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Adenosine Augments IL-10 Production by Macrophages
through an A,; Receptor-Mediated Posttranscriptional
Mechanism'

Zoltan H. Németh,* Carol S. Lutz,” Balazs Cséka,* Edwin A. Deitch,* S. Joseph Leibovich,*
William C. Gause,® Masahide Tone," Pal Pacher,! E. Sylvester Vizi,” and Gyorgy Haské>*

Adenosine receptor ligands have anti-inflammatory effects and modulate immune responses by up-regulating IL-10 production by
immunostimulated macrophages. The adenosine receptor family comprises G protein-coupled heptahelical transmembrane re-
ceptors classified into four types: A, A,,, A,p, and A;. Our understanding of the signaling mechanisms leading to enhanced IL-10
production following adenosine receptor occupancy on macrophages is limited. In this study, we demonstrate that adenosine
receptor occupancy increases IL-10 production by LPS-stimulated macrophages without affecting IL-10 promoter activity and
IL-10 mRNA levels, indicating a posttranscriptional mechanism. Transfection experiments with reporter constructs containing
sequences corresponding to the AU-rich 3’-untranslated region (UTR) of IL-10 mRNA confirmed that adenosine receptor acti-
vation acts by relieving the translational repressive effect of the IL-10 3’-UTR. By contrast, adenosine receptor activation failed
to liberate the translational arrest conferred by the 3'-UTR of TNF-a mRNA. The IL-10 3’-UTR formed specific complexes with
proteins present in cytoplasmic extracts of RAW 264.7 cells. Adenosine enhanced binding of proteins to a region of the IL-10
3’'-UTR containing the GUAUUUAUU nonamer. The stimulatory effect of adenosine on IL-10 production was mediated through
the A,p receptor, because the order of potency of selective agonists was 5'-N-ethylcarboxamidoadenosine (NECA) > N°-(3-
iodobenzyl)-adenosine-5'-N-methyluronamide (IB-MECA) > 2-chloro-N°-cyclopentyladenosine (CCPA) = 2-p-(2-carboxyethyl)-
phenethylamino-5'-N-ethyl-carboxamidoadenosine (CGS-21680). Also, the selective A,; antagonist, alloxazine, prevented the
effect of adenosine. Collectively, these studies identify a novel pathway in which activation of a G protein-coupled receptor

augments translation of an anti-inflammatory gene.

nterleukin-10 is an important immunomodulatory cytokine

which has attracted much attention because of its anti-

inflammatory and immunosuppressive properties. IL-10 was
initially described as a Th2 product that restrained the secretion of
cytokines by Thl T cell clones (1). Subsequently, it has become
clear that IL-10 is also produced by cells of the monocyte/macro-
phage lineage (2) and monocytes/macrophages appear to be the
predominant cell type secreting IL-10 following LPS administra-
tion in vivo (3). Macrophages exposed to LPS secrete IL-10 with
a later onset when compared with proinflammatory cytokines. This
belated production of IL-10 represents an essential autoregulatory
mechanism that limits excessive production of the proinflamma-
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tory cytokines TNF-q, IL-1, and IL-12 (4), thereby contributing to
both the limitation and resolution of inflammation (5).

In recent years, progress has been made toward delineating the
cellular mechanisms by which macrophage IL-10 expression is
regulated, and it has been shown that this regulation occurs both at
the transcriptional and posttranscriptional levels. Induction of
IL-10 gene expression following LPS administration depends on a
transcriptional process initiated by binding of the transcription fac-
tors Spl (6-9), Sp3 (9), Stat3 (10), C/EBPf and vy (9), and c-Maf
(11) to the IL-10 promoter. cAMP-elevating agents trigger IL-10
promoter activity and IL-10 secretion in human monocytic cells,
secondary to an enhanced binding of CREB, as well as C/EBP«
and f3, to the IL-10 promoter (12). Much less is known about the
posttranscriptional regulation of IL-10. A recent study reported
that transfer of sequences in the 3’-untranslated region (3’-UTR)?
of the mouse IL-10 gene to a luciferase reporter construct de-
creased luciferase activity in transfected mouse macrophages when
compared with the empty vector (13). This observation indicates
that the 3'-UTR of the IL-10 mRNA may regulate the translation
and/or stability of the IL-10 mRNA.

Adenosine, an endogenous purine nucleoside, is a biologically
active extracellular signaling molecule that is formed at sites of
metabolic stress associated with hypoxia, ischemia, trauma, or in-
flammation. Adenosine mediates many of its effects through one or
more of four receptors, the adenosine A;, A,,, A,g, and A5 re-
ceptors (14, 15). These receptors are seven membrane-spanning

3 Abbreviations used in this paper: UTR, untranslated region; CCPA, 2-chloro-N°-
cyclopentyladenosine; CGS-21680, 2-p-(2-carboxyethyl) phenethylamino-5'-N-eth-
yl-carboxamidoadenosine; NECA, 5'-N-ethylcarboxamidoadenosine; IB-MECA, N°-
(3-iodobenzyl)-adenosine-5'-N-methyluronamide; ARE, AU-rich element.
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proteins that couple to heterotrimeric G proteins to trigger a variety
of intracellular signaling pathways (14, 15). Cells of the monocyte/
macrophage lineage have been documented to express all four
adenosine receptors (16). Stimulation of adenosine receptors has
been shown to result in an anti-inflammatory, deactivated macro-
phage phenotype (16, 17). In LPS-stimulated monocytes/macro-
phages, adenosine receptor activation attenuates the production of
several proinflammatory cytokines, including TNF-a (18-24) and
IL-12 (22, 25, 26). In contrast to the suppressive effect of adeno-
sine on the production of these proinflammatory mediators, aden-
osine up-regulates IL-10 production by LPS-stimulated mono-
cytes/macrophages (22, 26). The mode of action of adenosine in
up-regulating IL-10 production is unclear and so is the identity of
receptors responsible for the adenosine enhancement of IL-10 pro-
duction in LPS-activated macrophages.

