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Abstract

Introduction Multiple sclerosis (MS) is a heterogeneous
neurological disorder with multifactorial etiologies charac-
terized by demyelination, axonal degeneration, and
oligodendroglial death. It is believed that both genetics and
environmental risk factors such as infection are involved in
disease etiology. Accumulating evidence indicates that
alteration in purinergic system signaling is involved in
immunity and inflammation. Adenosine, a key purine nucle-
oside, has been shown to be produced during metabolic stress,
including ischemia, inflammatory condition, and tissue injury.
Methods Extracellular adenosine directly affects various
physiological and pathological processes of MS by stimu-
lating G protein-coupled adenosine receptors Al, A2A,
A2B, and A3 on the surface of immune cells. It has been
suggested that promotion of adenosinergic system may be
an important factor in MS pathophysiology and considered
as promising therapeutic target for this disease.
Conclusion In this review, we will discuss about the
immunopathologic effects of adenosine on MS and its animal
model, experimental autoimmune encephalomyelitis.
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Introduction

Multiple Sclerosis (MS) is the central nervous system (CNS)-
related autoimmune disease which affects about 1.3 million
people worldwide [1, 2]. The onset of MS occurs among
individual’s most productive years and is more common
among women than men [3, 4]. MS patients exhibit several
clinical symptoms such as chronic pain, depression, ataxia,
sensory organ disorders, and overall cognitive disorders [5].
Despite extensive research the precise cause of disease still
remains unknown [6]. MS is a chronic neuroinflammatory
demyelinating disease which is associated with activation of
immune cells including neutrophils, macrophages, and lym-
phocytes [7]. As the adenosine can control the immune system
and inflammation, it seems that adenosine receptors may be
considered as novel potent therapeutic targets in MS [8].
Increasing evidence suggests that adenosine can directly con-
trol different aspects of the pathophysiology of MS, particularly
neural inflammation and demyelination [9]. It has also been
reported that concentration of adenosine is decreased in blood
of MS patients [10]. In this review, we tried to clarify the role of
adenosine and adenosine receptors in the immunopathogenesis
and treatment of MS and its animal models.

Multiple sclerosis
Two major hypotheses are considered in etiology of MS,

including autoimmunity and oligodendrogliapathy.
Autoimmune hypothesis, the most accepted hypothesis,
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indicates that neuroinflammation is responsible for
demyelination and auto-reactive leukocyte-induced disease
[11]. A recent theory suggests that MS is an immunological
convolution between initial degenerative disorder and
aberrant immune response of the host. In both events,
infiltration of leukocytes (including T lymphocytes,
monocytes, and other immune cells) into the CNS is a main
event which is mediated through interaction of integrins
expressed on the surface of leukocytes with their ligands
[cell adhesion molecules (CAMs)] expressed on the surface
of endothelial cells [12]. However, it is accepted that a
combination of genetic and environmental factors is
involved in disease susceptibility. High frequency of cer-
tain genetic variants in MHC-II gene loci among MS
patients compared to normal population supports the
genetic involvement. HLA DRB1 * 1501 allele shows a
high association with MS [1, 8, 13]. Among environmental
factors, infection with Epstein-Barr virus has the greatest
involvement in susceptibility to disease [1].

