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Abstract
Adenosine accumulates in inflammation and ischemia but it is more than an end-product of ATP
catabolism. Signaling through different receptors with distinct, cell-specific cytoplasmic
pathways, adenosine is now recognized as an inducible switch that regulates the immune system.
By acting through the A2AAR, adenosine shapes T cell function, largely by conferring an anti-
inflammatory tone on effector Th cells (Teff) and natural killer (NK)T cells. In contrast, both the
A2AAR and A2BAR are expressed by antigen-presenting cells (APC) which have been shown to
regulate innate responses and the transition to adaptive immunity. There is also emerging evidence
that adenosine production is one mechanism that allows some pathogens as well as neoplasms to
evade host defenses. This review discusses the immunoregulatory functions of adenosine and
some of the interactions it may have in regulating host–microbial interactions.
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Extracellular adenosine concentrations are carefully regulated
Extracellular synthesis of adenosine is catalyzed mostly by two membrane-bound enzymes:
nucleoside triphosphate diphosphohyrdolase (ecto-NTPDase-1 or CD39) and 5′-
ribonucleotide phosphohydrolase (CD73). CD39 is the rate limiting enzyme that mediates
the dephosphorylation of ATP to ADP and then to 5′-AMP; CD73 subsequently catalyzes
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the conversion of 5′-AMP to adenosine [1]. As ATP can be pro-inflammatory [2] its
destruction complements the anti-inflammatory effects that may be associated with the
accumulation of adenosine [3]. While these enzymes are expressed by regulatory helper T
cells (Treg) and contribute to the control of inflammation [4–7], one or both (or functional
homologues) may be expressed by some tumors [8] or bacteria [9]. As discussed in detail
below, the expression by tumors and bacteria creates a local environment of immune
suppression that allows these cells to inhibit host responses and thus, favor their own
growth.

An extracellular membrane-bound or soluble adenosinolytic pathway is also available to
regulate adenosine signaling. Adenosine deaminase (ADA) rapidly deaminates adenosine to
inosine, which subsequently regenerates AMP via adenosine kinase. ADA1 and ADA2
isoforms, and a closely related protein [10] may all regulate adenosine concentrations. The
primary role of ADA1 is to eliminate intracellular toxic derivatives of adenosine and
deoxyadenosine. Although ADA1 does not express a signal sequence, it is measurable in
extracellular fluids and can bind on cell surface via dipeptidyl peptidase IV (CD26) [11].
Moreover, a non-enzymatic co-stimulatory role for ADA1 within the immunological
synapse has been suggested [12]. The second isoform—ADA2—is more soluble in water
due to its extensive glycosylation and prefers an acidic pH requirement for adenosine
deaminase activity [1, 13]. ADA2, like ADA1, has also been reported to bind proteoglycans
and adenosine receptors and promotes T cell proliferation independently of its enzymatic
activity [14]. Such an elaborate catalytic system suggests that adenosine is a mediator whose
local concentration is carefully regulated in order to control the function of adjacent cells.

The pleiotropic effects of adenosine are mediated through distinct receptor
isoforms

Adenosine binds through the P1 family of purine receptors. There are four known adenosine
receptor subtypes encoded by separate genes. The A2AAR is a high affinity, Gs-protein-
coupled receptor that directly stimulates adenylyl cyclase, thereby increasing intracellular
cAMP levels [15, 16]. Downstream intracellular events include the activation of cAMP
sensors, such as cAMP-dependent protein kinase (PKA). There are multiple substrates for
PKA that confer the effects of cAMP on various transcription factors. While classically
cAMP was thought to activate PKA, it is now apparent that it also regulates other cAMP
sensors including the exchange protein directly activated by cAMP (Epac) [17, 18]. Epac
initiates a large number of cAMP-mediated events including cell proliferation, cell survival,
secretion, and Ca2+ metabolism [17, 18]. While cAMP may be a common change in a cell's
signaling pattern, many different outcomes may emerge due to the subsequent signaling
events mediated through PKA or Epac.