In this study, we demonstrate that although LPS induces both
IL-10 promoter activity and IL-10 mRNA accumulation, adeno-
sine fails to alter the magnitude of these responses, attesting to a
translational rather than a transcriptional effect of adenosine on the
stimulation of IL-10 production. We confirm this mechanism by
showing that the 3’-UTR of the IL-10 mRNA has a substantial
inhibitory effect on the translation, but not transcription, of a re-
porter construct, and that this repressive effect is partially relieved
by adenosine. Furthermore, we report that regions of the IL-10
3’'-UTR form specific complexes with proteins present in macro-
phage extracts, and that adenosine enhances the formation of these
complexes. Finally, our results reveal that A,y receptors have a
critical role in mediating the potentiating effect of adenosine on
IL-10 secretion.

Materials and Methods
Cell culture

The mouse macrophage cell line RAW 264.7 was obtained from the Amer-
ican Type Culture Collection. Peritoneal macrophages from male CD-1
mice (Charles River Laboratories) were isolated using thioglycolate elici-
tation as described previously (24). All mice were maintained in accor-
dance with the recommendations of the “Guide for the Care and Use of
Laboratory Animals”, and the experiments were approved by the New
Jersey Medical School Animal Care Committee. Cells were grown in
DMEM supplemented with 10% FBS, 50 U/ml penicillin, 50 wg/ml strep-
tomycin, and 1.5 mg/ml sodium bicarbonate in a humidified atmosphere of
95% air and 5% CO.,.

Drugs and reagents

Adenosine, the selective A, receptor agonist 2-chloro-N°-cyclopentylad-
enosine (CCPA), A, receptor agonist 2-p-(2-carboxyethyl)phenethyl-
amino-5'-N-ethyl-carboxamidoadenosine (CGS-21680), A,y receptor ago-
nist 5'-N-ethylcarboxamidoadenosine (NECA), and A; receptor agonist
N°-(3-iodobenzyl)-adenosine-5'-N-methyluronamide (IB-MECA) were
purchased from Sigma-Aldrich. SB203580 was purchased from Calbio-
chem. LPS and inosine were obtained from Sigma-Aldrich (Escherichia
coli 055:B5). Stock solutions of the various agonists and antagonists, as
well as SB203580, were prepared using dimethylsulphoxide.

DNA constructs

The IL-10 promoter vector constructed by inserting the mouse IL-10 pro-
moter (—1538/+64) into the pGL2B luciferase (Promega) polylinker used
in our studies was a gift from Dr. S. T. Smale (University of California, Los
Angeles, CA) (6). Luciferase reporter plasmids containing regions of the
IL-10 3’-UTR have been described previously (13). In brief, four frag-
ments of cDNA corresponding to AU1 (+727 to +818), AU2 (+807 to
+936), AU3 (+1157 to +1239), and AU4 (+727 to +1239) regions of the
3’-UTR of IL-10 mRNA were cloned into an Xbal site (+1934) located
between the luciferase gene and the poly(A) signal in the pGL3-control
vector carrying a SV40 promoter/luciferase expression unit. A construct
containing the 3'-UTR of the TNF-a cDNA inserted into the Xbal site of
the pGL3-control vector was provided by Dr. C. Gueydan (Free University,
Brussels, Belgium) (27).

The DNA constructs used for in vitro transcription to produce ribo-
probes for specific regions of the IL-10 3'-UTR were constructed as fol-
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lows. Fragments corresponding to the AU1, AU2, and AU3 regions were
generated by RT-PCR using the TagPCR Core kit (Qiagen) with RNA
isolated from LPS-treated RAW cells. The following primers were used:
AUI: 5'-GGACCGGTCCTCTCTCCGAAATATTTATTACC-3" and 5'-
GGGACGTCGGGCTTCTTTCTAAATAGTTCACA-3"; AU2: 5'-GGA
CCGGTGAAAGAAGCCCAATATTAT-3" and 5-GGGACGTCGAA
GAACCCCTCCCATCATATA-3"; AU3: 5'-GGACCGGTCTGAAAAC
TGTGGCCAGTTTG-3' and 5'-GGGACGTCTACTTCTAGTTAAAA
ATGAG-3'. Amplified ¢cDNA fragments were inserted into the 3'-U
overhangs of the cloning vector pDrive (Qiagen PCR cloning kit). A mu-
tant AU2 DNA fragment lacking the GTATTTATT nonamer was prepared
by synthesizing both strands, followed by annealing the two strands, and
ligating the resultant DNA into pDrive.

Transient transfection and luciferase activity

For transient transfections, cells were seeded either in a 6- or a 24-well
tissue culture dish for IL-10 promoter or IL-10 3'-UTR studies, respec-
tively, 1 day before transient transfection. For the promoter studies, con-
fluent monolayers of cells were transfected with 10 pl/ml FuGENE 6
Transfection Reagent (Roche) in 700 ul of medium per well. The medium
contained 3.5 wg/ml IL-10 luciferase promoter construct, and 2.3 ug/ml
control Renilla luciferase (pRL-TK; Promega) plasmid. After an overnight
transfection, the medium was replaced, and the cells were treated with
adenosine (100 uM) or its vehicle (medium), in the presence or absence of
LPS (10 pg/ml), for 8 h. Luciferase activity was measured using the Dual
Luciferase Reporter 1000 Assay System (Promega), as we have described
previously (28).

For studies with IL-10 3'-UTR constructs, cells were transfected with 10
wul/ml FuGENE 6 Transfection Reagent (Roche) in 200 ul of medium per
well. The medium contained 3.1 wg/ml IL-10 3’-UTR promoter constructs
(AU1, AU2, AU3, and AU4) or the TNF-a-3’-UTR construct, or 1.75
ng/ml pGL3-control. After a 4-h transfection, the medium was replaced
with fresh medium, and the cells were treated with adenosine, NECA, or
vehicle in the presence or absence of LPS (10 wg/ml) for 5 h. Renilla
(control) constructs were not used in these experiments, because in pilot
studies we found that inclusion of Renilla vectors caused a frans effect
between promoters on these cotransfected plasmids (data not shown). Lu-
ciferase activity was measured using the Luciferase Reporter Assay System
(Promega), and normalized relative to the micrograms of protein, as we
have described previously (29).