Inflammatory events in MS are associated with self-re-
active responses against myelin antigens in which both the
innate and adaptive immunity play a key role [14, 15]. In
the early stages of the disease, antigen-presenting cells
(APCs) present myelin-derived antigens to naive T CD4"
cells and prime these cells in the peripheral lymph nodes.
Stimulated T CD4% lymphocytes then cross blood—brain
barrier and react with myelin and oligodendroglia antigens
in the CNS [16]. Secretion of inflammatory mediators such
as proinflammatory cytokines including interleukin (IL)-12
and tumor necrosis factor-oo (TNF-a) enhances activation
of microglia in the CNS [14]. Subsequently, these factors
together with other soluble factors which were secreted
from glial cells induce demyelination via oligodendroglia
TNF receptor 1, which affects oligodendrocytes and myelin
sheaths [1, 11]. Axonal damage commonly is observed
with chronicity and progression of the disease, which leads
to an important and irreversible neurological disability [17,
18]. Inflammation, demyelination, and neurodegeneration
in human cortex are the pyramid of MS as suggested by
Fisher et al. [19]. Moreover, they compared various
inflammatory and neurodegenerative diseases, using neu-
ropathological and genome-wide microarray analysis, and
highlight some of the common pathways leading to MS-
specific lesions. These data suggest that plaques of primary
demyelination (complete loss of myelin but axonal main-
tenance) are the main hallmark of cortical damage in cases
of secondary progressive MS. These subpial focal lesions
with demyelination confirmed by the presence of activated
macrophages containing myelin degradation products are
further distinguished by profound inflammation in the
meninges, activation of microglia, perivascular inflamma-
tory cuffs, and T/B lymphocyte infiltration [19]. In addition
to T cells, it is supposed that B cells play an important role
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in the pathogenesis of MS, possibly as APC [20]. B cells
may play an important role in antibody-dependent
demyelination through complement activation or antibody-
dependent cellular cytotoxicity. Consistently, the
histopathologic findings have demonstrated deposition of
IgG at the border of MS plaques [1, 21].

MS is divided into four different subtypes based on
clinical manifestation, including (i) relapsing-remitting MS
(RRMS), (ii) primary-progressive MS (PPMS), (iii) sec-
ondary-progressive MS (SPMS), and (iv) progressive-
relapsing MS (PRMS) [6]. Approximately 85 % of patients
exhibit RRMS characterized with recurrent and unpre-
dictable episodes of neurological deficits such as loss of
vision and paralysis followed by a recovery period [22].
About 10 % of the patients show PPMS phenotype in
which symptoms are persistent and sometimes small tem-
porary improvement occurs. SPMS begins as RR form
characterized by minor improvement followed by attacks
and worsening of the disease. PRMS is the rarest disease
course (approximately 5 % of the patients), in which dis-
ability from onset of disease is progressive [6]. The overall
mean duration of the disease is 25-30 years. Benign course
of disease is observed in one-third of the patients, who
remain fully functional and show partial disability only
15 years after the onset of disease. On the other hand,
malignant MS rapidly progresses, which leads to signifi-
cant neurological impairment and even death [8]. During
the past 20 years, many attempts have been made for
treatment of MS, although none of the existing drugs can
efficiently control the neurodegeneration process. More-
over, these drugs are often associated with several side
effects [23]. Therefore, further investigations are required
to design the new therapeutic approaches for treatment of
MS [4, 24].

Adenosine

Adenosine is an intermediate metabolite and building
blocks of nucleic acids and a part of common biological
energy, i.e. adenosine 5'-triphosphate (ATP) [25]. This
metabolite was first identified by Drury et al. as a physio-
logical regulator of coronary vascular tone [26]. Adenosine
directly affects a number of synaptic processes involved in
signaling pathways and plays an important role in regula-
tion of several neurotransmitters in the CNS [27]. Newby is
proposed a hypothesis for adenosine function according to
which adenosine is referred to as a retaliatory metabolite,
as a consequence of its ability to mediate an autoregulatory
loop. According to this hypothesis, it is assumed that
adenosine is released in response to a wide variety of
noxious stimuli and stressors, which induce a self-regula-
tory cycle. This function protects the organ from the
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damage following the initiating stressful stimuli [27, 28].
Adenosine protects the organs through several mecha-
nisms. Adenosine reduces energy requirement of the
tissues, increases the supply of oxygen and nitrogen
through vasodilation, and regulates uncontrolled inflam-
mation or immune activation against foreign agents [29].
The baseline level of adenosine has trivial effects on the
immune response; however, it becomes high enough to
have considerable immunomodulatory effects in ischemic
and inflammatory conditions [29]. The genetic defect in the
adenosine deaminase (the enzymes involved in metabolism
of adenosine) is associated with severe combined immune
deficiency disease (SCID) which demonstrates the
immunomodulatory effects of adenosine [30].

