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Abstract Mast cells are widely recognized as effector cells
of allergic inflammatory reactions. They contribute to the
pathogenesis of different chronic inflammatory diseases,
wound healing, fibrosis, thrombosis/fibrinolysis, and anti-
tumor immune responses. In this paper, we summarized the
role of P2X and P2Y receptors in mast cell activation and
effector functions. Mast cells are an abundant source of
ATP which is stored in their granules and secreted upon
activation. We discuss the contribution of mast cells to the
extracellular ATP release and to the maintenance of
extracellular nucleotides pool. Recent publications high-
light the importance of purinergic signaling for the
pathogenesis of chronic airway inflammation. Therefore,
the role of ATP and P2 receptors in allergic inflammation
with focus on mast cells was analyzed. Finally, ATP
functions as mast cell autocrine/paracrine factor and as
messenger in intercellular communication between mast
cells, nerves, and glia in the central nervous system.
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Introduction

ATP and other nucleotides are present at a high concentra-
tion within the cytoplasm of cells and are released actively
upon stimulation or by passive leakage from injured or
dying cells. The extracellular level of nucleotides is tightly
controlled by the ecto-nucleotidases that are expressed on
the surface of different cells [1, 2]. The concentration of
extracellular nucleotides which is low in healthy tissues
may rise in damaged organs and can be sensed by
surrounding cells expressing P2 purinoceptors. More than
30 years ago, ATP was identified among the factors
inducing mast cell degranulation [3, 4]. Therefore, the
existence of a specific receptor for ATP on mast cells was
proposed [5, 6]. Years later, families of P2Y and P2X
purinergic receptors were cloned and characterized. Mast
cells are not only a great source of ATP which is stored in
their secretory granules and released upon stimulation [7],
but they also express a variety of purinoceptors which
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trigger mast cell degranulation, cytokine secretion, chemo-
taxis, and apoptotic cell death [3, 8, 9]. In this review, we
discuss the role of the P2 receptors and nucleotide signaling
in mast cell biology.

Mast cells

Mast cells were first described by Paul Ehrlich in his
Doctoral thesis (1878) based on their unique staining
characteristics and large granules [10]. Mast cells originate
from CD34" hematopoietic progenitor cells. They enter the
circulation before homing to tissues and acquiring their
final effector characteristics under the influence of local
tissue microenvironmental factors [11, 12]. Mature mast
cells are easily identified in tissues as large granular cells
expressing high level of c-Kit (receptor for stem cell factor
(SCF)) and FceRI (high-affinity IgE receptor). The expan-
sion, homing, and maturation of mast cell progenitors are
influenced by many cytokines, most important of which
are SCF and interleukin (IL)-3 [12]. Mucosal mast cells
reside in the respiratory and gastrointestinal tract mucosa.
Connective tissue mast cells are found in skin, lung,
connective tissue, and submucosa of the gastrointestinal
tract. These two subsets differ in granules content and
display functional heterogeneity (reviewed in [13]). They
are strategically localized in the proximity of epithelia,
smooth muscle cells, blood vessels, and nerves where they
can execute their function as a first line of defense against
allergens/pathogens [11].

Following activation, mast cells release numerous pre-
formed mediators from secretory granules, such as tumor
necrosis factor o« (TNFo), IL-4, granulocyte/macrophage-
colony stimulating factor (GM-CSF), histamine, heparin,
serotonin, kinins, and proteases (members of tryptase and
chymase families) [11-13]. Upon stimulation, they also
synthesize de novo and secrete an array of cytokines
(including IL-1 to IL-8, IL-10, IL-12, IL-13, IL-15, IL-18,
and IL-21); chemokines (e.g., macrophage inflammatory
protein (MIP)-1x; monocyte chemoattractant protein 1
(MCP-1); and regulated on activation, normal T cell
expressed and secreted (RANTES)); prostaglandins and
leukotrienes; growth and angiogenesis factors, such as
platelet-derived growth factor, nerve growth factor (NGF),
and vascular endothelial factor [11, 13, 14]. Despite the
well-characterized role of FceRI in mast cell activation
[14], a variety of other agonists can activate mast cells.
These include complement factors (e.g., C5a), lipid medi-
ators (e.g., prostaglandins, leukotrienes), neuropeptides
(e.g., substance P (SP), neurotensin), hormones (e.g.,
somatostatin), cytokines, chemokines, microbial products
(e.g., lipopolysaccharide (LPS) or peptidoglycan), as well
as extracellular nucleotides [15-17].
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Mast cells are recognized as the key components of allergic
inflammatory reactions, but they are also implicated in the
pathogenesis of a number of chronic inflammatory diseases,
in wound healing, in fibrosis, thrombosis/fibrinolysis, and
in innate immunity (reviewed in [11-13, 18-20]). They are
described as long-living cells keeping relatively constant
numbers in tissues under physiologic conditions. This
depends both on the rate of production of mast cell
precursors from the bone marrow and the length of survival
of mature mast cells within tissues [11-13]. Given, however,
their pivotal role in acute allergic reactions, mast cell
numbers need to be tightly controlled by a balance between
cell proliferation, development, and death. A link between
mast cell activation during the early stages of the allergic
process and triggering of anti-apoptotic signaling pathways
has been suggested as an important factor that contributes to
the extended life of mast cells [21]. Anti-apoptotic mecha-
nisms limit the initiation of programmed cell death, thereby
contributing to the multiple pathological conditions that
involve mast cells’ activities.

Sources of ATP, mechanisms of release, and control
of the extracellular pool

Intracellular ATP is recognized as an energy source for
many cellular reactions. The cell utilizes complex mecha-
nisms for synthesizing ATP and maintaining or rapidly
restoring the intracellular ATP pool according to cell
demands. The cytoplasm contains ~5 mmol/l (5-10 mM)
of ATP [22, 23]. Three general ATP release modes have
been described: (1) upon cell damage due to the sheer
stress, osmotic swelling, ischemia, inflammation, apoptosis,
or necrosis leading to the passive leakage of ATP from
the damaged cell; (2) vesicular release; and (3) channel-
mediated release (Fig. 1).

Higher ATP levels (up to 100 mmol/l) are present in
secretory vesicles of neurons, serotonergic granules of
platelets and exocrine glands (e.g., chromaffin granules of
adrenal medulla, insulin-containing granules of pancreatic
[3-cells, and secretory granules of mast cells) [23-25]. The
content of these vesicles and granules is released by
exocytosis induced by mechanic stimulation or specific
stimuli (such as cholinergic stimulation of pancreatic acini
or triggering of FceRI by antigen/IgE cross-linking in mast
cells) [23, 25]. The role and fate of mast cell-derived ATP
will be discussed below.

