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Abstract

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid metabolite involved in many cellular
processes, acting not only as an extracellular ligand to its specific G protein-coupled receptors, but
also as a putative intracellular messenger with yet unidentified targets. Mast cells are tissue-dwelling
pivotal early effectors of allergic responses, which produce and secrete S1P that can bind to its
receptors present on mast cells to influence their activation and functions. In this review, we will
first discuss the current knowledge of S1P production by two isozymes of sphingosine kinase (SphK).
Mechanisms of SphK activation will be discussed, with an emphasis on experimental approaches
developed to study their differential activation and biological roles in the context of mast cells. The
relevance of mast cells in the etiology of allergic disorders, asthma and anaphylaxis is well
established. In this review, this concept will be revisited, focusing on the contribution of S1P
production and secretion to the symptoms associated with dysregulated inflammatory responses. To
conclude, counteracting the proinflammatory effects of S1P could be envisioned as a therapeutic
strategy to treat allergic disorders, exacerbated airway inflammation, and anaphylactic reactions, and
various options will be discussed, such as the development of pharmacological tools to inhibit SphKs,
S1P neutralizing monoclonal antibody, and S1P receptor antagonists.
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1. Introduction

It is now well accepted that sphingosine-1-phosphate (S1P) is a bioactive sphingolipid
metabolite with pleiotropic actions (Spiegel & Milstien, 2003). For many years after their initial
characterization, sphingolipids were only regarded as structural components of mammalian
cell membranes. However, appreciation of their importance as signaling molecules grew
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rapidly after the discovery of high-affinity G protein-coupled receptors for S1P (Lee et al.,
1998). This added to the complexity of signaling abilities of S1P as it had previously been
suggested that it might be an intracellular second messenger that regulates calcium levels and
cell growth and survival (Olivera & Spiegel, 2001). Therefore, it is not surprising that S1P is
involved in the regulation of a variety of cellular processes, including proliferation, migration,
survival, cytoskeletal organization, adherens junction assembly, morphogenesis, angiogenesis
and trafficking of immune cells (Spiegel & Milstien, 2003; Cyster, 2005). Mast cells play
pivotal roles in immediate-type and inflammatory allergic reactions that can result in asthma,
a disease of chronic airway inflammation. Crosslinking of the high-affinity receptor for
immunoglobulin E (IgE) on these cells leads to the release of many inflammatory mediators,
chemokines and cytokines, as well as eicosanoids (leukotrienes and prostaglandins) and S1P
(Rivera & Gilfillan, 2006). This review will recapitulate and also highlight recent exciting
findings on the regulation and functions of S1P in allergic responses, their pulmonary
manifestations and their systemic exacerbation defined as anaphylaxis.

2. Biosynthesis and metabolism of S1P

Unlike the biosynthesis of other membrane lipids such as sterols and glycerolipids, the initial
steps of sphingolipid biosynthesis leading to ceramide formation take place in the cytosolic
leaflet of the endoplasmic reticulum (ER), followed by transport of ceramide from the ER to
the Golgi apparatus, where conversion to more complex sphingolipids takes place. The de novo
pathway is initiated by the condensation of L-serine with palmitoyl-CoA to form 3-
ketosphinganine, a reaction catalyzed by serine palmitoyltransferase (Hannun et al., 2001).
The 3-ketosphinganine is then reduced by 3-ketosphinganine reductase in a NADPH-
dependent manner to D-erythro-sphinganine (dihydrosphingosine), which is N-acylated to
dihydroceramide by sphinganine N-acyltransferase and the 4-5 trans double bond then
introduced by a desaturase, to finally form ceramide. The ceramide transport protein CERT, a
cytoplasmic protein with a phosphatidylinositol-4-phosphate-binding domain, transports
ceramide (and dihydroceramide) from the ER to the Golgi apparatus in a non-vesicular
transport manner (Hanada et al., 2003). In the Golgi, ceramide and dihydroceramide are
converted by sphingomyelin synthase to sphingomyelin and dihydro-sphingomyelin, on the
lumenal side of the Golgi or to glucosylceramides and dihydroglucosylceramides on the
cytosolic surface of the Golgi (van Meer & Holthuis, 2000). It is important to note that the
sphingoid base sphingosine is not produced de novo but can only be formed from degradation
of ceramide by ceramidase or turnover of plasma membrane glycosphingolipids and
sphingomyelin in the endocytic recycling pathway. Sphingosine kinases (SphK1 and SphK2)
catalyze the phosphorylation of sphingosine to form S1P, which can be reversibly degraded to
sphingosine by two specific S1P phosphatases (SPP-1 and SPP-2) residing in the ER or
irreversibly by S1P lyase. It is of interest that S1P, sphingosine and ceramide can be
interconverted by the sequential actions of SPPs, ceramide synthases, ceramidases, and SphKs,
respectively (Figure 1). Thus, intracellular levels of S1P are tightly regulated by the balance
between synthesis and degradation.