Adenosine constitutively found at low concentrations in
the extracellular space [25]. Under physiological condi-
tions extracellular adenosine concentration in the tissues is
less than 1 pM; however, following metabolic stress its
concentration increases up to 100 uM. It seems that the
inflammatory conditions such as ischemic lesions increase
extracellular adenosine concentrations to suppress immune
responses [31]. Several biological processes affect extra-
cellular concentration of adenosine, including formation of
adenosine through intracellular adenosine reservoirs,
extracellular adenosine production and adenosine transport
outside the cell [32]. Moreover, since the majority of cells
possess adenosine transporters, extracellular concentration
of the adenosine is limited to basic physiological condi-
tions [33].

Adenosine bioavailability depends on its production,
secretion, cellular uptake, and enzymatic degradation.
Pathophysiological conditions such as hypoxia and intra-
cellular stress promote ATP dephosphorylation to
adenosine by 5’ nucleotidase enzyme, which is accompa-
nied by suppression of adenosine kinase enzyme leading to
increased intracellular adenosine [8]. Overexpression of
intracellular adenosine leads to adenosine transportation to
the extracellular space by nucleoside transporters [8, 34].
Extracellular catabolism of ATP, ADP, and AMP by
ectonucleotidases including CD39 (nucleoside triphosphate
diphosphohydrolase [NTPDase]) and CD73 (5'-ectonu-
cleotidase) can also increase the extracellular concentration
of adenosine [35, 36]. These enzymes exhibit high
expression, particularly in lymphocytes and endothelial
cells and can be overexpressed in response to chronic
hypoxia [37]. Two other enzymes including adenosine
deaminase (ADA) and adenosine kinase (AK) are also
involved in regulation of extracellular adenosine. It seems
that ADA is a main enzyme in metabolism of purines and
irreversibly catalyzes deamination of adenosine and deox-
yadenosine to inosine and doxyinosine, respectively [28].
Thus, ADA is involved in removal of adenosine from
extracellular area. AK is an intracellular enzyme, which

catalyzes rapid phosphorylation of adenosine to adenosine
monophosphate (AMP). Since the cellular uptake of ade-
nosine from extracellular spaces 1is controlled by
concentration gradient, AK indirectly regulates extracel-
lular adenosine uptake by controlling the intracellular
concentration of adenosine [30, 38, 39]. After formation,
adenosine starts cellular function through specific receptors
on the cell surface.

Adenosine receptors

Extracellular purines such as adenosine, adenosine
diphosphate (ADP), and ATP mediate a variety of bio-
logical effects by G protein-coupling receptors, called
purinergic receptors [25]. Two families of purinergic
receptors are defined based on pharmacological and
molecular cloning characteristics including pl and p2
receptors [38]. While the pl receptor binds to adenosine,
p2 receptors identify a wide range of natural ligands such
as ATP, ADP, uridine-5'-triphosphate(UTP), and uridine
diphosphate (UDP) [40]. According to [IUPHAK nomen-
clature, pl receptors are also called adenosine receptors
(ARs). These receptors belong to the super family of seven
transmembrane receptors bound to G protein divided into
subcategories of Al, A2A, A2B, and A3. Except A3R
which exhibits significant variation between species, other
ARs are highly conserved during evolution (i.e. 80-95 %
sequence homology) [25, 41]. AI1R is the most abundant
AR [42], which is widely expressed throughout the body
with highest expression in the brain, particularly in exci-
tatory nerve endings [25, 43]. These receptors have high
affinity for adenosine analogs such as L-N6-phenyl iso-
propyl adenosine (L-PIA) [44]. Ligation of AIR inhibits
the activity of adenylyl cyclase, activates potassium
channels, inhibits voltage-dependent calcium channels, and
increases intracellular calcium and Inositol trisphosphate
(IP5) by inducing activation of phospholipase Cy [45].
A2R is found at pre and post synaptic nerve terminals,
mast cells, and airway smooth muscle [25]. High levels of
A2Rs are found in the striatum of the brain, immune cells,
spleen, thymus, and leukocytes [46]. A2Rs are subdivided
into two subgroups of A2A and A2B. A2A has high affinity
for adenosine while A2B has low affinity [25]. Ligation of
A2AR stimulates cAMP-protein kinase A (PKA) pathway
[6, 45]. A2ARs play a key role in modulation of inflam-
matory events in peripheral tissues [47]. It has been shown
that activation of A2AR in mice inhibits tissue injury
caused by inflammation, which represents anti-inflamma-
tory effect of these receptors [48]. Evaluation of tissue
damage caused by T cell, macrophages, and cytokines in
A2AR-deficient mice led to significant increase in tissue
damage and increased proinflammatory cytokines such as,
TNF-o, IFN-v, and IL-12 [48-50]. These data indicate that
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signaling of A2ARs plays an important role as anti-in-
flammatory pathway. Thus, these receptors may be
considered as an important pharmacological target for the
treatment of a wide range of immunoinflammatory diseases
[51].

