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Abstract

Adenosine is an endogenous purine metabolite whose concentration in human blood plasma rises
from nanomolar to micromolar during stress or hypoxia. Leukocytes express seven-
transmembrane adenosine receptors whose engagement modulates Toll-like receptor-mediated
cytokine responses, in part via modulation of intracellular cyclic adenosine monophosphate
(cAMP). Adenosine congeners are used clinically to treat arrhythmias and apnea of prematurity.
Herein we consider the potential of adenosine congeners as innate immune response modifiers to
prevent and/or treat infection.
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Introduction

Immune cells dispose of pathogens directly or by the production of inflammatory mediators
and if left unchecked may damage local host tissues. The inflammatory response is therefore
regulated to prevent damage to vital organs [1]. Adenosine is an endogenous purine
metabolite (Figure 1A) with immunomodulatory properties that accumulates in the
extracellular space of tissues under inflammatory or hypoxic conditions [1,2]. Basal plasma
adenosine concentrations range from 30-300nM, whereas during hypoxia, inflammation or
sepsis extracellular adenosine concentrations increase to the uM range [3]. Extracellular
adenosine accumulates as a result of cellular production of adenosine and transport via
membrane nucleoside transporters or by extracellular metabolism of ATP to adenosine by
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the ecto-nucleotidases CD39 and CD73 that are expressed by leukocytes and other host cells
[4-6].

A high concentration of ATP can act as a danger signal [6,7]. For example, the
oligomerization (and consequent activation) of the nucleotide oligomerization domain
(NOD)-like receptor (NLR) family, pyrin domain containing 3 (NLRP3) inflammasome
requires ATP or deoxyATP [8]. Binding of extracellular ATP to the purinergic receptor
P2X7 is a co-signal required for production of the pro-inflammatory cytokine IL-13 [9-11].
In contrast, the conversion of ATP to adenosine generates a metabolite with inflammation
resolving properties [4,6].

Adenosine receptors (ARs) are expressed by all human cells [12]. Expression of ARs by
leukocytes serves important immunoregulatory roles [4]. Adenosine, acting via seven-
transmembrane G-protein-coupled ARs, including A1R, A2AR, A2BR, and A3R, can
modulate cAMP and thereby dampen inflammation, thus protecting tissues from
inflammatory damage [13,14]. ARs coupled to stimulatory G proteins (“Gs”) can enhance
adenylate cyclase activity and thereby enhance intracellular cCAMP levels. ARs are
expressed at relatively low levels under basal conditions but expression of ARs, particularly
A2A, is increased in response to inflammatory stimuli [15]. The distinct roles of the ARs in
cellular responses to adenosine are incompletely characterized [16,17]. A challenge in the
adenosine field includes the off-target effects of many adenosine congeners whose
specificity can be limited [16]. However, the availability of novel, more selective agonists
and antagonists as well as AR-deficient and CD39-deficient mice have strengthened the
approaches available in this important field [16,18].

Adenosine in innate immunity

Toll-like receptors

TLR4

Toll-like receptors (TLRs) are sentinel trans-membrane pattern recognition receptors
expressed on leukocytes of humans and other mammals. Engagement of TLRs results in
initiation of signaling cascades culminating in host defense responses [19]. The effect of
adenosine agonists in modulating TLR-mediated cytokine production depends on the
specific TLR agonist used for stimulation [20].

