1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Prostaglandins Other Lipid Mediat. 2008 June ; 86(1-4): 1-11.

Unraveling the complexities of sphingosine-1-phosphate
function: The mast cell model

Ana Olivera
Laboratory of Immune Cell Signaling, National Institute of Arthritis and Musculoskeletal and Skin
Diseases, National Institutes of Health, Bethesda, MD, 20892, USA

Abstract

Sphingosinel-phosphate (S1P) is a lipid mediator involved in diverse biological processes, from
vascular and neural development to the regulation of lymphocyte trafficking. Many of its functions
are regulated by five widely expressed S1P G-protein coupled receptors (S1P1_s). S1P is produced
mostly intracellularly, thus, much of its potential as an autocrine and paracrine mediator depends on
how, when, and where it is generated or secreted out of the cells. However, S1P can also have
intracellular activity independent of its receptors, adding to the complexity of S1P function. The mast
cell, amajor effector cell during an allergic response, has proven instrumental towards understanding
the complex regulation and function of S1P. Antigen (Ag) engagement of the IgE receptor in mast
cells stimulates sphingosine kinases, which generate S1P and are involved in the activation of calcium
fluxes critical for mast cell responses. In addition, mast cells secrete considerable amounts of S1P
upon activation, thus affecting the surrounding tissues and recruiting inflammatory cells. Export of
S1P is also involved in the autocrine transactivation of S1P receptors present in mast cells. The in
vivo response of mast cells, however, is not strictly dependent on their ability to generate S1P, but
they are also affected by changes in S1P in the environment previous to Ag challenge. This review
will discuss the recent advances towards understanding the intricacies of S1P generation, secretion
and regulation in mast cells. In addition, how S1P receptors are activated and their involvement in
mast cell functions will also be covered, including new insights on the role of S1P in the mast cell-
mediated allergic response of systemic anaphylaxis.
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1. The many strategies for Sphingosine 1-phosphate’s control of biological
processes

Sphingosine (SPH), first described in the eighteen hundreds, was named after the Sphinx, a
Greek mythological character with a human face and a winged lion body, owing to the
mysterious properties of this compound. Its phosphorylated derivative, Sphingosine-1-
phosphate (S1P), was later described as a metabolite of SPH and complex sphingolipids. In
due course, it has been proven that the properties and functions of S1P were not less enigmatic
than those of SPH and that the multiple facets of its mode of action fit well with the multiple-
natured creature of its Sphinx-rooted name.
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Over the years we have become cognizant of the critical involvement of S1P in multiple
physiological and pathological processes in cells and organisms and its versatile mechanisms
of action. S1P promotes proliferation, cell survival, and chemotaxis in diverse cell types,
differentiation of endothelial cells, neural and vascular development, vascular permeability,
angiogenesis, tumorigenesis and lymphocyte trafficking [1-8]. S1P binds specifically to five
membrane-bound G-protein coupled receptors (GPCR), named S1P4.s, that exhibit similar
affinities overall but engage distinct signaling pathways [4,9]. The expression patterns of these
receptors vary from cell to cell and are subject to regulation by various factors in the cellular
environment. The resulting qualitative and quantitative combinations of the receptors partly
explain the diverse actions of this lysophospholipid. In addition, S1P, similar to other
sphingolipid metabolites, has been shown to affect cell function independently of cell surface
receptors [2]. This could be achieved by binding and modifying yet unknown intracellular
targets, or by modifying the relative levels of other bioactive lipid products, particularly SPH
and ceramide whose effects generally oppose those of S1P, or other lipids with essential cellular
functions (Figure 1) [2,3,10-12]. To this date, the exact mechanisms for its intracellular effects
remain unresolved.

S1P is formed in cells by the phosphorylation of SPH mediated by two phylogenically
conserved sphingosine kinases (SphK1 and SphK2) [13] and may also be produced outside
cells by a secreted form of SphK1 [14]. The activity and cellular location of SphK1 and SphK2
are regulated by stimuli resulting in rapid increases in the levels of S1P. However, these
increases are generally short-lived and the resting levels of S1P are maintained low, due to its
irreversible degradation by a S1P lyase, its dephosphorylation to SPH by S1P phosphatases,
and the relocation of sphingosines kinases from membranes to the cytosol, away from their
substrate [15]. Other enzymes in the metabolic pathway of sphingolipids may also be involved
in the regulation of S1P levels or function (Figure 1) [10]. S1P formed intracellularly can be
exported to the extracellular media engaging S1P receptors in an autocrine or paracrine fashion
(Figure 1), adding to the repertoire of possible physiological actions of this lipid mediator in
vivo [16]. Interestingly, there is a reservoir of S1P in plasma (0.4 to 2 uM, which is well above
the binding affinity for its receptors), mostly bound to aloumin or lipoproteins [17]. Recent
studies pointed to hematopoietic cells, particularly erythrocytes [18,19], as the cell type
responsible for maintaining high plasma S1P, but not lymph S1P. Other blood cells and
endothelial cells may also participate in the regulation of circulating S1P [17]. Evidence
suggests that the concentrations in the interstitium of lymph nodes and spleen, and probably
other tissues, is significantly lower due to the presence of S1P lyase activity [20] and
phosphatase activities [21], allowing cells in those microenvironments to become susceptible
to local changes in S1P concentration.