Analysis of gene expression by real-time RT-PCR

Total RNA was prepared from cells and reverse-transcribed, as previously
described (30). For detection of IL-10 mRNA, real-time PCR commercial
kits (Applied Biosystems) specific for IL-10 or rRNA were used, and all
data were normalized to constitutive rRNA values. Luciferase transcript
levels were measured using the following probes: 5'-ATGGAAGACGC
CAAAAACATAAAG-3" and 5'-ATAGCTTCTGCCAACCGAAC-3'.
The Applied Biosystems 7700 sequence detector was used for amplifica-
tion of target mRNA, and quantitation of differences between treatment
groups was calculated according to the manufacturer’s instructions.

Preparation of cytosolic extracts for RNA EMSA and UV cross-
linking studies

Confluent RAW 264.7 cells were incubated with adenosine or its vehicle
(medium) for varying time periods, after which, the cells were rinsed once
with ice-cold PBS (Sigma-Aldrich), and then scraped into buffer A, con-
sisting of 10 mM HEPES buffer (pH 7.9), 1.5 mM MgCl,,10 mM KCI, 1
mM DTT, and 1 mM PMSF (all from Sigma-Aldrich). After a brief cen-
trifugation at 600 X g, the pellets were resuspended in two original packed
cell volumes of buffer A and transferred into a precooled 1-ml Dounce
homogenizer. After lysis of cells by 10 strokes of a B-type pestle, the
nuclei were pelleted at 4000 X g for 2 min at 4°C. The cytoplasmic fraction
was transferred to new tubes and 0.11 vol of buffer B (0.3 M HEPES (pH
7.9), 1.4 M KCl, 30 mM MgCl,) was added. The mixture was then cleared
by centrifugation at 16,000 X g for 15 min, the supernatant transferred to
fresh tubes, and 80% glycerol added to a final concentration of 10% (v/v).
The cytosolic extracts were immediately frozen at —80°C.

In vitro transcription of RNA substrates

RNA transcripts were synthesized by use of T7 or SP6 RNA polymerase
according to the manufacturer’s instructions (Promega), in the presence of
50 uCi of [**PJUTP (Amersham Biosciences), as described previously
(31). RNAs were gel-purified from 5% polyacrylamide, 8 M urea gels by
overnight crush elution in high salt buffer (0.4 M NaCl, 50 mM Tris (pH
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8.0), 0.1% SDS) before use in reactions. Eluted RNAs were ethanol-pre-
cipitated and resuspended in water.

RNA EMSA

For RNA-cytosolic extract binding reactions, 10 wg of cytosolic extract
were incubated with 5 X 10* dpm [**P]RNA sequence at 25°C for 30 min
in buffer D consisting of 20 mM HEPES (pH 7.9), 20% (v/v) glycerol, 100
mM KCI, 0.2 mM EDTA, 1 mM PMSF, | mM DTT. Samples were then
subjected to electrophoresis at a constant 200 volts on a 4% native poly
acrylamide gel (acrylamide/bisacrylamide ratio of 29:1; Sigma-Aldrich) at
4°C. The radiolabeled RNA-protein complexes were detected by autora-
diography on Kodak BioMax MR film, and their relative band intensities
determined by densitometric analysis. In RNA competition assays, unla-
beled, homologous RNA sequences were added in 100-fold excess to the
binding reactions before the addition of radiolabeled RNA probes.

UV cross-linking and SDS-PAGE

RNA-protein binding reactions were conducted using 20 ug of cytosolic
extract and 10° dpm of [**P]RNA sequences. Following the binding reac-
tion, samples were irradiated with UV light (2500 wJ) (CL-1000, UV
Crosslinker; UVP) on ice for 15 min (32). Samples were briefly boiled in
SDS sample buffer and RNA-protein complexes resolved on 8—16% Tris-
glycine gels (Invitrogen Life Technologies). Gels were then dried for 15
min at 80°C, and exposed to Kodak BioMax MR film and analyzed by
autoradiography. Precision Plus Protein Dual Color Protein Standards
(Bio-Rad) were used to estimate the m.w. of complexes.

IL-10 ELISA

Cells in 24-well plates were treated with adenosine or various adenosine
receptor agonists followed immediately by addition of 10 wg/ml LPS. Su-
pernatants for IL-10 determination were obtained 5 h after stimulation with
LPS. IL-10 levels in cell supernatants were determined by ELISA, using
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the IL-10 Duoset ELISA kit (DuoSet; R&D Systems) according to the
manufacturer’s instructions.

Preparation of cell membrane extracts and analysis of A,y
receptor expression by Western blotting

Cell monolayers were washed in PBS and removed from culture dishes by
scraping. Cells were then homogenized in hypotonic buffer (10 mM KClI,
1.5 mM MgCl,, 10 mM Tris (pH 7.4)) using a Dounce homogenizer in the
presence of protease inhibitors (1 wg/ml aprotinin, 1 ug/ml leupeptin 1
ng/ml pepstatin, and 1 mM PMSF). Unbroken cells and nuclei were re-
moved by low-speed centrifugation at 2000 X g for 10 min. To pellet the
crude membrane fraction, the supernatants were centrifuged at 100,000 X
g for 30 min. The membrane pellet was resuspended in TNE buffer (10 mM
Tris, 10 mM NaCl, 1 mM EDTA), 30% glycerol, and protease inhibitors.
The protein concentration was determined as described above. Equal
amounts (100 ug) of protein were separated by electrophoresis on a 10%
SDS polyacrylamide gel, and transferred to a nitrocellulose membrane. The
membrane was then probed with polyclonal goat anti-A,; adenosine re-
ceptor (no. sc-7507; Santa Cruz Biotechnology), followed by incubation
with a secondary HRP-conjugated anti-goat Ab (no. A5420; Sigma-
Aldrich). Specific immune complexes were detected using the ECL
Western Blotting Detection Reagent (Amersham Biosciences).