Another mechanism of ATP release is via connexin- and
pannexin-regulated hemichannels, which, apart from being
a building block for the gap junction and allowing the
diffusion of ions across the plasma membrane, are implicated
in non-vesicular ATP release [25-28]. The connexin-
regulated ATP release has been shown for astrocytes [26],
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Fig. 1 Sources of extracellular nucleotides and P2 receptor-mediated
responses of mast cells. Nucleotides are released from damaged or
stressed cells due to osmotic swelling, infection, and cell death. They
are also secreted from intracellular granules by exocytosis, from
cytoplasm of cell through pannexin channels, or liberated during

while pannexin channels are responsible for ATP secretion
from an oocyte heterologous expression system [27], from
erythrocytes in response to low oxygen or to sheer stress
[28], and from activated T lymphocytes upon T cell
receptor stimulation [29].

ATP is acknowledged as a “signal of danger” or damage-
associated molecular pattern [22, 30]. Once released from
dying or activated cells, it contributes to the efficient
triggering of the innate immune system in inflammatory
settings together with pathogen-associated molecular pat-
terns (PAMPs) [30]. Under normal conditions, cells are
exposed to negligibly low concentrations of extracellular
ATP which is readily degraded by the combined action of
ubiquitously expressed ecto-nucleotidases. Several families
of ecto-nucleotidases were characterized. Ecto-nucleotide
triphosphate diphosphohydrolase (E-NTPDase) family
with prototype member CD39 (NTPDasel, ecto-apyrase)
hydrolyzes ATP to ADP and AMP [1], while CD73 (ecto-
5'-nucleotidase) hydrolyzes AMP to adenosine [2]. Ecto-
nucleotide pyrophosphatase/phosphodiesterase (E-NPP)
family members (NPP1-3) have a broad specificity and
hydrolyze pyrophosphate and phosphodiester bonds in ATP
and other nucleotides [31]. Mouse bone marrow-derived
mast cells (BMMCs) highly express CD39 and CD73
(Bulanova E., unpublished observation) and therefore might
contribute to the concentration of ATP and its derivatives,
ADP and AMP, in the microenvironment. Importantly,
E-NPP3 (CD203c) was recently identified as a novel
activation-linked surface marker on human mast cells and
basophils [32]. It is upregulated in response to IgE cross-
linking and highly expressed on neoplastic mast cells in
patients with systemic mastocytosis [32]. The expression
and role of these and other ATP-hydrolyzing enzymes for
the biology of mast cells remains to be elucidated.

/' Degranulation
=——Jp Chemotaxis

Cytokine expression and

_> secretion

IL-4, IL-6, IL-13, IFNy, TNFo

\ MIP-2, RANTES

Apoptosis

platelet aggregation. Mast cells sensor extracellular nucleotides via a
variety of P2X and P2Y receptors. Nucleotides trigger different
responses of mast cells including degranulation, chemotaxis, cytokine
expression and release, and apoptosis

P2 receptors

Purinergic receptors (purinoceptors) are classified according
to Burnstock [33]. Two primary classes of purinoceptors are
recognized, P1 (receptors for adenosine) and P2 (receptors
for extracellular nucleotides). There are four existing types
of P1 receptors (Al, A2A, A2B, and A3) [34]. The P2
receptors are subdivided in two subclasses, P2X and P2Y.
P2Y receptors are seven membrane-spanning, G protein-
coupled receptors [35]. This family includes eight members:
P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14
[35, 36]. UTP serves as a high potency agonist for human
P2Y,, P2Y,, and P2Y, receptors [35, 36]. ADP activates
P2Y,, P2Y,, and P2Y 5 and was reported to be equipotent
or even more potent then ATP for P2Y, while for P2Y, and
P2Y,;, ATP is more potent than ADP [36]. The pharmaco-
logical profile of the recently cloned P2Y,4; (GPR105)
receptor differs from the other P2Y receptors; it recognizes
UDP-glucose, UDP-galactose, UDP-glucuronic acid, and
UDP-N-acetylglucosamine [37].

P2X receptors are ligand-gated ion channels activated by
extracellular ATP and selective for monovalent and divalent
cations (Na', K', and Ca®") [36, 37]. They are two
membrane-spanning receptors with cytoplasmic amino-
and carboxyl-terminal domains. The unique, naturally
occurring agonist of all P2X receptors is ATP. P2X subunits
aggregate to form homo- or heteromultimers [38]. Upon
agonist activation, some receptors (P2X; and P2X3)
desensitize rapidly; others show little or no desensitization
at all [38, 39].

The P2X5 receptor is unique among other members of
the P2X receptor family. It conveys a longer C-terminal
domain (~200 amino acids longer) [38]. In contrast to the
other P2X receptors, the P2X5 receptor requires millimolar
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levels of ATP to achieve activation, which leads to the
formation of a nonselective cationic channel with low affinity
for ATP and increased permeability to Ca®" [39, 40].
This permeabilizing receptor, expressed on mast cells
and lymphocytes, which responds to the fully dissociated
form of ATP (ATP*") [5], was initially named P2Z (for
alphabetic consistency) by Gordon [24]. In 1996, the first
P2Z receptor was cloned from the rat brain and designated
as P2X; [41].

P2X5 has a prominent expression in many immune cells,
particularly lymphocytes, monocytes, macrophages, mast,
dendritic, mesangial, and microglial cells as well as on a
limited number of other cell types including parotid acinar
cells, testis, and fibroblasts [17, 38, 40]. In addition to the
cationic channel, the P2X; receptor may also induce the
opening of a nonselective pore permeable to large organic
molecules up to 900 Da [17, 40]. Continuous activation of
the receptor and the formation of a large transmembrane
pore cause perturbations in the ion homeostasis and finally
result in cell death [40]. Remarkably, there is an alternative
pathway of P2X; receptor activation in the mouse system:
by the nicotinamide adenine dinucleotide (NAD)-dependent
ADP ribosylation. This pathway was initially shown for
mouse T lymphocytes which constitutively express one of
the ADP-ribosyltransferase (ART) enzymes, ART2, that
catalyzes ADP ribosylation of the P2X; receptor using
NAD as a substrate. Such ATP-independent activation
leads to Ca*" influx, membrane pore formation, CD62L
shedding, and apoptosis of T cells [42]. Murine mast cells
do not express ART2 and do not respond to the NAD-
mediated P2X, activation (Bulanova E., unpublished
observation). However, recent work shows that expression
of ART2 on mouse macrophages could be induced by pro-
inflammatory stimuli (LPS and IFNvy) [43]. While NAD
alone does not activate P2X; in macrophages, it has a
synergistic effect with extracellular ATP [43]. Such activa-
tion mode could be applicable to mast cells as well and
remains to be elucidated. Moreover, expression of ARTs on
the membrane of other cells (T cells or macrophages) might
lead to the cross-activation of P2X; receptors present on
mast cells.