Two mammalian isoforms of SphK have been discovered, named type 1 and 2, both widely
but often differentially expressed. Furthermore, SphK1 and SphK2 display different catalytic
properties, subcellular locations and substrate specificity. D-erythro-sphingosine is the
preferred substrate for SphK1, whereas SphK2 phosphorylates a wider range of sphingoid base
substrates, including phyto-sphingosine and dihydrosphingosine. The novel
immunosuppressive compound FTY 720 (fingolimod), which is a sphingosine analogue, is
phosphorylated by SphK2 to FTY 720-phosphate, an S1P mimetic that is a ligand for all of the
S1P receptors except S1P,. Indeed, FTY720 causes lymphopenia in mice lacking SphK1 but
not SphK2, demonstrating the requirement for SphK2 for the metabolic activation of this pro-
drug (Allende et al., 2004; Kharel et al., 2005; Zemann et al., 2006).
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Since SphK1 and SphK2 null mice develop and reproduce normally, it is suggested that both
isoforms of SphK compensate for the lack of each other. However, double knock-outs for
SphK1 and Sphk2 completely lack S1P and are embryonically lethal (Mizugishi et al., 2005),
suggesting that each SphK isoform may have distinct as well as redundant functions and that
S1P is crucial for life.

The concentration of S1P in plasma ranges from 0.1 to 0.6 pM, while in serum it varies from
0.4t01.1 uM (Yatomietal., 1997; Caligan et al., 2000; Berdyshev et al., 2005). By comparison,
tissue S1P levels are low, ranging from 0.5-75 pmol/mg (Edsall & Spiegel, 1999; Schwab et
al., 2005). Therefore, a significant concentration gradient of S1P exists between blood and
interstitial fluids in mammals. The main sources of S1P in the blood are hematopoietic cells.
Platelets (which lack S1P lyase and possess high levels of SphK activities), neutrophils, mast
cells and mononuclear cells are endowed with the ability to secrete S1P (YYatomi et al., 2001).
It has recently been suggested that erythrocytes may be the major source of S1P in blood
(Pappu et al., 2007). However, non-hematopoietic cells are also able to synthesize and secrete
S1P. We recently examined the mechanisms involved in the secretion of S1P from mast cells
and demonstrated that secretion of S1P is mediated at least in part by the ATP binding cassette
(ABC) transporter ABCCL1 (Mitra et al., 2006). An alternate mechanism has been proposed for
the generation of extracellular S1P, which involves the secretion of SphK1 from vascular
endothelial cells, which then acts as an ectokinase (Ancellin et al., 2002).

3. Mechanisms of sphingosine kinase activation

SphK activity has been shown to be increased by a plethora of external stimuli resulting in
increased intracellular S1P, including ligands for GPCRs (S1P, LPA, formyl peptide,
nucleotides, bradykinin, muscarinic receptor agonists), agonists of growth factor receptors
(PDGF, VEGF, NGF, EGF), TGF-B, TNF-a, interleukins, calcium ionophores, phorbol ester,
and cross-linking of immunoglobulin receptors (reviewed in (Spiegel & Milstien, 2003; Taha
etal., 2006). Many agonists produce a rapid and transient increase of SphK1 activity accounted
for by translocation to the plasma membrane and phosphorylation. However, in many cases,
the involvement of SphK1 activation and subsequent formation of S1P has only been
demonstrated indirectly through pharmacological approaches blocking pathways and
molecular mechanisms activated by both SphK isoforms, such as pan SphK inhibitors,
including D,L-threo-dihydrosphingosine and N,N-dimethylsphingosine (DMS) (Edsall et al.,
1998). Much less is known of the regulation of SphK2, although it was recently shown that
EGF not only activates SphK1, it also is the first example of an agonist that also activates
SphK2 (Hait et al., 2005). More recently, crosslinking of the IgE receptor on mast cells was
reported to activate both SphK1 and SphK2, which was important for mast cell responses
(Olivera et al., 2006).