Results

Adenosine receptor agonists up-regulate IL-10 production by
LPS-activated RAW 264.7 macrophages

To study the regulation of IL-10 production by adenosine, we used
RAW 264.7 macrophages; these cells have been shown to express
adenosine receptors (20, 27, 28, 33), and many aspects of the reg-
ulation of IL-10 gene expression have been uncovered using this
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FIGURE 1. A, Adenosine (ADO) augments LPS-stimulated IL-10 production by LPS-activated RAW 264.7 macrophages. Adenosine (100 uM) was

added to cells immediately before immunostimulation with 10 pg/ml LPS. IL-10 concentrations were measured from supernatants taken 5 h after
stimulation with LPS. B, Effect of the A, receptor agonist CCPA, A, , receptor agonist CGS-21680 (CGS), nonselective/A,y receptor agonist NECA, and
A; receptor agonist IB-MECA on LPS-induced IL-10 production by RAW cells. Selective agonists were added to cells immediately before immunos-
timulation with 10 wg/ml LPS. IL-10 concentrations were measured from supernatants taken 5 h after stimulation with LPS. C, The A, receptor antagonist
alloxazine (ALLO) prevents the effect of adenosine on IL-10 production. Alloxazine (10 wM) was administered 30 min before adenosine (100 uM) and
LPS (10 ug/ml) followed by a 5-h-long incubation, after which supernatants were taken for IL-10 ELISA. D, Western blot analysis confirms expression
of A, receptors in membrane fractions from RAW 264.7 macrophages. LPS (10 wg/ml) treatment of the cells for 3 h up-regulates A,y receptor expression.
B-actin was used as control for protein loading. Results (mean = SEM) shown are representative of at least three experiments with n = 4 in each experiment,
with the exception of D, where n = 2 for each group. #*, p < 0.01.
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cell line (6, 7, 13). RAW 264.7 macrophages produce constitu-
tively low levels of IL-10. LPS stimulation for 5 h resulted in an
~10-fold increase in IL-10 production (Fig. 1A). In LPS-activated
cells, adenosine (100 uM) augmented IL-10 production by ~2.4-
fold. Adenosine had no effect on IL-10 production by unstimulated
macrophages (Fig. 1A). In addition, treatment of mouse peritoneal
macrophages with adenosine immediately before LPS administra-
tion potentiated LPS-induced IL-10 production, as measured 5 h
after LPS stimulation. The IL-10 concentration was 0.28 = 0.01
ng/ml in LPS-stimulated cells, and 0.58 = 0.06 ng/ml in cells
cotreated with adenosine and LPS (p < 0.01). Because adenosine
exerts most of its cellular effects via occupancy of adenosine re-
ceptors, we next sought to determine which adenosine receptor(s)
were responsible for the potentiating effect of adenosine on IL-10
production by LPS in RAW 264.7 macrophages. To address this
question, we first tested the effect of selective adenosine receptor
agonists on IL-10 production. The selective A, receptor agonist
CCPA or the selective A,, receptor agonist CGS-21680 failed to
mimic the stimulatory effect of adenosine on LPS-induced IL-10
production. However, both the selective A; receptor agonist IB-
MECA and the A, receptor agonist NECA increased 1L-10 pro-
duction by LPS-stimulated RAW cells, with NECA being the most
potent (Fig. 1B). Although NECA can also bind to all other aden-
osine receptors, the order of potency of agonists shown in Fig. 1B
implicates A,y receptors (34-36) as being responsible for the aug-
mentation of IL-10 production upon adenosine receptor occu-
pancy. To further confirm the role of A, receptors, the ability of
alloxazine, a selective A,y receptor antagonist (36-39), was ex-
amined in preventing the stimulatory effect of adenosine on LPS-
induced IL-10 production. Fig. 1C demonstrates that alloxazine
reversed the stimulatory effect of adenosine on LPS-induced IL-10
production. Previously, we have documented that the mRNA for
the A, receptor is expressed in RAW 264.7 cells and is up-reg-
ulated following stimulation with LPS (33). To confirm that the
A,y receptor is expressed at the protein level, we subjected cell
membrane fractions obtained from unstimulated and LPS-stimu-
lated RAW 264.7 cells to Western blotting using an anti-A,5 Ab.
Fig. 1D illustrates that the A,g receptor is present in membrane
fractions of RAW 264.7 cells and that LPS increases the expres-
sion level of A,y receptors.

FIGURE 2. Lack of effect of adenosine (ADO, 100
uM) on LPS (LPS, 10 pg/ml)-induced IL-10 mRNA
accumulation in RAW 264.7 cells. Adenosine was
added to cells immediately before immunostimulation
with LPS. IL-10 mRNA concentrations were measured
by real-time PCR using RNA isolated 2.5 (A) or 5 h (B)
after stimulation with LPS. C, Adenosine treatment (100
uM) has no effect on LPS (10 wg/ml)-induced IL-10
promoter activity in RAW 264.7 cells. To measure
IL-10 promoter activity, cells were transiently trans-
fected with an IL-10 promoter construct (harboring an
SV40 promoter) and control Renilla-luciferase vector.
Cells were treated with adenosine in the presence or
absence of LPS for 8 h. Firefly luciferase reporter ac-
tivities were normalized against Renilla luciferase ac-
tivities, and IL-10 promoter activity was expressed as
the Firefly:Renilla ratio. Data are mean * SEM of n =
3 wells. Three experiments with similar results were
performed. #*, p < 0.01 indicates a significant increase
in IL-10 mRNA levels or promoter activity following
adenosine administration.

IL-10 mRMNA
(fold increase)
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The stimulatory effect of adenosine on IL-10 production is not
associated with increased IL-10 mRNA accumulation or
promoter activity

To begin to investigate the intracellular mechanisms responsible
for the increased production of IL-10 by LPS-activated macro-
phages following adenosine administration, we determined IL-10
mRNA levels using real-time PCR, 2.5 and 5 h after addition of
adenosine and/or LPS. We found that LPS increased IL-10 mRNA
levels by ~6-fold at 2.5 h and 2000-fold at 5 h. However, aden-
osine failed to further augment the LPS-induced accumulation of
IL-10 mRNA at either time point (Fig. 2, A and B). We also ex-
amined the effect of adenosine on LPS-induced IL-10 promoter
activity by transfecting cells with a construct in which luciferase
expression is driven by the IL-10 promoter (6). Although we
wished to determine IL-10 promoter activity 5 h after LPS stim-
ulation, as was the case for IL-10 protein and mRNA measure-
ments, luciferase levels were measured 8 h after LPS treatment,
because shorter incubation times produced insufficient signal lev-
els (data not shown). Similar to results reported in previous studies
(6, 11), LPS was found to elicit an ~10-fold increase in IL-10
promoter activity (Fig. 2C). Cotreatment of cells with adenosine
failed to further enhance LPS-stimulated IL-10 promoter activity
(Fig. 20). Collectively, the fact that adenosine did not alter either
IL-10 mRNA levels or promoter activity in LPS-stimulated mac-
rophages indicates that adenosine exerts its stimulatory effect on
IL-10 production by a posttranscriptional mechanism.