The recent discovery that S1P is involved in lymphocyte egress from the thymus and secondary
lymph nodes into the circulation has also highlighted the importance of maintaining the
physiological gradients of S1P and regulating the expression S1P receptors for normal immune
function. Lymphocytes migrate out of the lymphoid organs, where S1P levels are low, toward
higher concentrations of S1P in blood and lymph, a process mediated by the S1P4 receptor.
Lymphocytes exiting the thymus and lymph nodes show an upregulated expression of S1P;
and respond chemotactically towards S1P [22], but once exposed to the high amounts of S1P
in the circulation the receptor expression is downregulated and not restored again until they
reach the lymph nodes [4,6]. Remarkably, downregulation of S1P4 after T cell receptor
activation [23] appear to contribute to the retention and expansion of antigen-bearing cells in
the lymph nodes [22]. Similarly, the homing of natural killer cells to blood, and peripheral
tissues is partly regulated by S1P4 [24] and by S1P5[25]. In addition to the role of S1P gradients
in the homing of lymphocytes, local S1P production or regulation of its receptors may alter the
phenotypic outcome of immune cells (see sections 2.3.1 and 2.4) and modify the type of
immune response [26-29]. Thus, maintenance of blood or lymph to tissue gradients, as well as
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changes in S1P within the tissues may regulate the emerging and differentiation of immune
cells. The intricate regulation of S1P levels in cells and in the organism as a whole, its receptors
and its mode of action (receptor-mediated or receptor independent), allows for plasticity in the
overall responsiveness of cells to this single molecule (Figure 2).

2. Mast cells and the multifaceted function of S1P

A growing body of evidence has implicated S1P metabolism and its receptors in mast cell
function. A great deal of the complexity described for S1P regulation and function is
represented in the mast cell. Both SphK1 and SphK2 are activated in these cells after the
engagement of the high affinity receptor for IgE and S1P is produced in cells within minutes
and secreted into the extracellular space as a late response. The activities of SphKs are key to
the activation and expression of the receptors for S1P present on mast cells but also essential
to S1P receptor-independent mast cell function. When activated, mast cells produce gradients
of S1P within resident tissues that may contribute to the recruitment and activation of other
immune cells. Furthermore, recent evidence suggests that deregulated S1P levels in circulation
can affect the responsiveness of mast cells and the allergic response. This review will
summarize, following the structure illustrated in Figure 2, our current understanding of these
processes in mast cells and discuss their overall significance.

2.1- What are mast cells?

Mast cells are tissue-resident cells that are critical for innate and acquired immunity [30]. Mast
cells bear various receptor types and thus, they respond to a variety of stimuli. However, they
are characterized by the presence of the high affinity receptor for IgE, FceRI, which is a critical
player in allergic disease [31]. IgE bound to this receptor is crosslinked by exposure to a
multivalent antigen, clustering receptors and initiating an intricate cascade of signals that
culminate in the compound exocytosis of preformed granules (a process known as
degranulation) and the production and secretion of cytokines and lipid mediators [32]. The
result is the appearance into the extracellular space of an impressive array of vasoactive
mediators, proteases, chemokines, and cytokines that enhance vascular permeability,
recruitment and function of leukocytes, and cause local inflammation. Besides engagement of
the IgE receptor, other stimuli can trigger the selective release of certain cytokines or other
mediators, and thus, the function of mast cells is not restricted to allergic reactions triggered
by an antigen [32,33]. However, the dramatic increase in the prevalence of allergic disease
over the last 20 years has prompted more intense research on the signaling mechanisms
essential for mast cell responses, with the intent of finding alternative targets for
pharmacological intervention.

2.2- The intracellular compartment: generation of S1P by mast cells

2.2.1- Sphingosine kinases, key players in mast cell function—Activation of the
IgE receptor in mast cells results in the intracellular formation of S1P and its export into the
extracellular space [34-38]. Using mast cells derived from embryonic liver progenitors of mice
deficient in SphK1, SphK2 or both, SphK2 was shown to be the major producer of S1P [39].
The functional consequence of SphK2 deficiency was broad, including a reduction in the extent
of degranulation and in the production of various cytokines and eicosanoid products, all of
which are key in the induction of the allergic response and inflammation. The underlying cause
for the overall shutdown in mast cell responsiveness was an impairment of calcium influx and
PKC activation [39] (Figure 3). Calcium influx is known to be an essential process for IgE
receptor-induced mast cell degranulation and cytokine production. Thus, the placement of
SphK2 activity as a control mechanism for calcium flux and mast cell responses may be of
critical importance to the understanding of calcium regulation in these cells and to the
development of drugs that alleviate the allergic response.
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The finding of this significant role of SphK2 in mast cell effector function is surprising since
most the studies in mammalian cells have implicated a function for SphK1 [16], while the
function of SphK2 has remained elusive. It has been suggested that SphK1 may have evolved
later in phylogeny as complexity in functions increased, while SphK2 may have retained more
basic functions such as the regulation of sphingolipid levels in cells [40,41]. This was based
on a higher degree of homology of SphK2 to sphingosine kinase genes in lower organisms and
the wider range of substrates SphK2 can phosphorylate as compared to SphK1, including
sphingomimetics like the immunosuppressor FTY 720 and sphingoid bases other than SPH that
are found in less evolved organisms [3,42-44]. In organisms such as Drosophila, the SphK2
homolog is critical for proper flight performance and fecundity [40]. Recent reports indicate
that the mast cell, unlike other immune cells, is an ancient cell type found in urochordata that
probably played a role in early innate immunity [45], so it is tempting to speculate that an
earlier form of sphingosine kinase, SphK2, gained functional prevalence during evolution in
this “mast cell-like” cell. The predominance of SphK2 found in the genetic deletion model
contrasted with the findings in other mast cell types using messenger knockdown approaches.
In the transformed rat mucosal mast cell-like RBL2H3 line, activation of SphK1, but not
SphK2, was involved in degranulation upon Ag challenge and chemotaxis towards Ag [35].
In human mast cells, the observations have been variable. In human bone marrow-derived mast
cells, antisense oligonucleotide techniques showed that SphK1 was involved in degranulation,
while SphK2 message was not found [36]. In contrast, in CD34*-derived human mast cells
derived from blood, SphK2 and SphK1 activities and their corresponding messages were
present and both were activated by stimulation of the IgE receptor [37]. A more recent study,
using silencing of SphK1 and SphK2 by RNA. in cord blood derived human mast cells and in
the transformed human mast cell line LAD2, showed that SphK1 was important for
degranulation, migration toward antigen and secretion of the chemokine CCL2/MCP1, while
SphK2 drastically affected cytokine production [46]. It is important to note that in mammalians,
mast cells are not a homogeneous cell population [32]. Their phenotype varies depending on
the environment they populate in vivo, and on the experimental conditions under which the
primary cultures are differentiated in vitro, and thus the reasons for the discrepancies related
above might reflect differences in the phenotype of these cells, in the experimental conditions
used in the studies or in the species of origin. This issue is of relative importance when
considering one of these isoforms as a target for drug discovery to treat diseases such as asthma,
allergic dermatitis or other allergic diseases in which different mast cell populations participate,
and thus more evidence is needed to determine whether SphK1 and SphK2 differ in their
functional roles depending on the mast cell population or the species. Regardless, the studies
clearly demonstrate a critical role of SphKs in mast cell function and potential overlapping
roles for these isoforms since both can mediate degranulation and cytokine production in
phenotypically different mast cells. However, their role in a particular cell appears to be specific
and non redundant. In agreement, SphK2 has been reported to enable EGF-mediated
chemotaxis in the breast cancer cell line MDA-MB-543 but not in HEK293, where SphK1 is
important [47]. Additionally, opposite cellular functions for SphK1 and SphK2 such as cell
survival have also been described in other cell types [48]. The division of function of the two
SphK isoforms may be a reflection of their cellular distribution in cells, their relative
abundance, the signaling mechanisms leading to their activation or the proximity to the targets
they modify. These complexities add to the flexibility of spatio-temporal regulation of S1P
generation and enhance the range of S1P actions. A deeper understanding of the localization
of SphK1 or SphK2 during activation with respect to other signaling components as well as
S1P receptors will also aid in the understanding of their relative contribution and function under
particular stimuli.

