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1. ABSTRACT

Adenosine is released into the extracellular space from nerve terminals and cells
subjected to ischemic stress. This nucleoside modulates a plethora of cellular functions
via occupancy of specific receptors. Adenosine is also an important endogenous regulator
of macrophage function, as it suppresses the production of a number of proinflammatory
cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-12, macrophage
inflammatory protein (MIP)-1a by these cells. On the other hand, adenosine increases the
release of the anti-inflammatory cytokine IL-10 in bacterial lipopolysaccharide (LPS)
stimulated macrophages. However, the mechanisms of these anti-inflammatory effects
have not been well characterized. First, we hypothesized that adenosine may exert some
of its anti-inflammatory effects by decreasing activation of the transcription factor
nuclear factor kB (NF-kB), because gene expression of most of the proinflammatory
cytokines inhibited by adenosine is dependent on NF-kB activation. Using LPS-
stimulated RAW 264.7 macrophages, we found that adenosine as well as adenosine
receptor agonists decreased the production of TNF-a, a typical NF-kB-regulated
cytokine. This effect of adenosine was not due to an action on the process of TNF-a
release, as adenosine suppressed also the intracellular levels of TNF-o.. However, cDNA
microarray analysis revealed that mRNA levels of neither TNF-a nor other cytokines
were altered by adenosine in either LPS-activated or quiescent macrophages. In addition,
although LPS induced expression of a number of other, non-cytokine genes, including the
adenosine Aj, receptor, adenosine did not affect the expression of these genes.
Furthermore, adenosine as well as adenosine receptor agonists failed to decrease LPS-
induced NF-xB DNA binding, NF-kB promoter activity, p65 nuclear translocation and
inhibitory kB (IxB) degradation.

We also hypothesized that adenosine would activate cyclic adenosine 5’-
monophosphate (cAMP) response element binding protein (CREB) in macrophages since
adenosine receptor stimulation has been associated with activation of the cAMP—protein
kinase A system as well as of p38 mitogen-activated protein kinase (MAPK) and p42/44
MAPK, all of which can activate the CREB transcription factor system. Utilizing RAW



264.7 macrophages, we found that extracellular adenosine enhanced CREB
transcriptional activity and increased phosphorylation of nuclear CREB. On the other
hand, adenosine failed to alter CREB DNA binding. Adenosine stimulated both p38 and
p42/44 MAPK activation. The p38 MAPK pathway inhibitor SB203580 but not the
p42/44 MAPK pathway blocker PD98059 decreased adenosine-induced CREB activation
indicating that p38 MAPK but not p42/44 MAPK is an upstream mediator of CREB
activation. Thus, some of the immunomodulatory effects of adenosine in macrophages
may be explained by its augmenting effect on CREB activation.

Taken together, our results suggest that the anti-inflammatory effects of adenosine
are independent of NF-kB but some of the immunomodulatory effects in macrophages

may be explained by its augmenting effect on CREB activation.



ATP

AMP
cAMP
CCPA
CGS-21680

CHA
CPA
CSC

2CI-IB-MECA

CREB
DPCPX
DMSO
DNA
ELISA
EMSA
IxB

IB-MECA
IL

LPS
MAPK
MIP
MRS-1220

MTT
mRNA
NECA
NF

2. ABBREVIATIONS

adenosine 5’-triphosphate

adenosine 5’-monophosphate

cyclic adenosine 5’-monophosphate
2-chloro-N°-cyclopentyladenosine
2-p-(2-carboxyethyl) phenethylamino-5’-N-ethyl-
carboxamidoadenosine

N°-cyclohexyladenosine

N’-cyclopentyladenosine
8-(3-chlorostyry)caffeine

2-chloro- NO-(3 -iodobenzyl)-adenosine-5'-N-methyluronamide
cAMP responsive element binding protein
8-cyclopentyl-1,3-dipropylxanthine

dimethylsuphoxide

deoxyribonucleic acid

enzyme-linked immunosorbent assay

electromobility shift assay

inhibitory kB
N6—(3—iodobenzyl)—adenosine—S'—N—methyluronamide
interleukin

bacterial lipopolysaccharide

mitogen-activated protein kinase

macrophage inflammatory protein
(9-chloro-2-(2-furanyl)-5-[(phenylacetyl)amino]-(1,2,4)-

triazolo(1,5-c)quinazoline

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide

messenger ribonucleic acid
5'-N-ethylcarboxamidoadenosine

nuclear factor
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nitric oxide
1,3-dipropyl-8-(2-amino-4-chlorophenyl)-xanthine
polymerase chain reaction
radioimmunoprecipitation

ribonucleic acid

N°-phenylisopropyladenosine

reverse transcription

tumor necrosis factor

vascular endothelial growth factor
4-[2-(7-amino-2-(2-furyl-(1,2,4)-triazolo(2,3-a)(1,3,5)triazin-5-
ylamino)ethyl]phenol



3. INTRODUCTION

3. 1. Adenosine: an endogenous nucleoside with multiple functions

Adenosine is an endogenous purine nucleoside which following its release from
cells or after being formed extracellularly travels to the cell membrane of surrounding
cells where it binds specific cell surface structures that recognize it, termed adenosine
receptors (Ralevic and Burnstock 1998; Fredholm et al. 2001). The concept of adenosine
as an extracellular signaling molecule was established following the seminal study of
Szentgyorgyi and his colleague demonstrating that adenosine extracted from heart
muscle, has pronounced biological effects, including heart block and arterial dilatation
(Drury and Szentgyorgyi, 1929). Since extracellular adenosine formation was later shown
to occur in the hypoxic and ischemic heart, the hypothesis was proposed that adenosine
served a protective function in the heart against the consequences of metabolically
detrimental situations both by decreasing the metabolic demands of the myocardium and
by increasing coronary blood flow (Ralevic and Burnstock, 1998). Subsequently,
evidence was obtained for similar protective actions for extracellular adenosine in other
cellular and organ systems, including the brain, kidney, skeletal muscle, and adipose
tissue. Based on this evidence a unifying hypothesis for adenosine action was formulated
by Newby and the term “retaliatory metabolite” was coined to describe adenosine’s
protective function (Newby, 1984). This hypothesis states that adenosine released in
response to a wide range of stressful injurious stimuli, participates in an autoregulatory
loop, the function of which is to protect organs from injury following the initiating

stressful stimuli.

3. 2. Protective effects of adenosine on organ functions via two different mechanisms
Adenosine exerts its protective effects via basically two different mechanisms.
Firstly, adenosine decreases the energy demand of the tissue via a direct

inhibitory effect on parenchimal cell function, exemplified by the negative inotropic

effect of adenosine on the heart muscle or the attenuation of neuronal firing and

neurotransmission in the central nervous system.



Secondly, adenosine indirectly protects the tissue by providing a more favorable
environment for parenchimal cells, for which the best example is that adenosine
augments nutrient availability by inducing vasodilation. More recent evidence indicates
that adenosine helps to maintain tissue integrity following harmful insults by another
major indirect route and that is through the modulation of immune system function.

However the immune response to tissue injury plays an essential role in
preserving tissue homeostatis, an uncontrolled immune activation can inflict further
damage on the affected tissues. It appears that the release of adenosine followed by its
binding to adenosine receptors on immune cells represents a potent endogenous
immunosuppressive pathway that can prevent this deleterious exuberance of the immune
response to harmful external insults.

Although adenosine is constitutively present in the extracellular space at low
concentrations, neurologic or metabolic stressful conditions dramatically increase its
extracellular levels both by stimulating its formation and by maintaining its
bioavailability via blockade of its cellular uptake and degradation. The predominant
source of extracellular adenosine during systemic activation of the stress system is the
sympathetic nervous system. Sperldgh and her coworkers recently demonstrated that
stimulation of sympathetic nerve terminals in immune organs resulted in the release of
not only the classical neurotransmitter norepinephrine but also of adenosine (Sperlagh et
al., 2000).

Furthermore, immune organs subjected to metabolic stress represented by hypoxia
or ischemia release adenosine originating from the immune cells themselves but not
nerve terminals (Sperlagh et al., 2000). Finally, specific inflammatory stimuli, such as
bacterial products are also capable of triggering adenosine release from immune cells
(Sperlagh et al., 1998; Bodin and Burnstock, 1998). These in vitro data are in line with in
vivo evidence demonstrating a dramatic increase in extracellular adenosine levels under
conditions associated with neurologic and metabolic stress (Jabs at al., 1998; Schmidt et
al., 1995; Martin et al., 2000).

For example, a recent study by Martin and his coworkers has documented that
systemic adenosine levels reach 4 to 10 uM in patients with sepsis, a condition associated

with both neurologic and metabolic stress, whereas adenosine concentrations in healthy



individuals are below 1 uM (Martin et al., 2000). This distinction becomes important in
light of the recent findings that macrophage function is not affected at adenosine levels of
1 uM, however, > 10 uM adenosine has strong immunosuppressive effects (Hasko et al.,
1996; Hasko et al., 2000). Finally, although the above studies did not address the question
of intraorgan adenosine levels, it has been demonstrated that adenosine concentrations

can reach as high as 100 uM in inflammatory foci (Cronstein, 1994).

3. 3. Subtypes of adenosine receptors
Adenosine receptors have been subdivided according to molecular, biochemical,

and pharmacological evidence into four subtypes. These are A1, A2a, A2b, and A3

receptors (Ralevic and Burnstock, 1998). While A; and Aj receptors are linked to Gi/o
and inhibit adenylate cyclase, Ao and Aj, receptors are coupled to Gs proteins and
increase adenylate cyclase activity and intracellular cAMP levels. These receptors also
signal through members of the mitogen activated protein kinase family, such as p38
MAPK, p42/p44 MAPK (ERK 1/2), and c-jun terminal kinase, as well as various
phospholipases, protein phosphatases, ion channels, and even small G proteins such as

Ras and Rho (Table 1).

3. 4. Immune cells express adenosine receptors

Although most immune cell types are responsive to the regulatory effects of
extracellular adenosine, monocytes/macrophages have recently emerged as prime targets
of the immunomodulatory effects of adenosine (Haské and Szabd, 1998; Hasko et al.,
2002b). Macrophages are specialized phagocytic cells that play an important role in
clearance of host cells undergoing apoptosis as well as of potentially harmful molecules,
such as immune complexes. In addition, macrophages are crucial players in the defense
against infection. These antigen-presenting cells are widely dispersed throughout the
body, including at portals of entry to microorganisms. They participate in initial capture
and processing of potential antigens and then in activation of specific T and B
lymphocyte effector mechanisms. These activated cells in turn cooperate with activated

macrophages to enhance destruction of intra- and extracellular pathogens.
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Table 1.

Adenosine receptors and their characterization

Ay Az, Azp Aj

Second messengers cAMPY, Ca**T, cAMPT, cAMPT, p38T cAMPY,

p38T, p42/44T p42/447 Ca*"t
G protein-coupling Gi/o Gs Gs, Gq Gi, Gq
Affinity to adenosine High High Low Low
Selective agonists CPA, CCPA CGS-21680 ? IB-MECA,

2CI-IB-MECA
Selective antagonists DPCPX, ZM?241385, | ALLOXAZINE | MRS-1220
PACPX CSC

Macrophages have been shown to express all four adenosine receptor subtypes
(Sajjadi et al., 1996; Xaus et al., 1999; Khoa et al., 2001; Gessi et al., 2000; Mirabet et
al., 1999; Gessi et al., 2001), however, the intracellular pathways activated by adenosine

receptors in macrophages are unknown.

3. 5. Adenosine reprograms macrophages resulting in an immunosuppressed and
anti-inflammatory phenotype

Adenosine affects almost all macrophage functions and these effects occur via
occupancy of specific adenosine receptors. Adenosine decreases the production of a
number of proinflammatory cytokines (Hasko et al., 1996; Hasko et al., 1998; Hasko et
al., 2000; Hasko and Szabd, 1998) that both orchestrate inflammatory/immune functions
of other cell types and act as autoregulators of macrophage function (Németh et al.,
2003a; Németh et al., 2003b; Hasko et al., 2002b) (Figure 1).

Maybe the best example is TNF-a, a regulator of neutrophil, endothelial cell, and
lymphocyte function, whose production has been shown to be under the inhibitory

control of adenosine (Hask6é and Szabo, 1998; Németh et al., 2003a). The adenosine

11




receptor subtypes mediating the inhibitory effect of adenosine on TNF-a production have
been extensively studied. Early pharmacological studies implicated A, receptors as being
responsible for most of the TNF-a suppression of adenosine (Reinstein et al., 1994;
Bouma et al., 1994). Subsequent studies have demonstrated that A; receptors could also
contribute to the adenosine suppression of TNF-a production (Hasko et al., 1996; Hasko

et al., 1998; Sajjadi et al., 1996; Hask¢ et al., 2000).
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Figure 1.