A2BRs are highly expressed in bladder, gastrointestinal
tract, and lung [52]. A2BR is inactive under physiological
conditions and is activated by high concentrations of
extracellular adenosine during hypoxia, ischemia, and
inflammation [52].

A3R is mainly expressed in the kidney, lung, heart,
brain cortex, and immune cells such as mast cell, eosino-
phil, and neutrophil [44]. A3Rs show significant
differences in pharmacology, distribution, and function
among the various species. In mice, A3R signaling is
associated with degranulation of mast cells [53]. Ligation
of A3R inhibits adenylate cyclase, stimulates phospholi-
pase C and B, and induces calcium withdrawal and release
of intracellular reservoirs [25].

ARs act as metabolic sensors in the tissues [51] and can
be targeted for therapeutic purposes. Many drugs used in
clinics (including methotrexate and dipyridamole) exert
their effects in part through altering the concentration of
extracellular adenosine. Accordingly, many AR agonists
and antagonists are being developed for clinical investi-
gation [54-56]. Furthermore, adenosine can modulate
immune function through inhibitory effects on lympho-
cytes, neutrophils, monocytes/macrophages, and dendritic
cells [57]. Thus, modulation of neuroinflamation through
ARs offers a new mechanism, which provides new thera-
peutic opportunities for MS and other demyelinating
diseases (Table 1) [58].

Table 1 Expression and function of adenosine receptors

Effects of adenosine on the immune function
Neutrophils

Adenosine is an important modulator of neutrophil func-
tion [8, 59]. It has been shown that the frequency, function,
and survival of neutrophils are increased in MS patients
[60]. Neutrophils may be involved in chronic neuroin-
flammatory process leading to demyelination of neurons
[61, 62]. Neutrophils express CD39 and CD73 molecules
and release adenosine after activation during inflammation
[38]. Neutrophils also express all four subtypes of ARs and
their expression pattern can be affected by inflammatory
mediators [38]. The effect of adenosine on neutrophil
migration and homing is controversial. Adenosine stimu-
lates neutrophils binding to vascular endothelium in sub-
micromolar concentrations in part through AIR [38]. AIR
enhances the expression of p-selectin on endothelial cells
and Macl on neutrophils [38]. Controversially, signaling of
A2ARs (A2A and A2B) on endothelial cells inhibits the
binding of neutrophils to these cells at micromolar con-
centrations of adenosine [38]. It has also been suggested
that A3R may also inhibit binding of neutrophils to
endothelial cells [38]. Ligation of A2AR on neutrophils can
potently suppress production of several inflammatory
mediators such as TNF-o, CCL3, CCL4, CCL20, CXCL2,
LTB4, and platelet activating factor (PAF) [38]. It is
reported that administration of A2AR agonist CGS21680 to
the striatum inhibits neutrophil accumulation and reduced
cell death [25]. Moreover, the A2AR agonist ATL193
could also inhibit neutrophil oxidative activity through a
cAMP- and PKA-dependent mechanisms [25, 37]. Thus,