2.2.2- SphK2-induced calcium regulation—The critical importance of calcium
mobilization in the regulation of mast cell responses by FceRI has been long recognized [31].
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Calcium release from intracellular stores by IgE/Ag involves PLCy activation and inositol
(3,4,5)-trisphosphate (1P3) formation [49], although others have also implicated SphK1 and
S1P in mast cell calcium mobilization [34,36]. However, release from intracellular stores
cannot account for the overall calcium responses in mast cells, and instead, the extracellular
calcium pool appears to be the major contributor for calcium and mast cell responses [31]. A
type of store-operated channel (SOC), the calcium-release activated channel (CRAC), was
identified in mast cells [50] and considered a major component responsible for calcium flux
across the plasma membrane. The real nature and the regulation of this channel have, however,
remained elusive. Just recently, a pore-forming component (Orail) [51-53] and a regulatory
component or “store calcium sensor” (STIM1) [54,55] of the CRAC channel were identified
and demonstrated to be key for IgE/Ag-mediated calcium influx, mast cell degranulation and
cytokine production in vitro and in vivo [56,57]. The mechanism by which STIM1 regulates
Orail activity is still unclear. Interestingly, the findings in SphK2-deficient mast cells indicated
that the activation of SphK2 is crucial for calcium uptake upon Ag stimulation (Figure 3), but
not for calcium mobilization from ER stores [39] as the previously reported function of SphK1
in RBL2H3 and cord-blood derived human mast cells [34,36,58]. Thus, full exploration of the
type of channel targeted by SphK2 may provide some clues into the mechanism of activation
of CRAC channels or other types of calcium channels also involved in calcium entry in mast
cells and a variety of immune or non-immune cells [59-62].

The regulation of calcium influx by SphK2 did not involve S1P; or S1P5, the S1P receptors
expressed in mast cells [35]. Unlike other cell types [63], wild type or SphK2-deficient mast
cells did not mobilize calcium in response to S1P added exogenously alone or in combination
with IgE/Ag [39]. Since SphK2 controls the intracellular levels of S1P and SPH in mast cells
in the resting and activated states, it is possible that an elevation in intracellular S1P leads to
the opening of a calcium gate, or that a reduction of SPH releases a standing inhibition of the
calcium channel [39,64]. Both mechanisms have been documented in various cell types.
Intracellular S1P promotes calcium influx in yeast [65], activates calcium-induced calcium
entry in human neutrophils [66], activates TRPC5 calcium channels in vascular smooth muscle
cells [67], and calcium-activated K+ (BK¢,) channels in endothelial cells [68]. In contrast,
SPH has been described to inhibit voltage-operated calcium channels [69,70], the sodium/
calcium exchanger [71] and CRAC channels in RBL2H3 cells [64]. Mathes et al proposed that
steady state levels of SPH would maintain CRAC currents in a blocked, resting state. After
FceRlI stimulation, the levels SPH drop as S1P increases favoring the proposed responsive state
of mast cells, and allowing for the full calcium responses induced by FceRI. In support for this
model, Prieschl and colleagues observed that addition of exogenous SPH inhibited mast cell
degranulation, leukotriene and TNFa production, effects that could be effectively reversed by
S1P, proposing that the balance between SPH and S1P is decisive for the excitability of mast
cells [38]. It is interesting to note that an essential characteristic of some calcium channels is
their modulation by lipids [72]. The various observations that S1P or SPH are able to modify
the function of diverse types of ion channels, raises the possibility of their direct interactions
with the channels or modification of the lipid environment which may influence conformation
and function of the channel. Resolving whether the effects on calcium by SphK2 activation
reflect the elimination of the negative regulator SPH or production of an activator, S1P, or
both, can be difficult without determining which is the specific channel. Equally challenging
is to understand mechanistically how sphingolipid metabolites may affect this channel.
However, answering these questions may be of considerable general interest and of importance
in understanding diverse physiological and pathological conditions.