Simplified summary of major pathways involved in adenosine metabolism.

Adenosine is formed from its precursor ATP in both the intracellular and extracellular spaces.
The extracellular formation of adenosine is the result of an enzymatic cascade consisting of
NTPDases and acto-5’-nucleotidase. Extracellular adenosine ligates its receptors, AjR, Az.R,
AR, A3R, all of which are expressed on the surface of immune cells. Intracellular adenosine is
shunted into the extracellular space through membrane nucleoside transporters. The adenosine
kinase rephosphorylates adenosine to ATP while adenosine deaminase deaminates adenosine to

1nosine.
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Recent studies using adenosine receptor knockout mice have confirmed that both
Aj, (Hasko et al., 2000) and A; (Salvatore et al., 2000) receptors regulate macrophage
TNF-o production. In addition, adenosine decreases the production of IL-12 by
macrophages (Hasko et al., 2000; Khoa et al., 2001) and IL-12 is a pivotal factor in
inducing a strong inflammatory response. Conversely, adenosine enhances the
monocyte/macrophage ptroduction of IL-10, which is major anti-inflammatory cytokine
(Hasko et al., 2000; Khoa et al., 2001; Le Moine et al., 1996).

Adenosine attenuates macrophage proinflammatory activity also by suppressing
the production of both superoxide (Edwards et al., 1994) and nitric oxide (Xaus et al.,
1999; Hasko et al., 1996) and both A, and Ay, receptors are involved in this suppression
of free radical production by adenosine (Xaus et al., 1999; Hasko et al., 1996).

Taken together, adenosine has several actions on macrophages whose net result is

the development of a deactivated, anti-inflammatory macrophage phenotype.

3. 6. Aims of the study

3. 6. 1. To investigate whether adenosine receptor stimulation exerts an inhibitory effect

on TNF-a production by LPS-stimulated RAW 264.7 macrophages.

3. 6. 2. To examine whether adenosine has any effect on intracellular TNF-a levels in

immune-stimulated RAW 264.7 macrophages.

3. 6. 3. To determine whether IL-10 production can be modulated by adenosine treatment

in LPS-stimulated RAW 264.7 macrophages.

3. 6. 4. To investigate whether adenosine can modify the NF-kB transcription factor

system in LPS-treated RAW 264.7 macrophages.

3. 6. 5. To examine the effect of adenosine receptor stimulation on the activation of the

CREB transcription factor pathway in RAW 264.7 macrophages.
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3. 6. 6. To study whether gene expression can be up- or down-regulated by adenosine

treatment in LPS-stimulated RAW 264.7 macrophages

14



6. MATERIALS AND METHODS

Cell culture

The mouse macrophage cell line RAW 264.7 was grown in Dulbeccos’s modified
Eagle’s Medium (Invitrogen Corp., Carlsbad, CA) supplemented with 10% fetal bovine
serum, 50 U/ml penicillin (Invitrogen Corp.), 50 pug/ml streptomycin (Invitrogen Corp.),
and 1.5 mg/ml sodium bicarbonate (Invitrogen Corp.) in a humidified atmosphere of 95%

air and 5% CO,.

Drugs and reagents

The non-selective adenosine receptor agonist 5'-N-ethylcarboxamidoadenosine
(NECA), the selective A receptor agonists N°-cyclopentyladenosine (CPA), 2-chloro-N’-
cyclopentyl-adenosine (CCPA), N°-cyclohexyladenosine (CHA), R(-)N’-
phenylisopropyladenosine ~ (R-PIA), the  A,, receptor  agonist 2-p-(2-
carboxyethyl)phenethylamino-5’-N-ethyl-carboxamidoadenosine (CGS-21680), and the
Ajz receptor agonist NO-(3-iodobenzyl)-adenosine-5'-N-methyluronamide (IB-MECA)
were obtained from Research Biochemicals Inc. (Natick, MA). Adenosine, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium  bromide = (MTT), and LPS
(Escherichia coli 055:B5) were purchased from Sigma (St. Louis, MO). The p38 pathway
inhibitor SB203580 and p42/44 pathway inhibitor PD98059 were purchased from
Calbiochem (San Diego, CA). Stock solutions of SB203580 and PD98059 were prepared
using dimethylsuphoxide (DMSO).

TNF-o determination from cell supernatants and cell extracts

Cells in 96 well plates were treated with adenosine or various adenosine receptor
agonists 30 min before the addition of 10 pg/ml LPS. Supernatants for TNF-o
determination were obtained 4 hours after stimulation with LPS. For the determination of
intracellular TNF-a, macrophages in 24 well plates were pretreated with adenosine
followed by LPS (10 pg/ml) stimulation 30 min later. After an additional 6-hour

incubation, the supernatants were removed and the cells were lysed as described
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previously (Hasko et al., 2002a). TNF-a levels in cell supernatants or cell lysates were
determined by ELISA (R&D Systems Inc. Minneapolis, MN), as we have previously
described (Hasko et al., 2002a; Németh et al., 2002a; Németh et al., 2003b).

Measurement of IL-10 levels in the supernatant

Cells in 24 well plates were treated with adenosine (100 uM) followed by the
addition of 10 pg/ml LPS. Supernatants for IL-10 determination were obtained 5 hours
after stimulation with LPS (10 pg/ml) as we have previously described (Haské et al.,
2002a). IL-10 levels in cell supernatants were determined by enzyme-linked

immunosorbent assay (ELISA) as described previously (Németh et al., 1998).

NF-xB and CREB electromobility shift assay (EMSA)

RAW 264.7 cells were stimulated with LPS (10 pg/ml) for 45 min and nuclear
protein extracts were prepared as described previously (Németh et al., 2002a). To
determine the effect of adenosine receptor agonists, cells were pretreated with these
agents or their vehicle 30 min before stimulation. All nuclear extraction procedures were
performed on ice with ice-cold reagents. Cells were washed with PBS and harvested by
scraping into 1.5 ml of PBS and pelleted at 1,500 x g for 10 min.

The pellet was resuspended in 60 pl of cytosolic lysis buffer (20% v/v glycerol,
10 mM HEPES pH 8.0, 10 mM KCIl, 0.5 mM EDTA pH 8.0, 1.5 mM MgCl,, 0.5 % v/v
NP-40, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin,
1 pg/ml leupeptin, and 1 pg/ml pepstatin A) and incubated for 15 min on ice with
occasional vortexing.

After centrifugation at 4,500 x g for 10 min, supernatants (cytosolic extracts) were
discarded. Two cell pellet volume of nuclear extraction buffer (20% v/v glycerol, 20 mM
HEPES pH 8.0, 420 mM NaCl, 0.5 mM EDTA pH 8.0, 1.5 mM MgCl,, 50 mM glycerol-
phosphate, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin A, all from Sigma) was added to the

nuclear pellet and incubated on ice for 30 min with occasional vortexing.
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Nuclear proteins were isolated by centrifugation at 14,000 x g for 15 min. Protein
concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad, Hercules,
CA). Nuclear extracts were aliquoted and stored at -80 °C until used for electromobility
shift assay (EMSA).

The nuclear factor kB (NF-kB) or cAMP responsive element binding protein
(CREB) consensus oligonucleotide probe used for the EMSA was purchased from
Promega (Promega Corp., Madison, WI). Oligonucleotide probes were labeled with [y-
32P] ATP using T4 polynucleotide kinase (Invitrogen Corp.) and purified in MicroSpin
G-50 columns (Amersham Pharmacia, Piscataway, NJ).

For the EMSA analysis, 8-12 pg of nuclear proteins were pre-incubated with
EMSA binding buffer (8 % glycerol v/v, 10 mM Tris-HCI pH 8.0, 2 mM MgCl,, 0.5
mM EDTA pH 8.0, and 0.5 mM dithiothreito, all from Sigma) as well as 15 ng/ul
poly(dI)-poly(dC) Reagent (Amersham Pharmacia Biotech), 0.4 ng/ul of ssDNA Reagent
(Amersham Pharmacia Biotech), and 0.2 mg/ml of bovine serum albumin (Sigma) at
room temperature for 10 min before addition of the radiolabeled oligonucleotide for an
additional 25 min. Protein-nucleic acid complexes were resolved using a non-denaturing
polyacrylamide gel consisting of 4 9% acrylamide (29:1 ratio of acrylamide:
bisacrylamide) and run in 0.5X TBE buffer (44.5 mM Tris-Base, 44.5 mM boric aid, 1
mM EDTA, all from Sigma) for approximately 2.5 h at constant current (35 mA). Gels
were transferred to Whatman 3M paper, dried under vacuum at 80 °C for 40 min, and
exposed to photographic film at -80 °C with an intensifying screen.

For NF-kB supershift studies, before addition of the radiolabeled probe, samples
were incubated for 30 min with 4 pg of isotype control (rabbit polyclonal IgG Mad 1
antibody, sc-222X), p65 (sc-109X), or p50 (sc-114X) Ab (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). And for CREB supershift studies, before addition of the
radiolabeled probe, samples were incubated for 30 min with 4 pg of isotype control
(rabbit polyclonal IgG Mad 1 antibody, (sc-222X) (Santa Cruz Biotechnology, Inc.),
ATF-1 (sc-243X) (Santa Cruz Biotechnology, Inc.) or CREB-1 (sc-186X) antibody
(Santa Cruz Biotechnology, Inc.).
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Transient transfection and luciferase activity

For transient transfections, 3x10° RAW 264.7 cells were seeded per well of a 24-
well tissue culture dish (Corning Incorporated, Corning, NY) 1 day prior to transient
transfection. Cells were transfected with 30 ul/ml of FuGENE 6 Transfection Reagent
(Roche Applied Science Applied Science, Indianapolis, IN) in 160 pl of medium per
well. The medium contained 5 pg/ml of DNA containing a NF-kB promoter construct
(Clontech, San Diego, CA). In the case of CREB luciferase the transfection medium
contained 5 pg/ml CREB luciferase (pCRE-luc) promoter construct (Clontech) and 0.3
pg/ml of control Renilla luciferase (pRL-CMV) plasmid (Clontech).

After an overnight transfection with NF-xB luciferase vector, the cells were
pretreated with adenosine (100 uM) or its vehicle (medium) for 30 min, which was
followed by stimulation with LPS (10 pg/ml) for 6 hours. In the case of the measurement
of CREB activation, after an overnight transfection, the cells were exposed to adenosine
or its vehicle (medium) for 8 hours. NF-kB luciferase activity was measured by the
Luciferase Reporter Assay System (Promega, Madison, WI) and normalized relative to
png of protein, as we have described previously (Németh et al., 2002b; Németh et al.,
2003b) for the NF-kB luciferase assay. CREB luciferase activity was measured by the
Dual Luciferase Reporter 1000 Assay System (Promega).

Western blot analysis of inhibitory «B (IxB) and p65

Levels of protein p65 were analyzed using the nuclear extracts prepared for the
EMSA assays. For IkB Western blotting, RAW cells in 6-well plates were pretreated with
adenosine (100 uM) or vehicle and 30 min later the cells were stimulated with LPS (10
pg/ml) for 30 min. After washing with PBS, the cells were lysed by the addition of
modified radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCI, 150 mM NaCl, 1
mM EDTA, 0.25% Na-deoxycholate, 1% NP-40, 1 pg/ml pepstatin, 1 pg/ml leupeptin, 1
mM phenylmethylsulfonyl fluoride, and 1 mM Naz;VOy,).

The lysates were transferred to Eppendorf tubes, centrifuged at 15,000 x g and the
supernatant was recovered. Protein concentrations were determined using the Bio-Rad

Protein Assay. 10-20 pg of sample was separated on a 8-16% Tris-Glycine gel
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(Invitrogen Corp.) and transferred to a nitrocellulose membrane. The membranes were
probed with anti-p65 (Santa Cruz Biotechnology) or anti-IkBa (Cell Signaling, Beverly,
MA) and subsequently incubated with a secondary horseradish peroxidase-conjugated
donkey anti-rabbit antibody (Boehringer Mannheim Corp., Indianapolis, IN). Bands were
detected using ECL Western Blotting Detection Reagent (Amersham Pharmacia Biotech).