Adenosine-receptor stimulation skews TLR4-mediated responses, inhibiting pro-
inflammatory Th1-polarizing responses and enhancing Th2-polarizing and anti-
inflammatory cytokine production. In general, adenosine inhibits LPS-induced pro-
inflammatory/Th1-polarizing cytokines TNF [21,22] and IL-12p70 [23] but enhances
production of IL-6 [21], a cytokine with Th2-polarizing and inflammation-resolving
properties [24], as well as the anti-inflammatory cytokine IL-10 [23,25]. IL-10 limits
inflammation by inhibiting antigen presenting cell (APC) and effector T cell function [26].
IL-6 promotes resolution of inflammation by inhibiting TNF production, limiting neutrophil
accumulation and regulating leukocyte apoptosis [24]. Adenosine inhibits LPS-induced
production of TNF by murine peritoneal macrophages but increases that of IL-6 [21,27].
A2AR activation, with the selective adenosine congener 2-p-(2-
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Carboxyethyl)phenethylamino-5’-N-ethyl-carboxamidoadenosine (CGS-21680), inhibits
LPS-induced TNF production in human peripheral blood mononuclear cells (PBMCs) [28],
monocytes [29], human lung macrophages [30] and murine macrophages [31]. The AR
agonist 5’-N-ethylcarboxamidoadenosine (NECA) activated A2AR and increased cCAMP
in human monocytes thereby inhibiting LPS-induced IL-12p70 while enhancing IL-10
production in human whole blood [23]. Adenosine enhances LPS-induced IL-10 production
in murine macrophages through an A2BR-dependent post-transcriptional mechanism [25].
Adenosine did not effect expression of TLR4 and CD14 on human monocytes, suggesting
that the effects of adenosine are downstream of the receptor in the signaling pathway [28].

Adenosine, the A2AR agonist CGS-21680, and the cAMP analog, dibutyryl cAMP
(dbcAMP) all increase levels of cCAMP in peripheral blood mononuclear cells and thereby
inhibit LPS-induced TNF production and ICAM-1 expression [28]. CAMP also inhibits LPS-
induced IL-12 production in murine peritoneal macrophages [32]. Of note, adenosine
modulation of LPS-induced cytokine production is relevant in vivo. Intra-peritoneal (i.p.)
injection of mice with AR agonists (2-chloro-N(6)-cyclopentyladenosine (CCPA), CGS or
1-Deoxy-1-[6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-y I]-N-methyl-b-D-
ribofuranuronamide (IB-MECA)) 30 min before LPS injection (i.p.) enhanced LPS-induced
plasma IL-10 levels but decreased production of TNF and nitric oxide [33].

Phosphodiesterase inhibitors such as caffeine (Figure 1B), theophylline and pentoxifylline
(Figure 1C) increase intracellular cAMP and inhibit LPS-induced TNF production [34-36].
Caffeine increased cAMP in human monocytes. Pretreatment with the PKA-inhibitor Rp-8-
Br-cAMPS in human whole blood blocked the caffeine-induced suppression of LPS-induced
TNF production [36].

Relatively less is known regarding interactions between TLR2 and adenosine signaling
pathways. Human neonatal cord blood mononuclear cells (CBMCs) exhibit an adenosine-
and cAMP-dependent impairment in TLR2-induced TNF but not IL-6 production that is
corrected by inhibiting A3R with the selective A3R antagonist MRS-1220 [37]. Of note, the
role of A3R in modulating cytokine production by neonatal CB monocytes appears
relatively selective to TLR2 as opposed to TLR4 agonists [37]. Interestingly, an A3R
congener enhanced cAMP in CBMCs, suggesting positive coupling of A3R to cCAMP
production in neonatal leukocytes. The basis for the selective modulation of TLR2 vs. TLR4
pathways is worthy of future study.

Mechanisms of cCAMP mediated suppression of the immune response

The second messenger cCAMP is a major mediator of adenosine-induced inhibition of pro-
inflammatory immune responses (Figure 2). cAMP decreases LPS-induced TNF but
enhances IL-10 in human monocytes [38]. Although IL-10 can down-regulate the synthesis
of TNF, cAMP decreased TNF production by a post-transcriptional mechanism that was
independent of IL-10 [38].
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The effects of CAMP on TLR-mediated cytokine production can be dependent on cell type.
CcAMP inhibits LPS-induced IL-12p40 production by murine peritoneal macrophages via a
mechanism mediated by p38 but independent of NF-«xB [32]. However, in murine dendritic
cells (DCs), cAMP inhibition of LPS-induced IL-12p70 is p38- and NF-kB-independent and
interferon regulatory factor (IRF)-1- and IRF-8-dependent [39]. IRFs are transcription
factors that are up-regulated in response to viral infection and enhance expression of
interferons (IFNs). Treatment of DCs with adenylate cyclase toxin (CyaA) or prostaglandin
E2 (PGE2) increased CAMP levels and inhibited LPS-induced IRF-1 and -8 expression at
the MRNA and protein levels [39]. Thus, inhibition of LPS-induced IRF-1 and -8 by cAMP
may decrease IL-12p70 production.