The A2AAR is expressed by different immune and inflammatory cells including neutrophils,
antigen-presenting cells, and T and B cells and in general, confers an anti-inflammatory tone
[19]. A2AAR are the most abundant adenosine receptors in human or murine CD4+ T cells
[20–22] and activation of these cells causes an early A2AAR mRNA upregulation [23, 24].
A2AAR are also upregulated in human, gastric lymphocytes subsequent to activation [23].
As discussed in more detail below, engagement of these receptors inhibits the production of
several proinflammatory cytokines.

The A2BAR is a low affinity receptor that appears to be absent in both peripheral and
mucosal T cells [23]. This receptor can be coupled to two different G proteins—Gs and Gq
—which enable it to induce cAMP and regulate host responses through other pathways
controlled by the Gq protein [25, 26]. A2BAR are the most prominent subtype on dendritic
cells (DC) after in vitro maturation using GM-CSF and IL-4 [27], but the expression of
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adenosine receptor subtypes is modified by several factors including LPS challenge. LPS
induces an increase in both A2AAR and A3AR expression although the latter to a lesser
extent while A2BAR mRNA decreases but remains present [27, 28]. One significant trigger
of A2BAR expression is hypoxia [28, 29] which is a consequence of tissue injury. Despite
the upregulation of A3AR, most of the effects of adenosine on DC appear to be mediated
through the A2A or A2BAR. The net effect on cellular responses will reflect the relative
number of each adenosine receptor isoform and the regulation of the downstream signaling
molecules linked to these receptors.

Other cells also have been shown to express various receptor subtypes. For example, murine
splenic and hepatic invariant NKT cells express all four adenosine receptor subtypes with
A2AAR being the most abundant [30]. While some studies suggest the A1AR and A3AR
play a role in immune regulation [31–33], others have not shown them to have a major
impact on immune functions [34]. It should be remembered that the antibodies to these
receptors are of limited use and most expression studies rely on studies of mRNA or in some
cases, ligand-binding assays. These approaches are open to error due to contaminating cells
or any limitations in receptor specificity that emerge attributable to the concentration of
agonists used or their affinity for a particular receptor. Functional studies require careful
examination of cells from mice that do or do not express the receptor as well as
complementary pharmacological approaches.

All four receptor subtypes are expressed by lineages of cells other than immune or
inflammatory so any effect of adenosine on the host response may include an indirect
component. For example, the A3AR is abundant in the myenteric nerve plexus and it is
involved in mechanisms regulating intestinal motility [35]. A3AR KO mice are protected
from DSS-induced colitis and this in part, may be attributable to the effects of this receptor
on nerve function [35]. In addition, adenosine receptors are found on fibroblasts, heart
tissue, vascular smooth muscle, as well as nerves and can regulate fibrosis, blood pressure,
and several neurological functions [25]. It is evident that any attempt to use adenosine
analogs as a therapeutic strategy will have to consider the potential side effects due to a lack
of receptor specificity or the effects of these drugs on other cell lineages.

Regulation of innate responses by adenosine
Following an infection or in response to ischemia, many of the innate responses are
mediated by neutrophils, monocytes, and NK cells and adenosine has been shown to
regulate several of their responses. For example, ischemia–reperfusion injury can be
prevented in the liver [36], kidney [37], nervous system [38], and heart [38] by the
administration of adenosine. The major target for adenosine in ischemia–reperfusion is the
A2AAR expressed by NKT cells [39]. In DC, adenosine limits the inflammatory potential of
LPS by inhibiting the release of pro-inflammatory cytokines such as IL-12 and TNF-α while
increasing the expression of the anti-inflammatory cytokine IL-10 [27, 40]. The induction of
IL-10 may account for some of the anti-inflammatory responses through negative feedback
[27] although in other reports, the anti-inflammatory effects of adenosine are independent of
IL-10 [41]. Genetic (A2BAR KO DC) and pharmacological (selective A2BAR blocking)
approaches have shown that the effects of adenosine on TNF-α, IL-12, and IL-10 can be
mediated by A2BAR [27]. The effects of adenosine on TNF-α, IL-12, and IL-10 have also
been attributed to the A2AAR [28] or A1AR [31]. These differences in receptor-mediated
effects of adenosine may be explained by the use of varied antigen-presenting cell
preparations for example, using dissimilar DC maturation processes and/or different
agonists. Alternatively, drugs with implied selectivity may be used at concentrations that
interact with other receptor subtypes. Therefore, it is helpful when one approach is validated
with another.
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Adenosine modulates the intercellular signaling mediated by accessory
molecules