Western blot analysis of phospho-CREB, phospho-p38, and phospho-p42/44
Phospho-CREB levels were analyzed using nuclear extracts prepared as described
for the EMSA assays. Western blotting to detect p38 and p42/44 phosphorylation was
performed using cytosolic extracts prepared as described above. Protein concentrations
were determined using the Bio-Rad Protein Assay. 10-20 pg of sample was separated on
a 8-16% Tris-Glycine gel (Invitrogen) and transferred to a nitrocellulose membrane. The
membranes were probed with Anti-ACTIVE p38 pAb (V1211) or anti-ACTIVE MAPK
(p42/44) pAb (V8031) (Promega Corp.) and subsequently incubated with a secondary
horseradish peroxidase-conjugated goat anti-rabbit antibody (Santa Cruz Biotechnology).
Bands were detected using ECL Western Blotting Detection Reagent (Amersham

Pharmacia Biotech).

Affymetrix gene chip analysis

RAW 264.7 cells were plated in 6-well plates 1 day prior to the experiment. The
cells were activated with LPS (10 pg/ml) for 3 h or exposed to the vehicle for LPS
(medium). Adenosine (100 uM) or its vehicle was added to the cells 30 min before the
LPS challenge.

Thus, the following 4 experimental groups were designed: vehicle for adenosine +
vehicle for LPS, vehicle for adenosine + LPS, adenosine + LPS, and adenosine + vehicle
for LPS. With the exception of the adenosine + vehicle group, where n was 3, all groups
contained an n of 4. These numbers were the result of two independent experiments
performed on two different experimental days (two samples from both experiments for all
the groups with the exception of the adenosine + vehicle group, where two samples were

obtained from the first experiment and one from the other).
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Total RNA was prepared using TRIzol (Invitrogen Corp.) and further purified
using Rneasy Mini Kit (Qiagen, Valencia, CA). Thereafter, total RNA was reverse
transcribed in 20 pl using superscript II (Invitrogen). Double stranded DNA was created
using a replacement reaction involving Rnase H, ligase, and DNA polymerase 1. The in
vitro transcription was done using the Enzo High Yield Transcription Kit which
incorporates the biotinylated ribonucleotides UTP and CTP.

Equal amounts of fragmented cRNA were then hybridized to MG-U74Av2 gene
chips according to Affymetrix protocols (Affymetrix, Inc., Santa Clara, CA) at the
Biopolymers Facility, Harvard Medical School (Boston, MA). Chips were scanned and
analyzed using GeneChip® Analysis Suite software. Data sets of intensities of 12,488
probe sets per array were compared using Microsoft Excel (Microsoft, Redmond, WA)
software. To identify differentially expressed genes, we excluded all genes from the
analysis that were scored absent in any of the samples. Furthermore, the ESTs were

excluded from the analysis.

RT-PCR

These experiments were performed using RNA isolated for the microarray
experiment. 5 pug of RNA was transcribed in a 20 pl reaction containing 10.7 ul of RNA
(5 ng), 2 wl of 10x PCR buffer, 2 ul of 10 mM dNTP mix, 2 pl of 25 mM MgCl,, 2 ul of
100 mM dithiothreitol, 0.5 ul of RNase inhibitor (PerkinElmer, Inc., 20 U/ul), 0.5 ul 50
mM oligo d(T) and 0.3 ul of reverse transcriptase (Roche Applied Science, Indianapolis,
IN). The reaction mix was incubated at 42°C for 15 minutes for reverse transcription.
Thereafter, the reverse transcriptase was inactivated at 99°C for 5 min. RT generated
DNA was amplified using Expand™ High Fidelity PCR System (Roche Applied
Science). The reaction buffer (25 ul) contained 2 pl of cDNA, water, 2.5 pl of PCR
buffer, 1.5 pl of 25 mM MgCl,, 1 ul of 10 mM dNTP mix, 0.5 pul of 10 uM
oligonucleotide primer (each), and 0.2 ul of Taq polymerase (Roche Applied Science
Applied Science).

cDNA was amplified using the primer sets described in Table 2. PCRs were
carried out using the following conditions for TNF-a, A,, receptor, Ay, receptor an initial

denaturation at 94°C X 5 min, 22, 30, and 30 cycles of 94°C x 30 s for TNF-a, A
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receptor, and A,, receptor, respectively, 58°C x 45 s, 72°C x 45 s; a final dwell at 72°C x
7 min.

PCR products were resolved on a 1.5% agarose gel and stained with ethidium
bromide (Németh et al., 2002a).
Table 2.

Primer sets used for PCR

Gene Direction | Sequence Reference

TNF-o. | sense 5’-GGCAGGTCTACTTTGGAGTCATTGC | Murray et al., 1990
-3’

TNF-o. | antisense | 5’~ACATTCGAGGCTCCAGTGAATTCGG | Murray et al., 1990
-3’

Ay, rec. | sense 5’-CACGCAGAGTTCCATCTTCA-3’ Hoskin et al., 2002

Ay, rec. | antisense | 5’-AGCAGTTGATGATGTGCAGG-3’ Hoskin et al., 2002

Aoy rec | sense 5’- TGGCGCTGGAGCTGGTTA -3’ Zhao et al., 2002

Ay rec | antisense | 5°- GCAAAGGGGATGGCGAAG -3’ Zhao et al., 2002

Measurement of mitochondrial respiration
Mitochondrial respiration, an indicator of cell viability, was assessed by the
mitochondria-dependent reduction of MTT to formazan (Németh et al., 2002b). After the

various treatments for cytokine measurements (see above), supernatants were removed

and cells incubated with MTT (0.5 mg/ml) for 60 min at 37 ©C. Culture medium was
removed by aspiration and the cells were solubilized in Me,SO (100 pl/well). The extent
of reduction of MTT to formazan within cells was quantitated by measurement of optical
density at 550 nm using a Spectramax 250 microplate reader (Global Medical
Instrumentation, Inc., Albertville, MN).

Statistical evaluation
Values in the figures, tables and text are expressed as mean £ SEM of n
observations. Statistical analysis of the data was performed by Student 7 test or one-way

analysis of variance followed by Dunnett's test, as appropriate.
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5. RESULTS

5. 1. Adenosine receptor agonists decrease TNF-a production and intracellular

TNF-a levels in LPS-stimulated RAW 264.7 macrophages

First, we examined whether adenosine receptor stimulation decreased the
production of the NF-kB-regulated cytokine TNF-a by macrophages. Stimulation of cells
with LPS for 4 hours induced the release of TNF-a into the medium. Adenosine (10-100
uM) pretreatment of cells 30 min before the LPS challenge reduced the release of TNF-a,
which occurred in a concentration-dependent fashion (Figure 2). The adenosine receptor
agonists CPA, CCPA, CGS-21680, NECA, and IB-MECA, all mimicked the effect of
adenosine in suppressing the production of TNF-a by LPS-stimulated RAW 264.7 cells
(Figure 3). None of these purinergic agents had any effect on cell viability, as determined
using the MTT assay (data not shown). These data obtained using LPS-stimulated RAW
264.7 cells confirm the previous observations of studies using other macrophage systems
(Bouma et al., 1994; Hasko et al., 1996; McWhinney et al., 1996; Sajjadi et al., 1996;
Mayne et al., 1999; Mayne et al., 2001; Leibovich et al., 2002) that adenosine receptor

stimulation attenuates the production of TNF-a.

Figure 2.

50- Adenosine  inhibits TNF-a
g w0l production by RAW 264.7
g) ok i macrophages stimulated with
; 304 5 LPS (10 pg/ml) for 4 hours.
'S_ 20 TNF-o was measured from the
:‘P 1ol 5k supernatant using ELISA. Data
< are expressed as the mean +
= 0- 0 10 30 100 SEM of 6 wells. **, indicates p

adenosine (microM) <0.01.
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Figure 3.

Effect of various adenosine receptor

30

agonists (10 uM) on LPS-induced ~—~
TNF-a production by RAW cells. g

(@) 5
Adenosine or the adenosine & 207 s
agonists were added to the cells 30 2 e I

. o T

minutes prior to LPS & 10

1
administration. TNF-a was LZL i o
measured from the supernatants - |

. vehicle NECA IB-MECA CCPA CPA CGS
using ELISA. Data are expressed as

the mean = SEM of 6 wells. **,

indicates p < 0.01.

Next, we asked the question, whether adenosine acted by decreasing the
accumulation of intracellular TNF-a or if it affected the release of this cytokine. The
results of this experiment showed that treatment of the cells with LPS induced the
appearance of intracellular TNF-a, which was suppressed by adenosine pretreatment
(Figure 4). These results indicate that adenosine does not interfere with the release

process of TNF-a.. .
Figure 4.

Adenosine decreases intracellular TNF-a
levels in RAW 264.7 macrophages. Cells

2 were pretreated with adenosine (100 uM)

and 30 min later the cells were exposed
1.5 to LPS (10 pug/ml) for another 6 hours. At

the end of the incubation period, the

ek

adherent cells were lysed for the
0.5 determination of intracellular TNF-a.

TNF-a levels were determined by

cell-associated TNF (ng/ml)

control LPS ADO+LPS ELISA. Data are expressed as the mean +
SEM of 8 wells. **, Indicates p < 0.01.
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5. 2. Lack of effect of adenosine on NF-kB activation in RAW 264. 7 macrophages

Because NF-kB is an important regulator of TNF-a production by macrophages
(Baeuerle and Henkel, 1994), we next tested the possibility that adenosine decreased
activation of the NF-kB transcription factor system. As shown in Figures 5A and 5B,
using nuclear extracts from LPS-treated RAW 264.7 cells, we observed an increase in
NF-kB binding, when compared to LPS-untreated cells. Supershift studies confirmed the
observation by previous reports (Bacuerle and Henkel, 1994) that the DNA binding
complex induced by LPS contained both p65 and p50 (Figure 4A, right panel). However,
neither adenosine (Figure 5) nor adenosine receptor agonists (Figures 6, 7, and 8) affected

this induction of NF-kB DNA binding.

Figure 5.

Adenosine pretreatment (100
cont .
Ab p50 p65 uM) fails to decrease LPS (10

pg/ml)-induced NF-«xB DNA
binding in RAW 264.7 cells.
Adenosine or the adenosine

agonists were added to the
' W | — p50/p65

cells 30 minutes prior to LPS

* administration. NF-kB DNA
n binding was assessed from

C LPS AIBO supershift nuclear extracts obtained 45
LPS min after LPS (10 pg/ml)
stimulation using EMSA.

These figures are

representatives of 3 separate

experiments.
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CHA (A1) R-PIA (A1) CCPA (A1)

e -

- .
ab c abc

Figure 6.

Pretreatment with 10 uM of adenosine A; receptor agonists (CHA, R-PTA, CCPA) does not affect
LPS (10 pg/ml)-induced NF-«B DNA binding in these cells.

a: no LPS; b: LPS; c: agonist+LPS.

CGS-21680 (A2a) NECA (A2b)

Figure 7.

Pretreatment with 10 pM of

adenosine A, receptor agonists

- e <
4—  (CGS-21680, NECA) does not

affect LPS (10 pg/ml)-induced
NF-«B DNA binding in these

cells.

a b c ab c
IB-MECA (A3)

Figure 8.

Pretreatment with 10 uM of adenosine A; receptor agonists (IB-
MECA) does not affect LPS (10 pg/ml)-induced NF-xB DNA
binding in these cells.

a: no LPS; b: LPS; c: agonist+LPS.

" -
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the nucleus or LPS-elicited IxB degradation (Figure 9).

Further, adenosine did not prevent either the LPS-induced accumulation of p65 in

" .

p635

C LPS A_]BO
LPS

— | —

C LPS ADO C LPS A]_lD_O
+
LPS LPS

Figure 9.

Lack of effect of adenosine (100 uM) on LPS (10

png/ml)-induced degradation of IxkB and the nuclear

translocation of p65.

IxkBa

26

RAW 264.7 cells were pretreated with
vehicle (c¢) or adenosine (ADO) for 30
min followed by an LPS challenge for
30 min. The degradation of IkB and
p65 nuclear translocation activation
were determined using Western
blotting. This figure is representative of

3 separate experiments.



5. 3. Adenosine does not affect LPS-induced NF-kB-dependent transcriptional

activity

The possibility still existed that adenosine could prevent NF-kB transcriptional

activity without interfering with NF-xB DNA binding. To test this hypothesis, we

transiently transfected cells with a NF-kB-luciferase reporter construct. Then, the

transfectants were pretreated with adenosine or its vehicle for 30 min, which was

followed by stimulation with LPS for 6 hours. The effect of adenosine on NF-kB-

dependent gene transcription was assessed using the luciferase assay. Similar to results of

the DNA binding experiments, adenosine failed to suppress LPS-stimulated NF-kB-

dependent gene transcription (Figure 10). Finally, adenosine alone failed to affect NF-

kB-dependent gene transcription (data not shown).