2.2.3- Mechanisms of activation of SphKs—Sphingosine kinases are activated in most
cells by growth factor receptors, GPCR coupled receptors, cytokines and immunoglobulin
receptors. Several studies have partially revealed the mechanisms of such activation,
demonstrating the involvement of messenger molecules, post-translational modifications,
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different interactions with signaling proteins, and changes in localization (reviewed in [15,
16]). It generally appears that full activation is accomplished by an enhancement of the catalytic
activity and a translocation of SphKs to membrane locations where the substrate is present.
These two steps are interconnected and not necessarily mediated by a single mechanism. For
example, a well characterized phosphorylation of SphK1 in Ser225 by ERK1/2 is essential for
SphK1 activation and translocation to the membrane by TNFa and phorbol esthers in HEK293
cells [73]; however, phosphorylation alone may not be sufficient for the stabletranslocation of
SphK1 since a mutated form of SphK1 that is unable to bind calmodulin but is phosphorylated
normally in response to PMA or TNFa, did not translocate to the membrane, suggesting the
additional involvement of a calcium/calmodulin dependent mechanism [74]. Along with
ERK1/2 mediated phosphorylation and calcium/calmodulin binding, association with other
protein partners, cytoskeleton [75], and interactions with negatively charged lipids in the
membrane [76-78] may be important for the activation of SphK1 (reviewed in [15]) depending
on the cell type, stimulus or locale they are distributed into.

Much less is known about the mechanisms of activation of SphK2, due in part to the more
recent discovery of its agonist-mediated activation and participation in biological processes in
mammalian cells. Unlike SphK1, which has been commonly described as a cytosolic enzyme
in a resting state, the localization of SphK2 varies depending on the cell type and the
experimental conditions, probably owing to the presence of a nuclear localization signal [79]
and putative membrane domains [43]. Phosphorylation of SphK2 in Ser351 (equivalent to
Ser225 of SphK1) and Thr578 by ERK1 in the cancer cell line MDA-MB-593, mediates EGF-
induced SphK2 activation but not its translocation, as in these cells SphK2 is already present
at the plasma membrane [80], while phosphorylation of SphK2 by protein kinase D in Ser419/
Ser421 in HelLa cells treated with PMA induced the exit of SphK2 from the nucleus [81]. In
mast cells, however, SphK2 is mostly cytosolic and it has little representation in the cell
membrane under resting conditions [37]. Even after engagement of the IgE receptor, which
increases the proportion of membrane-associated SphK2, most of it remains cytosolic,
indicating that activation of discrete SphK pools is sufficient for proper signaling. Exploration
of the signaling events necessary for the activation of SphK1 and 2 by FceRl, indicated a
complex interplay of protein kinase- and lipid-derived signals and suggested that alternative
mechanisms to those described above may be in place in mast cells [37].

The FceRlI is a tetrameric receptor (a, B and two y chains) containing in its g and y chains
immunoreceptor tyrosine-based activation motifs (ITAMs) necessary for signal propagation
[31]. Multivalent antigens bring IgE receptors in proximity allowing the ITAMs to be
transphosphorylated by the Src kinase Lyn, which is associated to the  subunit of the receptors
[82]. Phosphorylated ITAMS can bind a variety of positive (such as the essential tyrosine kinase
Syk, which is itself phosphorylated by Lyn) as well as negative regulators of signaling, that
altogether shape the signaling responses. Another Src kinase, Fyn, is essential in the initiation
of signaling cascades and mast cells responses although the details on how Fyn is activated
upon receptor engagement are still tenuous. The signaling of FceRI is intricate and redundant
and involves the initiating tyrosine kinases Lyn and Fyn, and a number of adaptor proteins
(including LAT and Gab2) that once phosphorylated by tyrosine kinases recruit other kinases
and lipid enzymes that control mast cell responsiveness (reviewed in [82]). The initiation and
propagation of signals is highly compartmentalized due to the formation of multi-molecular
signaling complexes (termed signalsomes) assembled by the adaptor proteins and localized to
specific regions within the plasma membrane [83]. Some of these regions are liquid-ordered
phase domains in the plasma membrane, which are enriched in cholesterol, sphingolipids and
other saturated phospho-lipids (lipid rafts). Thus, the rapid activation of SphK1 and SphK2
must occur in the midst of an extremely organized, compartmentalized and redundant network
of signals and messenger molecules, many of which are in turn affected by SphK activity.
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Fyn and Lyn kinases were found to directly interact with SphK1 and SphK2. Furthermore the
presence of Fyn activity is essential for activation of SphKs by FceRIl whereas Lyn is partly
dispensable [37,84]. Neither SphK1 nor SphK2 are phosphorylated by these tyrosine kinases,
and the interaction of SphK2 with Fyn or Lyn did not affect its catalytic activity in vitro.
However, Fyn or Lyn-deficient cells could not effectively induce early translocation of SphKs
to the membrane, suggesting that the interaction with these Src kinases facilitate both the
location of SphKs to the membrane and their activation. The involvement of Fyn and Lyn,
initiators of FceRI signaling, places SphKs activation proximal to the receptor, lipid rafts where
sphingosine is located, and to the signalosomes where signals are generated. Fyn
phosphorylates the adapter Grb2-associated binder 2 (Gab2), which then binds the p85
regulatory subunit of phosphatidylinositol 3-OH kinase (PI3K) [85]. Both Gab2 and PI3K
activity were essential for SphK1 activation, and partially responsible for SphK2 activation,
indicating additional Fyn-dependent, PI3K- independent signals required for the activation of
SphK2 (Figure 3). In contrast to other cells [15,16], calcium elevations or PKC activation were
not amongst the signals participating in the activation or translocation of SphKs in mast cells.
Instead, SphK2 activation is upstream of these events as discussed earlier [39]. A possible
signal for the activation of SphK2 could be an ERK1/2- mediated Ser/Thr phosphorylation of
SphK2 as observed in other cells [80]. However, Fyn deficient mast cells showed normal
ERK1/2 phosphorylation but no activation of SphK2 in response to Ag. Thus, if ERK1/2 were
a player, one would have to envision a scenario where the presence of Fyn is required for a
localized, ERK1/2-mediated activation of SphK2, similar to the described requirement of
TRAF2 for ERK1/2-mediated phosphorylation and activation of SphK1 in TNFa-activated
HEK293T cells [73].