Posttranscriptional regulation by the IL-10 3'-UTR

Before investigating in detail the nature of the posttranscriptional
regulation of IL-10 production by adenosine, it was important to
gain a deeper insight into how IL-10 is regulated posttranscrip-
tionally in the absence of adenosine. AU-rich elements (AREs) in
the 3'-UTRs of cytokine mRNAs are critical for the posttranscrip-
tional regulation of cytokine gene expression. AREs influence cy-
tokine gene expression in a cell type- and stimulus-specific manner
(40-46). IL-10 mRNA has recently been reported to contain such
regulatory ARE sequences (13). To ascertain the role of these
ARE:s in the posttranscriptional regulation of IL-10, we transfected

5h

3000, _—

2.5h

w

B
<3
il ke Z @ 2000
Co
£0
ot
‘TE 1000
J0
=
control  LPS  ADO+LPS ADO
300
**

_: T *%

=T 250 I

=s

Q

&2 0

bof 150

o C

£S

25 100

o

ol 5

b7 =

= o NI

 ADO+LPS

control



8264

macrophages with previously described (13) posttranscriptional lu-
ciferase reporter constructs containing cDNA sequences corre-
sponding to the entire 3'-UTR of the IL-10 mRNA (AU4, +727 to
+1239), or regions of the IL-10 3’-UTR (AUI, +727 to +818;
AU2, +807 to +936; and AU3; +1157 to +1239) cloned into the
Xbal site of the pGL3-control vector (Fig. 3A). Transcripts from
the resulting plasmids therefore contain the luciferase-coding re-
gion, plus a part of the IL-10 mRNA 3'-UTR sequence. First, we
compared luciferase activities in cells transfected with the pGL3-
control vector with those transfected with plasmids AU1, AU2,
AU3, or AU4. We observed a dramatic decrease in luciferase ac-
tivity (100- to 300-fold) with plasmids AU1, AU2, AU3, and AU4
when compared with pGL3-control (Fig. 3B). It is noteworthy that
the degree of inhibition conferred by the various IL-10 3’-UTR
segments seen in our experiments was substantially greater than
reported previously (13). These differences can be explained by the
fact that in the previous study, reporter activity was measured 54 h
after transfection, whereas in the current study, reporter activity
was assessed 9 h after the transfection.

Next, it was important to answer the question of whether the
lower luciferase activity (protein expression) observed in AUI-,
AU2-, AU3-, and AU4-transfected cells as compared with pGL3-
control-transfected cells, was due to destabilization of the lucif-
erase mRNA, or to translational repression. To address this issue,
we measured luciferase mRNA levels from cells transfected with
the various constructs using real-time PCR. If the inserted frag-
ments from the IL-10 3’-UTR contain RNA-destabilizing activity,
the luciferase mRNA levels in cells transfected with AU1, AU2,
AU3, or AU4 should be lower than luciferase mRNA levels in
pGL3-control-transfected cells. Alternatively, the presence of
comparable mRNA levels would suggest a translational regulatory

Luciferase coding
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mechanism. Fig. 3C illustrates that there were no differences be-
tween luciferase mRNA levels in cells transfected with the IL-10
3’'-UTR-containing constructs and cells transfected with the con-
trol vector, arguing for a translational inhibitory effect of the IL-10
3'-UTR.

Adenosine receptor activation regulates IL-10 3'-UTR function

In the next set of studies, we were interested in determining
whether adenosine receptor occupancy would increase the activity
of the various IL-10 3'-UTR-luciferase reporters in both LPS-
treated and LPS-untreated cells.

We observed a 2-fold increase in luciferase activity using the
AU4-containing plasmid following treatment with 100 uM aden-
osine (Fig. 4A), but adenosine had no effect on cells transfected
with the pGL3-control vector (Fig. 4B). This observation, together
with the finding that adenosine failed to increase luciferase mRNA
levels in AU4-transfected cells (Fig. 3B), indicated that adenosine
increases translation of the luciferase mRNA via a mechanism in-
volving the AU4 region. It is noteworthy that the magnitude of the
effect of adenosine on this posttranscriptional reporter system is
similar to that observed for the effect of adenosine on the biosyn-
thesis of IL-10.

Fig. 4A shows that LPS can also increase luciferase activity in
cells transfected with AU4-containing plasmid. However, because
LPS enhanced reporter activity to a similar degree in cells trans-
fected with the pGL3-control vector (Fig. 4B), it can be concluded
that the effect of LPS is independent of the AU4 region. Because
the SV40 promoter in the PGL3-control vector contains NF-«B
sites, it is plausible that the LPS-enhanced reporter activity was
due to an effect on these NF-«B sites in both the AU4-containing
and empty control vectors.

A sequence IL-10 3*-UTR (AU4)
5-UTR Poly A
AU1 fragment AU2 fragment AU3 fragment
CCUCUCUCCGAAAUAUUUA GAAAGAAGCCCAAUAUUAUA UCCCUGAAAACUGUGGCCA
UUACCUCUGAUACCUCAGU AUUUUACAGUAUUUAUUAU GUUUGUUAUUUAUAACCAC
UCCCAUUCUAUUUAUUCAC UUUUAACCUGUGUUUAAGC CUAAAAUUAGUUCUAAUAGA
UGAGCUUCUCUGUGAACUA UGUUUCCAUUGGGGACACU ACUCAUUUUUAACUAGAAG
UUUAGAAAGAAGCCCA UUAUAGUAUUUAAAGGGAG UAAUGC
AUUAUAUUAUVAUGAUGGGA
GGGGUUCUUCCUUGG
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=
=
= =&
Q = ﬂ
© TH 4
% Ea
& aso00 L2
5 g2
= g5 o5
Q o=
= 18]
3 . JE n
o W s s B - n
PGL2E AUt AU2 AU3 A4 PGL3 AU1  AUZ  AU3  AU4 AU4-ADO