Extracellular ATP and other nucleotides regulate a broad
range of cellular responses, such as smooth muscle
contractility, neurotransmission, multinuclear giant cell
formation, vascular tone, mucociliary clearance, mitogenic
stimulation, apoptosis, or necrosis of many cell types
[17, 38, 40, 44]. Extracellular ATP and ADP induce platelet
aggregation via P2Y; and P2Y,, receptors [45]. ATP
induces phospholipase D-mediated shedding of L-selectin
(CD62L) and CD23 from the surface of lymphocytes
[46, 47]; chemotaxis of neutrophils, eosinophils, and
lymphocytes [48]; and triggers release of TNF«, IL-1f3,
IL-18, and IL-33 in macrophages, dendritic, and glial cells
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via P2X; receptor activation [49-52]. P2X;-mediated
synthesis and release of TNFo by glial cells requires the
activation of MAPK pathways [52]. Recent study also
shows that P2X; receptor mediates activation of TNF«x-
converting enzyme (TACE/ADAMI17) [53]. IL-1B is
packaged into small plasma membrane blebs that are
released into the cellular space as microvesicles of a size
of 200 nm—1 um [50, 51]. Maturation and release of IL-13,
IL-18, and IL-33 requires the activation of caspase-1 (IL-
13-converting enzyme) [30, 49] in an assembly of cytosolic
protein complex called inflammasome [30, 50, 51]. P2X5-
activated inflammasome comprises NLRP3 (NACHT, LRR,
and pyrin domain containing protein 3), adapter protein
ASC (apoptosis-associated speck-like protein containing a
CARD), and caspase-1 [30]. It has been postulated that
inflammasome components could also be loaded into P2X-
derived microvesicles together with IL-13 and IL-18 [49].
However, experimentally, only IL-1(3 could be detected in
microvesicles [50, 51].

Effects of P2 receptor stimulation in mast cells are
summarized in Fig. 1 and will be discussed below.

Expression of P2 receptors on mast cells

Although experiments employing different P2 receptor
agonists and antagonists have clearly suggested the pres-
ence of various purinoceptor subtypes in mast cells, only
few studies have investigated P2 receptors expression on
mRNA and protein levels (Table 1). We have shown that
P815 mastocytoma cells (derived from DBA/2 mice)
express mRNA for all P2X and P2Y receptors, while
BMMCs derived from C57BL/6 mice express mRNA for
P2X, 4, P2Xs 7, and all P2Y receptors with the exception
of P2Y, [9]. MC/9 cells (derived from fetal liver of a (B6 X
A/N)F; mouse) express P2X; ,, P2X,, P2X4 7, P2Y,
P2Y 3, and P2Y 4 receptors [9]. The expression of P2X,
receptor protein on BMMCs, P815, and MC/9 cells was
shown by immunoblotting analysis [9] and fluorescence-
activated cell sorter (FACS) [54]. Expression of P2X;
receptor was confirmed by FACS while expression of P2X3
receptor by immunoblotting [54]. Interestingly, BMMCs do
not express the P2X, receptor on the surface, as was shown
by FACS analysis and confirmed by immunoblotting,
despite the presence of mRNA transcript [9, 54]. This
could be explained by the recent finding that P2X, receptor
contains a non-canonical tyrosine-based sorting motif
which leads to constitutive endocytosis and recycling of
the P2X, receptor [55].

The fact that BMMCs, MC/9, and P815 mast cells are
derived from different sources (e.g., fetal liver versus bone
marrow), distinguished morphologically and functionally,
and require individual culture protocols (e.g., requirement
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Table 1 Expression of P2 receptor subtypes by mast cells
Mast cell type Receptors Method of detection References
Human
CBMCs P2X,, P2X,, P2X;", P2Y,, P2Y, GeneChip arrays [57, 59]
P2Y,1, P2Y4,, P2Y 3 RT-PCR
HLMCs P2X,, P2X,, P2Y,, P2Y, GeneChip arrays, RT-PCR [57, 58]
HMC-1 cell line P2X, RT-PCR [58]
Skin mast cells P2X,, P2X, GeneChip arrays [57]
CD34" progenitors P2X,, P2X,, P2Y, P2Y,, P2Y,, P2Y 5, P2Y 3 RT-qPCR [56]
Mouse
BMMCs P2X, 4, P2X¢, P2X;, P2Y, P2Y¢, P2Y 5 14 RT-PCR, IB, FACS [9, 54]
MC/9 P2X, 5, P2X4, P2X4 7, P2Y¢, P2Y 5, P2Y 4 RT-PCR, IB [9]
P815 P2X, 7, P2Y | 14 RT-PCR, IB [9]
Rat
RBL-2H3, peritoneal mast cells P2Y, P2X,, P2X;° Pharmacol. assays [7, 60—64]

IB immunoblotting
#Upon IgE activation

® Functional and pharmacological evidence strongly suggest the expression of P2X; receptor

of growth factors) could explain, in part, the deviation in
P2X and P2Y receptor expression by these cells.

Expression of P2 receptors was also analyzed in human
mast cells derived from different sources and in CD34"
progenitors at mRNA level. Recent studies show that
human CD34" progenitor cells express several P2 receptors
(namely P2X;, P2X,, P2Y;, P2Y,, and P2Y;;_;3) [56].
Notably, the expression of the P2X; and P2X, receptors
was significantly higher than the expression of P2X; [56].
Human lung mast cells (HLMCs) express mRNA tran-
scripts for P2X; and P2X, and P2Y,; and P2Y,, but not for
P2X [57, 58]. In contrast, the human mast cell line HMC-1
highly expresses the P2X; receptor which is further
upregulated upon PMA or ionomycin stimulation [S8].
Human cord blood mast cells (CBMCs) express mRNA for
P2X; and P2X, as well as for P2Y,, P2Y,, P2Y,, P2Y,,
and P2Y5 [57, 59]. P2X; is expressed on CBMCs only
upon IgE cross-linking or dexamethasone stimulation [57].
Mast cells isolated from human skin express P2X; and only
show a marginal P2X, receptor expression [57].