In addition to cytokines, adenosine regulates the expression of surface molecules that
modulate T cell responses and the transition from innate to adaptive immunity. While LPS
stimulates the maturation of DC and an increase in the expression of CD80, CD86 as well as
class I and II HLA/ MHC molecules, adenosine can inhibit these changes [27, 40].
Similarly, blocking ADA, which degrades adenosine, has been reported to enhance the
expression of CD86, IL-12p70, and TNF-α in DC stimulated with poly(I:C) [31].
Interestingly, bone marrow-derived DC treated with adenosine analogs may be further
divided according to CD86 expression level into two functionally distinct sets: a CD86lo

population in which A2BAR is dominant, and responds to LPS and adenosine analogs by
increasing IL-10, but not TNF-α and IL-12, and a CD86hi population which is A2AAR
dominant and responds to these stimuli by increasing TNF-α and IL-12 [27]. These two
subpopulations differ in their ability to activate Th cell proliferation and cytokine production
with the CD86lo population being decidedly less immunogenic as they fail to trigger IL-2
secretion by OVA-specific CD4+ T cells [27]. Adenosine also suppresses DC-driven CD8+

T cell proliferation and differentiation to IFN-γ producing cells [42].

Other studies have shown that adenosine decreases the proliferative responses of Th cells in
co-cultures with DC [43]. A2AAR expressed by the APC and the T cell contribute to the
final effect, as suggested by co-culture experiments using A2AAR KO DC and/or A2AAR
KO Th cells together with A2AAR agonist and/or antagonist [44]. A2AAR stimulation also
prevented CD25 (IL-2R α chain) and co-stimulatory CD40L upregulation on the T cell
surface [44]. In a complementary approach, the addition of the adenosine-degrading enzyme
ADA causes similar responses supporting the conclusion that adenosine inhibits T
proliferation and cytokine production [45]. Furthermore, there are data suggesting that
adenosine imparts a functional memory on antigen-specific Th cell responses. This
conclusion is supported by the observation that after priming DC-Th cell co-cultures with
antigen and an A2AAR agonist, Th cells remain non-responsive upon restimulation with
antigen alone [46].

Adenosine modulates T cell function directly
While adenosine can regulate APC and their ability to control T cell function, there are also
direct effects of adenosine on T cells. The administration of A2AAR agonists during
activation inhibits the induction of several pivotal mediators including IL-2, Th1 (IFN-γ,
TNF-α) and Th2 (IL-4) cytokines in peripheral lymphocytes and gastric lamina propria
CD4+ T cells [20, 23, 24, 46–49]. Similarly, it was shown that in the presence of either Th1
(IL-12, anti-IL-4) or Th2 (IL-4, anti-IFN-γ) polarizing conditions, selective A2AAR agonists
decreased αCD3/CD28 stimulated IL-2, Th1 (IFN-γ) or Th2 (IL-4, IL-5, IL-10) responses
[50–52]. Effects of A2AAR on IFN-γ and IL-2 are mediated at least in part, through a
reduction in mRNA stability [53]. A2AAR were also implicated in limiting proliferation
based on results obtained using selective antagonists or A2AAR KO mice [46].