FIGURE 3. A, Nucleotide sequences of three potential regulatory AU-rich regions (AU1, AU2, and AU3) of the IL-10 3'-UTR (AU4). Highlighted are
potential regulatory nonamer motifs. AU1-4 regions were inserted after the luciferase coding sequence of the pGL3-control reporter vector. B, Luciferase
activities generated using plasmids containing AU1-AU4 are sharply decreased when compared with that generated by the pGL3-control reporter vector.
Luciferase activity was measured from cells lysed 9 h after transfection with the various plasmids and normalized to protein content. C, Luciferase mRNA
levels in cells transfected with plasmids containing AU1-AU4 are no different from that found in cells transfected with the pGL3-control reporter vector.
Luciferase mRNA concentrations were measured using real-time PCR from cells lysed 9 h after transfection with the various plasmids. Representative data
(mean = SEM of n = 4 wells) are shown. Experiments were repeated at least three times. **, p < 0.01 vs pGL3-control.
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Having established that cells transfected with the AU4-contain-
ing construct, which encompasses the entire IL-10 3'-UTR, were
responsive to adenosine, we next explored the effect of adenosine
on IL-10 posttranscriptional regulation using luciferase constructs
carrying the shorter AU1, AU2, and AU3 regions of the IL-10
3’-UTR. As shown in Fig. 4C, adenosine (100 uM) treatment of
cells expressing the luciferase constructs carrying AU1, AU2, and
AU3 recapitulated the stimulatory effect of adenosine observed
with the AU4 construct. The stimulatory effect of adenosine was
greatest when using the AU2 and AU3 luciferase constructs. Over-
all, the magnitude of the effect of adenosine with the AU1, AU2,
and AU3 constructs was similar to that found using the AU4 con-
struct. This observation suggests that all three regions contain el-
ements responsive to adenosine.

The p38 MAPK has been implicated in the posttranscriptional
regulation of a number of cytokine genes, including TNF-a, IL-6,
and vascular endothelial growth factor (42, 43, 45). We recently
documented that adenosine activates p38 MAPK in RAW 264.7
macrophages (28). We explored the role of the p38 MAPK path-
way in regulating IL-10 posttranscriptional regulation by testing
the effect of the selective p38 MAPK pathway blocker SB203580
(1 uM) on the adenosine-induced increase in AU4 reporter activ-
ity. Fig. 4D demonstrates that SB203580 failed to prevent the ad-
enosine-stimulated increase in AU4 activity. Thus, activation of
the p38 MAPK pathway does not appear to be necessary for the
adenosine-mediated enhancement of IL-10 3'-UTR activity.

Because adenosine is rapidly degraded to inosine, and inosine
can alter macrophage function (47, 48), we sought to determine

whether the posttranscriptional effects of adenosine are due to its
degradation product. Inosine (1000 uM) was unable to reproduce
the stimulatory effect of adenosine on luciferase activity in cells
transfected with the AU4-containing luciferase construct (data not
shown). To further establish the role of adenosine receptor activa-
tion in modulating IL-10 3’'-UTR-mediated regulation, we exam-
ined the responsiveness of RAW 264.7 cells transfected with the
AU4-containing plasmid or the pGL3-control vector to NECA.
Similar to adenosine, NECA elevated luciferase activity by ~2-
fold in cells with the AU4-containing constructs, but not in cells
transfected with the pGL3-control vector (Fig. 5).

Adenosine receptor activation does not affect TNF 3'-UTR
Sfunction

To investigate whether the stimulatory effect of adenosine receptor
activation on the IL-10 3’-UTR reporter constructs was specific for
this cytokine, we tested the effect of adenosine receptor stimulation
on a TNF-a 3'-UTR reporter. The reporter construct that we used
carried cDNA corresponding to the entire 3'-UTR of the TNF-«
mRNA, which was inserted into the Xbal site of the pGL3-control
vector (27). In accord with results of previous studies using this
(27, 49) and other similar (50) constructs, we found that LPS in-
duced a large increase in reporter activity (Fig. 6A), which was far
greater (~20-fold) than that achieved by using the empty pGL3-
control vector (~30% increase; Fig. 4B). These previous studies
showed that the increase in reporter activity following LPS admin-
istration was, at least in part, representative of the derepressive
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and normalized to protein content. NECA was administered 4 h after the transfection. Results (mean = SEM) shown are representative of at least three

experiments with n = 4 in each experiment. #x*, p < 0.01.

effect of LPS on the translational blockade conferred by the 3'-
UTR of the TNF-a mRNA. Importantly, adenosine did not alter
reporter activity using this construct, indicating that the stimula-
tory effect of adenosine on the IL-10 3’-UTR is specific. Similar to
adenosine, NECA was also unable to alter reporter activity in cells
transfected with the TNF-a 3’-UTR construct (Fig. 6B).

Adenosine regulates protein binding to the 3'-UTR of the IL-10
mRNA

The posttranscriptional regulation of mRNA is determined in
many cases by interactions between specific RNA-binding proteins
and cis-acting sequences located in the 3'-UTR of the mRNA. To
understand more fully how adenosine regulates function of the
3'-UTR of the IL-10 mRNA, we set out to investigate whether the
mRNA of the IL-10 3’-UTR interacts with cellular proteins, and if
so, whether adenosine alters these interactions. Because the effect
of adenosine in increasing reporter activity was greatest when us-
ing the AU2 and AU3 regions (Fig. 4C), we examined protein
interactions with these two regions.

