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The recent identification of a cellular balance between ceramide and sphingosine 1-phos-
phate (S1P) as a critical regulator of cell growth and death has stimulated increasing
research effort to clarify the role of ceramide and S1P in various diseases associated with
dysregulated cell proliferation and apoptosis.

S1P acts mainly, but not exclusively, by binding to and activating specific cell surface
receptors, the so-called S1P receptors. These receptors belong to the class of G protein-
coupled receptors that constitute five subtypes, denoted as S1P,-S1Ps, and represent
attractive pharmacological targets to interfere with S1P action. Whereas classical receptor
antagonists will directly block S1P action, S1P receptor agonists have also proven useful, as
recently shown for the sphingolipid-like immunomodulatory substance FTY720. When
phosphorylated by sphingosine kinase to yield FTY720 phosphate, it acutely acts as an
agonist at S1P receptors, but upon prolonged presence, it displays antagonistic activity by

specifically desensitizing the S1P; receptor subtype.
This commentary will cover the most recent developments in the field of S1P receptor

pharmacology and highlights the potential therapeutic benefit that can be expected from
these novel drug targets in the future.

© 2008 Elsevier Inc. All rights reserved.

Sphingolipids represent together with glycerophospholipids
and cholesterol important constituents of biological mem-
branes. However, it has emerged that some sphingolipid
species exert additional functions as signalling molecules and
much effort has been invested in the last years to unravel the
detailed mechanisms by which such bioactive sphingolipids
act. Especially sphingosine 1-phosphate (S1P) has evolved as a
highly versatile molecule regulating many cell responses such
as cell proliferation and apoptosis, cell differentiation, cell
migration and also immunological responses [1-3].

S1P is derived from plasma membrane sphingomyelin by
the sequential actions of sphingomyelinases that generate
ceramide, ceramidases that generate sphingosine and, ulti-
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mately, sphingosine kinases to yield S1P [1,4]. This pathway
has also been denoted as the sphingomyelin cycle. For all steps
reverse reactions may take place which are catalyzed by
specific enzymes such as S1P phosphatases, ceramide
synthase and sphingomyelin synthase.

Regarding the sphingosine kinases two subtypes have been
described denoted as SphK1 and SphK2 (for review, see [5]).
Their in vivo functions are still not clear and, surprisingly, first
data from cell culture experiments have revealed that SphK1
and SphK2 have opposite cellular functions in that SphK1 may
promote cell growth, whereas SphK2 may rather trigger cell
death. A mitogenic effect of S1P was first reported by Olivera
and Spiegel [6]. SIP may act via two different mechanisms:
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either via surface S1P receptors which implies that S1P
generated inside the cell by a SphK is released from cells
and acts from the outside, or via a still ill defined intracellular
mode of action. To date, five different S1P receptors have been
identified, denoted as S1P;s. Originally discovered as
endothelium differentiation gene (Edg) receptors belonging
to the same superfamily of G protein-coupled receptors as the
lysophosphatidic acid (LPA) receptors.

Since overexpression of SphK1 in 3T3 fibroblasts leads to
increased colony formation in soft agar and an injection of
these cells into SCID mice results in tumor formation, an
oncogenic potential of SphK1 and its product S1P was
suggested [7]. This was further substantiated by the finding
that in many solid tumors SphK1l mRNA expression is
enhanced when compared to healthy tissue [8,9].

Due to this obvious critical role of S1P in cell growth and
survival, an association of S1P to various diseases such as
cancer and autoimmune diseases has been discussed [10-12].
Consequently, targeting of S1P to treat such diseases has
evolved as a new possible therapeutic strategy.

When considering the details of S1P action, various
approaches can be envisioned to target this signalling path-
way. From a pharmacological point of view, targeting the G
protein-coupled receptors is most attractive as the drugability
of this particular class of cell surface receptors is well
established. Thus, S1P receptor subtype selective agonists or
antagonists could serve as novel and innovative therapeutics.
An additional promising approach is the inhibition of the S1P
generating enzymes SphK1 and/or SphK2. Finally, in the
dynamically growing era of “biologicals”, neutralizing anti-
bodies against S1P could serve as useful drugs to block the
action of extracellular S1P. Each of these strategies has distinct
advantages and disadvantages and a broad diversity may be
needed in the beginning to solve the problem of designing an
optimal treatment for cancer and other diseases.