In CD8+ cytotoxic T lymphocytes, A2AAR and A2BAR, but not A1AR or A3AR mRNA,
have been detected. The A2AAR inhibits cytotoxic T lymphocyte degranulation and
cytotoxicity by upregulating intracellular cAMP and suppressing TCR-triggered FasL
mRNA upregulation [16, 22, 54, 55]. Data from splenic T cells show that A2AAR
stimulation inhibits the activation of the Zap-70 tyrosine kinase T cell activation pathway
and upregulates inhibitory PD-1 and CTLA-4 [44]. Indeed, data on Zap-70 were verified and
attributed mainly to CD8+ T cells [42]. The increase in cAMP and the subsequent activation
of PKA appears to account for these actions of adenosine [54]. Furthermore, adenosine or
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specific A2AAR agonists also downregulate IFN-γ secretion [42, 56] in CD8+ T cells. It is
noteworthy that late addition of non-specific adenosine or specific A2AAR agonist days after
culture with allogenic spleen cell suspension cannot suppress CD8+ cell proliferation and
cytokine secretion probably due to the fact that the cytotoxic phenotype has already been
induced [57]. There is also evidence that exposure to adenosine drives CD8+ cells toward a
phenotype resistant to adenosine [57].

The association of adenosine with regulatory T cell function
Regulatory helper T cells (Treg) have emerged as important cells in the control of host
responses and autoimmunity. The role of adenosine in Treg was first studied using an
adoptive transfer model in which naïve, splenic CD4+CD45RBhi Th cells placed into
immunodeficient mice cause colitis [58]. Co-transfer of Treg of a CD4+CD45RBlo or a
CD4+CD25+ phenotype protects from colitis [59]. Using this adoptive transfer model, Treg
failed to protect recipients from colitis when the pathogenic Teff cell lacked the A2AAR
[53]. Furthermore, Treg also express the A2AAR and respond to adenosine with an increase
in their number and/or their function [46]. Again using the adoptive transfer model, Treg
failed to protect recipients from colitis if they lacked the A2AAR [53]. These data support
the notion that adenosine regulates host responses to infection since the colitis in this model
is driven by the luminal microbiome. A role for adenosine in the selection of Treg is
supported by other studies showing that T cells activated by allogenic cells are driven by
adenosine acting through the A2AAR to a Treg phenotype, expressing surface CD25 and
LAG3 [44, 46]. Thus, signaling through A2AAR on both Treg and Teff is crucial for optimal
anti-inflammatory action conferred by Treg.

The role for adenosine in Treg function was advanced significantly by several laboratories
with data demonstrating that most Treg in mice or humans express CD39 and CD73 which
would enable them to synthesize adenosine as an anti-inflammatory mediator [4–6, 43] (Fig.
1). In other studies, undifferentiated/naive CD4+CD44lo mouse spleen T cells (IL-2, MIP-1α
but not IFN-γ secretors) lack CD73, and thus cannot synthesize adenosine, while minimally
differentiated CD4+CD44+CCD25- Thpp cells—which are believed to be the next step
toward Th or Treg differentiation—do express CD73 [51]. Robust CD73 expression
coincides with differentiated Treg defined by the presence of cytoplasmic Foxp3 and
membrane CD25 expression, TGF-β1 (but not IL-2 or IFN-γ) secretion and the ability to
inhibit lymphocyte proliferation [4, 43, 51, 60]. Nearly all spleen and peripheral blood
CD4+CD39+ Th cells resemble the phenotype of Treg by being CD25hi, CD45RBlo, mostly
CD62Llo, express high levels of Foxp3, GITR, CTLA-4, IL-10 mRNA, and suppress Teff
proliferation, while CD4+CD39- do not [4, 61–63]. CD73 and CD39 are often co-expressed
by T cells in mouse spleen or lymph nodes as well as by T cells from human tissues [4–6,
51, 64]. The CD39/CD73 machinery is also functional in Tr1 cells, a subset of Th induced
by IL-10 that do not express neither CD25 nor Foxp3, but have immunoregulatory
properties [65]. Together, these observations suggest that CD39 is an important marker of
Treg and portends the role of adenosine in the immunosuppressive functions of these cells
[62].

