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Abstract
Sphingosine 1-phosphate (S1P) has been shown to be a bioactive lipid mediator intimately involved in mediating a variety of
immunological processes. In particular, S1P regulates lymphocyte cell trafficking between the lymphatic system and the
blood. The lysophospholipid signals mainly through five related G protein-coupled receptor subtypes, termed S1P1 to S1P5.
S1P1 seems to play an essential role in cell trafficking, as this receptor subtype promotes the egress of T and B cells from sec-
ondary lymphatic organs. This S1P1-mediated migratory response is a consequence of different S1P levels in the serum and
lymphatic organs. In addition to its direct effects on lymphocyte motility, S1P strengthens cell barrier integrity in sinus-lin-
ing endothelial cells, thereby reducing lymphocyte egress out of lymph nodes. Furthermore, S1P modulates cytokine profiles
in T and dendritic cells, resulting in an elevated differentiation of T helper-2 cells during the T cell activation process. It is
of interest that the mode of molecular action of the novel immunomodulator FTY720 interferes with the signaling of S1P.
After phosphorylation, FTY720 shares structural similarity with S1P, but in contrast to the natural ligand, phosphorylated
FTY720 induces a prolonged internalization of S1P1, resulting in an impaired S1P-mediated migration of lymphocytes.
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REVIEW

INTRODUCTION

Sphingolipids were discovered in 1874 by Johann
Thudichum [81] by fractional crystallization of ethano-
lic brain extracts. Although this lipid class shows a great
structural diversity and complexity, the characteristic
feature of all sphingolipids is the presence of a sphingoid
backbone. In mammalian cells this is normally sphingo-
sine ((2S,3R,4E)-2-amino-4-octadecene-1,3-diol). For
almost a century, sphingolipids were only regarded as
structural components of lipid bilayers, such as biologi-
cal membranes. However, a milestone was passed with
the discovery of high-affinity receptors for the sphin-
golipid metabolite sphingosine 1-phosphate (S1P) [39].
Moreover, the complexity of S1P signaling was further

enhanced as the lysophospholipid S1P was also identi-
fied as an intracellularly acting biological mediator.
Nonetheless, it is not astonishing that S1P mediates
a variety of cellular functions, such as proliferation, mi-
gration, survival, adhesion, differentiation, and morpho-
genesis [11, 76, 100]. These important and tightly regu-
lated functions influence several biological processes,
such as angiogenesis, wound healing, neurogenesis, and
immune cell regulation. The significance of S1P in espe-
cially immune cell regulation became obvious when it
was discovered that the novel immunosuppressive drug
FTY720 causes lymphopenia via S1P signaling [46]. The
rapidly expanding literature on S1P and analogous com-
pounds such as FTY720 on immune cell biology is re-
viewed here.



Fig. 1. Biosynthesis (A) and degradation (B) of sphingomyelin. Sphingosine, the predominant sphingoid base of mammalian sphingolipids,
is generated via the intracellular ceramide pathway, where ceramide is formed through de novo biosynthesis or degradation of the cell-mem-
brane constituent sphingomyelin. SphKs catalyze the formation of S1P from sphingosine. S1P can then be metabolized by S1P lyase to hexa-
decenal and phosphoethanolamine. Conversely, S1P-specific and non-specific phosphate phosphohydrolases regenerate sphingosine by
dephosphorylating S1P.

BIOSYNTHESIS OF S1P

The de novo synthesis of sphingolipids, shown in Fig. 1,
is initiated by the condensation of L-serine and palmitoyl-
CoA to form 3-ketosphinganine, a process that is cat-
alyzed by the enzyme serine palmitoyl transferase [27].
The product is then reduced by the enzyme 3-ketosphin-
ganine reductase in a NADPH-dependent manner, 
resulting in D-erythro-sphinganine [77]. A further step in
the biosynthesis is the acylation of sphinganine to dihy-
droceramide by sphinganine N-acyltransferase [51]. Then
desaturation to ceramide takes place in the presence of
dihydroceramide desaturase [52]. Complex sphingolipids,
such as cerebrosides and gangliosides, can be obtained by
the insertion of different substituents at the 1-hydroxyl
position of ceramide, these ranking from glucose or galac-
tose to polysaccharide residues, even those containing
sialic acid moieties in the carbohydrated group [28]. To
form sphingomyelin, a phospholipid with a sphingoid

backbone, the phosphocholine group from phosphatidyl-
choline is transferred to the hydroxyl group of ceramide,
this step being catalyzed by sphingomyelin synthase [28].