Intracellularly produced S1P can act in autocrine and/or paracrine manner to stimulate S1P
receptors present at the cell surface and signal “inside-out” (Spiegel & Milstien, 2003). Thus,
S1P exerts diverse cellular effects depending on the subtypes of S1P receptors that are
expressed and the subsequent initiation of downstream G protein-mediated signaling, including
activation of Src, focal adhesion kinases and Rac, crucial elements of cell migration. For
example, binding of S1P to S1P; or S1P3 receptors stimulates cell motility, whereas binding
to S1P, receptor generally counteracts cell movement, and rather promotes cell activation, such
as mast cell degranulation (Goparaju et al., 2005; Jolly et al., 2004).

Antigen-dependent activation of mast cells is regulated by complex signaling events upon
aggregation of the FceRI high affinity receptors for IgE (Gilfillan & Tkaczyk, 2006). FceRl is
a tetrameric receptor composed of an a-chain which binds IgE, one p-chain, and a y-chain
homodimer, that initiates signaling. The Src kinase Lyn phosphorylates tyrosine residues in
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the B- and y-chains in the immune-receptor tyrosine-based activation motifs (ITAMs). Once
phosphorylated, the ITAMs provide high-affinity docking sites for the SH2 domains of Lyn
and Syk, respectively. Both of these tyrosine kinases have been recently identified as SphK1
interacting proteins (Urtz et al., 2004), but do not phosphorylate it. However, direct interaction
of SphK1 with Lyn increases the activity of both kinases and results in the recruitment of SphK1
to FceRI1 and the appearance of both Lyn and SphK1 in lipid rafts (Figure 2).

A recent report showed that both SphK1 and SphK2 are activated upon FceRI triggering in
murine and human mast cells (Oliveraetal., 2006). Pretreatment of IgE-sensitized murine bone
marrow-derived mast cells (BMMC) with a Src-selective inhibitor prevented activation of both
SphK1 and SphK2 upon Ag triggering. Pretreatment of Lyn-deficient BMMC with the Src
inhibitor also abrogated SphK activation, suggesting that an additional Src protein tyrosine
kinase is involved in SphK activation, likely Fyn. Indeed, BMMC from Fyn-deficient mice
display a severely impaired activation of SphK1, together with complete abrogation of SphK2
activation. Similarly, Fyn kinase was an absolute requirement for KIT (the receptor for Stem
Cell Factor, a pivotal mast cell growth factor)-dependent activation of SphK1 and SphK2. Both
Fyn and Lyn contribute to translocation of SphK2 to the plasma membrane upon engagement
of FceRlI, independently of ERK activation, calcium mobilization, and PKC activation, all
signals which mediate translocation of SphK1 (Olivera et al., 2006).

Regulation of SphK1 by TNF-a requires binding to TRAF2 (Xia et al., 2002). Accordingly,
deletion of its TRAF2 binding consensus site abolishes binding of SphK1 to TRAF2 and
subsequent stimulation of SphK1 by TNF-a, but not by phorbol ester, which also stimulates
phosphorylation of SphK1 (and its translocation to the membrane) via protein kinase C and
activation of extracellular signal-regulated kinase (ERK) 1/2-mediated phosphorylation of
SphKZ1. Similarly, SphK1 is required for TNF-a-stimulated ERK1/2 activation, demonstrating
intricate crosstalk between SphK1 and ERK.

IgE/Ag stimulation of human mast cells has been shown to trigger SphK1-mediated fast and
transient calcium release from intracellular stores that is dependent on activation of
phospholipase D (PLD) (Melendez & Khaw, 2002). It is possible that phosphatidic acid
produced by activation of PLD may be a key mediator of activation and translocation of SphK1
to the plasma membrane as it is a potent stimulator of SphK activity (Olivera et al., 1996) and
recombinant SphK1 has been shown to bind phosphatidic acid (Delon et al., 2004). Moreover,
SphK1 and PLD1 are co-localized in cells, although direct interaction was not detected
(Melendez & Khaw, 2002).