1. FTY720

It has become evident that the potent immunomodulatory
agent FTY720 (fingolimod; 2-amino-2-(2-(4-octylphenyl)
ethyl)-1,3-propanediol hydrochloride) (Fig. 1) has strong
affinity to the S1P receptors [13,14]. From a cellular aspect,
FTY720 reduces the number of circulating lymphocytes in
blood by triggering homing of lymphocytes to secondary
lymphoid tissues. It was suggested that FTY720 by itself is a
prodrug and only its phosphorylation by SphKs, but most
efficiently by SphK2, renders it to an active drug acting as a S1P
receptor agonist [15,16]. Of the five S1P receptor subtypes,
FTY720 phosphate was shown to bind to and activate four, i.e.
S1P, 3_s but not S1P, [13,14]. Most interestingly, the immuno-
modulatory action of FTY720 is not due to its agonistic effect
on S1P receptors, but rather due to its desensitizing effect. For
FTY720, it was reported that especially the down-regulating
effect on the S1P; receptor on lymphocytes is responsible for
the immunomodulatory action [17,18]. By S1P; downregula-
tion, lymphocytes are retained in secondary lymphoid organs
resulting in a depletion of lymphocytes from the periphery.
It was further proposed that the extracellular concentra-
tion of S1P inversely correlates to the S1P; receptor expression

level on lymphocytes. A high concentration of S1P coincides
with a low S1P; receptor expression whereas a low S1P
concentration leads to high S1P, receptor expression. This was
recently confirmed in vivo by Pappu et al. [19]. They generated
conditional SphK1 and SphK2 double knockout mice. This
approach became necessary, because conventional double
knockout mice are embryonically lethal. The double KO
phenotype was induced 3-5 days after birth and led to
undetectable levels of S1P in plasma and lymph. Surprisingly,
mice survived without an obvious phenotype. However, S1P;
receptor expression in lymph nodes was strongly upregulated
due to S1P absence. More surprising, the egress of T-
lymphocytes was inhibited in double knockout lymph nodes
and resembled the situation of FTY720 treated mice which
have reduced S1P; receptor expression in T-lymphocytes [17].
Thus, either an upregulation of S1P; or a downregulation of
S1P; on T-lymphocytes both result in T cell homing in the
lymph nodes.

Considering the down-regulating effect of FTY720 on S1P
receptors [17,20] and the suggested involvement of S1P in cell
growth [6], it was speculated that FTY720 could also be useful
for targeted cancer therapy. In this context, studies in prostate
cancer cells [21], breast cancer cells [22], liver cancinoma cells
[23], renal cancer cells [24], pancreatic cancer cells [25], and
leukemia cells [26-28] indeed showed that FTY720 was able to
induce apoptosis of the cells. Furthermore, when injected into
mice FTY720 significantly reduced tumor growth and metas-
tasis formation without serious side effects [22]. The pro-
apoptotic effect of FTY720 was associated with an activation of
caspase-3 [21] and PKB/Akt dephosphorylation caused by a
FTY720-activated protein phosphatase [26,29]. Whether the
anti-tumor activity of FTY720 is also mediated by down-
regulating S1P, receptors or by another mechanism remains to
be investigated.

Moreover, it is worth mentioning that FTY720 phosphate
also serves to maintain the integrity and function of vascular
endothelial cells in a pertussis toxin-sensitive manner [30,31].
This clearly points at a G protein-coupled receptor-mediated
event involved in FTY720 phosphate action. FTY720 phos-
phate was further shown to potently reverse the effect of VEGF
on vascular permeability and inhibit the growth of primary
and metastatic tumors in a melanoma mouse model [31].

The most common side effect occurring after FTY720
administration is the induction of a transient bradycardia [32].
This is due to the unspecific effect of FTY720 on S1P receptor
subtypes other than the S1P; receptor. In this context, Sanna
et al. [33] showed that treating mice with the non-selective S1P
receptor agonist and FTY720-phosphate derivative AFD-(R)
induced a transient bradycardia, that was not seen in S1P;
deficient mice. Furthermore, the S1P;-selective agonist
SEW2871 did not induce bradycardia [33]. These data clearly
suggested that especially the activation of the S1P; receptor
subtype contributes to the slowing down of heart rate. In
addition, S1P; also regulates a G protein-gated potassium
channel Ixach in atrial myocytes [33] which is activated by
FTY720 [34] and further may explain the negative chronotropic
effect of FTY720.