It is of interest that sphingomyelin can also be
hydrolyzed by a variety of biological mediators, leading to
intracellular enhanced levels of ceramides. These stimu-
lants have often been identified as inducers of apoptosis
and differentiation, cell-damaging substances, chemother-
apeutics, and proinflammatory cytokines. A central role of
ceramide has been proved in several biological effects,
such as cell growth arrest, apoptosis, and differentiation
[40]. Although ceramide can be recycled back to sphin-
gomyelin, further degradation and metabolizing occur
simultaneously. Ceramidases are the most important
enzymes in degrading ceramide, yielding the free sphin-
goid base. Sphingosine kinases (SphK) are responsible for
the phosphorylation of sphingosine, resulting in the for-
mation of the biological mediator S1P. Two isoforms of
SphK have been discovered, named type 1 and 2, both
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widely expressed and regulating the concentration of S1P
[36, 41]. A rapidly growing number of agonists have been
identified which stimulate SphK1. Most of them are in-
volved in the regulation of cell growth and survival.
Platelet-derived growth factor, epidermal growth factor,
vascular endothelial growth factor, and nerve growth fac-
tor are typical stimuli activating SphK1 [75]. The degrada-
tion of S1P is controlled either by specific and non-specif-
ic phosphate phosphohydrolases, which hydrolyze S1P to
sphingosine [5, 38], or by S1P lyase, which cleaves S1P into
hexadecenal and phosphoethanolamine [82]. 

Especially the metabolic pathway of S1P by S1P lyase
seems to play a pivotal role in adjusting S1P levels in dif-
ferent organs and fluids. The concentrations of S1P in
lymphatic organs are usually about 10–30 nM, but inhibi-
tion of S1P lyase results in a 20- to 30-fold increase in
S1P, leading to concentrations comparable to those
which can be found in the blood (150–1000 nM) [72].
Intermediate S1P concentrations are present in the
lymph, bridging the gap between the low S1P levels in the
lymphatic organs and the high amounts of S1P in the
blood. The main source of S1P in the blood are cells of
the hematopoietic system, predominantly thrombocytes
which, unlike other hematopoietic cells, lack the enzyme
S1P lyase and, moreover, possess highly active SphK [97].
Sphingosine, as the essential substrate, is either provided
by an enhanced thrombocyte-specific uptake from the
plasma or by the degradation of sphingomyelin [79].
Upon activation, thrombocytes release their stored S1P,
suggesting a possible role of the lysophospholipid in
wound healing [83]. Nevertheless, activated thrombocytes
are not the exclusive source of S1P, since other blood
cells, such as erythrocytes, neutrophils, and mononuclear
cells, release constitutively small amounts of S1P, which
contribute to a constant level of S1P in the plasma [96].

REGULATED EXPRESSION 
OF S1P RECEPTORS ON IMMUNE CELLS

The relevance of S1P in cellular processes was
emphasized by the identification of its function as a lig-

and on a family of G protein-coupled receptors, origi-
nally termed endothelial differentiation gene receptors.
According to their dominant ligand, these receptors
have been renamed S1P1-5 and the lysophosphatic acid
receptors LPA1-3 [30]. S1P exerts diverse cellular effects
depending on the expression of the specific S1P recep-
tor subtypes and their coupling to separate G proteins.
Furthermore, each receptor subtype signals through at
least two different G proteins activating various down-
stream signaling cascades, which have been reviewed
elsewhere [30]. In immune cell biology, S1P1 plays a cen-
tral role since this receptor is not only dominantly
expressed, but also regulates cell migration via inhibito-
ry G protein signaling [23] (Table 1). In contrast, S1P2 is
only expressed on the surface of mononuclear cells and,
moreover, counteracts S1P1-induced migration of den-
dritic cells (DCs) [65]. Furthermore, S1P2 initiates mast
cell degranulation in response to activated FcεRI [32].
Unlike lymphocytes, whose migratory response towards
S1P is completely under the control of S1P1 expression,
the chemotaxis of DCs is additionally induced by S1P3
[65]. This receptor subtype is also detectable in other
immune cells, but its immunological function remains
unknown [24]. Besides S1P1, the immunoregulatory
functions of S1P in lymphocytes are also transduced by
S1P4, promoting rather cytokine modulation and anti-
proliferative responses than cell motility [87].

ROLE OF S1P 
ON IMMUNE CELL TRAFFICKING

Migration of T cells

During the maturation of thymocytes in their dedi-
cated organ, S1P1 is barely expressed on the surface of
CD4–/CD8– thymocytes [1]. In consequence, these cells
fail to respond to the S1P gradient which exists between
the thymus and medullary blood vessels. Additionally,
the stromal cell-derived chemokine CXCL12, which
activates the chemokine receptor CXCR4, contributes
to retaining of the cells in the thymus [61]. In the dou-
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Table 1. Expressions of the S1P receptors and their dominant effects on immune cells 

T cells B cells DCs                   Macrophages Mast cells

S1P1 + + + + +
Chemotaxis↑ Chemotaxis↑ Chemotaxis↑ Chemotaxis↑ Chemotaxis↑

S1P2 – – + + +
Chemotaxis↓ Chemotaxis↓

Degranulation↑
S1P3 – (+) + + –

Chemotaxis↑
S1P4 + + + + –

IL-10↑
IL-2↓, IL-4↓

IFN-γ ↓
S1P5 – – – – –

+ expressed, – not expressed, (+) only expressed on certain subtypes.