Although the specific mechanistic detail of activation of SphK1 and 2 in these cells is not
entirely clear, one can conclude that tyrosine kinases, particularly Fyn, the adaptor protein
Gab2 and the lipid kinase PI3K, as well as other undefined signals, provide the environment
necessary for the efficient and proper redistribution and activation of SphKs. It is interesting
to note that all the components of these particular signaling complexes have been defined as
crucial for proper functioning of allergically stimulated mast cells. Loss of Fyn or Gab2 in mast
cells impairs cytokine production and degranulation [85,86]; the intracellular level of
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), produced by PI3K downstream of Fyn/
Gab2, plays an important role in determining the extent of a mast cell response to a stimulus
[82]; and loss of SphK2 impairs cytokine production and degranulation [39]. The observations
support the idea that these events are in a common signaling axis and suggest the importance
of maintaining the integrity and function of these complexes, since not only the Src kinases
can affect SphKs activity, the reciprocal is also true (i.e, SphK activities enhance the tyrosine
kinase activity of both Lyn and Fyn [37,84]) (Figure 3). From a broader perspective, our and
other investigator’s findings indicate that SphK1 and 2 have distinct regulatory requirements,
but neither is activated by an entirely unique mechanism. The involvement of varied
mechanisms may direct the signaling potential of SphKs towards different outcomes in cells
in response to diverse stimuli. This is also exemplified in mast cells, where the relative
contribution of Fyn and Lyn tyrosine kinases in the activation of SphKs by stem cell factor or
interleukin-3 differs from that by IgE/Ag [37]. In-depth knowledge of the mechanisms involved
can be of importance from a pharmacological perspective, particularly to intercept unwanted
cell responses where SphKs are critical players, such as allergy.

2.3- The membrane compartment: inside-out and outside-in

2.3.1- Pumping out S1P—Activation of SphKs induced by FceRI in mast cells leads to
elevations in the cellular content of S1P and to a substantial release of this mediator into the
extracellular space [35,37,38]. The export of S1P under certain stimulatory conditions has long
been recognized in other cells, mostly because of its involvement in autocrine loops that cause
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the activation and internalization or desensitization of S1P receptors [2]. However, in those
instances S1P in the media was frequently undetectable due to the minute overall amounts
required for those actions [2,87], suggesting a localized process and a tight spatial coordination
between S1P production, export and S1P receptor activation. Mast cells and platelets are
amongst the few cell types known to release abundant amounts of S1P under agonist
stimulation [38,88]. Secretion of S1P was also observed in unchallenged mast cells treated
with its precursor [89], SPH, or in cells overexpressing SphK1 [90], but in either case antigen
challenge substantially enhanced the export of S1P, indicating a transport driven by S1P
concentrations or an active regulation by the IgE-receptor signaling. The release of S1P is
maximal within 30 min to hours of antigen stimulation [37,38], while an autocrine SphK-
dependent transactivation of the S1P receptors in the mast cell (S1P, and S1P,) is apparent
within minutes [35], suggesting that an early, albeit not readily detectable, export of S1P is
sufficient for the onset of the autocrine loops. On the other hand, one can deduce that the
delayed appearance of abundant S1P in the supernatant from mast cells may have a wider,
paracrine impact on surrounding cells [91]. The consequent production of local S1P gradients
by stimulated mast cells in the skin, gut and other tissues where mast cells reside may not only
recruit a number of immune cells [22,23,25,26,35,92,93], but also influence the type of the
immune response. For example, exposure of mature dendritic cells to S1P impairs their ability
to initiate T helper 1 (Th-1) but promotes T helper 2 (Th-2) responses of naive CD4 T cells
[26], while exposure of T cell receptor (TCR)- and cytokine-activated CD4 T cells to S1P,
increases their differentiation into T helper 17 (Th-17) cells and suppresses Th1 and Th2
cytokine production profiles [28,29]. Besides immune cell recruitment and function, local
production of S1P can influence the response of non-immune cells in the surrounding tissue
and contribute to the pathology of diseases such as asthma (reviewed in [91,94]). The finding
that S1P was elevated in the airways of asthmatic individuals after challenge [95] and in the
joints of arthritic individuals [96] supports its potential role in allergic inflammation, although
the exact significance of such elevation remains to be demonstrated.

An intriguing question is how an amphiphilic molecule such as S1P, can be secreted by cells
and how is the process regulated. Activated platelets and mast cells secrete their granular
contents by exocytosis, but this process is very unlikely to be the mechanism for S1P secretion
because of the difference in kinetics for granule secretion compared to S1P appearance in the
media. In addition, in mast cells, unlike platelets, S1P is synthesized after stimulation and not
pre-accumulated, making unlikely its storage in exocytotic granules. It was recently shown
that degranulation of mast cells can be inhibited without affecting Ag-induced S1P secretion,
demonstrating the dissociation between these processes [89]. The involvement of ATP binding
cassette (ABC) family of proteins has been reported in the transport of S1P [89,97,98] and
other structural derivatives of S1P [99] across the membrane. In platelets, however, both ATP-
independent and ATP-dependent transport mechanisms have been described [98,100]. The
ATP-dependent mechanism of S1P export was identified as an ABCA-like transporter,
sensitive to glyburide but not to MK571 or cyclosporine A [98]. In contrast, in murine and
human mast cells, the export of S1P is markedly reduced by MK571, an inhibitor of the ABCC1,
and by downregulation of this transporter with siRNA, but not by inhibitors of the ABCB1
type transporters [89]. Thus, different transporters may mediate S1P export and the
predominance of a particular type may depend on their expression pattern in a cell, its location
in relationship with the site of S1P generation, or the type of trigger. The task of sorting out
these queries is a significant one, particularly in the light of the potential contributory role of
S1P released by different populations of mast cells in allergic airway hypersensitivity and
asthma [94].