AR Expression Functions References
AlIR Widely expressed throughout the body with the Blocks transient calcium channels and increases intracellular [8, 44, 45]
highest levels found in the cortex, cerebellum, calcium and inositol-1,4,5-trisphosphate (Ins(1,4,5)P3)
hippocampus, spinal cord, thalamus and brain levels, inhibit AC, activates potassium channels
stem
A2AR  Basal ganglia and olfactory bulb, striatum of the Promoting AC activity, activate the cyclic AMP-PKA [8, 46-48]
brain, immune cells of the spleen, thymus, pathway, modify the levels of intracellular calcium, in the
leukocytes, blood platelets, heart, lung and blood brain regulate motor activity, the sleep—wake cycle and
vessels neuronal cell death, In peripheral tissues, modulate
inflammation, coronary blood flow, angiogenesis,
myocardial oxygen consumption
A2BR  Peripheral organs and weakly expressed in the Promoting AC activity, activate PLC, modify the levels of [8, 52]
whole brain intracellular calcium, tissue adaptation to hypoxia, increased
ischemia tolerance, decrease of acute inflammation
A3R Kidney, lung, heart, cerebellum and weakly Inhibit adenylate cyclase (AC), activate PLC, modulate [44, 53]

expressed in the whole brain

Ca?" levels
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the progress of inflammation increases extracellular levels
of adenosine as a negative feedback to inhibit over-re-
cruitment and over-activation of harmful neutrophils [38].

Monocytes/macrophages

All four types of ARs express on both monocytes and
macrophages; however, their expression changes during
inflammation [63]. Adenosine modulates adhesion of
monocytes during inflammation in part through downreg-
ulation of adhesion molecules on endothelial cells [38].
Ligation of A2AR inhibits the binding of monocytes to
endothelial cells via NF-kB-dependent downregulation of
E-selectin [41]. Adenosine can also inhibit the expression
of VCAM-1 on the surface of stimulated endothelial cells
by A2A and A2B receptors [38]. Moreover, adenosine
inhibits the differentiation of monocytes into macrophages.
Adenosine can also dramatically suppress production of
active nitrogen and oxygen intermediates by mono-
cyte/macrophages [41]. It seems that all ARs are involved
in downregulation of TNF-o in macrophages. Treatment of
LPS-stimulated human monocytes with AR agonists
including NECA, R-PIA, CGS 21680, and 2 -CADO led to
downregulation of TNF-a [24, 41, 63-65]. Hasko et al.
using A2AR knockout mice showed that adenosine is
involved in the decreasing IL-12 production which was
associated with upregulation of cAMP levels in mice [41].
Moreover, it is reported that in human monocytes A3R is
also involved in downregulating of IL-12 [66].

Ligation of A3R suppressed LPS-stimulated INF-y pro-
duction in murine macrophages [38]. Adenosine enhances
release of anti-inflammatory cytokine IL-10 by macrophages
[37]. Macrophages from A2AR-deficient mice showed also
impaired IL-10 production [37]. Treating human and murine
monocytes with CGS21680, AR agonist, enhances LPS-in-
duced IL-10 production [37, 41]. In addition, Koscso et al.
showed that A2BR activation stimulates IL-10 production by
murine microglia cells [67]. Recently, it has been reported
that adenosine can also stimulate activation of M2 macro-
phages in part through A2A and A2B receptors [67]. It is
shown that Al, A2A, and A3 receptors are expressed on
microglia and are involved in regulating neuroinflammatory
responses [68—70].

Lymphocytes
T Lymphocytes

Lymphocytemalfunction is observed in patients with ADA-
SCID syndrome, which may be in part due to accumulation
of intracellular and extracellular adenosine [38]. This
indicates that adenosine is an important signaling molecule
in lymphocytes function [38].