An additional severe side effect of FTY720 that finally led to
its withdrawal from clinical trials of organ transplantation is
the occurrence of a macula degeneration. The mechanism
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Fig. 1 - Chemical structures of some developed S1P-receptor agonists and antagonists. BML-241, 2(R,S)-undecylthiazolidine-
4(R)-carboxylic acid; FTY720, 2-amino-2-(2-(4-octylphenyl) ethyl)-1,3-propanediol hydrochloride; JTE-013, 1-[1,3-Dimethyl-
4-(2-methylethyl)-1H-pyrazolo[3,4-b]pyridin-6-yl]-4-(3,5-dichloro-4-pyridinyl)-semicarbazide; KRP-203, 2-amino-2-{2-[4-(3-
benzyloxyphenylthio)-2-chlorophenyl]ethyl}-1,3-propanediol hydrochloride; S1P, sphingosine 1-phosphate; SEW2871, (5-
(4-Phenyl-5-trifluoromethylthiophen-2-yl)-3-(3-trifluoromethylphenyl)-(1,2,4)-oxadiazole); VPC23019, (R)-phosphoric acid
mono-[2-amino-2-(3-octyl-phenylcarbamoyl)-ethyl]-ethyl] ester; W123, 3-{[(3-hexyl-phenylcarbamoyl)-methyl]-amino}-

propionic acid.

underlying this phenomenon is still unclear. However, angio-
genesis caused by an abnormal growth of new blood vessels
from existing blood vessels, is responsible for vision loss in
various eye diseases [35]. Regarding angiogenic mechanisms a
number of factors have been suggested to participate, but

increasing evidence is now presented that especially VEGF-A is
one major factor responsible for neovascular and exudative
diseases of the eye. Since also S1P has been clearly associated
with endothelial cell migration and angiogenesis [36], it could be
speculated that in this case, FTY720 or its active phosphate
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derivative act as pure agonists on one of the S1P receptors to
trigger the formation of new blood vessels in the eye. However,
this would be in contrast to various reports indicating an anti-
angiogenic potential of FTY720 mainly in cancer cells [31,37].

Furthermore, it was shown on the cellular level that FTY720
is able to stimulate the TGFB/Smad signalling pathway and
thereby mimics TGFp-mediated cell responses including both,
anti-inflammatory and pro-fibrotic responses. Thus, in renal
mesangial cells, FTY720 is able to reduce cytokine-triggered
prostaglandin production by suppressing the group IIA
secretory phospholipase A, (sPLA;,) gene expression [38] and
to stimulate the pro-fibrotic connective tissue growth factor
(CTGF) expression [39]. Similarly, FTY720 induced myofibro-
blast differentiation by involving the S1P; receptor, which is
also predictive of a fibrotic event [40].

Recently, Payne et al. [41] reported that FTY720 is able to
directly inhibit the cytosolic PLA, activity and thereby reduces
arachidonic acid release and subsequent prostaglandin D, and
thromboxane formationinhuman mastcells. Significant effects
were already seen at the very low concentration of 1 nM of
FTY720. Another direct target of FTY720 was identified as the
cannabinoid receptor CB; receptor subtype [42]. In binding
studies, FTY720 exerted a competitive antagonistic potential at
the CB; receptor. Since a CB, specific antagonist, rimonabant, is
already approved by the European Medicines Agency (EMEA) for
treatment of obesity and for smoking cessation, FTY720 may
have significant impact in this context, too.