In bone marrow derived-DCs (BMDCs) and murine macrophages, CAMP-mediated
suppression of pro-inflammatory cytokine production, including that of TNF, is via c-Fos
[40]. c-Fos is a transcription factor that makes up part of AP-1 [40]. Inhibitory kappa B
kinase B (IKKB) phosphorylates and stabilizes c-Fos [40]. The effects of cCAMP are cytokine-
specific, possibly because c-Fos directly interacts with p65 of NF-xB reducing binding of
p65 to the TNF gene promoter region, while cCAMP enhances binding of p65 to the IL-6 gene
promoter region [40].

The anti-inflammatory effect of cAMP on cytokine production from murine macrophages is
mediated, in part, by protein kinase A (PKA) [41]. In RAW 264.7 murine macrophages,
inhibition of LPS-induced expression of cytokines by CAMP was reversed by a double
knockdown in PKA-Ca and PKA-Cp [41]. The effects of PKA are controlled by its cellular
localization which is controlled by interactions of PKA with A kinase-anchoring proteins
(AKAPSs) [42]. PGE2-mediated suppression of LPS-induced up-regulation of TNF mRNA
was impaired in bone marrow derived macrophages (BMDM) from mice with a mutant
AKAP95 that does not bind to PKA, suggesting that interaction between AKAP95 and PKA
may mediate CAMP-dependent suppression of LPS-induced TNF. AKAP95 interaction with
PKA inhibits LPS-induced NF-xB activation via phosphorylation of p105. LPS induced
phosphorylation of p105 at Ser%3° in WT BMDMSs was attenuated by PGE2, but not in
AKAP95 mutant BMDM:s. Phosphorylation of p105 at Ser%0 by PKA decreases IxB kinase
(IKK)-dependent phosphorylation of p105 at Ser?3°, diminishing NF-kB activation.
Therefore, p105 may be important for PKA- and cAMP-dependent suppression of LPS-
induced cytokine expression [41].

CD39 and CD73

CD39 is an ectonucleotidase that converts extracellular ATP and ADP to AMP. AMP is then
converted by the ectonucleotidase CD73 to adenosine [16]. Early reports examining CD39
expression suggest that CD39 is not expressed on resting blood, T, B, or natural Killer (NK)
cells, neutrophils or monocytes but was found on activated NK cells, B cells and subsets of
T cells [43]. However, recent reports do indicate the presence of CD39 on macrophages and
dendritic cells (DCs) [44-47].

CD39 is the dominant ectonucleotidase expressed by murine peritoneal macrophages [48].
Recently, it has been found that cAMP up-regulates CD39 transcription in murine
macrophages [44]. cCAMP increases CD39 mRNA expression in the murine macrophage cell
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line RAW 264.7 dependent on PKA, phosphoinositide 3-kinase (PI3K) and ERK [44].
cAMP increased the binding of transcription factors cCAMP-response element-binding
protein (CREB) and activating transcription factor (ATF) to the CD39 promoter [44]. CD39
regulates early P2X7-activated macrophage cytokine production. Peritoneal macrophages
that were CD39-deficient were pre-stimulated for 3 h with a TLR4 agonist (LPS) or a TLR2
agonist (Pam3CSKy,) but not TLR5 (flagellin) or TLR3 (poly 1:C) and then for 1 h with ATP
were found to release more IL-13 than WT cells [48]. Therefore, CD39 on macrophages is
important in regulating TLR-mediated cytokine production.

Human monocyte-derived DCs (moDCs) express mRNA for both CD39 and CD73 [45].
Extracellular degradation of ATP and AMP suggested that moDCs express functional CD39
and CD73 at the cell surface [45]. Murine epidermal DCs express CD39 at the mRNA and
protein level [46]. Murine bone marrow derived dendritic cells (BMDCs) constitutively
express CD39 but do not normally express CD73, even after exposure to TLR agonists, and
are therefore unable to convert AMP to adenosine [47]. TGF induces CD73 expression in
DCs, enabling these cells to generate adenosine generation within an immune regulatory
microenvironment [47]. Accordingly, CD73-deficient mice had significantly more joint
swelling after Borrelia infection than WT mice indicating that dysregulation in adenosine
generation may play a role in persistence of bacterial infection and development of arthritis
[49].