T cells express A3, A2B, and A2A receptors. A2ARs are
the main receptors expressed on peripheral T lymphocytes,
so modulation of A2AR may have a significant effect on T
cell responses [38]. Extracellular adenosine at micromolar
concentrations attenuates proliferation and function of T
cells through A2ARs [38]. In addition, adenosine can
inhibit IL-2 production via A2BR activation. It is stated
that NF-kB signaling pathway may be stimulated by A2BR
signaling in activated T lymphocyte [38, 51]. Ligation of
A2AR decreases the expression of co-stimulatory molecule
CD40L and increases the expression of inhibitory mole-
cules cytotoxic T-lymphocyte antigen (CTLA)-4 and
programmed cell death (PD)-1 on T cells [71]. A2AR
signaling can also inhibit IFN-y secretion by T cells [72].
Adenosine suppresses the expression of lymphocyte pey-
er’s patch adhesion molecule (LPAM)-1 and intercellular
adhesion molecules (ICAM)-1 on lymphocytes [73].
Therefore, extracellular adenosine may inhibit the migra-
tion of lymphocytes to inflammatory area [74, 75].
Moreover, A2BR blocking inhibits Th17 cell differentia-
tion through preventing IL-6 production from APCs [76].

Activation of ARs regulates immunosuppressive effects
of Regulatory T (Treg) cells [77]. Treg cells can specifi-
cally differentiate from T cells in the presence of high
levels of CD39 and CD73. The adenosine produced by
these enzymes suppresses T cell function by binding to
A2AR on target cells. In addition, A2AR activation indu-
ces Treg formation through FoxP3 overexpression [78, 79].

B lymphocyte

Adenosine activation inhibits NF-«xB signaling pathway in
mouse B cells. This is due to activation of ARs along with
increase in cAMP and PKA activation leading to inhibition
of IxP phosphorylation. In addition, several purine nucle-
osides are adenosine analogs and 2’ doxycycline adenosine
like tubercidin (tub) can inhibit the proliferative response
of B cells [38].

Adenosine and adenosine receptors in MS

It is suggested that adenosine and ARs are involved in
modulation of neuroinflammation in multiple sclerosis and
experimental autoimmune encephalomyelitis (EAE), an
animal model for the central nervous system (CNS)
inflammatory disease, MS (Table 2) [80]. CD73, a cell
surface enzyme that catalyzes the breakdown of AMP to
adenosine, is expressed in brain endothelial cells in choroid
plexus epithelium and modulates lymphocytes immune
surveillance in the blood and cerebrospinal fluid (CSF)
[81]. Due to the substantial immunosuppressive and anti-
inflammatory properties of adenosine, it is presumed that

@ Springer



516

E. Safarzadeh et al.

Table 2 Modulation of neuroinflammation in MS and EAE by adenosine and adenosine receptors

AR Main finding

References

AlR  Reduction of the A1AR in MS patients leading to increased macrophage activation and central nervous system inflammation [58]

AI1R regulates severity of EAE-related neurobehavioral and neuropathological outcomes [58]
DPCPX, AR antagonist, was attenuated the ability of adenosine analogues to inhibit TNF-a production [58]
AIR is downregulated on microglia during MOG-EAE [86]
MMP12 a neurotoxic mediator, was increased in AIR null mice and in the brains of MS patients [86]
A1R null mice show more severe forms of progressive/relapsing EAE compared to wild type mice [86]
Caffeine treatment Delayed the onset and reduced the severity of neurobehavioral signs in MOG-induced EAE [87]

A2AR A2AR antagonist, SCH58261, makes mice resistant to

[81]

Reduced significantly lymphocytes infiltration into the CNS in mice treated with an A2AR antagonist or that lack A2AR [88]

expression in their CNS

A2AR blockade prevent oligodendrocyte damage

[89]

A2AR agonist, ATL313, have an Anti-inflammatory effect in macrophages and microglia, alleviating motor symptoms  [90]

associated with reduced neuroinflammation

A2BR A2BR expression increased in peripheral blood leukocytes of MS patients and in peripheral lymphoid tissues of EAE mice [76]
A2BR-specific antagonists, CVT-6883 and MRS-1754: Improved the clinical signs of EAE and protected the CNS from [76]

immune damage

Inhibits Th17 cell differentiation through preventing IL-6 production from APCs such as dendritic cells