2. KRP-203

Recently, a new immunosuppressant was synthesized, KRP-203
(2-amino-2-{2-[4-(3-benzyloxyphenylthio)-2-chloropheny-
llethyl}-1,3-propanediol hydrochloride) (Fig. 1), that has struc-
tural similarity with FTY720 and, therefore, was speculated to
act via the same molecular mechanisms. This substance also
induced lymphocytopenia but, in contrast to FTY720, had
considerably less effect on the heart rate when tested in guinea
pig [43] and rat [44]. This was explained by the differential
affinities of the two compounds for the S1P; receptor, which had
previously been shown to be involved in the regulation of the
heartrate [33]. Both substances had a similar high affinity for the
S1P, receptor with an EDsg in the nM range [44]. However, for
S1P; the phosphorylated form of FTY720 displayed an EDsq of
1.74 nM whereas the phosphorylated form of KRP-203 had an
EDsp of >1 uM [44]. Thus, when using KRP-203 in rats, a 10 times
higher concentration of KRP-203 than FTY720 was needed to
induce a comparable transient fall in heart rate [44].

To date, KRP-203 has proven beneficial in rat organ
transplantation [43-45], in rat autoimmune myocarditis [46],
and in chronic colitis in mice [47]. However, so far, the effect of
KRP-203 to promote macula degeneration, or to mimic other
FTY720-stimulated cellular events, has not yet been reported
and still awaits further investigations.

3. SEW2871

With the development of the highly selective S1P; receptor
agonist SEW2871 (5-(4-Phenyl-5-trifluoromethylthiophen-2-

yl)-3-(3-trifluoromethylphenyl)-(1,2,4)-oxadiazole) (Fig. 1) a
valuable tool is now available to identify specifically S1P;-
mediated cell responses. SEW2871 possesses an EDs of 13 nM
for the S1P; receptor [48,49]. Like endogenous S1P, SEW2871
activates the S1P; receptor and thereby induces S1P; receptor
internalization and recycling. This is in contrast to the
unselective receptor agonist FTY720 phosphate, which not
only induces receptor internalization but, additionally, trig-
gers receptor degradation. SEW2871 is unable to downregulate
the S1P, receptor expression level [49]. However, similar to the
in vivo effect of FTY720, SEW2871 also induces lymphopenia
5-6 h after injection into mice [33].

In a study of two-photon imaging of living T cells in
explanted mouse lymph nodes, it was shown that explant
treatment with SEW2871 caused reduced velocity and motility
of T cells specifically in the medullary region of the lymph
node and reduced transmigration across the lymphatic
endothelium [49]. The authors suggested that not the S1P;
desensitization or downregulation, but S1P; activation is
responsible for lymphocyte accumulation in lymph nodes
and that the agonist signal is weak or absent during
constitutive lymphocyte trafficking. They forwarded the
hypothesis that SEW2871 and related immunosuppressants
inhibit transendothelial migration by acting on stromal gates
that are constitutively open, but close in response to signalling
events mediated by S1P; receptors on sinus endothelial cells
[49].

Furthermore, SEW2871 turned out to ameliorate ischemic
acute renal failure in a mouse model of renal ischemia/
reperfusion injury [50]. SEW2871 also acted in an anti-
inflammatory manner in type 1 diabetic vessels to prevent
monocyte/endothelial interaction by down-regulating VCAM-
1 expression [51]. It was even speculated that SEW-2871 could
have a therapeutic impact in the prevention of vascular
complications of type 1 diabetes.

4. VPC23019

To date, the development of highly selective and direct S1P
receptor subtype antagonists has proven difficult. Still,
promising results come from the unselective S1P,/S1P;
antagonist VPC23019 ((R)-phosphoric acid mono-[2-amino-2-
(3-octyl-phenylcarbamoyl)-ethyl]-ethyl] ester) (Fig. 1) [52]. This
substance was able to inhibit agonist-induced cell migration in
bladder and thyroid cancer cells [52,53].

Furthermore, VPC23019 reversed SEW2871-stimulated mito-
gen-activated protein kinase activation, cell migration and
ligand-induced receptor internalization in T cells [49]. In the
two-photon imaging study of living T cells in explanted lymph
nodes, VPC23019 rapidly reversed the SEW2871-triggered
slowing down of T cell motility and transmigration [49].

5. W123

A similar reversal of the SEW2871-triggered effect on T cell
motility and endothelial transmigration was also seen with
the very recently developed S1P; receptor antagonist W123 (3-
{[(3-hexyl-phenylcarbamoyl)-methyl]-amino}-propionic acid)
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(Fig. 1) [49]. However, still the specificity of W123 for other S1P
receptor subtypes needs to be shown.