A link between activation of SphK and Ca?* mobilization from intracellular stores in several
types of cells including mast cells has clearly been established (Spiegel & Milstien, 2003). For
example, Ca* chelators inhibited f-Met-Leu-Phe peptide- and nucleotide-triggered S1P
production in HL-60 granulocytes and HEK 293 cells (Alemany et al., 2000). Moreover, it has
long been known that Ca2*/calmodulin binds to SphK1 (Kohama et al., 1998). Although these
data suggest that SphK could be regulated by Ca2*, direct activation by calcium has not been
demonstrated, suggesting that calcium is more likely required for translocation of SphK1 to
the plasma membrane. It is noteworthy that deletion of functional calmodulin-binding sites on
SphK1 prevents its translocation to the plasma membrane upon stimulation with phorbol ester,
even though its catalytic activity and phosphorylation are not affected (Sutherland et al.,
2006).

4. Dual mode of S1P signaling: “inside-out” and intracellular effects

Intracellularly generated S1P resulting from activation of SphK can be exported out of cells
and act as a ligand for the family of five S1P receptors, named S1Pq_s. All bind S1P with high
affinity and specificity (Spiegel & Milstien, 2000) and are coupled to different G proteins, thus
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enabling them to regulate a wide variety of cellular responses. Crosslinking of FceRI in mast
cells has been shown to activate SphK and increase S1P secretion, leading to autocrine/
paracrine activation of S1P, which is important for their migration toward antigen, and
S1P,, which regulates their degranulation (Jolly et al., 2004). It has recently been demonstrated
that intracellular S1P produced upon FceRI crosslinking is exported out of mast cells at least
in part by an ATP binding cassette transporter, ABCC1, independently of their degranulation
(Mitra et al., 2006).

As mentioned above, there are also several biological effects that are driven by intracellular
S1P that are not reproduced by the addition of exogenous S1P (Chalfant & Spiegel, 2005). For
example, downregulating expression of SphK1 blocks the rapid increase in intracellular
calcium induced by FceRI triggering that is required for mast cell degranulation (Melendez &
Khaw, 2002). Similarly, knockdown of SphK1 in macrophages inhibits the increase in
intracellular calcium induced by treatment with complement anaphylatoxin C5a, and also
decreases cytokine release and migratory responses to C5a (Melendez & Ibrahim, 2004).
However, the relevance of these in vitro studies to the physiological role of SphK1 is unclear
since macrophage mediated thioglycollate-induced peritonitis and collagen-induced arthritis
are unaffected by SphK1 gene knockout (Michaud et al., 2006). These data are in sharp contrast
with previous reports demonstrating a clear dependence of mast cell and macrophage functions
upon reduction of SphK1 expression (Kee et al., 2005; Olivera & Rivera, 2005), suggesting
possible adaptation and/or compensatory mechanisms. These issues may be more clearly
resolved by the development of conditional SphK1/SphK2 knockout mice or highly selective
inhibitors of SphK1 and SphK2, since complete deficiency of SphK activity (and, therefore,
S1P) in the double knockout mice is embryonic lethal (Mizugishi et al., 2005).

An elegant recent report evoked a predominant role for SphK2 in the regulation of mast cell
activation in vitro, while SphK1 enhances susceptibility to antigen challenge in vivo (Olivera
et al., 2007). Because deletion of both SphKs is embryonically lethal, fetal liver-derived mast
cells from SphK1/-, SphK27-, and SphK17-SphK2 mice were utilized. By comparison of the
results from each of these knockouts, SphK2 was identified as the pivotal modulator of calcium
influx and downstream signaling, particularly PKCa and 3, leading to degranulation and the
production of eicosanoids and cytokines, with no involvement of SphK1. By contrast, passive
systemic anaphylaxis was only impaired in SphK1”~ mice and plasma histamine levels were
correlated with circulating levels of S1P. Altogether, their data implicate SphK2 as a
determinant of intrinsic mast cell function, whereas SphK1 plays an extrinsic role (Figure 2).
Nonetheless, given the differences in the gene expression profiles and responses of human and
mouse mast cells, SphK1 and SphK2 may play different roles in human mast cells (Melendez
& Khaw, 2002) and allergic responses, including asthma and anaphylaxis.