CD73-deficient mice would develop severe EAE. In con-
trast to this finding, Mills et al. demonstrated that CD73-
deficient mice show preserved T cell responses and are
resistant to EAE induction [81]. Consistent with these
findings, It was shown that CD4 T cells from CD73-defi-
cient mice secreted higher levels of the pro-inflammatory
cytokines IL-1B and IL-17 after MOG stimulation than
wild-type (WT) mice and were able to induce EAE when
¢d737'7 T cells adoptively transferred into fcr—'~ recipi-
ents. So, resistance to EAE induction that observed in
CD73-deficient mice was not induced by a deficiency in T
cell responsiveness. Consequently, in CNS lymphocyte
infiltration during EAE, CD73 and adenosine play more
profound role than modulation of neuroinflammation [81].
In addition, it was observed that infiltration of lymphocytes
into CNS in CD73-deficient mice were fewer than WT
mice. And also, in order to determining of the expression of
CD73 in the CNS, that help to lymphocyte migration,
immunohistochemistry results showed that expression level
of in the choroid plexus epithelium was high, while brain
endothelial cells not expressed CD73 [81].

Dysfunction of ARs in the CNS shows that signaling of
these receptors is contributed to development of MS in
humans and EAE in animal models [82]. It has been sug-
gested that extracellular adenosine plays a critical and
complex role in the severity and development of EAE. It is
likely the expression of adhesion molecules at the choroid
plexus is modulated by adenosine signaling. Previous
studies showed that overexpression of the adhesion mole-
cules such as VCAM-1, ICAM-1, and MadCAM-1 at the
choroid plexus is correlated with progression of EAE [83].
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Therefore, it is concluded that, CD73 and AR signaling are
essential for proper entry of lymphocytes into the CNS to
induce EAE [82].

Studies suggested that AR activation exhibits a bidi-
rectional effect in neuroinflammation and brain injury [82].
It is demonstrated that the expression of A1R macrophages
in both the brain and blood cells is reduced in MS patients,
which proposes its role in macrophage activation and the
CNS inflammation [58]. AIR regulates severity of EAE-
related neurobehavioral and neuropathological outcomes
such as demyelination and axonal damage. Activation of
AIR also reduces inflammatory response in the CNS [58].
Furthermore the function of adenosine on mononuclear
cells varies between the MS patients and control groups. In
RRMS patients, AIR has a prominent role in regulating
levels of proinflammatory cytokines such as TNF-o and IL-
6. It was shown that stimulation of A1R in peripheral blood
mononuclear cells (PBMC) from control groups, but not
RRMS patients, markedly inhibited TNF-a level. In con-
trast, IL-6 production was reduced in RRMS patients but
not control groups following stimulation of A1R [84, 85].
This observation is important, since the pathogenesis of
MS is thought to involve a cascade of events in which
activated microglia and macrophages release mediators
that cause myelin and white matter damage. Moreover, the
ability of adenosine analogues to inhibit TNF-a production
by stimulated mononuclear cells was attenuated by the
AIR antagonist DPCPX [58]. As well, in the other study
demonstrated that the A1R is downregulated on microglia
during MOG-EAE, which it suggests that transcriptional
control or transcript degradation of AIR gene was



The role of adenosine and adenosine receptors in the immunopathogenesis of multiple sclerosis 517

disturbed during the CNS inflammation [86]. Interestingly,
glucocorticoids, commonly used in the treatment of MS,
also increase A1R expression. In vivo study of AIR null
mice showed that expression of mRNA MMP12 (macro-
phage metalloelastase) was increased. Of interest,
expression of mRNA MMP12 also increased in the brains
of MS patients. MMP12 is considered a neurotoxic medi-
ator since it causes chemokine cleavage and converts it to a
highly neurotoxic molecule [86].

AIR null mice also show more severe forms of pro-
gressive/relapsing EAE compared to wild-type mice [86].
One of the most important early determinants of MS and
EAE onset is the infiltration and activation of lymphocytes,
while AIR expression is diminished. Because of this
severity of EAE at the onset of disease did not differ
between A1R null and wild-type animals. However, A1R
knockdown is seemingly related to induction of proin-
flammatory and inhibition of anti-inflammatory molecules
during EAE in the A1R null mouse and might contribute to
development of demyelination and axonal injury [86]. It
has been reported chronic caffeine treatment attenuates
EAE pathological symptoms, reduces cell infiltration,
demyelination and inflammatory cytokines. It is recom-
mended that caffeine’s protective function in EAE is
probably due to overexpression of AIR and downregula-
tion of IFN-y mRNA [87]. Likewise, in vitro caffeine
treatment of human monocytoid cells also enhanced AIR
expression and decreased proinflammatory cytokine pro-
duction [86].