Equal amounts of cytoplasmic proteins from RAW cells ob-
tained at various time points following adenosine treatment were
incubated with in vitro-transcribed [*?P]JAU2 RNA. RNA-protein
complexes were fractionated on a native polyacrylamide gel.
These EMSA experiments demonstrated that two ribonucleopro-
tein complexes were formed with protein extracts from untreated
RAW cells (Fig. 7A4). Binding activity of both complexes was re-
producibly increased by adenosine at the 30- and 60-min time
points (Fig. 7, A and B), but not later (data not shown). Both
complexes were specific, because a 100-fold molar excess of cold
oligonucleotide completely abrogated both complexes (Fig. 7C).
To begin to delineate which fragment of the AU2 sequence was
necessary for the formation of these ribonucleoprotein complexes,
we mutated the AU2 probe by deleting a 9-nt long region contain-
ing the GUAUUUAUU sequence (Fig. 3A). This sequence was
chosen because this or similar sequences found in the 3'-UTR of
cytokine mRNAs are thought to be responsible for the binding of
trans-acting protein factors to the RNA (42, 43). When we used
this mutated AU2 probe, we did not observe the two distinct com-
plexes that were present when using the nonmutated probe (Fig.
7C). With the mutated probe, we detected only one complex,
which was much more diffuse and less intense than those seen with
the nonmutated probe. Adenosine was no longer able to alter the

appearance of this complex. These results indicate that the
GUAUUUAUU sequence plays an important role in protein bind-
ing to the AU2 region of the 3'-UTR of the IL-10 mRNA.

To provide further proof of protein binding to the IL-10 AU2
region, [*?P]JAU2 was incubated with cytosolic extracts from ad-
enosine-treated or untreated macrophages taken at various time
points after treatment. The samples were then exposed to short
wavelength UV irradiation. Proteins were separated by SDS-
PAGE, and the dried gels were autoradiographed to visualize pro-
teins that were cross-linked to the radiolabeled AU2 probe. Fig. 7D
demonstrates that, similar to results obtained using EMSA, two
bands were detected in samples from both adenosine-treated and
untreated cells. The intensity of both bands was higher with ex-
tracts from adenosine-treated cells than from untreated cells (Fig.
7, E and F) taken at both 30 and 60 min, but not at a later time
point (data not shown). No bands were detected in the absence of
UV irradiation (Fig. 7D). These results thus confirm data obtained
in the EMSA studies.

Finally, we examined, using EMSA, whether the AU3 region
formed any complexes with cellular protein extracts of RAW cells
taken from both adenosine-treated and vehicle-treated cells. Sim-
ilar to our results with the AU2 RNA probe, protein extracts of
vehicle-treated RAW cells formed two complexes with the AU3
probe and the intensity of both of these complexes was increased
by adenosine (Fig. 8). Both of these complexes were specific, be-
cause a 100-fold molar excess of cold oligonucleotide completely
abolished both complexes (data not shown).

Discusssion

In this study, we show that adenosine augments IL-10 production
in murine macrophages without altering IL-10 mRNA accumula-
tion or IL-10 promoter activity. In addition, adenosine stimulates
reporter activity from IL-10 reporter constructs containing regions
of the 3'-UTR of the IL-10 gene. Therefore, we propose that aden-
osine enhances IL-10 production by a posttranscriptional
mechanism.

Despite its biological importance, relatively little is known
about the regulation of IL-10 gene expression. Most previous stud-
ies of IL-10 gene expression focused on the mechanisms of LPS-
induced transcriptional activation of the IL-10 gene through the
IL-10 promoter (6-11). Using quantitative real-time PCR, we
found that LPS stimulation increased IL-10 mRNA levels by
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~2000-fold, while levels of secreted IL-10 protein were increased
by only ~10-fold. These observations suggest that additional reg-
ulatory levels of IL-10 biosynthesis are operational in murine mac-
rophages. A growing body of evidence suggests that regulation of
gene expression may be accomplished through posttranscriptional
mechanisms, which include regulation of mRNA stability, and
translational regulation (42, 43). The discrepancy between IL-10
mRNA and protein levels was observed when measuring both

IL-10 mRNA and protein accumulation at the same relatively late,
5-h time point, indicating that a destabilizing effect is unlikely to
have a role in reducing IL-10 protein levels relative to mRNA
concentrations. The 3’-UTR of the IL-10 mRNA has been shown
previously to destabilize IL-10 mRNA in the EL4 T lymphocyte
cell line (13). In contrast, we found that the 3’-UTR of the IL-10
mRNA does not exert the same destabilizing effect in RAW 264.7
macrophages, because inserting the 3'-UTR of the IL-10 mRNA
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FIGURE 7. A, Adenosine (ADO) treatment of RAW 264.7 macrophages for 30 or 60 min increases RNA-protein complex formation between the AU2
region of the 3’-UTR of IL-10 mRNA and cellular components of RAW cells. Radiolabeled AU2 RNA probes were incubated with cytosolic fractions of
RAW cells obtained at the end of the 30- or 60-min incubation period, complexes were separated by EMSA, and visualized using autoradiography. Two
distinct complexes were observed in both untreated and treated cells. B, Densitometric analysis of intensities of the upper (H) and lower () complexes
at 30 and 60 min following adenosine or control (con) treatment. C, Demonstration of the specificity of interactions between the AU2 region of the 3'-UTR
of IL-10 mRNA and cellular fractions of RAW cells isolated 60 min after treatment with 100 uM adenosine. A 100X molar excess of cold AU2
oligonucleotide prevents formation of specific complexes in EMSA experiments (left panel). A mutated AU2 RNA probe lacking the GUAUUUAUU
sequence forms a diffuse complex with cellular protein fractions of RAW cells as detected by EMSA (right panel). A 100X molar excess of cold mutated
AU2 oligonucleotide prevents formation of this complex (right panel). D, UV cross-linking of cytosolic extracts from RAW 264.7 macrophages to an AU2
RNA probe results in formation of two specific complexes. Densitometric analysis indicates that adenosine treatment promotes formation of both the upper
(E) and lower (F) complexes when measured using extracts taken 30 and 60 min after adenosine treatment of cells. Shown are representative results of a
single experiment of three experiments with similar results.
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FIGURE 8. Adenosine treatment of RAW 264.7 macrophages for 30 or
60 min increases RNA-protein complex formation between the AU3 region
of the 3’-UTR of IL-10 mRNA and cellular components of RAW cells.
Radiolabeled AU2 RNA probes were incubated with cytosolic fractions of
RAW cells obtained at the end of the 30- or 60-min incubation period,
complexes were separated by EMSA, and visualized using autoradiogra-
phy. Two distinct complexes were observed in both untreated and treated
cells (A). Densitometric analysis indicates that adenosine treatment in-
creases the intensity of both the upper (B) and lower (C) complexes when
measured using extracts taken 30 and 60 min after adenosine treatment of
cells. The results shown are from a single experiment (representative of
three independent experiments with similar results).