ble-positive and single-positive states of thymocyte
development, S1P1 gets upregulated whereas CXCR4
receptor expression is decreased [34]. This results in
a loss of responsiveness to CXCL12 during maturation
and shifts the migratory balance to S1P [20]. After
major thymocytes have entered the blood via S1P sig-
naling, these naïve T cells circulate between the lym-
phatic and blood system until they contact their prede-
fined antigen in secondary lymphatic organs (SLOs),
initiating activation. Most of the naïve T cells move di-
rectly into lymph nodes through high endothelial
venules (HEVs) without passing the afferent lymph [55]
(Fig. 2). As a result of high S1P levels in the blood, S1P1
undergoes desensitization by internalization [42], allow-
ing T cells to follow the chemokines CCL19 and CCL21.
These are either produced or secreted at the luminal
surface of HEVs, leading to the movement of T cells into
peripheral lymph nodes [55]. CCL19 and CCL21 are both
ligands of CCR7, which is upregulated on single-positive
thymocytes during terminal differentiation [20, 98]. The
relevance of this chemokine system, guiding T cells into
lymph nodes, has been demonstrated using both CCR7–/–

mice [16] and plt/plt mice [58], which are deficient in
CCL19 and CCL21. Indeed, both models showed a re-
duced amount of naïve T cells in the lymph nodes and
an increased number in the blood. In addition, CCL19
and CCL21 are responsible for directing naïve T cells
into specific regions of the lymph node, the so-called T
cell areas, where they encounter antigen-presenting
cells (APCs) [16]. T cells failing to detect their specific
antigen are able to leave the lymph node after 8–10 h in
response to the S1P concentration gradient, as during
this time period S1P1 is recaptured on the surface [42].
Efferent lymph is collected in the thoratic duct, where
naïve T cells enter the blood system, rejoining the circu-
lation process between the blood and the lymphatic 
system.

Several mouse models have proved the importance
of S1P1 on lymphocyte trafficking. Since S1P1

–/– mice die

at a prenatal stage, a number of approaches were con-
sidered to evaluate the function of S1P1 on lymphocyte
motility. Such a model is the reconstitution of lethally
irradiated wild-type mice with fetal hepatic precursors
of lymphocytes from S1P1

–/– mice. Flow cytometric
analysis of peripheral blood lymphocytes in this model
revealed a complete loss of T cells in the blood, where-
as an accumulation of mature thymocytes was detec-
table in the thymus, demonstrating a specific role of
S1P1 on thymocyte egress. Further analysis of lymphatic
tissues showed a deficiency of all T cell stages in SLOs
as a result of the decreased supply of mature thymocytes
out of the thymus. A similar result was obtained when
a selective depletion of early S1P1

+ thymocytes was per-
formed by LCK-CRE conditional knockout technology
[47]. Moreover, the use of labeled S1P1

–/– T cells which
were adoptively transferred into irradiated wild-type
mice indicated that S1P1

–/– and wild-type T cells were
able to enter SLOs and that they even homed to T cell
compartments. Nevertheless, S1P1

–/– T cells disappeared
from the blood and were not detectable in the lymph.
These results are consistent with a reverse approach
using a transgene S1P1 mouse model. Indeed the main
proportion of S1P1-overexpressing T cells was localized
in the blood, and just a minor fraction of T cells was able
to enter lymph nodes and Peyer’s patches [47].

T cells undergoing activation by APCs normally
remain up to 3 days in SLOs. Interestingly, during this
time period T cells seem to be resistant to the S1P
migratory system. This effect can be explained by the
different expressions of S1P1 in distinct phases of the
activation process. This has been shown in an ovalbu-
min-immunized T cell model. In the beginning of the T
cell activation process, measurement of mRNA tran-
scripts revealed a significant downregulation of S1P1.
Three days after immunization, the receptor downregu-
lation of S1P1 was reversed and fully activated T cells
reacquired their S1P responsiveness, initiating lympho-
cyte egress [47].
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Fig. 2. Involvement of CCL19/CCL21 and
S1P on T cell entry to and egress from
lymph nodes. Naïve T cells (TN) continu-
ously circulate between blood and lym-
phatic tissue. These cells enter lymph no-
des via HEVs in response to CCL19/CCL21
and their shared receptor, CCR7. As
a result of low S1P levels in the lymph
node, S1P1 recaptures on the surface and
initiates the egress of TN through sinus-
lining endothelial cells (ECs) into efferent
lymph. In case of antigen encounter in the
lymph node, TN become activated and
transiently downregulate S1P1. This ren-
ders cells unresponsive to the S1P-S1P1

migratory system. As a consequence, acti-
vated T cells (TACT) are retained in the
lymph node. At the end of the activation
phase, TACT upregulate S1P1 followed by
egress from lymph node.