Figure 10.

Adenosine pretreatment (100 uM) has no
effect on LPS-induced NF-kB-dependent
transcriptional activity in RAW cells
transiently transfected with a NF-xB-
luciferase promoter construct. Adenosine
was added to the cells 30 minutes prior to
LPS administration. Luciferase activity
was measured from cells lysed 6 hours
after LPS treatment and normalized to
protein content. Data are mean £ SEM of
n=14-16 wells from two separate
experiments. **, Indicates p < 0.01 vs.

control

Specific activity
(U/microg protein)

&k

control LPS
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5. 4. Adenosine upregulates IL-10 production by LPS-stimulated RAW 264.7

macrophages

IL-10 was initially described as a T helper (Th)2 product that inhibited the
secretion of cytokines by Thl T cell clones (Mosmann, 1994). Recently, it has been
demonstrated that monocytes and macrophages also produce IL-10 (Fiorentino at al.,
1991; de Waal Malefyt at al., 1991) and that macrophages appear to be a major source of
circulating IL-10 response to LPS (Barsig et al., 1995). IL-10 inhibits the synthesis of
various cytokines (TNF-a., IL-1, IFN-y, IL-6 and granulocyte-macrophage CSF) secreted
by monocytes/macrophages in response to activation by LPS (Mosmann, 1994).

Since our previous results (Hasko et al.,, 1996) show a clear anti-inflamatory
effect of adenosine receptor stimulation, we examined whether treatment with adenosine
increases the production of the anti-inflammatory cytokine IL-10 by LPS-stimulated
macrophages. Stimulation of RAW 264.7 macrophages with LPS (10 pg/ml) for 5 hours
resulted in an increase in IL-10 production. Exposure of the cells to 100 uM adenosine

for 5 hours upregulated this LPS-induced IL-10 response (Figure 11).

200, H# Figure 11.

Adenosine augments IL-
1301 10 production by RAW

264.7 macrophages. Data
e sk are expressed as the mean
+ SEM of 8 wells.

** indicates p < 0.01; and

a
e

IL-10 (pg/ml)

0L mmm— S * indicates p < 0.01.

control LPS ADO+LPS ADO
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5. 5. Adenosine augments CREB-dependent transcriptional activity

Since IL-10 production can be increased following CREB activation (Hasko and
Szabo, 1998), we next studied whether extracellular adenosine affected transcriptional
activity of a CREB-firefly-luciferase construct transfected into RAW 264.7 macrophages.
To control transfection efficacy, cells were cotransfected with pCMV-Renilla-luciferase
vector. Exposure of the cells to adenosine (10-100 uM) increased the firefly/Renilla ratio
as compared to vehicle-treated cells, which indicates that adenosine augments CREB-

dependent transcriptional activity (Figure 12).

Figure 12.
Adenosine increases CREB-
dependent transcriptional

activity in macrophages. RAW
80

- *% 264.7 cells were transiently
E = 60 *T* : transfected with a firefly
§ g CREB-luciferase promoter
%g o i construct and control Renilla-
T E luciferase vector. Exposure of
>5 20
_“G;J"’ j the cells to adenosine for 8
- 0- 0 10 0 100 hours induced a significant
adenosine (microM) increase in the Firefly/Renilla

ratio. Data are mean + SEM of
n=6-8, **p < 0.01. This figure is
In the next set of experiments, we repres‘entative of 3 scparate
determined whether this increase in CREB- driven experiments.
transcriptional activity following adenosine treatment was secondary to increased CREB

DNA binding.
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To assess CREB DNA binding, cells were treated with adenosine (100 uM) for 0,

30, and 90 minutes and nuclear extracts were prepared and subjected to EMSA using a

CREB consensus oligonucleotide. The intensity of the only major CREB DNA binding

complex  (CREB-1)
that was observed at
the 0 minute time point
did not change 30 or
90 min after adenosine
administration (Figure
13). Furthermore, the
composition of this
complex ~was  not
altered by adenosine
because it
contained CREB-1 but

not ATF-1 at all of the

treatment,

time points. That is
because a CREB-1
antibody but not an
ATF-1 antibody caused
a complete supershift

of this complex at all

time points examined.

Figure 13.

0 min 30 min 90 min
g v @ 8- & B - o
=R E L W £ oL W
S E X 5 E T § FE C
o < O o < O o < O

e ae Be

<— Supershift

+«— CREB-1

<+—— Non-specific

<+— Free probe

Adenosine fails to affect CREB DNA binding in RAW 264.7 macrophages.

Cells were incubated with adenosine (100 uM) for 0, 30, or 90 min and after the incubation

period nuclear extracts were prepared. DNA binding was determined from the nuclear

extracts using EMSA. To determine the composition of the DNA binding complex, nuclear

extracts were preincubated for 30 min with antibodies to CREB family members or an isotype

control antibody. This figure is representative of 3 separate experiments.
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5. 6. Adenosine induces CREB phosphorylation

Since adenosine did not alter CREB DNA binding, the next possibility was that
theadenosine-induced increment in CREB transcriptional activity was a consequence of
increased CREB phosphorylation on Ser133.

The reason for this proposition is that Ser133 phosphorylation of CREB is one of
the predominant mechanisms by which CREB-driven transcriptional activity is
stimulated (Shaywitz and Greenberg, 1999). Adenosine (100 uM) administration to RAW
cells for 30 minutes elicited an increase in CREB phosphorylation (Figure 14), indicating
that adenosine enhances CREB-driven transcriptional activity via CREB

phosphorylation.

Figure 14.

Adenosine triggers phosphorylation
of nuclear CREB on Serl33 in
<«p-CREB
RAW 264.7 macrophages. Cells

were treated with adenosine for 30

minutes, following which nuclear

extracts were prepared.

CREB phosphorylation was 25,
assessed using Western blotting P 20] —
®'c — ]
with an antibody raised against & 3
o
Ser133 phospho-CREB. This figure - ®
O 10
is representative of 3 separate *3_%
experiments. S

V_VehICle; a—adenosme i vehicle adenosinevehicle adenosinevehicle adenosine

Extracellular adenosine has been reported to activate both p38 and p42/44 (Sexl
et al., 1997; Dickenson et al., 1998; Grant et al., 2001; Feoktistov et al., 2001). In
addition, both of these mitogen-activated protein (MAP) kinases have been shown to be

intermediaries of CREB activation following extracellular stimuli (Tan 1996, Cammarota
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2001). Therefore, we tested the possibility that either p38 or p42/44 was involved in
mediating the stimulatory effect of adenosine on CREB transcriptional activity.

First, we examined whether adenosine triggered activation of p38 and p42/44 in
RAW macrophages

using Western A B

blotting  utilizing

antibodies against 509 s
) 2 [
the active, double- 2 4o
[Tk
@t #Ht
phosphorylated PR i
form of p38 and A - <« Phospho-p38 §§ 208
Lg
p42/44. We found g 2 vava 5% 1o
q)\-/
that adenosine (100 L
M . d h . ¢ vehicle adenosine vehicle adenosin
increased the
H ) vehicle SB203580

activation of p38

(Figure 15).

Figure 15.

Adenosine (100 uM) induces p38 activation in RAW 264.7 cells (A). Cells were incubated with
adenosine for 30 minutes. p38 activation was determined from cytosolic extracts using Western
blotting employing antibodies raised against the active, double-phosphorylated form of p38.
This figure is representative of three separate experiments. Treatment of RAW 264.7 cells with
the selective p38 pathway inhibitor SB203580 suppresses the adenosine-induced CREB
transcriptional activity (B). To measure CREB-driven transcriptional activity, cells were
transiently transfected with a firefly CREB-luciferase promoter construct and control Renilla-
luciferase vector. Cells were treated with adenosine in the presence or absence of SB203580 for
8 hours. Firefly luciferase reporter activities were normalized against Renilla luciferase
activities and CREB-driven transcriptional activity was expressed as the Firefly/Renilla ratio.
Data are mean + SEM of n=6-8 wells wells. Three experiments with similar results were
performed. **p < 0.01 indicates a significant increase in CREB-transcriptional activity
following adenosine administration. ## p < 0.01 indicates a significant suppression of

adenosine-induced transcriptional activity by SB203580 treatment. v-vehicle; a-adenosine
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Furthermore, adenosine enhanced activation of p42/44 with a more pronounced
effect on p44 (Figure 15). To examine, whether this activation of p38 and p42/44 caused
by adenosine contributed to the stimulatory effect of adenosine on CREB transcriptional
activity, we next investigated whether MAP kinase inhibition decreased adenosine-
stimulated CREB transcriptional activity. Treatment of RAW cells with the selective p38
pathway inhibitor SB203580 produced a blunting of the CREB transcriptional response
to adenosine (Figure 15), because adenosine increased CREB transcriptional activity by
172% in vehicle-treated cells, whereas the adenosine-induced increase in CREB-driven
transcriptional activity amounted to only 79% in SB203580-treated cells. On the other
hand, the selective p42/44 pathway inhibitor PD98059 failed to affect CREB

A transcriptional activity,
B because adenosine
increased CREB
300, e
> . . .« e
5 transcriptional activity to
8% 200| *x h . b h
beor v o v el 92 the same extent in bot
<—Phospho-p42 ac)g .
€5 vehicle-treated and
=8
[
N ' PD98059-treated cells
vehicle i vehicle i
'. vehicle PD 98059 (Figure 16).

Figure 16.

Adenosine (100 uM) induces p42/44 activation in RAW cells (A). Cells were incubated with
adenosine for 30 minutes. p42/44 activation was determined using Western blotting employing
antibodies raised against the active, double-phosphorylated form of p42/44. This figure is
representative of three separate experiments. Treatment of RAW cells with the selective p42/44
pathway inhibitor PD98059 fails to suppress adenosine-induced CREB transcriptional activity
(B). Cells were transiently transfected with a firefly CREB-luciferase promoter construct and
control Renilla-luciferase vector. RAW cells were treated with adenosine in the presence or
absence of SB203580 for 8 hours. Firefly luciferase reporter activities were normalized against
Renilla luciferase activities and CREB-driven transcriptional activity was expressed as the
Firefly/Renilla ratio. Data are mean £ SEM of n=6-8 wells wells. Three experiments with
similar results were performed. **p < 0.01 indicates a significant increase in CREB-

transcriptional activity following adenosine administration. v-vehicle; a-adenosine
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5. 7. Microarray analysis of gene expression in RAW 264.7 cells treated with

adenosine and/or LPS

Stimulation with LPS induced a > 2-fold induction of 98 genes after 3 hours

(Table 3) whereas 32 genes were repressed > 2-fold by LPS at this time point (Table 4).

Table 3.