2.3.2- S1P receptors in mast cells: enhancers of IgE/Ag-mediated responses—
Secretion of S1P by mast cells can enhance their function by binding to S1P; and S1P, receptors
on mast cells [35]. The activation of S1P; and S1P, in mast cells in response to IgE/Ag
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stimulation was recognized by the re-distribution of B-arrestin from cytosol to membrane where
it interacts with the activated S1P receptor, and the ensuing endocytosis of the receptor
complexes, two general GPCR-triggered events. IgE/Ag-induced endocytosis of S1P4 or
S1P, seemed to be ligand dependent since a competitive inhibitor of SphK,
dimethylsphingosine, blocked it [35]. Internalization of S1P receptors independently of FceRl
engagement was also observed in RBL2H3 cells under conditions of increased presence of
SphK1 at the plasma membrane (i.e, enforced expression of SphK1 in the presence of serum
in the culture media) [90], stressing the importance of the generation of S1P at this location
for proper receptor activation. Using antisense oligonucleotide-mediated knockdown of
S1P; or S1P, as well as S1P,-deficient bone marrow derived mast cells, it became clear that
each of these receptors had a specific, non-overlapping role in FceRI stimulated mast cells
[35]. S1P4 is involved in the migration of mast cells toward low concentrations of antigen,
while S1P, participates in FceRI-induced degranulation. The involvement of the SphK/S1P
receptor activation in mast cell responses is further highlighted by the faulty degranulation and
migration of Fyn-deficient mast cells, which also show impaired SphK activation and S1P
production. Partial restoration of the defective degranulation in these cells was achieved by
addition of exogenous S1P [37]. Interestingly, while knockdown of S1P; or ectopic expression
of S1P4 did not affect degranulation, overexpression of S1P, negatively regulated chemotactic
motility of RBL cells towards Ag [35], suggesting a countermigratory role of S1P, in mast
cells as has been documented in other cell types. Since S1P, but not S1P; mRNA expression
is enhanced as a late consequence of FceRI cross-linking, a plausible hypothesis is that S1P,
participates in the recruitment of mast cells to the site of action driven by an Ag gradient, while
S1P, is involved in the resolution of migration and contributes to degranulation once they have
reached the site.

It is interesting to note that inhibition of ABCC1-mediated S1P export blocked migration of
mast cells to Ag but not degranulation, underlining the dependence of S1P; transactivation on
newly generated S1P and export [89]. As for S1P», it is possible that a yet unidentified
transporter brings S1P to its proximity, which would implicate the presence of specialized
transporters connecting distinct pools of S1P (generated by SphK1 or SphK2, for example) to
distinct S1P receptors upon FceRI engagement (Figure 3). However, one cannot exclude the
possibility that a constitutively active S1P, is needed as a platform for the activation of FceRl,
similar to a model described by Pyne and colleagues for the growth factor receptor PDGF and
S1P; [101]. In agreement with this possibility, S1P added exogenously, even at micromolar
concentrations, alone or in combination with IgE/Ag is a poor inducer of degranulation in mast
cells while, in contrast, S1P, deficiency results in a 40-50% decrease in degranulation. This
model would also be consistent with the findings that a reduction in the endogenous levels of
S1P (as found in Fyn or in SphK2 deficient cells) would result in loss of the constitutively
active state of S1P, and disruption of FceRI signaling. Although the mast cell is a tissue resident
cell and it is found in the circulation mostly as an immature progenitor, they can be exposed
to the higher concentrations of circulating S1P in the proximity of blood vessels, where mast
cells are normally present. Teleologically speaking it would not be physiologically cost-
effective that mast cells degranulate readily to a lipid present normally in high concentration
in circulating fluids. However, having a “constitutively active” S1P, receptor, particularly in
those locations more exposed to circulating S1P, could lower the threshold of activation of the
FceRI upon encounter with an Ag. Another question that remains unresolved is whether the
impaired degranulation that results from loss in SphK2 can be attributed solely to a lack of S1P
generation and S1P» activation (or constitutive activation), or also to SphK2-dependent,
S1P,-independent mechanisms. The partial restoration of degranulation in SphK2-deficient
mast cells by treatment with S1P suggest that SphK2 participates in some aspects of FceRI
signaling independently of S1P,. Further studies using SphK2/S1P, double knockout mast
cells would be instrumental in clarifying the participation of S1P, dependent and/or
independent mechanisms in the release of mediators by mast cells.
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2.4- The extracellular compartment: S1P from non-mast cells sources affecting mast cell-
induced anaphylaxis