Migration of DCs

DCs are the main subtype of APCs that contribute to
the activation of T cells in SLOs. Depending on their dif-
ferentiation state, DCs possess opposite properties in
immune cell responses. In the immature state, DCs initi-
ate immunosuppression by activation of regulatory (reg)
T cells, preventing autoimmune diseases. In contrast,
immunostimulatory signals are transmitted by either
cytotoxic CD8+ T cells or T helper (TH) cells which have
been in contact with fully matured DCs [2]. Since inter-
action with T cells occurs in the lymph nodes, mature
and immature DCs have to emigrate from peripheral tis-
sue sites to T cell areas in SLOs. In contrast to naïve T
cells, which enter lymph nodes through HEVs, most DC
subtypes use the afferent lymph for SLO entrance [9]. 

The mechanisms involved in guiding DCs from
peripheral sites through afferent lymph into the lymph
nodes have not been clarified in detail. A central role
possesses the CCL21/CCL19 chemokine system and the
corresponding receptor, CCR7, which is upregulated
during maturation of DCs [95]. In plt/plt mice lacking
CCL21 and CCL19, DCs were absent in the lymph node
T cell area, whereas a minor fraction of DCs was detec-
table in the lymph node subcapsular sinus [26, 56].
Although CCR7 expression is induced by diverse stimuli
independent of their maturation state, the majority of
immature DCs does not express CCR7 and fails to res-
pond to the CCL19/CCL21 chemokine system [66].
Nevertheless, immature DCs are present in lymph
nodes to fulfil their immunoregulatory functions, indi-
cating the involvement of other migratory mechanisms
[43]. In vitro cell culture assays on human monocyte-
derived DCs revealed S1P as a migratory stimulus of
immature DCs, but when these cells were matured by
treatment with lipopolysaccharides, they lost their S1P
migratory capability [29]. These results are in contradic-
tion to experiments on murine DCs, where S1P was able
to induce migration regardless of the maturation state
[67]. Other studies implied that immature murine DCs
were resistant to a migratory S1P stimulus and first
became responsive to S1P when maturation occurred. In
these studies, maturation was accompanied by an upre-
gulation of S1P1 and S1P3 [14]. The importance of these
receptors on DC migration had already been demon-
strated on the murine DC line XS52 by migratory exper-
iments in the presence of S1P1- and S1P3-antisense
oligodesoxynucleotides [65]. The diverse observations
of S1P-induced migration on different DC maturation
states might be explained by distinct DC phenotypes as
a result of various differentiation procedures, compli-
cating comparison between these reports. In addition,
species-dependent discrepancies between humans and
mice underline the complexity of this cell type.

Migration of B cells

Unlike T cells, S1P1 expression is not necessary for
the egress of fully differentiated B cells out of the bone

marrow. This was demonstrated by the reconstitution of
lethally irradiated wild-type mice with fetal hepatic
S1P1-deficient B cell precursors [47]. During late stages
of B cell development, expressions of the chemokine
receptors CXCR5 and CCR7 are upregulated, inducing
accumulation of B cells in SLOs in response to their lig-
ands CXCL13 and CCL19/CCL21, respectively [4, 55].
However, in contrast to the case of bone marrow, S1P
plays a central role in the egress of B cells from lymph
nodes and the spleen. Indeed, reconstitution of S1P1-
-deficient B cell precursors in irradiated wild-type mice
resulted in the disappearance of B cells from the blood
and a slightly altered proportion of B cells in SLOs. It
should be mentioned, however, that the total peripheral
number of B cells was comparable to that of the wild-
-type mice. Similar results were obtained in a further
model, where labeled, S1P1-deficient B cells were trans-
ferred into wild-type mice, emphasizing the importance
of S1P1 in B cell function [47].

Moreover, the localization of B cells in specific com-
partments within the spleen differed in S1P1

–/– mice
models compared with wild-type mice. Normally, lym-
phocytes enter the spleen directly with the blood
through terminal arterioles without passing the afferent
lymph or HEVs. The major proportion of the blood is
collected in the marginal zone of the spleen. In this area,
a specific B cell subtype resides which is continuously
exposed to the blood, assuring high contact to blood-
-borne antigens. One activated, these marginal zone B
cells relocate either to the lymphoid follicle in response
to CXCL13 or to T cell/B cell boundaries located in the
splenic white pulp in response to CXCL13 and the
CCR7 ligands [13]. Under homeostatic conditions these
B cells are retained in the marginal zone by the S1P-
-S1P1 axis, thereby counteracting the migratory effect of
the chemokine systems [10].