Genes induced after 3 hours in LPS-stimulated RAW 264.7 macrophages

Accession number Descriptions LPS/control Adenosine+LPS
/LPS
M88242 glucocortoid-regulated inflammatory 48.10 0.73
prostaglandin G/H synthase
M31418 Interferon activated gene 202 21.15 0.80
X87128 p75 TNF receptor 16.62 1.04
J04491 small inducible cytokine A3 15.64 0.94
D84196 tumor necrosis factor alpha 13.94 0.92
M31419 interferon activated gene 204 13.86 0.82
X67644 gly96 9.88 0.93
AF099973 schlafen2 9.44 0.90
U53219 GTPase IGTP 8.54 0.87
M12330 Ornithine decarboxylase 8.16 0.98
U23781 Hematopoietic-specific early-response Al-d 8.15 0.96
protein
132838 interleukin 1 receptor antagonist 7.97 1.01
ABO011665 BAZF 7.92 0.82
L09737 GTP cyclohydrolase 1 7.80 1.00
X61800 CCAAT/enhancer binding protein (C/EBP), delta 7.47 0.77
U57524 I kappa B alpha 7.39 0.91
AF099974 schlafen3 7.27 0.77
U19118 transcription factor LRG-21 6.25 0.86
AJ007972 GTPI protein 6.24 0.86
L35528 manganese superoxide dismutase (MnSOD) 5.72 0.81
U23778 hematopoietic-specific early-response Al-b 5.49 0.97
protein
M90551 intercellular adhesion molecule 4.89 0.81
U06924 signal transducer and activator of transcription 1 4.81 0.85
J03023 Hemopoietic cell kinase 4.57 0.88
Y 14041 CASH alpha 4.53 0.92
U09507 cyclin-dependent kinase inhibitor 1A (P21) 4.51 1.08
ABO013137 glutaredoxin 4.47 1.06
AF099977 schlafen4 4.42 0.85
U20159 76 kDa tyrosine phosphoprotein SLP-76 4.28 0.82
U05265 glycoprotein 49 B 4.28 0.89
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M22998 solute carrier family 2 (facilitated glucose 4.26 0.81
transporter)
L15435 tumor necrosis factor (ligand) superfamily, 4.21 1.06
member 9
U60020 transporter 1, ABC (ATP binding cassette) 4.13 0.88
U94828 retinally abundant regulator of G-protein 4.11 1.17
signaling mRGS-r (RGS-1)
Y 13089 caspase-11 4.04 0.85
U40930 oxidative stress-induced protein 3.73 0.90
AJO01616 myeloid associated differentiation protein 3.73 0.85
AJ249706 myosin X (myo 10 gene) 3.69 0.94
M57999 nuclear factor of kappa light chain gene enhancer 3.65 0.91
in B-cells 1
U16985 lymphotoxin-beta 3.56 0.71
J04103 E26 avian leukemia oncogene 2, 3 domain 3.55 0.88
X66084 CD44 3.53 0.89
135049 Bcl2-like 3.53 0.68
X80638 thoC 341 1.03
U09928 protein kinase, interferon inducible double 3.37 1.00
stranded RNA dependent
U48403 glycerol kinase 3.37 0.88
AF052506 double-stranded RNA-specific adenosine 3.34 0.98
deaminase
L10244 spermidine/spermine N1-acetyl transferase 3.26 0.89
K02236 metallothionein 2 3.12 0.92
M73696 Glvr-1 3.10 0.81
AF002719 secretory leukoprotease inhibitor gene 3.03 0.96
AJ242778 ABINI (A20-binding inhibitor of NF-kappa B 3.02 0.91
activation
U35374 purine nucleoside phosphorylase (Np-b) 2.99 1.00
X61399 F52 2.96 0.89
M31312 beta Fc receptor type 11 (FCRII) 291 0.72
AF020772 importin alpha Q2 2.83 0.82
750159 Suil 2.82 0.96
S46665 C5a anaphylatoxin receptor=peptidergic G- 2.82 0.94
protein-coupled receptor
AF075136 Sin3-associated protein (sap30) 2.81 0.78
M65027 glycoprotein 49 A 2.80 0.80
Y 08460 degenerative spermatocyte homolog 2.71 0.81
D63902 zinc finger protein 147 2.67 0.83
U49513 small inducible cytokine A9 2.57 0.96
U33626 promyelocytic leukemia 2.54 0.95
D86176 phosphatidylinositol 4-phosphate 5-kinase type I- 2.49 0.92
alpha
Y 17860 ganglioside-induced differentiation associated 2.48 0.86
protein 10
U95498 AFlq 2.47 0.72
X60304 protein kinase C, delta 2.46 0.85
J04509 jun proto-oncogene related gene d1 2.38 0.91
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X70956 TOP gene for topoisomerase | 2.38 0.83
U77461 complement component 3a receptor 1 2.34 0.85
U18869 mitogen-responsive 96 kDa phosphoprotein p96 2.33 0.86
M59821 growth factor-inducible protein (pip92) 2.31 0.84
L13732 natural resistance-associated macrophage protein 2.29 0.91
1
D13003 reticulocalbin 2.29 0.74
AB024427 Sid1669p 2.25 0.81
U68064 ceroid lipofuscinosis, 2.25 0.99
AF038008 tyrosylprotein sulfotransferase-1 2.23 0.91
AB033887 mACS4 variant2 mRNA for Acyl-CoA synthetase 2.23 0.78
4 variant 2
D13695 lymphocyte antigen 84 2.20 0.77
AJ009862 transforming growth factor-beta 1 2.19 0.92
AF020313 proline-rich protein 48 2.17 0.80
M34603 proteoglycan core protein 2.14 1.00
M59446 scavenger receptor 2.12 0.79
X76850 MAP kinase-activated protein kinase 2 2.09 0.94
V00756 interferon beta 2.09 0.81
AF061272 C-type lectin (Mcl) / 2.07 0.93
X07888 3-hydroxy-3-methylglutaryl coenzyme A 2.07 0.88
reductase
Y15163 mrgl protein 2.06 0.82
X54056 proprotein convertase subtilisin/kexin type 3 2.06 0.95
AF033186 WSB-1 mRNA 2.04 0.76
L02526 protein kinase, mitogen activated, kinase 1, p45 2.02 0.84
D89728 LOK 2.02 0.83
V00835 metallothionein 1 2.02 0.93
D87691 eRF1 2.01 0.86
M35247 histocompatibility 2, T region locus 17 2.01 0.93
X84797 similar to human hematopoietic specific protein 1 2.00 1.02
AB027565 TXNRDI mRNA for thioredoxin reductase 1 2.00 0.92

Data are the average of 4 independent experiments and were analyzed as described in
Materials and Methods. Genes shown were induced 2> 2-fold.

However none of the LPS-induced induced genes, including the NF-xB-regulated

ones, such as TNF-a, IkBa, and IL-1 receptor antagonist were altered by at least 1.5 fold

by adenosine. In addition, none of the LPS-repressed genes were changed (at least 1.5

fold) by adenosine treatment. Adenosine (no LPS) treatment did not affect gene

expression as compared to treatment with vehicle (no LPS). Interestingly, while the Aj,

receptor mRNA was not expressed in either LPS-untreated or LPS-treated cells, the

mRNA for Aj, receptor was not present in LPS non-stimulated cells, but became

detectable in LPS-stimulated cells (data not shown).
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Table 4.

Genes down-regulated after 3 hours in LPS-stimulated RAW 264.7 macrophages.

Accession number Descriptions Control/LPS Control/
Adenosine+LPS
X57687 LYL gene (clone L6) 7.69 9.09
M26270 stearoyl-coenzyme A desaturase 2 3.57 5
AJ007360 ORCS5-related protein 2.85 3.33
uU07159 acetyl coenzyme A dehydrogenase, medium chain 2.85 2.63
U70674 m-Numb (m-nb) 2.77 2.7
M33988 mouse histone H2A.1 gene 2.63 2.63
U23921 osmotic stress protein 94 (Osp94) 2.63 2.5
U80932 serine/threonine kinase 6 2.63 2.7
L26320 flap structure specific endonuclease 1 2.63 2.63
U67187 G protein signaling regulator RGS2 (rgs2) 2.5 2.43
M29260 mouse histone 1-0 gene 2.5 2.63
AF053959 putative ras effector Norel 2.5 3.7
747766 cyclin F 2.38 2.56
X86000 N-glycan alpha 2,8-sialyltransferase 2.38 2.94
M58566 TIS11 primary response gene 2.32 3.33
AF074600 LIM domain transcription factor LMO4 2.32 2.32
D90374 APEX nuclease 2.32 2.63
L07508 Golli-mpb 2.27 2.5
V00727 FBJ osteosarcoma oncogene 2.27 2.85
U22262 apolipoprotein B editing complex 1 2.27 2.56
AF016583 checkpoint kinase Chk1 (Chkl) 2.22 2.43
138822 Max interacting protein 1 2.17 2.38
U75680 histone stem-loop binding protein (SLBP) mRNA 2.08 2.85
X53176 integrin alpha 4 (Cd49d) 2.08 2.43
X82786 antigen identified by monoclonal antibody Ki 67 2.08 2.85
AF100956 major histocompatibility locus class II region; Fas- 2.04 1.96
binding protein Daxx (DAXX) gene
U25691 helicase, lymphoid specific 2.04 2.7
AF012923 p53-inducible zinc finger protein (Wig-1) 2.04 2.7
X75316 seb4 2.04 1.92
M97632 gamma-aminobutyric acid transporter protein (GABA 2.04 2.17
transporter)

748745 ATP-binding cassette 8 2 2.38
AF017085 BAP-135 homolog 2 2.5

Data are the average of 4 independent experiments and were analyzed as described in
Materials and Methods. Genes shown were decreased = 2-fold.
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5. 8. RT-PCR analysis of TNF-a and A2b receptor gene expression

As shown in Figure 17, RT-PCR analysis confirmed that TNF-oo mRNA was
induced by LPS but was not affected by adenosine pretreatment. Furthermore, the Ay,
receptor was upregulated in response to LPS, but was unchanged in adenosine-pretreated

cells. Finally, it was confirmed using RT-PCR that the A2a receptor was not expressed in

RAW cells (data not shown).

Figure 17.

m <+— TNF-o LPS treatment for three

hours induces mRNA

<«— A2Db receptor accumulation of both TNF-

¢ LPS A_Il)_O ADO o and the A,, adenosine
LPS receptor in RAW 264.7

cells.
Adenosine pretreatment 30 min before LPS fails to affect mRNA levels of either TNF-a or

the A, adenosine receptor. Furthermore, adenosine alone has no effect on mRNA of either
TNF-a or the Ay, adenosine receptor compared to LPS-unstimulated (c) cells.

mRNA levels of both TNF-a and the Ay, adenosine receptor were quantitated using RT-
PCR.
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6. DISCUSSION

We examined the possibility that the modulatory effects of extracellular adenosine
and adenosine receptor agonists on cytokine production observed in macrophages were
mediated by interference with activation of the NF-xB and/or CREB transcription factor
systems. One of the major finding of our study is that despite the fact that adenosine
receptor stimulation decreased both extracellular and intracellular concentrations of TNF-
o, a prototype NF-kB-regulated proinflammatory cytokine, adenosine did not interfere
with NF-kB activation. There are three lines of evidence to support this proposition. First,
adenosine as well as a series of adenosine receptor agonists failed to decrease DNA
binding of NF-kB. Secondly, adenosine was unable to decrease NF-kB-driven promoter
activity of a luciferase construct. Finally, global analysis of gene expression using cDNA
microarray demonstrated that while LPS induced expression of a number of NF-kB
regulated genes, adenosine failed to alter this response.

While these results argue against a role of NF-kB and even a transcriptional effect
of adenosine in macrophages, there are several caveats that need to be discussed. First,
gene expression was assessed only at the 3-hour time point, whereas it is possible that
adenosine may affect gene expression at other time points. Secondly, although adenosine
itself had no effect on the expression of cytokine mRNAs in the current study using
RAW 264.7 macrophages, we found that the selective A; adenosine receptor agonist IB-
MECA decreased MIP-1oc mRNA levels in the same cell type in an earlier study (Szabo
et al., 1998). Since adenosine itself is a relatively week agonist at Az receptors (Linden
2001) it is possible that selective Aj receptor stimulation can decrease the levels of
cytokine mRNAs.

The mechanism of action for the macrophage deactivating effect of adenosine is
incompletely understood. A recent study by Sajjadi et al. (1996) demonstrated that
adenosine decreased TNF-a mRNA steady state levels in an LPS-stimulated human
monocytic cell line, which results are contradictory to our findings in LPS-stimulated
mouse macrophages showing a failure of adenosine to inhibit TNF-o mRNA

accumulation. Nevertheless, this reduction in TNF-ao mRNA steady state levels following
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adenosine receptor stimulation in human macrophages was not associated with a decrease
in NF-xB activation. On the other hand, it appears that under certain conditions,
adenosine can decrease NF-kB activation. For example, adenosine suppressed NF-xB
activation in both myeloid and lymphocytic, as well as epithelial cells, when TNF-a but
not when LPS was used to stimulate the cells (Majumdar and Aggarwal, 2003). Clearly,
further studies will be necessary to dissect the signaling pathways whereby adenosine

exerts its anti-inflammatory effects.
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Figure 18.

Schematic representation of various intracellualar pathways whereby adenosine
receptor agonists modulate immune cell functions

Adenosine receptor occupancy signals through alteration of intracellular cyclic AMP
and Ca2+ concentrations and induction of the mitogen-activated protein kinases p38 and
p42/44. Adenosine receptor occupancy on monocytes and macrophages diminishes
production of the proinflammatory mediators TNF-a, IL-12, MIP-1a and nitric oxide
while augmenting secretion of the anti-inflammatory cytokine IL-10 and VEGF.