An intriguing recent finding is the role of SphKs in systemic anaphylaxis. Mast cells are known
as the effector cells responsible for the cardiopulmonary changes and death during IgE-
dependent anaphylaxis [32]. This IgE-dependent immediate-type allergic reaction can be
studied in mouse models of passive systemic anaphylaxis (PSA) or passive cutaneous
anaphylaxis (PCA) where mice are passively sensitized with a systemic or intradermal injection
of IgE antibodies, respectively, and challenged with a specific Ag. The immediate release of
mediators from mast cells, particularly histamine [102], mediates most of the changes observed
during the anaphylactic reaction. Thus, it was expected that SphK2 deficient mice, whose in
vitro derived mast cells failed to produce S1P, degranulate and produce cytokines, would show
reduced histamine production upon systemic challenge. Against expectations, SphK2-deficient
mice responded normally (i.e normal histamine release into circulation) to a systemic
challenge, while SphK1-null mice were resistant to anaphylaxis (i.e reduced histamine release),
even though mast cells from these mice functioned normally in vitro [39]. These data suggest
that the overall systemic responses are complicated by the contributions of multiple mast cell
populations and possibly other systemic factors. In fact, our recent studies in wild type mice
revealed a close correlation between the levels of S1P in circulation and the histamine levels
following anaphylactic systemic challenge, suggesting that plasma levels of S1P could be one
of those factors. Mice deficient in SphK1 had greatly reduced levels of circulating S1P [39,
103] and lower histamine responses, while mice deficient in SphK2 had elevated levels of
circulating S1P [39,104] and higher histamine levels than expected, providing further evidence
for this correlation. Moreover, reduction of circulating S1P levels in the Sphk2-null genetic
background by deletion of one allele of SphK1 (Sphk27-Sphk1*/) resulted in low histamine
release upon systemic challenge, even though the mast cells derived from these mice had
approximately equal SphK activity and S1P levels as those from Sphk2~ [39]. These findings
pointed to yet another complexity in the function of S1P: the regulation of the in vivo S1P
homeostasis extrinsic to the mast cell. It is important to note that although mast cells secrete
S1P under activation as a late response and can alter S1P levels in their environment or in blood
(for example, they could be responsible for the elevated S1P levels in the bronchial lavage of
asthmatics hours after challenge), they do not contribute to the normal S1P homeostasis in
plasma, since mast cell-deficient mice had similar levels of plasma S1P than mast-deficient
mice with engrafted mast cells [39]. Thus, circulating levels of S1P, regulated by cells other
than mast cells via SphK1, were also important in determining mast cell responsiveness (Figure
4). This component is distinguishable from the intrinsic regulation of SphK2 by FceRI and the
role in mast cell function described above, but both appear to contribute, via SphK1 and SphK2,
respectively, to the mast cell responses in vivo, since high enough levels of circulating S1P
could overcome the intrinsic defects of SphK2-null mast cells. The mechanisms mediating this
function of extrinsic S1P are currently unclear. Some possible mechanisms are discussed in
figure 4.

Although these findings strongly support an effect of the extrinsic S1P in vivo as a key regulator
of mast cell responsiveness and anaphylaxis, additional studies are needed to establish a direct
cause-effect in models other than SphK-null mice. In this direction, our preliminary data
indicates that mice with a genetic background (SVV129) known to induce stronger Th2-type
responses and anaphylaxis, had also higher levels of circulating S1P than a C57/B6 background
known for weak Th2-type responses [105], supporting the observed correlation between
circulating S1P and susceptibility to anaphylaxis. SphK1 [39,103] and erythrocytes [18,19]
are important for the maintenance of high S1P concentrations in blood, although little is known
about the exact mechanism of regulation or the involvement of other sphingolipid enzymes,
such as S1P lyase and S1P phosphatases, and other cell types, such as endothelial cells, in S1P
homeostasis [3,20,21]. Genetic alterations in any of the steps implicated in this process or
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dietary factors impinging on its regulation, may result in alterations in the susceptibility to an
anaphylactic response. Further exploration of all these issues may begin to unravel the mystery
of why very few but not most individuals with similar allergies are susceptible to an
anaphylactic response.

1- Multiple levels of complexity: the challenge

The understanding of the complexity of S1P regulation and function, and of sphingolipid
metabolites overall, has come a long way in the last few years. Different aspects of it have been
dissected and studied in various model systems, but few incorporate all of those aspects as the
mast cell model. Studies in murine mast cells have revealed that SphK2 activation and
translocation to membranes is quite important for sustaining normal responsiveness of mast
cells during an allergic stimulus. This is partly due to the generation of S1P and the rapid
activation of S1P receptors in the mast cells, but also to receptor-independent effects on a
calcium channel at the membrane whose nature is yet unknown. Furthermore, the regulation
of S1P generation and export from mast cells and its actions as a paracrine mediator may also
be of critical importance for allergic inflammation. Development of animal models to
demonstrate this potential role for S1P and to study the receptors involved should be useful to
open new avenues for treatment of allergic disease. Also, if additional roles for S1P in
inflammatory conditions are demonstrated, the recent finding of ABCCL as a transporter of
S1P in mast cells (or other transporters of S1P that may be functioning in different populations
of mast cells in vivo) can be of relevance from a pharmacological perspective.

Another interesting aspect yet to be further explored, is the effect of S1P in the in vivo
environment. Preserving in vivo S1P gradient from blood to tissues is critical for lymphocyte
egress, but additionally, maintaining S1P homeostasis may be important to sustain a balanced
cell function (Figure 2), as it seems to be key to systemic anaphylaxis. Interestingly, although
unclear whether a cause or consequence of the disease, the levels of circulating S1P were
abnormally high in patients with coronary artery disease and were found to be a better predictive
factor than any other traditional risk factors [106], underlying the importance of this
homeostasis. The changes in the levels of S1P in the circulation by loss of either of the SphK
isoforms individually [39], unlike loss of S1P lyase activity [20], does not result in ablation of
the blood to tissue gradient, and thus lymphocyte egress is intact. However, the actual levels
of circulating S1P have an impact on the responsiveness of mast cells to an allergic stimulus,
and probably those of T cells and dendritic cells as supported by several in vitro findings
[26-28]. Further efforts trying to understand how extrinsic S1P may affect susceptibility to
anaphylaxis (Figure 4), how its levels are regulated in this compartment, why they are sustained
and how dietary components modify S1P regulation and influence immunity, may begin to
provide some clues in the knowledge of the allergic or other diseases and promote the
possibility of intervention.
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FIGURE 1. Intracellular regulation of ceramide, sphingosine and sphingosine-1-phosphate