6.  JTE-013

The synthetic compound JTE-013 (1-[1,3-Dimethyl-4-(2-
methylethyl)-1H-pyrazolo[3,4-b]pyridin-6-yl]-4-(3,5-dichloro-
4-pyridinyl)-semicarbazide) (Fig. 1) was characterized as a
competitive antagonist of the S1P, receptor with no effect on
the other S1P receptor subtypes [54]. This allowed to
specifically study the involvement of S1P, in various cell
responses. It turned out that in the presence of S1P, JTE-013
induced an enhanced migratory capacity of various cell types
including endothelial cells [54], smooth muscle cells [54] and
also glioma cells [55] suggesting a negative regulatory role of
the S1P, in the process of migration, whereas a positive role
was attributed to S1P; and S1P; [56,57].

Consistent with this negative role of S1P, in endothelial cell
migration in vitro, JTE-013 also potentiated S1P-induced
angiogenesis in vivo in a Matrigel implant assay [58].

JTE-013 was further shown to reduce vascular perme-
ability and improve barrier integrity in a rat lung vascular
permeability model [59]. Finally, in a wound healing model
in diabetic mice, it was shown that injection of S1P
subcutaneously into skin wounds increased the healing
process and induced increased blood vessel formation
within the granulation tissue consistent with the idea that
S1P stimulates cell proliferation, differentiation and also
angiogenesis [60]. Interestingly, a combined injection of S1P
together with JTE-013 further accelerated the healing
process [60].

In contrast to these data, Skoura et al. [61] suggested that in
mouse retina, S1P, is positively involved in hypoxia-triggered
pathological angiogenesis and therefore proposed that S1P,
antagonism may be a novel therapeutic approach for the
prevention or treatment of pathologic ocular neovasculariza-
tion.

Recently, S1P, deficient mice were generated that at first
glance had no obvious phenotype [62]. Later it became
evident that the S1P, deficient mice were deaf due to
multiple inner ear pathologies [63]. The authors also showed
that the treatment of isolated canulated spiral modiolar
arteries with JTE-013 inhibited S1P-triggered vasoconstric-
tion of the artery. Since the regulation of vasoconstriction
may be an important mechanism to protect adjacent
capillary beds from high pressure, it may be speculated
that a therapeutic use of JTE-013 is hampered by adverse side
effects especially in the ear.

7. BML-241

In an attempt to find novel inhibitors of S1P-stimulated
intracellular Ca?* mobilization in HeLa cells overexpressing
S1P receptors, a new lead compound was identified, BML-
241 (2(R,S)-undecylthiazolidine-4(R)-carboxylic acid). It was
shown that BML-241 at 10 pM inhibited the S1P; induced
Ca®* mobilization by 40%, but the S1P, triggered response
by less than 10% [64]. However, another group failed to

show a selectivity of BML-241 for the S1P; receptor [65].
Nevertheless, the compound may serve as a promising
lead compound for the development of more selective
antagonists.

8. S1P-neutralizing antibodies

As the trend in pharmaceutical sciences is clearly heading
towards biological products, it is not surprising that also for
S1P, the generation of neutralizing antibodies has been
considered. Visentin et al. [66] have recently reported on the
successful generation of a neutralizing monoclonal anti-S1P
antibody and its effect in vitro and in vivo. They tested
the antibody in various mouse xenograft models and
found a very impressive tumor reducing efficacy of the
antibody in all models tested. In addition, they showed that
the release of various pro-angiogenic factors from tumor
cells into serum was drastically reduced by treating
mice with the anti-S1P antibody. However, the character-
ization of the antibody revealed that it not only recognized
S1P, but also dihydro-S1P and even sphingosylphosphor-
ylcholine. Thus, care must be taken when interpreting
data with this antibody as the specificity is not as clear-cut
as hoped.

o. Sphingosine kinase inhibitors

An alternative approach to reduce S1P action is to reduce its
generation by inhibiting SphK1 or SphK2 enzyme activities.
For a long time only crude and unspecific compounds were
available to block SphK activity including dimethylsphingo-
sine (DMS) and DL-threo-dihydrosphingosine (DHS, safingol)
which were originally developed as protein kinase C inhibi-
tors. Thus, although safingol exerted beneficial effects in an
animal model of tumor growth and importantly, showed no
dose-limiting toxicity [67], it remains unclear whether the
therapeutic effect was due to inhibition of SphK or protein
kinase C.