It is also important to point out that at this point it is unclear, which receptors
mediated the suppressive effect of adenosine on TNF-a production in the current study.
While the general view is that the A, receptor may be the most important one in
regulating cytokine production and macrophage activation (Cronstein, 1998), it is clear
that this was not the case here. That is because the microarray analysis found no Aj,
receptor mRNA expression in the RAW cells. In addition, in our previous study (Szabo et
al., 1998), the selective A,, receptor CGS-21680 was much less potent (EC 50 in the low
micromolar range) in suppressing MIP-1a production by RAW cells than would have
been expected. On the other hand, in a study utilizing primary peritoneal macrophages
(Hasko et al., 2000), we found that the potency of CGS-21680 in decreasing cytokine
production was much more consistent with an effect on A,, receptors (EC 50 in the
nanomolar range). A further support for the role of A,, receptors in peritoneal cells came
from the observation that CGS-21680 lost its efficacy in cells taken from A,, receptor
knockout mice (Hasko et al., 2000). Nevertheless, adenosine itself, although to a lesser
extent, was still capable of decreasing cytokine production by peritoneal cells from Aj,
knockout mice, suggesting that both A, and other receptors are involved in the anti-
inflammatory effects of adenosine. Since RAW 264.7 cell do not appear to express A,
receptors, this cell line may be a powerful tool to study the A,, receptor-independent
effects of adenosine on macrophage function.

Interestingly, the results presented in the current study found evidence, for the
first time, for a profound upregulation of Ay, receptors following LPS stimulation. Thus,
the Ajp receptor may have been a possible mediator of the anti-inflammatory effects of
adenosine in RAW cells. Of note, it has been reported that IFN-y up-regulates Ay
receptor expression in murine bone marrow-derived macrophages, and through this
receptor, adenosine suppresses the induction of inducible nitric oxide synthase expression
(Xaus et al., 1999).

In addition to the NF-kB transcription system we also investigated the possible
involvement and function of CREB transcriptional pathway. Our study provides evidence
for the first time that adenosine activates the CREB transcription factor system in
macrophages. Thus, macrophages can be added to the growing list of cell types, including

intestinal epithelial cells (Sitaraman et al., 2001) endothelial cells (Grant et al., 2001),
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smooth muscle cells (Yaar et al., 2002), neurons (Cheng et al. 2002), and skeletal muscle
cells (Lynge et al.,, 2003) that exhibit an increment in CREB activation following
adenosine receptor occupancy. This adenosine-induced activation of CREB
transcriptional activity in macrophages follows the conventional route of CREB
activation (Shaywitz and Greenberg, 1999; Mayr and Montminy, 2001) in that it is
regulated primarily by Ser133 phosphorylation of CREB without major changes in CREB
DNA binding.  Another major novel finding of the current study is that adenosine
stimulates the phosphorylation of both p38 and p42/44 in macrophages. In addition, p38
activation but not p42/44 activation contributes to the adenosine-elicited increase in
CREB transcriptional activity, because blockade of the p38 pathway decreases
adenosine-induced CREB activation.

These results raise the interesting question of which genes are the targets of
adenosine-induced CREB activation in macrophages. In a recent study using cDNA
microarray analysis of approximately 12,000 genes, we found that adenosine exposure of
RAW macrophages failed to induce expression of any gene when measured 3.5 hours
after adenosine treatment (Németh et al., 2003b). Furthermore, while the prototypical
macrophage activating agent lipopolysaccharide stimulated expression of a few hundred
genes, adenosine co-treatment of the cells did not alter the expression of these LPS-
induced genes (Németh et al., 2003b). One obvious explanation for our failure to detect
any effect of adenosine on gene expression despite a substantial stimulation of CREB
activation is that mRNA levels of CREB-induced genes may have subsided by 3.5 hours
after adenosine treatment. This possibility is underlined by the general observation that
the CREB transcriptional response to extracellular stimuli is very rapid and mRNA levels
of CREB-regulated genes fade by 3-4 hours post-stimulation (Shaywitz and Greenberg,
1999; Mayr and Montminy, 2001). A further possibility is that CREB activation itself is
not sufficient to activate gene transcription in these cells. Rather, CREB activation may
play a regulatory role in gene expression stimulated by some other pathway. It has to be
emphasized at this point that it is possible that the expression IL-10 was upregulated
following adenosine administration, however, IL-10 did not show up on the gene chip.
This lack of expression of IL-10 mRNA on the gene chip is not completely unexpected,
because IL-10 mRNA is notoriously difficult to detect due to the low copy number of
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mRNA for this cytokine. Another possibility, supported by previous data is that IL-10
mRNA has a delayed kinetics following LPS stimulation of macrophages and the 3 hour
time point may have been too early for the generation of sufficient IL-10 mRNA levels.
Further studies will be required to exactly pinpoint the mechanisms whereby adenosine

enhances IL-10 production by LPS-stimulated macrophages.
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7. SUMMARY

While it is likely that adenosine receptor ligation targets a common major
intracellular pathway to exert a general anti-inflammatory effect in macrophages, the
nature of this intracellular target remains unclear. The possibility that NF-xB, a central
transcription factor mediating most of the proinflammatory effects of LPS, could be such
a target was dismissed, since not only adenosine failed to decrease LPS-mediated NF-«B
activation but it also had no effect on cytokine transcript levels as assessed by cDNA
array analysis. Thus, our data seem to support the proposition that many of the regulatory
actions of adenosine on cytokine production are post-transcriptional.

On the other hand, our results demonstrating that adenosine induces CREB
activation, uncovers a major intracellular regulatory mechanism, which may explain
some of the changes in macrophage phenotype following adenosine exposure.
Furthermore, since both p38 and p42/44 are central factors in conveying signals from the
extracellular space to regulate cell function, activation of these two MAPKSs by adenosine
may represent an important mechanism contributing to macrophage deactivation under
conditions of ischemia, inflammation, and sepsis. Future studies will be required to
examine how these various pathways initiated by extracellular adenosine regulate

macrophage function.

44



8. ACKNOWLEDGEMENTS

This study was carried out at the:

e Department of Surgery, University of Medicine and Dentistry of New Jersey, Newark,
NJ, USA

e Department of Pharmacology, Institute of Experimental Medicine, Hungarian
Academy of Sciences, Budapest, Hungary

e Department of Medical Chemistry, Medical and Health Science Center, University of

Debrecen, Debrecen, Hungary.

I would like to express my deep gratitude to all those who helped during the course of my

work and especially to:

e Dr. Gyorgy Haské, my tutor, for introducing me into the field of pharmacology and
immunology, for his enthusiasm and endless encouragement in my scientific career,

o Professor E. Sylvester Vizi, my teacher and professor, with whom I had the privilege
to work, for introducing me into the field of neurology and pharmacology, for providing
an excellent scientific environment at the Institute of Experimental Medicine,

e Dr. Laszl6 Virag, my collaborator and good friend, for his rigorous scientific
approach, for his readiness for discussion of any scientific problems during the course of
our scientific collaboration,

e Dr. Csaba Szabd, an outstanding scientist and good friend, for his help in designing

and carriying out some of the experimental work,

45



9. REFERENCES

Baeuerle PA, and Henkel T. (1994) Function and activation of NF-kB in the immune

system. Annu Rev Immunol 12:141-179.

Banerjee SK, Young HW, Volmer JB, and Blackburn MR. (2002) Gene expression profiling
in inflammatory airway disease associated with elevated adenosine. Am J Physiol

Lung Cell Mol Physiol 282:1.169-1.182.

Bodin P, and Burnstock G. (1998) Increased release of ATP from endothelial cells during

acute inflammation. Inflamm Res 47:351-354.

Bouma MG, Stad RK, van den Wildenberg FA, and Buurman WA. (1994) Differential
regulatory effects of adenosine on cytokine release by activated human monocytes. J

Immunol 153:4159-4168.

Bshesh K, Zhao B, Spight D, Biaggioni I, Feokistov I, Denenberg A, Wong HR, and
Shanley TP. (2002) The A2A receptor mediates an endogenous regulatory pathway
of cytokine expression in THP-1 cells. J Leukoc Biol 72:1027-1036.

Cammarota M, Bevilaqua LR, Dunkley PR, and Rostas JA. (2001) Angiotensin II promotes
the phosphorylation of cyclic AMP-responsive element binding protein (CREB) at
Ser133 through an ERK1/2-dependent mechanism. J Neurochem 79:1122-1128.

Cheng HC, Shih HM, and Chern Y. (2002) Essential role of cAMP-response element-
binding protein activation by A;s adenosine receptors in rescuing the nerve growth
factor-induced neurite outgrowth impaired by blockage of the MAPK cascade. J Biol
Chem 277:33930-33942.

46



Chunn JL, Young HW, Banerjee SK, Colasurdo GN, and Blackburn MR. (2001)
Adenosine-dependent airway inflammation and hyperresponsiveness in partially

adenosine deaminase-deficient mice. J Immunol 167:4676-4685.

Cohen MV, Baines CP, and Downey JM. (2000) Ischemic preconditioning: from adenosine
receptor of KATP channel. Annu Rev Physiol 62:79-109.

Cronstein BN, Eberle MA, Gruber HE, and Levin RI. (1991) Methotrexate inhibits
neutrophil function by stimulating adenosine release from connective tissue cells.

Proc Natl Acad Sci U S A 88:2441-2445.

Cronstein BN, Naime D, and Ostad E. (1993) The antiinflammatory mechanism of
methotrexate. Increased adenosine release at inflamed sites diminishes leukocyte

accumulation in an in vivo model of inflammation. J Clin Invest 92:2675-2682.

Cronstein BN. (1994) Adenosine, an endogenous anti-inflammatory agent. J Appl Physiol
76:5-13.

Cronstein BN. (1998) Adenosine and its receptors during inflammation. /n Molecular and
cellular basis of inflammation. CN Serhan and PA Ward, editors. Humana Press,

Totowa, NJ. 259-274.

Dickenson JM, Blank JL, and Hill SJ. (1998) Human adenosine A, receptor and P2Y2-
purinoceptor-mediated activation of the mitogen-activated protein kinase cascade in

transfected CHO cells. Br J Pharmacol 124:1491-1499.
Drury AN, and Szent-Gyorgyi A. (1929) The physiological activity of adenine compounds

with especial reference to their action upon the mammalian heart. J Physiol 68:213-

237.

47



Dubyak GR, and el-Moatassim C. (1993) Signal transduction via P2-purinergic receptors for
extracellular ATP and other nucleotides. Am J Physiol 265:C577-C606.

Edwards CK 3rd, Watts LM, Parmely MJ, Linnik MD, Long RE, and Borcherding DR.
(1994) Effect of the carbocyclic nucleoside analogue MDL 201,112 on inhibition of
interferon-gamma-induced priming of Lewis (LEW/N) rat macrophages for
enhanced respiratory burst and MHC class II Ta+ antigen expression. J Leukoc Biol

56:133-144.

Elenkov 1J, Wilder RL, Chrousos GP, and Vizi ES. (2000) The sympathetic nerve - an
integrative interface between two supersystems: the brain and the immune system.

Pharmacol Rev 52:595-638.

Feoktistov I, Goldstein AE, and Biaggioni 1. (1999) Role of p38 mitogen-activated protein
kinase and extracellular signal-regulated protein kinase kinase in adenosine Ajg
receptor-mediated interleukin-8 production in human mast cells. Mol Pharmacol

55:726-734.

Fredholm BB, Ijzerman AP, Jacobson KA, Klotz KN, and Linden J (2001) International
Union of Pharmacology. XXV. Nomenclature and classification of adenosine

receptors. Pharmacol Rev 53:527-552.

Gessi S, Varani K, Merighi S, Ongini E, and Borea PA. (2000) A(;4) adenosine receptors in
human peripheral blood cells. Br J Pharmacol 129:2-11.

Gessi S, Varani K, Merighi S, Morelli A, Ferrari D, Leung E, Baraldi PG, Spalluto G, and
Borea PA. (2001) Pharmacological and biochemical characterization of A3

adenosine receptors in Jurkat T cells. Br J Pharmacol 134:116-126.

Grant MB, Davis MI, Caballero S, Feoktistov I, Biaggioni I, and Belardinelli L. (2001)

Proliferation, migration, and ERK activation in human retinal endothelial cells

48



through A, adenosine receptor stimulation Invest Ophthalmol Vis Sci 42:2068-
2073.

Haddad JJ. (2002) Pharmaco-redox regulation of cytokine-related pathways: from receptor
signaling to pharmacogenomics. Free Radic Biol Med 33:907-926.

Haské G, and Szabo C. (1998) Regulation of cytokine and chemokine production by
transmitters and co-transmitters of the autonomic nervous system. Biochem

Pharmacol 56:1079-1087.