A variety of cell receptor agonists and environmental stimuli sequentially and/or selectively
activate sphingomyelinases (that cleave the phosphocholine group of sphingomyelin to yield
ceramide), ceramidases (that cleave the fatty acid chain of ceramide to form SPH), and
sphingosine Kinases (that phosphorylate SPH in its primary hydroxyl group to form S1P).
Consequently, the levels of ceramide, SPH, S1P, or a combination of these lipids are elevated
in cells [10]. All of them are bioactive lipids that can activate or inhibit various signaling
pathways by affecting key signaling proteins. The actions of ceramide and SPH in many cell
systems oppose those of S1P. S1P can act as a second messenger inside cells. Although the
exact targets are unknown, it has been reported to affect a variety of calcium channels. S1P
can be exported outside cells by transporters and bind a family of GPCR coupled receptors

(S1Py.5) present at the plasma membrane. Some isoforms of sphingomyelinase, ceramidase,
and sphingosine kinase can be secreted under certain conditions, and the activation of these
secreted enzymes can generate sphingolipid metabolites in the extracellular environment.
Enzymes involved in the degradation of S1P (S1P phosphatases and S1P lyase) are also critical
for the fine-tuning of S1P levels inside and outside cells. For clarity, the generation of
sphingolipid metabolites is depicted at the inner leaflet of the plasma membrane, probably the
major active signaling pool, but other intracellular membrane locations are possible (see
reviews for more details [2,10,107,108]).
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FIGURE 2. Schematic representation of the different compartments involved in the regulation and
function of S1P in vivo

At the intracellular compartment, S1P is formed after stimulation by different agonists, and it
signals as an intracellular mediator. Other enzymes involved in the metabolism of sphingolipids
(see Figure 1) can alter its levels and the levels of other metabolites to shape the cellular
response. At the membrane compartment, S1P can exit the cell via plasma membrane
transporters and engage autocrine (via binding to S1P receptors in the same cell type) or
paracrine loops (via binding to S1P receptors in other cell types). At the extracellular
compartment, local tissue S1P levels, circulating S1P or blood-tissue gradients may affect the
expression of S1P receptors in different cells and their function in proximal or distant cells.
The S1P present in the extracellular environment originates from the export of intracellularly
generated S1P. Alternatively, secreted sphingolipid enzymes (see Figure 1) or, potentially,
autotaxin can generate S1P extracellularly. Various stimuli or changes in physiological
conditions can indirectly change S1P levels in the extracellular environment (i.e regulation of
S1P lyase or S1P phosphatases (SPP), activation of platelets or mast cells, etc), affecting other
cells responses. Reciprocally, activation of SIPR may alter the composition of external stimuli
in the physiological environment.
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FIGURE 3. Activation and function of sphingosine kinases in murine bone-marrow derived mast
cells

After FceRI engagement, the membrane-localized Src Kinases Lyn and Fyn form complexes
with SphKs. This localizes SphKs to the membrane and to lipid rafts, where their substrate,
SPH, is enriched. Fyn is necessary also for the activation of SphK1 and SphK2. Activated Fyn
provides both Gab2/PI13K-dependent and -independent signals that are key to full activation
of SphK1 and SphK2, respectively. The dependence on PI3K can be related to a direct effect
of PIP3 on SphKSs, its importance in PLD activation and phosphatidic acid generation, or other
downstream signaling partners. SphK activities, in turn, may enhance Fyn and Lyn activities.
SphK2 is essential for FceRI-induced calcium influx from the extracellular media, PKC
activation and consequent NF«B activation and thus, it affects degranulation, arachidonic acid,
leukotriens and cytokine production. Furthermore, S1P production is required for the
transactivation of the receptors S1P1 and S1P». Presence of S1P, is important for proper
degranulation, and S1P4 for the to the movement of mast cells towards an Ag gradient. In
murine mast cells, both SphK1 and SphK2 are necessary for chemotaxis towards Ag. An
ABCC1-type of transporter is involved in the secretion of S1P into the media and in the
transactivation of S1P; but not S1P,. Other transporters may also participate in the secretion
of S1P. Mast cell secreted S1P can promote inflammation by activating and recruiting other
immune cells involved in allergic and inflammatory responses.
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FIGURE 4. In vivo S1P networks affect mast cell function and anaphylaxis

This figure depicts the mast cell in its physiological environment, and the partnership between
extrinsic S1P generated by cells other than mast cells (black arrows; “extracellular
compartment” in Figure 2), and intrinsic S1P or S1P generated by stimulated mast cells (blue
arrows; corresponding to the “intracellular compartment” in Figure 2), in the regulation of mast
cell responsiveness. Loss of SphK2 dramatically reduces the intracellular levels of S1P in mast
cells, while loss of SphK1 has no effect. In contrast, deficiency in SphK1 results in reduced
levels of S1P in circulation while loss of SphK2 increases the levels. Mast cells may be affected
by those changes in different ways. It is possible that changes in S1P in the circulation have a
domino effect on the interstitial levels of S1P in tissues, particularly on cells in the proximity
of blood vessels where mast cells are present. Changes in those levels may directly affect the
priming of S1P, in the mast cell, impacting on degranulation once the cells are activated. This
possibility implies interference of extrinsic S1P with the autocrine loop of S1P, activation by
intrinsic S1P. Other possibilities include an effect of extrinsic S1P on mast cell precursors in
the blood stream or mast cells in tissues that will change their phenotypic outcome towards a
more or less responsive phenotype. Constant exposure to higher or lower levels of S1P could
also alter the phenotype of immune or non-immune cells inducing the generation of mediators
that secondarily might influence the differentiation of mast cells. As a consequence of these
direct or indirect effects of circulating S1P, mast cells numbers or their phenotypic outcome
could be modified.
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