MIGRATION−INDEPENDENT ACTIONS 
OF S1P ON IMMUNE CELLS

Besides its role on lymphocyte trafficking, S1P exerts
anti-apoptotic effects on lymphocytes by inhibiting the
expressions of the proapoptotic mitochondrial protein
BAX (B cell lymphoma-2-associated X protein) and
certain caspases [12, 22]. Furthermore, S1P modulates
cytokine secretion of T cells by downregulation of the
immunostimulatory cytokines interleukin (IL)-2, IL-4,
and interferon (IFN)-γ and upregulation of the
immunosuppressive cytokine IL-10. In contrast to S1P1,
which predominantly induces migration of T cells, S1P4
is the receptor subtype mainly responsible for these
non-migratory effects [87]. Moreover, S1P is also
required for the functioning of reg T cells, as the opti-
mal suppressive activity declines in the absence of S1P.
This can be demonstrated in co-culture experiments of
activated, IL-2-producing CD4+CD25– T cells and
CD4+CD25+ reg T cells, which transduced their
antiproliferative and IL-2-suppressing effects in a S1P-
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-dependent manner [86]. Furthermore, in TH2 cells, S1P
impairs the secretion of IL-4, a cytokine that mainly pro-
motes the generation of TH2 cells in an autocrine fash-
ion. Nevertheless, the general outcome of S1P on T cell
differentiation during activation is characterized by
a decreased TH1 and an enhanced TH2 cell immune res-
ponse. This S1P-induced TH2 switch is caused by a mod-
ified cytokine secretion profile of mature DCs in res-
ponse to S1P during the T cell activation process. DCs,
matured in the presence of S1P, showed reduced levels
of tumor necrosis factor-α and IL-12, the major stimuli
initiating TH1 differentiation [29].

Transient elevated levels of S1P appear in mast cells
in response to IgE stimulation due to activation of SphK
and a subsequent release of S1P. Since TH2 cell immune
responses correlate with a raised differentiation of 
IgE-producing plasma cells, S1P might enlarge its func-
tion in mast cell biology by an extended TH2 polariza-
tion, augmenting future IgE-dependent mast cell activi-
ties. In addition, S1P exerts its effects directly by enhanc-
ing migration of mast cells towards low concentrations of
antigens via S1P1. In contrast, high levels of antigens lead
to an upregulation of S1P2, enabling S1P to transduce
antimigratory effects on IgE-crosslinked mast cells [32].
Furthermore, S1P2 is involved in mast cell degranulation,
indicating that S1P contributes to IgE-dependent mast
cell responses by different mechanisms, thus questioning
the importance of S1P during allergic processes [32].

THE IMMUNOSUPPRESSIVE AGENT FTY720
AND S1P SIGNALING

The importance of S1P on immune cell functioning
has been emphasized by the discovery of the signaling

mechanism of the immunosuppressant agent FTY720
(2-amino-2[2-(4-octylphenyl) ethyl]propane-1,3-diol).
In contrast to classical immunosuppressant drugs,
FTY720 does not interfere with T cell proliferation or
apoptosis, but induces a severe loss of lymphocytes in
the blood due to modification of S1P signaling. FTY720
was developed in order to obtain more potent sub-
stances to prevent skin allograft rejection by modifying
the natural compound myoriscin. This metabolite of the
ascomycete Isaria sinclairii had been discovered during
a screening of biological substances able to reduce the
mixed lymphocyte reaction (MLR) [18]. FTY720 differs
from myoriscin as it did not affect MLR and inhibited
neither T cell activation nor proliferation, but reduced
the number of circulating lymphocytes within a few
hours and caused an accumulation of lymphocytes in
lymph nodes [8, 64]. Although apoptotic effects could be
observed in several cancer and T cell lines at micromo-
lar FTY720-concentrations, no clinical relevance of this
has so far been indicated, as FTY720 mediates its
immunosuppressive properties in the low-nanomolar
range [7, 48].

FTY720 shares structural characteristics with sphin-
gosine and is also a substrate for SphK2 and, to a lesser
extent, for SphK1 [63, 99]. Once phosphorylated,
FTY720 (FTY720-P) acts as an agonist on four of the
five known S1P receptors, namely S1P1, S1P3, S1P4, and
S1P5 [7]. In contrast to the natural ligand S1P, FTY720-
-P is not degraded by S1P lyase and is therefore only
metabolized by phosphatases [3] (Fig. 3). This discrep-
ancy is a crucial factor in the altered behavior of
FTY720-P towards S1P receptors, resulting in a dis-
tinct immune modulation by FTY720-P compared with
S1P.

H. von Wenckstern et al.: S1P and immune regulation 244

Fig. 3. Metabolism of FTY720 and its
modulation of S1P signaling. FTY720 is
a structural analog of sphingosine and
also a substrate for SphK2. In contrast to
the natural ligand S1P, FTY720-P is only
degraded by phosphatases. FTY720-P in-
duces an aberrant internalization of S1P1

on T cells. As a consequence, T cells do
not respond to the S1P migratory system
and fail to egress from lymph nodes. Fur-
thermore, FTY720 enhances sinus-lining
endothelial cell (EC) barrier integrity,
thereby additionally reducing lymphocyte
egress.