Imidazoquinolines

Imidazoquinolines (IMQs) are low molecular weight adenosine congeners with immune
response modifying and anti-viral activity that activate TLRs 7 and/or TLR8 [50-52]. In
addition to their activation via TLRs, one report suggested that IMQs may also interact with
the adenosine system. An IMQ named Imiquimod (Figure 1D) that is approved by the Food
and Drug Administration for the topical treatment of human papilloma virus infection
(warts), antagonized ARs on human epithelial cells in vitro [53]. The antagonistic binding of
imiquimod to the A2AR decreased activation of adenylate cyclase thereby decreasing cCAMP
levels and thereby enhanced immune responses [53]. Further studies are needed to define the
interactions of IMQs with the adenosine system on primary leukocytes.

Adenosine and angiogenesis

There is synergy between TLR and A2AR signaling that switches macrophages from an
inflammatory to an angiogenic phenotype, which plays a role in wound healing in vivo [54].
The A2AR agonist, NECA, strongly inhibited TNF production in murine macrophages
treated with TLR2, -3, -4, -7, or 9 agonists [55]. A novel signaling pathway was identified in
murine macrophages involving synergy between TLRs 2, 4, 7, and 9 and A2ARs, that up-
regulates vascular endothelial growth factor (VEGF), acts on endothelial cells to promote
neo-vascularization, and down-regulates expression of TNF, thus representing an angiogenic
switch that may be important for wound healing and ischemia [55].

A2AR-activation protects against lung ischemia-reperfusion injury by attenuating
inflammatory cytokine production [56]. Treatment with the A2AR agonist (ATL313) during
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reperfusion inhibited the production of TNF, KC (CXCL1), MIP-2 (CXCL2) and RANTES
(CCL5), neutrophil recruitment and lung injury [56].

Inflammasome

The inflammasome (INFL) is a multi-protein cytosolic complex that is assembled during
cellular activation [8,57-59]. P2X7 receptors bind extracellular ATP and can participate in
activation of the INFL and processing of procaspase-1 to active caspase-1, which, in turn,
cleaves pro-1L-1p to mature IL-15 [9-11,60]. To our knowledge there are not yet any
published reports assessing whether adenosine and/or the ARs modulate cytokine responses
mediated by NOD-like receptors (NLRs) that are components of the inflammasome
[8,57,58], a topic worthy of future study.

Adenosine system deficiencies

Adenosine deaminase deficiency

Adenosine deaminase is the enzyme that converts adenosine to inosine. Individuals with a
defect in adenosine deaminase have severe combined immunodeficiency (SCID)
characterized by non-functional T and B lymphocytes. These patients have high levels of
plasma adenosine from birth [61], which is thought to play a role in the observed impaired
immune responses in these patients. Lymphocytes are sensitive to the accumulation of the
ADA substrates adenosine and 2’-deoxyadenosine [62]. High levels of adenosine can induce
aberrant adenosine receptor signaling that can affect cellular viability or function [62].
Several review articles address adenosine deaminase deficiency and current treatment
[63-65].

CD39-deficiency/polymorphisms

CD39 promotes an anti-inflammatory/pro-resolving response since it is involved in the
conversion of ATP to adenosine [16]. Mice that are CD39-deficient have higher expression
of pro-inflammatory mediators such as IFNy, IL-13 and TNF [66]. CD39-deficient mice
were highly susceptible to an experimental mouse model of colitis using dextran sodium
sulfate (DSS) compared to wild-type controls [67]. In humans, genetic polymorphisms
associated with low expression of CD39 are associated with inflammatory bowel disease
[67].

P2X7-polymorphisms

Polymorphisms in the P2X7 gene have been linked to an increased risk of tuberculosis
[68-70]. A polymorphism in P2X7 of 1513A->C inhibits ATP-induced mycobacterial Killing
in adult human macrophages [69,70]. Recently, the 1513A->C polymorphism has been
associated with extrapulmonary tuberculosis in children [68]. Interestingly, the -762T->C
single nucleotide polymorphism (SNP) in the promoter region of P2X7 appears to protect
against tuberculosis in the Gambian population [71] but not in other populations [68,72,73].
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Translational efforts

Several adenosine analogues, including agonists and antagonists, are currently in clinical use
and multiple others are in pre-clinical and clinical evaluation.