Production of adenosine as a mechanism of immune evasion
While the concept that adenosine provides a feedback to limit the tissue damage mediated
by a host response, it is possible, and indeed likely, that it can confer a detrimental degree of
immunosuppression. For example, pioneering work by Sitkovsky and colleagues suggest
adenosine offers protection to various neoplasms by inhibiting tumor immunity [8, 22].
Moreover, CD73 knockdown with si-RNA, as well as CD73 or A2AAR blocking, reverses
the inhibition of T cell proliferation and prevents T cell apoptosis caused by ovarian
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carcinoma cells. These treatments targeting CD73 render the tumors vulnerable to cytotoxic
lymphocytes [66]. Results were verified in vivo with adoptive transfer experiments that
showed improvement on both mouse survival and tumor burden if tumor cells did not
express CD73 [66]. CD39+ adenosine-producing cells in follicular lymphomas have also
been implicated in T cell anergy observed in those tumors [67].

The immunosuppressive effects of potential detriment to the host are not limited to tumor
growth. As described by Dr. Stanley Falkow, there are several criteria that determine if a
microbe is a pathogen [68]. These include their ability to: breach host cell barriers; evade,
subvert, or circumvent host responses and; cause damage. It is increasingly apparent that
host factors enabling infection or causing tissue damage are key elements of the
pathogenesis. Thus, infections that are harmless in some cohorts are more severe, or even
devastating in those with altered immune reactivity.

Since the immune response contributes to microbial pathogenesis, it follows that treatment
with anti-inflammatory drugs may decrease tissue damage and disease. For example,
A2AAR agonists prevent inflammation and disease induced by C. difficile [69]. One study
reported that an A2AAR agonist conferred dose-sensitive protection of mice against lethal
challenge with endotoxin [70]. However, adenosine has been suggested to exacerbate sepsis
[71]. This leads to the possibility that adenosine may favor the pathogenesis of a pathogen if
it is present at the correct time or context.

The adenosine-A2AAR axis has been implicated as having an important role in immune
regulation. However, it should be pointed out that mice lacking the A2AAR or CD73 are
remarkably healthy—until provoked. Infection with Helicobacter pylori provides an
interesting example of the interaction between an organism and the host adenosine response.
H. pylori infection occurs in the majority of humanity with relatively mild consequences
[72–75]. However, in individuals with genetic traits that exacerbate the inflammatory
response, gastric cancer is more likely to occur [73, 76]. The onset of disease caused by
gastroenteric infections is often associated with genes that enhance the expression or
function of bacterial receptors or host cytokines [77]. CD73 KO mice appear quite healthy
but when infected with Helicobacter felis—a model of H. pylori infection—they develop a
more severe gastritis with increased levels of IL-1, TNF-α, and IFN-γ mRNA in gastric
tissue than wildtype mice. Moreover, adoptive transfer of Treg from CD73 KO mice that
cannot produce adenosine failed to prevent gastritis caused by the simultaneous transfer of
Teff, while wildtype Treg effectively prevented disease [6]. Further evidence for the
protective role of adenosine in bacterial gastritis comes from data indicating that gastric
pathology associated with Helicobacter felis is more severe in A2AAR KO mice [23]. In
addition, feeding an A2AAR agonist to IL-10 deficient mice suffering from gastritis due to
Helicobacter pylori, attenuated gastritis and lowered TNF-α and IFN-γ in the gastric
mucosa, but led to increased bacterial colonization [23]. These data suggested that when
adenosine inhibits host responses, it favors persistent infection.