Hasko G, Deitch EA, Németh ZH, Kuhel DG, and Szab6 C. (2002a) Inhibitors of ATP-
binding cassette transporters suppress interleukin-12 p40 production and major
histocompatibility complex II up-regulation in macrophages. J Pharmacol Exp Ther

301:103-110.

Hasko6 G, Deitch EA, Szab6 C, Németh ZH, and Vizi ES. (2002b) Adenosine: a potential
mediator of immunosuppression in multiple organ failure. Curr Opin Pharmacol

2:440-444.

Hasko G, Kuhel DG, Chen JF, Schwarzschild MA, Deitch EA, Mabley JG, Marton A, and
Szabd C. (2000) Adenosine inhibits IL-12 and TNF-a production via adenosine A2a
receptor-dependent and independent mechanisms. FASEB J 14: 2065-2074.

Hasko6 G, Németh ZH, Vizi ES, Salzman AL, and Szab6 C. (1998) An agonist of adenosine
As receptors decreases interleukin-12 and interferon-gamma production and prevents

lethality in endotoxemic mice. Eur J Pharmacol 358:261-268.

Hasko6 G, Szab6 C, Németh ZH, Kvetan V, Pastores SM, and Vizi ES. (1996) Adenosine
receptor agonists differentially regulate IL-10, TNF-a, and nitric oxide production in

RAW 264.7 macrophages and in endotoxemic mice. J Immunol 157:4634-4640.

49



Hoskin DW, Butler JJ, Drapeau D, Haeryfar SM, and Blay J. (2002) Adenosine acts through
an Aj receptor to prevent the induction of murine anti-CD3-activated killer T cells.

Int J Cancer 99:386-395.

Hotchkiss RS, and Karl IE. (2003) The pathophysiology and treatment of sepsis. N Engl J
Med 348:138-150.

Jabs CM, Sigurdsson GH, and Neglen P. (1998) Plasma levels of high-energy compounds
compared with severity of illness in critically illpatients in the intensive care unit.

Surgery 124:65-72.

Johnson GL, and Lapadat R. (2002) Mitogen-activated protein kinase pathways mediated by
ERK, JNK, and p38 protein kinases. Science 298:1911-1912.

Karin M, and Ben-Neriah Y. (2000) Phosphorylation meets ubiquitination: the control of
NF«B activity. Annu Rev Immunol 18:621-663.

Khoa ND, Montesinos MC, Reiss AB, Delano D, Awadallah N, and Cronstein BN. (2001)
Inflammatory cytokines regulate function and expression of adenosine Aga)

receptors in human monocytic THP-1 cells. J Immunol 167:4026-4032.

Leibovich SJ, Chen J-F, Pinhal-Enfield G, Belem PC, Elson G, Rosania A, Ramanathan M,
Montesinos C, Jacobson M, Schwarzschild MJ, Fink JS, and Cronstein B. (2002)
Synergistic up-regulation of vascular endothelial growth factor expression in murine
macrophages by adenosine A,a receptor agonists and endotoxin. Am J Pathol

160:2231-2244.

Linden J. (2001) Molecular approach to adenosine receptors: receptor-mediated mechanisms

of tissue protection. Annu Rev Pharmacol Toxicol 41:775-787.

50



Link AA, Kino T, Worth JA, McGuire JL, Crane ML, Chrousos GP, Wilder RL, and
Elenkov 1J (2000) Ligand-activation of the adenosine A,, receptors inhibits IL.-12
production by human monocytes. J Immunol 164:436-442.

Lynge J, Schulte G, Nordsborg N, Fredholm BB, and Hellsten Y. (2003) Adenosine A,p
receptors modulate cAMP levels and induce CREB but not ERK1/2 and p38

phosphorylation in rat skeletal muscle cells. Biochem Biophys Res Commun

307:180-187.

Majumdar S, and Aggarwal BB. (2003) Adenosine suppresses activation of nuclear factor-
kappaB selectively induced by tumor necrosis factor in different cell types.

Oncogene 22:1206-1218.

Martin C, Leone M, Viviand X, Ayem ML, and Guieu R. (2000) High adenosine plasma
concentration as a prognostic index for outcome in patients with septic shock. Crit

Care Med 28:3198-3202.

Mayne M, Fotheringham J, Yan HJ, Power C, Del Bigio MR, Peeling J, and Geiger JD.
(2001) Adenosine A,a receptor activation reduces proinflammatory events and

decreases cell death following intracerebral hemorrhage. Ann Neurol 49:727-735.

Mayne M, Shepel PN, Jiang Y, Geiger JD, and Power C. (1999) Dysregulation of adenosine
A, receptor-mediated cytokine expression in peripheral blood mononuclear cells

from multiple sclerosis patients. Ann Neurol 45:633-639.

Mayr B, and Montminy M. (2001) Transcriptional regulation by the phosphorylation-
dependent factor CREB. Nat Rev Mol Cell Biol 2:599-609.

McWhinney CD, Dudley MW, Bowlin TL, Peet NP, Schook L, Bradshaw M, De M,

Borcherding DR, and Edwards CK 3". (1996) Activation of adenosine As receptors

on macrophages inhibits tumor necrosis factor-alpha. Eur J Pharmacol 310:209-216.

51



Meldrum DR, Mitchell MB, Banerjee A, and Harken AH. (1993) Cardiac preconditioning.
Induction of endogenous tolerance to ischemia-reperfusion injury. Arch Surg

128:1208-1211.

Mirabet M, Herrera C, Cordero OJ, Mallol J, Lluis C, and Franco R. (1999) Expression of
A2B adenosine receptors in human lymphocytes: their role in T cell activation. J

Cell Sci 112:491-502.

Murray LJ, Lee R, and Martens C. (1990) In vivo cytokine gene expression in T cell subsets
of the autoimmune MRL/Mp-lpr/lpr mouse. Eur J Immunol 20:163-170.

Narravula S, Lennon PF, Mueller BU, and Colgan SP. (2000) Regulation of endothelial
CD73 by adenosine: paracrine pathway for enhanced endothelial barrier function. J

Immunol 165:5262-5268.

Németh ZH, Haské G, Szab6 C, and Vizi ES. (1997a) Amrinone and theophylline
differentially regulate cytokine and nitric oxide production in endotoxemic mice.

Shock 7:371-375.

Németh ZH, Hasko G, and Vizi ES. (1998) Pyrrolidine dithiocarbamate augments 1L-10,
inhibits TNF-o,, MIP-1a, IL-12, and nitric oxide production and protects from the
lethal effect of endotoxin. Shock 10:49-53.

Németh ZH, Szabé C, Haskd G, Salzman AL, and Vizi ES. (1997b) Effect of the
phosphodiesterase III inhibitor amrinone on cytokine and nitric oxide production

in immunostimulated J774.1 macrophages. Eur J Pharmacol 339:215-221.

Németh ZH, Deitch EA, Szab6 C, Fekete Z, Hauser CJ, and Hasko G. (2002a) Lithium
induces NF-kB activation and interleukin-8 production in human intestinal epithelial

cells. J Biol Chem 277:7713-7719.

52



Németh ZH, Deitch EA, Szabdé C, and Hasko G. (2002b) Hyperosmotic stress induces
nuclear factor-kB activation and IL-8 production in human intestinal epithelial

cells. Am J Pathol 161:987-996.

Németh ZH, Deitch EA, Szabé C, Mabley JG, Pacher P, Fekete Z, Hauser CJ, and Haské
G. (2002c) Inhibition of the Na'/H' exchanger inhibits the epithelial cell
inflammatory response and exerts protective effects in colitis. Am J Physiol

Gastrointest Liver Physiol 283:G122-133.

Németh ZH, Deitch EA, Lu Q, Szabdé C, and Hasko G. (2002d) NHE blockade inhibits
chemokine production and NF-kB activation in immunostimulated endothelial

cells. Am J Physiol Cell Physiol 283:C396-C403.

Németh ZH, Leibovich SJ, Deitch EA, Vizi ES, Szabé C, and Haské G. (2003a) cDNA
microarray analysis reveals a nuclear factor kB-independent regulation of

macrophage function by adenosine. J Pharmacol Exp Ther 306:1042-1049.
Németh ZH, Leibovich SJ, Deitch EA, Sperlagh B, Virag L, Vizi ES, Szab6 C, and
Haské G. (2003b) Adenosine stimulates CREB activation in macrophages via a

p38 MAPK-mediated mechanism. Biochem Biophys Res Commun 312: 883-888.

Newby AC. (1984) Adenosine and the concept of retaliatory metabolites. Trends Biochem
Sci 9:42-44.

Oberholzer A, Oberholzer C, and Moldawer LL. (2001) Sepsis syndromes: understanding

the role of innate and acquired immunity. Shock 16:83-96.

Okusa MD. (2002) A(xa) adenosine receptor: a novel therapeutic target in renal disease. Am

J Physiol Renal Physiol 282:F10-F18.

53



Panther E, Idzko M, Herouy Y, Rheinen H, Gebicke-Haerter PJ, Mrowietz U, Dichmann S,
and Norgauer J. (2001) Expression and function of adenosine receptors in human

dendritic cells. FASEB J 15:1963-1970.

Pinhal-Enfield G, Ramanathan M, Hasko G, Vogel SN, Salzman AL, Boons GJ, and
Leibovich SJ. (2003) An angiogenic switch in macrophages involving synergy
between Toll-like receptors 2, 4, 7, and 9 and adenosine Aa)receptors. Am J Pathol

163:711-721.

Ralevic V, and Burnstock G. (1998) Receptors for purines and pyrimidines. Pharmacol Rev

50:413-492.

Reinstein LJ, Lichtman SN, Currin RT, Wang J, Thurman RG, and Lemasters JJ. (1994)
Suppression of lipopolysaccharide-stimulated release of tumor necrosis factor by

adenosine: evidence for A2 receptors on rat Kupffer cells. Hepatology 19:1445-52.

Rouse YJ, Zhang A, Cariati S, Cohen P, and Comb MJ. (1996) FGF and stress regulate
CREB and ATF-1 via a pathway involving p38 MAP kinase and MAPKAP kinase-
2. EMBO J 15:4629-4642.

Sajjadi FG, Takabayashi K, Foster AC, Domingo RC, and Firestein GS. (1996) Inhibition of
TNF-o expression by adenosine: role of A3 adenosine receptors. J Immunol

156:3435-3442.

Salvatore CA, Tilley SL, Latour AM, Fletcher DS, Koller BH, and Jacobson MA. (2000)
Disruption of the A(3) adenosine receptor gene in mice and its effect on stimulated

inflammatory cells. J Biol Chem 275:4429-34.
Schmidt H, Siems WG, Grune T, and Grauel EL. (1995) Concentration of purine

compounds in the cerebrospinal fluid of infants suffering from sepsis, convulsions

and hydrocephalus. J Perinat Med 23:167-174.

54



Schulte G, and Fredholm BB. (2003) Signalling from adenosine receptors to mitogen-
activated protein kinases. Cell Signal 15:813-827.

Sexl V, Mancusi G, Holler C, Gloria-Maercker E, Schutz W, and Freissmuth M. (1997)
Stimulation of the mitogen-activated protein kinase via the A2A-adenosine receptor

in primary human endothelial cells. J Biol Chem 272:5792-5799.

Shaywitz AJ, and Greenberg ME. (1999) CREB: a stimulus-induced transcription factor

activated by a diverse array of extracellular signals. Annu Rev Biochem 68:821-861.

Sitaraman SV, Merlin D, Wang L, Wong M, Gewirtz AT, Si-Tahar M, and Madara JL.
(2001) Neutrophil-epithelial crosstalk at the intestinal lumenal surface mediated by

reciprocal secretion of adenosine and IL-6. J Clin Invest 107:861-869.

Sitkovsky MV. (2003) Use of the Apa) adenosine receptor as a physiological
immunosuppressor and to engineer inflammation in vivo. Biochem Pharmacol

65:493-501.

Sperlagh B, Doda M, Baranyi M, and Hasko G. (2000) Ischemic-like condition releases
norepinephrine and purines from different sources in superfused rat spleen strips. J

Neuroimmunol 111:45-54.

Sperlagh B, Hasko G, Németh Z, and Vizi ES. (1998) ATP released by LPS increases nitric
oxide production in RAW 264.7 macrophage cell line via P2z/P2x7 receptors.
Neurochem Int 33:209-215.

Szabd C, Scott GS, Virag L, Egnaczyk G, Salzman AL, Shanley TP, and Hasko G. (1998)
Suppression of macrophage inflammatory protein (MIP)-la production and

collagen-induced arthritis by adenosine receptor agonists. Br J Pharmacol 125:379-

387.