Apnea of prematurity

Caffeine is widely used to treat apnea of prematurity, a condition of preterm newborns
characterized by cessation of breathing [74,75]. Caffeine is an adenosine congener (Figure
1B) that can antagonize the A1R and A2AR [76] and also acts as a phosphodiesterase
inhibitor to increase cytosolic CAMP concentrations [36], that stimulates ventilation [74,75].
A large clinical study indicated that newborns receiving caffeine for apnea of prematurity
unexpectedly also had lower rates of bronchopulmonary dysplasia (BPD) [75]. There were
over 2000 infants with birth weights between 500 to 1250 g enrolled during the first 10 days
of life to receive either caffeine or placebo, until drug therapy was discontinued because
apnea of prematurity had resolved. BPD was defined by the need for supplemental oxygen at
a postmenstrual age of 36 weeks [75]. Although the mechanisms for caffeine’s beneficial
effects in preventing BPD are not yet known, it may reflect the ability of caffeine to block
AI1R, increase intracellular cAMP and inhibit LPS-induced TNF production in human
neonatal (but not adult) monocytes [77].

Adenosine pathway involvement in sepsis

Dysregulation of the adenosine system may contribute to the pathophysiology of sepsis.
Adenosine has a diminished capability during sepsis to inhibit the generation of oxygen
radicals by neutrophils in an in vitro sepsis model and in neutrophils of sepsis patients [78].
Coupling to adenylate cyclase was impaired and the potency of adenosine to stimulate
cAMP accumulation was decreased. Despite an increase in A2AR expression, receptor
function declines due to diminished ligand-binding affinity.

Administration of an A2AR agonist (ATL313) i.p. every 6h starting 8 h post infection
provided a significant survival benefit in mice infected i.p. with live E. coli or S. aureus
[79]. A2AR agonist administration every 6 h starting 30 min after LPS injection was
associated with diminished plasma concentrations of TNF, MIP-1a, MCP-1, IFN-y and
IL-17 and increases in 1L-10 as well as higher circulating white blood cell concentrations.
Thus, AR agonists may be potentially useful in treating sepsis by dampening the
inflammatory cascade [79]. Another approach to modulating the adenosine system to
improve sepsis outcomes involves use of adenosine deaminase inhibitors such as
pentostatin. In a rat model [80], administration of pentostatin was associated with reduced
TNF production in serum, liver and spleen and improved survival [80].

A substantial literature documents that pentoxifylline, a phosphodiesterase inhibitor that
raises intracellular cAMP concentrations [34,81], can reduce LPS-induced TNF production
invitro and may have some efficacy in treating sepsis in vivo [82,83]. Pentoxifylline in
combination with either adenosine or the A2AR agonist CGS21680 further inhibited the
generation of H,O5 in human neutrophils [78]. The increase in CAMP by adenosine was
potentiated by pentoxifylline in human LPS treated neutrophils [78].
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Colitis and cirrhosis

The intestinal epithelial A2BR is an important mediator of pro- and anti-inflammatory
responses in murine colitis [84-86]. The A2BR antagonist (ATL-801) reduced colitis in both
a DSS model and in IL-10-deficient mice treated with piroxicam (a non-steroidal anti-
inflammatory drug) [84]. A2BR-deficient mice demonstrate reduced colonic inflammation
compared to controls in models of DSS-, trinitrobenzene sulfonic acid (TNBS)- or
Salmonella typhimurium-induced colitis [85]. In contrast, Frick et al. show that colitis in
A2BR-deficient mice was more severe than controls in a DSS model. The A2BR inhibitor
(PSB1115) given to WT mice increased the severity of DSS-induced colitis [86]. Possible
reasons for the differences observed in these studies include differences in the mouse strains
studied, details of the colitis model, and potential differences in the colonizing murine gut
flora.