FTY720−INDUCED MODULATION 
OF LYMPHOCYTE TRAFFICKING

A key result in explaining the effects of FTY720 was
the discovery that FTY720 induces a persistent internal-
ization of S1P1, which is in contrast to the transient
receptor internalization mediated by the natural ligand,
S1P [25, 47]. The resistance of FTY720-P to S1P lyase,
thereby decelerating FTY720-P degradation, might be
responsible for the prolonged downregulation of S1P1.
Pharmacological knockdown of S1P1 by FTY720 in
wild-type mice exhibited an immunomodulatory pattern
similar to that of lethally irritated wild-type mice recon-
stituted with S1P1

–/– lymphocytes. In both models the
egress of lymphocytes out of SLOs was decreased,
whereas chemokine-induced entry of lymphocytes into
SLOs was not affected [47].

FTY720-treated mice showed a reduced emigration
of mature thymocytes into the blood and a diminished
egress of naïve T cells out of lymph nodes, while T cells
in the spleen were not restrained [64]. Effector T cells
partially escaped FTY720-transmitted sequestration as
they were mainly located in peripheral tissue compart-
ments and entered the peripheral lymph nodes only to
a minor extent [70, 89]. In consistence with T cells,
FTY720 retained B cells in peripheral lymph nodes,
whereas no sequestration was observed in the spleen. In
accordance with the importance of S1P1 on B cell local-
ization within the spleen, as demonstrated in lethally
irritated wild-type mice reconstituted with S1P1

–/– B
cells, pharmacological knockdown of S1P1 by FTY720
induced a similar displacement of marginal-zone B cells
towards the splenic follicles [47, 84]. 

In addition to the direct effect on lymphocyte migra-
tion out of the lymph nodes, FTY720 might interact
with sinus-lining endothelial cells (ECs), promoting
increased barrier integrity, thereby blocking lymphocyte
egress. Administration of FTY720 resembles the effect
of S1P as it inhibits vascular endothelial growth factor-
-induced vascular permeability, as shown in mice and in
cell culture experiments [68]. This may be caused by
translocation of vascular endothelial cadherin to the
contact site, resulting in a tightened layer of ECs.
Regulation of EC morphology by S1P is mainly trans-
duced via S1P1 and S1P3 [68]. Recent data revealed that
S1P1 is responsible for EC cytoskeletal rearrangement
and barrier integrity in human pulmonary artery ECs
[73]. In contrast, splenic marginal-zone EC alignment is
dependent on the expression of S1P3, which was demon-
strated in S1P3

–/– mice as these ECs did not arrange
properly and were unable to restrict entry of marginal-
zone B cells into splenic follicles [21]. These data indi-
cate that S1P and FTY720 exhibit similar effects on
ECs, whereas in lymphocytes both molecules mediate
partially divergent actions. A possible explanation is a
different internalization, especially of S1P1, depending
on the cell type.

To prove more rigorously whether long-term inter-
nalization of S1P1 is required, SEW2871, a selective

agonist on S1P1 which induces only a transient internal-
ization of S1P1, comparable to the natural ligand S1P,
was used in several studies [31]. Mice treated with
SEW2871 developed acute lymphopenia which was
reversed when SEW2871-levels in the plasma declined
[69]. Recently, the involvement of S1P1 in lymphatic EC
barrier integrity and arrangement on lymphocyte egress
was analyzed by a new approach on isolated lymph
nodes by visualizing the movement of fluorescence-
-labeled T cells in specific lymph node compartments.
Indeed, in this model, treatment with SEW2871 result-
ed in an inhibition of lymphocyte transendothelial
migration from the medulla to the sinus and a reduced
motility of lymphocytes in the entire lymph node. These
effects were rapidly reversed by either S1P1 antagonists
or washout of SEW2871, indicating that an agonistic
activity of S1P1 contributes to the migratory-inhibiting
effect of sinus-lining ECs [88]. With respect to these
findings, the crucial step of FTY720-induced immuno-
suppression remains unclear, since FTY720 receptor
signaling differs from that of SEW2871 and S1P. There-
fore it would be of interest to analyze FTY720 in this
model to indicate the role of EC involvement clearly.

In accordance to SEW2871, the natural ligand S1P
also induced lymphopenia when S1P levels were in-
creased about 2-fold. This effect was reversed when S1P
levels returned to physiological conditions [46]. Moreo-
ver, inhibition of S1P lyase, either pharmacologically by
treatment with 2-acetyl-4-tetrahydroxybutylimidazole or
genetically using the siRNA technique, not only incre-
ased S1P levels in lymphatic tissue, but also promoted
thymocyte sequestration and lymphopenia [72]. Most
interestingly, FTY720 has also been indicated to inhibit
the S1P-lyase activity and to increase S1P levels in thy-
mus and spleen [3]. This effect might additionally con-
tribute to FTY720 function.