Other recent studies examining the pathogenesis of an array of bacteria suggest that
manipulation of the host's adenosine signaling pathways to benefit the pathogen may be
more common than previously appreciated. The Gram-positive pathogens Staphylococcus
aureus, Bacillus anthracis, Enterococcus faecilis, and S. epidermidis all produce adenosine
from AMP via adenosine synthase A (AdsA), an extracellular 5′-nucleotidase that is
covalently linked to the cell wall of the bacterium [9] (Fig. 2). Relative to AdsA-knockout
mutants, wildtype S. aureus survive better in the blood, resist killing by neutrophils and
ultimately, induce greater abscess formation in the kidneys of intravenously infected mice.
Similarly, B. anthracis that produce adenosine with AdsA also resist killing within blood.
From these observations it has been hypothesized that bacterially produced adenosine alters
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the function of cells of the innate immune system, likely signaling through the A2AAR to
reduce neutrophil and/or macrophage bactericidal activation to promote the early
establishment of infection. As noted above, adenosine signaling through A2AAR has been
demonstrated to inhibit secretion of IL-12, TNF-α, neutrophil degranulation [78], adhesion
of phagocytes to vascular surfaces [79], and the oxidative burst [80]; all of which have been
implicated in the clearance of bacterial pathogens. Interestingly, adenosine is also a
germinant that promotes the transition of dormant B. anthracis spores into rapidly dividing
vegetative cells [81]. Dormant spores are unable to be destroyed by phagocytes, but are
quickly eliminated upon germination [82], thus B. anthracis spores can remain protected in a
dormant state in host tissues for weeks to months. Resultantly, one may speculate that the
spores remain quiescent until an adenosine-rich environment is sensed, signaling a
convalescent anti-inflammatory state within the host. Within this anti-inflammatory
environment, it would be predicted that B. anthracis would be less likely to be killed by
highly activated phagocytes, thus promoting early bacterial growth by properly timing
bacterial outgrowth.

There is also evidence that some pathogens utilize extracellular ATP and its derivatives to
cause disease and/ or subvert the immune system. Both Aeromonas sobria and
enteropathogenic E. coli (EPEC) have been found to increase extracellular ATP release from
cultured T84 monolayers [83, 84]. ATP is released from host cells by the secretion of a
hemolysin by Aeromonas, whereas the mechanism for EPEC is less well understood, but is
frequently attributed to its type III secretion system. The extracellular ATP can be converted
by host 5′-ectonucleotidases to adenosine which causes A2BAR signaling and raises host
intracellular cAMP levels. High levels of cAMP subsequently activate the cystic fibrosis
transmembrane conductance regulator, which increases Cl- secretion into the lumen of the
intestine [85], causing diarrhea through its effects on the A2BAR [86]. The cAMP response
was independent of cell death, as both low concentrations of hemolysin and non-cytotoxic
mutants of EPEC are still able to stimulate ATP release. In a similar fashion, several other
pathogens have been shown to secrete enzymes which modify purinergic signaling for both
adenosine receptors and the P2X7 receptors. The latter receptors sense extracellular ATP and
can lead to macrophage lysis via pore formation. Burkholderia cepacia, Pseudomonas
aeruginosa, and Vibrio cholerae all secrete 5′-nucleotidases, nucleoside diphosphate
kinases, and adenylate kinases [87–89], which can alter the balance between adenosine and
its multiple-related phosphorylated metabolites. The main function for the secreted enzymes
is to alter the concentration of ATP to accelerate macrophage death via P2X7. These studies
also demonstrate that the adenosine concentrations are greatly increased by these enzymes,
but the authors did not investigate the role of adenosine receptor signaling in pathogenesis
[87]. It is interesting to note that many of the pathogens that stimulate adenosine signaling
can also raise cAMP levels through adenylate cyclase toxins, such as ExoY in P. aeruginosa,
edema toxin in B. anthracis, and cholera toxin. It remains to be determined if and how these
toxins are leading to independent effects from adenosine receptor-mediated cAMP
production, but the findings suggest that there may be convergence between the targeting of
cAMP production by toxins with that of adenosine receptors.

Since adenosine is involved with the pathogenesis of many bacteria, several groups have
begun to investigate nucleoside analogs as a potential therapeutic. Since B. anthracis spores
germinate in response to purines, including adenosine, work from Akoachere et al. explored
germination inhibitors based on purine analogs [90]. Their work identified several analogs
with alterations at the 2 and 6 positions that inhibited spore germination in liquid culture.
However, the germination environment encountered by a spore interacting with a phagocyte
is more complex than within liquid culture, potentially explaining why only one of these
inhibitors—6-thioguanosine—was able to protect RAW264.7 macrophage-like cells from
being killed by bacteria arising from spores. Yet, adding germinants after infection
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significantly exacerbated the infection. Additionally, pretreatment of mice with nebulized L-
alanine + adenosine + casamino acids 1 h before infection to promote precocious spore
germination also led to greater mouse mortality. The authors suggest this is due to toxin
production from the recently germinated spores, leading to a breakdown in the pulmonary
tissue and ultimately allowing more bacteria to reach the bloodstream. Indeed, many
published works have shown that spores generally do not germinate on the mucosal surface
of the lung except when delivered in a large bolus [91, 92]. It should be noted, however, that
Cote et al. did not look at the effect of inhibiting germination with 6-thioguanosine, but with
D-alanine [93].

