors. BMDM were treated with 30 U/ml of
IFN-v for 24 h in the presence or the absence of NECA F1BI), R-PIA
(106 M), CGS 21680 (10° M), or IB-MECA (10°° M).

other macrophage activities. This may constitute an important mec
anism of macrophage deactivation.
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