The finding that circulating S1P levels are primarily determined by SphK1 outside the mast
cell compartment is very intriguing as these levels correlate with histamine release and
anaphylaxis. A recent study demonstrated that the source of circulating S1P is mainly
hematopoietic in origin with erythrocytes a major contributor, whereas lymph S1P is from a
distinct radiation-resistant source, possibly lymphatic endothelium (Pappu et al., 2007). The
relationship between the different sources of S1P and their contributions to allergic responses
and anaphylaxis will be important to determine. However, it is tempting to speculate that upon
activation of mast cells and secretion of such mediators as platelet activating factor (PAF),
platelets are being activated and release additional S1P (Figure 2).

5. Pathophysiology of allergic responses, asthma, and anaphylaxis

Mast cells are resident in all normal tissues where they play a prominent role in tissue
homeostasis, wound healing, and host defense (Rivera & Gilfillan, 2006). In sites of
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inflammation, mast cell activation initiates and/or perpetuates the pathophysiology of many
disorders via their ability to differentially secrete, synthesize and release a plethora of
proinflammatory mediators and cytokines (Grimbaldeston et al., 2006). In bronchial asthma,
the perception of the role of mast cells has evolved to the present view that mast cells, together
with T lymphocytes and eosinophils, substantially contribute to the establishment and
perpetuation of bronchial inflammation. Thus, asthma and allergic diseases can be defined as
inflammatory processes caused by overzealous immune responses.

Mast cells are activated by IgE/antigen crosslinking of FceRI. However, many other stimuli
unrelated to IgE can also elicit the secretion of mast cell mediators, such as neurotransmitters,
Toll-like receptor ligands, basic peptides, and anaphylatoxins. Indeed, CD88, the receptor for
Cba, is expressed by the subset of human lung mast cells that are double positive for tryptase
and chymase and the binding of exogenous C5a to CD88 enables their activation (Oskeritzian
et al., 2005).

Mast cells secrete autocoid mediators, such as histamine, prostaglandin D2 (PGD2), and
leukotriene C4 (LTC4), which induce increased vascular permeability, tissue edema,
bronchoconstriction, massive recruitment of inflammatory cells, and mucous secretion, all
features of asthma. Mast cells can also secrete preformed and/or de novo synthesized
proinflammatory cytokines, able to regulate IgE synthesis and the development of
inflammation, and several profibrogenic cytokines, including TGF-f and basic fibroblast
growth factor. The serine proteases, tryptase, chymase and carboxypeptidase, whose secretion
depends on the phenotype of the human mast cell, constitute major secretory products as well
and can interact with numerous cell types via protease activated receptors and alternate
processes. Clinically, these interactions are also important in acute systemic exacerbation of
allergic reactions or anaphylaxis, which will be discussed below.

Mast cells of asthmatic patients micro-localize within airway smooth muscle (ASM) cells, the
airway mucous glands, and the bronchial epithelium. Thus, the disordered airway physiology
and wall remodeling features of asthma are consequences of inflammation and bronchial
hyperresponsiveness (BHR). Furthermore, abnormal ASM function is fundamentally
important in the pathophysiology of asthma and there is a positive correlation between ASM
mast cell numbers and BHR (Brightling et al., 2002), evoking a functional interaction between
these two cell types. Symptom exacerbation occurs in the presence of environmental allergens,
likely through the release of mast cell-derived mediators, which are all potent agonists for ASM
contraction and can stimulate their proliferation (Berger et al., 2001). Mast cells also infiltrate
the bronchial epithelium in asthma, strategically placed at the entry level of potential allergens.
Upon allergen-dependent activation, mast cells release inflammatory mediators that influence
bronchial epithelial function. In addition, there is also a significant correlation between the
density of mast cells within mucous glands and the degree of mucous obstruction in the airways.
Numerous mast cell-derived cytokines are likely to contribute to many features of asthma.
Among these, TNF-a is a pivotal cytokine that orchestrates many of the asthmatic symptoms.
Increased TNF-a expression has recently been shown in patients with refractory asthma (Berry
etal., 2006) and may be part of a positive autocrine feedback loop on the mast cell population,
since human lung mast cell-derived tumor necrosis factor-a (TNF-a) can, in turn, induce mast
cell mediator release (Coward et al., 2002).