55



Tan Y, Rouse J, Zhang A, Cariati S, Cohen P, and Comb MJ. (1996) FGF and stress
regulate CREB and ATF-1 via a pathway involving p38 MAP kinase and MAPKAP
kinase-2. EMBO J 15:4629-4642.

Xaus J, Mirabet M, Lloberas J, Soler C, Lluis C, Franco R, and Celada A. (1999) IFN-y up-
regulates the A,p adenosine receptor expression in macrophages: a mechanism of

macrophage deactivation. J Immunol 162:3607-3614.
Yaar R, Cataldo LM, Tzatsos A, Francis CE, Zhao Z, and Ravid K. (2002) Regulation of the
Aj adenosine receptor gene in vascular smooth muscle cells: role of a cAMP and

GATA element. Mol Pharmacol 62:1167-1176.

Zhao Z, Kapoian T, Shepard M, and Lianos EA. (2002) Adenosine-induced apoptosis in
glomerular mesangial cells. Kidney Int 61:1276-1285.

56



10. APPENDIX

10. 1. Relevant publications (in chronological order)

Peer Reviewed Articles:

1.

Haské G, Szabd C, Németh ZH, Kvetan V, Pastores SM, and Vizi ES. (1996)
Adenosine receptor agonists differentially regulate IL-10, TNF-a, and nitric oxide
production in RAW 264.7 macrophages and in endotoxemic mice. J Immunol
157:4634-4640.

Impact Factor: 7.014

Sperlagh B, Hask6 G, Németh Z, and Vizi ES. (1998) ATP released by LPS
increases nitric oxide production in RAW 264.7 macrophage cell line via
P2z/P2x7 receptors. Neurochem Int 33:209-215.

Impact Factor: 2.902

Hasko G, Németh ZH, Vizi ES, Salzman AL, and Szabd C. (1998) An agonist of
adenosine Aj receptors decreases interleukin-12 and interferon-gamma production
and prevents lethality in endotoxemic mice. Eur J Pharmacol 358:261-268.

Impact Factor: 2.342

Haské G, Kuhel DG, Németh ZH, Mabley JG, Stachlewitz RF, Virag L, Lohinai
Z, Southan GJ, Salzman AL, and Szab6 C. (2000) Inosine inhibits inflammatory
cytokine production by a post-transcriptional mechanism and protects against
endotoxin-induced shock. J Immunol 164:1013-1019.

Impact Factor: 7.014

Marton A, Pacher P, Murthy KG, Németh ZH, Haské G, and Szabo C. (2001)
Anti-inflammatory effects of inosine in human monocytes, neutrophils and

epithelial cells in vitro. Int J Mol Med 8:617-621.

57



Impact Factor: 2.063

Haskoé G, Deitch EA, Szabo C, Németh ZH, and Vizi ES. (2002) Adenosine: a
potential mediator of immunosuppression in multiple organ failure. Curr Opin
Pharmacol 2:440-444.

Impact Factor: 3.703

Németh ZH, Leibovich SJ, Deitch EA, Vizi ES, Szabo C, and Hasko G. (2003)
cDNA microarray analysis reveals a nuclear factor kB-independent regulation of
macrophage function by adenosine. J Pharmacol Exp Ther 306:1-8.

Impact Factor: 3.991

Németh ZH, Leibovich SJ, Deitch EA, Sperlagh B, Virag L, Vizi ES, Szabo C,
and Hasko G. (2003) Adenosine stimulates CREB activation in macrophages via a
p38 MAPK-mediated mechanism. Biochem Biophys Res Commun 312: 883-888.
Impact Factor: 2.935

Book Chapters:

10.

Haské G, Szabo C, Németh ZH, and Vizi ES. (1997) Modulation of cytokine and
nitric oxide production by adrenergic, dopaminergic and adenosine receptor
ligands in endotoxemia. In: Immune Consequences of Trauma, Shock and Sepsis.
Mechanisms and Therapeutic Approaches, Monduzzi Editore (Bologna, Italy)
(Faist E, ed) 65-69.

Szab6 C, Hasko G, Németh ZH, Vizi ES, and Salzman AL. (1998) Regulation of

nitric oxide and cytokine production by a selective Az receptor agonist in vivo and

in vitro. In: The Biology of Nitric Oxide. Vol. 6; Portland Press, 244.

58



10. 2. Other publications (in chronological order)

Peer Reviewed Articles:

11.

12.

13.

14.

15.

Szab6d C, Hasko G, Zingarelli B, Németh ZH, Salzman AL, Kvetan V, Pastores
SM, and Vizi ES. (1997) Isoproterenol regulates TNF, IL-10, IL-6 and nitric oxide
production and protects against the development of vascular hyporeactivity in
endotoxemia. Immunology 90:95-100.

Impact Factor: 2.729

Németh ZH, Hasko G, Szabd C, and Vizi ES. (1997) Amrinone and theophylline
differentially regulate cytokine and nitric oxide production in endotoxemic mice.

Shock 7:371-375.
Impact Factor: 2.491

Szab6 C, Hask6 G, Németh ZH, and Vizi ES. (1997) Calcium entry blockers
increase interleukin-10 production in endotoxemia. Shock 7:304-307.

Impact Factor: 2.491

Haské G, Németh ZH, Szabo C, Zsilla G, Salzman AL, and Vizi ES. (1998)
Isoproterenol inhibits IL-10, TNF-o, and nitric oxide production in RAW 264.7
macrophages. Brain Res Bull 45:183-187.

Impact Factor: 2.283

Németh ZH, Szab6 C, Hasko G, Salzman AL, and Vizi ES. (1997) Effect of the
phosphodiesterase III inhibitor amrinone on cytokine and nitric oxide production
in immunostimulated J774.1 macrophages. Eur J Pharmacol 339:215-221.

Impact Factor: 2.342

59



16.

17.

18.

19.

20.

21.

Hasko G, Szabo C, Németh ZH, Salzman AL, and Vizi ES. (1998) Suppression of
interleukin-12 production by phosphodiesterase inhibition in murine endotoxemia
is interleukin-10 independent. Eur J Immunol 28:468-472.

Impact Factor: 4.832

Haské G, Szab6 C, Németh ZH, Lendvai B, and Vizi ES. (1998) Modulation by
dantrolene of endotoxin-induced interleukin-10, tumor necrosis factor-o, and
nitric oxide production in vivo and in vitro. Br J Pharmacol 124:1099-1106.

Impact Factor: 3.450

Németh ZH, Hasko G, Szabo C, Salzman AL, and Vizi ES. (1998) Calcium
channel blockers and dantrolene differentially regulate the production of
intereleukin-12 and interferon-y in endotoxemic mice. Brain Res Bull 46:257-261.

Impact Factor: 2.283

Haské G, Szabd C, Németh ZH, Salzman AL, and Vizi ES. (1998) Stimulation of
beta-adrenoceptors inhibits endotoxin-induced IL-12 production in normal and IL-
10 deficient mice. J Neuroimmunol 88:57-61.

Impact Factor: 3.577

Németh ZH, Haskéo G, and Vizi ES. (1998) Pyrrolidine dithiocarbamate
augments IL-10, inhibits TNF-a, MIP-1a, IL-12, and nitric oxide production and
protects from the lethal effect of endotoxin. Shock 10:49-53.

Impact Factor: 2.491

Haskoé G, Shanley TP, Egnaczyk G, Németh ZH, Salzman AL, Vizi ES, and
Szabo C. (1998) Exogenous and endogenous catecholamines inhibit the
production of macrophage inflammatory protein (MIP) la via a B adrenoceptor
mediated mechanism. Br J Pharmacol 125:1297-1303.

Impact Factor: 3.450

60



22.

23.

24.

25.

26.

Vizi ES, Haské G, Németh ZH, Papp Z, and Szelényi J. (2001) Enhanced TNF-a-
and decreased IL-10-specific immune responses to LPS during the third trimester
of pregnancy. J Endocrinol 171:357-363.

Impact Factor: 2.897

Németh ZH, Deitch EA, Szabo C, and Haské G. (2001) Inhibition of the Na"/H"
suppresses 1L-12 p40 production by mouse macrophages. Biochem Biophys Acta
1539:233-242.

Impact Factor: 2.935

Haské G, Szabo C, Németh ZH, and Deitch EA. (2001) Sulfasalazine inhibits
macrophage activation: inhibitory effects on inducible nitric oxide synthase
expression, IL-12 production, and major histocompatibility complex I expression.
Immunology 103:473-478.

Impact Factor: 2.729

Hasko G, Szabdé C, Németh ZH, and Deitch EA. (2002) Dopamine suppresses IL-
12 p40 production by lipopolysaccharide-stimulated macrophages via a [-
adrenoceptor-mediated mechanism. J Neuroimmunol 122:185-190.

Impact Factor: 3.577

Haské G, Deitch EA, Németh ZH, Kuhel DG, and Szab6 C. (2002) Inhibitors of
ATP binding casette transporters suppress interleukin-12 production and major
histocompatibility complex II upregulation in macrophages. J Pharmacol Exp
Ther 301:103-110.

Impact Factor: 3.991

61



27.

28.

29.

30.

31.

32.

Németh ZH, Deitch EA, Szab6 C, Mabley JG, Pacher P, Fekete Z, Hauser CJ, and

Hasko G. (2002) Inhibition of the Na'/H™ exchanger inhibits the epithelial cell
inflammatory response and exerts protective effects in colitis. Am J Physiol
Gastrointest Liver Physiol 283:G122-133.

Impact Factor: 3.346

Németh ZH, Deitch EA, Lu Q, Szab6 C, and Haské G. (2002) NHE blockade

inhibits chemokine production and NF-xB activation in immunostimulated
endothelial cells. Am J Physiol Cell Physiol 283:C396-C403.
Impact Factor: 3.936

Haské G, Mabley JG, Németh ZH, Pacher P, Deitch EA, and Szab6 C. (2002)
Poly(ADP-ribose) polymerase is a regulator of chemokine production: relevance
for the pathogenesis of shock and inflammation. Mol Med 8:283-289.

Impact Factor:3.337

Németh ZH, Deitch EA, Szabd C, Fekete Z, Hauser CJ, and Haské G. (2002)

Lithium induces NF-kB activation and IL-8 production in human intestinal
epithelial cells. J Biol Chem 277:7713-7719.
Impact Factor: 6.696

Németh ZH, Deitch EA, Szabé C, and Haské G. (2002) Hyperosmotic stress
induces nuclear factor-«B activation and IL-8 production in human intestinal
epithelial cells. Am J Pathol 161:987-996.

Impact Factor: 6.750

Németh ZH Deitch EA, Szab6 C, and Haské6 G  (2003)

Pyrrolidinedithiocarbamate inhibits NF-kB activation and IL-8 production in
intestinal epithelial cells. Immunol Lett 85(1):41-46.
Impact Factor: 1.847

62



33.

34.

35.

Németh ZH, Deitch EA, Davidson MT, Szab6 C, Vizi ES, and Hasko G. (2003)
Disruption of the actin cytoskeleton results in nuclear factor-kB activation and
inflammatory mediator production in human intestinal epithelial cells. J Cell
Physiol 9999:1-11.

Impact Factor: 4.845

Németh ZH, Deitch EA, Szabd C, and Hask6é G. (2003) Proteasome inhibition
activates NF-kB in a human intestinal epithelial cell line. Mol Pharmacol
65(2):342-9.

Impact Factor: 5.480

Davidson MT, Deitch EA, Lu Q, Haskdé G, Abungu B, Németh ZH, Zaets SB,
Gaspers LD, Thomas AP, and Xu DZ. (2003) Trauma-hemorrhagic shock
mesenteric lymph induces endothelial apoptosis that involves both caspase-
dependent and caspase-independent mechanisms. Ann Surg in press.

Impact Factor: 6.073

Book Chapters:

36.

37.

Hasko G, Németh ZH, Szab6 C, and Vizi ES. (1997) Anti-inflammatory effects
of verapamil and diltiazem in endotoxin-treated mice. In: Immune Consequences

of Trauma, Shock and Sepsis. Mechanisms and Therapeutic Approaches,

Monduzzi Editore (Bologna, Italy) (Faist E, ed) 893-896.

Németh ZH, Hasko G, Szabd C, and Vizi ES. (1997) Effects of amrinone on
cytokine and nitric oxide production in immunostimulated macrophages. In:
Immune Consequences of Trauma, Shock and Sepsis. Mechanisms and

Therapeutic Approaches, Monduzzi Editore (Bologna, Italy) (Faist E, ed) 989-993.

63