More recently, French et al. developed a series of novel and
more specific SphK inhibitors denoted as SKIIto V [8,9]. These
inhibitors were more selective for SphK and did not inhibit
either protein kinase C or phosphoinositide 3-kinase. In
addition, some of these inhibitors including SKI V (2-(3,4-
dihydroxy-benzylidene)-benzofuran-3-one) were able to sig-
nificantly reduce tumor growth in mice [8,9].

Furthermore, one of these SphK 1 inhibitors, SKI1I, was able
to overcome chemoresistance of prostatic adenocarcinoma
cells [68] suggesting that SphK1 and its product S1P are also
involved in cancer cell survival.

10. Future perspectives

Research in the last years has uncovered that sphingolipid-
derived mediators, particularly S1P, are key molecules
regulating many cell responses including normal and aberrant
mitogenic signalling, chemoattractant functions in immune
cell migration, tumor metastasis and angiogenesis which are
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Table 1 - List of S1P receptor agonists and antagonists and their properties

Compound

Selectivity

In vitro effects

In vivo effects

Agonists
FTY720 (fingolimod)

KRP-203

SEW2871

Antagonists
JTE-013

VPC23019

W123

BML-241

S1P, 35 activation [13,14]

S1P, downregulation [17,18]

S1P15.3 (4,57 activation [43,44]

S1P; downregulation [44]

S1P; activation [48]
No S1P, downregulation [49]

S1P, inhibition

S1P4,5 inhibition

S1P; inhibition

S1P5.4 inhibition

Inhibition of sPLA, and PGE,

in MC [38]

Inhibition of cPLA, and PGD, in
mast cells [41]

Antagonism of CB1 receptor [42]

Stimulation of CTGF expression
in MC [39]
Myofibroblast differentiation [40]

MAPK activation in T cells [49]
T cell migration [49]

Downregulation of VCAM-1 in EC [51]

Increased migration of EC [54],
SMC [54] and glioma cells [55]
Vasodilatation of isolated
canulated spiral modiolar
arteries (deafness?) [63]

Inhibits agonist-stimulated migration
of T cells and cancer cells [49,52,53]
Inhibits SEW2871-stimulated MAPK
in T cells [49]

Reverses SEW2871-triggered
lymphopenia in explanted

lymph nodes [49]

Reverses SEW2871-triggered
lymphopenia in explanted

lymph nodes [49]

Blocks agonist-triggered Ca”*
mobilization [64]

Lymphocyte homing [17,18]

Reduced tumor cell
growth [21-28]
Reduced vascular
permeability [30,31]
Bradykardia [32]

Macula degeneration

Lymphocyte homing in
rat/guinea pig [43-45]
Ameliorates rat autoimmune
myocarditis [46]

Ameliorates chronic colitis
in mice [47]

Less bradykardia than
FTY720 [44]

Lymphopenia in mice [33]
Ameliorates ischemic acute
renal failure in mice [50]
Prevents monocyte/EC
interaction in murine
diabetic vessel [51]

Potentiates angiogenesis in vivo [58]

Reduces vascular permeability
in a rat lung model [59]

improves wound healing
in diabetic mice[60]

fundamental processes in cancer development and progres-
sion, but also in diabetes and other autoimmune diseases. Our
emerging knowledge of this field, along with the first
promising drug candidates place the targeting of S1P on the
center stage of pharmacological interest aiming for an
attractive new strategy in the treatment of such diseases.
To this end, a number of pharmacologically active
substances have been developed, including agonists and
antagonists of S1P receptors (see Table 1), neutralizing anti-
S1P antibodies and inhibitors of sphingosine kinases, which
have proven very promising in in vitro and first in vivo studies.
Translating the sphingolipid-based therapy to the human
system will represent a formidable challenge, not only
because of the tremendous complexity of human physiology

and pathophysiology but also because of the seemingly less
obvious drugability of lipid mediators. A strategy for deter-
mining the most promising candidates will be crucial.
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