Anaphylaxis is a systemic syndrome representing an extreme and acute form of allergic
reaction that consists of a sensitization phase during which allergen-specific IgE is produced
followed by an acute effector phase triggered by allergen-induced degranulation of mast cells.
Anaphylaxis is a typical type | hypersensitivity reaction, sharing common mechanisms with
asthma. However, a mast cell-independent mouse model of anaphylaxis has been described,
in which symptoms correlate with an increase in vascular permeability, probably by effects on
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the endothelial barrier. Interestingly, in addition to canonical IgE-mast cell mediated
mechanisms, an alternative pathway involving 1gG1 and FcyRIII has been shown to trigger
anaphylaxis in mice (Finkelman et al., 2005; Galli et al., 2005; Rivera & Gilfillan, 2006).
Moreover, genetically mast cell-deficient mice can exhibit acute allergic responses (Choi et
al., 1998). B cell lymphoma 10 (Bcl10) and mucosa-associated lymphoid tissue 1 (Malt1) have
recently been identified as novel key regulators of mast cell signaling (Klemm et al., 2006).
Mice deficient for either protein display severely impaired IgE-dependent late phase
anaphylactic reactions. Although their mast cells showed normal degranulation and leukotriene
secretion, the NF-«B signaling pathway was severely disabled with the subsequent absence of
mast cell-derived TNF-o and IL-6.

Importantly, mouse models and clinical patient observations are not always in agreement. Thus,
although mouse “models” of asthma have provided insights into immunological processes,
mice do not have asthma, much less chronic asthma. However, a model has recently been
developed in which mice sensitized by repetitive and long-term intra-nasal challenge with Ag
(ovalbumin) in the absence of artificial adjuvant develop mast-cell dependent AHR with many
features of chronic asthma (Yu et al., 2006). A discussion of the limitations of mouse models
is beyond the scope of this review but this is thoroughly reviewed elsewhere (Wenzel &
Holgate, 2006).

6. Relevance of S1P in the etiology of allergic disorders

An initial clue that S1P might be an important component of the mast cell-dependent
inflammatory cascade of events observed in allergic reactions and asthma was provided by the
observations that S1P levels are increased in bronchoalveolar lavage (BAL) fluid of asthmatics
after challenge with Ag (Ammit et al., 2001). This led to studies showing that cross-linking of
FceRI on rodent mast cells activates SphK, increasing production of S1P (Jolly et al., 2004).
Interestingly, S1P levels correlated with eosinophil numbers in the BAL of asthmatic subjects
(Ammit et al., 2001). The recent discovery that S1P is secreted by mast cells via ABCC1
transporters (Mitra et al., 2006), an active transport system, further supports the notion that
mast cells may utilize S1P to regulate migration of inflammatory cells to sites of inflammation
(Figure 3).

Of interest, T lymphocytes comprise an important cell type in inflammatory infiltrates.
Convincing evidence from studies with S1P;-deficient mice have demonstrated that ligation
of the S1P; receptor by S1P is pivotal for the recirculation of T lymphocytes from secondary
lymphoid organs to peripheral tissues where inflammation takes place (Matloubian et al.,
2004). Consequently, the novel immunomodulator FTY720, a chemical derivative of the fungal
metabolite myriocin and a sphingosine analogue, which can be phosphorylated by SphK2 to
FTY720-phosphate, an S1P mimetic, was shown to modulate lymphocyte trafficking by
binding to S1P; (Graler & Goetzl, 2004; Matloubian et al., 2004; WEei et al., 2005). Thus,
FTY720-phosphate produced in vivo from FTY720 blocks the egress of lymphocytes into the
medullary sinus of lymph nodes and efferent lymphatics, leading not only to an overall decrease
incirculating T and B lymphocytes, or lymphopenia, but also to inhibition of lymphocyte influx
into sites of inflammation. These long-lasting effects from a single low dose make FTY720 a
good candidate drug for suppressing transplant rejection and T cell-mediated inflammatory
diseases as well as for treatment of multiple sclerosis (Brinkmann et al., 2002).