As mentioned above, the heterogeneity of human mast
cells is well documented [13]. Moreover, following transfer
from one anatomic site to another, ex vivo isolation and in
vitro culture, mast cells change their phenotype [12]. That
underlines the importance of microenvironment for mast
cell differentiation and could explain the differences in P2
receptor expression by these cells. The fact that human
primary mast cells isolated from lung and skin do not
express P2X; while this receptor is highly expressed by
cells cultured in vitro (HMC-1 and activated CBMC) is
interesting and deserves further investigation. The question
whether human mast cells in vivo express P2X; receptor

and whether P2X; expression could be induced upon
stimulation and under certain pathologic conditions remains
open.

P2X and P2Y receptor expression profile of the rat
basophilic leukemia cell line RBL-2H3 or primary rat mast
cells was never analyzed in detail. RBL-2H3 and rat
peritoneal mast cells indeed express functional P2Y, P2X;,
and P2X; receptors as was shown indirectly by pharmaco-
logical studies [7, 60—64].

Thus, mast cells derived from distinct species and
sources express different P2X and P2Y receptors, which
might be responsible for heterogeneous effects in response
to stimulation with extracellular ATP and other nucleotides.

P2 receptor-mediated responses of mast cells
Membrane permeabilization and Ca*" influx

First observations of extracellular ATP effects on mast cells
reported an increase in intracellular Ca** [3, 61, 65, 66].
Such elevation in the intracellular Ca*" concentration is a
result of Ca®" influx across the cellular membrane (feature
of P2X receptors) or Ca®" release from the intracellular
stores (linked to the P2Y receptors) [34, 38]. Activation of
P2X receptors leads to the formation of a nonselective
cationic channel with increased permeability to Ca®" within
milliseconds of activation, intracellular depolarization, and
equilibration of Na" and K" gradients [39]. Recent studies
from our laboratory demonstrated that ATP in a millimolar
range was capable of inducing P2X,-dependent Ca" influx
in mouse mast cells, while this effect was inhibited by a
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selective P2X; receptor antagonist, 1[N, O-bis(5-isoquino-
linesulphonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine
(KN-62), or oxidized ATP (0ATP) [9]. In the P2X5 receptor
knockout (P2X,; ") BMMCs, ATP triggered P2X; and
P2Xj; receptor activation. Specific P2X; and P2Xj5 receptors
agonist, «, (-methylene-ATP (aSmeATP), induced tran-
sient Ca®" influx in these cells which was blocked by
specific antagonist, 2',3'-0O-(2,4,6-trinitrophenyl)-ATP [54].
Stimulation of P2Y receptors generally leads to the
activation of phospholipase C that catalyzes the hydrolysis
of phosphatidylinositol 4,5-biphosphate into the inositol
1,4,5-triphosphate (IP3) and diacylglycerol (DAG), leading
to the mobilization of Ca®" from intracellular stores [36]. In
accordance with this, ADP induced Ca>" influx in CBMCs
via P2Y receptor stimulation [59].

Importantly, P2X; receptor activation leads to the
opening of a nonselective pore permeable to large organic
molecules (choline (100 Da), ethidium bromide (314 Da),
YO-PRO-1 (376 Da), propidium iodide (414 Da), Lucifer
Yellow (457 Da), and ATP itself (605 Da)) [5, 40, 60]. The
ability to open such pore is an exclusive feature of the P2X,
receptor. ATP-induced membrane permeabilization for
Lucifer Yellow was inhibited by KN-62 in mouse BMMCs
[9]. Moreover, BMMCs derived from P2X; " mice were
resistant to ATP-mediated permeabilization [54]. The size
of this pore increased gradually with the ATP concentration.
The largest molecules that have been loaded into mast cells
using ATP have molecular weights of about 600—1,000 Da
[5]. Recent studies have shown the importance of the
pannexin-1 protein in the P2X;-mediated large pore
formation [67, 68]. Pannexin-1 co-associates with P2X,,
and this complex is not only essential for P2X;-induced
dye uptake without altering Ca”" influx but also for the
caspase-1 processing and release of mature IL-13 [67, 68].

Degranulation

ATP has long been known to induce histamine release from
mast cells [3-5, 60—63]. In 1979, Cockcroft and Gomperts
have shown that ATP caused Ca®'-dependent histamine
release and striking morphological changes in rat mast cells
[5, 60]. ATP* induced histamine release at a concentration
of ~3 uM, while at higher concentrations (>5 mM),
degranulation was inhibited due to increased membrane
permeabilization and leakage of larger molecules, including
nucleotides [5]. Several groups reported ATP-dependent
degranulation in different mast cell models. Rat peritoneal
mast cells released histamine and generated prostaglandin
D, after ATP stimulation [63]. Degranulation of these mast
cells was mediated by protein kinase C (PKC) [69]. A link
between ATP-triggered degranulation and phospholipase
A,-mediated arachidonic acid (AA) metabolism was
shown. Inhibitors of the AA cascade also blocked ATP-
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induced histamine release in these cells [69]. ATP caused
an increase in intracellular Ca®" and PB-hexosaminidase
release by MC/9 cells [70]. These effects were dependent
on the P2X5 receptor but did not require PKC activity [70].
Recent data from our laboratory also demonstrated the
requirement of the P2X; receptor for ATP-mediated
degranulation. ATP failed to induce the 3-hexosaminidase
release in BMMCs derived from P2X, mice [54].
However, Saito et al. [66] have shown that not only ATP
but also ADP and AMP are able to induce Ca®'-dependent
histamine and leukotriene C, release from mouse BMMCs.
Neither ADP nor ATP directly induced exocytosis, whereas
simultaneous stimulation at concentrations of 50 uM (much
lower than required for P2X; receptor activation) triggered
[p-hexosaminidase release from human CBMCs [59].
Therefore, additional P2 receptors could be involved in
the regulation of mast cell degranulation.

ATP not only induces degranulation per se but also
effectively modulates exocytosis mediated by other stimuli.
ATP stimulation potentiates degranulation of rat mast cells
induced by FceR cross-linking [7], compound 48/80, or by
Ca”" ionophore A23187 [71, 72]. This cumulative effect
required low ATP concentrations (10-20 pmol), while higher
concentrations (20-80 pumol) of ATP exhibited inhibitory
effect [71]. Remarkably, in HLMCs, neither ATP nor other
nucleotides or adenosine directly induced histamine release
[58]. However, ATP, UTP, and other adenine nucleotides
enhanced IgE- but not ionophore A23187-mediated hista-
mine release in these cells. Other nucleotides or ATP
analogues also increased histamine release induced by IgE
cross-linking. Together with the analysis of the P2X and
P2Y receptor expression on HLMCs, these data reveal the
engagement of P2Y, and P2Y;, receptors but not P2X; [58].