FTY720−INDUCED MODULATION 
OF DC FUNCTION

DCs possess a pivotal role in the immune system
since they initiate immune-cell responses by presenting
antigens and regulate T cell differentiation, as described
above. In correlation with lymphocytes, FTY720 is not
able to evoke migration of in vitro differentiated bone
marrow-derived DCs isolated from mice. In contrast to
lymphocytes, FTY720 reduced S1P-induced motility of
DCs only to a minor extent [14]. These data suggest that
either S1P1 is not completely internalized after treat-
ment with FTY720, or S1P3, which is not desensitized by
FTY720 [25], contributes to the S1P-induced migration
of DCs. Indeed, in murine DCs both receptor subtypes
have been identified to mediate the migratory response
of S1P [65]. Contradictory data exist on the influence of
FTY720 on chemokine-induced migration which might
be explained by different maturation states or distinct
isolation and differentiation procedures of DCs [14, 57].
In vivo experiments on FITC-labeled skin-resident DCs
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enlarged the relevance of FTY720 on DC function, as
the amount of labeled cells in lymph nodes was reduced
after administration of FTY720 [14]. These data are in
line with a recent report on mice where FTY720 treat-
ment resulted in an increased number of DCs in the
blood and a reduced number in lymph nodes and the
spleen [37]. This increase of DCs within the blood was
accompanied by a downregulation of CCR7, which may
contribute to the altered migration towards SLOs. The
disability of FTY720 to induce migration of DCs in cell
culture experiments indicates that the impaired translo-
cation of DCs into SLOs is dominantly initiated by an
augmented response towards the CCR7-CCL19/CCL21
chemokine system [37].

FTY720 also modulates the interaction of DCs with
lymphocytes and the balance between TH1 and TH2
cells. Treatment of DCs with FTY720 resulted in a pro-
nounced secretion of the immunosuppressive IL-10 and
a reduced production of IL-12. Moreover, when T cells
were coincubated with FTY720-stimulated DCs, higher
amounts of IL-4 and decreased levels of IFN-γ were ob-
served compared with coculture experiments of T cells
with unstimulated DCs. These data indicate that
FTY720-stimulated DCs induce a switch of T cells to
the TH2 cell phenotype [57]. Therefore the effect
of FTY720 on allergic processes should be further
examined.

FTY720 IN AUTOIMMUNE DISEASES

Since FTY720 exerts its effects by mechanisms other
than apoptosis or inhibition of lymphocyte proliferation,
it has emerged as a promising therapeutic agent in
autoimmune diseases and on preventing allograft rejec-
tions. Several animal models substantiated the efficacy
of FTY720 in experimentally induced autoimmune or
inflammatory diseases. A mouse model of acute myo-
carditis proved the benefit of FTY720 on the course of
disease, as tissue infiltration and necrosis were reduced
whereas calcineurin inhibitors failed to function [54].
FTY720 reduced the development of adjuvant- or colla-
gen-induced arthritis comparably to therapeutic doses
of prednisolone or mizoribine [49]. 

In a non-obese diabetic (NOD) mice model of auto-
immune diabetes mellitus type I, it has been reported
that the use of FTY720 was beneficial in prediabetic
individuals to prevent the development of overt dia-
betes. Moreover, administration of FTY720 to eug-
lycemic NOD mice with advanced stages of insulitis or
overtly diabetic NOD mice prevented or cured sponta-
neous diabetes [44, 45]. In an autoimmune encephalitis
model of multiple sclerosis, FTY720 reduced the pro-
gression of the acute and chronic-relapsing forms [7].
Data from the extension of a phase II study confirmed
the beneficial effects of FTY720 in the treatment of
patients with relapsing multiple sclerosis. In this study,
the effect of FTY720 on disease activity as well as toler-
ability and safety were evaluated. Indeed, more than

80% of patients who received FTY720 for up to 12
months were free from lesions, showing no inflamma-
tion on magnetic resonance imaging [62]. In contrast,
classical multiple sclerosis therapeutic regimens such as
IFN-β only led to a relapse reduction of 30% [60].