Of note, it was recently found that neither FTY720 nor FTY720-phosphate, despite its
similarity to S1P, affect mast cell degranulation, yet they significantly reduced Ag-induced
secretion of PGD, and cysteinyl-LT. FTY720 was discovered to be a directinhibitor of
cytosolic phospholipase A,, the rate-limiting enzyme in the production of arachidonic acid,
the precursor of all eicosanoids (Payne et al., 2007). Indeed, oral treatment of mice with
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FTY720 inhibits AHR induced by adoptive transfer of Th1l and Th2 cells and asthma induced
by active immunization and challenge with ovalbumin (Sawicka et al., 2003). In addition,
inhaled FTY720 prior to or during ongoing allergen challenge suppresses Th2-dependent
eosinophilic airway inflammation and bronchial AHR by inhibition of migration of lung
dendritic cells to the mediastinal lymph nodes, thus preventing the formation of allergen-
specific Th2 cells in the lymph nodes (Idzko et al., 2006).

Mast cells express both S1P; and S1P, receptors on their surface and similar to T lymphocytes,
S1P, is pivotal for mast cell chemotaxis. Conversely, S1P, mediates mast cell activation and
degranulation. Importantly, S1P2 levels are upregulated after activation by Ag (Jolly et al.,
2004). Since mast cells secrete S1P, it can act on its receptors expressed on the mast cell surface
in a positive feedback loop to amplify mast cell functions (Figure 3).

Furthermore, S1P has been shown to induce smooth muscle contraction and increased
intracellular calcium by activating the S1P, receptor (Watterson et al., 2005). Recently, it was
shown that prolonged exposure to low concentrations of S1P markedly enhanced
methacholine-induced contraction of bronchial smooth muscles by Rho-mediated myosin
phosphatase inactivation, and therefore, calcium sensitization (Kume et al., 2007). Moreover,
another report showed that S1P triggers AHR in ovalbumin-sensitized mice, using isolated
bronchi and whole lungs. Mechanistically, increased AHR was coupled with enhanced
expression not only of SphK1 and SphK2, but also of S1P, (and S1P3) receptors. Therefore,
S1P and its receptors constitute a multifaceted immunomodulatory system (Rosen & Goetzl,
2005) (Figure 3).

The regulatory effects of S1P on vascular endothelial barrier functions are also important to
examine, since asthma is more and more unambiguously recognized as a disease consecutive
to the rupture of endothelial barrier. In this regard, it has long been known that S1P promotes
endothelial adherens junction assembly (Lee et al., 1999). This is relevant to the
hyperpermeability issues associated with lung injury and pulmonary edema (Bhattacharya,
2004), as adherens junctions critically determine endothelial barrier properties. Enhanced
junction assembly in lung endothelial cells augments barrier functions and prevents pulmonary
edema formation. Administration of selective S1P; competitive antagonists to mice induces
disruption of barrier integrity in pulmonary endothelium (Rosen et al., 2007; Sanna et al.,
2006). Interestingly, endothelial S1P4 expression is finely regulated by the existence of a large
caveolar reservoir of receptors and the ability of agonists to differentially induce receptor
ubiquitination and turnover (Rosen et al., 2007). An important observation in relation to barrier
functions of S1P was that a single intravenous injection of S1P had protective effects against
lung injury caused by high-volume mechanical ventilation and intratracheal endotoxin
instillation in animal models (McVerry & Garcia, 2004). The sustained protective effects were
attributed to expression of S1P4 by endothelial cells (Rosen & Goetzl, 2005). However, S1P
administration via the airways but not via the vasculature induces lung leakage (Gon et al.,
2005). Using receptor-null mice, it was demonstrated that activation of S1P3 in alveolar
epithelium results in increased permeability via tight junction opening and loss of ZO-1, an
essential component of the cytoplasmic plague associated with tight junctions (Gon et al.,
2005). Thus, spatially and mechanistically distinct S1P receptor subtypes can have opposing
effects on pulmonary epithelial and endothelial barriers. Therefore, regulation of endothelial
and epithelial cell functions by S1P constitutes another facet through which it might influence
the vascular permeability changes seen in asthma and anaphylaxis. It is well established that
lung tissues constitute a likely source of S1P. Thus, immunolocalization of SphK1 has been
examined in human lung samples and shown to be associated with the apical surface of
pseudostratified epithelial cells of the bronchi and underlying smooth muscle cells, submucosal
serous glands, type Il alveolar macrophages (secreting surfactant), and endothelial cells of
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blood vessels. Altogether, these findings suggest potential roles for SphK1-mediated synthesis
of S1P in altering pulmonary functions (Johnson et al., 2005)