downstream of the luciferase coding region in the pGL3-control
vector failed to decrease luciferase mRNA levels. On the other
hand, there was a dramatic, ~100-fold drop in luciferase protein
levels secondary to insertion of the 3’-UTR of the IL-10 mRNA
after the luciferase coding region, confirming the translational reg-
ulation of IL-10. Considering that IL-10 mRNA was induced
~2000-fold at 5 h after LPS stimulation, while IL-10 protein ex-
pression was elevated by ~10-fold at this point, the 100-fold de-
crease in translation can explain why IL-10 protein is induced
~200-fold less than IL-10 mRNA. It is, however, important to
note that other mechanisms, including transcriptional changes and
changes in IL-10 mRNA stability level, might also have influenced
the steady-state mRNA levels measured at this time point. The
exact contribution of these processes will require further studies to

ADENOSINE AUGMENTS IL-10 PRODUCTION TRANSLATIONALLY

measure transcriptional activity using nuclear run-on assays and to
assess the course of mRNA degradation. The 3’-UTR of the
TNF-« gene confers a similar translational repressive effect on
TNF-a« mRNA (27, 50). Interestingly, although the translational
repression caused by the TNF-a 3’-UTR is relieved by LPS (this
study and Refs. 27 and 50), we find that LPS does not relieve the
translational repressive effect of the 3'-UTR of the IL-10 mRNA.

In contrast, adenosine receptor activation by either the endoge-
nous ligand adenosine, or by the stable adenosine analog NECA is
able to relieve, at least in part, the translational repressive effect of
the 3'-UTR of the IL-10 mRNA. The magnitude of this increase in
translational activity (~2-fold) after adenosine receptor activation
is similar to the degree of adenosine- or NECA-induced augmen-
tation of IL-10 protein production. This observation supports the
view that the stimulatory effect of adenosine receptor activation on
LPS-induced IL-10 production is due to a translational effect in-
volving the 3’-UTR of the IL-10 mRNA. Our data also demon-
strate that the translational stimulatory effect of adenosine receptor
occupancy is specific for the 3'-UTR of IL-10, because adenosine
failed to alter reporter activity from the 3'-UTR of the TNF-«
mRNA. In a recent study using DNA microarray analysis (33), we
reported that adenosine did not modulate expression of LPS-in-
duced mRNAs in RAW 264.7 macrophages, nor did it alter mRNA
expression in LPS-untreated, naive cells. Although the mRNA for
TNF-« was among the many cytokine mRNAs whose expression
was not changed by adenosine treatment in LPS-activated macro-
phages, levels of both secreted and intracellular TNF-a were sub-
stantially reduced following adenosine treatment (24, 33). Similar
to this observation, an earlier study reported that adenosine had no
effect on mRNA levels of TNF-« in LPS/IFN-vy-stimulated RAW
264.7 macrophages, despite its inhibitory effect on secreted TNF-«
concentrations (51). Together, these data indicate that adenosine
appears to regulate cytokine production by posttranscriptional
mechanisms.

We also found that treatment of cells with adenosine exerted
similar posttranscriptional stimulatory effects on the AU, AU2,
and AU3 subregions of the IL-10 3'-UTR to that observed on the
full IL-10 3’-UTR (AU4). AU1, AU2, and AU3 contain related
potential regulatory nonamer sequences (40, 43) that might be in-
volved in the posttranscriptional regulatory action of adenosine.
AUAUUUAUU and CUAUUUAUU are present in AUIL,
GUAUUUAUU is found in AU2, and UUAUUUAUA is a part of
AU3. These nonamers are thought to control posttranscriptional
regulatory events via interactions with specific binding proteins
(40, 43). Our results provide insight into the possible role of pro-
teins that bind to the IL-10 3'-UTR in mediating the stimulatory
effect of adenosine on the translational regulatory processes in-
volving the IL-10 3'-UTR. We demonstrate that the AU2 and AU3
regions are able to form two different complexes with protein
extracts taken from RAW cells, and that adenosine intensifies
this complex formation. In addition, deletion of the
GUAUUUAUU sequence from the AU2 region abrogated pro-
tein binding to AU2, identifying this nonamer motif as a key
element in the translational regulation of the AU2 region. Fur-
ther studies will be required to ascertain the identity of the
proteins that bind to this region, and the mechanisms by which
adenosine augments complex formation.

Our results indicate that A, receptors mediate the stimulatory
effect of adenosine on IL-10 production in RAW 264.7 macro-
phages. Several lines of evidence support this conclusion. First, the
order of potency of agonists (NECA > IB-MECA > CGS-21680)
is typical of A,y receptors (34, 35). Second, the selective A,g
receptor antagonist, alloxazine, prevented the adenosine-induced
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augmentation of IL-10 production. Finally, we detected A,y re-
ceptors in membrane protein fractions from RAW 264.7 cells. Our
data are partially contradictory to those of a previous study which
demonstrated that the A,, receptor agonist CGS-21680 potenti-
ated IL-10 production by human monocytes and that this effect was
reversed by a selective A, , antagonist (22). In contrast, because in
this previous study NECA was both a more potent (EC5, ~100 nM
for NECA vs EC5, ~500 nM for CGS-21680) and more effica-
cious (~2.5-fold maximal increase with NECA vs ~1.5-fold max-
imal increase with CGS-21680) agonist than CGS-21680, a pos-
sible role for A,y receptors in the enhancement of IL-10
production in human monocytes can also not be ruled out.

Previous studies have proposed the concept that the differential
transcriptional regulation of IL-10 vs TNF-« and other proinflam-
matory cytokines might ensure the belated induction of IL-10 com-
pared with proinflammatory cytokines (6, 7). In addition, this dif-
ferential transcriptional regulation might to enable
macrophages to uncouple IL-10 production from that of proinflam-
matory cytokines permitting differential responses to extracellular
stimuli. Our results showing the differential posttranscriptional
regulation of IL-10 and TNF-« in response to adenosine uncover
a novel mechanism for uncoupling IL-10 production from that of
TNF-a.
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