Thus, extracellular nucleotides trigger and modulate de-
granulation of mast cells via multiple P2Y and P2X receptors.

Intracellular signaling

P2Y receptor signaling is linked to phospholipase C (PLC)
and/or adenylate cyclase activation [36]. In turn, PLC
activation triggers generation of inositol 1,4,5-triphosphate
(IP;), a mediator of Ca®" release from intracellular stores,
and diacylglycerol, an activator of PKC, whereas adenylate
cyclase generates cyclic adenosine monophosphate (cAMP),
an activator of protein kinase A [36]. Unfortunately, these
signaling pathways in mast cells were not analyzed in detail.
Sudo et al. [70] demonstrated that ATP did not induce
phosphorylation of PLCy in MC/9 cells and still was able to
increase Ca®" influx when PKC was already activated by
PMA. Moreover, ATP-induced degranulation of MC/9 cells
was not mediated by PKC [70]. P2Y, receptor seems the
only P2Y receptor that is linked to adenylate cyclase/cAMP
signaling in the human system [73]. The impact of P2Y



Purinergic Signalling (2010) 6:3-17

receptor activation on cytokine release will be discussed
below.

One of the early effects of P2X receptors activation is
Ca”" influx across the plasma membrane [38]. Such ionic
perturbations are sufficient to trigger activation of a number
of intracellular signaling molecules, including MAP kinases
[74]. It has been shown that ATP can induce Ca®'-
dependent phosphorylation of ERK in PC12 cells and fetal
astrocytes [74, 75] and of JNK in mouse macrophages [76].
In addition, we have demonstrated that stimulation with
extracellular ATP mediates activation of p561°k, ERK1/2,
and JNK in Jurkat T cells [77].

In mouse BMMCs and MC/9 cells, high concentrations
of ATP (>3 mM) induced transient tyrosine phosphorylation
of several proteins [9]. Among these phosphorylated
proteins, STAT6, ERK1/2, and Jak2 were identified, while
other Jaks (Jakl, Jak3, and Tyk2) and STATs (STATI,
STAT3, and STATS) as well as p38 kinase, INK 1, and JNK2
were not affected [9]. Sudo et al. [70] also reported tyrosine
phosphorylation of several intracellular proteins (44 and
110 kDa) in MC/9 cells upon ATP treatment. Importantly,
the pattern of ATP-induced protein phosphorylation varied
from the IgE-mediated phosphorylation detected in MC/9
cells (e.g., ATP did not induce PLCy1 phosphorylation in
these cells, as was mentioned above) [70]. Interestingly,
KN-62 and oATP inhibited ATP-induced tyrosine phosphor-
ylation in BMMCs and MC/9 cells, but did not completely
abrogate this effect, suggesting that other purinoceptors
might be involved in this process [9]. Indeed, ATP preserved
the ability of stimulating ERK1/2 phosphorylation in
P2X; " BMMCs [54]. This effect is likely mediated by
P2X; and P2X; receptors according to the pharmacological
profile and desensitization properties [54]. In favor of the
other P2 receptors’ involvement, it was shown that ADP
in low concentrations (5 uM) induces phosphorylation of
ERKs and p38 MAPK in human CBMCs, which is effec-
tively blocked by simultaneous action of P2Y- and P2Y,-
selective antagonists [59].

Cytokine/chemokine expression and secretion

Triggering of intracellular signaling cascades (such as
MAP kinases or Jaks/STATs) is linked to cytokine
expression and release. Indeed, extracellular nucleotides
are powerful inducers of pro-inflammatory cytokine
secretion. ATP mediates secretion of TNF«, IL-1f3, IL-
18, and IL-33 from different cell types, including macro-
phages, dendritic, and glial cells via the P2X; receptor
[49-52, 78]. ADP and ATP modulate IL-12/IL-23 secretion
by dendritic cells via P2Y; receptor [73]; UTP induces IL-
8 production by monocytes via P2Y¢ receptor [79].
Synthesis and intracellular storage of cytokines/chemokines
and subsequent release are the major mast cell functions

[11, 12]. ATP enhanced the expression of several pro-
inflammatory cytokines and chemokines, including IL-4,
IL-6, IL-13, TNF«, IFNy, MIP-2, and RANTES and
induced secretion of IL-6 and IL-13 in supernatants of
stimulated mouse mast cells (BMMCs and MC/9) [9, 54].
Initially, it was suggested that this effect is mediated
solely by the activation of the P2X; receptor since KN-62
inhibited this effect [9]. However, P2X; "~ BMMCs still
preserved the ability to upregulate the expression of these
cytokines and chemokines [54]. Using the panel of specific
agonists and antagonists and analyzing the receptor
repertoire expression on P2X,~ BMMCs, we have
recently demonstrated that this effect is mediated in part
by P2X; and P2X; on BMMCs [54].

Despite induction of protein phosphorylation in CBMC:s,
ATP and ADP in concentrations below 100 uM failed to
induce cytokine generation by these cells [58, 59].
However, they dose-dependently decreased TNFo and IL-
5 secretion in response to the TLR2 ligand, peptidoglycan
and blocked the TNF«, IL-5, IL-8, and MIP-1f3 release in
response to leukotriene D, via activation of P2Y, P2Y,,
and P2Y, receptors, but did not affect the IgE-mediated
cytokine release [59]. IgE cross-linking induces release of
pre-formed and pre-stored cytokines through degranulation,
while other stimuli (such as TLRs ligands or leukotrienes)
induce cytokine expression and subsequent release without
degranulation. Feng et al. [59] suggested that P2Y receptors
activate inhibitory pathways that suppress the transcription
of cytokines. In accordance with this hypothesis, several
publications have demonstrated that Gy protein-coupled
receptors which interfere with activation of immune cells
(e.g., receptors for PGE, and [, adrenergic receptor)
activate adenylate cyclase and initiate cAMP-dependent
inhibitory signaling pathways [80, 81]. Indeed, ATP and
ADP triggered cAMP accumulation, phosphorylation of
CREB, and the upregulation of CREB-dependent inducible
cAMP early repressor, an inhibitor of NF-AT and AP-1-
mediated cytokine transcription, presumably via P2Y;
receptor [59].