Pentoxifylline, a phosphodiesterase inhibitor that inhibits LPS-induced TNF production in
vitro and in vivo, reduced complications in patients with advanced cirrhosis [87]. A large,
multisite, randomized, double-blind, placebo-controlled study examined the effects of
pentoxifylline on survival in patients with advanced cirrhosis and the development of
complications. Pentoxifylline did not decrease short-term mortality in patients with
advanced cirrhosis, however, there was a decrease in complications [78]. Pentoxifylline
treated patients had lower risk of liver-related complications, bacterial infection, developing
renal insufficiency and hepatic encephalopathy [78].

Acute lung injury

The A2BR decreases murine endotoxin-induced acute lung injury (ALI) [88]. In a murine
LPS inhalation model, inhibition or genetic ablation of the A2BR increased lung
inflammation as manifested by higher levels of pro-inflammatory cytokines,
myeloperoxidase levels and more severe lung pathology after ALI. Chimeric mice
demonstrated that pulmonary A2BR signaling is important for endotoxin-induced ALI.
Pretreatment with A2BR agonist (BAY 60-6583) abrogated myeloperoxidase, 1L-6 and lung
fluid levels in endotoxin-induced ALI [88]. These data suggest that targeting the A2BR may
be a beneficial treatment option for preventing or reducing endotoxin-induced ALI.

Conclusion

There have been substantial recent advances in the understanding of how the adenosine
system regulates immune responses. Animal models with selective gene deficiencies in
adenosine system pathways have demonstrated the relevance of these molecules in vivo.
Translational efforts have demonstrated the efficacy of many adenosine modulators in
murine models. In human clinical trials caffeine, an adenosine congener, demonstrated
reduced bronchopulmonary dysplasia, a condition that reflects lung inflammation.

The adenosine system, comprised of adenosine and its receptors represents an attractive
target to prevent and/or mitigate inflammatory diseases. AR antagonists block adenosine-
induced immunosupression, which may be beneficial in up-regulating the immune response
in the immunocompromised. AR agonists and/or agents that modulate intracellular cAMP
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levels may also be beneficial for modulating immune responses in the context of infection or
sepsis. A major challenge will be to optimally target and manipulate this ubiquitous system,
which is expressed by virtually all organ systems, without causing unacceptable side effects.

Five-year view

Within the next five years our understanding of the adenosine system will continue to
advance. As agents that modulate the adenosine system are in human trials our
understanding on their impact on inflammation will be improved. Study of these agents and
their mechanisms of action in vitro and in vivo will enable us to properly combine them with
other treatments to effectively treat inflammatory disorders.
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Figure 1. Structures of adenosine congeners in clinical use or development
(A) adenosine, an endogenous purine metabolite also used to treat arrythmias, (B) caffeine,

used to treat apnea of prematurity in preterm newborns and infants, whose administration is
also associated with decreased incidence of bronchopulmonary dysplasia (C) pentoxifylline,
which has been studied for treatment of neonatal sepsis (D) imiquimod, a TLR7 agonist that
is FDA-approved for treatment of human papillioma virus (warts).
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Figure 2. Mechanisms of adenosine-mediated modulation of endotoxin-induced cytokine
production: inhibition of TNF but enhancement of IL-6 and IL-10

Endotoxin-induced activation of the TLR4 receptor complex results in activation of MyD88
and TRIF signaling cascades, leading to production of multiple cytokines, including TNF
and interferons. Adenosine interferes with both these cascades. Adenosine binding to the
A2A receptor increases intracellular cAMP, which induces expression of PKA. Targeting of
PKA to NF-xB, through its scaffold AKAP95, inhibits NF-kB activation, and results in
decreased transcription of TNF and increased production of IL-10. In addition, CAMP
inhibits phosphorylation of p38 MAPK and activation of IRFs, which are required for
production of pro-inflammatory cytokines. Several transcriptional and post-transcriptional
mechanisms have been described by which cAMP enhances LPS-induced IL-10. It is not yet
clear whether these effects are mediated through PKA or other downstream effectors.
Ultimately, adenosine polarizes TLR4-mediated cytokine responses to a Th2-type response
characterized by decreased production of pro-inflammatory cytokines such as TNF and
IL-12p70 and increased production of IL-6 and IL-10.
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