The observation that TNF-o is overproduced in asthmatic subjects is also of interest since TNF-
a is a potent activator of SphK and subsequent production of S1P. SphK1 is activated in many
cell types relevant to allergic disorders and occurs principally in response to inflammatory
cytokines, suchas TNF-o.and IL-1f. Moreover, prostaglandins play an important role in airway
inflammation and are produced by cycloxygenases (COX) whose activation is mediated by
SphK1 (Pettus et al., 2003). Gene knockout and pharmacological approaches have
demonstrated that S1P induces COX-2, a process that requires Gy, (Ki etal., 2007). Moreover,
treatment with S1P induced COX-2 in the lungs (and livers) of mice and increased plasma
PGE2, effects that were prevented by Ga;o deficiency (Ki et al., 2007).

7. S1P as potential therapeutic target for treatment of allergic disorders

To date, asthma therapy is mainly targeted at suppressing the symptoms that are consequences
of airway inflammation and ASM contraction. As described above, a number of S1P-mediated
events are relevant to the pathophysiology of allergic responses, asthma and the exacerbated
anaphylactic reaction. Given its multifaceted roles in asthma and allergy pathophysiology,
inhibitors of SphK that block formation of S1P could also inhibit IgE/Ag-dependent cysteinyl-
LT and cytokine production by preventing activation of the ERK pathway and AP-1-mediated
transcription. SphK inhibitors have already been utilized to suppress tumor growth in mouse
xenograft models and to improve chemosensitivity (French et al., 2006). The development of
more specific inhibitors with improved aqueous solubility will be important for their potential
therapeutic use in human allergic disorders. Similarly, selective S1P receptor antagonists could
also constitute a relevant strategy for the modulation of pulmonary and allergic disorders. Of
note, administration of a monoclonal anti-S1P antibody to neutralize circulating S1P
substantially reduced tumor progression in several murine xenograft and allograft models
(Visentin et al., 2006). Use of a neutralizing anti-S1P antibody in allergic disorders merits
evaluation.

8. Conclusions

In sum, the proinflammatory effects of S1P in the airways result from its ability to induce
secretion of chemoattractants contributing to the inflammatory cell infiltrate and its actions on
S1P receptors expressed at the surface of mast cells, which are also able to secrete S1P, acting
then in a positive autocrine amplification loop. There is increasing evidence that SphKs, S1P
and S1P receptors are also pivotal in the regulation of immune cell trafficking, activation and
inflammation, which makes them excellent candidates to target for the treatment and/or the
relief of allergic manifestations.
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sphingosine kinase
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Figure 1. Sphingolipid metabolites and their effects on mast cell functions

The scheme shows the structures of the bioactive sphingolipid metabolites, sphingosine,
sphingosine-1-phosphate, ceramide, and ceramide-1-phosphate and indicates the enzymes
responsible for their interconversion. Some important actions regulated by these metabolites

in mast cells are indicated.
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Figure 2. Actions of S1P in Mast Cell Functions

Crosslinking of FceRI1 by antigen causes activation of the tyrosine kinases Lyn and Fyn that
in turn stimulate SphK1 and SphK2 leading to formation of S1P. S1P formed by activation of
SphK1 can then be exported by ABCCL transporter to activate S1P receptors on the mast cell
surface. S1Pq is important for mast cell migration toward Ag while S1P, is involved in their
degranulation. SphK2 acts internally to regulate calcium homeostasis and PKC, and thus
regulates degranulation and release of other lipid mediators and cytokines, probably by
regulating the balance between the counteracting sphingolipids, sphingosine and S1P.
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Figure 3. Multiple Functions of Mast Cell-Derived S1P in Allergic Inflammation

Secretion of S1P by activated mast cells can promote allergic reactions on a broad scale by
activating and recruiting many types of immune cells involved in allergic and inflammatory
responses, including eosinophils (Roviezzo et al., 2004), Th2 lymphocytes (Sawicka et al.,
2003) and neutrophils. S1P also profoundly affects endothelial cell function and promotes
adhesion molecule expression in endothelial cells (Garcia et al., 2001; Lee et al., 1999; Wang
et al., 1999; Xia et al., 1998), induces contraction and proliferation of airway smooth muscle
cells (Ammit et al., 2001), fibroblast proliferation, and shifts maturing dendritic cell-induced
polarization of T cells into a Th2 phenotype (Idzko et al., 2002).
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