Chemotaxis

Extracellular nucleotides are powerful chemoattractants for
neutrophils, eosinophils, and dendritic cells (reviewed in
[48]). The data on chemotactic activity of nucleotides in
mast cells are rare. McCloskey et al. [8] showed that ATP,
ADP, and UTP are indeed efficient chemoattractants for
rat BMMCs. This process was dependent on Ca”" influx,
required the existence of a refillable intracellular Ca*"
depot, and was mediated by the P2Y, receptor, previously
known as P2U [8]. Recent work also demonstrated
that UTP is a potent chemoattractant for CD34" stem
cells [82].
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Apoptosis

A major effect of extracellular ATP is the ability to induce
apoptosis via P2X; receptor [40]. This phenomenon was
initially documented in P815 mastocytoma and YAC
lymphoid cells [83, 84] and subsequently extended to
thymocytes [83], macrophages [85], and dendritic cells
[86]. Activation of the P2X; receptor induces typical
features of apoptosis: phosphatidylserine externalization
and membrane blebbing, cytoplasm condensation, and
DNA fragmentation [40, 83]. P2X;-mediated blebbing,
membrane permeabilization, and phosphatidylserine flip
are reversible when the receptor activation is relatively
brief (<10—15 min) [87]. Recent data from our laboratory
demonstrated that millimolar concentrations of ATP in-
duced apoptosis in mouse BMMCs as well as in MC/9 and
P815 mast cells [9]. Interestingly, stimulation with high
doses of ATP induced apoptosis very rapidly, within a few
minutes, and ATP removal did not result in cell recovery,
thereby indicating that such treatment triggered irreversible
apoptotic signals [9]. Apoptosis of mouse mast cells is
caspase-dependent (ATP induced activation of caspase-3
and -8 and poly(ADP-ribose)polymerase cleavage) and is
mediated by the P2X; receptor since both apoptosis and
caspases activation were abrogated by KN-62 [9]. More-
over, P2X;/~ BMMCs are resistant to ATP-induced
apoptosis [54]. Remarkably, wild-type BMMCs show a
higher rate of spontaneous cell death in comparison to

P2X, ", more likely due to ATP leakage and P2X;
receptor-mediated apoptosis [54].

Functional effects of P2X and P2Y receptors triggering
in different mast cells are summarized in Table 2.

Purinergic signaling in allergic airway inflammation:
focus on mast cells

Asthma is a chronic airway inflammatory disease which
involves episodes of airway obstruction, wheezing, and
coughing [88]. Pathophysiologically, asthma is charac-
terized by bronchial hyperreactivity, goblet cells hyperplasia,
mucus overproduction, smooth muscle cell hypertrophy,
and increased contractility, submucosal infiltration by
eosinophils, neutrophils, mast cells, and lymphocytes [88].
Dendritic cells play a key role in initiating and maintaining
allergic inflammation. These cells uptake and process
antigen/allergen and present it in the context of MHC to
ThO T lymphocytes [89]. Antigen presentation, together
with co-stimulatory ligand—-receptor interaction and cyto-
kine production, guides lymphocytes to a Th2 phenotype
(Fig. 2). Moreover, dendritic cells produce cytokines that
mediate activation and expansion of Th2 cells, mast cells,
basophils, etc. [89]. Th2 cells, in turn, secrete a number of
mediators and provide additional co-stimulatory signals
that induce B cells to the production of allergen-specific
IgE [90].

Table 2 Effects of P2 receptor activation in mast cells
Effect Mast cell types Responsible receptors References
Ca" influx Mouse BMMCs P2X,, P2X;, P2X, [9, 54]
CBMCs P2Y, [59]
Rat peritoneal mast cells ND [3, 61-63]
Membrane permeabilization and nonselective Mouse BMMCs P2X5 [9, 54]
pore formation MC/9 P2X, [70]
Rat peritoneal mast cells ND [61, 62, 65, 69]
Degranulation Rat peritoneal mast cells ND [5, 6, 60-63, 65, 69]
MC/9 P2X; [70]
Mouse BMMCs P2X;, ND [54, 66]
Human CBMCs ND [59]
HLMCs P2Y,, P2Y, [58]
Phosphorylation of intracellular proteins Mouse BMMCs, MC/9, P815 P2X,, P2X;, P2X, [9, 54, 70]
Human CBMCs P2Y,, P2Y,, [59]
Cytokine/chemokine expression/secretion Mouse BMMCs, MC/9 P2X,, P2X,, P2X;3 [9, 54]
Human CBMCs P2Y,, P2Y, P2Y, [59]
Chemotaxis Rat BMMCs P2Y, [8]
CD34" progenitors P2Y, [82]
Apoptosis Mouse BMMCs, P815, MC/9, P2X, [9, 54, 83]

ND not detected
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Fig. 2 Purinergic regulation of Allergens
airway inflammation. Dendritic * *
cells uptake and process *
allergen. In parallel with * ‘
allergen presentation to ThO

cells, they drive ThO cells
toward Th2 phenotype. Th2
cells release IL-4 and IL-13 that
activate B lymphocytes to
produce allergen-specific IgE
and IL-5 that induces prolifera-
tion and recruitment of eosino-
phils to the site of inflammation.
IgE binds to the Fc receptors on
mast cells. Upon allergen/
antigen IgE cross-linking, mast
cells degranulate with release of
histamine and pro-inflammatory
mediators and cytokines,
including IL-4 and IL-13.
Nerves carry out autonomous
control of epithelial and smooth
muscle cell functions and
release neuropeptides that
modulate mast cell response.
ATP and other nucleotides
stimulate different P2 receptors
on the surface of dendritic, mast,
nerve cells, eosinophils,

Neuromediators
release

Nucleotides
degradation

T

IL-13

inducing additional cytokines Epithelial . v
and chemokines release, cells 'i'I;
recruiting more cells, mediating DR R Inflammatory mediators
IgE-induced degranulation of ‘ Bronchoconstriction
mast cells, and amplifying Mucus secretion
bronchoconstriction. Tregs . . . .
. Airway remodelin Histamine
degrade ATP due to the high v 9 Inflammatory mediators
expression of ATP-converting Proteases

enzymes (CD39 and CD73) and
inhibit Th2-mediated response.
DC dendritic cell, NC nerve
cell, Eos eosinophil, Treg

T regulatory cell

Mast cells play an important role in the pathophysiology
of asthma as effector cells through their chronic activation
by IgE and allergens [13, 15, 16]. To fulfill this role, mast
cells not only secrete a plethora of bronchospastic and pro-
inflammatory mediators, shift Th1/Th2 balance toward the
differentiation and expansion of Th2 cells, modulate
antigen presentation by dendritic cells, and govern prolif-
eration and activation of eosinophils [13, 88, 90] but also
infiltrate the airway smooth muscle layer where they
contribute to the increased ATP concentration in airways
(Fig. 2). In fact, recent observation shows that ATP levels
are significantly elevated in the airways of asthmatic
patients after allergen challenge and in mice in a model of
ovalbumin (OVA)-induced asthma [91]. Aerosolized ATP
triggers bronchoconstriction in healthy and asthmatic
individuals [92]. ATP induces release of neuropeptides

|

Bronchoconstriction
Cellular infiltration
Vascular permeabilization
Airway remodeling