FTY720 IN TRANSPLANTATION

Various preclinical studies revealed the efficiency of
FTY720 in preventing allograft rejection. Indeed, allo-
graft survival was prolonged by FTY720 in grafts of skin
[94], heart [85], and small bowels [35] in rats, pancreat-
ic islet cells [17] and small bowels [91] in mice, liver [19]
and kidney [78] in dogs, and kidney [71] in monkeys.
FTY720 is effective in a concentration-dependent man-
ner alone and has been shown to extend the survival
time induced by classical immunosuppressive agents
such as cyclosporine, FK506, rapamycin, and SDZ RAD
(40-O-(2-hydroxyethyl)-rapamycin). This effect is rather
synergistic than additive. Activation of graft-associated
T cells and infiltration of T cells into grafts was reduced
by FTY720 administration, providing a potential benefit
to the host-versus-graft and graft-versus-host reaction
following organ transplantation [53, 93]. Most organ
rejections are a result of chronic processes characterized
by perivascular inflammation and allograft arterioscle-
rosis, also termed graft vessel diseases (GVD). In con-
trast to classical immunosuppressive agents, which only
prevent GVD to a small extend, FTY720 markedly
reduced all symptoms of GVD in a rat carotid artery
model [59]. The efficacy of a FTY720 regimen has also
been demonstrated in a mouse intestinal transplanta-
tion model which is resistant against standard immuno-
suppressive agents [92].

Clinical phase I and phase II trials on renal trans-
plant patients proved the efficacy of FTY720 in combi-
nation with a standard therapeutic regimen of cyclo-
sporine and glucocorticoids. Furthermore, administra-
tion of FTY720 enabled patients to reduce cyclosporine
doses up to 50%. Pharmacokinetic data propose an oral
once daily application to be sufficient for constant
FTY720 plasma levels without the necessity for moni-
toring blood levels or dose titration. The toxicity of clas-
sical immunosuppressive drugs was not enhanced, indi-
cating the potential use of FTY720 in combination with
glucocorticoids and calcineurin inhibitors [33, 74, 80].
Current phase III studies will clarify the efficacy of the
promising immunosuppressive agent FTY720 in organ
transplantation.

ADVERSE SIDE EFFECTS OF FTY720

Preclinical studies and first clinical trials revealed
that FTY720 is well reconcilable without the occurrence
of side effects normally observed after treatment with
classical immunosuppressive substances. There has
been no evidence that FTY720 negatively affects renal
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or hepatic functions, as indicated by the failure of tissue
infiltration or any sclerotic or fibrotic processes or his-
tological changes within the organs. Nevertheless,
FTY720 was able to upregulate the expressions of con-
nective tissue growth factor, matrix metalloproteinase 9,
and collagen in renal mesangium cells, which are con-
sidered as profibrotic markers, indicating a possible rel-
evance of FTY720 in fibrotic processes during long-
term administration [90].

In a clinical phase II trial on renal transplant
patients, initiation of FTY720 treatment was associated
with a transient reduction in the heart rate from base-
line by 12–15 beats on average. In most of the cases the
decrease in heart rate was asymptotic and resolved with-
out medical intervention [74, 80]. These side effects are
consistent with data obtained from several organ mod-
els where S1P-receptor agonists induced bradycardia in
response to an activation of Gαi-dependent inward-rec-
tifying potassium channels that promote membrane
hyperpolarization and subsequent reduction in heart
rate [6]. S1P3 appears to be the dominant receptor sub-
type for this effect since S1P3

–/– mice were resistant to
FTY720-induced bradycardia compared with wild-type
mice [15, 69]. Nevertheless, in humans an involvement
of S1P1 on heart rate regulation cannot be excluded, as
this receptor subtype is dominantly expressed in the atri-
um and ventricle [50]. Besides heart rate reduction, no
relevant adverse reactions were observed in the above-
mentioned phase II trial on renal transplant patients in
comparison with a standard therapeutic regimen with
mycophenolate mofetil (MMF). The incidence of infec-
tions did not alter significantly between the FTY720-
and MMF-group and no malignancies were reported du-
ring FTY720 treatment over a time period of a 6-month
study [80].

SUMMARY AND FUTURE PERSPECTIVES

FTY720 has emerged as a new immunosuppressive
agent and possesses the potential of expanding the ther-
apeutic range of drug regimens for autoimmune dis-
eases and the prevention of graft rejection since it sup-
presses immune responses by a mechanism completely
different from classical immunosuppressive agents.
Treatment with FTY720 causes lymphopenia by seques-
tration of lymphocytes in peripheral lymph nodes
through interaction with S1P-receptors, dominantly
S1P1, whose natural ligand, S1P, plays a central role in
maintaining the homeostasis of lymphocyte motility and
contributes to the control of allergic responses and T
cell differentiation procedures. Preclinical studies and
clinical trials have proved the benefit of FTY720 in the
course of autoimmune diseases such as multiple sclero-
sis and in the prevention of graft rejections and outlined
the possibility of a combination with calcineurin inhi-
bitors and glucocorticoids without enhancing their toxic
effects.

In the future, ongoing phase III studies will evaluate

the potential benefit of FTY720 more precisely, includ-
ing a broader range of indications. The signaling events
of FTY720 on lymphatic cells and ECs remain to be elu-
cidated in order to estimate the involvement of EC
integrity and the loss of responsiveness of lymphocytes
to S1P.
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