The recent reports of bacteria utilizing host adenosine to cause damage and increase survival
have opened new potential to use adenosine receptor antagonists as a treatment. Although,
several Gram-positive bacteria have been implicated as using ectonucleotidases as a
virulence factor, the targeted adenosine receptors have not been identified. It has been
reported that the pathogenesis of Salmonella is attenuated in mice lacking the A2BAR or
treated with A2BAR antagonists [94, 95]. No studies have investigated using A2BAR
antagonists to prevent diarrhea from either EPEC or Aeromonas infection. Thus, there is the
potential for adenosine receptor antagonists to ameliorate bacterial burden or disease in
situations where the bacteria are manipulating the host's adenosine signaling pathways. The
use of A2AAR agonists to decrease inflammation, tissue damage, and disease in models of
C. difficile [69] and sepsis [96] will have to be used with the caveat that their ability to
inhibit the host response may favor colonization by other bacteria.

Conclusions
Adenosine has pleiotropic effects on most levels of the immune and inflammatory response.
Membrane-bound adenosine producing and catabolizing enzymes add to the local control of
adenosine concentrations. Four different receptors are linked to cytoplasmic pathways with
A2AAR and A2BAR being predominant and responsive on cells involved in regulating the
host response. Adenosine limits exaggerated effects of host responses that contribute to
tissue damage. In animal models, targeting the A2AAR has had profound beneficial effects
as an anti-inflammatory and preventing ischemia–reperfusion injury that could be of
enormous benefit in transplantation or the management of ischemic heart disease. However,
some cells, such as tumors and bacteria, may produce adenosine as a means to evade the
immune system and favor their survival. Thus, in developing adenosine receptor agonists or
antagonists, more information is needed so their design will maximize the intended effect
without incurring adverse reactions that might include fibrosis, tumor survival, or enhanced
colonization of pathogens.
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Abbreviations

AdsA Adenosine synthase A

αCD3/CD28 Anti-CD3/anti-CD28

ADA Adenosine deaminase

APC Antigen-presenting cells

AR Adenosine receptor

Drygiannakis et al. Page 8

Immunol Res. Author manuscript; available in PMC 2012 May 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DC Dendritic cell

KO Knock-out

NKT Natural killer T cell

TcR T cell receptor

Teff Effector T cell

Th Helper T cell

Thpp Primed precursor helper T cell
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Fig. 1.
Adenosine synthesis and control of host responses to limit tissue damage. ATP can
accumulate in areas of inflammation or hypoxia from dead cells or bacteria [2]. The
metabolism of ATP can be achieved by CD39 and CD73 leading to the accumulation of
adenosine (ADO). These enzymes are expressed differentially by various cells but both are
found on Treg and contribute to their regulatory function. Subsequently, the adenosine can
interact with any of the four receptor subtypes, primarily the A2A and A2BAR but possibly
A1AR and A3AR as well. The short half-life of adenosine requires a close juxtaposition
among cells producing and responding to its signals suggesting its effects are largely
paracrine or autocrine. This figure is modified from [26]
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Fig. 2.
Control of host responses by adenosine-producing bacteria. As the immunological functions
include the impairment of host responses, one might predict that microbes have developed
ways to synthesize adenosine and favor their colonization. Indeed, Gram-positive bacteria
express an extracellular 5′-nucleotidase, AdsA, that converts 5′AMP to adenosine (ADO) in
a manner similar to CD73. Subsequently, local immune/inflammatory cells are inhibited and
this local immune suppression favors the expansion and colonization of the organism

Drygiannakis et al. Page 16

Immunol Res. Author manuscript; available in PMC 2012 May 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