(neurokinin A, SP) from adjacent nerve terminals. These
neuropeptides exert pro-inflammatory effects, inducing
submucosal gland secretion, smooth muscle contraction,
and migration of eosinophils and neutrophils, increasing
vascular permeabilization, and triggering degranulation of
mast cell and chemokine release [93, 94]. There is a tight
cross-communication between neurons and mast cells
which will be discussed below. ATP not only directly
induces degranulation of mast cells but also modulates IgE/
antigen-mediated degranulation [60-62, 70]. Moreover,
ATP and other nucleotides are potent chemoattractants
[48]. Secreted from mast cells, they might contribute to
the recruitment of other cells (e.g., eosinophils, macro-
phages, dendritic cells, etc.), increasing cellular infiltration
in the airways and maintaining asthmatic airway inflam-
mation. ATP induces expression and release of many
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pro-inflammatory mediators from mast cells, including I1L-4
and IL-13 [9, 54], which are essential for Th2 cells effector
functions, creating in that way a vicious circle maintaining
allergic inflammation. The role of other mast cell-derived
cytokines (TNF«, IL-1(3, IL-18, IL-25, and IL-33) in asthma
pathogenesis was recently reviewed in detail [88, §9]. It
was also reported that ATP induces the release of matrix
metalloproteinase-9 via a P2X;-dependent mechanism [95].
Mast cells are a rich source of this enzyme that participates
in extracellular matrix remodeling by catalyzing the
degradation of type IV collagen, the main component of
the basement membrane [96].

Allergic inflammation includes a variety of signaling
events and negative feedback loops that serve to terminate
the activation process. Rapid desensitization of some of P2
receptors (e.g., P2X; and P2X3) [38, 39] might represent
one of such mechanisms. ATP at high concentration
induces P2X;-mediated apoptosis of dendritic cells and
mast cells [9, 54, 86]. This could represent a protective
mechanism that limits the number of hyperactivated cells
during diverse inflammatory processes. Mast cell-secreted
inhibitory cytokines (e.g., IL-10) or mediators that shift the
Th1/Th2 balance to Th1 (IFNy and IL-12) could contribute
to the downregulation of the allergic response [88, 90].
Another inhibitory mechanism is provided by T regulatory
cells (Tregs). Several possible scenarios by which Tregs
could inhibit allergic inflammation are discussed to date.
Tregs reduce eosinophil infiltration, Th2 cytokine produc-
tion, and airway hyperreactivity (reviewed in [88, 97]).
ATP-degrading enzymes (CD39 and CD73) highly
expressed on the membrane on Tregs are recognized
recently as their activation markers [98, 99]. Tregs exert
immune suppression by increasing the concentration of
intracellular cAMP in target cells [98]. It was suggested that
Tregs first convert ATP to adenosine which, in turn, triggers
adenyl cyclase by activating Gy protein-coupled A2A
receptor [98]. As was noted above, mast cells are also
equipped with a number of ATP-converting enzymes
(CD39, CD73, and CD203c) that degrade nucleotides and
diminish their hazardous concentration.

Thus, ATP and other nucleotides modulate mast cell
responsiveness to allergic stimuli and regulate the function
of other players in allergic airway inflammation (dendritic
cells, eosinophils, nerve cells, etc.), supporting a crucial role
of purinergic signaling in the acute hypersensitivity phase of
asthma and opening new perspectives for pharmaceutical
intervention.

ATP in intercellular communication: role of mast cells

There is increasing evidence that communication between
certain cell types occurs via ATP secretion and activation of
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purinoceptors on target cells. Mechanic stimulation of
mouse fibroblasts, hepatocytes, or glial cells evokes an
increase in Ca®" not only in stimulated cells but also in
distant cells [100—102]. This remote signaling is mediated
by ATP or other nucleotides. Initially, it was postulated that
such way of cell-to-cell communication occurs exclusively
via gap junctions which control the release of ATP in the
extracellular space [27]. However, Osipchuk and Cahalan
[7] showed that ATP liberated from one mast cell could
diffuse several tens of millimeters to elicit a rise in Ca®" in
distant cells. This ATP release is triggered either by FceR
cross-linking, by extracellular nucleotide application (ATP
or GTP), or by mechanic stimulation and is independent on
gap—junctional coupling [7]. A local extracellular ATP
concentration (1-10 pM) is sufficient to activate Ca*"
responses mediated by high-affinity P2 receptors in
neighboring cells. Moreover, extracellular ATP stimulation
synergizes with FceR signaling, and it is reasonable to
assume that the release of ATP can introduce an element of
positive feedback in the initial secretory response (Fig. 3).
Extracellular ATP may accelerate the release of granules
containing ATP in intact neighboring cells or in cells that
have begun to degranulate. At the same time, ATP under-

v

Fig. 3 ATP is an autocrine/paracrine factor for mast cells. ATP is
released from mast cell granules and could induce activation of the
same or neighbor mast cell via P2X and P2Y receptors. Simulta-
neously, ectonucleotidases, CD39 and CD73, catalyze the degradation
of extracellular ATP to ADP and AMP and, subsequently, to
adenosine. ADP and AMP could activate mast cell via P2X and
P2Y receptors, while adenosine triggers P1 receptors
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goes subsequent degradation due to the enzymatic activity
of extracellular ATP-ases, CD39, and CD73. ATP deriva-
tives, ADP, AMP, and adenosine could bind to the P2X,
P2Y, or P1 receptors on the surface of the same or adjacent
mast cell (Fig. 3). Thus, ATP functions as an important
autocrine/paracrine mediator for mast cells.