In contrast, receptor-specific A2AR antagonist,
ScH58261, makes mice resistant to EAE by restricting the
entry of lymphocytes into the CNS during EAE develop-
ment [81]. Moreover, lymphocyte infiltration into the CNS
wAS noticeably diminished in mice treated with an A2AR

Fig. 1 An A2AR- antagonist

(SCH58261) suppresses

inflammatory process and

prevents oligodendrocyte

damage through suppressing of

JINK/MAPK pathway in

oligodendrocyte. JNK c-Jun

N-terminal kinases, MAPK

Mitogen-activated protein v v

t
kinases vﬁﬂﬂﬁﬂi\

OLIGODENDROCYTES

antagonist or that lack A2AR expression in their CNS
compared to control groups [88]. It was proposed that that
the activation of adenosine receptors causes oligoden-
droglial death. Of interest, the protective roles of A2AR
blockade may also prevent oligodendrocyte damage, since
its antagonism reduces activation of JINK/MAPK signaling
in oligodendrocytes [89] (Fig. 1). Furthermore, other
studies have identified that extracellular adenosine signal-
ing plays an important role in controlling cell migration in
a cell- and tissue-specific manner. For example, it was
reported that extracellular adenosine signaling stimulates
migration of immature oligodendrocytes, dendritic cells,
bronchial epithelial cells, and endothelial cells. In contrast
it can restrain chemotaxis in eosinophils, mast cells, and
microglia/monocytes [88].

Interestingly, A2AR knockout mice showed increased
chemokine production and immune cell infiltration into
spinal cord compared to wild-type mice. It was found that
severe EAE in the A2AR knockout mice is related to pro-
inflammatory nature of A2AR-deficient immune cells and
thereby A2AR signaling is important in limiting inflam-
mation and tissue injury [88]. In addition to the findings
described above, it is also observed that A2AAR™™ lym-
phocytes are more proliferative and produced more IFN-¢
than did their wild-type counterparts. These protective
effects have likely attributed A2AR ability to inhibit the
production of the proinflammatory cytokines IL-12, INF-vy,
IL-6, and TNF-a [88]. Therefore, A2AR is capable to
affect EAE progression from several different pathways
including magnitude of the inflammatory response via
expression on lymphocytes and efficient lymphocyte entry/
infiltration into the CNS via expression at the choroid
plexus [88]. In another study the efficacy of intrathecal
A2AR agonist, ATL313, was assessed in a model of robust
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neuroinflammation, RR-EAE. It was shown that A2AR
agonist has anti-inflammatory effect on macrophages and
microglia with reduced markers of activation in microglia
and monocyte-lineage cells (CD68 and OX-42) [90]. Fur-
thermore, the A2AR agonist treatment was effective in
alleviating motor symptoms associated with reduced neu-
roinflammation [90].

Wei et al. have recently showed that A2BR expression
increased in peripheral blood leukocytes of MS patients
and in peripheral lymphoid tissues of EAE mice [76].
Moreover, A2BR-specific antagonists, CVT-6883 and
MRS-1754, diminish the clinical signs of EAE and protect
the CNS from immune damage [76].

Conclusion

Adenosine, a molecule with immunosuppressive activity, is
an important compensatory mechanism to reduce inflam-
mation and the inappropriate immune response in MS. On
the other hand, neuroinflammation modulation through
ARs offers a new mechanism, which provides new thera-
peutic opportunities for MS and other demyelinating
diseases. Nevertheless, high frequency of ARs in various
tissues and their contrasting protective effects necessitate
preclinical studies prior to approving their use in the
treatment of MS.
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