ATP acts as an autocrine as well as a paracrine factor,
mediating in that way intercellular communication. For
instance, ATP mediates neuron—glia or neuron—keratinocyte
cross-communication [103, 104]. The mast cell-nerve
relationship has served as a prototypic demonstration of
neuroimmune interaction and has provided substantial
evidence for bidirectional communication between nerves
and immune cells (Fig. 4). Mast cell products (neuro-
peptides, cytokines (e.g., TNFx), growth factors (e.g.,
NGF), and arachidonic acid metabolites) could directly
activate nerves [11, 12, 25]. Tryptase, for example, directly
triggers proteinase-activated receptors on neurons [105].
Electrical nerve stimulation causes mast cell degranulation
in the dura mater [106]. Elegant studies have shown that
nerve—mast cell interaction is direct and does not require
the presence of intermediate cells and that ATP, released
from mast cells, plays an essential role in this interaction.
Recently, Suzuki et al. [107] demonstrated that activated rat

Fig. 4 Model of intercellular
communication in CNS (role

of mast cells and ATP). Mast
cells release ATP from
intracellular granules upon
specific (IgE+Ag) and non-
specific (stress, mechanic
stimulation, osmotic swelling,
etc.) stimulation. Extracellular
ATP triggers P2Y and P2X
receptor in neurites, evoking
Ca*" currents. Neurites release
SP from nerve terminals.
Activation of NK-1R by SP
leads to the Ca®" influx and, at
high concentrations of SP, to
degranulation of mast cells.
Extracellular ATP also Ag
stimulates the release of IL-33
from glial cells which were
pre-activated with PAMPS (LPS
or dsRNA) via TLRs (in order to
increase IL-33 expression).
IL-33 binds to the ST-1 (IL-
33R) receptor on mast cell and
induces the secretion of IL-6,
IL-13, and MCP-1 which, in
turn, could modulate the activity
of glial cell

mast cells cause ATP-dependent Ca®*' mobilization in
adjacent superior cervical ganglia neurites, suggesting that
bidirectional signaling exists between mast cells and
neurons via ATP. ATP is released from mast cell granules
upon IgE-mediated degranulation and stimulates adjacent
neurites via P2X and P2Y receptors (Fig. 4). The
neuropeptide SP was found among other important inter-
mediates of nerve-mast cell communication which is
released from nerve terminals upon bradykinin or scorpion
venom stimulation [108]. SP operates via the neurokinin-1
(NK-1) receptor on mast cells and in high concentration
could induce mast cell degranulation, evoking Ca*" mobi-
lization and priming mast cells for activation at a low dose
[108]. Moreover, recent observations demonstrated that
close, synapse-like contact exists between nerve and mast
cells, and N-cadherin and cell adhesion molecule 1 play an
essential role in this contact [109]. These molecules possibly
not only provide a molecular platform for nerve—mast cell
interaction but also promote the development of neuro-
immunological synapses where both types of cells have
enhanced susceptibility to bidirectional activation.

It has been recently shown that there is another active
participant in neuroimmune cross-communication, the glial
cell (Fig. 4). ATP has long been known to induce IL-1{3 and

neurite

cytokine release
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TNFx release from glial cells [49, 51, 52]. Treatment of
cells with PAMPs (dsRNA or LPS) that was followed by
ATP pulse significantly induced the release of IL-13 and
IL-33 by the glial cells [110]. IL-33 acts via the STI
receptor which is highly expressed on mast cells and induces
release of TNF«, IL-1f3, IL-6, IL-13, RANTES, GM-CSF,
MCP-1, MIP1«, and MIP13 by BMMCs [90]. Supernatants
from ATP and PAMPs-treated glial cells induced secretion of
IL-6, IL-13, and MCP-1 by MC/9 cells similar to the effect
of the recombinant IL-33 [110]. These pro-inflammatory
cytokines could stimulate the glial cells in return. In vivo
ATP might come from mast cells and induce the secretion of
IL-13 and IL-33 by glial cells. Taken together, ATP released
from mast cells is an important autocrine/paracrine/exocrine
factor that mediates cross-communication between different
cells, mast, neurons, and glial cells.

Giving the pivotal role of ATP and mast cells in inter-
cellular cross-communication in CNS, it is extremely impor-
tant to highlight their possible role in the pathophysiology of
CNS. It has been shown that the concentration of mast cells is
relatively high in the cerebral cortex and thalamus, hypo-
thalamus, and hippocampus [111]. These cells are constitu-
tively present in the brain. Moreover, pharmacologically
induced mast cell degranulation regulates neuronal activity
of thalamus [112]. Importantly, tryptase, a mast cell-specific
protease, is elevated in the cerebrospinal fluid of patients
with multiple sclerosis [113]. In the experimental auto-
immune encephalomyelitis (EAE) model, increased numbers
of degranulated mast cells were found in the brain of
afflicted animals [114]. It was suggested that mast cell
activation is important for EAE disease onset [115]. Brain-
resident mast cells affect inflammatory response associated
with EAE in different ways. The P2 receptor-mediated
degranulation and release of cytokines from mast cells (IL-4,
IL-13, IFNYy, and TNFx) increases the permeabilization of
vascular endothelium, influences immune cells trafficking to
the inflamed sites, and guides differentiation of CD4" T cells
to Thl or Th2 subsets. Mast cell proteases degrade myelin,
and myelin could, in turn, stimulate degranulation of mast
cells [116, 117]. As was noted above, ATP mediates release
of IL-33 from glial cells. While IL-33 governs Th2 immune
response, it also mediates secretion of IL-13 by mast cells
[90, 110], which could further amplify the Th2-mediated
response. Therefore, purine/cytokine-mediated cross-
communication between mast-nerve—glial cells represents a
key neural-immune interaction in CNS inflammation and
autoimmune diseases.

Conclusions and perspectives

We reviewed selected examples in which both mast cells
and extracellular nucleotides play a recognized role in
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physiological and pathophysiological processes. The ability
of nucleotides to mediate mast cell responses such as
chemotaxis, proliferation, cytokine secretion, cell death,
and to participate in the intercellular communication opens
entirely new perspectives for the development of anti-
inflammatory drugs. The pharmacological modulation of
nucleotide-mediated signaling in mast cells, as well as in
other cell types, represents a desirable new therapeutic
approach for the treatment of acute and chronic inflamma-
tory diseases. During the last few years, several P2X
receptor agonists were implicated in the therapy of
inflammatory diseases. The usefulness of oATP (nonselec-
tive P2X receptors antagonist) was proposed for the
treatment rheumatoid arthritis and multiple sclerosis after
promising use in a mouse model of arthritic pain and EAE
[118]. oATP was successfully applied to limit T cell-
mediated inflammation in mouse models of type 1 diabetes
and inflammatory bowel disease [29, 118]. 0ATP, suramine,
and pyridoxalphosphate-6-azophenyl-2',4"-disulphonic acid
significantly reduced allergic airway inflammatory response
in the OVA-mediated model of asthma [91]. Thus,
purinergic receptor blockade might represent a promising
therapeutic strategy for the treatment of a number of
inflammatory diseases including allergy in which mast
cells are recognized to play an effector role.
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